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Preface
This book provides up-to-date information on recent trends and developments in material
technology, characterization techniques, and theory and applications of magnetic materials
with novel contributions from the renowned scientists in the field of material science and
magnetism. The book addresses diverse groups of readers, including students, engineers,
and researchers, from different fields—physics, chemistry, engineering, electronics, and ma‐
terials science—who wish to enhance their knowledge and research capabilities in magnet‐
ism and magnetic materials.
The book contains eleven chapters discussing scaling in magnetic materials, characterization
of cylindrical magnetic nanowires, magnetic dynamics–induced charge and spin transport
on the surface of topological insulator with magnetism, metamaterial properties of 2D ferro‐
magnetic nanostructures, molecular magnetism modeling with their application in spincrossover compounds, proteresis of core-shell nanocrystals, radiation and propagation of
waves in magnetic materials with helicoidal magnetic structure, giant magneto-impedance
effect and AC magnetic susceptibility in amorphous alloys systems, magnetization statics
and ultrafast photo-induced dynamics in Co/garnet heterostructures, magnetic micro-origa‐
mi, and magnetic properties of rare earth and transition metals. The topics in the book are
brought to an appropriate level covering a wide range of magnetic materials. At the end of
each chapter, proper references are included, which can lead the readers to the best sources
in the literature and help them to go into more depth in the field of magnetism.
I am grateful to the InTech’s publishing team for making this project possible and to all the
authors who have contributed to this book. I am also thankful to the Publishing Process
Manager Ms. Romina Rovan for her cooperative attitude during the reviewing and publish‐
ing processes. I hope that this book will help the readers to learn more about magnetic mate‐
rials and will provide an opportunity to strengthen their knowledge in the field of
magnetism and magnetic materials.
Dr. Maaz Khan
Physics Division
PINSTECH, Islamabad
Pakistan

Chapter 1

Scaling in Magnetic Materials
Krzysztof Z. Sokalski, Barbara Ślusarek and
Jan Szczygłowski
Additional information is available at the end of the chapter
http://dx.doi.org/10.5772/63285

Abstract
The chapter presents applications of the scaling in several problems of magnetic
materials. Soft magnetic materials (SMMs) and soft magnetic composites (SMCs) are
considered. Application of scaling in investigations of problems, such as power losses,
losses separation, data collapse of the losses characteristics and modelling of the
magnetic hysteresis, is presented. The symmetry group generated by scaling and gauge
transformations enables us to introduce the classification of the hysteresis loops with
respect to the equivalence classes. SMC materials require special treatment in the
production process. Therefore, algorithms for optimization of the power losses are
created. The algorithm for optimization processes is based on the scaling and the notion
of the pseudo-equation of state. The scaling makes modelling and calculations easy;
however, the data must obey the scaling. Checking procedure of statistical data to this
respect is presented.
Keywords: magnetic materials, hysteresis loop, power losses, losses separation, scal‐
ing, gauge

1. Introduction
The notion of scaling describes invariance of various phenomena and their mathematical models
with respect to a change of scale. Let us take into account the simplest mathematical model
revealing such behaviour:
y = Axa .

(1)

© 2016 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use, distribution,
and reproduction in any medium, provided the original work is properly cited.
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where α and A are the constants of model. Such functions appear in mathematical modelling
in physics, mathematics, biology, economics and engineering. In this section, we consider data
of classical gas. By simple calculation, we will prove that these data are self-similar. Let us
change the scale of the both variables x and y with respect to λ > 0 multiplier.
x ' = l b x, y ' = l g y.

(2)

y¢ = A¢x¢a ,

(3)

Substituting (2)–(1) we obtain:

where β and γ are scaling exponents and A′ = λγ−αβ A is the model constant in new scale. (1)–
(3) reveal that the phenomenon described by the model (1) is self-similar. This means that the
phenomenon reproduces itself on different scales. In achieving the property of self-similarity,
an important role plays dimensional analysis. Its idea is very simple: physical laws cannot
depend on an arbitrary choice of basic units of measurement [1]. Set of all transformations (2)
and multiplication constitutes

= (ℝ+ , · ) group. In the next section, we will consider self-

similar model of hysteresis loop. Extension of (2) to the two parameters group is necessary to
this respect. Let us extend (1) to non-homogenous form:
y = Axa + c,

(4)

The full symmetry of (4) consists of the two transformations, λ scaling and χ gauge transfor‐
mation:
y¢ = A(l x)a + c + c .

(5)

where χ is additive gauge operation which constitutes additive group
the full symmetry of (5) consists of the following direct product:
symmetry of the hysteresis loop will occur to be semi-direct product.

= ( ℝ , + ). Therefore,

[2]. However, the

In this chapter, we will consider more advanced function and then the models (1) and (4).
Therefore, we will need definition of homogenous function in general sense [3] which has
played crucial role in the all achievements presented in this chapter. Let f(x1, x2, … xn) be a
function of n variables. If ∃ (α0, α1, α2, … αn )ℝn+1 such that ∀ λℝ+ , the following relation holds:

l a f ( x1 , x2 ,¼ xn ) = f ( l a x1 , l a x2 ,¼l a xn ) .
0

1

2

n

(6)
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Then, f (x1, x2, … xn) is homogenous function in general sense. Based on the measurement data
of classical gas presented in Table 1, we present simple application of this notion. We assume
that the phenomena are represented by measurement data which satisfy certain relation called
law. Let us assume that searched on phenomenon have a form of the homogenous function in
general sense:

l a r (T , p ) = r ( l bT , l g p ) .

(7)

ρ[mol·m-3]

T K

p Pa

0.096

500

400

0.090

515

385

0.084

530

370

0.078

545

355

0.073

560

340

0.068

575

325

0.063

590

310

0.059

605

295

0.054

620

280

0.050

635

265

0.046

650

250

Table 1. Measurement data of classical gas.

where ρ, T and p are gas density, temperature and pressure, respectively. Coefficients a, b and
c are the scaling exponents. Since (7) holds for each value of λ, we are free to substitute the
following expression λ = T−1/b and get the following relation:
T - a / b r (T , p ) = r (1, T - g / b p ) .

(8)
a

Introducing new symbols for the scaling exponents: α = b , γ =

g
b

we derive the following

equation of state:
T -a r = AT -g p.

(9)

where the right-hand side of (8) was approximated by linear function, A is an expansion’s
coefficient. In the next sections of this chapter, we will use the Maclaurin expansion beyond
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the linear term as a way for creation of scaling function. Equation (9) depends on the one
effective exponent δ = γ–α:

r (T , p) = A

p
.
Td

(10)

where the model constants A and δ have to be determined from the experimental data of Table
1. Using formula (10) and Table 1 we have created error function Chi2 which was minimized
by the SOLVER program of the Excel package. The obtained results are as follows: A = 0.121
(mol K J−1) and δ = 1.002 (−). Note that A−1 = 8.22 (mol−1 K−1J) reveals an approximation of the
gas constant. Mentioned and illustrated above methodology for applications of the scaling and
the gauge transformations will be applied to the following problems: self-similarity of
hysteresis, self-similarity of total loss in SMM, multi-scaling of core losses in SMM, optimiza‐
tion of total loss in SMC and scaling conception of losses separation.

2. Self-similar model of hysteresis loop
The goal of the present section is to describe the self-similar mathematical model of hysteresis
loop which enables us to express its self-similarity by the homogeneous function in general
sense. Derivation of the model based on the well-known properties of tanh(⋅) suits for model
of initial magnetization function [4]. It describes properly the saturation for both asymptotic
values of the magnetic field H → ±∞, as well as and the behaviour of magnetization in the
neighbourhood of origin. However, this is too rigid for scaling. We make tanh(⋅) to be a softer
by making the base of the natural logarithm free parameters [5]:
(11)
where the bases have to satisfy the following conditions: a > 1, b > 1, c > 1, d > 1. These conditions
guarantee correctness of the model; however, a little deviations from the mentioned constrains
are possible.
First, we write down the model expression for initial magnetization curve:
M P ( X , e ) = M 0 P ( X , e ) ; X ò [0, X max ].
where M0 is magnetization corresponding to saturation expressed in tesla: [T], X =

(12)
H
h ,

where

H is magnetic field, and h is a parameter of the magnetic field dimension (A m ) to be
determined. Function P(X, ε) is of the following form:
−1

Scaling in Magnetic Materials
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P ( X ,e ) =

a X -e - b - X +e
c X -e - d - X +e

(13)

θ

where ε is modelling parameter related to θ, where ε − 2 , +

θ
2

. Let the upper and the lower

branches of the hysteresis loop are of the following forms:
M F ( X ,q ) = M 0 F ( X ,q ) ; M G ( X ,q ) = M 0G ( X ,q ) .

(14)

where
F ( X ,q ) =

a X + q - b - X -q
c X + q - d - X -q

G ( X ,q ) =

a X -q - b - X + q
.
c X -q - d - X + q

(15)

Let us consider for illustration the following symmetric example: a = b = c = d = 4 and θ = 1.3, ε
= 0, M0 = 1 (See Figure 1).

Figure 1. A model of nucleation-type hysteresis constructed with functions F, P and G according to (12)–(15).

Due to the asymptotic properties of magnetization, the functions F(X, θ) and G(X, θ) have to
possess the same asymptotic properties. As we have mentioned, these components get equal
values for H → ±∞. However, due to the uncertainty of measured magnitudes, it is possible to
accept the saturation points at X = Xmin and X = Xmax being the end points of the hysteresis loop.

5
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Therefore, the modelling process has to ensure that the initial function satisfies the following
constrain:
| F ( X max ,q ) - G ( X max ,q ) |£| ψ | .
where | ψ | = su pX

| M F ( X , θ ) − M G (X , θ) |

to | M F ( X ) − M G (X ) | .

M0

(16)

is dimensionless measure of uncertainty corresponding

The scaling in space of loops is performed by scaling each loop’s component (13), (14), (15) and
(16). For simplicity of further investigations, we consider simplified symmetric model, where
all the bases of tanH( ) are equal:
M F ( X , q ) ( a ) X + q - ( a ) - X -q
=
M0
( a ) X + q + ( a ) - X -q

(17)

M G ( X , q ) ( a ) X -q - ( a ) - X + q
=
M0
( a ) X -q + ( a ) - X + q

(18)

M P ( X , e ) (a) X +e - (a)- X -e
=
M0
(a) X +e + (a)- X -e

(19)

Let us perform scaling on (17) and (18). Since exponents are dimensionless, the scaling on this
level cannot be supported by dimension analysis. However, we are able to scale the following
magnitudes a, MF(X, θ), MG(X, θ), MP(X, θ), and to prove the following theorem:
For the symmetric model (17)–(19), the hysteresis loop is invariant with respect to scaling and
gauge transformation [5]. Following definition of the homogeneous function in general sense
(6), we write down the scaled form of the hysteresis loop:
M F ( X , q ) n ( l a a ) X + q a c - ( l a a ) - X -q a - c
l = a X +q c
,
M0
( l a ) a + ( l a a ) - X -q a - c

(20)

M G ( X , q ) n ( l a a ) X -q a c - ( l a a ) - X + q a - c
l = a X -q c
,
M0
(l a ) a + (l a a ) - X +q a - c

(21)

where exponentials aχ and a−χ represent action of the gauge transformation. This formal trick
guarantees proper order of actions: the first has to be performed scaling than after that gauge

Scaling in Magnetic Materials
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transformation. According to the assumption just above (6), we are free to make the following
substitution:

l a = a p -1 ,
where

(22)

. Substituting (22) leads to the following forms of (20) and (21):
)
M F ( X ,q ) n ( a ) ( ) - ( a ) (
a =
p X +q + c
p - X -q ) - c
M0
(a) ( ) + (a) (

(23)

)
M G ( X ,q ) n ( a ) ( ) - ( a ) (
.
a =
p X -q + c
p - X +q ) - c
M0
(a) ( ) + (a) (

(24)

p X +q + c

p X -q + c

p - X -q - c

p - X +q - c

ν

where for abbreviation, we introduce n = α ( p − 1). Introducing the following new variables:
M 0¢ = a - n M 0 , X ¢ = pX + c ,q ¢ = p q ,

Figure 2. Magnetic hysteresis family for a = 4,

p = 1, n = 1, θ = 1.3,

ν
α

(25)

= 1.

we derive (17) and (18), which proves the considered thesis. The initial magnetization curve
(19) is invariant with respect to scaling and gauge transformation as well. The proof goes the
same way as for (17) and (18). Therefore, we can formulate conclusion that the presented model

7
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of hysteresis loop is self-similar. Below in Figures 2–4, we present some examples of the
hysteresis loops which may suggest how to apply the scaling and gauge transformation for
modelling of hysteresis phenomena.

Figure 3. Magnetic hysteresis family for a = 4,

χ = 0, n = 1, θ = 1.3,

ν
α

= 1.

Figure 4. Magnetic hysteresis family for the following values of the model and scaling parameters:

(a) a = 4, θ = 3, p = 14,

v
α

= − 0.18, χ = 0, (b) a = 4, θ = 2, p = 13,

(c)a = 4, θ = 1.3, χ = 0, (b) θ = 2, p = 13,

v
α

= − 0.18, χ = 0.

v
α

= − 0.18, χ = 0,

Scaling in Magnetic Materials
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Figure 2 presents how the pure gauge transformations generate a displacement of transformed
loops along the horizontal axis. Figure 3 presents compression of loops along the vertical axis
under the scaling. Finally, Figure 4 presents the loop’s family for large value of the scaling
parameter p. Each element of this set resembles the Preisach hysteron [6, 7].
Multi-scaling of hysteresis loop. The derived above mathematical model of the hysteresis
loop is not full. There is need to extend considered model with respect to frequency, pick of
induction and temperature. As we have shown the loop’s model is self-similar with respect to
scaling of the following magnitudes X, M0 and θ, these are as follows: dimensionless magnetic
field, amplitude of magnetization and loop’s closing parameter, respectively. By introducing
new independent variables, we introduce new scales and corresponding new scaling param‐
eters [8]. We have shown in [8, 9] that it is always possible to introduce a new characteristic
scale; however, one must investigate whether the considered system possesses corresponding
symmetry. This can be known only from investigations of the measurement data. In the
considered model, there are two places where the new variables can be implemented. These
are base of the tanH() function and the loop’s closing parameter θ. There are many possible
combinations for configurations of the new variables in presented model which can be applied:
é

é
ù
é
ù
æ f T ö b ' æ f T öù
æ f T ö
æ f ö
'
, g ÷ ; Bm q ç a ' , g ÷ ú ; ( ii ) ê Bmb a ç a ' , g ÷ ; Bmb q ( - ) ú ;(iii ) ê Bmb 'a ç a ' ÷ ;q ( - ) ú .
a'
è Bm Bm ø
è Bm Bm ø ûú
è Bm Bm ø
è Bm ø
ëê
ûú
ëê
ûú

( i ) ê Bmb 'a ç
ëê

(25a)

The list (25a) is not closed and can be extended as needed. We assume that a(f, Bm, T) and θ (f,
Bm, T) are homogenous functions in general sense. To simplify considerations, we chose for
illustration the temperature less model (iii), where θ(−) is a constant. For the model of the
function a

( ), we chose the square polynomial:
f

Bmα

′

a = Bmb ' ( Γ 1'

æ f ö
f
+ Γ '2 ç a ' ÷
a'
Bm
è Bm ø

2

)

(25b)

where α ′, β ′, Γ′1, Γ′2 are model constants to be calculated from the measurement data, whereas
the Bm pick of induction is correlated with Xminand Xmax. Formulae (25b), (14) and (15) constitute
frequency- and pick of induction-dependent loop model.
Equivalence classes and partitioning [10]. Transformation formulae (25) enable us to inves‐
tigate algebraic structure of all the transformations which are composed of scaling and gauge
transformation. Therefore, the whole set of p and the multiplication constitute
v

group. Moreover, ∀a > 0 and ∀ α ≠ 0, the following expression a
number of groups being isomorphic to

ν

(1− p ) α

represents an infinite

. Gauge transformations χ ℝ and the addition

group. Each of revealed group possesses the own representation space.
constitute
group operates in the spaces generated by X, θ and M0 and group operates in the space
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spanned by X variable. The considered model of loop reveals a combination of and which
operates in space generated by (X, θ) pair. Therefore, total symmetry of the considered model
can be presented in the following matrix representation (26):
0
ép
ê
n
(1- p )
ê0 a
a
ê
0
ê0
ëê

0ù
ú é X ù éc ù é X ¢ ù
0 ú êê M 0 úú + êê 0 úú = êê M 0¢ úú .
ú
p ú ëê q ûú ëê 0 ûú ëê q 0¢ ûú
ûú

(26)

Therefore, the total symmetry of the considered group has got the structure of the following
(

)

ν

semi-direct product
where p ′ = a 1− p α represents isomorphic mapping
. Let Vh be space of the all hysteresis’ models represented by (14) and (15). Group element
is automorphism in Vh if
yields
. Set of the all automorphisms G A
X1

constitutes automorphism group, where

Let us distinguish the loop v1 = M 01 ∈V h , and
θ1

relate v1 with v2:
v1Rv2 ,

(26a)

where ℛ means the binary relation given by (26).
Definition:
Equivalence binary relation on a set V(h) is a relation, which is reflexive, symmetric and
transitive [11]. Due to the group structure of
(26a) satisfies these conditions and ℛ is
equivalence relation.
Let ℛ be an equivalence relation on Vh, then Ev1 ⊂ Vh containing all elements v2∈ Vh satisfying

(26a) is called the equivalence class of v1. The sets Evi are pairwise disjoint, that is Evi ∩ Evj = ∅ if

vi ≠ vj. Union of the all equivalence classes is the Vh space: ∪vi Evi = V h . What practical use one
may have from equivalence relations and partitioning. Let us assume the following v1 ℛ v2
relation, and then there exists a group element which relates both loops means that they are
equivalent. However, in the opposite case, the two loops do not belong to a common class and
then they are relevantly different from the algebra point of view.

3. Losses scaling in soft magnetic materials
Density of the total power losses in magnetic materials under variable magnetic field is due to
eddy currents generated in the material. These may be generated for various scales of dimen‐
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sions: currents caused by Barkhausen jumps, what leads to a dependence Phys ∝ (B 1.6 f ) [11],
3

currents around moving domain walls Pexc ∝ (Bf ) 2 [12] and currents in the whole material
volume Pclas ∝ (Bf )2 [11]. All of the aforementioned dependencies obey a power law, however,
with a diverse value of exponents [13]. Therefore, one cannot talk about universality of the
presented above formulae. However, certain universality of the power losses data of soft
magnetic materials has been derived by applying the scaling. The proposed approach has been
based on assumption that the density of the total power loss in soft magnetic materials was
self-similar like intermittency of fully developed turbulent flow [1]. Moreover, using simple
model of hysteresis loop (14), (15) and assuming semi-static conditions, we derive the following
formula for the total power loss [14]:
(26b)
In case of the symmetric extrema of magnetic field Xmin = −Xmax, (26b) gets the following form:
Ptot = 4q f m0 M 0 h a - n .
ν

(26c)

H

where a, n = α ( p − 1), h = X , θ and M0 are the hysteresis loop parameters and μ0 is the permea‐
bility of free space.
According to (26c), the formula for Ptot is monomial which is always self-similar mathematical
expression. This theoretical result confirms experimental observations concerning homoge‐
neity of Ptot in soft magnetic materials.
Let us assume that the density of the total power losses is homogenous function in general
sense (6). Let Ptot (f, Bm) be density of the total power losses, where f and Bmare frequency and
the pick of magnetic induction of flux waveform. Applying (6) for the two independent
variables, we derive the most general form for Ptot:
Ptot ( f , Bm ) = Bmb F ( Bm-a f ) ,

(27)

where α and β are scaling exponents and F(⋅) is an arbitrary function. These three unknown
magnitudes have to be determined from experimental data. As the simplest approach to
estimation of F(⋅), we have applied the Maclaurin expansion of (27):
Ptot ( f , Bm=
) Bmb (G( ) ( Bm-a f ) + G(
1

2)

( B f ) ).
-a
m

2

(28)
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1

where Γ(k ) = k ! Γ(k )(0). Since the total losses vanish for f = 0 or for Bm= 0, the constant term of
expansion (28) equals zero.
3.1. Measurement data
The measurement of density of total power losses was carried out following the IEC Standards
(60404-2, 60404-6). During measurements, the shape factor of secondary voltage was equal to
1.111± per cent. Extended uncertainty of obtained measurements was equal to about 0.5%. The
measurements covered the three following classes of soft magnetic materials:
• Crystalline materials;
• Amorphous alloys, Co-based and Fe-based; and
• Nanocrystalline alloy.
Density of total power losses was measured as a function of the maximum induction Bm∈ [0.1]
(T), 1.8(T)] at fixed values of f ≤ 400 (Hz). Samples of conventional crystalline materials were
strips, whereas the remaining ones had the shape of cylinder.
3.2. Estimation of expansion parameters (28) from measurement data

Magnetic materials

α(−)

β(−)

Γ (1)(m 2T(α−β) / s 2)

Γ (2)(m 2T(2α−β) / s)

GO—3% Si-Fe

−2.16

−1.19

12.78×10−3

37.68×10−6

Co71.5Fe2.5Mn2Mo1Si9B14

−1.55

−0.35

2.88×10−3

1.90×10−6

Fe73.5Cu1Nb3Si13.5B9

−1.81

−0.70

0.17×10−3

0.71×10−6

Table 2. Values of scaling exponents α, β and values of amplitudes Γ(k).

Firstly, the initial values of exponents α, β and amplitudes Γ(k) were assumed and differences
between all measurement values of density of total power losses and values of density of total
power losses obtained from expansion (28) were calculated. Next, the Chi2 function was
optimized. Constraint of normal distribution of error was applied. Results of optimization for
exponents α, β and amplitudes Γ(k) for chosen magnetic materials are given in Table 2.
The results, that is scaled values of the measurement data and the values obtained from the
mathematical model, for the chosen magnetic materials, are shown in Figures 5–7, in the
Ptot
Bmβ

,

f
Bmα

coordinates system. Based on the all results concerning the density of total power

losses, the universal relationship between the scaling exponents α and β was stated. This
relation is of the following form [15]:
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b = 1.35a + 1.75,

(29)

See also Figure 8. The origin of the relationship in (29) will be subject of further relations.

Figure 5. A comparison of measurement data of total density of power losses Ptot (markers) and values obtained from
the scaling theory (solid line) for Co-based amorphous alloy Co71.5 F e2.5M n2M o1Si9 B14.

Figure 6. A comparison of measurement data of total density of power losses Ptot (markers) and values obtained from
the scaling theory (solid line) for nanocrystalline alloy F e73.5Cu1 N b3Si13.5 B9.
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Figure 7. A comparison of measurement data for total density of power losses Ptot (markers) and values obtained from
the scaling theory (solid line) for grain-oriented silicon steel 3% Si-Fe.

Figure 8. The universal relationship of the scaling exponents α and β. Markers correspond to estimations from experi‐
mental data, and continuous line corresponds to (29).

The three achievements resulting from scaling should be emphasized. The first one is a
satisfactory agreement between the measurement data and the theoretical description. The
second one is relation (29), which establishes the universal linear relationship between the
scaling exponents and decreases the number of free parameters. The third achievement
consists in revealing the data collapse. Figures 5–7 are drawn in

Ptot
Bmβ

,

f
Bmα

coordinates system

and present the continuous sets of the losses characteristics of different values of Bm collapsed
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just to a single curve. This effect is called “a single-sample data collapse” Reversible procedure
(

Ptot
Bmβ

,

f
Bmα

) → (Ptot , f ) splits the collapsed curves to separate curves for different values of Bm. This

effect will be demonstrated for more complicated case (see Figure 14). Therefore, the scaling
can be also applied as method for a compression of data. All examples in Figures 5–7 present
the single-sample data collapses. Having data for different materials and introducing for each
of them are the following dimensionless magnitudes:
G (2) P
G (2) f
P%tot = (1)2 totb f% = (1) a ,
G Bm
G Bm

(30)

We obtain the multi-sample data collapse (see Figure 9). These results confirm the assumption
of density of total power losses scaling. Applying these transformations to (28), we derive the
dimensionless low for the density of power losses in soft magnetic materials:
P%tot = f% + f% 2 .

Figure 9. The multi-sample data collapse for total density of power losses
scaling theory (solid line).

(31)

P̃ tot (markers) and values obtained from the

3.3. An application of the multi-sample data collapse
Mostly, the data collapse is applying as a tool for the detection of self-similarity. Here, we
present a new application which solves problem of comparison measurements taken in
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different laboratories [16]. In 1995, the leading European Laboratories busy with measure‐
ments of the electrical steel magnetic properties were trying to compare the measurement
results of the power loss in electrical sheet steel under the conditions of rotating and alternating
flux [17]. Taking from [17] the idea of the inter-comparison of measurement data of the energy
losses in soft magnetic materials, we perform such an inter-comparison with data taken in two
laboratories [16, 18], however, under the conditions of axial and alternating flux. Self-similarity
of the density power losses enables us to scale off the interference of the sample’s geometry
and the material type from the dependence of power losses versus the pick of induction and
magnetizing frequencies. This property of SMM allows comparing different measurement sets.
Successively, this fact allows introducing an absolute measure of uncertainty characterizing
the given measurement set. Therefore, the way for assessing the uncertainty contributions
would not interfere with the abovementioned data comparison. Formula (30) suits very well
to the mentioned above phenomena and constitute background for solution of the presented
problem.
For inter-comparison, we have selected two sets of power losses data. The first one belongs
to Yuan [18] and consists of the following three sets of data: S1 = F e76M o2Si2P10C7.5 B2.5,
S2 = F e79.8M o2.1Si2.1P8C6 B2, S3 = F e80M o1Si2P8C6 B3. The samples were thin ribbons wound into

toroids. For details concerning measurement methods, we refer readers to [18]. On the basis
of measured data, the parameters’ values of (28) have been estimated (see Table 3, after
[18]).

Sample

α(−)

β(−)

Γ(1)(m2T(α−β)s−2)

Γ(2)(m2T(2α−β)s−1)

S1

−1.533

−0.319

6.744×10−3

1.322×10−6

S2

−0.364

1.259

1.412×10−2

1.917×10−6

S3

−0.504

1.069

9.11×10−3

3.389×10−6

P1

−2.945

−1.776

2.90×10−3

4.60×10−6

P2

−1.519

−0.375

2.53×10−3

6.79×10−6

P3

−3.231

−1.365

3.22×10−4

1.95×10−7

*The data for S1, S2 and S3 have been kindly supplied by the authors of Yuan et al. [18].
Table 3. Scaling exponents and coefficients of (28).

The second set contains some of our results [15, 19] for the power losses in the following alloys:
amorphous ribbon P1 = F e7.8Si13 B9, Co-based amorphous alloy P2 = Co71.5F e2.5Mn2Mo1Si9B14 and
nanocrystalline alloy P3 = F e73.5Cu1 N b3Si15.5 B7. The corresponding scaling exponents α, β and
the scaling coefficients Γ(1), Γ(2) are presented in Table 3.
Plotting P̃ tot versus f̃ for the all considered samples (Figure 10), we confirm that the data
collapse takes place for the selected samples.
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Figure 10. The data collapse for total power losses of compared materials.

Since all the magnitudes in (31) are dimensionless and the formula for P̃ tot is sample inde‐
pendent, we propose to introduce a measure of uncertainty characterizing the measurement
set by the total distance of all empirical points from the scaling curve (31):

D=

2
1 N % exp %
Ptot ( f i ) - P%totth ( f%i ) ,
å
i =1
N

(

)

(32)

th
where P̃ exp
tot , P̃ tot are the power losses, measured and calculated from formula (31), f̃ i is

dimensionless frequency, where index i is running through the whole series of experimental
data and N denotes length of the measured series. We consider the two sets of experimental
data S and ℙ corresponding to different LABs. Each set consists of the three series which
correspond to different samples. To create effective measure of uncertainty characterizing
measurement set of the given LAB, we calculate average measure Davfor the three samples
belonging to either of two selected sets:
Dav2 = å i =1
3

Ni
Di2 .
N1 + N 2 + N 3

(33)
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Comparisons of uncertainty measures are presented in Table 4.
Sample

Ni

Di2( − )

S1

48

1.64×10−5

S2

40

7.42×10−3

S3

32

1.29×10−4

P1

48

9.23×10−5

P2

47

2.05×10−5

P3

49

1.53×10−5

2
Dav
(−)

8.11×10−3

6.53×10−3

Table 4. Comparisons of uncertainty measures.

Progress in modern technologies depends on the comprehensive knowledge of material
properties under standard and non-standard conditions. However, an agreed standardized
method does not exist, and the reproducibility of the different methods used in different
laboratories is unknown. We are of the opinion that the reason of such situation is lacking of
statistical method enabling the appropriate data’s inter-comparison. In this section, we have
proposed a solution of this problem. As we have shown, the data collapse supplies method
that enables us to introduce universal measure of uncertainty, which compares different
experimental sets even based on different measurement methods. Therefore, the introduced
method also can serve as a tool to compare measurement data obtained in different laborato‐
ries. The measure (33) expresses the total uncertainty characterizing the data set for the chosen
range of dimensionless frequency f̃ . There are four contributions to Davresulting from the
following: (1) uncertainty characterizing the measurement method and construction of the
measurement set, (2) uncertainty of measurements of elementary magnitudes, (3) errors
resulting from the approximation (28) and uncertainty of estimations of α, β, Γ(1) and Γ(2). The
derived method is universal and can be applied to investigations of any phenomenon satisfy‐
ing the self-similarity conditions.

4. Multi-scaling of core losses in soft magnetic materials
The application of soft magnetic materials in electronic devices requires knowledge of the
losses under different excitation conditions: sinusoidal and non-sinusoidal flux waveforms of
different shapes, with and without DC bias. Scaling theory allows the total power losses
density to be derived in the form of a general homogeneous function, which depends on the
peak to peak of the magnetic inductance ΔB, frequency f, DC bias HDC and temperature T:
=
Ptot F ( f , DB, H DC , T ).

(34)
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The form of this function has been generated through the Maclaurin expansion with respect
to scaled frequency. The parameters of the model consist of expansion coefficients, scaling
exponents, parameters of DC bias mapping, parameters of temperature factor and tuning
exponents. Values of these model parameters were estimated on the basis of measured data
of total power density losses. However, influence of the DC bias on the self-similarity of
measurement data was very relevant. In order to apply scaling to (34), the right-hand side
has to be a homogeneous function in a general sense. This assumption has to be satisfied
both by the experimental data and by the mathematical model. However, according to the
results given in [20], Eq. (34) and measurement data are not uniform in the required sense
when there is a DC bias. This problem has been solved by using the method invented by
Van den Bossche and Valchev [21]. Their method consists in mapping of magnetic field into
a pseudo-magnetization by using tanh(⋅):
=
Ptot F ( f , DB, tanh( H DC ·c0 ), T ).

(35)

Following Bossche and Valchev, we have applied series of the mappings as expansion
coefficients for modelling F(⋅,⋅,⋅,⋅) function of (35):
H DC ® [ M 0 , M 1 , M 2 , M 3 ].

(36)

where M i = tanh(H DC ci ), where ci are expansion coefficients, to be determined from measure‐
ment data.Therefore, applying definition for the homogeneous function in general sense, we
have formulated the following scaling hypothesis: ∃ {a, b, c, d, g} ∈ ℝ5 : ∀ λ ∈ ℝ+ yields:
Ptot (λ a f , λ b(ΔB ), λ c M 0, M 1, M 2, M 3 , λ d T ) = λ g Ptot ( f , ΔB, M 0, M 1, M 2, M 3 , T ). Substituting

the following λ = (ΔB)−1/b, we derive the most general form for Ptotwhich satisfies above
hypothesis:
æ f
[M , M , M , M ] T
b
Ptot = ( ΔB ) F ç
, 0 1 g2 3 ,
a
d
ç ( ΔB )
( ΔB )
( ΔB )
è
a

g

c

where α = b , β = b , γ = b , δ =

d
b

ö
÷.
÷
ø

(37)

are effective scaling exponents. F(⋅,⋅,⋅) is an arbitrary function of

the three variables. Both the effective exponents and the F function have to be determined.
General formula (37) enables us to construct mathematical model which maps the fourdimensional space spanned by f, ΔB, DC bias and T into the one-dimensional Ptotspace. In the
first step, we separate the temperature factor Θ(⋅):
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æ f
[M , M , M , M ] T
, 0 1 g2 3 ,
Fç
a
d
ç
( ΔB )
( ΔB )
è ( ΔB )

ö
æ f
[M , M , M , M ] ö æ T
÷ = Fç
, 0 1 g2 3 ÷ Q ç
a
÷
ç ( ΔB )
÷ ç ( ΔB )d
( ΔB )
ø
è
ø è

ö
÷.
÷
ø

(38)

Let us assume that Φ(⋅,⋅) consists of two terms which need not be independent. However, the
second one is HDC dependent in contrary to the first one. For both of them, we assume the
Maclaurin expansions with respect to scaled frequency f/(ΔB)α, which is very much suited for
the Bertotti decomposition. Moreover, the first term should describe losses for HDC→ 0, whereas
the second term must vanish for this condition. The resulting expression takes the following
form:
æ f
ö
æ f
Φç
, H DC ÷ = Σ i4=1Γi ç
a
ç ( ΔB )
÷
ç ( ΔB )a
è
ø
è

i

ö
æ f
÷ + Σ 3i = 0 Γi + 5 ç
÷
ç ( ΔB )a
ø
è

i

ö tanh( H × c )
DC
i
÷
.
g
÷
Δ
B
(
)
ø

(39)

Since (39) has been created by the Maclaurin expansion, all series exponents are integers.
However, it may be so that the best error’s minimum is obtained for fractional values of
exponents. For this purposes, we introduce tuning exponents x and y:
æ f
ö
æ f
Φç
, H DC ÷ = Σ i4=1Γi ç
a
ç ( ΔB )
÷
ç ( ΔB )a
è
ø
è

ö
÷
÷
ø

i (1- x )

æ f
+ Σ Γi + 5 ç
ç ( ΔB )a
è
3
i =0

ö
÷
÷
ø

( i + y )(1- x )

tanh( H DC × ci )

( ΔB )

g

.

(40)

On the basis of some numerical test simulations, we have selected the following Padé approx‐
imant for Θ(⋅):
1- z

æ ψ + q (ψ1 + q ψ2 ) ö
Q =ç 0
÷
è 1 + q (ψ3 + q ψ4 ) ø
where θ =

T +τ
ΔB δ

(41)

is gauged and scaled temperature, T is measured temperature in °C, z is tuning

parameter, and ψi are Padé approximant coefficients. After all improvements of F(⋅,⋅,⋅), the
final form is still homogenous function in general sense (6).
In order to perform core loss measurements, the B-H loop measurement has been evaluated
as the most suitable. This technique enables rapid measurement while retaining a good ac‐
curacy. The measurement set works in the following way: two windings are placed around
the core under test. Taking into account the number of secondary winding turns and the ef‐
fective core cross section, the secondary winding voltage V is integrated into the core flux
density B. Next taking into account the number of primary winding turns and the effective
magnetic path length of the core under test, the magnetic field strength H is calculated.
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Then, the total power losses per unit volume is the enclosed area of the B-H loop multiplied
by the frequency f. The test system consists of a power stage, a power supply, an oscillo‐
scope and a heating chamber. It is controlled by a MATLAB program running on a PC com‐
puter under Microsoft Windows. The power stage is capable of a maximum input voltage of
450 V, output current of 25 A and a switching frequency of up to 200 kHz. The B-H loop
measurements have been performed for SIFERRIT. The rectangular voltage shape across the
core and DC bias has been applied, while the duty cycle was 50%.
The tested core data were as follows:
- Material name: EPCOS N87
- Core shape: toroid R42
- Number of primary windings: 10
- Number of secondary windings: 5
- Magnetic path length [mm]: 354
- Cross section [mm2]: 840
The following factors influence the accuracy of measurements:
- Phase shift error of voltage and current <4%
- Equipment accuracy <5.6%
- Capacitive couplings negligible (capacitive currents are relatively lower compared to
inductive currents)
- Temperature <4%.
A

β

δ

Γ1

Γ2

Γ3

Γ4

Γ5

−11.63

−8.64

−0.179

−1.408

739.5

1253.4

4238.5

0.123

Γ6

Γ7

Γ8

c0

c1

c2

c3

γ

−30.97

−51.87

−4201.4

−0.488

−2.44E-02

−0.181

0.165

0.00

T

ψ1

ψ2

ψ3

ψ4

ψ5

x

y

7.77E-02

−0.899

2.397

14.45

−1.27E-01

0.283

0.526

0.289

z
4.84E-02
Table 5. The set of estimated model’s parameters of (37)–(41).
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T

ΔB

f

HDC

Ptot

T

ΔB

f

HDC

Ptot

[°C]

[T]

[kHz]

[A/m]

[Wm−3]

[°C]

[T]

[kHz]

[A/m]

[Wm−3]

28.1

0.395

1

8.634

4064.3

28.1

0.391

1

20.146

4469.0

28.1

0.374

1

60.634

6332.4

28.3

0.351

1

86.651

6463.6

17.7

0.398

2

7.801

9452.1

17.8

0.398

2

20.555

10663.8

18.9

0.396

2

35.583

12745.8

18.5

0.377

2

89.240

16015.6

26.2

0.400

5

6.570

21131.3

26.4

0.4

5

17.820

23110.0

26.5

0.398

5

33.230

28057.3

27.1

0.386

5

89.400

35209.8

28.4

0.401

10

5.892

41549.0

28.6

0.401

10

17.477

45257.9

28.8

0.400

10

31.820

54650.9

29.7

0.393

10

73.960

63821.6

30.8

0.386

10

105.000

64632.1

28.4

0.49

1

11.694

6611.0

28.4

0.488

1

24.299

7196.0

28.4

0.451

1

78.390

8771.6

19.1

0.497

2

10.120

15234.1

19.2

0.496

2

23.718

16781.0

19.3

0.485

2

54.630

19235.9

19.8

0.475

2

76.860

20100.2

27.7

0.502

5

8.920

34634.8

27.4

0.503

5

15.020

36195.2

27.7

0.501

5

21.500

37496.6

28.6

0.496

5

47.500

41259.7

31.7

0.499

10

20.520

71226.8

32.2

0.494

10

45.040

76876.5

32.6

0.487

10

67.140

80858.2

28.5

0.588

1

14.420

10042.9

28.7

0.561

1

57.970

11239.6

28.7

0.541

1

78.080

11255.7

29.1

0.580

2

12.820

19689.9

28.7

0.576

2

54.360

22043.0

30.1

0.592

5

42.400

52126.7

31.1

0.599

10

10.290

92648.6

31.3

0.595

10

31.230

96446.4

28.9

0.684

1

22.050

14150.5

28.1

0.389

1

33.507

5358.8

28.4

0.346

1

91.066

6376.4

18.2

0.386

2

68.034

15049.1

18.7

0.367

2

110.590

16027.7

26.8

0.394

5

58.800

32614.3

27.5

0.386

5

97.779

35945.6

29.2

0.396

10

61.172

62814.4

30.2

0.387

10

99.190

64410.1

28.3

0.473

1

54.300

8296.5

28.5

0.443

1

85.100

8702.4

19.7

0.480

2

68.360

20073.3

20.2

0.469

2

87.440

20547.5

28.1

0.500

5

31.420

39530.2

31.5

0.499

10

7.570

65879.7

27.3

0.501

5

15.030

36194.3

28.5

0.58

1

36.010

10790.0

28.7

0.586

2

33.490

21002.2

30.2

0.616

5

36.050

54344.9

34.7

0.586

10

61.250

96583.3

29.0

0.669

1

41.330

14417.5

Table 6. Selected 60 records of the measurement data of SIFERRIT N87.

Scaling in Magnetic Materials
http://dx.doi.org/10.5772/63285

Figure 11. Projection of the measurement points and the scaling theory points (38)–(41) in
plane.

f

(( ΔB α )

(1−x )

Figure 12. Projection of the measurement points and the scaling theory points (38)–(41) in ((tan h(c1HDC),
plane.

/

, Ptot ΔB β )

Ptot / ΔB β )

Some comments concerning temperature change/stabilization have to be done. For details of
the applied measurement method and the errors of the relevant factors, we refer to [22, 24].
The parameter values of (37)–(41) have been estimated by minimizing χ2 of our experimental
data and using the simplex method of Nelder and Mead [23]. The measurement series consists
of 60 points (see Table 5). The standard deviation per point is equal to 15 Wm−3. Applying the
formulae (37)–(41) and the estimated parameter values (Table 6), we have drawn the three
scatter plots given in Figures 11–13, which compare estimated points those obtained through
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experimentation in the three projections, respectively. Note that in order to ensure numerical
stability during the estimation process, the unit of frequency was set at 1 kHz, while other
magnitudes were expressed in the SI unit system.

Figure 13. Projection of the measurement points and the scaling theory points (38)–(41) in ((T + τ)
plane.

/ ΔB δ , Ptot / ΔB β )

Scaled variables Ptot/(ΔB)β and f/(ΔB)α are very convenient for the model parameter estimations.
By using these variables, the number of independent variables is reduced. Also the collapsed
form of power losses characteristic is very compact and easy to implement. However, for the
purpose of designing of magnetic circuits, it is necessary to have the split characteristics which
describe the physical magnitude Ptotversus the physical ones: T, f, HDC and ΔB. Note that
formula (37) is suitable just for this task. Let us assume the characteristics family for the
A

following values of the independent variables: T, f, HDC and T = 30 ° C, H DC = 7 m ,
ΔB = ∈ {0.4 − 0.7}T, and f = ∈ {0.0 – 10.0}kHz. Using (37) and applying (38)–(41) as well as Table

6, we derive the characteristics presented in Figure 14.
The efficiency of scaling in solving problems concerning power losses in soft magnetic material
has already been confirmed in recent papers [15, 25]. However, this paper is the first one which
presents an application of scaling in modelling the temperature dependence of the core losses.
The presented method is universal, which means that it works for a wide spectrum of
excitations and different soft magnetic materials. Moreover, the presented model formulae
(37)–(41) are not closed and can be adapted for a current problem by fitting the forms of both
factors Φ and Θ. Ultimately, one must say that the degree of success achieved when applying
the scaling depends on the property of the data. The data must obey the scaling.
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Figure 14. Family of the power losses characteristics Ptot versus frequency f derived for SIFERRIT N87 material for
A

T = 30 ° C, H DC = 7 m .

5. Optimization of power losses in soft magnetic composites
Recently, novel concept of technological parameters’ optimization has been applied in soft
magnetic composites (SMCs) by Ślusarek et al. [26]. This concept is based on the assumption
that power losses in SMC obey the scaling law. The efficiency of this approach has been
confirmed in [9]. The scaling is very useful tool due of the three reasons:
• It reduces number of independent variables f and Bm to the effective one f / Bmα ,
• Determines general form of losses of power characteristic in a form of homogenous function
in general sense, and
• Determines general form of losses of power characteristics in a form of different dimensions.
Therefore, applying concept of the homogenous function in general sense, we apply the
following expansion:
Ptot
=
Bmb

(f

(

(

))

Bma ) × Γ1 + f Bma × Γ 2 + f Bma × ( Γ3 + f Bma × Γ 4 ) .

(42)

Γn, α and β parameters have been estimated for different values of pressure and temperature
[9]. For the purpose of this paper, we take into account only one family of power losses
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characteristics which are presented in Figures 15 and 16. The corresponding estimated values
of the model parameters are presented in Table 7. For all other details concerning SMC material
and measurement data, we refer to [9]. Now we are ready to formulate the goals of this section.
Main goal is to describe minimization of the power losses in SMC by using model density of
power losses (42) and corresponding values of the model parameters. From the first row of
Table 7, we can see that dimensions of the Γn coefficients depend on the values of α and β
exponents. Therefore, the power losses characteristics presented in Figures 15 and 16 are
different dimensions. So, we have to answer the following question: Are we able to relate them
in the optimization process which has been described in [9, 26]?

Figure 15. Selection of the power losses characteristics Ptot/(Bm)α versus f/(Bm)α calculated according to (42) and Table 1
for Somaloy 500 [26], T = 500°C.

In this section, we show that if the considered characteristics obey the scaling, then the binary
relation between them is invariant with respect to this transformation and comparison of two
magnitudes of different dimensions has mathematical meaning. Reach measurement data of
power losses in Somaloy 500 have been transformed into parameters of (42) versus hardening
temperature and compaction pressure (Table 7) in [26]. Information contained in this table
enables us to infer about topological structure of set of the power losses characteristics and
finally to construct pseudo-state equation for SMC and derive new algorithm for the best
values of technological parameters.
Scaling of binary relations. Let the power losses characteristic has the form determined by
the scaling (27). It is important to remain that α and β are defined by initial exponents a, b and
c (see after formula (27)):
a
c
a = ;b = .
b
b
Let us concentrate our attention at the point on the

(43)

f
Bmα

axis of Figures 15 or 16:
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f
f
f
f
f
= 1 = 2 = 3 = 4 .
Bma Bma11 Bma 22 Bma 33 Bma 44

(44)

Figure 16. Selection of the power losses characteristics Ptot/(Bm)α versus f/(Bm)α calculated according to (42) and Table 1
for Somaloy 500 [26].

Let us take into account the two characteristics and let us assume that

Ptot1 Ptot 2
>
.
Bmb11 Bmb 22

(45)

T

p

α

β

Γ1

Γ2

Γ3

Γ4

[°C]

[MPa]

[−]

[−]

[m2 s−2Tα−β]

[m2 s−1T2α−β]

[m2T3α−β]

[m2 sT4α−β]

500

500

−1.312

−0.011

0.171

3.606 × 10−5

1.953 × 10−8

−2.255 × 10−12

500

600

−1.383

−0.125

0.153

3.328 × 10−5

9.254 × 10−8

−1.177 × 10−12

500

700

−1.735

−0.517

0.156

2.393 × 10−5

2.309 × 10−8

−8.075 × 10−14

500

900

−1.395

−0.082

0.101

6.065 × 10−5

−8.031 × 10−8

7.877 × 10−13

400

800

−1.473

−0.28

0.183

1.347 × 10−5

3.689 × 10−9

1.185 × 10−13

450

800

−1.596

−0.123

0.145

2.482 × 10−5

−1.218 × 10−9

6.120 × 10−14

550

800

−2.034

−1.326

0.106

1.407 × 10−4

−1.066 × 10−8

4.541 × 10−13

600

800

−1.608

−0.232

1.220

8.941 × 10−4

−5.302 × 10−8

1.664 × 10−11

Values of scaling exponents and coefficients of (42) versus compaction pressure and hardening temperature, a
selection from [26].
Table 7. Somaloy 500.
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Therefore, the considered binary relation is the strong inequality and corresponds to natural
order presented in Figures 15 and 16. The most important question of this research is whether
(45) is invariant with respect to scaling:
Ptot' 1 Ptot' 2
>
.
Bm' b11 Bm' b22

(46)

Let λ > 0 be an arbitrary positive real number. Then, the scaling of (46) goes according to the
following algorithm:
• Let us perform the scaling with respect to λ of all independent magnitudes and the de‐
pendent one:
¢ = l bi Bmi ; Ptot¢ = l ci Ptot ,
f i¢ = l ai f i ; Bmi

(47)

where i = 1, 2 …4 labels the considered characteristics.
• Substituting appropriate relations of (47) to (48), we derive:
Ptot1 c1 - b1 b1 Ptot 2 c2 - b2 b2
l
> b2 l
.
Bmb11
Bm 2

(48)

• Collecting all powers of λ on the left-hand side of (48) and taking into account (43) we derive
that the resulting power has to be equal zero:

l c -b b -c
1

1 1

2

+ b2 b 2

= 1.

(49)

Therefore, (45) is invariant with respect to scaling. This binary relation has mathematical
meaning and constitutes the total order in the set of characteristics.
Binary equivalence relations. The result derived in subsection Scaling of binary relations can
be supplemented with the following binary equivalence relation. Let
æ f i , j Ptoti , j ö
X i , j = ç a i , bi ÷
ç Bmi , j Bmi , j ÷
è
ø

(50)

be the jth point of the ith characteristic. Two points, j and k, are related if they belong to the
same ith characteristic:
X i , j RX i , k .

(51)
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Theorem: R is equivalence relation. (The proof is trivial and can be done by checking out that
the considered relation is reflexive, symmetric and transitive.) Therefore, R constitutes division
of the positive-positive quarter of plane spanned by (50). The characteristics do not intersect
each other except in the origin point which is excluded from the space. The result of this section
implies that the power losses characteristics (27) and (42) are invariant with respect to scaling.
Structure of derived here the set of all characteristics of which some examples are presented
in Figures 15 and 16 enable us to derive a formal pseudo-state equation of SMC. This equation
constitutes a relation of the hardening temperature, the compaction pressure and a parameter
characterizing the power losses characteristics corresponding to the values of these techno‐
logical parameters. Finally, the pseudo-state equation will improve the algorithm for designing
the best values of technological parameters.
Pseudo-equation of state for SMC. Let C is set of all possible power losses characteristics in
considered SMC. Each characteristic is smooth curve in [f/(Bm)α, Ptot/(Bm)β] plane which
corresponds to a point in [T, p] plane. In order to derive the pseudo-state equation, we
transform each power losses characteristic into a number V corresponding to (T, p) point. By
this way, we obtain a function of two variables:
(T , p ) ® V .

(52)

This function must satisfy the following condition. Let us concentrate our attention at the two
following points:
f1
f
f
f
=
; 2 =
.
Bma11 Bma Bma 22 Bma

(53)

Let us consider the two characteristics Ptot 1 / (Bm1)β1 and Ptot 2 / (Bm2)β2 of the two samples

composed in T1, p1 and T2, p2 temperatures and pressures, respectively, while the other
technological parameters such as powder compositions and volume fraction are constant. Let
us assume that for (53), the following relation holds:
Ptot1 Ptot 2
>
Bmb11 Bmb 22

(54)

It results from the derived structure of that (54) holds for each value of (53).Therefore, we have
to assume the following condition of sought V(T, p). If the relation (54) holds for given values
of temperature and pressure T1, p1, T2, p2, then the following relation for V(T, p) has to be
satisfied:
V (T1 , p1 ) > V (T2 , p2 ) .

(55)
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Moreover, V (T, p) has to indicate place of corresponding characteristic in the ordered set. The
simplest choice satisfying these requirements is the following average:

=
V (T , p )

1
òjjmax
φ max - j min min

æ f
Ptot ç a
è Bm
Bmb

ö
÷
ødæ f
ç a
è Bm

ö
÷,
ø

(56)

The integration domain is common for all characteristics. We have selected the following
common domain for the data presented in Figures 15 and 16 φmin = 0, φmax = 4000 (s−1T−α).
Using (42), we transform (56) to the working formula for the V we measure:
(57)

T

p

V

[K]

[MPa]

[W kg−1T−β]

723.15

800

40.60

773.15

900

43.75

773.15

700

47.25

673.15

800

50.30

773.15

600

57.12

823.15

800

81.50

773.15

500

89.28

742.15

764

492.3

753.15

780

509.2

804.15

764

528.5

711.15

764

547.0

873.15

800

720.0

Table 8. V measure versus hardening temperature and compaction pressure.

where x =

f
Bmα

and Γi are coefficients dependent on T and p (see Table 7). The values of V (T, p)

are tabulated in Table 8. Table 8 enables us to draw pseudo-isotherm. It is presented in Figure
17. However, in order to derive the complete pseudo-state equation, we must create a math‐
ematical model. On the basis of Figure 17, we start from the classical gas state equation as an
initial approximation:
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p ×V
= 1.
kB × T

(58)

Figure 17. Pseudo-isotherm T = 500°C of the low-losses phase, according to data of Table 8. for Somaloy 500 [1].

where kB is the pseudo-Boltzmann constant.
In order to extend (58) to a realistic equation, we apply again the scaling hypothesis (27):

æ
ç
æT p ö æ p ö
ç
V ç , ÷ = ç ÷ Fç
è Tc pc ø è pc ø
çæ
çç
èè
g

ö
÷
÷
.
d ÷
pö ÷
÷
pc ø ÷ø
T
Tc

(59)

where Φ(∙) is an arbitrary function to be determined. Parameters γ, δ and Tc, pcare scaling
exponents and scaling parameters, respectively, to be determined. For our conveniences, we
introduce the following variables:
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T
æT ö
t
p
Tc
= d.
t = ç ÷; p = ; X =
d
p
pc
æ pö
è Tc ø
ç ÷
è pc ø

(60)

In order to extend (58) to a full-state equation, we apply the Padé approximant by analogy to
virial expansion derived by [27]:

V (t , p ) = p g

(

),
+ XD ) ) )

G0 + X G1 + X ( G2 + X ( G3 + XG4 ) )

(

1 + X D1 + X ( D2 + X ( D3

(61)

4

where G0,…, G4, D1,… D4 are coefficients of the Padé approximant. All parameters have to be
determined from the data presented in Table 8.
Estimation of parameters for pseudo-equation of state. At the beginning, we have to notice
that the data collected in Table 8 reveal sudden change of V between two points: [773, 15; 500,
0] and [742, 15; 764, 0]. This suggests existence of a crossover between two phases: low-losses
phase and high-losses phase. We take this effect into account and we divide the data of Table
8 into two subsets corresponding to these two phases, respectively. Since the crossover consists
in changing of characteristic exponents for the given universality class, it is necessary to
perform estimations of the model parameters for each phase separately. Minimizations of χ2
for both phases have been performed by using MICROSOFT EXCEL 2010, where

(

) ö÷ .
) ÷ø

æ
G0 + X i G1 + X i ( G2 + X i ( G3 + X iG4 ) )
c = å i =1 ç V (t i , p i ) - p i g
ç
1 + X i D1 + X i ( D2 + X i ( D3 + X i D4 ) )
è
2

N

(

2

(62)

γ

δ

Tc

pc

G0

G1

G2

1.2812

0.1715

21.622

37.729

370315315

−47752251

1734952

G3

G4

D1

D2

D3

D4

–

−1.3764

−678.26

170.80

6243.8

386.96

−28.699

–

Values of pseudo-state equation’s parameters and the Padé approximant’s coefficients of (61)
Table 9. Somaloy 500, low-losses phase.
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γ

δ

Tc

pc

G0

G1

G2

1.5550

0.1810

22.949

30.197

365210688

−47714207

1762773

G3

G4

D1

D2

D3

D4

–

−1.3763

−683.38

170.77

5739.9

387.81

−22.514

–

Values of pseudo-state equation’s parameters and the Padé approximant’s coefficients of (61)
Table 10. Somaloy 500, high-losses phase.

where N = 7 and N = 5 for the low-losses and high-losses phases, respectively. Tables 9 and 10
present estimated values of the model parameters for the low-losses and high-losses phases,
respectively.

Figure 18. Phase diagram for Somaloy 500.

Optimization of technological parameters. Function V (T, p) serves a power loss measure
versus the hardening temperature and compaction pressure. In order to explain how to
optimize the technological parameters with the pseudo-state Eq. (61), we plot the phase
diagram of considered SMC Figure 17. Note that all losses’ characteristics collapsed to a one
curve for the each phase. Taking into account the low-losses phase, we determine the lowest
losses at τ ⋅ π−δ = 19, 75 (see Figure 18). This gives the following continuous subspace of the
optimal points:
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T
Tc

d

æ pö
ç ÷
è pc ø

= 19,75.

(63)

Formula (63) represents the minimal iso-power loss curve. All points satisfying (63) are
solutions of the optimization problem for technical parameters of SMC. By introducing the
binary relations, we have revealed twofold. The power losses characteristics do not cross each
other which makes the topology’s set of these curves very useful and effectively that we can
perform all calculations in the one-dimensional space spanned by the scaled frequency or here
in the case of pseudo-state equation in the scaled temperature. For general knowledge
concerning such a topology, we refer to the paper [28]. The obtained result is the continuous
set of points satisfying (63). All solutions of these equations are equivalent for the optimization
of the power losses. Therefore, the remaining degree of freedom can be used for optimizing
the magnetic properties of the considered SMC.

6. Scaling conception of losses separation
In this section, we show how to expand losses into polynomial series. The distinction between
different eddy current scales, that is a macroscale, covering the whole bulk material and a
microscale covering the area of moving domain walls, introduced by Bertotti’s theory, has led
to the following relationship of the three terms:
Ptot = c1 f Bmb + c2 s f 2 Bm2 + 8 (s GSV0 ) f 1.5 Bm1.5 ,

(64)

where σ is conductivity, G is the constant equal to 0.1356; S is sample cross section, whereas
V0 is a parameter dependent on flux density. In general case, (64) is not homogenous expres‐
sion; therefore, this can describe the self-similarity property only for β = 1. However, the Bertotti
interpretation of each term is correct
Ptot = Phys + Pclas + Pexc .

(65)

where the presented in (65) components are hysteresis, classical and excess losses, respectively.
In this chapter, we have shown how the two-component formula for losses (28) can be
transformed to dimensionless expression (30) and (31). This expression helps us to consider
the data collapse. However, in the case of expansion of (27) over the square term, (31) does not
apply.
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Then, one can consider partial data collapses in the expansions up to necessary degree. Let us
consider, for example, (42):
Ptot
=
Bmb

( Γ ·( f
1

Bma + ×Γ 2·( f Bma ) 2 + Γ3·( f Bma )3 + Γ 4·( f Bma ) 4 ) ,

Formula (42) is the fourth-degree polynomial of the ( f / Bmα ) scaled frequency. Let us span all
possible binomial subspaces:

å = {S

12

, S13 , S14 , S 23, S24, S34 },

where Si j = {( f / (Bmα ))i , ( f / (Bmα )) j }. To consider partial data collapse in S12, we perform the
following transformations:

Ptot1,2 =

Γ 2 Ptot
Γ f
, f1,2 = 2 a .
Γ12 Bmb
Γ1 Bm

(66)

Substituting (66) to (42), we get

(67)

Note that (67) is dimensionless full formula for the scaled loss. Moreover, expression f12(1 + f12)
is sample independent. The linear and square terms describe the hysteresis and the classical
losses, respectively. The cubic and the fourth-order terms correspond to the excess losses.
Moreover, the square and linear terms describe the partial data collapse in S12 [29]. Using
(67), one can compare losses data of different measurements projected on S12 subspace. The
analogical equations for the S34 subspace read:
(68)

(69)
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Sample

α

β

Γ1

Γ2

Γ3

Γ4

P1

−2.347

−1.407

2.25E-03

7.96E-06

−5.19E-09

1.76E-12

P2

−1.519

−0.375

2.53E-03

6.79E-06

−6.48E-09

2.78E-12

P4

−2.372

−1.295

1.80E-02

2.04E-05

7.68E-09

−1.37E-12

P7

−2.437

−1.401

2.28E-03

1.05E-05

3.08E-07

−8.38E-10

Table 11. Scaling exponents and expansion coefficients.

Applying (68) and (69), one can complete the data comparison by considering partial data
3
collapse using f 3,4
(1 + f 3,4) polynomial which is also sample independent. In the case of

expansion (42), the comparisons performed in S12, S34 spaces are completed. To test the
presented comparison formalism, we present the following measurement data: P1—
amorphous alloy F e78Si13 B9, P2—amorphous alloy Co71.5F e2.5Mn2Mo1Si9B14, P4—crystalline
material-oriented electrotechnical steel shits 3% Si-Fe and P7—iron-nickel-alloy 79%Ni-Fe.
Processed measurement data in the form of scaling exponents and expansion coefficients are
presented in Table 11:
Figures 19 and 20 present the completed partial collapses for the considered problem:

Figure 19. Partial data collapse in S12 space.
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Figure 20. Partial data collapse in S34 space.

In order to make a numerical comparison of the measurement qualities taken from different
samples, one can introduce analogically to (32) the measures of uncertainty for the both spaces
S12 and S34. The comparisons must be done and interpreted independently for S12 and S34.
Qualitative analysis on the basis of Figures 19 and 20 shows that the uncertainty measure of
S34 for the sample P4 is significantly high.

7. Summary
We have presented many examples of the measurements of power losses in soft magnetic
materials, including composites. Moreover, working conditions were determined by multidi‐
mensional parameter space: frequency, pick of induction, DC bias and temperature. On the
basis of obtained results of experimental and theoretical considerations, we confirm that the
total power loss in soft magnetic materials is self-similar. This is very important for practices,
since the fundamental parameter used by technologists in the processes aimed at tailoring
properties of magnetic materials as well as in design and work analysis of magnetic circuits is
loss density. However, there is one important detail which has to be discussed at the end. In
order to determine F(⋅) in (27), the Maclaurin expansion has been applied up to the secondorder term. Note that each two-term formula can be reduced to dimensionless form (28).
Therefore, one could conclude that the data collapse is trivial. However, this is not so because
relevance of the data collapse depends on measurement data. If data transformed by (30) get
place on (31), then these data satisfy the axioms of homogeneity, they are invariant with respect
to scaling as well as they are self-similar. What to do if the two-term expansion (28) is not
sufficient? Then, one should extend (28) up to sufficient polynomial order. For an example,
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see (42). In general case, reduction of losses characteristic to dimensionless form is not possible.
However, for comparison of different measurement data, it is possible always to perform
transformation of data to dimensionless magnitudes partially in the two-dimensional subspa‐
ces (67), (69) and obtain full comparison by collecting the all independent comparisons in Sij
subspaces.
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Abstract
Cylindrical magnetic nanowires made through the help of nanoporous alumina
templates are being fabricated and characterized since the beginning of 2000. They are
still actively investigated nowadays, mainly due to their various promising applica‐
tions, ranging from high-density magnetic recording to high-frequency devices, passing
by sensors, and biomedical applications. They also represent suitable systems in order
to study the dimensionality effects on a given material. With time, the development in
fabrication techniques allowed to increase the obtained nanowire complexity (control‐
led crystallinity, modulated composition and/or geometry, range of materials, etc.),
while the improvements in nanomanipulation permitted to fabricate system based
either on arrays or on single nanowires. On the other side, their increased complexity
requires specific physical characterization methods, due to their particular features such
as high anisotropy, small magnetic volume, dipolar interaction field between them, and
interesting electronic properties. The aim of this chapter was to offer an ample overview
of the magnetic, electric, and physical characterization techniques that are suitable for
cylindrical magnetic nanowire investigation, of what is the specific care that one needs
to take into account and which information will be extracted, with typical and varied
examples.
Keywords: magnetic materials, nanotechnology, cylindrical magnetic nanowires,
nanoporous alumina templates, characterization techniques
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1. Introduction
The continuing progress in fabrication techniques nowadays lead scientists to succeed in
producing nanosystems that are always smaller, more complex, and/or fabricated with more
control. This achievement is highly interesting for both fundamental studies and technologi‐
cal improvements, since it provides novel systems permitting to test phenomena at mankind
frontiers of knowledge. However, the counterpart is that these new nanosystems also require
improvements in the characterization technique field, to yield more efficient, more sensible, and
sometimes up to revolutionary, characterization methods. Without the ability to adequately
probe the fabricated system characteristics, they remain useless and their promised advances
need to wait until the development of suitable characterization techniques.

Figure 1. Representation of nanowire arrays embedded in a nanoporous alumina template. Reprinted with permission
from [11]. Copyright 2010 by InTech.

Cylindrical magnetic nanowires represent a good example of the kind of nanosystems that
become enabled due to a new fabrication technique. After the finding regarding how to obtain
controlled nanoporous alumina templates by Masuda et al. in 1995 [1], the ordered, parallel,
and with high-aspect ratio pores were quickly identified as perfect mold for electrodeposited
metallic nanowires (Figure 1) [2–4]. Using magnetic materials, those nanowires are still actively
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investigated nowadays, mainly due to their various promising applications, ranging from
high-density magnetic recording [5] to high-frequency devices [6], passing by sensors [7], and
biomedical applications [8]. They also represent suitable systems in order to study the
dimensionality effects on a given material [9, 10]. With time, the development in fabrication
techniques permitted to increase the obtained nanowire complexity (controlled crystallinity,
modulated composition and/or geometry, range of materials, etc.), while the improvements in
nanomanipulation permitted to fabricate systems based either on arrays or on single nano‐
wires.
However, characterizing cylindrical magnetic nanowires presents specific challenges, due to
their particular features. Among them, the small volume of a nanowire, and therefore its low
magnetic signal, complicates both the manipulation of individual nanowires for their subse‐
quent characterization and most of the single nanowire magnetic probing. It also limits the
electrical current that a nanowire can support without melting, making them highly sensible
to electrical discharge. Furthermore, nanowires present, by definition, a high-length/diameter
ratio, typically larger than 50. This peculiar shape induces a mechanical fragility along the
nanowire, thereby making its manipulation difficult and facilitating the apparition of longi‐
tudinal mechanical stress, which may interfere with their properties. From a magnetic point
of view, this high-aspect ratio yields a large magnetic shape anisotropy that typically governs
its magnetic behavior. Another important component influencing it is the large dipolar
interaction field among nanowires when in array conformation, due to the small interdistance
between them. However, this interaction field also needs to be taken into account when
nanowires are free, like in solution. Finally, a last particular feature is the large nanowire
surface (in comparison to its volume). It makes nanowires highly sensible to their environment,
which may be an advantage, as in sensors, but can also be an issue while characterizing them
(e.g., favoring the surface oxidation).
As previously stated, the magnetic nanowires’ increased complexity requires specific charac‐
terizations, in order to efficiently understand their properties and behavior and take advantage
of their novelty. The understanding of a magnetic system, such as magnetic nanowires,
requires studying not only its magnetic behavior but also its electrical and physical properties.
The emphasis on one or another aspect depends on the specific objective of the study or
application. Therefore, the aim of this chapter is to offer an ample overview of the physical,
electrical, and magnetic characterization techniques that are suitable for cylindrical magnetic
nanowire investigation. For each method, the specific care that one needs to take into account
and which information can be extracted are discussed, with typical and varied examples.

2. Physical characterization
Since magnetic properties are intrinsically linked to the system morphology, composition, and
crystalline structure, they represent fundamental information while investigating magnetic
nanowires. A common first step is to verify the obtained nanowire geometry by microscopy,
either scanning electron microscopy (SEM) or transmission electron microscopy (TEM).
Coupled to these microscopes, other spectroscopy techniques allow knowing the nanowire
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composition, such as energy-dispersive X-ray spectroscopy (EDS) and electron energy loss
spectroscopy (EELS). Radiation diffraction techniques yield information about the crystalline
or magnetic structure and can be performed on the complete array, through X-ray, neutron,
or electron diffraction, or locally on a nanowire section, with the help of a high-resolution TEM
(HRTEM). Finally, phase transitions are well probed through specific heat measurements.
2.1. Geometry/morphology
As any nanostructure, nanowire fabrication often requires a visual inspection of the obtained
product, before pursuing further characterization. Even if nanowires are basically long
cylinders, their exact geometry (diameter, length, and interdistance in the array) directly
influences their magnetic behavior. For example, their coercivity is highly sensible to their
diameter, much more than to their length, while their interdistance controls the interaction
field strength in the array, among others. Due to the fabrication technique used, nanowires
grown in nanoporous alumina templates always exhibit a distribution, even very narrow, of
their geometric parameter values. Furthermore, since nanowires are not restricted to homo‐
geneous cylinders, their morphology also needs to be probed.
Such information can be obtained by electron microscopy techniques, due to the length scale
required (less than 5-nm resolution at minimum). Scanning electron microscopy (SEM) and
transmission electron microscopy (TEM) are the two best equipments for nanowire imaging.
While the resolution of the first is lower, it is compensated by the facts that it is a cheaper, more
widespread and easier to operate microscope.
2.1.1. Scanning electron microscopy (SEM)
SEM is a technique that enables the inspection of nanostructures by means of an electron beam
guided through magnetic and electrostatic lenses. The wealth of different information that can
be obtained by SEM method is caused by the multitude of signals that arise when an electron
interacts with the specimen. The different types of electron scattering (backscattered, secon‐
dary, and Auger electrons) are the basis of most electron microscopy methods [12]. The
widespread use of SEM became possible after 1958, when researchers from Cambridge (UK)
built the first commercial prototype [13]. The typical primary electron beam used in a SEM is
of 1–30 kV, with a beam current of 1 pA to 20 nA that can be focused in about 2–100-nm spot
size, depending on the emitter source [14, 15]. A detailed description of the SEM operation can
be found in [16].
This technique is highly adequate for proper measurements of the nanowire (and array)
dimensions. Array cross-sectional view (easily obtained by simply breaking the fragile
alumina template) facilitates the evaluation of geometrical parameter distribution (Figure 2a).
Free nanowires can also be investigated, after selectively dissolving the alumina template and
dispersing them on a substrate, generally Si (Figure 2b). Despite the relatively low resolution
of SEM, it commonly allows zooming on some specific nanowire regions, such as the dendritic
region at the bottom, if voltage reduction protocol described in [17] is used to thin the alumina
barrier layer and allows the pores filling by electrodeposition (Figure 2c). Finally, the evalua‐
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tion of the pores-filling ratio can be completed by the top view of the array (Figure 2d).
Additionally, as a non-destructive technique, one can inspect the nanowires along with
electrical measurements, thermal annealing, or chemical reactions inside the SEM chamber
[18]. However, electron beam exposure can induce hydrocarbon molecule deposition (from
the vacuum chamber) on the scanned nanowire surface, leading to some contamination [19].
This can be avoided by reducing the beam current and exposure time over the surface [15].

Figure 2. (a–d) SEM images of Ni nanowires with modulated diameter fabricated through the three-step anodization
technique [20]. (a) Cross-sectional view, showing the diameter modification region; (b) zoom on free nanowires upper
segment; (c) zoom on the dendritic region, at the nanowire base; (d) array-top view, where the filled pores appear
clearer; and (e) TEM image of a Ni nanowire region. Reprinted with permission from [21]. Copyright 2015 by IEEE.

2.1.2. Transmission electron microscopy (TEM)
In order to observe the nanowires’ geometrical aspects in more detail, higher resolution images
can be obtained by using TEM. In a conventional TEM, a thin specimen is irradiated with an
electron beam with uniform current density. Typically, the acceleration voltage is at least 100–
200 kV, while medium voltage instruments work at 200–500 kV to provide better transmission,
and some equipments can reach up to 3 MV. The use of such a high voltage allows to produce
a very small electron beam spot (typically <5 nm and, at best, <0.1 nm in diameter). On the
other hand, strong electron/atom interactions through elastic and inelastic scattering can lead
to some damages to the sample. This technique therefore requires a very thin specimen,
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typically of the order of 5–100 nm for 100-keV electrons, depending on the sample material [22,
23].
Fortunately, most nanowires are thin enough in order to be directly investigated by TEM,
without further preparation than dispersing free nanowires on a carbon TEM grid. Interesting
morphological information that can be obtained includes surface roughness, layer interface
sharpness, or even atomic plane directions, to name a few, besides more precise geometrical
characterization than with a SEM (Figure 2e). Generally, TEM nanowire characterization is
not limited to geometry and morphology but specialized in local investigation. It usually takes
advantage of the high-energy electron beam to perform local spectroscopy (Section 2.2).
Moreover, given the small beam diameter, large electron diffraction occurs on the sample,
which reveals useful crystallographic information that will be described more in detail in
Section 2.3.2. Finally, even local magnetic information can be obtained, as will be discussed in
Section 4.3.2. As expected, its operation presents much more difficulties compared to SEM.
A common challenge concerning the inspection by electron microscope of nanoporous alumina
membrane is the charging effects from the electron beam on the scanned area (mainly insu‐
lating). This effect can be avoided by depositing a very thin layer (<50 nm) of carbon or metal
on the top surface [12, 24], whereas the dimensions of the inspected structures are larger than
the metal layer thickness. However, the SEM contrast of nonconductive specimens varies
widely depending on the coating metal and thickness, which influences the measurement’s
accuracy on the scanned structures [25]. For TEM analysis, if the charge dissipation is insuffi‐
cient, as is the case for insulating materials, the sample becomes unstable under the beam and
the analysis becomes impossible.
2.2. Chemical composition
Since chemical composition is not necessarily totally controlled during the nanowire fabrica‐
tion, either by electrodeposition or other alumina template-filling methods, probing their
chemical composition is essential. This is especially important for alloyed or multi-element
nanowires, as well as for multilayered ones. In the last case, a direct visualization of the
chemical composition configuration is highly helpful. This is also true for local investigation,
such as for surface oxidation, for example.
Therefore, it is highly advantageous to use some features of the electron microscopes described
above to simultaneously perform a composition characterization of the nanowires. Mainly,
both SEM and TEM possess a high-energy electron beam, which allows high sensibility, while
their scanning possibilities permit to map the chemical composition, usually superimposed to
their morphology image. The typical techniques used for nanowires are the energy-dispersive
X-ray spectroscopy (EDS) and the electron energy loss spectroscopy (EELS). Generally
speaking, while the first determines the presence or not of an element, the second can probe
their chemical environment. Both techniques can lead to a mapping of local chemical properties
with high spatial resolution when coupled to a TEM, whereas EDS can also be performed in a
SEM chamber.
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2.2.1. Energy dispersive X-ray spectroscopy (EDS)
EDS measures the energy and intensity distribution of the X-rays generated by the impact of
the high-energy electron beam on the surface of the sample (Figure 3a). The principle is based
on the inner-shell electrons that may be excited by the incident beam, thus leaving holes in the
atom’s electronic shells. When these holes are filled by higher energy electrons, the energy
level difference creates a released X-ray. Since its energy depends on the electronic structure
of the atom, the elemental composition within the probed area can be determined to a high
degree of precision. More information about the EDS technique is available in [26].

Figure 3. (a) EDS spectrum of BiFeO3 nanowires made by sol–gel preparation into alumina template. Reprinted with
permission from [10]. Copyright 2013 by Elsevier Ltd, (b) EDS composition mapping of Fe3Ga4 nanowires fabricated
through the metallic-flux nanonucleation method. Reprinted with permission from [9]. Copyright 2016 by Nature Pub‐
lishing Group, and (c) EELS analysis for the composition mapping of Ni nanowire after dissolving the alumina tem‐
plate. Reprinted with permission from [28]. Copyright 2013 by Brazilian Microelectronics Society.

Specifically in nanowire characterization case, EDS is particularly useful to determine their
chemical composition [27], their stoichiometry, and their impurity content. As mentioned
before, since EDS is a local probe, it allows focusing on the nanowires, being either free or still
in the alumina array (viewed in cross section). On counterpart, EDS data from nanowires
require to be analyzed keeping in mind the low material thickness. Especially for light
elements, the incident electron beam may not sufficiently interact with the atoms while passing
through the nanowire diameter, thus preventing the emission of the characteristic X-ray
spectrum of the material. In these cases, elemental percentage cannot be determined with
precision, and EDS results are limited to probe the presence or not of the elements (in concen‐
tration above the detection limit). Care should also be taken about the EDS mapping spatial
resolution (Figure 3b). Since it depends on the size of the interaction volume, which in turn is
controlled by the accelerating voltage and the mean atomic number of the sample, the spatial
resolution is better while performing EDS mapping in a TEM than in a SEM, on the order of
0.5 and 10 nm, respectively.
2.2.2. Electron energy loss spectroscopy (EELS)
In order to overcome the EDS disadvantages and obtain more precise information about the
material chemical composition, one can use EELS technique instead. It allows obtaining
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chemical information with a better energy resolution, passing from tens of eV for EDS to
around 1 eV for EELS. Moreover, the EELS spatial resolution is generally higher than the
corresponding EDS experiment because the EDS data are affected by beam broadening, unless
the sample is very thin [29]. However, as a main drawback, EELS represents a more difficult
technique to operate.
During an EELS measurement, some incident electrons of known energy will be scattered
through inelastic interactions. The detection of the energy and momentum of the scattered
electrons provides information on the excitations in the sample. As in EDS, inner-shell
ionizations allow to determine the material atomic composition. However, a careful analysis
of the spectrum also gives access to data about the chemical environment, such as the chemical
bonding and the valence-/conduction-band electronic properties, among others [30, 31]. Since
EELS is based on energy losses, the spectrum identification is facilitated for sharp and welldefined excitation edges, such as exhibited by low atomic number elements. The reader
interested by more information about EELS as surface analysis technique is referenced to [32].
Therefore, in addition to determine the atomic composition for nanowires including light
elements, EELS nanowire characterization is commonly used to investigate their oxidation
state. In this case, the EELS- and TEM-coupled results can show the nanowire surface oxidation
after being released from the alumina template (Figure 3c), which is critical for good electrical
contact, as will be explained in Section 3.2. Another EELS capacity especially useful for
nanowires is the ability to locally determine the valence state of a given element in the
nanowire.
2.3. Structural characterization
Nanowires are by definition highly anisotropic, due to their elongated shape. However, in
addition to the induced large axial shape anisotropy, one may need to also consider the
magnetocrystalline contribution to the effective anisotropy. Therefore, the crystalline texture
is especially important to resolve for nanowires made of materials with non-negligible
magnetocrystalline anisotropy, like Co in hexagonal-close package (hcp). In this case, the
uniaxial magnetocrystalline anisotropy constant being of the same order of magnitude than
the shape anisotropy of an infinite cylinder, it makes the effective anisotropy very sensitive to
the nanowire texture.
Crystalline structure being, by definition, a repetitive pattern of a unit cell of atoms, the
characterization techniques are based on the diffraction principle. X-ray diffraction (XRD) is
the most common one and can be applied to nanowires. However, due to their small volume,
the measurements require to be performed on several nanowires together, preventing to
resolve local modifications of the crystalline structure along the nanowires. Substituting the
incident beam from X-rays to high-energy electrons, precise local crystalline structure can be
probed. Therefore, TEM chamber, through techniques such as selected area electron diffraction
(SAED) and high-resolution TEM, represents an ideal environment for nanowire crystalline
structure investigation.
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2.3.1. X-ray diffraction (XRD)
As mentioned above, monochromatic X-rays are used in XRD technique as incident beam that
will be scattered through elastic interactions with the atom electrons. For some specific
scattering angles that depend on the crystalline structure, a constructive interference is
obtained and detected. Careful analysis of the diffraction pattern yields the identification of
the crystal symmetry and unit cell, as well as allowing characterization of more subtle aspects,
such as stress and disorder in the unit cell.
X-ray diffraction is commonly used to determine the basic composition, crystalline phase,
and texture of electrodeposited nanowires. Due to geometry restrictions, the XRD experi‐
ment is usually performed in the θ–2θ mode with the scattering vector parallel to the
nanowires inside the porous template, but it is also possible to remove the nanowires from
the template and dispose them on a surface (such as a silicon wafer or glass) to set the
scattering vector perpendicular to the nanowires. In the first geometry, only the crystalline
planes perpendicular to the scattering vector contribute to the diffractogram peaks (Figure
4a). This particular situation yields that, besides the usual element and phase determina‐
tion through their position, their relative intensity gives information about the crystalline
texture, that is, the preferential grain orientation in the nanowires [33]. The XRD rocking
curve technique, where the detector angle is fixed and the sample slightly tilted around a
given angle, is a more powerful tool for the nanowire crystalline texture determination [34]
(Figure 4a inset). However, due to the small volume of the electrodeposited nanowires and
because they often do not completely fill the pore length, the diffractogram count can be
very low and additional diffraction peaks arising from the template/substrate complicate the
data analysis. Therefore, synchrotron radiation is preferred, since it leads to a higher signal
coming from the nanowires.

Figure 4. (a) XRD pattern of hcp/fcc bi-crystalline Co nanowires. Inset: rocking curves for two different hcp peaks. Re‐
printed with permission from [34]. Copyright 2015 by AIP Publishing LLC. (b–d) Structural characterization through
electron diffraction of a polycrystalline Ni nanowire. Reprinted with permission from [21]. Copyright 2015 by IEEE, (b)
SAED diffraction pattern, (c) dark-field TEM images, showing size distribution of planes under the same diffraction
condition, and (d) HRTEM showing the crystallographic planes.
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2.3.2. Electron diffraction
Another way to improve the nanowire diffraction signal is to again take advantage of the
incident high-energy electron beam present in a TEM. The diffraction principle remains similar
as in XRD, with the difference that it is electrons that are elastically scattered, allowing a higher
resolution. Also, the diffraction is probed in transmission, instead as in reflection, yielding a
pattern of bright spots indicating the constructive interference conditions. Several probing
techniques are available in a TEM chamber, but due to their morphology (thin but long) and
nanoscale dimensions, nanowires represent an ideal system for those.
One can perform a selected area electron diffraction (SAED) in a region as small as of a few
hundreds of nanometers, which can be a specific region along a nanowire. Indexing the
obtained diffraction pattern is a powerful tool to study its crystalline structure (Figure 4b).
The very short electron wavelength (of the pm order, but with relatively low energy when
compared with X-rays) gives access to a precise description of the atom’s position. Addition‐
ally, one can also select a diffraction spot of SAED and enhance the contrast of the volume that
contributes to that spot (Figure 4c). This imaging technique, called dark-field TEM, is useful
to investigate planar defects, stacking faults, and grain size along individual nanowires,
quickly allowing identifying repetitive crystalline pattern. Additionally, direct atomic
observation is possible through a high-resolution TEM (HRTEM), to image the crystalline
planes (Figure 4d). Therefore, by directly measuring the interplanar distances, one can
determine the phase and orientation of the grains, and also estimate their size. For a brief
review of SAED and HRTEM applied to nanowires, one can refer to [35].
Finally, it is noteworthy to mention that specific heat, a technique which will be explained in
the next section, can also be used to indirectly investigate nanowire crystalline structure [9].
The measurement does not require removing the nanowires from the template, which can
represent a great advantage. On the counterpart, one requires a bulk sample of the same
material, in a crystalline structure thought as similar as in the nanowires. Specific heat
measurement yields the system Debye temperature, which is related to the phonon spectrum.
By comparing the Debye temperatures, it is possible to see if both phonon spectra, and
therefore crystalline structures, are similar or not.
2.4. Phase transition
In certain systems, it is advantageous to explore their physical properties by means of specific
heat measurements. The specific heat of a material is one of the most important thermodynamic
properties denoting its heat retention or loss of capacity. Therefore, its variation with temper‐
ature or magnetic field may indicate crystalline and/or magnetic phase transitions [36]. The
specific heat acquisition can be performed in a small-mass calorimeter. In one of the various
measurement protocols, it is placed into the sample chamber which controls the heat added
to/removed from a sample while monitoring the resulting change in temperature. During a
measurement, a given quantity of heat is first applied at constant power for a fixed time, before
allowing the sample to cool down during an equivalent time. Unlike other techniques that
monitor magnetic transition phase, such as magnetometry, specific heat measurements can
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provide important additional information on the electronic structure and crystal lattice.
However, care to the extent and in the analysis of the results need to be made more cautiously.
Like bulk systems, nanowires can undergo phase transitions. Interestingly, the transition
temperature and nature may be modified for nanowires, as consequences of their lower di‐
mensionality [9, 37] (Figure 5). However, performing specific heat measurements on nano‐
wires represents a challenging task, due to the requirements to remove the contributions to
the signal arising from everything else than the nanowires with precision. For nanowire ar‐
rays, this means to also measure, in the same conditions, a similar (in mass and geometry)
empty alumina template. Accuracy in results depends on the correct mass determination of
each component, which needs to be estimated for the nanowires.

Figure 5. Specific heat divided by temperature as a function of temperature of GdIn3 nanowires (black curve) and its
bulk correspondent (red curve), fabricated through the metallic-flux nanonucleation method. The sharp peaks show an
antiferromagnetic transition, zoomed in the respective inset. Reprinted with permission from [37]. Copyright 2014 by
Elsevier Ltd.

3. Electrical characterization
The growing interest in magnetic nanowires is connected to the possibility of employing them
for advanced applications in wide technological fields. For example, nanowires represent ideal
candidates for sensor devices, since they present high sensitivity to their environment [38,
39]. Moreover, they are presently intensively investigated for a large range of spintronic
devices, due to the nanowire dimensions comparable or smaller than scaling lengths in
magnetism and spin-polarized transport. Transport and magnetic properties, such as
anisotropic magnetoresistance, field-induced magnetization reversal in single nanowires,
domain-wall magnetoresistance, quantized spin transport in nanoconstrictions, among others
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[40–43], represent essential characterization for nanowires intended to play a major role in
tomorrow’s high technology.
In this chapter, we focus on direct current (DC) electrical characterization. The reader inter‐
ested in radio-frequency (RF) nanowire measurements is referred to [6]. The main difficulty
to perform electrical measurements on nanowires is to succeed in obtaining a good electrical
contact. In this sense, several techniques have been implemented [38–40]. Here, we will restrain
ourselves to the description of electrical characterization performed on single or few cylindrical
nanowires. First, we describe a technique where the connected nanowires remain inside the
nanowire array, thereby feeling the interaction field from their neighbors. In the second part,
a method to measure free single nanowires is presented.
3.1. Nanowires embedded in array
Electrical characterization of nanowire arrays still embedded in porous alumina is an inter‐
esting technique because of their spatial ordering. In this case, the idea is to electrically connect
nanowires both extremity, which is facilitated by the electrode already present at the nano‐
wires’ bottom, used for their electrodeposition. Even if the barrier layer thinning method can
be used to obtain an electrical contact [44], removing completely the barrier layer and closing
the pores with a thick conductive film (usually Au) is preferred to lower the resistance. The
top contact may be fabricated by filling the remaining pores length by a metallic material, like
Cu [41, 43], or by mechanically polishing the top of the template before depositing an electrode
by sputtering [40, 42].
Using lithography techniques, one can limit the template region electrically connected,
measuring current transport over thousands of nanowires at the same time. The main advant‐
age of this technique is to improve signal-to-noise ratio. In counterpart, the electrical charac‐
teristic in response to an electrical excitation is averaged [41], which prevents spin-transfer
experiments.

Figure 6. (a) Schematic illustration of the single nanowire contacting process on an array of nanowires electrodeposited
in supported nanoporous alumina template and (b) magnetoresistance curve for Py/Cu/Py spin-valve nanowire with
80 nm of diameter and external magnetic field in-plane with the membrane. Reprinted with permission from [40].
Copyright 2007 by American Chemical Society.
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However, one can also define electrical nanocontacts on a single electrodeposited nanowire
inside the porous membrane. This can be done by the indentation of an ultrathin-insulating
photoresist layer deposited on the top face of the thinned alumina template after the electro‐
deposition. A modified atomic force microscope designed for local resistance measurement is
used as a nanoindenter, allowing an easy access point onto individual nanowires at the surface
of the template [40, 42], as shown in Figure 6a. As a consequence, magnetic properties, such
as magnetoresistance signal, can be extracted from one individual nanowire (Figure 6b).
Despite the presence of the interaction field on the measured nanowire, this technique presents
several advantages. First, the template size and shape yield a convenient sample-handling
method [41]. Second, since the probed nanowire remains inside the alumina template, it does
not suffer surface oxidation due to the contact with alumina-etching solution and ambient
atmosphere. The major drawback of this oxidation is that it increases the nanowire resistance.
As a consequence, it makes spin-transfer experiments more difficult, leading to a small giant
magnetoresistance signal. Moreover, it favors the apparition of heating problem due to Joule
effect, limiting the current density that one can inject in the nanowire before melting it.
3.2. Free nanowires
To avoid magnetic interactions between closer nanowires inside the porous membrane, which
can influence the electrical and magnetic measurements of a single nanowire, one can release
them from the membrane using a convenient etching solution. Two options exist to establish
an electrical contact on a single nanowire, both involving the design of proper electrodes by
optical or e-beam lithography. The first one consists of patterning the electrodes after dispers‐
ing the nanowires on a substrate [45]. While this method does not require nanowire manipu‐
lation, the critical step is the careful electrode alignment with the lying nanowire. Here, we
will focus on the opposite technique, where the electrodes are first patterned and the free
nanowires are placed afterwards between them. Depending on the nanowire manipulation
technique, this method can reach large outflow.
For metallic nanowires, dielectrophoresis (DEP) technique allows to adequately position the
nanowires to electrically connect them with the electrodes to further transport measurements.
After chemically etching the alumina membrane, the nanowires must then be dispersed in
dimethylformamide (DMF), a dielectric medium, in order to avoid nanowire cluster formation
[21, 38, 41, 43]. Then, the metallic nanowires suspended in the DMF can be directly manipulated
through alternating electric fields produced by a pair of electrodes separated by a gap region,
as reported in [38] (Figure 7a). For optimized DEP parameters, one can trap one single
nanowire to carry out electrical/magnetic measurements [38, 39, 41, 43] (Figure 7b).
As shown, DEP is an adequate tool to insert nanowire between electrodes for electrical
transport measurements [38]. As already mentioned above, compared to the in-template
electrical measurement, this technique removes the effects from the dipolar field from
neighboring nanowires. Moreover, it permits to use a four-point resistance measurement
method, since the electrode geometry is more versatile. Therefore, it makes possible to pattern
a series of electrodes on a single nanowire in order to follow a domain-wall propagation.
However, when the nanowire touches the electrodes, a large contact resistance is sometimes
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present due to native oxide or organic residues, leading to a Schottky-like behavior (nonlinear).
Several options are available to reduce the contact resistance, such as depositing a thin metallic
layer on the nanowire extremities by focused ion beam-induced deposition (FIBID) (Figure
7c) [38]. Another option consists of improving the contact resistance by passing a low current
into the nanowire, allowing subsequent temperature-dependent electrical resistivity and
magnetoresistance measurements (Figure 7d) [28].

Figure 7. Electrical characterization of free Ni nanowires manipulated through DEP technique, as presented in [38]. (a)
Schematic illustration of the sample preparation, (b) SEM image of one single nanowire deposited on electrodes, (c)
current versus voltage curves before (black, left, and down axes) and after (red, right, and up axes) 10-nm-thick Pt lay‐
er deposition by FIBID (a and c reprinted with permission from [38]. Copyright 2015 by American Vaccum Society),
and (d) resistivity evolution with temperature of one single nanowire, showing metallic behavior. Inset: magnetoresist‐
ance measurement with the current flowing perpendicular to the applied field at 300 K. Reprinted with permission
from [28]. Copyright 2013 by Brazilian Microelectronics Society.

Whatever the techniques used to connect a single nanowire, its electrical characterization is
subjected to a special care about the current that can flow through it. Above a certain limit, it
begins to damage the nanowire due to heat dissipation. Therefore, in addition to control the
current during the electrical measurements, one needs to also prevent electrical discharge
when preparing the sample.

4. Magnetic characterization
Obviously, the investigation of magnetic nanowires cannot be complete without probing their
magnetic properties. Magnetometry, which is the magnetization measurement, yields the basic
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magnetic behavior, typically through the acquisition of a major hysteresis curve. For an array,
it can be performed on a vibrating sample magnetometer (VSM) or a superconducting
quantum interference device (SQUID), while micro-SQUID and magneto-optical Kerr effect
(MOKE) are suitable for single nanowire. All these magnetization measurement techniques
can also be used to perform specific field routine, such as first-order reversal curves (FORCs),
which give the statistical distribution of hysteresis operators, or the angular dependence, to
probe the magnetization-reversal processes. On the other hand, useful magnetic characteri‐
zation is not limited to the magnetization value acquisition. Nanowire array magnetization
reversal can be probed by means of magnetic force microscopy (MFM), while imaging the
domain walls and/or magnetic structure along a single nanowire is enabled by MFM and
electron holography, for example. For its part, ferromagnetic resonance (FMR) is an adequate
tool to probe the material anisotropy.
4.1. Magnetometry techniques
While typical nanowire arrays exhibit a magnetic signal relatively easy to measure with
conventional equipment, due to the high nanowire density, single nanowires require more
sensible technique. Furthermore, the sample manipulation does not present specific challenge
for measuring an array, apart from the magnetic field orientation with respect to the nanowire
axis. However, the first problem to overcome before measuring single nanowire magnetization
is their proper positioning. These differences naturally divide the magnetometry techniques
between the array and single nanowire-oriented ones.
4.1.1. Array magnetometry
Most of conventional magnetometers coupled with magnets able to apply field of at least 1 T
are sufficient to measure the magnetization arising from a nanowire array. Due to the high
density of nanowires, its magnetic signal typically yields several memu, which is higher than
the sensibility of standard magnetometer for bulk systems. The two main equipment used for
nanowire magnetic characterization are the vibrating sample magnetometer (VSM) and the
superconducting quantum interference device (SQUID) magnetometer. Both are based on
Faraday’s law principle, which states that a variation in the magnetic flux density passing
through a conductive coil induces a current in this coil to compensate the variation. The sample
is therefore magnetized by an external magnetic field and its position with respect to the
detecting coils is changed, thus inducing a measured voltage that is subsequently converted
in magnetic moment.
The VSM detection system [46] is simpler than the one in a SQUID. The sensing coils are usually
copper coils located around the sample. A relatively good sensitivity is gained by mechanically
vibrating the sample at a given frequency (typically less than 100 Hz) and using a lock-in
amplifier to filter the signal induced. In counterpart, the SQUID benefits of a higher sensitivity.
Here, the detector is a superconducting loop, which imposes a quantization of the magnetic
flux. This loop contains two Josephson junctions that break the flowing current symmetry in
the presence of a magnetic flux variation. For more information about SQUID operation, the
reader is referred to the study of Ramasamy et al. [47].
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Apart from the proper sample centering, nanowire array magnetization acquisition is rela‐
tively straightforward. The only experimental aspect to take care is the applied magnetic field
direction relative to the nanowire axis, due to the anisotropy of the system (Figure 8a). Since
the measurement is performed on a whole array, one needs to remember that it exhibits the
array magnetic properties, which may differ from the individual nanowire ones (see Section
4.2.1). For example, the coercivity obtained represents when half of the array magnetic volume
reversed its magnetization, while the susceptibility is related to the interaction field between
the nanowires.

Figure 8. Typical normalized magnetization curves for Ni nanowires (130 nm of diameter, ≈ 20-μm long). (a) Nanowire
array measured both parallel (black) and perpendicular (red) to the nanowire axis on a commercial VSM. It evidences
the axial easy axis of the array. In blue, the anisotropy field distribution calculated according to [48] and (b) single
nanowire measured axially on a MOKE setup. The squared hysteresis loop denotes a clear axial easy axis. Reprinted
with permission from [49]. Copyright 2012 by IOP Publishing Ltd.

4.1.2. Single nanowire magnetometry
To overcome this discrepancy, the direct magnetic measurement of one nanowire should
deliver the individual properties. However, in addition to the difficulties created by the
necessity to adequately position the individual nanowire with respect to the sensing element,
the low magnetic signal arising from a single nanowire represents a complex challenge. Two
different solutions have essentially been implemented.
The first one consists of fabricating a micro-SQUID detector around a free nanowire lying on
a substrate [50]. The nanowire proximity with the superconducting loop, coupled to its highdetection sensibility, allows performing magnetization measurement. However, this techni‐
que has several drawbacks that explain why it is not largely widespread. Mainly, the microSQUID detector fabrication, made by complex lithography, is restrained to a unique nanowire,
thus severely limiting the number of single nanowires that can be characterized in a reasonable
period of time.
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On the other side, the magneto-optical Kerr effect (MOKE) is normally used as a superficial
magnetic characterization technique due to its small penetration length. Nevertheless, its
penetration length of the order of the tens of nanometer is enough to probe the magnetic signal
from single nanowires, while actually removing unwanted background signal, as from the
substrate. Compared to the micro-SQUID, the MOKE technique is advantaged by the facts that
it can be performed on a conventional MOKE setup and allows to quickly measure several
nanowires, making distribution properties possible to evaluate. It consists of shining an
incident polarized light on the magnetic sample and measuring the rotation of the reflected
light [51]. This rotation depends on the relative orientation of the incident polarization with
the sample magnetization. Therefore, there exist three different configurations (longitudinal,
transversal, and polar) that allow detecting magnetization in the parallel, perpendicular, and
out-of-plane directions, respectively.
In order to succeed in measuring the magnetic properties of isolated nanowires by MOKE, it
is important to carefully perform the measurement. Good focus of the laser spot on the sample
and cautious alignment of the lens system are primordial to avoid signal loss. Additionally,
the low magnetic signal requires that the hysteresis loops must be averaged several times (up
to thousands) to improve the signal-to-noise ratio. As already stated, the magnetic character‐
ization of single nanowires yields fundamental properties such as the individual switching
field and squareness of nanowires [49] (Figure 8b). This information is essential to study the
magnetization-reversal mechanisms in nanowires.
4.2. Magnetometry routines
Even if major magnetization hysteresis curves, from an array or a single nanowire, give a
valuable characterization, the knowledge directly extracted from them remains limited:
saturation magnetization, susceptibility, coercivity, squareness, and so on. However, different
magnetic behaviors can be easily probed, still using the same setups as for the major curve
acquisition. The idea consists of modifying the measurement routine in order to select a specific
kind of behavior to follow and investigate. For example, instead of sweeping the magnetic
field between saturation values, but performing reversal curves, which begin in the hysteresis
area, one is able to get access to the switching of individual nanowires while measuring the
whole array. This technique, called first-order reversal curve (FORC), is very powerful when
applied to nanowire systems. Another possibility is to change the angle during the measure‐
ment, since nanowire magnetic behavior depends on their anisotropy. This technique repre‐
sents an effective way to achieve to experimentally study the magnetization-reversal
mechanisms occurring in the nanowires. Both procedures are easily implemented in any
magnetometer and can be applied to both nanowire array and single nanowire. Therefore, they
should be considered as part as basic nanowire characterization, along with major hysteresis
curves, due to the richness of information obtained.
4.2.1. First-order reversal curve (FORC) technique
Major hysteresis curves yield the magnetic properties of whole nanowire arrays. However, the
magnetization of the array can be viewed as the average of the nanowire magnetization. The

57

58

Magnetic Materials

objective of the FORC technique is to extract the individual magnetic entities characteristics
while performing a measurement on the whole system. A complete description of the imple‐
mentation of the FORC method for nanowire arrays is available in [11]. It is based on the
classical Preisach model, where magnetic entities are modeled as squared hysteresis operators
called mathematical hysterons. In order to obtain the statistical distribution of these operators,
only described by their width and field shift, Mayergoyz developed a specific field-sweeping
routine [52]. It consists of minor curves beginning at a reversal field (inside the hysteretic area)
and returning to the saturation (Figure 9a). The FORC result is calculated from these data
through a second-order mixed derivative and represented as a contour plot (Figure 9b). If the
measured system meets the required conditions for the classical Preisach model, it can be
considered as the hysterons statistical distribution.

Figure 9. Different magnetization measurement procedure results applied to an Ni nanowire array (35-nm diameter,
3.5-μm long). (a) First-order reversal curves measurement along the nanowire axis, (b) respective FORC result. Color
scale ranging from blue (null value) to red (maximum value), and (c) angular evolution of the array coercivity along
with the analytic fit for a transverse domain-wall nucleation. The effective anisotropy constant was evaluated at 3.612 ×
105 erg/cm3.

Several nanowires, due to their large shape anisotropy, exhibit a squared hysteresis curves
when measured axially. Therefore, the hysterons could be associated with the individual
nanowire magnetic behavior, leading to a clever way to get access to the single nanowire
properties without requiring to remove them from the template. This explains why the FORC
technique is highly suitable to investigate nanowires. However, like most of real systems,
nanowire arrays do not meet the criteria for the classical Preisach model, due to their interac‐
tion field. The FORC result analysis thus necessitates to be performed carefully. The physical
analysis model, based on simulated behavior of physically meaningful hysterons, has been
developed in this sense [53]. It allowed obtaining a quantitative parametrization of the FORC
result in order to extract the mean and distribution width coercivity and the interaction field
at saturation, among other values [54]. Even if the method is based on hysteretic operators,
information about the system reversibility can also be extracted [55].
Typical axial FORC result for nanowire appears as a distribution narrow along the coercivity,
while elongated along the interaction field axis (Figure 9b). It may be interpreted as nanowires
with similar coercivity, and therefore geometrical dimensions, submitted to a large and almost
uniform interaction field dependent on the magnetization. In general, a ridge may appear
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along the coercivity axis and is attributed to the nonuniformity of this interaction field, the
measurement being carried on a finite array [56]. In addition to the homogeneous nanowires,
the FORC method remains suitable for more complex systems, such as multilayer nanowires,
when coupled to the physical analysis model for the result analysis.
4.2.2. Angular-dependent magnetization curves
From a general point of view, all anisotropic system behavior is highly dependent on the
applied magnetic field direction. From the other side, varying the field angle allows obtaining
data from which additional information may be extracted. On most of magnetometers working
with an electromagnet, which produces a horizontal applied field, modifying the measurement
angle is easy and generally implemented in the control software. It is more challenging for
superconducting coil, since the magnetic field is vertical in this case. Manual angle variation
is usually required, thus increasing the total measurement time.
For nanowires, the classical case is to perform hysteresis curves along the axial and transverse
directions, to determine the easy axis direction (e.g., see Figure 8a). In the last years, angledependent magnetization curves turned out to be richer in information, after it proved its
ability to be interpreted as a signature of the magnetization-reversal processes. Nanowires
with diameter up to few hundreds of nanometers usually reverse their magnetization through
the domain-wall nucleation/propagation mechanism. Depending on their properties, the
domain wall nucleated may be either transverse or vortex. Assuming that a transverse domainwall nucleation can be modeled as the coherent rotation of a volume equivalent to the domain
wall [57], the angular nanowire coercivity can be calculated in this case [58] (Figure 9c).
Deviations from this model can be interpreted as the occurrence of other mechanisms (curling,
fanning, coherent rotation, etc.) or domain-wall types (mainly vortex), while fitting yields
quantitative values of the anisotropy constants. A special care with the precision of the field
direction angle should be taken during the measurement, but can be easily overcome while
performing the analytical fit.
4.3. Magnetization imaging
For nanowires, the interest in obtaining a direct or an indirect visualization of their magnetic
structure depends on the resolution and area observed. High-resolution imaging allows
probing a particular region of the nanowire and observes details of the magnetic domains and
domain walls, which is probably the best way to understand and to control them. Since the
domain-wall dynamics is very sensitive to their morphology [59, 60], it is fundamental to know
their geometry for all applications involving domain-wall propagation. The domain pattern
of a whole nanowire, for its part, gives valuable information about its magnetization-reversal
mechanism. Finally, investigations of the nanowire array complex magnetization reversal and
interaction field are helped by large-scale imaging of several nanowires, usually performed
on the template top surface.
The two last cases are well resolved by using the magnetic force microscopy (MFM) technique,
where a magnetized atomic force microscopy tip maps the stray field. For further local
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magnetic information, several methods have been developed. They are usually more compli‐
cated to operate than MFM and not always suitable for cylindrical nanowires, due to their
geometry. Here, we focus on a powerful characterization that can be performed in a TEM
chamber and that can yield highly valuable local information: electron holography.
The main problem concerning magnetization imaging of nanowires and nanowire arrays is
that both systems are tridimensional, instead of planar. Therefore, one needs to keep in mind
that the observation made is not complete and that some additional features of the internal
magnetization structure may be hidden from the observer. By example, assumptions about
the nanowire magnetic structure are required when imaging nanowire array top extremity.
Also, the nanowires’ cylindrical shape makes the domain-wall internal structure very difficult
to be seen, like the core of a vortex domain wall, since it lays parallel to the nanowire axis and
near its center.
4.3.1. Magnetic force microscopy (MFM)
Among several techniques, the MFM is probably one of the most used magnetic imaging tools.
Here, we give a brief description of the technique, but a most complete, although compact
description, can be found in [61]. As mentioned above, the MFM is an atomic force microscope

Figure 10. (a and b) MFM images in the remanent state. The clear and dark spots denoted outgoing and ingoing stray
field, respectively. (a) Top surface of Ni nanowire arrays. The clear and dark circles represent the nanowires magne‐
tized upward and downward. Reprinted with permission from [65]. Copyright 2004 by EDP Sciences, (b) individual
35-nm Co nanowire after saturation in a field parallel (top) and perpendicular (bottom) to the nanowire axis. A sketch
of the possible domain pattern is underneath. Reprinted with permission from [64]. Copyright 2000 by American Phys‐
ical Society, and (c and d) electron holography results of a multilayer Cu/CoFeB nanowire (80/230 nm) for an axialapplied magnetic field. Reprinted with permission from [66]. Copyright 2014 by AIP Publishing LLC. (c) Hologram.
(d) Associated map of perpendicular magnetic field, with 0.1-T contour spacing.
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with a magnetic tip, usually a thin (<50 nm) coated film with high coercivity of Ni, Co, or CoCr,
among others, for the tip magnetization to be fixed during the scan. The tip lies on one end of
a cantilever that raster scans the sample. The scanned area can be as large as 200 μm2 and the
typical resolution is 30 nm. In alternating current (AC) mode, which provides a better resolu‐
tion, the cantilever tip is put to oscillate near its resonance frequency by piezoelectric crystals,
while the tip-sample interaction changes the amplitude, frequency, and phase of the oscillating
cantilever. All these changes are measurable (by a laser reflected from the cantilever) and can
be used to calculate the force exerted at the tip by the sample. To consider only the magneto‐
static interaction between the tip and the stray field generated by the sample, the lift-height
technique is usually employed. In this mode, the tip is brought very close to the sample and a
first scan is performed. The tip is then lifted and a second scan is done, thus eliminating the
topographic contribution. A lift height of 50 nm is usually sufficient to image nanowires. Due
to the complicated and not necessarily fixed magnetization tip and the unsolvable problem of
the reconstruction of the magnetization sample by the sensed sample stray field, MFM is
usually considered as a qualitative technique. Despite this, it is very useful, especially if
combined with other techniques such as magnetometry, magnetoresistance measurements,
and micromagnetic simulations.
Since the samples do not require any special preparations, only to lay on a plane surface, MFM
is used to image both the top of nanowire arrays and free nanowires. Due to the large axial
shape anisotropy, nanowires are usually taken to remain monodomain under axial-applied
magnetic field. Therefore, investigations about individual nanowire-switching field and
complex magnetostatic interaction between nanowires take advantages of the large template
area that MFM can scan [62, 63] (Figure 10a). Actually, this monodomain state can be directly
observed by performing MFM imaging of free nanowires. It allows visualizing the magnetic
domains along the nanowire, and thus the presence of domain walls [64] (Figure 10b).
However, in cylindrical nanowires, the domain-wall length is typically of a few nanometers,
for Co, Ni, Fe, and alloys. Therefore, the MFM resolution does not normally provide much
information about the domain-wall geometry, especially if it is a vortex or a helical, that have
a small stray field compared with transverse domain wall.
4.3.2. Electron holography
Electron holography, performed in a TEM chamber, allows obtaining higher resolution
imaging of the magnetic structure. The principle is to get access to the phase shift of the electron
wave that traveled through the sample, not only to its amplitude, as in conventional TEM
imaging techniques. By creating two paths for the electron beam, one passing through the
sample while the other remaining undisturbed, the interference pattern creates an electron
hologram, which depends on the phase shift. Therefore, the sample local magnetic properties
influence the electron wave when passing through it and can be directly observed afterwards.
More information about this powerful technique can be found in [67, 68], the second being
specifically dedicated to magnetic material investigations.
Being performed using the high-energy electron beam from a TEM, typical electron hologra‐
phy resolution is of 5 nm and results are usually associated with micromagnetic simulations.
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Due to the technique complexity, the best use of electron holography for nanowires is to probe
the fine magnetic structure that is out of range for MFM equipment. More specifically, it allows
to obtain a clear image of nanowire domain walls [69], as well as the detailed domain pattern
created by multilayers [66] (Figure 10c and d).
4.4. Anisotropy probing
Finally, as was mentioned several times, nanowire magnetic behavior is intrinsically related
to their anisotropy, both global and local variations. Even if magnetometry can be used to
indirectly probe the system anisotropy properties, ferromagnetic resonance (FMR) is a
powerful technique to obtain more accurate data. The FMR phenomenon is based on the
resonance arising when the frequency of an applied transverse AC magnetic field is equal to
the material Larmor frequency, which is the frequency of magnetization precession around
the effective magnetic field. Since the anisotropy energy modifies the effective magnetic field,
even the anisotropy constant distribution is accessible through FMR. A complete description
of the phenomenon and the various ways to measure it is reviewed in [70].

Figure 11. (a) Resonance field evolution with the magnetic field angle for CoFeB, Ni, and Ni/Cu nanowires. Reprinted
with permission from [74]. Copyright 2007 by AIP Publishing LLC and (b) illustration of the double-resonance phe‐
nomenon occurring in a CoFeB nanowire array (40-nm diameter, 200-μm long). Left: schematic of the microstrip line
and major hysteresis curve branch used to measure FMR. Right: resulting contour plot. Reprinted with permission
from [72]. Copyright 2009 by AIP Publishing LLC.

In the specific case of monodomain nanowires, both the anisotropy intensity and direction
distributions are highly important since electrodeposited nanowires generally present
homogeneities, which could greatly affect their magnetic behavior. On the other side, electro‐
magnetic wave propagation directly depends on the medium effective anisotropy, leading to
a crucial information for all nanowire applications related with high-frequency devices (Figure
11a) [71]. Finally, the array magnetization reversal may lead to the interesting phenomenon of
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double resonance (Figure 11b) [72]. Several setups have been developed to measure FMR in
nanowires and nanowire arrays. The reader interested to push further his knowledge in the
area is referenced to the following book chapter [73].

5. Conclusion
In summary, the adequate use of the different characterization techniques available is essential
for any researcher that is investigating magnetic nanowires, since the cost in time and money
is high. Moreover, improper data analysis can lead to incorrect conclusions, while the un‐
known existence of a characterization technique can severely delay the advancement of a
research project. This chapter is meant to serve as a reference guide for the specific system that
constitutes magnetic nanowires.
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Abstract
We theoretically show spin and charge transport on the disordered surface of a three‐
dimensional topological insulator with a magnetic insulator when localized spin of the
magnetic insulator depends on time and space. To ascertain the transports, we use a
low‐energy effective Hamiltonian on the surface of a topological insulator using the
exchange interaction and calculate analytically using Green's function techniques
within the linear response to the exchange interaction. As a result, the time‐depend‐
ent localized spin induces the charge and spin current. These currents are detected from
change in the half‐width value of the ferromagnetic resonance of the localized spin when
the magnetic resonance of the localized spin is realized in the attached magnetic
insulator. We also show spin and charge current generation in a three‐dimensional
Weyl–Dirac semimetal, which has massless Dirac fermions with helicity degrees of
freedoms. The time‐dependent localized spin drives the charge and spin current in the
system. The charge current as well as the spin current in the Weyl–Dirac system are
slightly different from those on the surface of the topological insulator.
Keywords: Spin pumping, Spin–momentum locking, Surface of topological insulator,
Weyl–Dirac semimetal, Massless Dirac fermions

1. Introduction
A crucial issue in spintronics is the generation and manipulation of a charge and spin current
by magnetism, since these mechanisms can be applicable to magnetic devices. One way to
generate charge and spin flow is called “spin pumping,” which pumps from the angular

© 2016 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use, distribution,
and reproduction in any medium, provided the original work is properly cited.
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momentum of a magnetization's localized spin into that of electrons through the dynamics of
magnetization as well as spin-orbit interactions [1, 2]. No other way of doing this has so far been
discussed in the field of metallic spintronics.
Ever since the discovery of a topological insulator (TI) [3–6], spintronics using topology has
been studied. A TI has a gapless surface, its bulk is insulating, but its surface is metallic as a
result of two‐dimensional massless Dirac fermions on the surface [4–6]. Because of spin–orbit
interactions on the surface the spin and momentum of Dirac fermions are perfectly linked to
each other. The relation between a TI's spin and momentum is dubbed “spin–momentum
locking,” and the direction in which they travel is perpendicular to each other. Because of spin–
momentum locking, unconventional spin‐related phenomena—such as magnetoresistance [7–
15], the magnetoelectric effect [16–21], diffusive charge–spin transport [22–25], and the spin
pumping effect [26–31]—have so far been the only phenomena theoretically and experimen‐
tally studied.
Of the unconventional phenomena on the surface of a TI, spin pumping is one of the most
interesting when it comes to spintronics. Here spin pumping on the surface is different from
that in metals. As a result of spin–momentum locking on the surface the localized spin plays
the role of a vector potential, whereas time‐differential localized spin effectively plays the role
of an electric field acting on electrons on the surface of the TI [16–19]. As a result, even in the
absence of an applied electric field, the charge current is generated by time‐dependent
localized spin as shown in Figure 1. The induced charge current flows along z×∂tS [28–31].
Actually, this spin pumping effect on the surface has been experimentally demonstrated in the
junction of the TI by attaching magnetic materials [29–31] by changing the half‐width value
when ferromagnetic resonance is realized in the attached magnetic material [32, 33].
Recently, it has been reported that localized spin on the surface of a TI subject to magnetism
depends on space and its spin texture seems to be a magnetic domain wall [34]. It is predicted
that in the presence of a spatial‐dependent spin structure the charge current, which reflects
the spin structure, is induced [28]. Moreover, the spin current as well as the charge density are
induced when an inhomogeneous spin structure exists on the surface. Detailed results are
shown in Section 2. This study may help the study of spin pumping on the surface of a TI with
inhomogeneous spin textures [35, 36].
Recently, the next generation of spintronics has been theoretically and experimentally studied
in Weyl–Dirac semimetals. A Weyl–Dirac semimetal possessing three‐dimensional massless
Dirac fermions has attracted much attention in condensed matter physics [37–39]. Such a
semimetal has been experimentally demonstrated [40–45]. In addition, Weyl–Dirac semimetals
have been theoretically predicted in a superlattice heterostructure based on the TI. Such a
heterostructure has been realized in the GeTe/Sb2Te3 superlattice [46].
Spin‐momentum locking occurs in a Weyl–Dirac semimetal, but the locking is slightly different
from that on the surface of the TI. As a result of spin–momentum locking, the spin polarization
(charge density) and the charge current (spin current) are linked to each other. Moreover, Dirac
fermions have helicity degrees of freedom, which are decomposed into left‐ and right‐handed
fermions. Note that the total charge flow of Dirac fermions of left‐ and right‐handed Weyl
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fermions is preserved. In a Weyl–Dirac semimetal the anomaly‐related effect, which is
discussed in the field of relativistic high‐energy physics, has also been discussed in condensed
matter physics. Studies up to the moment have asserted that the charge current is generated
by magnetic properties with helicity degrees of freedoms [47–54]. Our goal is to introduce the
helicity‐dependent spin pumping effect, one of the characteristic properties of Dirac fermions
(as shown in Section 3).

Figure 1. Schematic of spin pumping on the surface of a topological insulator with localized spins of the attached mag‐
netic insulator. Here, the localized spin depends on positions on the surface. The dynamics of the localized spin (dash‐
ed line) drives the charge current (orange arrow) on the surface. Then, the charge current is also polarized because of
spin–momentum locking on the surface.

2. Spin and charge transport due to spin pumping on the surface of a
topological insulator
2.1. Model
We will calculate the charge and spin current due to spin pumping on the surface of a TI with
an attached magnetic insulator (MI) (as illustrated in Figure 1). To do so, we consider the
following low‐energy effective Hamiltonian, which describes the surface of the TI with
localized spin of the MI [4]:
H = H TI-surface + H ex + H imp ,

(1)

where HTI‐surface, Hex, and Himp are the low‐energy effective Hamiltonian on the surface of the
TI, the spin–exchange interaction between the localized spin of the attached MI and the spin
of conduction electrons, and the nonmagnetic impurity scattering on the surface of the TI,
respectively. HTI‐surface is given by
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(2)
where vF,B, EF, k, and σ are the velocity of bare electrons, the Fermi energy, momentum on the
surface of the TI, and the Pauli matrix in the spin space, respectively; and Ψk = t(Ψ↑, Ψ↓) and Ψ†
are the annihilation and creation operators of the electrons with up‐spin and down‐spin index
(↑, ↓). Hex is represented by
(3)
where Jex is the coefficient of the exchange interaction; and S is the localized spin of the MI on
the surface. Here, we take into account the space‐ and time‐dependence of S. Himp is given by
H imp = ò dx 2 y †uimpy

(4)

Nonmagnetic impurity scattering is taken into account for a delta function type [19, 21–24] and
is considered within the Born approximation. Because of impurity scattering the Fermi velocity
of bare Dirac fermions in Eq. (2) is modified by vF,B → vF [23, 24, 28]. We use vF in what follows.
2.2. Charge and spin current due to localized spin dynamics
We will calculate the charge and spin current as well as the charge and spin density due to
magnetization dynamics on the surface of the TI. They are given using the Keldysh–Green
function and the lesser component of Green's function [48] as
h
evF i
á s ñ,
evF tr[s iG < ( x, t; x, t )]=
2
2p
ih
vF za i
1
e á r ñ.
á jsi ,a =
vFe za i áy † ( x, t )y ( x, t )ñ = - vFe za i tr[G < ( x, t; x=
( x, t )ñ
, t )]
2
2e
h
á j i ( x, t )=
ñ evF áy † ( x, t )s iy ( x, t )ñ = -i

(5)

As a result of spin–momentum locking the charge current <ji> and spin current <jis,α> are
proportional to the spin density <si> and charge density <ρ>, respectively, where < > = denotes
the expectation value in H and e(<0) is the charge of Dirac fermions. These relations are derived
from the Heisenberg equation. The superscript and subscripts in <jis,α> show the direction of
flow and spin of the spin current, respectively. In what follows the charge and spin current
are considered within the linear response to Hex. This assumption can be a good approximation
because the energy scale of the exchange interaction is smaller than that of the bandwidth of
the low‐energy effective Hamiltonian on the surface of the TI [28, 31]. We also assume the TI
has a metallic surface of and that a finite Fermi surface exists on the surface; that is, h/(EFτ)
≪ 1 where h is the Planck constant and τ is the relaxation time of nonmagnetic impurity
scatterings on the surface.
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The charge and spin current are represented by

j i ( x, t ) =

r r
j
r
iehvF J ex
ei ( Wt - q × x ) tr[s i P j (q, W)]S r ,
å
2
q
,W
r
L

q,W

r r
j
r
ihv J
j ( x, t ) = F 2 ex e za i åei ( Wt - q × x ) tr[P j (q, W)]S r ,
q ,W
r
2L

(6)

i
s ,a

q,W

where q and Ω are the momentum and frequency of the localized spin Sjq,Ω, respectively; L2 is
the area of the surface; and Πj is the response function. These currents are obtained from Πj:
j r
P=
(q , W)

å( fw
r
w ,k

+W / 2

r
- fw -W / 2 ) gwR-W / 2, kr - qr / 2 L j (q , W) gwA+W / 2, kr + qr / 2 .

(7)

where fω, gω,kR = ([gω,kA]†) = [hw/(2π) + EF – hvF/(2π)(k × σ)z + ih/(4πτ)]‐1, and Λj are the Fermi
distribution function, the retarded (advanced) Green function, and the vertex correction of the
ladder diagram, respectively. The above functions are estimated in the regime Ωτ ≪ 1 and
qvFτ ≪ 1, which are satisfied when the dynamics of the localized spin is lower than the terahertz
regime and the spatial gradient of the localized spin is slow compared with the electron mean
free path. Then, by expanding Ω and q within Ωτ ≪ 1 and qvFτ ≪ 1, the vertex function Λj is
represented by Λj = [Γ + Γ2 + Γ3 + …]jnσn = [ (1 – Γ)‐1]jnσn with
G j º ncui2 ågwR-W / 2, kr - qr / 2s j gwA+W / 2, kr + qr / 2 = G jns n .
r
w ,k

(8)

where Γjn (||Γjn|| < 1) is the 3 × 3 matrix (j, n = 0, x, y). As a result, Πj is given by
æ
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(9)

where σ0 is the identity matrix; and l is the mean free path on the surface. From Eqs. (5–9) the
spin and charge current are given by
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r
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r r r
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(

D

)

)]z ,
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D

where νTIe is the density of state on the surface of the TI; <S||>D is the convolution between S||
and the diffusion propagator D on the surface; and S|| is the in‐plane localized spin S||= S –
Szz as
r
r
1¥
áS|| ñ D º ò dt ' ò dx ' D( x - x ', t - t ')S|| ( x ', t '),
t -¥
r r
1
1
D( x - x ', t - t ') =
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2 å
2
r
L q , W q vFt + iW

(11)

Eq. (10) shows that time‐dependent localized spin induces the charge and spin current and
that they can be decomposed into local and nonlocal contributions. The first term in Eq. (10)
is the charge current due to spin dynamics at that position on the surface; its direction is along
the z × ∂tS|| direction [28–31]. On the other hand, the second term in Eq. (10) is the charge
current due to both time‐ and spatial‐dependent localized spin; its direction is along the [z ×
(z × ∂)] [∂ × ∂t<S||>D]z direction, where <S||<D indicates the nonlocal contribution from the
localized spin. Moreover, this term is zero when the spin texture is spatially uniform. There‐
fore, this charge current is caused by diffusion with the dynamics of the spatial inhomogeneous
spin texture. It is noted that this second term is also described by the spatial gradient of the
charge density.
Because of spin–momentum locking on the surface of the TI, spin polarization is given by <j>
= 2evF(z × <s>). Thus, the properties of spin polarization are similar to those of the charge
current.
Eq. (11) shows that the spin current is induced by the time‐ and spatial‐dependent S||. Then,
the charge density is also generated because of spin–momentum locking. In addition, the
second term of the charge current <j>nonlocal = 2evFνTIeJexτl2[z × (z × ∂)] [∂ × (∂t<S||>D) ]z is given
by the spatial gradient of the charge density, whereas <j>nonlocal is proportional to the spatial
gradient of the spin current [28] as
ji

nonlocal

=
-e l e za n Ñi js,na .

(12)

This result shows that the relation between the charge and spin current is different from that
in the metallic spintronics system [2]. The spin current is proportional to the charge current
and spin current flow is perpendicular to the charge flow and its spin polarization.
Note that no out‐of‐plane localized spin Szz contributes in a dominant way to charge and spin
current generation. The reason is σz does not couple with momentum p in Eq. (2). Therefore,
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we believe a warping effect [1–4] on the surface of the TI is likely. Spin polarization along the
z‐direction is also generated by spin dynamics.
2.3. Spin torque
Based on these results, we look at localized spin dynamics after generation of the charge current
and spin polarization on the surface [24]. We assume there is an external static and AC magnetic
field on the surface—as shown in Figure 2(a). The static magnetic field arranges the localized
spin texture and the AC magnetic field triggers its spin dynamics. The propagation direction
of the microwave is parallel to the static magnetic field, which is along the y‐axis. The texture
is called the “longitudinal conical spin order” [56].
After applying the microwave the dynamics of the localized spin of the MI is induced by the
in‐plane AC magnetic field of the microwave. The dynamics of the spin induces the charge
and spin current. Then, from <j> = 2evF(z × <s>), Eq. (10), and spin–momentum locking, spin
polarization is also generated. Note that spin polarization induced in this way acts on the
localized spin as an effective exchange field for localized spin. This contribution is given from
the Landau–Lifshitz–Gilbert (LLG) equation of motion [32, 33] on the surface of the TI:
r
r r a r
r
r
¶ t M º -gm ( M ´ H ) + G ( M ´ ¶ t M ) + Te
M

(13)

Figure 2. (a) Schematic of the setup used to detect spin and charge current generation. The texture of the magnetization
M depends on space. Such magnetization is along the applied static magnetic field H0, and the magnetization dynam‐
ics is induced by the applied magnetic field of the microwave. (b) Schematic of the spin torque acting on M.

where M = -M(S/S) is magnetization of the MI; γ is the gyromagnetic ratio; μ is permeability;
αG is a Gilbert damping constant; H = H0 + HAC are the applied magnetic fields on the surface;
and H0 and Hac denote the static and AC magnetic fields, respectively. The first term of Eq. (13)
denotes the field‐like torque that drives the dynamics of M. The second term is the damping
torque that prevents its dynamics—these terms are schematically illustrated in Figure 2(b).
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The third term Te is the spin torque due to spin polarization of Dirac fermions on the surface
of the TI (<s>). It is given by Te =2Jexa2 (M × <s>), where a is the lattice constant on the surface.
Since Te is proportional to <s>, this torque is decomposed into local (TeL) and nonlocal spin
torque (TeD) terms as
r
r
k r
T eL = || M ´ ¶ t M || ,
M
rD k 2 r
r r
r
Te
=
l M ´ ( z ´ Ñ)(Ñ ´ ¶ t M ||
||
M

D

)z ,

(14)

where M|| = -M(S||/S) is in‐plane magnetization; and κ is the dimensionless coefficient.
As a result of spin–momentum locking the torque is Te ∼ M × <j>. This relation is useful as a
way of detecting nonzero <j> [29–31]. Moreover, nonlocal spin torque can be described by T<eD
∼ M × <j>nonlocal . Eq. (12) shows this torque may well be affected by spin current contribution,
whereas the relation between spin torque and spin current can be used as a way to detecting
<jis,α> on the surface:
r
r
r r
J t a2
TeD = ex e za i M ´ [( z ´ Ñ)(Ñ ´ á jas, i ñ ].
h

(15)

We now consider magnetization when it is given by M = ( Mx, My, Mz) = [m cos(q.x – Ωt), My,
m sin(q.x – Ωt)] with q = (qx, qy), m2 ≪ My, My ∼ M, and ∂tMy ∼ 0. Such a time‐dependent
magnetic structure is assumed to be realized when the magnitude of the static magnetic field
is larger than that of the AC magnetic field HAC=(hx, 0, hz); that is, hx, hz ≪ H0. Then, substituting
this M into Eqs. (13) and (14), the LLG equation becomes a linear approximation:
¶ t m=
wH mz - wM hz + a G ¶ tmz ,
x
¶ t mz = -wH mx + wM hx - (a G + k )¶ t mz + k qy2 |2 ¶ t á M ||, x ñ D ,

(16)

where ωH = γμH and ωM = γμM are the angular frequencies of H0 and M, respectively; and
κqy2l2∂t<M||,x>D indicates the contribution from TeD. Substituting <M||,x>D into Eq. (13), we obtain
magnetic permeability around the surface:
æ mx ö æ c xx
ç ÷=ç
è mz ø è c zx

c xz ö æ hx ö
÷ç ÷
c zz ø çè hy ÷ø

where χxx and χzx denote the longitudinal and transverse magnetic permeability as

(17)
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(wH + iaW)wM
c xx (q, W) =
,
[wH + iaW][wH + i (a k%q , W )W] - z q , WW 2
wH + i (a + k%q , W )W
c zz (q, W) =
c xx (q, W),
wH + iaW
c xz (q, W) =-z q , W c xx (q, W) =- c zx .

(18)

The coefficients κ'q,Ω and ζq,Ω are given by
æ
ö
q 4 |4
,
k 'q, W = k ç1 - 4 4
2 2 ÷
t
+W
q
|
è
ø

q 2 |2 Wt
1+ k 4 4
.
z q, W =
q | +W 2t 2

(19)

Hence, κ'q,Ω and ζq,Ω depend on q and Ω. If q = 0, κ'q,Ω and ζq,Ω go to κ'q,Ω → κ and ζq,Ω → 1,
respectively. Then, the magnetic permeability is isotropic. In q = 0, χxx and χzz go to the same
value and χxz = –χxx is satisfied. On the other hand, in nonzero q the magnetic permeability is
anisotropic: χxx ≠ χzz.
Figure 3(a) shows the dependence of Ω on the imaginary part of the longitudinal magnetic
permeability for several q. The resonance frequency Ωr and the half‐width value ΔΩ are slightly
changed by the nonzero q. Figure 3(b) shows change in the resonance frequency for several fH
in greater detail—fH is the frequency described by the static magnetic field H0. The resonance
frequency decreases with increasing ql from ql = 0 into ql = q0l, where q0 satisfies q02l2 ∼ Ωτ. In

Figure 3. (a) Frequency dependence of the imaginary part on the longitudinal magnetic permeability of several ql. The
half‐width value and resonance frequency change according to ql. (b) Dependence of ql on the resonance frequency for
several frequencies of the applied static magnetic field. (c) Dependence of ql on the half‐width of several frequencies of
the static magnetic field [49].
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addition, when ql takes a large value the resonance frequency returns to that frequency at ql=0.
Figure 3(c) shows the momentum dependence of the half‐width value on renormalization by
the angular frequency of the applied magnetic field for several ωH =2πfH frequencies when
realistic parameters on the surface of the TI are taken into account [31]. Change in the nor‐
malized half‐width value ΔΩ/ωH(ql) decreases from ΔΩ/ωH(ql = 0) = 0.038 to ΔΩ/ωH(ql ∼ 0.1) =
0.030 with increasing ql.
Any change in the half‐width value ΔΩ indicates an induced charge current on the surface of
the TI because TeL + TeD is proportional to the induced charge current [29–31]. In addition, the
half‐width value ΔΩ of TeD represents a contribution from the spatial gradient of the spin
current. These relations can be useful for the detection of spin current. For example, let us
suppose that in a finite ql, ΔΩ includes the contribution from the whole of the spin torque Te
and the contribution from the nonlocal term TeD is reduced by the large magnetic field. In a
higher magnetic field the inhomogeneous spin texture would be expected to be aligned along
the magnetic field direction and the spin texture to be spatially uniform; hence, the value of ql
decreases and reaches zero. Then, the half‐width value ΔΩ(TeD = 0) has no contribution from
TeD. The difference ΔΩ(TeD ≠ 0) – ΔΩ(TeD = 0) includes a pure contribution from TeD.
Any contribution from the applied magnetic field is of course a concern. Note that an in‐plane
static magnetic field contributes no finite charge current generation or spin polarization [49],
whereas the contribution from the applied magnetic field is negligible.

3. Spin pumping in a Weyl–Dirac semimetal
3.1. Model
We now consider spin pumping in a Weyl–Dirac semimetal subjected to magnetism. To do
this, a Weyl–Dirac semimetal subjected to spin and momentum locking, such as a supperlattice
hetrod structure constructed from a TI/normal insulator/TI [39, 46 – 48], is considered. The
low‐energy effective Hamiltonian describing the Weyl–Dirac semimetals that have a spin–
exchange interaction is given by [50–52]
H = H Weyl + H ex + H imp .

(20)

The first term takes the form
(21)
where Ψk = t(Ψ↑, +Ψ↓, +Ψ↑, –Ψ↓,–) is the annihilation operator of an electron with spin (↑, ↓) and
helicity τ(+, –) degrees of freedom; τα=0,x,y,z and σα=0,x,y,z are Pauli matrices of the helicity and spin,
respectively; vF is the Fermi velocity; μ is the chemical potential of the Weyl–Dirac semimetal;
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and b and μ5 denote the difference in position between each Weyl cone in momentum and
energy space, respectively. In Dirac semimetals, we set b = 0 and μ5= 0.
The second term of Eq. (20) indicates the spin–exchange interaction:
(22)
where Jex is the coefficient of the exchange interaction; and S is the localized spin that depends
on space and time in the Weyl semimetal. This exchange interaction is independent of the
helicity index. Himp shows the nonmagnetic impurity scattering in the Weyl–Dirac semimetal:
H imp = ò dx uimpy † [t 0 Ä s 0 ]y .

(23)

This Hamiltonian is similar to that on the surface of the TI—see Eq. (4). In the following
calculations, Hex and Himp are treated as perturbations within the same formalism as laid out
in Section 2.2. This treatment is allowed when the energy scale of the exchange interaction is
smaller than the bandwidth of Eq. (21). Then, the low‐energy effective Hamiltonian in Eq. (21)
gives a good approximation.
3.2. Response function within the linear response to the exchange interaction
To calculate the charge and spin current within the linear response to Hex, we use Green's
functions. From Eq. (20) the charge current <ji> (i = x, y, z) can be defined by
á j i ( x, t )=
ñ evF áy † ( x, t )(t z Ä s i )y ( x, t )ñ.

(24)

where < > denotes the expectation value in Eq. (20). Such a charge current can be decomposed
as <j> = <j+> + <j–>, where <j±> = ±evF<Ψ†±σΨ±> and Ψ±=t(Ψ↑, ±Ψ↓,±) is the annihilation operator
around each helicity τ = ±1. Since there is no mixing between Ψ†↓,+ and Ψ↑,– in the Hamiltonian
in Eq. (20) the charge current around each helicity can be calculated separately. Because of
spin–momentum locking in the Weyl–Dirac semimetal the charge current links to the spin
polarization. The charge current of each helicity is proportional to the spin polarization of each
helicity as
á j±i ( x, t )ñ = ±

evF i
á s± ( x, t )ñ.
2

(25)

The spin current in the Weyl‐Dirac semimetal can be defined from the Heisenberg equation
for the spin operator:
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¶ t sa + ¶ i jsi ,a =Tr ,a ,

(26)

where js,αi is the spin current operator; and Tr,α is the spin relaxation term. Spin current density
can also be decomposed into the spin current density of each helicity and can be calculated
separately:
(27)
The superscript and subscripts of js,αi denote the direction of flow and spin of the spin current
of each helicity, respectively. The direction of spin is perfectly parallel to that of the flow, and
the spin current density is proportional to the charge density of each helicity.
The relaxation term can also be decomposed by <Tr>= <Tr,+> + <Tr,–> and can be given by <Tr,+>:
(28)
The charge and spin current can be obtained by calculating the response function (Figure 4):

Figure 4. Diagrammatic representation of the charge current of each helicity within the linear response to the exchange
interaction. The bold line is Green's function; vi is the velocity operator; and Sj is the localized spin (wavy lines). (a) A
bubble diagram without taking impurity scattering from the exchange interactions into account. (b1) and (b2) Bubble
diagrams that take impurity scattering within the ladder approximation into account.

j±i = ±

j
r r
iehvF J ex
r
ei ( Wt - q × x )tr[s i P ±j (q , W)]S r ,
å
3
q ,W
r
L
q, W

i
s,a . ±

j

j
r r
i hv J
r
= m F 3 ex dai å ei ( Wt - q × x )tr[P ±j (q , W)]S r ,
q
r
,W
2L
q,W

(29)

where q and Ω are the momentum and frequency of the localized spin, respectively; L3 is the
volume of the system; and Πj± is the response function within the helicity index:
G ±j º nc ui2 å gwR-W / 2, kr - qr / 2, ±s j gwA-W / 2, kr - qr / 2, ± =
G ±jn s n .
(30)
r
w ,k
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where fω, gω,k,±R= ([gω,k,±A]†) = [hw/(2π) + μ± – hvFk.σ/(2π) + ih/(4πτ±)]–1, and Λj± are the Fermi
distribution function, the retarded (advanced) Green's function, and the vertex correction of
the ladder diagram at each helicity ±, respectively; and τ± is the relaxation time of nonmagnetic
impurities in the material, which depends on the helicity, because it depends on the chemical
potential μ±. When Ωτe,+ ≪ 1 and qvFτe,+ ≪ 1 are satisfied the vertex function Λj± is given by Λj
= [Γ± + Γ±2 + Γ±3 + …]jnσn = [(1 – Γ±)–1]jnσn with

±

G ±j º ncui2 åg R

r

s jgA

r

r w -W / 2, k - q / 2, ±
w ,k

r

r

w +W / 2, k + q / 2, ±

= G ±jns n

(31)

where Γjn± (||Γjn±|| < 1) is a 4 × 4 matrix (j, n = 0, x, y, z). As a result, Πj± can be represented by
P 0±y
P ±xy
P ±yy
P ±zy

æ P 0± ö æ P 00
P 0±x
±
ç x ÷ ç x0
xx
ç P± ÷ = ç P± P±
ç P y ÷ ç P y 0 P yx
±
çç ±z ÷÷ çç ±z 0
zx
è P± ø è P± P±

P 0±z ö æ s 0 ö
÷ç ÷
P ±xz ÷ ç s x ÷
:
P ±yz ÷ ç s y ÷
÷ç ÷
P ±zz ÷ø çè s z ÷ø

(32)

where the above matrix component (m, m'= x, y, z) is

P 00
± =

2 + iWt e , ±
W
,
4p q 2 vF2t e , ± / 2 + iW

P m± 0 =
P 0±m =
m
W
'
P mm
=
±
4p

ivFq m
W
4p q 2 vF2t e , ± / 2 + iW

(33)

æ
vF2t e2, ± q mq m ' ö
1
çç
÷÷ .
2 2
è q vFt e , ± / 2 + iW ø

As a result, the charge current and spin current can be obtained by

á j±i ñ = ±

evF Jexn ±WSt e , ±
2

á jsi , a , ± ñ = ±

r 1
r
¶ tS - vF2t ±Ñá r ± ñ ,
6

hvF i
d α á r ± ñ,
2e

(34)

(35)

where νWS± and <ρ±> are the charge density of state and the induced charge density of each
helicity, respectively:
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r
r
1
á r ± ñ =m evF Jexn ±WSt e , ± Ñ × ¶ t áSñ D, ±
2

(

)

(36)

where <S>D,± is the convolution between the localized spin and diffusive propagation of each
helicity. <S>D,± can be defined by
r
r
1 ¥
dt ' ò dx ' DW , ± ( x - x ', t - t ')S( x ', t '),
áS ñ D , ± º
ò
t e , ± -¥

(37)

r r
1
1
DW , ± ( x - x ', t - t ') =
e i ( Wt - q × x ) .
3 å
2
L qr , W q vFt e , ± / 2 + iW

Note that the above results are obtained when b = 0. These results are easily generalized when
b = 0. Because b behaves like a static Zeeman field acting on the whole of the band of HWeyl, it
can shift as a result of Pauli paramagnetism. However, b cannot drive a net current because b
is static [49]. On the other hand, the dynamics of the localized spin are only effective near the
Fermi surface, the structure of which does not depend on b. Therefore, we obtain the same
charge and spin current in Eqs. (33)–(35) even when b ≠ 0.
3.3. Charge and spin current due to spin pumping effects
From the above results the total charge current can be given by
á ji ñ =

r
r
r
evF Jex WS
ev3 J
(n + t e , + - n -WSt e , - )¶ tSi + F ex Ñ i éÑ × ¶ t n +WSt e2, + áSñ D, + - n -WSt e2, - áSñ D , - ù .
ë
û
2
12

(

)

(38)

The charge current is triggered by the dynamics of localized spin. The first term indicates the
local term of the dynamics of localized spin. Its direction is parallel to ∂tS. The second term
shows the nonlocal term, which is generated by the convolution between localized spin and
the diffusion propagator. A nonzero nonlocal term is given when the spin texture of localized
spin depends on space. Thus, the driving force needed to induce the charge current is the same
as localized spin dynamics, which plays the role of driving the charge current on the surface
of the TI. Note that the charge current in a Weyl–Dirac semimetal depends strongly on the
valley index. When the difference between τ+ and τ– as well as between νWS+ and νWS– is realized,
there is a population imbalance between two of the bands of each helicity. Then, nonzero <j>
is induced when νWS+τe,+ ≠ νWS–τe,– or μ5 = 0.
Note that the property of the charge current at each helicity links to that of spin polarization
because of spin–momentum locking. However, after summation of the indices of helicity the
relation between total charge current and total spin polarization is changed. As a result, even
in the absence of population imbalance, nonzero spin polarization can be given by Eq. (25) as
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=
á si ñ

r
r
r
Jex WS
v2 J
(n + t e , + + n -WSt e , - )¶ tSi + F ex Ñ i éÑ × ¶ t n +WSt e2, + áSñ D, + + n -WSt e2, - áSñ D, - ù .
ë
û
2
24

(

)

(39)

Local spin polarization is along ∂tS and nonlocal spin polarization is along the spatial gradient
of ∂t(∂iSi).
Total spin current can be represented from Eqs. (35) and (36) as
á jsi , a ñ =-

r
r
hvF2 Jex i r
da Ñ × ¶ t éën +WSt e , + áSñ D, + + n -WSt e , - áSñ D, - ùû .
4

(40)

Total spin current can be generated by spatial divergence of localized spin dynamics, where
localized spin is the convolution with diffusion. As a result, the spin current can be regarded
as a nonlocal spin current. Note that a nonzero spin current is generated when localized spin
depends on space. Such a spin current becomes nonzero even in the absence of population
imbalance.
The nonlocal spin current in this case is obtained from the diffusive motion of spin density,
which is driven by the dynamics of localized spin, where localized spin depends on space. The
spin diffusive motion of each helicity can be given from Eqs. (25), (34), (37) as
evFt e , ± Jex WS
1 2 ö i
æ
n ± ¶ tÑ(Ñ × S).
ç ¶ t - vFt e , ± ÷ á s± ñ =
2
2
è
ø
3 2

(41)

As a result, the diffusive motion of total spin becomes:
3
1 2
é
ù evF Jex 2 WS
i
i
i
i
t
t
s
s
v
s
s
(t +n e , + + t -2n eWS
¶
á
ñ
+
á
ñ
á
ñ
+
á
ñ
=
(
)
(
)
F
e,+ +
e,+ - ú
, - )¶ t Ñ (Ñ × S)
ê t +
2
2
ë
û

(42)

Time‐dependent and spatial‐dependent localized spin, ∂[∂t(∂iSi)], triggers the diffusive motion
of total spin density. When there is no population imbalance between each helicity, diffusive
motion can accompany total spin density without any charge flow. Hence, a pure spin current
can be generated.

4. Conclusion
Our results on the charge and spin current due to spin pumping on the surface of a three‐
dimensional TI (Section 2) [28] and in the bulk of a three‐dimensional Weyl–Dirac semimetal
(Section 3) [51] are summarized in this chapter.
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Section 2 summarizes our results on spin pumping on the surface of a TI attached to an MI.
The results are calculated using the standard Keldysh–Green function method within the linear
response to the exchange interaction between the conduction spin and localized spin of an MI.
The purpose of this work is to derive charge and spin current generation due to localized spin
dynamics on the disordered surface of a TI; in particular, when the localized spin depends on
space on the surface. The main results on the surface of a TI are summarized in Table 1. Time‐
dependent localized spin on the surface is a prerequisite to obtaining nonzero charge and spin
current generation. Moreover, Table 1 shows that when the spin texture is spatially inhomo‐
geneous, not only the local charge but also the nonlocal charge and spin current are generated
by time‐dependent localized spin. The flow and spin polarization of the spin current are
perfectly perpendicular to each other because of spin–momentum locking. The magnitude of
the spin current is proportional to the charge density, which is induced by divergence between
time‐dependent localized spin and the diffusive propagator on the surface—see Eqs. (10) and
(11). Such pumping effects are caused by time‐dependent localized spin, which plays a role in
driving the charge current and can be regarded as an effective electric field EsTI.

i
js,α

〈j〉

Local

z × ∂tS׀׀

Nonlocal

∇[∇ × ∂tS׀׀D]z

Driving force

z × εsTI

εsTI ≡ −

J ex

evF

∂t s

||

∇ ∇ × εsTI

〈s〉

Ref.

〈p〉

∂tS׀׀
∈zαi[∇ × ∂tS׀׀D]z

∇ × εsTID
D z

z

[29‐31]

∇[∇ × ∂tS׀׀D]z

[∇ × ∂tS׀׀D]z

z × εsTI
∇ ∇ × εsTI

∇ × εsTID

This work [28]

z

This work [28]

D Z

Table 1. Brief summary of the charge current, spin current, spin, and charge density induced by localized spin
dynamics on the disordered surface of a TI. The charge current and spin density have both a local and nonlocal
contribution. The spin current and charge density are described by the nonlocal contribution.

Recently, it has been reported that the localized spin texture at the junction of the TI/MI is
spatially inhomogeneous [34]. We suppose that the spin current we have obtained at the
junction is generated when the spin texture moves temporally.
On the basis of these results, in Section 2.3 we discussed a way of detecting the charge current
and spin current induced on the surface of a TI attached to an MI by using ferromagnetic
resonance. We assume that the dynamics of localized spin is triggered by the applied static
and AC magnetic field of the microwave. The dynamics of the localized spin induced both the
charge current and the spin current. Such induced currents are related to spin density, and
spin polarization acts on the localized spin in much the same way as spin torque—see
Eq. (14). Hence, the half‐width of ferromagnetic resonance changes as shown in Figure 3.
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Spin pumping in a Weyl–Dirac semimetal hosting massless Weyl–Dirac fermions is summar‐
ized in section 3. The results are obtained within the same formalism as laid out in Sections 2.1
and 2.2. The charge and spin current as well as the charge and spin density are given in
Table 2. Semimetals are subject to spin–momentum locking. The spin direction of Weyl–Dirac
fermions brought about by spin–momentum locking is perfectly parallel/antiparallel to its
momentum and its locking is determined by the helicity degrees of freedom of Weyl–Dirac
fermions. As a result, the charge current and spin polarization induced depend on the helicity
indices. Eqs. (38) and (39) show that localized spin dynamics induces the charge current and
spin polarization, respectively; hence, localized spin plays the role of an effective electric field
Es,±WDS acting on electrons [51]. Moreover, Es,±WDS depends on the helicity index, whereas total
charge current is proportional to μ5. As a result, a nonzero charge current is generated when
there is population imbalance between each helicity. On the other hand, localized spin
dynamics also drives the spin current when localized spin depends on time and position in a
Weyl–Dirac semimetal. The spin current is finite even in the absence of population imbalance.
Then, the spin current does not accompany charge flow. These results may be of use to next‐
generation spintronics devices based on Weyl–Dirac semimetals.

〈j±〉α±〈S ±〉
Local

∓ ∂t S

Nonlocal

∓ ∇ ∇ · ∂t S

Driving force

WDS
εs,±
and∇ ∇ · (εsWDS)D,±

WDS
εs,±
≡∓

Total

J ex

evp

Ref.

i
js,α,±
α ± δi,α ρ ±

[51]
D,±

δi,α ∇·∂t〈s〉D,±

[51]

∇ · ( εsWDS)D,±

This work [51]

∂t s
〈j〉local α μ5 ∂t S
〈j〉nonlocal α ∂t ∇[∇·(〈s〉D,+ ‐ 〈S〉D,‐)]

i
js,α

(s

nonlocal α δi,α ∂t ∇

D,+

+ s

·

This work

D,−)

Table 2. Brief summary on charge and spin current generation by spin pumping in a Weyl–Dirac semimetal with the
dynamics of localized spin, where ± denotes the helicity index. Because of spin–momentum locking the charge (spin)
current is proportional to the spin (charge) density with each helicity. Time‐dependent localized spin drives the local
and nonlocal charge and spin current. The nonzero population imbalance between each helicity μ5 is a prerequisite to
obtaining the nonzero charge current. The nonzero spin current (charge density) is triggered by time‐dependent and
spatial‐dependent localized spin dynamics even when μ5 = 0.
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Abstract
In recent years the study of low-dimensional magnetic systems has become topical not
only for its several technological applications but also for achieving a deep understand‐
ing of the underlying physics of magnetic nanostructures. These efforts have consider‐
ably advanced the field of magnetism both theoretically and from an experimental point
of view. Very recently, for their challenging features, great attention has been given to
the investigation of the static and dynamical properties of magnetic nanostructures with
special regard to magnonic crystals, a class of periodic magnetic systems. As shown by
micromagnetic and analytical methods, the ferromagnetic materials composing
magnonic crystals can be regarded as metamaterials since they exhibit effective
properties directly linked, for instance, to the definition of an effective magnetization,
an effective permeability, and an effective wavelength. Hence, the aim of this chapter
is to give an overview of the recent results obtained on the study of metamaterial
properties of two-dimensional ferromagnetic nanostructures ranging from those of thin
films to the ones of two-dimensional magnonic crystals. Some possible applications
based on the effective properties for tailoring new magnetic devices are suggested.
Keywords: metamaterials, ferromagnetic nanostructures, magnonic crystals, effective
properties, magnonic devices

1. Introduction
In this chapter, an overview of recent theoretical results on metamaterial properties of ferro‐
magnetic nanostructures is presented. These results have been found according to micromag‐

© 2016 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use, distribution,
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netic simulations based on a finite difference method called dynamical matrix method (DMM)
with implemented two-dimensional (2D) boundary conditions and extended to periodic
magnetic systems [1] and via simple analytical calculations. We first review some challenging
properties arising from the study of spin dynamics in in-plane magnetized ferromagnetic thin
films that can be regarded as the simplest example of ferromagnetic nanostructures. Indeed,
they are un-patterned and infinitely extended systems in the xy plane but are confined along
the z direction with thickness of a few nanometers. There are several studies carried out on spinwave modes propagation in ferromagnetic films with both in-plane and out-of-plane magnet‐
ization and different classes of excitations based on the propagation features have been studied
(see e.g., [2, 3]). Special emphasis is devoted to the investigation of backward volume spinwave modes (BVMSWs) characterized by a “negative” group velocity (antiparallel to the
propagation wave vector) and a negative dynamic permeability in the magnetostatic limit (see
e.g., [3, 5]). This analysis is done for the sake of simplicity in the absence of losses but it can be
easily generalized also to spin dynamics where intrinsic damping is taken into account. It is
shown that the inclusion of the exchange interaction suppresses the backward nature of BVMSWs
leading to a “positive” group velocity, namely a group velocity parallel to the propagation wave
vector, and the analytical expressions of the group velocity are given in both the dipole and
dipole-exchange regimes [4]. Moreover, it is demonstrated that BVMSWs are spin-wave modes
characterized by a negative dynamic effective permeability and its behavior is studied as a
function of the spin-wave mode frequency and magnetic parameters [5]. In view of these results,
ferromagnetic thin films with in-plane magnetization can be regarded as metamaterials and can
be put on a similar footing as other classes of metamaterials such as electromagnetic backwardwave media where, since the first prediction by Veselago [6], the simultaneous presence of a
negative permeability and permittivity was investigated (see e.g., [7, 8]).
Then, the analysis focuses on periodic two-dimensional (2D) magnetic nanostructures with
periodic modulation, the so-called magnonic crystals (MCs) [9–17], by giving special emphasis
to their metamaterial properties arising from the 2D spatial periodicity. Specifically, effective
quantities such as the notions of effective magnetization, effective wavelength, and effective
wave vector are introduced for different kinds of 2D magnonic crystals. In particular, these
properties are discussed for square arrays of antidot lattices (ADLs) where holes are embedded
into a ferromagnetic matrix (single component systems) and binary systems composed by
periodic arrangements of dots etched into a ferromagnetic matrix of a different material.
General relations involving the effective wavelength and effective wave vector with the
corresponding Bloch wavelength and Bloch wave vector are proposed for in-plane [17] and
perpendicularly magnetized ADLs [18], and it is shown that their validity can be extended to
periodic and binary systems [19, 20]. An effective relation involving the effective wave vector
and completing the well-known Bloch rule for periodic systems is also presented. Frequency
dispersion and band gaps of collective modes are discussed for different geometries and
comparisons with the frequencies calculated via an effective description are performed. The
definition of effective “surface magnetic charges” is introduced for describing the magnetic
interactions in binary ferromagnetic systems in terms of an effective magnetic potential and
experiment for tailoring magnetic devices and for mapping the spatial profiles of collective
spin-wave modes based on the studied effective properties is proposed [17].
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2. Metamaterial properties of ferromagnetic films
In this section, we review the metamaterial properties of ferromagnetic thin films that can be
considered as the simplest example of ferromagnetic nanostructures. In particular, we focus
on some recent theoretical results on the dynamical properties related to a class of volume
spin-wave modes whose wave vector is parallel to the static magnetization M and to the
external magnetic field H, sometimes called BVMSW. These modes are characterized by a
“negative” group velocity vg [4]. The word “negative” refers to the fact that, for this class of
spin-wave modes, the group velocity is opposite to the propagation wave vector k and to the
phase velocity. As a result, BVMSW frequency decreases with increasing the modulus of the
propagating wave vector. This unusual behavior is associated to their propagation that is along
the direction of the in-plane magnetic field and of the magnetization leading to a reduction of
their magnetostatic energy with increasing the modulus of the wave vector.
2.1. BVMSWs and group velocity
BVMSWs are thermally excited waves typical of the in-plane magnetized ferromagnetic thin
film depicted in Figure 1, having the following features:
1.

They are classified as volume spin waves because they have a real perpendicular to the
plane wave vector component.

2.

They are characterized by a “negative” group velocity satisfying the condition k·vg < 0
according to which the group velocity vg = (0, vg) is antiparallel to the in-plane wave vector
k = (0, ky) and to the phase velocity.

3.

They are transverse plane waves, that is k·δm = 0 with δm(x) = δm0 expi(k·x-ωt) where δm =
(δmx, δmz) is the dynamic magnetization, δm0 = (δm0x, δm0z) is the dynamic magnetization
amplitude with x = (x, y) for M and H oriented along the y axis. The corresponding band
of frequencies lies below that of the surface waves, the so-called Damon-Eshbach modes.

Figure 1. Sketch of the ferromagnetic film. The directions of H, M, k, and vg of BVMSW are shown. The dynamic mag‐
netization components δmx and δmz are also indicated. The symbol L denotes the thickness.

Note that in ferromagnetic thin films, there exists also volume modes having k = (kx, ky) even
though they cannot be classified, at all effects, as BVMSWs that have a propagating wave vector
along the direction of M and H.
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The spectrum of BVMSWs in dimensionless units in the dipole-exchange regime for a purely
conservative dynamics (no Gilbert damping) and assuming the dynamic magnetization
uniform along z takes the form [3]:

-k L
æ
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1-e
W k2 = ( W Heff + W Hexch ) ç W Heff + W Hexch +
÷.
kL
è
ø

(1)

where Ωk = ω/ωM with ω the angular frequency and k = |ky|, ωM = 4πγM with γ the gyromagnetic
ratio (in modulus) and M the saturation magnetization, ΩHeff = Heff/4πM and ΩHexch = Hexch/4πM.
Heff is the effective field including in this case the external magnetic field H only, namely Heff
= H and ΩHeff = ΩH being the demagnetizing field for in-plane magnetization equal to zero and,
for the sake of simplicity, within this description the anisotropy is neglected, Hexch = Dk2 (D is
the exchange constant) is the dynamic non-uniform exchange field. The term effective field is
used in this framework to underline the metamaterial and effective properties characterizing
this family of spin waves such as the “negative” group velocity or the negative permeability
depending on Heff. Strictly speaking, the purely magnetostatic regime occurring when Hexch =
0 corresponds to angular frequencies in the microwave range and wave vectors between 30
and 105 cm−1 where electromagnetic retardation effects are neglected. In this regime, in the limit
of infinite wave vector, the angular frequency is the Larmor resonance frequency, viz. ω = γ
Heff that becomes ω = γH when anisotropy is not included. In a realistic calculation also
exchange effects should be taken into account for wave vectors larger than 105 cm−1. From Eq.
(1), the group velocity vg = ∇kω, where ∇k denotes the gradient with respect to the wave vector
can be calculated. For the geometry shown in Figure 1, it is vg = (0, vg) with vg= ∂ω/∂k. In the
magnetostatic limit, we get:

vg = -

wM W Heff 1 1 - e - k L (1 + k L )
,
2 Wk k
kL

(2)

with vg < 0. The behavior of the group velocity given in Eq. (2) as a function of the modulus of
the in-plane wave vector is illustrated in Figure 2 for L = 10 nm and for two different values
of the effective field, ΩHeff = 0.1 and ΩHeff = 1, respectively. In the calculations, typical parameters
of ferromagnetic materials were used: γ = 1.76 × 107 rad/(G s), 4πM = 104 G, and D = 0. The
group velocity is of the order of hundreds of meters per second, has its minimum value in the
long wavelength limit (k = 0), increases with increasing k tending asymptotically to zero
(negatively) for large wave vectors in proximity of the Larmor resonance frequency. At fixed
magnetic parameters, the group velocity increases (negatively) with increasing the thickness
L of the ferromagnetic film.
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Figure 2. Group velocity vg of BVMSWs as a function of the in-plane wave vector in the magnetostatic limit for L = 10
nm. (a) vg for ΩHeff = 0.1. (b) vg for ΩHeff = 1.

In the presence of exchange effects, BVMSWs propagation is studied in the dipole-exchange
regime. From Eq. (1), we get the corresponding group velocity that depends also on the
exchange field, namely:

vg =

-k L
-k L
-k L
2
wM 1 1 ( 4 W Hexch + 4 W Heff W Hexch + W Hexch e + W Heff e ) k L + ( W Hexch - W Heff ) (1 - e )
2 Wk k
kL

(3)

Group velocity is still “negative” for small values of the wave vector, but this behavior is
suppressed by the presence of exchange effects. Above a certain value of the wave vector,
group velocity becomes parallel to the phase velocity due to the effect of Hexch= Dk2. For a given
k = k*, depending on the geometric and magnetic parameters and in the range of 104 ÷ 105 rad/
cm, it is vg(k*) = 0 for a typical exchange constant D = 2.51 × 10−9 Oe cm2. For k = k*, the envelope
of the wave form stops as a consequence of the vanishing of the group velocity, while the
corresponding phase velocity remains different from zero. For wave vectors larger than k*, the
backward nature of these volume waves is suppressed.
2.2. BVMSWs and effective permeability studied in the magnetostatic approximation and
with no losses
The dynamic permeability tensor referred to the BVMSWs geometry sketched in Figure 1 is
derived from the linearization of the Landau-Lifshitz equation of motion in the magnetostatic
limit and in the absence of losses and can be expressed in the form of magneto-gyrotropic
media as [8]
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where the effective dynamic dependence is separated from the static one (μyy = 1). The tensor
is of rank two and is hermitian. The diagonal components μxx and μzz are real with μxx = μzz =
μR, where μR is the real part of the effective dynamic permeability. We do not deal with the
imaginary part that has less physical meaning. Instead, we discuss the trend of μR that takes
the form [5]:

m R (w ) =

W Heff (1 + W Heff ) - W 2
W 2Heff - W 2

.

(5)

We restrict ourselves to the underlying physics arising from μR for the range of Ω, where it is
negative corresponding to the band of BVMSWs. μR has a singularity at the Larmor resonance
frequency Ω = ΩHeff where it diverges negatively, increases for ΩHeff < Ω < (ΩHeff (1 + ΩHeff))1/2
and vanishes in correspondence of the ferromagnetic resonance frequency, namely for Ω =
(ΩHeff (1 + ΩHeff))1/2. In Figure 3, the dependence of μR on the angular frequency in the interval
ΩHeff < Ω < (ΩHeff (1 + ΩHeff))1/2 is displayed for ΩHeff = 0.05 and ΩHeff = 1 corresponding to
frequencies of a few gigahertz for typical magnetic material parameters: 4πM = 104 G and γ =
1.76 × 107 rad/(G s).

Figure 3. Effective dynamic permeability μR for two different values of the effective field. (a) μR for ΩHeff = 0.05. (b) μR
for ΩHeff = 1.

Looking at the two curves, it can be noted that μR can be tuned by the external magnetic field
intensity.
In conclusion, the study of the peculiar dynamical properties characterizing BVMSWs
propagating in ferromagnetic films allows using them as media for coupling electromagnetic
radiation in the microwave range with spin excitations. From this point of view, ferromagnetic
films can be considered as magnetic metamaterials having properties analogous to those of
plasmonic metamaterials where photons are coupled to plasmons.
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3. Metamaterial properties of 2D magnonic crystals
This section reports on some recently found metamaterial properties of 2D magnonic crystals
(MCs). MCs are prototypes of artificially periodic magnetic systems where the effect of the
artificial periodicity is to modify the energy spectrum of collective excitations. MCs can be
arranged in one-dimensional (1D), two-dimensional (2D), and three-dimensional (3D) arrays
of magnetic nanostructures. In the following sections, the effective properties of 2D antidot
lattices (ADLs) recently found by means of micromagnetic simulations and simple analytical
calculations are first reviewed and their behavior as metamaterials is highlighted. Finally,
bicomponent systems are presented and their interesting recently found effective and meta‐
material properties are discussed.
3.1. Magnonic crystals: an introduction
Magnonic crystals are artificially periodic magnetic systems where the artificial periodicity
modifies the energy spectrum of collective excitations. Frequency dispersion as a function of
the Bloch wave vector strictly depends on the periodicity constant and on the interplay
between the dipolar and exchange energy stored in collective modes. At the border of Brillouin
zones (BZs), frequency gaps can open such that the propagation is forbidden for specific
frequency ranges. There are different kinds of 1D MCs.
The 1D MCs most recently studied in the literature are
1.

chains of interacting nanodots of different shapes (see e.g., [12, 13]),

2.

arrays of nanostripes (see e.g., [14]).
Instead, the most relevant examples of 2D MCs recently investigated are

3.

periodically arranged ferromagnetic nanodots of different shapes interacting along the
two in plane directions (see e.g., [15]),

4.

antidot lattices (ADLs) where nanoholes of different shapes are periodically embedded
into a ferromagnetic matrix (see e.g., [13, 16, 17]),

5.

binary systems either composed by nanodots of various shapes and different ferromag‐
netic materials [21] or formed by nanodots etched into a ferromagnetic matrix of a different
material [19, 20].

Finally, note that also 3D MCs consisting of periodic arrangements of ferromagnetic elements
of different nature along the three spatial directions have been recently studied (see e.g., [22]
where a theoretical analysis on their dynamical properties based on the plane wave method
has been performed).
The above-described periodic systems have been also extensively studied experimentally, for
instance, by means of Brillouin light-scattering technique and vector network analyzer
ferromagnetic resonance technique [11].
In the following section, we focus our attention on recent effective and metamaterial properties
found via micromagnetic simulations and supported by analytical calculations. This was done
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for ADLs and 2D periodic binary systems. In particular, the static properties have been studied
by using Object Oriented MicroMagnetic Framework (OOMMF) code with periodic boundary
conditions [23] able to determine the ground-state magnetization for any geometry. Instead,
the DMM with implemented 2D periodic boundary conditions [1] has been employed to
investigate the dynamical properties with special emphasis on the dynamics of collective
modes characterizing these periodic magnetic systems. The DMM is a finite-difference
micromagnetic method representing an eigenvalue/eigenvector problem solved in the
conservative regime and therefore, for the purposes of the investigation, it aimed to focus on
effective and metamaterial properties by neglecting dissipative effects. The frequencies and
the profiles of magnonic modes are associated to the eigenvalues and eigenvectors, respec‐
tively, of a dynamical matrix obtained in the linear approximation and containing the secondorder derivatives of the total energy density calculated at equilibrium. For technical details on
the micromagnetic formalism [13]. In these numerical simulations, the equilibrium corre‐
sponds to the ground-state magnetization determined via the OOMMF code.

3.2. 2D antidot lattices with in-plane magnetization
In this section, we present some recent theoretical results obtained for the effective properties
characterizing 2D ADLs based on the effective medium approximation [17]. Specifically, we
deal with a square array of circular holes having nanometric size embedded into a ferromag‐
netic Permalloy (Py, Ni80Fe20) film. The lattice constant is a = 800 nm with holes having diameter
d = 120 nm. The Py film thickness is L = 22 nm [16]. Both static and dynamical properties were
investigated. To study the system in the effective medium approximation and to extract the
effective field, micromagnetic simulations were performed by using OOMMF code for a
system composed by 5 × 5 supercells. It has been found that the results of these calculations
were exactly reproduced by using the OOMMF code with 2D periodic boundary conditions
that were available after these numerical calculations were performed for the first time [23].
The system was subdivided into 5 nm × 5 nm × 22 nm prismatic cells. In the calculation, the
typical Py magnetic parameters were used: 4πMs = 9.4 kG, γ/2π = 2.95 GHz/kOe and A = 1.3 ×
10−6 erg/cm with Ms the saturation magnetization, γ the gyromagnetic ratio, and A the exchange
stiffness constant.
For the study of the effective properties the magnetostatic surface wave (MSSW) scattering
geometry illustrated in Figure 4 was considered in the calculations. In this geometry, H was
applied along the y direction with H ⊥ K where K is the Bloch wave vector of collective modes
along the x direction. A magnetic field having intensity H = 200 Oe sufficient to saturate the
system (static magnetization M parallel to H apart from the regions close to the holes) was
applied. We denote with region 1 (2), the one in correspondence of (between) vertical rows of
holes (see Figure 4(a)). The corresponding first Brillouin zone (1 BZ) with the high-symmetry
direction ΓX and the high-symmetry points are shown in Figure 4(b).
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Figure 4. (a) A sketch of the sample regions. Region 1 (blue) corresponds to the vertical rows of ADs. Region 2 (brown)
is comprised between the vertical rows of ADs. An in-plane reference frame is also shown together with the directions
of H and of K. (b) 1 BZ with the high-symmetry points and the high-symmetry direction ΓX.

The system can be treated as if it were a continuous magnetic film and effective parameters
can be introduced incorporating the effective properties in an effective field arising from the
demagnetizing effects associated with holes. For this metamaterial, the dispersion can be
written in the approximated form in dimensionless units as
W 2MM = ( W Heff + W Hexch + f )( W Heff + W Hexch + 1 - f ) ,

(6)

where ΩMM = ωMM/ωM with ωMM the angular frequency of the metamaterial (MM) wave, ωM =
4πγMs and ΩHeff = Heff/4πMs.
Here, Heff = H + <Hdem> is the intensity of the effective field given by the sum of the external
magnetic field and of the mean demagnetizing (internal) field calculated as an average of its
y component over the 128 prismatic cells along the channels comprised between the rows of
holes. According to the numerical calculations with OOMMF, it has been found <Hdem> ≅ −60
Oe, so that Heff ≅ 140 Oe. Instead, ΩHexch = Hexch/4πMs with Hexch= Dk2 (D = 2A/Ms is the exchange
constant) is the dynamic non-uniform exchange field magnitude and f = 1-(1-exp(-KL))/KL with
the Bloch wave vector K = (K, 0) aligned along the x direction.
A comparison of the dispersion of the extended modes, the so-called Damon-Eshbach-like
(DEnBZ) extended collective modes with n = 1, 2,… (see Section 3.2.1 for a description), calculated
by using the DMM, to the one of the metamaterial mode propagating in the channel according
to Eq. (6) was made. The DMM micromagnetic calculations were performed in the linear
approximation, viz. under the assumption that M = M0+δm, where M is the total magnetization,
M0 is its static part and the complex dynamic magnetization δm = (δmx, δmz) expresses the small
deviations from the ground state. A comparison with the frequencies of the Damon-Eshbach
surface mode of the corresponding continuous film calculated in the dipole-exchange regime
[3] has also been performed. The results of these calculations are shown in Figure 5, and the
calculated frequencies are in the microwave range.
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Figure 5. Calculated DMM dispersion of the DEnBZ of the AD lattice (black lines) [16] compared to the calculated Dam‐
on-Eshbach dispersion of the unpatterned film (red line) [3] and to the calculated DE dispersion of the MM (blue line)
by means of Eq. (6). The edges of BZs are indicated by dashed lines.

At small Bloch wave vectors, the ADL collective mode dynamics (black lines) significantly
deviates from the dispersion of the Damon-Eshbach surface mode of the continuous film (red
line), while at large Bloch wave vectors, the ADL frequency is closer to that of the DamonEshbach mode. Due to demagnetizing effects, the frequencies of the MM mode (blue line) are
downshifted with respect to those of the Damon-Eshbach surface mode of the continuous film.
The opening of frequency band gaps can be seen at the border of nBZs with n = 1, 2, 3, … that
can be regarded as another metamaterial property resulting from the artificial periodicity with
the band gap amplitude decreasing with increasing n. The band gap opening is mainly due to
the inhomogeneity of the internal field in correspondence of the holes, where there is a Bragg
diffraction of the Bloch wave for the different families of collective modes including the
collective localized modes (not shown) [13, 16].
From an application point of view, because of the explicit dependence on the effective field,
the collective mode dispersion calculated according to Eq. (6) could be useful for measuring
the internal field experienced by magnonic modes in order to control spin wave propagation
in arrays of ADs.
3.2.1. Effective quantities
We now introduce some effective quantities characterizing collective modes. For the sake of
simplicity, we restrict ourselves to the analysis of the stationary regime (edges of BZs), but
effective quantities can be defined also in the propagative regime (far from BZs edges).
By inspecting spatial profiles, a characteristic wavelength directly related to the scattering with
holes can be defined for every collective mode. For hole diameters and for nanometric
periodicities, the characteristic wavelength is much larger than hole size. Hence, the charac‐
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teristic wavelength can be identified as an effective wavelength λeff defined as the distance
between either two maxima or two minima corresponding to the effective periodicity of the
wave. In this respect, it is at all effects the wavelength of the wave. Unlike the Bloch wavelength
that can assume fractional values of the periodicity, at the edges of the nBZs with n = 1, 2, …
the effective wavelength is always commensurable with the array periodicity (it is either equal
to a or 2a). In particular, λeff characterizes each mode of the spectrum and it is not necessarily
equal to the Bloch wavelength λB = 2π/K, which decreases with increasing K and becomes
comparable to d at high-order nBZs. In the special case studied, d/λeff is less equal than 0.15 for
the whole range of Bloch wave vectors investigated. Correspondingly, collective modes have
also a small effective wave vector k of modulus k = 2π/λeff that is not necessarily equal to the
Bloch wave vector of modulus k = 2π/λB. By means of this small effective wave vector, the
influence of holes acting as scattering centers on collective spin modes is expressed in an even
more direct way with respect to that of the effective wavelength.

Figure 6. Spatial profiles (Re[δmz]) of collective modes. (a) DE3BZ mode at the edge of the 3 BZ. (b) DE4BZ mode at the
edge of the 3 BZ. (c) DE4BZ mode at the edge of the 4 BZ. (d) DE5BZ mode at the edge of the 4 BZ. For each collective
mode the effective wavelength λeff and the Bloch wavelength λB are indicated.

Two examples underlining the difference between the meaning of the effective wavelength
and of the Bloch wavelength and the corresponding wave vectors for the array of ADs studied
are shown in Figure 6, where two couples of the so-called extended modes exhibiting large
amplitude in the horizontal channels comprised between hole rows and non-negligible
amplitude in the rows are depicted at nBZs edges with n = 3, 4. In particular, the calculated
spatial profiles of the couple of extended modes DE3BZ and DE4BZ at the X ′ point (border of 3
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BZ, n = 3) and of the couple of extended modes DE4BZ and DE5BZ at the Γ ″ point (border of 4
BZ) are shown. The numerical frequencies are ν = 9.44 GHz for the DE3BZ and ν = 9.67 GHz for
the DE4BZ with a band gap of amplitude of 0.23 GHz. Looking at the spatial profiles of DE3BZ
and DE4BZ, their effective wavelength is three times the Bloch wavelength λB both in the
horizontal rows and in the horizontal channels, namely λeff =2a. Instead, from the inspection
of the spatial profiles, the effective wavelength of DE4BZ and DE5BZ modes is λeff =a, both in the
horizontal rows and horizontal channels, and is twice the Bloch wavelength. The numerical
frequencies are ν = 10.70 GHz for DE4BZ and ν = 10.83 GHz for DE5BZ with a band gap of
amplitude of 0.13 GHz. For each couple of modes, the amplitudes are phase shifted of π/2.
Similar conclusions are drawn by studying the spatial profiles of collective localized modes
whose spatial profiles have larger amplitudes in the horizontal rows of holes [13, 16].
For a discussion of other effective properties characterizing ADLs [17]. The same features
remain valid for other types of ADLs in the nanometric and submicrometric ranges having
different hole shape, periodicity, type of unit cell, and ferromagnetic materials. They remain
valid also for other scattering geometries depending on the relative orientation of K with
respect to H including the BVMSW scattering geometry (K ∥ H) and for other high-symmetry
directions in the reciprocal space [17, 24].
Moreover, similar numerical results have been obtained for perpendicularly magnetized thin
CoFeB ADLs with strong uniaxial perpendicular anisotropy [18]. This means that the effective
description of ADLs dynamics does not depend on the ground-state magnetization. For a
quantitative description of the relations between the effective quantities and the corresponding
Bloch quantities together with other general rules valid for the types of 2D periodic systems
reviewed in this chapter (see Section 3.4).
3.3. Binary and periodic ferromagnetic systems: Py/Co and Co/Py
In this section, we describe the recent results found according to micromagnetic simulations
carried out by means of DMM on the effective properties of binary and periodic ferromagnetic
systems [19, 20] that can be regarded as another class of magnetic metamaterials. In particular,
it is shown that also in these systems, the dynamics of the most representative collective modes
in the effective medium approximation can be described in terms of an MM propagating wave.
This is done in analogy with what occurs in ADLs with, in addition, the definition of other
effective quantities directly related to the presence of two ferromagnetic materials. We report
here the geometry of a Py/Co binary and periodic system with periodicity a = 600 nm, where
a periodic arrangement of Co circular dots are embedded into a Py matrix. The Co circular
dots have diameters d= 310 nm and are totally etched into the Py film while the thickness of
the continuous film is LPy = 16 nm for every system. The ground-state magnetization has been
determined by using the OOMMF code with periodic boundary conditions [23]. In the
simulations, prismatic cells of 7.5 nm × 7.5 nm × 8 nm size have been used subdividing the
thickness into a stack of two layers. The magnetic parameters used in the simulations range
within the typical values of the literature. For Py, γPy/2π = 2.96 GHz/kOe, Ms,Py = 740 emu/cm3,
Py
= 1.3 × 10−6 erg/cm, while for Co, γCo/2π = 3.02 GHz/kOe, Ms,Co = 1000 emu/cm3, and
and Aexch
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Co
Aexch
= 1.5 × 10−6 erg/cm (this value is typical of polycrystalline Co). Micromagnetic simulations

have been carried out for an external in-plane magnetic field H applied along the y direction
having intensity H = 500 Oe.
In order to find the frequency dispersion of the metamaterial wave, it is useful to define an
effective magnetization by means of the filling ratio η = π R2/a2, where R is the dot radius,
namely:
M=
M s,Py (1 - h ) + M s,Coh .
eff

(7)

In addition, it can be defined also an effective magnetic field that plays the role of an internal
field experienced by the MM wave and depends on both materials:
y
H eff = H + < H dem
>,

(8)

y
where < H dem
> denotes the average of the y component of the static demagnetizing field over

the 80 prismatic cells of the unit cell along both x and y directions due to its uniformity along
the z direction. Because of its small contribution, the static exchange field can be safely
neglected. The effective gyromagnetic ratio and the effective stiffness constant are γeff ≈ γPy and
Py
Aeff ≈ Aexch
, respectively.

Figure 7. (a) Pictorial sketch and top view of the Py/Co system and (b) calculated DMM frequency dispersion of the
DEnBZ modes (dashed blue lines) for Py/Co system compared to the Damon-Eshbach dispersion of the MM mode (solid
blue line) calculated according to Eq. (6) and accounting for Eqs. (7) and (8).

The frequency dispersion of the MM wave can be calculated according to Eq. (6) by taking into
Py
account Eqs. (7) and (8), L = LPy, LCo, γ ≈ γPy, and A ≈ Aexch
and corresponds to the effective

medium description of the DEnBZ collective modes having an appreciable amplitude in the
whole unit cell. Figure 7(a) shows a sketch of the Py/Co system studied. In Figure 7(b), the
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MM wave dispersion is compared to the DEnBZ dispersion obtained according to DMM with
implemented 2D boundary conditions and extended to systems composed by several materials
[20]. The numerical values obtained from micromagnetic simulations are Heff = 476 Oe being
y
< H dem
> = -24 Oe, and Meff= 794 emu/cm3. The calculated frequency intersects, at the nBZ

borders, the middle frequency of the corresponding band gaps determined by means of DMM
with the only exception of the 5 BZ. For the micromagnetic simulations on the other families
of collective modes and on the other types of binary periodic Py/Co and Co/Py systems with
different filling fractions [19, 20].

3.3.1. Effective “surface magnetic charges”
In this section, we recall the definition of effective “surface magnetic charges” recently
introduced [20] that can be applied to binary and periodic ferromagnetic systems. As an
example, we discuss their distribution for the Py/Co system of the previous paragraph and of
the Co/Py system obtained by interchanging the two ferromagnetic materials. By considering
the Py/Co system at the border of Co cylindrical dots, an effective “surface magnetic charge”
density can be defined as the linear superposition of the “surface magnetic charge” densities
of the two ferromagnetic materials, viz. σeff = MPy ⋅ n^ + MCo ⋅ n^ ′. Here, n^ is the unit vector

associated to MPy external to Py film, but internal to Co cylindrical dot, while n^ ′ is the corre‐
sponding unit vector associated to MCo external to Co cylindrical dot, but internal to Py film.
σeff can be expressed in the simple form:
DM Co-Py × n̂¢,
s eff =

(9)

via n^ = - n^ ' with the vector ΔMCo-Py = MCo - MPy. The effective “surface magnetic charge” density
is thus proportional to the difference between the magnetizations of the two ferromagnetic
materials.
In Figure 8(a), the distribution of the “surface magnetic charges” is depicted together with the
direction of H for the Py/Co system. The magnetic field applied along the y axis orients along
the same direction both the static magnetization in the Py film and the one inside the Co
cylindrical dots, MPy and MCo, respectively. This leads to the formation of “surface magnetic
charges” of opposite sign, but of different magnitude at the interface between Py and Co. The
net effect is the formation of what we call effective “surface magnetic charges” that take the
signs of the “surface magnetic charges” due to MCo, because of the larger value of Ms,Co with
respect to Ms,Py. This effect is pictorially shown in Figure 8. Note that the ground-state
magnetization exhibits a slight deviation from the collinear state close to the dot surface at the
border between the two materials as found according to micromagnetic simulations performed
with OOMMF and this effect is not shown in Figure 8.
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Figure 8. (a) Top view of the distribution of “surface magnetic charges” for the Py/Co system. The positive and nega‐
tive effective “surface magnetic charges” are shown. The subscript “eff” stands for “effective.” The directions of MPy,
MCo, and H together with those of the Co and Py static demagnetizing fields

Py
HCo
dem and Hdem, respectively, are also

displayed. (b) As in panel (a) but for the Co/Py system. The meaning of the symbols is the same.

By interchanging the two ferromagnetic materials (Co/Py system), the corresponding distri‐
bution of effective “surface magnetic charges” becomes opposite to that of Py/Co system (see
Figure 8(b)). Again, the effective “surface magnetic charges” at the interface between Py and
Co take the sign of those of Co, because the “surface magnetic charge” density due to Co at
the interface is higher with respect to that of Py. As a result, there is a reversal of the orientations
Co
Co
Py
of HPy
dem and Hdem static demagnetizing fields with respect to the corresponding Hdem and Hdem

ones of Py/Co system, respectively. As a consequence of the formation of effective “surface
magnetic charges,” in both systems shown in Figure 8, the Py static demagnetizing field is
parallel to MPy, while the Co static demagnetizing field HCo
dem is antiparallel to MCo. Note that,
Co
for both Py/Co and Co/Py systems, HPy
dem (Hdem) is not only due to Py (Co) but also due to their

combined effect mainly related to the nonlocal nature of demagnetizing fields. For a discussion
about the effective “surface magnetic charges” of other types of Py/Co or Co/Py systems
characterized by other filling fractions [20].
The definition of effective “surface magnetic charges” allows to introduce an effective magnetic
potential that is expressed in terms of both the “volume magnetic charges” and the effective
“surface magnetic charges.” By taking into account the non-collinearity of the ground-state
magnetization that gives rise to volume contributions and its three-dimensional spatial
dependence, the effective magnetic potential gets its contributions from two volume integrals,
one for each ferromagnetic material, and from one surface integral. For Py/Co system, it reads:
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Ñ × M Py
Ñ × M Co
s
dr¢¢ - ò
dr¢¢ + òS eff dS¢¢,
¢¢
¢¢
r
r
r
r
r
- r¢¢
Vcell -Vdot
Vdot

F MPy/Co ( r ) =
- ò

(10)

where r= (x, y, z) and S is the lateral surface in common between the two ferromagnetic
materials. For the sake of simplicity, the dependence on the spatial coordinate in the integrand
functions on the second member appearing at the numerators is omitted. It is interesting to
note a main difference between the volume contributions and the surface contributions. While
for the volume contributions it is possible to separate the first two terms on the second member
coming from the two ferromagnetic materials, this is not anymore true for the last term related
to the surface contribution. Indeed, the last term is proportional to the effective “surface
magnetic charge” density depending on the contrast between the magnetizations of the two
ferromagnetic materials expressed by Eq. (9). By interchanging the two ferromagnetic mate‐
≠ ΦPy/Co
. The lack
rials, the effective magnetic potential of Eq. (10) is not invariant, that is ΦCo/Py
M
M

of invariance is due to the two volume contributions appearing in the first and second integral
on the second member that change their values upon interchanging Py with Co. Instead, the
effective potential is invariant if it is supposed a quasi-collinear distribution of the magneti‐
zation leading to the neglect of the volume contributions. In this case, it is:

s eff
F MPy/Co ( r ) =
F Co/Py
(r ) =
M
òS r - r¢¢ dS¢¢.

(11)

Indeed, the magnetic potential depends only on the difference in modulus of the saturation
magnetization of the two materials according to the definition of σeff (Eq. (9)).
3.4. General quantitative relations for effective quantities in ferromagnetic ADLs and
binary and periodic magnonic crystals
For the two types of 2D magnonic crystals studied previously and represented by square
lattices, it is possible to express some general quantitative relations involving the effective
quantities characterizing the dynamics of collective modes for the scattering geometries
investigated and for the two different ground-state magnetizations (either in-plane or per‐
pendicular to the plane). First, some general rules between the effective quantities and the
corresponding Bloch quantities have been found. These rules have been rigorously proved
looking at the spatial profiles of each family of collective modes in the stationary regime (at
nBZs boundaries). They are summarized as follows:
a.

The effective wavelength is a function of the Bloch wavelength [19], viz.
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nBZ
leff

=

ì nBZ
if n is odd
ïnlB
.
ín
ï l nBZ if n is even
ïî 2 B

(12)

At the nBZs edges, the effective wavelength is commensurable with the periodicity and
assumes either the value 2a or a depending on n with n = 1, 2, …
b.

The small effective wave vector can be written in terms of the Bloch wave vector for odd
and even BZs edges, respectively [17]:

k (2l+1)BZ = K (2l+1)BZ - G; k (2l+2)BZ = K (2l+2)BZ - G

(13)

where G = (l bx, 0), l = 0, 1, 2, … and bx = 2π/a. The small effective wave vector k can be
interpreted as a Bloch wave vector shifted by a reciprocal lattice vector G, but not
necessarily shifted into the 1 BZ and at the nBZs, edges assumes either the value k = (π/a,
0) for n odd with n = 1, 3, … or the value k = (2π/a, 0) for n even with n= 2, 4, … It has been
found that as the hole size tends to zero (about 10 nm), the effective wavelength becomes
equal to the Bloch wavelength (and the same for the corresponding effective wave vectors)
and, in this limit, the description of the spin dynamics in terms of effective properties is
not anymore valid [17]. This is also true when the size of the inclusion (dot) in a binary
magnonic crystal becomes very small, but it is still not zero. When the size of the defect
vanishes, the role of the Bloch quantities is replaced by those of the wavelength of the
surface Damon-Eshbach wave and of the corresponding propagating wave vector in a
continuous ferromagnetic film. In principle, the above relations between the effective
quantities and the Bloch quantities expressed by Eq.(12) and Eq.(13) can be extended also
to the case when H and K are, for example, along the diagonal of the square cell in the
MSSW scattering geometry corresponding to the ΓM direction in the reciprocal space.
However, in this latter case, it has been proved, according to symmetry arguments for the
case of square ADLs, that the effective wavelength of the collective modes is twice the
effective periodicity and is not anymore commensurable with it [24].
As a consequence of the previous described effective rules, some further general relations can
be extracted in the stationary regime [17]. In particular,
i.

An effective rule on the dynamic magnetization.

ii.

An inequality between the effective wavelength and the Bloch wavelength and as a
consequence between the small effective wave vector and the Bloch wave vector.

iii.

A quantitative representation of the dynamic magnetization components of collective
modes in terms of the effective wavelength.
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Concerning (i), it is possible to prove an effective rule on the dynamic magnetization, analo‐
gous to the well-known Bloch rule where the small effective wave vector appears in place of
the Bloch wave vector, viz.
δm k ( r + R ) =
δm k ( r ) expik × R ,

(14)

where R is the translational vector of the periodic system and, for the sake of simplicity, the
superscript in the small effective wave vector has been omitted. Indeed, according to Eq.
(13), it is always expiK·R = expik·R = ∓ 1, where −1 refers to odd edges of nBZs (n = 1, 3, …) and
+1 to even edges of BZs (n= 2, 4, …). Therefore, at the edges of nBZs, the phase factor of the
Bloch function remains unchanged if the Bloch wave vector is replaced by the corresponding
small effective wave vector. Straightforwardly, from the effective rule expressed by Eq. (14),
it can be shown that the well-known Bloch rule is fulfilled. Indeed, by using Eq. (13) and
omitting the superscripts, Eq. (14) takes the form:
δm K ( r + R ) =
δm K ( r ) expi( K-G ) × R = δm K ( r ) expiK × R ,

(15)

since exp-iG· R = 1 for each reciprocal lattice vector G. Notice that the vector G does not neces‐
sarily coincide with the well-known G used to pass from the extended to the reduced zone
scheme.
We now discuss (ii). A general relation can be found from the analysis of the effective wave‐
length and of the corresponding small effective wave vector. Independently of the collective
mode considered, the effective wavelength is always larger than or equal to the Bloch wave‐
length, viz.

leff ³ lB .

(16)

Hence, a scattering selection rule can be established. Due to the presence of a periodic
arrangement of finite size defects (either in the form of holes or in the form of dots having size
in the nanometric range and smaller than the lattice constant of the 2D magnonic crystal), it is
not allowed for a magnonic wave that scatters on the defect to have an effective wavelength
smaller than the Bloch wavelength. Even though not yet investigated in detail, this rule is
fulfilled in 2D square arrays of ADLs and in binary and periodic systems independently of the
holes shape and of the dots shape and material. It has been proved to be independent also on
the studied scattering geometry, viz. MSSW (K ⊥ H) or MSBVW (K ∥ H) with H oriented either
along the rows of holes in ADLs and of dots in binary periodic systems or along the diagonal
of the square cell. This can be regarded as a general metamaterial property of 2D periodic
magnetic systems where finite size defects act as scattering centers. From the inequality of Eq.
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(16), the following general inequality between the magnitude of the small effective wave vector
and that of the Bloch wave vector K can be written, viz.
k £ K.

(17)

For both relations, the equality holds at the edge of 1 BZ and 2 BZ, while from the edge of 3
BZ ahead, the strict inequality is fulfilled.
Regarding (iii), strictly related to the effective rule discussed in (i) and to the above relations
involving the effective quantities described in (ii), also a quantitative representation of the
dynamic magnetization of collective modes in terms of the effective wavelength can be given.
It is possible to give a simple representation of the components of the dynamic magnetization
associated to collective modes for both types of 2D magnonic crystals presented and for the
MSSW scattering geometries described at the edges of BZs (including the one along the ΓM
high-symmetry direction) in terms of the effective quantities. In particular:

d mi = Ai sin ( k=
× r ) Ai sin ( k × ( r + reff ) ) ,

d mi = Ai cos ( k=
× r ) Ai cos ( k × ( r + reff ) ) ,

(18)

(19)

with i= x, z. Here, Ai is a complex amplitude (either purely real or purely imaginary) and in
the MSSW scattering geometry with the Bloch wave vector K along the x direction, it is r = (x,
0), k = (kx, 0), and reff = (xeff, 0) so that λeff = xeff. This representation is not only valid for describing
collective modes in 2D ADLs whose dynamics is studied in the MSSW scattering geometry
[17], but it can be also extended to the MSBVW scattering geometry and to the collective mode
dynamics in the binary periodic magnetic systems discussed previously for the same scattering
geometries.

4. Applications of 2D magnonic crystals as metamaterials
In this section, we briefly discuss some possible future applications of 2D magnonic crystals
based on their metamaterial properties [17]. First, we describe the realization of a magnonic
device exploiting the definition of the small effective wave vector that could potentially open
the route for experiments on collective modes mapping. Second, we propose a technique based
on the Fourier analysis for mapping the spatial profiles of magnonic modes as already done
for spin-wave modes in isolated magnetic vortex-state disks [25] and in 2D arrays of saturated
magnetic nanoelements [26].
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4.1. Magnonic metamaterial device
The fabrication of a magnonic device able to exploit the definition of the small effective wave
vector is proposed. As usual, the magnonic device consists of three regions. The first region is
an input region, represented by an antenna producing a small magnetic field h(r, t) having a
spatial dependence proportional to expiκ· r with κ the wave vector and a time dependence of
the form expiω t with a resonance angular frequency ωR. Instead, the second region is a
functional region manipulated by the external magnetic field containing the 2D magnonic
crystal under study, while the last region is an output region where the microwave signal is
collected. Importantly, the resonance condition on the wave vector can be expressed in terms
of the small effective wave vector previously discussed, namely κ = k. Hence, it is sufficient to
use the only two values k = (π/a, 0) and k = (2π/a, 0) corresponding to wavelengths of 2a and
a, respectively, to excite all the couples of modes of interest separated by band gaps at the
border of the nBZ. Indeed, the number of values of Bloch wave vectors K = (nπ/a, 0) with n =
1, 2, 3, … at nBZ edges that should be employed would be greater. Exploiting the resonance
condition on the frequency ωR of the oscillating field, the frequencies of a couple of modes
corresponding to a BZ edge and separated by a gap can be obtained and distinguished from
the frequencies of another couple of modes belonging to another BZ edge. Therefore, the spatial
and temporal resonance mechanism could permit to make a mapping of the frequencies of
collective modes of 2D magnonic crystals independently of the geometry studied.
R

4.2. Imaging of collective modes
We suggest an experiment to confirm the predictions of micromagnetic simulations obtained
by means of the DMM about the main features of spatial profiles of collective modes. The
proposed experiment is similar to the one carried out, for example, for mapping spin-wave
modes in isolated disks in the vortex state [25] or in 2D arrays of magnetic nanoelements in
the saturated state [26]. By applying a magnetic field pulse with an in-plane component and
by Fourier transforming the time domain signal recorded at each location of the unit cell into
the frequency domain, the modal structure of the most representative collective excitations in
the 2D magnonic crystals previously described could be measured. From this procedure, a
spatial map of Fourier amplitudes and phases of collective modes could be determined and
compared to micromagnetic spatial profiles. By means of this experimental analysis, it could
be also investigated for 2D periodic magnetic systems the role of point defects in the form of
either holes or magnetic dots of different shapes in determining the effective properties of
collective modes like, for instance, the effective wavelength and its commensurability with the
periodicity of the system. This experimental analysis could highlight further effective prop‐
erties not yet theoretically investigated.

5. Conclusions
In summary, in this chapter, a systematic overview of the static and dynamical properties of
2D magnetic nanostructures has been made. The overview has included the theoretical analysis
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of spin-wave modes having backward character and the investigation of effective properties
of collective modes in 2D periodic systems. According to the presented results, a description
of the dynamical features of continuous films and 2D magnonic crystals in terms of effective
and metamaterial properties has been done. In the case of continuous ferromagnetic films,
special emphasis has been given mainly to the metamaterial properties related to BVMSWs
having “negative” group velocity in the purely dipolar regime and negative effective dynamic
permeability. Instead, for the 2D magnonic crystals investigated, effective quantities and
effective rules have been found starting from the inspection of the spatial profiles of collective
modes and the role of holes and of ferromagnetic inclusions acting as scattering centers has
been highlighted. In this respect, 2D magnetic nanostructures can be regarded as a new class
of metamaterials that can be put on a similar footing as, for instance, other classes of widely
studied metamaterials such as plasmonic, dielectric, and electromagnetic metamaterials. The
found properties could open the route for further experimental investigations in the field of
magnonic crystals such as, for instance, the mapping of collective excitations of different kinds
and for different geometries and can be exploited for tailoring a magnonic device able to
confirm the theoretical predictions on the effective quantities and effective properties charac‐
terizing collective spin-wave modes.
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Abstract
Molecular magnetic materials have become flourishing fields for research and
technological developments due to their novel behavior compared to classical magnetic
materials. Molecular magnetism modeling has reached a certain degree of maturity,
although several experimental findings are still open problems. This chapter is aimed
at providing a general introduction to physical modeling in molecular materials with a
special emphasis placed on spin crossover compounds. This presentation includes Isingtype models and their generalizations, such as Wajnflasz and Pick, Bousseksou et al.,
Zimmermann and König, Sorai and Seki, and Nasser et al., along with their applica‐
tions to the characterization of phase transition, hysteresis behavior, and thermal
relaxations in spin crossover compounds. Recent experimental findings are explained
in this context and the relevance of theoretical results for technological applications is
also discussed.
Keywords: molecular magnetism, spin crossover compounds, hysteresis, phase tran‐
sitions, thermal relaxations, modeling and simulations

1. Introduction
Molecular magnetic materials have been in the research spotlight since the current silicon
based devices and conventional magnetic storage devices approached their technological and
physical limits [1, 2]. In this context, spin crossover (SCO) materials present a special inter‐
est due to their unique properties, high versatility, and a wide variety of potential technical
applications [3, 4].

© 2016 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use, distribution,
and reproduction in any medium, provided the original work is properly cited.
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The most widely studied SCO materials involve transition metal centers (3d4–3d7) in an
octahedral Oh symmetry of ligands. These materials present molecular bistability that can be
triggered by various external stimuli such as temperature, pressure, light, magnetic and electric
field, and gas absorption [5–16]. The molecular bistability results from the balance between
the spin pairing energy and the crystal field that leads to the possibility to populate the 3d
orbitals in two different ways characterized by different values of the total spin S. These two
situations are known in the literature as high-spin (HS) and low-spin (LS) states, respectively.
Schematic representation of 3d electron configurations in an octahedral ligand field for Fe (II)
complexes in the low-spin (S = 0) and the high-spin (S = 4) states are presented in Figure 1.

Figure 1. 3d electron configurations in an octahedral ligand field for Fe (II) complexes in the low-spin (S = 0) and the
high-spin (S = 4) states, respectively.

The two stable states may feature different magnetic, optical, electrical, and vibrational/
structural properties. In the solid state, the structural changes associated to the spin transition
propagate in a cooperative manner, which can lead to a hysteretic behavior. From an applica‐
tive point of view, SCO materials have been proposed for various technological applications
such as recording media, sensors (thermal, pressure, or gas) [17–21], displays [4], molecular
switches [22, 23], memristor devices [24–28], or actuators [29, 30].
Molecular magnetism modeling has reached a certain degree of maturity, although several
experimental findings are still open problems from theoretical point of view. Here, we provide
a review of physical modeling in molecular materials with a special emphasis placed on spin
crossover compounds, including Ising-type models and their generalizations, such as Slichter
and Drickamer [9], Bousseksou et al. [31], Sorai and Seki [32], and Nasser et al. [33, 34], along
with the novel approaches developed in our research group and applied to the characterization
of phase transition and hysteresis behavior in molecular magnets [35–41]. Recent experimental
findings are explained in this context and the relevance of theoretical results for technological
applications is also discussed.
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2. Modeling of spin crossover compounds
The theoretical analysis of SCO materials has been developed in two main directions: the
molecular approach [31–34, 42–64] and macroscopic approach [9, 65–70], respectively. In the
case of the “molecular” models, the interactions between molecules disturb the molecular
system and, thus, the statistical thermodynamics can be used to correlate the microscopic
parameters of the system with the experiments. The “macroscopic” models use the laws of
thermodynamics (phenomenological equations and/or mixture theory) and do not reflect the
intrinsic structure of the molecular system.
The first model based on the concept of intermolecular interaction, which was able to quali‐
tatively simulate the spin transition in SCO materials, was proposed by Wajnflasz and Pick in
the early 1970s [42, 43]. They assumed that each metal center is a four-level system (two ion
beams, each one of them having two spin states) and introduced a fictitious charge to charac‐
terize each spin state. The interaction between ionic centers was described by an Ising-like
coupling term and the corresponding Hamiltonian was resolved in the mean-field approxi‐
mation. This model was able to predict both discontinuous and continuous HS ↔ LS transi‐
tions, but its main limitation is related to the nature of the interaction term that is not entirely
justified.
The main macroscopic model accounting intermolecular interactions was proposed during the
same period by Slichter and Drickamer [9]. This model successfully described the effect of an
external applied pressure on the spin transition phenomena and represented the starting point
for many macroscopic models attempting to describe the origin of the interactions (atomphonon coupling, elastic energy, etc.). It is based on the theory of regular solutions assuming
a random distribution of molecules in the material. This model was also able to reproduce
hysteresis phenomena accompanying discontinuous spin transitions in SCO materials.
In 1974, Sorai and Seki [32] proposed an alternative thermodynamic model by considering that
the molecules of the same spin state are organized in spin-like domains, assumed to be
independent from each other. The model is similar to the theory of heterophase fluctuations
developed by Frenkel and is widely used when the calorimetric data for SCO transition are
available. However, their model is rather limited since it is not able to reproduce a hysteretic
transition.
In 1977, Zimmermann and König [45] developed a novel model that takes explicitly into
account the lattice vibrations. Intramolecular interactions were introduced by using an Isinglike Hamiltonian that was resolved in the Bragg-Williams approximation. The vibration modes
were assumed in the Debye approximation, regardless of their intra- or intermolecular origin.
The authors also showed a formal equivalence between the two-level models approached in
the mean-field approximation and the macroscopic thermodynamic models based on the
theory of regular solutions.
The next step was made by Kambara [46] in 1979. This model, based on the theory of the ligand
field, assumes that the HS ↔ LS transition is induced by the Jahn-Teller coupling between the
3d electrons and the local distortion of the base complex Fe.
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The link between the thermodynamic model and the experimental results was made by Gutlich
et al. [70], changing the input parameters of the Sorai and Seki model.
The first real physical approach of the cooperativity origin was proposed by Onishi and Sugano
[65] and Spiering et al. [66], respectively. The authors consider the active molecules, which are
susceptible of undergoing a spin transition, as hard spheres inserted into an elastic medium.
Indeed, it has been observed that the spin transition was accompanied by a volume change of
the SCO molecules. This change will induce a stress field that will propagate in the whole
crystallographic lattice due to its elasticity. These spheres were treated as point defects.
A new approach for two-level models was proposed by Bousseksou et al. in the 1990s [31, 71].
They consider that the degeneracy of the two-spin states is much higher than the spin degen‐
eracy ratio. Such degeneracy results from the entropy variation during the spin transition. This
new approach allows fitting of the experimental data using input parameters from calorimetric
measurements.
Ising-like models can be easily applied, but the nature of the interactions, introduced to
describe the cooperativity among the molecules, is not specified. In this regard, in recent years,
another series of elastic-like models was proposed. Here, we can distinguish two different
approaches. The first approach was proposed by Nishino et al. [58] and Enachescu et al. [60],
where they consider that the interactions are elastic in their nature, i.e., the molecules are
interacting via the change of the molecular volume. The second approach is proposed by
Nasser et al. [33, 34], which is known in the literature as “atom-phonon coupling” (APC) model.
The basic idea of the APC model is that the elastic constants that characterize the coupling
between neighboring molecules depend on their spin state. This model has proven its com‐
plexity, being able to reproduce a wide range of characteristic behaviors to spin transition
compounds [35–37, 39, 41, 72, 73].
2.1. Slichter and Drickamer model
The model proposed by Slichter and Drickamer assumes a mixture of both HS and LS
constituents in the solid. If we denote by nLS and nHS the associated mole fractions of the LS
and HS states, respectively, the free enthalpy of the interacting ions centers can be then
expressed as
(1)
where Γ is the term of intermolecular interaction and Smix is the mixed entropy of an ideal
mixing solution of LS and HS molecules, given by Smix = − R(nLS ln nLS + nHS ln nHS) with R being
the gas constant (= 8.3144598(48) J K−1 mol−1). If GLS is considered as origin level for energies,
then GLS = 0, while GHS = ΔG = ΔH − TΔS, with ΔH and ΔS being the entropy and the enthalpy
variations, respectively, during the spin transition. As a consequence, the free enthalpy can be
written as follows:
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(2)
The equilibrium condition of the system,

(

)

∂G
∂ nHS T , p = 0,

leads to the implicit expression of nHS as

a function on T
(3)
The solution of Eq. (3) for HS molar fraction as a function of temperature is plotted in
Figure 2, for several values of intermolecular interaction constants considering variations of
enthalpy and entropy specific to Fe(II) SCO compounds.

Figure 2. Thermal variations of the HS molar fraction for three selected values of the intermolecular interaction con‐
stant Γ = 0.2, 0.6, and 1 kJ. The following values have been used for the enthalpy and entropy variations:
∆H = 7 kJmol− 1 and ∆S = 50 JK− 1mol− 1.

2.2. Sorai and Seki model
The model proposed by Sorai and Seki considers that LS and HS molecules are not randomly
distributed but organized in spin-like domains, i.e., regions of molecules having the same spin
state. Thus, the SCO system consists of several noninteractive domains having the same
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number of molecules (n) and transition temperature around a critical temperature Tc (=∆H/∆S).
The equilibrium condition leads to the following explicit expression of nHS as a function on T:

(4)

For single-molecule domain, the solution is the same with the one found from Eq. (3) in the
case of noninteractive particles. The introduction of spin-like domains in the model leads to a
better control of the spin transition path, as reflected by Figure 3(a), where the thermal
variation of HS molar fraction is plotted for various numbers of molecules included in a spinlike domain. The Sorai and Saki model is widely used in the case when the calorimetric data
of the SCO compounds are available. From calorimetric measurements, such as molar heat
capacity at constant pressure as a function of temperature, Cp = f(T), the number of molecules
per domain can be calculated by using the following formula:

(5)

Figure 3. (a) Thermal variations of the HS molar fraction for three selected values of the number of molecules per do‐
main n = 1, 5, and 100. The following values have been used for the enthalpy variations and critical temperature:
∆H = 7 kJmol − 1 and Tc = 150 K and (b) typical heat capacity variation as a function of temperature and definitions of CLS
and CHS.

where CLS and CHS are defined as “normal” heat capacities of LS and HS states as described in
Figure 3(b). Although n is considered a relevant measure of the spin cooperativity during
phase transition, the lack of interaction between domains leads to an important limitation of
Sorai and Seki model, since it is not able to reproduce hysteretic transition.
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2.3. Ising-like model
The model proposed by Varret research group [31] has taken into account the degenerate
energy levels and it was successfully used to describe both static and dynamic properties of
SCO compounds under different external stimuli such as temperature, pressure, magnetic,
and electric fields [74, 75]. The model Ising-like Hamiltonian can be written as follows:
(6)
where σ^ i is the fictitious spin operator associated to molecule i having the eigenvalues +1 (when

the molecule is in the HS state) and −1 (when the molecule is in the LS state), Δ is the internal
energy gap between the HS and LS states, kB is the Boltzmann constant (=
1.38064852(79) × 10−23 J K−1), g is the degeneracy ratio between HS and LS energy levels (>1), Jij
stands for the short-range interaction parameter representing the cooperative interaction that
only exists between the nearest-neighboring pairs (Jij includes the nearest-neighbors number),
i, j denotes the fact that the sum is only made over the nearest-neighbors pairs, and L stands
for long-range interaction parameter that is expressed here in a mean-field approach with σ^
being the average fictitious spin.

Figure 4. Pressure effect on the configuration diagram.

Hamiltonian (6) takes into account both short- and long-range interactions, while spin and
energy degeneracies are considered as a temperature-dependent effective field (∆ − kBT ln g)/2
acting on each spin. In noninteractive system, the critical temperature T0c, at which
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nHS = nLS = 0.5, corresponds to a zero effective field and, consequently, it is related to the energy
gap and degeneracy ratio as follows: T0c = ∆/kB ln g. Let us now denote by TIc, the critical
temperature at which phase transition happens in purely ferromagnetic Ising systems formed
by the second term in Hamiltonian (6) with Jij positive. If the critical temperature in purely
Ising model is smaller than the critical temperature in noninteractive model (TIc < T0c), then a
gradual spin transition from LS to HS takes place by increasing the temperature. Otherwise,
the spin transition is discontinuous and is associated to a first-order phase transition. The
addition of long-range interactions, the last term in Hamiltonian (6), can significantly change
the system behavior.
For example, purely one-dimensional Ising systems generate no phase transition, and,
consequently, the addition of degeneracy term does not contribute to the appearance of phase
transition (since T0c is larger than TIc = 0). However, when long-range interactions are intro‐
duced, various types of spin transition are possible, including multiple-step transitions and
hysteretic transitions [76–79].
Next, we will discuss how this model can be adapted and applied to analyze the effects of
external pressure on SCO behavior. It was experimentally observed that variations of the
external pressure can give rise to transitions between HS state and LS state. This process,
governed by entropy, can be better understood by assuming two potential wells, each
representing a possible spin state as a function of a configuration coordinate (metal-ligand
distance), as represented in Figure 4. The application of an external pressure decreases
intermolecular distances and, by consequence, the metal-ligand distances. Since the ligand
field is inversely proportional to the metal-ligand distance (to the sixth power), the application
of external pressure has a similar effect as the substitution of ligands to the central metal, so
the potential wells can move vertically and horizontally by changing the metastable state [9,
31, 43, 74, 80].
The energy gap dependence on the pressure can be expressed as:
(7)
where δV is the volume variation of the SCO molecules during the spin transition phenomenon
and p is the externally applied pressure. By considering the mean-field approach, the behavior
of the system described by Eq. (6) coupled with Eq. (7) can be approximated by behavior of a
noninteracting system of spins with one-site Hamiltonian Hmf written as
(8)
where q is the number of nearest neighbors. The average fictitious spin σ^ is also known as
“fictitious magnetization” and will be further denoted by m. The resulting mean-field equation
m has the following form:
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(9)
For the sake of simplicity, in the following calculations we use several normalizations,
namely, the energy gap Δ = Δ(p)/kB, the interaction parameter Γ = (qJ + L)/kB (which includes
both short- and long-range interaction), and the volume variation α = δV ⋅ 10− 5/kB (where the
factor 10− 5 stands for the conversion of the pressure units from pascal to bar). Sample results
for hysteretic transitions driven by temperature and pressure variations are presented in
Figure 5, for Δ = 1000K, ln g = 7, Γ = 400K, α = 4K/bar, where the HS fraction nHS is simply
related to the fictitious magnetization m by nHS = (1 + m)/2.

Figure 5. (a) Thermal hysteresis loop computed for pressure p = 1 bar and (b) pressure hysteretic loop for T = 200K. The
normalized parameters used in these calculations are Δ = 1000K, ln g = 7, Γ = 400K, α = 4K/bar.

By increasing the applied pressure, the switching temperatures will shift to higher values, thus
making it possible to control the system switching temperature by external inputs. However,
the width of hysteretic loop is reduced by this action and, at some critical value of the applied
pressure, the SCO system will lose its cooperativity, i.e., the hysteretic loop disappears leading
to a continuous spin transition. The 3D phase diagrams’ (T, p, nHS) coordinates are presented
in Figure 6, for a system with noninteractive molecule (left) and for a cooperative system with
interaction constant Γ = 400K (right). The other parameters are the same as in the previous
discussion Δ = 1000K, ln g = 7, α = 4K/bar. In order to separate the hysteretic part from
nonhysteretic part of the phase diagram, let us observe that the transition temperatures
(pressures) can be obtained as maxima and minima of the temperature (pressure) as a function
of nHS, or, equivalently, as a function of m. The expression of temperature in terms of m can be
obtained by inverting Eq. (9) as follows:
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(10)

Figure 6. The 3D phase diagram for a system of noninteractive spins (left) and for a cooperative system with Γ = 400K
(right). The red curve from the right image represents the spinodal curve. The normalized parameters used in these
calculations are Δ = 1000K, ln g = 7, α = 4K/bar.

In order to find the extrema of T as a function of m, the derivative dT/dm is set to be zero, leading
to the following algebraic equation:
(11)
By varying pressure, the solution of this equation describes in (T, p, nHS) space, a critical curve,
also known as spinodal curve, which delimits the hysteretic part of the phase diagram from
the nonhysteretic one, as presented from Figure 6.
2.4. Atom-phonon coupling model
Atom-phonon coupling model has been proposed by Nasser et al. [33, 34], with the aim to
overcome some deficiencies of Ising-like models concerning the origin of the interaction
parameter. Moreover, APC model is taking into account the results of Sorai and Seki, regarding
the dependence of the Debye temperature as a function of the HS fraction [32]. In Sorai and
Seki model, the importance of the contribution of phonons in the transition phenomenon is
emphasized. A similar approach has been also discussed by other authors in Refs. [81, 82].
Although the APC model was initially proposed for the characterization of the thermal
behavior of the SCO compounds, its applicability has been extended afterwards in order to
describe the process of photoexcitation observed at low temperature light-induced excited spin
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state trapping (LIESST) [37, 39, 41], the relaxation process of the photo-excited metastable states
and light-induced thermal hysteresis (LITH) [35], as well as the effect of externally applied
pressure [36, 37].
In the APC model, the spin crossover molecules are modeled as atoms linked by springs, i.e.,
the intramolecular vibrations are not taken into account. As in the Ising-like model, a fictitious
spin σ^ i is associated to each molecule that can take two eigenvalues: −1, corresponding to the
fundamental level LS, and +1, corresponding to the HS level. According to the spin state of the
neighbor atoms, three values of the elastic constants taken into account are denoted by λ when
both molecules are in the LS state, ν when both molecules are in the HS state, and μ when one
atom is in the LS state and the other is in the HS state. From Brillouin and Mossbauer spec‐
troscopy [83, 84] data, it was shown that the elastic constants are smaller in the HS state than
in the LS state. Thus, at a given temperature, phonons promote the HS state while the HS-LS
energy gap promotes the LS state, leading to an interesting competition between two mecha‐
nisms. Consequently, in the APC model, it is considered as ν < μ < λ.
The APC Hamiltonian is given by the sum of two contributions: electronic and vibrational:
(12)
where N is the number of spins in the system, ∆ is the energy gap between these LS and HS
states, and Ec and Ep are the kinetic energy and the potential energy of the system, respectively.
The kinetic energy is simply written as:
(13)
where i is the impulse of atom and ma is the mass of the SCO atom. For a chain of N atoms, the
potential energy can be written as:
(14)
where ui is the longitudinal displacement of the ith atom from its equilibrium position that is
assumed to be independent of the electronic state of the atom i and its neighbors and ei,i+1 is the
elastic constant between the ith atom and the (i + 1)th atom. By taking into account the previous
discussion related to the state-dependent elastic constants, a concise formula can be obtained
for ei,i+1 in terms of λ, μ, ν and the fictitious neighboring spins σ^ i and σ^ i+1:
(15)
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The periodic boundary conditions are considered, as apparent from Figure 7, so σ^ N +1 is actually
σ^ 1. By plugging Eq. (15) in Eq. (14), the potential energy can be rewritten as the sum of three

terms V0, V1, and V2 where:
(16)

(17)

(18)

Figure 7. Chain of atoms bound together by springs with periodic boundary conditions.

It is apparent from Eq. (17) that V1 has the expression of Zeeman-like energy, each spin σ^ i being
subject to an effective field hi given by:
(19)
where ν < λ in this field promotes the HS state (eigenvalue +1). It is apparent from Eq. (18) that
V2 has the expression of exchange-like energy, so an effective exchange parameter Ji,i + 1 can be
defined as follows:
(20)
The sign of exchange constant depends on the relation between μ and (ν + λ)/2, and the
exchange term disappears when the elastic constant for HS-LS case is the average of the elastic
constants for LS-LS and HS-HS states, i.e., μ = (ν + λ)/2.
In the mean-field approximation, the elastic constant ei,i+1 can be replaced by an effective elastic
constant K that does not depends on site i. Thus, the effective field hi generated by the phonons
is uniform throughout the chain and the effective exchange parameter Ji,i + 1 is the same for each
pair of neighboring spins. The system can be studied by using transfer-matrix method [85],
and the resulting mean value for the phonon Hamiltonian can be expressed as follows:
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(21)

where ℏ is the reduced Planck constant (= 1.054571800(13) × 10−34 J s–1) and ωM(λ) is the
maximum phonon angular frequency for a periodic chain with an elastic constant λ
(ωM (λ ) = 2 λ / ma). The effective elastic constant K can be obtained by applying the variational

method [86]:

(22)

where h 0 =

ν −λ
8

, J0 =

λ − 2μ + ν
8

and m = σ^ i , s = σ^ i σ^ i+1 are the two-order parameters known as the

fictitious magnetization and correlation parameter, respectively. From the transfer matrix
method [85], the following system of two nonlinear equations is obtained for the two unknown
m and s:

(23)

where the implicit dependencies of the right-hand side terms on m and s are presented in hg
and J that depend on K (see also Eqs. (21) and (22)) as follows:

(24)

where g is the degeneracy factor equal to the ratio between the degeneracy of the HS energy
level and the degeneracy of the LS energy level. In conclusion, once the SCO parameters are
given, namely, Δ, g, N, h0, J0, λ, ma, the formula (23) contains two self-consistent equations for
m and s that can be solved for each value of the temperature T.
Since the HS fraction nHS is simply related to the fictitious magnetization m by the formula
nHS = (1 + m)/2, the dependence of nHS on temperature is thus obtained. For the sake of simplicity
in the following calculations, we use several normalizations, namely:
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kB T

• the reduced temperature tr = ℏωM (λ ) ;
Δ

• the dimensionless electronic excitation energy δ = ℏωM (λ ) ;
ν

• the elastic constant ratio x = λ ; and
• the dimensionless parameter y defined by μ =

λ+ν
2

+

λ −ν
2

y.

The dimensionless parameter x is a measure of the interaction intensity in the system, a small
value of x implying strong interactions in the system. The dimensionless parameter y shows
how close is μ to λ as compared to ν, a positive value of y implying that μ is closer to λ while
a negative value of y implying that μ is closer to ν. It is apparent that for y = 0, μ is the mean
value of λ and ν. By using this normalization and the property of the above algebraic system
that uses only ratios of elastic constants to λ, the 8-parameter problem is now reduced to 6parameter problem: 4 normalized parameters presented above along with the number of atoms
N and degeneracy ratio g. An example of hysteretic transition for a SCO chain driven by
temperature, computed in the APC model, is plotted in Figure 8.

Figure 8. Thermal hysteresis loop for a SCO chain computed in the APC model. The reduced parameters used in these
calculations are x = 0.2, y = 0, δ = 0.606, while ln g = 5, N = 2000.

The size effect plays a very important role in applications such as information storage technol‐
ogy. The problem is to estimate the minimum size for which the system still maintains its
hysteretic properties. An important advantage of the APC model is that the system size appears
naturally in the Hamiltonian, allowing a direct analysis of the size effect, i.e., the dependence
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of the hysteresis loop width on the number of atoms N. Since the intermolecular interactions
also play a crucial role in the width of hysteresis loop, we present in Figure 9, the variation of
hysteresis loop width with the system size for two values of the elastic constant ratio x. As
expected, the hysteretic loop is wider when stronger interactions are present in the system (i.e.,
x is smaller), but it is interesting to observe that critical system size for hysteretic behavior is
also decreasing with the increase in the interaction strength. A saturation phenomenon in
hysteretic loop width is also observed with the increase in system size. A more detailed analysis
of this important topic can be found in Refs. [36, 80].

Figure 9. Size dependence of the SCO hysteresis width computed in the APC model for two different values of the
elastic constant ratio x. The other reduced parameters used in these calculations are y = 0, δ = 0.606, while ln g = 5.

Figure 10. (Left) Thermally driven transitions computed for selected values of pressure indicated in the figure. (Right)
Pressure-driven transitions computed for selected values of the reduced temperature indicated in the figure. The pa‐
rameters used in these calculations are x = 0.4, y = 0.8, δ0 = 0.525, α = 10− 4bar− 1, ln g = 5, and N = 2000.
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Next, we will focus on the pressure effect on the spin transition driven by temperature as well
as on the temperature effect on the spin transition driven by external pressure. Based on several
results obtained by Raman spectroscopy, the vibrational properties of SCO systems seem to
remain stable when external pressure is applied [84]. Thus, we can assume that the ratio of the
elastic constants does not depend on pressure and the pressure effect will be accounted only
in the energy gap: Δp = Δ0 + pδV, as it was also considered in the Ising-like model. By substituting
the new expression for the energy gap in Eq. (28), the solution for the fictitious magnetization
will be dependent on the external pressure. The dimensionless electronic excitation energy
will be now defined as δ0 = Δ0/ℏωM(λ) and a normalized volume variation is introduced as
α = δV ⋅ 10− 5/ℏωM(λ) (where the factor 10− 5 stands for the conversion of the pressure units from
pascal to bar). Sample results for spin transitions driven by temperature and pressure variations
are presented in Figure 10, for x = 0.4, y = 0.8, δ0 = 0.525, α = 10− 4bar− 1, ln g = 5, and N = 2000.
It should be noted that the pressure hysteresis loops computed in the APC model present an
elongation at high pressure, in good agreements with the experimental observations [87].
However, in some coordination compounds, the electronic transitions do not always arise from
a simple configuration. The external pressure can also induce a crystallographic phase
transition, giving rise to an unusual behavior, such as the increase of the hysteretic loop width
with the increase in the applied pressure [16].
2.4.1. Relaxation process of the photo-excited HS metastable states at low temperature
The bistable nature of spin crossover materials coupled to their sensitivity to light irradiation
is of particular interest for the development of data-recording media. At low temperatures
(typically below 40 K), the system can be switched from the ground low-spin state to the
metastable high-spin state using appropriate wavelengths known as light-induced excited spin
state trapping effect [6]. The relaxation from high-spin state to low-spin state (HS → LS)
appears if, after photoexcitation, the light is switched off.

Figure 11. Configuration diagram of a spin crossover molecule showing the energy barrier variation.
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At low temperature (<30 K), the relaxation process occurs by tunneling, while at higher
temperature (>40 K), this process is thermally activated and consequently it is very fast at room
temperature, where the life time is in the order of 10-8 to 10-6 s [88]. The relaxation process from
high-spin state to low-spin state was studied in detail by Andreas Hauser and the Mainz group
[88–90]. This analysis was based on the energy barrier properties of the state (HS) and led to
the understanding of the main properties of the SCO cooperative relaxation. As illustrated in
Figure 11, the energy gap Δ is increasing and the activation energy Ea is decreasing with the
decrease of the molar high-spin fraction nHS. Consequently, the relaxation (HS → LS) becomes
faster with the decrease of nHS leading to a self-accelerating process.
The expression of the relaxation rate, KHL, was introduced by Hauser, on experimental and
theoretical bases, by considering a linear dependence of the barrier energy with nHS. In APC
model, a more realistic formula for the energy barrier was derived and used to describe the
relaxation process. Thus, the activation energy can be expressed as follows:
(25)
where E0 is the level of the energetic barrier. In the thermal activation regime, the relaxation
rate is given by the standard relation:
(26)
where k∞ is the high-temperature relaxation rate (associated to vibrational frequencies). The
variation in time of the high-spin fraction is given by the master equation
(27)
where KHL(T, n) is given by Eq. (26) in which Ea is given by Eq. (25).
Sample results for the SCO relaxation curves calculated by using the above formulas derived
in the APC model are presented in Figure 12, for several values of the interaction parameter
x, and in Figure 13, for several values of the temperature at which relaxation process occurs.
The values for the reduced parameters of the system (introduced above) used in these
calculations are given in the figures’ captions. In addition, a new normalized parameter is
introduced and denoted by A, which is defined by A = E0/ℏωM(λ).
As can be seen from Figure 12, the relaxation process is getting slower when the interaction
between the molecules is getting stronger (i.e., smaller values of x). It is important to observe
the sigmoidal shape of the relaxation curve which is in good agreement with the experimental
data. Moreover, APC model also resolves one of the weaknesses of Hauser model, which was
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not able to reproduce the so-called “tail-effect,” i.e., the slow-relaxation effect observed for
small values of molar high-spin fraction. Since these results were derived in the framework of
classical Arrhenius-type activation, the relaxation process of the photo-excited metastable
states can also be analyzed by using the Arrhenius representation ln(KHL) = f(nHS), as shown in
Figure 14. Here, the shape of the resulting Arrhenius diagram shows two slopes, in good
agreement with the experimental data, unlike the Hauser model, where the Arrhenius diagram
is a straight line [91].

Figure 12. Relaxation curves recorded in dark for selected values of interaction parameter x. The parameters used in
the calculations are y = 0, δ0 = 0.6, tr = 0.03, ln g = 5, N = 2000, A = 0.8, and k∞ = 100.

Figure 13. Relaxation curves recorded in dark for selected values of the reduced temperature tr at which relaxation
process occurs. Parameters used in the calculations are y = 0, δ0 = 0.6, x = 0.2, ln g = 5, N = 2000, A = 0.8, k∞ = 100.
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Figure 14. Arrhenius diagram of the relaxation process in SCO compounds in APC model.

Since we focused on thermally activated relaxations, it is apparent that the relaxation process
speeds up with the increase of temperature, as shown in Figure 13, as well. In practice, the
switch from HS state to LS state can be achieved either by direct nonradiative relaxation or by
the reverse LIESST effect when the samples is irradiating in the HS state absorption band [8].
2.4.2. Light-induced thermal hysteresis
Experiments under permanent light irradiation illustrate the competition between the
noncooperative photoexcitation (generating LS → HS transitions) and the cooperative relaxa‐
tions (HS → LS) that are thermally activated. This competition leads to hysteretic transition
known as light-induced thermal hysteresis. Light-induced thermal hysteresis was discovered
almost simultaneously by the groups of F. Varret from Versailles [88] and O. Kahn from
Bordeaux [92], respectively.
The LITH explanation given by Varret’s group goes as follows: at low temperatures, the
metastable HS states are populated by LIESST effect; by increasing the temperature, while
maintaining the light irradiation, thermally activated relaxations (HS → LS transitions) get
stronger leading the system into a metastable state where thermal relaxations balance the
LIESST effect. Quantitatively, this situation can be expressed by introducing in relaxation Eq.
(27) an additional term accounting for the effect of continuous light irradiation:
(28)
where I0σa counts as the LS → HS switching probability rate (I0 is the light beam intensity and
σa is the light absorption cross section). Depending on the temperature change rate, two cases
can be identified
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• Static LITH: when the temperature change rate is small as compared to the rate of the other
processes involved, so it can be neglected. The metastable states can be identified as fixed
points of Eq. (28), which is equivalent to solving, for each value of temperature (tr), the
algebraic equation:
(29)
Sample results for the metastable states calculations are plotted versus (reduced) temperature
in Figure 15, for two values of the interaction parameter x. The static LITH phenomenon is
apparent in these two examples. As expected, the intermolecular interaction has an important
role in LITH, due to the cooperative nature of the relaxation process.
• Dynamic LITH: where the temperature change interferes with the other processes and,
consequently, the temperature change rate cannot be neglected. Typical hysteretic loops
obtained by using Eq. (28) and APC model for KHL are plotted in Figure 16, for several values
of temperature change rate vr. The APC model can successfully reproduce the main features
of the experimental data reported in LITH properties [93]. By increasing the cooperativity
of a SCO system, the LITH width increases accordingly. A similar effect can be obtained
“artificially” by increasing the temperature change rate; thus, by increasing the temperature
change rate, the system does not have enough time to react at the light effect, so the hysteresis
loop is widened.

Figure 15. Static LITH for two values of the interaction parameter x. Parameters used in these calculations are y = 0,
δ0 = 0.6, x = 0.1, ln g = 5, N = 2000, A = 0.8, k∞ = 100, I0σa = 5 × 10− 4 s− 1.

Although the APC model is able to reproduce a wide range of phenomena, experimentally
observed in molecular SCO compounds, it also has some limitations that need to be addressed
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by further studies. The first physical limitation of the APC model consists the difficulty of
measuring the elastic constants and consequently, the impossibility of measuring the reduced
parameter y. This constraint leads to the application of the trial-and-error method for identifying
a proper value of this parameter needed in a quantitative study instead of a physical identifi‐
cation that would make the model more focused on technical applications. Another important
limitation of this model concerns the analysis of the spin-like domains spreading in spin
crossover single crystals. Indeed, the spin crossover molecules are considered in APC model
as fixed atoms that limit the analysis of the local distortions. These distortions are not only
affecting the nearest neighbors but also causing long-range interactions between the system
molecules. It is important to notice that some limitations were overcome by newly developed
models, such as mechanoelastic model designed by Enachescu et al. [60], where the molecular
volume change during the spin transition is taken into account.

Figure 16. Dynamics LITH for three values of the temperature change rate vr. Parameters used in the calculations are
x = 0.5, y = 0, δ0 = 0.6, x = 0.1, ln g = 5, N = 2000, A = 0.8, k∞ = 100, I0σa = 5 × 10− 4 s− 1.

3. Conclusions
This chapter provided a general introduction of physical modeling in molecular materials with
a special emphasis placed on spin crossover compounds. It covered multiple types of spin
crossover compounds and analyzed intermolecular interactions, size effects, thermal behavior,
pressure effects, the photoexcitation processes (such as LIESST), relaxation process, and lightinduced thermal hysteresis. Numerous illustrations were provided to help the reader in
grasping highly abstract concepts, explaining molecular materials behavior, and designing
various applications. In this way, we try to support students and young researchers get
acquainted to this research area and to facilitate the communication between the mathematical
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and physical communities, chemical experimentalists, and engineering practitioners in this
field.
Although the models presented here are able to reproduce a wide range of phenomena,
experimentally observed in molecular SCO compounds, they also have some limitations that
emphasize the need for further research in this area. However, an attentive analysis of the
bibliography is needed before deciding to work on a specific problem, since several generali‐
zations have not been explicitly addressed in this short introduction to this novel and dynamic
area of research.
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Abstract
A study of proteresis (inverted hysteresis) in core-shell nanocrystals is presented. A coreshell anisotropic energy (CSAE) model is established to describe the observed proteret‐
ic behavior in Ni/NiO core-shell nanocrystals. The magnetic compositions of core-shell
nanocrystals can be selected for ferromagnetic, antiferromagnetic, or paramagnetic
materials where the exchange intercoupling between them results in both a large effective
anisotropic energy and intercoupling energy. Simulation of the magnetization of coreshell nanocrystals reveals the existence of an exchange in the intercoupling energy between
the interface of the core and shell moments that, surprisingly, is tuneable in both hysteresis
and proteresis. Observations have shown a distinct proteresis, which is related to the spinflip and exchange intercoupling energy between Ni and NiO. Our approach shows that
the processing-dependent technology plays an important role when the grain size
decreases to the order of nanometers and when the magnets are reduced from the single
domain to core-shell domain. Integrated studies of process-dependent, theoretical
modeling and core-shell nanocrystal fabrication technology will lead to more encourag‐
ing development in the overunity industry.
Keywords: proteresis, hysteresis, core-shell nanocrystals, exchange inter-coupling,
spin flipping

1. Introduction
Traditionally, the change in free energy that occurs at a constant temperature is attributed to
the mechanical work by the system and the magnetic work by the applied magnetic field. The

© 2016 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use, distribution,
and reproduction in any medium, provided the original work is properly cited.
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integral of the magnetic work gives the energy of the magnetization, which is always positive,
because work must be done in the system in order for the magnetic field to establish the
magnetization. Consequently, in an inverted hysteresis, the so-called proteretic system, the area
of the inverted hysteresis loop ∮HdM represents the energy dissipation for each cycle. At the
nanoscale, the various temperatures and size of the hysteresis M(H) loop influence the loop
direction, such as whether it is counterclockwise (hysteresis) or clockwise (inverted hystere‐
sis). Interestingly, the modulation of hysteresis and inverted hysteresis breaks the conception
of the magnetic system [1]. Recently, a clockwise M(H) loop has also been observed in CrO2/
Cr2O3 and Co/CoO core-shell particle systems. Zheng et al. [2] observed a series of inverted
hysteresis loops between 261 and 292 K in CrO2 [ferromagnetic (FM)] core particles coated with
a Cr2O3 [antiferromagnetic (AFM)] surface layer. Wei et al. [3] observed an inverted hysteresis
loop in Co (FM) with a core size of 3–4 nm and a CoO (AFM) shell with a thickness of ~3 nm,
only giving an example at a temperature T=70 K. When the Co core size is smaller than 3 nm
and larger than 4 nm, the M(H) loop leads to an ordinary hysteresis loop. They provided a
possible explanation that the proteretic behavior and its size effect dependence reflect the
magnetic interaction between various anisotropies and exchange intercouplings in the Co and
CoO phases [3]. In another work, Ohkoshi et al. [4] reported the observation of an inverted
hysteresis loop that can be reasonably explained by competition between the spin-flip transi‐
tions and the uniaxial magnetic anisotropy. The competing anisotropy theory has been extended
to systems involving competing cubic and uniaxial anisotropies [5] and two competing uniaxial
anisotropies [6]. In the present work dealing with Ni/NiO core-shell nanoparticles, we ignore
the influence of intracoupling to simplify the complex interactions and only discuss the
intercoupling between Ni core and NiO shell. We design a core-shell anisotropic energy (CSAE)
model, tuning the competition between the magnetic anisotropy and exchange intercoupling
in the system, to describe the observation of hysteretic and proteretic behaviors in Ni/NiO coreshell nanoparticles. Recently, the tuning of the exchange intercoupling in core-shell magnetic
nanocrystals has received intense attention because it allows the control of the interfaces in
nanoscale building blocks and inverted hysteresis. The magnetic compositions of core-shell
nanocrystals can be selected as FM, AFM, or paramagnetic (PM) materials, so that the ex‐
change intercoupling between them results in a large effective anisotropic energy [7] and
intercoupling energy. We also integrate some magnetic models including the Langevin function,
the CSAE, and the Stoner-Wohlfarth (SW) model, providing a convenient simulation for the
description of the hysteresis and proteresis loops.

2. Stoner-Wohlfarth model
The evolution of the magnetic theory model for the description of the hysteresis loop starts
with the SW model [8], which was developed by Edmund Clifton Stoner and Erich Peter
Wohlfarth in 1948. The basic hypotheses in this SW model include the following: (a) singledomain particles, (b) spherical geometry, (c) magnetic anisotropy along the easy axis (EA), and
(d) non- or weak-interaction between small particles. Additionally, the sources of magnetic
anisotropy can be divided into three parts: magnetocrystalline anisotropy, shape anisotropy,
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and exchange anisotropy [9]. In the first case, magnetocrystalline anisotropy, the preferential
direction for magnetization, arises from the atomic structure of the crystal. In shape anisotropy,
it originates from the nonuniform spherical particle shapes, which cause the demagnetizing
field to be unequal in all directions, creating one or more EAs. Third, in exchange anisotropy,
magnetization originates from the interaction between AFM and FM materials. The SW model
is considered to relate to uniaxial magnetic anisotropy, which may originate from magneto‐
crystalline anisotropy and shape anisotropy. As a magnetic field is applied to a single-domain
particle, the moment M of a single-domain particle is subjected to two competing forces: one
is due to a uniaxial anisotropy characterized by K toward an EA and the other is due to an
external magnetic field Ha, as shown in Figure 1a. The total energy is the sum of the anisotropic
energy EA and the Zeeman energy EZ = −M⋅Ha. At absolute zero T=0 K, the energy is then
expressed as
E=
EZ + E A =
- MH a cosq + K sin 2 (q - j ),

(1)

where M indicates the saturation magnetization, θ indicates the deviation of M from the field
direction, φ indicates the deviation of the corresponding easy axis (EA) from the field direction,
and K is the corresponding uniaxial magnetic anisotropy strengths. For the moment, we select
an angle θm, which is oriented toward either a stable or a bistable state, giving the minimum
energy Em and magnetic field Hf, respectively. The total energy of E(θ, Ha) may be derived by
solving the equations
æ ¶E ö
= 0 and
ç ÷
è ¶q øq =qm

æ ¶2E ö
> 0,
ç 2÷
è ¶q øq =qm

(2)

Moreover, the angle of a magnetic moment dependent on total energy exhibits an energy
barrier in a selective applied magnetic field Ha, such as Ha=0, Ha>0, or Ha>Hf, as shown in Figure
1b. When the field Ha is zero, the energy barrier exhibits a saddle shape, giving both stable
solutions. When the field Ha increases, the energy barrier between the stable and bistable states
decreases, implying that the field Ha provides Zeeman energy EZ to compete with the aniso‐
tropic energy EA. The spin direction in the bistable state gradually becomes more unstable.
When the field Ha reaches Hf, the energy barrier between the stable and bistable states
disappears. In this condition, the Zeeman energy EZ is larger than the anisotropic energy EA.
The moment of a single-domain particle will then switch from spin-up to spin-down and orient
itself toward the direction of the applied field, giving only one solution. As for the initial state
of the magnetic moment M, it will make a choice between the stable and bistable states
following a pattern like water flowing downhill. The ideal is to establish a loop process, which
can be used to describe a transitional hysteresis loop. Its magnetization can readily be calcu‐
lated by evaluating M(Ha)=Mscosθm. Thus, the SW model provides the basis for the description
of the hysteresis loop, which can be further extended to a CSAE system.
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Figure 1. (a) Schematic illustration of a single-domain particle with the magnetic moment (M) and EA under an ap‐
plied field (Ha). (b) Variation of the energy landscape with angle θ in a selective applied magnetic field, such as Ha=0,
Ha>0, and Ha>Hf.

3. Core-shell anisotropic energy model
Neel [10] described the thermal fluctuations of the magnetic moment of a single-domain FM
particle and its decay towards thermal equilibrium, neglecting the contribution of magnetic
anisotropy. The further development of the thermal activated magnetization is described by
the Brown model [11]. Fluctuations in the thermal energy kBT cause continual changes in the
orientation of the moment of an individual nanoparticle. An ensemble of such nanoparticles
maintains a distribution of orientation characteristics of statistical equilibrium. The thermal
fluctuations are important in superparamagnetism, which can be described by a “Langevin
function,” providing a description of the thermal activated magnetization. A number of
models have been established [12–14] to explain the phenomena of inverted hysteresis for
germanium nanostructures [15] and hysteresis for Mackay icosahedral gold nanoparticles [16],
using the competing anisotropy model, and based on the SW model [8]. In the case studied
here, the general picture of the core-shell system established in the Ni core (FM) coated with
a NiO shell (AFM) can be described as two nonidentical phases [17], as shown in Figure 2a.
Usually, in the macroscopic view, most of the native oxide shells of transition metals (Co, Ni)
are either AFM or FM. The magnetism on the FM core has been either neglected or reported
to be effective only at low temperatures [18, 19].
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Figure 2. (a and b) Schematic illustration of a core-shell particle with two interacting magnetic moments m1 and m2 and
EAs EA1 and EA2 under an applied field Ha. They couple at an angle (q1-q2) and exchange intercoupling energy EJ
between the surface and inner moments.

Because most of the AFM spins are arranged collinearly and the number of sublattices are the
same, the resulting magnetization is zero and the coupling vanishes to the first order [20, 21].
However, in the present core-shell system, the existence of correlated magnetic exchange
intercoupling between the core-shell moments can be treated as an “exchange spring,” which
can create an exchange field, inducing a canting of the AFM surface layer that “cannot” be
neglected. The interpretation of the occurrence of exchange intercoupling between the surface
and the core further indicates that magnetism develops not only in the core atoms but also
extends into the surface ones. Treating the surface atoms and the inner atoms gives rise to a
net surface macromoment m2 and a net inner macromoment m1 that will couple at angles (θ1θ2) and will lead to the development of exchange intercoupling energy EJ between the surface
and inner moments. We believe that the associated magnetism is indeed an intrinsic property
of Ni/NiO core-shell nanoparticles. The extrinsic factors, such as the shape and temperature,
are thus neglected in the considerations of the model. Conducting quantitative analysis of the
intercoupling of the core-shell system, and neglecting the contribution of intracoupling, we
can express the CSAE E triggered by various magnetic applied fields Ha as
E = -m1V1H a cosq1 - m2V2 H a cosq 2
+ k1V1 sin 2 (q1 - j1 ) + k2V2 sin 2 (q 2 - j 2 ) + EJ cos(q1 - q 2 ) ×

(3)

where V1 and V2 indicate the volume of the Ni core and NiO shell for each nanoparticle, θ1 and
θ2 indicate the deviations of m1 and m2 from the field direction, φ1 and φ2 indicate the deviations
of the corresponding EAs from the field direction, and k1 and k2 are the corresponding uniaxial
magnetic anisotropy strengths, as shown in Figure 2b. EJ is defined as σexVs, where σex indicates
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the exchange intercoupling energy per area and Vs indicates the interfacial area between the
Ni core and NiO shell. The magnetization can readily be calculated by solving M(Ha)=m1cosθ1m
+ mscosθ2m, where θ1m and θ2m are the θ1 and θ2, respectively, that minimize Em at each Ha.
Depending on the relative strength between m1 and m2 and between k1 and k2, the value of EJ
and the bistable energy of E(θ1m,θ2m,Ha) may be derived by solving the following equations:
∂E/∂θ1=∂E/∂θ1=0 [15, 22]. Figure 3 shows an example of the dependence of the energy E of
angles θ1 and θ2 on the selection of the applied magnetic field, such as Ha=0, Ha>0, or Ha>Hf,
giving a two-dimensional energy barrier. Here, different colors are used to differentiate the
energy intensity, with red indicating high energy and purple low energy. When the field Ha is
zero, the energy barrier exhibits two whirlpools, indicating stable and bistable solutions. A
two-dimensional and high-energy barrier appears between the two whirlpools. With an
increase of the field Ha, the energy barrier between the stable and bistable states decreases,
implying that the field Ha provides Zeeman energy to compete with the magnetic anisotropies
and the exchange intercoupling. The magnetic directions of the core and shell moments in the
bistable state gradually become more unstable. When the field Ha reaches Hf, the energy barrier
between the stable and bistable states disappears. In this condition, the Zeeman energy is larger
than the magnetic anisotropies and the exchange intercoupling. The core and shell moments
will switch from bistable to stable states, and the core moment (FM) then becomes oriented
toward the applied field direction, giving only one solution. The initial state of the core and
shell moments m1 and m2 can assume either a stable or bistable state following a pattern like
water flowing downhill. Observe the energy barrier along the dashed line in Figure 4. The
simplified energy barrier clearly exhibits stable and bistable states, which is similar to the SW
model. The exchange intercoupling between the core and shell moments in the CSAE model
also plays an important role on the M(H) loop process for the modulation of the hysteresis and
inverted hysteresis loops. Huang et al. [15] reported the M(H) loop processes and the modu‐
lation of the magnetic anisotropies and exchange intercoupling describing proteresis.

Figure 3. Variation of the energy landscape with angles θ1 and θ2 in a selective applied magnetic field, such as Ha=0,
Ha>0, and Ha>Hf, giving a two-dimensional energy barrier.
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Figure 4. Observation of the energy barrier along the dashed line (Figure 3) clearly shows the stable and bistable states
in the one-dimensional energy barrier.

4. Spin dynamics
In the Ni/NiO core-shell nanoparticle system, treating the inner Ni atoms and surface NiO
atoms gives rise to a net inner macromoment m1 and a net surface macromoment m2. The
strength of the exchange intercoupling EJ=σexVs is between the two moments of m1 and m2.
Moreover, the fluctuation in the thermal energy kBT≠0 causes continual changes in the
orientation of the moment of an individual nanoparticle, giving a thermally activated mag‐
netization. Thus, to provide good simulation results, the magnetic model of the Ni/NiO coreshell nanoparticle system requires combining the CSAE model with the Langevin function.
Figure 5 shows an example of the field dependence of the magnetization. The inverted
hysteresis for the 13.9(2) nm sample appears at T=150 K. The black open circles (experimental
data) can be described by a magnetic model with a blue line (decreasing field) and a red line
(increasing field). An examination of the bottom of Figure 5 shows the process of spin dynamics
from Ha=1 kOe to Ha=-1 kOe, indicating a decreasing field. In the field Ha=1 kOe, the Ni core
moment m1 is toward the field direction, showing coupling at an angle |θ1-θ2|=88.3° between
m1 (red line) and m2 (blue line). When the field decreases to zero, the m1 magnetization along
the vertical direction component decreases, and the coupling angle between m1 and m2
increases to |θ1-θ2|=172.8°. As the field decreases to Ha=-1 kOe, the Ni core moment m1 moves
toward the negative field direction, and the coupling angle decreases to |θ1-θ2|=115.6°. For an
increasing field, the process of spin dynamics is similar to the results for a decreasing field,
but the directions of m1 and m2 at Ha=1 kOe are not the same. The explanation is that one solution
is still in a bistable state. Thus, the field Ha has a great impact on the coupling angle between
m1 and m2. For the M(H) loop direction, the parameters in the simulation, m1>m2, k1<k2, and EJ≠0,
apply to the description of inverted hysteresis in the low field. In the higher field, the exchange
intercoupling between m1 and m2 will be destroyed by the Zeeman energy, which changes the
M(H) loop direction to counterclockwise. A similar M(H) loop has been reported in a germa‐
nium nanostructure system [15]. The exchange intercoupling strength EJ between the core and
shell plays an important role in guiding the direction of the M(H) loop. If there is no interaction
between the core and shell moments, the M(H) loop only exhibits hysteresis. If the exchange
intercoupling strength EJ is larger than the magnetic anisotropies KV, the binding energy
between m1 and m2 can be treated as a single nanoparticle system, giving rise to the hysteretic
behavior. When the exchange intercoupling strength EJ is comparable to the magnetic aniso‐
tropy K1V1 or K2V2, the M(H) loop will be guided to be proteretic.
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Figure 5. Field dependence of the magnetization, giving an example of inverted hysteresis for the 13.9(2) nm sample at
T=150 K. The black circle (experimental data) can be described by a magnetic model with a blue line (decreasing field)
and a red line (increasing field).

In the example illustrated in Figure 5, the parameters used in the simulation, EJ=σexVs=3.4 meV,
K1V1=0.74 meV, and K2V2=51 meV, give a proteretic loop, which corresponds to the above
description. In terms of the spin dynamics, the angles θ1 and θ2 for each field provide spin
processes that lead to an increasing field, as shown in Figure 6a, and a decreasing field as
shown in Figure 6b. The CSAE simulation produces proteretic behavior in the 13.9(2) nm
sample after solving the spin dynamics for the decreasing field and increasing field. This result
suggests that the spin-orientation results in proteretic behavior. Applying the processdependent summary of angles θ1 and θ2, we consider a decreasing-field process below and
above the blocking temperature TB for two selected samples [<d>=7.2(3) nm and 19.0(2) nm],
as shown in Figures 7 and 8. Figure 7 shows the spin processes for the decreasing field for
angles θ1 and θ2 in the 7.2(3) nm sample. Two examples of the field-dependent spin dynamics
at temperatures below and above TB=20 K, T=2 K, and T=50 K, respectively, are given. The spin
dynamics exhibit a spin-flip for the angle θ1 at T=2 K and spin-orientation at T=50 K for the
angle θ1, implying a change of the Ni core moment m1. However, the phenomenon of spinorientation was not found in the 19.0(2) nm sample, as shown in Figure 8, where the temper‐
ature is above the blocking temperature. Based on the observed field-dependent spin dynamics
for T=2 K to T=300 K, we give a summary of the region for spin-flip (white region) and spinorientation (gray region), which corresponds to the distinction between hysteresis and
proteresis (see Figure 9). The phase diagram of the spin dynamics implies a limit of the
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proteretic behavior and spin-orientation below a mean size of <d>=15.8 nm, which indirectly
indicates a limit to the magnetic instability in the Ni (FM) core particles coated with NiO (AFM)
shells. It also reveals the reason why there is no proteresis when the mean size is large.
Controlling the proteretic behavior requires a mean size below <d>=15.8 nm and temperature
above Tp. The proteretic behavior relates to the spin-orientation, which has a rotation along
EA. This will cause the destruction of the magnetic record. The result helps us to understand
the limitations of recording data for the Ni/NiO core-shell nanoparticles on the size effect,
which will affect the development of the magnetic industry in the future.

Figure 6. Simulation results provide a possible solution to elaborate spin dynamics for (a) the increasing field and (b)
the decreasing field in the Ni/NiO core-shell nanoparticles.

Figure 7. (a) Temperature dependency of magnetization. (b and c) Magnetic field-dependent summary of the angles θ1
and θ2 for the decreasing-field process below (T=2 K) and above (T=50 K) the blocking temperature TB for <d>=7.2(3)
nm sample.
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Figure 8. (a) Temperature dependence of magnetization. (b and c) Magnetic field-dependent summary of the angles θ1
and θ2 for the decreasing-field process below (T=50 K) and above (T=150 K) the blocking temperature TB for the
<d>=19.0(2) nm sample.

Figure 9. Summary of the M(H) loop direction for hysteresis and proteresis at a series of temperatures for each sample
and resulting spin-flip or spin-orientation.
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5. Conclusion
Analysis of the results leads to some interesting conclusions. First, the impact of the size effect
on the temperature-dependent M(H) loop allows the modulation of hysteresis and proteresis,
which breaks the concept of a magnetic system. The M(H) loop between hysteresis and
proteresis can be distinguished through analysis of the difference in magnetization ΔM, giving
a summary of Tp, which results in an appearance of the proteretic behavior. In addition, we
design a CSAE model, tuning the competition between magnetic anisotropy and exchange
intercoupling, to describe the observation of hysteretic and proteretic behaviors in Ni/NiO
core-shell nanoparticles. The CSAE simulation results show how the spin dynamics in the
hysteresis and proteresis loops give rise to a spin-flip and spin-orientation, respectively.
Finally, the phase diagram of the spin dynamics suggests a limit to the proteretic behavior and
spin-orientation below a mean size of <d>=15.8 nm, which indirectly indicates a limit to the
magnetic instability of Ni (FM) core particles coating the NiO (AFM) shells. It also explains
why no proteresis occurs when the mean particle size is large. Controlling the proteretic
behavior requires a mean particle size below <d>=15.8 nm and temperature above Tp. Finally,
the results of magnetic analysis help us to understand the limitations of recording data for the
Ni/NiO core-shell nanoparticles on the size effect, which will have implications for the
development of the magnetic industry in future.
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Abstract
In this chapter, we are shortly reviewing some problems of electromagnetic and acoustic
wave propagation and radiation in the magnets with helicoidal spin structure. We show
the band structure of the coupled wave spectrum in the materials. The band gap width
depends on the spiral angle (or, equivalently, on external magnetic field value).
Interaction of spin and electromagnetic waves leads to opening the gap in spinelectromagnetic dispersion. This gap leads to opacity window in reflection spectrum of
spiral magnet plate. The opacity window closes at phase transition into collinear
ferromagnetic state and reaches a maximum at simple spiral state. At the frequencies
near band gap boundaries, the rotation of polarization plane of propagating electro‐
magnetic wave is observed. Account of interaction of spin and electromagnetic waves
with acoustic subsystem leads to opening the gap in spin-acoustic spectrum. This gap
leads to some features in electromagnetic reflectance spectrum and to rotation of
acoustic wave polarization plane, i.e. to acoustic Faraday effect. We also show the
possibility of acoustic and electromagnetic wave radiation by helicoidal magnets at
phase transition into collinear ferromagnetic state. Some features of electromagnetic
waves generation by spiral magnets placed in homogeneous magnetic field with
harmonical time-dependence are also discussed.
Keywords: spiral magnets, helicoidal magnetic structure, electromagnetic waves, spin
waves, acoustic waves, Faraday effect, acoustic Faraday effect
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1. Introduction
The magnets with spiral (helicoidal, or modulated) magnetic structure have been under
investigation for a long time [1, 2]. These materials include the rare-earth metals, compounds
based on them, and some of the compounds based on transition metals. Such materials may be
semiconductors, as well as dielectrics. The reasons of such ordering may be the following:
competing exchange interaction of atoms in the first and the second coordination spheres,
asymmetric exchange, relativistic interaction (Dzyaloshinskii-Moriya interaction). The main
characteristic of modulated structures is a modulation wave number q = 2π/L, where L is the
modulation period. The modulation period of such structures is much greater than the lattice
constant of the crystal. Modulation period of helicoidal magnets usually changes continuous‐
ly with the change of temperature. It may be incommensurable with the crystal’s lattice constants.
This is the reason why modulated, or long-periodic, magnetic structures are frequently called
“incommensurable” ones.
Modulated magnetic structure leads to sufficient features of dynamical properties of helicoidal
magnets comparing with the properties of collinear ferro- and anti-ferromagnets. Thus, the
spectrum of spin waves has a band structure. It has no activation frequency when wave number
of propagating wave is equal to the modulation wave number [2], i.e. k = q, while in collinear
ferro-and anti-ferromagnets this situation is observed at k = 0. Magnetoelastic waves in
ferromagnets with spiral structure have been studied in details, for example, in works [3–8].
Works [4–6] are devoted to investigation of spin and acoustic oscillations interaction in spiral
magnets without taking into account the spontaneous deformations in the ground state. These
deformations were consistently considered in work [8]. Interaction of spin and electromagnetic
waves in magnetic dielectrics with collinear magnetic structure has been investigated in [9].
Peculiarities of spin waves and helicons hybridization have been considered in [10]. The result
of this work has been generalized for the case of arbitrary propagation direction in [11]. Later,
coupled spin-Alfven waves in ferromagnetic metals [12], and coupled plasmon-spin-electro‐
magnetic waves in ferromagnetic semiconductors and metals with different anisotropy types
[13] have been studied. These investigations show that interaction of the spin subsystem with
the electromagnetic waves usually leads to the shift of activation frequency of quasi-spin
branch: an additional term of electromagnetic nature, namely magnetostatic frequency,
appears. This interaction may also lead to reduce the phase speed of electromagnetic wave.
Modulated magnetic structure may manifest itself in the modulation of electromagnetic
characteristics of the magnet. Phenomenological approach has been successfully applied to
investigate the magneto optical effects in the medium with the simple spiral structure [14].
Some features of light propagation have been predicted in works [15, 16]. Authors of these
works have not taken into account the dynamics of magnetic subsystem. Such approach is
valid for optical frequencies, when magnetic subsystem does not keep pace with changes of
field’s magnetic component. As for investigation of electrodynamical processes at lower
frequencies, taking into account dynamics of magnetic subsystem may lead to qualitatively
new effects.
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Coupled spin-electromagnetic and spin-acoustic-electromagnetic waves have been investi‐
gated in detail for magnets with the simple spiral structure in [17, 18]. Wave hybridization in
such magnets leads to opening the gaps in spectrums of electromagnetic waves, as well as in
acoustic ones. Due to the band structure of the spectrum, some features in electromagnetic and
acoustic reflectance may be observed. All these features should have a place in magnets with
conical spiral ordering as well.
A special kind of dynamic effects in materials with a modulated magnetic structure can occur
during phase transitions, accompanied by appearance/disappearance of the modulated
structure. Similar effects are well known for periodically distributed sources of different nature
and they usually consist of different wave radiation. Thus, nanostructured metallic films may
be sources of radiation when they are irradiated by laser pulses [19, 20]. Theoretical model for
describing this effect has been proposed in [21]. Terahertz wave radiation may occur when
magnons are excited by femtosecond laser pulses in anti-ferromagnets [22], or by infrared
pulses in diluted magnetic semiconductors [23]. In helicoidal magnets, the spin structure is
reorganized during phase transition. This may also lead to radiation of electromagnetic waves
and sound. Recently [24], we have observed experimentally electromagnetic waves radiation
by Heusler alloy during magneto-structural phase transition, possible mechanisms and theory
of this effect have been discussed as well. We have supposed that the main contribution is
caused by moving dislocations with dipole moment. Here, we show that in spiral magnets
during orientational magnetic phase transition, electromagnetic radiation may be comparable
to and even be more than in Heusler alloys.
Nowadays, scientific interest on the investigation of helicoidal magnets is caused by the fact
that in such magnets, spontaneous polarization may appear frequently due to specific
magnetic ordering. Such materials, combining both electric and magnetic properties, are called
multiferroics. First, in 2003 such effect was observed in TbMnO3 [25], then in 2004 in
TbMn2O5 [26], and many other materials. Experiments clearly show the coupling between
spontaneous polarization and modulated magnetic ordering. Phenomenologically, coupling
of polarization and non-uniform magnetic ordering may be described by energy term of third
order PM∂M, which is allowed by symmetry. This coupling is linear according to polarization.
Thus, even weak interaction of such type will lead to electric polarization at corresponding
magnetic arrangement. It this chapter we will not consider multiferroic materials, but quali‐
tatively all results are valid even in case of multiferroics. Details of peculiarities of wave
interaction in helicoidal multiferroics may be found, for example, in our previous works [27–
29].
This chapter consists of introduction, two sections and conclusions. In the first section, we
review some peculiarities of electromagnetic and acoustic wave propagation in helical
magnets. The results cover the coupled wave spectrum, electromagnetic reflection from halfspace and plate of magnet with the spiral magnetic structure, Faraday rotation, and acoustic
Faraday rotation (i.e. rotation of polarization plane of acoustic wave). In the second section,
we consider the possibility of electromagnetic and acoustic wave radiation in spiral magnets
during the phase transition. An infinitely fast phase transition and the linear change of the
transverse magnetization component are considered as model processes.
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2. Influence of electromagnetic-spin-acoustic interaction on wave
propagation
This section is mainly based on results of our previous investigations [30–33].
Let us consider the magnet with spiral magnetisation distribution at the ground state. Such
magnetic order may be realized if free energy of the crystal has the following form:
2

a æ ¶M i ö b1 2 b2 4
=
F
ç
÷ + M z + M z - M z H + bijlm M i M j ulm + cijlm uij ulm + Fin ,
2 è ¶xi ø
2
2

(1)

where M = (Mx, My, Mz) is the magnetization of the crystal, α is the exchange constant, β1 and
β2 are anisotropy constants, bijlm are magnetostriction constants, cijlk are elasticity constants, i, j,
l, k = x, y, z. The sum is assumed where indexes are repeated. The term Fin corresponds to
inhomogeneous magnetization distribution at the ground state. It may have an exchange
nature (such structures we will call “exchange spiral”): F in = γ (∂2 M i /∂ xi2)/2. Another reason may

be relativistic interaction (such situation we will call “relativistic spiral”): Fin = α1MrotM. In (1)
we suppose that external magnetic field is directed along z-axis, which corresponds to
anisotropy axis.
For concreteness, we will assume that crystal with exchange spiral structure is from hexagonal
crystal system (D3d, C3v,D6, D6h). Magnets with relativistic spiral structure will be assumed as
isotropic ones. Their elastic properties may be defined by two characteristics (Lamé constants
λ and μ), and magnetostriction will be characterized by one “effective” constant b.
Spiral magnetization distribution may be described by the following coordinate dependence
of magnetization components:

Mx =
M 0 sin q cos qz , M y =
M 0 sin q sin qz , M z =
M 0 cos q.

(2)

In (2), q = 2π/L is the spiral wave number, L is the spiral period, θ is the spiral angle, M0 is the
magnetization amplitude. In case of θ = 0, one will have a ferromagnetic ground state, while
θ = π/2 corresponds to simple spiral structure. When 0 < θ < π/2, the “ferromagnetic spiral”
phase is realized.
Minimizing the free energy (1) with appropriate expression for Fin, taking into account ground
state magnetization distribution of spiral type (2), we will get the conditions of the phase
stability. For crystals with exchange spiral, these conditions are the following: γ > 0, α < 0, q =
(−α/2γ)1/2. For relativistic spiral, one will have α1 ≠ 0, α >0, q = α1/α. In both cases an external
magnetic field is coupled with the spiral angle:
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(

)

M 0 cos Q éëb% 1 + hme + b% 2 - hme M 02 M 02 cos 2 Q + aq 2 + D% ùû + H = 0,
where β̃1 and β̃2 are anisotropy constants renormalized by magnetostriction [28], and

h me = (b11 − b12)2M 02 / (c11 − c12), Δ̃ = γq 4 for magnets with exchange spiral structure, while
h me = b 2M 02 / 2μ , Δ̃ = − 2α1q for relativistic ones.

There is a critical magnetic field value Hcr, when the phase transition into collinear ferromag‐
netic state occurs. Diagonal components of the equilibrium stress tensor are homogeneous and
depend on the spiral angle, while the components uxz and uyz depend on both spiral angle and
z-coordinate, uxy = 0.
To obtain the spectrum of coupled spin, acoustic and electromagnetic waves, one should use
the Landau-Lifshitz and Maxwell equations with equation of motion of the elastic medium.
Simplifying such system of equations by small oscillations method, linearizing and taking the
circular components, one will obtain the following:

1
1
é
ù
±wm± ( k ) = cos q êw±2 k + wme 4 sin 2 q ú m± ( k ) + wme 4 sin 2 q cos qm± ( k m 2q ) 2
2
ë
û
é1 3
ù
-w1k ± q sin qmz (k m q ) + igb44 M 02 k ê - sin 2 q ú u± ( k ) ë2 2
û
i
- gM 0 2 b44 sin 2 q ( k ± 2q ) u± ( k m 2q ) - ig ( b33 - b31 ) M 02 sin 2q ( k ± q ) u z ( k m q ) +
2
+ gM 0 sin qhz ( k m q ) - gM 0 cos qh± ( k ) ,
wm z =
(k )

1
sin q éëw-2 k - q m- ( k - q ) - w+2 k + q m+ ( k + q ) ùû 2

i
- gb44 M 02 sin 2q éë( k - q ) u- ( k - q ) - ( k + q ) u+ ( k + q ) ùû +
4
1
+ gM 0 sin q éë h+ ( k + q ) - h- ( k - q ) ùû ,
2
i
éëw2 - st2 k 2 ùû u± ( k ) = kb44 M 0 éësin qmz ( k m q ) + cos qm± ( k ) ùû ,
r
éëw2 - sl2 k 2 ùû u z ( k ) =-2i ( b33 - b31 ) kM 0 cos qmz ( k ) r ,
éëw2 - k 2 v 2 ùû h± ( k ) = -w2 4pm± ( k ) , hz ( k ) =-4pmz ( k ) .
This system of equations should be complemented by the condition of magnetization vector
permanence | M | = const, which for Fourier components has a form:
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sin q éë m- ( k - q ) + m+ ( k + q ) ùû + 2 cos qmz ( k ) =
0.
In all equations above we have used the following notations: h(k), m(k), u(k) are Fourier

components of corresponding vector h, m, u; v = c / ε is electromagnetic wave speed in the
medium; ε is permittivity of the crystal; ω2k± = ω20 + gM 0 L ⊥±(k ), ω1k = ω10 + gM 0sin2θL ∥(k ) = 0,
L ⊥±(k) = − α(q 2 − k 2) − γ(q 4 − k 4) + 2α1(q ∓ k),

L

||(k) =

− α(q 2 − k 2) − γ(q 4 − k 4) + 2α1q, st2 = c44 / ρ, sl2 =

с33 / ρ , ωme4 = gM 0h me4 = gb442M 03 / c44, ω10 = gM 0 h me4 − sin2θ (β̃ 1 + (β̃ 2 + 2β2)M 02cos2θ + h me sin2θ ) .

Dispersion equation may be obtained from this system of equations. Solution of dispersion
equation gives the propagation constant k for the waves with opposite circular polarization.
We should note that due to the symmetry of the problem, the propagation of the wave with
fixed circular polarization along z-axis is similar to the propagation of the wave with opposite
circular polarization in inverse direction. Detailed investigation shows that waves with
opposite circular polarizations have different propagation constants. This situation is valid for
electromagnetic waves, as well as for acoustic ones. The difference in propagation constants
will lead to different speed of waves with opposite circular polarization, hence, the rotation of
polarization plane of linearly polarized wave. Rotation angle may be calculated as
Δφ = (k+ − k−)l / 2, where k+ and k− are propagation constants of the waves with corresponding

circular polarization, and l is the distance, which the wave goes in the medium.

For investigation of electromagnetic wave reflection from the plate of magnet with spiral
magnetic
structure,
one
should
add
the
boundary
conditions:
(out )
(in)
(out )
(in)
(out )
(in)
H x, y = H x, y , E x, y = E x, y , Dz = Dz , ∂mi/∂z = 0, and σjz = 0. Indexes (in) and (out) denote the

fields inside and outside the magnet. We suppose that the outer medium is a vacuum. When
one investigates the reflection of electromagnetic waves from semi-infinite structure, these
boundary conditions should be applied to the single boundary.
For numerical estimations we will use following constant values [2]: bij ∼ 20 erg/(Oe × cm4), ρ
∼ 10 g/cm3, νt ∼ 3 × 105 cm/s, νl ∼ 5 × 105 cm/s, M0 ∼ 500 Oe. The period of the structure for
relativistic interaction-caused spiral magnet is usually much larger that in case of exchangecaused spiral structures. For example, FexCo1−xSi alloys, which symmetry allows
Dzyaloshinskii-Moriya interaction, for x = 0.3 in spiral state has a modulation period L = 230
nm (q ∼ 3 × 105 cm−1) [34]. Other examples of the magnets with Dzyaloshinskii-Moriya
interaction-caused spiral structures are FeGe (L = 70 nm, q ∼ 8 × 105 cm−1) [35], and MnSi (L =
18 nm, q ∼ 3 × 106 cm−1) [36]. Different modulated states exist in erbium single crystal due to
the competing exchange interaction. In conical state, wave number of the structure is 5c*/21 (c*
= 2π/c is inverse lattice constant, c = 0.56 nm is lattice constant) [37], i.e. q ∼ 3 × 107 cm−1. We
will use q ∼ 105 cm−1 and q ∼ 108 cm−1, consequently.
First of all, let us discuss the influence of spin-electromagnetic interaction on wave propaga‐
tion. For such purposes, the problem may be simplified. We may neglect the elasticity and
magnetostriction terms in free energy (1). In such case, dispersion equation may be calculated
in form:
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frequency,
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Ω1M = Ω1k −q + ωM ,

Ω−k −2q = gM 0

(α (q 2 − (k − 2q)2) + γ (q 4 − (k − 2q)4) − 2α1(k − q)), Ωk+ = gM 0(α (q 2 − k 2) + γ (q 4 − k 4) + 2α1(k − q)), Ω1k −q =
gM 0(β1 + 3β2M 02cos2θ − α (q 2 − (k − q )2) + γ (q 4 − (k − q )4) + 2α1q ). For relativistic spiral, one should put

α1 = 0, while in exchange spiral case γ = 0.

Results of calculations are shown in Figure 1.
Figure 1a shows the dispersion of coupled spin-electromagnetic waves in spiral magnets with
different spiral angles (or external magnetic field values). One can see that the spectrum has a
band structure. The band gap is observed near the point where non-interacting dispersion
curves are crossed. This band gap appears due to the resonant interaction of spin and electro‐
magnetic waves in a magnet. From Figure 1a we can see that with decrease of angle, the gap
shifts toward lower frequencies and its width decreases. Calculations show that in case of
exchange spiral, a zone of opacity is much narrower than in case of relativistic spiral, and lies
at higher frequencies. It should be also noted that the magnitude of the interaction of spin and
electromagnetic waves depends on the spiral angle.
Figure 1b shows the frequency dependence of the reflectance of electromagnetic wave from
the plate of spiral magnet with width l = 100 μm for different spiral angles. One can see that
reflectance is near to unit at frequencies corresponding to the band gap of the spectrum of
coupled waves, i.e. opacity window is observed. This window exists only for spiral states with
θ ≠ 0, while it disappears in the collinear ferromagnetic state.
The results of calculating polarization plane rotation are shown in Figure 1c and d. One can
see that rotation angle depends on external magnetic field almost linearly at frequencies upper
and lower the band gap. The maximum values of rotation correspond to the band gap
boundaries.
Let us now investigate the effect of acoustic subsystem on wave propagation in the magnet.
For such purposes we should solve all equations for exact free energy expression (1). The
details of this investigation may be found in work [33].
Calculations of the spectrum of coupled spin-electromagnetic-acoustic waves in spiral
magnets show that despite the gap corresponding to spin-electromagnetic interaction, an
additional gap corresponding to spin-acoustic interaction is opened. This gap reaches a
maximal width at ferromagnetic spiral state with θ = π/4. The spectrum of coupled waves near
k = 0 is shown in Figure 2a.
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Figure 1. Dispersion of coupled spin-electromagnetic waves in spiral magnets with different spiral angles (a). On the
inset the small k region is shown. Frequency dependence of the reflectance of electromagnetic wave from the plate of
spiral magnet with width l = 100 μm for different spiral angles (b). Electromagnetic waves polarization plane rotation:
near upper frequency of band gap (c), and near lower frequency of band gap (d).

Figure 2b shows results of investigation of electromagnetic waves reflection from semi-infinite
spiral magnet. One can see that besides the opacity window corresponding to spin-electro‐
magnetic interaction, there are some features at the frequencies of spin-acoustic interaction.
This effect corresponds to resonant interaction of electromagnetic, spin and acoustic waves.
The width of such acoustically caused electromagnetic opacity window depends on the spiral
angle (or, equivalently, on external magnetic field value), as well.
The gap opening in spin-acoustic spectrum leads to the possibility of polarization plane
rotation for acoustic waves, i.e. acoustic Faraday effect. The results of calculation of rotation
angle at the sample distance of 1 cm for different frequencies are shown in Figure 2c. The breaks
on the curves correspond to band gap in the spectrum, which moves with the change of the
external magnetic field. One can see that maximal rotation of the polarization plane is observed
near the band gap.
The results we have discussed in this section show that spiral magnets may be perspective
materials for electromagnetic and acoustic wave manipulation (such as filtering, polarizing,
and phase shifting).
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Figure 2. Spectrum of coupled waves (a) (left – schematic spectrum, right – calculated spectrum near k = 0). Electro‐
magnetic waves reflection from semi-infinite spiral magnet (b). On the inset the feature associated with the acoustic
gap is shown. Acoustic Faraday effect (c).

3. Radiation of electromagnetic and acoustic waves by helicoidal magnets
at phase transitions
In this section we partly follow our previous works [38, 39].
In context of macroscopic electrodynamics, electromagnetic wave radiation may be described
by the following equation:

ù
1 ¶ 2 E 4p é ¶ æ ¶P
ö
DE - =
+ c rot M ÷ + c 2 grad div ( P ) ú
ç j+
2
2
2 ê
¶t
c ¶t
c ë ¶t è
ø
û

(3)

In (3) E is electric field strength, P and M are polarization and magnetization of the medium,
consequently, j is the current density, c is speed of light in the vacuum. Assuming magnetic
material to be non-conductive with dielectric constant ε, Eq. (3) may be simplified:
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DE -

e ¶ 2 E 4p ¶jM
=2
c 2 ¶t 2
c ¶t

(4)

In (4) magnetic current density has been introduced: jM = c·rot(M). For spiral magnets with
magnetization distribution given by (2), one may calculate magnetic current density jM =
(j0cos(qz), j0sin(qz), 0), j0 = −cqM0sin(θ). So, we may conclude that any process with changing
the spiral wave number q, the amplitude of magnetization vector M0, or the spiral angle θ will
be accompanied by electromagnetic radiation.
The form of radiation Eq. (4) allows one to see that time-varying non-uniform magnetization
distribution is equivalent to time-varying distributed conductive currents. Generally, this
equation should be solved together with the magnetization motion equation (usually, LandauLifshitz equation with additional relaxation terms). This system of equations can be solved
only numerically. However, it is known that the frequency of precession of the magnetization
vector in ferromagnetic materials (ferromagnetic resonance frequency) is about 10–100 GHz,
and the relaxation time of magnetization to equilibrium state is of the order of few microsec‐
onds at usual conditions. In this case, if we are interested in processes with characteristic
frequencies far from resonance, the motion of magnetization can be neglected, and one can
assume that magnetization has always ground state value (2). This makes reasonable the
assumption that only spiral angle changes during magnetic field induced phase transition.
For investigation of sound waves generation, we should solve equation of motion for elastic
medium:

r ¶ 2 ui ¶t 2 = ¶sij ¶x j , sij = ¶F ¶uij .

(5)

In (5), F denotes free energy density defined by Eq. (1) for spiral magnets. Eq. (5), similarly to
the case of electromagnetic waves, may be transformed into wave equations with non-zero
source functions, which in general may depend on both coordinate and time. It is convenient
to introduce circular components (u, M)±= (u, M)x ± i(u, M)y, transversal and longitudinal sound
velocities vt = (2c44/)1/2 and vl = (c33/)1/2, consequently. Calculations show that only transverse
sound will be excited. We will have
2
iqb44 M 02
¶ 2 u±
2 ¶ u±
v
=
±
sin ( 2q ) exp ( ±iqz ) .
t
r
¶t 2
¶z 2

(6)

Let’s consider an infinite crystal. At initial time, it will be assumed that there was no electro‐
magnetic radiation, i.e., we should solve the Eq. (4) or (6) with zero initial conditions. In this
case, solutions of Eq. (4) or (6) can be obtained from the Duhamel’s principle [40].
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Here, we would not solve the problem of phase transition kinetics. We will consider only two
simplest cases: an infinitely fast phase transition and linear variation of source functions.
Comparing Eqs. (6) and (4) one may note that source function for radiation of electromagnetic
waves is proportional to time derivative of sin[θ(t)], while in case of acoustic waves it is defined
by time dependence of sin[2θ(t)]. Thus, maximal radiation of electromagnetic waves may be
expected at phase transition from simple spiral state to collinear ferromagnetic one, while
maximal acoustic radiation should be observed at phase transition from “ferromagnetic spiral”
phase with θ = π/4 to collinear ferromagnetic state.
Let us assume that sin[θ(t)] = Θ(-t); Θ(t) is the step-like Heaviside function; ∂Θ(-t)/∂t = −δ(t);
δ(t) is the Dirac’s delta function. This situation corresponds to instantaneous actuation of
magnetic field with the value Hcr at time t = 0, and collapse of the spin spiral. Such a process
is quite unreal since magnetization requires finite relaxation time to get to the final collinear
ferromagnetic state. However, despite the unreality of the case, its analysis allows us to
estimate an upper limit of emitted wave amplitude. Calculations show that electromagnetic
field has a form:

E± ( z , t ) = Ex ( z , t ) ± iE y ( z , t ) =m4piM 0 e -1 2 sin ( qvt ) exp [ miqz ]

(7)

In case of linear time dependence of sin[θ(t)]: sin[θ(t)] = Pt, at t ≤ P−1, P = const, we will have:

E± ( z , t ) =±4piM 0 P ( qc ) éë1 - cos ( qvt ) ùû exp [ miqz ] , t £ P -1
-1

(8)

It is seen that in contrast to the fast actuation of the magnetic field, in addition to the standing
wave, a constant component of the electric field appears as well. The amplitude and the
constant component are directly proportional to the speed of the state change P.
Solutions given by expressions (7) and (8) are superposition of waves travelling to the left and
to the right, which, due to unbound periodic source, give a standing wave by adding each
other. In the real material, multiple reflections of the excited waves from the boundaries and
some part of electromagnetic energy will be emitted beyond the material. If refractive index
of the environment is the same as for crystal (i.e. mediums are ideally conjugated) with
thickness d, two electromagnetic wave pulses with wave number q and frequency qv will be
emitted from each sample’s side.
Maximum sound waves generation will take place at phase transition from θ = π/4 to collinear
ferromagnetic state. Mathematically, it may be expressed as sin[2θ(t)] = Θ(t). In such case,
solution may be easily calculated:

u± ( z , t ) =
±i b44 M 02 exp [ ±iqz ] éë1 - cos ( qvt t ) ùû rqvt2

(9)
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Let us consider now the model process, when sin[2θ(t)] = ηt, t < η−1 (i.e. linear time-dependence
of source function). Calculations show that the following sound oscillations will be excited:

u± ( z , t ) = ±hib44 M 02 r-1q -2 vt-3 éë qvt t - sin ( qvt t ) ùû exp [ ±iqz ] , t < h-1 .

(10)

The frequency of standing electromagnetic waves in formulas (7) and (8) is ω = qv ∼ 1015 −
1016 s−1. At “slow” change of the state, in mode determined by formula (8), the signal amplitude
is proportional to P. For P ∼ 107 s−1, the amplitude of emitted waves is small: E ∼ 1012 CGSE
(energy density is about 10−11 J/cm3). For ultrafast magnetization reversal processes, the time
of magnetization switch is usually about 10−12 s, or P ∼ 1012 s−1, and we have E ∼ 102 CGSE
(energy density is about 10−3 J/cm3). The maximal radiation corresponding to the situation of
the instantaneous change of the state has amplitude of electric field E ∼ 103 CGSE (energy
density is about 0.1 J/cm3). This radiation will be emitted like a pulse. Characteristic time length
of this pulse is d/v + P−1. For sample with d ∼ 1 μm, we will have d/v ∼ 10−14 s. This time is much
smaller than usual magnetization switching time, so in real experiments, characteristic time
length of the pulse should be comparable with switching time for d ≪ vP−1. Despite low energy
density of the pulse, it may have valuable power density. In case of P = 1012 s−1 this value may
reach about 1 GW/cm3.
For acoustic wave generation in case of infinitely fast phase transition, we will have the
oscillations frequency ω = qvt. For Dzyaloshinskii-Moriya interaction-caused spiral magnets
the linear frequency f = ω/(2π) ∼ 5 GHz, and amplitude is u± ∼ 10−5 cm. In exchange-caused
case f ∼ 5 THz, u± ∼ 10−8 cm. Both cases correspond to hypersound oscillations. In case of “slow”
phase transition sound oscillations with the same frequency are excited. Amplitude of excited
oscillations linearly depends on the “phase transition speed” η. We may calculate that u± ∼
10−21 × η cm and u± ∼ 10−27 × η cm for Dzyaloshinskii-Moriya and exchange interaction-caused
spiral magnets, respectively. For example, ultrafast magnetization reversal processes have
time of magnetization switch of about 10−12 s, or η ∼ 1012 s−1. The amplitudes will have values
u± ∼ 10−9 cm and u± ∼ 10−15 cm for Dzyaloshinskii-Moriya and exchange interaction-caused
spiral magnets, consequently. One can see that in case of exchange spiral structure, the
amplitude is negligibly small. In experiments it is possible to detect the pulse of sound with
characteristic time length of about τ ∼ d/vt, where d is the sample size. For sample size d ∼ 1
mm we will have time length τ ∼ 10−6 s.
The abovementioned results make one believe that a similar effect may be observed when the
spiral magnet is placed in homogeneous periodic magnetic field, i.e. when the spiral angle
periodically changes near its equilibrium value. For investigation of this problem, let us
consider the spiral magnet in time-dependent external magnetic field Hz(t) = H0 + h0(t), where
H0 is a constant magnetic field defining the ground state and equilibrium value of spiral angle,
and h0(t) = h0exp[iΩt] is a periodic component. For simplicity, we will assume that the periodic
component of the field has small amplitude. In such context, magnetization may be described
by static component M0, which is described by Eq. (2) with the spiral angle defined by H0, and
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by dynamical component m(z,t). Dynamical component may be obtained from LandauLifshitz equation. We will neglect relaxation processes for simplicity. Oscillated components
may be assumed in form of Fourier series m(z,t) = Σmn(t)exp[−inqz]. Calculations show that
longitudinal periodic magnetic field will excite only harmonics of mx and my with n = ±1. We
will have the following:

¶ 2 m± - gqWM 0 sin qh0 z eiWt
=
{±2 g a1qM 0 cos qem iqz + ( W ± g a1qM 0 cos q) e±iqz } ;
2
¶z¶t
W res
- W2
m± =mx ± im y ; W

2
res

2
1

2

2

2
0

(11)

2

=5a g q M cos q.

One can see that the source function defined by Eq. (11) has a resonance at Ω = Ωres. This is due
to resonant behaviour of corresponding susceptibility component. In real materials, due to
unavoidable damping processes, the source function will have a finite value even at resonant
frequency. We will take into account these processes formally by putting Ω + iδ instead of Ω,
where δ is a formal damping parameter.
Solving Eq. (4) with use of Green’s function formalism for magnet’s size d, we will have the
following stationary electric field amplitudes at the left boundary of the sample:

E± ( 0, t ) =

i 2pgM 0 sin qh0 z eiWt e - iWd v
W 2res - ( W + i g )

2

´

ì W + i g ± g a1qM 0 cos q
é qv ( eiWd v - 1) ± W (1 - e ± iqd ) ù m
´í
ë
û
qv
W
m
î
ü
2 g a1qM 0 cos q
é qv ( eiWd v - 1) m W (1 - e m iqd ) ù ý
m
ë
û
W ± qv
þ

(12)

One may calculate the energy of emitted waves W± = |E±|2/8π. Dependencies of this energy
from the frequency and from the equilibrium spiral angle are shown in Figure 3.
One can see that intensities of left- and right-polarized emitted waves differ from each other.
When 0 < θ < π/2 (i.e. when the static component of magnetization is tilted along spiral axis)
the energy of negatively polarized waves is greater than that of positively polarized ones.
When θ = π/2, energies of waves for both polarizations are equal. When π/2 < θ < π, the energy
of positively polarized waves prevails. The increase of damping parameter leads to decrease
of emitted wave energy, especially near the resonance. When the damping parameter becomes
much greater than the resonant frequency, the energy of emitted waves slowly varies with the
frequency, equal for waves of both polarizations, and has a maximum at θ = π/2.
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Figure 3. Energy of emitted electromagnetic waves versus frequency of exciting field and the static value of spiral
angle.

Similarly, one may consider acoustic wave excitation in spiral magnets in homogeneous
harmonical magnetic field. Wave equations may be written as follows:

¶M ±0
¶ 2 u± u&&±
b æ
¶m
- =
- 44 ç M z 0 ± + mz
¶z
¶z
¶z 2 vt
c44 è

ö
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ø
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¶z
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c33 è
¶z
2

(13)

ö
÷.
ø

Both longitudinal and transversal acoustic waves may be excited. Transverse magnetization
oscillations will excite both longitudinal and transverse sound, while longitudinal
magnetization oscillations affect only transverse sound. Similar to calculations made in [41],
for simplicity we will suppose that magnetization oscillations are uniform, i.e.
∂ mi (z, t ) / ∂ z ≈ mi0 δ (z ) − δ (z − d ) exp( − iωt ), here δ(z) is Dirac’s delta-function, d is the sample
size. Wave equations may be solved by Green’s function formalism. Green’s functions for
longitudinal and transverse acoustic waves Gt,l(z, z0) consist of two terms. The first one (i/
2kt,l)exp(ikt,l|z–z0|) corresponds to the sound excited in point z0 and propagating in +zdirection. The second one (i/2kt,l)exp(ikt,l|z+z0|) corresponds to the wave excited in the same
point, but propagating in opposite direction. In both cases, kt,l = ω/vt,l. Complete Green’s
function will be as follows:
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Gt ,=
ikt-,l1 exp ( -ikt ,l z ) cos ( kt ,l z0 ) .
l ( z , z0 )

(14)

Calculations show that amplitudes of excited waves are:
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Figure 4. Fragments of acoustic waves energy density dependencies from frequency and sample size for different po‐
larization of excited field. Wave number of spiral is q = 105 cm−1.
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Energy density of excited waves is W = c33(uzz)2/2 + 2c44[(uxz)2+(uyz)2]. Fragments of its depend‐
encies from frequency and sample size for different polarization of excited field are shown in
Figure 4. One can see that these dependencies have a complex oscillating behaviour. Oscilla‐
tions are caused by interference of sound waves propagating from opposite sample bounda‐
ries. Another reason of oscillations is periodicity of source function. Eq. (15) have resonances
at kt,l = q. At microwave frequencies these resonances may be observed in magnets with
relativistic spiral structure (q ∼ 105 cm−1, ωres ∼ qvt,l ∼ 1010 rad/s), while in magnets with exchange
spiral structure, resonance frequencies correspond to terahertz frequency range (q ∼ 108 cm−1,
ωres ∼ qvt,l ∼ 1013 rad/s).

4. Conclusions
We have reviewed some features of electromagnetic and acoustic wave propagation in
magnets with helicoidal spin order. There is an opacity window in reflectance spectrum of
electromagnetic waves from the plate of spiral magnet. The width of this window has a
maximal value at phase of simple spiral, and decreases with decrease of spiral angle (or,
equivalently, with increase of external magnetic field). Field dependencies of polarization
plane rotation angle have a resonant behaviour. Maximum rotation may be observed near
boundaries of band gaps for both electromagnetic and acoustic waves. Both electromagnetic
and acoustic waves may be radiated by spiral magnets during the phase transition. The
amplitude of radiated waves strictly depends on the speed of phase transition.
In general, the results show the possibility of practical applications of spiral magnets for
electromagnetic and acoustic wave manipulation and generation.
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Abstract
The study of Giant Magnetoimpedance (GMI) effect of the amorphous alloys system of
Fe72-xCoxNb6B10Si11Cu1 (for x = 35 and x = 40 at. percent Co) and AC magnetic susceptibil‐
ity for the amorphous alloy of Fe37Co35Nb6B11Si10Cu1 composition are presented in this
chapter. The importance of GMI effect for the improvement of technological applica‐
tions in sensor devices in amorphous magnetic Fe- and Co-based alloys is introduced;
then it is described as the experimental procedure of magnetoimpedance and AC magnetic
susceptibility measurements. The obtained results are discussed and finally the
conclusions are presented.
Keywords: amorphous, soft magnetic alloys, magnetoimpedance, magnetic suscepti‐
bility, amorphous magnetic alloys

1. Introduction
Over the last decades, there has been a growing interest in research on amorphous soft magnetic
materials, mainly because they present superior soft magnetic properties, which allowed the
development of improved technological applications such as transformer cores, magnetic field
sensors, motors, generators, electric vehicles, etc. [1, 2]. The current trend of this kind of materials
is their use at high temperatures and high frequencies, for example, in high-frequency power
electronics components and power conditioning systems [2].

© 2016 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use, distribution,
and reproduction in any medium, provided the original work is properly cited.

182

Magnetic Materials

More recently, the development of high-performance magnetic sensors has promoted the
study of interesting magnetic phenomena such as Giant Magnetoimpedance (GMI) and AC
Magnetic Susceptibility, in metal-based amorphous alloys.
The Magnetoimpedance (MI) effect has paid more attention in scientific community not only
for its applications in sensors devices, especially for low-field detection [3], but also because
it has constituted in a useful tool to investigate the magnetism physics.
The MI effect corresponds to the change of the real and imaginary components of electrical
impedance Z = R + iX of a ferromagnetic conductor caused by the action of an external static
magnetic field [3], being R the Resistance and X the inductance.
The GMI effect consists of large changes in impedance when the materials are subjected to
external DC magnetic field and it has been efficiently explained in the terms of classical
electrodynamics through the influence of magnetic field on penetration depth of electrical
current flowing through the soft magnetic material [4].
The GMI effect is expressed by:
DZ Z ( H ) - Z ( H max )
=
´ 100
Z
Z ( H max )

(1)

where Z (H) is the impedance of the material in absence of the DC magnetic field and Z (Hmax)
is the impedance at maximum DC field. Hmax is usually the external magnetic field sufficient
to saturate the impedance [4].
In the case of amorphous ribbon, the skin depth, δ, is given by:

¶=

1
pms f

(2)

where σ is the electrical conductivity, f the frequency of the AC current along the sample, and
μ is the transverse permeability of the magnetic ribbon. The DC applied field changes the skin
depth through the modification of μ which finally results in a change of the impedance [4].
The GMI effect was investigated for the first time in amorphous ribbons FeCoSiB based on
their possible applications in the manufacture of magnetic sensors [5]. Subsequently, it was
investigated in Co70.4Fe4.6Si15B10 amorphous ribbons [6] and Co68.1Fe4.4Si12.5B15 amorphous wires
[7]. However, in 1994 the GMI effect was discovered in soft magnetic amorphous wires [8].
Since then, there have been numerous studies on the GMI effect in a wide variety of amorphous
magnetic alloys in ribbons [1–4, 9–13], wires and microwires [1, 14], and films form [1, 3].
In the same way, AC magnetic susceptibility has been mainly studied for Co-based alloys in
wire form [15, 16] and thin films [17]. Also, magnetic susceptibility studies of amorphous and
nanocrystalline Fe44.5Co44.5Zr7B4 ribbons of 5 cm length and 2 mm width, have been reported
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in [18]; however, it has been reported little in the literature about AC magnetic susceptibility
in (FeCo)NbBSiCu amorphous alloys.
The magnetic susceptibility is the magnetization degree of a material in response to an applied
magnetic field. The susceptibility χ is defined by the following expression:

c =M /H

(3)

where M is the magnetization and H is the applied DC magnetic field.
Similarly, AC susceptibility measurement involves an application of a varying magnetic field
Hac to a sample.

c AC =

dM
dH AC

(4)

In the AC measurement, the magnetic moment of the sample is changing in response to an
applied AC magnetic field. Therefore, the dynamics of the magnetic system, as the frequency
dependence of the complex susceptibility can be studied. Then it is possible to obtain infor‐
mation about relaxation processes and the relaxation times of the magnetic system [19].
The used inductive method for magnetic susceptibility measurements do not need currents or
voltages leads; an entire sample volume can be measured and therefore it can provide a volume
average of the sample’s magnetic response [19]. Hence, inhomogeneous systems as amorphous
ribbons can be studied.
The measurement of AC susceptibility can provide important information about AC losses in
polycrystalline high-Tc superconductors. In particular, the loss component or imaginary part
of the complex susceptibility can be used to probe the nature of the coupling between grains.
Also, ac susceptibility can be used to find the transition temperatures of inter- and intergra‐
nular regions, as in new granular oxides [19].
GMI and AC magnetic susceptibility are actually opening a new branch of research combining
the micromagnetics of soft magnets with the classical electrodynamics.
This chapter presents the results of the GMI effect of amorphous alloys system of (Fe72xCox)Nb6B10Si11Cu1 (for x = 35 and x = 40 at. percent Co) and AC magnetic susceptibility for the
amorphous alloy of Fe37Co35Nb6B11Si10Cu1 composition.

2. Experimental procedure
Amorphous ribbons were prepared by the melt-spinning technique. GMI effect measurements
of the samples were performed on an electric impedance analyzer equipment, using a
frequency range of the current applied from 0.5 to 20 MHz and with a magnetic field applied
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parallel to the sample, in a range from −80 to 80 Oe. Amorphous ribbons of 7 cm long and 1.1
mm wide were used for the GMI measurements.
AC magnetic susceptibility measurements were performed on an AC susceptometer, using a
frequency range between 10 Hz and 5 kHz and sample lengths between 0.4 and 1 cm, with a
constant amplitude of about 1 Vrms. The magnetic field was varied from −74 to 74 Oe. The
variation of the external magnetic field (HAC) for each frequency was carried out in three stages:
from 0 to 74 Oe, 74–74 Oe, and −74 to 74 Oe with a step of 1 Oe.

3. Results and discussion
3.1. Giant magnetoimpedance effect (GMI)
In Figure 1, the results of the GMI effect for the alloy of composition Fe37Co35Nb6B10Si11Cu1 (x
= 35) are presented. It shows the dependence of the change ratio in total impedance, resistance,
and reactance in the frequency range of 0.5–20 MHz. It obtains a maximum change ratio of
10.3% for the total impedance, 22.7% for the resistance, and 21.6% for the reactance [13].

Figure 1. Change ratio in the total impedance ΔZ/Z, the resistance ΔR/R and in the reactance ΔX/X, as a function of the
magnetic field for the amorphous alloy composition x = 35 at different frequencies.
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The GMI spectra obtained in a frequency range 1–20 MHz for the alloy composition
Fe32Co40Nb6B11Si10Cu1 (x = 40) are shown in Figure 2.

Figure 2. Change ratio in the total impedance ΔZ/Z, the resistance ΔR/R and the reactance ΔX/X, as a function of the
magnetic field for the amorphous alloy composition x = 40 at different frequencies [13].

It obtains a maximum change ratio of 3.4% for the total impedance, 5.9% for the resistance,
and 9.4% for the reactance [13].

Figure 3. Change ratio of the magnetoimpedance versus magnetic field for the alloy composition x = 35 in a frequency
range from 2 MHz to 6 MHz.

Figure 3 shows the change MI ratio for frequency range of 2–6 MHz. From the figure, it is
observed that the change MI ratio present one peak behavior up to the frequency of 2 MHz;
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above this frequency a double peak can be seen. The maximum change MI ratio, (ΔZ/Z) max,
reaches a maximum value in 6 MHz, which is the relaxation frequency, fx, for this alloy [13].
For the alloy x = 40, a double peak is observed above the frequency of 4 MHz, as it can seen in
Figure 4. The value of the frequency where the maximum change ratio in the magnetoimpe‐
dance reaches is 9 MHz; this is the relaxation frequency for this sample [13].

Figure 4. Change ratio of the magnetoimpedance versus magnetic field for the alloy of composition x = 40 in a frequen‐
cy range from 3 MHz to 7 MHz.

The Table 1 [13] shows the results of the GMI spectra for the alloys of study.
Composition (at. % Co)

(ΔZ/Z) max (%)

(ΔR/R) max (%)

(X/X) max (%)

fx (MHz)

x = 35

10.3

22.7

21.7

6

x = 40

3.4

5.9

9.4

9

Table 1. Maximum change ratio in the impedance, (ΔZ/Z)max, in the resistance, (ΔR/R)max, in the reactance, (X/X)max, and
relaxation frequency, fx, for the amorphous alloys system of Fe72-xCoxNb6B11Si10Cu1.

MI ratio was calculated by the Equation (1):
MI ratio =

DZ
Z ( H ) - Z ( H max )
´ 100 =
´ 100
Z ( H max )
Z ( H max )

(5)

where Z (H) is the impedance of the amorphous ribbon in absence of the DC magnetic field
and Z (Hmax) is the impedance at maximum DC field.
The two peak behavior in the spectra of GMI for each composition is due to the rotation of the
magnetization produced by the AC current across the ribbon, as it was reported in [12, 20].
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The difference between the values of MI for each sample can be due to the modification of the
magnetic structure of the material [12], when Fe atoms are substituted by Co atoms, affecting
the magnetic permeability and consequently, the impedance of the material.
By the other hand, as it can be seen from the table, the values of the maximum change ratio in
the magnetoimpedance for the alloys are very small in comparison with the obtained value
(~30%) for the amorphous ribbon of composition Co64Fe21B11 reported by Coisson in [21]. Even,
it has reported changes in the magnetoimpedance up to 250% for amorphous wires of
composition (Fe6Co94)72.5Si12.5B15 [22] and about 50% for amorphous microwires of composition
Fe4.5Co80Si10B 1.5Nb4 [12].
Low values in the percentage change in Z, (ΔZ/Z)(%), as a function of Hdc at a representative
frequency of 2 MHz, were obtained for amorphous ribbons of Fe68.5Si18.5Cu1Nb3B9 as it was
reported by Trilochan Sahoo et al. in [10]. The obtained low values are believed to be related
to the magnetostriction effect [10]. The MI effect is also closely related to the magnetic domain
structure as well. The domain wall motion contributes to the change in transverse magnetic
permeability during the interaction between exciting magnetic field produced by the alter‐
nating current flowing across the ribbon axis and the longitudinally applied dc magnetic field.
The domain wall motion occurs in different directions and its net effect on transverse perme‐
ability is very low. This leads to very low values of (ΔZ/Z), as it was explained in [10].

Figure 5. Change ratio of the magnetoimpedance versus frequency for the alloy composition x = 35 at DC field Hc =
0.660 Oe.
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The behavior of the change ratio in the magnetoimpedance as a function of frequency for each
alloy composition at constant magnetic field of 0.66 Oe is shown in Figure 5 and Figure 6.

Figure 6. Change ratio of the magnetoimpedance versus frequency for the alloy composition x = 40 at DC field Hc =
0.660 Oe.

Figure 7. Change ratio of the magnetoimpedance versus frequency for the alloy composition x = 40 at DC field from
0.660 Oe until 69.403 Oe.

From these figures, it is observed that the change in the MI increases until to the relaxation
frequency corresponding to each composition, and then it diminishes when frequency
increases. The increasing in the change MI ratios up to the relaxation frequency is due to the
electromagnetic skin effect, as it was reported by Rahman in [23]. However, the decreasing of
the change MI ratio above the relaxation frequency is related with the decreasing of the
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effective permeability, which is caused by the damping in the movement of the domain walls
[12].
Figure 7 illustrates the change MI ratio in the frequency range 1–9 MHz, at constant magnetic
fields for the alloy of composition x = 40.
It can be noted from the figure that the change ratio of MI decreases when the applied magnetic
field is increased in the respective frequencies range. Similar behavior was observed for the
alloy composition of x = 35 (see Figure 8).

Figure 8. Change ratio of the magnetoimpedance versus frequency for the alloy composition of x = 35 at DC field from
0.660 Oe until 69.403 Oe.

3.2. AC Magnetic susceptibility measurements
Figure 9 shows (a) real and imaginary (b) components, χ’AC and χ”AC, of the AC magnetic
susceptibility as a function of the applied magnetic field, for the Fe37Co35Nb6B11Si10Cu1 alloy at
a frequency of 40 Hz at room temperature. From the figure, it is observed that the real and
imaginary AC susceptibility decreases with increasing magnetic field, both the negative and
positive side. A peak at zero magnetic field, corresponding to the maximum value of the AC
magnetic susceptibility, is observed.
The continuous decrease of the susceptibility as the magnetic field increase, showing a
maximum value at H = 0 is the result of the magnetization processes attributed to the domain
walls movement, as it was indicated by O. Moscoso [15].
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By the other side, the χ″AC imaginary part of the AC magnetic susceptibility, allows to get
information about energy losses in magnetization processes. It could be considered that the
narrower peak observed in the χ″AC imaginary part is due to the minimum energy loss, which
is characteristic of soft magnetic materials and it is associated with the domain walls motion
freedom in the material.
The AC magnetic susceptibility dependence on frequency and length of the sample is shown
in Figure 10. It can be seen that the real AC magnetic susceptibility tends to widen as the
frequency increases in Figure 10(a), indicating the strong dependence of AC magnetic
susceptibility on frequency, also demonstrating the minimum energy costs in the magnetiza‐
tion processes for this type of system.

Figure 9. Real AC susceptibility (a) and imaginary AC susceptibility (b) versus applied magnetic field at 40 Hz [24].
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Figure 10. (a) Real part of AC magnetic susceptibility versus external magnetic field at different frequencies and (b) at
different lengths of the amorphous alloy of Fe37Co35Nb6B11Si10Cu1 composition [24].

In Figure 10(b) is shown the AC magnetic susceptibility dependence on length of the sample.
It can be seen that the AC magnetic susceptibility response enhances as the sample length
increases, which is characterized by the emergence of a peak in susceptibility as the length of
the sample increases, being more defined for the sample of 1 cm length. This behavior can be
due to a possible magnetic hardening of the sample when the length is decreased. The magnetic
domain configuration is strongly influenced by the demagnetizing field, because there is an
increase in the demagnetization factor along the direction of the sample when the length is
reduced; as it was explained by L. Goncalves et al. [16] for alloys of composition Co70Fe5Si15B10.

4. Conclusions
From the measurements of GMI effect of amorphous alloys system of Fe72-xCoxNb6B11Si10Cu1
(x = 35 and 40 at. percent Co) is concluded:
1.

The maximum MI ratios obtained for the alloys composition x = 35 and x = 40 were 10.3%
and 3.4%, respectively. The difference between the values obtained can be attributed to
the change in the magnetic structure of the material, when replacing Fe by Co, which
affects the magnetic permeability and consequently the impedance of the material.
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2.

The studied amorphous ribbons does not present a “giant” MI effect as the present soft
magnetic amorphous alloys such as Finemet- and Co-based alloys reported in literature.

3.

The dependence of the MI ratios with the frequency and the applied magnetic field is
mainly due to electromagnetic skin effect for low and intermediate frequencies.

From measurements of AC magnetic susceptibility of Fe37Co35Nb6B11Si10Cu1 amorphous alloy
it is concluded that AC magnetic susceptibility depends strongly on the frequency and length
of the sample and its response is closely related to a minimum energy loss, which is charac‐
teristic for this type of alloys.
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Abstract
We demonstrate experimental studies of the magnetization behavior from statics to
ultrafast photoinduced dynamics with high temporal resolution in ultrathin Co/garnet
heterostructures with a sub-nanometer roughness at the interface. We report on
modulation of spin precession in Co/garnet heterostructures with distinct frequencies
and show that the excitation efficiency of these precessions strongly depends on the
amplitude and the direction of external magnetic field. Furthermore, it is shown that the
magnetization precession in the garnet film can be manipulated by the strong magneto‐
static coupling between Co and garnet layers. These findings could provide new
possibilities in all-optical excitation and local spin manipulation by polarized femtosec‐
ond pulses for the application in nanodevices with high-speed switching.
Keywords: ultrafast magnetization dynamics, magneto-optical effect, magnetization
reversal, magnetic anisotropy, magnetic domain structure, photomagnetism, ferro‐
magnetic resonance, garnet, cobalt

1. Introduction
Control of magnetization with the help of femtosecond laser pulses is a hot topic in fundamen‐
tal science [1–5]. Understanding ultrafast magnetization dynamics on an ultrashort timescale
promises to enable technologies based on the quantum-level interplay of nonlinear optics and
magnetism. All-optical control of the magnetism in novel magnetic materials is a particularly
important issue for further development of faster magnetic information storage/processing and
spintronic nanodevices. The thermal effect limits the application of the technology of heatassisted magnetic recording due to relatively long cooling time (~1 ns) [6]. One of the solu‐
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tions to this problem can be all-optical nonthermal control of the magnetization. For fundamental
research, hybrid structures give the unique possibility to engineer high-quality two-dimen‐
sional interfaces and create phenomena which do not exist in a bulk material. On the contra‐
ry, new functionalities may emerge from the coexistence of two materials with complementary
properties, such as magnetism and ferroelectricity, metallic and dielectric, antiferromagnetic
and ferromagnetic, etc.
An interesting combination is formed by a metallic ferromagnetic ultrathin film on top of a
dielectric ferrimagnet, based on yttrium iron garnet (YIG) with different substitutions. The
functionality of YIG systems has been shown to be very broad, with examples such as the
excitation of surface plasmons [7], the propagation of nonlinear spin-waves [8, 9], BoseEinstein condensation of a magnon gas [10], high-temperature photomagnetism [11], the
observation of the inverse Faraday effect induced by an ultrafast laser pulse [12–14], and many
others. A combination of a metal layer on a garnet system may create the possibility to modify
different properties. Recently, it was reported that ion beam sputtered Fe films on a 100 nmthick YIG layer possess a perpendicular magnetic anisotropy [15]. In the thickness range
between 5 and 10 nm, the stripe domain structure of YIG was transferred into the Fe films due
to the presence of strong interlayer exchange coupling [15]. Static and dynamic properties were
also investigated for a 30-nm permalloy film on a 0.5 μm (YBiLu)3(FeAl)5O12 layer that is
characterized by a perpendicular anisotropy [16]. A strong direct exchange coupling is
revealed via the formation of enlarged closure domains with a preferred orientation at the
interface between the permalloy film and the garnet layer. As a result, the domain pattern of
such a heterostructure shows an increased zero-field stripe period in comparison to the parent
garnet layer [16]. The magnetization reversal process and magnetic domain structure were the
focus points of these studies. YIG films with iron partially substituted with Co2+ and Co3+ ions
[17] show interesting magnetic properties, such as several spin-reorientation phase transitions
in a temperature range of 20–300 K [18], and both quasistatic [19] and ultrafast [20] lightinduced changes in magnetic anisotropy. Light pulses excite large-angle magnetization
precession in such garnets, the phase and the amplitude of the precession being determined
by the polarization of the light. If coupled with a nanostructure ferromagnetic (metallic)
overlayer, such photomagnetic effects in the garnet may also be transferred to the overlayer,
thus creating new possibilities for ultrafast switching.
For instance, it is known for a metal/dielectric heterostructure that spin-orbital interaction may
initiate a transfer of angular momentum between the layers and thus cause correlations in the
magnetization dynamics [21]. Understanding optical control of the magnetism in magnetic
heterostructures is a particularly important issue for further development of faster magnetic
information storage/processing and spintronic nanodevices. Optical control of spins in Co/
SmFeO3 heterostructures by the X-ray pulse with duration 70 ps has been demonstrated using
X-ray photoemission electron microscopy, revealing that the dynamics of the spins in the
metallic Co and the dielectric SmFeO3 are strongly coupled [22]. In the general case, a novel
ultrafast magnetization dynamics in ferromagnetic metal/garnet heterostructures can be
expected due to the coupling between the ferromagnetic and garnet films and/or the influence
of the effective magnetic field of the ferromagnetic metallic film. Using the YIG:Co film in the
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ferromagnetic/garnet heterostructures gives unique possibility to investigate light-induced
magnetization dynamics at the sub-picosecond timescale.
This chapter describes experimental and theoretical studies of the magnetization behavior
from statics to ultrafast light-induced magnetization dynamics in ultrathin 2 nm Co films
deposited on Co-substituted yttrium iron garnet thin film. In particular, we demonstrate that
ion beam sputtering can be used for the formation of Co/garnet heterostructures. The mag‐
netization reversal process and magnetic anisotropy of the Co/garnet heterostructures are
measured by both magneto-optical magnetometry and ferromagnetic resonance (FMR). To
investigate the ultrafast magnetization dynamics in both garnet and Co/garnet heterostructure
induced by femtosecond laser pulses, we carried out time-resolved measurements at room
temperature using a magneto-optical pump-probe method. We demonstrated that the
frequency of the spin precession in a Co/garnet bilayer can be modulated by exciting linearly
polarized femtosecond pulses. The experimental results presented here were obtained on 2
nm Co/garnet heterostructure, which has a strong magnetostatic interlayer coupling. In this
heterostructure, two distinct precession frequencies were observed. One is attributed to the
magnetization precession of the 2 nm cobalt and the other to that of the 1.8-μm-thick garnet.
The spin oscillation frequencies of the two layers differ by about a factor of two and are strongly
dependent on the out-of-plane external magnetic field. We compared magnetization dynamics
in the Co and bare garnet films separately via selective probing and showed that magnetization
precession in the garnet via the photomagnetic effect can be manipulated by the magnetostatic
interlayer coupling. The experimental results are discussed within the phenomenological
model.

2. Heterostructure preparation
Initial garnet thin films composed of Y2Ca1Fe3.9Co0.1Ge1O12 (YIG:Co) were grown by liquidphase epitaxy on Gd3Ga5O12 (GGG) (001)-oriented substrate. The initial thickness of garnet
films was 6.5 μm. The initial garnet surface was etching, and Co/YIG:Co heterostructures were
formed using the dual ion beam sputtering technique [23] on the base of an A 700 Q Leybold
vacuum system. The base pressure was below 8 × 10−6 mbar in the vacuum chamber. The
damage-free etching of the garnet films and subsequent deposition of the Co layers were
carried out in situ at a pressure of 2.5 × 10−4 mbar [24].
Figure 1 illustrates the stage of the heterostructure preparation. The initial garnet film was
smoothed to 5.8 μm thickness with a 0.6-keV oxygen ion beam with current density of 0.2 mA/
cm2, corresponding to the ion flux of 3.2 × 1015 cm−2 × c−1 [24]. The oxygen ions improve garnet
transmittance in the energy range between 0.5 and 1 keV. The garnet films are sputtered at a
near-normal incidence angle. At this angle, optimal smoothing of the optical materials (quartz,
glass, ceramic) is achieved for up to sub-nanometer roughness [25]. The garnet sputtering rate
is about 0.22 μm/h. A final smoothing of the garnet surfaces was completed using a 0.3-keV
oxygen ion beam for over 10 minutes. Au and Co targets were sputtered with a 1.5-keV argon
ion beam at 0.25 mA/cm2 current density [24]. The incident angle of argon ions is 60° with
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respect to the target normal, so that the sputtered flux is deposited onto substrate at nearnormal incidence angle. The deposition rates of Au and Co are 8.4 and 5.4 nm/min, respec‐
tively. A 4-nm Au film was used to protect the 2-nm Co layer before oxidation. For this
thickness, the Au film is continuous and exhibits surface roughness close to the substrate of
about 0.2 nm [26]. The Co/YIG:Co heterostructures and reference YIG:Co films are prepared
onto the same substrate and in the same experimental conditions.

Figure 1. Schematic configuration of the heterostructure during preparation: (a) the YIG:Co film after smoothing from
6.5 μm to 5.8 μm thickness, (b) after ion beam etching to 1.8 μm on the garnet part, (c) after deposition of 4-nm Au/2
nm Co bilayer on the garnet part, and (d) the 20 × 20 μm pattern area on the Co/garnet part.

A 20 × 20 μm Au/Co pattern, for comparison of coupling between Co and garnet films and
domain structures modifications on garnets, was fabricated by a lift-off photolithography. The
photolithographic process can be represented as follows. In the first step, the garnet film was
coated with the light-sensitive chemical photoresist to form a homogeneous layer of about 1
μm thickness. In the second step, the photoresist on garnet surface was exposed through a
lithographic mask with high-intensity ultraviolet (UV) radiation. This mask contains the copy
of pattern. The 20 × 20 μm windows are opened to the exposing UV light passes through the
mask. The dose of UV exposure and the development process were precisely controlled to
result in a sharp edge profile of resist patterns. In the third step, the irradiated photoresist area
was washed away, leaving the photoresist in the unexposed area. In the fourth step, after
deposition of the Au/Co bilayers, a chemical etching was used to remove the previously
unexposed photoresist. In such way, the pattern from mask was transferred to the garnet film.
As a result, the Co(homogeneous) and Co(pattern)/garnet heterostructures as well as reference
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garnet films with discrete thicknesses were prepared onto the same GGG (001) substrate by
combining the ion beam processing with photolithographic technique (see Figure 1).

Figure 2. (a) SEM images of the initial 6.5 μm YIG:Co film, (b) 5.8 μm YIG:Co film after etching, of YIG:Co films, and
(c) the cross-sectional image of the Co(50nm)/YIG:Co interface .

The surface morphology of both the bare YIG:Co film and Co/YIG:Co heterostructure was
measured by high-resolution scanning electron microscopy (SEM) using a FEI’s Helios
NanoLab DualBeam system. The root mean square (rms) surface roughness was examined by
atomic force microscope in tapping mode. The initial garnet surface is rough with protrusions,
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while YIG:Co contains troughs of about 100–200 nm in diameter (see Figure 2(a)). The ion beam
smoothing the garnet surface area showed significantly reduced rms parameters from 3.5 to
0.3 nm after etching the garnet film from 6.5 μm to 5.8 μm (see Figure 2(b)). The surface
roughness remains approximately the same after ion beam etching down to 1 μm. Ion beam
thinning of the garnet film also decreases the rms parameter to 0.25 nm. This is comparable to
surfaces of roughness similar to high-quality Si substrate (0.18 nm).
The surfaces of the Co/garnet heterostructures are continuous and exhibit a slightly increased
rms parameter from 0.3 to 0.37 nm after the deposition of Au(4nm)/Co(2 nm) bilayer structures
on the ion beam-smoothed garnet surfaces. A cross section of the Co/garnet interface was
observed using a 30-keV gallium-focused ion beam. The low contrast of the Co(≤5 nm)/garnet
interfaces results from charge accumulation in the dielectric garnet film. Therefore, only for
the SEM image observation, the thickness of the Co layer was increased up to 50 nm for the
enhancement of the contrast at the Co/garnet interface. The Co/garnet interface is sharp, and
the thickness of the transition layer is thinner than 1–2 nm (see inset of Figure 2(c)).

3. Optical and magnetic properties of Co/garnet heterostructures
The optical transmittance, magneto-optical both Kerr (θk) and Faraday (θF) rotations were
performed on Co/YIG:Co heterostructures and reference YIG:Co film using light from a modelocked Ti-sapphire laser (MaiTai HP, Spectra-Physics) operating within the 400–1040 nm range
and a repetition rate of 80 MHz. For the detection of the angle of magneto-optical rotation, a
lock-in amplifier was used in combination with a standard modulation technique with a
photoelastic modulator.
3.1. Optical and magneto-optical spectra
The investigation of the optical absorption and the Faraday rotation spectra in YIG:Co garnet
demonstrated that the contribution of Co ions in octahedral sites is substantially smaller than
that of tetrahedral Co ions [27]. Furthermore, the latter can be observed in near-infrared range,
where pure YIG is fully transparent. Both an optical transmittance and magneto-optical
Faraday rotation spectra for YIG:Co film are shown in Figure 3. At wavelengths longer than
about 800 nm, the absorption is small and is equal to about 102 cm−1 (see Figure 3(b)). Essentially
in the wavelength range of 450–1300 nm, the absorption is caused by crystal field transitions
of Fe3+, Co2+, and Co3+ ions in both tetrahedral and octahedral sites. The crystal field transitions
in octahedral sites have weaker oscillator strength than that the tetrahedral ones. However, at
wavelengths shorter than 450 nm, the strong optical absorption of the garnet film is related to
charge transfer transitions from oxygen ligands O2− to octahedral Fe3+ and Co3+ ions. The
scheme of crystal field and charge transfer transitions for Co ions (Figure 3(a)) was obtained
from experimental and theoretical investigations [27, 28]. In a band model, the charge transfer
transition is connected with electron excitation from a valence band to conduction ones, which
are created by O 2p and Fe (Co) 3d orbitals, respectively. Although a determination of band
gap Eg is difficult owing to the garnets not exhibiting sharp absorption edge, the lowest charge
transfer transitions of octahedral Co 3+ (1A1→1T2) ions give Eg ≈ 2.85 eV. This value agrees well
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with the band gap of pure YIG (Eg = 2.9 eV). In the general case, the optical absorption is
correlated with the magneto-optical Faraday rotation (defined by rotation angle θF) (see Figure
3(c)). The energy levels of the Co ions do not coincide with the 3d levels of the Fe ions. Therefore,
the optical excitation of YIG:Co film leads to additional transitions of Co ions as well as affect
the Fe3+ ion transitions and consequently results in magneto-optical effects with spectral
sensitivity.

Figure 3. (a) Scheme of crystal field and charge transfer transitions according to Refs. [27, 28], (b) optical transmittance,
and (c) magneto-optical Faraday rotation spectra of 1.8 μm YIG:Co film.
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The contribution of Co ion transitions to magneto-optical Faraday rotation spectrum is clearly
seen by comparison of previously reported spectra for both YIG [29] and YIG:Co films [27]. In
our case, for the garnet film, we observed the reduction of θF close to the optical transitions of
tetrahedral Co2+ and Co3+ ions as well as octahedral Co3+ ones. It is important to note that for
different garnet thicknesses and both YIG and YIG:Co films reported, θF is practically the same
in the wavelength range of 800–900 nm, where no optical transitions of Co ions are expected
(see Figure 3(b)). This indicates that magnetic anisotropy (induced by the temperature, light,
etc.) of the garnet can be modified due to inhomogeneous distribution of Co dopant in the
garnet lattice. The contribution of low spin octahedral Co3+ ions to magnetic anisotropy is zero
in single-ion approximation. Since tetrahedral Co2+ and Co3+ ions are responsible for growthinduced magnetic anisotropy [30], one can assume that the reduction in garnet thickness leads
to a change in the uniaxial anisotropy and thus to a change in the magnetization reversal
process. To confirm this, in the next sections we performed investigations of both the magnetic
anisotropy and magnetization reversal processes in ultrathin Co layer and garnet thin films.
3.2. Magnetization reversal in static regime
The process of magnetization reversal has been studied at room temperature in reflection with
the linear magneto-optic Kerr effect (MOKE) and in transmission with the Faraday effect. From
the data, we separated different magneto-optical contributions from the Co layer and garnetonly films. The perpendicular magnetization component of the ultrathin Co layer was
measured using the polar MOKE (P-MOKE) geometry, with the angle of incidence of the laser
light close to the sample normal and the external magnetic field HZ perpendicular to the surface
of the sample (see Figure 4(a)). The measurements of the in-plane magnetization components
of the Co layer were performed in the longitudinal MOKE (L-MOKE) geometry, with a 49o
angle of incidence of the light (see Figure 5(a)). The magnetic field HX was applied in the sample
plane for various orientations with respect to the garnet [100] direction. The process of
magnetization reversal to the determination of Faraday rotation angle θF of the garnet-only
films was studied in the magneto-optical Faraday geometry, with perpendicular and in-plane
magnetic field orientation (Figure 4).
According to the optical absorption spectra in Figure 3(b), Au/Co/garnet heterostructures are
transparent enough to be investigated in transmission geometry, for example at 690 nm
wavelength. From the experimental curves, we separated the different magneto-optical
contributions of the Co layer and garnet films using vector magneto-optical magnetometry
and measurements for reference garnet film [31]. The P-MOKE hysteresis loops observed for
the 2-nm-thick Co film grown on garnet film indicate an in-plane magnetization of Co (see
Figure 4(c)). Figure 4(b) and 5(b) show Faraday rotation hysteresis loops measured for garnet
film and a perpendicular applied field HZ and an in-plane field HX, respectively. From the
hysteresis loop shown in Figure 4(b), one deduces a Faraday rotation from the garnet layer of
about θF = 0.08 degrees and a paramagnetic linear contribution from the GGG substrate. For
the in-plane applied magnetic field in the garnet [100] direction, the saturating field is about
0.6 kOe (Figure 5(b)).
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Figure 4. (a) The experimental configuration with Kerr and Faraday effects for perpendicular magnetic field orienta‐
tion HZ to the sample plane. Hysteresis loops measured for YIG:Co and Co/YIG:Co at 690 nm wavelength in: (b) Fara‐
day and (c) P-MOKE geometries.
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The L-MOKE magnetization curve for the Co layer measured with the in-plane external
magnetic field HX are shown in Figure 5(c). From L-MOKE hysteresis loops, the remanence
parameter is plotted on inset of Figure 5(c) as a function of azimuthal angle ϕH. The shape of
these loops is practically independent on the azimuthal sample orientation and confirms the
“easy plane” type of the magnetic anisotropy with a saturation in-plane field of about 0.3 kOe.
To determine magnetic anisotropy of both garnet films and Co layer, we performed FMR
measurements at room temperature.

Figure 5. (a) The experimental configuration with Kerr and Faraday effects for sample in-plane magnetic field orienta‐
tion HX. Hysteresis loops measured for YIG:Co and Co/YIG:Co at 690 nm wavelength in: (b) Faraday and (c) L-MOKE
geometries.
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3.3. Magnetic anisotropy study
The typical FMR line measured in the external magnetic field applied to the sample at polar
angle θH = 65° is presented in Figure 6. The Co layer and garnet film contributions to this FMR
line can be clearly seen. The linewidth values of Co and garnet films are different. The peakto-peak FMR linewidth ΔH is related to the relaxation rate of magnetization motion, which is
caused by intrinsic Gilbert damping α and magnetic inhomogeneities ΔH(0) in ferromagnet:
H=

2 α
3 γ

2π f FMR + ΔH (0), where γ is the gyromagnetic ratio, and fFMR is the FMR frequency. The

damping parameter estimated from above-mentioned ΔH values of Co and garnet films is
equal to αCo = 0.04 and αgarnet= 0.19. Nevertheless, the Gilbert damping of ultrathin Co layer
grown on ultra-smoothed garnet film is comparable with the damping of high-quality single
and polycrystalline Co layers obtained on metallic underlayers [32–34].

Figure 6. FMR lines for Co/YIG:Co heterostructure measured at θH = 65° and ϕH = 0° of the external magnetic field H.

The experimental dependencies of a resonance field HR on the angles θH and ϕH for the garnet
film and the Co layer are plotted in Figures 7 and 8, respectively. The existence of easy
magnetization axes along the <111> directions for the garnet contributions was deduced by
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analyzing HR(θH,ϕH) (see Figure 7(a,b)). This result correlates well with the Faraday experi‐
ments for garnet film, shown in Figure 4(b). For the 2-nm Co layer, the easy magnetization
axis lies in the sample plane (see Figure 8(a)) and is also connected with the ”easy plane” type
of the magnetic anisotropy (Figure 8(b)). As observed before, the magnetic anisotropy of the
YIG:Co has two contributions [18]: magnetocrystalline cubic and growth-induced uniaxial
ones. Hence, a qualitative analysis of the FMR and magnetization curves gives rise to the
following description of the magnetic anisotropy energy EA, which contains cubic, growthinduced and uniaxial anisotropies:
r
r
2
2
2
E A M garnet , M Co = K1 é( mx m y ) + ( mx mz ) + ( mz m y ) ù + K effgarnet sin 2 q + K effCo sin 2 q M
êë
ûú

(

)

(1)

Figure 7. The polar (for ϕH = 0° and 45°) and azimuthal (for θH = 90°) dependences of the resonance field HR for YIG:Co
film. The dots are experimental values, and solid lines were fitted using Eq. (1).

→

→

where M garnet and M Co are the magnetization vectors for garnet and Co films, respectively; KC
is the cubic anisotropy constant of garnet film; mx, my, and mz are the direction cosines of garnet
magnetization vector along the principle crystallographic axes defined as mx = sinθcosϕ, my =
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sinθsinϕ, mz = cosθ (θ and ϕare the polar and azimuthal angles of magnetization, respectively);
garnet
Co
K eff
is the effective growth-induced (uniaxial) anisotropy constant for the garnet film, K eff

is the effective uniaxial anisotropy constant of the 2-nm Co layer defined by the polar angle
θM. The bulk value of the saturation magnetization 1420 G was assumed for the 2-nm Co
thickness. The saturation magnetization was 7 G [17]. For each resonance line of YIG:Co and
ultrathin Co films, the magnetic anisotropy constants were fitted using Eq. (1) and standard
FMR conditions [35, 36]:

f FMR

2
1
g é ¶ 2 EA ¶ 2 EA æ ¶ 2 EA ö ù
ê 2
=
ç
÷ ú
2p Msinq ê ¶q ¶j 2 è ¶q¶j ø ú
ë
û

1

2

(2)

Figure 8. The polar (for ϕH = 0° and 45°) and azimuthal (for θH =90°) dependences of the resonance field HR for 2-nm Co
layer on YIG:Co film. The dots are experimental values, and the solid line was fitted using Eq. (1).
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where fFMR is the FMR frequency. The equilibrium angles θ and ϕ of the magnetization can be
found by the minimization of EA :

∂ EA
∂θ

= 0 and

∂ EA
∂ϕ

= 0. The FMR frequency was fFMR = 9.5 GHz (X-

band spectrometer). The gyromagnetic ratio of Co layer and garnet films is suggested to be
equal to γCo = 1.76 × 106 Hz/Oe and γgarnet = 1.65 × 106 Hz/Oe, respectively. The gyromagnetic
ratio values of Co and garnet films correspond to the factors gCo= 2 and ggarnet ≈ 1.9, which are
comparable to the previously reported experimental data for Co [35] and the similar garnet
compositions [37, 38]. The reduction of ggarnet can be explained in terms of Wangsness model
for the two-sublattice ferrimagnet [39]. The first sublattice is produced by tetrahedral and
octahedral Fe3+ ions for which the g-factor is close to two, while second one is formed by highspin octahedral Co2+ ions with g ≈ 2.9 [38]. As a result, oppositely directed sublattices lead to
the reduction of the effective g-factor. Solid lines in Figures 7 and 8 show the results of the
fitting procedure.
Thus, let us analyze, step by step, the magnetic anisotropy constants of the Co layer and garnet
films from FMR field and magnetization loops. First, for the Co layer deposited on the garnet
Co
= − 9.9 × 106erg/cm3 that corresponds to the case of
film, the effective anisotropy constant is K eff

in-plane magnetic anisotropy in the Co layer. Second, from the part of FMR spectrum which
corresponds to garnet films, the cubic KC = –2 × 103 erg/cm3 anisotropy contribution for garnet
film was deduced from the fitting procedure. In the case of negative KC, four easy magnetiza‐
tion-axis orientations along a <111>-type of crystallographic direction to the sample plane in
garnet films exist [39]. Third, cubic constants KC determined by FMR technique were used for
the fitting of Faraday loops measured for garnet parts of a sample. Since the direction of
magnetization at equilibrium corresponds to the minimum of EA(M garnet), the effective growthgarnet
2
can be determined from the minimiza‐
= K Ugarnet − 2πM garnet
induced anisotropy constant K eff

tion of EA(M garnet) with respect to the polar angle θ of magnetization:

∂ EA(M garnet)
∂θ

= 0. After

separation of the demagnetization contribution from the uniaxial anisotropy, the anisotropy
constant K Ugarnet = 103erg/cm3 for 1.8-μm-thick garnet film was obtained [40].
3.4. Magnetostatic interlayer coupling
Here, we report on an influence of the 2-nm Co layer on both the domain structure geometry
and magnetization reversal processes in the YIG:Co film. The period and shape of domains in
Co/YIG:Co heterostructure are explained by competition of different energies. Taking into
account the domain period in garnet film of order of 10 μm, the 20 × 20 μm Au/Co pattern is
required for the observation of domain structure of garnet films under ultrathin Co layer [40],
i.e., the size of pattern square is larger than domain period of garnet films. Figure 9 shows the
images of domain structure for patterned Co/garnet area recorded at HZ = 0 and HZ = 40 Oe,
respectively.
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Figure 9. Images of magnetic domain structure in 2-nm Co/YIG:Co pattern area recorded at: (a) HZ = 0 and (b) HZ = 40
Oe. The image size is 140 × 130 μm.

In Figure 9(a), both in garnet and Co/garnet (square areas) structures, stripe domain structures
are observed. In this case, the period and the domain size in the Co/garnet structure is less than
in the garnet film.

Figure 10. The hysteresis loops recorded for both bare YIG:Co (full points) and Co/YIG:Co (open points) films.

At HZ = 40 Oe, the domain structure was observed only at Co/garnet pattern (see Figure 9(b)).
Moreover, the clear difference in the magnetization reversal process with and without the 2-
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nm cover Co layer on garnet film was observed in the field range near the coercivity (see Figure
10). First, for Co/garnet heterostructure, we observe the reduced θF value compared to the bare
garnet film, i.e., the contribution of the hard axis from the Co/garnet interface to hysteresis
loop is found. Second, the value of the reversal magnetic collapse field is noticeably increasing
from 40 to 55 Oe. In Figure 9(b), the presence of Co/garnet domains on a monodomain
background garnet area is well visible. In this case, the extra energy is required to switch the
in-plane interfacial magnetic moment in the garnet film. For these reasons, the strong in-plane
magnetic anisotropy of the ultrathin Co layer induces significant stray field on the garnet
surface. Therefore, for the Co/garnet heterostructure, reduction of the domain period occurs
as a consequence of decreasing the magnetostatic energy.

4. Ultrafast magnetization dynamics induced by femtosecond laser pulses
in a Co/garnet heterostructure
We present the results of a study of ultrafast photoinduced magnetization dynamics in Co/
YIG:Co heterostructures via the excitation of photomagnetic anisotropy [19, 20]. This aniso‐
tropy is related to an optically induced charge transfer between the anisotropic Co2+ and
Co3+ ions on tetrahedral sites in the garnet lattice. The deposition of ultrathin Co layer on garnet
film can result in a new type of magnetization dynamics due to the influence of the effective
magnetic field of the Co layer and/or the magnetic coupling between the metallic layer and
garnet film.
4.1. Time-resolved magneto-optical tools
To investigate the ultrafast magnetization dynamics in both bare YIG:Co film and Co/YIG:Co
heterostructure induced by femtosecond laser pulses, we carried out time-resolved measure‐
ments at room temperature using a conventional magneto-optical pump-probe method. Pump
pulses with a duration of 35 fs from an amplifier (Spitfire Ace, Spectra-Physics) at a 500 Hz
repetition rate were directed at an angle of incidence about 10° from the sample normal parallel
to the [001] crystallographic axis of the sample, while the probe pulses at a 1 kHz repetition
rate of the pump were incident along the sample normal, see Figure 11. A pump beam with a
wavelength of 800 nm and energy of 2 μJ was focused onto a spot about 100 μm in diameter
on the sample. The pump energy was relatively small in order to not heat significantly the
metallic layers of Au and Co. The sample was excited by the pump through the Co side of the
bilayer. A probe beam with a wavelength of 800 nm was about two times smaller in size and
the energy than the pump. The parameter of delay time Δt (see Figure 1) between the pump
and the probe pulses could be adjusted up to 1.3 ns. The linear polarization of the pump beam
was defined by angle φ to the [100] axis. The amplitude of the magnetization precession was
maximal when the polarization plane of the pump was along [100] or [010] axes. On the
contrary, the polarization of the probe beam was along the [1–10] axis.
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Figure 11. Sample configuration and the experimental geometry with the external magnetic field H applied with angle
θH = 65°.

In this experimental geometry, we measured the Faraday rotation angle θF of the probe as a
function of the delay time Δt between the pump and probe pulses. The rotation θF(Δt) is
proportional to the out-of-plane component of the magnetization MZ. An external magnetic
field H up to 5 kOe was applied along the (1–10)plane at θH = 65° with respect to the sample
normal. At the same time, H was above domain collapse field, so that a coherent spin dynamics
without domain structure was investigated.
4.2. Spin precession modulation
The experimental results presented below were obtained on 2-nm Co/YIG:Co heterostructure,
in which strong magnetostatic interlayer coupling has been found. Figure 12 shows the
magnetization precession (angle of Faraday rotation) as a function of the delay time Δt for
different values of the amplitude of the external magnetic field with angle θH = 65°. We expect
that the magnetization dynamics corresponds to a precession of the Co and garnet moments
around the effective field. For a relatively small external magnetic field, one can find a slow
oscillation with a main single frequency of 4.2 GHz, see Figure 12(a), corresponding to the
garnet film [41]. We observe periodic oscillation modulated by a higher-frequency oscillation
in Figure 12(b). Fast Fourier transforms (FFTs) were taken for these dependences, and the
resulting power spectra confirm the presence of two different oscillation frequencies f1 and f2
(see Figure 12(b)). Both of these frequencies increase with increasing amplitude of the external
magnetic field. However, we observed a main single higher oscillation frequency for the
external magnetic field above 4 kOe (see Figure 12(c)). The Faraday rotation transients for
varying external magnetic field H were fitted (Figure 12) with two damped sine contributions:
æ -Dt ö
æ -Dt ö
q F ( Dt ) =
A1 exp ç
÷ sin ( 2p f1Dt + f1 ) + A2 exp ç
÷ sin ( 2p f 2 Dt + f2 )
è t1 ø
è t2 ø

(3)
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Figure 12. Time-resolved Faraday rotation as a function of the delay time Δt for (a) H = 1.47 kOe, (b) 2.31 kOe, and (c)
4.22 kOe. The red solid lines were fitted using FFT analysis and Eq. (3). The right panel—the FFT spectra.

where τi is the time decay, Ai the amplitude, and φi the phase. The fitted curves using FFT
analysis and Eq. (3) are in good agreement with the experimental data (see Figure 12).

Figure 13. Dependence of the magnetization component MZ on the amplitude of external field H for the garnet and Co
layer.
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From the experimental curves, we deduced amplitudes of the oscillations using fitting by Eq.
(3). It is clearly seen that upon increasing H, the contribution from the garnet vanishes so that
at the field above 4 kOe, the contribution from the Co layer dominates (see Figure 13). The
dependence of perpendicular component of the magnetization MZ is proportional to the
Faraday rotation θF.

Figure 14. (a) Dependence of the frequency of magnetization precession on a function of magnetic field amplitude H
for garnet (full points) and Co (open points) films of a heterostructure. The calculated FMR frequency dependences are
shown using both Eqs. (1) and (2) with magnetic anisotropy constants (solid lines). The measured FMR data are shown
as stars. (b) Calculation of magnetization orientation θM as a function of the amplitude of H for YIG:Co film and 2-nm
Co layer.
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Figure 14(a) plots the frequencies f1 and f2 obtained from experimental data for different values
of the H. The dashed line is determined by the FMR frequency where the resonance field values
for Co and garnet films are located (stars). To compare obtained frequencies, we calculated the
FMR frequency as a function of the external magnetic field with angle θH = 65° in both the cobalt
and garnet films using a typical FMR equation [35], considering constants of the magnetic
anisotropy of the 2-nm Co and 1.8 μm garnet film. The frequencies f1 and f2 differing by about
a factor of two correspond to the precession of the magnetization excited in garnet and Co
films, respectively. We see from Figure 14(a) that the experimental magneto-optical response
data (points) agree well with the measured FMR results with single 9.5 GHz frequency (stars)
and calculated FMR frequency (solid lines) for both contributions in the bilayer using Eq. (2).
Such a layer selective probing of the magnetization dynamics can be understood by a simple
phenomenological model. The equilibrium state of magnetization vector at the Co/YIG:Co
heterostructure could be found using the phenomenological model of magnetic anisotropy
(Eq. (1)) after minimizing the total energy including energies of the magnetic anisotropies, the
Zeeman at external magnetic field, and the demagnetization. Figure 14(b) shows the depend‐
ence of magnetization angle θM, on an external magnetic field H for both Co and garnet films.
According the Faraday configuration, the polarization rotation of the probe beam was
proportional to the perpendicular magnetization component along [001] axis at the garnet (see
Figure 11). Thus, θF is proportional to the amplitude of the magnetization precession. During
increasing θM, we observed increasing the amplitude of the magnetization precession. A
quantitative analysis of dependences of the angle on the external magnetic field shows the
possibility of the excitation of magnetization precession at two regimes: first, at low magnetic
field below 1 kOe, the amplitude of magnetization precession dominates at the garnet film due
to the large angle between magnetic field H and magnetization of garnet Mgarnet and small
perpendicular magnetization component of cobalt MCo; second, at high magnetic field above
4 kOe, the amplitude of magnetization precession is dominated at the Co film with the
significant perpendicular component MCo when the magnetization vector Mgarnet is close to H.

Figure 15. Graphical illustration of the precessional dynamics for: (a) H < 1.5 kOe, (b) 1.5 < H < 4.3 kOe, and (c) H > 4.3
kOe.
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We can conclude that we observe three types of magnetization precession in the bilayer: (i)
mainly single-frequency precession (1–5 GHz) from the garnet for H < 1.5 kOe, (ii) a double
frequency to modulated signal for 1.5 < H < 4.3 kOe, and (iii) mainly single-frequency preces‐
sion (>20 GHz) from the cobalt film for H > 4.3 kOe (see the graphical illustration of the
precessional dynamics in Figure 15).
4.3. Laser-induced phase-sensitive magnetization precession
In this part, we compare magnetization dynamics in the Co and bare garnet films separately
via selective probing and show that magnetization precession in the garnet can be manipulated
by magnetostatic interlayer coupling.

Figure 16. Time-resolved Faraday rotation of the Co/garnet heterostructure as a function of the delay time ∆t for differ‐
ent (a) magnetic field amplitude and (b) pump polarization. Solid line was fitted using the classical oscillation function
including damping for a 2-nm Co layer on a garnet film.
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A rather unique combination of magnetic properties of the layers allows us to realize different
regimes of the laser-induced dynamics. Changing the strength of the out-of-plane H, we were
able to obtain conditions when the magnetization dynamics was dominated either by the Co
or the garnet layer. As discussed in the previous part, for H < 1 kOe photoinduced dynamics
of Co/garnet, the heterostructure is dominated by the magnetization precession of the garnet
film, while at H > 4 kOe, the magnetization precession results from the Co layer. Time
dependence of the z-component of the magnetization precession was on the function of the
external magnetic field H and the angle of polarization plane of the pump beam. Figure
16(a) shows the magnetization precession curves measured at H = 1.5 kOe, 2.3 kOe, and 4.6
kOe for φ = 0o. The laser-excited precessions of the magnetizations at two different frequencies
are deduced from Figure 14 as FMR frequencies in both the Co and the garnet films.

Figure 17. Graphical illustration of an ultrafast demagnetization dynamics in a 2-nm Co layer for (a) Δt < 0, (b) 0 <Δt
<tw (pulse duration), and (c) Δt > tw.

The photoinduced magnetization precession for different pump beam polarizations at an
external magnetic field with 4.6 kOe is shown in Figure 16(b). These curves demonstrate no
polarization dependence of the magnetization precession [42]. For such metallic ferromagnets,
the ultrafast light-induced demagnetization is typical [43, 44]. The thermal demagnetization
is seen as a sub-picosecond change of the magneto-optical signal measured at H = 4.6 kOe. The
observed light-induced magnetization dynamics is a result of temperature increase of electron
system on femtosecond timescale and a subsequent ultrafast reduction of MCo [45], which
effectively change the equilibrium orientation of the magnetization in this layer and thus
triggers spin oscillations (see the graphical illustration in Figure 17).
To study the influence of the Co film on the ultrafast magnetization dynamics at the garnet
film, the time-resolved Faraday measurements at low-field regime below 1 kOe were per‐
formed [42]. In this case, the amplitude of magnetization precession at YIG:Co film always
dominates that of the Co film (see Figure 13). First, we measured the laser-induced magneti‐
zation dynamics in a bare garnet film. Figure 18(a) shows that changing the polarization of the
pump induces a shift of the phase of the precession Δψ = 120o in the bare garnet film. In this
case, the decay coefficient of photoinduced anisotropy is τg ~ 20 ps. In case of the deposition
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of the 2-nm Co film on this garnet film, the polarization sensitivity of the magnetization
precession disappears. The polarization angles of pump beam with φ = 0 and 90o trigger
magnetization precession in YIG:Co with the same phase (Δψ ≈ 0), see Figure 18(b). The time
of relaxation of magnetization precession after pump pulse is τc ~ 60 ps. This value is enlarged
due to the influence of light-induced demagnetization at Co layer. The magnetization dynam‐
ics triggered in YIG:Co film and the Co/YIG:Co heterostructure with the same polarization of
the pump light are clearly different. However, the frequencies of these precessions are similar.

Figure 18. Time-resolved Faraday rotation of (a) bare garnet and (b) Co/garnet films as a function of the delay time Δt
for H(θH = 65°) = 0.75 kOe and different pump polarization φ. Dashed lines were fitted using the exponential function
with decay coefficients τL.

The laser excitation of Co/YIG:Co heterostructure leads to both an thermal demagnetization
at Co film and a photomagnetic effect at the garnet [20]. These effects induced changing the
magnetization orientation given by the effective field Heff in the heterostructure (see Figure
17). In this case, ultrafast change triggers the precession of the magnetization vector around
the new orientation H*eff (see Figure 17(c)). In YIG:Co, the polarization-dependent excitation
with different initial phase of magnetization precession leads to a photoinduced magnetic
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anisotropy [19]. However, in our heterostructure, the phase of magnetization precession is
defined by both the effective anisotropy (magnetocrystalline, uniaxial, and photoinduced)
field and the stray field from 2-nm Co film (the magnetization of cobalt is significant larger
than the magnetization of garnet). The magnetostatic coupling between Co and YIG:Co films
leads to a change in the phase of magnetization precession in YIG:Co film. Thus in hetero‐
structure, the magnetization is precessed around the effective magnetic field with the isotropic
in-plane component due to the ”easy plane” of magnetic anisotropy of Co film.

5. Conclusion
In this chapter, we have presented the experimental investigation of ultrathin Co/garnet
heterostructure by using time-resolved pump-probe magneto-optical spectroscopy in combi‐
nation with linear magneto-optical Faraday and Kerr effects and ferromagnetic resonance. Ion
beam processing procedure for preparation of Au/Co/garnet heterostructure with a subnanometer roughness parameter at the interface has been proposed. It was found that Gilbert
damping of the ultrathin Co layers on the garnet surfaces is comparable to the damping of
high-quality single and polycrystalline Co layers grown on metallic underlayers. We showed
that the magnetic and magneto-optical properties of Co/garnet heterostructures can be
engineered by covering the ultrathin Co layer. In particular, a strong magnetostatic interlayer
coupling between the 2-nm Co layer and YIG:Co film has been found. In addition, the
modification of the domain structure due to the magnetostatic coupling has been demonstrat‐
ed. In principle, depositing ultrathin ferromagnetic layers on a garnet film can also lead to new
effects in magnetization dynamics, due to the influence of the effective magnetic field of the
ferromagnetic layer and/or the coupling between ferromagnetic layer and garnet.
The growth of a 2-nm Co layer on top of the garnet significantly changes the mechanism of
the laser-induced precession in the heterostructure. We observed the modulation of spin
precession in a Co/garnet heterostructure with distinct frequencies. The excitation efficiency
of these precessions strongly depends on the amplitude and orientation of external magnetic
field. In addition, we demonstrate that the laser pulse triggers polarization-independent
precession in both the Co and garnet layers via the magnetostatic coupling between these
layers.
These results demonstrate that magnetic metal/dielectric heterostructures are interesting and
promising objects for further investigations of all-optical ultrafast light-induced phenomena
and their potential applications.
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Abstract
Microscopic origami figures can be created from thin film patterns using surface tension
of liquids or residual stresses in thin films. The curvature of the structures, direction of
bending, twisting, and folding of the patterns can be controlled by their shape, thickness,
and elastic properties and by the strength of the residual stresses. Magnetic materials
used for micro- and nano-origami structures play an essential role in many applica‐
tions. Magnetic force due to applied magnetic field can be used for remote actuation of
microrobots. It can also be used in targeted drug delivery to direct cages loaded with
drugs or microswimmers to transport drugs to specific organs. Magnetoelastic
properties of free-standing micro-origami patterns can serve for stress or magnetic field
sensing. Also, the stress-induced anisotropy and magnetic shape anisotropy provide a
convenient method of tuning magnetic properties by designing a shape of the microorigami figures instead of varying the composition of the films. Micro-origami figures
can also serve as building blocks for two- and three-dimensional meta-materials with
unique properties such as negative index of refraction. Micro-origami techniques
provide a powerful method of self-assembly of magnetic circuits and integrating them
with microelectro-mechanical systems or other functional devices.
Keywords: micro-origami, nano-origami, self-assembly, self-rolling, magnetic micro‐
tubes, thin film patterns, magnetic thin films, magnetic anisotropy, residual stresses,
magnetoelastic effects, magnetoelectric effects, multiferroic composites

1. Introduction to origami and micro-origami
The meaning of the Japanese name “origami” is paper folding. Although the techniques of paper
folding were developed in Europe and China in seventeenth and eighteenth centuries, they
became the most popular in Japan. There is a vast literature on the history and practical
instructions for assembly of three-dimensional objects from pieces of paper by folding [1, 2].

© 2016 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use, distribution,
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Origami is primarily an art but it has also an impact on technology. The origami techniques were
implemented in satellite solar cells, airbag design, and stent implants [3]. Currently, mathe‐
matical [4] and computer models such as TreeMaker [5] allow designing complex threedimensional structures for decorative arts, as well as technological applications. Some examples
of origami figures are presented in Figure 1 [6].

Figure 1. Various origami figures (reproduced from Ref. [6]).

The traditional origami methods rely on folding a single rectangular piece of paper by hand.
More advanced techniques take advantage of using tools, such as bone folder, clips, or
tweezers. More complex designs require cutting the paper into various patterns (different from
rectangle), coloring them, combining with other materials (e.g., aluminum foil), and using
multiple pieces of paper, which is called a modular origami. In contrast to static designs, some
origami patterns can possess movable parts, which can be activated by kinetic energy of
human’s hand or inflation [7]. Another interesting trend in origami is tessellation of the figures,
which is in fact a method of assembly of larger figures from building origami blocks [8].
The smallest origami figures were made from the paper pieces as small as 1 mm2, using a needle
and optical microscope. At this point a question arises whether we can do even smaller microorigami figures and use them to advance technology? The answer is “yes.” It is possible to
fabricate origami figures with features as small as 2 nm, actuate them, and assemble them into
meta-materials. The submillimeter or submicrometer figures made from different materials
using origami techniques are called micro- or nano-origami, respectively. A list of examples
of applications of origami and micro-origami include bendable microelectronics, cell origami,
origami nanorobot, pollen origami, origami lens, origami DNA, self-deployable origami stent,
etc.
The materials used for micro- and nano-origami must be much thinner and tougher than
conventional paper. Good candidates are thin foils and thin films. Although, in principle, it is
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possible to use nanomanipulators and nanotweezers to bend and fold these materials, to make
individual figures in microscale, this does not seem to be a practical approach for a mass
production of various devices. Instead, other forces can be used which emerge at micro- and
nanoscale. Adhesion forces, surface tension, or interfacial stresses start playing important roles
when the size of the figures decreases below several micrometers [9].
Different materials and phenomena can be used for self-assembly and animation or actuation
of origami figures. For example, shape memory alloys or polymers undergo significant
deformations when heated by contact or radiation [10–13], capillary forces can deform paper
structures [14], photosensitive polymers deform when exposed to laser light [15], and internal
stresses produce deformations when the structure is released from the substrate.
Some of these forces can be used to create the micro-origami figures, while others can be used
to produce motion of already formed structures. The microrobots made from stimuli-respon‐
sive materials can move, walk, or swim. These functions are especially useful in biomedical
applications [16–22]. Magnetostrictive and multiferroic materials take a special place among
the stimuli-responsive materials, because they couple magnetic, elastic, and electronic
properties of the materials.
Currently demonstrated functional robots [21] have size of the order of centimeters, but
biomedical applications require devices with dimensions smaller by at least two orders of
magnitude. They should be made from thin films with submicrometer or nanometer thickness.
Even the thinnest magnetic thin films preserve their magnetic and magnetostrictive properties
in contrast to some shape memory alloys, which require certain thickness to undergo phase
transition to produce their conformation. Therefore, magnetic films are good candidates for
the micro- and nano-origami devices. In this chapter, we will discuss methods of fabrication
of magnetic micro-origami structures, present experimental results on their physical proper‐
ties, and indicate potential applications of magnetic micro-origami techniques.

2. Fabrication of micro-origami structures
2.1. Forces responsible for conformations
A large variety of forces is available to form or actuate thin film patterns into micro-origami
figures. The magnitude of the force, elastic moduli, and the thickness of the film ultimately
determine the curvature of the three-dimensional shapes. In addition, anisotropic stresses,
shape of the pattern, and direction of etching decide about the direction of rolling or folding
of the patterns.
2.1.1. Surface tension
Capillary forces or surface tension are negligible in macroscale; however, they are of primary
importance in micro- and nanoscales. Gagler [21] and Gracias et al. [23–31] showed that the
surface tension of evaporating drop of liquid is sufficient to pull the walls of the photolitho‐
graphically defined thin film patterns together and form various figures, such as boxes or
pyramids with the size of several micrometers. These patterns typically consist of more rigid
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areas connected by thinner areas, which serve as hinges, when the thicker walls fold. This
approach is versatile and can be applied to magnetic films or magnetic/nonmagnetic compo‐
sites. Self-assembled structures can serve as building blocks for designing mesoscopic metamaterials with interesting responses to electromagnetic radiation in microwave, millimeter
wave, and optical ranges [27, 28]. In some cases, the capillary forces can produce reversible
conformations due to swelling and dehydrating of porous structures. Examples of microorigami figures are presented in Figure 2.

Figure 2. Examples of self-folding micro-origami structures (left and middle picture reproduced with permission from
Ref. [21] and the right picture from [23]).

At this point, it is worth noting that in some cases the surface tension may cause undesirable
effects. For instance, it may oppose or prevent deformation of patterns which would otherwise
deform due to internal stresses or thermal stresses.
2.1.2. Residual and interfacial stresses
Different types of growth of the polycrystalline materials may result in significant residual
stresses in thin film materials [32, 33]. Island growth (Volmer-Weber) or Stanski-Krastanow
growth of polycrystalline films may lead to significant residual stresses due to coalescence of
grains. Also, growth of bilayered or multilayered films of different materials can produce
interfacial stresses due to lattice mismatch between constituent phases. When the films with
residual stresses are released from the substrate on which they were grown they undergo
deformation.
The curvature of the films depends on the internal stress level and the thickness of the film.
For the simple bilayered beam, the continuum elasticity theory predicts that the curvature κ
(inverse of radius r) is [32].

k=

6 E1E2 (h1 + h2 )h1h2e
E12 h14 + E22 h24 + 4 E1E2 h13h2 + 4 E1E2 h23h1 + 6 E1E2 h12 h22

(1)

where E1 and E2 are Young’s moduli, h1 and h2 are thicknesses of the layers, and ε denotes the
interfacial strain between the two layers. Based on this equation, it is easy to demonstrate the
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general rule, which states that for the layers with similar thicknesses and Young’s moduli the
radius of the structures is proportional to the film thickness. Thus, the smaller origami figures
we wish to design the thinner films we must use. Multilayered patterns or complex shapes
require numerical solutions by the means of computer simulations to predict their conforma‐
tions at certain level of residual stresses. The microstructure of thin films can vary with their
thickness, which results in variation of residual stresses across the film thickness. Thus, even
the single polycrystalline magnetic films can form magnetic microtubes [34] or other microorigami figures.
If the tensile stresses in the bilayers are smaller near the substrate than on the film surface, the
film released from the substrate tends to bend under and may form wrinkles rather than
regular micro-origami patterns. An example of wrinkled squares of magnetic films is presented
in Figure 3. This indicates that the sequence of the deposition of the films matters. For instance,
depositing metal A on top of B will not result in the same structure as depositing B on A.

Figure 3. (a) Wrinkling of permalloy-Ti films and (b) correct rolling of the edges of Ti-permalloy squares.

The residual stresses due to grain coalescence depend on the deposition conditions, such as
deposition method (sputtering, evaporation, or laser ablation), base pressure in the chamber,
pressure of Ar during sputtering, and deposition rate or temperature of the substrate [33]. For
this reason, it is difficult to control them and reproduce in different deposition systems.
Much better control of stresses can be achieved in heteroepitaxial structures. An excellent
example of use of interfacial stresses is the technology developed by Prinz et al. [35–39].
They used misfit between single crystalline semiconductor films grown epitaxially on top of
each other, as shown in Figure 4. Indium arsenide atoms arriving on the AlAs surface must
reduce their interatomic distances to match the lattice of AlAs. Therefore, the InAs film on
AlAs is in compressed state. On the other hand, GaAs atoms experience tensile stresses when
they form single crystal film on the top of InAs with larger lattice constant. When AlAs
sacrificial layer is selectively etched (with selectivity better than 1:1000), the initially com‐
pressed InAs expands and the strained GaAs shrinks resulting in bending and rolling of the
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pattern of the bilayered film of InAs/GaAs which eventually forms a multiwall tube. For very
thin films (a few atomic layers), the 7.5% mismatch strain between InAs and GaAs lattices
results in a very small diameter of the tubes (down to 2 nm). Depending on the size of the
rectangular pattern the number of turns can change between 1 and 40. The diameter of the
tubes can be designed using formula (1). Here, it is important to note that ferromagnetic films
such as single crystalline Fe or antiferromagnetic films such as Cr, KCoF3, or KFeF3 can be
grown epitaxially on top of GaAs [40]. In fact, a similar semiconductor template was used by
the group of Mendach to prepare three-layered scrolls of InGaAs/GaAs/Au films with tunable
plasma frequency in the optical range [41] and magnonic InGaAs/GaAs/NiFe films [42].

Figure 4. Heteroepitaxial semiconductor structures which result in formation of nanotubes of GaAs/InAs when sacrifi‐
cial layer of AlAs on InP substrate is selectively etched releasing the film pattern from the substrate (reproduced with
permission from Ref. [38]).

Thermal stresses in thin films provide another way to deform flat patterns after release from
the substrate. Deposition of bilayers consisting of materials with markedly different expansion
coefficients can be used to introduce internal strains when the bilayers are deposited at low or
high temperatures and the films are released from the substrate at room temperature. This
technique was used by Moiseeva et al. [43] to fabricate sophisticated cages from the patterns
of magnetic films on top of thermal oxide with large compressive stresses. Some magnetic
alloys called INVARs (Fe64Ni36) take advantage of magnetostrictive properties to reduce their
linear coefficient of thermal expansion by more than one order of magnitude as compared to
other metals. On the other hand, some metals such as Zn or polymers have exceptionally large
thermal expansion coefficients. Combination of these dissimilar materials can result in large
strains associated with relatively small temperature range during deposition or in applications.
2.1.3. Other useful forces
There are more forces which have potential for interesting applications in micro-origami.
External forces were used by Jackman et al. [44] to assemble millimeter-sized cubes. Deposition
of magnetic films on strained substrates has advantage over other methods: uniaxial or biaxial
stresses can be applied along different directions with respect to a pattern and the direction
can be varied during deposition of subsequent layers. Application of external stresses can be
realized by deposition of the films on bent or strained substrates. The stress level and distri‐
bution in the films can be predicted and highly reproducible (like in the heteroepitaxial

Magnetic Micro-Origami
http://dx.doi.org/10.5772/64293

structures) and can be easily controlled in a broad range by adjusting the curvature of the
substrate or external forces. A combination of polymers with relatively small Young’s modu‐
lus, which can be easily stretched, and rigid inorganic magnetic films deposited on them seems
to be suitable for this kind of micro-origami applications.
Finally, significant stresses in thin films can occur when the films undergo change of crystal
structure or are chemically altered. Shape memory alloys, which deform due to reversible
transition from the austenitic to the martensitic phase, fall into this category. A special place
among memory alloys take magnetic memory alloys such as Ni-Mn-Ga [45], which can
produce strain as large as 9% when subjected to the action of a magnetic field. Strains in giant
magnetostrictive alloys are almost two orders of magnitude smaller (a small fraction of %) and
are considered to be insufficient to efficiently form the micro-origami figures. However,
magnetostrictive materials with even smaller magnetostriction coefficients, but large magne‐
tomechanical coupling, are expected to be effective in stimulating already formed structures
to perform certain functions, such as vibrations.
Large changes of volume of the order of 30% occur in some materials during their oxidation
[46]. This effect is analogous to swelling of polymers or other porous materials. The change of
the volume is associated with the increase of the linear dimensions. To exemplify this method
we demonstrate the effect of the Ti oxide formation on the diameter of self-rolled microtubes
of Ti/FeGa/Au and Ti/FeNi/Au. It has been suggested by Nastaushev et al. [47] that oxidation
of titanium in the process of removal of the sacrificial layer may produce stresses, which affect
formation of the micro-origami patterns.

Figure 5. Effect of anodization of the Ti layer on the radius of the Ti/FeGa/Au film. (a) Original microtube, (b) anodized
microtube. [48].

In our experiments, we used anodizing to completely oxidize Ti layer in already formed
microtubes. A thin layer of Au was used to protect magnetic films from oxidation. The results
of the experiment, displayed in Figure 5, show that the stresses from Ti layer, converted into
TiO, reduced the diameter of the tubes to about a half of its original value. It was estimated
that the strain associated with the oxidation was about 1% [48]. An interesting approach would

229

230

Magnetic Materials

be to design processes in which magnetic metals such as Ni or Fe are chemically altered into
magnetic compounds such as antiferromagnetic NiO or magnetite (Fe3O4). This would allow
engineering stresses in the structures simultaneously with their magnetic properties.
2.2. Controlling direction of self-assembly
As demonstrated by the origami, the same flat shape, such as rectangle, can be used to create
hundreds of the origami figures. What differentiates these shapes is the sequence and direction
in which the original shapes were folded. The fundamental question arises how we can control
direction of bending or twisting of the flat patterns in micro- and nanoscale?
First of all, the shape itself may define the direction in which deformation occurs. In our early
experiments with rectangular patterns of magnetic films grown on top of PMMA photoresist,
we observed that only the longer edges of the AuCo film patterns rolled and formed long
double tubes as shown in Figure 6(a). This tendency can be interpreted in terms of the bending
moment which for the films with uniform in-plane stresses is proportional to the length of the
edge. Thus, when the etching progresses uniformly from all sides, the bending of longer edges
prevails. The self-rolling of the same pattern will progress differently if a part of the pattern is
attached to the substrate at the short edge, which prohibits rolling of the shorter edge.
However, the constraint may not be effective for the rectangles with very large aspect ratio of
the sides. Also, rigid parts of the patterns, such as thicker walls of origami figures from Figure
2, can act as constraints on bending the patterns. A theory of deformations of thin bilayered
films has been developed by Cendula et al. [49]. They predicted that for certain stress gradient
level a regular wrinkling is expected rather than bending. Computer modeling can be used for
predicting formation of origami figures from more complex film patterns.

Figure 6. (a) Free-standing double tube of Cu/Co bilayer and (b) self-rolling of Ti/Ni bilayer which is attached at one
end to the substrate and forms a single microtube.

Control of rolling direction is easier to achieve in heteroepitaxial structures. Prinz et al. [37]
took advantage of different etching rates of Si in different crystallographic directions to
fabricate microtubes or helical springs from GeSi/Si film patterns, which were deposited at
different angles with respect to the crystallographic directions. Elegant experimental results
by Li [50] illustrate different stages of the process of formation of an In0.3Ga0.7As/GaA microtube
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as the etching of the sacrificial layer progresses. They also demonstrate that anisotropic elastic
properties in combination with selective anisotropic etching can be used to fabricate variety
of three-dimensional structures by depositing film patterns at different angles with respect to
(001) direction of the GaAs substrate.
It is also possible to achieve anisotropic lateral elastic properties of polycrystalline films by
engineering their microstructure. This goal can be achieved by depositing films on tilted
substrates. The angular deposition results in anisotropic magnetic properties [51]. Another
option is to take advantage of nanocomposites. For instance, aligned carbon nanotubes
embedded in polymer or magnetic film can control the pitch of the helical structures depending
on the angle between the pattern and the direction of the enforcing elements (see Figure 7).

Figure 7. A concept of using anisotropic properties of composite materials to control rolling direction.

Finally, the external stresses applied to the substrates during the deposition are capable of
providing a control over anisotropic film strains. The only inconvenience of this approach is
the necessity of varying the stress level or direction inside a vacuum chamber, or preventing
film contamination if the stresses are varied outside the chamber.
2.3. A sacrificial layer
Although it has been demonstrated that it is possible to assemble micro-origami structures on
the air/water interface [52], vast majority of techniques uses solid sacrificial underlayers to
build patterns on top of them.
In the case of the amorphous and polycrystalline sacrificial micro-origami structures, there are
two fundamental requirements:
(a) The sacrificial layer must form a smooth surface, promote proper growth of the film, and
enable patterning. It is worth mentioning that the microstructure of the polycrystalline films
may strongly depend on the type of a substrate. Metals usually form smooth films when grown
on top of a metal or semiconductor surface; however, when deposited on some dielectrics or
organic materials they may exhibit enhanced roughness or columnar growth. An example is
shown in Figure 8. The growth of the films can usually be improved by increasing the
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temperature of the substrate with the sacrificial layer, but it can create a problem with some
organic sacrificial layers which melt at relatively low temperatures.

Figure 8. (a) Al/Pt film pattern deposited on top of photoresist and (b) the same bilayered film deposited on top of
glucose film (images obtained by optical profiler).

The sacrificial layer should also be insensitive to the agents used in the patterning process, so
that the film can be released only after the pattern is defined. Depending on the patterning
technique, the agents used for dry etching (reactive or corrosive gasses) or wet etching (water,
acetone, and acids) should not attack the sacrificial layer.
(b) The sacrificial layer must be from the material which has markedly different etching
properties than the film pattern. An excellent example is the ratio of HF solution etching rate
of GaAs to AlAs exceeding 10,000. This sacrificial layer was used by Prinz et al. [35] and Li [50]
to fabricate free standing semiconductor nanostructures. Even much smaller selectivity of 1:80
for Si/SiGe system etched by the 3.7 wt% of NH4OH allowed fabrication of high-quality microorigami patterns. Reactive gases, such as xenon difluoride (XeF2) vapor and CHF3/O2, were
used to etch Si substrate [43] and to remove Ge layer [36], respectively. Polycrystalline magnetic
films can be grown on a photoresist layer which can be dissolved by acetone [52]. Aluminum
sacrificial surface layer was used to grow Au/Ti bilayers and was etched with KOH-based
solution [47]. Our group used 50 nm thick Cu film on Si as a sacrificial layer to deposit magnetic
films [53, 54].
A disadvantage of wet etching method is that the surface tension or capillary forces of liquids
used for the etching can interfere with the residual stresses and can prevent deformations of
the pattern or even crack the pattern. The test for the strength of the surface tension forces in
microscale is the fact that the capillary forces inside the tubes are able to collapse already
formed tubes when water trapped inside the tube dries [36]. Potential solution to this problem
can be the usage of supercritical conditions by elevating the temperature of water to a boiling
point. Another option is to use organic solvents with much lower surface tension. Using gases
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instead of liquids removes this problem. However, the gasses used for etching are highly
corrosive and toxic.
Finding a proper sacrificial layer for the heteroepitaxial systems is even a greater challenge. In
addition to the requirement of high selectivity, the sacrificial layer must also be a part of the
heteroepitaxial system. This means that it must match both the structure of the substrate and
the films which are grown on top of it. Satisfying all these three requirements simultaneously
is a tough task.
This indicates a need for a search for new sacrificial layers for heteroepitaxial structures which
promote single crystal growth and yet can be selectively etched. Ideally, such layers would be
eco- and biofriendly.
Here, we would like to point at two prospective sacrificial layers. Single crystal NaCl (salt)
sacrificial layer is a good candidate to grow magnetic films with cubic crystal structure. NaCl
was a popular substrate for deposition of transition metal films in the 1960s [55], but it was
not implemented in industrial processes because of its hygroscopic properties. Ironically, the
same property predisposes NaCl films for the micro-origami applications. Reflection highenergy electron diffraction (RHEED) images of the MgO substrate, NaCl layer, and Cr film are
presented in Figure 9.

Figure 9. RHEED images of (a) the MgO substrate with 5 nm MgO film, (b) 170 nm NaCl film, and (c) 15 nm Cr film on
top of NaCl sacrificial layer.

The following procedure for the electron beam evaporation was used to grow heteroepitaxial
structures with NaCl sacrificial layer:
– A thin layer of MgO (typically 5 nm) was deposited on MgO substrate to improve the quality
of the surface.
– NaCl was evaporated at the rate of 0.05 nm/s at 350°C.
– Various magnetic and nonmagnetic transition metal films, such as Fe, Cr, V, and Ag, were
grown epitaxially on top of NaCl.
Other substrates, such as GaAs and deposition methods can also be used to grow heteroepi‐
taxial structures with NaCl layer. This layer is biofriendly and dissolves in water; therefore, it
has a great potential for biomedical applications of micro-origami structures. Glucose films
which can be made by spin coating of water solutions on different substrates are also an
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interesting option for biomedical applications. However, the growth of some films may lead
to unexpected results, as shown in Figure 8.
Zn and Mg are interesting materials for the sacrificial layers because they sublimate in vacuum
at relatively low temperatures. Therefore, they can be removed in vacuum chamber by
increasing the substrate temperature. This approach does not require corrosive gasses or
liquids which affect the release of the micro-origami structures because of the surface tension.
We carried out initial studies on growth and sublimation of Zn films. Zn films have hexagonal
structure and a reasonably good match to lattice constants of Ru, Ti, graphene, and, most
importantly, magnetic films of Co. Although literature data [56] indicate that the temperature
of sublimation of Zn is 250°C, the actual sublimation temperature was found to be substantially
lower (below 200°C) in ultra-high vacuum conditions. Our RHEED studies revealed that single
crystal or highly textured Zn films can be grown on Ru and Ti films deposited on sapphire
substrates. It was also found that the thin film growth is strongly affected by the deposition
conditions. Different morphologies of the Zn film due to different growth conditions, such as
deposition rate and the temperature of the substrate are shown in Figure 10. The best results
were achieved for the deposition of Zn on Ti film at deposition rate of 0.02 nm/s and at
temperatures above 100°C.

Figure 10. Zn film on Ru deposited (a) at room temperature and rate of 0.02 nm/s, (b) room temperature and 0.1 nm/s,
and (c) at 100°C at 0.05 nm/s.

3. Link between the shape and magnetic properties
A discussion on static magnetic properties of magnetic scrolls has been initiated in the articles
by Müller et al. [51, 57]. Angular deposition of Au/Co/Au films resulted in the in-plane
magnetic anisotropy of rectangular thin film patterns. They ascribed it to stress-induced
anisotropy in the as-deposited films. They also observed changes in the shape of the hysteresis
loop and evolution of magnetic domain structure when the film patterns rolled and formed
microtubes.
The films fabricated in our group [48, 53, 54] were isotropic in the film plane. Therefore, the
effect of the self-rolling on the static magnetic properties was easier to interpret than for the
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anisotropic films. Two kinds of magnetic microtubes were fabricated using the same technol‐
ogy described below.
First, the 50 μm × 50 μm holes were defined in a PMMA photoresist using exposure of the
photoresist to deep UV light through as mask. Thin film of Cu was deposited by sputtering
on the Si wafer with (001) orientation. During a lift-off process the Cu film pieces on top of
photoresist were removed by ultrasonication of the wafer immersed in acetone. The remaining
50 nm thick Cu squares served as sacrificial layer. Another mask with 20 μm × 50 μm rectangles
was used to deposit the trilayered Ti/GaFe/Au and Ti/Ni/Au films. This mask was aligned in
such a way that the majority of the area of the rectangular holes in photoresist was on top of
the Cu squares and a smaller part on exposed Si. After deposition of the trilayer and the second
lift-off process the rectangles remained on top of Cu patches, which were partially attached to
Si, as presented in Figure 11(a). During selective etching of the sacrificial Cu underlayer, the
films with residual stresses, caused by the grain coalescence, self-rolled, and formed magnetic
microtubes with 3–4 turns, diameter of 5–10 μm, and the length of 20 μm (Figure 11b).

Figure 11. (a) Optical microscope image of an array of flat rectangular film patches of Ti (20 nm)/Ni (30 nm)/Au (2 nm)
on top of Si wafer and partially overlapping with sacrificial Cu films squares. (b) Scanning microscope image of the
array of magnetic scrolls and a magnified image of a single scroll (in the inset) formed after selective etching of Cu.

The same masks were used to deposit Ti/FeGa/Au films. A thin layer of gold was used to
protect magnetic layer against oxidation. The static magnetic properties were characterized by
means of vibrating sample magnetometry. The hysteresis loops of the microtubes with Ni are
presented in Figure 12. The magnetic field was applied in two transverse directions in the
substrate plane. The direction marked as 0° is the direction of the axis of the tubes formed from
the patterns and the 90° is transverse to the tubes. Hysteresis loops (black lines) representing
magnetization of flat patterns in these two directions are almost identical. Slight differences
between the curves can be attributed to the shape anisotropy of the rectangular shapes of the
patterns. Similar statement refers to the hysteresis loops of the flat patterns of the Ti (20 nm)/
(GaFe 40 nm)/(Au 15 nm) film. The coercive field of the patterns with Ni was 13.4 Oe, whereas
it was 60 Oe for the GaFe films.
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Figure 12. Magnetization hysteresis loops of rectangular film patterns 20 μm × 50 μm with Ni layer (black line), micro‐
tubes (red line), and anodized microtubes (blue line). Top part refers to the 0° angle and the bottom to 90° angle of the
applied magnetic field. (Reproduced with permission from Ref. [48].)

Figure 13. Magnetization hysteresis loops of rectangular film patterns 20 μm × 50 μm with GaFe layer (black line), mi‐
crotubes (red line), and anodized microtubes (blue line). Top part refers to the 0° angle and the bottom to 90° angle of
the applied magnetic field. (Reproduced with permission from Ref. [48].)
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Marked differences between the magnetization loops for the two directions of magnetizing
field were observed for both types of magnetic materials (red symbols curves in Figures 12
and 13). This is the result of the change of the shape and evolution of strains of the patterns
undergoing deformation after release from the substrate.
As discussed in Ref. [48], the behavior of the GaFe films could be interpreted in terms of the
shape anisotropy of the microtubes for which the technical magnetization saturation is
achieved at lower fields for the field applied along the easy magnetization axis (along the
tubes), whereas the loops for the hard direction (perpendicular to the tubes) are tilted and
approach saturation magnetization at higher fields. However, the behavior of Ni tubes opposes
that of GaFe, in spite of similar contribution from the shape anisotropy. In addition, both types
of materials exhibit opposite trends in the change of the coercive field. The coercivity of Ni
tubes almost triples for the field applied at 90° while it decreases by about 30% for GaFe films
as compared to the rectangular patterns measured in the same direction. These facts prove that
the change of shape and associated shape anisotropy alone is unable to explain the changes of
magnetic properties.
An important distinction between these two magnetic materials is their magnetostriction. Ni
has negative linear magnetostriction coefficient of −38 × 10−6, whereas GaFe has positive
coefficient of magnetostriction of about +70 × 10−6. For this reason, the magnetization responds
in different ways when strains in the applied magnetic field vary by about 1% during selfrolling process.
Additional evidence of the importance of the magnetoelastic contribution to the magnetization
change is that the differences between the materials continue to diversify when Ti layer
undergoes anodization. Expanding TiO, formed from Ti layer, exerts additional stress on the
magnetic layers and reduces the diameter of the tubes by about 50%, which is also reflected in
magnetic properties. The time of the anodizing was adjusted in the range from 10 to 25 s so
that the entire layer of Ti could be converted into Ti oxide. The reduced saturation magneti‐
zation for the anodized samples (see Figures 12 and 13) indicates that the oxidation partially
affected GaFe and Ni. The saturation magnetization was unaffected by the fabrication
processes (coating with PMMA, using a water solution of a developer, and washing with
acetone) because of the presence of a protective layer of gold.
Another magnetic method, which gives even more insight into residual stresses, is based on
high-frequency measurements of spin dynamics. Spin precession at Ferromagnetic resonance
(FMR) is affected by local magnetic field Heff, where demagnetizing field HD and stress-induced
anisotropy field Hσ, associated with stress σ, contribute. The relation derived from LandauLifshitz-Gilbert equation for magnetically isotropic material with magnetostriction λS, gives
the relation between the stress-induced anisotropy field Hσ = 2σλS/MS due to stress σ, saturation
magnetization MS of the material, applied bias field HA and a frequency fr of microwave
absorption at resonant conditions:
fr =

g
( H A + H D + H s )( M S + H A + H D + H s )
2p

(2)
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where γ is a gyromagnetic ratio of the magnetic material. The distribution of internal stresses
in magnetostrictive materials determines the linewidth of the resonant curve. Examples of
FMR spectra for rectangular patterns of Ni films with thickness of 30 nm and for corresponding
microtubes are presented in Figure 14. The resonant fields are approximately the same for the
two orientations of the in-plane applied field. Larger resonant field for the out-of-plane
direction of the applied field results from large demagnetization factor for this orientation. The
FMR absorption spectra become more complex for rolled-up patterns. The resonance peak
along the tube axis remains unaffected, except of some broadening. However, the curves
measured with the field applied transverse to the microtubes are markedly different. In
particular, the intensity of the absorption measured normal to the substrate decreases and
additional peak forms at lower fields. This peak can be attributed to the microtubes. The high
field peak may result from the part of the flat patterns which did not roll—they attach the tubes
to the substrate. In the Ni tubes, the “unrolled” area was about 40% of the rectangles, but we
were able to reduce it to 10% for GaFe films by adjusting technological parameters.

Figure 14. Ferromagnetic resonance spectra of the rectangular patterns of Ni films (a) as compared to the spectra of the
microtubes (b) measured with the field out of the substrate plane (blue curves) and two directions in the film plane
(field at 0° along the tubes and at 90°. (Reproduced with permission from Ref. [54].)

More detailed studies of spin dynamics in magnetic microtubes made by Balhorn et al. [42]
involve spin wave properties in multiwall magnetic microtubes prepared by micro-origami
techniques. They observed a series of four resonant peaks which corresponded to the con‐
structive interference of Damon-Eshbach-type spin waves traveling along the circumference
of the multiwall tubes of 20 nm permalloy film. The resonances could be tuned by the diameter
and the number of turns of the tubes.
Magnetic layers can also be a part of multiferroic or magnetoelectric composites. These
materials exhibit coupling between polarization and magnetization through the interfacial
stresses between piezoelectric and magnetostrictive layer. Changes of external magnetic field
produce magnetostrictive strains in the magnetic material which are transferred to the
mechanically coupled piezoelectric and result in changes of polarization. On the other hand,
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electric field applied to the piezoelectric layer produces piezoelectric strains which are
transferred to the magnetic material and change its magnetization [58]. A common problem
in the multilayered films is that the magnetoelectric functions are greatly reduced because
either piezoelectric or magnetostrictive layer is attached to a massive substrate which prevents
straining of the materials adhering to Origami technology. This is called a clamping effect. An
advantage of free-standing micro-origami structures is that they do not restrict the exchange
of stresses between the piezoelectric and magnetic phases and make the stress-mediated
mechanism of electric and magnetic energies highly effective. In addition, magnetic scrolls
occupy much smaller area than the cantilevers with the same mass. Piezoelectric/ferromagnetic
composite Au (5 nm)/AlN (20 nm)/CoFe (40 nm)/Au (5 nm) form microtubes when released
from the substrate [54].

4. Functions and applications
4.1. Functionality of the micro-origami structures
Converting flat pattern into micro-origami figures increases their functionality and potential
for applications. For example, when magnetostrictive films are attached to the rigid substrate,
the only response of the magnetic material to the applied field is a change of its magnetization.
For a free-standing micro-origami structure, in addition to the change of magnetization,
magnetic force can actuate the structure; it can give rise to a change of shape due to magne‐
tostrictive strains and external strains can vary magnetization, as well.
As already mentioned in the previous section, there is a mutual link between the magnetism
and shape of the micro-origami figures. This feature can be used for tuning magnetic properties
or resonant microwave absorption of the micro-origami patterns. The shape of the hysteresis
loops, magnetic anisotropy, and coercivity can be controlled by fabricating materials with
different shapes rather than changing the composition of the magnetic material. Magnetic
shape anisotropy can control anisotropic behavior of nonmagnetostrictive materials, whereas
residual stresses in the magnetic layers play primary role in magnetostrictive structures.
Frequency of ferromagnetic resonance and frequency of spin wave modes can be controlled
by the number of turns and the diameter of the microtubes. Because the micro-origami shapes
can be fabricated in the form of arrays of identical complex objects, they may exhibit interesting
responses to the electromagnetic radiation.
Helicity of magnetic scrolls has been utilized to make meta-materials with negative index of
refraction [59]. Similar arrays of free-standing helical structures were envisioned as the way
of enhancing magnetic field for magnetic resonance imaging [60].
Micro-origami techniques provide an efficient method of self-assembly of micro- and nano‐
structures. Just to exemplify this statement, we propose in Figure 15 the sequence of processes
of assembly of a microscopic electromagnet consisting of a coil with a hollow magnetic core.
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Figure 15. Three stages of fabrication of three-dimensional inductor: (a) Deposition of a wire on top of a sacrificial lay‐
er, (b) deposition of insulating and magnetic layers, and (c) self-assembly.

Multiple turns can be fabricated by adding more wires or using diagonal direction of selfrolling to produce helical springs like in Refs. [50] and [61].
It greatly simplifies fabrication of three-dimensional patterns, which usually would require
many more masking and deposition processes, angular deposition, and deep etching. In
addition to self-assembly of structures attached to the substrate, micro-origami figures
disconnected from the substrate can serve as building blocks for meta-materials, where
magnetic elements of the figures or surface tension at hydrophilic parts can be used to put
these blocks together in two- or three-dimensional networks [26]. Here, tessellation methods
of origami patterns can be used.
4.2. Prospective applications
Micro-origami techniques have a great potential for numerous applications, although they
have not been implemented in large-scale production, yet.
Magnetic and magnetoelastic properties of the micro-origami patterns can be used in various
magneto-electro-mechanical systems (MEMS) such as stress or strain sensors, microscopic
actuators, magnetic field sensors, and optical shutters [62]. As described in the previous
section, enhanced performance of magnetoelectric functions is expected in the free-standing
micro-origami patterns as compared to the planar structures on thick substrates. This gives a
promise for increased sensitivity of the mutiferroic composites for magnetic field sensors [63],
which have potential to reach the sensitivity of SQUID magnetometer. Another potential
microelectronic application is in microwave devices based on laminated multiferroic compo‐
sites such as filters where the frequency of microwave absorption peak at ferromagnetic
resonance can be tuned by the means of voltage applied to the piezoelectric layer [64]. Microorigami design can reduce size and increase tunability of laminated mutiferroic composites in
such devices.
Because of excellent mechanical performance of microtubes [57], the self-assembly of microorigami structures can be used to build parts of microfluidic systems. They can serve as ducts
and microchambers for chemical reactions. Magnetic and magnetostrictive properties of the
tubes can be advantageous for the liquid pressure sensing or measuring flow of liquids or
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gases [65]. Micro-origami techniques can also be used to assemble parts of micropumps and
valves in microfluidic systems, where either magnetoelastic or magnetostatic energies can be
used to actuate micromotor or control shutters.
The most recent publications on micro-origami structures emphasize prospective applications
in the biomedical field and biotechnology. First of all, the micro-origami methods are capable
of fabricating biomimetic materials. Magnetic materials are envisioned as candidates for
targeted drug delivery [23]. Different magnetic cages [21, 23] can be loaded with drugs,
dragged with the help of magnetic force to the infected organs, and released in the location
where they are the most effective. The targeted delivery of drugs can be achieved with the
assistance of microswimmers [16, 66], which are able to move against blood stream. Helical
magnetic structures made by micro-origami techniques can function as microdrillers to
remove blood clogs in the veins when remotely activated by a rotating magnetic field [67].
Microgrippers and magnetic tweezers take advantage of self-folding of micro-origami
patterns, as mentioned in the introduction [29].
More advanced devices which combine microtubes with giant magnetoresistive sensors or
semiconducting chemical sensors are available [68, 69]. Magnetoresistive sensors prepared by
micro-origami method were capable of detecting single magnetic nanoparticle passing thought
a microtube. This will allow a precise control of functionalized magnetic nanoparticles for drug
delivery or hyperthermia.

5. Conclusions
Micro-origami techniques are very versatile and can be applied to various materials including
magnetic materials. They are envisioned as a very powerful self-assembly method. Unlike
traditional origami, where folding of a paper is done by hands, micro- and nano-origami
methods take advantage of forces in the microscale, such as surface tension or residual stresses,
to shape materials by bending, twisting, and folding thin film patterns. The curvature of the
structures and direction of deformation can be controlled in wide range by the magnitude of
the residual or interfacial stress, elastic properties of the patterns, the shape, and thickness of
the film patterns. This makes possible fabrication of complex three-dimensional architectures
from flat patterns, which are released from the substrate by selective wet etching, reactive gas
etching, dissolving, or sublimation of the sacrificial layer.
Magnetic micro-origami has a special place among various micro-origami designs. Magneto‐
static interactions between magnetic parts of the structures and/or external magnetic field can
be used to assemble building blocks into meta-materials or actuate parts of microrobots. The
external field gradient can be used to direct various micromagnetic cages loaded with drugs
to infected organs, where the drugs will be released. Microswimmers take advantage of
alternating fields to move in liquids in controlled way and rotating magnetic field can be used
to rotate microdrills to open blood clogs in veins.
The magnetic properties of the micro-origami structures can be affected by their shape in three
ways:
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– Shape magnetic anisotropy varies when the flat patterns form three-dimensional structures.
An example was provided where flat patterns possessed isotropic magnetic properties when
measured with the field along different directions in the film plane, but magnetic hysteresis
loops and ferromagnetic resonance curves showed marked differences for the transverse
configuration of the applied fields when magnetic patterns scrolled and formed microtubes.
– Magnetoelastic properties affect magnetization of magnetostrictive films when the stress
level and/or direction in the films change. This refers to the relaxation of residual stresses in
the magnetic material, as well as external stresses from the adhering nonmagnetic layers
exerted on magnetic layer when the multilayered film patterns bend after release from
substrate. The stress-induced anisotropy affects domain structure and magnetization proc‐
esses. For example, self-rolling of magnetic films with positive (FeGa) and negative magneto‐
striction (Ni) lead to different trends in magnetization changes as evidenced by Figures 12 and
13.
– The change of chemical composition of magnetic films can alter magnetic properties. For
example, the ferromagnetic Ni subjected to oxidation changes into antiferromagnetic NiO, and
soft magnetic Fe may evolve into magnetite (Fe3O4) with larger magnetocrystalline anisotropy,
coercivity, and saturation field, but reduced saturation magnetization. The changes of
magnetic properties of chemically altered films can be associated with enhancement of residual
stresses which are responsible for the formation of the micro-origami patterns. Thus, in certain
cases the changes of magnetic properties can promote change of the shape if the chemical
changes are followed by the phase or composition change which produces deformation.
The changes of magnetic shape anisotropy and stress-induced anisotropy, associated with the
deformation of the film patterns, provide a convenient method of tuning magnetic properties
by shape design.
The coupling between elastic and magnetic properties is mutual, i.e., the magnetization
changes produce magnetostrictive strains but external stresses can change magnetization.
Free-standing micro-origami patterns have increased functionality. Bending of magnetostric‐
tive layers can be used for stress, strain, or pressure sensing. Straining magnetostrictive layers
in magnetoelectric composites is useful for tuning ferromagnetic resonance frequency in
microwave filters by voltage applied to the piezoelectric layer. On the other hand, magneto‐
strictive strains generated in multiferroic composites by external fields can be converted into
voltage and serve for the magnetic field sensing. Magnetoelectric performance of microorigami structures is expected to be superior to that of flat patterns on substrates because of
lack of the clamping effect. Giant magnetoresistive structures integrated with the microfluidic
ducts in a single micro-origami assembly process are capable of detecting a single nanoparticle
flowing through a duct.
The micro- and especially nano-origami architectures have great potential for biomedical
applications. Majority of publications on magnetic origami concern objects with the radius of
a few micrometers. Future applications of the micro-origami in biotechnology may require
reduction of the size of magnetic structures to sub-micrometers or nanometers and combining
them with organic materials. Also, the preference for these applications is for biocompatible
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magnetic materials such as magnetite and biofriendly sacrificial layers. Initial results presented
here look promising. More information about nano-origami techniques is available in the
recent publication by Cavallo and Lagally [70].
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Abstract
The magnetic properties of Gd-doped ZnO films and nanostructures are important to
the development of next-generation spintronic devices. Here, we elucidate the
significant role played by Gd-oxygen-deficiency defects in mediating/inducing
ferromagnetic coupling in in situ Gd-doped ZnO thin films deposited at low oxygen
pressure by pulsed laser deposition (PLD). Samples deposited at higher oxygen
pressures exhibited diamagnetic responses. Vacuum annealing was used on these
diamagnetic samples (grown at a relatively high oxygen pressures) to create oxygendeficiency defects with the aim of demonstrating reproducibility of room-temperature
ferromagnetism (RTFM). Samples annealed at oxygen environment exhibited super‐
paramagnetism and blocking-temperature effects. The samples possessed secondary
phases; Gd segregation led to superparamagnetism. Theoretical studies showed a shift
of the 4f level of Gd to the conduction band minimum (CBM) in Gd-doped ZnO
nanowires, which led to an overlap with the Fermi level, resulting in strong exchange
coupling and consequently RTFM.
Keywords: ZnO, DMS, ferromagnetism, Gd, rare earth

1. Introduction
New generations of electronic devices will likely be developed using spintronics technolo‐
gies [1]. However, generating reproducible long-range ferromagnetism in wide bandgap
(WBG)-diluted magnetic semiconductor (DMS) materials remains a major obstacle to the
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fabrication of spintronic devices operating above room temperature [2]. This obstacle has
prompted significant research efforts on WBG-DMSs, particularly doped ZnO [3]. Rare earth
(RE) dopants have emerged as promising candidates in the search for room-temperature
ferromagnetism (RTFM) in ZnO and have been the subject of intense investigations. Doping
ZnO with gadolinium (Gd) should produce stronger ferromagnetism compared with doping
ZnO with transition metals due to partially filled 4f sublevel [4, 5]. Gd is a RE atom that
possesses seven spin-up electrons in partially filled 4f sublevel and one electron in 5d sublevel
that are buried deep below fully filled 6s and 5p sublevels. The interesting magnetic proper‐
ties of RE elements arise from the 4f electrons, which can strongly couple with host s elec‐
trons, yielding the possibility of ferromagnetism mediated by carrier electrons. Irrespective of
the strong localization of 4f sublevels in RE elements, f-s and f-d magnetic coupling (when f
sublevel of Gd3+ ion overlaps with s or d band of the host, respectively, allowing exchange
coupling) is expected to give rise to strong defect-mediated ferromagnetism in such sys‐
tems. However, the ferromagnetism of RE dopants remains controversial, owing to the
interaction between localized 4f electrons and host electrons [4, 5]. Presently, there is no
consensus on the exact exchange mechanism in such WBG-DMSs [6]. The ferromagnetism in
ZnO has been attributed to defect-induced [7] or defect-mediated magnetism [8–12]. Further‐
more, a density functional theory (DFT) study of Eu-doped ZnO reported ferromagnetic
coupling when the RE atoms were in nearest neighbor positions [13]. On the other hand,
research on Gd-doped ZnO revealed that ferromagnetic coupling depends on the crystal
structure and positions of the dopant atoms in the host matrix, as well as the distance between
the RE dopants [14].
Ferromagnetism was observed in Gd-doped ZnO films and nanostructures prepared by
different methods [15–20], which can be further improved by annealing [17, 18]. ZnO single
crystals implanted with Gd atoms exhibited saturation moments of up to 1.8μB/Gd [15].
Ferromagnetism has also been observed in nanocrystalline ZnO doped with 3.5% Gd [16]. In
addition, Dakhel et al. [20] found that Gd3+ ions produce oxygen vacancies in ZnO, which in
turn decreases the lattice parameter and increases the tensile stress. Even though magnetic
behavior is generally reported in Gd-doped ZnO thin films, these studies failed to obtain longrange FM in Gd-doped ZnO, perhaps due to severe distortion in the crystal as a result of ion
implantation damage, to the high Gd dopant concentration (>2 at%), or to the use of latticemismatched substrates [15–21]. Paramagnetism has also observed at high concentrations of
Gd [21]. This is associated with the precipitation of Gd atoms at higher concentrations, leading
to structural degradation. As a consequence, paramagnetism prevails in the sample. On the
contrary, Murmu et al. [17, 18] found that at higher concentrations, Gd leads to precipitation
in ZnO single crystals, which may also suppress the long-range ferromagnetic order in the
material. The structure, doping method, and dopant concentration are therefore crucial factors
in determining the magnetic and electronic properties of Gd-doped ZnO. To clarify how Gddoped ZnO behaves, we report here on experimental and theoretical studies of the magnetic
properties of Gd-doped ZnO films and nanostructures.
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2. Experimental studies on Gd-doped ZnO thin films
In this section, we describe the ferromagnetic behavior of Gd-doped ZnO thin films as observed
experimentally and posited theoretically. We then determine the origin of the ferromagnetism
in these materials.
2.1. Sample preparation
All in situ Gd-doped wurtzite ZnO thin films were grown by pulsed laser deposition (PLD)
on lattice-matched a-sapphire (Al2O3) substrate (0.08% lattice mismatch between [11–21] aAl2O3 and (0 0 0 1) c-ZnO). When the lattice mismatch was minimized, good quality films could
be produced as structural defects in which line defects were substantially reduced. The Gddoped ZnO and Gd targets were synthesized using 99.99% pure ZnO powder mixed with 0.1–
2 wt% Gd2O3 powder. The films were deposited at different oxygen deposition pressures (Pd)
(5–500 mTorr) and at a substrate temperature of 650°C, using a Lambda Physik KrF laser with
a wavelength of 248 nm. The details of the target synthesis and PLD conditions are reported
in Refs. [22, 23].
2.2. Structural properties
Understanding the structural properties of the materials is crucial to identifying the origin of
their magnetic properties. In this respect, in DMS materials, the film orientation, dopant
concentrations, crystal quality, defects, and secondary phase inclusions should be identified
clearly. The growth direction, the crystal quality, and the lattice parameters can be studied by
X-ray diffraction measurements. A long-range scan (shown in Figure 1) of Gd-doped ZnO thin
films reveals that they are single crystal and were grown along the c-axis. In the scan shown
in Figure 1, no secondary or impurity phase could be observed within the resolution limit of
the instrument [22]. The lattice parameters were measured using the extended bond method
[24] with the (0 0 4) and (1 0 4) planes. The concentration of Gd increases with oxygen pressure
(Pd) [25]. The a-parameter increased while the c-parameter decreased with incorporation of Gd

Figure 1. XRD 2θ scans of undoped and Gd-doped ZnO samples showing ZnO growth oriented along the [0 0 0 1]
direction (log scale) [22].
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compared to without incorporation of Gd. DFT calculations confirmed that Gd-oxygen
vacancy (VO) complexes cause c-parameter contraction [25].
We used high-resolution transmission electron microscopy (HR-TEM) to study crystal
distortion and to investigate structural defects. The samples did not exhibit any line defects,
as shown in Figure 2. In addition, no secondary phases were observed near the interface,
indicating that the diluted Gd concentration was sufficiently low to prevent the formation of
clusters and secondary phases [22].

Figure 2. (a) HR-TEM image of a Gd-doped ZnO sample with 0.87 at.% Gd. The image contrast is due to the thickness
variation. (b) XAS spectra at the O K-edge. (c) NEXAFS spectra at the Gd M5-edge after subtracting the background
[22].

Materials with secondary phases and segregations are not suitable for practical spintronic
applications. Near-edge X-ray absorption fine structure (NEXAFS) spectra can be used to
investigate the existence of secondary phases. Because a ZnO matrix cannot be fully polarized
and because ferromagnetic signals coming from phase segregation do not contribute to longrange reproducible ferromagnetism, we ran NEXAFS scans to confirm that no secondary
phases and segregations were present in the DMS samples. NEXAFS spectra at the O K-edge
and Gd M5,4-edge revealed the hybridization between Gd and O in Gd-ZnO samples (Figure
2(b, c)). The O K-edge spectra shown in Figure 2(b) indicate that the two peaks at ~531 eV and
~535 eV are stronger for Gd-doped ZnO compared with those for undoped samples, due to
strong O 2p state hybridization with the Gd 4f and Zn 3d states [26, 27]. The intensity of these
peaks increases as the Gd concentration increases, due to the higher electronegativity of Gd
relative to Zn [28, 29]. The Gd valence state measured at the Gd M5-edge shown in Figure
2(c) indicates the 3+ oxidation state of Gd [30, 31]. The intensity variation at 1190 eV increases
with increased Gd concentration, which is in good agreement with the O K spectra. The absence
of secondary phases and Gd segregation in these films are therefore confirmed by NEXAFS
measurements, which is important for elucidating the origin of the magnetic properties of the
materials [22].
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2.3. Optical properties
The study of optical properties allows the investigation of defects that may affect the magnetic
properties of materials. We preformed low-temperature photoluminescence (PL) measure‐
ments to study the role of defects. In Figure 3(a), the peak at ~369.1 nm represents the ZnO
band edge emission. Moreover, the undoped ZnO spectrum shows an orange-red defect band
at 587 nm, which we attributed to oxygen interstitials (Oi) using deep-level transient spectro‐
scopy (DLTS) [32]. The spectra pertaining to the Gd-doped ZnO films grown at low Pd (oxygendeficiency conditions) show a dominant green PL band at 495 nm (2.50 eV), attributed to VO
[33–36]. Previous research has suggested that this green band in ZnO comes from complex
defects, such as defects related to pairs of VO−Zn vacancies (VZn) [37] or associated with zinc
interstitials (Zni) [38] or antisites (OZn) [39]. A sample grown under rich oxygen conditions
(Pd > 25 mTorr) shows a dominant red band emission centered at 690 nm as shown in Figure
3(b). We attributed this red band to Oi and VZn [32, 33]. After a sample was annealed under
vacuum conditions to create oxygen vacancies, a significant reduction in the red band was
observed, while the spectrum of the vacuum-annealed sample became dominated by the green
band (Figure 3(b)) [22, 25].

Figure 3. (a) The PL spectra of the samples grown at low Pd and (b) the PL spectra of the sample grown at high Pd
before and after vacuum annealing [22].

2.4. Magnetic properties
2.4.1. The effect of oxygen deficiency
We measured the magnetization using a superconducting quantum interference device
(SQUID) magnetometer (MPMS, Quantum Design, USA) and a SQUID vibrating sample
magnetometer (SVSM, Quantum Design, USA). The samples were initially cooled from room
temperature to 5 K without application of any magnetic field (zero-field-cooled, ZFC). A field
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of 100 Oe was then applied and the magnetic data were recorded as a function of temperature
as the sample was heated to 300 K and then cooled to 5 K under the same applied field (fieldcooled, FC). All undoped ZnO thin films prepared under high or low Pd did not exhibit
ferromagnetism before or after vacuum annealing as shown in Figure 4 and Figure 5. All Gddoped ZnO films deposited at low Pd (≤25 mTorr) exhibited RTFM, as shown in the field
strength (H) vs magnetization (M) (H-M) measurements (Figure 6 and Figure 7), whereas
samples deposited at higher Pd (with the same concentration of Gd) did not exhibit RTFM
(Figure 8(a)). Figure 7 shows H-M loops for samples grown at low Pd (5 mTorr), albeit at
different Gd concentrations. All samples investigated produced RTFM responses. Further‐
more, nonmagnetic Gd-doped ZnO thin films (deposited at high Pd) became ferromagnetic
after vacuum annealing under oxygen-deficiency conditions (Figure 8(a)). Figure 8(b) shows
that the PL defect band related to oxygen deficiency becomes dominant after vacuum anneal‐
ing. This finding suggests that the introduction of Gd3+ ions, together with the presence of
certain defects related to oxygen deficiency (such as oxygen vacancies), causes a reproducible
long-range ferromagnetic exchange in Gd-doped ZnO thin films. In addition, ferromagnetism
is still observed at higher temperatures (380 K), as shown in Figure 6(a), indicating that the
Curie temperature (TC) is above room temperature.

Figure 4. The diamagnetic response of undoped ZnO on a-sapphire prepared by PLD at low oxygen pressure
(5 mTorr). The diamagnetic response is shown at 5 K as well.
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Figure 5. Magnetization measurements of undoped ZnO films deposited at high oxygen pressure (50 mTorr) (a) before
and (b) after vacuum annealing under similar conditions of that of Gd-doped ZnO samples.

Figure 6. (a)–(d) Typical H-M loops of Gd:ZnO films prepared at Pd ≤ 25 mTorr. (e)–(f) ZFC and FC for samples shown
in (a)–(d), respectively. All measurements were done with H normal to the thin-film plane [23].
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Figure 7. (a)–(c) M-H loops and (d) ZFC-FC magnetization for Gd-doped ZnO samples deposited at 5 mTorr (top inset:
M-H loops at high temperature (380 K)) and (e) M-H loops of Gd-doped ZnO samples grown at high Pd and after vac‐
uum annealing (bottom inset: magnetization measurements of undoped ZnO films deposited at high oxygen pressure
(50 mTorr) after vacuum annealing) [22].

Figure 8. (a) H-M loops of as-grown Gd-doped ZnO (deposited at high Pd) and after vacuum annealing and (b) their
PL spectra. The samples were annealed inside a small glass capsule to avoid any contamination [22].
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Figure 9. (a)–(c) Nonzero coercivity of H-M loops for Gd-doped ZnO samples deposited at 5 mTorr and (d)–(f) M as a
function of H/T for the same Gd-doped ZnO samples, exhibiting ferromagnetic behavior without any superparamag‐
netic phases [22].

Measurements of the dependence of magnetism on temperature were also conducted. Results
are shown in the ZFC and FC curves in Figure 6 and Figure 7. Figure 6(e–h) and Figure 7(d)
show the ZFC-FC curves without magnetic phase transitions or blocking temperatures.
Furthermore, nonzero coercivity was observed in both sets of samples at room temperature,
as shown in Figure 6 and Figure 7. The magnetism as a function of the field strength/temper‐
ature (H/T) in the samples is shown in Figure 9, indicating that there is no superimposing
universality at 5 K and 300 K, excluding the possibility of superparamagnetism [40]. In
addition, the Gd-doped ZnO sample (Figure 7(a)) grown with 0.04 at% Gd concentration
shows the maximum coercivity (HC) and the highest magnetic moment of 12.35μB per Gd3+ ion
at 5 K, whereas the sample grown with 0.11 and 0.85 at% Gd concentration shows a magnetic
moment of 5.8 (Figure 7(b)) and 0.44μB per Gd3+ ion at 5 K (Figure 7(c)). This evidence indicates
that no superparamagnetic or spin-glass-like transitions were observed within the temperature
range measured in any of the ferromagnetic samples and that RTFM is intrinsic (i.e., it is from
the ferromagnetism originating from the polarized ZnO matrix).
To confirm the effect of oxygen defects, a ferromagnetic sample of Gd-doped ZnO (0.08 at%
Gd) grown at low Pd (5 mTorr) was annealed at 300°C under flowing oxygen to reduce the
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density of the oxygen-deficiency defects in the film. The ferromagnetic signal became very
weak and was accompanied by a superparamagnetic signal after annealing as shown in Figure
10. The superparamagnetic loop at 5 K suggests a significant reduction in the defect-mediated
magnetization. In addition, the blocking temperature (TB = 37.5 K) is observed in Figure 10,
indicating the formation of either ferromagnetic and/or antiferromagnetic nanoclusters
(cluster size smaller than a magnetic domain) during annealing, which results in the super‐
paramagnetic behavior of the materials [41, 42]. Murmu et al. [17, 18] reported that annealing
Gd-implanted ZnO under a vacuum introduced ferromagnetic and superparamagnetic phases
below the blocking temperature, suggesting that this phenomenon is due to ferromagnetic
nanoclusters resulting from the nonhomogeneous distribution of Gd in the film. A similar
transition was observed in antiferromagnetic nanoparticles [43]. In contrast to an antiferro‐
magnetic bulk material, antiferromagnetic nanoclusters introduced a nonzero magnetic
moment because the antiparallel sublattices were characterized by a small angle with respect
to the easy magnetic axes. In this case, the spins of the two sublattices were not fully antiparallel
with respect to each other, resulting in a net magnetic moment due to the different precession
angles [44].

Figure 10. (a) Superparamagnetic behavior after annealing (at 300°C for 5 h in O2 flow) a ferromagnetic Gd (0.08 at%)doped ZnO sample. (b) ZFC-FC curves for the sample after annealing.

Extant studies have confirmed that Gd3+ ions exhibit magneto-crystalline anisotropy due to
the 4f electron cloud experiencing a tetrahedral crystalline electric field in the lattice and the
associated spin splitting [45, 46]. To establish if RTFM is mediated/induced by the Gd-defect
complexes, the ferromagnetism would have show magnetic anisotropy. Anisotropic magnet‐
ization loops were observed in Gd-doped ZnO grown at 25 torr and Gd 0.05 wt% (0.02 at%),
indicating a higher magnetic situation when the field (H) was applied parallel to c-axis relative
to that observed when the field is perpendicular to it. This magnetic anisotropic behavior
suggests that the ferromagnetism was due to the Gd-defect complex as RE dopants have strong
anisotropy [47]. The exchange interaction is therefore dependent on the Gd concentration.
Subramanian et al. [16] observed anisotropy in polycrystalline Gd-doped ZnO [23].
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2.4.2. The effect of secondary phases
Finding ferromagnetism in samples annealed at high temperatures (380 K) (described in
Sections 2.4.1. and 2.4.2.) suggests that the ferromagnetism does not originate from separation
or secondary phases. Figure 11(a) shows FC-ZFC curve for a Gd-doped ZnO sample with
secondary phases as well as the Curie temperature (TC) of the Gd clusters. GdZn2 segregation
is clearly shown in the curve (TC at ~70 K as shown in Figure 11), whereas the TC of Gd is very
close to room temperature, as shown in Figure 11(a). In addition, paramagnetic signals are
observed from Gd metals above room temperature, as shown in Figure 11(b). The other
expected phase is Gd2O3, which is an antiferromagnetic material.
In highly Gd-doped samples (~2.5 at%) grown at 50 mTorr on c-sapphire substrates, segrega‐
tion of the secondary phase was observed near the film-substrate interface, as indicated by the
HR-TEM results (Figure 12(a)). The M-H loop (Figure 12(b)) at 5 K is dominated by super‐
paramagnetic behavior, as there is no magnetic saturation. Such behavior was reported by
Murmu et al. [19] for (2.5 at%) Gd-implanted ZnO films.

Figure 11. (a) The Curie temperature of other Gd phases. Gd-doped ZnO with a secondary phase and Gd clusters. (b)
The pure Gd metal has a paramagnetic response at high temperature (380 K).

Figure 12. (a) HR-TEM micrograph of Gd (2.5 at%)-doped ZnO deposited on c-sapphire, showing clusters of Gd near
the interface. The arrow indicates the line profile from the energy dispersive X-ray (EDX) spectrum showing scanning
across the cluster confirming the presence of Gd. (b) M-H loop of the same sample showing a superparamagnetic re‐
sponse.
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3. Theoretical studies on Gd-doped ZnO
3.1. The origin of the ferromagnetism in Gd-doped ZnO films
All Gd-doped ZnO samples showed n-type conductivity with about 1018 cm−3 carrier concen‐
tration. RTFM was observed in all samples grown at low Pd. This ferromagnetism can poten‐
tially be attributed to Gd-oxygen-deficiency (donor) defects. Theoretical analyses are necessary
for in-depth understanding of magnetic interactions.

Figure 13. The DOS of (a) a VO defect, calculated using the PBE + U; (b) a substitutional Gd (Gdsub); (c) Gd + VO, calcu‐
lated using hybrid functional HSE06 (α = 0.25 for the Hartree-Fock exchange); and (d) 2Gdsub + Zni, calculated using
PBE + U [22].

The theoretical analysis performed in this work focuses on the effect of the Gd complexes with
intrinsic defects that introduce donor electrons [22]. First-principles simulations were per‐
formed using the Vienna Ab-initio Simulation Package (VASP) [48, 49] with projectoraugmented wave potentials (PAW) and a plane-wave expansion of 400 eV on 2 × 2 × 2 k-meshes
for structural relaxation. The exchange and correlations were treated in the Perdew-BurkeErnzerhof generalized gradient approximation (GGA) and a little higher accuracy for the
energy calculation. All configurations were fully relaxed until the forces per atom were less
than 0.02 eV/Å. For the localized Zn 3d and Gd 4f states, Hubbard U correction was taken into
account with Ueff = 5 eV for Zn 3d and 6 eV for Gd 4f states. The energy convergence was set
to 5 × 10−5 eV [22].
Ferromagnetism occurs when the Fermi level (EF) is located near the band edge and overlaps
with the impurity level. As a result, it can be partially occupied by the donor electrons and
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magnetic exchange coupling can take place [50]. Figure 13 shows that introducing VO does not
shift the Fermi level to the band edge, which, however, moves above the conduction band
minimum (CBM) with the introduction of Gd impurities. However, the presence of Gd dopants
in defect-free ZnO is not sufficient to induce exchange coupling, as the magnetic results
pertaining to Gd:ZnO reveal predominantly paramagnetic behavior [14]. Figure 13 shows a 2Gd complex with VO and Zni, respectively, suggesting three possibilities of magnetic coupling
that lead to the observed RTFM in Gd-doped ZnO deposited at different oxygen-deficiency
conditions. First, Gd induces FM through s-f or s-d coupling, which is not possible because the
f state is far the CBM and does not overlap with the Fermi level, an observation that is in line
with our earlier DFT calculations [51]. Second, defect-induced RTFM can be possible in this
case if the defect band and the CBM are located near the Fermi level. A shallow donor band
located near the Fermi level is created due to the presence of Gd-Zni complexes, as shown in
Figure 13. Therefore, this band may allow ferromagnetic coupling between the s state of the
host and donor levels, resulting in RTFM. Third, Gd can mediate RTFM, in which case the
RTFM will be due to the exchange coupling between the defect states and the host [52]. In this
case, the band broadening formed by intrinsic defects is resonant with Gd f states producing
RTFM [52], as shown in Figure 13. Venkatesh et al. [23] showed that the formation of a Gdoxygen-deficiency defect band located near the Fermi level mediated the ferromagnetism
through spin splitting of the defect band [22].
3.2. The origin of the ferromagnetism in Gd-doped ZnO nanowires
First-principles DFT calculations were carried out within the GGA to elucidate the magnetic
phenomena in the Gd-doped ZnO nanowires. A wurtzite ZnO nanowire grown along the
[0 0 0 1] direction doped with Gd was considered. The presence of point defects in the nanowire
along with the Gd dopant is discussed in the context of magnetic and electronic properties.
The possibility of carrier-mediated ferromagnetism originating from the f-s coupling was
demonstrated using electronic structure analysis [53].
The Zn48O48 nanowire was modeled by employing super cell approximation in which a vacuum
of 15 Å is created along the X and Y directions and infinite periodicity is maintained along the
Z direction. Since a comparison of the results obtained with and without the Hubbard U
parameter did not alter the qualitative picture, we adopted the GGA approximation as
implemented in the plane-wave-based code VASP [48, 49]. Projected augmented wave (PAW)
pseudopotentials were considered with a plane-wave cutoff of 400 eV. A Monkhorst-Pack K
grid of 1 × 1 × 8 was used for the Brillouin zone integration. With the abovementioned input
settings, we were able to achieve energy and force tolerances of 0.0001 eV and 0.004 eV/Å,
respectively.
The formation energy was calculated by incorporating the Gd atoms in all possible nonequivalent sites in the ZnO nanowire encompassing the surface, subsurface, and bulk-like
regions (Figure 14) using the following equation:
=
E f E ( Zn48 - mO48Gdm ) - E ( Zn48O48 ) + nm ( Zn ) - mm ( Gd ) ,

(1)
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where E and μ denote the total energy and chemical potential (total energy of metallic Zn and
Gd), respectively. Here, n represents the number of Zn atoms removed from the supercell and
m is the number of Gd atoms replaced by the Zn atoms.

Figure 14. Zn47O48Gd nanowires with all 12 non-equivalent doping sites grouped in to three classes including the sur‐
face, subsurface, and bulk-like sites. The formation energy of Gd atoms in each site is also shown (in eV) [53].

The optimization of a pristine nanowire resulted in a reduction of bond length along the c-axis
(1.89 Å), while the ab-plane underwent extension, compared to bulk ZnO (1.99 Å). Substitution
of a Gd atom resulted in slight elongation along c-axis, to 2.08 Å, whereas the change within
the a-b plane was almost negligible, indicating that the Zn47O48Gd nanowires reached struc‐
tural stability with minimal lattice distortion. The Gd atoms preferred to occupy the surface
sites in agreement with the in situ deposition experiments.
Configuration

∆E (meV)

∆E(e) (meV)

∆E(VO) (meV)

a

4

20

31

b

11

35

96

c

21

57

134

d

9

23

108

e

17

86

200

f

13

21

60

g

9

14

46

Table 1. The difference in total energy (ΔE; meV) between the FM and AFM configurations for the Zn46O48Gd2
nanowires, without vacancies (second column), with electron injection (third column) and with VO (fourth column).

The energetic preference of the clustering of Gd atoms was analyzed by putting a pair of Gd
atoms in the host ZnO matrix and the lowest formation energies for widely separated Gd atoms
were obtained. This is an important result indicating that segregation of Gd atoms in ZnO
nanowires is unlikely to occur and that the magnetism does not originate from the Gd clusters.
Our findings support the homogeneous distribution of RE atoms during implantation in ZnO.
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The Gd atoms, when placed in near vicinity, exhibited ferromagnetic exchange coupling in the
neutral state with exchange energies (ΔE) as large as 21 meV. The introduction of additional
charge to the nanowire by the injection of an electron further enhanced ΔE, indicating that the
presence of O vacancies may stabilize ferromagnetic coupling in the nanowire, given that a
single O vacancy can release two electrons into the system. The ΔE increased to 200 meV in
the presence of O vacancies, supporting the possibility of an increased f-s coupling (Table 1
[53]).

Figure 15. The density of states of Gd-doped ZnO nanowires with and without O vacancies [53].

The density of states (DOS) of Gd-doped ZnO nanowires with and without O vacancies
provided further insight into the exchange mechanism. A pristine ZnO nanowire is semicon‐
ducting with nonmagnetic characteristics (Figure 15) [53]. Doping with Gd atom causes a
significant shift of the Fermi level to the conduction band close to the Gd f states. The pre‐
dominant feature observed from DOS is that the majority Gd f levels are buried deep inside
the valence band and the unoccupied minority states are localized in the vicinity of the Fermi
level. With the introduction of VO, hybridization increases in the vicinity of the Fermi level,
mediating the interaction between s (from Zn) and the f states. In the present context, the
ferromagnetic exchange interaction is mediated by the valence electrons provided by the VO,
unlike Zener’s p-d exchange mechanism in which valence hole states are involved [54]. The
double-exchange mechanism is also less likely, as it is based on a physical picture of the d
electron hopping between atoms with strong on-site exchange [55]. The shift of the Fermi level
towards the conduction band eliminates the possibility of change “pnf” to “p-f” exchange
mediated by the hole states. These findings establish that O vacancies play a key role in
stabilizing ferromagnetic exchange in Gd-doped ZnO nanowires.
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4. Conclusion
The origin of RTFM in Gd-doped ZnO is intrinsic due to exchange coupling mediated or
introduced by a defect band related to the Gd-defect complex. Quantum confinement of the
nanowire structure can strengthen the RTFM, as O vacancies play a key role in stabilizing
ferromagnetic exchange in Gd-doped ZnO nanowires.
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