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Spin dynamics in driven composite multiferroics

Zidong Wang (王子东),a) and Malcolm J. Grimson
Department of Physics, The University of Auckland, Auckland 1010, New Zealand

(Received 22 May 2015; accepted 15 September 2015; published online 29 September 2015)

A spin dynamics approach has been used to study the behavior of the magnetic spins and the

electric pseudo-spins in a 1-D composite multiferroic chain with a linear magneto-electric coupling

at the interface. The response is investigated with either external magnetic or electric fields driving

the system. The spin dynamics is based on the Landau-Lifshitz-Gilbert equation. A Gaussian white

noise is later added into the dynamic process to include the thermal effects. The interface requires a

closer inspection of the magneto-electric effects. Thus, we construct a 2-D ladder model to describe

the behavior of the magnetic spins and the electric pseudo-spins with different magneto-electric

couplings.VC 2015 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4931895]

I. INTRODUCTION

The materials exhibiting more than one ferroic (mag-

netic, electric, or elastic) state are known as multiferroics.1 A

composite multiferroic material is defined as the heterostruc-

ture in ferroelectric (FE) and ferromagnetic (FM) orders.

The FM part is a normal magnetic metal (e.g., iron, cobalt,

or nickel), whereas the FE part is, for instance, BaTiO3 or

PbTiO3. Recently, this type of materials has received much

theoretical2–10 and experimental11,12 investigation, due to

induce electric polarization (magnetization) by applying a

magnetic (electric) field. This phenomenon is called the

magneto-electric (ME) effect, it was first discovered by

Curie.13 The key to understanding the nature of the ME

effect in composite multiferroic materials is the knowledge

about a coupled magnetic and electric response by elastic

interaction.14–16 For a magnetized FM material, it can pro-

duce the shape deformation due to the magnetostriction. The

deformation acts as a mechanical strain, it impacts the

coupled FE material in form of stress, resulting in an induced

polarization in FE material due to the piezoelectric effect.

Vice versa, the ME effect is driven by the electric side. The

ME effect only occurs at the interface between FM and FE.

In this paper, our simulations assume the ME effect is con-

trolled by a linear ME coupling as the mediator of elastic

interaction. The performance of the responses of the driving

and the driven parts is the purpose of this paper.

In order to study this phenomenon theoretically, we

introduce a spin dynamics approach with an amount of mag-

netic spins and locations of electric dipoles in a 1-D FM/FE

composite multiferroic chain, shown in Fig. 1. Interestingly,

a dynamic simulation was also introduced by Wang et al. for
the study of single phase multiferroic materials (i.e.,

BiFeO3).
17 The novelty here is that we use a pseudo-spin

model to represent the electric dipoles in the spin dynam-

ics.18 The pseudo-spin model was first conjectured by de

Gennes,19 for calculating the energy of the proton system

stored in the order-disorder ferroelectric crystals, while the

term “pseudo-spin” was coined by Elliott et al.20 Later,

Zhong et al. developed a first-principles approach to study

the structural phase transitions and finite temperature proper-

ties in perovskite FE materials.21,22 This approach can be

applied to BaTiO3, PbTiO3, KNbO3, etc. The effective

Hamiltonian was used to carry out Monte Carlo simulations

and determine the phase transformation behavior.

In this paper, the effective Hamiltonians for FM and FE

have been introduced in Section II. The technical details of

the spin dynamics simulation are presented in Section III. In

Section IV, the results of the magnetic driven and the electric

driven systems are obtained. In Section V, an influence of

thermal agitation has been considered in spin dynamics pro-

cess. The thermal fluctuations are represented by adding a

stochastic field, as mentioned by Brown.23 In Section VI, we

construct a 2-D ladder model, in order to take a closer

inspection of the motions of the magnetic spin and the elec-

tric pseudo-spin with different ME couplings. Conclusions

are drawn in Section VII.

II. MODEL

For this purpose, we consider a 1-D multiferroic com-

posite chain, which coupled by FM and FE parts. Each part

consists of fixed number of magnetic spins and electric

pseudo-spins. The FM/FE chain is glued by the ME coupling

at the interface of the last magnetic spin and the first electric

pseudo-spin. The schematic view is in Fig. 1.

The total energy of the composite multiferroic system in

general consists of three parts

H ¼ HFM þHFE þHME: (1)

FIG. 1. Schematic of the 1-D composite multiferroic (FM/FE) chain, with

the red arrows are magnetic spins and the electric pseudo-spins are blue

arrows. The interface with the ME coupling is given in a yellow wall.a)E-mail: Zidong.Wang@auckland.ac.nz

0021-8979/2015/118(12)/124109/6/$30.00 VC 2015 AIP Publishing LLC118, 124109-1
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HFM is the conventional Heisenberg Hamiltonian24 describes

the FM part with N magnetic spins

HFM ¼ �JFM
XN

hi;ji
ð~Si � ~SjÞ � K

XN
i¼1

ðSzi Þ2 � HðtÞ
XN
i¼1

Szi ; (2)

where JFM is the nearest-neighbor exchange interaction cou-

pling, and K is the z-directional uniaxial anisotropy coeffi-

cient. The magnetic spin vector, ~Si ¼ ðSxi ; Syi ; Szi Þ, at site

i ¼ 1;…;N, with the normalization k~Sik ¼ 1, and the nota-

tion hi; ji characterizes that the sum is restricted to nearest-

neighbor pairs of spins, each pair being counted only once.

The last term in Eq. (2) shows the Zeeman energy induced

by the magnetic spins and an external magnetic field H(t) in
sinusoidal type25

HðtÞ ¼ Hz
0 sin ðxtÞ; (3)

this field has been applied in the z-direction only with the

time dependent form.

The energy in the FE part, HFE, is described by an Ising

model in a constant transverse field. The first introduction of

transverse Ising model (TIM) was by de Gennes,19 to study

the phase transition in order-disorder and KDP-type ferro-

electrics. Thus, HFE is the Hamiltonian of TIM with N elec-

tric pseudo-spins that represents the interacting dipoles18,26

HFE ¼ �Xx
XN
i¼1

Px
i � JFE

XN

hi;ji
ðPz

iP
z
j Þ � EðtÞ

XN
i¼1

Pz
i ; (4)

where Px
i and Pz

i are the x- and z-components of the unit vec-

tor, Pi, represent the electric dipole moments (i.e., polariza-

tion) at site i. In Eq. (4), the first term is the transverse energy

with a transverse field, Xx is applied in x-direction perpendic-

ular to the Ising z-direction.27 The coupling, JFE indicates the

nearest-neighbor exchange interaction provides the interaction

energy in the second term. The last term is, if the system is

subject to a dynamic electric driving field in the z-direction,
EðtÞ [Eq. (5)], that couples to the pseudo-spins in the system

EðtÞ ¼ Ez
0 sin ðxtÞ: (5)

The interfacial energy, Hchain
ME in the FM/FE chain,

between the last magnetic spin and the first electric pseudo-

spin is described by the dipole-spin interaction Hamiltonian

in Eq. (6), with a linear ME coupling, g (Refs. 2–5)

Hchain
ME ¼ �gðSN � P1Þ: (6)

III. SPIN DYNAMICS

To describe the dynamics of magnetic spins and electric

pseudo-spins, an equation named Landau-Lifshitz-Gilbert

(LLG) equation in the absence of the thermal agitation has

been used at the atomic level.4,28–30 Eq. (7) shows the time evo-

lution of the spin response (i.e., magnetization) in the FM part

@Si
@t

¼ �cFM Si �H
ef f
Si

tð Þ
h i

� kFM Si � Si �H
ef f
Si

h ih i
; (7)

where cFM ¼ c0
1þa2FM

, c0 is the gyromagnetic ratio relating the

magnetization to its angular momentum, and aFM is the

dimensionless damping factor. kFM ¼ c0aFM
1þa2FM

denotes the

Gilbert damping term. The magnetic effective field, H
ef f
Si

¼ �dH=dSi, is the derivative of the system Hamiltonian of

Eq. (2) with respect to the magnetization, acting on each

magnetic spin.

In the FE part, we use a simple pseudo-spin model to

describe the locations of the electric dipole. Since an electric

dipole is a separation of positive and negative charges, a

measure of this separation gives the magnitude of the electric

dipole moment, it is a scalar. In the spin dynamics approach,

no precession of the pseudo-spins is expected (i.e., c0FE ¼ 0),

and the dynamic responses of electric pseudo-spins (i.e.,

polarizations) are described18,31,32

@Pi

@t
¼ �kFE Pi � Pi �Hef f

Pi

h ih i
; (8)

where kFE is the intrinsic damping parameter for the electric

pseudo-spins, and the electric effective fields for the pseudo-

spins are defined as a functional derivative of Eq. (4),

Hef f
Pi

¼ �dH=dPi. The electric effective fields, without any

y-component, only have a constant transverse field in the x-
component. Thus, the polarization in the z-direction domi-

nates the motion of electric pseudo-spins.

Introducing the dimensionless variables with si ¼ Si=S0
and pi ¼ Pi=Ps, given the normalized LLG equations

@si
@t

¼ �c�FM si � h
ef f
Si

tð Þ
h i

� k�FM si � si � h
ef f
Si

h ih i
; (9)

and

@pi
@t

¼ �k�FE pi � pi � h
ef f
Pi

h ih i
; (10)

where hef fSi
¼ � 1

l
dH
dsi

and hef fPi
¼ � 1

�
dH
dpi

are the reduced effec-

tive fields.

IV. RESULTS

To demonstrate the responses of magnetic spins and elec-

tric pseudo-spins to a magnetic/electric driving field using the

spin dynamics approach. The number of magnetic spins and

electric pseudo-spins is set at N ¼ 50 each, in order to clearly

observe the behaviour in driven part. The other parameters

with a “�” label are dimensionless. Large couplings of the

nearest-neighbour exchange interaction J�FM ¼ J�FE ¼ 50, and

the ME coupling g� ¼ 50 has been used to enhance the per-

formance of the energy transition. The coefficient of anisot-

ropy is K�
FM ¼ 0:1 in the FM part. The transverse field in

the FE part is XFE
� ¼ 0:1. In LLG equations, c�FM ¼ 1 and

the same damping coefficients k�FM ¼ k�FE ¼ 0:1. The dimen-

sionless external driving field is either magnetic [Eq. (3)] or

electric [Eq. (5)] in each run, with fixed amplitude of H�
0 ¼ 10

or E�
0 ¼ 10 in the z-direction only. The switching frequency

is set by the switching field x� ¼ 0:01. This means k�=x�

¼ 10, the stiffness characterises an appropriate response of

the system. Free boundary conditions have been applied, and

the initial states have been set at random. The numerical

results show that the z-component of magnitudes of the

124109-2 Z. Wang and M. J. Grimson J. Appl. Phys. 118, 124109 (2015)

 Reuse of AIP Publishing content is subject to the terms at: https://publishing.aip.org/authors/rights-and-permissions. Download to IP:  130.216.54.214 On: Thu, 04 Aug 2016

23:56:14



magnetization Sz and the polarization Pz obtained by a fourth

order Runge-Kutta method with a time step Dt ¼ 0:0001.
We apply a dynamic electric field to the FM/FE chain.

Generally, the mean electric polarization can form a hyster-

esis loop with the driving field seen in Fig. 2(b). Since the

FM part couples with the FE, the responses of the magnetic

spins are driven by the variation of the electric polarization.

Thus, a relatively weak hysteresis loop of the mean magnet-

ization and the driving field can be obtained in Fig. 2(a). For

a closer inspection of the instantaneous responses of each

individual spin/pseudo-spin to the dynamic driving field, we

select seven specific cases expressing in different symbols

are depicted in Fig. 2(c). The left hand side shows the mag-

nitudes of the magnetic spins in the z-component [red], and

the right hand side shows the magnitudes of the electric

pseudo-spins [blue], the interface between FM and FE is

represented by a yellow line. The process starts from the

“4” chain at the bottom. The electric pseudo-spins give

quick response due to they are driven directly by the driving

field is indicated in the second “�” and third “h” chains.

Then, the next three chains show the magnetic part catch up

slowly. The average values of each chain are indicated in

Figs. 2(a) and 2(b) with corresponding symbols. The over-

view of the dynamic responses is given in Fig. 3(a) for three

periods of the driving field. The multiple colors in this figure

characterize the z-component magnitudes of the magnetiza-

tion and the electric polarization at each spin-site. The delay

behavior in the FM part can be observed as shown above in

Fig. 2(c).

Similarly, the FM/FE chain is driven by a magnetic field

and its analogous behavior is obtained in Fig. 3(b). For the

driven part, the polarization is much weaker than the mag-

netization in Fig. 3(a). This is due to the TIM being used in

electric pseudo-spin model, which only contains the z-com-

ponent interaction energy [Eq. (4)]. It results in low energy

transitivity and induces distinct decay behavior in further

electric pseudo-spins. In contrast, the magnetic spins used in

the classical Heisenberg model are the sum of the x-, y-, and
z-component interaction energies [Eq. (2)]. For the same pa-

rameters used in the simulation, the total energy in the mag-

netic spins is larger than the electric pseudo-spins. Thus,

there is a smaller hysteresis loop for the polarization with the

driving field as obtained in Fig. 4(b). A closer inspection of

FIG. 2. (a) and (b) The z-component mean values hysteresis loops of mag-

netization and electric polarization, respectively. (c) The responses of mag-

netic spins [red] and electric pseudo-spins [blue] as spin waves in seven

specific cases to an electric driving field.

FIG. 3. The z-component magnitudes of magnetization and electric polar-

ization in three periods. (a) Driving by an electric field and (b) driving by a

magnetic field.

FIG. 4. (a) and (b) The z-component mean values hysteresis loops of mag-

netization and electric polarization, respectively. (c) The responses of mag-

netic spins [red] and electric pseudo-spins [blue] as spin waves in six

specific cases to an magnetic driving field.
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the dynamic response of the FM/FE chain is shown in Fig. 4

(c) with six specific cases. Some fluctuations occur during

the process in FM part are indicated in the “�,” “h,” and

“q” chains. This causes the energy reflection from the inter-

face, as a result of the limited capacity of energy absorption

in the electric pseudo-spins with TIM. This behavior can

also be observed in Fig. 4(a) as weak fluctuations in the mag-

netic hysteresis loop.

V. STOCHASTIC EFFECTS

The thermal agitation is neglected in Section IV. In ex-

perimental research, the influence of temperature is signifi-

cant. For each individual spin/pseudo-spin, the orientation of

the moment is continuously changed by the thermal agitation.

FIG. 5. Influences of thermal fluctuation in the FM/FE chain is illustrated

by similar simulations as in Figs. 2 and 4, and including a Gaussian white

noise with different noise levels. (a) and (b) Driven by a magnetic field; (c)

and (d) driven by an electric field.

FIG. 6. Schematic of the 2-D composite multiferroic (FM/FE) ladder. The

features are same as Fig. 1.

FIG. 7. The trajectories of a magnetic spin [(b), (e), and (h)] and an electric pseudo-spin [(c), (f), and (i)] with different ME couplings to an electric driving
field in the ladder model. The panels of top row with g ¼ 1, mid row with g ¼ 0:5, and bottom row with g ¼ 0:2. Panels (a), (d), and (g) show the z-componen-

tial hysteresis loops of the magnetic spin in red and the electric pseudo-spin in blue.
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This problem can be approached as a simplified Brownian

motion theoretically. In effect, we reduce the random forces

to a purely random process as a stochastic field.23

Based on the method in Section IV, we process the sim-

ulations based on the effective fields with an additional

Gaussian white noise for the stochastic field.33 Thus, the sto-

chastic effective field

Heffþstoch
i ¼ Hef f

i þHstoch
i ; (11)

where Hstoch
i is the stochastic field at each spin-site

Hstoch
i ¼ 1

r
ffiffiffiffiffiffi
2p

p e�
x�lð Þ2
2r2 ; (12)

where l is the mean of distribution, r is the standard devia-

tion of distribution, and x is the real random variable vectors

in 3 degrees of freedom. Thus, Eqs. (7) and (8) become sto-

chastic LLG equations. We use the parameters given in

Section III, with a “balanced” mean Gaussian distribution (i.

e., l ¼ 0). The temperature influences are proportional to the

magnitudes of Gaussian standard deviation, r.
The numerical results are shown in Fig. 5, the top two

panels are driving by magnetic field and the bottom panels are

driving by electric field. We compare the noise level r ¼ 0:3
[Figs. 5(a) and 5(c)] and r ¼ 1 [Figs. 5(b) and 5(d)], the

effects of thermal agitation can be clearly observed by a com-

parison of the noiseless cases in Figs. 3(a) and 3(b). For a

small level of noise, r ¼ 0:3, the behavior of responses is

almost similar to the absence of thermal agitation. Increasing

the strength of noise to a moderate level, i.e., r ¼ 1, the ther-

mal fluctuation plays an important role in the driven part. The

Monte Carlo approach can inspect the thermal influence by its

transition probability,3 but the results are qualitatively the

same.

VI. MAGNETO-ELECTRIC EFFECTS

We have clearly identified the validity of the magnetic

spin model and the electric pseudo-spin model in spin

dynamic approach for composite multiferroic simulation.

The preceding discussion suggests that ME effect is directly

proportional to the ME coupling, g. It is an important factor

during the energy transition from the driving part to the

driven part. To demonstrate this behavior, we consider a sim-

ple 2-D ladder model to enhance the ME coupling phenom-

ena at the FM/FE interface.9 The ladder model with periodic

boundary conditions is illustrated in Fig. 6 with N’s ME

FIG. 8. The trajectories of a magnetic spin (second column) and an electric pseudo-spin (third column) with different ME couplings to a magnetic driving

field in the ladder model. The panels of top row with g ¼ 1, mid row with g ¼ 0:5, and bottom row with g ¼ 0:2. Panels (a), (d), and (g) show the z-componen-

tial hysteresis loops of the magnetic spin in red and the electric pseudo-spin in blue.
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couplings. We use the same simulation approach as in

Section IV, but the interfacial energy becomes

Hladder
ME ¼ �g

XN
i¼1

ðSi � PiÞ: (13)

For the numerical simulations of the ladder model, we

found that the maximal size tractable in reasonable comput-

ing time is given by N ¼ 100, and reduce the normalized

nearest-neighbor exchange interactions to J�FM ¼ J�FE ¼ 1. A

variation of the linear ME coupling, g, allows a comparison

of the different responses of the magnetic spins and the elec-

tric pseudo-spins. In this section, we depict the mean mag-

netization/polarization hysteresis loops and a magnetic spin/

an electric pseudo-spin’s motions respect to the ME cou-

plings. Results for the ME couplings of g ¼ 1, 0.5, and 0.2

are shown in Fig. 7 for electric field driving and Fig. 8 for

magnetic field driving.

A closer inspection for each panel in Fig. 7, the top row

[Figs. 7(a)–7(c)] shows the behavior respect to g ¼ 1, a rela-

tively strong ME coupling. The magnetic spin trends to the

direction of the transverse field, giving a similar behavior as

the performance of the electric pseudo-spin in Fig. 7(b). On

the other side, the electric pseudo-spin shows a homogeneous

dipole motion in Fig. 7(c). Reducing the ME coupling

strength, the magnetic spin gains more freedom of precession

in each direction shown in Figs. 7(e) and 7(h), but it losses

stiffness for weaker ME coupling [Figs. 7(a), 7(d), and 7(e)].

In Fig. 8, similar behaviors have been obtained as in

Fig. 7, but the driving part is the magnetic spin. For a strong

ME coupling, g ¼ 1, the precession of the magnetic spin has

been limited by the electric pseudo-spin shown in Fig. 8(b).

The oscillations observed in its hysteresis loop [red loop in

Fig. 8(a)] indicate the axis of precession is not along to the z-
axis. This is due to the coupling of the electric pseudo-spin

to the transverse field along to the x-axis. The FM part gains

the freedom of precession slowly with a smaller ME cou-

pling [Figs. 8(e) and 8(h)], and less oscillations are shown in

their hysteresis loops [red loops in Figs. 8(d) and 8(g)]. The

electric pseudo-spin only changes its magnitude in the z-
component [Figs. 8(c), 8(f), and 8(i)]. It has much weaker

response [blue loops in Figs. 8(a), 8(d), and 8(g)] than that of

the magnetic spins shown in Section IV.

In a nutshell, the ME coupling in spin dynamics approach

is shown to be an important role in controlling the freedom of

precession of the magnetic spin. As an aside, if g ¼ 0 repre-

sent that driving part and driven part are absolutely isolated,

no energy can be propagated. Thus, the driving part shows a

general “ferro-like” behavior. But, the driven part shows a

zero effect only if the ME coupling is zero.

VII. CONCLUSIONS

The main point of this paper is to observe the ME effects

by spin dynamics on the both sides of FM and FE. A spin

model has been used for magnetic spins, and an electric

pseudo-spin model has been used to represent the locations

of electric dipole in a precession free LLG equation. The

numerical results demonstrate the different responses of the

magnetic spins in the FM and the electric pseudo-spins in the

FE driven by either a magnetic field or an electric field. In

spin dynamics, the thermal agitation can be considered by

adding a Gaussian white noise, and we use the stochastic

standard deviation to control the influence of temperature.

The results are qualitatively consistent with the Monte Carlo

approach.
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