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The fantastic ferroelectric response to the magnetic field observed in Ca3CoMnO6 compound, where
the ferroelectricity is driven by the collinear magnetism, is investigated by using Monte Carlo
simulation based on a one-dimensional elastic Ising model. The microscopic domain structures of
spins and ionic displacements are evaluated at different temperatures under different external
magnetic fields. It is revealed that the up-up-down-down �↑↑ ↓↓� spin domains clamped with the
domains of ionic displacement are responsible for the exotic ferroelectric behavior upon different
magnetic fields in the low temperature range. © 2009 American Institute of Physics.
�DOI: 10.1063/1.3153113�

I. INTRODUCTION

Spin frustration has attracted considerable attention in
the physics of strongly correlated systems in recent years.
The competing interactions in the frustrated compounds pro-
duce a high degeneracy of states due to spin frustration and
consequently peculiar magnetic phenomena such as spin
ice,1,2 spin glass,3 and spin liquid4,5 as well as the multistep
magnetization.6–9 Recently the discovery of magnetism-
driven ferroelectricity in the frustrated magnet rejuvenated
the interest of investigation in both fields of spin frustration
and multiferroicity.10–14 In multiferroic compounds, the frus-
tration plays the role to induce spatial variations in magneti-
zation, which break the special inversion symmetry and thus
produce ferroelectricity. Due to the magnetic origin of ferro-
electricity, the electric polarization �P� and the dielectric
constant ��� in these materials are highly sensitive to the
applied magnetic field �h�, making these multiferroic sys-
tems attractive in applications. On the other hand, the frus-
tration also brings new challenge to the theory of multiferro-
icity. In different structures it produces a variety of complex
magnetic phases and a series of transitions, which result in
very complicated magnetoelectric coupling and puzzling
phenomena. The corresponding microscopic mechanism, es-
sential to achieve their potential applications, is still a chal-
lenging task.

One-dimensional �1D� Ising spin chain with the compet-
ing nearest-neighbor and next-nearest-neighbor interactions,
which is a typical spin frustration system, demonstrates vari-
ous commensurate magnetic phases.15 It was predicted that
the up-up-down-down collinear spin order observed in this
model will induce ferroelectricity by the exchange
striction,10 which is very different from the noncollinear-
magnetism-driven ferroelectricity.16–18 This prediction was
remarkably substantiated by the experiment of Choi et al.19 It
was reported that the ferroelectricity induced by the collinear
spin order had been discovered in Ca3Co2−xMnxO6 �x

�0.96, very near one�. Ca3CoMnO6 belongs to the family of
triangular spin-chain compounds with the general formula
A3�ABO6 �where A� is Ca or Sr and A and B are transition
metal elements�. It is composed of parallel 1D CoMnO6

chains aligned along the hexagonal c-axis, separated by A�2+

ions, forming a triangular lattice in the ab-plane.20 Every
CoMnO6 chain consists of the alternatively face-sharing
CoO6 trigonal prisms and MnO6 octahedra. 1D Ising model
can be used to characterize this compound due to its
quasi-1D magnetic structure and the strong Ising-like
anisotropy.19–21

The collinear-magnetism-driven ferroelectricity ob-
served in Ca3CoMnO6 attracts a lot of attention. By the den-
sity functional theory and ab initio electronic structure cal-
culations, Wu et al.21 and Zhang et al.,22 respectively,
confirmed that the inequivalence of the Co–Mn distances in
an up-up-down-down spin order accounts for the ferroelec-
tricity. By using Monte Carlo �MC� simulation based on a
1D elastic Ising model, the present authors reproduced the
temperature-dependent ferroelectric and magnetic behaviors
in the low temperature �T� range. The simulation results are
in qualitative agreement with the experimental data of
Ca3CoMnO6.23,24 It is revealed that the macroscopic P in-
duced by the ionic displacements is attributed to the ex-
change striction in an up-up-down-down spin order. More-
over, the freezing and melting phenomena of P against T
were discussed in detail at a microscopic level. However the
puzzling ferroelectric response to magnetic field, especially
the crossover behavior of P�T� curves under different mag-
netic fields, and its microscopic mechanism remain unre-
solved. In this paper, we perform extensive simulation on the
1D elastic Ising model to gain an insight into the micro-
scopic scenario of the ferroelectric response to h. In particu-
lar, the microscopic domain structures of spins and ionic dis-
placements are discussed in detail to unveil the coupling
between magnetism and ferroelectricity. It is indicated that
the up-up-down-down spin domain �UDSD� clamped with
the ionic displacement domain �IDD� through the exchangea�Electronic mail: yaoxiaoyan@gmail.com.
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striction induces the exotic magnetic response of ferroelec-
tric behavior.

II. MODEL AND SIMULATION

The Hamiltonian for this 1D elastic Ising spin chain can
be written as

H = − �
�i,j�

JFM�rij�SiSj − �
�i,k�

Mn

JAFMnSiSk − �
�i,k�

Co

JAFCoSiSk

− hg�B�
i

Si − E�
i

qdi +
1

2
k�

i

di
2, �1�

where Si= �1 represents the spin at the ith site of the chain.
The first term on the right of Eq. �1� is the ferromagnetic
�FM� energy, where �i , j� denotes the summation over all the
nearest-neighboring spin pairs. JFM depends on the distance
between the two nearest-neighboring spins due to exchange
striction. It can be expanded to the following linear approxi-
mation form:

JFM�ri,i+1� = JFM0	1 + � ·
ri,i+1 − r0

r0



= JFM0�1 + ��di+1 − di�� , �2�

where JFM0 is defined as the bare FM spin-spin interaction
�JFM0�0� and � gives the strength of the coupling between
the spins and the displacements. ��0 reflects that the inter-
action gets stronger as the spins get closer to each other. r0 is
the original distance between two ions without the exchange
striction; ri,i+1 is the distance between the ith ion and the �i
+1�th ion under the exchange striction. di denotes the dis-
placement of the ith ion normalized by r0, and it bears a
positive value when this ith ion is approaching the �i+1�th
one. Therefore, the exchange striction plays the role to shrink
the bond lengths between the parallel spins and stretch those
between the antiparallel ones, inducing the movements of
ions along the chain. According to Eq. �2�, the change in JFM

is only related to the distance between these two nearest-
neighboring spins; therefore the relative movement of these
two ions is the key for the exchange striction. For simplicity,
it is assumed that only Co ions move, namely, di�0 for
mobile Co ion, but di=0 for immobile Mn case.

The second and third terms on the right of Eq. �1� are
antiferromagnetic �AFM� energy between the next-nearest-
neighboring pairs calculated for Mn and Co, respectively,
where �i , j� signifies the summation over all the next-nearest-
neighboring pairs. The AFM coupling between each next-
nearest-neighboring Mn–Mn pair is stronger than that for
Co–Co, namely, JAFMn�JAFCo�0.22 The fourth term is the
magnetic field energy, where h is the external magnetic field,
g is the Lande factor, and �B is the Bohr magnetron. The
fifth term denotes the electric energy, where E is the electric
field applied along the chain. q is the charge state of the
moving ions, that is, q=2 for Co2+. The last term on the right
of Eq. �1� is the elastic energy presented in the form of
harmonic potential, where k is the elastic constant with a
value large enough to ensure small values of ionic displace-
ments. For convenience, Boltzmann’s constant kB is chosen

to be unity, which means that temperature is measured in
energy units and the same units can be used for the exchange
coupling and other physical constants. Since the real values
of the parameters are not available from experiments, they
are chosen by the qualitative comparison between the simu-
lated results and the experimental data, which had been dis-
cussed in Ref. 23. The values of these parameters for the
simulation are shown in Table I.

It is known that the up-up-down-down spin state with
alternating ionic order is very important for the emergence of
P. However, it was observed that the up-up-down-down or-
der is actually short-ranged.19 Therefore, the evolution of
UDSD should be focused as a key to understand the proper-
ties of the system. As shown in Figs. 1�a� and 1�b�, there are
two ways to combine the up-up-down-down spin order with
the ionic charge order, which give rise to the opposite ionic
diaplacement.19 Correspondingly the UDSD can be divided
into two classes, namely, positive UDSD with positive dis-
placement di�0 and negative UDSD with di�0. The num-
ber of the positive UDSD �PUDN� and that of the negative
UDSD �NUDN� are counted for different domain size �ns�.
Here ns is defined as the number of separate parallel spin
pairs with opposite spins on the neighboring sites, for ex-
ample, ns=1 in Fig. 1�c� and ns=2 in Fig. 1�d�. The evolu-
tion of PUDN and NUDN for different ns against T presents
the useful information on the T-dependent spin structure. On
the other hand, in order to explore the microscopic picture of
the ferroelectric polarization, the number of positive dis-
placement domain �PDDN� and that of negative displace-
ment domain �NDDN� are enumerated, respectively, for the
different displacement domain’s sizes �nd�, where nd is de-
fined as the amount of the neighboring mobile ions with

TABLE I. System parameters chosen for the simulation.

Parameter Value

JFM0 90
JAFMn �65.7
JAFCo �7.3
� �8
k 34 000
g 2

FIG. 1. �Color online� The up-up-down-down Ising spin chain combining
with the alternating ionic order in two ways sketched in �a� with ionic
displacement of di�0 and �b� with di�0. �c� An ionic chain with an UDSD
of ns=1 since there is only one separate spin pair as marked by a dotted box.
�d� An ionic chain with an UDSD of ns=2, namely, there are two separate
spin pairs presented in a dotted rectangle. All the directions of displacement
for the mobile ions have been shown as the arrows. The other mobile ions
without arrow have not certain displacement direction because their left and
right neighbors have the same spin orientations to it. Therefore their dis-
placements are always too small.

013903-2 Yao, Lo, and Liu J. Appl. Phys. 106, 013903 �2009�

Downloaded 16 Jul 2009 to 158.132.12.80. Redistribution subject to AIP license or copyright; see http://jap.aip.org/jap/copyright.jsp



positive displacements lager than 0.01 for the positive IDD
or with negative displacements smaller than �0.01 for the
negative one. The evolution of UDSD and IDD under differ-
ent h presents more information on the correlation between
the magnetism and the ferroelectricity at a microscopic level

The MC simulation for this 1D Ising spin chain is per-
formed with a system size of L=4000 and periodic boundary
condition. The spin and the displacement are updated accord-
ing to the Metropolis algorithm, respectively. Similar to the
measurement process in the experiment,19 the system is ini-
tially polarized by a large electric field of E0=160 at low
temperature �T=1�. After E0 has been removed, P, magneti-
zation �M�, and dc magnetic susceptibility ��=M /h� are cal-
culated with T increasing under a small electric field of E
=1. Here P is evaluated by summing all the ionic displace-
ments multiplied by the charge of them. For every T, the
initial 300 000 MC steps �MCSs� are discarded for equilibra-
tion, and then the results are calculated by averaging 10 000
data. Each datum is collected at every 5 MCSs. The final
results are obtained by averaging more than ten independent
data sets obtained by selecting different seeds for random
number generation.

III. RESULTS AND DISCUSSION

As replotted in Fig. 2�a�, the experimental results show
the complicated ferroelectric and magnetic behaviors under
different h.19 At low T a macroscopic P emerges after the
system has been polarized by a high electric field. With in-
creasing T, P rapidly falls at first and then undergoes a
gradual decline. When P disappears, a broad peak of ��T�
curve emerges under a weak magnetic field, and a small peak
at low temperature is also observed. The magnetic field has
an exotic influence on P, namely, with increasing T, h sup-
presses P at first and then enhances it; thus a crossover of
P�T� curves under different h are displayed. As illustrated in
Fig. 2�b�, the simulation results qualitatively reproduces the
main features of ferroelectric and magnetic behaviors of
Ca3CoMnO6. Moreover, our simulation exhibits the
T-dependent M under different h, as demonstrated in Fig.
2�c�. A stepwise behavior is presented, and for each M�T�
curve there are three anomalies emerging at three critical
temperatures T1, T2, and T3. The first anomaly occurs at
about T1=1.5 for different h, where the small peak of ��T�
curve and the crossover of P�T� curves are observed. The
third anomaly appears at about T3=4.3 for different h, which
corresponds to the broad peak of � and the disappearance of
P. The second anomaly takes place at different T upon dif-
ferent h, that is, T2 shifts from 3.4 to 2.8 with h rising from
one to four.

In order to comprehend the T-dependences of M and P
under different h at a microscopic level, the evolutions of
UDSD and IDD are demonstrated in Figs. 3 and 4, respec-
tively. It is seen that Figs. 3�a�–3�h� are similar to Figs.
4�a�–4�h�, which means that the response of UDSD to h has
a direct influence on the microscopic ionic displacements.
This is due to that the ionic displacements are just originated
from the exchange striction in the short-ranged up-up-down-
down spin state. For example, an UDSD with ns=1 produces

an IDD with nd=2 �Fig. 1�c��, an UDSD with ns=2 induces
an IDD with ns=3 �Fig. 1�d��, and so on. Therefore, the
clamping between the ferroelectric domains and the short-
ranged up-up-down-down order induces the one-to-one cor-
respondence between the behaviors of UDSD and IDD.

The T-dependences of M and P, especially the crossover
behavior of P�T� curves under different h, can be understood
in this scenario of microscopic domains. The macroscopic P
is directly related to the result of PDDN minus NDDN. As
shown in Fig. 4, for h=0 and T=1 PDDN shows a high
value, while NDDN is almost zero, which is induced by the
polarizing electric field and maintains at low temperature,
even though the polarizing electric field has been removed.
In other words, the ionic displacements are frozen in the
direction of the polarizing field, which results in a high P. As
T is raised, the decrease in PDDN and the increase in NDDN
lead to the sharp fall in P. The crossover phenomenon of

FIG. 2. �Color online� �a� The temperature dependences of electric polar-
ization along the chain direction �Pc� and dc magnetic susceptibility ��� of
single crystal Ca3Co1−xMnxO6 �x=0.96� are reproduced from the experimen-
tal results in Ref. 19. Here Pc �T� curves were taken under magnetic fields of
h=0, 4, and 7 T. ��T� curve was obtained upon h=0.2 T. The simulation
results are presented in �b� and �c�. �b� The P�T� curves under h=0, 1, 2, and
4, and ��T� curve upon h=0.15. �c� M against T under h=0, 1, 2, and 4. The
dotted lines mark the positions of the critical temperatures T1, T2, and T3.
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P�T� curves under different h can be understood at a micro-
scopic level. A nonzero h suppresses PDDN but hardly af-
fects NDDN below T1, resulting in the decrease in P with
increasing h at a certain T. On the contrary, h enhances

PDDN but suppresses NDDN above T1, and consequently P
increases with increasing h. This puzzling response of IDD
to h has its magnetic origin. As shown in Fig. 3, the presence
of h suppresses PUDN but hardly affects NUDN below T1.
On the contrary, it enhances PUDN but suppresses NUDN
above T1. These behaviors of UDSD are very similar to cor-
responding IDD curves. It is indicated that h takes effect on
UDSD structure, which produces corresponding IDD struc-
ture, and the IDD structure decides the value of P. The one-
to-one correspondence between the behaviors of UDSD and
IDD under different h presents the magnetic origin of the
ferroelectric response to h.

It is interesting that UDSD with odd or even ns shows
very different responses to h in the T-range about T2, as
presented in Fig. 3, although these responses are similar for
different odd ns �for instance, ns=1 and 3� or for different
even ns �for instance, ns=2 and 4�. For even ns, PUDN and
NUDN decrease with increasing h at a certain T in this
T-range. However for odd ns, both PUDN and NUDN show
broad peaks. As h is raised, the peak height increases and the
peak position shifts to a lower T, which corresponds to the
different T2 observed in M�T� curves for different h. The
main difference between UDSDs with odd and even ns is
whether the both sides of this UDSD have the same spin
orientation, namely, the spin directions on the two sides are
the same for odd ns, but they are opposite for even ns, as
illustrated in Figs. 1�c� and 1�d�. When h is applied, the spins
are forced to flip to the same direction of h. Thus the UDSDs
with odd ns are enhanced because they have both sides with
the spin orientation along the direction of h. Therefore they
show a higher peak with increasing h �Figs. 3�a�, 3�c�, 3�e�,
and 3�g��, which also results in a anomaly at T2 displayed in
M�T� curves �Fig. 2�c��. As demonstrated in Fig. 4, IDD also
shows odd-even difference in the same T-range, except that
odd ns corresponds even nd and vice versa. Though
PDDN�T� and NDDN�T� with even nd exhibit a broad peak
at about T2, the highness of PDDN peak is just slightly
higher than that of NDDN peak at a certain nd. The counter-
action between them diminishes the peak, and consequently
there is no peak in P�T� curve at about T2. Above T3, where
the transition to paraelectric state occurs, all UDSD and IDD
show similar linear behavior. The one-to-one correspondence
between UDSD and IDD confirms the magnetic origin of
ferroelectricity in this system at a microscopic level. In this
scenario, the complicated ferroelectric responses to h can be
revealed by the evolution of the microscopic domain struc-
ture.

IV. CONCLUSION

In summary, the ferroelectric response to the external
magnetic field through the exchange striction in an elastic
Ising spin chain is investigated by using MC simulation. In
order to understand the complicated magnetoelectric phe-
nomenon observed in Ca3CoMnO6, the microscopic pictures
of spin configuration and ionic displacement are presented
against T at different h. It is demonstrated that h competes
with the exchange striction and the frustration, which takes a
very complex effect on the up-up-down-down spin order at

FIG. 3. �Color online� PUDN and NUDN as functions of T under h=0, 1, 2,
and 4 for different ns are displayed respectively. Since PUDN and NUDN
obviously decrease for larger ns, only domain with ns=1, 2, 3, and 4 are
displayed here. ��a�–�d�� PUDN�T� curves under h=0, 1, 2, and 4 for dif-
ferent ns, namely, from �a� to �d� ns=1, 2, 3, and 4. ��e�–�h�� NUDN�T�
curves upon h=0, 1, 2, and 4 for different ns, namely, from �e� to �h� ns

=1, 2, 3, and 4. The dotted lines mark the positions of T1, T2, and T3.

FIG. 4. �Color online� ��a�–�d�� PDDN�T� curves under h=0, 1, 2, and 4 for
different nd, namely, from �a� to �d� nd=2, 3, 4, and 5. ��e�–�h�� NDDN�T�
curves upon h=0, 1, 2, and 4 for different nd, namely, from �e� to �h� nd

=2, 3, 4, and 5. Here nd is the size of displacement domain, and the dotted
lines mark the positions of T1, T2, and T3.
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different T. The one-to-one correspondence between the be-
haviors of UDSD and IDD confirms the strong coupling be-
tween the spin configuration and the ionic displacements.
The exotic behavior of P under different h can be understood
in this scenario of domain structure, especially for the cross-
over of P�T� curves at low T. Although the real material is
far more complicated than the present model, the micro-
scopic domain structure revealed in the present work would
help to understand the ferroelectric response to h in the frus-
trated magnet.
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