
Mean-field theory for ferroelectricity in Ca

I. INTRODUCTION

Magnetoelectric �ME� coupling between ferroelectric and
magnetic orders, the so-called multiferrocity, has drawn in-
creasing attention recently.1–4 The microscopic mechanism
that causes the multiferrocity has not yet been well ap-
proached, although significant progresses have been made in
the past few years.5–9 To describe this coupling between the
ferroelectric and magnetic orders for noncollinear and spiral
spin-ordered systems, two major microscopic theories have
so far been proposed. One is based on the spin current
scenario5,6 and the other deals with the Dzyaloshinskii-
Moriya interaction �DMI
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which is the main result of the MFT, dealing with the T
dependence of polarization P. It is found that Eq. �12� fully
meets the condition defined above for the relationship be-
tween P and 
� ��



we see that the excited energy associated with reversal of a
new domain from the parent domain is proportional to �1
−�� normalized by the number of the in-plane polarization
units inside this new domain.

For parameter 
, the change in spin moment is from 0 to
2gl�B�
1+
3� for domains of up polarization and from 0 to
2gl�B�
2+
4� for domains of down polarization. So 

changes between 0 and 2 upon any domain reversal.

Consequently, the excited energy for reversal of the two
types of domains �up and down polarization� can be ex-
pressed as
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comparison with experimental data. It is seen that the calcu-
lated � under h=0.2 T and � under h=0 are on the same
order of magnitude with measured data. For details, the mea-
sured ��T� has a nonzero value at T=0 K, while the calcu-



der above T=20 K was observed, while all the order param-
eters are zero at T�21 K. These good consistencies indicate
that the exchange interactions we choose are more suitable
than the predicted values in Ref. 17.

Third, for parameters L and �, we find that magnetic field
h reduces the dimension of the domains along the c axis and
the clustering degree on the ab plane. The mean thickness of
the domain along the c axis is reduced from about 127.2 Å
�h=0 T� to 53 Å �h=7 T�. As we see, the assumption we
made for polarization domains is simple but reasonable for
CCMO.

Fourth, we find that external magnetic field h suppresses
the ferroelectricity at low T ��6 K� but enhances it at high
T ��6 K�, which was rarely observed in other multiferroics
but it is true for CCMO. The weak interchain interactions,
compared with the intrachain interactions, are suggested to
be the microscopic mechanism for the polarization domain
reversal at high T, which inversely breaks the long-range
spin order along the c axis. It is tentative for us to attribute
the response of polarization against h

long-range spin order. Our calculation, as shown in Fig. 6�b�,

indicates that the probabie261.1(pro41)-264l4(for)-292(pa)-366.55c479.5ininthe
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