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In strong magnetic fields up to 20 T quasistatic measurements of the magnetic-field-induced electric polar-
ization have been performed in LiNiPO4 single crystals between 4.2 and;25 K. The magnetoelectric~ME!
effect has been studied in detail near the Ne´el temperature. The temperature hysteresis of the polarization
induced by a magnetic field was found. An anomalous temperature dependence of the magnetoelectric suscep-
tibility during the phase transition and the ME ‘‘butterfly loop’’ were observed. The phenomenological theory
of the magnetoelectric effect in LiCoPO4 and LiNiPO4 has been developed. A tentative explanation of the
existence of the magnetoelectric ‘‘butterfly loop’’ is given. It is shown that there is a non-Lifshitz invariant in
the free energy expansion which is linear in the spatial derivatives. Hence the phase transition to a space-
modulated spin structure is possible. The influence of such a structure on the linear magnetoelectric effect is
examined.
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I. INTRODUCTION

The magnetoelectric~ME! effect is characterized eithe
by the linear change of the electric polarization result
from the application of a magnetic field or by the line
change of a magnetic moment resulting from the applica
of an electric field and is basically one of the consequen
of time invariance violating in materials.1 An explicit predic-
tion of the magnetoelectric effect for Cr2O3 was made by
Dzyaloshinskii in 1959. The lithium orthophosphates occu
a unique place in the large family of magnetoelectrics
cause of their exceptionally large ME coefficients. At t
moment there are only speculations whether this is relate
the special character of the olivine crystal structure or to
particular arrangement of the energy levels of the magn
ions.

The lithium orthophosphates of divalent cobalt and nic
belong to the olivine family of orthorhombic antiferroma
netics ~AFM! with the general formula LiMPO4 ~whereM
5Fe11, Mn11, Co11, Ni11), which are known to be
magnetoelectrics.2 There are four formula units per unit ce
and for LiCoPO4 and LiNiPO4 the lattice parameters area
510.20 Å, b55.92 Å, andc54.69 Å anda510.03 Å, b
55.85 Å, andc54.68 Å, respectively. The standard spa
group is orthorhombicPnma ([D16

2h). The magnetic ions
are crystallographically equivalent and occupy the 4~c! posi-
tion:

1~x,1/4,z!,2~2x,3/4,2z!,3~x11/2,1/4,2z11/2!,4~2x

11/2,3/4,z11/2!, ~1!
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wherex'0.28 andz'0.98. The projection of the unit cel
onto theXY plane is shown in Fig. 1. LiCoPO4 and LiNiPO4
were investigated extensively in the past.2–4 At low tempera-
ture antiferromagnetic ordering takes place with preserva
of the unit cell. Thus, the antiferromagnetic structure can
described in terms of four magnetic sublattices. Earlier
pers on LiCoPO4 have indicated that this crystal exhibits
simple two-sublattice antiferromagnetism with spins align
along theb axis.3,4 The magnetic Co-O-Co superexchan
interactions couple the spins between planes paralle
~100!. Only long-range interactions such as the Co-O
O-Co operate between these planes. The LiNiPO4 magnetic
structure differs only in spin direction~c axis! from that of
LiCoPO4. One of the interests in LiCoPO4 came from the

FIG. 1. Unit cell and spin configuration of LiCoPO4 projected
onto theXY plane. Only the positions of Co11 ions and symmetry
elements are shown.
12 247 ©2000 The American Physical Society
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12 248 PRB 62I. KORNEV et al.
fact that it was considered as a likely candidate for mea
ing the so far not yet demonstrated piezomagnetoelec
effect,5 which was not observed experimentally. However
number of puzzles and unexplained anomalies in this c
pound have been observed.6,7

The paper is organized as follows:
In Sec. II, we briefly discuss the existing experimen

data on a LiCoPO4.
In Sec. III, the results of the investigations of the M

properties of a LiNiPO4 single crystal are reported.
In Sec. IV, we present a phenomenological theory of

magnetoelectric effect. Though the most typical proper
can be explained in the framework of the proposed appro
for the description of the ME effect in Li phosphates, som
experimental results cannot be deduced from the simp
model. Several of them could nevertheless be explained
use of the original approach provided we assume the tra
tion parameter to be spatially inhomogeneous. We then
on to consider a model which assumes that the free en
expansion contains Lifshitz-like invariants.

In Sec. V, we summarize the conclusions obtained fr
the present investigation.

II. DISCUSSION OF FORMER, PUBLISHED DATA
OF LiCoPO4

Recently the magnetization of a LiCoPO4 single crystal
has been studied in magnetic fields up to 20 T and dow
liquid helium temperatures.7 The characteristic feature o
those dependences is a magnetic-field-induced phase tr
tion at about 12 T, followed by a second induced one
about 19 T at 6.5 K, for fields applied along the antiferr
magnetic axis. It was suggested that two metamagnetic t
sitions occur, an antiferromagnetic to ferrimagnetic ph
transition followed by a transition to the paramagnetic pha
It is clear that the magnetic behavior of LiCoPO4 in high
magnetic fields cannot be understood in the framework
just a two-sublattice model. It should be emphasized tha
an external magnetic field the magnetic moment of Co11

ions does not reach the saturation value even for 20 T. S
the exchange field is so strong, it seems reasonable to
pose that the metamagnetic behavior could be due to sp
features of the exchange interaction, and that the biquad
exchange plays an important role in the magnetic orderin
LiCoPO4.8 On the other hand, the theory we develop
elsewhere9 predicts a large anisotropy in the magnetic s
ceptibility, which is observed experimentally.10 The great
value of a zero-field splitting has allowed us to calculate
magnetoelectric effect in LiCoPO4 using the one-ion
approximation,11 so the magnetocrystalline anisotropy al
plays an important role in LiCoPO4. It is well known that if
the anisotropy energy is larger~or comparable! than the ex-
change energy, a metamagnetic transition takes place ins
of a spin-flop transition. All these results suggest that m
netic and magnetoelectric properties of LiCoPO4 are much
affected by the crystal field and the exchange interaction
the same order of magnitude. The nature of the above t
sitions is still a subject for investigations.

Accurate ME measurements with a maximum field of
kOe show6 that the coefficientaxy(T) of LiCoPO4 follows a
power law from aboutT1514 K to TN521.9 K with a criti-
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cal exponentb50.338. It is remarkable that the nonclassic
region extends here over more than 7 K so that (TN
2T1)/TN50.36. The ME susceptibility in crystals with oli
vine structure would be expected to be proportional to
sublattice magnetization rather than to the spin-spin corr
tion function. Thus we expect that the same critical expon
describes the critical behavior of the sublattice magnetiza
in LiCoPO4.

Another unsolved problem is the specific behavior of t
linear ME effect in LiCoPO4. In recent studies an unex
pected ME ‘‘butterfly loop’’ was observed betweenTN and
TN21 K with a maximum magnetic field of 10 kOe~Ref. 6!
and down to 4 K with higher fields.7 Such a loop is usually
the signature of the presence of a spontaneous magnetic
ment, but for structures with magnetic symmetrymmm8
weak ferromagnetism should not exist. In order to meas
the magnetoelectric effect it is usually necessary to coo
sample through the Ne´el temperature with the simultaneou
application of both an electric and a magnetic field. It is
important point that it was not necessary to perform a M
annealing procedure for LiCoPO4. A sufficient condition for
observing the ME effect and obtaining a single AFM doma
state was the annealing with a magnetic field alone. He
the material behaves like a weak ferromagnet, but neith
spontaneous magnetization nor a spontaneous polariza
has so far been observed by direct measurements.6

To throw light on the nature of the above peculiarities a
to understand whether these are related to the special c
acter of the olivine crystal structure or essentially due to
presence of the 3d transition-metal ions ME measuremen
on isomorphic material LiNiPO4 have been performed~see
the next section!.

III. HIGH MAGNETIC-FIELD-INDUCED PHASE
TRANSITION, MONITORED BY THE LINEAR

MAGNETOELECTRIC EFFECT
IN THE ANTIFERROMAGNET LiNiPO 4

Magnetoelectric measurements have been performe
the temperature range of 4.2 K up to 25 K and up to
applied magnetic field of 20 T. The polarization induced
the magnetic field has been detected by a quasis
technique.12 The induced electric charge was recorded w
an electrometer Keithley 642 operated in charge mode.
magnetic field was swept at a constant rate of about 15 k
min. The sample temperature was measured using a
brated carbon-glass resistor. As was mentioned above, b
TN the magnetic symmetry of this compound allows a line
ME effect. The ME tensor has two nonzero componentsaxz
andazx , wherex, y, andz are taken along the unit cell axe
a, b, and c, respectively. The AFM single crystal LiNiPO4
has been investigated on a~001!-cut single crystal plate. It is
interesting to note that in this case it was not necessar
perform a ME annealing procedure with a view to ‘‘poling
the AFM domains, i.e., by applying simultaneous elect
and magnetic fields. This method was first demonstrated
AFM Cr2O3.13 For LiNiPO4 a sufficient condition for ob-
serving the ME effect was an annealing with a magnetic fi
alone in order to obtain an AFM single-domain state. It
just the same situation as in LiCoPO4 ~Refs. 6 and 7! for
observing the ME effect (axy).
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Figure 2 shows the temperature dependence of the
duced electric polarizationPz on cooling ~curve 1! and on
heating~curve 2!. The characteristic features of these dep
dences are the presence of the hysteresis loop of the ind
electric polarization when cooling and heating through
antiferromagnetic phase transition pointTN and a peak in the
temperature dependence of the polarization near the tra
tion at T5TN . It is easy to see from the figure that th
magnetic field affects the phase transition temperature
order to study this aspect the measurements of the indu
polarization have been performed in the vicinity of the pha
transition and a typical dependence is shown in Fig. 3. T
magnetic fields was swept at a rate of about 20 kOe/min.
discrepancy of the induced polarization for forward and
verse magnetic fields is due to the nonstability of the te
perature during the measurements. We believe that the s
intermediate peaks on the hysteresis loop are due to pin
of the phase boundary and/or of domains. Another str
point is the existence of the ME ‘‘butterfly loop.’’ Such
loop is usually the signature of the presence of a spontan
magnetic moment, but for the structure withmm8m symme-
try weak ferromagnetism should not exist. Figure 4 sho
the dependence of the induced electric polarizationPz as a
function of the magnetic field forHuux at various tempera
tures. From the figure one can see that the ME ‘‘butte
loop’’ completely vanishes when the temperature approac
about 8 K. This may testify to a new phase transition
LiNiPO4 at low temperature. To our mind there are at le
two possible mechanisms which can be responsible for s
a behavior of the ME susceptibility. One of them is the pr
ence of the toroidal ordering. A peak just below the tran
tion temperature in LiNiPO4 has some similarity to the kind
of behavior in boracites, e.g., Co-Cl boracite and Co
boracite.14,15 Such a behavior has been explained by ass

FIG. 2. Temperature dependence of the magnetoelectric p
ization of LiNiPO4 measured when cooling~curve 1! and heating
~curve 2! in the magnetic field applied along thex-direction.
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ing that an order parameter transforms as a toro
moment.16 The magnetic symmetry of the Li phosphates
lows a spontaneous toroidal moment, and the above pecu
ity, which was observed for the first time in those com
pounds, can be the sign of toroidal ordering. The other on
a space-modulated spin structure. The reason for suc
structure is the presence of a non-Lifshitz invariant in t
free energy expansion which is linear in the spatial deri
tives. A more detailed analysis will be given in the ne

r- FIG. 3. Variation of the electric polarizationPz during the AFM
phase transition induced by the magnetic field.

FIG. 4. The electric polarizationPz vs magnetic fieldHx at
various temperatures.
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TABLE I. Magnetic symmetries associated with the irreducible corepresentations of the parama
groupPnma18 at k50.

IC’s Magnetic Magnetic point Basis Basis of the Nonzero
groups Induced groups induced of the IC’s IR’sa associated a i j

by IC’s by IC’s with IC’s

t1
2 Pnma/D2h

16 mmm/D2h L1Y

t2
2 Pn8m8a8 m8m8m8/ L2X ,L3Z xyz aXX ,aYY

D2h
16/(D2

4) D2h(D2) aZZ

t3
2 Pnm8a8 mm8m8/ mX ,L1Z yz

D2h
16/(1C2h

2 ) D2h(1C2h)
t4

2 Pn8ma m8mm/ L3Y ,Tx x aYZ ,aZY

D2h
16/(1C2v

9 ) D2h(1C2v)
t5

2 Pn8ma8 m8mm8/ mY xz
D2h

16/(2C2h
5 ) D2h(2C2h)

t6
2 Pnm8a mm8m/ L2Z ,L3X ,Ty y aXZ ,aZX

D2h
16/(2C2v

2 ) D2h(2C2v)
t7

2 Pn8m8a m8m8m/ mZ ,L1X xy
D2h

16/(3C2h
5 ) D2h(3C2h)

t8
2 Pnma8 mmm8/ L2Y ,Tz z aXY ,aYX

D2h
16/(3C2v

7 ) D2h(3c2v)

aIrreducible representations.
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section. It is necessary to note that at low temperatures
phase transition was observed in strong magnetic fields w
applied perpendicularly to the spin direction. Hence, it wo
be interesting to measure another component of the ME
sor, i.e., when the field is applied along the spin direction

IV. PHENOMENOLOGICAL THEORY

Further we shall consider LiCoPO4. All consideration is
valid to equal degree for LiNiPO4 as well as LiCoPO4 if we
make the substitutionsL2y→L2z , my→mz andpy→pz . The
antiferromagnetic structure of LiCoPO4 is shown in Fig. 1.
The spins denoted by 1, 2, 3, and 4 differ only in sign, a
their sum over the unit cell is equal to zero:S152S25S3
52S4. The direction of the spins is along@010#. Consistent
with experimental data,3,4 we assume that the translation
symmetry of the crystal does not change during the ph
transition. This means that the order parameter transfo
according to one of the irreducible corepresentations~IC’s!
of the point group of the crystal. Table I summarizes t
magnetic symmetries associated with the IC’s of the pa
magnetic groupPnma18 ~No. 62! at k50, wherem5S1
1S21S31S4 , L15S11S22S32S4 , L25S12S21S32S4,
andL35S12S22S31S4. Herem is the mean magnetic mo
ment of the unit cell andL1 , L2, andL3 are antiferromag-
netic vectors associated with a two-sublattice distribution
spins. One can see from Table I that it is the componentL2y
which coincides with the antiferromagnetic order
LiCoPO4, i.e., the order parameter associated with the a
ferromagnetic transitionPnma18→Pnma8, is associated
with the vectorL2. It is interesting to note that for that phas
a toroidal momentumTz is nonzero, i.e., has a spontaneo
value. The invariant which is responsible for the spontane
Tz in that phase has the formL2yTz . We shall not consider
further this invariant. Now we can write the thermodynam
potential
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FEX5
1

2
LL2

21
1

4
BL2

4 ,

Fex* 5
1

2
D1~L2•m!21

1

2
D2L2

2m2,

FAN5
1

2
b1L2y

2 1
1

4
b2L2y

4 1g1L2xL3z1g2L2zL3x . ~2!

We assume that only one coefficientL depends linearly
on the temperature:L5L0(T2TN). The remaining coeffi-
cients are assumed constant and equal to their values a
transition point. The relativisticg i terms show that two othe
canted AFM structures may arise in LiCoPO4. These states
result from a weak coupling of relativistic origin. For in
stance, for the magnetic structure with nonzero compon
L2z according to Table I the componentsaxz andazx of the
magnetoelectric susceptibility tensor should be nonzero~fur-
ther we shall putg i50). However, for the magnetic grou
mmm8 according to Table I, invariant components of th
vector m are absent, which indicates a lack of weak ferr
magnetism. Referring to Ref. 8 for details, we would lik
only to note that Eq.~2! gives an entirely correct qualitativ
description of the metamagnetic behavior of exchange or
if it is assumed thatD1,0, i.e., allows for the biquadratic
exchange.

The ME effect in LiCoPO4 requires the introduction o
two additional contributions in the thermodynamic potenti

FME5l1L2ymypx1l2L2ymxpy1
m2

2x
1

p2

2K
,

FEH52EP2mH. ~3!

Minimization of FME1FEH with respect to thePi and
mi uH50 yields
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py52l2KL2ymx , px52l1KL2ymy ,

my52l1xL2ypx , mx52l2xL2ypy . ~4!

From Eq.~4! we see that there is no difference in behav
between the spontaneous ME effect alongx andy since both
alongx andy the symmetry breaking relativistic compone
L2y relatesPy(x) andmx(y) . Let us stress that the linear re
lationship betweenPi and mi occurs via coefficients which
vary as (TN2T)1/2.

Including the field contributionsFEH andFex* we obtain

axy52
Kxl1L2y

11~D* 2l1
2K !xL2y

2
,

ayx52
Kxl2L2y

11~D22l2
2K !xL2y

2
, ~5!

whereD* 5(D11D2).0, Px5axyHy , Py5ayxHx :

a52
a~TN2T!1/2

12b~TN2T!
. ~6!

Equation~6! gives the temperature dependence ofa ~see Fig.
5! and the best fitting foraxy (ayx) ~Ref. 6! is obtained with
a'26.881 (214.72) andb'20.03 (20.561).

The theoretical analysis carried out cannot explain the
istence of the ME ‘‘butterfly loop’’ in LiCoPO4 and
LiNiPO4. In the following we provide an explanation of th
above anomaly, taking into consideration a Lifshitz-like i
variant in the free energy expansion. It means that we s
discuss a model in which the instability of the paramagne

FIG. 5. The best fit to the temperature dependence of the
coefficientsaxy and ayx measured by Rivera~Ref. 6!. The solid
lines represent the experimental data and the dashed lines repr
the best fit according to Eq.~6!.
r

x-

ll
c

phase occurs for a given wave numberk0 quite close to theG
point (k50). The symmetry analysis shows that the mec
nism under study can be related to the presence of Lifsh
like invariants which are linear in the spatial derivatives:

sS L1•
]L2

]z
2L2•

]L1

]z D1§S m•

]L2

]x
2L2•

]m

]x D . ~7!

Invariants like these were introduced first in Ref. 17. W
restrict the discussion here to the first term in Eq.~7!, which
means to the case of a one-dimensionally modulated inc
mensurate system. Adding that invariant to the usual ther
dynamic potential we have

F5E f dz,

f 5
1

2
LL2

21
1

4
BL2

41
1

2
L1L1

21
a1

2 S dL2

dx D 2

1
a2

2 S d2L2

dx2 D 2

2sS L2•
dL1

dz
2L1•

dL2

dz D , ~8!

wherea1 , a2 and are the constants of the inhomogeneo
exchange. EliminatingL1 we obtain

L1522sL1
21 dL2

dz
,

f 5
1

2
LL2

21
1

4
BL2

41
1

2
~a124s2L1

21!S dL2

dz D 2

1
a2

2 S d2L2

dz2 D 2

. ~9!

If in Eq. ~9! (a124s2/L1),0, then the transition to the
incommensurate phase takes place. This is precisely
equation investigated earlier in Ref. 18 but the difference
that in Eq.~9! instead of a one-dimensional order parame
we have a three-dimensional one. In what follows we rep
sent the AFM vector by the polar and azimuthal angles a
the b axis coincides with the polar axis,L (r )
5(sinu sinf,cosu,sinu cosf) and settingL25const.

Further we consider the caseu5const andf5f(z). Tak-
ing into consideration the crystallographic anisotropy we

f 5K2 sin2 u1K4 sin4 u1S 1

2
~a124s2L1

21!~f8!2

1
1

2
a2$~f9!21~f8!4% D sin2 u. ~10!

In Eq. ~10! we do not take into account the external magne
field. It means we do not consider phase transitions indu
by the magnetic field.

The Euler-Lagrange equation for the free energy can n
be written as

a2f IV2$~a124s2L1
21!f916f9~f8!2%50. ~11!

It is important for us that under certain correlations b
tween the phenomenological constants in Eq.~10! the phase

E

ent
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transition to the conical helix phase take place, that isu
5const (0,u,p) and f5f(z),19 and we have the solu
tion

f~z!5qz, q252~a124s2/L1!/2a2 ,

~a124s2/L1!,0, a2.0,

sin2 u5

S K12
a124s2L1

21

4a2
D

2K2
. ~12!

The mixed invariant of exchange-relativistic origin which
responsible for the spontaneousPx0 in this phase has the
form

dPx~L1zL2x2L1xL2x!. ~13!

Now we can determine the spontaneous polarization
the system:

Px05qKd~2sL1
21!sin2 u'qKd~2sL1

21!u2. ~14!

The spontaneous magnetizationmy0 appears due to the
ME interaction@see Eq.~4!# which is very small as well and
it reduces to zero below the ‘‘lock-in’’ transition.

The existence of the nonzero spatial average electric
larization and magnetization can explain the above anom
of the polarization induced by the magnetic field. To su
marize, we get the following:~1! The space-modulated spi
structure along thez axis is possible.~2! In this case the
AFM vectorL2 can be very close to theb axis in accordance
to the neutron scattering data.~3! There is another antiferro
magnetic structure withL1Þ0. But this vector is very small
~4! The ME susceptibility has approximately the same ma
ematical form in the case of the space-modulated spin st
ture as well as in the case of the uniform antiferromagn
state. ~5! There is nonzero spontaneous polarization~and
spontaneous magnetization!. ~6! It is easy to show that for
LiCoPO4 we havemy0Þ0, px0Þ0, while for LiNiPO4 we
havemz0Þ0, px0Þ0. ~7! The microscopic mechanism of th
nonuniform exchange is the competition of the interactio
generating the exchange structuresL2 andL1.
s
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V. CONCLUDING REMARKS

We have detected new features in the field and temp
ture dependences of the magnetoelectric effect in LiNiP4

and interpreted them in terms of a thermodynamic approa
Although difficulties and unsolved problems remain, w
have found that there is no particular mystery about the
existence of weak ferromagnetism and magnetoelectricit
Li phosphates. We showed that the observation of the m
netoelectric ‘‘butterfly loop’’ could be explained by inclu
sion of an incommensurate magnetic modulation. A gene
theoretical treatment of the problem of the symmetry of
commensurate phases and the possible full or partial can
ing of the linear ME effect are not yet at hand and mo
theoretical work is needed, particularly for understanding
detailed form of the ME anomalies. Some experime
would allow further developments of the theory.

The following is of particular interest.
The angular and magnetic field dependences of

AFMR spectrum permit us to establish the magnetic grou
state of compounds. The magnetic resonance can prob
help us determine the local spin correlations and check
existence of the incommensurate phase because incom
surate modulation destroys the translational symmetry
the lineshape of the magnetic resonance signal will hav
specific signature.20 The phenomenological theory of th
resonance ME effect in para-, antiferro-, and ferrimagne
crystals and in crystals which allow the existence of a we
ferromagnetic moment was presented in Refs. 21 and 22
course, direct neutron scattering can solve this problem,
Studying the ME effect in other compounds of the fam
will yield further valuable information to understand the sp
cial role played by the olivine crystal structure of these co
pounds and by the particular arrangement of the energy
els of the magnetic ions.
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