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A study of the magnetization of the antiferromagnetic magnetoelectric crystal LiCoP04 as a 
function of temperature and the strength of a magnetic field oriented along the antiferromagnetic 
vector reveals features due to the presence of a weak ferromagnetic moment. The value of 
the magnetic moment along the b axis at 15 K is approximately 0.12 G. The existence of a 
ferromagnetic moment can account for the anomalous behavior of the magnetoelectric 
effect observed previously in this crystal. © 2001 American Institute of Physics. 
[DOl: 10.1063/1.1414584] 

Cobalt lithium orthophosphate is a well-known magne­
toelectric crystal of the family of orthorhombic antiferromag­
nets with the olivine structure and having the general for­
mula LiMP04 (where M=Fe2+, Mn2+, Co2+, Ni2 +). It has 
been attracting attention because it has large values of the 
constants axv and ayx of the linear magnetoelectric effect1

•
2 

and unusual and as yet unexplained behavior of the magne­
toelectric effect in a magnetic field?-4 The magnetoelectric 
effect in this crystal is the largest among the compounds of 
3d elements. The crystal structure of LiCoP04 , like that of 
the other lithium phosphates of transition elements of the 
olivine family, has a symmetry described by the space group 
Pnma (Di~) (Refs. 5,6). In this structure the unit cell (a 

---. 10.20 A, b=5.92 A, c=4.70 A) contains four formula 
- units, and the magnetic ions are crystallographically equiva-
lent and occupy four c positions. According to the results of 
neutron-diffraction studies7 carried out on polycrystalline 
samples of LiCoP04 , upon antiferromagnetic ordering ( T N 

= 21.9 K)2 the number of formula units in the unit cell re­
mains unchanged ( z = 4), and the magnetic moments of the 
Co2 + ions are collinear and directed along the b axis, com­
pletely compensating each other. The magnetic structure 
of the crystal is described in a collinear four-sublattice 
model with the Shubnikov symmetry group Sh~i5 (Pnma') 
(Ref. 7). 

In studying the magnetoelectric effect in LiCoP04 , it 
was found2

•
3 that for preparation of a homogeneous (single­

domain) antiferromagnetic state of the crystal, as must be 
done in order to measure the magnetoelectric effect, it is 
sufficient to decrease the temperature of the sample from 
T> T N to T < T N in a magnetic field H oriented along the B 
axis, or to apply a sufficiently strong magnetic field along the 
b axis at temperatures T< T N. This is atypical for all of the 
compensated antiferromagnetic magnetoelectric crystals that 
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have been studied, for which it is necessary to apply mag­
netic and electric fields simultaneously in order to prepare a 
single-domain state. The behavior of the magnetoelectric ef­
fect observed by the authors of Refs. 1-3 could be due to the 
existence of a weak ferromagnetic moment in the crystal. 
However, previous studies of the magnetic properties of both 
polycrystalline7

•
8 and single-crystal9 LiCoP04 have not de­

tected weak ferromagnetism. 
The creation of a homogeneous magnetic state in a com­

pensated antiferromagnet in the presence of only a magnetic 
field may also be caused by quadratic (in the field) magneti­
zation effect.10 In this case the magnetic field induces in the 
crystal a magnetic moment that is even with respect to the 
field strength. In antiferromagnetic (AFM) states with oppo­
sitely directed sublattice moments, oppositely directed mag­
netic moments will be induced. Therefore, when a magnetic 
field is applied in a certain direction, the energy of the col­
linear antiferromagnetic domains will be different. When the 
difference of the energies of the antiferromagnetic domains, 
which varies in proportion to H 3

, reaches a threshold value 
determined by the coercivity of the antiferromagnetic do­
main wall, the crystal will go to a single-domain state or a 
magnetization reversal of its antiferromagnetic state will 
occur.U A quadratic magnetization effect is allowed by sym­
metry only in AFM crystals which are not symmetric with 
respect to the operation of anti-inversion (or complete inver­

sion): f' = r. 1'. However, the group mm m I that has been 
established for LiCoP04 , although it does not contain the 
operation of spatial inversion, does have a center of anti­
inversion. Consequently, the quadratic magnetization and 
weak ferromagnetic moment (WFM) should be forbidden in 
LiCoP04 . 

Magnetooptic studies 12 of LiCoP04 have revealed new 
features of the behavior of this antiferromagnetic crystal in a 
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FIG. 1. Temperature dependence of the magnetization of the LiCoP04 crys­
tal in an external magnetic field Hllb with a field strength of 1 T (a) and 0.05 
T (b); the MCn curves near the Nee! temperature at H=0.05 T (c). FC 
(H= I T) - the value of the magnetic field in which the sample was 
cooled. 

magnetic fields. It was found that the birefringence of lin­
early polarized light induced by a magnetic field Hllb is com­
parable to the spontaneous magnetic linear birefringence at a 
value of the external field much smaller than the value of the 
effective exchange field. This property suggests the presence 
of transverse projections of the magnetic moments in the 
crystal and, hence, a noncollinear magnetic structure in it. 

Given this situation, it is advisable to make highly sen­
sitive measurements of the magnetization of the LiCoP04 
crystal. In this paper we report the results of measurements 
of the magnetization M as a function of temperature and 
magnetic field strength. All of the measurements were made 
with a SQUID magnetometer (Quantum Design MPMS-5). 
The sample studied had a mass of 7.46 mg and was in the 
form a parallelepiped with dimensions of 0.96X 1.22X 1.76 
mm. 

The experimental results are presented in Figs. 1-3. Fig­
ure 1 shows the curves of the temperature dependence of the 
magnetization obtained in magnetic fields H of 1.0 and 0.05 
T. The behavior of the magnetization in the 1.0 T field is 
similar to that which was observed previously in Ref. 9 at 
H = 1.2 T. The temperature dependence of M is similar to the 
typical behavior for 2D antiferromagnets in which the inter­
action between magnetic ions in the plane is dominant over 
the interaction between ions belonging to neighboring 
planes. 13 For M ( T) there is a broad hump, the top of which 
lies above TN (at T~25 K). 

In the 0.05 T field the M ( T) curves is qualitatively dif­
ferent from that discussed above. It clearly displays the fol­
lowing features. 
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FIG. 2. Magnetization of the LiCoP04 crystal as a function of the internal 
magnetic field Hint in an external magnetic field Hllb (a); the M(H)IH 
curves at crystal temperatures of 15 K (b) and 21.3 K (c). 

a) In the temperature interval 5-10.5 K the projection of 
the magnetic moment of the sample on the magnetic field 
direction is negative. With increasing temperature its abso­
lute value initially increases and then, at T> 8 K, decreases 
to zero, changes sign, and increases monotonically with tem­
perature out to the neighborhood of T1 (see Fig. lb and le). 

b) At a temperature T1 = 20.9 K there is a jump in the 
magnetization (occurring in a single interval between expe,..,......._ 
mental points, which in this part of the curve is 0.1 K). 

c) Near the Neel temperature at 21.6 K (see Fig. le) a 
weak but clearly registered peak is observed. The increase of 
the magnetization with further increase in temperature begins 
only at T>TN. 

All of these anomalies can be explained by assuming 
that the sample in the initial state had a ferromagnetic mo­
ment directed oppositely to the direction of the applied mag­
netic field. Thus the sample was initially cooled in "zero" 
field ( ZFC) and then a field H = 0.05 T, in which the mea­
surements were made, was applied. The residual field of the 
superconducting solenoid can be as high as 0.002 T. The 
direction of that field could accidentally be directed opposite 
to the direction of the applied magnetic field in the M ( T) 
measurement. It follows from the trend of the M ( T) curve 
that the orientation of the spontaneous moment, directed op­
posite to the field, persists to a temperature T1 , at which the 
"switching" of the antiferromagnetic state of the sample oc­
curred. In a narrow temperature interval 21-21.9 K the spon­
taneous moment is directed along the field. When the tem­
perature approaches T N the spontaneous moment rapidly 
decreases to zero, and a peak appears on the M ( T) curve 
(see Fig. ld). 
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FlG. 3. Hysteresis of the magnetization in the LiCoP04 crystal: the M(H) 
curve in the neighborhood of zero field at temperatures of 15 and 21.3 K (a); 
the M(H) curve after subtraction of the linear contribution xH: the dashed 
curve shows a dependence of the type {3H3 (b); the M(H) curve after 
subtraction of the linear and cubic contributions: M(H)- (XH + {3H3

) (c). 

Further confirmation of the presence of a weak ferro­
magnet moment in the LiCoP04 crystal was obtained in a 
study of the field dependence of the magnetization at differ­
ent temperatures. Figure 2 shows the M ( T) curves obtained 
at 15 and 21.3 K. The temperature 21.3 K was chosen so as 
to lie in the narrow temperature interval between the jump 
and the peak on the M(T) curve for H=0.05 T (see Fig. le). 

Figure 2a shows the field curves of the magnetization, 
obtained for a completely cycle of variation of the field from 
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+ 5 to - 5 T and back to + 5 T. The M (H) curves are well 
approximated by the function M(H) = Msx+ H + f3H3

. This 
function is shown by the solid curve in Fig. 2a for T= 15 K. 
The presence of a nonzero spontaneous moment M s is dem­
onstrated by the M(H)IH curves in Figs. 2b, 2c. The posi­
tion of the experimental points obtained at T= 15 K are well 
described by the function x+f3H2 +MsiH, where Ms= 
±0.12 G, x=5.06 G/T, and f3=3.2X 10- 2 G/T3

. They are 
shown by the solid and dotted curves in Fig. 2. 

Because of the nonzero value of M s , as H goes to zero 
the quantity M(H)IH= x+ f3H 2+ M,.IH increases by a hy­
perbolic law, M sI H changes sign when the direction of the 
field is switched, and then it decreases by the same law. One 
can see that when the field reaches certain threshold values 
(H: = + 1.7 T and H; =- 3.8 T) ajumplike transition of the 
experimental points from one branch of the M (H)/ H curve 
to the other occurs. The M(H)/H curve obtained at 21.3 K 
differs from that described above in that the sign of M (H) I H 
in the field interval from 5 to 0.1 T is always positive. Only 
in the field interval from - 0.1 to 0.1 T is the behavior of 
M(H)IH at 21.3 K sign-varying and similar to that observed 
at 15 K in a wider field interval. This means that at that 
temperature the spontaneous moment M s can be directed 
counter to the field only in a narrow field interval. 

The hysteresis of the magnetization of the sample is 
more clearly demonstrated in Fig. 3. In Fig. 3a the part of the 
curve shown in Fig. 2a is shown in an enlarged scale in the 
field interval from -0.1 to +0.1 T. It is seen that a linear 
extrapolation of M(H) to H=O near zero gives a nonzero 
spontaneous magnetization for both temperatures. The field 
dependence of that part of the magnetic moment of the 
sample which is not due to a simple field-independent sus­
ceptibility, i.e., M(H)- x(H), is shown in Fig. 3b. The hys­
teresis loop is seen against the background of a cubic depen­
dence. It is even more clearly seen after subtraction of the 
cubic contribution f3H 3 (Fig. 3c). The revealed hysteresis of 
the magnetization convincingly attests to the presence of a 
weak spontaneous magnetic moment in the sample. Its value, 
determined as M s= (M7- M;)/2, is 0.12 G at 15 K and 
around 0.015 G at 21.3 K. 

Other features can also be seen in Fig. 3c. The most 
intriguing of them is the change in magnetization in the field 
interval from - 0.1 T to +0.1 T, which has a diamagnetic 
character. Such behavior of the sample is unusual. It brings 
to mind "superdiamagnetism,'"4

·
15 which is allowed by 

symmetry in this antiferromagnetic magnetoelectric crystal, 
where the symmetry of the leading magnetic ordering admits 
the existence of a toroidal moment.4 In the presence of a 
density gradient of the toroidal moment (e.g., near defects of 
the crystal) it is possible to have a diamagnetic response of 
the system to a magnetic field. 15 However, before drawing 
any conclusions about the causes of the observed feature it is 
necessary to carry out special experiments and to eliminate 
possible artifacts. 

As to the causes of the weak ferromagnetism (or, more 
precisely, weak ferrimagnetism), there are several possible 
mechanisms for its appearance in the LiCoP04 crystal. Using 
the well-known methods of constructing invariants of the 
thermodynamic potential, 16 one can see that although the 
usual second-order weak-ferromagnetic invariants of the type 
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M 1L 2y are forbidden in LiCoP04 , the Pnma symmetry of 
the crystal allows fourth-order invariants containing the 
product MyL 2y . 

These invariants are the following: M yL2yL 1yL3y, 
MyL2yLlxL3x• MyL2yLlzL3z• MyL2yL 1xL2z• 
M yL2yL !zL2x, M yM zL2yL2z, M yM zL2yL3x, 
M yM xL2yLzx, and M yM zL 2yL3z. In addition, "gradient" 
invariants are allowed, which can lead to the formation of a 
modulated magnetic structure. Among them we mention the 
second-order invariant (M ydL2y I dx- L 2ydM Y I dx) .4 Since 
the projection of the antiferromagnetic vector L 2y transforms 
in the same way as the projection of the toroidal moment T z 

(Ref. 4), the corresponding homogeneous and inhomoge­
neous invariants with a toroidal moment are also possible. At 
the present time it is not possible to answer the question of 
which mechanism gives rise to the weak ferromagnetism in 
LiCoP04 . We can only say that the nonmonotonic behavior 
of the spontaneous magnetic moment on heating of the 
sample, which is attested to by the behavior of the magneti­
zation of the crystal in a field of 0.05 T, indicates the pres­
ence of competing mechanisms. A similar dependence of the 
weak-ferromagnetic moment has been observed in crystals of 
antiferromagnetic vanadates, in particular, yttrium 
vanadate. 17 It must also be noted that the features of the 
behavior of the magnetic linear birefringence in a cyclically 
varying magnetic field12 implies that LiCoP04 must have an 
incommensurate modulated structure, if not spontaneous 
then magnetic-field induced. Depending on the mechanism 
giving rise to the weak ferromagnetism, the magnetic point 
group of the crystal may be one of the following noncen­
troantisymmetric groups: m(l_ y) (this group admits a "lon­
gitudinal" weak-ferromagnetic structure M yL2 yL 1yL3y); 
2 ' ( llx) (which admits the structures M yL2yL 1xLlz , 
MyL 2yL 1xL3x, MyMzL2yL 2z, and MyMzL 2yL3J, m'(.lz) 
(which admits the structures M yL 2yL lzL 3z, M yL2yLlzLlx, 
M yM xL 2yL2x, and M yM zL 2yL 3J. 

The presence of a quadratic magnetization effect in the 
LiCoP04 crystal for Hjjb remains open question. Although 
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an approximation of the M(H) curves by third-order poly­
nomials does give corrections quadratic in H which have 
different signs for the two antiferromagnetic states, they are 
too small. Their small value and substantial difference leaves 
uncertainty as to whether they correspond to a physical effect 
or are the result of a small systematic error and scattering in 
the experimental data. 

The authors thank V. I. Fomin and V. I. Kut'ko for a 
helpful discussion of the results. 
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