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Induction of a magnetic moment by an electric field has been discovered in antiferromagnetic 
Gd2Cu04 at a temperature below 6.5 K. The dependence of M,(E,) is linear, while 
M,(E,) exhibits significant hysten:sis. Contributions to the static and dynamic magnetic 
susceptibility which are proportional to E ,  E ~ ,  and EH have been observed. Linear displacement 
of the antiferromagnetic resonance by an electric field has been discovered. The 
antiferromagnetic resonance spectrum in an electric field and the variation of the magnetic 
susceptibility caused by rotation of the antiferromagnetism vector in an electric field have been 
calculated using a two-sublattice model of the antiferromagnetically ordered rare-earth 
sublattice. The experimental results are qualitatively consistent with this model. The presence of 
structural distortions or contributions of higher-order terms to the thermodynamic potential 
has been postulated to account for some of the results. O 1995 American Institute of Physics. 

1. INTRODUCTION 

Antiferromagnetic Gd2Cu04 has an unusual magnetic 
structure. The spins of the copper ions undergo antiferromag- 
netic ordering at the temperature TN(Cu)=280 K, so that in 
the basal planes of the tetragonal crystal lattice the directions 
of the magnetic moments alternate in a checkerboard 
pattern.1 Antiferromagnetic ordering of the gadolinium ions 
occurs at TN(Gd)=6.5 K. At this point the spins of the ga- 
dolinium ions form ferromagnetic layers, which are magne- 
tized parallel to the basal planes? and the copper and gado- 
linium subsystems now have different magnetic symmetries. 
The magnetic structure of the crystal becomes noninvariant 
with respect to the inversion centers, allowing the existence 
of a linear magnetoelectric effect. A magnetoelectric effect 
was detected in Gd2Cu04 in Ref. 3 from the appearance of 
electric polarization under the action of a magnetic field [the 
so-called ( M E ) ,  effect]. Applying symmetry analysis to a 
two-sublattice model of the gadolinium sublattice with ne- 
glect of the interaction with the copper sublattice, Wiegel- 
mann et ~ 1 . ~  obtained the following terms of the thermody- 
namic potential, which correspond to the magnetoelectric 
effect in the magnetic structure of Gd2Cu04: 

+ ~ l ( M x P , L , + ~ y P y L z ) + ~  ZPZMZL,. (1) 

Here the x axis points in the [100] direction, and the z axis 
points in the [001] direction of the tetragonal crystal lattice; 
2Mo is the maximal magnetization of one of the two gado- 
linium sublattices; P is the electric polarization, and M and L 
are the magnetization and the antiferromagr~etism vector in 
units of 4 M o .  In a magnetic unit cell there are four gado- 
linium ions, two ions from each of the two sublattices in the 
model under consideration. 

In the magnetic structure of Gd2Cu04 we have L,=O, 
and the two magnetoelectric moduli a,, and a,, are nonzero. 
They are related to the magnetoelectric constants A and A in 
the following manner: 

Here E and H are the electric and magnetic field 
strengths; k,, and k ,  are the corresponding dielectric sus- 
ceptibilities, and XI]  and xL are the magnetic susceptibilities 
in the directions parallel and perpendicular to L, respectively. 

The modulus a,, is proportional to the product xI1L and 
should, therefore, vanish when T=O and T=TN(Gd). The 
other magnetoelectric modulus should increase with decreas- 
ing temperature as X ,  L .  

This paper describes the results of observations of the 
linear magnetoelectric effect, i.e., induction of a magnetic 
moment by an electric field [the ( M E ) E  effect], and the lin- 
ear antiferromagnetic Stark effect, i.e., displacement of the 
antiferromagnetic resonance spectrum by an electric field, as 
well as the results of observations of the influence of the 
electric field on the magnetic susceptibility. A brief report on 
these experiments was published in Ref. 4 .  

We observed a quadratic antiferromagnetic Stark effect 
and a quadratic influence of the electric field on the magnetic 
susceptibility in antiferromagnetic Nd2Cu04 (Ref. 5), but a 
linear magnetoelectric effect was not detected in that case. 

2. EXPERIMENTAL METHODS 

The change in the magnetization S M under the action 
of an electric field E was measured using a SQUID 
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magnetometer6 at 1.2 K. A sample measuring 1 X 1.5 X 1 
mm3 was glued between two flat electrodes by a conducting 
adhesive. The pickup coil detected the appearance of SM in 
the direction perpendicular to E. 

A magnetic resonance spectrometer with a reentrant cav- 
ity and no modulation of the magnetic field was used to 
measure the microwave magnetic susceptibility ,yW and to 
observe antiferromagnetic resonance in an electric field. The 
working frequency of the spectrometer was f =35.7 GHz, 
and the Q factor of the rectangular cavity, which measured 
7.2X 3.4X 20 mm3 and was tuned to the TEo,, mode, was 
about 1000. Within the cavity at a distance of 1 mm from a 
wide wall there was an insulated copper plate, which did not 
alter the Q factor of the cavity significantly, A voltage rela- 
tive to the walls of the cavity was supplied to the plate. The 
sample was placed between the plate and the wide wall of 
the cavity at the antinode of the microwave magnetic field. 
When the voltage was turned on, an electric field E, which 
was perpendicular to the external magnetic field H, appeared 
in the sample. The microwave field h in the sample was 
perpendicular to both H and E. In these experiments the 
sample measured 1.5 X 0.7 X 0.9 mm3. 

Resonant absorption in the sample results in a decrease 
in the microwave power U which passes through the cavity. 
The change in the real part of the susceptibility of the sample 
causes a displacement of the natural frequency of the cavity, 
which also causes a change in the response signal. When the 
magnetic field is swept, the antiferromagnetic resonance line 
can be recorded as U ( H ) ,  the microwave generator should 
be tuned to the resonant frequency of the cavity, and the 
displacement of the natural frequency of the cavity during 
the recording process must be small; otherwise, the line will 
be distorted significantly. Distortion of the line shape can be 
avoided either by selecting sufficiently small sample dimen- 
sions or by placing the sample in the cavity at a site where 
the microwave field does not have the peak value. 

Small shifts of the antiferromagnetic resonance line and 
small changes in xW under the action of an electric field were 
measured using a modulation technique with a variable elec- 
tric field having a frequency F = 1.95 kHz. When the field E 
acts on x W ,  a variable component of the microwave power 
passing through the cavity appears and oscillates with the 
same frequency. The amplitude SU of this component was 
determined using a phase-sensitive amplifier. 

If the resonant magnetic field depends on the applied 
electric field, 6U will depend on H as the derivative dUl  
d H .  

To ensure the sensitivity of the spectrometry to the small 
changes in the high-frequency susceptibility that occur in the 
electric field, a sufficiently large sample was selected. The 
plot of U ( H )  then has the form of the distorted antiferromag- 
netic resonance line recorded under the conditions of satura- 
tion of the cavity response to large changes in the suscepti- 
bility. 

The loss maximum on the temperature dependence of 
the imaginary part of the microwave susceptibility for our 
sample corresponds with good accuracy to the temperature 
TN(Gd) = 6.5 K, and the resonant field coincides with that 
observed for the same frequency in Refs. 2 and 7. 

3. EXPERIMENTAL RESULTS 

3.1. Static magnetic properties in an electric field 

We studied the influence of an electric field on the static 
magnetization for two relative orientations of the electric 
field and the measured component of the magnetic moment. 

The experiment showed that the field E,  causes linear 
variation of SM, in the absence of a magnetic field (Fig. la). 
The figure also shows the variation of the magnetization as a 
function of the electric field in an external magnetic field 
H,= 63 Oe. Similar measurements were performed for other 
field values up to 200 Oe. The results of these experiments 
are described by the equation 

Thus, we discover a linear effect of the electric field on the 
magnetic moment, as well as linear and quadratic effects on 
the magnetic susceptibility x X x .  In a field E, = 10 kVIcm the 
change in the susceptibility due to the linear part of the de- 
pendence is equal to 3 X  and the change due to the 
quadratic part equals emu. 

The electric field Ey also causes variation of the magne- 
tization M , ,  and the plot of SM,(E,) in a zero magnetic 
field exhibits considerable hysteresis (Fig. lb). This finding 
reveals magnetoelectric coupling between M ,  and Ey  , which 
is not described by the expression (I), and attests to the 
presence of a spontaneous magnetic moment. An electric 
field also influences the susceptibility in this orientation, as is 
seen from Fig. I b. 

3.2. High-frequency magnetic properties in an electric field 
E, when Hz= H, and H,=O 

The antiferromagnetic resonance in Gd2Cu04 was thor- 
oughly described and experimentally studied in Refs. 2 and 
7. We studied the influence of an electric field on its lower 
branch, which has a 25.2 GHz gap at 1.8 K. 

The magnetic field in the xz plane was directed at a 
45' angle to the x axis, and the electric field was directed 
parallel to the y axis. Such a configuration makes it possible 
to utilize the interaction between M, and E, described by the 
first term in (1) and, at the same time, to observe antiferro- 
magnetic resonance at the working frequency of the cavity. 
When H is oriented parallel to z, the resonant field at that 
frequency becomes excessively large. Figure 2 presents plots 
of the dependence of U, d U l d H ,  and SU on the magnetic 
field. It is seen that SU(H)  is proportional to the derivative 
dUldH near the antiferromagnetic resonance line, attesting 
to displacement of the resonant field by the electric field. 

A single-domain antiferromagnetic sample was obtained 
by mean of cooling in the fields E and H (Ref. 8). The 
direction of L parallel to the easy axis (the bisector of the 
coordinate angle in the xy plane) is determined in this case 
by the sign of the product E-H when the Nee1 temperature is 
passed . In a sample which has not undergone such magne- 
toelectric annealing, the linear magnetoelectric effect is com- 
pensated to a considerable extent by the opposite sign of the 
effect in the domains differing with respect to the sign of L. 
Figure 2 presents the data obtained for a sample cooled in the 
fields E ,  = 3 kV/cm and H = 54 kOe from 7.5 to 1.2 K, as 

385 JETP 81 (2), August 1995 A. I. Smirnov and I. N. Khlyustikov 385 



well as the results obtained after heating to 7.5 K and cooling 
with the same value of H, but with an inverted field E. The 
dependence of 6 U ( H )  obtained after cooling in zero fields is 
also shown. 

Magnetoelectric annealing with an inverted magnetic 
field also results in a change in the sign of Sf/  over the entire 
range of variation of the magnetic field. Thus, it is seen that 
the signs of both fields used during the annealing influence 

FIG. 1. a) Variation of the x component of the 
magnetization as a function of the electric 
field parallel to the z axis. b) Variation of the 
x component of the magnetization as a func- 
tion of the electric field parallel to the y axis. 

the sign of the shift of the resonant value of the magnetic 
field. 

We used the amplitude of SU to determine the magni- 
tude of the shift of the resonant field SH,  which amounts to 
0.1 Oe in a 3 kV/cm electric field. In Fig. 3 it is seen from 
the data presented that the same electric field increases the 
absolute value of the antiferromagnetic resonance magnetic 
field in the region of positive magnetic fields and decreases it 

FIG. 2. Dependence of GU(H):  I) after an- 
nealing in the fields E and H, 2) after an- 
nealing with an inverted field E, 3) after an- 
nealing in zero fields. Solid line - 
a= 1.12X d U l d H ;  dashed line - plot 
of U(H); E,=3 kV/cm, H,= H z ,  tuning of 
the microwave generator at H =  23 kOe. 
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in the case of an inverted magnetic field. This influence of 
the electric field in our experiment can be interpreted as a 
manifestation of an effective magnetic field, whose vector is 
located in the xz plane. This effective field can be added to 
the external magnetic field or subtracted from it, as evi- 
denced by the change in the sign of 6U after reversal of the 
poles of the magnetic field (see Fig. 3). The sign of the 
effective field changes when the sign of E or the sign of L is 
reversed. The influence of the sign of the antiferromagnetism 
vector L can be traced by observing the change in the sign of 
SU after magnetoelectric annealing with reversal of the po- 
larity of either E or H. 

When the temperature is raised, the displacement of the 
antiferromagnetic resonance under the influence of the elec- 
tric field decreases. The temperature dependence of SH is 
presented in Fig. 4. 

Figures 2 and 3 reveal significant variation of the micro- 
wave signal U with H in the range of fields [ H I  <20  kOe. It 
is associated with the variation of the magnetic susceptibility 
x ~ . ~  during spin flipping in the range O<H,<9 kOe (Ref. 7 ) .  
When the susceptibility varies, detuning of the cavity occurs, 
and the response signal varies. An appreciable value is also 
observed for 6U in these fields (see Fig. 2), attesting to the 
influence of the electric field on the susceptibility X" with 
respect to the weak field h perpendicular to E and H. 

To determine the magnitude of the changes SX' and 
6,y" in the real and imaginary parts of the susceptibility X" 
separately, we measured 6U at various detunings 
A = f - f,. Here f and f, are, respectively, the frequency of 
the microwave generator and the natural frequency of the 
cavity. Then these parameters can be determined using the 
relations derived for TE rrlodes in a rectangular cavity: 

FIG. 3. Dependence of S U ( H )  for E= 3 
kV/cm in an experiment with reversal of the 
polarity of the magnetic field (curve 1)  and 
dependence of the microwave signal U on 
the magnetic field (curve 2). The resonant 
fields are indicated by amws. 

Here Q is the quality factor of the cavity; 
A .  + fl2Q is the positive or negative value of the detun- 
ing corresponding to "half-maximum" of the resonance 
curve of the cavity; v and V are, respectively, the volumes of 
the sample and the cavity. The resonance curve of the cavity 
and the plot of S U ( A )  obtained in a 14 kOe magnetic field at 
1.2 K are shown in Fig. 5. Similar curves were obtained for 
other values of the magnetic field, and they were used to 
construct the plots of S,yL,(H) and SX/,',(H) presented in 
Fig. 6 according to Eqs. (4) and (5). Here the direction of the 
a axis coincides with the bisector of the coordinate angle in 
the xz plane, and the microwave field H was aligned in this 
direction in this experiment. 

The experiment shows that in fields weaker than 20 kOe 
the response SU to the electric field contains a real part, 
which changes sign when the poles of the magnetic field are 
reversed. Thus, a correction to the magnetic susceptibility 
that is odd with respect to E.H is discovered. 

3.3. High-frequency magnetic properties in an electric field 
E, when H= H, 

We did not discover any linear displacement of the anti- 
ferromagnetic resonance for this configuration of the static 
fields. A small quadratic shift of the antiferromagnetic reso- 
nance, which is detected by observing the component of the 
signal U at the frequency 2 F ,  can be observed. The magni- 
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FIG. 4, Temperature dependence of SH (arbi- 
trary units), 0). HE,-H,,(IO K) (V), 1x1, 
- XI, (1.2 K)] /x1+3.7 (0). and L(T) mea- 
sured (dashed line) according to data from Ref. 
2  in arbitrary units. 

tude of the quadratic shift in an electric field equal to 3 
kV/cm is approximately 100 times smal1e:r than the linear 
shift at the same value of the electric field described in the 
previous section. 

As in the case of the preceding configuration of the static 
fields, components of the magnetic susceptibility which are 
linearly dependent on the electric field, viz., and 
6,f , are observed. The signs of these components are de- 

YY. 
term~ned by the sign of E during the magneroelectric anneal- 

ing performed with the polarization of the fields described. 
The dependence of 6U on the magnetic field after magneto- 
electric annealing with E in two opposite directions is shown 
in Fig. 7. Curve 3 was obtained when the sample was placed 
at a certain distance from the maximum point of the micro- 
wave magnetic field and corresponds to nonlinear displace- 
ment of the antiferromagnetic resonance. 

Figure 8 presents plots of the dependence of the changes 
appearing in the real and imaginary parts of the high- 
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FIG. 5. Plots of S U ( A )  ( I )  and U ( A )  (2). 
Dashed line - zero-level line for SU. 
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FIG. 6. Dependences of following param- 
eters on the magnetic field: 1) 
~~;~-x:',(O)l ~ X L  ; 2) [X:~-X:~(O)I 1 
,yL ; 3) (1 in arb. units, arbitrary vertical 
shift; 4) SU; 5) SX;, for Ey= 3  kV1cm; 6) 
S,$i, for E y = 3  kVlcm; 7) [x,, -xxx(0)l 1 
x1 (calculation); 8) [x,, - X~.(O)]/X~ (cal- 
culation based on data from Ref. 7); 9) 
SX (H) [calculation based on (12)]. 

FIG. 7. Plots of SU(H) for H11[100] and 
E11[001]: after magnetoelectric annealing in the 
fields E,= 3  kV1cm and H,= 28 kOe (I) and 
after annealing with a reversed electric field (2). 
Curve 3 - record of the antiferromagnetic reso- 
nance line when the sample is not located at the 
antinode of the microwave magnetic field. 
Curve 4 - Q(H) in arbitrary units. The values 
of SU for H<  10 kOe were obtained with the 
generator tuned to the frequency of the cavity in 
a 5 kOe field [U(H) - curve 4, and the values 
for H >  10 kOe were obtained in a 21 kOe field 
by tuning [U(H) - curve 51. 

0 10 
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UJ 

" 0  
FIG. 8. Dependence of ax:,, (curve I) and 
S i $  (curve 2) on the magnetic field for 

2 Hll[ 1001 and E11[001]. Curve 3 - calculated 

-* dependence of SX,, on the magnetic field 
% O  according to Eq. (15) after multiplication by 

& 2; 4-6 -dependence of [ X ~ ~ - X ~ , ( O ) ] X ~  . 
[x;,- ,~ ," , (O) ]X , ,  . and Q on the magnetic 

0 10 10 30 field (arbitrw units). 
20 H , k O e  

frequency magnetic susceptibility in response to the electric 
field on the magnetic field, as well as the microwave signal. 

In the case of this field configuration, in contrast to the 
results described in the preceding section, appreciable values 
of and 64, appear in a zero magnetic field after mag- 
netoelectric annealing under certain conditions. The results 
of measuring the magnitude of the response SU to an electric 
field after annealing with various combinations of field po- 
larities are shown in Fig. 9. The presence of a magnetic field 
during the magnetoelectric annealing is essential, and its di- 
rection has an influence on the form of SU(H) .  However, 
when the polarity of H used during the magnetoelectric an- 
nealing is reversed, the magnetoelectric signal SU recorded 
after the annealing changes, but this change is not confined 
to the change in sign observed in the case of reversal of the 
polarity of E. The function SU(H) can be represented in the 
form of a sum of a function which is even with respect to H 
and an odd function, the odd component changing sign when 
the sign of H is reversed during the magnetoelectric anneal- 
ing. Such a conclusion can be drawn by comparing the plots 
of SU(H) shown in Fig. 9. 

Figure 1 0  presents the temperature dependence of 
SX;,. It is seen that for the polarization of E and H under 

discussion there is a maximum on the temperature depen- 
dence, in contrast to the dependence of the shift of the anti- 
ferromagnetic resonance for the preceding polarization. 

3.4. High-frequency magnetic properties in an electric field 
Ey with H= H, 

Here there is no linear displacement of the antiferromag- 
netic resonance. A dependence of x,W, on the electric field is 
observed after cooling from 7.5 K in an electric field. The 
presence of a magnetic field with various strengths up to 54 
kOe during the annealing and its direction do not have any 
effect on the observed value of SU and its dependence on the 
magnetic field. Figure 11 presents plots of SU(H) obtained 
after annealing with various values of E. The experiments 
with a reversed magnetic field show that 6U is an even func- 
tion of the magnetic field and reaches its highest value when 
the value of the magnetic field equals zero. Plots of the de- 
pendence of SX;, and a,& on the magnetic field are also 
shown in Fig. 11.  As the temperature increases, ax;, de- 
creases. 

FIG. 9. Dependence of SI (H)  for Hll[100] 
and E11[001] after magnetoelectric annealiqg 
with various polarities of the fields E and H: 
0 - E = 3  kVIcm, H = 1 2  kOe; V - E = 3  
kVIcm, H =  12 kOe; +-E= - 3  kV/cm, 
H =  - 12 kOe, solid line-plot of  U ( H ) .  
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FIG. 10. Dependence of SX:, on the temperature for H11[100] and 
E11[0011. 

8 . . .  , . . . , . . . , . . -  electric terms in ( I )  which are proportional to L ,  are unim- - 
portant for determining the corrections to M and L that are 

6 - linear with respect to E, since we have L,=O when E=O.  

4. THEORETICAL CALCULATIONS 

3 - .- 
C .  
3 

4.1. The model 

For the case of low temperatures and L I M we obtain 

To describe the magnetic properties of antiferromagnetic 
Gd2Cu04 we shall use an expansion of the thermodynamic 
potential for a two-sublattice antiferromagnet with consider- 
ation of the plane-axis anisotropy and the tetragonal anisot- 
ropy in the xy plane. Such a description is simplified, since it 
ignores the presence of the copper magnetic sublattice and 
replaces the four gadolinium sublattices by two. However, 
this model can be used to trace the appearance of several 
magnetoelectric phenomena. 

Thus, we shall utilize the expression for the magnetic 
part of the thermodynamic potential @ obtained in Refs. 2 
and 7. We supplement it with terms which describe the in- 
teraction of the electric and magnetic degrees of freedom 
from Ref. 3, as well as pure electrical terms. The magneto- 

9 4 :  

g 2 !  - 1 &= H , M ~ +  $ H ~ L ~ - H , L : L ~ - M . H  
4 M o  

+ 4MoXM,P.L+ 4 M o A P , M . L - E . P  
0 2 4 T , K  8 

1 
+ - E ? .  

2kii  (6) 

Here He is the exchange field, and H A  and H ,  are the fields 
of the uniaxial and tetragonal anisotropy, respectively. 

The behavior of the magnetic structure at low tempera- 
tures for E = 0 and its description on the basis of the model 
just described were studied in Refs. 2 and 7. In the ground 
state the antiferromagnetism vector in a zero magnetic field 
is oriented in the [110] direction. When H is parallel to the x 
axis, L aligns itself to the [OlO] direction as the magnetic 
field increases from zero to H,= Jw, but L does not 
change its orientation when the field increases further, re- 
maining perpendicular to the magnetic field. A second-order 
phase transition takes place in the field H = H ,  . As a conse- 
quence of the great difference between XI! and X ,  , as well as 
the nonuniformity of the rotation of the magnetization as the 
magnetic field varies, the susceptibility turns out to be de- 
pendent on H in the range of fields from zero to H e ,  but at 
H = H ,  the susceptibility X ,  undergoes an abrupt change, 
decreasing by a factor of 2. For H > H ,  the susceptibility 
ceases to vary and remains equal to X ,  . 

HG. 11. Experiment under the conditions 
H1([100] and E(1[010]. Dependences on the mag- 

0 10 20 30 40 netic field for SU after annealing in a field E = 3 kV 
(I), 6U after annealing in a field E= - 3 kV (Z), U 
(3), 6 ~ : ~  (4), and (5). The values of SU and U 

4 in fields weaker than 12 kOe were obtained with 
tuning of the generator in a zero field, and the val- 
ues in stronger fields were obtained with tuning in a 

V) 
3 40 kOe field. 

Fn 
0 
I h 2 

S 
1 

391 JETP 81 (2), August 1995 A. I. Smirnov and I. N. Khlyustikov 391 



4.2. Antiferromagnetic resonance spectrum in an electric 
field 

Let us consider the range of magnetic fields in which 
Hx> H ,  and H ,  = 0 .  In our experiments antiferromagnetic 
resonance is observed in just such a region.. Here rotation of 
the antiferromagnetic vector in a plane is already forbidden, 
and the magnetization of the crystal is detelmined with good 
accuracy by X, = 4 M o / ( 2 H e ) .  Here, as in all the ensuing 
calculations we assume H ,  H ,  , H I  , H A G  He . 

The Landau-Lifshitz equations for E parallel to the y 
axis and H lying in the xz plane have the form 

1 d m ,  
--= 
Y d t  

1 d m ,  

1 d l ,  
--= Hz u l y + 2 H e m , + u  - m z ,  
Y d t  2He  

1 d l ,  
= -  HI Hx H A  

( H z -  u )  - lx -  - 
Y dr  He 2He l z ,  

1 d l ,  H ,  --- -u  - m z - 2 H e m x .  
y d t  2 H e  

Here I and m are small deviations of L and M from their 
equilibrium values, y is the magnetomechanical ratio, and 
u = 4 M o A P y L y .  Also, u is the value taken with sign re- 
versed of the effective magnetic field appearing in the z di- 
rection under the action of E ,  : 

The equations of motion are distinguished from the equa- 
tions in a zero electric field by the terms containing a. This 
difference involves, in particular the replacement of H z  by 
H z - a ,  the addition of an effective field to the projection 
H z  when the electric field is turned on. The resonant frequen- 
cies of the small oscillations are determined from the equa- 
tion 

We are interested in the small shift of the resonant value of 
the magnetic field at a fixed frequency w that arises in an 
electric field. For H z =  H , =  HI fi this shift is given by the 
equality 

Using the values 2 H e =  1 10 kOe, H A  = 9 kOe, and 
H,=0.75 kOe known from Ref. 2, we find that the second 
term in the last equation amounts to 0 .14  of the first term 
and, therefore, weakly influences S H ,  i.e., the electric field 
mainly alters the z projection of the antiferromagnetic reso- 
nance magnetic field by the magnitude of the effective field 
u .  

For H z = O  and E =  E ,  it also follows from Eq. (8) that 
there is no shift of the antiferromagnetic resonance, which is 
linear with respect to u .  

A similar calculation reveals that there is likewise no 
linear shift of the antiferromagnetic resonance by an electric 
field for static fields with the following configuration: 
~11[001], H11[100]. This finding can be attributed to the fact 
that the effective field in this case is perpendicular to the 
external magnetic field and the variation of the total mag- 
netic field is quadratic in E. 

4.3. Variation of xXx In a field Ey with Hx= Hz and Hy=O 

The magnetic susceptibility in fields H , < H ,  is deter- 
mined by two factors: the function M ( H )  proper and the 
orientational contribution associated with the rotation of the 
magnetic moment relative to the magnetic field. The function 
M ( H )  is specified by the angle between L and H owing to 
the significant difference between the parallel and perpen- 
dicular susceptibilities of the antiferrornagnet. At low tem- 
peratures we have L I M, L~ + M 2 =  1 ,  and it is convenient 
to use the variables M  (the absolute value of the magnetiza- 
tion in units of 4 M o )  and 8 (the angle between L and the y 
axis). Both contributions to the susceptibility depend on 8. 
In the absence of an electric field, the angle 8 depends on the 
x component of the magnetic field in the following manner:7 

We assume L- 1, which is true in magnetic fields which are 
small compared with 2 H e .  Then, when the magnetic field is 
oriented in the xz plane and the electric field is parallel to the 
y axis, the expression for the thermodynamic potential (6) 
takes the form 

- M , H , .  (11) 

Here M ,  is the component of M lying in the xy plane. 
In determining the changes in the magnetic susceptibility 

xxx under the action of the electric field creating the polar- 
ization P,, , we bear in mind that these changes are small. 
Minimizing of the potential 6 with respect to M i ,  M ,  , and 
0, we find the small changes in M ,  and 6 appearing under 
the influence of the electric field and use them to determine 
the change in the susceptibility. In this case, to determine the 
corrections to M and L which are linear with respect to the 
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electric field, we can assume P i = k i k  E,, neglecting the 
magnetoelectric contribution to the electric polarization. For 
H,.= H Z ,  H,<H,  we obtain 

The physical meaning of this result is that owing to the 
magnetoelectric interaction corresponding to the term 
16MoX P y M x L y  in ( 6 ) ,  in the presence of a nonzero magnetic 
field parallel to the z axis, the electric field changes the ori- 
entation of L  relative to the magnetic field, which, in turn, 
causes a change in the magnetic susceptibility. 

4.4. Variation of xYy in a field EI1[0011 for H11[1001 

The magnetoelectric contribution to the thermodynamic 
potential ~ ~ M ~ A , , L . M  is significant for this configuration. 
Its influence should vanish when the temperature is lowered, 
since M I L  at low temperatures. However, this term is gov- 
erned by the exchange interaction, and its manifestations can 
be significant even under conditions such that X I I ~ X ~ .  We 
assume that XII  is small, but nonzero. Then, in a first approxi- 
mation with respect to the static fields, the magnetization is 
given by the expression 

M = x L H -  ( X I  - x I I ) ( L . H ) L + x ~ ~ ~ P , L .  (13)  

Plugging this expression into ( 6 ) ,  we find 

Minimizing this expression with respect to 0, we find the 
small variations in M y  appearing when an electric field and a 
weak measuring field H ,  are turned on. Then the part of the 
susceptibility which depends on the electric field is deter- 
mined: 

Here sin6 is defined by the expression (10) .  In the limit 
H,+H, the value of axyy determined in the linear approxi- 
mation tends to infinity as a result of the disappearance of the 
rigidity with respect to reorientation of the magnetization in 
the y direction near the phase transition. 

When H x > H c  holds, L is not reoriented under the influ- 
ence of the electric field, and SX,, = 0. 

5. DISCUSSION 

The observation of a magnetic moment S M ,  induced by 
an electric field E ,  makes it possible to estimate the magne- 
toelectric modulus: a,,.- emu. This value is a severe 
underestimate, since in our static experiments the sample 
was not subjected to magnetoelectric annealing and was not 

single domain. As follows from the results in Ref. 3, a 
sample cooled in zero fields has a magnetoelectric effect at 
least a hundred times weaker than a sample subjected to 
magnetoelectric annealing. It follows from the data in Ref. 3 
on the ( M E ) ,  effect observed after magnetoelectric anneal- 
ing that a,,= 3 X l o p 5  emu at T =  5  K. Thus, these results 
are consistent with one another. 

The magnetoelectric modulus a,, can be determined 
from the results of experiments involving the observation of 
antiferromagnetic resonance in an electric field by calculat- 
ing the value of u = 4 M o X k x x E ,  from Eq. (9). The value 
determined from the shift of the resonant field for E,=3 
kV/cm corresponds to a,,= 1 X emu. The value 
xL = 1.03X determined from the data in Ref. 2  was 
used here. The value of a,, found above is consistent with 
the data in Ref. 3 on the electric polarization induced by a 
magnetic field, from which we obtain a x Z = 7 X  emu at 
T = 5  K. 

Let us use the characteristics obtained for the magneto- 
electric effect in Gd2Cu04 to evaluate the influence of an 
electric field on the susceptibility according to the calcula- 
tions presented above in Sec. 4 .  

For E  = E ,  and H,= H z ,  the shift of the antiferromag- 
netic resonance gives a value of 0.15 Oe for 4 M o h P y  in a 
field E,= 3  kV/cm. Then, using Eq. (12) ,  we obtain the plot 
of S,yxx(H) presented in Fig. 6  (curve 7). In our experiment 
the dynamic susceptibility is measured at a frequency on the 
order of the resonant frequency and can thus differ signifi- 
cantly from the static susceptibility. In this experiment the 
microwave magnetic field was directed in the xz plane at a 
45' angle to the axes, i.e., x,O, and x,", have equally signifi- 
cant influences on the result. Figure 6  compares the values 
and field dependences of the static susceptibility 
xaU = ( x z z  + x x x ) / 2  obtained on the basis of the experimental 
results from Ref. 2  and the dynamic susceptibilities for our 
sample. Equation (12)  was derived including the change in 
the static susceptibility x,, . In view of these circumstances, 
the agreement in the order of magnitude and the character of 
the dependence on the magnetic field for the observed values 
of and S i ; ,  and the calculated dependence Sx,,(H) 
seems satisfactory to us. 

Using the value of the modulus a,,= 3 X emu from 
Ref. 3, we calculate SX,, from Eq. (15)  to compare it with 
the results of the experiments with E11[001] and H11[100]. It 
should be borne in mind that the measurements in Ref. 3 
were performed at 5 K and that the value of the modulus at 
1.2 K, which is needed for the calculations of a x y y ,  can 
differ severalfold from that value under the conditions of our 
experiment. The results of the calculations of ax,, are 
shown in Fig. 8. It is seen that in this case, too, there is 
qualitative agreement in the values and the character of the 
field dependence for the changes in the dynamic susceptibili- 
ties and the results of the calculation of the change in the 
static susceptibility. The nonzero value of 6xSY observed for 
H , > H ,  cannot be explained in the present model and prob- 
ably attests to an interaction between the gadolinium and 
copper sublattices. This interaction apparently prevents com- 
plete flipping of the gadolinium sublattices perpendicularly 
to the magnetic field, since the fields used are small com- 
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pared with the characteristic fields of the copper subsystem. 
This hypothesis was also advanced in Ref. 3 to account for 
the electric polarization of the sample in a magnetic field 
Hx> H ,  . 

Thus, the variations of the magnetic susceptibility which 
are odd with respect to EH (Figs. 2 and 6) can be explained 
on the basis of a simplified model of the effect with the 
thermodynamic potential (6): when H Z 0, the electric field 
changes of the orientation of L and the susceptibility. 

The linear shift of the antiferromagnetic resonance at 
H z = H x  and its absence when H11[100] holds are also in 
good agreement with the calculation of the shift of the anti- 
ferromagnetic resonance in an electric field performed in 
subsection 4.1. 

The shift of the antiferromagnetic resonance and the val- 
ues of Sxia and increase monotonically as the tempera- 
ture is lowered. This should be expected from the monotonic 
variation of L ,  which determines the temperature depen- 
dence of a in Eq. (9), and the product x,L, appearing in Eq. 
(12). However, it is seen from the results presented in Fig. 4 
that the temperature dependence of the effect does not follow 
the temperature dependence of the magnetization of the su- 
blattice, as could be expected on the basis of the simple 
model and in the molecular-field approximation. We note 
that H , ( T )  does not follow the form of M ~ ( T )  predicted by 
molecular-field theory. The form of H,(T)  can be deter- 
mined from the temperature dependence of the antiferromag- 
netic resonance field H,, when H = H x  using the following 
equation from Ref. 7: ("1 y)2= H:,- H:  . 

The part of the susceptibility ax;, , which depends on 
E , ,  has a maximum as the temperature is varied in accor- 
dance with the temperature dependence of the product 

L ,  which determines ax,, according to Eq. (15). 
However, the induction of the magnetic moment SM, by 

an electric field E , ,  the presence of a weak ferromagnetic 
moment, and a magnetic susceptibility in a zero magnetic 
field that depends on the electric field cannot be explained in 
the simplified model. 

Moreover, the weak ferromagnetism stipulated by the 
terms which are bilinear with respect to L and M is forbid- 
den for tetragonal crystals, which include Gd2Cu04. How- 
ever, a weak ferromagnetic moment was observed here at 
temperatures below TN(Cu) and above TN(Gd) (Ref. 9). To 
account for this fact it was assumed that there are weak dis- 
tortions of the tetragonal lattice.'' We observe a spontaneous 
ferromagnetic moment, which is no less than - lop9 of the 
magnetization of the sublattice, at a temperature consider- 
ably below TN(Gd) (Fig. lb). The magnetoelectric interac- 
tion corresponding to the term in the potential proportional to 
E y M ,  which was observed in our experiments (see Fig. lb) 
is also impossible in the original 14mmni crystallographic 
group. We note here that symmetry allows or forbids the 
simultaneous existence of spontaneous electric polarization 
with a susceptibility proportional to E ,  which was observed 
in our experiments. Apparently, the spontaneous magnetic 
moment also generates spontaneous electric polarization 
through the magnetoelectric interaction. In this respect 
Gd2Cu04 behaves similarly to nickel-lodine boracite," 

which is a weakly ferromagnetic magnetoelectric ferroelec- 
tric. 

The components of the magnetic susceptibility which are 
linear in E that are observed in a zero magnetic field when 
E11[010] and E11[001] (SX, ,  and , respectively) can be 
responsible for the presence of terms of the form p ~ i ~ ; ~ i  
in the expansion of the thermodynamic potential. Terms of 
the form q ~ : ~ ; ~ i  should also be introduced to describe the 
quadratic component of the magnetic susceptibility with re- 
spect to the electric field. 

However, the observed effects can also be described 
without including terms of such high orders. We assume that 
the symmetry of the crystal resulting from distortion of the 
structure allows terms of the form LyMx-CLxMy and 
E,M,L, in the expansion of the thermodynamic potential. 
The former contribution allows weak ferromagnetism and, 
consequently, a spontaneous magnetic moment. Then an in- 
fluence of the electric field on the orientation of L and the 
magnetic susceptibility x,, in a zero magnetic field arises, 
similar to the influence considered in subsections 4.3 and 
4.4. The term of the latter form describes the observed inter- 
action between M ,  and E,  . When these additional contribu- 
tions to 6 are present, the linear influence of E ,  on x,, in a 
zero magnetic field can be explained in the following man- 
ner. The spontaneous magnetic moment in the plane is ac- 
companied by spontaneous electric polarization, which, ac- 
cording to (I), produces a small nonzero value of L z  . Then 
the field E ,  causes linear variation of the component of L 
perpendicular to the magnetic field, which has a significant 
influence on the susceptibility. When L z =  0 holds, the latter 
variation would be quadratic. 

In conclusion we present the terms of the thermody- 
namic potential @ in variable E and H which it must contain 
to describe the magnetoelectric effects that we observed: 

Our experiments revealed that the coefficients a,,, ax, , 
~ X Z  r YZx 7 'Yxz r P x z x  9 P z x y  Tzx rxy 7 r x z  and K x  are non- 
zero. 

6. CONCLUSIONS 

Several magnetoelectric effects were observed in the ex- 
periments at a temperature below the ordering of the gado- 
linium spin subsystems. Some of the observations are de- 
scribed qualitatively by the two-sublattice model of an 
antiferromagnetically ordered rare-earth sublattice with a 
low-order magnetoelectric interaction (6). This model ac- 
counts for our observations of the induction of a magnetic 
moment M ,  by an electric field E , ,  displacement of the 
antiferromagnetic resonance frequency in an electric field, 
and the effect of an electric field on the magnetic suscepti- 
bility, which is odd with respect to the magnetic field and is 
associated with the rotation of the antiferromagnetism vector 
under the action of the electric field. 

To explain the dependence of M , ( E y ) ,  which exhibits 
hysteresis, and the influence of an electric field on the mag- 
netic susceptibility ima zero magnetic field, structul- a I c i' istor- 
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tions which allow weak ferromagnetism or an influence of 
terms of higher orders with respect to M in the thermody- 
namic potential must be postulated. 

The existence of magnetoelectric properties in fields 
above H, points out the influence of the copper magnetic 
sublattice. 
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