
Nonreciprocal optical effects in antiferromagnetic Cr203 subjected to electric 
and magnetic fields 

B. B. Krichevtsov, V. V. Pavlov, and R. V. Pisarev 

A. F. Ioffe Physicotechnical Institute, Academy of Sciences of the USSR, Leningrad 
(Submitted 4 July 1987) 
Zh. Eksp. Teor. Fiz. 94,284-295 (February 1988) 

A study was made of the temperature and field dependences of nonreciprocal rotation of the plane 
of polarization of light (A = 1.15pm) in an antiferromagnetic Cr,O, crystal subjected to electric 
(E )  or magnetic ( H )  fields in the kllcll EllH geometry. The nonreciprocal rotation NR(H) 
induced by a field H in Cr20, was attributed to competition between two contributions one of 
which was positive diamagnetic V,,, and the other was negative paramagnetic V,,,,, reflecting the 
behavior of the magnetic susceptibility xI1 . The temperature dependence NR(E) was 
qualitatively different from the temperature dependence of the magnetoelectric susceptibility all , 
indicating that they were different. The temperature dependences of NR(E) were explained by 
postulating a ferromagnetic contribution proportional to the magnetization m and an 
antiferromagnetic one proportional to the antiferromagnetic vector 1. Separation of the NR into 
the ferromagnetic and antiferromagnetic contributions was made by two methods: 1 ) using the 
temperature dependences of NR(E) and I( T); 2 )  using the value of Vpara and the temperature 
dependence ail ( T) . A model describing the ferromagnetic and antiferromagnetic contributions 
to the NR in the specific case of the4A2g -'4T2u transition was developed. The expressions 
obtained indicated that, in contrast to the ferromagnetic contribution of magnitude governed 
primarily by the spin-orbit interaction, the antiferromagnetic contribution was related to the 
pseudo-Stark splitting of the Cr20, levels. 

1. INTRODUCTION 

If a crystal is subjected to a magnetic field H or if it has a 
spontaneous magnetization m, it can exhibit nonreciprocal 
optical effects,' the best known of which is the Faraday ef- 
fect. Lowering the symmetry of a crystal by eliminating the 
time reversal operation 1' alters the properties of material 
tensors,' giving rise in particular to imaginary antisymme- 
tric corrections to the permittivity tensor tz; describing the 
Faraday effect: 

where s,,, and pi,, are axial i tensors. 3x4 Equation ( 1 ) is valid 
in the case of diamagnetic or paramagnetic crystals subject- 
ed to a magnetic field or in the case of single-sublattice ferro- 
magnets. The presence of several magnetic sublattices of spe- 
cific crystal symmetry may give rise to new optical effects 
such as the nonreciprocal rotation (NR) of the plane of po- 
larization induced by an electric field E (Ref. 3) .  Since the 
symmetry of the electric field E (polar i vector) differs from 
the symmetry of the magnetic field H or the magnetization m 
(axial c vectors), this effect is described by tensors which 
obey transformation properties quite different from those of 
the tensors s,,, andpijk, demonstrating that the nonrecipro- 
cal rotation effect is fundamentally different from the Fara- 
day effect. In general', the terms describing such effects can 
be written as f o l l o ~ s ~ ~ ~ :  

where y,,, and vijk, are polar c tensors. 
Nonzero components of the tensors yijk and vijkl are 

determined by the actual magnetic symmetry of a crystal. In 
particular, the y,,, tensor is a property of crystals exhibiting 
a linear magnetoelectric effect, such as that found in the clas- 
sical magnetoelectric Cr20, (Ref. 6). Clearly, the appear- 

ance of the magnetization m(E) induced by an electric field 
should, in accordance with Eq. ( 1 ), give rise to the Faraday 
effect (i.e., the nonreciprocal rotation), so that from the 
symmetry point of view the conditions for the appearance of 
the magnetoelectric and NR effects are identical. However, 
we must bear in mind that, in contrast to the magnetoelectric 
effect, the Faraday effect is governed by the properties not 
only of the ground state responsible for the magnetic phe- 
nomena, but also to a large extent by excited electron states. 
This circumstance opens up the possibility of the appearance 
of new magnetoelectric interaction mechanisms in the opti- 
cal range and gives rise to a situation in which Eq. (2 )  can- 
not be derived from Eq. ( 1) allowing for the dependence 
m(E).  

The purpose of our investigation was to determine ex- 
perimentally and theoretically the nonreciprocal rotation 
NR due to an electric field in Cr20,. Moreover, we investi- 
gated NR in Cr20, in a magnetic field, i.e., we studied the 
Faraday effect. A comparison of the results made it possible 
to distinguish clearly the microscopic mechanisms of these 
two different phenomena. To the best of our knowledge, 
such investigations had not been carried out before. 

2. APPARATUS 

The NR induced by an electric field was measured using 
a modification of the polarimetric balance circuit 7'8 (Fig. 1 ). 
Light from a helium-neon laser of the LG-36A type 
(A = 1.15 p m )  passed through a polarizer, a crystal located 
in the gap of an electromagnet, a Faraday cell, and an ana- 
lyzer before reaching the input of a differential photodetec- 
tor representing two FD-1OGA photodiodes connected to an 
amplifier so that the output electric signal was proportional 
to the difference between light intensities reaching the pho- 
todiodes. The electrical signal was passed on to a lock-detec- 
tion circuit. 
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FIG. 1. Schematic diagram of the apparatus used in the study of the non- 
reciprocal rotation in electric or magnetic fields: 1 ) laser; 2) polarizer; 3) 
sample; 4 )  Faraday cell; 5) analyzer; 6) photodetector; 7)  voltage source; 
8 )  voltage amplifier; 9) rectifier; 10) compensation circuit; 1 1  ) automatic 
plotter; 12) oscillator; 13) selective amplifier; 14) lock-in detector. 

I 

FIG. 2. Fragment of a unit cell of Cr,O,: denotes Cr3 + ; 0 denotes O2 - 

The rotation of the plane of polarization was measured 
by cancelling it out.   he ~ a r a d a ~  cell was subjected to a formed by the O2 - oxygen ions. Below TN ;- 307 thecorn- 
current of frequency, magnitude, and phase so as to compen- pound Cr203 is an antiferromagnet with alternate directions 
sate rotation of the plane of polarization induced by the NR. of the spins oriented along the trigonal axis ( + , - , + , 
This method ensured the maximum sensitivity of the mea- 

- ). The magnetic symmetry group is 3'm'. It was shown by 
surements irrespective of the magnitude of the signal and Dzyaloshinskii,~ that the thermodynamic potential of this 
ensured that the recorded NR signal was independent of the magnetic group contains of the type 
laser radiation power. The current necessary for cancella- 
tion was determined automatically. The sensitivity of the 
measurements of the plane of rotation of the polarization 
was at least 0.05". 

The field and temperature dependences of the Faraday 
effect were studied using a system for modulation of the po- 
larization described in Ref. 8 in which a Faraday cell was 
used as a modulator and a compensator. In contrast to the 
preceding case, the compensating current through the Fara- 
day cell was constant. The sensitivity of measurements of the 
rotation of the plane of polarization was -0.5". A static 
magnetic field H u p  to + 950 kA/m ( f 12 kOe) could also 
be applied to a crystal. 

Crystals of Cr20, were cut to form plates of thickness 
- 600pm at right-angles to the optic axis c to within -0.2". 
Semitransparent platinum electrodes were deposited on pol- 
ished crystal faces. The transmission of a crystal together 
with the electrodes was - 50% at A = 1.15 pm. A crystal 
could be subjected simultaneously to a static voltage (up to 
1000 V) and an alternating voltage (up to 1200 V, 700 Hz) 
from suitable sources. 

A crystal was placed in an optical cryostat in which 
measurements could be carried out in the temperature range 
45-550 K. Determination of the NR in an electric field was 
made in the kJJcJJE geometry whereas the NR in a magnetic 
field was measured in the kJ(cllH geometry. 

3. EXPERIMENTAL RESULTS 

Chromium oxide Cr,O, crystallizes in the corundum- 
type structure which has the space group D $  (Ref. 9). A 
unit cell, part of which is shown in Fig. 2, contains four Cr3 + 

ions occupying equivalent c positions (point symmetry 3) 
along the C3 axis. The Cr3+ ions are shifted relative to the 
centers of octahedra in the direction of large triangles 

which are due to the existence of the magnetoelectric effect. 
The magnetoelectric effect was discovered experimentally 
by ~ s t r o v "  and investigated in detail by several authors. ".I3 

The optical properties of Cr203 were investigated '"I7 and, in 
particular, observations of the NR of the plane of polariza- 
tion of light induced by an electric field in Cr203 were re- 
ported. A characteristic feature of the magnetoelectric and 
NR effects is the dependence of their signs on the type of 
antiferromagnetic domain, which makes it possible to use 
these effects in studies of the processes of switching of anti- 
ferromagnetic domains. 's 

Figure 3 shows the results of an investigation of the 
process of magnetoelectric annealing of Cr20, obtained us- 
ing the NR data. In these measurements a crystal was heated 
to about 5 K above the temperature TN = 307 K and was 

NR. ang. sec/kV 

FIG. 3. Dependence of the specific nonreciprocal rotation in Cr20, on the 
field E =  at T = 301.5 K after magnetoelectric annealing of a crystal in 
fields E = and H. 
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then cooled to T = 301.5 Kin the presence of static magnetic 
(H)  and electric ( E  = ) fields. The field E= was then 
switched off and the crystal was subjected to an oscillating 
electric field E = 1.2 kV/mm; measurements were then 
made of NR(E) at the first harmonic w of the electric field. 
Since the NR(E) effects due to different antiferromagnetic 
domains were subtracted, the dependences plotted in Fig. 3 
represented effectively the dependences of the average anti- 
ferromagnetic moment of a crystal (1) on the electric field 
E = during annealing. An increase in the magnetic field H in 
which the annealing took place reduced the width of the 
hystersis loop shown in Fig. 3 and shifted its center toward 
lower electric fields E =  . This behavior was clearly due to 
the presence of various defects which ensured the existence 
of preferred antiferromagnetic domains formed in the pro- 
cess of magnetoelectric annealing in a field E = = 0. In 
qualitative descriptions of the observed dependences one 
should allow for the fact that the volume of a crystal dV 
occupied by a specific antiferromagnetic domain corre- 
sponds in the presence of the fields E  = and H to a magnetoe- 
lectric energy 

dW=m,,HdV=a,,E,HdV, (4)  

which depends linearly on E  = and H. Hence, it follows that 
in order to overcome an energy W, needed to switch the 
volume dV, we require a field E = which decreases as a func- 
tion of H. The shift of the center of the loop from the value 
E = = 0 and the change of this shift with the field H point to 
the existence of a certain energy W, responsible for the uni- 
polarity of a sample and indicate that there is a certain aver- 
age internal effective electric field E = -- 15 V/mm. It is 
clear from Fig. 3 that complete conversion of a sample to the 
single-domain state in a field H = 340 kA/m required a rela- 
tively weak electric field E = = 30 V/mm. 

Figure 4 shows the temperature dependence of the 
NR(E) exhibited by Cr203, measured at the first harmonic 
of the electric field applied to a sample converted to the sin- 
gle-domain state. The temperature and field dependences of 
the NR were practically independent of the polarization of 
light incident on a crystal. Hence, the possible influence of 
the birefringence of Cr203 on the results of the NR measure- 
ments, which could have been important because the condi- 
tion kJJc was not satisfied exactly, was negligible. The value 
of NR(E) depended linearly on the electric field E- and was 
independent of the magnetic field, i.e., the effect was de- 

scribed by the tensor y, jk in Eq. (2).  It should be pointed out 
that the temperature dependence of the NR differed consid- 
erably from the temperature dependence of the magnetiza- 
tion, which appeared because of the magnetoelectric effect. 
The latter was characterized by a maximum at T z 2 5 0  K, 
disappearance of the effect at T z  80 K, and a negative sign at 
lower  temperature^.'^-'^ The NR was large when the magne- 
toelectric effect disappeared, indicating that the NR was not 
associated with the appearance of the magnetization rn. At 
this point the situation was unique and the NR was observed 
in a crystal without any macroscopic magnetic moment and 
in the absence of a magnetic field. The NR effects of the 
electric and magnetic fields were compared by investigating 
the field and temperature dependences of the NR in Cr203 
under the action of a magnetic field H. 

Figure 5 shows the temperature dependence of the NR 
in Cr203 due to the application of a magnetic field H to a 
sample in the kllcllH (Faraday effect) geometry. Clearly, in 
a wide range of temperatures the Faraday rotation was posi- 
tive and only in a narrow temperature interval near TN the 
sign of the Faraday effect became negative. Near TN the 
Faraday effect in Cr203 was relatively weak V z  - 42"/kA. 
Figure 5 includes also the results of measurements of the 
magnetic susceptibility xII of Cr203 taken from Refs. 10, 19, 
and 20. Clearly, the temperature dependences of the Fara- 
day effect in Cr203 are similar, except that in the range of 
temperatures investigated the sign of the Faraday effect was 
reversed twice. This behavior of the Faraday effect in Cr203 
could be due to competition between two contributions: a 
positive temperature-independent diamagnetic contribution 
and a negative paramagnetic contribution with the tempera- 
ture dependence reflecting the behavior of the magnetic sus- 
ceptibility. Since at low temperatures the susceptibility xII 
tended to zero, we could estimate the diamagnetic contribu- 
tion to the Faraday effect V,, -200"/kA. For comparison, 
we determined the Verdet coefficients of isostructural crys- 
tals of sapphire A1,03 and ruby Al, 0, :Cr3 ( x  z 0.02- 
0.05%). Both crystals exhibited diamagnetic rotation V,, 
= 45OV/kA which was slightly greater than the diamagne- 

-V, ang. sec/kA x , 

NR, ang. sec/kV 

FIG. 4. Temperature dependence of the specific nonreciprocal rotation in 
Cr203 (continuous curve). The dashed curve is the antiferromagnetic 
contribution to the nonreciprocal rotation, representing the temperature 
dependence of the antiferromagnetic vector 1. 

FIG. 5. Temperature dependence of the specific nonreciprocal rotation 
due to a magnetic field (Verdet coefficient) applied to Cr203 (*I. This 
figure includes also the dependences of the magnetic susceptibility xi, of 
Cr20, taken from Ref. 10 (A), from Ref. 19 (continuous curve), and 
from Ref. 20 (0). 

380 Sov. Phys. JETP 67 (2), February 1988 Krichevtsov eta/. 380 



TABLE I. Transformations of vector components E,, I,, and m, under the influence of indepen- 
dent symmetry elements of the D !,, group 

tic contribution in the case of Cr,O,. The paramagnetic rota- 
tion in Cr,03 had a maximum in the vicinity of T ,  and the 
Verdet coefficient was V,,,, = - 24OU/kA. It should be 
pointed out that the sign of the NR, corresponding to a given 
direction of the magnetization m created by a field E because 
of the magnetoelectric effect, was the same as the sign of the 
paramagnetic NR corresponding to the same direction of m 
but induced by the magnetic field H. 

Opar- 
ation 

4. THEORETICAL ANALYSIS 

We shall now consider possible mechanisms of the NR 
in Cr203. From the phenomenological point of view the ap- 
pearance of the magnetization m in a crystal should give rise 
to nondiagonal antisymmetric components of the permittivi- 
ty tensor &EY = ipm, describing the NR or the Faraday ef- 
fect. We call this the ferromagnetic contribution to the Fara- 
day effect. Since it is not possible to describe the observed 
NR by this contribution alone, we shall consider 
how the vectors E, 1 = S ,  - S, + S3 - S,, and 
m = S,  + S, + S, + S, transform in the D $ group. It fol- 
lows from the transformation properties of these vectors 
(Table I )  that the product I,E, transforms exactly as m,, so 
that in the tensor E~~ we have to include terms of the E:, 

= iqlzEz type, describing the additional antiferromagnetic 
contribution to the NR. The antiferromagnetic term of the 
Faraday effect has been used to describe magnetooptic prop- 
erties of weak ferromagnets3 and to interpret the field de- 
pendence of the Faraday effect in YFeO, (Ref. 21 ). In the 
case of Cr203 the antiferromagnetic contribution to the NR 
can be regarded as the antiferromagnetic Faraday effect in- 
duced by an electric field, because in the presence of an elec- 
tric field we can regard Cr,03 as a longitudinal weak ferro- 

Changes in vector components 
due to of sublat- 
tirre 

magnet. The temperature dependences of the two 
contributions to the NR should be different. The ferromag- 
netic contribution should reflect the behavior of the magne- 
toelectric behavior of the susceptibility a l l ,  whereas the anti- 
ferromagnetic contribution should be governed by the 
sublattice magnetization. Since the ferromagnetic contribu- 
tion disappears at T z  80 K (because all = O), we can use the 
known dependence mi ( T )  (Ref. 22) to separate the antifer- 
romagnetic contribution to the NR (Fig. 6 ) .  The difference 
between the observed NR and the antiferromagnetic contri- 
bution is practically identical with the temperature depend- 
ence of all (Ref. 10). Note that the antiferromagnetic contri- 
bution to Cr203 is much greater than the ferromagnetic 
contribution. At T=: 250 K the ferromagnetic contribution 
is maximal and the antiferromagnetic contribution is four 
times greater than the ferromagnetic one. 

A calculation of the ferromagnetic contribution can be 
made independently on the assumption that the magnetiza- 
tion m appears because of the same Faraday effect irrespec- 
tive of how (by the field E or HI it is created. In this case the 
ferromagnetic contribution NRf is readily calculated from 

HBpara JE=all v~,,, ( I X .  
Figure 6  shows the temperature dependence of the fer- 

romagnetic contribution obtained using the following pa- 
rameters: xTN = 1 . 3 ~  (Ref. l s ) ,  Vpara ( T N )  
= - 24OW/kA, and ,u,ca- = 1.3 x The value of 
a y  in Fig. 6  is selected to ensure the best agreement with 
the experimental results. It is in good agreement with the 
experimental values which are reported to range from 
l . l ~ l O - ~  (Ref. 13) to l . 5 ~ l O - ~  (Ref. 23). 

We shall now consider the microscopic mechanisms 
which cause the antiferromagnetic contribution in Cr20, to 
appear in the specific case of a transition of the 4A2,-+4T2, 
type (Fig. 7 ) .  We shall use the results of a theoretical analy- 
sis of the spontaneous Faraday effect, carried out in Ref. 24 
in the case of CrBr,, CrCl,, and CrI, crystals in which the 
Cr3 + ion is found, as in Cr,O,, in a triagonal field. We can 
allow for the influence of the electric field using the results of 
Ref. 25, which analyzes the optical spectra of the Cr3 + ions 
in ruby. The Hamiltonian describing the positions of the 
Cr3+ levels in Cr203 can be written as follows: 

Changes in 
without allowance for transposi- 
tlons of sublattices 

NR, ang. sec/kV 

*r 

Final results 

FIG. 6 .  Results of separation of the ferromagnetic contribution to the NR: 
the continuous curve is the difference between NReXP and NRafm (Fig. 4);  
the circles (0) are the results of calculations of all (Ref. 10) using the 
values of V,,,, and xII . 

where H, is the Hamiltonian describing a free ion; V,,, is the 
cubic part of the crystal field; V g  and V;, are the even and 
odd parts of the trigonal crystal field; V,, is the spin-orbit 
interaction; Vex,, is the exchange interaction; VP, = A T,,, 
VL = A  T,, (Ref. 25); V, is the energy of the interaction of 
a 3d electron with the electric field E. 
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A Hamiltonian of the type described by Eq. (5) but V t  VE generally shift the levels proportionally to the electric 
without VE was used in Ref. 24 to account for the Faraday field.25 The energies of the ground and excited states then 
effect and the Hamiltonian without Vex,, was used in Ref. 26 become 
to deal with the pseudo-Stark splitting of the Cr3 + lines. 
According to the theory developed in Ref. 24, strong electric E I , , ( ' / ~ )  =EeA1 (3/2) -Ai"~oEz, 
dipole transitions responsible for the high value of the Fara- 
day effect occur from the ground state 4A2 of the Cr3 + ion to ~ i ~ , ( ~ . ~ ~  )=E~:,(C.A , , + A I O X ( ~ , A ~ ) E Z ,  
excited states of the 4T2 type. Splitting of the 4A2 and 4T2 

(7)  

levels yields Vf;', VV,, and v;,, is shown in Fig. 7. The 
ground state 4A2 of the Cr3 + ion hardly splits if we do not 
allow for Vex,, and the exchange interaction is responsible 
for the splitting of the 4A2 states into four sublevels 
(m = 3/2, 1/2, - 1/2, - 3/2). The state 4T2 splits under 
the influence of V;;' and V,, into six Kramers doublets and 
further splitting of these doublets is due to the exchange in- 
teraction Vex,, between the ground and excited states. At 
T =  0, the optical transitions are possible the state 4A2 
(m = 3/2) to the state C(m = 5/2) with the a+ polariza- 
tion and to three states 4Ai (m = 1/2) with the a- polariza- 
tion. The expression for the specific rotation without 
allowance for the damping associated with the Cr3 + ion at, 
for example, the position A then becomes24 

(all the notation is the same as in Ref. 24). Obviously, in the 
case of the ion with the opposite direction of the spin (at the 
position B) the Faraday effect has the same value but the 
opposite sign, so that in the absence of E and H there is no 
Faraday effect. If T #O, we must naturally allow for transi- 
tions from other components of the 4A2 (m = 1/2, - 1/2, 
- 3/2) level to the states Ai, Bi, and C, but if the frequency 

of light o is sufficiently far from the absorption line that the 
difference = w is much greater than the values of all 

the other splittings, we can simply multiply Eq. (6)  by the 
relative magnetization m ( T)/m (0).  

The application of an electric field E does not result in 
additional splitting of the components of the ground and 
excited states of the Cr3 + ion. Inclusion of VE in the second 
order ofperturbation theory shows that the terms of the type 

where E and E :T2 are the energies of the ground and ex- 

cited states in the absence of an electric field; A 7 is the mag- 
nitude of the odd trigonal field [in the model of point 
charges we have A 7 = 1 6e2S( 3?r/2) '12/~,, as given in Ref. 
251; x, and x,,, are coefficients which are the same for ions 
at the A and B positions and which represent mixing of the 
wave functions of the states of opposite parity with the wave 
functions of the ground and excited (C, Ai) states by the odd 
trigonal field Vy, (the expression for x, is given in Ref. 25). 
Note that A 7 has opposite signs for the type A and B ions, 
which gives rise to a pseudo-Stark splitting of the Cr3 + lines 
in Cr203. The frequencies of the transitions to the states C 
and Ai for the type A and B ions deduced allowing for Eq. 
(7)  are (see Fig. 7) 

Substituting Eq. (8)  into Eq. (6)  and summing over 
four ions in a unit cell, we obtain 

where g, is the gyration vector and 

The expression (9)  is written down for a transition to a sin- 
gle state a of the 4T2 symmetry and one unit cell. We can 
obtain a general expression by summing Eq. (9)  over other 

FIG. 7. Splitting of the 4A2, and 4T2, states of the Cr3+ ions at the posi- 
tions A and B under the influence of the cubic crystal field, trigonal field, 
spin-orbit interaction, exchange interaction, and electric field. 

- 3 / z  -- .- 1/2 -- 112 
J/Z 

Cubic field Trigonal field + Exchange Electric field 
s-o interaction field 

A B 
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states of the same symmetry and over the number of unit 
cells in a crystal. The presence of two terms in Eq. (9)  has a 
simple physical meaning. In general, the expression for g can 
be written in the form 

wherep, represents the sublattice magnetooptic susceptibili- 
ties. In the absence of the fields E and H, we have g = 0 
because m = 2(mA + m, ) = 0 and p, = p, = p, since the 
positions A  and B are equivalent. The electric field E gives 
rise to m, = all El and, consequently, to a ferromagnetic 
contribution poal l  E, . Moreover, under the influence of the 
field E there are changes in the quantities pi: pa = p, + qEr 
andp, =po  - qE,, which gives rise to the antiferromagnet- 
ic contribution ql,E,. 

It therefore follows that the antiferromagnetic distribu- 
tion is related to the inequivalence of the positions ofA and B 
of the Cr3 + ion in the presence of an electric field E, mani- 
fested by pseudo-Stark splitting. It is clear from Eq. (9)  that 
the application of an electric field E or of a magnetic field H 
gives rise also to a ferromagnetic contribution po(w)m, 
which is related to the disappearance of mutual compensa- 
tion of the magnetic moments of the sublattices, i.e., it is 
associated with the appearance of m. It is important to note 
that, in accordance with Eq. (101, the frequency depen- 
dences of the ferromagnetic and antiferromagnetic contribu- 
tions are different and we can expect a faster increase in the 
antiferromagnetic contribution on approach to the reso- 
nance frequency. 

We shall now estimate the value of J A  1 (x, + x, ) sub- 
ject to the following assumptions. 1) We shall assume that 
splitting of the 4T2 level in the trigonal field is much greater 
than the spin-orbit splitting. It is then sufficient to include in 
Eq. (10) the transitions only to the states C and A  
(a i2  -a:, -0). Such a situation occurs, for example, in 
chromium halides.24 2) We shall assume that x, zx , ,  . We 
can then show easily that 

where Aw = w,,,, - w,. Since the antiferromagnetic con- 
tribution in the case of Cr,O, at T = 250 K is approximately 
four times greater than the ferromagnetic contribution 
[p(w)m/q(w)l--,4], we obtain 

Substituting w = 9800 cm ' and m/I = 0.37 X 10 - at 
T = 250 K, together with E = lo5 V/cm, we find that an 
increase in w, from 16 000 to 30 000 cm - ' increases the 
pseudo-Stark splitting from 1 to 2 cm - '. Such a splitting is 
reported in Ref. 26 for the R lines of Cr3 + in ruby. 

We shall report two analogies to the mechanism of the 
antiferromagnetic contribution to Cr,03. 1 ) It is known that 
in the case of rare-earth iron garnets at the magnetic com- 
pensation point the disappearance of the magnetization m is 
not accompanied by vanishing of the Faraday effect because 

of the inequivalence of the magnetic ions (and also because 
of the difference between the ions themselves) responsible 
for the Faraday effect. In principle, the occurrence of the 
Faraday effect at T = T,,,, can be treated as the appearance 
of the antiferromagnetic Faraday effect. In contrast to this 
case, the inequivalence of the positions of the ions in Cr,O, is 
manifested only in the presence of an electric field E and it 
gives rise to an antiferromagnetic contribution to the NR. 2) 
It is shown in Ref. 27 that in order to describe the tempera- 
ture dependences of the magnetoelectric susceptibility ail we 
must include the influence of the electric field E on the ex- 
change constant (two-ion mechanism) and on the g factors 
of the Cr3 + ions at different positions (g factor mechanism). 
The existence of the g factor mechanism is essential for ex- 
plaining the reversal of the sign of ail at temperatures 
T <  100 K and the finite value of the effect at T = 0. In the 
two cases E = 0 and E #Owe find that m can be described by 
expressions analogous to Eq. ( 1 1 ) : 

where ASi and Agi are the changes in the spin and in the g 
factor under the influence of the field. Equation (14) in- 
cludes two contributions which can be interpreted as the 
ferromagnetic contribution (gAS), associated with the 
change in the population of the ground state, and the antifer- 
romagnetic contribution, due to the change in the spin-orbit 
mixing of the ground and excited states in an electric field. 

The existence of the antiferromagnetic contribution to 
the NR in Cr,O, opens up certain possibilities for the solu- 
tion of the interesting physical problem of determination of 
the absolute direction of 1 in a single-domain crystal. In fact, 
we can solve this problem only if we know the direction of 
the spin in one of the sublattices of Cr,O, after magnetoelec- 
tric annealing in known fields. The answer can be obtained 
by investigating the magnetoelectric effect if we know in ad- 
vance whether an increase or a reduction in the spin brings 
the Cr3+ ions closer to the oxygen ions in an electric field 
(Fig. 2). The existing theory does not answer this question. 
It is possible that we can obtain an answer more simply to 
another question: how the magnetooptic susceptibility Cr3 + 

is influenced by the approach toward or displacement away 
from the oxygen ions? The problem in fact consists of 
determination of the absolute sign of the expression for 
(xo + X, 1. 

5. CONCLUSIONS 

This investigation shows that in the case of a Cr,03 
antiferromagnet, in addition to the NR(H) induced by a 
magnetic field (Faraday effect), there is also NR(E),  in- 
duced by an electric field. These two effects are completely 
different because the transformation properties of the vec- 
tors H (axial c) and E (polar i vector) are different. The 
magnetic field H can induce NR(H)  in any crystal, whereas 
an electric field E can induce NR(E) linear with respect to 
the field only in crystals with a specific magnetic symmetry, 
particularly those which exhibit the symmetry operation 1'. 
This operation does apply to the Cr,O, symmetry below T ,  
= 307 K and our investigation enabled us to reveal a new 

effect in the form of NR(E).  In a wide range of temperatures 
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T <  250 K the NR(E) effect is characterized by a value of - - 40R/kV, which can be detected reliably by the modern 
polarimetric methods. It should be pointed out that the para- 
magnetic effect NR(H) in Cr203 reaches values - - 240H/kA, i.e., the specific values of NR in this crystal 
observed in electric and magnetic fields are comparable. 

We found that NR(E) in Cr203 is due to two different 
mechanisms. The former is associated with the appearance 
of a magnetization m in an external electric field because of 
decompensation of the sublattice magnetization (ferromag- 
netic contribution), and its temperature dependence is anal- 
ogous to the corresponding dependence in the case of the 
magnetoelectric susceptibility. The latter is due to disap- 
pearance of the crystallographic equivalence of the positions 
of the magnetic Cr3 + ions in an electric field and its tem- 
perature dependence is analogous to the corresponding de- 
pendence of the antiferromagnetic vector I (antiferromag- 
netic contribution). 

A microscopic analysis of the 4A2, +4T2y electron tran- 
sition in the Cr3 + ion demonstrated that the ferromagnetic 
contribution is due to the exchange splitting of the ground 
state and the spin-orbit splitting of the excited state. In con- 
trast, the antiferromagnetic contribution is associated with 
the pseudo-Stark splitting of the states of the Cr3 + ions in an 
electric field, creating opposite changes in the magnetooptic 
susceptibility of the chromium ions in different sublattices. 
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grateful to V. V. Druzhinin for valuable discussions. 
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