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Splitting of the EPR lines of Cr3+ in ZnW04, induced by an external electric field, has been 
observed. An investigation is made of the angular dependence of the splitting (dependence of 
the splitting magnitude on the orientation of the external magnetic and electric fields relative 
to the crystallographic axes). A spin Hamiltonian describing the interaction between the sys
tem and external electric field is set up and corrections to the transition frequencies are found. 
The results of the theory describe satisfactorily the experimental angular dependences of the 
splitting. The corresponding spin-Hamiltonian constants are determined. A correlation effect 
is established for the first time between the angular dependence of the splitting and the angu
lar dependence of the EPR line halfwidth in the absence of an external electric field. A quali
tative interpretation of the phenomenon is presented. 

1. INTRODUCTION 

THE effect of splitting of EPR lines by an exter
nal electric field E was first observed in silicon 
doped with iron-group elements. [ 21 It was subse
quently observed also in corundum. [ 3• 41 Analogous 
effects were obtained in the optical range and for 
nuclear resonance (see, for example, [51 ). 

The observed phenomenon has uncovered new 
possibilities for the investigations of local centers 
(LC) in solids. Besides the additional quantitative 
information, this effect yields also new qualitative 
information on the structure of the LC. Thus, by 
virtue of the pseudovector nature of the magnetic 
field, ordinary EPR is not sensitive to differences 
between certain point groups of crystal symmetry 
(for example, isomorphic ones), whereas a proce
dure using an external electric field makes it pos
sible to "resolve" these groups. 

For the existence of an effect that is linear in 
the field E it is necessary that the position of the 
paramagnetic ion (atom) not be a symmetry cen
ter with respect to inversion. Favoring its obser
vation is also the condition J > % , where J is the 
quantum number of the square of the total angular 
momentum of the paramagnetic center. The exter
nal electric field leads to a linear shift (with re
spect to the field E) of the resonant magnetic 
field. For different non-equivalent positions of the 

1)A preliminary report on the observed splitting was pub
lished in[•]. 

FIG. 1. Two nonequivalent po
sitions of the Zn2+ ion in the crystal 
lattice of znwo.: 0- zinc ions; 
e- Ol!:ygen atoms; C2 - twofold sym· 
metry axis. 

ion in the crystal, this shift will, generally speak
ing, be different, as a result of which the effect 
can become manifest in the form of splitting of 
EPR lines. 

The ion Cr3+ (J = 3/ 2 ) in zinc tungstate replaces 
the Zn2+ ion, [Sl the position of which is not a sym
metry center with respect to inversion (point group 
C2). In the ZnW04 crystal there are two non
equivalent positions of the Zn2+ ion, differing in 
inversion with respect to the position occupied by 
the zinc ion (Fig. 1). By virtue of the foregoing we 
can expect a splitting of the EPR lines, linear in 
the field E, into two lines, each of which corre
sponds to a definite non-equivalent position of the 
Cr3+ ion in znwo ... 

We have observed four EPR lines: two ( 1/ 2 

- 3/ 2 and - 1/ 2 --%) correspond to transitions 
between sublevels of a Kramers doublet, and two 
( -%- 1/ 2 ) correspond to a transition between 
sublevels of different Kramers doublets. (The 
quantum numbers chosen to designate the levels 
will be correct in the region of extremely large 
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Table I. Functions of the field components and the operator 
functions corresponding to the irreducible 

representations r 1 and r 2 of group C2. 

Field components Operator functions 

r, I r. r, I r, 

Ey Ex Jy J% 
HXEX Bz J 2_J 2 X y Jx 
HxEz Hfiy 3~-J2 {J~y} 

magnetic fields.) In an external electric field, each 
of the four lines splits into two. 

We consider below the theory of this phenom
enon, and present the experimental results and 
their interpretation. 

2. THEORY 

The spin Hamiltonian of the system considered 
by us can be represented in the form 

(1) 

where W0 is the spin Hamiltonian in the absence 
of an external electric field E and WE is an ad
dition that takes into account the interaction with 
the field E. The expression for W0 is [ 61 

3 

Wo = ~ ~ g,H,J, + D [l:2 - 1/aJ (J + 1)] 
i=l 

+E (Ji-1u2), 

where J = %. D = 25.47 kMHz, E = -2.42 kMHz, 
g1 = 1.958, g2 = 1.963, g3 = 1.968, and {3 is the 
Bohr magneton. The choice of the coordinate axes 
and their designation coincide with those as
sumed in [ 61• In particular, we align the y axis 
with the twofold symmetry axis. 

To obtain the operator WE, we use the method 
of invariants. [ 71 We take into consideration terms 
that are linear in the field E, including terms 
proportional to products of the EiHj (i, j = 1, 2, 3; 
X- 1, y- 2, Z- 3). 

In Table I are written out the functions of the 
field components and the operator functions, which 
transform as the bases of the transformations r1 
and r 2• The characters of the irreducible repre
sentations of group C2 are given below: 

E Cz 
r1 1 1 
r2 1 -1 

We have excluded the operator functions con
taining products of the type J iJj ~, since the 
terms corresponding to them are usually much 

Field components Operator functions 

r, I r, r, I r, 

HyBy HyEx { Ji x}* { jyJz} 
HZEX HYEZ )2 

HZE% H~y 

smaller than the terms proportional to the first 
power of Ji. [SJ 

Combining the operator-functions with the func
tions of the field components, with allowance for 
the limitations imposed by symmetry under time 
reversal, [ 71 and carrying out several transforma
tions, we obtain 

(2) 

where 

W1 = {a1J2 + aJx2 + aafz2 + cx4 {Jxf.})Eu 

+ (a6Ex + asEz){l)z} + (a7Ex + aeEz) {l)x}, (3) 

W2 = Eu [~2luHu + 1x(~7Hx + ~sHz) + J. (~uHx+~uH.)] 
+Ex [Jy(~lHx +~,Hz)+ Hu(fx~& + Jz~lo)J 
+ Ez [Jy (~aHz + ~6Hx) + Hy (~ufx + ~lJz)]. (4) 

The term W 1 contains terms which are linear in 
E, while W2 contains terms linear in the products 
of the type EiHj. 

To check on the correctness of our expressions, 
we have used also the perturbation-matrix meth
od. [SJ In that case the operator WE was obtained 
in matrix form. ... ... 

The expression for W 1 and W 2 is best written 
in the following compact form, which reflects ex
plicitly the tensor character of the spin-Hamil
tonian coefficients: 

WE= 2; 2; aiikEi (JiJk + J,.J;) + 2; ~iikE,H;f,., 
i i<;;;k ijk 

where the new parameters a and {3 are connected 
with the old ones as follows: 

a222 =I a1 I 2, a211 = (a1 + a2) I 2, a23s = (a1 + a3) I 2, 
a213 = <4., a123 =a;, a112 = a1, a323 =as, a312 = a6, 
~112 = ~~. '~121 =·~6, ~128 =! ~10, ~182 = ~4, ~211 = ~7. 
~213 = ~11, ~222 = ~2, ~~ = ~s, ~233 = ~12, ~312 = ~;, 
~821 ~ ~9, ~328 = ~13, ~382 = ~3; 

the remaining coefficients aijk and f3ijk vanish. 
To determine the eigenvalues of the operator 

W, we assume that the problem of finding the ei-
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genvalues of the operator W0 has been solved, 
and regard the operator WE as a perturbation. 

The correct zeroth-approximation wave func
tion can be represented in the following general 
form: 

Qlp = ap'J.-'t, + bp"f.-v, + Cp'J.'f, + dp'J.'t,, (5) 

where the index p takes on values 1, 2, 3, and 4, 
characterizing the energy levels of the zeroth ap
proximation, while Xv is the set of spin functions 
(J = 3/ 2). The coefficients a, b, c, and d are func
tions of the parameters D, E, and gi and of the 
components of the magnetic-field intensity vector. 

Using (2)-(5), we obtain the following expres
sion for the correction to the frequency in first 
order of perturbation theory: 

hvpqE = Ey[a~pq<1> + asApq<2> + a~pq<~> 
+ Apq<6>(~uH:x: + ~1:Pz) + Apq(7>(~7H:x: + ~Jlz) 

+ ~2HyApq<8>] + E:x:[a;;Apq<4> + a1Apq<5> 

+ Hv(~1~pq<6> + ~aApq<7>) + Apq<8>(~1H:x: + ~4Hz)] 

+ Ez[asApq<•> + aaApq<5> + Hy(~1sApq<6> + ~aApq(7>) 

+ Apq<8> (~sH:x: + ~aDz)], (6) 

where 

Apq = Ap -Aq, 

At<1> = I btl 2 + lcd 2 + 1/:ll'3(at"ct + bt*dt + c.c.), 
At(2> = 2( lad 2+ I dtl 2), A/3> = "}"3(c/dt + at*bt + c.c.), 
At<•> = i"}"3(bt*at + Ct.dt- c.c.), 
A/5> = i"}"3(a1*c1 + bt*dt- c.c.), 
At<6> = 1l2(1ctl 2+31dtl 2- lbtl 2 -3latl 2), 
AP> = bt*ct+ 1l:aY3(at*bt+ ct*dt) +c.c., 
At<8> = i[bt.Ct + wv3(at*bt + ct"dt) - c.c.]; 

i = r-1.; c. c. -complex conjugate; h-Planck's con
stant. 

In the absence of an external electric E, the 
connection between the klystron frequency v and 
the resonant value of the magnetic field H0 is de
termined by the following expression: 

V = Vpq0 (Ho), 

where v~q(Ho) is the theoretical expression for 
the frequency of the transition between the levels 
p and q, obtained as a result of diagonalization of 
the operator W0• 

In the presence of an electric field we have 

v = 'Vpq0 {Ho + I!..H1, 2) + 'VpqE (Ho + I!..H1, 2), 

where ~H is the displacement of the resonant 
value of the magnetic field. The indices 1 and 2, 
and also the signs + and - , correspond to two 
nonequivalent positions of the ions. 

For small values of ~H (Ho »~H), we obtain 
the sought expressions for the splitting of the EPR 

line: 

I-1H1- .1H21 =I 2VpqE (Ho) I ov~;~Ho) I . (7) 

In many cases of practical interest, formula (7) 
can be greatly simplified. Thus, for sufficiently 
small magnetic fields (gf3H «D), we can choose 
as the zeroth-approximation Hamiltonian the opera
tor D[J~ - ( 1/ 3)J(J + 1)], and the remaining terms 
in W, including the operator WE, can be regarded 
as a perturbation. In this case the corrections to 
the energy levels can be obtained by the method of 
perturbation theory in the presence of degener-
acy. [ 101 

Accurate to second-order terms of the theory, 
we obtain for the splitting of the lines correspond
ing to the transitions between the sublevels of the 
Kramers doublets 

[1 + 3 sin2 8]''• 
I.1H1- .1H21 = 

-'t.--'t• [1 + 3 sin2 8 ( 1 - 2ED-1 cos 2qJ) )2 

x l { (E.,B<1> + EzB<2>) sin 28 sin tp 

+ (ExB<3> + EzB<4>) sin2 8 sin2 Ql + 

+ Ey [B<5> sin 28 cos (jl + B<8> cos2 8 

+ sin2 8 ( B(7J cos2 (jl + B<B) sin2 (jl)]}, (8) 

where e and cp are the polar and azimuthal angles 
of the vector H, 

B<1> = 1M~10 + 4~4 - kas), W> = 112(.~13 + 4~3- kas), 
B<3> = 2\(,~6 + ~1 - kU7), . IN> =t2(;~s + ~9- kas), 
B<5> =i 112 (~11 + 4~s- ka•), B<6> = ~12, 
W> =, 4~7- ka2, B<8> = 4fh + ka2, 

z = 2hv J g2~2, k = 3g~ I D, g =l (gx + gy + gz) I 3; 

l 
I-1H1- .1H21,,.-..,, = 3 cos2 8 [sin 8 sin (jl (B<9> E.,+ B<10) Ez) 

+ Ey ( B<11> sin 8 cos (jl + B<6> cos 0) ], 

where 

B<9l = ~10 + 113kas, B<10l = :~13 + 113kaa, 

B<11l = ~11 + 113ka •. 

(9) 

We note that for the transition 1/ 2 __... % the 
value of the magnetic field H increases sharply as 
e __... 90 °' and the limiting transition to e = 90 ° in 
formula (9) is meaningless. 

One must bear in mind one more circumstance 
when using formulas (8) and (9). At field orienta
tions E II y and H II z (8 = 0 °), the splitting is de
termined by the parameter B (6), which is equal to 
the constant {312 • If furthermore this splitting is 
different from zero (as was the case in our experi
ment), we can assume that {312 -1- 0 and determine 
its value from the obtained splitting. Actually, 
however, as shown by an analysis with the aid of 
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the more accurate formula (7), the constant B (6) 
includes terms of higher order of perturbation 
theory, containing the parameter a. It is just 
these terms which determine the splitting observed 
at e = oo and E II y. This remark does not pertain, 
however, to the description of the angular depend
ence of such a splitting, for in this case the nature 
of the parameter B (6) is immaterial. 

For transitions between sublevels of different 
Kramers doublets, g/]H ""D when working in the 
3-cm band, so that the approximation considered 
above is not valid. 

3. EXPERIMENTAL PROCEDURE, RESULTS, 
AND DISCUSSION 

In our experiments we used ZnW04 single 
crystals grown from the melt by the Czochralski 
method. The chromium impurity was introduced 
into the melt during the course of crystal produc
tion. In addition to the chromium impurity, the 
crystal contained ten times more lithium than 
chromium. All the experiments were carried out 
with samples containing 0.1% chromium in the 
charge. 

The orientation of the ZnW04 samples was 
facilitated by the fact that the ZnW04 crystal 
cleaved easily along the (010) plane, that is, the 
b axis of the crystal was perpendicular to the 
cleavage plane, and the a and c axes were in that 
plane. It is also known[ 61 that the magnetic y axis 
is parallel to the crystallographic b axis of the 
crystal, while the x and z axes also lie in the 
cleavage plane, but do not coincide with the crys
tallographic a and c axes. We have obtained the 
x and z axes from the symmetry of the angular 
dependences of the EPR spectra. 

In experiments with electric fields, the exter
nal electric field E was applied in succession 
along each of the axes x, y, and z. For investiga
tions at orientation E II y, the samples were 
cleaved into plates 0.5 mm thick and 2 x 4 mm in 
area. For investigations at other orientations of 
the external electric field (E II x or E 11 z), the 
samples were cut with a diamond saw. Prelimi
nary orientation of the crystal prior to cutting was 
on the basis of the angular dependences of the EPR 
spectrum, using a special resonator. 

The influence of the external electric field on 
the EPR spectra was investigated with a 3-cm 
superheterodyne spectrometer at room tempera
ture. 2> To produce the electric field in the sample, 

2)A detailed description of the EPR spectrometer con
structed by us will be published elsewhere. 

FIG. 2. EPR line shapes re
corded with the automatic plotter 
for one of the orientations of E 
andH:a-E=O; 
b-E= 200kV/cm. 

a b 

the usual method was used: metallic electrodes 
(silver films) were deposited on opposite sides of 
the sample, which was cut in the form of a plate. 
The sample was pressed against the bottom or the 
sidewall of a H101 cavity through one of the elec
trodes, and a thin wire with teflon insulation 
(MGTF wire) was soldered to the other electrode 
and was led out of the resonator through an open
ing 1 mm in diameter in line with the sample. To 
prevent electric breakdown in the air, the sample 
was potted in Picein. This simple procedure made 
it possible to carry out investigations in electric 
fields up to 300 kV/cm. A high-voltage rectifier 
with controlled output voltage was used (maximum 
15 kV) to obtain the high voltage. 

The splitting of the EPR lines of Cr3+ in znwo4, 

in an electric field 250 kV/cm, is of the order of 
the half-width of the corresponding line or smal
ler. A typical picture of the splitting is shown in 
Fig. 2b. To calculate the correct splitting in such 
cases it is necessary to take into account the EPR 
line shape and the degree of overlap of the split 
components. [ 111 According to our estimates, the 
EPR lines, corresponding to different transitions 
of the EPR spectrum of Cr3+ and ZnW04 are close 
to Lorentzian in shape. Figure 3 shows the split
ting of two EPR lines of the Crs+ ion in ZnW04 vs. 
the electric field E, calculated with allowance for 
the corrections for the overlap of the component.Ull 
The experimental points fit a straight line quite 
well, thus indicating that we are dealing with an 
effect linear in the electric field. Similar plots 
were obtained also for other transitions at differ
ent orientations of H and E. 

We have observed a strong angular dependence 
of the splitting of the EPR lines, that is, a depend-

FIG. 3. EPR line splitting vs. 
external electric field for 
H II z and E II y: 1-for the 
transition -3/2 ... -1/2; 2- for 
the transition -3/2 ... +1/2. 
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FIG. 4. Angular dependence of the splitting of the EPR 
line of the transition -3/2-> -1/2 asH is rotated in the xy 
plane: curve 1-E II y (E = 250 kV/cm); solid curve- the
ory, o- experiment; curve 2- E II z (E = 225 kV /em), 
dashed curve- theory, /':,-experiment; curve 3- angular de
pendence of the position of the same EPR line, drawn 
through the experimental points; 8H- magnitude of splitting, 
Hres- values of resonant field. 

ence of the splitting on the orientation of the ex
ternal electric and magnetic fields. To obtain the 
corresponding curves, the electric field was ap
plied along one of the coordinate axes, and the 
orientation of the magnetic field was varied in 
planes perpendicular to the coordinate axes. For 
all the curves investigated by us, some of which 
are shown in Fig. 4 and Fig. 5 (curve 2) and Fig. 6 
(curve 2), the agreement between the theoretical 
plots based on formulas (8) and (9) and the experi
mental values of the splitting can be regarded as 
good. The discrepancies amount to 5-10%, that is, 
they lie within the limits of the experimental 
error. 

oH,G 

20 

10 

10 

FIG. 5. Angular dependence of the half-width (1) and of 
the splitting (2) of the EPR line (transition -3/2-> -1/2) 
upon rotation of .U in the xz plane. Curve 1(E = 0) is drawn 
through the experimental point; curve 2(E II y, 
E = 180 kV/cm)-theory, points-experiment. 

Table II. Experimentally ob
tained parameters of spin

Hamiltonian WE 

Parameters* 

a211 - a222 

«•ss -a. •• 
ClolS 

C¥128 
«s12 

Value of the 
parameter, 
MHz·kV•1cm 

0.33±0.02 
0.18±0.02 
0.60±0.03 
0.38±0.0i 
0.41±0.0i 

*The parameters ~12 and a,.23, and also all the param
eters /3, are equal to zero wi thm the limits of experimental 
accuracy. 

To determine the spin-Hamiltonian parameters 
directly, we used formula (7). Simultaneously (for 
control), corresponding estimates were made in 
accordance with the approximate formulas (8) and 
(9). The results of the calculations are listed in 
Table II. We note that the parameter a 1 does not 
enter the formulas for the corrections to the tran
sition frequencies (terms containing the param
eter a 1 lead to an identical shift of all four levels). 
By virtue of this, we cannot determine it from EPR 
experiments. As a result, Table II includes only 
the differences 0!211-0!222 and 0!233-0!222 • 

We have observed also a correlation effect be
tween the angular dependence of the EPR line 
splitting in the external electric field and the angu
lar dependence of the half-width of the corre
sponding EPR lines in the absence of an external 
electric field (see Fig. 5 and 6). Insofar as we 
know, there are no published reports of a correla
tion of this type, although indications pointing to 
the dependence of the half-width of the EPR line 
on the orientation of the magnetic field are con
tained in [ 12 1 • 

oH,G 
80 

0 L_-:!-;60:--'--40-f::-'--:_Z~tl~O!:--~.J.-.f.;;-

·~1~ ... ~ 
-60 -40 -20 0 20 40 

O,deg 

FIG. 6. Angular dependence of the half-width (1) and of the 
splitting (2) of the EPR line (transition 1/2-> 3/2) upon 
rotation of H in xz plane. Curve 1 (E = 0) is drawn through 
the experimental points; curve 2 (E II y, E = 200 kV/cm)
theory, points -experiment. 
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In our opinion, the noted correspondence be
tween the two curves is connected with the pres
ence of intracrystalline electric fields which are 
different in different regions of the crystal. These 
additional electric fields cause broadening of the 
EPR line, the position of which is determined by 
the Zeeman energy and the intracrystalline field 
(connected with the constants D and E), which are 
the same for all local centers of the same type. 

The hypothesis advanced is confirmed by the 
correlation noted above. Indeed, for any orienta
tion of the magnetic field in the xz plane, the 
splitting of the EPR line is due only to the y com
ponent of the electric field. By virtue of this, the 
angular dependence of the half width of the EPR 
line is similar to the angular dependence of the 
line splitting (the x and z components of the ad
ditional intracrystalline field do not manifest 
themselves). With change of the magnetic field in 
the XY and yz planes, splitting is completely 
missing only if the orientation of the electric field 
is respectively along the x and z axes. There
fore the angular dependence of the half-width of 
the line in these planes, generally speaking, does 
not duplicate the angular dependence of the split
ting of the line when the external electric field 
orientation is along the y or z(x) axis. To explain 
the angular dependence of the line half width in 
this case it is necessary to have a superposition 
of two corresponding splitting curves. 

One of the possible sources of the additional in
tercrystalline field may be the Li+ ions which are 
added to the crystal to compensate the charge. 

In conclusion we are grateful toM. F. De'igen 
and V. B. Shte1nshle1ger for continuous interest in 
the work, V. A. Atsarkin for a discussion of the in
dividual questions touched upon in the article, and 
L. I. Datsenko for help with the measurements. 
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