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A new mechanism of the concentration dependence of the EPR linewidth and line shape is proposed. It
consists of an interaction between the paramagnetic center and the electric field of the dipole formed by a
similar paramagnetic center and an impurity that cancels its charge. The mechanism explains satisfactorily
the experimental data on the Cr** ion (at all chromium concentrations) in ZnWO, crystals with a
compensating lithium impurity. The Cr** and Li* ions produce pairs with a characteristic distance of 30 A.
These pairs are electric dipoles whose electric field shifts the energy levels of other, neighboring paramagnetic
ions. The concentration dependence of the linewidth and line shape is also studied for external-magnetic-field

directions such that the electric field does not affect the energy levels of the Cr** ions. The linewidth is
several times smaller in this case, and its temperature dependence can be ascribed to magnetic dipole-dipole
interaction. The role of dipole-quadrupole interaction is discussed, and the paramagnetic-center model is
considered for the case when no compensating impurity is specially introduced.

1. INTRODUCTION

An investigation of the concentration dependence of
the shape, and particularly the width of the EPR line,
makes it possible to study the mechanisms of interac-
tion between paramagnetic centers (PC), the character
of their distribution in the sample, and the degree of
perfection of the crystal. These data are important for
the clarification or confirmation of the PC model, for a
correct interpretation of the experimental data on the
spin-lattice relaxation, for the clarification of the
nature of the so-called residual broadening of the EPR
line, the clarification of the mechanism of energy trans-
fer over the crystal, the study of production of pairs
and clusters of PC, and the solution of many other prob-
lems. The concentration dependence of the EPR spec-
trum was investigated in a number of studies!{*™],

These studies involved in most cases magnetic dipole-
dipole and exchange interaction between the PC. In the
present study we have observed and investigated the
electric dipole interaction between the PC, which deter-
mines the concentration dependence of the EPR shape.

It is customary to introduce into chromium-doped
ZnWO, crystals, during the crystal growth, also lithium
ions that compensate for the excess charge of the Cr*
ion, It was previously established!®) that the Li* ion is
located at a distance of approximately 30 A from the
Cr® ion. We have paid attention to the fact that each
pair consisting of a Cr* and a nearby Li* ion is an
electric dipole with an arm R = 30 A. The electric
field of this dipole can shift the transition frequency of
the neighboring Cr® ions (provided that the electric
field in this crystal has a strong enough influence on
the EPR spectrum!(®!) and lead to an inhomogeneous
broadening of the EPR line. The influence of the ex-
ternal electric field on the EPR spectrum of the Cr®
ion in ZnWO, was investigated inl”!. The same study
revealed a correlation between the angular dependences
of the line width and the magnitude of its splitting in the
electric field, thus pointing to an ‘‘electric’’ mechanism
of the EPR line broadening (the interaction of the para-
magnetic center with the electric fields of the charged
defects). >

The existence of electric dipoles can be the source
of a new mechanism of the concentration dependence of
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the shape and width of the EPR line. To check on this
premise, to assess the role of different compensating
impurities, to establish the mechanism of broadening
in those cases when the electric mechanism is not ef-
fective (in certain orientations of H), and to refine
certain experimental data used in a preceding study!®],
we have investigated the concentration dependence of
the width and shape of the EPR line of the Cr® ion in
ZnWQ, in a wide range of concentrations for different
types of specially introduced compensating impurities
(including in the absence of the compensating impuri-
ties) and at different magnetic-field orientations.

2. EXPERIMENT

The ZnWO, single crystals were grown by the
Czochralski method. The chromium impurity was in-
troduced into the initial charge in the form of Cr:0s;, in
an amount corresponding to a chromium concentration
from 0.001 to 1 at.%. Some of the single crystals were
grown from a melt containing also lithium, sodium, or
potassium impurities to compensate for the excess
charge of the chromium in the lattice. The alkali-
metal impurity was introduced into the initial charge in
the form of the tungstate. The alkali-metal ion concen-
tration in the melt exceeded the concentration of the
chromium ion by several times.

The EPR lines were observed with a 3-cm-band
EPR spectrometer with high-frequency modulation of
the magnetic field. The measurements were performed
at liquid-nitrogen temperature, At this temperature, the
spin-phonon interaction does not influence the width of
the Cr* line in the ZnWO,!®]. The EPR signal was re-
corded with an automatic recorder in the form of the
first derivative of the absorption line.

At all the chromium concentrations, with and without
compensating impurity, the line width AH was aniso-
tropic and the correlation effect took placel”l. The
maximum value of AH was reached at 6 = 25° and the
minimum at 6 = 4.5 (¢ is the angle between the direc-
tion of the magnetic field H and the z axis of the mag-
netic susceptibility). At 6 = 25°, the influence of the
electric field on the spectrum is maximal, and at
¢ = 4.5 there is no electric effect and the line-broad-
ening mechanism should be different. For a more dis-
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tinct separation of the different sources of the broad-
ening, the concentration dependence was investigated at
these two orientations of H.

Figure 1 shows the concentration dependence of AH
(the solid curves were drawn through the experimental
values) in samples without a compensating impurity for

=45 (curve 1)and 6 =25 (curve 2), in samples
with Li for 8 = 4.5° (curve 3) and # =25 (curve 4),
and in samples with Na for ¢ = 4.5 (curve 5) and
6 =25 (curve 6). The experimental values of AH in
the samples with K did not differ, within the limits of
experimental error, from the values of AH in samples
without a compensating impurity. The abscissas in
Fig. 1 represent the concentration of the chromium
ions in the batch, in atomic percent. When this concen-
tration is =0.05%, it coincides with the concentration of
the chromium in the crystal. At higher chromium con-
centrations in the batch, the segregation coefficient be-
comes less than unity and the maximum concentration
of the chromium ions participating in the EPR in the
crystal does not exceed 0.12 at.% when the concentra-
tion in the batch is increased to 1% or even morel®’*°],
Figure 2 shows the concentration dependence of AH,
where the abscissas represent the ‘‘real’’ concentration
of the Cr*® ions, calculated with the aid of graph 4 oft®!
and measured with the aid of EPR.

Figure 3 shows the experimental data on the change
of the EPR line shape at 6 = 25° as functions of the Cr®
ion concentration in samples doped with lithium. The
experiment reveals a change in the line wings, whereas
the central part of the line (within 2AH) remains
practically unchanged. Figure 3 shows therefore part of
the wing of the EPR line. In the upper right corner of
Fig. 3 is shown the schematic form of the EPR line and
of that part (enclosed in the rectangle) which is shown
in the figure. Similar results were obtained for § = 25°
in samples without lithium. At ¢ = 4.5, in samples
with and without lithium, the line has a Lorentz shape.
Only at the maximum chromium concentration 1% (in
the charge), in the samples with lithium, does the line
shape lie ‘‘higher’’ than the Lorentz line (in the sam-
ples without lithium the shape remains Lorentzian).

3. CALCULATION OF LINE WIDTH

It is seen from the experimental data that in the Cr®
ion concentration region where the concentration de-
pendence of the line width comes into play, the line
shape is close to Lorentzian., According to the pres-
ently known line-broadening mechanisms, a Lorentzian
shape results!*!) from electric or magnetic dipoles
randomly distributed around the PC, or else from spin-
phonon interaction. Qur measurements and the measure-
ments performed earlier!®! have shown that at tempera-
tures close to 78°K the spin-phonon mechanism makes
no contribution to the line width, and will therefore be
disregarded. On the other hand, the correlation effect
is observed at all the investigated concentrations and
temperatures. This indicates that an important role is
played by the electric line-broadening mechanism. We
have assumed that the paramagnetic ions interact with
the electric fields of the dipoles (Cr* - Li* pairs), and
this should lead to a Lorentzian line shape®. This in-
teraction can be called electric dipole-dipole, but it
must be recognized here that we are considering
dipoles of different types: the electric dipole moment
of the paramagnetic ion Cr* (which causes the influ-
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FIG. 1. Concentration dependence of the EPR line width (at the
maximum-slope points) of the Cr3* ion in ZnWOQ,. The absicissas repre-
sent the chromium concentration in the batch: 1, 2—samples without
compensating impurities, the angle 6 is equal to 4.5 and 25°, respec-
tively; 3 and 4— samples with lithium, 8 = 4.5 and 25°, respectively; 5
and 6— samples with sodium, 8 = 4.5 and 25°, respectively. The curves
were drawn through the experimental points.

FIG. 2. Concentration dependence of the EPR line width of the
Cr3* jon in ZnWOQ,. The abscissas represent the chromium concentra-
tion in the crystal as obtained from EPR data: | —theoretical curve cor-
responding to magnetic dipole-dipole interaction; the experimental
values for 6 = 45° in samples without compensating impurities are
represented by circles; 2—curve drawn through the experimental values
in samples with lithium at 6 = 4.5°; 3—theoretical curve corresponding
to the electric dipole-dipole interaction; dark points—experimental
values in samples with lithium at 8 = 25°; 4—curve drawn through the
experimental values in samples without compensating impurity at 6 =
25°,

FIG. 3. EPR line shape in samples with lithium at 0 = 25°: 1 —con-
centration 1073 at.%; 2—1072 at. %; 3—107! at. %; 4—0.3 at.%; 5—1 at.%;
for comparison, the dashed curves show the Gaussian (G), Holtsmark
(H), and Lorentz (L) distributions.

ence of the external electric field on the EPR) spectrum
on the one hand, and the dipole moment of the Cr® -Li*
pair on the other hand. Whereever there is no electric
broadening mechanism (¢ = 4.5°). The concentration
dependence might be assumed to be determined by the
magnetic dipole-dipole interaction of the chromium
ions.

a) The influence of randomly distributed electric
dipoles on the EPR shape was considered in[**"**] on the
basis of the statistical theory. We shall use formula
(10) oft*!] as the initial expression for the calculation
of the line width (at the points of maximum slope). For
the case of variation of the magnetic field in the xz
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plane, which is considered by us, this formula can be
represented in the form

8=1,6neRea(8)e~' [Gl, (1)

where n is the concentration of the Cr® ions per cm?,
e is the unit charge, R is the distance between the Cr*
and Li* ions, c is a numerical coefficient, a(¢) is the
coefficient of proportionality between the shift of the
resonant value of the magnetic field and the intensity E
of the external electric field that causes this shift, and
€ is the dielectric constant. We note that in place of
dmax, which enters in formula (7) oft'!} we have sub-
stituted 4R/3, inasmuch as in the case considered by
us the dipoles are fixed®. For the particular calcula-
tions we used the following values of the parameters:
a) (25°) =6x 10° V'cem-Gl"); R=30A(%; ¢ = 16,

¢ =34;e=4.8:10""° CGSE; n = 0.01 fino, where 1 is
the concentration of the Cr* in at.%, and ng = 1.5

x 102 cm™® is the concentration of the Zn atoms. Substi-
tuting the values of the parameters in (1), we obtain the
contribution of the electric dipole-dipole interaction to
the EPR line width when the external magnetic field H
is oriented at an angle 6 = 25° to the z axis:

86(25°) =1327[G]. (2)

b) To calculate the line broadening due to the mag-
netic dipole-dipole interaction, we used formula (58)
ofl?! which can be represented in the form

8n?
§=1.16— n [G] 3
o735 %68 3)

We have introduced the factor 1.16, since we are inter-
ested in the distance between the maximum-slope
points, g is the spectroscopic-splitting factor, g is the
Bohr magneton, and q is a characteristic proportional-
ity coefficient which enters in the correction that must
be introduced into the transition frequency to compen-
sate for the spin interaction. To find this coefficient,
we calculated the energy corrections connected with the
dipole-dipole interaction operator

W= EF (sis.-3 M)
r e

where S = %. As the initial zeroth-approximation wave
functions we chose the products of the spin functions of
two PC corresponding to sublevels of lower Kramers
doublets (D > ggH,!**!). To simplify the calculations we
have put ¢ = 0° in place of 6 = 4.5", As a result, we
obtained a value ¥ for the parameter ¢. Substituting in
(3) the values g = 1.97M") 8 =9.3x 107 erg/g, q = V5,
and n = 0.01 nn,, we obtain the contribution of the mag-
netic dipole-dipole interaction to the EPR line width at
6 close to zero degrees:

84(0°)=247[G]. (4)

)

c¢) When expressions (2) and (4) are to be compared
with the experimental data, the contribution made to the
line width by other mechanisms must be taken into ac-
count, Thus, at § = 4.5 part of the line broadening, as
seen from Figs. 1 and 2, does not depend on the concen-
tration, The nature of this ‘‘residual’’ broadening for
the Cr® ion is not yet clear. It has been established,
however('®), that in the case of the Fe® ion the line
shape at low concentrations is determined by the ligand
fine structure. Therefore, comparing with the experi-
mental data at ¢ = 4.5 it is necessary to add to expres-
sion (4) the residual width 0.8 G. Figure 2 (curve 1)
shows the corresponding plot. The theoretical curve
passes close to the experimental points obtained with
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uncompensated crystals. The experimental points cor-
responding to crystals with lithium added lie above this
theoretical curve (the dashed curve 2 of Fig. 2 is drawn
through these points). This indicates that in crystals
with lithium there is at § = 4.5°, another mechanism,
besides the magnetic dipole-dipole broadening mecha-
nism, which leads to an additional concentration de-
pendence. Its nature will be discussed in the next sec-
tion,

To describe the experimental data at ¢ = 25° it is
necessary to add to expression (2) the residual width
4 G, at 6 = 25°, and the concentration broadening due to
all other mechanisms. The contribution of these mecha-
nisms should correspond to the experimentally meas-
ured concentration broadening at 6 = 4.5 in samples with
lithium increment, The theoretical concentration depend-
ence obtained in this manner is shown in Fig. 2 (curve
3). The agreement with experiment (points) is good.

4. DISCUSSION OF RESULTS. DIPOLE-QUADRUPOLE
INTERACTION

a) It is seen from Fig. 2 that for the entire concen-
tration region there is good agreement between theory
and experiment at 4 = 25°, This is evidence of the cor-
rectness of the initial model, according to which the
broadening is due to electric dipoles that are randomly
distributed in the crystal and consist of Cr® and Li*
ions spaced ~30 A apart. (It is of interest in this con-
nection to note the following correlation: at the maxi-
mum possible concentration of Cr* in ZnwO,, namely
0.12 at,%!® ], the average distance between the chro-
mium ions is 38 A; this is close to the dipole arm
R~ 30A.)

b) According to the experimental data (Fig. 1), the
concentration dependence of the line width depends on
the type of the compensation of the charge of the Cr*.
The largest difference is observed between the case of
compensation with lithium ions and the case when no
special compensating impurities is introduced. In spite
of the fact that at the present time there are no con-
crete data on the model of the compensator in the second
case (the corresponding discussion will be given below),
the fact mentioned above, namely the difference between
the concentration dependences for 6 = 25°, is qualita-
tively understandable, namely, the compensators to-
gether with the Cr® ion constitute sources of electric
fields characterized by different parameters (for exam-
ple, different effective dipole arms). What we did not
expect was the difference between the EPR line width
at 9 = 4.5 for crystals with different compensators,
when there are no electric effects, and the only possible
broadening mechanism might be assumed to be the
magnetic dipole-dipole interaction, which does not de-
pend on the type of compensator.

It is seen from Fig. 2 (curve 1), that the concentra-
tion dependence calculated under the assumption of
magnetic dipole-dipole broadening fits satisfactorily
the experimental points corresponding to the case when
there is no specially introduced compensating impurity.
The experimental curve 2 for samples containing
lithium ions lies above the theoretical curve, indicating
the appearance in this case of a certain additional
mechanism of interaction between the PC at 6 = 4.5".

c) An additional mechanism that explains the differ-
ence between the line widths at 6 = 4.5, in our opinion,
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is the electric dipole-quadrupole interaction between
the PC, which is next in order of magnitude to the elec-
tric dipole-dipole interaction that determines the broad-
ening at 6 = 25°,

For a more detailed analysis of this question, we
represent the PC in the form of a particle with pointlike
charges qj that are distributed over a certain volume,
If the distance r between the PC exceeds the charac-
teristic dimensions pj of the PC, then the energy of
interaction between two PC can be represented in the
form of a series in the small parameter pj. The terms
containing pj raised to the zeroth and first power will
not shift the EPR line, since the PC are neutral on the
whole, and the ‘‘resonant’’ PC does not depend on the
coordinates pj (for details see below). From along the
terms quadratic in pj, only the dipole-dipole interaction
is effective in the EPR. The terms of interest to us,
which are cubic in pj, can be represented in the form

1
V= o v [rz (6h11m+6kmxl+6mlrh) —Sxkxllm]
21"
kim

X(Qthum_BPme+3Tumpzu‘QzL1!nm)'

(5)

Xk, XJ, and Xy are the components of the vector

r(k, /[, m=1,2,3); Qi, Pk, Tk, and Lg/m are the
summary charge and the components of the dipole,
quadrupole, and octupole moments of the PC. The sub-
scripts 1 and 2 distinguish two interacting PC. Let

PC 1 be “resonant,’’ and let PC 2 be the one that shifts
its EPR line. The first term in the curly brackets of
(5) characterizes the influence of the field of the octu-
pole PC 2. This term makes no contribution to the shift
of the EPR line, since it contains no dependence of the
coordinates p1j of the electron of the PC 1, over which
it is necessary to carry out the quantum-mechanical
averaging. (This term will lead to a constant shift of
all the levels of the Cr** ion.) The second term de-
scribes the energy of the interaction of the dipole mo-
ment of PC 1 with the electric quadrupole field of PC 2.
This term does not contribute to the shift of the EPR
line of PC 1 at # = 4.5, since there is no electric ef-
fect at 6 = 4.5°. The third term describes the energy
of the interaction of the quadrupole moment of PC 1
with the electric field gradient of the dipole of PC 2.
This is the only one that can make a contribution to the
shift of the EPR line, since the fourth term vanishes
because Q, =0.%

The following facts point to the effectiveness of the
considered mechanism:

1) The decrease like r*, which is typical of the

dipole-quadrupole interaction, should lead to a stronger
concentration dependence than the r™® law typical of the
dipole-dipole interaction. An analysis of the observed
concentration dependence for the proposed mechanism
confirms this conclusion,

2) The decrease like r™* should lead to a line shape
that attenuates less steeply than the Lorentzian typical
of the dipole-dipole interaction. It is seen from Fig. 3
that for concentrations where the difference between the
line widths for samples with and without lithium is ap-
preciable (see Fig. 2), the line ‘‘goes outside’’ the
limits of the Lorentzian, At the same time, as indicated
in Sec. 2, the line shape is Lorentzian for the samples
without lithium,

3) The dipole-quadrupole interaction mechanism, as
seen from (5) and from the analogous formula for the
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dipole-dipole interaction, is smaller in order of magni-
tude than the dipole-dipole interaction by as many times
as the characteristic dimensions p, of the PC 1 are
smaller than the average distance between the PC. For
the Cr® ion in ZnWO,, as seen from the experimental
data (Fig. 2), this relation is approximately satisfied if
one puts p,~ 5A.

We note that the interaction next in order of magni-
tude to the dipole-quadrupole interaction is the quad-
rupole-quadrupole interaction, which decreases like
r® and which is considered in!®J,

d) The EPR line shape and the angular dependence
of its width did not depend on the presence of special
compensators in the crystal. This indicates that the
compensation of the excess charge of the Cr® has
common features, regardless of whether a special com-
pensator is or is not added to the crystal.

It can be assumed that the compensator is the
vacancy of the Zn®' ion['®'"], In order for the complex
to be neutral as a whole, one must admit of the exist-
ence of the ‘‘tripole’’ 2Cr®* + Zn®' -ion vacancy. If the
ions are in the immediate vicinity of the vacancy, then
an additional EPR spectrum can be produced. At large
distances between the ‘‘tripole’’ components, a broad-
ening of the fundamental line of the spectrum will be
observed, With increasing chromium concentration, the
line broadening will be determined by the electric field
of the randomly distributed ‘‘“tripoles.”’

e) We note in conclusion that the considered mecha-
nism of the interaction between the PC and the dipoles
can determine the concentration dependence of the
spin-lattice relaxation time. We point out in this con-
nection a paper['®) dealing with the influence of thermal
modulation of the electric fields of point charges on the
spin-lattice relaxation of PC,

The authors are grateful to M. F. Deigen for a dis-
cussion of the results and to I. M. Zaritskil for a de-
termination of the concentration.

UThe interaction with the electric fields of randomly distributed point
charges leads to a “Holtsmark” shape [°].

IThe authors are grateful to M. D. Glinchuk for a discussion of the
question of the value of d 3« and of the coefficient cin the case
when the dipole arm is fixed.

ITo prevent misunderstandings, we emphasize that Q, # 0, inasmuch
as in our case Q, is the total charge of only the Cr®* ion
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