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Abstract—The temperature behavior of the EPR spectra of the Gd>* impurity center in single crystals of
SrMoO, in the temperature range 7= 99—375 K is studied. The analysis of the temperature dependences of
the spin Hamiltonian bg (T) = by(F) + by(L) and PzO(T) = P,(F) + Py,(L) (for Gd"") describing the EPR spec-
trum and contributing to the Gd3* ground state splitting AE is carried out. In terms of the Newman model,
the values of b,(L) and P,(L) depending on the thermal expansion of the static lattice are estimated; the b,(F)
and P,(F) spin—phonon contributions determined by the lattice ion oscillations are separated. The analysis
of b20 (T) and on (T') is evidence of the positive contribution of the spin—phonon interaction; the model of the
local oscillations of the impurity cluster with close frequencies ® describes well the temperature behavior of

by(F) and Py(P).
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1. INTRODUCTION

The molybdate compounds were and remain inter-
esting materials for studying due to their application in
practical devices. With their good optical properties
and chemical inertness, they are used in different
optoelectronic elements of various devices [1—3] and
laser arrays [4]. With development of cryogen detect-
ing technologies, the interest in molybdate com-
pounds has grown; CaMoQ, is the most used material
for some devices. Being a scintillator in the X-ray
band, StMoO, demonstrates a higher efficiency than
other molybdates; therefore, it can be used and is con-
sidered as a complimentary material [5]. Physical
parameters of crystals determine the efficiency of
devices and strongly depend on the phonon spectrum
which changes with temperature (7). Theoretical
models explaining such temperature changes related to
the phonon spectra are still imperfect, so, new experi-
mental results allowing one to separate the spin—pho-
non contribution (SPC) can help to develop them.

This work is a continuation of our EPR investiga-
tions [6, 7] devoted to the analysis of the change in the
parameters of the initial splitting AE of the ground
state of the Gd*" impurity centers (IC) in crystals of
CaWO, and CaMoO, due to the temperature changes
in the ligand coordinates (implicit effect) and the
effect of lattice oscillations, or the SPC (explicit
effect) [8, 9]. We considered not only the greatest of

the spin Hamiltonian (SH) parameters bg determining
the splitting AE for StMoO,:Gd?**, but also the quad-

rupole interaction (QI) 1’20. It is known that the QI
determined by the gradient of the electrical crystal
field (CF) of ligands at the IC is proportional to the

value of this field Aé) [10, 11]. Therefore, having sepa-

rated the SPC from the values bg (7) and PZO(T), we
can expect that under the condition of a correct
description of the spin—phonon interaction, some
model parameters of these dependences must be iden-
tical.

2. EXPERIMENTAL RESULTS

A crystal of SrMoO,Gd?" was grown by the
Czochralski method with the Gd,O; impurity of
0.02% by weight (with a natural content of isotopes) in
the charge. The EPR spectra were recorded by the
Bruker EMX plus spectrometer in the 3-cm band at
different 7" and orientations of the external magnetic
field H. The permitted hyperfine structure (PHS)
arising due to the Gd"’ odd isotope (electron spin S =
7/2, nuclear spin I = 3/2) was observed for all EPR
signals in the case of the H|| S, orientation of the prin-
cipal crystallographic axis and for a few EPR signals in
the case of H L S,.
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Table 1. Experimental parameters of the spin Hamiltonian of the G

d'” impurity ion in SrMoO, and the calculated lattice

contribution of the static lattice to Z,(L) (in MHz) at different T’

SH parameters Calculated contribution of the static lattice
ne by by by P by(L) Py(L)
99 —2496.0(3) —39.29(15) —249.3(20) —57.3(4) —2519.7 —58.3
111 —2492.7(3) —39.10(15) —248.0(31) —57.3(4) —2523.1 —58.5
125 —2489.4(4) —39.09(30) —247.3(23) —57.2(5) —2527.4 —58.7
150 —2482.0(3) —38.84(30) —247.7(10) —57.2(4) —2536.1 —=59.2
175 —2472.7(3) —38.55(29) —246.5(11) —57.0(4) —2545.9 —59.7
200 —2463.3(4) —38.18(33) —243.5(12) —56.9(5) —2556.8 —60.3
250 —2443.0(3) —37.73(3) —238.7(20) —56.7(4) —2581.2 —61.7
273 —2434.4(4) —37.40(23) —237.1(18) —56.4(5) —2593.5 —62.4
298 —2427.3(4) —37.20(22) —235.6(20) —56.3(4) —2605.7 —63.2
375 —2394.5(9) —36.2(5) —230.0(12) —55.9(6) —2653.5 —65.7

8 =8y, = 1.9915(4), g, = 1.9918(3), b(? =0.16(10), bg =6(8), b(f =2(6), A=A, =16.2(3), A, = 16.2(3). The mean error in b»(L) due to
the lattice parameter inaccuracy ~0.8% (~20 MHz); in P,(L), ~2.2% (~1.3 MHz).

The EPR spectrum from the even isotopes and an
odd isotope is well described by the spin Hamiltonian
corresponding to the D,, local symmetry of IC, i.e.,
Gd3* replaces Sr?* [12]. The numerical minimization
of the roof-mean-square deviation of the experimental
and calculated signal positions has shown that the val-

ues of parameters b, (T) (n=2,4,6 and m =0, 4, 6)
for the even isotopes and an odd isotope of Gd?' in
SrMoO, nearly coincide within the measurement
error limits; the root-mean-square errors are also sim-
ilar. The use of the SH for a real local IC symmetry S,
did not lead to the reduction of errors in determining

the parameters. Table 1 presents their values for Gd'Y’
in StMoO,.

3. MODEL CALCULATIONS

Let us find Z"(T) = b/(T) (or P(T)) as experi-
mentally determined constants of the SH and the SPC
to the diagonal parameters (m = 0) Z,(F) = b,(F) (or
P,(F)). Then [6, 7]

Z,(F) = Z,(T) - Z,(L). (1

For n =2, Z,(L) = b,(L) (or P,(L)) are the static
lattice contributions at a given 7. Let us calculate the
values of Z,(L) at different 7'with the help of the New-
man superposition model [13—15] in the form pre-
sented in [16].

3.1. Calculation of the Lattice Parameters

To determine b,(L) and P,(L), it is necessary to
know a and c lattice parameters for SrMoO, for a wide
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range of 7. There are no such data for low tempera-
tures in literature, however, the experimentally mea-
sured parameters a and ¢ for StMoQ, for a tempera-
ture range 7 = 299—-931 K are provided in [17]. We
suggested that the dependences a(7) and c¢(7) have a
polynomial form as in [18] ((6) for CaWO,)

IT) = l,(0+ T + LT + ,TY), ()

where / = a or c. Using the data of [17] as reference
points in the fitting procedure and (2), we obtained
dependences a(7) and ¢(7) with parameters (in A):

a,= 5.3888(16), a, = 2.0438(199) x 10°%,

a,=—2.045(245) x 1071, a;=8.6(28) x 10715,

co=11.9861(48), ¢, =4.6014(836) x 1078,

¢, =—4.565(110) x 107", ¢;=1.85(12) x 10714,
The presented errors (the numbers in brackets) corre-
spond to the tripled root-mean-square deviation 3G.
To verify the reliability of application of (2), we used a
similar algorithm for the data of [19] for CaMoO,
taken in a temperature range 7 ~ 300—1273 K. The
obtained a(7T) and c¢(7) show a satisfactory agreement
with the experimental results of [20] in the range 7' =
10—300 K. Using (2) with the above-determined g;
and c;, we calculated the lattice parameters of STtMoO,
at required 7. After that, we calculated the spherical
coordinates R, 0, and @ of the 8 oxygen ions (0O*")
nearest to Gd** in a pure SrMoO, lattice. The coordi-
nates x, y, and z of these O%~ ions are taken from the
data of [21].
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3.2. Estimation of Parameters Z,(L)

The algorithm of calculation of parameters Z,(L) in
the superposition model [13—16] is similar to that
described in [6, 7]. In the expression

Zy(L) = ZkO)| 25, (Ry/R) + Zo,(Ro/R)"T  (3)
the “intrinsic” parameters Z,, (b,, = —1.289 X
10* MHz or P,, = —545.6 MHz [16] are the contribu-
tions of a point charge O?~. The coordination factors

k;(0) = n(3 cos’ 0, —1)/2. Since the oxygens adjacent
to Gd3* are divided into two groups of four, equivalent

in their contributions to bg and P;’, theni =1, 2 and
n = 4. The Gd**—0?% distance is calculated according
to the formula R, = R+ (r — r,)/2 [22], where r and r,
are the ion radii of the impurity and replaceable ions,
respectively, taken from the Shannon tables [23]. The
parameters Z,, (b, = 1.008 x 10* MHz and P,, =
555.8 MHz), i.e., the overlapping and covalence con-
tributions at a distance R, = 2.34 A [16], are deter-

mined for Gd** in SrMoO, as follows. From the
dependences of experimental quantities bg (7)) and
P20(T) in the “hard lattice” model, according to (2)—
(4) from [24], the values Zf (RL) were obtained. As it
was shown in [6, 7], the values Z;(RL) = by (0) or

PZO(O) (further ZS(RL) = ZS(O)); i.e., they are close to
the values of experimental parameters at 7 ~ 1.8—
4.2 K, since the phonon contribution in this range of
T is very small [6—9, 25—27]. It should be noted also
that these values are obtained as nearly identical when
using any parametrization model described in [24—
27]. Having determined a and c at T~ 2 K according
to (2) and then R;, 0, and @, for the Gd**—80? cluster
and, using (3), one can easily obtain b, and P,
Table 1 presents the calculated values of b,(L) and
P,(L) at required temperatures; Table 2, the parame-

ters by (0) and P’(0).

4. TEMPERATURE DEPENDENCE OF Z,(F)
AND DISCUSSION OF RESULTS

Let us separate from our experimental data the
temperature dependence for b,(F) and P,(F) which
will be determined from (1) and the data of Table 1. It
is seen that b,(F) and P,(F) are positive. One can try to
use three most known theoretical models [25—27] to
describe the SPC, depending on the temperature and
influencing on the initial splitting of the energy levels
AE for the IC in crystals. These models suggest the
dominant contribution of the optical [25] or acoustical
[26] phonons in the SPC. It is shown in the model of
[27] that the main role in the phonon-induced contri-
bution (or in the SPC) is played by the local optical
oscillations of the impurity cluster. Despite the fact
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Table 2. Model parameters of the temperature dependences
Z,(T) and Z,(F) (in MHz) for Gd3"in SrMoQO,

Model parameters
Dependences
Z,'(0) Z,0)  |ox 1075, rad/s
p(T) | 2506.120) | 50.0(18) 3.15(10)
(D) —57.4(46) | 1.65(48) |  5.58(87)
by(T) —39.6(8) 1.3(1) 2.73(13)
bi(T) —250(5) 16.3(51) 4.6(8)
by(F) - 126.8(96) 3.4(2)
Py(F) - 4.9(5) 3.47(50)

Errors in parameters correspond to 3G.

that each model gives a particular functional tempera-
ture dependence for Z,(F), they all give nearly linear
dependence on T in the region 7> 200 K.

4. 1. Temperature Dependence of b,(F)

The analysis has shown that in the models of [25,
26], the dependence of the phonon-induced contribu-
tion b,(F) on T can be described only by three fitting
parameters, one of which does not have a theoretical
justification. On the other hand, the local oscillation
model [27] with two parameters describes very well the
dependence of b,(F) on T by the expression

Zy(F) = Zy(0)[coth(w/2kT) —1], 4)

where Z,(0) = b,(0) is the contribution owing to the
lattice “zero oscillations,” ® is the frequency of local
oscillations of the impurity cluster, and % is the Boltz-
mann constant. Figure 1 shows the dependence of
b,(F) on T (curve I) obtained by using the genfit algo-
rithm. The points on the curve are determined accord-
ing to (1). Table 2 presents the model parameters; their
deviations at 3¢ are shown in brackets.

4.2. Temperature Dependence of P,(F)

Despite the smallness of the changes in }’20(T ), the
result of calculations of P,(L) shows that the phonon-
induced contribution P,(F) ~7 MHz at T ~ 300 K.
Like in the case of b,(F), the models in [25, 26] require
three fitting parameters in the genfit algorithm to
express the temperature dependence of P,(F); the
local oscillation model [27] well describes P,(F),
according to (4) (curve 2in Fig.1). The model param-
eters are shown in Table 2; the presented errors are
determined also at 3G.

The ratio of the changes in the lattice contribution
Aby(L) = |by(L) — by(0)| to |b,(F)| ~ 0.56 at T=298 K;
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Fig. 1. Temperature dependences of b,(F) (1), Py(F) (2).
Curves 1 and 2are described by expression (4) with param-
eters presented in Table 2. The positions of dots and aster-
isks are determined according to (1) and (3). The pre-
sented errors include the maximum experimental error in
bg (T') and PZO(T ) and the spread in b,(L) and P,(L) due to
the inaccuracy in calculating the lattice parameters.

Ab,(L) < 0. It means that the contribution of the local
oscillations of the impurity cluster centers to the tem-

perature change in bg (T) is 1.7 times as much as the
change in Ab,(L) due to the static lattice expansion.

Similar estimations for the QI give AR (L) = P(L) —

P’(0) < 0 and |AP,(L)/B(F)| ~ 0.8, which means also
a stronger influence of local oscillations on the tem-
perature dependence of the QI. Since these two (pho-
non-induced and lattice) mechanisms make the con-

tributions of opposite signs to Z. 3 (T); they partly com-
pensate each other, which can be especially noticed in

the values PZO(T).

Thus, we see that the positive values of the SPC
b,(F) and P,(F) are described by (4) with frequencies
o that coincide within the error limits. Proceeding
from this result, we consider that a unique description
of the temperature dependences for the above-men-
tioned parameters justifies the use of the Pfister’s
model [27] that suggests the dominant role of the local
oscillations of the impurity cluster in the phonon-
induced contribution. It should be noted that a con-
siderable effect of the local oscillations on the pro-
cesses of the energy dissipation from the IC to the lat-
tice is also observed in the optical range, which influ-
ences on the efficiency of operation of different
devices used in practice (see [28] and references in it).

4.3. Temperature Dependence of b,'

The parameters b, (T) (m = 0, 4) were analyzed
only in the “hard lattice model” [24], since there is no
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a satisfactory model to determine b," and the use of the
Newman’s model [13—15] for their calculation gives
ambiguous results, as it was shown earlier in [7]. Hav-
ing taken (2), (3), and (4) from [24] for three SPC

models, we obtained the values b,'(RL) whose mean
values are presented in Table 2.

5. CONCLUSIONS
The analysis of the experimental dependences of

the SH parameters bg(T) and PZO(T ) for the Gd**
impurity center (an odd isotope) in SrMoO, has
shown that the consideration of the temperature
changes in the static lattice contribution AZ,(L) < 0
made it possible to describe the temperature behavior
of the spin—phonon interaction b,(F) and P,(F) > 0
uniquely and with a minimum number of model
parameters. The Pfister’s model of local oscillations of
the impurity cluster [27] proved to be the most appro-
priate among three SPC models; the frequencies of
the local oscillations for b,(F) and P,(F) coincide with
each other (within error limits). The ratio of the spin—
phonon contribution to the temperature changes in
the lattice contribution is ~1.7 in the region of the lin-

ear dependence for bf (T) and ~1.25 for PzO(T ). This
shows that the initial splitting of the impurity cluster
oscillations more strongly affects the temperature
behavior than the lattice expansion. Since these con-
tributions have opposite signs, they partly compensate
each other in a wide temperature range, which consid-

erably weakens the dependence Zf (T). It should be
also noted that these results are similar to those
obtained for Gd** in CaMoO, and CaWO,.
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