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Abstract—The heat capacity of zinc tungstate was determined by relaxation calorimetry in the range of ~2.6—
40 K. The heat capacity was extrapolated to zero temperature, and the characteristic Debye temperature at
zero temperature was determined. The experimental heat capacities presented in the literature were esti-
mated. The values of thermodynamic functions in the range 0—301 K were refined.
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INTRODUCTION

Molybdates and tungstates of divalent cations are
promising materials for use in experiments on the
recording of rare events, including the search for dark
matter and detection of neutrinoless double beta
decay, as well as for use as elements of lasers, various
detectors, and sensors. For their use, especially as
cryogenic scintillation bolometers, it is necessary to be
able to obtain large single crystals with high chemical
and optical quality, which should have a low intrinsic
radio background and high energy resolution to ensure
good selectivity in signal separation. This determines
the wide interest of the scientific community in these
objects. However, the heat capacity of these objects,
especially in the range of low temperatures, is often
not fully studied, and the values of thermodynamic
functions at standard temperatures require refine-
ment.

Zinc tungstate ZnWO, studied in this work meets
the requirements described above and is both a laser
and scintillation material and a promising cryogenic
bolometer [1-5]. Its additional advantages are nonhy-
groscopicity and thermal and radiation stability. The
structure of ZnWO, is known [6—S8]; the crystal is
monoclinic and belongs to the wolframite space group
(P2/c). The melting point is 1474 K [9]. The literature
presents the experimental heat capacities in the ranges
5—550 K [10, 11] and 81—301 K [12], as well as the
enthalpy increment in the high-temperature range up
to 1200 K [13]. The data presented in the literature
have atypical behavior near zero and are not consistent
with each other within the experimental uncertainty.
This dictated the need to re-measure the data near
zero to confirm the reliability of the literature data and

refine the thermodynamic data at the standard tem-
perature.

EXPERIMENTAL
Sample

High-quality zinc tungstate single crystals without
optical defects were grown by the Czochralski method
under conditions of low thermal gradients (LTG Cz).
Within the framework of the method, the tempera-
ture gradients in the melt are limited to a level of no
more than ~1 K cm™!, the charge utilization factor
reaches ~95%, and the grown crystals are of the
highest quality.

Experimental Heat Capacity

The heat capacity of zinc tungstate was measured
by the relaxation method using a PPMS-9+Evercool
II complex for automated measurements of the physi-
cal properties of materials (Quantum Design, United
States) at the “Center for Diagnostics of Functional
Materials for Medicine, Pharmacology, and Nano-
electronics” of the St. Petersburg State University Sci-
ence Park. A sample in the form of a rectangular par-
allelepiped with a base of 2.0 X 2.0 mm and a mass of
46.16 mg was prepared from the grown ZnWO, single
crystal. The experimental heat capacity of the sample
was measured both in the sample heating and cooling
modes. Each series consisted of 27 points in the range
~2.6—40 K; partitioning along the temperature axis
was performed on a logarithmic scale. The molar mass
used was calculated from the formula ZnWO,:

313.22 g mol~!. The relative uncertainty of heat capac-
ity measurements is ~2.0% or less, and its value
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Fig. 1. Experimental data on the heat capacity of ZnWOy:
circles: data of this work; asterisks: data of [11]; solid curve:
smoothed description of experimental data.

depends on the temperature range in which the mea-
surements are carried out [14]. The temperature
uncertainty is 0.5%. The results of measurements are
shown in Fig. 1 together with the data of [11].

RESULTS AND DISCUSSION
Extrapolation of Heat Capacity to Zero Temperatures

To calculate the integrated thermodynamic func-
tions at the standard temperature, the obtained heat
capacity data were extrapolated to zero, and the exper-
imental C,(7) curve was smoothed. It was assumed
that below 2.6 K the heat capacity of ZnWO, has no
anomalous contributions.

According to Fig. 1, the heat capacity divided by
the cube of temperature reaches a “shelf,” which
means that the experimental points of heat capacity
near zero (below 8 K) belong to the region of validity
of the Debye law. However, this region is character-
ized by increased experimental scatter, which makes
the solution unstable when the starting and ending
points are varied. To expand the experimental range
from which the heat capacity will be extrapolated, a
combination of the heat capacities of the Debye
Cp(T, 0p) and Einstein Cg(T, 6g) models was used
[15, 16]:

Cc (T
D) (e (T,00) + G0 (1)
3Rn
Substituting the variables
C C
YOp)=—2-1 and X(0p,0p)=—L-1,
( D) CD ( D E) CD

Eq. (1) can be transformed to a linear form:

Y(0p) = nX(6p,0¢). ()
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Fig. 2. Heat capacity of ZnWOy in the Y(X) coordinates:
triangles: experimental values; straight line: description of
experimental points by the equation Y(X) = 0.0136X,
whose validity region lies in the range 0—14 K.

This procedure makes the solution more stable,
thereby increasing the reliability of the search for
parameters, and also gives an asymptotically correct
description near zero.

The region of validity of (1) is defined as 0—14 K;
the best description of the experimental data was
achieved at parameter values 6= 403.1 K, 6=
959 K, and n = 0.0136. It was assumed that below
2.6 K the heat capacity of ZnWQO, has no anomalous
contributions. The result is shown in Fig. 2 in special
coordinates Y(X), the relative deviation of the experi-
mental points is shown in Fig. 3 (triangles). The exper-
imental point #3 at 3.21 K deviates statistically signifi-
cantly (4.21%), so it was excluded from consideration
in the calculation. The corresponding value of the
characteristic Debye temperature at zero 6,(0) for
ZnWO, was 405 K.

Description of Heat Capacity in the Range 0—40 K

To describe the experimental heat capacity, we
used an approach where the heat capacity is repre-
sented as the heat capacity of the Debye model and the
sum of the heat capacities of the Einstein model. In
this case, of 3m vibrational modes three acoustic
modes are described by the Debye heat capacity
Cp(T, Bp) with a characteristic frequency 0p, and the
remaining modes are optical and described by the Ein-
stein heat capacities Cg(T, 6¢) with the corresponding
characteristic frequency 0g. Here n reflects the num-
ber of atoms in the molecule and is equal to 6. Since
the experimental heat capacity contains an anhar-
monic contribution, the sum of vibrational modes
corresponding to the Einstein heat capacities will not
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be limited by the condition 3(n — 1). As a result, the
equation for the heat capacity has the form:

C,(T) 1

3Rn  n
Here, the coefficient at the Debye heat capacity is 1/6,
and the parameter 6, = 222.9 K corresponds to the
previously found characteristic Debye temperature at
zero ©p(0) = 405 K. Then the contribution of the
Debye heat capacity is subtracted from the total exper-
imental heat capacity, and the result is described by a
set of Einstein heat capacities Cg; (7). The parameters
O, and q; in Eq. (3) were found fori=1, 2, 3 (/= 3)
based on the minimum sum of squared deviations; the
first characteristic Einstein frequency 0 ;= 95.9 K
was determined earlier by extrapolating the heat
capacity to zero and was not varied. The best result was
achieved with the values of the parameters 0y, =
1499 K, 0 ; = 314 K; a, = 0.01204, a, = 0.0356, a; =
0.2473. The resulting heat capacity function is shown
in Fig. 1 in the coordinates of C/ T3 vs. T (solid curve).
The relative deviations of the obtained description
from the experimental points are shown in Fig. 3 (cir-
cles), the relative standard deviation from the experi-
mental datais 1.0% in the range of 2.6—11 Kand 0.17%
in the range of 11—40 K.

1
Co(T.0p) + D a,Cy (T, 0). 3)
i=1

Review of Literature Data on the Heat Capacity

We compared our results with those presented in
the literature. The data of [11] systematically deviate
from our data toward larger values, and these devia-
tions range from 0.6 to 3.6% with anomalies of up to
94%. An analysis of the data of [ 11] showed that below
15 K there is an anomalous contribution; this is clearly
visible, for example, in Fig. 1 (asterisks). Taking into
account that the authors of [11] had problems with the
zinc oxide impurity (in the earlier study [10], a ZnWO,
sample contaminated with a ZnO impurity was used),
it can be assumed that they did not achieve their goal
in purifying the sample. It still contained some
amount of impurities, including zinc oxide, which has
an anomalous contribution to the Schottky-type heat
capacity in the low-temperature region [17]. Thus, the
heat capacity they obtained has an extraneous compo-
nent and, as a consequence, is incorrectly normalized.
The data of [12] were obtained by the adiabatic
method in the range of 81—301 K. The high-quality
pure sample studied in [12] was grown by the low-gra-
dient Czochralski method. The data in [11] also sys-
tematically deviate from the data of [12] by 6—12%,
which confirms that these data contain an extraneous
heat capacity component associated with the possible
presence of impurities in the sample. Since the
enthalpy increment below 1200 K [13] was measured
by the same team of authors as the heat capacity [10,
11], one can expect similar problems with the pre-
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Fig. 3. Relative deviation of experimental values from the
smoothed heat capacity (zero ordinate) for ZnWOy: trian-
gles: description by Eq. (1) in the range 2.6—14 K; circles
and diamonds: description by Eq. (3) of the data of this
work at 2.6—40 K and of the data of [12] at 81301 K,
respectively; pluses: smoothed description of the experi-
mental heat capacity by a polynomial according to the data
from [12]. The experimental point #3 at 3.21 K deviates
statistically significantly (triangle and circle, 4.2%); it was
excluded from consideration when finding the smoothed
description.

sented data. From the above it follows that the heat
capacity and enthalpy increment data in the range of
300—1200 K require refinement.

Smoothed Description of Heat Capacity
and Thermodynamic Functions
in the Range of 0—301 K

When considering the data of this work along with
the data of [12], another term with the parameters
O, = 644 Kand a, = 0.4357 isadded to Eq. (3). Thus,
Eq. (3) with the found parameters is a function
describing the smoothed heat capacity of ZnWQO, in
the range 0—301 K. The relative standard deviation of
the experimental points from the obtained description
in the range 81—301 K is 0.8%. The corresponding rel-
ative deviations are shown in Fig. 3 (diamonds); they
repeat the deviations of the smoothed description of
the heat capacity by the polynomial given in [12]
(Fig. 3, pluses).

Based on the smoothed dependence C,(7) in the
temperature range 0—301 K, the thermodynamic
functions of zinc tungstate were calculated: entropy
S,(T), enthalpy AH(T), and Gibbs free energy AG(T).
The results are shown on Figs. 4 and 5.

The refined values of the thermodynamic func-
tions of ZnWO, under standard conditions (7=
298.15 K, p = 0.10 MPa) were:

C(T)=109.9+1.0 J mol™' K,
So(T)=116.9+1.3J mol™ K™,
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Fig. 4. Thermodynamic functions of ZnWQy, in the range
0—-301 K: (/) heat capacity C,(7), (2) entropy S,(7), and
(3) enthalpy AH(T).

AP PH(T) =18.94 £0.18 kJ mol ™,

APPG(T) = -15.92 £ 0.20 kJ mol ™.

CONCLUSIONS

An atypical behavior of the heat capacity below
15 K was discovered in the data of [11], which were
obtained by measuring ZnWOQO, powder by the adia-
batic method. To refine the values of the heat capacity
near zero temperatures, an experimental study of the
heat capacity of a zinc tungstate single crystal in the
range of 2.6—40 K was carried out by the relaxation
method, for the first time below 5 K. Using the exper-
imental data, the heat capacity of ZnWOQO, was
described in the region of low temperatures based on a
physically substantiated equation and the Debye tem-
perature at zero was calculated. No anomalous behav-
ior of the heat capacity associated with the presence of
any phase transitions was detected. A comparison with
known data showed that the experimental heat capac-
ity of [11] systematically deviates from both our heat
capacity and that given in [12]. For example, the
refined value of the heat capacity of ZnWO, at
298.15 K is 109.9 J mol™! K™!; it coincides with the
value given in [ 12] within the experimental uncertainty
and is 4.5% smaller than the value given in [11]. These
facts allow us to conclude that the heat capacity of the
sample of [11] has a contribution associated with the
presence of impurity phases, possibly, zinc oxide,
which, if present at a level of several percent, might not
be detected on the analytical equipment of that time.
The heat capacity of ZnO has an anomalous compo-
nent associated with the Schottky effect in the low
temperature region [16], whose contribution could
give rise to the detected atypical behavior of heat
capacity [11] near zero.
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Fig. 5. Gibbs free energy AG(T) for ZnWOy, in the range
0—301 K.

A smoothed description of the heat capacity in the
range 0—301 K was obtained based on the joint con-
sideration of data from this work and literature data
[12]. The thermodynamic functions of zinc tungstate:
entropy, enthalpy increment, and Gibbs free energy
were calculated from these data.
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