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Abstract—The europium gallium germanate EuGaGe,0; has been prepared by solid-state reaction in air in
the temperature range 1273—1473 K using a stoichiometric mixture of Eu,03, Ga,03, and GeO,. Its crystal
structure has been determined by X-ray diffraction (sp. gr. P2,/c, a = 7.1693(7) A, b = 6.57008(6) A, c=
12.7699(1) A, B = 117.4522(5)°, V= 533.768(8) A3). The heat capacity of polycrystalline samples has been

determined by differential scanning calorimetry in the temperature range 350—1053 K and the experimental
data have been used to calculate the thermodynamic properties (enthalpy increment, entropy change, and

reduced Gibbs energy change) of EuGaGe,O,.
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INTRODUCTION

Researchers’ interest in the mixed oxide com-
pounds with the general formula RMGe,0O; (R = rare-
earth metal; M = Al, Ga, In, Fe) is aroused by their
potential practical applications [1—8]. The RMGe,0O;
(M = Al, Ga) germanates have a monoclinic structure
(sp. gr. P2,/c), whereas the space group of the
RFeGe,0, compounds depends on the ionic radius of
the rare-earth ions: P2,/c for La—Gd and P2,/m for
Tb—Lu [7—9]. The least studied germanates include
the RGaGe,0,; compounds. There are only fragmen-
tary data on their crystal structure [2, 6, 9] and optical
properties [2, 4]. Data on their heat capacity or ther-
modynamic properties are not available in the litera-
ture. It is worth noting that, among the RMGe, 0, ger-
manates, the high-temperature heat capacity and
thermodynamic properties have been measured only
for YInGe,O, and TmInGe,O; [11]. The phase dia-
gram of the Eu,0;—Ga,0;—GeO0, system has not yet
been constructed. Thermodynamic modeling requires
data on the thermodynamic properties of the com-
pounds existing in this system, but such data are as yet
not available.

The purpose of this work was to study the structure
and thermophysical properties of EuGaGe,O,.

EXPERIMENTAL

Europium gallium germanate was prepared by
solid-state reaction using Eu,O; (reagent-grade),
Ga,0; (extrapure-grade), and GeO, (99.999%) as
starting chemicals. After calcination at 1173 K, a stoi-
chiometric oxide mixture was homogenized by grind-
ing in an agate mortar and pressed into pellets, which
were then fired in air at 1273 K for 40 h, 1373 K for
100 h, and 1473 K for 60 h. To drive the solid-state
reaction to completion, the pellets were reground
every 20 h and the resultant powders were then re-
pressed. In doing so, we took into account that rela-
tively high solid-state synthesis temperatures could cause
partial GeO, vaporization [12]. Because of this, the syn-
thesis process was run in lidded crucibles. The synthesis
time and the amount of excess GeO, were optimized
using experimental data. The phase composition of the
resultant samples was determined by X-ray diffraction on
a Bruker D8 Advance diffractometer (CuK, radiation)
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Fig. 1. Crystal structure of EuGaGe,O».

equipped with a VANTEC linear detector (scan step,
0.016°; counting time per data point, 2 s).

The heat capacity of EuGaGe,0, was measured
using an STA 449 C Jupiter thermoanalytical system

Table 1. Principal intensity data collection and structure
refinement parameters for the EuGaGe,0; compound

(sp. gr. P2;/c)

a, A 7.16932(7)
b, A 6.57008(6)
¢, A 12.7699(1)
B, deg 117.4522(5)
Vv, A3 533.768(8)
z 4

d, g/cm? 5.96

20 range, deg 10—120
Ryp % 1.87
R, % 1.48
Reyp % 1.56

22 1.20
Ry, % 0.43

a, b, ¢, and B are the unit-cell parameters; V is the unit-cell vol-

ume; d is the calculated density; Ry,
weighted profile, profile, expected, and

> Rex
g agreement factors,

p> and Ry are the

respectively; and Xz is the goodness-of-fit index.
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(Netzsch, Germany). The experimental procedure
was described in detail elsewhere [13]. The uncertainty
in our measurements was within 2%.

RESULTS AND DISCUSSION

In structure refinement, we used TOPAS 4.2 software
[14]. Almost all observed peaks could be indexed in a
monoclinic structure (P2,/c) with unit-cell parameters
similar to those of GdGaGe,O; [2]. Because of this, the
structure of this compound was taken as an input model
for refinement. For conversion, the Gd site was replaced
by a Eu ion (Fig. 1). The thermal parameters of all the
atoms were refined in an isotropic approximation.
Refinement proceeded smoothly and converged to small
R factors (Fig. 2, Table 1). The atomic position coordi-
nates and principal bond lengths are presented in Tables 2
and 3, respectively.

The wunit-cell parameters obtained by us for
EuGaGe,O; (Table 1) agree rather well with those
reported by Kaminskii et al. [2]: a = 7.16(1) A, b =
6.56(1) A, c=12.77(1) A, B = 117.4(2)°, d = 5.98 g/cm’.

Figure 3 illustrates the effect of temperature on the
heat capacity of EuGaGe,0,. As the temperature is
raised from 350 to 1053 K, its C, rises systematically,
without any extrema in the C,(7) curve. The present data
can be represented by the Maier—Kelley equation [15]:

C,=a+bT —cT". (1)
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Fig. 2. Raw X-ray diffraction data, calculated profile, and difference plot for EuGaGe,0O;.

For EuGaGe,0, it has the following form:

C, =(259.40 £ 0.81) +(30.94 £ 0.80) x 10°T
—(51.51+0.92)x10°T .

The correlation coefficient for Eq. (2) is 0.9987 and
the maximum deviation of the data points from the
corresponding smoothed curve is 0.79%.

The present heat capacity data cannot be compared
to other results because no such data are available in
the literature. Note only that partial gallium substitu-
tion for europium leads to lower C, values (Fig. 3).

The 298-K C, of EuGaGe,0; evaluated using the
Neumann—Kopp equation [17]

()

1
Cp0s (EUG3G6207) = Ecp,298 (Eu203)

1
+ Ecp,298 (Ga,05) +2C, 595 (GeO,)

3

is 213.7 J/(mol K). It follows from Eq. (2) that
C, 203(EuGaGe,0;) = 210.57 J/(mol K). Thus, the
heat capacity calculated using the Neumann—Kopp
equation approaches the experimentally determined
value (A = +1.2%). In the calculation by Eq. (3), we
used the heat capacities of Eu,0;, Ga,0;, and GeO,
borrowed from Leitner et al. [17]. The Kumok incre-
ment method [18] gives a slightly larger difference in
C, A=+31%.

Using Eq. (2) in combination with well-known
thermodynamic relations, we evaluated the thermody-
namic functions (enthalpy increment, entropy
change, and reduced Gibbs energy change) of the

Table 2. Atomic position coordinates and isotropic thermal
parameters (B,,) in the structure of EuGaGe,0O,

Atom x y z By,

Eu | 0.7608(2) | 0.14629(18)| 0.02552(11)] 0.12(15)
Gal | 0.7897(3) | 0.3998(4) | 0.26951(16)| 0.19(15)
Gel | 0.7836(4) | 0.6578(4) | 0.0437(2) |0.21(16)
Ge2 | 0.2995(4) | 0.4120(4) | 0.2216(2) | 0.39(16)
01 | 0.5905(17) | 0.8253(17) | 0.0223(8) | 0.51(19)
02 | 0.7818(14) | 0.1114(18) | 0.2136(9) | 0.51(19)
03 | 0.5697(15) | 0.3753(18) | 0.3099(9) | 0.51(19)
04 | 0.0010(16) | 0.3372(18) | 0.4206(9) | 0.51(19)
05 | 0.7442(18) | 0.0037(14) | 0.4164(10) | 0.51(19)
06 | 0.7919(16) | 0.4455(14) | 0.1263(10) | 0.51(19)
07 | 0.1502(18) | 0.1844(15) | 0.1800(11) | 0.51(19)

Table 3. Principal bond lengths (A) in the structure of
EuGaGe,0,

Eu—O1! 2.428(10) [[Gal—04V! 1.869(10)
Eu—O11 2.309(8) || Gal—06 1.860(11)
Eu—02 2.34809) || Gal—O7V! | 1.960(10)
Eu—03!! 2.450(10) || Gel—O1 1.689(9)

Eu—04Y 2.536(10) || Ge1—04Y1 1.826(9)

Eu—04Y 2.626(7) || Ge1—0O5'™! 1.823(11)
Eu—O5M 2.705(10) || Gel—06 1.733(10)
Eu—06 2.303(10) || Ge2—02V! | 1.785(10)
Eu—O7V! 2.583(10) || Ge2—03 1.751(8)

Gal—02 2.017(12) || Ge2—osVit | 1.732(11)
Gal—03 1.879(6) || Ge2—0O7 1.772(10)

Symmetry code: x,y — 1, z(1); —x+ 1, =y + 1, —z (II); x, —y + 1/2,
z—=12{D; —x+1/2,y = 1/2, =z + 1/2(IV); x + 1, —y + 1/2,
z—12NV);x+1L,y,z(V); —x+ 1,y + 1/2, —z+ 1/2 (VII).
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Fig. 3. Temperature dependences of molar heat capacity for (7) Eu,Ge,05 [16] and (2) EuGaGe,O.

EuGaGe,0; germanate. The results are presented in CONCLUSIONS

Table 4. It is seen that, above 750 K, the C, values of The EuGaGe,O, germanate has been prepared by
the germanate exceed the classical Dulong—Petit limit  golid-state reaction and its crystal structure has been
3Rs, where Ris the gas constant and s is the number of  refined. Its high-temperature heat capacity has been
atoms per formula unit of the compound. determined by DSC in the temperature range 350—

Table 4. Thermodynamic properties of EuGaGe,0,

T.K G, J/(mol K) H(T) IZJZI;SSO K), So(?iﬂf;(%o K, ®°(T), 1/(mol K)
350 281 _ _ -
400 239.5 11.71 31.25 1.98
450 24738 23.90 59.97 6.85
500 254.2 36.46 86.42 13.50
550 259.3 49.30 110.9 21.26
600 263.6 62.38 133.6 29.69
650 267.3 75.65 154.9 38.51
700 270.5 89.10 174.8 47.54
750 276.1 102.7 193.6 56.66
800 278.5 116.4 2113 65.78
850 280.8 130.3 228.1 74.84
900 283.0 144.3 244.1 83.80
950 283.0 158.4 259.4 92.65
1000 285.1 172.6 273.9 101.3

INORGANIC MATERIALS Vol.56 No.8 2020
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1050 K. The C,(T) data have been shown to be well
represented by the Maier—Kelley equation. The
experimental C,(7) data have been used to calculate

the

thermodynamic properties of EuGaGe,0O-.
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