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Abstract—Titanate GdGaTi,0; has been obtained from the initial oxides Gd,05, Ga,03, and TiO, by the
solid-state synthesis via annealing in air at temperatures of 1273 and 1573 K. The crystal structure of the tita-
nate has been refined by X-ray diffraction. The high-temperature (320—1000 K) heat capacity of the com-
pound has been measured by differential scanning calorimetry. Based on the experimental dependence C, =
AT, the main thermodynamic functions of the titanate have been calculated.
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1. INTRODUCTION

The interest of researchers and practitioners in
rare-earth titanates with the general formula R,Ti,0,
(R = La—Lu) is due to both their intriguing physical
properties and prospects for application in various
fields of science and technology [1—3]. The possibili-
ties of using such materials are significantly increased
by changing their physicochemical properties via dop-
ing [3], isomorphic substitution (R'R;",),Ti,O; [4],
and partial replacement of rare-earth elements by
other metals with the formation of the RMTi,0, com-
pounds [5]. The later titanates are the most under-
studied. In particular, in [5], the synthesis of a series of
the RMTi,O0; (R = Sm—Lu, Y; M = Ga, Fe) com-
pounds was reported. At the same time, data on their
properties and crystal structure were not presented
(the data on only the GdGaTi,O; structure were
reported). The state diagrams of the R,0;—M,0;—
TiO, systems have not been completely built yet. To
refine the phase equilibria in such systems by the ther-
modynamic modeling methods, it is necessary to
obtain data on the thermodynamic properties of the
coexisting phases. Literature data on the RMTi,0,
titanates are lacking.

In this study, we report on the synthesis of titanate
GdGaTi,0, and investigations of its structure and
thermodynamic properties.

2. EXPERIMENTAL

Substituted titanate GdGaTi,0, was obtained by
the solid-state synthesis from the initial oxides Gd,05,
Ga,0;, and TiO, precalcined in air at 1173 K. The stoi-
chiometric mixture was homogenized in an agate
mortar and tableted. The tablets were sequentially
burnt in air, first at 1273 K for 10 h and, then, three
times at 1573 K for 5 h. To complete the solid-state
reaction, after each burning the samples were ground
and pressed again. The phase composition of the
obtained samples was controlled by X-ray diffraction.
X-ray powder diffraction patterns of GdGaTi,0, were
taken at room temperature on a Bruker DS
ADVANCE diffractometer (Cuk,, radiation) using a
VANTEC linear detector. In the experiment, a
0.6-mm slit of the primary beam in the angular range
of 20 = 11°—100° was used. A scanning step of 0.016°
remained invariable over the entire angular range; the
exposure time at each step was 2 s. All the reflections
in the X-ray diffraction patterns were identified by the
Pcnb rhombic cell. The Rietveld refinement was made
using the TOPAS 4.2 software [6]. The refinement
results are given in Table 1 and presented in Fig. 1.

For comparison, Table 1 gives the data from [5]. It
can be seen that the results obtained are in satisfactory
agreement. A certain discrepancy between these data
is apparently related to the fact that, in [5], single crys-
tals were used, while, in our case, these were polycrys-
talline samples.
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Table 2. Atomic coordinates and isotropic heat parameters

refinement B, for the GdGaTi,0; structure

Parameters This study [5] Atom X y z Biso O,
Space group Penb Penb Gd [0.2378(3) |0.1345(2) | 0.0123(5) [0.61(19)| 1

a, A 9.7844(2) 9.7804(3) Til |0.2638(8) |0.3858(6) |0.5011(15)|1.2(3) |0.870(23)
b, A 13.6078(3) 13.605(1) Gal |0.2638(8) |0.3858(6) | 0.5011(15)[1.2(3) |0.130(23)
¢, A 7.43032(18) 7.4186(2) Ti2 0.5 0.25 0.2520(17)|1.0(5) | 0.409(73)
v, A3 989.30(4) 987.16(1) Ga2|0.5 0.25 0.2520(17)[1.0(5) | 0.591(73)
d, g/cm’ 5.84 5.848 Ti3 |0.004(17) |0.4906(7) |0.2732(14)|1.0(4) |0.925(43)
R,y % 298 Ga3 | 0.0048(17)| 0.4906(7) | 0.2732(14)[1.0(4) | 0.075(43)
R, % 175 Ga |0 0.25 0.3536(14)|1.8(4) |0.78
Ry, % 0.5 Gai |0.126(6) [0.280(5) |0.335(6) |[1.8(4) |[0.11

5 140 01 [0.1614(16) | 0.3966(18) 0.223(3) [1.0(3) |1

X : : 02 [0411(2) [0.115(2) |0.261(4) [1.03) |1
e Bt e e ms 03 [0.109G) | 0151814 |0.2614) 103 |1
R, profile R, integral Rp. x? is the fitting quality. 04 |0.373(3) |0.284(3) [0.439(4) |1.03) |1

05 [0.376(3) [0.282(2) |0.055(4) [1.03) |1

The heat capacity of GdGaTi,0, titanate was mea- 06 |0.377(3) |0.487(2) [0.408(4) [1.03) |1
T 9CH ST e e (e, 07 10760 Jowoe) Jovses ooy |

many). The experimental technique was similar to that
described previously in [7, 8]. The confidence interval
of the experiments was no more than 5%.

3. RESULTS

The atomic coordinates and thermal parameters of
the synthesized titanate are given in Table 2 and the
main bond lengths, in Table 3.

Figure 2 shows the effect of temperature on the
molar heat capacity of titanate GdGaTi,O;. As the
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Fig. 1. (1) Differential, (2) calculated, and (3) difference
profiles of the X-ray diffraction pattern of the GdGaTi,O,
sample after the derivative difference minimization refine-
ment. Vertical sticks show the calculated peak positions.
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temperature increases from 320 to 1000 K, the C, val-
ues naturally increase. The absence of any extrema in
the C, = f(T) curve is apparently indicative of the
absence of polymorphic transformations in GdGa-
Ti,O, in this temperature range. The experimental
data on the heat capacity of the investigated titanate
are well-described by the Maier—Kelley equation [9]

C,=a+bT —cT7, (1)

which, for the investigated compound, has the form

C, = (266.7 £0.50) + (15.91 % 0.50) x 10T
— (45.39+0.48)x 10°T .

The correlation coefficient for Eq. (2) is 0.9992 and
the maximum deviation from the smoothing curve is
0.54%.

The presence of a temperature dependence of the
heat capacity of GdGaTi,O, in the form of Eq. (2)
allows us to calculate its basic thermodynamic func-
tions using the known thermodynamic relations.
These results are given in Table 4.

We could not compare our data on the GdGaTi,0;
heat capacity with results of other authors because of
the absence of the later. Therefore, Fig. 2 shows the
heat capacity of titanate Gd,Ti,O, [10]. Note that the
partial replacement of Gd by Ga reduces the heat
capacity over the entire investigated temperature
range. In addition, the C, o5 values can be compared
with the calculated data according to different model
representations: the additive Neumann—Kopp (NK)

(2)
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Table 3. Main bond lengths (A) in the GdGaTi,0; structure

Bond length Value Bond length Value
Gd—02 2.52(3) ||Ga—O1 2.03(2)
Gd—02! 2.38(3) ||Ga3—02" 1.90(3)
Gd—03 2.25(3) ||Ga3—03v 2.24(2)
Gd—03! 2.413) ||Ga3—06"t 1.86(3)
Gd—04! 2.38(3) ||Ga3—O7V 2.29(4)
Gd—05 2.44(3) ||Ga3—O7Vi 1.90(4)
Gd—O6ii 2.35(3) ||Ga—03 1.84(2)
Gd—o7i 2.42(3) ||Ga—O5" 1.97(3)
(Til/Gal)—0O1 | 2.30(3) ||Gai—Ol 1.82(6)
(Til/Gal)—O1"V | 1.81(3) ||Gai—03 1.84(6)
(Til/Gal)—04 1.81(3) ||Gai—05Y 1.64(5)
(Til/Gal)—05" | 2.01(3) |[(Ti3/Ga3)—O1 | 2.03(2)
(Til/Gal)—06 1.92(3) ||(Ti3/Ga3)—02" | 1.90(3)
(Til/Gal)—07V | 1.99(3) ||(Ti3/Ga3)—03" | 2.24(2)
(Ti2/Ga2)—02 | 2.03(3) ||(Ti3/Ga3)—06"i| 1.86(3)
(Ti2/Ga2)—04 | 1.92(3) ||(Ti3/Ga3)—07" | 2.29(4)
Ti2/Ga2)—05 1.93(3) ||(Ti3/Ga3)—07¥i| 1.90(4)

Symmetry elements (i) x + 1/2,y, 2z — 1/2; i)y x + 1/2, y — 1/2,
—z+ 1/2; (i) x,y—1/2, —z; iv) x+ 1/2,y,z+ 1/2; (v) x + 1/2,
y+1/2, —z + 1/2; (vi) x, —y + 1/2, z; (vii) x — 1/2, —y + 1,
—z+ 1/2.

Table 4. Thermodynamic properties of GdGaTi,0,

method [11], the increment Kumok method (IKM)
[12], Kellog (Kel) tables [13], and group contributions
(GCQC) [14]. These results are given in Table 5. It follows
from the later that the best agreement with the experi-
ment (Eq. (2)) is obtained using the Kumok method.
The heat capacities of binary oxides Gd,0;, Ga,0s,
and TiO, required for the calculations at 7= 298 K
were borrowed from the literature [11].

The temperature dependence of the heat capacity
can be estimated by the method of group contributions
[14] (Fig. 2). For GdGaTi,0;, the calculated C, values
from 320 to 600 K coincide with the experimental val-
ues. At T > 600 K, the difference between them
increases with temperature. The C, values calculated
for Gd,Ti,0, are lower than the experimental values,
but this difference decreases with increasing tempera-
ture. When analyzing the prediction of the tempera-
ture dependence of the heat capacity of oxide com-
pounds by the group contribution method, Leiner
etal. [15] found that it yields reasonable C, values at
298 K, while, at other temperatures, deviations from
the experimental data can be observed. This was noted
by the authors of the method of group contributions
[14].

We calculated the temperature dependence of the
heat capacity of GdGaTi,0; by the Erdos and Cherny
method [16, 17] using the equation

C,=a+kbT —k’cT, &)

where k is the coefficient of similarity equal to the
ratio between the temperatures of the reference and

T,K C,, JK'mol™ | H°(T) — H°(320 K), kJ mol ™" | $°(7) —$°(320 K), J K™' mol ™' | —AG/T*,J K" mol™
320 227.4 — - -

350 235.2 6.94 20.74 0.90

400 244.7 18.96 52.80 5.41

450 251.4 31.37 82.03 12.33

500 256.5 44.07 108.8 20.65

550 260.4 57.00 133.4 29.80

600 263.6 70.10 156.2 39.40

650 266.3 83.35 177.4 49.21

700 268.6 96.72 197.3 59.09

750 270.5 110.2 215.9 68.93

800 272.3 123.8 233.4 78.66

850 273.9 137.4 249.9 88.25

900 275.4 151.2 265.6 97.68

950 276.8 165.0 280.6 106.9
1000 278.1 178.8 294.8 115.9

*(AG°/T) = (H°(T) — H°(320 K))/T — (8°(T) — $°(320 K)).
PHYSICS OF THE SOLID STATE  Vol. 63 No.4 2021
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Fig. 2. Dependences C, = A(7T) for (a) GdGaTi,07 and
(b) Gd,Ti,O7 (1) obtained experimentally and calculated
using (2) the Erdos—Cherny method and (3) model repre-
sentations of the group contributions.

investigated substance at which their heat capacities
are equal. Titanate Gd,Ti,0, was taken as a reference
(the data on its high-temperature heat capacity were
reported in [10]). The heat capacities of Gd,Ti,0, and
GdGaTi,0; are equal at 650 and 800 K (k = 0.8125).
The results are shown in Fig. 2. It can be seen that, in
this case, agreement with the experimental data is bet-
ter than when using the method of group contribu-
tions.

Table 5. Comparison of the experimental values of the heat
capacity of GdGaTi,0, with the calculated values using dif-
ferent models

Cp, 298
(exp)

220.3|209.9| —4.7

NK [A, % |IKM A, % | Kel |A, % | GC |A, %

217.3 | —1.4 {228.2| +3.6 |228.2| +3.6
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