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Abstract—Single-phase LuGaTi,O, samples have been prepared by solid-state reaction in a starting mixture
of Lu,03, Ga,03, and TiO, via sequential firing in air at temperatures of 1273 and 1573 K. The crystal struc-
ture of the lutetium gallium dititanate has been determined by the Rietveld method (profile analysis of X-ray
diffraction patterns of polycrystalline powders): sp. gr. Pcnb; a = 9.75033(13) A b= 13.41425(17) A, ¢ =

7.29215(9)

, V=1957.32(2) A3, d = 6.28 g/cm’. The heat capacity of LuGaTi,0; has been determined as a

function of temperature by differential scanning calorimetry in the range 320—1000 K. The C,(7) data thus
obtained have been used to calculate the principal thermodynamic functions of the oxide compound.
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INTRODUCTION

Unfailing interest of researchers and practicians in
rare-earth titanates is aroused by their potential prac-
tical applications [1—5]. The best studied among them
are rare-earth dititanates: R,Ti,0, (R = rare-earth ele-
ment). Data on their crystal structure have been pre-
sented in many reports [1, 6—10]. The R,Ti,O, (R =
Sm—Lu, Y) compounds have a cubic face-centered
pyrochlore structure (sp. gr. Fd3m) [6—10], whereas
La,Ti,0,, Pr,Ti,O, and Nd,Ti,O; crystals have a
monoclinic structure (sp. gr. P2,) [1, 11, 12]. There are
also published data on their magnetic [1, 12, 13], elec-
trical [1, 14], and dielectric [15] properties. At the
same time, many properties of the R,Ti,O; titanates
(especially their thermophysical properties) have not
yet been studied in sufficient detail. Moreover,
RMTi,0; (M = Ga, Fe) substituted titanates are
essentially unexplored. Such compounds were first
obtained by Genkina et al. [16]. They were shown to
exist in the systems with R =Sm—Lu and M = Ga and
Fe, but not in stannate or zirconate systems and not at
M = Cror Al In addition, Genkina et al. [ 16] reported
that, in the synthesized series of substituted rare-earth
titanates, crystal structure was only determined for
GdGaTi,0,. Note that there are such data for the

RMGe,0; (M = Al, Ga, In, Fe) substituted german-
ates [17—19].

The objectives of this work were to determine the
crystal structure of the LuGaTi,0;, titanate, measure
the heat capacity of the synthesized samples as a func-
tion of temperature in the range 350—1000 K, and
evaluate its principal thermodynamic functions from
these data.

EXPERIMENTAL

Given the high melting points of its constituent
oxides, the LuGaTi,0O, substituted titanate was pre-
pared by solid-state reaction. For this purpose, after
calcination at 1173 K stoichiometric amounts of the
starting oxides (extrapure-grade TiO, and Ga,0; and
reagent-grade Lu,0;) were mixed, homogenized by
grinding in an agate mortar, and pressed into pellets,
which were then sequentially fired in air at 1273 K for
10 h and three times at 1573 K for 5 h. To drive the
solid-state reaction to completion, the pellets were
reground after each firing step and the resultant pow-
ders were then re-pressed. The phase composition of
the samples thus prepared was determined by X-ray
diffraction. X-ray powder diffraction patterns of
LuGaTi,0, were collected at room temperature on a
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Fig. 1. Crystal structure of LuGaTi,O.

Bruker D8 Advance diffractometer (Cuk|, radiation)
equipped with a VANTEC linear detector. In the
X-ray diffraction measurements, we used a 0.6-mm
incident beam slit. The angular range was 26= 11°—
100°, the scan step was maintained constant at 0.016°
throughout the angular range, and the counting time
per data point was 2 s in each step.

The high-temperature heat capacity C, of LuGaTi,0;
was determined by differential scanning calorimetry
using an STA 449 C Jupiter thermoanalytical system
(Netzsch, Germany). The experimental procedure
was described in detail elsewhere [20]. The experi-
mental data were analyzed using the Netzsch Proteus
Thermal Analysis software package and licensed Sys-
tat Sigma Plot graphing software (Systat Software Inc,
the United States). The uncertainty in our measure-
ments was within 2%.

RESULTS AND DISCUSSION

All reflections in X-ray diffraction patterns were
indexed in an orthorhombic structure (sp. gr. Pcnb) with
unit-cell parameters similar to those of GdGaTi,0, [16].
Because of this, the crystal structure of this compound
was used as an input model for Rietveld refinement
with TOPAS 4.2 software [21]. The Gd ions were replaced
by Lu ions (Fig. 1). In the structure of GdGaTi,O,, one
Ga ion is disordered in two positions, 4c (Ga) and 8d
(Ga'), with site occupancies of 0.78 and 0.11, respec-
tively [16]. These data were obtained by structure
refinement for single-crystal samples. In this study, we
used a powder sample in structure refinement, which
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was thus less accurate, so the above site occupancies
were maintained constant. It is also known from the
input model for GdGaT1i,0; that three sites in an inde-
pendent part of a cell are occupied by Ti/Ga. The dis-
order does not include a few sites, unlike in the case of
Ga/Ga'. Because of this, we made an attempt to refine
the Ti/Ga site occupancies. To improve refinement
stability, a limitation in the form of linear equations
was imposed on the total number of Ti and Ga ions per
unit cell. As a result, refinements proceeded stably and
converged to small agreement parameters (Table 1,
Fig. 2). The atomic position coordinates and thermal

Table 1. Principal intensity data collection and structure
refinement parameters for a LuGaTi,0O; crystal (sp. gr. Pcnb)

a, A 9.75033(13)
b, A 13.46425(17)
c, A 7.29215(9)
VA3 957.32(2)
d, g/Cm3 6.28

20 range, deg 11-100
Ryps % 4.78

R,, % 3.60
Ry, % 0.86

X2 2.3

a, b, ¢, and B are the unit-cell parameters; V is the unit-cell vol-
ume; d is the calculated density; Ry, Ry, and Ry are the weighted
profile, profile, and Bragg agreement factors, respectively; and
is the goodness-of-fit index.
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Fig. 2. (1) Raw X-ray diffraction data, (2) calculated pro-
file, and (3) difference plot after refinement by the Riet-
veld method for LuGaTi,O; at room temperature. The
vertical tick marks show the calculated positions of allowed
reflections.

parameters are given in Table 2, and the principal
bond lengths are listed in Table 3.

Figure 3 and Table 4 present experimental data
illustrating the effect of temperature on the heat
capacity of LuGaTi,0,. It is seen that, as the tempera-
ture is raised from 320 to 1000 K, its C, rises systemat-
ically, without any extrema in the C,(7) curve. This
can be interpreted as evidence that, in this temperature
range, the LuGaTi,0, phase undergoes no polymor-
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Fig. 3. Temperature dependences of molar heat capacity
for (1) Lu,Ti,O7 and (2) LuGaTi, 0.

phic transformations. The present results are well rep-
resented by the classic Maier—Kelley equation [22]:

C,=a+bT —cT". (1)
For LuGaTi,0,, it has the following form:
C,= (252.43i0.61)+(25.7i0.7)><1073T 2)

~(39.56 £ 0.59)x10°T .

The correlation coefficient for Eq. (2) is 0.9989 and
the maximum deviation of the data points from the
corresponding smoothed curve is 0.65%.

Table 2. Atomic position coordinates and isotropic thermal parameters in the structure of LuGaTi,0,

Atom x y z B, Occupancy
Lu 0.2474(6) 0.13403(10) —0.0007(8) 0.56(10) 1
Til 0.2542(18) 0.3855(3) 0.505(3) 1.00(15) 0.859(13)
Gal 0.2542(18) 0.3855(3) 0.505(3) 1.00(15) 0.141(13)
Ti2 0.5 0.25 0.251(2) 1.0(3) 0.808(47)
Ga2 0.5 0.25 0.251(2) 1.0(3) 0.192(47)
Ti3 0.0038(8) 0.4869(4) 0.2505(13) 1.0(2) 0.737(27)
Ga3 0.0038(8) 0.4869(4) 0.2505(13) 1.0(2) 0.263(27)
Ga 0 0.25 0.3305(14) 2.2(3) 0.78
Gai 0.044(5) 0.287(3) 0.171(6) 2.2(3) 0.11
Ol 0.1649(10) 0.3936(10) 0.242(5) 0.35(16) 1
02 0.3951(17) 0.1078(13) 0.252(6) 0.35(16) 1
03 0.103(2) 0.1537(9) 0.224(3) 0.35(16) 1
04 0.371(3) 0.286(2) 0.432(3) 0.35(16) 1
05 0.375(3) 0.277(2) 0.057(4) 0.35(16) 1
06 0.366(3) 0.497(2) 0.436(4) 0.35(16) 1
o7 0.380(3) 0.487(2) 0.054(4) 0.35(16) 1
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Table 3. Principal bond lengths (A) in the structure of LuGaTi,0,

1245

Lu—02 2.37(4) Ga—03 1.811(17)
Lu—02! 2.30(4) Ga—05"V 2.08(3)
Lu—03 2.18(2) Gai—01 1.93(5)
Lu—03! 2.50(2) Gai—03 1.93(5)
Lu—04! 2.40(3) Gai—03V! 1.68(5)
Lu—05 2.33(3) Gai—04! 1.93(5)
Lu—06! 2.21(3) (Ti2/Ga2)—04 1.88(3)
Lu—O7! 2.40(3) (Ti2/Ga2)—05 1.90(3)
(Til/Gal)—O1 2.11(4) (Ti3/Ga3)—01 2.012(13)
(Til/Gal)—0O1" 1.91(4) (Ti3/Ga3)—02Y 1.903(18)
(Til/Gal)—04 1.84(3) (Ti3/Ga3)—03V! 2.167(15)
(Til/Gal)—05" 1.97(3) (Ti3/Ga3)—06"!! 1.93(3)
(Til/Gal)—06 1.91(3) (Ti3/Ga3)—07"V 2.49(3)
(Til/Gal)—07V 1.92(3) (Ti3/Ga3)—07"!! 1.90(3)
(Ti2/Ga2)—02 2.171(17)

Symmetry code: (I) —x+ 1/2,y,z—1/2; (1) —x+ 1/2,y —1/2, —z+ 1/2; 1) x,y — 1/2, —z; AV) —x+ 1/2,y, 2+ 1/2; (V) —=x + 1/2,

y+1/2,—z+1/2; (VD) —x, =y + 1/2,z; (V) x - 1/2, =y + 1, —z + 1/2; (VII) x — 1/2, =y + 1/2, 2 + 1/2.

Table 4. Thermodynamic properties of LuGaTi,0,

T K C, H°(T) — H°(320 K), S°(T) — $°(320 K), —(AG°/1),*
’ J/(mol K) kJ/mol J/(mol K) J/(mol K)
320 222.0 — — —
350 229.1 6.77 20.22 0.87
400 238.0 18.46 51.43 5.27
450 244.4 30.53 79.85 12.01
500 249.5 42.88 105.9 20.11
550 253.5 55.46 129.8 29.01
600 256.9 68.22 152.0 38.35
650 259.8 81.14 172.7 47.90
700 262.3 94.19 192.1 57.52
750 264.7 107.4 210.3 67.10
800 266.8 120.7 227.4 76.59
850 268.8 134.0 243.6 85.94
900 270.7 147.5 259.1 95.14
950 272.5 161.1 273.7 104.1
1000 274.2 174.8 287.7 113.0

*—(AG°/T) = (H>(T) — H°(320 K))/ T — (§°(T) — 5°(320 K)).

Since no heat capacity data for the LuGaTi,O, sub-
stituted titanate are available in the literature, for com-
parison Fig. 3 presents heat capacity data for Lu,Ti,0;
[23]. It is seen that replacing some of the Lu ions by Ga
reduces the heat capacity of the material, but the C,(7)
curves of the two titanates are similar in shape
throughout the temperature range studied.

The 298-K heat capacity of LuGaTi,0, evaluated
using the Neumann—Kopp additive rule [24, 25] is
Vol. 56
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C, = 208 J/(mol K), which differs by 3.5% from the
value obtained using Eq. (2). In the calculation by
Eq. (2), we used the heat capacities of Lu,0;, Ga,0;,
and TiO, borrowed from Leitner et al. [24].

Using the present heat capacity data in the form of
Eq. (2) in combination with well-known thermody-
namic relations, we evaluated the principal thermody-
namic functions of LuGaTi,0,. The results are pre-
sented in Table 4.
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CONCLUSIONS

The LuGaTi,0; substituted titanate has been pre-
pared by solid-state reaction and its crystal structure
has been determined. Its heat capacity has been mea-
sured as a function of temperature. The experimental
data have been shown to be well represented by the
Maier—Kelley equation in the range 320—1000 K.
These data have been used to calculate the principal
thermodynamic functions of the lutetium gallium tita-
nate.
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