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Abstract—Germanate PrAlGe,0; is obtained from initial oxides Pr,03, Al,03, and GeO, via solid-phase
synthesis. The crystal structure of the investigated germanate is determined via X-ray diffraction. The
luminescence spectra are been determined at room temperature. The effect temperature has on the heat
capacity is determined via differential scanning calorimetry. The thermodynamic properties of the complex
oxide compound are calculated using the experimental data on C, = f(T) in the temperature range of

350—-1000 K.
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INTRODUCTION

There has recently been a steady rise in interest in
germanium-based oxide materials with the general
formula RMGe,0, (R = rare-earth element (REE);
M = Al, Ga, In, Fe) [1-7]. It should be noted that the
compounds most studied also contain iron [4, 5, 8§—
12], and we have data on their structure and magnetic
properties. Only fragmentary data on unit cell param-
eters and optical properties are available for other
RMGe,0,; compounds [1, 2, 5, 7]. The thermophysi-
cal properties of this type of compounds at high tem-
peratures have been investigated only for SmFeGe, 0O,
[12] and SmGaGe,0; [7]. These materials include
PrAlGe,0;, for which only unit cell parameters are
known [2]. Dielectrics that contain Pr are objects of
great interest from the viewpoint of their optical prop-
erties (see, e.g., [13]).

The aim of this work was to synthesize, determine
the crystal structure, and study the luminescence and
thermodynamic properties of PrAlGe,0; germanate.

EXPERIMENTAL

Germanate PrAlGe,0, was obtained from initial
oxides Pr,0;, Al,O;, and GeO, via solid-phase syn-
thesis. Pr,0; was obtained from Pr¢O,; via reduction
with hydrogen according to the procedure described in
[14]. A stoichiometric mixture of the initial oxides was

thoroughly ground in an agate mortar and pressed into
pellets, which were then sequentially calcined in air at
temperatures of 1273 (40 h), 1373 (100 h), and 1473 K
(60 h). To ensure completion of the solid-state reac-
tion, the pellets were ground every 20 h and the result-
ing powders were pressed into pellets again. The syn-
thesis time and the amount of excess GeO, (the rela-
tively high temperatures of germanate synthesis result
in partial evaporation of the GeO, [15]) were opti-
mized using experimental data. The phase composi-
tion of the obtained samples was monitored via X-ray
structural analysis.

The X-ray powder diffraction pattern of PrAlGe,0,
was obtained on a Bruker D8 ADVANCE diffractom-
eter using a VANTEC linear detector (CuK|, radiation)
at room temperature. During each experiment, a pri-
mary beam slit of 0.6 mm was used in angular range
20 = 11°—120°. The 26 angle scanning step was 0.016°
and the exposure time was 2 s per step. The lumines-
cence spectra were measured on a Horiba-Jobin-Yvon
T6400 spectrometer at room temperature. The heat
capacity of SmGaGe,O; was measured on a
NETZSCH STA 449 C Jupiter unit (Germany). The
experimental procedure is similar to the one described
in [16]. At least three independent heat capacity mea-
surements were made. The uncertainty in our heat
capacity measurements at temperatures above 373 K
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Table 2. Atomic coordinates and isotropic heat parameters

P21/c) B, (A?) of the PrAlGe,0; structure
Parameter Value Atom X y z B,
a, A 7.2292(1) Pr | 0.7618(2) | 0.1477(3) | 0.02502(12) | 0.58(9)
b A 6.5329(1) Al | 0.7894(11) | 0.3970(12) | 0.2682(5) | 0.45(17)
o A 12.747002) Gel | 0.7908(4) | 0.6561(5) |0.0497(2) | 0.71(11)
B, deg 117.4096(9) Ge2 | 0.3022(4) | 0.4077(4) | 0.2190(3) 0.40(10)
VA S34.41() Ol |0.587(2) |0.822(2) | 0.0238(10) | 0.50(15)
02 |0.7652(18) | 0.126(2) | 0.2173(10) | 0.50(15)
20 angle range, deg 11-120
03 0.5703(19) | 0.388(2) 0.2963(11) | 0.50(15)
Ry % 5.09 04 |0.006(2) |0.331(2) |0.4178(10) | 0.50(15)
R, % 3.65 05 |0.744(2) |0.007(2) | 0.4251(12) | 0.50(15)
Ry, % LI3 06 | 0.8019(19) | 0.4456(19) | 0.1392(12) | 0.50(15)
x> 1.91 07 |0.166(2) | 0.184(2) | 0.1902(12) | 0.50(15)
was within 2%. The experimental data were analyzed Fig. 1. The atomic coordinates and main bond

using the Netzsch Proteus Thermal Analysis program
package and licensed Systat Sigma Plot 12 graphing
software (Systat Software Inc., United States).

RESULTS AND DISCUSSION

With the exception of the impurity peaks, almost
all reflections are assigned to a monoclinic cell with
parameters close to that of SmFeGe,0; [17]. This
structure was therefore taken as the initial model for
Rietveld refinement using the TOPAS 4.2 program
[18]. For the conversion, the Sm site was replaced
with a Pr ion, and Fe was replaced with Al. The
results from refinement are given in Table 1 and in

lengths for PrAlGe,0, are given in Tables 2 and 3,
respectively. The structure of the germanate is shown
in Fig. 2. A comparison of the PrAlGe,0O; unit cell
parameters we obtained (Table 1) and the data in [2]
(@a=723(1) A, b =6.53(1) A, c = 12.75(1) A, B =
117.5(2)°, d = 5.29 g/cm?) shows their good agreement.

The luminescence spectrum of PrAlGe,0,,
recorded upon excitation by an InGaN laser at 450
nm, is shown in Fig. 3. The wavelength of excitation
falls into resonance with *H,—*P, transition with sub-
sequent relaxation to states *P, and *P,. The lumines-
cence spectrum is formed mainly by contributions
from the transitions from these states of the Pr3* ion.
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Fig. 1. Rietveld refinement of X-ray diffraction pattern for PrAlGe,O;.
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Table 3. Main bond lengths (A) in the PrAlGe,O; structure

Bond Bond length Bond Bond length
Pr—O1! 2.472(13) || Al—04v 1.876(13)
Pr—O1i 2.309(10) || Al—06 1.718(14)
Pr—02 2.444(11) || Al-O7vi 1.937(15)
Pr—Q3fil 2.599(13) || Gel—-O1 1.735(12)
Pr—04V 2.552(12) || Gel—04"i 1.755(11)
Pr—04" 2.686(9) Gel—05 1.756(13)
Pr—O5fi 2.647(13) || Gel—06 1.765(13)
Pr—06 2.367(13) || Ge2—02'i 1.814(13)
Pr—O7" 2.713(11) || Ge2—03 1.728(9)
Al-02 1.868(16) || Ge2—05Vi 1.797(13)
Al-03 1.778(9) Ge2—07 1.703(12)

Elements of symmetry: (i) x, y — 1, z; (ii) —x + 1, =y + 1, —z;
(iii)x, =y + 1/2,z=1/2; (iv) —x + 1,y = 1/2, =z + 1/2; (v) x + 1,
—y+1/2,z—1/2; (vi)x+ 1,y,z;and (vii)) —x+ 1,y + 1/2,—z+ 1/2.

The fading wing in the short-wavelength part of the
spectrum is scattered radiation from the source of
excitation. The predominance of the exciting radiation
confirms that the observed luminescence of the highly
concentrated PrAlGe,0; crystal is fairly weak, which
must be attributed to the radiativeless transfer of
energy between Pr ions and thus to concentration
quenching of the luminescence. The main bands of
Pr** luminescence identified in the spectrum corre-
spond to the 3Py—3H,, *P,—*H;, *P—H;, 'D,—*H,,
3P—*H,, *Py—H¢, *Py—’F,, *P,—F;, and *P,—°F,
transitions. The presented spectrum shows convinc-
ingly that in addition to concentration quenching,
there is an additional effect from the high concentra-

IRTYUGO et al.

tion of Pr: the reabsorption of emitted luminescence.
This effect is observed if the characteristic length of
flight of emitted photons in the material is comparable
to or less than the one at the wavelength of excitation.
Naturally, this effect is observed only at luminescent
transitions terminating at the ground state (*H,). The
band corresponding to *P;—*H, transition is consider-
ably diminished, due to reabsorption in the PrAl-
Ge,0,. The same effect can be seen for the 'D,—*H,
transition, which is notably reduced in comparison to
the neighboring 3P,—*H, band.

We should note the relatively broad and structure-
less spectral feature peaking at 700 nm, which cannot
be ascribed to any transition of the Prion forbidden by
parity. It is presumably explained by the presence of
such minor crystal structure defects as anion vacan-
cies. The optical transitions of these defects are
allowed by parity and typically produce broad spectral
features in luminescence and absorption. It follows,
however, that the content of these defects is much
lower than that of Prions.

Figure 4 presents the temperature dependence of
the heat capacity of PrAlGe,0,. We can see that
dependence C, = f{T) contains no extrema. We may
therefore assume that PrAlGe,0O; has no polymorphic
transformations in the considered range of tempera-
tures. The data is described by the classical Maier—
Kelley equation [19]

C,=a+bT —cT7, (1)
which has the following form for PrAlGe,0;:

C, = (234.40£0.72) + (74.79 + 0.80) x 10T

(2
— (42.67£0.78)x10°T .

Fig. 2. Crystal structure of PrAlGe, 0.
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Fig. 3. Luminescence spectrum of PrAlGe,0O.

The coefficient of correlation in Eq. (2) is 0.9996, and
the maximum deviation of the experimental points
form the smoothing curve is 0.66%.

Using Eq. (2) and familiar thermodynamic rela-
tions, we determined the thermodynamic functions of
the germanate PrAlGe,0O;. The results are presented in
Table 4.

There are no literature data on the specific heat of
PrAlGe,0,, so we were unable to compare our data
and results obtained by other authors. At the same
time, this can be done with calculated C, values using
different model concepts: Neumann—Kopp (NK)
[20—22] and the incremental Kumok approach (IMK)
[23]. These data are presented in Table 5. We can see
that the incremental Kumok approach gives the best

Table 4. Smoothed values of the molar heat capacity and calculated values of enthalpy H°(7) — H°(350 K), entropy S%(7) —
59350 K), and normalized Gibbs energy (AG/T) for PrAlGe,0,

T K Gy H(T)— H°B50K), | S%T) — S°350 K), —AG/T*,
’ Jmol ' K™! kJ mol™! Jmol ' K™! Jmol ' K™!
350 225.8 — — —
400 237.7 11.60 30.96 1.96
450 247.0 23.72 59.51 6.79
500 254.7 36.27 85.95 13.40
550 261.5 49.18 110.5 21.13
600 267.4 62.41 133.6 29.55
650 272.9 75.92 155.2 38.39
700 278.1 89.70 175.6 47.47
750 282.9 103.7 195.0 56.66
800 287.6 118.0 213.4 65.88
850 292.1 132.5 230.9 75.08
900 296.5 147.2 247.8 84.21
950 300.7 162.1 263.9 93.25
1000 305.0 177.3 279.4 102.2
*—AG/T=[H'(T) — H'350 K)]/T— [S°(T) — $°(350 K)].
RUSSIAN JOURNAL OF PHYSICAL CHEMISTRYA Vol.95 No.8 2021
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Fig. 4. Temperature dependences of the molar heat capac-
ity for PrAlGe,05. The white dots are experimental data;
the line is the best fit curve.

Table 5. Comparison of our experimental C,(298 K) data
(J mol™! K™y and calculation results obtained using differ-
ent model equations

NK A, %

34

Compound | C, s IMK | A, %

208.7

201.7 212.0 +1.6

PrAlGe,0;,

agreement with the experiment. The C, values for
binary oxides Pr,0;, Al,O;, and GeO, required for
NK calculations were taken from [20].

CONCLUSIONS

Alumogermanate PrAlGe,0; was synthesized by
annealing a stoichiometric mixture of Pr,0;, Al,O;,
and GeQ, in air at 1273—1473 K. Its crystal structure
was determined. Its luminescent properties were
investigated, and its thermodynamic functions in the
range of 350—1000 K were determined.
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