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Abstract—Pr;Ga;SiO 4 crystals from the langasite family have been grown by the floating zone melting tech-
nique. Their X-ray diffraction analysis is performed at 16 different temperatures in range of 94—293 K. An
experiment with ultrahigh resolution at 94 K has yielded the most exact structural model: sp. gr. P321, Z=1,
a = 8.07636(4) A, ¢ = 5.06586(2) A, R1/wR2 = 1.192/1.185%, and Ap in/APmax = —0.93/+0.79 e/A3 for
3852 unique reflections and 123 refined parameters. The temperature evolution of atomic displacement
parameters is estimated based on multitemperature data using the extended Einstein and Debye models.
Static components of atomic displacements are selected and the characteristic Einstein and Debye tempera-
tures for structure atoms are determined. No structural anomalies have been found.
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INTRODUCTION

Since the time of their discovery, langasite family
crystals (structure type Ca;Ga,Ge,O,4, a ~ 8.5 A e~
5.1 A, sp. gr. P321, Z=1[1, 2]) have been of great
interest for researchers due to the variety of their useful
physical properties and a large number of possible
compositions.

Let us consider the structure of langasite family
crystals by an example of the compound Pr;Ga;SiO 4
(PGS). Four cation sites in langasite family crystals
A;BCDO,, are in Wyckoff positions in the unit cell: 3e
(A = Pr, symmetry axis 2; is generally written first in
the chemical formula), la (B = Ga, intersection of

Fig. 1. Projection of the PGS structure on the ab plane of
unit cell.
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symmetry axes 3 and 2), 3/ (C = Ga, symmetry axis 2),
and 2d (D = Si, symmetry axis 3). Three independent
sites, one special site 2d (symmetry axis 3), and two
general sites 6g are occupied by oxygen atoms (Fig. 1).

Langasite family crystals are used for lasing and as
nonlinear optical elements [3]. They are efficient
acoustic and piezoelectric materials [4]. In the last
years researchers have paid much attention to the
compounds of this set that contain magnetic cations
[5—7]. In particular, it was found that the langasites
containing iron ions in 3f sites exhibit antiferromag-
netic ordering with a Neel temperature 7y of about
30 K, which is responsible for the multiferroic proper-
ties of these compounds [8, 9].

The search of compounds having desired multifer-
roic characteristics under normal conditions has not
yet crowned with success. It was found [10] that an
increase in pressure leads to structural transformation
and, possibly, magnetic ordering in Ba;NdFe;Si,O,
(with Fe in the 3fsite). NMR measurements on gal-
lium (%-"'Ga) and silicon (¥’Si) nuclei in Nd;GasSiO,,
[11], which is a neodymium analog of langasite
La;GasSiO,, revealed a large spread in the local envi-
ronment of neodymium atoms (3e site), which leads to
disordered exchange coupling. In the last years
researchers have intensively investigated [12, 13] the
magnetic properties of the praseodymium analog of
langasite, PGS, whose structure was described in [4, 14].
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Fig. 2. Laue pattern of PGS crystal.

However, multiferroic properties were not observed in
this compound either. One may suggest that, to be fit
for practical application, langasite crystals with multi-
ferroic properties should have a more complex struc-
ture. It would be of interest to grow a crystal with coex-
istence of two different magnetic subsystems, com-
posed of atoms occupying the 3e site and atoms
occupying the 3fsite.

An example of such a system is ferroborates of rare-
earth elements, RFe;(BO;),. Ferroborates are charac-
terized by a number of pronounced multiferroic prop-
erties [15, 16]; in particular, they exhibit an elevated
(in comparison with langasites) transition temperature
to the magnetically ordered state and dependence of
the phase-transition temperature on the occupancy of
the site with rare-earth element [17].

The most perfect langasites [18] have been grown
by the Czochralski method. It is more difficult to grow
a compound with iron occupying the 3f'site; this was
done by the floating-zone method in [19, 20]. It is
likely that compounds with two magnetic subsystems
can be grown more easily using the same technique.

In view of the difficulties related to the growth of
these compounds, the first step in this direction was to
grow a PGS crystal; this procedure is described below.
The diffraction quality of the crystals grown was also
estimated, and structural prerequisites of the transi-
tion to the magnetically ordered state were sought for.
To reveal anomalies, such as implicit phase transi-
tions, partial orderings, and quantum critical points,
we used the DebyeFit program for analysis of atomic
displacements [21]. Thus, our purpose was to grow
PGS single crystals, compare the atomic structure of
grown crystals in a wide temperature range, and search
for anomalies in the temperature dynamics of struc-
tural parameters.
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EXPERIMENTAL
Growth of PGS Single Crystal

PGS crystals were grown by the floating zone melt-
ing technique on URN-2-ZP growth system in an air
medium. The initial agents, Pr;O,,, Ga,0;, and SiO,
(all of special purity grade) were dried at a temperature
of 200°C and weighted on a METTLER electronic
balance in required amounts in correspondence with
the chemical formula. Mixing was performed in a
mechanical mixer for 15 min. Preliminary firing of the
mixture was performed in air at 1200°C for 6 h. After
the grinding the mixture was pressed into rods 10 mm
in diameter and 80 mm long (using latex shells) in an
isostatic press under a pressure of 1500 atm. The final
firing of rods was carried out at a temperature of
1250°C for 6 h. After the firing, cylindrical rods 8 mm
in diameter and 70 mm long, with one sharpened end,
were prepared by mechanical treatment; these were
preforms for growing single crystals by zone melting
with light beam heating.

Rods with a cross section of 3 X 3 mm? and 15 mm
long, cut from a La;Ga;SiO,, single crystal, were used
as seeds. Cutting was performed after X-ray orienta-
tion of crystal in a Photonic Science Laue camera. The
crystal growth was carried out in the following modes:
linear growth (synchronous motion of the seed and
feed rod) with a rate of 2 mm/h, crystal rotation with a
rate of 30 rpm, and feed rod rotation with a rate of
1 rpm; the annealing furnace temperature during crys-
tal growth was 1200°C. No additional heat treatments
were performed after the growth. The typical sizes of
the grown single crystals were as follows: diameter of
4—7 mm and length of 40—50 mm. The quality of
grown single crystal was estimated from the Laue pat-
tern structure (Fig. 2). The mosaicity was estimated by
checking the coincidence of Laue patterns recorded
for different points of the crystal cross section.

Structure of PGS Single Crystal

To increase the diffraction data reliability, the PGS
sample was rolled into an ellipsoid with diameters of
0.36—0.39 mm. Sixteen diffraction experiments were
performed on an Xcalibur diffractometer with an EOS
S2 CCD detector (Rigaku Oxford Diffraction) at
nominal temperatures of 86, 90, 100, 110, 120, 130,
140, 150, 160, 170, 180, 190, 200, 230, 260, and 293 K.
In correspondence with the calibration performed in
[22], the sample temperatures during collection were,
respectively, 94, 97, 107, 116, 125, 134, 143, 153, 162,
172, 181, 191, 201, 230, 260, and 293 K. The experi-
ment at 94 K (from here on, the real temperature is
indicated) was performed with an ultrahigh resolution
to the scattering angle 6 = 74.5°; the other measure-
ments were carried out to the angle 6 = 48.5°.

The integral intensities were calculated within the
CrysAlisPro program [23]. Data processing included
the following procedures: consideration of geometric
Vol. 65
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Table 1. Crystallographic characteristics, experimental
details, and results of refinement of the PGS structural
model at 94 K

T, K (real) 94

a,c A 8.07636(4), 5.06586(2)

v, A3 286.165(2)

W, mm~! 24.27

Diffractometer Xcalibur EOS S2 CCD

Radiation; A, A MoK,; 0.71073

Scan mode 0]

Ranges of indices 4, k, [ —21<h<21,—-19<k<20,
—13</<13

0 max> deg 74.5

Number of measured 29518

reflections

Redundancy* 7.44

(6(F?)/F? 0.0256

R1,(F?)/wR2,(F*), % 3.49/6.17

Number of reflections/param- 3852/123

eters in refinement

R1(|F])/wR2(|F)), % 1.193/1.185

S 1.002
AP min/ AP max> €/A3 —0.93/0.79

1. In each of other 15 experiments, 8350—8380 reflections were
measured up to the resolution angle 6,,,, = 48.5°, refinement was

finished at R1(|F]) ~ 1.5—1.7% for 1700—1730 unique reflections.
2. RI (|ﬂ) = Z”Fobs| |Fcalc||/Z|Fobs|; WR2(|F|) =

2 2
VS W] ~ [Feaie)? /S w(Fos)?).
* Redundancy is a ratio of the number of measured reflections to
the number of unique reflections used in refinement.

features (Lorenz correction) and polarization correc-
tion; correction for thermal diffuse scattering [24]; dif-
fractometer calibration [25]; absorption correction
[26]; mixed-type extinction correction [27], and
refinement of the half-wavelength contribution [28].
All corrections were introduced and structural param-
eters were refined within the ASTRA program [29].
Fourier syntheses of electron density were constructed

Table 2. Atomic coordinates, equivalent thermal parameters U,
placements in the PGS crystal within the anharmonic model at%4 K

using the Jana2006 program [30]. The characteristic
Einstein temperatures and static atomic displacements
were calculated using the DebyeFit program [21].

All stages of the study (sample preparation, single
sample setting throughout the entire experimental
series, setting the collection task, and data processing)
were aimed at carrying out uniform operations in
order to obtain temperature-matched results. The
details of data collection and PGS structure refine-
ment are listed in Table 1. The crystallographic data
have been deposited with the Cambridge Crystallo-
graphic Data Centre (CCDC no. 1967750).

RESULTS AND DISCUSSION

The PGS structure was refined within the sp. gr. P321,
Z =1, in the anharmonic approximation of atomic dis-
placements. The following refinement criteria were
obtained for the experiment at 94 K: RI/wR2 =
1.192/1.185% and Apn/APmax = —0.93/40.79 e/A3 for
3852 unique reflections and 123 parameters in refine-
ment. The consideration of the anharmonic compo-
nent of atomic displacements has a high statistical sig-
nificance: return to the harmonic model increases the
R factors to R1/wR2 = 1.605/1.625% and deteriorates
the residual peaks in difference Fourier syntheses to
AP in/ APrmax = —2.66/+2.34 ¢/A3. The rank of atomic
displacement tensors (6322443 in the notation of [31]:
the displacements of atoms Gd(3e), Ga(la), O1(2d)
and O2(6g), and O3(6g) have anharmonic compo-
nents up to the sixth, third, fourth, and third ranks,
respectively) was chosen with the aid of the anhar-
monic displacement expert [32]. Therefore, the dif-
fraction quality of PGS is comparable with that of
iron-containing langasites [19, 20]. The atomic coor-
dinates and atomic displacement parameters for the
PGS crystal at a real temperature of 94 K are given in
Tables 2 and 3.

The deviations of the temperature dependence of
observed atomic displacement parameters uy,; = U,
from the theoretical plot are indicative of structural
transformation that has already occurred [17] or may

occur. The DebyeFit program [21] compares the mul-

occupancies Q, and ellipsoidalities € [33] of atomic dis-

Atom x/a y/b 10) Ueys A? €
Pr(3e) 0.41811(2) 0 0 1.0 0.00699(3) 0.0187
Ga(la) 0 0 0 1.0 0.0079(1) 0.0229
Ga(3f) 0.76482(1) 0 12 1.0 0.0061(1) 0.0146
(Ga+S2d) | 13 2/3 0.53513(3) 0.5+0.5 0.0051(2) 0.0044
01(2d) 1/3 2/3 0.1973(6) 1.0 0.0113(8) 0.0137
02(62) 0.4665(3) 0.3168(3) 0.3117(4) 1.0 0.0150(5) 0.0413
03(69) 0.2222(4) 0.0766(4) 0.7612(4) 1.0 0.0164(2) 0.0594

CRYSTALLOGRAPHY REPORTS Vol.65 No.2 2020
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Table 3. Characteristics of atomic displacements U (A2) in the PGS crystal within the anharmonic model at 94 K

Atom Uy Un Us3 Up Uy Un
Pr(3e) 0.00833(4) 0.00915(5) 0.00378(3) 0.00457(3) 0.00026(2) 0.00052(5)
Ga(la) 0.01004(4) 0.0100(3) 0.00370(3) 0.0050(3) 0.0 0.0
Ga(3/) 0.00546(2) 0.00635(3) 0.00667(2) 0.0032(4) | —0.001098(9) | —0.0022(3)
(Ga+Si)2d) | 0.00545(3) 0.0055(4) 0.00439(3) 0.0027(4) 0.0 0.0
01(2d) 0.0096(6) 0.010(1) 0.0148(8) 0.005(1) 0.0 0.0
02(6g) 0.0119(5) 0.0178(9) 0.0163(5) 0.0083(6) 0.0078(4) 0.0077(4)
03(6g) 0.0165(3) 0.0260(4) 0.0128(2) 0.0152(3) 0.0068(2) 0.0126(2)

titemperature set u,,(7) with the calculated values
ucalc(T) = Ugero + Ustatic + utemp(D, thus separating
quantum zero oscillations u,,,, static atomic displace-
ments Ugy,;, and dynamic thermal oscillations
Uemp(T). DebyeFit estimates also the Debye tempera-
ture T and Einstein temperature 7%, which charac-
terize the maximum and average atomic oscillation
frequencies, respectively.

The excellent agreement between the values of
atomic displacements obtained in this study is con-
firmed by the low model—experiment reliability fac-
tors: R ~ 1% (Figs. 3, 4; Table 4). The high goodness
of fit indicates the absence of structural anomalies.
Some deviation from the theoretical dependence is
observed for the displacements of oxygen atoms in the
range of 130—140 K, but the existing data are insuffi-
cient for analysis. An unusual feature is the almost
coinciding dynamics of displacements of two oxygen
atoms, O2(6g) and O3(6g), which have different envi-
ronments. Another extraordinary circumstance is that
the Debye temperature for oxygen atoms is fairly low.
The maximum oscillation frequencies of anions do not
differ much from the average frequencies, Tp — Tg =
220 K; therefore, these atoms are not very strongly

bound with their far environment. On the whole, the
absence of pronounced structural anomalies at 94—
293 K is in agreement with the weak magnetism of
PGS, which is observed only at ultralow temperatures
[12], and with the fact that the main state of PGS is
determined to be a spin liquid [13, 14].

CONCLUSIONS

PGS single crystals from the langasite family, con-
taining magnetic ions Pr*" in the 3e site, were grown
by the floating zone melting technique. The grown
crystals have a fairly high diffraction quality, and the
prospects of growing a crystal with two magnetic sub-
systems in atomic sites 3e and 3fappear to be good. We
performed a multitemperature X-ray diffraction study
of PGS crystals: 16 datasets were obtained in the tem-
perature range of 94—293 K on an Xcalibur diffrac-
tometer with an EOS S2 CCD detector. The main
structure characterization was performed based on the
ultrahigh-resolution experiment at 94 K: sp. gr. P321,
Z=1,a=28.07636(4) A, c = 5.06586(2) A, R1/wR2 =
1.192/1.185%, and Ap,in/APmax = —0.93/+0.79 e/A3
for 3852 unique reflections and 123 refined parame-
ters. The multitemperature data were used to deter-

Ueq, A2 Ueq, A2
0.014 2 0.024 - 2
0.012 0.022
0.020
0.010 0.018
0.008 0.016
0.014
0.006 0.012
0.004 &£ 1 I I I I I 0.010 & I I I I I I
0 50 100 150 200 250 300 0 50 100 150 200 250 300
T, K T. K

Fig. 3. Equivalent displacement parameters U, for cat-
ions: (1) Pr(3e), (2) Ga(la), (3) Ga(3f), and (4) (Ga + Si,
2d); symbols are experimental data and solid lines show
the results of fitting experimental parameters Ueq using the
extended Einstein model.

CRYSTALLOGRAPHY REPORTS

Fig. 4. Equivalent displacement parameters Ueq for oxygen
atoms : (/) O1(2d), (2) 02(6g), and (3) O3(6g); symbols
are experimental data and solid lines show the results of
fitting experimental parameters Ueq using the extended
Debye model.
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Atom, site Tg, Tp, K Usatic» A2 U,eror A2 R, %
Pr(3e), Tg 111.6(7) 0.00442(5) 0.00154 0.55
Ga(la), T 160(2) 0.00707(8) 0.00218 0.48
Ga(3), T 157(1) 0.00506(9) 0.00222 0.53
(Ga, Si)(2d), T 192(2) 0.00425(6) 0.00258 0.87
01Q2d), Tg — T 286(8)—500(13) 0.0111(4) 0.00530 1.97
02(6g), Tz — Tp 283(5)—495(8) 0.0149(2) 0.00536 1.23
03(6g), Ty — Tp 287(5)—504(9) 0.0150(2) 0.00527 1.18
mine the characteristic Einstein and Debye tempera- 11. A. Zorko, F. Bert, P. Bordet, et al., J. Phys.: Conf. Ser.
tures for atoms in the structure and select the static 145, 012006 (2009).
components of atomic displacements; this was done 12. H. D. Zhou, C. R. Wiebe, Y. J. Yo, et al. arXiv:cond-

for the first time for langasite family crystals. The
results obtained show that the structure (especially the
cation sublattice) has no anomalies, is consistence
with the weak magnetism of PGS [12—14].
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