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Abstract—An accurate structure analysis of a Ba;TaGa;Si,0,, single crystal from langasite family was per-
formed using four X-ray diffraction data sets collected on a diffractometer equipped with a CCD area detector
(sp. gr. P321, Z =1, sinB/A < 1.35 A~1; at 295 K a = 8.516(1) A, ¢ = 5.1910(6) A, R/wR = 0.58/0.56%,
AP min/ APmax = —0.73/0.42 e/A3, 4414 independent reflections; at 106 K a = 8.5109(9) A, ¢ = 5.1861(9) A,
R/WR =0.75/0.86%, AP in/APmax = —0.81/1.06 e/A3, 4382 reflections). The distinguishing feature of the
Ba;TaGa;Si,O 4 structure is a strong disorder of the Ga atom at the 3fsite. Structural transformations in the
series of Cas;TaGa;Si,014—Sr;TaGa3Si,04—BasTaGasSi,04—BasTaFe;Si,O 4 crystals were analyzed.
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INTRODUCTION

As has long been suggested [1, 2], the electron den-
sity (ED) determines the microscopic properties of
crystals in the ground state. The energy minimization
of the unit cell gives the model ED, which can be used
to calculate some properties [3, 4], in particular,
piezoelectric coefficients. The X-ray diffraction anal-
ysis provides experimental ED; however, the number
of characteristics, which can be derived from these
data, is much smaller [5]. Therefore, valuable infor-
mation on the dependence of the physical properties
of crystals on their structures can be obtained by per-
forming comparative study of isomorphous substitu-
tions in series of crystals.

Crystals of the langasite family (the Ca;Ga,Ge, O,
structure type, sp. gr. P321, Z=1 [6, 7]) are conve-
nient models for such analysis. First, these crystals
have a wide range of well-known properties, such as
optical, piezoelectric [8, 9], and multiferroic [10, 11].
Second, these crystals allow for a wide isomorphism in
all four cation positions.

Let us consider the crystal structure of Ba;TaGa;Si,O,,
(BTGS) (Fig. 1) prepared in this study. The first
chemical element (Ba) in the formula occupies the
3e site at the center of a distorted Thompson polyhe-
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dron. A large cavity to the right of this polyhedron is
responsible for mobility of atoms under an applied
pressure or electric field and, to a large extent, deter-
mines the piezoelectric properties of the crystals [12, 13].
The atoms of two other polyhedra—Ta at the 1la site in

Fig. 1. Main polyhedra in the BayTaGa3Si,0 4 structure:
A is the cavity to the right of the 3e polyhedron that has an
effect on the piezoelectric properties; Bis a fragment of the
Ga(3/)—03(6g)—03(6g)—Ga(3f) helix responsible for
crystal chirality.
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an octahedron and Ga at the 3f'site in a large tetrahe-
dron — are involved in the formation of the structural
helix Ga(3f)—03(6g2)—03(6g)—Ga(3f), which endows
langasites with chirality [14, 15] and is responsible for
their optical [16] and multiferroic [17] properties. The
fourth polyhedron is a small Si tetrahedron, the center
of which lies at the 2d site. This tetrahedron is very
rigid and generally moves as a rigid body under applied
loads.

The goal of this work was to perform an accurate
investigation of the atomic structure of the BTGS
crystal. The low-temperature structural data for
BTGS are reported for the first time. These data were
used for the comparative analysis of the crystal struc-
tures of Ca;TaGa;Si,0,, (CTGS) [18], Sr;TaGa;Si,0,,
(STGS) [19], Ba;TaGa;Si,0,4, and BajsTaFe;Si, O,
(BTFS) [20].

EXPERIMENTAL

A finely-crystalline aggregate of BTGS was grown
by pulling from a stoichiometric melt by the Czochral-
ski method under a 95N,—50, atmosphere. The sam-
ple used for the X-ray diffraction study was prepared
from the largest (up to 3 mm) crystallites. It had the
smooth surface and was optically transparent and
nearly spherical. The X-ray diffraction experiments
were performed at two temperatures. At both tempera-
tures, two X-ray diffraction data sets were collected at
different orientations of the sample on a Rigaku
Oxford Diffraction Xcalibur S3 diffractometer
equipped with a CCD area detector. The calibration [21]
showed that the real temperature of the sample was
106 K in the low-temperature measurements (95 K
measured with a built-in sensor) and 295 K in the
room-temperature experiments. The X-ray data col-
lection and structure-refinement statistics for the
BTGS crystal are given in Table 1. The structural data
were deposited at the Inorganic Crystal Structure
Database (ISCD; CSD refcodes 380523 and 433692).

The integrated intensities were calculated with the
CrysAlisPro program [22]. Other calculations were
performed with the ASTRA program [23, 24]: the cor-
rection for thermal diffuse scattering [25] using elastic
constants calculated by an ab initio method [26]; the
correction of intensities for absorption by ellipsoidal
samples [27]; the calibration of the diffractometer [28,
29]; the extinction correction [30, 31]; the refinement
of the half-wavelength contribution [32]; the anhar-
monic displacement expert (the Hamilton—Fisher
test) [33]; the Abrahams—Keve test [34] for compari-
son of the models (the normal probability plot). The
final structure model was refined based on the cross-
data set obtained by merging two X-ray diffraction
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data sets (the method of intermeasurement minimiza-
tion or experimental comparison) [35].

RESULTS AND DISCUSSION

Crystals of BTGS appeared to be the most difficult
to study in the CTGS—STGS—BTGS series. Attempts
to grow large well-faceted single crystals of BTGS
failed. There were difficulties with the selection of
samples for X-ray diffraction. Nevertheless, high rela-
tive precision and good reproducibility of X-ray dif-
fraction results were achieved. In the BTGS structure,
the cation positions, particularly Ga(3f), are highly
disordered. An anharmonic tensor up to the sixth
order was applied for the first time (for the langasite
family) to describe this disorder. At 295 K the transfor-
mation from a fourth-order tensor to a six-order tensor
for Ga(3f) and an increase in the number of parame-
ters from 79 to 104 led to an improvement of the model
fitting from RI1(|F)/wR2(|F)) = 0.664/0.670 to
0.578/0.562%, which is significant at a level of 0.9999
[33], AP min/APmax being changed from —0.60/1.17 to

—0.73/0.42 e/A3. At 106 K the extension of the model
resulted in an even more significant improvement of
the fitting. Atomic coordinates, equivalent thermal
displacement parameters, and ellipsoidality parame-
ters [19] are given in Table 2.

Let us consider the results of isomorphous substi-
tutions in the series CTGS — STGS — BTGS —
BTFS. The first three compounds are generated by the
replacement of a divalent cation at the 3e site, with
coordination number 8, by larger cations: Ca — Sr —
Ba with #(Ca/Sr/Ba) = 1.12/1.26/1.42 A. The fourth
compound is derived by subsequent substitution
Ga(3f) — Fe(3f), which is also accompanied by an

increase in the ion size: (Gajy/Fepy) = 0.47/0.49 A.
An evident increase in the unit-cell volume ~283 —
303 — 326 — 330 A3 is accompanied by both an
increase and a decrease in the volumes of the polyhe-
dra V (Fig. 2). The most substantial change is the
mobility of atoms along the 2 axes (the a axis of the
unit cell) (Figs. 2b—2d), particularly of the large cation
occupying the 3e site toward the cavity (Fig. 2c, on the
left). Interestingly, the O3(6g) atoms, which form
electric dipoles with the 3e cation under an applied
pressure along the a axis, move in a direction almost
perpendicular to the movement of the 3e cation (Fig. 2¢).
These observations confirm the fact that the 3e-cat-
ion—03(6g) bond is relatively weak and support the
conclusions [12, 13] about the role of the 3e cation in
the manifestation of piezoelectric properties of the
langasite family crystals.

Changes in the series CTGS — STGS — BTGS
correlate with the size of the 3e cation and are more
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Table 1. Crystallographic characteristics and the X-ray data collection and structure refinement statistics for BayTaGa;Si;,O14

Experiment

I

I1

111

v

T,K

Crystal sizes determined with
an optical microscope, mm

Calculated crystal size, mm

Crystal system, sp. gr., Z
a,c A

Vv, A3

u, mm~!
o*, K™
Diffractometer
Radiation; A, A
Bmax> deg

Limiting indices 4, k, [

Number of reflections: mea-
sured/unique with F2 < 26(F?)

Number of discarded unique
reflections, FZ < 26(F?)

Redundancy
(o(F»)/F?)

Rlaver(Fz)/WRzaver(Fz)a %

Number of reflections and
parameters

R12er (FD)/WR125e; (1F1), %
RI(F)/wR2(|F)), %
S

Apmin /Apmaxa e/‘&3

295

0.229(1), 0.247(1),
0.259(1)

8.51690(2), 5.19163(1)

326.135(3) 325.896(4)
23.78
[la: 0.288 x 1073;
Xcalil
MoK,;
71.9 74.0
—22<h<20, —19<h <20,
—22<k<22, —22<k<22,
—13</<13 —13</<14
52193/4270 50776/4425
91 65
11.97 11.31
0.018 0.016
2.14/3.49 2.16/3.15

295

106

0.23—-0.26

0.229(1), 0.244(1),
0.258(1)

Trigonal

8.51473(2), 5.19047(1)

0.232(1), 0.240(1),
0.271(1)

,P321, 1

8.51178(5), 5.18705(3)

Refinement based on cross-data sets

4414/104

0.498/0.451

0.578/0.562

0.967

—0.73/0.42

106

0.232(1), 0.244(1),
0.267(1)

8.51002(5), 5.18520(3)

325.456(3) 325.205(3)
23.76
[lc: 0.475 x 1073
bur S
0.71073
74.1 74.2
—22<h<20, —22<h <20,
—22<k<22, —23<k<22,
—13</<14 —14</<13
33505/4299 33487/4329
98 77
7.48 7.49
0.019 0.020
2.98/4.31 2.52/3.23
4382/103
0.923/2.218
0.754/0.855
0.853
—0.81/1.06

The following programs were used: CrysAlisPro [22], ASTRA [24]. (a) = 8.516(1) A, (c) = 5.1910(6) A at 295 K; (a) = 8.5109(9) A, (c¢) =
5.1861(9) A at 106 K: * oo = (1/{p)) - (Ap/AT) is the coefficient of linear expansion in the temperature range AT 106—295 K, p is the unit-
cell parameter a or c; R12,,., is the R factor for averaging identical reflections from two data sets after merging together into the cross-

data set; RI(|F)) = Xl Fops| — [Featcl/ ZFobsls WR2(F) = V{EW(|Fops| — |Fcalc|)2/ZW(Fobs)2}'
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Table 2. Atomic coordinates, site occupancies Q, equivalent thermal displacement parameters U,

q> and ellipsoidalities € of

atomic displacements in the Ba;TaGa;Si,O 4 crystal at 295 K (upper row) and 106 K (lower row)

Atom Site x/a y/b z/c 0 Usq A2 £
Ba 3e 0.43232(1) 0 0 1.0 0.011101(6) 0.0047
0.43202(2) 0.00567(1) |  0.0038
Ta la 0 0 0 1.0 0.00931(6) 0.0023
0.0054(1) 0.0005
Ga 3 0.746212) | 0 12 1.0 0.00915(8) 0.0132
0.74614(4) 0.0056(8) 0.0138
Si 2d 13 2/3 0.51822(8) 1.0 0.0086(3) 0.0004
0.51929(8) 0.0041(1) 0.0003
o1 2d 1/3 23 0.2110(1) 1.0 0.0133(5) 0.0121
0.2118(2) 0.0070(1) 0.0075
02 6g 0.47358(1) | 0.2983(1) | 0.3557(2) 1.0 0.01373(7) 0.0227
0.473229) | 0.29793) | 0.3534(3) 0.00826(9) 0.0114
03 6g 0.21721(5) | 0.10649(6) | 0.77459(7) 1.0 0.01420(7) 0.0285
0.21737(9) | 0.10602(8) | 0.77441(9) 0.00753(8) 0.0177

complicated for BTFS containing magnetic Fe** ions
at the 3f'site as compared to BTGS. An increase in the
volume of the Fe(3f) tetrahedron causes a contraction
of'the small Si(2d) tetrahedron, which is located to the
left of the former tetrahedron in the same level at
z ~ 1/2, and the rotation of the O3(6g) atoms (Figs. 2a
and 2b). An additional rotation of the atoms along the
line of the triple-thread structural helix Fe(3/)—
03(6g)—03(6g)—Fe(3/f) is observed. The rotation of
the O3(6g) atoms in different directions is clearly seen
for the 1a octahedron (Fig. 2d).

Therefore, an increase in the internal pressure due
to the sequential insertion of ever-larger cations in the
3e site is accompanied by an increase in the compact-
ness of the helix. The Ga(3f) — Fe(3f) substitution not
only enhances this effect but also leads to an increase
the degree of helix twist. Almost linear changes in the
atomic positions are observed in the series CTGS —
STGS — BTGS. However, specific features in the
atomic positions appear upon the BTGS — BTFS
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transformation, which can be attributed to indirect
magnetic exchange coupling that occurs in BTFS [17]
but is absent in the former three crystals.

CONCLUSIONS

An accurate X-ray diffraction study of the langasite
family BTGS structure gave results with high relative
precision (sp. gr. P321, Z=1, sin 6/A < 1.35 A~!; at
295K a = 8.516(1) A, ¢ = 5.1910(6) A, R/WR =
0.58/0.56%, APumin/APmax = —0.73/0.42 ¢/A3, 4414
independent reflections; at 106 K a = 8.5109(9) A c=
5.1861(9) A, R/WR = 0.75/0.86%, AP min/APmax =
—0.81/1.06 e/A3, 4382 reflections). The high qual-
ity of the study was achieved due to the use of high-
resolution experimental data, application of spe-
cials data-processing methods, and high redun-
dancy. The structural specific feature of Ba;TaGa;Si,0 4
is an anharmonic character of the motion of four
cations, particularly of Ga(3f), and one oxygen atom
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Fig. 2. Scheme of atom movements caused by isomorphous substitutions in the series CTGS — STGS — BTGS — BTFS: (a) a
silicon tetrahedron at the 2d site moves upward; (b) a 3ftetrahedron moves toward the axis of the structural helix; in BTFS the
03(6g) atoms additionally rotate along the axis of the helix; (c) a 3e polyhedron is expanded upon rotation of O3(6g); (d) a change
in rotation of the O3(6g) atoms upon the BTGS — BTFS transformation observed in the tantalum octahedron at the 1a site. The
arrangement and orientation of the polyhedra correspond to those shown in Fig. 1. The “transformations” of two O2(6g) atoms
and one O3(6g) atom in the series of the crystals under consideration are marked with the numbers 7, 2, and 3.

occupying a general position. These data were
employed for a comparative analysis of the
Ca;TaGa;Si,0y4, Sr;TaGa;Si,044, Ba;TaGa;Si,Oyy,
and Ba;TaFe;Si,0,, crystals. The structural mecha-
nism of piezoelectricity of langasite family crystals was
confirmed. The isomorphous substitutions under
consideration were shown to give rise to a more com-
pact and twisted atomic helix, which is a structural
basis for magnetic ordering in the Ba;TaFe;Si,O,
crystal.
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