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Abstract—Iron-containing Sr;NbFe;Si,0 4 single crystals from the langasite family, which are interesting for
researchers due to their magnetic ordering at 7y = 26 K, have been grown by the floating zone melting
method. Accurate X-ray diffraction analysis is performed at 293 and 90.5 K using the data collected on a
CCD diffractometer. To compensate for systematic errors, two data sets are collected at each temperature.
The structure is refined based on averaged data set: sp. gr. P321, Z=1,sin 6/A < 1.35 A~1; a = 8.2609(4) A,
c=5.1313(3) A at 293 K and a = 8.2344(6) A, ¢ = 5.1243(6) A at 90.5 K; the agreement factors are R/wR =

1-18/1-03% and Apmin/Apmax =
1.18/1.13% and AP in/APmax =

—0.57/0.25 e/A3 for 3583 independent reflections at 293 K and R/wR =
—0.54/0.23 ¢/A3 for 3638 reflections at 90.5 K. Negative thermal expansion

in the direction of the cell ¢ axis is revealed in the range of 83—110 K.

DOI: 10.1134/51063774518010066

INTRODUCTION

Sr;NbFe;Si,0,4 (SNFS) crystals belong to the vast
langasite family (Ca;Ga,Ge,O,, structure type, sp. gr.
P321, Z=1[1]). Its representatives are characterized
by a variety of physical properties, among which
piezoelectric effect has been most demanded for a
long time [2]. The abbreviation SNFS indicates to four
cations occupying Wyckoff positions 3e (Sr, symmetry
axis 2), la (Nb, intersection of symmetry axes 3 and 2),
3f (Fe, symmetry axis 2), and 2d (Si, symmetry axis 3)

Fig. 1. Polyhedral representation of the Sr3;NbFe;Si,O 4
structure.
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in the unit cell. The three independent 2d sites (sym-
metry axis 3), 6g (general site), and 6g are occupied by
oxygen atoms (Fig. 1).

The magnetic properties of the compounds belong-
ing to this family have actively been investigated in the
last years [3, 4]. Crystals containing magnetic ions in
the 3f'site exhibit magnetic ordering at the Neel tem-
perature T = 30 K [5, 6]. This effect, revealed in crys-
tals possessing electric polarization under certain con-
ditions [7], makes them promising multiferroics [8].
Magnetic ordering occurs along a helix, consisting of
magnetic ions in the 3fsite [8] and oxygen atoms in the
general site 6g, which are bound by indirect exchange
interaction [6].

The magnetic helix has an immediate structural
base, despite the fact that the sp. gr. P321 does not
contain screw symmetry axes. This base (structural
helix) is formed by the electron density of the cations
in the 3f'site and anions O3(6g) [9, 10]. Moreover, the
atomic sites forming the helix are split, and the atoms
exhibit preferred displacements along the helix line
even at room and liquid nitrogen temperatures, as a
result of which the effective interatomic distances are
reduced and the interatomic interaction is enhanced
[11, 12]. The helix twist direction, which determines
the crystal chirality (right- or left-handed), must be
taken into account in the design of data storage
devices.
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Along with X-ray diffraction studies, splitting of
the 3f site at T < Ty was revealed in the Mossbauer
investigation of Fe3* multiferroics [5, 13]. A spread in
the local atomic environment was also observed in the
NMR spectroscopy of Nd;Ga;SiO,, compound [14].
Structural data on 19 crystals belonging to the lang-
asite family indicate disordering of atomic sites, both
in crystals having mixed atomic sites (Ca;Ga,Ge, O,
[9], Nd;Ga;SiO, [10], La;GasSiO, [11], La;GasGeOyy,
[12]) and in crystals without such sites (Ca;TaGa;Si,O 4
[15], Ba;TaFe;Si,O,, [16], Ba;NbFe;Si, 0,4 [17]).

Despite the fact that the magnetic ordering has
been explained qualitatively, quantitative description
of this phenomenon and, moreover, the problem of
growing crystals with improved characteristics (ele-
vated Neel temperature Ty) call for accumulation of
structural data. Structural analysis shows that the cal-
culation models of the magnetic interaction between
atoms in langasite family crystals using geometric
characteristics of atoms of only the average structure
[6, 8] are simplified. One would expect the consider-
ation of the atomic “spread” along the helix line to
yield a larger value for the magnetic interaction. In
addition, structural data of sufficient accuracy have
been published for only two compounds with mag-
netic ions [16, 17]. The first purpose of our study was
to develop a relatively precise and reproducible model
of the atomic structure of SNFS crystal and analyze
possible local atomic disorder.

A study of the thermal expansion of crystals with
magnetic ions, Ba;NbFe;Si,O,4 [17] and Ba;TaFe;Si,0,4
[18], revealed an interesting effect. Upon cooling, the
compression factor along the ¢ axis in these crystals
was found to be larger by a factor of 1.5—3 than along
the a axis, whereas in langasite family crystals free of
iron, in contrast, the compression factor along the a
axis exceeded that along the ¢ axis by a factor of 1.5—3.
One can suggest this anomaly to be related to the
influence of magnetic ions on the structural helix
geometry: cooling reduces the average interatomic
distance and provides conditions for stronger interac-
tion between magnetic ions and compression of the
helix along the ¢ axis. For example, the helix compres-
sion upon cooling from room to liquid nitrogen tem-
perature was found to be 0.0049 A for Ba;TaGa;Si,0,,
crystal [19] and 0.0072 A for its iron-containing ana-
log, Ba;TaFe;Si, O, [18].

The magnetovolume effects and thermal expansion
anomalies caused by magnetostriction are important
both from the fundamental point of view (explanation
of the nature of magnetism in solids) and in practical
applications (design of temperature-compensated
devices, whose geometry does not change as a result of
thermal expansion; primarily, semiconductor and
laser ones) [20]. Thus, the second purpose of our study
was to analyze the thermal expansion of SNFS crystal,
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with development of the corresponding technique and
software.

EXPERIMENTAL
Growth Technique of Sr;NbFe;Si,0,, Single Crystals

Czochralski growth of iron-containing langasites,
in contrast to the growth of classical langasites by the
same method [2, 21], meets serious difficulties. This is
related to the more pronounced incongruent character
of melting of iron-containing langasites in comparison
with classical ones. The exact phase diagram of these
compounds is unknown, as well as the existence of
their congruently melting composition. Since iron-
containing langasites have a component with a vari-
able valence (iron oxide), the gas medium in the
growth zone must be controlled during crystal growth
from melt. Therefore, floating zone melting may be
more efficient for growing these crystals. In this study,
iron-containing langasite single crystals were grown by
floating zone melting in a modified URN-2-ZP light-
heating system [22]. To increase the density of a poly-
crystalline workpiece prepared by ceramic technology,
it was remelted by zone melting at a rate of 35 mm/h in
air. This preliminary operation improved the smooth-
ness of workpiece melting and made the main growth
process more stable. Growth was performed onto a
seed cut from a single crystal, previously grown on a
polycrystalline seed. The growth rate was 2—4 mm/h.
The crystal and workpiece rotational speeds were,
respectively, 20 and 1 rpm. The oxygen pressure above
the melt in the crystallization chamber was chosen to
be 10 atm. As-grown crystals were annealed at a tem-
perature of 1200°C for 2 h in the growth chamber.
When the growth was finished, the annealing tem-
perature was gradually (for 5 h) reduced to room tem-
perature. The thus obtained single crystals had a cylin-
drical shape with a diameter of 5—6 mm and a length
of 40—50 mm. The crystal orientation was [111] or
[110] along the boule axis. The boule had slightly
faceting, an indication of good quality of crystal
grown. Plates cut from the crystal (less than 0.5 mm
thick) had red-orange color.

Primary quality control of the grown single crystals
was performed by the Laue method using a digital XR
NTX Laue Photonic Science instrument. Figure 2
shows a Laue pattern of SNFS crystal. No variations
in Laue patterns were found when scanning boule cuts
in the transverse and longitudinal directions. Phase
analysis of the powder on a digital DRON-3 M dif-
fractometer revealed no second-phase inclusions.

X-Ray Diffraction Experiment

The sample for diffraction analysis was rolled into
an ellipsoid, whose shape was close to a sphere with a
diameter less than 0.3 mm (Fig. 3). Four diffraction
experiments were performed on an Xcalibur S diffrac-
Vol. 63

No.1 2018
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Fig. 2. Laue pattern of the Sr;NbFe;Si; 04 single crystal
in the [110] direction.

tometer (Rigaku Oxford Diffraction) with a CCD area
detector at room temperature and at liquid nitrogen
vapor temperature. To compensate for the systematic
error, two data sets were measured at different sample
orientations for each temperature. The sample was
cooled using a Cobra Plus cryosystem (Oxford Cryo-
systems) with open cold nitrogen flow, directed onto
the sample. A calibration carried out in [23] showed
that the real sample temperature was 90.5 K in low-
temperature measurements (82 K, according to the
built-in sensor data) and 293 K at room temperature.
The details of the X-ray experiment and parameters of
the SNFS crystal structure refinement are listed in
Table 1. The crystallographic data on the structures
studied were deposited with the Inorganic Crystal
Structure Database (ICSD) (CSD nos. 432883 and
432884).

The integral intensities were calculated from the
diffraction patterns using the CrysAlis software [24].
The following data processing techniques (ASTRA
software [25]) were applied: correction to the thermal
diffuse scattering [26], correction of intensities to the
radiation absorption for ellipsoidal samples [27], dif-
fractometer calibration [28, 29], consideration of the
extinction effect [30, 31], refinement of the half-wave-
length contribution [32], the anharmonic displace-
ment expert (automatic Hamilton—Fisher test) [25,
33], and the Abrahams—Keve test [34] for comparing
models (normal probability plot). The final structural
model was refined based on the cross-set obtained by
averaging measurement results from two data sets
(intermeasurement minimization or experimental
comparison method) [35]. In the final stage, the
refinement of models was repeated based on the mea-
surements performed in individual experiments
(Table 1) but using the data reduction, which was
found when constructing a cross-set by the intermea-
surement minimization method. The structural model
of SNFS crystal was refined using squared moduli of

structure factors, |F |2. Friedel pairs were averaged, and
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Fig. 3. Bright-field image of the sample; the circle diame-
ter is 0.3 mm and the mesh spacing is 0.01 mm.

the values of atomic-scattering factors were taken from
[36]. The reliability of anharmonic models was veri-
fied by plotting the probability density function for
electrons finding in a given volume of space and the
Fourier difference maps. The Jana2006 program [37]
was applied to this end.

To determine the thermal expansion of crystals, a
special measurement technique was developed and a
program for processing the results of multitemperature
experiments was written. The values of the unit-cell
parameters of crystals, obtained on diffractometers
with area or linear detectors, are distorted by signifi-
cant systematic errors. The reproducibility of the unit-
cell parameters for approximately 20 langasite family
crystals, determined on an Xcalibur S3 CCD diffrac-
tometer (Rigaku Oxford Diffraction), is worse by a
factor of about 10 than the relative precision of the
parameters found by the least-squares method in each
individual experiment [10]. As a result, the tempera-
ture dependences of unit-cell parameters are non-
monotonic even in the temperature ranges without
phase transitions and, correspondingly, difficult to
interpret.

The following procedures were applied to over-
come this hindrance. First, the measurements covered
regions uniformly distributed in the reciprocal space,
by analogy with the lists of the reflections used to
refine the unit-cell parameters on point-detector dif-
fractometers. Second, experiments were repeated
from 4 to 8 times at each point, and their results were
averaged.

RESULTS AND DISCUSSION

Based on the refinement results, the crystal under
study was found to exist in one of the two possible
enantiomorphic configurations, specifically, in the
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Table 1. Crystallographic characteristics, experimental details, and parameters of the refinement for the Sr;NbFe;Si;044

crystal structure model

Experiment

I1 II1 v

T, K

Sample sizes in optical
microscope, mm
Calculated sample sizes, mm

System, sp. gr., Z
a,c A
c/a

v, A

W, mm~
o*, K~!
Diffractometer
Radiation; A, A
B max- deg

1

Ranges of indices 4, &, [

Number of reflections: mea-
sured/unique with F2 > 26(F2)
Number of rejected unique
reflections, F? < 26(F%)
Redundancy

(c(F?)/F?
R1,(F?)/wR2,(F?), %

Number of parameters
refined

RI(F)/wR2(|F)), %
S
Apmin /Apmax, e/‘&3

Number of reflections
and parameters

R12,(|F|)/wR12,(|F]), %
RI(F)/wR2(F)), %
s

Apmin /Apmax’ C/A3

293

0.210(1), 0.261(1),
0.279(1)

8.26069(7), 5.13148(5)

0.210(1), 0.256(1),

8.26119(6), 5.13110(5)

293 90.5 90.5

0.22—0.28

0.195(1), 0.262(1),
0.277(1) 0.311(1)

Trigonal, P321, 1
8.23482(5), 5.12467(4)

0.206(1), 0.256(1),
0.272(1)

8.23399(5), 5.12390(5)

0.62119 0.62111 0.62232 0.62229
303.254(5) 303.268(4) 300.957(3) 300.851(4)
17.77 17.90
la: 1.35 x 107>; ||c: 0.95 x 1073
Xcalibur S
MoK; 0.71073
73.8 73.8 73.7 73.7
—21<h <20, —21<h <20, —21<h <20, —21<h <20,
—21<k<22, —21<k<22, —21<k<22, —21<k<22,
—12</<13 —12</<13 —12</<13 —12</<13
31202/3480 31305/3541 31121/3537 31165/3582
514 444 406 399
7.59 7.64 7.61 7.62
0.051 0.049 0.047 0.047
3.17/5.65 2.90/3.89 3.71/5.49 3.73/5.58
90 90 85 85
1.291/1.115 1.284/1.123 1.292/1.282 1.299/1.260
1.058 1.022 1.005 1.012
—0.47/0.39 —0.39/0.38 —0.63/0.32 —0.75/0.34

Refinement based on the cross sets
3583/85 3638/78
1.261/0.907 1.211/0.947
1.175/1.031 1.183/1.127
0.915 1.027
—0.57/0.25 —0.54/0.23

Software in use: CrysAlis [24], ASTRA [25], and Jana2006 [37]. {a) = 8.2609(4) A, (c) = 5.1313(3) A at 293 K; (a) = 8.2344(6) A, (¢) =
5.1243(5) A at 90.5 K; *o. = (1/{p))(Ap/AT) is the thermal expansion coefficient in the temperature range A7 = 90—293 K, p is the unit-
cell parameter (a or c); R12,, is the R factor for averaging identical reflections from two data sets on merging into a cross set; Rl(\F\) =

ZHFobs‘ - ‘F;:ach/Z‘Fobs

right-handed (in the terminology of [38]) single-
domain configuration; the Flack parameter [39] was

close to zero: 0.008(2).

The refinement of the standard model of spherical
atoms in the harmonic approximation, which includes

s WR2(F|) = VIZW(| Fops| — |Feate)/ZW(Fipg) -

39 parameters, was finished with rather high reliability
factors, and pronounced residual peaks were found in
the difference electron-density map near atoms. This
pattern is especially pronounced for the low-tempera-

ture experiment: R1(|F|)/wR2(F|) = 2.457/3.723%

CRYSTALLOGRAPHY REPORTS  Vol. 63 No.1 2018
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Fig. 4. Helical twist of the electron density of atoms in the
chain of indirect exchange interaction Fe(3/)—03(6g)—
03(6g)—Fe(3/) along the c axis of the Sr3NbFe;Si;,04
crystal, the helix axis passes through the Nb(1a) atom.

and AP in/APmax = —2.74/2.79 e/A3. The observed
disordering of atomic sites in the SNFS structure was
described within the model of anharmonic atomic dis-
placements [40, 41]. The “anharmonic displacement
expert” [42] indicated the atoms for which the anhar-
monic component was significant. According to the
labeling introduced in [43], the models were denoted
as 4232234 and 3442224 at 293 and 90.5 K, respec-
tively. In other words, the anharmonic tensors
describe the atomic displacements in the 3e, 3f,
02(6g), and O3(6g) sites at 293 K and in the 3e, 1a, 3f,
and O3(6g) sites at 90.5 K. The transition to anhar-
monic models was accompanied by a twofold decrease
in the reliability factors during the model refinement
and “purification” of the Fourier difference maps
(Table 1). Then we applied the “parameter signifi-
cance expert” [42], due to which the number of
refined parameters was reduced from 90 to 85 for the
experiment at 293 K and from 85 to 78 for the experi-
ment at 90.5 K. The refinement criteria were signifi-

cantly improved after expanding the model: R1(|F]|) ~
1.3% and A /AP max ~ —0.6/0.3 /A3 (at 90.5 K).

The atomic disordering asymmetry in the SNFS
crystal was found to be most pronounced for the
Fe(3f) site among cations and the O3(6g) site among
anions. This leads to a pronounced helical twist of
electron density with an axis passing through the
Nb(la) atom along the cell ¢ axis (Fig. 4). The
“spread” of the electron density along the helix line
becomes especially pronounced in SNFS when com-
paring with crystals without magnetic ions, for exam-
ple, Ba;TaGa;Si,0,4[19], CSD code no. 380523 in the

CRYSTALLOGRAPHY REPORTS Vol.63 No. 1
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Ga(3/) @)

Fig. 5. Fragment of the electron density helix imitating the
threefold screw symmetry axis in langasite family crystals:
(a) moderate “spread” along the helix line in the Ba;TaGa3Si;O14
crystal and (b) strong “spread” in the iron-containing
Sr3NbFe;Si,014 crystal.

ICSD database (Fig. 5). The found helix provides
crystal chirality [9, 10] and serves as a base to form a
magnetic helix at low temperatures [44].

The final structural models, presented in Tables 2
and 3, were refined according to the cross-sets
obtained by averaging measurements from two data
sets using the intermeasurement minimization
method [35]. The estimation of the equivalent thermal
parameters U,, was supplemented by the calculation of
the degree of elongation of thermal ellipsoids (ellipsoi-
dality), which is given by the formula € = V{[(a — R)*> +
(b— R)*+ (c — R)?]/2}, where a, b, and ¢ are the prin-
cipal semiaxes of thermal ellipsoid, and R is the radius
of equivolume sphere (Table 2). The maximum differ-
ence between the model parameters obtained by refin-
ing models I and II (experiments I and II at 293 K in
Table 1) is 2.5c; at 90.5 K (experiments III and 1V),
this difference amounts to 5.46.

The structural transformation occurring upon
cooling from 293 to 90.5 K manifests itself (along with
the evident decrease in atomic displacement parame-
ters, see Fig. 6) in the motions and significant increase
in the ellipsoidality (Table 2) of the Fe(3f) and O3(6g)
atoms, which form the structural helix, and in the dis-
placement of the Sr(3e) atom from the origin of coor-
dinates to the right (towards the cavity) (Fig. 1). The
atom in the 3e site in langasite family crystals is fairly
mobile along the a axis of the unit cell; the displace-
ment of this atom by 70—80% determines the value of
the piezoelectric coefficient e, [45, 46]. Since the dis-
placement of the 3e atom was observed in many crys-
tals [9, 10], it was not unexpected in SNFS. A signifi-
cant displacement of the cation in the 3f site upon
cooling was observed in iron-containing Ba;NbFe;Si,O,,
[17]. The mobility of Fe(3f) and O3(6g) atoms may
indicate enhancement of the interatomic interaction
caused by magnetic forces.
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Table 2. Atomic coordinates, site occupancies Q, equivalent thermal parameters U,

.q> and ellipsoidality of atomic displace-

ments € in the Sr;NbFe;Si,0,4 crystal at 293 K (upper row) and 90.5 K (lower row)

Atom Site x/a y/b z/c 0 Ueq A? £

Sr 3e 0.43287(2) 0 0 1.0 0.01204(4) 0.0054

0.43354(1) 0.00818(1) |  0.0039

Nb la 0 0 0 1.0 0.0125(1) 0.0130

0.01013(8) 0.0058

Fe 3f 0.75576(2) | 0 12 1.0 0.01289(9) | 0.0163
0.75844(3) 0.0107(2) 0.0204*

Si 2d 1/3 2/3 0.53571(6) 1.0 0.0101(3) 0.0063

0.53574(5) 0.0084(4) 0.0134

Ol 2d 1/3 2/3 0.2241(1) 1.0 0.0146(4) 0.0200

0.2233(1) 0.0099(5) 0.0169

02 6g 0.47328(7) | 0.3074(1) | 0.3345(2) 1.0 0.0165(1) 0.0280

0.47283(6) | 0.30717(7) | 0.33295(8) 0.0121(1) 0.0222

03 6g 02172(2) | 0.08302) | 0.7658(2) 1.0 0.0262(3) 0.0611
0.2162(1) | 0.07832) | 0.7624(2) 0.0288(3) 0.0807*

* The increase in the ellipsoidality of Fe(3f) and O3(6g) atoms upon cooling is indicative of their stronger disordering along the struc-

tural (magnetic) helix line.

Table 3. Characteristics of atomic displacements Uy, (A?in Sr;NbFe;Si,04,4 crystal at 293 K (upper row) and 90.5 K (lower row)

AtoM Uy Un, Us; Up Ui Uy

Sr 0.01285(3) 0.01232(5) 0.01077(4) | 0.00616(2) | —0.00009(1) | —0.00018(4)
0.00788(1) 0.00786(2) 0.00879(2) | 0.003928(9) | 0.000242(8) |  0.00048(2)

Nb 0.01412(2) 0.0141(3) 0.00931(4) 0.0071(3) 0.0 0.0
0.00945(6) 0.0094(1) 0.0115(1) 0.0047(1)

Fe 0.01323(2) 0.01435(3) 0.01145(3) 0.0072(3) —0.00168(1) | —0.0034(2)
0.01060(3) 0.01482(9) 0.00802(8) | 0.0074(4) —0.00117(2) | —0.0023(3)

Si 0.01077(4) 0.0108(5) 0.00863(7) | 0.0054(5) 0.0 0.0
0.00970(5) 0.0097(7) 0.00568(7) | 0.0049(7)

01 0.0172(1) 0.0172(6) 0.0094(2) 0.0086(7) 0.0 0.0
0.0117(1) 0.0117(8) 0.0063(2) 0.0059(9)

02 0.0128(1) 0.0221(2) 0.0150(1) 0.0091(2) 0.00022(9) 0.0044(1)
0.0111(1) 0.0165(1) 0.0089(1) 0.0072(1) 0.00021(9) 0.0025(1)

03 0.0182(3) 0.0351(5) 0.0296(4) 0.0165(3) 0.0095(3) 0.0175(4)
0.0139(4) 0.0347(4) 0.0407(4) 0.0142(3) 0.0106(3) 0.0232(4)

The enhancement of the interaction along the helix
line may lead to the helix compression along the cell ¢
axis, i.e., to a significant decrease in the unit-cell
parameter c¢ in iron-containing langasite. This effect
was observed in practice: the compression of the ¢ axis
in Ba;TaFe;Si,0,, and Ba;NbFe,;Si,0,, crystals upon
cooling is much larger than in their iron-free analogs.
The thermal expansion in SNFS was found to be more
complex (Fig. 7). If measurements were performed in
the range of 150—293 K, the aforementioned strong
compression along the ¢ axis would be confirmed on
the whole. However, anomalous negative thermal

expansion (o = (1/(p))(Ap/AT) = —0.532 x 10-5 K1)

CRYSTALLOGRAPHY REPORTS

along the cell ¢ axis was observed in the range of 83—
110 K, and the compression along the ¢ axis in the
range of 83—293 K was found to be somewhat weaker
than along the a axis (Table 1).

From the thermodynamic point of view, the anom-
aly of negative thermal expansion indicates an unex-
pected increase in the entropy of the system with a
decrease in temperature [47], which was detected in
structural analysis as an increase in the degree of
structural disordering of atoms upon cooling to
90.5 K. This behavior can be considered as a precursor
of the P321 — P3 phase transition, which existence is
related to magnetic ordering [8]; however, this transi-

Vol. 63 No.1 2018
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Fig. 6. Comparison of the atomic coordinates in the
Sr3NbFe;Si;O 4 crystal at 293 and 90.5 K on the normal
probability plot; E,and E, are, respectively, the theoretical
and experimental errors. The most mobile atom is Fe(3f).

tion has not been detected to date. As a result of the
phase transition, magnetic ions Fe(3f) should leave
the twofold symmetry axis, a circumstance facilitating
the alignment of their spins along the helix line. A
helium-temperature study is being planned in order to
detect this phase transition and analyze more thor-
oughly the negative thermal expansion.

CONCLUSIONS

An X-ray diffraction study of the Sr;NbFe;Si,O,,
crystal was performed using averaged data sets
obtained at two temperatures: sp. gr. P321, Z = 1,
sin O/A < 1.35 A-1; 4 = 8.2609(4) A, ¢ = 5.1313(3) A at
293 K and a = 8.2344(6) A, ¢ = 5.1243(6) A at 90.5 K;
agreement factors R/wR = 1.18/1.03% and
AP in/ APmax = —0.57/0.25 /A3 for 85 refined param-
eters and 3583 independent reflections at 293 K and
R/WR = 1.18/1.13% and AP i/ APmax= —0.54/0.23 e /A3
for 78 refined parameters and 3638 reflections at
90.5 K. A satisfactory reproducibility of results was
obtained in repeated experiments: the maximum dif-
ference between the model parameters is 2.56 and
5.4c at 293 and 90.5 K, respectively. The crystal struc-
ture is described within the anharmonic model, which
shows disorder of the atomic structure; i.e., one
observes displacement of time-averaged atomic coor-
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Fig. 7. Temperature dependences of the unit-cell parame-
ters of Sr;NbFe;Si; 044 crystal. Ranges of anomalous neg-
ative thermal expansion are fixed for the parameter c.

dinates from the lattice sites. This displacement
increases upon cooling, which may indicate a ten-
dency to static splitting of atomic sites, despite the fact
that each site in the crystal is occupied by similar
atoms. The structural results are in agreement with the
NMR and Mossbauer spectroscopy data on langasite
family crystals, which are indicative of wide distribu-
tion of local atomic environments [14] and splitting of
atomic sites [5]. In the range of 83—110 K, an anoma-
lous negative thermal expansion (ot = —0.532 x 1075 K1)
along the cell ¢ axis was found; this feature may be a
precursor of the P321 — P3 phase transition.
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