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Abstract—The high-pressure phase of the ScFj; crystal has been studied using synchrotron radiation diffrac-
tion and Raman scattering. This phase existing in the pressure range 0.6—3.2 GPa is optically anisotropic: its
structure is described by space group R3¢, Z = 2, and the transition is associated with the rotation of ScFj
octahedra around the threefold axis. The pressure dependences of the lattice parameters and the rotation
angle have been determined. The number of lines in the Raman spectrum corresponds to the expected num-
ber for this structure; the recovery of soft modes has been observed above the phase transition.
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1. INTRODUCTION

Trivalent metal fluorides MeF; with an ideal or dis-
torted structure of a-ReO; belong to the family of per-
ovskite-like compounds of the general formula ABX;,
in which one cation site is vacant (Fig. 1). Like all per-
ovskites, these crystals undergo sequential phase tran-
sitions due to a change in ambient conditions (temper-
ature and pressure). The simplicity of the structure
makes them attractive as model objects for studying
the mechanisms of phase transitions (see, for example,
[1]), and the presence of bulky cavities in the structure
makes it possible to flexibly change the physical prop-
erties of these crystals by doping or introducing a
structural disorder, which has opened possibilities for
developing practical applications based on these mate-
rials [2, 3].

Scandium fluoride is probably the least studied
compound among the MeF; fluorides. There is no rel-
evant information about this compound in the most
comprehensive reviews on structural phase transitions
in perovskites [4, 5]. The structural database [6] con-
tains information about three different structures
obtained on powder samples under normal condi-
tions, namely, the cubic, rhombohedral, and orthor-
hombic structures. However, it was found that the
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orthorhombic phase under normal conditions is meta-
stable [7]; at the same time, the cubic phase was not
observed at all. According to the studies of the ScF;
single crystal [8, 9], the cubic phase is stable under
normal conditions; in contrast to a number of other
perovskite-like trifluorides [5], it remains stable down

Fig. 1. Structure of the ScF; cubic phase. Shown are only

the fluorine ions. The scandium ions are located at the
centers of the ScF¢ octahedra.
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Table 1. Parameters of data acquisition and results of refinement of the ScF; structure in the high-pressure phase

o | smuee |0 | x| [ Sl e TR 1T
P, GPa group , , ’ deg ’ reflections | parameters " v

1.38 R3¢/R3c¢ | 5.3089(1) |14.0704(5) | 343.43(2) 5-23 53 8/10 13.7/13.4 | 6.22/5.95
2.1 R3c/R3c | 5.2444(3) |14.1092(9) | 336.07(4) 5-20 35 8/10 11.9/12.1 | 13.3/13.4
2.62 R3¢/R3c | 5.0785(4) |14.277(1) | 318.90(5) 5-23 51 8/10 17.2/16.7 | 9.96/9.76
3.25 R3¢/R3c | 5.0449(1) |14.2605(5)| 314.32(2) 5-20 33 8/10 8.29/8.27 | 6.78/6.40

to liquid-helium temperatures. Furthermore, under
hydrostatic pressure, the ScF; single crystals undergo
a phase transition to the rhombohedral phase [9];
however, the data on the space group and structure of
this phase, which were obtained in our previous work
[10], are contradictory. In this respect, the present
work was aimed at studying the structure of the ScF;
high-pressure phase and its lattice dynamics by X-ray
diffraction and Raman scattering.

2. STRUCTURE
OF THE HIGH-PRESSURE PHASE

The X-ray diffraction pattern of the polycrystalline
ScF; sample was recorded at room temperature on a
powder diffractometer with a MAR3450 area detector
with the use of the A = 0.36750 A synchrotron radia-
tion of the VEPP-3 accelerator at the Institute of
Nuclear Physics (Siberian Branch, Russian Academy
of Sciences, Novosibirsk).

The powdered ScF; samples under hydrostatic
pressure at room temperature were studied on a setup
with diamond anvils described in [11]. The diameter
and height of the chamber with the sample were equal
to 0.25 and 0.10 mm, respectively. The pressure was
determined with an accuracy of 0.05 GPa from the
shift of the luminescence band of a ruby microcrystal
placed in the chamber. Ethanol—methanol mixtures
or glycerin were used as pressure transmitting media.

The search for the centers of the rings and integra-
tion of the X-ray powder diffraction patterns were per-
formed with the Fit2D program [12]; the X-ray pow-
der diffraction patterns agree well with those presented
in [10]. The lattice parameters determined with the
WTREOR program [13] are listed in Table 1. Figure 2
shows the pressure dependence of the lattice parame-
ters. The space groups of the compound at different
pressures were found from the corresponding extinc-
tions. It was found that, at all experimental pressures,
the extinctions correspond to the space groups R3c or

R3c . The search for structures was performed with the

FOX program [14]. The values were further refined by
the full-profile Rietveld method with the WINPLOTR
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program [15]. The main parameters of the data acqui-
sition and structure refinement are listed in Table 1.
The structure refinement in space groups R3c and

R3¢ was performed with the same experimental data.
It was found that the profile and integral uncertainty
factors slightly increase in some cases when changing
over from the group R3c [10] to the nonpolar group

R3¢ but the number of refined parameters simulta-
neously decreases (Table 1) due to the displacement of
the fluorine atom from the general position to the spe-
cial position. The Hamiltonian criterion [16] allows
one to compare the structure models with different
numbers of refined parameters; the use of this crite-
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Fig. 2. Pressure dependences of the lattice parameters of
the ScF3 rhombohedral phase. The experimental data are
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Table 2. Atomic coordinates and isotropic thermal parameters B, in ScF; at different pressures

Atom Site occupancy x y z B, A?
P=138GPa
Sc 1.0 0 0 0 1.32(9)
F 1.0 0.60125(3) 0.60125(3) 0.25 1.03(9)
P=2.10GPa
Sc 1.0 0 0 0 1.80(9)
F 1.0 0.6023(6) 0.6023(6) 0.25 0.6(1)
P=2.62GPa
Sc 1.0 0 0 0 0.24(6)
F 1.0 0.6336(7) 0.6336(7) 0.25 0.1(1)
P=325GPa
Sc 1.0 0 0 0 1.16(5)
F 1.0 0.6309(4) 0.6309(4) 0.25 0.59(7)

rion leads to a 99.5% probability for the model with the

centrosymmetric group R3ec.

The peak shapes were described using the Pearson
VII function with an FWHM of 6.0 in order to refine
the profile and with an FWHM of 20.0 for the final
refinement of the structure, where FWHM is the full
width at half-maximum. All stages of the refinement
were similar to those described in our previous work
[10]. The results of the structure refinement are pre-
sented in Table 2.

According to the structure analysis of the high-
pressure phase, the ScF¢ octahedron rotates around
the threefold axis upon the phase transition; in this
case, all eight Sc—F bond lengths remain equal and the
center of the ScF, group coincides with the inversion
center. The length of the Sc—F bonds varies within
the range 1.97—2.00 A under different pressures,
which is much narrower than the range 1.9—2.1 A
obtained in our previous work [10] from the structure
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Fig. 3. Transformation of the Raman spectrum with an
increase in the pressure. Curves in the horizontal plane
represent the frequencies obtained from the model calcu-
lation.
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refinement for group R3c and close to the Sc—F bond
length under normal conditions (2.01 A).

3. VARIATIONS OF THE RAMAN SPECTRA
The vibrational representation of space group

Pm3m of the cubic phase for the center of the Bril-
louin zone has the form

FO = F2u+3Flu' (1)
In this case, all vibrations are Raman-inactive modes.
Similar expansions for the rhombohedral struc-

tures R3¢ and R3c have the form

[ = Ag+245,+3E,+24,,+ 345, +SE,  (2)

and
[gs. = 4A,+ 44, + 8E, 3)

respectively. In Egs. (2) and (3), the Raman-active
modes are typed in bold. As follows from comparison
of Egs. (1)—(3), the selection rules for these structures
differ significantly, and the structures should be easily
identified using the Raman spectra.

The Raman spectra of unoriented single crystals
were excited by the radiation from an Ar* laser
(514.5 nm, 0.2 W) and recorded on a Horiba—Jobin—
Yvon T-64000 multichannel spectrometer. High
hydrostatic pressure was produced and measured using
the same technique and equipment as in the X-ray
structural investigations. Because of the small size of
the samples and strong diffuse scattering, only the
high-frequency (150—600 cm™!) part of the spectrum
was recorded. The domain structure and the effects of
birefringence in the sample were simultaneously
observed with a polarizing microscope.

No.3 2011
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Table 3. Parameters of the interatomic interaction potential

Bond A, 107187 p, A 2F
P=1.38GPa

Sc—F 1630 0.20031 —0.7

F—F 151 0.283 —0.7
P=2.10GPa

Sc—F 1640 0.199 —0.7

F—F 178 0.281 —0.7
P=2.65GPa

Sc—F 1623 0.20063 —0.7

F—F 185 0.283 —0.7
P=3.25GPa

Sc—F 1637 0.199 —0.7

F—F 211 0.281(4) —0.7

At normal pressure, Raman scattering in the crystal
sample is absent; the crystal is optically isotropic and
exhibits good extinction between crossed polarizers
(slight bleaching is observed under pressure due to
anisotropic mechanical stresses in the diamond
anvils). At a pressure of 0.6 GPa, the spectrum exhibits
two weak lines at 263 and 473 cm™! (Fig. 3); simulta-
neously, there occurs a bleaching of the sample placed
between the crossed polarizers, which indicates the
appearance of optical anisotropy. In some samples,
separation into coarse (about 0.02—0.05 mm) irregu-
lar-shaped domains takes place. As the pressure
increases further, the intensity of the observed lines
increases monotonically, and the low-frequency line
shifts from 263 to 303 cm~! at 3.0 GPa. In the low-fre-
quency range, a line at 144 cm~! appears at 1.1 GPa,
which monotonically shifts to 243 cm~' at 3.0 GPa.
Note that the excitation radiation is newly focused
after each pressure change, thus making correct mea-
surement of the line intensity ratio impossible.

4. RESULTS AND DISCUSSION

In our previous work [10], the vibrational spectrum
of the ScF; lattice and the effect of pressure on the
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crystal structure were calculated with the use of the ab
initio model of an ionic crystal, which generalizes the
Gordon—Kim approximation taking into account the
effect of the crystal lattice on the deformability and
polarizability of ions. However, the calculation yielded
somewhat underestimated values of frequencies as
compared to the experiment.

In this work, interionic interactions were calcu-
lated with the use of empirical potentials implemented
in the LADY program package [17]. Different poten-
tial models were analyzed by means of this package; it
turned out that already quite simple and common
model of rigid ions is appropriate for describing the
crystal under consideration.

This model describes the interaction of isolated
spherical ions with charge z;. The potential function is
expressed as the sum of the Coulomb and short-range
interionic interaction potentials

V) = I3 . (4)
i Y

The short-range interaction potential was taken in
the Born—Mayer form

Ury) = 2e ", 5)
where r; is the interatomic distance and A and p are the
parameters of the short-range pair interionic interac-
tion. In the calculations, it is convenient to change
over from the parameters A and p to the parameters 4
and B defined as

FU L _ 13U

A="—, B=-—, 6
or ror ©)
from where we obtain
A r
£=-1. @)
B p

It was previously found [18] that the ratio A/B and
charge zy of the fluorine ion in trifluorides MeF,
(Me = Al, Cr, Ga, V, Fe, In) isomorphic to ScF; ranges
from —9.5 to —11.5 and from —0.644 to —0.701 (in
units of electron charge), respectively. The parameters

Table 4. Frequencies of Raman-active vibrations of the ScF; rhombohedral phase (cm™')

Pressure Symmetry of vibrations

P, GPa Al E, E, E,
1.38 173 (170) 100 289 (289) 420 (460)
2.10 176 (230) 97.3 (160) 299 (290) 425 (456)
2.62 222.1 (240) 113.4 300.2 (300) 413 (450)
3.25 222.3 (260) 109.5 309.2 (305) 418.1 (455)

Note: Experimental values are given in parentheses.
PHYSICS OF THE SOLID STATE Vl. 53 No.3 2011
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Fig. 4. Comparison of the calculated Raman spectra of the

R3cand R3¢ phases with the experimental spectrum.

of the model were found with the use of these data as
the initial experimental Raman spectra at 2.1 GPa and
the structural parameters extrapolated to the same
pressure taking into account the lattice stability at nor-
mal and increased hydrostatic pressures. The values of
A, p, and zp obtained in such a manner for the ScF;
crystal are listed in Table 3.

The spectra of the crystal under investigation at dif-
ferent pressures were calculated with the LADY pro-
gram package. The resultant pressure dependence of
the frequencies of Raman-active lines is shown in
Fig. 3. The corresponding numerical values are given
in Table 4. Clearly, there is good agreement of the cal-
culated values with the experimental data.

Similar calculations were carried out for the high-
pressure phase R3¢ for comparison. Experimental and

calculated spectra for the R3¢ and R3c phases are
compared in Fig. 4. As is seen, the number and posi-
tion of the spectral lines in the latter case even qualita-
tively disagree with the experiment.

The vibrational spectrum of the ScFj; lattice in the
cubic phase under normal pressure, calculated at the
same interaction parameters, does not include imagi-
nary frequencies, which explains the structure stabil-
ity. However, there is a weakly dispersion low-lying
(between the points R and M of the Brillouin zone)
branch of the spectrum. This triply degenerate mode
R; corresponds to displacements of fluorine ions due
to rotations of the ScF, octahedra around the three-
fold axes of the cubic structure. A decrease in the
parameter of the cubic unit cell, which corresponds to
an increase in the pressure, leads to a decrease in the
frequency of this dispersion branch.

The energy density of the ScF; crystal as a function
of pressure was calculated for the cubic and rhombo-

hedral R3¢ structures with the use of the found
parameters of the potential; the calculation results are

PHYSICS OF THE SOLID STATE Vol. 53
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Fig. 5. Pressure dependences of the energy density of the
cubic (Pm§m ) and rhombohedral (Ric ) lattices of ScFj.

shown in Fig. 5. The found dependences indicate that

the rhombohedral structure R3¢ becomes energeti-
cally more favorable for ScF; above 0.6 GPa. Note that
neither the frequency of the above-mentioned disper-
sion branch Rs nor the frequencies of low-lying vibra-
tions A;, and E, vanish (although they decrease sub-
stantially when this pressure is approached); conse-
quently, this point corresponds to the first-order phase
transition.

5. CONCLUSIONS

Thus, the structure of the ScF; crystal under hydro-
static pressure has been refined and its lattice dynam-
ics has been numerically calculated.

According to the X-ray structure analysis and
Raman spectroscopy, the structure of the phase exper-
imentally revealed above 0.6 GPa is described by space

group R3c. The transition induced by hydrostatic
pressure occurs due to imbalance of the long-range
Coulomb and short-range interactions of ions and is
associated with rotation of ScFg octahedra around the
threefold axis. Calculations within the empirical
model indicate that the observed transition point cor-
responds to the first-order phase transition.
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