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Abstract—New phase transitions induced by hydrostatic pressure in a cubic (under standard conditions) ScF3

crystal are discovered by the methods of polarization microscopy and Raman scattering. The space groups R c
for Z = 2 and Pnma for Z = 4 are proposed for the high-pressure phases. A nonempirical computation of the
lattice dynamics of the crystal is carried out. It is shown that, under normal pressure, the cubic phase is stable
down to T = 0 K, while the application of a hydrostatic pressure gives rise to a phonon branch in the vibrational
spectrum (between points R and M of the Brillouin zone) with negative values of squares of frequencies. The
condensation of soft mode R5 at the boundary point of the Brillouin zone leads to rhombohedral distortion of
the cubic structure with the unit cell volume doubling. The calculated frequencies at q = 0 of the ScF3 lattice in
the distorted rhombohedral phase are real-valued; the number and position of frequencies active in Raman scat-
tering are in accord with the experimental values. © 2002 MAIK “Nauka/Interperiodica”.
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1. INTRODUCTION

Fluorides of trivalent metals MeF3 with an ideal or
distorted structure of α-ReO3 belong to the family of
perovskite-like compounds with the general formula
ABX3, in which one of the cation sites is vacant (Fig. 1).
Like all perovskites, these substances experience con-
secutive phase transformations under external effects.
The presence of bulk cavities in the structure makes it
possible to modify the physical properties of these crys-
tals smoothly by creating structural disorder or by
introducing impurities, which makes these crystals
interesting objects for studying the mechanisms of
phase transitions (see, for example, [1]) and also makes
it possible to find their practical applications [2, 3].

Among other compounds with the chemical formula
MeF3, scandium fluoride is apparently the least studied.
The most comprehensive reviews devoted to the
description of structural phase transitions in perov-
skites [4, 5] contain no information on this material. In
the structural database [6], information is given on
three different structures (cubic, rhombohedral, and
orthorhombic) of ScF3 under normal conditions; how-
ever, special stability tests of these phases [7] revealed
that the orthorhombic phase under normal conditions is
metastable, while the cubic phase was not detected at all.

It was noted in [5, 8, 9] that the phase diagram of
these crystals is very sensitive to structural defects and
1063-7761/02/9405- $22.00 © 20977
impurities, which creates additional difficulties in their
investigations. In addition, at least some of the phase
transitions in crystals belonging to this family are fer-
roelastic [1, 4], and the presence of growth stresses in
the samples synthesized at high temperatures may also
considerably affect their behavior upon a change in
external conditions.

In our earlier publication [10], we analyzed the
vibrational spectrum of the lattice for the cubic modifi-
cation of ScF3 at low temperatures down to 4 K, but no
phase transitions were detected. The present work aims
at studying phase transitions in a ScF3 crystal under
pressure by using Raman spectroscopy combined with
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Fig. 1. Structure of the cubic phase of ScF3.
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polarization microscopy on samples synthesized under
the conditions ensuring minimal stresses during their
growth and at establishing the origin of the lattice insta-
bility appearing in this case by using nonempirical cal-
culations of the frequency spectrum of lattice vibrations
in the framework of a microscopic model of an ionic
crystal.

2. SYNTHESIS AND STRUCTURE 
OF SINGLE CRYSTALS

We could not find in the literature any technique for
growing ScF3 single crystals; however, the synthesis of
similar single crystals of iron and aluminum fluorides
from flux in melt is described in [11–13]. It should be
noted that this method makes it possible to lower the
synthesis temperature and, hence, to reduce the proba-
bility of emergence of stresses during the crystal
growth. We used lithium fluoride as the solvent.
Attempts were made to use other compounds, but the
single crystals grown in this case were too small (less
than 1 mm3).

The flux–melt containing 40 mol % ScF3 was her-
metically sealed in an oxygen-free atmosphere in a plati-
num ampule with a wall thickness of 0.2 mm. Over a
period of 14 days, the ampule was lowered at a rate of
20 mm/day in a vertical tube furnace with an axial tem-
perature gradient of 10–20 K/cm from the temperature
region of 1400 K.

After cooling and opening the ampule, we discov-
ered a cylindrical sample in it. The lower transparent
part of the sample having a diameter of 10 mm and a
height of 7 mm did not contain any defects or inclu-
sions that could be seen in the microscope. The X-ray
structural analysis proved the correspondence of the
obtained crystal to the structure of the cubic phase of
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Fig. 2. Variation of the Raman spectrum of ScF3 upon an
increase in pressure.
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ScF3 with the unit cell parameter a0 = 4.01 Å (a com-
parison was made against the data presented in [6]).
The observation in a polarization microscope revealed
the optical isotropy of the crystal, which is also in
accord with the cubic symmetry.

3. VARIATION OF RAMAN SPECTRA

The vibrational representation of the space group

Pm m of the cubic phase for the center of the Brillouin
zone has the form

(1)

all vibration being inactive in the Raman spectrum.
A similar expansion for the rhombohedral structure

has the form

, (2)

while, for the orthorhombic structure, we have

(3)

In expansions (2) and (3), the active modes in the
Raman spectrum are singled out.

A comparison of expressions (1)–(3) shows that the
selection rules for these structures differ considerably
and, hence, these structures should be easily diagnosed
from the form of their Raman spectra.

We studied ScF3 samples under a high (up to 9 GPa)
hydrostatic pressure at room temperature on a setup
with diamond anvils, which is similar to that used in
[14, 15]; the diameter of the cell containing the sample
was 0.25 mm, and its height was 0.1 mm. The pressure
was determined to within 0.05 GPa from the shift in the
luminescence band of a ruby microcrystal [15, 16]
placed next to the sample. Mixtures of ethyl and methyl
alcohols or glycerene were used as the pressure-trans-
mitting medium. The Raman spectra were generated by
radiation emitted by an Ar+ laser (514.5 nm, 0.5 W) and
were recorded by a multichannel spectrometer
OMARS 89 (Dilor). In view of the small size of the
sample and strong diffuse scattering, the high-fre-
quency (150–600 cm–1) region of the spectrum was
recorded. The domain structure and birefringence
effects in the sample were observed simultaneously
with the help of a polarization microscope.

Under the normal pressure, the crystal has no
Raman spectrum; it is optically isotropic and is dark-
ened in crossed polarizers (slight field blooming
emerges due to anisotropic mechanical stresses appear-
ing in diamond anvils). Under a pressure of 0.7 GPa, the
spectrum acquires two spectral lines (at 260 and
465 cm–1; see Fig. 2), simultaneously, the sample
placed between two crossed polarizers is bleached (Fig. 3),
indicating the emergence of optical anisotropy. Some
samples exhibit splitting into coarse domains (of the

3
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Fig. 3. Microphotographs of a sample before (left, 0.07 GPa) and after (right, 0.72 GPa) the first phase transition. The polarizers
of the microscope are crossed. The cell diameter is 0.25 mm.

(‡) ·(b)
order of 0.02–0.05 mm) of irregular shape. Upon a fur-
ther increase in pressure, the intensity of these lines
increases monotonically. The frequency of the 260-cm–1

line also increases, attaining a value of 300 cm–1 under a
pressure of 3.8 GPa. In the low-frequency region, one
more line appears, shifting monotonically from 180 cm–1

at 1.4 GPa to 260 cm–1 at 3.8 GPa. This is accompanied
by an enhancement of the birefringence effect and a
change in the interference coloring of the sample asso-
ciated with a change in the shape of the optical indica-
trix.

The changes occurring up to values of 3.8 GPa are
reversible and can be reproduced in different samples
taken from the same product of crystallization and with
different pressure-transmitting liquids (Fig. 4). Within
the experimental error indicated above, no hysteresis
effects are observed. The form of the domain structure
determined to a considerable extent by defects at the
sample boundaries changes from sample to sample and
as afunction of the pressure variation rate; the mono-
domain state can be obtained in well-faceted micro-
crystals subjected to a slowly increasing pressure.

A further increase in pressure leads to one more
transition (at 3.8 GPa). The crystal acquires a complex
system of a large number of small (less than 0.01 mm)
domains which can be seen through a microscope. The
boundaries of these domains strongly scatter light (Fig. 5).
Simultaneously, the form of the Raman spectrum
changes sharply: some lines disappear, and a consider-
able number of new lines and bands consisting appar-
ently of a several closely spaced profiles are formed
(see Figs. 3 and 4). It should be noted that the pressure
of 3.8 GPa corresponding to the transition point is in
accord with the pressure of transition from the rhombo-
hedral to the orthorhombic phase of the crystal under
investigation, which was observed earlier in [8, 9].
Under a further increase in pressure, the high-fre-
JOURNAL OF EXPERIMENTAL AND THEORETICAL PHY
quency (> 200 cm–1) part of the spectrum changes
insignificantly, while, below 200 cm–1, a shift of one of
the lines towards higher frequencies, its intersection
with another line, and, probably, the emergence of one
more line in the vicinity of 160 cm–1 under a pressure
of 7 GPa are observed. The system of domain walls
emerging during the transition is slightly modified upon
an increase in pressure; the total number of domains
slightly decreases, but the system does not disappear
completely. The crystal remains optically anisotropic,
although strong scattering at domain walls complicates
the observation of the effects associated with it.

A decrease in the pressure on a sample in this phase
does not lead to a reverse transition (Fig. 6). The system
of domain walls and the general nature of the spectrum
are preserved, although the spectrum displays the soft-
ening of at least one vibration in the low-frequency
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Fig. 4. Pressure dependences of the frequencies of experi-
mentally observed lines. Circles correspond to values
obtained under increasing pressure, while squares and trian-
gles correspond to values obtained on different samples in
the second phase under decreasing pressure.
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Fig. 5. Microphotographs of a sample before (a, 3.06 GPa) and after (b, 3.89 GPa) second phase transition and after its fracture upon
a rapid decrease in pressure (c, 0.1 GPa).
part, which may be due to the emergence of lattice
instability. Under a slow (over several hours) decrease
in pressure from 1 GPa down to normal pressure, the
sample can be preserved (the lower spectrum in Fig. 6
was measured in air on the sample extracted from the
cell). A more rapid decrease in pressure below 1 GPa
leads to crystal breakdown (see Fig. 5c), indicating the
presence of strong mechanical stresses in the sample.

4. LATTICE DYNAMICS

In order to calculate the vibrational spectrum of the
ScF3 crystal lattice, we used a nonempirical model of
an ionic crystal, generalizing the Gordon–Kim approx-
imation by taking into account the effect of crystal lat-
tice on the deformability and polarizability of ions [17].
The expression for the dynamic matrix was given in
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Fig. 6. Variation of the Raman spectrum of ScF3 upon a
decrease in pressure.
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[18]. In the framework of this model, the lattice dynam-
ics of AlF3, GaF3, and InF3 crystals in the cubic phase,
which are isomorphic to ScF3, was calculated earlier
and it was shown that the vibration spectrum of these
crystals does not contain imaginary frequencies, which
indicates the stability of the cubic phase [8].

The equilibrium value of the lattice parameter of the
ScF3 crystal was determined from the minimum of the
total energy of the crystal as a function of volume.
Table 1 contains this value together with the experi-
mental value as well as the calculated values of polariz-
abilities of scandium and fluorine ions, high-frequency
permittivity ε∞, and Born dynamic charges. It can be
seen that the calculated unit cell parameter is 5%
smaller than the experimental value. Unfortunately, the
experimental value of ε∞ for this crystal is unknown,
but the obtained value is typical of perovskites contain-

100

–100
É

ScF3

200

300

400

500

600

0

X M R É M

ω
, c

m
–

1

Fig. 7. Results of calculation of the phonon spectrum of the
cubic phase of ScF3. Solid curves correspond to the unit cell
parameter a = 7.22 at. units (normal pressure) and dashed
curves correspond to a = 7.06 at. units.
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ing fluorine. The effective charge tensor for the Sc ion
is isotropic in accordance with the symmetry of the
position of this ion in the cubic phase, and its value is
close to the nominal value of the ion charge (+3). For a
fluorine ion, there are two tensor components corre-
sponding to the displacement of the F ion parallel
( ) and perpendicular ( ) to the Sc–F bond.

The calculated spectrum of ScF3 lattice vibrations in
the cubic phase is shown in Fig. 7 for a unit cell volume
of 52.1 Å3 (corresponding to the applied pressure P ≈
6 GPa). The vibrational spectrum contains no imagi-
nary frequencies (which explains the structural stability
down to temperatures of 4 K). However, it contains a
weak dispersion branch (between points R and M in the
Brillouin zone) with an anomalously low frequency. In
this vibrational branch, the triply degenerate mode R5 at
point R and nondegenerate modes in the R  M direc-
tion (including point M) correspond to vibrations in
which fluorine ions are displaced [19]. The structural
phase transitions in most halogenides with the perov-
skite structure [4], including MeF3 crystals (Me = Al,
Ga, In, …), are associated precisely with the mode con-
densation of this vibrational branch [1, 2].

We also calculated the vibrational spectrum of the
cubic phase of the ScF3 lattice for nonequilibrium
decreasing values of the unit cell parameter, which cor-
responds to the application of a hydrostatic pressure to
the crystal. The value of pressure was estimated from
the numerical differentiation of the total energy of the
crystal with respect to the volume and from the calcu-
lated bulk compression modulus B = (C11 + 2C12)/3 in
terms of elastic constants whose values were obtained
from the dispersion dependence of acoustic vibrational
branches for q  0 (which are given in Table 1). The
curve corresponding to the equation of state of ScF3 is
shown in Fig. 8.

Figure 7 shows that the most significant changes in
the lattice vibrational spectrum upon the application of
a hydrostatic pressure to the crystal occur in the regions
of high and low frequencies of optical vibrational
modes. The high-frequency vibrational modes become
“harder” upon a decrease in volume, while the branch
of lattice vibrations (between points R and M of the
Brillouin zone) with anomalously low values of fre-
quency becomes “softer” upon the application of pres-
sure, and the cubic structure of the crystal becomes
unstable.

Z || F,* Z ⊥ F,*
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5. DISCUSSION

The results of our calculations show that, in accor-
dance with the available experimental data [10], the
cubic phase of the ScF3 crystal under normal pressure
remains stable down to T = 0 K. At the same time,
according to the results of our experiments and an anal-
ysis of lattice dynamics, the application of a hydrostatic
pressure leads to cubic phase instability. The calcula-
tions of the frequencies of lattice vibrations under the
action of a hydrostatic pressure show that the softest
mode is the triply degenerate mode R5 belonging to the
boundary point R = π/a(1, 1, 1) of the Brullouin zone of
the cubic phase. Consequently, it is natural to assume
that the phase transition observed under a pressure
equal to 0.7 GPa is associated with the condensation of
precisely this mode.

The solid lines in Fig. 9 show the volume depen-
dence of the squared frequency ω2(R5) of this mode. A
decrease in the unit cell volume (increase of pressure)
leads to a linear decrease in the value of ω2(R5), so that
ω2(R5) = 0 for P ≈ 2.5 GPa (see Fig. 9). The lower
experimental value of pressure corresponding to the
transition may be due to nonideality of the samples
used in experiments; according to [8], structural defects
lead to instability of the cubic phase.

A displacement of fluorine ions in the triply degen-
erate R5 mode corresponds to the “rotation” of the octa-
hedron ScF6 [19] about the spatial diagonal of the cubic
unit cell. The irreducible representation R5 appears in
the vibrational representation of the crystal only once;
consequently, the expression for ω2(R5) in terms of the
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Fig. 8. Calculated equation of state of ScF3.
Table 1.  Results of calculations of the main physical parameters of the cubic phase of ScF3

a0, Å, 
experiment

a0, Å, 
theory αSc, Å3 αF, Å3 ε∞ C11, GPa C12, GPa C44, GPa B, GPa

4.01 3.82 3.36 –0.71 –1.95 0.27 0.72 1.75 172.7 18.9 18.6 70.2

ZSc
* Z ||F

* Z ⊥ F
*
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Fig. 9. Calculated dependence of (a) the squared frequency of the soft mode R5 and (b) dynamic matrix elements determining it on
the unit cell volume.
elements of the dynamic matrix can be obtained in ana-

lytic form. We can separate the contribution  from
the Coulomb interaction of ions to frequency so that the

remaining term  includes the short-range and long-
range dipole–dipole contributions:

(4)

Each of these terms can, in turn, be decomposed into
two parts corresponding to different elements of the
dynamic matrix of the crystal:

(5)

(6)

ωC
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Fig. 10. Dependence of the total energy of a crystal with the
doubled unit cell on the displacement of fluorine ions from the
equilibrium position of the cubic phase: E0 = −2148.9854;
2Ry is the total energy of the undistorted phase.
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(7)

where b and f correspond to longitudinal and transverse
force constants of interaction of fluorine ions, respec-
tively. The volume dependence of the quantities
appearing in expressions (4) and (5) is also shown in
Fig. 9. It can be seen that the Coulomb and short-range
contributions to ω2(R5) have opposite signs, and the
positive Coulomb contribution exceeds in magnitude
the negative short-range contribution under normal
pressure, thus ensuring the stability of the cubic phase.
As the unit cell volume decreases, both contributions
increase in magnitude, but the absolute value of the
short-range contribution increases more rapidly than
that of the Coulomb contribution, leading to instability
of the cubic phase. Figure 9b, presenting the volume
dependences of the Coulomb and short-range contribu-
tions to the dynamic matrix elements, shows that an
increase in the negative short-range contribution to
ω2(R5) is mainly associated with the stronger volume
dependence of the short-range and dipole–dipole con-

tributions to the diagonal element  (q = π/a(1, 1,
1)) of the dynamic matrix. It should be noted that the
value of bS and its dependence on pressure are mainly
determined by the contribution from the long-range
dipole–dipole interactions.

The structural distortions associated with the con-
densation of the triply degenerate mode R5 lead to a
rhombohedral distortion of the crystal structure and sta-
bilize the lattice. Figure 10 shows the dependence of the
total energy of a crystal with the doubled unit cell on
the displacement of fluorine ions from the equilibrium

f DF1 F2–
yz q

π
a
--- 1 1 1, ,( )= 

  ,=

DF1 F1–
xx
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position of the cubic phase under pressure P = 6 GPa:

(8)

(9)

where a is the lattice parameter of the cubic phase, r =
m1a1 + m2a2 + m3a3 is the translation vector, and qR =
π/a(1, 1, 1). It can be seen that the total energy mini-
mum corresponds to the displacement u ≈ 0.025a (0.7 Å)
of fluorine ions.

Table 2 contains the values of calculated limiting
frequencies of vibrations in the rhombohedral phase in
which the coordinates of atoms correspond to the
obtained values of the displacement of fluorine ions.
The table also gives for comparison the values of fre-
quency at points Γ(q = (0, 0, 0) and R(q = π/a(1, 1, 1))
of the undistorted cubic phase as well as the compati-
bility relations.

After a transition, four lines must be activated in the
spectrum (see relation (2)). Two of these lines (A1g and
Eg) correspond to the restored soft mode which was
split after the transition and, hence, correspond to low
frequencies, which must depend considerably on pres-
sure. The three lines observed experimentally above
P = 0.7 GPa (the frequencies corresponding to these
lines are given in Table 2 in parentheses) are in good
agreement with this description; the line corresponding
to the lowest frequency is noticeably shifted upwards
upon an increase in pressure, and the emerging low-fre-
quency wing apparently corresponds to the second
mode being restored, whose frequency lies below
150 cm–1. The calculated and experimentally obtained
frequencies are in satisfactory agreement. It should be
noted that the position of lines correlates well with the
frequencies in the Raman spectrum for rhombohedral
phases of fluorides of some other trivalent metals [20].
On the whole, we may conclude that the first high-pres-

sure phase is rhombohedral with the space group R c,
Z = 2.

The second point of transition corresponding to a
pressure of 3.8 GPa is in good agreement with the tran-
sition from the rhombohedral to the orthorhombic

( , Z = 4) phase, which was observed earlier in [9].
The strong increase in the number of lines in the Raman
spectrum (3) is also in accord with these observations.
In [9], a strong diffusion-controlled X-ray scattering
was detected above this transition point, which gradu-
ally decreased upon an increase in pressure. This corre-
lates well with the emergence of a developed system of
domain walls observed through the microscope and
with the increase in the domain size under an increase
in pressure. The type of this transition (which is pre-
dominantly a first-order transition) and the existence of
a considerable hysteresis upon a decrease in pressure
are also in accord with the results obtained in [9].
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x ũF1

y– ũF2

y ũF2

z– ũF3

x– ũF3

z u,= = = = = =
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α uFi
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6. CONCLUSIONS

Thus, we have carried out experimental studies and
numerical calculations of lattice dynamics in a ScF3

crystal induced by a hydrostatic pressure.

The structural phase transition from the cubic to the
rhombohedral phase observed experimentally for the
first time under a pressure of 0.7 GPa is in accord with
the results of nonempirical calculations of the lattice
vibrational spectrum: the calculated spectrum of the
crystal under normal pressure contains no imaginary
frequencies, which indicates the stability of the struc-
ture. However, the vibrational spectrum contains a
branch (between points R and M of the Brillouin zone)
with anomalously low frequencies. As the unit cell vol-
ume decreases (which corresponds to an increase in
pressure), the frequencies corresponding to this branch
decrease and the lattice becomes unstable at a fairly
high pressure. The reason for this decrease in frequency
and, hence, in the emergence of lattice instability is the
violation of the balance of the Coulomb interactions, on
the one hand, and the sum of short-range and dipole–
dipole interactions, on the other hand.

The calculated spectrum of the distorted rhombohe-
dral formed as a result of a transition is in good agree-
ment with the experimental spectrum. The experimen-
tal Raman spectrum displays the restoration of a soft
mode; the frequency of the second expected soft mode
apparently lies below the investigated frequency range,
and only a wing of this mode is observed.

Table 2.  Compatibility relations and values of vibrational
frequencies in the cubic and rhombohedral phases (experi-
mentally measured values of frequencies are given in paren-
theses)

Cubic phase Rhombohedral phase

Frequency, 
cm–1

Symmetry
of vibrations

Symmetry
of vibrations

Frequency, 
cm–1

590 F1u–LO A2u 557

477 F1u–TO Eu 442

154 F1u–LO A2u 210

211 F1u–TO Eu 164

126 F2u A1u 148

Eu 132

542 R1 A2g 513

341 R10 A1u 327

Eu 330

445 R3 Eg 412 (465)

188 R4 A2g 190

Eg 198 (260)

65i R5 A1g 79 (180)

Eg 34
SICS      Vol. 94      No. 5      2002



984 ALEKSANDROV et al.
The pressure and the general type of the second
transition from the rhombohedral to the orthorhombic
phase investigated by us coincide with those observed
earlier [9]; the Raman spectrum of this high-pressure
phase is obtained for the first time. The transition is pre-
dominantly a first-order transition and is accompanied
by strong hysteresis effect. The formation of a complex
system of domain walls is apparently responsible for
the strong diffuse X-ray scattering (reported in [9]) in
this phase. The mechanism of transition to the second
high-pressure phase, its structure, and lattice dynamics
require further investigations.
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