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Abstract—The Raman spectra of an Rb,KLuFj crystal are studied in the temperature range from 8 to 375 K,
which includes two phase transitions: one of which proceeds from a cubic to a tetragonal phase, while the
other transition takes place from a tetragonal to a monoclinic phase. An analysis of the temperature depen-
dences of parameters of spectral lines shows that the former transition is of the second kind, while the latter
transition is of the first kind, close to the tricritical point. It is shown that the structural phase transitions in
the Rb,KLuFg double perovskite are not associated with disordering. The former transition is associated with
rotations of LuFg octahedra around the fourth-order axis, while the latter transition is related with rotations

of octahedra and displacements of rubidium ions.
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INTRODUCTION

Crystals with the general formula Rb,KReCG"F,
belong to the extensive family of elpasolites (double
perovskites) 4,B1 B®X,, where A and B are cations of
metals or more complex molecular ions and X refers to
anions of oxygen or halogens. Cations B in the cubic
structure of elpasolites occupy ideal octahedral posi-
tions. Special interest from researchers in elpasolites is
caused by the creation of new functional materials [1].
These can be crystals for creating solar cells [2—4] and
semiconductors [5]. Crystals of this family are ideal
matrices for creating laser media based on transitions
of metals and rare-earth ions in an octahedral environ-
ment [6—9].

The cubic structure of halogen elpasolites is unsta-
ble at low temperatures, and they undergo ferroelastic
phase transitions upon cooling [ 10—15]. A decrease in
cation radius Re®") leads to a change in the sequence
of transitions from Fm3m—P12,/n1 for Re®") = Ho,
Dy, and Tb to Fm3m—14/m—P12,/nl for Re®" = In,
Sc, and Lu [12]. Transitions in Rb,KInF; and
Rb,KScF; are associated with small rotations of ReF,
octahedra and displacements of rubidium ions [13—
17]. These transitions are of the displacive type and are
accompanied by the condensation of the soft phonon
mode in the cubic phase. In isostructural elpasolites
Rb,KHoF, and Rb,KDyFg, structural phase transi-
tions of the first kind were observed [12, 18, 19]. The
total change in the entropy of a crystal upon transition
from a cubic to a monoclinic phase depends on the
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size of the Re®") ion and decreases from 1.3R (Ho) to
0.7R (Sc) [16]. The maximum magnitude of this
change (1.3R), although being quite large, does not
allow one to relate these transitions to ordering pro-
cesses. In this connection, it becomes interesting to
investigate these transitions in crystals of this family
with other rare-earth ions and to perform a compara-
tive analysis of data on several fluorides in order to
clarify mechanisms by which observed phase transi-
tions proceed. Raman scattering spectroscopy seems
to be an efficient experimental tool to establish both
the nature of observed phase transitions and their
mechanism, as well as the role played by individual
structural units [20, 21].

EXPERIMENTAL

Rb,KLuF; crystals were synthesized by the solid-
state reaction method from a mixture of RbF, KF, and
LuF; fluorides, which was carried out in a platinum
ampoule in an argon atmosphere.

The Raman spectra of an Rb,KLuF crystal were
examined in the temperature range of 8—390 K. The
spectra were recorded in the backscattering geometry
using a Jobin Yvon T64000 triple spectrometer in the
dispersion subtraction mode with a CCD detector
cooled to 140 K. The spectral resolution was 2 cm™!
(diffraction gratings with 1800 g/mm; 100-um slits).
The spectra were excited by the line at 514.5 nm of a
Spectra-Physics Stabilite 2017 single-mode Ar* laser;
the radiation power on a sample was 5 mW. Tempera-
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Fig. 1. Correlation diagrams for internal vibrations of ReFy
octahedra in the cubic, tetragonal, and monoclinic phases
of elpasolites.

ture measurements were performed using an ARS
CS204-X1_SS cryostat with a temperature step of
0.5 K. The protocol of our temperature measurements
was similar to that described in [22]. To determine the
numerical values of parameters of the spectral lines,
the procedure for deconvolution of spectral lines into
contours was applied. The Lorentz function was used
as a model contour.

RESULTS AND DISCUSSION

Upon cooling, an Rb,KLuF, crystal undergoes two
phase transitions: one from a cubic to a tetragonal
phase (/114/m, Z= 2), which occurs at 370 K, and the
other to a monoclinic phase (P12,/nl, Z = 2), which
proceeds at 366 K [23, 24].

The vibrational representation at the center of the
Brillouin zone of the cubic phase has the form

Lo (Fm—=3m) = Ay, (xx,yy,22) + E, (xx, yy,22)

2B (e yz X0 + By +SEy + By
In the tetragonal phase,
[ (1114/m) = 3A4,(xx, yy, 22) + 3B,(xx, yy, X) 2)
+ 3E,(xz,yz) + 54, + 6E, + B,.
In the monoclinic phase,
[ (P12, /n1) = 12A4,(xx, yy, 22, Xy, yX) 3)

+ 12B,(xz, yz,2x,2y) + 184, +18B,.

Here, the corresponding components of the Raman
scattering tensor are given in the parentheses.

The correlation diagrams for the Raman active
modes are shown in Fig. 1. The transition from the
cubic phase to the tetragonal one occurs without a
change in the volume of the primitive cell, and the
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Fig. 2. Temperature transformation of the Raman spec-
trum of Rb,KLuFg.

expected increase in the number of spectral lines
occurs only due to the lowering of symmetry and
because of a partial removal of the degeneracy of triply
degenerate vibrations. The transition to the mono-
clinic phase is accompanied by a doubling of the vol-
ume of the primitive cell, as a result of which, apart
from the complete removal of the degeneracy, modes
from point X(0, 0, m/a) of the Brillouin zone of the
cubic phase are additionally activated in the spectrum.

The temperature transformation of the entire
Raman spectrum is shown in Fig. 2. The spectrum of
the cubic phase (375 K) can be divided into four
ranges, which correspond to vibrations of structural
units: the range of lattice vibrations lies below 100 cm™!;
the range 150—250 cm™! corresponds to bending
vibrations of F—Lu—F bonds; the range of 250—
400 cm™! refers to Lu—F stretching vibrations, and the
range of 470—490 cm~! corresponds to Lu—F totally
symmetric stretching vibrations. Note that the inten-
sity of the Lu—F stretching vibration of the E, type is
extremely low, and the quantitative analysis of its
parameters is difficult. Table 1 shows the assignment
and experimental frequencies of corresponding modes
of the cubic phase for the Rb,KLuF,, Rb,KScF,
Rb,KInF,, Rb,KHoF,, and Rb,KDyF, crystals. In
the cubic phase of the examined Rb,KLuF;, crystal,
which is stable above 370 K, three lines were reliably
observed: 484, 210, and 62 cm~' (Fig. 2). The lines at
484 and 210 cm™! correspond to internal vibrations of
LuF, octahedra; the line at 62 cm~! (at 375 K) corre-
sponds to a single active lattice vibration. The posi-
tions of these lines in Rb,KLuF, only insignificantly
differ from those in the spectra of the isomorphic
Rb,KScF,, Rb,KInF,, Rb,KHoF,, and Rb,KDyF,
crystals. Lowering the temperature leads to a notice-
able decrease in the width of the lines, and below the
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Fig. 3. (a) Raman scattering intensity distribution of an Rb,KLuFg crystal in the low-frequency range; (b) temperature transfor-
mation of the low-frequency range of the spectrum. Dashed lines indicate the temperatures at which the spectra in Fig. 3b were

measured.

temperatures of the phase transitions, to the appear-
ance of new lines in accordance with the selection
rules.

Figure 3a presents the intensity pattern of the low-
frequency range of the spectrum in relation to the tem-
perature. The dashed lines show the temperatures that
correspond to the spectra shown in Fig. 3b. The inten-
sity of the F,, lattice mode decreases with decreasing
temperature, and this mode becomes split in accor-
dance with the selection rules. The spectral transfor-
mation in the same range is shown in Fig. 3b. Both the
appearance of new lines due to an increase in the vol-
ume of the primitive cell after the transition from the
tetragonal to the monoclinic phase and the splitting of
lines due to the removal of the degeneracy after the
phase transitions can be clearly seen. At the same time,
a large number of interacting low-frequency lattice
modes associated both with vibrations of rubidium
ions and with librations of LuF4 octahedra leads to the

fact no restoration of soft modes below the phase tran-
sitions is observed, in contrast to crystals with ScFg,
InF¢, and YF4 octahedral groups [13, 14].

Figure 4 shows the temperature dependences of the
position and halfwidth (FWHM) of the line that cor-
responds to the totally symmetric stretching vibration
of the LuF, octahedron. Previous studies [13, 14, 25]
have shown that, in Rb,KScF,, Rb,KInF¢, and
Rb,NaYF crystals, the dependences of the position of
the line corresponding to the totally symmetric inter-
nal vibration of the octahedral group changes mono-
tonically with temperature upon phase transition.
However, the phase transition at 367 K in the
Rb,KLuF, crystal under study is accompanied by a
small jump in the frequency of the line at 483 cm™!
upon the transition from the tetragonal to the mono-
clinic phase (Fig. 4a), although the linewidth also
changes monotonically (Fig. 4b). This behavior corre-

Table 1. Symmetry species and positions of lines in Raman spectra of cubic phases of szKB(3+)F6 crystals

Symmetry| Rb,KLuFg, | [10] Rb,KHoFg, | [10] Rb,KDyFg, | [11] Rb,KScFg, | [12] Rb,KInFy, | [13] Rb,KYF,,
species cm™! cm™! cm~! cm™! cm™! cm™!
Ajq 484 472 470 505 507 470
E, 380 390 379
Fy, 210 204 202 230 218 210
Py 62 61 65 89 69 60
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Fig. 5. Temperature behavior of the parameters of the internal Fzg vibration: (a) position and (b) linewidth (FWHM).

sponds to a first-order phase transition that is close to
the tricritical point.

The temperature dependences of the position and
the width of the line corresponding to the F,, internal
bending vibration of the LuF, octahedron are shown
in Fig. 5. Upon cooling below 370 K, the position of
this line changes from 211.5 to 210.5 cm~!, and another
two lines appear near this line—at 186 and 237 cm™!
(Fig. 1). The width of the line at 211 cm~! monotoni-
cally decreases with cooling. The temperature depen-
dence of the width experiences a kink upon transition
from the tetragonal to the monoclinic phase (Fig. 5b).
In accordance with the selection rules, one can expect
that, in the monoclinic phase, this line will split due to
the degeneracy removal, and additional lines will
emerge that arrived from the boundary of the Brillouin
zone of the cubic phase. It is clear that the observed
additional lines are caused precisely by such an activa-
tion, whereas the magnitude of the splitting does not
allow one to observe additional lines near the transi-
tion from the cubic to the tetragonal phase. Therefore,
the splitting is fixed significantly lower in temperature
after the phase transition.

OPTICS AND SPECTROSCOPY  Vol. 126

CONCLUSIONS

Therefore, we can conclude that the transition
from the cubic to the tetragonal phase is a transition of
the second kind, whereas the transition from the
tetragonal to the monoclinic phase is of the first kind,
and it is close to the tricritical point. Similarly to other
isomorphic fluorides with an elpasolite structure [12],
the former transition is associated with the rotation of
LuF; octahedra around the fourth-order axis, whereas
the latter transition is associated with the rotation of
octahedra and displacements of rubidium ions. Below
this transition, strong interactions of restoring soft
modes with other low-frequency lattice vibrations and
fluctuations of second-order parameters become pos-
sible [26, 27]; as a result of which these modes are not
observed separately. Small halfwidths of lines and their
temperature dependences correspond to the decay of
phonons due to anharmonicity and are not associated
with structural disordering.
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