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Crystal of GaV,4Sg, a multiferroic system hosting a Néel-type skyrmion lattice phase, has been investigated by
polarized Raman and IR spectroscopy above and below the ferroelectric phase transition. Counts of the observed
IR and Raman-active modes belonging to distinct irreducible representations agree quite well with group-theory
predictions. Phonon spectra are assigned and interpreted with the aid of ab initio calculations of the phonon
spectra in the ferroelectric phase. Results allow appreciation of phonon frequencies of the modes involved in
Jahn-Teller distortion and their contribution to the spontaneous polarization.
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The ternary chalcogenide GaV4Sg (GVS) has recently at-
tracted considerable attention due to its multiferroic properties.
First of all, the low-temperature zero-field phase of GVS is
simultaneously ferroelectric and ferromagnetic up to about
Tem &~ 5 K. Its magnetization corresponds to S = 1/2 per
formula unit and its electric polarization is also appreciable
(P~ 1 nCcm™2). Moreover, clear experimental evidence
has been found for a sizable magnetoelectric coupling [1].
Secondly, GVS exhibits an interesting magnetic cycloidal
order between Try and Ty = 13 K, which can be transformed
by a moderate magnetic field (of about 40 mT) into a Néel-type
skyrmion lattice (SkL) phase [2]. As predicted in the seminal
works of Bogdanov et al. [3-5] the important prerequisite for
the appearance of this very unusual spin texture (Néel-type
SkL) is the polar macroscopic symmetry of the underlying
crystal lattice. In GVS, the suitable C3, symmetry emerges
together with the ferroelectric polarization below the Jahn-
Teller phase transition Tyr = 42 K [6,7]. This unusual phase
transition was shown to be driven by a strong electron-phonon
coupling between the unpaired electron in the highest-energy,
orbitally degenerate electronic state of the V4 cluster and
two corresponding Jahn-Teller-active zone-center modes of
the noncentrosymmetric paraelectric structure of GVS [8].

The aim of this Rapid Communication is to explore the
role of the zone-center phonon modes in the phase transition
using Raman and IR spectroscopy and the ab initio approach.
In particular, we have (i) determined the spectrum of zone-
center phonon modes of GVS, (ii) identified two phonon modes
primarily involved in the phase transition, and (iii) related
these findings to the Jahn-Teller phase transition and dielectric
properties of GVS.

GVS is a lacunar spinel, i.e., it can be presented as
a spinel structure lacking every second Ga atom. It can
be viewed as a face-centered cubic (fcc) lattice formed of
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tetrahedral GaS,4 and cubane V4S, clusters [see Fig. 1(a)]. The
paraelectric phase of GaV4Sg has a noncentrosymmetric cubic
(T;) symmetry [6]. The hybridization of the valence states of
the vanadium metal ions within the V4S4 magnetic building
blocks leads to one unpaired localized electron occupying a
triply degenerate t, cluster orbital with an overall spin 1/2. The
Ga, V, and S atoms are located at 4a, 16e, and 16e Wyckoff
positions of the F43m (No. 216) space group, respectively [6].
Group theory predicts 3A; 4+ 3E 4 3F| + 6F, zone-center
optic modes, which involves 12 Raman-active optic modes
(3A| + 3E + 6F,, the 6F; being simultaneously IR active).
Under the F43m > R3m symmetry reduction, the 3F; mode
gives rise to 3A, + 3E doublets and 3F, gives rise to 3A; +
3E doublets so that in total, there are 9A; + 34, + 15FE
zone-center modes expected in the ferroelectric R3m (No. 160)
phase. Since the macroscopic symmetry lowering (43m > 3m
species No. 172 of Ref. [9]) implies the existence of four
ferroelastic and ferroelectric domain states, most work has
been done in the cubic phase, where the domains do not
intervene.

The samples used in this work were prepared from single
crystals grown by the chemical vapor transport method as
described in Ref. [2]. Raman data were collected using a
Renishaw microscope spectrometer [10,11] operated with a
514 nm laser and an ultranarrow notch filter. Reflectivity
measurements were performed on naturally grown (111)
surfaces of GVS single crystals with near-normal incidence
over the spectral range of 22048 000 cm™' (25 meV-6 eV).
Optical conductivity spectra were obtained by Kramers-
Kronig transformation.

Selected Raman spectra taken in backscattering geometry
from the natural crystal facets with (111), (011), or (001)
pseudocubic crystal orientations at 80 K are shown in Fig. 2.
These spectra were used to determine mode frequencies
collected in Table I. The spectra actually do not change
much with the temperature so that in many cases, additional
polarized measurements needed for mode assignments were
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FIG. 1. Rhombohedral crystal structure of GVS with indicated
GaS, and V,4S, clusters (a) and the ab initio predicted eigenvectors
of the A([F,] symmetry modes at (c) 203 and (d) 133 cm~! in
comparison with the static atomic displacement pattern (b) frozen
in the thombohedral ground state.

done at room temperature. The bottom spectrum (111 VV)
was recorded in a parallel-polarized configuration from the
(111) facet. The three strongest phonon lines near 287, 404,
and 411 cm™! were identified as A; modes. In particular, it
was verified on the (001) facet that their parallel-polarized
Raman intensity does not change when the polarizers are
rotated around the incident beam, what agrees with the form
of the A} Raman tensor of this crystal class [12].

The fourth strong mode in the (111 VV) spectrum was
identified as the E symmetry mode (near 336 cm™"). Actually,
it is the strongest mode in the (001) facet backscattering
spectrum, taken with crossed polarizers at £45° with respect
to the in-plane pseudocubic directions (the top spectrum in
Fig. 2). In this geometry, denoted as (001 HV 45), only
the E symmetry modes are allowed. Apart from the leakage
scattering of the strongest A; mode, there are only two other
weak modes, at 190 and 263 cm~!. These modes were thus
also assigned as E modes.
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FIG. 2. Polarized Raman spectra of GaV,4Sg single crystal at 80 K
(cubic phase) detected in selected experimental configurations. The
labels VV and HV in the caption stand for the vertical-vertical and
horizontal-vertical orientation of the polarizers in the conventional
experiment. More precisely, from top to bottom, the spectra are
taken in the cross-polarized backscattering geometry incident to (001)
crystal facet with polarizers along [110] and [110] (denoted as 001
HV 45), cross-polarized backscattering geometry incident to (011)
crystal facet (denoted as 011 HV), cross-polarized backscattering
geometry incident to (001) crystal facet with polarizers along [100]
and [010] (denoted as 001 HV), and parallel-polarized backscattering
geometry incident to (111) crystal facet (denoted as 111 VV).

The remaining six lines in the (111 VV) spectrum were
identified as the F'; modes. In principle, these modes are also
IR active and therefore exist as TO-LO doublets. The LO
modes alone should contribute in the (001 HV) spectrum,
while the TO modes alone should contribute in the (011 HV)
spectrum (middle spectra in Fig. 2). When the (001 HV)
and (011 HV) spectra are compared with each other, there
is indeed a slight shift between the positions of the modes near
304, 314, 371, and 442 cm~'. The two remaining F> modes,
near 130 and 190 cm~!, do not show any obvious LO-TO
shift, partly because they do not have a strong dynamic dipole
moment, but also because they are considerably broadened.
Such a spectral broadening in a chemically homogeneous
material is usually linked to some kind of lattice anharmonicity
or electron-phonon interaction [13—15]. This also indicates
that the two lowest frequency F, phonon modes are the
searched Jahn-Teller active modes. Moreover, the character-
istic line shape asymmetry suggests that they are mutually
coupled, too.

The assignment of the F, modes near 304, 314, 371, and
442 cm~! was also confirmed by IR spectroscopy (see Fig. 3).
The fact that the F>, modes are the only IR-active modes in
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TABLE I. Correspondence between the experimentally detected
phonon mode frequencies and the ab initio calculated mode
frequencies of GVS (in cm™!). Experimental mode frequencies
correspond to the paraelectric cubic phase (7' = 80 K); the ab initio
calculated values are in the rhombohedral ground state. However, the
rhombohedral distortion is rather weak, so that direct inspection of the
phonon mode eigenvectors allows relating them to the parent phase
cubic mode representations shown in the first column. Wavenumbers
printed in bold correspond to the two A; modes, contributing most to
the frozen ferroelectric distortion of the crystal structure.

Raman (80 K) Comment

TO LO

IR (80K) Theory (0 K)
TO LO E A (A)

F, 442 445 441 442 440 462 Asym. stretch

A 411 419 V,S, breathing
A 404 367 GaS, breathing
F, 371 374 370 373 336 343 Asym. stretch
E 336 338
F, 328 314 326 285 292 Strongest IR
F, 304 307 303 307 331 326
F 305 (314) Rotational
A, 287 287 Stretch
E 263 250
F 220 (222) Rotational
F, 193 193 169 203 V4 JT mode
E 190 207
F 142 (141) Rotational
F, 130 130 114 133 Ga-V,S,
°
[ e Fy(TO) o
800 - )
_ T=100K o
g 600
o |
P
= T=50K b#
é 400
S 286 32?536
o - \ é 457
TERE
200
T=0K (DFT)
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FIG. 3. Spectrum of optical conductivity in the phonon frequency
range at selected temperatures. From top to bottom, the spectra
correspond to temperatures 7 = 100, 50, 10, and 0 K. The spectrum at
0 K is calculated from damped harmonic oscillators with frequencies
and strengths from ab initio calculations and with the damping
parameter set arbitrarily to I' = 5cm™' for all modes. Other spectra
are obtained by Kramers-Kronig relations from the directly measured
IR reflectivity spectra.
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the cubic phase has one important advantage for investigation
of the phase transition itself: mode splitting and new modes
will necessarily indicate the symmetry lowering. Indeed, the
onset of the transition is clearly marked by splitting of the
highest-frequency F, mode into the A} — E doublet (437 and
456 cm~! at 10 K) and also by the clear appearance of the
additional lines in the conductivity spectra near 286, 336, and
328 cm™!, which can be assigned by correspondence with the
Raman data as modes derived from the A;, E, and F; modes of
the parent cubic phase (the last mode being present in Raman
spectra only below Ty, as expected from the selection rules).
However, a full list of the 9A; + 15E IR- and Raman-active
zone-center modes of the low-temperature phase could not
be determined, because of the possible domain twinning and
considerable mode overlapping.

Both Raman and IR conductivity spectra have been fitted
to a model of independent damped harmonic oscillators
(DHO). There is almost no change of the peak positions above
50 K with temperature, only a slight increase of the damping
parameters.

In order to obtain insight into the nature of the observed
phonon modes, phonon frequencies, eigenvectors, and dy-
namical charges were also calculated using the ab initio
approach. Technically, these calculations were performed
using density functional theory within the generalized gradient
approximation GGA + U method [16] with the local-density
approximation as implemented in the Vienna Ab Initio Simula-
tion Package [17,18]. We use the Dudarev [19] implementation
with on-site Coulomb interaction U, = 2.0 eV to treat the
localized 3d electron states of V atoms. The value of U
reproduces well the experimental magnetic moment of ~ 1 p
per V4 unit. The projector augmented wave potentials [20]
explicitly include 13 valence electrons for Ga (3d'%4s%4p),
six for S (3s23p*), and 11 for V (3p®3d*4s"). Internal atoms
were relaxed within experimental lattice vectors until the
residual Hellman-Feynman forces were less than 1.0 meV/ A.
The zone-center phonon frequencies of the structures were
computed using the frozen phonon method in 13 atoms
primitive unit-cell supercells and 6 x 6 x 6 Monkhorst-Pack
k-point meshes. Spin-orbit coupling was not included. We
obtained the modes at ¢ = 0 by uniformly displacing all atoms
related by translation symmetries of the primitive GaV,4Sg
structure. Born effective charges for the relaxed structure were
computed by the Berry-phase method [21].

The unit-cell volume (224.3 A3 per formula unit) and the
rhombohedral angle (o, = 59.64) were fixed close to the
reported experimental values [6]. Relaxation of the internal
parameters resulted in a structure matching nicely the known
structural data [6]. Moreover, the resulting spontaneous polar-
ization (P, = 2.6p C/cm?), calculated from the frozen polar
phonon modes and the Born effective charges, corresponds
well to that of the earlier ab initio calculations of Ref. [8]
(Ps=2.4un C/cmz) and it is also consistent with the P; =~ 0.6
C/cm? value determined from the pyroelectric experiments of
Ref. [1] (considering, for example, the possibility that the sam-
ple measured there could have been in a multidomain, incom-
pletely poled state). Interestingly, the asymmetric stretching
of the V4 cluster alone would lead to even larger polarization
(P; =3.2u C/cm?), which implies that the total value is
somewhat counterbalanced by the contributions of other frozen
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polar modes. On the other hand, the complete ordering of the
dynamical dipoles of V4 clusters, estimated from the paraelec-
tric Curie constant, would contribute only little (P; = 0.7
C/cmz). Since the transition is of a first-order nature [22,23],
this difference is nevertheless well understandable.

The TO mode phonon frequencies, calculated for the
experimental unit cell [6], are listed in Table I. Association with
the zone-center modes of the cubic phase has been made by a
direct inspection of the phonon eigenvectors. The examples of
the phonon eigenvectors of the two lowest frequency A;[F>]
symmetry modes are shown in Fig. 1. Roughly speaking, the
center of mass of the anion subsystem vibrates in-phase with
that of cations in the 133 cm~! mode. In the 203 cm™—! mode,
the center of mass of the anion subsystem does not vibrate
much, and the same holds for the cations. Therefore, none
of these two modes is expected to show a marked IR activity.
This is also consistent with the optical conductivity spectra of
Fig. 3. The nature of the other eigenvectors is indicated in the
last column of Table I. In general, the level of the agreement
between the calculation and the experiment is similar to that
reached, e.g., in the recent studies of BiFeO; phonons [24,25].

In addition, we have used Born effective charges and
the calculated eigenvectors to evaluate the mode plasma
frequencies as well as the optical conductivity spectrum [26]
(assuming a model of independent DHO oscillators with a
common damping constant of 5 cm~! for phonon modes and an
experimental value of the background permittivity €5, = 14).
The resulting mode conductivity spectrum, displayed as the
bottom spectrum in Fig. 3, agrees qualitatively with the
experimental one in the sense that there are the two most
pronounced IR bands in the spectrum, one near 300 and the
other near 370 cm™!, while the modes with frequency below
250 cm ™! have only very small dielectric strengths.

The ferroelectric structure can be expressed as the reference
cubic structure perturbed by the frozen phonon modes. By
comparison of the F, symmetry part of the frozen structural
distortion with the calculated eigenvectors, we have verified
that the distortion has the largest overlap with the lowest
frequency A[F;] symmetry modes shown in Fig. 1 (at 133
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and 203 cm~! in Table I). These modes clearly involve the
anticipated Jahn-Teller distortion of the V4 unit as well as
the Ga-V4S; beating mode. Thus, as concerns the Jahn-
Teller ferroelectricity, both experiment and calculations point
towards the two lowest frequency F, phonon modes.

Relatively high frequencies of these two modes suggest
that the energy barriers for a homogeneous switching between
equivalent domain states are probably higher than kTir, i.e.,
that the phase transition is of order-disorder type [27]. This
is also corroborated by rather small temperature variations
of the frequencies of these modes—no clear softening was
observed. Therefore, it is very likely that the critically
slowing down THz-range relaxational dynamics, observed
above Tjp in Ref. [7], is simply related to the stochastic
jumps of the local Jahn-Teller coordinate among the four
equivalent Jahn-Teller potential minima. This is what is
actually expected in the canonical picture of the dynamical
Jahn-Teller effect. Conceptually, this case is very similar to the
order-disorder dynamics known, for example, from BaTiO3;
type ferroelectrics [28-30], even though the electronic
mechanism behind and the shape of the local potential
associated with the dynamical Jahn-Teller effect are obviously
very different from that of BaTiOs3 type ferroelectrics.

In summary, this polarized Raman and IR spectroscopic
study complemented by ab initio calculations provides a
comprehensive description of the phonon spectra of GVS as
well as the clarification of the dynamic nature of the Jahn-Teller
phase transition in this model compound.
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