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Inorganic metal halide perovskites are promising materials for next-generation technologies due to a plethora
of unique physical properties, many of which cannot be observed in the oxide perovskites. On the other
hand, the search for ferroelectricity and multiferroicity in lead-free inorganic halide perovskites remains a
challenging research topic. Here, we experimentally show that cubic fluoroperovskites exhibit proximity to
incipient ferroelectrics, which manifested in the softening of the low-frequency polar phonons in the Brillouin
zone center at cooling. Furthermore, we reveal the coupling between harmonic and anharmonic force constants
of the softening phonons and their correlation with the perovskite tolerance factor. Next, using first-principles
calculations, we examine the lattice dynamics of the cubic fluoroperovskites and disclose the incipient lattice
instability at which the harmonic force constants of low-lying phonons tend to decrease with a reduction of
tolerance factor at all high-symmetry points of the Brillouin zone. The correlations with the tolerance factor
indicate the geometric origin of observed incipient lattice instability in the cubic fluoroperovskites caused by
the steric effect due to the volume filling of the unit cell by different radius ions. These results provide insights
into the lattice dynamics and potential ferroelectric properties of inorganic lead-free metal halide perovskites,

relevant to further design and synthesis of new multifunctional materials.
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I. INTRODUCTION

Perovskites, primarily oxides, have been having a tremen-
dous impact on physics and technology for many years
due to a plethora of intriguing physical phenomena such as
magnetism, ferroelectricity, multiferroicity, superconductiv-
ity, piezoelectricity, colossal magnetoresistance, etc [1]. Some
of these phenomena arise from the flexible crystal structure
and the wide variety of elements that perovskites may con-
tain. In the past decade, metal halide perovskites AMX 3 with
a monovalent inorganic or organic At cation, a divalent
metal B> cation, and a halide X'~ anion such as F!~, Cl'~,
Br!~, or I'" have become an appealing class of materials for
next-generation high-performance optoelectronic, photonic,
spintronic devices and beyond due to potentially unique op-
tical and electrical properties that can not be observed in
oxide perovskites [2-7]. On the other hand, many physical
phenomena observed in oxide perovskites can also be present
in metal halide perovskites.

Ferroelectric properties were discovered in some organic
metal halide perovskites, e.g., in CH3;NH3Pbl; [8], and in
inorganic ones, such as orthorhombic CsPbBr; [9], and hexag-
onal KNiCl; [10], TIFeCl3 [11], RbMnBr3 [12], RbCoBr3
[13], and RbFeBr; [14]. However, none of the synthesized
inorganic metal halide fluoroperovksites AMF; were reported
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to be ferroelectric with the only exception being CsPbF3
with a lone pair active Pb*>" cation which was experimentally
observed in a noncentrosymmetric space group R3c [15,16].
Moreover, although the polar ground state was theoretically
predicted in NaCaFs;, NaCdFs3;, LiMgF;, and LiNiF; fluo-
roperovskites [17—-19], up to date, there have been no reports
on the synthesis of these crystals.

Notwithstanding the foregoing, it was theoretically pre-
dicted in Ref. [20] that synthesized orthorhombic fluoroper-
ovskites have ferroelectric instability in their hypothetical
high-symmetry cubic phase with the degree of which corre-
lates with the tolerance factor ¢ [21]. It is worth noting that the
ferroelectric instability in fluoroperovskites originates from
geometric ionic size effects without noticeable hybridization,
which plays a crucial role in the oxide perovskites [20].
The latter prediction was experimentally corroborated and it
has been observed that the bulk crystal of the orthorhombic
fluoroperovskite NaMnF3, with the lowest tolerance factor
t = 0.78, is an incipient multiferroic in which incipient ferro-
electricity coexists and even interacts with antiferromagnetic
ordering below the Néel temperature 7y = 66 K [23]. Fur-
thermore, it was shown that the strained thin film of NaMnF;
is ferroelectric already at room temperature [24,25]. This in-
triguing results put on the agenda the necessity of further
detailed experimental studies of the lattice dynamics of cu-
bic fluoroperovskites with different tolerance factors ¢t aiming
to unveil any signs of incipient ferroelectricity in the high-
symmetry cubic phase.

©2021 American Physical Society
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In this paper, we report results of systematic study of
the lattice dynamic of cubic fluoroperovskites by far-infrared
spectroscopy technique supported by appropriate theoreti-
cal calculations and analysis. We experimentally revealed
that the low-frequency polar phonon softens with cooling
at the I' point of the Brillouin zone in all studied crystals,
similar to what is observed in incipient ferroelectrics. This fre-
quency change correlates with the tolerance factors ¢ of cubic
fluoroperovskites so that the lower ¢, the more significant fre-
quency decrease at cooling is observed. The coupling between
harmonic and anharmonic force constants of polar softening
phonons is experimentally observed in these crystals. More-
over, according to our harmonic first-principles simulations,
the cubic fluoroperovskites tend to lattice softening at all
high-symmetry points of the Brillouin zone with a reduction
of the tolerance factor ¢ that indicates geometric origin of this
effect.

II. METHODS

The experimentally studied cubic fluoroperovskites
KZnF3;, RbMnF3, KNiF3;, and KMgF; have the crystal
structure which belongs to the space group Pm3m (No. 221,
Z = 1) [26-30]. The lattice parameters a of these crystals at
room temperature are listed in Table I. The perovskite unit
cell contains five ions occupying the Wyckoff positions 1a (0,
0, 0) for A, 15 (4, 1, 1) for M**, and 3¢ (0, 1, 1) for F'~
as shown in Figs. 1(a) and 1(b). The fluoroperovskites KZnF3
and KMgF; are diamagnetic, while RbMnF3 and KNiF3 are
antiferromagnetic below Néel temperatures Ty = 83.5 [31]
and 244.8 K [32,33], respectively.

Single crystals of cubic fluoroperovskites were grown by
the Czochralsky method [34]. The x-ray oriented crystals were
cut normal to the a axis and optically polished. The surface
size of the samples used in the far-infrared experiments were
about 10 x 10 mm?2. Samples for dielectric measurements
were prepared in a form of plane-parallel optically polished
plates with a thickness about 0.5 mm and area about 10 mm?.

The far-infrared (IR) reflectivity measurements were
carried out in the spectral range of 30700 cm~! with near-
normal incident light (the incident light beam was at 10° from
the normal to the crystal surface) using Bruker IFS 125HR
spectrometer equipped by a liquid helium cooled bolometer as
a detector. Due to the cubic symmetry of crystals, three axes
are equivalent, and reflectivity measurements were performed
with unpolarized light. Samples were attached to a cold finger
of a closed cycle helium cryostat Cryomech ST403 and the
relative reflectivity spectra were measured at continuous cool-
ing from 300 to 5 K with respect to a reference reflectivity
of a gold mirror at room temperature. No corrections on the
surface quality and shape of sample, as well as the sample
positions due to cold finger thermal contraction, were done.
The absolute reflectivity spectra were obtained at room tem-
perature using Bruker IFS 66v/S spectrometer in the range
of 50-7500 cm~! with DTGS (50450 cm~') and DLaTGS
(4507500 cm™") detectors which allowed us to determine
the high-frequency dielectric permittivity e.,. According to
Refs. [35,36] the values of ¢, in the cubic fluoroperovskites
are characterized by weak temperature changes, which were
neglected in the analysis.

FIG. 1. The crystal structure of cubic fluoroperovskites AMF;
with the tolerance factor (a) ¢t < 1 and (b) ¢t > 1. (¢) The Brillouin
zone of a face-centered cubic lattice indicating the high-symmetry
['-M-R-I"-X path used in the lattice dynamic calculations. The k,, k,,
and k, are the primitive reciprocal lattice vectors.

Measurements of the low-frequency dielectric permittivity
& were done in the range from 20 Hz to 1 MHz using
precision RLC meter AKTAKOM AM-3028. Electric contacts
were deposited on the sample faces using silver paint to form a
capacitor. Samples were placed in a helium flow cryostat Cryo
CRC-102 and measurements were performed at continuous
heating from 5 to 300 K. Experimental data are presented only
at 100 kHz because no noticeable frequency dispersion was
observed. The dielectric losses were very small, on the order
of 107, with no perceptible temperature changes.

The experimental results were supported by the use of
first-principles calculations of the lattice dynamics within
the density functional theory (DFT) framework [37,38] as
implemented in the VASP code [39,40]. The projected aug-
mented wave (PAW) method [41] was used to represent
the valence and core electrons. The following electronic
configurations of valence electrons of K (3p%4s', version
17Jan2003), Rb (4p°5s', version 06Sep2000), Ca (3523 p04s,
version 06Sep2000), Mn (3p%4s%3d°, version 02Aug2007),
Co (3p°3d74s?, version 23Apr2009), Zn (3d 10452 version
06Sep2000), Ni (3p°3d34s®, version 06Sep2000), and F
(25*2p°, version 08 Apr2002) have been applied. The k-point
mesh of Brillouin zone sampling in primitive cell Monkhorst-
Pack was set to 8 x 8 x 8. The exchange correlation was
represented within the generalized gradient approximation
(GGA) in the PBEsol parametrization [42]. Additionally,
the d electrons were corrected through the DFT +U (U =
4 eV) approximation within the Liechtenstein formalism
[43]. Born effective charges, dielectric properties, and lat-
tice dynamics were calculated within the density functional
perturbation theory (DFPT) [44] as implemented in the VASP
code and analyzed through the PHONOPY interface [45]. The
longitudinal-transverse optical phonon (LO-TO) splitting near
the I' point of the Brillouin zone was included using non-
analytical corrections to the dynamical matrix [46]. Finally,
the force constants k of phonon modes were calculated as
eigenvalues of the force constant matrix [47].

III. RESULTS AND DISCUSSION

A. Far-infrared spectroscopy

The group-theoretical analysis for the cubic fluoroper-
ovskites predicts five triply degenerate phonons Iy =
4Ty, & T, among which I'gr = 37;, are IR-active or polar

144304-2



INCIPIENT GEOMETRIC LATTICE INSTABILITY ...

PHYSICAL REVIEW B 104, 144304 (2021)

KZnF, RbMnF, KNiF, KMgF,

1.0 100 300 500 100 300 500 100 300 500 100 300 500 1.0
B T T T T T T T T T T T T .
(@ fios.6\ 3013 300K 11 ®) 1044 2608 300K ][ 246.0 305.7 300K 1 [@ % g P —

o ‘ 11 14961653 \! T \ IR
o5t i / i SIS T 447335277 | L ‘ 105

408.1 49‘2.0

Reflectivity

f \\'
f \\
o\

Temperature (K)

i A\
! i . YA
/ & /
A Al
oo N .
’ | l I
r

300 500

Wavenumber (cm

FIG. 2. (a)—(d) Room temperature and (e)—(h) temperature color map of far-infrared reflectivity spectra of the cubic fluoroperovskites
KZnF;, RbMnF;, KNiF;, and KMgF;, respectively. The solid black lines are results of fits based on the generalized oscillator model according

to Eq. (2). Color vertical dashed lines indicate wro and w o phonon
antiferromagnetic phase transition temperatures Ty .

[48]. The three reflection bands observed in the far-infrared
spectra R(w) at room temperature shown in Figs. 2(a)-2(d)
originate from the IR-active phonons in the studied crys-
tals. The reflection bandwidths correspond to the difference
between LO and TO frequencies of polar phonons arising
from Coulomb interaction. The far-infrared reflectivity spec-
tra R(w) were fitted using the Fresnel equation [49]

2
Jelw)—1
R(w) = |—— (1)
Je(w)+1
with a factorized complex dielectric permittivity [50]
— w? + iyjLow
£(0) = £1(0) — iea(@) = e [ | = “ito .
j jTO —w?+ zy Toa)

where &, is the high-frequency dielectric permittivity, w;i 0,
w;jto, YjLo, and y;to correspond to LO and TO frequen-
cies (w;) and dampings (y;) of the jth IR-active phonon,
respectively. There is a good agreement between experimental
(green) and fitted (black) lines as shown in Figs. 2(a)—
2(d). Deviations appear only at the highest-frequency phonon

frequencies, with wro < wro. Horizontal black dashed lines indicate

presumably due to multiphonon processes involving zone
boundary phonons [51]. The obtained from the fit room-
temperature values of frequencies w; and dampings y; of
the j = 1-3 polar phonons and high-frequency dielectric per-
mittivity €., are listed in Table 1. These parameters are in
satisfactory agreement with the data for room temperature
from the literature for the cubic fluoroperovskites [52-55].
For determining the temperature evolution of polar
phonons in the studied crystals, we examined the far-infrared
reflectivity spectra in the range from 5 to 300 K which are
shown by the color maps in Figs. 2(e)-2(h). The fitting of
these spectra using Eqgs. (1) and (2) allowed us to obtain
the temperature dependences of the w;to and wj o phonon
frequencies which are shown by color circles in Fig. 3.

B. Softening of the polar mode

Our analysis reveals that the phonon frequency w;to de-
creases (i.e., softens), by a few cm~ ! at cooling in all studied
cubic fluoroperovskites as shown in the bottom frames of
Fig. 3. This softening is similar to that observed in the
isostructural KCoF3; and RbCoF; crystals previously reported

TABLE L. Experimental lattice parameters a (A), frequencies w ; (cm™'), and dielectric strengths Ag; of the IR-active phonons, static &
and high-frequency ¢, dielectric permittivities at room temperature in the cubic fluoroperovskites with different tolerance factors .

AMF; t a ®iIT0 YITo ®iLo  YILo @0 Y2To  @WiLo  Y2Lo @3to V3to @3Lo VLo &0 Agr Aey Agz e
KZnF; 095 4.055* 1399 50 150.1 53 1956 8.5 3013 7.1 408.1 37.3 492.0 308 86 1.89 398 057 2.17
RbMnF; 096 4.2396° 1124 6.1 123.6 6.7 1944 14.1 269.8 7.4 3793 235 4581 227 7.1 157 281 0.63 2.09
KNiF; 096 4.014¢ 149.6 76 1653 7.5 2460 13.1 3057 9.5 4475 256 527.7 38.0 561 1.27 158 0.62 2.14
KMgF; 0.97 4.006¢ 1669 89 1957 44 299.7 7.8 3588 58 456.7 17.1 5554 29.8 539 1.75 1.23 0.56 1.85

2References [26,27].
bReference [29].
‘References [27,28].
dReference [30].
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FIG. 3. Temperature dependences of frequencies w; of the j = 1-3 polar phonons for the cubic fluoroperovskites (a) KZnFs, (b) RbMnFs,
(c) KNiF3, and (d) KMgF;. The color circles represent the experimental data. The black lines correspond to the fit under assumption of
anharmonic temperature behavior in the absence of magnetic ordering according to Eq. (3). The green lines are fits of the shift due to spin-
phonon coupling according to Eq. (4). Values of the spin-phonon coupling AwS" (cm™!) are given. Differences between nonmagnetic and
magnetic fit functions are shown by green filled areas. The paramagnetic and antiferromagnetic phases are shown in blue and red color filled

backgrounds, respectively.

in Ref. [56]. For our further analysis, it is convenient to con-
vert phonon frequency o to the force constant k, which are
related as w = /k/u, where u is the reduced mass of ions
in the unit cell. According to the general principles of lattice
dynamics theory [57], the force constant k can be represented
as k = ko + kan, where kg is a temperature-independent har-
monic and kg, is a temperature-dependent anharmonic force
constant. It was shown in Ref. [58] that in the cubic fluo-
roperovskites the value of quasiharmonic force constant kg,
related to the thermal expansion of crystal is one order of
magnitude lower than the anharmonic force constant k,; that
allows us to neglect kqy in the analysis. Moreover, we suppose
that the phonon frequency at the low temperature w;10(5 K)
is determined by the harmonic force constant ky only whereas
the anharmonic force constant k,, is neglected.

It is easy to see that the quantity a)fTO(T)/w%TO(S K) —
1 represents a ratio of anharmonic to harmonic force con-
stants kan(T)/ko of the 1TO polar phonon. The temperature
dependences of this quantity for the considered cubic fluo-
roperovskites together with the data for KCoF3 and RbCoF;
from Ref. [56] are shown in Fig. 4(a). It can be seen that
a consistent decrease of the ratio k(T )/ko takes place
at cooling, with more pronounced change of this value in
KCoF; with the lowest tolerance factor t = 0.94, whereas the
smallest reduction was observed in RbCoF; with the largest
value of ¢+ = 1 among the presented cubic fluoroperovskites.
Figure 4(b) shows the extracted ratios of the force constants at

room temperature Ak, /ko in the studied crystals as a function
of the tolerance factor #. A strong correlation between the
ratio Ak, /ko and the tolerance factor ¢ is observed, while the
smaller is the value of ¢, the larger is the ratio of Ak, /ky in
the presented cubic fluoroperovskites.

To analyze the behavior of the harmonic force constant ky,
let us consider the squared frequency w?o(5 K) at the low
temperature also in the two groups of the cubic fluoroper-
ovskites KMnF; [52,53], KCoF5 [56], KNiF; and RbMnF3,
RbFeFs [59], RbCoF3 [56] in which also only the 3d ion
changes. The ky values for KMnF; and RbFeF; are somewhat
overestimated because the phonon frequencies w;to are given
in the literature only for room temperature, but this does not
violate the general trend. As can be seen in Fig. 4(c), the
value waO(S K) is reduced with decrease of the tolerance
factor ¢ in each of these two crystal groups, which reflects the
corresponding change of the reduced harmonic force constant
ko/w. Therefore, this analysis leads us to conclude that in
the cubic fluoroperovskites AMF; there is a tangible coupling
between the tolerance factor ¢ and harmonic force constant k
of the 1TO phonon at which a decrease of the ¢ drives to a
clear reduction of the k.

In order to reveal the temperature behavior of the an-
harmonic force constant k,,(7), the difference of squared
phonon frequencies w?;o(T) — @?;o(5 K) which represents
the value k,,(T)/u were analyzed in the two groups of the
cubic fluoroperovskites KCoF;, KNiF; and RbMnFj;,
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FIG. 4. (a) Temperature and (b) tolerance factor ¢ (at room temperature) dependences of the differences of squared phonon frequencies
0}o(T) — @10 (5 K) which represent the ratio of anharmonic and harmonic force constants Ak, /ko in the cubic fluoroperovskites. The data
for KCoF; and RbCoF; have been adapted from Ref. [56]. (c) Dependence of the squared phonon frequency w?;(5 K) at low temperature
which represent the reduced harmonic force constant ky(7")/ x4 on the tolerance factor 7 in two groups of the cubic fluoroperovskites: KMnF3
[52,53] (at room temperature), KCoF5 [56], KNiF; and RbMnF;, RbFeF; [59] (at room temperature), RbCoF; [56] with insignificant difference
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kan(T)/ e in groups of the cubic fluoroperovskites (d) KCoF;, KNiF; and (e) RbMnF;, RbCoF; in which the difference in the value of p

is neglected.

RbCoF3, as shown in Figs. 4(d) and 4(e), respectively. In each
of these groups, the difference in values of @ can be neglected
since only the M ion belonging to the 3d ions changes, which
allows comparing the quantity k.,(7") for crystals with dif-
ferent tolerance factor ¢t. According to Figs. 4(d) and 4(e),
the value of a)%TO(T) - a)fTO(S K) for KCoF; (r = 0.94) and
RbMnF; (f = 0.96) is, respectively, more than for KNiF; (f =
0.96) and RbCoF3 (r = 1.0), thus anharmonic force constant
k.n increases when the tolerance factor ¢ is decreased in the
cubic fluoroperovskites.

A similar behavior of the polar phonons, but with more
pronounced temperature changes, was observed in the in-
cipient ferroelectrics such as oxide perovskites SrTiO3 [60],
CaTiO5 [61], and EuTiO3 [62]. In these materials there is a
soft polar mode which frequency wsy tends to but does not
reach zero at cooling up to the lowest temperatures and the
expected ferroelectric phase transition does not occur [63].
The Curie temperature ¢ in incipient ferroelectrics at which
the frequency wsy or its extrapolated linear part goes to zero
is usually negative, but sometimes it is positive what suggests
a ferroelectric transition which nevertheless is not realized due
to a rather low value of this temperature [64]. Moreover, the
harmonic force constant & of the soft polar mode in incipient
ferroelectrics has a small absolute value that is negative, simi-
lar to the case of ferroelectrics, or positive [64]. As mentioned
above, the temperature behavior of the phonon frequency w is
determined by the anharmonic force constant &y, the sign and
value of which is defined by the mutual compensation of the
two terms with the opposite temperature dependence of the
third and fourth order in anharmonicity [65,66]. Thus, the k,,
is positive for ferroelectrics and incipient ferroelectrics but it
is negative for normal insulators. A delicate balance between

these anharmonic terms occurs in the cubic fluoroperovskites
at which anharmonicities mutually compensate each other
when ¢ approaches to 1. We believe that the revealed correla-
tion between the harmonic ko, anharmonic k., force constants,
and their ratio k,,(7")/ko with the tolerance factor ¢ clearly
indicates the existence of incipient ferroelectric instability in
the cubic fluoroperovskites. It is worth noting that a similar
consistent increase of the anharmonic force constant Ak,
with decreasing of the harmonic force constant ky was previ-
ously observed in the group of the IV-VI materials PbS, PbSe,
PbTe, and SnTe, but according to Ref. [67] this effect cannot
be explained within the framework of the phenomenological
theory of lattice anharmonicity.

C. Lattice dynamics simulations

To reveal the features of the lattice dynamics of the
cubic fluoroperovskites under study, we performed the cal-
culations of the phonon dispersion curves considering the
LO-TO splitting along the I'-M-R-I"-X high-symmetry path
of the Brillouin zone [see Fig. 1(c)]. We also included
the RbCaF;, KMnF;, KCoF;, and RbCoF; crystals to
fully cover the 0.88 <t < 1.0 range of stability of the
cubic fluoroperovskites as shown in Fig. 5. The G-type
antiferromagnetic (G-AFM) spin configuration was con-
sidered for the case of magnetic crystals. The obtained
results are in satisfactory agreement with the reported data
[68-74] as can be seen in Fig. 5. The calculated frequen-
cies w and force constants k of the low-lying Tj,, Xs,
M,, and R;s phonons at the I, X, M, and R points of
the Brillouin zone, respectively, together with the obtained
lattice parameters a and tolerance factors ¢ of the cubic
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FIG. 5. Phonon dispersion curves along the I'-M-R-I"-X high-symmetry path of the Brillouin zone of the cubic fluoroperovskites with
different tolerance factors ¢. The lines represent the calculated data. Imaginary frequencies are signified by negative numbers and correspond
to unstable phonons. The circles denote the adapted experimental data from the neutron scattering for KCoF; [68], KZnF; [69], and KMgF,
[70]. The squares represent the polar phonon frequencies in the Brillouin zone center from our infrared spectroscopy experiments for KZnF;,
RbMnF3, KNiF;, and KMgF;, and adapted from the literature for RbCaF; [75], KMnF; [52], KCoF; [56], and RbCoF3 [56].

fluoroperovskites, are listed in Table II. For the studied crys-
tals, the obtained phonon frequencies w, dielectric strengths
Ag, and permittivities &y and &4 at the I' point, as well
as the lattice parameters a are listed in Table III. It can be
noted that the obtained values are in fair agreement to the
experimental data presented in Table I and in the literature
[52-54,56,59,75,76].

The cubic structure is dynamically stable for the vast
majority of fluoroperovskites under study. However, the com-
puted harmonic force constants k of phonons monotonically
decrease with lowering of the tolerance factor ¢ at all high-
symmetry points of the Brillouin zone, as shown in Fig. 6. As
a result, the crystals with a small tolerance factors RbCaF3
(t =0.88) and KMnF; (¢ =0.91) have strongly unstable

antiferrodistortive modes R;s and M, with negative force
constants k and imaginary frequencies w at the R and M high-
symmetry points and along the M-R symmetry line, as it can
be seen from Figs. 5, 6(c), 6(d), and Table II. It is interesting to
note that in the studied fluoroperovskites the lowest-frequency
phonon mode covering a continuum of wave vectors along the
M-R edge of the Brillouin zone is sufficiently flat as shown
in Fig. 5, which is similar to the case found for some other
cubic perovskites [77-79]. The R;s5 phonon force constant
k tending to zero at cooling drives the phase transition from
the cubic Pm3m to the tetragonal I4/mcm structure which
was experimentally observed at 77 = 193 K in RbCaF; [80]
and 186 K in KMnFj3 [81]. A further temperature decrease
leads to the zeroing of the M, phonon force constant k

TABLE II. Calculated frequencies w (cm™") and force constants k (eV/ Az) of the low-lying 7}, X5, M5, and R,s phonons at the I', X, M,
and R points of the Brillouin zone, respectively, in the cubic fluoroperovskites with different tolerance factors .

T, Xs M, Ris

AMF; t a(A) ® k k ® k w k
RbCaF; 0.88 4.436 63.1 45 51.5 2.46 i43.6 —0.86 i49.1 —1.09
KMnF; 0.91 4.193 945 6.9 74.2 3.27 i47.4 -1.02 i51.2 ~1.19
KCoF; 0.94 4.039 134.3 15.7 92.7 6.04 75.5 2.59 72.4 2.38
KZnF; 0.95 4.067 128.7 13.8 89.7 5.72 64.2 1.87 60.5 1.66
RbMnF; 0.96 4237 105.4 152 76.3 5.62 76.7 3.58 84.3 3.23
KNiF; 0.96 4.002 144.8 18.4 111.3 8.57 97.3 430 943 4.04
KMgF, 0.97 3.999 156.9 19.1 125.7 8.17 101.3 4.67 98.1 437
RbCoF; 1.00 4.095 124.9 24.0 95.9 8.26 96.7 8.89 111.0 8.4
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TABLE III. Calculated lattice parameters a, frequencies w; (cm™"), and dielectric strengths Ae ; of the IR-active phonons, static &g
and high-frequency e, dielectric permittivities in the cubic fluoroperovskites with different tolerance factors ¢. For magnetic crystals, the
calculations were performed at the antiferromagnetic spin ordering.

a(A)

AMF; t w110 ®1L0 w10 w0 w310 w3L0 £0 Agy Agy Ags €00
RbCaF; 0.88 4.436 63.1 104.8 180.1 226.1 397.0 484.9 14.31 9.68 1.55 0.88 2.20
KMnF; 091 4.193 94.5 132.0 181.7 244.2 425.0 501.6 11.36 6.56 1.79 0.71 2.31
KCoF; 0.94 4.039 134.3 149.7 213.1 273.0 432.0 517.3 7.05 1.79 2.04 0.81 2.41
KZnF; 0.95 4.067 128.7 139.4 180.9 273.7 414.7 484.8 8.82 2.11 3.70 0.60 2.40
RbMnF; 0.96 4.237 105.4 117.8 187.8 253.7 390.2 465.3 7.89 1.94 2.76 0.76 2.44
KNiF; 0.96 4,002 144.8 160.5 239.0 287.7 438.8 514.3 6.32 1.44 1.54 0.76 2.58
KMgF; 0.97 3.999 156.9 188.6 283.1 341.4 462.5 553.2 6.35 2.32 1.30 0.62 2.11
RbCoF; 1.00 4.095 124.9 129.6 224.9 282.0 381.7 466.8 6.48 0.56 2.49 0.87 2.56

which induces the phase transition to the orthorhombic Pnma
structure below 7, = 65 K in RbCaF; [82] and at 75 K in
KMnF; [83]. It should be noted that in CsCaF; (t = 0.94)
and KZnF3 (¢ = 0.95) crystals with slightly higher tolerance
factors, the experimental frequency of the low-lying phonon
at the R point is also decreased at cooling, but does not reach
zero [58,69]. Moreover, the experimental phonon frequencies
at the R point in the cubic fluoroperovskites from Ref. [68]

RbCaF, KMnF, KCoF, KZnF, RbMnF, KNiF, KMgF, RbCoF,
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FIG. 6. Calculated force constants k of the low-lying T}, X5, M>,
and R,y phonons at the I', X, M, and R high-symmetry points of
the Brillouin zone, respectively, in the cubic fluoroperovskites AMF;
with different tolerance factors 7.

correspond to the trend shown in Fig. 6(d). The force constants
k at the I' and X points are positive for all cubic fluoroper-
ovskites with 0.88 < ¢ < 1.0 and become negative only in the
high-symmetry cubic structure of the orthorhombic crystals
with low values of ¢ [20]. The dependence of the computed
harmonic force constant k of the 1TO phonon at the I' point
on the tolerance factor ¢ is very close to those obtained for
the ko from experiments, as shown in Figs. 6(a) and 4(c),
respectively.

Thus, we revealed the correlations between the force con-
stant k values and the tolerance factor ¢, such that with
a reduction of the ¢ the values of £ are decreased at all
high-symmetry points of the Brillouin zone in the cubic flu-
oroperovskites. The obtained results are in good agreement
with the calculated data for fluoroperovskites in Ref. [20].
Moreover, the computed ionic Born effective charges in the
studied crystals are close to the nominal values in contrast
to the ferroelectric oxide perovskites [84] and without any
correlations on the tolerance factor ¢ as shown in Table IV.
Remarkably, our analysis suggests that the discovered trend
in the cubic fluoroperovskites has a geometric origin related to
steric effect, namely, by the volume filling of the unit cell by
ions with different ionic radii. This size effect was previously
used to explain the multiferroicity observed in the BaMF,
crystal family [85,86]. It is worth noting that no such clear
correlation between calculated frequencies w, force constants
k, and lattice parameters a was observed in our study, empha-

TABLE 1V. Calculated Born effective charges in units of the
elementary charge e in the cubic fluoroperovskites with different
tolerance factors . F, and F indicate the Born effective charge when
it is displaced perpendicular and parallel to the M-F-M bond.

AMF3 t ZA ZM ZFL ZF“

Nominal 1 2 —1 —1

RbCaF; 0.88 1.22 2.37 —-0.97 —1.67
KMnF; 0.91 1.20 2.28 —0.88 —1.71
KCoF; 0.94 1.20 2.21 —-0.83 —1.86
KZnF; 0.95 1.20 2.30 —0.90 —-1.70
RbMnF; 0.96 1.25 2.33 —-0.94 —-1.70
KNiF; 0.96 1.21 2.15 —0.80 —1.75
KMgF, 0.97 1.19 2.00 —0.96 —1.27
RbCoF; 1.00 1.27 2.28 —0.89 —1.85
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FIG. 7. (a) Calculated frequencies w of the polar phonons in
cubic fluoroperovskite KNiF; in (left frames) G-AFM and (right
frames) FM states as a function of lattice parameter a. The equilib-
rium value of a is in the center. Values of the obtained Griineisen
parameters y for phonons are given. (b) Phonon frequency wiro
for KNiF; in G-AFM state as a function of biaxial epitaxial strain
7. Negative and positive signs of n correspond to compression and
expansion, respectively. For n # 0 the symmetry is tetragonal with
the space group P4/mmm.

sizing the exceptional importance of the tolerance factor ¢ for
fluoroperovskites.

In order to gain insight into the quasiharmonic behavior of
lattice dynamics of the cubic fluoroperovskites, we calculated
the frequencies w of polar phonons at lattice parameters a
change on £0.5% with respect to the equilibrium in KNiFj3.
We assume that the volume trend of phonons of the other cubic
fluoroperovskites is similar to the KNiF; due to the closeness
of their dynamical properties. Figure 7(a) shows that the w
of all phonons increases (i.e., hardens) with decreasing of
a in both G-AFM and FM (ferromagnetic) states. Thus, the
observed softening of the low-frequency 1TO polar phonons
cannot be explained by the quasiharmonic contribution from
thermal contraction of crystals at cooling and it is caused by
the anharmonic effects. The obtained values of the Griineisen
parameters y for polar phonons, which quantitatively reflect
sensitivity of the frequency to the crystal volume changes, are
also presented in Fig. 7(a).

It should be noted that there is an essential difference
between cubic fluoroperovskites and incipient ferroelectrics,
despite the proximity of the anharmonic behavior of the soft-
ening polar phonons. Thus, it was theoretically predicted and
experimentally corroborated that incipient ferroelectrics be-
come genuine ones under epitaxial strain, e.g., for SrTiO3
[87,88], EuTiO3 [89,90], and NaMnF; [24,25]. According to

our calculations, the compressive and tensile biaxial epitaxial
strain n does not lead the phonon frequency ;o to cross zero
up to n = £5%, as shown in Fig. 7(b). Therefore, the stud-
ied cubic fluoroperovskites are not incipient ferroelectrics in
contrast to the orthorhombic NaMnF; [23-25,91]. Moreover,
most cubic fluoroperovskites that are stable at zero pressure
experimentally showed no structural changes even under high
pressure [30,92-94].

D. Spin-phonon coupling

To reveal the antiferromagnetic ordering effects on the
phonon landscape, we fitted the temperature dependences
of phonon frequencies in the diamagnetic and paramagnetic
phases using the expression [95]

2
wi(T) = wj +Aj<1 + SN/ 2ksT _ 1)

3 3
/T — 1 T (Ghonl kT — 1) )"

3

where wjy is the harmonic frequency of the jth phonon, A;
and B; are parameters describing three- and four-phonon an-
harmonic processes, respectively. In this simple model, it is
assumed that an optical phonon with frequency wjo decays
into the two (three-phonon process) and three (four-phonon
process) acoustic phonons with frequencies wjo/2 and wjo/3
satisfying both energy and momentum conservation. In the
real crystals, the phonon anharmonicity is more complicated
and contributions from these decay processes are usually very
small [96,97]. However, Eq. (3) often gives good fits to experi-
mental data, including the case of the studied fluoroperovskite
crystals in the paramagnetic and diamagnetic phases as shown
by the black lines in the temperature range denoted by the blue
background in Fig. 3. Due to oversimplified approximation,
the model parameters may be physically incorrect and are not
given and discussed.

The deviations of experimental frequencies of the polar
phonons from the anharmonic fits below the Néel temperature
Ty in the antiferromagnetic RbMnF; and KNiF; caused by
the spin-phonon coupling are shown in Figs. 3(b) and 3(c),
respectively. These frequency shifts, which are the result of
magnetic ordering, are described by the function [98]

+B,(1+

™™M(T) = o™"™(T) + AT (S:S)), 4)

where 0*™(T) and &™(T) are phonon frequency tem-
perature dependences in the antiferromagnetic (AFM) and
in hypothetical nonmagnetic (NM) phases, (S;S;) denotes a
spin-pair correlation function, and AwS? is the spin-phonon
coupling constant which is equal to the phonon frequency
shift at the low temperature. The spin-pair correlation func-
tion (S;S;), neglecting the short-range magnetic ordering, is
proportional to M?, where M is the magnetic order parameter,
which temperature dependence can be described using the
Brillouin function [99]

M 285 +1 25 +1 1
Bx)=— = + coth + x| — —coth X ,
M, 28 S
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where x = ;—f]%TTN and S, T, Ty, M, and M, are spin value,

temperature, Néel temperature, spontaneous magnetization,
and full magnetization, respectively. The difference between
anharmonic fits and experimental data in the antiferromag-
netic phases is fitted using Eq. (4) as shown by the green lines
in Figs. 3(b) and 3(c) for RbMnF3 and KNiF3, respectively.
Besides, the obtained values of spin-phonon coupling constant
Ao’ for all phonons is also given in Figs. 3(b) and 3(c).

It is clearly seen in Figs. 3(b) and 3(c) that in both crystals
appreciable shifts AwS® below Ty due to the spin-phonon
coupling are exhibited by only w;r0, w20, W10, and wsto
phonon frequencies which is qualitatively similar to the results
previously observed in KCoF3 and RbCoFj3 [56]. However, in
RbMnF; and KNiFj the spin-phonon coupling was observed
for w3ro, whereas in KCoF3 and RbCoF; the polar phonon
with frequency ws o was susceptible to the magnetic ordering.
The reason for this difference can presumably be related to
the influence of the strongly anisotropic Co>" ion possessing
the largest orbital momentum among the 3d” ions, which
leads to symmetry lowering at the magnetostructural phase
transition in KCoF3 and RbCoF; caused by the spin-orbit in-
teraction [100]. The obtained spin-phonon coupling constants
Ao for phonons with w1 o, w0, and wy o frequencies in
KNiF; are noticeably larger than in RbMnF; presumably due
to the difference in the values of exchange integrals which
appears in the corresponding distinction of Ty in these crystals
[101,102]. It is known that the AwS? is proportional to the
second derivative of the exchange integral concerning the
ion displacements for phonon [103]. Moreover, the mass of
the Rb'* ion (85.5) significantly exceeds that of K'* (39.1),
which also leads to the value of AwS? in KNiF; is more
than in RbMnFj3 [103]. The phonon with wspo frequency
has a relatively large value of AwS? which differs slightly in
RbMnF; and KNiF3 supposedly related to its strong anhar-
monicity, which leads to large temperature changes as shown
in Figs. 3(b) and 3(c), respectively.

To grasp further insights on the origin of observed spin-
phonon coupling in the cubic fluoroperovskites, we performed
lattice dynamics DFT simulations for RbMnF; and KNiF;
also in the FM spin configuration. Since the NM phase is not
accessible for the DFT calculations of the magnetic crystals,
we assumed for it the averaged values between G-AFM and
FM states according to Ref. [105]. For studied magnetic crys-
tals, the computed frequencies w of polar phonons at the I
point for G-AFM, FM, and NM states together with values of
spin-phonon coupling shifts AwS® = 0*™ — "M are listed
in Table V. There is a good qualitative agreement between
experimental and computed AwS? in RbMnF3 and KNiFj as it
can be seen from Figs. 3(b)-3(c) and Table V. The calculated
frequency shift AwS? due to spin-phonon coupling of the 1TO
phonon has a meager absolute value in both crystals, in full
agreement with our experiments. Furthermore, according to
our calculations, the 1LO, 2TO, and 2LO phonons have a pos-
itive sign of AwS? with a most pronounced effect for the 2TO
phonon which corresponds to that observed in experiments.
The 3TO phonon exhibits appreciable positive frequency shift
AwS? in simulations which also agrees with our experimental
results. However, according to Figs. 3(b) and 3(c), the spin-
phonon coupling for the polar phonons with frequency ws o
is insignificant in both crystals which is in agreement with

TABLE V. Computed polar phonon frequencies w (cm™!) in G-
AFM, FM, and NM states, spin-phonon coupling Aw’® (cm™'), and
spontaneous magnetodielectric effect Ae)'® coefficients for the cubic
fluoroperovskites RbMnF; and KNiFj3.

Mode wAFM wFM wNM AwSP ASMD
RbMnF;

1TO 105.4 105.4 105.4 0.0 —0.007
1LO 117.8 1174 117.6 02
2TO 187.8 184.8 186.3 1.5 ~0.073
2LO 2537 252.6 2532 0.55
3TO 390.2 389.3 389.8 045 —0.004
3LO 465.3 465.3 465.3 0.0

AeMP = —0.084

KNiF;

1TO 144.8 144.6 1447 0.1 0.021
1LO 160.5 156.4 158.5 2.05
2TO 239.0 218.3 228.7 10.35 ~0.332
2LO 287.7 280.5 284.1 3.6
3TO 438.8 4372 438.0 0.8 ~0.025
3LO 514.3 519.0 516.7 -235

Ag)® = —0.336

the calculation results for RbMnF; only, while for KNiF; the
AwS? has a significant negative value as it can be observed in
Table V.

Figure 8(a) shows the computed ion displacements for
polar phonons in the considered cubic fluoroperovskites. The
TO polar phonon displacements are close to previously pub-
lished data on these crystals [59,106]. The lowest-frequency
1TO phonon corresponds to the so-called Last mode with
opposite vibration of the A cations and the MFg octahedra.
The second 2TO phonon corresponds to the vibrations of the
M cations against the fluoride octahedra which are known as
the Slater mode. Note that the Slater mode has the lowest
frequency in the lead-free oxide perovskites, e.g., in KNbOs3,
BaTiOs3, SrTiOj3, and EuTiOj3, and this mode dominates in the
ferroelectrics and incipient ferroelectrics [78,106,107]. The
3TO polar phonon with the highest frequency represents the
bending of the MF¢ octahedra, which corresponds to the Axe
mode. The ion displacements for the LO polar phonons in the
cubic fluoroperovskites are also shown in Fig. 8(a).

The spin-phonon coupling originates from the depen-
dence of the exchange interaction on the positions of ions.
In the antiferromagnetic cubic fluoroperovskites, phonons
dynamically change the bond angle 6, and length ry of
the superexchange M-F-M pathway as shown in Fig. 8(b).
According to the Goodenough-Kanamori rules, the superex-
change interaction is given by a relation J ATTZJH, where t
is the hopping integral which is proportional to the effective
overlap between the wave functions of electron orbitals of the
magnetic M cations via the F anion, A is the energy difference
between the F and M ion orbitals, and Jy is the Hund coupling
[108,109]. The superexchange bond-angle variation A6 by
phonons affects the exchange interaction J through the change
of the hopping integral t, whereas the length variation Ar
leads to a change of the energy difference between orbitals
A. The calculated absolute values of ion displacements for
the TO and LO polar phonons in RbMnF; and KNiF; are
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FIG. 8. (a) Sketch of the ion displacements for polar phonons in the cubic fluoroperovskites according to the DFT simulations. (b) The
M-F-M superexchange bond angle 6, and length r, which are dynamically changed due to ion displacements of polar phonons. F, and F
indicate the displacements perpendicular and parallel to the M-F-M bond, respectively. (c) Computed absolute values of ion displacements
related to polar phonons in RbMnF; and KNiF;. (d) Relationship between the calculated dynamical changes of the bond angle A6 /6, and
length Ar/ry and the computed frequency shift AwS? /0™ due to the spin-phonon coupling in RbMnF; and KNiF;. Picture was prepared

using the VESTA software [104].

presented as a stacked bar graph in Fig. 8(c). Therefore, this
allows us to reveal the origin of the spin-phonon coupling
observed in studied antiferromagnetic crystals.

Figure 8(d) shows the relation between the relative changes
of bond angles A6/6y and lengths Ar/ry estimated using
the calculated ion displacements and the computed phonon
frequency shifts AwS? /o™ in RbMnF; and KNiF;. There is
a good agreement between the A6 /6y and AwS? /o™ for TO
phonons in both crystals. The smallest value of A8/6, corre-
sponds to the least AwSY /@M for the 1TO phonon, while the
highest frequency shift is observed for 2TO phonon, which
has the most pronounced dynamic modulation of the superex-
change bond angle as shown in Fig. 8(d). This result is in good
agreement with the similar calculations in oxide perovskites
[109]. For the LO polar phonons the satisfactory agreement
between A6/6p and AwS?/0™ is observed only for 1LO
phonon in both crystals, whereas the expected frequency
shifts for calculated relative changes of bond angle A8 /6, for
2L.0 and 3LO phonons exceed the computed frequency shifts
AwS? /o™ as can be seen in Fig. 8(d). Apparently, this is due
to that the longitudinal ion displacements Ar/ry have a more
significant effect which competes with bond angle changes
A6 /6y on the spin-phonon coupling for LO phonons. It is
worth noting that the phonon-induced change bond lengths
Ar/ry deviate markedly from the frequency shifts AwS" /™M
for TO phonons [see Fig. 8(d)], which indicates that variation
of the energy difference between orbitals A has a weaker
effect on superexchange interaction J than the change of
the hopping integral 7 in this case, what is consistent with

published data [109,110]. Thereby, the frequency shifts AwS?
due to the spin-phonon coupling found in antiferromagnets
RbMnF; and KNiF; are closely related to the dynamical
modulation of the M-F-M bond angle by TO phonons, while
for LO phonons the noticeable competing effect of the bond
length change is observed.

E. Dielectric properties

The experimental temperature dependences of the low-
frequency dielectric permittivity el(7') for the studied cubic
fluoroperovskites are shown in the upper frames of Fig. 9.
The data for RbMnF; have been adapted from Ref. [91].
The 8g(T) mainly grows at cooling in KZnF3, RbMnFj3, and
KMgF; crystals, while the more complex behavior was found
in KNiF3, in which a decrease of this quantity turns into an
increase as the temperature is reduced. Wherein, the rela-
tive changes of e(l)f(T) are quite small and are about 1% for
RbMnF;, KNiF3, and KMgF;, while for KZnF3 this value is
about 5% in the measured temperature range, which are quite
typical for fluoroperovskites [56,91,111].

The experimental frequencies of the polar phonons from
Fig. 3 allow us to obtain the dielectric strength Ag; of a
particular jth phonon from the expression [112]

2 2
oo [l ®o — Wito

Agj = Q)

J 2 2 2
@ito Hk;é j Ykto — @10
which corresponds to the contribution of this polar mode
to the static dielectric permittivity gy = oo + Y j Agj. The
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are shown in blue and red color filled backgrounds, respectively.

calculated values of Ae¢ and gy from experiments at room
temperature for the studied cubic fluoroperovskites are listed
in Table I. Figure 9 shows the temperature dependences of
the dielectric strengths Ag; (bottom frames) and the static
dielectric permittivity £y(7") (middle frames). The color cir-
cles correspond to the experimental data whereas the black
and green lines are the fits including and neglecting the an-
tiferromagnetic ordering below Ty, respectively. There is a
qualitative agreement between temperature dependences of
the low-frequency sg‘ and static gy dielectric permittivities in
the studied crystals, as seen in the upper and middle frames
of Fig. 9. The temperature behaviors of Ag are very similar in
the crystals under study and close to that previously observed
in KCoF3 and RbCoF; [56]. The Aeg; grows rapidly while
the Aeg,, on the contrary, decreases at cooling, whereas, the
temperature changes of the Ae; are quite insignificant in all
the studied crystals.

The temperature dependences of the low-frequency dielec-
tric permittivity 8%{ exhibit kinks at Ty in antiferromagnets
RbMnFj; and KNiFj3 due to the spontaneous magnetodielectric
effect as shown in the upper frames in Figs. 9(b) and 9(c),
respectively. It should be noted that this effect was previously
experimentally observed in some other magnetic fluoroper-
ovskites with different crystal structures [23,56,91,111]. The
frequency shifts AwS® of the polar phonons caused by
spin-phonon coupling lead to changes of the dielectric
strengths AeMP as a result of the spontaneous magnetodi-

electric effect below Ty as shown by the green lines in the
bottom frames of Figs. 9(b) and 9(c). The well-pronounced
spontaneous magnetodielectric effect AeMP is observed for
Ag; and Aes, and has negative sign in both crystals. It is worth
noting that the absolute values of AgMP are fairly close in
these crystals even though the spin-phonon coupling is more
pronounced in KNiF3 than in RbMnF;. This is due to that
the value of AeMP of the polar phonon is determined by the
relative changes of wro and wp o caused by frequency shifts
A’ not only this, but also other polar phonons according to
Eq. (6).

A good qualitative agreement is observed in changes of
temperature behavior of the low-frequency &lf and the static
&o dielectric permittivities due to the spontaneous magne-
todielectric effect below 7Ty in both crystals, as it can be
seen in the upper and middle frames in Figs. 9(b) and 9(c).
It should be noted that the signs and relative values of the
spontaneous magnetodielectric effect observed in the experi-
ments are in satisfactory agreement with AgMP = AgAFM —
Ae™ obtained by using Eq. (6) with ©*™ and &M phonon
frequencies from our DFT simulations for both antiferromag-
netic crystals, as presented in Table V. Remarkably, we have
shown that the microscopic lattice dynamics features in the
cubic fluoroperovskites, such as the softening polar phonons
and frequency shifts due to the spin-phonon coupling, man-
ifest themselves in macroscopic effects, which can be effec-
tively studied using the low-frequency dielectric spectroscopy.
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IV. CONCLUSIONS

In summary, we have systematically studied the lattice
dynamics of the cubic fluoroperovskites by far-infrared re-
flectivity technique and supported by the first-principles
calculations. We have experimentally demonstrated that the
polar phonons at the I point of the Brillouin zone, which
are stable for all studied crystals, are softening by several
cm™~! at cooling, indicating the proximity of studied crystals to
incipient ferroelectrics. We revealed that the harmonic &, and
anharmonic k,;, force constants associated with these soften-
ing polar phonons are mutually coupled and correlate with the
tolerance factor ¢ of the cubic fluoroperovskites. Furthermore,
we observed that as the lower is the ¢, the smaller is the value
of ky and the most significant is the temperature change of k.
Thus, the disclosed trend leads to that the lower is the value
of the tolerance factor ¢ of the studied cubic fluoroperovskite,
the closer its anharmonic properties become to incipient fer-
roelectrics. However, according to our simulations, epitaxial
strain does not lead to the ferroelectric instability and, hence,
cubic fluoroperovskites are not incipient ferroelectrics.

Based on our first-principles calculations, we disclosed the
physical origin of the tolerance factor ¢ in the cubic fluoroper-
ovskites. According to our lattice dynamics simulations, the
computed harmonic force constants k of the lowest-frequency
phonons tend to decrease with a reduction of ¢ not only at
the I" point, but at all high-symmetry points of the Brillouin
zone. Thus, the revealed trends point to the incipient lattice
instability in the cubic fluoroperovskites which is realized
only in the crystals with small values of ¢ and drives to phase
transitions from the cubic to the tetragonal and orthorhombic
structures. However, these transitions lead to nonpolar struc-
tures but not to polar ones since the phonon condensation that
caused it occurs rather at the M and R points than at the I
point of the Brillouin zone. The disclosed correlation with
the tolerance factor ¢ indicates the geometric origin of the
observed incipient lattice instability caused by the steric effect
due to the unit-cell volume filling by ions rather than forming
a strong covalent bond as in oxide perovskites.

We found that the frequency shifts due to spin-phonon
coupling observed in the antiferromagnetic cubic fluoroper-
ovskites can be understood in terms of the dynamical
modulation of the M-F-M bond angle induced by the relevant
TO polar phonons, while the competing effect from bond
length modulation is noticeable for the LO polar phonons.
Finally, we have shown that low-frequency dielectric spec-
troscopy fairly reflects the observed lattice dynamics features

such as the softening of polar phonons and frequency shifts
due to the spin-phonon coupling in the studied insulating
crystals.

We believe that our results will stimulate further experi-
mental and theoretical studies of the unusual lattice dynamics
of highly anharmonic inorganic metal halide perovskites.
These efforts will be relevant to further optimization of their
physical properties for the rational design of multifunctional
devices. Moreover, we can envisage that the cubic fluoroper-
ovskites with the different influence of the antiferromagnetic
ordering on the TO and LO polar phonons are close to becom-
ing model materials for the rapidly developing field of THz
magnetophononics [113,114].
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