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We have carried out temperature-dependent x-ray diffraction and Raman scattering experiments on powder
Cs;3Bi,;Brg. Trigonal to monoclinic structural transition at around 95 K is discussed and shown to be driven by
the incomplete soft mode. We propose that the anharmonic scattering of phonons due to the nucleation of the new
phase leads to the incomplete soft mode. Raman scattering experiments demonstrate the origin of the soft mode
to the rocking motions of Br atoms that participate to form BiBrg octahedra, which correlates with the reported
theoretical calculations. Some of the Raman mode frequencies exhibit anomalous temperature dependence due
to strong anharmonic phonon-phonon coupling. Temperature-dependent x-ray diffraction analysis estimates the
volume thermal expansion coefficient in the trigonal phase to be 13.4 x 107> K~'. In the trigonal phase, the
broadening of the full width at half maximum (FWHM) with the increase in temperature for E, and A, modes
are mostly accompanied by the decaying of one optical phonon into two acoustic phonons. The volume thermal
expansion rather than anharmonic phonon-phonon interaction dominates the frequency shift for the Raman
modes in the trigonal phase. In the monoclinic phase, the strength of four phonon processes to the frequency
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shift and linewidth broadening is much smaller than that for three phonon processes.
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I. INTRODUCTION

During the last few years, halide perovskites of the family
A3B>Xy (A is a monovalent cation like Cs or Rb, B is Sb or
Bi, and X is a halogen) have gained intense research interest
owing to their applications in photovoltaic and optoelectronic
devices [1-4]. Due to the importance of these materials, a sys-
tematic investigation of their structural, electronic, and optical
properties under external stimuli such as pressure and temper-
ature is required. Some of the A3B,Xy crystals exhibit phase
transitions at low temperatures as well as at high pressures
[5-9]. The Cs3BiyBrg crystal, a member of the aforemen-
tioned family, has a strong electron-phonon coupling and also
undergoes structural transitions at very low pressures [8]. The
structural changes driven by the field environments may ham-
per device performance. Therefore, it is extremely important
to understand the fundamental interactions and correlate the
structural, electronic, and optical properties of these materials
before using them for making devices.

Temperature-dependent Raman spectroscopic studies are
an excellent probe to capture information about anharmonic
interactions of vibrational modes in the crystal. From the vari-
ation of Raman linewidth, one can extract information about
phonon relaxation processes. The vibrational anharmonicity
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of the lattice can change the vibrational entropy of the sys-
tem affecting structural phase transitions, optical properties,
etc. At the onset of a structural phase transition, anomalous
changes in full width at half maximum (FWHM), the tem-
perature variation of Raman mode frequency w (dw/dT),
and appearance of new Raman modes are usually observed
[10,11]. Ideally, Raman mode frequency increases with a
decrease in temperature due to the thermal contraction of
the lattice. In certain cases during phase transition, Raman
mode frequencies show red shift and go to zero at transition
temperatures, which are known as soft modes. The existence
of a soft mode suggests structural instability leading to a phase
transition [12]. Temperature-dependent Raman spectroscopic
studies and the variation of complex dielectric permittivity of
Cs3BiyBrg at 1 MHz along a and ¢ directions have revealed
a phase transition at 95 K, which is displacive in nature [6].
Based on the temperature dependence of nuclear quadrupole
resonance (NQR) spectra, heat capacity measurements, and
low-temperature x-ray diffraction (XRD) experiments, Alek-
sandrova et al. [5] have reported that the phase transition at
95 K is of second order in nature and is from trigonal (P3m1)
to monoclinic structure (C12/c1). The Cs3;BiyBrg single crys-
tal shows luminescence at 4 K owing to recombinations of free
excitons and excitons bound to defects. The excitation and
absorption spectra at that temperature have revealed a direct
band gap of energy 2.7 eV [13]. Yaremko et al. [14] have
measured temperature dependence of Raman spectra for a few
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halide perovskites and compared anharmonic interaction of
vibrational modes among them. There are very few reports on
the temperature evolution of structural and vibrational proper-
ties of Cs3Bi,Brg. However, the role of thermal expansion and
phonon-phonon coupling has not been well investigated yet.

In this work, we have carried out temperature-dependent
XRD and Raman spectroscopy measurements to investigate
volume thermal expansion and anharmonic phonon-phonon
interactions. We have also investigated the temperature depen-
dence of Raman mode frequencies and linewidth using several
theoretical models [15-19], and separated pure temperature
and volume thermal expansion contribution to the frequency
shift. The broadening of FWHM with the increase in temper-
ature for E; and A;, modes is mostly accompanied by the
decaying of one optical phonon into two acoustic phonons.
We propose a model to describe the dynamic of the soft mode
and find that the displacive-type second-order phase transition
at 95 K is driven by the incomplete soft mode.

II. EXPERIMENTAL SECTION

The Cs3BiyBrg crystal is prepared by the acid precipi-
tation method as described in an earlier work [8]. Raman
spectra are recorded using a confocal micro-Raman spectrom-
eter (Monovista from SI GmBH) in backscattering geometry.
A closed-cycle optical cryostat is used for low-temperature
Raman spectra measurements. The sample chamber of the
cryostat is evacuated using a combination of diaphragm and
turbo pump. Temperature is measured using a Cernox sen-
sor placed near the sample. The Lakeshore 325 temperature
controller is used for temperature control. The Raman spec-
trometer and cryostat are coupled using a combination of
plano-convex lenses and mirrors to collect the scattered light.
The sapphire window of the optical cryostat is replaced by two
lenses with antireflective coatings and focal lengths of 50 mm.
Another achromatic lens with a focal length of 100 mm is
mounted on an xy-linear stage outside the cryostat to adjust
the focus. The sample is placed on a copper sample holder
attached to the cold head. Raman spectra are collected using
a 532 nm laser excitation with laser power ~5.4 mW and
2400 gr/mm grating with a resolution of 0.7 cm~!. We have
used a Bragg filter to collect the Raman spectra from 5 cm™'.
Temperature-dependent XRD measurements are carried out
at XRD1 beamline in Elettra synchrotron radiation (Trieste,
Italy) with a monochromatic x-ray of wavelength 0.7 A. The
sample is mounted in a cryogenic environment and XRD
patterns are recorded using a high-speed large-area detector.
All the XRD data are analyzed by GSAS [20] software.

III. RESULTS AND DISCUSSION

We have recorded Raman spectra from 5cm ™! to 250 cm™!
in the temperature range from 22 K to room temperature.
To investigate the temperature variation of Raman mode
frequencies, we have carried out the Lorentz fitting of the
modes of the Raman spectrum at each temperature. At
ambient, we have observed eight Raman modes; out of
those, six are labeled as M;(29.2cm™!), M»(39.6cm™!),
M3(62.9cm™Y),  M4(65.6cm™!), Ms5(76.9cm™'), and
Mg(90.9cm™") [Fig. 1(a)]. The high frequency modes
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FIG. 1. (a) Ambient Raman spectrum of Cs3;Bi,Bry at room tem-
perature. Black dots represent observed data points. The green line
fits observed data points to Lorentzian functions and the sum of that
fit are shown by the red line. (b) Temperature-dependent Raman
spectra of Cs;Bi,Bry at selected temperatures.

E,(166 cm™!) and Aj,(191.1 cm™!) originate from the
characteristic vibration of Bi-Br bonds in BiBrg octahedra
[14]. Probably, low-frequency Raman modes are associated
with either the bending of Bi-Br bonds or the rocking
motion of Br atoms. We observe a broad and slightly higher
background intensity in the low-frequency region. This may
be due to the multiphonon excitations in the low-frequency
region arising out of the anharmonic vibrations resulting from
all possible dynamic atomic disorder [21]. The temperature
dependence of Raman spectra at selected temperatures is
shown in Fig. 1(b). Certain changes are observed upon
decreasing temperature from room temperature down to
22 K. The appearance of a few additional Raman modes
below 100 K suggests a change in symmetry of Cs3Bi;Brg
crystal. An increase in the number of Raman modes indicates
a decrease in symmetry, which corroborates the trigonal to
monoclinic structural transition as reported by Aleksandrova
et al. [5]. Figure 2 represents the Raman spectrum of
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FIG. 2. Raman spectrum of Cs3Bi,Bry at 22 K. Black dots represent observed data points. The green line fits observed data points to

Lorentzian functions and the sum of that fit are shown by the red line.

Cs3Bi;Brg at 22 K. One can see 27 Raman modes at 22 K,
which are labeled as w; (where i runs from 1 to 27). The two
high-frequency modes at 169 and 194.9cm™! are probably
due to Bi-Br bond stretching and the low-frequency modes
are associated with Bi-Br bond bending [6,22]. We could not
carry out the proper assignment of these modes in the absence
of polarization measurements, as we have recorded the Raman
spectrum on a powder sample. However, one can see that the
intensity of modes w; (where i runs from 7 to 15 and 17, 24,
25) are quite low at 22 K. Because of such low intensity, we
are unable to carry out the fitting analysis in a reproducible
manner. But careful observation tells us that upon increasing
temperature, the intensity of all these modes decreases and

finally merges with the background at higher temperatures. In
Fig. 3, we have plotted the temperature variation of selected
Raman modes in both phases. In the monoclinic phase all
the modes except ws soften with an increase in temperature,
whereas the latter mode increases with temperature. wy,
w3, w4, wg, and wig soften until the monoclinic to trigonal
transition temperature approaches. Just below 50 K, w;
softens and disappears, ws and wg cross each other, and
wyy merges with wy; and is red shifted. Interestingly, upon
decreasing temperature from room temperature, both M; and
M, modes in the trigonal phase show a red shift up to around
100 K. From Fig. 3(a) it seems that at around 100 K, M,
mode of trigonal phase disappears and reappears as w4 mode
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FIG. 3. Evolution of selected Raman mode frequencies with temperature. The red color is used to show the unique red-shifting behavior
of M, mode. The vertical dashed line at 100 K corresponds to the phase transition temperature.
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FIG. 4. Variation of Raman mode (a) frequency and (b) linewidth with temperature for A;, and E, modes. The solid line represents the fit

to data using Eqgs. (1) and (2) as described in text.

in monoclinic phase. Therefore, M; mode can be attributed
to the characteristic mode of the trigonal phase. Furthermore,
due to the phase transition around 100 K, M; mode splits
into two components, which are labeled as w4 and wg. M;
mode keeps on decreasing until the lowest temperature, but
with a significant slope change at 7., below which we term
it as ws. The obtained behavior of M; and M, modes may be
attributed to strong anharmonic phonon-phonon interaction
and are directly related to the structural transition.

The frequency of the Raman modes M3, My, Ms, Ms,
E,, and A, belonging to the trigonal phase are plotted as
a function of temperature in Figs. 3(b) and 3(c) along with
the corresponding closeby mode frequency values belonging
to the monoclinic structure below around 100 K. All these
modes show a blue shift with decreasing temperature with a
change in slope across the transition temperature. E, and Ay,

modes show linear behavior with temperatures above 100 K.
Therefore, the temperature dependence of these two Raman
mode frequencies are analyzed using the linear Griineisen
model [15,16]:

o(T) =wo + xT, ey

where wy is the Raman mode frequency at 0 K, which is taken
as a parameter. x is the first-order temperature coefficient and
the second parameter of the fit. It should be noted that yx
measures the contribution of volume thermal expansion and
anharmonic phonon-phonon interactions jointly to the fre-
quency shift. Equation (1) is valid only when 2T Kg > hwg
[15]. The modes E, and A, show very good agreement with
the linear Griineisen model Eq. (1) above 100 K [Fig. 4(a)]
and the fitted parameters are tabulated in Table I. For both
modes; the obtained values of x are found to be very close.

TABLEI. A list of wy, x, I';(0), A, and B for A, and E, modes in the trigonal phase.

w;(0) X I';(0) A B
Raman mode cm™! cm~!'/K cm™! cm™! cm™!
Ay, 196.29 4+ 0.06 —0.0184 4+ 0.0003 0.3+£0.1 0.25 £ 0.02 —0.0010 % 0.0003
E, 170.21 £ 0.04 —0.0146 4 0.0002 1.1+0.1 0.05£0.01 0.0006 +£ 0.0002
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FIG. 5. X-ray diffraction patterns of Cs;Bi,Brg at selected
temperatures.

The distinct slope change in the temperature dependence of
frequency for E, and A;, modes below 100 K indicates that
the structural transition is possibly initiated by the anharmonic
lattice vibration.

Phonon energies can be calculated easily but the direct
measurement of phonon lifetimes is extremely challenging
experimentally [23]. However, the temperature dependence
of FWHM of a phonon mode can capture a qualitative de-
scription of the phonon lifetime because FWHM is inversely
proportional to the phonon lifetime. The temperature depen-
dence of phonon linewidth gives information about phonon
relaxation processes. The variation of phonon linewidth with
temperature can be expressed as [17,18]

2
HT) =T +A| 14—
€xp ( 2K5T ) -1
3 3

+B|1+

’

-t 4
e (557) — 1 (exp (7)) = 1)’
@

where I';(0) is the phonon linewidth at 0 K. A and B are
anharmonic constants of three and four phonon processes,
respectively, due to the phonon linewidth broadening. In the
trigonal phase, the FWHM of A, and E, modes are fitted
using Eq. (2) as shown in Fig. 4(b), and also the fitted pa-
rameters are listed in Table 1. Table I shows that the strength
of three phonon processes is much higher than that of four
phonon processes for A, and E, modes. The broadening of
FWHM with an increase in temperature for E, and A1, modes
is mostly accompanied by the decaying of one optical phonon
into two acoustic phonons.

To describe the strong nonlinear behavior of low-frequency
phonon modes with temperature we need a much better de-
scription of w(T'). The variation of frequency of phonon mode
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FIG. 6. (a) Rietveld refinement of x-ray diffraction pattern of
Cs3Bi,Bry obtained at 100 K. Experimental data are represented
by black dot points. The red line fits to experimental data points.
Background and difference are shown by green and blue lines, re-
spectively. Magenta vertical ticks indicate position of Bragg peaks
of the sample. (b) A plot of In(V') vs T and inset shows temperature
dependence of lattice parameters.

(j) with temperature can be expressed as
wj(T) = 0j(0) + (Awj)gn(T) + (Awj)ann(T),  (3)

where w;(0) is the frequency of the jth phonon mode at 0 K.
(Aw;)qn(T) corresponds to the frequency shift from quasihar-
monicity and (Aw;).n(T') corresponds to the frequency shift
caused by an anharmonic phonon-phonon coupling. The fre-
quency shift due to an anharmonic phonon-phonon coupling
can be modeled as [18]

(A (T
D
o (D) 1
+D|1+ > + >
exp (Gir) — 1 (e (5ep) = 1) |

“

054104-5



DEBABRATA SAMANTA et al.

PHYSICAL REVIEW B 108, 054104 (2023)

(a) 94 i T T T T T T

(b)

=
N

-
S T
LN
92 LA |
| W Aogh+A®anh
® 2ogh
A Aoanh

91

T T
MAAALALLA A

I

s MAAAAAAA

N N

N W A @O N A O

Raman shift (cm™)
Aw (cm™)

66

65
[ U [N R N S N R | |

Linewidth (cm™)

66 . VVYVYVN
65 [ 3
64
63

62

120 150 180 210 240 270 20 120 150

Temperature (K)

!
180

Temperature (K)

=
210 240 270 300 120 150 180 210 240 270 300

Temperature (K)

FIG. 7. (a) Variation of Raman mode frequencies with temperature. (b) The frequency shift due to the volume thermal expansion (Awgp)
and anharmonic phonon-phonon coupling (Aw,,) and (Awg, + Aw,,n) as a function of temperature. (c) Temperature dependence of Raman
linewidth for M3, M4, Ms, and M modes. The solid line represents the fit to data using Eqs. (2) and (3) as described in text.

where the first term in Eq. (4) corresponds to cubic anhar-
monicity that describes the decay of one optical phonon into
two acoustic phonons of equal frequency. The second term
describes the decay of one optical phonon into three identical
acoustic phonons. C and D are constants which measure the
strength of three and four-phonon processes to the frequency
shift, respectively. The phonon frequency shift caused by
quasiharmonicity or thermal expansion contribution can be
expressed as [24,25]

T
(Awj)n(T) = wj(O)[eXp (— /0 J/j(T/)ﬂ(T/)dT/> - 1},
(5)

where y;(T’) is the mode Griineisen parameter of the jth
mode and B(T) is the volume thermal expansion coefficient.
We shall discuss the temperature dependence of Raman mode
frequencies for the monoclinic phase later.

To estimate the thermal expansion coefficient we have
performed XRD experiments over the temperature range
100280 K. A few XRD patterns at selected tempera-
tures are presented in Fig. 5. During increasing temperature

from 100 K, all XRD peaks shift to lower 26 due to in-
creasing lattice parameters. Rietveld refinement analysis is
employed to calculate cell volume. The atomic coordinates
reported by Lazarini et al. [26] are used as the structure
model to perform Rietveld refinement of the XRD pat-
terns. The Rietveld refinement plot at 100 K is shown in
Fig. 6(a), which shows a good fit with lattice parameters:
a=7.58044(9) A, ¢ = 9.4003(3) A, and V = 467.81(2) A3.
Figure 6(b) represents a plot of In(V') vs T'. The volume ther-
mal expansion coefficient is defined as B(7") = %, where
V is the cell volume. We have estimated S(T) = (13.4 &+
0.4) x 1073 K~! above 95 K. It should be mentioned that the
thermal expansion coefficient of Cs3Bi,Bry is slightly smaller
than that for Cs3Biyly [22] (8 = 15.1 x 107 K~!), however
much larger than copper indium gallium selenide (CIGS)
[27] (B = 2.7 x 1077 K1), CdTe (8 = 1.4 x 107> K™ !) thin
film solar cell materials. The obtained high value of the
thermal expansion coefficient of Cs3;Bi;Brg implies that it
will expand more when being heated. Therefore, the ef-
fect of thermal expansion on its electronic properties needs
to be taken into account when designing optoelectronic
devices.

TABLEIL. Alist of w;(0), ¥, C, I';(0), and A for few Raman modes.

;(0) c I';(0) A
Raman mode cm™! y cm™! cm™! cm™!
M, 66.24 + 0.05 1.42 0.002 £ 0.001 2.47 £0.09 0.079 £ 0.002
M, 68.07 £ 0.03 1.50 0.019 £0.001 1.56 +0.08 0.045 £ 0.002
M; 77.46 £0.04 0.97 0.033 £0.001 1.55 £0.04 0.054 £0.001
Mg 93.79 £0.03 0.59 —0.014 £0.001 1 x 10712 0.13 £ 0.01
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Temperature variation of Raman mode frequencies of M3,
My, Ms, and Mg in the trigonal phase are analyzed us-
ing Eq. (3) without four phonon processes, and Fig. 7(a)
shows that excellent fit to our data. The fitted parameters
are tabulated in Table II. It is assumed that mode Griineisen
parameter is independent of temperature and the values of
mode Griineisen parameters are taken from the high-pressure
studies of Cs3Bi,Brg [8]. We have estimated the individual
contribution of volume thermal expansion and anharmonic
phonon-phonon coupling to the frequency shift. Figure 7(b)
represents temperature dependence of frequency shift of M3,
My, Ms, and Mg modes due to the volume thermal expan-
sion and anharmonic phonon-phonon coupling separately.
As expected, volume thermal expansion leads to a nega-
tive frequency shift for all the Raman modes. Interestingly,
anharmonic phonon-phonon coupling leads to the positive
frequency shift for M3, M4, and Ms modes and negative fre-
quency shift for the Ms Raman mode. It is also clearly seen
that the frequency shift due to the volume thermal expansion is
greater than that for anharmonic phonon-phonon coupling. To
know the information about phonon relaxation processes the
temperature dependence of phonon linewidth of M3, M4, Ms,
and Mg modes in trigonal phase are fitted to Eq. (2) without
taking into account the third term [Fig. 7(c)]. A good fit is
obtained for all modes. All the fitting results are listed in
Table II.

Now we discuss phonon anharmonicity in the monoclinic
phase. It has been found that the linear thermal expansion
coefficient in the monoclinic phase is much smaller than that
in the trigonal phase [6]. Therefore, the variation of Raman
mode frequencies of w;g and w9 with temperature below
100 K (in the monoclinic phase) are fitted to Eq. (3), ignoring
the contribution of volume thermal expansion to the frequency
shift [Fig. 8]. The fitting results show the strength of three
phonon processes to the frequency shift is much higher than
that for four phonon processes (Table III) [Fig. 8]. Tempera-
ture dependence of linewidth broadening of these modes are
fitted to Eq. (2). In the process of reduction of phonon lifetime
of these two modes, there is a much larger probability of
occurrence of one optical phonon decaying into two acoustic
phonons than into three acoustic phonons (Table III).

The M; mode softens until the transition temperature is
reached followed by a hardening down to 22 K, the lowest
temperature of the experiment. The behavior of this mode
is not exactly similar to the dynamics of a soft mode. The
soft mode softens with the decrease in temperature due to the
renormalization of the phonon frequency, which is caused by
an anharmonic interaction in the crystal. Ideally, a soft mode
softens to zero frequency at 7. In the present case, the struc-
tural phase transition hinders the decrease of the soft mode
to zero frequency because the phase transition has occurred
at a much higher temperature than that required for softening
of the mode to zero frequency. Bass er al. [28] reported the
existence of two soft modes of symmetry E, and Ay, through
phonon-dispersion calculation using density functional the-
ory. The presence of the soft mode indicates that the structure
is unstable in terms of energy-lowering structural distortion.
This dynamical instability alters the trigonal structure and
causes trigonal to monoclinic phase transitions at temperature
around 100 K. Following the theoretical predictions [28], we

assign observed soft mode at 29.2cm™! (M) to E, symme-
try. The soft mode originates due to the rocking motions of
Br atoms that take part to form BiBre octahedra [28]. E,
is a double degenerate Raman mode. Due to the trigonal to
monoclinic phase transition around 100 K, the degeneracy
of E, mode is lifted and split into two components, which
are labeled as wy and we. The splitting of the E, mode is
shown in the second panel from the top of Fig. 3(a). The
trigonal phase consists of two types of Br atoms as shown
in Fig. S1(a) within the Supplemental Material [29]. The
atomic rearrangement takes place during phase transition [5]
and leads to a monoclinic phase with six different types of
Br atoms (Fig. S1(b) within the Supplemental Material [29]).
It is noteworthy that the soft mode is associated with the
rocking motion of Br atoms, which possess a drastic atomic
rearrangement upon phase transition. This may be evidence
of phase transition driven by the soft mode. The A, mode is
neither Raman nor infrared active. Therefore, it is expected
not to be observed in the Raman scattering experiment. The
soft mode, which does not go to zero frequency at 7., we term
as an incomplete soft mode. To understand the dynamics of
the incomplete soft mode, we propose a model. We propose
that the onset of structural transition possibly causes the ap-
pearance of new phonon modes, which may scatter the soft
mode. This may result in the observation of the incomplete
soft mode. Let us consider the response of a damped harmonic
oscillator subjected to a driving force % cos(wt):

. a . 2 F
X+ —x + wyx = — cos(wt), (6)
m m

where « is a damping constant. The natural frequency of the
harmonic oscillator is denoted by w3 = % We focus on the
situation at large values of ¢ and the condition for maximum
energy. After a simple calculation based on the aforemen-
tioned conditions, we obtain [29]

w* = wf — WA, (N

#ﬁ can be correlated to the anharmonicity in
the crystal. For the three-phonon process in which one op-
tical phonon decays into two acoustic phonons with energy
hw + hw; = ho and momentum ¢q; + ¢ = ¢, the relaxation
rate depends on the factor [17]

A=—-Am +m+1), (8)

where A =

where A is a constant. n; and n, are the occupation numbers at
equilibrium. In the approximation when KzT > hw and o) =
wy = %, the relaxation rate can be written as

A~ —(0)'CT +A), ©)

where C = #. Now consider a double well potential V (x) =
—kx? 4+ jx* with k and j positive. In the harmonic approxima-
tion, w% would be a negative quantity and we set [30]

wy = —CT,, (10)

where C and T are positive constants. Substituting Eq. (9) and
Eq. (10) in Eq. (7), we obtain

*(T)=C(T = T,) + o?. (11)
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FIG. 8. Evolution of Raman mode frequency and linewidth as a function of temperature for w;s and w;9 modes. The solid line represents
the fit to data using Eqs. (2) and (3) as described in text.

Equation (11) describes an incomplete soft phonon whose Figure 10 represents the linewidth of w, w3, w4, ws, My,
frequency is w, at the transition temperature. We thus ob- and M, modes as a function of temperature. A peaklike be-
tain an equation describing the dynamics of an incomplete havior is seen at 100 K for w4 and ws modes, whereas FWHM
soft mode. Figure 9 shows an evolution of an incom- of w; and w3 modes increase with increasing temperature

plete soft phonon with temperature. The observed behavior
of the incomplete soft phonon is fitted to Eq. (11). The
fit gives C =0.38+£0.02 cm™2/K, T, =100.34+0.6 K,

and @? =780+ 2 cm~2. The estimated transition temper- 560
ature is in good agreement with the previous literature o Experimental data
[5]. Therefore, we believe the displacive-type second- ] %@ —Fitted line
order phase transition is driven by the incomplete soft 840
mode.
e 820
TABLEIII. Alistof w;(0), C, D, T;(0), A, and B for w3 and w9 Ng
Raman modes. °
800 -|
;(0) c D
Raman mode cm™! cm™! cm™! 780 4
s 56.97+0.04  0.018+£0.006 —0.0011=0.0001
wio 68.10+£0.03 —0.02440.005 —0.0002 £ 0.0001 -
30 60 9 120 150 180 210 240 270 300
I':(0) A B
Raman mode CIJn—l em—! cm-! Temperature (K)
s 0.47 +£0.09 0.19+0.01 —0.0010 % 0.0002 FIG. 9. Evolution of a soft mode frequency with temperature.
w19 1.974+0.06 —0.019+ 0.009 0.0011 =+ 0.0002 The solid line represents the fit to data using Eq. (11) as described
in text.
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FIG. 10. Evolution of linewidth of w;, w3, w4, ws, M, and M,
modes with temperature. The vertical dash line at 100 K corresponds
to the phase transition temperature.

followed by a sharp drop at 60 K. The observed behavior of
w, w3, wy, ws indicates that the structural transition occurs

over the temperature range 60 K < 7' < 110 K [31]. While the
FWHM of high-frequency phonon modes (w;s and w;9) grad-
ually broadens with an increase in temperature, the FWHM of
low-frequency modes (w1, w3, w4, and ws) are very much sen-
sitive to the temperature range 60 K < 7' < 110K, indicating
latter phonon modes are affected much by the structural phase
transition.

IV. CONCLUSIONS

We have investigated the anharmonicity of optical phonon
modes through temperature-dependent Raman scattering
measurements in Cs3;BiyBrg. The Raman scattering mea-
surements together with the XRD experiments reveal the
contribution of volume thermal expansion to frequency shift
giving the dominant contribution to the Raman modes above
100 K. The anharmonic contributions to the frequency shift
arising from one optical phonon decay into multiple acous-
tic phonons. The distinct anharmonic behavior below and
above 100 K is interpreted as a structural phase transi-
tion at around 100 K, which is driven by the softening of
the incomplete soft mode. The work demonstrates that Ra-
man spectroscopy is an excellent tool to investigate phonon
anharmonicity and soft-phonon-mediated structural phase
transition.
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