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Halide perovskites have attracted intense research interest owing to their multifaceted and versatile appli-
cations in optoelectronics. This intrigue is further fueled by their propensity to undergo intricate structural
modifications under extreme conditions, thereby instigating property changes. Within this context, in this paper,
we delve deep into the intricate interplay of structural and vibrational attributes within the inorganic-metal
halide perovskite-like CsCuCl;. Our approach employs Raman spectroscopy and synchrotron powder x-ray
diffraction (SPXRD) techniques harnessed under the dual conditions of low temperatures and high pressures
(HPs). We have observed a distinct spin-phonon coupling mechanism by employing Raman spectroscopy at low
temperatures; this coupling has been manifested as a renormalization phonon phenomenon that occurs notably
at T* = 15 K. The correlation between spin and phonon dynamics becomes pronounced through a notable
hardening of phonon temperature dependence, a behavior intricately linked to the material antiferromagnetic
transition at 7y = 10.7 K. SPXRD under HP showed a first-order structural phase transition (SPT) at the critical
pressure P. = 3.69 GPa, leading to the transformation from the hexagonal P6522 to a base-centered monoclinic
cell. Notably, the coexistence of both phases is discernible within the pressure range from 2.79 to 3.57 GPa,
indicating that the SPT involves the reorganization of the internal [Cu,Clo]>~ dimer unit, with the Cl-Cu-Cl
bending contributing more than stretching modes. Furthermore, we demonstrate that the SPT is reversible, but

residual strain pressure influences the modification of the critical pressure P, value upon pressure decrease.

DOI: 10.1103/PhysRevB.109.054116

I. INTRODUCTION

The CsCuXj family comprises a class of inorganic-metal
halide perovskite compounds with a general chemical formula
of AB,X;, where A = Rb or Cs; B = Mn, Fe, Co, Ni, or Cu;
and X = Cl, Br, or I. These materials have attracted significant
attention due to their wide-ranging potential applications in
optoelectronics, catalysis, and energy storage [1-4]. Notably,
CsCuX; compounds exhibit optical and electronic properties
like their Pb-based counterparts but offer advantages such as
enhanced stability and reduced toxicity compared with lead
halides. As a result, there has been growing interest in ex-
ploring partial or complete substitution of Cu?* in Pb-based
compounds [5-7].

Typically, halide perovskites with the general formula
ABX; and a transition metal ion B adopt derivatives of the
hexagonal perovskite structure [8], giving rise to compounds
falling into the Ruddlesden-Popper and Dion-Jacobsen series
of materials [9,10]. From a symmetry perspective, the intrinsic
threefold or sixfold rotational symmetries lead to frustration
in the ordering of magnetic moments or orbital occupancies
of the framework ions into a single lowest-energy state at
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low temperatures, rendering them intriguing, promising can-
didates for achieving quantum spin-liquid state [11].

Within the CsCuX3 family, CsCuClj is a perovskite-like
material with an antiferromagnetic (AFM) order below Ty =
10.7K (Cu**: § = %) [12—-14]. The AFM state arises from the
exchange interaction within the intrachain and the antisym-
metric exchange [Dzyaloshinskii-Moriya (DM)] interaction,
allowed by the 120° twist in the AFM phases along the [001]
direction [15]. At room temperature, CsCuCl; adopts a poly-
type distorted hexagonal perovskite structure belonging to
chiral space group P6522 or P6,22, which undergoes a struc-
tural phase transition (SPT) at high temperatures (423 K) due
to the Jahn-Teller effect, leading to the space group P63/mmc
[16]. The hexagonal phase P6s522 (commonly referred to
as left-handed spin-rotation direction) consists of two face-
shared distorted [CuCl6]4’ octahedra forming a [CuzClg]S’
dimer unit, which displays a one-dimensional chain of dimers
along the ¢ axis, with the Cs™ ion occupying the void space
between the chains (see Fig. S1 in the Supplemental Material
[17D).

The investigation of frustrated quantum many-body sys-
tems, such as CsCuCls, under high pressure (HP) provides
an excellent opportunity to explore the effects of com-
peting interactions at low-energy states. External pressure
manipulation in frustrated quantum materials facilitates the
active modulation of quantum correlations across classical
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and quantum-mechanical regimes, opening doors to studying
exotic phenomena emerging in the crossover between these
two regimes [18]. The magnetic diagram of CsCuCl; at low
temperatures, as a function of the longitudinal magnetic field
(H || ¢), exhibits a quantum-phase transition (H= 12.5 T)
from an umbrella phase to a 2-1 coplanar phase as the mag-
netic field increases. Similarly, applying pressure increases
the incommensurate (IC) wavenumber with the magnetic field
and pressure, enhancing neighboring spins and modifying
the magnetic diagram through the enhanced DM interaction
[19,20]. Consequently, pressure-induced quantum phases are
observed, distinguished by the ICN notation (with N ranging
from 1 to 5 for each phase), advancing the scientific under-
standing of controlling quantum mechanical correlations in
weakly coupled spin-chain materials through external pres-
sure in CsCuClj [21].

Furthermore, the coupling between spin, charge, lattice,
and orbital degrees of freedom is fundamental in condensed
matter physics, giving rise to emergent phenomena and ap-
plications, such as multiferroics and spintronics [22]. Recent
interest has grown in exploring spin-phonon coupling (SPC)
in materials, which simultaneously control magnetic and
phononic properties [23,24]. The stability of magnetic states
can be influenced by modifying epitaxial strains or displac-
ing magnetic ions in the sample through external conditions,
such as high magnetic fields, HP, or low temperatures. The
Hamiltonian governing spin-related phenomena in solids can
be expressed as a sum of isotropic exchange (IE), DM,
anisotropic exchange (AE), and single-ion anisotropy (SIA)
interactions [25,26], given by

Hgin = Z[JIE(Si Sj)+Di; - (SixS;)+S; - Tij - )l

ij
+AZ(n,~-Si)2. (1)

Here, Jig, D;j, I';j, and A are the coefficients for IE, DM,
AE, and SIA interactions, respectively, while n; is the vector
direction axis, and S; and S; denote neighboring spins at
sites i and j. These spin interactions are highly dependent on
Coulomb interactions, but the terms Jig, D;;, I';;, and A are
dynamically modified by lattice vibrations, leading to SPC
and the observed renormalization of phonon frequencies in
certain cases [27].

Despite extensive investigations into the magnetic proper-
ties of CsCuCl; at low temperatures and HPs, no systematic
study of SPTs or SPC in this crystal has been conducted.
Therefore, this paper aims to bridge this gap by reporting on
the presence of SPC in CsCuCl; during the low-temperature
AFM phase transition and a first-order HP-induced SPT.

II. EXPERIMENTAL AND COMPUTATIONAL METHODS

Dark red needles of CsCuClj; single crystals were grown
through the slow evaporation method from a solution contain-
ing stoichiometric amounts of CsCl and CuCl, in acidic HC1
(47 wt. % in H,0). The solution was heated at 120° C for 1 h
and then kept at room temperature in a beaker sealed with
paraffin film. The crystals were collected and cleaned with
toluene.

The crystal structure was confirmed using single-crystal
x-ray diffraction (SCXRD) measurements performed on a
Bruker D8 Venture x-ray diffractometer equipped with a Pho-
ton II Kappa detector and Mo K radiation (A = 0.71073 A)
microfocus source. The crystal was chosen and mounted on a
MiTeGen MicroMount using immersion oil. APEX 4 software
was used for the unit cell determination and data collection.
The data reduction and global cell refinement were made
using the Bruker SAINT™ software package, and a multiscan
absorption correction was performed with SADABS [28,29].
The structure was solved by intrinsic phasing using SHELXT
[30] and refined by least squares on SHELXL [31] included in
Olex? [32]. The crystallographic illustrations were prepared
in Mercury [33] and VESTA software [34]. The determined
crystal structure belongs to the P6522 space group with
a=7.2168 (1)A and ¢ = 18.1853 (5) A as cell parameters,
consistent with Cui et al. [35]. Some verified crystals were
crushed to prepare a powder sample with 10 um thickness,
which was used for the measurements at extreme conditions.

Low-temperature Raman spectra of the powder sample
were collected using a T64000 Jobin-Yvon spectrometer
equipped with an Olympus microscope and an LN,-cooled
charge-coupled device to detect the scattered light. The slits in
our measurement setup were taken to get better than 1 cm™!
resolution. The spectra were excited with an argon ion laser
(A =568 nm), and the temperature-dependent spectra were
obtained using a He-compressed closed-cycle cryostat with
precise temperature control (£0.1 K). To reduce the gradient
between the cold finger and the sample, we wait at least 10
min after reaching the target temperature. During this step, the
laser spot was kept in the sample to ensure stability under all
the measurements, which did not change along the measure-
ment. During this step, the laser spot was kept in the sample
to ensure stability under all the measurements, which did not
change along the measurement. A membrane diamond anvil
cell (DAC) chamber was utilized for pressure-dependent spec-
tra, and Nujol served as the pressure-transmitting medium.
The pressure was determined using the ruby pressure [36].
The powder of CsCuCls and the ruby were together in the
gaskets without contact. Each Raman spectrum was deconvo-
luted into the sum of Lorentzian functions using FITYK [37].

The HP synchrotron powder x-ray diffraction (SPXRD)
data were obtained at the Extreme Methods of Analysis
(EMA) beamline of the Brazilian Synchrotron Light Lab-
oratory. These measurements were conducted at ambient
temperature, utilizing a monochromatic, 25.514 keV, x-ray
beam. HP was generated using a DAC fitted with 600 um
diamond anvils. We used a stainless-steel gasket with a 200
um hole into which the sample was loaded, along with a
ruby ball. Neon was used as the pressure medium. The pres-
sure was determined in situ by measuring the wavelength of
the ruby fluorescence second peak and was controlled via
a gas-membrane mechanism integrated with the DAC. We
employed an x-ray spot size of 15x15um at the sample
position for the SPXRD measurements. The two-dimensional
diffraction images were captured in a transmission geome-
try using a MARCCDI165 detector, which has a pixel size
of 73.2x73.2um. Subsequently, these images were pro-
cessed and integrated using Dioptas 4.0 software [38]. To
ensure accuracy, we calibrated the detector distance and other
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FIG. 1. (a) Raman spectrum of CsCuCl; at 9.2 K (blue and red
curves are the Lorentzian oscillator phonons bands and the total
modes convolution, respectively). (b) Calculated Raman modes in
CsCuCl;. Note that the dimer unit [Cu,Clo]>~ is described along the
a, b, and c directions.

geometrical parameters using the National Institute of Stan-
dards and Technology standard reference material 660c
(LaBg). The x-ray diffraction (XRD) powder data was in-
dexed and fitted by the Le Bail method [39] with Exp02014
[40] to obtain the lattice parameters.

Theoretical phonon calculations were performed us-
ing density functional theory (DFT) implemented in the
QUANTUM ESPRESSO package [41,42]. The calculations
included structural optimization using SG15 optimized
norm-conserving Vanderbilt pseudopotentials [43], followed
by I'-point phonon calculations. The phonon frequencies
were calculated using density functional perturbation the-
ory (DFPT), with the exchange-correlation term determined
within the generalized gradient approximation parameter-
ized by Perdew-Burke-Ernzerhof [44]. Additionally, the local
density approximation was employed for the exchange-
correlation term for Raman intensity calculations.

III. RESULTS AND DISCUSSIONS

A. Typical Raman spectrum and phonon assignments

The group-theory analysis based on the site occupation
of CsCuClj yields 35 Raman-active phonon modes at room
temperature, which are distributed among the irreducible
representations of the point group 622 as the direct sum
'raman = 6A| @ 15E, @ 14E; (see Table SI in the Supple-
mental Material [17]). Figure 1(a) shows the Raman spectrum

in the 100-320 cm ™! range for the CsCuCl; powder sample
at 9.2 K. Since CsCuCl; does not undergo any SPT at low
temperatures, this is the typical spectrum of CsCuCl; (P6522
symmetry; see Fig. S2 in the Supplemental Material [17],
which shows the Raman spectrum at room temperature). The
phonon assignments were based on the stable lattice dynam-
ics calculated around the I' point using DFPT. The DFPT
calculations relax the crystallographic cell size and shape by
minimizing all quantum forces in the static lattice, which
approximates the crystal structure to 7 = 0 K.

Table I summarizes the experimental Raman (300 and
9.2 K) and respective DFPT-calculated phonons, which were
compared with previous Raman or IR measurements of sim-
ilar materials such as ABCl; (A = Cs, Rb; B = Mn, Co)
[45-47], CsBBr3 (B = Co, Mg, Cd) [48], Cs2XCly (X = Cu,
Co) [49,50], and [(CH3)4,N],MnXs (X = Cl, Br) [51]. These
phonons were separated into CI-Cu-Cl bending and Cl-Cu-C1
stretching. Such calculated phonons are shown in Fig. 1(b),
which are described around the [Cu,Clo]’~ dimer unit. A
full list of the calculated phonons is given in Table SII in
Supplemental Material [17].

B. Raman spectroscopy at low-temperatures in CsCuClz: SPC

As was previously described, CsCuCl; exhibits an AFM
ordering at Ty = 10.7 K produced by the DM interaction,
which is allowed by the twist of the [Cu,Clo]’~ dimer unit
along the [001] direction [14,52]. This magnetic ordering
could induce a SPC in CsCuCls. To investigate such a cou-
pling, we performed low-temperature Raman spectroscopy.
The temperature-dependent Raman spectra of CsCuClj in the
low-temperature range from room temperature down to 9.2 K
are shown in Fig. 2. As discussed before, the material does
not exhibit a SPT within the temperature range investigated.
In the absence of a SPT, the behavior of the phonon frequency
(w) and the full width at half maximum (FWHM =TI") can
be described by the Balkanski model, which is given by the
following equations:

2
w(T):a)0+C|:1 —|——i|
e* —1

3 n 3 :| @)
ey_l (ey_l)Q 5

+D|:l+

and

I(T)=A|1 N 3 3
= |:+ex—l:|+ [+ey—1+(ey—1)2}’
3

where A, B, C, and D are constants referring to the strength of
the anharmonic contributions, and wy is the zero-temperature
frequency of the corresponding vibrational mode without
spin-phonon interaction. To simplify the analysis, the dimen-
sionless parameters x = fiwg/2kgT and y = hwo/3kgT were
also used in these equations. The fit of the experimental data
of the Raman mode parameters by Egs. (2) and (3) (see Fig. S3
in the Supplemental Material [17]) allows for a detailed de-
scription of the paramagnetic phase (T > 15 K) of CsCuCls,
with the values of the anharmonic contributions for each mode
summarized in Table SIII in the Supplemental Material [17].
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TABLEI. Experimental Raman modes (Exp.) at room pressure (300 K), low temperature (9.2 K), and DFPT-calculated phonon frequencies
in CsCuCl;. The corresponding lattice constants are a = b = 7.19 A and ¢ = 18.08 A. The modes were given for the wave vector at the I" point

in the Brillouin zone.

Mode frequency Mode sym. (R) Exp. (300 K), (cm™1) Exp. (9.2K), (cm™!) DFPT (cm™') Vibrational assignment
w E, 109 105.8 845 (C1-Cu-Cl) str.

wy E, 115 116.1 8s (C1-Cu-Cl) str.

w3 E, 115 121 122.3 7 (Cl-Cu-Cl) wk. [44,47-49]
on E, 132 136 138.1 w (CI-Cu-Cl) str. [47-49]

ws E, 145 152.6 p (Cl-Cu-Cl) str.

e E, 155 156.8 y (CI-Cu-Cl) str.

w7 Ay 155 161 160.9 y (CI-Cu-Cl) str. [44,47,49]
wg E, 167 164.0 w (Cl-Cu-Cl) str.

Wy E, 177 180 175.5 7 (Cl-Cu-Cl) str. [44,47]

w19 E, 190 191.4 v (Cu-Cl) wk.

Wy E, 191 196 210.3 v (CI-Cu-Cl) wk. [44,47]
w2 Ay 242 245 245.9 v (C1-Cu-Cl) str. [44,47-49]
w3 E, 265 267 266.4 Vs (C1-Cu-Cl) wk. [44,47,49]
w14 A 276 267.4 Vys (C1-Cu-Cl) str.

w1s E, 286 292 273.7 v (C1-Cu-Cl) str. [44,47-49]

Abbreviations: §: bending; t: twisting/torsion; w: wagging; p: rocking; y: scissoring; v: stretching; as: asymmetric; s: symmetric; str.: strong;

wk.: weak.

The phonons depicted in Fig. 3 exhibit anomalies in
both w(T) and I'(T") around T* = 15 K. A sudden phonon
hardening is observed at 7* and remains until the AFM tran-
sition temperature Ty = 10.7 K. Below Ty, the Raman modes
exhibit a noticeable softening. Notably, T introduces a low-
temperature correlation within the system unrelated to any
unusual lattice distortion, electronic phase transition, or re-
ported structural/magnetic phase transition in the compound.
This intriguing outcome strongly suggests the presence of
SPC in CsCuClj3, manifested by the alteration of both mode
parameters (frequency and FWHM) through phonon renor-

malization [53]. While these frequency shifts are typically
subtle, often on the order of 1 cm™! or smaller, their system-
atic nature lends robustness to the findings.

The role of spin-phonon interaction can be elucidated
through the static spin-spin correlation average, represented as
Aw = — wg = A(S; - S;), where A is the coupling constant,
and (S; - S;) denotes the correlation between the neighboring
spins in the i and j sites [54-56]. Consequently, at 7 > T*
(paramagnetic phase), the (S; - S;) term is null due to the ab-
sence of the spin ordering. However, in the temperature range
Tv < T < T*, a distinct mode frequency renormalization is
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FIG. 2. Temperature-dependent Raman spectra of CsCuCls in the ranges (a) 100—145cm™', (b) 145—175cm™', (c) 175—225cm~!, (d)

225—-250cm™!, (e) 250—280cm™~!, and (f) 280—310cm™".
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FIG. 3. Temperature dependence of the phonon frequencies (left
axes) and full width at half maximum (FWHM; right axes) for
selected phonons in the paramagnetic and antiferromagnetic phases.
Solid curves are the fits using Eqs. (2) and (3). The orange area de-
scribes an anomalous hardening region (Ty=10.7 K<T <T*=15 K)
for (a) ws, (b) w;, (¢) w7, (d) wo, () w11, () w12, (g) w13, and (h) w5
phonons.

already discernible prior to Ty. This observation indicates
unconventional magnetic correlations (local spin fluctuations,
frustration, or quantum phase, for example) occurring in
CsCuCl; preceding the onset of AFM ordering. Analogous
behavior has been reported in AFM RMn;0s (R = Bi, Eu,
Dy) compounds [57,58].

The magnetic order may couple to the phonon frequencies
through modulation of the DM interaction parameter. How-
ever, for Ty <7, the contribution of the softening is driven by
the AFM effect. Therefore, it is convenient to estimate the
magnetic contribution to the renormalization of the phonon
frequency as a function of Aw. The easiest way to do this is by
estimating the Aw dependence with the mean-field approach
(((5%))/S)? described by the molecular-field approximations
mechanism as [M(T)/M,]?, where M(T) is the temperature
dependence of magnetization, and M is the magnetization at
zero temperature [59,60].

To obtain [M(T)/M,]*, we employed the Yamamoto ef al.
[21] longitudinal susceptibility () data at low temperatures
obtained by the authors at H = 1 T. Thus, based on the SPC
mechanism proposed by Granado et al. [61], the phonon
renormalization induced by the SPC could be reduced as
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()] @
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FIG. 4. Temperature dependence from the anharmonic behavior
of selected phonon as a function of [M (T)/Mo]2 for (a) ws, (b)
w4, (€) w7, (d) wo, (€) wii, () wi2, (2) w13, and (h) w;s phonons
(purple, blue, and red are linear guides for the eyes separated for each
region).

Figure 4 shows Aw as a function of [M(T)/Mo]2 for the se-
lected phonons. The model, as expressed in Eq. (4), elucidates
a direct linear correspondence between the phonon renormal-
ization phenomenon and the adjustments in the gradient of the
linear trend within distinct temperature intervals (7*>15 K;
Ty <T < T*; Ty <T). This correspondence firmly estab-
lishes the existence of SPC. Notably, the discernible alteration
in the phonon behavior at T* distinctly suggests the on-
set of SPC within CsCuCls. The slopes derived from SPC
are summarized in Table SIII in the Supplemental Material
[17]. These slope variations, evident in Fig. 4, are consistent
with SPC-related materials such as Cu,OCl, [62], thus ro-
bustly substantiating the presence of SPC in CsCuCls. This
congruence bolsters the proposed models that underpin the
correction of phonon energy renormalization, intensifying
our confidence in the tangible manifestation of SPC within
CsCuCl;. As previously mentioned, the detected anomalies
(occurring within the temperature range of Ty < T < T*) in
the low-temperature phonon dependence stand apart from any
indications of lattice distortion, electronic phase transitions,
or previously reported structural or magnetic phase transi-
tions within the material. This distinct dissociation from these
conventional factors suggests a potential antecedent magnetic
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FIG. 5. (a) Pressure-dependent synchrotron powder x-ray
diffraction (SPXRD) pattern of CsCuCls. (b) Pressure-dependent
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dependent SPXRD pattern zoom around the 26 (9—13 range).

frustration effect, which appears to be concurrent with the
onset of the observed SPC phenomenon.

C. Pressure-induced SPT on CsCuCl;

As was previously discussed, CsCuCls exhibits pressure-
induced quantum phases, which enhance the neighboring
spins in the sample and modify the magnetic diagram by
the enhanced DM interaction [19,20]. Figure 5(a) shows the
pressure-dependent SPXRD pattern obtained from CsCuCls.
The diffraction patterns are well described by the same P6522
structure up to 2.38 GPa. Above the critical pressure P, =
3.69 GPa, the diffractograms exhibit abrupt changes, indicat-
ing the presence of new reflections, which can be attributed
to a pressure-induced SPT. At around P = 2.91 GPa, both
low-pressure (LP) and HP phases coexist. Remarkably, the
emergence of new diffraction peaks, such as the splitting of
the 6.6° band and the appearance of the distribution of the
peak ~ 10° [see Figs. 5(b) and 5(c)], indicates a decrease in
symmetry of the HP phase. No remarkable changes in the
diffraction patterns were detected up to 9 GPa, indicating that
CsCuCl; does not undergo any other phase transition within
the maximum pressure range explored in this paper.

All patterns of the LP phase were refined using the Rietveld
method implemented in EXP02014 software with the hexago-
nal P6522 structure obtained from our SCXRD measurement.
To investigate the crystal structure of the HP phase, primarily
the x-ray powder pattern was compared with the one cor-
responding to the orthorhombic CsCuBr; (C222;) structure
reported in Ref. [63] (ICSD: 10184) as a possible solution.
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FIG. 6. Simulated diffraction patterns of the CsCuCl;
(P6522—ICSD: 120370), CsCuCl; (P63/mmc—ISCD: 32503),
CsCuBr; (C222,—ICSD: 10184), and the CsCuCl; synchrotron
powder x-ray diffraction pattern obtained at 3.63 GPa.

However, the reflections of the simulated XRD patterns did
not match the experimental data. Thus, our results differ
from the high-temperature SPT [16,64,65], which involves a
hexagonal-to-hexagonal P6,22 or P6522 — P63/mmc at 423
K, and the HP hexagonal subcell (P63/mmc) encountered at
3.04 GPa by Christy et al. [66] (ISCD: 32503). A comparison
of all diffractograms is provided in Fig. 6.

The HP phase was fitted by the Le Bail method using
EXP02014 software. The results suggest a base-centered mon-
oclinic structure (type C). Unfortunately, the low diffraction
intensity due to the sample texture and preferential orientation
does not allow a high-quality number of peaks, which makes
the diffractogram refinement challenging. As discussed be-
fore, CsCuCl; adopts the P6522 [a = b = 7.2168 (lO)A, c=
18.1853 (S)A] structure at room pressure with a threefold
rotational symmetry along the principal ¢ axis, with the copper
(located at the center) and chlorine (vertices of the octa-
hedron) atoms forming a distorted octahedron coordination
geometry [CuClg] [35]. Each octahedron shares a common
edge, forming a linear chain of octahedra that runs through
the crystal structure along the principal axis. Cs™ ions occupy
the interstitial sites between the displayed chains.

Under HP, the structure undergoes the SPT to the
monoclinic one [a = 6.8875(12)A, b= 6.7918 ) A, ¢ =
5.8539(10) A, B = 93.76 (4)°]. To facilitate the discussion of
the relationship between both phases, a transformation was
made on the crystal cell parameters: a, = a,;; /3by = by;
cp = 3¢y, [67-69] (see Fig. S4 in the Supplemental Material
[17]). Figure 7 shows the pressure dependence of the reduced
unit cell parameters; a shift over all lattice parameters was
observed, indicating crystal modification. The significant dis-
continuity indicates a first-order transition character.

The resulting structural distortion induced by the SPT can
generate uniaxial stress as a function of the compound elastic

054116-6



CsCuCl; PEROVSKITE COMPOUND UNDER EXTREME

PHYSICAL REVIEW B 109, 054116 (2024)

7.3

h A Ahexa 73& ' bhexa' 3205
7.2 A @monol 72 L O bmonoj 310}
7.1 ] 1@ 1 300[@
(IR L Y iy |
1 =" 2901
{ <60}

<<
:>280-

1a 1

{ 6.8 r 270}
6.7 r 2601}
661 (p) 250 (e)
6.5 2404

0246 0

8
re (GPa) Pressure (GPa) Pressure (GPa)
0o lpouree]  spo
lcsof 1 £
19 25} )
OI’ F
{& 20 L4l
o 15} S (
{210} 3,0 9
: % 05f | W ] & ’J
'(C) 0.0 D ﬁmono:
5.6 It 0.5kl OB
02468 02468 1.0 1.1 12 13
Pressure (GPa) Pressure (GPa) VIV,

FIG. 7. (a)—(e) The lattice parameters as a function of pressure.
(f) Third-order Birch-Murnaghan fit for each pressure phase. The
orange region dashboard stands for the coexisting phases of both
crystal structures.

anisotropy, which can be predicted by the equation of state
(EOS) [70-72]. The third-order Birch-Murnaghan EOS was
used to fit the pressure dependence of the unit cell volume [see
Fig. 8(f)]. The equation was expressed in terms of the volume
at zero pressure (Vp), the bulk modulus By = (=VdaP/dV )y,
and the dimensionless pressure derivative B = (dB/dP) (di-
mensionless), which describes, as By changes with pressure
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Table II shows the parameters obtained by the pressure-
dependent unit cell volume fit using the third-order Birch-
Murnaghan EOS. The SPT was accompanied by increased
unit cell volume, which is consistent and expected for HP
phases with higher bulk modulus due to their denser and less
compressible crystal structure [74]. The By values typically
range from 10 to 70 GPa for hybrids/inorganic materials based
on metal halide perovskites [75-80]. The low bulk modulus
of metal halide perovskites is thought to contribute to their
unique properties, such as self-healing, ion migration, and
low thermal conductivity, which suggest applications in the
flexible electronics industry for their ductility [81,82]. The
value of B’ indicates a slow stiffening of the material, which
can be attributed to the first-order SPT, where both LP and HP
phases can be related to a unique basic set. The presence of
dynamic instability in the sample was not observed, and the
positive value of B’ compensated for any instability.

Since Raman spectra are sensitive to crystalline structure,
we performed Raman spectroscopy in CsCuCl; at HP to gain
insights into Raman-active modes and structural changes in
CsCuCl; across different phases of the material correlated
to SPXRD. Figure 8 shows the pressure-dependent Raman
spectra of CsCuCl; up to 7 GPa. From room pressure up to
2.51 GPa, we can observe that the spectra keep the same Ra-
man bands profile. Hence, a reorganization process involving
the dimer unit [Cu,Cly]’~ was observed in a 2.79-3.57 GPa
range, where both LP and HP phases coexist, which means
hexagonal and monoclinic phases. Consistent with SPXRD,
a sudden change in the Raman spectra pressure-dependence
modification is observed at 4.01 GPa, where new phonons are
displayed in the Raman spectra, pertinent to a new crystalline
phase. Thus, our Raman results confirm those obtained by
diffraction.

Note that the pressure dependence of the phonons progres-
sively becomes less resolved, probably due to stress induced
along the SPT or could be a consequence of the increase in
the sample bulk modulus. In general, the pressure dependence
of the mode frequencies is linear. We observe this behavior
in both phases. Furthermore, the CI-Cu-Cl bending under
pressure contributes more to the reorganization around the
SPT for the number of displayed bands. However, the most
intense band in the Raman spectra, the C1-Cu-Cl stretching, is
associated with the stronger distortion of [CuzClg]S’ for the
significant redshift. The Griineisen parameters of each mode
(see Table III) are given by

vir = (Bo/wi)(dw;/dP)r, (6)

where By is the bulk modulus of each phase, (dw;/9P)y
is the proper linear slope, and w; is the Raman frequency
of the specific Griineisen parameter (y;r) [83,84]. As pre-
dicted, the C1-Cu-Cl bending modes have higher values of y;r
than the Cu-Cl stretching, contributing to the modification in
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TABLE II. Experimental coefficients of the Birch-Murnaghan EOS for CsCuCl; in each structural phase.

Crystal system Paange (GPa) Vo (A3) B, (GPa) B
Hexagonal 0.10-2.38 319.42 £ 0.02 1743 4.39 +0.04
Monoclinic 3.69—8.47 304.62 4 0.06 2749 4.26 £ 0.07

[CuyClo]~. Comparing the phonon frequencies, the CI-Cu-
Cl stretching exhibits more significant shifts, consistent with
previous predictions. This result establishes the structural cor-
relations between bulk modulus and the corresponding local
Griineisen parameter. Confirming the XRD results, the Raman
spectra show that, for pressures up to 9 GPa, the CsCuCls
material does not undergo amorphization.

Finally, this transition is reversible since the hexagonal
phase was obtained again after the full release of pressure
CsCuCl; (see Fig. S5 of the Supplemental Material [17]).
However, it is important to point out that the critical pressure
for the decompression cycle was lower than that obtained at
the increasing process. The coexisting region could be respon-
sible for the slow liberation of pressure and the readjustment
to the original crystal structure. However, the recovery of the
LP phase is well preserved. This is expected since the SPT is
a first-order one.

IV. CONCLUSIONS

Investigating the SPTs and their related physical phenom-
ena in halide perovskite materials under extreme conditions
is significant for understanding their fundamental properties
and exploring their potential applications in various fields.
In the case of CsCuCls, applying low-temperature Raman
spectroscopy has unveiled a distinct SPC mechanism. This
coupling is evidenced by discernible shifts and broadening
in the frequencies and FWHM of select phonons linked to
CI1-Cu-ClI bending and stretching modes. This SPC generates
an expected contribution to the phonon frequencies, observed
at T°= 15 K, suggesting a magnetic frustration within the
material. This correlation between spin and phonon behav-
iors becomes more apparent with a discernible hardening
of phonon temperature dependence around the anticipated

renormalization temperature Ty = 10.7 K, reflective of the
underlying AFM effects. Utilizing Aw as a function of
[M(T) /Mo]2 reinforces the discernible transformation linked
to the SPC renormalization process at 7.

Conversely, conducting HP investigations involving
SPXRD and Raman spectroscopy on CsCuCls has brought
a first-order SPT at the critical pressure P, = 3.69 GPa
from the hexagonal P6522 space group to the base-centered
monoclinic type C cell. An intriguing feature emerges
wherein the direct correlation in crystal axes engenders
a gradual and natural crystal reconfiguration devoid of
significant dynamic instability. This observation implies a
degree of inherent flexibility within CsCuCl;. Notably, the
coexistence of phases is discernible within the pressure range
from 2.79 to 3.57 GPa. The SPT involves the reorganization
of the internal [Cu,Clg]’~ dimer unit, with C1-Cu-Cl bending
contributing more than Cl-Cu-Cl stretching. The prominent
shift presence and highest y;;7 value associated with the
displayed band indicates heightened distortion. Moreover,
our analysis underscores the reversible nature of the SPT;
however, residual strain pressure influences the modification
of the P, value upon pressure decrease. These findings
supplied additional information about modifying [Cu,Cly]*~
under pressure and enhanced our understanding of the lattice
distortion at external pressure.
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