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1. Introduction

All-inorganic metal-halide perovskites are a remarkable group of
materials known for their superior optoelectronic characteristics.

Structural phase transition and distortion-mode
evolution in the one-dimensional [CuBr,4] chain
structure of RbCu,Br3
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The all-inorganic halide compound RbCu,Brz represents a rare example of a 1D Cu(i)-based perovskite-
derived architecture, yet its structural stability, phase evolution, and lattice dynamical behaviour remain largely
unexplored. Here, we combine mechanochemical synthesis, high-resolution synchrotron and neutron
powder diffraction, calorimetry, optical spectroscopies, and first-principles modelling to establish a complete
structure—property framework for this compound. We show that ball milling yields highly crystalline RoCu,Br3
with the expected Cmcm structure at ambient conditions, built from double chains of edge-sharing [CuBr,]
tetrahedral units. Temperature-dependent diffraction and calorimetry reveal a previously unresolved
continuous and reversible structural phase transition to a Pnma phase below ~250 K, driven by subtle
cooperative tilting of the [CuBry] chains. Symmetry-mode analysis identifies two primary irreducible
representations dominating the distortion energy landscape, clarifying the microscopic mechanism of
symmetry breaking. Infrared spectroscopy uncovers an unusually large number of phonon modes, consistent
with local symmetry lowering and weakly ionic Cu—Br bonds, while diffuse-reflectance measurements reveal
both direct and indirect electronic transitions, consistent with DFT electronic-structure calculations. These
results establish RbCu,Brs as a structurally versatile, low-symmetry Cu() halide with an intrinsic propensity for
lattice distortions coupled to its low-dimensional electronic structure, providing a foundation for future
exploration of copper-based, lead-free perovskite alternatives.

sparked significant interest in deploying metal-halide perovskites
beyond traditional photovoltaic applications. They are now being
explored for uses such as photodetection,” photocatalysis,'*™"?
laser technologies,"®'* X-ray detection,"”"” and solid-state
batteries."®

These features include an exceptional charge-carrier mobility,
extensive diffusion lengths, and short charge-relaxation times,
making them attractive for high-efficiency energy conversion and
diverse electronic applications.' ® Recently, these properties have

“ Instituto de Ciencia de Materiales de Madrid, CSIC, Cantoblanco, 28049 Madrid,
Spain. E-mail: ja.alonso@icmm.csic.es, rodrigues.joaoelias@gmail.com

b Laboratory of Inorganic Chemistry, Faculty of Sciences of Sfax, University of Sfax,
3000 Sfax, Tunisia

¢ National Engineering School of Sfax (ENIS), Laboratory of Electromechanical
Systems (LASEM), B.P.W. 3038, Sfax, Tunisia

9 Instituto de Investigaciones en Tecnologta Quimica (UNSL-CONICET) and Facultad
de Quimica, Bioquimica y Farmacia, Almirante Brown 1455 (5700), San Luis,
Argentina

¢ CCAF, PPGCEM/CDTec, Federal University of Pelotas, 96010-610 Pelotas,
Rio Grande do Sul, Brazil

7/ Institut Laue Langevin, 38042 Grenoble Cedex, France

$ ESRF - European Synchrotron Radiation Facility, 38000 Grenoble, France

This journal is © The Royal Society of Chemistry 2026

Although metal-halide perovskites like CsPbI;'*?° or CsPbBr;*"*
boast impressive properties, their practical use is obstructed by
the difficulty of developing synthesis methods that consistently
yield stable compositions, ideal morphologies, and high-purity
materials. In addition, environmental concerns, particularly the
potential toxicity and ecological risks associated with lead, have
become a major issue.**** This has driven the search for lead-
free alternatives, with tin-based perovskites emerging as a
promising option.>® The structural versatility of perovskites
allows for the substitution of different atoms at the A, B, and
X sites within the ABX; framework, offering opportunities to
replace toxic elements like lead with less harmful metals, such
as bismuth (Bi) and antimony (Sb).>*® Other options involve
transition metal elements like copper (Cu).>**° Not only diva-
lent, but also monovalent copper can be incorporated into the
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perovskite halide framework. This is the case of the largely
unexplored RbCu,Br;, or rubidium dicopper(r) bromide. It is an
intriguing material with a unique set of properties.*** This
compound crystallizes in an orthorhombic structure with the
space-group Cmcm. It has a band gap of approximately 1.64 eV
(~780 nm), making it a potential candidate for optoelectronic
applications. It presents an unusual 1D crystal structure, con-
sisting of double chains of [CuBr,] tetrahedral units along the ¢
direction; the transport path located in these double chains
conforms to a 1D electronic structure.’® The potential applica-
tions of RbCu,Br; extend beyond traditional applications, with
researchers exploring their use in X-ray detection, solid-state
batteries, and other optoelectronic devices: one of the most
fascinating aspects of RbCu,Br; is related to its luminescence
properties. As the temperature decreases, the crystals exhibit a
transition from blue to orange light, which is attributed to the
breaking of crystal symmetry due to thermally induced local
deviations of the crystal field, resulting in a structural transition
from the Cmcm to Pnma phase with low symmetry.** The crystals
show double exciton radiative recombination of photolumines-
cence and radioluminescence at low temperatures. This property
makes it a subject of interest for studies on photoluminescence
and radioluminescence.

In this work, we establish a full structure-property framework
for the low-dimensional Cu(r) halide RbCu,Br;. Mechanochem-
ical synthesis yields phase-pure crystalline material adopting the
orthorhombic Cmcm structure built from double [CuBr,] chains.
High-resolution synchrotron and neutron diffraction reveal a
continuous Pnma — Cmcm transition below ~250 K, arising
from a cooperative chain-tilting instability. Symmetry-mode ana-
lysis identifies a small set of dominant irreducible representa-
tions that govern the symmetry lowering, providing a microscopic
description of the distortion pathway. Infrared spectroscopy
exposes a vibrational spectrum far richer than expected for the
high-symmetry structure, consistent with local symmetry break-
ing and weakly ionic Cu-Br bonding. Optical diffuse reflectance,
supported by DFT, shows the coexistence of direct and indirect
electronic transitions. These combined results demonstrate that
RbCu,Br; is a highly distortion-responsive Cu(1) halide, where
subtle lattice instabilities play a central role in shaping its
vibrational and electronic behaviour.

2. Materials and methods

2.1. Synthesis

RbCu,Br; was synthesized in polycrystalline powder form by
mechano-chemical synthesis using a planetary ball mill from
stoichiometric amounts of RbBr and CuBr. The total mass of
reactants was 1 g, which was weighed and mixed with 20
zirconia balls (5 mm diameter) in a N,-filled glove box. The
reaction took place in a Retsch PM100 mill for 3 h at 450 rpm, in
a sealed zirconia-lined jar with N, atmosphere.

2.2. Structural analysis

Bruker D5 diffractometer with Cu-Ko. (2 = 1.5418 A) radiation was
used to collect a laboratory XRD pattern at room temperature.

J. Mater. Chem. C

View Article Online

Journal of Materials Chemistry C

The crystallographic structure was studied by neutron powder
diffraction (NPD) in D2B, a high-resolution two-axis diffracto-
meter at the Institut Laue-Langevin (ILL) in Grenoble, France.
The NPD patterns were collected at room temperature (298 K)
with a wavelength of / = 1.594 A. The sample was contained in a
cylindrical vanadium holder of 6 mm in diameter. The neutron
scattering lengths for Rb, Cu, and Br are 7.09, 7.718, and 6.795,
respectively. The thermal evolution of the crystallographic struc-
ture was studied by SXRD in the 100-530 K temperature range.
The low-temperature patterns (100, 150, 200, and 250 K) were
collected at the ID22 diffractometer’® in the ESRF (Grenoble,
France) with 4 = 0.354 A (35.0 keV). The patterns above room
temperature were collected sequentially from 303 K up to 530 K,
with intervals around 10 K, in high-angular resolution mode (multi-
analyser detector set-up) on the MSPD diffractometer®® in CELLS-
ALBA Synchrotron in Cerdanyola del Valles (Spain), selecting an
incident beam with 28 keV energy (1 = 0.44367 A). The sample was
contained in a 0.5 mm diameter quartz capillary that was rotating
during the data acquisition. The NPD and SXRD data were analysed
with the Rietveld method using the FullProf program.®®

2.3. Calorimetric and morphological analyses

Thermogravimetry (TG) and differential scanning calorimetry
(DSC) measurements were carried out in the range 130 to 520 K
in a Mettler TA3000 system equipped with a DSC30 unit. The
heating and cooling rates were 10 K min~ ", using about 70 mg
of sample in each run, following the protocol in ref. 37. Field-
Effect Scanning Electron Microscopy (FE-SEM) images were
obtained in a FEI Nova microscope, with an acceleration
potential of 5 kV, coupled to an energy-dispersive X-ray spectro-
meter (EDXS), working with an acceleration voltage of 18 kV and
60 s of acquisition time.

2.4. Reflectance and photoluminescence UV-vis and infrared
reflectance spectroscopies

A UV-vis spectrophotometer, Jasco V660, attached with an integrat-
ing sphere, was employed to measure the optical diffuse reflec-
tance spectrum at room temperature. Photoluminescence spectra
were taken with a FluoroMax®-3 fluorometer from Horiba Jobin-
Yvon using dense pellets. Far-infrared spectra at room temperature
were collected using a Bruker Vertex 70V FTIR spectrophotometer
equipped with an extended-range beam splitter, a Globar source,
and a DTGS detector. Dense pellets were prepared by cold-press
sintering in an optically polished zirconia die. The samples were
measured in near-normal incidence using a reflectance accessory.

2.5. Density functional theory

Density Functional Theory (DFT) calculations for the compound
RbCu,Br; were performed using the CRYSTAL17 software
package,*® which employs a local Gaussian-type orbital (GTO)
basis set. The exchange-correlation effects were modelled using
the Perdew-Burke-Ernzerhof (PBE) generalized gradient approxi-
mation (GGA) functional.*® All the atomic species, rubidium (Rb),
copper (Cu), and bromine (Br) were described with triple-zeta
valence basis sets augmented with polarization functions (POB-
TZVP), as developed by Laun et al.*® This basis set is optimized

This journal is © The Royal Society of Chemistry 2026
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for solid-state calculations and provides a high level of accuracy
for electronic structure calculations of materials containing
transition metals. The truncation of the infinite Coulomb and
Hartree-Fock exchange series was controlled by defining five
tolerance factors (ax, k = 1-5) with values set to (8, 8, 8, 8, 16).
These parameters govern the precision for evaluating overlap
integrals, Coulomb integral penetration, exchange overlap, and
pseudo-overlap in the exchange series. Sampling of the reciprocal
space was conducted using a Pack-Monkhorst k-point grid with
shrinking factors of 8 x 8 x 8. Integration over the Brillouin zone
was performed using the Gilat net method to ensure numerical
stability and convergence of electronic properties.

3. Results

3.1. Initial characterization

The high purity of RbCu,Br; was initially assessed from labora-
tory powder XRD measurement at room temperature. The

T T T T T
40000 RbCu,Br, - XRD ~ S.G.: Cmem
CuKa-208K o= 98565@)A
b=12.412(1) A
¢=5.5519(5) A
30000 i
3
&
& 20000 - Y i
E —Yeae
8 | — Yoo Yeae
© 10000 - 7 ! | Bragg positons |
g _uLﬁ.LJ W
[t I RCRETRUEENE HE PRy T pmin

20 30 40 50 60
26 (°)
Fig. 1 Rietveld refinement from laboratory XRD pattern at room tem-
perature. Rietveld plot: observed (red cross) and calculated (black line) X-

ray diffraction pattern. Blue lines represent the fit residuals, and the green
bars are the expected Bragg reflections.
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polycrystalline powder sample presents an orthorhombic sym-
metry defined in the space-group Cmcm (no. 63), in agreement
with the scarce previous results of this phase.*"* The Rietveld
refinement from laboratory XRD data is displayed in Fig. 1,
providing a preliminary crystallographic structural model with
unit-cell parameters: a = 9.8565(8) A, b = 12.412(1) A, and
¢ =5.5519(5) A.

The thermal stability was studied from TG and DSC mea-
surements, as depicted in Fig. 2. In the TG curve (Fig. 2a), no
anomalies are found until the decomposition onset of the
sample at 500 K. The DSC curves (Fig. 2b) exhibit broad
endothermic and exothermic peaks at c.a. 245-228 K for the
heating and cooling runs, respectively. One can also see a ~30 K
hysteresis. This suggests the presence of a structural transition
in this temperature range, which is evaluated in detail from
temperature-dependent SXRD data, described below.

3.2. Morphological results

The FE-SEM images, exhibited in Fig. 3, offer detailed insights
into the microstructure of the product synthesized via ball milling.
At a lower magnification (30000x), the sample is formed by
irregularly shaped clusters comprising particles of varying sizes
(Fig. 3a). Upon increasing the magnification to 60 000x (Fig. 3b
and c), these clusters are revealed to consist of compact micro-
particles with sharp edges, typically ranging from 0.2 to 0.5 pm in
size, combined with much larger microcrystals with dimensions
superior to ~1 um. Remarkably, this high crystallite size was
formed during the ball milling process. Elemental analysis using
EDXS, in conjunction with the FE-SEM images, suggests an
atomic ratio of approximately 1:2: 3 for Rb: Cu: Br. A representa-
tive EDXS spectrum is provided in Fig. S1 of the SI, and additional
SEM images can be found in Fig. S2.

3.3. Structural analysis at room temperature from NPD

The crystallographic analysis at room temperature was carried
out using neutron powder diffraction data. The crystal structure
was successfully refined in the orthorhombic Cmcm model
from NPD data, reaching an excellent agreement between the
observed and calculated patterns, as illustrated in Fig. 4a.
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Fig. 2 TG (a) and DSC (b) curves of the RbCu,Brz sample in the heating and cooling runs.
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Fig. 4 Rietveld plot: (a) observed (red crosses), calculated (full black line), and difference (blue line) Rietveld profiles for RoCu,Brs at 298 K from NPD
data. (b) View of the 3D arrangement of RbCu,Brs as double chains of edge-sharing [CuBr,] tetrahedra in the orthorhombic Cmcm phase.

The crystal structure comprises [CuBr,] tetrahedra and [RbBrg]
polyhedra. The [RbBrg] polyhedra feature ten faces, two square,
and eight triangular ones, and are arranged in layers along the
a-c plane, connected vig their triangular faces. [CuBr,] tetra-
hedral units share edges in double chains running along the c-
axis, linking together the layers of [RbBrg] polyhedra, as shown
in Fig. 4b (Table 1).

3.4. Thermal evolution of crystal structure from SXRD

The synchrotron X-ray powder diffraction method was used to
investigate the thermal evolution of the crystal structure in the

temperature range 100-530 K. The patterns below room tem-
perature were measured in the ID22 beamline (ESRF, France) at
selected temperatures (100, 150, 200, and 250 K). Above 300 K,
the patterns were collected sequentially up to 530 K in the
MSPD beamline (ALBA, Spain). These patterns were properly
refined in the orthorhombic system, showing no evidence of
phase transitions. Starting at 510 K, the patterns exhibit a
decrease in intensity without significant changes in the unit-
cell parameters, which may be attributed to the decomposition
of the sample (see Fig. S3). The patterns collected at 530 K
and above show no diffraction lines, which agree with a

Table 1 Crystallographic data for RoCu,Brs phase in the orthorhombic Cmcm space-group from NPD at 298 K. Unit-cell parameters: a = 9.8498(3) A,

b =12.4032(4) A, c = 5.5488(1) A, and V = 677.89(3) A®

Atom Site x y z Ueq (A7) Soce
Rb 4c 0 0.6868(3) 0.250 0.057(2) 1
Cu Se 0.8337(2) 0 00 0.057(1) 1
Brl 4c 0 0.1172(3) 0.25 0.035(2) 1
Br2 8g 0.7089(2) 0.8751(2) 0.25 0.055(2) 1
Atomic displacement parameters (A%)

Atom Ull U22 U33 UlZ U13 U23
Rb 0.062(2) 0.070(3) 0.040(2) 0 0 0
Cu 0.062(1) 0.063(2) 0.045(1) 0 0 0.012(1)
Brl 0.035(2) 0.037(2) 0.034(2) 0 0 0
Br2 0.054(2) 0.074(2) 0.039(2) —0.033(1) 0 0

Rp = 2.37%, Ryp = 3.05%, * = 9.35, Rpragg = 5.73%

J. Mater. Chem. C
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Fig. 5 Rietveld plot: observed (red crosses), calculated (full black line),

and difference (blue line) Rietveld profiles for RbCu,Brs at 303 K (ortho-
rhombic Cmcm phase) from SXRD data.

decomposition process, as it is observed by TG and DSC data.
The Rietveld refinement of the SXRD pattern at 303 K is plotted
in Fig. 5, and Table S1 lists the main crystallographic data.
The thermal evolution of the SXRD patterns below room
temperature exhibits similar features, except for a subtle peak
at 5.78° (26), which appears in the patterns at 150 and 100 K
(Fig. S4). At 200 K, this peak is only incipient and can barely be
distinguished from the background. The Rietveld refinement of
the four patterns below room temperature unveils an excellent
fit with the Cmcm space-group at 250 and 200 K, while at 150
and 100 K, the orthorhombic Pnma space-group accounts for
the additional peaks and provides a superior overall fit. This

T

RbCU,Bry - SXRD .
ESRF (ID22) 35 keV
A=0.3540 A - 200 K

S.G.:Cmecm 4

90000

a)

60000

52 54 56 58 60

+ Y,

obs

30000 4
| Bragg positions

counts (a.u.)

IO TRV U TV \HI\HIHHIWHHHH{II1
TR
|

i e e 1
10 11 12 13 14 15

80000

T
b) RbCu,Br, - SXRD
ESRF (ID22) 35 keV
2=0.3540 A - 150 K 1

S.G.: Pnma

60000

40000

200004

counts (a.u.)

T T TR T
2 3 4 5 6 7 8 9 10 11 12 13 14 15

26 (%)

View Article Online

Paper

phase transition was also recently reported by Y. Ding et al. from
single-crystal XRD data. The Rietveld refinement above and below
phase transitions displayed in Fig. 6a and c, respectively, where the
inset highlights the (112) diffraction line, which evidences the Pnma
space-group. Schematic views of both Cmcm and Pnma symmetries
are illustrated in Fig. 6b and d, respectively. Table 2 summarizes the
main crystallographic data at 150 K. Table S2 lists the main crystal-
lographic data at 200 K. In Fig. S5 and Fig. S6, the temperature
evolution of the lattice parameters and Cu-Br and Rb-Br distances is
plotted in the temperature range 100-530 K. It is possible to note
that the structural phase transition is produced by a subtle tilt in
the [CuBr,] chains along the b-axis (in Pnma space-group), as
discussed later. This transition only involves changes in Rb and
Cu positions and an evolution from two to three independent
bromine sites in the unit-cell, without changes in the geometries
and bonding structure. This observation is consistent with a soft-
phase transition, in agreement with the gradual event observed in
the DSC measurements. Furthermore, to date, within the iso-
structural ACu,X; (A = Cs and Rb; X = I, Br, and I) family, evidence
of structural phase transition has been found only for RbCu,Br;.
Effectively, for the different ACu,X; halides, the crystal structure
is described for all of them in the Cmcm orthorhombic space-
group (CsCu,Cls-type®”), and no specific reference to a phase
transition to Pnma is mentioned besides that already mentioned
by Ding et al.,*"** although for RbCu,I; an orthorhombic phase is
described in the Pbnm space-group.®**

3.5. UVavis diffuse reflectance and photoluminescence spectroscopy

Diffuse-reflectance optical measurements were performed to
estimate the optical bandgap of RbCu,Br;. The spectra were

Fig. 6 Rietveld plots of SXRD patterns collected at (a) 200 and (b) 150 K (orthorhombic Pnma phase). Insets show a zoom around (112) diffraction line,
which reveals the change in the symmetry. Schematic views of crystal structures are exhibited for (c) Cmcm and (d) Pnma structures.

This journal is © The Royal Society of Chemistry 2026
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Table 2 Crystallographic data for RoCu,Brz phase in the orthorhombic Pnma space-group from SXRD at 150 K. Unit-cell parameters: a = 12.3470(2) A,

b = 550569(4) A, c = 9.8184(1) A, and V = 667.44(1) A’

Atom Site X y z Ueq (A%) Joce

Rb 4c 0.6892(1) 0.75 —0.0078(4) 0.035(1) 1

Cu 8d 0.4976(2) 0.4979(6) 0.3346(1) 0.037(1) 1

Brl 4c 0.3848(1) 0.25 0.5051(4) 0.018(1) 1

Br2 4c 0.6131(2) 0.25 0.1954(2) 0.036(2) 1

Br3 4c 0.3650(2) 0.75 0.2201(3) 0.024(2) 1
Atomic displacement parameters (A%)

Atom 11 UZZ U33 UlZ Ul3 U23

Rb 0.036(1) 0.040(2) 0.030(1) 0.00000 ~0.007(2) 0.00000
Cu 0.036(1) 0.034(1) 0.041(1) 0.008(1) ~0.004(2) —0.005(3)
Brl 0.0063(1) 0.022(1) 0.027(1) 0.00000 0.005(3) 0.00000
Br2 0.049(2) 0.036(3) 0.024(2) 0.00000 0.024(2) 0.00000
Br3 0.022(2) 0.033(3) 0.018(2) 0.00000 ~0.005(2) 0.00000
R, = 7.7%, Ryp = 9.9%, 1* = 18.2, Rpragg = 4.10%

converted to Kubelka-Munk (KM) units and analysed using Tauc
representations to probe both direct (kv KM)> versus hv and
indirect (hv KM)Y? versus hv transitions (Fig. 7a). The resulting
plots do not allow an unambiguous assignment of the bandgap-
type. Nevertheless, a direct transition near ~ 3.6 eV is suggested
by the higher-energy region, while a lower-energy feature
around ~1.86 €V is consistent with a possible indirect transition.

However, a maximum of absorbance associated with localized
defect-related states cannot be discarded as it happens with two
pronounced features at ~2.9 and ~2.2 eV. Additionally, a con-
tinuous baseline appears along the KM spectrum, probably due to
a small amount of free charge carriers, is the origin of the grey
colour of the sample. Localized states and the continuous increase
of absorbance versus the energy also appear in compounds with
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Fig. 7 Tauc plot on visible diffuse reflectance transformed by Kubelka—Munk relationship with the corresponding fittings (dashed lines) to direct
(~3.6 eV) and indirect (~1.3 eV) bandgaps. (b) Emission due to an excitation at lex = 4.90 eV (253 nm) (green line) and excitation measured at Aem =
3.35 eV (370 nm) (red line). Electronic properties of RbCu,Brs from DFT calculations. The projected density of states (c) and electronic band structure (d)

reveal a direct bandgap of ~2.6 eV.
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cations with several available oxidation states. In this case, a small
amount of Cu>" would introduce Cu" or Rb* defects that could
explain both features.

Photoluminescence spectra are shown in Fig. 7b. The emis-
sion efficiency is poor, probably due to the presence of free
carriers, which substantially screens the internal electric field.
In any case, emission and excitation peaks, at ~3.33 and
~3.89 eV have been detected. Those features can be explained
with an electronic structure with a bandgap of ~3.6 eV, but
with many defects. In this regard, emission red shifts due to
non-radiative transitions from excitons to localized defects near
the conduction band, while excitation, which is like optical
absorption, blue shifts from bandgap energy, as the density of
states is much larger for higher energies, so that the photon
absorption probability is larger from energies slightly higher
than that of the bandgap.

To corroborate our experimental findings, theoretical band
structure calculations for orthorhombic Cmcm RbCu,Br; phase
were performed within the generalized gradient approximation
(GGA) using the Perdew-Burke-Ernzerhof (PBE) exchange cor-
relation functional. Analysis of the projected density of states
(p-DOS in Fig. 7c) indicates that the electronic properties are
dominated by contributions from Br and Cu orbitals. The
valence band maximum is primarily composed of Br orbitals
hybridized with Cu orbitals, while the conduction band mini-
mum shows a significant contribution from Br orbitals, with Cu
states also participating in the lowest-energy electronic transi-
tions. The calculated band structure, presented in Fig. 7d,
reveals a direct band gap of approximately ~2.6 eV at the I
point of the first Brillouin zone. This value is much lower than
the experimentally found value, but this trend is typical for the
PBE functional, which is known to underestimate the funda-
mental bandgap of semiconductors and insulators due to self-
interaction errors and the lack of derivative discontinuity in the
exchange correlation potential.

3.6. Infrared spectroscopy

While synchrotron X-ray and neutron diffraction techniques
give long-range order information (for length ranges larger than
~5 nm), spectroscopy techniques are especially sensitive to
short-range ordering.”*™* In this sense, we carried out near-
normal reflectance infrared spectroscopy. This technique allows
determining the frequencies, damping, and oscillator strength
of infrared optical phonons, especially for isotropic crystals. We
deal with a biaxial compound,® but, as we have prepared dense
cold-sintered pellets, the optical response becomes quasi-
isotropic.*®*” For infrared-active modes with strong oscillator
strengths, this approach may not be valid. However, as shown
below, the intensities are relatively low; therefore, the isotropi-
zation approximation is justified. In Fig. 8, we can see the
experimental reflectance spectrum at room temperature with
the fitting to a set of oscillators to model the effective dielectric
constant ¢(w). The relationship between these magnitudes and
the near normal reflectance has been carried out by the Fresnel
relationships. The first noticeable fact of Fig. 8 is the relatively
low value of the maximum of reflectance. These infrared spectra

This journal is © The Royal Society of Chemistry 2026
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Fig. 8 Near-normal reflectance of a cold-sintered pellet of RbCu,Brz
(open circles) and fitting (light blue line) at room temperature. Red triangles
indicate the transverse frequencies’ spectral positions (see Table 3).

Table 3 List of infrared optical modes (transverse wr and longitudinal o,
frequencies), oscillator strength [1 — (wr/w)?], and damping yr of the fitting
reflectance spectrum

Mode no.  wr(em™) g (ecm™) 1 - (or/or)®>  yr(em™)
1 67.0 95.9 0.51278 36.0
2 103.3 104.2 0.01720 16.1
3 137.5 146.6 0.11974 35.9
4 165.0 166.4 0.01710 20.0
5 182.7 183.1 0.00470 19.9
6 204.9 205.9 0.00976 19.3
7 220.6 221.0 0.00421 12.2
8 323.4 323.6 0.00116 14.7
9 393.1 393.2 0.00059 12.6
10 426.5 427.3 0.00370 18.0
11 451.7 452.1 0.00196 16.5
12 507.2 507.5 0.00124 15.8
13 536.0 536.3 0.00114 16.9
14 686.3 686.9 0.00176 16.8
15 789.4 789.9 0.00112 17.0
16 815.5 815.9 0.00083 18.5
17 848.6 848.9 0.00074 16.0
18 869.4 870.0 0.00144 23.9

of perovskites display maxima, from the longitudinal to trans-
versal frequencies, very close to unity. The recorded low reflec-
tance values can be related to low values of oscillator strengths
(see Table 3), suggesting that the effective charges are minimal
and that the metal-halide bonds exhibit only limited ionic
character. We have observed up to 18 infrared modes.

The group-theory prediction for the Cmcm structure*®*® deter-
mines the following irreducible representation (see Table S3):

Ir=[5A; @ 6By @ 3By, @ 4B3o]r @ [4B1y @ 5Boy @ 4Bsy]r
@ [Blu @ B2u + @ B3u]AC @ [ZAU]S

These expressions mean that two modes are silent (A,), 18
are Raman active (Ag, Big, Byg, Bsg), and 13 (Byy, Bay, Bsy) are
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infrared active. The fact that group-theory predicts fewer modes
than those clearly observed implies that the real crystalline
structure must have a distortion of the Cmcm with fewer
symmetry elements.

It should be mentioned that this compound has been
reported to present a low-temperature phase with a structure
of Pnma, as described earlier. Now, considering the Pnma
structure,*®* the group-theory predicts the following (see
Table S4):

Ty =[11A; ® 7B1z @® 11By; @ 7Bsgle @ [10By, @ 6By,
@ 10Bzulir @ [Biu @ By @ Baylac @ [7A4]

in this case results in 36 Raman-active, 26 infrared-active, and 7
silent modes. This scheme fits better with the number of modes
found in the spectral range analysed. In this context, we cannot
rule out the presence of additional infrared modes at frequen-
cies below 50 cm™ ', which could not be recorded with our
experimental setup.

Reflectance spectrum at 300 K was fitted using the Fresnel
formalism,***>*%>! which includes the effective dielectric func-
tion ¢(w) defined as:

o? — 0’ — iyLo
_SOOZ 2
o1 — 0 — iy

The parameters of the dielectric function obtained by fitting
to near-normal reflectance appear in Table 3, considering 18
infrared modes (dipole oscillators) and in accordance with
Pnma structural scheme. The infrared frequency modes extend
from ~67 to ~870 cm ', being the ones with the largest
intensity, and those with the lowest frequency. We can hypothe-
size that these modes, ranging from ~67 to ~165 cm ', are
the ones with the largest dipolar component, while the rest of
them are due to the breakdown of the symmetry, so that modes
with a very low component of dipolar moments arise, but to a
very low degree.

4. Discussion

The structural relation between the orthorhombic Cmcm (high-
symmetry, no. 63) and Pnma (low-symmetry, no. 62) phases can
be viewed in terms of symmetry-breaking distortions acting on
the parent Cmcm lattice. Within this framework, the low-
symmetry structure is expressed as a linear superposition of
the symmetry-adapted distortion modes, each transforming
according to a specific irreducible representation (irrep) of the
high-symmetry space-group. To construct this decomposition,
atomic coordinates in the Pnma phase, r(y, i) (subgroup H),
are referenced to those of the Cmcm structure, ro(u, i)
(supergroup G), after transforming the latter into the basis of
H. The atomic displacements satisfy the following equation:

ZATWI ‘EI’I’! )

T ’H

up, i) = r(p, i) — ro(u, i)

where u labels crystallographic sites, i = 1...n, enumerates the
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Table 4 Symmetry mode analysis of the RbCu,Brs structure showing the
site splitting for the low-symmetry structure (Pnma) and the symmetry-
adapted modes responsible for symmetry lowering from the orthorhombic
unit-cell (Cmcm). The corresponding amplitudes of the symmetry-
adapted modes (normalized within the primitive unit-cell of the high-
symmetry structure) are also listed

Symmetry-adapted modes

Cmem (no. 63) Pnma (no. 62) for each Wyckoff site

Rb1 (4¢) Rb1 (4¢) r1'(1) +Y,'(1)
Cul (8e) Cul (8d) 1)+ Y, '(2)
Bri (4c) Bril (4c) Iy (1) +Y, (1)
Br2 (8g) Br2-3 (4c) ['(2) + Y,'(2)
Irreps r,* Y,"

Direction (@) (a)
Dimension 5 6

Amplitude (A) 0.0876 0.5352
k-vector (0,0,0) (1,0,0)
Isotropy group Cmcm Pnma

associated atoms, é ., are the basis vectors of irrep 7, and A, n
are the corresponding mode amplitudes.

Such a method was used to identify the amplitudes and
polarization vectors of the symmetry-adapted modes that drive
the Cmcm — Pnma transformation. The analysis employed the
orthorhombic Pnma structure refined at 100 K as the low-
symmetry model (see Table S6), together with the Cmcm phase
refined at 300 K as the high-symmetry model (see Table S5).
Both structural models were processed using Amplimodes® on
the Bilbao Crystallographic Server*®, ensuring a rigorous decom-
position of the structural distortion. Crystallographic data for
the 300 K Cmcm phase and the transformation matrix (P,p)
relating the two-unit cells are provided in the SI.

Irreps are labelled by their associated k-vectors in the first
Brillouin zone (here, I" and Y). The resulting decomposition yields
the site splitting listed in Table 4, along with the symmetry-
adapted mode amplitudes. This symmetry-resolved analysis estab-
lishes the hierarchy and physical character of the distortion modes
that stabilize the Pnma phase, thereby clarifying the mechanism
governing the orthorhombic structural transition.

Site-splitting analysis (Table 4) shows that eleven symmetry-
adapted (“frozen”) distortion modes are required to describe the
orthorhombic distortion of RbCu,Br;. These modes transform as
two irreducible representations (I';" and Y,'). In the Cmcm
parent-structure, the Rb1 site (4c) goes into a Pnma 4c position,
activating two modes [I';(1) + Y,'(1)]. The Cul site (8e) trans-
forms into the Pnma 8d position, giving rise to three modes
[[1°(1) + Y,'(2)]. The Brl site (4c) also maps onto a Pnma 4c
position, generating two modes [I";'(1) + Y,(1)]. Finally, the Br2
site (8g) splits into two independent positions (Br2 and Br3, both
at 4c sites), collectively yielding four modes of identical symme-
try [[';7(2) + Y, "(2)]. Taken together, these distortions constitute a
full set of symmetry-adapted modes governing the orthorhombic
distortion Cmcm — Pnma of Rb;Cu,Br;.

The symmetry-mode amplitudes summarized in Table 4
unveil that the orthorhombic distortion in RbCu,Br; is domi-
nated by the Y," mode, with an amplitude of ~0.535 A. This

This journal is © The Royal Society of Chemistry 2026
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Fig. 9 Atomic displacement patterns for the symmetry-adapted modes involved in the Cmcm — Pnma transition of RoCu,Brs. Green arrows denote the
direction and relative magnitude of the distortion modes (a) I';* and (b) Y»* obtained from the Amplimodes analysis. Bromide atoms are shown as brown

spheres.

mode corresponds to the cooperative out-of-phase rotations of
the [CuBr,] units, as visualized by the polarization vectors in
Fig. 9 and Fig. S7 (where alternative structural perspectives are
provided). By contrast, the I';" mode (associated with sym-
metric octahedral stretching) exhibits a much smaller ampli-
tude (~0.088 A) and, therefore, plays only a minor role in the
orthorhombic distortion. Together, these results indicate that
the symmetry lowering accompanying the Cmcm — Pnma
transition is driven predominantly by collective [CuBr,]
tetrahedral-unit rotations.

We can establish that the phase transition in RbCu,Br;
is best described as a displacive transition driven by the
condensation of a collective lattice mode. Although diffraction
techniques probe time-averaged atomic positions rather than
instantaneous vibrations, the continuous evolution of atomic
coordinates and distortion-mode amplitudes provides direct
evidence of a frozen-in phonon instability. In particular, the
dominant Y," mode corresponds to a cooperative tilting of the
[CuBr,4] chains, involving correlated displacements of Br atoms
along the chain direction. As presented, our focus is placed on
identifying the microscopic structural mechanism of the
Cmcem — Pnma phase transition in RbCu,Br;. Through
symmetry-adapted mode analysis, the transition is shown to
be governed by a single dominant Y," mode, corresponding to a
cooperative tilting of the 1D [CuBr,] chains. This result provides
a clear physical interpretation of the symmetry-breaking and
establishes the displacive nature of the transition.

The infrared results at room conditions revealed signifi-
cantly more active modes than those allowed by the nominal
high symmetry Cmcm structure, indicating that local symmetry
breaking is already present at the short-range scale. Because
infrared spectroscopy is highly sensitive to local distortions, the
emergence of these additional low-intensity modes (especially

This journal is © The Royal Society of Chemistry 2026

those attributed to weak dipolar activity) demonstrates that the
structural phase transition begins as a short-range distortion of
the [CuBr,] tetrahedral units. Only at larger length scales, acces-
sible to long-range probes, such as synchrotron X-ray and neu-
tron diffraction, does this distortion fully develop into the long-
range Pnma ordering. Thus, the combined spectroscopic evidence
supports a scenario in which the structural transition nucleates
locally and progressively evolves toward long-range coherence, as
described by the distortion-mode Y,". While structural distor-
tions of this type are generally expected to influence vibrational
and electronic properties through electron-phonon coupling, a
quantitative assessment of such effects requires correlations with
temperature-dependent spectroscopic data, which are beyond the
scope of the present study. The results reported here, therefore,
provide a robust structural and symmetry-based framework for
understanding the structural phase transition, and serve as a
basis for future investigations of structure-property coupling in
low-dimensional copper halides.

5. Conclusions

We provide a comprehensive structural and spectroscopic
description of the low-dimensional Cu(1) halide RbCu,Br;,
revealing key aspects of its phase stability and lattice dynamics
that had remained unresolved. Mechanochemical synthesis
yields highly crystalline material without thermal treatment,
underscoring the potential of solvent-free routes for preparing
metastable or low-dimensional halides. High-resolution neu-
tron and synchrotron X-ray diffraction demonstrate that
RbCu,Br; is stable in the Cmcm phase at room temperature
but undergoes a soft, symmetry-lowering transition to Pnma
below ~250 K. This transition is governed by low-amplitude,
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symmetry-adapted distortions dominated by cooperative
[CuBr,] chain tilting, and involves minimal modification of
local coordination environments, in agreement with calori-
metric hysteresis and the emergence of additional diffraction
peaks. Infrared spectroscopy reveals an unexpectedly rich pho-
non spectrum arising from local symmetry breaking and the
weakly ionic character of Cu-Br bonds, complementing the
long-range structural picture provided by diffraction data.
Optical diffuse reflectance, photoluminescence, and DFT cal-
culations jointly confirm the presence of both direct and
indirect electronic transitions, linked to hybridized Cu-Br
states that define the electronic frontier levels. Overall,
RbCu,Br; emerges as a structurally flexible, low-dimensional,
lead-free halide whose lattice is highly susceptible to symmetry-
lowering instabilities. These results not only clarify the micro-
scopic mechanism of its low-temperature transformation but
also position this family of Cu(i)-based halides as promising
platforms for exploring structure-property coupling, excitonic
behaviour, and potential optoelectronic functionality in envir-
onmentally benign materials.
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