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We report the observation of Rashba splitting in multilayer Cs2PbI2Cl2 two-dimensional Ruddlesden-Popper
phase perovskite nanocrystals (NCs) induced by chemical strain. Magnetic circular dichroism measurements
reveal significant Zeeman splitting, indicating strong spin-orbit coupling. At 10 K, pronounced circular dichro-
ism signals suggest structural asymmetry linked to the Rashba effect. Photoluminescence (PL) peak splitting
at low temperatures, supported by polarization-dependent PL measurements showing emission anisotropy
below 70 K, confirms the presence of spin selectivity. High-resolution synchrotron x-ray diffraction and
temperature-dependent Raman data reveal a transition in unit cell parameters and phonon frequencies around
70 K, respectively, correlating with optical data. The strain induced local asymmetry facilitates these effects.
Density functional theory calculations validate the experimental findings, showing clear spin splitting in the
valence and conduction bands. This study investigates the influence of chemical strain on asymmetry-induced
phenomena, such as the Rashba effect in Cs2PbI2Cl2 NCs, highlighting their potential as a promising platform
for advanced technologies.
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Quantum electronic effects such as valleytronics and
Rashba splitting have attracted significant attention due to
their potential in next-generation electronic and optoelec-
tronic devices [1–4]. Rashba effect, where charge carriers
(electrons and holes) are selectively populated in specific en-
ergy valleys of a material’s electronic band structure, is key
to this field [1,5–7]. Like spintronics, where information is
encoded in electron spin [2], valleytronics leverages these val-
leys for information processing and storage. Polarization can
be controlled using optical pumping with circularly polarized
light [8], strain [9–11], and external magnetic fields [12–16],
opening unique possibilities for valley-based transistors,
quantum computing, and optoelectronics with valley-specific
emission properties [17–21]. Additionally, spin-valley cou-
pling can enhance the lifetime of spin-valley polarization [22]
and enable selective spin manipulation within the valley [23].
The Rashba effect, arising from significant spin-orbit cou-
pling (SOC) [24,25] and broken inversion symmetry, leads
to spin splitting in electronic bands, facilitating spin control
through circularly polarized light [8]. Notably, strong Rashba
spin splitting in two-dimensional (2D) Ruddlesden-Popper
perovskites [26–29] and strongly coupled spin-valley physics
in monolayer transition metal dichalcogenides (TMDs) in-
troduce spin-valley-dependent optical selection rules to the
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interlayer excitons present in the heterostructure of these 2D
Ruddlesden-Popper phase (RPP) and monolayer TMDs [4].

Monolayers of 2D TMDs such as MoS2, MoSe2, WS2,
and WSe2, are ideal for observing quantum electronic effects
due to their multiple equivalent energy minima (valleys) in
their conduction or valence bands [30,31]. With strong SOC,
the time-reversal symmetry causes opposing spin splitting at
the +K and −K valleys, linking spin and valley pseudospin
[23]. A key requirement for these effects is the lack of in-
version symmetry, which leads to different optical transition
rules in different valleys [32,33]. However, challenges such
as complex large-scale production, limited material options,
and high costs hinder their application. This work proposes
an approach to overcome these limitations by introducing
large chemical strains to prevent interlayer interaction, thus
eliminating the effect of inversion symmetry. We tested this on
Cs2PbI2Cl2 nanocrystals, where the significant size difference
between Cl− and I− creates strain that structurally separates
the layers. At low temperatures, this strain prevents interlayer
interaction, allowing us to observe effects typically hindered
by such interactions.

In this study, we used atomic force microscopy (AFM)
to determine the number of monolayers of Cs2PbI2Cl2. We
then demonstrated Rashba spin splitting through temperature-
dependent photoluminescence (PL) and circular dichro-
ism (CD) measurements. At low temperatures (10–70 K),
PL peak splitting and strong CD signals supported our
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FIG. 1. (a) HRTEM image and (b) HRTEM analysis of
Cs2PbI2Cl2 NPLs. (c) AFM image of Cs2PbI2Cl2. (d) Line-scan data
of the AFM image. (e) Room temperature absorbance and emission
of Cs2PbI2Cl2 NPLs.

hypotheses. High-resolution synchrotron x-ray diffraction
(XRD) and temperature-dependent Raman measurements re-
vealed distinct transitions in unit cell parameters, Pb-Cl bond
length, and phonon frequencies below 75 K, respectively,
aligning with the observed optical transitions. Magnetic cir-
cular dichroism (MCD) studies indicated strong spin-orbit
coupling, while density functional theory (DFT) calculations
confirmed spin splitting at the band extrema. Our work pro-
vides a comprehensive exploration of spin-valley physics in
all-inorganic 2D perovskites, marking chemical strain as a
parameter to tune the Rashba effect in these materials.

Cs2PbI2Cl2 nanoplatelets were synthesized by injecting
mixed olylammonium halide salts, followed by rapid cooling
[34]. A brief synthesis protocol is included in the Supplemen-
tal Material [35].

High resolution transmission electron microscopy
(HRTEM) images and selected area electron diffraction
patterns of Cs2PbI2Cl2 nanostructures [Figs. 1(a) and 1(b)],
confirm the formation of platelets, predominantly exhibiting
(110), (202), and (303) planes along the [001] axis. This
suggests horizontal packing of [PbI2Cl4]4− layers within
the flat platelet structure. Monolayers of 2D materials
inherently lack inversion symmetry, making monolayer
coverage without the interference of multilayer stacking
crucial for observing quantum effects like Rashba spin
splitting and valley polarization. Hence the presence of
multilayer stacking negates the advantage of lacking inversion
symmetry, significantly altering their electronic properties
[36]. A typical AFM area [Fig. 1(c)] and line-scan analysis
[Fig. 1(d)] show nanoplatelet thicknesses ranging from 1 to 4
nm, corresponding to 1 to 5 monolayers. This is not surprising
as the colloidal synthesis and spin-coating process facilitates
the ease of sample preparation but does not allow precise
control over layer thickness. Further, the inversion symmetry

breaking observed in single monolayers of TMDs is absent
due to the presence of multiple monolayers.

Optical spectroscopy reveals that these 1–5-nm-thick
nanocrystals with ∼60 nm lateral dimensions exhibit strongly
confined excitonic absorption [indicated by the black dashed
line in Fig. 1(e)], attributed to the separation of Pb-Cl layers,
causing quantum confinement along the z axis. The narrow
excitonic absorption peak at 3.047 eV (407 nm) aligns with
the reported 3.04 eV band gap [37]. The sharp emission peak
at 2.99 eV at room temperature [red solid line in Fig. 1(e)]
corresponds to band edge emission.

XRD data [Fig. 2(a)] and Rietveld analysis (Supplemen-
tal Material Fig. S1) of nanoplatelets at 300,70, and 5 K
reveals that Cs2PbI2Cl2 crystallizes in the 2D RPP struc-
ture with the I4/mmm space group, akin to the K2NiF4-type
structure, featuring corner-sharing [PbI2Cl4]4− octahedral lay-
ers. The Cl− ions occupy the equatorial positions and I−
ions occupy the axial sites. The sharper peaks in the xy0
plane family [Fig. 2(a)], suggest anisotropic growth, indicat-
ing the nanocrystals (NCs) are primarily composed of stacked
[PbI2Cl4]4− octahedral layers, electrically balanced by Cs+
counterions.

To understand the dynamics of Cs2PbI2Cl2, we performed
temperature-dependent XRD, collecting high-resolution syn-
chrotron data between 5 and 300 K [Fig. 2(a)]. The zoomed
area [Fig. 2(b)] shows minimal peak shifts from 5 to 70 K,
but a gradual shift occurs between 70 and 300 K. Rietveld
refinement [Supplemental Material Fig. S1 and Tables I(a)
and I(b)] confirms that the overall crystal structure (I4/mmm)
remains unchanged across all temperatures. However, a tran-
sition is evident, as seen in the changes in unit cell parameters:
�a = �b = 0.03521(7) Å, �c = 0.21530(62) Å, and �V =
14.4 Å3 at 5 K compared to 300 K. The cell parameters [Sup-
plemental Material Figs. S2(a)–S2(c)] remain stable from 5
to 70 K but increase rapidly from 70 to 300 K, suggesting a
transition near ∼70 K that may introduce local asymmetry,
influencing optical properties.

To explore the origin of the observed transition and the role
of involved phonons, we performed temperature-dependent
Raman spectroscopy between 3 and 300 K. At 3 K, the Raman
spectra of Cs2PbI2Cl2 revealed four prominent modes at 26.3
(Eg), 48.5 (Eg), 57 (A1g), and 93.2 cm−1 (A1g) [Fig. 2(c)]
[37,38]. The evolution of these modes, particularly the A1g

(93 cm−1) mode, was tracked across the temperature range
[Fig. 2(d)]. A transition around 75 K was observed [Fig. 2(d)
and Figs. S2(d)–S2(g)], which aligns with the changes in unit
cell parameters near 70 K seen in the XRD data, indicating a
structural transition at low temperatures.

Optical studies as a function of temperature were carried
out to understand the structural transition. Figure 3(a) displays
a typical absorbance spectrum at 10 K while the CD signal
at 10 and 300 K is shown in the inset (I) of Fig. 3(b). At
room temperature (300 K) the sample exhibits no detectable
CD signal, indicating the absence of inversion symmetry. In
contrast, at 10 K, the figure reveals a pronounced CD signal.
This CD signal at 10 K originates predominantly from the
band edge, with minor contributions from transitions at higher
energy states. The presence of a nonzero CD signal indicates
structural chirality or asymmetry, resulting in differential ab-
sorption of left and right circularly polarized light. The robust
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FIG. 2. (a) Synchrotron XRD data of Cs2PbI2Cl2 at 300, 70, and 5 K. (b) Temperature-dependent synchrotron XRD shows the shift in the
peak positions above 70 K. (c) Raman peak comparison between 3 and 300 K. (d) Temperature-dependent Raman spectra showing transition
around 75 K supporting the XRD data.

CD signal at low temperature in 2D Cs2PbI2Cl2 highlights the
pronounced structural asymmetry in this material, despite the
absence of monolayer geometry.

To further investigate the impact of structural character-
istics and transitions in this temperature range, particularly
inversion symmetry breaking, we synthesized Cs2PbI2BrCl
nanoplatelets. The formation of Cs2PbI2BrCl was confirmed
using XRD and HRTEM, as shown in Figs. S3(a) and S3(b)
in the Supplemental Material. CD measurements conducted
at 10 K on this sample revealed the absence of a CD signal
[inset (II) of Fig 3(b)] suggesting that this effect is unique
to Cs2PbI2Cl2. Detailed understanding through the structural
analysis of these two samples reveals that substituting Br−
for Cl− reduces the anion size disparity in Cs2PbI2BrCl,
resulting in enhanced interlayer interactions. This reduction
in interplanar distances was confirmed through interplanar
spacing calculations from HRTEM data and the XRD Rietveld
refinement (Supplemental Material Table II). Thus, the sub-
stitution reduces the chemical strain compared to the l−/Cl−

combination, suggesting that the strain could play a critical
role in the observed asymmetry.

Further, in the presence of a magnetic field, the
CD signal intensifies significantly, as illustrated in
Fig. 3(b). The Zeeman splitting (EZ), calculated using
�EZ = −(

√
(e/2) ∗ σ ∗ (�A/A), is notably greater than that

observed in three-dimensional CsPb(Br0.4Cl0.6)3 perovskites
with a similar band gap [see Fig. 3(b), inset (III) and Fig.
S4 of the Supplemental Material]. This substantial difference

suggests significant spin-orbit coupling in Cs2PbI2Cl2, at-
tributable to its 2D structure and the presence of Pb. Enhanced
Zeeman splitting is crucial for spintronics, allowing precise
control of electron spins. To further explore the magnetic
field dependence and asymmetry effects, we obtained MCD
spectra at +5 and −5 T, shown in Fig. 3(c). The spectra do
not reverse symmetrically, indicating the asymmetric nature
of the Zeeman splitting. The difference spectrum, plotted at
the bottom of Fig. 3(c), reveals distinct variations in the MCD
spectra.

The robust CD signal in the 2D RPP structure of
Cs2PbI2Cl2, along with significant spin-orbit coupling, led us
to explore the possibility of the Rashba effect in this mate-
rial. The CD signal observed at lower temperatures indicates
a transition from symmetric to asymmetric behavior below
60 K. To investigate valley polarization and optical anisotropy,
we performed polarization-resolved PL measurements from
13 to 300 K. Figure S5 shows the temperature-dependent PL
spectra of Cs2PbI2Cl2. At room temperature, a broad peak
at ∼2.99 eV, associated with the band edge, is observed.
Below 70 K, this peak splitting shows a shoulder at around
2.94 eV (Fig. S5). This peak splitting, observed at ∼2.83 and
∼2.94 eV, suggests the presence of different valleys due to
valley polarization.

We used computer-controlled polarizing prisms to measure
polarization-resolved emission intensity across four config-
urations: 0 °-0 ° (V-V), 0 °-90 ° (V-H), 90 °-90 ° (H-H), and
90 °-0 ° (H-V). Details of these measurements are provided
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FIG. 3. (a) Absorbance spectra of Cs2PbI2Cl2 at 10 K. (b) MCD spectra of Cs2PbI2Cl2 at 10 K with increasing magnetic field from 0 to
5 T. Inset (I) shows the absence of CD signal at room temperature and a strong CD signal at 10 K. Inset (II) shows the absence of CD signal
in Cs2PbI2BrCl at 10 K while inset (III) shows a comparison of the Zeeman energy of Cs2PbI2Cl2 with CsPb(Br/Cl)3 NCs. (c) MCD signal
showing a lack of exact peak reversal upon reversing the magnetic field. The difference spectrum shown in the bottom of (c) indicates the
anisotropic nature of the sample. (d) Anisotropic PL emission at 13 K. Inset (I) shows temperature-dependent variation of the area under the
curve. Inset (II) shows the difference in PL area between the two different polarization directions.

in the supporting information, and the corresponding plots
are provided in Fig. 3(d). We observed a clear directional
dependence in emission intensities: V-V and H-H configura-
tions showing similar intensities, while the intensity peaked
in the H-V configuration and minimized in V-H, indicating
anisotropic emission. The temperature-dependent valley po-
larization is shown as the difference in area under the curve
for H-V and V-H in the inset of Fig. 3(d). This area differ-
ence remains nearly constant from 300 to 90 K but increases
significantly below 70 K, suggesting a significant asymmetry
below this temperature. The energy difference between split
PL peaks corresponds to the valley energy separation, with
greater splitting indicating larger separations.

These properties are substantially influenced by factors
such as crystal lattice structure, spin-orbit coupling, and
electron-electron interactions [39]. At elevated temperatures
(>70 K), thermal energy allows electrons to occupy multiple
states, resulting in broad PL peaks. Below 70 K, thermal
energy is insufficient to overcome intervalley barriers, con-
fining electrons to certain regions of the energy landscape.
This confinement causes PL to be emitted from individual
valleys, leading to a peak splitting into distinct energies (2.83
and 2.94 eV in Fig. S5).

At elevated temperatures, thermal energy excites elec-
trons to higher energy states, potentially filling both spin-split
bands caused by the Rashba effect. Consequently, electrons
may occupy multiple states with distinct energy levels, lead-
ing to broad photoluminescence peaks around ∼2.83 eV,
as observed in PL polarization studies. As the temperature
decreases, thermal energy diminishes, causing electrons to
localize in specific valleys, particularly those with lower en-
ergy levels influenced by the Rashba effect. This selective

localization results in PL emission from specific valleys, each
associated with a unique valley and spin state.

In materials like TMDs, the Rashba effect can manifest
as variations in PL intensity or peak energy based on exci-
tation and emission polarization, a trend also observable in
temperature-dependent CD measurements. Figure 4(a) shows
that the CD amplitude decreases after 60 K. To link optical
asymmetry with structural asymmetry, we used VESTA soft-
ware to analyze atomic positions in the a and b directions.
We found that Pb-Cl bonds align along both axes and cal-
culated their bond lengths. Temperature mapping of Pb-Cl
bond lengths reveals a significant transition around ∼70 K
[Fig. 4(b)], correlating with the PL and CD transitions. This
suggests that the transition is linked to valley polarization and
Rashba splitting in the material.

To investigate the strain dependence of crystal structure,
we analyzed synchrotron XRD data collected from 3 to 300 K
to determine the lattice strain, employing the Williamson-Hall
equation, β cos θ = ε(4 sin θ ) + (Kλ/D) [40]. Here, β is the
integral breadth of the XRD reflection, D is the crystallite size,
K is the shape factor (≈0.9), λ is the x-ray wavelength, ε is
the lattice strain, and θ is Bragg’s angle. The Williamson-Hall
plots are shown in Fig. S6. The strain values (ε) plotted against
temperature in Fig. 4(c) reveal a significant increase below
70 K. This rise in lattice strain likely reduces crystallinity
and induces local asymmetry in the crystal structure. Such
strain induced effects can alter the band structure and spin-
orbit interaction, enhancing the Rashba effect. Below 70 K,
the strain enhances local asymmetry and facilitates Rashba
splitting within the system.

The phonon frequency versus temperature plot highlights
thermal (strain) relaxation above 75 K [Figs. S2(d)–S2(g)].
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FIG. 4. (a) Variation of CD signal amplitude with the tempera-
ture. (b) Variation of Pb-Cl bond length with the temperature. (c)
Variation of strain as a function of temperature. (d) The phonon
frequency of the A1g mode as a function of temperature along with
the fit obtained for the anharmonic decay model. (e) Valence band
maxima (VBM) and the conduction band minimum (CBM) from
the band structure calculation. Inset (I) shows the schematic of the
Rashba effect and inset (II) shows the zoomed area of the VBM.

As temperature decreases from 300 to 125 K, a systematic
hardening of phonon frequencies is observed, as expected.
However, between 125 and 75 K, we noted anomalous be-
havior where Raman modes exhibit softening, likely due
to tensile strain. Below 75 K, the Raman modes stabi-
lize, neither softening nor hardening, correlating with the
increased strain observed in the XRD data [Figs. 4(c)
and 4(d)].

The phonon frequency analysis using the anharmonic de-
cay model [Fig. 4(d)] shows the frequency can be modeled
as ω(T ) = ω0 − A

e
h̄ω0

2kBT −1
where ω(T ), ω0 are the phonon fre-

quencies at temperature T and at 0 K, respectively, and A is the
anharmonic constant. The estimated A values from the model
are ∼0.22 cm−1 (Eg), ∼0.20 cm−1 (A1g), and ∼0.29 cm−1

(A1g). The significant deviation of the A1g (93.2 cm−1) mode
from the anharmonic model around 75 K [Fig. 4(d)] indicates
stronger electron-phonon coupling. The phonon lifetime (τi)
for the A1g (93.2 cm−1) mode obtained from the equation
τi = 1

2πc(FWHM)i
was found to range from 1.5 to 2.4 ps, further

emphasizing the material’s high crystalline anharmonicity.
The anomalous softening of the A1g (93.2 cm−1) modes
not only indicates the development of tensile strain but also

suggests a significant deviation from the anharmonic decay
model [as shown in Fig. 4(d)]. Such deviations are often
reported in materials undergoing structural transitions or ex-
hibiting spin-phonon coupling [41].

In order to validate the experimental signature of Rashba
splitting in 2D Cs2PbI2Cl2 NCs, we performed first-principles
electronic structure calculations within the framework of DFT
formalism. The NCs were found to be simulated in a tetrag-
onal phase, consistent with experimental observations [Fig.
S7(a)]. The calculated band gap through DFT calculations
is 2.99 eV, which is in good agreement with experimental
observation, as the sharp emission peak observed corresponds
to experimental band edge emission as depicted in Fig. 1(e).
The band structure analysis [Fig. 4(e)] revealed Rashba-like
splitting at both the valence band maximum (VBM) and con-
duction band minimum (CBM), as illustrated in inset (I) of
Fig. 4(e). The Rashba splitting energy was calculated to be
∼0.507 meV, with a Rashba coefficient α of ∼0.552 eV Å
in the valence band maximum regime. These results con-
firm that strain within the structure induces Rashba splitting,
even in materials with inversion symmetry. The presence of
heavy elements like Pb in the composition is responsible
for stronger relativistic spin-orbit coupling, which along with
the broken inversion symmetry leads to such strong Rashba
coefficient. One primary repercussion of such Rashba split-
ting could be perceived on the corresponding charge carrier
recombination rate, as the band extrema shifting along the
Brillouin zone tunes the excitonic lifetime, as well as the
spin texture.

In summary, we synthesized Cs2PbI2Cl2 NCs that ex-
hibit sharp excitonic absorption and broad PL at room
temperature. MCD measurements reveal significant Zeeman
splitting, highlighting robust spin-orbit coupling. The pro-
nounced CD signal below 60 K indicates system asymmetry,
while the observed PL peak splitting at lower tempera-
tures and polarization-dependent PL measurements confirm
emission anisotropy and Rashba splitting below 70 K. High-
resolution synchrotron XRD data shows a transition in unit
cell parameters below 70 K, linked to strain induced optical
asymmetry and reduced crystal symmetry. Raman frequency
modes also undergo transitions around 75 K, supporting
the XRD findings. The anharmonic decay model for the
A1g mode shows deviation at this temperature, indicating
electron-phonon coupling or a structural transition. DFT cal-
culations confirm Rashba spin splitting in the VBM and CBM,
aligning with experimental results. Integrating the monolayer-
specific Rashba effect within the bulk 2D Cs2PbI2Cl2 using
chemical strain offers a promising platform for advancing
electronic, optoelectronic, and quantum technologies, par-
ticularly in spintronics, quantum computing, and photonics.
Future studies on Cs2PbI2Cl2 nanoplatelets with strain in-
duced asymmetry could explore spin-related phenomena, such
as the direct observation of spin-dependent photocurrents and
their relationship to symmetry-breaking directions. Investiga-
tions using the circular photogalvanic effect could provide
deeper insights into spin-orbit coupling and chirality-induced
electronic properties. These findings could pave the way
for advancements in spintronic devices and optoelectronic
applications.
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