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High-order Raman scattering mediated by self-trapped exciton in halide double perovskite
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High-order Raman scattering is a typical photophysical process in understanding the electron–phonon cou-
pling (EPC) in materials. In a “soft” polar lattice, due to the strong EPC, the excited electron-hole pairs can
be captured by the lattice deformation potential, forming the self-trapped exciton (STE). Although high-order
Raman scattering mediated by STE has been predicted by theory, there are rare experimental reports, especially
in the double perovskite Cs2Ag0.4Na0.6InCl6, with highly efficient white light emission. We observed high-order
Raman mode up to 12 orders at 4 K in Cs2Ag0.4Na0.6InCl6 by resonance excitation. We propose a physical
picture of high-order Raman scattering mediated by STE to explain well the linear dependence of frequency and
linewidth with order number. A reduction in the EPC with a temperature increase is attributed to the breakdown
of momentum conservation during high-order scattering and the delocalization of the STE. Our work deepens
the understanding of the EPC in STE and inspires the research of the excited-state decay process.
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I. INTRODUCTION

The decay process of excited electrons in matter is im-
portant for understanding fundamental optical physics and
designing high-performance optoelectronic devices such as
lasers [1–3], light-emitting diodes [4], and solar cells [5–7].
Besides the nonradiative process, the excited electrons can
decay to the ground state either through radiation or scat-
tering, in which electron–phonon interaction is essential for
determining the efficiency of light emission [8,9] and light
harvesting [10]. Particularly, in resonance excitation near the
Van Hove critical points of the electronic band or exciton
state, the multiphonon process prominently dominates the
decay process [11–13] and leads to very interesting spectral
features with broadband phonon sideband emission or high-
order Raman peaks. These phonon-involved decay processes
and corresponding electron–phonon coupling (EPC) have
been widely studied and evaluated in theory and experiments
by analyzing the phonon-related fine structure of photolu-
minescence (PL) [14–18] and high-order Raman scattering
spectroscopy [19–23]. One example of the typical broadband
phonon–sideband emissions is the F center (Farbe center)
usually found in alkali halide compounds [24,25] such as
NaCl and KBr, in which an anionic vacancy in a crystal lattice
is occupied by one or more unpaired electrons. Electrons in
such a vacancy tend to absorb light in the visible spectrum so
that a material that is usually transparent becomes colored.
In 1950, Huang and Rhys first proposed the multiphonon
transition theory based on the Franck–Condon principle to
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explain the broad absorption and emission spectra observed
in the F center, and quantitatively evaluated the EPC strength
by the Huang-Rhys factor S [17]. In 1959, Hopfield [15]
used the Huang-Rhys theory to explain the Poisson distri-
bution of discrete multiphonon spectral lines in CdS. When
the EPC is strong enough in a “soft” lattice insulator, the
excited electrons will be trapped by a potential well that is
produced by local lattice distortion and will form self-trapped
excitons (STEs), which has been reported in many materi-
als [26–29], such as halogen crystals, condensed rare gases,
organic molecular crystals, and perovskites. In these STE
materials, multiphonon-involved decay of excited electrons
plays an important role in the determination of their optical
properties. The PL spectrum of STEs usually shows a large
Stokes shift and broad linewidth below the band gap that
reflects the multiphonon levels of the electronic ground states
[16,18]. The EPC strength S can be obtained from the full
width at half maximum (FWHM) [30,31] or Stokes shift [14]
of luminescence. However, it is difficult to distinguish which
phonon mode dominates the formation of STEs.

In contrast to PL spectra, high-order Raman scattering
not only can reveal EPC, but also can specify the phonon
modes that contribute to the formation of STEs. The theory
of high-order Raman scattering mediated by STEs was given
by Shorygin [32] and Allen and Perebeinos [33,34]. Despite
several experimental reports of high-order Raman scattering
mediated by STE states [35–37], a clear physical picture is
still lacking. In recent years, Na-doped Cs2AgInCl6 halide
perovskite with STEs has become a hotspot in fundamentals
and applications due to their broad emission spectra covering
the visible light range and their high external quantum ef-
ficiency [16]. However, direct observation of the high-order
Raman scattering process mediated by STEs in Na-doped
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FIG. 1. Self-trapped exciton formation and Raman scattering for Cs2Ag0.4Na0.6InCl6. (a) The formation principle of the STE state (GS =
ground state). (b) The PL spectrum (λexc = 355 nm) and photoluminescence excitation (PLE) spectra (λem = 570 nm) of Cs2Ag0.4Na0.6InCl6.
The excitation wavelengths for Raman scattering spectroscopy are marked. (c) The Raman spectra of Cs2Ag0.4Na0.6InCl6 excited by a 355-nm
and 532-nm laser at 295 K.

Cs2AgInCl6 has not been reported so far. Here, we report
the high-order Raman scattering up to 12-order A1g modes
in Cs2Ag0.4Na0.6InCl6 at 4 K. We propose a physical pic-
ture of high-order Raman scattering mediated by STEs to
explain well the linear dependence of frequency and linewidth
with the order number. We investigate temperature-dependent,
high-order Raman scattering and estimate the strength of EPC
by the intensity ratio of the second overtone and fundamental.

II. RESULTS AND DISCUSSION

The double perovskite Cs2Ag0.4Na0.6InCl6 with a small
amount of Bi (0.04%, atomic ratio to In) has been reported
with a high external quantum efficiency (∼70%) via radiative
recombination of STEs because Na alloying reduces the elec-
tronic dimensionality and breaks down the parity-forbidden
transition [16]. In Cs2Ag0.4Na0.6InCl6, excited electrons can
be trapped by the local deformation potential induced by lat-
tice distortion and form STEs [16]. Figure 1(a) displays the
generation process of STEs. The excited electrons relax to the
bottom of the conduction band and are then trapped by the
lattice potential through electron–phonon interaction, form-
ing a lower excited state–STE state. As shown in Fig. 1(b),
the STEs exhibit a broad emission spectrum resulting from
the enhancement of the overlap among different vibration
level wave functions [38]. The large Stokes shift between the
emission spectrum and excitation–emission spectrum further
proves that the luminescence originates from the STE, which
avoids the reabsorption effect of emitted photons, resulting
in the improvement of quantum efficiency. The generation
of STEs requires the energy of the excitation laser to be
larger than the band gap (∼3.22 eV, 385 nm). To explore
the effect of STE formation, we compare Raman spectra ex-
cited near resonance (∼3.49 eV, 355 nm) and below the band
gap (∼2.33 eV, 532 nm) in Fig. 1(c). The double perovskite
Cs2Ag0.4Na0.6InCl6 belongs to Oh point group [39]. Accord-
ing to the polarized Raman spectroscopy, we refer peaks at
142 cm–1, 250 cm–1, and 175 cm–1 to Eg mode, and 295 cm–1

to A1g mode (Supplemental Material Fig. S1 [40]). We note
that 2A1g mode can only be observed at a 355-nm resonance
excitation, implying the STE formation facilitates the obser-
vation of multiphonon peaks. Compared to the spectrum at
532 nm laser excitation, the frequency of A1g mode shows

a redshift at 355 nm laser excitation, which is a result of
the phonon softening induced by polaron formation [41]. Be-
cause the formation of STEs may change the lattice structure
symmetry, Eg mode becomes forbidden at the backscattering
configuration with 355 nm laser excitation.

To study the electron–phonon interaction in
Cs2Ag0.4Na0.6InCl6 further, we measured the temperature-
dependent Raman spectra. With resonance excitation
(355 nm), the fundamental longitudinal optical (LO) phonon
of A1g mode and its overtones up to 12 orders are resolved at
4 K [Fig. 2(a)], whereas only the fundamental phonon mode
can be observed with 532 nm laser excitation at the range of
4 K to 295 K [Fig. 2(b)]. Therefore, we deduce that these
multiphonon peaks originate from the mediation of STEs.
The Raman spectrum excited by 355 nm at 4 K can be well
fitted by Lorentzian profiles, as shown in Fig. 2(c). We found
there is a weak shoulder near the overtones of A1g mode,
which may come from transverse acoustic and transverse

FIG. 2. Temperature-dependent Raman scattering spectra by res-
onance and nonresonance excitation. The Raman spectra at (a) a
355-nm resonance excitation and (b) a 532-nm nonresonance exci-
tation from 4 K to 295 K. (c) Fitting results of resonance Raman
spectrum with a 355-nm laser at 4 K. The inset shows the detail fitting
result of 4A1g.
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FIG. 3. Analysis of high-order Raman scattering in STE perovskite. (a) The intensity of overtones at 4 K. The solid red line is fitted by
the function of I = aP j , where P is the probability for scattering one phonon and a is the coefficient of intensity. (b) Frequency and FWHM
of overtones at 4 K. The red and black solid lines are fitted by the linear function. (c) The schematic diagram of high-order Raman scattering
process. The purple, blue, green, and red arrows denote incident laser (h̄ωi) scattering light of 1LO, 2LO, and 3LO phonons, respectively.

optical phonon mode [42] from LO phonon attenuation
or other activated phonons that are normally forbidden
at nonresonance excitation [20,37]. In general adiabatic
approximation, the Franck–Condon principle considers that
electron transition leads to the displacement of nuclear
coordinates [43], resulting in a small Stokes shift between the
excited and ground states. While in STE, excited electrons
coupled with phonons are described by the small polaron
model, and the adiabatic approximation is no longer suitable.
The formation of STEs results in a large Stokes shift and
enhances the overlap between the vibrational wave function
of the STE state and the ground state. Resonance excitation
can largely enhance the scattering cross section, leading to
increased scattering intensity [44]. In pioneering work, James
Scott reported an empirical relationship that the order number
of Raman modes is in proportion to the polaron coupling
coefficients in semidconductors [45,46]. The increase of
the observed order number implies EPC enhances with
temperature decreases. Besides, temperature also affects the
phonon dissipation induced by the anharmonic effect [47].
Low temperature contributes to the small phonon dissipation,
thus the number of observed overtones increases with the
temperature decreases. As a result, with the participation of
STEs, we observed the LO mode up to 12 orders in resonance
Raman spectra at 4 K.

We mainly discuss the origin of the multiphonon peaks.
In previous work [20,37,48,49], two possible origins of the
observed multiphonon process are the high-order Raman scat-
tering and hot luminescence. In Raman scattering, electrons
are excited to a virtual intermediate state (or a real state
in resonance excitation), then transition back to the ground
state [50] with absorbing or releasing phonons. However, in
hot luminescence [48], the electrons absorb photons whose
energy is larger than the band gap, becoming hot carriers in
the conduction band. Then, the excited electrons relax along
the excited state with phonon emission in cascade. After each
phonon emission, the excited electrons have a probability of
radiating back to the ground state. Therefore, the electron
density of excited states determines the intensity of phonon
emission peaks [48,51] which decays slowly as the order num-
ber increases. However, during high-order Raman scattering,
the intensity of phonon peaks depends on the scattering prob-
ability; thus, the intensity of overtones is much smaller than
that of the fundamental and can be fitted by I = aP j , where

P is the probability for scattering one phonon and a is the
coefficient of intensity. The extracted intensity of multiphonon
peaks at 4 K decays rapidly with the order number increases
and can be well fitted with the exponential function, as shown
in Fig. 3(a), where the scattering probability P is 0.73 ± 0.01.
Thus, we consider that the observed multiphonon peaks in
Cs2Ag0.4Na0.6InCl6 are attributed to the high-order Raman
scattering.

Besides, the characteristic criteria of high-order Raman
scattering also include the peak position and FWHM [20].
As shown in Fig. 3(b), the peak position can be fitted with a
linear function ω jLO = jωLO, where ωLO = 298.5 ± 0.9 cm–1

is the frequency of the LO phonon, suggesting that the mul-
tiphonon peaks are contributed from the same phonon mode.
Considering the requirement of momentum conservation, the
dependence of linewidth on order number can be interpreted
by the scattering process shown in Fig. 3(c): during 1LO
phonon scattering, the excited electron is scattered to a virtual
state by one phonon with wave vector k ∼ 0, and then the
photons emit. Whereas during 2LO scattering, the excited
electron is scattered to a real exciton state by a phonon with
wave vector k1 �= 0, and is then scattered back into the vir-
tual state by the other phonon with wave vector k2 = − k1,
followed by photon emitting. In 3LO phonon scattering, the
electron is scattered twice to the real exciton state by phonons
with wave vectors of k1 and k2 = −2k1, and is then scattered
back into the virtual state by another phonon (k3 = k1). There-
fore, the j-th order Raman scattering involves ( j − 1) real
electron states. Each time the phonon interacts with the real
electron states, the linewidth increases with ��. Therefore,
the linewidth as a function of order number can be written
as � = ��( j−1) + �1, where �1 ∼ 19.0 ± 1.2 cm–1 is the
linewidth of the LO phonon, and �� ∼ 7.9 ± 0.2 cm–1.
Similar linear temperature dependence of FWHM has been
observed in CsI [20]. Based on these discussions, we further
confirm the multiphonon process originates from the high-
order Raman scattering.

Then, we discuss the temperature effect on EPC.
Figures 4(a) and 4(b) displays the temperature-dependent Ra-
man shift and linewidth of A1g mode. The Raman shift can be
fitted by a linear function with the slopes of –0.05 cm–1 T–1

at 355 nm laser excitation and –0.02 cm–1 T–1 at 532 nm
laser excitation, which indicates the STE formation causes
the frequency of the A1g phonon to be more sensitive to
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FIG. 4. Phonon anharmonic effect and scattering intensity ratio of 2LO phonon to 1LO phonon. Extracted Raman shift and FWHM of A1g

phonon with the increased temperature at (a) 355 nm laser excitation and (b) 532 nm laser excitation, respectively. (c) Temperature dependence
of scattering intensity ratio of 2LO phonon to 1LO phonon. The solid line is fitted by linear function I2LO/ILO = −5×10−4T + 0.64.

the temperature. The anharmonic effect exists under both
resonance and nonresonance excitation. In three-phonon an-
harmonic theory, the linewidth as a function of temperature
can be written as [52]

�(T ) = �0[1 + 2/(ex − 1)], (1)

where x = h̄ω0/2kT , �0 is the FWHM at T = 0 K (18.1 ±
1.7 cm−1 for 355 nm laser excitation and 6.3 ± 0.2 cm−1 for
532 nm laser excitation), and k is the Boltzmann constant.
As shown in Figs. 4(a) and 4(b), the redshift of the Raman
peaks with elevated temperature is consistent with the effect of
lattice thermal expansion. The linewidth increase of A1g mode
with elevated temperature is attributed to phonon–phonon in-
teraction. The high-order Raman scattering process requires
phonons to satisfy momentum conservation, which is easy to
meet due to the small dissipation at low temperatures. The
elevated temperature enhances the phonon anharmonic effect
[53,54], which destroys momentum conservation. According
to the model shown in Fig. 3(c), the elevated temperature
increases phonon dissipation, destroying successive phonon
scattering. Therefore, despite the population of phonons in-
creasing, the number of phonon peaks we observed decreases
at higher temperatures.

In addition, temperature also influences the localization of
the excited electron and the strength of EPC. STE can be
described by the Landau-Pekar model, which provides the
dimensionless EPC of polaron α for the polar crystals [45]:

α = e2

(
1

ε∞
− 1

ε0

)√
m∗

2ωLO
, (2)

where m∗ is the band effective mass, ε∞ and ε0 are the
static and high-frequency dielectric constant respectively, and
ωLO is the optical phonon frequency. With the temperature
increasing, the dielectric constant and the phonon frequency
are almost constants; thus, EPC is mainly determined by m∗.
The elevated temperature makes the excited electrons span the
potential barrier and disrupts the localization of STEs in the
lattice [55]. In real space, the excited electrons are more local-
ized at lower temperatures, corresponding to a more flat band
structure near the center of the Brillouin zone, which leads
to a larger effective mass and robust EPC. The Huang-Rhys
factor S is an important dimensionless parameter to evaluate

the strength of EPC in materials. Previous studies estimated
EPC by radiative recombination of carriers and obtained an
average value over the whole temperature range [16]. We use
the same method to get a close value of the Huang-Rhys
factor of 39 ± 5 (see Supplemental Material [40]). The soft
and polar lattice of perovskite results in a strong EPC. In some
hybrid materials, EPC would facilitate the fast nonradiative
process, which decreases quantum efficiency [56]. However,
in STE perovskite, the EPC—which is larger than that of
hybrid perovskite—induces a large Stokes shift and avoids the
emitted photon reabsorption, leading to the improvement of
quantum efficiency. Here, we use the relative intensities of the
second overtone and fundamental in Raman scattering spectra
to evaluate the temperature dependence of EPC strength. As
shown in Fig. 4(c), the value of the intensity ratio varies
from 0.65 to 0.48 when the temperature increases from 4
K to 295 K, indicating that the strength of EPC is reduced,
which is consistent with the weakening of exciton localization
with the increasing temperature [57]. This is very different
from the other non-STE materials, such as CdS [58,59] and
Be-implanted GaN [60]. In these two typical semiconductors
with strong EPC but without STE, the intensity ratio of the
2LO phonon to the 1LO phonon is independent of the temper-
ature. This is because that STE is a new hybrid state called a
small polaron due to the strong coupling between excitons and
phonons. In small polarons, the coherent vibration of phonons
dressed with excitons is enhanced at low temperatures [61].
As the temperature increases, the increased dissipation of
phonons and excitons reduces the EPC. Note that the exci-
tation energy, excitation power, detecting environments, etc.,
will affect the value of the EPC [62]. Therefore, the compar-
ison of coupling strength needs to be carried out under the
same measuring conditions.

III. CONCLUSION

Because of the strong EPC, we observed the STE
state-mediated Raman scattering mode up to 12 orders in
Cs2Ag0.4Na0.6InCl6 at 4 K. With the temperature increasing,
reduction of the EPC is attributed to the breakdown of the
momentum conservation during high-order scattering and the
delocalization of the STE; thus, the order number of the
observed phonon diminishes. Our findings can deepen the
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understanding of the electron–phonon interaction in double
perovskite with STE and promote the study of the excited-
state decay process.
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