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ABSTRACT: Lattice dynamics are critical to photovoltaic material @ /‘\
performance, governing dynamic disorder, hot-carrier cooling, charge- .\/,.
carrier recombination, and transport. Soft metal-halide perovskites exhibit 1 n \ \
particularly intriguing dynamics, with Raman spectra exhibiting an so=09
unusually broad low-frequency response whose origin is still much o © IR
debated. Here, we utilize ultra-low frequency Raman and infrared
terahertz time-domain spectroscopies to provide a systematic examination
of the vibrational response for a wide range of metal-halide semi-
conductors: FAPbI,, MAPbI Br;_,, CsPbBr;, Pbl,, Cs,AgBiBry, |'. 1
Cu,AgBil;, and Agl. We rule out extrinsic defects, octahedral tilting, Frequency Frequency
cation lone pairs, and “liquid-like” Boson peaks as causes of the debated

central Raman peak. Instead, we propose that the central Raman response results from an interplay of the significant
broadening of Raman-active, low-energy phonon modes that are strongly amplified by a population component from Bose—
Einstein statistics toward low frequency. These findings elucidate the complexities of light interactions with low-energy lattice
vibrations in soft metal-halide semiconductors emerging for photovoltaic applications.

Raman

attice vibrations influence a plethora of fundamental Understanding the role of the vibrational structure in
I material properties, ranging from dielectric and elastic determining the properties of MHPs is thus also crucial more

responses to thermal and electronic conductivities." For generally for the development of a new family of high-
semiconductors, coupling of phonons to charge carriers is performance semiconductors. Despite their ideal optoelec-
critical to several photophysical processes—hot carrier cool- tronic propertiess, MHPs can be affected by toxicity and
ing,”* dynamic disorder,” and charge-carrier recombination” — structural, thermal and chemical instabilities.'® As a result,
and most importantly imposes fundamental limits on charge- alternative metal-halide compositions and related semiconduc-
carrier transport.6 Metal-halide perovskites (MHPs) have tors, often referred to as “perovskite-inspired” materials, are
attracted much attention for their excellent charge-carrier currently being discovered and explored for next-generation
transport properties and their impressive potential in photo- photovoltaic devices and other applications."” Therefore,
voltaic applications.” Electron—phonon coupling in MHPs has identifying the vibrational fingerprints of a promising emergent
been the subject of intense debate, and has often been semiconductor is a fundamental step in the quest for
proposed as the origin of their exceptional properties.”’ developing such next-generation materials.

Raman spectroscopy in the THz region, also known as ultra-

Phonon frequencies in MHPs are lower compared to those in
low frequency (ULF) Raman, is a well-established approach

conventional inorganic semiconductors, as a result of heavier
ions (e.g,, Pb**, I") and mixed covalent-ionic bonds leading to

a “soft” lattice.” These low phonon frequencies have been Received: May 31, 2024
stipulated to yield defect tolerance,'” anharmonicity of Revised:  July 14, 2024
phonons'' and even a “liquid-like” nature of the material.'>"> Accepted:  July 19, 2024
In addition, charge-carrier properties are shown to be Published: July 29, 2024

significantly influenced by structural fluctuations in MHPs,
especially those induced by low-frequency vibrations.”'*'>
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for the study of lattice dynamics of MHPs. It has been widely
reported that MHPs exhibit a broad Raman response in this
region, known as the “central Raman peak,”m_20 that increases
in magnitude toward the elastically scattered (zero-frequency)
light peak. Despite several studies on the low-frequency Raman
response of MHPs, a consensus on the origin of this
phenomenon has not yet been reached. There have been
some initial assignments of this phenomenon to the “liquid-
like” nature of the perovskite lattice'>'>*" causing local Zpolar
ﬂuctuations,18 temperature-activated A-cation rotation, 2 or
octahedral tilting from cation lone pairs.”” IR and Raman
spectroscopies can provide access to complementary informa-
tion on the vibrational structure of semiconductors and a
detailed comparison can be of unique value to a full
understanding of the vibrational properties of MHPs. Crucially,
the central Raman response visible in Raman spectra has not
been reported in IR spectra,”**® for reasons unexamined to
date. However, the different nature of these responses—Raman
is a light-scattering measurement, while IR spectroscopy
measures light absorption—requires a careful comparison that
considers the different transition matrices and the selection
rules associated with these two techniques.

In this Letter, we report a systematic investigation of the
low-frequency vibrational spectra recorded for a range of
metal-halide semiconductors with relevance to photovoltaic
applications. Our work elucidates the origin of the low-
frequency vibrational response from these materials through a
careful combined analysis of Raman and IR spectra. By
studying a wide range of metal-halide compositions—in both
thin film and single crystal form—and leveraging combined IR
and Raman information, we are able to examine the origin of
the central Raman response, and can rule out several potential
explanations, including extrinsic defects, a double-well
instability that may arise from octahedral tilting and cation
lone pairs, and a boson peak that may be associated with a soft,
“liquid-like” nature of the lattice. We suggest that instead,
differences in the decay channels for Raman- and IR-active
phonons, as well as a thermal population factor affecting solely
the Raman intensity spectrum, are responsible for the peculiar
low-frequency Raman response observed in many of these
semiconductors.

To investigate the central Raman response, we employed
ultra-low frequency (ULF) (>10 cm™', ~ 0.3THz) Raman and
THz time-domain spectroscopy (THz-TDS), ideal techniques
for probing Raman- and IR-active phonon modes in this range.
For ULF Raman, a continuous wave (CW) pump laser with
900 nm wavelength was used, corresponding to photon
energies below the band gap energy for all materials
investigated, to avoid degradation from photoexcitation and
contributions from resonant Raman conditions which may
skew the intensities of certain modes.”® For THz-TDS, the
transmission of THz-frequency pulses through thin films
deposited on z-cut quartz was measured using electro-optic
detection in the time domain, and the transients were Fourier
transformed to yield the THz spectrum. Full descriptions of
the spectroscopic techniques are given in Supporting
Information Section 1. Here, we investigated a range of
metal halide semiconductors currently being explored for
photovoltaic and optoelectronic applications, including the
lead-halide perovskites MAPbI;, FAPbI;, MAPbBr, I,
MAPDBr;, CsPbBr; and their precursor Pbl,, and the emerging
metal halides Cs,AgBiBrs and Cu,AgBil, as well as Agl for
comparison. We note that in the literature, single crystals have
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been preferred for Raman investigations owing to their higher
Raman scattering intensity and possibility for polarization-
dependent measurements,' >0>%>%2728 However, to obtain an
analysis more relevant to photovoltaic devices, we here
explored thin films deposited on z-cut quartz, while also
demonstrating comparison with single crystals for a subset of
the materials investigated—fabrication details can be found in
Supporting Information Section 2.

We examine the ULF Raman spectra of the various metal-
halide semiconductor thin films to probe for the presence of
the central Raman response, as shown in Figure 1. All the
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Figure 1. Raman spectra of a set of thin-film metal halides, as
indicated. The central Rayleigh scattering peak is hidden with
black, and the phonon responses of the z-cut quartz substrate are
indicated with gray throughout the spectra. A CW laser with
wavelength of 900 nm was used as the light source, and the Raman
signal was collected in a backscattering geometry. Rayleigh scatter
was suppressed with volume-Bragg notch filters. Experimental
details can be found in Supporting Information section 1. A table
of phonon mode frequencies from fitting can be found in Table 1
in Supporting Information section 5.

MHPs (MAPbI,, FAPbIL,, MAPbBr, (I, ;, MAPbBr,, CsPbBr;)
exhibit such a central Raman peak, as do Cu,AgBil; and Ag],
while Pbl, shows only a weak low-frequency response in that
region. Cs,AgBiBry does not exhibit any central Raman peak,
in agreement with reports by Cohen et al.”’ For clarity, a
zoomed-in plot of the Raman spectra of Agl and Cs,AgBiBr;
can be found in Figure S2 of the Supporting Information. It is
worth noting that from ideal point-group analysis, materials
with perfect cubic perovskite structure should not possess any
Raman-active phonons.”” Therefore, for MHPs to exhibit a
strong low-frequency Raman response, some disorder or
anharmonicity needs to be present.’”’" Alternatively, this
low-frequency response could be caused by multiphonon
processes,” > but no higher harmonics of this response appear

https://doi.org/10.1021/acsenergylett.4c01473
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Figure 2. Normalized Raman spectra of thin films (solid lines) and single crystals (dash-dot lines) of (a) MAPbI, and (b) CsPbBr;. (c)
Reduced Raman (scheme 2) and reduced IR absorption spectra of amorphous silica glass, with the peak near 1 THz being the Boson peak
arising from the liquid-like nature of amorphous silica glass. IR absorption data were taken from ref 44. (d) Normalized reduced Raman and
reduced IR absorption spectra of MAPbI, thin film on z-cut quartz. The reduced Raman spectrum is given by Iy/(@ X (n + 1)), where Iy is
the measured Raman intensity, and the reduced IR spectrum is given by a@/®? where « is the measured THz IR spectrum (scheme 2). A
laser wavelength of 900 nm was used for nonresonant Raman spectroscopy, and THz-TDS was employed for acquisition of the IR absorption
spectrum, as detailed in Supporting Information Section 1. IR spectra for further metal-halide semiconductors are provided in Supporting

Information Figure S3.

visible in the Raman spectra. Moreover, we note that sharp
features in the Raman response of the metal-halide thin films
are superimposed with the broad central Raman response,
similar in appearance to optical phonon modes apparent in IR
spectra discussed below. This coexistence of a broad feature
with more sharply defined phonon peaks suggests that not just
one type of lattice dynamic causes the low-frequency Raman
response of MHPs.

We start by discussing and assessing—based on the Raman
data reported in Figure 1 and prior studies—the main factors
proposed in the literature as origins of the central Raman
response for MHPs, in the following order: the presence of a
double-well potential from A-cation lone pairs or octahedral
tilting, extrinsic disorder from defects and impurities, and a
boson peak response arising from a soft “liquid-like” nature of
the structure.

The presence of a double potential well in the lead halide
octahedral cage [PbX,]*” and the dynamic instability
associated with this lattice potential has been intensely
discussed in the literature for MHPs.’>**™** Structural
distortion in the perovskite lattice associated with this potential
could explain the presence of the low-frequency Raman
response, as a result of deviation from the perfect cubic
structure. Recently, the double-potential-well model has also
been invoked to account for the anomalous temperature
dependence of the Raman intensity of some oxide and metal-
halide perovskite materials.”” Here, we note that the presence
of a double-well potential in MHPs can be intimately
connected with a stereochemically expressed 6s* lone pair
from the Pb** cation.’*™® Interestingly, no similar double-well
potential is expected for Agl and for CsSrBr;,”” given the
electronic configuration of the Ag* and Sr** cations ([Kr]4d"
5s°) and ([Kr]5s®) lack such ns” lone pairs. However, these
materials also exhibit a broad low-frequency Raman response
(see Figure 1 for Agl and ref 39 for CsSrBr;). As recently
shown, CsSrBr; shows close structural similarity with CsPbBr;,
but unlike the latter exhibits no lone pair, yet both exhibit a
broad central Raman response in their high-temperature cubic
phase.” Overall, we therefore rule out the stereochemical
activity of heavy cation lone pairs as the primary factor in
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determining the presence of a central Raman response in these
metal halide semiconductors.

Octahedral tilting has been proposed as an alternative
possible cause of instabilities related to double-well potentials
in MHPs.">?** This effect is closely related to the
Goldschmidt tolerance factor and therefore the choice of A-
cation; when A-cations are smaller than the optimal size for
bonding with BX;, octahedral tilting may occur to
compensate.’’~** Octahedral tilting has been associated with
zone-boundary vibrational instabilities giving rise to anhar-
monic double-well potentials;**~** therefore different A-
cations are expected to cause octahedral tilting and double-
well potentials to different extents. However, we observe that
MHPs differing only in their A-cations (i.e., MA, FA and Cs in
Figure 1, as well as MHy”” and 2D MHPs" reported in the
literature, with differing values of the Goldschmidt tolerance
factor) exhibit a very similar central Raman response. We
therefore suggest that octahedral tilting cannot play a major
role in the appearance of a central Raman feature either.

Another possible source of disorder may arise from extrinsic
factors related to processing conditions, i.e. defects and
interstitials, chemical inhomogeneity,”> or crystallinity/grain
boundaries. It has indeed been shown that defects and
impurities can influence the low-frequency Raman re-
sponse.” ™ A defect can distort a unit cell which can oscillate
between unit cells with different symmetries,*® or an impurity
can cause a strain field surrounding it, so both may in principle
cause a central Raman response.”” We aim to examine the
presence of such effects in MHPs by comparing Raman
measurements on thin films with those of single crystals, for
materials with the same nominal composition, but with
distinctly different defect densities. For MHPs in particular
defect densities have been reported to be of the order of ~10"7
cm ™ for thin films™ and ~10'° cm™ for single c1rystals,48’49
therefore we contrasted ULF Raman spectra measured both
for thin films and single crystals of CsPbBr; and MAPbI; in
Figure 2(a, b). We observe that both forms of the same
material exhibit very similar responses in the low-frequency
region of the Raman spectra, for both compositions. We
therefore conclude that such extrinsic sources of disorder are
unlikely to be related to the central Raman response in MHPs.

https://doi.org/10.1021/acsenergylett.4c01473
ACS Energy Lett. 2024, 9, 4127—-4135
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Figure 3. (a) Normalized reduced Raman spectra (scheme 1) of metal halides deposited as thin films on z-cut quartz. The phonon response
from the quartz substrate is highlighted in gray. (b) Normalized IR absorption of the same metal halides (equivalent to the reduced Raman
spectra, as can be seen from eqs 1 and 2), acquired with THz-TDS. A table of phonon mode frequencies from fitting can be found in Table 1
in Supporting Information section 5. A plot with the same frequency scale is presented in Figure S4 in the Supporting Information.

We further probe whether the central Raman peak may form
as a result of a “liquid-like” nature that has been postulated for
MHPs'>" owing to their exceptionally soft lattice.”® An
amorphous material may exhibit a low-frequency Raman
response, known as the Boson peak,”' ™ because if disorder
within a material is sufficiently high, selection rules will be
lifted since each mode will no longer be localized in
momentum space and cannot be characterized by a single
wavevector.””® Therefore, both optical and acoustic modes
will contribute to the vibrational density of states (vDoS),*”**
giving rise to an excess vDoS adding onto the Debye vDoS
(x?).>*7° This phenomenon has been identified as the
primary cause for the presence of a low-frequency Boson peak
in amorphous materials such as silica glass.***® Crucially, the
lifting of selection rules implies that this additional vDOS
contributes to signal amplitudes in both Raman and IR
spectra.”* However, to allow for clear observation of the Boson
peak and for an accurate comparison between Raman and IR
spectra, a spectral reduction must first be applied to the
experimentally measured Raman and IR spectra to account for
differences in the measurement techniques and yield a
spectrum accurately describing the vDOS. The intensity of
the Raman signal generated by harmonic oscillators is
proportional to @/(n+1), and for disordered materials with
short spatial correlation length, the Raman susceptibility y” can

thus be described by the relation:>**">*
" wIR
w =C =
/4 Raman§ n+ 1 (1 )

where Cg,,, is the Raman coupling coefficient, g is the vDoS,
Iy is the Raman intensity (as measured), and # is the Bose—
Einstein distribution. We label this reduction scheme as
scheme 1. The IR absorption spectrum has a simpler form:>*

2)

where Cpg is the IR coupling factor, and a is the IR absorption
spectrum (as measured). We note that Iy, @, ¥, Craman Civs &
and 7 all depend on the frequency @ of the transmitted or
scattered photon. Importantly, after the appropriate spectral
reduction is applied to the measured signals, the reduced IR
and Raman spectra are both representative of the vDoS, apart
from the application of symmetry-related selection rules that
may differ between the two techniques. In order to more

Crg=a
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clearly observe the Boson peak on top of a Debye vDoS
(xw?), we follow the standard literature approach to further
reduce the IR and Raman intensities to a/w” and I/[w(n +
1)], respectively, which are both proportional to g/w?*>'~>*
and we label this as scheme 2.

There have been literature reports postulating a “liquid-like”
nature of MHPs, based on large phonon dynamics and polaron
formation.'”"* Such “liquid-like” nature was also postulated as
a possible cause for the central Raman response.'®*>*® If
MHPs are “liquid-like”, i.e. they have almost the response of an
amorphous material, the Boson peak should be visible, and
may indeed be the cause of the central Raman response.”*>’
We thus examine this question by comparing reduced Raman
and IR spectra’®” To ensure our method is correctly
implemented, we first examine silica glass, an established
amorphous material. As Figure 2(c) shows, for silica glass, the
reduced IR and Raman spectra are indeed very similar (IR
spectrum taken from ref 44) with the Boson peak visible at ~1
THz, with minor deviation attributed to differences in coupling
coefficients.***? In contrast, for all MHPs, we instead observe
clear deviations between the reduced IR and Raman spectra
(see Figure 2(d) for MAPbI; and Figure S3 for other MHPs).
We note that the deviations between the two types of reduced
spectra cannot be attributed solely to differences in the
coupling coeflicients applying to Raman and IR signals. The
clear differences between the broadness of the measured peaks,
as well as their shape and position suggest more profound
causes for the divergence between the Raman and IR
responses. Overall, we thus conclude that the central Raman
response in MHPs does not originate from the appearance of a
Boson peak, or a “quasi-amorphous” nature of the material.

It is evident that the Raman and IR responses are very
distinct in MHPs, although they should both operate based on
the same vDoS, albeit with different selection rules. We
continue to explore potential reasons for the discrepancy
between Raman and IR spectra, focusing in particular on the
differences in the central, low-frequency Raman response. To
contrast the spectra appropriately, we use the reduction
schemes for Raman and IR spectra discussed above, which
have been shown to be effective for amorphous,”*** as well as
crystalline materials.”’ " Figure 3 shows the reduced Raman
and IR spectra for a range of metal halide semiconductors, but
the spectral shapes are clearly very different. (We note that

https://doi.org/10.1021/acsenergylett.4c01473
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following convention, the reduction scheme here is scheme 1
and therefore different to the scheme 2 applied to data shown
in Figure 2(c,d) in order to highlight the Boson peak.)
Unreduced Raman and IR spectra of all the samples under
consideration, along with fitting and extracted parameters, can
be found in Supporting Information Section S, Figures S5—19.
Reduced Raman spectra shown in Figure 3(a) exhibit broad,
almost linear, responses toward zero frequency, whereas IR
absorption spectra of the same semiconductors in Figure 3(b)
generally show well-defined phonon peaks with little signal
toward zero frequency (Agl, Cs,AgBiBr; and Cu,AgBil; do not
present strongly IR-active phonons in this range). Some of the
differences in Raman and IR spectra will clearly be caused by
changes in coupling coefficients for specific modes. Determi-
nation of coupling coefficients for metal-halide semiconductors
are still ongoing, either thorough experimental studies, i.e.
neutron scattering and heat capacity measurements, or
theoretical studies.’* % Nevertheless, beyond such effects, it
is evident from the data in Figure 3 that the broadening of the
Raman and the IR responses differs significantly.

We proceed by exploring the hypothesis that the central
Raman response is caused by the broadness of the specific
phonon responses observable in Raman spectra covering the
ultra-low frequency region, along with the Bose—Einstein
population factor which significantly amplifies Raman signals
toward zero frequencies. Both for MHPs'”*’ and other
materials,””® Raman spectra have been approximated with a
series of damped harmonic oscillators (described by the
Lorentz model) multiplied by the Bose—Einstein (n(w) + 1)
term, where n(w) = 1/("/%T — 1), and £, k;, T are reduced
Planck’s constant, Boltzmann constant and absolute temper-
ature, respectively. Within the above formalism (eq 1), this is
equivalent to the assumption that the Raman coupling
coefficient is linear in frequency, ie. Cx & @.°7% We also
adopt this approach, and employ the Lorentz damped
harmonic oscillator model, which predicts a scattering cross-
section per oscillator mode i as

S(w) = A(n(w) + 1) X Im(1/(w — @* — iTw))  (3)

where A, n, w;, and I'; are the amplitude, Bose—Einstein factor,
harmonic oscillator frequency, and damping coefficient,
respectively. We fitted the ULF Raman spectra (up to 3
THz) of MA-based MHPs, shown in Figure 1, to the sum of
three phonon resonances with scattering cross sections
described by eq 3, as shown in Supporting Information
Section S (Figures $5—57)." The above Lorentz equation, but
without the (n(w)+1) Bose—Einstein term and with two
phonon resonances, was also fitted to the IR absorption
spectra, also shown in Supporting Information Section §
(Figures S14—S16). To quantify the extracted broadening of
these phonon modes, we calculate and show the ratio I'/w, in
Figure 4(a), which reveals that the lattice response observed in
Raman spectra at ultra-low frequencies is significantly broader
than that evident in IR spectra. This discrepancy may arise
from the types of modes probed by the two techniques. As
shown in various computational studies on lead halide
perovskites, the ultra-low frequency range (<100 cm™) hosts
a large number of IR- and Raman-active modes.”***~"* These
have primarily been associated with different types of motions
of the lead-halide sublattice, in agreement with the blueshift we
observe in our Raman and IR spectra for the phonon
frequencies of MA-based MHPs when the bromide composi-
tion increases, as shown in Figures S19 and S20. Thus, the
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Figure 4. (a) Box plot showing the broadening, quantified by I'/
,, of lattice vibrations in the THz-frequency range determined
for MA-based metal-halide perovskites (MAPbI;, MAPbI, (Br, s,
MAPbBr;) from Raman or THz-TDS IR absorption measure-
ments, as detailed in Supporting Information section 1. (b)
Illustration of a damped harmonic oscillator response (Lorentz
model, eq 3), Bose—Einstein population factor (n(w) + 1), where
n (w) = 1/(e"’*T — 1), and the multiplication of the two,
demonstrating the expected Raman response for a single low-
frequency mode according to the damped harmonic oscillator
model. Parameters used were @, = 0.8 THz, ' = 1 THz, and T =
300 K.

significantly enhanced broadening of the ULF Raman modes
compared to the IR modes in the same range may result from
different Raman- and IR-coupling rules for different types of
modes.

In this context, it is important to note that while Raman can
(if symmetry permits) probe both transverse optical (TO) and
longitudinal optical (LO) phonons and modes,”® THz-TDS
conducted at near-normal incidence only probes transverse
optical phonons since the electric field of the THz wave
oscillates perpendicularly to its direction of propagation,”
though IR measurements conducted at a significant angle can
provide some access to IR-active LO phonons.74 From a very
general perspective, differences in line widths observed in
Raman and IR spectra may thus arise from variations in the
decay channels operating for LO and TO phonons. LO and
TO phonons share some similar decay mechanisms, i.e. decay
to acoustic phonons,”> or through phonon—phonon scatter-
ing.76 However, their decay rates will differ, since LO and TO
phonons will decay into a range of different acoustic
phonons.”” LO phonons have also been reported to transform
into one optical mode and one acoustic mode,”®”” and can
additionally experience Frohlich coupling®”®® to intrinsic
charge carriers, which may shorten phonon lifetimes and
thus broaden the Raman response further.

More specifically to lead-halide perovskites, accurate
calculations of phonon mode frequencies have often been
hindered by softness and structural flexibility of the lattice.
While first-principles calculations agree that ULF modes in
lead-iodide perovskites originate from Pb—I—Pb rocking and
bending modes,”**”~"* they often suffer from significant shifts
in calculated peak frequencies compared to experimental
data,”®”* or do not capture® the experimentally observed”®”*
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ultra-low frequency peaks near 10—20 cm™'. Such discrep-
ancies may arise from lattice anharmonicity, which has been
proposed to be substantial in metal halide perovskites.*>*'~**
Moreover, the perfect cubic perovskite structure does not have
any Raman-active modes,”” but anharmonicity can cause
deviation from the perfect cubic structure, and therefore lift the
Raman selection rules. Indeed, Figure 4(a) indicates that the
phonon mode broadening I' approaches the value of its
frequency @, for Raman-active ULF soft modes in lead halide
perovskites, a clear signature of anharmonic effects. The
anharmonic low-frequency motions were investigated with
molecular dynamics (MD) calculations for lead-halide perov-
skites that revealed lattice dynamics arising from head-to-head
motion of A-cations in the cuboctahedral voids of the
perovskite structure and octahedral distortions.'® Anharmonic
polar rotation motions of hybrid A-cations have also been
identified.** Such MD simulations revealed particularly low
(subpicosecond) phonon lifetimes associated with these ULF
modes, that further shortened as frequencies were lowered
from 3 to 1 THz.*® While further work is needed to assign and
contrast the Raman and IR intensities of soft lattice modes
from such MD calculations, such information may ultimately
hold the key to understanding the differences in broadening
observed for ULF Raman- and IR-active modes.

Overall, we therefore posit that the central Raman response
of many metal halide perovskites results from an interplay of
the significant broadening of Raman-active broad soft phonon
modes in the low-frequency region, amplified by the (n+1)
Bose—Einstein population factor, which becomes substantial at
low frequencies (see Figure 4(b)). As a simple demonstration
of these two effects, Figure 4(b) shows the response for a
single oscillator mode according to the Lorentz model together
with the Bose—Einstein population factor, along with the
multiplication of the two. This should be comparable to the
Raman response, with the assumption of Cy o @°*~*® within
the formalism in eq 1. The resulting function represented by
the black line is clearly very comparable in shape to the central
Raman response experimentally observed. In particular, we
note that this simulated spectrum accurately reflects the
peculiarity of ULF Raman spectra of lead-halide perovskites,
i.e, the presence of both peak-like features and a seemingly
continuous background heading to large amplitude toward
lower frequencies. The broad central Raman response toward
zero scattering frequencies is thus the result of the particularly
low-energy lattice vibrations in these materials, which tail into
the frequency-range where the population factor becomes
significant. As such, it therefore does not reflect a continuum of
vibrational frequencies, but rather the presence of individually
defined but very broad modes. We also note that such broad
low-frequency Raman response of MHPs has been shown to
increase with temperature,'®*”*’ agreeing well with our
hypothesis. On the other hand, the IR response does not
show such low-frequency response because of two combined
effects: first, IR measurements are light absorption measure-
ments, in which one IR photon is converted into a phonon, so
do not depend on the initial population of vibrational modes.
In contrast, Raman scattering requires interaction with an
existing ground- or higher state phonon population, and
therefore the Bose—Einstein population factor becomes
prominent in Raman scattering. Second, the IR-active TO
phonon modes exhibit far narrower line widths stemming from
different decay mechanisms compared to those operating for
the lowest-frequency, most anharmonic Raman-active modes.
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We thus conclude that the central Raman response results
from the presence of significantly broadened low-energy
Raman-active lattice modes whose anharmonic response is
amplified by the Bose—Einstein population factor, and that the
existence of these modes is the criterion for such central
Raman response.

In conclusion, we examined the lattice responses in the low-
frequency THz regime across a range of metal halide
semiconductors, contrasting Raman- and IR-active vibrations.
We employed ultra-low frequency Raman and THz-TDS IR
spectroscopy, observing clear discrepancies in the spectra
obtained. While Raman spectra exhibit a broad central
response rising toward zero frequency, no such response is
visible in the IR spectra, which only display well-defined
resonance peaks. We systematically examined the cause behind
the central Raman response, and the observed discrepancies
between Raman and IR spectra. We excluded the following
possibilities as the primary causes of the central Raman
response: a Boson peak arising from a proposed “liquid-like”
nature of these materials, dynamic disorder originating from A-
cations, lone pairs, or octahedral tilting, and static disorder
associated with extrinsic defects. Instead, we attribute the
central Raman peak to a combination of particularly strongly
broadened low-energy Raman-active modes whose response
thus tails into the range where the Bose—Einstein factor
governing phonon population becomes very significant. The IR
response of these metal halide semiconductors, on the other
hand, does not show an equivalent feature near zero
frequencies because the line widths of the TO phonons
governing IR absorption is narrower, and the Bose—Einstein
population factor does not contribute. Overall, our findings
reveal the complexities of light-matter interactions in soft
metal-halide semiconductors governed by significant low-
energy lattice dynamics. Understanding such lattice dynamics
in soft semiconductors will help discover and engineer next-
generation novel materials for photovoltaic applications.
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