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In the last decade, hybrid organic-inorganic halide perovskites have emerged as a new type of semiconductor
for photovoltaics and other optoelectronic applications. Unlike standard, tetrahedrally bonded semiconductors
(e.g., Si and GaAs), the ionic thermal fluctuations in the halide perovskites (i.e., structural dynamics) are strongly
coupled to the electronic dynamics. Therefore, it is crucial to obtain accurate and detailed knowledge about
the nature of the atomic motions within the crystal. This has proved to be challenging due to low thermal
stability and the complex, temperature-dependent structural phase sequence of the halide perovskites. Here, these
challenges are overcome and a detailed analysis of the low-frequency lattice mode symmetries is provided in the
low-temperature orthorhombic phase of methylammonium-lead iodide. Raman measurements using linearly and
circularly polarized light at 1.16 eV excitation are combined with density functional perturbation theory (DFPT).
By performing an iterative analysis of Raman polarization-orientation dependence and DFPT mode analysis, the
crystal orientation is determined. Subsequently, accounting for birefringence effects detected using circularly
polarized light excitation, the symmetries of all of the observed Raman-active modes at 10 K are assigned.
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Methylammonium lead iodide (MAPI) has emerged as an
attractive material for next-generation photovoltaic technolo-
gies, owing to its optimal band gap and excellent photoconver-
sion efficiency [1-5]. From a fundamental standpoint, MAPI
and other hybrid organic-inorganic halide perovskites (HOPs)
are intriguing because unlike standard semiconductors, the
optical and charge transport properties of HOPs are consid-
ered to be strongly coupled to their lattice fluctuations [6—10].

Indeed, there has been intensive research dedicated to de-
ciphering the structural characteristics of halide perovskites,
employing x-ray diffraction (XRD), Raman and neutron scat-
tering, dielectric measurements, etc. [11-15]. Specifically,
Raman scattering is a highly adaptable technique that gives
qualitative and quantitative insights into local structure and
dynamics. The Raman spectrum of a hybrid (i.e., organic-
inorganic) material can be divided into two regimes. The
first is high-frequency, molecular (internal) vibrations and the
second is the low-frequency lattice (external) vibrations [16].
Only the latter carries information about the lattice modes
[17,18].
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There are many recent reports discussing the Raman spec-
tra of HOPs [7,19-21]. Density functional theory (DFT)
and molecular dynamics (MD) based calculations have been
used to assign the Raman-active modes [20,22,23]. However,
Raman measurements on MAPI have proven to be very
challenging both from the experimental and computational
standpoints. Regarding the experiment, the high light absorp-
tion coefficient and low thermal stability of MAPI do not
allow long exposure to intense visible light without inducing
irreversible sample damage [24-26]. This is true even for
near-IR, 1.58 eV light [27]. Furthermore, the complex crystal
structure and temperature phase sequence do not permit an un-
ambiguous determination of the crystallographic orientation
at low temperatures without a separate XRD measurement
in identical conditions. Regarding DFPT computation, the
complex crystal structure and the large number of atoms in
the unit cell result in a very large number of Raman-active
modes that are closely spaced in energy. Therefore, it is very
difficult to determine by DFPT which specific modes are
actually observed in experiment without prior knowledge of
the mode symmetries.

Here, we overcome the aforementioned challenges by per-
forming an iterative analysis between polarization-orientation
(PO) Raman scattering measurements with 1.16 eV laser
excitation and DFPT computation. We provide an unambigu-
ous determination of the Raman tensors for all the observed
Raman-active, low frequency lattice modes as well as the
crystallographic orientation in MAPI at 10 K. Furthermore,
by combining our PO measurements with circularly polarized
light excitation, we are able to account for the effect of
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FIG. 1. Temperature dependence of low-frequency unpolarized
Raman spectra showing the phase transitions in MAPI. The Rayleigh
scattering region of the spectra is removed from 0 cm ™! to the vertical
dotted lines.

birefringence on the Raman signal. Thus, we demonstrate
the great potential of our measurements and analysis as an
exceptional tool for vibrational mode assignments in highly
complicated systems like HOPs.

MAPI has an ABX; perovskite structure, with Pblg in
corner-sharing octahedra and MA™" inside the cuboctahe-
dral cavities. It is known to have three structural phases:
an orthorhombic (Pnma) phase below 162 K, a tetragonal
(I14/mcm) phase between 162 and 327 K, and a cubic (Pm-3m)
structure beyond 327 K [28,29].

Figure 1 shows the low-frequency unpolarized Raman
spectra of MAPI single crystals taken across the phase se-
quence covering simultaneously both Stokes and anti-Stokes
scattering. The spectral features (molecular modes) beyond
4200 cm~! are beyond the scope of the present work [16].
The spectrum of the orthorhombic phase (10 K) shows sharp
peaks, and the orthorhombic-tetragonal phase transition is
characterized by an abrupt change, where the sharp peaks are
replaced by relatively broad features.

The Raman spectra in the tetragonal and cubic phases are
envelopes of the orthorhombic phase spectrum. Therefore, to
interpret the nature of atomic motions in the high-temperature
phases, a thorough understanding of the vibrational character-
istics of the low-temperature phase is a prerequisite.

I. PO RAMAN SCATTERING ANALYSIS

The atomic vibrations in a crystal are closely related to the
crystallographic arrangement of atoms and have specific sym-
metries. Group theory provides tools to predict the symmetries
of the vibrational normal modes by decomposing the crystal
space group to its irreducible representations. According to

factor group analysis, we expect 18 Raman-active lattice
modes in the orthorhombic MAPI structure with the following
irreducible representation [30,31]:

T = 5A, + 4B, + 5By, + 4Bs, (1)

The Raman tensor of each mode, which relates the scatter-
ing cross section to light polarization vector, must obey the
symmetry of the irreducible representation as well [18,32].
The corresponding Raman tensors are given as

a 0 0 0 d 0
A,=|0 b o], By=|a 0 o],
0 0 ¢ 0 0 0
0 0 e 0 0 0
By={0 0 0| and By=|0 0 7
e 0 0 0 f 0

To extract the Raman tensor for each mode, we perform PO
Raman measurements. Briefly, the crystal is excited by plane-
polarized laser light having polarization e;. The scattered
light e, is then filtered by another polarizer (analyzer) for
polarizations parallel and perpendicular to the incident light.
This measurement is repeated after rotating the polarization
of the incident light. The Raman tensor for each peak can be
identified from the angular dependence of the peak intensity
according to [33]:

1(6) o |es(OYRT RRe;(6)]° @)

where e; and e, are the light polarization vectors which are
either parallel or perpendicular to one another, and R is a
rotation matrix transforming the Raman tensor R from the
crystal system to the laboratory system.

Figure 2(a) shows the contour plot of the low-frequency
Raman spectra of MAPI acquired at different excitation polar-
ization angles. 6 = 0° is an arbitrary angle with respect to the
sample axes, determined by the experimental setup. The upper
panel shows the averaged Raman spectrum (over all angles),
while the middle and lower panels show the spectra in parallel
and cross configurations, respectively. A periodic modulation
in intensity as a function of polarization angle is apparent for
all Raman-active modes. All the modes in parallel configura-
tion show a periodicity of 180° except the mode at ~98 cm™~!,
which shows a 90° periodicity. In the cross configuration,
all modes possess a 90° periodicity. It is worth mentioning
that all the data presented here are in raw form without any
normalization or base-line correction. The absence of any
artifacts, intensity leakage, or drift demonstrates the excellent
stability of our Raman setup and the absence of material
evolution or damage during the experiment. Each Raman
spectrum was deconvolved using a multi-Lorentz oscillator
model (details in Supplemental Material (SM) [34]) and the
intensity angular dependence was extracted.

Importantly, to exclude the possibility of scattering by sur-
face defects and domain boundaries, we performed the same
PO experiment on several MAPI crystals at different locations
(Fig. S6), showing the same polarization dependence. This
demonstrates that the observed dependence is not a result of
randomly distributed surface defects or domain boundaries.

The quantitative analysis of the angular dependence of
the scattered intensity using Eq. (2) requires prior knowledge
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FIG. 2. (a) Experimental and (b) theoretically calculated angular dependence of low-frequency polarized Raman spectra of the orthorhom-
bic phase of MAPI at 10 K. The top panel shows the averaged spectra (over all angles), middle panel shows parallel and lower panel shows
cross configuration for experiment and theory, respectively. 8 = 0° is an arbitrary angle and theory is rotated to align with experiment.

of the crystal face probed in the PO Raman experiment.
As MAPI changes phase to a lower symmetry (spontaneous
symmetry breaking) as it is cooled, XRD taken at room tem-
perature doesn’t provide the proper orientation of the crystal
surface. Therefore, it is necessary to obtain exact information
about the crystal orientation at cryogenic temperature using
XRD at the same spot where Raman is probed. This is
experimentally challenging. Therefore, we turned to DFPT
calculations to determine the orientation of the crystal surface.

II. DETERMINATION OF ILLUMINATED FACE AND
MODE ASSIGNMENTS USING DFPT

To determine the orientation of the illuminated face, we
first used ab initio DFPT to calculate the unpolarized Ra-
man spectrum in the low-frequency regime as shown in the
top panel of Fig. 2(b). Thereafter, the corresponding Raman
tensors were derived through a procedure described in the
SM [34]. Using the calculated Raman tensors, the angu-
lar dependence of the Raman intensities was simulated for

different crystal orientations (see SM [34]). The experimental
angular dependence best matched with that calculated along
the [101] crystal orientation, as shown in Fig. 2(b) middle and
lower panels. Once we determined the correct orientation, we
proceeded to complete the identification of the mode symme-
tries and their dominant motions (Table I) by matching cal-
culated and experimental mode frequencies and polarization
dependence. The excellent agreement between experiment
and DFPT calculations (Fig. 2) confirms that all the observed
peaks arise from lattice modes rather than bulk defects.
Having determined the correct Raman tensor for each
mode, we noticed that the angular dependencies of the A,
modes could not be satisfactorily fit with Eq. (2), although
the By, modes fit quite well. This is illustrated in Fig. 3(a)
where the experimental data are shown by dots and the best
fit to Eq. (2) is shown by dashed lines. Particularly, the
secondary maximum of the A, mode for the parallel polariza-
tion configuration was never reproduced by the fitting curves
[labeled with arrow in Fig. 3(a)]. We therefore conclude that
the conventional Eq. (2) fails to explain the behavior of the

051601-3



RITURAJ SHARMA et al.

PHYSICAL REVIEW MATERIALS 4, 051601(R) (2020)

TABLE 1. Frequency, symmetry, and corresponding dominant
atomic motions in MAPL

Frequency (cm™")

Mode  Experiment Theory  Symmetry  Dominant Motion
1 26.9 29.4 A, Pbl; Network
2 33.1 33.9 A, Pbl; Network
3 37.2 35.6 By, Pbl; Network
4 42.6 40.8 A, Pbl; Network
5 45.8 B,

6 48.8 45.9 B, Pbl; Network
7 58.9 54.2 By, Pbl; Network
8 86.5 80.0 A, MA motion
9 96.7 99.3 A, Pbl; Network
10 98.7 100.0 B3, Pbl; Network
11 102.7 101.1 By, Pbl; Network
12 104.4 101.2 A, Pbl; Network
13 143.3 141.4 A, MA motion

A, Raman modes. To resolve this discrepancy, we now turn to
circularly polarized Raman measurements.

III. DETECTION OF BIREFRINGENCE EFFECTS USING
CIRCULARLY POLARIZED RAMAN SCATTERING

Figure 3(b) shows the Raman spectra acquired using circu-
larly polarized light (CPL) excitation. In isotropic materials,
a Raman mode would retain its light polarization even when
excited with CPL (see SM for silicon as example system). The
scattered CPL can be analyzed for the component rotating
in the same (co-rotating, (OO)) or opposite (contra-rotating,
OO) direction with respect to the incident polarization. The
reversal coefficient o, along the [101] direction, is defined as
[35]

Inys (a4 c¢) +2b —2e|?
=== 5 (3
l(a+c)—2b—2e —i/8(d — f)|

where Ir and I are the scattering intensities of the
counter-rotating and co-rotating components, respectively,
and a, b, ¢, d, e, f are the components of the Raman tensors
defined in Sec. L. It is apparent that o = 1 for all observed
modes, except the 98.7 cm~! mode which presents o = 0.
The reversal coefficient 1 indicates that the polarization of
the CPL is not maintained after scattering. We hypothesize
that this is a manifestation of the birefringence effect arising
from the anisotropic properties of HOPs [36-39]. To test our
hypothesis, we modify Eq. (2) to accommodate birefringence
effects [33,40,41]:

oo

1(0)  |es(0 + 8)JRTRRJIe;(6 + 8)| 4)
and
1 0 0
J=10 ¢€» 0 5)
0 0 elle:l

where J is the Jones matrix of light propagation in the material

[42] |¢)| = |¢yy - ¢xx| and |¢z| = |¢Zz - ¢xx| are the relative
phases that the electric field components accumulate during
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FIG. 3. (a) Fitting of PO data (solid circles) using Eq. (2)
(dashed) and Eq. (4) (solid). The improved fit from Eq. (4) confirms
the presence of strong birefringence. Red and blue curves represent
parallel and cross configurations, respectively. The secondary maxi-
mum for A, modes is shown by the arrows. (b) Circular polarization
Raman spectra of MAPI in parallel (co-rotating) and cross (counter-
rotating) configurations.

propagation. Since the Raman measurements were done on
a single crystallographic plane, |¢.| cannot be determined by
this specific model and cancels out during the calculation (see
SM [34]). An additional phase factor § is added to the angle 6
to accommodate the birefringence effect so that (6 + §) is the
actual angle of light polarization with respect to the crystal’s
axis. Since the wavelength of scattered light varies negligibly
compared to the incident as regards birefringence, ¢, and §
were held fixed across all modes.

As shown in Fig. 3(a), Eq. (4) reproduces the intensity
angular dependence of all the modes. Furthermore, we cal-
culated the reversal coefficients [Eq. (3)] using the obtained
Raman tensor components as additional verification to the fit
results and got an excellent agreement between the model and
experimental results (see SM [34], Table S2), including o = 0
for the mode at ~98 cm~!. Previous work by Osorio et al.
[20] measured polarized Raman of MAPI on a single angle
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and analyzed the symmetry using the isotropically averaged
Raman intensity. Consequently, their assignments slightly
differ from ours.

IV. CONCLUSION

In conclusion, we unambiguously assigned the symmetries
and atomic motions of the Raman-active lattice modes in the
orthorhombic phase of MAPI. We achieved that by using Ra-
man measurements with polarized light and density functional
perturbation theory.

This allowed us to determine the crystal orientation,
which is difficult to obtain at cryogenic temperatures across
phase transitions. We observed anomalous behavior of the
A, modes which is attributed to strong birefringence effects.
Our work demonstrates that the combination of experimental
polarization-dependent Raman with theoretical calculations is
an accurate and accessible method to obtain information about
the structural dynamics of crystals, which otherwise would be
difficult to acquire.
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