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Abstract

In this work we investigate the vibrational properties of the hybrid organic/inorganic halide

perovskite MAPbI3 (MA=CH3NH3) in the range 6–3500 cm−1 by combining first-principles

density-functional perturbation theory calculations and low-temperature infrared (IR) absorp-

tion measurements on evaporated perovskite films. By using a group factor analysis we establish

the symmetry of the normal modes of vibration and predict their IR and Raman activity. We

validate our analysis via explicit calculation of the IR intensities. Our calculated spectrum is

in good agreement with our measurements. By comparing theory and experiment we are able

to assign most of the features in the IR spectrum. Our analysis shows that the IR spectrum of

MAPbI3 can be partitioned in three distinct regions: the internal vibrations of the MA cations

(800−3100 cm−1), the cation librations (140−180 cm−1), and the internal vibrations of the

PbI3 network (< 100 cm−1). The low-frequency region of the IR spectrum is dominated by

Pb−I stretching modes of the PbI3 network with Bu symmetry and librational modes of the

MA cations. In addition, we find that the largest contributions to the static dielectric constant

arise from Pb−I stretching and Pb−I−Pb rocking modes, and that one low-frequency B2u Pb-I

stretching mode exhibits a large LO-TO splitting of 50 cm−1.
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1 Introduction

Solar cells based on methylammonium lead tri-iodide, MAPbI3 with MA = CH3NH+
3 , have attracted

the attention of the photovoltaic research community due to the unprecedented rate of improvement

in their performance. The highest certified power conversion efficiency of these devices has recently

reached the record of 20.1%.1 MAPbI3 was introduced as a light sensitizer in dye-sensitized solar

cells and meso-superstructured solar cells.2–4 Subsequently it was realized that MAPbI3 can also act

as the electron or hole conductor in planar heterojunction cells.5–11 These breakthroughs enabled the

development of solar cells employing metal halide perovskites which are suitable for low-temperature

processing,7,12–15 are transparent,16,17 and can be produced in various colours,16,18–20 to the point

that they already constitute a very promising technology.21

MAPbI3 is a semiconductor with a direct band gap of 1.5-1.6 eV,22,23 which is ideal for absorb-

ing light in the visible range. Upon photoexcitation, electron-hole pairs rapidly dissociate at room

temperature, leading to free carriers.23 The carriers exhibit diffusion lengths as high as 1 µm,24–27

therefore electron extraction from MAPbI3 is very efficient.25 MAPbI3 crystallizes in a perovskite

structure of the AMX3 type,28 where the Pb and I atoms occupy the M and X sites, respectively.

The structure consists of PbI6 corner-sharing octahedra, which define a cuboctahedral cavity occu-

pied by the MA cations (Fig. 1). At low temperature (below 162.2 K) MAPbI3 crystallizes in an

orthorhombic Pnma structure; between 162.2 K and 327.4 K the structure is tetragonal (I4/mcm),

and above 327.4 K the system stabilizes in a cubic phase.22,29–32 While the configuration of the

MA cations is well defined in the low-temperature orthorhombic phase, there exists a considerable

degree of angular fluctuations in the tetragonal and cubic phases.22,30,32 Weller et al.29 report a

neutron powder diffraction study of MAPbI3 as a function of temperature, which clearly shows

an increase in the angular disorder of MA with temperature. Computational studies of MAPbI3

confirm that changes in the cation orientation only involve variations in the total energy of a few

meV per formula unit,33–39 in line with the above experimental observations.

A good understanding of the vibrational modes in MAPbI3 is highly relevant for understanding

the optoelectronic properties of these materials. For instance Wehrenfennig et al.40 recently showed

that luminescence from this materials exhibits significant homogeneous broadening as a result of

strong phonon coupling. The vibrational properties of MAPbI3 have been investigated by several
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research groups.41–45 Quarti et al.41 have performed a Raman study of MAPbI3 at room temperature

in the spectral range from 50 to 450 cm−1. They identified three sharp peaks at 62, 94 and 119 cm−1,

and one broad feature around 250 cm−1. These peaks were assigned respectively to bending of the

Pb−I−Pb bonds; stretching of the Pb−I bonds and libration of the MA cations; libration of the

MA cations; torsion of the MA cations. More recently Ledinsky et al.42 also measured the Raman

spectrum of MAPbI3 in the range 50-700 cm−1, although the broad feature around 250 cm−1 and

the peak at 94 cm−1 were not observed. In order to explain this discrepancy the authors suggested

that these two features reported by Quarti et al.41 relate to PbI2 species formed as a result of

sample degradation. Onoda-Yamamuro et al.43 reported the infrared (IR) absorption spectrum of

MAPbI3 in the range 850-1000 cm−1, measured at various temperatures between 140 K and 299 K.

The authors assigned the observed spectral features by comparison with the IR spectra of known

compounds. More recently IR measurements were reported by Mosconi et al.44 over the range 30-

500 cm−1 at various temperatures (between 180 K and 293 K), and by Glaser et al.45 from 700 to

3700 cm−1 at room temperature. By comparing the measured spectra to calculations for an isolated

CH3NH+
3 cation, Glaser et al.45 assigned the IR peaks above 900 cm−1 to internal vibrations of

MA.

Two computational studies addressed the vibrational properties of MAPbI3.41,44 In both works

the authors extracted the vibrational spectra by performing density functional perturbation theory

calculations. These studies succeeded in achieving a good qualitative agreement with the experi-

ment, however a detailed group-theoretical analysis of the vibrational modes, a prediction of Raman

and IR activities of each normal mode, and the assignment of the measured peaks to specific vibra-

tions are still missing. Given the growing importance of MAPbI3 as photovoltaic and optoelectronic

material, a systematic investigation of these aspects is warranted.

In this work we perform a systematic study of the vibrational properties of MAPbI3 in the low-

temperature orthorhombic phase by combining first-principles calculations and IR measurements

on polycrystalline samples obtained by vacuum evaporation. We provide a comprehensive group-

theoretical analysis of the normal modes of vibration, and we predict the IR and Raman activity of

each mode based on symmetry considerations. In order to validate our analysis we calculate the IR

intensities using the standard Born effective charges. By comparing theory and experiment we are

able to assign almost every spectral feature. Finally we also discuss the static dielectric properties
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of MAPbI3 and identify the vibrational modes which dominate the screening at low frequency.

The present work provides a detailed study of the infrared spectrum of the low-temperature phase

of the MAPbI3 perovskite, and our results can be used as a solid reference for the characterization

of this perovskite (IR spectroscopy offers high resolution over a wide range of frequencies and short

measurement times).46 For instance, by analyzing the infrared spectrum of a material one can study

defect concentration, dielectric properties, heat capacities, charge carrier densities and relaxation

rates.43,45,47,48 The determination of these properties in the low-temperature phase is crucial to

achieve a complete understanding of the outstanding performance of the technologically relevant

phase of the MAPbI3 (room-temperature phase). In addition, our results can also be used as a

reference in the study of the phase transitions and degradation processes in MAPbI3.43

The manuscript is organized as follows: in Sec. 2 we introduce the computational and exper-

imental methods. In Sec. 3 we discuss the results of our calculations, with an emphasis on the

normal modes of vibration (Sec. 3.2), the Born dynamical charges (Sec. 3.5), and the IR spectrum

of MAPbI3 (Sec. 3.6). For completeness in Sec. 3.4 we also analyze the sensitivity of our calculated

vibrational frequencies to the choice of the DFT functional and the inclusion of relativistic effects

and van der Waals interactions. In Sec. 4 we compare theory and experiment and assign the spectral

features. In particular, in Sec. 4.1 we discuss the relevance of our findings for the room-temperature

tetragonal phase of MAPbI3, and in Sec. 4.2 we discuss the LO-TO splitting in this compound. In

Sec. 5 we summarize our findings and offer our conclusions.

2 Methodology

2.1 Computational methods

We calculate the normal modes of MAPbI3 in the Pnma orthorhombic structure, since in this

phase the sublattice formed by the MA cations has been fully resolved via X-ray diffraction mea-

surements.22 The study of lattice dynamics in the two high-temperature phases, where the MA

cations can rotate, would require averaging over several possible orientations of the MA cations,

and are best addressed using molecular dynamics simulations.41,44

We study structural properties using DFT and vibrational properties using density functional

perturbation theory (DFPT) as implemented in the Quantum ESPRESSO suite.49 Most calculations
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are based on the local density approximation (LDA) to the exchange and correlation energy.50,51 In

Sec. 3.4 we also employ the PBE generalized gradient approximation for our sensitivity analysis.52

The core-valence interaction is described by means of ultrasoft pseudo-potentials.53 The electron

wavefunctions and charge density are represented using planewaves basis sets with kinetic energy

cutoff of 40 Ry and 200 Ry, respectively. The Brillouin zone is sampled using a 4×4×4 Monkhorst-

Pack grid. The atomic positions are optimized until the largest force is smaller than 0.01 eV/Å,

using the experimental lattice parameters.22 In Sec. 3.4 we also discuss calculations performed

using optimized lattice parameters. In all cases the structural optimization is initialized using

the experimental coordinates of the Pb, I, C, and N atoms.22 The H atoms of the MA cations

(not resolved in experiment) are introduced using the geometry of the MA cation and the Pnma

symmetry. In Sec. 3.4 we also investigate the effects of van der Waals corrections using the formalism

proposed by Grimme et al.54 and Barone et al.55

Given the relatively large unit cell, we calculate the normal vibrational modes within the har-

monic approximation at the Γ point. The LO-TO splitting (to be discussed in Sec. 4.2) is taken into

account by evaluating the non-analytic term of the dynamical matrix.56 The Born effective charge

tensors57 are calculated as variations of the macroscopic electric polarization with respect to the

displacement of atomic sublattices, using the modern theory of polarization:58

Z∗

κ,αβ =
Ω

e

∂Pα

∂uκβ
, (1)

where κ labels the atoms in the unit cell, α and β indicate Cartesian directions, Ω is the unit cell

volume, and e is the electron charge. P is the macroscopic polarization (dipole per unit cell) and uκ

an atomic displacement from equilibrium. We note that Z∗

κ,αβ is by definition dimensionless. It is

convenient to define the dimensionless effective charge vectors Z∗

αν for each vibrational eigenmode

ν as follows:

Z∗

αν =
∑

κβ

√

M0

Mκ
eκβ,νZ

∗

κ,αβ , (2)

where Mκ are the nuclear masses, M0 is the average mass over the unit cell, and eκβ,ν are the

vibrational eigenmodes with frequency ων . Using this definition the real part of the frequency-
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dependent (transverse) macroscopic dielectric function in the infrared range is given by:56

ǫ1(ω) = ǫ∞1 +
e2

4πε0

4π

3Ω

1

M0

∑

αν

|Z∗

αν |
2

ω2
ν − ω2

, (3)

where ǫ∞ is the high-frequency permittivity arising from electronic interband transitions, ε0 is the

vacuum permittivity, and the factor of 1/3 comes from the isotropic average. In this work we

calculate the high-frequency dielectric constant using finite electric fields.59,60

The IR spectrum is proportional to ωǫ2(ω) where ǫ2 is the imaginary part of the dielectric

function. Therefore we define the IR intensity as follows:

I(ω) =
e2

M0

∑

αν

|Z∗

αν |
2δ(ω − ων) ∝ ωǫ2(ω). (4)

In our calculations we replace the Dirac delta functions by Gaussians with a broadening of 5 cm−1.

2.2 Experimental methods

Dual-source thermal evaporation6,61 was used to grow thin films of MAPbI3 on three different types

of substrate to enable transmission measurements to be performed in the range 6–3500 cm−1. KBr,

high resistivity silicon and z-cut quartz substrates were used for measurements in the near and

mid infrared, far infrared and terahertz frequencies regions of the spectrum, respectively. Prior to

the evaporation, the tooling factor was determined by depositing the starting powders, PbI2 and

methylammonium iodide (MAI = CH6IN) separately and then measuring the layer thicknesses. MAI

was synthesized using previously reported methods.4 Lead(II) iodide, ultra dry, 99.999% (metals

basis) was purchased from Alfa Aesar.

MAI and PbI2 (300 mg of each) were placed in the separate crucibles, and the various substrates

were mounted on a rotating substrate holder to ensure that a uniform film was deposited. The

temperature of the substrates was kept at 21◦C throughout the deposition. The chamber was

allowed to reach a high vacuum (10−6 mbar), before heating the PbI2 to 250◦C; once the rate was

stabilized the MAI was heated to 100◦C. Once the deposition rate for MAI had stabilized the

substrates were exposed to the vapor. The rates of both the MAI and PbI2 were monitored using a

quartz crystal microbalance to ensure a 1:1 molar ratio was achieved in the final composition of the
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film. The final deposition rate was 0.8 Å s−1 and the thickness of the films were 390 nm (DEKTAK

150 profiler). The films were annealed at 100◦C for 15 minutes followed by 5 minutes at 150◦C.

The experimental vibrational spectrum from 60 to 3500 cm−1 was measured with a Bruker

Vertex 80v Fourier-transfer infrared (FTIR) spectrometer with a globar source. A liquid-nitrogen-

cooled photovoltaic HgCdTe detector was used to detect the spectral range from 680 to 3500 cm−1,

and the spectrum in the far infrared (60–680 cm−1) was measured with a silicon bolometer (Infrared

Laboratories Inc), which was cooled with liquid helium. Mylar and KBr beamsplitters were used to

cover the spectral range 60–300 cm−1 and 300-3500 cm−1, respectively. To measure the spectrum

from 6–60 cm−1, terahertz time-domain spectroscopy (THz-TDS) was used. The THz-TDS setup

has been described elsewhere;62 it consisted of an amplified laser system (Mai Tai - Empower -

Spitfire Pro from Spectra Physics), which was used to generate THz radiation via optical rectification

in a GaP(110) single crystal and detect it via electrooptic sampling in an 0.2 mm thick GaP(110)

crystal and a pair of balanced photodiodes. For both THz and FTIR measurements, the samples

were mounted on the cold finger of a cryostat (MicrostatHe, Oxford Instruments) and cooled with

liquid helium to 10 K. All spectra were recorded in transmission geometry and referenced to the

appropriate bare substrate.

3 Vibrational properties: calculations

3.1 Structure

Figure 1 shows a polyhedral model of the optimized orthorhombic structure of MAPbI3, with the

Pb atoms (black spheres) located at the center of the octahedra, and the I atoms (purple spheres)

at the corners. The octahedra are connected in a corner-sharing configuration. The MA cations are

located inside the cuboctahedral cages defined by the Pb and I atoms (i.e. the A site of standard

ABX3 perovskites) with the C-N axis almost parallel to either the [101] or the [101] directions in

the conventional unit cell.

The primitive unit cell contains four MAPbI3 formula units, that is 48 atoms. The optimized

Pb-I bond length is 3.19 Å, and the apical and equatorial Pb-I-Pb angles are 158.7◦ and 149.5◦,

respectively. These values compare well with the experimental values of 3.18 Å, 161.9◦ and 150.7◦,

respectively. In the case of the MA cations, the C-H, N-H, and C-N bond lengths are 1.10, 1.05,
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and 1.46 Å, respectively. The corresponding experimental values are 1.1, 1.0, and 1.57 Å. The

calculations of vibrational frequencies in Sec. 3.4 using optimized lattice parameters are performed

using a = 8.6821 Å, b = 12.3661 Å, and c = 8.3016 Å. These parameters are all within 3% from the

corresponding experimental values.22

3.2 Decomposition of the normal modes of vibration

Figure 2(a) shows that the frequency range of the calculated vibrational modes of MAPbI3 extends

up to 3100 cm−1. We have 144 normal modes, corresponding to the number of degrees of freedom of

4 CH3NH3PbI3 units in our unit cell. Visual inspection of the atomic displacements for each mode

allows us to identify vibrations of the PbI3 network, vibrations of the MA cations, as well as mixed

modes. Furthermore, some modes can be described as the rigid-body motion of PbI6 octahedra or

MA cations. In order to quantify these observations we perform a systematic decomposition of each

vibrational mode by defining appropriate projection operations as follows.

First we establish the cation (MA) and network (PbI3) component of each vibrational mode

by simply projecting the vibrational eigenstates onto the Cartesian displacements of the respective

atoms. The weights of all MA and PbI3 components correctly adds up to 4 × 8 × 3 = 96 and

4×4×3 = 48 degrees of freedom, respectively, as expected. After this initial decomposition, we focus

on the component of each mode which belongs to the MA cations, and we proceed to decomposing

the atomic displacements into the following components: (i) rigid translations, (ii) spinning around

the C−N axis, (iii) libration around the center of mass, and (iv) internal vibrations. To this aim

we write the displacement of each atom κ for each vibrational mode ν as follows:

∆τκ,ν = ∆τ
tr
κ,ν +∆τ

spin
κ,ν

+∆τ
libr
κ,ν +∆τ

int
κ,ν . (5)

We now proceed to determine each of these components in turn: (i) For determining the MA trans-

lations we calculate the coordinates of the center of mass of each cation in the equilibrium geometry,

τ
(1)
CM, and in the configuration with the vibrational eigenmode frozen-in, τ

(2)
CM. We note that the

definition of center of mass requires us to consider the real atomic displacements as opposed to the

mass-scaled displacements. The vector ∆τ
tr
κ,ν = τ

(2)
CM − τ

(1)
CM defines the translational component of

a given MA cation in this vibrational mode. (ii)-(iii) The next step is to remove the translational
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component from every atomic displacement: we define the atomic displacement without translation

as ∆τ
′

κ,ν = ∆τκ,ν − ∆τ
tr
κ,ν , and we proceed to extract the rotations from ∆τ

′

κ,ν . In this case we

choose the three orthogonal rotations axes so as they intersect at the center of mass of the cation,

and one axis is taken along the C−N bond. The rotational component along the C−N bond is

the ‘spinning’, and the other two components around axes perpendicular to the C−N bond corre-

spond to ‘librations’. For each rotation axis n we evaluate the momentum of inertia I using the

atomic coordinates and masses, and the angular momentum L along the rotation axis using the

atomic masses and displacements ∆τ
′

κ,ν (the choice of the time interval is inconsequential). From

these two quantities we calculate the average rotation frequency of the MA cation through the

relation L = Iω. The component of the atomic displacement arising from this rigid-body rota-

tion is then found as ∆τ
rot,n
κ,ν = nω × τκ. (iv) The internal vibrations of the cations are simply

obtained by removing the rotational components from what is left of the atomic displacements:

∆τ
int
κ,ν = ∆τ

′

κ,ν −∆τ
spin
κ,ν −∆τ

lib
κ,ν .

For the vibrational modes of the PbI6 octahedra we perform a decomposition into rigid transla-

tions, rotations, and internal vibrations using the same procedure as outlined above for the cations.

The only differences are that for convenience we set the three orthogonal rotation axes to coincide

with the unit cell vectors, and we assign each I atom to two PbI6 octahedra with equal weights.

These steps allow us to decompose each atomic displacement as ∆τκ,ν =
∑

n∆τ
(n)
κ,ν , where n

is a short to indicate the translations, rotations, and internal modes of either MA cations or PbI6

octahedra. The fraction of each component in a given mode is then obtained as

fn =

∑

κMκ

∣
∣
∣∆τ

(n)
κ,ν

∣
∣
∣

2

∑

n

∑

κMκ

∣
∣
∣∆τ

(n)
κ,ν

∣
∣
∣

2 , (6)

where the nuclear masses Mκ are necessary in order to switch to the orthonormal mass-scaled vibra-

tional eigenmodes. We note that the denominator in this expression is in general different from 1

(even though the eigenmodes are normalized, that is
∑

κMκ |∆τκ,ν |
2 = 1). This is a consequence

of the fact that the basis used for the decomposition is not orthogonal. Using an orthogonal basis

is possible in principle, but this would result into mixing translational and rotational components

and hence would defy the purpose of this analysis. As a sanity check we verified the deviation
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from orthogonality: in most cases the denominator in Eq. (6) deviates from unity by less than 3%.

However, in the case of the modes identified as rotations of the PbI6 octahedra (brown sticks in

Fig. 1), this deviation can reach up to 40% since the Pb-I-Pb bending and the PbI6 rotations define

overlapping subspaces. In practice this does not affect any of our conclusions, as it merely changes

the fraction of ‘rotation’ that we identify in such modes.

As a further test we checked that by adding up the components of the MA cation for each mode

we correctly obtain 12 translations, 8 librations, 4 spins, and 72 internal vibrations, respectively.

Similarly for the PbI3 network the sum of the contributions yield 3 translations, 2 rotations, and

43 internal vibrational modes. The fact that we obtain only 2 independent rotations is in good

agreement with the platonic model of Pnma perovskites developed by Filip et al.63 We also perform

a similar quantitative analysis to establish the contribution of the Pb−I stretching, Pb−I−Pb

bending and Pb−I−Pb rocking to the vibrational modes of the PbI3 network.

The result of this decomposition is shown in Figures 2 and 3. In the former we show the

contributions of translation, rotation, and internal modes of MA and PbI3 to each vibrational

mode, in order of increasing energy. In the latter we have the total and partial vibrational density

of states (vDOS) obtained from this analysis. The normal modes with frequencies between 300 and

3200 cm−1 are exclusively internal vibration of the MA cations, i.e. torsion, stretching and bending

modes of the C−H, N−H and C−N bonds, and are represented in green in Fig. 2(b) (modes 73–144)

and Fig. 3. Below 200 cm−1 we find 48 normal modes corresponding mostly (> 80%) to internal

vibrations of the PbI3 network. These modes are represented in blue. Four normal modes with

very large contribution arising from MA spinning are found between 100–150 cm−1 (yellow). The

remaining modes are identified with a mix of MA translations (black) and librations (red), and

appear in the frequency range 5–200 cm−1.

From Fig. 2(b) we can see that the mixing between the internal vibrational modes of the PbI3

network and those of the MA cation is negligible. This observation suggests that we can proceed

with the symmetry analysis of these modes by considering the perovskite network and the MA

cations as separate entities. This analysis is presented in the next section.
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3.3 Symmetry analysis

3.3.1 Vibrations of the PbI−3 network

In order to clarify the symmetry and predict the IR and Raman activity of each vibrational mode

we proceed to a factor group analysis.64 For the PbI3 network we consider the symmetry operations

of the Pnma space group (D16
2h). The PbI3 network of MAPbI3 admits 48 vibrational modes at Γ,

including 3 pure translations and 45 optical modes. The optical modes can be classified using the

following symmetry representation:

Γ = 7B1u + 6B2u + 7B3u
︸ ︷︷ ︸

IR active

+5Ag + 4B1g + 5B2g + 4B3g
︸ ︷︷ ︸

Raman active

+7Au. (7)

In order to identify the representation of each mode we verified the associated character tables

by directly applying the appropriate symmetry operations to each displacement pattern.64 The

representation and frequency of each mode are shown in Table 1, and schematic representations of

characteristic normal modes are provided in Fig. 4.

Based on the symmetry properties of the normal modes we can predict which vibrations will be

IR active or Raman active using the matrix element theorem.65 For a mode to be IR active it is

necessary that the eigenmode belongs to one of the irreducible representations of the electric dipole

operator. In the case of orthorhombic MAPbI3 the representation of the dipole is B1u⊕B2u⊕B3u,64

therefore the B1u, B2u, and B3u modes will be IR-active. This justifies our assignment in Eq. (7).

In the case of the Raman spectrum a mode will be active if the displacement pattern belongs

to one of the irreducible representations of the polarizability tensor. In the case of orthorhombic

MAPbI3 the polarizability is represented as B1g ⊕ B2g ⊕ B3g ⊕ Ag,64 therefore all the modes of

symmetry B1g, B2g, B3g and Ag normal modes are expected to be Raman-active. This is indicated

in Eq. (7). The remaining Au normal modes in Eq. (7) are expected to be silent, as their irreducible

representation is not contained neither in the dipole nor in the polarizability representations. In

Table 1 we report the calculated vibrational frequencies of each mode, together with the labels ‘IR’

or ‘R’ to indicate whether the mode is expected to be IR- or Raman-active. This table contains

the TO frequency of the normal modes. In order to confirm our predictions we explicitly calculate
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the IR intensities of the normal modes, and we report our results in Table 1. More details on these

calculations will be provided in Sec. 3.6 below. Our ab initio calculations confirm indeed that the

Bu modes are mostly IR active, and that all other modes exhibit a negligible IR activity (≤ 0.1

D2/Å2 amu).

Although we do not explicitly calculate the Raman intensity of the normal modes, we can

compare our symmetry analysis with the Raman spectra recently reported by Ledinsky et al.42

These authors identified Raman signal in the spectral region from 20 to 700 cm−1, and found two

distinct peaks at 52 and 110 cm−1. These findings match our analysis, which yield Raman-active

Ag and Bg modes in the same frequency range (Table 1).

3.3.2 Internal vibrations of the CH3NH+
3 cations

In order to analyze the internal vibrations of the MA cations we use the symmetry representations

of the C3v point group. Before considering the vibrational modes of MA in MAPbI3 we perform

preliminary calculations for the CH3NH+
3 cation in isolation, to be used as a guideline to assign

the modes in the crystal. In this case the calculations are performed in a large cubic supercell and

the positive charge is compensated by a uniform negative background. The factor group analysis

of the internal modes of MA yield the representations A2 + 5A1 + 6E, with the E modes doubly

degenerate.

In the case of MAPbI3 we find the same irreducible representations, multiplied by a factor of 4

as there are 4 MA units in the orthorhombic cell. The frequencies calculated for the bulk MAPbI3

are reported in Table 2. For simplicity we only report the average of the frequencies for modes

belonging to the same irreducible representation.

Using the same procedure as in Sec. 3.3.1 we can predict the IR and Raman activity of the

cations based on symmetry considerations. We find that the A1 and E modes are both IR and

Raman active. In contrast, the A2 modes are silent. These predictions are confirmed by our

calculated IR intensities, as shown in Table 2.

3.3.3 Rigid-body motion of the CH3NH+
3 cations

Besides vibrational modes that can be analyzed using the factor group analysis by considering the

PbI3 network and the MA cations separately, in Fig. 1 we see additional vibrational modes which
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corresponds to the rigid-body motion of the cations. These modes are mostly concentrated in the

frequency range 0–200 cm−1 as it can be seen in the partial vDOS, Fig. 2. In particular we have

cation translation and libration modes peaking around ∼90 cm−1 and ∼160 cm−1, and spinning

modes around ∼130 cm−1. In Table 3 we report the frequency of each of these normal modes,

along with the calculated IR intensities (in this case we do not use symmetry to predict IR and

Raman activity). Figure 5 shows schematic representations of the normal modes with the highest

IR intensities.

3.4 Sensitivity analysis for vibrational frequencies

The accuracy of the calculated vibrational frequencies rests upon the quality of the description of

the underlying DFT electronic screening. In the case of MAPbI3 it is known that the band gap

calculated within scalar-relativistic DFT is in apparent agreement with experiment,34 however this is

an artifact arising from the neglect of spin-orbit interactions. In order to correctly describe the band

gap of MAPbI3 within a fully-relativistic framework it is important to include GW quasiparticle

corrections.63,66–69 The most accurate calculations yield a bandgap of 1.7 eV, in good agreement

with experiment.63 Since calculations of vibrational spectra within the GW formalism is still beyond

current capabilities, we have chosen to perform calculations using scalar-relativistic (sc) DFT/LDA

on the grounds that the sc-LDA band gap is (fortuitously) very close to that obtained within

fully relativistic GW calculations. This should ensure that the dielectric screening and hence the

vibrational frequencies are well described in our calculations. In order to check this point, we

investigate the effect of the exchange-correlation functional and spin-orbit coupling on the calculated

frequencies. For completeness, we also check the effect of using optimized lattice parameters and

including van der Waals interactions.

Since the calculation of the force constant matrix is computationally demanding, instead of

re-computing all vibrational eigenfrequencies, we adopt a perturbative approach whereby the eigen-

modes are taken from our initial sc-LDA calculation. In this approach we map the parabolic

minimum of the DFT total energy along a given normal mode coordinate xν and obtain the cor-

responding eigenfrequency ων as the second derivatives of the total energy Etot with respect to

this coordinate: ω2
ν = M−1

0 ∂2Etot/∂x
2
ν . The atomic displacements corresponding to the normal

mode coordinate xν are generated using ∆τκα = (M0/Mκ)
1/2eκα,νxν , where eκα,ν is the same as in
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Eq. (2).70

The computed total energy curves corresponding to some representative normal modes are shown

in Fig. 6. For clarity we consider the B3g internal mode of the PbI3 network at 106.9 cm−1, the

libration mode of the MA cations at 165.8 cm−1, and the A1 internal mode of the MA cation at

1418 cm−1. The total energy curves are for our initial sc-LDA calculations, for relativistic LDA,

for LDA including van der Waals interactions, for LDA with optimized lattice parameters, and

for the PBE generalized gradient approximation.52 As expected the qualitative picture remains

unchanged in all cases. The calculated vibrational frequencies are reported in Table 4. From this

table we see that the use of experimental or optimized lattice parameters leads to a small change

of at most 10 cm−1 in the calculated frequencies. The inclusion of van der Waals interactions

reduces significantly the frequencies of the PbI3 network and librations of the MA cations by as

much as 30 cm−1, indicating that the interaction between the H atoms of the MA cations and

the PbI3 network affects the low-frequency vibrations of the MAPbI3 perovskite. We will further

discuss this result in Sec. 4 where we compare our theoretical IR spectrum for the MAPbI3 with

our experimental data. The inclusion of relativistic corrections reduces the frequency of the PbI3

network and libration of the MA cations by 15 cm−1, while the internal vibrations of the MA cations

are practically unchanged. We regard the relatively large discrepancy between scalar relativistic and

relativistic LDA for the B3g internal mode of the PbI3 network and the libration mode of the MA

cations as an artifact arising for the severe underestimation of the band gap in SOC-LDA, and

we expect that the scalar-relativistic value to be more reliable. When moving from LDA to PBE

we find a change in the PbI3 frequencies of at most 10 cm−1, and up to 50 cm−1 for the high-

frequency stretching vibrations of the cation. As we will see in Sec. 3.6 this shift fully accounts for

the discrepancy between our calculations and our measured IR spectra at high frequency.

3.5 Born effective charges

The calculated Born effective charge tensor [Eq. (1)] of the Pb atoms are found to be almost diagonal

and isotropic. The isotropic average is (1/3)
∑

αZ
∗

αα = +4.42, the largest deviation from this value

along the diagonal is 0.1, and the largest off-diagonal element is 0.77. Interesting the Born charge

of Pb is significantly larger than the nominal ionic charge +2. This finding is in line with similar

observations made for oxide perovskites,71,72 and indicates that these compounds have a mixed

15



covalent-ionic bonding character.

In the case of the I atoms the calculated effective charge tensors are highly anisotropic, even

after rotating the reference frame to be aligned with the nearest-neighbor Pb-Pb directions. In

this frame the largest off-diagonal component is 0.18, and the diagonal elements are (in average)

−4.15, −0.77, and −0.72. The largest component is always along the direction of the Pb-I bonds,

as expected. The isotropic average of the Born charges of I the atoms is −1.88, considerably larger

that the nominal charge of −1. This finding is consistent with the observation made in the case of

Pb, confirming the mixed character of the bonding.

For the MA cations we only discuss the isotropic averages of the Born charges. In the case

of carbon and nitrogen we find (1/3)
∑

αZ
∗

αα,C = +0.03 and (1/3)
∑

αZ
∗

αα,N = −0.95, respectively.

The hydrogen atoms associated with C and N carry effective charges +0.13 and +0.55, respectively.

If we take the sum of the (isotropic components) of the Born charges for −CH3 and for −NH3

separately we find +0.42 and +0.70, respectively. Therefore the MA cations carry a Born charge

monopole term Zmono
MA = 0.42+0.70 = 1.12, as well as an effective dipole with charge |Zdip

MA| = 0.56.

If we take the C−N bond length as the dipole length we obtain an ‘effective dipole’ of 3.9 D, which

is about twice the dipole of a water molecule.

We also note that the total isotropic Born charge of the PbI3 network is −1.2, and this is

compensated by the total charge of each cation +1.2. The fact that these values are close to the

nominal charges indicates that the covalent interaction between these two components is essentially

negligible.

As a sanity check we verified that the total Born effective charge tensor of the unit cell is

(almost) vanishing: we find the largest component to be maxκ,αβ
∑

κ Z
∗

κ,αβ = 0.17 when using a

4×4×4 Brillouin zone sampling, and an even smaller value of 0.09 when using a 6×6×6 sampling.

These values can be considered as negligible given that there are 48 atoms in the unit cell. The

calculated Born effective charges are summarized in Table 5.

3.6 Calculated infrared absorption spectrum

In order to calculate the IR absorption spectrum, we consider the fact that in our experiment

the spectrum is measured at normal incidence. With this experimental geometry only TO normal

modes can be excited. Therefore we determine the IR spectrum of MAPbI3 using the calculated
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TO normal modes. Our results are shown in Figure 7(b), (d), and (f). Moving from high frequency

to low frequency in Fig. 7(f), the two peaks with the highest intensity around 3084 cm−1 and

3067 cm−1 correspond to N−H stretching modes with E symmetry. Right next to these peaks

a shoulder appears at lower frequencies, 3046 cm−1. This feature is assigned to C−H and N−H

stretching modes with E and A1 symmetry, respectively.

Now we move to Fig. 7(b). After crossing a gap of almost 1500 cm−1 we find the next peak at

1536 cm−1, which corresponds to NH3 bending modes with E symmetry. Immediately next we have

two peaks, at 1418 and 1399 cm−1, and a small feature at 1366 cm−1. The first peak originates

from NH3 bending modes of A1 symmetry, and the second is from CH3 bending with E symmetry.

The small feature is also from CH3 bending, this time with A1 symmetry. The features with very

small IR intensities at 1232 and 1026 cm−1 correspond to E-symmetry CH3NH+
3 rocking modes

and A1-symmetry C−N stretching modes, respectively. Proceeding toward lower frequencies we

find two peaks at 906 and 890 cm−1, both corresponding to rocking modes of the CH3NH+
3 with

E symmetry. Our assignment is similar to that reported in by Glaser et al.45 and Carpentier et

al.73 Turning our attention to Fig. 7(d) we see two peaks at 170 and 150 cm−1 with significant IR

intensity. These peaks originate from the librations of the MA cations. We also find a very small

activity for one spinning mode of the cations, at 127 cm−1. The peaks between 10 and 100 cm−1

originate from vibrations of the PbI3 network with Bu symmetry. In particular the peak at 58 cm−1

is comprised of several Pb−I stretching modes with B1u, B2u and B3u symmetry.

Overall the present analysis indicates that the IR spectrum of MAPbI3 can be partitioned in

three well-distinct regions: the internal vibrations of the MA cations between 800−3100 cm−1, the

librations of MA cations in the range 140−180 cm−1, and the internal vibrations of the PbI3 network

below 140 cm−1.

The IR absorption spectrum is closely related to the frequency-dependent dielectric permittivity,

therefore we take this opportunity to comment on the permittivity as well. Our calculations yield

a high-frequency dielectric constant ε∞ = 5.9 (the tensor is found to be diagonal and essentially

isotropic). This value is in agreement with previous work: Umari et al.69 calculated a permittivity of

5.5 (7.6) within a DFT (GW) framework. In addition, the measured dielectric constant of MAPbI3

at high-frequency is 6.5.74 Figure 8 shows the calculated frequency-dependent permittivity ǫ(ω) in

the infrared spectral range (we consider the isotropic average since the tensor is practically isotropic).
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The static permittivity is found to be ε0 = 25.3, in reasonable agreement with the experimental

value of 30.5 at 126 K reported by Poglitsch and Weber.32 We found that the most important

contributions to the dielectric screening arise from the Pb−I stretching modes of Bu symmetry at

61.5, 59.7, 57.9 and 54.4 cm−1, and from the Pb−I−Pb rocking modes of Bu symmetry at 35.2,

33.4, 33.1 and 31.3 cm−1. The contributions of these modes are highlighted in Fig. 8.

4 Comparison between theory and experiment

The experimentally measured IR absorbance spectrum over a wide range of energies from 6 cm−1

to 3500 cm−1 is presented in Figure 7(a). As predicted by theory, thee distinct groups of absorption

peaks are observed. The slowly oscillating background in the experimental absorbance spectrum is

an interference artifact associated with highly flat evaporated MAPbI3 film creating a Fabry-Perot

cavity for transmitted IR radiation. The comparison between the measured and the calculated IR

spectra of MAPbI3 in the low-temperature Pnma structure is satisfactory throughout the wide

frequency range from 10 cm−1 to over 3500 cm−1 (i.e. almost up to 0.4 eV), both in terms of peak

frequencies and intensities. Figure 7 shows that the best agreement between theory and experiment

is obtained in the central portion of the spectrum for the internal vibrations of the cations. In

this frequency range, the assignment of the experimental peaks is quite natural, and the result

is shown in Fig. 7(a)-(b) (dashed blue lines). In the high-frequency region of the spectrum, we

have the H-related stretching vibrations, and here the deviation between theory and experiment is

more pronounced (∼70 cm−1). As we can see from Table 4 this deviation is associated with our

use of the LDA functional, and a PBE calculation would lead to a significantly better agreement

with experiment. Based on Table 4 we can safely assign the measured peaks by assuming that a

more accurate calculation would rigidly shift the theoretical spectrum towards higher frequencies.

The resulting assignment is shown in Fig. 7(e)-(f). For the low-frequency region of the spectrum,

corresponding to the librations of the cations and to the internal vibrations of the PbI3 network, the

comparison between theory and experiment indicates a good agreement, except for an additional

peak around 150 cm−1 in the calculated spectrum. In the measured spectrum we clearly recognize

four prominent peaks and two smaller features [marked by dashes in Fig. 7(c)]; in the theoretical

spectrum we have a prominent peak at 58 cm−1, a hump between 140 and 190 cm−1, and two low
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intensities features at 30 and 80 cm−1. By trying to match frequency and intensity of each peak we

tentatively propose the assignment shown by the blue dashed lines in Fig. 7(c)-(d).

In the case of the librational modes of the cations, our calculations appear to overestimate the energy

of the measured peaks by as much as 100 cm−1. Our present results agree with previous calculations

reporting significant IR intensity in the range 140–180 cm−1.44 We performed systematic tests to

see whether this is an effect of calculation parameters. As shown in Table 4, the overestimation

is significantly reduced (by as much as 30%) when van der Waals corrections are included in our

calculations. This result indicates that the interactions between the H atoms of the MA cations and

the PbI3 network may affect the frequency of the libration modes of the MA cations. A much better

agreement is obtained for the internal vibrations of the PbI3. The prominent peak and the two low

intensities features of the calculated spectrum can be clearly assigned to the two lowest-frequency

peaks and the two satellites of the measured IR spectrum, respectively.

In Table 6 we provide a summary of our tentative assignment of the features of the measured

IR spectrum of MAPbI3, labelled P0,. . . ,P18. In particular we propose the following attribution:

P0 (17 cm−1) is a Pb−I−Pb rocking mode of Bu symmetry; P1 and P2 (22 cm−1 and 30 cm−1,

respectively) are Pb−I stretching modes of Bu symmetry; P3 (35 cm−1) is a Pb−I−Pb bending

mode of Bu symmetry; P4 and P5 (47 cm−1 and 59 cm−1, respectively) are libration/translation

modes of the MA cations; P6 and P7 (906 cm−1 and 919 cm−1, respectively) are CH3NH3 rocking

modes of E symmetry; P8 (968 cm−1) is a C−N stretching mode of A1 symmetry; P9 (1255 cm−1)

is a CH3NH3 rocking mode of symmetry E; P10 and P11 (1386 cm−1 and 1419 cm−1, respectively)

are CH3 bending modes of symmetry A1; P12 (1450 cm−1) is a CH3 bending mode of E symmetry;

P13 (1457 cm−1) is a NH3 bending mode of A1 symmetry; P14 (1586 cm−1) is NH3 bending mode

of E symmetry; P15 (3030 cm−1) is C−H stretching mode of A1 symmetry; P16 (3080 cm−1) is

comprised of a C−H stretching mode of E symmetry and a N−H stretching mode of A1 symmetry;

P17 (3124 cm−1) is a N−H stretching mode of E symmetry; P18 (3172 cm−1) is a N−H stretching

mode of E symmetry.

4.1 Low-temperature vs. room-temperature spectra

It is instructive to compare our IR spectrum of the low-temperature phase (orthorhombic) of the

MAPbI3 perovskite with the data for the room-temperature phase (tetragonal) reported in the
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literature. We find that in the high-frequency region there are peaks in the IR spectrum of the

orthorhombic phase which remain distinguishable in the tetragonal phase, while other peaks merge

into broad structures at high temperature. For instance, the peaks at 3172 and 3124 cm−1 (N-H

stretching modes) in our experimental IR spectrum can clearly be recognized in the spectrum of the

room-temperature phase measured by Glaser et al.45, approximately at the same frequencies, 3179

and 3132 cm−1, respectively. The same behavior is observed for our measured peak at 968 cm−1

corresponding to the C-N stretching mode of the MA cations. Glaser et al.45 and Onoda-Yamamuro

et al.43 measured this normal mode at 960 and 961 cm−1, respectively. Onoda-Yamamuro et al.43

also found that in the IR spectrum of the orthorhombic phase there are two sharp peaks with

frequencies at 907 and 917 cm−1, which merge into a single broad peak in the tetragonal phase.

Interestingly, we observe the two sharp peaks of the orthorhombic phase in our IR spectrum. They

appear at 906 and 9019 cm−1 and are assigned to CH3NH3 rocking modes. Probably a similar

change takes place for the sharp peaks at 1450 and 1457 cm−1 in our infrared spectrum (assigned

to CH3 and NH3 bending modes, respectively), because in the IR spectrum of the tetragonal phase

reported by Glaser et al.45 only a single broad peak is observed.

We confirm these observations by measuring the infrared spectrum of MAPbI3 at room temperature.

In Figure 9 we compare the experimental infrared spectra of the low-temperature and the room-

temperature phase of the MAPbI3. Regarding the low-frequency region, we find that the two peaks

assigned to MA librations in our infrared spectrum of the orthorhombic phase merge into a single

broad peak in the spectrum of the tetragonal phase (see Figure 9), and that a similar change takes

place for the two main peaks assigned to the internal vibrations of the PbI3 network. We note that

in the low-frequency region our experimental infrared spectrum of the room-temperature phase is

rather different from the one reported by Mosconi et al.44 These authors report significant infrared

activity between 100 and 300 cm−1, however, in our experimental data there are no peaks between

100 and 800 cm−1. The origin of the additional structure in the spectra of Mosconi et al.44 remains

an open question, and it might possibly relate to impurities or photo-induced structural changes.

4.2 LO-TO splitting

By calculating the non-analytical part of the dynamical matrix we find that TO and LO frequencies

of most normal modes are very close, their differences being smaller than 3–7 cm−1 throughout the
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entire frequency range. One notable exception is a normal mode of the PbI3 network with B2u

symmetry, which exhibits a LO-TO splitting of 50 cm−1. The calculated TO and LO frequencies

of this mode are 53.6 cm−1 (this is an average over two B2u modes of similar frequencies) and

104.5 cm−1, respectively. This LO-TO doublet is clearly visible in Fig. 10 (marked by the vertical

black bars). Since the calculated frequency of the TO mode labelled as P2 in Fig. 7 underestimates

the measured frequency by approximately 23.6 cm−1, we expect the corresponding LO mode to

appear around ∼ 104.5+ 23.6 = 128.1 cm−1 in the experimental spectra. In this crude estimate we

assumed that the calculated LO-TO splitting is the same in theory and experiment.

5 Conclusions

In conclusion, we performed a joint computational and experimental study of the infrared absorp-

tion spectrum of the hybrid halide perovskite CH3NH3PbI3. We reported a detailed analysis of

the vibrational eigenmodes and eigenfrequencies calculated within density functional perturbation

theory, including a comprehensive factor group analysis. We also calculated the IR intensities and

the IR spectrum of this compound in the low-temperature orthorhombic Pnma structure. Our

analysis indicates that the IR spectrum of MAPbI3 consists of three regions, namely the vibrations

of the MA cations (800−3100 cm−1), the librations of the cations, (140−180 cm−1), and the internal

vibrations of the PbI3 network (< 140 cm−1). The static dielectric constant, which is calculated to

be ǫ0 = 25.3, is dominated by contributions from the Bu Pb−I stretching and Pb−I−Pb rocking

modes of the PbI3 network with frequencies below 110 cm−1.

We performed IR measurements at 10 K on evaporated perovskite films and obtained spectra

of MAPbI3 over a wide frequency range from 6–3500 cm−1. By comparing the calculated and

measured spectra we succeeded in assigning a number of prominent spectral features. We identified

three distinct regions in the spectra: the stretching and bending vibrations of the PbI3 network below

140 cm−1, the librations of the MA cations in the range 140−180 cm−1, and the stretching, bending,

and rocking modes of the MA cations between 800−3100 cm−1. In particular we identified the two

main peaks at low frequency as Pb−I stretching modes of Bu symmetry (22 and 30 cm−1) and MA

librational modes (47 and 59 cm−1). Our assignments will prove helpful in future characterization

of these compounds using infrared spectroscopy.
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Future work will be needed to clarify the origin of the theoretical overestimation of the librational

frequencies. Even after a careful sensitivity analysis we did not succeed in identifying the origin

of this discrepancy between theory and experiment. The inclusion of van der Waals interactions

brings the calculated frequencies closer to experiment, but the overestimation remains significant.

This finding calls for more detailed investigations into the role of van der Waals interactions in the

librational modes of the MA cations.

From our factor group analysis we were able to correctly predict the IR activity of the modes.

In addition we made predictions for the Raman activity of each vibrational mode, and we noted

agreement with previously reported Raman spectra. Given that we developed a complete symmetry

analysis of vibrational modes in MAPbI3, it would be interesting to see additional high-resolution

Raman measurements in order to complete our understanding of the infrared activity of these

important compounds.

We hope that the present work will stimulate further studies on the lattice dynamics and dielec-

tric properties of MAPbI3 and related organometal halide perovskites.
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Figure 1: Optimized structure of MAPb3 in the orthorhombic phase. The Pb atoms are represented
by the large black spheres in the center of the shaded octahedra. The smaller purple spheres located
at the corners of the octahedra indicate the I atoms. The MA cations are represented using ball-
and-stick models, with gray, green and white spheres denoting C, N and H atoms, respectively. The
unit cell is indicated by the black straight lines, with the axes given at the bottom.
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Figure 2: (a) Calculated vibrational frequencies for each eigenmode (discs). The line is a guide to the
eye. (b) Decomposition of the vibrational modes of MAPbI3 in the low-temperature orthorhombic
phase at the Γ point. The height of each stick represents the contribution of the corresponding
vibration to each eigenmode, according to Eq. (6). The color code is indicated in the legend.
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Figure 3: (a) Total and partial vDOS of MAPbI3 over the entire frequency range 0–3000 cm−1. (b)
Detail of total and partial vDOS of MAPbI3 in the range 0–200 cm−1. The color code is the same
as in Fig. 2: green and blue are for the internal vibrations of MA and PbI3, respectively; yellow and
red are for MA spin and libration, respectively; black and gray are for MA and PbI3 translations,
respectively; brown is for the rotations of the octahedra. The total vDOS is shown as a thin dashed
black line. We employed a Gaussian smearing of 5 cm−1 throughout.
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Figure 4: Schematic representation of some representative normal modes of vibration of the PbI3
network in MAPbI3. The PbI6 octahedra are shaded, the Pb and I atoms are in black and gray color,
respectively, and the MA cations are not shown for clarity. The symmetry, (calculated) frequency
and IR or Raman activity of each mode are also indicated.
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Figure 5: Schematic representation of the vibrational modes of MAPbI3 corresponding to libra-
tions/translations of the MA cations. The Pb and I atoms and the displacements of the H atoms
are not shown for clarity. The relative contribution of libration and translation to each mode is
provided in Fig. 2. The (calculated) frequency of each mode is indicated.
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Figure 6: Calculated DFT total energy of one unit cell of MAPbI3 as a function of normal mode
coordinate, for (a) the B3g Pb−I stretching mode of the PbI3 network at 106.9 cm−1, (b) the
libration mode of the MA cations at 169 cm−1 and (c) the A1 NH3 bending mode of the MA cation
at 1418 cm−1. The curves refer to: scalar-relativistic LDA calculations with experimental lattice
parameters (black circles), scalar-relativistic LDA calculations with optimized lattice parameters
(pink open circles), scalar-relativistic LDA with van der Waals interactions (blue open circles), fully
relativistic LDA calculations (green filled discs), and scalar-relativistic PBE calculations (red open
circles). The lines are parabolic fits and serve as guides to the eye. The vibrational frequencies
reported in Table 4 have been obtained as second derivatives of this curves at the minimum.
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Figure 7: (a) IR spectrum of MAPbI3 measured on thin films at 10 K. The most prominent peaks
are labeled by numbers and described in Table 6. The dashed blue lines indicate our tentative
assignment of these peaks to the corresponding features in the theoretical spectrum.(b) Calculated
IR spectrum of MAPbI3 in the low-temperature orthorhombic phase. The red sticks indicate the
calculated IR intensities of each peak, and the blue lines have been obtained using a Gaussian
broadening of the sticks. For each mode we indicate the corresponding symmetry, based on the
analysis of the normal modes carried out in Sec. 3.3. (c)-(f) Close-up of the experimental and
theoretical spectra shown in (a) and (b). The dashes in (c) indicate the peaks discussed in the main
text.
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Table 1: Symmetry, character and predicted activity of the normal modes of MAPbI3 corresponding to the vibrations
of the PbI3 network. ‘IR’ and ‘R’ indicate modes which are expected to be IR-active and Raman-active by symmetry,
respectively. We also report the IR intensities calculated from from principles (Sec. 3.6). Whenever the IR intensity is
not indicated the value was smaller than 0.1 (D/Å)2/amu.

Mode no. Symmetry Character Active Frequency IR int. Mode no. Symmetry Character Active Frequency IR int.
(cm−1) [(D/Å)2/amu] cm−1 [(D/Å)2/amu]

1 B1u 0.0 25 Ag Pb−I−Pb bend R 41.6
2 B3u 0.0 26 B1u Pb−I−Pb bend IR 46.2 0.7
3 B2u 0.0 27 B3g Pb−I−Pb bend R 46.3
4 Au silent 16.8 28 B3u IR 48.9 2.1
5 B3u IR 18.7 0.1 29 Ag Pb−I−Pb bend R 49.8
6 B2u IR 19.3 0.2 30 B2u Pb−I stretch IR 53.6 7.8
7 Ag R 21.4 31 Au Pb−I stretch silent 55.0
8 B1g Pb−I−Pb rock R 23.1 32 B2g Pb−I−Pb bend R 56.2
9 B3g Pb−I−Pb rock R 23.8 33 B1u Pb−I stretch IR 56.9 14.1

10 B2g Pb−I−Pb rock R 24.1 34 Au Pb−I stretch silent 58.7
11 B1u IR 24.9 0.6 35 B3u Pb−I stretch IR 59.7 14.3

12 Au silent 25.4 37 B2u Pb−I stretch IR 62.2 9.3
13 Au silent 26.7 41 B3u IR 73.6 0.1
14 B1u Pb−I−Pb rock IR 27.2 0.1 42 B1u IR 74.9 0.1
15 Au silent 27.3 43 Au silent 75.6
16 B2u IR 28.3 0.2 44 B2u IR 76.6 0.7
17 Ag Pb−I−Pb rock R 29.4 45 B3u IR 78.7 1.1
18 B3u Pb−I−Pb rock IR 31.1 1.3 46 B1u Pb−I−Pb bend IR 80.9 3.1
19 B2u IR 32.0 2.6 52 B3g Pb−I stretch R 90.0
20 B3u Pb−I−Pb rock IR 33.3 1.0 53 B1g Pb−I stretch R 91.6
21 B2g Pb−I−Pb bend R 34.5 54 Ag Pb−I stretch R 91.8
22 B1u Pb−I−Pb rock IR 35.2 1.6 58 B1g Pb−I stretch R 98.8
23 B1g Pb−I−Pb bend R 37.4 59 B2g Pb−I stretch R 104.9
24 B2g R 38.1 60 B3g Pb−I stretch R 106.9
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Table 2: Symmetry, character and predicted activity of the normal modes of MAPbI3
corresponding to the vibrations of the MA cations. ‘IR’ and ‘R’ indicate modes which
are expected to be IR-active and Raman-active by symmetry, respectively. We also
report the IR intensities calculated from first principles. The frequencies and intensities
have been averaged over degenerate modes.

Mode no. Symmetry Character Active Frequency (cm−1) IR int. [(D/Å)2/amu]
73–76 A2 Torsion silent 402 0.1
77–80 E CH3NH3 rock IR, R 890 4.6
81–84 E CH3NH3 rock IR, R 906 3.3
85–88 A1 C−N stretch IR, R 1026 0.3
89–96 E CH3NH3 rock IR, R 1232 0.1

97–100 A1 sym. CH3 bend IR, R 1366 0.3
101–108 E asym. CH3 bend IR, R 1399 1.0
109–112 A1 sym. NH3 bend IR, R 1418 2.4
113–120 E asym. NH3 bend IR, R 1536 0.6
121–124 A1 sym. C−H stretch IR, R 2938 0.1
125–132 E asym. C−H stretch IR, R 3036 1.7
133–136 A1 sym. N−H stretch IR, R 3046 5.1
137–140 E asym. N−H stretch IR, R 3067 61.5
141–144 E asym. N−H stretch IR, R 3084 49.1

Table 3: Character, frequency, and calculated IR intensity of the vibrational modes
corresponding to the rigid-body motion of the MA cations in the orthorhombic MAPbI3
unit cell. We distinguish spin, libration, and translations based on the decomposition
in Fig. 1. Modes of mixed character correspond to vibrations where the contribution
of different components have similar weights in Fig. 1.

Mode no. Character Frequency IR int. Mode no. Character Frequency IR int.
(cm−1) [(D/Å)2/amu] (cm−1) [(D/Å)2/amu]

36 libr/transl 60.9 61 spin 126.7 1.0
38 libr/transl 63.3 2.6 62 spin 127.1
39 translation 68.2 63 spin 128.0
40 translation 70.9 0.1 64 spin 129.2
47 libr/transl 82.4 0.3 65 libr/transl 145.9 6.1
48 libr/transl 83.8 66 libr/transl 150.0 1.0
49 libr/transl 84.8 0.3 67 libr/transl 153.0 1.6
50 translation 88.8 1.7 68 libr/transl 156.2 0.4
51 libr/transl 89.5 0.1 69 libr/transl 159.9 4.2
55 libr/transl 93.3 70 libr/transl 165.8 2.4
56 libr/transl 94.0 71 libr/transl 174.2 0.3
57 translation 96.0 72 libr/transl 174.5 3.2
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Table 4: Sensitivity of the calculated vibrational frequencies to spin-orbit coupling, lat-
tice parameter, and exchange-correlation functional. We consider the B3g Pb−I stretch-
ing mode of the PbI3 network at 106.9 cm−1, the libration mode of the MA cations at
169 cm−1, and the A1 NH3 bending mode of the MA cations at 1418 cm−1. The notation
is as follows: DFPT: sc-LDA frequencies obtained from linear response and reported
in Table 1 and 2; sc-LDA: scalar-relativistic LDA calculations with experimental lat-
tice parameters; LDA-opt: scalar-relativistic LDA calculations with optimized lattice
parameters; vdW-LDA: scalar-relativistic calculations including van der Waals inter-
actions; SOC-LDA: fully relativistic LDA calculations; PBE: scalar-relativistic PBE
calculations. The small deviation (< 10 cm−1) between the DFPT and the sc-LDA
frequencies is due to the evaluation of the second derivatives via finite differences of
the total energy.

Normal mode
B3g MA libration A1

frequency (cm−1) frequency (cm−1) frequency (cm−1)
DFPT 106.9 165.8 1418.0
sc-LDA 105.9 165.9 1421.8
LDA-opt 114.7 176.9 1425.3
vdW-LDA 77.7 143.6 1411.3
SOC-LDA 95.9 153.3 1420.4
PBE 114.7 170.9 1470.4

Table 5: Calculated Born effective charges of MAPbI3 in the low-temperature or-
thorhombic unit cell. Here we report the isotropic average of the tensors, Z

∗

=
(1/3)

∑

αZ
∗

αα. We provide results for each atom, as well as the totals for the PbI3
network and for the MA cation.

species Z
∗

species Z
∗

Pb +4.42 HC +0.13
I −1.88 HN +0.55
C +0.03 PbI3 +0.42
N −0.95 CH3NH3 +0.70

41



Table 6: Tentative assignment of the peaks in the measured IR spectrum of MAPbI3
at 10 K. The peak labels correspond to those indicated in Fig. 7(a).

Mode label Frequency (cm−1) Symmetry Description
P0 17 Bu Pb−I−Pb rock
P1 22 Bu Pb−I stretch
P2 30 Bu Pb−I stretch
P3 35 Bu Pb−I−Pb bend
P4 47 Libration/translation
P5 59 Libration/translation
P6 906 E CH3NH3 rock
P7 919 E CH3NH3 rock
P8 968 A1 C−N stretch
P9 1255 E CH3NH3 rock
P10 1386 A1 CH3 bend
P11 1419 A1 CH3 bend
P12 1450 E CH3 bend
P13 1457 A1 NH3 bend
P14 1586 E NH3 bend
P15 3030 A1 C−H stretch
P16 3080 E, A1 C−H stretch, N−H stretch
P17 3124 E N−H stretch
P18 3172 E N−H stretch
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Figure 11: TOC Graphic
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