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ABSTRACT: Using first-principles calculations, we perform a comprehensive and
systematic analysis to establish the role of van der Waals (vdW) interactions and
anharmonicity in the vibrational properties of the low-temperature orthorhombic phase of
the hybrid perovskite CH;NH,;Pbl;. To this end, we consider the most common
approaches for including vdW effects in our phonon calculations: the semiempirical
Grimme approximations, the Tkatchenko-Scheffler dispersion corrections, and the vdW
density-functional method. The vibrational normal modes are first calculated within the
harmonic approximation. We consider the LDA and GGA approximations to the
exchange-correlation functional and include spin—orbit coupling (SOC) effects. On top of
the harmonic calculations, we also evaluate the anharmonicity of the normal modes and
the phonon—phonon coupling by solving one-dimensional and two-dimensional nuclear
Schrédinger equations, respectively, via the finite-displacement method. We observe that
both the LDA and GGA approximations work remarkably well in describing the
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vibrational properties of CH;NH;PbI;. We find that vdW effects and relativistic effects do not have any significant impact on the
vibrational properties of CH;NH,PbI,. Our study also reveals that the spinning modes of the organic CH;NHj cations carry

considerable anharmonicity but that the anharmonic coupling between different modes is relatively small.

1. INTRODUCTION

The organic—inorganic halide perovskite MAPbI; (MA =
CH;NH;) and its related compounds are considered key
emerging materials in energy research, owing to their high
performance in solution-processable solar cells.'™"" Other
promising applications of this important class of materials
include light-emitting diodes and solar-to-fuel energy con-
version devices.'”"” During the past two decades, many efforts
have been devoted toward unraveling the origin of the
outstanding performance of this perovskite family in photo-
It was found that MAPDI; has unique
electronic and optical properties: it has a small direct band
gap of 1.6 eV and a high absorption coefficient across the visible
spectrum.”'? The excitons created upon light absorption have a
weak binding energy (20 meV),'” leading to thermal
dissociation of electron—hole pairs. Owing to the low effective
masses of the free electron and hole carriers, they can travel
through the perovskite matrix with relatively high mobilities
(50 cm®V~!s7").'"” In addition, the recombination rates of the
charge carriers are relatively low, leading to long carrier
diffusion lengths, which enable efficient charge extrac-
tion, 131819

The vibrational properties of MAPbI; have also been actively
investigated, as they are highly relevant for further under-
standing the optoelectronic properties of this material.”' ">
Having solid data on the infrared and Raman spectra of
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voltaic devices.
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MAPDI, is essential not only because they can be used in the
characterization of this perovskite but also because much
information on the structural, mechanical, and electronic
properties of MAPDbI; can be derived from these spectra, e.g,
dielectric properties, heat capacities, charge carrier and
relaxations rates, phase transitions, and degradation pro-
cesses.””*”” First-principles phonon calculations reveal that
vibrations of MAPDbI; can be classified as internal vibrations of
the organic MA cations (with frequencies ranging between 300
and 3200 cm ™), librations and spinning of these cations (with
frequencies between 60 and 180 cm™"), and internal vibrations
of the inorganic Pbl; network (with frequencies below 120
ecm™).** A complete description of these normal modes,
including their symmetry and character, was recently
proposed.”* In a previous work”* by some of us, we predicted
a large LO-TO splitting in MAPbI; for the low-frequency B;,
Pb—I stretching mode. This LO-TO splitting was recently
measured by two independent groups. Wright et al.'” estimated
the frequency of the LO normal mode via temperature-
dependent photoluminescence measurements, and soon after,
Sender et al.”® determined the frequency of this normal mode
by means of infrared spectroscopy measurements at oblique
incidence. Moreover, Wright et al."” found that the scattering
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from LO phonons via the Frohlich interaction is the dominant
source of electron—phonon coupling in MAPbI; and related
compounds. This discovery is important for the development of
high-efficiency perovskite solar cells, as phonon scattering
intrinsically limits the charge-carrier mobilities.

The infrared and Raman spectra of MAPbI; were measured
by several groups.’””* The experimental infrared spectra
reported in the literature are generally consistent with one
another.””*>*” On the other hand, one can find substantial
differences between the reported Raman spectra.””*’ The
origin of these discrepancies possibly lies in the fact that
MAPDI; can undergo degradation during the Raman measure-
ment due to the laser beam.*>**** Thus, some Raman peaks
may not correspond to MAPbI; but to degradation products,
for instance, Pbl, and MAI as it was found by Ledinsky et al.”’
In the particular case of the infrared spectra of MAPDI;, for
most of the measured peaks there is a very good agreement
with calculations, except for two peaks with frequencies 155
and 175 em™}, assigned to librations of the organic MA
cations.”* The frequencies of these two peaks are overestimated
in the calculations by ~100 cm™'. The origin of such an
overestimation is currently unclear. In our previous work,™*
using a perturbative approach we found that vdW interactions,
described via the semiempirical Grimme approach,® slightly
red shift the calculated frequencies of the libration modes of the
MA cations, reducing the discrepancy by as much as 30%. This
is not enough to account for the deviation between theory and
experiment; however, it points to the need for an in-depth
investigation to clarify whether the vibrational frequencies are
affected by vdW effects. Furthermore, this raises the question as
to whether the calculated infrared intensities depend on vdW
effects. To our knowledge, this possibility has not been
investigated yet.

Besides vdW interactions, anharmonicity is another effect
that may explain the overestimation of the libration frequencies.
As far as we know, anharmonic effects have been investigated
only for the soft modes of the high-temperature phase of
MAPbI,. >

In order to ascertain the role of vdW interactions and
anharmonicity in the vibrational properties of MAPbI;, we here
perform a systematic study of the lattice dynamics. We calculate
normal-mode frequencies with and without vdW interactions,
within the harmonic approximation, using the “frozen phonon”
method (FP) or density functional perturbation theory
(DFPT). To describe vdW interactions, we adopt the most
common approximations: the semiempirical Grimme approx-
imations [Grimme-D2, Grimme-D3, and Grimme-D3-
(B))];>*7 the Tkatchenko-Scheffler dispersion corrections
(TS);* and the nonlocal vdW density functional (DFT-vdW)
method."” We also consider SOC effects in our calculations.
For the sake of reproducibility, we run calculations with two
different software packages, Quantum EXPRESSO*' (QE) and
ABINIT.*** On top of these calculations, we evaluate
anharmonicity in the normal modes by solving the one-
dimensional (1D) and the two-dimensional (2D) nuclear
Schrodinger equations, using the finite-displacement method.

Our manuscript is organized as follows. In section 2, we
introduce the methods and approximations used to calculate
normal modes and to evaluate anharmonicity. In section 3, we
present and discuss our results in the following order: we first
discuss the performance of the GGA and LDA approximations
in describing the vibrational properties of MAPbL; (section
3.1). We then move to discuss the vibrational properties

obtained from scalar-relativistic calculations with and without
vdW effects (section 3.2). We discuss our results from fully
relativistic calculations with and without vdW corrections
(section. 3.3). In section 3.4, we discuss the effect of complete
geometry relaxation when including vdW corrections and when
moving from scalar to fully relativistic calculations. In section
3.5 and section 3.6, we present our results on phonon—phonon
anharmonic couplings within the same vibrational mode and
between different modes. Finally, in section 4, we provide our
concluding remarks.

2. COMPUTATIONAL DETAILS

We calculate the normal modes in the low-temperature
orthorhombic phase of MAPbI;. The choice is made on the
basis that (1) the orthorhombic structure of MAPbI; has been
characterized thoroughly by means of X-ray and neutron
diffraction experiments, and (2) at variance with the room-
temperature (tetragonal) and high-temperature (cubic) phases
of MAPbI;, in the orthorhombic phase the organic MA cations
exhibit a perfect orientational order.”***

We study structural properties using density functional
theory (DFT) and vibrational properties using either density
functional perturbation theory (DFPT) or the “frozen phonon”
(FP) method. We carry out calculations using two widely used
software packages: Quantum ESPRESSO™" (QE) and ABI-
NIT.*** Both packages are based on plane-wave basis sets to
represent the electronic wave functions and charge density. We
test our calculations with the two most common approx-
imations to the exchange-correlation functional, the generalized
gradient approximation (GGA) as proposed by Perdew, Burke,
and Ernzerhof (PBE),* and the local density approximation
(LDA)."” For the calculations performed with QE, ultrasoft*®
and norm-conserving®’ pseudopotentials are employed to
describe the core—valence interaction, with the semicore d
states taken explicitly into account in the case of the Pb and I
atoms; while for the calculations performed with ABINIT,
optimized norm-conserving Vanderbilt pseudopotentials
(ONCVPSP-PBE) are used.’® Plane-wave basis sets with
converged energy cut-offs of 100 and 400 Ry (40 and 200
Ry) are used for norm-conserving (ultrasoft) pseudopotentials
to represent the wave functions and charge density,
respectively. The first Brillouin zone is sampled with a 4 X 4
X 4 Monkhorst—Pack k-point grid.

We adopt several approaches to take into account vdW
interactions in our calculations: the Grimme approxima-
tions,>>*”** the TS correction,® and the vdW density
functional method proposed by Kolb et al.*” The Grimme-
D2 and TS methods are based on pairwise atomic potentials of
the form C4/R®, where Cg are the dispersion coefficients, and R
represents the distance between atoms, whereas the last one
uses nonlocal potentials. In the Grimme-D3 method, environ-
ment-dependent coefficients are used, and a three-body term is
added. A revised method proposed by Becke and Johnson,”"**
referred to as Grimme-D3(BJ), includes a more physical
damping function. In the three Grimme methods, the
dispersion coeflicients are derived empirically from the atomic
polarizabilities and first ionization energies of the atoms. In
contrast, in the TS method, these coefficients are derived from
first-principles, starting from the electron density. All the
methods adopted here are implemented either in QE or in
ABINIT (or both).

The atomic positions are optimized until the largest force is
smaller than 0.005 eV/A, using the experimental lattice
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parameters. In all the cases, the structural optimization is
initialized using the experimental coordinates of the Pb, I, H, C,
and N atoms reported by Baikie et al.’ For the sake of
completeness, we also compute the vibrational properties for
fully optimized structures (i.e., both lattice parameters and
atomic coordinates). In this case, we study the effect of vdW
corrections and SOC effects on the lattice parameters and on
the IR spectrum.

Given the relatively large unit cell, we calculate the
vibrational normal modes within the harmonic approximation
at the I point. For the sake of reproducibility, we carry out
some phonon calculations with DEPT or FP using the same set
of DFT parameters. Both methods produce very similar
normal-mode frequencies, with a maximum deviation of 4
cm™". The Born charge tensors, static and high-frequency
dielectric constants, and infrared intensities are calculated using
the same methods as in Pérez-Osorio et al.”*

We evaluate anharmonic corrections for each individual
normal mode as follows. For each mode v, we first compute the
adiabatic potential energy surface (APES) as a function of the
normal mode coordinate x,, using finite displacements. The
atomic displacements of an atom & along direction a,
corresponding to the normal mode coordinate x,, are generated
using Az, = (My/M,)Y Zem,yxw where M, is the average mass
over the unit cell (in our specific case, it corresponds to the
reduced mass of the MAPbI, primitive unit cell), M, are the
nuclear masses, and e, , are the vibrational eigenmodes. We fit
the computed APES to a sixth-order polynomial. We then solve
numerically the nuclear Schrodinger equation using

1 0

M 3 + U(xy)u(xy) = Eu(xb)
0 v

(1)

Here, U denotes the computed APES, u represents the
nuclear wave functions, and E the corresponding eigenvalue. In
order to solve eq 1, we use the finite-difference method.”® We
obtain the anharmonic frequency of the normal modes as the
frequency of the vibrational transition between the second and
the first eigenvalues.

In order to determine the corresponding harmonic
frequencies, we repeat the above procedure, this time retaining
only the terms in the polynomial fit up to second order. The
anharmonic correction is defined as the difference between the
anharmonic and the harmonic frequency.

For the study of anharmonic phonon—phonon couplings
between different normal modes, we consider the two modes
with the largest anharmonic corrections. As will be shown in
section 3.5, the spinning modes of the MA cations are found to
carry considerable anharmonicity. Taking into account this
result, we investigate phonon—phonon interactions between
these two modes.

We evaluate anharmonic phonon—phonon interactions
between two phonons, v and v/, as follows. We first compute
the two-dimensional (2D) APES as a function of the normal
mode coordinates of two normal modes, x, and y,, using the
finite-displacement method. Once the 2D APES is computed,
we fit the data using a 12th-order polynomial of two variables,
whose terms are given in Table 1. This 12th-order polynomial
is constructed as the product of two sixth-order polynomials,
p(x) and p(y). We then solve numerically the 2D nuclear
Schrodinger equation, using the finite-difference method:
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Table 1. Terms of the 12th-Order Polynomial Used to Fit
the Computed Two-Dimensional APES®

1 < X2 <3 4 5 6

X X X
1| agp ag1X apex? ag3x° apsx?  agshx®  apex®

¥ | awy auxy ax’y  axPly  apX’y  aexly
}’2 20Y" | @21Xy a22X2y2 a23X3y2 024X4y2 a25X5y2 a26XGy2
y3 a30y" a31X}’3 1132X2y 8 a3;3x3y3 a34x4y3 1135X5y 3 a:36X6y3
v syt anxyt anx®y' apxly' aux'y' syt agexSy?
y5 1150)’5 (l51Xy5 a52X2y5 1153)‘33/5 Cl54X4y5 ll55X5y5 assxﬁys
y 6 (160}’6 061Xy6 a62X2Y 6 (lesxsyﬁ ae4x4y6 a65X5Y 6 a66X6y6

“The polynomial is constructed as the product of two 6th-degree
polynomials, p(x) and p(y). The harmonic APES is calculated by
considering the terms of this polynomial up to second order (these
terms are highlighted in red).

1 [ 0% 0’u _
i lae + ()y—z + U(x,, 3, )u(x,, y,) = Eu(x,, y )
0 v v’

@)
This equation is similar to eq 1; however, here U is the
computed 2D APES, and u denotes the 2D nuclear wave
function. We obtain the anharmonic frequency of the
interacting phonons as the difference between the second and
the first eigenvalue.

In order to determine the corresponding harmonic
frequency, we repeat the above procedure, this time retaining
only the polynomial terms up to second order. These terms are
highlighted in red in Table 1. Since within the harmonic
approximation phonons are decoupled, this frequency is
expected to be very similar to the lowest harmonic frequency
of the two individual normal modes, as obtained by solving the
1D Schrédinger equation.

The anharmonic correction arising from intermode phonon—
phonon coupling is defined as the difference between the
anharmonic frequency of the coupled normal modes, and the
lowest calculated anharmonic frequency of the two individual
modes, as obtained by solving the 1D Schrédinger equation.

3. RESULTS AND DISCUSSION

3.1. LDA vs GGA. The two most common approximations
to the DFT exchange and correlation functional are the local
density approximation (LDA)*” and the generalized-gradient
approximation (GGA) of PBE.”* Here, before introducing vdW
corrections into our phonon calculations, we test these two
approximations in the calculation of the normal-mode
frequencies, using DFPT. To this end, we consider scalar-
relativistic (sc) calculations. The calculated frequencies within
the LDA and GGA are shown in Figure la. As we can see, both
approximations produce very similar normal-mode frequencies,
with a maximum deviation of 8 cm™. The analysis of the
normal modes of MAPbI;, following the method proposed by
Pérez-Osorio et al,”* reveals that with either functionals they
can be classified as internal vibrations of the MA cations (300—
3200 cm ™), libration/translation (60—200 cm™"), and spinning
(120—140 cm™) of these cations, as well as internal vibrations
of the Pbl, network (10—110 cm™"). Therefore, LDA and GGA
yield very similar total and partial vibrational density of states
(vDOS), as shown in Figure 2.

To further assess the performance of the LDA and GGA in
describing the vibrational properties of MAPbI;, we calculate
the Born effective charge tensors and static and high-frequency
dielectric constants. Our results for the Born charge tensors are
given in Table 2. We observe small differences between the
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Figure 1. Comparison of the calculated normal-mode frequencies of MAPbI; with different DFT parametrization schemes: (a) scalar-relativistic
calculations using LDA and GGA; (b) scalar-relativistic calculations with vdW corrections, using the GGA; (d and e) fully relativistic calculations
using LDA and GGA, respectively; (f) fully relativistic calculations with vdW effects, using the GGA. In b—e, the results are compared with the
corresponding calculated frequencies obtained from scalar relativistic calculations without vdW corrections. (c) Deviations of the calculated
frequencies with vdW corrections with respect to the corresponding calculated frequencies without vdW corrections. In all the plots, the gray line is a
guide to the eye. The calculations were performed using Quantum ESPRESSO.

calculated Born charges with the LDA and GGA approx-
imation. We note that while the Born charge tensor of the Pb
atoms is highly isotropic, the Born tensors of the I atoms are
very anisotropic. The isotropic averages of the Pb and I Born
charge tensors, Z* = (1/3)Y.,Z%, are 4.44 (4.37; 431) and
—1.88 (—1.87; — 1.83), respectively, using LDA within QE
(GGA-QE; GGA-ABINIT). These values are larger than the
corresponding nominal charges of the Pb and I atoms in
MAPDI;, which are +2 and —1, respectively, indicating the
mixed covalent-ionic character of the Pb—I bonds. In the case
of the C, N, and H atoms, their Born charge tensors are also
highly anisotropic. The isotropic averages of the C and N
tensors are 0.04 (0.13; 0.12) and —0.92 (—0.84; — 0.81),
respectively, with LDA-QE (GGA-QE; GGA-ABINIT). Our
calculations yield a high-frequency dielectric constant &, = 5.8
(5.6; 5.2) using LDA-QE (GGA-QE; GGA-ABINIT). These
values for £, are in good agreement with previous theoretical
works'**"** and with the experimental value of 6.5.°° We
further evaluate the static dielectric constant, obtaining a value
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of & = 253 (20.0; 18.7) using LDA-QE (GGA-QE; GGA-
ABINIT). These values are in reasonable agreement with the
experimental value of 30.5 measured at 126 K.>” The fact that
the LDA and GGA yield similar results for the normal-mode
frequencies and Born effective charges suggests that the infrared
spectra of MAPDI; calculated within these approximations
should also be very similar. We verify this hypothesis by
explicitly calculating the infrared spectrum using the GGA
approximation and comparing our result with the infrared
spectrum calculated using the LDA approximation, recently
reported by Pérez-Osorio et al.** (see Figure 3). We note that
the IR peaks in the LDA and GGA calculations match closely.
The analysis of the normal modes reveals that the character and
symmetry of the peaks are the same. The complete character-
ization of the peaks was reported by Pérez-Osorio et al.”* using
the LDA approximation. By comparing our calculated infrared
spectra with the experimental data of MAPbI; (see Figure 3),
we observe that for most of the measured peaks there is good
agreement with our calculated spectra, except for the two peaks
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Figure 2. Total and partial vDOS of MAPbI, over the entire frequency range 0—3200 cm™, using (a,b) LDA; (c,d) GGA; (e,f) SOC-GGA. (b, d,
and f) Details of the total and partial vDOS in the range 0—200 cm™'. The green and blue curves are the internal vibrations of MA and Pbl,,
respectively; the yellow, red, and black curves are the spinning, librations, and translations of MA, respectively; the brown curve is the rotations of the

Pbl, octahedra. The total vDOS is shown as a thin dashed black line. We use a Gaussian smearing of 5 cm™

performed using Quantum ESPRESSO.

throughout. The calculations were

Table 2. Calculated Born Effective Charges of MAPbL; within the LDA and GGA Approximations®

LDA-QE GGA-QE GGA-ABINIT

species WS i z¥ z¥ Zii z¥ z¥ 5 Zx z¥
Pb 4b 421 440 472 4.04 432 473 3.77 437 479
11 4c —4.16 —0.96 —0.55 —4.14 —0.95 —0.56 —-3.45 —0.87 —0.59
2 8d —4.11 —-0.93 —-0.59 —4.02 —-0.92 —0.61 —4.02 —1.00 —-0.75
C 4c —0.16 —0.10 0.39 —0.0S -0.03 0.47 -0.16 0.02 0.50
N 4c —-1.22 —1.00 —0.54 -1.09 -0.93 —0.50 —1.06 —0.85 —0.53
HIl. 4c 0.06 0.08 0.02 0.07 0.19 0.19 0.04 0.09 0.14
H2. 8d 0.07 0.15 0.19 0.03 0.12 0.17 0.0 0.13 0.17
Hly 4c 0.11 0.17 1.36 0.12 0.15 1.31 0.17 0.20 1.16
H2y 8d 0.09 0.26 1.32 0.09 0.25 1.26 0.19 0.26 1.09

“We report the average of the Born charge tensor eigenvalues Z¥ over the atoms in the same Wyckoff site. “QE” and “ABINIT” refer to the software

package used in the calculations.

appearing between 150 and 175 cm™', which correspond to
librations of the MA cations. Thus, we find that both the LDA
and GGA approximations overestimate the frequencies of these
vibrational modes, as previously reported by Pérez-Osorio et
al.** using the LDA approximation. In the following sections,
we investigate whether this overestimation can be attributed to
the lack of vdW interactions, SOC effects, and anharmonicity in
our phonon calculations.

3.2. vdW Interactions. As the next step, we carry out
scalar-relativistic phonon calculations containing vdW correc-
tions. In this case, we employ the FP method and the DFPT
approach with QE and ABINIT, respectively. The calculations
are performed starting from the GGA approximation of
Perdew, Burke and Ernzerhof (PBE):* in previous works it
was found that the pairwise corrections applied to the PBE
exchange-correlation functional work remarkably well in
describing the crystal structure of vdW materials.”*”*%%~ o0
The normal-mode frequencies calculated using the Grimme-D2
method, the TS method, and the vdW density functional are
displayed in Figure 1b. In this figure the normal-mode
frequencies are compared to those calculated without vdW
corrections. This allows us to clearly discern the effect of the
vdW corrections on the normal-mode frequencies. We observe
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that the three approaches used to describe vdW corrections,
yield normal-mode frequencies that vary slightly from the GGA
values without vdW effects. The largest deviations in the low
(0200 cm™) and high-frequency (400—3200 cm™") regions
are obtained with the vdW-DF method, which yields 25 and 50
cm™, respectively, as shown in Figure lc. With the TS method
(Grimme-D2), the largest deviations in the low and high-
frequency regions are 15 and 20 cm™ (15 and 35 cm™),
respectively [see Figure 1c].

Normal mode frequencies calculated with Grimme-D3 and
Grimme-D3(BJ) methods are similar to the Grimme-D2 values.
The largest deviation from the GGA values in the low and high-
frequency regions are 20 and 40 cm™' (~15% and ~1.5%),
respectively, with Grimme-D3, and 10 and 30 cm™" (~7% and
~1%), respectively, with Grimme-D3(BJ). Therefore, our
results strongly support the notion that vdW interactions
have only little effect on the vibrational properties of MAPbI;.

To further clarify this point, we calculate Born charge
tensors, dielectric constants, and infrared spectra of MAPbI; by
including vdW corrections. Our results for the Born charge
tensors calculated using ABINIT within the Grimme-D2,
Grimme-D3 and Grimme-D3(B]J) approximations are given in
Table 3. We observe small differences between the calculated
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Figure 3. Infrared spectra of MAPDI;, in the low frequency region,
calculated at the experimental and at optimized lattice parameters,
using different functionals. Spectra calculated at experimental lattice
parameters: scalar-relativistic LDA and GGA (red and blue curves,
respectively); scalar-relativistic GGA with Grimme-D2 vdW correc-
tions (orange curve); fully relativistic GGA (purple curve); fully
relativistic GGA with Grimme-D2 vdW corrections (light blue curve);
scalar-relativistic LDA with anharmonic corrections to the normal-
mode frequencies (green curve). Spectra calculated at optimized lattice
parameters: scalar-relativistic GGA (gray curve), scalar-relativistic
GGA with Grimme D3 vdW corrections (brown curve), and fully
relativistic GGA with Grimme-D3 vdW corrections (dark green
curve). The spectra are calculated using a Gaussian broadening of S
cm™". The explicit expression for the infrared intensity can be found in
the work by Pérez-Osorio et al,,** eq (4). For comparison, we show
the experimental spectrum reported by Pérez-Osorio et al.>* Reprinted
from ref 24. Copyright 2015 American Chemical Society. The
calculations were performed using Quantum ESPRESSO [sc-LDA,
sc-GGA, soc-GGA, and sc-LDA(anharmonic)] and ABINIT [Grimme-
D2-sc-GGA, Grimme-D2-soc-GGA, sc-GGA (optimized cell),
Grimme-D3-sc-GGA (optimized cell), and Grimme-D3-soc-GGA
(optimized cell)].

Born charges with and without vdW corrections. The isotropic
average of the Pb, I, C, and N Born effective charge tensors are
4.34, — 1.85, 0.13, and —0.78, respectively, using Grimme-D2;
4.22, —1.80, 0.11, and —0.83, respectively, using Grimme-D3;
and 4.28, —1.81, 0.12, and —0.82, respectively, using Grimme-
D3(BJ). The three methods produce very similar Born effective
charge tensors, with the largest deviation found for the Pb

atoms. Our calculations yield a high-frequency dielectric
constant &, = 5.5, 5.1, or 5.2, using the Grimme-D2,
Grimme-D3, or Grimme-D3(BJ) approximation, respectively.
Our static dielectric constant is &, = 25.3, 21.0, or 18.2, using
Grimme-D2, Grimme-D3, or Grimme-D3(BJ), respectively. All
these values are close to our GGA results without vdW
corrections (&, = 5.6 and &, = 20.0), and remain in reasonable
agreement with the experimental values of 6.5°° and 30.5.%
Figure 3 shows that our calculated infrared spectra of MAPDI;
obtained by including vdW corrections are very similar to the
spectrum obtained within the GGA approximation (without
vdW corrections). Neither the intensity nor the position of the
peaks is significantly modified. The two peaks appearing
between 150 and 175 cm™" are slightly red-shifted, by at most
15 cm™!, reducing the discrepancy with the experimental
spectrum.

Overall, we find that the results obtained with the different
methods used to account for the vdW interactions are
consistent. Moreover, our results reveal that the inclusion of
vdW effects in the calculations do not change in any significant
way the vibrational frequencies and the infrared spectrum of
MAPDI;. These results strongly support the idea that vdW
interactions do not play an important role in the vibrational
properties of this perovskite.

In the next section, we investigate whether SOC effects in
combination with vdW interactions could produce non-
negligible changes.

3.3. vdW Interactions and SOC Effects. It is well-known
that to correctly describe the electronic properties of MAPbI,
from first-principles, it is important to take into account spin—
orbit interactions. The calculated scalar-relativistic bandgap of
MAPbL, is 1.68 €V,'® which is coincidentally very close to the
experimental optical bandgap 1.6 eV.°" This is an artifact due to
the neglect of spin—orbit interactions of the Pb and I atoms in
the calculation. On the contrary, the calculated band gap within
fully relativistic DFT is 0.6 eV.'" By including quasiparticle
corrections on top of the fully relativistic DFT calculation via
the state-of-the-art GW approximation and by performing self-
con51stency on the eigenvalues, the bandgap becomes 1.72
eV, which is in good agreement with the experiment.

In this section, we investigate whether the spin—orbit
coupling in combination with vdW corrections has an effect
on the vibrational properties of MAPDI;. As the first step, we
analyze the normal-mode frequencies. To distinguish the effects
arising from SOC corrections and from vdW interactions, we
perform fully relativistic phonon calculations with and without
vdW effects. In Figure 1d and e, we compare our calculated
fully relativistic normal-mode frequencies without vdW effects
with our results from scalar-relativistic calculations, using the
LDA and GGA approximations, respectively. One can observe
in Figure 1d and e that the differences between the scalar and
fully relativistic normal-mode frequencies are small, both in the
LDA and GGA. The largest deviations in the low and high-
frequency regions are S and 20 cm™} respectively, with LDA,
and 15 and 40 cm™’, respectively, with GGA. These results
point to the fact that the vibrational modes of the Pb—I
network and MA cations are not influenced by the strong SOC
of the Pb and I atoms. The analysis of the normal modes
reveals that the vibrational density of states in the scalar and
fully relativistic descriptions are almost the same, as shown in
Figure 2e and f.

We then proceed to include vdW corrections in our fully
relativistic calculations. To this end, we consider the three
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Table 3. Comparison of the Born Effective Charges of MAPbI; Calculated Using Scalar-Relativistic GGA with or without vdW
Corrections [ Grimme-D2, Grimme-D3, and Grimme-D3(B]J)]*

sc-GGA Grimme-D2-sc Grimme-D3-sc Grimme-D3(BJ)-sc
species 'S Z¥ z5 z¥ Z¥ /3 z¥ Z¥ z5 zZ¥ Vi z5 zZ¥
Pb 4b 3.77 4.37 4.79 3.92 4.14 4.96 3.78 4.18 4.70 3.78 4.28 4.78
11 4c -34S —0.87 —0.59 —4.40 —0.84 —0.61 —3.48 —0.83 —0.61 -34S —0.85 —0.60
12 8d —4.02 -1.00 —0.75 -3.91 —-0.78 -0.73 —3.87 -0.97 -0.78 -3.97 —0.98 -0.75
C 4c —0.16 0.02 0.50 -0.17 0.08 0.48 —0.24 0.07 0.49 —0.21 0.06 0.50
N 4c -1.06 —-0.85 —0.53 —1.13 —0.64 —0.57 —-1.12 —0.80 —0.57 —-1.10 —0.80 —0.55
Hi. 4c 0.04 0.09 0.14 0.04 0.07 0.19 0.05 0.08 0.17 0.05 0.07 0.16
H2. 8d 0.05 0.13 0.17 0.07 0.13 0.15 0.08 0.11 0.16 0.07 0.12 0.16
Hily 4c 0.17 0.20 1.16 0.19 0.27 1.10 0.20 0.26 1.07 0.19 0.24 1.11
H2y 8d 0.19 0.26 1.09 0.23 0.39 0.90 0.21 0.31 1.02 0.22 0.27 1.04

“We report the average of the Born charge tensor eigenvalues Z} over the atoms in the same Wyckoff site. The calculations were performed using
ABINIT.

Table 4. Comparison of the Born Effective Charges of MAPbI; Calculated Using Fully-Relativistic GGA with or without vdW
Corrections [Grimme-D2, Grimme-D3, and Grimme-D3(BJ)]*

sc-GGA soc-GGA Grimme-D2-soc Grimme-D3-soc Grimme-D3(BJ)-soc
species WS Zf ZF z zr ZF Z zr |z zZ zr |z} Zr Zr Zr Zr
Pb 4b 3.77 4.37 4.79 4.07 4.78 5.16 4.31 4.57 541 4.08 4.54 5.04 4.07 4.67 S5.14
11 4c -345 -087 -0.59 =351 —091 —-0.62 —4.81 -085 -—-0.62 —-355 —-086 —0.63 —3.51 —-0.89 —0.63
2 8d -4.02 -100 -075 —437 -107 -079 -—-427 -079 -076 —419 -1.03 -0.79 —431 -1.05 -0.79
C 4c -0.16 0.02 0.50 -0.17  0.02 0.50 —-0.62 —0.18 1.16 -025 0.07 0.48 —-022  0.06 0.50
N 4c -1.06 -085 -053 -107 -08 -053 -115 -066 —057 -1.14 -0.82 —-056 -—1.12 —0.83 —0.55

Hic 4c 0.04 0.09 0.14 0.04 0.09 0.14 0.04 0.07 0.19 0.0S 0.08 0.17 0.05 0.08 0.16
H2. 8d 0.0S 0.13 0.17 0.0S 0.13 0.17 0.07 0.13 0.15 0.08 0.11 0.16 0.07 0.12 0.16
Hiy 4c 0.17 0.20 1.16 0.17 0.20 1.16 0.19 0.27 111 0.20 0.25 1.09 0.18 0.24 1.12
H2y 8d 0.19 0.26 1.09 0.18 0.26 1.10 0.23 0.39 091 0.21 0.30 1.04 0.22 0.27 1.05

“Scalar-relativistic results using GGA are also reported for comparison. We report the average of the Born charge tensor eigenvalues Z} over the
atoms in the same Wyckoff site. The calculations were performed using ABINIT.

Table 5. Scalar and Fully-Relativistic High-Frequency (¢™) and Static (¢°) Dielectric Constants of MAPbI, Calculated within
the LDA and GGA Approximations, with or without vdW Corrections [Grimme-D2, Grimme-D3, and Grimme-D3(BJ)]“

LDA-QE GGA-QE GGA-ABINIT
sc sc sc soc soc soc
sc sc soc sc soc Grimme-D2  Grimme-D3  Grimme-D3(BJ)  Grimme-D2  Grimme-D3  Grimme-D3(BJ)
&e® 5.8 5.6 6.8 52 5.9 5.5 5.1 52 6.4 5.7 5.8
£ 25.3 20.0 272 18.7 25.3 25.3 21.0 182 30.3 31.5 24.9

““QE” and “ABINIT” refer to the software package used in the calculations.

Grimme approaches and the GGA approximation. The the fully relativistic Born effective charge tensors are given in
frequencies resulting from the Grimme-D2 method are Table 4. These results are very similar to the scalar-relativistic
shown in Figure 1f, where they are compared with our scalar- values. The isotropic averages of the C, N, and H Born effective
relativistic frequencies using GGA. We observe that the charge tensors are not modified by the strong SOC of the Pb
calculated fully relativistic frequencies with vdW effects vary and I atoms. However, the isotropic averages of the Pb and I
only slightly with respect to the scalar-relativistic frequencies. Born effective charge tensors become 4.67 and —1.94,
The largest deviations in the low and high-frequency regions corresponding to variations of 8 and 6%, respectively, with
are of 15 and 40 cm™', respectively. The same calculations respect to the scalar-relativistic values. As in section 3.2, we
performed with Grimme-D3 and Grimme-D3(BJ) lead to found that the inclusion of vdW corrections in our fully
deviations in the low and high-frequency regions of at most 20 relativistic calculations yields only small modifications of the
and 35 cm™, respectively, with Grimme-D3 and 10 and 30 Born effective charge tensors. More precisely, the variations
cm™, respectively, with Grimme-D3(BJ). Therefore, the from GGA to Grimme-vdW are very similar for both scalar and
inclusion of relativistic effects and vdW corrections in our fully relativistic calculations. All the variants of the Grimme
calculations does not have any significant effects on the normal- approximation are consistent. Our fully relativistic calculations
mode frequencies. yield high-frequency and static dielectric constants of &, = 5.9

We also calculated the Born effective charge tensors, (6.8) and &, = 25.3 (27.2), respectively, using GGA-ABINIT
dielectric constants, and infrared spectra of MAPbI; with (GGA-QE). The implementation of both vdW corrections and

SOC effects, with and without vdW corrections. Our results for SOC effects lead to &,, = 6.4 (5.7; 5.8) and g, = 30.3 (3L.5;
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24.9), using Grimme-D2 [Grimme-D3; Grimme-D3(BJ)] to
account for the vdW interactions, with GGA-ABINIT. For
clarity, all the calculated dielectric constants are summarized in
Table 5. The fact that both scalar-relativistic and fully relativistic
approaches yield similar results for normal-mode frequencies,
Born effective charge tensors, and dielectric constants of
MAPDI; suggests that the calculated infrared spectrum of
MAPDI; should not be significantly affected by the inclusion of
SOC eftects. We verified this hypothesis and found that the IR
peaks with and without SOC effects match closely, in terms of
position and intensity of each peak. This is shown in Figure 3.
The largest shift in the low-frequency region is S cm™'. The
shifts arising from SOC effects are, therefore, smaller than the
ones due to the inclusion of vdW corrections. The fully
relativistic calculation including vdW effects leads to a
maximum red shift of 20 cm™ in the low-frequency region,
which does not significantly reduce the discrepancy between
theory and IR experiments.

3.4. Optimization of the Unit Cell. Up to this point, all
calculations have been performed for a structure where only the
atomic positions are optimized, while keeping the lattice
parameters fixed at their experimental values. Under such
conditions, our results indicate that the vibrational properties
are neither modified by vdW corrections nor by SOC effects.

In this section, we also perform calculations for fully relaxed
structures with and without dispersive corrections and SOC
effects. First, the results obtained from scalar-relativistic
calculations at experimental lattice parameters are compared
to those from scalar-relativistic calculations at relaxed lattice
parameters. Then, vdW corrections are included using the
Grimme-D3 approximation, and effects on both lattice
parameters and vibrational properties are discussed. Finally,
results from fully relativistic calculations performed at relaxed
lattice constants are presented.

Table 6 summarizes the computed lattice parameters and
their relative differences with respect to the experimental

Table 6. Optimized Lattice Parameters (in A) of MAPbI,
Calculated within Scalar and Fully-Relativistic
Parametrizations with and without Grimme-D3 vdW
Corrections”

relaxed
Grimme- Grimme-
experimental sc-GGA D3-sc soc-GGA D3-soc
a 8.56 8.58 8.41 8.60 8.41
(+0.2%) (—1.8%) (+0.5%) (—1.8%)
b 12.58 1291 12.75 1291 12.74
(+2.6%) (+1.4%) (+2.6%) (+1.3%)
c 8.84 9.34 9.01 9.36 9.02
(+5.7%) (+1.9%) (+5.9%) (+2.0%)

“For comparison, the experimental lattice parameters are also
reported, and the relative deviations are given in parentheses.

values. First of all, the relaxed lattice parameters from scalar-
relativistic GGA calculations without vdW corrections are larger
than the experimental values in the three directions, with a
maximum deviation of 5.7% along the c-axis and a small
deviation of 0.2% along the ag-axis. Regarding the vibrational
properties, we observe a global red shift of the IR spectrum by
at most 25 cm ™" (see Figure 3). This is not surprising given that
an increase of the unit cell usually leads to a decrease of the
normal-mode frequencies (except for modes with negative
Griineisen parameter).

The relaxed lattice parameters computed using the Grimme-
D3 method are smaller than the relaxed GGA values without
vdW interactions and closer to the experimental lattice
parameters (along the b and ¢ axes) with a maximum deviation
of 1.9%. Therefore, we find a global blue shift of the IR
spectrum by at most S0 cm™" (see Figure 3). Moreover, if we
compare the theoretical IR spectrum for the relaxed structure
computed using the Grimme-D3 method with the theoretical
IR spectrum computed with GGA at experimental lattice
parameters, we see that the peaks at frequencies lower than 100
cm™" and higher than 120 cm™ are respectively red-shifted and
blue shifted. This difference comes from the origin of the IR
peaks. The former peaks are mainly due to normal modes of
B,, and B, symmetry (vibrations in y and z directions), while
the latter peaks come from normal modes with B;, symmetry
(vibrations in x direction). As the relaxed lattice parameter in
the « direction (a) computed within the Grimme-D3 approach
is smaller than the experimental value, the frequencies tend to
be higher. In contrast, the relaxed lattice parameters in the y
and z directions (b and c) are larger than the experimental
values, explaining the shift toward lower frequencies. In
conclusion, while the inclusion of vdW interactions improves
the agreement with experiment for two of the Iattice
parameters, the influence on the IR spectrum is not significant.

Finally, fully relativistic calculations do not lead to noticeable
modifications of the lattice parameters. Indeed, scalar and fully
relativistic calculations lead to similar, if not equal, lattice
constants, whether with or without vdW corrections. As a
consequence, the IR spectra computed at relaxed parameters
with and without relativistic effects are almost identical (see
Figure 3). The small red shift of the IR spectrum is not far from
the one reported in section 3.3 and is mainly due to the
modification of the atomic positions in the unit cell.

The results presented in this section show that the
optimization of the unit cell only plays a limited role on the
vibrational properties. Indeed, compared to the experimental
lattice parameters, the theoretical values differ by less than 6%
within GGA and 2% when including vdW corrections (SOC
effects are completely negligible at that level), leading to a
maximum_ shift of 25 cm™" with respect to the results of
previous sections. All the low-frequency modes present positive
Griineisen parameters, and the vibrational frequencies calcu-
lated at the experimental lattice parameters shift according to
the change in the lattice parameters and depending on their
symmetry. Our finding that vdW forces do not influence
significantly the IR spectrum of MAPDI; is in line with the
notion that interactions between the organic MA cations and
the inorganic Pbl; network are mainly electrostatic in nature.
This observation is consistent with the recent work of Mattoni
et al,”>®>** where the authors investigated the vibrational
properties of MAPDI; using classical molecular dynamics
simulations. In these studies, the authors found that using
ionic Buckhingham—Coulomb potentials is sufficient to
correctly describe the vibrational properties of MAPbI;.

The results of section 3.3 and the present section indicate
that vdW forces and SOC corrections do not account for the
overestimation of the librations of MA. Therefore, we
proceeded to check whether anharmonic effects may be the
origin of the apparent discrepancy between theory and
experiment.

3.5. Anharmonic Phonon—Phonon Coupling within
the Same Mode. Of all the phonon calculations with the
various DFT parametrization schemes carried out in section 3,

DOI: 10.1021/acs.jpcc.7b07121
J. Phys. Chem. C 2017, 121, 18459—18471


http://dx.doi.org/10.1021/acs.jpcc.7b07121

The Journal of Physical Chemistry C

we choose the most representative ones to evaluate
anharmonicity. Thus, we consider scalar-relativistic calculations
with and without vdW interactions, namely, sc-LDA and TS-sc-
GGA, respectively, and a fully relativistic calculation (SOC-
LDA). As a validation test for the sc-LDA calculation, we
compare the harmonic frequencies calculated by solving the
nuclear Schrédinger equation with the corresponding frequen-
cies obtained from the FP calculation. Our results for the first
72 normal modes with lowest frequencies (which include the
internal vibrations of the Pbl; network and the libration and
spinning of the MA cations) are shown in Figure 4. As we can
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Figure 4. Difference between the frequencies obtained by diagonal-
izing the dynamical matrix from FP and those obtained from the
solution of the nuclear Schrddinger equation (sc-LDA).

see, both methods produce almost the same frequencies, with
the largest deviations being smaller than 5 cm™ (0.6 meV). We
repeat the same validation test for the other two representative
phonon calculations and obtain similar results.

Having validated the FP method, we proceed to evaluate
anharmonic corrections. The anharmonic and harmonic APES
of a representative normal mode, along with the corresponding
first three eigenfunctions are shown in Figure 5a. The normal
mode corresponds to one of the spinning modes of the MA
cations in MAPDI;. We start with the scalar-relativistic
frequencies (sc-LDA), whose results are shown in Figure Sb.
One can observe that for most modes anharmonic effects are
practically negligible (within 3 cm™), except for four modes
with frequencies between 120 and 140 cm™', for which the
anharmonic corrections are as large as ~35 cm™'. We find that
the modes carrying considerable anharmonicity correspond to
spinning of the organic MA cations. In Figure 6, we show a
schematic representation of the spinning mode of an isolated
MA cation, which is similar to the spinning modes of the MA
cation in the perovskite. Similar results are obtained for the
fully relativistic normal modes, as shown in Figure Sc. In the
case of the scalar-relativistic normal modes with vdW
corrections (Figure 5d), we note that more than four normal
modes (nine altogether) exhibit considerable anharmonicity, up
to 20 cm ™.

The fact that in the three calculations considered here we
observe anharmonicity in exactly the same normal modes
indicates that anharmonicity is insensitive to relativistic effects
and vdW corrections. Going back to the calculated infrared
spectrum of MAPDI;, we observe that the anharmonic
corrections for the infrared-active librations modes are
practically negligible. Regarding the spinning modes of MA
cations, although the anharmonic corrections shift these normal
modes to higher frequencies by as much as 40 cm™, this shift
does not induce any change in our calculated infrared spectrum
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Figure S. Anharmonic corrections to the normal-mode frequencies of
MAPbI,. (a) Harmonic and anharmonic APES of a representative
normal mode of MAPDI;, green and purple dashed curve, respectively.
The normal mode corresponds to one of the spinning modes of the
MA cations in MAPDI;. The first three eigenvalues of the harmonic
and anharmonic potential, obtained by solving the 1D nuclear
Schrédinger equation, are represented by the green and purple solid
curves, respectively. (b and c) Anharmonic corrections to the
calculated normal-mode frequencies with and without SOC effects,
respectively. In both cases, the LDA approximation is used. (d)
Anharmonic corrections to the scalar-relativistic normal-mode
frequencies with vdW interactions. The analysis of the normal
modes reveals that the normal modes exhibiting considerable
anharmonicity in b—d correspond to spinning modes of the organic
MA cations. These calculations were performed using Quantum
ESPRESSO.

of MAPDI; because the infrared intensities of the spinning
modes are very small, as shown in Figure 3.

Before moving to the next section, we briefly comment on
the physical origin of the anharmonicity of the spinning modes
of the MA cations. The spinning modes are directly related with
the C; jumping rotations of MA cations in the cuboctahedral
cage, as they both belong to the same symmetry point group
(Cs,). Recent inelastic neutron scattering experiments (INS)
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Figure 6. Schematic representation of the spinning mode of an
isolated MA cation. The MA cation is represented by a ball-and-stick
model, with the C, N, and H atoms in green, gray, and white,
respectively. The displacements of the H atoms are indicated by the
blue arrows.

have revealed that the C; jumping rotations are active in the
low-temperature phase of MAPbI, (with an activation energy of
48 meV), whereas the C, jumping rotations (which are related
with the libration modes of the MA cations) are frozen in this
phase.”*® These observations suggest that the anharmonicity
of the spinnning modes of the MA cations may originate from
the small activation barrier of C; jumping rotations.

3.6. Anharmonic Phonon—Phonon Coupling between
Different Modes. In this section we investigate phonon—
phonon anharmonic couplings between different normal
modes. To this aim we select the spinning modes of the MA
cations, on the grounds that these normal modes are the only
ones which exhibit significant anharmonicity (see section 3.5).
We consider the modes with harmonic frequencies 128.7 and
129.0 cm™ in LDA (see Figure Sb), and compute their 2D
APES within the same approximation. In Figure 7, we compare

anharmonic

-0.

Figure 7. Anharmonic and harmonic 2D APES for the coupled
spinning modes of the MA cations, with individual harmonic
frequencies of 128.7 and 129.0 cm™' in LDA.

the anharmonic and the harmonic 2D APES resulting from the
polynomial fit described in section 2. Since the spinning modes
are almost degenerate in frequency, we found that the second
and third eigenvalues obtained using either the anharmonic or
the harmonic 2D APES are almost degenerate. For this reason,
we consider the average between these two eigenvalues to
evaluate the frequencies of the coupled modes.

As a sanity check, we verified that if we retain only the
second order terms in the polynomial fit of the 2D APES, we
correctly obtain the harmonic frequencies. In line with this
expectation, we found that the difference between the harmonic

frequency of the coupled phonons and the average of the
harmonic frequencies of the individual phonons is smaller than
0.1 em™.

Having validated the methodology, we proceed to calculate
the anharmonic corrections due to phonon—phonon inter-
actions between the two spinning modes. We quantify the
correction by evaluating Afiw from the expression E, + E; —
2E, = hw, + hw, + 2Ahw, with Ey, E,, and E, the ground state
and the first and second excited states, respectively, and 7w,
and Aw, are the anharmonic frequencies without intermode
coupling. We found that the correction is relatively small, Aw =
18 cm™, and amounts to approximately half of the anharmonic
correction arising from intramode phonon—phonon coupling
evaluated in section 3.5.

Since the spinning modes exhibit by far the largest
anharmonic corrections when the intermode coupling is
neglected, we expect the phonon—phonon coupling to be
even smaller for all the other normal modes. Therefore, our
results indicate that anharmonic phonon—phonon coupling
between different normal modes does not play an important
role in the vibrational properties of MAPbI;.

4. CONCLUSIONS

In the present work, we performed a systematic study of the
effects of vdW interactions, SOC corrections, and anharmo-
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Figure 8. Comparison between the experimental INS spectrum of
MAPbI, (black curve), recently reported by Druzbicki et al,®” and our
calculated vDOS for this perovskite, using the scalar-relativistic LDA
and GGA (purple and green curves, respectively), and fully relativistic
GGA (blue curve) (calculations using Quantum ESPRESSO). The
black dashed lines denote our tentative assignment of the broad peaks
at 123 and 147 cm™ in the INS spectrum to our calculated spinning
and libration modes of MA cations, with frequencies between 125 and
175 cm™. We note that Druzbicki et al.” propose a slightly different
assignment of these two features, suggesting that they are both
associated with MA librations.

nicity on the vibrational properties of MAPbI;. To this end, we
carried out several calculations with different DFT para-
metrization schemes: scalar-relativistic phonon calculations
with and without vdW corrections, and fully relativistic phonon
calculations with and without vdW corrections. To account for
the vdW interactions, we adopted several approximations: three
Grimme methods, the TS correction, and the vdW density
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functional. We checked our results within the LDA and GGA
approximations, and we compared the results of two codes, QE
and ABINIT. We also evaluated the anharmonicity of the
calculated normal modes by solving the nuclear Schrédinger
equation, using finite displacements.

Our scalar-relativistic calculations showed that the LDA and
GGA approximations work remarkably well in describing the
vibrational properties of MAPbL;, as they both yield very similar
results. The comparison of the calculated scalar-relativistic
infrared spectra using LDA and GGA with the experimental
data reported by Pérez-Osorio et al.”* revealed that for most of
the calculated peaks there is a good agreement with experiment,
except for the peaks assigned to librations of the MA cations,
which appear at higher frequencies with respect to experiment.

The inclusion of vdW corrections in our scalar-relativistic
calculations does not induce any significant change in the
normal-mode frequencies. Moreover, no significant change in
Born charge tensors and dielectric constants was observed.
Hence, the frequencies of the MA-cation librations are not
significantly affected by vdW corrections. We found that our
tully relativistic calculations with and without vdW corrections
yield normal-mode frequencies very similar to those obtained in
our scalar-relativistic calculations. These results hold for both
QE and ABINIT calculations. Also, Born effective charge
tensors and dielectric constants are almost unmodified.
Moreover, neither the position nor the intensity of the IR
peaks is significantly changed. Therefore, the inclusion of SOC
effects in our calculations does not account for the apparent
overestimation of the libration modes in the IR spectrum.
Calculations performed at relaxed lattice parameters lead to the
same conclusion. Although on average the lattice parameters
get closer to the experimental values when including vdW
interactions, the IR spectrum is not significantly modified.
Taken together, our results indicate that the vibrational
properties of MAPDI; are neither sensitive to vdW corrections
nor to SOC corrections (within 10—20 cm™).

In the last part of this work, we checked whether
anharmonicity plays a role on the normal-mode frequencies
of MAPDIL;, in particular on the librations of the MA cations.
We found that for most vibrational modes, the anharmonic
corrections are negligible, including the librations of MA,
except for the spinning modes of these organic cations, for
which the anharmonic corrections are as large as 35 cm™.
However, the anharmonic frequencies of the spinning modes
do not induce any significant change in the infrared spectrum
since these normal modes have small IR activity.

We also found that anharmonic phonon—phonon couplings

between different modes in MAPDI; are relatively small, the
largest correction arising from these effects being less than 20
cm™,
In summary, our study shows that vdW forces, SOC effects,
anharmonicity, and phonon—phonon interactions do not play
an important role in the vibrational properties of MAPbI;.
Therefore, the discrepancy between the peaks at 155 and 175
cm™" in the calculated infrared spectrum, arising from librations
of the MA cations, and the experimental infrared data reported
by Pérez-Osorio et al.”* remains. In this regard, we point out
that the said discrepancy may also be attributed to a mismatch
in the IR intensities since the experiments reported in ref 24
show some very small but nonzero signals in the frequency
range where our calculations place librational excitations.

We also note that recently Druzbicki et al.”” investigated the
vibrational properties of MAPDI; using INS spectroscopy, an

experimental technique that provides information on the
vibrational density of states (vDOS). The comparison between
the INS spectrum of MAPDI;, measured by Druzbicki et al,’
and our calculated vDOS for this perovskite, in the low-
frequency region (see Figure 8), shows that there is a
reasonably good agreement between experiment and theory,
not only for the internal vibrations of the Pb—I network (with
frequencies between 0—75 cm™) but also for the spinning and
librations modes of the MA cations (with frequencies between
75—190 cm™"), including those libration modes at 155 and 175
cm ™. Therefore, these new INS studies support the notion that
our calculated normal-mode frequencies for MAPDI; are
reasonably accurate and reliable. This reinforces the possibility
that the discrepancy between the experimental and calculated
infrared spectra in the libration region may relate to the IR
intensities, as opposed to the frequencies. The residual
discrepancy between the calculated and measured IR intensities
remains an outstanding question and calls for further
investigations, both on the theory front and on the
experimental front. High-resolution Raman data could help
resolve this question.
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