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The past few years have witnessed a rapid evolution of hybrid organic-inorganic perovskite solar
cells as an unprecedented photovoltaic technology with both relatively low cost and high power
conversion. The fascinating physical and chemical properties of perovskites are benefited from their
unique crystal structures represented by the general chemical formula AMX3, where the A cations
occupy the hollows formed by the MX3 octahedra and thus balance the charge of the entire network.
Despite a vast amount of theoretical and experimental investigations have been dedicated to the
structural stability, electrical, and optical properties of hybrid halide perovskite materials in relation
to their applications in solar cells, the thermal transport property, another critical parameter to
the design and optimization of relevant solar cell modules, receives less attention. In this paper,
we evaluate the lattice thermal conductivity of a representative methylammonium lead triiodide
perovskite (CH3NH3PbI3) with direct non-equilibrium ab initio molecular dynamics simulation.
Resorting to full first-principle calculations, we illustrate the details of the mysterious vibration of the
methylammonium cluster (CH3NH+

3 ) and present an unambiguous picture of how the organic cluster
interacting with the inorganic cage and how the collective motions of the organic cluster drags the
thermal transport, which provide fundamental understanding of the ultra-low thermal conductivity
of CH3NH3PbI3. We also reveal the strongly localized phonons associated with the internal motions
of the CH3NH+

3 cluster, which contribute little to the total thermal conductivity. The importance
of the CH3NH+

3 cluster to the structural instability is also discussed in terms of the unconventional
dispersion curves by freezing the partial freedoms of the organic cluster. These results provide more
quantitative description of organic-inorganic interaction and coupling dynamics from accurate first-
principles calculations, which are expected to underpin the development of emerging photovoltaic
devices.

I. INTRODUCTION

Hybrid organic-inorganic solar cells based on methy-
lammonium lead triiodide perovskite structures
(CH3NH3PbI3, abbreviated as MAPI) have gained
substantial attention due to their unrivalled potential for
large-scale renewable energy production and greenhouse
gas emissions reduction, due to their cheap price, high
absorption coefficient, highly efficient solar energy
conversion with a short energy payback time and easy
process solution [1–7]. Among the unique physical and
chemical properties of perovskite structures, thermal
transport property is an important parameter that is
critical to the design of device level application of the
perovskite structure based solar cells. From thermal
management point of view, study of intrinsic thermal
conductivity of perovskite structures will facilitate opti-
mizing the working performance of the solar cell at finite
temperature and underpin the relevant development of
emerging photovoltaic devices. Previous studies have es-
tablished general knowledge that, MAPI is characterized
by an intrinsic ultra-low lattice thermal conductivity (κ)
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of ∼ 0.5 W/(mK) at room temperature [8–10], which
is far lower than that for pure inorganic perovskites.
Motivated by this, recent research also demonstrates
the potential of MAPI as a candidate of waste heat
recovery (thermoelectrics) because of the high Seebeck
coefficient [11] and the ultra-low κ.

However, the physical mechanism underlying the ultra-
low κ of these fascinating materials remains sparse. Re-
cently, several works attempted to clarify the interactions
between the methylammonium cluster (CH3NH+

3 , abbre-
viated as MA+) and the inorganic cage [9, 12]. From the
aspect of degree of freedom, T. Hata et al. compared and
analysed the effect of MA+ in heat transfer through clas-
sical molecular dynamics (MD) simulations [9]. Despite
some mechanism proposed, the accuracy of the results
is sometimes questionable due to the empirical potential
used. A. Leguy et al. used quasielastic neutron scatter-
ing method to measure the motions of MA+ in MAPI di-
rectly [12]. Although the IR and Raman spectra present
that the vibrational density of states (VDOS) of the in-
organic cage mainly overlaps with rotation of MA+ [13–
15], which implies that the interaction between the ro-
tational motions of MA+ and the lattice phonon waves
is the dominant mechanism for the attenuation of heat
transfer [8], the physical picture of the phonon transport
in MAPI still remains unclear. In particular, how the
motions of MA+ couple with the inorganic lattice vibra-
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tions? Which motions (specifically with how much vibra-
tional frequency) dominate the suppression of κ of the
hybrid system, and which motions are useless in terms of
heat transfer? The answers to such questions are not only
important to deeply understand the mechanism of ther-
mal transport, but also significant to the advanced stud-
ies and development of broad hybrid organic-inorganic
systems.

In this paper, for the first time we perform direct non-
equilibrium ab initio molecular dynamics (NEAIMD)
simulation to evaluate the κ of MAPI with different struc-
tural phases. Our full first-principles calculation mani-
fests itself in that the simulations are conducted with-
out any artificial input parameters. We first investigate
the role of the organic cluster in the structural stabil-
ity by examining the effective phonon dispersions of the
inorganic cage through freezing the partial motions of
the organic cluster. We observe that the frequencies in
MAPI are split into three isolated islands, which play
a significant role in the phonon transport property and
show direct evidence for the coupling of motions between
the organic cluster and the inorganic cage. We also run
the equilibrium ab initio molecular dynamics (EAIMD)
combining with the spectral energy density (SED) tech-
nique to clarify the partial VDOS and phonon lifetime,
through which we provide the solid evidence that the
middle and high frequency islands do not have actual
contribution to the overall thermal transport, despite of
their moderate phonon lifetime. It should be noted that
some previous papers have studied the thermodynamic
properties of MAPI, e.g. in the research of F. Brivio et
al. the phonon dispersions and vibrational modes have
been studied in detail [15]. However, the normal modes
in the F. Brivio et al.’s work are still calculated within
the traditional harmonic approximation [15], which can
only present the eigenvectors of the vibrational modes,
but cannot reflect the real velocities and displacements
of the vibrational modes at finite temperature. To fur-
ther get the insight into the thermodynamic properties
of MAPI, we develop the aforementioned method to ob-
serve the specific phonon modes of MAPI by performing
normal mode analysis based on direct EAIMD simulation
and visualization of all motions of phonon modes in the
real time and space. In the meantime, we extract data
from EAIMD simulation and quantitatively characterize
the the anharmonicity of different phonon modes induced
by the collective motions of the MA+ cluster. These re-
sults provide coherent understanding of the relationship
between the intrinsic ultra-low κ and the distinct organic-
inorganic interactions, and the unique cage-like structure
of CH3NH3PbI3.

a b cPseudocubic Orthorhombic  Tetragonal
 

FIG. 1: The side-view (top panel), top-view (middle panel)
and the spatial charge density (bottom panel) of (a) pseudocu-
bic, (b) orthorhombic and (c) tetragonal phase of methylam-
monium lead triiodide perovskite structures (CH3NH3PbI3,
MAPI).

II. METHODS

A. Setup of NEAIMD simulation

The structures of the three different phases studied
in this work, namely pseudocubic, orthorhombic and
tetragonal phase CH3NH3PbI3, are illustrated in the
top and middle panels of Fig. 1. We evaluate the κ of
the pseudocubic and tetragonal MAPI through NEAIMD
method. The size of the simulation models ranges from
2 × 2 × 8 unit cells (348 atoms in total) to 2 × 2 × 12
unit cells (540 atoms) for pseudocubic and from 1×1×6
unit cells (144 atoms) to 1×1×12 unit cells (288 atoms)
for tetragonal phase. All NEAIMD simulations [16, 17]
are performed by the modified Vienna Ab initio Simu-
lation Package (VASP) [18, 19]. The energy cutoff of
plane wave is taken as 400 eV. For the parameter of
the partial occupancies we adopt the Gaussian smear-
ing with the width of the smearing of 0.01 eV. The
timestep of NEAIMD simulation is 1 fs. At both ends
of the models, one layer atoms are fixed and a vacuum
layer with thickness of ∼ 6.5 Å is set, which is equiv-
alent to the fixed boundary condition used in the heat
flux direction (longitudinal direction). Periodical bound-
aries conditions are used in the other two dimensions,
i.e. in the lateral directions. The atomic heat flux (J)
is realized by using the Müller-Plathe algorithm [20], in
which the kinetic energies of the atoms in the heat source
and heat sink are exchanged every 50 fs (Fig. 2(a, b)).
The NEAIMD simulation time (typically ∼ 10 ps) is suf-
ficiently longer than the rotational relaxation time and
correlation time of MA+ (5.37 ps and 0.46 ps [21], re-
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FIG. 2: NEAIMD simulation models of (a) pseudocubic and (b) tetragonal phase MAPI. (c) and (d) are the corresponding
length dependent thermal conductivity. The shaded area indicate the error bar of the NEAIMD simulation. The green and
yellow dotted lines are thermal conductivity results from previous theoretical calculations [9, 10], and the black dashed line
denotes experimental data [8].

spectively). It is worth pointing out that, we perform
EAIMD simulation with NVE (constant particle and vol-
ume without thermostat) ensemble before NEAIMD sim-
ulation. We have carefully checked that the initial tem-
perature of the EAIMD simulation is well chosen, and
both the temperature and potential energy of the sys-
tem fluctuate randomly around their respective constant
value (the average temperature is the target temperature
as expected) at the end of EAIMD simulation (∼ 5 ps),
which means the system has already reached equilibrium
state. Then a stable temperature gradient (∇T ) along
the heat flow direction in MAPI can be established during
the NEAIMD simulation. A representative case with ac-
cumulated exchange atomic energy with simulation time
and the corresponding average temperature profile can
be found in Supplemental Material. Finally, we can cal-
culate κ based on Fourier’s law: J = −κ ∇T . We also

provide a supporting movie of NEAIMD simulation to
show how the atoms move under the temperature gradi-
ent. It is well known that, the size effect is inevitable in
calculating thermal conductivity using non-equilibrium
molecular dynamics simulation. To avoid the size effect
of NEAIMD, we performed different lengths of two MAPI
structures (Fig. 2(c, d)) to obtain the effective bulk κ.
Each data point reported here refers to the average of
five independent runs. The temperature of NEAIMD
simulation for the pseudocubic and tetragonal phase is
∼ 320 K and ∼ 300 K, respectively.

B. Phonon dispersion calculation

For rather long time, the material instability of MAPI
remains a major obstacle to its broad application, which
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FIG. 3: (a) The full phonon dispersion curves (left panel) of pseudocubic phase MAPI and the corresponding partial phonon
density of states (right panel), where the low, middle and high frequency islands are clearly identified. (b-d) The low frequency
phonon dispersion curves of only inorganic cages for the pseudocubic, orthorhombic and tetragonal phase, respectively, by
freezing the motions of the MA+ cluster (see text for details).

is usually judged by the real vibrational frequencies in the
phonon dispersion curves. In the research work of Motta
et al. [22], the phonon dispersion curves are presented
with imaginary frequencies in the first Brillouin zone.
They attribute these unstable modes to that the sys-
tem spontaneously tends to its zero-temperature ground
state [22]. However, this explanation is not convincing
enough. Based on the Motta et al.’s explanation [22], the
two phases (tetragonal and pseudocubic) except the zero-
temperature ground state (orthorhombic) should have
unstable (imaginary) modes. However, with density
functional theory (DFT) calculations, Brivio et al. [15]
stated that no imaginary (negative) modes are found in
the tetragonal phases of MAPI, which conflicts with the
Motta et al.’s explanation [22]. Here, with finite displace-

ment difference method implemented in the Phonopy
package [23], we calculate the phonon dispersion curves
based on density functional theory of VASP. The Perdew-
Burke-Ernzerhof parameterization of the generalized gra-
dient approximation (GGA) [24] is used for the exchange-
correlated functional, and the projector-augmented wave
(PAW) [25, 26] method is applied to model the core elec-
trons (for Pb the 5d orbitals are included). The energy
cutoff of plane wave is set as 700 eV. For the parameter
of the partial occupancies we adopt the Gaussian smear-
ing and the width of the smearing is 0.01 eV. The van
der Waals (vdW) interactions are also considered as non-
bonded terms [27]. When we calculate the low frequency
dispersion curves, we treat the MA+ cluster as a whole
rigid object which means we freeze the inner freedoms
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belonging to the MA+ cluster. In other words, we only
consider the freedom of Pb-I cages and the freedoms of
MA+ cluster as a whole. For orthorhombic and tetrago-
nal phases the unit cell contains 48 atoms, and the pseu-
docubic phase has 12 atoms in the unit cell. Here we take
2 × 2 × 2 supercell for all three phases and use 6 × 6 × 6
Monkhorst-Pack grids for k−point sampling. With this
method we present the phonon dispersion curves of three
phases in Fig. 3(b-d).

We also calculated the full dispersion curves of the
pseudocubic phase with traditional finite displacement
method, i.e. solving the dynamical matrix for all atoms
in the unit cell, and modified the low frequency branches
with that obtained by the above method of freezing the
partial freedoms of the MA+ cluster to avoid the imagi-
nary frequency of phonon branches. The full dispersion
curves are shown in the left panel of Fig. 3(a). With the
full dispersion curves the phonon group velocities (~vg)

can be obtained by ~vg = d ω

d ~k
, where ω is the phonon

frequency and ~k is the momentum vector of phonons in
k−space. Simultaneously, we obtain the partial density
of states (PDOS) with Phonopy package [23] (right panel
of Fig. 3(a)).

C. EAIMD simulation, SED and normal mode
analysis

To explicitly study the interactions between MA+ and
the inorganic lattice, we performed the EAIMD simula-
tions for the pseudocubic phase. The energy cutoff of
plane wave we take is 400 eV. For the parameter of
the partial occupancies we adopt the Gaussian smearing
and the width of the smearing is 0.01 eV. The super-
cell size is 2 × 2 × 2 unit cells and the simulation
temperature is around 300 K. The total NVE simulation
time is about 16 ps. With the atomic velocity recorded
from NVE simulation, the VDOS can be calculated by
performing the Fourier transform of the auto-correlation
function of atomic velocity [28, 29]

VDOS(f) =

∫
γ(t)exp(−2πift)dt,

where γ(t) is defined as γ(t) = 〈Σivi(0)·vi(t)〉
〈Σivi(0)·vi(0)〉 , and vi(t)

represents the velocity of the ith atom at time t. To see
the interaction between MA+ and PbI−3 , we also perform
EAIMD simulation of the inorganic cages without MA+

for ∼ 17 ps, where the positive charge background is
used, and calculate the corresponding VDOS.

Based on the EAIMD simulations, we further use the
SED technique [30–32] to extract the phonon lifetime of
each specific mode. The SED is calculated by [31]

Φ(~k, ν, f) = |
∫

Q̇(~k, ν, t)exp(−2πift)dt|2,

where f is frequency and the phonon normal mode

can be obtained as Q̇(~k, ν, t) = Σjl

√
mj

N ~vjl(t) ·

~e∗j (
~k, ν)exp(−2πi~k · ~rl). Here, mj is the mass of the jth

basis atom, N is the number of unit cells, ~vjl(t) is the
velocity of the jth basis atom in the lth unit cell at time

t, ~e∗j (
~k, ν) is the complex conjugate of the eigenvector of

the phonon mode ~e(~k, ν) of the jth basis atom, ~k is the
wave vector and ν is the phonon index [33]. We run five
independent EAIMD simulations to take the ensemble
average in calculating SED. After that, the phonon life-
time of each mode can be obtained by fitting the SED
peak using the Lorentzian function [30]

Φ(~k, ν, f) =
I

1 +
[

2π(f−f0)
Γ

]2 ,

where I is the peak magnitude, f0 is the frequency at
the peak center, Γ is the half-width at half-maximum.
Finally, the phonon lifetime (τ) can be obtained by
τ = 1

2Γ .
To analyse the detailed dynamic motion of atoms asso-

ciated with a specific phonon mode, we obtain the mode-
dependent velocity field by performing the inverse Fourier
transform to the phonon normal modes [33]

~vjl(~k, ν, t) = Q̇(~k, ν, t)~ej(~k, ν)exp(2πi~k · ~rl).

Then the mode-dependent atomic trajectory can be ob-
tained according to

~rjl(~k, ν, t+ ∆t) = ~rjl(~k, ν, t) + ~vjl(~k, ν, t)∆t,

where ~rjl(~k, ν, t) is the mode-dependent atomic position
of the jth basis atom in the lth unit cell at time t and ∆t
is the timestep.

III. RESULTS AND DISCUSSION

A. Thermal conductivity from NEAIMD
simulation

After the structure is optimized, we calculate the spa-
tial electronic charge density of three phases, also shown
in the bottom panel of Fig. 1. We can see that clearly,
there are enough space in the inorganic cages to allow the
MA+ molecules to move. Such space provides the oppor-
tunity of multiple motions of MA+ at finite temperature,
as we will see later.

With NEAIMD method, we obtain the converged κ
with respect to simulation length (Fig. 2(c, d)). Since the
orthorhombic phase belongs to low temperature range,
which is beyond the temperature range usually used for
photovoltaic applications, we only simulate the pseu-
docubic and tetragonal phases here. In Fig. 2(c), the
converged κ of the pseudocubic phase from our NEAIMD
simulation is 1.56 W/(mK) around 320 K. This value
is very close to the previous result from empirical po-
tential method (classical MD) by X. Qian et al. [10],
which is 1.80 W/(mK) at 329 K. From the behaviour
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of the length dependent κ, we estimate that the phonon
mean free path (MFP) of the pseudocubic phase MAPI
is ∼ 4.5 nm, based on the fact that when L ∼ MFP
the thermal transport goes into diffusive regime, corre-
sponding to converged κ vs. L. In Fig. 2(d), we present
our NEAIMD results of κ for the tetragonal phase as
compared with previous results from classical MD sim-
ulations (∼ 0.59 W/(mK) by X. Qian et al. [10] and
∼ 0.85 W/(mK) by T. Hata et al. [9]) and experi-
mental measurements [8] (∼ 0.51 W/(mK)). Our con-
verged κ value of MAPI is 0.61 W/(mK) around 300 K,
which agrees very well with experimental value. We can
also infer that the MFP of the tetragonal phase is only
∼ 3.0 nm. The very short MFP of both pseudocubic
and tetragonal phases is a direct evidence of the drastic
phonon scattering in such hybrid organic-inorganic struc-
tures. In addition, combining X. Qian et al.’s results [10]
and our work, a sharp phase jump is expected at the
transition temperature.

B. Analysis of phonon dispersion, group velocity
and lifetime

By freezing the motions of the MA+ cluster we suc-
cessfully eliminate the unstable phonon branches, i.e.
those with imaginary frequencies, in the phonon disper-
sion curves of three structures, as shown in Fig. 3(b-d).
In addition, we have checked that, for the whole Brillouin
zone there are no imaginary modes when this approach
is adopted. It means that the thermodynamic stabil-
ity of MAPI completely originates from the motions of
the MA+ cluster, and the reason behind the unstable
imaginary modes is solely because of the interaction be-
tween the MA+ inner freedoms and the Pb-I cages. We
also note that without MA+ the PbI−3 cage cannot be
thermodynamically stable alone. To analyse the phonon
transport behaviour and understand the contribution of
each phonon mode to κ, we present the full phonon dis-
persion curves and the PDOS of pseudocubic MAPI in
Fig. 3(a). We can see very clearly that, the phonon
frequencies available in pseudocubic MAPI can be sep-
arated into three islands. The lowest frequency island is
below ∼ 7 THz, the middle island ranges from 25 THz
to 45 THz, and the highest island is beyond 89 THz.
Among the islands, there exist huge energy gaps, from
which we expect reduced phonon scattering among the
islands. However, one cannot intuitively speculate high
thermal conductivity, as we will see more clearly below.

From the PDOS in Fig. 3(a), we learn that the PDOS
of both Pb and I ions are located in the lowest frequency
island, which is consistent with our phonon dispersion
curves shown in Fig. 3(b). This finding is also similar
to the previous study that the Pb-I modes from the low
energy island contribute to the ionic screening and the
higher energy modes do not [34]. It is worth noting that,
the lowest island also contains the PDOS of C, N, and H
atoms, which are thought to come from the MA+ clus-

ter. Actually, these phonons correspond to the motion
of MA+ as a whole unit, such as the translational and
rotational movement inside the inorganic cage. Because
the MA+ unit has positive charge and the inorganic cage
has negative charge, these low frequency modes of MA+

dominate the interactions between the organic and inor-
ganic parts. These interactions can be observed straight-
forwardly from the phonon modes presented in the sup-
porting movies (Vibrational modes 01− 24). The middle
island only contains the PDOS of C, N, and H atoms.
Theses phonon modes in the middle island mostly corre-
spond to the relative movement between the −CH3 group
and the −NH3 group composing the MA+ cluster, such
as the shearing and stretching modes of C−N bond (sup-
porting movies: Vibrational modes 25− 36). Since these
modes belong to the inner motions of the MA+ and the
corresponding phonon dispersion curves are almost flat in
the first Brillouin zone (Fig. 3(a)), they possess almost
zero phonon group velocities, as seen in Fig. 4(a). On
the other hand, because of the enough space in the PbI−3
cages as shown in Fig. 1(a), the inorganic cages almost
isolate the organic parts in a closed space, which induces
that these internal modes can hardly scatter with the
motions from outside and thus have relatively not very
small lifetimes (Fig.4(b)). As we mentioned earlier, there
exist huge energy gaps among the three islands in the
PDOS and such gaps could prevent the phonon scatter-
ing among the islands. Actually, the huge energy gap dis-
ables the phonon scattering between the internal motions
of the organic cluster (middle frequency island) and the
lattice vibrations of the inorganic cages (low frequency is-
land). The two physical pictures demonstrated here are
consistent with each other. As for the highest island, the
PDOS is dominated by the H atoms. The phonon modes
in this island mainly correspond to the movements of the
C−H and N−H bonds, such as bond swing and stretching
(also can be seen in the supporting movies: Vibrational
modes 25 − 36). Same as the middle frequency island,
the phonon group velocities of the highest island are also
nearly zero but the phonon lifetimes are not zero (Fig. 4).

From the phonon Boltzmann transport equation
(BTE) with single relaxation time approximation, we
know that κ = ΣpΣqCph · v2

g · τ , where p and q denote
the phonon branch and wave vector, respectively, Cph,
vg, τ is the specific heat capacity, group velocity and re-
laxation time of a specific phonon mode [35]. In Fig. 4,
we can see that some phonons belonging to the high fre-
quency part in the low frequency island (1 ∼ 5THz)
have relatively short lifetime, which is also mentioned
in the previous work [10]. Combining the data shown in
Fig. 4(a, b), we can conclude that, although the phonon
lifetime of the modes in the middle and high frequency
islands is comparable with that in the low frequency is-
land, their contribution to κ can be simply ignored, due
to the almost zero group velocity. Meanwhile, because
the phonon distribution obeys the Bose-Einstein statis-
tics, the phonons of middle and high frequency islands
are hardly thermally occupied at room temperature. The
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FIG. 4: The frequency dependent (a) phonon group velocities and (b) phonon lifetime of pseudocubic phase MAPI. In (b), the
blue, red and pink data points correspond to the low, middle and high frequency islands, respectively, which are shown in the
right panel of Fig. 3(a).

plot of Bose-Einstein occupation function with respect to
frequency at 300 K can be found in Supplemental Ma-
terial. This reason along with the very small group ve-
locities (phonon modes are strongly localized) rules out
the contributions to κ from phonons belonging to the
middle and high frequency islands. Therefore, the κ of
MAPI mainly stems from the phonon modes in the low
frequency island, which is directly associated with the
vibrational modes of inorganic cages and the coupling
between the cage and the whole organic cluster.

C. VDOS and deformation charge density of MAPI

In order to further elucidate the coupling between
the organic and inorganic components, we calculate the
VDOS of PbI−3 cages with and without the MA+ cluster.
All the partial VDOS results are obtained from EAIMD.
From Fig. 5, we can clearly see that, for the case with-
out MA+, the VDOS of Pb and I ions are almost the
same. This implies that the Pb and I ions have synergis-
tic vibration in the PbI−3 octahedra. In contrast, for the
case with the organic cluster, we see that the VDOS of
I ions are higher than that of Pb ions for the frequency
range > 4 THz, exhibiting evident split of vibrations be-
tween Pb and I ions. This proves that the presence of the
organic cluster influences the vibrations of I ions much
more than that of Pb ions, and such influence can even
extend to the frequency range higher than 7 THz (the
long tail of VDOS of I ions). To provide a direct expla-
nation, in the inset of Fig. 5 we present the deformation
charge density of MAPI to show the charge transfer in
MAPI during the process of chemical bonding formation.

FIG. 5: Comparison of the partial vibrational density of states
of Pb and I ions in the inorganic cages with and without MA+

cluster. The solid lines are the results of normal pseudocubic
MAPI structure (with MA+) and the dash-dotted lines repre-
sent the empty pseudocubic inorganic cages (without MA+).
(Inset) The deformation charge density of pseudocubic MAPI
with isosurface value 0.005. The green and yellow colors rep-
resent the negative and positive charge densities, respectively.

The deformation charge density was calculated by the dif-
ference between the real charge densities after chemical
bonding formation and the original charge densities of
atoms on sites. From the deformation charge density, we
see that, the organic cluster possesses positive charge and
only the I ions provide the negative charge environment
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FIG. 6: Schematic of some representative phonon modes as-
sociated with the MA+ cluster in the pseudocubic phase per-
ovskite solar cell. The arrows indicate the movement of the
entire cluster or atoms. For brevity, only the MA+ cluster is
shown.

around the MA+. This means that the MA+ cluster in-
teracts directly with the I ions, and then influences the
PbI+

3 cages indirectly. This can be understood consider-
ing the fact that the Pb ions reside in the center of the
octahedra and the MA+−Pb interactions are shielded by
the I ions. This is the direct reason for the split VDOS
observed in Fig. 5.

D. Direct observation of individual phonon modes
and quantification of phonon anharmonicity in

MAPI

To directly observe the atomic motions of all phonon
modes in MAPI, with the help of normal mode analysis
we find out the total 36 phonon modes of the pseudocu-
bic MAPI (the unit cell contains 12 basis atoms). We
present all these modes in the supporting movies (Vibra-
tional modes 01 − 36) with label in the sequence of fre-
quency from low to high. Among these motions, we can
easily distinguish the modes that belong to or are dom-
inated by the MA+ cluster. Some representative modes
associated with MA+ are schematically shown in Fig. 6.
From the supporting movies (Vibrational modes 01−12)
we can see that only the collective motions of the entire
MA+ cluster can drive a relatively large vibration of the
inorganic cages, meaning effective coupling between the
two components. We also found that, all such coupled
modes indeed occurs at low frequencies, which belongs to
the lowest frequency island as shown in the right panel
of Fig. 3(a). Again, it proves that the strong coupling
between the organic cluster and the inorganic cages only
happens in the low frequency range (< 7 THz).

To quantitatively characterize the effects of the collec-

tive motions of the rotational and translational modes
and analyse the anharmonicity of these phonon modes,
in Fig. 7 we present the potential energy change when
the MA+ cluster is displaced with a certain rotational
angle or a translational displacement, corresponding to
the rotation I/II and translation I/II modes as illustrated
in Fig. 6. The magnitude of both the rotational angle
and the translational displacement are extracted from
the real EAIMD simulations, the same data used for the
above SED calculation. Every configuration that is used
to calculate Fig. 7 is taken from the real vibrational struc-
ture of EAIMD simulation. Theoretically, these configu-
rations mean that the rest positions are fully relaxed, but
the lattice shape and volume are fixed during this pro-
cess. To quantify the anharmonic effect of each mode, we
also perform quadratic fitting of the potential energy at
the equilibrium position. The detailed information are
listed in Table. I. It is interesting to observe that, for
both rotational and translational modes of MA+, the os-
cillating amplitude is not exactly symmetric with respect
to the equilibrium position, in particular for the rota-
tional modes. This phenomenon can also be observed in
the supporting movies(Rotation I). Meanwhile, we note
that the potential energy curves for the two transla-
tional modes are perfectly quadratic, corresponding to
pure harmonic oscillations. However, for the two rota-
tional modes the potential energy curves largely deviate
from the quadratic fitting, showing strong phonon anhar-
monicity. This result reveals that the translational mo-
tions of MA+ should have little scattering with phonons
of the inorganic lattice and the anharmonic effects due to
the motion of the MA+ cluster mainly originate from its
rotational movement. Considering that the low frequency
phonons associated with the MA+ cluster mainly reside
in the range of 1 ∼ 5THz as shown in the PDOS (the
right panel of Fig. 3(a)) and their corresponding phonon
lifetime is relatively short (Fig. 4(b)), we conclude that
the strong scattering between the rotational modes of the
MA+ cluster and other low frequency phonons belonging
to the inorganic cage drive the ultra-low κ of the hybrid
organic-inorganic MAPI. This is the fundamental mech-
anism why the perovskite solar cell possesses such low
lattice thermal conductivity.

In Table. I, we calculate the oscillating energy of these
modes defined as ∆E = Emax − Emin, where Emin is the
minimum potential energy corresponding to the equilib-
rium position of respective oscillation and Emax is possi-
ble highest potential energy during the oscillation (shown
in Fig. 7). We can clearly see that the ∆E of both ro-
tational modes are much higher than that for the two
translational modes. This provides further evidence to
prove that the rotational modes dominate the interac-
tions or coupling between the MA+ cluster and the inor-
ganic lattice. This result is consistent with the previous
experimental observation [8].

Before closing, it is worth noting an interesting phe-
nomenon in Fig. 7(a), where the potential energy of the
system does not increase monotonically when the MA+
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FIG. 7: Analysis of phonon anharmonicity of representative rotational and translational modes in the pseudocubic phase
perovskite solar cell by first-principles calculations (supercell 2 × 2 × 2). (a, b) represents the change of the potential energy
of the system with respect to the rotational angle for the modes of rotation I and II, respectively. (c, d) illustrates the
corresponding results for the modes of translation I and II, respectively. The solid lines are quadratic fitting to the energy
change. (Insets) Schematic of the movement of the MA+ cluster.

TABLE I: The values of potential energy change for rotational and translational modes of MA+ shown in Fig. 7.

Type of Farthest Farthest Minimum Maximum Oscillating energy
modes negative positive potential potential (∆E = Emax − Emin)

amplitude amplitude energy (Emin) energy (Emax)
Rotation I −20.31◦ 9.13◦ −403.5515 eV −402.0132 eV 1.5383 eV
Rotation II −3.32◦ 21.97◦ −404.7913 eV −402.6384 eV 2.1529 eV
Translation I −0.133 Å 0.060 Å −403.3026 eV −403.2253 eV 0.0773 eV
Translation II −0.0566 Å 0.108 Å −403.2979 eV −402.8839 eV 0.4140 eV

cluster rotates in a negative angle. Instead, there ex-
ists a meta-stable potential energy valley with rotation
angle of around −20◦. This small potential energy val-
ley induces an additional oscillation during the journey
of the MA+ cluster going back to the global minima.

This phenomenon can be observed straightforwardly in
the corresponding mode from the supporting movie (Ro-
tation I). From the movie, we observe that when MA+

move to the negative amplitude position, the C−H bond
length tends to extend. This is the reason behind the
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meta-stable potential energy valley in Fig. 7(a). From
the supporting movies (Vibrational modes 25 − 36) we
can also see the inner motions of the MA+ cluster, as we
mentioned above, such as the shearing and stretching of
the C−N bonds, the swing and stretching of the C−H
and N − H bonds. We also confirm that, the phonon
modes associated with the C − N bonds correspond to
the middle frequency island and the modes associated
with the C−H and N−H bonds belong to the high fre-
quency island. All of these results are consistent with the
PDOS (right panel of Fig. 3(a)) and provide additional
proof for our previous conclusion, based on the dynamics
of the system at finite temperature.

IV. SUMMARY

To summarize, through direct non-equilibrium
ab initio molecular dynamics simulation we study
the thermal transport property of the hybrid organic-
inorganic halide perovskite (CH3NH3PbI3) solar cells
in pseudocubic and tetragonal phases. We analyze
the phonon dispersion curves of the MAPI structures
based on first-principles calculations. The phonon
modes in MAPI are found to split into three major
islands with huge energy gap between the neighbouring
islands, which naturally prevent the cross-island phonon
scattering. However, this does not intuitively result
in high thermal conductivity. On the contrary, we
identify the MAPI possesses ultra-low lattice thermal
conductivity for both phases, which is well consistent
with the previous theoretical and experimental studies.
With the aid of phonon group velocity, phonon lifetime
and normal mode analysis, we provide a thorough
explanation to the fundamental mechanism underlying
the ultra-low thermal conductivity: the overall thermal
transport in MAPI are dominated by the intrinsic
phonons of the inorganic cages in the low frequency

island (< 7 THz) with negative contribution from the
interaction or coupling between the rotational motion
of the inorganic cluster and the organic cage in the
same frequency range. In contrast, the phonon modes
in the middle and high frequency islands, which are
associated with the internal motions of the organic
cluster alone, have negligible contribution to the overall
heat transport in MAPI, primarily due to the strong
localization (nearly zero group velocity) and low thermal
occupation at room temperature of such modes. Our
study highlights the physical origin of the ultralow
thermal conductivity of the hybrid organic-inorganic
halide perovskite structures, and also provides new
insights into the phonon transport from the view of
organic-inorganic coupling (rotational vs. translational),
which would be of great significance to the design
and discovery of novel perovskite materials for better
energy conversion performance. The method of freezing
partial freedoms of the organic cluster to avoid the
imaginary phonon modes can also be straightforwardly
applied to broad ordered-disordered materials, such as
metal-organic frameworks, guest atoms in clathrates,
and phonon liquid thermoelectrics.
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