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ABSTRACT: Despite the commonly observed phase-instability-
induced photovoltaic degradation of MAPbI3, the phase transition
kinetics at the atomic level remains elusive. Herein, by developing a
stepwise NEB method, we clarify a nonsynergistic minimum-energy
pathway for the tetragonal-to-orthorhombic phase transition. It is
kinetically driven by the tilting of PbI64− that induces a spontaneous
small rotation of adjoining MA+ and ends with stepwise ∼110°
reorientations of two nonadjacent MA+ enabled by the cavity
expansion. Compared to the common concerted mechanism, this
process gives a low barrier of 0.08 eV/unit, demonstrating the
easiness of the transition at extremely low temperatures and the
importance of rotational entropies in regulating transition at
elevated temperatures. With an explicit phase transition mechanism,
we explore the structure-induced property response and reveal that introducing even low content of large-sized organic cations could
help maintain the quasi-stable low-temperature performance of MAPbI3 solar cells.
KEYWORDS: hybrid organic−inorganic perovskite, phase transition kinetics, photovoltaic efficiency, molecular reorientation,
molecular switch

■ INTRODUCTION
MAPbI3 as the champion material of hybrid organic−inorganic
perovskites (HOIPs) has attracted widespread attention due to
the low production cost and high photovoltaic efficiency.
Despite the great progress in device efficiencies well over 25.7%
in recent decades,1−5 the commercialization of this material
remains limited due to the stability issue.6−10 In particular,
tetragonal MAPbI3 exhibits long photoexcited carrier lifetimes
and diffusion length and has increasing photovoltaic applica-
tions; upon cooling below 160 K, it unfortunately undergoes a
tetragonal-to-orthorhombic phase (TP-to-OP) transition and
exhibits weakened solar cell performance.11−14 However, the
origin of this temperature-dependent phase instability and
structural evolution mechanism at such a low temperature are
elusive due to the complexity of potential energy surface (PES),
which involves an intramolecular or axial rotation of organic
cations and subtle H-bond interactions with inorganic
cages.15−20 In comparison with the all-inorganic perovskite,
such a mixed relaxation nature gives extra complexity to locating
the phase-transition minimum-energy path (MEP).
Toward such a challenging issue, more than one study has

made great efforts to reveal the phase transition mechanism of
HOIPs and generally emphasized the entropy effect in driving
the transition at elevated temperatures, despite that the fact may
be changed with decreasing temperatures;13,21−30 however, for
the specific structural transition process, diverse views were

reported for different HOIPs, mainly focusing on the driving
force of the tilting of PbI64− octahedron,21 the rotation of MA+
cations,14,25 or the collective mode where organic and inorganic
ions move together to drive the phase transition.26 To the best of
our knowledge, the definitive structural transition mechanism
with full kinetic information included has been studied less, and
it remains open on the competing of the rotation/vibration
entropy contribution and transition kinetics with temperatures,
which is crucial for understanding and balancing the material
instability and photovoltaic performance. Thus, it is of general
essence to unveil the minimum-energy phase evolution process
and the kinetically rate-limiting factor at the atomic scale.
Noticeably, Chen et al. gave a possible transition pathway

generated via the interpolation by monotonically changing
reaction coordinates from the cubic to the hexagonal phase of
FAPbI3.

27 Such a strategy may likely neglect some possible
nonsynergistic modes and result in the overestimation of
transition barriers. In this regard, it calls for a more efficient
method, allowing multipath sampling to locate the more

Received: February 5, 2023
Revised: March 7, 2023
Accepted: March 14, 2023
Published: March 23, 2023

Articlepubs.acs.org/jacsau

© 2023 The Authors. Published by
American Chemical Society

1205
https://doi.org/10.1021/jacsau.3c00060

JACS Au 2023, 3, 1205−1212

https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jiawei+Wu"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jianfu+Chen"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Haifeng+Wang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/jacsau.3c00060&ref=pdf
https://pubs.acs.org/doi/10.1021/jacsau.3c00060?ref=pdf
https://pubs.acs.org/doi/10.1021/jacsau.3c00060?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/jacsau.3c00060?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/jacsau.3c00060?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/jacsau.3c00060?fig=abs1&ref=pdf
https://pubs.acs.org/toc/jaaucr/3/4?ref=pdf
https://pubs.acs.org/toc/jaaucr/3/4?ref=pdf
https://pubs.acs.org/toc/jaaucr/3/4?ref=pdf
https://pubs.acs.org/toc/jaaucr/3/4?ref=pdf
pubs.acs.org/jacsau?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/jacsau.3c00060?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://pubs.acs.org/jacsau?ref=pdf
https://pubs.acs.org/jacsau?ref=pdf
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://acsopenscience.org/open-access/licensing-options/


favorable phase transition pathway of HOIPs. In this work, by
focusing on the TP-to-OP transition, we developed a revised
nudged elastic band (NEB) method that allows us to better
identify the possible nonsynergistic motions of inorganic/
organic ions and revealed the low-temperature TP-to-OP
transition mechanism. We clarified that it proceeds with a
specific stepwise mode as a sequenced ensemble of Pb-I
relaxation and molecular/axial rotations of MA+ at an incredibly
low effective barrier (0.08 eV/unit), which is an order of
magnitude lower than that predicted by regular NEB and
explains why and how the TP-to-OP transition can occur at low
temperatures (<160 K). Moreover, the light absorption and
charge transport properties were probed along the TP-to-OP
transition and revealed the unexpected key photovoltaic role of
organic MA+. Our findings may lay a basis for understanding the
crystal-phase-dependent stability and the low-temperature
efficiency of HOIPs.

■ RESULTS AND DISCUSSION

Outline of Phase Transition Pathways
Figure 1a shows the unit-cell structures of MAPbI3 in the
tetragonal and orthorhombic phases (Table S1) viewed along
the z-axis, showing a framework of corner-sharing PbI64−

octahedron with MA+ cation occupying each cavity enclosed

by the neighboring octahedra. The lattice parameters of TP were
calculated to be a = 8.89 Å, b = 8.87 Å, c = 13.20 Å, and α = β = γ
= 90°, and those of OP are a = 8.98 Å, b = 8.74 Å, c = 12.96 Å,
and α = β = γ = 90°. The OP structure exhibits a regular
arrangement of PbI64− octahedra along the z-axis, while TP
shows a twisted arrangement of these octahedra. Accordingly,
these two structures can be visualized as transformed mainly by
tilting PbI64− octahedra at the edge- and body-centered
positions of the unit cell and rotating the MA+ cations within
the cavities, while the PbI64− octahedra at the unit-cell corner
site almost remain motionless.
To explore the TP-to-OP transition kinetics, we first

preliminarily outline the possible atomic coordinate corre-
spondence linking TPwith OP, where theminimum interatomic
distance of inorganic framework31 was adopted for geometrical
matching. Further, considering the symmetry of the tetragonal
phase, particularly the structural similarity in a and b directions,
eight correspondences of atomic coordinates linking TP with
OP can be found (Figure 1b). Specifically, by overturn or 0, 90,
180, and 270° rotation along the z/-z-axis of OP, respectively,
we can obtain eight OP equivalents exhibiting varying atomic
positions of each component from the same viewing angle,
leading to different TP-to-OP structural correspondences.
Essentially, such a strategy takes different displacements of I−/

Figure 1. (a) Unit-cell structures of TP and OP and phase transition in between. In TP, the PbI64− octahedra at the unit-cell corner are depicted in
orange, while octahedra at the edge and body-centered positions of the unit cell are depicted in green. The transformational direction of PbI64−

octahedra is shown. (b) Schematic illustration of eight kinds of atomic coordinate correspondences between TP andOP, which involve the rotation (0,
90, 180, and 270° in the xy-plane, generating configurations from i to iv) and the overturn (along the z-axis, generating configurations from v to viii) of
the inorganic framework of OP. The inorganic framework consists of four PbI3− sublattices, where four Pb2+ ions occupy the corner, edge, face center,
and body center of the unit cell, and I− ions are at the corner of the PbI64− octahedron. Four Pb2+ ions in the unit cell are depicted in solid circles, while
other Pb2+ ions in the periodic slabs are depicted in dash circles. The coordinate correspondence of I− in each structure is noted (I1 in TP and Ii−Iviii in
OP). (c) Euler angles defining the rotation of MA+ within the cavity along the z-axis (α), y-axis (β), and x-axis (γ). The correspondence betweenMATP
(MA+ in TP) and MAOP (MA+ in OP) is linked by the rotation matrix R. Color scheme: Pb, green; I, blue; N, red; C, black; and H, gray.
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Pb2+ and rotational angles of MA+ into account, which can help
cover the possible phase transition pathways as many as possible
and thus facilitate locating the most favorable one. In addition,
to describe the correspondence of MA+ cations between TP and
OP, the Euler angle was used to quantify the molecular and axial
rotations of MA+ with the rotation matrix. For example, as
demonstrated in Figure 1c, MATP undergoes reorientation and
ends at the corresponding positions in OP (MAOP in Figure 1c),
in which the transition from MATP to MAOP can be obtained by
three successive rotations around z, y, and x axes using the Euler
angles (α, β, and γ) and rotation matrix R = Rz(α)Ry(β)Rx(γ).
Following these recipes, we can build eight kinds of
correspondences of inorganic and organic ions, and the
displacements and rotation angles of all of the components in
TP and OP can be completely determined in each one. The
details of these outlined transformation pathways are given in
Table S2 and Figure S1.
Stepwise NEB Method
Further, we developed a step-deciding technique incorporated
with the NEB method, named as the sNEB method,31

permitting to fully explore the possible nonsynchronous
movements of different components within MAPbI3 and
enabling multidirection sampling to better capture the MEP.
As shown in Figure 2, the critical point of the sNEB method lies

in the step-deciding treatment: the separation of atom regions.
We first split the overall transition process according to the
transition behaviors of I−, Pb2+, and MA+, which involves the
displacements of ions and the rotation of MA+. Considering the
possibility of independent motions of ions, the same type of ions
can further be divided into several regions (A1,···,p,···m), which
allows ions to be randomly combined within a region and
samples various moving patterns; ions in one region are allowed
to move to their final positions in OP at various step lengths,
while ions belonging to other regions remain motionless in this

process. The motions of all of the atom regions constitute
complete ionic movements/rotations from TP to OP. By
changing the atom combinations in these regions and their
moving sequences, we are able to sample as many various
transition patterns as possible, thereby taking into consideration
all of the transformation pathways (Data S1 and Figure S2).
Notably, the traditional NEB method usually adopts the linear
interpolation of atomic positions to generate intermediate
images, which cannot correctly describe the molecular rotation
of MA+. sNEB additionally supports in generating images via
linear interpolation of rotation angles of MA+ by automatically
invoking the rotation matrix, which guarantees the integrated
expression of MA+ rotation and displacement of the inorganic
framework in exploiting the PES of TP-to-OP transition.
Phase Transition Mechanism

Considering all of the structural correspondences and the sNEB
method, the minimum-energy phase-transition path can be
gained and two kinds of characteristic mechanisms were
identified (Figures S1 and 3a,b): (i) synergistic motions with
activation energies of 0.41−0.51 eV (Paths 1−4); (ii)
nonsynergistic motions with activation energies of 0.08−0.31
eV (Paths 5−8). Details of these transitions can be seen in
Supporting Video Materials. Overall, such relatively large
barriers in Paths 1−4 are reflected in that the I−/Pb2+ ions
move with ∼110/140° reorientation of MA+, while the
nonsynergistic transitions are energetically more plausible,
with multiple small barriers for independent motion of each
component. As shown in Figure 3b,c, Path 5 is the optimal TP-
to-OP transition pathway with an overall barrier of 0.08 eV,
which proceeds stepwise via three specific stages: TP → MS1,
MS1 → MS2, and MS2 → OP.

Stage 1: TP → MS1 transition starts with the distortion of
PbI64− octahedra and I− movements, accompanied by
spontaneous ∼70° rotations of adjacent MA1/MA2. This
process is exothermic with a barrier of 0.08 eV, resulting in a
more stable intermediate MS1. Specifically, from TP to the
transition state TS1 (Figure 3c), the inorganic framework
changes evidently, while all MA+ remain nearly unchanged,
indicating that the 0.08 eV barrier mainly comes from PbI64−

relaxation. In TS1 →MS1, I− ions continue to move to their final
positions in OP, during which MA1/MA2 experience ∼70°
rotation in the yz-plane. As shown in Figure 3d, this small
rotation ofMA1/MA2 aims to suit the various N−H···I hydrogen
bond interactions due to the reshaped cavities by tilted PbI64−

octahedra (Data S5).
Stages 2/3: Following the relaxation of the inorganic

framework, MA3/MA4 proceed with stepwise large-angle
reorientation within MS1 → MS2 and MS2 → OP, respectively,
giving out-of-plane and in-plane (xy-plane) rotations of ∼110°
along the long-axis of cavity. In MS1 →MS2, MA3 starts with the
molecular rotation in the yz-plane and ends with its C−N bond
parallel to the xy-plane, giving rise to a 0.16 eV barrier. Finally, as
MA4 continues to rotate in the xy-plane, a small barrier (0.11
eV) appears to achieveMS2 →OP transition (see details in Data
S6).
Figure 3b depicts the potential energy profile of TP→MS1 →

MS2 → OP transition (at 0 K), showing an energetically
downhill process. Particularly, the TP → MS1 process is
evidently heat-releasing, and the overall effective barrier can be
identified as 0.08 eV/unit and the PbI64− relaxation is the rate-
limiting step. Compared to the commonly hypothesized
synergistic mode, such a decoupled stepwise mechanism is

Figure 2. Basic concept of the sNEB method. DI and DPb represent the
displacements of I− and Pb2+, respectively, and DMA represents the
normalized change of both molecular displacement and the rotation
angles. The matrix represents the possible moving sequence of atom
regions, and the regions can move at varying step lengths and
sequences.
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evidently more favorable. Noteworthily, by the lattice dynamic
simulations, Figure 3e also provides the phonon density of states
of each intermediate in this transition for further experimental
validation (see details in Data S7, Figures S7 and S8).
Quantitatively, by comparing the structural features of eight

paths, it was found that there is a strong dependence of the
barriers on the degrees of coupled motion of different groups in
MAPbI3: the collective motions of inorganic/organic groups
result in larger barriers (see details in Data S9 and Figure S9).
We note that the large-angle reorientation of MA+ is limited by
the original stacking of PbI64− octahedra in TP. In Path 5, the
extra tension coming from Pb-I relaxation is largely released in

the TP → MS1 process, which results in weakened interplay
between the inorganic framework andMA+ and thus the cavity’s
expansion. This not only facilitates a relatively small rotation of
MA1/MA2 but also contributes to the subsequent large-angle
MA3/MA4 reorientation. In this regard, we propose that the
nonsynergistic transition may be a common mechanism for
HOIP materials. To the best of our knowledge, these results
quantitatively present, arguably for the first time, a non-
synergistic mechanism for TP-to-OP transition with a low
effective barrier, which rationalizes the easiness of TP-to-OP
transition at low temperatures (T ≤ 160 K) as observed
experimentally.

Figure 3. TP-to-OP transition mechanism and potential energy surface. (a, b) Energy profiles for Paths 1 and 5, respectively, where the intermediate/
transition states (TS1, MS1, TS2, MS2, TS3) and the activation barriers are noted. (c) Transition modes of I−/Pb2+ ions and molecular rotations of four
MA+ cations in Path 5 viewed along the z-axis, where MA1/MA2/MA3/MA4 are indexed according to their motion sequence. (d) Schematic change of
inorganic framework (mainly involving I− vibration of ions) and the interplay between the cavity shape and rotational direction of MA+. (e) Total
phonon density of states for each state during TP-to-OP transition.

Figure 4. (a) Gibbs free energy landscape and entropy effects of TP-to-OP transition at elevated temperatures. The entropy contributions consist of
lattice vibrational entropy (TSvib) and rotational entropy (TSrot). (b) Vibrational free energies with (solid line) and without (dash line) the anharmonic
effect included, where the black and orange lines denote TP and OP, respectively. (c) Changes of N−H···I hydrogen bond lengths as the MA+ rotates.
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Inferred from this potential-energy landscape, on the one
hand, some strategies may be plausible to maintain the TP
stability in low-temperature applications:32−34 (i) improving the
inflexibility of the inorganic framework to inhibit the phase-
transition initiation step; (ii) introducing the larger-sized
organic cation to weaken the large-angle reorientation. Notice-
ably, recent experiments have verified that large-sized organic
ions could enter the bulk perovskite lattice and the introduction
of these cations can improve the stability of the single crystal,
despite being more often understood from the perspective of
tuning the tolerance factor of bulk perovskite.35−38 In this
regard, our results give an atomic level evidence in terms of
slowing down the phase-transition kinetics to guard the stability
of the hybrid perovskite. In addition to the bulk phase stability
itself, the phase transition or structural deformation could be
often triggered at the surface, edge, or the defect site, and thus
the practical improvements to stabilize the materials in many
cases relate to the passivation of surfaces and grain boundaries
(e.g., coating with the organic molecule layer) or the interface
stabilization effect confined by the substrate, which correspond
to the cases of thin films or the nanocrystal form of
perovskite.39,40

On the other hand, we can further understand the origin of
temperature-dependent phase transition; at T ≤ 160 K, TP is
easily transformed into OP, while the transition would be
relatively hindered when T > 160 K. At non-zero temperatures,
the lattice vibration and rotation of MA+ are activated and could
lower the free energies of TP and OP, as illustrated in Figure 4a.
The harmonic and anharmonic lattice vibration contributions
were calculated to be−0.07 and 0.10 eV, respectively, atT = 160
K for the free energy change from TP to OP (Figure 4b); in
combination with the potential energy difference (−0.40 eV)
between the two phases, one can speculate that the presence of
rotational entropy regulates the phase equilibrium at 160 K. As
Figure 4c describes, the H-bond strength in OP is stronger than
that in TP, which leads to larger vibration frequencies and
entropy contribution, but the degree of rotation freedom ofMA+
would be more inhibited. The rotational entropy lowers the free
energy of TP well below the OP and becomes more pronounced

at T > 160 K, which arguably explains the relative stability of TP
at room temperature and thus demonstrates the dominant effect
of rotational entropy of organic cations in adjusting TP-to-OP
transition at elevated temperatures.
Structure-Dependent Photovoltaic Properties

With the TP→OP transition mechanism identified, it could be
worth probing the structure-induced property change (i.e., the
basic structure−property relationship) and further understand
the structural origin of phase-dependent photovoltaic properties
of MAPbI3 arising from the relaxation/orientation of the
inorganic and organic ions in the low-temperature condition.
Figure 5a,b show the maximum light absorption coefficients
(αmax) in the near-visible light region. One can see that αmax is
gradually decreased along the phase transition and dominated by
the relaxation of PbI64− (corresponding to TP → MS1
transition). This could relate to the fact that I−/Pb2+ contributes
greatly to the electronic band-edge. Approximately, the overall
light absorption is weakened by 23.8% during the Pb-I
relaxation. Moreover, the anisotropic rotations of MA3 and
MA4 also affect light absorption, despite the weakened influence
relative to the inorganic motions. αmax, respectively, decreases by
nearly 8.5% and 4.1% during these two processes. Noticeably,
the contributions of charge transport property for TP → MS1
and MS1 → MS2 transitions are opposite to those of the near-
visible light absorption ability (Figure 5c,d); the inorganic
framework relaxation and MA3 rotation lead to an overall
reduction in the light absorption but significant improvement in
the charge transport, in which the current increases by 55.6%
and 20.3%, respectively. This may, to some extent, yield a
balanced and help to guard relatively steady photovoltaic
performance from TP to MS2. Differently, both properties show
decreasing trends in the final MS2 → OP step. This
demonstrates that the motion of the last organic cation, i.e.,
MA4 rotation, would play a generally adverse role and drop
drastically the performance of solar cells. These findings
emphasize the importance of metastable state MS2; concep-
tually, MA4 may guard the photovoltaic performance of MAPbI3
by controlling the in-plane molecular rotation. Therefore, one
can speculate that introducing even low content (<25%) of

Figure 5. Photovoltaic properties of MAPbI3 along TP-to-OP transition. (a) Motion modes of inorganic and organic groups along TP→MS1 →MS2
→OP transition. (b) Maximum light absorption coefficients of TP/MS1/MS2/OP along the x, y, z direction at a wavelength of 380 nm. (c) Diagram
for the electronic transport calculation model, where MAPbI3 is covered by two Au electrodes, and (d) the current changes at a bias voltage of 2 eV.
Note: the differences in the absorption coefficient/current between structures (TP/MS1/MS2/OP) relate to the motions of inorganic displacement,
MA3 and MA4 reorientation, respectively, where red numbers denote the percentage increase and black represents the percentage decrease by taking
TP as the reference.
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large-sized organic cations could be advantageous to maintain
MAPbI3 at TP or MS2 states and thus quasi-stable performance,
which essentially agrees with the very recent experimental
finding41 that a small amount of dimethylamine substitution
improves structural stability and photovoltaic properties of
MAPbI3.

■ CONCLUSIONS
In summary, we elaborated on the tetragonal-to-orthorhombic
phase transition kinetics of MAPbI3 via a new sNEB method.
The kinetically most plausible mechanism was quantitatively
identified, where the motion of inorganic octahedra and large-
angle reorientations of organic cations are decoupled to three
sequential transformation stages. The uncovered potential
energy landscape explains the easiness of TP-to-OP transition
at extremely low temperatures (<160 K) and constitutes a basis
for understanding the temperature-dependent phase transition
of MAPbI3 at elevated temperatures. Enabled by such a stepwise
mechanism, the functionalities of inorganic and organic ions in
affecting the photovoltaic performance of MAPbI3 were
evaluated along the phase-transition process. Unexpectedly,
we found that there may exist a hysteresis effect of overall
photovoltaic efficiency in the structural phase transition, and the
in-plane rotation of MA+ cation (corresponding to the last stage
of TP-to-OP transition) could help to guard the photovoltaic
performance of MAPbI3. We expect that the insights obtained
are crucial for understanding the structural transition kinetics
and maintaining the performances of MAPbI3.

■ METHODS

Density Functional Theory (DFT) Calculations
The stable tetragonal bulk unit (a = 8.89 Å, b = 8.87 Å, c = 13.20 Å, α = β
= γ = 90°) and orthorhombic bulk unit (a = 8.98 Å, b = 8.74 Å, c = 12.96
Å, α = β = γ = 90°), each containing 24 H, 4 C, 4 N, 12 I, and 4 Pb
atoms, were used. Total energy calculations were carried out with the
Perdew−Burke−Ernzerhof (PBE) functional using the Vienna Ab initio
Simulation Package (VASP).42 To correctly describe the geometric and
electronic structure of MAPbI3, the spin−orbit coupling (SOC)
together with the DFT+U (I:8 eV, Pb: 9 eV) approach was used.43,44

The DFT-D3 method45,46 also was employed to describe the weak
interaction in the hybrid perovskite. The energy cutoff of the plane wave
basis set was set as 450 eV. The Brillouin zone was sampled using the
Monkhorst−Pack scheme with a 2× 2× 2 k-point mesh in NEB, a 5× 5
× 3 k-point mesh for TP, and a 5 × 4 × 5 for OP in lattice dynamics
calculations. Optimized structures were obtained when the forces are
below 0.05 eV/Å.

Ab Initio Lattice Dynamic Calculations
Ab initio lattice dynamics calculations were performed to obtain the
vibrational modes. The harmonic term of lattice vibration was
examined with the frozen phonon approximation, while the cubic and
quartic terms of anharmonicity were then calculated with the self-
consistent phonon theory, using the ALAMODE package47,48 to obtain
the anharmonic vibrational effect.

Absorption Coefficient
According to the equation

= [ + ]( ) (2 ) ( ( ) ( ) ) ( )1/2
1

2
2

2 1/2
1

1/2 (1)

the frequency-dependent absorption coefficient α(ω) can be
quantitatively calculated and understood from the variation of real
(ε1(ω)) and imaginary (ε2(ω)) components of the dielectric
functions.49,50

Charge Transport
Transport properties were computed with nonequilibrium Green’s
functions as implemented in TranSIESTA,51,52 which allows for
simulations with open boundary conditions. The system is composed of
three regions: left Au-electrode, right Au-electrode, and the central
scattering region, where the structure found in the tetragonal−
orthorhombic structural transformation is inserted to screen out the
perturbation of the scatter. In the calculations, GGA/PBE42 were used
along with the nonconserving pseudopotentials of the Troullier−
Martins type53 for the description of the core electrons. The valence
wave functions were described by a double-ξ polarized basis set (DZP)
of finite-range numerical pseudoatomic orbitals. In all cases, an energy
cutoff of 200 Ry for real-space mesh size was used.
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