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ABSTRACT: The pressure-enhanced electronic properties of
metal halide perovskites are advantageous for photovoltaic and
thermoelectric applications. However, another critical performance
factor, the thermal conductivity behavior under pressure, has
received much less attention. Using the state-of-the-art phonon
Wigner transport equation, we studied the prototypical methyl-
ammonium lead triiodide in its cubic phase (c-MAPbIL;) to
discover a new anomalous pressure effect, where the dominant
coherence-channel thermal conductivity is invariant with changing
pressure. The straightening of the octahedra and the shortening of
the lattice constant with increasing pressure help create this
anomalous behavior that suppresses the overall thermal con-
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ductivity changes. By comparing with the bulk modulus and Griineisen parameter of several materials, we unveil another unusual
phenomenon in c-MAPbI;. The thermal conductivity of this soft and strongly anharmonic material under pressure behaves like those
of stiff and weakly anharmonic materials. Together with the reported enhanced optoelectronic properties, our findings support
MAPDI; as a pressure-modulated energy conversion material with decoupled thermal and electrical properties.

1. INTRODUCTION

Metal halide perovskites, especially the methylammonium lead
triiodide (MAPbL;), with their high absorption coefficient, low
thermal conductivity, and low-cost solution processing,' ™
have attracted interest from the solar cells, nanoelectronics,
and thermoelectrics communities. Accessible external fields
like pressure can further regulate their optoelectronic proper-
ties by affecting their crystal structures, resulting in vastly
enhanced stability and power conversion efficiency.’™® For
example, Qiao et al.® applied compressive and tensile strains in
MAPDI; that eliminated the defect-induced trap states and
prolonged the recombination time of carriers to create better-
performing solar cells. However, the modulation effect of
pressure on the nanoscale thermal transport properties of
MAPDI;, which often impact the performance and efficiency of
energy conversion devices, has received far fewer investiga-
tions.” "'

To date, different pressure studies on the thermal
conductivity of MAPbI; have yielded inconsistent results.
Gao et al.” assessed the thermal conductivity of a pseudocubic
MAPbL; (c-MAPbL,) crystal using the Green-Kubo equilibrium
molecular dynamics (EMD) method with the ab initio-derived
MYP empirical potential.'> They found that its thermal
conductivity at the temperature of 350 K increases from
around 0.4 to 0.6 W m™' K™ when pressure rises from 0 to 10
GPa. However, another independent theoretical study using
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the same method and potential predicted an almost tripled
thermal conductivity for c-MAPbI; at 10 GPa to around 1.5 W
m™" K7L' Lastly, with a similar simulation setup on a
tetragonal MAPbI; at room temperature, Rahman et al.''
investigated the effects of applying a uniaxial tensile strain
along the a-direction (lattice constants a = b # ) on its
thermal conductivity. The accompanying compressive strain is
negligible along the b-direction but significant along the c-
direction. They found that, in the elastic stress—strain region,
the applied uniaxial tensile strain decreases the thermal
conductivity along the stretched a- and the unchanged b-
directions, but has little effect along the compressed c-
direction. These results suggest rather complex pressure-
induced thermal conductivity changes in MAPbI; that require
a deeper structure—property investigation.

Although the above molecular dynamics (MD) studies” ™
have provided some preliminary insights, the phonon proper-
ties of c-MAPDbI; are still lacking. An in-depth understanding of
these thermal carriers is required to harness an external field

11

Received: April 19, 2023 Lo
Revised:  June 9, 2023
Published: June 26, 2023

https://doi.org/10.1021/acs.chemmater.3c00935
Chem. Mater. 2023, 35, 5185—-5192


https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jin+Yang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Ankit+Jain"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Liwu+Fan"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Yee+Sin+Ang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Hanying+Li"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Wee-Liat+Ong"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acs.chemmater.3c00935&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.3c00935?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.3c00935?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.3c00935?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.3c00935?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.3c00935?fig=abs1&ref=pdf
https://pubs.acs.org/toc/cmatex/35/13?ref=pdf
https://pubs.acs.org/toc/cmatex/35/13?ref=pdf
https://pubs.acs.org/toc/cmatex/35/13?ref=pdf
https://pubs.acs.org/toc/cmatex/35/13?ref=pdf
pubs.acs.org/cm?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acs.chemmater.3c00935?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://pubs.acs.org/cm?ref=pdf
https://pubs.acs.org/cm?ref=pdf

Chemistry of Materials

pubs.acs.org/cm

(d)

15 10
00 o
® 0 o o 8
©90- < C-N
10 ¢a < C-H/N-H
2 O Pb-Pb <« H-I 6
= PP : Pb-1 -}:
<) ° b ¢
S |00 0o 0o @ o o "
5 L
°
‘R A B S
13 1 1 1 1 ¢
0 0
-1 0 1 2
Pressure (GPa
(C) (GPa)
~0 _OOMYP‘EMD —"p Quantum ~""T Classical ]
1 OExp "¢, Quantum
R I N —— - |
2O06F e (] [ 1

-1 -0.5 0 0.5 1 1.5 2
Pressure (GPa)

Figure 1. (a) Optimized three-dimensional structure of c-MAPbI; at 0 GPa. (b) An X—Y view of the optimized structure shows the arrangement of
the MA cations and tilt angle (90 — 6) of an octahedron with  measured from the horizontal axis. (c) Changes in the structural parameters of the
c-MAPbI; unit cell with 96 atoms, including the tilt angle (90 — ), lattice parameter (a), and bond length of Pb—Pb, Pb—I, I-I, C—N, C—H, N—
H, and H-1 versus pressure. (d) Variations of thermal conductivity of c-MAPbL, at a temperature of 350 K versus pressure. The error bars of the
NEMD results denote the standard errors from five independent runs. The Exp>® and MYP-EMD*** are experimental and theoretical equilibrium
molecular dynamics (EMD) results from the literature using the first-principles-derived potentials."> All structures are visualized using VESTA.>

for regulating thermal transport effectively. As such, alternative
techniques like the lattice dynamics (LD) method are needed
to elucidate the effect of an external field on the phonon modal
heat capacity (C,), group velocity (v,), and lifetime (z,).">™"¢
A thorough understanding of these properties is also critical for
manipulating thermal transport through nanostructuring.”'>"”
Used together with the phonon Boltzmann transport equation
(PBTE),'® it is known that pressure affects thermal
conductivity through a complex interplay between the above
modal properties."” However, the PBTE intrinsically assumes
the validity of the phonon gas model and can only account for
thermal conductivity contributions from the phonon particle-
nature (aka population-channel, &p).'”* This approach is
inadequate for complex crystals like MAPbI; with its multiple
overlapping phonon branches and an intrinsic thermal
transport dominated by contributions from the phonon
wave-nature (aka coherence-channel, k.).”' ™

Here, we instead combined lattice dynamics with the state-
of-the-art phonon Wigner transport equation (LD-PWTE)"**°
to probe the pressure effects on kp and k¢ in the cubic phase
MAPDI; (c-MAPbI;). The c-MAPbI; phase is common in
MAPDI;-based devices like photovoltaics and thermoelectrics
operating above room temperatures. The LD-PWTE arises
from the unified theory of thermal transport'”*® that provides
a comprehensive understanding of the nanoscale thermal
transport behaviors and accounts for the crystal—glass duality.
The thermal conductivity calculated from the LD-PWTE is
contributed by the phonon population-channel (kp) and the
phonon coherence-channel (k) and reduces to the result from
the phonon Boltzmann transport equation at the simple crystal
limit (kp) or from the Allen—Feldman (AF) theory at the
harmonic glass limit (kc)."?° Nonequilibrium molecular
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dynamics (NEMD) was also performed to complement our
PWTE calculations. We found that the x: is anomalously
pressure-invariant, while kp raises from 0.033 to 0.127 W m™!
K™' with pressure increasing from —0.8 to 2.0 GPa. Every
phonon mode contributes more to the total thermal
conductivity (ky) with increasing pressure, with more modes
switching their contributions from xc to kp. A quick
comparison with other widely studied materials using the
bulk modulus and Griineisen parameter unveiled a new
anomalous pressure-mitigating effect from xc on the overall
thermal conductivity. Our results show that a dominant x in
complex crystals imparts new physics to their thermal transport
behavior under pressure.

2. RESULTS AND DISCUSSION

All simulations and calculations in this study employed the ab
initio-derived MYP empirical potential'> with details summar-
ized in the Section 4. The pressure effect on the thermal
conductivity of c-MAPbI; was studied at a low-to-moderate
pressure range from —0.8 to 2.0 GPa (minus sign indicates
tension) to exclude the possible uncertainties from the
empirical potential at higher pressures.”* The optimized stable
unit cells at different pressures, each with 96 atoms (Figures 1a,
b and S1), were obtained using a recently proposed structural
optimization method to perform lattice dynamics calcula-
tions.”" These structures have a space group of I/4m. Our MD
results at the temperature of 350 K suggest that c-MAPDI,
undergoes a phase transition when the compressive stress is
higher than 2.0 GPa (Figure S1). Also, the magnitude of the
applied tension was restricted to below 0.8 GPa as the
stimulated structures became amorphous and disintegrated at
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Figure 2. Modal phonon properties of c-MAPbI; at three different pressures, —0.8 GPa (left column), 0.0 GPa (middle column), and 2.0 GPa
(right column) with (a—c) the phonon dispersion, (d—f) group velocity, and (g—i) lifetime. The colored circles represent the sampled phonon
modes in the Brillouin zone (BZ). The area of each circle indicates the thermal conductivity contribution from a specified phonon mode. Its color
depicts the proportional contribution to each channel. Light green indicates 100% contribution to the population-channel (xp), light blue indicates
100% contribution to the coherence-channel (kc), and red indicates equally to both channels. Each k¢ value is distributed to the pair of
contributing phonons according to their heat capacity values.'”*° Note that the phonon properties with frequencies above 6.5 THz are not shown

for clarity, as their contributions are insignificant (see Figure SS).

higher tensile stresses. These phase transitions are related to
phonon softening,“"15 which will be discussed later.

As these structural transitions are intimately related to the
phonon properties,21 we examined how the structure evolved
from —0.8 to 2.0 GPa. As illustrated in Figure lc, the bond
lengths between the inorganic atoms (i.e,, Pb—Pb, Pb—I, and
I-1I) decrease by around 5% as the pressure increases from
—0.8 to 2.0 GPa. On the other hand, the bond lengths in the
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organic cations remain nearly consistent, depicting a weak
effect on the MA cations by the applied pressure. The above
bond length changes culminated in a decrease in the lattice
constant (a) by 0.23 A with an increase of 1 GPa. Another
observable change is the decrease in the tilt angles (90 — )
(Figure 1b,c) that straightens the inorganic framework at
higher pressures. Further, changes in the tilt angle also affect
the relative atomic positions in the c-MAPbI;, which adds an
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extra degree of calculation complexity not present in previous
pressure studies on simple atomic crystals. >**~*’

From Figure 1d, our size-converged NEMD thermal
conductivity (kygmp) at the temperature of 350 K displays a
gentle upward trend with increasing pressures. This trend
agrees with results from previous theoretical studies’ and
coincides with our LD-PWTE total thermal conductivity value
under classical statistics (Kr,clygsicat)- This agreement is further
discussed below. The LD-PWTE total thermal conductivity
calculated using quantum  statistics (Kr,quantam) displays a
similar trend, with its value at 350 K and 0 GPa agreeing with
previous experimental”® and theoretical”** results. Our results
depict that the coherence-channel dominates the MAPbI,
thermal conductivity. Its contribution, however, drops from
89 to 71% when the pressure is increased from —0.8 to 2 GPa.

Surprisingly, the coherence-channel thermal conductivity
value (K¢ Quantum) i almost pressure-invariant from our LD-
PWTE calculation. This trend is not seen in past pressure-
dependent thermal conductivity studies for other dielectric
crystals or amorphous materials with large coherence-channel
contributions.”® The rise in population-channel thermal
conductivity (Kp quantum) accounts for the increase of K1 quantum
as pressure grows. With the MAPbI,’s Debye temperature’' at
120 K, the lower value of krquunmum than krcpeica at the
temperature of 350 K indicates that the use of classical
statistics is unsuitable. Several reasons are possible, including
the significant coherence-channel contribution by the active
high-frequency optical phonons under classical statistics”' and
the ill-defined phonon lifetime in classical statistics-based LD
calculations.”” Hence, only results from quantum statistics
calculations are discussed below.

To shed light on how changes in the structure affect the
thermal transport mechanism, the phonon dispersions under
three pressures (ie., —0.8, 0.0, and 2.0 GPa) were calculated
and plotted in Figure 2. Figures 2a—c and S2 depict that
certain phonon modes below 1 THz soften near the I', M, and
X points when MAPbI; is pulled to —0.8 GPa or compressed
to 2.0 GPa. The softening near these Brillouin zone points
indicates a phase transition,'*'® agreeing with our MD results
(not shown). On the other hand, in the case of 2.0 GPa,
phonon branches below 2 THz, especially the acoustics ones,
stiffen to produce higher phonon group velocities. As evident
from Figure 2d—f, the highest group velocity rises from less
than 2000 m s™' to around 3200 m s™' with increasing
pressure. This rise comes from a more closely packed unit cell
with shorter Pb—Pb and Pb—I bonds (Figure 1c) that stiffen
the phonon branches (see phonon density of states in Figure
S3). Also, the hydrogen bond length in the (N—H;)—I, related
to the coupling between a MA cation and the cage formed by
the inorganic octahedra,®® is almost constant within the
investigated pressure range. This invariant hydrogen bond
length is a consequence of the almost fixed average cage length
along the stiff C—N bond direction (i.e, p in Figure S4).
However, the other average cage dimensions (i.e, 4, b, and ¢ in
Figure S4) shrink with increasing pressure and constrain the
MA cation’s motion, resulting in a smaller anharmonicity that
enhances the phonon lifetime (Figure 2g—i).

The above structural changes switch a small number of
phonon modes, mainly the low-frequency acoustic branches
from the inorganic octahedra,”"** to contribute predominantly
to from k. More specifically, when compressing from —0.8 to
2.0 GPa, the number of phonon modes contributing
predominantly to the population-channel [ie., (kp — kc)/(kp
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+ Kk¢) > 0.5] increases about 12 times from 0.08 to 0.97%. This
increase induces the «p to rise from 0.033 to 0.127 Wm™' K™%,
Although the number of phonon modes contributing
predominantly to the coherence-channel [ie., (kp — x¢)/(kp
+ kc) < —0.5] decreases by 8.55% from 47.75 to 39.21%, they
still dominate. The remaining phonon modes contribute to
both the xp and x.

The average transport-related parameters can provide a
more qualitative and easier understanding of the changes in the
modal-based phonon properties under pressure. For kp

x5 (q), = C(q)v*(q), 7(q), (1)

where g and s indicate a wavevector and a phonon branch. a is
one of the Cartesian directions, C(q); is the volumetric specific
heat of a phonon mode, v(q); is the phonon group velocity,
and 7(q), is the phonon lifetime. As shown in Figure 3a,
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Figure 3. Average phonon properties are normalized with the values
at 0 GPa for the (a) population-channel (kp) and (b) coherence-
channel (kc). C is the mode-averaged heat capacity, v* is the mode-
averaged squared group velocity, and 7 is the mode-averaged lifetime.
D, is the mode-averaged anharmonic modal diffusivity, and A, is the
average interband spacing.

consistent with the above modal analysis, the increase in xp
comes mainly from the rise in the mode-averaged group
velocity and lifetime, with a small contribution from the heat
capacity increase.

For k¢, we extracted an anharmonic modal diffusivity term,
D,(q), from the PWTE formulation™ and plotted it in Figure
3b. Here

ary _ 1 o(q), + o(q);| C(q), , C(g)s
DR = 2, {z Cla), + ), | @), ala), }
W (q), P

S[0(q), + Tg)]
[0(g); — ()] + ;[T (q) + I(g),

)
where s” and s indicate modes from different phonon branches,
v(q), is the off-diagonal phonon group velocity, and the other
terms are as defined for eq 1. The expression in the curly
brackets is dimensionless and distributes the coherence-

https://doi.org/10.1021/acs.chemmater.3c00935
Chem. Mater. 2023, 35, 5185—5192


https://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.3c00935/suppl_file/cm3c00935_si_002.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.3c00935/suppl_file/cm3c00935_si_002.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.3c00935/suppl_file/cm3c00935_si_002.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.3c00935/suppl_file/cm3c00935_si_002.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.3c00935/suppl_file/cm3c00935_si_002.pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.3c00935?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.3c00935?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.3c00935?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.3c00935?fig=fig3&ref=pdf
pubs.acs.org/cm?ref=pdf
https://doi.org/10.1021/acs.chemmater.3c00935?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Chemistry of Materials

pubs.acs.org/cm

° ' ’ -=Ar ' +MgO
+-Si “BAs
«+MgSiO, -a-CaTe
+>GaAs ¥CaF,
"'CGO b

Diamond ==f

K/Ko

0.5

0.9 1.1

0.95 1
Vi/Ve

3.5
Ar
' @ -
Co5f 1
3
% 9 CaF, l
& CaTe. MgO vgsio,
[ =4
g15p * ]
© MAPDL, @
B )
o 1 GaAs
Ceo pns @
0.5 ‘ . Diamond |
(b) Si
0 . .
10° 10’ 102 10°

Bulk modulus, BT , (GPa)

Figure 4. Pressure effect on the thermal conductivity for MAPbI; at 350 K and other materials (Ar at 20 K, others at room temperature from
theoretical studies).”>****7>7 (a) Thermal conductivity as a function of volume with both normalized to their corresponding values at 0 GPa. (b)
Griineisen parameter (y) and isothermal bulk modulus (By) for the materials in panel (a) at their corresponding temperatures and 0 GPa. The
shaded area of each circle represents the squared value of k/k, from panel (a) at V/V, = 0.95. The thermal conductivity of stiff and weakly
anharmonic materials (i.e., red color symbols) change minimally with compression, with no observable shaded area outside the original circle. The
color of each circle corresponds to the material’s location in panel (a).

channel thermal conductivity value into its two coupled
phonon modes s and s’. The term in the round brackets is the
coupled phonon lifetime between the two phonon modes, s
and s'. This D,(q), contrasts with Allen—Feldman’s harmonic
modal diffusivity as the former includes anharmonicity.***°
Thus, the expression for x%(q), can be recast as

k&(q), = C(q).Di(q), 3)

In addition, we employ the average interband spacing (A,) to
reflect the strength of ke’ Different from its original
definition, A, = ®,,,,/3N in ref 20, we only focused on the
low-frequency region to define w,,,, and N as the contribution
from phonons of frequencies higher than 6.5 THz is
insignificant compared to phonons of lower frequencies
(Figure SS). As shown in Figure 3b, the A, is almost
constant, while the mode-averaged D,(q), fluctuates slightly
around an average value as the pressure changes. These results
suggest that the pressure effect on k¢ is negligible. The almost
unchanged A, is due to the weak pressure effect on the MA
cations that pins the highest intramolecular MA vibration®*
frequency responsible for @,,,. On the other hand, the nearly
constant mode-averaged D,(q), suggests that the diffusivity
from the wave-like transport in the coherence-channel is
weakly affected by pressure. We postulate that the flat D,(q),
curve arises from counteracting changes from the off-diagonal
velocity and coupled phonon lifetime in eq 2. This postulation,
however, requires further investigations to determine the
physical origins of these off-diagonal group velocities and
coupled phonon lifetimes.

To the best of our knowledge, little is known about the
pressure effect on the coherence-channel contribution, k.
MAPDI; is suitable for such an investigation due to its
dominant xc component.”’ We compared the thermal
conductivity trend of some widely studied materials under
pressure with that of MAPbI; in Figure 4. By normalizing with
their intrinsic thermal conductivity under 0 GPa, these trends
collapse into two distinct groups, as shown in Figure 4a. The
normalized ky trend of ¢-MAPbI; under compression has a
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gentle gradient, similar to materials in the red region. On the
other hand, its normalized xp trend has a steeper gradient,
similar to materials in the green region. For more insights, the
Griineisen parameter (y) and isothermal bulk modulus (Br)
were used to gauge the strength of the anharmonicity”” and the
stiffness of the materials in Figure 4. These two factors are
inputs to the Leibfried—Schlomann (LS) equation, «
AVY303 /(Y*T), commonly used to study the thermal
conductivity of materials under pressure.”**” In this equation,
A is a fitting parameter, V is the volume, T is the temperature, y
is the Griineisen parameter, and @p is the acoustic Debye
frequency. The bulk modulus at the pressure of interest enters
the LS equation from the estimate of the Debye frequency
through wp « V°BY2** Thus, y and By are appropriate for
studying the pressure effect on thermal conductivity. The
Griineisen parameter is defined as'**

2., 7(@).Ca);
2, Ca), 4)

where y(q), = —0lnw(q),/dInV. The isothermal bulk
modulus is obtained from MD simulations using

dp
By = -V|—
T (dv)T ()

where P is the pressure. Our calculated y of 1.5 and By of 16.6
GPa for MAPDI; at V/V, = 1.0 (i.e,, at the pressure of 0 GPa)
agree with previous studies.”"*> The y and By at V/V, = 1.0 for
other materials are taken from refs 25, 26, 43—57. Also, we
separately confirmed that using y and By calculated at a
different pressure does not change our following conclusions
(see Figure S6). The plot of y versus By for various materials is
shown in Figure 4b. We found that GaAs, BAs, Si, and
diamond, whose thermal conductivity is less sensitive to
compression (ie, in the red region of Figure 4a) are
considered weakly anharmonic (i.e., small y) and stiff (ie.
large By). They occupy the yellow region in Figure 4b.”>*
However, the other materials whose thermal conductivity
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increases more significantly under compression (ie. in the
green region of Figure 4a) are often classified as strongly
anharmonic (i.e., large 7) or/and soft (i.e., small Br). They
appear outside the yellow region in Figure 4b. For the strongly
anharmonic and soft MAPbI,, its normalized xp trend due to
the phonon population-channel falls expectedly in the green
region of Figure 4a. However, its normalized k trend in Figure
4a fits into the red region and behaves like it is from a stiff and
weakly anharmonic material. This behavior makes MAPDI,
distinctive outside the yellow region in Figure 4b (ie., red
star). The underlying reason for this anomalous relationship is
its invariant and dominant k. that overwhelms the gentle
increase in the kp. This suppression, thus, makes the k7 trend
resilient, causing MAPDI; to respond like a stiff and weakly
anharmonic material under low-to-moderate pressure.

3. CONCLUSIONS

In summary, the thermal transport properties of c-MAPbI; at
pressures ranging from —0.8 to 2.0 Gpa are examined via the
NEMD and PWTE using the MYP empirical potential. We
discover that the coherence-channel thermal conductivity is
nearly pressure-independent, while the population-channel
thermal conductivity increases slightly with increasing pressure.
The distinct responses of these two channels come from their
phonon modal properties. Our results show that as the
pressure increases, the average phonon group velocity and
lifetime increase to produce more phonons with higher
contributions to the population-channel. Further, we extracted
an anharmonic modal diffusivity and modified the average
interband spacing to elucidate the invariant coherence-channel
trend. A comparison with other materials unveils an unusual
thermal conductivity behavior in c-MAPbI; contributed by its
invariant and dominant coherence-channel that suppresses its
total thermal conductivity increase. This suppression imparts c-
MAPDI; a resilient thermal conductivity trend under pressure,
not found in other soft and/or strongly anharmonic materials.
As existing literature has reported that pressure can effectively
enhance the electronic properties of MAPbI;, our result
suggests that MAPbI; is a potential pressure-modulated
thermoelectric material up to a pressure of 2 GPa, with
decoupled electronic and thermal transport properties.
However, in situations where changes to the thermal
conductivity by an external field are favored, more research
is needed to explore new ways to affect the coherence-channel
contribution. Existing methods may be ineffective thermal
transport regulators for materials with a dominant coherence-
channel or wave-like thermal transport. Also, pressure studies
of other complex crystals with sizeable coherence-channel
contributions may reveal interesting but undiscovered trans-
port physics and warrant further investigations.

4. METHODS

4.1. Nonequilibrium Molecular Dynamics (NEMD).
LAMMPS* with the MYP empirical potential'>® was used to
perform all MD simulations. The time step was 0.5 fs. A three-
dimensional periodic system was simulated initially under an NPT
ensemble for at least one nanosecond to reach the temperature of 350
K and the desired pressure. This system was then run in an NVT
ensemble before relaxing in an NVE ensemble, each for a nanosecond.
Following the relaxation, the system thermal conductivity was
determined using a NEMD simulation with a four-unit-cell heat
bath thermostated by a Langevin thermostat with a damping constant
of 0.5 ps.®"%” We found that a system with at least a cross-sectional
area of 6 X 6 and a length of 400 conventional cubic unit cells was

required to avoid the finite-size effect. The temperature difference
between the hot and cold reservoirs was within 15% of the system
temperature. NEMD was run for 20 ns to reach a steady state before
collecting data for calculating its thermal conductivity through the
Fourier law. The standard deviation was computed using five
independent runs with different initial seeds.

4.2, Structure Optimization. Cubic MAPbI, unit cells (¢ ==y
= 90°) with 96 atoms were created for optimization. The lattice
constants in all structures were averaged from an NPT ensemble at
the desired pressure and the temperature of 350 K to account for
thermal expansion and fixed during the structure optimization. As the
common structural relaxation algorithm cannot find a stable c-
MAPDI; configuration to generate positive phonon dispersion, we
adopted a recently proposed two-step approach using commands in
LAMMPS.*" Here, preliminary energy minimization of the structures
was first carried out using the conjugate gradient algorithm. Next, any
remaining kinetic energy due to residual forces was dissipated using
the “fix viscous” command.>

4.3. Interatomic Force Constants (IFCs) Extraction. The MYP
potential'**® was used for the IFCs extraction in LAMMPS. We
employ the finite-difference method'® to calculate the second-order
IFCs using a displacement of 0.001 A. After subtracting the
contributions of the second-order IFCs from the forces, the third-
order IFCs were computed using the Taylor series fitting method."®
Using the thermal stochastic snapshot technique,”® the displaced
structures at temperatures of 1 and 350 K were compared. The
resulting over-specified force—displacement linear system was solved
using the least-squares fit. We discover that for the two temperatures
employed in the thermal stochastic snapshot technique, the difference
in the predicted i is within 6%. After convergence tests, the second-
order and third-order IFCs cutoff of 10.00 and 5.05 A and a
converged phonon grid of 6 X 6 X 6 were selected.”" Only three-
phonon scattering under the single-mode relaxation time approx-
imation was considered here.”*
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