
npj | computationalmaterials Article
Published in partnership with the Shanghai Institute of Ceramics of the Chinese Academy of Sciences

https://doi.org/10.1038/s41524-025-01785-1

Ineffectiveness of formamidine in
suppressingultralow thermal conductivity
in cubic hybrid perovskite FAPbI3

Check for updates

Jiongzhi Zheng1,2,12, Zheng Chang3,12, Changpeng Lin4,5, Chongjia Lin6, Yanguang Zhou6,
Baoling Huang6,7,8 , Ruiqiang Guo9 & Geoffroy Hautier1,10,11

Understanding lattice dynamics and thermal transport mechanisms in cubic hybrid organic–inorganic
perovskites remain challenging due to strong anharmonicity and phase transitions. Here, we
investigate the thermal transport behavior in benchmark cubic hybrid perovskite FAPbI3 by coupling
first principles-based anharmonic lattice dynamics with a linearizedWigner transport equation. Using
the Temperature-Dependent Effective Potential (TDEP)method, we stabilize the negative soft modes,
primarily dominated by organic FA+ cations. Our calculations predict an ultra-low thermal conductivity
of ~0:63Wm�1K�1 at 300 K, following a temperature dependence of T−0.740. Contrary to common
assumptions, we find that the [PbI3]

1- units, rather than FA+ cations, dominate thermal resistance.
Furthermore, we demonstrate that anharmonic force constants are highly temperature-sensitive,
relying on 0-K force constants significantly underestimates thermal conductivity. Our study not only
elucidates the microscopic mechanisms governing thermal transport in FAPbI3 but also provides a
robust framework for modeling heat conduction in hybrid organic-inorganic compounds.

Hybrid organic-inorganic halide perovskites have attracted significant
attention due to their outstanding semiconducting properties1–5.Within the
family of metal halide perovskites, formamidinium lead triiodide (FAPbI3)
stands out as a promising candidate for efficient and stable perovskite solar
cells (PSCs). Compared to the early prototype hybrid perovskite, methy-
lammonium lead triiodide (MAPbI3), formamidinium lead triiodide
(FAPbI3) exhibits notable distinctions, particularly it narrower band gap of
1.45 eV and enhanced thermal stability6–8. To date, research efforts on
formamidinium (FA)-based perovskite materials have primarily centered
on stabilizing the α -FAPbI3 structure at relatively low temperatures. Many
efforts have been dedicated to suppressing the formation of δ� phase
perovskites by promoting their transition to the α� phase, yielding sig-
nificant success9–12. Despite significant advancements in enhancing the
photovoltaic energy conversion efficiency and stabilization of α-FAPbI3,
concerns remain regarding its vibrational dynamics and thermal transport.

Vibrational dynamics impact not only thermal transport13,14, but also carrier
mobilities15, device performance16, and thermal instability17 in perovskites.
For instance, the hot-phonon bottleneck effect in lead halide perovskites
significantly prolongs the coolingperiodof charge carriers18,19. Furthermore,
perovskite materials have recently attracted interest for thermoelectric
applications due to their favorable electrical properties20–22 and ultra-low
thermal conductivity13,14,22–24. To date, over 1,346 hybrid organic–inorganic
perovskites (HOIPs) have been identified and characterized25. Thus,
exploring the vibrational dynamics and thermal transport in hybrid
organic-inorganic perovskites is essential, from both fundamental and
practical perspectives.

Recent advancements have significantly enhanced our ability to mea-
sure and predict the thermal properties of halide perovskites through
experimental and theoretical approaches. Experimentally, Pisoni et al.24

were thefirst to report anultra-low room-temperature thermal conductivity
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of 0.5 Wm�1K�1 in hybrid inorganic-organic halide perovskite
CH3NH3PbI3. Lee et al.

22 conducted experiments that yielded similarly low
thermal conductivity of 0.45Wm�1K�1 for all-inorganic halide perovskite
CsPbI3 and 0.42 Wm�1K�1 and CsPbBr3, respectively. Acharyya et al.13

experimentally observed an ultra-low thermal conductivity ranging from
∼0.37 to 0.28 Wm�1K�1 for the 2D perovskite Cs2PbI2Cl2 across a tem-
perature range of 295–523 K. Furthermore, an ultra-low thermal con-
ductivity of approximately 0.20Wm�1K�1 at room temperature, alongwith
a glass-like temperature dependence of thermal conductivity from 2 to
400 K, was experimentally reported in a single crystal of the layered halide
perovskite Cs3Bi2I6Cl3

14. Theoretically, to address the limitations of the
harmonic approximation in accurately describing lattice dynamics within
highly anharmonic materials, several theoretical methods have been
developed, including self-consistent phonon calculations (SCP)26,27 and the

temperature-dependent effective potential (TDEP) approach28,29. These
theoretical techniques explore the impact of temperature on phononmodes
in highly anharmonic perovskite materials, particularly those undergoing
phase transitions at finite temperatures. Specifically, the SCP approach was
employed to analyze finite-temperature lattice dynamics in oxide per-
ovskites SrTiO3

27 and BaZrO3
30, as well as cubic halide perovskites CsMBr3

(whereM=Ca, Cd, and Sn)31 andCsPbBr3
26. The TDEP technique was also

used to stabilize the complex perovskites such as double perovskite
Cs2AgBiBr6

32, 2D perovskite Cs2PbI2Cl2
33 and layered perovskite

Cs3Bi2I6Cl3
34.

Given the strong anharmonicity in perovskitematerials, it’s crucial to go
beyond conventional phonon quasiparticle picture considering only three-
phonon scattering processes when analyzing thermal transport phenomena.
Specifically, four-phonon scattering processes are found to be key to
understanding lattice thermal conductivity in these highly anharmonic per-
ovskites, including oxide30, fluoride35 and halide variants33,36. Moreover,
considering the wave-like phonon tunneling channel becomes essential to
precisely explain thermal transport in highly anharmonic perovskites33,34,36–39,
particularly when their thermal conductivity approaches the theoretical
minimum limit.While only a few theoretical research efforts have focused on
thermal transport in hybrid organic-inorganic perovskites, these studies
frequently concentrate on the stable phase, often neglecting higher-order
scatterings40,41, or rely on empirical potential molecular dynamics
simulations42–44. Hence, accurately predicting lattice dynamics and gaining a
microscopic understanding of thermal transport in the high-temperature
phase of photoactive cubic hybrid organic-inorganic perovskites remain in
their infancy, underscoring the urgent need for further research.

In this work, we thoroughly investigate the temperature-dependent
lattice dynamics and the microscopic mechanisms of thermal transport in
the cubic hybrid organic-inorganic perovskite FAPbI3. Cubic hybrid crys-
talline FAPbI₃ is a promising candidate for efficient and relatively stable
perovskite solar cells and is therefore selected as the benchmark system in
the current work. We employ a state-of-the-art first-principles framework
that integrates the Temperature-Dependent Effective Potential (TDEP)
approachwith theWigner transport formula to assess the thermal transport
properties of cubic FAPbI3. This framework incorporates both three-
phonon (3 ph) and four-phonon (4 ph) scatterings within the diagonal and
non-diagonal terms of the heat flux operators, thereby providing a robust
depiction of thermal transport phenomena in cubic FAPbI3. In zero-K
phonon calculations, we observe dynamical instability associated with the
FA+ cations in cubic FAPbI3. Further, we demonstrate the impact of 4 ph
scatterings on particle-like phonon propagation and wave-like tunneling of
phonons and predict an ultra-low thermal conductivity for cubic FAPbI3.
Through meticulous investigation of the mesoscopic mechanisms of ther-
mal transport, we pinpoint the origin of ultra-low thermal conductivity to
the [PbI3]

- units, rather than the FA+ cations, in cubic FAPbI3. Despite its
complex structure and strong anharmonicity, cubic FAPbI3 primarily
exhibits thermal conductivity through the particle-like phonon propagation
channel. Finally, we analyze the sensitivity of the anharmonic force con-
stants to temperature, underscoring the importance of extracting all force
constants at finite temperatures in hybrid perovskites. These results provide
a comprehensive understanding of heat conduction in the cubic FAPbI3
structure, thus advancing the knowledge of thermal transport in hybrid
organic-inorganic compounds.

Results
Crystal structure and temperature-dependent phonon disper-
sions and DOS
We start by analyzing the crystal structure and both the harmonic and
anharmonic lattice dynamics of the cubic hybrid organic-inorganic per-
ovskite FAPbI3, as depicted in Fig. 1a–d. In the cubic framework of crys-
talline FAPbI3

45, Pb2+ ions occupy the interstitial sites within the
tetrahedrally coordinated sublattice formed by iodine (I) atoms, leading to
the formation of [PbI3]

1- octahedra units. The planar organic FA+ ([H2N-
CH-NH2]

+) cation resides at the center of the cube, surrounded by four

Fig. 1 | Crystal structure, phonon dispersions and DOS, Harmonic IFCs
and COHP. a Three-dimensional (3D) schematic representation of the crystal
structure of cubic hybrid organic-inorganic perovskite FAPbI3, characterized by
corner-sharing [PbI3]

- octahedra units and an organic cation FA+. In the diagram,
Pb, I, C, N, and H atoms are color-coded as green, purple, black, blue, and yellow,
respectively. b Perspective view of the crystal structure of the yz plane. cComparison
of finite-temperature phonon dispersions calculated from 300 to 500 K with those
obtained from the harmonic approximation treatment at 0 K. d Atom-decomposed
partial and total phonon density of states (DOS) calculated at 0 K, 300 K, and 500 K,
respectively. Here, the full phonon dispersions and DOS, please refer to Supple-
mentary Fig. 1 in Supplementary Information (SI). eThe normof harmonic IFCs for
nearest neighbor atomic pairs calculated at 300 K. f The crystal orbital Hamilton
population (COHP) of atomic pairs in cubic crystalline FAPbI3. Here, the negative
and positive values indicate the anti-bonding and bonding states, respectively.
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corner-sharing [PbI3]
1- octahedra units,with the alignment of theC-Hbond

along <100 >45 [see Fig. 1a, b].
Using the harmonic approximation treatment46, we calculate the

vibrational properties of cubic crystalline FAPbI3 at zeroKelvin. In Fig.1c, d,
the prominent feature is the presence of several phonon branches exhibiting
imaginary frequencies, suggesting the dynamical instability of cubic FAPbI3
at low temperatures, which aligns with experimental findings45. The
unstable modes primarily originate from the FA+ cations, specifically the H
atoms, as evidenced by the atomic decomposed partial DOS and the pro-
jected atomic participation ratio [See Fig. 1c, d and Supplementary Fig. 2a in
the (SI)]. This phenomenon can be attributed to the weak bonding between
the FA+ cations and the [PbI3]

– units [see Fig. 1e], leading to the random
orientation of FA+ cations, as depicted in Supplementary Fig. 3a–c in the SI.
This observation contrastswith inorganic halide perovskites32,36,47, where the
unstable modes are predominantly driven by the tilting of the tetrahedrally
coordinated anions, such as [BiBr6] and [AgBr6] units. After careful
investigation, we find that the phonon modes with small imaginary fre-
quencies at theR point are predominantly associatedwith [PbI3]

– units [see
Fig. 1c and Supplementary Fig. 2b in the SI], corresponding to induced
phase-transition modes in oxide and halide perovskites26,27. To gain deeper
insight into PbI6 octahedra-induced softmodes, we also calculate the crystal
orbital Hamiltonian population (COHP) for cubic crystalline FAPbI3,
illustrated in Fig. 1f. Near the Fermi energy level, we observe the presence of
anti-bonding states contributed by the Pb-I bonding, which typically results
in strong anharmonicity, weak bonding and soft phonon modes48,49. As a
result, the strong random orientation of FA+ cations induces tilting of the
PbI6 octahedra, causing the deformation of cubic FAPbI3 into an unfa-
vorable phase (δ phase) as temperature decreases.

To account for temperature effect (lattice anharmonicity) on phonons
in cubic crystalline FAPbI3, the temperature-dependent effective potential
approach28,29 was employed to anharmonically renormalize phonon ener-
gies at finite temperatures. From Fig. 1c, d, we observe that all anharmo-
nically renormalized phonons exhibit stabilization above 300 K, consistent
with the experimental phase transition temperature of 300 K45. While light
elements, namely H and N atoms, govern the unstable modes with large
negative frequencies at zero Kelvin, heavy elements such as I and Pb atoms
dominate the low-frequency phonon modes (<~2.5 THz) at finite

temperatures [see Fig. 1c, d]. This observation further underscores the
pivotal role of FA+ cations in inducing the tilting of PbI6 octahedra, thereby
facilitating the phase transition between the α and δ phases of FAPbI3.
Furthermore, with increasing temperature (>300K), the I-dominated
phonon modes, i.e., the low-frequency optical modes (≤2.5 THz), experi-
ence a gradual progressive stiffening. This stiffening is observed to be
relatively weak, as depicted in Fig. 1c, d, in striking contrast to the behavior
observed in the double perovskite Cs2AgBiBr6

32,36. However, the
H-dominated high-frequencymodes (>3.5 THz) exhibit significant phonon
stiffening, suggesting the presence of strong four-phonon processes27,50, as
shown in Fig. 1c, d. The strong four-phonon scatterings of high-frequency
phonon modes can be attributed to the large mean-square atomic dis-
placements (MSD) of FA+ cations, which contributes to the rattling-like
motion of the H and N atoms [see Supplementary Fig. 4a–e in the SI]. It is
worth noting that the rattling-like modes from FA+ cations impact thermal
transport differently compared to those from the heavy metallic A site of
other perovskites22,32,36,51, a topic that will be discussed later.

Potential energy surfaces and animations
To gain an intuitive insight into lattice anharmonicity and instability in the
cubic FAPbI3, we calculate the potential energy surfaces (PES)

52 for the large
imaginary modes at the Γ� and X� points, as illustrated in Fig. 2a–e. Both
potential energy surfaces (PESs) exhibit a deep double well with a relatively
flat bottom, suggesting strong anharmonicity for the unstable phonon
modes53. In particular, the energyminima are situated outside of the zero-tilt
amplitude (Q1 =Q2 = 0) for both soft modes at the Γ and X points, respec-
tively, indicating dynamical instability of cubic FAPbI3 at zeroK, as shown in
Fig. 2a. Especially, the harmonic approximation fails to capture theU-shaped
double-well PESs, while a fourth-order polynomial (four-phonon scattering
processes) can be used to accurately reproduce the actual PESs, as illustrated
in Fig. 2b, d. This phenomenon was also observed in other crystals such as
BaZrO3

30 and the double perovskite Cs2AgBiBr6
36, as well as in clathrate

Ba8Ga16Ge30
50, highlighting the importance of higher-order phonon scat-

tering processes in determining effective phonon energies. Clearly, both
double-well U-shaped potential energy surfaces (PESs) are exclusively asso-
ciated with the sublattice rotation of FA+ cations, which aligns with the
varying orientation of FA+ cations in different phases of crystalline FAPbI3

54.

Fig. 2 | Potential energy surfaces and lattice modal animations. a Calculated two-
dimensional (2D) potential energy surface of cubic FAPbI3 associated with normal
mode coordinates Q1 and Q2. The lowest soft modes at Γ� and X- points were
utilized to generate the potential energy surfaces. b Calculated one-dimensional
(1D) potential energy surface of lowest mode at Γ -point as a function of normal

mode coordinate Q1. c The lattice vibrational animation associated with lowest
modes at Γ -point. d Calculated one-dimensional (1D) potential energy surface of
lowest mode at X-point as a function of normal mode coordinate Q2. e The lattice
vibrational animation associated with lowest modes at X-point.
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Lattice thermal conductivity and Phonon scattering properties
With finite-temperature IFCs at hand, we proceed to calculate the thermal
conductivity κL in cubic FAPbI3 using the advanced thermal transport
model, the Wigner transport formula, which incorporates population κPL
and coherence contributions κCL

38,39. It is noteworthy that all IFCs,
including both harmonic and anharmonic terms, are extracted at finite
temperatures and utilized to evaluate the lattice κL for cubic crystalline
FAPbI3. When considering only three-phonon (3 ph) scattering pro-
cesses, we predict an ultra-low κPL of 0.75 Wm�1K�1 at 300 K and 0.4
Wm�1K�1 for cubic FAPbI3 at 500 K, as illustrated in Fig. 3a. As pre-
viously discussed, higher-order anharmonicity plays a crucial role in
determining effective phonon energies. Consequently, it should also exert
a substantial influence on phonon scattering rates. Further incorporating
the effect of four-phonon (4 ph) scatterings, the predicted κPL decreases to
0.64 at 300 K and 0.3 Wm�1K�1 at 500 K, representing a 25% and 34%
reduction, respectively [see Fig. 3a]. Interestingly, the reduction in thermal
conductivity due to 4 ph scatterings in cubic FAPbI3 is significantly lower
than that observed in double perovskite Cs2AgBiBr6

36. This difference can
be attributed to the absence of phonon modes from the A site with heavy
metallic elements in cubic FAPbI3 [see Fig. 1d], which are typically
involved in flattening phonon branches and thus result in strong four-
phonon scatterings36.

To gain a deeper insight into population thermal conductivity κPL in
cubic FAPbI3, we analyze both the spectral and cumulative κPL, as depicted in
Fig. 3b. It is evident that phononswith frequencies less than 2 THzprimarily
dominate the populations’ conductivity κPL in cubic FAPbI3. From Fig. 1d,
we observe that the phonons with frequencies less than 2 THz are domi-
nated by I and Pb atoms, indicating the critical role of [PbI₃]⁻ units on
contributing thermal conductivity in cubic crystalline FAPbI₃. Notably,
phonons with frequencies below 2 THz play a crucial role in suppressing κPL
through 4 ph scatterings. More specifically, multiple dips in spectral κPLðωÞ
around phonons at 1 and 2 THz suggest strong phonon scattering rates32,55,
which significantly contribute to the ultra-low thermal conductivity
observed in cubic FAPbI3. We also identify several peaks (long tails) in
phonon scattering rates, attributable to nearly flattened phonon bands
around 1 and 2 THz56–58, as depicted in Figs. 1c, 3c. In Fig. 3c, four-phonon
scatterings significantly dominate over three-phonon scatterings for pho-
nons with frequencies larger than 3.5 THz, due to the flattening phonon
bands [see Fig. 1(c)]. Despite the strong 4 ph scattering, phonons with
frequencies higher than 3.5 THz, dominated by FA+ cations [see Figs. 1d,
3c], do not significantly impact the suppression of κPL [see Fig. 3b].

To assess the influence of specific modes on thermal transport sup-
pression in cubic FAPbI3, we computed the population conductivity by
isolating the corresponding mode, namely, by setting the elements of the

Fig. 3 | Lattice thermal conductivity, phonon scattering rates and phase spaces.
a Calculated temperature-dependent averaged lattice thermal conductivity,
including contributions frompopulation and coherence conductivities, accounts for
only 3 ph both 3 ph and 4 ph scattering processes. The light blue shaded area indi-
cates the particle-like phonon propagation contributions, and the light green shaded
area represents the wave-like phonon tunneling contributions. b Calculated aver-
aged spectral and cumulative lattice thermal conductivity from particle-like phonon

propagation channel considering only 3 ph, and both 3 ph and 4 ph scattering
processes at 300 K. cCalculated 3 ph and both 3 ph and 4 ph scattering rates at 300 K,
respectively. Here, the harmonic (2nd-) and anharmonic force constants (3rd- and
4th-order) are extracted at finite temperature (300 K). d Calculated population
thermal conductivity at 300 K using phonon dispersions, with selective exclusion of
specific phonon bands. Herein, elements of the scattering matrix involving the
omitted modes are set to zero, isolating their effects on thermal transport.
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scattering matrix that involve this mode to zero, as depicted in Fig. 3d. The
similar analysis was also conducted for lead-free double perovskite
Cs₂AgBiBr₆36. Phonon modes within the frequency range of 0.8 to 2 THz,
corresponding to bands 4-10 and dominated by the I and Pb atoms [see Fig.
1d], have a substantial effect on thermal transport. Conversely, modes with
frequencies exceeding 3.5 THz, associated with bands No. 16-32 and C, N
and H atoms, exert a considerably less impact on thermal transport within
cubic FAPbI3. Notably, exclusion of band No. 6 ( ~ 1 THz) results in a
dramatic increase in κPL from 0.75 Wm�1K�1 to 780 Wm�1K�1. In con-
trast, excluding bands No. 16-36 (> ~3.5 THz) leads to only a modest
increase in κPL from 0.75 Wm�1K�1 to only 20 Wm�1K�1. This finding
underscores that phonon modes with frequencies below ~ 2 THz exhibit
strong anharmonicity and are pivotal in suppressing the ultra-low thermal
conductivity in cubic FAPbI3. Importantly, our findings highlight that the
[PbI₃]⁻ units play the dominant role in suppressing thermal transport in
cubic crystalline FAPbI₃, compared to the FA⁺ functional group,whichhas a
minimal effect on thermal transport. Considering the strong anharmonicity
in cubic FAPbI3, we further calculate the coherence contributions κCL from
wave-like phonon tunneling channel38,39, as depicted in Fig. 3a. Although
strong anharmonicity is observed in cubic FAPbI3, the contribution of κCL is
found to be minor, accounting for only 10% and 15% of the total κL at 300
and 500 K, respectively. This result not only emphasizes the dominant role
of populations’ contribution to the total κL but also confirms the limited
impact of strong anharmonicity fromFA+ cations on enhancing κCL in cubic
FAPbI3.

We next examine the temperature dependence of lattice thermal
conductivity κL, as illustrated in Fig. 3a. Within the framework of three-
phonon scatterings, the predicted κPL exhibits a weak temperature depen-
dence of ~T−0.720, deviating from the conventional temperature dependence
of � T�159. This variation can be attributed to anharmonic phonon
renormalization, which reduces phonon scatterings, a phenomenon also
observed in compounds such as BaZrO3

30 and Cs2AgBiBr6
36. With the

inclusion of the effect of 4 ph scatterings, the temperature dependence of κPL
becomes stronger, following ~T−0.827, due to the stronger temperature
dependence of 4 ph scattering as compared to 3 ph scattering30,36,60. More-
over, the contribution to the κL fromwave-like phonon tunneling channel is
minor in cubic FAPbI3, resulting in little change in its temperature
dependence. This is in sharp contrast to previous observation that con-
sidering κCL in highly anharmonic compounds often significantly modifies
the temperature dependence of total thermal conductivity, potentially
leading to temperature independence at high temperatures61, or even a
positive temperature dependence62. This finding indicates the good crys-
talline nature of phonon transport in cubic FAPbI3, despite containing a
complex organic functional group, namely FA+ cations.

Projected phonon dispersions and electronic band structure
To further elucidate the origin of the ultra-low thermal conductivity κL in
the cubic hybrid organic-inorganic perovskite FAPbI3, we analyzed both the
atomic and total atomic participation ratios projected onto the phonon
bands, as detailed in Fig. 4a, b. As demonstrated in Fig. 4a, phonons with

Fig. 4 | Projected phonon dispersions and electronic band structures. aThe color-
coded atomic participation ratio (APR) of cubic crystalline FAPbI3, projected onto
the phonon dispersions along the high-symmetry paths at 300 K. The fraction dis-
played in the color bar indicates the atomic participation ratio of iodine (I) atom on
specific phonons. b The color-coded participation ratio of cubic crystalline FAPbI3,
projected onto the phonon bands at 300 K. The fraction displayed in the color bar

represents the participation ratio of all atoms in primitive cell on specific phonons.
c The orbital projected electronic band structure along high-symmetry paths,
illustrating the contributions of the I(5p) states. dThe same as (c), but for the Pb (6 s)
states. Here, the full electronic band structure and DOS, please refer to Supple-
mentary Fig. 5 in the SI.
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frequencies below 2 THz are predominantly influenced by iodine (I) atoms,
which primarily interact with the main heat carriers, namely acoustic
phonons. Additionally, the low participation ratios observed in the phonon
bands, as shown inFig. 4b, correspond to the iodine-dominatedbands.After
careful investigation, we find that these low-participation ratio phonon
modes can be traced back to the rotationalmotion of octahedral unit [PbI₃]⁻,
which is also observed in other perovskites, such as octahedral unit [AgBr₃]⁻
and [BiBr₃]⁻ in double perovskite Cs2AgBiBr6

36, indicating strong anhar-
monicity.[see the animation in Supplementary Fig. 6 in Supplemental
Information]. Therefore, phonon modes with frequencies below 2 THz are
associatedwith strong scatterings, which contribute to the ultra-low thermal
conductivity observed in cubic FAPbI3.This phenomenon canbe attributed
to the significant anharmonicity of the iodine-dominatedphononmodes. In
contrast, the mechanism behind the ultra-low κL in the low-temperature
phase of other organic-inorganic perovskites like MAPbI3 primarily
involves the organic cations (MA+), which serves as the main source of
thermal transport suppression63. Specifically, Kovalsky et al.63 identified that
resonant phonon frequencies between ~0.45 to 0.90 THz, associated with
the hindered rotational degree of freedomof the organic ion, were crucial in
suppressing thermal transport in the low-temperature complex phase of
MAPbI3. However, in cubic FAPbI3, the FA

+ cations mainly contribute to
the phonons with frequencies larger than 3.5 THz due to their light masses
[see Fig. 1c, d], resulting in limited scattering interactions with the primary
heat carriers. Therefore, the organic cations, i.e., FA+ cations, play a minor
role in suppressing thermal transport in cubic crystalline FAPbI3.

To gain deeper insights into the origin of ultra-low κL from electronic
states in cubic FAPbI3, we projected the atomic electronic orbitals onto the
electronic band structures, as depicted inFig. 4c,d. The electronic states near
the Fermi energy level are primarily contributed by the I(p) and Pb(s)
orbitals, indicating active states involved in chemical bonding [see Fig. 4c, d].
Furthermore, from the COHP plot in Fig. 1e, we observe that the I(p)
orbitals, in conjunction with Pb(s) orbitals, contribute to forming the
antibonding states, typically resulting in the strong anharmonicity and
ultra-low κL in compounds48,49. To further support our conclusion, we
calculated the Integrated Projected Crystal Orbital Hamilton Population
(IpCOHP) for both the FA⁺ organic functional group and the PbI₃⁻ units.
Since larger absolute IpCOHP values indicate stronger bonding, the results
clearly show that bonding involving the FA⁺ cation is significantly stronger
than that within the [PbI₃]⁻ anionic framework (see Supplementary Table 1
and Fig. 7 in the supplementary information). By combining this with
evidence from atomic participation ratios [see Fig. 4a], which identify the
atoms that contribute most significantly to lattice vibrations, we conclude
that the inherently weaker bonding in the [PbI₃]⁻ framework is the primary
reason for the ultra-low lattice thermal conductivity of FAPbI₃, outweighing
the influence of the FA⁺ cation. This observation underscores the significant
role of the tilting of FA⁺ in suppressing ultra-low thermal conductivity κL in
cubic hybrid organic-inorganic perovskite FAPbI3.

To this end, and to generalize the microscopic mechanisms of thermal
transport in perovskites, we compare cubic crystalline FAPbI₃ with other
perovskite systems ranging from simple to complex, and from organic to

hybrid, as summarized in Table 1. Our previous study on the double per-
ovskite Cs₂AgBiBr₆ rigorously demonstrated that although Cs-rattling
behavior appears in the low-frequency regime, the lower-frequency modes
originating from the octahedra [BX₆]⁻ units play a more significant role in
suppressing thermal transport36. Basedonphonondispersion anddensity of
states analyses for Cs₂SnI₆37 and Cs₂PbI₂Cl₂13,33, similar behavior was
observed, consistent with that of Cs₂AgBiBr₆36. We therefore conclude that
in other double and layered perovskites, the [BX₆]⁻ octahedra units also
contribute more substantially to thermal transport suppression than Cs
rattling. For simple perovskites such as CsBBr₃ (B = Ca, Cd, Sn), the [BBr₃]⁻
octahedra contribute to soft modes occupying the low-frequency regime,
which more easily interact with heat carriers (i.e., acoustic phonons) com-
pared to Cs vibrations30. Thus, the [BBr₃]⁻ octahedra units are critical in
suppressing thermal transport. In general, the [BX₆]⁻ (or [BX₃]⁻) units
consistently play a key role in reducing thermal conductivity, even though
heavy Cs atoms contribute to low-frequency rattling modes. In systems
lacking significant A-site phononmodes in the low-frequency regime, such
as cubic FAPbI₃, the octahedra units become the sole contributors to
thermal transport suppression, as demonstrated by the phonon mode
elimination technique [see Fig. 3d]. Therefore, we conclude that in both
cubic inorganic and hybrid organic–inorganic perovskites, the [BX₆]⁻ units
serve as the primary structural feature responsible for limiting thermal
conductivity. We note that classical MD simulations on cubic MAPbI₃43

report an opposite trend compared to our findings for cubic FAPbI₃. We
attribute this discrepancy tomethodological differences between the studies.

Phonon lifetimes and two-dimensional modal coherence
conductivity
Despite the strong anharmonicity in cubic FAPbI3, particularly notable in
the strong 4 ph scattering rates fromFA+ cations [see Fig. 3c], the coherence
contributions to the total κL are minor [see Fig. 3a]. To elucidate the minor
contributions fromwave-like phonon tunneling to the thermal transport in
cubicFAPbI3,we employedboth theWigner39 and Ioffe-Regel limit64 in time
to characterize the phonons lifetimes. Phonons with lifetimes exceeding the
Ioffe–Regel limitmaintainwell-defined Lorentzian-shapedphonon spectral
functions, which is a key assumption underlying the Wigner transport
equation38,39. As evidenced in Fig. 5a, b, the majority of phonons exceed the
Ioffe-Regel limit, affirming the validity of Wigner transport formula in
assessing thermal transport in cubic FAPbI3. Moreover, at temperatures of
300 and 500 K, lifetimes of most of phonons also surpass the Wigner limit,
highlighting the dominant role of population contributions in thermal
transport in cubic FAPbI3. This phenomenon is due to the large inter-band
spacings, owing to the light masses of FA+ cations, which lead to high
phonon frequencies. Interestingly, the low-temperature phase of MAPbI3
presents a contrasting scenario wherein coherence contributions dominate
the total κL, reflecting its complex crystalline structure43. Additionally,
although cubic crystalline FAPbI₃ is structurally complex (with 12 atomsper
unit cell), it exhibits onlyminor coherence contributions, in contrast towhat
has been reported for cubic MAPbI₃40. This discrepancy arises from dif-
ferences in the symmetry space groups used in the simulation of cubic

Table 1 | Comparison of the dominant phonon scatteringmechanisms across a range of perovskite compounds, from simple to
complex structures

Compound Main origin of
scattering

Secondary origin of
scattering

Theoretical support / evidence Method No. of atoms

CsBBr₃ (B =Ca, Cd, Sn)31 BBr6 Cs rattling behavior DFT+WTE DFT+WTE 5

Cs₂PbI₂Cl₂13 PbI2Cl4 Cs rattling behavior Yes / participation ratio DFT 7

Cs₂SnI₆37 SnI₆ Cs rattling behavior Yes / participation ratio DFT+WTE 9

Cs₂AgBiBr₆36 AgBr₆, BiBr₆ Cs rattling behavior Yes / participation ratio + neglecting mode
technique

DFT+WTE 10

FAPbI₃ [this work] PbI6 None Yes / participation ratio + neglecting mode
technique

DFT+WTE 12

MAPbI₃43 MA⁺ [PbI₃]⁻ Yes CMD+GK 12
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FAPbI3 and MAPbI₃ (e.g., P4/mnc, I4/m, and P1 for MAPbI₃). In the
present work, we employed the experimentally observed, temporally aver-
aged, high-symmetry Pm3m̅ structure10,45,65,66, which possesses higher
symmetry compared to the structures used forMAPbI₃40. It should be noted
that other static configurations of cubic FAPbI3 with different space groups
may exist, which could give rise to distinct thermal transport mechanisms.
Importantly, lower-symmetry structures generally lead to structural com-
plexity and denser phonon mode spacing, thereby enhancing coherence
contributions. A similar trend is observed in the non-cubic perovskite
CsPbBr₃, where the low-symmetry structure contains 20 atoms39. Similarly,
the complex low-temperature phase of CsPbBr₃ exhibits dominant coher-
ence contributions to the total thermal conductivity39,67, whereas its cubic
phase shows that phonon propagation is the primary contributor67.To
further investigate the role of coherence contributions in the thermal
transport of cubic FAPbI3, we compute the two-dimensional modal κCL at
300 and 500 K, respectively, as illustrated in Fig. 5c, d. The coherence
contributions are primarily driven by quasi-degenerate phonons with fre-
quencies less than ~2 THz, predominantly influenced by iodine (I) atoms
[see Fig. 1c]. In contrast, phonons with frequencies exceeding 2 THz con-
tribute minimally to the lattice thermal conductivity, due to the wide inter-
band spacings, as illustrated in Fig. 5c, d. This observation suggests that
despite exhibiting large four-phonon scatterings, FA+ cations in cubic
FAPbI3 minimally impact heat conduction through the wave-like phonon
tunneling channel [see Fig. 3c]. As previously discussed, the presence of FA+

cations in cubic FAPbI3 neither significantly affects the phonon population
contributions, nor substantially enhances the coherence contributions to the
total κL.

Thermal transport properties calculated using zero-K
anharmonic IFCs
Given that anharmonic interatomic force constants (IFCs) may be sensitive
to temperature68,wenextdelve intohowtemperature-inducedshifts in these
IFCs impact the thermal transport properties of cubic FAPbI3. To compare
with the results based on temperature-dependent IFCs, we calculated the
thermal transport properties using zero-Kelvin anharmonic interatomic
force constants (IFCs), as illustrated in Fig. 6a–d. Interestingly, while the
third-order interatomic force constants (IFCs) are insensitive to tempera-
ture variations, the fourth-order IFCs demonstrate considerable sensitivity.
Specifically, when including both three-phonon (3 ph) and four-phonon
(4 ph) scatterings, the lattice κPL is predicted to be 0.33W=mK using zero-
Kelvin anharmonic interatomic force constants (IFCs), as shown in Fig. 6a.
In contrast, employing fully temperature-dependent IFCs results in a cal-
culated lattice κPL of 0.60W/mK, as depicted in Fig. 3a. This significant
reduction in κPL due to the temperature effect is further illustrated in the
spectral and cumulative κPLðωÞ plots in Fig. 6b. Moreover, using the zero-K
anharmonic IFCs leads to numerous phonons entering the overdamped
regime, characterized by lifetimes less than the Ioffe-Regel limit, thereby
questioning the validity of the Wigner transport equation in modeling

Fig. 5 | Calculated phonon lifetimes and two-dimensional (2D) modal coherence
thermal conductivity. a Calculated phonon lifetimes considering only 3 ph or both
3 ph and 4 ph scattering rates at 300 K. The solid green horizontal line represents the
Wigner limit in time39. Phonons with lifetimes above this limit primarily contribute
to the population conductivity, while those below it contribute to coherence

conductivity. The dash black line indicates the Ioffe-Regel limit in time64. bThe same
as (a), but at 500 K. c Calculated 2D modal coherence conductivity from wave-like
phonon tunneling considering both 3 ph and 4 ph scatterings at 300 K.dThe same as
(c), but at 500 K.
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thermal transport38,39, as depicted in Fig. 6c. This phenomenon underscores
the critical importance of extracting fully temperature-dependent IFCs
when assessing thermal transport and phonon-related properties in hybrid
organic-inorganic perovskites.

Despite the significant increase in anharmonic scattering rates, the
coherence contributions to the total κL remain almost unchanged [see
Figs. 3a, 6a, d]. Again, the minor contributions from the wave-like phonon
channel are attributed to the large inter-band spacings resulting from the
lighter elements of FA+ cations. The dominant coherence contributions are
evidently from quasi-degenerate phonons with frequencies below 2 THz, as
depicted in Fig. 6d. Again, this observation underscores the pivotal role of
FA+ cations in maintaining the good crystal nature and dominant particle-
like phonon propagation in cubic FAPbI3. A recent study has highlighted
that the displacement amplitude used in force constant extraction is sen-
sitive to the resulting thermal conductivity69. To assess this effect, we further
calculated the thermal conductivity using higher-order force constants
obtained with different displacement amplitudes, specifically, 0.10 Å and
0.17 Å. The room-temperature thermal conductivities obtained from these
setups are 0.37W/m·K and 0.305W/m·K, respectively. While these values
are close to the thermal conductivity of 0.33W/m·K calculated using a
0.15 Ådisplacement at 300 K, they remain significantly lower than the value
of 0.59W/m·Kobtainedusing fully temperature-dependent force constants.
This finding again underscores the importance of using temperature-

consistent force constants when evaluating thermal transport properties in
hybrid organic–inorganic perovskites.

Experimental and theoretical thermal conductivity
To confirm the accuracy of the predicted thermal conductivity κL of cubic
FAPbI3, we compare it with experimental or theoretical κL values reported
for other perovskites22,42,43,51,70 at room temperature, as illustrated in Fig. 7.
We begin by comparing the thermal conductivity κL of CsPbI3 in various
phases, both experimentally and theoretically, to that of cubic FAPbI3,
where only three-phonon (3 ph) scatterings are considered. Our predicted
room-temperature total κL for cubic FAPbI3 is 0.86 Wm−1K−1 when con-
sideringonly 3 ph scatterings, significantlyhigher than that reported for o/c-
CsPbI3. This discrepancycanbe attributed to the low-frequency rattling-like
modes induced by the heavy Cs atoms at A-site in CsPbI3, which contribute
to strong scatterings and consequently suppress thermal transport51. In
cubic FAPbI3, however, the A-site elements, i.e., FA+ cations, pre-
dominantly contribute to thehigh-frequencymodes (>3.5 THz), as depicted
in Fig. 1d. This characteristic reduces scatterings betweenA-site-dominated
modes and primary heat carriers, i.e., low-frequency dispersive phonon
modes. Subsequently, we compare the experimentally and theoretically
determined κL of different phases of MAPbI3 with that of cubic FAPbI3,
considering both three-phonon (3 ph) and four-phonon (4 ph) scatterings.
We observe a significant increase in the thermal conductivity κL of

Fig. 6 | Lattice thermal conductivity and phonon scattering rates calculated using
zero-K anharmonic IFCs. a Calculated temperature-dependent averaged thermal
conductivity: population and coherence contributions, total thermal conductivity,
considering 3 ph and/or 4 ph scattering processes using zero-K IFCs. The pink
shaded area indicates the particle-like phonon propagation contribution, and the
light blue shaded area represents the wave-like phonon tunneling contribution.
bCalculated phonon lifetimes considering 3 ph or 3,4 ph scattering rates using zero-

K anharmonic IFCs at 300 K. cCalculated averaged spectral and cumulative thermal
conductivity from particle-like phonon propagation channel, considering only 3 ph,
and both 3 ph and 4 ph scattering processes, using zero-K anharmonic IFCs at 300 K.
d Calculated 2D modal coherence conductivity from wave-like phonon tunneling
channel, considering both 3 ph and 4 ph processes, using zero-K anharmonic IFCs
at 300 K.
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crystalline MAPbI3 during the phase transition from tetragonal to cubic, as
evidenced by both molecular dynamics (MD) simulations42 and experi-
mental studies70. Given that the mass weight of FA+ cations is larger than
that ofMA+, the predicted κL of cubic FAPbI3 is expected to lie between that
of cubicMAPbI3 and tetragonalMAPbI3. Indeed, our predicted κL of cubic
FAPbI3, 0:63Wm�1K�1, falls between 0:34± 0:12 (tetragonal phase) and
1:1 ± 0:1Wm�1K�1 (cubic phase)70. Furthermore, our predicted value in
cubic FAPbI3 is closely aligned with the κL of cubic MAPbI3 as predicted
using molecular dynamics by Zhu et al.43. Overall, the predicted total κL of
cubic crystalline FAPbI3 in this work is reasonably reliable and can be
validated by future experimental investigations.

Disccusion
In summary, we have employed a first-principles-based framework that
integrates temperature-dependent effective potential with the linearized
Wigner transport formula, accounting for both three-phonon (3 ph) and
four-phonon (4 ph) scatterings, to elucidate themicroscopicmechanisms of
thermal transport in cubic FAPbI3. Our findings reveal that at 0 K, cubic
FAPbI3 exhibits dynamical instability primarily due to the strong random
orientation of FA+ cations. This strong random orientation of FA+ cations
also trigger the tilting of PbI6 octahedra, leading to the deformation of cubic
FAPbI3 into an unfavorable phase (δ phase) as temperature decreases.

Utilizing theWigner transport formula, and accounting for both three-
phonon (3 ph) and four-phonon (4 ph) scatterings, we observed an ultra-
low thermal conductivity of 0.63Wm�1K�1 at room temperature for cubic
FAPbI3. Analysis of the COHP/IpCOHP results and the projected atomic
participation ratio in cubic FAPbI3 suggests that the ultra-low thermal
conductivity can primarily be attributed to the [PbI3]

- units, rather than the
FA+ cations. This phenomenon is driven by the presence of Pb(s)-I(p)
antibonding states in the [PbI3]

- units, contributing to weak bonding and
strong anharmonicity.

Despite its complex structure, containing 12 atoms in the primitive cell
and organic cations, and marked strong anharmonicity, the particle-like
phonon propagation channel effectively explains the observed thermal
conductivity in cubic FAPbI3. This unique behavior can be ascribed to the
presence of light elements in the organic cations, i.e., FA+ cations,which lead
to high-frequency phonons and significant inter-band spacings. The

presence of FA+ cations in cubic FAPbI3 has little impact on phonon
population contributions and contribute negligibly to the coherence con-
tributions in the total κL.

Furthermore, our results highlight the importance of employing fully
temperature-dependent IFCs to accurately evaluate thermal transport and
phonon-related properties in hybrid organic-inorganic perovskites. Finally,
by comparing our predicted thermal conductivity of cubic FAPbI3 with
other perovskites, we confirm that our predicted total κL of cubic crystalline
FAPbI3 is reasonably reliable. Our work unveils the microscopic mechan-
isms of heat conduction physics in cubic FAPbI3, paving the way to
understand thermal transport in other hybrid organic-inorganic
compounds.

Methods
First-principles calculations and compressive sensing technique
All the density functional theory (DFT)71 calculations of cubic crystalline
FAPbI3 were performed using the Vienna Ab initio Simulation Package
(VASP)72. The projector-augmented wave (PAW) pseudopotentials were
used to explicitly treat the valence states of C, N, H, Pb, and I atoms,
considering the electron configurations (2s22p2), (2s22p3), (1s1), (5d106s26p2),
and (4d105s25p5) electrons, respectively. The Perdew-Burke-Ernzerhof
(PBE)73 functional within the generalized gradient approximation
(GGA)74 framework for the exchange-correlation functional was employed
for all DFT calculations. Additionally, the optB86b-vdW method75 was
utilized to accurately describe the van derWaals (vdW) interactions within
our computational framework. For structural optimization, a Γ� center
10 × 10 × 10Monkhorst-Pack k-mesh and a kinetic energy cutoff of 700 eV
were utilized to sample the Brillouin zone in the primitive cell containing 12
atoms. The force convergence threshold was set to 10–5 eV·Å–1 for structural
optimization, and a tight energy convergence criteria of 10–8 eV was
employed for both structural relaxation and static DFT calculations. The
fully optimized average lattice constant (a = 6.3807 Å) agrees well with the
experimentally reported values (a = 6.3620 Å) at room temperature for
cubic crystalline FAPbI3

45. Note that in current work, we only focus on
simulating the anharmonic lattice dynamics and thermal transport behavior
from the experimentally observedcubic crystalline FAPbI3with space group
of Pm�3m. While the experimentally observbed Pm�3m symmetry group in
cubic FAPbI3 arises from temporal averaging due to FA+ molecular
reoientations, our first-principles simulations are based on static lattice
configurations. In this work, we adopt the idealized Pm�3m structure to
approximate the average high-temperature phase observed
experimentally10,45,65,66. This appraoch faciliates direct comparison with
experimental data and has been widely employed in previous theoretical
studies18,45,76. Nonetheless, the other high-temperature structures of FAPbI3
may exist and deviate from the Pm�3m symmetry, depending on the
orientation of FA+molecules. Additionally, given that the impact of thermal
expansion on phonon frequency shifts in cubic crystalline FAPbI₃ is rela-
tively minor compared to the effect of phonon renormalization due to
anharmonicity (i.e., as captured by the TDEPmethod used in this work), we
have optednot to include thermal expansion in the present calculations [For
more details and discussion, see Supplementary Fig. 8in the Supporting
Information].

The zero-Kelvin harmonic interatomic force constants (IFCs) were
computed using the finite-displacment approach77, implemented in ALA-
MODE package, ultilizing a 3×3×3 supercell containing 324 atoms. Note
that the random-displacement method combined with a least-squares fit-
ting approach in ALAMODE78 using 800 configurations was employed to
extract the zero-K second-order force constants. As a result, the phonon
dispersion may differ slightly from that obtained using the finite-
displacement method in Phonopy79. To accurately and efficiently extract
the anharmonic interatomic force constants (IFCs), particularly 3rd and 4th
order terms, theCompressive SensingLatticeDynamics (CSLD)method80,81

was ultilized. The CSLDmethod efficiently selects the physically significant
terms froma large set of irreducible anharmonic interatomic force constants
(IFCs), utilizing a small displacement-force dataset27. To extract zero-Kelvin

Fig. 7 |Comparison of thermal conductivity obtained fromboth experiments and
theories. . Comparison of total lattice thermal conductivity κL calculated in cubic
FAPbI3 with other theoretically predicted and experimentally measured ultra-low
thermal conductivities in various inorganic and hybrid organic-inorganic
perovskites22,42,43,51,70. Here, ‘DFT(3 ph)’ denotes the value obtained by considering
only three-phonon scatterings based on DFT theory, while ‘DFT(3,4 ph)’ accounts
for both three- and four-phonon scatterings. ‘OD’ refers to the off-diagonal terms of
heat flux operators, and ‘MD’ stands for molecular dynamics simulation. o, t and c
indicate Orthorhombic, Tetragonal and cubic phase, respectively. The red lines
represent the error bars.
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anharmonic interatomic force constants (IFCs), we generated a set of 400
atomic structures from an equilibrium 3 × 3 × 3 supercell. Each structure
was subjected to a uniform displacement of 0.15 Å for all atoms along
random directions, achieved using the random numbermethod.Wewould
like to highlight that the average atomic displacement at 300 K is approxi-
mately 0.39Å in cubic crystalline FAPbI₃. Considering the strong anhar-
monicity and the presence of flat double-well potential energy surfaces in
this material, a uniform displacement of 0.15 Å was selected to enhance the
signal-to-noise ratio and reduce fitting errors in the extraction of higher-
order force constants at zero K. However, for the finite-temperature
anharmonic interatomic force constants (IFCs), we generated a set of 400
atomic structures with the atoms displaced according to a harmonic
canonical ensemble at finite temperatures82,83. Subsequently, the obatined
400 atomic structures were used to generate displacement-force dataset
through precise DFT calculations with a Γ� center 2 × 2 × 2 Monkhorst-
Pack k-point density grid. Finally, the harmonic interatomic force constants
(IFCs), either at zero-Kelvin or finite temperatures, along with the
displacement-force dataset, were utilized to extract anharmonic IFCs up to
the sixthorder.The anharmonic IFCswere extractedusing the least absolute
shrinkage and selection operator (LASSO) technique84, applying real-space
cutoff radii of 6.88 Å, 5.82 Å, 3.17 Å and 3.17 Å for cubic, quartic, quintic
and sextic IFCs, respectively. Here, we would like to emphasize that the
cutoff distancesof the third- and fourth-order IFCswere confirmed through
convergence testing to yield negligible changes in thermal conductivity
beyond these values [see Supplementary Fig. 9 in Supplemental Informa-
tion]. In this work, the IFCs fitting process was conducted using the
ALAMODE package27,78.

Temperature-dependent effective potential method. To account for
the temperature effect on phonon normal modes, we utilize the
temperature-dependent effective potential (TDEP)28,29 approach to fit
first-principles forces to an effective Hamiltonian (H),

H ¼ U0 þ
X

i

P2
i

2mi
þ 1

2

X

ijαβ

Φαβ
ij u

α
i u

β
j ð1Þ

where U0 is the potential energy of static lattice, pi, mi and ui are the
momentum, atomic mass and diaplacment associated with atom i,
respectively. Φαβ

ij is the effective harmonic IFCs, i.e., second-order force
constant, associated with the Cartesian indices.

To obtain the displacment-force dataset, we computed precise DFT
forces on atoms within perturbed supercells, which were generated using
stochastic sampling of a canonical ensemble82,83. The Cartesian displace-
ment (uαi ) is normally distributed around the mean thermal dispacement
and can be expressed as:

uαi ¼
X

q

eiαq Aiq

D E ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
�2lnζ1

p
sinð2πζ2Þ ð2Þ

with the thermal amplitude Aiq

D E
given by refs. 82,83,85:

Aiq

D E
¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ℏð2n0q þ 1Þ
2miωq

s
ð3Þ

where the phonon mode q is a composite index of the wavevector q and
phonon branch s, eq is phonon eigenvector, ζ1 and ζ2 are stochastically
sampled numbers between 0 and 1, ℏ is the Planck constants, nq is the
occupation number following Bose-Einstein statistics, andωq is the phonon
frequency.

In this study, we utilize a 3 × 3 × 3 supercell of cubic FAPbI3 and
perform calculation iteratively, starting from 600 thermally perturbed
snapshots. At each temperature (300, 350, 400, 450, and 500 K), the last
iteration is conducted using 3600 snapshots to ensure the convergence of
finite-temperature IFCs. Each iteration involves key procedures such as

computing phonon normal modes, genrating perturbed snapshots, calcu-
lating precise DFT forces, and fitting effective IFCs. It is worth noting that
the force constants were extracted from thermally sampled configurations
generated by stochastic sampling of a canonical ensemble, thereby inher-
ently accounting for both the thermal motion and rotational degrees of
freedom of the FA⁺ cations. In this study, the temperature-dependent
effective potential calculationswere performedusingboth theTDEP28,29 and
ALAMODE package78. It’s worth noting that in this study, we utilized our
in-house code30,36 for the transformation of force constants between the
ALAMODE27,78 and ShengBTE86 packages.

Intrinsic and extrinsic phonon scattering rates. Using Fermi’s golden
rule within time-dependent perturbation theory60, the intrinsic scattering
rates for three- (3 ph) Γ3phq and four-phonon (4 ph) Γ4phq processes are
determined by treating the cubic and quartic anharmonic terms as per-
turbations. Under the single-mode relaxation time approximation
(SMRTA) treatment, the intrinsic scattering rates Γ3phq and Γ4phq can be
formulated as53,56,60

35Γ3phq ¼
X

q0q00
f1
2
ð1þ n0q0 þ n0q00 Þζ�ðn0q0 � n0q00 Þζþg; ð4Þ
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X

q0q0q00q000

1
6

n0q0n
0
q00n

0
q000
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2

ð1þ n0q0 Þn0q00n0q000
n0q

ζþ� þ 1
2

ð1þ n0q0 Þð1þ n0q00 Þn0q000
n0q

ζþþ
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;
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with

ζ ± ¼ πℏ
4N

jV ð3Þðq; ± q0;�q00Þj2Δ±

δðΩq ±Ωq0 � Ωq00 Þ
ΩqΩq0Ωq00
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and

ζ ± ± ¼ πℏ2

8N2 jV ð4Þðq; ± q0; ± q00;�q000Þj2Δ± ±

δðΩq ±Ωq0 ±Ωq00 � Ωq000 Þ
ΩqΩq0Ωq00Ωq000

ð7Þ
where Ωq is the finite-temperature harmonic phonon frequency,
V ð3Þðq; ± q0;�q00Þ and V ð4Þðq; ± q0; ± q00;�q000Þ are the reciprocal repre-
sentation of 3rd- and 4th-order IFCs, respectively87, for both 3 ph and 4 ph
scattering processes, energy and momentum conservation are enforced by
delta function δ and Kronecker delta 4, respectively.

The extrinsic phonon scattering arising from naturally occurring. isotopes,
indicated as Γisotopeq , can be formulated as88

Γ isotopeq ¼
πΩ2

q

2N

X

i2u:c:
gðiÞje*qðiÞ � eq0 ðiÞj

2
δðΩ� Ω0Þ ð8Þ

where g ið Þ is the Pearson deviation coefficient88. Using Matthiessen’s rule,
the total phonon scattering rate Γq for a phonon mode q can be formulated
as

Γq ¼ Γ3phq þ Γ4phq þ Γisotopeq ð9Þ

Linearized Wigner transport formula. To accurately evaluate thermal
transport in cubic FAPbI3, we utilize the linearized Wigner transport
equation38,39 to consider both the contributions fromparticle-like phonon
propagation κPL and wave-like tunneling of phonons κCL to total thermal
conductivity κL. TheWigner transport equation has been widely applied
to reproduce and explain experimentally observed thermal conductivity
inmaterials ranging from simple systems30,55 to complex systems38,39,61. Its
validity has also been confirmed through comparison with Green–Kubo
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calculations, which account for all contributions to heat transport,
including cases with non-Lorentzian phonon spectral functions89. Under
the SMRTA treatment, the linearized Wigner transport equation can be
formulated as38,39

κP=CL ¼ ℏ2

kBT
2VN

P
q

P
j;j0

ΩqjþΩqj0
2 υqjj0 � υqj0 j

� Ωqjnqjðnqjþ1ÞþΩqj0 nqj0 ðnqj0 þ1Þ
4ðΩqj�Ωqj0 Þ2þðΓqjþΓqj0 Þ2

ðΓqj þ Γqj0 Þ
ð10Þ

where kB is the Boltzmann constant, V is the volume of primitive cell, T is
the absolute temperature,N is the number of sampled phononwave vectors
and υ is the group velocity matix, including both diagonal and off-diagonal
terms90.When j ¼ j0, it corresponds todiagonal termsof heatfluxoperators,
contributing to populations’ contribution, κPL

� �
. Otherwise, it corresponds

to off-diagonal terms of heat flux operators, providing the coherences’
contribution κcL

� �
in Eq. (10). To solve Eq. (10), we ultilize a q mesh of

12 × 12 × 12 for the both 3 ph and 4 ph scattering processes, with scalebroad
parameters set at 0.1. The q-mesh and scalebroad parameter used in current
work for the thermal conductivity of cubic FAPbI₃ was verified through
convergence testing to yield results within 2% and 2% of denser grids and
larger scalebroad parameter [see Supplementary Figs. 10, 11 in Supple-
mental Information]. Note that we adopt an iterative scheme to address the
diagonal terms of heat flux operators in three-phonon (3 ph) scattering
processes. In contrast, the SMRTA treatment is employed to handle the
four-phonon (4 ph) scattering processes, considering the extremely high
computer memory demands87. In this work, thermal conductivity
calculations, including populations’ and coherences’ contributions, were
performed using the ShengBTE86 and FourPhonon87,91 packages, along with
our in-house code30,36.

Data availability
Data that support the findings of this study will be available from the
corresponding authors upon reasonable request.

Code availability
The open-source codes can be found as following: Alamode is available at
https://github.com/ttadano/alamode, ShengBTE is available at https://www.
shengbte.org and FOURPHONON is available at https://github.com/
FourPhonon/FourPhonon. The in-house codes will be available from the
corresponding authors upon reasonable request.
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