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Temporally decoherent and spatially coherent vibrations in metal halide perovskites
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The long carrier lifetime and defect tolerance in metal halide perovskites (MHPs) are major contributors to the
superb performance of MHP optoelectronic devices. Large polarons were reported to be responsible for the long
carrier lifetime. Yet microscopic mechanisms of the large polaron formation, including the so-called phonon
melting, are still under debate. Here, time-of-flight inelastic neutron scattering experiments and first-principles
density-functional theory calculations were employed to investigate the lattice vibrations (or phonon dynamics)
in methylammonium lead iodide, a prototypical example of MHPs. Our findings are that optical phonons lose
temporal coherence gradually with increasing temperature which vanishes at the orthorhombic-to-tetragonal
structural phase transition. Surprisingly, however, we found that the spatial coherence is still retained throughout
the decoherence process. We argue that the temporally decoherent and spatially coherent vibrations contribute
to the formation of large polarons in this metal halide perovskite.

DOLI: 10.1103/PhysRevB.102.224310

I. INTRODUCTION

Metal halide perovskites (MHPs) have achieved striking
success as low-cost photovoltaic and light-emitting devices
[1-9]. Previous studies on MHPs suggest that their high per-
formance in optoelectronic devices arises from the long carrier
lifetimes, long carrier diffusion lengths, and exceptional car-
rier protection from defects [10-15]. Relevant underlying
microscopic processes include polaron formation [16-23], ex-
citon formation [24-30], electron-phonon coupling [25,31-
36], and phonon melting [10,37]. For the three-dimensional
(3D) hybrid organic-inorganic MHPs, it has been experimen-
tally shown that the reorientation of the polarized molecules
can assist the polaron formation, and thus prolong the charge
carrier lifetime [21]. This was supported by a recent theoreti-
cal study based on the tight-binding model and first-principles
density-functional theory calculations that reported increase
of the polaron binding energy from 12 to 55 meV when
molecular dynamic disorder is considered in addition to the
electron-phonon coupling [19]. However, the purely inor-
ganic MHPs without organic molecules can also achieve
a moderate photovoltaic performance [38,39], which indi-
cates that other mechanisms that are directly related to the
inorganic perovskite framework must also play indispens-
able roles in the optoelectronic properties of MHPs through
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their interactions with the charge carriers. The two relevant
principal mechanisms of the inorganic framework for the pho-
tovoltaic properties are electron-phonon coupling [25,31-36]
and phonon melting [10,37].

Electron-phonon coupling, i.e., the interaction between the
charge carriers and the lattice vibrations, has been shown
experimentally to affect various optical and electrical prop-
erties of MHPs. For example, a thermally induced blueshift
of the band gap was attributed to the population of a 1-THz
optical Pb-I-Pb bending mode in methylammonium lead io-
dide (MAPbI3) [40]. Also, the thermally induced changes
in the line shape, linewidth, and intensity of the photolu-
minescence spectrum in various two-dimensional (2D) lead
iodide perovskites were attributed to electron-phonon cou-
pling [36]. Previous studies indicate that at room temperature
the electron-phonon couplings in MHPs occur through the
longitudinal optical (LO) phonons, such as the Pb-I-Pb bend-
ing or Pb-I stretching modes [25,31,40]. Zhu and colleagues
(Miyata et al. [10,17]) argued that such electron-phonon cou-
pling in 3D MHPs leads to the formation of large polarons
which then protect the charge carriers from the defects and
impurities.

The so-called phonon melting describes a phenomenon
in which the phonon peaks that are well defined in energy
at low temperatures broaden upon heating and eventually
become a featureless continuum at high temperatures even
though the system remains crystalline. The phonon melting,
or more strictly, time-decoherent phonons, in MHPs [37,41—
46], are due to the intrinsic softness of their ionic crys-
tals. The optical phonon “overdamping” feature in multiple
MHPs was reported in Ref. [43], which attributes the grad-
ual “melting” behavior of low-energy optical modes to the
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FIG. 1. Phonon spectra of CH;NH;3Pblj;. (a), (b) Color contour maps of the experimental (a) and calculated (b) phonon spectra S(Q, fiw)
of CH3;NH;Pbl; as a function of the linear momentum transfer Q and the log-scale energy transfer Ziw. For better visualization of the entire
range of phonon spectra up to ~400 meV, S(Q, fiw) obtained with three different incident neutron energies, E; = 60, 120, and 600 meV, are
multiplied by different factors, 1, 4, and 16, respectively. (b) DFT phonon spectra calculated for the low-T orthorhombic phase of CH;NH;Pbl;.
(c) DFT phonon band structure of orthorhombic CH;NH;Pbl; along high-symmetry Q points. (d) Vibrational energy fractions (Vib. E-fraction)
at the I point for each phonon mode of CH3;NH;Pbl;, (see the Supplemental Material, Session F.1 [56] for the calculation details). The widths
of the gray, violet, cyan, brown, and pink bars represent the energy fractions of the Pb, I, N, C, and H atoms, respectively.

phonon anharmonicity. However, the temperature range of
their study was very limited, from 5 to 120 K, covering
only the low-temperature structural phase and leaving out the
structural phase transition to the higher-temperature structural
phase.

When the phonons are decoherent in time, the system
still remains crystalline. It is called the crystal-liquid duality,
which leads to the “bandlike” charge carrier dynamics and
glasslike phonons [10]. It was also argued that the glasslike
phonon modes can further assist the optoelectronic perfor-
mances in MHPs through their participation in the large
polaron formation and hot carrier cooling processes [10].
Understanding the microscopic nature of the crystal-liquid
duality and how it affects the optoelectronic properties of
MHPs requires systematic studies of vibrational dynamics in
MHPs as a function of temperature covering all the structural
phases.

Here, we employ the time-of-flight (TOF) inelastic neutron
scattering (INS) experiments and first-principles density-
functional theory (DFT) calculations to investigate how the
phonon dynamics of a 3D MHP, MAPbI3, is involved with
temperature, covering its three different structural phases. Our
study showed that optical phonons lose temporal coherence
gradually with increasing temperature which nearly vanishes
at the orthorhombic-to-tetragonal phase transition. During the
temporal decoherence process, however, the spatial coherence
is still retained. We argue that the liquidlike temporal decoher-
ence and the crystalline spatial coherence of optical phonons

yield both higher polarizability and spatial extension of a
localized phonon packet to form large polarons in this 3D lead
halide perovskite.

II. RESULTS

A. Momentum and energy dependence of phonon spectra

The time-of-flight neutron scattering experiments were
performed on an 8-g powder sample of CH3;NH3Pbl; to exam-
ine the vibrational motions. Figure 1(a) shows a color contour
map of the neutron scattering cross section S(Q, fiw) as a
function of momentum transfer Q and energy transfer /iw,
taken at 10 K. The phonon spectra are roughly composed of
three regions: (i) the low-energy part (0—10 meV), the mostly
inorganic modes, denoted as inorganic modes, which mostly
involve the collective vibrations of inorganic atoms, including
the Pb-I-Pb translation and Pb-I-Pb bending modes [47-49];
(ii) the intermediate energy part (10—30 meV), the organic-
inorganic hybrid modes, denoted as hybrid modes, which are
mixture modes of the inorganic motions, mainly the Pb-I-Pb
rocking and Pb-I-Pb stretching, and the molecular rigid-body
motions, i.e., CH3NH;3 translation, spinning and libration;
and (iii) the high-energy part (30—400 meV), the nearly pure
organic-atom vibrations, denoted as organic modes, which are
dominated by the internal molecular motions, e.g., CH3;NH;3
twisting (or torsion), bending, rocking, stretching, and defor-
mation.
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FIG. 2. Temperature-dependent phonon spectra of CH;NH;Pbls.
(a)—(c) Color contour maps of Q-integrated neutron scattering inten-
sity, S(iw) = [S(Q, hw)dQ/ [ dQ, as a function of temperature T
and fw, taken at 20 different temperatures while heating from 10
to 370 K, with the incident neutron energy E; of 600 meV (a), 60
meV (b), and 30 meV (c). The vertical dash-dotted lines in (a)—(c)
represent the transition temperatures for the orthorhombic (Pnma)-
to-tetragonal (I/4/mcm) and tetragonal (I4/mcm)-to-cubic (Pm3m)
phase transitions, at 165 and 327 K, respectively. Phonon peaks and
valleys are labeled as 1-7 for further analysis. The top right panel
illustrates the Tnp,—cn, twisting mode, which corresponds to the
phonon peak 6.

The identification of phonon modes for the experimen-
tally measured peaks using DFT calculations and molecular
dynamics (MD) has been challenging [50,51]. We found that
long-range van der Waals (vdW) interactions play a critical
role in capturing the key features of experimental phonon
spectra of MAPbI;; we found that the nonlocal correction
to DFT total energy using van der Waals density functional
schemes, such as vdW-DF2 [52-55], needs to be included
to reproduce the phonon spectra for MAPbI;. For instance,
the antisymmetric twisting mode of NH3; and CH3, TNy, —cHs»
illustrated in Fig. 2, shifts to a lower energy by ~8 meV
[the red-shaded curve on the bottom of Fig. 3(b)] explaining
the experimental data, compared to when vdW interactions
are not included (see Fig. S5 in the Supplemental Material
(SM) [56]). Detailed information on the vibrational modes,
including their energies and animations, and density of states
as a function of energy, are shown on the website of one of the
authors (Lee [57]).

Our DFT calculations with the vdW-DF2 correction esti-
mated the London dispersion interactions between the organic
MA™ molecule and its neighboring inorganic [Pbl3]™ layer to

be EMATIPPLI" &~ _0.912 eV which is ~13.4% of the total
electronic energy between the two components. Thus, it is
not surprising that the London dispersion interaction with a
distance dependence of rlﬁ [58] has a significant influence
on the restoring force, and hence the phonon energy, of the
antisymmetric twisting mode of the NH; and CH3 group of
the MA™ molecule.

The inelastic neutron scattering intensities due to the vibra-

tional motions were calculated for MAPbI;, using the density
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FIG. 3. Temperature-dependent phonon spectra of CH;NH;Pbl;.
(a)—(c) The line plots of the S(%w) for nine selected temperatures, 10,
50, 100, 150 K (low-T orthorhombic phase); 170, 200, 250, 300 K
(intermediate-7 tetragonal phase); and 350 K (high-7" cubic phase),
taken with E; = 600 meV (a), E; = 60 meV (b), and E; = 30 meV
(c). The red lines with shaded areas at the bottom of panels (a)—(c)
are the calculated phonon density of states (PDOSs) with the vdW-
DF2 correction [55], respectively. The dashed lines in (c) represent
the contributions from the CH3;NH; molecule rotations, for all nine
temperatures in the corresponding colors. The black horizontal bars
in (c) represent the full width at half maximum (FWHM) of the
instrument resolution for peaks 2 and 3. (d)—(f) show the temperature
dependence of the fitted Gaussian peak areas, A, of phonon modes
1-3, 6 and 7, as labeled in (a)—(c). The fitted area A is normalized
by the peak area of 10 K, Ajpk. In (e), the blue squares and red
diamonds show the integrated intensity / of the phonon valley 4 (6 <
how < 8meV) and 5 (20 < fiw < 22 meV) labeled in (b), which are
normalized by the values at 10 K, 1} x. The vertical dash-dotted lines
in (d)—(f) represent the transition temperatures for the orthorhombic
(Pnma)-to-tetragonal (/4/mcm) and tetragonal (I/4/mcm)-to-cubic
(Pm3m) phase transitions, at 165 and 327 K, respectively.

functional theory calculations (see the Supplemental Mate-
rial, Session F.1 [56], for details). As shown in Fig. 1(b),
the powder-averaged calculated intensities reproduce well
the measured ones shown in Fig. 1(a), on both the Q and
hiw dependences. The experimental observation, shown in
Figs. 1(a) and 3(b), that the peak centered at 11.7(1) meV
is significantly broader than the one at 38.2(1) meV, is also
reproduced. As shown in the calculated phonon dispersion
relations and vibrational energy fraction shown in Figs. 1(c)
and 1(d), respectively, this difference is due to the fact that the
11.7-meV mode is a collection of hybrid modes that are dis-
persive along high-symmetric directions in Q space while the
38.2-meV mode is the lowest-energy vibrational mode of the
MA molecule internal motion and is very weakly dispersive
even in the crystal. We stress that the Q and /iw dependences
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of S(Q, hw) measured at 10 K are well reproduced by the
calculations, and the dispersiveness of the hybrid modes at
intermediate energies and of the inorganic modes at low en-
ergies is clear evidence that the hybrid and inorganic modes
are strongly collective; in other words, those vibrations are
spatially and temporally coherent at 10 K.

B. Energy dependence of phonon spectra
and temporal decoherence

Now let us see how the phonon spectrum changes with
increasing temperature. Figures 2(a)-2(c) show contour maps
of the momentum-integrated neutron scattering intensity
S(T, hw) as a function of temperature 7 and energy transfer
ho that show the temperature evolution of the vibrational
dynamics of MAPbI; over the entire energy range up to
~400 meV. As discussed before and shown as the black curves
in Fig. 3(a)-3(c), at 10 K [orthorhombic phase (Pnma)], there
exist temporally and spatially coherent vibrational modes
over the entire energy range. However, the peaks below
50 meV become featureless in energy above the
orthorhombic-to-tetragonal phase transition at ~165 K
[see Figs. 3(b) and 3(c)]. This indicates that the
optical inorganic and hybrid vibrational motions lose
coherence in time; i.e., those phonons are melted in
the tetragonal (I4/mcm) and cubic (Pm3m) phases
above 165 K. In the orthorhombic phase below
165 K, the two types of modes behave differently; the
optical inorganic modes, denoted by A; (mainly the Pb-I-Pb
bending modes), increase in strength as 7' increases up to 100
K above which they weaken and melt as the system enters
the tetragonal phase at 165 K [see Figs. 3(c) and 3(f)]. The
hybrid modes, denoted by A, (the mixed modes of rocking
and stretching of Pb-I-Pb and translation and spinning of
CH;3NH3) and A3 (the mixed modes of stretching of Pb-1-Pb
and translation and libration of CH3NH3), on the other hand,
gradually decrease in strength as 7 increases and then melt
in the tetragonal phase [see Figs. 3(c) and 3(f)]. The organic
modes, denoted by Ag [CH3-NHj3 twisting (or torsion) modes]
in Figs. 3(b) and 3(e), and A; (symmetric and asymmetric
stretching modes of CH3; and NH3) in Figs. 3(a) and 3(d),
behave differently; upon warming the 38.2-meV mode, Ag,
gradually weakens and melts at 155 K, similar to the way
the hybrid modes do. On the other hand, the 400-meV mode,
A7, gradually broadens but survives all the way to the cubic
phase. These different behaviors can be understood when
one considers the charge distribution in the MA™* molecule.
In the MA™ molecule the overall positive charge is mainly
distributed in the NH3" group and the CHj group is more
or less neutral [21]. In the 38.2-meV mode, Ag, NH;™
twists twice more than CHj3 does (the amplitude ratio of
NH3" : CH3; =2.2:1) as illustrated in Fig. 2, top right
panel, and thus the mode gets affected as the motion of
the neighboring negative I~ ions melts upon warming. The
higher-energy organic modes such as A7, on the other hand,
involve the equal strength motion of CH3 and NHj3, and thus
get less affected by the melting of the inorganic and hybrid
modes. See the detailed phonon animations on Lee’s website
[57].

The observed energy continuum up to ~50 meV is an
indication of the emergence of liquidlike vibrations upon heat-
ing, i.e., the temporally decoherent phonons. To study the
T dependence of the liquidlike vibrations, we have chosen
the valley regions at 6 < hiw < 8 meV (y) and 20 < hw <
22 meV (I5) where intensity is weak at 10 K [see Fig. 3(b)].
As shown in Fig. 3(e), 14 (blue squares) and /s (red diamonds)
show a gradual increase as T increases within the low-T" or-
thorhombic phase. One can ask if the energy continuum is due
to the contribution from the incoherent rotational dynamics
as each MA™ molecule rotates more freely as T increases.
To quantitatively examine this possibility, we have fitted the
very low-energy S(Q, hw) to the previously reported point
group theory analysis for the rotational dynamics of the MA™
molecule [59]. As described in the Supplemental Material,
Session C [56], in detail, the rotational contributions can be
determined. The color-coded dashed lines in Fig. 3(c) are
the rotational contributions at different temperatures, clearly
showing that the energy continuum up to 50 meV is in-
deed mainly due to the melting of the inorganic and hybrid
vibrational dynamics rather than rotational dynamics. Simi-
lar measurements were performed on a partially deuterated
MAPbDI; sample (CD3;NH;3Pbl3), where the incoherent scat-
tering from H atoms is suppressed, and the same liquidlike
vibrations were observed at high temperatures. As shown in
Fig. S4 in the Supplemental Material [56], the temperature
evolution of the inorganic and hybrid modes (A;r and Ay in
Fig. S4 [56]) of the partially deuterated sample is consistent
with that of nondeuterated sample [Fig. 3(f)].

The lifetimes of different types of phonons were evaluated
as follows (for details, see the Supplemental Material, Ses-
sions D and E [56]). We fitted the E; = 10 and 30 meV data
sets separately using the Voigt function V (x—u; o, y) for each
phonon peak. To minimize the number of fitting parameters
and thus to increase the reliability of the analysis, we intro-
duce two lifetimes only to account for the optical inorganic
and hybrid modes, assuming that all the inorganic modes
have the same lifetime and all the hybrid modes have another
similar lifetime. This is a reasonable assumption because the
inorganic modes involve Pb-I-Pb bending and weaker vibra-
tions of the organic molecule while the hybrid modes involve
Pb-I-Pb stretching with stronger vibrations of the molecule.
The fitting results are shown in Figs. 4(a) and 4(b), and the
fitted parameters are shown in Fig. 5(a) and summarized in
Table I. Our analysis shows that both the lifetimes of inorganic
phonons and hybrid phonons decrease with the temperature
increasing and the lifetime of hybrid phonons decreases much
faster than that of inorganic phonons.

C. Momentum dependence of phonon spectra
and spatial coherence

A question that naturally arises is what happens to the
spatial coherence of the collective vibrations when the inor-
ganic phonons and the hybrid phonons lose their coherence in
time. To address this issue, we investigate the Q dependences
of the vibrational modes S(Q) for MAPbI; as a function of
temperature. Figures 6(a)-6(c) show the color contour maps
of S(Q, hw) taken with E; = 60 meV, covering the inorganic
and the hybrid modes, at three different temperatures, 10, 170,
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FIG. 4. Phonon spectra of CD;NH;3Pbl;. The momentum-integrated experimental phonon spectra (black dots), S(%w), were collected at the
time-of-flight spectrometer 4SEASONS at JPARC with two incident neutron energies E; = 10 meV and E; = 30 meV. (a) For the inorganic
modes, the phonon spectra were fitted with five Voigt functions (blue dashed lines on the bottom). The gray dashed lines account for the
increasing rotational contributions and liquidlike continuum with increasing temperature. (b) For the hybrid modes, the rotational contribution
in the fitted energy range is negligible. The phonon spectra were fitted with six Voigt functions (blue dashed lines). The gray dashed lines
account for the liquidlike continuum with increasing temperature. In (a), (b), the red solid lines are the fitted total intensities.

and 350 K, respectively. At 10 K, S(Q, hiw) exhibits well-
separated peaks in Zw that are broad and centered at around
Q~5—7A"". At 170 and 350 K, S(Q, fiw) exhibits an
energy continuum, as discussed, due to the temporal decoher-
ence. Surprisingly, however, the energy continuum exhibits O
dependence similar to that of the temporally coherent phonons
observed at 10 K.

In order to quantitatively analyze the data, we inte-
grated S(Q, hw) over three different 7w regions to cover
the inorganic and hybrid modes at the low-energy and
intermediate-energy regions, respectively. The resulting S(Q)
is plotted in Figs. 6(d)-6(f). Upon heating, all the resulting
S(Q) exhibit a gradual shift to lower Q, which is due to the
increasing vibrational amplitudes. In addition, for the low-
energy range of 2 meV < hw < 5 meV shown in Fig. 6(d),

in the tetragonal phase (T > 165 K) S(Q) exhibits an addi-
tional peak centered at lower Q ~ 2A~! which is due to the
rotational dynamics of the MA™' molecule and is well repro-
duced by the aforementioned group theoretical model for the
rotational dynamics, S;o(Q), shown as the color-coded dashed
lines. For other higher-energy regions, the rotational contribu-
tion is negligible. We have fitted the vibrational contribution
Svin(Q) = S(Q) — Siot(Q) to a phenomenological function for
phonons Spodel(Q, T) = @ + bSeuc(Q, 0K)e AU with the
precalculated phonon intensity at 0 K using OCLIMAX [60];
Scaic (@, 0 K); and the constant background a, the inten-
sity amplitude b, and in the Debye-Waller factor e~AUsoQ’,
AUiso = Uiso(T) — Uiso(0K), with Uiso(T) representing the
T -dependent isotropic atomic displacement parameter, which
is proportional to the square of the vibrational amplitude.
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FIG. 5. Temperature-dependent phonon lifetime and atomic dis- S
placement parameters of MAPbI;. (a) The blue circles and the red g
triangles are the phonon energy linewidth and lifetime of the inor- o
ganic and hybrid modes, respectively, obtained from fitting S(/iw) in g- 0 Lz
Fig. 4. (b) The atomic displacement parameters, AUis, = Uiso(T') — 0 2 4 6 8 0 2 46 8 0 2 4 6 8 10
Uiso(0 K), were obtained from fitting S(Q) in Figs. 6(d)-6(f) as QA QA" QA"

described in the text. AUj, are determined and plotted for three dif-
ferent Ziw regions: 2 < hw < 5 meV (E; = 30 meV, blue triangles),
8 < hw < 14 meV (E; = 60 meV, violet circles), and 17 < hiw <
20 meV (E; = 60 meV, green diamonds).

As shown as the color-coded solid lines in Figs. 6(d)-6(f),
Smode1 (@) can reproduce the experimental S(Q) for all the
three energy regions and all the temperatures. The fitted
isotropic thermal factors, AUjg,S, are shown in Fig. 5(b). Here,
we emphasize that the experimental S(Q) cannot be explained
if the optical phonons completely lose the spatial coherence.
It is because in the case of spatially decoherent vibrations of
Pb and I atoms S(Q) should exhibit a peak centered at a much
higher Q > 10 A~! as expected for the localized vibrations of
individual atoms [61]. Instead, our observation that S;oge1 (Q)
for the spatially coherent vibrations at 10 K weighted by the
Debye-Waller factor can also account for the Q dependence
of vibrations at high 7' s means that the optical vibrations at
high T s are coherent in space even though the vibrational
amplitude increases with 7. This tells us that when the optical
vibrational modes start losing coherence due to the weak ionic
bonds, which will be discussed later, upon heating, the deco-
herence occurs first in time and the spatial coherence remains
athigh T s.

II1. DISCUSSION

To understand the origin of the phonon melting behaviors
observed in MAPbI;, we calculated the binding energy be-
tween nearest-neighboring atoms for three different systems,
CH;NH;Pbl;, another ionic crystal NaCl, and a covalent

FIG. 6. Inelastic neutron scattering spectra and Q dependence of
the phonon spectra for MAPbI;. (a)—(c) The color contour maps of
S(Q, hw) of CH3;NH;PbI; taken at 10 K (orthorhombic phase), 170
K (tetragonal phase), and 350 K (cubic phase) with the incident
neutron energy E; = 60 meV. (d)—(f) The colored circles are the
hw-integrated neutron scattering intensity, S(Q), for seven different
temperatures, taken with the incident neutron energies E; = 30 meV
(d) and E; = 60 meV [(e), (f) The 7iw integration region was 2 <
ho <5meV (d), 8 < hiw < 14 meV (e), and 17 < hiw < 20 meV
(f), respectively. In (d), the rotational contributions are shown as
dashed lines and the total fitted intensities are shown as solid lines,
as discussed in the text. The panels (e), (f) are rescaled by a factor of
1.5 and 2.0, respectively, to have the same scale as the panel (d).

crystal SiO, for comparison (see the Supplemental Material,
Session F.2 [56], for details). The binding energies between
inorganic atoms in the two ionic crystals have a binding
energy of ~3-4 eV that is much weaker than the bond-
ing energy of ~10 eV of the covalent crystal SiO,. The
intramolecule bonding energies of the organic molecules of
MHPs, such as the N-C and C-C bonding energies of ~9 and
~7 eV, respectively, are comparable to that of SiO,, which
is expected because the intramolecule bonds are covalent.
Thus, the gradual phonon melting, i.e., the T-induced tem-
poral decoherence observed for the low-energy vibrations in
MAPDI;, is due to the weak ionic bonds between the inor-
ganic atoms in MHPs. The survival of the time coherence
of the purely organic high-energy vibrational modes at room
temperature, on the other hand, is due to the strong cova-
lent intramolecule bonds. Furthermore, we have simulated the

TABLE I. Estimated phonon lifetimes of the inorganic and hybrid phonon modes in the orthorhombic phase of CD;NH;Pbls, extracted
from the phonon model fittings on data taken at JPARC. Values in the parentheses indicate their errors.

Inorganic modes Hybrid modes
T Lorentzian HWHM Phonon lifetime Lorentzian HWHM Phonon lifetime
X) (meV) (ps) (meV) (ps)
160 0.4509) 1.47 0.86(28) 0.77
150 0.26(8) 2.58 0.86(20) 0.77
130 0.30(13) 2.22 0.74(15) 0.90
100 0.16(7) 4.07 0.55(10) 1.19
75 0.14(5) 4.76 0.30(7) 2.20
50 0.08(6) 8.19 0.17(5) 3.90
30 0.07(6) 9.57 0.08(4) 7.50
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powder-averaged phonon spectra of the three systems as a
function of the temperature (see the Supplemental Material,
Session F.3 [56], for details). As shown in Fig. S6 [56], the
temperature-dependent phonon spectra simulations show that
the gradually decreasing phonon intensities, i.e., the phonon
melting behavior, is a general feature for the ionic lattices
with the weak ionic bonds. The phonon modes, in the covalent
lattices, e.g., SiO,, on the other hand, can survive at high
temperatures. It should be noted that the rotational dynamics
of the organic molecule may also enhance the phonon melting,
as the C4 mode of the MA™ cation gets activated when the sys-
tem enters the intermediate-temperature tetragonal phase from
the low-temperature orthorhombic phase [59]. However, it is
to be emphasized that the MA™' Cy rotational mode requires
breaking of the multiple bonds between iodine and hydrogen
atoms and thus its activation is a direct outcome of the weak
ionic I-H bonds.

Note that MAPDI; is crystalline up to 650 K [62]. Thus,
according to the Goldstone theorem the very low-energy
acoustic phonons below ~2 meV should exist as long as
the system is crystalline. Indeed, a recent experimental study
reported the existence of temporally and spatially coherent
acoustic phonons in MAPbI; at 350 K [63]. Our experimental
results, on the other hand, showed that for the optical in-
organic and hybrid phonons the temporal coherence is lost
for T > 165 K « 650 K, which is consistent with previous
Raman and neutron scattering studies on isostructural systems
MAPbLX; (X = Br [37,41], Cl [42]). More strikingly, we have
shown that those optical phonons retain spatial coherence.
The observed spatial coherence of the optical phonons above
165 K may explain the previous results that phonon-mediated
large polarons are formed in 3D MHPs, and the diameter
of the polarons was theoretically determined for 3D MHPs
to be ~50 A [19] and was experimentally determined to be
~100-140 A in terms of an exciton picture [64]. Previous
optical measurement studies, such as Raman scattering, pho-
toluminescence, and terahertz spectroscopy, showed that the
electron-phonon couplings in MHPs occur through the optical
phonons, such as the Pb-I-Pb bending and Pb-I stretching
modes at room temperature [25,31,40]. For a phonon to form
a polaron, the spatial coherence of the phonon should be
larger than or at least comparable to the size of the polaron.
These imply that the optical inorganic and hybrid phonons
of MAPbI; must be spatially coherent at least over ~50 A,
which is consistent with our findings. Indeed, a theoretical
study based on molecular dynamics simulations on anhar-
monic materials [65] showed that the temporal coherence
and the spatial coherence of phonons can behave differently.
Their argument is the following: The temporal coherence is

associated with the phonon mean free path, i.e., the product
of the phonon relaxation time and group velocity, reflecting
the particle nature of phonons, which is consistent with the
low thermal conductivities of MHPs [51,66-70]. On the other
hand, the spatial coherence represents the spatial extension
of a localized phonon packet reflecting the wave nature of
the phonons. They showed that at some specific points in the
Brillouin zone, the difference between the phonon mean free
path and spatial extension can be giant, and even when the
mean free path becomes very small, the spatial extension can
be large, yielding a nonlocalized standing wave. Our neutron
scattering results are an experimental observation of distinct
temporal and spatial coherence of phonons.

The concept of the crystal-liquid duality has been actively
studied in the family of solids called phonon-glass electron
crystals (PGECs), such as intermetallic clathrates, that exhibit
high electrical conductivity but low thermal conductivity, and
thus provide good candidates for efficient thermoelectric ma-
terials [10,71]. Indeed, very recently the thermal conductivity
of MHPs was found to be one of the lowest among all mea-
sured solid materials [72]. It would be interesting to see if the
distinct temporal and spatial coherences of phonons found in
MHPs are also a characteristic of PGECs that is involved in
the microscopic mechanism of their thermoelectric properties.

All data are available in the paper or the Supplemental
Material [56].
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