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Entropy transfer in metal halide perovskites, characterized by significant lattice anharmonicity and low
stiffness, underlies the remarkable properties observed in their optoelectronic applications, ranging from
solar cells to lasers. The conventional view of this transfer involves stochastic processes occurring within
a thermal bath of phonons, where the lattice arrangement and energy flow from higher- to lower-frequency
modes. Here, we unveil a comprehensive chronological sequence detailing a conceptually distinct coherent
transfer of entropy in a prototypical perovskite CH3NH3Pbl3. The terahertz periodic modulation imposes
vibrational coherence into electronic states, leading to the emergence of mixed (vibronic) quantum beat
between approximately 3 and 0.3 THz. We highlight a well-structured bidirectional time-frequency trans-
fer of these diverse phonon modes, each developing at different times and transitioning from high to low
frequencies from 3 to 0.3 THz, before reversing direction and ascending to around 0.8 THz. First-principles
molecular dynamics simulations disentangle a complex web of coherent-phononic coupling pathways and
identify the salient roles of the initial modes in shaping entropy evolution at later stages. Capitalizing
on coherent entropy transfer and dynamic anharmonicity presents a compelling opportunity to exceed
the fundamental thermodynamic (Shockley-Queisser) limit of photoconversion efficiency and to pioneer
novel optoelectronic functionalities.
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I. INTRODUCTION

Recently, there has been a growing relevance of quan-
tum coherence and nonequilibrium dynamics in optoelec-
tronic materials exploration and energy-conversion sys-
tems [1–8]. These quantum coherent effects can have
immediate and profound influences on entropy transport
and energy-conversion efficiencies. In contrast to the con-
ventional incoherent diffusive transfer processes, the com-
prehension of coherent and reversible transfer of structural
and electronic excitations remains limited. This research
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enables the deliberate design of initial pumping processes,
which can then be harnessed to guide and manipulate
the subsequent evolution of energy and entropy in a
controlled manner. In particular, entropy transfer reflects
the distribution of energy among the vibrational modes
of the lattice, placing emphasis on the diverse atomic
arrangements within the lattice structure. In this regard,
the remarkable lattice anharmonicity [9–11] from highly
polarizable organic cations and inorganic lattice found in
hybrid organic-inorganic metal halide perovskites, such as
methylammonium lead iodide (MAPbI3), make them an
ideal model system for investigating and comprehending
the novel concept of coherent entropy transfer.

Hybrid organic-inorganic perovskites have garnered sig-
nificant attention in recent years owing to their remark-
able properties, positioning them as one of the most
intriguing optoelectronic materials [9,12–20] for poten-
tial device applications [21]. Remarkable performance
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across various applications spans from light-emitting
diodes (LEDs) and lasers to highly efficient solar cells
[22]. These devices leverage the distinctive structure of
metal halide perovskites, with MAPbI3 serving as a prime
example. This structural motif embodies a resilient inor-
ganic octahedral framework, PbI6, synergistically coupled
with a lightweight organic group, CH3NH3. In contrast
to inorganic semiconductors, perovskites exhibit a lattice
structure characterized by low stiffness and pronounced
anharmonicity [9,12], which plays a considerable role in
the fundamental optoelectronic and charge-transport prop-
erties. The lattice structure is found to host numerous
terahertz (THz) phonon modes, which have been identi-
fied through techniques such as Raman spectroscopy [23]
and infrared absorption measurements [24]. However, the
time sequence of the coherent transfer of entropy among
these phonon modes remains a largely uncharted territory,
which, therein, presents a major next challenge.

Here, we discover bidirectional coherent entropy trans-
fer through THz-driven vibronic, or vibrational-electronic
coupled, quantum beat spectroscopy in MAPbI3. This
is accomplished by detecting excitonic-level oscillations
induced by the periodic modulation of specific lattice
modes through a noncontact THz “push” electric field with
minimum heating. By employing a transformation into the
time-frequency domain of the THz-driven quantum beats,
we directly observe and track the various lattice vibra-
tions in their chronological sequence. Our discovery high-
lights two unique features: a bidirectional coherent transfer
mechanism, facilitating energy flow from higher- to lower-
frequency phonons, which then reverses back to higher
frequencies, contrasting with the usual incoherent and uni-
directional transfer; and an exceptionally strong nonlinear
phononic coherent coupling spanning from frequencies of
approximately 3 THz down to 0.3 THz, approximately 15
times larger than the phonon shifts typically observed in
other representative semiconductors such as Ti2O3. These
results, together with first-principles molecular dynamics
(FPMD) simulations, demonstrate the coherent entropy-
transfer pathway, which is sensitive to the initial excitation
of phonon modes.

II. EXPERIMENTAL METHODS AND RESULTS IN
COHERENT LATTICE DYNAMICS

Our experimental schematics of intense THz pump and
white-light probe spectroscopy is illustrated in Fig. 1(a)
(see Note 1 of the Supplemental Material [25]). A
strong single-cycle THz pump pulse centered at 1.5 THz
(6.2 meV) with peak E-field ETHz ∼ 1000 kV/cm [26–
28] was used to excite the MAPbI3 single crystal (see
Sec. 2 of the Supplemental Material [25]) in its low-
temperature orthorhombic phase. The use of intense THz
pulses has proven to be a powerful tool for exciting THz

coherent phonons of both infrared (IR) and Raman sym-
metries in complex quantum materials [29–31], including
metal-halide perovskites [17,32,33]. In our experiments
with the MAPbI3 sample, the intense THz pumping serves
as the initial trigger for a nonlinear coherent entropy-
transfer process. We subsequently employed a white-light
probe pulse with a duration of approximately 100 fs
to detect the excitonic transition. The probe pulse was
adjustable across a wavelength spectrum ranging from 730
nm (1.7 eV) to 773 nm (1.6 eV), effectively encompass-
ing the excitonic bands present in MAPbI3 [9,17]. Our
THz pump and excitonic-transition probe-spectroscopy
approach enables the measurement of mixed (vibronic)
quantum beats arising from coherent-phonon-modulated
electronic states.

The pump-induced coherent oscillations at the exciton
transitions have been uncovered by examining the transient
differential reflectivity �R/R trace. The inset of Fig. 1(b)
shows a representative �R/R trace (solid red trace) at the
probe wavelength of 755 nm at 4.2 K as a function of the
time delay �tpp up to approximately 33 ps. We note that a
long-lasting oscillatory component �Rosc/R of more than
tens of picoseconds (solid blue line in the inset) is superim-
posed on the exponential one (solid black line in the inset),
which can be very well fitted (see Sec. 3 of the Supple-
mental Material [25]). The exponential decay characterizes
the lifetime of the excitons induced by THz pump-induced
tunneling ionization, while the oscillatory signals eluci-
date the presence of vibronic coherence, indicating mixed
exciton-phonon coherence. In order to reveal the intrin-
sic quantum beat spectra [34], we extract the oscillatory
residual component �Rosc/R [solid blue line in the inset of
Fig. 1(b)] by removing the exponential decay component
(solid black line in the inset). The corresponding Fourier
transform (FT) spectra of the �Rosc/R (blue) and �R/R
(red) dynamics are shown in Fig. 1(b). The FT spectrum of
�Rosc/R provides a wealth of phonon modes, as identified
and marked with red labels as ω1 through ω6 in Fig. 1(b),
with several notable features. First, a prominent transverse
optical phonon mode, denoted as ω6, due to the twist of the
octahedra cage is clearly observed at 0.8 THz [23]. Two
strong secondary peaks are evident at approximately 1.08
THz (ω3) and 1.52 THz (ω5), respectively. Second, mul-
tiple peaks are distributed within a phonon band ranging
from 0.3 to 0.7 THz, as indicated by the label ω4 and are
shown to be related to the MA molecular rotations [35,36].
Third, and finally, a couple of distinct high-frequency
phonon modes, marked as ω1 and ω2, appear in the range
of 2–3 THz. The FT spectrum of the coherent dynamics
reveals an extraordinarily nonlinear phononics and repre-
sents a starting point for investigating the coherent transfer
of various structural vibrations, each of which develops at
a significantly different time.

Next, our focus shifts to the measurement of highly
nonlinear phononic coupling processes, distinguished by
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FIG. 1. (a) An illustration of a nonlinear entropy-transfer pathway driven by the strong THz-pulse radiation. The pathway is delin-
eated through three representative phonon modes as computed below, sequentially spanning from high to low frequency (2.91 THz
to 0.51 THz) and then reverting back to high frequency (0.91 THz). (b) Fourier spectra of the transient reflectivity �R/R probe of
the vibronic, or mixed (excitonic-vibrational), oscillation (red shade) and its oscillatory residual �Rosc/R (blue line) at 755-nm probe
wavelength at 4.2 K. The most relevant phonon modes are labeled by the numbers 1–6. The inset shows the �R/R dynamics of
MAPbI3 at 755 nm (red) at 4.2 K. Shown together is the fitted exponential component (black; see Sec. 3 of the Supplemental Mate-
rial [25]) and the corresponding oscillatory residual �Rosc/R (blue). (c) A plot of the time evolution of the phonon mode-selective
energy distribution function of the system over the 10-ps FPMD window, with three initially populated phonons (ω1, ω2, and ω3) at
frequencies of 2.91, 2.12, and 1.08 THz, respectively, guided by the experimental findings depicted in Fig. 2. The color scale denotes
the energy associated with each phonon mode.

coherent and bidirectional entropy transfer. As depicted
in Fig. 1(a), a prominent phonon-transfer process is dis-
cerned, involving three representative modes transitioning
from 2.91 THz to 0.51 THz and then back to 0.91 THz,
evolving sequentially. This observation is substantiated
by both theoretical predictions and experimental results
below. To gain insights into the temporal development
and evolution of the diverse phonon modes depicted in
Fig. 1(b), we have initiated our investigation by examin-
ing the predictions from the FPMD simulations shown in
Fig. 1(c) (see Sec. 5 of the Supplemental Material [25]).
We have strategically selected specific phonon modes to
serve as initial conditions, i.e., phonon modes ω1 at 2.91

THz and ω2 at 2.12 THz to represent the high-energy
phonons, and a mode ω3 at 1.08 THz, observed in Fig. 1(b).
The selection of these specific phonon modes has been
guided by the experimental observations presented in
Fig. 2.

We first present the simulation results in Fig. 1(c),
offering a clear and compelling illustration of the grad-
ual build-up and coherent evolution of diverse phonon
modes within MAPbI3, as indicated by the dashed red
arrows and white labels. The first picosecond of the sim-
ulation shows that the intensities of modes ω1 and ω2
decrease, whereas mode ω3 experiences enhancement, par-
tially attributed to the transfer of energy from modes ω1
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FIG. 2. (a) An illustration of the Rashba-type spin split bands in MAPbI3. (b) The correlated electron-hole pairs within the Rashba-
type bands, showcasing the excitonic fine structure, where dark exciton states (labeled as D) reside between two brightly emitting
exciton states (labeled as B1 and B2) within the spectral range of 750–760 nm. (c)–(h) Continuous wavelet transform of the THz
pump-driven �Rosc/R dynamics at probe wavelength (c) 750 nm, (e) 755 nm, and (g) 760 nm at 4.2 K. Shown together are the time-
integrated power spectra from time-frequency mapping of the measured 750-nm [(d), black], 755-nm [(f), red], and 760-nm [(h), blue]
traces. The representative phonon modes ω1–ω6 identified in Fig. 1(b) are labeled by the arrows and the numbers 1–6.

and ω2. This behavior aligns with expectations based on
the ionic difference-frequency-type excitation mechanism
[37]. Following the initial picosecond, mode ω3 begins
to diminish, with a portion of its energy transferred to
facilitate the emergence of mode ω4 at 0.51 THz. In the
later stages, mode ω5 at 1.52 THz is induced, coinciding
with the gradual weakening of mode ω4. This phenomenon
stems from a sum-frequency-type generation mechanism.
Eventually, a new mode, ω6, emerges at 0.91 THz and
persists for the duration of the simulation. Note that all
the numerical results are obtained from first-principles
calculations based on rigorous density functional theory
(DFT) results and that some discrepancies between the
theoretical [Fig. 1(c)] and experimental [Fig. 1(b)] val-
ues of the phonon frequencies are commonly accepted.
For instance, we designate the theoretical model with
a frequency of 0.51 THz to correspond to the experi-
mental ω4 mode depicted in Fig. 1(b). It is noteworthy
that the ω4 mode appears most prominently in Fig. 2, at
0.3 THz. Remarkably, these findings surpass the conven-
tional incoherent energy transfer, which typically involves

a unidirectional flow from high- to low-energy phonons.
These intricate dynamics underscore the coherence and
interplay of various organic molecules and inorganic cage
modes to drive the entropy transfer.

To validate the highly nonlinear entropy-transfer path-
way predicted by the FPMD simulation, we have con-
ducted experiments to detect THz-driven vibronic quan-
tum beats �Rosc/R, similar to those of Fig. 1(b), by
employing three different probe wavelengths, 750 nm, 755
nm, and 760 nm. The selection of these probe wavelengths
has been deliberate, aiming to match the threefold Rashba
excitonic fine structure of the MAPbI3 sample, as shown in
Figs. 2(a) and 2(b), with the degenerate dark exiton states
(approximately 755 nm, labeled as D) situated between
two bright ones (approximately 750 nm and 760 nm,
labeled as B1 and B2) [17]. Under these controlled experi-
mental conditions, the vibronic quantum beat enables com-
prehensive investigation into the time-dependent build-up
and decay of various phonon modes. We then perform
continuous wavelet transformation (CWT) of �Rosc/R at
probe wavelength 750 nm [Fig. 2(c)], 755 nm [Fig. 2(e)],
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and 760 nm [Fig. 2(g)] for the time delay �tpp up to
approximately 33 ps at 4.2 K. The CWT approach (see
Sec. 6 of the Supplemental Material [25]) is a powerful
time-frequency transformation that allows us to visual-
ize how phonon modes evolve over time, revealing their
development at different time intervals. To achieve high
time resolution, the spectral resolution has been compro-
mised. The corresponding time-integrated power spectra
obtained are shown in Figs. 2(d), 2(f), and 2(h).

The vibronic quantum beat spectra illustrated in Fig. 2
clearly show a mode- and symmetry-selective coupling
of phonon modes to the threefold excitonic fine structure
splitting in MAPbI3 and optical transition matrix elements
associated with different exciton states [17]. Specifically,
this coupling occurs between two bright exciton states at
approximately 750 nm and 760 nm, primarily interacting
with multiple IR modes of approximately 2-3 THz, and
one dark exciton state at approximately 755 nm, predomi-
nantly engaging with Raman modes such as ω6 = 0.8 THz.
Plotting together the data from three representative probe
wavelengths for both bright [Figs. 2(c) and 2(g)] and dark
states [Fig. 2(e)], allows us to visualize the timing of the
appearance of various vibronic modes and their diminish-
ment without the symmetry limitation of phonon modes,
which are dependent on the excitonic transitions used for
probing.

Next, we highlight four crucial points in Fig. 2, which
together provide a comprehensive chronological order of
the lattice vibrations and coherent entropy transfer induced
by THz excitation in MAPbI3. First, the observed vari-
ations in the appearing and diminishing times for each
phonon mode, as shown by the time-frequency maps of
Figs. 2(c), 2(e), and 2(g), are in line with the simulation
results in Fig. 1(c). During the time delay �tpp < 3 ps
[Figs. 2(c) and 2(g)], it is noteworthy that phonon modes
ω1 and ω2 (marked with red labels) appear almost simulta-
neously right after the THz pumping. Those phonon modes
are short lived, diminishing quickly within approximately
1 ps [Fig. 2(c)]. Interestingly, the higher-frequency IR
phonon modes, ω1 and ω2, do not align precisely with
the THz pump spectrum centered around approximately
1 THz. While our broadband single-cycle THz pulse pro-
vides some level of resonant excitation for these modes,
they can also be driven in a nonresonant manner, such
as through polaronic electron-phonon coupling, and they
manifest themselves first in time [Fig. 2(c)] [17]. Second,
while the phonon mode ω3 emerges alongside the ω1 and
ω2 modes due to resonant THz pump excitation, it dis-
plays a delayed enhancement, becoming more prominent
as phonon modes ω1 and ω2 diminish in intensity. This
behavior suggests a coherent transfer of energy between
these phonon modes, with some of the energy from ω1
and ω2 being transferred to enhance the amplitude of ω3.
Third, when �tpp > 3 ps, with the diminishing of higher-
frequency phonon modes, the low-energy phonon mode

ω4 appears. Additionally, a small portion of the energy
is transferred to the ω5. The phonon mode ω4 centered at
0.3 THz lasts approximately 6 ps. The microscopic origin
of the 0.3 THz is from the molecular rotational entropy
[35,36]. Fourth, as mostly clearly shown in Fig. 2(e), at
long time �tpp > 8 ps, the time-frequency map of �Rosc/R
at 755 nm shows a most pronounced and long-lasting
phonon mode ω6 centered at 0.8 THz that dominates the
quantum beat spectra. This octahedra cage twist (TO)
mode ω6 at 0.8 THz is well established in low-temperature
Raman measurement [23]. The observed coherent transfer
of discrete phonon modes, ω1–ω6, which entails both an
increase and a decrease in the phonon mode energy, under-
scores the critical role of nonlinear phononics, extreme
anharmonicity, and lattice softness in shaping the bidirec-
tional entropy-transfer pathway in MAPbI3.

The remarkable consistency observed between the
experimental results of the phonon mode transfer sequence
(Fig. 2) and the theoretical predictions [Fig. 1(c)] is note-
worthy. While there are shorter time scales associated with
the simulated phonon-cascade process than in experiment,
these can be attributed to factors such as the precise param-
eters used in the simulation and the absence of energy
dissipation in microcanonical ensemble simulations. Over-
all, this consistency reaffirms the validity of the essen-
tial dynamics of the coherent entropy-transfer pathway
in MAPbI3 captured both by the theoretical framework
and in experiment. Additionally, the phonon-shift behavior
reveals an extreme nonlinear coupling spanning frequen-
cies from approximately 3 THz down to 0.3 THz. This
ratio exceeds those observed in other representative semi-
conductors, such as Ti2O3, by a factor of approximately
15 (see Sec. 7 of the Supplemental Material [25]; see also
Ref. [38]).

The coherent-phonon entropy transfer can exhibit high
sensitivity to temperature, primarily due to thermally
induced phonon damping and intensity reduction [39,40].
In Fig. 3(a), we reveal such thermally induced dephas-
ing by plotting the �R/R dynamics at three temperatures:
4.2 K (black), 40 K (red), and 90 K (blue). When compared
to 4.2 K, the dephasing time of the phonon quantum oscil-
lation shortens significantly at 40 K, diminishing within
20 ps. At 90 K, the long-lasting coherence vanishes. To
understand the impact of temperature on the time evolution
of various phonon modes, we conduct the time-frequency
analysis of the oscillatory residual �Rosc/R (see the Sup-
plemental Material [25]) at 40 K and the result is shown
in Fig. 3(b). The decoherence time of phonon modes ω1
and ω3 remains unchanged, while the decoherence time of
phonon mode ω6 at 0.8 THz is 10 ps shorter at 40 K com-
pared to 4.2 K. This observation suggests the temperature
sensitivity of the octahedra cage twist in the orthorhombic
phase of MAPbI3. Despite the reduction in the phonon life-
time, the phonon-entropy-transfer pathway at 40 K largely
resembles that at 4.2 K. Specifically, the phonon entropy
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FIG. 3. (a) The temperature-dependent �R/R dynamics at
4.2 K (black), 40 K (red), and 90 K (blue). The probe photon
energy is adjusted to correspond with the temperature-dependent
exciton transition as marked. (b) The continuous wavelet trans-
form of the THz pump-driven �Rosc/R dynamics at 40 K. The
phonon modes ω1–ω6 are labeled by the red arrows and numbers.

continues to be transferred from high-frequency phonon
modes ω1 to phonon modes ω3 and ω4 before dissipating
through phonon mode ω6 at 0.8 THz.

We attribute the unique phonon-entropy-transfer pro-
cess discovered to the gigantic structure anharmonicity
of MAPbI3 and the rich rotational dynamics of the MA
cation, which interact to create the unique and intrigu-
ing coherent entropy-transfer behavior. The uniqueness of
hybrid organic-inorganic perovskites, when compared to
traditional semiconductor materials such as Si or GaAs,
lies in the large anharmonicity of the inorganic perovskite
lattice and the rich phonons of organic cations and their
mutual coupling. The origins of the low-frequency phonon
modes observed in Fig. 1(b) can be attributed to vibrational
entropy stemming from the perovskite lattice vibrations
and MA molecular liberation [36]. The combination of low
stiffness and significant anharmonicity fosters electron-
phonon collisions and phonon-entropy-transfer processes.
These unique attributes not only serve as prerequisites
for initiating lattice vibrations through photon pumping
and polaronic coupling at frequencies around 1–3 THz
(ω1, ω2, and ω3) but also play pivotal roles in facilitating

coherent-phonon transfer to modes below 1 THz thereafter.
A diverse phonon band ranging from 0.3 to 0.7 THz is
associated with the rotational motions of the MA organic
cations [23,24,36]. The MA cation participates signifi-
cantly in coherent and bidirectional entropy transfer. For
instance, as evidenced in Figs. 2(c), 2(e) and 2(g), the
low-frequency phonon at 0.3 THz (ω4) persists for approx-
imately 6 ps before diminishing, transferring entropy to a
higher-frequency perovskite cage mode at 0.8 THz (ω6).

III. FIRST-PRINCIPLES MOLECULAR
DYNAMICS AND DISCUSSION

A unified picture emerges for the bidirectional entropy-
transfer pathway in MAPbI3 by comparing the results
of the FPMD simulation [Fig. 1(c)] and time-resolved
vibronic quantum beat experiments (Fig. 2). In Fig. 4(a),
we provide a schematic representation of the phonon
modes, emphasizing the directions of the librations and
translations of methylammonium molecules using golden
double-headed arrows. These arrows correspond to the
MA rotational mode and shearing mode, respectively, pro-
viding insights into the rich phononic entropy transfer
originating from the inherent nonlinear phonon-phonon
coupling effects of the material. Briefly, following THz
excitation, phonon modes ω1 and ω2 have been gener-
ated rapidly. These modes have diminished within 1 ps as
phonon mode ω3 has been enhanced. These three modes
constitute the initial conditions that govern the entropy
transfer over extended durations, as depicted inside the box
of Fig. 4(a). The majority of the entropy has been trans-
ferred to the low-frequency phonon mode ω4, with only
a small portion going to ω5. The coherence beats dissi-
pated through the long-lasting phonon mode ω6, likely due
to its primary coupling with dark excitons that appear at
approximately 775 nm, as illustrated in Fig. 2(b).

For a microscopic understanding of the phonon dynam-
ics, it is important to note that certain phonon modes,
such as mode ω4 at 0.51 THz and mode ω3 at 1.08 THz,
already exhibit noticeable anharmonicity in their single-
mode potential energy surfaces (PESs), as illustrated in
Fig. S5 (see Sec. 5 of the Supplemental Material [25]).
To provide a quantitative analysis, we further assess the
phonon-phonon coupling coefficients by mapping out the
PES along two or three phonon mode coordinates and fit-
ting them with higher-order cubic and quartic terms, as
outlined in Eqs. S3 and S4 (see Sec. 5 of the Supplemental
Material [25]). The description of multidimensional PESs
transcends harmonic terms and implies significant nonlin-
ear interphonon couplings, as demonstrated in Fig. S6 of
the Supplemental Material [25]. Specific fitting parame-
ters can be found in Tables S1 and S2 (see Sec. 5 of
the Supplemental Material [25]), highlighting apprecia-
ble intermode couplings among all relevant phonons. This
analysis reveals the complex and nonlinear nature of the
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FIG. 4. (a) A schematic representation of the phonon-entropy-transfer pathway of MAPbI3 identified experimentally in Fig. 2. The
displacements of Pb, I, C, and N atoms are indicated by arrows and the displacements of the H atoms are not shown for clarity. The
directional movements of MA molecules, encompassing both rotational and shearing modes, are delineated by golden double-headed
arrows. (b)–(d) The time evolution of the phonon mode-selective energy-distribution function of the system throughout the 10-ps
FPMD window with different initial phonon populations at (b) 4.18, 3.34, and 1.08 THz; (c), 2.91, 2.14, and 1.08 THz; (d) and 2.91,
2.3, and 1.08 THz. The color scale indicates the energy of each phonon mode. The ω1–ω6 phonon modes involved are labeled by
arrows and numbers 1–6.

interactions between phonon modes within the MAPbI3
material.

The extreme nonlinear phononics observed are expected
to be sensitive to the initial conditions. The first-principles
molecular quantum dynamics simulation serves a dual
purpose: it unravels the intricate pathways of coherent cou-
pling and also identifies the crucial roles played by the
initial phonon modes induced by THz excitation. To fur-
ther investigate this sensitivity to initial conditions, we
compare the FPMD simulations using three different sets
of phonon modes, distinct from those obtained experi-
mentally, as initial conditions. This comparative analysis
allows us to explore the impact of different starting config-
urations on the observed coherent-phonon dynamics and
entropy-transfer pathway. We maintain the phonon mode
ω3 at 1.08 THz, originating from direct THz excitation,
while varying the phonon modes ω1 and ω2, permitted
by crystal symmetry, to represent the initial high density
of phonons. The results are shown in Figs. 4(b)–4(d). On
the one hand, in our initial simulations, we have chosen
phonon mode ω1 at 4.18 THz and mode ω2 at 3.34 THz,
which have not been observed in the experimentally mea-
sured quantum beat spectra in Fig. 1(b). While all the

relevant phonon modes can still be excited with these ini-
tial conditions, the mode-evolution sequence in Fig. 4(b)
differs significantly from the experimental observations.
Notably, in this scenario, phonon mode ω4 emerges sub-
sequent to the excitation of phonon mode ω6, displaying a
significantly lower intensity compared to the experimental
findings illustrated in Figure 2. This observation suggests
that the progression of phonon modes is not stochastic but,
rather, intricately influenced by the initial phonon distri-
butions. On the other hand, when we maintain phonon
mode ω1 at 2.91 THz and select mode ω2 at 2.14 THz
[Fig. 4(c)] and 2.3 THz [Fig. 4(d)], the results still differ
from those in Fig. 1(c). In these cases, the final transferred
energy intensity at ω6 is notably weaker and the dissipation
occurs more rapidly compared to the behavior observed in
Fig. 1(c). This corroborates the sensitivity of the phonon
dynamics and the entropy-transfer pathway to the specific
initial conditions for the simulation.

It is worth further delineating the entropy versus the
energy transfer for the observed bidirectional phonon
mode evolution. Comparing the initial conditions cho-
sen for Fig. 1(c) (2.91 THz, 2.12 THz, and 1.08 THz)
and Fig. 4(c) (2.91 THz, 2.14 THz, and 1.08 THz), the
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phonon energy scales are essentially the same. However,
the major difference originates from the fact that the mode
at 2.14 THz and that at 2.12 THz, although indeed very
close in frequency, are very different eigenmodes (see Sec.
8 of the Supplemental Material [25]). In other words, the
associated atomic vibration patterns are entirely different
(the eigenvectors are orthogonal). This illustrates precisely
that the entropy transfer stemming from atomic distribu-
tion is not solely dictated by the mode energy. Hence,
the frequency alone does not provide a comprehensive
picture of the atomic motion of the phonon modes and
their anharmonicity. This highlights the significance of our
time-frequency quantum beat spectroscopy in discerning
entropy-transfer processes.

It is vitally important to comprehend and regu-
late phonon entropy transfer, coherence, and lattice
anharmonicity in perovskite-based photovoltaic and opto-
electronic applications. First, the stochastic cation reori-
entations cause the dipolar scattering to charge carriers.
They are highly detrimental to the transport, migration,
and recombination of charge carriers, factors that gov-
ern carrier mobility and diffusion length in photovoltaic
devices. The insights derived from the dynamic entropy-
transfer pathway, as revealed by our THz vibronic quantum
beat spectroscopy measurements, offer a valuable frame-
work for measuring and understanding strategies to mini-
mize the entropy-related losses. This control is crucial for
enhancing the overall efficiency of photovoltaic devices.
Second, key parameters of light-emitting devices, such as
the spectral width and the internal quantum efficiency, are
significantly influenced by the carrier-phonon interaction
and the phonon-phonon nonlinear dynamics. The pro-
nounced anharmonicity and dynamic fluctuations unveiled
in our perovskite study underscore a distinct contrast from
conventional semiconductors. Therefore, our results pro-
vide a new avenue for materials design and discovery
in advancing perovskite-based semiconductor optoelec-
tronics. Third, our experimental and theoretical findings
suggest the possibility of inducing mode-specific long-
lasting lattice coherence. This discovery introduces a novel
method for directing charge transfer and collection by miti-
gating thermal phonon scattering and enhancing coherence
in hybrid perovskites.

IV. CONCLUSIONS

In summary, we have discovered a coherent and bidi-
rectional transfer of entropy in the orthorhombic phase of
MAPbI3 by combining THz-driven quantum beat spec-
troscopy and first-principles molecular quantum dynam-
ics simulation. This approach proves to be a powerful
and versatile tool for measuring dynamic phonon entropy
transfer, coherence, and dissipation in metal halide per-
ovskites. Intriguing theoretical future avenues encompass
explicit exploration of light-matter interactions to ascertain

initial phonon populations and the integration of dissipa-
tion into dynamic simulations. The discovery of coherent
entropy transfer holds the promise of offering a system-
atic material-design strategy to enhance the coherence,
dynamics, and lattice anharmonicity, thus driving forward
the development of high-performance perovskite-based
photovoltaic and optoelectronic applications.
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