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Organic-inorganic hybrid perovskites with giant piezoelectric responses, exemplified by TMCM-CdCl3,
represent a promising platform for flexible and environmentally friendly electromechanical materials.
However, the microscopic origin of such exceptional performance in this weakly polar system has remained
elusive. Here, using deep-learning-assisted large-scale molecular dynamics simulations, we resolve this
paradox by reproducing a giant piezoelectric coefficient of ≈211 pC=N and demonstrating that it arises
from the collective contribution of multiple intrinsic components, particularly the shear component d15.
This effect does not stem from conventional polarization rotation or phase switching, but instead originates
from stochastic 120° in-plane rotational hopping of a small fraction of organic cations. This discrete
hopping mechanism is governed by the local C3-symmetric halogen-bonding network between the host
framework and the guest cation. The Arrhenius-type temperature dependence of d15 further confirms the
role of thermally activated dipole hopping. This Letter provides a clear pathway to enhance piezoelectric
performance of hybrid materials through rational engineering of host-guest interactions.
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Piezoelectric materials, which can convert mechanical
energy into electrical energy and vice versa, are founda-
tional to a wide range of modern technologies [1]. For
decades, this technological landscape has been dominated
by inorganic ferroelectrics such as barium titanate (BTO)
and lead zirconate titanate (PZT) [2–6]. While robust in
performance, these materials are heavy, brittle, require
high-temperature processing, and often contain toxic ele-
ments, making them unsuitable for emerging applications
that demand flexible, lightweight, and biocompatible
piezoelectrics. This has driven a search for molecular
alternatives, which promise mechanical flexibility and
environmentally friendly solution processability but have
historically been limited by a fundamental trade-off:
molecular ferroelectrics tend to exhibit low spontaneous
polarization, leading to weak piezoelectric response [7–11].
The discovery of the hybrid organic-inorganic ferroelec-

tric perovskite trimethylchloromethyl ammonium trichlor-
ocadmium(II) [Me3NCH2ClCdCl3, (TMCM-CdCl3)],
composed of organic TMCMþ cations and inorganic
CdCl−3 frameworks and adopting the BaNiO3-like perov-
skite structure, marks an important advancement for devel-
oping flexible, low-temperature-processable piezoelectric
materials [12]. However, it also presents a fundamental
paradox: despite having a spontaneous polarization of only

4 − 5 μC=cm2, an order of magnitude smaller than that of
BTO (≈25 μC=cm2), TMCM-CdCl3 achieves a piezoelec-
tric strain coefficient of d33 ≈ 220 pC=N [12], comparable
to BTO [13]. The striking anomaly of a weakly polar
material exhibiting a giant piezoelectric response suggests
the presence of an unconventional physical mechanism.
Two primary theories have been proposed to resolve

the paradox. The original study of TMCM-based perov-
skites suggested a ferroelastic polarization rotation mecha-
nism [12]. Crystallographic and vector piezoresponse
force microscopy analyses revealed that monoclinic
TMCM-CdCl3 hosts twelve energetically equivalent polar
states. It was argued that applied stress could trigger
ferroelastic switching between these states, causing a
large-angle reorientation of the polarization vector and a
giant piezoelectric response. A key limitation of this theory
is that reversible ferroelastic switching, essential for revers-
ible piezoelectricity, often requires alternating compressive
and tensile stress, a condition not typically met during
standard unipolar piezoelectric measurements. A later
theoretical study proposed a phase-switching mechanism
[14]. First-principles calculations identified a metastable
phase featuring TMCMþ cations in head-to-head and tail-
to-tail orientations. The piezoelectric response was attrib-
uted to a stress-induced transition between this phase
and the ground-state monoclinic structure. This theory
was based on static, zero-Kelvin unit-cell calculations that
neglected thermal fluctuations and molecular dipole*Contact author: liushi@westlake.edu.cn
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dynamics, factors likely crucial to understanding the
experimental behavior at finite temperatures.
Here, we resolve this long-standing puzzle using large-

scale molecular dynamics (MD) simulations of
TMCM-CdCl3, enabled by a high-fidelity machine-
learning force field trained exclusively on first-principles
data. By computing the full piezoelectric tensor in the
single-domain limit at 300 K, we show that the exper-
imentally observed giant response is dominated not by the
intrinsic longitudinal coefficient d33, but by large shear
components, particularly d15 ¼ 163 pC=N. Notably, apply-
ing a proper tensor transformation from the crystal to the
laboratory frame yields an effective deff33 of 211 pC=N
at 300 K, closely matching the experimental value of
220 pC=N. We uncover a novel piezoelectric mechanism
distinct from both ferroelastic and phase switching: a stress-
driven, thermally activated stochastic 120° rotational hop-
ping of a small fraction of TMCMþ cations. This hopping is
governed by the local C3 symmetry imposed by the halogen
bonds between organic cations and the inorganic framework.
When the fraction of hopped cations remains below a critical
threshold, they can return to their original states once the
stress is removed, exhibiting a shape-memory-like effect.

This collective dipole hopping is further supported by the
strong temperature dependence of the piezoelectric response.
Finally, we distinguish this useful, reversible behavior from
the irreversible, large-strain ferroelastic switching that
defines the material’s fatigue limit.
Previous studies have shown that TMCM-CdCl3 crys-

tallizes in the monoclinic space group Cc in the ferroelec-
tric phase and the hexagonal space group P63=mmc in the
paraelectric phase. We introduce an intuitive host-guest
framework to clarify the connection between the orienta-
tions of TMCMþ cations and the macroscopic polarization
[14–16]. As depicted in Fig. 1(a), one-dimensional CdCl−3
chains, the “host,” self-assemble into a triangular lattice,
forming triangular channels along the [001] direction. The
functional “guests” are TMCMþ cations, which reside
within these channels and form their own A-B stacked
triangular sublattices. In the paraelectric phase, molecular
cations are fully disordered, yielding a primitive hexagonal
unit cell. The ferroelectric phase features alignment of
the out-of-plane components of all molecular dipoles
[Fig. 1(b)]. While dipoles within each layer are aligned,
adjacent layers of dipoles are not fully coaligned, as seen in
the side [Fig. 1(b)] and top-down views [Fig. 1(c)]. We find

FIG. 1. Crystal structureandpolarizationvariantsofTMCM-CdCl3. (a)Schematic illustrationof thehost-guest framework.One-dimensional
inorganic CdCl−3 chains form a triangular latticewith organic TMCMþ cations occupying the interstitial sites to create A–B stacked triangular
sublattices.Thecrystallographicaxesanddirectionsshownaredefinedwith respect to theparaelectrichexagonal lattice. (b)Sideviewand(c) top
viewof the crystal structure in the ferroelectric phase. Thedashed triangle indicates the local triple-well potential energy surface associatedwith
the in-plane rotation of a TMCMþ cation. In this phase, molecules are anchored by highly directional CH2 − Cl � � �Cl halogen bonds (gray
dashed lines). Due to the helical arrangement ofCl atoms along the CdCl−3 chain, themolecular dipoles in adjacent layers are not fully aligned.
(d) Six equivalent macroscopic polarization directions in the ferroelectric phase, each with different in-plane components. (e) Schematics
showing the collective in-plane orientations of molecular dipoles corresponding to the six polar variants in (d). Yellow and blue triangles
represent the two dipole layers within the unit cell as shown in (b) and (c), and red arrows denote the net in-plane polarization.
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that the orientation of each TMCMþ cation is anchored by
highly directional CH2 − Cl � � �Cl halogen bonds [dashed
lines in Figs. 1(b) and 1(c)], which act as a “molecular lock”
connecting the guest cation to the surrounding inorganic
chains. Additionally, the Cl atom arrangement along the
chains prevents full dipole alignment across layers. Due to
the C3 symmetry of each CdCl−3 chain along [001], the
cation is restricted to one of three equivalent orientations
with its in-plane dipole directed toward a triangular channel
edge. This symmetry gives rise to a C3-symmetric potential
energy landscape for coherent switching (see Supplemental
Material, Fig. S1 [17]). Since the unit cell of the ferroelectric
phase contains two layers of molecular dipoles, the in-plane
polarization can be intuitively understood using the sche-
matic in Fig. 1(e), where each dipole layer is represented by
a triangle, with the two triangles rotated 180° to reflect the
stacking arrangement. The six macroscopic polar variants
along [102] and equivalent directions [Fig. 1(d)] correspond
to distinct combinations of allowed relative orientations
between the two TMCMþ layers within the unit cell.
Theoretical prediction of finite-temperature piezoelectric

coefficients in hybrid materials such as TMCM-CdCl3 is
challenging, as conventional approaches such as density
functional perturbation theory often yield negligible values
[14,36]. This limitation likely arises from the neglect of
thermal fluctuations and the associated order-disorder
behavior of molecular dipoles. To overcome this challenge,
we developed a deep neural network-based interatomic
potential (deep potential [37,38]), which enables large-
scale MD simulations of TMCM-CdCl3 at finite temper-
atures. It can also directly predict total polarization from
atomic positions. Our model demonstrates high fidelity
across a wide range of validation tests. It achieves an
excellent fit to the reference DFT database, with low mean
absolute errors for energy (0.214 meV=atom), force
(0.017 eV=Å), virial (1.609 meV=atom), and polarization
(0.06 μC=cm2) and the polarization change response to
structural evolution (see Supplemental Material, Sec. V
[17]). The training database, final trained model, and
representative input files are publicly available [39].
Additional model validation details are provided in the
Supplemental Material [17]. The piezoelectric tensor
element is calculated as dij ¼ ΔPi=σj, reflecting the
polarization change along direction i ðΔPiÞ due to an
applied stress with component j (σj in Voigt notation).
We now detail the calculation of d15 (with indices

defined relative to the monoclinic unit cell). A shear
deformation is imposed by varying the lattice angle β by
an amount Δβ [Fig. 2(a) inset] while allowing all other
lattice parameters to fully relax during finite-temperature
MD simulations with β held fixed, using a 10 800-atom
supercell. At equilibrium, only the shear stress component
σ5 is nonzero, establishing a one-to-one relationship among
Δβ, σ5, and P1. Figure 2 shows the evolution of P1 and σ5
withΔβ at 300 K, along with dipole density plots illustrating

the distributions of in-plane molecular dipole orientations.
The starting polar state I has in-plane polarization along
[1̄00] (P1 ≈ −4 μC=cm2). As shear strain increases, the
shear stress σ5 increases in magnitude, while all other stress
components (σj, j ≠ 5) remain negligible [Fig. 2(b)], con-
firming mechanical equilibrium under fixed Δβ, with σ5
balancing the imposed deformation. Dipole density plots
[Fig. 2(f)] reveal that in strained state II, dipoles reorient
nonuniformly: a subset undergoes 120° hops into adjacent
symmetry-equivalent potential wells, forming localized
“orientational defects” within the original domain [16].
Notably, the shear stress σ5 reaches a maximum value σt5

at a critical shear deformation Δβt ≈ 2.8°, marking the
threshold for piezoelectric reversibility. State II lies just
below this threshold. When the stress is removed, the
system relaxes to state II0 [see Fig. 2(f)], nearly identical to
the initial state I. This indicates that dipoles return to their
original orientations via reverse 120° hopping, yielding a
fully reversible piezoelectric response. In contrast, when
Δβ > Δβt, the system transitions to a fundamentally
different configuration, represented by state III, character-
ized by a more isotropic distribution of in-plane dipole
orientations. After unloading, it relaxes to state III0, where
dipoles occupy four symmetry-related wells, clearly dis-
tinct from state I. These results demonstrate that σt5
associated with Δβt defines the limit for reversible piezo-
electric switching. We thus define the reversible shear
piezoelectric coefficient using the secant modulus,
d15 ¼ ΔPt

1=σ
t
5 ¼ 163 pC=N, which provides a balanced

figure of merit for this highly nonlinear system, averaging
the response across the full reversible range and avoiding
both the underestimation of the low-stress regime and the
overestimation of the high-stress, precritical regime. It is
noted that the strained state with Δβt can be stabilized by
applying a constant shear stress in NPT simulations (see
Supplemental Material, Sec. VII [17]). More precisely, it
represents a stress-induced stable configuration that pre-
cedes the true critical point. The estimated theoretical d15
thus serves as an approximated theoretical limit, while the
giant response remains robust. Similarly, we find that
d24 ¼ −135 pC=N, computed using the same method, also
results from the stochastic in-plane hopping of molecular
dipoles (see Supplemental Material, Sec. VIII [17]).
Table I presents the intrinsic piezoelectric tensor calcu-

lated in the single-crystal, single-domain limit at 300 K using
the method described above. Interestingly, the longitudinal
component d33 is low at 14 pC=N. This indicates that stress
applied along the c-axis induces minimal polarization
change, reflecting the structural rigidity of the CdCl−3
inorganic chains. The components d15 ¼ 163 pC=N and
d11 ¼ 77 pC=N are significantly larger.
In piezoelectric coefficient measurements, the applied

stress σZ (along the film-normal, laboratory Z-axis) does
not necessarily align with the crystallographic axes. As a
result, the effective coefficient measured along Z, deff33 , can
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reflect a combination of multiple components of the intrinsic
piezoelectric tensor. To quantitatively relate the intrinsic
tensor to deff33 , we perform a tensor rotation to determine the
orientation of σZ that maximizes the response. We find that
deff33 reaches 211 pC=N when σZ is nearly orthogonal to the
polarization vector (see rotation matrix in Fig. S14 [17]),
in excellent agreement with the experimental value of
220 pC=N. This optimal σZ direction is close to [102], also
consistent with experimental observations that the maximum
response is obtained near this crystallographic direction [12].
The origin of the enhanced effective response, exceeding that
of any single intrinsic component, can be understood as
follows. Because the polarization vector of TMCM-CdCl3

does not align with the unit cell’s crystallographic axes, σZ

projects onto multiple stress components in the crystal
frame: σZ ¼ 0.64σ1 þ 0.36σ3 þ 0.48σ5 (see derivations in
Fig. S14 [17]). Consequently, the effective response com-
bines contributions from several intrinsic tensor elements,
specifically d11, d13, d15, d31, d33, and d35, which collec-
tively yield the giant piezoelectric response of 211 pC=N.
Among them, d15 and d11 account for about 59% and 18% of
deff33 , respectively.
The excellent agreement between theory and experiment

validates our finite-temperature MD-based approach, which
further reveals the microscopic origin of the giant response.
The piezoelectric response of TMCM-CdCl3 primarily arises

TABLE I. Intrinsic piezoelectric strain tensor (in pC=N) calculated from MD simulations in the crystal frame and the effective
piezoelectric strain tensor (deff ) in the laboratory frame, both presented in matrix form. The largest component is highlighted in bold.

dij Crystal frame (intrinsic) Laboratory frame (deff )
0
@

d11 d12 d13 d14 d15 d16
d21 d22 d23 d24 d25 d26
d31 d32 d33 d34 d35 d36

1
A

0
@

77 54 27 40 163 −1
−15 −37 −14 −135 16 31

25 11 14 5 45 0

1
A

0
@

−47 23 78 12 −7 −16
−30 −37 0 −92 −5 100

−104 49 211 20 −22 −28

1
A

FIG. 2. Shear stress-induced reversible giant piezoelectric response via molecular dipole hopping. (a) Evolution of the polarization
component along [100], P1, and (b) shear stress σ5 as a function of shear strainΔβ. The inset in (a) illustrates the initial state I, characterized
by a monoclinic unit cell with in-plane polarization aligned along [1̄00]. The shear strain is imposed by varying the lattice angle β while
allowing all other lattice parameters to relax. MD simulations ensure that for a fixed Δβ, all other stress components (σj, j ≠ 5) remain
negligible, as confirmed in (b). The shear stress σ5 reaches a maximum at a critical strain Δβt. (c) Polarization changeΔP1 as a function of
σ5, derived from (a) and (b). (d) In-plane dipole orientation density plot for TMCMþ cations in the initial state I, following the schematic in
Fig. 1. (e) Reversible region for the rotation of the macroscopic polarization. Δβt corresponds to a small rotational angle of 14.28°.
(f) Dipole orientation density plots for strained states II and III and their corresponding relaxed configurations after unloading (II0 and III0).
The transition between states I and II is reversible, while the transition from I to III is irreversible, as III0 is different from I.
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fromstress-driven, symmetry-governed stochastic hopping of
molecular dipoles by 120°. Crucially, only a small subset of
local dipoles is activated, ensuring a reversible mechanical
response. We find that the hopped dipoles tend to form
transient quasi-one-dimensional clusters (see Fig. S15 [17]),
resulting in a macroscopically small-angle rotation of the net
polarizationvector. As shown in Fig. 2(e),Δβt corresponds to
a maximum rotation of global polarization by approximately
14°, significantly smaller than previously proposed values
(56°) [14] and clearly distinct from the conventional polari-
zation rotation mechanism [40]. Importantly, this behavior
occurs without any phase transition, in contrast to earlier
interpretations [12,14].
Because the stochastic hopping of molecular dipoles is

inherently influenced by thermal fluctuations, we expect
the piezoelectric coefficients to exhibit strong temperature
dependence. We construct σ5–Δβ curves across 200 K to
350 K [Fig. 3(a)], from which the corresponding ΔP1–σ5
curves are derived [Fig. 3(b)]. At each temperature,
the shear piezoelectric coefficient d15 is estimated as
d15 ¼ ΔPt

1=σ
t
5. As expected, d15 increases dramatically

with temperature, from 6 pC=N at 200 K to 823 pC=N at
350 K. We find that this trend follows Arrhenius behav-
ior: plotting ln d15 against 1=T yields a linear relationship.
The slope corresponds to an activation energy (Ea)
of 0.18 eV, matching the rotational barrier of a single
TMCMþ cation at 300 K obtained from enhanced
sampling MD (see Fig. S16 [17]). We note that our
MD simulations predict d35 > d15 at 200 K, consistent
with previous zero-Kelvin DFT results using the Perdew-
Burke-Ernzerhof functional [14] as well as with our
own calculations incorporating Grimme’s D3 dispersion
corrections (see Fig. S17 [17]).
The turnover in the stress-strain curve beyond Δβt

reflects a stress-relaxation process [Fig. 2(a)] conceptu-
ally analogous to plastic deformation in metals. MD
simulations reveal that this relaxation occurs through the
dipole hopping, which plays a similar role to dislocation
defects in metals that enable plasticity (see Fig. S18 [17])
[41]. This analogy motivates further exploration of the

mechanical response of TMCM-CdCl3 under large shear
stress or strain, which could define the material’s opera-
tional limit.
Figure 4(a) presents the full stress-strain curve, corre-

sponding to an in-plane 180° ferroelastic switching event,
as the monoclinic angle β is swept from 94.3° to 85.7°. This
simulation serves as a computational analog of shear
experiments performed at constant average strain rate, with
each strain step using the final configuration of the previous
step as its starting point. During this transition, the stress
passes through a local minimum at β ≈ 90°, corresponding
to an intermediate state with a nearly isotropic in-plane
dipole orientation distribution. Reaching the finalþPs

1 state
from this high-entropy, disordered configuration requires
reordering, which is kinetically hindered by a reduction in
configurational entropy (ΔS<0). Overcoming this entropic
barrier (−TΔS > 0) requires additional shear work, result-
ing in the elevated stress observed as the system reenters the
low-entropy, ordered þPs

1 state. This explains the asym-
metry in the σ5–Δβ curve. Once switching completes,
molecular dipoles have exhausted all available hopping
pathways. Further applied strain is accommodated solely
by elastic lattice distortion, causing the stress to rise sharply
and linearly, defining the “elastic region.” In this P1–σ5
curve [Fig. 4(b)], we define another critical stress, σ�5, as the
minimum stress required to complete the ferroelastic
switching process. Assuming a quasiequilibrium process
driven by σ�5, the system eventually equilibrates in the
elastic region when the internal stress balances σ�5. This
gives an effective piezoelectric coefficient associated with
ferroelastic switching: d�15 ¼ ΔP�

1=σ
�
5 ¼ 793 pC=N.

However, this ultrahigh response is a one-time effect
under unipolar stress. After unloading, the system relaxes
to the þPs

1 state (Fig. 4 inset). Subsequent stress in the
same direction will operate only within the elastic regime,
yielding negligible piezoelectric response. This irreversible
ferroelastic switching thus acts as a fatigue mechanism,
explaining how a sample could be rendered piezoelectri-
cally inactive if driven beyond its reversible limit. That
said, if ferroelastic switching could be made reversible,

FIG. 3. Temperature-dependent piezoelectric response of TMCM-CdCl3. (a) Shear stress-strain curves obtained fromMD simulations
at temperatures ranging from 200 K to 350 K. Solid lines represent polynomial fits to the simulation data. (b) Corresponding polarization
change ΔP1 as a function of applied shear stress σ5 at each temperature. The piezoelectric coefficient d15 is extracted from the reversible
response region, indicated by solid markers. (c) Temperature dependence of d15. (d) Arrhenius plot of ln d15 versus 1=T, with the dashed
line indicating a linear fit. The slope yields an activation energy of Ea ¼ 0.18 eV.
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for example, through domain wall engineering, the piezo-
electric response of TMCM-CdCl3 could be enhanced by
over 350%. This is consistent with recent experiments on
TMCM-CdCl3 thin films, where substrate-induced strain
generated periodic domain patterns and significantly
boosted the piezoelectric response at domain walls [42].
In summary, using finite-temperature, large-scale

molecular dynamics simulations enabled by a first-
principles-based machine-learning force field, we have
developed a robust approach to compute the full piezo-
electric tensor for organic-inorganic hybrid perovskites
represented by TMCM-CdCl3. This method captures key
anharmonic effects associated with the thermally driven
order-disorder behavior of molecular dipoles. We demon-
strate that the giant piezoelectric response is dominated
by intrinsic components like d15 and d11, which arise from
stochastic in-plane hopping of molecular dipoles. The
Arrhenius temperature dependence of the coefficients
further highlights the thermally activated nature. The
mechanism of discrete, localized hopping is fundamentally
different from the continuous, bulk polarization rotation
that drives the response in conventional piezoceramics
[40,43]. Importantly, the reversibility of the response
depends on limited dipole activation, while in-plane 180°
ferroelastic switching serves as both a potential fatigue
mechanism and a pathway for further enhancement if made
reversible. Our Letter underscores the potential of engineer-
ing host-guest halogen bonds to tailor the rotational energy
landscape of molecular dipoles for improved performance.
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