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Two-dimensional ferroelectric crystal with temperature-invariant ultralow thermal conductivity
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We report the discovery of temperature-invariant ultralow thermal conductivity (κ) in monolayer β ′-In2Se3,
a two-dimensional ferroelectric crystal with in-plane polarization. Using a combination of generalized Wigner
transport equation theory and machine-learning-assisted molecular dynamics simulations, we reveal that the
balance between particlelike phonon propagating and wavelike tunneling transport mechanisms results in a
propagating-tunneling-invariant ultralow thermal conductivity of approximately 0.6 W/mK (comparable to
that of glass) over a broad temperature range (150 < T < 800 K). This behavior stems from intrinsic strong
lattice anharmonicity driven by ferroelectric dipolar fluctuations, eliminating the need for extrinsic structural
modifications. In contrast, the α-In2Se3 monolayer, which shares the same stoichiometry, exhibits a temperature-
dependent thermal conductivity typical of simple crystals. We show that the anharmonicity in β ′-In2Se3 can be
precisely modulated by an external electric field, enabling on-demand control of the temperature scaling behavior
of heat conductivity. Furthermore, an electric-field-driven motion of the α/β ′ phase interface is demonstrated,
supporting a nonvolatile, large thermal switching ratio of >3. These findings provide fundamental insights into
the interplay between field-tunable lattice anharmonicity, phonon dynamics, and thermal transport mechanisms.
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I. INTRODUCTION

Thermal conductivity (κ), a fundamental property of mate-
rials, is crucial in both scientific research and technological
applications as it quantifies the efficiency of thermal en-
ergy transfer. Investigating its temperature (T ) dependence
helps elucidate transport mechanisms that differentiate metals,
semiconductors, and insulators, as well as detect phase transi-
tions [1]. Effective thermal management is essential for indus-
trial energy use [2], improving electronic device performance
[3,4], and advancing renewable energy technologies [5,6].

The theoretical framework for understanding thermal con-
ductivity has evolved from Peierls’s Boltzmann transport
equation (BTE) [7] to the Allen-Feldman (AF) model [8]
and, more recently, to the generalized Wigner transport
equation (WTE) [9]. Grounded primarily in quasiharmonic
approximations of lattice vibrations, the BTE framework
describes heat conduction in ordered crystals by treating
phonons as particlelike entities undergoing diffuse and scat-
tering affected by anharmonic interactions [7]. This approach
often predicts a κ (T ) ∝ T −1 relationship when three-phonon
processes dominate thermal resistance. In contrast, the AF
model is a harmonic theory of thermal transport in glasses
where heat diffuses in a wavelike fashion through a Zener-like
tunneling between quasidegenerate vibrational eigenstates
[8]. In this model, the tunneling strength depends on the off-
diagonal elements of the phonon velocity operator, whereas
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Peierls’s BTE considers only diagonal elements. This wave-
like transport mechanism explains the temperature-enhanced
thermal conductivity and its eventual saturation in amorphous
solids [10,11]. A recent breakthrough is the development
of a generalized WTE framework, which unifies these ap-
proaches by simultaneously addressing particlelike phonon
propagating (population) and wavelike tunneling (coherence)
[9]. This framework effectively captures both the effects of
anharmonicity and disorder, providing a more holistic un-
derstanding of heat transport in crystalline materials with
structural disorder.

The relative strength of propagating and tunneling
transport mechanisms is determined by the interplay be-
tween phonon interband spacing, �ω = |ω(q)s − ω(q)s′ |, and
linewidth difference, �� = [�(q)s + �(q)s′]. Here, ω(q)s

represents the frequency of a vibrational mode s at the
wave vector q, and s �= s′. In simple crystalline materi-
als (simple crystals) where �ω � 1

2��, atomic vibrations
are well described by particlelike phonons, and the ther-
mal conductivity described by WTE is consistent with BTE
predictions. Conversely, in amorphous materials character-
ized by strong structural disorder where �ω � 1

2��, the
wavelike tunneling transport becomes the primary heat trans-
fer mechanism. Recently, Simoncelli et al.introduced the
concept of “propagating-tunneling-invariant” (PTI) thermal
conductivity, identifying materials where both mechanisms
contribute nearly equally to thermal transport, resulting in
temperature-independent thermal conductivity [12]. This dis-
covery suggests a materials design principle: Introducing an
optimal degree of structural disorder in weakly anharmonic
materials can balance particlelike and wavelike transport
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mechanisms, thereby maintaining stable thermal conductivity
across a broad temperature range.

In this work, we demonstrate intrinsic PTI thermal
conductivity in crystalline materials with simple chemical
compositions, without fine-tuning structural disorder. Our
model system is monolayer β ′-In2Se3 featuring in-plane
ferroelectricity [13–16]. We find that this two-dimensional
(2D) ferroelectric displays pronounced temperature-driven
order-disorder behavior at temperatures well below the Curie
temperature (Tc). The thermally induced dipolar disorder
generates strong intrinsic lattice anharmonicity, even in
the absence of extrinsic structural defects. Importantly, the
balanced compensation between wavelike tunneling and par-
ticlelike propagating results in an ultralow in-plane thermal
conductivity of κ ≈ 0.6 W/mK, which remains stable across
a broad temperature range from 150 to 800 K. In contrast, the
ferroelectric α-In2Se3 monolayer [13,17–20], which shares
the same chemical composition as the β ′ phase, exhibits
conventional κ (T ) ∝ T −1 behavior. By suppressing dipolar
disorder, an external electric field enables tunable anhar-
monicity and control over the κ (T ) scaling in β ′-In2Se3. The
α/β ′ phase boundary can also be reversibly driven by an
in-plane field, achieving nonvolatile thermal switching with
a ratio above 3.

II. COMPUTATIONAL METHODS

We calculate the thermal conductivity with both the WTE
theory and classical molecular dynamics (MD) simulations.
The key quantities in the WTE framework are the second-
order and third-order interatomic force constants (IFCs),
which can be obtained through the finite displacement method
implemented in PHONO3PY [9,21–24], utilizing atomic forces
computed with density functional theory (DFT). However,
the computational cost becomes demanding for crystals with
low symmetry. To address this challenge, we develop a ma-
chine learning force field, known as a neuroevolution potential
(NEP) [25–27], for monolayer In2Se3.

A. Neuroevolution potential

The NEP model features an input layer of descriptors
representing local atomic environments, constructed from
Chebyshev and Legendre polynomials. It includes a single
hidden layer with 80 tanh-activated neurons, trained via the
separable natural evolution strategy. The training database
comprises 21 955 monolayer configurations and 2808 bulk
structures of various phases of In2Se3, with the energies and
atomic forces computed using the projector augmented-wave
formalism of DFT [28] implemented in VASP [29,30]. We
choose the Perdew-Burke-Ernzerhof (PBE) functional as the
exchange-correlation functional [31], a kinetic energy cutoff
of 700 eV, and a k-point grid density of 0.3 Å−1 (equivalent to
a 4 × 4 × 1 k-point mesh for a 20-atom slab model). The root-
mean-square errors (RMSEs) for training is 0.012 eV/atom
for energy and 0.147 eV/Å for atomic forces [Figs. 1(a) and
1(b)]. The NEP model accurately reproduces the DFT phonon
spectrum of monolayer α-In2Se3 [Fig. 1(c)].

To further test the accuracy of the NEP model, we carried
out ab initio molecular dynamics (AIMD) simulations for

monolayer β ′-In2Se3 at 300 K for several picoseconds using
a 4 × 2 supercell containing 80 atoms. The NEP model was
then used to evaluate the energies of configurations sampled
along the AIMD trajectories. As shown in Fig. 1(d), the en-
ergy evolution obtained from the NEP closely follows that
of the AIMD simulation, with a Pearson correlation coeffi-
cient of 0.95. This demonstrates the NEP model’s accuracy in
predicting energies for configurations sampled at finite tem-
peratures that are not part of the training dataset. The results
of additional validation tests are presented in Supplemental
Material Sec. I [32].

B. Thermal transport calculations

The temperature-dependent WTE thermal conductivity of
α- and β ′-In2Se3 monolayers, computed using NEP-derived
IFCs (Fig. 2), aligns well with values obtained from DFT-
derived IFCs employing a 6 × 6 × 1 supercell and a 60 ×
60 × 1 q-point grid. This provides strong evidence that the
NEP model reliably reproduces higher-order derivatives of the
potential energy surface that are critical for describing heat
transport. In this study, we also estimate the heat conductiv-
ity via the homogeneous nonequilibrium molecular dynamics
(HNEMD) [33,34] method based on the NEP model, which,
in principle, captures all phonon-phonon interactions. All MD
simulations are performed using the GPUMD package [26,35]
with a time step of 1 fs. At each target temperature, the
system is first equilibrated in the isothermal-isobaric (NPT )
ensemble for at least 1 ns, followed by 10 ns of HNEMD runs
in the canonical (NV T ) ensemble employing a driving force
parameter of 5 × 10−5. We have prepared an online notebook
to make public our training database, force field model, and
training metadata [36].

C. Temperature-driven phase transitions

We report the temperature-driven α-to-β phase transi-
tion in monolayer In2Se3 from MD simulations using the
NEP model. The MD trajectories are propagated using the
velocity Verlet algorithm and a time step of 1 fs, with tem-
perature and pressure controlled by a Berendsen barostat,
respectively, as implemented in GPUMD [26,35]. At each
temperature, the production run is 1 ns to ensure enough
sampling to obtain statistically reliable values of thermody-
namics properties. Consistent with our earlier study [37], we
use the out-of-plane displacement (Dz) of the central Se atoms
relative to the geometric center of the monolayer as an in-
dicator of local symmetry breaking [Fig. 3(b)]. Figure 3(a)
illustrates the evolution of Dz with increasing temperature,
revealing a ferroelectric-to-paraelectric (α-to-β) phase tran-
sition at 550 K, with snapshots at 300 and 650 K shown in
Fig. 3(c). These results further confirm the accuracy of the
NEP model in simulating the finite-temperature properties
of monolayer In2Se3.

III. RESULTS AND DISCUSSION

A. Thermal conductivity of monolayer α-In2Se3

Indium selenides represent a versatile class of materi-
als that supports various stoichiometric ratios and has been
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FIG. 1. Cross-validation of (a) energies and (b) atomic forces for the NEP model of In2Se3 on configurations from the training dataset.
(c) Phonon dispersion relations of monolayer α-In2Se3 computed using DFT and NEP. (d) Energies of configurations sampled by AIMD for
the β ′ monolayer at 300 K, validated using the NEP model.

FIG. 2. Comparison of the temperature-dependent thermal con-
ductivity of monolayer α- and β ′-In2Se3, calculated using second-
order and third-order interatomic force constants obtained from DFT
and the NEP model, respectively.

extensively studied for thermoelectric applications [38–40].
Recently, quasi-two-dimensional α- and β ′-In2Se3 have gar-
nered significant attention due to the room-temperature ferroic
properties, even at the monolayer limit [37,38,41]. Specif-
ically, monolayer In2Se3 comprises a covalently bonded
Se-In-Se-In-Se quintuple layer, with the central Se atoms dis-
placed out of plane in the α phase [Fig. 4(a)] and in plane in
the β ′ phase [Fig. 4(b)]. At elevated temperatures, both polar
phases transition into the nonpolar β phase [Fig. 4(c)]. We
calculate the in-plane thermal conductivity (κx) along the x
direction for monolayer α-In2Se3 using both the WTE theory
(κWTE) and HNEMD (κMD). The calculations of κWTE account
for three-phonon scattering, based on second- and third-order
IFCs derived from the NEP model. As shown in Fig. 4(d), for
the α phase, both κWTE and κMD display a T −1 dependence on
temperature, characteristic of simple crystals. The values of
κWTE computed using NEP-derived IFCs also agree closely
with previously reported DFT values [41,42]. As expected,
κMD is slightly lower than κWTE, as MD simulations capture
all orders of phonon scattering processes.
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FIG. 3. (a) Out-of-plane Se displacement (Dz) as a function of temperature. The value of Dz approaches zero at 550 K, indicating an
α → β phase transition [37]. (b) Schematic illustrations of the crystal structures of monolayer α- and β-In2Se3. Snapshots of the monolayer
configuration from MD simulations at (c) 300 and 650 K.

As shown in Fig. 3, our MD simulations reproduce
the experimentally observed temperature-driven transition
from the ferroelectric α phase to the paraelectric β phase
[43]. This transition is accompanied by a drop in κMD to
0.58 W m−1 K−1 above Tc ≈ 600 K. In contrast, the WTE
theory, which considers only thermal effects on phonon
occupations and neglects structural transitions, predicts
a smooth decrease in κWTE beyond Tc. To gain further
insight, we decompose κWTE into contributions from phonon
population (κp) and coherence (κc). The analysis shows
κWTE ≈ κp, with negligible κc, indicating strongly harmonic
bonding and dominant particlelike phonon transport in
α-In2Se3. We further assess four-phonon scattering effects by
computing κp,3ph+4ph using fourth-order IFCs derived from
the NEP model. As shown in Fig. 4(d), these values align
closely with MD results in the α phase, highlighting the
importance of higher-order anharmonicity.

B. Temperature-invariant ultralow thermal conductivity
of monolayer β′-In2Se3

Despite sharing the same chemical composition, the
β ′-In2Se3 monolayer exhibits significantly lower thermal con-
ductivity and a more complicated temperature dependence
[Fig. 4(e)] compared to the α phase. At T = 50 K, the val-
ues of κWTE and κMD show good agreement, both around
1.25 W m−1 K−1. This is at least an order of magnitude

lower than the thermal conductivity of the α phase, which
is 33.7 W m−1 K−1 at the same temperature. Phonon lifetime
calculations show that the α phase has significantly longer
lifetimes than the β ′ phase, mainly due to its reduced scat-
tering phase space (Fig. S10). As the temperature rises, κWTE

decays much more slowly than the typical T −1 scaling. As
illustrated in Fig. 4(e), while the particlelike contribution κp

adheres to the T −1 dependence, the coherence contribution κc

becomes increasingly significant for T > 50 K. For example,
at T = 100 K, κc reaches 0.086 W m−1 K−1, accounting for
approximately 12% of the total thermal conductivity of 0.725
W m−1 K−1. The onset of a wavelike transport mechanism at
such a low temperature is unusual and points to a strongly an-
harmonic lattice in the β ′-In2Se3 monolayer. Importantly, the
compensating variations of κp and κc realize the PTI thermal
conductivity, where κWTE remains around 0.34 W m−1 K−1

with a standard deviation (σκ ) of 0.08 W m−1 K−1 for tem-
peratures above 150 K.

Consistent with WTE calculations, MD simulations also
predict the emergence of temperature-invariant thermal con-
ductivity in the β ′-In2Se3 monolayer. Notably, κMD remains
nearly constant across the β ′ → β phase transition, stabiliz-
ing at ≈0.60 W m−1 K−1 (σκ = 0.07 W m−1 K−1) from 150
to 800 K. Such temperature-invariant heat conductivity over
a broad temperature range underscores the unique thermal
transport properties of the β ′-In2Se3 monolayer. We find that
κMD values are consistently higher than those predicted by
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FIG. 4. Temperature dependent thermal conductivity of monolayer In2Se3. Schematics of crystal structures of monolayer In2Se3 in the
(a) α, (b) β ′, and (c) β phases. The red arrow represents the direction of local polarization. (d) Thermal conductivity of the α phase as a
function of temperature, calculated using the WTE method (κWTE, open circles) and the HNEMD method (κMD, solid squares). The κWTE is
decomposed into the particlelike propagating (population) contribution (κp) and wavelike tunneling (coherence) contribution (κc). Since the
WTE method does not capture the phase transition, the values of κWTE beyond Tc ≈ 550 K (vertical gray line) are connected by a dashed line.
(e) Thermal conductivity of the β ′ phase as a function of temperature. The vertical gray line marks the transition from the β ′ phase to the β

phase at 400 K.

κWTE. Similar discrepancies have been reported for other low-
thermal-conductivity materials, such as MgSiO4, where κMD

exceeds BTE-based predictions [44,45]. Our detailed anal-
ysis shows that, in the single-domain limit, using second-
and third-order IFCs extracted from temperature-dependent
effective potentials yield WTE values higher than MD re-
sults, aligning with the conventional understanding that MD
captures full-order anharmonicity at finite temperatures (see
Supplemental Material Sec. III [32]). Despite the quantitative
differences, the near temperature invariance of both κWTE

and κMD in the β ′ phase [Fig. 4(e)] demonstrates that WTE
captures the correct qualitative trend.

C. WTE mode analysis

The presence of PTI thermal conductivity in the β ′-In2Se3

monolayer is corroborated through an analysis of phonon
properties at 300 K. The phonon spectrum [Fig. 5(a)] with
shaded gray areas representing half the phonon linewidth
[�(q)s/2] at 300 K, reveals low-energy flat branches with
overlapping linewidths. For a given phonon eigenstate (q, s),
we define the parameter λ = κp−κc

κp+κc
. Phonons with large

group velocities and low anharmonicity, characterized by

small �(q)s, predominantly contribute to the particlelike term
(λ → 1). In contrast, highly anharmonic flat bands with large
�(q)s primarily contribute to the coherence term (λ → −1).
The thermal conductivity density of states [Fig. 5(b)] shows
that κp is dominated by low-frequency phonons below 75
cm−1. However, the cumulative contributions from phonons
across a broad frequency range make the coherence mech-
anism significant, accounting for approximately 40% of the
total conductivity [Fig. 5(c)]. The role of phonon coherence
is further elucidated by comparing the three-phonon lifetime
(τ3ph) to two critical limits: the Wigner limit, given by τW =
3N/ωmax, and the Ioffe-Regel limit, defined as τIR = ω−1

[46–49]. Here, ωmax represents the maximum phonon fre-
quency, and N is the number of atoms in the primitive cell.
As shown in Fig. 5(d), a substantial number of phonons fall
between the Wigner limit and the Ioffe-Regel limit, indicating
that phonons are in a transitional regime, neither fully particle-
like nor entirely localized. This transitional behavior explains
the significant influence of phonon coherence on the thermal
conductivity of β ′-In2Se3 at 300 K. Figure S11 shows the
temperature-dependent evolution of the relative contributions
from propagating and tunneling terms, revealing that they
contribute equally at 400 K.
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FIG. 5. Phonon properties and heat conduction mechanisms in monolayer β ′-In2Se3 at 300 K. (a) Phonon spectrum of the β ′ phase with
shared gray areas representing half the phonon linewidths [�(q)s/2 for graphical clarity] at 300 K. The origin and contribution of thermal
conductivity for representative phonon eigenstates are analyzed using the parameter λ = κp−κc

κp+κc
. The size of colored circles scales with the total

thermal conductivity and the color indicates the dominant contribution, blue for the particlelike population mechanism and red for the wavelike
coherence mechanism. (b) Thermal conductivity density of states (κω) decomposed into contributions from the population mechanism (P, blue)
and the coherence mechanism (C, red). (c) Cumulative total thermal conductivity (κCUM, black) as the sum of the population contribution and
coherence contribution. (d) Three-phonon lifetimes as a function of phonon frequency at 300 K, shown for the α phase (gray) and the β ′ phase
(green). The dashed red line represents the Wigner limit, while the dashed purple line marks the Ioffe-Regel limit.

D. Dipolar disorder from MD

The WTE thermal conductivity exhibits the onset of PTI
behavior at a low temperature of ≈150 K, indicating strong
lattice anharmonicity in monolayer β ′-In2Se3 even under
weak thermal fluctuations. This behavior can be attributed to
the intrinsic sombrero-shaped potential energy surface (PES;
see both PBE and SCAN0 results in Fig. S6). Unit-cell DFT
calculations reveal a competing polar phase with in-plane
polarization, belonging to the C2 space group, which we
designate as β ′′. Both β ′ and β ′′ originate from unstable
zone-center phonon modes of the nonpolar β phase [Fig. 6(a)]
[13,15,50]. The two phases differ in the direction of central-
layer Se atom displacements: In β ′, Se atoms shift toward the
midpoint between two neighboring In atoms, while in β ′′, they
point directly toward a single In atom [Fig. 6(b)]. Notably,
the β ′′ phase is only 1.2 meV/atom higher in energy than β ′,
suggesting a shallow PES and enhanced anharmonicity.

The sombrero-shaped PES at finite temperatures manifests
in the formation of complex domain structures. To probe this
behavior, we analyze the orientations (θ ) and magnitudes (ρ)
of local Se displacements in the central layer, using 1000
instantaneous configurations sampled uniformly over a 100
ps MD simulation. This statistical approach captures the dy-
namic structure at a given temperature. To quantify symmetry,
we evaluate 
(θ )〈ρ(θ )〉, where 
(θ ) is the probability den-
sity of Se displacements with in-plane angle θ , and 〈ρ(θ )〉
is their average magnitude. As shown in the polar plots in
Fig. 6(c), the butterfly-shaped distribution at 200 K reveals
six preferred orientations: four associated with the β ′′ phase
(peaks at π/3, 2π/3, 4π/3, and 5π/3) and two with the β ′
phase (peaks at π/2 and 3π/2). This pattern corresponds
to nanoscale antiferroelectric domains, as illustrated in the
MD snapshot [top panel of Fig. 6(d)]. These results align
with previous observations of nanostriped antiferroelectric
ordering in β ′-In2Se3, confirmed by real-space imaging and

polarization mapping via scanning transmission electron mi-
croscopy [15,51]. At 300 K, the distribution becomes more
isotropic, with two broad peaks near π/2 and 3π/2, and a
reduced 〈ρ(θ )〉, indicating weaker local polar order. By 400 K,
the Se displacements in the β phase are nearly orientation
independent, with uniform 
(θ ) across all angles. Despite this
isotropy, most central-layer Se atoms remain locally displaced
[Fig. 6(d), bottom], highlighting the order-disorder nature of
the β ′ → β phase transition. This dynamic disorder of Se
atoms, which arises from a shallow sombrero-shaped PES,
is fundamentally different from that caused by ion diffusion
in superionic conductors [52], where entire cations or anions
become mobile and undergo long-range diffusion throughout
the crystal.

E. Electric-field-driven tunable thermal conductivity

We find that the degree of anharmonicity in monolayer
β ′-In2Se3 can be effectively modulated by external electric
fields. Experimentally, a transistorlike device setup has been
used to apply in-plane electric fields to α-In2Se3 connecting
the source and drain [53]. Figure 7(a) shows the temperature
dependence of κx under an electric field applied along the x
axis, for varying field strengths. The values of κx are computed
using equilibrium finite-field MD simulations combined with
the Kubo formula (see κx convergence tests in Fig. S5), with
the electric field effect treated using the “force method”
[54,55]. Our results show that κx increases with electric
field strength at fixed temperature. At 4 MV/cm, κx exhibits
pronounced temperature dependence [solid line in Fig. 7(a)],
indicating a resurgence of particlelike transport. κ (T ) approx-
imately follows a T −1 dependence between 150 and 500 K
(see Supplemental Material Sec. II [32]). However, at certain
temperatures (e.g., 100 K), the upper limit of the error bar for
0 MV/cm overlaps with the lower limit for 4 MV/cm. This
is primarily due to the intrinsically low thermal conductivity
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FIG. 6. Dipolar disorder originated from a sombrero-shaped potential energy surface. (a) Schematic illustrations of side view and top view
of the paraelectric β phase. For clarity, the top view does not display the outermost Se atoms. (b) Calculated potential energy surface by
displacing the central Se atom in the β-In2Se3 unit cell. The red arrow indicates the Se atom shift toward the hexagon corner, characteristic
of the β ′′ phase, while the blue arrow represents the Se atom shift toward the hexagon edge, characteristic of the β ′ phase. (c) Temperature
dependence of 
(θ )〈ρ(θ )〉, where 
(θ ) is the probability density for Se displacements at angle θ and 〈ρ(θ )〉 is the average magnitude of Se
displacements for the same orientation. (d) Snapshots from MD simulations. Each arrow represents the local Se displacement in an 8000-atom
supercell, with an enlarged view provided in the top-right corner.

at these temperatures, which results in larger relative uncer-
tainties. Although we performed multiple independent MD
simulations to reduce statistical noise, this overlap persists.
Therefore, the thermal switching ratio should be interpreted

as semiquantitative. The phonon density of states obtained
from MD trajectories confirm that the electric field promotes
the density of high-frequency phonons. At 150 K, the heat
conductivity switching ratio, defined as the ratio of κx in the

FIG. 7. Electric-field-tunable temperature dependence of in-plane thermal conductivity in the β ′-In2Se3 monolayer. (a) Temperature
dependence of κx under electric fields applied along the x axis. The red solid line represents a fit of κ (T ) ∝ T −1 using data between 150
and 500 K. The red dashed line is the heat conductivity switching ratio at 4 MV/cm. (b) Phonon density of states (PDOS) at 200 K for various
electric field strengths. The arrow highlights the promotion of the high-frequency phonons.
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FIG. 8. (a) Angular distribution 
(θ )〈ρ(θ )〉 and (b) snapshot
from MD simulations at 200 K. Each arrow in (d) represents the
local Se displacement in an 8000-atom supercell. (c) 
(θ )〈ρ(θ )〉 and
(d) snapshot from MD simulations under an in-plane electric field of
4 MV/cm at 200 K.

high-conductivity state to its value in the low-conductivity
state, reaches a large value of ≈2.5 [see the dashed line in
Fig. 7(a)].

Figure 8 compares the dipole distribution before and after
applying an electric field at 200 K. The energy barrier between
the β ′ and β ′′ in-plane polarization states is exceptionally low
(�E ≈ 0.077 meV/atom for PBE and 0.166 meV/atom for

SCAN0 in Fig. S6), enabling significant dipolar fluctuations
even at modest temperatures. Therefore, even at a relatively
low temperature of 200 K, the thermal energy (kBT ≈ 17.2
meV/atom) allows frequent transitions between polarization
variants. These dynamic fluctuations manifest in the broad
angular distributions in 
(θ )〈ρ(θ )〉 [Fig. 8(a)] and the com-
plex domain structures with dense domain walls [Fig. 8(b)].
Furthermore, applying an in-plane electric field suppresses
dipolar disorder by aligning local dipoles. This field-induced
ordering lifts the degeneracy of the sombrero-shaped PES,
collapsing it into a single-well configuration. As shown in
Fig. 8(c), the butterfly-shaped distribution transforms into an
elliptical profile aligned with the field. The spatial dipole
distribution in Fig. 8(d) confirms the emergence of long-range
in-plane dipolar order in the β ′ monolayer. Finally, we find
that an electric field can reversibly drive the motion of the
α/β ′ phase boundary (Fig. 9), enabling nonvolatile control
over the relative fraction of the high-conductivity α phase and
the low-conductivity β ′ phase, with an estimated switching
ratio exceeding 3.0.

IV. CONCLUSIONS

In summary, the intrinsic propagating-tunneling-invariant
thermal conductivity observed in ferroelectric monolayer
β ′-In2Se3 demonstrates that dipolar dynamics in two dimen-
sions can be harnessed to engineer lattice anharmonicity and
achieve unconventional thermal transport behavior in mate-
rials with simple chemical compositions. The coexistence
and compensation of particlelike and wavelike heat transport
mechanisms, driven by the strong order-disorder behavior of
dipoles arising from the sombrero-shaped energy landscape,
establish a design principle for realizing temperature-invariant
thermal conductivity in crystalline systems, without relying

FIG. 9. Electric-field-driven motion of the α–β ′ phase boundary. The ratio between the α and β ′ phases in the monolayer can be reversibly
tuned.
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on extrinsic structural modifications or defects. This discovery
challenges the conventional paradigms of thermal transport in
solids by revealing how intrinsic anharmonic effects, induced
by ferroelectric dipolar fluctuations, can dominate heat con-
duction even at relatively low temperatures. The tunability
of thermal transport via external electric fields further un-
derscores the potential of β ′-In2Se3 for thermal management
and adaptive solid-state reconfigurable thermal components
such as thermal dipoles [56,57], transistors [56,58], and neu-
rons [59], where precise control of heat flow is regulated
by gate voltages. Beyond technological implications, it also
serves a model system for exploring the fundamental physics
of anharmonicity and phonon coherence in low-dimensional
materials.
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