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ABSTRACT: Phonon hydrodynamics is an intriguing thermal transport
mechanism that offers a great opportunity for phonon manipulation and thermal
management. For decades, it has been believed that phonon hydrodynamics occurs
only at very low temperatures, until very recently, it was confirmed that phonons
can efficiently flow in low-dimensional materials at room temperature. However, to
date, no study has been reported on the manipulation of phonon hydrodynamics at
room temperature via reversible methods such as an external electric field.
Motivated by the spontaneous out-of-plane polarization of ferroelectric bilayer
boron nitride (BN), we investigate the effect of in-plane electric fields on phonon
transport. With the electric field slightly switched on, the lattice thermal
conductivity of bilayer BN steeply increases with a maximum augmentation factor
of ∼2, and the peak thermal conductivity reaches 840 W/mK. Such a colossal
change stems from the dominant phonon hydrodynamics. By tuning the external
electric field, the phonon hydrodynamics can be manipulated to contribute 50% of the overall thermal transport in bilayer BN even
at room temperature, indicating robust manipulation of phonon hydrodynamics. Over a broad frequency range (<10 THz), the
Normal (N) phonon transport is 2 orders of magnitude stronger than that of the resistive Umklapp process. By analyzing mode level
phonon behavior, we reveal that such enhancement is mainly contributed by the two low-frequency phonon branches (out-of-plane
ZA and low-lying ZO1). Under the in-plane electric field, both the number of charges and charge distribution around the nitrogen
atom can be largely altered, which is the natural response of the spontaneous electric polarization as a ferroelectric material, leading
to phonon renormalization and modulation of phonon anharmonicity. Our study paves the way for dynamically controlling phonon
hydrodynamics in layered ferroelectrics at room temperature and beyond without altering the atomic structure and would have a
significant impact on emerging applications.
KEYWORDS: phonon hydrodynamics, ferroelectrics, thermal transport, first-principles, Boltzmann transport equation

1. INTRODUCTION
Exploring highly thermally conductive materials is of great
importance to the disruptive development of micro-/nano-
electronics.1 The description of heat conduction in semi-
conductors and insulators has typically been based on Fourier
diffusion theory. Over the past decades, a host of interesting
phonon transport phenomena beyond the traditional Fourier
diffusion picture have drawn much attention. Phonon
hydrodynamics holds great promise for achieving high and
controllable thermal transport,2 mainly due to the efficient
“flow” of the Normal (N) phonon process in the materials
overwhelming the resistive Umklapp (U) phonon process.
Such Poiseuille flow of phonons has been observed by
experiments in many materials,3−7 where most scattering
events conserve momentum and do not decay the heat flux.
However, it has long been believed that phonon hydro-
dynamics occurs only at very low temperatures. Recently, some
theoretical studies have suggested the presence of a strong N-
process in low-dimensional materials near room temperature,
such as two-dimensional (2D) graphene,8,9 boron nitride

(BN),7,10 transition-metal dichalcogenides,11 and one-dimen-
sional ultra-thin Si nanowires12 and single-walled carbon
nanotubes.13 Very rare cases were found in 3D bulk materials
at relatively high temperatures. A special case was layered
graphite,14−16 both theoretically and experimentally confirmed.
Therefore, it has remained a longstanding challenge to identify
some materials where phonon hydrodynamics can take place at
relatively high temperatures. A knottier problem that has not
been reported so far is to find a robust way to control the
phonon hydrodynamics.
Ferroelectric materials are dielectric materials in which

polarization remains permanently, even after removing the
applied electric field, and the direction of the dipole moment
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can be switched using an external electric field. Ferroelectric
materials are technologically important for many applica-
tions.17−20 2D materials are free of dangling bonds, offering
merits such as high carrier mobility,21 band gap tunability,22

and structure flexibility.23 So far, a large family of 2D layered
materials have been experimentally confirmed or theoretically
predicted as piezoelectric or ferroelectric,24 such as monolayer
transition-metal dichalcogenides,25 group IV monochalcoge-
nides,26−29 and group III-V binary compounds.29−31 BN can
form a 2D structure with great similarity to graphene, which is
an insulator with a wide band gap.32−34 Layered hexagonal
boron nitride is a wide-band-gap insulator and was
theoretically predicted to possess planar piezoelectric proper-
ties.35 More strikingly, for bilayer BN, a strong charge transfer
from the top layer to the bottom layer induced by the closer
interlayer B−N distance results in vertical spontaneous electric
polarization,36 which provides the possibility to tune its
transport properties through an external electric field.
Traditional methods for modulating the lattice thermal

conductivity (κL) in crystalline materials include doping,
alloying, and chemical functionalization, which generally
requires changing the atomic structure and thus are
irreversible. Electric field is a noncontact and friendly method
that is reversible, requiring no alteration of the atomic
structure. Some 2D layered materials display a spontaneous
vertical (out-of-plane) electric polarization, offering promise
for tunable κL by applying horizontal (in-plane) electric fields.
Motivated by the nature of ferroelectricity, we apply an in-
plane electric field to influence the interatomic electrostatic
interaction and finally manipulate the phonon transport in
bilayer BN. In this paper, we demonstrate that phonon
hydrodynamics contribute significantly to the overall thermal

transport in bilayer BN at room temperature, and such
inherent phonon hydrodynamics is very sensitive to external
electric fields. The fundamental insight into the influence of an
electric field on the N phonon scattering process is analyzed
from the microscopic view of the phonon behaviors and the
electronic structure. Our study provides solid evidence for
robustly modulating phonon hydrodynamics in low-dimen-
sional ferroelectric materials at room temperature by applying
an external electric field with strength achievable in experi-
ments, which is expected to have a broad impact on practical
applications of ferroelectrics.

2. METHODS
DFT calculations were performed with the Quantum ESPRESSO
(QE) package37 with the SSSP Precision pseudopotentials.38,39 The
kinetic energy cutoff for wavefunctions is set to 80 Ry. A mesh grid of
24 × 24 × 1 in the first Brillouin zone (BZ) is adopted, and the total
electron energy convergence threshold for self-consistency is 1 ×
10−10 Ry and the crystal lattice is fully relaxed with a force-threshold
of 1 × 10−7 Ry/Bohr and a vacuum spacing of 20 Å along the out-of-
plane direction. The thickness of bilayer BN is chosen as 6.66 Å for
the κL calculation.40,41 The second- and third-order interatomic force
constants (IFCs) were calculated using the finite displacement
approach42 with 5 × 5 × 1 supercells for all cases. The phonon
dispersions were calculated using the PHONOPY package.43 The
third-order IFC calculations were truncated at the fifth nearest
neighbors. We calculated the κL by solving the phonon Boltzmann
transport equation (BTE) iteratively as implemented in the
ShengBTE package.44 The convergence of the cutoff radius of
anharmonic IFCs should be tested.45 We quantify the strength of
interatomic interactions by calculating the normalized trace of IFC
tensors.46 This parameter indicates how a large cutoff radius should
be used to evaluate the anharmonic IFCs by effectively including the
possibly strong interaction strength as revealed by the large trace

Figure 1. (a) Atomic structure of bilayer BN and the direction of the in-plane electric field. The gray (green) sphere represents a nitrogen (boron)
atom. The subscript number of the electric field strength represents the angle between the in-plane electric field and the a-axis. (b) Side view of
bilayer BN. The arrow indicates the horizontal (in-plane) electric field applied. (c) Normalized trace of interatomic force constant tensors vs atomic
distances. (d) Energy (left-axis) and the dipole moment (right-axis) as a function of the electric field strength along the a-axis.
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value. There exist strong interactions between B and N atoms when
the cutoff radius is less than 0.3628 nm (fifth nearest neighbors)
(Figure 1c). Beyond that, the trace values are very weak, indicating
negligible IFCs. We also test the convergence of the Q-grid. The κL of
bilayer BN is well-converged when the Q-grid is greater than 51 × 51
× 1. In-plane electric fields with different strengths and directions are
applied to tune the κL of bilayer BN (Figure 1a). No observable
change in the κL was found for out-of-plane electric fields with the
same magnitude of strength. The electric field was applied based on
the modern theory of polarization47,48 as implemented in the QE
package. With the strength of the electric field increasing, the energy
of bilayer BN decreases, showing a more thermodynamically stable
structure in the external electric field (Figure 1d). The dipole energy
correction partially contributes to the decrease in energy due to the
linearly increasing dipole moment with the electric field. A similar
phenomenon was also observed in other 2D materials.49−51

3. RESULTS AND DISCUSSION
Figure 2a shows the phonon dispersion of bilayer BN. The unit
cell of bilayer BN contains four atoms, resulting in three
acoustic dispersion branches [XA, (X = L, T, and Z)] and nine
optical dispersion branches (XO). The longitudinal acoustic
(LA) and transverse acoustic (TA) branches correspond to in-
plane vibration, while the other one (ZA) corresponds to out-
of-plane vibration. The LA and TA modes show a linear
dependence on the wave vector near the BZ, while the ZA
mode exhibits a quadratic dispersion, which is very similar to
those found in monolayer and layered systems.52 Figure 2b
shows a partially enlarged view of phonon dispersion by
comparing a zero electric field and 0.625 MV/cm. The phonon
dispersions with and without electric fields are very similar.
The only exceptions are the ZA and ZO1 modes, which exhibit
slight differences. As we all know, the phonon group velocity is

determined by the slope of the dispersion relation v = ∂ω/∂q.
Therefore, a slight increase of phonon group velocity of ZA
could be observed. To verify the difference in the group
velocity of bilayer BN with and without an electric field, the
phonon modes vibrating along the out-of-plane direction (ZA)
are selected according to their eigenvectors, and the
corresponding phonon frequency and group velocity are
shown in Figure S1 of the Supporting Information. It is
found that the group velocity of ZA under 0.625 MV/cm is
larger than that of the zero electric field, especially in the lower
frequency range (<4THz), which is quite in accord with the
phonon frequency in Figure 2a,b. To gain insight into the
changes of the phonon group velocity more deeply, we apply
force on the bond length of B−N (see the inset of Figure S1 of
the Supporting Information for illustration). We notice a slight
decrease in the bond length of the in-plane B−N bond by
0.02‰ caused by the electric field of 0.625 MV/cm. Typically,
the decrease in the bond length leads to the enhancement of
the phonon group velocity; a similar conclusion is also
obtained in the previous literature.53 The above observation
suggests that the ZA and ZO1 modes may play a dominant role
in the κL difference. As discussed later, the κL of bilayer BN is
obviously lower than that of monolayer BN because the ZO1
modes hybridize with the acoustic modes in the bilayer BN,
which means more three-phonon processes, and thus results in
lower phonon lifetimes.54

Figure 2c shows the dependence of the κL of bilayer BN on
the strength of the electric field. The κL at no electric field is
calculated to be 445.8 W m−1 K−1, which is consistent with a
previous study.55 When the electric field along the a-axis is
switched on, the κL first steeply increases and then remains at a
plateau afterward. Under the electric field E0 = 0.625 MV/cm,

Figure 2. (a) Phonon dispersion of bilayer BN. (b) Zoom-in view of the low-frequency part of the phonon dispersion. (c) Influence of an electric
field on the lattice thermal conductivity, where the electric field is applied along the a-axis. The shaded area denotes the contribution of phonon
hydrodynamics. (d) Temperature-dependent enhancement ratio for pure resistive RTA κL and phonon hydrodynamics (difference between
iterative κL and RTA result) under an electric field of 0.625 MV/cm with respect to a zero electric field.
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the κL of bilayer BN reaches an ultrahigh value of 840.4 W m−1

K−1. Here, an augmentation factor is used to estimate the
change rate of thermal conductivity with and without an
electric field. For bilayer BN, the augmentation factor of
thermal conductivity with a 0.625 MV/cm electric field is
about ∼1.9 times that of bilayer BN at no external electric field.
In a recent study, a 5 MV/cm out-of-plane electric field was
applied,53 and the increase of the κL of bulk GaN is only ∼12%.
The κL of 2D silicene under an external electric field first
increases and then decreases, and the maximum value under
0.9 MV/cm is 2.4 times that of the κL without an electric
field.49 In our previous work,50 an extremely high external
electric field (40 MV/cm) is required to obtain an obvious κL
change. Here, the relatively low electric field strength of 0.625
MV/cm, which is realizable in experiments,56 could tune the κL
of bilayer BN to a comparable change magnitude. This result is
very promising for practical device applications.57 It is also
worth noting that the κL of bilayer BN at an electric field of
0.625 MV/cm is even higher than that for single-layer BN,
which is calculated separately to be 704 W m−1 K−1 at room
temperature. This is unusual considering that for layered
materials with weak interlayer interactions, the in-plane κL
usually decreases as the number of layers increases.58

More interestingly, for bilayer BN, the difference between
the iterative κL and the single relaxation time approximation
(RTA) κL (herein denoted as “iterative - RTA”) increases
tremendously as the electric field strength increases (Figure
2c). The κL difference with an electric field of 0.625 MV/cm is
2.34 times that without an electric field, indicating strong
phonon hydrodynamics augmentation. The BTE is solved
iteratively starting with a zeroth-order approximation, Fλ0 =
τλ0Vλ, which corresponds to the RTA κL. The iterative process
has a large impact on the results when N-processes play an

important role, as RTA deals with all phonon−phonon
interactions as resistive.14,44 Therefore, for bilayer BN, the
difference between the iterative κL and RTA result increasing
with the electric field means that the N-process becomes
significant and even dominates the entire phonon transport,
which is the signature of phonon hydrodynamics. Phonon
hydrodynamics contribute 40% of overall thermal transport at
no electric field, and the contribution increases to 50% for the
electric field of 0.625 MV/cm. We also studied the effect of the
orientation of the electric field on the κL for an electric field of
0.625 MV/cm. The κL of bilayer BN reaches the lowest (667
W m−1 K−1) when the electric field is rotated as 30° with
respect to the a-axis, and the κL reaches the highest (926 W
m−1 K−1) when this angle becomes 120° (see Figure S3 of the
Supporting Information), resulting in a degree of modulation
of 40%. The oscillating behavior of the electric field
orientation-dependent thermal conductivity indicates that the
phonon transport in ferroelectric bilayer BN is very sensitive to
the external electric field.
We categorized the three-phonon scattering process into an

N-process and a U-process by judging whether the momentum
conservation rule is obeyed, that is, k + k′ − k″ = 0 (N-
process) or k + k′ − k″ = G (U-process), where G is a nonzero
reciprocal lattice vector.12 If the N-process is dominant in the
three-phonon scattering, the out-of-equilibrium distributions
can be redistributed by a strong N-process with quite a small
reduction by the U-process, such that these corresponding
phonon modes will have the same drift velocity and form a
hydrodynamic phonon “fluid” flow.7,10 In the ultimate case, if
the phonon scattering process is totally an N-process, the out-
of-equilibrium distributions will never decay to the equilibrium
state and thus will lead to an infinite κL (divergence). For
bilayer BN, the electric field enhances the total κL of bilayer

Figure 3. Comparison of the scattering rates at room temperature. (a) Total scattering rates without and with the electric field of 0.625 MV/cm.
(b) N-process and U-process under an electric field of 0.625 MV/cm. (c) U-process and (d) N-process with respect to 0 and 0.625 MV/cm electric
fields.
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BN mainly due to the significantly augmented contribution
from phonon hydrodynamics.
We first exclude the influence of the slight change in the

phonon dispersions which define the group velocity (Figure
2b). Then, the major factor should come from the phonon
lifetime according to the kinetic theory of phonon transport,
that is, κL ∝ Cv2τ, where C, v, and τ are the specific heat
capacity, average phonon group velocity, and average phonon
lifetime, respectively. Figure 3a clearly shows that at room
temperature, the total phonon scattering rate of bilayer BN
under an electric field of 0.625 MV/cm is lower than that
without an electric field, especially in the low-frequency range
(<10 THz), which results in a higher phonon lifetime and
eventually a higher κL as shown in Figure 2c. For further
insight into the dependence of the phonon scattering rate of
bilayer BN on the strength of an electric field, the Grüneisen
parameter is shown in Figure S2 of the Supporting
Information, and we found that the absolute magnitude of
the Grüneisen parameter decreases obviously when an electric
field of 0.625 MV/cm is applied, which leads to a lower
phonon scattering rate. We split the total scattering rate into
the U-process and the N-process, shown in Figure 3b, and
show a comparison of their scattering rate change in Figure
3c,d. The N- and U-process in the BTE solution was split by
the PHONO3PY package.59 It is found that the N-process is
much stronger than the U-process (N0/U0 > 1) under a 0 MV/
cm electric field. Furthermore, when the electric field is
switched on, the absolute reduction of the scattering rate of the
N-process is far larger than that of the U-process, which leads
to the decrease of the total phonon scattering rate of bilayer
BN. To further quantitatively compare the relative changes of
the two processes, the N-process and U-process scattering

rates were averaged and the change rates (η) between 0 and
0.625 MV/cm electric fields are plotted by an olive dashed line,
shown in Figure 3c,d. It is obvious that the influence of an
electric field on the change rate of the U-process is higher than
that of the N-process (ηN < ηU). Since N0.625/U0.625 = N0/U0 ×
(1 − ηN)/(1 − ηU), the N-process with a 0.625 MV/cm
electric field would be stronger than that of the U-process,
which is in accord with the results shown in Figure 3b.
Compared to the 0 MV/cm electric field, the N-process would
contribute more to the total scattering rate under a 0.625 MV/
cm electric field, that is, N0.625/U0.625 > N0/U0. This provides
the evidence that the electric field enhances the κL of bilayer
BN by augmenting the phonon hydrodynamics.
To better understand the underlying mechanism, we plot the

contribution of different phonon modes to κL with respect to
frequency. In the dominant frequency range (<10 THz), there
mainly exist three acoustic phonon branches (ZA, TA, and LA)
and one optical branch (ZO1), and other phonon modes are
defined as “other” in Figure 4c. Phonon modes at an electric
field of 0.625 MV/cm contribute more to the total κL.
Especially, the ZA and ZO1 modes contribute the most, which
is consistent with the difference shown in Figure 2b. We
extracted the mode level κL of the ZA (Figure 4a) and ZO1
(Figure 4b) modes. The ZA modes almost occupy the entire
low-frequency range (<10 THz), while the ZO1 modes only
occupy the frequency range of 2.6−10 THz. These frequency
ranges are in the same region where the N-process is strongly
enhanced (Figure 3b). Combining Figures 3b and 4a,b
evidently shows the tremendously boosted contribution of
the N-process from ZA and ZO1 modes to the overall thermal
transport when an electric field is applied. The cumulative κL
with and without an electric field is also shown in Figure 4d.

Figure 4. Contributions of (a) ZA, (b) ZO1, and (c) TA and LA and other phonon modes to the thermal conductivity under the electric fields of 0
and 0.625 MV/cm. (d) Comparison of frequency-dependent cumulative thermal conductivities for different phonon modes.
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We can more clearly obtain the underlying mechanism that (1)
the influence of the electric field on the κL of ferroelectric

bilayer BN is mainly due to the ZA and ZO1 phonon modes
since the absolute κL increase of these two types of phonon

Figure 5. Temperature-dependent N and U phonon scattering rates from 100 to 800 K under (a−c) no electric field and a (d−f) 0.625 MV/cm
electric field.

Figure 6. CDD under different strengths and directions of electric fields. (a) E0 = 0.15625 MV/cm. (b) E0 = 0.3125 MV/cm. (c) E0 = 0.625 MV/
cm. (d) E0 = −0.625 MV/cm. (e) E30 = 0.625 MV/cm. (f) E120 = 0.625 MV/cm. The yellow and cyan isosurfaces correspond to positive and
negative values of 6.6 × 10−5 a.u., respectively. The arrow indicates the direction of the electric field. The position of nitrogen atoms is labeled as
“N”.
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modes is more evident and (2) for ZA modes, the influence
happens in the entire low-frequency range (<10 THz), while
for ZO1 modes, the influence is concentrated in the range of
2.6−10 THz.
Most of the phonon hydrodynamics occurs at low

temperatures such as < 1 K. Few materials were recently
identified to exhibit phonon hydrodynamics at a much higher
temperature.16,60,61 This makes us wonder if the strong
phonon hydrodynamics in bilayer BN will disappear at
temperatures well above room temperature. In Figure 5, we
show the N and U phonon scattering rates of ZA from 100 to
800 K under zero and 0.625 MV/cm electric fields. With
temperature increasing, the scattering rates of the N-process
and U-process go up, and the N-process is always much
stronger than the U-process. Moreover, comparing the
scattering rates under the same temperature, both the
scattering rates of the N-process and U-process decrease
when an electric field is applied, which is in accord with the
results shown in Figure 3. We then compared the RTA κL and
phonon hydrodynamics contribution with (0.625 MV/cm)
and without an electric field. Their respective enhancement
ratios are shown in Figure 2d. The electric field enhances the
contribution of phonon hydrodynamics to the overall phonon
transport more severely than RTA contribution throughout the
entire temperature range studied (100−800 K). At room
temperature, the electric field enhances the RTA κL and
phonon hydrodynamics by ∼1.6 and ∼2.3, respectively. These
enhancement ratios persist to be ∼1.4 and ∼1.8, respectively,
even if the temperature increases to 800 K. This indicates that
the electric field can hold the phonon hydrodynamics in bilayer
BN at a high level even at elevated temperatures. The result is
exciting as an electric field can be utilized to tune the phonon
hydrodynamics in bilayer BN for a wide range of working
temperatures, which provides great promise for realistic device
applications. We also studied quantitative dependence of
phonon hydrodynamics on temperature and compared the
results with single-layer BN and graphene (see Section 3 in the
Supporting Information for details: temperature dependence of
phonon hydrodynamics in bilayer BN).
Considering the inherent relationship between the phonon

properties and interatomic electrostatic interaction, we further
explore the underlying mechanism responsible for the electric
field-modulated phonon hydrodynamics and phonon anhar-
monicity from the perspective of the electronic structure. The
charge density difference (CDD) represents the charge
redistribution due to external factors. The CDD caused by
the electric field is calculated by Δρ = ρ(E) − ρ(0).49,62 Figure
6a−c shows the CDD of ferroelectric bilayer BN under electric
fields of 0.15625, 0.3125, and 0.625 MV/cm along the positive
a-axis, respectively. In contrast, if the electric field is exerted
along the negative a-axis, the charge distribution will be
opposite (Figure 6d). The charge polarization relies on the
strength and direction of the external electric field. The charge
moves in the opposite direction of the electric field.63 In
addition, the stronger the electric field, the more charges are
induced, causing a higher κL, similar to the case of 2D
silicene.49 Since the direction of the electric field has a different
effect on the κL, we also show the CDD under 30 and 120°
electric fields in Figure 6e,f, respectively. The induced charge is
also rotated, and the more charge around the N atom is
induced by a 120° electric field, which in turn enhances the κL
obviously (see Figure S3 of the Supporting Information).
Although it is challenging to quantitatively describe the

difference of charge distribution in space, the above analysis
evidently shows the variation of the charge environment felt by
the N cores, which will renormalize the interactions around the
N atom and is thus believed to have a consequent influence on
the phonon anharmonicity and further the κL of ferroelectric
bilayer BN.

4. CONCLUSIONS
In summary, motivated by the inherent spontaneous out-of-
plane polarization of ferroelectric bilayer BN, we comprehen-
sively investigate the effect of in-plane electric fields on
manipulating phonon hydrodynamic transport. Note that we
take 0.625 MV/cm as a crucial electric field strength to discuss,
which should be easy to realize in the experimental
implementation. In recent experiments, the electric-field-
induced thermal conductivity modulation has been observed
in the ferroelectric materials. The electric field strength is in
the range of 100−190 MV/cm and 250−280 MV/cm, which is
more than 2 orders of magnitude stronger than the electric
field in our work.64,65 At room temperature, the κL of bilayer
BN first dramatically increases with an increase in the strength
of the electric field and then achieves a plateau. The overall κL
of bilayer BN steeply reaches the peak value with a
corresponding augmentation factor of ∼2 under a mild electric
field strength of 0.625 MV/cm and can be modulated to be
∼40% higher with the same electric field strength when
carefully rotating the electric field by 30°. The reason that the
κL of bilayer BN is very sensitive to both the strength and
orientation of the external electric field is that the external
electric field can affect the phonon hydrodynamic transport
(particularly for ZA and ZO1 phonon modes) more severely
than the U-process, leading to a significantly enhanced
contribution from phonon hydrodynamics. A temperature
dependence study confirms that the enhancement of phonon
hydrodynamics can persist at elevated temperatures well above
room temperature. We also provide the qualitative relationship
between phonon transport characteristics and the interatomic
electrostatic interaction. When an electric field is applied, more
charges are induced around the nitrogen atoms, leading to
phonon renormalization and the modulation of phonon
anharmonicity through interatomic electrostatic interaction.
Regarding the possibility of experimental implementation, the
time-domain thermoreflectance technique could be used to
measure the thermal transport properties under applied electric
fields.66−68 Therefore, the results gained from this work unveil
a new route of manipulating phonon hydrodynamics in
ferroelectric materials at room temperature and beyond
without affecting atomic structures, which provide an
important guidance for designing layered materials with
dynamically controllable thermal transport properties.
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