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Modulating phonon transport in bilayer black phosphorus:
Unraveling the interplay of strain and interlayer quasicovalent bonds
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Efficient thermal management in nanoscale electronic devices presents a pressing challenge. The two-
dimensional (2D) materials, notably bilayer black phosphorus, exhibit unique thermal properties that hold
promise for addressing this challenge. In this study, we explore the impact of the strain on phonon hydrodynamics
in bilayer black phosphorus, providing insight into its intricate thermal behavior. By employing first-principles
calculations and the Boltzmann transport equation, we uncover that the thermal conductivity generally decreases
with increasing strain. However, a nonmonotonic behavior emerges at small strains, challenging conventional
expectations. This behavior is attributed to the intricate interplay among the softening of optical phonons induced
by strain, the subsequent enhancement of phonon scattering, and the maintenance/strengthening of the quadratic
Z-axis acoustic (ZA) mode through reinforced quasicovalent bonds, ultimately contributing to improved phonon
hydrodynamics. Our findings underscore the pivotal role of interlayer thickness in governing these effects.
Our research pioneers the modulation of phonon hydrodynamics, offering transformative insight into the 2D

materials’ thermal behavior.
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I. INTRODUCTION

As electronic devices continue to shrink towards the
nanoscale, their power density per unit area has surged, pre-
senting formidable challenges in thermal management and
energy conversion at this reduced length scale [1-3]. Re-
searchers have responded to these challenges by focusing
on two-dimensional (2D) materials, drawn to their unique
thermal properties. Understanding the phonon transport in
2D materials is a critical aspect of their design and imple-
mentation. Recent studies have uncovered numerous factors
influencing the heat transport properties in solids, includ-
ing coherent phonons, phonon-phonon interactions, boundary
scattering, defects and impurities, symmetry-breaking phe-
nomena, and phonon renormalization [4-9]. Among these
factors, strain modulation stands out, capturing significant
research attention due to its reversible advantages.

One noteworthy application of strain modulation is found
in black phosphorus [10-16], an exceptional 2D material
known for its distinctive nonplanar folding structure. In its
single-layer form, black phosphorus exhibits intriguing prop-
erties such as a negative Poisson’s ratio and weak resonance
bonds between atoms, resulting in remarkably low thermal
conductivity [17-19]. However, when the black phosphorus
forms a bilayer, the interlayer interactions change, marked by
the strong quasicovalent bonds alongside the van der Waals
forces [20-25]. Recent research in black phosphorus has re-
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vealed that the in-plane strain applied to multilayer black
phosphorus can uniquely modify the quasicovalent bond cou-
pling between layers [23-25]. This strain sensitivity enables
precise manipulation of the band gap size and the induction of
semiconductor-metal transitions, highlighting the potential of
the strain in 2D materials [10-12,26-29].

Conversely, phonon hydrodynamics, a kinetic behavior
of the phonon transport similar to the fluid transport, has
become an active area of research due to its potential for
enhancing the thermal conductivity of materials [30-39]. The
phenomenon can be induced in 2D materials like graphene,
diamondlike bilayer graphene, hexagonal boron nitride, and
transition metal dichalcogenides, with normal-type scattering
dominating even at room temperature and beyond [40-43].
This is achieved through the manipulation of their dimension-
ality, structure, and composition [9,29,33,44]. These studies
pave the way for a deeper understanding of heat flow in 2D
materials. Moreover, the examination of thermal conductivity
evolution in thin graphite underscores a correlation between
high thermal conductivity, thickness, and phonon hydrody-
namics, thereby spotlighting the unique thermal properties of
graphene and its counterparts [45].

The study of phonon hydrodynamics provides a tangible
framework for understanding heat transport in dielectric solids
and semiconductors [46]. It offers practical insight into high
thermal conductivity materials, particularly in graphitic ma-
terials [47], and identifies graphite as a three-dimensional
material supporting phonon hydrodynamics at higher tem-
peratures [48]. Poiseuille phonon flow phenomena in thin
graphite reveal size-dependent thermal conductivity [49],
while suspended graphene exhibits distinct temperature and
sample width-dependent thermal conductivity behaviors [50].
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Exploration of second sound phenomena in graphite and
high-frequency second sound in bulk natural Ge expands
understanding of phonon hydrodynamics [51-53], offering
different avenues for exploring thermal management and en-
ergy conversion technologies. However, despite the growing
interest in phonon hydrodynamics, most of the current re-
search has focused on discovering its physical mechanisms,
with little research done on modulating or controlling phonon
hydrodynamics.

Recent research in the field of the bilayer AB-stacked
graphene has revealed that when subjected to out-of-plane
compressive strain, the interlayer van der Waals forces (vdW)
between graphene layers significantly strengthen [54]. This
strengthening induces a gradual weakening of phonon hydro-
dynamic transport, as indicated by the observed change in the
ratio of Kiterative / KRTA - HET€, Kiterative and krTa represent the ma-
terial thermal conductivity calculated using iterative solution
and relaxation time approximation (RTA) methods, respec-
tively. The RTA method erroneously assumes all phonon
scattering processes as U-type scatterings, leading to an un-
derestimation of thermal conductivity in materials exhibiting
phonon hydrodynamic transport [35,55-58]. In contrast, the
iterative solution accurately accounts for N-type scatterings,
providing a reliable calculation of material thermal conduc-
tivity. Therefore, the ratio of thermal conductivities obtained
by the two different methods, i.e., Kierative/KRTA, SEIVES as
a reliable indicator to determine the occurrence of phonon
hydrodynamic transport in materials. Building upon the in-
sight that interlayer interactions profoundly impact phonon
hydrodynamic transport, and recognizing that in-plane strain
can modify the quasicovalent bond coupling between layers in
black phosphorus, we are driven to investigate the influence of
in-plane strain and the coupling changes induced by in-plane
strain on the quasicovalent bonds in bilayer black phosphorus
on phonon hydrodynamics.

In our current research, we delve into the impact of the
strain on the phonon hydrodynamics phenomenon and its
modulation effects, particularly in the context of bilayer black
phosphorus materials. Utilizing first-principles calculations
and the Boltzmann transport equation (BTE), we investigate
how thermal conductivity in black phosphorus material
responds to strain applied along the zigzag direction. Our
findings reveal that, within the 0-16% strain range, the
thermal conductivity of black phosphorus generally decreases
with the increasing strain. However, when the strain remains
small (<4%), the relationship between the thermal conductiv-
ity and the strain exhibits a nonmonotonic behavior, initially
decreasing and then increasing. To shed light on this non-
monotonic behavior, we analyze the phonon scattering rates
and distinguish between N-type and U-type scattering. Our
research unveils that this nonmonotonic behavior is a result of
the strain’s nonmonotonic modulation on N-type scattering,
further affirming the strain’s influence on the phonon
hydrodynamics phenomenon. Furthermore, we elucidate that
the changes in phonon hydrodynamics stem from alterations
in the interlayer interactions due to the in-plane strain. This
research holds great significance as it demonstrates the
potential of the strain in modulating phonon hydrodynamics.
It introduces fresh perspectives and provides theoretical
support for advancing phonon transport modulation, offering

valuable insight for the development and application of
phononics.

II. COMPUTATIONAL METHODOLOGY

This study employs the Vienna ab initio Simulation Pack-
age (VASP) [59] for all first-principles computations, utilizing
the projected augmented wave method within the frame-
work of density functional theory (DFT). Our calculations
are based on the Perdew-Burke-Ernzerhof (PBE) functional
as the exchange-correlation function within the generalized
gradient approximation (GGA) [60]. To account for the
interlayer vdW interactions, we incorporate the optB88b
exchange-correlation functional [61] in our analysis. This
choice ensures accurate identification of charges and forces
within and between the layers [17]. The convergence of results
is achieved by optimizing the Hellmann-Feynman force and
energy within the unit cell, employing a cutoff energy of
500 eV, until they reached convergence thresholds of 1078 eV
and 1073 eV A~ respectively. Furthermore, we adjust the
Brillouin zone sampling k-mesh [62] grid to 16x12x1 for
the BP. For the extraction of second-order interaction force
constants (IFCs) and third-order IFCs, we utilize the PHONOPY
code [63] in conjunction with the thirdorder_vasp.py function
[64]. These computations involve the construction of super-
cells with dimensions 6x4x1 and 4x3x1. To account for
periodic mirroring in the out-of-plane directions, we include
a substantial 20 A vacuum region to prevent the unwanted
interactions. Last, in determining the cutoff distance, we con-
sider the interactions up to the 20th nearest neighbors, and
for the thermal conductivity calculations, we employ a Q
grid of dimensions 31x31x1 based on our comprehensive
convergence analysis (see details in Supplemental Material
Sec. I [65]).

By employing an iterative method to solve the BTE based
on the three-phonon scattering framework, we can derive the
lattice thermal conductivity tensor, denoted as Pl using the
ShengBTE package [64]:

1
€ = g 2t + Do) EL ()
A

In this equation, the kg, 7', and 2 represent the Boltzmann
constant, temperature, and the system volume, respectively.
The summation is performed over each phonon mode A,
uniquely defined by both the wave vector and phonon branch.
Here, the /i, w, fj, and v denote the reduced Planck constant,
phonon frequency, equilibrium Bose-Einstein distribution,
and phonon group velocity, respectively. The indices « and 8
correspond to the Cartesian coordinates. The term Ff signifies
the linear coefficient of the nonequilibrium phonon distribu-
tion function given by Ff = tf(vf + Af ), where ) is the
phonon lifetime obtained using the single-mode relaxation
time approximation (RTA). The term Af is obtained through
a fully iterative solution of the BTE and serves as a correction
term to account for the deviations in the phonon distribution
from the RTA scheme. In practical calculations, we can initi-
ate the process with the RTA solution and iteratively solve the
BTE to obtain the Ff .
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FIG. 1. Schematic representations of bilayer black phosphorus and its response to strain-induced changes in thermal conductivity. Panels
(a) and (b) depict top and side views of bilayer black phosphorus structure. (c) The thermal conductivity at 300 K in the x and y directions
under varying tensile strain conditions. (d) A magnified view of the small strain region (<4%) from (c).

III. RESULTS AND DISCUSSION

Figures 1(a) and 1(b) depict the top and side views of
bilayer black phosphorous. In the optimization process, the
lattice constants are determined to be a = 3.327A and b =
4.520 A. These values closely match those reported in previ-
ous works [66,67]. Figure 1(c) presents the results of thermal
conductivity calculations of bilayer black phosphorous at
300 K. For unstrained bilayer black phosphorous, the thermal
conductivities in the x and y directions are found to be 89.70
and 26.87 W/mK, respectively. These values are consistent
with previous predictions [68,69].

Moreover, the thermal conductivity of bilayer black phos-
phorous typically exhibits a consistent trend of decline as the
strain levels intensify, both in the x and y directions. In this
context, the strain is defined as the percentage change in the
lattice constant in the x direction, calculated as (Aa/a) X
100%, where Aa is the difference between the lattice constant
before and after deformation, and a is the lattice constant
before deformation. This trend in thermal conductivity can
be elucidated by the strain-induced phonon softening, partic-
ularly for the optical phonon modes, showcased in Fig. 2(a),
and leading to a gradual reduction in their group velocities,
as illustrated in Fig. 2(b). Significantly, the most prominent
consequence of this phonon softening is the gradual erosion
of the material’s band gap as strain increases. As strain in-
tensifies, the band gap steadily diminishes until it eventually
closes. Simultaneously, as the band gap shrinks, the material
experiences a pronounced increase in the phonon scattering.
This heightened scattering results from the greater availability
of phonon states within the reduced band gap, leading to more
frequent interactions and collisions between phonons. This

impact is vividly presented in the calculation of the three-
phonon scattering phase space, as well as in the corresponding
summation, depicted in Fig. 2(c) and its inset. Consequently,
the phonon scattering rate, a metric measuring the frequency
of phonon-phonon collisions, undergoes a significant increase
[as illustrated in Fig. 2(d)]. This surge in phonon scatter-
ing profoundly influences the thermal transport properties of
bilayer black phosphorous, ultimately contributing to the ob-
served decrease in thermal conductivity under elevated strain
levels.

However, within the small strain range (<4%), the ther-
mal conductivity of the bilayer black phosphorous exhibits a
nonmonotonic behavior. It initially decreases before showing
an increase, as clearly illustrated in Fig. 1(d) [a magnified
view of the strain ranges 0—4% in Fig. 1(c)]. This unique
behavior defies the conventional expectations based on the be-
havior of single-layer black phosphorus. In single-layer black
phosphorus, the thermal conductivity typically experiences a
monotonic decrease with increasing strain. This phenomenon
is often attributed to changes in the fold structure, which refers
to the alterations in the material’s atomic arrangement due to
the strain-induced deformation [70].

On the contrary, the nonmonotonic behavior observed in
bilayer black phosphorus hints at a more complex interplay
of factors. Previous experimental findings and theoretical cal-
culations consistently emphasize the significance of interlayer
quasicovalent bonds in 2D layered structures, particularly in
bilayer black phosphorus [25]. These quasicovalent bonds,
akin to quasibonds in covalent compounds, are shown by
researchers to dominate interlayer interactions, resulting in
distinct thermal and electronic properties. These properties

165413-3



CHEN, HU, REN, AND ZENG

PHYSICAL REVIEW B 109, 165413 (2024)

(a) 14 \

Frequency(THz)

0% 3% 7% 11%

15%

_'g 0% O 3% A 1% ¥ 11% O 15%

6.0 1
» =[] =Total phase space r
3 5.5
g
& Bso /E 4
i B8 4
£ .E45
S / b
2 %40 B
S x4 f
e i
3.5
0% 3% 6% 9% 12% 15% 1
AR Strain E

10

0 2 4 6 8
Frequency(THz)

~~

b)

Group velocity (km/s)

O 0% O 3% A 7% ¥ 1% & 15%

4

6 8 1

Frequency(THz)

)

=
=]
w

=
=]
S

Scattering rate(ps™)
>

1073 k

O 0% O 3% A 7% ¥ 11% O 15%

4
Frequency(THz)

6 8 14

FIG. 2. The correlated phonon properties under the strain modulation. (a) The phonon dispersion, (b) the corresponding phonon group
velocity, (c) the three-phonon scattering phase space with its corresponding summation in the inset, and (d) the scattering rates at various strain

levels.

encompass a lower thermal conductivity and a substantial
impact on the electronic structure [17,20-24].
In the case of bilayer black phosphorus, there are two

thicknesses

influencing

interlayer coupling, primarily

dominated by quasicovalent bonds, as depicted in the
inset of Fig. 3(a): the intralayer thickness d and the interlayer

thickness D. To gain further clarity on which thickness
primarily governs the modulation of the thermal conductivity
in response to the strain, we conduct calculations on the
D and d variation under strain conditions. As illustrated in
Fig. 3(a), under zero strain conditions, the intralayer distance
d and interlayer distance D measure 2.144 and 3.196 A,
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FIG. 3. Strain-induced changes in the thickness and the thermal conductivity. (a) Evolution of the intralayer thickness d and interlayer
thickness D with varying strain. (b) The thermal conductivity variation under changing strain conditions with the interlayer thickness D or the
intralayer distance d held constant.
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respectively, which aligns consistently with prior studies [66].
Furthermore, our findings reveal a significant decrease in the
interlayer thickness D, while intralayer thickness d exhibits
only a minor increase. Notably, this shift in the intralayer
thickness d is expected, given the previously documented
negative Poisson’s ratio phenomenon observed in single-layer
black phosphorus within the prior study [18].

Collectively, these calculations strongly suggest that the
shifts in the interlayer coupling primarily arise due to the
variations in the interlayer thickness D induced by the applied
strain. To further substantiate this conclusion, we conduct
additional calculations where we artificially held either the
interlayer thickness D or the intralayer distance d constant,
observing the impact of the strain on thermal conductivity.
Significantly, before conducting thermal conductivity calcu-
lations, our structure undergoes substantial relaxation when
strain is applied at a fixed interlayer or intralayer spac-
ing. Further details can be found in Supplemental Material
Sec. II [65]. The research outcomes are depicted in Fig. 3(b).
When the interlayer thickness D is kept constant, the thermal
conductivity of bilayer black phosphorus remains nearly un-
changed despite variations in the strain. However, when we fix
the intralayer thickness d, the thermal conductivity exhibits a
phenomenon akin to that seen in Fig. 1(d), characterized by
a nonmonotonic behavior. This result provides further confir-
mation that the nonmonotonic phenomenon is indeed driven
by changes in the interlayer coupling, specifically originating
from variations in the interlayer thickness D.

Consequently, we speculate that the nonmonotonic behav-
ior may originate from the interplay of various factors as the
strain is applied. Notably, changes in the fold structure are ac-
companied by variations in the interlayer coupling due to the
in-plane strain. These modifications influence the interaction
between the two phosphorus layers within the bilayer struc-
ture, thereby affecting phonon transport differently compared
to single-layer black phosphorus. The thermal conductivity
initially decreases due to strain-induced phonon softening,
leading to the enhanced phonon scattering. However, at a spe-
cific threshold, the altered interlayer coupling, underpinned
by quasicovalent bonds, may start to dominate, resulting in
an increase in thermal conductivity. This intricate interplay
between the fold structure changes and the interlayer coupling
effects in bilayer black phosphorus underscores the material’s
unique response to the strain and highlights the need for a
more profound understanding of its thermal properties. Sub-
sequently, we will present a comprehensive explanation of
how the modification of interlayer coupling enhances phonon
transport.

We are aware of prior studies highlighting the substantial
influence of the interlayer strain variations on the phonon hy-
drodynamic transport [54]. Phonon hydrodynamics, charac-
terized by the collective phonon flow and viscous interactions,
has the potential to enhance the phonon transport more ef-
fectively than conventional Fourier heat conduction. Notably,
phonon hydrodynamics occurs when N-process scattering (en-
compassing normal phonon-phonon scattering mechanisms)
predominates over U-process scattering (associated with umk-
lapp processes). Therefore, in the following, our investigation
aims to elucidate the intricate interplay between the strain-
induced modifications, the interlayer interactions, and their

effects on phonon hydrodynamics to comprehend the non-
monotonic behavior in thermal conductivity induced by strain.
Before exploring their effects on phonon hydrodynamics, we
first demonstrate the occurrence of phonon hydrodynamics in
bilayer black phosphorus by calculating separated N-process
and U-process scattering for a comparison with representative
materials, including monolayer graphene, AB-stacked bilayer
graphene, and graphene+ [71-73] (details shown in Supple-
mental Material Sec. III [65]).

Notably, the primary factor contributing to robust phonon
hydrodynamic transport in 2D materials is the prevalence
of N-type scattering and the large density of states of long-
wavelength Z-axis acoustic (ZA) phonons [40]. This charac-
teristic is attributed to the quadratic dispersion predicted by
continuum elasticity theory, considered as a universal fea-
ture of 2D materials [74,75]. Additionally, previous research
has shed light on the fascinating interplay between charges
and atoms in bilayer materials, particularly in the context of
quasicovalent bonds. These quasibonds form as a result of
charge redistribution and interaction, which play a pivotal
role in the behavior of materials like bilayer black phos-
phorus. In Fig. 4(a), we present a charge difference density
profile that reveals how the coupling strength of the interlayer
lone electron pairs is intensified with the increasing strain.
This enhancement of quasicovalent bonding signifies a more
pronounced sharing of electrons between adjacent layers in
bilayer black phosphorous. The fundamental physical mech-
anism at play involves a shift in strain, impacting interlayer
coupling and consequently softening all optical modes, as il-
lustrated in Fig. 2(a) [76]. This softening signifies a reduction
in intralayer bonding strength between atoms, arising from
the transfer of lone electron pairs from intralayer P-P covalent
bonds to interlayer quasicovalent bonds, effectively fortifying
these quasicovalent bonds [23].

These reinforced quasicovalent bonds play a crucial role
in maintaining and even strengthening the quadratic mor-
phology of the ZA mode in bilayer black phosphorus, as
illustrated in Fig. 4(b). This stands in stark contrast to the
strain-induced linearization of the quadratic ZA mode ob-
served in AB-stacked bilayer graphene and single-layer black
phosphorus (see details in Supplemental Material Fig. S6
[65]). The rationale is straightforward: introducing strain to
AB-stacked bilayer graphene and monolayer black phospho-
rus disrupts the rigid rotational invariance of the forces acting
on each particle, ultimately resulting in the linearization of
the ZA mode [77,78]. Conversely, in bilayer black phospho-
rus, the enhanced interaction of quasicovalent bonds impedes
structural deformation, thereby preserving and even strength-
ening the quadratic behavior of the ZA mode. Therefore,
the intricate competition among strain-induced softening of
optical phonons, subsequent enhancement of phonon scatter-
ing, and the maintenance/strengthening of the quadratic ZA
mode through strengthened quasibonds, benefitting phonon
hydrodynamics, is the key factor underlying the observed
nonmonotonic behavior in phonon hydrodynamic transport.
As aresult, as depicted in Fig. 4(c), the phonon scattering rate
demonstrates a clearer observation of the nonmonotonic de-
pendence of the phonon scattering rate on strain. Specifically,
at a strain of 2%, the scattering rate at low frequency is notably
smaller compared to strains of 1% and 3%. Additionally, we
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analyzed Griineisen parameters across varying strains, with a
specific focus on the low-frequency spectrum ranging 1-3%
strain. Deviations of the Griineisen parameter from zero pro-
vide insight into the level of anharmonicity within the system.
Results indicate that under 2% strain, the Griineisen parameter
displays a more concentrated distribution around zero com-
pared to 1% and 3%, indicating reduced anharmonicity and
consequently weaker phonon scattering rates (see Supplemen-
tal Material Sec. IV for details [65]).

However, it is crucial to acknowledge that the current
scattering rate calculations in Fig. 4(c) do not provide a
comprehensive explanation of how the interlayer coupling
modulates the phonon hydrodynamic phenomena, as they do
not differentiate between N-type and U-type scattering. There
has been a significant amount of research work that identifies
whether phonon hydrodynamic transport occurs in materials
by distinguishing between N/U scattering [29,35,48,49]. To

bridge this research gap, we employ the definitions of the
N-type and U-type scattering for phonons, enabling us to
distinguish between these two scattering mechanisms. The re-
sults of this comprehensive analysis are presented in Fig. 4(d),
illustrating the ratio of N-type scattering to U-type scattering.
Importantly, it is evident from these results that in a substantial
portion of the spectrum, the values exceed 1, indicating the
prevalent occurrence of N-type scattering. This compelling
observation strongly suggests the presence of phonon hy-
drodynamic phenomena within the structure of bilayer black
phosphorus. Furthermore, to facilitate a more accessible com-
parison of the dominance between the N-type and U-type
scattering, we calculate the ensemble-averaged scattering rate
employing the equation [41]
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where i denotes N- or U-type scattering, and C, =
k}a% > folfo + 1)(hiw,,)* is the specific heat of the phonon
mode A. This calculation, as depicted in Fig. 4(e), reveals
a nonmonotonic behavior in the ratio of the N/U scattering
process at different strain levels. This pattern initially exhibits
a decrease, followed by an increase, and ultimately another
decrease. Importantly, this nonmonotonic phenomenon in
phonon scattering behavior aligns with the observed changes
in the thermal conductivity of bilayer black phosphorus. This
juncture marks a pivotal turning point where the underlying
reasons for the nonmonotonic behavior in thermal conductiv-
ity begin to emerge. It underscores the crucial role played by
strain in the modulation of bilayer black phosphorus, primar-
ily through the alteration of the relative strength of the phonon
hydrodynamics.

Up to this point, we have presented a different perspective
on the modulation of phonon hydrodynamics within bilayer
black phosphorus. Through the differentiation of the N-type
and U-type scattering, we have unveiled a nonmonotonic
trend in phonon scattering, closely mirroring the observed
changes in thermal conductivity under strain in bilayer black
phosphorus. This revolutionary insight significantly advances
our understanding of how structural alterations impact the
thermal performance of this material, ushering in different
avenues for precisely controlling thermal conductivity in the
two-dimensional materials.

This study offers significant insight into the intricate re-
lationship between the strain and the modulation of phonon
hydrodynamics in bilayer black phosphorus. Nonetheless, it is
essential to acknowledge a significant limitation. Our investi-
gation primarily accounts for third-order phonon interactions,
overlooking the potential significance of the higher-order
interaction terms. These higher-order effects, including non-
linear interactions and temperature influences, may exert a
substantial influence on phonon hydrodynamics [36,46]. Ad-
dressing this limitation by incorporating higher-order phonon
interactions is crucial for advancing our understanding of
phonon hydrodynamics. Future research endeavors in this
direction can unlock the full potential of this phenomenon,
leading to transformative applications in nanotechnology and
thermal management.

Despite the limitation, our study holds promise and
opens up exciting perspectives in the field of phonon

hydrodynamics. The current research serves as a pioneering
exploration into the modulation of phonon hydrodynamics,
offering valuable insight into the complex interplay between
strain and thermal conductivity in bilayer black phosphorus.
By introducing the concept of distinguishing between
N-type and U-type scattering, this study not only enhances
our understanding of the fundamental phonon transport
mechanisms but also lays the foundation for innovative
strategies to control thermal behavior in two-dimensional
materials. The ability to tailor phonon hydrodynamics
has profound implications for various applications, from
advanced thermal management in nanodevices to the design
of materials with enhanced thermal performance.

IV. SUMMARY

This study investigates the intricate thermal behavior of bi-
layer black phosphorus under strain, providing deeper insight
into phonon hydrodynamics within 2D materials. Employ-
ing advanced computational methods, we discover that, as
strain increases, thermal conductivity typically decreases,
but a nonmonotonic pattern emerges at lower strains, chal-
lenging conventional expectations. This intriguing behavior
is attributed to a complex interplay between the structural
changes and the interlayer quasicovalent bonds. Moreover,
our findings underscore the dominant role of interlayer thick-
ness in modulating these effects. In summary, our study
demonstrates control of phonon hydrodynamics, providing
valuable insight into thermal properties of 2D materials, es-
pecially for nanoscale thermal management. Crucially, our
findings highlight the potential of harnessing in-plane strain
to modulate phonon hydrodynamics and thermal transport
in non-vdW-dominated 2D materials. This discovery unlocks
fresh possibilities for the design and optimization of nanoscale
thermal management and energy conversion devices.
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