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Abstract

Hydrogen adsorption is a popular and flexible method to regulate the physical properties of two-
dimensional (2D) material like recently synthesized biphenylene networks. In this study, mechanical
properties and the thermal conductivity (k) of the fully hydrogenated biphenylene network (HBPN)
under strain were investigated systematically by molecular dynamics (MD) simulation and Wave-
packet (WP) Propagation method. It was found that HBPN could sustain an unusual strain as large as
28.8% and 34.5% along the zigzag and armchair directions, respectively, which were much larger than
the other 2D buckling structure like silicene (about 19.5% and 17%, respectively). Besides, the k of
HBPN exhibited an anomalous response to uniaxial tensile strain. Different from its mother structure
like graphene, the k of HBPN had an increasing trend with strain explained here with the phononic

density of states (PDOS). The physical mechanism behind this non-trivial thermomechanical behavior
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of this planar sp? hybridized carbon allotrope was related to the following two factors. Firstly, the
increase of the number of phonons excited at low frequency region which in general carried more
energy and secondly the reduction of the number of higher-frequency phonons thus the weakening of
the phonon-surface scattering both helped increase the thermal conductivity under strain. Moreover,
the strain induced flattening of the structure was another reason to weaken the coupling between
phonons with in-plane and curvature vibrational modes. WP Propagation method within MD was also
employed to analyze the propagation of phonons inside the HBPN and group velocities, phonon
lifetimes and mean free paths were obtained. Our research can provide essential reference for the
application of 2D materials in the field of electronic cooling devices and the modification of

thermoelectric energy conversion efficiency of materials.

Keywords: mechanical property, thermal transport property, hydrogenated biphenylene network,

tensile strain, equilibrium molecular dynamics simulation, wave-packet propagation



I. Introduction

Since the advent of graphene, two-dimensional (2D) nanomaterials have been widely applied in
much smaller, denser, more flexible and efficient nanoelectronic devices and energy materials
industries based on their superior characteristics'. At present, numerous theoretical predictions and
experimental investigations have been conducted on the newly synthesized 2D biphenylene network,
a non-benzene carbon allotrope which is composed of all sp>-hybrid carbon atoms with periodic
arrangement of 4, 6 and 8 membered rings*. For example, many researchers performed experiments to
grow a biphenylene network (BPN) through surface copolymer dehydrofluorination (HF-zipper)
reaction®®. Wang et al.® studied the properties of optical and acoustic phonons in monolayer BPN,
demonstrating the promising potential of monolayer BPN in applications such as phonon lasers,
quantum nonlinear elements and quantum mechanical resonators. Besides, this novel 2D carbon
allotrope is of potential application value in lithium storage and carbon-based circuits and it becomes

gradually a candidate material for fuel cells according to previous study™°.

Nowadays, new materials with desired thermal transport properties forecast are strongly expected
and required. The progress of science and technology drives to continuous electronic devices
miniaturization and integration!!, which results to excessively dense electronic devices thus generation
of uncurbed heat. Extremely high temperature will affect the stability, reliability and finally the lifetime
of electronic devices'?. Therefore, nano-scale thermal management has become a key factor in the
design of modern nano-electronic devices. The high thermal conductivity (k) of carbon-based 2D

materials could help to solve the heat dissipation problem of nanodevices. By equilibrium molecular
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dynamics (EMD) method, Ying et al.® calculated the K of BPN in zigzag and armchair directions

using the Tersoff potential function, getting the results of 226.3 and 232.3 Wm™ 'K, respectively.

It is intriguing that the exceptional properties of 2D materials can be regulated by strategies such as
structural transformation, stacking fault, defects, adsorption, external strain and electric fields. For
example, Mo et al.® designed the band shape of BPN by fluorinating it by adsorbing fluorine atoms
to regulate its electronic properties in BPN applications. Son et al.X* showed that BPN has interesting
low energy states such as the zone-center van Hove singularity and near-critical tilted Dirac cones and
these two states undergo topological transitions by merging themselves under strains. Hou et al.®®
investigated the effect of strain on the electronic properties and phonon frequency of BPN,
demonstrating that lattice strain can alter the contact resistance between BPN and electrodes. Ren et
al.*® investigated the effects of BN doping on the mechanical properties and anisotropy of BPN.
Among them, B doping changed the in-plane distribution of BPN mechanical properties, while N
doping significantly enhanced the anisotropy of BPN mechanical properties. Based on the first-
principles, Xie et al.'’ studied the effect of hydrogen adsorption on the stability of BPN, indicating
that fully hydrogenation is the most structurally stable hydrogenation method when analyzing the
thermal transport properties which sparked our great interest. Meanwhile, experiments have shown
that it is feasible to attach atoms to two-dimensional lattices or surfaces at the microscopic level.
Gonzalez-Herrero et al.'® and Slot et al.'® demonstrated that using scanning tunneling microscopy
(STM), hydrogen atoms or carbon monoxide molecules could be absorbed and controlled at the atomic

scale on graphene or copper surfaces, while some others showed that their adsorption positions could



even be freely manipulated?’. Therefore, the synthesis of HBPN could be possibly achieved in

experiments.

In practical applications, materials will be applied under different working conditions. Different
harsh temperature and pressure conditions usually cause various effects on the properties of materials.
Unsuitable working conditions leads to strain of the material (bending, torsion or even fracture). The
tensile strain under different conditions will also affect thermal transport properties of materials.
Therefore, it is particularly essential to study heat transfer of HBPN under strain. Actually, axial
tension is more suitable for studying the tensile properties, fracture behavior and stress-strain
relationship of materials, while plane shear is more suitable for studying the slip, deformation
mechanisms and rheological properties of materials. The purpose of this work aims to investigate the
tensile performance of HBPN so we chose the axial tension to apply. Compared with biaxial tensile
strain, the uniaxial one is more practical, flexible and much easier to achieve in experiments. Based on
the planer 2D structure of BPN and its symmetry, only the uniaxial tension effect was considered here

in our work.

The rest of this paper is organized as follows. Firstly, simulation model and computational method
are described in Sec. 2. Then in Sec. 3, results and discussions on structure stability, mechanical
properties, thermal and phonon wave-packet transport properties are systematically given. Finally, in

Sec. 4, the paper finishes with a summary and conclusions.

I1. Simulation model and computational method



A. Geometric structure model

The structure of pristine BPN is shown in Fig. 1(a). The unit cell is composed of six carbon atoms.
The initial lattice constants are @ = 3.750 A and b = 4.520 A with characteristic C-C bond lengths of
dl=1.450A,d2=1.450 A, d3= 1.410 A and d4 = 1.460 A which are consistent with previous result
21 Zigzag/armchair are along the x/y directions respectively and it also represents the direction in which
strain is loaded. The unit cell model used for hydrogenation is a 2 x 2 x 1 supercell which contains 24
sp>-hybridized C atoms in total. We used the adaptive empirical bond order (AIREBO??) potential to
simulate the interaction between C-C and C-H atoms. This potential is of the three-body type and
suitable for simulating breaking and creating of bonds in hydrocarbon system?3. In agreement with
previous studies, the preferential energetically hydrogen adsorption positions are alternated on the xy
plane for neighboring carbon atoms!’. Here we consider as many as 12 adsorption structures and
obtained its corresponding energies c.f- the detailed information in the supplementary material SI. We
eventually verified that the fully hydrogenation mode is the most stable one as shown in Fig.1(b),
further proving that the MD result is consistent with that of first principles'’?4. So we employed a fully
hydrogenated configuration as our computational model. A vacuum region of 20 A was added to the
original thickness d in z direction of the box to avoid interlayer atomic interactions caused by periodic
boundary conditions. After energy minimization, the lattice constants of the fully hydrogenated
configuration model became 2a =2 x 3.905 A = 7.810 A and 2b =2 x 4.5585 A =9.117 A. To check
the structure parameters of MD results, we also optimized the structure by density function theory
(DFT) calculations obtaining lattice parameter of a = 3.865 A and b =4.624 A, respectively. Compared

with DFT result, the lattice values from MD are slightly deviated from those of DFT ( +1.03% and -
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1.42% for a and b, respectively). However, the final optimized configuration structures obtained from
the two methods are similar, meaning that the empirical potential of MD employed in our simulations
could reproduce the ideal structure of the fully hydrogenated configuration. Besides, it is worth noting

that the real thickness of the model after hydrogen adsorption to the BPN should be defined to acquire

the real V of the model. We took the distance between the top and bottom H layers (parameter “d”

2526 45 the real thickness. The initial

donated in Fig. 1(b)) plus the van der Waals diameter of H atom
layer thickness of HBPN is 5.14 A. We used a 10 x 8 x 1 large supercell with a total of 3840 (6 x 2 x

2x1x2x10x 8 x 1)atoms as the initial simulation model in our work.
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Figure 1. Perspective views of (a) biphenylene network (BPN) and (b) fully hydrogenated biphenylene
network structures with C and H atom represented by blue and pink ball, respectively. The black solid
rectangular boxes are the unit cells. d1 - d4 are the bond lengths in the original pristine configuration BPN. d
is the distance between the two most upper and lower hydrogen atoms of the fully hydrogenated
configuration. Numbers 1 - 12 denote 12 adsorption positions, c.f- supplementary information SI for more

details.
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B. Phonon dispersion from DFT calculations
To optimize the hydrogenated structure by DFT method and compare the lattice parameters
obtained with those from MD, we performed First-principles calculations by VASP?’. PBE exchange-

A%2 ith projected augmented wave (PAW) method was utilized?>%. A

correlation energy in GG
kinetic energy cutoff value as large as 600 eV was employed for the plane-wave basis set. A dense
enough Monkhorst-Pack® k-points (21x35x1) in the 1% Brillouin zone was sampled to get an accurate
converged energy value via the conjugate-gradient algorithm®2. For the electron self-consistent loop,
the tolerance of total energy was set to be 10" eV. Finally, the force on each atom converged to be less
than 10 eV/A after optimization. To check the structure’s mechanical stability, phonon dispersion
curve was obtained via Phonopy code® by inputting the harmonic interaction force constants.
C. Thermal conductivity calculation from Green-Kubo method

About mechanical properties calculations, uniaxial stretching was loaded in each direction of the
structure in order to obtain stress vs. strain curves. Then fluctuation dissipation theorem combined with
Green-Kubo method (EMD)*** was used to calculate the X of the stable configurations of HBPN

under different strains. This method calculated the running thermal conductivity K‘(t) by integrating

the heat current autocorrelation function (HCACF) over a given correlation time t.

t
w() === [ (3(0)3(7))dr (1.1)
Where Kk is Boltzmann’s constant and <J (O) J (r)> is the average HCACEF over different time origins

with J being the heat current. We considered domain sizes up to 10 x 8 x 1 cubic conventional cells

for HBPN. Periodic boundary conditions were applied in x, y, and z directions. The Verlet algorithm



was used to integrate the equations of motion with 0.25 fs time step which was checked to be small
enough. In all simulations, the atomic systems were first equilibrated in a NVT ensemble for 50 ps
before being switched to a NVE ensemble for another 2.5 ns. Berendsen barostat and thermostat®®:3/
were used to control the pressure and the temperature of the system during equilibration runs. Then,
the following 2.5 ns simulation in NVE ensemble was taken for data production. The flux fluctuations
were computed each 2.5 fs and the integral was sampled over 20000 values. The correlation time upper
limit of our calculations was chosen to be 500 ps. Each simulation ran for 10 times with independent
initial velocity distributions. It was an inherent assumption in this study that 10 independent
simulations provided a representative sample for the relevant statistical analysis. Finally, we report the
average of the 10 independent MD runs as the predicted thermal conductivity and the standard error
as its uncertainty.
D. Phononic density of states analysis

PDOS (phononic density of states, also known as vibrational density of states (VDOS)) under
uniaxial strain was calculated to further analyze the behavior of thermal transport properties of the
strained HBPN. The change of wave crest in the density distribution diagram of phonon states directly
reflected the change of the number and modes of phonons (the change of peak value reflected the
change of the number of phonons and the movement of wave crest reflected the change of phonon
mode), thus characterizing the vibration strength of atoms. PDOS were calculated by Fourier transform

of the atomic velocity autocorrelation function, which was defined as follows*®:

PDOS (» I“’tC (1.2)

-l

where ® and C(t) represent angular frequency and the velocity auto-correlation function, respectively.
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In the calculations of the total PDOS, C(t) was obtained by:

N —_— —
c)={S0 090) 0
j=1
Where v, (t) represents the velocity of atom J, and ( ) is used to describe the ensemble average.

E. Wave-packet propagation simulations

To study the propagation of phonons inside the pristine material, we have employed the Wave-
packet Propagation method (WP) within Molecular Dynamics, in which a mechanical excitation was
imposed on the atoms of a small region and the propagation of the injected energy was monitored with
time. This method has been already applied to study heat transport in a variety of systems such as
amorphous silicon-like materials®®, silicon nanocomposites®, asymmetric two-phase silicon
nanowires*!, core-shell silicon nanowires*? and others. In this work we aimed to study the propagation
of phonons in HBPN from all three acoustic branches (LA, TA, ZA), along both principal directions
(armchair and zigzag), for three different strain states: unstrained, strained along zigzag (¢=20%) and
strained along armchair (¢=25%). All calculations were performed under a temperature of T=300 K.

As excitation, we have chosen a Gaussian-modulated sinusoidal force:

(2r)

F. = Ae sin [27v(t —3r)]-exp{w} (1.4)

The pulse is characterized by its frequency f , amplitude A, polarization vector e and width 7,
which is the standard deviation of the Gaussian envelope. The pulse is displaced by three widths =
towards negative times, so that at t=0 the force is practically zero. By modifying f we can select

the phonon mode that we want to excite. In our case, we have chosen f =2THz for all simulations, in
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order to excite all the three acoustic branches. Furthermore, by choosing the polarization vector to be
in-plane and parallel or perpendicular to the propagation direction, we can selectively excite the LA or
TA phonons respectively, and by choosing it to be perpendicular to the sheet plane, we excite the
flexural ZA phonons. In its turn, the propagation direction coincides with the normal to the plane of
the excitation region. The width 7 of the Gaussian window controls the time duration of the pulse and
by extent, its spatial extension. On the other hand, as is well known, the temporal extension is inversely
proportional to the frequency resolution, so in the end z must be chosen while maintaining an
equilibrium between spatiotemporal localization and a good frequency resolution. In this work all
pulses had a width of 7=0.15ps, which corresponds to a frequency resolution AV ~1/2 77 ~1THz .
Finally, the choice of the amplitude A can impact the calculation in two different ways: a very small
amplitude results in a weak pulse that does not contrast well with the thermal background (for systems
at non-zero temperature), while a very large amplitude induces nonlinear anharmonic effects that
change the effective properties of the system in an unpredictable manner. In all the simulated
configurations it has been noticed that with the same force amplitude, the excited in-plane modes have
a much smaller displacement amplitude than the flexural ones. So in order to avoid non-linear effects
for the ZA packets and keep a good contrast for the in-plane packets, we have applied A=0.5eV / A for
the flexural and A=0.3eV/A for the in-plane packets.

The systems studied were HBPN ribbons at 300 K, approximately 75 nm long and under three
different strain states: unstrained, 20% strain along the armchair axis, and 25% strain along the zigzag
axis. In each of those strain states, acoustic phonon wave packets were launched with wave vectors

along both the armchair and the zigzag symmetry axes and for both of them, all three polarisations
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(LA, TA, ZA) were tested. In total, combining the simulations for wave vectors along both symmetry
axes, having all three polarizations and for the three strain states mentioned above, we performed 18
runs. In all of them, Periodic Boundary Conditions were applied along the in-plane directions.
AIREBO was employed as interatomic potential, and the timestep was chosen to be 0.5 fs. The system

was left to evolve for 10000 timesteps, totaling 5 ps of simulation time.

II1. Results & Discussion

A. Mechanical properties
Before studying any physical properties of materials, stability of the structure should be checked
in advance®®*, Firstly, to check the mechanical stability of the fully HBPN, phonon dispersions of the
structure were calculated from DFT calculations as given in Fig. 2. There were no imaginary

frequencies in the phonon dispersion curves proving that the structure is thermo-dynamic stable.
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Figure 2. Phonon dispersion curves of fully HBPN. The top and side views of the structure present as insets.

The first Brillouin zone with high symmetry points and routines noted also appears.

Recently, Mashhadzadeh’ and Samadian ez al.*® have both used the MD method to calculate some
mechanical properties of BPN, indicating that MD is sufficiently reliable in calculating the mechanical
properties of BPN materials. To study the mechanical properties of HBPN, the structure was stretched
in uniaxial zigzag and armchair directions, respectively. A total of three independent stretches were
carried out, and the results were generally consistent with each other. The obtained stress values versus
strain curves from a set of data are shown in Fig. 3. From the latter figure, we can see that breaks
occurred when the strain rates reached 28.8% and 34.5% along the zigzag and armchair directions,
respectively. So thermal transport properties of the structure under strain were studied within the

fracture ranges. Besides, Young's modulus values for different directions were obtained by linear fitting
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of stress vs. strain curves within the range of ¢ < 5%. Along zigzag and armchair directions, Young's
modulus values were calculated to be 325.47 £ 1.868 and 264.174 + 2.570 GPa, respectively, which
were much smaller than those values of pristine BPN from previous result (650 and 574 GPa’,
respectively). Note that the value along the zigzag direction was bigger than that along the armchair
one. From the structure point of view, angle rotational freedom range is smaller in the zigzag direction
than in the armchair one, that’s why the structure suffered bigger stress and fractured earlier when

strain was loaded in the zigzag direction than in the armchair one.

175}
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150¢

125}

Stress(Gpa)
ol

o)
o

) ) ) ‘ ) ‘28.8 ) 34.5 . ) ‘ )
0 10 20 30 40 50
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Figure 3. Stress of HBPN under different strains along the zigzag (black solid line) and armchair (red
solid line) directions, respectively. The dotted lines at £ = 28.8 % and 34.5 % correspond to the
tensile fracture points of the model which are the maximum stress-strain points. The illustration

represents the schematic diagram of HBPN under uniaxial stretching in the zigzag direction.

15



B. Thermal transport properties of HBPN under mechanical tension

The thermal conductivity in nanostructures is an extrinsic property, thus size dependent 64", The
result from EMD method to get thermal conductivity is less dependent on the size of the structure than
the NEMD one. A 10 x 8 x 1 large enough supercell with a total of 3840 atoms was used, after we
have checked the convergence. The obtained k + Ak (i = Aky = 17.258 + 2.898 Wm™'K™! and «, + Ax,
=19.208 + 1.822 Wm''K™!) is the result of 10 statistically independent runs with the corresponding
standard error Ak to achieve a good statistical accuracy. The X in the armchair direction is slightly
larger than that in the zigzag direction when it is not stretched, which is the same as the & of BPN
obtained from previous studies®. Fig. 4 gives the normalized heat current autocorrelation function
(HCACF) for one example run and all running integrals and their average over 10 statistically
independent runs for the unstrained HBPN. The HCACF degrades quickly to zero with a small
uncertainty on the final estimate of the thermal conductivity value upon averaging. For the sake of
clarity, the zooming-in view of the HCACEF at the beginning of integral was also laid on the panel. The
standard errors of the thermal conductivity values of HBPN under all strains in each direction were

found to be less than 10%.
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independent simulations. The light-gray curves represent the thermal conductivities for each of the 10

independent simulations and the super imposed thick curves represent the corresponding average values. For

simplicity, only the 10 independent runs for Kxare shown by light grey solid lines.
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According to the findings of Mashhadzadeh et al.”, uniaxial tension could lead to the rising of «
inside BPN in both zigzag and armchair directions. By increasing the strain from 1% to 5%, the x
increased from 111.3 to 147.2 Wm™'K™!. Yang et al.®® also demonstrated that the strain generated by
biaxial stretching also increases the « of the original BPN. At a biaxial tensile strain of 5%, the room
temperature k¥ of BPN is approximately 4-5 times that of the original configuration. Therefore, it can
be seen that both uniaxial and biaxial strains can cause an increase in the K of BPN. To study the
strain effect on the thermal transport properties of HBPN, uniaxial strain is applied to the structure.
Previous results from Hu®!, Cui® and Zhang® et al. focused only on the evolution of & of the
structure in the stretching direction. Here we analyzed thermal conductivities in both directions under

uniaxial tension. The & values and anisotropy ratios under various strains after uniaxial stretching in
each direction were calculated and depicted in Fig. 5. Firstly, values of x, and x hardly change
obviously until the strain rate reached €= 15% independent the direction in which the strain was loaded.
Then the & increases until the final structure’s fracture. When the strain was loaded in the zigzag

direction until &= 25%, values of x, and «, increased to kx + Akx = 69.424 £ 9.027 Wm™'K™' and «, +
Axy =24.129 + 1.957 Wm'K'! (a factor of 4.022 and 1.256 times in x and y directions, respectively).
The thermal anisotropy ratio p(z2) increased from 0.898 to 2.877. For comparison, when the strain

was loaded in the armchair direction until £=30%, values of «, and «, increased to kx = Ak, =27.507

+4.593 Wm™ 'K and 1, + Ak, = 67.1024 + 7.276 Wm™'K™! (increased by a factor 1.637 and 3.422 times

in x and y directions, respectively). The thermal anisotropy ratio p ( ac) also increased from 1.167

to 2.439 indicating that x is more sensitive when stretching along the zigzag direction. From the figure,

we observed that values of x, and x, both increased under uniaxial strain larger than & = 15%.

However, the increase rate of X in the perpendicular direction is relatively smaller than that in the
stretched direction. Therefore, the anisotropy ratio always increased gradually from its definition.
Similar to BPN, the k¥ of HBPN under strain is generally in an upward trend. Increased strain resulted
in increased bond length and weaker atomic interactions, resulting in a drop in phonon rate scattering

and a rise in kL.
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The strain caused modifications of the atomic distances, interactions between atoms and even the
crystal geometry and thus the effective volume of the model. In EMD method of calculating thermal
conductivity, the volume of the structure is a required term in the Green-Kubo formula (eq. 1.1) to get
k. We have taken into account this variation. To obtain the volume variation of the structure under
strain the thickness of the quasi-two dimensional HPBN under different strains are given in Fig. 6.
Similar to the previously studied silicene, polyethylene® and some defective graphene structures®,
HBPN is also a buckling material. During the stretching process, the buckling HBPN will become
more and more flattened by adjusting the two different C atomic layer distances. When ¢ < 15%, the

thickness of the HBPN model d declined slowly with uniaxial strain and then it decreased quickly after

&> 15% which was why the X increased quickly within this range.
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Figure 6. The thickness of the HBPN model d change with uniaxial strain along the zigzag (black line with
half-solid symbols) and armchair (red line with half-solid symbols) directions before the break of structure
occurred.

Compared to the thermal transport properties of other 2D materials like graphene®®, 1D graphene
nanoribbon and carbon nanotube®, the behavior of HBPN’s K under uniaxial tension was very
different although they are all graphene derivatives made of the same C atoms. Previous results showed
that thermal conductivities of graphene and graphene nanoribbons descended under tension®’ while

those values of HBPN would increase under similar structure’s deformation like buckling silicene®®
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and polyethylene (PE) chain®®. However, HBPN can withstand a much greater strain extent, lower

fracture K and lower increasing rate of X under tension. Take «, (x, ) under tension to analyze, when
the tensile strain reaches 25% (30%) in zigzag (armchair) direction, the &, (x, ) increases by about ~
4 (3.4) times. For buckling silicene, its k¥ increased by about 6.7 times when stretched to 4 %, reaching
~ 242.5 Wm'K"1%° While for the PE chain, its £ would increase by 7.2 times under 30 % tension,
reaching 181.28 Wm™'K"! 81, Therefore, HBPN is more suitable than the aforementioned materials as
thermoelectric conversion material under a larger stretch condition.

To elucidate the intrinsic physical mechanism of the effect of strain on the heat transfer of HBPN,
we calculated the PDOS of HBPN and its x, y and z components under uniaxial strain, as plotted in
Fig. 7. Larger PDOS values regions were found at lower disperse (~ 10-60 THz) and higher narrow (~
80-90 THz) frequency ranges (Fig. 7 (a) and (e)) which were zoomed in to deeply understand the

behavior of phonons under strain.
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Figure 7. Total PDOS ((a) and (e)) and its partial components in x, y and z directions of HBPN under strain

along (a-d) zigzag and (e-h) armchair directions, respectively.
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On the one hand, let’s look at the lower-frequency phonons with in-plane phonon modes (i.e. x
and y components). From the figure, it’s observed that the phonons shifted to left with height and width
of the main PDOS wave increased with strain, indicating that the number of lower-frequency phonons
went up. From the classical lattice heat transfer theory, higher peaks carried more energy with weaker
phonon scattering and thus improved the heat transfer performance of the material. On the other hand,
wave packet peak position of higher-frequency phonons with out-of-plane curvature phonon modes
(i.e. z component) also moved to left a little with amplitude decreased obviously after & > 15%,
indicating that the number of higher-frequency phonons degraded. Huo et al. proposed that the
scattering mechanism of surface low-coordination atoms to phonons, indicating that the scattering rate
was proportional to the 4" power of phonon frequency®?. Besides, higher-frequency phonons located
in a narrow frequency region demonstrating that the lowered number of phonons and thus the caused
lowered scattering rate played an important role in raising thermal conductivity.

Additionally, with the increase of tensile strain, the bond length between atoms increased and the
buckling distance decreased. The fact that the structure became flatter and flatter could help
significantly reduce the coupling between flexural acoustic modes (i.e. z direction vibration phonons)
and in-plane phonon modes (i.e. x and y direction vibration phonons), which significantly weakened
the scattering between these modes®®. Using the similar analysis method, the thermal conductivity of

6164 \were found to increase with strain.

silicene®® and PE chain
C. Wave-packet propagation analysis

The WP Propagation simulations are depicted in the Figs. 8 and 9 where we present the results

obtained for wave-packets along the armchair and zigzag direction, respectively. Each column
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corresponds to a specific strain state (unstrained, strain along armchair and along zigzag direction) and
each row to a specific polarization of the excited phonon. Each element of specific strain state and
polarization consists of a series of snapshots of the kinetic energy per atom map on the left, taken every
25 fs (starting from t =25 ps).

Unstrained Strain // Armchair Strain // Zigzag

V4
N

EEE B5E BEA
SHE 050 0NN

EHE SN NES

Figure 8. Armchair direction of propagation: Snapshots of kinetic energy maps every 25 fs and polarization-
resolved kinetic energy profiles for all polarizations (LA, TA, ZA) and strain states (unstrained, strained along
the armchair direction, strain along the zigzag direction). For the KE profiles, the color map limits are 16-155
meV/atom, the horizontal (length) axis limits correspond to the entire lengths of the studied structures, while
the vertical (time) axes correspond to the entire simulation times (0-5 ps). Note that for the LA components,
there is an apparent reflection at the edges of the structure, due to the periodic boundary conditions (similarly
hereinafter).

On the right we present the polarization-resolved kinetic energy profiles, with the top, middle and

25



bottom figures corresponding to kinetic energy due only to the longitudinal, transverse and flexural

components of the velocities, respectively, given by

1
E.=—mv 1.5
a 2 a ( )

where & corresponds to the projection of the velocity along a particular direction. In our calculations
the zigzag axis of HBPN was placed along the x-axis. Therefore, for a WP travelling along the armchair

direction, the LA component of the kinetic energy corresponds to E, , the TA to E,, etc.

Unstrained Strain // Armchair Strain // Zigzag

Figure 9. Zigzag direction of propagation: Snapshots of kinetic energy maps every 25 fs and polarization-

resolved kinetic energy profiles for all (LA, TA, ZA) and strain states (unstrained, strained along the armchair

direction, strain along the zigzag direction). For the KE profiles, the color map limits are 16-155 meV/atom,

the horizontal (length) axis limits correspond to the entire lengths of the studied structures, while the vertical

(time) axes correspond to the entire simulation times (0-5 ps).
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By following the time evolution of the wave packets, the group velocities of the excited phonons
were also calculated. The results for the phonons with wave vectors parallel to the armchair and zigzag
direction are presented in Tab. 1 and Tab. 2, respectively.

Table 1: Armchair direction: Phonon group velocities for all polarizations and all strain states

x (10° m/s) No Strain Strain // Armchair Strain // Zigzag
Vv LA 15.1 26.3 15.9
g
v A 7.2 8.4 7.5
g
VgZA 54 7.3 5.6

Table 2: Zigzag direction: Phonon group velocities for all polarizations and all strain states

x (10° m/s) No Strain Strain // Armchair Strain // Zigzag
v A 14.9 18.1 26.3
g
v A 7.4 7.4 8.8
g
VgZA 53 5.5 7.6

By comparing the values obtained, one can directly make the following observations: First of all,
the armchair and zigzag directions (in the unstrained configuration) have practically the same group
velocities, while the application of strain along the axis of propagation increases the velocities of all
polarizations, compared to the unstrained case. The LA group velocity is the most affected, with a 75%

increase. Additionally, strain applied in the perpendicular direction doesn’t affect the velocities, with
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Time (ps)

the exception of the LA mode along the zigzag direction, which is also increased, but less compared
to the configuration strained parallel to the propagation axis.

Furthermore, as can be seen in Fig.10, excitation of a ZA phonon simultaneously results in a
creation of an LA phonon as well, indicating a strong coupling between the two acoustic modes. This
can be easily understood by considering the fact that in order to create an out-of-plane ripple in a quasi-
2D ribbon with fixed ends, the material has to be stretched along its length to accommodate for the
ripples, thus creating a longitudinal wave.

The ZA acoustic phonons also exhibit dispersion. The wave packet components have slightly
different group velocities and as a result, the total WP spreads as it propagates (see Fig.10, right). This
is a consequence of the fact that in HBPN the ZA acoustic branches are parabolic and thus the group
velocities of ZA phonons with different k-vectors are not constant. This is in fact a known behaviour

common in 2D materials and it is a result of their plane symmetry®®.
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Figure 10. Kinetic energy profiles for a ZA phonon wave-packet along the armchair direction in an unstrained
HBPN ribbon. The figures show the polarization-resolved profile, for the LA (left), the TA (middle) and the
ZA components (left). The colormap limits are 0 (purple) to 200 meV/atom (yellow).

One shall also notice that in the length and time scales that we have investigated in this study, the
phonon wave-packets that we excited do not all exhibit exponential decay, with the notable exception

of the transverse modes, which decay exponentially in even shorter time scales and quickly thermalize
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with the phonon heat bath background. This can be seen more clearly in Fig.11, where we present the
kinetic energy map evolution (left), the polarization-resolved kinetic energy profile (middle) and the

tracking of the position and height of the center of the kinetic energy wave packet.
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Figure 11. Exponential decay of a TA phonon wave packet along the armchair direction in an HBPN ribbon

strained along the same direction. Top Left: Time evolution of the kinetic energy map. Top Right: Kinetic

energy profile resolved for all three polarizations along the armchair direction. The colormap limits are from

16 (purple) to 80 meV/atom (yellow) for the LA and ZA components, while for the TA the upper limit
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(yellow) becomes 155 meV/atom for better contrast. Bottom: Time evolution of the position and the height of
the wave packet centre. The results of fitting to obtain their lifetimes and mean free paths are also visible.

In order to obtain quantitative results, we trace the position and height of the center of the wave
packet with respect to time. By fitting them with a linear and exponential fit respectively, we can obtain
the group velocity v, and the exponential decay rate 7y .The heat profile shows a diffuse transfer of
kinetic energy from the excited TA mode to all other modes equally, which is an indication of diffuse
anharmonic scattering. The positions show a clear linear trend implying a constant group velocity,
which was found to be v, =8 .10°m/s. The energy wave packet’s height also shows a strong
exponential decay. After fitting, we obtain the exponential decay constant of 7y =0.76 ps , which we
attribute to the phonon’s lifetime. The corresponding phonon Mean Free Path (MFP), which is
calculated by

Iy =V 'Ty (1.6)

2

was found to be |-, =6.1nm.

For the other polarizations, the length and time scales needed to capture their decay were much
larger and the computational effort for their calculation was exceeding the interests of this work.
However, for illustration purposes, we performed a much longer simulation for a much larger structure,
in order to calculate the lifetime and MFP of the LA phonon along the zigzag direction, for an
unstrained HBPN ribbon. The results shown in Fig. 12 clearly indicate that this phonon decays

exponentially with a lifetime of 7y =7.47ps and a MFP of |,,-, =114.3nm, which is much larger than
2

the length scales used in the main calculations.
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Figure 12. Kinetic energy profile (top) and tracing of the wave-packet peak (bottom) for an LA phonon wave-

packet along the zigzag direction in an unstrained HBPN ribbon. By fitting the position and the height of the
wave-packet centre with respect to time, we obtain the group velocity v, and the exponential decay rate

T y .The KE map colormap limits are from 16 (purple) to 24 meV/atom (yellow).
2

IV. Summary and conclusions

In summary, mechanical and thermal transport properties of hydrogenated biphenylene network
was studied systematically by molecular dynamics simulations. The absence of imaginary phonon

frequencies indicated that the fully hydrogenated biphenylene network structure was mechanically
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stable. Mechanical properties investigation indicated that HBPN could sustain a strain as large as €=
28.8% and 34.5% along the zigzag and armchair directions, respectively, with the corresponding
Young’s modulus of 326.32 and 264.94 GPa. Besides, the thermal conductivity of HBPN exhibited an
anomalous response to uniaxial tensile strain. Different from its mother 2D material like graphene, the
K of HBPN first fluctuated at a plateau with applied tensile strain and then increased significantly
rapidly. By correlating the velocity autocorrelation function, the phononic density of states was
obtained to explain the relative contribution of phonons to the X in each phonon mode. The increase
of PDOS peak at low frequency region indicated that more excited phonons carried more energy could
help improve thermal conductivity. Besides, the reduction of the number of higher-frequency phonons
caused weakening of the phonon-surface scattering was another factor to increase thermal conductivity.
Finally, the strain induced flattening of the structure could help weaken the coupling between phonons
with in-plane and curvature vibrational modes.

WP Propagation method within MD was employed to analyze the propagation of phonons inside
the HBPN and group velocities, phonon lifetimes and mean free paths were obtained. First of all, the
armchair and zigzag directions (in the unstrained configuration) have practically the same group
velocities. Besides, the calculations show that strain generally increases the phonon group velocities,
but it practically affects them only when it is applied along the axis of propagation, and the longitudinal
(LA) modes are the most affected with as much as 75% increase. A strong coupling between the LA
and ZA modes is observed, while the ZA phonon wave-packets exhibit dispersion due to their-non-
linear dispersion curves. Finally, while the LA and ZA modes have Mean Free Paths exceeding 100

nm, the TA modes decay particularly fast, with a MFP around 6 nm, due to their small lifetimes, which
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are found to be <1 nm.
The results obtained would be beneficial to understand how to modulate the thermal transport
properties of 2D structures with strain engineering, as would be use potential in tuning their electronic

and thermoelectric properties for applications.
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