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Nonlinear intrinsic dissipation in single layer MoS,
resonators

Subhadeep De, K. Kunal and N. R. Aluru*

Using dissipation models based on Akhiezer theory, we analyze the microscopic origin of nonlinearity in intrinsic
loss of a single layer MoS,. We study the intrinsic dissipation of single layer MoS, under axial and flexural mode of
deformation using molecular dynamics (MD) simulation. We compare the amplitude scaling of intrinsic
dissipation for both the cases with our proposed model. In the axial deformation case, we found a higher
(4" order dependence of dissipation on the strain amplitude. This nonlinearity is shown to stem from the
strain dependence of the phonon mode Grineisen parameter (PMGP) and is accounted for in our
dissipation model. In the flexural deformation case, dissipation is found to have a stronger dependence (=4)
on the amplitude of the transverse motion. This nonlinearity can be explained by considering the coupling
between out-of-plane motion and in-plane stretching. The proposed model for the flexure deformation
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. Introduction

Nanomechanical resonators, based on atomically thin two-
dimensional (2D) structures, like graphene and MoS,, have
shown intriguing prospects’ in measurement and sensing of
fundamental quantities like position, mass, charge*” to the
level of individual quanta. Extraordinary material proper-
ties,"*** such as high mechanical stiffness and low mass,
combined with large surface to volume ratio, have enabled
these 2D structures to be potential candidates for high sensi-
tivity measurements. The performance of these nanoresonators
is limited by different dissipative mechanisms associated with
the vibration mode of operation during the detection
process.’*** For instance, in the case of detection of foreign
mass by the shift in resonant frequency of the nanoresonator,
a low dissipation ensures better resolution of frequency
shift.''* Out of different mechanisms that contribute to the
dissipation process,'” phonon mediated dissipation dominates
at very high frequencies.'® One interesting aspect of damping in
2D structures is its nonlinearity. In the case of graphene reso-
nators, damping is found to be strongly dependent on the
amplitude of motion."” This is explained by introducing
a nonlinear damping term (nx*dx/d¢) in the Newton's equation
of motion for a harmonic oscillator where 7 is a constant, x is
position and ¢ is time. A theoretical treatment reveals that the
nonlinearity emerges from the coupling between flexural modes
and the in-plane modes.?® The coupling is due to the geometric
effect associated with the flexural motion.**** This geometric
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case, which accounts for both kinds of nonlinearity, provides a good estimate of dissipation.

nonlinearity can manifest itself in phonon interaction and
Akhiezer dissipation.* The effect can be particularly significant
when the operational frequency of the flexural motion is of the
order of a few gigahertz.

Akhiezer damping is a dominant intrinsic loss mechanism
for nanoscale resonators operating at gigahertz frequencies.”
This takes place as a result of interaction of mechanical
deformation with the modes of thermal vibration, called
phonons. An applied strain field can couple with the phonon
modes, and thus modulate their frequencies.>®*” The frac-
tional change in phonon frequencies is proportional to the
strain. In the case of flexural deformation with fixed bound-
aries, the out of plane motion may accompany in-plane
stretching due to the geometric effect. Consequently, the
strain at each section may have a second and higher order
dependence on the amplitude of transverse motion. Hence,
the coupling between the out-of-plane motion and phonon
modes is effectively nonlinear. Though this is a common
scenario in the case of flexural deformation of clamped 2D
structures like graphene and MoS,, its effect on intrinsic
dissipation has not yet been explored. Previous studies have
shown that, in the case of graphene, which is one atomic layer
thick, the unstable out of plane modes®® and the edge atoms>
play a major role in intrinsic dissipation. But very few studies
have been directed towards investigating dissipation in
a single layer MoS,.**** This work focuses on studying the
underlying physics behind intrinsic dissipation of single layer
MoS, using MD simulation. A simplified dissipation model is
introduced which is based on the physical mechanism.
Using this model, the effect of nonlinearity on intrinsic
dissipation is investigated and compared under different
modes of deformation.
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MD simulations have been previously employed to study
intrinsic dissipation in nano-structures.*® Axial deformation of
beams at gigahertz frequencies is characterized by a homoge-
neous strain field. In this case, intrinsic dissipation is explained
using Akhiezer theory.>® On the other hand, flexural deforma-
tion of thin beams involves a linearly varying strain along the
transverse (thickness) direction. This results in thermoelastic
damping,**** in addition to Akhiezer damping. Flexural defor-
mation of thin 2D structures with fixed boundaries induces
a strain field that is different from that in beams. In the
membrane limit, the 2D structure provides negligible resistance
to bending forces and undergoes stretching along its plane.*® A
single layer MoS, exhibits this behavior and will be an inter-
esting candidate for study of intrinsic dissipation. In this work,
we employ MD simulation to study intrinsic dissipation in
a single layer MoS,. We first show that the intrinsic dissipation
during in-plane straining of a single layer MoS, can be
explained using Akhiezer theory. A simplified dissipation model
is developed. This model shows good agreement with frequency
and amplitude scaling of dissipation in MoS, under in-plane
deformation. Then, we extend this framework for dissipation
under flexural deformation by incorporating the geometric
effect. A closed form expression for dissipation under flexural
deformation is derived. It has atleast fourth and higher order
dependence on the amplitude of transverse motion, which
shows that the dissipation is indeed nonlinear. Using this
expression, the net intrinsic dissipation during flexure defor-
mation can be accurately estimated.

lI. Theory

We consider a single layer MoS, sheet stretched in the x-y
plane. The MoS, sheet is pre-stretched biaxially such that it has
a uniform initial tensile stress ¢,. For simplicity, the sheet is
assumed to be infinitely long along the y direction by imposing
periodic boundary condition. The edges of the two-dimensional
(2D) sheet along the x direction are clamped as shown in Fig. 1.
The length L, of the sheet between the two clamped edges
undergoes deformation. The dynamics of single layer MoS,
resonators can be described by the continuum theory of 2D
membranes.'>” With this knowledge, we first obtain the
displacement and the strain field produced in the MoS, sheet
under axial and flexural excitation. The strain field thus ob-
tained is subsequently used to formulate the dissipation in the
structure.

A. Response to periodic excitation

The MoS, sheet is axially deformed by moving the clamped
edges in a periodic manner. The right and the left edge is dis-
placed simultaneously as A, sin(Q¢) in the positive and negative
x direction respectively, as shown in Fig. 1a. Here 4, is the
amplitude of oscillation and Q is the deformation frequency.
Using the results from continuum mechanics, the in-plane
displacement field generated in the 2D sheet can be expressed
as®* u(x,t) = An sin(:—x) sin(Qt). L. denotes a length scale*

c
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Fig. 1 (a) A single layer MoS, under axial deformation. A, is the
amplitude of displacement of the edge atoms along the x axis. (b) A
single layer MoS, under flexural deformation. A uniformly distributed
load with amplitude fy is applied in the z direction. In both the cases,
the clamped edges (frozen atoms) are shown in black. The shaded area
shows a section along the length of the MoS, sheet with the
displacement field.

E
given by L. = g\/% and A, is the amplitude of axial motion

which depends on A4,. The angular frequency of oscillation of
the fundamental longitudinal mode of the resonator of given

. T |E L .
length L, is w. = I \/: Considering a deformation frequency
oV P

much smaller than the fundamental frequency (Q < w.) of the
resonator would imply L. >> L,. Under this condition, the
displacement field along the length of the resonator is approx-

0 m

L A
imately linear in x(\x| = 7) given by u(x,t) = xWL

c

sin(Qt).

Further, using the boundary conditions at L,, we can write,
Ay . . o .
u(x,t) = xL—x sin(Qt). The linearity in the displacement field
0
results in a spatially uniform strain field in the structure. The
periodic strain field can be represented as ¢ = ¢, sin(Q¢), with
X

. . A
the strain amplitude ¢, = 7
0

In case of flexural deformation, the sheet is subjected to
a uniformly distributed load f{t) = f; sin(Qt), in the z direction
as shown in Fig. 1b. The resulting displacement field along the x
and z direction is denoted by u(x) and w(x) respectively. From
continuum theory, the dominant mode shape of deformation
due to forcing under the assumed boundary condition is given
by®® w(x,t) ~ A, sin(mx/Ly)sin(Qt) and u(x,t) ~ 0. Here, 4, is the
amplitude of flexural motion which depends on f,. Under this
mode of deformation, each section along the length of the MoS,
sheet undergoes stretching. The corresponding strain field in

2 2
the structure is e(x,t) = (3—3) +%<%> =~ er(a(x)sin(Qt))?,
1 w\?> . .

where ¢ = E(Az L—O) and «(x) = cos(mx/L,). Unlike the axial

case, the strain field in the flexure case is non-uniform along the
length of the MoS, sheet. These strain fields serve as an input to

This journal is © The Royal Society of Chemistry 2017
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calculate the net intrinsic dissipation in the MoS, sheet under
each case of deformation.

B. Formulation of dissipation

The dissipation due to interaction of the time-varying strain
field in a structure with its thermal phonons can be formulated
using Akhiezer theory.”* The thermal phonons in the structure
share equal energy at thermodynamic equilibrium. On appli-
cation of strain, the system of phonons is driven out of equi-
librium due to the modulation of phonon frequencies. These
phonons try to relax back to equilibrium by exchanging energy,
which leads to energy loss. We first try to write the equation for
evolution of the phonon energies. The energy of each phonon
mode at thermodynamic equilibrium, is given by kg7, where kg
is the Boltzmann constant and T is the temperature. Any strain,
e can couple with the energy of the phonon mode, E, by
changing its frequency, w,. The coupling factor, v, = _wiﬂ 66%
(ref. 37) is defined as the phonon mode Griineisen parameter
(PMGP). For a time varying strain field with frequency Q, if @ <
w,, the ratio E,/w, is constant.*® Using this and the coupling
. .. OE,
relation, we can write o
derivative with respect to ¢. Again, the phonon modes can
exchange energy due to anharmonic coupling. This coupling
governs the relaxation of perturbed energy of the phonon
system towards a new equilibrium. Usually each phonon has its
own time scale of relaxation,” 7,. The phonon relaxation
mechanism can be approximated as aa—t 1 = —E, — E)/1,,
relax
where E is the mean energy of the phonon system at that
instant. Thus, the modulation of phonon energies due to
straining and relaxation process can be written as

= —v,E,é(t), where (-) denotes

strain

E,

ot T

dE, E,—E )
S+ == =1, Ei() 1)

I

To simplify the system of phonon modes, we employ the
phonon grouping technique® and derive an expression for
dissipation. The mean Griineisen parameter of the ensemble of

phonons is defined as VZZYy/N; where N is the total
"

number of phonon modes. The phonon modes with v, < ¥
constitute the ‘hot’ phonon group and the rest with vy, = ¥
constitute the ‘cold’ phonon group. The average Griineisen
parameter of the ‘hot’ phonon group is denoted as v;, and that
of the ‘cold’ phonon group as v.. During the relaxation process,
the energy exchange takes place between the ‘hot’ and ‘cold’
phonon group with a collective relaxation time 7. For a space
dependent strain field, ¢(x,t), the set of equations governing the
energy evolution of the phonon groups at any section of the
MoS, can be expressed as

d

&ei(x, )+ % lei(x, ) —e(x,1)] = —yiei(x, 1)é(x, 1) 2

where e;(x,t) is the energy of the phonon group at any x and is
related to the total energy of the phonon group as

This journal is © The Royal Society of Chemistry 2017
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J ei(x,t)dx = E;i(t). Here i denotes the ‘hot’ (h) and ‘cold’ (c)

0

Eh(.X', t) + eC(x7 t)
2

energy of the phonon system at x. Eqn (2) leads to two equa-

tions. Adding and subtracting them, we get a set of equations,

phonon group. e(x,t) = denotes the mean

%E(x, 1) = —Jye(x,t) + AyAe(x, t)]e(x, 1) (3a)

%Ae(}g 1)+ TihAe(x, 1) = —[Aye(x,t) + yAe(x, t)]é(x, 1)

7h+7c

(3b)
, Ay = % Ae(x,t) =
denotes the energy difference between the phonon groups at x.

en(x,t) —ec(x,t
where, ¥ = en(%,1) — eex,t)

Eqn (3a) and (b) denotes the rate of change of mean energy of
the phonon system and the rate of energy exchange between the
phonon groups respectively, at any position x. The treatment of
energy relaxation in our formulation accounts for the spectral
flow energy i.e. flow of energy between different modes. In the
case of a spatially inhomogeneous strain field, there also exists

a spatial energy gradient given by %ei (x,t) = —viei(x, t)e (x, 1),

where (') denotes derivative with respect to x. The time scale of
energy relaxation due to the spatial flow of energy corresponds
to the thermal diffusion time?** 7,4. In our case, this relaxation
mechanism is weak because 74 > 1/Q and can be ignored.
Thus, the energy modulation and redistribution in the structure
is microscopically governed by the set of eqn (3a) and (b).

In case of axial deformation, the strain field is found to be
spatially uniform i.e. ¢(x,t) = ¢, sin(Qt). The PMGP can be strain
dependent if the material behaves nonlinearly.** Assuming
a linear dependence on strain (discussed further in Section IV
A), 7v; can be expressed as y; = v{ + vie, where v{ and v are the
material constants. Initially, before imparting any deformation,
the mean energy of the phonon system satisfies

Lo
J e(x,0)dx = kgT and the energy difference between the
0
L()

phonon groups satisny Ae(x,0)dx = 0. Considering Ae(x,t) <
0
keT during the deformation process, é(x,t) can be approximately

solved using the set of eqn (3a) and (b). At steady state, the
energy dissipated over the n™ period of deformation is given by

2T
D = g(x,T"") — e(x,T"), where T = o and T" = nT. The closed
form expression of dissipation, in the axial case, thus obtained,
is, D*(x,0) = TkgT(Djo(0)ea” + D31(0)ea")/Lo. Here, 6 = Qtpy, is
a metric that determines the strength of the Akhiezer mecha-
nism and

Diy(0) = (M)Z( i )

1+ 6

1 2 0
(A ———
3lor) (1 +402)
0 _ 50 1_ .1
Also, AY° = % and Ay! = % Integrating over the

DTI(G) =

length L,, we get the total dissipation in the structure as
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Ejiss = mhaT(D§o(0)e,” + Di1(0)e,”) (4)

The 4™ order dependence of dissipation on strain ampli-
tude, as shown in eqn (4), is due to strain dependence of the
PMGPs. Later in this study, eqn (4) will be used to compare the
frequency and amplitude scaling obtained from MD results.

In the case of flexural deformation, the space dependent
strain field, as discussed in Section II A, is given by e(x,t) = &
«(x)’sin(Q¢)*>. The strain dependent PMGPs can then be
expressed as y; = v{ + yie(x,t). The dissipation, which is
a function of both position and ¢ in this case, is obtained as
Df(x,0) = hksT(Dho(0)a* (X)e + D51 (0)a®(x)ef® + Dyq(0)a®(x)ec)/Lo.
Here, the 6 dependent terms are

Dh(0) = (AYO)Q(

0 s
2 4"'16 2 4
1 + 206> + 646 1 +206° + 644

0 g’
D, (6) = (Ay"Ay' ( +16 )
w0 = YA (S T T 0 T e

5 0 17 0’
D', (6) = (Ay")? (- - )
@ =) T 207 v oar T F 15207 T 647
The total dissipation in the structure Eaissa is obtained by
integrating D(x,Q) over the length L. Ef; is given by

3t St
E'.  =mkyT|——D (0)4.* DI (0)4.5
diss Tk <32L04 OO( ) z + 128L06 01( ) z
3578
+ MDgl(ﬂ)Azg) (5)

Eqn (5) shows that due to geometric nonlinearity, dissipation
during flexure mode of vibration has atleast 4™ and higher
order dependence in the amplitude of transverse motion. This
expression will be used later to estimate dissipation in the
flexure case and compare with MD results.

[1l. Methods

A. Simulation setup

A single layer of MoS, includes three atomic layers in which
a layer of Mo atoms is sandwiched between two layers of S
atoms. This geometry (Fig. 1) is initialized and MD simulations
are carried out using LAMMPS.*" All visualizations are done
using VMD.** In our MD simulations, the interactions between
the Mo-Mo, Mo-S and S-S are modeled using the Stillinger-
Weber potential.* The time step of integration is set to 1 fs for
all the simulations. The plane of MoS, is considered to be along
the x—y plane with thickness along the z direction.

First, a MoS, sheet, of dimension 56.16 A along the x direc-
tion and 64.86 A along the y direction is considered. The sheet is
subjected to 5% in-plane pre-straining to prevent any warping
or buckling. This is done by scaling the x and the y coordinates
of the atoms in the 2D sheet. The pre-stretched sheet is
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equilibrated to 300 K for 2 ns using Nosé-Hoover thermostat**
with a time constant of 0.1 ps. After equilibration, the structure
is further evolved for 2 ns under microcanonical ensemble (with
out any thermostat) and atomic trajectories are dumped every
20 fs. The atomic trajectories are used to calculate the PMGPs
and energy relaxation time of MoS, at 300 K.

In order to calculate dissipation under axial mode, the
simulation box is deformed along the x direction about its
center-of-mass at a given frequency and strain amplitude
(shown in Fig. 1a). The structure is evolved under micro-
canonical ensemble for 100 periods of deformation. The
average change of internal energy over the periods of defor-
mation gives a measure of intrinsic dissipation. In the current
study, the axial deformation is carried out at frequencies
ranging from 5 GHz to 50 GHz at 2% strain amplitude. Dissi-
pation is calculated for strain amplitudes ranging from 1% to
3.5% at 10 GHz.

For the flexural mode of deformation, a MoS, structure of
length 65.68 A along x direction and 65.01 A along y direction is
considered. The total force on the atoms inside a strip of 5.49 A
at each end along the x direction is set to zero which acts as
clamped boundary condition (shown in Fig. 1b). The rest of the
atoms are subjected to periodic forcing in the z direction. In our
simulations, the forcing frequency is set to 10 GHz and the force
applied on each Mo atom of the MoS, sheet is varied from
0.035 eV A™! to 0.046 eV A~'. The system is evolved under
microcanonical ensemble for 100 periods of deformation in
order to calculate dissipation.

B. Modal analysis

We perform modal analysis in order to implement the phonon
grouping technique and estimate the timescale of energy
relaxation. The mode shapes for modal analysis can be obtained
using different methods.*® We compute the mode shapes using
the results from continuum theory. We, then, use the atomic
trajectories from equilibrium MD simulations and FFT tech-
nique to calculate the modal frequencies and their dependence
on in-plane straining.

The allowable in-plane wave vectors can be represented as
> 2mm, 2nm

k= & + B—éy. Here m and n refer to the mode number or
0 0

order which takes positive integral values. L, and B, are the

lengths of the MoS, sheet in the x and y direction

with corresponding unit vectors é, and é, respectively.

Using linearized membrane theory, the mode shape corre-

sponding to a wave vector k can be expressed as ¢(F) =
P exp(jk-7,), where P is the polarization vector and Fy = xoé, +
Yoéy, + Zoé; is the mean position vector of the atom.
We denote the velocity of the atoms in x, y and z directions
as vy, v, and v,. The out-of-plane modal velocities are

then given by V"= Cszp[cos(am‘n) +j sin(emn)],
P
2 o2 4 . ..
where ap, = m+ﬂ and C is the normalizing

Lo By
factor. p sums over all the atoms in the structure. The
in-plane modal velocities can be approximated as

This journal is © The Royal Society of Chemistry 2017
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Vig™" = Cvap[cos(am,n)—i— J sin(ap,)] and Viy™" =C Zvyp
p 2
[cos(am,) +J sin(am,)]. Using the atomic velocities from MD,
the time series of V,"""(¢), Viy™"(£), Vi,,™"(¢) can be computed for
different values of m and n. By taking FFT of the auto-correlation
of these time series data, the frequencies ™" for different modes
can be resolved. If the structure is plane strained along the x

direction, these frequencies are subject to change. The PMGPs
mn __ ., mn

1 w
- A . Here, the

Ae wo™"
subscript 0 and Ae represent the reference and the strained
configuration, respectively. The frequencies w,,”" can be calcu-
lated for different values of Ae in order to obtain strain depen-
dence of the PMGPs. The PMGPs, then, can be used to perform
the phonon grouping.

can be estimated*® as y™" = —

V. Results and discussions
A. PMGP and relaxation time

We consider few lower order modes (long wavelength) and
calculate the out-of-plane PMGPs (,,) and in-plane PMGPS (Y;.x,
7iy) at different magnitude of uniaxial strain. The plot of
PMGPs versus strain is shown in Fig. 2. The PMGPs are found to
be strain dependent and can be approximated to vary linearly
with strain. Similar behavior has been observed for strained
monolayer graphene using first principles calculations. It has
been shown that under large uniaxial strain, the shifts of the
split G mode frequencies depend significantly on the magni-
tude of the strain.*® Also, the out-of-plane PMGPs are found to
be negative and of higher magnitude than in-plane PMGPs
(compare Fig. 2¢ with Fig. 2a and b). This behavior of out-of-
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plane phonon modes have been addressed in our previous
study on graphene nanoribbon.” From the relation of strain
coupling of modal energies (0E/dt ~ dT/dt ~ —yE¢), we can say
that the out-of-plane modes will undergo high positive change
in temperature with tensile strain. These modes therefore,
primarily constitute the ‘hot” phonon group. By similar
reasoning, looking at the in-plane PMGPs in Fig. 2a and b, we
can classify them as the ‘cold’ phonon group. Hence, the
relaxation process will involve energy exchange between out-of-
plane and in-plane modes.

The time scale of relaxation during the non-equilibrium
process can be estimated from the energy fluctuations at equi-
librium.*® In this case, fluctuations in total energy of all the out-
of-plane modes should be considered. For ease of computation,
we deal with the kinetic part of the total energy. Its auto-
correlation follows the same decaying behavior as the total
energy, but is oscillatory in nature. The total kinetic energy Ex of
all the out-of-plane modes can be related to the z component of

the kinetic energy of each atom as Z%mpvzpz, where p sums
p
over all the atoms. Ex(t) is calculated using the atomic trajec-
tories from equilibrium MD simulations for a time length of 2
ns. The normalized auto-correlation of the fluctuations in Ex(t)
(0B (t)0Ek(0))
((0Ex(0))*)
— (Ex(?)). The envelope of R(¢) displays an exponential decay as
shown by the solid line in Fig. 3. The timescale of decay, which
indicates the energy relaxation time 7y, can be calculated as

can be computed as R(t) = where 0Ey(t) = Ex(t)

©

Tph = J dt|er(t)], where ex(t) is the envelope of R(¢). In this case
0

Tph, 18 estimated to be 5.24 ps. The 1y, thus extracted from the

—. 04

Yi-y(€

1.0 1.5 2.0 25 3.0 3.5

€axial (%)

(a)

1.0 1.5 2.0 25 3.0 3.5

€axial (%)

(b)

1.0 1.5 2.0

25 3.0 3.5

€axial (%)

(©)

Fig.2 Variation of phonon mode Gruneisen parameters (PMGPs) with axial strain for (a) in-plane modes along the x direction, (b) in-plane modes

along the y direction and (c) out-of-plane modes. In the legend, (m,n) indicate the order of the mode.

This journal is © The Royal Society of Chemistry 2017
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Rt

30
Time (ps)

40 50 60

Fig. 3 Decay of R(t) with time. The data points corresponding to R(t)
are shown by red circles. The solid line is the envelope of R(t) i.e. eg(t).
egp(t) is obtained by joining the local peaks of the data points with
straight lines.

equilibrium MD simulations, serves as direct input to our
dissipation model.

B. Scaling of dissipation

The frequency scaling of dissipation under axial mode of
deformation obtained from MD is shown in Fig. 4a. In this case,
ea = 0.02 and L, = 56.18 A. The Lorentzian nature of the
dissipation curve follows directly from the functional form in
eqn (4). Using 7,1, as 5.24 ps, a least-square fitting of eqn (4) is

View Article Online
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performed with the dissipation response. The material param-
eters, thus evaluated, are |Ay°| = 0.58 and |Ay'| = 42.39. Note
that |Ay°| and |Ay'| here, denote the difference in constant and
strain-dependent part of the average PMGPs of out-of-plane
(‘hot’ phonon group) and in-plane (‘cold’ phonon group)
modes. Thereby, we have the complete set of parameters
required for our dissipation models.

We, now, try to validate our model for the axial case by
comparing the scaling of dissipation with strain amplitude. At
Q = 10 GHz, for ¢, varying from 1.5% to 3.5%, dissipation ob-
tained using our model (eqn (4)) is in good agreement with the
MD results. The comparison is shown in Fig. 4b. The 2" term in
eqn (4), which is 4™ order in &, is the nonlinear damping term.
At higher strain amplitudes (say ¢, = 3%), a significant part of
the total dissipation (~55%) is due to nonlinear damping. From
eqn (4), it is evident that the relative importance of nonlinear
damping depends on |Ay'e,|. For the cases where |Ay'e,| >
|AY°|, the dissipation will be essentially nonlinear.

We, now, look at flexural deformation. Under transverse
loading, the deformation profile can be approximated by the
fundamental flexural mode and is fitted with A, sin(mx/L,) for
A,, where L, = 54.56 A. 4, increases linearly with the forcing
magnitude as shown in Fig. 5a. In the flexure case, A, = 4.47 A
for the maximum forcing considered, which corresponds to
a strain amplitude ¢ = 3.3% close to the edges (x = 0). Taking
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correspond to results from MD simulation. The black solid line is the curve-fit using eqn (4). (b) Scaling of dissipation with amplitude of axial strain
at 10 GHz. The red circles with error bars correspond to the MD results. The black solid line is the dissipation estimated using eqn (4) as a function

of strain.
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pre-strain into account, the final state of strain in the structure
at any instant is well below the maximum intrinsic strain limit
for MoS,."”” Using MD, net dissipation for the structure is ob-
tained for different forcing amplitude at 10 GHz. The plot of
dissipation versus A, is shown in Fig. 5b. Inserting the set of
previously evaluated parameters in our model for the flexure
case (eqn (5)), the estimated dissipation compares well with
those obtained from the MD simulation. The lowest order
nonlinearity (1° term) in eqn (5) is solely due to the geometric
effect which arises from coupling of out-of-plane motion and in-
plane stretching. While the last two terms in eqn (5) has the
effect of both material and geometric nonlinearity. To get an
idea, for flexural deformation with a transverse force which
corresponds to A, = 4 A, the percentage contributions of the 1%,
274 and 3™ term to total dissipation are ~29.5%, ~47.6%,
~22.8% respectively. The closed form expression for the flexure
case shows some interesting behavior. For example, for cases
when Ay°Ay' < 0, the 2™ term in eqn (5) has a negative
contribution to the total dissipation. Thus, for those cases
where the 2™ term is relatively important and negative, it can
lead to decrease in dissipation with the increase in 4,. It would
be useful to identify the cases where this holds true and use it
for designing high quality factor nonlinear resonator.

V. Conclusions

We have studied the microscopic mechanism behind intrinsic
dissipation of single layer MoS,. Based on the mechanism, we
proposed dissipation models to quantify dissipation under the
axial and flexure mode of deformation. We have isolated two
factors that renders the dissipation nonlinear: (i) strain
dependence of phonon mode Griineisen (PMGP) and (ii)
geometric effect. The later is manifested in the case of flexure
deformation because of the coupling between out-of-plane
motion and in-plane stretching of MoS,. Our model, which
accounts for these factors, can quantify the net dissipation in
the flexure case with good accuracy. The developed analytical
expressions can be used to engineer high quality factor nano-
resonators that operate in the nonlinear regime.
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