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ABSTRACT: Resonant nanomechanical systems find numerous
sensing applications both in the vacuum and in the fluid envi-
ronment but their performance is degraded by different dissipa-
tion mechanisms. In this work, we study dissipation mechanisms
associated with high frequency axial excitation of a single-walled
carbon nanotube (CNT) filled with argon, which is a represen-
tative fluid coupled resonator system. By performing molecular
dynamics simulations, we identify two dissipative processes asso-
ciated with the axial excitation of the resonator: (i) perturbation
of the resonator phonons and their relaxation and (ii) oscillatory
fluid flow developed by the resonator motion. Dissipation due to
the first process, a form of “intrinsic” dissipation, is found to be
governed by the Akhiezer mechanism and is verified for an empty CNT in vacuum. To estimate the dissipation due to the
second process, which is the conventional “fluid” dissipation, we formulate an approach based on the response of the
hydrodynamic force on the resonator. Our analysis of the coupled system reveals that phonon relaxations associated with
the Akhiezer dissipation are significantly modified in the presence of fluidic interactions, which have been ignored in all
previous dissipation studies of fluid-resonator systems. We show that an important consequence of this phonon-fluid
interaction is inverse scaling of dissipation with density at low excitation frequencies.
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Structures with nanometer dimension have revolutionized
the realm of ultrasensitive sensing and precision measure-
ments over the past decade.1 Sensors based on nano-

wires2 and nanotubes3,4 with unparalleled sensitivity have
already been demonstrated in chemical and biological sensing
applications. While in some cases, the sensing is based on the
change in the electrical conductance of the nanostructure with
surface adsorption of charged molecules,5,6 a more popular
approach is to utilize the resonant mechanical motion of the
nanostructure.7 In the latter case, the principle behind inertial
mass detection is based on the shift in resonant frequency due
to adsorption of the atomic species on the surface of the reso-
nator.3,8 Central to the sensitivity of these resonant nano-
mechanical systems is dissipation which limits the performance.
For instance, a low dissipation ensures better resolution of
frequency shift during mass sensing. Various nanoresonators
exhibit considerably high quality factor at room temperature
when operated in vacuum.7,9−11 However, many practical appli-
cations, like real-time nanoresonator-based mass spectroscopy,
demand masses of analytes to be detected from a liquid envi-
ronment.12,13 In such cases, viscous drag by the fluid medium is
expected to degrade the quality factor of the resonator. The
dissipation mechanisms, like thermoelastic damping (TED),14

Akhiezer damping,15,16 surface, and defect mediated losses,17

are intrinsic to the material and geometry of the resonator.
While intrinsic dissipation plays a major role in vacuum operat-
ing condition, fluid damping, which acts as a source of extrinsic
dissipation, becomes equally important or even more dominant
when the resonator is coupled with a fluid medium. High fre-
quency nanofluidic experiments, carried out to characterize the
fluid flow and dissipation due to vibrating resonators in a gas-
filled chamber have revealed that the presence of “surrounding”
fluid increases the dissipation of the resonator by manifolds.
This, being detrimental to the resonator sensitivity, a novel
strategy has been employed to measure the mass of the analytes
from the liquid. Confining the liquid with bound mass in a
fluidic channel “inside” the resonator surrounded by vacuum18

has demonstrated measurements with femtogram to attogram
sensitivity due to a drastic reduction in fluid dissipation.19,20 In
all these fluid coupled resonators, the key way to assess the
limits of performance is to understand the individual mecha-
nisms of energy dissipation.
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For a nanomechanical resonator operating at gigahertz fre-
quency at room temperature and isolated in vacuum, phonon-
mediated dissipation is a major source of intrinsic dissipation.15

To explain the underlying dissipation mechanism, different
theories, like TED theory14,21 and Akhiezer theory,16,22,23 are
recently revisited and developed in the context of high fre-
quency resonators. These dissipation mechanisms depend on
different phonon properties, like phonon relaxation time, phonon
Grüneisen parameter, thermal expansion coefficient, phonon
group velocities, etc. The resonator, when coupled with a fluid
medium and driven, develops an oscillating flow-field in the
fluid. Due to the viscous nature of the fluid medium, the flow is
associated with energy loss which is conventionally known as
fluid dissipation (Dflu). Hence, in a fluid coupled resonator
system, the driven resonator continuously loses energy to
phonons and fluids. We denote the net dissipation of any such
system by Dsys. Recently, the study of fluid dissipation in these
systems with nanometer scale resonators drew a lot of atten-
tion. The vibration of resonators of this length-scale involves a
parameter space where continuum theories, like Navier−Stokes,
used to describe the oscillatory fluid dynamics break down.24−26

An indication of this transition is the change in slope of the scaling
of fluid dissipation with pressure or density of the fluid. This
motivated a lot of experiments toward quantifying fluid dissipa-
tion. In most of the experimental studies, the standard way of
calculating Dflu is to subtract the intrinsic dissipation component
from Dsys, i.e., Dflu=Dsys−Dint

v ,26−29 where Dint
v is the intrinsic

dissipation in the structure obtained separately in near vac-
uum condition. This decomposition is only possible under the
assumption that the processes associated with each dissipa-
tion mechanism are independent. Here, we show that, in the
presence of fluid, phonon relaxation times change significantly
from their values in vacuum. This, in turn, modifies the intrinsic
dissipation process and hence Dint

v . We denote the modified
intrinsic dissipation of the structure in the presence of fluid as
Dint

f (such that Dsys=Dint
f +Dflu) and claim that the difference

(ΔDint=Dint
f −Dint

v ) is due to phonon-fluid coupling. It is quite
challenging to quantify this difference, ΔDint, experimentally
and hence it is ignored. However, accounting for ΔDint can be
particularly important when the magnitude of Dflu is comparable
to Dint

f . Here, we rely on extensive molecular dynamics (MD)

simulations to capture the phonon-fluid coupling effect on the
dissipation of a fluid coupled resonator system. By formulating
each dissipation process based on their underlying mechanism,
we explain the rationale behind the coupling and present the
consequences of the coupling effect on net dissipation.
In this study, we consider a single-walled carbon nanotube

(CNT) resonator filled with argon (Ar), both CNT and Ar
equilibrated at 300 K, and study dissipation during the axial
mode of vibration. The stretching under axial mode can ensure
that spatial distribution of strain in the structure is nearly uni-
form. Under this condition, intrinsic dissipation is dominated
by the Akhiezer mechanism. Thus, the simplistic setup offered
by axial mode of vibration provides a scope for a detailed
understanding of the phonon-fluid coupling effect. We describe
different simulation setups considered for computing dissipa-
tion using nonequilibrium MD simulations. In our attempt to
decompose Dsys, we look at the mechanisms behind intrinsic
and fluid dissipation. We ascertain that the intrinsic dissipation
is governed by the Akhiezer mechanism by considering an
empty CNT in vacuum (no fluid). We formulate the dissipa-
tion, Dint

v in terms of the phonon parameters: relaxation time
(τ), Grüneisen parameter (γ). Next, we express the fluid dissipa-
tion during axial excitation of the resonator as the work done
against the hydrodynamic force. In this regard, we propose an
approach based on linear response theory to formulate the fluid
dissipation Dflu, in terms of autocorrelation of equilibrium fluc-
tuations of an observable computed using the hydrodynamic
force. We confirm this approach by considering an Ar filled
CNT system with thermal motions in the CNT frozen (no
phonons). We found that the magnitude of Dint

v is comparable
to Dflu for the system considered in the present study and that
any change, ΔDint, due to fluid coupling becomes important.
For the CNT with confined Ar, we recompute the phonon
relaxation times and notice significant reduction of their values
for the low frequency phonon modes. We use the modified
relaxation times to calculate Dint

f . We also found that an increase
in the density of Ar inside CNT strengthens the coupling
between phonons and fluid. We show the consequence of the
coupling on the scaling of overall dissipation with density.

Figure 1. Simulation setup for the molecular dynamics (MD) study. (a) An argon (red spheres) filled single-walled carbon nanotube system
with a sheet of monolayer graphene on each end. The carbon atoms, which are kept frozen during the simulation, are represented in black.
(b) The linear growth of energy of the system with the periods of excitation during nonequilibrium molecular dynamics simulation. The rate
of change in energy gives dissipation. (c) A single-walled carbon nanotube in vacuum. (d) An argon (red spheres) filled carbon nanotube
system with all the carbon atoms frozen.
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RESULTS AND DISCUSSION

Our system (sys) composed of Ar atoms inside a CNT and
two graphene layers is shown in Figure 1a. The CNT and the
graphene layers constitute the wall which confines the fluid, Ar.
We perform nonequilibrium molecular dynamics (NEMD)
simulations to compute dissipation, Dsys in the system under
axial excitation. The dissipation can be calculated from the change
in averaged total energy of the system (shown in Figure 1b)
during the NEMD simulations. We present the dissipation results
in terms of a nondimensional quantity called inverse quality
factor, Q−1, which is defined as Q−1 = D/(2πEsto). Here, D is
the energy dissipated and Esto is the maximum energy stored in
the system over a period of excitation. The density of Ar in the
coupled system is quantified by a dimensionless number ρ* =
Nσ3/πr2l, where N is the number of Ar atoms inside the CNT,
σ is the LJ diameter of Ar, r is the radius of the CNT, and l is
the length of the CNT. To elucidate the different dissipation
mechanisms, we consider two additional setups. The first setup
(case I) is an isolated CNT at 300 K in vacuum (v) as displayed
in Figure 1c. The dissipation estimated for this system is the
intrinsic dissipation, Dint

v due to phonon perturbation and relax-
ation in the CNT. As the second setup (case II), we consider
our original system (sys) but the thermal motions in the CNT
are frozen (shown in Figure 1d). For more details on each setup
and the simulation methodology, refer to the Methods Section.
Dissipation in the Coupled System. The left panel of

Figure 2 shows the dissipation response of the coupled system

(shown in Figure 1a) due to axial excitation at different
frequencies for ρ*=0.34. The particular choice of frequencies
ensures that the time scale of deformation is in the order of
lifetimes of the phonons, which is few picoseconds for a CNT.
This is a necessary condition for the mechanical deformation
to interact with the phonons and result in phonon mediated
dissipation. Also, keeping the maximum excitation frequency
well below the fundamental frequency of axial vibration of the
CNT can simplify the strain field in the structure to be spa-
tially uniform.16,22 For all our cases, the strain amplitude is
approximately 2%. Though dissipation increases monotonically
in general, its dependence on a particular frequency is governed
by the time scales associated with underlying dissipation mech-
anisms. The time scales depend on the self-and cross inter-
action between each entity constituting the system, i.e., phonons

and fluids. Here, we change the amount of Ar inside CNT to
manipulate the phonon-fluid coupling and consequently the
time scales. The right panel of Figure 2 shows the effect of scal-
ing density, ρ*, on dissipation of the coupled system at three
different frequencies. At lower frequencies, i.e., 5 and 12.5 GHz,
dissipation reduces with increasing density whereas at higher
frequency, i.e., 25 GHz, the dissipation scales nonmonotoni-
cally. The system with ρ* = 0 corresponds to the isolated CNT
in vacuum. The dissipation, in this case, is due to an intrinsic
damping mechanism which is mediated by phonons. With the
introduction of fluid in the system, another mechanism that
results in fluid damping starts playing a role. Thus, one should
expect to observe an increase in dissipation with the density
of Ar. An inverse scaling of dissipation with density at lower
frequencies indicates that some process associated with the
intrinsic dissipation mechanism is influenced by the presence of
fluid. We elucidate this by analyzing the mechanism of intrinsic
dissipation in detail. We also shed some light on the origin of
the nonmonotonic behavior of dissipation scaling with density
at higher frequencies.
To understand the intrinsic dissipation mechanism, we start

with an empty CNT in vacuum (case I, shown in Figure 1c).
We first describe the phonon related processes that accompany
the axial excitation of the CNT and formulate an expression for
intrinsic dissipation. Then, we present the results of dissipation
during axial excitation estimated using NEMD simulation and
validate our formulation.

Intrinsic Dissipation in Empty CNT. An empty CNT at
temperature T has phonon modes of different frequencies, ωi.
In thermal equilibrium, these phonon modes share equal energy,
Ei=kBT, where kB is the Boltzmann constant. Any strain field, ϵ
generated in the structure during mechanical excitation process
can perturb the energy of the phonon modes by modulating
their frequencies. This thermo-mechanical coupling is quanti-

fied by the Grüneisen parameter defined as γ = −
ω

ω∂
∂ϵi

1

i

i . The

rate of frequency modulation of the phonon modes depends
on the excitation frequency, Ω. When (Ω≪ ωi), the ratio Ei/ωi
is an adiabatic invariant.35 Using this, the rate of change of
phonon energies can be related to a time-varying strain field

as36 γ= − ϵ̇∂
∂ E t( )E

t i i
i . Here, ϵ(t) can be regarded as ϵ0sin(Ωt)

where ϵ0 is the strain amplitude. Thus, the strain-field due to
excitation process disturbs the equilibrium condition (Ei = kBT)
for phonons. The phonons try to retain the equilibrium by
exchanging energies with other phonons. This process is termed
as relaxation process. The phonon relaxation process is possible
because different phonon modes are coupled anharmonically.
Under a single relaxation time approximation,37 the relaxation

process can be expressed as = −
τ

∂
∂

− ̅E
t

E Ei i

i
, where τi is the relax-

ation time of the phonon and E̅ is the mean energy of the
phonon ensemble. The energy dissipation associated with this
whole process is termed as Akhiezer dissipation. The approxi-
mate analytical form for Akhiezer dissipation for a system of N
phonons is given by36

∑ π γ
τ

τ
= Δ

Ω
+ Ω

ϵ
=

D k T
1i

N

i
i

i
Akh

1
B

2
2 2 0

2

(1)

Here, Δγi = γi−γ ̅ where γ ̅ is the mean Grüneisen parameter
of the phonon ensemble and ϵ0 is the strain amplitude. The
mechanism of intrinsic dissipation described above is complete
under the condition of spatially uniform strain in the structure.

Figure 2. Left: Scaling of the inverse quality factor, Q−1 with
frequency of periodic excitation, Ω. The reduced density, ρ* of the
confined argon is 0.34. Right: Scaling of the inverse quality factor
with density of filled argon at different excitation frequencies.
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In order to quantify the formulated Akhiezer dissipation in
empty CNT, we compute γi and τi for the phonon modes using
real space quasiharmonic method38 and equilibrium molecular
dynamics (EMD) trajectories.37 The analytical form of the Tersoff
potential is used to construct the stiffness matrix in the qua-
siharmonic method. The eigenvectors and eigenvalues of the
stiffness matrix give the phonon mode shapes and the cor-
responding frequencies. From the trajectories, the atomic dis-
placements and velocities of the CNT are projected on the
mode shapes to get modal displacements and velocities, {Ai(t),
Ȧi(t)}. The modal energy fluctuation in time is calculated as

δEi(t) = Ei(t) − ⟨Ei⟩ where ω= ̇ +E t A t A t( ) ( ) ( )i i i i
1
2

2 1
2

2 2 and

⟨Ei⟩ is the mean of Ei(t) over time. Taking autocorrelation of
energy fluctuations, relaxation time of each mode is calculated

as39 ∫τ = δ δ
δ

∞ ⟨ ⟩
⟨ ⟩i

E E t
E0

(0) ( )i i

i
2 . Physically, this is the time taken by a

phonon mode to equilibrate after a small perturbation in its
energy. For the γi’s, the stiffness matrix is first differentiated
with respect to strain and its eigenvalues, λi are calculated.
These eigenvalues are related to γi as λi = −2ωi

2γi. γi and τi thus
calculated for the case of an empty CNT at 300 K are shown in
Figure 3a and b. We use these values to compute Akhiezer
dissipation using eq 1 and compare with NEMD results.
The NEMD simulation for the empty CNT (case I) is car-

ried out in the frequency range 2.5 to 16 GHz at 2% strain
amplitude. The highest frequency considered is much less than
the fundamental frequency of axial vibration of the CNT which
is ∼1 THz. This ensures strain uniformity. Figure 3c shows the
dissipation response for the empty CNT case. Plugging in the
γi’s and τi’s into eq 1, dissipation is calculated and is found
to compare well with the NEMD results. The comparison is
shown in Figure 3c. This ascertains that the principle behind
intrinsic dissipation, Dint

v is Akhiezer mechanism. One should
note that each term in the dissipation expression (eq 1) has a
Lorentzian form which is a function of the metric Ωτi. The
value of the metric governs the frequency dependence of dis-
sipation by each phonon. For any phonon mode i, its dissipa-
tion contribution is maximum when Ωτi ≈ 1. Also, in the case
of empty CNT in vacuum, energy relaxation of a phonon takes
place due to interactions with other phonons in the CNT.
Next, we address how fluid dissipates energy during axial

excitation of the CNT filled with Ar. The driven motion of the
resonator generates an oscillating flow field in the fluid. Since fluid

is a viscous medium, it dissipates energy during the flow. The
dissipated energy can be calculated from the work done by the
resonator during its axial motion against the hydrodynamic
force.40,41 The idea is described in this section and is extended
using linear response theory to formulate fluid dissipation in
terms of equilibrium fluctuations of an observable computed
using the hydrodynamic force. We also validate the formulation
with NEMD results.

Fluid Dissipation. The macroscopic axial motion (along
the z direction) of any wall atom, j, during the process of
uniform axial straining can be expressed as wj(t) = zj

0ϵ(t), where
zj
0 is the mean z coordinate of the wall atom. Due to wall−fluid
interaction, the wall atoms experience a hydrodynamic force
during the excitation process, which can be represented by
Fj(t). This leads to a change in energy of the system, Esys with
time which can be written as

∑
∂
∂

= − ̇
E

t
w t F t( ) ( )

j
j j

sys

flu neq (2)

Since hydrodynamic force from the fluid is responsible for
the change in energy, the subscript “flu” is used. Also, the term
on the right is regarded as an ensemble average during the
excitation process, which is a nonequilibrium (“neq”) condi-
tion. This term can be manipulated and expressed as a product of
an explicitly time-dependent function, ϵ(̇t), and an observable,
Wf(t), as

∂
∂

= −⟨ ⟩ ϵ̇
E

t
W t t( ) ( )f

sys

flu
neq

(3)

where ⟨Wf(t)⟩neq = ⟨∑j zj
0Fj(t)⟩neq. ⟨Wf(t)⟩neq is, in general,

dependent on the excitation frequency. Computing ⟨Wf(t)⟩neq
directly from NEMD simulation for each excitation frequency is
expensive. A more efficient approach for estimating ⟨Wf(t)⟩neq
is to use linear response theory (LRT).42 According to LRT,
the response of a system initially at thermal equilibrium, to a
small perturbation by any external parameter can be predicted
from the thermal fluctuations of the system at equilibrium.
For instance, ensemble average of any physical observable B
of the system at the perturbed nonequilibrium state can be
expressed as the convolution of the external parameter, λ(t) and

Figure 3. For the empty CNT in vacuum (Figure 1c), (a) relaxation time and (b) Gru ̈neisen parameter vs frequency of the phonons,
(c) scaling of the inverse quality factor, Q−1 with frequency of axial excitation, Ω where the red squares with error bars are the data points
obtained from NEMD simulations and the black solid line is the estimate from Akhiezer dissipation formulation (eq 1).
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an “after-effect” function, χAB, as
43,44

∫ χ λ⟨Δ ⟩ = ′ − ′ ′
−∞

∞
B t dt t t t( ) ( ) ( )AB (4)

Here, ⟨ΔB(t)⟩ = ⟨B(t)⟩neq − ⟨B(t)⟩eq where ⟨.⟩neq and ⟨.⟩eq
denote the ensemble average taken in the nonequilibrium and
equilibrium state, respectively. A is the internal variable con-
jugate to λ and is related to the Hamiltonian of the system
is λ= −H t H t A( ) ( )0 . Since the response is causal, χAB is non-
zero only when t > t′. χAB can be expressed in terms of time
correlation of the equilibrium fluctuations in A and B as

χ β δ δ= − >
= ≤

t A B t t

t

( ) (0) ( ) for 0

0 for 0
AB

d
dt eq

(5)

Here, β = (kBT)
−1. δA = A − ⟨A⟩eq and δB = B − ⟨B⟩eq are

thermal fluctuations in variables A and B, respectively.
In the present case of the resonator system, the external

parameter λ(t) is the time-dependent strain field ϵ(t) and its
conjugate internal variable A is Wf = ∑jzj

0Fj. The observable
of interest B is also Wf. Thus, the response of ⟨ΔWf(t)⟩ to the
perturbation ϵ(t) can be written as

∫ χ⟨Δ ⟩ = ′ − ′ ϵ ′
−∞

W t dt t t t( ) ( ) ( )f

t

W Wf f (6)

where χWfWf
is obtained by substituting A and B withWf in eq 5.

For a periodic strain field ϵ(t) of form ϵ0sin(Ωt), eq 3 along
with eq 6 can be used to calculate the fluid dissipation over a
time period T (=2π/Ω) as

∫

∫

∫ ∑ ∑

πβ δ δ

πβ δ δ

=
∂
∂

= Ωϵ ⟨ ⟩ Ω

≡ Ωϵ Ω

∞

∞ ( )( )

D dt
E

t

dt W W t t

dt z F z F t t

(0) ( ) cos( )

(0) ( ) cos( )

T

f f

j j j j j j

flu
0

sys

flu

0
2

0
eq

0
2

0

0 0

eq (7)

From here on, we denote δ δ∑ ∑( )( )z F z F t(0) ( )j j j j j j
0 0

eq
by t( )W Wf f

. To demonstrate the validity of this formulation,

we consider the case of CNT with thermal motions frozen

(case II, shown in Figure 1d). Using the hydrodynamic force
on the wall atoms, Fj from EMD simulations, we calculate Wf.
We, then, compute t( )W Wf f

and average it over 10 ensembles.

The plot of t( )W Wf f
for different densities of filled Ar is shown

in Figure 4a. Using eq 7, t( )W Wf f
can be used to calculate Dflu

at each density for different excitation frequencies. To estimate
Dflu using NEMD simulation, we artificially impose the
macroscopic motion of the wall atoms as wj(t) = zj

0ϵ0sin(Ωt).
Since the thermal motion of all the wall atoms is completely
frozen, the dissipation in the system is solely fluid dissipation.
For ρ*=0.34, the frequency response of the dissipation from
NEMD simulation is shown in Figure 4b. It is in good agree-
ment with Dflu estimated from eq 7 using LRT. For the density
scaling of fluid dissipation, the LRT estimates are again found
to agree well with NEMD results for different excitation fre-
quencies as shown in Figure 4c. From these results, we can
conclude that eq 7, obtained using LRT, provides a good
estimate of fluid dissipation.
The magnitude of fluid dissipation (Figure 4b) is found to be

of the same order as the intrinsic dissipation of the resonator in
vacuum (Figure 3c). The comparatively low fluid dissipation
can be a consequence of the confinement of the fluid inside the
resonator. Previous experimental studies18−20 on microfluidic
channel based resonators have demonstrated a drastic reduction
in fluid dissipation due to fluid confinement compared to a fluid
exterior case. However, the extremely low magnitude of fluid
dissipation in the present case could involve additional effects
of nanoscale confinement like interfacial slip, anisotropic vis-
cosity,45 etc. These effects are incorporated in the hydro-
dynamic response of the fluid obtained directly from MD.
At low excitation frequencies, i.e., 5 and 12 GHz, the fluid
dissipation increases with the increase in density. At higher
excitation frequency, the fluid dissipation scales nonmonotoni-
cally with density. The difference in scaling behavior at low and
high frequency regimes can be attributed to the finite time scale
of relaxation25 of the response of the hydrodynamic force (as
can be seen from Figure 4a). Similar effects have been inter-
preted previously in terms of frequency dependent slip
lengths.46 In general, increase in density leads to increase in
viscosity in the hydrodynamic limit (Ω → 0). This explains the

Figure 4. For the fluid coupled resonator system with frozen carbon atoms (Figure 1d), (a) t( )W Wf f
vs time at different densities of filled Ar

obtained from equilibrium molecular dynamics (EMD) simulations, (b) scaling of inverse quality factor, Q−1 with frequency of axial
excitation, Ω at reduced density, ρ*= 0.34, (c) scaling of inverse quality factor with density of filled argon at different excitation frequencies.
In (b) and (c), the markers with error bars are the data points obtained from NEMD simulations and the solid lines are the estimates from
fluid dissipation formulation (eq 7).
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increase in fluid dissipation with density at lower excitation fre-
quencies. But, at higher frequencies, the time scale of the response
of the fluid becomes comparable to the period of excitation and
this could manifest in a different scaling of viscous dissipation.
Now we turn to the coupled system (with both CNT and Ar

at 300 K) and look at the total dissipation in terms of fluid and
Akhiezer contribution. In the process, we elucidate the effect of
phonon-fluid interaction to each dissipation mechanism.
Phonon-Fluid Interaction. To estimate the fluid dissipa-

tion contribution for the coupled system, we first compute
t( )W Wf f
. The plot of t( )W Wf f

with time at different densities

of filled Ar is shown in Figure 5b. The initial value, i.e., (0)W Wf f

at different densities is found to differ slightly from case II. It
should be noted that in case of the coupled system, thermal
vibration of the carbon atoms in the CNT is present which was
frozen in case II. The coherent motion of the CNT atoms
(phonons) affect the dynamics of adjacent fluid atoms. This
effect is captured while computing the scaled correlation of the
forces Fj on the wall atoms using eq 3 and accounts for the
difference in (0)W Wf f

.

The intrinsic dissipation due to Akhiezer mechanism depends
on two phonon parameters: γ and τ. Out of these two parameters,

τ is more susceptible to fluidic interaction. In the absence of
fluid, the phonons in the CNT share energy only with other
phonons via phonon−phonon scattering. Fluid presents an
additional channel to the phonons to share their energy via
phonon-fluid scattering.47 As a result, any perturbation in phonon
energies relaxes faster in the presence of fluid coupling. This is
revealed by recalculating the phonon relaxation times, τi’s for
the fluid coupled resonator system. To do so, we use the atomic
trajectories of the CNT obtained from EMD simulation of the
coupled system. The trajectories incorporate the effect of non-
bonded interactions from the fluid atoms. These trajectories are
used to calculate the energy fluctuation of each phonon mode.
τi for each mode calculated from autocorrelation of these
fluctuations is shown in Figure 5a. This corresponds to the case
with ρ* = 0.34. When compared to τi’s of an empty CNT, it is
found that there is a significant reduction in relaxation times of
low-frequency phonons. Some studies have shown similar coupl-
ing of low-frequency phonons of the CNT with surrounding Ar
matrix31 and confined water.48 The coupling manifested into
faster relaxation of thermal energy of the phonons31 and reduc-
tion in thermal conductivity,48 respectively.
We analyze the frequency scaling of total dissipation in

terms of these individual dissipation mechanisms for ρ* = 0.34.

Figure 5. (a) A comparison of phonon relaxation times for the CNT filled with Ar (Figure 1a) at density, ρ*= 0.34 with that of the empty CNT
in vacuum (Figure 1c). (b) A comparison of t( )W Wf f

computed for the Ar filled CNT with phonons (Figure 1a) and Ar filled CNT with

carbon atoms frozen (Figure 1d) shown with solid and dashed lines, respectively. (c and d) Scaling of (c) dissipation and (d) damping time in
the Ar filled CNT system with the frequency of excitation, Ω. The markers with error bars are the data points for net dissipation (c) and
damping time (d) obtained from NEMD simulations. The green and the blue solid lines are the intrinsic dissipation and fluid dissipation
contributions, respectively in (c), and the damping time due to intrinsic and fluidic contributions, respectively in (d). The combined effect of
each contribution, represented by black solid line is compared to the NEMD results. In (d), (τD)comb=[(τD

−1)int
f +(τD

−1)flu]
−1.

ACS Nano Article

DOI: 10.1021/acsnano.7b06469
ACS Nano 2018, 12, 368−377

373

http://dx.doi.org/10.1021/acsnano.7b06469


Using t( )W Wf f
computed for ρ* = 0.34 in eq 7, the fluid

dissipation component is estimated as a function of excitation
frequencies, Ω. To estimate the Akhiezer contribution, we plug
in the τi for each phonon computed for the coupled system in
eq 1 which gives us Dint

f . Figure 5c shows the net dissipation
and the dissipation contribution by each component. The sum
of the contributions compares well with the net dissipation of
the system obtained using NEMD. Each component of dis-
sipation will govern a decay time, τD, of any initial axial excita-
tion of the system. τD can be defined as τD = 2Q/Ω. Figure 5d
shows the decay time due to each dissipative component along
with the decay time due to their combined effect. It can be seen
from the plots in Figure 5c and d that the total dissipation in
the system is primarily due to the Akhiezer mechanism at lower
excitation frequencies. As we gradually move to higher excita-
tion frequencies, fluid dissipation starts playing a role. Since
Akhiezer dissipation plays a dominant role and is a function of
the metric Ωτi, any change in the τi by modifying the density of
filled Ar will manifest in the total dissipation in the system.
In the next section, we attempt to analyze the effect of density
of the confined fluid on individual dissipation mechanisms.
Density Scaling of Dissipation. We use t( )W Wf f

com-

puted at different fluid densities to estimate the fluid dissipation
component. The scaling of the fluid dissipation with density at
three different excitation frequencies is shown in Figure 6a−c.
At lower excitation frequencies, i.e., 5 GHz (Figure 6a) and

12.5 GHz (Figure 6b), the fluid dissipation increases with increase
in density. Whereas at 25 GHz (Figure 6c) the fluid dissipation
scales nonmonotonically with density. It should be noted that
though the scaling behavior of the fluid dissipation is similar to
case II, the magnitude is quite different due to the difference
in t( )W Wf f

.

By subtracting fluid dissipation from the total dissipation
obtained from NEMD, we can calculate the Akhiezer contrib-
ution. For the 5 GHz case, we calculate the Akhiezer contrib-
ution and fit it with single-relaxation time approximation of
Akhiezer dissipation. Under this approximation, Akhiezer dis-

sipation can be expressed36 π γ= Δ ϵτ
τ

Ω
+ Ω

D k Ts
Akh B s

2
1 ( ) 0

2s

s
2 , where

τs can be interpreted as time scale of collective relaxation of
phonon energies. A least-squares fitting yields values of τs at
different fluid densities. τs is found to decrease with increase in
fluid density as shown in Figure 6d. This can be explained in
terms of increase in fluidic interaction. With the increase in
fluid density, the same number of phonon modes interact with
increased number of fluid atoms. The increased fraction of
fluidic interaction per phonon mode enables faster relaxation of
their energy. The reduction of τs manifests itself in dependence
of Akhiezer dissipation on fluid density at different frequencies.
Using the values of τs, the Akhiezer dissipation is estimated for
12.5 and 25 GHz cases. The sum of Akhiezer and fluid con-
tribution is found to agree well with the NEMD results for total

Figure 6. Scaling of dissipation with density, ρ* in the Ar filled CNT system (Figure 1a) at (a) 5 GHz, (b) 12.5 GHz, and (c) 25 GHz
excitation frequencies. The filled triangles with error bars are the data points for net dissipation obtained from NEMD simulations. The empty
squares and the empty triangles show the intrinsic and the fluid dissipation contributions, respectively, to the net dissipation. (d) Under the
single relaxation time approximation of Akhiezer dissipation, change in relaxation time, τs with the density, ρ* of filled Ar.
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dissipation. At 5 and 12.5 GHz, fluid dissipation has a negligible
contribution and Akhiezer dissipation governs the scaling of
total dissipation with density. At these frequencies, Akhiezer
dissipation decreases with increase in density due to a reduction
in τs and consequently total dissipation decreases. However, at
25 GHz, Akhiezer dissipation does not change much with the
reduction in τs. In fact, fluid dissipation has a significant con-
tribution and its nonmonotonic scaling with density governs
the scaling of total dissipation.

CONCLUSIONS
In summary, we examine the effect of phonon-fluid coupling on
dissipation of a fluid coupled nanoresonator system driven at
gigahertz frequencies. Our MD simulations on frequency and
density scaling of total dissipation incorporate the phonon-fluid
coupling effect directly. However, to analyze the consequences
arising solely due to the coupling effect, we resorted to theo-
retical formulation of each dissipative process in the system.
We identify that the total dissipation is contributed by intrinsic
dissipation (Dint

f ) governed by Akhiezer mechanism and fluid
dissipation (Dflu). We formulate the fluid dissipation in terms of
hydrodynamic force on the resonator and observe that its
magnitude is either very low or comparable to the intrinsic dis-
sipation. As experimental observations on fluidic channel based
resonator18−20 suggests, the relatively low fluid dissipation is a
consequence of confining the fluid inside the CNT instead of
placing it outside. Another consequence is nonmonotonic scal-
ing of fluid dissipation with the density of the fluid, which we
observe at higher excitation frequencies. Besides that, the fluid
dissipation is found to increase monotonically with excitation
frequency for a given density and with density for low excita-
tion frequencies. We confirm our formulation of intrinsic dis-
sipation due to Akhiezer mechanism by considering the case of
empty CNT in vacuum. The formulation reveals that the
strength of the Akhiezer dissipation depends on the metric Ωτ,
where Ω is the excitation frequency and τ is the phonon relaxa-
tion time. Since τ mostly varies between 1 and 100 ps for
a CNT at room temperature, Akhiezer mechanism becomes
dominant at gigahertz excitations. We find these relaxation
times are affected by the phonon-fluid coupling and is mani-
fested in the Akhiezer dissipation. This leads to a change in the
intrinsic dissipation of the resonator in the presence of fluid at a
given density when compared with that of vacuum (Dint

v ). This
change (ΔDint=Dint

f −Dint
v ) has been ignored in all previous

studies of fluid coupled resonator systems. In our case, account-
ing for the change becomes particularly crucial since the order
of ΔDint ∼ Dint

v ∼ Dflu. Further, we find that the phonon-fluid
coupling strength and consequently the phonon relaxation
times can be manipulated by changing the fluid density. We show
that an important consequence of the coupling on the total
dissipation is its inverse scaling with the density of the fluid at
some frequencies. Although, the consequence of phonon-fluid
coupling is presented, in this study, in the context of intrinsic
dissipation due to Akhiezer mechanism, the coupling effect is
general and extends to calculation of any material parameter
that depends on phonon relaxation times, such as thermal
conductivity, thermal diffusion time, etc., in the presence of
interfacial fluidic interaction.

METHODS
We construct a (10,10) single-walled carbon nanotube (CNT) of length
20 nm, which corresponds to 3280 carbon atoms and a tube radius of
0.68 nm. The CNT is filled with argon (Ar) atoms at different densities.

To restrict the Ar atoms inside the tube, we place a sheet of monolayer
graphene of dimension 1.6 nm × 1.6 nm on each end of the CNT. The
CNT and the graphene layers comprise the wall which confines the
fluid composed of Ar atoms as shown in Figure 1a. The optimized
Tersoff and Brenner potential30 is used to describe the bonded inter-
action between the carbon (C) atoms in the CNT. Since the C atoms
in the graphene sheets are kept frozen during all the simulations, their
interaction is not relevant. Even the interaction between the graphene
sheets and the CNT is neglected. The nonbonded interaction between
the Ar atoms and the C atoms in the CNT and the graphene sheets is
modeled using the two-body Lennard-Jones (LJ) potential.31

We use LAMMPS package32 for all the molecular simulations. The
CNT is prestretched by 5% to avoid any buckling during the axial
deformation. Two rings of atoms on each end of the CNT which
corresponds to 80 C atoms along with C atoms of the graphene sheets
are kept frozen for all the simulations. The rest of the CNT along with
the fluid defines our system (sys) whereas the frozen part acts as a
clamp as shown in Figure 1a. The potential energy of the system is
minimized using the conjugate-gradient method which gives the start-
ing configuration. The atoms of the system are, then, given an initial
velocity drawn from a Gaussian distribution corresponding to a tempera-
ture of 300 K. The system is evolved under canonical (NVT) ensemble
using Nose−́Hoover thermostat33,34 for 5 ns and equilibrated at 300 K.

For computing dissipation in the system, we conduct nonequilib-
rium molecular dynamics (NEMD) simulations. The clamps are
moved apart at a particular frequency to produce a time-varying axial
strain field in the structure. During the deformation process, the
system is evolved under microcanonical (NVE) ensemble using Verlet
integration (no thermostat). Under this consideration, any change in
total energy of the system over a period of deformation is equal to the
energy dissipated by the system. The NEMD simulations are carried
out for 50 periods of deformation. The total energy of the system
averaged over a period of deformation is found to increase linearly
with the number of periods (shown in Figure 1b). A linear fit of the
average energy with the number of periods is performed and from
the slope of the linear fit dissipation of the system, Dsys is calculated.
We considered 10 different ensembles of the equilibrated system
to estimate the dissipation using NEMD simulations. Esto is obtained
using separate equilibrium simulations. Following the initial equilib-
ration, the structure is deformed and allowed to relax for 1 ns for
different values of strain. Esto in the structure varies as the square of
strain. Using curve fit, we obtain the constant of proportionality, which
is the stiffness of the structure, k. Esto at any stain amplitude, ϵ0, can
then be calculated as 1/2kϵ0

2. In all our cases, Esto corresponding to 2%
strain amplitude is approximately 154 eV.

Out of the two additional setups, the first setup (case I, shown in
Figure 1c), which represents an isolated CNT in vacuum (v), is pre-
pared by removing all the fluid atoms from the system. The dis-
sipation, Dint

v under axial straining is calculated for this system using
NEMD simulations. The second setup (case II, shown in Figure 1d)
involves freezing the thermal motions in the CNT of the original sys-
tem. This is implemented in MD simulations by applying zero initial
velocity to the C atoms in CNT and carrying out time integration of
only the Ar atoms during the simulation. In this case, the NEMD
simulations are carried out, to compute dissipation, by artificially
imposing a prescribed motion on the wall atoms.

We, also, carry out equilibrium molecular dynamics (EMD) simula-
tions of these setups. The atomic trajectories and forces from the
EMD simulations are used to compute different parameters of interest
in the dissipation formulation. We start with a system, well equilibrated
at 300 K and evolve the system under NVE ensemble for 5 ns in case
of the EMD simulations. The trajectories and forces are dumped every
5 fs during the simulation. The integration time step for all the simu-
lations is set to 0.5 fs. The time step is small enough to sufficiently
resolve the highest frequency of the thermal phonons in a CNT which
is approximately 60 THz.
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