—A

RESEARCH ARTICLE

Copyright © 2011 American Scientific Publishers
All rights reserved
Printed in the United States of America

. Journal of
Computational and Theoretical Nanoscience
Vol. 8, 814-819, 2011

Boundary Condition and Strain Effects on the Quality
Factors of Single Walled Carbon Nanotubes

Sung Youb Kim and Harold S. Park*
University of Colorado, Boulder, CO 80309, United States of America

We utilize classical molecular dynamics to study energy dissipation (the Q-factors) of carbon
nanotube-based nanoresonators undergoing flexural oscillations. Specifically, we have studied the
difference in Q-factors of nanotubes with fixed/fixed and fixed/free boundary conditions. In doing
s0, we have found that fixed/fixed nanotubes have significantly higher Q-factors, particularly at low
temperatures. Furthermore, we have found that mechanical strain can be utilized to enhance the Q-
factors of fixed/fixed nanotubes by factors of 2—4 across a range of temperatures for tensile strains
ranging from 0 to 6%. The results collectively indicate that fixed/fixed carbon nanotubes should
be preferable for NEMS applications at low temperature due to a combination of inherently higher
Q-factors, and the fact that the Q-factors can be further improved through the application of tensile

strain.
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1. INTRODUCTION

Carbon nanotubes (CNTs) have been amongst the
most-studied nanomaterials,! with recent applications in
nanoelectromechanical systems (NEMS).>? Due to their
combination of high stiffness and low weight, CNTs have
been investigated for NEMS-based sensing applications,
with a particular interest in ultrasensitive mass sensing®>
and force sensing.®’

For enhanced sensitivity to environmental (i.e., forces
and masses) changes, the quality (Q)-factors of NEMS
are of particular interest. In particular, high Q-factors are
desired for NEMS applications as this indicates smaller
energy dissipation per vibrational cycle, or equivalently
smaller linewidths during the resonance of the NEMS.
Regardless of the physical interpretation, higher Q-factors
lead to greater sensitivity and resolution of adsorbed
masses or surrounding forces, and thus are highly desired.

The resonance, and Q-factors of both fixed/free,*® and
fixed/fixed®*'? CNT oscillators have been studied exper-
imentally by various researchers. Q-factors ranging from
15° to 1000* were found. Particularly relevant to the
present work is the study of Purcell et al.,'! who applied
tension to the CNTs using an electric field, thereby tuning
the resonant frequency of the CNT; they reported Q-factors
as high as 2500, though the dependence of Q with tensile

* Author to whom correspondence should be addressed.

B14 J. Comput. Theor. Nanosci. 2011, Vol. 8, No. 5

strain was not discussed. More recently, Q-factors as high
as 10° were found by Huttel et al.'? in fixed/fixed carbon
nanotubes.

The nature of the boundary conditions that are used
to fix or clamp the ends of the CNTs during resonance
are of interest for various reasons, though a comprehen-
sive experimental study delineating the effects of bound-
ary condition, i.e., fixed/free versus fixed/fixed ends on the
Q-factors of the CNTs has not been performed. The bound-
ary condition is important for the following reasons. First,
fixed/free nanotubes will have a higher dynamic range,’
which means that they can undergo larger deformations
before nonlinear effects are excited. Furthermore, extrin-
sic clamping losses'® through interaction with the fixed
substrate will be minimized for fixed/free boundary con-
ditions, due to being clamped at only one end.

In contrast, while fixed/fixed nanotubes may suf-
fer enhanced extrinsic clamping losses, evidence exists
that, because mechanical strain can more easily be
applied experimentally in the fixed/fixed configuration,
that the Q-factors of various nanostructures, including
metal nanowires,'! graphene monolayers,' silicon and sil-
icon nitride nanowires,'®-'7 MEMS heterostructures'® and
carbon nanotubes'® can be tuned and, more importantly,
enhanced through the application of tensile mechanical
strain.

Energy dissipation in oscillating CNTs has been studied
using classical molecular dynamics (MD) for both single
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walled (SW) CNTs,” and multi walled (MW) CNTs,**-
and more recently for graphene mono and multilayers.'>-3
Of these, Jiang et al.?° studied the temperature dependence
of Q-factor degradation in both fixed/free SWCNTSs and
MWCNTs, while other works?-? focused on frictional
effects on energy dissipation in MWCNTs.

Therefore, the purpose of the present work is to utilize
classical MD to study the following. First, we will deter-
mine the effects of boundary condition on the intrinsic
Q-factors of single-walled CNTs. Second, we will deter-
mine the utility of mechanical strain in enhancing the
intrinsic Q-factors of fixed/fixed CNTSs, where by focus-
ing on intrinsic loss mechanisms, i.e., due to thermoelastic
dissipation,? we neglect extrinsic energy loss mechanisms
such as gas damping effects and clamping losses on the

CNT Q-factors.

2. SIMULATION DETAILS

Classical MD simulations were performed on (5,5)
fixed/fixed single-walled CNTs, where both ends of the
CNT were fixed. The (5,5) fixed/fixed CNT had 240 car-
bon atoms and a length of 28.37 A, which is identical to
the single-walled CNT considered by Jiang et al20

We utilized the second generation Brenner poten-
tial (REBO-1I)** for the carbon-carbon interactions; this
potcnlial has been shown to accurately reproduce bind-
ing energies, force constants and elastic properties of
graphene. For all simulations, the CNT was first equi-
librated at a specified temperature using a Nose-Hoover
thermostat?® for 100000 steps with a 1 femtosecond (fs)
time step within an NVT ensemble. After the initial ther-
mal equilibration, a sinusoidal velocity was applied to the
CNT which caused the CNT to oscillate; the oscillation
was performed within an energy-conserving NVE ensem-
ble. The velocity profile was zero at the fixed ends of
the CNT, and sinusoidally increased to a maximum at the
center of the CNT, which caused the magnitude of oscil-
Jation of the center of the CNT to be about 0.70 A, which
is about 2.47% of the length of the CNT. We empha-
size that the energy of the CNT increased only 1.16 eV
(compared to an original energy of 1695 eV) due to the
imposed sinusoidal velocity profile, or less than 0.1% of
the total energy of the CNT, such that nonlinear vibra-
tional effects would not be spuriously introduced in the
simulations.

We performed simulations only on fixed/fixed CNTs in
the present work, as results for the Q-factors of fixed/free
CNTs were obtained in a 2004 paper by Jiang et al.?®
A direct comparison between the fixed/fixed geometries in
the present work to the fixed/free results of Jiang et al. is
feasible as Jiang et al. used not only the same potential
(REBO-II), but also the same geomeltry, i.e., (5,5) CNTs
with 240 atoms. Therefore, we are able to isolate boundary
condition effects as the cause of any differences between
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the Q-factors reported here for fixed/fixed (5,5) CNTs and
the fixed/free (5,5) CNTs reported by Jiang et al.*®

3. RESULTS
3.1. Boundary Condition Effects on Q

We first discuss the effect of boundary condition on the
Q-factors of the CNTs. Again, we have calculated only the
fixed/fixed (5,5) single-walled CNTs; the data for compar-
1son was taken from the identical (5,5) fixed/free CNTs of
Jiang et al.®

Similar to Jiang et al,” we show in Figure 1 the
external energy (EE) time history for the fixed/fixed (5,5)
CNT at different temperatures, ranging from 0.05 K to
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Fig. 1. Intrinsic energy dissipation for fixed/fixed CNT at different tem-
perature, no applied strain.
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- 293 K. We note that the EE is defined as the difference of
the potential energy (PE) before and after the sinusoidal
velocity profile, which causes the subsequent oscillation of
the CNT, is applied.

As can be seen in Figure I, the energy dissipation
clearly increases with an increase in temperature, which
demonstrates the thermoelastic dissipation that is charac-
teristic in oscillating structures. We further quantify the
nature of the temperature-dependent energy dissipation by
plotting in Figure 2 the Q-factor versus temperature for
both fixed/fixed and fixed/free (5,5) CNTs.

The first trend we note is that, particularly at low tem-
peratures, the Q-factors of fixed/fixed CNTs are signifi-
cantly higher than those of fixed/free CNTs; for example,
at 1 K, the Q-factors of fixed/fixed CNTs are about
360,000, while the Q-factors of fixed/free CNTs are about
13,000, for an increase in Q of nearly a factor of 30 simply
by changing the boundary condition.

Despite the significant increase in Q-factor at low
temperatures, Figure 2 demonstrates that, as temperature
increases, the Q-factors of fixed/fixed CNTs degrade more
quickly than do the Q-factors of fixed/free CNTs. Thus, at
293 K, the Q-factor of the fixed/fixed CNT has reduced
to 2200, while the Q-factors of the fixed/free CNT reduce
to about 1500. The reason for this is due to their differ-
ent exponent which relates the Q-factor and temperature.
For example, Jiang et al.?® determined that Q & 1/7°%
for fixed/free CNTs. In the present work, we determine for
fixed/fixed CNTs that the relationship between Q-factor
and temperature is Q ~ 1/7°°,

The exponent relating Q-factor and temperature is
different between fixed/fixed and fixed/free boundary
conditions for one key reason. Before discussing this, we
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Fig. 2. Q-factor as a function of temperature and boundary condition for
CNTs; fixed-free data taken from Jiang et al. Reprinted with permission
from [20], H. Jiang ct al., Phys. Rev. Lett. 93, 185501 (2004). © 2004,
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note that the exponent of 0.91 for the fixed/fixed CNTs is
essentially the same as the thermoelastic damping expo-
nent of 1.0 that is expected for bulk materials.?” The expo-
nent of 0.36 for the fixed/free CNTs obtained by Jiang
et al.? reflects the fact that fixed/free CNTs have one unre-
strained end where the carbon atoms at the unfixed end
have dangling bonds; these dangling bonds induce a sur-
face effect which causes the thermoelastic damping expo-
nent to deviate sharply from the bulk value. In contrast,
all undercoordinated atoms at the ends of the CNT are
fixed in the fixed/fixed CNTs; because of this, all surface
effects have been removed, which causes the thermoelas-
tic damping exponent to essentially mimic that of a bulk
material.

3.2. Strain Effects on Q-Factors of Fixed/Fixed CNTs

The results of the previous section suggest that there
may be advantages to using fixed/fixed CNTs for low-
temperature NEMS applications, while the situation is less
clear at realistic operating temperatures like room temper-
ature, both due to the similarity in Q-factor, and also due
to the fact that extrinsic damping losses, like gas damping,
have not been considered.

However, as discussed in the introduction, one advan-
tage of the fixed/fixed configuration is that it is pos-
sible experimentally to impose strain, both tensile and
compressive, on the CNT or other nanostructures, as
has been demonstrated by various researchers.'!!7-18.28
Furthermore, because mechanical strain, and in particu-
lar tensile mechanical strain has been successfully uti-
lized in the past to enhance the Q-factors of various
nanostructures,'® 718 including carbon-based nano-
structures such as graphene,’ we now investigate the
effect of strain on the Q-factors of fixed/fixed CNTs.

To study the Q-factors of fixed/fixed CNTs under strain,
we follow a similar procedure as described previously,
except that first, the CNT is stretched uniaxially under
either tension or compression with strain increments of
1% to the desired tensile or compressive strain state at
0 K following an energy minimization algorithm. At that
point, the CNT is equilibrated at the desired temperature,
and then the sinusoidal velocity field is applied in order to
cause the CNT to oscillate.

Figure 3 illustrates the effect of applied tensile and com-
pressive strain on the Q-factors of fixed/fixed CNTs at the
same temperature. In particular, it demonstrates the signif-
icantly different response in energy dissipation at 20 K at
different levels of strain. It is clearly observed that there
is significantly less energy dissipation at 5% tensile strain
than at 3% compressive strain. This result is consistent
with previous studies on metal nanowires'* and graphene
monolayers'® where tensile strain was also found to miti-
gate intrinsic energy dissipation.

To quantify the effects of tensile and compressive strain
on the Q-factors of fixed/fixed CNTs as a function of

J. Comput. Theor. Nanosci. 8, 814-819, 2011



Kim and Park

External energy (20 K, —3.0% strain)

16

1.4

1.0 P L S

08

0.6

External energy (eV)

0.4
02

e 0 100 200 300 400 500

Time (psec)

External energy (20 K, +5.0% strain)

1.6

1.4

Te IR i o

1.0

0.8

0.6

External energy (eV)

04
0.2

°‘°o 100 200 300 400 500

Time (psec)

Fig. 3. Intrinsic energy dissipation for fixed/fixed CNT at same temper-
ature, different amounts of applied tensile or compressive strain.

temperature, we plot in Figure 4 the Q-f?clors as a fun-c-
tion of strains ranging from 4% compressive to 6% tensile
for temperatures ranging from 1 K to 14‘0 K. It can .be
observed that for all temperatures, there is a ne_arly lin-
ear increase in Q-factor with applied tensile strain; how-
ever, further inspection of Figure 4 also indicates that, with
increasing temperature, the linear constant of Q enhance-
ment also decreases. ' | .
To quantify this further, we assume a linear relationship
between Q-factor and strain for a given temperature as

0= AeQ, (n

where € is the imposed strain, Q, is the Q-factor for
a given temperature at 0% applied strain, and A is an
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Fig. 4. (Top) Q-factor as a function of temperature and strain for
fixed/fixed CNT. (Bottom) Extended view to delineate the Q-factor vari-
ation with temperature and strain.

unknown constant that depends upon the temperature. In
Table I, we list the Q-factors for various temperatures as
a function of strain, and also give the constant A.

As can be seen, while the approximately linear rela-
tionship holds across the range of temperatures between
Q-factor and tensile strain, the constant A decreases signif-
icantly with an increase in temperature from 4 = 0.55 at

Table I Q-factors as a function of strain and temperature for fixed/fixed
(5,5) single-walled CNT. Also gives the constant A in the equation Q =
AeQ,.

T(K) Q, (0% Strain)  Q (3% Strain) O (6% Strain) A

1 360, 000 640, 000 1,200,000  0.55
8 66, 000 110,000 210,000  0.53
20 24, 000 41,000 71,000  0.49
140 3,400 6,100 8,400 0.4
293 2,200 2,600 3,200 024
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1 K to A=0.24 at 293 K. This indicates that while tensile
strain does increase the Q-factors of fixed/fixed CNTs at
elevated temperatures, its effectiveness diminishes with an
increase in temperature,

It is also relevant to discuss the amount of tensile strains
we have considered in the present work. The maximum
tensile strain we applied was 6%; for comparison, previous
MD simulations by Belytschko et al.?® of the tensile load-
ing of single walled carbon nanotube found failure strains
ranging from 10-15%. Overall, these results indicate that
the amount of tensile strain (0~6%) we have utilized in the
present work should not lead to any instabilities or defects
in the fixed/fixed CNT.

We close by discussing two items. First, we discuss
Figure 5, where we plot the dependence of the Q-factor on
temperature and both tensile and compressive strain. What
is most interesting about Figure 5 is that regardless of the
amount of tensile strain that is applied to the fixed/fixed
CNT, the thermoelastic damping exponent remains con-
stant at 0.91, i.e., @~ 1/T°% . Finally, we note that when
compressive strain is applied, the thermoelastic damping
exponent decreases dramatically, with a decrease in expo-
nent with an increase in strain.

Second, an interesting future research path concerns
the application of tensile strain, and the effects on the
Q-factors of MWCNTs. As shown by Jiang et al.?
for MWCNTSs, and by Kim and Park for multilayer
graphene,? frictional interactions between the carbon lay-
ers cause a significant decrease in the Q-factors of these
multi-walled or multilayer structures. It seems likely that
tensile strain will improve the Q-factor degradation due to
these interlayer frictional effects, though the nature of the
effect and the factors controlling it has not been quantified
to-date.

¥ @ -3.0% (data)
~3.0% (fitted)
10° v 0.0% (data)
EN N e 0.0% (fitted)
£~ = 3.0% (data)
N 3.0% (fitted)
L E A 6.0% (data)
8 s & 6.0% (fitted)
g 105k
Z i
3 B
o !
10'
103 saaal R IRt L4y 1l [

10° 10' 10?
Temperature (K)

Fig. 5. Q-factor as a function of temperature and strain for fixed/fixed
CNT.
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4. CONCLUSIONS

In conclusion, we have utilized classical MD to study
boundary condition and strain effects on the Q-factors
of single-walled CNTs. We have found that, excluding
extrinsic damping effects, fixed/fixed CNTs generally have
higher Q-factors than do fixed/free CNTs, though the dif-
ference in Q-factor due to boundary condition decreases
with increasing temperature. We further demonstrated that
the Q-factors of fixed/fixed CNTs can be enhanced by
factors of 2—4 through the application of tensile mechan-
ical strain, though again, the effectiveness of the Q-factor
enhancement decreases with increasing temperature. The
results collectively indicate that fixed/fixed CNTs should
be preferable for NEMS applications at lower temperatures
due to a combination of their inherently higher Q-factors,
and the fact that the Q-factors can be further improved
through application of tensile strain. However, near room
temperature, with mechanical strain, the intrinsic Q-factors
of fixed/fixed CNTs are about double those of fixed/free
CNTs, which may or may not be sufficient to overcome the
loss in Q-factors that result due to the increase in extrinsic
damping for fixed/fixed nanostructures.
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