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Torsional Stick-Slip Behavior in WS, Nanotubes
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We experimentally observed atomic-scale torsional stick-slip behavior in individual nanotubes of
tungsten disulfide (WS,). When an external torque is applied to a WS, nanotube, all its walls initially stick
and twist together, until a critical torsion angle, at which the outer wall slips and twists around the inner
walls, further undergoing a series of stick-slip torque oscillations. We present a theoretical model based on
density-functional-based tight-binding calculations, which explains the torsional stick-slip behavior in
terms of a competition between the effects of the in-plane shear stiffness of the WS, walls and the

interwall friction arising from the atomic corrugation of the interaction between adjacent WS, walls.
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Nanomechanics is a current topic of intensive research,
as it has been recognized that the mechanical properties of
nanoscopic structures can greatly differ from those of
macroscopic structures of similar composition [1]. This is
often attributed to the notion that nanostructures can have
fewer defects, and hence exhibit the intrinsic properties of
the material, rather than those determined by defects.
Another interesting aspect, which has received less atten-
tion, is the effect of internal friction on nanomechanical
properties, as it is known that atomic-scale friction can
have very different mechanisms from macroscopic friction
[2]. For instance, stick-slip behavior, in which oscillatory
friction forces arise when two surfaces slide by each other,
is a common phenomenon at macroscopic scales, from
violins to earthquakes, usually attributed to a difference
between the static and dynamic friction coefficients, unre-
lated to surface corrugation [3]. On the contrary, atomic-
scale stick-slip behavior, which is observed in the wearless
sliding of smooth surfaces [4], is often related to the atomic
corrugation of the interaction between the surfaces [5].

Torsional stick-slip behavior, in which a torque oscil-
lates upon torsion of an object, is macroscopically ob-
served in various systems, such as oil well drilling
platforms [6], but atomic-scale torsional stick-slip behav-
ior has not yet been reported, to the best of our knowledge.
Linear stick-slip behavior has been observed in the tele-
scoping of multiwall carbon nanotubes (MWCNTs) [7], as
predicted from their registry-dependent interwall sliding
friction [8]. A stepwise helical motion of cargos along
MWCNTs has been recently reported, and attributed to
atomic corrugation in the interwall interaction [9].
However, the torsion of MWCNTs was shown to proceed
smoothly [10-12], the outer wall sliding around the inner
walls with no detectable stick-slip behavior.

Here we report the first observation of atomic-scale tor-
sional stick-slip behavior, which we found when twisting
inorganic nanotubes (NTs) of tungsten disulfide (WS,)
[13,14]. We show that when an external torque is applied
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toa WS, NT, all its walls initially stick and twist together,
until a critical torsion angle, at which the outer wall slips
and twists around the inner walls. This transition is fol-
lowed by a reproducible series of secondary stick-slip
torque oscillations. We present a theoretical model using
density-functional-based tight-binding (DFTB) -calcula-
tions, which explains the torsional stick-slip transition
and the secondary stick-slip oscillations in terms of a
competition between the effects of the in-plane shear stiff-
ness of the WS, layers and the interwall friction arising
from the corrugation of the van der Waals (vdW) interac-
tion between adjacent WS, layers. We find that although
this competition may be negligible in carbon nanotubes, it
becomes significant in WS, NTs, owing to their higher
corrugation energy [15—18], narrower distribution of chir-
alities between the walls [19,20], and lower shear modulus
[21,22]. More generally, our results exemplify how an
atomic-scale mechanism of internal friction can lead to
the emergence of a new nanomechanical property.

To twist the WS, NTs, we fabricated nanotube-pedal
devices similar to those previously used to twist carbon
nanotubes [11]. A scanning electron microscopy (SEM)
image of one such device is shown in Fig. 1(a). The WS,
NTs, synthesized in a fluidized bed reactor [23], were
suspended in ethanol and spread on an oxidized Si sub-
strate (1 um oxide). The clamps and the pedal were laid
down onto the ends and middle of the WS, NTs by
electron-beam lithography, followed by deposition of Cr
(5 nm) and Au (90 nm). The nanotube and pedal were then
suspended by wet etching the underlying SiO, with HF,
followed by critical-point drying from supercritical CO,.
During the experiment [shown schematically in Fig. 1(b)],
we gradually twist the WS, NT using an atomic force
microscope (AFM) to press on the pedal with the tip, and
simultaneously measure the torque and torsion angle.

Figure 1(c) shows the torque 7 as a function of torsion
angle ¢ for a particular nanotube during several press
cycles. Each 7-¢ curve is characterized by an initial linear
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FIG. 1 (color online). (a) SEM image of a WS, NT-pedal
device (pedal dimensions: 500 X 300 nm; length of suspended
nanotube segments: 300 nm). (b) Schematic of the AFM experi-
ment and stick-slip behavior. The dots are reference points to
indicate the displacement of the atoms of the different layers.
(c) Torque-torsion curves for several press cycles for one device
(nanotube diameter d = 22 nm; the curves are offset for clarity).
(d) Torsion angle versus time obtained from a SEM movie of a
WS, NT (d = 24 nm) twisting due to charging of the pedal by
the electron beam.

regime, and then a sudden drop in 7, followed by a series of
torque oscillations. The curves are reproducible to fine
details. A similar behavior was observed for all the eight
studied WS, NTs [24]. This complex mechanical response,
and specifically the sudden drop in torque at a particular
critical angle ¢, could be attributed to different causes:
(1) a stick-slip transition from an initial situation where all
the nanotube walls twist together to a situation where the
outer wall slips over the inner ones, (ii) torsional buckling
of the nanotube [25-27], and (iii) elastic to plastic defor-
mation [11,28]. The third possibility can be immediately
ruled out because the curves are fully reproducible,
whereas a plastic deformation should irreversibly change
the mechanical response.
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FIG. 2. (a) Diameter dependence of ¢ from experiments

(both AFM and SEM) and model. (b) Same data in a In-In
plot showing that both experimental and theoretical ¢ have
similar scaling with d (slope: —1.9 £ 0.1).

To determine whether the critical behavior of the WS,
NTs is due to slipping (i) or buckling (ii), we visualized the
twisting process in an SEM, where the devices were ac-
tuated by the static charging of the pedal under the electron
beam [24]. Movies of the pedal rotation were thus recorded
for six different devices. The torsion angle ¢ as a function
of time ¢ [Fig. 1(d)] was calculated by measuring the
projected length of the pedal at every frame of the movie.
After the pedal is completely vertical, SEM images of the
two halves of the twisted nanotubes showed a constant
nanotube width [24], thereby suggesting that no torsional
buckling occurred. Figure 1(d) shows that the twisting rate
is not constant. Here, too, we observe a critical angle at
which the pedal undergoes a sudden fast rotation.

Figure 2 shows a plot of the critical torsion angle ¢, as
a function of the nanotube diameter d, from both AFM and
SEM experiments. ¢, systematically decreases with in-
creasing diameter. All the data fall in the same curve within
experimental error, indicating that the sudden rotation
observed in the SEM movies can be related to the critical
torsion angle measured by AFM.

The linear portion of the 7-¢ curves can be used to
calculate a spring constant and an effective shear modu-
lus. The shear modulus calculated assuming that all the
walls twist together, as plotted in Fig. 3(a), is G = 77 =
59 GPa. Comparing this shear modulus with that expected
from both DFTB calculations and Young’s modulus mea-
surements (G = 80 GPa) [16,21,22] suggests that all the
walls of the nanotube are twisting together.

Beyond the critical angle ¢, the 7/¢ ratio decreases
to a minimum value, where the shear modulus calculated
assuming that all the walls twist together no longer com-
pares with the expected values from theory and experi-
ment. Conversely, the shear modulus calculated assuming
that only the outermost wall twists [Fig. 3(b)] is G, =
50 = 22 GPa, which does lie within the range expected
from theory and experiment. If we assumed that two or
more walls were twisting together, then the effective shear
modulus would be less than half the expected value. Based
on this, and considering the relative structural perfectness
of WS, nanotubes [22], it is fair to assume that slipping
takes place between the two outermost walls, rather than
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FIG. 3. (a) Gy, the shear modulus obtained from the linear

portion of 7-¢ curves. (b) G, the shear modulus beyond ¢
obtained from the minimum value of 7/¢. The average values
are indicated by the dashed lines.
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between some weakly linked inner walls. These analyses
suggest that the critical torsional behavior that we observe
in WS, NTs is due to a torsional stick-slip transition with
all walls twisting together below the critical angle and only
the outermost wall twisting above it.

These conclusions raise three important questions:
(i) Why do all the walls of the nanotube twist together
initially until a critical torsion angle? (ii) Why does the
critical angle decrease with increasing nanotube diameter?
(ii1)) Why do we still observe oscillations in the torque
beyond the critical angle? A recent characterization of
our WS, NTs by aberration-corrected high-resolution
transmission electron microscopy revealed that in 90%-—
95% of the nanotubes, the outermost wall and the next 2—3
walls all had the same chirality, either armchair or zigzag,
and that the atoms of the different walls were AB stacked
[19]. This suggests that accommodation issues are signifi-
cant, and could thus force the layers to stick together when
twisting, until the torsional stress becomes larger than the
interwall locking interaction, and then slip over. Further
accommodation issues could lead to a series of energy
minima, manifesting themselves as secondary stick-slip
oscillations observed beyond the critical angle.

To better understand the suggested stick-slip behavior,
we developed a simple energy landscape picture based on
estimations of vdW energy and torsional energy. The vdW
energy cost when the outermost layer slips over the others
(E,qw) plus the torsional energy for the outermost layer
(Eior-1) gives the total energy cost for “slipping” (Egjp)-
This is compared with the torsional energy cost for all the
layers twisting together (E\y-a1), Which is the energy cost
for “sticking” (Ee)- The system should stick when
Eslip > Estick» and Shp when Eslip < Estick-

The calculations of the various energies are described
below. In a previous study [16] we calculated the interlayer
vdW interactions in MoS, using DFTB calculations. Since
the interlayer interaction is determined by the S atoms, a
very similar interlayer interaction can be assumed for WS,.
Therefore, we estimated here the vdW energy using the
data from MoS,. As shown in [16], when one layer of
MoS, is displaced by an amount Aa along the a axis of the
unit cell, the energy change per MoS, unit can be approxi-
mated by

E(Aa) = vasinz(% 77)[1 + Bsin2<% 77)], (1)

where v = 6.14 X 1072 cm? is the volume of a MoS,
primitive unit cell, @ = 35.13 J/cm?, and 8 = 0.06055.
If we consider a nanotube of length L and radius r, with
N atoms along one line and P atoms along the circum-
ference, then the total number of atoms in the tube would
be NP. The nanotube is fixed at one end and twisted at the
other. The atoms at the fixed end undergo no displacement,
while the atoms at the twisted end undergo the maximum
displacement. Because of symmetry considerations, the

problem can be simplified by calculating the vdW energy
for only one line of atoms along the length of the nanotube.
The total vdW energy would simply be the vdW energy for
one line multiplied by the number of atoms along the
circumference.

If the nanotube is twisted by an angle ¢, the displace-
ment of the atom at the twisted end is given by Aay = ¢r.
The displacement of the ith atom in the line would be
Aa; = (i/N)Aay. The vdW energy change for one line
of atoms when the nanotube is twisted by an angle ¢ can
thus be given by

N
Eyw-11(¢) = Y E(Aa). (2)
i=0

The vdW energy change between two layers of the whole
nanotube would be E qw(®) = PE qw-1;(¢). The calcu-
lated E, 4w(¢) for a nanotube of 20 nm diameter is shown
in Fig. 4(a).

To calculate the torsional energies, the spring constant
when one layer twists («;) and spring constant when all
layers twist (k) are obtained from the theoretical shear
modulus (80 GPa) using the relation x = Gw(rd, —
r})/2L, where ry, and ry, are the outer and inner radii,
respectively. For kg, rj, = 6 nm (from TEM). For «i,
Fin = Tou — OF, Where 8r = 0.62 nm is the WS, interwall
spacing. The torsional energies are given by E,,.; =
k1 $*/2 and Eqgrgy = Ko > /2.

The stick and slip energies, Egicx = Eior-an and Egj, =
E qw *+ Ei-1, are plotted in Fig. 4(a) by the black lines. It
can be seen from the plot that there is a crossover from
higher Eg;, to higher Eg;. at ¢ =~ 20°, which would give
rise to a stick-slip transition. The torque calculated from
the model, 7(¢p) = dE,/d¢, is plotted in the inset of
Fig. 4(a). The calculated torque qualitatively reproduces
our experimental data. It therefore logically follows from
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FIG. 4 (color online). Energy-based model of the torsional
stick-slip behavior. (a) Evqw » Eior-1, Estick» Eslip» and the energy
landscape for the system E,;, are shown by the lines as labeled
(Emin s slightly offset for clarity). Inset: 7-¢ calculated from
Epiy. (b) Calculated Eg;o (dotted lines) and Eg;, (solid lines).
Different colors are the energies for nanotubes of different
diameters.
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our model that the oscillations in 7(¢) beyond ¢ come
from the undulations in E,4w(¢). The theoretical period of
the oscillations derived from our model depends on diame-
ter and varies from 2.3° for the 16 nm diameter nanotube to
1.2° for the 32 nm diameter nanotube. The observed torque
oscillations have periods of 2 = 1°, which are consistent
with our model within experimental error.

The diameter dependence of ¢, obtained from the
model by repeating the energy calculations for different
diameters is plotted in Fig. 2 by stars. The values of ¢
from the model and from the data show similar diameter
dependences, although the absolute values differ by nearly
a factor of 2. This difference could arise from the uncer-
tainty in the determination of the shear modulus, and also
from the approximate evaluation of the interlayer vdW
energy. However, the semiquantitative agreement with
the experimental values from such a simple calculation
strongly supports our model.

Overall, our simple energy-based model gives a quali-
tatively accurate description of the observed behavior. It
(1) shows that there is a crossover from stick to slip motion,
(i) reproduces the diameter dependence of ¢, and
(iii) shows that above ¢, the 7(¢) oscillates. By repro-
ducing all the features of the experimental data, this model
indicates that the stick-slip behavior comes from the tor-
sional energy cost becoming larger than the vdW energy
cost upon twisting.

In summary, we observed atomic-scale torsional stick-
slip behavior in WS, NTs. The behavior consists of a stick
regime where all the nanotube walls twist together, and a
slip regime where the outer wall slips over the inner walls.
A simple theoretical model allowed us to determine the
origin of this torsional stick-slip behavior to be the com-
petition between the vdW and torsional energies. In the slip
regime, the corrugation in the vdW energy gives rise to
secondary stick-slip oscillations. The observed stick-slip
behavior and the oscillations in the slip regime come about
due to the commensurate atomic arrangement of the WS,
layers in a WS, NT and their large interlayer corrugation
energy combined with their relatively small in-plane shear
stiffness.

We thank R. Rosentsveig for the WS, nanotube syn-
thesis, M. Bar-Sadan, J. Klein, and H. D. Wagner for help-
ful discussions, Y. Wang for the DFTB calculations, and A.
Yoffe for assistance with the clean room. This research was
supported by the Israel Science Foundation, German-
Israeli foundation, Minerva Stiftung, Kimmel Center for
Nanoscale Science, Israeli Ministry of Defense, Djanogly
and Alhadeff and Perlman foundations. The EM studies
were carried out at the Moskovitz Center for Nano and Bio
Imaging. E.J. received support from the Victor Erlich
Career Development Chair program. K.S.N. acknowl-

edges Feinberg Graduate School for support.

*nagapriya.kavoori @weizmann.ac.il
*ernesto.joselevich@weizmann.ac.il

[1] A.N. Cleland, Foundations of Nanomechanics (Springer,
Berlin, 2003).

[2] B. Bhushan, Nanotribology and Nanomechanics: An
Introduction (Springer, Berlin, 2005).

[3] C.H. Scholz, Nature (London) 391, 37 (1998).

[4] J. Klein, Phys. Rev. Lett. 98, 056101 (2007).

[5] Fundamentals of Friction; Macroscopic and Microscopic
Processes, edited by I.L. Singer and H. Polland, NATO
ASI Series (Kluwer, Dordrecht, 1991).

[6] Y.A. Khulief, F. A. Al-Sulaiman, and S. Bashmal,
J. Sound Vib. 299, 540 (2007).

[71 A. Kis et al., Phys. Rev. Lett. 97, 025501 (2006).

[8] W. Guo, W. Zhong, Y. Dai, and S. Li, Phys. Rev. B 72,
075409 (2005).

[9] A. Barreiro et al., Science 320, 775 (2008).

[10] P.A. Williams er al., Phys. Rev. Lett. 89, 255502 (2002).

[11] T. Cohen-Karni et al., Nature Nanotech. 1, 36 (2006).

[12] K.S. Nagapriya et al., arXiv:0803.4426v1.

[13] R. Tenne, L. Margulis, M. Genut, and G. Hodes, Nature
(London) 360, 444 (1992).

[14] R. Tenne, Nature Nanotech. 1, 103 (20006).

[15] J.D. Fuhr, J. O. Sofo, and A. Sail, Phys. Rev. B 60, 8343
(1999).

[16] I. Kaplan-Ashiri et al., J. Phys. Chem. C 111, 8432 (2007).

[17] B. Bourlon et al., Nano Lett. 4, 709 (2004).

[18] S.B. Trickey, F. Miiller-Plathe, G.H.F. Diercksen, and
J. C. Boettger, Phys. Rev. B 45, 4460 (1992).

[19] M. Bar-Sadan et al., Proc. Natl. Acad. Sci. U.S.A. 105,
15643 (2008).

[20] K. Hirahara et al., Phys. Rev. B 73, 195420 (2006).

[21] I. Kaplan-Ashiri ef al., J. Mater. Res. 19, 454 (2004).

[22] 1. Kaplan-Ashiri et al., Proc. Natl. Acad. Sci. U.S.A. 103,
523 (20006).

[23] R. Rosentsveig et al., Chem. Mater. 14, 471 (2002).

[24] See EPAPS Document No. E-PRLTAO-101-040846 for
additional torque-torsion curves, additional torsion-time
curves, a movie of pedal rotation due to charging, and
SEM images of twisted nanotubes showing the absence of
buckling. For more information on EPAPS, see http://
www.aip.org/pubservs/epaps.html.

[25] M.-F. Yu, T. Kowalewski, and R. S. Ruoff, Phys. Rev. Lett.
86, 87 (2001).

[26] Y. Shibutani and S. Ogata, Model. Simul. Mater. Sci. Eng.
12, 599 (2004).

[27] B. Yakobson and P. Avouris, Carbon Nanotubes:
Synthesis, Structure, Properties, and Applications,
Topics in Applied Physics (Springer-Verlag, Berlin,
2001), Vol. 80, pp. 287-327.

[28] E. Ertekin and D.C. Chrzan, Phys. Rev. B 72, 045425
(2005).

195501-4



