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ABSTRACT: This work addresses the problem of how a
nano-object adheres to a supporting media. The case of study
are the serpentine-like structures of single-wall carbon
nanotubes (SWNTSs) grown on vicinal crystalline quartz. We
develop in situ nanomanipulation and confocal Raman
spectroscopy in such systems, and to explain the results, we
propose a dynamical equation in which static friction is treated
phenomenologically and implemented as cutoff for velocities,
via Heaviside step function and an adhesion force tensor. We
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demonstrate that the strain profiles observed along the SWNT's are due to anisotropic adhesion, adhesion discontinuities, strain
avalanches, and memory effects. The equation is general enough to make predictions for various one- and two-dimensional

nanosystems adhered to a supporting media.
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How bulk materials transfer load to heterogeneous
components immersed in the matrix is a problem that
has been studied for more than 50 years."” Describing such a
mechanism opens the way to understand problems of practical
importance, such as the mechanical reinforcement of
composites,” > the design of dry adhesives,”” the design of
nanocircuitry for nanoelectronics,” and the exploitation of
properties existent in graded materials to develop thermal
diodes.” Behind such devices there is always the problem of
how the systems locally adhere to the supporting media.

In the present article we study how a one-dimensional
system locally interacts with a two-dimensional anisotropic
surface. We use Raman spectroscopy to measure strain on
single-wall carbon nanotubes (SWNTs) atop crystalline quartz
that are submitted to nanomanipulation procedures. Some
works have focused on the measurement of adhesion forces
between carbon nanotubes and amorphous Si(SiO,) substrates,
via conventional atomic force microscopy (AFM) methods.'”""
Other works, also using amorphous quartz substrates, have
induced perturbations in long (over micrometers) SWNTs
through indirect, geometrically induced deformations,'? or via
direct nanomanipulation with the aid of an AFM apparatus.'>"*
The system we study here is more complex than previously
studied ones in two ways: first, the nanotube is sitting on
crystalline quartz, that exhibits anisotropic interaction with the
nanotubes, depending on the direction that the nanotube is
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deposited with respect to the crystalline structure; second, the
crystal structure and the growth process generate what has been
called SWNT serpentines, where one SWNT is deposited with
parallel segments connected by U-turns, in a serpentine-like
geometry,” thus generating changes in the tube-substrate
interaction along the SWNT.

The dynamics behind the formation of such complex
structures have been successfully described usin6g multimillion
fully atomistic molecular dynamics simulations.'® However, we
have extensively applied Raman spectroscopy to locally probe
strain in the SWNTs'”~"? and we detected a variety of different
and complex local SWNT-substrate interactions, which could
not be captured by the analysis performed in ref 16. To fully
understand the complexity of the tube-substrate interaction of
the quasi-one-dimensional SWNTSs with the crystalline quartz,
we apply here well-designed nanomanipulation procedures with
in situ Raman spectroscopy measurements to study results of
the system’s dynamics. We developed a mechanical model for
the elastodynamics of a line system in a frictive media and used
it to infer the system’s elastostatics. Our model is the first to
analytically reveal already reported experimental behavior,'>"?
and it also describes how that “fixed points” can induce
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characteristic strain profiles, easily recognizable in experiments,
as well as that successive perturbations on the same system
generate “avalanche-like” profiles resembling self-organized
patterns,20 that remain written in the SWNT spectroscopic
strain-related response, demonstrating memory effects.

Figure 1 shows three examples of SWNT serpentines that
were nanomanipulated using AFM tips. The images are
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Figure 1. Confocal G-band Raman intensity from SWNTs sitting on
vicinal crystalline quartz. Panels a and b stand for one SWNT
measured before and after nanomanipulation, respectively. Panels c
and d stand for the second SWNT measured before and after
nanomanipulation, respectively. Panels e, f, and g display the third
experiment, where the same SWNT was nanomanipulated twice, in the
sequence. White arrows point to the locations where the nano-
manipulations occurred. The green pointers show the locations where
Raman spectra were taken and are analyzed in Figure 2. Green
pointers out of the serpentines are reference data to ensure the
substrate does not interfere in the analysis.

obtained by confocal Raman spectroscopy, where the colors
indicate the intensity of the SWNT C—C stretching mode
(called G-band, at ~1590 cm™").*'7** The growth procedure of
the SWNT serpentines and the experimental apparatus used for
the in situ nanomanipulation-spectroscopy measurements have
been described elsewhere (see refs 15 and 24 respectively). In
this study, nanomanipulation is always a process of touching
the substrate with the AFM tip nearby a SWNT segment, and
then pushing it with the tip, perpendicularly to the tube axis. It
is important to comment that we always succeeded to
manipulate the SWNT serpentines when pushing them
perpendicularly to the straight segments, while we failed in all
our efforts to push a serpentine in the U-turn segments,

5900

perpendicularly to the tube axis at those locations. In total, we
have studied the G-band profile of 34 SWNT serpentines, while
in four cases we applied nanomanipulation procedures. In one
case we performed one nanomanipulation procedure, two
nanomanipulations in two cases, while in the fourth we
performed 10 successive nanomanipulation procedures.

In Figure 1, a and b stand for the same SWNT measured
before and after nanomanipulation, respectively. The nano-
manipulation took place at the central part of the figure, and it
can be seen in Figure 1b by a local misalignment of the central
straight SWNT segment. The green pointers show the locations
where Raman spectra were taken for further analysis (Figure 2).
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Figure 2. G-band Raman frequency (®wg) from SWNTs sitting on
vicinal crystalline quartz. The wg obtained from the green pointer
locations in Figure la—b, c—d, and e—g are shown here in panels a, b,
and ¢, respectively. Black, gray, and white circles stand for the results
from the nonmanipulated SWNT, SWNT after first nanomanipulation,
and SWNT after the second nanomanipulation, respectively. The
circles are sized according with the uncertainty in frequency. The
arrows point to the center of the serpentine U-turns.

Figures 1c, d show another nanomanipulated SWNT, again
before (c) and after (d) the procedure. Here the location where
nanomanipulation happened is more pronounced than in
Figure 1b, appearing in Figure 1d as the local misalignment of
the previously straight SWNT segment (compare with Figure
1c). Finally, Figures le, f, and g display the third experiment,
where the same serpentine was nanomanipulated twice in
sequence. Figure le is the nonmanipulated structure. Figure 1f
shows the result after the first nanomanipulation procedure.
Careful analysis of Figure 1f shows that the tube was displaced
in two locations, one at the central part of the figure
(intentional), and the other at the end of the top straight
segment (nonintentional). The second nanomanipulation
procedure, shown in Figure 1g, was a strong pushing procedure,
and the entire top straight segment was moved.

SWNTs usually exhibit two G-band features, named G*
(strong) and G~ (weak).”'~** The analysis discussed now is
based on the G band frequency obtained at specific SWNT
locations, as indicated by the green pointers in Figure 1. The
results are displayed in Figure 2. Local changes in the G-band
frequency (@) are known to be proportional to local changes
in strain, >'#*"**?> A decrease in wg reflects an increase in the
local strain. Figure 2a shows the G-band frequency before

DOI: 10.1021/acs.nanolett.5b01982
Nano Lett. 2015, 15, 5899—-5904


http://dx.doi.org/10.1021/acs.nanolett.5b01982

Nano Letters

(black bullets) and after (gray bullets) nanomanipulation on
the SWNT shown in Figure lab, respectively, obtained at the
locations indicated by the green pointers. The arrows in Figure
2 point to the center of the serpentine U-turns, and the wg
variations in the SWNT before nanomanipulation (black
bullets) are due to different local strains resulting from the
growth procedure itself, as discussed in ref 17. The result of wg
after nanomanipulation is shown by the gray bullets, the
nanomanipulation procedure having taken place around g ~ 20
pm. It is similar to what has been reported previously,"
revealing a local w variation in a W-shaped pattern. The length
of strain propagation (10 ym) is 4 orders of magnitude larger
than the tube diameter (d;, ~ 1 nm, measured by AFM), and the
slope of each of the straight segments in the W (Awg/Aq)
gives a measure of the local strain adhesion force, as discussed
in ref 13 and predicted by the theoretical treatment below. As
we will show, the W-shape is due to homogeneous adhesion
between SWNT and the substrate.

Figure 2b shows a similar analysis for the second experiment
(displayed in Figure 1c,d), focusing on one side of the W shape,
where a different behavior is observed, which is an abrupt
change in @ (or strain) at g ~ 17 ym. The nanomanipulation
happened at q ~ 0, and the strain along one direction
propagates (Awg) for about 17 pm, when it abruptly goes to
zero. As shown later, this result evidence the presence of a
portion of the SWNT that is strongly fixed to the substrate,
through which strain cannot propagate any further—hence the
name “fixed point”. Similar behavior has been observed in
different cases, in both nanomanipulated (this work) and
nonmanipulated samples,"®"” and in all cases it happens at the
starting of a U turn, where the carbon nanotube detaches from
a straight segment (see more details about the substrate
structure in refs 15 and 16).

Finally, Figure 2c shows the most complex case, where the
SWNT was nanomanipulated twice. The black, gray, and white
bullets show @ in the sample before nanomanipulation, after
the first nanomanipulation procedure, and after the second
nanomanipulation procedure, respectively. As commented
before, the second nanomanipulation procedure was strong
enough to detach and to displace the entire segment (see
Figure 1g). What is remarkable here is the difference between
the results after the first and the second nanomanipulations.
Notice the change in wg that goes from g ~ 15 um to g ~ 30
um. The frequency drops rigidly by about 10 cm™, without
changing the slope Awg/Aq. As discussed below, this rigid
drop is related to strain effects caused by the second push,
. The final strain distribution,
evidenced here by the white bullets in Figure 2c, reflects the
memory of the system, which had been strained during its
growth process and subsequently by a nanomanipulation
procedure in which it was twice perturbed.

The mechanical model devised to explain the observed
phenomena is a continuous elastic line system in two
dimensions, immersed in a viscous frictive media, which is
deformed and then let relax to a stationary state. It is
constrained to three experimental facts: strong elastic regime
(SWNT’s high Young’s modulus*’); strong viscous regime
(small displacement of the serpentines after nanomanipula-
tion); and adhesion as a cutoff for the dynamics (serpentines in
nonequilibrium stationary states with little or no relaxation after
long elapsed times, such as months). The proposed equation is

hence the name “strain avalanche”
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(q; t) = f(q, )O(f(q, t) — If ,, (a, ):f (g, )))

(1)

Here t is time; g is a parametrization for the line system’s points
prior to being deformed; u is the deformation vector of the
system at point q and time ¢, with du/0t its velocity; 1/v is the
viscosity of the medium, related to an isotropic viscous frictive
force due to the velocity of the system. f(g, t) is the elastic force
per unit length acting on point g and at time ¢, f(q, t) = If(q, t)l

and f(% t) = f(q, t)/f(g, t). f(g, t) is given by

(q) t) at(q; t)

f(q, t) = YA| ——=1(q, t) + s(q, t) ——

)

in which Y is the system’s Young’s modulus; A is the system’s
cross sectional area; s is the continuous axial strain field of the
system, with respect to equilibrium, and t is the unit vector
tangent to the line system at each point g and time ¢. Finally, ©

is Heaviside’s step function, and fa 4, Tepresents the adhesion

force tensor between the line system and the medium, in units
of force per unit length, which might depend upon position g
and time .

Inextricably intertwined to the model are the parameters
related to boundary conditions. These are V, t,,,o) C, lyep- The
reason is that the model reproduces the nanomanipulation
procedure to which the serpentines were submitted, as well as
the anisotropic nature of the vicinal crystalline quartz substrate
over which they were deposited. Nanomanipulation is modeled
by imposing, initially, the nonzero velocity v to a portion of the
system for an amount of time specified by t,,,., after which the
system is governed solely by eq 1, and anisotropy is modeled

through the adhesion force tensor }: W which, if the Cartesian y

direction is chosen as the one perpendicular to the quartz steps,
acquires the diagonal form

< _ f adh 0
fan = 0o
adh (3)

so Cis defined as the ratio £, /5, at the position of the quartz
step, which is a stripe of length [, parallel to x direction.

To test the model, eq 1 together with the appropriate
boundary conditions were numerically simulated. For this
purpose, a discretized version of 1 was obtained, and a direct
correspondence between the macroscopic parameters of 1 and
the microscopic parameters thus derived was established (see
Supporting Information). Two features were carefully ob-
served: (i) the identification of the parameters that could be
related to experiment, and (ii) the sensitivity of the simulations
on those parameters that could not, called free parameters.
Regarding (i), it was first supposed that, throughout the
serpentines, the expression

Aw = ¢ 4)
relating variation in Raman frequency to strain is valid, with ¢, a
constant for each serpentine,” Aw = @ — @,, @, the system’s
Raman frequency before it receives the strain load described by
s (supposed constant), and @ the system’s Raman frequency
after. Second, we defined ¢,: = f;3,/YA and, third, we supposed
that, after the nanomanipulation procedure, Aw(q) = c3q. Thus,
it can be shown that, for the experimental data to be
reproduced by the model, one must have
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Figure 3. Results of numerically simulating eq 1, for optimal choices of boundary conditions (free parameters). (a) Comparison between theory (red
dotted line) and experiment (open circles with error bars) for the serpentine depicted in Figure lab and in Figure 2a. (b) Comparison between
theory and experiment for serpentine depicted in Figure lc,d and in Figure 2b. (c) and (d) make a qualitative comparison between theory and
experiment for the serpentine depicted in Figure le—g and in Figure 2c. (c) stands for a theoretical reproduction of the effect seen in the detailed
region of (d). The insets at upper right-hand corners of (c) and (d) display the differences between the profiles in the main plot. As in a and b, inset

of d involved interpolation to allow the point by point subtraction.

bt}
€y =

a ©)
and this ties £, Y and A to the experiments (see Supporting
Information). The other parameter that can be related to
experiments is the total length of the numerical system, L, since
the physical length of the affected region of the serpentines, .L,
which can be measured by the confocal images in Figure 1,
requires L > L.

Regarding (ii), the free parameters happened to be the ones
that determine the boundary conditions, that is, v, t,,,,, C, and
lstep- Numerical simulations varying them were performed, and
the values that optimized strain profiles versus spatial
displacement of the line system were selected to adjust the
data (more details in the Supporting Information). The
parameter v is not essential to the model, since it can be
properly removed by a time rescaling.

Representative results of the above-mentioned numerical
simulations are shown in Figure 3. In all cases, results are
displayed not as the strain field s, but rather as Raman G*
variation curves, obtained with the use of eq 4. The spatial
coordinates g are supposed to be that of the line system’s prior
to being deformed. In Figure 3a and b, Aq = 0 um is the
position at which nanomanipulation took place, both
theoretically and experimentally, and experimental data (open
circles with error bars) depict the difference Aw between
Raman G* frequency before and after nanomanipulation, which
was obtained through point by point subtraction of values (with
the aid of interpolation) for the regions not affected by
nanomanipulation, and through subtraction of a chosen w,
value for the affected regions. This procedure considers the
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assumption that nanomanipulation was enough to erase
memory from growth-induced strain.

Figure 3a depicts the theoretical model (dotted red lines)
fitting the experimental data (open circles with error bars)
relative to the simplest case shown in Figure lab and 2a.
Agreement is excellent, both qualitative and quantitative.
Experimentally related parameters had values ¢, = —497.5
em™, ¢; = —2.97 cm™!/um, so that ¢, = 0.0060 um™", and we

chose @, = 16112 cm™. One can observe the essential
12,13

qualitative features discussed above and in the literature:
the typical W shape in the Raman G' variation curve, with
constancy of its slope. This constancy, however, is present only
when adhesion is homogeneous. Where it is not, we observe
nonanalytical behavior of the Raman G* variation curve of the
system. In this case, this happens close to the region at which it
detaches from the step, called the detachment region (around
+2.0 and —2.0 um, approximately). This becomes physically
relevant when we notice that the result generated with C = 1
(that is, the case of no discontinuity in adhesion) does not fit
experimental results so well within the experimental error (see
Supporting Information). To the best of our knowledge of the
literature, this seems to be a prediction about an indeed novel
nanotribological feature, generated by the inhomogeneous
adhesion induced by the anisotropic character of the substrate.

Figure 3b shows an attempt to fit experimental data from
Figure 1c,d and 2b. Experimentally related parameters had
values ¢; = —517.4 cm™, ¢; = —1.84 cm™!/um, so that ¢,
0.0036 um™’, and we chose @, = 1575.8 cm™. The qualitative
features from the previous case (W shape, constancy of slope,
and nonanalyticity) discussed above can be observed. The
novel feature that emerges, though, is the above-mentioned
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“fixed-point” effect: we imposed that the portion of the system
at g, = 13.75 pm should have, as boundary condition, zero
velocity for all times. Because of eq 1, this resulted in strain not
propagating to regions further than g, leading to an abrupt
discontinuity in the Raman G* variation curve. For this reason,
g, was called a “fixed-point” for the system. Figure 3b suggests
that this is the cause for what is indeed observed in the
experimental data. We physically interpret this fact as a limiting
case of strong, discontinuous adhesion between the carbon
serpentine and the vicinal quartz substrate: for strain to trespass
a fixed-point, arbitrarily large force per unit length must be
done. This might explain our failure in pushing the serpentines
in the U-turn segments, perpendicularly to the tube axis.

Finally, Figure 3c shows a theoretical reproduction of the
novel qualitative features brought in by the most complex
experimental data from Figure lef,g and 2¢d, where the
relevant region for analysis is the one given in detail in Figure
3d. Experimentally related parameters had values ¢; = —907.2
em™, ¢; = —2.00 cm/um, so that ¢, = 0.0022 ym™, and we
chose @, = 1571.0 cm™". The region between 0.4 ym and 1.2
pum in Figure 3¢ makes a direct parallel to the region between
1S pm and 33 pum in Figure 3d: in both cases, subsequent
nanomanipulations in analog places produce new Raman G*
variation curves which are almost uniformly displaced relative
to the initial ones. Theoretically, eqs 1 and 4 show that this
equals a uniform displacement in strain, whence the term
“strain avalanche”. The insets at the upper right-hand corners of
Figure 3¢, d confirm the strain avalanches by depicting the
difference between the final and initial plots. The constant
values of displacement were around —04 cm™, for the
theoretical case, and around —10 cm™, for the experimental
case. Furthermore, the observation of the strain avalanche has
an immediate consequence: it implies that previous stationary
states are starting point for subsequent dynamics, or, in other
words, that the serpentine-vicinal quartz substrate is a system
with memory due to nanotribological effects. The fitting values
for the three serpentines are displayed in Table 1 for easy
comparison of the fitting values.

1

Table 1. Values of @, ¢, ¢, and ¢; Obtained by Fitting the
Data from Serpentines 1 (Figure 1a,b), 2 (Figure 1c,d), and
3 (Figure lef,g)

serpentine @, (cm™) ¢ (em™) ¢ (um™) ¢; (em™ /um)
1 1611.2 —497.5 0.0060 —2.97
2 1575.8 —-517.4 0.0036 —-1.84
3 1571.0 —907.2 0.0022 —2.00

Notice that our analysis is fully devoted to uniaxial strain,
while Duan et al.'® reported the effect of both uniaxial strain
and torsional strain on the Raman frequency of nano-
manipulated carbon nanotubes. In our case, extensive uniaxial
strain is the main type considered because (i) we did not
observed changes in the carbon nanotube radial breathing
mode frequencies, and (ii) the length scale of the propagation
of perturbations is much greater than the diameter of the tube
and than the perturbed region. Nonetheless, the gray bullets in
Figure 2c present a region (a plateau close to g ~ 0 ym) in
which there might be compressive uniaxial strain or torsional
strain (because of the increase in wg and because it is the
perturbed region). This region becomes detached from the
substrate after the second nanomanipulation procedure, and
therefore only extensive uniaxial strain would remain for the
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final strain profile. We also neglect the possibility that the
spectral changes we observe could have been due to damages
introduced in the nanotubes by the nanomanipulation
procedure, since Raman spectroscopy is well-known as the
most sensitive technique to sense defects in graphene-related
structures,”’ "> and the presence of defect-induced peaks are
not observed in our study.

In summary, we have identified here the important role
played by adhesion anisotropy and discontinuity, strain
avalanche, and memory in the strain profiles measured in
carbon serpentine systems. These results can be generally
applied for one-dimensional systems sliding on a two-
dimensional surface, and the main ideas can be extended to
one-dimensional systems immersed in a three-dimensional
medium or to two-dimensional nanosystems on a surface, ie.,
to general friction problems in nanotribology. Recent experi-
ments show strain gradients for graphene sitting on a
surface,”™** indicating that the dynamical model presented
here can be readily extended to two-dimensional systems like
graphene, phosphorene, hexagonal-BN, or transition metal
dichalcogenides sitting on surfaces.
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