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basic processes (e.g., phonon generation
and electron–hole pair creation); thus,
determining energy dissipation mechanisms offers the potential to control friction in new ways.[3–5] Theoretically, when
an object is moving along an insulator
surface, kinetic energy is dissipated solely
through phonon emission (i.e., lattice
vibration of the substrate). However, if
the substrate is conductive, electronic
channels can also be activated for energy
dissipation.
Friction force microscopy (FFM) enables us to investigate these issues at the
nanoscale.[2,6] In FFM, the sample surface is scanned by a nanosized tip under
a constant normal force while lateral distortions in the trace and retrace directions
are detected, giving rise to the friction
signal.[7] This provides a means to investigate how the friction force acts on the sharp tip. Indeed, FFM
experiments have revealed phononic emissions dependent on
the isotopic composition of the substrate[4] and electronic friction in p–n junctions.[5,8] Cannara et al. demonstrated that the
vibration of lighter atoms could dissipate friction heat more
effectively.[4] Park et al. showed that friction could be varied in
a semiconductor by controlling carrier density.[6] To simultaneously demonstrate the relative magnitude of these two competing mechanisms, Kiesel utilized noncontact atomic force
microscopy (AFM) and found that the superconductor state of
Nb has less friction than its normal metal state[9] because friction energy cannot dissipate to paired electrons in the superconducting state until these pairs are broken apart by the friction energy itself.
Vanadium dioxide (VO2) is a well-known material for its
metal–insulator phase transition (MIT), which offers an interesting platform to study the influence of electronic structure on
friction behavior. Particularly, because its transition temperature (Tc) is near room temperature (Tc = 68 °C for free-standing,
stoichiometric VO2 single crystals) and it has a high resistivity
ratio and fast switching time, VO2 attracts more attention than
other materials with similar MIT characteristics.
Here, we report the role of MIT on the friction properties
of VO2 at various temperatures. FFM combined with a current preamplifier successfully resolves the metallic and insulating domains in the VO2 by measuring its conductivity at
nanoscale. We discovered that friction in the insulating phase
decreases with increasing temperature, which is attributed to

The remarkable turnover of friction on a vanadium dioxide (VO2) surface
driven by the metal–insulator transition is revealed using temperaturevariable atomic force microscopy in ultrahigh vacuum. Phononic and
electronic contributions are known as two major components in mediating
friction energy dissipation. Here, a VO2 thin film is prepared on a silicon
wafer with preferential orientations of (100) and (120) in the monoclinic
phase using pulsed laser deposition. Corresponding friction and conductivity
images show that friction decreases below the critical temperature, above
which two trends are seen as the temperature increases: less friction on the
insulating domains and higher friction on the metallic domains. This distinct
temperature dependence of friction is attributed to the combined effects of
thermal lubricity and electronic contributions. This study indicates the
promising potential for vanadium oxide to tune friction in the electric regime
as well as with temperature.

1. Introduction
Friction is a natural energy-loss phenomenon that occurs
when two contacting bodies slide against each other. Although
it is observed in all systems, even at the atomic scale, its fundamental cause is not simple, which makes it difficult to
control or to design interfaces with less wear.[1,2] From a fundamental point of view, friction—or, more precisely, mechanical energy dissipation—is the result of an interplay between
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thermal lubricity. However, a remarkable increase in friction
was observed in the metallic phase above the transition temperature, while much lower friction was measured on the neighboring insulating regions where thermal lubricity still existed.

2. Results and Discussion
To check the crystallinity of the sample, X-ray diffraction
(XRD) spectroscopy was conducted using the 2θ/ω scan mode
at room temperature (Figure 1a). Based on the XRD data, the
crystallinity of the VO2 films was mainly present along either
the (200), (120), or (−120) orientations at room temperature,
implying that the film was polycrystalline. Therefore, when
slightly pressed with the AFM probe, the compressive force was
mainly exerted to the film, thus suppressing the occurrence of
the metastable insulating (M2) phase where half of the V atoms
are paired, but not twisted, as in the stable insulating (M1)
phase (see the phase diagram of VO2 in Figure S1 in the Supporting Information).
The in-plane resistance versus temperature curve for the film
(Figure 1b) shows typical MIT behavior: the resistivity starts to
show a slight reduction at 70 °C and then drops drastically at
75 °C with a high resistivity ratio of ρ (at 30 °C)/ρ (at 90 °C) ≈
500. It is known that VO2 exhibits a first-order MIT from the
high-temperature metallic phase to the low-temperature insulating phase. This is accompanied by a structural change from

Figure 1. a) XRD of the VO2 film. b) Resistance as a function of VO2
thin film temperature. The inset demonstrates the structure of the VO2
sample.

1500388 (2 of 7)

wileyonlinelibrary.com

the tetragonal structure in the metallic phase to the monoclinic
structure in the insulating phase.[10]
Friction and current measurements[11] were carried out
under ultrahigh vacuum (UHV) with an integrated heater that
varied the temperature during AFM measurements. The measurements presented here were performed in contact mode
using a TiN-coated silicon cantilever and the lateral deflection
difference between the trace and retrace directions is presented
as friction. For a more quantitative analysis, the spring constant
of the tip was calibrated based on Cleveland et al.[12] For the
current measurements, the VO2 specimen was mounted on a
metallic sample holder using silver epoxy. Figure 2a shows the
thermal evolution of the friction and current signals together
with the corresponding topography as the specimen was heated
from 31 to 80 °C, crossing the MIT temperature. The scan area
was 200 × 200 nm2 and the loading force was kept constant at
33 nN using a feedback loop; the current resolution was better
than 5 pA. The loading force was relatively low so that neither
tip wear nor sample surface scratches were detected unless the
loading force was over ≈300 nN. As shown in the dark current
images in Figure 2a, while there was no detectable variation of
the current signal during heating to 60 °C, metallic regions suddenly appeared with bright contrast at 70 °C, covering 6% of the
whole area. At 80 °C, the metallic region drastically increased
up to 33% of the scanned area. The transition temperature of
VO2 is known to have a close relation to the strain such that
the overlap between V4+ orbitals is modified by the strain.[13] As
a result, the substrate with the larger thermal expansion coefficient causes the lower transition temperature of VO2 and the
observed distribution of metallic domains above Tc is ascribed to
the irregular stress configuration of the VO2 film. More exciting
results occurred in the friction images. While friction on the
scanned area gradually decreased as the temperature increased
up to 60 °C, some sites with high friction emerged abruptly at
70 °C. To visualize the trend in friction, representative friction
and current profiles at insulating (I) and metallic (M) phases
are exhibited in Figure 2b. In contrast with insulating domains
for which the disparity of trace and retrace friction profiles were
relatively small, the difference was considerably enhanced at
metal domains. We note that an asymmetric friction loop is
occasionally observed, while the symmetric loop is much more
common. The asymmetric friction loop is presumably related
to the asymmetric geometry of the tip–sample junction such as
the anisotropic coating of metal film.[14]
Because friction is proportional to loading force and loading
force, in turn, is the sum of the applied load and adhesion,
we need to evaluate the difference in adhesion force between
the metal and insulating domains. For this purpose, the pulloff force was determined from force–distance spectroscopy of
VO2 at 80 °C that was performed at insulating and neighboring
metallic domains while varying the sample bias. As shown in
Figure 2c, the pull-off force showed parabolic behavior for both
domains as the voltage changed; thus, we considered that the
pull-off force should be affected by the capacitive force (Fcap),
which can be formulated by the relation Fcap = −1/2*V2*∂C/∂z.
Here, ∂C/∂z is the derivative of the capacitance with respect
to the tip–sample distance (z). Therefore, the change in the
pull-off force curve toward higher curvature means the dielectric constant of the capacitance is altered to a higher value
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Ff = μ(Fn − F0 )

(1)

where µ is the friction coefficient and F0 is
the adhesion force at zero external normal
force.[15] The linear dependence between
friction and applied load is associated with
multiasperity contact, which comes into contact in series where only elastic deformation
exists.[7] Linear fitting yields the best results
when µ = 0.05 and F0 = 6 nN for the insulating region, and µ = 0.09 and F0 = 9 nN
for the metallic region. Higher conductance
on the metallic regions in Figure 3c,d supports that the higher friction region is well
matched to and strongly correlates with the
metallic region. However, increases in both
the friction coefficient and adhesion imply
that higher friction in metallic domains
cannot be interpreted solely by adhesion, but
that the friction on the sample surface itself
was actually altered.
To understand the influence of temperature on local friction, we used Fn–Ff spectroscopy and varied the temperature from
45 to 80 °C. Figure 4a,b shows the load
dependence of friction during the heating
(increasing temperature) and cooling
Figure 2. a) A series of 200 × 200 nm2 height/friction/current images taken in the same region (decreasing temperature) processes, respecat various temperatures. The scanning rate was 0.33 s per line. b) The representative friction/ tively. Again, we extracted the friction coefcurrent line profiles obtained at insulating (40 °C, upper curves) and metallic regions (80 °C,
ficients by fitting the data to Equation (1);
lower curves). Metallic (M) domains with high friction/current and insulating (I) domains with the results are plotted as a function of temlow friction/current are clearly visible. c) The adhesion force plotted as a function of sample perature in Figure 4c for both the insulating
bias on the metallic and insulating regions.
and metallic regions during the heating and
cooling processes. When the temperature
was close to or greater than Tc, the linear friction pattern was
when changing to the metallic state. As a result, the adhesion
increased more sharply with voltage in the metallic sites, which
altered to a superposition of two linear patterns and the loading
contributed to friction enhancement more than in insulating
force at the inflection decreased as the temperature increased
sites.
(see Figure 4a,b). As shown in the phase diagram, the Tc of
While morphological features can affect friction, the roughVO2 is sharply sensitive to stress; local tensile stress can occur
ness of the metallic and insulating regions—measured while
even when the loading force is decreasing. Therefore, the rapid
varying the sample temperature (see Figure S3 in the Supchange in friction is likely to be associated with a pressureporting Information)—shows almost no distinguishable difrelated transition to the insulating phase so that only the higher
ference between the metallic and insulating regions across
load was considered as the friction on the metallic domains.
Tc. The topography and its profile in Figure 3a,b, which were
The downward arrows in Figure 4a,b indicate the lower limits
for the fitting ranges. The fitted friction coefficient was plotted
measured on VO2 at 73 °C, show that the metallic and insuin Figure 4c as a function of the loading force. As shown in the
lating phases at different positions have a distinct difference
plot, the friction coefficient of the insulating regions decreased
in friction despite having almost the same height, indicating
with increasing temperature for both the heating and cooling
that the structure has only a limited effect on the friction. The
processes. However, after the metallic region appeared at 70 °C,
correlation between the tribological and electrical features can
friction increased in this region as the temperature increased.
be clarified more through normal load versus friction (Fn–Ff)
The friction at the maximum load of 50 nN also follows similar
spectroscopy, which is conducted at the metallic and insutrends, as shown in Figure S4 in the Supporting Information.
lating regions while measuring the current at the same time
Also, the trend of the friction coefficient for the heating pro(Figure 3c). For Fn–Ff spectroscopy, a 20 nm line inside a grain
cess is quite similar to that of the cooling process, which indiis continuously scanned so that the effects of either the root
cates the absence of plastic deformation or irreversible changes
mean squared (RMS) roughness or grain boundaries on fricinduced by heating or cooling.
tion are minor. This set of spectroscopy results shows that high
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Figure 3. a) 80 × 80 nm2 height/friction/current images of a region at 73 °C and b) profile of the cross section along the white line. It is clear that the
height of the surface is not correlated with the friction and conductance of the surface. c) Plot of friction (upper) and current (lower) as a function of
normal load on the marked points on the current map. Black squares and red circles represent metallic and insulating regions, respectively. d) Local
voltage versus current curves that were obtained in the same region.

When the temperature induces tip hopping, according to
Krylov and Frenken,[16] the friction is approximately propor⎛ E ⎞
tional to exp ⎜ a ⎟ , where Ea is the potential barrier of the tip–
⎝ kBT ⎠
surface system and kB is the Boltzmann constant. To confirm
this model, ln µ versus 1/T on the insulating region was plotted
in Figure 4d for both the heating and cooling processes. The
plot reveals a linear curve, leading to an activation energy of
≈0.3 eV for both the heating and cooling processes. According
to Barel et al.[17] a reduction of friction during contact with a
high potential barrier is preferentially caused by the rupture of
bonds at the interface rather than the formation of bonds when
the contact is about to slip. Therefore, as shown in Figure S5
(Supporting Information), we also checked the variation of the
velocity-driven friction on an insulating region for VO2 at 75 °C
while varying the scan speed. We fitted the experimental data
to Equation S1 (Supporting Information), as suggested by the
literature.[18] Since the fitted parameter for maximum friction at zero temperature (Fmax) was determined to be 0.6 nN,
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the energy barrier can be estimated by dividing the friction by
the lattice constant (≈0.28 nm), in other words, E ≈ aFmax/π ≈
0.34 eV. As the energy value showed good agreement with previous results, we can safely say that the reduction in friction is
due to the thermolubricity effect.
While the friction behavior on the insulating regions can
be explained by a model based on thermolubricity, friction on
the metallic regions shows the opposite behavior. Therefore, a
mechanism other than that in the insulating state should be
considered for the metallic state. Excess friction existing only
in the conductive area is similar to previously reported results
where a charge accumulation region exists in Si p–n junctions[5] or on n-type GaAs surfaces.[19] In these papers, forward bias conditions of ≈2.5 and ≈2 V were used, respectively,
for charge accumulation. In those works, the samples were
covered by a very thin oxide layer and the authors concluded
that the phenomena originated from charge trapping in the
top dielectric layer.[5,8,19] Since this dielectric layer readily
forms on the VO2 film in our study as well, we attribute it to
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Figure 4. Normal force versus friction plots measured during the a) heating and b) cooling phases. c) Friction slopes obtained from (a) and (b). In
the metallic range, the fitting range for the friction coefficient is limited and the downward arrows indicate the lowest values of the linear fitting range.
d) Friction slopes of the I sites in (c) are redrawn in the Arrhenius form of ln µ versus 1/T. The linear behavior shows that with the increased bondrupturing rate, the kinetic friction force decreased at high temperature.

V2O5, whose presence was confirmed via X-ray photoelectron
spectroscopy (XPS) (see Figure S6 in the Supporting Information). Considering the fact that both V2O5 and the underlying
VO2 are observed together within the inelastic mean free path
of an electron in the XPS, we believe that V2O5 with a thickness of only several nm exists on the surface. Contrary to
VO2 or V2O3, V2O5 is known to be an insulator even at higher
temperatures (above 250 °C) and has a band gap as large as
2.4 eV.[20] Additionally, several previous works reportboth theoretically and empirically that spontaneous surface oxidation of
VO2 to V2O5 is thermodynamically favorable.[21] Therefore, the
charge-trapping effect of V2O5 is enhanced at temperatures
above the Tc of VO2 where almost all of the electric field is
applied to the insulating V2O5 layer rather than to the metallic
VO2. We assume that the tip leaves a trace of trapped charges
as it scans the sample surface, as shown in the scheme in
Figure S7a (Supporting Information). Subsequently, if the
friction is equivalent to the excess friction gained from Coulomb forces between the tip and the surface, the Coulomb
forces can be estimated using the following linear chargetrapping model
L

Fcoulmb = ∫ neσ e / ⎡⎣ 4π Kε 0 ( x 2 + d 2 ) ⎤⎦ x / x 2 + d 2 d x
0

Adv. Mater. Interfaces 2016, 3, 1500388

(2)

as shown in Qi et al.[19] Here, L is the lateral distribution length
of the trapped charges, e is the electric charge, n is the number
density of charges, σ is the trap density along the scan direction, and x is the lateral position of an arbitrary charge in the
V2O5. K and ε0 represent the dielectric constants of V2O5 (37)
and a vacuum, respectively. Based on the fact that both V2O5
and the underlying VO2 are observed together in the XPS, the
thickness of V2O5 is assumed to be comparable to the inelastic
mean free path, ≈2 nm.[22] Therefore, if the trap depth is located
in the middle, the distance between the tip charge and the trap
charge (d) is ≈2 nm. The areal density of the trapped charges
is assumed to be on the order of 1013 cm−2, which is reasonable when compared to values reported in other experiments
where AFM was utilized to measure charge trapping for Si3N4/
SiO2 and SiO2/GaAs. Based on the electrostatic force microscopy results where the trap/detrap time of a single charge
in VO2 at room temperature was reported to be greater than
1 s,[23] we can suppose that the relaxation time of V2O5 is
also greater than 1 s because the energy gap of V2O5 is wider
than that of VO2. As shown in Figure S7b (Supporting Information), to calculate the contact area of the tip, we fitted the
Fn–Ff spectrum results for the metallic regions in Figure 3c
to the Derjaguin–Müller–Toporov model where the friction
force can be found by multiplying the contact area by the shear
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strength.[24] The best fit was achieved with a shear strength of
≈370 MPa and contact area of 9 nm2 at a loading force of 33 nN.
Therefore, the diameter of the contact area can be calculated to
be ≈3.5 nm at 33 nN, leading to σ ≈ 0.3e trapped per nanometer
along the fast scan direction. On the other hand, the induced
charge on the tip can be the sum of the image charge for the
charges trapped on the sample surface and the charge induced
by the sample bias. The first term is on the order of σL (i.e., the
scan velocity of 670 nm s−1) multiplied by the life time (≈1 s) so
that the number of image charges for the unrelaxed charge on
the sample is ≈180e. Meanwhile, when using a parallel capacitor model, the bias-induced charge can be simply calculated by
the capacitance of 2 nm V2O5 multiplied by voltage. Thereby, a
0.5 V bias will induce ≈7e for the tip contact area and the total
charge of the tip will amount to ≈190e. This calculation leads to
a Coulomb force of ≈5 nN between the tip and the V2O5. Considering the friction differences between the metal and insulator in Figures 2b and 3b,c, the increased force has the same
order of magnitude as the measured results. Since the applied
voltage is predominantly focused on the thin V2O5 layer rather
than on the metallic VO2, this charge-trapping effect can be
pronounced. Besides, as Wu et al.[23] exhibited, the trapping/
detrapping of charges could occur on the surface of a vanadium
oxide thin film even when the tip is placed in the noncontact
regime and the relaxation time of the trapped charge is on the
order of seconds; thus, our charge-trapping-induced friction
hypothesis during conductive AFM is reasonable.
On the other hand, the presence of V2O5 can be attributed to
increased adhesion, as mentioned, due to its dielectric constant
being higher than that of VO2, as shown in Figure 2c. According
to the literature, the capacitance force between the spherical
conductive tip and the flat sample, Fcap = −1/2*V2*∂C/∂z, can
be assessed by using the following equation[25]
z +R⎞
C (R , z ) ≅ 4πε 0Rsinh ⎛⎜
⎝ R ⎟⎠
n =∞

K − 1⎞
× ∑ ⎛⎜
⎟⎠
⎝
n =1 K + 1

⎛ n (z + R)⎞
csch ⎜
⎟⎠
⎝
R

n −1

(3)

where R is the tip radius, z is the distance between the tip and
the sample (≈1 nm), and K is the dielectric constant of the
sample. Thus, we calculated Fcap at the conditions of R = 20 nm,
z = 1 nm, and K = 20 (for VO2) or K = 37 (for V2O5). The difference between the calculated capacitance of K = 20 and K =
37 is then plotted as a function of voltage in order to match the
experimental data for the metallic state in Figure 2c. Figure S8
(Supporting Information) shows that the measured adhesion
behavior can be interpreted by the capacitance force model. For
a better match, we displaced the calculated plot by 0.6 V, which
is thought to originate from the difference in work functions
between the TiN tip (≈4.6 eV[26]) and the sample work function
(−5.15 eV[27]). Therefore, we can attribute the increased curvature of the adhesion data on the metallic domains in Figure 2c
to the higher capacitance of V2O5 compared with that of VO2.
Both of the coulomb interactions due to charge trapping and
capacitive force are attractive; thus, both of them are expected to
contribute to increased friction. However, when VO2 turns into
an insulator, the voltage is applied nearly overall to the 100 nm
VO2 so that the electrical field should be rapidly lowered by
1500388 (6 of 7)
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more than an order of magnitude and the charge trapping
effect can be ignored as well. Here, the screening length of VO2
in the insulating state is assumed to be negligible compared
with the sample thickness. In practice, other possible models
(e.g., electron–hole pair creation, electron wind, charge carrier
dragging, and fluctuation of the electric field) have such small
dissipation parameters that they are not likely to be responsible
for the large enhancement of friction observed on the metallic
VO2. The observed combined effect of phonons and electrons
in friction can give rise to the intriguing possibility of controlling nanoscale friction. Similar to Park et al.[5,8] and Qi et al.,[19]
the velocity dependence of friction on single-crystal VO2 with
larger domains can be the subject of further investigation.

3. Conclusion
In conclusion, we report a remarkable phenomenon of friction
energy mediated by phononic and electronic effects by probing
the local friction properties of a VO2 film at various temperatures
around Tc. While the friction decreased with increasing temperature below Tc, the trend is divided into two types determined by the
electrical resistivity above Tc: decreasing friction with increasing
temperature on insulating regions, and a sharp increase in friction with increasing temperature on metallic regions. Thermal
hopping of the tip is thought to be a reason for lower friction on
the insulating phase. Based on the fact that both the friction and
adhesion forces increase when entering the metallic phase, the
friction surge at the metallic sites can be caused by both capacitive force and Coulomb attraction from trapped charges. For Coulomb attraction, the surface V2O5 dielectric layer is proposed to
work as a charge-trapping layer that yields excess friction when
the temperature is greater than Tc. At the moment, it is not clear
whether the trapped charges came from the tip or from the
substrate. Therefore, a study of the hysteresis curve from either
capacitance versus voltage or current versus voltage is necessary
to find the precise pathway for charge trapping.

4. Experimental Section
Sample Preparation: A 100 nm thick VO2 film was prepared on a
heavily doped n-type Si substrate by pulsed laser deposition. The growth
details can be found elsewhere.[28] A KrF excimer laser (λ = 248 nm) was
focused onto a target (pressed 99.9% pure VO2 powder with density
of ≈4.0 g cm−3) with a fluence of ≈1.3 J cm−2. The deposition chamber
was pumped down to ≈10−6 Torr before oxygen gas was introduced
into the chamber. The deposition was performed in 10 mTorr oxygen
with the substrate temperature maintained at 520 °C for 40 min. After
deposition, the samples were cooled at a rate of 10 °C min−1 at the same
oxygen pressure. The typical RMS value of the surface roughness was
5.7 nm, as measured using AFM.
High-Resolution X-Ray Diffraction: The crystallinity of the films at
room temperature was measured using high-resolution XRD, which was
performed using a triple-axis diffractometer equipped with a four-crystal
Ge (220) monochromator and a three-reflection Ge (220) analyzer in a
PANalytical X’Pert Pro MRD system. The Cu Kα line (λ = 0.15406 nm)
radiated from a 2.2 kW ceramic tube was used as the X-ray source. Two
well-resolved diffraction peaks were observed from monoclinic VO2 (i.e.,
VO2(200)M1 and VO2(120)M1 peaks; Figure 1a), which corresponded to
the two preferred crystal orientations of these polycrystalline films. For
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both orientations, the cR axis (c axis in the metallic phase) was slightly
tilted from the film growth direction.
AFM Measurement: For the AFM measurements, an RHK Tech SPM100
AFM system was used and all of the measurements were carried out at
1.0 × 10−9 Torr. The vacuum was of great importance because it not only
removed the capillary forces caused by water in ambient environments,
but also protected the tip from oxidation during current measurements.
The spring constant of the tip was calibrated using its geometry and
the resonance frequency in its free state.[12] The resonance frequency
of the tip was measured and the geometry of the tip was checked
with a scanning electron microscopy image and the provided factory
specifications. For Fn–Ff spectroscopy, the tip continuously scanned only
a single line inside the grain while decreasing the external normal loading
force until the tip completely disengaged from the surface. To precisely
determine the elastic constant of the tip, the method of Cleveland et al.
was followed where the elastic constant (k) of a rectangular probe can be
defined as k = 2π3l3wρ1.5E−0.5υ03.[12] Here, the length (l) and width (w) of
the cantilever were checked using scanning electron microscopy and the
elastic modulus (E) and the density (ρ) are defined by the factory-provided
specifications. υ0 is the resonance frequency of the tip at the freestanding
state. During the scanning process, the motion along the slow-scan
direction was fixed so that only a single line was repeatedly scanned.
While the loading force was changed on a line-by-line basis, differences
between the forward and backward lateral signals were recorded 256
times at every step of the loading force. Therefore, the friction force for
each loading force was calculated by averaging each data set (i.e., 256
measurements). To convert the lateral signal to friction force, a thermally
grown 500 nm SiO2 wafer was used as a calibration sample for the Fn–Ff
spectroscopy test. As shown in Figure S2 (Supporting Information),
the gradient of the friction signal was linear over the measured regime.
Therefore, the slope was matched to the known friction coefficient of
SiO2 under UHV conditions (i.e., 0.4) to convert the lateral signal to the
friction force (nN). Meanwhile, the contrast in the friction and current
maps in Figure 2 was adjusted so as to use an identical intensity scale
within the entire measured temperature range. The scanning velocity was
fixed at 670 nm s−1. Once a location for Fn–FL spectroscopy was decided
upon in the current map, both friction and current were measured at
the same time while spectroscopy with a 20 nm scan line ran inside the
area (≈50 nm scale) with a sample bias of 0.5 V. By plotting the current
as a function of normal force, the validity of the spectroscopy could be
confirmed by checking the variation of the current.

