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% Check for updates Reducing friction has been a human pursuit for centuries, and is especially

important for the development of nanotechnology. Nowadays, with the
atomic-level understanding of friction, it is possible to reduce friction by
modulating the configuration and motion of interfacial atoms. However, how
to further reduce friction by modulating the interfacial electronic properties is
still unclear. Here we show a strategy to achieve friction and wear reduction
through inducing dynamic electronic density redistribution via alternating
electric current. The friction force between conductive Ir AFM tip and gra-
phene on Ni substrate can be reduced to 1/4 under 1kHz alternating current,
and maintain for more than 70,000 s under 9.1 GPa contact pressure without
any obvious wear. An electronic-level friction model (PTT-E model) is pre-
sented to unravel and quantify the tuning effect, showing that the alternating
current induced dynamic electron density redistribution is the key to friction
reduction. This work proposes a feasible and robust method to reduce friction

and wear in nanomechanical devices, and advances the understanding and
predicting of electronic contribution in friction tuning.

Friction is a common phenomenon in nature, and also a key technol-
ogy that enabled human civilization". Since Leonardo da Vinci studied
friction in the 15th century, researchers have been striving to explore
the key factors of friction and control it>*. Nowadays, the fundamental
law of friction has been investigated to improve the service life and
reliability of micro-nano electromechanical systems (NEMS)*”, to
magnify the energy harvest efficiency of triboelectric nanogenerator
(TENG)®, to enhance the dexterity of robotic grasping’, and to achieve
haptic feedback for virtual reality™.

With a deeper understanding of atomic-level friction", research-
ers have achieved friction control by regulating atomic motion
through thermal activation or nanoscale mechanical vibration> >, In
terms of thermal activation, Krylov et al. revealed thermally activated

jumps of the atomic-force microscopy (AFM) tip over the sliding bar-
rier, demonstrating a pathway to nearly vanishing friction®. Tshiprut
et al. theoretically predicted that vibrations could significantly
enhance surface diffusivity and mobility while reducing nanoscale
friction.”

In terms of applying mechanical vibration, Socoliuc et al.
observed a significant reduction in friction between an AFM tip and an
insulating NaCl surface when vibrations were excited. The mechanical
excitation induced premature jumps over sliding energy barriers are
found to be the key to friction reduction, inspired the field of dynamic
superlubricity”. Lantz et al. further demonstrated that mechanical
vibration could eliminate wear between a silicon AFM tip and a poly-
mer surface, highlighting its potential for friction and wear reduction®.
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Since then, dynamic superlubricity has shown success in friction
minimization'*>"""°, Recently, a 2D piezoelectric thin film was applied
along the contact interface to induce mechanical vibrations via the
inverse piezoelectric effect, enabling active friction modulation with-
out an external vibration source".

However, these methods demand that the actuation frequency is
precisely tuned to match the resonant frequency of the system, and it
usually requires a high actuation voltage to induce sufficient amplitude
of vibration (several nanometers), especially under high normal load".
Additionally, frequent mechanical vibrations may cause fatigue and
failure in the system and interfere with device functionality®**.

In recent years, tuning interface electronic properties via an
external electric field or current has emerged as a promising approach
for friction control. This method offers high flexibility, reversibility,
low driving voltage, and vibration-free operation>**™*°, Park et al.
reported a significant friction increase when an AFM tip slid against
p-type doped silicon under an electrical current, attributing the effect
to carrier accumulation and depletion®>°. Subsequent studies have
observed similar electric field/current-induced friction modulation in
various tribosystems®>>*2* However, applying an electric field
perpendicular to the interface usually led to increased friction between
the AFM tip and materials (such as silicon?’, GaAs*, graphene oxide®,
graphite”, graphene on Ru (0001)*, MoS,*, MoSe,*, h-BN*), yet how
to reduce friction is still unclear.

The mechanisms underlying electric field/current-induced fric-
tion modulation remain unclear, making theoretical predictions chal-
lenging. Existing atomic-scale friction models, such as the Prandtl-
Tomlinson (PT) and Frenkel-Kontorova (FK) models, describe friction
as the process of overcoming potential energy barriers caused by
atomic stacking changes. These models account for wear, plastic
deformation, chemical reactions, and thermal activation”>****, but
overlook electronic contributions to friction under an electric field or
Current28_30'34'46.

In this research, the friction force and wear at the interface of
conductive AFM tip and 2D materials is reduced by applying an alter-
nating electric current. The friction force when the Ir tip slides along
the graphene on Ni substrate (i.e., Ir/Gr/Ni interface) can be reduced to
1/4 under an alternating electric current with bias voltage amplitude /
frequency as low as 1V and 1kHz. This low friction force was sustained
for over 70,000 s under a normal load of 840 nN (= 9.1 GPa contact
pressure), without noticeable wear. Our theoretical calculation
revealed that the alternating electric current activates the dynamic
electronic density redistribution and atomic force perturbation (i.e.,
electrical activation), which assists the tribosystem to overcome the
sliding barrier. Based on these, we put forward a friction model
incorporating electrical activation (PTT-E model) to calculate atomic-
scale friction under an alternating current. This mechanism of elec-
trically activated friction reduction is applicable to various conductive
2D material interfaces, providing a theoretical framework for under-
standing and predicting electronic contributions to friction
modulation.

Results

Friction and wear reduction induced by alternating current
The impact of alternating electric current on friction force is investi-
gated using conductive atomic force microscopy (c-AFM). The AFM
tips (ASYELEC 01-R2) are made of doped monolithic silicon with
a=23nm Ir coating (tip radius R = 25 nm, force constant k=2.8 Nm™,
lateral sensitivity = 2.52 nN (mV)?, resonant frequency =77 kHz). The
lateral force maps, friction loops and current maps of Ir/Gr/Ni interface
are measured under 0-1.6 kHz alternating voltage with 1V amplitude
and 750 nN normal load, as shown in Fig. 1a. When applying the
alternating voltage, the averaged friction force of the scan region can
be reduced to 1/4 at frequency around 1 kHz (from 500 to 1200 Hz, the
minimum is at 700 Hz), as shown in Fig. 1b. Atomically resolved lateral

force maps and friction loops measured under no bias (Fig. 1c) and1V/
1kHz alternating voltage (Fig. 1d) indicate a reduction in maximum
lateral force during each atomic-scale stick-slip cycle.

The durability of the low-friction state induced by the alternating
voltage is further evaluated (Fig. 1e). Experiments are conducted in an
atmospheric environment with a normal load of 840 nN applied to the
AFM tip, corresponding to a 9.1 GPa contact pressure based on the JKR
model (for calculation details, see “Methods”). The normal load is
much higher than the previous AFM experiments (2.73-208 nN">'¢")
where friction is reduced through mechanical vibration induced by
alternating electric field.

Under such high contact pressure, graphene exhibited wear after
=25,000s of sliding without an alternating voltage (inset of Fig. 1e),
accompanied by a sharp increase in friction. The AFM tip is also
severely worn as shown in the scanning electron microscopy (SEM)
images (see Fig. 1f). The SEM images of the tip before and after the
friction experiment are colored blue and gray with white and red
outlines, respectively. By overlapping the SEM images of the tip before
and after friction, we can clearly see that the tip apex wore off
about 50 nm.

In contrast, under 1V amplitude and 1kHz frequency alternating
voltage, the low friction state maintains for more than 70,000 s (red
line, Fig. 1e). The post-experiment friction force map (see Fig. 1f)
revealed no significant friction increase, indicating negligible gra-
phene wear. Meanwhile, SEM images confirmed that the AFM tip did
not show any obvious wear neither (Fig. 1f). These results demonstrate
that applying an alternating voltage effectively reduces wear and sus-
tains a robust low-friction state.

Influencing factors of friction under alternating current

To gain a more comprehensive understanding of the friction-
reducing effect induced by electric current, the influencing factors
under applied alternating current are further investigated. Firstly, the
variation of friction with bias voltage amplitude is investigated using
c-AFM (Fig. 2a-c). As the amplitude of the bias voltage increases, a
reduction in lateral force during sliding is observed (Fig. 2a). Mean-
while, the enclosed area between the trace and retrace curves
decreases (Fig. 2b), indicating a decrease in friction force. The rela-
tionship between the average friction force within the scanning area
and the bias voltage amplitude is shown in Fig. 2c. A nonlinear
decrease in friction force is observed at low bias voltage amplitudes
(<0.35V), followed by an approximately linear decline at higher bias
voltage amplitudes.

Secondly, the effect of alternating current on friction under dif-
ferent sliding velocities is investigated. The friction force under dif-
ferent f (0-80 kHz) and v (2500, and 1000 nm s™) is measured using c-
AFM, as shown in Fig. 2d-f. At every sliding velocity, the friction force
exhibits a similar trend with the increase of f, i.e., it firstly decreases
and then increases. Yet the frequency leading to the lowest friction is
not a constant, which shows an increasing trend with the sliding
velocity.

Thirdly, the frictional behavior of different material interfaces
under applied alternating current is investigated. The friction force of
an Ir AFM tip sliding on graphene-covered Cu (Ir/Gr/Cu interface) and
on h-BN-covered Au (Ir/h-BN/Au interface) is measured using c-AFM, as
shown in Fig. 2g. The results show that all investigated interfaces
exhibit a reduction in friction under alternating current. However, the
degree of friction reduction varies among the interfaces and is posi-
tively correlated with the interfacial conductivity, as illustrated in
Fig. 2h and Supplementary Fig. 1.

Finally, the effect of sliding direction is studied, as shown in
Supplementary Fig. 2 and Supplementary Discussion 1. The friction
force significantly decreases under alternating electric current in all
sliding direction we have tested, and the relationships between friction
and alternating current frequency are similar.
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Fig. 1| Tuning friction force and reducing wear via applying alternating electric
current in conductive AFM experiments. a The c-AFM experimental setups and
current density calculated by DFT + NEGF of Ir/Gr/Ni interface. b The averaged
friction force of the scan region under 1V alternating voltage with different fre-
quencies, under 2.4 nms™ sliding velocity. Error bars indicate the standard devia-
tion of the friction force obtained from 1024 friction loops. ¢, d The lateral force
maps and friction loops (along the black dashed lines) measured before (c) and

Lateral force (nN) Wear of AFM tip

after applying 1V /1kHz alternating voltage (d). eThe friction force evolution of Ir/
Gr/Ni interface under 1V amplitude and 1kHz frequency alternating voltage (red
line) and no bias voltage (blue line). f The lateral force maps measured before (0®)
and after 20 h friction (@) under 840 nN normal load with (@®) and without (0®)
alternating current. The SEM images of the AFM tips observed before (0®) and after
(@@) 20 h friction under 840 nN normal load with (3®) and without (D®) alternating
current. Source data are provided as a Source Data file.

Mechanism and theoretical model of friction reduction

To fundamentally unravel the mechanism of friction reduction, the
changes in interfacial charge density and atomic forces under various
bias voltage and electric current are calculated using density func-
tional theory combined with nonequilibrium Green’s function
(DFT + NEGF). To ensure the applicability of the computational
results to the experiment, the electric field distribution at the tip-
sample interface is analyzed using the multi-physics coupled finite
element method (FEM). The FEM results indicate that the electric
field at the interface is approximately perpendicular to the surface,
with a small radial component at the edge of the tip, as shown in
Supplementary Fig. 3b, c. Accordingly, tip models with different

curvature radii r in contact with graphene are constructed. The r=
tip (i.e., Ir surface contact) closely resembles the perpendicular-to-
interface field, while the r=1nm tip accounts for the radial compo-
nent of the electric field, as shown in Fig. 3a, b. In the following
calculations, we refer to them as “flat contact (r = «)” and “tip contact
(r=1nm)”, respectively. In addition, a layer of Ar atoms is introduced
at the interface to simulate the tunneling barrier effect caused by
adsorbed molecules under ambient conditions.

Under the applied bias voltage, the charge redistribution at the
interface mainly concentrates between the Ir tip and the adsorbates,
as well as between the adsorbates and graphene, as shown in
Fig. 3¢, d. This redistribution of charge density leads to changes in the
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Fig. 2 | Influencing factors of friction under alternating current. a Lateral force
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processes, respectively. ¢ Variation of friction force with the bias voltage amplitude.
Error bars indicate the standard deviation of the friction force obtained from 512
friction loops. d-f The relationship between friction force and alternating current
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velocity. g The relationship between friction force and AC frequency of Ir/h-BN/Au
and Ir/Gr/Cu tribosystem measured by the c-AFM under 1V alternating voltage
amplitude. Error bars indicate the standard deviation of the friction force obtained
from 512 friction loops. (h) The relationship between conductance and friction
reduction ratio of the tribosystems measured in the experiment. The green, orange,
and yellow colors represent the results of the Ir/Gr/Ni, Ir/Gr/Cu, and Ir/h-BN/Au,
respectively. Source data are provided as a Source Data file.
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Fig. 3 | Charge density redistribution and atomic force change under various
bias voltage. a, b External electrostatic potential distributions at the tip-sample
interface for different atomic configurations of the tip calculated via DFT + NEGF.
¢, d Charge density redistribution Ap = p(V;,) - p(0) calculated via DFT + NEGF
under a+ 0.4V bias voltage. e, f Profiles of the charge density redistribution along
the dashed lines indicated in (c)(d). Red and blue curves represent the results under
+0.4V and -0.4 V bias voltages, respectively. g, h The charge density redistribution
as a function of bias voltage amplitude. The charge density redistribution value is

16 18 0 0.1

K 02 03 04 05 0 01 02 03 04 05
Bias voltage amplitude (V)

Bias voltage amplitude (V)

taken as the value with largest absolute magnitude around the interfacial Ir atoms.
The red/blue curves correspond to the cases with positive/negative applied bias
voltage. i, j The total force F¢ on the contact region Ir atoms for different tip
configurations as a function of bias voltage amplitude. The force perturbation
AF:(Vp) = (Fe(Vp)-Fo)/Fo, where Fe(Vy,) and Fq represent the forces under bias voltage
Vi and zero bias voltage, respectively. Source data are provided as a Source

Data file.

forces acting on the Ir atoms at the interface, as illustrated in Fig. 3i, j.
For both tip configurations, the bias-induced charge redistribution
and force variations exhibit similar trends with increasing bias vol-
tage amplitude, as shown in Fig. 3g-j. Due to the apex-enhanced
electric field effect of the tip contact, the charge density

redistribution and the variations in atomic forces are more pro-
nounced, as shown in Fig. 3e-j.

To illustrate the effect of the charge density redistribution and
atomic force variations on friction, we incorporated these effects into
the Prandtl-Tomlinson (P-T) friction model, and developed the
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electrically activated P-T (PT-E) model. The P-T model is expressed in
Eq. )":

i
de?

d’; +Fo — kvt —x)=0

= 1
3 @

+mu

This model describes the sliding motion of a spring-mass oscillator
with mass m and spring stiffness k, moving at velocity v over a periodic
potential with period a and corrugation amplitude Up. It is widely used
to simulate friction in c-AFM experiments, where the AFM tip is treated
as the spring-mass oscillator. The force Fy acting on the tip in the
periodic potential can be expressed in Eq. (2):

2

When an alternating current is applied, the atomic force variations
will be induced by charge density redistribution, and F, will be chan-
ged into Fg, which represents the force acting on the tip under electric
current. Fz can be obtained by fitting the DFT + NEGF calculation
results (Fig. 3i, j). Taking the flat contact configuration as an example:

0.74V,, +0.13(Vy< — 0.35V)
—1.91V2 — 0.034V,(—0.35V <V, <0)
1.09V?Z — 0.21V, (0 <V, <0.35V)
118V, — 0.39(V, 20.35V)

AFe(Vy)=(Fe(Vy) — Fo)/Fo=

3

where F (V) is the force on the tip under an applied bias voltage V4.
Considering a sinusoidal altering bias voltage Vi, =Vpo sin@2mft+e),
substituting it into Eq. (3) yields the time-dependent force on the tip
under the alternating bias voltage F:(t). By replacing Fo in Eq. (1) with
the Fg(¢), we obtain the PT-E model (Fig. 4a), which enables the
calculation of frictional force under an alternating current.
Furthermore, by introducing a random thermal noise term &(¢) to
consider the thermal effect'**, the electrically-thermally activated PT

model (PTT-E) model can be expressed in Eq. (4):

d*x
m J—

i “)

+mu S5+ Fy(t) - kot - ) - §0)=0

The thermal noise term &(¢) satisfies the fluctuation-dissipation rela-
tion:

(§@8()) =2mukgT8(t — 1), )
where kg is the Boltzmann constant, & is the Dirac delta function.

To illustrate the mechanism of friction reduction induced by force
perturbation, the oscillator’s trajectory and lateral force are analyzed
using the PT-E and PTT-E models, under a 1V / 500 Hz alternating
current at a sliding velocity of 10 nms™. Model parameters are pro-
vided in the “Methods” section. Fg(¢) is fitted from the DFT + NEGF
calculation results of the flat contact configuration. According to the
PT-E model, without the application of an alternating current, the
oscillator remains in the stick state until 0.05s (Fig. 4c). During this
period, the oscillator’s positions cluster near the potential energy
minimum, resulting in a trajectory that appears as solid blue, as indi-
cated by the red arrows in Fig. 4g.

When a 500 Hz alternating current is applied, the force pertur-
bation induces back-and-forth oscillations along the sliding direction,
referred to as displacement perturbations (Ax) in Fig. 4d. These per-
turbations lead to a broader distribution of positions during sticking,
represented by semi-transparent blue regions in the trajectory, as
shown by the purple arrows in Fig. 4f. The displacement perturbation
facilitates an earlier transition from stick to slip, with the oscillator
crossing the critical slip position at = 0.03s. The time of the slip
occurred in advance is marked by the green arrows in Fig. 4c-e. This
slip in advance also exists when the thermal effects are considered, as
shown by the gray lines in Fig. 4b, c. In the experiment, we also
observed the phenomenon of the slip in advance, as marked by the
green arrow in Supplementary Fig. 4b, which is consistent with our
computational results. This advancement in the slip event is accom-
panied by a reduction in the maximum lateral force, as indicated
in Fig. 4b.
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and the calculations are based on the tip contact (a) and flat contact configuration
(b). The red and blue curves in (a) and (b) represent the calculated results of the
PTT-E and PT-E models. ¢ The relationship between the absolute value of atomic
force change |AFg| and change density redistribution |Ap| for different interfaces.
The green, cyan, orange, and yellow markers represent the calculated results for
the Ir/Gr/Ni interface, the Ir/Gr/Ni interface with a layer of Ar atoms as adsorbates,

the Ir/Gr/Cu interface, and the Ir/h-BN/Au interface, respectively. d The relationship
between friction force and alternating current frequency calculated via PT-E and
PTT-E model at 2nms™ (d), 500 nms™ (e) and 1000 nms™ (f. g The relationship
between the AC frequency f corresponding to the minimum friction force and the
sliding velocity v obtained from the experiment (gray stars) and calculated using
PT-E model (blue triangles) and PTT-E model (red cycles). h-k The schematic of the
tip apex sliding along the potential energy surface under different f v’a. Source
data are provided as a Source Data file.

Validation of the friction model

The PT-E and PTT-E models are used to investigate and clarify the
influence of various factors—including bias voltage amplitude, AC
frequency, sliding velocity, and material—on friction under the alter-
nating current. Firstly, the variation of friction with bias voltage
amplitude is calculated, as shown in Fig. 5a, b, corresponding to the tip
contact and flat contact configurations, respectively. For both config-
urations, friction decreases with increasing bias voltage amplitude,
showing consistence with our experiments (Fig. 2c).

Meanwhile, using the PT-E model, the influence of AC frequency f
and sliding velocity v on friction is investigated, as shown in Fig. 5d-g.
The AFg(¢) fitted from flat contact configuration is used. At all sliding
velocities, friction first decreases and then increases with increasing f
(Fig. 5d-f). Moreover, the frequency corresponding to the minimum
friction increases with sliding velocity, which agrees with the experi-
mental results (Fig. 5g).

To understand at which frequency the friction force reaches its
minimum, we calculate the oscillator’s trajectory and the lateral force at
different speeds (2500 and 1000 nm ™) and AC frequencies, as shown
in Supplementary Figs. 5-7. Meanwhile, we calculate the variation of
displacement perturbation Ax with frequency, as shown in Supple-
mentary Fig. 8. At all speeds, the lowest friction occurs at the frequency
where the displacement perturbation is largest. This is because larger
displacement perturbation will cause the oscillator to pass the energy
barrier earlier, thus leading to a larger reduction in friction force.

Depending on the relative magnitude of the alternating current
frequency f and the frequency at which the oscillator crosses the
energy barrier (i.e., the washboard frequency v/a, where v is the speed
and a is the lattice constant), there are two scenarios (A more detailed
discussion can be seen in Supplementary Discussion 2):

(1) When the frequency of the alternating current is lower than the
washboard frequency (f< v/a), it takes v/(a-f) (>1) stick-slip periods
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to activate a displacement perturbation Ax, as shown in Fig. 5h and
Supplementary Fig. Se. In this frequency range, the average Ax per
stick-slip period is a:f/v (<1) times of its maximum value. As the
frequency increases, the displacement perturbation occurs more
frequently, the average Ax per stick-slip period increases, thus the
friction shows a decreasing trend with frequency.

(2) When the AC frequency is larger than (or equal to) the wash-
board frequency (f>v/a), the displacement perturbation will be
activated at least once in each stick-slip period. Further
increasing the frequency helps to ensure that at least an
effective displacement perturbation can be activated within
one stick-slip period, regardless of the AC phase (the impact of
AC phase on friction will be detailed discussed in Supplementary
Fig. 7 and Supplementary Discussion 2), thus reducing the
averaged friction. However, too high frequency will cause the Ax
decrease due to the damping force induced dissipation, leading
to an increase in friction, as shown in Fig. 5i and Supplementary
Fig. 6g-i.

Therefore, the lowest friction will occur around the frequency
range that is 1-2 orders of magnitude higher than the washboard fre-
quency, as shown in Fig. 5k, and the specific value can be quantitatively
calculated through the PTT-E model.

Furthermore, the interfacial charge density redistribution and
atomic force changes of the Ir/Gr/Cu and Ir/h-BN/Au tribosystems are
calculated using DFT + NEGF, as shown in Fig. 5c. Under an applied bias
voltage, electron density redistribution (Ap) occurs at all interfaces,
resulting in atomic force perturbations (AFg), as illustrated in Fig. 5c.
For the conductive interfaces - Ir/Gr/Ni and Ir/Gr/Cu - both Ap and AFg
are more pronounced compared to the insulating Ir/h-BN/Au interface.
This behavior arises from the higher density of free electrons in con-
ductive systems, which are more responsive to external electric fields.
Consequently, a more substantial friction modulation is observed
experimentally at interfaces with higher conductivity.

Discussion

Applying mechanical vibrations to reduce nanoscale friction was pro-
posed by the Socoliuc et al.”® The concept of mechanically induced
premature transitions over the sliding energy barrier pioneers a field of
dynamic superlubricity. In our research, we find that this transition can
also be induced by the electron density redistribution, which shows
differences with mechanical vibrations. In terms of experimental
phenomena: (1) The relationship between friction and frequency is
different. The minimum friction value appears at the resonance fre-
quency of the cantilever when mechanical vibrations are applied,
because the vibration amplitude is the largest at this frequency™". In
contrast, in our experiments, the frequency corresponding to the
minimum friction is not fixed but is related to the sliding speed. (2) The
mechanical fluctuation remains at the scale of 0.05nm under alter-
nating bias voltage (Supplementary Fig. 9), which is far below the
magnitude required to reduce friction as reported in refs. 17,18. (3)
Applying mechanical vibrations often cause significant fluctuations in
the normal force during the friction process, and the normal interac-
tion at the interface can even change from repulsive to attractive'. In
contrast, in our experiments, as the normal load is much higher, the
interfacial atoms always maintain a strong and almost constant
repulsive force, as shown in Supplementary Fig. 10.

From the perspective of physical essence, to reduce friction via
mechanical vibrations, the change in the distance between interface
atoms is crucial according to existing theories". This is a prerequisite
for altering the potential energy surface. In contrast, we applied a
normal load as high as 750 nN, which is much higher than the magni-
tude of the electrostatic force generated by a 1V alternating voltage™®.
In this case, the electrostatic force is unlikely to cause a significant
change in the interface distance and friction force. From a quantitative

perspective, our first-principles calculations indicate that the force
changes on interfacial atoms in the x (sliding direction) and z (normal
direction) due to charge redistribution under an external field are on
the order of 0.1eV A\, This magnitude of force is negligible compared
to the large normal load of 750 nN (i.e., 469 eV A™), but it is of the same
order as the friction force (=1 nN). Therefore, the external field and
current can effectively tune the lateral forces of interfacial atoms
without significantly affecting the normal force. Meanwhile, to esti-
mate the impact of mechanical fluctuation, we also recorded the var-
iation in the z-direction (perpendicular to the interface) position of the
tip (AZ) during the friction process. As the bias voltage amplitude
increases, the variation in the z position of the tip does not change
significantly (less than 10%), with the standard deviation o, = 0.05 nm
regardless of the bias voltage amplitude, as shown in Supplementary
Fig. 9. In contrast, the friction reduction exceeds 60%. For comparison,
in the friction experiment between an AFM tip and a mica surface in an
atmospheric environment, achieving the same magnitude of friction
reduction requires a mechanical fluctuation amplitude >5nm'. In a
recent experiment about friction reduction between AFM tip and
periodically poled lithium niobate (PPLN) surface, the mechanical
fluctuation amplitude required to reduce friction is 1.6-5.9 nm".
Therefore, considering only mechanical fluctuation, it is difficult to
quantitatively describe the friction reduction in our experiment.

Moreover, the friction reduction in our experiments is not due to
thermal activation effects. This is because if the friction reduction is
solely due to Joule heating, the friction should not change with the
frequency of the alternating current. At the same time, we also calculated
the temperature rise at the interface using the multi-field coupled finite
element method (specific results in Supplementary Fig. 11 and Supple-
mentary Discussion 3). The results show that even if we use the lowest
thermal conductivity values reported in the literature for graphite/gra-
phene and their interfaces, the temperature rise at the interface is only
69 °C. Accordingly, the calculated friction reduction is about 14.6%, still
significantly lower than the results measured in our experiments.

Finally, the advantages of reducing friction via alternating electric
current-induced dynamic electronic density redistribution are as fol-
lowed. First, this method enables dynamic control of friction, that is,
friction can be flexibly and instantly adjusted by changing the ampli-
tude and frequency of the alternating current. Secondly, activating
electron density redistribution does not rely on the changes in the
atomic configuration, thus theoretically it causes almost no damage to
the material, avoiding fatigue, failure and interference with device
function caused by high temperature or frequent mechanical
vibration'>?*”, Actuating dynamic electronic density redistribution
instead of mechanical vibration is beneficial to the reliability and per-
formance of devices. Thirdly, mechanical vibrations are difficult to
maintain under high contact pressure. In contrast, actuating dynamic
electronic density redistribution does not require high actuating vol-
tage or precise control of frequency, which can be easily realized
without the additional boost circuit or vibration source used in
refs. 14,18,19, which means that it could solve the key issue hindering
the practical application of MEMS/NEMS last for decades, i.e., severe
wear under high mechanical load*®.

In summary, through applying an alternating current, the friction
force between the conductive AFM tip and graphene can be reduced to
1/4 and maintain more than 70,000s under 9.1GPa normal load,
without apparent wear and mechanical vibration. Theoretical calcula-
tions show that the alternating current activates the dynamic electron
density redistribution of the tribosystem, which further induces the
atomic force perturbation that assist the tribosystem to overcome the
sliding barrier. Based on these findings, we propose the PTT-E model
which quantifies the friction reduction induce by electrical activation.
This work proposed a feasible and robust strategy to reduce the friction
and wear in nanomechanical devices, and sheds light on understanding
and predicting the electronic contribution in friction tuning.
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Methods

c-AFM experiment

The c-AFM experiments were carried out by Cypher c-AFM (made
by Oxford Instruments) under the ambient atmosphere (tem-
perature =25°C, relative humidity =20%). A Ti/lr coated tip
(ASYELEC.01-R2, tip radius R=25nm, force constant k=2.8 Nm™,
lateral sensitivity=2.52 nN mV™ calibrated with a diamagnetic
levitation spring system) was used to measure the friction force
under alternating current. The normal load was set to 750 nN
during sliding unless otherwise specified, and the scanning rate
was set to 1Hz. The friction force was calculated as half of the
difference in lateral force between the trace and retrace. The
conductivity was calculated as the d//dV of the I-V curve at zero
bias voltage. The Gr/Cu sample was fabricated via chemical vapor
deposition (CVD)*’, while the Gr/Ni sample was purchased from
Graphene Laboratories Inc., and h-BN/Au sample was fabricated
through transferring mechanically exfoliated h-BN layers (pur-
chased from HQ Graphene) to Au-plated silicon wafer.

Calculation of contact pressure and radius

According to the contact mechanics model JKR model)*’, we can
estimate the radius of contact pressure as follows. The relationship
between the averaged contact pressure P, contact area radius a, radius
of tip curvature R, normal load F and surface energy per unit contact
area y can be written as follows:

a’= % (F +3yTR + 1/ 6yTIRF + (3VHR)2> ©)

P=—— @)

na?

2Fpunoft _ - _
wherle 2R:25r11[13i F=840 nN, y= =322 =0.015Nm}, K—ﬁ,

k= ;—;1: k,= w2 1=0.28 and £, =380 GPa present the Poisson’s
ratio and Young’s modulus of tip materials Ir, v, =0.2 and E, =36 GPa
present the Poisson’s ratio and Young’s modulus of graphene sub-
strate. According to the above calculation, we can obtain the averaged
contact pressure is about 9.1GPa, and the contact radius is

about 5.4 nm.

Ab-initio calculations

The calculations of electron density and atomic force of tribosystems
under electric current were implied in Quantum ATK. The Fritz-Haber
Institute (FHI) type of pseudopotentials was used in all calculations.
The Grimme method (DFT + D3) was used for dispersion force cor-
rections. To consider the spin polarization of the Ni substrate, we use
the spin-generalized gradient approximation (SGGA) based on
Perdew-Burke-Ernzerhof (PBE) as the exchange-correlation functional.
Before calculating the electronic properties, the atomic configurations
of the tribosystems are optimized until the forces on all the relaxed
atoms are less than 0.01eVA™. To calculate the non-equilibrium
electron density and electronic properties of the tribosystems when
electric current flows, the non-equilibrium Green’s function method
was used. When calculating the atomic force of tribosystems under
electric current, their atomic configurations are fixed to ensure that
the atomic force change is purely induced by electron density
redistribution.

PT-E model calculations

The Langevin equation in the PT-E model is solved using the fourth-
order Runge-Kutta algorithm”*", The sliding barrier Uy isset to 2 eV. a
is set to 2.46 A, equal to the graphene lattice parameter. Other para-
meters k=7Nm™, m=2x10" kg, u=0.025ns™ are set to the magni-
tude commonly used in the PT model.

Data availability

The data that support the findings of this study are available from the
corresponding authors upon request. Source data are provided within
this paper. Source data are provided with this paper.
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