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The rapid miniaturization of nanomechanical devices raises a 
higher demand than ever to understand and control atomic 
friction between nanosized contacts1–4. Previous atomic 

force microscope (AFM) studies and large-scale computer simula-
tions1–3,5,6 revealed atomic ‘stick–slip’ frictional behaviours, which 
feature a sawtooth-like friction force evolution in commensurate 
with the period of the substrate lattice7,8. The atomic stick–slip fric-
tion is expected when the elastic constant of the AFM cantilever is 
lower than the curvature of the surface potential corrugation; other-
wise, the scenario may convert into a regime of ultralow friction in 
which countermotion exhibits a continuous way with almost-zero 
friction4,9–11. This ultralow friction is crucial for improving the life-
time and efficiency of various mechanical devices.

So far, ultralow friction has been successfully demonstrated 
on incommensurate surfaces under conditions of low or even 
negative normal forces12–17. However, the atomistic mechanisms 
involved therein are still under extensive debate, and have been 
interpreted by multiple contentious theories, which include 
mechanical10,12 and thermal18,19 theories. For example, the transi-
tion from stick–slip to ultralow friction was interpreted by the 
framework of the Prandtl–Tomlinson model10,12 or as a result of 
the thermolubricity18,19. Unfortunately, these studies focus pri-
marily on cases in which long-range atomic diffusion is rarely 
involved, for example, only covalent-bonded or ionic-bonded 
materials are present across the interface; hence, these lubricity 
theories are not directly applicable to contacts that involve dif-
fusional materials, such as metallic contacts. Lately, researchers 
demonstrated that the neck region mediated by atom diffusion 
between metallic contacts observably influences frictional behav-
iours20–22. Other studies proved that neither mechanical models 
nor thermal contact delocalization can accurately account for the 
ultralow friction that occurs on Au(111) and Cu(100) surfaces, 
and instead conjectured that atom diffusion may be indispensable 
to sustain the low friction14,15.

Achieving an explicit mechanistic understanding of atomic fric-
tion between diffusional metallic contacts thus requires informa-
tion on the real-time interfacial structure of the contact, which is 
unfortunately beyond the capability of most existing experimen-
tal methods, including AFM-based techniques—the most widely 
applied experimental method used to study nano-/atomic-scale 
friction. Recent progress in in situ transmission electron micros-
copy (TEM) opens up a new horizon for capturing the interfacial 
structures during atomic friction21,23,24. In the present work, by 
combining in situ high-resolution TEM and AFM, we successfully 
captured the atomic-scale frictional processes and simultaneously 
tracked the friction-force evolution, and we report a unique low 
friction behaviour between metallic contacts under tensile stress 
that is enabled by the formation of a loosely packed interlayer (IL) 
and atomic diffusion between the frictional surfaces, highlighting 
the critical role of interfacial structure in determining the mecha-
nisms of atomic friction.

Figure 1 demonstrates the experimental configurations estab-
lished in the present work to study atomic friction. The tip of a W 
probe (that is, a W single-crystal asperity) was driven by the piezo-
system on a TEM holder to contact with and slide on an Au asperity 
deposited on an AFM cantilever (Fig. 1a–c). The mutual orientation 
of the asperity surfaces was precisely controlled (Fig. 1d). The fric-
tion force was calculated by Hook’s law, that is, by multiplying the 
vertical deflection and the spring constant of the AFM cantilever. 
The detailed experimental procedure can be found in Methods.

Our experiments demonstrated an IL-mediated low-friction pro-
cess between W and Au asperities under tensile stress (Fig. 2a–e and 
Supplementary Video 1). Interestingly, a loosely packed IL formed 
at the contact, which shows an apparently different structure and/
or orientation compared to both the face-centred cubic (fcc) Au and 
body-centred cubic (bcc) W asperities. During friction, the struc-
tures of both the upper W and lower Au showed negligible changes, 
whereas the atomic contrast of the IL continuously evolved, which 
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implies that the countermotion was primarily mediated by the IL 
(Fig. 2a–d). By measuring the deflection of the AFM cantilever 
from the sequential high-resolution transmission electron micros-
copy (HRTEM) images, it was found that the friction force was very 
low (average of ~0.1 nN) and showed slight fluctuations (Fig. 2e) 
during the continuous sliding25. Similar experimental results that 
exhibit a IL-mediated low friction are presented in Supplementary 
Fig. 1a–j and Supplementary Video 2.

By contrast, a raised friction was observed when the loosely 
packed IL was absent (Fig. 2f–j and Supplementary Video 3). The 
Au and W asperities initially moved together along the frictional 
direction without relative sliding (Fig. 2f,g), which led to a gradual 
increase of the friction force to a maximum of ~0.8 nN—the static 
friction (blue dotted lines in Fig. 2j). Thereafter, the kinetic fric-
tion nearly kept constant as a lightly cyclic increase–drop evolu-
tion with the relative sliding distance between Au and W asperities.  
(Fig. 2g–i) The presented data deviated from the obvious 
saw-tooth-like fluctuation5,13 and the stick–slip behaviour might be 
hidden in the experimental results, which may ascribe to the fol-
lowing factors. First, the intrinsic lattice dissimilarity between Au 
and W interrupted the registry of commensurate contact. Second, 
the tensile load contributed to the reduction of the potential cor-
rugation12 and the ultralow scanning velocity (~0.1 nm s–1) also 

suppressed the fast relaxation of the lateral force26,27. And last, but 
not least, the measurement error induced by the thermal drift and 
limited force resolution may dissemble the dramatic force–displace-
ment oscillation. During the sliding process, the average friction 
force was ~0.7 nN, the kinetic friction (Fig. 2j), much higher than 
that of the case with an IL. Other cases without and with an IL were 
also captured by adjusting different separation distances, as shown 
in Supplementary Fig. 1p,q.

To understand the formation and annihilation of the loosely 
packed IL, molecular dynamics (MD) simulations were car-
ried out to simulate the interfacial structure between the W and 
Au asperities as a function of their mutual distance (Fig. 3 and 
Supplementary Fig. 2). Note that Au atoms could transfer to the 
surface of the W asperity (Supplementary Fig. 3a–h) due to the 
strong Au–W adhesion2,28 during the friction with jump to and/or 
jump off contact processes, which generate saw-tooth-like clusters 
(Supplementary Fig. 3c,g) similar to those found in the literature29. 
These Au clusters were metastable, and relaxed into ordered lay-
ers on the W surface (Supplementary Fig. 3h and Supplementary 
Video 4), which was also consistently revealed by density func-
tional theory simulations (Supplementary Fig. 3i–o). Therefore, an 
Au layer with a bcc {110} (ref. 30) plane structure was incorporated 
on the W surface in MD simulations (Supplementary Fig. 2a).  
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Fig. 1 | In situ TEM friction experimental set-up. a, Schematic diagram of the in situ TEM frictional experiment set-up. The tip of an AFM cantilever was 

reshaped and deposited with a layer of Au by ion beam sputter. The W probe (that is, the W asperity) on the counterside was manipulated to slide on  

the Au layer by a piezocontroller. b, The vertical deflection of the Au-coated AFM tip times the stiffness of the AFM cantilever gives the friction force.  

c, A close-up view of the approaching Au and W asperities. d, HRTEM image of the W and Au asperities on the two sides. During friction, the W probe 

was driven to contact and slide on the Au surface. The lateral speed of W was controlled via the piezosystem to be ~0.1�nm�s–1.
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As shown in Fig. 3a–l, with the gradual separation of the W and Au 
asperities, the Au layer (as indicated by the red arrows in Fig. 3a–c)  
on the very interface of the bcc and fcc structures gradually  

transformed into an IL wherein atoms were apparently loosely 
packed. Remarkably, the loosely packed IL only presented when the 
separation of the Au and W asperities (see Supplementary Fig. 2a 
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Fig. 2 | The IL induced continuous sliding with low friction compared with the high friction without an IL. a–e, Sequential HRTEM images (a–d), and 

friction force and relative distance evolutions with time (e, top and bottom, respectively) showing an IL-mediated low friction between W and Au 

asperities to give a continuous sliding with a vanishing friction force (maximum <0.2�nN). f–j, Sequential HRTEM images (f–i), and friction force and 

relative distance evolutions with time (j, top and bottom, respectively) showing a continuous-like sliding with a high friction between the W and Au 

asperities without an IL. Initially, the W and Au asperities moved together without countermotion, which manifested a static friction behaviour until the 

friction force reached ~0.8�nN. Then, continuous-like sliding with a high kinetic friction behaviour proceeded. The positions of the Au asperity (that is, 

deflection of the AFM cantilever) are marked by the red vertical lines in f–i. k, Summary of the friction behaviours with and without an IL. The error bars 

represent the variations of the measured friction force. Scale bars, 1�nm. Supp., Supplementary.
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for the definition) reached a critical value of about 6–7 Å (Fig. 3m), 
which is away from the equilibrium distance (~4.7 Å including one 
layer of Au of ~2.35 Å). The critical dependence of the interfacial 
structures on the asperity distances was also consistently revealed 
by in situ HRTEM approaching experiments (Supplementary  
Fig. 2c–g). The transformation of the IL into a loosely packed struc-
ture was attributed to the competition between the Au–Au and 
Au–W bonding28,31 and the dissimilarity between the Au and W 
lattice for optimizing the system energy2,32,33. The declining melting 
point and raised diffusivity of Au with decreasing the crystal size34 
also give rise to the possibility of this loosely packed transition. 
Moreover, the geometry confinement under a certain separation 
regime35,36 favoured Au clusters to relax into a monolayer struc-
ture37 rather than an adhesive junction or neck2,21. In addition, MD 
simulations (Fig. 3n) showed that atomic friction with and without 
the loosely packed IL exhibited a low friction force with small fluc-
tuations (red curve) and a high friction force with large ones (blue 
curve), respectively, in agreement with the experimental observa-
tions shown in Fig. 2. It is worth noting that the IL only appeared 
at a separation distance from 6 to 7 Å when the adhesion force 

between the two asperities was near the maximum value (Fig. 3m). 
The normal force evolution was measured as a function of the 
separation between the two asperities (Supplementary Fig. 4a–c). 
As such, the critical normal force for the IL formation was deter-
mined based on the maximum adhesion force. The friction force 
as a function of the separation distance in the experiments is sum-
marized in Fig. 2k. Notably, the two regions with and without the 
IL exhibited distinct dependencies of the friction force on the sep-
aration distance or the normal load. Within the region without the 
IL, the friction force decreased with increasing separation distance 
or decreasing normal load (Fig. 2k and Supplementary Fig. 4d),  
consistent with controlling the friction behaviour by adjusting the 
normal load12,38. For the cases with the IL, the magnitude of the 
friction increases slightly with decreasing the normal load within 
the adhesive regime (Fig. 2k and Supplementary Fig. 4d), similar 
to the reported scenarios with a negative friction coefficient30,39, 
which indicated the breakdown of the Amontons’ law of fric-
tion40. The friction force underwent a sharp reduction when the 
IL formed, which highlights the role of an IL in determining the 
magnitude of the friction force.
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Note that the stability of the IL is affected by the mutual orienta-
tions of the contacting surfaces of the two asperities. For example, 
when the contacting surfaces were not parallel, a loosely packed IL 
was absent under all the stress conditions or separation regimes. 
Instead, Au atom diffusion led to the generation of a ‘neck’ at the 
contact (Supplementary Fig. 5a,b), similar to the experimental and 
simulation results in the literature23,38,41. The non-parallel contact 
broke the confinement of the atomically flat contact and created 
the extra space for the atom diffusion and piling up. Also, it con-
structed a curve configuration (Supplementary Fig. 5b) that pro-
vides an additional driving force for diffusion24,42. Consequently, the 
countermotion was mediated by a rigid shear between the neck and 
Au substrate, expected to display stick–slip friction (Supplementary 
Fig. 5c–e).

The existence of the loosely packed IL directly lowers the static 
friction (Fig. 2e,j), which is similar to the structural lubricity with 
lattice misfit by changing the alignment conditions of the asperi-
ties to reduce the potential corrugation17,43. This disorder struc-
ture enables incommensurate contact and reduces the interlocking 
between asperities9,10, instead of the commensurate case between 
crystals with periodic interaction potential, which normally gen-
erates a higher friction38. Owing to the high vacuum under TEM 
and the outstanding oxidation resistance of Au and W, the contact 
surface could keep clean by avoiding the interference of impuri-
ties, which provides the precondition for structural lubricity17. The 
IL, with the same atoms as the substrate (Au) rather than foreign 
atoms, has a good compliance with the substrate44 and tends to 
experience a harmonically coupled deformation before sliding37. 
Different from the absorbed fluid IL or the sliding-induced liquid 
phase with a certain thickness45, the disorder monolayer also averts 
additional energy dissipation within the lubricant37. Moreover, the 
tensile normal force, instead of compression46, weakens the penetra-
tion of the IL atoms in the potential well of the substrate, analo-
gous to controlling the normal load to lower the friction12. Notably, 
compared with the case without an IL with a lower adhesive force, 
the loosely packed structure diluted the anchoring effect from the 
strong adhesion39.

To further reveal the atomic mechanism inside the loosely 
packed IL that is responsible for ultralow kinetic friction, the 
dynamic evolution of the IL (Fig. 2a) during friction was anal-
ysed. As shown in the sequential HRTEM images (Fig. 4a–c) and 
time-resolved intensity profiles of the loosely packed IL and top Au 
layers (Fig. 4d and Supplementary Fig. 6), lengths of the IL and top 
Au layers kept evolving during friction, which indicates the severe 
surface diffusion of Au atoms at the vicinity of the contacting inter-
face. Additionally, local contrasts in the IL frequently changed from 
strong to weak or in reverse (brown arrows in Fig. 4), which implies 
the mass transportation towards different directions and continu-
ous atom rearrangements within the IL. Surface curvature and stress 
were reported to be important driving forces for surface diffusion at 
nanoscale single-asperity contacts42. These two driving forces kept 
changing during the countermotion between the Au and W asperi-
ties, and thus continuously drove atoms diffusing into or away from 

the IL. Particularly worth noting is that, as indicated by the cyan 
arrows in Fig. 4b–d, the local structure of the IL (as shown by the 
intensity features) remained sessile with respect to the W asperity 
during about 1–3 s, whereas the position of the IL and Au asperity 
moved rightwards (Fig. 4d), which implies that the migration of the 
IL and hence the countermotion between the Au and W asperities 
was mediated by atomic diffusion rather than by rigid shear, as it 
is in the case of high friction. To further confirm this mechanism, 
the dynamic evolution of the IL during friction in the MD simu-
lation was surveyed. As shown in Supplementary Fig. 7a–i, the IL 
presented a disordered structure and retained the loosely packed 
state during the countermotion between asperities. Atoms marked 
by different colours within the IL (Supplementary Fig. 7a–i) experi-
enced random jumping in different directions and exhibited various 
motion pathways, contrary to the uniform movement assisted by 
the interface dislocation slipping47,48. The mean square displacement 
of the interface and reference layers of Au atoms in the case with an 
IL during friction in the MD simulation was calculated, as shown 
in Supplementary Fig. 7m. The mean square displacement of the 
IL atoms increased sublinearly with time, much higher than that of 
the reference layer, which indicates that random diffusion activities 
dominated the motion of the IL atoms42,49. The mean square dis-
placement in the reference layer, however, was limited and mainly 
from the contribution of the elastic displacement of atoms driven by 
the suffered shear stress. The loosely packed IL simply went through 
a diffusive mass flow instead of the periodic crystallization and 
melting process33,50, which generated extra energy dissipation51. As a 
result, these observations demonstrate that the low friction behav-
iour observed in Fig. 2 is mediated by the loosely packed IL via vig-
orous diffusive activities near the contact. This IL played a similar 
role as a self-lubricity that mediates the countermotion between 
asperities. Atomic friction in our experiments carried out between 
incommensurate interfaces under a slow countermotional speed 
of 10−10 m s–1 and low normal loads prompted thermolubricity and 
can effectively reduce surface energy corrugation4,6,9–11,15,18,19,25. The 
direct observation of a loosely packed IL at the contacting interface 
and noteworthy atomic diffusion involved therein indicates that the 
underlying mechanism of low friction at contacts that involve dif-
fusional metals is more complex than previous simple rigid sliding 
interpretations7,52. The geometry confinement designed here also 
suppressed the formation of a junction induced by diffusion, which 
differs from the scenario dominated by the yielding and fracture 
of a junction with high resistance2,15. The mean interfacial shear 
stress in the friction experiment was estimated, as summarized in 
Supplementary Table 2. The contact with the IL displayed a lower 
interfacial shear strength compared with that with an ordered IL, 
which was attributed to the loosely packed interfacial structure and 
the diffusion-mediated countermotion during friction. The unique 
structure characters of the IL and associated loading conditions 
determine the role of a diffusive IL on the friction, which provides 
insights into the selection of lubricity.

It has been reported that surface atom diffusion contributes sub-
stantially to the mechanical behaviours of nanosized crystals29,53–55. 

Fig. 4 | Low friction mediated by atomic diffusion in the loosely packed IL. a–d, Sequential HRTEM images (a–c) and intensity profiles of the IL and top 
layer of the Au asperity (d). The red and blue arrow heads indicate the reference points on the W and Au asperities. The red dashed line indicates that 
the images are aligned based on the position of the W asperity. The blue dashed line and arrows indicate that the Au asperity migrated rightwards with 
respect to the W asperity. The length and position of the IL (as labelled in d) were identified by matching the intensity profile with the corresponding 
HRTEM images. The length and position of the Au top layer were measured from the intensity profile by assuming the edge of the Au layer was at the 
upper end of the intensity slope. The lengths of the IL and Au layer varied during friction, which provides strong evidence of atom diffusion into or away 
from the edges of the IL and Au layer. As indicated by the brown arrows, local contrasts in the IL frequently changed from strong to weak or in reverse, 
which implies continuous atom rearrangements as a result of diffusion. The diffusion flow is indicated by the black dash arrows. Cyan arrows indicate 
local intensity features that remained sessile in the IL for about 1–3 s with respect to the W asperity; however, the position of the IL and Au asperity moved 
rightwards during the period (horizontal black arrows in d). Scale bar, 1 nm. a.u., arbitrary units.
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Metals with large diffusivity, such as Au and Ag, even exhibit a 
‘liquid-like’ behaviour at the lower nanoscale54,55. Jaklevic and Elie 
reported that it takes only ~0.12 s for gold atoms to diffuse from 

one atomic site to another (~0.23 nm) under ambient temperature53, 
which is much faster compared with the sliding speed in our experi-
ments. The diffusivity of metals also increases with decreasing the 
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sample and/or device’s size34. These previous results rationalize our 
observation of diffusion during atomic friction (Fig. 4). Given suf-
ficient time, driving force and space, the atomic diffusion makes the 
IL liquid-like during friction. The diffusion can also be activated 
by tribo-induced heating45 or at high temperatures. As such, it is 
reasonable to expect the IL and ensuing diffusion-mediated low 
friction behaviour may widely exist in the broad class of nanoscale 
metallic contacts.

Additionally, this work provides a direct atomic-scale obser-
vation of the real-time microstructure of the interface during 
friction, and could thus serve as a paradigm for studying atomic 
friction. Under tensile stress, a loosely packed IL is formed by 
atom diffusion, which serves as a lubricant between the counter-
sliding asperities and results in an ultralow friction. The IL only 
exists at the distance of the highest adhesive stress and disap-
pears when approaching the equilibrium distance. Besides, the 
contact angle of the asperity surfaces also plays a non-negligible 
role in the interfacial structure, and thereby influences the basic 
mechanism of atomic friction. Our work unravels an origin for 
the low friction between metallic single asperities that are beyond 
the general expectation, which highlights the critical role of atom 
diffusion in determining the interfacial structure and hence the 
atomic mechanisms of friction.
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Methods
Au–AFM cantilever preparation. The AFM cantilever with Au crystals on top was 
prepared sequentially, as follows:

	1.	 Commercially available AFM cantilevers from Bruker AFM Probes were 
used in this investigation. The ‘F’ MSCT cantilever was used, with a spring 
constant of ~0.6 N m–1 and a triangular geometry; both the tip and cantilever 
were made of silicon nitride and came with an Au coating on the back side. 
The spring constant of the cantilever was precisely measured by using an 
AFM before subsequent processing.

	2.	 The cantilever was machined by using a focus ion beam (FIB; FEI-Helios). 
The back of the AFM chip was pasted onto a scanning electron microscope 
stage which was loaded into the FIB. For the first step, the tip of the cantilever 
was machined flat (Supplementary Fig. 8a–c). Then, the AFM chip was taken 
out of the scanning electron microscope stage, rotated 90° and pasted back 
onto the stage; the tip now faced upwards (Supplementary Fig. 8d). In the 
second step, the tip was machined from the top into a wedge shape with a side 
surface inclination angle of ~38° (Supplementary Fig. 8e). The final thickness 
of the wedge tip (‘edge’) was ~20 nm. The wedge-shaped tip provided two 
crucial characteristics for the friction tests: the mechanical stability during 
friction and the electron transparency of the deposited Au. The FIB process-
ing may induce the Ga residual into Au crystals.

	3.	 After reshaping the cantilever tip with FIB, the AFM chip was transferred into 
an ion-beam sputter for Au deposition. An Au target with a 99.9 wt% purity 
was used for the deposition. Note that a small amount (<5 at%) of Al was 
doped into the deposited Au, due to the deficiency of the ion-beam sputter. 
An ‘electron-beam shower’ inside the TEM was applied to the Au tip to suf-
ficiently sputter Al atoms off the sample before the friction experiments. Ow-
ing to the lower melting point of Ga compared to that of Al, the Ga residual 
can be sputtered off together with Al atoms under the electron-beam shower. 
The impurity interruption induced by the FIB preparation can be eliminated. 
The deposition was targeted on the edge of the wedged tip (that is, along the 
viewing direction in Supplementary Fig. 8e), and a total amount of ~20 nm 
Au was deposited. The deposited Au formed a polycrystalline dense film with 
almost flat surfaces on the edge of the wedged tip (Fig. 1c). Note that during 
the deposition process, a very small amount of Au could be deposited on the 
surface of the cantilever beam, which increased the spring constant of the 
beam. We roughly estimated this by mechanical analysis. The result showed 
that, when 5 nm Au was homogeneously deposited on the cantilever beam 
(which had cross-section dimension of ~550 nm) and assuming that the 
Young’s modulus of Au was the same as that of SiN (which would definitely 
generate an overestimation of the influence), the cantilever spring constant 
would increase by no more than 3.7%.

	4.	 After Au deposition, the back of the AFM chip was pasted, using silver glue, 
onto an Au rod, which was then loaded onto the fixed side of a Nanofac-
tory scanning transmission microscope (STM) holder. The polycrystalline 
nature of the deposited Au offered the opportunity to find an asperity with 
the ‘desired’ orientations (for example, the Au asperity has a < 11̄0 > axis 
perpendicular to the AFM cantilever beam and a {111} surface facet parallel 
to the edge of the AFM tip (Fig. 1d).

W probe preparation. A W tip with an orientation desirable for the friction tests 
was prepared sequentially, as follows:

	1.	 Commercially available W rods with a 99.99 wt% purity (from ESPI Metals) 
were used for this study. The W rod was electrochemically etched into W tips 
at one end (see He et al.56 for the etching method). The tips were normally 
single crystalline, and were dried in air after rinsing sequentially with 
de-ionized water and ethanol alcohol.

	2.	 Using TEM, we checked the multiple W rods and found one with the desired 
tip orientation such that the [110] direction of the tip was parallel to the axial 
direction of the rod. Then, the W tip was bent into an ‘L’ shape.

	3.	 Thereafter, a W rod with an L-shaped tip was loaded on the piezo-end of the 
Nanofactory STM holder; driven by the piezosystem of the holder, the W tip 
was contacted with a clean W rod. Then, an electric pulse was applied to melt 
quench the tip region; thereafter, the tip had a clean and flat (110) surface.

In situ friction test procedures. The set-up for in situ friction tests in TEM is 
shown in Fig. 1 and was carried out in following steps:

	1.	 The as-prepared AFM–Au cantilever was loaded on the fixed-side of the 
Nanofactory STM holder; the as-processed L-shaped W tip was attached to 
the piezo-side of the Nanofactory-STM holder.

	2.	 Initially, the orientation of the AFM–Au cantilever was adjusted, by tilting the 
TEM goniometer, such that the [11̄0] axis of the Au asperity (with the desired 
orientations) was parallel to the TEM electron beam, and that the (111) 
surface of the Au crystal was edge-on and parallel to the AFM tip (Fig. 1b,c).

	3.	 Thereafter, the orientation of the W probe was adjusted such that the [001] 
axis of the W crystal on the tip was parallel to the TEM electron beam and 
the (110) surface of the W tip crystal was parallel to the (111) surface of the 

Au asperity on the AFM–Au side. For similar orientation control techniques, 
please refer to the literature57.

	4.	 Driven by the piezosystem in the Nanofactory STM holder, the W(110) 
surface was controlled to contact with the Au(111) surface and slide along 
its [21̄1̄] or [2̄11] direction at a controlled speed of ~0.1 nm s–1. The normal 
force on the contact interface was adjusted (both before and occasionally 
during the tests) by pulling or compressing the W crystal from or against, 
respectively, the Au asperity, and was kept roughly constant during each fric-
tion trial. The in situ friction tests were carried out inside the high vacuum 
of the TEM (~10−8 mbar) at room temperature. During the friction tests, the 
microstructure evolution in the interface vicinity and deflection of the AFM 
cantilever beam were recorded in real time; then, the friction forces were 
calculated by Hook’s law, that is, by multiplying the deflection and the spring 
constant (~0.643 nN nm–1) of the AFM cantilever.

Note that the deflection measured from the two-dimensional TEM image was 
just a projection of its real value in two-dimensions. The error was minimized 
by keeping the cantilever beam perpendicular to the TEM electron beam and 
stabilizing the set-up so as to minimize the sample drift during the friction process. 
However, with high-resolution TEM imaging, the sample drift cannot be avoided 
totally. Thus, we compared the positions of the cantilever at the starting point of 
the friction and after being separated with the W probe at the end of the sliding 
process, and the position difference between the two states was treated as the gross 
drift of the sample (Au) side. The uncertainty of the determination of the cantilever 
deflection is mainly from the drift along the sliding direction influenced and the 
drift along other directions is not considered here. The sample drift was deducted 
from each frame during analysis by assuming that the drift was at a constant speed 
and unidirectional on the viewing plane. The drift rate in Fig. 2a–e (the ultralow 
friction case) was about 0.2 Å s–1 (0.1 Å per frame) and the drift in Fig. 2f–j (the 
high friction case) was nearly zero. The constant-speed drift was corroborated 
by the linear movement of the W asperity in the period of interest. The drift rate 
in our experiments is comparable to the rate in AFM-based experiments (0.01–
0.1 nm s–1 for a typical AFM at room temperature)58. In such a way, our set-up 
can provide a rough but reasonable estimation of the friction force. The ratio of 
the global drift amount to the total cantilever deflection was ~347% at 27 s for 
the ultralow-friction case in Fig. 2a–e. The drift of the sample under a static state 
without contact was measured, as shown in Supplementary Fig. 9. Given that the 
drift is mainly from the thermal drift, the drift rates in contact or without contact 
are expected to be similar. It was found that the drift without deliberate sliding was 
nearly linear with the time and the average drift rate was ~0.5 Å s–1, which verified 
that our assumption about the drift is reasonable.

Molecular dynamic simulation methods. In this study, we performed atomistic 
MD simulations (as implemented in LAMMPS59) to model the friction process at 
the interface between the W probe and Au surface. The interatomic interaction 
was described within the formulism of the embedded atom method60 for a Au–W 
binary alloy system parameterized by Zhou et al.61. In all the MD simulations, the 
velocity Verlet algorithm with a timestep of 1 fs was used to integrate the equation 
of motion. The MD simulations were performed in the canonical ensemble, in 
which the system temperature was maintained at 300 K using the Nosé–Hoover 
thermostat62.

The W probe and Au-surface-treated AFM cantilever were modelled using 
a supercell that consisted of a rectangular-shaped W slab (2,160 atoms) with a 
dimension of 5.54 nm × 5.15 nm × 0.9 nm and a truncated cone-shaped Au slab 
(1,079 atoms) with a minimum diameter of 2.74 nm on top of it in a non-periodic 
boundary condition along all dimensions. During the MD simulations, the 
positions of the atoms at the boundary atom layers were fixed, whereas all the other 
atoms were mobile. Relative to the Au surface, the W probe was first loaded in 
0.025 nm steps at an approaching rate of 0.01 nm ps–1 in the normal direction of the 
surface. After each vertical loading step, an MD equilibration with a duration of 
15 ps was carried out. When the predestinated vertical position was reached, the W 
probe was further slid along a direction parallel to the Au surface. During the MD 
simulation of the sliding process, the modelled system was allowed to equilibrate 
for 200 ps every 0.2 Å travelled by the W probe. The lateral force between the probe 
and the cantilever surface was calculated to be the friction force.

Density function theory simulation methods. The density functional 
theory63,64 calculations were performed within the framework of the projector 
augmented wave method65,66 and plane wave basis set, as implemented in the 
Vienna ab initio package67–69. The electronic exchange and correlation were 
evaluated using the generalized gradient approximation in the form of the 
Perdew–Burke–Ernzernhof70 functional. A kinetic energy cutoff of 450 eV 
was adopted for the plane wave expansion. To simulate the formation of a Au 
layer on a W asperity, a slab that consisted of 42 Au atoms was placed on top 
of 72 atoms of the W substrate. The distance between the two slabs was set to 
be 7.3 Å. A single layer of Au was inserted right in the middle of the gap, as is 
shown in Supplementary Fig. 3i. The positions of top Au layer and bottom W 
layer were fixed during the structural relaxation. All the atomic positions were 
optimized until the Hellmann–Feynman force that acted on each atom was less 
than 0.05 eV Å–1.
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