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Observation of Superlubricity by Scanning Tunneling Microscopy
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Experimental evidence of superlubricity, the state of vanishing friction, is obtained by examining
systems of sliding atomically clean surfaces by using ultrahigh vacuum scanning tunneling microscopy.
The experimental results agree with theoretical predictions: Friction is not observed in the superlubricity
regime in measurements capable of resolving a friction forcg of 107° N, whereas friction of
8 X 10~% N, which is comparable to theoretical values, is observed in the friction regime. [S0031-
9007(97)02468-X]

PACS numbers: 46.30.Pa, 68.35.Gy, 81.40.Pq

Scientists have long been intrigued by the phenomenoresulting in zero friction. This offsetting of forces is
of friction, which occurs when two objects come into con-made possible by the continuous motion of atoms, which
tact and rub against each other. They have recently digs the basic principle behind superlubricity [1,2]. High
covered a new regime of friction—superlubricity—where dimensionality of systems is crucial for atoms to move
friction completely vanishes [1-3]. We have theoreticallycontinuously [2].
shown that this occurs even at strongly interacting inter- Two experiments [3,8] have suggested the existence of
faces at which realistic interatomic potentials, such as thosguperlubricity. We observed that the friction forces on
in metallic bonds, operate [1,2]; other researchers haveleaved mica surfaces decreased as the contacting surfaces
shown that it occurs only at weakly interacting interfacesapproached being incommensurate [3]. Masiral. [8]
[4-6]. found an ultralow friction coefficient (below03) in

The purpose of this study is to find experimental evi-MoS, solid lubricant film and attributed it to the friction-
dence for superlubricity in actual systems of atomicallyinduced lattice orientation change of an intercrystallite
clean surfaces by using ultra-high-vacuum scanning tunslip system, in which the basal planes were aligned in the
neling microscopy (UHV-STM) [7]. To do this, we exam- sliding direction and disordered around thexis.
ined whether or not friction was observed in well-defined In the present work, we directly observed superlubric-
systems of clean surfaces when the experimental condity using UHV-STM. We used this method because it
tions satisfied those for the appearance of superlubricitpchieves “sliding in elastic contact” between atomically
or friction. We found that friction was not observed in clean surfaces by utilizing the tunneling between the sur-
the superlubricity regime in measurements capable of reface of the tip of a probe wire and the surface of a single
solving a friction force of3 X 10~° N, whereas friction crystal. Therefore, plastic deformation does not occur at
with a magnitude o8 X 10~® N, which is comparable sliding interfaces, as it does with conventional friction test-
to theoretical values, was observed in the friction regimeing when surface asperities interact with each other un-
Thus, our experimental results agree with theoretical preder the application of a certain amount of load normal to
dictions, implying the existence of superlubricity. surfaces. We measured the friction between the surfaces

We have postulated that friction forces completelyrather than the adhesion between them, as was done in pre-
vanish when, for example, incommensurately contactingious STM studies [9,10].
surfaces slide against each other [1,2]. In such contact, In the present system, a clean Si(00itype,0.01 Q)
the ratio between the lattice units of the surfaces ixm) surface was one-dimensionally scanned againsta clean
irrational along the sliding direction, so each individual W(011) surface at the tip of a polycrystalline tungsten
atom receives different amounts of force from differentwire (inset, Fig. 1) using a piezoelectric tube scanner. The
directions. These forces consequently offset each othetunneling gap between the W(011) surface at the tungsten
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low-energy electron diffraction (LEED) and Auger elec-
tron spectroscopy (AES) for the Si(001) [14].

The flat W(011) surface was made at the tungsten tip by
heating (flashing) the tip to over 2300 K in a UHV envi-
ronment by electron bombardment. The tungsten tip was
fabricated by electrochemically etching a polycrystalline
tungsten wire with a diameter of 0.25 mm [15]. Prior to
etching, the wire was straightened by stretching it in a hot
atmosphere. The straight wire could be set perpendicu-
larly within 1° to the Si(001) surface by careful mechani-
cal alignment. The FEM image shown in Fig. 2(a) is a
typical image of a clean tungsten tip, as previously ob-
served by Miiller [16]. The image reflects differences in

the work function of the crystal planes located at the tip,
and this determines the lattice orientation of the W(011),
Piezoelectric shown in Fig. 2(b). The dark area at the center of the
T (- tube scanner FEM image represents the W(011) because it has a high
l work function; its area was roughly estimated to be a few
l:j nanometers square from simple geometrical calculations.
i —_— We obtained clean Si(001) surface as follows: A
carbon-free Si@ film was formed on a silicon wafer by
N immersing the wafer into several solutions [17]; the film
< Displacement was then removed by heating the wafer at 1173 Kfor 1 h
Microchannel sensor in UHV by electron bombardment. Cleét X 1) LEED
plate patterns, as shown in Fig. 2(c), were routinely obtained.

. . - The AES measurements showed the typical spectra for
iﬂg 'syl/'stersncqre] rr;arl]tl(Llltllgﬁtigaﬁl?lr;ggquJnH\V/mSth\él Lr:icst’g)nprrggsajruer oflean silicon and no carbon spectra on the Si(001) surface.
10° Pa. The inset shows an atomic diagram of the tip and Fortunately, commensurate contact between W(011)
surface. We placed the measuring system on a vibration isols&and Si(001) is obtained by appropriately aligning the
tion air platform, which had a resonance at 1.2 Hz. lattice orientations of their surfaces [Figs. 2(b) and 2(d)]
in such a way that th¢111] direction of the W(011)
tip and the Si(001) surface was controlled by adjusting the
tunneling parameters [11].

The area of the W(011) surface, i.e., the interactior(z)
area of contact, was estimated to be a few nanomete
square, based on our observations of the tip with a scar
ning electron microscope (SEM), the same method as use
by Kurodaet al. to observe a W(011) surface and other
various crystal planes located near the tip [12]. The tung
sten wire was also used as a flexible cantilever beam t
probe the friction force between the W(011) and Si(001)
surfaces. This force was determined by measuring the d¢
flection of the beam using a focusing-error-detection op-
tical displacement sensor [13] with a resolution of 2 nm. b)
The friction forces to be measured were on the order o [117] [010]
1077 N in the friction regime, based on calculated values
[1]. Prior to scanning, we determined the commensura
bility, which is determined by the lattice misfit between
the W(011) and Si(001) surfaces, by rotating the tung-
sten wire around its longitudinal axis (Fig. 1). Theoretical
predictions indicated that superlubricity (friction) appears
when surfaces come into contact incommensurately (corr
mensurately). We then examined how the measured fric -
tion forces changed with the lattice misfit between the [100]
W(011) and Si(001) surfaces. The lattice orientation ang,5 o (a) FEM image of clean tungsten tip, (b) lattice

cleanliness of the surfaces were determined by field eleGrientation of W(011), (c) LEED pattern of clean Si(001), and
tron microscopy (FEM) for the W(011) of the tip, and by (d) lattice orientation of Si(001).

(c)
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corresponds to the [010] direction of the Si(001). The
ratio between the lattice unit along tfié¢11] direction

of the W(011) and that along the [010] direction of the
(2 X 1) superstructure of Si(001) becomes rational in this
alignment. Incommensurate contact, on the other hand, is
easily obtained at arbitrary lattice misfits.

We measured the friction that occurred between
W(011) and Si(001) surfaces when they came into contact
commensurately and incommensurately. Figure 3(a)
shows the data obtained during scanning when the lattice
orientations of the contacting surfaces were aligned com-
mensurately along the sliding direction. The scanning
amplitude was 100 nm and the scanning frequency was
0.5 Hz. The average tunneling current was maintained
at the set value of 1 nA at a bias voltage 6100 mV
applied to Si(001). The wire deflection signal oscillated
with a period corresponding to that of the scanning, i.e.,
the wire was actually bent by the friction between the
surfaces. The clear FEM image of the tip [Fig. 2(a)]
obtained after scanning shows that the tip was not dam-
aged by the scanning and that sliding in elastic contact
was achieved. The friction force was determined to be
8 X 1078 N by multiplying the measured wire-bending
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deflection of 50 nm by the lateral spring constant of Time F2s |
1.5 N/m. The measured friction force is comparable
to that calculated when sliding surfaces interact via (b)

short-range interfacial interactions [1].

Figure 3(b) shows the data obtained during scanning
when the lattice orientations were aligned incommensu-
rately along the sliding direction in such a way that, for
example, thg011] direction of the W(011) corresponded
to the [010] direction of the Si(001). The tunneling param-
eters, scanning amplitude, and scanning frequency were
the same as those in the commensurate case. The wire
deflection signal was very different from that in the com-
mensurate case. No oscillation of the wire deflection sig-
nal was observed in this measurement, which can resolve
a wire deflection displacement of 2 nm. The correspond-
ing friction measurement resolution was estimated to be
3 X 107 N. Asin thg commensurate case, the tip was ] 5s
not damaged by scanning. Thus, no friction was observed Time —
at this friction-measurement resolution. We also did nofFIG. 3. Scanning in (a) commensurate and (b) incommen-
observe any wire deflection oscillation in any of the othersurate contact conditions. (a) The tunneling current between
incommensurate contacts we examined. the tungsten tip and the Si(001) surface, the deflection of

- . the tip, and the scanning voltage applied to the piezoelectric
The friction forces between W(011) and Si(001) sur- ube scanner as a function of time. (b) The tunneling current

faces were very SenSiti\_/e to _the tunneling gap. Figure 4etween the tungsten wire and the Si(001) surface and the
shows the wire deflection signals at two bias voltagesieflection of the wire as a function of time [the scanning

(=100 and —900 mV) and at a tunneling current of 1 nA. Vvoltage was the same as in (a)].

At —100 mV, under the commensurate contact condition,

using the same tip and Si(001) surface, the wire deflectiogap increased by about 10 A, as measured from the change

signal oscillated, showing that friction occurred. Bothin z voltage applied to the tube scanner to control the gap.

dynamic and static friction occurred; the latter occurredThe tunneling gap was thus comparable to the interatomic

when the tip stuck to the Si(001) surface. distance at the tunneling parameters at which the upper
The question is, what would happen when the biasurve was measured, and the interacting forces between

voltage was decreased t8900 mV to cause the tip and W(011) and Si(001) were short range.

Si(001) to separate. We found that the oscillation disap- The change in the gap caused by varying the bias volt-

peared even though the contact was commensurate. Tlage at a certain tunneling current was the same for both
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Sttie frivton Dynamic friction] tor of 15, than those observed in such single crystals. We
-100 mV thus conclude that the observed dependence of friction
J I'4 / force on the commensurability of the contacting surfaces
~ M@\ N /«W‘@\ e e implies the existence of superlubricity.
e ~ i ~ We are grateful to Professor Tatsuo Okano and Dr. Kat-
suyuki Fukutani for their technical advice and discussion.
-900 mV
[~ »
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