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Adhesion Interaction between Atomically Defined Tip and Sample
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We have measured forces between an atomically defined W(111) tip and an Au(111) sample in
ultrahigh vacuum at 150 K. The W tips are manipulated and characterized on an atomic scale both
before and after sample approach by field ion microscopy. Forces between the tip and the sample are
measured by am situ differential interferometer. We observe strong attractive adhesion forces, which
turn repulsive upon the further approach of the tip towards the Au surface. Unexpected for a metallic
system, there is no spontaneous jump to contact. The force versus tip-sample distance curve shows
only modest hysteresis, and the field ion microscopy images reveal an atomically unchanged tip apex.
[S0031-9007(98)06188-2]

PACS numbers: 61.16.—d, 62.20.Dc, 68.35.Gy, 85.40.Ux

Many physical phenomena are believed to be governed Thin (=200 nm) (111)-oriented Au films evaporated on
by the effects of metallic adhesion. The study of thosemica substrates served as samples. Samples were glued
interactions can shed light on the fields of powder metalonto the free end of the cantilever spring (approximately
lurgy, machining, and tribology, and will advance our un-5 mm long and 1 mm wide), which was cut from a thin
derstanding of molecular-scale lubrication. Furthermoreglass slide (15Qum thick). The effective spring constant
the study of force interactions between a tip and a samplat the tip position wagd16 = 10 N/m and the resonance
plays a key role in understanding imaging mechanisms ifrequency was of the order of 500 Hz. The tip position was
scanning tunneling microscopy [1] and atomic force mi-determinedn situ by video microscopy, and the relevant
croscopy [2]. Moreover, tip-sample forces constitute thecantilever spring constant was carefully calibragedsitu
basic mechanism for atomic [3] and molecular-scale maSamples were repeatedly sputter cleaned for 3 min using
nipulation [4]. Tip-sample adhesion has been investigated-keV Ne ions and annealed in UHV at a temperature of
previously [5—7]. Although the geometrical shape of the=250°C. As a result, a surface topography consisting
tip as well as the chemical composition of the apex surfacef monoatomic flat terraces a few tens of a nanometer
[6,8] have a significant effect on the strength and charactexide was obtained. The tip was fabricated from a 0.1-
of the interaction, in all previous investigations the struc-mm-thick (111)-oriented W single-crystal wire by means
ture of the tip was in fact unknown. Hence, tip fabrication
and characterization on the atomic level in combination
with local probe microscopies are a prerequisite for attain- Xyz scanner
ing full control over imaging and manipulation processes. tip
We have taken a first step in this direction by investigating
the adhesion interaction between an atomically character-
ized W(111) trimer tip and a Au(111) surface. /

Experiments were conducted under ultrahigh vacuum 5 “T1
(UHV) conditions {p < 2 X 10~!! mbar) and at a tem- 4. BKY =
perature of 150 K. The apparatus [9] (see Fig. 1) is a ; —
scanning tunneling microscope (STM) complemented by ferometer
a channel-plate-phosphorus-screen assembly mounted ap-
proximately 10 cm below the STM tip fan situ field ion

sample on CB

projection imaging. The setup also includes a removable — —
sample stage with a differential optical interferometer for

. . . . . . . FIM screen
sensing deflections induced in a cantilever spring, which

in turn acts as a sensor for measuring tip-sample inter-
action forces with subnanonewton resolution. The STM- . . . U

d sample stage are mounted inside a cooper heat shi@f the STM comprises a differential optical interferometer for
an p g PP E%smg the deflection of a cantilever spring (CB), which holds

attached to a spring bellows suspension, which acts astfe sample. The sample stage can be removeéhfitu field
combined cooling and vibration isolation stage [10]. ion projection imaging (FIM) of the tip.

IG. 1. Sketch of the experimental setup. The sample stage
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of electrochemical etching in a concentrated potassium
hydroxide solution. Tip shaping involved a series of
steps performedn situ. First, the tip was flash heated
to approximately 100€C in order to remove oxides and
surface contaminants. Then the tip was operated in the
field emission mode for some 2 min at currents up /5.

The apex was tailored to its final trimer shape by means
of field evaporation under visual control using field ion
microscopy (FIM) [11]. Typical imaging and evaporation
potentials were 4.2 and 4.5 kV, respectively, and ultrapure
He was used as imaging gas. Using these trimer tips,
we obtained a remarkably stable tunneling current. In
particular, noise spikes frequently associated with sharp
tips were entirely absent. Furthermore, imaging of the
Au(111) 22 X /3 reconstruction was readily achieved,
which proves that the tip-sample distance could be reliably
controlled on a 0.01-nm level.

A typical experimental run took about 2.5 h. This
comprised the fabrication and characterization of the
initial trimer tip, measurement of adhesion force curves
as a function of tip-sample distance (henceforth referred
to as the force curve) on a freshly prepared Au sample,
and final characterization of the tip shape to check for
possible irreversible tip modifications. An FIM image
of the initial trimer tip used in the experiment reported
here and the corresponding sphere model are shown in
Figs. 2(a) and 2(c), respectively. We found that this tip
structure is stable for hours; specifically no evidence of
surface migration was observed. However, one rest gas
atom per hour is typically adsorbed and imaged on the tip.
After tip characterization, the sample stage was moved
in and the tip was approached towards the sample until
tunneling contact was established.

Force curves were measured on a selected flat area of
the sample. Tunneling corresponding to a gap resistance
of 100 MQ) (bias voltage= 100 mV, current= 1 nA)
was used to define a reference position for the tip-sample
separations. An approach-retraction cycle started with
the tip being retracted by 1.2 nm from the reference >
position. Then the tip was ramped 2.2 nm toward the 0.45 nm ()
sample and subsequently retracted by the same distang@s. 2. Field ion projection image of the (111)-oriented W
at a rate of 1.1 nis. Data samples of the tip-sample tip (a) before and (b) after the adhesion experiment. Trimer
force were taken every 10 ms. At the end of one Sucl‘@.toms are marked with an asterisk (*) Note that with the

. ; ; xception of two additional adatoms [bright spots marked with
cycle, the initial tunneling mode was reestablished befor§ circle )] no irreversible tip changes occurred even though

the next measurement was started. Experimentally, thge apex atoms had been exposed to tensile and compressive
tip excursion with respect to the reference positibn  forces of the order of 2 nN per atom, corresponding to uniaxial
is the control parameter. The actual motion of the tipcontact stresses of the order of 25 GPa. The two atoms marked

relative to the samplé\s is obtained by subtracting the }’Vith o are compatible with rest %a;“ addso(i)lc;edehuring Fhf. 2.5-h
; apse between acquiring image (a) an . e variations in
lever response at the tip frod. intensities between (a) and (b) are due to the strong dependence

A force curve representing averaged data fromy £\ image intensities on the local atomic structure such as
32 approach-retraction cycles is shown in Fig. 3. Itsthat introduced by the two adsorbates. (c) Hard-sphere model
characteristic features are as follows. (1) The range off the tip apex reconstructed from FIM images (apex trimer
tip-sample distances over which substantial attractivdlighlighted in bright tones, vertical scale is expanded by a
forces are observed extends over more than 1 nm, (2) hyfctor of 1.8).
teresis corresponding to an energy dissipatiorn=GfeV
(calculated from the area enclosed by the approachmaximum adhesion interaction, (3) there is no evidence
and retraction force curves) is observed in the range obf a spontaneous jump to contact, which normally occurs
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6 denting a flat surface i€p = 2Er/(1 — v?) [14], where
ﬁ% E = 125 GPa andv = 0.38 [15] are the elastic modu-
Aar o reon i lus and the Poisson number for Au, respectively, and

is the radius of the punch. Assuming that= 0.25 nm,
Irepwsive which corresponds to the radius of a circle through the

center of apex atoms, we obta{ty = 70 N/m. When
comparing this number with the measured value, we must
account for the finite stiffness of the repulsive interaction,
which acts as an additional spring between tip and Au sur-

attractive

force (nN)

— > 100 MQ o&%gé‘é % ! face. As the binding energy of Au on W is comparable
-6 T i ‘¢“ L |©ul\ N to that of bulk Au, the interaction stiffness is estimated
1o 05 5 05 0 to be of the order ofC; = wr?B/a = 100 N/m, where

B = 180 GPa anda = 0.408 nm are the bulk modu-

. ) lus and the lattice constant of Au, respectively. Hence,
][T;? tg’;raggriesiI;’gerzuswt'g;;"gppt'i‘; S(ﬁgzg:#%?e ms‘;?)zur;et%no'?stﬁe measured stiffness is expected to be of the order of
defined as the relative motion of the tip with respect to thel/_(ci +Cp ) = 40 N/m, which is in gpod agreement

substrate using a tunnel resistance of 100 Ms the reference With the experimental value. The experiment thus shows
point). Note the hysteresis of 7 eV between the approach anthat standard continuum mechanics provides a quantita-
retraction curve, indicating that dissipative processes take placgve framework to describe elastic deformations even on
in the range of the adhesion maximum. Also note that noyn atomic scale, a fact previously discovered in molecu-

spontaneous jump to contact followed by the formation of a : . : . .
adhesion neck occurs. The attractive interaction has a Iengqll‘?r dynamics simulations [13]. The plastic properties,

scale of 1 nm, 1 order of magnitude larger than expected fron®n the other hand, are dramatically different from the
universal scaling laws. The repulsive branch of the force curvénacroscopic ones. The contact pressure reaches values

is essentially linear (corresponding to a contact stiffness obf the order of 25 GPa (maximum loading force divided
40 *= 20 N/m, indicated by the dashed line) and reverS|bIe.by 7T,,z), which is more than 2 orders of magnitude larger

Surprisingly, the tip-sample junction can support a repulsiv . .
load of at least 5 nN corresponding to a contact pressure o an the macroscopic yield strength of Au. Material hard-

25 GPa. The compounded errors in determining the force scal@Ning in nanometer-scale structures is a general phenom-
correspond ta=35%; the compounded errors in the tip-sample enon [12,13,16] that is intimately connected with the

separatiory are £20%. suppression of dislocation activity.
According to a theory by Roset al.[17], the interac-

in metal contacts, and (4) the repulsive branch of thdion between two metallic bodies should follow a univer-
force curve is essentially linear and reversible. sal law involving only two scaling parameters, namely the

The observation of repulsive forces implies that theenergy of adhesion and a length scale closely related to
tip atoms strongly interact with the Au surface atoms.the screening length. Early experiments using Ir tips and
However, no adhesion neck is formed between tip andr samples basically confirmed this theory [5]. However,
substrate, which would manifest itself as a sudden increadbe force curve measured in this experiment is clearly
of the attractive force due to surface tension [12,13]incompatible with the universal adhesion theory, which
Hence, we conclude that, in contrast to Ni [13] or Au predicts that attractive forces should decrease exponen-
[12] tips, spontaneous wetting of the W-trimer tip by Au tially with a decay length of the order of 0.1 nm [17].
substrate atoms does not occur. FIM images of the tif’he values we observes1 nm, are one order of magni-
recorded after the approach experiments [see Fig. 2(bjlide greater. In addition, we find a rather broad adhesion
further support this conclusion. With the exception of twvomaximum, which also features a hysteresis of 7 eV be-
additional bright spots corresponding to adsorbed atoms$ween approaching and retracting the tip from the sample.
no structural changes of the tip are observed. In fact, thelence we must conclude that important dissipative pro-
W trimer was recovered at the tip apex, which proves theesses occur in this regime, which, however, have no net
outstanding mechanical stability of these atomic-sized Weffect on the shape of the tip. A plausible mechanism
asperities. must involve the displacement of atoms (most likely from

The slope of the force curve in the repulsive regimethe substrate) far away from their equilibrium position.
(indicated by the dashed line) yields a contact stiffness oFrom the small amount of energy that is dissipated, we
the order o#40 + 20 N/m (the error is due to the system- conclude that only a few atoms in the immediate contact
atic calibration errors associated with the force35%,  zone take part in this process.
and the tip-sample separatiah20%). Surprisingly, this Significant deviations from the universal behavior have
number can be reproduced using standard elastic contdeeen observed previously for Au and Al samples [6].
theory. The apex trimer presses against the Au surfacénterpretation of the data was ambiguous because of the
thereby inducing elastic deformations mainly of the lat-uncertainty with respect to the tip structure. This issue has
ter (the elastic modulus of W is roughly 3.5 times that ofbeen resolved for the first time in this experiment. The
Au). The contact stiffness of a rigid circular punch in- results unambiguously show that one cannot extrapolate
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from bulk adhesion down to the atomic scale. Itis knownchanges in the atomic structure of the tip. Finally, the

from theoretical investigations [18] that the electronicmeasured contact stiffness of 4Q'iN can be explained

structure at the apex of a W tip deviates substantially fronwithin the framework of standard elastic theory.

that of a bulk surface, which in turn may influence the The authors thank S. Jarvis for stimulating discussions.

adhesion characteristics. However, the effect is expecteflu samples were kindly provided by E. Delamarche. The

to be rather small as the adhesion interaction is sensitivwork at McGill University is supported by the National

to the integrated density of states. CorrespondinglyScience and Engineering Research Council (NSERC) of

electronic band-structure anomalies are averaged out [18Canada and Le Fonds pour la Formation des Chercheurs et
We can also rule out Van der Waals interactions ad'Aide a la Recherche (FCAR) de la Province de Québec.

an alternative explanation for the force curve anomalies.

From the FIM images we deduce a tip radius of the order

of 2.5 nm. Assuming a typical value 6fx 107'° J for

the Hamaker constant we obtain adhesion forces that are *Corresponding author.
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