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Dynamic force microscopy of copper surfaces: Atomic resolution and distance dependence
of tip-sample interaction and tunneling current
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Atomic resolution images of Qi11) and Cy{100 surfaces obtained in ultrahigh vacuum with a combined
scanning tunnelingSTM)/atomic force microscopéAFM) are presented. Scan lines recorded in the noncon-
tact AFM mode and the constant current mode show enhanced corrugation similar to STM experiments.
Frequency shift versus distance curves are analyzed to determine the forces between probing tip and sample
using the force separation method. The short-range chemical forces are in good agreement with an exponential
law. The decay lengths of these chemical forces are found to be twice as large as the decay length of the
tunneling current, as predicted by a simple theoretical model. However, both lengths are significantly larger
than expected for metallic adhesive interactions.

I. INTRODUCTION X 7 true atomic resolution has been achieved by AFM under
ultrahigh vacuum on surfaces of different materials. Bam-
Since the scanning tunneling microscd®TM) measure- merlin et al'? demonstrated true atomic resolution on an in-
ments of Hallmaret al! and of Wintterlinet al? on close- ~ Sulator, NaQl001), including the observation of point de-
packed(111) surfaces of Au and Al it became obvious that f€€tS, whereas Loppacheet al.™ and Orisaka et al.

observed corrugation heights could not be explained Withouﬁrge(iige?eg;:cﬁ\sgwch)r/er?gm:t:)%r'zagtn A?:“Tetal’(jﬂm and

invoking special tip induced electronic effectsWintterlin In the present work, we report combined noncontact AFM

et al. suggested that forces between probing tip and samplgnd simultaneously recorded tunneling current measure-

may play an essential role in the image formation, in partiCuy,ents Beyond the experiments summarized above, we could

lar thaj[ the frontmost end of the tip is_ elastically deformed by easure both atomic corrugation and distance dependence of
adhesive forces. Improved resolution was observed aft§hteraction and tunneling current with the same technique.
elongations of the probing tip caused by applied voltageatomic resolution images of Glil1) and C100), including
pulses. This was interpreted in terms of a transfer of samplgoint defects, are presented and compared with distance ver-
material to the tip, corresponding to the formation of asus tunneling current and frequency shift curves to determine
nanometer-sized metallic cluster on the tip:riuet al®  the interaction forces by the separation procedure presented
measured a metallic adhesion force gradient during tunnelingy Guggisberget al'® The results are discussed with respect
operation between an Ir tip and an Ir surface and found ato both earlier experiments and models for the relation be-
exponential decay of the interaction force in agreement withween tunneling currents and forces.

theoretical models. The measured decay length6f 0.05

nm for the tunneling current is in good agreement with the IIl. EXPERIMENTS

work function of 4-5 eV and results by Berndt al® on The experiments were performed with an ultrahigh
Cu(111) and Roseet al.’” For the experiments of Dig et al.  yacuum compatible STM/AFM system, which has been de-
with small oscillation amplitudes a decay length for the forcescribed elsewhert. The silicon single crystals tips oriented
Ae=\7 was found. Later, Dug et al. studied the decay along the[100] direction were microfabricated rectangular
length of chemical forces above Au and Al and found largercantilevers:’ The cantilever is oscillated with a constant am-
values than expectédThis was explained by the authors by piitude at its resonance frequency, with typical values of
assuming a sample atom at the probing Ir tip. Recently=150-400 kHz. All STM measurements were performed in
Clarkeet al® compared corrugation heights from STM mea- the constant average current mode. Since the bandwidth of
surements on GO0 as a function of distance. The com- the tunneling current preamplifier is limited to 3 kHz, the
parison of their data for the sharpest tips with molecularpbserved current corresponds to the time average tunneling
dynamics calculations describing sample and tip deformaéurrentl_. In the limit A/\1>1, where\; is the decay
tions confirmed the suggestion of Wintterbi al. that forces length oftthe tunneling current a,mdis the amplitude of the
play an important role in the image formation, and yieIOIEmltip oscillation, it can be shown using the perturbation ap-

usef_ul estlmate_zs of |r_1volved forces. . . proach first introduced by GiesstBthat the average current
Since the invention of the atomic force microscope— .
is related to the current=1,exp(~z/\;) at closest sepa-

(AFM) by Binnig et al,'? it was evident that AFM should in Iy . by?®
principle be the ideal tool to investigate short-range forces ofiationz

the atomic scale. However, the lateral resolution in contact

mode was found to be limited to some nanometers. After the T=lgexp —z/\1)———. (2.7)
noncontact AFM measurements by GiesSilon Si(111)7 V2mA/NT
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FIG. 1. Topographic image of CLOO at constant frequency o0 02 04 06 08 10 12 14

shift Af=—47 Hz, applied voltag&)s,mpie=0.4 V, resonance fre- distance [nm]
quencyfy=168 kHz, oscillation amplitud&= 1.5 nm, corrugation
height=13.5 pm. FIG. 2. Measurements at constant frequency shift ofLCl).

(a) topographic image aAf=—38 Hz, Uggmpe=1.5 V, ;=163
Formula(2.1) is valid only for harmonic cantilever oscilla- kHz, A=25.5 nm, corrugation heightl7 pm; (b) line profiles
tions. Measurements of the frequency spectra at the closestrough maxima showing the decreasing corrugation heights for
point to the surface show that there is no significant distoriess negative frequency shifts.
tion of the oscillation in the case of the large amplitudes used i )
in our experiment. For a typical oscillation amplitue-8  Shows that the tip apex is as sharp as the best STM fipe
nm and decay length=0.15 nm, a tunneling currerit corrugation helgh(peak to vaII_ey is 13.5 pm. In_order to
=18><I_t is found. In the noncontact AEM mode the fre- M€asure a tunneling current, it was crucial to either sputter

quency shiftAf of the cantilever that is induced by tip- the tip or to run the instrument in contact mode for some

sample interactions is measured with a digital phase-lockeglinUteS’ which causes the decoration of the probing oxidized
loop2° The topography-feedback regulat&$ to a constant ilicon tip by copper. The second procedure yielded copper

preset value during scanning. A second feedback loop kee terminated tips, as confirmed by frequency shift versus volt-

o . . . curvegalso called Kelvin force microsc here th
the oscillation amplitude of the cantilevArconstant by driv- N es N orce microscopywhere the

ing the cantilever support with a controlled am Iitudeminimum of the curve, corresponding to the contact potential
9 21 PP ampItUCe yicterence between tip and surface, was found to be close to
Aexc: The. frequency shift can be relatezdz to the Interactiony \; ' orisakaet al* stated that it is crucial to compensate the
force F by first-order perturbation theory: contact potential between the tip and the surface to obtain
1 (n atomic resolution. However, in our experiments we apply a
_ f_kA: _f cog¢)F(z+A+Acog¢))dp, (2.2 Voltage in order to measure: _tunneling current simulta_-
0 m™Jo neously. Furthermore, the additional attractive electrostatic
. . . forces shift the minimum of the frequency versus distance
wherek is the spring constant of the cantilevde<20—40 curve closer to the surface and, therefore, also the regime for

N/m). The average force can be determined from EXPENMENaple feedback operatiénTo further characterize the prob-
tal parameters a6 =AfkA/f,. The actual force at closest

. i : > ing tip, I-V curves were performed, yielding a tunneling re-
separatior(z) can be calculated via E.2) using explicit  gistance of>10 GO and a nonlinear characteristic of the

force versus distance Iaws..AIternativer, ir)version forg}rulaq -V curve in the regime where atomic corrugation is mea-
can be used as described byrf> and by Hdscheret al sured. The very high tunneling resistance indicates the exis-
The CY100 and Cu11]) surfaces were prepared by re- tance of a second resistance in series to the tunneling gap. In
peated cycles of sputtering with 1 keV argon ions and ofpyr case the probing Si tip was probably covered by a thin
annealing to 850 K. The last annealing was restricted tQyjde layer producing the additional resistance. Sputtered
700K to reduc_e t_he sulfur concentration at the surfgce belovyips gave a significant contact potential difference, typically
the detection I|_m|t of our Auger s_pectrometgr. Atyplcal non-1.0 v and lower tunneling resistances for the regime of
contact AFM image of C00 is shown in Fig. 1. The = atomic resolution. The copper terminated tip was used in a
measured lattice constant in the fast scan direction is 2.7 _'&series of experiments where the corrugation height was mea-
close to the expected value of 2.55 A. The frequency shiftred as a function of frequency shit.
Af=—47 Hz was kept_constant, which corresponds to a con- Figure 2a) shows a representative topography image of
stant average force dfF=13+2 pN. The observed defect the Cu111) surface with an experimentally determined
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FIG. 3. Measurements at constant frequency shffe —73 Hz FIG. 4. Simultaneously recorded images at constant time-
on CU100, Usampie=0.4 V, fo=168 kHz, A=15 nm. A tip  average current;, Ugzmpi=1.3 V, fo=168 kHz,A=6.5 nm,Af
change leads to an increased corrugation height from 16 pm to 32 —70 Hz. (a) topography,(b) frequency shift,c) excitation am-
pm in the upper part of the simultaneously recorded ima@®s; plitude A,,.. A tip change occurred about one-third of the way in
topography andb) excitation amplitudeéi,. (line by line average  the slow vertical scan direction.

Line sectiongraw data along the line indicated in the images are
shown in(c). The arrow shows a change M., where the topog- changes that do not affect the corrugation height. Note fur-
raphy remains unchanged. ther thatAg,. is maximum at the minima of the topography
as observed on Na(@01).'? However, increased forces are
atomic distance of 2.4 A while the expected value fornot necessarily in registry with the positions of the atoms as
Cu(11D) is 2.55 A. Upon increasing the setpoint fralif= " pointed out by Ciracet al?® This inverted contrast and the
—36 Hz toAf=—38 Hz, corresponding to average forées short-range character of th&,,. signal are the subject of
of 170 pN to 180 pN, the corrugation height in FigbRis  ongoing work and will be discussed elsewhere.
found to increase from 10 pm to 17 pm. The significant Besides the frequency shift feedback the1D0) surface
change of corrugation heights upon relatively small changewas also atomically resolved using tunneling current feed-
of the frequency shift can be explained by the contribution ofback. Figure 4 shows simultaneously recorded topography,
the long-range forces to the frequency shift that are not difrequency shifiAf, andA,. images of the C@00 surface.
rectly involved in the formation of atomic contrast. As The corrugation in topography is 25 pm and shows a de-
pointed out by Clarkeet al.® it is crucial that the tip itself creased resolution after a tip change in the lower part. Both
does not change during such a set of experiments. the frequency shift and th&,, . signal show a clear contrast.

A comparison of these data with STM data of Clarke Note that the contrast iAf visualizes different distance de-
et al. on CY100, of Wintterlin et al. on Al(111), and of pendencies of tunneling current and force, which will be ana-
Berndtet al® on the C@111) surface shows the same en- lyzed below. After the tip change, atoms appear elongated
hanced corrugation heights with similar distance depenwith a “peanutlike” structure. This effect is quite typical for
dence. Accidentally, it may happen that the tip suddenlytip artifacts in STM or noncontact AFM on the atomic scale.
changes as illustrated in the topogragfyg. 3@] and the Remarkably, the change of the shape of the atoms observed
Acxc [Fig. 3b)] images of C(L00. In this case, an increase by the simultaneously acquired tunneling current is different.
of the corrugation from 16 pm to 39 pm is observed. SimilarDue to these tip-related changes of the atomic contrast it is
changes in corrugation height were attributed by Clarkdlifficult to determine a phase relation between maxima and
et al® to two distinct types of tips. The authors suggestedminima of tunneling current, force, aml.,., respectively.
that the tip yielding the smaller corrugation may have a me- Having established true atomic resolution in both noncon-
tallic apex atom, whereas the other tip yielding the largertact AFM and STM modes, we recorded frequency and av-
corrugation may be terminated by a nonmetal tip, e.g., @&rage tunneling current versus distance curves. As shown in
sulfur impurity atom picked up from the copper surface. Al- Fig. 5, an exponential variation of the average tunneling cur-
ternatively, Clarkeet al. suggested that changes of corruga-rent is found with decay length af;=0.15 nm. The analysis
tion are not related to changes of the apex species, but rathef the frequency shift versus distance curves is more compli-
to differences of the tip apex geometry. The atomistic charcated, because of unavoidable long-range forces. Electro-
acter of the tip changes in Fig. 3 is confirmed by a sectiorstatic forces can be minimized by compensating the contact
through the topography plotted in Fig(c3. After the change, potential difference with the applied sample bias voltage. As
the topography baseline changes by only 0.11 nm. Surprisdescribed by Guggisberget al,'® short-range chemical
ingly, the Aq,. signal is even more sensitive to small tip forces can be separated by subtracting the long-range van der
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FIG. 5. Frequency shifaAf (doty and time-average curreﬁ

(squares versus distance simultaneously recorded o160 for _FIG. 7. Short-range contribution to the frequency shiftpem
Usampie=0.9 V, fo=147 kHz,A=4.4 nm. The solid curve shows (circles determined upon subtraction of van der Waals contribution

(Fig. 6). The inset shows the corresponding short-range féice
=2Uo/Ne{exd —2(z—zp)/Ng]—exd — (z—zp)/\g]},  whereas
the solid line shows\ f ., computed for a Morse interaction po-
tential with the fitted parametetd;=0.5 eV and\g=0.3 nm.

an exponential fit with a decay length {=0.15 nm.

Waals contribution, which is done by fitting Idg versus
logz curves. A slope of-1.5 is found, which validates the
model of a spherical mesoscopic tp end for the Io_ng-ran_geSTM measurements and molecular dynamics calculations of
van der Waals forces over distances P{Qa”er .than fts radiug arke et al. for Cu(100 and the first-principles calculations
Using a Hamaker constant 8f;,=4x10" " J, a tip radius of of Ciraci et al. for Al(111).2°
10 nm is determined from the fit of the long-range part of the ' '
data €>2 nm) (cf. Fig. 6. Upon subtraction the contribu-
tion of the short-range chemical force &d is revealed, as
shown in F|g 7. The absolute distances are calculated from The most Striking observations Of our Study are as f0|_
the steep onset of the short-range,. signal, which is a |ows:
clear indication of imminent contaét. The curve extends (i) The achievement of true atomic resolution on the two
into the negative gradient regime, which is usually avoidedmost close-packed surfaces of a fcc metal in two dynamic
to prevent tip changes. In the positive gradient range thenodes possible with a combined AFM/STM,
short-range force varies exponentially with a decay length of (ii) The exponential decay of the short-range attractive
Ag=0.31 nm, which is a factor of 2 larger than the decaytip-sample interaction and of the time-averaged tunneling
length of the tunneling current. An absolute determination ofcurrent with respective decay lengths satisfying=2\t
the short-range force done with E@.2) assuming a Morse down to distances where atomic resolution is possible,
potential is shown in the inset of Fig. 7. From the operation  (jii) The surprisingly large values of; and A\g, com-
parameters, which ensure true atomic resolution and the fisared to values in the range 0.04 to 0.07 nm previously ob-
shown in Fig. 7, we conclude that the optimum conditionstained in STM measurements with metallic fip§°and in
are for frequency shift setpoints close to the minimum of thethe approximate embedded-atom theory of bonding between
frequency shift versus distance curve, which corresponds tmetals invoked to explain deviations induced by tip-sample
an attractive short-range force in the order of 0.5 nN as carorces®?® Similar values were obtained and a similar theory
be seen from the inset in Fig. 7. Similar values were previwas used to interpret the first simultaneous measurements of
ously predicted for atomically sharp tips by the combinediunneling current and force gradient on a métal.

Regarding point(i), the observed corrugation heights,
comparable to those obtained in the above-mentioned STM

measurements, suggest that our measurements at cohstant
are performed at similar minimum tip-sample separatidbns
On the other hand, the corrugations of the electron density
predicted in the relevant distance range above close-packed

o metal surfaces by the theories mentioned under goint as

@ ] well as by more accurate self-consistent calculations on
g which they are based, are one to two orders of magnitude
g smaller. Therefore our observations of much larger corruga-
-60F F . tions at constant frequency shift, i.e., approximately at con-
2 3 4 5 6 stant force for oscillation amplitude@smuch larger thaml,*®

distance [nm] are incompatible with theories attempting to relate metallic

adhesion forces to the electron density in the absence of the

FIG. 6. Frequency shifAf versus distancésquaresrecorded  tip. Either such theories are inadequate for our purposes, or
upon approach to GO0 together with a van der Waals fit to the the tip induces site-dependent modifications of electronic
long-range part(solid curve; Usampe=0.0 V, fo=168 kHz, A structure, which in turn result in enhanced lateral variations
=6.5 nm. of electronic overlap and of interaction forces between the

Ill. DISCUSSION

Af[Hz]
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nominally flat sample and the tip. implies a significant voltage dependence of the effective bar-
The relation mentioned under itefin) has been proposed rier height,

by Cherf® by analogy with the molecular orbital picture of

molecular bonding. For a tip-sample system in close proxim- —

ity, the gain in binding energAE due to weak overlap be- p~p—e

tween electronic states of each subsystem is proportional to

an average transition matrix elemevit This quantity has an and hence of 1, for biases comparable to the barrier height

exponential dependence on the thicknes$the intervening ¢ at compensated contact potential. No appreciable voltage

potential barrier ifsis larger than a few decay lengths, while dependence ok was, however, obtained by us for either

s acquires a linear dependencedri.e., on the relative dis- polarity in the ranggU|<0.8 to 1.2 V in which we could

placement of the sample. As a result, the force due to eleGpserve a time-averaged with an acceptable signal-to-

U-U,

(3.3

tronic overlap, noise ratio. Although the apparent lack of voltage depen-
dence might be due to the limited useful rangéJothe two
_ JAE oM preceding equations imply=0.9 eV for an applied bias
T 9s od (3.9) voltage of 1V, still a suspiciously low value. Together with

Chens relation, these two equations furthermore imply that

is attractive and has an exponential dependence with thé&e short-range attractive for¢aot to be confused with the
same decay length: . On the other hand, in the same range,long-range electrostatic forcevould also be voltage depen-
the tunne"ng Currerit( is proportiona| to a We|ghted average dent. We therefore repeated the measurements shown in Flg
of [M|? over the energy window defined by the voltage drop? in the range wheraf drops with decreasind for applied
across the barrié‘Rv4 Thus one expeCmF: 2)\1_ . At smaller biases between 1.2 and+ 1.2 V and applled the Separation
separations, the assumptions underlying this relation breakrocedure mentioned in connection with Fig. 7. Contrary to
down because the barrier collapses, the overlap becomé&Xpectations, the corresponding fits to the short-range attrac-
large, the conductance saturates, and the electronic attractiéie force showed only slight variations af- between 0.38
begins to be Compensated by repu|sion between a%dms. and 0.29 nm. The above-mentioned contradictions Suggest
senet a|_28 showed that an apparent exponentia| dependen@at some other effects, hitherto not considered, are at the
of the tunneling current on tip or sample displacement, i.e.0rigin of the unusually long decay lengths that can be in-
on d, can nevertheless persist up to contact, owing to a referred from combined dynamic STM/AFM measurements
duction of s by tensile deformations induced by the tip- like ours.

sample attraction. This should result in a more rapid varia-

tion of the force versud, resulting in an apparenkg IV. CONCLUSION
<2\+1. In the same range Ciraeit al. approximately find ) o _
Foclt! i.e., Ne~NT, neg|ecting deformation?é_ The uncer- In summary, true atomic resolution in two dynamlC

tainty and the numerous factors affecting the absolute magnodes has been demonstrated or{1a@ and Cy100) sur-
nitude of the time-averaged tunneling current in our dynamidaces with a combined STM/AFM in UHV. Contrary to ex--
measurements with partially metal and/or oxide covered siliPectations based on the behavior of the total electron density
con tips prevent an accurate absolute determinaticth &t above the free surfaces, the corrugation heights and their
present it is therefore difficult to judge whether the assumpdistance dependence are comparable to previous STM mea-
tion of weak overlap leading tag~2\7 can be justified a Surements. Correlated contrast has been detected in simulta-
priori in the distance range shown in Fig. 5, for instance. Neously recorded images of the excitation amplitude that
Point (iii) raises a number of issues that merit furtherMmaintains a constant tip oscillation, in particular. Metallic
study. Whereas\r=0.3 nm is surprisingly larger than the adhesion forces with the presumably Cu-coated tip apex

range of typical chemical interactions;=0.15 nm implies Were determined quantitatively by a systematic procedure, in
an effective barrier height which electrostatic and van der Waals contributions were

first subtracted® In accordance with previous theoretical
— ) calculations for atomically sharp model tips, metallic adhe-
¢=h"/(8mrT)=0.42 eV, (32 sion forces of the order of 1 nN are inferred in the distance
range where atomic resolution is obtained. In agreement with
considerably lower than the average work function of coppeprevious independent measurements, the short-range metallic
surfaces and the barrier height inferred from quasistatic tunfyrces decay exponentially with a decay lenyth=0.31 nm.
neling current versus distance measurements ofLXll  The simultaneously recorded tunneling current also decays
(Ref. 6 and Cy100 (Ref. 9. One common reason for con- exponentially with a length ok;=0.15 nm, in agreement
siderably reduced barrier heights in such measurements is\gth a simple theory by Chen. However, the underlying as-
repUISiVe contact with an area of the t|p that contributes ||tt|esumpt|0n Of Weak e|ectr0nic Over|ap has been questioned in
to the tunneling current, e.g., with a relatively thicker oxidethe range where attractive forces of the above-mentioned
|a.yer.31 However, this should prOduce a pOSitive contribution magnitude appear. Furthermore, Compared to previous care-
to the simultaneously recorded frequency shift witd de-  fy| STM measurements with metallic tips on metal surfaces,
pendence uncorrelated with thatlgf, for which there is no the tunneling barrier height inferred from the decay length
evidence in our measurements. Furthermore, the average bar; is surprisingly low, viz., 0.4 vs 2 eV in the case of
rier modef? that adequately describes theU characteris- Cu(100). Such a low barrier height is expected to be effec-
tics of metallic STM junctions at a fixed separation lafer tively decreased by the applied voltage; no significant depen-
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dency of eithem\g or A1 could be established, however. In
conclusion, a close relationship between metallic adhesion
and tunneling could be established down to distances where This work was supported by the Swiss Priority Program
true atomic resolution is achieved, but the origin of the longMINAST, Kommission fur Technologie und Innovation, and

decay lengths remains an issue that merits further studies.the Swiss National Science Foundation.
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