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Dynamic force microscopy of copper surfaces: Atomic resolution and distance dependence
of tip-sample interaction and tunneling current

Ch. Loppacher,* M. Bammerlin, M. Guggisberg, S. Scha¨r, R. Bennewitz, A. Baratoff, E. Meyer, and H.-J. Gu¨ntherodt
Institute of Physics, University of Basel, Klingelbergstrasse 82, CH-4056 Basel, Switzerland

~Received 15 February 2000; revised manuscript received 30 June 2000!

Atomic resolution images of Cu~111! and Cu~100! surfaces obtained in ultrahigh vacuum with a combined
scanning tunneling~STM!/atomic force microscope~AFM! 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.
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I. INTRODUCTION

Since the scanning tunneling microscopy~STM! measure-
ments of Hallmarket al.1 and of Wintterlinet al.2 on close-
packed~111! surfaces of Au and Al it became obvious th
observed corrugation heights could not be explained with
invoking special tip induced electronic effects.3,4 Wintterlin
et al. suggested that forces between probing tip and sam
may play an essential role in the image formation, in parti
lar that the frontmost end of the tip is elastically deformed
adhesive forces. Improved resolution was observed a
elongations of the probing tip caused by applied volta
pulses. This was interpreted in terms of a transfer of sam
material to the tip, corresponding to the formation of
nanometer-sized metallic cluster on the tip. Du¨rig et al.5

measured a metallic adhesion force gradient during tunne
operation between an Ir tip and an Ir surface and found
exponential decay of the interaction force in agreement w
theoretical models. The measured decay length oflT50.05
nm for the tunneling current is in good agreement with
work function of 4–5 eV and results by Berndtet al.6 on
Cu~111! and Roseet al.7 For the experiments of Du¨rig et al.
with small oscillation amplitudes a decay length for the for
lF.lT was found. Later, Du¨rig et al. studied the decay
length of chemical forces above Au and Al and found larg
values than expected.8 This was explained by the authors b
assuming a sample atom at the probing Ir tip. Recen
Clarkeet al.9 compared corrugation heights from STM me
surements on Cu~100! as a function of distance. The com
parison of their data for the sharpest tips with molecu
dynamics calculations describing sample and tip deform
tions confirmed the suggestion of Wintterlinet al. that forces
play an important role in the image formation, and yield
useful estimates of involved forces.

Since the invention of the atomic force microsco
~AFM! by Binnig et al.,10 it was evident that AFM should in
principle be the ideal tool to investigate short-range forces
the atomic scale. However, the lateral resolution in con
mode was found to be limited to some nanometers. After
noncontact AFM measurements by Giessibl11 on Si(111)7
PRB 620163-1829/2000/62~24!/16944~6!/$15.00
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37 true atomic resolution has been achieved by AFM un
ultrahigh vacuum on surfaces of different materials. Ba
merlin et al.12 demonstrated true atomic resolution on an
sulator, NaCl~001!, including the observation of point de
fects, whereas Loppacheret al.13 and Orisaka et al.14

presented true atomic resolution on a metal, Cu~111! and
Ag~111!, respectively, by noncontact AFM.

In the present work, we report combined noncontact AF
and simultaneously recorded tunneling current meas
ments. Beyond the experiments summarized above, we c
measure both atomic corrugation and distance dependen
interaction and tunneling current with the same techniq
Atomic resolution images of Cu~111! and Cu~100!, including
point defects, are presented and compared with distance
sus tunneling current and frequency shift curves to determ
the interaction forces by the separation procedure prese
by Guggisberget al.15 The results are discussed with respe
to both earlier experiments and models for the relation
tween tunneling currents and forces.

II. EXPERIMENTS

The experiments were performed with an ultrahi
vacuum compatible STM/AFM system, which has been
scribed elsewhere.16 The silicon single crystals tips oriente
along the@100# direction were microfabricated rectangul
cantilevers.17 The cantilever is oscillated with a constant am
plitude at its resonance frequency, with typical values off 0
51502400 kHz. All STM measurements were performed
the constant average current mode. Since the bandwidt
the tunneling current preamplifier is limited to 3 kHz, th
observed current corresponds to the time average tunne
current Ī t . In the limit A/lT@1, wherelT is the decay
length of the tunneling current andA is the amplitude of the
tip oscillation, it can be shown using the perturbation a
proach first introduced by Giessibl18 that the average curren
Ī t is related to the currentI t5I 0 exp(2z/lT) at closest sepa
ration z by19

Ī t5I 0 exp~2z/lT!
1

A2pA/lT

. ~2.1!
16 944 ©2000 The American Physical Society
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Formula~2.1! is valid only for harmonic cantilever oscilla
tions. Measurements of the frequency spectra at the clo
point to the surface show that there is no significant dis
tion of the oscillation in the case of the large amplitudes u
in our experiment. For a typical oscillation amplitudeA58
nm and decay lengthlT50.15 nm, a tunneling currentI t

5183 Ī t is found. In the noncontact AFM mode the fre
quency shiftD f of the cantilever that is induced by tip
sample interactions is measured with a digital phase-loc
loop.20 The topography-feedback regulatesD f to a constant
preset value during scanning. A second feedback loop ke
the oscillation amplitude of the cantileverA constant by driv-
ing the cantilever support with a controlled amplitu
Aexc.21 The frequency shift can be related to the interact
force F by first-order perturbation theory:18,22

2
D f

f 0
kA5

1

pE0

p

cos~w!F„z1A1A cos~w!…dw, ~2.2!

wherek is the spring constant of the cantilever (k520240
N/m!. The average force can be determined from experim
tal parameters asF̄5D f kA/ f 0. The actual force at closes
separationF(z) can be calculated via Eq.~2.2! using explicit
force versus distance laws. Alternatively, inversion formu
can be used as described by Du¨rig,23 and by Hölscheret al.24

The Cu~100! and Cu~111! surfaces were prepared by r
peated cycles of sputtering with 1 keV argon ions and
annealing to 850 K. The last annealing was restricted
700K to reduce the sulfur concentration at the surface be
the detection limit of our Auger spectrometer. A typical no
contact AFM image of Cu~100! is shown in Fig. 1. The
measured lattice constant in the fast scan direction is 2.7
close to the expected value of 2.55 Å. The frequency s
D f 5247 Hz was kept constant, which corresponds to a c
stant average force ofF̄51362 pN. The observed defec

FIG. 1. Topographic image of Cu~100! at constant frequency
shift D f 5247 Hz, applied voltageUsample50.4 V, resonance fre-
quencyf 05168 kHz, oscillation amplitudeA51.5 nm, corrugation
height513.5 pm.
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shows that the tip apex is as sharp as the best STM tips.9 The
corrugation height~peak to valley! is 13.5 pm. In order to
measure a tunneling current, it was crucial to either spu
the tip or to run the instrument in contact mode for som
minutes, which causes the decoration of the probing oxidi
silicon tip by copper. The second procedure yielded cop
terminated tips, as confirmed by frequency shift versus v
age curves~also called Kelvin force microscopy!, where the
minimum of the curve, corresponding to the contact poten
difference between tip and surface, was found to be clos
0 V. Orisakaet al.14 stated that it is crucial to compensate t
contact potential between the tip and the surface to ob
atomic resolution. However, in our experiments we apply
voltage in order to measure tunneling current simul
neously. Furthermore, the additional attractive electrost
forces shift the minimum of the frequency versus distan
curve closer to the surface and, therefore, also the regime
stable feedback operation.25 To further characterize the prob
ing tip, I -V curves were performed, yielding a tunneling r
sistance of.10 GV and a nonlinear characteristic of th
I -V curve in the regime where atomic corrugation is me
sured. The very high tunneling resistance indicates the e
tence of a second resistance in series to the tunneling ga
our case the probing Si tip was probably covered by a t
oxide layer producing the additional resistance. Sputte
tips gave a significant contact potential difference, typica
1.0 V and lower tunneling resistances for the regime
atomic resolution. The copper terminated tip was used i
series of experiments where the corrugation height was m
sured as a function of frequency shift.

Figure 2~a! shows a representative topography image
the Cu~111! surface with an experimentally determine

FIG. 2. Measurements at constant frequency shift on Cu~111!.
~a! topographic image atD f 5238 Hz, Usample51.5 V, f 05163
kHz, A525.5 nm, corrugation height517 pm; ~b! line profiles
through maxima showing the decreasing corrugation heights
less negative frequency shifts.
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16 946 PRB 62CH. LOPPACHERet al.
atomic distance of 2.4 Å while the expected value
Cu~111! is 2.55 Å. Upon increasing the setpoint fromD f 5

236 Hz toD f 5238 Hz, corresponding to average forcesF̄
of 170 pN to 180 pN, the corrugation height in Fig. 2~b! is
found to increase from 10 pm to 17 pm. The significa
change of corrugation heights upon relatively small chan
of the frequency shift can be explained by the contribution
the long-range forces to the frequency shift that are not
rectly involved in the formation of atomic contrast. A
pointed out by Clarkeet al.,9 it is crucial that the tip itself
does not change during such a set of experiments.

A comparison of these data with STM data of Clar
et al. on Cu~100!, of Wintterlin et al. on Al~111!, and of
Berndt et al.6 on the Cu~111! surface shows the same e
hanced corrugation heights with similar distance dep
dence. Accidentally, it may happen that the tip sudde
changes as illustrated in the topography@Fig. 3~a!# and the
Aexc @Fig. 3~b!# images of Cu~100!. In this case, an increas
of the corrugation from 16 pm to 39 pm is observed. Simi
changes in corrugation height were attributed by Cla
et al.9 to two distinct types of tips. The authors sugges
that the tip yielding the smaller corrugation may have a m
tallic apex atom, whereas the other tip yielding the larg
corrugation may be terminated by a nonmetal tip, e.g
sulfur impurity atom picked up from the copper surface. A
ternatively, Clarkeet al. suggested that changes of corrug
tion are not related to changes of the apex species, but ra
to differences of the tip apex geometry. The atomistic ch
acter of the tip changes in Fig. 3 is confirmed by a sect
through the topography plotted in Fig. 3~c!. After the change,
the topography baseline changes by only 0.11 nm. Surp
ingly, the Aexc signal is even more sensitive to small t

FIG. 3. Measurements at constant frequency shiftD f 5273 Hz
on Cu~100!, Usample50.4 V, f 05168 kHz, A51.5 nm. A tip
change leads to an increased corrugation height from 16 pm t
pm in the upper part of the simultaneously recorded images;~a!
topography and~b! excitation amplitudeAexc ~line by line average!.
Line sections~raw data! along the line indicated in the images a
shown in~c!. The arrow shows a change inAexc where the topog-
raphy remains unchanged.
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changes that do not affect the corrugation height. Note
ther thatAexc is maximum at the minima of the topograph
as observed on NaCl~001!.12 However, increased forces ar
not necessarily in registry with the positions of the atoms
pointed out by Ciraciet al.26 This inverted contrast and th
short-range character of theAexc signal are the subject o
ongoing work and will be discussed elsewhere.

Besides the frequency shift feedback the Cu~100! surface
was also atomically resolved using tunneling current fe
back. Figure 4 shows simultaneously recorded topograp
frequency shiftD f , andAexc images of the Cu~100! surface.
The corrugation in topography is 25 pm and shows a
creased resolution after a tip change in the lower part. B
the frequency shift and theAexc signal show a clear contras
Note that the contrast inD f visualizes different distance de
pendencies of tunneling current and force, which will be a
lyzed below. After the tip change, atoms appear elonga
with a ‘‘peanutlike’’ structure. This effect is quite typical fo
tip artifacts in STM or noncontact AFM on the atomic sca
Remarkably, the change of the shape of the atoms obse
by the simultaneously acquired tunneling current is differe
Due to these tip-related changes of the atomic contrast
difficult to determine a phase relation between maxima a
minima of tunneling current, force, andAexc, respectively.

Having established true atomic resolution in both nonc
tact AFM and STM modes, we recorded frequency and
erage tunneling current versus distance curves. As show
Fig. 5, an exponential variation of the average tunneling c
rent is found with decay length oflT50.15 nm. The analysis
of the frequency shift versus distance curves is more com
cated, because of unavoidable long-range forces. Elec
static forces can be minimized by compensating the con
potential difference with the applied sample bias voltage.
described by Guggisberget al.,15 short-range chemica
forces can be separated by subtracting the long-range van

39

FIG. 4. Simultaneously recorded images at constant tim

average currentĪ t , Usample51.3 V, f 05168 kHz,A56.5 nm,D f
.270 Hz. ~a! topography,~b! frequency shift,~c! excitation am-
plitude Aexc. A tip change occurred about one-third of the way
the slow vertical scan direction.
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Waals contribution, which is done by fitting logDf versus
logz curves. A slope of21.5 is found, which validates th
model of a spherical mesoscopic tip end for the long-ra
van der Waals forces over distances smaller than its rad
Using a Hamaker constant ofAH54310219 J, a tip radius of
10 nm is determined from the fit of the long-range part of
data (z.2 nm! ~cf. Fig. 6!. Upon subtraction the contribu
tion of the short-range chemical force toD f is revealed, as
shown in Fig. 7. The absolute distances are calculated f
the steep onset of the short-rangeAexc signal, which is a
clear indication of imminent contact.27 The curve extends
into the negative gradient regime, which is usually avoid
to prevent tip changes. In the positive gradient range
short-range force varies exponentially with a decay length
lF50.31 nm, which is a factor of 2 larger than the dec
length of the tunneling current. An absolute determination
the short-range force done with Eq.~2.2! assuming a Morse
potential is shown in the inset of Fig. 7. From the operat
parameters, which ensure true atomic resolution and the
shown in Fig. 7, we conclude that the optimum conditio
are for frequency shift setpoints close to the minimum of
frequency shift versus distance curve, which correspond
an attractive short-range force in the order of 0.5 nN as
be seen from the inset in Fig. 7. Similar values were pre
ously predicted for atomically sharp tips by the combin

FIG. 5. Frequency shiftD f ~dots! and time-average currentĪ t

~squares! versus distance simultaneously recorded on Cu~100! for
Usample50.9 V, f 05147 kHz,A54.4 nm. The solid curve show
an exponential fit with a decay length oflT50.15 nm.

FIG. 6. Frequency shiftD f versus distance~squares! recorded
upon approach to Cu~100! together with a van der Waals fit to th
long-range part~solid curve!; Usample50.0 V, f 05168 kHz, A
56.5 nm.
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STM measurements and molecular dynamics calculation
Clarkeet al. for Cu~100! and the first-principles calculation
of Ciraci et al. for Al ~111!.26

III. DISCUSSION

The most striking observations of our study are as f
lows:

~i! The achievement of true atomic resolution on the t
most close-packed surfaces of a fcc metal in two dyna
modes possible with a combined AFM/STM,

~ii ! The exponential decay of the short-range attract
tip-sample interaction and of the time-averaged tunnel
current with respective decay lengths satisfyinglF52lT
down to distances where atomic resolution is possible,

~iii ! The surprisingly large values oflT and lF , com-
pared to values in the range 0.04 to 0.07 nm previously
tained in STM measurements with metallic tips1,2,6,9 and in
the approximate embedded-atom theory of bonding betw
metals invoked to explain deviations induced by tip-sam
forces.9,28 Similar values were obtained and a similar theo
was used to interpret the first simultaneous measuremen
tunneling current and force gradient on a metal.5

Regarding point~i!, the observed corrugation height
comparable to those obtained in the above-mentioned S
measurements, suggest that our measurements at constĪ t
are performed at similar minimum tip-sample separationsd.
On the other hand, the corrugations of the electron den
predicted in the relevant distance range above close-pa
metal surfaces by the theories mentioned under point~iii !, as
well as by more accurate self-consistent calculations
which they are based, are one to two orders of magnit
smaller. Therefore our observations of much larger corru
tions at constant frequency shift, i.e., approximately at c
stant force for oscillation amplitudesA much larger thand,18

are incompatible with theories attempting to relate meta
adhesion forces to the electron density in the absence o
tip. Either such theories are inadequate for our purposes
the tip induces site-dependent modifications of electro
structure, which in turn result in enhanced lateral variatio
of electronic overlap and of interaction forces between

FIG. 7. Short-range contribution to the frequency shiftD f chem

~circles! determined upon subtraction of van der Waals contribut
~Fig. 6!. The inset shows the corresponding short-range forceF
52U0 /lF$exp@22(z2z0)/lF#2exp@2(z2z0)/lF#%, whereas
the solid line showsD f chem computed for a Morse interaction po
tential with the fitted parametersU050.5 eV andlF50.3 nm.
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nominally flat sample and the tip.3

The relation mentioned under item~ii ! has been propose
by Chen29 by analogy with the molecular orbital picture o
molecular bonding. For a tip-sample system in close prox
ity, the gain in binding energyDE due to weak overlap be
tween electronic states of each subsystem is proportiona
an average transition matrix elementM. This quantity has an
exponential dependence on the thicknesss of the intervening
potential barrier ifs is larger than a few decay lengths, whi
s acquires a linear dependence ond, i.e., on the relative dis-
placement of the sample. As a result, the force due to e
tronic overlap,

F52
]DE

]s
5

]M

]d
~3.1!

is attractive and has an exponential dependence with
same decay lengthlF . On the other hand, in the same rang
the tunneling currentI t is proportional to a weighted averag
of uM u2 over the energy window defined by the voltage dr
across the barrier.30,4 Thus one expectslF52lT . At smaller
separations, the assumptions underlying this relation br
down because the barrier collapses, the overlap beco
large, the conductance saturates, and the electronic attra
begins to be compensated by repulsion between atoms.3 Ole-
senet al.28 showed that an apparent exponential depende
of the tunneling current on tip or sample displacement, i
on d, can nevertheless persist up to contact, owing to a
duction of s by tensile deformations induced by the ti
sample attraction. This should result in a more rapid va
tion of the force versusd, resulting in an apparentlF
,2lT . In the same range Ciraciet al. approximately find
F}I t , i.e., lF'lT , neglecting deformations.26 The uncer-
tainty and the numerous factors affecting the absolute m
nitude of the time-averaged tunneling current in our dynam
measurements with partially metal and/or oxide covered
con tips prevent an accurate absolute determination ofd. At
present it is therefore difficult to judge whether the assum
tion of weak overlap leading tolF'2lT can be justified a
priori in the distance range shown in Fig. 5, for instance.

Point ~iii ! raises a number of issues that merit furth
study. WhereaslF50.3 nm is surprisingly larger than th
range of typical chemical interactions,lT50.15 nm implies
an effective barrier height

f̄5\2/~8mlT
2!50.42 eV, ~3.2!

considerably lower than the average work function of cop
surfaces and the barrier height inferred from quasistatic
neling current versus distance measurements on Cu~111!
~Ref. 6! and Cu~100! ~Ref. 9!. One common reason for con
siderably reduced barrier heights in such measurements
repulsive contact with an area of the tip that contributes li
to the tunneling current, e.g., with a relatively thicker oxi
layer.31 However, this should produce a positive contributi
to the simultaneously recorded frequency shift with ad de-
pendence uncorrelated with that ofĪ t , for which there is no
evidence in our measurements. Furthermore, the average
rier model32 that adequately describes theI t-U characteris-
tics of metallic STM junctions at a fixed separation laye33
-
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implies a significant voltage dependence of the effective b
rier height,

f̄'f2e
U2Uc

2
~3.3!

and hence oflT , for biases comparable to the barrier heig
f at compensated contact potential. No appreciable volt
dependence oflT was, however, obtained by us for eith
polarity in the rangeuUu,0.8 to 1.2 V in which we could
observe a time-averagedĪ t with an acceptable signal-to
noise ratio. Although the apparent lack of voltage dep
dence might be due to the limited useful range ofU, the two
preceding equations implyf50.9 eV for an applied bias
voltage of 1 V, still a suspiciously low value. Together wi
Chens relation, these two equations furthermore imply t
the short-range attractive force~not to be confused with the
long-range electrostatic force! would also be voltage depen
dent. We therefore repeated the measurements shown in
7 in the range whereD f drops with decreasingd for applied
biases between21.2 and1 1.2 V and applied the separatio
procedure mentioned in connection with Fig. 7. Contrary
expectations, the corresponding fits to the short-range att
tive force showed only slight variations oflF between 0.38
and 0.29 nm. The above-mentioned contradictions sug
that some other effects, hitherto not considered, are at
origin of the unusually long decay lengths that can be
ferred from combined dynamic STM/AFM measuremen
like ours.

IV. CONCLUSION

In summary, true atomic resolution in two dynam
modes has been demonstrated on Cu~111! and Cu~100! sur-
faces with a combined STM/AFM in UHV. Contrary to ex
pectations based on the behavior of the total electron den
above the free surfaces, the corrugation heights and t
distance dependence are comparable to previous STM m
surements. Correlated contrast has been detected in sim
neously recorded images of the excitation amplitude t
maintains a constant tip oscillation, in particular. Metal
adhesion forces with the presumably Cu-coated tip a
were determined quantitatively by a systematic procedure
which electrostatic and van der Waals contributions w
first subtracted.15 In accordance with previous theoretic
calculations for atomically sharp model tips, metallic adh
sion forces of the order of 1 nN are inferred in the distan
range where atomic resolution is obtained. In agreement w
previous independent measurements, the short-range me
forces decay exponentially with a decay lengthlF50.31 nm.
The simultaneously recorded tunneling current also dec
exponentially with a length oflT50.15 nm, in agreemen
with a simple theory by Chen. However, the underlying a
sumption of weak electronic overlap has been questione
the range where attractive forces of the above-mentio
magnitude appear. Furthermore, compared to previous c
ful STM measurements with metallic tips on metal surfac
the tunneling barrier height inferred from the decay leng
lT is surprisingly low, viz., 0.4 vs 2 eV in the case o
Cu~100!. Such a low barrier height is expected to be effe
tively decreased by the applied voltage; no significant dep
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dency of eitherlF or lT could be established, however.
conclusion, a close relationship between metallic adhes
and tunneling could be established down to distances w
true atomic resolution is achieved, but the origin of the lo
decay lengths remains an issue that merits further studie
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