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Quantitative atom-resolved force gradient imaging using noncontact
atomic force microscopy
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Quantitative force gradient images are obtained using a sub-amgstnaplitude, off-resonance

lever oscillation method during scanning tunneling microscopy imaging. We report the direct
observation of short-range bonds, and the measured short-range force interaction agrees well in
magnitude and length scale with theoretical predictions for single bonds. Atomic resolution is shown
to be associated with the presence of a prominent short-range contribution to the total force
interaction. It is shown that the background longer-range interaction, whose relative magnitude
depends on the tip structure, has a significant effect on the contrast observed at the atomic scale.
© 2001 American Institute of Physic§DOI: 10.1063/1.1389785

The atomic force microscogdFM)! was originally de-  used to detect the cantilever deflectidfsnd the reflectivi-
vised as an analog of the scanning tunneling microscopges of the fiber end and the lever are tailored to enhance the
(STM), using forces rather than the tunnel current betweeravity’s finesse. The system has a 30 %A/ /Hz noise
tip and surface atoms to generate atomic resolution imagefioor, which enables<1 N/m stiffness changes to be ob-
Forces associated with short-range bonding have, like theerved with sub-A oscillation amplitudes using reasonable
tunnel current, an exponential dependence on distafice, integration times. The amplitude at the tip, which is altered
making atomic resolution possible. However, most of theby the tip—surface interaction, is detected from the interfer-
actual applications of AFM have been at lower than atomicometer output using a lock-in amplifier. The interaction stiff-
resolution because of the extreme sensitivity required to reness(negative of the force gradienbetween the tip and
solve single bonds, and the instability of soft levers againssamplekiy; can be obtained from the simple relatton
the high force gradients of short-range interactions. Atomic dE Ay
resolution AFM has been achieved only recently using reso-  Kkj,;=———= ko(— -
nant cantilevers with large; 100 A oscillation amplitudes in dz A
ultrahigh vacuum(UHV).*~® This technique has also been wherek,, A, andA are the lever stifiness, free oscillation
used to measure the force interactions between the tip argplitude and measured oscillation amplitude of the lever,
sample] but the oscillation amplitudes employed are muchrespectively. The use of very small amplitudes has two ad-
greater than the interaction range. Hence the interaction hagntages. First, the interaction is determined at a single sepa-
to be inferred by mathematical deconvolution, which as-ration, and is thus easily correlated with the simultaneously
sumes both single valuedness of the interaction and the alobserved tunnel current. Second, the interaction is effectively
sence of dissipation processes during the measuremetinearized at that point, and its value is directly found from a
There have been more direct measurements of the interasimple spring analysis, as in Ed.). This contrasts with large
tion. Dirig et al® observed short-range interactions using anamplitude techniques, where the nonlinear nature of the in-
Ir sample, but their work did not involve imaging. Other teraction necessitates deconvolution of frequency shift data
direct measurements have shown unexpectedly large lengdnd the use of certaia priori assumptions about the nature
scales for the interaction potential§ implying the domi-  of the interaction. Most literature reports confine themselves
nance of forces other than atomic local bonding. In this letto reporting the frequency shifts of the resonant lever rather
ter, we report the direct observation of short-range bondshan the actual interaction force gradients.
and we show that they are indeed associated with atomic The cantilevers are made from flattened and polished
resolution in AFM as predicted by theoty. tungsten wires whose ends are bent and then etched to obtain

Experiments are performed with a specially constructedgsharp tips. The levers have stiffnesses in the range of 100—
high force resolution AFM/STM operating in UHVY. The 250 N/m in order to be safely above the typical maximum
force gradient between the tip and sample is measured byegative interaction stiffness and thus avoid the snap-in
vibrating the cantilever base at a frequency well below thenstability at smaller separations. The stiffness of the levers
resonance, with a very small oscillation amplitude of typi-is determined by measuring the thermal oscillation amplitude
cally 0.25-0.5 A peak to peak. Excellent displacement senand also independently by a laser interferometer and a cali-
sitivity is thus very important. An all-fiber interferometer is brated test counterlever and a nanoindenter. The levers have

11-20 kHz resonant frequencies and quality fact@s,of

dpresent address: Department of Physics, Bilkent University, 06533 Ankara?oo_?’ooo' The piezo motions are calibrated using the fiber

1], 1

Turkey. interferometer. The experiments are performed in an UHV
bElectronic mail: ahmet@fen.bilkent.edu.tr system with a base pressure 6f5x10 ! mbar. The
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FIG. 1. Force gradientA,=0.25 A,, andk,= 180 N/m) and tunnel current

as afuncti_on of tip—sample §_eparation on é.lﬂ) (7x7) surface. Typical FIG. 2. Simultaneous STM imag@) and force gradient imagé) of a
result for tips having a significant contribution of short-range terms to th.eSi(lll) (7x7) surface. Measurement conditiong;,=—1V, Iy=1 nA,
_total measured force gradient. The _Iength scale of _the short-range interactio =05 A, and ke=116 N/m. In image(b), darker areas indicate more
is found to b_e 1.1 A from a curve l_‘|t after sgbtractlng the long-range termsnegative(attractive) values of the interaction stiffness.
and accounting for the lever and tip relaxatid®ef. 15.

Si(111) (7x7) surface is prepareih situ in the standard s_trong _mteratomlc bond_. We sha_ll see next that this is con-
firmed in the force gradient imaging.

manner, finishing by flashing the sample to 1080°C. The  f£igyre 2 shows simultaneously acquired STM and force
microscope is stable for long periods and we can record iMgradient images. An important observation is that we were
ages overnight automatically. only able to obtain atomic resolution in the force gradient
The tip is brought close to the surface while monitoringimages(Fig. 2) when the tip—surface interaction exhibited
the tunnel current and the force gradient simultaneously. Fosignificant short-range contributions to the total force gradi-
some tips we see primarily long-range interactions, and thent, i.e., when we have a tip which exhibits a short overall
forces are already significant before any tunnel current igharacteristic length scale, approaching that shown in Fig. 1.
observed. This is likely due to van der Waals or perhapshis confirms the theoretical expectation that short-range
electrostatic forces which, because of either the tip shape dorces are required for atom-resolved AR¥Note that the
chemical nature of the tip material, mask the short-rangeSTM topography and force gradient images, although simi-
highly local forces:®> However, with other tips we observe lar, do not show exactly the same features. For example, the
behavior like that shown in Fig. 1. The tunnel current inareas circled in Fig. 2 show that apparently missing adatoms
these cases rises at, or before, the onset of an observatifiethe STM image give a prominent contrast in the AFM
force interaction, an indication that the longer-range forcedmage. This could be due to the presence of an adsorbate
are not as dominant. The tunnel barri@=dInl/dz is atom with a low STM density of states at this site, which
~2 eV at |arger Separations and then fa”s at Sma”er Separa\lould neVertheIess Contribute to the fOI’CE. The COI’I’Ugation
tions, as has been observed previod&liote that this oc- from adatom to adatom via a corner hdlime A) and from
curs when the force interaction becomes strong, and so pefdatom to adatom via a restatdlime B) are 12 and 4.5 N/m,

turbation of the local atom positions might be occurring ag€SPectively. The darker shading indicategher attractive
well as electronic barrier quenchifgThe whole approach stiffness in the force gradient images and therefore the corner

and retraction process remaireersibleprovided the sepa- holes and restatoms actually have higher attractive stiffness

aton s o recuced beyord the point at which the measurel I8, U5 SR T BUG 28 00 R U OO S
stiffness becomes positivee., the point of inflection on the ' g

- . is always found to increase with decreasing separation
binding energy curye The curve shown here is single . -

. ) (higher tunnel currenjsWe have also observed similar gen-
approach curve and isot averaged over several different

measurements. The observable residual noise is due to teral behavior on Si(100) (21). A change of tip during

o . iMmaging reveals an even more complex relationship, as Fig. 3
use of very low (0.25,%,)) oscillation amplitude as wellas to o /v« “The tip changed spontaneously halfway up the image,

the relatively shor{30 ms time constant used in the lock-in - oq 1ting in a reduced STM contrast in the upper half. At the
amplifier. After subtracting théin this case relatively weak  ¢4me time, the force gradient corrugation from adatom to
long-range components and taking the relaxation of the levesyatom via a corner holdine A) decreased from 11 N/m
and tip into account? we have fitted the force gradient pefore the tip change to 8.4 N/m afterwards. However, the
curves to a universal bonding potentfednd obtain a decay corrugation from adatom to adatom via a restatdime B)
length scale for tip interaction of 1.1 A and a minimum actuallyincreasedrom 5.2 to 6.9 N/m. The average value of
bonding energy of 3.7 eV which is in good agreement withahsolute stiffnesses measured at all the various sites became
theab initio calculationst® The maximum tensile stiffness in more negativei.e., more attractiveby about 3—5 N/m.

Fig. 1 is~13 N/m and integration of the curve gives3 nN Calculations by Pezet al!® indicate that the force gra-
maximum force. Of this about 5 N/m and 1.2 rii\e., about  dient magnitude over the holes should be less than that over
40%) are due to short-range interactions. We are thus meahe adatoms, the opposite of what we observe. However, this

suring the short-range potentials responsible for a singlassumes a laterally flat tip trajectory, whereas in reality the
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corner hole corrugation to decrease and the adatom corruga-
tion to remain constar{let alone increasef both the sepa-
ration and the background potential term is decreased. Nei-
ther of these is very likely, since the STM corrugation
actually decrease@mplying larger local separatiorand the
required large scale tip shape change would be expected to
cause more serious image disruption. We are obliged to con-
clude that the chemical nature of the tip atom has changed
and altered its bonding to the individual surface sites, and
hence the image corrugation.

We have shown that, using ultrasmall oscillation ampli-
tudes, atom-resolved quantitative AFM imaging and direct
force spectroscopy are possible. Short-range interactions are
crucial for imaging, but long-range terms need to be incor-
FIG. 3. Simultaneous STM imag@) and force gradient imagé) of a  porated to explain the image corrugations observed. The re-
\S;i(l_ll) (17\77|) f“zrff];e;ar_”g': }’&Vhe;?]éief‘ifg?\lr}%e%‘;'xf‘gr‘;g;hi‘?b;magesuIts clearly show that even in normal STM imaging, there
inlgiate mor’e ;egativé vglue.s in pt?le inteoraction stiffﬁess. are quite strong forces acting. This could lead to significant

movement of atomsincluding on the ti@20 and hence seri-
ously affect STM image contrast in general experiments. Our
; ] o . results also show that the relation between current and force,
also be displaced relative to the more distare., experi- of importance for potential nanoscale devices, is complex on
mentally observedparts of the tip in response to force cor- the single atom scale. However, the combination of AFM and
rugations. We can explain why the corner holes and restas a1 could clarify the subject ir'1 the future.
toms show higher attractive stiffness as follows. As already
noted, there will in general be some backgroumen der This work was supported by the Royal Society Paul
Waalg force between the tip and sample. As the tip followsFund and by EPSRC. One of the authé#sO.) thanks the
the STM contours, this background term will give an addi-British Council for travel support and a second author
tional attractive force gradient where the tip moves closer tqH.0.0.) thanks TUBITAK for a BDP scholarship.
the surface, and will thus be largest over the corner holes. To
calculate this effect we first take an empirical van der Waals
interaction term

tip atom follows a corrugated path during imaging. It might
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