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Experimental aspects of dissipation force microscopy
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Experimental aspects of measuring dissipation on atomic scale using large-amplitude dynamic force micros-
copy are discussed. Dissipation versus distance curves reveal that long- and short-range forces contribute to the
dissipation. The decay length of short-range contributions is found to be close to that of the tunneling current.
The dependence of dissipation on the bias voltage and on the oscillation amplitude is presented. Atomic-scale
lateral variations of dissipation are discussed, and the role of the atomic constitution of the tip for quantitative
results is pointed out.

[. INTRODUCTION The distance dependence of dissipative forces has been
studied by Gotsmanet al, who found dissipation in the
Force microscopy measures the forces between picowatt range when a silicon tip comes into close proximity
nanometer-scale tip and a surface, or uses the tip-sampte a mica surfacé These authors discuss simple models for
force as feedback for a distance control to record topographgvaluation of the power that are tested with the help of nu-
maps. During the operation dissipation takes place whemerical simulations and compared to experimental results.
a part of the work done by the forces is converted into The origins of dissipation in noncontact force microscopy
heat. This is an important issue in friction force micro- are still under discussion. While the explanation of long-
scopy(FFM) where the microscopic origins of dissipation in range electrostatic damping by Joule dissipation is well es-
repulsive contact are studied. In stick-slip processes, for exablished and experimentally justifiéd,short-range contri-
ample, a lateral force is built up while the tip sticks to anPutions on the atomic scale are less understoothilat al.
atomic site. When the tip slips to a relaxed position the§peculated about coupling of forces exerted on surface atoms

stored energy is released instantaneously compared to tH30 low-frequency modes of the phonon bét.h._molecular
time scale of most experiments. The mean power dissipatioﬂynam'cs S|mulat|ons. (.)f dynamic force microscopy on
— . . i(111) 7X7 by Abdurixit et al. revealed that the response
P in such experiments is the product of the mean lateral o\ t2 e atoms to the force exerted by the approaching tip
force F|_ and the scan velocity’=Fv. In recent atomic- s partially nonadiabatic despite the quasistatic movement of
scale stick-slip experiments we have found as typical valuege tip on the atomic time scaleThe power dissipation con-
P=1.2<10"' W on Cu111) and P=0.2<10"'® W on  nected with the nonadiabatic response was found to depend
NaCl100 at a scan velocity of 50 nm/s> The origins of  quadratically on the respective interaction force. Recently,
dissipation in friction are related to phonon excitations, elec-Gauthier and Tsukada presented a calculation of dissipation
tronic excitations, and irreversible changes of the surface. in the tip-sample interaction due to thermal fluctuations even
However, dissipation also occurs in noncontact modes ofor a fully adiabatic approach of the tip towards the surface.
force microscopy, where the atomic structure of tip andin this model, dissipation is essentially proportional to the
sample are reliably preserved. This type of dissipation exsquare of the force gradient, and to the square root of the
periment is the subject of the present study. The first experiescillation amplitude. Based on their results the authors sug-
mental demonstration was reported by Denk and Pohl, whgest to use dissipation as feedback parameter for a new type
analyzed the resonance of an oscillating cantilever with af force microscopy that would circumvent certain problems
metallic tip in electrostatic interaction with a heterostruc-of dynamic force microscopy arising from long-range forces.
tured semiconducting samplén this experiment, the canti- The characteristics of a dissipation feedback would be closer
lever oscillation was damped by Joule dissipation of chargeo tunneling microscopy than to conventional dynamic force
carriers, which were moved by the oscillating electric fieldmicroscopy (DFM) regulated to constant frequency shift.
produced by the tip vibration. The authors pointed out thatActually, such an experiment has already been realized by
the damping deduced from the resonance analysis could algarvis et al, who in their report emphasize the monotonic
be obtained from the excitation amplitude needed to mainincrease of dissipation as an advantage for the distance regu-
tain a constant oscillation amplitude. In addition to this work,lation compared to the nonmonotonic trend of frequency
Stoweet al. recently demonstrated the dependence on biawith distance’
voltage, dopant concentration, and tip-sample distance of In this paper, we first describe how we measure dissipa-
electrostatic damping close to a semiconducting suffacetion with a dynamic force microscope. Experimental results
Luthi et al. were the first to present data of atomic-scalefor the dependence of dissipation on distance, bias voltage,
variation of dissipation in a noncontact dynamic force micro-and oscillation amplitude are presented. The lateral resolu-
scope on a $111) 7X 7 surface, where the strongest damp-tion of dissipation measurements and its dependence on the
ing was found at the sites of the corner hdles. tip constitution is discussed based on new results for the
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— T variations of the dissipation have to be detected. Therefore,
measurements with small oscillation amplitudes are highly
f=ﬁ)(1+_lm((p)) ] desirable for dissipation force microscopy. The spring con-
20 ] stantk is calculated from the geometrical dimensions of the
cantilever and its eigenfrequency. Spring constants and os-
cillation amplitudes can be determined within an error of
10%, resulting in an error of about 25% for all absolute
values of power dissipation given below. The quality factor
Q can be easily determined in a digitally controlled phase
) ) ) . . ) ) variation experiment as shown in Fig. 1.
60 40 -20 0 20 40 60 The extra dissipatiof;s caused by tip-sample interaction
phase (°) can be calculated fron,, . according t8

Vexc f
oscillation in a phase variation experiment. The frequency shift of Pis= O(V - f—),
the constant amplitude oscillation reveals a quality factor of 12 800. exco 0
whereV. is the excitation voltage needed to maintain the
Si(111)7x 7 and the KB(100) surface. oscillation amplitude far from the surface. Since frequency
shifts in our experiments never exceed the order of*16f
Il EXPERIMENT the resonance frequency we can alwaysfég=1.

frequency (Hz)

EEREE

FIG. 1. Determination of the quality factor of the cantilever

@

In our study we used a noncontact atomic-force micro- IIl. RESULTS
scope(AFM) in the constant-amplitude mode, implemented o )
in a ultrahigh-vacuum chamber. This technique has been de- A Dissipation versus distance curves on Gi11)
scribed in detail elsewhefd.To summarize, the tip is oscil- In order to reveal the nature of dissipation in dynamic
lating with a constant amplitud& of typically 1-10 nm at  force microscopy experiments we have simultaneously re-
the eigenfrequenckof the cantilever, which may shift bkf  corded the frequency shift, the dissipation, and the tunneling
due to forces between tip and sample. The oscillation amplicurrent as a function of distance during approach to the sur-
tude is kept constant by a regulation circuit that excites gace. Two series of measurements are presented Sers
piezoactuator with a sinusoidal voltage of the oscillation fre-| consists of distance curves recorded at systematically var-
quencyf and an amplitude/e,.. The actuator shakes the jed bias voltagesSeries Ilof distance curves using varied
fixed end of the cantilever. When the cantilever oscillation ispscillation amplitudes. The parameters used in the two series
damped due to the tip-sample interactidf, . will increase  are given in Table | together with a description of the tip
to maintain the oscillation amplitude constant. By recordingpreparation, which is important for these measurements as
Af and Vg, simultaneously, forces and dissipation can bediscussed below. The experiments were performed on clean,
measured. The frequency tracking and amplitude control imtomically flat copper surfaces. In order to avoid repulsive
our experiment is done by a homebuilt digital device includ-contacts with irreversible changes of tip and surface and to
ing a phase-locked loo. ensure reproducible results even in the short-range regime

In all dynamic force microscopy measurements the powetve have stopped the tip approach when certain threshold
dissipationP, caused by internal friction in the freely oscil- values of either the tunneling current g, . were reached.

lating cantilever is given by In this way even atomic-scale changes of the tip structure can
be widely excluded.
1 kA2 In Fig. 2, two dissipation versus distance curves from se-
Po=2m7f, o (1) ries I are plotted, recorded at sample bias voltages f

=0.9 V andU;,s=0.0 V. Both curves show a steep, con-
with f, the eigenfrequency of the freely oscillating cantile- gruent increase of dissipation on the last nanometer before
ver, k its spring constant, an@® the quality factor of the the approach is stopped. At distances larger than 1 nm away
oscillation. This dissipation is independent of the sample androm the stopping point, however, an additional long-range
cannot be avoided; it produces a background signal in whicleontribution is found for the curve recordedg;,s=0.9 V.

TABLE |. Parameters and results of series | and series Il.

Series | Series Il
Parameter varied Amplituda Bias voltageU
Resonance frequendy 147 785 kHz 319 254 kHz
Spring constank 21 N/m 22.6 N/m
Q factor 12800 15000
Tip constitution Covered by Cu after prolonged Oxide layer removed from the
scanning in contact mode silicon tip by argon-ion sputtering

Contact potential difference to CiL1) —-0.08V -097V
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FIG. 2. Power dissipation vs distance fdp;,s=0.9 V (squarep FIG. 4. Results of a phase variation experiment performed 1 nm

andUpas=0.0 V (thin line) (fo=147785 Hzk=21 N/m,A=8.8  from the surface. The phase between cantilever oscillation and ex-
nm, P,=5X10"** W). The long-range part of the dissipation has citation resulting in the lowest value ®, . is plotted as a function
been fitted with the functiol P=c/(z—z,)? as indicated by the of the sample bias. The minimum is shifted with respect to Fig. 3
two thick lines. due to a different contact potential of the figee text

This long-range part of all dissipation curves of series | has 1he electrostatic dissipation may be described by a phase
been fitted with a functiorP=c/(z—z,)2. The offsetzo, shift betwee_n the t|p o_scH_Iat|on and th_e force _o_scnla_tlon _du_e
which is identical in all fits, reflects the fact that the meso-t0 the creation of dissipating currents in the silicon tip, simi-
scopic tip is the source of electrostatic long-range interaclar to a.descrlonzn of the phase. shift in intermittent-contact
tions, while the end of a nanotip with heighj causes the force mlcr_oscop)}_ The phase shift would be zero for purely
short-range force¥, Using the parameters of these fits, the cOnservative forces. If the tip velocity is given hyt)
dissipation at a distance of 1 nm is plotted in Fig. 3 together= @A €os(t) and the force oscillation by (t)=F,, sin(wt
with the similarly determined long-range contribution of the TA¢), the mean power dissipation would be
frequency shift, the latter being a measure for the mean long-
range force. Both the frequency shift and the dissipation
show a quadratic dependence on the sample bias. This find-
ing indicates that the electrostatic contributions to force and
dissipation are proportional to each other. However, the |n the perturbation approximation the frequency shift is
minima of both curves are not zero but have a certain offsetelated to the first Fourier coefficieft, by'%'3
value. The offset of the frequency shift can be easily ex-
plained by van der Waals forces, which are always present Af
independent of the bias voltage. The existence of the long- Fo=7"KA, (4)
range dissipation at the minimum of electrostatic forces may
be due to remaining electrostatic forces that cannot be comhe quantity also plotted in Fig. 3. Evaluating ) with
pletely eliminated, since the complicated geometrical anchumbers from Fig. 3 we would expect a phase shifi\gf
chemical structure of the tip forecloses a well-defined contact=1.2° atU,;,.= — 0.9 V. A value in the same order of mag-
potential. nitude was indeed found in a phase variation experiment. In
this type of measurement, the minimum\af, ;. as a function

w 27w 1 .
P:Zfo F(t)v(t)dtz—zwAFwsm(A@). 3

18 of the phase between cantilever oscillation and excitation is

16l 10.12 determined. For the freely oscillating cantilever this optimal
..,g 14} lo10 phase is 90°. Close to the surface, the optimal phase may
& 120 2 shift due to dissipative forces. In Fig. 4 this phase is plotted
= 10l 0.08 c as a function of the sample bias. The optimal phase is shifted
_§ 0'8_ loos S away from 90° when the bias voltage is different from the
"g'_ o.s ] . contact potential difference. For a shift oBO/ a phase shift
T oa 1004 5 of about 1° can be read from Fig. 4. Note that this experi-
5 | {002 ment was done with a different tip having a different contact

g-z [ 0,00 potential difference to the copper surface and that therefore

25 06 03 00 03 06 09 the minimum of electrostatic forces is shifted by about 1 V.
U, (V) However, the spring constant and eigenfrequency of the can-
bias tilever were the same as in the experiment plotted in Fig. 3,
FIG. 3. Dissipation(solid squaresand normalized frequency Making the results comparable. The voltage-dependent shift
shift (open circles at z=1 nm. The values are the result of an Of the phase exhibits the same distance dependence as the
analysis of the long-range contribution to the power dissipation aglectrostatic interactions.
indicated in Fig. 2. The solid line is a parabola fitted to the dissi- After subtraction of the long-range contributions from fre-
pation data. quency shift and dissipation one can determine the decay



PRB 62 EXPERIMENTAL ASPECTS OF DISSIPATION FORE. .. 13677

0 o | L | T ¥ L) L)
g 0.5 s z=0.00 nm
05 & oal | & 208 . .
c 4 z=0.30nm . . " .
gg 1.0} Af 3 ; 0 . -
Z as) Y A g g— 03f
e 20} o & 42 ;
= 5
23 % 0.1
ol N
distance (nm) ’ 5 10 15 20 25
FIG. 5. Reduced frequency shift vs tip-sample distance for amplitude (nm)

nine different oscillation amplitudesf{=319 254 Hz, k=22.6 FIG. 7. Cross sections throuah the data plotted in Fia. 6 at
N/m, A=8.2 to 22.9 nmQ=12 800, contact potential difference i . e di Tﬁ lid I P 9-
between tip and sample was compenspat&te approach of the tip ifferent t_|p sample distances. The solid line represents a square
was stopped when a tunneling current of more than 10 pA Waéoot function.
collected. This stopping point of the approach curve defines the
distance zero. The scaling of the frequency shift with the amplitudeat compensated contact potential difference, significant dis-
AfxA%2 s well confirmed. sipation occurs only in the short-range regime. The power
dissipation is much lower than that in the variable bias volt-
length of the short-range contribution as suggested by Gugage experiment even though the forces acting on the tip are
gisberget all® The decay length of the frequency shift, comparable as shown in Fig. 5. To elucidate the amplitude
which is equal to the decay length of the force, varies fromdependence of the dissipation, cross sections through the ap-
0.33 to 0.45 nm and the decay length of the dissipation fronproach curves are shown in Fig. 7. There is a clear increase
0.21 to 0.28 nm. However, the ratio between the two decapf dissipation with increasing oscillation amplitude, possibly
lengths is always 1.5. In a previous study we found that thgproportional to the square root of the amplitude as suggested
decay length of the force is always twice as large as thén the models of Gotsmanretal® and Gauthier and
decay length of the tunneling currefit. Tsukadd
In a second series of measurements, we compare ap-
proach curves recorded with varying oscillation amplitudes
A. In these measurements the contact potential difference
between tip and sample has been compensated by applying In a recent publication we have presented images of a
the respective bias voltage in order to minimize electrostati€€u(100) surface showing atomic contrast in topography and
forces. Figure 5 shows the force curves using the reducede,..* The contrast inV,,. being very weak, we suspect
frequency shift introduced by Giessibl,which takes into that it is formed predominantly by a convolution between the
consideration the well-confirmed %2 dependency of the topography and the general distance dependence of the dis-
frequency shift and allows comparison of force measuresipation as plotted in Fig. 6. Consequently, there is no direct
ments performed with different parameters. For comparisorproof that the dissipation process exhibits variations on the
the reduced frequency shift curve f,;,s=0.0 V of the atomic scale, although the contrast is caused by an atomic-
experiment of series | is added to the graph. Apart from ascale variation of the tip-sample interactions.
slightly larger long-range force due to the imperfectly com- On the larger Si(111)X 7 superstructure, we were able
pensated contact potential difference, the two tips experiend® record atomic-scale variations of the dissipation at con-
rather similar forces. The power dissipation curves for vary-stant height, where any artifacts arising from the topography
ing oscillation amplitudes are shown in Fig. 6. As expectedvariation are circumvented. In Fig. 8 the lower third of the
frame shows topography, frequency shift, and dissipation
while the tip-sample distance is regulated to a constant tun-
neling current. At the sites of the corner holes the highest
frequency shift and the strongest dissipation are detected as
reported previously:® In the upper part of the frames, the
regulator is stopped and the tip is scanned at constant height,
therefore without contrast in topography. Frequency shift
and dissipation retain an atomic-scale contrast, demonstrat-
ing that there is a true atomic-scale variation of force and
dissipation. Furthermore, the characteristic appearance of the

B. Dissipation maps
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0.0r \ . . unit cells is retained unchanged, where strongest dissipation
0 1 2 3 4 5 occurs upon oscillation of the tip above a corner hole site,
distance (nm) causing a power loss of the same order as reported in Ref. 5.

In the course of scanning without regulation, the tip drifts
FIG. 6. Power dissipation vs distance for the measurements déowards the surface causing an increase of dissipation and a
scribed in Fig. 5. decrease of the negative frequency shift. The latter is in
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FIG. 8. (a) Topography(b) frequency shiftA f, and(c) dissipa-

tion measured on a Si(111)77 surface. In the lower third of the 5
frame, the tip-sample distance was regulated to constant tunnelin§
current, then the regulator was switched off in order to scan at &
constant height. Cross sections of the frequency shift and of thef
dissipation before and after switching off the regulator are plotted in &
(d) and (e). The experimental parameters werg=48 pA, f,
=160322 Hz,A=8.8 nm, k=28.5 N/m, U;,s=2 V, and Q
=15700. FIG. 9. (a,p Topography and(c,d dissipation map of a

KBr(100 surface irradiated with electrons. The surface shows mon-

a_lgrsaernent Wlt.h our assumption that in these eXpe”ments.thﬁomic cleavage steps and rectangular holes and islands character-
tip is in a regime close to the surface, where the negativ

fstic for electron-beam damage. Imadasy and(b,d) are recorded

frequency shift decreases with decreasing distance. The di§;, e same sample in close vicinity, the only difference between

sipation contrast observed in Fig. 8 is inverted with respecih measurements being a tip crash, which occurred after finishing
to the finding of Abdurixitet al, who found strongest dissi- frames(a,g.

pation not at the corner holes but on top of adatérhgw-

ever, the authors in their simulation considered only attracconfiguration could easily explain an increased dissipation in
tive chemical forces, while in this eXperiment all kind of Strong force field of the Step edgesl They would be compa-
interactions contribute, possibly in part repulsive as pointegaple to the stick-slip processes observed in friction force
out above. microscopy. The higher dissipation found in dynamic force
A strong atomic-scale dissipation contrast at step edgegicroscopy compared to friction force microscopy is caused
has been demonstrated in a recent study by Bennewifgy the high frequency of the cantilever oscillation, which

16 H L. . . .
et al™ Altogether, we conclude that DFM is able to detectsyms up the dissipation of atomic processes in each cycle.
dissipation in the tip-sample interaction with atomic resolu-

tion. However, we would like to point out that quantitative
results depend critically on the state of the tip. In previously
published work on NaCl/Qi11) (Ref. 16 and on C@100 Dissipation force microscopy is a promising new member
(Ref. 14 we discussed the effects of slight tip changes inof the family of scanning probe microscopes. It has proven
atomically resolved images. While the topography is hardlits ability to detect dissipation processes at surfaces with true
affected except for a change of corrugation height, the dissiatomic resolution, especially at nonregular sites. The experi-
pation can exhibit dramatic changes and even disappeamental results presented here can be summarized as follows:
Similar effects are demonstrated in Fig. 9. A KBOO) sur-  Dissipation in the tip-sample interaction occurs due to both
face has been imaged after irradiation with low-energy elecshort- and long-range forces, the latter being at least partly of
trons. The typical topography of such a surface with mon-electrostatic nature. Proportional to the mean electrostatic
atomic cleavage steps and rectangular holes of one atomforce, the long-range dissipation grows quadratically with
layer depth has been described by Swthall’ Here, we the voltage applied between tip and sample and can be mini-
focus on the appearance of step edges in the dissipation mapszed by compensating the contact potential difference. A
before and after a tip crash. While the topographic imagesimple description of the electrostatic dissipation taking into
show comparable contrast at the monatomic steps sites, acount the phase delay between tip and force oscillation
dissipation contrast at the step edges arises only after the tgpuld be experimentally confirmed. It suggests a possible
crash. While an enhanced interaction at step sites of ionidirection for a more detailed model of the dissipation mea-
crystals is well understood in terms of the lower coordinationsurement.

of edge ions, it is surprising that the energy dissipated in the The short-range contribution to the dissipation decays ex-
tip-step interaction depends so much on the tip constitutionponentially with distance. The decay length is found to be
As a hypothesis we suggest that the tip picked up some adarger than that of the tunneling current but shorter than that
atoms in the crash, which may jump forth and back when thef the short-range force. The relation between force decay
tip enters in the strong force field of the step edges, while thend dissipation decay agrees reasonably with the predictions
tip stays stable above the terraces. Such instabilities of the tipf Abdurixit et al.” and Gauthier and Tsukaalhe dissi-

IV. CONCLUSION
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pated power is found to increase with increasing oscillatiorcrashes on the dissipation measurements. Reproducible mea-
amplitude, in agreement with models that predict A.5%  surements of dissipation that allow comparison with atomis-
A remaining experimental problem of dissipation force tic models require atomically defined tips. Such tips could be
microscopy is its strong dependence of quantitative resultprepared and controlled bin situ methods such as field
on the tip configuration. For example, the power dissipatiorlamissioﬁ8 or by use of chemically well-defined structures
in the experiment described in Fig. 6 is about an order ofuch as carbon nanotub®s.
magnitude higher than that in the experiment described in
Fig. 2, both measurements being performed on clean copper
surfaces. Although part of this difference can be attributed to
the difference in oscillation frequency, one has to keep in This work was supported by the Swiss National Science
mind that the tips have a different chemical constitution ag~oundation, the Swiss Priority Program MINAST, and the
manifested in the contact potential difference. The crucial’'Kommission zur F'aderung von Technologie und Innova-
role of the atomic-scale shape and chemical constitution ofion.” We would like to thank B. Such and F. Krok for their
the tip is impressively demonstrated by the effects of tipcollaboration in the KB{100) measurements.
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