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Abstract. Discusson of severd experiments where could be probed the dectromagnetic fluctuation
disspative forces, is presented : measurements with the scanning probe microscopes, quartz crystd
microbaance and interactions of neutra atomic beams with atomicaly flat surfaces. A comparison with the
current theoretical models is given. It is shown that yet we can not relate the observed disspative forces
with the theoretical predictions with a confidence. Conditions where the fluctuation forces could be
characterized more clearly, are proposed.

Introduction

How do loose energy nanoscale objects in relative motion ? What are the involved dependencies on the
separation, velocity, temperature and material properties ? These are the key questions of the macro-
/nanctribology and many other important topics, such as adsorption/desorption processes on surfaces and
damping motion of adsorbates, physica properties of thin films, the Brownian motion and energy loss of
dow and fast charged and neutrd aomic particles moving in dose vicinity to a surface, the friction of
nominaly flat surfaces, heating effectsin nanostructures via evanescent fields, etc.

Nowadays, great practical significance of these issues is simulated by needs of the scanning probe
microscopy [1-3], the quartz - crysta microbalance [4] and the surface force apparatus technique [5],
frictiond drag experiments between (2D) dectron systems [6], possbilities of transmisson and
manipulation thin particle beams using nanochannds [7,8], energy nodulation of particles in - evanescent
fidds[9, 10], etc.

Even a short discussion of the above questions needs too much time to be presented here. We have a
rather modest aim speaking about fluctuation disspative forces (FDF) measured in recent experimentswith
the help of scanning probe microscopy (SPM), quartz crystal microbalance (QCM), beam interactions with
surfaces, and making comparison with theoretica predictions. Also, we want to draw attention to some
possible perspectives for future investigations. These issues seem to be mandatory because earlier and
present day theoretica invedtigations of FDF have led to many controversa issues in publications of
different authors (see [11] and references therein). Due to the lack of time, we leave asde the
measurements of conservative van der Waals (vdW) forces.

Theoretical Outline

An atomic or nanoparticle approaching a polarizable substrate, may engender collective excitations which
act back upon the particle. Both virtuad and rea excitations occur, and the resulting interactions thereby has

135



both conservative and disspative components. Consider, for example, a metd substrate and a particle
moving pardle to itssurfacein x -direction. A moving bare charge  produces the moving “image charge’
on the metd surface, while a moving dipole (and high-order multipoles, both permanent and fluctuating) —
the moving “image multipoles’. This motion of the induced charges is accompanied by Ohm's law hegting
within the metd. Therefore, the friction is due to the conduction dectrons , and the heat generated insde
the metal isthe source of thisfriction force on the particles outside the metal surface [12].

In the nonretarded and nonrdativistic case, the order of magnitude of attractive and drag friction forces
for different particles can be determined from a smple andyss of physcd dimensons. The needed

quantities are: the height of the particle above the surface z,, ~ (am ) ; thecharge ze ~ (gm *®em *®sec %) ;
the dipole moment d¢ ~ (gm “°em *°sec **) ; the conductivity of substrate s ~ (sec *); the particle velocity
vV ~(em /sec) ; the (sphericd) paticle radius r ~ (em); the atractive and friction forces
F_ .F, ~(gm om sec ). One should make difference between the quantum-induced fluctuation forces,

z X

and thermd-induced ones. So, in the last case for a neutrd spherica particle we get the following
expressonsfor norma (tangentia) force and heet flow :
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where k ; is the Boltzmann's condtant and T is the particle temperature (the surface is assumed to be
“cold’: T =0). Obvioudy, the dependence r, ~ 1/s isasmple consequence of the Ohm's law. For
normal component of the quantum-induced fluctuation force F, , one hasto replace k ;7 by «W,, (W,
is the daracterigtic absorption frequency), but the corresponding tangential component F, can not be
obtained in such a smple manner. Formulae (1) give the firg terms of the corresponding velocity
expansions in powersof 12 =(v /z,5)°. Therefore, if | <<1, (1) alowsto get correct results. By the
way, the applicability of the nonretarded approximetion implies z, <c /w,, with ¢ being the speed of
light. Therefore, even for normal metals, a w, =10*° sec **, we get z, <30 nm , while for more resistive
materias the nonretarded gpproximation is vaid a much grester distances. Anyhow, the nonretarded and

nonreativigtic gpproximation is goplicable in the experimenta dtuations which we addressto in this paper.

The expresson for @ shows that heat exchange through evanescent modes of fluctuating
eectromagnetic fidd, where a smdl paticleis placed in close vicinity to a surface, may sgnificantly differ
from that one due to black body radiation, being independent of distance and having another temperature
dependence (¢ -~ T *).

Certainly, Egs.(1) describe the smplest case, while in genera one the corresponding dependencies on

materid properties and the probe's curvature radius are more complex [11].  Thus, for the paraboloidal
SPM tip of radius r , to linear — velocity order, the thermal-induced FDF can be written in the form

F,=-CRV /z°. 2

where z is the tip — sample clearance, the damping condant ¢ depends on temperature, materia
properties and may correspond to both frictional (c >0) and accelerative (c <0) tangentid force. The
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last case takes place when the diglectric response functions characterize overlapped absorption pesaks of
the materids in contact. A possibility for the moving (neutrd) particle to be heated is due to the fact thet it
has the internd degrees of freedom, while the bare charge and dipole molecule (without of the dipole
moment reorientation) undergo only frictiondl forcesin close vicinity of the surface.

In addition, in the nonlinear — velocity regime, a possbility of resonance particle — sample coupling
occus [11]. The corresponding conditions  implies relaion v ~z,Dw, where
Dw =
In this case formulae (1) become incorrect because | ~ 1, while the corresponding tangentid force and
heat flux are scaled as £, ~ T 72,'DW ; & ~T 7z,°DW  (if w,, W, <kgT /a)

W, - Wp| ,w, and w, are the characteridtic frequencies of the surface and particle, respectively.

Discussion of Experiments

Measuring of dissipative forcesin modulation mode of scanning probe microscopes. Let us discuss
the results recently obtained in [13-15]. It is worthwhile noting thet in red experimentd Stuation different
mechanisms contribute the damping of vibrating nanoprobes. To date, there is no clear digtinction between
them and much work must be done in order to reach clearer understanding of the involved processes. For
ingance, in modulation mode (tapping mode) SPMs, an important role may have energy disspation due
to breskingfforming of the adhesond bonds (even in the vdW region) — a mechanism being more
representative for the contact node SPMs [16, 17]. Other possibilities have been discussed in [18, 19].
Bdow we neglect any of them.

In [13], the dissipative forces were measured in  case of a silicon probe oscillating dong a normd to
mica surface (in UHV a T = 300 K ). The cantilever had diffnessk = 40 N/m , the curvature radius of the
tip was R= 20 nm, the st point amplitude A = 32 nm, the qudity factor Q=22815, and the ground
frequency f= 296.6 kHz. From this work, the mean disspation power was equal to about 0.1 and 0.02
pW at the minimum approach distances to the surface of 0.1 and 0.5 nm, respectively. Therefore, the
corresponding distance dependenceis scaled as P h'* . For comparison, the internal dissipation power
of free vibrationsisestimatedtobe P =pka ?t 7@ =1.7 pw .

Assuming the corresponding force to be fefined by (2), and the harmonic cantilever movement
z(t) = Acos(Z2p f t) , z(t) =-2p fAIN( 2p f t), the mean disspation power is given by

i sin 2(x) 2p°t c

P(d)=f F)at)dt =4p 1 2a7lc (3 dx = . 3
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where d is the cantilever support distance. The minima gpproach diance ish =d - A, s0a h<<A
from (3) we get

P (h) :\Epzf cm . 4

Then, uing the above edimaes for p a h=0.1ad h=05nm, we obtain
c =45X0% t010% ; sec .
On the other hand, in the case of dliconmica contact we have [11]

¢ =2y 1 (- ht
4% (spst+3e+n)?*’

Q)
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where s isthetip conductance, e and t are the subdrate Satic didectric permittivity and relaxation
time, corresponding to the Debye gpproximation. From (5) we get themaximd C at

sxt=3e+l /8p. (6)

Usng (5),(6) yidds ¢ =0.08k ;T t , thena e=6( whichistypica to mica), to fit the experimenta data
we must assume  t=14x10° to 340 °sec and S=6X0° to 27x0°sec ' . The
obtained parameters seem to be somewhat problematic being addressed to usua characteristics of pure
slicon and mica a room temperature : s =10%sec "' and t =107° sec , respectively. With these
material parameters, the friction force will be afactor 10°° |ess than the experimental estimates. However,
one should bear in mind that (5) defines only a part of the damping coefficient dueto absorption in the low
frequency range of €ectromagnetic spectra.

In case of padld vibraiion of the nanoprobe, the mean disspaion power is given by
(x(t) = Acos(2pft)

P(h)=— f wigg =&~ 7
M==51Q = (7

Therefore, & h=0.5 nm and the same experimental condiitions, we would get P » 09 pw and
evidently, the disspation would be more intensve.

In the second experiment [14], the authors measured conservative and diss pative interactions between
an duminium tip and an Au(11l) surface in UHV. The used st of paamees is
f =267.2kHz, A=24nm,k=40N/m R=35nm, Q=19050. An andyticd fit of the damping
coefficient according to (2) give ¢ r » 8X0° % 5 xm >ec , With the experimenta error of about + 40% .
Then, using (4), the mean disspation power is 0.55£0.22 pw a h=d-A = 0.5nm.

In this case, despite good agreement with the distance dependence predicted by formula (2), the
experimentd results prove to be in much worse agreement with the theoreticd ones. So, from the
expression analogous to (5), we would get cr =10"*° to 10™ 1 »n »ec [11]. With account of
nonloca contribution to the metd dielectric response [11], the constant ¢ can be severd orders of
magnitude larger, but nevertheless, the disspation power seemsto be negligibly small.

In paper [15], the authors studied Brownian motion of an duminium coated nanotip near a surface of
gold in UHV. The measured damping coefficient g/ m,,, at distance to the snap-on point of about 5 nm

was equa to 150 st ( with the effective mass of the osdillaor m_, =10"° to 10™ g). The

corresponding friction force (1.5 to 0.015 nN ) is again very large, so that it can unlikely be attributed to
the FDF. This follows both from our calculations [11], and from [19] , too. However, the authors of [15]
have different opinion.

Besides, we can consder possible role of the resonance coupling effect At the experimenta
conditions [14], the maximd tip velocity is edimated to be v, =2p A =0.04m /s . Then a

2, =05m , the resonance dynamic condition implies Dw=v_ 70.62z, =1.3X10° sec "*. Such

frequencies, in principle, may be characterigtic for the acougtic surface phonons. Neverthdess, the
corresponding mechanism needs to be eaborated in more details, because it necessitates e ectron-phonon

coupling.
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Siding friction of adsorbates (quartz crystal microbalance experiments). In typica experimenta
gtuation [4, 20], adsorption of gas atoms onto the microbaance produces shifts in both the ground
frequency f, and the qudity factor Q of the quartz oscillator. Characteristic dip time t and friction

parameter h (the shear stress per unit velocity) are determined by

dQ ) =4ptd f, ,h=r/t . G)

where r isthe mass of the adsorbate per unit area.

From [20, 21], the friction of inet gas films (mono- and bilayers) on Ag/Au(11l) surfaces is
characterized by t =2 to3ns . To date, there is no well-accepted theoretical interpretation of the QCM
results. So, Krim and coworkers guess that more preferable mechaniam of friction is the phononic one [22,
23], while other authors [25 - 27] argue that on systems like Xe on Ag, the ectronic mechanisms should
dominate.

As far as dectronic friction is concerned, Persson and Volokitin [24], using the high — order
perturbation theory, have proposed the expression for the drag friction force of physisorbed atoms on a
metal surface, which proves to be independent of temperature (F, ~v 7z 010).Usi ng this expresson and
the time-dependent local density approximation, Liebsch [28] obtained t =3ns & 2z, =0.24nm . Inthis
case z, isassumed to be the separation from the meta jellium edge. Persson [25] hasfound t =25ns @t
the same z, , making use asmpler mode of the surface, while from the corresponding QCM observations

it follows t =1 ns [29]. One can note a reasonable agreement between the experiment and the theory, but

the dependence F, ~ 2, ° seems to be extremely sensitive to even small variations of the distance.
Evidently, snce we do not control z, independently, the theoretical estimations cannot be accepted with a

confidence. For ingance, an obvious shortcoming of the theory is due to its inability to describe
dependence of the dip time on the adsorbate coverage.

Another point of ambiguity of the eectronic friction models is related with recent results [30], where
the authors obtained a new formula for the friction coefficient (see Eq.(42)). According to this one, the dip

timeis estimaed to be t ~ zOB(S /m)?, where s is the surface conductance. Then in the case where the

temperature is tuned to the conductivity S0 as to give maximum friction for Xe physsorption , at
2,=024nm ,weget t =24 ns . In dragtic contrast to [24], the above formula is very sendtive to

temperature and surface residtivity.

It is worthwhile noting in this turn, that one should aso take account of an important linear - order (in
polarizability and dectric fied) contributions to the friction force, which are determined by (1b) or more
generd formulae [11] , when the dependence t(z,) is less strong (t ~ 205 /1), and what is more

important — the dip time depends on  structure of the adsorbed film via the dielectric response function. The
corresponding effects are important even at small temperatures of the order of 1k .

For instance, asolid Xe film is known to have strong exciton absorption bands and those ones due
to intraband trangtions [31]. On the other hand, the solidified film must be characterized by new phononic
modes, and when cooling (beow freezing point), this may lead even to pogtive contribution to the
tangentia force (under sufficient eectron-phonon coupling), if the film temperature is lower than thet of the
surface [11]. Such an effect can be, in principle, regponsble for smal friction of solidified incommensurate
films [32], because any Sructura transformations caused by heet transfer influence the dielectric response
functions and, therefore, modify FDF. However, yet we did not clearly understand role of heeting effects
related with evanescent fidds in these 2D- systems. For instance, for resstive materids, which for Eq.(1¢) is
valid, the heat flow can be by about 9 orders of magnitude higher than that from black body radiation (see
aso[32, 33)).
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At lagt, we shdl briefly touch on recent QCM experiments on superconducting surfaces [34]. It was
found that friction of solid nitrogen film drops abruptly (by about two times as compared to the norma
date vaue) below the trandtion temperature (7.2 K) of lead. Evidently, this requires dgnificant role of the
electronic friction processes in this system [35]. The authors note that their theory cannot explain this
experiment, because the eectronic diding friction decreases continuoudy when the system is cooled below
T., in away correlating with the fraction of eectrons in the superconducting condensate. In our opinion,

this concluson follows from oversmplified character of the used modd, rdaing the eectronic friction
excdudvdy with the dc -resdtivity. However, in these systems an essentid role may have eectron-phonon
coupling [34]. Redly, the phonon frequencies (10" to 10" sec ** ) exactly coincide the energy gap of

lead: W, =4k T, 72 =3.8%10" sec ** . If, in normal state, there is a noticeable contribution to the energy
disspation from this frequency range, then below T, we must observe a drop of the friction force and

inreasing the dip time. In favour of such a possbility one can mention the experimenta results on energy
dependence of the densty states, N(w) for lead [36], where the nonmonotonous character of the N (w)

has been clearly seen at w> 2k, T, .

Still more intriguing results are to be expected when studying dectronic friction on surfaces d high
temperature superconductors , where a greet variety of interesting features of the involved dielectric and
absorption properties have been observed (see, for ingtance, [37] and references therein).

Experiments on passage of neutral atomic beams near a surface. By the way, the velocity-
dependent effects may well become more sgnificant for higher beam energies and particle velocities of the
order of Fermi velocities in metas [38]. In this work we have caculated the expected drag force and
stopping power for awel - collimated neutra beam of heium atoms passing in dose vicinity to duminium
auface. A possble experimentd arangement dmilar to that has been exploited when measuring
transmisson of dectrons through thin microchannds in meta fails (of 20-200 nm in diameter) [9] or, for
instance, when the atomic beam moves above the meta (semiconductor) bar deposited on a substrate.

Unfortunately, in our previous calculations [38] the temperature factors have not been taken into
account correctly. In view of the present day results, we do not expect a noticegble contribution of the
surface plasmon coupling (for substrates of norma metals). However, the smilar effects might be observed
due to a resonance with the low-frequency surface excitations like surface plasmons in doped
semiconductors and polaritons in digectric materids. Also, the resonance stopping effects must be
important for hot neutral molecules and clusters above cold subsirates. The higher is the temperature 1, of
the particles , the more of their inner states will satisfy the frequency — tuning conditions, thus giving rise to
stronger particle — surface coupling , aswell.

Moreover, one should bear in mind a possbility for the low-frequency nonloca contribution to the
dissipative force [11]. For indance, for a heium aom with the velocity of 3X10° m /s , passing above
duminium suface &z, =1nm , the estimated energy loss will be of the order of 0.1ev /min . Much
higher energy losses are expected for neutral atomic beams above the surface of poor conductors and
didectrics.

Evidently, in redl experimental Stuation, some part of an output beam will be ionized, but atoms which
remainin neutrd state, would be characterized by negetive or positive energy shifts differing from those of
the outgoing ions. Consequently, the total energy distribution spectrum of the particles must reved these
features.

SUmmary

In summary, we have shown that to date we have no clear experimentd evidence in favour of the
fluctuation-induced friction forces. The observed values of the disspative forces in SPM-experiments are
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much greater than theoretically expected FDF: for silicon(tip) — mica (surface) — by about 10° | 10°
times, for contact of norma metals — by about 10 orders of magnitude. There are strong indications that
the eectronic friction models should incorporate the temperature and structurd effects while being gpplied
to the QCM - experimentsin an unambiguous way. In order to clearly see role of FDF in SPM and QCM
experiments, one needs to study the daracteristic dependencies of the dissipative forces on distance,
temperature, geometricad and materiad parameters. Regarding experiments with SPMs in dynamic regime,
we draw attention to laterd vibration mode, where the tip moves a a congtant height from the surface.
Another possbility to sudy FDF is related with measurements of the energy transmisson spectra of
neutra atomic(molecular) beamsin close vicinity of aomicaly smooth surfaces. More preferable is using of
semiconductors and dielectric materids. In conclusion, we guess that development of experimentd
technique presents a greet chdlenge for studying properties of materids by measuring the fluctuation
electromagnetic forces on the nanoscale.
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