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The electronic component of sliding friction of physisorbed atoms oscillating above a flat me
surface is calculated using the frequency dependent image potential theory of Tomassone and W
extended to a two-fluid model superconductor. Our results suggest a theoretical picture for the re
experiments of Krimet al., who observed that the sliding friction of adsorbates on vibrating met
surfaces undergoes a sharp drop in its temperature dependence at the transition to the supercon
state. We propose a tentative qualitative interpretation which allows us to clarify some quest
concerning these experiments as posed by Persson and Tosatti.
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In the present rapid development of the experimen
as well as theoretical investigations of sliding frictio
at the atomic scale, one of the fundamental questio
concerns the microscopic mechanisms responsible for
sliding force and their relative importance. For adsorba
atoms moving along a flat metal surface, a reasona
theoretical picture has been proposed [1], assuming t
basic contributions to the frictional dissipation, name
phonon emission ande-h pair excitation in the bulk of
the substrate. This distinction between both mechanis
is not readily observable, however, as most experime
measure only the global friction force.

Recently, J. Krim with collaborators have applied th
quartz crystal microbalance method of measuring mic
scopic sliding friction [2] to the case of a physisorbe
nitrogen adlayer sliding over a lead substrate at low te
peratures [3]. As the temperature is lowered below t
superconducting transition temperature of lead, the fr
tion drops suddenly to about half of its value above t
transition point. The authors have suggested that t
jump may be attributed to the sudden switch-off of th
electronic contribution to the friction force, while the re
mainder is interpreted as a phonon contribution that
roughly temperature independent. Thus, by cooling t
metal substrate down below its superconducting tempe
ture, the electronic and phonon contributions to slidin
friction could be directly assessed.

This straightforward connection between the expe
mental results of [3] and the fundamental mechanisms
friction has been contested. Persson and Tosatti [4] ar
that the abrupt change of the friction force contradicts t
qualitative picture, according to which the substrate ele
trons contribute to friction through their surface scatteri
due to the motion of the adatoms relative to the substra
Only the condensate electrons are excluded from scat
ing below the superconducting transition, and their co
centration grows from zero gradually, not abruptly. Th
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authors do not propose any clear-cut mechanism accou
ing for the experimental findings of [3], but several com
ments they make agree with our point of view and ma
serve to suggest a framework for our treatment of th
problem. More recently, Popov [5] starts from a simi
lar observation for the surface drag current, but he not
that charge neutrality requires also a bulk charge bac
flow. For the case of substrate formed by a thin near
perfect slab, when the hydrodynamic description is vali
he suggests that an abrupt change in dissipation due
this backflow at the superconducting transition may be r
sponsible for the drop in friction.

In our approach, we are guided by several conside
tions. First, it is required that the explanation of the fric
tion drop be an extension of the existing picture of th
electronic friction in the normal state [6–8]. Thus, thee-h
excitations of the substrate induced by the adsorbate s
ing are generated by a short-range unretarded longitudi
Coulomb field fluctuating thanks to the adatom motions

Second, it is accepted that the actual substrate is
real, “dirty” film of lead which is not thin compared to
the electron transport mean free path and the screen
radius, but, at the same time, it is thin with respect
the superconducting coherence length. A simple two-flu
picture of the electrons is then appropriate [9].

Third, it is to be expected that the substrate is cover
by an unspecified nonmetallic (“oxide”) layer contributing
perhaps to the nonelectronic part of friction, but acting,
the same time, as a spacer between the substrate pro
and the mobile adsorbate layer.

A schematic model permitting study of the electroni
friction force above and below the superconducting tra
sition and respecting the three conditions is then
physisorbed atom oscillating parallel to the surface at
distance which is sufficient to permit using the imag
charge approximation for the interaction potential. Suc
a situation has been studied by Tomassone and Wid
© 1999 The American Physical Society
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[8], and we may follow their approach. The only major
change that has to be done is to employ an appropriate
local dielectric function corresponding to the supercon-
ducting state of the metal below the transition tempera-
ture. To this end, the dielectric function is expressed in
terms of the complex conductance in the two-fluid model
[9,10]. The normal phase conductance is chosen in the
Drude form, a simple Gorter-Casimir expression [10] is
used for the two-fluid model.

Let us assume that the half space z , 0 is filled by the
(superconducting or normal) substrate and the adsorbed
atom is above it at a height h. A central role in the
model is played by the retarded Green’ s function of the
scalar electromagnetic potential in the Coulomb gauge.
This Green’ s function is, for z, z0 . 0, given by [8]

GR�r, r0, v� �
1
R

2 lim
e!01

∑
´�v 1 ie� 2 1
´�v 1 ie� 1 1

∏
1

Rimage
,

(1)

where

R � jr 2 r0j �
p

�x 2 x0�2 1 � y 2 y0�2 1 �z 2 z0�2 ,
(2)

and

Rimage � jr 2 r0imagej

�
p

�x 2 x0�2 1 � y 2 y0�2 1 �z 1 z0�2 . (3)

The first term is the vacuum term, while the other is
the image term caused by the presence of the interface.
Further, the following relation connects the dielectric
function with the conductivity of the substrate

lim
e!01

´�v 1 ie� � 1 1
is�v�
v´0

. (4)

This is a generalization of the expression used by Tomas-
sone and Widom, which consists in taking conductivity of
the substrate as frequency dependent, as is essential in the
present case.

It may be asked to what extent this image-charge
picture employing local dielectric function is appropriate
for the superconductor. The figure of merit here is the
product kj0, where k is a characteristic momentum and
j0 is the zero-temperature coherence length. For the case
of adsorbate kept apart by a spacer layer and for a dirty
sample, this product may be sufficiently small to justify
qualitatively the image potential description.

Now, we rederive in a simple manner the formula for
sliding friction of an adatom oscillating above the surface.
The adatom will be represented by a rigid distribution of
classical charges. It is then sufficient to find the force on
a unit point charge driven along a given trajectory rd�t�:

F�t� � E�rd�t�, t�

� 2
Z t

2`
dt0 =rGR�rd�t�, rd�t0�, t 2 t0� . (5)
At any instant t, the force is a causal functional of the
whole trajectory rd�t0�, t . t0. Let us expand GR�r, r 1

�r0 2 r�, t 2 t0� in a Taylor series around r � rd�t� with
respect to the deviation r0 2 r � rd�t0� 2 rd�t�. The ze-
roth order term yields the image-charge induced attractive
force that binds the adatom to the surface. We are par-
ticularly interested in the first order term, because it con-
tains all linear dependence on the pulling velocity y0

d �
d

dt0 �rd�t0� 2 rd�t��. Thus, it is relevant to the linear slid-
ing friction coefficient. For this linear part of the force we
get

Fi�t� �
Z t

2`
dt0 =i=

0
jGR�r � rd�t�, r0 � rd�t�, t 2 t0�

3 �rj
d�t� 2 r

j
d�t0�� . (6)

As the vacuum term does not contribute to friction,
evaluation of the derivatives of the Green’ s function at
coinciding points causes no problem. We will use the
following notation:

Gij�rd�t�, v� � =i=
0
jGR�r � rd�t�, r0 � rd�t�, v� . (7)

In the case of a lateral motion of the adsorbate, which
interests us most, this function does not depend on t, since
it depends only on the height above the surface h, which
remains constant. So, we can write using the Fourier
transform

Fi�t� �
Z `

2`

dv

2p
e2ivt�Gij�h, v ! 0� 2 Gij�h, v��

3 r
j
d�v� . (8)

If we assume the oscillatory driven motion of the ad-
sorbate parallel to the surface, i.e., rd�t� � r0 sinvdt,
yd�t� � y0 cosvdt � vdr0 cosvdt, where r0, y0 are par-
allel to the surface, we obtain the result

Fi�t� � �Gij�h, v ! 0� 2 ReGij�h, vd��rj
d�t�

1
1

vd
ImGij�h, vd�yj

d�t� . (9)

The first term represents a reactive force caused by the in-
teraction of the adsorbate with the substrate (renormaliza-
tion of the lateral motion eigenfrequency), and the second
term is the desired expression for the sliding friction force
linear in the velocity.

Tomassone and Widom calculated the friction force
for a linear translation of the adatom with a constant
velocity. This is a limit of our result when vd ! 0 and
y0 � vdr0 � constant. Within this limit, we reproduce
exactly the results of Tomassone and Widom [8] in the
cases when the adsorbate is represented by a point ion
and a permanent dipole. The result for the dipole differs
from the above one for an ion only in the geometrical
factor given by the various derivatives of the Green’ s
function due to the different electric nature of this kind
of adsorbate. The case of true van der Waals coupling
of the adsorbate, i.e., when the attraction is caused by
4113
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the quantum fluctuations of the dipole moment of the
adsorbate, is more subtle and will be analyzed in detail
in future work. The adsorbates in the first monolayer
exhibit nonzero net dipole moment as pointed out by
Tomassone and Widom, and thus our result for classical
dipole may describe well even the case of a realistic
quantum adsorbate-substrate bond.

To summarize this formal part, for an adsorbate consist-
ing of any distribution of classical charges, and oscillating
with frequency vd parallel to the surface, the microscopic
friction coefficient G, defined by Ffriction � 2Gy, is pro-
portional to

G�vd� ~
1

vd
Im

´�vd 1 i01� 2 1
´�vd 1 i01� 1 1

. (10)

This factor contains full information about the effect of
the metal substrate.

Now, we proceed to analyze the effect of the super-
conducting transition on this factor, and, thus, on the
friction force. First, we evaluate the conductivity of the
substrate in the simple two-fluid model of the supercon-
ductor. In this model, the conductivity consists of two
additive terms, the first one due to the superfluid compo-
nent, and the other one due to the normal fluid component

s�v� � sS�v� 1 sN �v� . (11)

Denoting by x the ratio of the density of normal electrons
to the total electron density,

x �
nN

n
, (12)

we may use (11) both above �x � 1�, and below �x , 1�
the phase transition. We also use notations m� for the
effective mass of the electrons and vpl for the electron

plasma frequency in the substrate, v
2
pl �

ne2

´0m� .
The superfluid component experiences no friction force

due to disorder and its long-wave limit behaves like

sS�v� �
inSe2

m�v
� i�1 2 x�´0

v
2
pl

v
. (13)

The normal fluid is assumed to satisfy the Drude
formula for the ac conductivity, with the proper electron
density x n, both below and above Tc:

sN �v� �
nNe2t

m�

1
1 2 ivt

�
nNe2t

m�
� x´0v2

plt .

(14)

The relaxation time in the Drude formula is limited by
phonon and disorder related scattering and may then be
bracketed between 10214 s and 10211 s (corresponding to
pure lead at 300 and 7 K). Since the experimental setup
is a quartz crystal microbalance arrangement with the
driving frequency being roughly vd 	 107 s21, we use
the dc limit of the normal conductivity, v � 0, neglecting
thus its frequency dependence.

Introducing the conductivity (11) into (4) and (10), we
obtain an explicit result for the linear friction coefficient
4114
G�x, vd� ~
2

v
2
plt

x

x2 1 � 12x22�vd�vpl �2

vdt �2

�
2

v
2
plt

x

x2 1 � 12x
vdt �2

. (15)

The small term v
2
d�v

2
pl 	 �107 s21�1015 s21�2 has been

neglected, as it does not change the results.
Temperature enters this expression in two different

ways. First, the relaxation time t and the plasma fre-
quency vpl are slightly temperature dependent, yielding
a moderate temperature dependence of the friction coeffi-
cient in the normal state. Around the transition point, these
parameters have a smooth temperature dependence and in
the close vicinity of Tc they are approximately constant.

Second, and more importantly, temperature enters the
above result (15) through the variation of x, the fractional
normal fluid density, with temperature. To obtain this
temperature dependence around the transition point, we
may employ the Ginsburg-Landau description. The lead
film in the actual experiment [3] was about 1500 Å thick.
Thus, it is bracketed by the Pippard and the GL coherence
lengths:

j0 	 830 Å , film thickness ø j�T � 
 j0

µ
Tc

Tc 2 T

∂
,

(16)

for 0 , Tc 2 T ø Tc. Under these conditions, the GL
theory leads to a simple result [11], namely that the
superfluid density is constant across the width of the film
and has the same temperature dependence as in the bulk.
For definiteness, we assume this temperature dependence
to be of the simple yet qualitatively correct Gorter-
Casimir form [10] nS�T ��n � 1 2 x�T � � 1 2 �T�Tc�4.
We introduce this relation into (15), and obtain the final
dimensionless relation for the friction coefficient at T
close below the transition point

G�T , vd�
G0

�
1

1 1 � 4�12T�Tc�
vdt �2

�
1

1 1 � t
Dt �2

, (17)

with t � �Tc 2 T ��Tc and the half-width of the jump

Dt �
vdt

4
. (18)

By G0 we have denoted the approximately constant value
of the friction in the normal state just above the critical
temperature. The half-width of the jump depends on the
value of t. For a “ typical” t 	 10212 s, it is of the order
of 1025. This represents a smooth, but very steep step.
This is fully consistent with the experimental results of
Krim and collaborators [3].

Another, indirect, method for determining the electronic
component of friction, proposed by Persson [6], is based
on an approximate Galilean transformation of the electron
fluid to the reference frame in which the adsorbate is
stationary. This is achieved by applying an electric field
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to the substrate covered by the adsorbate. The electron
fluid then moves collectively with some drift velocity with
respect to the stationary adsorbate while the ion cores stay
at rest. The Ohmic dissipation caused by the adsorbates
in one reference frame must be equal to the electronic
friction energy dissipation rate in the other. Sokoloff [7]
showed by a model calculation that up to a directional
factor the two points of view are equivalent and, therefore,
the Persson’ s approach yields results correct at least in
order of magnitude for the electronic sliding friction
above metals in normal state.

As argued by Persson and Tosatti [4] this method
fails for a superconducting substrate. They claim that
the sudden drop of the substrate resistivity does not
explain the drop in the friction since the concentration
of the normal fluid that is responsible for the dissipation
decreases continuously below the critical temperature. In
light of the above calculations we see, however, that they
omit the fact that the superconducting and normal parts
of the electron fluid do not contribute to the friction
additively and that the scattering of the normal electrons
from the adsorbate is therefore screened out by the
superconducting component.

To put it in other words, in our picture, the Krim
phenomenon is given by a current-current response rather
than by a charge density effect visualized by Persson and
Tosatti. The screening by the superfluid phase in this
picture amounts to a properly renormalized current vertex.
This renormalization is absent in the description assumed
in [4]; the two pictures differ only in this point.

The work of Popov [5] apparently concerns a physical
situation entirely different from ours: Electron scattering
on imperfections is but weak, and the electron fluid is
assumed to be in a hydrodynamic regime. A steady (zero
frequency) drag gives rise to a surface drag flow and to a
bulk backflow. The dissipative properties of the backflow
change abruptly at the superconducting transition. No
doubt our model with a dominating disorder scattering is
close to the actual situation in [3]. There are, however,
many deeper features common to both approaches: accent
on the current-current correlation, and the jump in the
friction force originating from a current component other
than the dissipative drag current. In [5], it is the
backflow, in our case the idle component of the total
current. It may be speculated that both models are
limiting cases of a unified picture.

To conclude, we have presented a model that yields
the temperature dependence of the electronic friction
coefficient above a superconductor surface in agreement
with a recent experiment by Krim. The sudden drop in
friction is caused by the presence of the superconducting
fluid which even in a tiny concentration screens out the
disturbance by the adsorbate, and thus the electronic part
of the friction vanishes abruptly as originally proposed
by Krim. Our results differ from those of Persson and
Tosatti due to the fact that the contributions to the friction
force from the normal and superfluid electrons are not
additive, which was an implicit assumption in their paper.
Although our model is rather simplified, namely, we
considered the adsorbate as a classical charge distribution
rather than a quantum fluctuating dipole, we believe that
it captures the main physical features of the system under
study correctly. Generalization to a more realistic picture
in which both the adsorbate and substrate will be treated
fully quantum mechanically is being developed.

Note added.—Just prior to submission of our paper,
we noticed that a very similar one by J. B. Sokoloff, M. S.
Tomassone, and A. Widom appeared at the Los Alamos
e-print archive.
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