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Low-frequency adsorbate vibrational relaxation and sliding friction
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We present a study of the damping~energy relaxation! of low-frequency adsorbate vibrational modes via
one-phonon emission. The dependence of the damping rate on the size of the adsorbates, the adsorbate
coverage, and the nature of the~nonphononic! adsorbate-adsorbate interactions has been studied. We show that
different experimental probing techniques, e.g., inelastic helium scattering or time-resolved adsorbate response
to substrate heating, probe different damping rates. We also show that the energy relaxation rate may be
strongly affected by~pure! dephasing processes. Experimental data are presented and compared to the theo-
retical results. Finally, we show that the phononic friction vanishes for incommensurate layers sliding on solid
surfaces and present a discussion about the nature of the surfaces used in recent measurement of the sliding
friction on superconducting lead surfaces.@S0163-1829~99!07417-2#
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I. INTRODUCTION

Physisorbed and weakly chemisorbed adsorbates on
faces can perform low-frequency vibrational motion whe
the molecules vibrate parallel or perpendicular to the surfa
These so-called frustrated translational modes are of fun
mental importance for various dynamical processes, suc
diffusion, desorption, reaction, and sliding friction.1,2 Ther-
mal excitation of the low-frequency modes also influenc
the vibrational absorption spectra of high-frequency mo
via anharmonic coupling, resulting in dephasing of the hig
frequency modes. Thus, the C-O stretch vibration of
sorbed CO is usually strongly affected by the anharmo
coupling to the parallel CO vibrations: thermal excitation
the latter modes results in both a line broadening and
quency shift of the C-O stretch infrared-absorption profile3

An adsorbate vibrational mode, with a resonance f
quencyv0 below the maximum bulk phonon frequencyvc ,
forms a resonance in the bulk phonon continuum. In
absence of pure dephasing and inhomogeneous broade
the width of such a resonance equals 1/t, where t is the
energy relaxation time or simply the ‘‘lifetime’’ of the mode
If v0 is in the linear region of the dispersion relation of t
bulk ~and surface! phonon modes~which usually is the case
if v0,0.3vc), then the phonon contribution to the dampin
h51/t can be accurately calculated using the elastic c
tinuum model. On metals there will also be an electro
contribution toh but this is often small compared with th
phononic contribution.4 Exceptions to this general rule ar
observed when chemical interactions lead to a mixing of
substrate electronic states with the adsorbed molecule.5

The phonon contribution to the damping of low-frequen
adsorbate modes has been studied within the elastic
PRB 590163-1829/99/59~18!/11777~15!/$15.00
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tinuum model by Persson and Ryberg.6 They focused on the
dilute limit where the interference between the elastic wa
emitted from the adsorbates can be neglected. The dam
of vibrations in ordered adsorbate layers has been studie
Hall et al.7 and, more recently, by Bruch and Hansen8 and
Lewis et al.9,10 The latter authors concluded that, in gener
the dilute limit studied by Persson and Ryberg is valid on
for adsorbate coverage below 1%. However, we will show
this paper that this is not the case in many important ap
cations, such as~a! the adsorbate-substrate energy transfe
response to substrate heating,~b! the dephasing of high-
frequency modes, and~c! the energy transfer at an interfac
between a fluid and a solid, where the excitation and de
citation of the adsorbate vibrational modes occur incoh
ently ~in contrast to infrared spectroscopy where only t
q50 phonon mode is excited!. In all these important appli-
cations the phononic damping calculated in the dilute lim
should be quite accurate also at high adsorbate cover
This conclusion differs from that of Lewiset al., who ap-
plied their high coverage damping formula~valid for the
q50 mode! to study the adsorbate-substrate energy tran
for CO on Cu~111!, in response to ultrafast laser heating
the substrate.12

In this paper we generalize the results presented abov
adsorbates of arbitrary size~but treated as rigid objects!,
which is relevant for, e.g., ‘‘large’’ hydrocarbons. We als
discuss the influence of adsorbate-adsorbate interactions
nonphononic nature, i.e., not mediated by the subst
phonons, on the damping rate. We show how the damp
depends on the nature of the vibrational excitations, e
how it differs for coherent~say, theq50 mode! and inco-
herent excitations in ordered adsorbate films. Experime
data are presented and compared to the theoretical res
11 777 ©1999 The American Physical Society
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11 778 PRB 59PERSSON, TOSATTI, FUHRMANN, WITTE, AND WO¨ LL
Finally, we consider the~adsorbate→ substrate! energy
transfer during sliding of incommensurate adsorbate lay
on solids, which is relevant for the interpretation of the sl
ing friction measurements of Dayo, Alnasrallah, and Krim13

and present a discussion about the nature of the surfaces
in recent measurement of the sliding friction on superc
ducting lead surfaces.

II. GENERAL THEORY

The theory outlined below is an extension of the resu
presented in Refs. 6–11, and we refer the readers to t
references for more details. Let us consider a layer of ad
bates~massm) bound by harmonic springs~with a spring
constantmv0

2) to a set of points$R% on the surface of a
semi-infinite elastic solid@see Fig. 1~a!#. We consider first
oscillations of the particles parallel to the surface. Let
introduce a coordinate system with thexy plane in the sur-
face with thez axis pointing into the solid and thex axis
along the direction of oscillations. IfsR denotes thex com-
ponent of the displacement vector of the particle atx5R,
then

ms̈R52mv0
2@sR2u1~R,0!#1FR , ~1!

whereu1(R,0) is thex component of the displacement vect
of the substrate at the point (R,z50). Both sR and u1 de-
pend, of course, on timet, but the time dependence, whic
we always assume to be of the form exp(2 ivt), will not be
shown explicitly in what follows. The driving forceFR in ~1!
may have different physical origins; e.g., in an inelastic h
lium scattering experiment it is associated with the heliu
adsorbate interaction, but the exact origin of this force is
no importance for the following consideration.

The oscillating adsorbates will give rise to a stress act
on the surface (z50) of the elastic solid, which in the sim
plest case is of the form

s135(
R

mv0
2@u1~R,0!2sR#d~x2R!, ~2!

wherex5(x,y) is the two-dimensional position vector in th
z50 plane. We now generalize this result by assuming t
the force on the substrate from an adsorbate is not local
to a single pointx5R, but is distributed uniformly over a
rectangular area of lengthLx in thex direction andLy in the
y direction. This generalization is unimportant~and not
meaningful! for small adsorbates such as CO, but is imp
tant for large molecules, e.g., for ‘‘large’’ hydrocarbons. F
perpendicular vibrations in ‘‘large’’ physisorbed adsorba

FIG. 1. ~a! Atomic adsorbates~massm) bound at points$R% on
a semi-infinite elastic solid.~b! The same as~a! but for ‘‘large’’
molecular adsorbates, treated as rectangular ‘‘blocks.’’
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the assumption of a uniformly distributed adsorbate-subst
stress is likely to be a reasonable approximation. For para
vibrations the situation is less clear, and it will depend on
particular system under study. Thus, we replace Eq.~2! with
@see Fig. 1~b!#

s135(
R

mv0
2@ ū1~R,0!2sR#P~x2R!, ~3!

where P(x)51/(LxLy) if 2Lx/2,x,Lx/2 and 2Ly/2,y
,Ly/2, and zero otherwise, and where

ū1~R,0!5E d2xP~x2R!u1~x,0!.

Note that

P~x!5
1

Lx
E

2Lx/2

Lx/2

dx8d~x2x8!
1

Ly
E

2Ly/2

Ly/2

dx8d~y2y8!.

Using

d~x2x8!5
1

2pE dkxe
ikx~x2x8!

and the corresponding expression ford(y2y8) gives

P~x!5
1

4p2E d2k
sin~kxLx/2!

~kxLx/2!

sin~kyLy/2!

~kyLy/2!
eik•x.

Substituting this result in Eq.~3! gives

s135E d2k f~k!eik•x, ~4!

where

f ~k!5
mv0

2

4p2

sin~kxLx/2!

~kxLx/2!

sin~kyLy/2!

~kyLy/2!

3(
R

@ ū1~R,0!2sR#e2 ik•R. ~5!

Using the theory of elasticity it is now straightforward
calculate the elastic displacement fieldu. In what follows we
only need the displacement field at the surfacez50. The
displacement fieldu in the substrate satisfies

2v2u2cL
2¹¹•u1cT

2¹3~¹3u!50,

wherecL and cT are the longitudinal and transverse sou
velocities, respectively. The general solutions to this eq
tion can be written as a sum of plane waves:

u5(
k

~Ake
i ~k•x1pLz2vt !1Bke

i ~k•x1pTz2vt !!, ~6!

where

pL5S v2

cL
2 2k2D 1/2

and pT5S v2

cT
2 2k2D 1/2

~7!

are thez components of the wave vectors of the longitudin
and transverse waves, respectively. Note thatpL andpT are
imaginary for k.v/cL and k.v/cT , respectively, and in
these cases the plane waves becomeevanescent~they decay
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exponentially with increasingz) and no transfer of lattice
energy (phonons) to the substrate is possible. The general
solution ~6! contains parameters which must be chosen
that the stress on the surfacez50 equals the driving stres
exerted on the substrate by the oscillating adsorbates g
by Eq. ~4!. This gives~see Ref. 6!

u1~x,0!52
i

rcT
2E d2k f~k!S ky

2

k2pT
1

v2kx
2pT

cT
2k2P~k!

D eik•x,

~8!

with

P5S 2k22
v2

cT
2 D 2

14pTpLk2. ~9!

From Eq.~8! we obtain

ū1~R,0!52
i

rcT
2E d2k f~k!S ky

2

k2pT
1

v2kx
2pT

cT
2k2P~k!

D
3

sin~kxLx/2!

~kxLx/2!

sin~kyLy/2!

~kyLy/2!
eik•R. ~88!

Substituting Eq.~5! into Eq. ~88! gives

ū1~R,0!5(
R8

x~R2R8!@ ū1~R8,0!2sR8#, ~10!

where

x~R!5
2 imv0

2

4p2rcT
2E d2k eik•RS ky

2

k2pT
1

v2kx
2pT

cT
2k2P D

3Fsin~kxLx/2!

~kxLx/2!

sin~kyLy/2!

~kyLy/2! G2

~ i mode!. ~11a!

In a similar way one can derive thex function for a perpen-
dicular frustrated translation:

x~R!5
2 imv0

2

4p2rcT
2E d2k eik•R

v2pL

cT
2P

3Fsin~kxLx/2!

~kxLx/2!

sin~kyLy/2!

~kyLy/2! G2

~' mode!.

~11b!

From here on we will for simplicity denoteū with u. Equa-
tions ~1!, ~10!, and ~11! form the basis for the following
discussion.

III. SINGLE ADSORBATE

For a single adsorbate Eqs.~1! and ~10! take the form

2mv2s52mv0
2~s2u!1F

and

u5x0~u2s!,

where s5s0 , u5u1(0,0) and x05x(0). Combining these
equations gives
o

en

2v2s1
v0

2

12x0
s5

F

m
. ~12!

Now x05xR1 ix I is complex and we will show below tha
2x I!1, so that

v0
2

12x0
'

v0
2

12xR
S 11

ix I

12xR
D5v̄0

2S 11
ix I

12xR
D , ~13!

where v̄0 is the renormalized resonance frequency. Us
Eqs. ~11! and writing k5v0r /cT , l x5Lxv/2cT , and l y
5Lyv0/2cT , and expressingr in polar coordinates gives

x05
2 imv0

2v

4p2rcT
3 E

0

r c
dr r E

0

2p

dfS sin2 f

~12r 2!1/2

1
cos2 f

~2r 221!2~12r 2!21/214r 2@~cT /cL!22r 2#1/2D
3Fsin~ l xr cosf!sin~ l yr sinf!

l xl yr
2 cosf sinf

G 2

, ~14!

with the cutoff r c5cTkc /v'vc /v. For point adsorbates
~i.e., l x , l y→0) the cutoffr c is necessary in order for the rea
part of the integral~14! to converge. Thus, for small adso
bates, an accurate calculation of the real part ofx0 requires a
treatment beyond the elastic continuum model~i.e., using an
atomistic model for the substrate!, but in the present study
we do not need to know the numerical value of Rex0, since
we take the renormalized resonance frequencyv̄0 @see Eq.
~13!# directly from the experimental observations. It is inte
esting to note, however, that there is no need for a cutoff
an adsorbed monolayer film~see Sec. IV!. The imaginary
part of x0 is, in general, independent ofr c and is accurately
given by the elastic continuum model ifv0!vc . Let us
write

Im x052
mv0

2v

8prcT
3j i , ~15!

where

j i5
2

p
ReE

0

`

dr r E
0

2p

dfS sin2 f

~12r 2!1/2

1
cos2 f

~2r 221!2~12r 2!21/214r 2@~cT /cL!22r 2#1/2D
3Fsin~ l xr cosf!sin~ l yr sinf!

l xl yr
2 cosf sinf

G 2

. ~16!

Substituting Eq.~15! into Eq. ~13! gives

v0
2

12x0
5v̄0

2S 12 i
mv̄0

2v

8prcT
3

j i D 5v̄0
22 ivh i , ~17!

with
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h i5
mv̄0

4

8prcT
3

j i . ~18!

Substituting Eq.~18! into Eq. ~12! gives

2v2s1v̄0
2s2 ivh is5F/m ~19!

or

ms̈1mv̄0
2s1mh iṡ5F. ~20!

Hence the coupling to the substrate has two effects: it re
malizes the resonance frequencyv0→v̄0 and it introduces a
damping term in the equation of motion fors. The damping
is due to the lattice waves radiated into the solid from
oscillating adsorbate~see Fig. 2!.

In a similar way one can derive the following equatio
for the damping of perpendicular adsorbate vibrations:

ms̈1mv̄0
2s1mh'ṡ5F, ~21!
ot
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h'5
mv̄0

4

8prcT
3

j' ~22!

and

FIG. 2. Damping of a parallel~or perpendicular! adsorbate vi-
bration via emission of elastic waves~one-phonon process!.
j'5
2

p
ReE

0

`

dr r E
0

2p

df
1

~2r 221!2@~cT /cL!22r 2#21/214r 2~12r 2!1/2Fsin~ l xr cosf!sin~ l yr sinf!

l xl yr
2 cosf sinf

G 2

. ~23!
r
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In order to make the expressions~16! and ~23! well defined
one must add an infinitesimal purely imaginary termi e
~where e is positive! to the arguments of the square-ro
functions and, in addition, an infinitesimal positive terme8
to the denominator in the term containing cos2 f in Eq. ~14!
and the similar denominator in Eq.~23!. The latter term is
necessary in order to make the pole contribution@which cor-
responds to emission of surface~Rayleigh! phonons# well
defined. The sign ofe and e8 ~both positive! is determined
by an analysis where the interaction is turned on slowly fr
0 at t52`. In the numerical integration of Eqs.~16! and
~23! e ande8 are, of course, chosen as small~but not infini-
tesimal! positive numbers. We note that whenl x5 l y50,
j''j i'3.2, and that the contribution from emission of Ra
leigh phonons constitutes about 15% ofj i and 64% ofj'

~see Ref. 6!.
Walkup et al.14 have presented a very simple~approxi-

mate! derivation of Eq.~22!: In a simplified picture one re
gards each adsorbate oscillation as a collision with the s
strate, with an energy transferred to the substrate ofDE
'E(m/ms), whereE is the energy of the adsorbate vibratio
and ms the ‘‘effective’’ mass of the substrate. During th
collision time t'1/v0 the resulting substrate displaceme
field extends a distancecTt5cT /v0 into the solid. The ef-
fective massms is simply the mass contained in the volum
elementDV;(cT /v0)3 and thusms;r(cT /v0)3. Since col-
lisions with the substrate occur with the frequencyn
5v0/2p, the net rate of energy transfer per unit time
dE/dt'2(v0/2p)(m/ms)E. This results in an exponentia
decay of the energy, characterized by the damping cons
(v0/2p)(m/ms)5mv0

4/(2prcT
3) which agrees with Eq.~22!

except for a factor of order unity.
b-

t

nt

Note thatj i andj' only depend onl x , l y , andcT /cL . In
Fig. 3 we showj i andj' for cT /cL50.5 ~typical for metals!
as a function ofl x for a few differentl y . As an example, if
we approximaten-nonane (C9H20) as a rectangular plate
with length Lx514 Å and with widthLy53 Å , we have,
for the perpendicular vibrations on Cu~100!, v0'6.9 meV,
so that l x5Lxv0/2cT'3.4 andl y'0.7. Using Fig. 3 gives
j''1.1 which is smaller than thel x5 l y50 limit by a factor
of ;3.

IV. ORDERED COMMENSURATE ADSORBATE LAYERS

Bruch and Hansen8 and Lewiset al.9,10 have calculated
the damping of theq50 collective adsorbate vibration unde
the assumption that the adsorbate unit cell is so small tha
all ~nonvanishing! reciprocal lattice vectorsG ~associated
with the adsorbate lattice!, G.v0 /cT . We first show how
these results can be derived using a much simpler appro
When the adsorbate lattice constanta,l, where l
52pcT /v0 is the wavelength of the emitted phonons, w
can, when calculating the damping of theq50 adsorbate
phonon, replace the nonuniform surface stress distribu
~2! @or ~3!# with an average~uniform! distribution

s135namv0
2@u1~0!2s#, ~24!

where na is the number of adsorbates per unit area, a
where we have used the fact that a uniform tangential sur
stress gives rise to a displacement fieldu1(z), which is po-
larized parallel to the surface~in the direction of the vibra-
tional displacement coordinates) and independent ofx andy
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~the emitted elastic waves propagate perpendicular to the
face into the elastic half space!; see Fig. 4~a!. The elastic
displacement field is given by

u15u0ei ~vz/cT2vt !. ~25!

The boundary condition

rcT
2 ]u1

]z
5s13 for z50 ~26!

gives

ircTvu05namv0
2~u02s! ~27!

or

FIG. 3. The dependence of the friction parametersj i andj' on
the size of the ‘‘adsorbate.’’

FIG. 4. Elastic waves emitted from a uniform~in space! and
oscillating ~in time! surface stress distribution, acting~a! parallel
and ~b! perpendicular to the surface. The emitted elastic waves
transverse in case~a! and longitudinal in case~b!, and in both cases
the waves propagate orthogonal to the surface into the elastic
space.
ur-

u02s5
ircTvs

namv0
22 ircTv

. ~28!

Substituting this in Eq.~1! gives

v2s5
v0

2s

12namv0
2/ ircTv

. ~29!

Sincenamv0
2/rcTv is in general very small forv'v0, we

get from Eq.~29! for v close to the resonance frequencyv0

2mv2s1mv0
2~12 inamv0 /rcT!s50. ~30!

Thus, the damping

h i5mv0
2na /rcT , ~31!

which is identical to the result obtained by Bruch a
Hansen8 and Lewiset al.9,10

A similar calculation as presented above can be p
formed for theq50 perpendicular adsorbate vibration. I
this case the displacement field in the solid is polarized p
pendicular to the surface and is again independent ofx andy
~the emitted elastic waves propagate perpendicular to the
face into the elastic half space!; see Fig. 4~b!. The boundary
condition at the surfacez50 now takes the form

rcL
2 ]u3

]z
5s33 for z50,

where

u35u0ei ~vz/cL2vt !.

These equations are similar to Eqs.~26! and~27!, except that
cT is replaced withcL . Thus we get immediately

h'5mv0
2na /rcL . ~32!

Equations~31! and~32! are valid also for anisotropic elasti
media, ifcT andcL are interpreted as the sound velocity f
an elastic wave propagating in thez direction and polarized
along thex andz directions, respectively.

Since typicallycL'2cT , one expects roughly twice a
large damping for theq50 parallel vibration, when com-
pared to that of the perpendicular vibration, assuming t
the resonance frequencyv0 is the same. In this context w
note that in a recent paper Fuhrmann and Wo¨ll 15 presented
experimental data for the damping of perpendicular vib
tions in n-alkanes on various surfaces, and compared
results with the prediction~31! for the damping rate of par
allel vibrations~only this formula was known to Fuhrma
and Wöll, and they assumed that it is valid also for the pe
pendicular vibrations!. They found that the theory gave
factor of 2 larger damping rates than was deduced from
experiments. If the correct formula~32! is used, the theory is
in good agreement with the experiments~see Sec. VI!.

Based on Eq.~31! it is easy to estimate the damping of
localized~isolated! adsorbate vibration. The following deri
vation is of interest not only because of its simplicity@as
compared with the derivation of Eq.~18!#, but also because
of the physical insight it gives. To estimate the damping
an isolated adsorbate, note first that for an ordered adsor
layer with the Brillouin zone areaABZ5(2p)2na , only the
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11 782 PRB 59PERSSON, TOSATTI, FUHRMANN, WITTE, AND WO¨ LL
collective adsorbate modes with wave vectorq,v0 /cT are
damped via one-phonon emission. The point is that b
phonons@wave vectork5(q,kz)# with q.v0 /cT have the
energycT(q21kz

2)1/2.v0 independent of the valuekz of the
z component of the~bulk! phonon wave vector. Thus onl
for a fractionp(v0 /cT)2/ABZ of the modes in the adsorba
BZ will the one-phonon decay process be possible; see
5~a!. Now, roughly speaking, a localized adsorbate vibrat
can be obtained by summing over allq modes. If we assume
that all theq modes in the regionq,v0 /cT have the same
damping as for theq50 mode@given by Eq.~31!#, see Fig.
5~b!, then the damping of the localized mode becomes

h5^hq&5
1

ABZ
E

BZ
d2qhq

'Fmv0
2na

rcT
GFp~v0 /cT!2

~2p!2na
G5

mv0
4

4prcT
3 ,

which agrees with Eq.~18! to within a factor ofj i /2'1.6.
Let us now consider the damping of a collective adsorb

mode with arbitrary wave vectorq. In addition to the~indi-
rect! interaction between the adsorbates mediated by
elastic solid, we assume that there is an adsorbate-adso
interaction which is of nonphononic nature, i.e., one me
ated by the substrate electrons~for fixed positions of the
substrate ions! or even a direct interaction resulting from
e.g., Pauli repulsion. Inelastic helium scattering has sho
that such an additional interaction occurs for thec(232)
CO overlayer on Cu~100!.16 In this case Eqs.~1! and ~10!
take the form

FIG. 5. ~a! The circular dotted area~radiusq5v0 /cT) denotes
the region of the adsorbate Brillouin zone~assumed to be a square!
where an adsorbate vibration can decay by emission of one
phonon. Forq.v0 /cT both energy and momentum cannot be co
served in a one-phonon emission process, and the damping
ishes.~b! Schematic picture of the damping rate as a function oq
used for the estimate of the damping rate of an isolated adsor
vibration ~see text!. In reality, the damping rate is not constant f
0,q,v0 /cT ; see Fig. 6.
lk
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ms̈R5(
R8

K~R2R8!sR82mv0
2@sR2u1~R,0!#1FR ,

~33!

with

u1~R,0!5(
R8

x~R2R8!@u1~R8,0!2sR8#. ~34!

Let us write

sR5(
q

sqe
iq•R, ~35!

sq5
1

N (
R

sRe2 iq•R, ~36!

whereN is the number of lattice sites. Substituting Eq.~35!
into Eqs.~33! and ~34! gives

2mv2sq2K̃~q!sq52mv0
2@sq2u1~q,0!#1Fq , ~37!

with

u1~q,0!5x̃~q!@u1~q,0!2sq# ~38!

and

x̃~q!5(
R

x~R!e2 iq•R, ~39!

and a corresponding expression forK̃(q). Note that since

(
R

ei ~k2q!•R5N(
G

dG,k2q→~2p!2na(
G

d~G1q2k!,

where$G% is the reciprocal lattice to$R%, we get from Eqs.
~11! and ~39!

x̃~q!5(
G

x̄~q1G!, ~40!

where

x̄~k!5
2 imv0

2na

rcT
2 S ky

2

k2pT
1

v2kx
2pT

cT
2k2P~k!

D
3Fsin~kxLx/2!

~kxLx/2!

sin~kyLy/2!

~kyLy/2! G2

~ i mode!, ~41!

wherena5N/A is the number of adsorbates per unit area
Combining Eqs.~37! and ~38! gives

2v2sq2
K̃~q!

m
sq1

v0
2

12x̃~q!
sq5

Fq

m

or

sq5
Fq /m

2v22@K̃~q!/m#1v0
2/@12x̃~q!#

. ~42!

Since ux̃u!1 ~see below!, we can expand 1/(12x̃)'11x̃.
Next, if we define
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vq
25v0

2@11 Rex̃~q!#2K̃~q!/m ~43!

and

hq~v!52v0
2 Im x̃~q!/v, ~44!

then Eq.~42! takes the form

sq5
Fq /m

vq
22v22 ivhq

. ~45!

Thus, the vibrational profile will be an approximate Loren
zian, centered atv5vq , and with the full width at half
maximum equal tohq(vq). Let us now consider theq50
limit, which can be probed using, e.g., inelastic helium sc
tering. If, as is usually the case,G.v0 /cT for all nonvan-
ishing G ~see below!, only the G50 term in Eq.~40! will
contribute to Imx̃(0). Thus we get

Im x̃~0!52
mv0

2na

rcTv
. ~46!

SinceK̃(0)50, and neglecting the small term Rex̃(0) in Eq.
~43!, we getvq50'v0 and thushq50'mv0

2na /rcT , which
agrees with the result derived earlier using a much sim
procedure. The present derivation shows in addition, h
ever, that in theq50 limit, the damping isindependent of
the size of the adsorbates. Let us now briefly discuss how th
dampinghq depends onq. We note first that the average o
x̃(q) over the Brillouin zone gives

1

ABZ
E

BZ
d2q x̃~q!5

1

ABZ
E

BZ
d2q(

G
x̄~q1G!

5
1

ABZ
E d2q x̄~q!5x~0!, ~47!

where the last equality follows by comparing Eq.~41! with
Eq. ~11a! and using thatABZ5(2p)2na . Thus, if we neglect
the contribution tovq from Rex̃(q) ~this contribution is
usually rather small; see below! and assume thatK̃(q) is
small ~usually the case!, then the average ofhq over the
Brillouin zone is identical to the dampingh of an isolated
adsorbate calculated at the frequencyv0. Since the expres
sions for the damping of theq50 collective mode and tha
for the damping of an isolated adsorbate often give v
different numerical values for the damping, it follows as
corollary thathq varies strongly withq in the Brillouin zone.
This is in accordance with Fig. 6 where we showhq as a
function of q for both the parallel and perpendicular adso
bate vibrations forl x5 l y50. The functions shown arez i(q)
andz'(q) defined by

hq5
mv0

2na

rcT
z i~q! ~ for parallel vibrations!,

hq5
mv0

2na

rcL
z'~q! ~ for perpendicular vibrations!.

Since forq50 these formulas must reduce to Eqs.~31! and
~32!, respectively, we must havez i(0)5z'(0)51. Using
t-

r
-

y

-

inelastic helium scattering it should be possible to study
q dependence ofhq ; see Sec. VI.

Finally, note that

Rex̃~0!' (
GÞ0

mv0
2na

rcT
2G S Gy

2

G2 1
Gx

2

2G2~12cT
2/cL

2!
D

3Fsin~GxLx/2!sin~GyLy/2!

~GxLx/2!~GyLy/2! G2

.

In most cases this formula gives Rex̃(0)!1 so thatvq
@see Eq.~43!#, for q50, is usually close tov0.

The calculations presented above can be repeated for
pendicular adsorbate vibrations and give exactly the sa
results, except thatx̄(k) now takes the form

x̄~k!5
2 imv0

2na

rcT
2

v2pL

cT
2P~k!

3Fsin~kxLx/2!

~kxLx/2!

sin~kyLy/2!

~kyLy/2! G2

~'mode!. ~48!

V. DISORDERED COMMENSURATE ADSORBATE
LAYERS

Let us consider a disordered adsorbate layer. Assume
the adsorbates are randomly distributed on a tw
dimensional~2D! lattice~lattice gas!; see Fig. 7. LetnR51 if
lattice siteR is occupied and zero otherwise. Thus the co

FIG. 6. The quantitiesz i(q) andz'(q) are proportional to the
damping of parallel and perpendicular collectiveq-adsorbate
modes, respectively. See the text for definitions.



g.

-

re

e

it
im-

m,
rent
er
g

tri-

e
the

se

fur-

ive
c-

ith
ing
ol-
ly at
m

i-
e of
ud-
bed
the
-

s.
e
e-

ub-

are
ry

ci-

are

se

ion

11 784 PRB 59PERSSON, TOSATTI, FUHRMANN, WITTE, AND WO¨ LL
erageu5^nR&, where^•••& stands for ensemble averagin
In the present case Eq.~10! takes the form

u1~R!5(
R8

nR8x~R2R8!@u1~R8!2sR8#. ~49!

Let us now definex* (R)5x(R) for nonvanishingR, while
x* (0)50. Thus Eq.~49! takes the form

u1~R!5x~0!@u1~R!2sR#

1(
R8

nR8x* ~R2R8!@u1~R8!2sR8#. ~50!

We now calculate the ensemble average ofu1(R). In the
simplest~mean field! approximation@equivalent to the aver
agedT-matrix approximation~ATA ! used in band structure
calculations for alloys# we simply replacenR→^nR&5u in
Eq. ~50! to get

u1~R!5x~0!@u1~R!2sR#1u(
R8

x* ~R2R8!@u1~R8!2sR8#

or

u1~q!5x~0!@u1~q!2sq#1ux̃* ~q!@u1~q!2sq#, ~51!

where

x̃* ~q!5(
R

x* ~R!e2 iq•R

5(
R

x~R!e2 iq•R2x~0!

5x̃~q!2x~0!.

Substituting this into Eq.~51! gives

u1~q!5@~12u!x~0!1ux̃~q!#@u1~q!2sq#. ~52!

This is the same result as derived earlier for the orde
adsorbate layer except thatx̃(q)→(12u)x(0)1ux̃(q).
Thus, comparing with Eq.~44! it is immediately clear that
the damping of theq50 parallel adsorbate mode in th
present case is given by

FIG. 7. A lattice gas model of an adsorbate layer.
d

h0'~12u!
mv0

4j i

8prcT
31

mv0
2na

rcT
, ~53!

wherena5un andn is the number of binding sites per un
surface area. The theory above can, if necessary, be
proved by using the coherent potential approximation~CPA!
instead of the ATA. The first term in Eq.~53! is the incoher-
ent contribution to the damping while the second ter
which depends on the adsorbate coverage, is the cohe
contribution. As an application, consider 3% of a monolay
of CO on Cu~100!, which recently has been studied usin
inelastic helium atom scattering.17 The lifetime of the paral-
lel frustrated translation was measured to be 861 ps. Using
the observed resonance frequencyv0'32 cm21, Eq. ~53!
gives 8 ps, in good agreement with experiment. The con
butions from the first and second terms in Eq.~53! are
1/~10.5 ps! and 1/~29.4 ps!, respectively; so in this case th
damping is dominated by the incoherent contribution. In
calculation we have used the Cu mass densityr
58936 kg/m3 and, for the second term in Eq.~53!, cT
52899 m/s, which is the sound velocity for a transver
elastic wave propagating perpendicular to the Cu~100!
plane, while in the first term in Eq.~53! we have used the
‘‘average’’ transverse sound velocitycT52270 m/s, since in
this case elastic waves are emitted in all directions and,
thermore, the derivation of the first term in Eq.~53! is based
on the assumption of an isotropic elastic media.

VI. COMPARISON WITH EXPERIMENTS

In this section we present a brief summary of an extens
set of experiments for a prototype lubricant molecule, o
tane, adsorbed on a variety of different materials w
strongly different elastic and electronic properties, rang
from hard insulator diamond to soft metal lead. The m
ecules were adsorbed on the different substrates typical
temperatures of 180 K by backfilling an ultrahigh-vacuu
chamber with the corresponding gas~see Ref. 18 for details
on the experiments!. In all cases the He-atom angular distr
butions recorded after deposition indicated the presenc
high-quality, well-ordered adlayers on all the substrates st
ied here. The frustrated translational mode of the adsor
molecules polarized normal to the surface is located in
far-infrared regime~7.5 meV or 60 cm21) and has been stud
ied using inelastic scattering of thermal energy He atom
The intrinsic linewidth of this low-energy vibrational mod
can be determined by deconvoluting the experimental tim
of-flight spectra with the known apparatus function.18 The
perpendicular polarized mode was observed for all s
strates. For octane adsorbed on the Cu~111! surface we could
also detect the mode polarized parallel to the substrate.15 The
results for the various adsorbate-substrate combinations
compiled in Table I, where they are compared to theo
@Eqs.~31! and~32!, using the mass density and sound velo
ties given in Table II#. It is clear that the theory is in relative
good agreement with experiment. Also shown in Table I
the theoretical results for the damping of isolated~indepen-
dent! adsorbate vibrations,h ind , as given by Eqs.~18! and
~22!. This theory is clearly not applicable in the present ca
involving the damping of theq50 collective phonon mode
of well-ordered, densely packed overlayers, where emiss
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TABLE I. Experimental determined~extracted from a line shape analysis! energiesv0 and dampingh0 of
the q50 collective frustrated translation normal to the surface (' mode!, for ordered layers of alkane
adsorbed on different surfaces. Furthermore, the areaA per molecule within the monolayer films is listed. Th
values are compared with predictions for the phononic contribution to the lifetime broadening. Also sh
the theoretically predicted~with Lx5Ly50) dampingh ind for the case of isolated~independent! adsorbate

vibrations. All experimental data correspond to values at theḠ point ~i.e., q50) of the surface Brilluoin
zone, with the exception of thei mode of octane (q50.52 Å21) and perdeuterated octane on Cu~111! (q
50.65 Å21).

Experiment Theory
System Mode A@Å 2# v0 @meV# h0 @meV# h0 @meV# h ind @meV#

Octane/Cu~111! ' 48.40 7.2 0.45 0.74 2.4
i 48.40 3.0 0.29 0.05 0.07

d-octane/Cu~111! ' 48.40 6.6 0.52 0.74 2.0
i 48.40 2.8 0.19 0.05 0.06

Hexane/Cu~111! ' 47.38a 7.0 0.48 0.87 1.7
Nonane/Cu~111! ' 62.05 6.6 0.52 0.74 2.0
Decane/Cu~111! ' 70.31a 6.6 0.52 0.74 2.0

Hexane/Pb~111! ' 47.38a 6.7 0.34 ~1.3! ~20.4!
Octane/Pb~111! ' 58.82a 6.6 0.26 ~1.1! ~25.4!
d-octane/Pb~111! ' 58.82a 6.2 0.32 ~1.1! ~22.9!

Octane/C~111! ' 48.10 7.0 0.38 0.35 0.03
Decane/C~111! ' 70.31a 7.0 0.32 0.36 0.04

Octane/Ru~0001! ' 58.82a 7.3 1.12 0.32 0.32
Octane/Ru(0001)H(131) ' 58.82a 7.6 0.42 0.35 0.38

C6F14/Cu(111) ' 61.12a 2.8 0.63 0.27 0.17
C6F14/Pb(111) ' 61.12a 2.4 0.76 0.47 1.3

aEstimated from the van der Waals radius of the molecule.
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of phonons into the substrate is strongly influenced by in
ference phenomena, which are taken into account in E
~31! and ~32!.

Note that for diamond there is a huge difference betw
the damping ratesh ind and h0 , for independent~isolated!
and collective~high-coverage! q50 adsorbate vibrations, re
spectively. This difference is related to the high sound
locities of diamond. Sinceh ind is so small for hydrocarbon
on diamond, and sinceh ind is proportional to the solid-fluid
heat transfer coefficient~see Sec. VII!, it is clear that in
sliding friction with boundary-lubricated diamond surface
the lubrication film may heat up to very high temperatu
already at low sliding velocities~see Ref. 2!.

In the case of octane adsorbed on Cu~111! the linewidths

TABLE II. Mass densitiesr and the transversecT and longitu-
dinal cL sound velocities for elastic waves propagating perpend
lar to the~111! plane~for Cu, Pb, and diamond! and perpendicular
to the ~0001! plane~for Ru!.

Material r @kg/m3# cT @m/s# cL @m/s#

Copper 8930 2130 5150
Lead 11340 860 2340
Ruthenium 12360 3850 14820
Diamond 2260 25990 40080
r-
s.

n

-

,
s

of the perpendicular mode have been determined as a f
tion of momentum transfer. The corresponding results
shown in Fig. 8~b!, together with a structural model of th
octane/Cu~111! unit cell. Note that for large wave vectors th
damping is not zero as expected from the theory presente
Sec. IV, but remains at a finite value. This behavior is d
ferent to that seen for Ar adsorbed on Pt~111!, where the
intrinsic line width of the Ar vibration normal to the surfac
dropped to zero for wave vectors larger thanq5v0 /cT

'0.5 Å 21 ~Ref. 19!; see Fig. 8~a!. @Compare the experimen
tal data in Fig. 8~a! with theory, Fig. 6~a!.# This difference
may be related to the fact that in the case of octane
transfer of vibrational energy into the parallel mode~see
above! may be more important than in the case of Ar~where
the parallel mode could not be observed experimentally19!.
Alternatively, it is possible that the residual lifetime broa
ening of around 0.25 meV in case of octane adsorbed
Cu~111! has to be assigned to the excitation ofe-h pairs. In
case of octane adlayers adsorbed on Ru~0001! this electronic
damping has been observed to dominate the phon
damping.5 In fact, x-ray-absorption spectroscopy~XAS! re-
veals that the electronic molecule-substrate coupling, wh
is present for octane on Ru~0001!, is also present for octan
on Cu~111!.20 A third possibility is that the defect density i
the octane layers is so large that theq conservation breaks
down, leading to aq-independent background. However, th

-
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high quality of the He-atom and low-energy electron diffra
tion ~LEED! diffraction patterns recorded for octane a
sorbed on Cu~111! ~Ref. 21!, and the appreciable size of th
residual damping at large wave vectors, do not favor
latter explanation.

VII. DISCUSSION

We have shown above that the dampinghq of the collec-
tive adsorbate vibrational mode with wave vectorq depends
on q, and that the average ofhq over all the wave vectors in
the first Brillouin zone gives~approximately! the same
damping as experienced of a single~isolated! adsorbate, i.e.

FIG. 8. Intrinsic linewidths of the vibration normal to the su
face for two different types of adsorbate systems as determine
inelastic He atom scattering:~a! Data from Zeppenfeldet al. for an

Ar monolayer adsorbed on Pt~111!, measured along theGM̄ sym-
metry direction, from Ref. 19. The'-mode energy amounts to be
tween 4.8 and 5.1 meV.~b! Intrinsic linewidths~right scale! and
frequencies~left scale! for the' mode of a monolayer of octan

adsorbed on Cu~111! recorded along theGK̄ symmetry direction.
-

e

^hq&5
1

ABZ
E

BZ
d2qhq'h,

whereABZ is the area of the Brillouin zone, and whereh is
given by Eq.~18! or ~22! for parallel and perpendicular ad
sorbate vibrations, respectively. In general,hq may vary
strongly with q, and depending on the type of experimen
performed, very different one-phonon damping rates may
sult. This point is of crucial importance and has been ov
looked in earlier studies. Let us consider the problem
greater detail.

The damping of low-frequency adsorbate vibrations c
be studied using the inelastic scattering of helium atom
From these studies one can, in principle, directly obtain
wave-vector-dependent dampinghq ~see Sec. VI!. We note,
however, one possible complication in the analysis of
experimental data. If the adsorbate mode under considera
is affected not only by energy relaxation, but also by~pure!
dephasing, then the situation can be very complicated.
point is that if the dephasing rate is of order of, or larg
than, the energy relaxation rate, then even if the oscilla
are excited coherently~say, theq50 mode!, before the ex-
cited state has decayed by energy relaxation, the oscilla
will be ~partly! out of phase, which in turn will strongly
affect the energy relaxation processes; see Fig. 9. In par
lar, in the limiting case where the dephasing is much fas
than the energy relaxation, the oscillators will have nea
random phases and the energy relaxation rate should no
similar to that obtained after averaginghq over all wave
vectorsq, which is~approximately! given by the damping of
an isolated adsorbate~see above!. Let us consider this prob
lem in greater detail.

We assume that, as the result of a~pure! dephasing inter-
action, the relative phases of the adsorbate oscillators cha
slowly with time @compared to the time dependence
cos(v0t)]. In this case the elastic wave emitted from th
adsorbate layer will be of the form~we neglect the vector
aspect of the field which is of no interest for what follows!

u'(
R

ei [k0ux2Ru2v0t2fR~ t !]

ux2Ru
5(

R
uRe2 ifR~ t !, ~54!

where the phasefR is determined by

fR~ t !5E
0

t

dt8uR~ t8! ~55!

anduR(t) is a stochastic variable witĥuR&50. The fluctu-
ating variableu(t) could, e.g., result from anharmonic cou
pling between the adsorbate mode under consideration

by

FIG. 9. For short timest!t* the adsorbates oscillate in phas
while for t@t* the phases of the oscillators vary randomly with t
lateral position.t* is the dephasing time.
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other low-frequency vibrational modes~see Ref. 6!. We ne-
glect the correlations betweenuR and uR8 for R different
from R8, and take

^uR~ t !uR8~ t8!&5adRR8d~ t2t8!, ~56!

wherea is a constant. The radiated intensity is proportion
to ^uuu2& where^•••& denotes averaging over different rea
ization of the stochastic variableu ~which is equivalent to an
ensemble average!. Using Eq.~54! gives

^uuu2&5(
R

uuRu2~12u^eif&u2!1U(
R

uRU2

u^eif&u2.

~57!

The cummulant expansion to second order gives

^eif&5^11 if2f2/21•••&'e2^f2&/2,

where we have used that^f&50. Now, since

^f2~ t !&5E
0

t

dt8dt9^u~ t8!u~ t9!&5at,

Eq. ~57! gives the following expression for the radiated i
tensity:

I 5I ind~12e2t/t* !1I colle
2t/t* , ~58!

wheret* 51/a is the~pure! dephasing time,I ind is the emit-
ted intensity forindependent~isolated! oscillators, andI coll
the emitted intensity for theq50 mode of thecollective
system of oscillators. We can write

I ind5
\v0

t ind
and I coll5

\v0

tcoll
,

where 1/t ind is the damping rate for independent oscillato
as given by Eq.~18! or ~22!, while 1/tcoll is the damping rate
for the q50 mode of the collective system of oscillators
given by Eq.~31! or ~32!. The energy relaxation timet can
be obtained from the requirement

E
0

t

dt I~ t !5\v0 . ~59!

Using Eqs.~58! and ~59! gives after some simplifications

15
t

t ind
1t* S 1

tcoll
2

1

t ind
D ~12e2t/t* !.

Figure 10 showst/t ind as a function of t* /t ind for
tcoll /t ind52. Note that, as expected,t varies smoothly be-
tween t ind for short dephasing times andtcoll for long
dephasing times. We note that dephasing may result f
anharmonic coupling between the frustrated translatio
modes and thermally excited phonons, or by interaction w
thermally excited electron-hole pairs. If a nonzero gas pr
sure occurs, then a collision between the gas atoms and
adsorbates will also give rise to dephasing. Experiments
Grahamet al. have shown that dephasing is very importa
for the CO/Cu~100! adsorbate system, where, at low ads
bate coverage, the linewidth~or damping! of the parallel
frustrated translation (v0'32 cm21) increases from 0.7
cm21 at zero temperature to 1.6 cm21 at T5150 K.17 It is
l

m
al
h
s-
the
y

t
-

clear that for the orderedc(232)CO layer on Cu~100! (u
50.5), the dephasing will change the nature of the ene
relaxation from being coherent at low temperature to in
herent at ‘‘high’’ ~say,T5150 K) temperatures. It would be
interesting to perform a detailed theoretical and experime
study of this system.

There is a second very important class of problems wh
all the phonon modes in the overlayer are involved. For
ample, experiments have been performed on adsorbate
metal surfaces where an ultrashort laser pulse first excites
electron ‘‘gas’’ at the metal surface, and where ‘‘hot’’ ele
tron plasma interacts with the adsorbed molecules and
cites low-frequency adsorbate vibrations. In this case the
rect picture is probably to visualize the excitation to occur
a stochastic, incoherent way, and one therefore expect
theq-phonon modes to be equally excited. This problem h
usually been treated as a local ‘‘heating’’ problem
follows:22,23 if both electrons and phonons contribute to t
damping of the adsorbate vibrational mode so that the ef
tive dampingh5heh1hph, and if the temperature of the
phonon system (Tph) and of the electron system (Te) are
different~as is typically the case after exposing the system
a laser pulse!, then it can be shown that within a local pictu
of ~incoherent! adsorbate-substrate energy transfer the av
age occupationn̄ of a low-frequency adsorbate mode w
obey the equation

dn̄

dt
5heh@ne~ t !2n̄#1hph@nph~ t !2n̄#, ~548!

where ne5@exp(\v0 /kBTe)21#21 and nph
5@exp(\v0 /kBTph)21#21 are the Bose-Einstein factors fo
the electron and phonon systems, respectively, which dep
on time via the electron and phonon temperaturesTe(t) and
Tph(t), respectively. In Eq.~548! one must interprethph as
the average damping, which is approximately given by
damping of an isolated adsorbate. This point was overloo
in a recent paper by Lewiset al.,10 where the phononic
damping of the parallel frustrated translational mode for C
on Cu~100! @c(232)CO overlayer#, as deduced from ex

FIG. 10. The variation of the energy relaxation timet ~due to
one-phonon emission! with the ~pure! dephasing timet* . t ind and
tcoll denote the energy relaxation time for an isolated~independent!
adsorbate vibration and for an ordered layer of coherent oscilla
(q50 mode! adsorbates. In the calculation we have assumed
tcoll52t ind .
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perimental data of the type described above, was comp
with the dampinghq evaluated forq50.

More generally, whenever the excitation of the low
frequency modes occurs incoherently, one expects the
evant damping to be well approximated by the average~over
the first Brillouin zone! which, as shown above, is~approxi-
mately! identical to the damping of a single~isolated! adsor-
bate. This should also be the relevant damping when con
ering problems such as the solid-fluid heat transfer2 or the
dephasing of high-frequency modes by low-frequency mo
~e.g., dephasing of the C-O stretch vibration by thermal
citation of the low-frequency frustrated translational mode!.
We note that the original theory6 was developed with exactly
these types of applications in mind.

VIII. INCOMMENSURATE SLIDING LAYER

It has recently been shown27 that incommensurate layer
of physisorbed atoms and molecules can slide on smo
metal surfaces, even when the external driving force~per
adsorbate! is extremely small~of order 1028 eV/Å ). This
implies that there is no~or negligible! pinning by the corru-
gated substrate potential. As shown by Aubry,24 this is the
case only if amplitude 2U0 of the lateral corrugation of the
adsorbate-substrate interaction potential is smaller than
effective elastic energyE associated with the incommens
rate solid layer~see, e.g., Ref. 2!. Thus, there are two distinc
types of incommensurate configurations, a pinned state
‘‘small’’ E/2U0 and a unpinned state for ‘‘large’’E/2U0, and
the transition between them~as a function ofE/2U0) is as-
sociated with a novel type of continuous phase transit
which has been termed ‘‘the breaking of analyticity.’’24 In
contrast to the periodic substrate potential, one can show
randomly distributed point defectsalways gives rise to
pinning,2 but we will assume a perfect surface in the follow
ing discussion.

Assume that no pinning occurs. In this case the frict
force which acts on the sliding layer from the substrate
proportional to the sliding velocityv ~for small v); i.e., the
friction force per adsorbate has the form2mh̄v. There are
three fundamental contributions toh̄ ~see Ref. 25!, namely,
from the direct transfer of kinetic energy from the center-
mass motion of the layer to the substrate via excitation of~a!
low-energy electron hole pairs26 and ~b! phonons, and~c!
from the excitation of phononsin the sliding filmwhich later
~perhaps after thermalization of the energy in the overlay!
is transferred to the substrate via process~a! or ~b!; see Fig.
11. It has been shown that processes~a! and ~c! are very
important, while it has been argued that process~b! is unim-
portant, mainly because for an incommensurate layer
expects destructive interference of the elastic waves em
into the substrate. The aim of this section is to show that
is indeed the case.

Let us assume that the nearest-neighbor adsorb
adsorbate interaction energy is much stronger than the la
corrugation of the substrate potential and that the adsor
layer forms an incommensurate structure which, for simp
ity, we take to be a square structure~lattice constantb) ~the
basic result found below does not depend on this assump
or on any of the other assumptions made below!. Assume
that the surface unit cell of the substrate is a square~lattice
ed
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constanta, wherea/b is an irrational number!, and introduce
a coordinate system with thex axis along one side of the
surface unit cell. We assume that the overlayer slides in thx
direction, and that an atom in the sliding layer experience
corrugated substrate potential which we assume is of
form (k052p/a) ~see Fig. 11!

U~x!5U0@cos~k0x!1 cos~k0y!#, ~60!

so that the adsorbate-substrate force in thex direction will be
F5k0U0 sin(k0x). Let us write the position vector of an
adsorbate in the sliding layer as

R5~nxb1vt,nyb!5nb1vt, ~61!

where n5(nx ,ny) (nx and ny are integers! and v5(v,0).
The surface stresss13 the sliding layer will exert on the
substrate is given by

s135k0U0(
n

sin@k0~nxb1vt !#d~x2nxb2vt !d~y2nyb!

5k0U0 Im (
n

eik0~nxb1vt !d~x2nxb2vt !d~y2nyb!

5
k0U0

4p2 Im E d2k(
n

3eik0~nxb1vt !ei [kx~x2nxb2vt !1ky~y2nyb!]

; Im E d2k ei ~k•x2vt !(
G

d~kx2k02Gx!d~ky2Gy!,

~62!

wherev5(kx2k0)v. It is clear that this surface stress wi
generate a displacement field in the bulk of the solid which
a sum of a longitudinal and a transverse part of the form

u;(
G

E d2k A~k!ei ~k•x1pz2vt !

3d~kx2k02Gx!d~ky2Gy!,

where

p5S v2

c2 2k2D 1/2

FIG. 11. An adsorbate bilayer sliding on a surface. Two p
cesses contribute to the friction force acting on the bilayer.
~a!,~b! a direct process occurs where the translational kinetic ene
of the bilayer is directly transferred to the substrate via excitation
~a! low-energy electron-hole pairs or~b! phonons. Process~c! is an
indirect process where the corrugated substrate potential first
cites vibrations in the bilayer, which are damped via processes~a!
and ~b!.
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andc denotes the transverse or longitudinal sound veloc
Thus,

u;(
G

A~k01Gx ,Gy!ei ~k01Gx!x1 iGyy2upuz2 ivt, ~63!

wherev5Gxv, and where we have used that, forv!c, in
generaluk01Gxu.uGxuv/c, so that

p5S v2

c2 2~k01Gx!
22Gy

2D 1/2

5 i S ~k01Gx!
21Gy

22
v2

c2 D 1/2

5 i upu. ~64!

Thus, the displacement field decays exponentially into
substrate; i.e., no energy is radiated into the substrate. P
cally, this result is caused by destructive interference of
elastic waves excited by the sliding film. Note, however, t
the substrate atoms perform oscillations in the surface re
of the solid, and if one were to introduce a damping term
the equation of motion for the elastic media, then ene
would be transferred from the sliding layer to the substra
However, in most cases the damping of the elastic wave
very weak, and can be neglected. If the conditionuk01Gxu
,uGxuv/c is satisfied for at least oneGx , then energy will be
radiated into the elastic half-space from the sliding layer, a
a friction force will act on the sliding layer. However, in th
measurements by Dayo, Alnasrallah, and Krim,27 v
'1 cm/s, and since typicallyc'1000 m/s, it follows that
v/c'1025. It is therefore extremely unlikely that, for a
incommensurate sliding layer, the conditionuk01Gxu
,uGxuv/c will be satisfied for anyGx . On the other hand
for a commensurate sliding layerk05Gx for oneGx , and the
static and kinetic friction would be nonvanishing. This lim
iting case was studied in Sec. IV.

Finally, we note that process~c! above is a much more
important friction channel than process~b!. Nevertheless, for
a perfect system~no lattice imperfections or lattice anharm
nicity! channel~c! will not give rise to any energy dissipa
tion either. Thus, during sliding the atoms in the overlay
film will perform oscillations~around the lattice sites in th
moving reference frame! induced by the interaction with th
substrate, but in the absence of phonon-damping proce
no net energy transfer away from the center-of-mass mo
is possible~the phonons excited in the sliding film are vi
tual!. However, because of lattice imperfections and anh
monicity in the sliding layer, and~for metals! because of the
electronic damping channel~a! ~which damps the lattice vi-
brations in the overlayer!, the ‘‘virtual’’ phonons can be-
come ‘‘real,’’ in which case the coupling channel~c! will
give a nonvanishing contribution to the sliding friction. Th
contribution is much larger than that from process~b!,
mainly because the overlayer~usually Xe, Kr, or N2) films
are elastically much softer than the substrate~see Ref. 25!.
Indeed, computer simulations25 indicate that process~c!
dominates the sliding friction for uncompressed incomm
surate ~IC! adsorbate layers, while the electronic frictio
channel~a! may dominate for compressed IC monolayers25

This conclusion is supported by recent measurements on
perconducting lead.13
.
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IX. ROLE OF THE ELECTRONIC FRICTION

In a recent paper Dayo, Alnasrallah and Krim13 report on
measurements of the friction force on a thin@1.6 monolayer
~ML !# film of nitrogen molecules adsorbed on a lead film
They observed an abrupt drop of the friction force wh
cooling the lead film below its superconducting temperat
Tc'5 K. This indicates clearly the importance of the ele
tronic contribution to friction.

In most experimental investigations on the damping
low-frequency adsorbate vibrations reported so far,
phononic damping dominates~see Sec. VI!. For example,
this seems to be the case for noble-gas adlayers on silver28 as
well as for alkanes adsorbed on a lead surface.29 Recently,
however, it has been demonstrated that for a spe
system—saturated hydrocarbons adsorbed on a c
Ru~0001! surface—damping viaelectron-holepair creation
dominates over phononic damping.5 Furthermore, as dis-
cussed above, the phononic friction is strongly suppres
for incommensurateadsorbate layers.

The experimental observation13 that the sliding friction
for incommensurate N2 overlayers on lead varies upon tra
sition of the substrate to the superconducting state confi
predictions about the importance of electronic friction,30,31

but the abruptness of the change in the friction with tempe
ture is entirely unexpected. Since the transition to the sup
conducting state is a continuous phase transition, one wo
expect a continuous change in the electronic friction.32 The
observed results urgently call for a theoretical interpretati
Such an analysis, however, requires precise knowledge o
nitrogen-substrate interface.

According to the experimental description provided
Dayo, Alnasrallah, and Krim the lead substrates were p
pared by evaporationex situ before installing them in the
crystal microbalance apparatus after exposing to air for ab
10 min. No surface-analytical tools were applied and
exact topography and cleanliness of the substrate surface
thus unknown. Here, we demonstrate that lead samples
pared according to their prescription are covered by a l
oxide/hydrocarbon adlayer of about 15 Å thickness. This
meric value is obtained by quantitatively analyzing the x-r
photoelectron spectroscopy~XPS! data.

The present experiment was performed in a Leyb
MAX200 based UHV surface analysis apparatus. The ins
ment is equipped with a load-lock system which allows t
introduction of samples from the ambient into the UH
analysis chamber~base pressure 10210 mbar). The polycrys-
talline Pb sample~99.999%! which had been mechanicall
polished was cleaned in UHV by Ar1 sputtering until no
contaminations were visible in the XP spectra@see Fig.
12~a!#. As shown in Fig. 12~b! the XP spectra reveal signifi
cant changes after exposing the sample to air for 10 min
transferring it back into the analytic chamber: the Pb 4f 7/2
line is found to be attenuated to 60% of its original value a
additionally O 1s and C 1s signals are observed. The oxyge
line indicates the formation of PbO, while the C 1s signal
revealed the presence of a weakly adsorbed hydroca
overlayer. The latter phenomenon is routinely observ
when exposing metal substrates~e.g., Au! to air and is due to
the adsorption of saturated and unsaturated long-ch
hydrocarbons.33 Using a mean free electron path of abo
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25 Å , a value commonly used for organic overlayers,33 the
attenuation of the Pb 4f 7/2 signal corresponds to a total thick
ness for the PbO/hydrocarbon adlayer of 15 Å . Taking into
account the atomic sensitivity factors of the XPS lines,34 we
estimate from the relative ratio of the C 1s to O 1s signal a
thickness ratio of the PbO to the hydrocarbon adlayer of 1
The corresponding interface structure is shown schematic
in the inset of Fig. 12.

Thus we conclude that the N2-adsorption experiments re
ported by Dayo, Alnasrallah, and Krim were conducted o
lead/lead-oxide/hydrocarbon composite system, which ne
to be considered when attempting to theoretically interp
their data. Recently, Persson and Tosatti32 pointed out that
the present theory of friction fails to explain their observ
tion and thus the abrupt jump in the friction remains pu
zling. They suggested that the presence of structural def
on the lead surface may strongly influence the experime
results. Here we demonstrate that a more important effect
to be considered, namely, a significant contamination of
surfaces studied with hydrocarbons. Therefore, in orde
study in detail the influence of superconductivity on frictio
it would be highly desirable to record comparable data fo
well-defined N2 layer ~or another well-defined molecula
layer! adsorbed on a clean structually well-defined lead s
strate, since only in this case the route for a theoretical an
sis is straightforward.

X. SUMMARY AND CONCLUSIONS

We have presented a study of the damping of lo
frequency adsorbate vibrational modes. When the reson
frequencyv0 of an adsorbate mode is below the highe
phonon frequencyvc of the substrate, it forms a resonan
state in the bulk phonon continuum with a contribution to t
width coming from the decay by excitation of one bulk~or
surface! phonon. Ifv0 falls in the linear part of the disper

FIG. 12. X-ray photoelectron spectra of~a! a clean Pb sample
and~b! the same sample after exposure to air for 10 min. The in
shows a model of the interface deduced from the relative ratio o
1s to O 1s signals and the attenuation of the Pb 4f 7/2 signal.
6.
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sion relation of the bulk phonons~which usually is the case i
v0,0.3vc), then the phononic damping can be calculat
accurately using the elastic continuum model. For an isola
adsorbate such a calculation was performed in Ref. 6 w
ordered structures were considered in Refs. 7–10. In
paper we have extended the earlier studies by considerin~a!
the influence of the size of the adsorbates on the decay
~b! the role of additional adsorbate-adsorbate interactio
and ~c! a discussion of how the phononic friction influenc
different surface processes. We have found the following

~a! The size of the adsorbates is important for a ‘‘large
adsorbate, where the lateral extent of the molecules in
least one spatial direction is larger thancT /v0. This is the
case for many hydrocarbons~e.g., hydrocarbons used as lu
bricants!, some of which have recently been studied us
inelastic helium scattering. The size of the adsorbate is
important~even for very large molecules! for the damping of
the q50 collective mode of ordered adsorbate structu
~with small enough lattice constant!.

~b! The damping of low-frequency adsorbate vibrations
ordered adsorbate layers is not influenced by any additio
~nonphononic! coupling between the adsorbates. The ren
malized resonance frequency which enters in the formula
the damping rate of theq50 collective phonon mode hasno
contribution from the additional lateral interaction. Since t
lateral interaction does not influence the resonance freque
of the q50 phonon mode, this is the correct resonance f
quency to be used in the expression for the adsorbate da
ing.

~c! Some experiments such as inelastic helium scatte
or electron energy loss spectroscopy can, if the resolutio
high enough, be used to probe the line width of lo
frequency adsorbate vibrations. If the measurements are
formed on ordered layers and resolved inq space, the com-
parison with theory is simple and straightforward, at leas
the energy relaxation rate is much faster than the~pure!
dephasing rate~see above!. However, in many applications
the collective phonon modes are excited incoherently, e.g
experiments involving surface heating with ultrashort la
pulses, in the heat transfer between a fluid and a solid, o
the dephasing of high-frequency adsorbate modes by an
monic coupling to thermally excited low-frequency adso
bate modes, and in these cases the situation is less clea
most of these latter cases it should, however, be a good
proximation to use the phonon damping averaged over
whole adsorbate Brillouin zone, which we have shown to
~approximately! equal to the damping experienced by
single ~isolated! adsorbate.

We have presented very simple derivations of the dam
ing of theq50 mode of ordered adsorbate layers in terms
a model based on a uniform~in space! oscillating ~in time!
surface stress which emits longitudinal~for perpendicular ad-
sorbate vibrations! or transverse~for parallel adsorbate vibra
tions! bulk phonons which propagate perpendicular to
surface into the solid. We have also briefly discussed
damping of adsorbate vibrations in disordered adsorbate
ers and the sliding of incommensurate layers; in the la
case, because of destructive interference of the emitted e
tic waves, there is no damping derived from phonon exc
tion in the substrate.

et
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