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Low-frequency adsorbate vibrational relaxation and sliding friction
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We present a study of the dampifgnergy relaxationof 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 tfr@nphononigadsorbate-adsorbate interactions has been studied. We show that
different experimental probing techniques, e.qg., 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 surfacES0163-18209)07417-3

[. INTRODUCTION tinuum model by Persson and Ryb&rghey focused on the
dilute limit where the interference between the elastic waves

Physisorbed and weakly chemisorbed adsorbates on suemitted from the adsorbates can be neglected. The damping
faces can perform low-frequency vibrational motion whereof vibrations in ordered adsorbate layers has been studied by
the molecules vibrate parallel or perpendicular to the surfacedall et al.” and, more recently, by Bruch and Han$emd
These so-called frustrated translational modes are of fundd-ewis et al®° The latter authors concluded that, in general,
mental importance for various dynamical processes, such ake dilute limit studied by Persson and Ryberg is valid only
diffusion, desorption, reaction, and sliding frictibA.Ther-  for adsorbate coverage below 1%. However, we will show in
mal excitation of the low-frequency modes also influenceshis paper that this is not the case in many important appli-
the vibrational absorption spectra of high-frequency modegations, such a&) the adsorbate-substrate energy transfer in
via anharmonic coupling, resulting in dephasing of the high+esponse to substrate heatinty) the dephasing of high-
frequency modes. Thus, the C-O stretch vibration of adfrequency modes, ang) the energy transfer at an interface
sorbed CO is usually strongly affected by the anharmonibetween a fluid and a solid, where the excitation and deex-
coupling to the parallel CO vibrations: thermal excitation of citation of the adsorbate vibrational modes occur incoher-
the latter modes results in both a line broadening and freently (in contrast to infrared spectroscopy where only the
quency shift of the C-O stretch infrared-absorption prdfile. q=0 phonon mode is excitedin all these important appli-

An adsorbate vibrational mode, with a resonance frecations the phononic damping calculated in the dilute limit
guencywq below the maximum bulk phonon frequeney, should be quite accurate also at high adsorbate coverage.
forms a resonance in the bulk phonon continuum. In theThis conclusion differs from that of Lewist al, who ap-
absence of pure dephasing and inhomogeneous broadeningdied their high coverage damping formu(salid for the
the width of such a resonance equals, Where 7 is the  g=0 mode to study the adsorbate-substrate energy transfer
energy relaxation time or simply the “lifetime” of the mode. for CO on Ci§111), in response to ultrafast laser heating of
If wg is in the linear region of the dispersion relation of the the substraté?
bulk (and surfacephonon mode$which usually is the case In this paper we generalize the results presented above to
if wg<0.3w.), then the phonon contribution to the damping adsorbates of arbitrary sizéut treated as rigid objedts
n=1/7 can be accurately calculated using the elastic conwhich is relevant for, e.g., “large” hydrocarbons. We also
tinuum model. On metals there will also be an electronicdiscuss the influence of adsorbate-adsorbate interactions of a
contribution to# but this is often small compared with the nonphononic nature, i.e., not mediated by the substrate
phononic contributior}. Exceptions to this general rule are phonons, on the damping rate. We show how the damping
observed when chemical interactions lead to a mixing of thelepends on the nature of the vibrational excitations, e.g.,
substrate electronic states with the adsorbed mol€cule.  how it differs for coherentsay, theq=0 mode and inco-

The phonon contribution to the damping of low-frequencyherent excitations in ordered adsorbate films. Experimental
adsorbate modes has been studied within the elastic conlata are presented and compared to the theoretical results.
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a b the assumption of a uniformly distributed adsorbate-substrate
x stress is likely to be a reasonable approximation. For parallel
§ m é m/Ly vibrations the situation is less clear, and it will depend on the
Rg T4 particu_lar system under study. Thus, we replace(Eqwith
é % 7 [see Fig. 1b)]

TTTTTTRTTTOOTTT. (T crla=; mwal u;(R,0)— sg]TI(x—R), 3)

FIG. 1. (a) Atomic adsorbategmassm) bound at point§R} on
a semi-infinite elastic solidb) The same asa) but for “large”
molecular adsorbates, treated as rectangular “blocks.”

where IT(x) =1/(L,L,) if —L,/2<x<L,/2 and —L,/2<y
<L,/2, and zero otherwise, and where

Finally, we consider thgadsorbate— substratg energy ul(R,O)zf d?xIT(x— R)uy(x,0).
transfer during sliding of incommensurate adsorbate layers

on solids, which is relevant for the interpretation of the slid-Note that

ing friction measurements of Dayo, Alnasrallah, and Ktim, 1 L 1 L
and present a discussion about the nature of the surfaces used _ X Y AN 'Sty
in recent measurement of the sliding friction on supercon- 9= dx’ o(x=x )L f /de oy=y").
ducting lead surfaces.

L) -L2

y y

Using

Il. GENERAL THEORY 1 ) ,
. . . S(x=x')= —f dkye! x>
The theory outlined below is an extension of the results 2@
presented in Refs. 6—-11, and we refer the readers to the : . oIy
references for more details. Let us consider a layer of adso%%d the corresponding expression &y —y") gives
bates(massm) bound by harmonic spring&vith a spring 1 sin(k,L,/2) sin(k,L,/2) .

2 . H(X): d2k Yoy ik-x
constantmwg) to a set of pointsR} on the surface of a Py KLd2)  (kL/2)
semi-infinite elastic solidsee Fig. 1a)]. We consider first o _ A
oscillations of the particles parallel to the surface. Let usSubstituting this result in E¢3) gives
introduce a coordinate system with tkg plane in the sur-
face with thez axis pointing into the solid and the axis Ulszf d2k f(k)e'k, (4)
along the direction of oscillations. Hy denotes thex com-
ponent of the displacement vector of the particlexatR,  \here

then
) , Mo} sin(keL,/2) sin(kyL,/2)
M= —Mwg[sg—U1(R,0)]+Fg, 1) fk)=7-> (Kelnl2) (KyLy/2)
whereu,(R,0) is thex component of the displacement vector o .
of the substrate at the poinR(z=0). Both sg andu, de- X >, [uy(R,0)—sgle *R. (5)
R

pend, of course, on timg but the time dependence, which

we always assume to be of the form expt), will notbe  ysing the theory of elasticity it is now straightforward to
shown explicitly in what follows. The driving forcEg in (1) calculate the elastic displacement fieldin what follows we

may have different physical origins; e.g., in an inelastic he-pnly need the displacement field at the surface0. The
lium scattering experiment it is associated with the helium-gisplacement fields in the substrate satisfies

adsorbate interaction, but the exact origin of this force is of

no importance for the following consideration. — 0?u—cVV-u+c2VX(VXu)=0,
The oscillating adsorbates will give rise to a stress actin

on the surface4=0) of the elastic solid, which in the sim-

plest case is of the form

gaNherec,_ and ct are the longitudinal and transverse sound
velocities, respectively. The general solutions to this equa-
tion can be written as a sum of plane waves:

- 2 _ _ : .
013—; mwg[uy(R,0) —sg]6(x—R), (2 u=; (Aelkxrpz=ot) B gitk-xtprz—ot)) ©6)
wherex=(x,y) is the two-dimensional position vector in the

z=0 plane. We now generalize this result by assuming tha
the force on the substrate from an adsorbate is not localized (wZ
PL=

here

1/2

to a single pointx=R, but is distributed uniformly over a ?—kz
rectangular area of length, in the x direction andL, in the L

y direction. This generalization is unimportaand not are thez components of the wave vectors of the longitudinal
meaningfu) for small adsorbates such as CO, but is impor-and transverse waves, respectively. Note thaand p; are
tant for large molecules, e.g., for “large” hydrocarbons. Forimaginary fork>w/c, and k>w/ct, respectively, and in
perpendicular vibrations in “large” physisorbed adsorbatesthese cases the plane waves becewvenescenfthey decay

(1)2 1/2
and pTz(C—Z—kZ) (7)
T
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exponentially with increasing) and no transfer of lattice w?
energy (phonons) to the substrate is possifilee general —w’s+
solution (6) contains parameters which must be chosen so

that the stress on the surfaze0 equals the driving stress Now Yo=xr+ix is complex and we will show below that
exerted on the substrate by the oscillating adsorbates given ¥,<1, so that

by Eq. (4). This gives(see Ref.

2 2 ,
[ k2 w?k3pr | wo @ | IXi )_—2
_ 2 y xFT ik-x =~ 1+ ~ Wo
- Yy X _ — _
uy1(x,0) pC%f d kf(k)(kzp-r 2k?P(K) e’ 1-xo 1-xrl~ 1-xr

E
s=—, (12
l_XO m

X
1+ 1_XR), (13

®) where 50 is the renormalized resonance frequency. Using
with Egs. (11) and writing k=wqr/cr, Iy=Liw/2ct, and |,
=Lywel2cr, and expressing in polar coordinates gives

w2 2
P=|2k*- +4prp K2, 9
( E? PP © —imw%wfrcd fhd(ﬁ( Sir? ¢
From Eq.(8) we obtain O 4an?pct Jo 0 (1-r?)12

— [ K2 okipr cog ¢

2 y X
=—— St +
(RO pcifd kf(k)(ksz c%kzp(k)) (2r2=1)2(1—r?)~ Y24 4r?[ (cr/cy )22}

2
: (14

(kyLy/2)  (kyLy/2)
Substituting Eq(5) into Eq.(8') gives

SinkL/2) sintkyLy/2) i, @) X{sin(lxr cos¢)sin(l,r sin )

2 .
Iilyr=cose sing

with the cutoff r,=cik./w~w./w. For point adsorbates
_ _ (i.e.,ly, 1,—0) the cutoffr . is necessary in order for the real
ui(R,0)=2> x(R—R")[uy(R,0)—sg/], (100 part of the integral(14) to converge. Thus, for small adsor-
R’ bates, an accurate calculation of the real panpfequires a
where treatment beyond the elastic continuum mog@el., using an
atomistic model for the substratebut in the present study
—imog [k w?kipr we do not need to know the numerical value of Resince
X(R)= 4772pC-2|—f d°k € |<2_pTJr C$k2p we take the renormalized resonance frequeng){see Eq.
(13)] directly from the experimental observations. It is inter-
2 esting to note, however, that there is no need for a cutoff for
(' mode. (113 an adsorbed monolayer filfsee Sec. IY. The imaginary
o ) ] part of xq is, in general, independent of and is accurately
In a similar way one can derive thefunction for a perpen- given by the elastic continuum model #é,<w.. Let us

sin(k,L,/2) sin(kyL,/2)
(klyf2) (kyL,/2)

dicular frustrated translation: write
. 2 2
—imwg L _opL 2
X(R): J’ d2k eIk-R _ Mwyw
Am?pct ciP Im xo=— 877pC$’-§H , (15
sin(kyL/2) sin(kyLyIZ)r
1 mode. where
(kiLy/2)  (kyLy/2) ( 9
(11b 2 (= 2w Sir? ¢
_ §”=—Ref drrf do ETNT
From here on we will for simplicity denote with u. Equa- ™ Jo 0 (1-r9)

tions (1), (10), and (11) form the basis for the following
discussion. cos ¢ )

+
(2r2—1)2(1—r?) Y2+ 4r?[(ct/c)?—r?]¥?

Ill. SINGLE ADSORBATE
For a single adsorbate Eq4) and(10) take the form X{

_ _ ) 2
sin(l cosg)sinl,r S'”¢>] | (16

2 .
Ilyr=cose sing

—Mw2s= — Mw(s—u)+
Mw?s=—Mmag(s—u)+F Substituting Eq(15) into Eq.(13) gives

and
2 —2
o . Mg .
UZXO(U—S), Zgg 1—i 3§|| ZZS—IQ)WH, (17)
1=Xo 8mpcCt

where s=sy, u=u4(0,0) and xo= x(0). Combining these
equations gives with
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4

mwo < >_
=54l (18) %
8mpcy
Substituting Eq(18) into Eg.(12) gives 757N ) A

—w25+5(2)s—iw77”s= F/m (19
or
mst mggs+ mnH-S: = (20 FIG. 2. Damping of a parallelor perpendiculgradsorbate vi-

bration via emission of elastic wavésne-phonon process
Hence the coupling to the substrate has two effects: it renor-

malizes the resonance frequensy— w, and it introduces a  With
damping term in the equation of motion fer The damping
is due to the lattice waves radiated into the solid from the

4

oscillating adsorbatésee Fig. 2 ~ Mwg
In a similar way one can derive the following equations 77i_877 c3 &1 (22)
for the damping of perpendicular adsorbate vibrations: pET
ms+ Mw3s+my, s=F, (21)  and
|
. . . 2
2 o 27 1 sin(lyr cosg)sin(lyr sing)
§L:—Ref d”f do—— 2 2_,21-12, 4,2 21112 - 2 - : (23
T Jo 0 2re=D)(crlc) —r7] “+4r(1—-r°) [l r“cosg sing
|
In order to make the expressiofis) and(23) well defined Note thaté and¢, only depend on,, I, andcy/c . In

one must add an infinitesimal purely imaginary teien  Fig. 3 we showg and§, for cr/c =0.5(typical for metaly
(where € is positive to the arguments of the square-root as a function of, for a few differentl, . As an example, if
functions and, in addition, an infinitesimal positive teeh ~ we approximaten-nonane (GH,,) as a rectangular plate
to the denominator in the term containing &dsin Eq. (14)  Wwith lengthL,=14 A and with widthL,=3 A, we have,
and the similar denominator in E€3). The latter term is for the perpendicular vibrations on Q00), wy~6.9 meV,
necessary in order to make the pole contribufiwhich cor- S0 thatly=L,we/2ct~3.4 andl,~0.7. Using Fig. 3 gives
responds to emission of surfa¢Rayleigh phonong well &, ~1.1 which is smaller than thg=1,=0 limit by a factor
defined. The sign ot and e’ (both positive is determined of ~3.
by an analysis where the interaction is turned on slowly from
0 att=—o. In the numerical integration of Eq$16) and
(23) € and €’ are, of course, chosen as sm@lt not infini-
tesima) positive numbers. We note that whép=1,=0, Bruch and Hanséhand Lewiset al®!° have calculated
& ~§~3.2, and that the contribution from emission of Ray- the damping of thej=0 collective adsorbate vibration under
leigh phonons constitutes about 15% &fand 64% of¢,  the assumption that the adsorbate unit cell is so small that for
(see Ref. & all (nonvanishing reciprocal lattice vector$ (associated
Walkup et al!* have presented a very simplapproxi-  with the adsorbate latti¢eG> wy/cy. We first show how
mate derivation of Eq.(22): In a simplified picture one re- these results can be derived using a much simpler approach.
gards each adsorbate oscillation as a collision with the SUh;Vhen the adsorbate lattice constaat<\, where \
strate, with an energy transferred to the substrate\Bf  =27c;/w, is the wavelength of the emitted phonons, we
~E(m/my), whereE is the energy of the adsorbate vibration can, when calculating the damping of te=0 adsorbate
and mg the “effective” mass of the substrate. During the phonon, replace the nonuniform surface stress distribution

collision time 7~ 1/w, the resulting substrate displacement (2) [or (3)] with an averagéuniform) distribution
field extends a distanoer7=ct/wq into the solid. The ef-

fective masang is simply the mass contained in the volume )

elementAV~ (ct/wg)® and thuams~ p(ct/wg) . Since col- 013= NaMawg[ Uy (0) —s], (24)
lisions with the substrate occur with the frequeney

=wo/2m, the net rate of energy transfer per unit time iswhere n, is the number of adsorbates per unit area, and
dE/dt~ — (we/2m)(M/mg)E. This results in an exponential where we have used the fact that a uniform tangential surface
decay of the energy, characterized by the damping constastress gives rise to a displacement fialdz), which is po-
(w0/2w)(m/ms)=mwé/(2wpc13-) which agrees with Eq22) larized parallel to the surfacgn the direction of the vibra-
except for a factor of order unity. tional displacement coordinas® and independent of andy

IV. ORDERED COMMENSURATE ADSORBATE LAYERS
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FIG. 3. The dependence of the friction parametgrand¢, on
the size of the “adsorbate.”

(the emitted elastic waves propagate perpendicular to the sur-

face into the elastic half spagesee Fig. 4a). The elastic
displacement field is given by

u;=uge'(@?er—et, (25)
The boundary condition
, Uy
pCTE:U” for z=0 (26)
gives
i pCrwUy=nMwy(Uo—$) 27)
or
a b
- o ' AEERERER,

FIG. 4. Elastic waves emitted from a uniform spacé and
oscillating (in time) surface stress distribution, actirig) parallel
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ipCtws
Up—S= —pzT.—. (29
NaMwi—ipCrw
Substituting this in Eq(1) gives
2
w§S
w?s 0 (29)

T 1- namw(z,/ichw '
Sincenamwglchw is in general very small fow~ wg, we
get from EQq.(29) for w close to the resonance frequengy

—Mw?s+mwi(1—in,mwy/pcr)s=0. (30)

Thus, the damping

7= Mwgna/pCr, (3D

which is identical to the result obtained by Bruch and
Hansefl and Lewiset al>°

A similar calculation as presented above can be per-
formed for theq=0 perpendicular adsorbate vibration. In
this case the displacement field in the solid is polarized per-
pendicular to the surface and is again independertaofdy
(the emitted elastic waves propagate perpendicular to the sur-
face into the elastic half spagesee Fig. 4b). The boundary
condition at the surface=0 now takes the form

2(‘7U3_ B
pCLE—Ugg for z=0,

where
Ug= eri (wzlc, — wt) )

These equations are similar to E¢®6) and(27), except that
ct is replaced withc, . Thus we get immediately

7. =Mmw3n,/pc, . (32

Equations(31) and(32) are valid also for anisotropic elastic
media, ifct andc_ are interpreted as the sound velocity for
an elastic wave propagating in tedirection and polarized
along thex andz directions, respectively.

Since typicallyc, ~2ct, one expects roughly twice as
large damping for theg=0 parallel vibration, when com-
pared to that of the perpendicular vibration, assuming that
the resonance frequeney, is the same. In this context we
note that in a recent paper Fuhrmann andlW@resented
experimental data for the damping of perpendicular vibra-
tions in n-alkanes on various surfaces, and compared the
results with the predictioi31) for the damping rate of par-
allel vibrations(only this formula was known to Fuhrman
and Wdl, and they assumed that it is valid also for the per-
pendicular vibrations They found that the theory gave a
factor of 2 larger damping rates than was deduced from the
experiments. If the correct formu(&2) is used, the theory is
in good agreement with the experimergee Sec. Vi

Based on Eq(31) it is easy to estimate the damping of a
localized (isolated adsorbate vibration. The following deri-
vation is of interest not only because of its simplicfs

and (b) perpendicular to the surface. The emitted elastic waves ar6ompared with the derivation of E¢18)], but also because
transverse in cas@) and longitudinal in caséb), and in both cases  Of the physical insight it gives. To estimate the damping of
the waves propagate orthogonal to the surface into the elastic ha#fn isolated adsorbate, note first that for an ordered adsorbate

space.

layer with the Brillouin zone areég,=(2)°n,, only the
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ms= >, K(R—R')sg/—Mw[sg—u;(R,0]+Fg,
q = CL)O/CT R’
\ (33
with
i uy(R0)=2 x(R—R[uy(R",0)~sg]. (39
] R/
: Let us write
gt
! Sr=>, 59, (35)
q
! 1 .
wo g S % se R (36
cT a

whereN is the number of lattice sites. Substituting Eg5)
FIG. 5. (a) The circular dotted are@adiusq=wy/cy) denotes into Egs.(33) and(34) gives
the region of the adsorbate Brillouin zofessumed to be a square
where an adsorbate vibration can decay by emission of one bulk —mwzsq—R(q)sqz _mwg[sq_ul(qyo)]jL Fq, (37
phonon. Foig> wy/ct both energy and momentum cannot be con-
served in a one-phonon emission process, and the damping vawith
ishes.(b) Schematic picture of the damping rate as a functionq of _
used for the estimate of the damping rate of an isolated adsorbate u1(9,0)= x(a)[u1(q,0) —sq] (38
vibration (see text In reality, the damping rate is not constant for
0<g<wg/ct; see Fig. 6. and

collective adsorbate modes with wave vealsr wy/c are X(Q)ZER: x(Rye %, (39
damped via one-phonon emission. The point is that bulk ~

phonons[wave vectork=(q,k,)] with g>wy/ct have the and a corresponding expression fofq). Note that since
energycr(g?+k2)?> w, independent of the value, of the

z component of the(buik) phonon wave vector. Thus only % gitk-aR_N> Sok_q—(2m)2n, >, 8(G+q—k),
for a fractionm(wqy/ct)“/Agz Of the modes in the adsorbate R G G

BZ will the one-phonon decay process be possible; see Fi : : .

5(a). Now, roughly speaking, a localized adsorbate vibratior?(,‘ihl()araeédG (}3; the reciprocal lattice (R}, we get from Egs.
can be obtained by summing over glmodes. If we assume

that all theg modes in the regiog<wy/ct have the same - _

damping as for thej=0 mode[given by Eq.(31)], see Fig. X(@=2 x(q+G), (40
5(b), then the damping of the localized mode becomes ¢

where
1 _ —imw%na< k2 »’kpr )
= =—| d? k)= L
2 2 4 . . 2
Mwgn /c Mw sin(kyL,/2) sin(k,L,/2)
- o'la 7T(C002T) _ 0 , ’ xx > y-y (” mode, (41)
PCt (2m)°n, 4mpcy (kyLx/2) ( yLy/Z)

wheren,=N/A is the number of adsorbates per unit area.

which agrees with Eq18) to within a factor of¢ /2~ 1.6. Combining Eqs(37) and(38) gives

Let us now consider the damping of a collective adsorbate
mode with arbitrary wave vectay. In addition to the(indi-
rech interaction between the adsorbates mediated by the
elastic solid, we assume that there is an adsorbate-adsorbate
interaction which is of nonphononic nature, i.e., one medi°’
ated by the substrate electroffer fixed positions of the
substrate ionsor even a direct interaction resulting from, Fq/m (42)

K w? F
— w?Sq— r(:)sq+ 0 Sg=

. . ; ) . s = = .
e.g., Pauli repulsion. Inelastic helium scattering has shown q — w?—[K(q)/m]+ w3/[1-X(q)]

that such an additional interaction occurs for t@Xx2)

CO overlayer on C{100).%8 In this case Eqs(1) and (10)  Since|y|<1 (see beloy, we can expand 1/(%y)~1+Y.
take the form Next, if we define
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wg=wg 1+ Rex(q)]-K(a)/m (43 :

and

7q(®)=— w5 IMx(9)/ o, (44) 1
then Eq.(42) takes the form

Fq/m .
Sa= 5 . (45)
wq— 0"~ lon,

Thus, the vibrational profile will be an approximate Lorent-
zian, centered atv=w,, and with the full width at half
maximum equal tony(wy). Let us now consider thg=0
limit, which can be probed using, e.g., inelastic helium scat- 4
tering. If, as is usually the cas&> w,/ct for all nonvan-

ishing G (see below, only the G=0 term in Eq.(40) will

contribute to Iny(0). Thus we get

0.0 0.5 1.0
ger/wo

2
Magn § 24
2 (46) !
pCrw 1

Imx(0)=—

SinceK (0)=0, and neglecting the small term R€0) in Eq.

(43), we getwq- g~ wp and thusy,—o~Mmawn,/pcr, which

agrees with the result derived earlier using a much simpler 0 — e}
procedure. The present derivation shows in addition, how- 0.0 0.5 1.0
ever, that in theg=0 limit, the damping isindependent of ger/wo

the size of the adsorbatdset us now briefly discuss how the
dampingz, depends om. We note first that the average of

(q) over the Brillouin zone gives

FIG. 6. The quantitieg)(q) and ¢, (q) are proportional to the
damping of parallel and perpendicular collectiveadsorbate
modes, respectively. See the text for definitions.

i qu}(q)ziJ dqu ;(q+ G) inelastic helium scattering it should be possible to study the
AgzJBz AszJBz G g dependence ofy,; see Sec. VI.
1 Finally, note that
=—| d?q x(q)=x(0), 4
s Fax@-xo, @ . mwgna(e§ o )
ex(0~2 —m— | ==+ 52— =
where the last equality follows by comparing E41) with x(0) &7o pciG | G?  2G2(1-c¥/c))

Eq.(11a and using thafgz= (27)2n,. Thus, if we neglect
the contribution tow, from Rex(q) (this contribution is

usually rather small; see belpvand assume that(q) is
small (usually the case then the average ofy, over the
Brillouin zone is identical to the damping of an isolated
adsorbate calculated at the frequengy. Since the expres- .
sions for the damping of thg=0 collective mode and that Th_e calculations pres_ente_d above can be repeated for per-
for the damping of an isolated adsorbate often give Ver)pend|cular adsorbite vibrations and give exactly the same
different numerical values for the damping, it follows as aresults, except thak(k) now takes the form

corollary thatz, varies strongly withg in the Brillouin zone.
This is in accordance with Fig. 6 where we shoy as a
function of q for both the parallel and perpendicular adsor-
bate vibrations fot,=1,=0. The functions shown ai§(q) ] ) 5
and¢, (q) defined by « sin(kyL/2) sin(kyL/2)
(kLu/2)  (kyL,/2)

SiN(GyLy/2)sin(G,L,/2)]?
(GxL4/2)(G,L,/2)

In most cases this formula gives RE)<1 so thatw,
[see Eq(43)], for q=0, is usually close taw,.

—imojn, w?p,
pct  ctP(k)

x(k)=

(Lmode. (48)
2

w3n
Ng= : a§||(q) (for parallel vibrations,
pCr V. DISORDERED COMMENSURATE ADSORBATE
, LAYERS
mw3n, . o
Lrrs ¢1(q) (for perpendicular vibrations Let us consider a disordered adsorbate layer. Assume that

the adsorbates are randomly distributed on a two-
Since forg=0 these formulas must reduce to Eq31) and dimensional2D) lattice (lattice ga$; see Fig. 7. Lehg=1 if
(32), respectively, we must havg(0)=¢,(0)=1. Using lattice siteR is occupied and zero otherwise. Thus the cov-
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FIG. 7. A lattice gas model of an adsorbate layer.

eragef=(ng), where(- - -) stands for ensemble averaging.
In the present case E(LO) takes the form

ui(R) =2 nrix(R-R)[uy(R)—sg]. (49
R!

Let us now definey, (R) = x(R) for nonvanishingR, while
X+ (0)=0. Thus Eq.(49) takes the form

uz(R)=x(0)[uy(R) —sg]
+ 2 Nrixy (R=R)[Uy(R)—sg/].  (50)
R!

We now calculate the ensemble averageugfR). In the
simplest(mean field approximation equivalent to the aver-
agedT-matrix approximationfATA) used in band structure
calculations for alloybwe simply replaceng—{ng)= 46 in
Eq. (50) to get

us(R)=x(0)[u(R)—sg]+ 60>, xx(R—R")[Us(R)—Sg/]
R!
or

U1(q) = x(0)[uy(a) — Sl + Oxx (D[ us(@) =S4l (5D

where
}*<q>=; X« (R)e71IR

=; x(R)e "9 R—(0)

=x(a)—x(0).
Substituting this into Eq(51) gives

Uy (@)=[(1=0)x(0)+ Ox(a)J[us(a) —S]. (52

Mwgé| Modn,

70~ (1-6) 8’lTpC-|—E+ pcr ' ®3
wheren,= #n andn is the number of binding sites per unit
surface area. The theory above can, if necessary, be im-
proved by using the coherent potential approximatioRA)
instead of the ATA. The first term in E@53) is the incoher-
ent contribution to the damping while the second term,
which depends on the adsorbate coverage, is the coherent
contribution. As an application, consider 3% of a monolayer
of CO on Cy100, which recently has been studied using
inelastic helium atom scatterirtg.The lifetime of the paral-
lel frustrated translation was measured to bel8ps. Using
the observed resonance frequensy~32 cm !, Eq. (53
gives 8 ps, in good agreement with experiment. The contri-
butions from the first and second terms in E§3) are
1/(10.5 ps and 1(29.4 p3, respectively; so in this case the
damping is dominated by the incoherent contribution. In the
calculation we have used the Cu mass densjy
=8936 kg/ni and, for the second term in Ed53), ct
=2899 m/s, which is the sound velocity for a transverse
elastic wave propagating perpendicular to the 00
plane, while in the first term in Eq53) we have used the
“average” transverse sound velocitt= 2270 m/s, since in
this case elastic waves are emitted in all directions and, fur-
thermore, the derivation of the first term in E§3) is based
on the assumption of an isotropic elastic media.

VI. COMPARISON WITH EXPERIMENTS

In this section we present a brief summary of an extensive
set of experiments for a prototype lubricant molecule, oc-
tane, adsorbed on a variety of different materials with
strongly different elastic and electronic properties, ranging
from hard insulator diamond to soft metal lead. The mol-
ecules were adsorbed on the different substrates typically at
temperatures of 180 K by backfilling an ultrahigh-vacuum
chamber with the corresponding g@ee Ref. 18 for details
on the experimenjsin all cases the He-atom angular distri-
butions recorded after deposition indicated the presence of
high-quality, well-ordered adlayers on all the substrates stud-
ied here. The frustrated translational mode of the adsorbed
molecules polarized normal to the surface is located in the
far-infrared regim&7.5 meV or 60 cm?) and has been stud-
ied using inelastic scattering of thermal energy He atoms.
The intrinsic linewidth of this low-energy vibrational mode
can be determined by deconvoluting the experimental time-
of-flight spectra with the known apparatus functi8riThe
perpendicular polarized mode was observed for all sub-
strates. For octane adsorbed on thél@d) surface we could
also detect the mode polarized parallel to the substratae
results for the various adsorbate-substrate combinations are
compiled in Table I, where they are compared to theory
[Egs.(31) and(32), using the mass density and sound veloci-
ties given in Table I). It is clear that the theory is in relative
good agreement with experiment. Also shown in Table | are

This is the same result as derived earlier for the ordereg¢he theoretical results for the damping of isolatediepen-

adsorbate layer except that(q)— (1— 6)x(0)+ dx(q).
Thus, comparing with Eq44) it is immediately clear that
the damping of thegq=0 parallel adsorbate mode in the
present case is given by

den) adsorbate vibrationsy;,q, as given by Eqgs(18) and
(22). This theory is clearly not applicable in the present case
involving the damping of the=0 collective phonon mode

of well-ordered, densely packed overlayers, where emission
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TABLE I. Experimental determine¢kxtracted from a line shape analyssergieso, and dampingy, of
the g=0 collective frustrated translation normal to the surface rtiode, for ordered layers of alkanes
adsorbed on different surfaces. Furthermore, the Arger molecule within the monolayer films is listed. The
values are compared with predictions for the phononic contribution to the lifetime broadening. Also shown is
the theoretically predictedvith L,=L,=0) dampingz;,q for the case of isolatendependentadsorbate
vibrations. All experimental data correspond to values atlthgoint (i.e., q=0) of the surface Brilluoin
zone, with the exception of tHemode of octaned=0.52 A~1) and perdeuterated octane on(CLd) (q

=0.65 A1),
Experiment Theory
System Mode AA?] wg[meV] nolmeV] no[meV]  ming [meV]
Octane/Cu11) i 48.40 7.2 0.45 0.74 2.4
I 48.40 3.0 0.29 0.05 0.07
d-octane/C111) 1 48.40 6.6 0.52 0.74 2.0
I 48.40 2.8 0.19 0.05 0.06
Hexane/C(l1l) 1 47.38 7.0 0.48 0.87 1.7
Nonane/C(l11) 1 62.05 6.6 0.52 0.74 2.0
Decane/C1]) 1 70.3% 6.6 0.52 0.74 2.0
Hexane/PHL11) 1 47.38 6.7 0.34 1.3 (20.9
Octane/PtL11) 1 58.82 6.6 0.26 (1.2 (25.4
d-octane/PHL11) 1 58.82 6.2 0.32 1.1 (22.9
Octane/@111) 1 48.10 7.0 0.38 0.35 0.03
Decane/C11]) 1 70.3% 7.0 0.32 0.36 0.04
Octane/R(0001) 1 58.82 7.3 1.12 0.32 0.32
Octane/Ru(0001)H(X 1) 1 58.82 7.6 0.42 0.35 0.38
CeF14/Cu(111) 1 61.12 2.8 0.63 0.27 0.17
CoF14/Pb(111) 1 61.1% 2.4 0.76 0.47 1.3

8 stimated from the van der Waals radius of the molecule.

of phonons into the substrate is strongly influenced by interof the perpendicular mode have been determined as a func-
ference phenomena, which are taken into account in Egsion of momentum transfer. The corresponding results are
(32) and(32). shown in Fig. 8b), together with a structural model of the

Note that for diamond there is a huge difference betweemctane/C(111) unit cell. Note that for large wave vectors the
the damping ratesy;,q and 7, for independentisolated  damping is not zero as expected from the theory presented in
and collective(high-coveragkg=0 adsorbate vibrations, re- Sec. |V, but remains at a finite value. This behavior is dif-
spectively. This difference is related to the high sound vetferent to that seen for Ar adsorbed on(IAt), where the
locities of diamond. Sinceying is so small for hydrocarbons  jntrinsic line width of the Ar vibration normal to the surface
on diamond, and since;,q is proportional to the solid-fluid dropped to zero for wave vectors larger thee wg/cr
heat transfer coefficientsee Sec. VI, it is clear that in ~0.5 A1 (Ref. 19: see Fig. &). [Compare the experimen-
sliding friction with boundary-lubricated diamond surfaces, 5| gata in Fig. &) with theory, Fig. €a).] This difference
the lubrication film may heat up to very high temperaturesy, 5y pe related to the fact that in the case of octane the
already at low sliding velocitiessee Ref. 2 o transfer of vibrational energy into the parallel motsee

In the case of octane adsorbed on(TCll) the linewidths above may be more important than in the case of(Mhere

- ] the parallel mode could not be observed experimeritly
_ TABLE Il. Mass densitieg and the transverse and longitu- — ajternatively, it is possible that the residual lifetime broad-

dinal ¢, sound velocities for elastic waves propagating perpendlcu-ening of around 0.25 meV in case of octane adsorbed on
lar to the(111) plane(for Cu, Pb, and diamondand perpendicular Cu(111) has to be assigned to the excitationed pairs. In
to the (0009 plane for Ru). case of octane adlayers adsorbed o0ORQ)) this electronic
damping has been observed to dominate the phononic

Material p Lkg/n] Cr [m/s] C [m/s] damping® In fact, x-ray-absorption spectroscof¥AS) re-
Copper 8930 2130 5150 veals that the electronic molecule-substrate coupling, which
Lead 11340 860 2340 is present for octane on RR00J), is also present for octane
Ruthenium 12360 3850 14820 on CU111).2° A third possibility is that the defect density in
Diamond 2260 25990 40080 the octane layers is so large that theonservation breaks

down, leading to @-independent background. However, the
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FIG. 9. For short times< 7* the adsorbates oscillate in phase,
while for t>7* the phases of the oscillators vary randomly with the
5 - lateral position.r* is the dephasing time.
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q [A]] whereAg is the area of the Brillouin zone, and whenes
given by Eq.(18) or (22) for parallel and perpendicular ad-

b) sorbate vibrations, respectively. In genergl, may vary
strongly with g, and depending on the type of experiments

BLE RW performed, very different one-phonon damping rates may re-
LR sult. This point is of crucial importance and has been over-
550 looked in earlier studies. Let us consider the problem in
1 greater detail.
r‘frf .ﬁ‘;" - 500 The damping of low-frequency adsorbate vibrations can
ek |

15

be studied using the inelastic scattering of helium atoms.
1 450 From these studies one can, in principle, directly obtain the
'11.1:*‘: wave-vector-dependent damping (see Sec. VI We note,
YL # ] however, one possible complication in the analysis of the
= | experimental data. If the adsorbate mode under consideration
o SomooL00
o ©

-
o

8

is affected not only by energy relaxation, but also(pyre
dephasing, then the situation can be very complicated. The
point is that if the dephasing rate is of order of, or larger
than, the energy relaxation rate, then even if the oscillators
are excited coherentlgsay, theq=0 mode, before the ex-
cited state has decayed by energy relaxation, the oscillators
Octane/Cu(111) will be (partly) out of phase, which in turn will strongly
4 200 affect the energy relaxation processes; see Fig. 9. In particu-
PP SO lar, in the limiting case where the dephasing is much faster
Lo s than the energy relaxation, the oscillators will have nearly
r CI[A 1 K random phases and the energy relaxation rate should now be
similar to that obtained after averaging, over all wave

FIG. 8. Intrinsic linewidths of the vibration normal to the sur- vectorsg, which is (approximately given by the damping of
face for two different types of adsorbate systems as determined b d; pp 9 y pIng

inelastic He atom scatteringa) Data from Zeppenfel@t al. for an gn isolated adsorbateee above Let us consider this prob-

lem in greater detail.
Ar monolayer adsorbed on ®fL1), measured along thEM sym- S .
metry direction, from Ref. 19. The -mode energy amounts to be- We assume Fhat, as the result ofpairg depha_smg inter
tween 4.8 and 5.1 meMb) Intrinsic linewidths (right scalé and action, the relative phases of the adsorbate oscillators change
frequencieqleft scalg for the L mode of a monolayer of octane SIOletW'tr: tltrf?'e [compfrl]red lto t_the time d?t?egiencethm
adsorbed on Qd11) recorded along th€ K symmetry direction. cos(wgt)]. In this case the elaslic wave emitted from the

adsorbate layer will be of the forrfwe neglect the vector
aspect of the field which is of no interest for what follgws

—L )

g
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high quality of the He-atom and low-energy electron diffrac-
tion (LEED) diffraction patterns recorded for octane ad-
sorbed on C(111) (Ref. 21), and the appreciable size of the uwz
residual damping at large wave vectors, do not favor the R Ix—R|
latter explanation.

gl [kolx—RlI—wgt = ¢r(1)]

=> uge RO (54
R

where the phaség is determined by

VII. DISCUSSION t
Srlt)= fodt'eRa') (55

We have shown above that the dampingof the collec-
tive adsorbate vibrational mode with wave veatodepends
ong, and that the average af, over all the wave vectors in and 6(t) is a stochastic variable wittdr)=0. The fluctu-
the first Brillouin zone gives(approximately the same ating variabled(t) could, e.g., result from anharmonic cou-
damping as experienced of a singisolated adsorbate, i.e., pling between the adsorbate mode under consideration and



PRB 59 LOW-FREQUENCY ADSORBATE VIBRATIONA. . .. 11787

other low-frequency vibrational modésee Ref. § We ne- 2
glect the correlations betweefy, and 6g. for R different
from R’, and take
<0R(t)0Rr(t,)>:aéRRré(t_tl), (56) ,.g ]
wherea is a constant. The radiated intensity is proportional g L
to (Ju|?) where(- - -) denotes averaging over different real- 1
ization of the stochastic variable(which is equivalent to an i
ensemble averageUsing Eq.(54) gives et/ ng = 2
2
. . o t+—+—r"—"7T—T—T— T T
<|U|2>:; lugl?(1—[(e'?)|?) + ; ug| [(e'%)]% 0 5 10 15 20
(57) 7"/ Tind
The cummulant expansion to second order gives FIG. 10. The variation of the energy relaxation timeédue to
_ ) one-phonon emissigrwith the (pure dephasing time™. 7,4 and
(e =(1+ip— P2+ . . )~e (¥ Teo1 denote the energy relaxation time for an isolaiedependent

adsorbate vibration and for an ordered layer of coherent oscillating
(g=0 mode adsorbates. In the calculation we have assumed that
Teoll= 2 Ting -

where we have used tha$)=0. Now, since

t
<¢2(t)>=f dt’dt"(6(t")6(t")) =at,

0 clear that for the ordered(2x2)CO layer on C(00) (6
Eq. (57) gives the following expression for the radiated in- =0.5), the dephasing will change the nature of the energy
tensity: relaxation from being coherent at low temperature to inco-

herent at “high” (say, T=150 K) temperatures. It would be
I =ling(1—e ™) +1 e V", (58) interesting to perform a detailed theoretical and experimental

study of this system.

There is a second very important class of problems where
all the phonon modes in the overlayer are involved. For ex-
ample, experiments have been performed on adsorbates on
metal surfaces where an ultrashort laser pulse first excites the

fwg f electron “gas” at the metal surface, and where “hot” elec-
ling=—— and looy=—, tron plasma interacts with the adsorbed molecules and ex-
Tind Teoll cites low-frequency adsorbate vibrations. In this case the cor-

where 1f,,4 is the damping rate for independent oscillatorsrect picture_ is _probably to visualize the excitation to occur in
as given by Eq(18) or (22), while 1/r is the damping rate @ stochastic, incoherent way, and one theref_ore expects all
for the g=0 mode of the collective system of oscillators as the d-phonon modes to be equally excited. This problem has

given by Eq.(31) or (32). The energy relaxation time can ~ usually _been treated as a local “heating” problem as
be obtained from the requirement follows:?>2if both electrons and phonons contribute to the

damping of the adsorbate vibrational mode so that the effec-
T tive damping 7= nent 77pn, and if the temperature of the
Jodt I(t)=frwo. (59 phonon systemT,) and of the electron systeni{) are
different(as is typically the case after exposing the system to
Using Egs.(58) and (59) gives after some simplifications  a laser pulsg then it can be shown that within a local picture
1 1 of (incoherent adsorbate-substrate energy transfer the aver-

——)(1—e7’7*). age occupatiom of a low-frequency adsorbate mode will
Teoll  Tind obey the equation

where 7 = 1/a is the (pure dephasing timel;,q is the emit-
ted intensity forindependentisolated oscillators, and
the emitted intensity for thej=0 mode of thecollective
system of oscillators. We can write

r
1=—+7*
Tind

Figure 10 shows+/7,qy as a function of /7,y for

Teon! Ting= 2. Note that, as expected,varies smoothly be- n_ — — ,
tween 7,4 for short dephasing times and., for long H_”e'{ne(t)_n]+”Ph[nph(t)_n]' (54)
dephasing times. We note that dephasing may result from

anharmonic coupling between the frustrated translationalvhere Ne=[expfwg/kgTe—1]1 and Nph

modes and thermally excited phonons, or by interaction with=[exp{f wq/kgT 1) — 1]~* are the Bose-Einstein factors for
thermally excited electron-hole pairs. If a nonzero gas presthe electron and phonon systems, respectively, which depend
sure occurs, then a collision between the gas atoms and tlom time via the electron and phonon temperatirgs) and
adsorbates will also give rise to dephasing. Experiments b¥ (t), respectively. In Eq(54') one must interprety,, as
Grahamet al. have shown that dephasing is very importantthe average damping, which is approximately given by the
for the CO/Cy100 adsorbate system, where, at low adsor-damping of an isolated adsorbate. This point was overlooked
bate coverage, the linewidttor damping of the parallel in a recent paper by Lewigt al,'® where the phononic
frustrated translation ¢§o~32 cm !) increases from 0.7 damping of the parallel frustrated translational mode for CO
cm ! at zero temperature to 1.6 crhat T=150 K7 Itis  on Cu100 [c(2X2)CO overlaye}, as deduced from ex-
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perimental data of the type described above, was compared v b
with the dampingn, evaluated forg=0.

More generally, whenever the excitation of the low-
frequency modes occurs incoherently, one expects the rel-
evant damping to be well approximated by the averayer
the first Brillouin zone which, as shown above, {gpproxi-
mately) identical to the damping of a singlesolated adsor-
bate. This should also be the relevant damping when consid- FIG. 11. An adsorbate bilayer sliding on a surface. Two pro-
ering problems such as the solid-fluid heat trarfsterthe  cesses contribute to the friction force acting on the bilayer. In
dephasing of high-frequency modes by low-frequency mode&).(b) a direct process occurs where the translational kinetic energy
(e.g., dephasing of the C-O stretch vibration by thermal exOf the bilayer is directly transfer_red to the substrate via exgitation of
citation of the low-frequency frustrated translational modes (& low-energy electron-hole pairs dp) phonons. Process) is an

We note that the original theosryvas developed with exactly indirect process where the corrugated substrate potential first ex-
these types of applications in mind cites vibrations in the bilayer, which are damped via proce&ses

and (b).

VIil. INCOMMENSURATE SLIDING LAYER constanta, wherea/b is an irrational numbey and introduce

It has recently been showhthat incommensurate layers & coordinate system with the axis along one side of the
of physisorbed atoms and molecules can slide on smootiurface unit cell. We assume that the overlayer slides ixthe
metal surfaces, even when the external driving fofjoer direction, and that an atom in the sliding layer experiences a
adsorbatgis extremely smallof order 10°8 eV/A ). This corrugated substrate potential which we assume is of the
implies that there is néor negligible pinning by the corru-  form (ko=27/a) (see Fig. 11
gated substrate potential. As shown by Aubhghis is the B
case only if amplitude @ of the lateral corrugation of the U(x)=Ugl cosgtkox) + cogtkoy)], (60

adsorbate-substrate interaction potential is smaller than agy that the adsorbate-substrate force inthk&ection will be

effective elastic energy’ associated with the incommensu- =k U, sin(k,x). Let us write the position vector of an
rate solid laye(see, e.g., Ref.)2Thus, there are two distinct agsorbate in the sliding layer as

types of incommensurate configurations, a pinned state for
“small” £/2U, and a unpinned state for “large£/2U,, and R=(nb+vt,nb)=nb+wvt, (61
the transition between thefas a function of€/2U) is as- )
sociated with a novel type of continuous phase transitioWhere n=(ny,n,) (n, and n, are integers and v=(v,0).
which has been termed “the breaking of analytici§'In The surfape strese 3 the sliding layer will exert on the
contrast to the periodic substrate potential, one can show thgtbstrate is given by
randomly distributed point defectsalways gives rise to
pinning,z but we will assume a perfect surface in the follow- . — y > sinfko(nyb+vt)]8(x—n,b—wvt) S(y—nyb)
ing discussion. n

Assume that no pinning occurs. In this case the friction

force which acts on the sliding layer from the substrate is  _y y,1m > ekomd*0 5(x—n b—wvt)S(y—n,b)
proportional to the sliding velocity (for smallv); i.e., the n y
friction force per adsorbate has the formmyv. There are koUo

three fundamental contributions tp (see Ref. 25 namely, =472 Im f dzkE

from the direct transfer of kinetic energy from the center-of- "

mass motion of the layer to the substrate via excitatio(@of 5 @iko(nyb+08) giTky(X—Nyb—vt) +ky (y—nyb)]
low-energy electron hole pafsand (b) phonons, andc)
from the excitation of phononis the sliding filmwhich later
(perhaps after thermalization of the energy in the overlayer
is transferred to the substrate via procé®sor (b); see Fig.
11. It has been shown that processasand (c) are very (62

important, while it has been argued that procé8ss unim-  \yhere w = (k,—ko)v. It is clear that this surface stress will

portant, mainly because for an incommensurate layer ongenerate a displacement field in the bulk of the solid which is
expects destructive interference of the elastic waves emitted s,m of a longitudinal and a transverse part of the form

into the substrate. The aim of this section is to show that this

~ Imfdzk gk x=o0D 5(ky—ko— Gy) 8(ky—Gy),
G

is indeed the case. _

Let us assume that the nearest-neighbor adsorbate- u~> J d?k A(k)e'tkxtpzmet
adsorbate interaction energy is much stronger than the lateral ©
corrugation of the substrate potential and that the adsorbate X 8(ky—ko—Gy) 8(ky—Gy),

layer forms an incommensurate structure which, for simplic-

ity, we take to be a square structufattice constanb) (the =~ Where

basic result found below does not depend on this assumption ) 1
or on any of the other assumptions made beloissume :(‘*’ —k2)
that the surface unit cell of the substrate is a squilattice P c?
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andc denotes the transverse or longitudinal sound velocity. IX. ROLE OF THE ELECTRONIC FRICTION

Thus,
u In a recent paper Dayo, Alnasrallah and Khimeport on

measurements of the friction force on a thin6 monolayer

U~ A(ko+ Gy ,Gy)e! kot SxriGy=lplz=iot = (g3)  (ML)] film of nitrogen molecules adsorbed on a lead film.

G They observed an abrupt drop of the friction force when
cooling the lead film below its superconducting temperature
T.~5 K. This indicates clearly the importance of the elec-
tronic contribution to friction.

(wz )2 G2)1/2 In most experimental investigations on the damping of
p= Yy

where w=G,v, and where we have used that, ioc, in
generallky+ G,|>|G,|v/c, so that

=| — —(Kg+ Gy low-frequency adsorbate vibrations reported so far, the
¢ phononic damping dominatesee Sec. )l For example,
2\ 12 this seems to be the case for noble-gas adlayers on%&iber
=i| (ko+Gy)?+GJ— ?) =ilpl. (64  well as for alkanes adsorbed on a lead surfddeecently,
however, it has been demonstrated that for a special

Thus, the displacement field decays exponentially into th&ystem—saturated hydrocarbons adsorbed on a clean
substrate; i.e., no energy is radiated into the substrate. Phy$Ru(0001) surface—damping vialectron-holepair creation
cally, this result is caused by destructive interference of thelominates over phononic dampingrurthermore, as dis-
elastic waves excited by the sliding film. Note, however, thatcussed above, the phononic friction is strongly suppressed
the substrate atoms perform oscillations in the surface regiofor incommensuratadsorbate layers.
of the solid, and if one were to introduce a damping term in  The experimental observatibhthat the sliding friction
the equation of motion for the elastic media, then energyfor incommensurate Noverlayers on lead varies upon tran-
would be transferred from the sliding layer to the substratesition of the substrate to the superconducting state confirms
However, in most cases the damping of the elastic waves igredictions about the importance of electronic frictfdrit
very weak, and can be neglected. If the conditikg+ G, | but the abruptness of the change in the friction with tempera-
<|Gylv/c is satisfied for at least or®, , then energy will be ture is entirely unexpected. Since the transition to the super-
radiated into the elastic half-space from the sliding layer, andonducting state is a continuous phase transition, one would
a friction force will act on the sliding layer. However, in the expect a continuous change in the electronic fricffofthe
measurements by Dayo, Alnasrallah, and Kfimy observed results urgently call for a theoretical interpretation.
~1 cm/s, and since typicallg~1000 m/s, it follows that Such an analysis, however, requires precise knowledge of the
v/c~10"°. It is therefore extremely unlikely that, for an nitrogen-substrate interface.
incommensurate sliding layer, the conditiofkg+ G| According to the experimental description provided by
<|Gylv/c will be satisfied for anyG,. On the other hand, Dayo, Alnasrallah, and Krim the lead substrates were pre-
for a commensurate sliding laykg= G, for oneG,, andthe pared by evaporatioex situ before installing them in the
static and kinetic friction would be nonvanishing. This lim- crystal microbalance apparatus after exposing to air for about
iting case was studied in Sec. IV. 10 min. No surface-analytical tools were applied and the
Finally, we note that proces€) above is a much more exact topography and cleanliness of the substrate surface are
important friction channel than proce@s. Nevertheless, for thus unknown. Here, we demonstrate that lead samples pre-
a perfect systentno lattice imperfections or lattice anharmo- pared according to their prescription are covered by a lead
nicity) channel(c) will not give rise to any energy dissipa- oxide/hydrocarbon adlayer of about 15 A thickness. This nu-
tion either. Thus, during sliding the atoms in the overlayermeric value is obtained by quantitatively analyzing the x-ray
film will perform oscillations(around the lattice sites in the photoelectron spectroscop}PS) data.
moving reference framédnduced by the interaction with the The present experiment was performed in a Leybold
substrate, but in the absence of phonon-damping processbB\X200 based UHV surface analysis apparatus. The instru-
no net energy transfer away from the center-of-mass motioment is equipped with a load-lock system which allows the
is possible(the phonons excited in the sliding film are vir- introduction of samples from the ambient into the UHV
tual). However, because of lattice imperfections and anharanalysis chambeibase pressure 18° mbar). The polycrys-
monicity in the sliding layer, an¢for metals because of the talline Pb samplg99.999% which had been mechanically
electronic damping channé) (which damps the lattice vi- polished was cleaned in UHV by Arsputtering until no
brations in the overlaygr the “virtual” phonons can be- contaminations were visible in the XP specfisee Fig.
come “real,” in which case the coupling channg) will 12(a)]. As shown in Fig. 1&b) the XP spectra reveal signifi-
give a nonvanishing contribution to the sliding friction. This cant changes after exposing the sample to air for 10 min and
contribution is much larger than that from procedy, transferring it back into the analytic chamber: the Pig,4
mainly because the overlay@usually Xe, Kr, or N) films  line is found to be attenuated to 60% of its original value and
are elastically much softer than the substriaee Ref. 26 additionally O Is and C Is signals are observed. The oxygen
Indeed, computer simulatioftsindicate that processc) line indicates the formation of PbO, while the G &ignal
dominates the sliding friction for uncompressed incommen+evealed the presence of a weakly adsorbed hydrocarbon
surate (IC) adsorbate layers, while the electronic friction overlayer. The latter phenomenon is routinely observed
channel(a) may dominate for compressed IC monolay&rs. when exposing metal substrai@sg., Au to air and is due to
This conclusion is supported by recent measurements on sthe adsorption of saturated and unsaturated long-chain
perconducting leadf hydrocarbong® Using a mean free electron path of about
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25 sion relation of the bulk phonor{g/hich usually is the case if
20| Pb a) 0<0.3w.), then the phononic damping can be calculated
Pb Pb Pb Pb |4f: accurately using the elastic continuum model. For an isolated
1 ap, et 4, adsorbate such a calculation was performed in Ref. 6 while
10 L ordered structures were considered in Refs. 7-10. In this
'g_' 5| gg paper we have extended the earlier studies by consid&jng
Gl : the influence of the size of the adsorbates on the decay rate,
mg s — (b) the role of additional adsorbate-adsorbate interactions,
‘S 30 L b) and(c) a discussion of how the phononic friction influences
Rl Hycrocarbons (13 A) different surface processes. We have found the following.
§ (a) The size of the adsorbates is important for a “large”
E 20 adsorbate, where the lateral extent of the molecules in at
15 L = least one spatial direction is larger thep/wq. This is the
10 L O1s case for many hydrocarborte.g., hydrocarbons used as lu-
Cis bricantg, some of which have recently been studied using
St inelastic helium scattering. The size of the adsorbate is not
SN IR B : important(even for very large moleculgfor the damping of

(03 IS MR
700 600 500 400 300 200 100 O the g=0 collective mode of ordered adsorbate structures
Binding Energy [eV] (with small enough lattice constant
(b) The damping of low-frequency adsorbate vibrations in
ordered adsorbate layers is not influenced by any additional
nonphononig¢ coupling between the adsorbates. The renor-
malized resonance frequency which enters in the formula for
the damping rate of thg= 0 collective phonon mode ha®
25 A , avalue commonly used for organic overlay&tghe contribution from the additional lateral interaction. Since the
attenuation of the Pbf4,, signal corresponds to a total thick- lateral interaction does not influence the resonance frequency
ness for the PbO/hydrocarbon adlayer 6fA . Taking into  ©f the =0 phonon mode, this is the correct resonance fre-
account the atomic sensitivity factors of the XPS lifitaie  gquency to be used in the expression for the adsorbate damp-
estimate from the relative ratio of the G 1o O 1s signala  ing.
thickness ratio of the PbO to the hydrocarbon adlayer of 1:6. () Some experiments such as inelastic helium scattering
The corresponding interface structure is shown schematicallgr electron energy loss spectroscopy can, if the resolution is
in the inset of Fig. 12. high enough, be used to probe the line width of low-
Thus we conclude that the,Midsorption experiments re- frequency adsorbate vibrations. If the measurements are per-
ported by Dayo, Alnasrallah, and Krim were conducted on dormed on ordered layers and resolvedjispace, the com-
lead/lead-oxide/hydrocarbon composite system, which needzarison with theory is simple and straightforward, at least if
to be considered when attempting to theoretically interprethe energy relaxation rate is much faster than there
their data. Recently, Persson and To3apointed out that dephasing ratésee above However, in many applications
the present theory of friction fails to explain their observa-the collective phonon modes are excited incoherently, e.g., in
tion and thus the abrupt jump in the friction remains puz-experiments involving surface heating with ultrashort laser
zling. They suggested that the presence of structural defecgilses, in the heat transfer between a fluid and a solid, or in
on the lead surface may strongly influence the experimentdahe dephasing of high-frequency adsorbate modes by anhar-
results. Here we demonstrate that a more important effect hamonic coupling to thermally excited low-frequency adsor-
to be considered, namely, a significant contamination of thdate modes, and in these cases the situation is less clear. In
surfaces studied with hydrocarbons. Therefore, in order tenost of these latter cases it should, however, be a good ap-
study in detail the influence of superconductivity on friction, proximation to use the phonon damping averaged over the
it would be highly desirable to record comparable data for avhole adsorbate Brillouin zone, which we have shown to be
well-defined N layer (or another well-defined molecular (approximately equal to the damping experienced by a
layen adsorbed on a clean structually well-defined lead subsingle (isolated adsorbate.
strate, since only in this case the route for a theoretical analy- We have presented very simple derivations of the damp-

FIG. 12. X-ray photoelectron spectra @) a clean Pb sample
and(b) the same sample after exposure to air for 10 min. The inse
shows a model of the interface deduced from the relative ratio of
1s to O 1s signals and the attenuation of the P4 signal.

sis is straightforward. ing of theq=0 mode of ordered adsorbate layers in terms of
a model based on a uniforfin space oscillating (in time)
X. SUMMARY AND CONCLUSIONS surface stress which emits longitudirtfdr perpendicular ad-

sorbate vibrationsor transverséfor parallel adsorbate vibra-

We have presented a study of the damping of low-tions) bulk phonons which propagate perpendicular to the
frequency adsorbate vibrational modes. When the resonansgirface into the solid. We have also briefly discussed the
frequency wy of an adsorbate mode is below the highestdamping of adsorbate vibrations in disordered adsorbate lay-
phonon frequencyo. of the substrate, it forms a resonance ers and the sliding of incommensurate layers; in the latter
state in the bulk phonon continuum with a contribution to thecase, because of destructive interference of the emitted elas-
width coming from the decay by excitation of one btk  tic waves, there is no damping derived from phonon excita-
surface phonon. Ifwg falls in the linear part of the disper- tion in the substrate.
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