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Ohmic damping of center-of-mass oscillations of a molecular monolayer
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The electrostatic moments on the atoms or molecules of a monolayer solid are the source of an electric field
with spatial variation determined by the reciprocal-lattice vectors of the monolayer. Center-of-mass oscillations
of the monolayer generate an oscillating electric field in a metallic substrate. The contribution of the resulting
Ohmic loss to the damping of the oscillation on a normal metal is evaluated for adsorption dipole moments,
with parameters for Xe/Ad.11), and for the molecular quadrupole moments in a monolayer herringbone
lattice, with parameters for NPb and N/Ag(111). The analysis is very similar to the theory of the anoma-
lous skin effect: the anomalous response arises because the spatial length scale of the driving field is small
compared to the mean free path of electrons in the normal metal.

[. INTRODUCTION of the normal metal and of the need for improved structural
determinations of the monolayer solids in the sliding friction
In a recent experimehthere was an abrupt reduction of experiments.
the sliding friction of a monolayer of nitrogen adsorbed on

lead as the lead became superconducting. This was inter- Il. OHMIC LOSS CALCULATION
preted as clear evidence for the role of an electronic dissipa- o
tion channel in the friction. Although that interpretation has A. Simplifying features

been challengeti,* recent modeling ' has shown how the Some simplifying features of the )MPb system enable
Ohmic heating in the substrate might be sharply reduceduite compact forms for the Ohmic loss to be obtained.
even for temperatures only slightly below the superconductThere are parameter combinations which are either very
ing transition. A related experimental observatias that  large or very small. While the values given here are specific
there was no sharp reduction of the sliding friction at theto N,/Pb, the magnitudes are expected to be similar for sev-
superconducting transition for thin films of neon on the leaderal other adsorbate and substrate combinations.
although interpretation of the neon data was complicated by The conductivity measured on the 1500-A-thick Pb film
effects of migration of neon in the experimental cell. in the quartz-crystal microbalance experimenits o=3

At low temperatureS, the molecular axes in incommensu-xX 1018 Sﬁl near 10 K. Then the collision time is estimated to
rate monolayer nitrogen solids are believed to form an oribe 7e=9x10"*s and the mean free path of electrons at the
entationally ordered herringbone lattfbgjith a net electro- Fermi energy to bé=1600 A. The 8-Mhz oscillator fre-
static field arising from the molecular quadrupole momentsduency gives7.<5x10 ° so that inertial terms may be
On the other hand, the adsorption-induced dipole moment@glected in the kinetic equation. The driving figftisom
on light inert gas atoms have thus far been undetectably‘? adsorbate electric moments.have wave numbers deter-
small*1° Thus, the difference in the observations foyahd ~ Mined by the monolayer reciprocal-lattice vectors,
Ne may be related to differences in the electrostatic ﬁeld%2 A™%, so that the comb|nat|.oﬁzg'l=3'><103 s large.
arising from the two adsorbates. The purpose of the prese owever (Sec. 11B), the effective shielding parameter
paper is to calculate the Ohmic loss in a normal metal driven

=370,/QZ remains largégreater than 19).
N . . With neglect of the inertial term in the kinetic equation,
by center-of-mass oscillations of a monolayer lattice of static

moments. While the corresponding result for dilute adsor{N€ €lectric fielde and the current density are both diver-

bates has been available for some tirhéhe calculation for 9€nceless fields,
the monolayer involves a new analysis similar to the calcu-

lations of the anomalous skin effeéét.The distinction be- V-E=0, (2.1
tween the calculation of dissipation for a localized driving
and a distributed coherent driving arises &fsdn evaluating v.i=0 2.2

the damping of monolayer vibrational modes by creation of
substrate phonons.
The organization of this paper is as follows. Section Il B. Electrodynamics

presents the Ohmic loss calculation for center-of-mass oscil- Let th | be at dicular distancef
lations of a monolayer solid, with details of the Boltzmann etn€ monolayer be at a perpendicular distahgeirom

equation theory relegated to Appendix A. Section Il pre-the planar boundary of the metalz+ 0, and choose a Car-

sents the results of app”cations to )(e(,gg]_)7 N2/Pb, and t8§ian Coordi-nate System WI&'I di.rec-ted into an |nf|n|t6|y
NZ/Ag(lll) In Sec. |V' Conc|uding remarkS, there iS a dis_th|Ck metal ﬂlm The eleCtl’OStatIC f|e|d fr0m a monolayel’
cussion of the assumptions in the electrodynamic treatmerattice of electrostatic moments &= — L, has a lateralr)
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variation given in terms of the vectors of the monolayer re- Under the assumption that a fractiprf 1— p] of the con-

ciprocal lattice. Thez component ofE can be written, with ~ duction electrons are speculaflgiffusely] reflected at the

(jaé 0 z=0 interface, the analysis in the Appendix gives, in leading
' approximation,

E,(r,z)=>, E(g,z)exp(ig-r), (2.3 - a 30o(1—p)
4F.2)= 2 E@.2exi1g R
while the parallel components, satisfying Eg.1), are (2.10
and
E”(F,z)=z [19/g%]exp(1g-1)IE(g,2)/dz.  (2.4) 2
’ == 0€l=o+- (2.1
The corresponding decomposition fgr has amplitudes
J(g,2); the parallel components gfare given in analogy to Then the power per unit area is
Eq. (2.4).
Specifically, the incident field at the metal from the 2-in og, - )
herringbone monolayer lattice of quadrupoles has 77=2§K: > E|5(g,0+,KQ)| : (2.12
g
2
o 770 N N . . . . . .
E(0,2)= — —exp —q[z—2Z exn —1a- s The final step is to satisfy the continuity requirements for
(9.2) ac =l °]),621 =19-pp)19 1] the incident, reflected, and transmitted fieldza0 and thus

(2.5 to express the field in the metal in terms of the incident field

constructed from Eq€2.5 and(2.6),
where 6 is the molecular quadrupole momeat, is the area as29 29

of the two-molecule unit cell, and the sum is over basis mol-

ecules at positiong; and with unit vectord , for the mo- E07) =80 )7k Ne=3maoo(1-p)/[Qgl].
lecular axis. The corresponding expression for the field com- 9 (2.13
ponent for a triangular lattice of dipolgs oriented along '
—7Z s, with a.= J3L2/2, The resulting expression for the power is, after using Neu-
mann’s addition theorem to sum the harmonics,
- 2mgu
E(9,2)=———exn—g[z—z)). (2.6 Ty, - -
i P23 JSHEQGOIFGAN (214
g g

If there are driven lateral oscillations of the monolayer as
a whole, with angular frequend§ and vector amplitud&, In Eq..(2.'14) many parameters of the a_dsorbate and substrat_e
the field from the oscillating monolayer is constructed by thecompination, such as the electrostatic moments and static
replacement conductivity, enter as factors and the summation ayes

rapidly convergent.
exp(1g-r)—exd1g- (r—AcosQt)] 2.7
Ill. APPLICATIONS

in Egs.(2.3) and(2.4). The time dependence thus is a sum of
harmonics =K@, with Bessel function coefficients  The power loss can be characterized by a decay tjme
JK(Q-A), and the solution foE(é,z) is constructed from the for the energy of the oscillating monolayer. For the algebra-

. . - . ically simpler case of a monatomic triangular lattice of di-
Fourier amplitudest(g,z,w). These amplitudes are deter- y b 9

X ) . i oles, with one atom of madd in the unit cell of area,,
mined by solving the Faraday-Ampere equation, omitting th he decay of the oscillator energy is
displacement current,

2
N2
iz 9

using a similar notation for the Fourier amplitude of the cur-
rent density. The solution of Eq2.9) is treated in the Ap-
pendix.

The power dissipated in the metal is the volume integral 1 dA? 2,2
of f E and can be reduced using E8.1), (2.2), and(2.8). hy=————= __r E g*exp(—2gL,,).
The time-averaged power per unit area is A dt 3Macoo(1-p) 9 (32

d1
14Tw — —MQ?A%=—3a_P. (3.1

E==—71, (2.9 dt 2

Using Eq.(2.6) in Eqg. (2.14 and the sixfold rotation sym-
metry of the lattice for one further reduction, the decay time
can be evaluated from

0E  IE*

1
PR Rl

(2.9 Because of the symmetry of the triangular lattitgjs the

9Z || ,_g+ same for all orientations oA relative to the adlayer axes.
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For the herringbone lattice with two identical molecules, 10000 pF————7——— T T 71—
each of masM and quadrupole momeut in the unit cell of :
areaa., the decay time depends on the axis of the oscillation

A and is written

0l 1000

1htg(A)=
where the structural properties of the lattice are contained in t(ns)
the sum

100

R 1 - . ;

S(A)=—2 (g-A)?exp(—2gL,)
€9

2 2 L
x| 2 exp—1g-pp)lg-T50% . (34 10

5=1

Some typical magnitudes for the moments demonstrate
why the quadrupole moment of,Ns so significant® Mo-
lecular quadrupole moments are on the scale of 1 ;
X 1026 esu cm while a large adsorption dipole moment, as [ S SR EPE S S
for xenon strongly bound to some metals, is on the scale of 15 20 25 3.0 3.5
0.5 debye=0.5x10" 8 esu cm. Thus, becausp~2 A1, L(A)
the quadrupole factorg{)? for molecules is much larger . o o
than w2 for most adatoms. The numerical estimates here FIG. 1. Ohmic damping timé, for the oscillating N/Pb mono-
show the Ohmic damping is larger for,kPb than for Xe/ 'ayer solid. The decay timén ns defined by Eq(3.3) of the textis
Ag(111). The electrostatic effects for Ne/Pb should be mucHP!otted as a function of the distants, (in A) from the monolayer
smaller than those for NPb. to the electrodynamic edge of the metal for orientations of the os-

As an example of the dipole moment case. consider thcillation amplitude parallel to the long,) and short () sides of
. P P . ’ (tahe herringbone unit cell. Parameters of the calculation are given in
Ohmic loss for a monolayer solid of Xe/Afll) at 77 K.

- . : Sec. lll. The overlayer height expected from calculations for
The ) Xe/Ag{l:&g.)lﬁ solid 'Sf yery well-characterized N,/Ag(111) isL,,=2.0 A. The slip time measured for,Non nor-
experimentally*>*® and a slip time of~2 ns has been 31 pp near 10 K isRef. 1) t~10 ns.

measuret! in sliding friction experiments at 77 K. The static

conductivity of bulk Ag at 77 K issg=~3Xx10'®s™*, giving  spacing comparable to the smallest spacings observed
a collision time 7,=2x10"**s and a mean free path in experiment® on N,/Ag(111) at temperatures above
=2800 A. For a triangular lattice with nearest-neighborosg k [L,=7.19A,L,=415A,L,,=2.0 A, andy=0.84
spacing 4.40 A, the leading reciprocal-lattice vector hasadiar|. For both cases the overlayer heightlis, = 2.0 A.
magnitudeg=1.65 A~* so thatZ=4600. The dipole mo- Finally, the choicep=0 is made, as for the Xe/Agll)
ment per atom in the monolayer solid9s.=0.2 debye, estimate. To estimate the decay time for Ohmic damping of
reflecting large depolarization effects. The meastired the ordered layer, the conductivityof silver at 20 K, oy
Xe-Ag spacing correspontfsto L,,=2.0 A. Then, withp  ~2x10%° s, is used. The average &f along thex andy
=0, the estimated decay time for the Ohmic loss mEChanisrﬂirections then is 6 ns. The on]y measurem&nié the S||p
is ty=200 ns, about 0times the observed slip time. Thus times of N, monolayers on noble metals are at 77 K for a
this is not an important loss mechanism for the Xe/#4d) ~ monolayer state which is orientationally disordered and may
sliding friction. be a liquid. There, the slip time is approximately 3 ns. That
The incommensurate monolayep Bolid on Ag11l) was s, the time scale from the Ohmic damping calculation is
showrt® to be a physically adsorbed system, although hercomparable to experimental data for, kaken under very
ringbone ordering was not observed at the temperatures efifferent conditions, suggesting this is a process to be con-
the experiments. Calculatichimdicate the ordering tempera- sidered in extensions of those experiments.
ture is approximately 20 K, using an effectfeuadrupole There are no structural measurements for the/ P
moment of the molecule of=—1.17<10"** esu cm. The  monolayer, so the structural parameters for estimating the
herringbone unit cell is rectangularxx L,y and the unit Ohmic loss rate of B/Pb are taken to be those of the

vectors of the molecular axes are denotectosyx=sinyy. ~ N2/Ag(111) system just discussed. The resultstfgior the
Two cases of the WAg(111) monolayer herringbone solid first of these cases, with=0 and the minimum free energy
at very low temperatures, taken from the modelStructure at10K, are shown in Fig. 1 for a range of values of
calculations are treated here: the zero-spreading-pressure,, and for two orientations of, alongx and alongy. For
lattice which minimizes the free energy of the Mg(111) L, in 1.6-3.0 A, the values df, for the two orientations
modef at 10 K[L,;=7.14 A, L,=4.50 A, L,,=2.0 A, and  differ by less than a factor of 2. The compressed structure
x=0.96 radian] and a lattice with a triangular arrange-gives very similar results to those shown in the figure. The
ment of the molecular centers of mass and nearest-neighbéor the N,/Ag(111) model are obtained by dividing the
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times shown in Fig. 1 by a factor 1.7. ACKNOWLEDGMENTS
It is noteworthy that for values oE,, near the value
2.0 A used for N/Ag(111) the decay times are in the range
2—20 ns and thus are in the range of slip times obsérfaed
the N, /Pb monolayer at about 10 K where the metal is nor-
mal. The damping is much reduced, andis much larger,
for larger N-metal distances. In particular, if there were a
3-A insulating oxide layer in the N'Pb experiment$? the
Ohmic damping time in the normal metal would be longer  The semiclassical relaxation-time Boltzmann equation for

than 300 ns and hence would be a negligible contribution tqy o yistribution functiorF (F,u,t) of charges- |e| moving in
the effective slip time measured in the experiments. e >
an electric fieldE is
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APPENDIX: KINETIC THEORY

M vis E/m].y f=_ 0 Al
T JelEm) V= Ay

IV. CONCLUDING REMARKS

Although the evaluation of the Ohmic damping has used
simplifying approximations to a complex electrodynamicwhere fo denotes the equilibrium distribution. This paper
problem, the role of this mechanism in frictional losses carireats the case of a degenerate Fermi(gas temperaturels
be confirmed by comparative studies of adsorbates withvith spherical Fermi surface and isotropic scattering time
qualitatively different electrostatic moments. Molecular ni- 7.. More complex geometries are included in the theory of
trogen has some advantages relative to inert-gas adsorbatéé anomalous skin effetf.
because the quadrupole moment of thechin be treated asa  As it stands, Eq(A1) assures that the equation of conti-
source external to the metal, while the spatial structure of th@uity for charge and current density is satisfied. However,
adsorption-induced dipole moments on xenon is still notthe time-derivative term is omitted here, becausg<1, so
known. Thermal effects on the ordering of the Moment that the driven currents are divergenceless and satisfy Eq.
may provide qualitative tests. The,Nhonolayer at 10 K is  (2.2.
believed to be quite well ordered and the effect of the mean- The equation is linearized according to
square librations of the molecular axes on the net electro-
static field could be evaluated with an extension of methods f=fo—[—lelopmcW]ofo/ e, (A2)
used” for N, on graphite. A larger effect is the great reduc- wheree denotes the single-partial enerdy,is approximated
tion of the effective electric field for the orientationally dis- as a unit step at the Fermi energy, andis the speed of
ordered N monolayer above the plastic-crystal phase transielectrons at the Fermi energy. Then the current density is
tion expectefito be near 20 K. given in terms of an integral over the solid angle of the
In the Appendix the continuum description of the metal Fermi surface by
response is applied close to plausible limits of validity, using
wave vectors of the same magnitude as the Fermi wave num- . - KT - -
ber of the metal and assuming a sharp electrodynamic 1(F0= EJ dONQ)¥(Q,r.1), go=nere/m,
boundary. The present theory does not determine the fraction (A3)
p of conduction electrons specularly reflected at the surface. _ . . .
Although it was taken to bp=0, values in the range 0-0.5 Wheren is the number density and, is the static long-
would not disrupt the estimates of this paper. An improved""a‘\’e'er‘_gth c_onductlwty of the metgl. . .
treatment of the substrate electrodynamics, including an ac- The linearized Boltzmann eq“a}'B” is, for the amplitudes
count of the surface scattering, will be necessary if compariwith space and time variation effg-r—ot)] and mean free
sons more detailed than orders of magnitude are to be giveRathl =ve7,
The fact that the conduction electron mean free path is close
to the metal film thicknes$ does not seem to be a serious
complication in the present analysis, and this might be con-
firmed in a more complete theory. g€
Thin physisorbed layers of small closed-shell molecules = c0s0E(g,2)— (1/g)sin 0 cosp —, (A4)
and inert-gas atoms are quite promising subjects for funda- Jz
ment'al studies of sliding f'riction, but quantitative modeling'im1ere the reference axes of the spherical polar coordinates,
requires much more detailed structural data than are avail- ) A -
able for most adsorbate and substrate combinations. Propé:f(-)Iar anglea,_ and azimuthal angle) arez andg, respec-
ties such as the structure of the monolayer unit cell and th vely. Following tht_e_theory of the anomalc_)us skin effétt,
overlayer spacing relative to the metal are required. The erine boundary condition o at the surface is taken to be
ergy from the Ohmic damping of the oscillating adlayer is y _ +
mostly deposited in the first few angstroms of the metal. For W (|cosdl,#,07)=pW¥(~|coss],4,07), (AS)
cases where it is appreciable more detailed accounts of thehere p is the fraction (G<p<1) of incident elect-
electronic structure of the metal surface will be needed. Itons which are specularly reflected, the remaindemplbe-
may be that extensions of the sliding friction experimentsing assumed to be diffusely scattered. The field and the cur-
with molecular adsorbates will provide significant tests ofrent density are related by the Faraday-Ampere equation,
the application of continuum electrodynamics at surfaces. Eq.(2.8).

1+1 WV (cosh,¢,z)

1%
00565+ Ig Sinfd cos¢
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The solution for B<z<<« is constructed by analogy with
a treatment of Reuter and SondheirffeThe semi-infinite
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The current density at the surface is obtained by combin-
ing Egs.(A3) and(A10). The solid angle integration simpli-

slab is replaced by a symmetric infinite slab with discontinu-fies greatly forZ>1 and the result for the component of

ous¢ atz=0. Thené&(g,z) is an odd function of, dé&/dzis
an even function o, and the amplitude(q) in the Fourier
decomposition

s9.0- | doctaexiiaga (a6)

is an odd function ofg. The Fourier amplitudes(q) and
(q) are defined by transforms gfandV analogous to Eq.
(AB).

The Fourier transform of EqA4) is, with a large param-
eterZ=gl,

[1+1Z(qcosf+sindcosep)]p(q,Q)

Z cosé
21

{¥(—cosh,$,0")—¥(cosh,¢,07)}

=(cosf—qsindcosp)e(q)— I;sin 6 cosp&E(0),

(AT)
while the Faraday-Ampere equation transforms to
5 q_ . 17w
(@ + De(a)+ &0 ="z 7@ (A8)

A self-consistency equation obtained from EA7) is

\If(Q,0+)=f dgy(q,Q)exp1q0™), (A9)
and for co¥>0 this gives
21tané cos
V¥ (—cosh,¢,0")=— Td)é’ ")
+f dge(q)exp(190™)
cosf—qsinf cosg¢
><1+iZ(q cosf+sinfd cosg)
(A10)

the current density is

30o(1—p) (=
J(07)= %fxdqf(q)exmqw)

[ In(y1+g°+
ot Jnaretra)) g
2y1+¢? V1+g?

The current termd(q) in Eq. (A8) can also be simplified
considerably forZ>1 and formally Eq.(A8) becomes an
integral equation fore(q). However, the current term then
has a very small dimensionless paraméter3wo,/g%c?Z.
For the N,/Pb case]' <10 * and the electric field calcula-
tion reduces to

I
(g2+1)e(q)+ ;qE(O*):O. (A12)
Then the electric field at>0 is given by
£(9,2)=£(9,0")exp(—g2), (A13)
and Eq.(A11) becomes
309(1—
J(07)= %p)g(o*). (A14)

These are the results used at E@10 and (2.11).

As in the theory of the anomalous skin effect, the combi-
nation o/l arises because the field changes over distances
significantly smaller than the mean free path, h&regl
>1. Although the collision timer, cancels from the formal-
ism, there still is dissipation and the free-electron response
term in the kinetic equation, proportional tor., remains
negligible. However, the length scale associated wijtls
only a few angstroms so that the validity of two approxima-
tions implicit in the skin effect theory is no longer evident:
(1) the semiclassical Boltzmann equation may be an inad-
equate starting point for such large wave vectors, which are
on the scale of the Fermi wave number of the md@lthe
diffuseness of the electron distribution at the metal surface
may play a significant role here. The latter effect is also
discussetf-'8as part of the problem of determining the dis-
tancel,, of the monolayer from the effective electrody-
namic boundary of the metal.
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