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Theory of friction: Coulomb drag between two closely spaced solids
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We calculate the friction force between two metallic bodies with flat surfaces separated by a vacuum slab of
thicknessd, and moving with a relative velocity. The separationl is assumed to be so large that the only
interaction between the bodies is via the Coulomb field. The friction force depends linearly on the uwelocity
(for small v) and decays rapidly with increasirdy In most practical cases, the Coulomb drag makes a
negligible contribution to the friction force, but it may make an important contribution in some special cases.
[S0163-182608)06312-7

[. INTRODUCTION to the friction force. That is, the friction force is determined
mainly by the area of redlr atomig contact; the surfaces
The interaction between two stationary bodies is ofterarea separated by more thanlO A makes an extremely
dominated by the van der Waals interaction. The van degmall contribution to the friction force, even if this noncon-
Waals interaction is long ranged, with the interaction energytacting surface area is many orders of magnitude larger than
falling off as 182, whered is the separation between two flat the area of atomic contact.
surfacegwe neglect retardation, which is a good approxima-  In two earlier papers Schaich and Hafrand Levitov’
tion for d<100 A). The van der Waals interaction energy have estimated the contribution from the long-range Cou-
(per unit areabetween two metallic bodies with flat surfaces lomb interaction to the sliding friction when two systems
separated by~ 10 A is typically of the order of 1 meV/A  move slowly relative to each other. For the case of two me-
which is a factor of~ 100 smaller than the interaction energy tallic bodies with flat surfaces Schaich and Harris found that
that occurs when théclean surfaces are in direct atomic the friction force for parallel motion is independent of any
contact. For an elastically soft solid, such as rubber, the vametal property. However, our study shows that this result
der Waals interaction can lead to a large enhancement of tHteeds to be improved, as we find that the metal properties
area of real contact when such a solid is in contact with &nter via the surface response functigfg,»). Neverthe-
substrate. less, the dependence of the friction force on the temperature
Because of surface roughness, the area of (&aimio T and on the separatioth between the surfaces is correctly
contact between two bodies is usually a very small fractiorflescribed by the theory of Schaich and Harris. The friction
of the apparent area of contact. For example, if a cubic stedprce obtained by Levitov vanishes when retardation is ne-
block with a side of length 10 cm is placed on a steel subglected(i.e., when the light velocityc— ). This result is
strate, the area of real contact is of the oreed.001 crd, incorrect.[It is not easy to check where the calculation of
i.e., only a fraction~10"° of the apparent arefiThe area of ~Levitov is incorrect because he does not present the details of
real contactAA can usually be estimated by assuming thethe calculation.
plastic yielding has occurred in all contact “points,” so that [N an interesting preprint, Pendry considers the same
o.AA=L, whereo, is the yield stresgindentation hard- Problem as discussed beldwHowever, he focusses only on
nes$ and L the total load] Thus, if the amplitude of the the zero-temperature limit where the friction force is a non-
surface roughness is small, the van der Waals interactiolinear function of the sliding velocity. This nonlinear con-
between the noncontacting surface areas makes an importdfipution is derived from diagramc] in Fig. 3. The formal-
contribution to the overall interaction energy. It is interestingism used by Pendry is very similar to ours, and we agree
to ask if the long-range interaction between the noncontactwith the results he derives.
ing surface areas also makes an important contribution to the
sliding friction force. Il. THEORY
In this paper we will address the fundamental problem of
the contribution to the sliding friction from the long-range  We consider two semi-infinite metallic bodies with flat
Coulomb interaction between two uncharged bodi#¥e  surfaces separatédith vacuum by a distancel. The upper
show that in contrast to the important contribution from thebody moves parallel to the lower body with the veloaity
(conservativevan der Waals interaction to the adhesion en-We show below that the friction fordé= yAv, whereA is
ergy between two solids, in most cases the dissipative part dhe surface area angthe friction factor. Note that the fric-
the long-ranged interaction makes a negligible contributiortion force is proportional to the velocity (for small veloci-
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on temperature as-T? so that at low enough temperature
the contribution from quantum fluctuations will dominate for

@ any fixed separatiod. We note that the thermal contribution
\'4 /’%/ to the friction force requires thaboth solids are metallic,
= //"L%/\ while the contribution from quantum fluctuations only re-
/, . . . . .
YISV YRE; quires that at leagineof the solids is metalli¢see Appendix
d ) B).
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Let us define the linear response functm(y, ), which
@ is of central importance for a large class of surface
processes.Assume that a semi-infinite metal occupies the
FIG. 1. Two semi-infinite metals, 1 and 2, separated by ahalf spacez=0. A charge distribution in the half spaae
vacuum “slab” of thicknesdd. Solid 1 moves with the velocity >d gives rise to aniexternal potential that must satisfy the
relative to solid 2. The figure illustrates a thermal or a quantumLaplace equation for<<d and that therefore can be written

fluctuation, which gives rise to a temporal charge imbalance and aas a sum of evanescent plane waves of the form
electric field. The electric field penetrates into solid 2 where it cre-

ates electron-hole pair excitations. b= d)oeqzeiq'xfi“’t,

ties). The origin of this result is that in the present case NQyhere q=(q, q,) is a two-dimensiona(2D) wave vector.
rapid motion occurs at the interface at any stage of the slidrig potential will induce a charge distribution in the solid

ing (as would be the case if, e.g., elastic instabilities W°U|d(occupyingz<0), which in turn gives rise to an electric po-

occup and we therefore expe€i~v asv—0. We consider oniia| that must satisfy the Laplace equation £0f0, and
only metallic(or conducting bodies as the electronic friction a1 therefore can be expanded into evanescent plane waves
vanishes for insulating bodigso low-energy electronic ex- hat gecay with increasing>0. Thus the total potential for

citations are possible for insglat@rs . . 0<z<d can be expanded in functions of the férm
Let us first present a qualitative discussion about the ori-

gin of the friction force. At first it might seem a paradox that . .

there should be friction forces between perfectly flat metal ¢= po(e9*—ge eI xiet,

surfaces separated by vacuum, since onatveragethere is

no electric field outside such surfaces, which could couplavhere the reflection facta=g(q, ).

the surfaces together. However, duethermal or quantum Theg function introduced above has the same central role
fluctuations local charge imbalance will occuemporarily ~ for dynamical processes at surfaces as the dielectric function
in the metals, which gives rise to electric field patches ex€(w,k) has for processes in the bulk. During the las20
tending from one solid into the other solid; see Fig. 1. Theyears much effort has been devoted to calculagifm ) for
fluctuating electric field will induce electric currents in the simple metals. There are several contributions toglthat
solids, which are damped due to, e.g., normal “Ohmic” pro-can be distinguished by the source of the momentum in-
cesses such as scattering of conduction electrons against imelved in the excitation process. For a semi-infinite jellium
perfections. For stationary surface® sliding such energy for small frequencies¢<wg) only the surface can supply
transfer takes place in both directions and there is no nawith momentum and’

energy transfer from one solid to the oth#rermal equilib-

rium). However, during sliding a net energy and momentum ® q

transfer will occur from the sliding body to the stationary (IMQ)su=2£(q) — —, (1)
body, leading to a friction force. A detailed study shows that wp K

there is a fundamental difference between quantum and ther-

mal fluctuations: Thermal fluctuations will make a contribu-Wherew,, wg, andkg are the plasma frequency, the Fermi
tion to the friction force already to the lowest order in the frequency, and the Fermi wave vector, respectively, and
(electric field coupling between the solids, while quantum where&(q) depends on the electron density paramegéaut
fluctuations only contribute to the lineéin v) sliding fric-  typically §(0)~ 1. For real metals, in addition to thssirface
tion in the secondor highey order of perturbation theory. contribution there will be #ulk contribution to Ing derived
Furthermore, within the jellium model there is no contribu- from “normal” Ohmic processesge.qg., scattering of the con-
tion to the linear sliding friction from quantum fluctuations duction electrons from imperfectionsas characterized by a
so that the linear sliding friction vanishes at zero temperaturéulk mean free path, and given b§’

in this model.(Note that in the jellium model the ion cores of

the solid are replaced by a uniform positive backgrouRadr or 1 o

real (crystalling solids the contribution from quantum fluc- (Img)pu=4—7——. (2
tuations is nonzero, but decays extremely rapidly with in- wp kel wp

creasing separatioth between the surfaceg,~exp(—2Gd),

whereG=27/a is the(smallest reciprocal lattice vector of Let g; andg, be theg functions of the two solids in Fig.
the surface unit cellsee Appendix B The contributions 1. Using first-order perturbation theory, and taking into ac-
from thermal fluctuations to the friction force are more longcount screening, one can show that the thermal fluctuations
ranged, asymptotically falling off as d¥ (or as 14* see make the following contribution to the friction parameter
below). On the other hand, the thermal contribution dependg$see Appendix A
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which is symmetric irg, andg,. If Img; and Ing, are of the
form (1) and if we approximatg;(qg,0)=g,(q,0)= 1, which

are good approximations for separatiahlseyond a few ang-
stroms, then the surface contribution 40is obtained from
Egs.(1) and(3);

kgT |2 % £%(0)
Ysurr= 1.29 fiwy K2d° (4)

Similarly, using Eqs(2) and (3) gives the bulk contribution

_ 1 20 kBT 2 WE 2 ﬁ
Youlk™ +- ﬁ_wp w_p (el )§d4 :
Note that for large enougH, the bulk contribution domi-

nates over the surface contribution, but tb<| the surface
contribution dominates.
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proportional taT? as expected based on Eg). In Appendix

C we show how the present theory reproduces the results of
Gramilaet al® when theg functions of 2D electron gas lay-
ers are substituted in EQ3).

The friction derived from quantum fluctuatioitgan der
Waals friction) gives a very important contribution to the
sliding friction force of physisorbed adsorbate layers on
metal surfaces. As an exampl¢he friction force observed
when an incommensurate Xe monolayer bilayep film is
sliding on a flat Ag111) surface was found to be propor-
tional to the sliding velocity, with the friction factory
~1000 Ns/m. This is of the same order of magnitude as the
friction factor calculated by assuming that quantum fluctua-
tions make the dominating contribution to the friction force
[the contribution from quantum fluctuations decay very rap-
idly with the distanced, but for the shortd relevant for a
physisorbed monolayer film, the contribution from quantum
fluctuations is very important; note that thermal fluctuations
cannot contribute te in this case because one “solidthe
Xe film) is insulating.

In the discussions above we have assumed pefdaatle
crysta) solids. Most real solids consist of grains that may
expose different facets with different work functions. This
gives rise to gstatig inhomogeneous electric field distribu-
tion in the vicinity of the surfaces. Similarly, adsorbed atoms
(e.g., alkali atoms may give rise to strong local electric

Consider two silver bodies, treated as semi-infinite jelliumfields at the surfaces. It is clear that when two macroscopic

bodies. In this case ford=10 A Eq. (4) gives y
~10"7 Ns/n?, which at the sliding velocity =1 m/s corre-
sponds to a frictional stress/A~10"7 N/m?. This stress is

bodies(with static inhomogeneous electric field distributions
at their surfacesare slid relative to each other without direct
contact, a finite contribution to the friction force will arise

extremely small compared with the frictional stressfrom surface imperfections. However, even in these cases the
~10° N/m? occurring in the areas of atomic contact even forcontribution to the friction force from the noncontacting sur-
(boundary lubricated surfaces. Furthermore, while the Cou-face area is negligible compared to the contribution from the
lomb drag force is proportional to the sliding velocity, the area of atomic contact.
friction force when a block is slid on a substrate is nearly
velocity independent at low velocities as indeed expected if
the main part of the friction force is generated in the area of
real contaci{where, e.g., elastic instabilities may occur We have calculated the friction force between two metal-
In spite of its small magnitude, the friction force associ-lic bodies with flat surfaces separated by a vacuum slab of
ated with thermal fluctuations has been observed in severghicknessd, and moving with a relative velocity. The
elegant experimenfsThe samples used for these experi- separatiord is assumed to be so large that the only interac-
ments are modulation-doped semiconductor heterostructurei®n between the bodies is via the Coulomb field, but small
grown by molecular beam epitaxy. The experiments consisénough to allow negligence of retardation effects. The cou-
of two thin slabs of electrorfor hole) gases separated by a pling between the solids occurs via the electric field from

IV. SUMMARY AND CONCLUSION

barrier that is high and widéypically d~ 100 A) enough to

thermal or quantum fluctuationsn the solids. The friction

prevent tunneling of electrons, while thin enough to allowforce is proportional to the velocity (for smallv) and de-
for strong Coulomb interaction between carriers on the opeays rapidly with increasingl. Thus, quantum fluctuations
posite sides of the barrier. In the experiments the frictionamake a contribution~exp(—2Gd) (where G=27/a is the

drag of one electron-gas layéayer 1) on another(layer 2

smallest reciprocal lattice vechao the friction force, which

was probed by studying how an electric current in one layeis negligibly small already fod=10 A [note that witha
induces a current in the other layer. If no current is allowed=3 A andd=10 A one gets exp{2Gd)~10~1°]. The con-

to flow in layer 2(open circuij an electric fielde, develops

tribution from thermal excitations is proportional ¢, and

whose influence cancels the frictional force between the laydecays with increasing as 16* (for the bulk contribution

ers. If the current in layer 1 is denoted By=njev, where

v is the drift velocity andn, the carrier concentratiotper
unit areq, then the friction forcé-= yAv will act on layer 2.
This must equal the force=An,eE,, whereE, is the elec-
tric field in layer 2 induced by layer 1. Thug=n,eE,/v
=n;n,e’E,/J;. The experiments showed th&s/J; is in-
dependent ofl, i.e., the friction force depends linearly on
the sliding velocityv. Furthermore;y was found to be nearly

or 1/d® (for the surface contributionin most practical cases,
involving sliding of a block on a substrate, the Coulomb drag
makes a negligible contribution to the friction forgthe
main part of the friction arises from the regions of real con-
tact between the soliglsHowever, in some special cases the
Coulomb drag force is very important. For example, the fric-
tion force from vacuum fluctuations contributes in an impor-
tant manner to the sliding friction acting on thin physisorbed
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FIG. 2. A block (massM) separated by a distanceto a sub- X ' ‘
strate. The block is connected by a sprisgring constank) to a
rigid fixed stage. The block-spring system forms a quantum oscil-

. 1/2
lator with the resonance frequenay= (k/M)™= FIG. 3. First-order processes that contribute to the sliding fric-

- . .tion. Black dots denote electrons above the Fermi surface and
layers of atoms sliding on metallic surfaces, and the contri-

- . . S circles denote holes below the Fermi surface.
bution from thermal fluctuations gives the dominating drag
force in some experiments involving parallel 2D electron

We will now calculate the rates; andw, . Let us first focus
systems.

onw, . The coupling between the two bodies occurs via the

electric field associated with the quantized excitatitag.,
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No. De-AC05-960R22464. treat the electron-hole pair excitations as bosons. As shown
in Ref. 10, the Hamiltonian for the total system can be writ-
APPENDIX A ten as
In this Appendix we derive Eq3). Instead of considering H=S 7 bl b +> % bl b. +4wb'b
two bodies with the relative velocity, it is easier to assume qZ.yl @901 Vaa; ey qE2 @aazga"qay T
that one body oscillates with the frequeneyrelative to the
second body. The friction force calculated for this case will + E Caa efqzn(bqa eld Gt e ). (A2)
reduce to that for the former case a@as-0. Thus, we con- dagn 1 1

sider the sliding configuration shown in Fig. 2. To the block bt db h lar f q
(massM) is connected a sprinspring constank) attached €€ @qa;: Dga,» @Ndbg,, are the angular frequency an

to a rigid fixed stage. The block-spring system forms a harcreation and annihilation operators for the bos@isolid 1)
monic oscillator with the resonance frequency  With the quantum numbersy(a,), andC,, parameters de-
=(k/M)¥2, Assume that thigquantum oscillator is in its  termining the coupling between the boson excitations in
first vibrational exited state=1. The vibrational coordinate solid 1 with the electrons in solid 2. Similarllwaa2 andbqa2

can be written as are creation and annihilation operators for bosons in solid 2,

Uu=ug(be “t+ bHeiot, an(_j (xr! ,zn)_is _the position operator of electrcmin solid 2,
which in principle could be expressed in terms of the opera-
We show below that the friction fordé depends linearly on tors bgaz and bqaz, but for the present purpose this is not
the sliding velocity of the block so that we can write necessary. As shown in Ref. € can be related to
=—Avyu and the power absorptioR= —(Fu)=Ay(U?), | : 91
where (---) stands for time averaging. Since we treat the mgy(q,w) via
oscillator quantum mechanically we must interpret , 2627
(2= (1[0 1) — (0] 1?0 = 2022 2 Ca 00— 00u) = g7 MGu(G0). (A
If w, andw, denote thgquantum mechanicprates for the We expand
transitionn=1—0 andn=0— 1, respectively, then we have ia. . ,
edU~1+ig-u=1+iq.ue(b+b"),

P=(w —wp)ho. where we have taken the direction wfas thex axis. Sub-

Thus we get stituting this in Eq.(A2) gives

h(W —W ) H:H0+V0+Vl, (A4)
_ l—zT (A1)
2wAuy where
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Vo= > Cqu e ¥n(bg, €9 *1+H.c), (A5)

gqaqn
V=, Cqa, € 90 Q- Ug(b+b")(bg, €9 —H.C). (AB)
gayn

We can now calculate the decay rate 1— 0 using lowest-order perturbation theor\ip, with Hy+V, as the zero-order
Hamiltonian. For the moment we will neglect thig term, which describes screening, and return to this term later. Now, there
are two possible decay channats: 1— 0 while (nqal,nqaz)ﬂ(nqaﬁ 1Nga,~ 1) orﬂ(nqal— 1Nga,+ 1), corresponding to
Figs. 3b) and 3a), respectively. Let us first consider the first process. Using the “golden rule” formula for the transition rate
gives

Wl—hz 2 2 2 PaNge,)PalNga,) 30+ @qs,~ 0qs,) (0 Uo)*|Cae, 623 (Nga, 1, Nga, = 1|2 €79~

Jajar nqa qa2
—ig-Xgpy T 2
xXe d ana1|nqal:nqa2>|

or

7 DD 2 PiNga,)Pa(Nge,) @+ 0ga,~ ©ga,)(d-U0)? Caay | " 29 nge, + 1)[{Nge, = 1| 2

qajap nqa qay
Xefq(znfd)ef|q'xn|nqa2>|2, (A7)
where Pl(nqal) is the probability that solid 1 ham;qa1 thermally excited quanta in boson moge4, i.e.,

e—ﬁﬁwqalnqal
Pi(Nge)= ——=—,
Qqag Zl

where

Z,= >, e Phoqaqa,

I’1qo(1

To simplify Eq. (A7), let us write

0+ sy 040 = | 40 50"~ 1) 80— 0+ ). (A8)
Substituting Eq(A8) in Eq. (A7) and using Eq(A3) gives

e | @ *quf do'[n(w’) +1]Imgs (d,0" ) Mq(w’ ~ ), (A9)

where

M(@)=2 2 Pa(Ngs,) o~ 0gq,) (Nga, = 1|2 €79~ Ve™nng, )= 2, n(w) 8w~ wqa,)

a2 Nga, a
><|<o|; e 9z~ demiaxn1)|2, (A10)
But it has been shown elsewhere fifat
s MG(60) = 3 w0, (O[S & 9 Yo 1)

so that

Mq(w)= Lz) Imga(q,w). (A1D)

Substituting this result in EqA9) gives



7332 B. N. J. PERSSON AND ZHENYU ZHANG 57

A
Wl—z—u‘% dg e quJ do'[n(0’)+1]n(0’ - ©)Img,(d,")IMg,(q,0’ ). (A12)

It is clear by symmetry that proce& in Fig. 3 will give an identical contribution to the decay rate so that we must multiply
Eq. (A12) with an extra factor of 2.

Let us now consider the effect &f,. This term gives rise to screening. It can be taken into account as follows: First note
that Eq.(A10) contains the electrostatic interaction energ¥ ,¢(x,) where

¢:e—qze—iq~x

is (proportional t9 the electric potentialfor z>0) from the boson excitatiofaq) in solid 1. This electric potential will induce
(via theV, term) a(screeningcharge density in solid 2 that will give rise to an electric potential that in turn will polarize solid
1. The electric potential from this induced charge density in solid 1 will give an additional electrostatic potential that for
>0 is of the form

[91(0,0)92(q,00e~ 2] ¢,

where we have assumed that the screening is essentially statistical, as the real excitations involved have very I¢seenergy
below). The argument above can now be repeated so that after infinitely many reflections the eftectiean field takes the
form

¢
" 1-91(9,0)9,(q,0e 2%

$+101(0,0)92(9,00e 2% $+[g:(0,0)92(q,0)e” 2992+ -

Substituting this result in EQA10) gives the final result

AU2 (= Img;(g,0")IMgy(q,0" — )
S jo dqq3e’2dqf do'[n(6') +1]n(0’ ~0) 3 191(;’0)g2(; 0):‘2‘*“T (A13)

Let us now consider the rate for the oscillator to become thermally excitedrref— 1. This rate is given by the same
formula as above witlw— —w, i.e.,

Au m )Im ,o'+
Of dq e quf do'[n(e')+1]n(e’ + ) |1gl$ :0)92?;fg)§2qd‘|"2). (A14)

Let us changew’ — o’ + w in the integral(A13). Next, if we note that for smalb, Img;(q,w)~w and similarly for Ing,, and
if we use that

dn(ew”)
do’

[N(o'+tw)+1n(e)—[n(e")+1]n(0'+tow)=n(e")—N(e'+w)——

asw—0, we get

Auow e 2dd = [ dn ( )
Now,
s dn()| , (keT)? ¢
fo dw (— do’ )a) 2= hz f() C]szx2 (A16)

and combining Eqs(Al), (A15), and(A16) gives

(kBT)2

e 2 . Img1(d,w)Img,(q, )
j 1 =gy 0)gz(q,0)e2qd|2l'ino( 2 : (A17)

w

where
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a b C d treat the metal conduction band as free-electron-like and as-
94 sociate with the ion cores the atomic polarizabiliw). The
; k:) Cq K: polarizability « is assumed to be due to atomiclike transi-
Lri s 199 Y: 2 sy tions between the ground stafeand an exited statB. A

quantum fluctuatio’A—B— A associated with an atom in,
7 say, solid 1, will give rise to a fluctuating electric field that
; couples to solid 2. This process is described by the diagram
C\: C shown in Fig. 4a). If we neglect the interaction between the
-q " . . o
-04-95-05 transition Q|poles on the d|ﬁer9nt atoms, it is easy to extend
the study in Ref. 10 to a periodic lattice of atoms. For a
FIG. 4. Second-order processes that contribute to the slidingimple cubic latticélattice constan&) we obtain the friction
friction. coefficient

- . = - - -
3

}

~
£y

| ! f “d X 0.167 (A18) 2n2
=5 X —~——3~0.167. en
27 Jo 7 (€~ 1) y=5-— 2 Vel?G Imgy(G, ), (BY)
G

Finally, it is easy to show that process) in Fig. 3 gives ' _

WFWTN“’Z so that, asv— 0, this process gives a vanishing Wheren= 1/a? is the number of atoms per unit surface area,
contribution to the friction coefficienf. This result is physi- and where

cally plausible, since in this case no thermally excited

electron-hole pair is involved before the decay 1— 0. But o

only if a thermally excited electron-hole pair is involved be- ,, 9(q'-q"—q’'q") e @ raNd

fore the decay would one expect a frictional coupling be- VG_Z'“(O)GJ' dq q'q"(G+q'+q") 1—e(a'+d"a’
tween the solids to occur to linear orderun (B2)

APPENDIX B with g"=G—q’. Substituting Egs(1) and(B2) in Eq. (B1)
iv
We present a brief discussion about the contribution fromg e

guantum fluctuation&zero temperatupeo the friction force.
Schaich and Harrfshave argued that, within the jellium 4e?a?(0)n?
model description of the metalg=0 atT=0, i.e., the linear e P
(in the sliding velocity friction vanishes at zero temperature.
The arguments given by Schaich and Harris are not fully
transparent to us, so we have considered the problem in some X
detail. Figure 4 shows four different second-order processes,
which we now discusq.The first-order procesg) in Fig. 3 o ) .
gives a decay rate proportional & and will therefore not [N most cases it is enough to include=*GX, whereG
contribute to the lineafin v) friction force asw—0. This ~=27/a in the sum over reciprocal lattice vectors. After
result is, in fact, true not only within the jellium model but Some simplifications we get
also when the lattice structure of real solids is taken into
account. Thus, quantum quctu_ations can only contribute to 202(0)12 _2ad
second ordef.Now, it is immediately clear that the second- y=3(Gd) ea”(O)n G*4(G) €
order processe®) and(b) cannot, within the jellium model, krw d*
give a contribution to the sliding friction, since no momen-
tum transfer between the two solids are involved in either ofvhereJ(Gd) is a relatively slowly varying function oGd.
these processes. For a real solid the lattice ions break the

> GY(G)
G

7Tk|:(,()p

sz L Gu(a’q'—q'q") e @+ |2
9'q"(G+q'+q") 1—e (a"+aa

(B3)

parallel translational invariance, and proces&ssand (b) APPENDIX C
could in principle contribute to the friction force by transfer- _ _
ring momentum in units of the reciprocal lattice vect®r In this appendix we show how Ed3) reduces to the

—27/a. However, it is easy to show that even for real solidsresult of Sivanet al'® and Gramilaet al?® for parallel 2D

procesgb) does not contribute to the friction force since this electronic systems. Electron gas layers can be treated as 2D

process gives/| ~ w?. As shown in Ref. 11see also Ref. 12 electronic systems for which

and below, for real solids proces&) contributes. Finally,

let us consider processés and(d). We have not evaluated

these diagrams but we suspect that, because of the small —1_ 1

phase space for the final states, they gives decaywatésat 9 1-xvg'

vanish faster than linear witlh asw— 0, so that this diagram

too will not contribute within the jellium model. wherey = x(q,w) is the density-density correlation function
When the lattice structure of the solids is taken into acfor a 2D electron gas and whev%=27re2/eq (e is the di-

count, the linear sliding friction is nonzero evenTat 0 K, electric function of the surrounding matepiaSubstituting

and can be estimated as follows. In a simple description w&q. (C1) in Eqg. (3) gives

(CD
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(kgT)2 J dq vge2ad i [ MXxa(d,0)Imxa(d,0)
[1-04x1(a.0) 1= v4x2(0,0)1-v5x1(A,0) x2(q,00e 292 2 ‘

w—0 w

(C2

This result agrees with Sivaat al!®> Next, note that the which agrees with the result of Gramia al®
density-density correlation functignfor the 2D electron gas Equation(C4) is strictly valid only for 3D electronic sys-
has been calculate@vithin the random phase approxima- tems. For 2D systems the electron-electron scattering cross
tion) by Stern. For the case<kg, wherekg is the Fermi  sectiort® and the friction factory have logarithmic correc-
wave vector of the degenerate electron gas system, one hagns, e.g.,y~T?a+b In(T/Tg)]. However, the logarithmic
n correction arises from backscattering contributiong (
x(q,0)=—[n(7?—1)"Y2-1], (C3) ~2kg), i.e., from processes involving a large momentum
€F transfer, and because of the factor ex@@d) in the Cou-
wheren= (ke /q) (w/2wg). At low enough temperatures, we lomb coupling between the layers, the backscattering contri-
can take tha»—0 limit in Eq. (C3) to get bution is strongly suppresséd~exp(—2k:d)], leading to a
nearly ~ T? dependence of the friction parameterFinally,
let us note that since the two electron-gas slabs are separated
by asolid layer rather than vacuum, it is also possible for the
conduction electrons in the two layers to “communicate” by
emission and absorption of phonons. It has been sHutat

n .
X(q’“’):e_F(_'”_l)'

Substituting this in Eq(C1) and assuming 2e’n/(erq)

>1 gives exchange o¥irtual phononggives a small contribution to the
ehke coupling of the two conducting layers, which can explain the
g~1+i yps U (smal) deviation of the observed temperature dependence
from the expected-T? dependence. For large separatibn
Substituting this in Eq(3) gives between the conducting layers, the phononic contribution
) ) will dominate, since it falls off much slower with increasing
o 167(kBT) ehke (4 d as compared with the electronic contributi@which is
r== hd* \4mne?) proportional to 1d* for 2D systemgs
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