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Noncontact friction between nanostructures
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We calculate the van der Waals friction between two semi-infinite solids in normal relative motion and find
a drastic difference in comparison with the parallel relative motion. The case of good conductors is investigated
in detail both within the local optic approximation and using a nonlocal optic dielectric approach. We show that
the friction may increase by many orders of magnitude when the surfaces are covered by adsorbates, or can
support low-frequency surface plasmons. In this case the friction is determined by resonant photon tunneling
between adsorbate vibrational modes, or surface plasmon modes. The theory is compared to atomic force
microscope experimental data.
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[. INTRODUCTION mentum, no larger thakgT/c. The photons, corresponding
to the evanescent electromagnetic waves, carry the momen-
A great deal of attention has been devoted to noncontattm <#d *. Thus for distancesd between two bodies
friction between nanostructures, including, for example, thesmaller than the characteristic distartte=%c/kgT, which
frictional drag force between two-dimensional quantumdepends on temperatutat room temperaturd:~10° A),
wells}~*and the friction force between an atomic force mi- the main contribution to the friction comes from the evanes-
croscope tip and a substrate. cent electromagnetic field. In analogy with electron tunnel-
In noncontact friction the bodies are separated by a potering, this mechanism of momentum transfer can be consid-
tial barrier thick enough to prevent electrons or other parered to be associated with the photon tunneling.
ticles with a finite rest mass from tunneling across it, but Although the dissipation of energy connected with the
allowing interaction via the long-range electromagnetic field,noncontact friction is always of electromagnetic origin, the
which is always present in the gap between bodies. The presietailed mechanism is not totally clear, since there are sev-
ence of inhomogeneous tip-sample electric field is difficult toeral different mechanisms of energy dissipation connected
avoid, even under the best experimental conditioRer ex-  with the electromagnetic interaction between bodies. First,
ample, even if both the tip and sample were metallic singléhe electromagnetic field from one body will penetrate into
crystals, the tip would still have corners present and moré¢he other body, and induce an electric current. In this case
than one crystallographic plane exposed. The presence frfiction is due to ohmic losses inside the bodies. The fluctu-
atomic steps, adsorbates, and other defects will also contritating electromagnetic field can also excite the vibrations of
ute to the inhomogeneous electric field. The electric field cartthe adsorbates or other surface localized modes, e.g., surface
be easily changed by applying a voltage between the tip anglasmons and polaritons. In this case friction is due to energy
the sample. relaxation of the surface modes. Another contribution to fric-
The electromagnetic field can also be created by the fluction from the electromagnetic field is associated with the
tuating current density, due to thermal and quantum fluctuatime-dependent stress acting on the surface of the bodies.
tions inside the solids. This fluctuating electromagnetic fieldThis stress can excite acoustic waves, or induce time-
is always present close to the surface of any body, and cordependent deformations which may result in a temperature
sists partly of traveling waves and partly of evanescengradient. It can also induce motion of defects either in the
waves which decay exponentially with the distance awaybulk, or on the surface of the bodies. The contribution to
from the surface of the body. The fluctuating electromagnetidriction due to nonadiabatic heat flow, or motion of defects,
field originating from the fluctuating current density inside is usually denoted as internal friction.
the bodies gives rise to the well-known long-range attractive It is very worthwhile to get a better understanding of dif-
van der Waals interaction between two boditK.the bodies  ferent mechanisms of noncontact friction because of it prac-
are in relative motion, the same fluctuating electromagnetitical importance for ultrasensitive force detection experi-
field will give rise to a friction which is frequently named the ments. This is because the ability to detect small forces is
van der Waals friction. Van der Waals friction can be consid-inextricably linked to friction via the fluctuation-dissipation
ered to be mediated by photon exchange between the bodidseorem. For example, the detection of single spins by mag-
One body emit a photon, and the other absorbs it, thus transetic resonance force microscopy, which has been proposed
ferring momentum between the bodies, resulting in a frictionfor three-dimensional atomic imagitlg and quantum
force. At large distances between the bodies, the main corsomputation’® will require force fluctuations to be reduced
tribution to the friction comes from photon exchange, corre-to unprecedented levels. In addition, the search for quantum
sponding to the propagating electromagnetic waves. Howgravitation effects at short length sciland future measure-
ever, this contribution is very small because the photonsnents of the dynamical Casimir for¢ésnay eventually be
corresponding to propagating waves carry a very small molimited by noncontact friction effects.
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Recently Gotsmann and Fu€hsbserved long-range non- flection factors for large wave vectors and for extremely
contact friction between an aluminum tip and a géldl) small frequencies. In our previous calculations of the van der
surface. The friction forc& acting on the tip is proportional Waals frictiort>*® we mostly considered good conductors.
to the velocityv, F=Tv. For motion of the tip normal to the In this case it was shown that the important contribution
surface the friction coefficierft(d)=b-d 3, whered is the =~ comes from the nonlocal optic effects in the surface region.
tip-sample spacing anb=(8.0ﬁij§')>< 10 ¥ Nsn?. Later However, it was shown that the van der Waals friction be-
Stipeet al.” observed a noncontact friction effect between acomes much larger for a high resistivity material, for which
gold surface and a gold-coated cantilever as a function of théhe volume contribution from nonlocal effects is also impor-
tip-sample spacing, the temperatur&, and the bias voltage tant. Nonlocal optics refer to the fact that the current at point
V. For vibration of the tip parallel to the surface they found’ depends on the electric field not only at pomtas it is
I'(d)=a(T)(V2+V3)/d", where n=1.3+0.2 and V, assumed within local optic approximation, but also at points

~0.2 V. At 295 K, for the spacingl=100 A they foundr ' #T in a finite region around the poimt In the case when
=1.5x10 B kgs !, which is ~500 times smaller that re- both points are located outside the surface region the dielec-

ported in Ref. 6 at the same distance using a parallel cantffiC response function can be expressed through the dielectric
lever configuration. functhn appropriate fqr a seml-_lnflnlte elegtron gas. How-

In a recent paper, Dorofeeat al® claimed that the non- €Ver, if one of the pointr or r’ is located in the surface
contact friction effect observed in Refs. 5 and 6 is due td©€dion, the dielectric response function will be different from
Ohmic losses mediated by the fluctuating electromagneti#S volume value, and this gives a surface contribution from
field. This result is controversial, however, since the van deponlocality. It is easy to see that within the local optic ap-
Waals friction has been shohh'®to be many orders of proximation the van der Waals fr|ct|on.d|verge when the con-
magnitude smaller than the friction observed by Dorofeevductivity of materials tend to zero. This means that the local
et al. Presently, the origin of the difference in magnitude and®Ptic @pproximation breaks down for high-resistivity materi-
distance dependence of the long-range noncontact frictiofi!S- This situation is completely different from the heat trans-
effect observed in Refs. 6 and 7 is not well understood. ~ fer between bodies via photon tunnehngh_ere the heat

In order to improve the basic understanding of noncontacfiuX is maximal at conductivities corresponding to semimet-
friction, we present results for the van der Waals friction. In&lS- In order to clarify the situation we study the dependence
Ref. 15 we developed a theory of van der Waals friction forof the van der Waals friction on the dielectric properties of
surfaces in parallel relative motion. Here we generalize théhe materials within the nonlocal dielectric approach, which
theory also to include the case when the surfaces are in nof/@S proposed some years ago for an investigation of the
mal relative motion, and we show that there is a drastic dif-2nomalous skin effects.
ference between these two cases. Thus, for normal relative
motion of clean good conductor surfaces, the friction is [l. CALCULATION OF THE FLUCTUATING
many orders of magnitude larger than for parallel relative ELECTROMAGNETIC FIELD
motion, but still smaller than observed experimentally. An-
other enhancement mechanism of the noncontact friction cal
be connected with resonant photon tunneling between stat ) ;
localized on the different surfaces. Recently it was discov*Y plane in the surface of body, and thez axis along the

ered that resonant photon tunneling between surface plasm&rl)ward.normal. The s.urface.of podaﬂs located a'z:(.j’
modes give rise to an extraordinary enhancement of the OFp_grformlng small a"_‘p“‘“de V'bfa“_oi[‘ust an_ng thaxes with
tical transmission through subwavelength hole arfdyghe Q|splacement_ coor_quﬂez(t):uoe > Since the system
same surface modes enhancement can be expected for \)Qﬁ(anglatlon invariant in the=(x,y) plane, t.he glectromag—
der Waals friction if the frequency of these modes is suffi-N€tic field can be represented by the Fourier integrals
ciently low to be excited by thermal radiation. At room tem- 92
perature only modes with frequencies belevit0'® s~ ! can :f 9 g

. E(X,Z) Ze E(q,Z), (1)
be excited. For normal metals surface plasmons have much (2m)
too high frequencies; at thermal frequencies the dielectric
function of normal metals becomes nearly purely imaginary, f d?q

We consider two semi-infinite metalsand2 having par-
lel flat surfaces. We introduce a coordinate system with the

which exclude a surface plasmon enhancement of the van der e97B(q,2), @

Waals friction for good conductors. However, surface plas-
mons for semiconductors are characterized by much smallevhereE andB are the electric and magnetic induction fields,
frequencies and damping constants, and they can give @andq is the two-dimensional wave vector in they) plane.
important contribution to van der Waals friction. Other sur-After Fourier transformation it is convenient to choose the
face modes which can be excited by thermal radiation areoordinate axis in théx,y) plane along the vectorg andn
adsorbate vibrational modes. Especially for parallel viora—=[zXq]. The scattering of the electromagnetic wave with
tions these modes may have very low frequencies. the frequencyw on the vibrating surface of bod¥ will give

All information about the long-range electromagnetic in-rise to the harmonics at the frequencies wq. Thus in the
teraction between two noncontacting bodies is, in principleyacuum gap between the bodies the electric fi&{d, w,z)
contained in the reflection factors of the electromagnetican, to linear order in the displacement coordinate, be written
field. At the present time very little is known about the re-in the form
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E(q'wlz):[(Woeipz+voe—ip2)+(Wleip+z _For the p-_polarized eIectromagn_etic waves thze sec_ond term
in Eq. (8) is of the order of magnitude uyw/pc* relative to
+Vle*ip+2)e*iwot]e*iwl_ (3)  the first one and can be neglected for the most practical

cases. However, for the-polarized electromagnetic waves

From Eq.(3) and the Maxwell equation the second term is of the order of magnitusiguyp/w, and

can be of the same order of magnitude as the first term. In the
1B . .
— - —=VXE, (4)  rest frame of body2 there is also a mixture o and
c Jt p-polarized electromagnetic waves. In Ref. 15 it was shown
we get the magnetic induction fieB{(q, ,z), that this gives a contribution of the .ordem({uolc)z, and
1 thus can be neglected. After performing Lorentz transforma-
B(q,w,z)=c|— ([k *Xvg]e P?+[k* X wy]e'P?) tion to linear order inwy and ug we getvy=vy and w
@ =Wp:
_ —ip*z , ) , )
w+wo([k+><v1]e U120 = V1z(x) ~ 1PUV0z(x)»  Wiz(x)=Wiz(x) T 1P UoWoz(x) s
[k Xw,]elP e ivot|gint 5 , wtwg. , wt+wy.
[k 1] ) (5) le:W1y+ Tlpuowoy, Viy=U1y— Tlpuovoy.

where k*=q+2p, p=((0/c)?—g?¥2 p*'=p(w+wy),
kI=k*(w+wp), andk; =k (w+wp). In Egs.(3) and(5)  The boundary conditions for the electromagnetic fieldz at
W, g, etc. are unknown amplitudes which are to be found=d+u(t) in the rest frame of bodg can be written in the
using appropriate boundary conditiofsee below At the  form
surfaces of the bodies the amplitude of the outgoing electro-
magnetic wave must be equal to the amplitude of the re-
flected wave plus the amplitude of the radiated wave. It is
convenient. to decompose the_ electromagnetic fielq pato Ulz_ipUOUOz:ezip+dR2p(w+ wo) (W1, +ipUgWoy),
and s-polarized electromagnetic waves. For thgolarized

electromagnetic waves the electric field is in the incident

plane determined by the vectors and n, and for the

s-polarized electromagnetic waves the electric field is normal v1y—ipUg
to the incident plane. Thus the boundary conditions for the @
electromagnetic field at=0 can be written in the forms

. —_
Voaty) = &P Rap(s) (@) Woz(y) + €P By (@), (9)

(0+wg)voy

‘ =e?PIR,(w+ wg) wly—i-ipuom

Woz(y) = Rip(s)(@)Voz(y) T E1zy) (@), (6)
(11
W10y = Ripis)( @+ o) vy, (7)

whereR; () is the reflection amplitude for surfadefor ~ WNEreRzps)(w) is the reflection amplitude for surfa@efor

the p(s)-polarized electromagnetic ~field, and where? P () polarized electromagnetic field, and where

E!, (@) are the components of the fluctuating electric field E2z)(«) are the components of the fluctuating electric field

outside surfacel in the absence of bodg. The boundary Cutside surfac& in the absence of body. From Eqs(6) and

condition at the surface of bod¥ must be written in the (7) @nd(9)—(11) we get

reference frame where bodyis at rest. The electric field in

this reference frame is determined by a Lorentz transforma- Rlp(s)EfZZ(y)eipd+ Eflz(y)
tion. Performing a Lorentz transformation to linear order in Woz(y) = A , (12
wq gives

2ipd f £ _ipd
e Rops)Baary) T E2ay)®
® Doxy)= e @

. iwou(t)c[ézx B]

E'=

) Lo ipt i
(GPPORY 6P SRy L+ (L e Ry Ry EL P

v1,=1pUg AAT , (14)
P=p
ot eg (7P, + P IRIE] + (1+€?P IRL Ry ) ED e
Uly:|pU0 A A+ ’ (15)
S='s
W1z(y)=Rip(e)01(y) » (16)
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where Rj o =Ryg(0+®g), Apg=1-e"PRy,9Ripe,  tain the friction coefficienty, = 3%+ 22" where the con-

andA;(s)= Aps)(w+ wg). The other components of the fluc- tribution to the friction coefficient from the propagating elec-
tuating electromagnetic field can be found from the transvertromagnetic waves is given by
sality conditions

rad__ h Ocd an w/Cd p2
gqwy+pw,=0, quy—pv,=0. 17 YL T 42 o\ 7w q9
The fundamental characteristic of the fluctuating electromag- X[(1—] RlpR2p|2)2+ l(1—] Rlp| 2) Rzpeipd
netic field is the correlation function, determining the aver-
age product of componenE (g, ). According to the gen- 1

_ 2\p* o—ipd
eral theory of the fluctuating electromagnetic fiéke, for +(1 |R2F’| IR1e |

2
| C : ] |1_ eledepR2p|4
example, Ref. 1)these correlation functions are given by

, +[p—s], (22
hw 1 I -
Ef(q.0)|2)= (n Lz +0*)(1—|R2 and where the contribution to the friction from the evanes-
(B 2¢?|pl? (@) 3)lP+PH)(A=IRID) cent electromagnetic waves is given by

+(p—p*)(Rs —Ry) 1, (18) evan:h_zjw ® _an fm dgqke 2k
hqz 1 + 772 wlc 20 wlc
f 2 _ _IR.I2
([Ez(0,0)]%)= W(”(CUH 5 /[(PH+P*)(1=[Rpl%) X[(IMRyp+e 2Ry, [2ImR,p)
+(p—p*)(RE =Ry, (19) X (Im Ryp+e™ 2 Ryp|? IM Ry p)
where (---) denotes a statistical average over the random +e 2T Im(R:-Ro) 12
field, and where the Bose-Einstein factor is e TIM(RypRzp) I'] |1—e” %R Ry,
+[p—s], (23

N(®)= FomT—-
(@) eelkel—1 where k=|p|. The symbol[p—s] in Egs. (22) and (23)

denotes the term which is obtained from the first one by
replacement of the reflection amplitud®,(w), for
p-polarized waves, by the reflection amplitutRe(w) for
s-polarized waves. The friction coefficient for two flat sur-
faces in parallel relative motion was obtained by us before,
and can be written ag,=y[?*+ y£¥", where the contribu-
tion to the friction coefficient from the propagating electro-
magnetic waves is given by

We note thatp is real forg<w/c (propagating waves
and purely imaginary fog> w/c (evanescent wavgsThus
for g<w/c andg> w/c the correlation functions are deter-
mined by the first and second terms in E¢E3) and (19),
respectively.

Ill. CALCULATION OF THE FRICTION FORCE
BETWEEN TWO SEMI-INFINITE BODIES

IN NORMAL RELATIVE MOTION rad f ® an wlc
VI T g2 qq3

The frictional stressr which act on the surfaces of the Jo
two bodies can be obtained from tkecomponent of the (1—|Ryp|2)(1—|Rap|?)
Maxwell stress tensow; , evaluated az=0: 10 0

0

+[p—>S], (24

| 1- ezdelpRZp|2

and where the contribution to the friction from the evanes-

1 (= d?q
_ 2 2
T2z g0 fo dwj (277);[<|Ez(q,w,z)| )+([B:(0,0,2)[%) cent electromagnetic waves is given by

—(|Ex(q,m, 2 —(|E @, 2y~ Bx(q, , 2 ra h * an * _
(|Ex(g,0 Z)|2> (IEy(g,0,2)[*)—(|B«(q,0,2)|?) " dzﬁ O w( _@) L/quq% 2kd
_<|By(q,w,2)| >]Z=O' (20)

To linear order in the vibrational coordinatgt) and the
frequencyw, the stress acting on the surfatean be writ-
ten in the form (25)

X + .
IMRypIm R2p|1—e_2de1pR2p|2 [p—s]

d There is a principal difference between the friction coeffi-
027= 004Ad) +U(t) 22 00, Ad) Hiwey, U(t). (21 cient for normal and parallel relative motion, related to the
denominator in the formulas for the friction coefficient. The
Here the first term determines the conservative van der Waalesonant condition corresponds to the case when the denomi-
stress and the second term is the adiabatic change of thmator of the integrand in Eq$22)—(25), which is due to
conservative van der Waals stress during vibration. The lashultiple scattering of the evanescent electromagnetic waves
term determines the frictional stress with friction coefficientfrom the opposite surfaces, is small. For two identical sur-
v, . For normal relative motiorisee the Appendjxwe ob-  faces andR;<1<R,, whereR; and R, are the imaginary
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and real part of the reflection amplitudB£€ R, +iR;), this » dk

corresponds to the resonant conditiBfexp(—2kd)~1. At 179 Jo 7_r7|<5[|?535]2[[(|<2+ |s|?)coshkd
resonance the denominators in the integrands of -

(25) have the small factor®’ andR? for normal and parallel + 2k Im s sinhkd]2+ (k?—s|?)?]

relative motion, respectively, and the nominators have the

same factoR? in the both cases. Thus at resonance for nor- N — . : -
mal relative motion the integrands in Eq&2) and(23) have |(s*—k?*)sinhkd+ 2iks coshkd|

a large addit_ion fact.OF 1/R?, in comparison to the case of For 199 for (c/w)|e] ~22<d<(c/w)|e| ¥ and|¢|<1 there
parallel relative motion. The resonance condition can be ful- = LP * =\~ . 37 L
filled even for the case when exp2kd)<1 because for eva- is & singularity in the mteg_ranq of the typel/k in the limit
nescent electromagnetic waves there is no restriction on tht fo’ _andlth_F: m_al}lnk_cont_rlt:utlon to tft\etrllntteg_rsélj:ﬁdmes (fjrom
magnitude of the real part or the moduluskfThis open up 'Shlf:jrlgf arlky. Oatm? '? odacqoun at S| an

the possibility of resonant denominators R&>1. coshkd~1 ask—0, to first order in we ge

(30)

- 5
|eva%2(w/c)2g'f i'; .k
IV. CASE OF THE GOOD CONDUCTORS p o m [k?d—2i(w/c)({)]*
A well-conducting metal has a dielectric functia+ 1 wl' |7 e
—4miol is the conductivity with an absolute value = — " —
mole (o y m(2+arctan§ s 11 (122 (3D

much larger than unity at thermal frequencies, and conse-
quentlyR,;<1 andR,,~ 1. Thus an enhancement in friction
due to multiple scattering of the electromagnetic waves fro
the opposite surfaces is possible only for very snall
<1/d. The entire subsequent calculation of the friction in
this section is accurate to the leading order in the surface
impedancel=e Y?=¢"—i{", |¢]<1. - dk

It is convenient to write the friction coefficient for the two lLs%f — k[ Vk*+ (w/c)?| e]>—k?]e2d
flat surfaces in the form om

o ( an
y—hfo do o
while for d>(c/w)|e| 2 we get
Within the local optic approximation the reflection factors
for the s- and p-polarized electromagnetic waves are deter- I, ~(clw)?;'%d78, (33
mined by the Fresnel formulas

As k—0, there is no singularity in the integrand Bf2",
Mhus the main contribution to the integral comes frdm
~d~1. Ford<(c/w)|e| 2 15 becomes slowly dependent

1
(I,+1g) (26) “m(wlC)4|6|2(1.22—|n(2d|E|l/2w/C)), (32
p s/+

For the propagating electromagnetic waves, taking into ac-
count thatgdg= — pdp, we get

_p—sle R_p—s @7
p p+S/e’ s p+s Irad_ } brn w/Cdp s 1+C052(pd)
where rp=(@l0)7g o 72 P [psinpd+ 2i(w/c){ cospd]®’
(34)
(w)Z 1/2
_ 2
s=||—] e—q } . (29 ad oo [@edp o 1+cog(pd)
c - ' —
/5= (wlc)*¢ e |(w/c)sinpd+2ip{ cospd|*”
Taking into account thafjdg=kdk, from Eq.(23) for nor- (35

mal relative motion of clean surfaces within the local optic
approximation, we get the following contribution to the fric-
tion from the evanescerg-and s-polarized electromagnetic

For d<(c/w)|e| Y2 the contribution to the friction from the
propagating wave is negligibly small in the comparison with
the contribution from the evanescent waves. For

waves. >(c/w)|e|~ Y2 the main contribution to integralé34) and
- dk (35) comes from the integration near the singularitiegpat
|i\;jan: — K[ Re(s/€) 2 [(k2+ |s/€|?)coshkd =pn=7rn/d<.w/(‘f (Wher%\n is an intege.:)”, when sirkd=0.
o For the contribution td [f‘ from singularity atn=0 we get
; 2. (L2_ 2\2
+ 2k[ Im(s/ €)]sinhkd]?+ (k*— s/ €|?)?] " wl’ T . are
1 D~ 128 2 arctanl"/¢ +W . (36)

|((s/€)*—k?)sinhkd+ 2ik(s/ €)coshkd| In the vicinity of other singularitie,# 0, putting p=p,

(299  +p’, we have sipd~(—1)"p'd and copd~(—1)",
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rad 2412 1 At not too low temperatures, the impedances of metals are
IPp=2(wl0)"" | —7 lpop A+ 21 (wlC) ] given by
== 1/2
L . T e {'={"=(wl8ma)"" (41)
Brtwdg’ |2 7 ¢ 1+(L"1¢)? In the local optic approximation we assume that there is no

37) dependence af onq. In the Wien region of frequencies it is
also a good approximation to neglect the frequency depen-
The numbem of such contribution is obviously equal to the dence of o. In this approximation using Eq(31) for

integer part of the quantity= wd/7c (m=[y]), so thatthe Ay (kgT/4mho)32<d<\(4mhal(kgT)?) (\w
total p,#0 contribution becomes =chl(kgT)), we get
m’c 01— cvar,_ n\ . i keT |12
1" _ _ n.
8wd5§ arc'[ang /g 1+(§///§ )Z y ﬁf dw Jw le 013d3)\w 47Tﬁ0'
(42)
mc 'y . I :
= 80d5 —arctang"/{' — W For comparison, thp-wave contribution for parallel relative
wd>(’ ¢le motion ford<\., (\.=c/(4makgT)? is given by>’
m+1)°> (m+1D)* (m+1)° m 1
( 5)_( 2)+< 3)_%_%}_ wan_g o7 [ _KeT |2 s
y” d*\drnho| -

38
ad (38 It is interesting to note that for normal relative motion, in
In the integrall ' there is no singularity ap,=0, and the  contrast to parallel relative motion, practically for a0

contribution from the vicinity of the poinp,#0 is the main contribution to friction comes from retardation ef-
5 fects, since Eq(42), in contrast to Eq(43), contains the
2(wlc) §72 wiedp’ Pn light velocity.
m |(w/c)p’d+2ipag|* From Eq.(32) we get thes-wave contribution to friction
for d<i.:
on® ( —arctanl"/’ —L)
QA3 ATAYAR
~ Bedl’ 1) yfga%lo—zé[3—5 In(2d/\)]. (44)
C

and, consequently,
For parallel relative motion the-wave contribution is two

rad_ , e S, times smaller.
is= 80d3§ ~arctang’/ "~ 1+(Z"1¢) 2),121 : Ford>\., taking into account that E¢33) is valid only
for w>c?/4mwod?, we get
) ., g!//g!
Tl ( arctang’/ - 1+(g"/g')2) evan_ TKeTO
Yis T Tz (45
xXm(m+1)(2m+1). (39

From Eq. (40) for d>\,, we get a distance independent

For m>1, where we can assume~mw/cd, thes and  oninytion to the friction from propagating electromagnetic
p-wave contributions are approximately equal, and for th%aves

total contribution from propagating electromagnetic waves in
this limit we get

rad — 2

y39~1.9-10 : (46)
rad__ yrad rad 11(04 )\W)\c
=1+ 1~ 500 S (40)

. V. PHOTON TUNNELING ENHANCEMENT
The above formulas were obtained from the E@2) and OF THE VAN DER WAALS FRICTION

(23) by neglecting the spatial dispersion of the dielectric _ _ _

function. But these formulas depend only on the solids via We rewrite the denominator of E23) in the form

the surface impedancg which is equal to the ratio of the - - -

tangential components of the electric and magnetic fields on 11— € *R?[*=[(1-e *R)*+e **R?]?

the boundary of the body. Thus, the results in this section Ckdb 2 | o 2kd>242

also remain valid in the presence of spatial dispersion, pro- X[(1+e TR) +e RIS (47
vided only that the surface impedance of the medium isyhereR, andR; are real and imaginary parts & respec-
small enough. Thus, we would have arrived at the same fortjyely (R R +|R) Let us suppose thdR,|>R;. In this
mulas if we had assumed from the very beginning that thease resonant conditions are determined by the equation
Leontovich boundary conditioB= ¢H X n is satisfied on the

surface of the metal. Ri(w. (k)= ek, (48)
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Close to resonance we can write e(q,w). In this paper we use the nonlocal optic dielectric
_ _ _ approach, proposed some years ago for investigations of the
kdp 2 2kdp27 . o—2kdp 72 _ 2
[(1xe"R)*+e " Ri]~e "R (w){(0-w.) optical properties of a semi-infinite electron g4swhich
TR ()R (w.)]2, should ac_curately describe the nonlocal optic effects.
[Riw2)/R ()1} Accordingly to Ref. 20, the reflection factor for a
(49 p-polarized electromagnetic field, incident on the flat surface,

where is determined b3

, dR (@) _P=%
Ri(w.)= drw , Rp q+Z,’ (54

w=w_

. ] o o where the surface impedangg is given by
which leads to the following contribution to the friction co-

efficient: , 2i fwdqz( G N (wlc)2q?
0 o Q@ a(0.Q  (0/c)e(w,Q) Q%)
dkKe

™ . : 5
Yix 16kgT Jo [IR (w+)|Ri(w-)sintt fiw./2kgT] ®9
(500  Whereg is the finite lifetime generalization of the longitudi-

) ) . i ) nal Lindhard dielectric function, which, according to Ref. 21,
The parameteq, in this expression defines the region 0 .54 pe written as

<k<q, where the two pole approximation is valid. To pro-
ceed further let us make the following simplifications. Close ¢(w,Q)=1
to a pole we can use the approximation

52 2kd PaJo

(1+ilon[e(w+ilm,Q)—1]
o2 51) T (en[(wt1/mQ)—11[0Q) ~ 1]’

Cw—wg—iy’

(56)
wherea is a constant. Then from resonant conditig8) we
get o 3w’
E|(w,Q)=1+Wf|, (57)
w.=worae 4, UF
For the two poles approximation to be valid the difference 1 1 by Z—UF
Aw=|w,;—w_| must be greater than the width of the fi=5+ g7\ [1- (@ Wilino——
resonance. From this condition we ggt<In(2a/#)/d. For
short distances the parametgrdefines the value df where oo Ztutl
the solution of Eq(48) ceases to exit. 1= (z+u)in z+u—1)’ (58)
For wg>a andq.d>1, from Eq.(50) we get i
“o e a-50 we g where Q2=q2+q?%, z=QI2ke, U=w/(Qug), o, is the
3 #h%a? 1 plasma frequencyr is the Drude relaxation time, whetg:
Vi :@d“kBT 7 SINB(fiwg/2KeT) 52  and ke are the Fermi velocity and wave vector, respectively.

For s polarization the reflection factor is determined by
For parallel relative motion, using the same approxima-

tion as above, we get R.= 1_Zsp, (59
1+Z4p
2 nde 1
"= - . (53 ~ Wwhere
128k T sintf(fwo/2kgT)

Interestingly, the explicid dependence has dropped out of ZSZEJ . da 5, (60)
Eqg. (53). However,y, is still d dependent, due to the de- 7 Jo (0/c)°€(w,Q)—Q
pendence ofl. . For small distances one can expect thais 5
determined by the dielectric properties of the material and _ wp
does not depend od. In this case the friction will also be a(0.Q)=1= i) o (61)
distance independent. Thus, perhaps the weak distance de-
pendence observed in Ref. 7 can be explained by the reso- 3 ) ' 3 pp, ZTUHL
nant photon tunneling. fi=g (Z+3u "+ 1)~ = | [1-(z=u) ) In ==

VI. NUMERICAL RESULTS (1= (z+u"?2In Zﬁ'ii , 62

At d<l, vg/w, wherel is the electron mean free path,
and wherev is the Fermi velocity, respectively, the system with u’=(w+i7 )/(Qug). We will show below that the
will be characterized by a nonlocal dielectric function maximum of the van der Waals friction is reached for small
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0
4T s-local ~p-local
R ) §
§ sl s-nonlocal £ — __ S-local
E - “ - i
"o 28 s-nonlocal
z 1 = 7 local
Z12F -nonloca
= 12 p-local \5 P
g 8 12}
-16 L
[ 1 e .
-20 . . . . . . . . . 0 1 2 3 4 5
0 1 2 3 4 5 o
(o]
log (d / 1A) log (d/1 A)

FIG. 1. The friction coefficient for two flat surfaces in parallel ~ FIG. 2. The friction coefficient for two flat surfaces in normal
relative motion as a function of separatichat T=273 K with ~ relative motion as a function of separatiohat T=273 K with
parameter chosen to correspond to copper-E2.5x 103 s Land ~ parameter chosen to correspond to copper € 2.5x 102 s~ and
w,=1.6x10'° s71). The contributions from the- andp-polarized ~ w,=1.6xX10'°s™*). The contributions from the- and p-polarized
electromagnetic fields are shown separately. The full curves repreelectromagnetic fields are shown separately. The full curves repre-
sent the results obtained within the nonlocal optic dielectric formal-sent the results obtained within the nonlocal optic dielectric formal-
ism, and the dashed curves represent the result obtained within them, and the dashed curves represent the result obtained within the
local optic approximation(The log function is with basis 1p. local optic approximation(The log function is with basis 1p.

electron densities, where the electron gas becomes nonde1000 A), for parallel relative motion the nonlocal optic
generate(the electron gas is degenerate fyT<er and  effects become important for tipewave contribution. How-

nondegenerate fd(gT=er, whereer is the Fermi energy  ever, for theswave contribution, for both parallel and nor-
For a nondegenerate electron gas we use the following clasgaal relative motion, the nonlocal optic effects are negligibly

sical expressions for dielectric functioffs: small for practically all separations. For normal relative mo-
tion, for the p-wave contribution the nonlocal optic effects
0 wp 2 are less important than for the parallel relative motion. In the
€(0,Q)=1+ m 1+F V20 ' (63) present calculations we have taken into account the nonlocal
T effects in the bulk of the solids. There are also nonlocal
o2 i pontributionfs from tht=T su.rfacelgegion wh.ich we inves;igated
e(0,Q)=1+ P wTly (64)  In our previous publication®: Comparing our previous
' w(o+iy) \v2Quq/ calculations with the present one, we find that dor 10 A
) ] ) ) the volume contribution from the nonlocal effects is of the
where the functiorF(x) is defined by the integral same importance as the surface contribution.
.. 2 To estimate the friction coefficiedt for an atomic force
F(x)= LJ dr— , (65  Mmicroscope tip we can use an approximate formfa
JmJ-= Tz=x-i0
andvr=\kgT/m, wherem is the electron mass. F:27rf dp pylz(p)], (67)
0

Figures 1 and 2 show the calculated contribution to the
friction coefficienty from evanescent electromagnetic waves
for two semi-infinite solids, with parameters chosen to cor-Where it is assumed that the tip has cylinder symmetry. Here
respond to copper o '=25x108%s ! and w,=1.6 z(p) denotes the tip-surface distance as a function of the
x10® s 1) at T=273 K, for parallel(Fig. 1) and normal distancep from the tip symmetry axis, and the friction coef-
(Fig. 2) relative motions. Results are shown separately foficient y[z(p)] is determined by the expressions for the flat

both thes- and p-wave contributions. The dashed line show Surfaces. This scheme was proposed in Ref. 23 for the cal-
the result when the |oc&|ong_wave|ength dielectric func- culation of the conservative van der Waals interaction. The

tion e(w)= €= €, is used, where error of these scheme is not larger than 5-10 % in practice in
an atomic force microscopy experiment, and 25% in a worst

w; case situatio? Although this scheme was proposed for the
€(w)=1— w(otir Y (66)  conservative van der Waals interaction, we assume that the

same scheme is also valid for the calculation of the van der
In this case the integration in Eq&5) and (60) can be  Waals friction. We assume that the tip has a paraboloid shape
performed analytically resulting in Fresnel formulas. Figuregiven [in cylindrical coordinates 4,p)] by the formula:z

1 shows that, for sufficiently small separationsl ( =d+ p?/2R, whered is the distance between the tip and the
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flat surface, and wherR is the radius of curvature of the tip. 2 T
In the case of the power dependence -
o
Yp)= 7= (68) § g | Degenerate
d+ L E - electron gas Non-degenerate
I |
2R g p-nonlocal electron gas
we get < /
£
27R C  2mRd 8197
= n—1dgn1 = n—1 y(d) =Agny(d), // p-local
where Ag¢=2mRd(n—1) is the effective surface area. In a o
more general case one must use numerical integration. -14 5 : y : 5 . 8

For d>10 A the main contribution to the friction coeffi-
cient y comes froms-polarized waves. In particularly, at
=100 A the swave contributionys~10 ° kgs *m~2, so
that with the effective surface aréqq~10 1* m~?2 (typical
for probe scanning microscopythe friction coefficient is

log (no/n)

FIG. 3. The friction coefficient for two flat surfaces in parallel
relative motion as a function of the free electron densitat T
=273 K. The full curve was obtained by interpolation between the
I'~ yAer—~10" kgs *. Thes-wave contribution is charac- result (dashed linesobtained within the nonlocal optic dielectric
terized by weak distance dependenceder100 A, andy  approach, with dielectric functions corresponding to a degenerate
~d~2 for d>100 A. For good conductors like copper, even electron gas fon>ng~10? m™2, and to a nondegenerate electron
for very short distances, the main contribution to the frictiongas forn<ng. The calculation were performed with the damping
coefficient comes from thes-polarized electromagnetic constantr™1=2.5x10"* s, separationd=100A, andn,=8.6
waves. This difference betwe@n ands-polarized waves re- X 10% m~3. (The log function is with basis 1p.
sults from screening effects: Good conductors are good re-

o — — 41 — 4 -1
flectors for thep-polarized field, which implies that they are W'ih;gx_ 16().171’;)‘L1_1%H8exfr1£1u2nc, “(’ﬁ; ulr.fi'li?:zlcl);sfnoﬁsari]sd de-
ineffective in the emission and absorption of evanesce ' ‘ q Y P

n . "
-polarized waves. However these screening effects are Ieégrmmed by Cond'tlom’(.‘"p): —1 and from I_Eq(6) we get
P-p : =1.78<10" s . In Fig. 4 we plot the friction coefficient

. . w
important fors-polarized waves. d): n g ;
. . . note that the friction between the two semiconductor

As pointed out in Refs. 4, 15, 17, and 18, thevave ()

PR I surfaces is several order of magnitude larger than between
contribution increase and thewave contribution decrease two clean good conductor surfaces

when the free electron density decrease. Within the local apother enhancement mechanism is connected with reso-
optic approximation the friction diverges in the limit of zero nant photon tunneling between adsorbate vibrational modes
conductivity. This situation is different from the radiative |ocalized on different surfaces. In the local optic approxima-
heat transfer, where, even in the local optics approximationjon, where the dielectric function is assumed to depend only
a maximum in the heat transfer occurs for conductivities corgp the frequency, the reflection factor®, andR, for flat
responding to semimetals. Figure 3 shows the dependence &firfaces, covered by an adsorbate layer, are gived by:

the coefficient of friction on the electron density. When the
electron density decreases there is transition from a degener-
ate electron gas to a nondegenerate electron gas at the den-
sity ng~ (kg Tm)¥% 7243, At T=273 K the transition den-

sity is n~10°m~3. For n>ng we use the(nonloca)
dielectric function appropriate for a degenerate electron gas, 0
while for n<ng we use an expression corresponding to a
nondegenerate electron gas. In the calculations we used the
electron mean free path~600 A. At d=100 A the maxi-
mum value yma—10 % kgs ! is obtained for npyu
~10? m~3, corresponding to the dc conductivityr
~1(Qm)~ L.

Resonant photon tunneling enhancement of the van der
Waals friction is possible for two semiconductor surfaces
which can support low-frequency surface plasmon modes.
As an example we consider two clean surfaces of silicon
carbide(SiC). The optical properties of this material can be
described using an oscillator motéfel

B p—sle—4min,g[se /e—qa, ]

p_p+S/E_47Tinaq[S(XH/€+qai]’ (70)

Ja

log (y/ 1kgs -Tm=2)

L
N

1 2 3
[o]
log (d / 1A)

FIG. 4. The friction coefficient for two clean semiconductor
surfaces in(@) normal and(b) parallel relative motions, as a func-

w2— w2 tion of the separation. T=300 K and with parameters chosen to
e(w)=€.| 1+ %) , (69) correspond to a surfaces of silicon carb{@C) (see the text for an
oo —il'e explanation. (The log-function is with basis 1p0.
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6 sorbates. In comparison, the friction between two clean sur-
face at separatiomd=1nm is seven order of magnitude
smaller. Atd=1 nm the friction coefficieni’ for an atomic

0 ca force microscope tip withR~1 um is ~10 *?kgs ™! (y

b ~10° kgs ' m~2; see Fig. 5, this is of the same order of
magnitude as the observed friction.

log (y/ 1kgs -1m2)

VIl. SUMMARY AND CONCLUSION

-12 We have calculated the van der Waals friction between
1 2 o 3 two flat surfaces for normal relative motion and have found a
log (d/1A) drastic difference in the comparison with parallel relative
motion. This difference is connected with a resonance con-
dition, produced by the multiple scattering of the electromag-
netic waves from the opposite surfaces. In the case of a sharp
resonance, the normal relative motion gives a much larger
contribution to the friction, as compared to the parallel rela-
tive motion.

We have studied in detail the friction between two good
conductors and have found that for normal relative motion,
even for very small distances the main contribution to fric-
= _ — (71  tion comes from the retardation effects. We have shown that

p+s+4ming(w/c)q nonlocal optic effects are very important for thevave con-
tribution to the friction for parallel relative motion and much
ess important for normal relative motion. For tkevave
contribution, the nonlocal optic effects are unimportant for
both directions of relative motion.

In the case of van der Waals friction we have found that
for distances between the bodied00 A, for good conduc-
tors with a high free electrons concentration, the main con-
tribution to the friction is associated with thepolarized
electromagnetic waves. Fdr< 100 A this mechanism gives
a friction coefficient per unit areay~10"° kgs 'm™ 2,
e*2 nearly independent of the distangewhile for d>100 A the
(72 friction coefficient y depends on distance @k 2. For an

atomic force microscope tip with the effective surface area

wherew, is the frequency of the normal adsorbate vibration,Ae=10"** m?, we got the friction coefficientl ~ yA.q

and 7, is the damping constant. In E0) the contribution ~~10 *°kgs™* for d<100 A. When the concentration of
from parallel vibrations is reduced by the small factoe.1/ electrons decreases, tisecontribution to the friction de-
However, the contribution of parallel vibrations to the vancreases while the contribution increases. At=100 A and

der Waals friction can nevertheless be important due to thith the electron lifetimer=4x10"**s, thep contribution
indirect interaction of parallel adsorbate vibration with thereaches a maximunym.c~10* kgs *m~? at the electron
electric field, via the metal conduction electidniThus the  concentratiom~10°* m™2, which corresponds to the con-
small parallel component of the electric field will induce a ductivity o~1 (Qm)~*,

strong electric current in the metal. The drag force between We have shown that the van der Waals friction can be
the electron flow and adsorbates can induce adsorbate vibr@nhanced by several orders of magnitude in the case of reso-

tions parallel to the surface. This gives the polarizability =~ nant photon tunneling between low-frequency surface plas-
mon modes and adsorbate vibrational modes. In the case of

e—le* wn, friction for two Cu100) surfaces covered by a low concen-
(73 tration of potassium atoms at=10 A we have found the

friction of the same order of magnitude as it was observed in
wheren is the conduction electron concentration. As an il-experiment. However, the distance dependence in this case
lustration, in Fig. 5 we show coefficient of friction for the is stronger than observed in Ref. 7. Further experiments with
two Cu001) surfaces covered by a low concentration of po-well defined tips and samples must be performed to elucidate
tassium atomsr(;= 10'® m~2). In theq integral in Eqs(23) different energy dissipation mechanisms in the noncontact
and(25) we used the cutoffi.~ w/a (wherea~1 nm is the friction. The results obtained in this paper should have a
interadsorbate distancbecause our microscopic approach isbroad application in noncontact friction microscopy, and in
applicable only when the wave length of the electromagnetithe design of new tools for studying adsorbate vibrational
field is larger than double average distance between the adynamics and optical properties of surface plasmons.

FIG. 5. The friction coefficient for two surface covered by ad-
sorbates irfa) normal andb) parallel relative motion, as a function
of the separation. T=273 K and with parameters chosen to cor-
respond to K/C(001) (Ref. 28. (0, =1.9x10%s !, w,=4.5
X102 571, 5,=2.8x100s71, 5, =1.6x10%s!, and e*
=0.8&). (The log function is with basis 1D.

_ p—s—4ming(w/c)’y

Rs

and where; anda, are the polarizabilities of adsorbates in
a direction parallel and normal to the surface, respectivel
Here e=e(w) is the bulk dielectric function and, is the
concentration of adsorbates. For clean surfages0, and in
this case formulag70) and (71) reduce to the well-known
Fresnel formulas.

As an example, let us consider ions with chasfead-
sorbed on metal surfaces. The polarizability for ion vibration
normal to the surface is given by

aL:M(wf—wz—iwnL)’

o= e (2 i '
n e (of—0’—iwy)
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APPENDIX

After substituting Eqs(3) and(5) into formula(20), we obtain, to linear order in vibrational coordinatg and frequency
(1)0,

1 d?
UZZZEJO dwf (ZTq)Z[%[(p_Fp*)(<|WOZ|2>+<|UOZ|2>)+(D_p*)(<WOZUSZ>+C'C')]
cl
+ f—
w

PL(P+P*)({[Woyl?) +([voy|)) + (p—P*) (Woyv5,) +C.C) ]
+ ( 2_2[(p+ p* )(<lewgz>+ <Ulzvéz> + C-C-)(p_ p* )((levgz>+<vlzwgz>+ C'C-)]

2
(ot o) P L(P+P*)((WiyWo,) +(v1,05,) +C.C)+(P—P*) ((Wiywgy) +(v1yWoy) + C-C-)]) e‘i“’O‘} (A1)

From Egs.(21) and(Al) it follows that the friction coefficient is determined by the formula

AU f f

YL=

(_Z[(FH‘FJ YW W5,) + (v 1,05,) — €.C) (P— P* ){(W105,) + (v 1,Wg,) — C.C.)

+mp [(p+p* )((leW0y>+<Ulzv’52>—c-0-)+(p—D*)((W1y03y>+<01yW’5y>—C-C-)]) . (A2)
wo—
Using Eqs.(12)—(16), (18) and(19), we get
: i[p+(|0+|o*)(<w W) +(v105,)) — C.CJ
aiawo 1z"Woz 1zY0z lwg=0
1) 0 [ (1 =RypRop|?) %+ (1= [Ryp|?)RypeP+ (1 [Rpp| ) RT e PY|?
o il B p
: i[|D+(|0—|0*)(<w V62) +{V1W5,) —C.Clu, -
aié,wo 1zY0z 1zWWoz dwg=0
p2
=8iu0(n(w)+ (|A |4[(|m Ryp+e 2PI9R |2 Im Ryp) (IM Ryp+ e 2PI9 R |2 IM Ryp)
+e 2PldIm(Ry,Ryp) %] e29|d) : (A4)

Other similar expressions for tlsavave contribution can be obtained from EG&3) and(A4) by replacement of the reflection
amplitudeR,, for the p-polarized wave by the reflection amplituBg for thes-polarized wave. After substituting Eq#\3) and

(A4), and similar expressions farpolarized waves, in EA2) we get formulag22) and(23) for the friction coefficient for
normal relative motion.
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