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Resonant photon tunneling enhancement of the radiative heat transfer
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We study the dependence of the heat transfer between two semi-infinite solids on the dielectric properties of
the bodies. We show that the heat transfer at short separation between the solids 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 heat transfer is determined by resonant photon tunneling between adsorbate vibrational modes, or
surface plasmon modes. Using the nonlocal optic dielectric approach we study the dependence of the heat flux
between two metal surfaces on the electron concentration, and compare the predictions of the local optic
approximation.
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[. INTRODUCTION friction?) if the frequency of these modes is sufficiently low
to be excited by thermal radiation. At room temperature only
It is well known that the radiative heat transfer betweenthe modes with frequencies belowl0™ s can be excited.
two bodies separated bg>dr=c#A/kgT is given by the For normal metals surface plasmons have too much high
Stefan-Boltzmann law: frequencies; at thermal frequencies the dielectric function of
normal metals becomes nearly purely imaginary, which ex-
clude surface plasmon enhancement of the heat transfer for
good conductors. However surface plasmons for semicon-
ductors are characterized by much smaller frequencies and
whereT; and T, are the temperatures of solids 1 and 2, gamping constants, and they can give an important contribu-
respectively. In this limiting case the heat transfer is deteryjon to the heat transfer. Recently, enhancement of the heat
mined by the propagating electromagnetic waves radiated by nsfer due to resonant photon tunneling between surface
the bodies, and does not depend on the separdtiéiord 555101 modes localized on the surfaces of the semiconduc-
<dr the heat transfer increases by many orders of magnitudgy, a5 predicted.The authors studied the radiative heat

due 1o .the gvanescent eIectromagneﬂc waves that decay &fansfer between a small particle, considered as a pointlike
ponentially into the vacuum; this is often referred to as pho-

. . ; . gipole, and a flat surface. However, this treatment can be
ton tunneling. At present there is an increasing number o

investigations of heat transfer due to evanescent waves fﬁpp“ed for scanning probe microscopy only whared,

connection with the scanning tunneling microscopy and th hereR andd are the radius of the particle and the separa-

scanning thermal microscog@TM) under ultrahigh vacuum tion be_:twe_er_1 the partic_le gnd the surface, _respectively. In the
conditions™ It is now possible to measure extremely small °PPOSIte limitR>d, which is more appropriate for the scan-

amounts of heat transfer into small volunfeSTM can be NiNg probe microscopy, the heat transfer between the tip and
used for local heating of the surface, resulting in local dethe surface can, in the first approximation, be modeled by the
Sorption or decomposition of molecular Species, and this ofheat transfer between two semi-infinite solids. In this case
fers further possibilities for the STM to control the local the multiple scattering of the electromagnetic waves by the
chemistry on a surface. surfaces of the bodies, which was not taken into account in
The efficiency of the radiative heat transfer dependsRef. 7, becomes important in the photon tunneling. In par-
strongly on the dielectric properties of the media. In Refsticular, at sufficiently small separatiah the photons go back
3,5 and 6 and it was shown that the heat flux can be greatlgnd forth several times in the vacuum gap, building up a
enhanced if the conductivities of the materials are chosen tooherent constructive interference in the forward direction
maximize the heat flow due to photon tunneling. At roommuch as would occur in resonant electron tunneling. In this
temperature the heat flow is maximal at conductivities correcase the surface plasmons on the isolated surfaces combine
sponding to semimetals. In fact, only a thin film (0 A) of  to form a “surface plasmon molecule,” in much the same
a high-resistivity material is needed to maximize the heatvay as electronic states of isolated atoms combine to form
flux. Another enhancement mechanism of the radiative heaholecular levels. This will result in a very weak distance
transfer can be connected with resonant photon tunnelingependence of the heat flux, because the photon transmission
between states localized on different surfaces. Recently probability does not depend ahin this case(see below.
was discovered that resonant photon tunneling between suFor larged the sequential tunneling is more likely, where a
face plasmon modes gives rise to extraordinary enhancemestirface plasmon mode decays by emitting a photon, which
of the optical transmission through subwavelength holgunnels to the other surface where it excites a plasmon, and
arrays’ The same surface mode enhancement can be exhen couples to the other excitations in the media and exit.
pected for the radiative heat transfand the van der Waals Other surface modes which can be excited by thermal radia-

2k4

T Kg
S= W(Ti—Tg), 1
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tion are adsorbate vibrational modes. Especially for paralleérties of the bodies, and found that for good conductors, even

vibrations these modes may have very low frequencies.  for very small distances, the heat flux is dominated by retar-
All information about the long-range electromagnetic in-dation effects. They also showed that the heat flux is maxi-

teraction between two noncontacting bodies is contained imal at conductivities corresponding to the semimetal.

the reflection factors of the electromagnetic field. At present According to Refs. 1-3, and 5 the heat transfer between

very little is known about the reflection factors for large two semi-infinite bodies, separated by a vacuum gap with the

wave vectors and for extremely small frequencies. In oumwidth d, is given by the formula

previous calculations of the radiative heat transfer and van

der Waals frictioﬁ_'e'”'lzwe mostly considered good conduc- o fmdw(ﬂl—HZ)M @

tors. In this case it was shown that the important contribution 0

comes from the nonlocal optic effects in the surface region.

However it was shown that the radiative heat transfer and’Nere

van der Waals friction become much larger for high-

resistivity material, for which the volume contribution from M = i "’/Cd [1_|Rlp(“’)|z][1_|R2p(“’)|2]

nonlocal effects is also important. Nonlocal optic refers to 4m2Jo |1—e?PIR () Ryp(w)|?

the fact that the current at poimtdepends on the electric

field not only at pointr, as it is assumed in the local optic 1 (= _okg IMRp(@)IMRyp(w)
approximation, but also at points #r in a finite region +§L,qu q€ 11— e 2R, (w)Ryp(w)|?
around the point. In the case when both points are located P 2

outside the surface region the dielectric response function +[p—s], 3

can be expressed through the dielectric function appropriate .
for the semi-infinite electron gas. However, if one of theand the symbo| p—s] stands for the terms which can be

pointsr or r’ is located in the surface region, the dielectric ?ﬁgﬁ;?gd ffg?;?]éh? f(')rlztritzvé% teelggtsrob%areﬁggnvg;\?:sr\?v?tictt;]%n
response function will be different from its volume value, P P-p . 9 .
and this gives the surface contribution from nonlocality. Inreflectlon factorR; for s-polarized electromagnetic waves,

— 2__ ~271/2 — H
order to verify the accuracy of the local optic approximationand P=[(w/c)*~q°]", k=[p|. The Planck function of

we study the dependence of the radiative heat transfer on tk?é)“d lis

dielec_tric properties of the materials within the nonlocal di- y(w)=ho(ekeTi—1)"1 (4)
electric approach, which was proposed some years ago for

the investigation of the anomalous skin effetts. and similar forIl,. The contributions to the heat transfer

from the propagating {<w/c) and evanescentqf w/c)
electromagnetic waves are determined by the first and the
IIl. THEORY second terms in Eq3), respectively.

The problem of the radiative heat transfer between two L€t us first consider some general consequences of Eq.
flat surfaces had been considered some years ago by Pold&): In the case of heat transfer through free photogs (
and Van Hov& Levin and Ryto¢ and more recently by <w/c), the transfer is maximal Whe_n both b(_)d_les are per-
Pendry? and Volokitin and Perssot® Polder and Van Hove fectly black and have zero reflection coefficiem=R;
were the first who obtained the correct formula for the heatt iRi=0. Now, what is the photon tunneling equivalent of a
transfer between two flat surfaces. In their investigation theylackbody? Fom>w/c there are no constraints on the re-
used Rytov's theor® of the fluctuating electromagnetic flection coefficientR(q,w) other than that IR(q,w) is
field. However, they presented their result only for identicalPositive. Therefore, assuming identical surfaces, we are free
media, and within the local optic approximation. In the sub-t0 maximize the transmission coefficient corresponding to
sequent treatment, they made numerical calculations not dhe photon tunneling:
the heat flux itself, but of its derivative with respect to tem- 5

. . . . —2kd
perature, i.e., their result is only for small temperature differ- T— Rie ®)
ences. Unfortunately, their paper contains no analytical for- |1—e*2"dR2|2'
mulas in closed form. Levin and Rytbused the generalized
Kirchhoff’s law®® to obtain an expression for the radiative This function is a maximal whén
heat transfer. betyveen two semi-infinite media in the imped- 2, o2 okd
ance approximation. The case of good conductors was inves- Ri+R=e (6)
tigated in Qetail both in the normal and in the anomalqus .skirgo thatT=1/4. Substituting this result in Eq3) gives the
effect region. Pendfyproposed a more compact de_rl_va_nc_)n maximal evanescent contribution
of the formula for the heat flux between two semi-infinite
bodies due to evanescent waves, and calculated the heat gTqu
transfer between a point dipole and a surface. Volokitin and (S max = YT (7)
Perssonconsidered the problem of the heat transfer between
two flat surfaces as a particular case of the general approacethereq, is a cutoff ing, determined by the properties of the
for calculation of the heat transfer. They investigated numerimaterial. It is clear that the largest possigle- 1/a, wherea
cally the dependence of the heat flux on the dielectric propis an interatomic distance. Thus, from EJ) we get the
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upper boundary for the radiative heat transfer at room tem-
perature: 8,)max~ 102 Wm™2. =
Let us rewrite the denominator of the integrand in the o
evanescent wave term in E@) in the form o
E
|1_e_2de2|2:[(1_e_der)2+e_2dei2] E 6
%]
X[(1+e KIR)?+e %kIR?].  (8) g
The conditions for resonant photon tunneling are determined
by equation 4 ; 5 3
Ri(w(q))==ek. 9 log [d(14)]

Since for evanescent electromagnetic waves there is no re- FIG. 1. The heat flux between two semiconductor surfaces as a
striction on the magnitude of the real part or the modulus ofunction of separatio. One body is at zero temperature and the
R, Eg. (9) can be fulfilled even when exp@kd)<1. Thus, other atT=273 K for parameters corresponding to a surface of
resonant denominators can occur also Rﬁ»l. Close to silicon carbideg(SiC) (see text for explanation(The log function is
resonance we can write with basis 10.

(1+e “IR,)%+ e 2kIR? is determined by the dielectric properties of the material, and
ks 2 ) ) 5 thus does not depend ah In this case the heat transfer will
~e T“Ri(w){(0—0:) +[R(w=)/R/(w+)]7},  also be distance independent.

(10)
I1l. NUMERICAL RESULTS
where
Resonant photon tunneling enhancement of the heat trans-
, _dR(w) fer is possible for two semiconductor surfaces which can
Ri(ws)= dow v support low-frequency surface plasmon modes. The reflec-
T tion factor R, for clean semiconductor surface is given by
which leads to the following contribution to the heat flux: Fresnel's formula
k—sle
1 (a Ri(w.) Ry=+—r (14
S+~_f dk H (w+)_]:[ (w+) ;. (11) p + !
=~ 27 o Ky (w 2 7]R;(wa_,) k+sle

. . . ) . where
The parametenq, in this expression defines the region O

<(g<(q, where the two-pole approximation is valid. To pro- w2
ceed further, let us make the following simplifications. Close s=1/k?— (—) (e—1), (15
to a pole we can use the approximation ¢
and € is the bulk dielectric function. As an example, we
a consider two clean surfaces of silicon carbit®iC). The

12 . ; . ; . .
(12 optical properties of this material can be described using an
oscillator modef®

R= ——,
w—wy— 17y

wherea is a constant. Then from the resonant conditi®n

we get

1+ (16)

e(w)=¢€,

e a?
w%—wz—il—‘w

For the two-pole approximation to be valid the differencewith e,=6.7,0, =1.8Xx10" s, wr=1.49x10"s™ !, and
Aw=|w,—w_| must be greater than the width of the  T'=8.9x 10" s 1. The frequency of surface plasmons is de-
resonance. From this condition we ggt< In(2a/7)/d. For  termined by conditione, (w,)=—1 and from Eq.(16) we
short distances the parametgrdefines the value af where  get wp=1.78X 10 s 1. In Fig. 1 we plot the heat flux

the solution of Eq(9) ceases to exist. S(d): note that the heat flux between the two semiconductor
For wp>a andq.d>1, from Eq.(11) we get surfaces is several orders of magnitude larger than between
5 two clean good conductor surfaceee Fig. 3.
S :77_qc n I 13 Another enhancement mechanism is connected with reso-
* 877[ 1(wo) ~I5(wo)]. (13 nant photon tunneling between adsorbate vibrational modes

localized on different surfaces. As an example, let us con-
Note that the explicitd dependence has dropped out of sider ions with charge* adsorbed on metal surfaces. The
Eq. (13). However,Smay still bed dependent, through thee  reflection factorR,, which takes into account the contribu-
dependence af, . For small distances one can expect fipat  tion from an adsorbate layer, is given'By
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FIG. 2. The heat flux between two surfaces covered by adsor-
bates and between two clean surfaces, as a function of the separa- FIG. 3. The heat flux between two metal surfaces as a function
tion d. One body is at zero temperature and the otherTat of the free-electron concentration One body is at zero tempera-
=273 K for parameters corresponding to K(G01) and Cy001) ture and the other aT=273K. The full line was obtained by
(Ref. 19 (0, =1.9x108s ! ©=45x10”s ', =28 interpolation between curvédashed linéscalculated in the nonlo-
x10°¥s™t, »,=1.6x10"%s !, e*=0.88.) (The log function is  cal dielectric formalism for a non-degenerate electron gasnfor
with basis 10. <ng~10?° m~2 and for a degenerate electron gasriofng . Also
shown are resultgdashed linesobtained within the local optic
k—sle+4mn,[kse)/e+ 9’a, ] an approximati?n.Zzhelgle;lculf\tion was _pegorrlnoedA withdthe dgrgping
= — , constant 7~ 1=2.5% s !, separationd= , and ny=8.
P ktsletdmng ks /e—qa,] X 10?8 m~3. (The log function is with basis 1.

and wherew| anda, are the polarizabilities of adsorbates in

a direction parallel and normal to the surface, respectively. adsorbates is enhanced by five orders of magnitude in com-
is the bulk dielectric function and, is the concentration of parison with the heat flux between clean surfaces, and by
adsorbates. For clean surfaaes=0, and in this case for- seven orders of magnitude in comparison with the blackbody
mula (17) reduces to the Fresnel formula. The polarizability radiation. However this enhancement of the heat flux disap-

for an ion vibrating normal to the surface is given by pears if only one of the surfaces is covered by adsorbates.
Figure 3 shows the thermal flux between two clean metal
e*? surfaces as a function of electron densityin the calcula-
a = (18  tions we have assumed that one body is at zero temperature

2_ 2 - '
M(0]~ o ~ion,) and the other aT =273 K, and the Drude relaxation time

wherew, is the frequency of the normal adsorbate vibration™=4x 10"'*s. When the electron density decreases there is
and 7, is the damping constant. In E€L7) the contribution ~ transition from a degenerate electron gagl(<er, where
from parallel vibrations is reduced by a small factoe.1/ &g is the Fermi energyto a nondegenerate electron gas
However, the contribution of parallel vibrations to the heat(KeT>e¢) at the densityn~(KgTm)*% 7?43, wheremis
transfer can nevertheless be important due to the indiredhe electron mass. AT=273 K the transition density
interaction of the parallel adsorbate vibration with the elec-~10? m~3. The full line was obtained by interpolation be-
tric field, via the metal conduction electrofsThus, the tween the two dashed curves, calculated in the nonlocal di-
small parallel component of the electric field will induce a electric function formalism for the nondegenerate electron
strong electric current in the metal. The drag force betweegas (valid for n<ng~10?* m~3) and for the degenerate
the electron flow and the adsorbates can induce adsorbagdectron gas(for n>ng).?® The thermal flux reaches the
vibrations parallel to the surface. This gives the polarizabilitymaximum S, ~5X10° Wm™2 at ny,~10?° m~3, which
corresponds to the dc conductivity~3x10* (2 m) 1.
e—1 e* w7 Within the local optic approximation the radiative heat trans-
(19 fer is maximal at N n=107*m 3 where S max
~10° Wm™2. The thermal flux due to traveling electromag-
wheren is the conduction electron concentration. As an il- N€tiC waves 15 determined by formuld) which givesSgg
lustration, in Fig. 2 we show the heat flux for the two =308 Wm ©for T=273 K,
Cu(001) surfaces covered by a low concentration of potas-
sium atoms 6,=10'® m~2) and the two clean G001) sur-
faces. In theq integral in Eq.(3) we used the cutoffy,
~m/a (wherea=~1 nm is the interadsorbate distandmse- We have studied how the radiative heat transfer between
cause our microscopic approach is applicable only when thewo bodies depends on the dielectric properties of the media.
wavelength of the electromagnetic field is larger than théMe have found that at short distances between bodies, the
double average spacing between the adsorbates. At sepathermal flux can be significantly enhanced in comparison
tiond=1 nm the heat flux between two surfaces covered bywith the blackbody radiation when the material involved can

Y=a 50 e - '
47in e (wﬁ_wZ_m,n”)

IV. SUMMARY
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