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We present an exact calculation of the cross-spectral density tensor of the near field thermally e
into free space by an opaque planar surface. The approach, based on fluctuational electrodynam
the fluctuation-dissipation theorem, yields novel near-field correlation properties. We show th
spatial coherence length of the field close to the surface at a given wavelengthl may be much smaller
than the well-knownly2 of blackbody radiation. We also show that a long-range correlation m
exist, when resonant surface waves, such as surface-plasmon or surface-phonon polaritons, are
These results should have important consequences in the study of coherence in thermal emissio
the modeling of nanometer scale radiative transfer. [S0031-9007(99)08515-4]
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Thermal emission of radiation from opaque materi
is often regarded as an incoherent phenomenon. Ind
thermal light is chiefly generated by the uncorrela
process of spontaneous emission. Nevertheless, s
the development of optical coherence theory, it has b
known that the field emitted by thermal sources may
hibit a certain degree of temporal and spatial cohere
For example, it was shown that light across a planar qu
homogeneous Lambertian source, at a given wavele
l, is spatially correlated over a distance on the or
of ly2 [1]. This result was found to be in agreeme
with known spatial correlation properties of free blackbo
radiation [2].

In deriving this result, the nonradiating near-field part
the emitted light was ignored [1], because it plays no r
in the far-field properties of emission from planar sourc
Nevertheless, recent interest in microscale and nanos
radiative transfers [3], together with the development
local-probe thermal microscopy [4] and the observation
coherent thermal emission from doped silicon and silic
carbide (SiC) gratings [5,6], has raised new challenges
fact, all these topics have in common the substantial
of the nonradiating (evanescent) thermal fields.

In this Letter, we concentrate on the role of the nonra
ating field in the coherence properties of thermal sour
with particular emphasis on the spatial coherence.
revisit this concept by studying the spatial correlation
the vector thermal field at close proximity of an emitti
body. Our calculation is based on macroscopic fluct
tional electrodynamics and the fluctuation-dissipation t
orem [7,8]. Novel properties are obtained, showing t
near-field effects may dramatically modify the spatial c
herence of thermal sources.

Let us consider a homogeneous opaque material
ing the half spacez , 0, in local thermodynamic equi
librium at a uniform temperatureT . The electrodynamic
properties of the material, assumed to be isotropic
nonmagnetic, are macroscopically described by its c
plex frequency-dependent dielectric constantesvd. The
0031-9007y99y82(8)y1660(4)$15.00
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thermal fluctuations of the current density at a pointr ­
sx, y, zd inside the body are described by a random proc
jsr, td, which is stationary in time [7,8]. The field rad
ated into the half spacez . 0, i.e., the thermally emitted
field, is itself a fluctuating quantity described by a tim
stationary random processEsr, td. In this Letter, we focus
on the spatial coherence of the emitted field at a given
quencyv. The basic quantity of second-order coheren
theory of vector fields in the space-frequency domain
the electric-field cross-spectral density tensorWjk defined
by [9]

kEjsr1, vdEp
k sr2, v0dl ­ Wjksr1, r2, vddsv 2 v0d , (1)

where Esr, vd is the time-domain Fourier transform o
the electric fieldEsr, td and the superscriptp denotes
the complex conjugate. The brackets denote a statis
ensemble average. The tensorWjk is a measure of the
spatial correlation of the electric field at a given frequen
v and at two different pointsr1 and r2. Note that the
presence of the delta function in Eq. (1) is a conseque
of the stationarity of the field in the time domain. Recent
calculation of the cross-spectral density tensorWjk was
reported for an infinite blackbody surface in the far field
for a finite planar surface in the radiometric limit [10]. I
this Letter, we address near-field effects—in some ca
under resonant conditions—so that we do not use
approximation in our calculation. The only assumptio
are the local thermal equilibrium of the body and the use
macroscopic electrodynamics. To proceed, we introd
the time-domain Fourier transformjsr, vd of the random
current densityjsr, td. The electric field at a given poin
r in the half spacez . 0 is given by

Esr, vd ­ imov
Z

V

$
Gsr, r0, vd ? jsr0, vd d3r0, (2)

where the integration is performed on the volumeV of
the body.

$
Gsr, r0, vd is the Green dyadic of the vecto

Helmholtz equation in the considered geometry, nam
a flat interface separating a semi-infinite homogene
© 1999 The American Physical Society



VOLUME 82, NUMBER 8 P H Y S I C A L R E V I E W L E T T E R S 22 FEBRUARY 1999

s
o
in

m
r

b
s

x

b

4)
e
n

l
e
th
o
y

th

-
ter

ck-
re-
ity
ob-
gh
av-
l
tted

ris-
nt
ves
hat
ace,

ted
g of
al-
ve-
ties
ept
cor-

on
ive

) is

r

medium with dielectric constantesvd (medium z , 0)
from a vacuum (mediumz . 0) [11].

In order to calculate the cross-spectral density ten
Wjk , we need to know the spatial correlation function
the thermal current fluctuations in the frequency doma
It is given by the fluctuation-dissipation theorem [7,8]:

k jmsr, vdjp
nsr0, v0dl ­

v

p
eoe00svdQsv, T ddsr 2 r0ddmndsv 2 v0d , (3)

wheredmn is the Kronecker symbol,Qsv, T d ­ h̄vy2 1

h̄vyfexpsh̄vykT d 2 1g is the mean energy of the quantu
harmonic oscillator in thermal equilibrium at temperatu
T , and2p h̄ is Planck’s constant.e00svd is the imaginary
part of the dielectric constantesvd.

Inserting Eq. (2) into Eq. (1) and using Eq. (3), we o
tain the following expression for the cross-spectral ten
of the electric field in the half spacez . 0:

Wjksr1, r2, vd ­

v3

p
m2

oeoe00Qsv, T d
Z

V
Gjmsr1, r0, vdGp

kmsr2, r0, vd d3r0.

(4)

The expression of the Green dyadic
$
G sr, r0, vd connect-

ing a source current inside the body (mediumz , 0) to the
electric field in vacuum (mediumz . 0) is [11]

$
Gsr, r0, vd ­

i
8p2

Z 1
g2

sŝtsŝ 1 p̂1tpp̂2d expfiK ? sR 2 R0dg

3 expsig1z 2 ig2z0d d2K , (5)

where r ­ sR, zd, ŝ ­ K̂ 3 ẑ, p̂j ­ sjKjẑ 1 gjK̂dykj ,
the symbolˆ denoting a unit vector,k1 ­ k ­ vyc,
k2 ­

p
e k, and gj ­ sk2

j 2 K2d1y2, with the determina-
tion Resgjd . 0 and Imsgjd . 0. tssKd and tpsKd are
the Fresnel transmission factors fors andp polarizations,
respectively [11].

Equation (4), together with Eq. (5), gives an exact e
pression of the electric cross-spectral density tensorWjk .
This expression is valid for any position of the two o
servation pointsr1 and r2, especially at close proximity
from the surface (near-field zone). Inserting (5) into (
tedious but straightforward algebra allows us to expr
the elementsWjksr1, r2, vd of the cross-spectral tensor i
terms of a single integral over the wave vectorjKj which
is evaluated numerically.

Let us first compare the spatial correlation of the fie
emitted by lossy glass and tungsten, the latter being a m
which does not exhibit surface-polariton resonances in
visible part of the spectrum. We plot in Fig. 1 the diag
nal elementWxxsr1, r2, vd of the cross-spectral densit
tensor, at a wavelengthl ­ 2pyk ­ 500 nm and normal-
ized by its value atr ­ 0. Note that this normalization
amounts to plotting the componentmxxsr1, r2, vd of the
(tensor) spectral degree of spatial coherence [9]. At
wavelength, the dielectric constant of a lossy glass ise ­
or
f
.

e

-
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-

-
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2.25 1 0.001i and that of tungsten ise ­ 4.35 1 18.05i.
The calculation is performed in a planez ­ z0 above the
surface of the emitting material. Bothr1 andr2 are along
the x axis, and the result is plotted versusr ­ jr1 2 r2j.
In the very near fieldsz0 ­ 0.01ld, the curve correspond
ing to glass (solid line) drops to negligible values af
r ­ ly2, showing that the correlation length of thex com-
ponent of the field isly2. In fact, a semi-infinite medium
of lossy glass is a good approximation of a planar bla
body radiator, and the solid curve in Fig. 1 strongly
sembles the sinskrdykr shape of the cross-spectral dens
in the source plane of a Lambertian source, previously
tained in the scalar approximation [1]. Note that, althou
not shown here for brevity, we have observed this beh
ior for the three diagonal elementsWjj of the cross-spectra
density tensor. In comparison, the case of tungsten (do
curve) is completely different.The correlation length is
much smaller thanly2, on the order of0.06l. This dis-
tance is comparable to the skin depthd ­ fk Ims

p
e dg21

of tungsten at this wavelength. This is actually not surp
ing becaused is, in addition to the wavelength, the releva
length scale for the propagation of electromagnetic wa
inside the material. Therefore, it is physically sound t
the induced currents, and thus the field close to the surf
be correlated over a distance which is the smallest ofd and
l. This result, which, to our knowledge, was never poin
out before, has important consequences in the modelin
radiative transfer at small scales [3,4]. Moreover, it
lows us to revisit the concept of emissivity at subwa
length scale, useful in the study of the radiative proper
of rough surfaces [12]. Indeed, this macroscopic conc
can be defined on a length scale larger than the field
relation length.

Finally, we show that this subwavelength correlati
length is a pure near-field effect, due to nonradiat
evanescent fields. At a distancez0 ­ 0.1l, we see that the
correlation length for tungsten (dashed curve in Fig. 1
much larger (on the order of0.4l) than that obtained with

FIG. 1. Wxxsr1, r2, vd in the planez ­ z0 versusr ­ jr1 2
r2j. r1 andr2 are on thex axis. l ­ 500 nm. Two materials
are considered: lossy glasssz0 ­ 0.01ld and tungstensz0 ­
0.01l and z0 ­ 0.1ld. All curves are normalized by thei
maximum value atr ­ 0.
1661



VOLUME 82, NUMBER 8 P H Y S I C A L R E V I E W L E T T E R S 22 FEBRUARY 1999

n
t

va

m
n

in
ac
la

p

c
-
ol

4
m
w

n
on
l

y

h,

n
r
o

fo
is

g
e

ta

o
i

a
e

th
h
io

e
m
o

ic
ib
th
f

s),
eld.
of
ow

ns
n

o

is

eas
ut
the

ial
me
n.
he

e

4
es,
ases

g
.

z0 ­ 0.01l (dotted curve). Thus, during the transitio
from the near to the far zone, the correlation leng
increases because evanescent waves vanish. The
ly2 of blackbody radiation is reached whenz $ 0.1l.
Note that this increase in spatial coherenceis not described
by the far-field form of the van Cittert–Zernike theore
[9,13], which describes an increase of spatial cohere
due to propagation.

We now turn to the study of spatial coherence
light emission from materials supporting resonant surf
waves, such as surface-plasmon or surface-phonon po
tons [14]. In the formalism used here, the existence of
laritons is taken into account in the Green dyadic

$
G which

describes all the electrodynamic properties of the interfa
In fact, it is well known that thep-polarized Fresnel trans
mission factortpsKd appearing in Eq. (5) possesses a p
whenjKj approaches the valueKsp ­ kfeyse 1 1dg1y2 of
the wave vector of the polariton along the interface [1
The thermal excitation of a surface polariton induces so
spatial correlation in the field close to the surface, and
may expect a large increase of the correlation length.

We illustrate in Fig. 2 the effect of surface-plasmo
[Fig. 2(a)] and surface-phonon [Fig. 2(b)] polaritons
the spatial coherence of the thermal near field. We p
in Fig. 2(a) the elementWxx of the cross-spectral densit
tensor at the wavelengthl ­ 620 nm, and in the plane
z0 ­ 0.05l, for three different metals. At this wavelengt
their dielectric constants aree ­ 4.6 1 i20.5 for tungsten,
e ­ 28.26 1 i1.12 for gold, ande ­ 215.04 1 i1.02
for silver. Both gold and silver exhibit surface-plasmo
resonances at this wavelength. We clearly see that whe
the spatial correlation length for tungsten is a fraction
the wavelength (as in Fig. 1), the correlation length
gold and silver is much larger. In fact, although Fig. 2
limited to r , 5l for the sake of visibility, the correlation
extends on a distance given by the attenuation len
of the surface-plasmon polariton. For gold and silv
the attenuation lengths are16l and 65l, respectively.
The same effect is seen in Fig. 2(b) for a SiC crys
which exhibits a surface-phonon polariton resonance
the wavelengthl ­ 11.36 mm se ­ 27.56 1 i0.41d and
no resonance atl ­ 9.1 mm se ­ 1.80 1 i4.07d. The
emission of SiC gratings and the effect of surface-phon
waves were studied experimentally and numerically
Ref. [6]. The difference of behavior of this material
the two different wavelengths is striking in Fig. 2(b). Th
correlation length is much higher in the presence of
resonant surface wave (dashed line) than in the case w
no surface wave is excited (solid line). The propagat
distance of the surface-phonon polariton in this case
36l. In summary, we have shown how the delocaliz
electromagnetic surface mode, either coupled to a plas
or a phonon in the material, correlates the near field
distances on the order of its propagation length, wh
easily reaches several tenths of wavelengths in the vis
part of the spectrum. Physically, one could say that
collective resonance of the free electrons in the metals
1662
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plasmons, or of the crystal for phonons (lattice vibration
transmits its spatial coherence to the electromagnetic fi

In order to demonstrate more precisely the role
the surface wave on the long-range correlation, we sh
in Fig. 3 the three diagonal elementsWkk of the cross-
spectral density tensor, for gold, in the same conditio
as in Fig. 2(a). It is well known that a surface polarito
propagating along thex axis is polarized in thex-z plane
[14]. Thus, when looking at the correlation between tw
points r1 and r2 that are along thex axis, we expect to
see a surface-wave induced correlation for thex and z
components of the field only. This is exactly what
observed in Fig. 3. The elementsWxx and Wzz exhibit
long-range correlation due to the surface wave, wher
Wyy exhibits the same behavior as that of a metal witho
surface-wave resonance. This is a clear signature of
role of the surface polariton in increasing the spat
coherence. Although not shown here for brevity, the sa
result is obtained for SiC with surface-phonon excitatio

Another signature of the surface-wave excitation is t
z dependence of the electric energy densityuesz, vd ­P

Wkksr, r, vd. Note that at a given frequencyv, ue is
a function of z only due to the translational invarianc
of the geometry in thex-y plane. The energy density
ue, normalized by its far-field value, is plotted in Fig.
versusz. For materials without surface-wave resonanc
such as glass and tungsten, the energy density incre
at short distancesz , 0.1ld. In fact, it is known thatue

behaves like1yz3 in the very near field, due to nonradiatin
fields [8]. This result is retrieved in our calculation

FIG. 2. Same as Fig. 1, withz0 ­ 0.05l. (a) The case of
three metals (tungsten, gold, and silver),l ­ 620 nm. (b) The
case of SiC withl ­ 9.1 mm andl ­ 11.36 mm.
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FIG. 3. Diagonal elementsWjjsr1, r2, vd in the planez0 ­
0.05l versusr ­ jr1 2 r2j, with r1 andr2 on thex axis. Gold
surface:l ­ 620 nm.

Also note that the existence of these nonradiating fie
at short distancesz is responsible for the small pea
observed atr ­ 0 for glass in Fig. 1 (solid line). This is
a striking difference between free blackbody radiation a
the radiation produced at short distance by a blackb
radiator, which contains evanescent waves. The n
property is that for a material supporting a surface-plasm
polariton, such as gold in Fig. 4, the energy density st
to increase as soon asz , l. This is so because th
decay length of the surface wave in thez direction is
on the order ofl. The near-field enhancement is up
100 times higher than that observed without surface-w
excitation. Although not shown here, we have obser
the same effect with a surface-phonon polariton on a
surface. This behavior of the electric energy density sh
that evanescent waves play a crucial role in radiative h
transfer at subwavelength scale when surface waves
excited.

We have shown that the thermal excitation of an el
tromagnetic surface mode dramatically changes the sp
correlation of the emitted field close to the surface.
using a grating as a coupler, the surface wave can be
verted into propagating waves. This give rise tohighly
directional thermal emissionat a given wavelength. Thi
is a very unusual behavior for thermal sources. Since s
a source emits light in particular directions and at parti
lar frequencies,the spectrum of the emitted light strong
depends on the direction of observation.Thus, such a ma
terial is an example of anatural thermal source for which
the field correlation in the source plane does not obey
scaling law established by Wolf [15]. Note that tempo
and spatial coherence in thermal emission by silicon
SiC gratings has already been observed [5,6]. The an
sis presented in this Letter explains the physical origin
this phenomenon.

To summarize, we have found novel correlation pro
erties of fields produced by thermal sources in the n
field: (i) Materials that do not support surface waves m
display coherence lengths much shorter thanly2, (ii) ma-
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FIG. 4. Electric energy densityuesr, vd versus z. The
case of glasssl ­ 500 nmd, tungstensl ­ 500 nmd, and gold
sl ­ 620 nmd. All curves are normalized by their far-field
value atz ­ 10l.

terials that support resonant surface waves exhibit lo
range spatial correlations, (iii) the spectral electric dens
of energy is strongly enhanced close to an interface w
a surface wave is excited, and (iv) an interface with a sh
low grating supporting a surface wave is a natural therm
source whose spectrum depends on the emission direc
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