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Near-Field Effects in Spatial Coherence of Thermal Sources
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We present an exact calculation of the cross-spectral density tensor of the near field thermally emitted
into free space by an opaque planar surface. The approach, based on fluctuational electrodynamics and
the fluctuation-dissipation theorem, yields novel near-field correlation properties. We show that the
spatial coherence length of the field close to the surface at a given wavelemgdly be much smaller
than the well-knowni/2 of blackbody radiation. We also show that a long-range correlation may
exist, when resonant surface waves, such as surface-plasmon or surface-phonon polaritons, are excited.
These results should have important consequences in the study of coherence in thermal emission and in
the modeling of nanometer scale radiative transfer. [S0031-9007(99)08515-4]

PACS numbers: 42.25.Kb, 05.40.—-a, 71.36.+c, 78.20.Ci

Thermal emission of radiation from opaque materialsthermal fluctuations of the current density at a paint
is often regarded as an incoherent phenomenon. Indee(;, y, z) inside the body are described by a random process
thermal light is chiefly generated by the uncorrelatedj(r,7), which is stationary in time [7,8]. The field radi-
process of spontaneous emission. Nevertheless, sineged into the half space > 0, i.e., the thermally emitted
the development of optical coherence theory, it has beefield, is itself a fluctuating quantity described by a time-
known that the field emitted by thermal sources may exstationary random proce¥Xr, ¢). In this Letter, we focus
hibit a certain degree of temporal and spatial coherencan the spatial coherence of the emitted field at a given fre-
For example, it was shown that light across a planar quasguencyw. The basic quantity of second-order coherence
homogeneous Lambertian source, at a given wavelengtieory of vector fields in the space-frequency domain is
A, is spatially correlated over a distance on the ordethe electric-field cross-spectral density ten8gy defined
of A/2 [1]. This result was found to be in agreementby [9]
\r/g(tjr:alf[irl)onvv[g]s.patlal correlation properties of free blackbody (E; (1, @)EL (2, @) = Wie(rr, 10, 0)8( — @), (1)

In deriving this result, the nonradiating near-field part ofyyhere E(r, w) is the time-domain Fourier transform of
the emitted light was ignored [1], because it plays no rolghe electric fieldE(r,7) and the superscript denotes
in the far-field properties of emission from planar sourcesthe complex conjugate. The brackets denote a statistical
Nevertheless, recent interest in microscale and nanoscagsemble average. The tend®r, is a measure of the
radiative transfers [3], together with the development ofspatial correlation of the electric field at a given frequency
local-probe thermal microscopy [4] and the observation of,, and at two different points; andr,. Note that the
coherent thermal emission from doped silicon and silicoyresence of the delta function in Eq. (1) is a consequence
carbide (SIC) gratings [5,6], has raised new challenges. 1gfthe stationarity of the field in the time domain. Recently,
fact, all these topics have in common the substantial rolea|culation of the cross-spectral density tendoy, was
of the nonradiating (evanescent) thermal fields. reported for an infinite blackbody surface in the far field or

In this Letter, we concentrate on the role of the nonradifor a finite planar surface in the radiometric limit [10]. In
ating field in the coherence properties of thermal sourceshis Letter, we address near-field effects—in some cases
with particular emphasis on the spatial coherence. Wender resonant conditions—so that we do not use any
revisit this concept by studying the spatial correlation ofapproximation in our calculation. The only assumptions
the vector thermal field at close proximity of an emitting are the local thermal equilibrium of the body and the use of
body. Our calculation is based on macroscopic fluctuamacroscopic electrodynamics. To proceed, we introduce
tional electrodynamics and the fluctuation-dissipation thethe time-domain Fourier transforijir, ») of the random
orem [7,8]. Novel properties are obtained, showing thagyrrent densityj(r, 7). The electric field at a given point
near-field effects may dramatically modify the spatial co-r jn the half space > 0 is given by
herence of thermal sources. -

Let us consider a homogeneous opaque material fill- E(r, w) = i/_Loa)f Gr,r' w) - jd' w)dr, (2)
ing the half space < 0, in local thermodynamic equi- v
librium at a uniform temperaturg. The electrodynamic where the integration is performed on the voluiieof
properties of the material, assumed to be isotropic anthe body. G (r,r’, w) is the Green dyadic of the vector
nonmagnetic, are macroscopically described by its comHelmholtz equation in the considered geometry, namely,
plex frequency-dependent dielectric constafi). The a flat interface separating a semi-infinite homogeneous
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medium with dielectric constan¢é(w) (mediumz < 0)  2.25 + 0.001; and that of tungsten is = 4.35 + 18.05i.

from a vacuum (medium > 0) [11]. The calculation is performed in a plane= z, above the

In order to calculate the cross-spectral density tensosurface of the emitting material. Boih andr, are along
Wi, we need to know the spatial correlation function ofthex axis, and the result is plotted versps= |r; — r|.
the thermal current fluctuations in the frequency domainin the very near fieldzo = 0.011), the curve correspond-

It is given by the fluctuation-dissipation theorem [7,8]:  ing to glass (solid line) drops to negligible values after
p = A/2, showing that the correlation length of theom-
ponent of the field is\/2. In fact, a semi-infinite medium

3) of lossy glass is a good approximation of a planar black-
body radiator, and the solid curve in Fig. 1 strongly re-

wheres,,, is the Kronecker symbo® (w,T) = iw/2 +  sembles the sitr)/kr shape of the cross-spectral density

Lo /[exphow/kT) — 1]is the mean energy of the quantum in the source plane of a Lambertian source, previously ob-

harmonic oscillator in thermal equilibrium at temperaturetained in the scalar approximation [1]. Note that, although

T, and2# /i is Planck’s constant.e’(w) is the imaginary not shown here for brevity, we have observed this behav-

part of the dielectric constart ). ior for the three diagonal elemerits; of the cross-spectral

Inserting Eq. (2) into Eq. (1) and using Eq. (3), we ob-density tensor. In comparison, the case of tungsten (dotted
tain the following expression for the cross-spectral tensogurve) is completely different.The correlation length is
of the electric field in the half space> 0: much smaller tham /2, on the order 00.06A. This dis-
tance is comparable to the skin degth= [k Im(\/€)]™!
of tungsten at this wavelength. This is actually not surpris-
ing becauseé is, in addition to the wavelength, the relevant
length scale for the propagation of electromagnetic waves
inside the material. Therefore, it is physically sound that
the induced currents, and thus the field close to the surface,
be correlated over a distance which is the smallestarfid
A. Thisresult, which, to our knowledge, was never pointed
out before, has important consequences in the modeling of
radiative transfer at small scales [3,4]. Moreover, it al-
lows us to revisit the concept of emissivity at subwave-
length scale, useful in the study of the radiative properties
of rough surfaces [12]. Indeed, this macroscopic concept
can be defined on a length scale larger than the field cor-
relation length.

Finally, we show that this subwavelength correlation
length is a pure near-field effect, due to nonradiative
evanescent fields. Ata distange= 0.1, we see that the
correlation length for tungsten (dashed curve in Fig. 1) is
much larger (on the order 6t4 1) than that obtained with

(m(r, @), (r', ") =

2 ()0 (w0, )8 — )80 — o),
a

Wik(ri,r, w) =

3
w—,t/,ﬁeae”@(w,T)f Gin(r1, v, 0)Gpy(r2, ¥, ) &1’
T %

(4)

The expression of the Green dya‘(ﬁ’c{r, r’, w) connect-
ing a source current inside the body (medigrx 0) to the
electric field in vacuum (medium > 0) is [11]

ﬁ(r,r',w) =

i

[ G + pitpp) exiliK - (R — RY)]
87 Y2

X expliyiz — iyz)) d°K, (5)
wherer = (R,z), § = K X 2, p; = (IKIz2 + y,K)/k;,
the symbol” denoting a unit vectork; = k = o/c,
ky = Jek, andy; = (k; — K?)'/2, with the determina-
tion Rey;) > 0 and Im(y;) > 0. 1,(K) and¢,(K) are
the Fresnel transmission factors foand p polarizations,
respectively [11].

Equation (4), together with Eq. (5), gives an exact ex-

pression of the electric cross-spectral density teggr T T T T
This expression is valid for any position of the two ob-
servation points; andr,, especially at close proximity

from the surface (near-field zone). Inserting (5) into (4), —
tedious but straightforward algebra allows us to expres S
the elementdV ;. (r, r2, w) of the cross-spectral tensor in —
terms of a single integral over the wave vedl which =
is evaluated numerically. X
Let us first compare the spatial correlation of the fieId;
emitted by lossy glass and tungsten, the latter being a met
which does not exhibit surface-polariton resonances in th
visible part of the spectrum. We plot in Fig. 1 the diago-
nal elementW,,(r;,r;, w) of the cross-spectral density
tensor, at a wavelength = 27 /k = 500 nm and normal-
ized by its value ap = 0. Note that this normalization
amounts to plotting the componept,, (ri,r;, ) of the

0.0

0.5

0.0 f -

— glass (z,=0.014)

W (2,=0.01%)
——- W (z,=0.12)

1.0

FIG. 1. W,/(r;,r;, w) in the planez = zy versusp = |r; —
r;|. r; andr, are on thex axis. A = 500 nm. Two materials
are considered: lossy glags, = 0.01A) and tungsten(zo =

(tensor) spectral degree of spatial coherence [9]. At thi§o1a and zo = 0.1A). All curves are normalized by their

wavelength, the dielectric constant of a lossy glass is

maximum value ap = 0.
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zo = 0.011 (dotted curve). Thus, during the transition plasmons, or of the crystal for phonons (lattice vibrations),
from the near to the far zone, the correlation lengthtransmits its spatial coherence to the electromagnetic field.
increases because evanescent waves vanish. The valudn order to demonstrate more precisely the role of
A/2 of blackbody radiation is reached when= 0.1A.  the surface wave on the long-range correlation, we show
Note that this increase in spatial cohereisceot described in Fig. 3 the three diagonal elemenii, of the cross-
by the far-field form of the van Cittert—Zernike theoremspectral density tensor, for gold, in the same conditions
[9,13], which describes an increase of spatial coherencas in Fig. 2(a). It is well known that a surface polariton
due to propagation. propagating along the axis is polarized in tha-z plane

We now turn to the study of spatial coherence in[14]. Thus, when looking at the correlation between two
light emission from materials supporting resonant surfac@ointsr; andr, that are along tha axis, we expect to
waves, such as surface-plasmon or surface-phonon polasee a surface-wave induced correlation for thand z
tons [14]. In the formalism used here, the existence of poeomponents of the field only. This is exactly what is
laritons is taken into account in the Green dyaHiwvhich observed in Fig. 3. The element¥,, and W, exhibit
describes all the electrodynamic properties of the interfacdong-range correlation due to the surface wave, whereas
In fact, it is well known that thep-polarized Fresnel trans- W,, exhibits the same behavior as that of a metal without
mission factor,(K) appearing in Eq. (5) possesses a polesurface-wave resonance. This is a clear signature of the
when|K| approaches the valug,, = k[e/(e + 1)]'/2of role of the surface polariton in increasing the spatial
the wave vector of the polariton along the interface [14].coherence. Although not shown here for brevity, the same
The thermal excitation of a surface polariton induces someesult is obtained for SiC with surface-phonon excitation.
spatial correlation in the field close to the surface, and we Another signature of the surface-wave excitation is the
may expect a large increase of the correlation length. 7z dependence of the electric energy densityz, w) =

We illustrate in Fig. 2 the effect of surface-plasmon) Wy (r,r, w). Note that at a given frequenay, u, is
[Fig. 2(a)] and surface-phonon [Fig. 2(b)] polaritons ona function ofz only due to the translational invariance
the spatial coherence of the thermal near field. We plobf the geometry in ther-y plane. The energy density
in Fig. 2(a) the elemeni,, of the cross-spectral density u., normalized by its far-field value, is plotted in Fig. 4
tensor at the wavelength = 620 nm, and in the plane versusz. For materials without surface-wave resonances,
zo = 0.05A, for three different metals. Atthis wavelength, such as glass and tungsten, the energy density increases
their dielectric constants aee= 4.6 + i20.5 for tungsten, at short distancéz < 0.1A). In fact, it is known thaiu,
€ = —826 + il1.12 for gold, ande = —15.04 + i1.02  behaves likd /z? in the very near field, due to nonradiating
for silver. Both gold and silver exhibit surface-plasmonfields [8]. This result is retrieved in our calculation.
resonances at this wavelength. We clearly see that whereas
the spatial correlation length for tungsten is a fraction of
the wavelength (as in Fig. 1), the correlation length for
gold and silver is much larger. In fact, although Fig. 2 is 0r — W(620mm) (a)
limited to p < 5A for the sake of visibility, the correlation — Au (620 nm)

extends on a distance given by the attenuation length ’67_ ---- ——- Ag (620 nm)
. . = 05 {
of the surface-plasmon polariton. For gold and silver, =

the attenuation lengths arebA and 65A, respectively. =

The same effect is seen in Fig. 2(b) for a SiC crystal, % 0.0
which exhibits a surface-phonon polariton resonance at =

the wavelengthh = 11.36 um (e = —7.56 + i0.41) and

no resonance akt = 9.1 um (e = 1.80 + i4.07). The -05 L . 1 L
emission of SiC gratings and the effect of surface-phonon
waves were studied experimentally and numerically in
Ref. [6]. The difference of behavior of this material at ___
the two different wavelengths is striking in Fig. 2(b). The 2 0.5
correlation length is much higher in the presence of the =
resonant surface wave (dashed line) than in the case Wher(‘:l;
no surface wave is excited (solid line). The propagation <~ 0.0
distance of the surface-phonon polariton in this case is

36A. In summary, we have shown how the delocalized
electromagnetic surface mode, either coupled to a plasmon -0.5
or a phonon in the material, correlates the near field on :
distances on the order of its propagation length, which p/A

easily reaches several tenths of wavelengths in the visible,s 5 same as Fig. 1, withy = 0.05\. (a) The case of
part of the spectrum. Physically, one could say that thehree metals (tungsten, gold, and silver)= 620 nm. (b) The
collective resonance of the free electrons in the metals fatase of SiC withh = 9.1 um andA = 11.36 um.
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FIG. 3. Diagonal elementsV;;(ri,r,, w) in the planez, = FIG. 4. Electric energy density,(r, w) versusz. The
0.051 versusp = |r; — r3|, with r; andr, on thex axis. Gold case of glas§x = 500 nm), tungsten(A = 500 nm), and gold
surface:A = 620 nm. (A = 620 nm). All curves are normalized by their far-field

value atz = 10A.

Also note that the existence of these nonradiating fields
at short distanceg is responsible for the small peak
observed ap = 0 for glass in Fig. 1 (solid line). This is

a striking difference between free blackbody radiation an

terials that support resonant surface waves exhibit long-
Jange spatial correlations, (iii) the spectral electric density
the radiation produced at short distance by a blackbodOf energy is strqngly _enhanced .close foan interf_ace when

¥1 surface wave is excited, and (iv) an interface with a shal-

radiator, which contains evanescent waves. The nov . : .
. ) . Ow grating supporting a surface wave is a natural thermal

property is that for a material supporting a surface-plasmon o L

; A ; source whose spectrum depends on the emission direction.
polariton, such as gold in Fig. 4, the energy density starts
to increase as soon as< A. This is so because the
decay length of the surface wave in thedirection is
on the order ofA. The near-field enhancement is up to
100_ times hlglhﬁr th?]n that ﬁbservhed Wlthour;[ surface-wave (1975): E. Wolf, J. Opt. Soc. A8, 6 (1978).
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