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Coherent spontaneous emission of light by thermal sources

F. Marquier, K. Joulain, J.-P. Mulet, R. Carminati, and J.-J. Greffet
Laboratoire d’Énergétique Moléculaire et Macroscopique; Combustion, E´cole Centrale Paris,

Centre National de la Recherche Scientifique, Grande Voie des Vignes, 92295 Chaˆtenay-Malabry Cedex, France

Y. Chen
Laboratoire de Photonique et Nanostructures, Centre National de la Recherche Scientifique, 91460 Marcoussis, France

~Received 21 November 2003; published 14 April 2004!

The emission of light by a material at temperatureT has been shown recently to be coherent in the near field.
These properties were attributed to the thermal excitation of surface polaritons. We review the origin of this
phenomenon. We analyze the influence of the microstructure and temperature on the coherence properties and
show how to engineer thermoradiative properties of surfaces. We report the design of a quasi-isotropic source
and a very directional source of thermal light. We also report a measurement of the transverse coherence length
of a thermal source of light.
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I. INTRODUCTION

The tungsten filaments of light bulbs are certainly t
most widely used sources of light. The microscopic mec
nism of light generation is the spontaneous emission o
photon when an emitter thermally excited relaxes to a low
state. Such light sources are called thermal sources. The
usually almost isotropic sources of light with a broad sp
trum. This contrasts with a laser that produces very dir
tional and monochromatic light. The narrow spectrum is
measure of the temporal coherence of the source, whe
the directivity is a measure of its spatial transverse coh
ence. Recently, it has been realized1–3 that a thermal source
of light could be coherent in the near field, i.e., when a
lyzing the light at distances of the surface much smaller t
the peak wavelength of the spectrum. Further work has le
the construction of a coherent thermal source of light.4 It has
thus been shown that a source based on spontaneous
sion may produce light that is partially coherent, both s
tially and temporally. In this paper, we shall report a detai
study of this type of source and discuss the role of surf
waves in building coherent fields. We will report a measu
ment of the coherence length of the field along the sou
We will also carefully study the role of the temperature
the emission. We will finally report measurements on a ty
of source that produces an isotropic emission of light.

The emission of light by hot bodies is usually discussed
the context of energy transfer or thermodynamics using p
nomenological concepts such as absorptivity, emissivity,
specific intensity.5,6 However, it is possible to address th
problem in the framework of classical electrodynamics. T
approach was first used by Lorentz7 but, at that time, the
statistical properties of the random currents were not kno
so that it was impossible to obtain the Planck function f
lowing this route. This is why this type of approach has be
abandoned in textbooks. Indeed, radiation in a vacuum,
blackbody radiation, is usually derived using the Bos
Einstein statistics for photons. This approach can be u
only if the electromagnetic states of the system are kno
and at thermodynamic equilibrium. Nonequilibrium pheno
ena such as emission by a specific material are usually
0163-1829/2004/69~15!/155412~11!/$22.50 69 1554
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scribed using a phenomenological theory. None of th
theories allows one to derive the emitted fields starting fr
the basic principles of electrodynamics.

The basic idea of an electromagnetic treatment of ther
radiation is that each volume element of a body at tempe
ture T can be viewed as a random electric dipole. Inde
because of the random thermal motions of electrons
ions, there are random currents in the material. Theref
each volume element can be viewed as an electric dipole
generates an electric field. Next, we have to derive the fi
generated by a dipole below an interface. This is a stand
problem that was first solved by Sommerfeld. A detailed d
cussion can be found in the monograph by Banos.8 Although
the solution involves some integrals that may not be eas
evaluate analytically, the problem can be worked o
numerically.9 It is worthwhile to point out that all the optica
properties of the medium and all the resonances of the in
face are taken into account when computing the field emi
by a dipole below the interface~i.e., the Green tensor of th
problem!. Because the mean value of the current is null,
mean value of the electric field is also null. The quantity th
is then needed is the correlation function of the current d
sity which is given by the fluctuation-dissipation theore
derived in 1951.10 The full treatment was first given by Ry
tov et al.11 It was applied by these authors mostly to rad
waves emission problems, but the framework is valid for a
frequency. For instance, this approach allows one to de
rigorously the emissivity for a flat surface and thus to
trieve the usual phenomenological result. Furthermore
yields the field in the vicinity of the interface because surfa
modes are fully taken into account. When surface waves
exist, the field is completely dominated by these therma
excited surface waves. They produce unexpected res
First of all, the spectrum of the energy density becomes
most monochromatic.2 Its Fourier transform yields the firs
order ~i.e., amplitude! correlation function according to th
Wiener-Khinchin theorem. It appears that the field has a lo
coherence time. Second, the density of energy increase
several orders of magnitude.1,2 Third, the field can be shown
to be spatially coherent over distances much larger than
wavelength along the interface.1,3 These facts contradict th
©2004 The American Physical Society12-1
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widely accepted point of view that a thermal source of lig
is incoherent. All these effects cannot be detected in the
field because they are due to surface waves which de
exponentially away from the interface. Yet, roughness
couple surface waves to propagating waves, and thus tran
the coherence properties into the far field.4 Note that we do
not claim that a thermal source produces a laserlike fi
First of all, the mean occupancy number of each state is
given by the Bose-Einstein law. Second, the intensity sta
tics are very different for a laser and a thermal source. Ho
ever, surface waves do produce a significant time and sp
second order coherence of the field in the near-field. T
coherence can be used to modify significantly the radia
properties of surfaces.

To proceed, one can modify the surface profile. It h
been known for a long time that microroughness modifi
radiative properties. In particular, the influence of a grat
on the absorption properties has been studied in g
detail.12 A spectacular effect was predicted and verifi
experimentally13 in 1976: ruling a shallow sinusoidal gratin
on a gold surface may lead to a total absorption of visi
light for a particular polarization. This behavior has be
associated with the resonant excitation of a surface mod
surface plasmon polariton. Due to its resonant character,
absorption takes place for a particular angle once the
quency is fixed.

Absorption is not the only radiative property that depen
on the surface profile. According to Kirchhoff’s law, th
emissivity of a surface is equal to the absorptivity for t
same frequency, same direction, and same polarization
validity has been a subject of debate for some time but
question was finally settled5 when a proof was derived from
the reciprocity theorem that follows from Maxwell’s equ
tions. Based on this argument, it is thus expected to obs
a manifestation of surface waves on the emission of light
surfaces. This has indeed been observed recently by Kr
et al.14 on a gold surface heated at 700 °C. Because of
range of temperature needed, it is easier to observe t
effects in the infrared. Although surface plasmon polarito
may exist for highly doped semiconductors, it is easier
observe these phenomena by taking advantage of a diffe
type of surface waves. They are called surface phonon
laritons. They can be viewed schematically as phonons in
ionic crystal. The mechanical vibration of the ions genera
a charge oscillation and therefore an electromagnetic wa

In the early 1980s, Zhizhinet al.studied thermal emission
of materials supporting surface phonon polaritons.15 They
worked with a ZnSe crystal sample including periodic inh
mogeneities on its surface. The sample was heated at 15
in order to excite surface waves. Coupling these waves w
the periodic profile, they observed emissivity spectra in thp
polarization changing with the direction of observation. Th
observation was a signature of the excitation of a surf
wave. It is worth mentioning that the emission assisted
the excitation of a surface wave has been used in a diffe
context. In the late 1980s, Gruhlke, Holland, and Hall o
served the luminescence by atoms placed in a film wit
grating on top of it. They observed that the presence of
grating modified significantly the emission. The interpre
15541
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tion is that the emission of the atoms excited a surface m
that was subsequently diffracted by the grating.16 It is inter-
esting to compare the two emission phenomena because
have the same basic mechanism. The spontaneous emi
of light by a metallic grating can be viewed as follows:~i!
nonradiative decay of a thermally excited electron or phon
into a surface phonon polariton, and~ii ! diffraction of the
surface phonon polariton by the grating. Other authors h
used this idea more recently. Let us mention the enhan
fluorescence of emitters (Eu31) located in close proximity to
a metallic grating surface17 and the extraction of light emit-
ted by an active source located inside a modula
structure.18

Later on, Hesketh and Zemel measured thermal emis
at 400 °C of doped silicon gratings. They observed re
nances in the emission amplitude in thep polarization and
different spectra when varying the grating period.19–21As we
will see, the phenomenon reported by Hesketh and Ze
was related to the presence of surface plasmon polaritons
not to organ pipe modes, as first thought. Many other auth
have experimentally explored the role of texture on emiss
ity. We will not mention here the works done on gratin
with a period larger than the wavelength so that the geom
ric optics apply. In 1995, Auslander and Hava studi
anomalous reflectance in doped silicon lamellar gratings
to the surface profile of a grating. Yet, they worked ins
polarization,22 so that these effects were not related to s
face wave excitation. Nevertheless they noticed in 1998
antireflective behavior in thep polarization for V-grooved
silicon grating with a SiO2 mask layer.23 Saiet al. also made
calculations and measurements on a three-dimensi
V-grooved silicon grating with an SiO2 mask layer and in-
terpreted their observation in terms of resonance between
field and the grating.24 Le Gall et al.25 showed that the emis
sivity of SiC could be increased by ruling a grating. Final
let us mention a recent attempt to use a photonic cry
structure of tungsten to modify the radiative properties.26

In this paper, we will report a detailed study of the the
mal emission due to the thermal excitation of surface pho
polaritons. Recent papers1,2 have shown that the presence
surface waves on a plane interface enhance the tempora
spatial coherence close to the interface~at distances smalle
than the typical wavelength given by the Wien displacem
law, 10 mm at 300 K, for example!. This yields insight into
the mechanism of light emission. We will first review the
ideas. We will then study the interplay between the disor
of the microstructure of a material and the spatial cohere
of the field by comparing amorphous and crystalline silic
We will then describe an experimental setup designed to
hance the angular and spectral resolution of emission m
surements. We will report a detailed experimental study
the emission of a grating. We will, in particular, examin
carefully the role of temperature in the results. We will al
show that it is possible to engineer the radiative propertie
a surface by a proper design of the grating profile usin
rigorous coupled wave analysis~RCWA! algorithm.27 Two
thermal sources have been realized. The first source rad
almost isotropically but with an emissivity enhanced
more than an order of magnitude. The second source ha
2-2
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COHERENT SPONTANEOUS EMISSION OF LIGHT BY . . . PHYSICAL REVIEW B69, 155412 ~2004!
emission pattern that displays two narrow lobes like an
tenna. Finally, we will show how the coherence length alo
the source can be recovered from our far field emission m
surements and discuss qualitatively the origin of the spa
coherence.

II. COHERENCE IN THE NEAR FIELD

A. Temporal coherence in the near field

In this section we consider the emission of light by a h
space containing silica, either amorphous~glass! or cris-
talline ~quartz!. The upper half space is a vacuum. We p
the density of electromagnetic energy as a function of
quency in the near field in Fig. 1. We see that the spectrum
no longer a broad spectrum with an envelope given by
Planck function; instead, the spectrum has a narrow p
This is a signature of the temporal coherence of the elec
magnetic field close to the interface. A striking property
the numerical value of the density of energy. It is rough
larger than the density in vacuum by four orders of mag
tude. Similar results for SiC were first reported in Ref.
These surprising results can be understood as follows.
energy density is proportional to the local density of elect
magnetic states. Close to an interface, there are not
plane waves, which are the solutions of Maxwell equatio
in a vacuum, but also surface waves. These additional s
tions produce a peak of the density of states at a partic
frequency, as seen in the dispersion relation of Appendix
In the case of ionic crystals, the origin of this peak is easy
understand. It is the frequency of the optical phonons wh
is basically the mechanical eigenfrequency of the atoms
primitive cell. Since the atoms carry a partial charge, th
produce an electromagnetic field. With this picture in min
it is easy to understand why the density of energy increa
when approaching the interface. Each primitive cell
equivalent to an oscillating dipole. As the distance is
duced, the electrostatic contributions in the dipole radiat
become the dominating terms.

When comparing the two curves in Fig. 1, it is seen t
the effect of the desorder of the amorphous glass is
broaden and to shift the resonance peak. This can be q

FIG. 1. Energy density above a vacuum-silica interface in
near field. Note the shift of the peak frequency depending on
microscopic structure.
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tatively understood. Indeed,~i! amorphous glass is a mor
disordered system so that surface phonon polariton are
pected to be strongly damped, and~ii ! the local environment
of each cell varies from one cell to the other so that a bro
ening of the spectrum is expected.

B. Spatial coherence

Since we have seen that the electromagnetic field is t
porally coherent in the near field, it is natural to revisit
spatial coherence properties. It is also of interest to inve
gate the role of the structure of the material on the spa
coherence. To this end, we show in Fig. 2 the cross-spec
density of thez-component of the electric field along th
interface at a distance ofl/20 for crystalline and amorphou
silica. It has been calculated following the procedure o
lined in Ref. 1. At a frequency that coincides with the pea
of the density of energy, there are many wave vectors exc
so that the spatial spectrum is very broad. Accordingly,
correlation function has a very small range. In contrast, wh
looking at the cross-spectral density for a lower frequen
we observe a long range correlation of the electromagn
field along the interface. Similar results were obtained pre
ously for SiC and metals.1 Not surprisingly, we observe tha
the coherence length of the amorphous glass is smaller
the coherence length for the crystalline quartz. Yet, it is s
that there exists a non-zero correlation over distances
large as four wavelengths~i.e., 88 mm! for the amorphous
glass, indicating that there is still some order on this sc
length. The origin of the long-range coherence of a therm
source that support a surface wave can be viewed as follo
The random electric dipole associated with each volume
ement of the medium excites a surface wave. Since the
face wave is a delocalized mode, the oscillations produ
along the surface are coherent within a distance which
given by the decay length of the surface wave. In oth
words, each volume element is dressed by a surface w
that oscillates coherently over an area determined by the
cay length of the surface wave along the interface. Thus e
elementary source has an effective spatial extension a

e
e

FIG. 2. Cross-spectral density of thez component of the electric
field above a vacuum-glass interface. Note that the coherence le
of the amorphous silica is smaller than for the crystalline form.
2-3
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F. MARQUIER et al. PHYSICAL REVIEW B 69, 155412 ~2004!
the planar source which may be much larger than the wa
length in vacuum. In what follows, we will use these coh
ence properties to design sources with specific proper
Depending on the coherence properties, it is possible to
sign either a highly directional or a quasi isotropic source
Sec. III, we describe the experimental setup that was bui
order to measure the emission with high angular and spe
resolution.

III. EXPERIMENTAL SETUP

A. Optical system

The optical system is schematically shown in Fig.
PointsA1 andA2 are conjugated.A1 represents the grating o
the blackbody andA2 is the point which is conjugated with
the detector through the spectrometer. Thus, the image o
detector determines the area of the sample which is obser
This allows to choose an isothermal area.

A diaphragm ~diameter F! was placed in the Fourie
plane of the spherical mirror. In this position, it makes
angular selection of the directions of emission which are
served. In other terms, we control the solid angle of obs
vation by varying the diameter of the diaphragm. In o
setup,f 5300 mm andF53 mm, so that the solid angle o
detection isVdetection'831025 sr. It is smaller than the
solid angle of the natural emission of the grating due to
surface phonon polariton~SPP! Vemission'p(l/L)2, where
L,1 mm is the typical propagating length of the SPP on
plane interface. One sees thatVemission.3.1024 sr.

The grating is heated by eight thermal electric resistan
and its temperature is controlled by a regulator WEST42
In the experiment, the target temperature for the grating
773 K with a precision better than 1 K.

We used an infrared Fourier transform spectrometer D
BOMEM. The spectral resolution of this spectrometer var
between 0.01 and 4 cm21. The measurements have be
made with a spectral resolution of 0.5 cm21, which corre-
sponds to a precision of 5 nm atl510mm. The detector is
a HgCdTe detector cooled at 77 K. Each spectrum is
average of 500 scans: the noise is thus considerably redu
The beamsplitter of the spectrometer is made of KBr, wh
is a transparent material in the working frequency range

FIG. 3. Experimental setup used for measuring emissiv
spectra.
15541
e-
-
s.
e-
n
in
ral

.

he
ed.

-
r-
r

a

e

s
0.
is

8
s

n
ed.
h

B. Experimental procedure

For each angle, we took several measurements of
emission of the sample, of a reference blackbody and of
ambiant radiation. For frequencies below 1500 cm21, the
ambiant radiation reflected on the sample cannot be
glected. The emissivity spectrumS« is obtained by subtract
ing the background signal. The details of the procedure
given in Appendix B.

In order to obtain the emissivity spectrum, we need
know the exact value of the sample temperature. This
achieved by taking advantage of the Christiansen wa
length. At this point, the emissivity«l of the SiC surface is
equal to 1. The Christiansen frequency depends neithe
the temperature nor on the roughness. We have the follow
relation:

I l,T5«lI l,T
0 , ~1!

whereI l,T is the specific intensity of the radiation emitted b
the surface at wavelengthl and temperatureT, and I l,T

0 is
the blackbody specific intensity in the same conditions.
the wavelengthl, we can define a temperatureTl such that
I l,T5I l,Tl

0 . When«l51, we have

I l,T5I l,T
0 5I l,Tl

0 , ~2!

i.e., T5Tl . We can thus determine the exact temperature
the sample. For SiClChristiansen510.034mm. We found that
the temperature of the sample in our experiment wasTS
5770 K.

IV. A QUASIMONOCHROMATIC AND ISOTROPIC
THERMAL SOURCE

In this section, we show how to enhance the emissivity
the sample in all directions by taking advantage of the th
mal excitation of the surface wave. To this end, we rule
grating on the surface so that the surface wave can
coupled to propagating waves. In order to be able to cou
light to any direction, it is necessary to work at a frequen
where the dispersion relation is flat~see Appendix A!. For
fabrication reasons, it is easier to work with a lamellar gr
ing ~i.e., with a rectangular surface profile!. The characteris-
tics of such a grating are the periodL, the filling factorF,
and the depthh. We optimized the grating parameters
order to maximise the emissivity using a rigorous coup
wave algorithm.27 For SiC, we found the following charac
teristics:L53 mm, F50.4, andh50.35mm.

In Fig. 4~a!, we show two experimental curves, obtain
in the conditions described in Sec. III. We represent emis
ity spectra for the grating and for the plane interface inp
polarization in the normal direction of observation. One c
see that a peak appears in the presence of a grating.
peak does not exist fors polarization @see Fig. 4~b!#. The
polarization dependence suggests that the grating is no
sential but serves to reveal an intrinsic property of the s
face. It indicates the role of the SPP in this phenomen
since the SPP exists only forp polarization as discussed i

y

2-4
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Appendix A. Further evidence of the role of the SPP will
given in Sec. V.

When the angle of observation changes, one can se
Fig. 5 that a peak still exists at the same wavelength. Fig
5~a! presents the theoretical spectra and Fig. 5~b! the experi-
mental one. The experimental peak is lower and wider t
the theoretical peak. It is also seen that the experimental p
appears at a wavelengthl'11.1mm, instead of 10.9mm in
the calculation. We will explain this spectral shift and t
broadening of the peak in the following sections.

In Fig. 6, we plot the emissivity versus the angleu at a
fixed wavelengthl511.09mm. We see that the emission
this wavelength is almost isotropic and increases from
value lower than 0.1 to a value larger than 0.8 at any an
One can understand this phenomenon by inspection of
dispersion relation~see Appendix A!. As a matter of fact the
excited SPP lies on the asymptotic branch, characterize
v5946 cm21 in the calculation. For a fixed wavelengt
there are many SPPs with different wave vectors, i.e., dif
ent directionsu of emission. For all these directions the gra
ing emits a quasimonochromatic radiation. Thus, using a S
thermal excitation, we have succeeded in designing a the
source which is both isotropic and quasimonochromatic. T
concept can be extended to different materials. Tungsten
instance, is a very good emitter in the visible but its em

FIG. 4. Emissivity spectra of a smooth gratingL53.00mm,
F50.4, andh50.35. ~a! Case ofp polarization.~b! Case ofs po-
larization.
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sivity in the infrared is low. The mechanism that we ha
described could be used to enhance its emissivity in the
frared, taking advantage of the surface plasmon polariton

V. A DIRECTIONAL THERMAL SOURCE

In this section, we consider a grating designed to e
light at a well-defined angle. In order to illustrate the role
the surface wave, we have calculated the emissivity a
function of angle of emission and frequency for a gratin
This grating was designed to have a maximum absorption

FIG. 5. Emissivity spectra in thep polarization of a smooth
grating; L53.00mm, F50.4, andh50.35 for two direction of
observationu510° and 40°.~a! Theoretical spectra.~b! Experi-
mental spectra.

FIG. 6. Experimental emissivity diagram in polar coordinates
a smooth grating;L53.00mm, F50.4, andh50.35
2-5
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11.36mm. The result is displayed in Fig. 7. It is seen that t
peaks of emissivity closely follow the dispersion relation
the SPP on a flat surface shown in Fig. 16. In this calculat
we see that the emissivity takes large values for any ang
a particular frequency on the order of 946 cm21, as already
discussed. Furthermore, we see that for lower values of
frequency, the dispersion relation is no longer flat, so that
a given frequency, emission takes place for a well-defin
angle. In this part of the spectrum, we expect an ang
dependent spectrum. In other terms, in each direction
grating emits at a different wavelength. We optimized t
following characteristics for the grating:L56.25mm, F
50.5, andh50.285mm. Such a grating was already studie
by Greffetet al.4 In this work we report measurements of th
emission spectrum and a quantitative analysis of the data
will show that we can deduce the coherence length of
source from the emission data. We will also show that i
possible to obtain a quantitative agreement of measurem
with theory at high temperature.

We plot the measured emissivity versus the angleu in Fig.
8 for l511.36 and 11.89mm. It is seen that the emission a
a fixed wavelength is very directional: the heated grat
behaves like an infrared antenna. This is a signature of
spatial coherence of the source. In previously reported m
surements, the angular resolution was limited by our sig
to noise ratio. We had to increase the aperture of the de

FIG. 7. Emissivity of a SiC grating as a function of frequen
and angle of emission. It is seen that the peaks of emission coin
with the dispersion relation of the SPP in the (v,k) plane.

FIG. 8. Experimental emissivity diagram in polar coordinates
a smooth grating;L56.25mm, F50.5, andh50.285 at two dif-
ferent wavelengthsl511.36 and 11.89mm.
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tion system. The spectral resolution was also limited by s
nal to noise ratio. In this measurement, we are no lon
limited by the instrument in our measurement of the angu
width. For instance, our measurement shows that the pe
are narrower when the angleu increases as predicted by th
theory. This will be fully discussed in the following sectio

We now show the comparison between three theoret
and experimental spectra in Figs. 9~a! and 9~b!, respectively,
for the anglesu530°, 46°, and 60°. As we have seen in Se
IV, the experimental emissivity is not equal to 1 at the pe
wavelength and the peak wavelength is shifted by about
mm. As in Sec. IV, the experimental peak is wider than t
theoretical one. However, the agreement between theory
experiment for reflectivity is excellent as shown in Ref.
Thus, we find that theory agrees with reflectivity data but n
with emissivity data.

We are now going to analyze the origin of this discre
ancy. A possible mechanism is that the grating period va
with the temperatureT due to the thermal expansion of Si
as its temperature increases. We measured the period o
grating at 300 and 770 K using a diffraction method. W
obtainedL56.26 and 6.28mm, respectively, with a preci-
sion better than 1%. This variation does not affect sign

de

f

FIG. 9. Emissivity spectra in thep polarization of a smooth
grating,L56.25mm, F50.5, andh50.285 for three directions of
observationu530°, 46°, and 60°.~a! Theoretical spectra.~b! Ex-
perimental spectra. The theoretical curve was calculated with
dielectric data atT5300 K, and a grating period ofL56.28mm.
2-6
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cantly the position of the peak. In Fig. 10 we show the th
oretical and experimental emissivity versus the angle
observationu for a SiC grating with a periodL56.28mm at
l511.36mm. One can see that the thermal expansion of
grating does not explain the experimental result.

Another possible mechanism is the variation of the opti
index with temperature. The position of the peak is mai
related to the dependence of the real parte8 of the dielectric
constant with the temperatureT; the width and the height ar
related to the material absorption, i.e., to the imaginary p
e9.

In order to find the dielectric constant at high temperatu
we measured the emissivity of a flat surface at normal in
dence. We then used a model for the dielectric constant w
adjustable parameters. This calculation was made usin
Lorentz model by varyinge` , vL , vT , andG so as to mini-
mize the difference between theoretical and experime
emissivity « ~or reflectivity! as a function ofv. This is
achieved by minimizing the following quantity:28

S5(
i 51

N

@«exp~v i !2« th~v i !#
2, ~3!

whereN is the number of experimental points. The numb
of experimental points wasN559, taken betweenl59 and
13 mm. We obtained e`56.8, vL5959 cm21, vT
5779 cm21, andG511.7 cm21. One can see that the varia
tions are not very important~lower than 2%! except forG,
which has been multiplied by about 2.5. This is not surp
ing. The main source of losses is phonon scattering. It o
ously increases withT. Here we retrieve the increase of th
absorption, which can explain the width and the height of
experimental peak.

Finally, we have used the new values of the oscillat
parameterse` , vL , vT , andG to derive the emission spec
trum. In Fig. 11 we show the experimental spectrum au
546° with the theoretical spectra at both ambiant and h
temperature. It is seen that there is a very good agreem
between the experiment and the calculation when the pro
optical data are used. This confirms that the results depe

FIG. 10. Experimental emissivity vs the direction of observat
u (l511.36mm).
15541
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on T through the parameterG. We made experiments at dif
ferent temperatures between 450 and 770 K. In Fig. 12
show the dependence of the coefficientG with the tempera-
ture in this range.

VI. MEASUREMENT OF THE COHERENCE LENGTH

We have seen in Sec. V that thermal emission by a S
grating may become very directional at certain waveleng
This can be interpreted in terms of spatial coherence: whe
source is spatially coherent the radiation emitted by two d
ferent points of the source can interfere constructively in
given direction and destructively in the others producing
gular lobes. The goal of this section is to use the far field d
to recover the coherence length of the field in a plane pla
just above the planar source.

We are interested here in thep-polarized emissivity, and
the plane of detection is perpendicular to the grating lin
Thus the problem can be fully treated in terms of the sca
magnetic field at a given wavelengthH(r ,l)5Hy(r ,l)ey .
In this case, we can characterize the spatial coherence w
coherence length calculated via the scalar cross-spectral

FIG. 11. Experimental and theoretical emissivity spectra. Cal
lations have been made with two different dielectric constantse~v!
at temperaturesT5300 and 770 K.

FIG. 12. Variation of the coefficientG in the dielectric constant
with the temperature.
2-7
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F. MARQUIER et al. PHYSICAL REVIEW B 69, 155412 ~2004!
sity function in the near-fieldW(r1 ,r2 ,l) defined by
W(r1 ,r2 ,l)d(l2l8)5^Hỹ* (r1 ,l)Hỹ(r2 ,l8)& whereHỹ is
the spectral Fourier transform ofHy .29

The emissivity diagram yields the radiant intensity in t
far-field J(s,l), wheres5k/k and k is the wave vector of
the incident wave on the detector. It can be shown that29

W~r1 ,r2 ,l!}E J~s,l!expS i2ps•
r22r1

l Dd3s. ~4!

W(r1 ,r2 ,l) appears as a spatial Fourier transform
J(s,l) with respect to the variable (r22r1)l. One must take
care that the radiant intensity is defined in the far-field so t
we only have access to part of the spectrum of the cro
spectral density. More precisely, the field near the grating
a given wavelength can be split into four contributions:

H5Hn2 f1Hsw2nr1Hsw2r1Hpw , ~5!

whereHn2 f is the very near-field~quasistatic! component of
H, Hsw2nr is the field associated with the part of the SP
which is not radiated~part of the dispersion relation lying
below the light cone!, Hsw2r is the field associated to th
part of the SPP which is radiated by the grating andHpw is
the propagating wave contribution. The latter is the only c
tribution that is emitted in the far field by a flat surface. On
the last two components contribute to the signal received
the detector. These contributions are decorrelated and
cross-spectral density function can be splitted into four p
which are associated with the quasistatic near field, the
diative and nonradiative SPPs, and the natural emissio
the sample. The cross-spectral density function reconstru
from the far-field data is thusWcalculated5Wsw2r1Wpw .
Note that a flat surface would yield essentiallyWpw .

In Fig. 13 we plot the reconstructed cross-spectral den
function at the wavelengthl511.36mm versus the quantity
r/l, wherer5ur22r1u. As discussed above, it contains a
the information on the radiated surface wave. This funct
is normalized by its value atr50. Note that this normaliza
tion amounts to plotting the spectral degree of spatial coh
ence. One can see that the SPP is correlated in the near

FIG. 13. Spectral degree of spatial coherence for a SiC grat
L56.25mm, F50.5, andh50.285 heated atT5300 K.
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over distancesr of the order of several wavelengths. It
possible to show that the cross-spectral density function
creases exponentially. We define the coherence length a
value ofr when the spectral degree of coherence is divid
by e. In Fig. 14 we plot the neperian logarithm of the env
lope of the last curve: it is clearly seen that there is a lin
decay betweenr5l and 20l. The slope yields the coher
ence length: we obtain on this particular caseLcoherence
'7l. To our knowledge, this is the first measurement of
coherence length of a thermal source. We made the s
analysis for the grating atT5300 K, using numerical simu-
lations for the emissivity data. We obtainedLcoherence'11l.
Another calculation was made in Ref. 1 for a plane interfa
of SiC, where the coherence length atl511.36mm was
36l. We see that the presence of the grating reduces
coherence length by a factor of 3 approximately becaus
the introduction of radiative losses. Another mechanism t
reduces the coherence length is the increase of the dam
of the surface phonon polariton due to the increase of
term G of the dielectric constant, as seen in Sec. V. This
due to the increase of the phonon-phonon collision as
temperature is increased.

VII. CONCLUSION

In this paper, the coherence properties of thermal n
fields have been reviewed. The modification of the cohere
properties of the electromagnetic field can be attributed
the presence of surface waves. We have discussed the i
ence of the microstructure of the material on the tempo
and spatial coherence properties. We have shown how
near-field properties can be used to engineer the emis
and absorption properties of surfaces. Taking advantag
the flat dispersion relation of the surface wave in a giv
spectral range, it is possible to produce a source of h
emissivity which is almost isotropic and quasimonoch
matic. In contrast, when working in the region where t
coherence length is large, it is possible to realize a v
directional source of light that behaves as an infrared ante
with well-defined lobes. Experimental and theoretical resu
have been reported showing an agreement better than
when proper temperature optical dependent data are u

g; FIG. 14. Determination of the spatial coherence length.
2-8
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COHERENT SPONTANEOUS EMISSION OF LIGHT BY . . . PHYSICAL REVIEW B69, 155412 ~2004!
From these measurements, we were able to obtain a qu
tative value of the coherence length of the thermal sour
This study has highlighted the role of surface waves in
process of light emission by thermal sources. A sim
mechanism can be proposed: the first step is excitation
surface waves by thermally excited random dipoles, the s
ond step is the diffraction of the surface waves by a grati
This analysis can have a large impact on the design of l
sources. Indeed, the mechanism and the same concept
be applied to design novel light sources using any phys
process that excite surface waves. An advantage of this
of light source is the possibility of engineering the dispers
relation by modifying the surface profile. This allows one
produce either directional or isotropic sources. It also allo
one to shift the emission frequency. Finally, we stress that
modification of the dispersion relation amounts to modify t
local density of electromagnetic states and therefore,
modify the radiative decay of any type of excitation.
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APPENDIX A: SURFACE PHONON POLARITONS
ON A PLANE INTERFACE

1. Surface waves at an airÕmaterial interface

In this appendix, we briefly review some characteristics
the surface waves which may propagate on a flat materia
interface. A surface wave has an exponential decay a
from the interface and propagates along the interface.
thus a wave that has the forms

z.0, E~x,z!5E0 exp@ i ~kix1g1z!#, ~A1!

z,0, E~x,z!5E0 exp@ i ~kix2g2z!#. ~A2!

It can be shown30,31 that such a solution exists at
vacuum/material interface for materials that have a dielec
constant whose real part is smaller than21. This happens
when the material structure has a resonant behavior. For
als, it corresponds to the plasma oscillation which is a c
lective oscillation of the electrons.30,31 For dielectrics, it oc-
curs for frequencies that are in the range of the opt
phonons. In both cases, the excitations are delocal
damped modes.

The surface electromagnetic waves are actually cha
density waves. Surface plasmon polaritons are due to
acoustic type of oscillation of the electron gas. This mecha
cal wave of charged particles generates an electric field.
term polariton means that the wave is half an acoustic vib
tion and half an electromagnetic vibration. In the case
polar dielectrics, the surface waves are called surface pho
polaritons. The underlying microscopic origin is a mecha
cal vibration of the atoms or phonon. If the phonon tak
place in a medium where the atoms carry a partial cha
~polar material!, the mechanical oscillation is associated w
an electromagnetic vibration. Thus, roughly speaking,
15541
ti-
s.
e
e
of
c-
.

ht
can
al
pe
n

s
e

to

,
.

f
ir

ay
is

ic

et-
l-

l
d

e
an
i-
he
-
f
on
-
s
e

e

surface phonon polariton is half a phonon and half a phot
More precisely, the ratio of mechanical energy to the el
tromagnetic energy changes continuously as the freque
varies. The horizontal part of the dispersion relation is
phononlike part. In the case of SiC, surface waves are
face phonon polaritons. Other polar materials such as oxy
~e.g. SiO2! or II-VI and III-V semiconductors for example
can also support SPP’s. An important property to keep
mind is that surface waves are modes of the interface. Th
fore, they can be excited resonantly. It is also important
note that these waves exist only forp polarization, namely
for electric fields in the plane~x,z!.

In this paper, we study in detail silicon carbide. This m
terial has interesting properties in the infrared range. Besi
its optical propertiese~v! can be described by a simple Lo
entz model28

e~v!5e`F11
vL

22vT
2

vT
22v21 iGvG , ~A3!

where e`56.7, vL5969 cm21, vT5793 cm21, and G
54.76 cm21. The dispersion relation of the SPP has the f
lowing dispersion relation for a flat air/material interface:25,31

ki5
v

c S e~v!

e~v!11D 1/2

, ~A4!

whereki is the wave vector of the surface mode.
Solving this equation is not trivial. Indeed,e~v! is com-

plex, so in a general caseki and v are also complex. Al-
though at first glance, the general choice is to have b
quantities complex, it turns out that this is of no use for m
cases. The possible choices are either realki and complexv
or vice versa. One can show25 that, for this type of measure
ment, the dispersion relation is well described by assum
that the wave vector is real and the frequency is complex
Fig. 15 we plot the dispersion relation for 793,Re(v)
,947 cm21 which corresponds to Re@e(v)#,21. It is seen
that there are two different domains: on the one hand
linear branchki'v/c, and on the other hand an asympto
branch forv'947 cm21 which corresponds toe(v)'21.

FIG. 15. Dispersion relation of a surface-phonon polariton o
plane surface.
2-9
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The curve is under the light line represented byk5v/c. This
means that the solutions are evanescent waves.

2. Role of a smooth grating

As we have seen, the surface wave lies below the li
line. All the propagating waves lie above the light line. Sin
the continuity conditions at the interface demand the f
quency and the parallel wave vector to be equal, there ca
be excitation of a surface wave by a propagating plane wa
A well known solution to couple a propagating wave with
SPP is to use a periodic surface. The modes are then B
modes whose wave vector is given by

v

c
sinu5ki1m

2p

L
, ~A5!

whereu is the angle of propagation,L is the grating period
and m is the diffraction order. The coupling of an incide
propagating wave with a surface mode through the gra
can produce up to total absorption.12 The reciprocal situation
is also possible. If a given grating can couple very efficien
the incident light into a surface wave, it can also cou
efficiently a surface wave into a propagating mode. This

FIG. 16. Dispersion relation of a surface-phonon polariton o
smooth grating.~a! PeriodL53.00mm. ~b! PeriodL56.25mm.
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be used to emit light efficiently. This is the basic mechani
used to produce efficient and coherent thermal sources.

One can interpret Eq.~A5! in terms of dispersion relation
Here we consider that the grating is a smooth perturbatio
the flat interface: relation~A4! is still valid. Nevertheless, the
dispersion relation can be plotted in a reduced-zone sche
limited by zero andp/L. This reduced-zone scheme depen
on the period of the grating. We plot this relation for tw
different periodsL53 and 6.25mm in Figs. 16~a! and 16~b!,
respectively. It is seen that some parts of the dispersion r
tion lie in the light cone. These parts are leaky modeski

5v/c sinu,v) which are radiated in the directionu.
In the first case@Fig. 16~a!#, the upper asymptotic branc

lies in the light cone. For eachki , only one frequency is
possible v'947 cm21. We can expect an emission at
single wavelength in each direction. In the second case@Fig.
16~b!#, for a greater period, the linear branch of the disp
sion relation lies in the light cone. We can expect a ve
directional emission at each frequency betweenv5793 and
947 cm21.

Here we retrieve a feature of the Wolf effect:32,33the spec-
tral content is linked to the direction of observation. T
observed phenomenon is not only a diffractive effect, but
effect due to the strong spatial and temporal correlation
the SPP.

APPENDIX B: EXPERIMENTAL EMISSIVITY SPECTRUM

In this appendix, we describe the procedure used to ob
the emissivity spectrum from the emission measureme
We denoteSS

expt(l,TS) the experimental spectrum of th
sample at temperatureTS . It can be cast in the form34

SS
expt~l,TS!5R~l!@«~l!P~l,TS!1B~l!1r~l!P~l,TR!#,

~B1!

where R(l) is the instrument response function,«~l! the
directional emissivity,P(l,TS) the Planck function at the
temperatureTS , B(l) the background radiation reaching th
detector directly, andr(l)P(l,TR) the ambiant radiation a
the temperatureTR reflected by the sample.r(l)51
2«(l) is the directional reflectivity. Using this relation, w
can write

SS
expt~l,TS!5R~l!$«~l!@P~l,TS!2P~l,TR!#1B~l!

1P~l,TR!%. ~B2!

When we remove the sample, we measure the spectru
the room radiation denotedSR

expt(l,TR). Eq. ~B2! becomes

SR
expt~l,TR!5R~l!@B~l!1P~l,TR!#. ~B3!

We have

SS
expt~l,TS!2SR

expt~l,TR!5R~l!«~l!@P~l,TS!2P~l,TR!#.
~B4!

a

2-10
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The same procedure for a blackbody at temperatureTB ,
yields a signal denoted

SB
expt~l,TB!2SR

expt~l,TR!5R~l!@P~l,TB!2P~l,TR!#.
~B5!
ys

m
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15541
Finally, we can obtain the directional emissivity spectru

«~l!5F SS
expt~l,TS!2SR

expt~l,TR!

SB
expt~l,TB!2SR

expt~l,TR!G FP~l,TB!2P~l,TR!

P~l,TS!2P~l,TR! G .
~B6!
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