
because the actual masses of massive protostars are poorly deter-
mined. Our approach is to predict the properties of some well
studied massive protostars in terms of their bolometric luminos-
ities. The bolometric luminosity Lbol has contributions from main-
sequence nuclear burning Lms, deuterium burning LD, and accretion
Lacc. The accretion luminosity Lacc � f accGmp Çmp=rp, where facc is a
factor of order unity accounting for energy radiated by an accretion
disk, advected into the star or converted into kinetic energy of
out¯ows, and where the stellar radius rp may depend sensitively on
the accretion rate Çmp. Massive stars join the main sequence during
their accretion phase at a mass that also depends on the accretion
rate23. To treat accelerating accretion rates, we have developed a
simple model for protostellar evolution based on that of refs 6 and
24. The model accounts for the total energy of the protostar as it
accretes and dissociates matter and, if the central temperature
Tc * 106 K, burns deuterium. We have modi®ed this model to
include additional processes, such as deuterium shell burning,
and we have calibrated these modi®cations against the more
detailed calculations of refs 23 and 25.

Our model allows us to make predictions for the masses and
accretion rates of embedded protostars that are thought to power
hot molecular cores (C.F.M. and J.C.T., manuscript in preparation).
Figure 2 compares our theoretical tracks with the observed bolo-
metric luminosities of several sources. We ®nd that uncertainties in
the value of the pressure create only small uncertainties in mp for Lbol

in excess of a few times 104 solar luminosities.
The infrared and submillimetre spectra of accreting protostars

and their surrounding envelopes have been modelled in ref. 5,
modelling the same sources shown in Fig. 2. We note that uncer-
tainties in the structure of the gas envelope and the possible
contributions from additional surrounding gas cores or diffuse
gas will affect the observed spectrum. Comparing results, our
inferred stellar masses are similar, but our accretion rates are
systematically smaller by factors of ,2±5. The modelled5 high
accretion rates of ,10-3 M( yr-1 for stars with mp < 10M( would
be dif®cult to achieve unless the pressure was increased substan-
tially; for example, if the stars are destined to reach mpf < 30M(,
pressure increases of a factor ,40 are required. M
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A thermal light-emitting source, such as a black body or the
incandescent ®lament of a light bulb, is often presented as a
typical example of an incoherent source and is in marked contrast
to a laser. Whereas a laser is highly monochromatic and very
directional, a thermal source has a broad spectrum and is usually
quasi-isotropic. However, as is the case with many systems,
different behaviour can be expected on a microscopic scale. It
has been shown recently1,2 that the ®eld emitted by a thermal
source made of a polar material is enhanced by more than four
orders of magnitude and is partially coherent at a distance of the
order of 10 to 100 nm. Here we demonstrate that by introducing a
periodic microstructure into such a polar material (SiC) a thermal
infrared source can be fabricated that is coherent over large
distances (many wavelengths) and radiates in well de®ned direc-
tions. Narrow angular emission lobes similar to antenna lobes are
observed and the emission spectra of the source depends on the
observation angleÐthe so-called Wolf effect3,4. The origin of
the coherent emission lies in the diffraction of surface-phonon
polaritons by the grating.

It is usually taken for granted that light spontaneously emitted by
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different points of a thermal source cannot interfere. In contrast,
different points of an antenna emit waves that interfere construc-
tively in particular directions producing well de®ned angular lobes.
The intensity emitted by a thermal source is the sum of the
intensities emitted by different points so that it cannot be direc-
tional. However, it has been shown1,2 recently that some planar
sources may have a spectral coherence length in the plane much
larger than a wavelength and can be quasi-monochromatic in the
near-®eld. This paves the way for the construction of a thermal
source that could radiate light within narrow angular lobes as an
antenna instead of having the usual quasi-lambertian angular
behaviour.

Here we report experimental measurements demonstrating that
it is possible to build an infrared antenna by properly designing
a periodic microstructure on a polar material. Such an antenna
radiates infrared light in a narrow solid angle when it is heated.
Another unusual property of this source is that its emission
spectrum depends on the observation direction. This property
was ®rst predicted by Wolf as a consequence of spatial correlations

for random sources3,4. This effect has been demonstrated experi-
mentally for arti®cial secondary sources4,5 but has never been
observed for direct thermal emission. In addition, the emissivity
of the source is enhanced by a factor of 20 compared to the
emissivity of a ¯at surface.

Using theories developed recently6 to interpret the emission data
by gratings, we have designed and optimized a periodic surface
pro®le that produces a strong peak of the emissivity around a
wavelength l � 11:36 mm. The grating (see Fig. 1) has been ruled
on a SiC substrate. A similar grating of doped silicon with very deep
depths has been investigated7. The authors attributed the particular
properties observed to organ pipe modes in the microstructure7.
However, the role of coherence induced by surface waves and the
exact mechanism were not understood at that time2,6.

The measurements of the thermal emission in a plane perpen-
dicular to the lines of the grating are shown in Fig. 2. Emission is
highly directional and looks very similar to the angular pattern of an
antenna. We have also plotted (see Fig. 2) the calculated emission
pattern. The qualitative discussion of the introduction suggests that
the small angular width of the emission pattern is a signature of the
local spatial coherence of the source. A proof of this stems from the
fact that the source has a width L � 5 mm and a spectral coherence
length l p L and that its temperature is uniform. Hence, we can
assume that the source is a quasi-homogeneous source8. With this
assumption, it is known that the radiant intensity and the spectral
degree of coherence in the plane of the source are related by a
Fourier transform relationship8. Therefore, the angular width v of
the lobe emission varies qualitatively with l/l for this locally
coherent source instead of with l/L, as for a globally coherent
source. Thus a small angular aperture of the far-®eld radiation is the
signature of a spectral coherence length in the source much larger
than the wavelength. To overcome the experimental resolution limit
of our direct emissivity measurement, we measured the re¯ectivity
R. From Kirchhoff 's law9, we know that the polarized directional
spectral emissivity e is given by e � a � 1 2 R where a is the
absorptivity and R is the re¯ectivity of the grating. Results
are plotted in Fig. 3. There is a remarkable quantitative agreement
between the data taken at room temperature and theoretical
calculations. We note that the peak at 608 has an angular width v
as narrow as 18 so that the corresponding spectral coherence length
is as large as l=v < 60l < 0:6 mm. This suggests that a thermal
source with a size L on the order of the spectral coherence length l,
namely a globally coherent thermal source, could be achieved.
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Figure 1 Image of the grating obtained by atomic force microscopy. Its period d � 0:55l

(l � 11:36 mm) was chosen so that a surface wave propagating along the interface

could be coupled to a propagating wave in the range of frequencies of interest. The depth

h � l=40 was optimized so that the peak emissivity is 1 at l � 11:36 mm. It was

fabricated on SiC by standard optical lithography and reactive ion-etching techniques.
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Figure 2 Polar plot of the emissivity of the grating depicted in Fig. 1 at l � 11:36 mm

and for p-polarization. Red, experimental data; green, theoretical calculation. The

measurements were taken by detecting the intensity emitted by the sample in the far ®eld

as a function of the emission angle. A HgCdTe detector placed at the focal length of a ZnSe

lens was used. The sample was mounted on a rotation stage. The theoretical result was

obtained by computing the re¯ectivity of the sample and using Kirchhoff's law

(e � a � 1 2 R ). To ®t the data, we took into account the spectral resolution (0.22 mm)

and the angular resolution (38) of the measurements. The disagreement is due to the fact

that for the calculation, the index at room temperature is used whereas emission data

were taken with a sample in a local thermal equilibrium situation at a temperature of

773 K. Comparison between the two curves illustrates the validity of Kirchhoff's law for

polarized monochromatic directional quantities. The surrounding medium was at 300 K

and the background signal was subtracted. The emissivity for s-polarization (not shown)

does not show any peak and is very close to its value for a ¯at surface. Note that most of

the emitted light is emitted in the narrow lobe (that is, coherently).
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Figure 3 Emissivity of a SiC grating in p-polarization. Blue, l � 11:04 mm; red,

l � 11:36 mm; green, l � 11:86 mm. The emissivity was deduced from measure-

ments of the specular re¯ectivity R using Kirchhoff's law. The data have been taken at

ambient temperature using a Fourier transform infrared (FTIR) spectrometer as a source

and a detector mounted on a rotating arm. The angular acceptance of the spectrometer

was reduced to a value lower than the angular width of the dip. The experimental data are

indicated by circles; the lines show the theoretical results. An excellent agreement is

obtained when the data are taken at ambient temperature, which supports our interpretation

of the slight disagreement in Fig. 1 being due to the variation of index with temperature.
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A surprising property of the emissivity patterns of Fig. 3 is that
they depend strongly on the wavelength. This suggests that the
emission spectra depend on the emission direction. This would be a
manifestation of the Wolf effect3,4. To observe this effect, we have
taken several spectra of the re¯ectivity of the surface at different
angles. Fig. 4 shows experimental and theoretical spectra for
different observation angles. The position of the peaks of emissivity
(dips of re¯ectivity) depends strongly on the observation angle. It is
important to emphasize that this property is not merely a scattering
effect but is a consequence of the partial spatial coherence of the
source. The value of the re¯ectivity is also remarkable. By ruling a
grating onto a material which is essentially a mirror, we were able to
produce a perfect absorber. This behaviour has already been
observed for metallic gratings and attributed to the resonant
excitation of surface plasmons. This is the ®rst time, to our knowl-
edge, that total absorption in the infrared owing to excitation of
surface-phonon polaritons has been reported.

In order to prove experimentally the role of the surface wave, we
have done spectral measurements of the emissivity for s- and p-
polarization. The peaks are never observed for s-polarization nor for
p-polarization in the spectral region where surface waves cannot
exist. In order to characterize quantitatively the role of the surface
waves, we have obtained the dispersion relation from re¯ectivity
measurements6. The results are displayed in Fig. 5 and compared
with theory. We note that the interaction of the surface wave with
the grating produces the aperture of a gap close to the band edge.
Figure 5 shows that our experiment allows us to directly see surface-
phonon polaritons. It also yields additional insight into the Wolf-
effect3,4 mechanism. Emission of infrared light has already been used
to study surface excitations, but using prisms to couple the surface
waves to propagating modes10.

We now discuss the physical origin of coherent thermal emission.
We wish to understand how random thermal motion can generate a
coherent current along the interface. The key lies in the coherent
properties of surface waves (either surface-plasmon polaritons or
surface-phonon polaritons) demonstrated in refs 1 and 2. Both are
mechanical delocalized collective excitations involving charges.
Surface-phonon polaritons are phonons in a polar material,
whereas surface-plasmon polaritons are acoustical-type waves in
an electron gas. In both cases, these waves have the following two

properties: (1) they are mechanical modes of the system that can
be resonantly excited; (2) they are charge-density waves, that is,
they generate electromagnetic ®elds. Because these excitations are
delocalized, so are the corresponding electromagnetic ®elds.

From a classical point of view, each volume element of the
thermal source can be modelled by a random point-like source
that excites an extended mode: the surface wave. This is similar to
some extent to the emission of sound by a string of a piano. The
source is a hammer that strikes the string at a particular point. Then
the modes of the string are excited producing a vibration along the
full length of the string. At that point of the analogy, as anyone can
hear the vibrations of a piano string, we may wonder why the
coherent electromagnetic surface waves are not usually observed.
The reason is that surface modes have a wavevector larger than 2p/l
so that they are evanescent. Their effect is not seen in the far-®eld.

However, by ruling a grating on the interface, we are able to
couple these surface modes to propagating modes. The relationship
between the emission angle v and the wavelength l is simply given
by the usual grating law

2p

l
sinv � kk � p

2p

d

where p is an integer and kk is the wavevector of the surface wave.
Thus, by modifying the characteristics of the surface pro®le, it is
possible to modify the direction and the value of the emissivity of
the surface at a given wavelength. It is also possible to modify the
emission spectrum in a given direction. Such gratings can be used to
design infrared sources with speci®c properties.

This may also have interesting applications such as modifying the
radiative heat transfer for a given material. Indeed, we have
demonstrated that a re¯ectivity of 94% can be reduced to almost
zero in the infrared for SiC. This could also be done for glass, which
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Figure 4 Comparison between measured and calculated spectral re¯ectivities of a SiC

grating at room temperature. The incident light is p-polarized. The dip observed at 458
and l � 11:36 mm coincides with the emission peak observed in Figs 2 and 3. The

®gure shows clearly that the re¯ectivity spectra depend on the observation angle. Using

Kirchhoff's law, it follows that the emission spectra depend on the observation angle. This

is a manifestation of the Wolf effect3,4.
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Figure 5 Dispersion relation wavevector, q(k k), of surface-phonon polaritons. Data

points, experimental dispersion relation. Solid green curve, theoretical dispersion relation

for the grating. Dotted red curve, theoretical dispersion relation for the ¯at surface. This

®gure explains the mechanism of the Wolf effect3,4 for this particular source. The spatial

coherence in the plane of the source is due to the presence of a surface wave. For a ®xed

frequency q, it can be seen that there is only one possible wavevector kk(q). Thus the

spectral degree of coherence at q oscillates2 with a particular wavelength 2p/kk(q). When

observing in the far ®eld at an angle v such that ck k�q�=q � sinv there is a strong

contribution of the surface wave at frequency q. By varying the observation angle, the

frequency varies according to the dispersion relation of the surface wave. It is seen that

the strong Wolf effect produced by this source is due to (1) the thermal excitation of

surface waves which produce the spatial coherence and (2) the propagation in vacuum

which selects one particular wavevector.
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is a polar material that has a large re¯ectivity in the infrared owing
to the presence of resonances. This would allow us to increase the
radiative cooling of the material if the emission is enhanced in a
region where absorption is low, because the atmosphere does not
emit. Another promising application of our results is the possibility
of modifying the heat transfer in the near-®eld. Materials that are
separated by distances smaller than the typical wavelength exchange
radiative energy through evanescent waves. When surface waves are
resonantly excited, they provide the leading contribution11. Thus,
the heat transfer is almost monochromatic. This may be used to
enhance the ef®ciency of infrared photovoltaic cells12. M
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Ceramics are often prepared with surface layers of different
composition from the bulk1,2, in order to impart a speci®c
functionality to the surface or to act as a protective layer for the
bulk material3,4. Here we describe a general process by which
functional surface layers with a nanometre-scale compositional
gradient can be readily formed during the production of bulk
ceramic components. The basis of our approach is to incorporate
selected low-molecular-mass additives into either the precursor
polymer from which the ceramic forms, or the binder polymer
used to prepare bulk components from ceramic powders. Thermal
treatment of the resulting bodies leads to controlled phase separa-
tion (`bleed out') of the additives, analogous to the normally

undesirable outward loss of low-molecular-mass components
from some plastics5±9; subsequent calcination stabilizes the com-
positionally changed surface region, generating a functional sur-
face layer. This approach is applicable to a wide range of materials
and morphologies, and should ®nd use in catalysts, composites
and environmental barrier coatings.

To avoid the concentration of thermomechanical stress at the
interface between the surface layer and the bulk material, many
materials have been developed that have gradually varying proper-
ties as the distance into the material increases10. Such materials can
contain gradients in morphology or in composition. Gradients in
morphology can, for example, result in materials that have a graded
distribution of pore sizes on a monolith of silica aerogel, and a type
of integral plastic. These materials have been created by strictly
controlling the vaporization of the volatile during the production
process11,12. Gradients in chemical composition have been achieved,
for example: (1) chemical vapour deposition13,14, (2) powder meth-
ods such as slip cast or dry processing15, (3) various coating
methods16, and (4) thermal chemical reaction2,17. Of these, (1) and
(4) are relatively expensive, complicated and result in damage to
bulk substrates. (2) and (3) produce stepped gradient structures,
and it is dif®cult to control the thickness of each layer to less than
100 nm. Furthermore, most of these processes are not easily adapted
to coating samples in the form of ®bre bundles, ®ne powders or
other materials with complicated shapes.

We have addressed the issue of establishing an inexpensive and
widely applicable process for creating a material with a composi-
tional gradient and excellent functionality. A schematic representa-
tive of our new in situ formation process for functional surface
layers, which have a gradient-like structure towards the surface, is
shown in Fig. 1. The important feature of our method is that the
surface layer of the ceramic is not deposited on the substrate, but is
formed during the production of the bulk ceramic. We con®rmed
that our process is applicable to any type of system as long as, in the
green-body (that is, not-calcined) state, the system contains a resin
and a low-molecular-mass additive that can be converted into a
functional ceramic at high temperatures. Here, the resin is a type of
precursor polymer (polycarbosilane, polycarbosilazane, polysila-
styrene, methylchloropolysilane, and so on) or binder polymer used
for preparing green bodies from ceramic powders18. Although the
former case (using precursor polymers) is explained in detail in this
Letter, the latter case using binder polymers was also con®rmed by
treating a Si3N4 body with a TiN surface layer. Si3N4 can exhibit
excellent thermal stability and wear resistance in the high-speed
machining of cast iron, but shows poor chemical wear resistance in
the machining of steel19. In order to avoid this problem, TiN
coating, by means of expensive chemical vapour deposition, has
often been performed on previously prepared Si3N4 substrates. But
if our process is appropriately applied, formation of the TiN surface
layer could be achieved during the sintering process of the Si3N4

green body. In this case, titanium(IV) butoxide and polystyrene are
used as the low-molecular-mass additive and binder polymer,
respectively. By a combination of suf®cient maturation (in air at
100 8C) and subsequent sintering (in NH3+H2+N2 at 1,200 8C),
Si3N4 covered with TiN is successfully produced. This technology
would be very useful for producing ceramic materials with compli-
cated shapes and various coating layers. Moreover, our process is
advantageous for preparing precursor ceramics (particularly ®ne
particles, thin ®brous ceramics and ®lms). The systems to which our
concept is applicable are shown in Fig. 1.

Here we give a detailed account of the results for the pre-
cursor ceramic obtained using polycarbosilane. Polycarbosilane
(±SiH(CH3)±CH2±)n is a representative pre-ceramic polymer for
preparing SiC ceramicsÐfor example, Hi-Nicalon ®bre20 and
Tyranno SA ®bre21. Furthermore, oxide or nitride can also be
produced from the polycarbosilane by ®ring in air or ammonia,
respectively. Our new technology makes full use of the bleed-out
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