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We demonstrate theoretically that the spectra of electromagnetic emission of surface systems can
display remarkable differences in the near and the far zones. The spectral changes occur due to the loss
of evanescent modes and are especially pronounced for systems which support surface waves.

PACS numbers: 78.20.–e, 05.40.–a, 44.40.+a, 87.64.Xx
Spectroscopy of electromagnetic radiation is perhaps
the most powerful exploration tool employed in natural
sciences: astronomy, atomic and molecular physics and
chemistry, materials science, biology, etc. The central
question considered in this paper—whether the spectral
content of the radiation emitted by an object can change on
propagation to the observer—usually does not arise, since
it seems natural that nothing can happen to waves travel-
ing through empty space. Surprisingly similar failure of
common sense was put forward by the recent progress of
near-field optical microscopy [1,2], which achieves sub-
wavelength resolution exactly because evanescent modes
carrying subwavelength spatial information do not propa-
gate far away from the object. However, a great deal of
work devoted to such an irreversible change of spatial in-
formation on propagation has been accompanied with sig-
nificantly lesser interest in the possibility of the change of
spectral information.

The subject of spectral changes on propagation has,
however, been addressed. In the 1980’s, Wolf [3] predicted
that the spectrum of light can be changed on propagation
from the source to the observer, even through empty space.
This effect, whose origin lies in the fluctuating nature of
the source, has been intensively studied in a variety of sys-
tems [4,5]. Typically, the Wolf effect is manifested in small
spectral shifts and can be viewed as a redistribution of the
weights of different spectral components.

In this Letter, we demonstrate spectral changes, whose
physical origin is very different from that of Wolf spectral
shifts and lies in the presence of the evanescent compo-
nent in the emitted field. We show that the near-field and
far-field spectra of emitted electric fields can display dras-
tic differences. For a broadband emission, such as thermal
emission which is considered in detail in this paper, the
near-field spectrum dominated by evanescent modes can
be entirely different from the far-field spectrum of propa-
gating modes. These spectral changes occur not due to the
statistical nature of the source (as in the Wolf effect) but
due to the loss of evanescent components on propagation.
We analyze how such spectral changes can be enhanced
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by electromagnetic surface waves (SW) near the interface.
These SW are known to play an important role in the en-
hancement of interaction between nanoparticles near the
surface [6], in localization effects on random surfaces [7],
in surface-enhanced Raman scattering [8], in extraordinary
transmission of light through subwavelength holes [9], etc.
In this Letter, we show that SW provide the leading con-
tribution to the density of energy in the near-field zone of
electromagnetic emission.

We now proceed with analyzing near-field effects in the
spectra of thermal emission, which provides an easy way
to excite both propagating and evanescent electromagnetic
modes in a wide range of frequencies (at least, in the
infrared [10–12]). Thermal emission is frequently asso-
ciated with the textbook example of equilibrium black-
body radiation. The Planck spectrum IBB�v� of such
radiation is obtained by multiplying the thermal energy
u�v, T � � h̄v��exp�h̄v�kBT � 2 1� of a quantum oscil-
lator by the density of oscillations (modes) per unit vol-
ume N�v�dv � v2dv��p2c3� in the frequency interval
�v, v 1 dv�, and dividing the result by dv [13],

IBB�v� � u�v, T �N�v� �
h̄

p2c3

v3

exp�h̄v�kBT � 2 1
.

(1)

Here T is the body temperature, kB is Boltzmann’s con-
stants, h̄ is Planck’s constant divided by 2p, and c is the
speed of light in vacuum. A well-known representation of
blackbody radiation is the equilibrium radiation in a closed
cavity with lossy walls when only propagating modes of
the field are taken into account.

To demonstrate the importance of near-field effects, we
consider a somewhat more sophisticated example of ther-
mal emission from a semi-infinite �z , 0� slab of homoge-
neous, nonmagnetic material held in local thermodynamic
equilibrium at a uniform temperature T , into the empty half-
space z . 0. We will describe the macroscopic dielec-
tric properties of the material by a frequency-dependent,
complex dielectric function ´�v� � ´0�v� 1 i´00�v�. The
© 2000 The American Physical Society
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Fourier component E�r, v� of the electric field E�r, t�
at a point r � �x, y, z� in the empty half space z . 0 is
generated by thermal currents with density j�r0, v�, which
is nonzero only for z0 , 0. It can be computed following
the procedure outlined in Refs. [12,14],

Ea�r, v� � im0v
X

b�x,y,z

Z
V

d3r 0 Gab�r, r0, v�jb�r0, v� ,

(2)

where V is the volume of the hot body which occupies
the half-space z0 , 0, and Gab�r, r0, v� is the electromag-
netic Green tensor for the system of two homogeneous ma-
terials separated by a planar interface z � 0. According to
the fluctuation-dissipation theorem [14], the fluctuations of
thermal currents are described by the correlation function

�ja�r, v�jb�r0, v0�� �
vu�v, T �

p
´0´00�v�dabd�r 2 r0�

3 d�v 2 v0� , (3)

where the angle brackets denote the statistical ensemble
average. The Kronecker symbol dab and the spatial d

function in this formula follow from the assumption that
the dielectric function is isotropic, homogeneous, and
local [14].

The energy density I�r, v� of the emitted electric field
at the point r is defined by the formula

X
a�x,y,z

´0

2
�E�

a�r, v�Ea�r, v0�� � I�r, v�d�v 2 v0� .

(4)

Using Eqs. (2) and (3) into (4), we obtain, for I�r, v�,

I�r, v� � 8p3 v3

c4 u�v, T �´00�v�
X

a,b�x,y,z

Z 0

2`
dz0

3
Z d2kk

�2p�2 jgab�kk, v j z, z0�j2, (5)

where gab�kk, v j z, z0� is the analytically known [12] 2D
spatial Fourier transform (in x and y) of the Green’s tensor
Gab�r, r0, v�. Note that I�r, v� in Eq. (5) is independent
of x and y, due to the translational invariance of the system
in x and y directions.

We now assume that the interface z � 0 between the
material and a vacuum can support electromagnetic SW.
The dispersion relation between the wave number kk �
jkkj and frequency v of SW is

�kSW
k �v��2 � �v2�c2�´�v���´�v� 1 1� . (6)

Such waves exist for materials having ´0�v� , 21 in one
or several frequency ranges [10]. We consider SiC, which
supports SW known as surface phonon polaritons and
which has been used in previous experimental [11] and
theoretical [12] investigations of thermal emission. The di-
electric function of this material is given by the expression
´�v� � ´`�v2

L 2 v2 2 igv���v2
T 2 v2 2 igv� with
´` � 6.7, vL � 182.7 3 1012 s21, vT � 149.5 3

1012 s21, and g � 0.9 3 1012 s21 [11]. By substituting
´�v� into Eq. (5) and performing a straightforward evalua-
tion of integrals (only the integral over the magnitude of
kk has to be calculated numerically, the other two integrals
can be evaluated analytically), we obtain the spectra of
thermal emission for SiC at different heights z above the
surface. We plot the results in Fig. 1 in the frequency
range 0 , v , 400 3 1012 s21 for T � 300 K at three
different heights.

Although one could expect to find differences of the SiC
spectra with the blackbody spectrum (1), it is striking that
near-field and far-field spectra of the same SiC sample are
so dramatically different, as seen in Fig. 1. An observer
doing a traditional far-zone spectroscopic measurement
(Fig. 1a) would detect the spectrum with a rather wide
dip in the range 150 3 1012 s21 , v , 180 3 1012 s21

due to the low emissivity of SiC in that range [11]. Note
that the sample effectively acts as a nonradiating source
in this frequency range. However, when the probe moves
within a subwavelength distance from the material (typi-
cal thermal emission wavelengths at T � 300 K are of the
order of 10 mm), the spectrum starts to change rapidly. In
Fig. 1b, showing the emission spectrum at 2 mm above
the surface, this change is seen as a peak emerging at
v � 178.7 3 1012 s21. At very close distances (Fig. 1c),
the peak becomes so strong that an observer would sur-
prisingly see almost monochromatic emission with photon
energies not represented in the far zone.
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FIG. 1. Spectra of thermal emission of a semi-infinite sample
of SiC at T � 300 K and three different heights above the sur-
face: (a) za � 1000 mm, (b) zb � 2 mm, (c) zc � 0.1 mm.
The insets magnify the spectra plotted on a semilog scale in
the range of strong contribution from evanescent surface modes.
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Thus, we find that the spectrum changes qualitatively
on propagation. The occurrence of such striking spec-
tral changes is related to SW existing in the region 150 3

1012 s21 , v , 180 3 1012 s21. We shall now clarify
the mechanism of the formation of spectra I�r, v� at dif-
ferent distances from the surface.

We note that the spectrum of the elctric field (5) has a
similar structure as that of blackbody radiation (1),

I�z, v� � u�v, T �N�z, v� . (7)

In Eq. (1), N�r, v� does not depend on r, while in Eq. (5)
it depends on z. Equation (7) is a pivotal point of our
paper since it accounts for the evolution of the spectrum
on propagation by relating it to the local density of elec-
tromagnetic modes N�r, v�. Note that N�r, v� includes
only relevant modes excited in the material �z , 0� and
emitted into vacuum �z . 0�. The correct counting of
modes is done automatically in the integral in Eq. (5),
which has a typical structure that relates the density of
modes to the Green’s tensor of the system. The function
jgab�kk, v j z, z0�j2 in Eq. (5) represents a mode that is
excited in the plane z0 with a 2D wave vector kk and po-
larization b and arrives at the plane z with the same 2D
wave vector (due to translational invariance in x and y) and
polarization a. The sum over b and the integrals over kk

and z0 , 0 take into account all possible modes that are
initially excited.

The origin of a sharp peak seen in the near-field emission
spectrum (Fig. 1c) becomes clear when we analyze the dis-
persion relation (6) for SW (Fig. 2). Near the frequency
vmax defined by the condition ´0�vmax� � 21, there ex-
ists a large number of surface modes with different wave
numbers but with frequencies that are very close to each
other. Therefore, the density of surface modes will neces-
sarily display a strong peak at v � vmax. However, since
SW decay exponentially away from the surface, this peak
is not seen in the far zone (Fig. 1a).

To achieve a detailed understanding of the z dependence
of the emission spectrum, we calculate an approximate
expression for the density of modes N�z, v� from Eqs. (5)
and (7) for small distances z and in the limit of large kk
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FIG. 2. Dispersion curve for SW on the vacuum-SiC planar
interface. Re�vSPP� is calculated for a given real kk.
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(according to Fig. 2, the modes with large kk define the
behavior near the peak):

N�z, v� �
´00�v�

j1 1 ´�v�j2
1

16p2vz3 . (8)

This 1�z3 contribution can be recognized as a well-known
quasistatic behavior exhibited near the surfaces of all mate-
rials [12,14]. Note that if ´00 is not very large at v � vmax
then the density of modes exhibits a resonance at that fre-
quency. This is the origin of the peak in the near-field
spectrum of SiC at v � 178.7 3 1012 s21. The presence
of a resonance in the density of modes N�z, v� is, how-
ever, not required for observing spectral changes caused
by the loss of evanescent modes. Indeed, in the short dis-
tance regime, the spectrum is given by Eq. (8), whereas,
in the far field, the spectrum is given by Eq. (1) multiplied
by the emissivity of the surface. Thus, even in the absence
of resonant SW, the near-field spectrum is different from
the far-field spectrum, but the changes are less dramatic.

The result (8) is valid only in the limit of distances much
smaller than the wavelength. We show in Fig. 3 the varia-
tion of the spectral density I�v, z� with the distance z from
the surface. We consider two different frequencies none of
which is very close to the resonance at vmax. In agreement
with Eq. (8), we observe that the spectral density increases
sharply for z , 1 mm, i.e., when the distance to the sur-
face is much smaller than the wavelength. However, the
decay behavior of the two curves for larger values of z ex-
hibits an essential difference. The exponential decay seen
in the solid curve for the values of z between 1 and 5 mm
is a signature of the presence of a SW whose energy de-
cays exponentially with z. This SW is a surface phonon
polariton that exists at v � 166 3 1012 s21 (solid curve)
but not at v � 210 3 1012 s21 (dashed curve). The dif-
ferent z dependence of the I�v, z� for different values of
v causes the spectrum to change on propagation of emit-
ted radiation from the surface to the far zone.

This analysis allows us to conclude that the spectral
changes in thermal emission should be observable in a
wide variety of solid-state systems supporting evanescent
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FIG. 3. The variation of the spectral density of the thermal
emission for SiC at T � 300 K with the distance z from ob-
server to the surface. Solid line: v � 166 3 1012 s21 �l �
11.4 mm�, dashed line: v � 210 3 1012 s21 �l � 9.0 mm�.
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surface waves or guided waves (in layered structures [5]).
Resonant features in the near-field spectra (such as in
Fig. 1c) correspond to resonances in the local density of
surface modes N�z, v� and appear when the dispersion
curve for SW has a flat portion (as in Fig. 2). In addition
to our example of SiC, such resonances N�z, v� are dis-
played by metals (supporting surface plasmon polaritons),
semiconductors (supporting surface exciton polaritons F),
and several other materials. Yet, a peak in the emission
intensity I�z, v� will be observable only if u�v, T � is not
too small. For example, the near-field spectrum of thermal
emission from amorphous glass near-field spectrum has a
sharp peak for v � 9.24 3 1013 s21 �l � 20.4 mm� vis-
ible at room temperature. All of the III-V and II-VI semi-
conductors can support surface waves in the midinfrared.
However, although the number of modes (8) has a reso-
nance in the case of silver at about v � 5.57 3 1015 s21

�l � 0.339 mm�, no sharp peak is seen if the temperature
silver sample is lower than 4000 K.

Equations (7) and (8) also suggest a new application
for near-field spectroscopy. As a near-field spectrum at a
given distance to the interface gives access to ´00�v��j1 1

´�v�j2, one can hope to retrieve the material dielectric
constant, similar to the method usually used to obtain ´

from reflectivity measurements [15]. With the rapid de-
velopment of near-field optical microscopy, such near-field
spectra can be measured. This could open the way to a new
technique of local solid-state spectroscopy. Finally, we an-
ticipate that the effects reported in this paper should sig-
nificantly improve our understanding of the radiative heat
transfer at nanometric scale with particular applications in
the field of near-field microscopies. This might have ap-
plications for high density storage where the local control
of temperature is essential in the writing process. Also,
note that the effect of near-field thermal fluctuations was
measured recently using the induced brownian motion on
an atomic force microscope tip [16].

To summarize, we have demonstrated that the spec-
trum of thermal emission can undergo significant, qualita-
tive changes on propagation due to the loss of evanescent
modes. Such novel spectral changes are caused by the
change in the local density of emitted electromagnetic
modes, and are especially pronounced in the systems sup-
porting surface waves.
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