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Spatial coherence of light emitted by thermalized ensembles of emitters coupled to surface waves
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It has been discovered experimentally that light emitted by layers of photoexcited dye molecules or quantum
dots deposited on metallic thin films is spatially coherent. Identifying the physical origin of this spatial coherence
is a difficult task in the absence of a systematic procedure to model theoretically the field correlation function of
the photoluminescence. The presence of strong coupling and the presence of delocalized plasmonic modes have
been considered as possible candidates to explain the origin of the spatial coherence. Here, we use a general
coherence-absorption relation recently derived to address this question.
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Light emission by ensembles of dye molecules or quan-
tum dots has received a lot of attention recently. One of the
driving forces of this interest is the design of light sources
with improved properties in terms of spectral purity, energy
efficiency. and versatility [1–14]. Another motivation is the
investigation of the strong-coupling regime between light and
matter [15–22]; phenomena have been reported such as the
observation of photon Bose-Einstein condensation [23–28] or
the discovery of the so-called cavity chemistry [6,17,21,22].
In this field, the existence of polaritons [29] plays a key role.
An intriguing property of light emitted by a layer of photoex-
cited molecules on a silver thin film was discovered ten years
ago [30]. It was shown that light produced by photolumines-
cence at two different points separated by several micrometers
could produce interferences. This raises the question of the
mechanism that produces a long-range correlation of the elec-
tromagnetic field at two points. To quantitatively assess the
degree of spatial coherence, the natural tool is the spatial cor-
relation of the electric fields. For a stationary random process,
it can be cast in the form [31]

〈Ej (r1, ω)E∗
k (r2, ω

′)〉 = Wjk (r1, r2, ω)δ(ω − ω′), (1)

where Wjk is the electric-field cross-spectral density tensor
[32] and Ej (r, ω) the time-domain Fourier transform of the
electric field Ej (r, t ), and ∗ denotes the complex conjugate.
It is difficult to identify the physical origin of the long-range
spatial correlation without an explicit model to compute this
quantity. An analysis of the experimental data [30] suggested
that the strong coupling plays a role in the onset of spatial
coherence. Later studies [19] confirmed the existence of spa-
tial coherence but it has been pointed out in Ref. [33] that
strong coupling is not a necessary condition. Instead, it has
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been shown that the existence of surface waves appears to
play a key role in building the spatial coherence. Furthermore,
it has been observed that the visibility of the fringes depends
on the pump intensity used in the photoluminescence process
[28], an observation unexplained so far.

In this paper, we explore the origin of the spatial coherence
in such a system by taking advantage of a recently-derived
general coherence-absorption relation [34]. To address the
issue of spatial coherence of light emitted by an ensemble
of thermalized emitters, we consider the system studied in
Ref. [30]. It consists of a thin layer of emitters on top of
a metallic film. Our calculation will be performed using a
layer of J-aggregated 5,5’,6,6’-tetrachloro-1,1’-diethyl-3,3’-
di(4-sulfobutyl)-benzimidazolo-carbo cyanine (or TDBC).
The emitters are deposited on a 45-nm silver layer on glass, as
can be seen in Fig. 1. The dye layer is anisotropic and we use
the dielectric permittivity model given in [30] to characterize
it. Along the layer, the dielectric permittivity is written as

ε// = εbg + A/
(
ω2

0 − (ω + i�0)2
)
, (2)

with ω0 = 2.07 eV, εbg = 3.05, A = 2 eV2, and �0 =
14 meV. Perpendicular to the layer, ε⊥ = εbg. The refractive
index of the silver layer is described by a Drude model [30].

Thereafter, the cross-spectral density tensor is calculated
in the framework of fluctuational electrodynamics [35]. A
direct calculation was reported in the case of thermal emission
[32]. By using the extension of the fluctuation-dissipation
theorem to pumped materials in the thermalized regime
[36,37], a similar approach is possible for photoluminescence.
Here, we take an alternative approach and use a general
coherence-absorption relation [34]. We consider two coherent
monochromatic electric dipoles of amplitude unity located at
r1 and r2 and polarized along the axis j and k, respectively.
We define the total absorbed power integrated over the TDBC
layer when it is illuminated by these sources as Pabs

jk (r1, r2, ω).
If the sources were incoherent, this absorbed power would
be equal to the sum of the absorptions generated by each
source separately, Pabs

j (r1, ω) and Pabs
k (r2, ω). However, these

two coherent sources located at r1 and r2 generate an
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FIG. 1. Layout of the photoluminescence system.The structure
consists in a layer of TDBC on top of a 45-nm-thick layer (hAg) of
silver. These layers are deposited on a glass substrate. The cross-
spectral density tensor is calculated at the points r1 and r2, separated
by the distance ρ = |r2 − r1| at a distance h = 1 μm from the silver
layer. The TDBC layer (hem) is either 5-nm or 20-nm-thick.

interference pattern in the TDBC layer. As a consequence, the
total absorbed power integrated over the TDBC layer is given
by [34,35]

Pabs
jk (r1, r2, ω) = Pabs

j (r1, ω) + Pabs
k (r2, ω)

+2Re
[
Pmix

jk (r1, r2, ω)
]
,

(3)

where Re denotes the real part and Pmix
jk (r1, r2, ω) is a com-

plex term due to interferences called “mixed losses” [34,35].
The general coherence-absorption relation derived in [34] can
then be written as

Wjk (r1, r2, ω) = 4�(Tq, μq )Pmix
jk (r1, r2, ω), (4)

with �(Tq, μq ) = h̄ω/[exp((h̄ω − μq )/(kBTq )) − 1] and
Tq(r) and μq(r) correspond to the temperature and photon
chemical potential of the distribution of the excited electronic
states of the TDBC molecules. If we consider that the two
sources localized at r1 and r2 are polarized along the x axis,
we can simplify relation (3) into

Pabs
xx (r1, r2, ω) = 2

(
Pabs

x (r0, ω) + Pmix
xx (r1, r2, ω)

)
, (5)

with r0 = (r1 + r2)/2. The system being invariant along the x
and y axis, Pabs

x (r0, ω) = Pabs
x (r1, ω) = Pabs

x (r2, ω). Further-
more, Pmix

xx is real when z1 = z2 [34]. From (4) and (5), we
derive the following relation:

Wxx(r1, r2, ω)

Wxx(r0, r0, ω)
= Pabs

xx (r1, r2, ω)

2Pabs
x (r0, ω)

− 1, (6)

Both the absorbed power and the cross-spectral density
tensor are normalized by their values at r0 = (r1 + r2)/2.
Equation (6) establishes an equivalence between a correlation
function of fluctuating fields and absorption of deterministic
coherent fields. It provides a means to obtain experimentally
the spatial correlation of the fields by measuring an absorp-
tion. It also provides a tool that has been missing so far to
analyze theoretically the spatial coherence of the fields emit-
ted by thermalized sources.

As the spatial coherence is linked to the extension and
number of modes excited by the source, we first study the
modes of the system by plotting the reflectivity (Fig. 2) when
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FIG. 2. Reflectivity maps of the structure. [(a),(b)] As a function
of the energy and the in-plane wave vector for (a) hem = 5 nm and
(b) hem = 20 nm. (c) As a function of the numerical aperture (defined
as k///k0, with k0 = 2π/λ) and the wavelength for hem = 20 nm.
This second graph is another graphical representation of the gap
region between 1.88 eV and 2.21 eV.

the system is excited by a plane wave propagating from the
bottom in the glass substrate towards the metal layer in a
Kretschmann configuration. It is seen that the reflectivity has
a dip for wave vectors slightly larger than ω/c. This is a
signature of the resonant excitation of the surface plasmon
propagating at the interface silver/TDBC/air [38]. The sec-
ond feature clearly observed is the anticrossing between the
plasmon dispersion relation and the exciton, opening a gap
between 2.03 eV and 2.09 eV in Fig. 2(a) (hem = 5 nm) and
between 1.93 eV and 2.11 eV in Fig. 2(b) (hem = 20 nm).
The gap opening is a signature of the strong coupling and the
formation of exciton-polaritons. We play on the coupling by
varying the thickness of the TDBC layer [Figs. 2(a) and 2(b)].
It is seen on the dispersion relation that the modes at 1.97 eV
appear to have a plasmonic (weak coupling with TDBC)
character in Fig. 2(a) and a polaritonic (strong coupling with
TDBC molecules) character in Fig. 2(b). Figure 2(c) repro-
duces the reflectivity of the same system, for hem = 20 nm; it
is plotted as a function of wavelength and numerical aperture
in order to ease the comparison with the original article [30].

We now calculate the normalized cross-spectral density
tensor using Eq. (6) at different frequencies to find out how
the structure of the modes affects the spatial coherence. The
calculations have been obtained by placing two sources at
two points r1 and r2 (both along the x axis) in the glass,
at a distance h = 1 μm from the silver layer. To mimic the
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FIG. 3. Diagonal elements of the electric-field cross-spectral
density tensor Wxx (r1, r2, ω) as a function of the distance ρ between
positions r1 and r2. (a) At 1.97 eV, with and without the silver layer
and hem = 5 nm. (b) Envelopes only, at 1.97 eV with hem = 5 nm
and 20 nm, and at 2.02 eV and 2.07 eV with hem = 20 nm and with
the silver layer. All plots are normalized by their maximum value at
ρ = 0.

experiment of [30], the sources have been placed at that
distance to filter out the evanescent waves with wave vector
much larger than nglassω/c. In doing so, the surface plasmon
polariton at the interface glass/metal does not intervene in the
correlation function (see [38]). The absorption is computed by
means of the difference of the Poynting fluxes at the interfaces
Air/TDBC and TDBC/Ag. The envelopes of the oscillating
correlation functions have been plotted as a function of ρ =
|r2 − r1| in Figs. 3(a) (red dotted lines) and 3(b) and they
will be denoted as E (|Wxx(r1, r2, ω)|) in the following. They
will be used to quantify the correlation lengths in the different
cases with ρ0.1 the value of ρ for which E (|Wxx(r1, r2, ω)|) =
0.1. The larger ρ0.1, the larger the correlation length. All the
results for the different cases studied are gathered in Table I.

We first analyze the role of the silver layer. In Fig. 3(a), we
compare the cross-spectral density Wxx(r1, r2, ω) at 1.97 eV
(i.e., 630 nm) with and without a silver layer. It is seen that

the correlation length is much larger in the presence of the
layer (ρ0.1 = 5.0 μm) than without (ρ0.1 = 0.48 μm). At this
frequency, the reflectivity exhibits a surface-plasmon reso-
nance [Fig. 2(a)], suggesting that the presence of a surface
mode plays a key role. Note also that these plots are obtained
in the weak coupling zone. This shows unambiguously that it
is not necessary to be in the strong-coupling regime to observe
spatial coherence.

We can verify the role of the surface wave by calculating
the correlation at 2.07 eV, in the gap region [Figs. 2(b) and
3(b), hem = 20 nm], where no surface mode can be excited
(note however that if the permittivity is isotropic, an additional
polaritonic branch appears in the gap; see [38]). Despite the
presence of the silver layer, E (|Wxx(r1, r2, ω2.07 eV)|) < 0.1
for ρ � 0.47 μm. The comparison between the curves at
1.97 eV and at 2.07 eV confirms that exciting surface waves
increases the range of spatial coherence.

We now plot Wxx(r1, r2, ω) at 2.02 eV (for hem = 20 nm),
an energy where the reflectivity map shows that the minima
plot reaches an asymptote due to the strong coupling between
the plasmon and the exciton. It is seen in Fig. 3(b) that the
correlation decays very fast [E (|Wxx(r1, r2, ω2.02 eV)|) < 0.1
for ρ � 1.1 μm]. Here, the origin of the low-coherence length
is not the lack of surface modes but a large number of excited
modes in the interval �kx. A dipole source emitting at this
frequency can excite many modes with different wave vectors
kx in an interval �kx. These different modes dephase on a
length scale on the order of 1/�kx. This is in marked contrast
with the fewer surface modes excited at 1.97 eV in the weak-
coupling regime [Figs. 2(a) and 3(a)].

If we compare the reflectivities at 1.97 eV and at 2.02 eV
the main difference lies in the widths �k of the reflectivity
dip. �k1.97 eV � �k2.02 eV leads to a higher spatial coher-
ence at 1.97 eV than at 2.02 eV, which is confirmed by
Fig. 3(b). Note that at 1.97 eV, �k is thinner in the weak cou-
pling regime (hem = 5 nm) compared to the strong coupling
regime (hem = 20 nm). We thus obtain that ρ0.1(1.97 eV−5nm) >

ρ0.1(1.97 eV−20nm).
In summary, we have shown the crucial role of surface

waves in the spatial coherence. We also note that the strong-
coupling regime is not a necessary condition to observe spatial
coherence in the emitted fields, as was also reported in more
recent experiments [19,33].

To identify the mechanism responsible for the buildup of
spatial coherence from a mere superposition of uncorrelated
spontaneous emission events, we go back to the basics of
light emission by thermalized systems in the framework of
fluctuational electrodynamics. Fluctuating current densities in
a given volume element excite the electromagnetic modes.
Some of the modes are leaky surface modes, which can prop-

TABLE I. ρ0.1, i.e., values of ρ for which the envelopes of the correlation E (|Wxx (r1, r2, ω)| are equal to 0.1, for three different energies
(1.97 eV, 2.02 eV, and 2.07 eV) when the dye layer is deposited on silver (“with metal”) or glass (“without metal”).

Energy (eV) 1.97 1.97 2.02 2.07

hem (nm) 5 20 20 20
ρ0.1(μm), with metal 5.0 2.4 1.1 0.47
ρ0.1(μm), without metal 0.48

L032040-3
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FIG. 4. Representation of the envelopes of V (ρ ) =
|Wxx (r1, r2, ω)/Wxx (r0, r0, ω)| as a function of the distance ρ.
V (ρ ) can be related to fringes visibility in Young’s slits type
interference experiments, slits being separated by distance ρ.
Squares and circles are local maxima of V (ρ ) and lines are
interpolations of those maxima and guides for the eye. Envelopes are
plotted (i) for three different wavelengths (blue squares and lines) at
610, 620, and 630 nm; (ii) at 630 nm for other values of the decay
length of the plasmon (red circles and lines), corresponding to either
bleaching (δx = 3.8 μm) or gain in the dye layer (δx = 47.4 μm).
The TDBC layer is 20-nm-thick.

agate along the surface and radiate into the substrate. These
modes contribute to the electric field at two different points
along the interface generating a correlation of the field at
these two points. It is the same mechanism that produces
spatial coherence of thermal fields in the presence of surface
waves [32,39]. When for a given frequency, several modes
corresponding to several wave vectors are simultaneously ex-
cited, as it happens when the dispersion relation flattens, the
different modes dephase over propagation. Finally, we note
that there are no leaky surface modes in the gap.

We now compare the calculations of the cross-spectral
density reported in this paper to previously reported experi-
mental data [30]. The system is the same as the one depicted
in Fig. 1. The spatial correlation at positions r1 and r2 was
experimentally characterized by measuring the visibility of
interference fringes formed with the fields diffracted by two
slits. The fringe visibility can be modelled by the modulus of
the normalized cross-spectral density tensor [40,41] that we
call V (ρ) where ρ is the distance between the two slits. It is
an oscillating function and we report the loci of its maxima
in Fig. 4 as a function of ρ for three different wavelengths.

V (ρ) is higher at 630 nm (blue dotted line) than at 610 nm
(blue solid line), which is consistent with the experimental
data; 610 nm corresponds to 2.03 eV, an energy close to the
gap where �k increases [Fig. 2(c)].

It is noteworthy that the values of visibility that we ob-
tained numerically are smaller than the experimental values.
Firstly, we attribute this difference to the fact that this model
does not account for the imaging system nor for the presence
of a spatial frequency filter. Secondly, we did not take into
account the pumping of the dyes in the dielectric permittivity
model given in [30]. It has indeed been observed that increas-
ing pump fluence leads to a gradual build-up of the degree of
spatial coherence [20]. To explain this observation, we first
note that when increasing the pumping, the losses in the dye
layer are progressively reduced until they are transformed
into gain, which leads to an increase of the decay length
δx (defined as 1/k′′) of the plasmon and thus to an increase
of the correlation length (see [38]). Even though the precise
experimental value of the losses in the dye layer is unknown,
it is possible to study this behavior with the reduction of the
losses by changing the value of �0 in (2). The interpolation
of the maxima of the modulus of Wxx(r1, r2, ω), V (ρ), at
630 nm is shown in Fig. 4 without losses in the dye layer (red
solid line) and with gain (red dotted line). For ρ = 4 μm, the
visibility is multiplied by at least a factor 2 without losses in
the dye layer and by a factor 5.6 with gain.

In conclusion, a general coherence-absorption relation has
been used to compute the cross-spectral density of the field
emitted by an ensemble of thermalized molecules above a
metallic-thin silver film. We find that the origin of the spatial
coherence of the electromagnetic field can be attributed to
the presence of leaky surface plasmons propagating along the
interface. We stress that the spatial coherence can be explained
without invoking localized states as in [30]. A further discus-
sion of the arguments put forward in Ref. [30] is given within
the Supplemental Material [38]. We also find that the spatial
coherence length is larger when the optical pumping increases
the decay length of the surface plasmons. When the system
enters the strong coupling regime, the electromagnetic field
has a reduced spatial coherence. In the gap, it is due to the
absence of surface waves; close to the band edge, it is due to
the large number of excited exciton polaritons with different
wave vectors.
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