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The interference pattern observed in Young’s double-slit ex-
periment is intimately related to the statistical correlations
of the waves emitted by the slits. As the waves in the slits
become more correlated, the visibility of the interference
pattern increases. Here, we experimentally modulate the
statistical correlations between the optical fields emitted
by a pair of slits in a metal film. The interaction between
the slits is mediated by surface plasmon polaritons and can
be tuned by the slit separation, which allows us to either
increase or decrease the spatial coherence of the emerging
fields relative to that of the incoming fields. © 2016 Optical
Society of America

OCIS codes: (240.6680) Surface plasmons; (030.0030) Coherence

and statistical optics.
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The observation of interference fringes in Thomas Young’s
double-slit experiment stands as a pivotal moment in wave
optics [1]. The spatial modulation of the light intensity on
Young’s screen can be explained by applying the superposition
principle to optical waves emitted by the slits [2]. In more
recent years, double- and multi-slit experiments have been
applied in evincing the wave nature of matter as well [3,4].
An important aspect of the double-slit experiment is the visibility
of the fringes, which is a measure for the contrast between neigh-
boring bright and dark regions in the interference pattern [5].

As long as the superposition principle applies, the fringe
visibility is invariably determined by statistical correlations
between the waves emitted by the slits, whether they are
electromagnetic, matter, or otherwise. That is, the amplitude
and phase of the waves act like correlated random variables
and information about their correlation can be found in the
visibility of the fringes [6]. In optics, the statistical correlation
between the electromagnetic fields at two points in space, as a
function of frequency, is known as the spectral degree of spatial
coherence [7], called hereafter simply the degree of coherence.

Since full control over optical fields includes control over
their statistical correlations, several methods for controlling op-
tical spatial coherence have been developed, including spinning

phase diffusers [8], spatial light modulators (SLMs) [9], and
digital micromirror devices (DMDs) [10]. Each of these meth-
ods generates the equivalent of many phase and amplitude
masks that, under ensemble averaging, impart the desired spa-
tial coherence on the outgoing light. However, these masks re-
quire a characteristic generation time that is limited by the
switching speed of the active device.

It was recently suggested that surface modes of electromag-
netic fields at metal-dielectric interfaces, known as surface
plasmon polaritons (SPPs), can be used to control the spatial
coherence between optical fields [11]. In this case, an ensemble
of device realizations is unnecessary to impart the desired degree
of coherence. This concept has since attracted significant
theoretical attention [12–16]. Experimentally, interference
phenomena have been observed in systems that use SPPs to
couple two or more emitters [17–22], which indicates that
plasmonic control over spatial field correlations, as a function
of frequency, is indeed possible. However, an explicit and quan-
titative demonstration of SPP-controlled modulation of the
degree of coherence has remained elusive to date.

In this Letter, we harness the interaction of light and matter
to control the degree of coherence between two optical waves
of the same frequency. Explicitly, we use SPPs to modulate
the degree of coherence between the fields in the two slits of
a double-slit experiment [23]. The plasmonic method pre-
sented here stands apart from other techniques because the field
randomization is passive rather than relying on an ensemble of
active device realizations. Accordingly, coherence control based
on SPP coupling relies on engineering the generation and
propagation of electromagnetic surface waves rather than on the
generation of an ensemble of amplitude and phase masks nec-
essary for previous methods.

A sketch of our experiment is given in Fig. 1(a). Light from a
spatially extended thermal light source is spectrally bandpass
filtered at 633� 5 nm wavelength and linearly polarized
before it illuminates the double-slit sample, which is mounted
in front of a CCD detector that records the generated interfer-
ence pattern. The sample is a 200 nm thick gold film deposited
on glass. Two slits with a width of 400 nm have been created in
the metal film, as drawn in Fig. 3(a), using electron beam
lithography and argon ion milling. The light impinges onto
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the glass side of the sample. The slits have a length of 4 mm and
their separation varies from 1 to 10 μm, as sketched in
Fig. 1(b). The parallel parts of the slits serve for reference.
With the slit length largely exceeding the slit separation, each hori-
zontal line in the interference pattern encodes the statistical cor-
relations of the fields in the two slits at a specific slit separation d .

We record two interference patterns using the same double-
slit sample. The first one, shown in Fig. 2(a) in false color, is
acquired under TE-polarized illumination (electric field vector
parallel to the slits). In this case, the incoming field cannot
couple to surface modes of the metal-dielectric interface and
the slits in the gold film act like a simple binary mask [24].
As expected, we observe the typical interference fringes, where
the distance between intensity minima along the horizontal di-
mension is, to first order, inversely proportional to the slit sep-
aration d and gives each fringe its hyperbolic shape [25]. The
second measurement, shown in Fig. 2(b), is taken under TM-
polarized illumination (electric field vector perpendicular to the
slits). Under these conditions, SPPs are excited at the edges of
the slits and propagate across the surface of the gold film [21].
We observe the expected interference fringes as under TE illu-
mination. Strikingly, however, the fringe visibility is modulated
with changing slit separation d under TM-polarized illumina-

tion, in stark contrast to TE-polarized illumination, where the
fringe visibility is smooth.

As a quantitative measure for the fringe visibility, we extract
the degree of coherence between the fields in the two slits from
each horizontal line of each interference pattern at the corre-
sponding slit separation d , following the method of [25].
A large number of measurements are averaged such that the
random error associated with each data point is approximately
the size of the plotted symbol. In Fig. 3(b), we plot as blue dots
the degree of coherence as a function of slit separation in the
range 3 μm < d < 7 μm for TE illumination, as extracted
from Fig. 2(a). Since the sample in this case acts like a simple
binary mask, the measurement for TE illumination is a char-
acterization of the degree of coherence between the fields in the
slits as produced by the bare source. The degree of coherence
falls off nearly linearly in d within the given range under the
particular source used. In contrast, the degree of coherence
under TM polarization, plotted in Fig. 3(b) as the red crosses,
shows a clear modulation on top of the linear fall-off of the TE
case. Here, the interaction between the incident TM-polarized
radiation and the sample modulates the degree of coherence
between the fields in the slits as a function of the slit separation.
Notably, this light–matter interaction can both boost the

Fig. 1. (a) Illustration of the experiment. Filtered and polarized light
from an extended thermal source passes through a pair of non-parallel
slits in a gold film, creating an interference pattern on a detector
(shown in false color). Rotation of the polarizer provides control over
the coupling between the incident light and SPPs propagating on the
metal film. Existence of these SPPs influences the correlations between
the fields in the two slits, which is reflected in the visibility of the
interference fringes on the detector. (b) A schematic (not drawn to
scale) of the double-slit aperture.

Fig. 2. False color images of the interference patterns generated on
the detector behind the slits under illumination with (a) TE and
(b) TM polarization. The images represent the raw normalized detec-
tor intensity (I∕Imax) used in measuring the degree of coherence vs.
the slit separation d .

Fig. 3. (a) A cross-sectional diagram of the double-slit aperture.
Two slits with a width w � 400 nm and a varying separation d
are milled in a 200 nm thick gold film on glass. (b) Measured degree
of coherence of light emitted by the double-slit aperture, shown in (a),
under incident light of TE (blue dots) and TM polarization (red
crosses), as defined in Fig. 1(a). The modulation under TM polariza-
tion is the result of coupling via SPPs propagating on both the upper
and lower surfaces of the gold layer. Equation (4) was used in gener-
ating the fit (black solid line) with the free parameters βt � :023 and
βb � :026. The values for kt � 1.03 × 107 � i3.3 × 104 m−1 and
kb � 1.65 × 107 � i1.3 × 105 m−1 are set by material parameters,
and a linear fit to the plotted TE curve was used for μin12. A systematic
error due to physical imperfections in the slit widths leads to small but
consistent deviations from a smooth curve, readily seen in the TE case,
as measured under the method of [25], which assumes identical and
perfect slits.
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degree of coherence beyond and suppress it below that of the
incoming field.

The excitation of SPPs traveling on the metal surface and
mediating the coupling between the slits indeed explains the
observed modulation of the degree of coherence under TM
polarization. A simple model taking into account surface waves
fully describes our measurements. Letting U 1�ω� and U 2�ω�
be complex scalar fields at some positions 1 and 2, respectively,
with angular frequency ω, the degree of coherence between the
fields is defined by [5]

μ12�ω�≔W 12�ω�∕
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
W 11�ω�W 22�ω�

p
; (1)

where W nm�ω�≔hU �
n�ω�Um�ω�i is the cross-spectral density

(or covariance) function, � indicates a complex conjugate, and
the angle brackets indicate an ensemble average over quasi-
monochromatic field realizations.

We now apply Eq. (1) to the SPP-coupled double-slit case to
describe the degree of coherence between the fields that exit the
slits under knowledge of the degree of coherence of the fields
that enter the slits. We let U in

1 �ω� and U in
2 �ω� be the fields

incident on slits 1 and 2, respectively, as sketched in Fig. 3(a),
and μin12�ω� be the degree of coherence between them.
Following the model of Gan et al. [11], we assume that the
incident field at each slit can be separated into two parts.
The first part is directly transmitted, while the second is con-
verted into SPPs that travel to the other slit and scatter back
into freely propagating radiation. Further allowing for different
materials at the top and bottom gold interfaces, we express the
field U j (j � 1; 2), leaving slit j as

U 1 � αU in
1 � αβtU in

2 e
ikt d � αβbU in

2 e
ikbd ; (2)

and

U 2 � αU in
2 � αβtU in

1 e
ikt d � αβbU in

1 e
ikbd ; (3)

where α is the fraction of the incident field that couples into the
slits, βt and βb are the fractions of the coupled field that are
converted to SPPs on the gold–air and the gold–glass interfaces,
respectively, kt and kb are the wave numbers associated with the
surface plasmons at these interfaces, and d is the slit separation.
All the parameters α; βt ; βb; kt , and kb are complex valued and
depend on ω, in general.

Assuming the incoming power spectral densities at each slit
are identical, that isW in

11�ω� � W in
22�ω�, we can insert Eqs. (2)

and (3) into Eq. (1). Dropping the dependence on ω, we find

μ12 �
μin12 � 2Re�A� � μin�12 Bffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

�1� 2Re�μin12A	 � B��1� 2Re�μin�12 A	 � B�
p ; (4)

where A≔βte
idkt � βbe

idkb , B≔jβt j2eid �kt−k�t ��
jβbj2eid �kb−k�b � � 2Re�β�t βbeid�kb−k�t ��, Re indicates the real part,
and we have used the fact that μin21�ω� � μin�12 �ω�. We note that
in the absence of SPPs, where βt � βb � 0, Eq. (4) predicts the
entering and exiting degrees of coherence to be identical.
Accordingly, the measurement of the degree of coherence under
TE illumination is a measurement of μin12, since no SPPs are
excited in that case. With Eq. (4), the degree of coherence be-
tween the fields U 1 and U 2 can be predicted given the material
parameters, which set the propagation constants kt and kb, and
the degree of coherence between the incident fields, μin12.

The fit to the TM data, shown as the solid line in Fig. 3(b),
was created using Eq. (4). The coupling strengths βt and βb
were the only fit parameters. While βt and βb vary somewhat

for different slit separations due to physical imperfections in the
slits themselves, constant values provide a consistent and mean-
ingful approximation. A linear fit of the measured TE curve was
inserted for μin12, and kt and kb were determined by the material
parameters for air (refractive index 1), gold (relative permittivity
ϵ � −13� 1i) [26], glass (refractive index 1.51), and the
center free-space wavelength λ � 633 nm of the incident light
[24]. The fit and the measured curve correspond well, indicat-
ing that Eq. (4) successfully describes the degree of coherence
between the fields exiting the slits.

To further corroborate that the observed modulation of the
degree of coherence indeed relies on the generation of SPPs
mediating between the fields in the two slits, we evaporated
an optically thin layer of 5 nm of titanium (Ti) onto the gold
film. The resulting structure is sketched in Fig. 4(a). We again
measure the degree of coherence of the fields in the slits for
both TE polarization [blue dots in Fig. 4(b)] and TM polari-
zation (red crosses). For TE polarization, the degree of coher-
ence falls off linearly with slit separation d , just as for the
sample without the titanium layer. For TM polarization, the
degree of coherence has a simple sinusoidal modulation in d
sitting atop the linearly sloped incoming coherence function.
The modulation of the degree of coherence as a function of
slit separation d for TM illumination is markedly different in
the sample after addition of the titanium layer [Fig. 4(b)] as
compared to that before adding the titanium layer [Fig 3(b)].

Fig. 4. (a) A cross-sectional diagram of the double-slit aperture
after being covered with an optically thin (5 nm) layer of titanium.
The titanium layer serves to damp SPPs on the top gold surface.
(b) The measured degree of coherence of light emitted by the double-
slit aperture shown in (a), under incident light of TE (blue dots) and
TM polarization (red crosses). Here, the modulation under TM polari-
zation is the result of coupling via SPPs propagating on only the
lower surface of the gold layer. Equation (4) was used to calculate
the expected curve (solid black line) with βt set to zero to account
for the absence of SPPs on the top gold surface, βb as extracted from
the fit in Fig. 3(b), kb set by the material parameters, and inserting a
linear fit of the plotted TE curve for μin12. The systematic error men-
tioned in Fig. 3 also affects these measurements.
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In the absence of the titanium layer, SPPs propagate on both
surfaces of the gold layer with different propagation constants,
leading to the beat pattern observed in Fig. 3(b). Addition of
the titanium layer causes the SPPs propagating on the top
interface to be highly damped such that plasmonic coupling
occurs only on the gold–glass interface. Since only one SPP
wavelength is present, the degree of coherence has a simple
sinusoidal modulation in d under TM polarization. Ignoring
damping, Eq. (4) predicts this modulation to have a wavelength
equal to the SPP wavelength of 2π∕Re�kb� � 381 nm. As
shown in Fig. 4(b), the period of modulation is indeed the
SPP wavelength, as indicated by the two vertical dashed lines.
We stress that the solid line in Fig. 4(b) is not a fit but a cal-
culation according to Eq. (4) with all parameters deduced from
independent measurements: the value for μin12 was extracted
from a linear fit to the measured curve under TE illumination,
the value for kb is set by material parameters (and identical to
that used in the case without titanium layer), βb is the fit
parameter obtained from the sample without titanium layer,
and βt is set to zero, accounting for the absence of SPPs propa-
gating at the top surface of the gold film. We note that although
the modulation depth appears to be constant in both Figs. 3(b)
and 4(b), the finite propagation length of the SPPs eventually
causes the modulation depth to decrease with increasing d . The
expected and measured TM curves are in excellent agreement,
indicating that our simple model successfully accounts for all
significant physical mechanisms at play.

Our experimental results clearly demonstrate that surface
plasmon polaritons modulate the statistical correlation, also
known as the spectral degree of spatial coherence, between
the light fields emitted by a double-slit aperture [23]. Our
method allows for a controllable increase in the degree of co-
herence beyond that of the incoming light, and for a reduction
in the degree of coherence below that of the incoming light, by
changing the separation between the slits. By choosing the
metal, illumination wavelength, and slit width, the modulation
depth of the degree of coherence between the fields in the two
slits can be engineered [27]. Spatial coherence modulation is of
considerable interest for applications in optical free-space com-
munications, where partially spatially coherent beams might be
more robust against atmospheric or undersea turbulence than
coherent beams [28]. More generally, the spatial coherence of a
beam determines how it propagates through space [29], and the
ability to modulate the coherence of a beam at high speed can
serve as a powerful tool for controlling electromagnetic radia-
tion. Current methods of dynamically controlling spatial coher-
ence rely on devices such as SLMs or DMDs, whose switching
speeds forbid any high-speed application. The nanophotonic
method described here is fundamentally different, and when
combined with dynamic SPP control methods [30] will enable
integrated spatial coherence switching at extremely high rates.
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