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We show that the spatial coherence of thermal radiation can be manipulated in time-modulated photonic
systems supporting surface polaritons. We develop a fluctuational electrodynamics formalism for such
systems to calculate the cross-spectral density tensor of the emitted thermal electromagnetic fields in the
near-field regime. Our calculations indicate that, due to time-modulation, spatial coherence can be
transferred between different frequencies, and correlations between different frequency components
become possible. All these effects are unique to time-modulated systems. We also show that the decay rate
of optical emitters can be controlled in the proximity of such time-modulated structure. Our findings open a
promising avenue toward coherence control in thermal radiation, dynamical thermal imaging, manipulating
energy transfer among thermal or optical emitters, efficient near-field radiative cooling, and engineering
spontaneous emission rates of molecules.
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Controlling thermal emission is crucial for many appli-
cations, such as passive radiative cooling [1], solar ther-
mophotovoltaic energy conversion [2], and incandescent
lighting [3,4]. Recent developments in near-field nano-
photonics have provided new possibilities for enhanced
radiative cooling [5], thermophotovoltaic energy conver-
sion [6–8], and imaging [9]. Near-field radiative heat
transfer is also of fundamental importance to explore
fluctuation physics at nanoscale [10–29] in various aspects,
including vacuum friction [30,31], persistent heat current at
equilibrium [32], and ultrafast radiative heat transfer [33].
Most studies on controlling thermal emission are carried

out with passive systems. But recent works have pointed to
new effects in active systems where the refractive indices
are modulated as a function of time [34–38]. For example,
in Ref. [36], temporal modulation of the material permit-
tivity is used to initiate an energy transfer between two
optical resonances and to achieve active cooling in the far-
field regime. Since, in the broader photonics context,
temporal modulation has created promising new opportu-
nities for photon management, such as frequency conver-
sion [39,40], optical isolation [41,42], and optical temporal
aiming [43], it should be of interest to further explore the
consequence of temporal modulation on thermal radiation.
A key characteristics of thermal radiation is its coherence

property. Conventional thermal emitters can be well
approximated by a blackbody, and its thermally emitted
electromagnetic fields are incoherent in the far-field regime.
In contrast, in the near-field regime, an enhanced coherence
of thermal radiation from planar structures made of either
noble metals or polar materials has been theoretically
proposed [10] and experimentally demonstrated [44].
This near-field coherence enhancement is due to the
surface plasmon or phonon polaritons supported by these

structures, and occurred only at the frequencies near
the surface polariton resonances. Further nanophotonic
structuring can transfer the enhanced coherence into the
far field, leading to a coherent emission of light from
thermal sources [45]. However, all existing studies on
coherence properties of thermal radiation consider only
passive systems.
In this work, we study the spatial coherence of thermal

radiation in time-modulated active systems. As an exam-
ple, we consider a planar structure consisting of a plasmon
or phonon polaritonic substrate and a dielectric thin
film. We study the coherence properties of its thermally
emitted electromagnetic fields in the near-field regime
when the dielectric thin film is undergoing a permittivity
modulation. Our study reveals several unique character-
istics in the coherence properties. We show that the
strong coherence can be observed at frequencies away
from the surface polariton resonances, due to the transfer
of coherence as induced by temporal modulation. Also,
the temporally modulated system exhibits cross-frequency
correlation, i.e., coherence between thermal radiations at
different frequencies. None of these properties exist in
passive structures. To study this system, we have devel-
oped a fluctuational electrodynamics formalism for time-
modulated systems. Our formalism further reveals that the
local density of states in the near field can be strongly
affected due to temporal modulation. Thus, temporal
modulation enables a novel pathway to control the decay
rate of optical emitters.
As the model system in this Letter, in Fig. 1(a), we

consider a time-modulated lossless layer (green region) on
top of a semi-infinite substrate composed of a Drude
metal (blue region). The permittivity of the Drude metal
is assumed to be ϵðωÞ ¼ 1 − ½ω2

p=ωðωþ iγÞ�, with
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ℏωp ¼ 0.13 eV and ℏγ ¼ 0.5 meV, and that of the time-
modulated layer is ϵmðtÞ ¼ ϵs þ δϵ cosðΩtÞ, with ϵs ¼ 4
the static permittivity, δϵ the modulation strength, and Ω
the modulation frequency. Here, the modulated layer is
assumed to be lossless. Thus, all thermal radiation is
sourced from the Drude metal. The Drude model used here
can represent the permittivity of semiconductors of low
doping density [46,47]. We assume that the top of the
modulated layer is at z ¼ 0, and the thickness of the time-
modulated layer is 1 μm. In the frequency domain, the
thermally emitted electric fields Eðr;ωÞ in the vacuum
region (z > 0) can be obtained from the fluctuating
currents Jðr;ωÞ residing in the Drude metal as

Eðr;ωÞ ¼ 1

2π

Z
dω0

Z
dr0Gðr; r0;ω;ω0Þ · Jðr0;ω0Þ; ð1Þ

where Gðr; r0;ω;ω0Þ is the Green’s function of the time-
modulated system. In a static system, we have
Gðr; r0;ω;ω0Þ ¼ Gðr; r0;ωÞ2πδðω − ω0Þ. In contrast, for
the time-modulated system with a single modulation
frequency Ω as considered here, the Green’s function is

given by Gðr; r0;ω;ω0Þ ¼ P
n Gðr; r0;ω;ω0Þ2πδðω0 − ωnÞ

with ωn ¼ ωþ nΩ, and Eq. (1) becomes

Eðr;ωÞ ¼
X
n

Z
dr0Gðr; r0;ω;ωnÞ · Jðr0;ωnÞ: ð2Þ

In this work, the focus is on the spatial coherence of
thermally emitted fields. The physical quantity under
investigation is the electric-field cross-spectral density
tensor Wij, given by [10,48]

Wijðr1; r2;ω;ω0Þ ¼ hEiðr1;ωÞE�
jðr2;ω0Þi; ð3Þ

which characterizes the spatial correlation of the thermally
emitted electric fields at two points r1 and r2 and at two
frequencies ω and ω0, respectively. The superscript * in
Eq. (3) denotes the complex conjugate operation. By using
the fluctuation-dissipation theorem, from Eqs. (2) and (3),
the cross-spectral density tensor of the electric fields in the
upper half space can be calculated as

Wijðr1;r2;ω;ω0Þ¼
X
n;m;v

HðωnÞδðωn−ω0
mÞ

×
Z
dr0Givðr1;r0;ω;ωnÞG�

jvðr2;r0;ω0;ω0
mÞ;

ð4Þ
where HðωnÞ ¼ 4πϵ0ωnImfϵðωnÞgΘðωnÞ with ΘðωÞ ¼
ℏωf½expðℏω=kBTÞ − 1�−1 þ 1=2g. The integration over
r0 is carried out inside the substrate (Drude metal here).
We assume T ¼ 300 K throughout this study. As seen in
Eq. (2), an important aspect is that the thermal electro-
magnetic field at a frequency ω has contributions from
sources at all frequencies ωn. Consequently, as shown in
Eq. (4), electric fields at two frequencies ω and ω0 can
correlate with each other if ω − ω0 ¼ lΩ, with l being an
integer. Such cross-frequency correlation for l ≠ 0 arises
from the photon frequency conversion as induced by the
modulation with a frequency Ω. When Eq. (4) is applied to
static systems, only the n ¼ m ¼ 0 term contributes and
thus Wijðr1; r2;ω;ω0Þ ∝ δðω − ω0Þ.
Because the system displayed in Fig. 1(a) is translation-

ally invariant in the x–y plane, Eq. (4) can be written in kk
space as

Wijðr1; r2;ω;ω0Þ ¼
X
n;m;v

HðωnÞ
Z

dz0
Z

dkk
ð2πÞ2

× Ḡivðkk; z1; z0;ω;ωnÞ
× Ḡ�

jvðkk; z2; z0;ω0;ω0
mÞ

× eikk·ðR1−R2Þδðωn − ω0
mÞ; ð5Þ

where in-plane wave vectors kk ¼ ðkx; kyÞ, in-plane
coordinates R ¼ ðx; yÞ, and Ḡiv represents the Fourier

FIG. 1. (a) Schematic of a photonic system composed of a
time-modulated lossless layer (green region) on top of a substrate
made of a Drude metal (blue region) with a plasma frequency ωp.
We consider the spatial correlation of the thermally emitted
electric fields at two points r1 and r2 in vacuum. Both points are
separated from the material surface by a vertical distance of
d ¼ 1 μm. (b) Dispersion relation (black solid curve) of the
surface plasmon mode sustained in the system shown in panel
(a). (c),(d) Normalized element Wzz of the cross-spectral density
tensor as a function of the normalized lateral separation distance
jR1 − R2j=λ between those two points shown in panel (a),
without (c) or with [(d), modulation strength δϵ ¼ 0.2] time
modulation. Blue and red curves represent Wzz evaluated at two
frequencies Ω1 and Ω2 as labeled in panel (b). λ ¼ 2πc=ω is the
light wavelength for the respective frequency in vacuum, and
thus is different for the blue and red curves in panels (c) and (d).
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transform of Giv in kk space. We have developed a fluctu-
ational electrodynamics formalism for time-modulated
systems to calculate Ḡiv and Wij. More details about
obtaining Eqs. (1), (2), and (4) as well as the formalism
can be found in the Supplemental Material [49].
In Fig. 1(b), we present the dispersion of the surface

plasmon mode, supported in the system. We consider two
frequencies Ω1 ¼ 2π × 13 THz and Ω2 ¼ 2π × 15 THz
separated by Ω ¼ Ω2 −Ω1 ¼ 2π × 2 THz. We use this
value ofΩ throughout this work unless otherwise specified.
The structure supports a surface plasmon mode at Ω1 but
not atΩ2, as indicated in Fig. 1(b). Using Eq. (5), we obtain
Wzz for z1 ¼ z2 ¼ d in a plane at a subwavelength distance
d ¼ 1 μm (approximately 1=20 of the wavelength) above
the modulated layer, as shown in Fig. 1(a).
We first exploreWzz for ω ¼ ω0. In Fig. 1(c), normalized

Wzz is plotted against the normalized in-plane separation
distance jR1 − R2j=λ for the frequenciesΩ1 andΩ2 without
time modulation (i.e., δϵ ¼ 0). Because the surface plas-
mon dominates the electromagnetic response in the near-
field regime, the correlation length is much larger at Ω1

where the surface plasmon mode is present (blue curve)
than atΩ2 where no surface plasmon mode is available (red
curve). The effect of such enhanced correlation length due
to the presence of surface plasmons has been previously
reported in Ref. [10]. In contrast, when the time modulation
is present [Fig. 1(d)], we find the correlation length at Ω2

(red curve) is drastically enhanced as compared with the
unmodulated case shown in Fig. 1(c). Meanwhile, a slightly
decreased correlation length at Ω1 (blue curve) is observed
[Fig. 1(d)]. The results here indicate that the coherence is
transferred fromΩ1 toΩ2 due to time modulation. Note that
a modification of the correlation behavior in Wzz can also
occur when the time-modulation induced transition occurs
between two frequencies with surface plasmon modes
available at both of them (see Fig. S1 in Supplemental
Material [49]).

In order to illustrate better the underlining mechanism
behind results shown in Fig. 1, based on Eq. (5), we define

ψ ðnÞ
zz ðkk; d;ω;ωnÞ ¼

4ϵ20ω
2
n

ℏω

X
v

Z
dz0

× jḠzvðkk; d; z0;ω;ωnÞj2: ð6Þ

Wzz is related to ψ ðnÞ
zz as

WzzðR1;R2;ω;ω0Þ

¼ ℏ
4πϵ0

X
n

ImfϵðωnÞg
ω

ωn
ΘðωnÞ

×
Z

dkkψ
ðnÞ
zz ðkk; d;ω;ωnÞeikk·ðR1−R2Þδðω − ω0Þ

for ω ¼ ω0. Here, ψ ðnÞ
zz can be associated with a spectrally

resolved transition coefficient (in the unit of m−1 eV−1)
from ωn to ω for each kk.
In Fig. 2(a), we plot ψ ðnÞ

zz as a function of kk for n ¼ −1,
0, and 1 at a fixed emitted field frequency ω ¼ Ω1 under
the same type of time modulation as used in Fig. 1(d). The
contributions to Wzz from higher order (jnj > 1) compo-
nents are negligible. The dominant contribution is from

the n ¼ 0 component (i.e., ψ ð0Þ
zz ). The spectrum of the

n ¼ 0 component for the modulated system [blue curve in
Fig. 2(a)] is very similar to that of the unmodulated system
[black dashed curve in Fig. 2(a)]. Both spectra peaks at
kk ¼ 2.1Ω1=c, which corresponds to the wave vector of
the surface plasmon mode at Ω1, as shown in Fig. 1(b).
Thus both spectra are dominated by the contribution from
the surface plasmon mode. As a result, in real space, the
correlation function Wzz oscillates at a period of approx-
imately 2π=kk ¼ λ=2.1 for both the modulated and
unmodulated cases, shown as the blue curve in Figs. 1(c)
and 1(d), respectively. The n ¼ −1 component represents

FIG. 2. (a),(b) Transition coefficient ψ ðnÞ
zz , defined in Eq. (6), as a function of kk at two fixed emitted field frequencies ω ¼ Ω1 (a) and

ω ¼ Ω2 (b). Colored curves are for the system under the same time modulation as used in Fig. 1(d). Black dashed curves are for the
unmodulated system as used in Fig. 1(c). (c) Real and imaginary parts of Wzzðω ¼ Ω1;ω0 ¼ Ω2Þ as a function of normalized lateral
separation distance under the same conditions as in Fig. 1(d). Note that here λ1 ¼ 2πc=Ω1, andWzz is normalized to its value at Ω1 and
jR1 − R2j ¼ 0 without time modulation.
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a transition from Ω1 −Ω (thermal source frequency in the
metal) to Ω1 (emitted field frequency in vacuum). From
Fig. 1(b), we observe that the system also supports a
surface plasmon mode at Ω1 −Ω with kk ≈ 1.1Ω1=c. Thus
the spectrum of n ¼ −1 component features two peaks
around kk ¼ 1.1Ω1=c and 2.1Ω1=c due to contributions
from surface plasmon modes at Ω1 − Ω and Ω1, respec-
tively. Note that this transition between Ω1 −Ω to Ω1 is
not phase matched. The modulation is spatially uniform
parallel to the surface, and yet the wave vectors of the
surface plasmon modes at Ω1 and Ω1 − Ω are different.
Consequently, the strength of the transition is weak and

thus the peak value of ψ ð−1Þ
zz is much smaller than that of

ψ ð0Þ
zz . The spectrum of n ¼ 1 component features only one

peak around kk ¼ 2.1Ω1=c instead of two peaks because
no surface plasmon mode is available at Ω1 þ Ω (i.e., Ω2).
Significant differences in the behaviors of ψ ðnÞ

zz can be
found at ω ¼ Ω2. For the modulated system, the spectrum
of its n ¼ 0 component [blue curve in Fig. 2(b)] is very
similar to that of the unmodulated system [black dashed
line in Fig. 2(b)]. Also, both the n ¼ 0 and n ¼ 1
components do not exhibit any peaks since there is no
surface plasmon mode at either Ω2 or Ω2 þ Ω. On the other
hand, the n ¼ −1 components exhibit one peak around
kk ¼ 2.1Ω1=c ¼ 1.8Ω2=c because of the presence of the
surface plasmon mode at Ω2 − Ω ¼ Ω1. Also, because of
the presence of the surface plasmon modes, the n ¼ −1
component dominates over the n ¼ 0 and n ¼ 1 compo-
nents. Consequently, at ω ¼ Ω2, the modulated and the
unmodulated systems exhibit completely different behavior
in their coherence properties. In the unmodulated system,
there is no long-range correlation behavior [Fig. 1(c), red
curve] since there is no surface plasmon mode at Ω2. In the
modulated system, there is a distinct long-range correlation
behavior [Fig. 1(d), red curve]. As a result, the correlation
function exhibits a corresponding oscillation period around
λ=1.8 in real space [Fig. 1(d), red curve]. The results here
indicate that time modulation can transfer coherence from
one frequency to the others and hence can be used to
drastically enhance the coherence of thermal radiation.
Incidentally, there are dips appearing in the green and
yellow curves of Figs. 2(a) and 2(b) when kk reaches the
light line in vacuum [i.e., kk ≈ ðΩ1;2 ∓ ΩÞ=c].
In Fig. 2(c) we plot the cross-frequency correlation

WzzðΩ1;Ω2Þ, which describes the correlation of the electric
fields at two different frequenciesΩ1 andΩ2. The existence
of such correlation for fields at two different frequencies
Ω1 ≠ Ω2 arises from the photonic transition as induced by
dynamic modulation, and is a unique effect in time-
modulated systems. Such cross-frequency correlation iden-
tically vanishes for passive systems. In Fig. 2(c), a rather
long correlation length can be seen, as a consequence of the
coherence enhancement as provided by the surface plas-
mon mode at Ω1. Note that Wzz is now a complex quantity

for ω ≠ ω0, and in Fig. 2(c) both its real and imaginary parts
are plotted.
In addition to control the coherence properties, the time

modulation can also be used to manipulate the local density
of optical states (LDOS). The LDOS is closely related to
the energy density of the emitted thermal electromagnetic
fields. Moreover, by controlling the LDOS, the decay
rate of an emitter in the vicinity of structure can be
manipulated [50–52]. As shown in Fig. 3(a), the system
under investigation is the same as that used in Fig. 1(a).
Here we consider the contribution to the LDOS for the z
component of the electric field, at a location r0 which is at
z0 ¼ 5 nm above the material-vacuum interface. Such a
contribution is relevant for the spontaneous emission rate of
a z-polarized dipole located at r0. In time-modulated
systems considered here, the LDOS can be calculated as

LDOSz
LDOS0

¼−3Re
�Z

kkdkk
k20

ϵ0cḠzzðkk; z0; z0;ω;ωÞ
�
: ð7Þ

We have normalized the LDOS to its value in free space
LDOS0 ¼ ω2=3π2c3. Detailed derivation leading to Eq. (7)
can be found in the Supplemental Material [49].
In Fig. 3(b), LDOS spectra for different modulation

strengths are plotted. Without time modulation, the spec-
trum consists of a single peak around 13.6 THz (black
dashed curve), as a result of the excitation of the surface
plasmon resonance. In the presence of time modulation

FIG. 3. (a) The photonic system used here is the same as that
shown in Fig. 1(a) but with a modulation frequency of
Ω ¼ 2π × 0.2 THz. The z-polarized point dipole is placed at r0
in vacuum (z0 ¼ 5 nm away from the material surface). (b) LDOS
spectra for different modulation strengths δϵ (see legends inside).
(c),(d) We plot −ϵ0cRefḠzzðkk; z0; z0;ω;ωÞg from Eq. (7) as a
function of frequency and in-plane wave number kk for δϵ ¼ 0.2
(c) and δϵ ¼ 0.4 (d). Black dashed curves represent the surface
plasmon dispersion without time modulation.
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with δϵ ¼ 0.2, the spectrum consists of one broadened and
damped peak (blue curve). With further increasing the
modulation strength to δϵ ¼ 0.4, the spectrum further
broadens and splits, and its peak amplitude further
decreases (red curve).
To analyze the LDOS spectra, we plot

−ϵ0cRefḠzzðkk; z0; z0;ω;ωÞg, which appears in the inte-
grand of Eq. (7), as a function of frequency and in-plane
wave number kk in Figs. 3(c) and 3(d). In the absence of
modulation, this quantity should peak at the dispersion
relation of the surface plasmon, as indicated by the black
dashed line in Figs. 3(c) and 3(d). In the presence of the
modulation, this quantity peaks at the Floquet band
structure of the system. For the case of δϵ ¼ 0.2, in addition
to the band at the dispersion relation of the surface
plasmon, we see two prominent bands, with frequencies
above and below the surface plasmon band respectively,
due to the modulation. For the case of δϵ ¼ 0.4, additional
Floquet bands with frequencies above and below the
surface plasmon band become visible. The broadening of
the peaks in the LDOS is directly related to the Floquet
band structure of the system.
We remark that such time-modulation induced coherence

transfer can be also achieved with a lower (subterahertz)
modulation frequency and a smaller modulation strength
(with δϵ=ϵs around 0.01), as presented in the Supplemental
Material [49]. The state-of-the-art electro-optical modulation
with a response bandwidth approaching terahertz [53–55]
can thus be exploited for this purpose. Moreover, in the
present work we consider only direct photonic transition
since our modulation is spatially uniform along the propa-
gation direction of the surface plasmon. Additional oppor-
tunities may occur if one considers an indirect photonic
transition [41] where the modulation is of the form
δϵ cosðΩt − βxÞ with β ≠ 0. Such a modulation may sig-
nificantly enhance the coherence transition by coupling two
surface plasmon modes at different frequencies together.
When the material loss is included in the time-modulated
layer, a generalization of the fluctuation-dissipation theorem
is needed for time-modulated dispersive and lossy materials,
which can also contribute to the thermal radiation as a
source. However, by using our current formalism, we expect
that the effects of coherence transfer should persist even
when such modulated material with low losses is considered,
since the physics is largely dominated by the properties of
surface polaritons under modulations. Finally, the same
concept and mechanism can be used to achieve the coher-
ence transfer in systems based on surface phonon polaritons
as well (see Supplemental Material [49] for more results).
In summary, we have shown that the spatial coherence of

thermal radiation can be manipulated by temporally modu-
lating the permittivity of the dielectric layer in a polaritonic
structure. This is initiated by the time-modulation induced
transition of energy and coherence from multiple thermal
source frequencies to the emitted thermal radiation

frequency. As a result, correlations between two different
radiation frequencies become possible in such system.
Finally, we have also shown that the LDOS spectra can
be controlled in the proximity of the time-modulated
structure, due to the creation of the Floquet band structure
in this system. Our findings open an exciting route toward
coherence control of radiation from nanoscale thermal
sources, dynamical thermal imaging, manipulating energy
transfer among remotely located thermal or optical emit-
ters, enhanced near-field radiative cooling, and modulating
spontaneous emission rates of molecules.
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