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Absorption of light is directly associated with dissipative processes in a material. In suitably tailored resonators, a specific
level of dissipation can support coherent perfect absorption, the time-reversed analogue of lasing, which enables total
absorption and zero scattering in open cavities. On the contrary, the scattering zeros of lossless objects strictly occur at

complex frequencies. While usually considered nonphysical due to their divergent response in time, these zeros play a
crucial role in the overall scattering dispersion. Here, we introduce the concept of coherent virtual absorption, accessing
these modes by temporally shaping the incident waveform. We show that engaging these complex zeros enables storing
and releasing the electromagnetic energy at will within a lossless structure for arbitrary amounts of time, under the
control of the impinging field. The effect is robust with respect to inevitable material dissipation and can be realized
in systems with any number of input ports. The observed effect may have important implications for flexible control of

light propagation and storage, low-energy memory, and optical modulation.

© 2017 Optical Society of America

OCIS codes: (260.3160) Interference; (260.5740) Resonance; (290.0290) Scattering; (350.4238) Nanophotonics and photonic crystals.
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1. INTRODUCTION

Linearity in optics ensures that the response to any time-varying
input of an open system can be described through the frequency
dependent scattering operator (or scattering matrix S), a complex-
valued analytical function that relates the amplitudes of the
outgoing and incoming radiation channels [1-3]. For the full de-
scription of the optical response of a linear scatterer, it is sufficient
to know the scattering operator at real frequencies. However, the
complex frequency response provides interesting insights into its
dispersion. In the complex frequency plane, the eigenvalues of §
have two sets of singularities: zeros and poles. The first correspond
to solutions of Maxwell’s equations without outgoing fields, i.e.,
perfectly absorbing, while the latter correspond to lasing modes,
with a divergent response for finite excitation [3,4]. The position
of these singularities in the complex plane determines the scatter-
ing matrix at any frequency, based on the Weierstrass factorization
theorem [3,4].

In a reciprocal lossless system, the poles and zeros of S eigen-
values always exist in pairs and their positions are related via
complex conjugation. Specifically, under ¢~ convention, poles
are always located in the lower half-plane, while zeros are in the
upper half-plane that correspond to exponential attenuation and
divergence in time, respectively. The presence of losses breaks
the time-reversal symmetry, and a suitable combination of
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geometrical design and a specific amount of material loss can push
one of these zeros to the real axis, enabling coherent perfect
absorption, i.e., the possibility of totally absorbing the monochro-
matic wave without any scattering [5-9]. This phenomenon is the
time-reversed process of lasing in which the right amount of
gain can push one of the poles of S to the real frequency axis,
enabling self-oscillations. Coherent perfect absorption allows
the manipulation of light with light via real absorption instead
of nonlinearity. However, this approach has a disadvantage of real
absorption and, therefore, high thermal heating.

In this paper, we generalize the concept of coherent perfect
absorption to fully lossless and passive systems (with no Ohmic
losses nor gain) by engaging a zero in the complex frequency plane
to induce coherent virtual absorption of light and its release from
the system on demand. Instead of adding loss to the system to
push the complex zero toward the real axis, we tailor the temporal
dependence of the incident field such that its temporal profile
matches the exponentially diverging perfectly absorbing mode as-
sociated with the complex zero over a finite interval. Interestingly,
during this transient excitation the scattering from the structure
totally vanishes, as if the structure were perfectly absorbing,
despite the absence of material loss. However, when the exponen-
tially growing incident field cuts off, it gives rise to the release of
the energy stored in the system. This counterintuitive result may
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pave the way to low-energy, ultrafast, light-controlled storing and
release of optical signals on demand.

2. RESULTS AND DISCUSSION
Under an ¢’ time convention, an arbitrary lossless object can
have scattering zeros only at complex frequencies wy = @' + iw"’
in the upper half-plane, ®” > 0. For each of these zeros there exists
a solution to Maxwell equations E,, (7, #) satisfying the incoming
boundary conditions with time dependence described by the factor
it i e., with exponentially growing amplitude ¢t such that
the scattered fields are absent. In the transient, as the excitation
grows, the system looks like a perfectly absorbing structure,
despite that it has no material loss. However, the energy is not
absorbed, but instead ideally stored inside the open resonant
cavity without scattering since the outgoing fields are forbidden.
Since the exponentially growing incident field cannot be main-
tained indefinitely, when it stops or when a nonlinearity is reached,
the stored energy will leak out of the cavity and be released.

Similar to the case of coherent perfect absorption [5-8], in
order to engage the complex zero, the system needs to be excited
by coherent partial waves. For example, a two-port system (such
as a dielectric slab in Fig. 1) should be excited by two coherent
exponentially growing signals from the two sides. This excitation
allows the storage and release of energy in the system to be
controlled without relying on nonlinearity, but simply based
on the spatiotemporal coherence of the incoming fields. In order
to illustrate this effect, let us first consider the one-dimensional
case of a homogeneous dielectric slab of thickness L located in
free space, as depicted in Fig. 1(a). For the sake of simplicity,
we focus on the case of normal incidence. The amplitudes of the
output fields 4, and 4, are related to the amplitudes of the input
fields «, and 4 via the S-matrix

(=00 o

where 7 and # are the slab reflection and transmission coefficients,
respectively. The above S-matrix has a pair of eigenvalues s, =
r £ ¢ corresponding to symmetric and antisymmetric incident
fields [5]. The zeros of these eigenvalues, if occurring at real-
valued frequencies, support coherent perfect absorption. For a
lossless nonmagnetic (4 = 1) slab with relative refractive index
n = 3, however, the zeros are necessarily confined in the upper
half of the complex-frequency plane, as shown in Fig. 1(b), and,
not surprisingly, no perfect absorption can take place upon
illumination with a harmonic field.
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Fig. 1. (a) Schematic geometry of the problem: a planar dielectric slab
of thickness L is illuminated by two normally incident waves of increasing
amplitudes from both sides. (b) S-matrix eigenvalue zeros of a nonmag-
netic planar slab with refractive index 7 = 3 for normal incidence. The
plus and minus signs refer to zeros of symmetric and antisymmetric
modes of the slab, respectively.
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We now tailor the incident field such that during a finite
interval of time it mimics the one associated with one of
these complex zeros. To do that, we choose an incident pulse
with time evolution E;,(£) = ¢7@"*¢”"*0(~1) + exp(-icw't)-
exp(-(¢/7,)?) - 0(r), where 0(¢) is the Heaviside step function;
the second term ensures continuous decay of the incident field
after + = 0. Specifically, we choose a zero of the symmetric
eigenvalue located at the complex frequency 4oL =~ 4.2 + 0.2
highlighted by a glow in Fig. 1(b), with 4y being the free-space
wavenumber. The real part of the resulting incident field is shown
in Fig. 2(a) for 7, = 1/w’, which results in a fast decay of the
incident field to zero after the exponential cutoff at # = 0.

Owing to the linearity of the system, we can calculate its
response via convolution of the incident field with the response
function s, = r+ ¢. The resulting output field amplitude is
shown in Fig. 2(a) by the green solid curve. Interestingly, the
output (reflected and transmitted) fields are completely absent
at negative times, despite the system being lossless and being
driven by the incident field. Because of the absence of dissipation,
the incident energy cannot be dissipated and, therefore, it is per-
fectly stored with unitary efficiency within the resonator without
scattering. This energy is released at @’z > 0, when the incident
field stops the exponential growth and can no longer continue
pumping the virtual absorbing mode. Notably, the resulting scat-
tered field does not represent the time-reversed incident field,
but rather it is a linear superposition of several eigenmodes of
the cavity.

The observed behavior can be interpreted as transient destruc-
tive interference of the scattered waves. A lossless system neces-
sarily scatters incident harmonic fields due to the unitarity of its §
matrix. But, unlike the case of harmonic excitation, we provide a
growing amount of energy to the system with the correct ampli-
tude and phase, properly weighed so that this new energy cancels
the previously scattered signal. In order to get more insights into
the proposed phenomenon of coherent virtual absorption, we
simulated the temporal dynamics of the electromagnetic field in-
side the slab using CST Microwave Studio. The results confirm
the absence of scattered fields during the exponential excitation
from w't = -0c0 up to @'t = 0. The temporal dynamics of the
electric field energy inside the slab, shown in Fig. 2(b), clearly
demonstrates the accumulation of the incident energy inside
the system and its triggered release on demand when the excita-
tion changes. The field distribution profile for @'z < 0, presented
in Fig. 2(c), shows that the energy is concentrated within the slab
without any scattering. For the sake of clarity, in the figure we
have subtracted the propagating incident field from the total field.
At the instant in which we interrupt the exponential pumping
(@'t = 0), the accumulated energy is released through free-space
radiation, which, given the time-reversal symmetry of the prob-
lem, decays with the same time constant as the excitation. This is
illustrated in Fig. 2(d), showing the electric field distribution
profile at @'t = 15. Similar results may be obtained engaging
the complex zeros associated with the antisymmetric excitation,
noting that in both cases the coherence of the impinging fields
from the two sides plays a crucial role in controlling the storing
and release of energy by the slab. This coherence may be exploited
to control this phenomenon in real time for low-energy memory
and switching.

In order to illustrate the role of the complex scattering zero in
this unusual response, we simulated the transient dynamics of the
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Fig. 2. Demonstration of coherent virtual absorption in a one-dimensional lossless system. (a) The scattered (solid green curve) field by the planar slab
in Fig. 1, upon illumination with an exponentially growing field (dashed red curve) matching the complex-frequency scattering zero. The exponential
growth stops at @'z = 0, marking the kick-off for output fields. (b) The electromagnetic field energy stored in the dielectric slab as a function of time for
the incident pulse shown in (a). (c, d) The electric field intensity profile (c) exactly at @'t =0, and (d) during re-radiation of the stored

energy, @'t = 15.

same structure illuminated by finite exponentially growing pulses
varying the time constants 7 = 1/@" and by a Gaussian pulse
Eq(1) = exp(-iw't) - exp(~(¢/7)?) for different pulse widths
7. The total backscattered intensity integrated at negative times
@'t <0, shown in Fig. 3(a), clearly demonstrates that complete
suppression of scattering cannot be achieved for the Gaussian
input, and matching of the incident field to the scattering zero
is essential for coherent virtual absorption.

Figure 3(a) highlights the importance of shaping the envelope
of the incident field to engage the complex zero of a lossless sys-
tem. Our analysis implies that a majority of the energy stored in
the system arrives during a time interval 7 = 1/®"’, which rep-
resents the storage and, by reciprocity, the decay time of the struc-
ture. However, so far we have considered a rather plain design for
the coherent virtual absorber, i.e., a dielectric slab. By tailoring the
design of the open system, it may be possible to tailor at will the
effective interaction time by controlling the position of the com-
plex zero of interest. For instance, we envision an open lossless
resonator whose scattering zero is located close to the real fre-
quency axis, which may be achieved introducing highly reflective
mirrors on both surfaces of the dielectric slab that will increase the
Q-factor of the resonance and, by time-reversal symmetry, of the
associated complex zero, and thus the interaction time 7 by orders
of magnitude. Another promising way to achieve an arbitrary
tailoring of the time scale associated with the coherent virtual ab-
sorption phenomenon is to take advantage of the concept of em-
bedded scattering eigenstates [10—15]. An embedded eigenstate is
a non-radiating eigenmode of an open structure that is compatible
with the continuum of radiation modes, but it does not radiate.
The proper design of a structure supporting an open embedded
eigenstate may enable the excitation of coherent virtual absorp-
tion states with extremely long interaction times, consequently
avoiding the need for a fast-growing envelope of the excitation
fields. We stress that an ideal embedded eigenstate is not required
to achieve this effect as it would completely suppress coupling
between the incident wave and the eigenmode. Instead, a small
imaginary part in the frequency of the complex zero, as expected

in any realistic implementation of the phenomenon, would turn
an ideal embedded eigenstate into a very high-Q resonance
accessible from the outside, and the coherent virtual absorption
phenomenon would enable its ideal efficient excitation.

Although we have employed a two-port system in the above
example, incorporation of two coherent beams is, in principle, not
necessary to realize virtual absorption. A similar phenomenon can
arise in a slab backed by a mirror, with a single plane wave in-
cident from the open side. The scattering eigenvalues for such
a boundary value problem yield zeros in the complex frequency
plane based on which we can extract the required temporal shape
of the incident wave resulting in scattering-free energy storage in-
side the slab. Nevertheless, the presence of two input channels, as
in the scenario considered in Fig. 1, provides an important degree
of freedom to control the scattering through the coherence of the
two incoming waves. Indeed, similarly to a coherent perfect
absorber, but importantly without relying on Ohmic losses,
the response of our system is sensitive to the relative phase of
the two incident waves. In the case of harmonically oscillating
fields, losses are necessary for controlling the output intensity
[5,6], since scattering from a lossless structure is always unitary.
In contrast, the use of nonharmonic excitation allows us to modu-
late the total scattered intensity in a lossless system. This property
of the system is illustrated in Fig. 3(b), in which phase-dependent
total scattering (normalized by the instantaneous value of incident
intensity) is shown, revealing the possibility of modulating the
scattering versus stored energy in a lossless system in real time
by varying the relative phase of one of the incoming waves.
The electric field intensity distribution taken at the cutoff point
t = 0 for 7 phase difference presented in Fig. 3(c) indeed dem-
onstrates nonzero scattered field outside the slab.

The coherent virtual absorption phenomenon described in
this paper can be also generalized to a finite size and open scat-
terers in two and three dimensions. Consider a lossless dielectric
nonmagnetic cylinder with relative refractive index 7 =2
and radius R located in free space with the axis collinear
with the z axis. We illuminate the structure with a converging
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Fig. 3. (a) Scattering of exponential (orange) and Gaussian (cyan)
pulse from the dielectric slab. The plot shows the total scattered power
integrated at negative times @'t < 0 normalized to the total incident
power as a function of the incident pulse time constant. (b) The total
scattering (normalized by the instantaneous value of the incident inten-
sity) of a virtually absorbing pulse as a function of the relative phase
between two incident waves. (c) The corresponding electric field intensity
profile at @'s = 0 upon illumination with two waves with 7 phase
difference.

transverse-magnetic (TM) cylindrical harmonic, as sketched in
Fig. 4. The zeros of the scattering coefficient in the complex fre-
quency plane can be calculated from the scattering amplitude [16]
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where H Sy}) (H (,3)] is the mth order Hankel function of the first
[second] kind, /,, is the Bessel function of the first kind, and the
prime apex denotes the first-order derivative. For excitation with a
TM m = 0 (monopole) harmonic, the scattering zeros are shown
in Fig. 4(a). We focus on the zero at complex frequency
kyR = 7.8 + 0.254, and Figs. 4(b) and 4(c) demonstrate the elec-
tric field intensity profile right before interrupting the exponential
growth at 'z = 0 (b), and during the re-radiation of the stored
energy at @'t = 20 (c). As in the planar scenario, as soon as the
exponential pumping is interrupted, the stored energy leaves the
dielectric rod through radiation in free space, with the reversed
temporal dynamics compared to the coherent perfect absorption,
while the scattering is totally suppressed throughout the excitation
period.

Although we considered a nondispersive material in the exam-
ples above, it is important to highlight that this effect is robust
against material dispersion. Indeed, any frequency dispersion of
material parameters will lead to a modification of both the real
frequency response and spectral positions of poles and zeros.
On the other hand, as was pointed out in Refs. [3,4], the position
of these poles and zeros is unambiguously linked to the system
response at real frequencies. Therefore, the position of zeros
entails information about material dispersion, enabling virtual
absorption in the same manner as demonstrated above for a non-
dispersive material.

Following the same argument, it becomes clear that this effect
is not exclusive to lossless systems. Our additional simulations
reveal that the effect is absolutely robust to the degree of material
loss, provided that the incident pulse has a proper time depend-
ence matching the position of the scattering zero in the complex
frequency plane. In contrast to lossless systems, however, ideal
light storage will not take place in lossy systems, since only a frac-
tion of the incident signal will be reemitted, while a finite amount
of energy will be absorbed by the structure during the interaction
with the incident pulse; yet, ideally zero scattering will also be
observed in such lossy systems.

While this response can be observed in canonical structures,
such as planar slabs and dielectric rods, it may be challenging to
verify this phenomenon in optics in a practical setup using
conventional structures and materials, owing to the required
exponential growth. For the example of Fig. 1, for instance,
the Q-factor of the absorbing mode is around 20, which yields
a characteristic growth time of about 40 fs for a typical 533 nm
laser. Such fast modulation of the incident field may be difficult to
realize in practice. However, as noted above, one may employ
high-Q resonators and bound states in the continuum in order
to lower the required growth rate. Employing a photonic crystal

Fig. 4. (a) Location of the S-matrix zeros of a dielectric cylinder with relative refractive index # = 2 and radius R for TM m = 0 cylindrical wave
excitation. The inset shows the schematic geometry of the problem. (b, ¢) The electric field intensity profile (b) right before interrupting the exponential
growth @'z = 0, and (c) during re-radiation of the stored energy at @'t = 20. The incident fields are subtracted from the total fields for clarity.
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cavity or a microring resonator with Q-factors around 10°
(Refs. [17,18]) would result in a growth time constant on the
order of 1 ns or longer. Modulation at this speed may be per-
formed with an electrostatically controlled Pockels cell or ultrafast
optical modulators [19]. At the same time, excitation of this res-
onator could be performed via a near-field coupled fiber with the
propagating mode amplitude increasing exponentially in time.

Choosing an electromagnetic resonator with a high Q-factor
and small mode volume may enable the proposed effect for sub-
wavelength light focusing. For example, the cylinder depicted in
Fig. 4 may localize the light in subwavelength dimensions with
unitary efficiency, if excited by a properly shaped incident field.
In some sense, the proposed effect can be interpreted as an example
of time-reversal techniques for electromagnetic field focusing, as
proposed in Refs. [20,21]. However, there is no strict analogy
between the time-reversal and complex zero excitation approaches.
The time-reversal technique relies on a time-reversal mirror that is
intended to reverse the propagation of an arbitrary emitted signal,
making it converge toward the source. The proposed technique,
instead, engages a single complex zero of a resonator to ideally
capture a certain incident signal in a lossless system without back-
scattering. It relies on exact knowledge of the cavity eigenmodes,
which have to be found either numerically [22], or analytically
whenever possible. In addition, this storage can be controlled in
real time by detuning the relative phase of the incoming beams,
as discussed above.

Finally, we notice that the described effect is not limited to op-
tics. Indeed, the scattering matrix formalism is equally applicable
to lower frequencies, for which slower temporal variations are ex-
pected, to acoustics, and to single-particle quantum mechanical
problems. Since the Hamiltonians of quantum mechanical systems
are naturally Hermitian, such systems have scattering zeros in the
upper half-plane of the complex energies. Therefore, properly
shaping the temporal wave function of an incident particle
[23,24] is expected to enable ideal storing of the wave function
inside the potential without scattering, just like in the electromag-
netic case described here.

3. CONCLUSION

In conclusion, we have introduced the concept of coherent virtual
absorption in a lossless electromagnetic system. This phenome-
non arises when the incident electromagnetic field matches the
spatiotemporal distribution of a complex scattering zero of a
lossless system. The interaction with a properly shaped incident
pulse results in ideal storage and accumulation of the incident
energy inside the system with zero reflections and backscattering.
Interruption of the exponential driving, or suitable dephasing of
the impinging fields, gives rise to the release of energy stored in
the lossless system through radiation in the background. The
effect is robust against frequency dispersion of the system
material, possible dissipation, and the finite geometry of the struc-
ture. Our results highlight a counterintuitive transient response of
lossless structures and may open the door to novel ways to
dynamically control, store, and release light and other waves with
extremely low energy.
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