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Making Materials Mimic Each Other
A novel framework for controlling many-body systems with external fields shows how two
distinct materials could be made to mimic each other or form more exotic materials.
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T he puzzle of whether one can “hear the shape of
a drum” [1] can be traced back to Hermann Weyl.
The original question asks whether knowledge of
the spectrum of a physical system uniquely deter-

mines its structure. An interesting twist on this question is
whether one could make two time-dependent systems have
the same properties by applying external “control fields”
that also change with time. Now, Gerard McCaul, of Tu-
lane University in Louisiana, and colleagues have proposed
a new way to make one material behave like another by

Figure 1: With a newly proposed spectral mimicry scheme,
researchers could make two different materials mimic each other’s
spectra—or produce the spectrum of other, more exotic materials.
(APS/Carin Cain)

1Solid State Institute, Technion–Israel Institute of Technology, Haifa,
Israel
2Department of Physics, Massachusetts Institute of Technology,
Cambridge, MA, USA

applying specially designed time-dependent fields such as
laser pulses [2, 3]. The technique may let researchers manip-
ulate the properties of different materials and study exotic
materials that are otherwise hard to create.

Controlling how a quantum-mechanical system responds
to time-dependent external fields, a technique called coher-
ent control, is central to many areas of science and tech-
nology. For example, coherent control is used regularly in
nuclear magnetic resonance experiments to prepare desired
quantum states of qubits with radio-frequency pulses. Find-
ing the ultimate limits to which tailoring the coherent control
field can alter observables of a quantum system is therefore
of great interest.

A natural question that follows is whether two distinct
quantum systems can be made to have the same observ-
able properties through coherent control. For example, can
two atomic species, under the action of two different strong
driving fields, be made to have the exact same spectrum of
emitted light? This idea of spectral mimicry is appealing
because it could potentially allow researchers to use read-
ily available and well-understood materials to replicate the
properties of exotic materials and thus reproduce phenom-
ena that are usually hard to observe. Hopes in this direction
include, for example, inducing superconductivity in new
materials that usually do not have this property and creating
photonic insulators—materials that block the transmission
of light in one direction or another.

In 2017, researchers confirmed spectral mimicry to be the-
oretically possible by showing that two distinct atoms could
have the same light emission spectrum under the proper
choices of external, time-dependent electromagnetic fields
[4]. This work had direct implications in the field of high har-
monic generation (HHG), a highly nonlinear phenomenon
in which a system driven by a strong electromagnetic field
emits light with frequencies several times that of the driving
field [5]. In this earlier work, each atom was described using
a single-electron model. The puzzle intensifies in systems of
many interacting electrons, such as solids. If coherent con-
trol can indeed be used to alter the system’s response, does
it mean that insulators can be made to mimic conductors by
application of the right control field?

McCaul et al. address this specific question, using it as
an example of the principle that one many-electron system
can act like another. They focus on the 1D Fermi-Hubbard
model—a simplified model that describes a solid as a sys-
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tem of interacting fermions confined to sites on a lattice.
The model has a (Mott) insulating phase and a conducting
phase. Which phase the system is in depends on the ra-
tio of its kinetic energy to its potential energy; the kinetic
energy is associated with the electrons moving to different
lattice sites, and the potential energy is associated with in-
teractions between electrons. Typically, these two phases
display different currents when exposed to external laser
fields. And since the electric currents determine the emis-
sion of the system, the two phases would produce different
spectra as well. But McCaul et al. found a way to apply
suitable laser fields that would make the emission spectra of
both phases identical, so that one system can “mimic” the
behavior of another. Put another way, one can make two
differently shaped drums sound identical under certain con-
ditions.

This newly proposed mimicry scheme is based on an ex-
isting idea related to coherent control called tracking control
[6]—a formula of sorts for finding what field is needed to
make a system have some desired observable (for example,
the expectation value of current in a solid). The tracking
control method is attractive in being efficient and generic,
applicable for closed as well as open systems. McCaul et al.
formulate specific constraints with which the tracking con-
trol method guarantees the unique evolution of the system
for any desirable expectation value.

The example considered in this work is an exciting proof
of principle of what is possible in spectral mimicry in solid-
state systems. But there are still questions to answer. For
example, the researchers found that while it is possible for
an insulator spectrum to mimic a conductor spectrum, the
driving field forced the insulator to undergo a phase tran-
sition to a conducting state. It remains to be seen whether
this spectral mimicry is possible without one of the sys-
tems making a phase transition into the phase of the other
one. Even then, the researchers’ approach is still useful
because it prescribes the field that’s needed to get the de-
sired behavior. Another remaining question is whether this
method of tracking control can be applied beyond the 1D
Fermi-Hubbard toy model, looking instead at HHG in real
solid-state systems—a topic of great current interest in the
HHG community [7, 8].

Discoveries in coherent control are directly connected to a
grander vision in the fundamentals of optics—to induce any
desired optical response, both linear and nonlinear, in solid-
state materials. One could envision the design of both a

steady-state response and a transient response, allowing the
creation of “out-of-equilibrium optical media.” An applica-
tion of this idea is to apply new methods of coherent control
to the recently reported phenomenon of light-induced su-
perconductivity, where the optical response of a system
could mimic that of a superconductor when exposed to a
strong infrared optical field [9, 10].

Finally, it would be of great interest to consider coherent
control with quantized driving fields, rather than classical
driving fields, possibly allowing the use of coherent con-
trol to facilitate the generation of new quantum states of
light [11]. With this in mind, future work could signifi-
cantly extend the range of applications of tracking control
and general coherent control methods into the area of quan-
tum optics.

This research is published in Physical Review Letters and
Physical Review A.
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