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SUPERCRYSTAL:

A HIDDEN PHASE OF MATTER CREATED BY A BURST OF LIGHT

"Frustration" plus
a pulse of laser light re-
sulted in a stable "su-
percrystal,” one of the
first examples of a new
state of matter with
long-term stability
transfigured by the en-
ergy from a sub-pico-
second laser pulse.
The research focused
on states of matter with
unusual properties
(e.g., new forms of
magnetic or electric
states) that do not exist
in equilibrium in nature.

The challenge
was to find a way to
maintain the intermedi-
ate state of matter,
since the state may ex-
ist for only some tiny fraction of a second and
then disappear. The team accomplished this by
"frustrating the system" — not allowing the ma-
terial to do what it wants to do, which is to allow

it to minimize its energy fully without constraints.

Frustration was achieved by using single
atomic layers of two compounds, lead titanate
and strontium titanate, stacked in alternating
layers on top of each other to build up a three-
dimensional structure. Lead titanate is a ferro-
electric material, while strontium titanate is not.
This mismatch forced the electric polarization
vectors to take an unnatural path, curving back
on themselves to make vortices, like water
swirling down a drain.

The layers were grown on top of a crystal
substrate whose lattice spacing was intermedi-
ate in size between the two layered materials.
This provided a second level of frustration, as
the strontium titanate layer tried to stretch to
conform with the crystal structure of the sub-
strate, and the lead titanate had to compress to
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conform to it. This put the whole system into a
frustrated state with multiple phases randomly
distributed in the volume.

The laser pulse produced free charges in
the material, adding extra electrical energy to
the system and driving it into a new state of
matter: a supercrystal. These supercrystals
have a unit cell much larger than any ordinary
inorganic crystal, with a volume one million
times larger than the unit cells of the original
two materials.

Unlike transient states, this supercrystal
state stays around potentially forever at room
temperature — at least a year in this study —
unless it is heated to about 350° Fahrenheit
where it is erased. The process can be re-
peated by hitting the material with a light pulse
and erased using heat. This state can only be
created by ultrashort laser pulses with a thresh-
old energy, and not by spreading out that en-
ergy over longer pulses.

The team used high-energy x-ray diffrac-

tion at the Advanced
Photon Source to ex-
amine the supercrystal
before and after it
formed, clearly show-
ing the transformation
from disordered matter
into a supercrystal.

By virtue of its
short pulse duration,
an ultrafast laser im-
prints excitations in
materials faster than
their intrinsic response
time. While such dy-
namical transforma-
tions were already ex-
plored for decades to
stimulate the ordering
of materials, a strategy
for their steady state
stabilization seemed
out of reach until now.

The high-resolution x-ray diffraction, com-
bined with imaging at the nanoscale level, was
used to observe the evolution of irreversible
structural reordering. For the first time, it was
seen that a single ultrafast laser pulse irradia-
tion of artificially layered polar material can in-
duce long-range structural perfection when
starting from relative disorder.
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CALL FOR APS GENERAL-USER PROPOSALS

The Advanced Photon Source is open to experimenters who can benefit from the facility’s high-brightness hard x-ray beams.
General-user proposals for beam time during Run 2019-3 are due by Friday, July 5, 2019.
Information on access to beam time at the APS s at http://www.aps.anl.gov/Users/apply_for_beamtime.html or contact Dr. Dennis Mills, DMM@aps.anl.gov, 630/252-5680.
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