
Demand for  a ?pur e? 
elect r on system
Like atoms and molecules, electrons can 
also form gases, liquids, and solids. These 
electron phases are foundational in 
physics, chemistry, and materials science. 
?Pure? electron systems not only shed light 
on electron?electron interact ions, they can 
also help sort  out the roles that other, 
competing interact ions might play in 
quantum materials.

For example, strongly correlated electron 
systems exhibit  complex behaviors owing 
to their many interact ing variables (lat t ice, 
charge, orbit , and spin). While this 
complexity leads to rich physics, it  also 
makes analysis difficult . Tackling quest ions 
about complex phenomena by start ing with 
pure electron systems could unlock 

answers to longstanding puzzles like 
unconventional superconduct ivity.

In this work, researchers report  the 
discovery of a pure electron liquid, 
stabilized on the surface of an electride 
crystal? an ionic compound where 
electrons serve as the negatively charged 
(anionic) component. The crystal?s unique 
propert ies enable electrons on its surface 
to ?float,? decoupled from the top layer of 
atoms, and allow the system to be tuned 
toward an interest ing phase transit ion.

Pr evious l imi t at ions 
and a br eakthr ough
The study of 2D electron phases has been a 
central focus in this area of inquiry because 
of its conceptual simplicity and 
applicability to emergent phenomena such 

as the Wigner crystal? an exot ic solid 
consist ing solely of electrons. A previous 
approach to realizing a pure 2D electron 
system involved electrons on the surface of 
liquid helium (LHe). However, the electron 
density of such systems is low (1010 cm-2), 
placing them in the well-studied classical 
regime.  Here, researchers were able to 
realize a pure electron system dense 
enough to place it  in the quantum regime, 
using the surface of an electride material, 
Gd2C. The material?s interst it ial anionic 
electrons (IAEs) are localized in cavit ies 
between [Gd2C]2+ cat ions. When the 
surface of this electride is cleaved, the IAEs 
remain on the surface to maintain charge 
neutrality with the topmost cat ionic layer. 
However, these electrons are no longer 
localized, but free to move as in a liquid. 

Scient i f ic 
Achievement
Using the Advanced Light Source 
(ALS), researchers discovered a 
liquid-like layer of electrons 
that floats on the surface of an 
unusual crystal and appears to 
undergo a phase transit ion upon 
surface doping.

Signi f icance 
and Impact
The system is an ideal platform for 
studying exot ic phenomena 
involving electrons (e.g. 
superconduct ivity) without 
complicat ions arising from other 
types of interact ions.

Illust rat ion of the crystal st ructure of Gd2C (green and gray spheres). Gd2C is an elect ride? an ionic 
compound in which elect rons serve as the negat ively charged (anionic) component . The blue-to-red 
color scale represents a calculated elect ron localizat ion funct ion that  highlights the interst it ial 
anionic elect rons (IAEs) in the bulk and a 2D elect ron liquid phase (green layer) float ing above 
the surface.

A 2D Elect r on Liquid Float s 
on a Cr ystal Sur face
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2D quantum l iquid and induced 
phase t r ansi t ion
To characterize the float ing electrons, the 
researchers used angle-resolved 
photoemission spectroscopy (ARPES) at 
ALS Beamline 4.0.3. The electron density 
est imated from the data (2×1014 cm-2) was 
high enough to be in the quantum regime, 
and the data showed negligible overlap 
between the float ing electron wave 
funct ion and the orbitals of the top Gd 
atoms. Other quant it ies extracted from the 
data (effect ive mass, me, and the imaginary 
part  of the self-energy, Im?) showed that 
the electrons were in a liquid state with 
sizable electron?electron interact ions.

ARPES also showed that the deposit ion of 
potassium atoms reduces the electron 
density, driving the system toward an 
interest ing classical-quantum crossover 
regime thought to harbor rich phenomena. 
At the lower density, the system undergoes 
a transit ion to a state possibly related to 
a liquid-crystal-like (?hexat ic?) phase that 
has been predicted for Wigner crystals as 
they melt .

The pract ical feasibility of this pure 
electron system? electrons on a rigid 
crystal surface at relat ively high 
temperature (10 K)? allows its use in 
various technical approaches, and it  is 
expected to provide an effect ive platform 
for gaining insight into intriguing quantum 
phenomena in the future.
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Left : Evolut ion of the elect ronic st ructure as revealed by ARPES data. Lower panels are zoomed-in 
images of upper panels. As the doping level increases, the parabolic dispersion of the surface IAE 
state, indicat ive of a free-elect ron-like phase, t ransit ions to an anomalous W-shape, suggest ive of a 

liquid-crystal phase, before disappearing. The gradual increase in effect ive mass, m* (me = elect ron 
mass), indicates that  the elect ron correlat ion becomes st ronger, which can t rigger the phase 
t ransit ion. Right : Corresponding changes in the imaginary part  of the self-energy, Im?, vs binding 
energy ? . The quadrat ic relat ionship (solid red lines) becomes linear after the second stage of 
doping, indicat ing a t ransit ion from a Fermi liquid (elect ron liquid) to non-Fermi liquid (possible 

hexat ic phase).
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