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Collapse of Spin Excitations in Quantum Hall States of Coupled Electron Double Layers

Vittorio Pellegrini,1,* Aron Pinczuk,1 Brian S. Dennis,1 Annette S. Plaut,2 Loren N. Pfeiffer,1 and Ken W. West1
1Bell Laboratories, Lucent Technologies, Murray Hill, New Jersey 07974

2Department of Physics, University of Exeter, Exeter EX4 4QL, United Kingdom
(Received 24 September 1996)

Remarkable softenings of long wavelength intersubband spin excitations of dilute electron double
layers are observed at even integer quantum Hall states. These excitations in coupled GaAs double
quantum wells were probed by resonant inelastic light scattering. Their softening is attributed to
enhanced exchange vertex corrections (excitonic binding) in the quantum Hall states. The collapse of
the spin-density mode with dSz ≠ 0 to an energy close to the Zeeman splitting suggests the existence
of unstable spin-flip intersubband excitations with dSz ≠ 1. [S0031-9007(96)02143-6]

PACS numbers: 73.20.Dx, 73.20.Mf, 78.30.Fs

Studies of dispersive collective excitations in the integer
and fractional quantum Hall regimes offer unique insights
into fundamental effects and new phenomena in elec-
tron systems of reduced dimensionality. The presence of
magnetoroton minima in the dispersions of charge-density
excitations (CDE) is one of many characteristic manifesta-
tions of electron-electron interactions [1,2]. The minima
occur at wave vectors q . 1yl0, where l0 ≠ sh̄cyeBd1y2

is the magnetic length and B is the magnetic field. The ro-
ton minima result from vertex corrections due to exchange
Coulomb interactions in the neutral quasiparticle-quasihole
pairs of the excitations. These interactions are excitonic
effects that reduce the collective mode energies.
In electron double layers, the introduction of the

additional degree of freedom associated with layer index
creates remarkable new electron correlation effects. For
example, at filling factor n ≠ 1 electron bilayers show
intriguing and rich phase diagrams determined by the
magnitude of the symmetric-antisymmetric gap DSAS ,
the distance d between the layers, and the in-plane
magnetic field [3–5]. In magnetotransport experiments,
these quantum phase transitions appear as the suppression
of the n ≠ 1 state [4,6]. Several theoretical works have
linked the disappearance of the quantum Hall state to
a vertex-correction-driven collapse of the symmetric to
antisymmetric intersubband CDE energy at wave vectors
q . 1yl0 [7]. Although not yet directly observed, the
predicted CDE instability highlights the major role of
excitonic effects on the dispersive collective excitations
of the electron gas in the quantum Hall regime.
Inelastic light scattering experiments have previously

shown that vertex corrections also have a major impact
on the intersubband spin-density excitation (SDE) modes
of electron bilayers in double quantum wells (DQW)
[8]. For such excitations a different class of vertex-
correction-driven quantum phase transitions has been
predicted to occur at zero magnetic field [9]. Here
the signature of the instability is the collapse of the
energy of the long wavelength (q ≠ 0) intersubband
SDE mode of the symmetric to antisymmetric transitions.

While this zero-field instability is not observed in GaAs
DQW [10], inelastic light scattering measurements in
perpendicular magnetic field have uncovered marked
softenings of the intersubband SDE at even n quantum
Hall states [11]. A recent Hartree-Fock calculation links
these softenings with a quantum phase transition to a state
with antiferromagnetic spin correlations between the two
layers [12].
This Letter reports inelastic light scattering experiments

in coupled GaAs DQW subjected to perpendicular mag-
netic fields. The measurements reveal a dramatic soft-
ening of the long wavelength intersubband spin excita-
tions of the dilute electron double layers in the DQW. The
anomalies are observed in spin-unpolarized even integer
quantum Hall states, where we find that the collective
mode energies can be as low as one-tenth of the B ≠ 0
values. This drastic drop in the energy of the sharp in-
elastic light scattering peak of intersubband SDE reveals
a collapse of the mode to an energy close to that of the
Zeeman splitting of the electron states.
These anomalous SDE modes are observed in double

layers that have relatively small tunneling gaps (DSAS #
1 meV), such that at B ≠ 0 the electrons populate an-
tisymmetric as well as symmetric states. Here the ef-
fective electron density participating in the intersubband
excitations is reduced to (nS-nAS), the difference in the
populations of symmetric and antisymmetric states. This
available phase-space factor determines the strength of ver-
tex corrections [8]. The softening of the intersubband spin
excitations is thus caused by the enhancement in the vertex
corrections associated with magnetic field induced changes
in available phase space for the excitations. This is easily
seen from the expression

nS 2 nAS ≠ n
nS 2 nAS

n
, (1)

where n ≠ nS 1 nAS is the total electron density. nS and
nAS are the filling factors of the symmetric and antisym-
metric states (n ≠ nS 1 nAS). Equation (1) shows that a
maximum in available phase space, and therefore in the
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vertex corrections, is attained at n ≠ 2, when all the elec-
trons participate in the intersubband excitations (nS ≠ 2
and nAS ≠ 0).
To further highlight the impact of our experiments,

we recall that when the two orientations of spin are
equally populated, spin excitations at even integer n are
triplets. These states are classified by changes in spin
angular momenta along the magnetic field dSz ≠ 0, 61,
as shown in Fig. 1(a). The SDE mode has dSz ≠ 0 and
energy vSDE . The other two excitations are spin-flip
modes with energies v6 . vSDE 2 EzdSz, evaluated
within the Hartree-Fock framework, where Ez ≠ gmBB is
the bare Zeeman energy [1]. Consequently, observations
of intersubband SDE modes at energies close to Ez
suggest the existence of lower lying intersubband spin-
flip excitations (dSz ≠ 1) of vanishingly small energy.
These results offer spectroscopic evidence that exchange
vertex corrections drive the pronounced softenings that
may trigger instabilities in 2D electron layers.
Inelastic light scattering spectra were obtained from sev-

eral GaAs DQW samples in a backscattering geometry
with light propagating parallel to the magnetic field, i.e.,
perpendicular to the layers. For these measurements the
emission of a dye laser was tuned to the fundamental op-
tical transitions of the GaAs DQW. Incident power den-

FIG. 1. (a) Schematic representation of the intersubband spin
excitations at even integer quantum Hall states. The spin-
density excitation (SDE) with dSz ≠ 0 results from the linear
combination of the two transitions denoted by dashed lines.
Solid lines correspond to spin-flip excitations (dSz ≠ 61).
Ez is the Zeeman splitting and DSAS the symmetric to
antisymmetric energy gap. (b) Plot of the full width half
maximum (FWHM) of the SDE peak as a function of magnetic
field for the lower density sample at T ≠ 0.2 K. (c) Energy
position of the q ≠ 0 spin-density excitation (SDE) as a
function of magnetic field for the lower electron density sample
at T ≠ 0.5 K.

sities were kept below 1024 Wycm22, and spectra were
recorded with multichannel detection at a spectral reso-
lution of 0.02 meV. The samples were mounted in a
3Hey4He dilution refrigerator with optical windows. Ac-
cessible temperatures were in the range 0.2 # T # 1.4 K.
We focus on results from two modulation doped coupled
DQW grown by molecular beam epitaxy. They consist
of two nominally identical 180-Å-thick GaAs quantum
wells separated by a 79 Å wide Al0.1Ga0.9As undoped bar-
rier, with electron concentrations of n ≠ 6.2 3 1010 cm22

and n ≠ 9.4 3 1010 cm22 and low-temperature mobilities
close to 106 cm2yV s. At B ≠ 0 these double layers have
DSAS . 0.7 meV and vSDE . 0.45 meV.
In spin-unpolarized states at even values of n the SDE

collective modes are built from linear combinations of the
two transitions with dSz ≠ 0 shown in Fig. 1(a). Light
scattering polarization selection rules derived for bulk
semiconductors also apply to 2D layers in semiconductor
quantum structures [13,14]. They predict that SDE modes
are active in the backscattering spectra with orthogonal
incident and scattered light polarizations as measured in
this experiment. For spin-flip transitions, also shown in
Fig. 1(a), these selection rules require that one of the
photons has to be polarized along the magnetic field.
Spin-flip excitations are thus forbidden in the back-
scattering configuration employed here.
Figures 1(b) and 1(c) show results obtained in the

lower electron density sample. Figure 1(b) reveals that
the width of the SDE mode has a significant minimum
at n ≠ 2. At this filling factor the FWHM ≠ 0.03 meV
is 5 times smaller than that at B ≠ 0 [10]. Similar
behaviors are observed at the other even quantum Hall
states that we investigated. Figure 1(c) shows the field
dependence of vSDE . We find small changes for fields up
to n . 6, and the absence of the SDE mode near n ≠ 4.
These observations are consistent with the magnetic field
dependence of the available phase space given by Eq. (1).
At n ≠ 6, snS 2 nASd ≠ ny3 is close to the B ≠ 0
value, implying that no significant changes are expected
in collective interactions. At n ≠ 4 the intersubband
excitations do not exist because snS 2 nASd ≠ 0.
In Fig. 1(c), the pronounced softening ofvSDE at n ≠ 2

is evidence of the enhancement of vertex corrections when
the phase space available for the excitations includes all
the electrons. An even larger softening is observed in
the higher electron density sample. The results in Fig. 2
compare the SDE spectra measured in the two samples
at n . 2. The spectrum of the higher electron density
sample displays a sharp peak atvSDE ≠ 0.045 meV. This
energy is one-tenth of the value obtained at B ≠ 0. This
extremely low energy is close to the Ez calculated with
g ≠ 20.4 [15].
We have not been able to observe intersubband spin ex-

citations at n ≠ 2 in higher electron density systems where
n ≠ 2 lies at fields B $ 2.6 T. Magnetotransport exper-
iments have indicated that at such higher fields the n ≠ 2
state is spin polarized with identical spin occupation of
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When the soft mode has vanishingly low 
energy ( o  - O), the spontaneous broken 
symmetry phase has a continuous order pa- 
rameter that vanishes at the critical point of 
the transition. 

Continuous quantum phase transitions are 
remarkable transformations in which quan- 
tum mechanical effects dominate physics at 
temperatures approaching absolute zero. 
However, even at the lowest accessible tem- 
peratures, large thermal populations of low- 
energy soft modes cause critical fluctuations 
that destroy the long-range order of the bro- 
ken symmetry phase (7). In 2D systems, 
short-range order is destroyed in a Kosterlitz- 
Thouless transition at the critical temperature 
T,. Research into such transformations is 
largely based on studies of scaling behavior 
of transport data near the critical point. We 
report studies that enable the direct experi- 
mental determination of a link between soft 
collective modes and a quantum phase tran- 
sition in a 2D electron system. Soft excita- 
tions are measured directly from inelastic 
light scattering spectra. By giving direct ac- 
cess to the interactions that drive the instabil- 
ity, these studies open up avenues by which 
to examine these transformations. 

Distinct charge or spin collective excita- 
tions of quantum Hall states are built from the 
particle-hole pairs formed by the transitions 
between energy levels within the 2D electron 
system (typical spacings are in the millielec- 
tronvolt range) (13). Electron-electron inter- 
actions have a major impact on their wave 
vector dispersions: the roton (or magnetoro- 
ton), a minimum in the dispersion at finite 
wave vectors q - 111, = lo6 cm-', is one of 
the most notable manifestations of these in- 

Fig. 1. (A) Schematic representation of the 
potential and energy levels of electrons in the 
conduction band of a CaAsIAICaAs double 
quantum well. Red horizontal lines represent 
symmetric S states. Antisymmetric A states are 
represented by blue lines. The short vertical 
arrows represent the two, up or down, orienta- 
tions of electron spin in the magnetic field. The 
tunneling gap A,,, is the splitting between 
symmetric and antisymmetric states with the 
same orientation of spin. The spin splitting of a 
state, S or A, is determined by the Zeeman 
energy E, and the spin stiffness due t o  the 
increase in Coulomb exchange interaction en- 
ergy when the spin orientation is changed. (8) 
Schematic representation of the alignment of 
energy levels of electrons in the spin-unpolar- 
ized phase U at v = 2. Solid lines correspond t o  
occupied levels and dashed lines are empty 
levels. Vertical arrows labeled SF indicate the 
transitions that contribute to  spin-flip tunnel- 
ing excitations. The spin-density tunneling ex- 
citations are constructed with linear combina- 

teractions. Rotons are caused by excitonic 
terms of the Coulomb interactions, also 
known as vertex corrections, which bind par- 
ticle-hole pairs and greatly reduce collective 
mode energies. Soft ( o  - 0) rotons are cru- 
cially involved in predictions of novel phase 
transitions tuned by the external magnetic 
field (8, 10-12) and play key roles in the 
physics of 2D electron systems. Such unsta- 
ble collective modes, however, have not been 
observed because the large wave vectors (q r 
lo6 cm-') and low energies ( o  1 meV) are 
not easily accessible by current experimental 
methods. 

We studied electron bilayers in double 
quantum wells. In these structures, tunneling 
between the two layers determines the split- 
ting A,,, of the lowest symmetric and anti- 
symmetric states sketched in Fig. 1A. The 
electron bilayers are ideal systems to explore 
the role played by low-energy collective 
modes in quantum phase transitions because 
A,,, is tunable by the design parameters of 
the double quantum well. Low-energy tun- 
neling excitations are readily observable by 
inelastic light-scattering (LS), as demonstrat- 
ed in our recent measurements of soft spin- 
excitations at even-integer quantum Hall 
states (14, 15). These are long wavelength 
(q - 0) collective excitations of the tunnel- 
ing gap of GaAs double quantum wells 
(DQW). Vertex corrections reduce the ener- 
gies of tunneling spin-excitations to values 
much lower than A,,,, and as a function of 
the difference (n, - n,,) in the occupation of 
the symmetric and antisymmetric states, 
these spin excitations are easily tuned by 
changes in B,. The LS results indicate the 
existence of unstable q + 0 spin-flip excita- 

tions of the two transitions labeled SDE (75). (C) Schematic representation of the alignment of 
energy levels in the spin-polarized phase P at v = 2. Vertical arrows labeled SF indicate the 
transitions that contribute to  spin-flip tunneling modes. The transitions that contribute t o  
spin-wave modes, in which there is only change in the orientation of spin, are indicated by vertical 
arrows labeled SW. 

tions of vanishingly low energy at Landau- 
level filling v = 2 and nAs = 0. This work 
has stimulated calculations that predict a 
quantum phase transition to a broken symme- 
try state with canted antiferromagnetic (AF) 
spin alignment in the two layers (16, 17). 

Our inelastic LS results uncover evidence 
that the configurations of the spin of electron 
double layers do undergo quantum phase 
transitions that are tunable by magneticfield, 
and that unstable spin-excitations are in- 
volved. We show first that the bilayers at 
even-integer v exhibit three distinct phases of 
spin as a function of two parameters: the total 
magnetic field B, and the tunneling gap 
A,,,. To that effect, the tilt angle between B, 
and the bilayers (Fig. 2A) is changed while 
the perpendicular component B,  is kept at 
the chosen value of v. We find that in one of 
the phase transitions, a q = 0 soft spin- 
excitation mode collapses to vanishingly low 
energy, thus revealing a connection between 
the quantum phase transition in the spin de- 
gree of freedom and the unstable spin-exci- 
tation. A phase diagram describing how the 
different spin configurations of the even-in- 
teger quantum Hall states are tuned by B, 

I . . . ,  . . . .  I . . . .  I . . . .  I . . . .  I . . . .  # . . . I  
-0.10 -0.05 0.00 0.05 0.10 0.15 

Energy (meV) 
Fig. 2. (A) Sketch of the tilted field geometry 
adopted in the experiment. o, and o, are en- 
ergies of the incident (laser) and scattered light. 
B, is the total magnetic field and 0 the tilt 
angle. (B) Resonant inelastic light scattering 
spectra with orthogonal linearly polarized inci- 
dent and scattered light for the GaAs quantum 
well sample with n = 9.96 X 101° cm-* and 
A,, = 0.6 meV. At 0 = O0 and v = 2.08, the 
peak corresponds to  the 65, = 0 SDE mode. At 
0 = 4S0, the peaks correspond to  spin wave 
across the Zeeman gap. (C) The circles show 
the dependence of Tc versus filling factor at 0 = 
30" (Tc is the lowest value of the temperature 
at which the SDE modes reappear in the spectra 
of phase D). The dashed line is Tc measured at 
0 = O0 [after (74)]. 
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Co: but the hard layer only decayed to 65% of contrast. Electron holography will likely pro- 6. M. Julliere, Phys. Lett. A 54, 225 (1975). 
its original remanence when it was coupled to 
150 A Ni4,Fe6,. With a thicker Co,,Ptl,Cr13 
hard layer of 150 A and a Ni4,Fe6, free layer, 
the structure was stable to at least lo7 cycles. 

A possible explanation of the decay of the 
hard layer moment with cycling of the free 
layer moment is that the decay results from 
the demagnetizing field at the hard layer that 
is associated with domain walls in the free 
layer. The strength of the demagnetizing field 
will depend on the detailed structure of the 
domain walls in the free layer. These domain 
walls are likely to be different in Co and NiFe 
because of their different anisotrooies. 
Through '<heir associated demagnetizing 
fields, the motion of the domain walls during 
the reversal of M will demagnetize the mo- 
ment of the hard layer. To test this explana- 
tion, we reversed the moment of the free layer 
by a coherent rotation of its magnetic mo- 
ment without the formation of domain walls; 
at 10 Hz. the samole was rotated about its 
surface, normal in a fixed homogenous mag- 
netic field of 200 Oe, which was applied in 
the plane of the sample. The magnitude of the 
fixed field was chosen to be sufficiently larg- 
er than the coercivity of the free layer to 
ensure coherent rotation. 

The change in the remanent M of the hard 
layer is shown by a comparison of the results 
that are obtained by repeatedly rotating a 
sample with a 50 A-thick hard layer and by 
cycling the field on the same sample (Fig. 2). 
For up to 1.6 X lo6 rotations: there is no 
decay of the hard layer remanent moment 
within experimental error, whereas the hard 
layer was completely demagnetized after the 
same number of cycles. This result clearly 
shows that the formation and motion of do- 
main walls play an important role in the 
observed demagnetization process. 

The magnitude and spatial extent of the 
demagnetizing fields from the domain walls in 
the free layer must depend on the detailed mag- 
netic structure of the domain walls. Thus, it 
would not be surprising if the M decay (which 
we have observed) depends on the thickness of 
the hard layer as well as on the composition of 
the free layer because, for example, the width of 
the domain wall and, consequently, the strength 
of the demagnetizing field would also depend 
on both M and the magnetic anisotropy of the 
free layer. However, it is difficult to probe the 
domain wall structure. In a magnetic force mi- 
croscope, the stray field fsom the magnetic tip 
disturbs the structure of the magnetically soft 
free layers in our structures. Instead, we have 
carried out plan-view Lorentz transmission 
electron microscopy on structures formed on 
500 A-thick Si3N4 membranes. Although some 
differences are observed between the Co and 
NiFe layers, it is difficult to resolve the detailed 
magnetic structure of the domain walls because 
only the in-plane component of M produces 

vide the additional info~&&on that is necessary 7. J. S. Moodera, L. R. Kinder, T. M. Wong, R. Meservey, 

to understand the details of the domain walls, Phys. Rev. Lett. 74, 3273 (1995); S. S. P. Parkin, R. E. 
Fontana, A. C. Marley,]. Appl. Phys. 81, 5521 (1997); 

investigations extend the current W. I. Callaeher et dl., ibid., D. 3741: 1. M. Dauphton, . - . , - 
study of large-area films to small patterned ibid., p. 3758. 
structures on the scale of domains 
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Evidence of Soft-Mode Quantum 
Phase Transitions in Electron 

Double Layers 
Vittorio Pellegrini, Aron Pinczuk, Brian S. Dennis, 
Annette S. Plaut, Loren N. Pfeiffer, Ken W. West 

Inelastic light scattering by low-energy spin-excitations reveals three distinct 
configurations of spin of electron double layers in gallium arsenide quantum 
wells at even-integer quantum Hall states. The transformations among these 
spin states appear as quantum phase transitions driven by the interplay be- 
tween Coulomb interactions and Zeeman splittings. One of the transformations 
correlates with the emergence of a spin-flip intersubband excitation at van- 
ishingly low energy and provides direct evidence of a link between quantum 
phase transitions and soft collective excitations in a two-dimensional electron 
system. 

A two-dimensional (2D) electron gas, when 
subjected to a perpendicular magnetic field 
B,, exhibits remarkable behavior that fol- 
lows from the quantization of the in-plane 
kinetic energy into Landau levels, the Zee- 
man splitting of different spin states, and the 
impact of strong Coulomb interactions. The 
quantum Hall effects occur when changes in 
B _  or electron density: or both: cause the 
Fermi energy to sweep across spin-split 
Landau levels (1-3). Quantum Hall states are 
distinct phases of the 2D electron gas display- 
ing precise quantization of the Hall effect and 

V. Pellegrini, Bell Laboratories, Lucent Technologies, 
Murray Hil l, NJ 07974, USA, and Scuola Normale 
Superiore and lst i tuto Nazionale per la Fisica della 
Materia, Pisa, Italy. A. Pinczuk, Bell Laboratories, Lu- 
cent Technologies, Murray Hil l, N j  07974, USA, and 
Departments o f  Physics and Applied Physics, Colum- 
bia University, N e w  York, NY 10027, USA. B. S. Den- 
nis, L. N. Pfeiffer, K. W. West, Bell Laboratories, Lucent 
Technologies, Murray Hill, N j  07974, USA. A. S. Plaut, 
Department of Physics, University o f  Exeter, Exeter 
EX4 4QL, UK. 

vanishing longitudinal magnetoresistance. 
They are observed at integer and some frac- 
tional values of Landau-level filling factor v 
= n2~1;. Here, n is the areal electron density 
and 1, = (hcI2~eB,)"~ is the magnetic 
length. c is the speed of light, h is Planck's 
constant, and e is the electron charge. Exper- 
imental and theoretical studies of quantum 
Hall phenomena have uncovered some of the 
more intriguing behavior in contemporary 
physics. Notable examples are low-tempera- 
ture quantum phase transitions tuned by the 
external magnetic field [for recent reviews 
see (4-7)]. Evidence of phase transfoma- 
tions appears in magnetotransport as anoma- 
lies in quantum Hall states. In current theo- 
ries, the transformations are triggered by low- 
energy collective excitations of quantum Hall 
states. Within this framework, the softening 
of a low-energy mode induces an instabilitiy 
in which the 2D electron system changes 
quantum ground state by incorporating prop- 
erties associated with the excitation (8-12). 
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quantum Hall states, the values of !SAS
Ec

for the two samples
are !0:036 and 0.06 (!SAS " 0:36 meV and 0.58 meV;
Ec " e2

"lB
is the average Coulomb interaction energy per

electron, and " is the static dielectric constant), with d
lB
!

2:2 and 2, respectively.
The spectrum of low-lying excitations of the sample

with !SAS " 0:36 meV at the lowest tilt angle ! " 5#

and " " 1 is shown in Fig. 1(c). Two peaks labeled SW
and SF are observed. The SW peak is the long wavelength
spin wave that occurs at EZ as required by the Larmor
theorem. The higher energy peak, labeled SF, is also due to
spin excitations because it displays light scattering selec-
tion rules identical to the SW peak. We assign the SF
feature to the long wavelength spin-flip excitation across
the tunneling gap. To highlight the identification of the two

peaks, Fig. 2(a) reports the evolution of the SF and SW
peaks as a function of angle. The data show that the SW
energy follows the Zeeman gap Ez as the total magnetic
field is increased and that the SF energy approaches Ez as
!SAS is reduced by the in-plane component of magnetic
field Bk [22].

To evaluate the impact of these results we recall again
that in TDHFA #E$ " !SAS [16]. At ! " 5 #, where Bk is
quite small and finite angle corrections are negligible, we
find #E$ " 0:13$ 0:01 meV, much smaller than the value
of !SAS ! 0:36 meV determined from the spectra in
Fig. 1(b). This result uncovers a major breakdown of the
TDHFA predictions, in particular, that the state has full
pseudospin polarization. It is extremely important that the
bilayers at " " 1 continue to display well-defined
magneto-transport signatures characteristic of a QH in-
compressible fluid [13,23]. The implication is that the
emergent highly correlated fluid revealed by the light
scattering measurements does not significantly change
electrical conduction in the " " 1 QH state at low
temperatures.

To gain more quantitative insights into the effect of
correlations and pseudospin reduction on spin modes we
can use the pseudospin language introduced above and the

coupled spin-pseudospin Hamiltonian cH derived in
Ref. [24]. This provides a framework to analyze the dy-
namics of electron spins and pseudospins in incompress-
ible bilayers at " " 1, where in-plane fluctuations of total

charge density can be neglected. cH is written in terms of
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FIG. 2. (a) Resonant inelastic light scattering spectra showing
SW and SF excitations as a function of tilt angle ! at " " 1.
Values of the in-plane magnetic field Bk are also shown. At ! %
!c & 35 # only one peak identified as the SW is observed.
(b) Angular dependence of the energy difference #E$ between
the SW and SF peaks (dots). The gray curve is the predicted
angular dependence of the tunneling gap evaluated in Ref. [22].
(c) Angular dependence of the emergent fraction of electrons in
the excited state nAS

nS
(nS and nAS are the average electron densities

in the lowest and excited levels, respectively).
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FIG. 1 (color). (a) Schematic representation of the backscat-
tering geometry and of the double quantum well in the single-
particle configuration at " " 1. Transitions in the SW and SF
modes are indicated by curved vertical arrows; short vertical
arrows indicate the orientations of spin, S and A label the
symmetric and antisymmetric levels separated by the tunneling
gap !SAS. kL'S( and !L'S( indicate the wave vector and frequency
of incident (scattered) light. BT , B?, and Bk are the total
magnetic field and its components perpendicular and parallel
to the plane of the sample. ! is the tilt angle. (b) Polarized (black
curve) and cross-polarized (gray curve) inelastic light scattering
spectra at BT " 0 and normal incidence. SDE and CDE label the
peak due to spin and charge density excitations, respectively, and
SPE the single-particle excitation at !!SAS. (c) Resonant in-
elastic light scattering spectrum of SW and SF excitations at " "
1 after conventional subtraction of the background due to the
laser and main luminescence. Solid and dashed lines show the fit
with two Lorentzian functions.
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The Hartree-Fock paradigm of bilayer quantum Hall states with finite tunneling at filling factor ! ! 1
has full pseudospin ferromagnetic order with all the electrons in the lowest symmetric Landau level.
Inelastic light scattering measurements of low energy spin excitations reveal major departures from the
paradigm at relatively large tunneling gaps. The results indicate the emergence of a novel correlated
quantum Hall state at ! ! 1 characterized by reduced pseudospin order. Marked anomalies occur in spin
excitations when pseudospin polarization collapses by application of in-plane magnetic fields.

DOI: 10.1103/PhysRevLett.94.146804 PACS numbers: 73.43.Nq, 71.35.Lk, 73.21.-b, 73.43.Lp

Electron bilayers in semiconductor quantum structures
embedded in a quantizing perpendicular magnetic field
(B?) are contemporary realizations of collective systems
where bizarre quantum phases may appear [1–4]. In par-
ticular, at a Landau level filling factor ! ! 1 they may
support excitonic superfluidity when there is no tunneling
between the layers [4–6]. These phases are driven by
unique interplays between intralayer and interlayer
Coulomb interactions and have been the subject of large
research efforts in recent years [7–12]. The bilayer system
is also characterized by the ‘‘bare’’, or Hartree, tunneling
gap !SAS that represents the splitting between the sym-
metric and antisymmetric linear combinations of the low-
est quantum well levels, as shown in Fig. 1(a). The ground
state in the presence of tunneling displays the well known
manifestations of the incompressible quantum Hall (QH)
fluid. Interactions, however, create intriguing behaviors
such as the disappearance at ! ! 1 of QH signatures
when d=lB (d is the interwell distance and lB the magnetic
length) is increased above a critical value [13,14].

The states of electron bilayers are efficiently described
by introducing a pseudospin operator ! [4]. Electrons in
the left (right) quantum well have pseudospin along the "z
(#z) direction, normal to the plane. The symmetric (anti-
symmetric) states have pseudospin aligned along the "x
(#x) direction. The mean-field Hartree-Fock configuration
of QH incompressible states with only the lowest symmet-
ric level populated is shown in Fig. 1(a). This state has full
pseudospin polarization along the x direction with an order
parameter given by the average value of the normalized
pseudospin polarization h"xi ! 1.

Here we report direct evidence that the pseudospin order
of the Hartree-Fock paradigm is lost. The unexpected QH
states with reduced pseudospin polarization are probed by
inelastic light scattering measurements of low-lying spin
excitations. One of the excitations is the long wavelength
(q ! 0) spin-flip (SF) mode built with transitions across
!SAS with simultaneous change in spin orientation. The
other is the long wavelength spin-wave (SW) excitation

built from transitions across the Zeeman gap EZ of the
lowest spin-split symmetric levels. The transitions that
build SW and SF excitation modes are depicted in
Fig. 1(a). The time-dependent Hartree-Fock approximation
(TDHFA) that has been extensively employed to interpret
bilayer experiments [14–17] dictates that in the mean-field
! ! 1 state with h"xi ! 1, the splitting between long
wavelength SF and SW modes is #E" ! !SAS [16]. We
discuss below that the measured deviations of #E" from
!SAS provides direct evidence of the suppression of h"xi.
The pseudospin order parameter can be written as h"xi !
nS#nAS
nS"nAS

, where nS and nAS are expectation values of electron
densities in symmetric and antisymmetric levels, respec-
tively. The reduced pseudospin order reported here thus
implies that a new highly correlated incompressible fluid at
! ! 1 is formed by mixing states with both symmetric and
antisymmetric electrons despite the large value of the
tunneling gap.

Experiments were carried out in two nominally symmet-
ric modulation-doped Al0:1Ga0:9As double quantum wells
grown by molecular beam epitaxy and having total electron
densities n$ 1:1# 1:2% 1011 cm#2. Resonant inelastic
light scattering was performed on samples in a dilution
refrigerator with a base temperature of $50 mK and with
the tilted angle geometry shown in Fig. 1(a). Dye or
titanium-sapphire lasers were tuned to the fundamental
optical gap of the double quantum well. Figure 1(b) dis-
plays light scattering spectra of tunneling excitations that
illustrate the determination of !SAS at B ! 0. The spectra
show collective modes in charge and spin, and also the
single-particle excitation (SPE) peak [18]. In the studied
samples static exchange and correlation corrections at B !
0 are small due to similar populations and density proba-
bility profiles of the symmetric and antisymmetric sub-
bands [19,20]. We find that local density approximation
estimates of the tunneling gap differ from Hartree !SAS
values and from the measured SPE position by less than
10% [21]. We therefore use the measured SPE energy as
the tunneling gap !SAS. At the ! ! 1 incompressible
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quantum Hall states, the values of !SAS
Ec

for the two samples
are !0:036 and 0.06 (!SAS " 0:36 meV and 0.58 meV;
Ec " e2

"lB
is the average Coulomb interaction energy per

electron, and " is the static dielectric constant), with d
lB
!

2:2 and 2, respectively.
The spectrum of low-lying excitations of the sample

with !SAS " 0:36 meV at the lowest tilt angle ! " 5#

and " " 1 is shown in Fig. 1(c). Two peaks labeled SW
and SF are observed. The SW peak is the long wavelength
spin wave that occurs at EZ as required by the Larmor
theorem. The higher energy peak, labeled SF, is also due to
spin excitations because it displays light scattering selec-
tion rules identical to the SW peak. We assign the SF
feature to the long wavelength spin-flip excitation across
the tunneling gap. To highlight the identification of the two

peaks, Fig. 2(a) reports the evolution of the SF and SW
peaks as a function of angle. The data show that the SW
energy follows the Zeeman gap Ez as the total magnetic
field is increased and that the SF energy approaches Ez as
!SAS is reduced by the in-plane component of magnetic
field Bk [22].

To evaluate the impact of these results we recall again
that in TDHFA #E$ " !SAS [16]. At ! " 5 #, where Bk is
quite small and finite angle corrections are negligible, we
find #E$ " 0:13$ 0:01 meV, much smaller than the value
of !SAS ! 0:36 meV determined from the spectra in
Fig. 1(b). This result uncovers a major breakdown of the
TDHFA predictions, in particular, that the state has full
pseudospin polarization. It is extremely important that the
bilayers at " " 1 continue to display well-defined
magneto-transport signatures characteristic of a QH in-
compressible fluid [13,23]. The implication is that the
emergent highly correlated fluid revealed by the light
scattering measurements does not significantly change
electrical conduction in the " " 1 QH state at low
temperatures.

To gain more quantitative insights into the effect of
correlations and pseudospin reduction on spin modes we
can use the pseudospin language introduced above and the

coupled spin-pseudospin Hamiltonian cH derived in
Ref. [24]. This provides a framework to analyze the dy-
namics of electron spins and pseudospins in incompress-
ible bilayers at " " 1, where in-plane fluctuations of total

charge density can be neglected. cH is written in terms of
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FIG. 2. (a) Resonant inelastic light scattering spectra showing
SW and SF excitations as a function of tilt angle ! at " " 1.
Values of the in-plane magnetic field Bk are also shown. At ! %
!c & 35 # only one peak identified as the SW is observed.
(b) Angular dependence of the energy difference #E$ between
the SW and SF peaks (dots). The gray curve is the predicted
angular dependence of the tunneling gap evaluated in Ref. [22].
(c) Angular dependence of the emergent fraction of electrons in
the excited state nAS

nS
(nS and nAS are the average electron densities

in the lowest and excited levels, respectively).
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FIG. 1 (color). (a) Schematic representation of the backscat-
tering geometry and of the double quantum well in the single-
particle configuration at " " 1. Transitions in the SW and SF
modes are indicated by curved vertical arrows; short vertical
arrows indicate the orientations of spin, S and A label the
symmetric and antisymmetric levels separated by the tunneling
gap !SAS. kL'S( and !L'S( indicate the wave vector and frequency
of incident (scattered) light. BT , B?, and Bk are the total
magnetic field and its components perpendicular and parallel
to the plane of the sample. ! is the tilt angle. (b) Polarized (black
curve) and cross-polarized (gray curve) inelastic light scattering
spectra at BT " 0 and normal incidence. SDE and CDE label the
peak due to spin and charge density excitations, respectively, and
SPE the single-particle excitation at !!SAS. (c) Resonant in-
elastic light scattering spectrum of SW and SF excitations at " "
1 after conventional subtraction of the background due to the
laser and main luminescence. Solid and dashed lines show the fit
with two Lorentzian functions.
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Figure 1 Resonant inelastic light scattering. a, The inelastic light scattering set-up in the backscattering geometry (see the Methods section). b, SEM image of an array of
quantum dots. c, A scheme of the experiment. An incident photon at h̄!L resonating with a transition close to the gap between conduction (CB) and valence (VB) bands is
absorbed creating an electron–hole pair and a scattered photon at h̄!S is emitted with annihilation of a different electron–hole pair, leaving an excitation of energy
h̄!L � h̄!S. The electronic configurations shown are the main configuration-interaction contributions to the SC transition. Inset: SEM image of a single quantum dot.

Bohr radius, and the density n is estimated as in ref. 19. The
ground-state spin transition is also in excellent agreement with the
configuration-interaction prediction of the transition taking place
at B = 0.276 T (Fig. 2a, inset). We remark that B is too small here
to enforce localization26–28.

Signatures of formation of the roto-vibrational excitations of
the correlated electron state, which are captured by the schematic
energy level sequence shown in Fig. 2b, can be sought by comparing
the excitations of the two ground states with M = 0 and M = 2,
respectively. We focus on the low-lying spin and charge modes
shown in Fig. 3 (left: experimental data; right: configuration-
interaction predictions). The key finding is that the lowest-energy
spin excitation, that is, SA for the (1,0) state and SC for the (0,2)
state, does not shift as we go through the ground-state transition
(Fig. 3). As pointed out above, this is precisely the molecular
signature in the quantum dot, where the rigid rotation of the
electrons is decoupled from the relative-motion dynamics. This
experimental result is in sharp contrast with that theoretically
expected in the absence of correlation. In fact, the SA and SC

transitions occur at ⇠h̄!0, and therefore are strongly renormalized
with respect to the value of ⇠2h̄!0 at which the weak single-particle
modes appear in the limit rS ! 0. In addition, with no correlation,
the SA and SC modes experience a large exchange-energy splitting

J ⇠ (h̄!0)
1/2 (see Supplementary Information, Fig. S2, Methods

and Discussion), as confirmed by our self-consistent Hartree–Fock
calculation29, which predicts a splitting of ⇠1.5 meV for rS = 1.71
(red vertical lines in the left part of Fig. 3).

The low-lying charge mode for the (1,0) state (CA in Fig. 3)
is replaced for the (0,2) state by a charge excitation (CB) shifted
at slightly higher energy whereas a replica of the spin mode
SC appears in the charge channel owing to the breakdown of
the polarization selection rule induced by B (see Supplementary
Information, Methods and Discussion and Fig. S1). As for spin
excitations (Fig. 2a), the energies of charge excitations agree with
those predicted by configuration interaction (Fig. 3, right) whereas
the positions of CA, CB and SB peaks are also in contrast with
the Hartree–Fock calculations (not shown). The shortcomings
of Hartree–Fock point towards interpreting the marginal energy
shifts observed for the modes between the two ground states
as a manifestation of strong correlation eVects leading to the
roto-vibrational structure of energy levels. Remarkably, as we
argue below, this molecular signature occurs at rS values for
which localization in space of electron wavefunctions is not yet
fully achieved.

To gain insight into the relative motion of the electrons for
the states experimentally accessed, we use configuration interaction
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Figure 2 Magnetic-field dependence in quantum dots with four electrons.

a, Experimental light scattering spectra of monopole spin excitations for three values
of B. The red lines are fits to experimental data (grey lines) using three gaussians
(four at B= 0 T). The shaded areas correspond to a specific gaussian. The arrows
indicate the calculated excitations. The inset shows the integrated intensity of the
central peak (shaded area) versus B (error bars correspond to standard deviation of
the fits). The shaded box indicates the predicted position of the ground-state
transition. b, A scheme of the roto-vibrational structure in the quantum-dot potential.
Transitions SA and SC occur between different rotational states belonging to ⌫ = 0
and ⌫ = 1 vibrational levels (see Supplementary Information, Methods
and Discussion).

to evaluate the pair correlation function g(r) for the two ground
states at theoretically extrapolated densities (Fig. 4a). The quantity
g(r)—the probability that two electrons are at distance r (see the
Methods section)—clearly shows that the internal motion of the
electrons depends on M when correlation is negligible (rs = 0.1,
Fig. 4a), whereas it is substantially independent already at the
experimental density of rs = 1.71. At very small densities (rs = 20,
Fig. 4a), the two g(r) values overlap completely and the molecule is
a rigid rotor. This crossover is quantitatively studied by computing
the functional distance separating g(r) values of pairs of states,R

1

0
dr|gX (r)� gX 0 (r)|r, where X (X

0) is a state depending on M =0
(M =2). This is shown in Fig. 4b for the ground states (black curve)
and the two lowest-energy spin excitations SA, SC (red curve). The
change in the slope of the functional distance, very close to the
experimental value of rs (the vertical bar in Fig. 4b), points to a
transition from a liquid-like state at small rs to a molecule at large
rs. Remarkably, the critical value of rs is the same for both ground
states and spin excitations.

The discovered transition to this correlated state is distinct
from Wigner spatial localization of electrons, which emerges at
larger values of rs in the intrinsic reference frame of the molecule.
Wigner localization is seen by fixing the position of one electron in
the xy plane (filled black circles in Fig. 4d), and then evaluating
the conditional probability of measuring another electron3 (see
the Methods section). This conditional probability is plotted as
contour plots in Fig. 4d for the M = 2 ground state (left column)
and the SC excited state (right column), respectively, for increasing
values of rs (from top to bottom). Whereas in the non-interacting
case (rs = 0.1) the only structure is the exchange hole around the
fixed electron, at the experimental value of rs (centre panels of
Fig. 4d) weight is moved away from the latter owing to correlation.
As rs is increased (bottom panels of Fig. 4d), electrons localize at
the vertices of a square in the M = 2 ground state, whereas the
charge distribution of SC is consistent with the lowest-energy B1
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Figure 3 Experimental/theoretical spectra with magnetic fields. Experimental
(left column) and computed (right column) spectra for charge (blue lines) and spin
(red lines) excitations. The values (S,M ) for the ground states are indicated. Blue
and red lines in the left column are fits to the experimental data (grey lines) using
gaussians. The calculated peaks are artificially broadened using gaussians with
standard deviation 0.18meV, and the laser energy used in the calculation,
determined from the optical gap, is h̄!L = 6(18) meV for charge (spin) excitations
(see Supplementary Information, Methods, Discussion and Fig. S1). Vertical red lines
in the left panel are the Hartree–Fock predictions for SA and SC.

normal mode of vibration for the C4v point symmetry group of the
square (white diagrams in Fig. 4d and Supplementary Information,
Methods and Discussion).

To assess the threshold for Wigner localization, we also compute
the spin-resolved probability density n�(r) of the triplet ground
state with spin projection Sz = 1, and evaluate the functional
distance between n+(r) and n�(r),

R
1

0
dr|n+(r)�n�(r)|r,

plotted in Fig. 4c (see the Methods section). As there are three spin-
up electrons and one spin-down electron, the diVerence is expected
to vanish only in the limit rs ! 1, when the overlap among the
wavefunctions of fully localized electrons becomes negligible as well
as their mutual exchange interaction, making the spin degree of
freedom irrelevant. In contrast with Fig. 4b, the variation of the
slope of the curve in Fig. 4c is smooth with rs, showing that no
sharp boundary for electron localization can be found14. Exchange
interaction between partially localized electrons also explains the
fine structure of roto-vibrational levels highlighted in the energy
scheme in Fig. 2b. We have checked that for large values of rs

the energy splitting between the excitations SA, SB, SC and CB

becomes negligible and all of the states collapse into the same B1

roto-vibrational band (see Supplementary Information, Methods,
Discussion and Table S2).

METHODS

EXPERIMENTAL SET-UP
The sample was placed in a dilution magnetocryostat reaching temperatures
under illumination down to 200 mK. A tunable Ti:sapphire continuous-wave
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Figure 1 Resonant inelastic light scattering. a, The inelastic light scattering set-up in the backscattering geometry (see the Methods section). b, SEM image of an array of
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Bohr radius, and the density n is estimated as in ref. 19. The
ground-state spin transition is also in excellent agreement with the
configuration-interaction prediction of the transition taking place
at B = 0.276 T (Fig. 2a, inset). We remark that B is too small here
to enforce localization26–28.

Signatures of formation of the roto-vibrational excitations of
the correlated electron state, which are captured by the schematic
energy level sequence shown in Fig. 2b, can be sought by comparing
the excitations of the two ground states with M = 0 and M = 2,
respectively. We focus on the low-lying spin and charge modes
shown in Fig. 3 (left: experimental data; right: configuration-
interaction predictions). The key finding is that the lowest-energy
spin excitation, that is, SA for the (1,0) state and SC for the (0,2)
state, does not shift as we go through the ground-state transition
(Fig. 3). As pointed out above, this is precisely the molecular
signature in the quantum dot, where the rigid rotation of the
electrons is decoupled from the relative-motion dynamics. This
experimental result is in sharp contrast with that theoretically
expected in the absence of correlation. In fact, the SA and SC

transitions occur at ⇠h̄!0, and therefore are strongly renormalized
with respect to the value of ⇠2h̄!0 at which the weak single-particle
modes appear in the limit rS ! 0. In addition, with no correlation,
the SA and SC modes experience a large exchange-energy splitting

J ⇠ (h̄!0)
1/2 (see Supplementary Information, Fig. S2, Methods

and Discussion), as confirmed by our self-consistent Hartree–Fock
calculation29, which predicts a splitting of ⇠1.5 meV for rS = 1.71
(red vertical lines in the left part of Fig. 3).

The low-lying charge mode for the (1,0) state (CA in Fig. 3)
is replaced for the (0,2) state by a charge excitation (CB) shifted
at slightly higher energy whereas a replica of the spin mode
SC appears in the charge channel owing to the breakdown of
the polarization selection rule induced by B (see Supplementary
Information, Methods and Discussion and Fig. S1). As for spin
excitations (Fig. 2a), the energies of charge excitations agree with
those predicted by configuration interaction (Fig. 3, right) whereas
the positions of CA, CB and SB peaks are also in contrast with
the Hartree–Fock calculations (not shown). The shortcomings
of Hartree–Fock point towards interpreting the marginal energy
shifts observed for the modes between the two ground states
as a manifestation of strong correlation eVects leading to the
roto-vibrational structure of energy levels. Remarkably, as we
argue below, this molecular signature occurs at rS values for
which localization in space of electron wavefunctions is not yet
fully achieved.

To gain insight into the relative motion of the electrons for
the states experimentally accessed, we use configuration interaction
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RILS spectra of the inter-AG-band transitions are expected to 
be proportional to the joint density of states (JDOS) for vertical 
transitions (no wavevector change), as described in Supplementary 
Section 4. The calculated JDOS peak shown in Fig. 3c, which very 
precisely overlaps peak EL, is largely due to transitions in the regions 
of wavevector space marked as 1 and 2 in Fig. 3c,d. This agreement 
indicates that disorder-induced broadening plays a minor role, 
a crucial condition for the appearance of MDFs. In region 1, the 
c01 and c02 bands are nearly parallel, which results in a maximum 
in the JDOS. Transitions in region 2 of the JDOS are at the Dirac 
cones formed at the K and K′  points. Transitions in region 3 are 
mainly transitions around the M point in the BZ where the c01 and 
c02 bands have fairly different k-dispersion, generating a broader 
peak EH. The excellent agreement between the RILS spectra and 
the calculated JDOS is strong evidence of the energy dispersion of 
the AG bands formed under the periodic potential generated by the  
fabricated nanopatterns.

Transitions from region 2 are of particular interest because they 
originate from the segments of the reciprocal lattice BZ near the K 
and K′  points, where MDFs are formed. To gain further insight into 
the contribution from transitions within this region to the EL peak, 
we take advantage of the resonance enhancement of RILS, shown in 
Fig. 4. At lower incident photon energies, the asymmetric EL peak is 
dominant, as seen in the upper spectrum in Fig. 4a. Region 2 transi-
tions occur at the high-energy cutoff of the EL peak (Fig. 4a). At this 
lower incident photon energy, the EL peak mainly results from the 
resonantly enhanced transitions around the Dirac points, as shown 
in the inset to Fig. 4b. The low-energy tail of the EL peak (grey area) 
probably arises from non-vertical transitions due to the impact of 
residual disorder, as indicated in the inset to Fig. 4a and discussed 
in Supplementary Section 4. The sharp cutoff of the EL peak at high 
energy is interpreted as the cutoff of the JDOS due to Dirac cones 
at the K and K′  points. These results support the existence of well-
defined MDFs.

A key picture of the electron states near the Dirac points can 
be obtained from inter-AG-band transitions measured in an AG 
structure in which the Fermi level lies below the energy at the K 
and K′  points. This is achieved in our system by suitably tuning the 
depth of etching during fabrication of the AG lattices. Figure  5a 
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Fig. 1 | Principle of the realization of AG in a modulation-doped Al1–xGaxAs/GaAs QW. a, Schematic of the layer sequence in the QW sample. The QW 
is positioned 110!nm below the surface and 30!nm below the Si δ -doping layer. The as-grown electron density is 1.8!× !1011!cm−2, with a Fermi energy of 
6.3!meV and low-temperature mobility of 3.2!× !106!cm2!V−1!s−1. b, Schematic of an etch-mask with honeycomb topology with lattice constant a.  
c, Illustration of the sample profile after etching, showing the parameters that define the AG pattern. r is the radius of the pillar. d, Schematic of the 
periodic potential induced by the AG pattern (black solid line). − V0 is the potential depth in the etched area. In the evaluation of the AG band structure, 
we used a honeycomb muffin-tin potential (red dashed line) within the single-particle approximation and solved Schrödinger’s equation with a basis of 
plane waves (Supplementary Section 1). e, Lowest two AG bands for typical parameters a!= !50!nm, V0!= !− 10!meV and r!= !8.5!nm. f, AG band structure for 
a!= !100!nm, V0!= !− 2!meV and r!= !17!nm. In e and f, the linear dispersion range is shown (highlighted by the dashed circle) to be increased by a factor of ~4 
for a!= !50!nm.
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Fig. 2 | Nanofabrication of AG pattern on a modulation-doped 
Al0.1Ga0.9As/GaAs QW sample. a, Illustration of the etch-mask consisting 
of an array of metal nanodisks arranged in a honeycomb lattice on the 
surface of a QW sample. b, SEM micrograph of the mask of gold nanodisks 
with 50!nm lattice constant (false colour). c, Cartoon representing the AG 
nanopattern obtained by anisotropic dry etching through the mask using 
a BCl3-based gas mixture. d, SEM image of an AG lattice with a lattice 
constant of 50!nm after the ICP-RIE dry etch and removal of the gold mask. 
The etch depth is 70!nm.
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presents spectra from sample B, an AG lattice device with a =  50 nm 
and etching depth of 75 nm, resulting in a lower Fermi energy 
than that in sample A. RILS spectra are shown in Fig. 5b after sub-
tracting a photoluminescence background signal (Supplementary 
Fig. 6). The lowering of the Fermi energy results in strikingly dif-
ferent RILS spectra from those in sample A, as seen in the upper 
panel of Fig.  5c. At ħωL =  1,525.75 meV, no peak is observed. 
When ħωL is decreased to 1,525.2 meV, a weak RILS peak is seen 
near 1 meV, which becomes stronger for lower ħωL and its energy 
decreases. When ħωL is below 1,525.2 meV, a strong RILS peak is 
observed near an energy of 0.5 meV. This RILS peak reaches its 
maximum intensity at ħωL =  1,525.0 meV due to the maximum in  
resonance enhancement.

The spectra of low-energy transitions seen in Fig.  5b,c are 
remarkably different from those in Fig.  3a, where a strong RILS 
peak is centred at 0.8 meV. This crucial difference between samples 
A and B is due to the lower Fermi energy—0.9 meV in sample B as 
opposed to 1.7 meV in sample A—so c00 is the only AG band that is 
populated in sample B and c00 →  c01 are the lowest inter-AG-band 
transitions. The calculated AG band structure in Fig. 5d showing 
flat bands near the M point and a linear dispersion near the Dirac 
point is characteristic of AG. These features of AG are clearly man-
ifested in the RILS spectra shown in Fig.  5c. The intensity maxi-
mum at 0.5 meV in the spectrum obtained with ħωL =  1,525 meV is  

interpreted by the large JDOS for the c00 →  c01 transitions shown in 
red in the lower panel of Fig. 5c and in Fig. 5d. The higher energy 
transitions seen in the spectrum obtained with ħωL =  1,525.37 meV 
arise mostly from transitions in the yellow region in the lower panel 
of Fig. 5c and in Fig. 5d.

We highlight the rapid collapse of the RILS intensity in the very 
low energy limit (approaching 0.1 meV) in Fig.  5c. This experi-
mental observation corresponds to the collapse of the JDOS for 
the c00 →  c01 transitions near the Dirac point, as seen in the lower 
panel of Fig. 5c and in Fig. 5d (black curve), which follows directly 
from the vanishing DOS of the linearly dispersing Dirac bands 
(Supplementary Figs. 7 and 8). These results can thus be regarded as 
a consequence of Dirac cones at the K and K′  points in the BZ of the 
honeycomb lattice of AG.

To summarize, we have realized artificial graphene in a modu-
lation-doped AlGaAs/GaAs QW patterned with two-dimensional 
honeycomb lattices with very small period, excellent long-range 
order, short-range uniformity and anisotropic etching profile. RILS 
spectra reveal transitions of electrons between AG bands with van-
ishing DOS, as expected for well-defined MDFs near the K(K′ )  
points. The presence of MDFs over a macroscopic region of a nano-
fabricated semiconductor system opens new research opportunities. 
The small-period AG lattices in semiconductors, suitable for device 
stability and integration, constitute a tunable platform for quantum 
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grown by molecular beam epitaxy [10,18]. The layer
sequence and their composition have been optimized for
optical measurements. An nþ AlxGa1−xAs layer serves as a
backgate to tune ne. As shown in Fig. 1(b), a triangular-
antidot lattice with period a ¼ 70 nm (equivalent honey-
comb-dot-lattice period b ¼ 35 nm) is patterned on the
QW by means of 80 keV e-beam lithography followed by
reactive ion etching [9,19]. The AG lattice is on a mesa
fabricated by wet etching with phosphoric acid and hydro-
gen peroxide. Ge=Pd=Au alloy contacts are connected to
the AG lattice and the backgate. The AG device is placed in
an optical cryostat for measurements with a base temper-
ature of 5 K. Figure 1(d) shows calculated AG band
structures with the device parameters, where a prominent
feature is a pair of flat bands around M points. Figure 1(e)
shows that the flat bands have vHSs in the DOS in six
equivalent valleys at M points.
Figure 2(a) shows Vb dependence of PL spectra and

Fig. 2(b) describes conduction-to-valence-band transitions
active in the spectra. Holes in VB are subject to impact of
disorder, because their wave functions have maxima under
antidots [green circles in Fig. 1(b)] [9]. Three regions of Vb
are highlighted and their typical PL spectra are shown in
Figs. 2(c)–2(e). The quasiuniform (QU) region [red in
Fig. 2(a)] is for Vb > 0.8 V. PL spectra in this region are

dominated by a single broad peak Γ0 at energies redshifting
with increasing Vb [see Fig. 2(c)]. The AG quantum limit
(AL) region [green in Fig. 2(a)] is for −0.5 < Vb < 0.5 V,
which is defined by the emergence of a strong PL doublet
(M0 and M1) that is largely unchanged [see Fig. 2(d)]. The
low-density limit (LDL) region [yellow in Fig. 2(a)] is for
Vb < −0.9 V, where the PL doublet finally merges into
one main band (X) [see Fig. 2(e)].
Onset Γ0 in the three regions is assigned to optical

transitions from c0 band electrons to VB holes near the Γ
point of the BZ. The broad PL band in region QU is similar to
that from uniform 2DES in unpatterned QWs, whose line
shape yields an accurate estimation of EF [15–17]. The
evaluation of EF as a function of Vb in Fig. 3 estimates
population changes of AG states. It shows that at the start of
region AL (0.5 V) EF is near M1 singularity and moves
toward M0 singularity at Vb < −0.1 V. Remarkably, EF
always stays between the singularity doublet in region AL.
This implies that in region AL at 5 K optical transitions from
theM0 singularity make the largest contribution to PL spectra.
AtVb ¼ 0.5 V,ne is estimated as5.3 × 1010 cm−2 andEF

(∼1.9 meV) is below the AG potential 5 meV [9]. Then
electrons are largely confined in the red circles [unetched area
in Fig. 1(b)] that have honeycomb symmetry. In regionAL the
intensity step at 1518 meV is continuously linked to onset Γ0

in region QU and thus attributed to optical recombination by
electrons at the Γ point (see Fig. S1 of SupplementalMaterial
[20]). Two peaks marked as M0 and M1 in Fig. 2(d) are the
strongest PL features in region AL. The line shapes of PL
spectra in region AL show significant difference from ones in
region QU and ones in the unpatterned QW (see Fig. S2 of
Supplemental Material [20]). Figure 2(d) shows that the

FIG. 2. (a) PL spectra as a function of Vb at 5 K. PL spectra
were excited by tunable emissions from a Ti:sapphire laser
focused to a spot of ∼100 μm onto the AG device. Incident
power was 3–10 μW. Dashed lines mark PL peaks as Γ0,M0,M1,
and X. The color code is linear with intensity. (b) Optical
transitions in PL peaks between electron (dot) and hole (circle)
states. E1 represents the energy of transitions at EF. The two
lowest AG CBs are marked as c0 and c1. (c) PL trace for Vb ¼
1.5 V at 5 K. The difference between Γ0 and E1 yields a
determination of EF. (d) The black (dotted red) line represents
PL trace under Vb ¼ 0.2 V at 5 K (10 K). L indicates the
transitions from localized states. (e) PL trace under Vb ¼ −1.1 V
at 5 K.

FIG. 1. (a) Cross-section view of the AG device showing the
heterostructure layer sequence with triangular-antidot lattices
imprinted on a GaAs QW. Dimensions are not to scale. The
antidot radius is r and the period is a. SL is for superlattice.
(b) Scanning electron microscopy micrographs of AG lattices
with a ¼ 70 nm and r ¼ 20 nm. The dashed circles mark
antidots. The variation of r is below 5 nm. The scale bar is
50 nm. Red large dots indicate maximum positions of electron
wave functions. Green small dots indicate positions of photo-
excited holes. Holes are in a triangular lattice with a large
effective mass, resulting in nearly dispersionless VB. (c) Muf-
fin-tin AG potential and wave functions in the single-particle
approximation for electrons. Panels (d) and (e) show the two
lowest AG bands and DOS with the parameters in (b). In (e), the
Γ-point onset, the singularity from a lower flat band, and the
singularity from an upper flat band are marked as Γ0,M0, andM1,
respectively. EM1 and EM0 mark energies of the upper and lower
flat band.
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Flat bands near M points in the Brillouin zone are key features of honeycomb symmetry in artificial
graphene (AG) where electrons may condense into novel correlated phases. Here we report the observation
of van Hove singularity doublet of AG in GaAs quantum well transistors, which presents the evidence of
flat bands in semiconductor AG. Two emerging peaks in photoluminescence spectra tuned by backgate
voltages probe the singularity doublet of AG flat bands and demonstrate their accessibility to the Fermi
level. As the Fermi level crosses the doublet, the spectra display dramatic stability against electron density,
indicating interplays between electron-electron interactions and honeycomb symmetry. Our results provide
a new flexible platform to explore intriguing flat band physics.

DOI: 10.1103/PhysRevLett.126.106402

In two-dimensional electron systems (2DES), disper-
sionless electron bands (flat bands) present divergent
density of states (DOS) [known as van Hove singularity
(vHS)]. As the Fermi level (EF) crosses the vHS, electrons
are usually unstable against the formation of new quantum
phases such as novel superconducting states and spin or
charge density waves [1–3]. Nevertheless, after extensive
search, only limited electron structures have vHSs acces-
sible for EF. One famous example is Landau levels in
quantum Hall effect. Another is flat bands in “moiré
superlattices of twisted atomic layers [4,5], where super-
conductivity has been observed when EF overlaps a flat
band of twisted-bilayer graphene [6]. In semiconductor
artificial graphene (AG), pairs of flat bands with honey-
comb symmetry are predicted near the Brillouin zone (BZ)
M points [7–9]. Electron states in the semiconductor
systems could be controlled by gating methods [10], giving
possibilities of bringing EF to vHSs in semiconductor AG.
Semiconductor AG has electron band structures that could

be tuned by honeycomb-lattice periods [9,11,12]. Linearly
dispersing Dirac bands have been observed in AG based on
GaAs quantum wells (QWs) [12]. Later the nanofabrication
of antidots in AG provides a key element to suppress the
impact of processing disorder on electrons [9]. However,
probes of vHSs in the DOS of semiconductor AG that are
essential to confirm the presence of flat bands have not been
realized. Scanning tunneling methods offered experimental
accesses to vHSs in the DOS of twisted-bilayer graphene
[13] and to Dirac fermions in molecular AG [14], but are
difficult to apply on semiconductor AG buried under

insulating layers. Optical emission (photoluminescence,
PL) could offer direct probes of the electron DOS in
GaAs AG. PL spectra are from optical recombination
transitions between mobile electrons in conduction bands
(CB) and weakly photoexcited holes in valence bands (VB).
Holes in GaAs AG have nearly dispersionless VB, so that the
line shapes of PL spectra offer direct insights on the electron
DOS [15–17]. The evolution of PL spectra as a function of
EF, enabled by gating semiconductor AG, would distinguish
emerging optical characteristics.
In this Letter we report the evidence of flat bands in

carrier-density-dependent PL experiments in semiconduc-
tor AG on a GaAs QW where the electron density ne is
tuned by a voltage Vb applied to a backgate fabricated in
the device. PL spectra probe a striking emission doublet
that occurs when EF crosses the flat band doublet in AG.
The energy splitting of the characteristic PL doublet is well
described by the DOS singularities of flat bands near M
points. The carrier-density dependence of the PL doublet
further identifies it as the vHS doublet of flat bands. The
recombination energies and line shapes of emission doublet
remain constant over a wide range of Vb, revealing
remarkable interplay between Coulomb interactions and
honeycomb symmetry of electrons. The tunability of EF to
access flat bands would enable explorations of novel
quantum phases in nanofabricated semiconductor devices.
Figure 1(a) describes the backgated AG device structure.

A high-quality 2D electron gas is confined in a 25 nm
single GaAs=AlxGa1−xAs QW modulation doped with Si
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Allegato	tecnico	relativo	al	progetto	di	ricerca	
industriale	tra	BeDimensional	s.r.l.	e	CISA	

Production	s.r.l.	

	

Abstract	

BeDimensional	 s.r.l.	 (nel	 seguito	 denominata	 BeD)	 è	 una	 start-up	 innovativa	
della	 Fondazione	 Istituto	 Italiano	 di	 Tecnologia	 (IIT),	 con	 la	 missione	 di	
proporre	soluzioni	innovative	ed	uniche	per	l’industria	basate	sull’utilizzo	di	
cristalli	 bidimensionali	 al	 fine	 di	 aggiungere	 funzionalità	 a	 vari	 tipi	 di	
materiali	−	tra	cui	i	polimeri	−	o	di	aumentarne	le	performance.	

BeD	 ha	 sede	 operativa	 a	 Genova,	 ed	 ha	 la	 possibilità	 di	 usufruire	 dei	
laboratori	 e	 della	 strumentazione	 dell’IIT.	 Recenti	 soluzioni	 individuate	 da	
BeD	che	prevedono	l’integrazione	di	fiocchi	di	grafene	in	matrici	polimeriche	
termoplastiche	 −	 ad	 esempio	 poliuretano	 e	 polietilene	 −	 hanno	 dimostrato	 la	
possibilità	 di	 ottenere	 un	 notevole	 incremento	 delle	 proprietà	 fisiche	 del	
materiale	 finale	 (ad	 esempio	 un	 incremento	 del	 modulo	 di	 Young	 e	 della	
conducibilità	 termica	 fino	 al	 100%	 rispetto	 al	 valore	 iniziale	 dei	 materiali	
polimerici).	

La	 presente	 proposta	 di	 studio	 di	 fattibilità	 tra	 l’azienda	 CISA	 Production	
s.r.l.	 (nel	 seguito	 denominata	 CISA)	 e	 BeD	 è	 mirata	 allo	 sviluppo	 e	
caratterizzazione	 di	 compositi	 a	 base	 Acrilonitrile-Butadiene-Stirene	 (ABS)	
integrati	 con	 fiocchi	 di	 grafene	 ed	 utilizzabili	 per	 stampa	 ad	 iniezione	 di	
valigette	 sterilizzanti	 per	 sistemi	 endoscopici.	 L’obiettivo	 del	 progetto	 è	
quello	di	massimizzare	la	resistenza	meccanica	del	polimero	preso	in	esame.	

BeD	 sfrutterà	 la	 propria	 esperienza	 per	 selezionare	 preliminarmente	 il	
materiale	a	base	grafene	più	promettente	tra	le	Graphene	NanoPlatelets	(GNPs)	
disponibili	 commercialmente	 ed	 il	 grafene	 di	 elevata	 purezza	 prodotto	 da	 BeD	
con	tecnologia	brevettata.	

Il	 presente	 allegato	 tecnico	 descrive	 l’attività	 sperimentale	 pianificata	 in	
questo	progetto	di	ricerca.	
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Da: Aron Pinczuk ap359@columbia.edu
Oggetto: Note from Aron

Data: 27 dicembre 2021, 15:57
A: Vittorio Pellegrini v.pellegrini@bedimensional.it

Cc: apinczuk PNAS ap359@columbia.edu

Hi Vittorio,
Many thanks for email. I am very pleased you reached out to me.
This year my Holiday Season is complicated. This fall our teaching has been in-person.
I am now very busy with calculating final grades and related activities. In this work I neglected
conventional contacts of the season.

Of course, we wish you and your family had a Buon Natale.

Shall we do a Zoom session? I will set it up.

With kind regards,
Aron

On 12/26/21 12:43 PM, Vittorio Pellegrini wrote:
Hi Aron
I trust you are doing fine.

It has been a long time since our last meeting ! I wish you and your family happy holidays! We can get over skipe in the next
days.

All the best
Vittorio



I first met Aron on January 15th 1994, late afternoon, in front of the 
Bell labs in Murray Hills. Before that day Aron was for me like a “star" in the 
semiconductor physics community.  I was a 25th year old PhD student at
Scuola Normale in Pisa,  It was my first trip to the US.  Aron came to pick me 
up with his volvo car and when he saw me he just smiled and brought me to 
the “Office” in Summit to get a sandwich.  When I remember that precise  
moment I always feel something special in my heart. 
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the years and we met regularly often in airports (our typical meeting started on 
Saturday morning ending on Monday morning). Paris, Madrid, London, Rome, 
Munich. On top of that I was regularly flying to  New Jersey 2-3 times per year. 
He also came to Scuola Normale Superiore a few times.  The first visit was in 
July 1997 when he attended my PhD degree dissertation. During the years
many students of mine came to New York to work with  him for some periods
of time. In 2008 he helped me to spend a semester at Columbia University.
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pleasant breaks looking for some chocolate! We also organized together
several conferences  in Italy Erice and Lucca and in the US (I remember a 
beautiful one at at Penn state). They were all fantastic experiences with many
colleagues and friends. He introduced me to that community of great people 
and of course to Eli Burstein who I first met during the March meeting in 1994. 

Aron had an  influential and humble lifestyle,  He was brilliant ironic
simple crisp. Life is a path. I’m proud and feel fortunate that Aron gave to me 
the opportunity to bring my path close  to him for such a long time.

I will never forget Aron.
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Allegato	tecnico	relativo	al	progetto	di	ricerca	
industriale	tra	BeDimensional	s.r.l.	e	CISA	

Production	s.r.l.	

	

Abstract	

BeDimensional	 s.r.l.	 (nel	 seguito	 denominata	 BeD)	 è	 una	 start-up	 innovativa	
della	 Fondazione	 Istituto	 Italiano	 di	 Tecnologia	 (IIT),	 con	 la	 missione	 di	
proporre	soluzioni	innovative	ed	uniche	per	l’industria	basate	sull’utilizzo	di	
cristalli	 bidimensionali	 al	 fine	 di	 aggiungere	 funzionalità	 a	 vari	 tipi	 di	
materiali	−	tra	cui	i	polimeri	−	o	di	aumentarne	le	performance.	

BeD	 ha	 sede	 operativa	 a	 Genova,	 ed	 ha	 la	 possibilità	 di	 usufruire	 dei	
laboratori	 e	 della	 strumentazione	 dell’IIT.	 Recenti	 soluzioni	 individuate	 da	
BeD	che	prevedono	l’integrazione	di	fiocchi	di	grafene	in	matrici	polimeriche	
termoplastiche	 −	 ad	 esempio	 poliuretano	 e	 polietilene	 −	 hanno	 dimostrato	 la	
possibilità	 di	 ottenere	 un	 notevole	 incremento	 delle	 proprietà	 fisiche	 del	
materiale	 finale	 (ad	 esempio	 un	 incremento	 del	 modulo	 di	 Young	 e	 della	
conducibilità	 termica	 fino	 al	 100%	 rispetto	 al	 valore	 iniziale	 dei	 materiali	
polimerici).	

La	 presente	 proposta	 di	 studio	 di	 fattibilità	 tra	 l’azienda	 CISA	 Production	
s.r.l.	 (nel	 seguito	 denominata	 CISA)	 e	 BeD	 è	 mirata	 allo	 sviluppo	 e	
caratterizzazione	 di	 compositi	 a	 base	 Acrilonitrile-Butadiene-Stirene	 (ABS)	
integrati	 con	 fiocchi	 di	 grafene	 ed	 utilizzabili	 per	 stampa	 ad	 iniezione	 di	
valigette	 sterilizzanti	 per	 sistemi	 endoscopici.	 L’obiettivo	 del	 progetto	 è	
quello	di	massimizzare	la	resistenza	meccanica	del	polimero	preso	in	esame.	

BeD	 sfrutterà	 la	 propria	 esperienza	 per	 selezionare	 preliminarmente	 il	
materiale	a	base	grafene	più	promettente	tra	le	Graphene	NanoPlatelets	(GNPs)	
disponibili	 commercialmente	 ed	 il	 grafene	 di	 elevata	 purezza	 prodotto	 da	 BeD	
con	tecnologia	brevettata.	

Il	 presente	 allegato	 tecnico	 descrive	 l’attività	 sperimentale	 pianificata	 in	
questo	progetto	di	ricerca.	

	

	

	

	



1 liter of gasoline = 6000Wh

Full charge
50 liters 3-4 minutes 

Full charge 100 kWh 
> 500 kg > 30 minutes 

1 kg of Li-ion battery = 200-250 Wh
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Our technology is to use silicon/graphene 
Silicon is 10 times better than graphite 

Silicon is not stable 

By combining Silicon with a small 
amount of graphene we make 
the composite material stable

3579 mAh g−1  vs  372 mAh g−1 

Li15Si4  vs LiC6

Alloying vs Intercalation
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-ICRO 3I�R

'/�#.4

.-#��� � - ,I0&� + � WT� 6# #��� THEN
#��

����� AFTER �� CYCLES ;��=

3I�'RAPHITE .-#��� � - ,I0&� + ��� &%# � ��� AFTER �� CYCLES ;�=
3I�#.4 .#! ��� - ,I0&� #��� THEN

#��
��� AFTER �� CYCLES ;��=

3I/ .-#��� � - ,I0&� + �� WT� &%# � ����� AFTER ��� CYCLE ;���=
3I/X .#! � - ,I0&� + � WT� &%# #��� THEN

� #
����� AFTER ��� CYCLES ;���=

3I
0%'
' ,#/ � - ,I0&� + � WT� &%# #��� THEN
� #

��� AFTER �� CYCLES ;��=

3I
GRAPHENE .#! � - ,I0&� #��� THEN
#�� THEN #��

���� � AFTER �� CYCLES ;��=

!L�/��3I�
GRAPHENE

,I���.I���-N���/� � - ,I0&� #�� ��� AFTER ��� CYCLES ;���=

G3I�# ,#/ � - ,I0&� #��� THEN
#��

����� AFTER �� CYCLES ;��=

3I�# SPHERES ,#/ � - ,I0&� #�� ���� AFTER ��� CYCLES ;��=
3I�&,'�# .-#��� � - ,I0&� + �� 6� &%# #��� THEN

#��
��� AFTER �� CYCLES ;��=

3I�'RAPHENE ,I-N�/� � - ,I0&� ��� M! ��� AFTER �� CYCLES ;���=
3I�'�# .-#��� � - ,I0&� + � WT� &%# �ST AT #����

THEN #��
��� AFTER ��� CYCLES 4HIS WORK

PRE
LITHIATION WAS CARRIED OUT THROUGH THE DIRECT CON

TACT OF ,I FOIL AND 3I�'�# ELECTRODE IN THE PRESENCE OF
THE ELECTROLYTE ;���� ���=� 0RESSURE WAS APPLIED USING
TWO PIECES OF GLASSES AND CLIPS FOR �� H� 4HE ELEC

TRODE WAS THEN WASHED WITH $-# AND USED DIRECTLY
TO ASSEMBLE THE FULL CELL WITH .-#���� 4HE CYCLIC PER

FORMANCE OF THE PRE
LITHIATED CELL IS COMPARED WITH
THE NON
PRE
LITHIATED CELL� SEE FIGURE ��B	� SHOWING A
MUCH BETTER INITIAL #OULOMBIC EFFICIENCY OF ∼���
AND CAPACITY RETENTION OF ��� AFTER �� CYCLES AT #���

4HE PRE
LITHIATED CELL WAS ALSO TESTED AT HIGHER CUR

RENT DENSITIES UP TO � # AND THE RESULT IS PRESEN

TED IN FIGURE 3�� 4HE FULL CELL CAN STILL DELIVER AN
AREAL CAPACITY OF>��� AND ��� M!H CM−� AT HIGH
CURRENTS OF � # AND � #� RESPECTIVELY� 4HE CAPACITY
DECREASES SIGNIFICANTLY AT � #� (OWEVER� BY DECREASING
THE CURRENT DENSITY TO #��� THE AREAL CAPACITY HAS BEEN
RECOVERED�

4HE FIRST CYCLE CHARGE�DISCHARGE PROFILE OF THE
PRE
LITHIATED CELL IS PRESENTED IN FIGURE ��C	 AND

��

350-400 Wh/kg 
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Allegato	tecnico	relativo	al	progetto	di	ricerca	
industriale	tra	BeDimensional	s.r.l.	e	CISA	

Production	s.r.l.	

	

Abstract	

BeDimensional	 s.r.l.	 (nel	 seguito	 denominata	 BeD)	 è	 una	 start-up	 innovativa	
della	 Fondazione	 Istituto	 Italiano	 di	 Tecnologia	 (IIT),	 con	 la	 missione	 di	
proporre	soluzioni	innovative	ed	uniche	per	l’industria	basate	sull’utilizzo	di	
cristalli	 bidimensionali	 al	 fine	 di	 aggiungere	 funzionalità	 a	 vari	 tipi	 di	
materiali	−	tra	cui	i	polimeri	−	o	di	aumentarne	le	performance.	

BeD	 ha	 sede	 operativa	 a	 Genova,	 ed	 ha	 la	 possibilità	 di	 usufruire	 dei	
laboratori	 e	 della	 strumentazione	 dell’IIT.	 Recenti	 soluzioni	 individuate	 da	
BeD	che	prevedono	l’integrazione	di	fiocchi	di	grafene	in	matrici	polimeriche	
termoplastiche	 −	 ad	 esempio	 poliuretano	 e	 polietilene	 −	 hanno	 dimostrato	 la	
possibilità	 di	 ottenere	 un	 notevole	 incremento	 delle	 proprietà	 fisiche	 del	
materiale	 finale	 (ad	 esempio	 un	 incremento	 del	 modulo	 di	 Young	 e	 della	
conducibilità	 termica	 fino	 al	 100%	 rispetto	 al	 valore	 iniziale	 dei	 materiali	
polimerici).	

La	 presente	 proposta	 di	 studio	 di	 fattibilità	 tra	 l’azienda	 CISA	 Production	
s.r.l.	 (nel	 seguito	 denominata	 CISA)	 e	 BeD	 è	 mirata	 allo	 sviluppo	 e	
caratterizzazione	 di	 compositi	 a	 base	 Acrilonitrile-Butadiene-Stirene	 (ABS)	
integrati	 con	 fiocchi	 di	 grafene	 ed	 utilizzabili	 per	 stampa	 ad	 iniezione	 di	
valigette	 sterilizzanti	 per	 sistemi	 endoscopici.	 L’obiettivo	 del	 progetto	 è	
quello	di	massimizzare	la	resistenza	meccanica	del	polimero	preso	in	esame.	

BeD	 sfrutterà	 la	 propria	 esperienza	 per	 selezionare	 preliminarmente	 il	
materiale	a	base	grafene	più	promettente	tra	le	Graphene	NanoPlatelets	(GNPs)	
disponibili	 commercialmente	 ed	 il	 grafene	 di	 elevata	 purezza	 prodotto	 da	 BeD	
con	tecnologia	brevettata.	

Il	 presente	 allegato	 tecnico	 descrive	 l’attività	 sperimentale	 pianificata	 in	
questo	progetto	di	ricerca.	
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