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Giant hyperfine interaction between a dark exciton

condensate and nuclei

Amit Jash'#, Michael Stern?, Subhradeep Misra't, Vladimir Umansky1, Israel Bar Joseph1

We study the interaction of a dark exciton Bose-Einstein condensate with the nuclei in gallium arsenide/aluminum
gallium arsenide coupled quantum wells and find clear evidence for nuclear polarization buildup that accompa-
nies the appearance of the condensate. We show that the nuclei are polarized throughout the mesa area, extend-
ing to regions that are far away from the photoexcitation area and persisting for seconds after the excitation is
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switched off. Photoluminescence measurements in the presence of radio frequency radiation reveal that the hy-
perfine interaction between the nuclear and electron spins is enhanced by two orders of magnitude. We suggest
that this large enhancement manifests the collective nature of the N-exciton condensate, which amplifies the in-

teraction by a factor of \/N

INTRODUCTION

Excitons in semiconductors are expected to undergo a Bose-Einstein
condensation (BEC) transition at low temperatures (1-3). Coupled
quantum wells (CQWs) or bilayer structures, where electrons and
holes are confined to distinct potential wells, have emerged as a
leading platform for realizing this transition (4-24). The small over-
lap between the electron and hole wave functions, which bind to
form spatially indirect exciton (IX), results in an extended exciton
lifetime and a diminished spin relaxation rate (25) and allows reach-
ing the critical density for condensation at relatively low power.

A substantial contribution to this endeavor, shedding light on
the impact of the electron-hole exchange interaction, stems from the
work of Combescot et al. (9, 12). Their findings suggest that, because
of this interaction, the optically inactive (spin-forbidden) dark exciton
state is lower in energy relative to the optically active bright exciton
and is therefore the ground state of the condensate. Consequently,
above the condensation threshold, excitons are anticipated to pre-
dominantly occupy this long-lived ground state. Unfortunately, how-
ever, the lack of light emission from the condensate makes it difficult
to study the properties of this dark condensate and confirm its collec-
tive nature. Experimental efforts have therefore focused on studying
the behavior of the bright IXs in the presence of the condensate, par-
ticularly their blueshift above a certain threshold power and below a
critical temperature (10). This blueshift, AE, which is due to the repul-
sive interaction between the IXs, was shown to manifest the buildup of
a high exciton density in the dark ground state (17-20, 22, 24). It was
shown that this repulsive interaction stabilizes the dark ground state
by suppressing spin flipping IX-IX collisions up to very high densities
(22, 24). Other findings substantiating the occurrence of condensa-
tion take advantage of dark-bright exciton mixing, which turns the
condensate to be partially radiative (12). These include observation of
spatial coherence (6, 7, 11, 17), spin polarization (18) and spin textures
(14), defects proliferation representing quantized vortices (21), and
enhanced luminescence (23).
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In this work, we study the condensate hyperfine interaction with
the nuclei and show that it can be an effective probe that reveals its
collective properties. It is well known that the hyperfine interaction
of optically excited electrons with nuclei in semiconductors may
transfer the electrons spin to the nuclei, in a process known as dy-
namical nuclear polarization (DNP) (26-28). Numerous studies in
the past two decades have demonstrated that the nuclei in a quan-
tum dot can be effectively polarized by continuous resonant excita-
tion with circularly polarized light (29-35). Here, we show that the
continuous introduction of dark excitons, having a well-defined
spin polarization, to the condensate ground state creates favorable
conditions for DNP. The spin exchange (flip-flop) between an elec-
tron in the condensate ground state, |Gy), and a nucleus turns a
dark exciton into bright, while transferring the electron spin to the
nucleus. The bright exciton in the excited state, |Ey), is quickly re-
moved from the system by radiative recombination, reducing the
total number of excitons from N to N — 1 (Fig. 1A). The net effect of
this process is flipping the nuclear spin from 1 to |; repeating this
process by pumping more and more dark excitons, we may create
macroscopic nuclear polarization.

We investigate the photoluminescence (PL) and radio frequency
(RF) spectrum of optically excited GaAs/AlGaAs CQW at low tem-
peratures and find clear evidence for DNP that accompanies the ap-
pearance of the dark condensate. We show that the nuclei are
polarized throughout the area of the mesa, extending to regions that
are a few hundred micrometers from the excitation beam and per-
sisting for a few seconds after the optical excitation is switched off.
We find that the RF excitation of the condensate is in the tens mega-
hertz range, ~10° larger than the single-exciton hyperfine splitting.

We suggest that this large enhancement is proportional to \/N ,
where N is the number of excitons in the condensate, allowing us to
determine the condensate coherence volume.

The CQW structure consists of an 18-nm wide well (WW) and a
12-nm narrow well (NW), separated by a 3-nm Aly3GaAs barrier.
Top and bottom doped layers, which are 1 pm above and below the
CQW, allow the application of a gate voltage, V. Unlike many experi-
ments on exciton BEC, which use an electrostatic trap or local disor-
der to confine the excitons in a small area, the samples we study in this
work are large area mesa, ~10° me (Fig. 1B). We show that this struc-
ture allows dark excitons to diffuse away from the excitation region to
the entire area of the mesa and polarize the nuclei throughout.
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Fig. 1. Device and spectra. (A) Schematic drawing of the radiatively assisted flip-
flop transition. Here, N is the number of excitons. (B) Schematic drawing of the
sample structure, where the blue strips in the center represent the CQW. (C) A typi-
cal PL spectrum at low power. DX, direct exciton; T, trion. Here, Vg = — 4V, P= 0.5 pW,
and T=0.6K.

By tuning the excitation laser energy below the NW energy gap,
we generate electrons and holes solely in the WW. Some of the pho-
toexcited electrons may tunnel to the NW due to the applied elec-
tric field and bind to the holes in the WW to form IX, while the
remaining electrons in the WW bind to these holes and form direct
excitons or positively charged trions. The low-power PL spectrum
displays these three lines: a direct exciton line at 1.524 €V, a trion
line 1 meV below it, and a broad IX line further below, at an energy
that depends on V; (Fig. 1C) (36).

RESULTS

Dark exciton condensation and nuclear polarization

We begin by presenting the evolution of the spectrum with power,
showing that it exhibits a clear threshold behavior. Figure 2A shows a
typical power dependence of the trion line intensity, I, and IX ener-
gy blueshift, AE. It is seen that It first grows linearly with power and
then sharply falls to zero at P = 5 pW. The IX exhibits corresponding
changes, steeply blueshifting when It falls to zero (red curve in
Fig. 2A). Since AE is proportional to the IX density, nyx, the threshold
power, Py, at which it steeply rises signifies the point where nrx
sharply increases. The trion and IX compete on the same holes in the
WW, and, therefore, the sharp increase in njx necessarily implies a
drop of I. Hence, we can use both the fall of It and the increase in AE
to determine Py, (see section S4). We observe this behavior, namely,
an abrupt fall of I and steep rise of AE above a threshold power, over
a broad range of gate voltages and temperatures (37).

We can unambiguously show that the steep rise of AE above Py, is
due to dark excitons density buildup. Figure 2B depicts the results of
pump-probe measurement, where we excite the mesa at one end and
measure the PL spectrum by a weak probe a few hundreds of microm-
eters away from the excitation spot. The spectrum at the probe location
exhibits a strong dependence on pump power: AE sharply increases,
and Ir falls when the pump power exceeds Py, implying that the IXs
created by the pump have a very long lifetime (about hundreds of mi-
croseconds) and can therefore diffuse over long distances (24).

Figure 2C shows the time evolution of AE and It at the pump loca-
tion following an abrupt turn-on of the excitation beam at a power
level exceeding Py,. It is seen that the increase in AE and corresponding
decrease in I start after a long delay time, tg4, of ~1 s and reach their
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Fig. 2. Dark exciton condensation and buildup of nuclear polarization. (A) The
trion line intensity, I, and the blueshift, AE, as a function of power at 1.5 K. The
threshold is clearly visible. (B) It and AE at the probe location as function of pump
power at T=0.6 K (see schematic drawing). The threshold power is lower than in (A)
due to the lower temperature. (C) The evolution of It and AE with time at 1.5 K. The
delay time, T4, is calculated from the onset of pump, t = 0, to when It = 0. (D) The
delay time at different probe positions, where the excitation beam is fixed (origin)
at 0.6 K.

steady-state value after a few more seconds. We find that T4 depends on
the excess pump power above threshold, T4 & 1/(P — Py,), such that at
P = Py, it may reach tens of seconds (see section S4). This slow dy-
namic is found over a broad parameter range of gate voltages and in
various mesas of different shapes and dimensions from the same wafer,
indicating that it manifests an intrinsic process (16).

These long response times in semiconductors are indicative of
interaction with nuclear spins, which are known to relax at a very
low rate through dipolar interaction with neighboring nuclei. Spin
exchange that turns a dark exciton into bright is a loss mechanism
for the condensate, which limits the occupation of the dark exciton
ground state above threshold. As more and more nuclei become po-
larized with increasing time or pump power above threshold, this
process is gradually quenched, and the dark exciton density may
grow. Consequently, the rise time of the dark exciton density reflects
the buildup time for the nuclear polarization to reach its steady state.

The open geometry, which allows dark excitons to diffuse away
from the excitation region, implies that this nuclear polarization pro-
cess occurs throughout the mesa. This is evident in the slow evolution
of the probe spectrum in a pump-probe measurement. We find that
the changes in It and AE at the probe location appear only after along
delay time, which increases as the distance between the pump and
probe beams grows (Fig. 2D). In section S2, we present a simple one-
dimensional diffusion model, which accounts for the DNP generated
by the dark excitons and reproduces the observed slow dynamics.

The giant hyperfine interaction between the condensate
and nuclei

To obtain further insight into the role of nuclear polarization in deter-
mining the optical spectrum, we performed power-dependent PL mea-
surements while exposing the sample to RF radiation. The underlying

20of5

G202 ‘€0 Jequweos uo ABojouyoe | 1o 8Inlisu| [geis| uoiuyds | Te 610°90us oS MMM//SO1Y LWoJ ) Papeo uUMO(



SCIENCE ADVANCES | RESEARCH ARTICLE

idea is that at certain frequencies in the RF range, this radiation can be
resonantly absorbed by the nuclei, causing them to flip their spin and
thereby affect Py, (see section S1 for experimental details). In Fig. 3A,
we show Py, as a function of RE, where each point is obtained by fixing
the RF at a specific value and measuring the power dependence of the
PL spectrum. We find pronounced dips in Py, at three resonance fre-
quencies, f; = 24,39, and 52 MHz.

The impact of the RF radiation on the optical spectrum is explic-
itly demonstrated in Fig. 3 (B and C), which shows AE and It as a
function of pump power with (black) and without (red) RF radia-
tion at f; = 24 MHz. We find that the resonance relative depth, de-
fined as Py(f1)/Pn(0), is proportional to the RF power and may
reach two orders of magnitude reduction of Py, at the high RF pow-
er limit (see section S4).

The existence of three RF resonances at zero magnetic field sug-
gests that they are associated with transitions between hyperfine
levels of the three isotopes in the GaAs system: "°As, Ga, and ' Ga.
The natural abundance of these isotopes, 100, 60, and 40%, respec-
tively (27, 38), matches the relative strength of the resonances. In
Fig. 3D, we present the measured frequencies, f;, as a function of the
gyromagnetic ratio of the three isotopes (y5, = 7.29, y& =10.22,
and y7Gla =12.98 x 1065~ T~! (38)). It is seen that there is a perfect
linear relationship between the two, indicating that f; are propor-
tional to y;. Unexpectedly, however, the values of f; are very high,
~10” Hz, about two orders of magnitude larger than the ~10°-Hz
hyperfine splitting expected for a GaAs exciton (27). We suggest be-
low that this large enhancement of the electron-nucleus coupling is
a manifestation of the collective interaction of the condensate and
the nuclei.

Let us consider the collective hyperfine Hamiltonian, Hyp, of N
electrons in the exciton BEC ground state, each having +s, spin
and coupled to a nucleus with a hyperfine coupling constant g. We
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Fig. 3. The RF resonances. (A) The threshold power, Py, as a function of RF. The
three resonances at fi= 24, 39, and 52 MHz are clearly seen. (B and C) The blueshift,
AE, and trion intensity, Iy, as a function laser power without (red) and with (black)
RF radiation at 24 MHz. (D) The dependence of resonance frequencies, f;, on gyro-
magnetic ratio y; of the three isotopes in GaAs, 75As, GQGa, and ""Ga. It is seen that f;
values are exactly proportional to y;.
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can view the electrons as a collection of N two-level systems, each

having an energy gap of gs,I, that depends on the nuclear spin, L.

Hy¢ can be expressed in terms of the total electron spin operator
N

S= Z ¢, as Hys = glS, I + S4I_ + S_I,]. Since the system is in its
=1
BECJground state, its collective wave function can be written as
|Gn, 1) =10,0,0,0, ...0), and its collective excited state can be writ-
ten as a superposition of single spin excitations, | Ey, |)= 1/\/ﬁ
(]1,0,0,0...,0)+0,1,0,0...,0)+]0,0,1,0...,0)+ ... ). Here, the
arrows Tand]mark the nuclear spin orientation at the initial and fi-
nal states, respectively. It is easy to see that the matrix element between

the two states is { Ey, | [Hy¢|Gy, 1) = \Lm Zj'\ilg/2= v/Ng/2, and
the energy difference between the collective ground and excited

states is \/ﬁ g, enhanced by a large factor of \/ﬁ relative to the single

particle case (see section S3 for a detailed derivation). Accordingly,
the ~10? enhancement factor implies that the number of excitons in
the condensate is N ~ 10 to 10°. Taking the density to be ~10'° cm™,
the coherence length can be estimated to be ~10 pm. This coherence
length scale is consistent with the fact that the condensate extends to

a few hundreds of micrometers (Fig. 2D).

The hyperfine interaction in a magnetic field

Support for this interpretation is provided by measurements in a
magnetic field, Bey;, oriented along the +z direction. The field breaks
the degeneracy between the | + 2) dark exciton states, such that the
electron polarization in the condensate ground state is | + %), and

the energy gap to the excited state at threshold is the Zeeman energy,
hw.. However, spin flip transitions from dark to bright excitons po-
larize the nuclei along the +z direction, yielding an Overhauser
field, Bo, on the electrons that is oriented opposite to Bey and clos-
ing the Zeeman gap (30). As the pump power is increased, more and
more nuclei are polarized, and Bg grows until it compensates the
external field, Bo = — Bext (39, 40). Increasing the pump power be-
yond this value will not result in further polarization of the nuclei,
and the dark exciton density may start growing.

The evolution of the spectrum in a magnetic field nicely shows
this behavior. Figure 4A depicts It and AE as a function of power for
several magnetic fields. It is seen that the saturation power of Ir,
which marks the condensation onset at P~ 2 uW, is almost indepen-
dent of magnetic field. However, it is evident that there is an inter-
mediate broad power range following this onset, in which I remains
approximately constant. Only beyond this power range, Ir falls to
zero, and AE exhibits a steep rise. This intermediate power range is
the range at which the excess power goes to polarizing the nuclei.
Accordingly, the power at which It = 0 and AE exhibits a steep rise
is the point at which Bo = — Bey.

The increase in Py, in the range 0 < Bex; < 1.75 T seen in Fig. 4 (A
and B) agrees with this predicted behavior and reflects the growing
number of polarized nuclei that are needed to compensate the field
with increasing Bey. The sharp drop of Py, at Bey > 1.75 T is particu-
larly significant. We note that when all nuclear spins in GaAs are
polarized, the Overhauser field is BJ*™ = 5.3 T (27, 28, 38). There-
fore, the peak in Py, at B, & — B3™ /3 corresponds to the case
when all spins projections, which were initially aligned randomly
along the +z, are oriented along +z. This is the maximal nuclear
polarization that can be induced by electrons. Beyond this point, the
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Fig. 4. The behavior in a magnetic field Bey. (A) Trion intensity, iy, and blueshift,
AE, as function of laser power at Bexe= 0 (blue), 1T (orange), and 1.5 T (yellow).
Vqg = —3.5Vand T = 1.5 K. The intermediate range, at which It is approximately
constant, is clearly seen. (B) Py, as a function of magnetic field for two different
gate voltages at T= 1.5 K. (C) The ">As resonance, f;, as a function of magnetic field.
The dashed line shows the predicted behavior. (D) The resonance relative depth,
Pin(f1)/Ph(0), as a function of magnetic field at T= 1.5 K. The resonance disappears
at Bexe > 1.75T.

Overhauser field cannot grow further, and the dark to bright con-
version is suppressed.

Let us now examine the effect of RF radiation when the system is
subjected to an external magnetic field. Diagonalizing Hys in this

case, the excitation energy is given by 1/ Ng2 + (o, — mn)z, where .
and o, are the electron and nuclear Zeeman splitting, respectively
(see section S3). We first consider the By < 1.75 T case, where Bo =
—Bext, and we can therefore set @, = 0. In this range the resonance

frequency should be given by fi(B) = 1/f? + (yiBext)z. In Fig. 4C,

we compare the measured dependence of the f; resonance on Bey
with the predicted behavior taking the value for y7>. It is seen that
there is a good qualitative and quantitative agreement.

When Bex > 1.75 T, the external field cannot be canceled by Bo,
and there is a net magnetic field acting on the electron. Since w. is

much larger than both w, and \/N g, the excitation energy of the
condensate can be approximated by #%®,, which is in the gigahertz
frequency range. In this case, we do not detect any measurable effect
of the RF radiation on Py, in the range of 0 to 100 MHz. This is dem-
onstrated in Fig. 4D, which shows the relative depth of the first
resonance as a function of Bey. The abrupt disappearance of the
resonance at 1.75 T is clearly visible.

DISCUSSION

The observation of high-frequency RF resonances, which are two
orders of magnitude larger than the single-exciton hyperfine res-
onances, and their nontrivial dependence on magnetic field is
well explained by a collective model of N electrons in the exciton
BEC ground state, each coupled to a nucleus. In that sense, these

Jash et al., Sci. Adv. 10, eado8763 (2024) 16 August 2024

resonances may be considered as evidence for the existence of an
exciton condensate and an effective tool to study it despite its
dark nature.

We note that the \/ﬁ enhancement of the hyperfine coupling is
similar to that found in the Tavis-Cummings model, describing the
energy spectrum of N spins interacting with a radiation field (41,
42). The two important properties of that model are present also
here: The interaction Hamiltonian commutes with the total electron
spin operator, and the system of N spins is in its ground state. In that
sense, the occurrence of these resonances confirms the collective
nature of the excitons and provides important insights. Note that the
fact that the nuclei are polarized throughout the mesa and the per-
sistence of this polarization for a long time after the optical excita-
tion is switched off may offer an interesting system for quantum
information applications using CQW or bilayer structures.

MATERIALS AND METHODS

The CQW consist of two quantum wells having widths of 12 and
18 nm and a barrier of 3-nm Alj,3Gag 72As. The CQW is embedded
between two superlattices of ~1 pm in thickness each. The superlat-
tice below the CQW has 33 periods of [27-nm Al 3;Gag g3As + 2-nm
AlAs + 1-nm GaAs], and that above the CQW has 20 periods of
[50-nm Alj37Gage3As + 1-nm GaAs]. The top (0.15 pm) and bot-
tom (0.25 pm) layersaressilicon-doped (n= 10" cm™) Al 1,Gag gsAs.
Mesas of various shapes and sizes were prepared using optical li-
thography and wet etching after the molecular beam epitaxy growth
of the sample. Most of the data presented in this work were collected
using an elongated structure, which is depicted in Fig. 1.

The experiments were conducted using two different cryostats:
a dilution refrigerator with optical access, which allows conduct-
ing PL measurements in the range of 100 mK to 5 K, and a split-
coil magneto-optical pumped-helium cryostat, with a temperature
range of 1.5 to 10 K and magnetic fields up to 7 T. Throughout the
measurements, we explored a temperature range of 100 mK to 6 K
and a magnetic field range of 0 to +5 T.

For the single-beam measurements, we illuminated the sample
using a Ti:sapphire laser with a Gaussian spot size of ¢ = 20 pm and
an energy of 1.5287 eV. We have adjusted the laser energy to be be-
low the energy gap of the NW such that carriers are created in the
WW only. In the pump-probe experiment, a diode laser with the
same Gaussian spot size and an energy of 1.5794 eV was used as
the probe beam. To collect PL from different regions of the mesa, a
pinhole with a diameter of 50 pm was positioned at the objective’s
focal plane. The PL from the sample was guided to a Spex (500 M)
spectrometer and imaged and analyzed using an Andor iXon cam-
era. A Keithley 2400 source meter was used to apply the gate voltage.
LabVIEW and Andor software are used for the acquisition and re-
cording of all the experimental measurements. To generate the RF
field across the sample, an ac current is applied to a coil that is fixed
to a 24-pin chip header with epoxy. Further details about the RF
measurements are discussed in the Supplementary Materials.

Supplementary Materials
This PDF file includes:

Sections S1 to S4

Figs. S1to S9

References

40f5

G202 ‘€0 Jequweos uo ABojouyoe | 1o 8Inlisu| [geis| uoiuyds | Te 610°90us oS MMM//SO1Y LWoJ ) Papeo uUMO(



SCIENCE ADVANCES | RESEARCH ARTICLE

REFERENCES AND NOTES

1.

20.

21.

22.

23.

24,

25.

26.

Jashetal., Sci. Adv. 10, eado8763 (2024)

L. V. Keldysh, A. N. Kozlov, Collective properties of excitons in semiconductors. Sov. Phys.
JETP 27,521-528 (1968).

. S. A. Moskalenko, D. W. Snoke, Bose-Einstein Condensation of Excitons and Biexcitons and

Coherent Nonlinear Optics with Excitons (Cambridge Univ. Press, 2010).

. D.W. Snoke, Spontaneous Bose coherence of excitons and polaritons. Science 298,

1368-1372(2002).

. L.V.Butoy, A. C. Gossard, D. S. Chemla, Macroscopically ordered state in an exciton

system. Nature 418, 751-754 (2002).

. D.Snoke, S. Denev, Y. Liu, L. Pfeiffer, K. West, Long-range transport in excitonic dark states

in coupled quantum wells. Nature 418, 754-757 (2002).

. S.Yang, A.T. Hammack, M. M. Fogler, L. V. Butov, A. C. Gossard, Coherence length of cold

exciton gases in coupled quantum wells. Phys. Rev. Lett. 97, 187402 (2006).

. A.V.Gorbunov, V. B. Timofeev, Large-scale coherence of the Bose condensate of spatially

indirect excitons. JETP Lett. 84, 329-334 (2006).

. Y. E. Lozovik, I. L. Kurbakov, G. E. Astrakharchik, J. Boronat, M. Willander, Strong correlation

effects in 2D Bose-Einstein condensed dipolar excitons. Solid State Commun. 144,
399-404 (2007).

. M. Combescot, O. Betbeder-Matibet, R. Combescot, Bose-Einstein condensation in

semiconductors: The key role of dark excitons. Phys. Rev. Lett. 99, 176403 (2007).

. B.Laikhtman, R. Rapaport, Exciton correlations in coupled quantum wells and their

luminescence blue shift. Phys. Rev. B 80, 195313 (2009).

. A A High, J.R. Leonard, A. T. Hammack, M. M. Fogler, L. V. Butov, A. V. Kavokin,

K. L. Campman, A. C. Gossard, Spontaneous coherence in a cold exciton gas. Nature 483,
584-588 (2012).

. R.Combescot, M. Combescot, “Gray” BCS condensate of excitons and internal Josephson

effect. Phys. Rev. Lett. 109, 026401 (2012).

. A.A.High, J.R. Leonard, M. Remeika, L. V. Butov, M. Hanson, A. C. Gossard, Condensation

of excitons in a trap. Nano Lett. 12, 2605-2609 (2012).

. A.A.High, A.T.Hammack, J. R. Leonard, S.Yang, L. V. Butov, T. Ostatnicky, M. Vladimirova,

A.V.Kavokin, T. C. H. Liew, K. L. Campman, A. C. Gossard, Spin currents in a coherent
exciton gas. Phys. Rev. Lett. 110, 246403 (2013).

. Y. Shilo, K. Cohen, B. Laikhtman, K. West, L. Pfeiffer, R. Rapaport, Particle correlations and

evidence for dark state condensation in a cold dipolar exciton fluid. Nat. Commun. 4,
2335(2013).

. M. Stern, V. Umansky, |. Bar-Joseph, Exciton liquid in coupled quantum wells. Science 343,

55-57 (2014).

. M. Alloing, M. Beian, M. Lewenstein, D. Fuster, Y. Gonzélez, L. Gonzalez, R. Combescot,

M. Combescot, F. Dubin, Evidence for a Bose-Einstein condensate of excitons. Europhys.
Lett. 107, 10012 (2014).

. M. Beian, M. Alloing, E. Cambiril, C. G. Carbonel, J. Osmond, A. Lemaitre, F. Dubin,

Long-lived spin coherence of indirect excitons in GaAs coupled quantum wells. Europhys.
Lett. 110, 27001 (2015).

. K. Cohen, Y. Shilo, K. West, L. Pfeiffer, R. Rapaport, Dark high density dipolar liquid of

excitons. Nano Lett. 16,3726-3731 (2016).

M. Combescot, R. Combescot, F. Dubin, Bose-Einstein condensation and indirect excitons:

A review. Rep. Prog. Phys. 80, 066501 (2017).

R. Anankine, M. Beian, S. Dang, M. Alloing, E. Cambril, K. Merghem, C. Gomez Carbonell,
A. Lemaitre, F. Dubin, Quantized vortices and four-component superfluidity of
semiconductor excitons. Phys. Rev. Lett. 118, 127402 (2017).

Y. Mazuz-Harpaz, K. Cohen, M. Leveson, K. West, L. Pfeiffer, M. Khodas, R. Rapaport,
Dynamical formation of a strongly correlated dark condensate of dipolar excitons. Proc.
Natl. Acad. Sci. U.S.A. 116, 18328-18333 (2019).

Z.Wang, D. A. Rhodes, K. Watanabe, T. Taniguchi, J. C. Hone, J. Shan, K. F. Mak, Evidence of
high-temperature exciton condensation in two-dimensional atomic double layers.
Nature 574, 76-80 (2019).

S. Misra, M. Stern, V. Umansky, |. Bar-Joseph, The role of spin-flip collisions in a
dark-exciton condensate. Proc. Natl. Acad. Sci. U.S.A. 119, €2203531119 (2022).

K. Kowalik-Seid, X. P. Végele, B. N. Rimpfl, S. Manus, J. P. Kotthaus, D. Schuh,

W. Wegscheider, A. W. Holleitner, Long exciton spin relaxation in coupled quantum wells.
Appl. Phys. Lett. 97,011104 (2010).

A. Abragam, L. C. Hebel, The principles of nuclear magnetism. Am. J. Phys. 29, 860-861
(1961).

16 August 2024

27.

28.

29.

30.

31.

32

33.

34.

35.

36.

37.

38.

39.

40.

4.

42.

43.

44,

D. Paget, G. Lampel, B. Sapoval, V. I. Safarov, Low field electron-nuclear spin coupling in
gallium arsenide under optical pumping conditions. Phys. Rev. B 15, 5780-5796 (1977).
V. K. Kalevich, K. V. Kavokin, I. A. Merkulov, “Dynamic nuclear polarization and nuclear
fields” in Spin Physics in Semiconductors, M. |. Dyakonov Ed. (Springer, 2008).

D. Gammon, A. L. Efros, T. A. Kennedy, M. Rosen, D. S. Katzer, D. Park, S. W. Brown,

V. L. Koreney, I. A. Merkulov, Electron and nuclear spin interactions in the optical spectra
of single GaAs quantum dots. Phys. Rev. Lett. 86, 5176-5179 (2001).

P. Maletinsky, C. W. Lai, A. Badolato, A. Imamoglu, Nonlinear dynamics of quantum dot
nuclear spins. Phys. Rev. B 75, 035409 (2007).

A. |. Tartakovskii, T. Wright, A. Russell, V. |. Fal’ko, A. B. Van'kov, J. Skiba-Szymanska,

1. Drouzas, R. S. Kolodka, M. S. Skolnick, P. W. Fry, A. Tahraoui, H.-Y. Liu, M. Hopkinson,
Nuclear spin switch in semiconductor quantum dots. Phys. Rev. Lett. 98, 026806 (2007).
M. N. Makhonin, K. V. Kavokin, P. Senellart, A. Lemaitre, A. J. Ramsay, M. S. Skolnick,

A. |. Tartakovskii, Fast control of nuclear spin polarization in an optically pumped single
quantum dot. Nat. Mater. 10, 844-848 (2011).

B. Urbaszek, X. Marie, T. Amand, O. Krebs, P. Voisin, P. Maletinsky, A. Hogele, A. Imamoglu,
Nuclear spin physics in quantum dots: An optical investigation. Rev. Mod. Phys. 85,
79-133(2013).

G. Sallen, S. Kunz, T. Amand, L. Bouet, T. Kuroda, T. Mano, D. Paget, O. Krebs, X. Marie,

K. Sakoda, B. Urbaszek, Nuclear magnetization in gallium arsenide quantum dots at zero
magnetic field. Nat. Commun. 5, 3268 (2014).

E. A. Chekhovich, A. Ulhag, E. Zallo, F. Ding, O. G. Schmidt, M. S. Skolnick, Measurement of
the spin temperature of optically cooled nuclei and GaAs hyperfine constants in GaAs/
AlGaAs quantum dots. Nat. Mater. 16, 982-986 (2017).

The excitation energy of laser is well below the bandgap of top and bottom contact
layers and the barriers between the CQW and contact layers. Hence, the photodepletion
mechanism giving rise to the ring formation of (4) and (5) is suppressed.

The saturation of AE with power is due to the appearance of the Z line (16). This
high-power regime is not discussed in this work.

M. Dobers, K. Klitzing, J. Schneider, G. Weimann, K. Ploog, Electrical detection of nuclear
magnetic resonance in GaAs—Al,Ga;_,As heterostructures. Phys. Rev. Lett. 61, 1650-1653
(1988).

G. Petersen, E. A. Hoffmann, D. Schuh, W. Wegscheider, G. Giedke, S. Ludwig, Large
nuclear spin polarization in gate-defined quantum dots using a single-domain
nanomagnet. Phys. Rev. Lett. 110, 177602 (2013).

M. Kotur, F. Saeed, R. W. Mocek, V. L. Koreney, . A. Akimoyv, A. S. Bhatti, D. R. Yakovlev,

D. Suter, M. Bayer, Single-beam resonant spin amplification of electrons interacting with
nuclei in a GaAs/(Al,Ga)As quantum well. Phys. Rev. B 98, 205304 (2018).

M. Tavis, F. W. Cummings, Exact solution for an N-molecule—Radiation-field Hamiltonian.
Phys. Rev. 170, 379-384 (1968).

Y. Kubo, C. Grezes, A. Dewes, T. Umeda, J. Isoya, H. Sumiya, N. Morishita, H. Abe, S. Onoda,
T. Ohshima, V. Jacques, A. Dréavu, J.-F. Roch, |. Diniz, A. Auffeves, D. Vion, D. Esteve,

P. Bertet, Hybrid quantum circuit with a superconducting qubit coupled to a spin
ensemble. Phys. Rev. Lett. 107,220501 (2011).

C. Grézes, “Towards a spin ensemble quantum memory for superconducting qubits,”
thesis, University of Paris VI, France (2016).

S. Misra, M. Stern, A. Joshua, V. Umansky, |. Bar-Joseph, Experimental study of the exciton
gas-liquid transition in coupled quantum wells. Phys. Rev. Lett. 120, 047402 (2018).

Acknowledgments: We wish to thank I. Rozhansky and L. Frydman for discussions. Funding:
This work is supported by the Israeli Science Foundation, grant 2139/20 (to I.B.J.), and by the
Minerva Foundation, grant 713871 (to I.B.).). Author contributions: A.J. and |.B.J. designed the
research. A.J. performed the experiment. S.M. performed the initial experiment. V.U. grew the
high-quality molecular beam epitaxy wafer. A.J. analyzed the data. M.S. developed the theory.
1.B.J. wrote the paper. A.J., M.S., and |.B.J. contributed to the interpretation of the results.
Competing interests: The authors declare that they have no competing interest. Data and
materials availability: All data needed to evaluate the conclusions in the paper are present in
the paper and/or the Supplementary Materials.

Submitted 25 February 2024
Accepted 11 July 2024
Published 16 August 2024
10.1126/sciadv.ado8763

50f5

G202 ‘€0 Jequweos uo ABojouyoe | 1o 8Inlisu| [geis| uoiuyds | Te 610°90us oS MMM//SO1Y LWoJ ) Papeo uUMO(



	Giant hyperfine interaction between a dark exciton condensate and nuclei
	INTRODUCTION
	RESULTS
	Dark exciton condensation and nuclear polarization
	The giant hyperfine interaction between the condensate and nuclei
	The hyperfine interaction in a magnetic field

	DISCUSSION
	MATERIALS AND METHODS
	Supplementary Materials
	This PDF file includes:

	REFERENCES AND NOTES
	Acknowledgments


