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Macroscopic coherence of Bose condensates is a fundamental and practical phenomenon in many-body
systems, such as the long-range correlation of exciton-polariton condensates with a dipole density typically
below the exciton Mott-transition limit. Here we extend the macroscopic coherence of electron-hole-photon
interacting systems to a new region in the phase diagram—the high-density plasma region, where long-
range correlation is generally assumed to be broken due to the rapid dephasing. Nonetheless, a cooperative
state of electron-hole plasma does emerge through the sharing of the superfluorescence field in an optical
microcavity. In addition to the in situ coherence of e-h plasma, a long-range correlation is formed between
two 8-um-spaced plasma ensembles even at room temperature. Quantized and self-modulated correlation
modes are generated for e-h ensembles in the plasma region. By controlling the distance between the two
ensembles, multiple coupling regimes are revealed, from strong correlation to perturbative phase
correlation and finally to an incoherent classical case, which has potential implications for tunable and

high-temperature-compatible quantum devices.
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Bosons—photons, partial atoms, electron-hole dipoles,
and other particles with integral spin quantum numbers—
can condensate into a common quantum state by satisfying
the critical conditions [1-6]. Recently, there is a new
challenging frontier to investigate: the novel correlations
between and among condensate ensembles in solid states.
On the one hand, a condensate acting as a “large quasi-
particle,” could correlate with others to develop a super-
strong interaction because of its large coupling strength and
long coherence length [7-9]. On the other hand, the ability
to control multiple quantum ensembles with high spatial
and temporal sensitivity will stimulate advanced manipu-
lation technologies for microintegrated devices [10,11]. In
semiconductor microcavities [12,13], macroscopic quan-
tum behaviors are revealed based on coherent polariton
waves with a small dissipation rate and a large spreading
velocity [9,10,14-17]. Although condensation actions have
attracted continuing interest, with experimental discoveries
even extending to surface plasma condensates [18] and
magneto-optic quantum fluids [19-22], the phenomenon
reported here has never been observed. Namely, a robust
and room-temperature phase correlation is formed between
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two cooperative e-h plasma ensembles. we demonstrate the
transregional coherence of e-h dipoles in the plasma region.

Macroscopic coherence could spontaneously appear from
an incoherent e-h gas through the superfluorescence (SF)
effect [23-25]. Here, in addition to the in situ coherence of
e-h dipoles within the excitation area [26,27], the focus is on
the establishment of phase correlation between two trans-
regional ensembles. By introducing two cooperative plasmas
into an optical microcavity, the coupling strength of two
ensembles is dramatically enhanced due to the sharing of
cavity-confined SF fields, which overcomes the dipole
dephasing even at room temperature. Such a controllable
correlation can find application in high-temperature quantum
microdevices.

Figure 1(a) shows the sketch of sample structure. The
GaAs/AlAs distributed Bragg reflector microcavity has three
stacks of InGaAs/GaAs quantum wells (QWs), embedded at
the antinodes of the cavity light field [28] (Supplemental
Material [29], part I). Unlike the traditional planar micro-
cavity system, the optical cavity resonance (E,.) here is
detuned to ~80 meV above the QW band gap E; [Fig. 1(b)],
which will suppress the radiative recombination of e-A pairs
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FIG. 1. (a) Microcavity structure. (b) Energy diagram. The bare
cavity resonance E, is 80 meV higher than the QW band gap E,
and approaches to Ej. Under intense excitation, the quasi-Fermi

level y of e-h plasma is beyond Ej.

at the band gap and favor the accumulation of carriers. The
excited state E7 for the transition e2-hh2 in QW is slightly
beyond E, (Ej — E. =~ 10 meV). For the energy level above
Efq’ , the density of states (DOS) becomes higher [Fig. 1(b)
and Fig. S2]. The sample is excited by a large-detuned 2 ps
pulsed laser at energy of 1.58 eV at room temperature and
high-density plasma is produced. Before investigating the
transregional correlation of two e-h ensembles, the co-
operative many-body state in a plasma gas is studied. It
has been reported that a collective state could form near the
Fermi edge of the high-density e-h plasma in bare QWs
without packing cavity and SF has been observed at low
temperature and high magnetic condition [26,27]. Here, we
demonstrate that a fraction of e-h dipoles near the quasi-
Fermi level () of a plasma ensemble would form a
cooperative e-h plasma state (cehp) and develop a phase
correlation by coupling with the radiation field in a micro-
cavity at room temperature.

The radiation behavior of cooperative plasma is
studied by angle-resolved PL spectrum measurements
[Figs. 2(a)-2(c)]. When the excitation density is below a

FIG. 2.

critical density Py, (carrier density is ~5 x 10'2 cm™2 per
QW per pulse), weak optical signals radiate from the
microcavity sample. The energy-momentum dispersion
of the cavity mode is observed at ~1.40 eV. We have
checked the carrier-induced shift of E,., which is only
several mega-electron volts (Supplemental Material [29],
part III). As the density reaches the threshold Py,, a narrow
peak emerges at 1.42 eV, which is ~20 meV higher than
E.. This new peak is nondispersive, totally differing from
the parabolic cavity mode. Moreover, its radiation behavior
shows typical SF characteristics. The dynamics of PL
signals are investigated at different excitation densities
[Fig. 2(g)]. As the density increases, the PL radiation time
tsp rapidly decreases [Fig. 2(h)], while the peak intensity
I« of the time-dependent PL signal rises nonlinearly
[Fig. 2(1)], in accordance with calculations based on the SF-
cavity model [see the fitting curves in Figs. 2(h), 2(i) and
Supplemental Material [29], part V]. Here, the SF signal is
rooted in the cehp state, and the threshold Py, is defined as
the critical density of e-h dipoles above which the cavity-
enhanced SF effect occurs.

Note that the cehp state does not emerge at the cavity
resonance E.. By increasing the density of e-4 dipoles, the
quasi-Fermi level y is raised, as seen in the PL spectra in
Fig. S2 from the bare QW sample. For the e-4 dipoles in
QWs, the DOS at energy level equivalent to E, or Ej is
demonstrated not high enough to induce the SF effect and
to synchronize the phases of dipole moments in e-h
ensemble. However, when p rises above E’q’ [Fig. 2(c)],
the higher DOS (at the order of 10'' meV~! cm~2) favors
the formation of the cehp state in the microcavity sample,
accompanied by the SF signals [27]. Interestingly, the cehp
state does not form at the states far below y, but shifts with
the dynamical y, shown as the dynamical evolution of the
cehp state during the radiative loss process of the ensemble
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(a)—(d) k-space PL spectra at different excitation densities obtained by double-beam excitation. The corresponding contrast

spectrum under single-beam excitation is shown in (e). (f) Cross sections obtained from the black dashed lines in (d) and (e) and the
theoretical fitting. (2)—(i) Visualized SF characteristics. PL. dynamics are shown in (g), where the intensity is spectrally integrated. When
increasing the pumping power, the radiative time tgg of PL rapidly decreases (g),(h), while the peak PL intensity /., rises nonlinearly
(g),(1), in accordance with calculations based on the SF-cavity model.
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(a)—(c) k-space spectra of two 8-um-spaced cehp states under different excitation densities. The central bright or dark fringe

indicates the locked phase between two cehp states Ag,,, to be 0/z. The black dashed lines are guidelines. (d) Time-resolved PL
spectrum. (e) Evolution of the cehp state, coordinating with the radiation process in (d). Four fragments are shown to sketch the e-h
filling status of u at different radiation moments. The red region represents the dipole component in a collective phase. The deeper
coloring means better in-phase order in the dipole ensemble. (f) Sketches of generating a quantized phase correlation. The spatial-
dependent u envelopes represent the distribution of the e-A plasma excited by the Gaussian-distributed pumping beam. We ignore the
temperature-induced broadening of carrier distribution along the energy axis for simplification. The arrows within the envelopes

represent the phases of dipole moments.

[Figs. 3(d), 3(e)]. Thanks to the half-full and half-empty
filling character of states near u, on the one hand, there are
sufficient dipole moments excited. On the other hand, the
radiative dissipation process of dipole moments will be
rarely affected by the incoherent refilling promoted by the
upper energy states. The transition dipole moments could
coherently couple with the mutual optical field [27,28,30].
Conversely, for the fully filled states below , the coherence
time of the dipole moment becomes much shorter. The
population of these states is dominated by incoherent state
filling, rather than coherent interaction between the dipoles
and optical field. Thus, the cehp state, originating from in-
phase organization of dipole moments assisted by a
common light field, will not emerge at the states far below
u. The formation and the energy level of the cehp state
could also be revealed by the transient differential reflec-
tance spectra in pump-probe measurements (Fig. S3 [29]).
For the radiative e-h plasma in a cavity system [31-33], the
long-range light field will enhance the dipole-dipole
correlation and make it overcome the dipole dephasing
mainly caused by the short-range scattering. As a result, a
transient cehp state with picosecond lifetime could exist
even at room temperature in the microcavity.

Next, we focus on the transregional correlation between
two cooperative plasma ensembles. When two cehp
droplets are simultaneously introduced without spatial
overlap, the initially unrelated droplets may form a subtle
phase correlation through the exchange of the in-plane
components of the SF field. Such phase correlation is
demonstrated by the k-space interference of the emissions
from two cehp droplets (Fig. S1 [29]). Experimentally, two
cehp droplets are excited with the center distance
D ~ 8 ym. As the excitation density increases to 1.1Py,,
distinct interference fringes emerge at the energy level of

the cehp state [Figs. 2(a)-2(d)]. Note that the coherence
of excited plasmas do not inherit from the pumping laser
for the large detuning pumping. All of the PL interference
fringes are obtained by averaging the repetitive measure-
ment data. Thus, the result indicates a robust and identical
phase correlation between the two droplets. The interfer-
ence fringes are symmetrically distributed with the central
bright fringe at kj = 0, indicating the phase difference
between the two cehp states Ag,,;, = 0. The interval of
fringes is related to the distance separating the two cehp
droplets, which could be theoretically simulated as seen in
the blue curve in Fig. 2(f).

By further increasing the excitation density, the radia-
tion intensity of cehp states shows a nonlinear growth
[Figs. 3(a)-3(c) and Fig. S4 of the Supplemental Material
[29] ]. Moreover, a broad PL peak is observed, originating
from the time-accumulating measurement during the entire
dynamic PL process. The quasi-Fermi level u of the plasma
and the energy of cehp (E.,,) decrease when the system
releases energy via radiation [Fig. 3(e)], demonstrated by
the time-resolved spectrum in Fig. 3(d). Hence, the
longitudinal section of Fig. 3(c) from high to low energies
corresponds to the moment of PL signals from early to late.
The interference fringes exist over a large energy or time
range [Fig. 3(c)], which suggests the phase correlation of
cehp droplets is not only dynamic with an ultrafast
response rate, but also self-modulated to lock with the
stable phase. Interestingly, a quantized phase correlation is
observed, corresponding to a regular switching of A,
between 0 and =z [Figs. 3(a)-3(c)]. Here, the two cehp
droplets can serve as the sources of optical SF fields, and
transverse standing waves (SW) will be produced in the
optical microcavity if the two sources are coherent with a
stable phase shift [Fig. 3(f)]. Based on the experimental
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FIG. 4. (a) Energy-dependent visibility of interference fringes

is extracted from Fig. 3(c). Here the error bars represent the
inaccuracy of the visibility. (b) SF threshold of double-cehp-
droplet system vs the locked phase of two cehp states A,y
based on the theoretical simulation.

observations, there are two main conditions for cehps
to correlate efficiently: (i) Effective phase matching for
constructive interference Ag@,,;, + Apg, = 2jx, where
Ag,, is the additional phase of SW and j € N*, in which
case the entire cavity system of the two e-h ensembles has
the largest radiative rate and the lowest threshold to trigger
the double-droplet SF effect (Fig. 4b). So when the order M
of the activated SW mode is odd (even), the status of
A@cenp = 0 (or £x) will have the smallest threshold. Such
a status has priority to obtain the stimulated amplification
and dominates the system evolution. (ii) energy resonance
condition E,,, ~ Ej,. After the distance of cehp droplets
is fixed, the existing SW modes of discrete energies Ej,, are

(b) Incoherently
optical fluctuation
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FIG. 5.

determined (Fig. S10 [29]). During the SF process, E..p)
decreases, which induces a cascade activation of SW modes
with the energy Ej, matching the real-time E..,. As a
result, A, will switch dynamically, the value of
which depends on the symmetry of the SW mode coupling
[Fig. 3(f)]. Based on the ultrafast optical channel and
the short radiative time of SF, the phase correlation of
cehps can be achieved in a time order of a picosecond.
Combining these features with the spatial manipulation
technique of e-h ensembles, a quantized and miniature
phase switch is realized with a response rate up to
0.2 THz. In addition, a redshift of the radiation range
is observed when the excitation density is increased,
which is related with the nonlinear characters of cavity
cehp state (Fig. S4 [29]).

Furthermore, we extract the energy-dependent fringe
visibility from Fig. 3(c) and plot it in Fig. 4(a). In the
low-energy region of Figs. 3(c), 3(d), the e-h plasma
exhibits low densities in the later period of PL radiation,
and there is a low scattering rate between cehp and the
reservoir carriers. Thus, high fringe visibility (y ~ 0.5)
appears. Here, the coherence time of the cehp-photon
hybrid field is dominated by the longitudinal relaxation
time (77 ~ 1 ps, mainly determined by the cavity leakage
rate of the optical component) instead of the transverse
relaxation time (7, the purely dephasing time related to the
cehp-carrier scattering in the material component). In
contrast, the high-energy region of Figs. 3(c), 3(d) corre-
sponds to the early stage of the SF process with a high
e-h density. The scattering-induced dephasing of cehp
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(a),(c),(e) r-space PL images of cehp droplets at P = 1.4Py,. (b),(d),(f) Key characteristics of different coupling regimes.

(g)—(1) r-space and k-space spectra under three coupling regimes. Logarithmic color bar is used in the low-energy region for clarity.
From left to right, due to the increase of coupling strength, the correlation of two cehp droplets is progressively enhanced,
corresponding to the coupling regimes from “incoherent fluctuation in r space (b),(g) and linear superposition in k space (h)” to
“coherent perturbation in r space (d),(i) and phase-correlation-induced interference in k space (j),” and “strong correlation of two
overlapped cehp droplets in r space (e),(f) and visualized confined states of exchanging SF fields both in r and k spaces (k),(1).”
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(T, ~0.2 ps) yields a large energy linewidth (AE~
42 meV). Rare interference fringes can be observed in
this case [Fig. 3(c) and Fig. 4(a)], revealing the upper limit
of e-h carrier density (~10'* cm=2) for long-range phase
correlation.

By controlling the droplet distance, multiple coupling
regimes are observed for the double-cehp system due to
the tuning of coupling strength, i.e., the change of the allied
SF field. In this sample, the attenuation length of the SF
field is 5-10 ym. There is no clear interference fringe
when the two cehp droplets are 12 ym apart [Figs. 5(a),
5(b), 5(g), 5(h)]. In contrast, the transregional coupling will
be enhanced by decreasing the distance of the cehp
droplets. Compared with the perturbative interaction of
separated cehp droplets [Figs. 5(c), 5(d), 5(i), 5(j)], the
overlapped ceh p droplets could be strongly localized to the
allied SF fields [Figs. 5(e), 5(f)], as seen in the visualized
confined states of exchanging SF fields both in r-/k-space
[Figs. 5(k), 5(1)]. For the perturbation case, the exchanging
SF fields are weak. The emission signals from cehp
droplets dominate the PL spectrum of Fig. 5(i).
However, in the strongly localized case, obvious signals
of exchanging SF fields are shown in Fig. 5(k).
Accordingly, the distributions of confined SF fields are
shown in the experimental data of Fig. 5(1) and in the
theoretical simulation of Fig. S11 in the Supplemental
Material [29]. The confinement potential of SF fields
originates from the spatial overlap of the two Gaussian-
distributed laser beams and the band filling of carriers in
QWs [34,35].

In summary, in an electron-hole-photon interacting
system, we extend the study of long-range coherence into
the high-density, high-temperature region. A cooperative
plasma state is observed near the quasi-Fermi energy level
at room temperature. The setup process of transregional
correlation between cehp droplets is transient and self-
modulated by sharing their cavity-confined SF field. There
are multiple coupling regimes for macroscopic coherence.
We show the ability to control these novel quantum
correlations in a double-plasma-ensemble system and to
develop a quantized and miniature phase switch with high
response rate. Our work will stimulate the studies of
cooperative effects associated with spatial distributions
and the development of ultrafast optoelectronic quantum
devices at high temperature.
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