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Abstract

We investigated the photon-dressed state of excitons in bulk GaAs by optical pump-probe
spectroscopy. We revealed that the high-energy branch of the dressed states continuously
evolves into a singular enhancement at the absorption edge in the high-density region
where the exciton picture is no longer valid. Comparing the experimental result with a
simulation based on semiconductor Bloch equations, we show that the dressed state in
such a high-density region is better viewed as a Bardeen-Cooper-Schrieffer-like state,
which has been theoretically anticipated to exist over decades. Having seen that the
dressed state can be regarded as a macroscopic coherent state driven by external light
field, we also discuss the decoherence from the dressed state to an incoherent state after

the photoexcitation in view of the Coulomb enhancement in the transient absorption.

Main Text

Quantum condensation has been continuing to be one of the most fascinating phenomena
in condensed matter physics. Concept of a Cooper pair, which comprises two fermions
and collectively condenses into a macroscopic quantum state to exhibit superfluidity, has
led to great advances in understanding of quantum many-body systems. After the original
Bardeen-Cooper-Schrieffer (BCS) theory for superconductivity [1], many kinds of
fermionic condensates where particles other than electrons form Cooper pairs have been
unveiled. For example, fermionic helium atoms are paired to form a charge-neutral
condensate in the superfluid *He [2]. BCS-type condensation has been also achieved

rather recently in fermionic ultracold atomic gases [3, 4].



An electron-hole (e-h) system in photoexcited semiconductors is another fascinating
subject of pair condensation, which has raised a long-standing problem of BEC-BCS
crossover [5-8]. In the low-density region, electrons and holes are strongly bound by
Coulomb attraction to form quasi-bosonic elementally excitations, called excitons, which
have been expected to undergo Bose-Einstein condensation (BEC) at sufficiently low
temperatures (bottom of Fig. 1(a)). On the other hand, in the high-density region where
electrons and holes can form degenerate gases, a BCS-type condensation forming weakly
bound e-h Cooper pairs has long been anticipated, where the coherence length exceeds
the mean interparticle distance (top of Fig. 1(a)). Such a quantum condensation is
distinguished from a spatially inhomogeneous condensation into e-h liquid or droplets. In
spite of numerous efforts dedicated so far, it still remains an open question how the
exciton BEC and the e-h BCS state are connected to each other, due to the lack of
systematic realization of condensed phases. Meanwhile, the idea of BEC-BCS crossover
was successfully extended to different platforms of quantum condensation, such as
ultracold atomic gases [9, 10] and exciton-polariton systems [11, 12]. Even recently it has
gained renewed attention in the context of strong-coupling superconductivity in iron
compounds [13, 14] and excitonic insulators in narrow-gap semiconductors [15].
Stimulated by these vivid advances, elucidating the pioneering but unresolved e-h pair
condensation in photoexcited semiconductors is strongly anticipated.

An advantage in e-h systems in direct-gap semiconductors is that the order parameter
for pair condensation, i.e., the interband e-h polarization, can be directly induced by light
with variable pair density or excitation intensity. As a result, a quasi-stationary
condensate under monochromatic illumination [16, 17] and a transient condensate after
pulse excitation [18, 19] have been theoretically predicted. Despite intensive theoretical
studies over decades, this idea has been rarely addressed in experiments. Most
experimental studies focused on relatively low density region where the results are
interpreted in terms of the dressed states of excitons, which have been identified as optical
Stark shift [20-23] and Autler-Townes splitting [24-28]. On the other hand, the high-
density region where the concept of an exciton breaks and a BCS-type pairing concerns
has remained unexplored. Because many-body interactions play an important role in the
formation of excitonic dressed state, its observation serves as a unique approach to study
the highly correlated condensed phases in e-h systems, covering the whole BEC-BCS
crossover region. In this sense, elucidating the behavior of dressed excitons under high-
intensity illumination would pave the way for deeper understanding of condensed phases
and for completing the global phase diagram of photoexcited semiconductors including
the issue of exciton Mott transition (EMT) [29-37]. Motivated by this consideration, we



investigated the dressed state of excitons in the high-density region with performing a
pump-probe measurement on a direct-gap semiconductor, namely a bulk GaAs sample.

Figure 1(b) shows the schematic diagram of our experimental setup. We used a mode-
locked regeneratively amplified Ti:sapphire laser system with 800 nm center wavelength
and 30 fs pulse width as the light source. The laser output was divided into two beams for
the intense pump and weak probe pulses. To coherently drive ls excitons, the pump pulse
was spectrally narrowed and tuned to the exciton resonance, as shown in Fig. 1(c) by the
shaded curve. Correspondingly, the pulse duration is lengthened to 3.1 ps as estimated
from the autocorrelation signal shown in the inset of Fig. 1(c). The pump pulse irradiated
the sample with an incident angle of 10° and with a spot size of 0.4 mm after changing
the intensity I with neutral density filters. The probe pulse was delayed by t,, from the
pump pulse by a translational stage and was incident normally on the sample with a spot
size of 80 pm. We focused the transmitted probe pulse on a pinhole (a spatial filter) before
detection and subtracted the scattered pump from the detected power spectrum. This
procedure enabled us to calculate transient optical densities from the incident and
transmitted power spectra of the probe pulse free from the pump scattering. The sample
is a 1 um-thick GaAs crystal grown by molecular beam epitaxy, sandwiched by 1.7 pm-
thick Alo.13Gao.s2As layers [37]. All the measurements were performed at 5 K using a “He-
flow type cryostat. Figure 1(c) shows the near-infrared optical density at 5 K exhibiting
two sharp resonances corresponding to 1s states of light hole (LH) and heavy hole (HH)
excitons. An in-plane tensile strain due to the lattice mismatch between GaAs and
AlGaAs layers causes the LH-HH splitting. We concentrated on the HH s exciton
resonance with the larger dipole moment to access the high-density regime with less pump
intensity. The pump and probe beams were co-circularly polarized in order to exclude the
biexciton effect [38]. Because we mainly focus on the temporal region where the pump
pulse drives the interband coherence, we use the term “exciton” to indicate coherent
excitons as long as incoherent ones are not specified.

In Fig. 2(a), we show the transient optical density for various excitation intensities [ at
a fixed delay time t,, =0 ps. Along with [, a dimensionless parameter 7, =
(3/4mn)Y3ag! is indicated in the figure where ag = 14 nm is the exciton Bohr radius
and 7 is the e-h pair density estimated 50 ps after photoexcitation by the time-domain
terahertz spectroscopy [37, 58, 59]. From I = 0.06 to 0.3 MW/cm?, the HH exciton
resonance splits into two peaks with increasing intensity. This behavior is distinct from
the monotonous bleaching of the LH exciton resonance and clearly indicates the
formation of the dressed state of HH excitons. It is discerned that the peak height of the

higher-energy dressed state is always larger than the lower-energy one, which has been



accounted for by the repulsive exciton-exciton interaction that pushes up the energy of
excitons [27, 28]. At I = 0.6 MW/cm?, however, such a simple picture of interacting
excitons breaks: the lower-energy peak vanishes while the higher-energy one remains,
exhibiting an edge-like shape. In this high-density region, the dressed state is no longer
viewed as a simple excitonic analogue of that in two-level systems and should be
dominated by many-body interactions.

For comparison, Fig. 2(b) shows delay time dependence of the transient optical density
at a fixed intensity, I = 0.2 MW/cm?. Again, we observe a splitting of the HH exciton
resonance in the pump-probe overlap region (0 < t,, <2 ps). The magnitude of
splitting grows as the pump pulse illumination sets in. After the pump passes through the
sample (t,, =3 ps), the lower-energy peak vanishes while the higher-energy peak
remains. These behaviors reflect time evolution of many-body coherence in the e-h
system driven by the pump light field.

To understand the behavior of the dressed state in the high-density region, we performed
a numerical simulation based on the semiconductor Bloch equations (SBEs) [18, 19, 21,
22, 25, 26, 39, 40]. We neglect polaritonic effects because they are negligible under the
present condition where the excited pair density exceeds 10> cm™3 [41]. To be exact,
the excited density is not homogeneous in the depth direction because of depletion of the
pump pulse which is neglected in the model (see Sec. I in Supplemental Material [42]).
Therefore, we confine ourselves to a qualitative comparison between experiment and
theory. We found that it is sufficient to consider the simplest model where only a constant
dephasing of the interband e-h polarization Py is taken into account to understand the
experimental behavior. Details of the simulation are described in Sec. II in Supplemental
Material [42].

Figure 3(a) shows the simulated absorption spectra Im[y(w)] for different peak
electric fields E, of the pump pulse at t,, =0 ps. Here, y(w) is electric
susceptibility for a weak probe pulse, hiw the photon energy, E, the band gap energy,
and E, the exciton binding energy. The spectrum of the pump pulse is also plotted on
top of the panel. When the sample is unexcited (E, = 0), the absorption spectrum shows
a clear 1s exciton resonance below the edge of the high-energy continuum states. As the
pump electric field is increased, the 1s exciton line splits into two, with the higher-energy
peak exhibiting larger spectral weight than the lower-energy one. At the highest excitation
intensity shown in the panel (E, = 0.05), the higher-energy structure is heavily
broadened so that it looks like an absorption edge rather than a peak. All these
characteristics reproduce the experimental result reasonably well, assuring the validity of

SBEs for the present problem.



Now, let us discuss the effect of many-body interactions on the dressed state of excitons
based on the simulated results. For this purpose, we focus on the interband e-h
polarization Py induced by the pump electric field, which can be regarded as the
wavefunction of coherent e-h pairs [40, 51]. Figures 3(b), (c) and (d) show snapshots of
| Px|, electron population n,, and renormalized pair energy &, respectively, from the
early stage of photoexcitation («) to the late stage (¢) for E, = 0.03. Figure 3(e) shows
the corresponding times from left () to right (¢) along with the time-dependent pair
density n and the pump intensity. Soon after the pump starts to excite the system (a),
|Px| is peaked at k = 0, displaying the wavefunction of the 1s exciton state. By contrast,
at the maximum of the pump intensity (5, y and d), |Py| is peaked at a certain finite value
of k, which is apparently distinguished from the ordinary exciton wavefunction at low
densities. It is rather viewed as the wavefunction of an e-h Cooper pair, which peaks at
the Fermi wavenumber [52, 53]. Indeed, the electron population shown in Fig. 3(c)
reaches half occupation (dashed line) at a wavenumber close to the peak position of |Py|.
Appearance of the Cooper-pair-like wavefunction can be understood also in connection
with EMT. The renormalized pair energy shown in Fig. 3(d) clearly shows the band gap
renormalization (BGR), i.e., a global reduction, down to below the bare exciton energy
(dashed line) in a small k region. This is a simple but convenient criterion of EMT,
because the charge-neutral excitons are less sensitive to surrounding carriers than
unbound pairs [29]. In Fig. 3(f), we plot time evolution of the renormalized band gap
Eg = &k=o along with the bare exciton energy (dashed line), depicting the transition from
a low-density regime in which Eg > E; — E}, to a high-density regime in which Eg <
Eg — Ey. In Fig. 3(g), we plot time evolution of the characteristic wavenumbers: the peak
of |Py| (squares), the quasi-Fermi wavenumber at which n,, = 0.5 (upward triangles),
and the resonantly pumped wavenumber at which ¢ = E; — Ep, (downward triangles).
Note that k = 0 indicates no solution for the latter two. All these three quantities show
a mutually correlated behavior; when all relaxation processes are neglected, it can be
shown that the former two wavenumbers exactly coincide. After the pump pulse passes
through the sample (¢), the interband e-h polarization experience the free induction decay
or dephasing, leaving incoherent e-h population. From the above simulation, we deduce
that the creation of Cooper-pair-like e-h pairs is specific to the high-density regime, where
EMT occurs and quasi-Fermi surfaces are formed. This view can be also supported by
the transient one-particle spectrum exhibiting a BCS-like gap structure inside the
renormalized electron and hole continua: for further details, see Supplemental Material
[42].

Finally, we address the so-called Coulomb enhancement (CE) effect. At low



temperatures, the presence of Coulomb attraction between electrons and holes is known
to enhance the gain and absorption near the quasi-chemical potential in photoexcited
semiconductors, which is intensively studied with respect to the physics of semiconductor
lasers [54-56]. To compare the pump-driven e-h BCS-like state and the CE effect, we plot
in Fig. 4(a) the experimentally obtained transient optical density for t,, = 3, 10 and 100
ps by solid, dashed and thin lines, respectively. At t,, = 100 ps, the peak- or edge-like
structures around 1.513 eV is identified as the Coulomb-enhanced absorption. By contrast,
spectra at t,, = 3 ps show a distinct difference from those at t,, = 100 ps, where the
higher-energy absorption is prominently enhanced and lower energy weight is
substantially suppressed. The high-energy hump structure develops continuously from
the higher-energy peak of the dressed state doublet. Therefore, we attribute the difference
between the spectra at 3 ps and after 10 ps to the pump-induced coherence effect. At
tpp = 10 ps, the spectra have already approached those at t,, = 100 ps, indicating the
decoherence of the macroscopic polarization. To see it more clearly, we integrated the
positive difference of the optical density from that at ¢,, = 100 ps as an indicator of
coherence. The result is shown in Fig. 4(b) for I = 0.06 (triangles), 0.2 (squares) and
0.9 MW/cm? (circles). In all cases, the integrated signal decays within 10 ps. We
approximate them with exponential fits to obtain a measure of decoherence time as shown
by solid lines in the figure, though some of them show non-exponential decay because of
the trailing edge of the pump pulse. The result is summarized in Fig. 4(c) as solid circles
with fitting errors. In the same panel, the pair density measured 50 ps after the
photoexcitation by terahertz spectroscopy is also plotted as open circles. Its value can be
quantitatively compared with an experimental report on dynamical EMT in a similar
sample observed by optical pump-terahertz probe spectroscopy [37]. Over a wide range
of excited pair density across EMT with the Mott density ny ~ 1 X 101 cm™3 [37, 57],
the decay time remains 3-4 ps, comparable with the pump duration which drives the
coherence of the system. Therefore, we conclude that the pump-induced coherence plays
a crucial role in the transient optical density for t,, < 3 ps. The temporal evolution of
the higher-energy dressed state indicates that the coherently driven macroscopic
polarization state characterized by the BCS-like wavefunction continuously evolves into
the Coulomb-enhanced band edge profiles after the decoherence time of about 3 ps.

In summary, we observed the photon-dressed states of 1s heavy hole excitons in a bulk
GaAs by a pump-probe measurement. At low excitation intensity, the dressed states
manifest themselves as an Autler-Townes doublet of the 1s exciton resonance. The
higher-energy peak is larger than the lower-energy one, which is attributed to blue shift

of the exciton resonance caused by repulsive exciton-exciton interaction. At high



excitation intensity, the lower-energy peak vanishes while the higher-energy one remains
though heavily broadened. This behavior reflects the fact that the system enters the high-
density regime above the Mott density where many-body effects dominate the dressed
states beyond the simple two-level analogues. According to a simulation by
semiconductor Bloch equations, we showed that coherently driven e-h pairs in such a
high-density region exhibit a Cooper-pair-like wavefunction, peaked at a finite relative
momentum k. This result indicates that the e-h BCS-like coherent state, where the
interband polarization plays the role of an order parameter, is realized as a continuous
crossover from excitonic dressed states. We also discussed a continuous transition from
the coherent macroscopic polarization state related to the dressed states to an incoherent
state related to Coulomb enhancement after the photoexcitation. This observation
suggests a close contact with a theoretical prediction that Coulomb enhancement can be
regarded as a precursor of e-h condensation [31]. Direct observation of the interband
polarization by correlation measurements and of the BCS gap structure by angle-resolved
photoemission spectroscopy will enable a more detailed understanding of time evolution
of the light-induced condensed states, which we leave as a future work.
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Fig. 1 (a) Conceptual diagram of BEC-BCS crossover in ultracold e-h systems. (b) Energy

diagram of e-h pair excitations and schematic of the pump-probe measurement. (c)
Optical density of the sample at 5 K (solid line) and intensity of the pump pulse (shaded
curve). Inset shows the autocorrelation signal of the pump pulse with a Gaussian fit.
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Fig. 2 Transient optical density measured (a) for various excitation intensities I at t,, =
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clarity. Dots mark the split peaks of the HH exciton resonance. The pump photon energy
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Fig. 3 Results of simulation. (a) Transient absorption spectra for different pump electric
field E, at t,, = 0 ps, vertically shifted for clarity. Dots mark the split peaks. The
pump spectrum is also shown on the top. (b)-(d) Snapshots of e-h polarization |Py],
electron density n,y, and renormalized pair energy &y, respectively, calculated for E, =
0.03 and labelled from o (t < 0) to & (t > 0). (e) Time evolution of total pair density n
(solid line) and pump intensity (shaded curve). Times corresponding to a-¢ are also shown
as vertical lines. (f) Dynamics of the renormalized band gap. (g) Time evolution of the
peak position of |Pg| (squares), the quasi-Fermi wavenumber at which n., = 0.5
(upward triangles), and resonantly excited wavenumber at which & = E; — Ej,

(downward triangles). For the latter two, k = 0 indicates no solution.
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are exponential fitting. (c) Intensity dependence of decay time of integrated positive
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