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Ultrafast spin-polarized lasing in a highly photoexcited semiconductor
microcavity at room temperature

Feng-kuo Hsu,! Wei Xie,! Yi-Shan Lee,? Sheng-Di Lin,? and Chih-Wei Lai'-"
' Department of Physics and Astronomy, Michigan State University, East Lansing, Michigan 48824, USA

2Department of Electronics Engineering, National Chiao Tung University, Hsinchu 30010, Taiwan
(Received 2 January 2015; revised manuscript received 22 April 2015; published 14 May 2015)

We demonstrate room-temperature spin-polarized ultrafast (~10 ps) lasing in a highly optically excited
GaAs microcavity. This microcavity is embedded with InGaAs multiple quantum wells in which the spin
relaxation time is less than 10 ps. The laser radiation remains highly circularly polarized even when excited by
nonresonant elliptically polarized light. The lasing energy is not locked to the bare cavity resonance, and shifts
~10 meV as a function of the photoexcited density. Such spin-polarized lasing is attributed to a spin-dependent
stimulated process of correlated electron-hole pairs. These pairs are formed near the Fermi edge in a high-density

electron-hole plasma coupled to the cavity light field.
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I. INTRODUCTION

Circularly polarized light has been used in various applica-
tions, ranging from the determination of protein structures with
circular dichroism spectroscopy [1] and stereoscopic image
projection in a polarized three-dimensional (3D) system to
spin-dependent electronics (spintronics) and quantum compu-
tation [2]. Lasing in semiconductors is generally independent
of the spins of electrons and holes, which constitute the
gain medium. In semiconductors, spin-polarized electrons
(holes) are generated in the conduction (valence) band upon
absorption of circularly polarized light above the band gap,
as determined by the optical selection rules [3]. At low
photoexcited densities, the photoluminescence (PL) usually
comes from spontaneous transitions that do not react back
on the electron system. In this case, the degree of circular
polarization (D¢ p = p.) of PL reflects the spin polarization in
electrons and holes before radiative recombination [3]. When
the spin relaxation rate is fast compared with the radiative
recombination, the spin polarization in photoexcited carriers
(optical orientation) is typically lost during the absorption-
cooling cycle, and unpolarized PL results. Similarly, the p.
of the emission in spin-controlled light-emitting diodes (spin-
LEDs) [4] is limited by electrical spin injection efficiency.
However, in a few spin-controlled lasers, highly circularly
polarized radiation can result from partially spin-polarized car-
riers, provided that radiation from a spin-dependent stimulated
process dominates [5—14].

In this study, we demonstrate room-temperature spin-
polarized ultrafast pulsed lasing in a highly photoexcited
planar semiconductor microcavity. The spin-polarized lasing is
attributed to a spin-dependent stimulated process of correlated
electron-hole pairs formed near the Fermi edge in a high-
density electron-hole (e-h) plasma coupled to the cavity
light. The spin-polarized laser studied here has a structure
similar to vertical-cavity surface-emitting lasers (VCSELs)
[15] and microcavities used for studies of exciton-polariton
condensates [ 16-24]. In VCSELS, the lasing energy is typically
determined by the bare cavity resonance and has limited energy
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shifts [25] and linewidth broadening [26] with increasing
carrier density. The polarization properties of VCSELs are
typically affected by crystalline anisotropies [27], except
for a few spin-controlled lasers [6—-14]. On the other hand,
exciton-polariton condensates are typically studied in a low-
photoexcited-density regime below the Mott transition [28] at
cryogenic temperatures. Exciton-polariton condensates gener-
ally display considerable spectral blueshifts and broadening
with increasing photoexcited density as a result of polariton-
polariton interactions, as well as decoherence and fluctuations
induced by interactions [29]. Furthermore, exciton-polariton
condensates exhibit diverse polarization properties and spin-
dependent phenomena depending on the excitation conditions
and materials involved [30-39].

In contrast to conventional spin-controlled lasers (spin
lasers) [6—12,14], the spin-polarized lasing presented in this
study displays (1) substantial energy blueshifts of more
than 10 meV with increasing photoexcited density, (2) spin-
dependent energy splittings in the absence of an external
magnetic field, (3) ultrafast sub-10-ps pulsed lasing, and (4) a
high external quantum efficiency of ~10%, which matches the
fraction of carriers photoexcited in the multiple quantum wells
(MQWs). In particular, the lasing energy is largely determined
by the chemical potential p of the e-h plasma coupled to the
cavity light field: the lasing energy is not locked to the bare
cavity resonance.

The room-temperature e-h system explored in this work
consists mainly of free carriers and high-density e-h plasmas
as a result of thermal ionization [40—42]. Nevertheless, the
presence of a cavity ensures the emergence of correlated
e-h pairs near the Fermi edge (Fig. 1) and consequent spin-
dependent stimulation that result in ultrafast pulsed lasing with
high quantum efficiency. The transient chemical potential p
can reach the second-quantized energy levels in QW (e2-hh?2
transition, Eg ~ 1.41 eV), which is more than 80 meV above
the QW band gap (el-hhl transition, E; ~ 1.33 eV) and
approaches the cavity resonance (E, ~ 1.41 eV). At a low
photoexcited density, u is far off-resonant with respect to
E. [see the Appendix, Figs. 7(b) and 7(c)], and the radiative
recombination of e-h carriers is largely suppressed. i advances
toward E. with increasing photoexcited density, so nonlinearly
enhanced luminescence efficiency and lasing eventually result.
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FIG. 1. (Color online) (a) Laser energy diagram. (b) Schematic
of the microcavity structure. The sinusoidal red curves represent the
amplitude of the cavity light field. The z axis is the growth direction
and is parallel to the wave vector of the pump laser. (c) Pictorial
representation of the high-density e-4 plasma in the quantum wells
embedded in the microcavity. Correlated e-h pairs are formed near
the Fermi edge of the e-h plasma as a result of effective coupling to
the cavity light field.

Moreover, the lasing polarization can be effectively controlled
by optical pumping because of a negligible TE-TM mode
energy splitting at k; = 0 [Appendix, Fig. 7(a)]. Spin-polarized
carriers are optically injected by nonresonant picosecond
circularly polarized pump pulses. Below the threshold, lumi-
nescence is unpolarized because of sub-10-ps electron-spin
(r¢) and hole-spin (rsh) relaxation times [43-45] that are
short compared with the carrier lifetime t, = 1 ns. Above
a critical photoexcited density, laser action commences with a
high degree of circular polarization, close to unity (p. > 0.98)
(Fig. 2). When excited by a nonresonant elliptically polarized
pump, the p. of the circularly polarized laser radiation can even
exceed that of the pump in the limited-photoexcited-density
regime.

II. RESULTS

The A GaAs/AlAs distributed Bragg reflector (DBR)
microcavity examined in this study has three stacks of three
InGaAs/GaAs MQWs each, embedded at the antinodes of the
cavity light field. We optically pump the sample nonresonantly
by using 2 ps Ti:sapphire laser pulses at £, = 1.579eV (&, =
785 nm), which is near a reflectivity minimum (reflectance
~40%) of the microcavity and about 170 meV above the
lasing energy. To investigate laser action in a highly optically
pumped microcavity, we vary the laser pump flux by two
orders of magnitude and create a photoexcited density ranging
from approximately 5 x 10'! to 10'* cm™2 per QW per pulse,
corresponding to a 2D density parameter ry = 1/(ag /) ~
5.3-1.2 for ag =~ 15 nm in InGaAs QWs [46]. To control
carrier heating and diffusion, we temporally modulate the
pump intensity and spatially shape the pump laser beam into
a flat top, respectively (see also Appendix A: Methods).

First, we characterize the laser in terms of the angular
distribution and energy as functions of the in-plane momentum
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FIG. 2. (Color online) Spin-polarized lasing at room tempera-
ture. (a) Angle-resolved [k-space (kx,ky)] luminescence images at
the lasing threshold (P = P,;,) for cocircular (o* /o™, left panel)
and cross-circular (o /o, right panel) components. Here, 0% /o*
represent the polarization of pump/luminescence, respectively. P,;, ~
2.5 x 10% photons per pulse (over an area of 80 wm?), resulting
in a photoexcited density n,, ~ 3 x 10> cm™2 per QW per pulse
for an estimated absorption of 10% for nine QWs. Insets are the
corresponding real space (r space) luminescence images. (b) Energy
(E) vs in-plane momentum (k) dispersions along the ky axis
(k)( = O,ky = k").

[angle-resolved (k-space) images and E vs kj dispersions]
(Fig. 2). At the threshold, the emission of the microcavity
investigated in this study becomes angularly and spectrally
narrow for the cocircular o /o+ component, where ot /o™
is the helicity of the pump/emission, respectively. An intense
radiation mode emerges within an angular spread A9 < 3°,
corresponding to a standard deviation Ak = 0.3 um~! in k
space. Approximating such a partially coherent beam as a
Gaussian Schell-model source [47], we can determine a spatial
coherence length of 4 um, which is close to the spatial dimen-
sion of the lasing mode [Fig. 2(a) inset]. On the contrary, no
lasing action occurs for the cross-circular o /o~ component,
which exhibits an angularly broad intensity distribution and
a parabolic E vs k| dispersive spectrum. Accordingly, the
radiation at the threshold has a unity circular polarization.
Next, we describe the nonlinear input-output and polar-
ization characteristics with varying pump flux. Figure 3(a)
shows the emission flux (output) vs the pump flux (input)
under a circularly (o ™) polarized excitation. The pump flux P
is the photon flux per pulse transmitted into the microcavity
within a circular 10-um-diameter area. The output nonlinearly
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FIG. 3. (Color online) Photoexcited density dependence. (a)
Emission flux integrated over [kj| <3 um™' under a circularly
polarized o pump. (b) The degree of circular polarization (5,),
determined from the luminescence integrated near ky ~ 0 (Jk;| <
0.3 um~"') under a 6T or o~ circularly polarized pump. The dashed
lines are the calculated emission flux and the p,., with a spin-dependent
stimulated process assumed (see the Appendix B: Rate-equation
model).

increases by one order of magnitude for an increase in the input
by less than 20% near the critical photoexcited density. The
onset of such a nonlinear output for the cocircular component
(07 /o) is defined as the threshold P,;, (indicated by an arrow
in the figure). For P 2 1.5P;;, the cross-circularly-polarized
component also lases. Under a linearly polarized pump,
the laser action commences at a slightly higher pump flux
(P = 1.05P,;) (not shown, see Ref. [48]). This 5% threshold
reduction with the optical injection of the spin-polarized
carriers is small but significant compared with the <1%
reduction predicted for an InGaAs-MQW-based VCSEL [49].
In general, such a threshold reduction is less than 5% in most
locations and samples studied in this work.

The total emission under a circularly polarized pump is
close to that under a linearly polarized one. The overall effi-
ciency [the ratio of the emission flux emanating from the front
surface (output) to the pump flux transmitted into the micro-
cavity (input)] reaches a plateau of ~10% at P 2 3 P,,. In the
plateau regime, the output linearly increases with the input and
resembles the characteristics of a conventional semiconductor
laser. The maximal efficiency ranges from 3% to 11%. An
efficiency greater than 10% can be obtained. Absorption in
the nine 6-nm-thick Ingy 15Gag gsAs/GaAs MQWs in the cavity
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is 12% at A, = 785 nm at room temperature. Therefore, an
efficiency greater than 10% implies that essentially all of the
carriers photoexcited in the MQWs can recombine radiatively
and contribute to laser action.

The spontaneous buildup of the circularly polarized radi-
ation at a critical photoexcited density can be quantified by
the time-integrated D¢p (o) [Fig. 3(b)] deduced from the
normalized Stokes vector s = {s,s2,53} (see Appendix A:
Methods). Below the threshold, the radiation is unpolarized
(P = 0). Slightly above the threshold (P, < P < 1.2Py,),
the radiation is highly circularly polarized (p. > 0.95). For
P > 1.5P,, the radiation becomes elliptically polarized with
reduced p. as a result of increasing radiation with an opposite
helicity. When the helicity of the circularly polarized pump
is switched, p, changes in sign but maintains the same
magnitude, i.e., the polarization state is symmetric with respect
to the helicity of the pump. The pump flux-dependent D¢p
is quantitatively reproduced [dashed lines in Fig. 3(b)] by a
rate-equation model assuming a spin- and density-dependent
stimulated process, as described in Appendix B.

In Fig. 4, we study the spectral characteristics. When
the pump flux is increased from P = 0.5P, toward the
threshold, the luminescence blueshifts by ~5 meV, whereas
the linewidth AE decreases from about 10 to 0.3 meV. The
linewidth AE (FWHM) of the spectral distribution and the
peak energy of the co- and cross-circularly polarized spectra
at k; = 0 under a circularly polarized (%) pump are plotted
in Fig. 4(b). Slightly above the threshold (P, < P < 1.5Py;,),
spectrally narrow (AE = 0.3-1.0 meV) radiation emerges
with a nonlinear growth in magnitude, whereas the peak energy
remains constant. Far above the threshold (P > 1.5P;;,), the
spectral linewidth increases to more than 2 meV. The overall
emission energy shifts with the increasing pump flux are
more than 10 meV [Fig. 4(c)], which is significantly larger
than the corresponding energy shift of the cavity stop band
(<2 meV) (see the Appendix, Fig. 8). In addition, far above
the threshold, co- and cross-circular components both lase with
the rising peak energy while retaining an energy splitting of
~ 1-2 meV [Fig. 4(d)].

Another manifestation of the spin-dependent process is
highly circularly polarized lasing even under a nonresonant
elliptically polarized optical excitation (Fig. 5). Here, the pump
flux transmitted into the microcavity sample is kept constant
with varying pump circular polarization [pZ, represented by
the pump Stokes vector tracing a meridian at the Poincaré
sphere shown in Fig. 5(a)]. When the initial spin-dependent
population imbalance is controlled by variation of pf, the D¢ p
of the lasing radiation (p.) can exceed that of the pump for
1.0P;, < P < 1.5P, [Fig. 5(b)]. Such a spin amplification
arises from the “gain” anisotropy in the presence of two
threshold pump fluxes for two helicities of laser radiation,
typically denoted as JT'1 and JT2 in the literature on spin-
controlled VCSELs [12]. Highly circularly polarized lasing
(p. > 0.8) occurs even when the p! is as low as 0.5 (altitude
¢ = 30°). Next, we consider a polarization-dependent external
efficiency (né) [Fig. 5(c)], which is defined as the ratio of
the polarized emission flux emanating from the front surface
(output) to the pump flux transmitted into the microcavity
of the same polarization (input). The external efficiency 7,
of the majority polarized emission component is less than
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FIG. 4. (Color online) Time-integrated polarized spectra. (a) 2D false-color images of microcavity luminescence/lasing spectra vs the
pump flux for cocircular (¢ * /o, left panel) and cross-circular (o * /o ~, right panel) components. Spectra are normalized with respect to the
cocircular component (o /o ") for each pump flux. Note that the intensities of the o /o~ spectra for 0.8P;, < P < 1.3P,, (shaded area)
are scaled up by a factor of 10. (b) Spectral linewidths AE (FWHM) and peak energies determined from the emission spectra in (a). (c)
Selected cocircular time-integrated polarized spectra for P = 0.8 P,;, (black), 1.0P,;, (red), and 3.3 P,;, (blue). Spectral blueshifts and linewidth
broadening with the increasing pump flux can be readily identified in these selected spectra. (d) Polarized time-integrated spectra (blue solid
line, cocircular; blue dashed line, cross circular) and spectral D¢p [p(E), black line] for P = 3.5P;,. The time-integrated spectra reveal an

apparent spin-dependent energy splitting of 1-2 meV.

103 below the threshold, and increases by two orders of
magnitude at 1.2 P,,. In both cases, 1., is insensitive to pf. At
the threshold, 1., exceeds 1072 for pf ~ 1 (¢ = 90°,270°),
whereas it remains ~1073 for pf ~ 0 (¢ = 0°,180°). The
low n,, below the threshold is due to significant loss through
nonradiative recombination, reabsorption, and emissions into
other nonlasing modes. With the increasing pump flux, a
stimulated process dominates over the loss and yields a
dramatic increase in 7., above the threshold. A competition
between loss and spin-dependent stimulation can result in the
observed “spin amplification” (g, > p?) effect under ellipti-
cally polarized pumping, which is qualitatively reproduced by
the aforementioned model (see Appendix B, Fig. 10).

To understand the mechanism of the spin-polarized laser
action, study of the polarization dynamics through time-
resolved polarimetry and spectroscopy is needed. Figure 6
shows the selected time-resolved co- and cross-circularly
polarized luminescence [1*(¢)] undera o+ circularly polarized
pump. Below the threshold, the time-dependent p.(¢) reaches
~0.1 when the luminescence reaches its peak, and then it
decays with a time constant less than 10 ps, as demonstrated
by the minimal transient difference between I*(¢) and I~ (¢)
at P = 0.8P;, [Fig. 6(b)]. At the threshold, the cocircular
component commences the pulsed laser action within 30 ps,
whereas the cross-circular component remains negligible
[IT(t)/1 (r) > 100] [Fig. 6(a)]. Such a high p.(r) > 0.9 is
indicative of a spin-dependent stimulated process through
which spin polarization is amplified [5,8,11].

We further conduct temporally and spectrally resolved mea-
surements, as shown in Fig. 6(c). At the threshold, the radiation
remains spectrally narrow, with a peak energy that is nearly

constant with time. Above the threshold, the radiation expands
spectrally when the laser action commences, and it gradually
redshifts with time. In addition, polarimetric measurements
reveal a circularly polarized high-energy component during the
initial 10-20 ps pulsed radiation, followed by an unpolarized
low-energy one for P > 1.5 P, (see Appendix A, Fig. 9). The
co- and cross-circular components have the same transient
spectral peak energy depending on the fotal carrier.

III. DISCUSSION

We now distinguish the present room-temperature system
from exciton-polariton condensates at cryogenic temperatures
[16-24]. A laser is typically characterized by its coherence
and spectral properties, whereas a macroscopic conden-
sate exhibits unique energy and momentum distributions.
Figures 2 and 3 present data on the increase of spatial
coherence, the nonlinear growth of macroscopic occupation in
a state in energy and momentum space, and the spontaneous
increase in circular polarization. We note that some exciton-
polariton condensates exhibit linearly polarized radiation. This
polarized radiation is a result of an energy splitting of the
order of 100 weV between two linearly polarized modes
(0% and o) induced by structural disorder and strain [17].
The angular and spectral distributions of radiation from the
polariton laser studied here resemble those observed in the
condensates of exciton-polaritons at cryogenic temperatures
[17,19]. However, the room-temperature microcavity system
presented here is a plasma laser with dynamics and spectral
characteristics affected by the many-body effects at high
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FIG. 5. (Color online) Spin amplification under an elliptically
polarized pump. (a) Representation of polarization states (Stokes
vectors) in a Poincaré sphere. The pump polarization is varied along
the meridian in the s,-s3 (x-z) plane. (b) The time-integrated D¢ p (9.)
of the spin-polarized laser radiation as a function of pump D¢p ()
(blue line) at 0.8 P,;, (black dots), 1.0 P, (magenta dots), and 1.2P,,
(red dots). (c) External quantum efficiency (1.,) vs pump Dcp (o7,
represented by the altitude ¢p) at 1.2 P, 1.0 P, and 0.8 P,;,. The pump
flux is maintained at a constant when p/ is varied. For a specific ¢,
only the 7., of the majority polarized emission component is shown
(ot for 0° < ¢ < 180° and o~ for 180° < ¢ < 360°). n,, of the
minority component is not shown because of a low signal-to-noise
ratio for p? ~ £1. Error bars represent the standard deviation of 7.,
over five measurements.
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FIG. 6. (Color online) Dynamics and energy relaxation. (a) Po-
larized time-dependent luminescence at ky = O for P = 1.0 P,;, under
a circularly polarized (6*) pump. Blue (red) curves represent the
cocircular I7(¢) [cross-circular 77(¢)] components. Note that the
cross-circular component shown at P = P, is multiplied by a factor
of 100. The time zero is determined from the instrument response
(black dashed curve), which is measured via pump laser pulses
reflected off the sample surface. The time traces are spectrally
integrated (temporal resolution ~5 ps). (b) Same as (a) but for
P = 0.8P,,. (c) Temporally and spectrally resolved streak spectral
images of the cocircular component I *(8E,t) at P = 1.0P,;,,2.0P,,,
and 4.0P,;,. The y axis (§E) is offset with respect to 1.408 eV, the
lasing energy at P,,. The temporal resolution is ~30 ps because of
the grating-induced dispersion.

photoexcited densities rather than the stimulation of exciton-
polaritons in the strong-coupling regime [50].

The highly photoexcited microcavity studied in this work
is one of the coupled electron-hole-photon (e-h-y) systems
that are becoming a platform for studies on nonequilibrium
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collective quantum states. A many-body state near the Fermi
edge in a degenerate high-density e-h system can result in
unusual optical properties. For example, Fermi-edge superflu-
orescence [51] has been observed in a degenerate e-h system,
whereas Fermi-edge polaritons [52] or Mahan excitons [53,54]
have been observed in a microcavity containing a 2D electron
gas. Theoretically, it has been predicted that BCS-like states
have been predicted to arise from a high-density coupled e-h-y
system [55-61].

To understand the spin-dependent polarization and spectral
characteristics, we propose that when the chemical potential
(w) of the degenerate e-h plasma (M,;,) advances toward the
cavity resonance (E.), a fraction of the e-h pairs near the
Fermi edge can couple effectively to the cavity light field
and form a coherent state (ny). When the conversion from
M., to ng overcomes the decay of ny, the occupation number
in ny approaches unity. Subsequently, a stimulated process
(X M,pnp) prevails and results in a nonlinear population
increase in ng and in laser radiation with an increasing M,y,.

In this microcavity, the lasing polarization is determined by
no as a result of spin-preserved stimulation. The cooling time
of nonresonantly photoexcited carriers is comparable to the
spin relaxation time (zy) [see Fig. 6(b)]. Consequently, under
a circularly polarized o pump, a sizable spin-imbalanced
population is built up when carriers are cooled down to
M.,,. In the absence of stimulation (below the threshold),
radiation from ng is long lived because of the relatively
long population decay time of M,, (~100t,). Therefore,
the time-integrated circular polarization p. is close to zero
(unpolarized). In this regime, the nonradiative loss dominates
because of inefficient conversion from M2 to radiative n;.
As aresult, the overall radiative efficiency of the e-h system is
low. When the stimulation condition is satisfied for M, but not
M_,, the conversion rate from M;[ to radiative nar increases
rapidly and yields a macroscopic population in n; and a high
overall radiative efficiency. By contrast, the overall radiative
efficiency for n;, remains minimal. Therefore, the resulting
pulsed laser radiation is circularly polarized with near unity
Pe. Such fully circularly polarized lasing occurs only in a
limited photoexcited regime, which is determined by the finite
spin imbalance between Me'; and M, when carriers are cooled
down. When both M), and M, reach the stimulation condition
at a high photoexcited density, the laser radiation displays
a reduced p.. Temporally, the decreasing p manifests in
radiation redshifts [Fig. 6(c)], which partially contribute to the
observed linewidth broadening in the time-integrated spectra
[Fig. 4(a)]. The temporal evolution of 1 and the spin population
imbalance also account for an apparent spin-dependent energy
splitting of about 1-2 meV [Fig. 4(d)]. Initially, the lasing
from ng at a high energy dominates because the spin flipping
from M;l to M, is minimal. With an increasing time delay,
the spin flipping from M, to M, becomes significant, and
the laser radiation from both na’ and n, appear at a lower
energy.

In Appendix B, we provide a phenomenological rate-
equation model that includes spin-dependent stimulation and
loss. The model reproduces quantitatively the spin-polarized
lasing as a function of photoexcited density and pump
polarization. In principle, the high-density e-A-plasma lasing
described in this study can be modeled by a self-consistent
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numerical analysis based on Maxwell-Bloch equations be-
yond a phenomenological spin-flip model [62] developed
for conventional semiconductor lasers [63]; however, the
strong optical nonlinearities induced by the coupling of the
e-h plasma and the cavity light field should be considered.
For example, an index-induced cavity resonance shift can
be considered a mechanism for the observed density- and
time-dependent lasing energy shift. The cavity resonance
shift (6E.) is related to the change in the refractive index
(6n.) approximately through §E./E. = —én./n., where n. is
the effective refractive index averaged over the longitudinal
cavity photon mode. Therefore, a cavity resonance shift
SE ~ 10 meV (Fig. 4) requires a sizable reduction of the
refractive index, i.e., |dn./n.| ~ 0.7%. Such a significant
dn. is probable with resonance-enhanced optical nonlinearity,
which is consistent with the aforementioned framework based
on the formation of cavity-induced correlated e-h paris near
the Fermi edge. Nonetheless, analyzing the polarized spectral
characteristics and dynamics of lasers with highly interacting
carriers in the gain media is important to further understand
Coulomb many-body effects, such as screening, band-gap
renormalization, and phase-space filling [41,56,57,64] in high-
density coupled e-h-photon systems [58—61].

In the present studied spin-polarized microcavity laser, the
spontaneous emission factor [65,66] is ~1072 and the external
quantum efficiency can reach 10%, which matches that of
the carriers absorbed in the QW gain medium. Moreover, the
lasing threshold carrier density is nearly the same as that in
conventional VCSELs even when the cavity resonance is far
detuned from the band gap of the QWs (E, — E ;, ~ 80 meV).
Theoretically, the threshold density is expected to increase with
the increasing detuning, except when many-body interactions
in the photoexcited carriers are considered [60]. We attribute
the high quantum efficiency at a high photoexcited density and
the low threshold under a sizable detuning to the stimulation
of correlated e-h pairs formed near the Fermi edge of the
high-density plasmas as a result of the coupling to the cavity
light field. Moreover, the lasing energy is largely determined
by the chemical potential of the plasmas rather than by bare
cavity resonance; as a result, tuning the laser energy for
more than 10 meV with an increasing photoexcited density is
possible. Specifically, the emission energies blueshift by more
than 210 meV when the photoexcited density increases from
2 x 10" cm™2 to ~10"3 cm™2 per pulse. Our results suggest
potential applications for wavelength-tunable lasers [25,67],
with polarization controlled by an external stimulus rather
than being fixed to static structures. The sub-10-ps pulsed laser
action commencing within 10 ps after pulse excitation suggests
that a high-speed operation (> 100 GHz) is feasible [68].
In addition, the studied microcavity structure with the cavity
resonance tuned to the excited quantized levels of QWs can be
used for spin-controlled high-speed VCSELs with electrical
injection of spin-polarized carriers via ferromagnetic contacts
[13,14,69].

In summary, we have described a spin-polarized laser
that exhibits nonlinear energy shifts, spin-dependent energy
splittings, and linewidth broadening with an increasing pho-
toexcited density. The ultrafast (sub-10-ps) room-temperature
spin-polarized lasing occurs in a highly photoexcited
microcavity in which correlated e-h pairs are formed near
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the Fermi edge. The spin-dependent stimulation and high
optical nonlinearities arising from cavity-induced many-body
states play an important role in facilitating the observed
spin-polarized lasing presented in this study. Our results should
stimulate activities that exploit spin and many-body effects
for fundamental studies of light-matter interactions, as well
as facilitate developments of spin-dependent optoelectronic
devices.
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APPENDIX A: METHODS
1. Sample fabrication

We grow the microcavity on a semi-insulating (100) GaAs
substrate by using a molecular beam epitaxy method. The
top (bottom) DBR consists of 17 (20) pairs of GaAs(61-
nm)/AlAs(78-nm) A/4 layers (Fig. 7). The central cavity
layer consists of three stacks of three Ing5GaggsAs/GaAs
(6-nm/12-nm) quantum wells each, positioned at the antinodes
of the cavity light field. The structure is entirely undoped
and contains a A GaAs cavity sandwiched by DBRs; the
result is a bare cavity resonance E.~ 1.41 eV (A, = 880
nm) at room temperature (Fig. 8). The QW bandgap (E;, ~
1.33 V) is tuned through a rapid thermal annealing process
(at 1010-1090 °C for 5-10 s), in which the InGaAs QW band
gap blueshifts because of the diffusion of gallium ions into the

(a) 1.42 x10°
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MQW layers. The cavity quality factor Q is about 4000-7000,
which corresponds to a cavity photon lifetime ~2 ps.

2. Thermal management

At a high pump flux, the steady-state incident power
transmitted to the sample at the 76 MHz repetition rate of
the laser will exceed 50 mW and result in significant thermal
heating and carrier diffusion. The techniques we use to control
the thermal heating and diffusion of the photoexcited carriers
are (1) temporally modulating the pump laser intensity to
suppress the thermal carrier heating and (2) spatially shaping
the pump beam profile to enable lasing in a single transverse
mode. Steady-state thermal heating can inhibit laser action and
lead to spectrally broad redshifted luminescence. To suppress
steady-state thermal heating, we temporally modulate the 2 ps
76 MHz pump laser pulse train with a duty cycle (on/off
ratio) <0.5% by using a double-pass acousto-optic modulator
system [71]. The time-averaged power is limited to below
0.2 mW for all experiments. Multiple transverse modes can
simultaneously lase because of the diffusion of photoexcited
carriers and crystalline disorder, which lead to instability and
complex lasing characteristics (Fig. 9). To control carrier
diffusion, we holographically generate a flat-top pump beam
profile (area ~300 wm?) at the sample surface with a spatial
beam shaper consisting of a two-dimensional liquid-crystal
spatial light modulator (SLM) [72].

3. Optical excitation

The front surface of the microcavity is positioned at the
focal plane of a high-numerical-aperture (NA) microscopy
objective (NA of 0.42, 50x, effective focal length 4 mm).
A 3x telescope, a Faraday rotator, a polarizing beam splitter,
and the objective form a reflected Fourier transform imaging
system. The light fields at the SLM and sample surface form a
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FIG. 7. (Color online) Microcavity sample characterization. (a) E vs k; dispersions for the TE (left) and TM (right) modes under a circularly
polarized pump at 1.579 eV and P = 0.6 P,;,. The photoexcited density at P, is ~2-3 x 10'> cm~2 per quantum well per pulse. The simulated
TE and TM dispersions are shown as magenta and black curves, respectively. The TE-TM energy splitting is less than 50 ueV at ky =0,
allowing the effective control of lasing polarization by optical pumping. (b) To determine the density-dependent spectral characteristics of PL
in the InGaAs/GaAs MQWs, we measure the time-integrated and time-resolved PL in the sample, with the top DBR mirror layers removed,
by selective wet etching [70]. PL spectra at P = 0.2 (blue), 0.6 (magenta), and 1 P, (green) in the absence of the top DBR mirrors. Here,
PL is attributed to the spontaneous radiative recombination of photoexcited carriers in the InGaAs/GaAs MQWs. The dual PL spectral peaks
are attributed to the first- and second-quantized energy levels in the MQWs, respectively. The QW band gap (E}) corresponds to the ground
state, the transition between the first-quantized energy levels of the electron and the heavy-hole (el-hh1). E; can decrease with the increasing
photoexcited density (band gap renormalization). u can be deduced from the PL from the excited state (second-quantized levels, e2-hh2
transition). With an increasing density, £, redshifts slightly because of band gap renormalization, whereas u blueshifts considerably (~10
meV) as a result of phase space filling (Pauli blocking) at a high photoexcited density (=>10'2 cm~2 per QW). (c) Normalized PL spectra near
1.40 eV, displaying a significant spectral blueshift of 15-20 meV with the increasing photoexcited density (0.1 P, to 2P,;).
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FIG. 8. (Color online) Reflectance and laser spectral character-
istics. (a) Reflectance spectrum at k; = O from the front surface of
a microcavity sample with 1.405 eV lasing energy at the threshold:
measured (black solid line) and simulated (orange solid line). This
sample is an as-grown sample not subject to a rapid thermal annealing
process. The simulation is performed via a transfer matrix method,
including the optical absorption in the GaAs layers, but excluding
the complex dielectric constant of excitons (e-A pairs) in MQWs. The
cavity resonance (E,) is about 1.41 eV. (b) Emission spectra at k;, = 0
at pump P = 0.3P,, and 1.0P,;,. Above the threshold, luminescence
is dominated by the lasing mode (red curve). (c) Spectral peak energy
as a function of pump flux (photoexcited density) for emission peaks
I, I, and I1I as indicated in (b). The vertical black and red dashed lines
indicate P = 0.3P,;, and 1.0P,;,, respectively. Emission peaks I and
III correspond to a reflection minimum with energy below and above
the reflection stop band, whereas peak I is near the cavity resonance.
Peaks I and III experience less than 2 meV spectral shifts with an
increasing pump flux. By contrast, peak II blueshifts by more than 10
meV for the same density range, a result indicating a strong optical
nonlinearity induced by the coupling between the high-density e-h
plasma and the cavity light field.
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FIG. 9. (Color online) Transient lasing spectra at P = 4P,,.
Cross-sectional transient spectra at specified time delays extracted
from the temporally and spectrally resolved streak images of the
sample. Transient spectra are averaged over 5 ps and normalized to
the maximal peak intensity of the cocircular component. The spectra
are equally scaled but offset vertically by 1. Red lines represent
the cocircular (o /o™) component, whereas blue lines represent
the cross-circular (o /o~) one. The energy scale is measured
with respect to 1.408 eV, which is the peak lasing energy at the
threshold P,;,. In the initial time delay of a few picoseconds after
pulse excitation, the emission is spectrally broad and blueshifts by
about 5 meV. For delays less than 20 ps, the co- and cross-circular
components have the same spectral peak energy (vertical dashed
lines), and this suggests that carrier interactions with the same spins
and opposite spins are in a comparable magnitude. The spectral peak
energy is determined by the total carrier density instead of individual
spin-up or spin-down populations. On the other hand, the intensity
of the cocircular component is higher than that of the cross-circular
component within 20 ps after pulse excitation because the ineffective
spin flipping in the reservoir results in an imbalanced spin population.
The emission spectrum reaches a maximum at about 10 ps, and then
gradually decreases in overall magnitude and redshifts with time.
The temporal energy redshift in spectra is attributed to a descending
chemical potential o with a decreasing carrier density.

Fourier transform pair. The 2D SLM (1920 x 1080 pixels,
pixel pitch 8 pum) enables us to generate arbitrary pump
geometries with a &2 pum spatial resolution at the sample
surface using computer-generated phase patterns. The pump
flux can be varied by more than two orders of magnitude with
the use of a liquid-crystal attenuator.

4. Imaging spectroscopy

We measure the angular, spectral, and temporal properties
of luminescence in the reflection geometry. In a planar
microcavity, carriers coupled to the cavity light field are
characterized by an in-plane wave number kj =k sin(0)
because of the 2D confinement of both photons and carriers.
The leakage photons can thus be used to directly measure
the angular distribution of optically active carriers. Angle-
resolved luminescence images and spectra are measured
through a Fourier transform optical system. A removable
f =200 mm lens enables the projection of either k-space
or r-space luminescence on to the entrance plane or slit of the
spectrometer. Luminescence is collected through the objective,
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separated from the reflected specular and scattered pump laser
light with a notch filter, and then directed to an imaging
spectrometer. A single circular transverse lasing mode with
a spatial mode diameter ~8 um is isolated for measurements
through a pinhole positioned at the conjugate image plane
of the microcavity sample surface. The spectral resolution is
~0.1 nm (150 peV), which is determined by the dispersion
of the grating (1200 grooves/mm) and the entrance slit width
(100-200 pm). The spatial (angular) resolution is 0.3 um (6
mrad) per CCD pixel.

5. Polarization control and notation

The polarization state of the pump (luminescence) is con-
trolled (analyzed) by a combination of liquid-crystal devices,
such as variable retarders and polarization rotators, and Glan-
Taylor/Glan-Thomson polarizers without mechanical moving
parts. A polarization compensator (Berek’s variable wave
plates) is used to compensate for the phase retardation induced
by the reflection from the miniature gold mirror surface.
The circularly polarized pump or luminescence with angular
momentum +7% (—7) along the pump laser wave vector k || 2
is defined as ot (o 7). Linearly polarized light with horizontal
(vertical) polarization is defined as o X (¢¥). The polarization
state is characterized by the Stokes vector {So,Si,S$>,53}.
So is the flux and is determined as So =1+ + 1~ =1 +
IV = I*%" 4+ ['%" The Stokes vector can be normalized by
its flux Sy to the Stokes three-vector s = {s1,52,53}. $1 =
(IX _ IY)/(IX + IY), §H = (145o _ 1135°)/(I45° + 1135\’)’ and
ss=UY =17/ +17). 17, 17, 1%, IV, I*, as well as
I'%" are measured time-integrated or temporal intensities of
the circularly or linearly polarized components. We represent
the polarization state with the following three quantities: the
degree of circular polarization (D¢cp = p. = s3), the degree
of linear polarization (Dyp = p; =+/s2+5%), and the degree
of polarization (Dp = p =./s7+s2+s2). The accuracy of the
measured polarization state is ~ 1%—-2%.

APPENDIX B: RATE-EQUATION MODEL

To model the spin-controlled lasing processes, we use a set
of rate equations with spin-dependent stimulated processes.
We consider two states populated with spin-polarized electron-
hole (e-h) pairs: a nonradiative e-h plasma reservoir (Meih)
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and radiative correlated e-h pairs at kj ~ 0 (n(jf). The e-h
pairs nonresonantly photoexcited by a 2 ps pulsed pump laser
at 1.58 eV relax rapidly (<5 ps) to the reservoir via, for
example, a spin-preserved scattering process with LO optical
phonons. Therefore, we assume that spin-polarized e-h pairs
are optically injected into the reservoir at a generation rate of
G, P*, where P* is the pump laser flux of helicity +. The
spin flipping time of the e-A pairs, 1/ Wy, is less than 10 ps, as
demonstrated by the polarized time-dependent PL below the
threshold (Fig. 6) as well as in a sample without the top DBR
mirror layers (Fig. 7). The e-h carriers in the reservoir can also
dissipate through reabsorption and nonradiative recombination
(Tioss)- We further assume that a fraction of e-h pairs near
the Fermi-edge couple effectively to the cavity light field and
form correlated e-h pairs (N eh = ,BMeh) The conversion of
carriers from N, to the radiative nq state is enabled by the
following processes: (a) Wy, a spontaneous conversion from
N.n, and (b) Wy, a spin-dependent stimulated scattering from
N.;,. The ng state contributes to the leakage photons measured
experimentally at a rate associated with the cavity photon
decay rate I'.. The lasing dynamics can then be described
by the following set of coupled rate equations:

y ;‘(’) G (1) PE F Wy [M}, (1) — M, ()] — Dioss MZ(1)
— W (0 NE () nE(t) — Wi NE(1),
d"o ) NE +
T = Wy (n3) NE @) nE(t) + Wy N (1) — T ng(0).

The generation rate of carriers, G (), from a 2 ps pulsed
laser pump is represented by a Gaussian distribution with a
standard deviation o = 2 ps. The spin-dependent stimulation
rate Wy, = Wy x (1 — n(jf /nsat) 1s phenomenologically set to
decrease with density, where the saturation density ng, is
obtained by fitting of the pump flux-dependent, stationary D¢ p
(c)-

The fitting parameters are as follows: Wy = 1/10 (ps™1),
Wy = 1/10(ps~"), Wy = 107 (ps™"), Tioss = 1/1000 (ps ),
I'.=1 (ps7'), B =0.015, and ng = 200. Given a spatial
mode area of 10-20 umz for the n( state, the calculated
threshold density is about (5-10) x 10° wm™2, consistent with
experimentally measured carrier density per quantum well
at the threshold. This model reproduces the polarized laser
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FIG. 10. (Color online) Spin-dependent stimulation. (a) Calculated stationary D¢ p (0.) with varying pump polarization p? (represented by
the altitude) for P = 0.8 P, 1.0P,;,, and 1.2P,;,. (b),(c) Calculated polarized time-dependent radiation intensity for cocircular o* /o™ [I(1)]
and cross-circular o /o~ [I7(¢)] components under a ¢ pump for P = 1.0P,;, and 2.0 P,,. The theoretical P, is set to the pump flux when

the stationary p. = 0.5 under a fully circularly polarized pump (p? =

D).
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output fluxes (IF) and D¢p (p.) as a function of pump flux P
(Fig. 3) and as a function of pump polarization p{ [Figs. 5 and
10(a)]. The polarized time-dependent PL is also reproduced
qualitatively [Figs. 6, 10(b), and 10(c)].

We note a few limitations of this simplified model: (1)
It does not consider energy relaxation and spatial carrier
diffusion properly. As a result, the spectral-dependent station-
ary p.(E) and time-resolved p.(E,t) cannot be reproduced.
(2) The model does not consider optical selection rules under
a nonresonant optical pumping and neglects the fact that
hole spin relaxation time is sub-10-ps [45]. In InGaAs/GaAs
quantum wells, the initial p. of the band-edge PL is limited
to 0.25 because of ~ps hole spin relaxation for a nonresonant
optical excitation with more than 150 meV excess energy in our
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experiments; the model uses a p.(r = 0) = 1. Therefore, the
model produces a stationary p, higher than the experimental
values below the threshold. Moreover, the calculated p.
across the threshold is smooth, which is in contrast to the
“steplike” increase with the increasing pump flux in the
experiments. (3) We model the saturation effect by limiting
the stimulated scattering rate Wy, above a saturation density
(nsar). The Wg(ng) can exhibit a more complex density
dependence when energy relaxation and spectral broadening
of the lasing mode are considered. Despite the aforementioned
limitations, this simplified model can qualitatively simulate the
main experimental results including polarization amplification
under elliptically polarized pumping and spin-polarized pulsed
lasing dynamics.
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