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Terahertz spectroscopy of semiconductor microcavity lasers: Photon lasers
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Semiconductor microcavities can exhibit various macroscopic quantum phenomena, including Bose-Einstein
condensation of polaritons, Bardeen-Cooper-Schrieffer (BCS) states of polaritons, and photon lasing (lasing
with negligible Coulombic exciton effects). An important aspect of possible experimental identification of these
states is a gap in the excitation spectrum (the BCS gap in the case of a polaritonic BCS state). Similar to the
polaritonic BCS gap, a light-induced gap can exist in photon lasers. Although polaritonic BCS states have been
observed on the basis of spectroscopy in the vicinity of the laser frequency, the direct observation of polaritonic
BCS gaps using light spectrally centered at or around the emission frequency has not been achieved. It has been
conjectured that low-frequency (terahertz) spectroscopy should be able to identify such gaps. In this first of two
studies, a theory aimed at identifying features of light-induced gaps in the linear terahertz spectroscopy of photon
lasers is developed and numerically evaluated. It is shown that spectral features in the intraband conductivity, and
therefore in the system’s transmissivity and absorptivity, can be related to the light-induced gap. For sufficiently
small Drude damping this includes spectral regions of THz gain. A future study will generalize the present

formalism to include Coulomb effects.

DOLI: 10.1103/PhysRevB.104.115305

I. INTRODUCTION

Semiconductor microcavity lasers are examples of open-
dissipative-pumped systems that undergo phase transitions
to states with spontaneously broken symmetry. In the sim-
ple case of a so-called photon laser, i.e., a microcavity
laser in which Coulombic exciton effects between the charge
carriers (electrons and holes) are negligible, the interband
polarization and light field in the cavity can be viewed as
generalized order parameters of the symmetry-broken state.
In addition to photon lasers, semiconductor microcavities
have been intensively studied because of a variety of in-
triguing polariton effects (see, for example, Refs. [1-32]).
In the low-density regime, polaritons, quasiparticles com-
prised of excitons (bound electron-hole pairs) and photons
(the cavity light field), have been found to undergo Bose-
Einstein condensation (for reviews, see, e.g., Refs. [5,21])
which can be viewed as a limiting case of lasing processes
in a semiconductor microcavity. In the intermediate density
regime, the concepts of excitonic and polaritonic Bardeen-
Cooper-Schrieffer (BCS) states have long been discussed
(e.g.,[19,20,33-38]). As in the case of the photon laser, above
the lasing threshold the interband polarization and the light
field in the cavity can be viewed as generalized order param-
eters because both are nonzero macroscopic fields that appear
spontaneously (in practice as a result of an instability triggered
by a fluctuation). One of the key features of a BCS state, be
it in superconductivity or BCS generalizations to excitons or
polaritons, is the existence of a gap in the excitation spectrum.
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A recent experimental observation of a polariton laser in
the BCS regime has been reported in Ref. [39]. An estimate
of the polaritonic BCS gap given in that publication was later
confirmed on the basis of a rigorous linear-response theory
of the condensed many-particle state [40]. The value of the
polariton BCS gap in the range of experimentally accessible
pump powers was between approximately 1 and 10 meV. Due
to the reflectivity stop band of the high-quality microcavity,
whose width is on the order of 10 meV, direct interband
spectroscopy (using light spectrally centered in the vicinity
of the lasing frequency) is presently unable to observe polari-
tonic BCS gaps of less than 10 meV. Therefore, it has been
conjectured in Ref. [39] that low-frequency terahertz (THz)
spectroscopy should be more suitable for the observation of
a polaritonic BCS gap because the microcavity will not act
as a resonator for light of that frequency. In other words, the
THz spectroscopy can be performed on the semiconductor
quantum well inside the cavity without any effect of the cavity
on the THz field.

The formal and physical analogy between the theory of
superconductivity and a semiconductor excited by a coher-
ent optical field with frequency in the interband continuum
(i.e., light frequency larger than the fundamental band gap
of the semiconductor E,), has been discussed as early as
1970 (see Ref. [41]). In that analysis, the coherent field
is a strong external field, strong enough to create gaps in
the single-particle spectrum of the valence and conduction
bands. While at a formal level the light-induced gaps in
the band structure of a semiconductor with noninteracting
electrons and holes are gaps in the single-particle spectrum,
whereas in the BCS superconductor the gaps are in the ex-
citation spectrum of the (correlated) many-particle state, it
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is helpful to view the light-induced gaps in analogy to the
BCS gaps since, without interaction, the excitation spectrum
of the many-particle state is given by the single-particle
excitation spectrum. These light-induced energy gaps in semi-
conductors excited by strong optical fields may be called
Galitskii-Elesin gaps [41—43]. In semiconductor lasers, this
effect is closely related to spectral hole burning. In this
paper, instead of an external coherent field, the gaps are
created by the laser light field, which in turn is brought
about by spontaneous symmetry breaking [the U(1) symmetry
related to the phase of the coherent field]. Experimental sig-
natures of spectral hole burning have been reported as early
as 1979 in Ref. [44] and investigated theoretically, e.g., in
Refs. [45-48].

More recently, the opening of gaps in the energy bands
has been investigated in the case of exciton polaritons in
GaAs semiconductor microcavities [49] and in bulk GaAs
[50]. The use of dressed electron-hole-photon states reveals
the connection among these closely related effects, as well
as other connected phenomena such as Rabi splitting or the
Mollow triplet in resonance fluorescence [16,36,40,49,51,52].

In the following we will refer to light-induced gaps,
schematically shown in Fig. 1, as Galitskii-Elesin gaps if
brought about by an external coherent light field, and as
BCS-like gaps if brought about by the internal laser light
field within the semiconductor microcavity, i.e., after spon-
taneous symmetry breaking above the laser threshold. In the
idealized case of carriers occupying only states below the
chemical potential up to the wave vector at which the light-
induced gap occurs, and that only transitions from the lower
to the upper branches occur, the intraband pair-excitation re-
gion assumes the form shown in Fig. 2(b). This is similar to
the well-known pair-excitation region for a zero-temperature
plasma shown in Fig. 2(a) (see, for example, Fig. 5.12 of
Ref. [53]), but with a vertical shift due to the light-induced
gap [see Egs. (E2) and (E3) in Appendix E]. The presence
of the the light-induced branches (the dashed lines in Fig. 1)
enables optical transitions with small and even zero wave
vector g, which, as we show below, can be probed in THz
spectroscopy.

Terahertz and far-infrared radiation have been used in a
wide range of spectroscopic measurements [54], including
the observation of intraexcitonic and intraband transitions in
semiconductors [55-61], analysis of polariton condensates
[25], charge carrier dynamics [62,63], nonlinear terahertz
spectroscopy [64], detection of Berry curvatures [65], and the
spectroscopy of graphene [66,67] and noncrystalline materials
[68]. Furthermore, terahertz gain and stimulated emission as
a result of intraexcitonic transitions (3p-2s, 2p-1s) have been
shown in Refs. [69,70], and THz excitation and possible THz
lasing via stimulated emission from the 2p exciton to the 1s
exciton-polariton or, alternatively, between the the upper and
lower 1s exciton polariton branches in semiconductor micro-
cavities have been studied in Refs. [71-80]. THz emission due
to the Rabi splitting of a two-level system (a simpler version of
the effect seen in this paper) and optical triplet harmonics pro-
duced by optical pumping were proposed in Ref. [81]. Similar
studies of THz emission for the cases of asymmetric quantum
wells and dots were performed in Refs. [82-85]. In this paper,
the intraband matrix element which permits dipole-allowed
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FIG. 1. Schematic of the parabolic two-band band structure with
the conduction band (CB) in red and the valence band (VB) in blue,
renormalized by the light field (dressed bands). In this paper, we call
the branches shown as solid lines original branches, and those shown
as dashed lines light-induced branches. In the limit of vanishing
light field, the original branches become the undressed bands and the
light-induced branches vanish [cf. the spectral function in Eq. (36)].
The light-induced gap of size 2| A,| and the laser transition frequency
w, are indicated. Also indicated by green vertical arrows are two
examples of vertical (in k space), coherent transitions between the
original and light-induced branches. In the case discussed in the main
part of this paper (cf. Sec. V) THz absorption (dashed green upward
arrow) can be overcompensated by THz gain (solid green downward
arrow). But the resulting effective gain may be less than the THz
absorption due to the Drude term (not indicated in this figure).

THz transitions derives not from an engineered asymmetrical
microstructure nor from different excitonic states, but from the
inherently asymmetric wave functions of those electron states
with nonzero quasimomentum.

The objective of this first study, and a planned subsequent
study, is to lay out the theory of intraband (as opposed to
intraexciton) THz spectroscopy for microcavity lasers. In this
first study, we focus on the photon laser. The photon laser
is not only a mathematically convenient model; the limiting
case of a semiconductor microcavity without Coulomb in-
teraction has been related to a photonic BEC in Ref. [20].
Even though Coulombic exciton effects are neglected (only
Coulombic scattering and relaxation effects are accounted
for at a phenomenological level), the theory to be laid out
below is relatively complex, owing to the interplay of the
laser (condensed phase) with the THz linear response the-
ory. However, because of the absence of Coulomb effects
the results are still relatively intuitive and mathematically
transparent. In particular, we show that spectral features in
the laser’s low-frequency conductivity (as well as transmis-
sivity, reflectivity, and absorptivity/gain) can be uniquely
related to the BCS-like gap that the laser induces upon
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FIG. 2. Schematic diagrams of the intraband pair-excitation re-
gion (PER). (a) The well-known PER for an electron gas (i.e., a
single parabolic band without light-induced gaps) in the 7 — 0 limit
in which the states up to the Fermi wave vector kr are occupied
[53]. (b) Schematic of the PER corresponding to Fig. 1, under the
simplifying assumption that the electrons (and similarly the holes)
occupy only the original branch below the light-induced gap up to
the wave vector at which the light-induced gap occurs, and that only
transitions from the lower to the upper branches occur.

itself. Since we are using a single-time equation-of-motion
technique, rather than two-time Green’s functions that readily
yield spectral functions, we clarify the connection between
our results and the single-particle spectral function through a
second formulation of our theory where we use an analog to
the Nambu-space theory. We identify features in our theory
with the polariton-BCS single-particle energy structure and
spectral function [49], evaluated for the case of vanishing
Coulomb potential. In a subsequent study we plan to extend
the present formalism to include Coulomb and hence polariton
effects.

This paper is organized as follows. In Sec. II, we for-
mulate the theoretical basis for the dynamical behavior of a
two-band semiconductor quantum well inside a single-mode
microcavity, including both the laser field (at interband transi-
tion frequencies) and a weak THz probe field. In Sec. III, we
provide the general linear response theory for the THz field,
formulated in terms of the populations and optical coherences
in the undressed band picture. Further analysis is provided
in Sec. IV, where we present the linear THz response in a
basis similar to the Nambu space in superconductivity, which
can also be called the dressed-band picture. This is helpful
for interpreting the results from the general theory given in
Sec. III. In Sec. V, we present numerical results, analysis, and
interpretation for the case of the photon laser, the case of an
external coherent field, and the case of a microcavity laser

in quasithermal equilibrium. In Sec. VI, we summarize our
findings.

II. THEORETICAL BASIS

Our model system is a semiconductor quantum well in
a microcavity with a direct band gap and parabolic bands
around k = 0. The parameters of the lowest conduction band
and the highest heavy-hole valence band of GaAs, each having
double spin degeneracy, are used here. The dynamical degrees
of freedom are the conduction band electrons, the valence
band holes, and the laser field in the cavity. The linear re-
sponse of this system to an applied THz probe is considered.
Only the coupling between the charged particles and the laser
and THz fields are included in the interaction Hamiltonian.
The two photon fields are treated as distinct since they are
spectrally well separated. The laser field is assumed to be
classical, neglecting the effects of its quantum fluctuations.
The Coulomb interactions between the charged particles are
also neglected. In the derived dynamical equations, the effects
of dephasing, pumping, and dissipation are included via phe-
nomenological gain and loss terms.

Our model Hamiltonian for the electrons, holes, and laser
field photons is

T _ i il
H = E Eaklyy Gak + E hwchxqc,\q
ok Aq

+ > [r

rehq.k

+ ) gh(k QA7 (q. D), ok ¢))
vaq,k

i‘h(k, q)c;\qa;ka;q_k + H.c.]

where a., ajx, and c,q are the annihilation operators for a
conduction band electron, a valence band hole, and a laser
field photon, respectively. k and q are two-dimensional (2D)
wave vectors in the quantum well’s plane (all wave vectors
in this paper are in-plane unless specified otherwise). A labels
the optical photon spin. We consider interband transitions only
between the highest heavy-hole valence band and the lowest
conduction band. So, the band subscripts label the degenerate
spin orbitals: e = 3 L h= :I:3 The subscript « runs through
both electron and hole bands Parabohc7 bands are used for
the charges e = 5 - + E, and gy = Z o where m,, is the
effective mass in band o (both m, and my, are positive in our
case), and E, is the band gap. w,q is the cavity resonance
frequency.

We invoke the rotating-wave approximation in setting the
interband electron-hole-laser interaction term. While treated
as an input parameter in the numerical calculations, the inter-
band coupling strength I'Y, (k, q) can be given by I'% (k, q) =

—|dey(K, q) - €03 |Weay (ZQW),/ZJT hwq/€p. The interband
dip(ﬂe moment iS dCV(kv q) = iQe <C3 k + Q|f)|Va k)/(mowkq),

where my is the free-space electron mass, g, is the magnitude
of the electron’s charge (g, > 0), and the states |c, k) (|v, k))
in the electron momentum matrix element are conduction
(valence) band Bloch wave functions. W, (zqw) is the
cavity photon mode wave function along the z direction
evaluated at the position of the quantum well zqw, €, is the
background dielectric function inside the cavity, and €y, is the
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polarization unit vector of the optical field. (Some nuances
of the relation between the interband dipole and momentum
matrix elements are discussed in Ref. [86]; see also Ref. [87].)
The specific form of the interband matrix element governing
the e = :I:% toh = :I:% transitions yields (see, e.g., Ref. [39])
dev(K, q) - € = dov(K, Q)0jetn),18e+n, Wwhere the angular
momentum labels in the conduction-valence band picture are
related to those in the electron-hole picture via ¢ = e and
v = —h. In other words, for a given conduction band, the
corresponding valence band and laser-photon polarization
are fixed. We may call this form of selection rules “circular
selection rules.” In our numerical evaluations, we approximate
I'2,(k, q) by its value atk = q = 0.

The THz probe is treated in the Hamiltonian (1) as a
classical applied vector potential Ar,(q,?). v denotes the
THz field polarization. We use a gauge in which the scalar
potential is zero [87] so that Er,(x,t) = —%8ATU(X, t)/ot,
with x being the three-dimensional (3D) spatial coordinates.
The probe induces intraband transitions with the coupling
g, (k, q). With the approximation of isotropy and q < k, the
coupling strength is evaluated as

v v 1 Saqe 1

gk @) =g, |k+-q)=—"—70lk+-q) €, ((2)
2 MmycC 2

|

where €, is the polarization unit vector for the THz field and
s, is the sign of the particle’s charge: s, = —1, s, = 1. Our
study is restricted to so-called s polarization, where the THz
field is polarized normal to the plane of incidence, and thus
in the plane of the quantum well and perpendicular to the 2D
vector q.

Using the Hamiltonian in Eq. (1) and the Heisenberg pic-
ture, we derive the single-time equations of motion of the
interband polarization p.,(Ki, Kz, t) = (ank,(t)acx, (t)), the
intraband density matrices f,(ki, Kk, 1) = (a;k2 (t)agx, (1)),
and the laser field amplitude (the squared magnitude of which
is the 2D photon density in the designated mode) Ey,(q, t) =
(1/ «/.,Tl)(qu(t)), where A is the system’s cross-sectional area.
Our classical approximation of the photon field leads to the
factorization of expectation values of products of photon
and fermion operators, which closes the set of equations.
The Hamiltonian (1) does not account for pumping, cavity
loss via emission of the laser field, and for carrier scat-
tering, relaxation, and dephasing (via electron-electron and
electron-phonon interaction). We include these effects phe-
nomenologically in the same way as was done in Ref. [39] by
extending the equations of motion for the interband polariza-
tion, carrier distributions, and cavity laser field by appropriate
incoherent terms that contain incoherent rates y. We then
obtain the equation of motion for the interband polarization:

. a ! /
<1715 — (Eek, + Shkz))peh(kls ky, 1) = Z [T, (ki ki + K)Ep (ki + K, D)8k, — fulka, K, 1)]

k'x

—TK k + k) fo(ki, K, DEp (ko + K, 1)]

+ > [eh(K ko — K)A7, (ky — K/, 1)per(ky K, 1)

k'v

.. Open(Ky, Ko, 1)

+ oK ki —K)A7, (ki — K, )pa(K, ko, )] + i —————=| ,  (3)

the equation for the electron distribution function

ot

incoh

. 8 / ! ’
<’ha — (eak, — aekz))kal, ko, 1) = Y [[h,(ki, ki + K)ply (ko K, DE (ki + K, 1)
k'A

— Tk, ko + K)pen(ky, K DES, (K + K, 1)]

+ ) (g ky —KDA7, (k) — K1) fo(K ko, 1)

the equation for the hole distribution function

ot

. 8 ! >k ! I3
<lh— — (e, — 8hkz)>fh(k1a ko, 1) = Z [T, (K Ky +K)ph, (K ko, DE; (K + K, 1)

k'v
of.(ki, Ky, t
gk K — kA (K — ko, 1) fulky K 0y] i LKL D)
ot incoh
k'
— Tl ko + K)pa K ki, DEG (ko + K, 1)]
+ > [eh K ki —KDA7, (k) — K. 0)fi(K K. 1)
Kk'v
v ’ . 0 (k 7k ,t)
— g0, K — kAR (K — ko, 0fy K, 0] 4 i D)
incoh
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FIG. 3. Geometry of the THz probe wave, used in the derivation
of Egs. (10) and (13), and in Appendix A. The quantum well is taken
to be at z = 0. The cavity material in the vicinity of the QW is taken
to be dielectric with relative permittivity €.

and the single-mode equation for the cavity field'

a
[ihg - hmq}m(q, n=Y ik qpak.q—k1)
ehk

0En.(q,1)

ih
+1 5

(6)

incoh

The specific form of the incoherent (dephasing, relaxation,
and pump) contributions will be chosen appropriately for the
laser and discussed in Appendix B.

In Egs. (1) and (3)-(6), the general form of the intra-
band matrix element g, (k, q) is used. Hence, these equations
are valid for general systems that may be anisotropic. As
mentioned above, the specific form of the intraband matrix
element using effective masses and isotropic parabolic bands,
g% (k + 1q) in Eq. (2), is used below and in the numerical
evaluation.

Equations (3)-(6) describe the (two-dimensional) dynam-
ics inside the quantum well. We choose a simple setting,
shown in Fig. 3, for the propagation of the external THz probe.
The zero-width quantum well lies between two dielectric
media. The medium on the incident (transmitted) side has a
dielectric constant of €; (¢;). A coordinate system is set up in
which the z axis is normal to the quantum well’s plane, the
plane of incidence is the x-z plane, and the quantum well is
placed at z = 0. The THz probe field propagates according to
Maxwell’s equations with the intraband current in the quan-
tum well as a source field:

2 2

[”C(ZZ)% F VXV x ]Er(r, 1

4 0 .
_ = 2 :_ iq-r
C2 8(2) o~ 8t Ja(q, t)e 1) (7)

'An alternative to the single-mode equation for the cavity field
based on the propagation of the light through the entire microcavity
structure has been given in Ref. [32].

where r = (x, y,z) and rj = (x, y). In our gauge, Er,(r,t) =
—%8Arv(r, t)/0t. n(z) is the background refractive index of
the cavity material, n(z) = \/€; for z <0, and = ,/€, for
z > 0. The vector components of the two-dimensional current
Jov = Jo - €, are limited to the plane of the quantum well
(note the delta function in z) and consist of a paramagnetic
part J4" and a diamagnetic part J?":

Jun(q, 1) = JP (q,1) +J¢ (q, 1),

1 Sefige 1
p = — E — .
Jav(‘l’ t) - ./4 m (k + 2(1) Gvfa(k + qs kv t)9

k o

1 2 ,
T = =7 3 S An @) fulk + @ kg0, ®)
kq' o

The use of the effective mass m,, in the diamagnetic current
has been shown in Ref. [88] to be a consequence of including
the THz field in the Hamiltonian interband transition term in
the more fundamental Bloch wave-function model.

Equations (3)—(8) form a closed set of equations for the
combined system of the laser and the THz probe. Of interest
is the laser’s linear response to the THz field. To obtain this,
Egs. (3)—(6) are expanded up to first order in the THz field.
The zeroth-order steady-state fields, which describe the un-
perturbed steady-state laser, are discussed in Appendix B. The
properties of the first-order equations and solutions are further
developed in the next several sections. Included here are some
remarks on the steady-state laser solution and the relation of
the first-order current to the THz reflectivity, transmissivity,
and absorptivity.

We denote the perturbation order of the solution by a super-
script. The laser emission being primarily normal to the QW,
the zeroth-order optical field is set to have zero in-plane mo-
mentum Ez(g)(q, 1) = 0ok ég)(t). This implies a corresponding
momentum restriction on the zeroth-order density matrix and
interband polarization fofo)(kl, ky, 1) = ékzﬁk]fofo)(kl, 1), o =
e, h, and P(e(;z)(kl’ ky,t) = Bkz,_k,pﬁ)(kl, t). In the expressions
for the zeroth-order fields, we remove the momentum labels
made redundant by the delta functions. When the laser reaches
a monochromatic steady state, the occupation £ (k) is time
independent while the interband polarization p(e(,)l)(k, t) and the

light field £ ég)(t) oscillate at a lasing frequency w;.

The first-order current J'V(q, ¢) induced by the THz field
is given by Eq. (8) with the density matrix f, set equal to
its first-order component f{. In the frequency domain, the
THz field and the total current induced by it are related by the
conductivity matrix

Y IP@ o)+ I (g o)
h

e

= on@ oErv(g ). 9

Er,(q,w) is the time-frequency Fourier transform of
Er,(q, t), which is the THz electric field in the quantum well’s
plane,

Er,(q,1) = /dl'ue_iq'r”ETu(l‘H,Z =0,1).

115305-5



M. SPOTNITZ, N. H. KWONG, AND R. BINDER

PHYSICAL REVIEW B 104, 115305 (2021)

Using spatial symmetry arguments and those expressions
given in Sec. III which determine the conductivity
matrix, one can show that the off-diagonal elements of
oy, vanish. Therefore, in the remainder of the paper,
only the diagonal terms are considered. For brevity they
are denoted by oy, = or,. Like the current density, the
conductivity can be written as a sum of a paramagnetic term
o1, (@ 0) =357 @ 0) + 3, 0@ @)1/ Eri(g, )
and a diamagnetic term of (q,®)=[>, /¢ (q, w) +
i @ @)/Ery(q, o).

The outgoing (reflected and transmitted) THz waves are
given in terms of the conductivity. We quote the result here,
the derivation being given in Appendix A. For an s-polarized
probe, the electric field points along the y axis in our coordi-
nate system (€, = ¥). The intensities (magnitudes of Poynting
vectors) of the incident, reflected, and transmitted THz beams
are denoted by I)(,i), Iy(’), and I)(,’ ), respectively. The transmis-
sivity |T'|?, reflectivity |R|?, and absorptivity A are given by

T O I
T (gx, )I? == /glw(%w) (10)
L |1-B(g
R(gy, w)|? = = e 11
Raw 0 =96 ‘1+/3(qx,w) (v
A(qr, @) = 1 — T (gy, ©)* — |R(qx, ®)I*
_ 4(Re[B(qy, ®)] — /€2 /€r)
— : (12)
11+ B(gy, )|
where
4w
.B(Q)cva)) qi (qu"’TO-Ty(qxaa)))- (13)

gy is the x component of the wave vector common to the
incident and the two outgoing waves, and ¢;, and ¢, are the
z components of the wave vectors of the incident wave and
transmitted wave, respectively.

Because the model system is symmetric under coor-
dinate inversions in the plane of the quantum well, i.e.,

J

symmetric under the transformation (x,y) — (—x, —y), the
conductivity has the symmetry o7,(q, @) = o7,(—q, ®). The
THz conductivity o7,(q, @) is the Fourier transform of the
conductivity in real space or,(r,t). The real-space con-
ductivity is real, as it is the ratio of two real quantities
Jov(r, t) and E7,(r, t). Therefore, the Fourier transform of the
conductivity obeys the relation or,(q, w) = of (—q, —w).
Combining these two symmetries gives a symmetry in w space
orv(q, w) = of,(q, —w). In polar coordinates in the complex
plane, this is |o7, |[(q, ) = |o7,|(q, —) and arg o7, (q, ) =
—argo7,(q, —). The quantities R and T are functionals of
o7y, and so obey the same symmetries. Since A, |R|?, and |T |?
are real quantities, they all have the symmetry of the form
A(q, w) = A(q, —w).

III. LINEAR TERAHERTZ RESPONSE

The first-order (in the THz field) terms in the expansion of
Egs. (3)-(6) dictate the time evolution of the material’s linear
response to the THz probe. Being interested in the spectral de-
composition of the response, we lay out below the first-order
equations in frequency space. Since the zeroth-order quanti-
ties are assumed to be monochromatic [see Eq. (B12)], with
lasing frequency wy, it is convenient to adopt the following
convention in the time Fourier transform of the variables:

do _.
Pi}q)(kl,kz,t)=/Eeﬂ(wwmp(ez)(kl,kz,w),

d
EV(q.1) = / —2“’e
JT

dw
D(ky, ko, t =/—
fo ki, ko, 1) 7

dw
Erv(q.1) = / e

The frequency-space THz electric field is related to the vector
potential by Ar,(q, ®) = SE7,(q, ). The first-order equa-
tions of the frequency-space variables are the the equation for
the first-order interband polarization,

i N (1
z(w+wk)tE[(x)(q’ a))’
e fV(ky, ko, ), a=eh

e Ery(q, w).

{fiw — [Ae(k, q — k) — fiwg] + iy} ') (K, g — K, @)

—Z{ [FV0k, k - q, )T,k —q,0) + fV(q — k, =k, 07, (k, 0)]E

+[1- 0@ =k = fO W]k OES @ o))

1 -
+y {[ 5% (k — q)g. (k — —q) <°)(k)gh<§q - k)]%En(q, w)}, (14)

the equation for the first-order electron distribution function,

[fiw — Ag.(k, k — q) + iyl f PV (k, k — q, w)

—Z[ P (& — TGk, Ey (6, 0) = P (TG (k — q, —ER (—q. —0) + Py (k — q. —k, —o)T5; (k. 0)E

1
— B ko — k@) k= q O} + 37 {[f§°><k—q> f(o)(k)]ge<k— Eq) —Er,(q, w)} (15)

v
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the equation for the first-order hole distribution function,

[iw — Agi(q — k, —K) + iy 1/ (q — k, =k, ©)

—Z{N“”*(k)F (&, Q) (@, ) — 55k — QT (k — q, L (—q, —o) + 5" (k — ¢, =k

(0)
—o)T,(k — g, 0)E

1
— Bk g~k o) e OED" | + 3 {[f,fo)(—k)—f;fo)(q—k)]g?,(zq k) —Eru(q, w)} (16)

v

and the equation for the first-order cavity field,
[hw — hawyg + hog + iyEi|E§i)(q, )

=) Tik @)p,) k& q -k o).
keh
(17)

Here, As(k,q —K) = gk + €n(q-k)
Eak; — Eaky» Witha = e, .

Equations (14)—(16) can be formally solved as a system
of matrix equations. To simplify the algebra, the angular mo-
menta e, i, and A are chosen to be one of the two sets of values
that satisfy the circular selection rules. Then, by ehmlnatmg

and Aeg,(ki, k) =

the fi" from Eq. (14) using Egs. (15) and (16), 5,/ E;’, and
E7, can be related by the 2 x 2 matrix equation
Py =M~'NES + M~y " Q"Er,, (18)
where
(1) < Pk, q -k, o) )
Penn =\ (1)« )
(k—q, -k, —w)
20 .
(q, ®) A Er,(q, w)
ED = < o . and Bp, = (. .
(—q, —w) EF (—q, —w)
(19)

The 2 x 2 matrices M, N, and Q" are functions only of
the zeroth-order quantities, and their formulas are given
in Egs. (C3)—(C5), respectively, in Appendix C. Since the
THz field E7,(r,t) is real, expressions with the Fourier-
transformed THz field can be written using the symmetry
ETv(q’ 0)) = E;u(_qv _w)

Equation (17) can also be written as a 2 x 2 matrix equa-
tion that relates £ g) and ﬁ(e}l)

JE =Y " cpl) =0, (20)
k

where J and C are defined in Egs. (C1) and (C2), respectively.
Applying ), C to Eq. (18) gives

(J - ZCM—IN)Eg) =Y (Z CM“Q“>ETU,
k v k

SO

-1
EY=>" (J = CM‘1N> <Z cM™! Q”/)Ew
v’ k k

= ZD”’(q, )Ery. Q1)
V/

Substituting Eq. (21) into (18) yields

P = (M'ND" + M~ Q")Er,

v

=) X"(k q,0)Er,. (22)

Finally, with the definition

A f(l)(k,k_(L 0))
W — [ Je
1= ( 7D (q — k, —k, w)) @)

the £V in Egs. (15) and (16) can be written in matrix form as

fO=>"BIGD" + HX" + LlEr, = Y V" (k.q. 0)Er,.

v v

(24)

The formulas for the component matrices of V are given in
Eqgs. (C10)—(C13).
The conductivity is calculated from Egs. (8) and (9) as
¢

ETU(qv CI))A

x Y [Zgz(k - %q)f,f”(q —k, -k, )
k h
- de<

GTV(q» w) =

) Dk, k — q, w)} (25)
and

op,(q, w) =

1 k) f2(—k)
X Z Z |:Ze: m, + Xh: —mh .
(26)

The THz polarization v enters the paramagnetic THz con-
ductivity o7 (q, w) explicitly in Eq. (25) through the factors
g.. Additionally, a sum over all THz polarizations occurs in
Eq. (24) and enters Eq. (25) through the f{". However, as
stated below Eq. (9), the V' # v contributions vanish from the
integral over k due to the spatial symmetries of the integrand,
leaving only v-diagonal contributions to the conductivity.
Equation (26) is the diamagnetic or Drude conductivity, with
the Drude scattering rate yp included phenomenologically
[59,62].
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In general, Eq. (25) has to be evaluated numerically, and
we show results in Sec. V. However, in the limiting case
of an e-h plasma at zero temperature and not coupled to a
cavity, so that the laser field E, (,\) and interband polarization
P9 are absent and only the Lindhard contributions to f("
remain [see Eq. (C14)], one can obtain an analytical result
for the paramagnetic conductivity. This is useful in order to
check numerical results against analytical results in at least
one limiting case. The analytical result for the Lindhard term
is given in Appendix G.

IV. THZ RESPONSE IN THE NAMBU BASIS

The linear response theory developed in Sec. III provides a
general framework for the THz response, and we will show
below in Sec. V that it indeed predicts features that can
be interpreted as signatures of light-induced and BCS-like
gaps schematically shown in Fig. 1. Since, however, this
theory is a single-time theory, one might ask whether the
relation between the results of the single-time formalism and
Fig. 1 can be further substantiated. The usual approach to
single-particle spectral functions involved two-time Green’s
functions, and their evaluation for the case of excitonic BCS
states and light-induced gaps has been discussed, e.g., in
Refs. [35,49,89]. In those works, the relation to conven-
tional concepts of superconductivity is evident. The purpose
of this section is to elucidate the relationship between the
single-time response theory and conventional concepts of the
theory by reformulating the single-time theory. The reformu-
lation utilizes an approach analogous to the Nambu space
(or Nambu spinor representation) approach frequently used in
condensed matter theories. Using this approach, we can relate
the frequency and wave-vector-dependent intraband response
function f(k, k — q, #) to the single-particle spectral func-
tion, and hence identify features in the frequency-dependent
conductivity as resulting from gaps in the spectral function.

The THz linear response equations, Eq. (14) for p N(l) and
Egs. (15) and (16) for f(l), o = e, hin Sec. III, are wrrtten in
the frequency domain. For clarity, we temporarily transform
them back to the time domain. If it is approximated that y, =
vy = v, then the equations can be written as a single 2 x 2
matrix equation

0 -
[MEAJVPNKKQJ)

= hk)DV(k, q,1) — DV(k, q, Ak — q)

+ Mk, q.0)+ Y Mr,(k,q.1). 27)
v
The p!}) and £(" are now represented by the matrix
. Dk, k—q, 2k, q— Kk,
D(l)(k, q.1) = <~{])*( q.7) (1)( q— ) ),
(k—q.-k,1) —f, (q—k, -k, 1)
(28)

where pi;l)(kl, ky, 1) = ﬁ(e}l)(kl, Ky, t)e ! w, being the laser
frequency. The matrix A(Kk) is
Ak
()>, 29)

(e
”m‘<Nm)—&em

where
ha)g
&y = ga(k) — - a=e h (30)
Ak) = T4 (k, OEY (31)

and E, © , () = E O g=iext If the k dependence of the coupling
strength is neglected so that F = F’\h(O 0), then the Rabi
energy is A, = T4 E, (0)| In this section, we choose the zero
point in the electron band structure to be halfway between the
valence and conduction band, not, as in Fig. 1, at the top of

the valence band. Hence, in this section & = 227"2 + Eg/2 and
e =LK + E/2.

The structure of Eq. (27) shows that D" can be regarded
as a density matrix and /#(k) as a Hamiltonian governing the
evolution of the THz fluctuations that D) represents. D" and
h(Kk) are similar to the 2 x 2 Green’s function and Hamilto-
nian matrices, respectively, introduced in Nambu space and
used, for example, in the BCS theory of superconductivity
[90]. A(k) is the analog of the BCS pairing gap function, and
the laser photon energy 7w, here takes the place of twice the
electron chemical potential in BCS.

. . . ~(1
M, and My, are matrices linear in Ee()\) and Er,, re-

spectively. These two matrices do not contain £ nor ﬁ(l)

explicitly. The THz field source matrix is
M7, (k, q,1)
= [P0k, 1) = FOK, ]2 (k. q. 1)

+8'k g, 0[Pk —q,0)+ Ok —q,0], (32

(0)
where f(o)(k’ t) = <f(1 (kv t) 0 >

0 fkn)
~(0)
5O (k. 1) = ( 0 (K, t)>,
eh( ) _ijfz(/)l)*(k’t) 0
A _ (hr.(k,q,1) 0
g(k,q,l‘)=( ¢ O h;h(q_k’q’t)>’

1
and hp,(k,q,t) = g, (k - §q>Arv(q, 1).

o =e, hand pgi),)(k, 1) = (O)(k)e it

The matrix M,(k,q,t) is proportional to E(l)(q, 1).
E (])(q, t) is calculated through the matrix D, as defined in
Eq. (21). As explained in Appendix C, D(q, w) is relatively
small for THz realistic q, and vanishes entirely for q = 0. The
same is true for M, (K, q, t), as it is linear in D(q, w). Further
below, we will, for clarity, only consider the q = 0 case. Since
M, (K, 0, ) does not contribute to the THz response, we omit
its explicit expression.

We solve Eq. (27) by using a normal-mode expansion. The
eigenvalues of h(k) are

Ar(K) =&, (K) £ Egn(K), (33)
where
(K) + &,(—k
iy = W) 2§h( ]
E (k) = \/[S &) + |AK). (34

115305-8
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If e.(k) = €,(—k), which is taken to be true in this paper since
it is approximated that m, = my, then Ay (k) = £E,; (k). The
two eigenvectors of i(k) are

oK) [ u(k)e?®)2
y+k)) T \v(k)e 02 |

(k k i0(k)/2
(;_EkD = (_Zik))z—ie(k)/z)’ (35)

here u(k) ! (1 + (k)>
w u =
2 Een(k)
+
U(k) — l(l _ eh(k)>’
2 En(k)
and AK) = |AK)|7®.

The eigenvectors are labeled by the same index as the eigenen-
ergies, i.e., h(;fi) =t (;i ). The eigenvectors are normalized

to unity: [x1|?> + |y+|> = 1. We follow the common BCS no-
tational convention in using the symbols u(k) and v(k) in the
eigenvectors.

The eigenenergies defined by Eq. (33) are identical to those
obtained elsewhere in the literature from the single-particle
spectral function, if the Coulomb-induced renormalization is
neglected (cf. Refs. [35,49,50,89]). These eigenenergies are
shown below, in Sec. V. There, we will also show the corre-
sponding spectral function

Ak, ) = 2[u(k))? 14
(K, @) = 2[u(k)] o — . (0 F Ea(OF + 12
2v(k)2 14
R e 0 £ EaP + 172

(36)

as well at the joint density of states for vertical intraband
transitions (i.e., transitions between the two branches of the
conduction band, and equivalently between the two branches
of the valence band). The spectral function corresponding to
the single-particle Hamiltonian (29) can be obtained through
standard Green’s functions techniques. The diagonal elements
of the resulting 2 x 2 matrix for the spectral function are the
y — 0 limit of Eq. (36). (This expression was also given in
Ref. [49].)

The matrix h(k) can be diagonalized by the unitary trans-
formation

h(k) = UK)dK)U(k),
where d(k)=<)‘+(§k) A_?k))’
_ (xp (k) x_(k)

and - U(k) = (yi(k) y(k))' G7)

Under the same transformation, Eq. (27) becomes
0
[ih— + iy}D(l)(k, q.1)
ot
=d®&DV(k, q.1) - DV (k, q,1)d(k - q)
+ UT(k)[ME(k5 q5 t) + ZMT\)(k’ q7 t)}U(k - q)a

(38)

where DV(k, q,¢) = UT(k)DV(k, q, 1)U (k — q).

We solve Eq. (38) in frequency space. After some algebra,
the solution to the Fourier-transformed equation (38) is ob-
tained as

DY (K, q, ®)

i 12
— (hw—[k+(k)—rk+(k—q)]+iy ho—[14(K) z)L (k— q)]+l}/)
21

o0 k—@T+y o ®—r_ (k—qQ)I+iy
(39)

where the quantities #;;, i, j = 1,2, are the elements of the
frequency-domain source matrix:

UMk, q. ) + M7, (K, q. 0)]U (k — q) = C; 22)

(40)

Equation (40) shows that there are resonances at energy dif-
ferences between the two bands A, (k) — A_(k — q) in the
response. The strength of the response depends on the pro-
jection functions u(k) and v(k).

To clarify the formalism, the q = 0 case is treated be-
low. We first obtain the matrix elements f; of Eq. (40).
Since My(k,q =0, w) =0 as explained above, the matrix
in Eq. (40) is U (k)M7,(k, 0, »)U (k). Equation (32), trans-
formed to frequency space, is simplified to

Hrdehor= <— ~(())*(li())h” k, ®) ~(O)(k)}(l)v & w)>’
(41)
where
hy(k, ) = hy,(k, 0, 0) + hy, (K, 0, ). @2)

Using the definition of g, the relation Ak (—q, —w) =
Arn(q, ®), 1mp11ed by the mput time-domain vector potential
being real, andATv(q, w) = aErv(q, ), we obtain Ay (k, )
explicitly as

e k. €,E7,(0, w), (43)

r

hy (k, ) =

where m, is the electron-hole reduced mass mi = ml mL]

Explicitly, in the eigenstate basis, the source matrix is
U (M7, (k, 0, 0)U (k)
= iy (k, ®)| ) (k)|

< 2iu(k)v(Kk) sin 6,

—1?(K)e® — p?(k)e
v2(K)e® + u2(K)e % ’

—2iu(k)v(k) sin 6y
(44)

where 0 is the phase difference between ﬁ(e(;,)(k) and A(K):

ﬁi(})l) (k) = |p-(0) (k)‘e’g (k)

eh

Oo(k) = 0,(k) — 0(k),

We substitute the matrix elements fron} Eq. (44) into Eq. (39)
to yield DV (k, 0, ) and then obtain DV (k, 0, w) as

DYk, 0, w) = UT(K)DV (K, 0, »)U (k). (45)
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Carrying out the algebra gives the elements of D(V(k, 0, ») as

Ok k) = Z 1y (K, )| oy () |u(k)v (k)

. |:2i[u2(k) — v2(K)] sin 6o (K)
ho + iy
cos Bo(K) + i[u?(K) — v2(k)] sin 6y (k)
B fiw — AMK) + iy
N cos By(k) — i[u?(k) — v3(K)] sin 90(k)i|
fiw + AAK) + iy :

(46)

Dk, k, ) = fV(—k, -k, w) (47)
and
75 (k, —k, »)

= Ik, w)|p) (k)]

y |:4iu2(k)v2(k) sin 6y (K)

ho + iy
cos 0y(k) + i[u*(k) — v*(k)] sin 6y (k)

hw — AAK) + iy
cos Op(k) — i[u? (k) — v?(k)] sin 6p(K)

hw + ALK) + iy }
where AA(K) = A (k) — A_(k). f, o =e, h, are inde-
pendent of spin, and in a reflection-symmetric system,
SOk, =k, ) = =[Pk Kk, o).

Equation (8) relates the occupation fluctuation £ to

the THz-induced paramagnetic current JZV | which gives the

paramagnetic conductivity o by Eq. (9). The result is

+ u* (k)

+v*(k)

ol (q=0,0)

Za eh‘]p(l)(o’ a))
 En(0,v)

Sq
cﬁ%(—) Z(k €)? [P () [u(k)v (k)

2i[u*(K) — vz(k)] sin 6y (k)
X
ho + iy

cos Op(k) + i[u?> (k) — v*(k)] sin 6y (k)

ho — AAK) + iy
+cos 0o (k) — i[u? (k) — v (k)] sin By (k)

ho + AMK) + iy
where oy = qf /(hc) =1/137.04 is the fine-structure
constant and S; =2 is the spin degeneracy. In the
weak absorption limit, the absorption is proportional to
Reol (q =0, w), which is proportional to the sum of
Re [f{V(k,k, ®)/E7,(0, )] over the k states. For each

k, there are three peaks in Re[f(V(k, k, w)/Er,(0, )],
at frequencies =AA and 0. The factor u(k)v(k) limits

], (48)

the contributing k region to be around the BCS-like gap.
The peak at w =0 is proportional to sinfy, which is
nonzero when the steady-state laser has a nonzero loss
rate, corresponding to a nonequilibrium steady state. For an
ideal eh-photon condensate at (quasi)thermal equilibrium,
sin 6y = 0, implying that, under our assumption of y, = yr,
this peak is absent in the THz response of that system (see
Appendix F). For the peaks at iwo = =AA, the THz probe A7,
perturbs the order parameter p,; directly, not f,. The laser
field transfers the perturbation from p,, to f,, thus creating an
intraband current. We also note that the delta function in the
joint density of states (JDOS), which is derived in Appendix
D and will be discussed and used in Sec. V, coincides with
the peaks in the integrand of the real part of the conductivity,
which can be seen in the limit of y — 0, in which case
the real part of Eq. (48) gets a delta-function contribution
from the second term in the square brackets with the same
argument as in the JDOS [cf. Eq. (D3)].

V. NUMERICAL RESULTS AND DISCUSSION

In this section, we present our main results, in particu-
lar signatures of light-induced intraband gaps in measurable
quantities such as THz transmissivity and absorptivity and
the underlying intraband conductivity. In order to build some
intuition for the expected results, we first recall a few basic
facts of optical response. In a nonexcited two-band semi-
conductor quantum well without (excitonic) Coulomb effects,
a light field in the visible or near-infrared spectrum and in
normal incidence (i.e., in-plane wave vector q = 0) can in-
duce vertical (in k-space) transitions between the valence and
conduction bands. In contrast, vertical intraband transitions
cannot be induced by a THz field since the limit ¢ — O limits
optical transitions to zero frequency. For the case of a doped
semiconductor at zero temperature, this can be seen from
the intraband pair excitation region shown in Fig. 2(a) (this
can be obtained from the Lindhard response function, see for
example Ref. [53]).

Intraband excitations in normal incidence become possible
if one considers intersubband transitions or excitonic effects
(e.g., 1s to 2p exciton transitions), both of which are not part
of our present considerations. Instead, we are interested in
vertical (or almost vertical) intraband transitions made possi-
ble by the strong coherent light field, which can be either the
laser light itself or an external coherent light field. Discussions
of single-particle spectral functions of the conduction band
(and similarly of the valence band) can be found, for example,
in Refs. [35,41,49,89], and in Fig. 4 we show the conduc-
tion band spectral function (36). The light-induced bands are
clearly visible, and transitions between the original branches
(i.e., the conduction band in the absence of the light field) and
the light-induced branches become possible (see also Fig. 1).
In this paper, we call these light-induced vertical intraband
transitions.

For the simple case of electrons occupying the states below
the light-induced gap, the pair-excitation region is shown in
Fig. 2(b). This includes the possibility of vertical transitions.
We show the joint density of states (JDOS) for light-induced
vertical intraband transitions in Fig. 4, and present mathe-
matical details in Appendix D. The JDOS has a lower bound
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FIG. 4. (a) Joint density of states for transitions between the
lower and upper branches of the renormalized conduction band.
(b) Color map of the spectral function from Eq. (36) [cf. Eq. (30)
of Ref. [49]]. For this and all subsequent figures, the parameters are
given in Table I, unless noted otherwise.

given by the light-induced gap; the (van Hove) singularity is
typical for a one-dimensional parabolic band minimum and
follows here from the geometry of a ring in two dimensions
with nonzero radius k,, in which case the two-dimensional
parabolic band minimum loses its two-dimensional rotation
symmetry. At higher energies, the JDOS exhibits a step, which
is the usual signature of a two-dimensional DOS of parabolic
bands and stems here from the vertical transition at k = 0. In
the following, we will focus on measurable signatures due to
the light-induced gap and compare features in the measurable
quantities to the energetic position of the light-induced gap or,
equivalently, to the lower bound of the JDOS.

In addition to the intraband pair excitations, the low-
frequency response of a semiconductor contains a strong
component of the Drude response (diamagnetic response),
corresponding to a collective excitation of the charge carriers.
This response is proportional to 1/[w(w + iyp)], with the phe-
nomenological decay rate yp. In the following, we will first
use an (idealized) small value for the Drude decay yp in order
to establish the principal result that the THz measurement can
observe the light-induced gaps. For that case, we find that the
linear THz response corresponds to THz gain. In a second

TABLE I. Material parameters used for the numerical results.
Italics denote values different from those used in Ref. [39]. These
values are used for the plots, unless otherwise noted.

Parameter Symbol Value
Bohr radius for GaAs ag 140 A
No. of QW’s Now 1

3D, QW exciton binding energy E3P 3.2 meV
Band-gap energy E, 1.562 meV
Cavity frequency Weay 1.574 meV
e-h reduced mass m, ﬁ

e effective mass m, 2m,

h effective mass my, 2m,
Relative permittivity €p #
Interband coupling strength 'k, q) 6.404 neV cm
Cavity E field loss rate VE 0.2 meV
Pump density Ppump 102 cm™2
Pump relax. rate Ypump 0.4 meV
Nonradiative loss rate Yar 0.1 ueV
Dephasing Vp 0.2 meV
Fermi dist. relax. rate Vr 2y,
Effective cond. elec. temp. T 10K
Drude scattering rate VD 10 pneV
THz probe angle of incidence 0; 0°

step, we will look at larger, more realistic values of the Drude
decay and show that information on the light-induced gaps
can still be extracted, albeit in this case without the presence
of THz gain.

In order to relate the intuition, based on vertical light-
induced intraband transitions (Fig. 1) between the original
and the light-induced branches to our present theory, we show
in Fig. 5 the magnitude of the linear response of the carrier
density f(k, k, w) from Eq. (15) for the case of q = 0.
Note that the vertical scale in Fig. 4 is the single-particle
energy, while that in Fig. 5 is the photon energy (frequency)

5 (kW) (s)

1072
1073
10~4
10—°
10~
107
108
1079
10—10
—-15

0.2 0.4 0.6 08 1 1.2 14 16 1.8

Energy fiw (meV)
| = = NN
o o w o o & &

I
—_
S

FIG. 5. Color map of the absolute value of the linear den-
sity response function | £V (k, Kk, w)| with k = (0, k). Here, 2A, =
2.985 meV.
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FIG. 6. THz probe response for yump = 0.2, 1.4, 2.6, 3.8 meV, for normal incidence, 6; = 0 or equivalently q = 0, and with Drude decay
yp = 0.01 meV. All parameters except Ypump are as given in Table L. (a) Joint density of states (cf. Appendix D). (b), (c) Real and imaginary
parts of the low-frequency conductivity. Since we are considering the q = 0 case (except in Fig. 12), the conductivity does not depend on the
polarization direction, and in this section, we denote it o (w). (d) Transmissivity. () Absorptivity. (f) Reflectivity. The singularity in the JDOS
comes from transitions across the BCS-like gap 2|A,|. The real part of the conductivity Re o7, (w) clearly shows a valley which is tracked by
the singularity in JDOS. For the given (small) value of yp, the minima in Re o7, (w) then appear as regions of gain, or negative absorptivity,
in the absorptivity plot A(w), and also the transmissivity exhibits gain (|T|*> > 1). The Drude response dominates the imaginary part of the

conductivity Im o (w) and the reflectivity |R|>.

of the THz field. Our intuition is based on transitions (i.e.,
differences of energies) in Fig. 4, which corresponds to ab-
solute frequencies in Fig. 5. The linear density response
exhibits a strong signal at zero frequency, which corresponds
to transitions between a certain initial state and the same
final state. Light-induced vertical intraband transitions corre-
spond to peaks in |fe(1)(k, k, w)|, not differences as in Fig. 4.
The comparison of Figs. 4 and 5 shows that, as mentioned
above, our single-time theory does indeed capture the physics
usually associated with spectral functions and thus two-time
Green’s functions. This correspondence is further established
in Sec. IV.

We now show that not only the linear density response, but
also the measurable THz transmissivity and absorptivity spec-
tra of a photon laser contain information on the light-induced
gaps (which, as noted above, in the case of the photon laser we
call BCS-like gaps). Figure 6 shows, in addition to the intra-
band conductivity, the transmission, reflection, and absorption
of the THz probe. We see a clear correspondence between the
singularity in the JDOS (at the energy of the BCS-like gap)
and an extremum in the transmission and absorption. On the
other hand, the reflectivity does not show such an extremum
and is dominated by the Drude response. The exact position
of the extremum is not exactly at the energy of the BCS-like
gap, in part because of line-shape effects of the various de-
cay contributions, such as the monotonically decreasing (as a
function of w) Drude contribution, but clearly track the BCS-
like gap energy as we increase the pump rate. This is seen
more clearly in Fig. 7, where we show the energetic position
of the absorption minimum and the BCS-like gap energy as

a function of pump rate. This establishes the main claim of
our study, namely, that the BCS-like gap can in principle be
observed in THz spectroscopy.

9
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390
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Pump rate ypump (meV)

FIG. 7. Comparison of the absorptivity minimum /iwp and the
BCS-like gap 2A, as a function of the pump rate Ypump for the data
shown in Fig. 6. The light red line denotes the magnitude of the BCS-
like gap 2A,. The dark blue line shows the frequency Zwp for which
the real part of the conductivity Re o7, (w) is a minimum; that is, iwp
is defined such that Re o7, (wp) = minRe o7, (w). The plot shows
that the BCS-like gap is closely tracked by the gain maximum, over
a wide range of pumping rates.
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FIG. 8. Real part of the conductivity Re o7, (@), which is similar
in line shape to the absorptivity A(w), for various pump densities
Npump- Here and in the following figures, the vertical dashed lines
indicate the frequency of the onset of the JDOS, which is the same
as the light-induced gap.

However, the parameters in Figs. 6 and 7 have been chosen
to be idealized in order for the principal effect to be clearly
seen. For predictions of measurements under presently re-
alistic conditions, we need to relax the idealized parameter
choices. One of the two idealizations in Figs. 6 and 7 is
the assumption that we can freely vary the pump rate. In
typical experiments, not the pump rate but the pump density
can readily be varied since the former is modeling the relax-
ation of optically or electronically injected charge carriers via

3.5
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Energy hiw (meV)
o
T
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th
05 24|
0 | | | | |
0 5 10 15 20 25 30

Pump density npump (1011 cm—2)

FIG. 9. Comparison of the absorptivity minimum /iwg and the
BCS-like gap 2A, as a function of the pump density nyymp. The
light red line denotes the magnitude of the BCS-like gap 2A,. The
dark blue line shows the frequency Zwp for which the real part of
the conductivity Re o7, (@) is a minimum; that is, fiwp is defined
such that Re o7, (wg) = min Re o7, (w). The BCS-like gap is tracked
by the minimum in Re o7, (w), for changing nyum,. A levels off
almost completely, while the carrier density n, keeps increasing
with increasing npump. Because the Drude conductivity increases for
increasing n,, the minimum in Re o7, (w) does not level off as much
as Ay.
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FIG. 10. Real part of the conductivity vs frequency for various
values of the Drude decay rate yp. The inset shows a zoomed-in
region for the smaller values of yp. The JDOS is shown as a dashed
line. This high-frequency decay of the real part of the conductivity
follows approximately that of the JDOS.

electron-phonon and electron-electron interactions, and the
latter is determined by the injection power. When we vary
the pump density, rather than the pump rate, the BCS-like
gaps do not vary strongly once the pump density is sufficiently
high. This is because the carrier distribution functions are in
the regime of Fermi degenerate functions (basically steplike
functions), and additional density is only in k states that are
not involved in the lasing process and thus have no effect on
the laser intensity or the BCS-like gap. Nevertheless, Fig. 8
shows that the absorption still has a minimum corresponding
to the BCS-like gap, and Fig. 9 shows that the minimum still
tracks the energy of the BCS-like gap, even though in this
case the change of the BCS-like gap levels off with increasing
pump density.
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FIG. 11. Second frequency derivative of the real part of the con-
ductivity vs frequency for various values of the Drude decay yp. This
shows that the BCS-like gap is again visible in Re o7, (@) when the
second derivative is plotted. The JDOS is shown as a dashed line.
The high-frequency decay of the second derivative of the real part of
the conductivity follows approximately that of the JDOS.
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FIG. 12. The magnitude |7'| and phase argT of the complex
transmission coefficient T of the THz probe wave, as a function of
w for different angles of incidence 6;, i.e., 6; = 0°, 15°, 30°, 45°, s-
polarized THz light, and with this paper’s default value for the Drude
decay yp = 0.01 meV. 6; is defined with respect to the background
medium, not the angle of incidence from outside the microcavity. The
probe geometry is as in Fig. 3. The plot shows that in the region of
the BCS-like gap and for higher frequencies, the angle of incidence
has only a small effect on the THz transmissivity.

The second idealization used in Fig. 6 is the use of a small
Drude decay rate. Increasing the Drude scattering rate so that
it is of the same order of magnitude as the BCS gap can make
the Drude response dominant. The minima or maxima are
then superposed with a monotonically decreasing Drude con-
tribution and, instead of being absolute extrema, they are only
small variations that cannot be readily identified, as shown in
Fig. 10. In order to still have access to the information from
the linear response f")(k, k, @) and thus the BCS-like gaps,
one can take the second frequency derivative, for example, of
the absorptivity or of the real part of the conductivity. This
is shown in Fig. 11. Doing so make the BCS-like gap again
readily visible.

Until now, we have shown results for the case of normal
incidence. In experiments, the THz probe might be at oblique
incidence, but this has little effect on the findings presented
above. To show this, Fig. 12 has results for various angles of
incidence (measured with respect to the surface normal of the
quantum well at the position of the quantum well inside the
cavity). We see that qualitative features of the transmission
depend only weakly on the angle of incidence, with the main
variation being the low-frequency Drude response affecting
the phase of the complex transmissivity.
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FIG. 13. Color map of the linear density response function
FO(K, k, @) with k = (0, k). (a) Real part, (b) imaginary part.

We now comment further on the issue of THz gain, which
can be seen in Fig. 6. While the THz gain shown in Fig. 6 is
only obtained for a very small value of the Drude decay yp,
the fact that it can be obtained as a matter of principle makes
some further analysis desirable.

Figure 13 shows again the linear density response, sim-
ilarly to Fig. 5, but now separately the real and imaginary
parts. We see a sign change across kg, with £V (k,, w) = 0
To further analyze how this sign change is related to the
THz gain, it is beneficial to use the theoretical formulation
developed in Sec. IV. A plot of the linear density response
using y, = ¥, which obeys Eq. (46) of Sec. IV, is shown in
Fig. 14. First, we note that a comparison of Figs. 13 and 14
shows that the region close to the BCS-like gap is not sensitive
to the choice of the decay constants. Hence, we can analyze
the origin of the gain based on Fig. 14 and use the underlying
theory, Egs. (46), (48), and (25).

We have THz gain when the real part of the THz conduc-
tivity is negative; see Fig. 6 or Egs. (12) and (13). Hence, the
condition for gain is that the real part of the right-hand side
(RHS) of Eq. (48) is negative. For positive w, the gain with
frequencies close to the BCS-like gap comes from the second
term inside the square brackets of Eq. (48). The condition
for the summand on the RHS of Eq. (48) being negative
is the same as the RHS of Eq. (46) being positive if we
choose Er, to be positive and real valued, in order to have
a convenient way to relate the signs of Egs. (46) and (48).

115305-14



TERAHERTZ SPECTROSCOPY OF SEMICONDUCTOR ...

PHYSICAL REVIEW B 104, 115305 (2021)

25 (a)
-5

20 10

15 1077

—
o

Energy hw (meV)
o

0 —10—9°
-5 ~1077
—10 _10—5
—-15
25 , (®)
10~
20
10-5
15 =
3 10-7 3
£ 10 3
~— &'\
3 5 1079 X
G g
5 0 107 =
< =
S —
—10—°
—10
—10—3
-15

0 02 04 06 08 1
k/ke

1.2 14 16 1.8

FIG. 14. Color map of the linear density response function
FO(k, k, ®) with k = (0, k). (a) Real part, (b) imaginary part. In
contrast to Fig. 13, here y, = yy = 0.2 meV, so that it can be ana-
lyzed using the formulas from Sec. IV.

Now our condition for THz gain at a given wave vector is
that the real part of fe(l)(k, k, w) is positive. In our case of
the photon laser, the second term inside the square brackets
of Eq. (46) changes sign at k,. Specifically, both cos 6y(k)
and [12(k) — v2(K)] change sign, while sin6y(k) does not.
In our case, the sin6y(k) term is negligible compared to the
cos 6y (k) term, which is negative below and positive above ky,
as can be seen from Fig. 15, using the fact that with our phase

Re plj) (k)
A )
solution we set the arbitrary phase of the laser field Ee(g) to
zero and use a real-valued coupling constant I'},, one can see
from the steady-state equations (B9)—(B11) that 6, does not
depend on the phase convention of thlz:ég). Hence, we find
that in our photon-laser case, in the vicinity of k,, k states
below k, contribute to THz absorption at frequencies in the
vicinity of the BCS-like gap, while those above &, contribute
to THz gain. This is exemplified by the green vertical arrows
in Fig. 1.

According to Eq. (48) or (25), we have to sum up all
k contributions to determine whether the absorption or gain
contribution is dominant. In the k sum in Eq. (48), the factor
of (k - €,)?, from the intraband matrix element, favors the f;gl)
states with greater |k| over those with lower [k|. Therefore,

conventions, cos6y(k) = . While in our numerical
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FIG. 15. (a) The electron density functions £ (k) [Eq. (B22)]
and the (b) real and (c) imaginary parts of the steady-state polariza-
tion function ﬁ(e(,),)(k) [Eq. (B23)] for different pump densities 7,,.
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FIG. 16. Real part of the THz conductivity Re o7,(q = 0, @) for
an eh-photon system in quasiequilibrium (cf. Appendix F).
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FIG. 17. Real part of the THz conductivity Re o7, (w) for the case
of a quantum well irradiated by a strong external coherent light field
in normal incidence with frequency fiwe = E, + 10 meV.

from the numerics, we find that the gain overcompensates the
absorption, in the frequency region around 2A; see Fig. 6.

In the zero-dephasing limit, the dependence of the THz
gain on the optical steady state can be shown analytically if
the results of Appendix B for | ﬁi%)(k)| cos By(k) are used in
Eq. (48). Then, the conductivity integrand depends only on
the cos 6y(k) component of ﬁf_le)(k), and in the limit of zero
dephasing y — 0,

Re lim o7 (o > 0)
y—0

CSd(X()A%

x| (e =487 + 1 ) 2 (@) 1]
+(( P = 487 = have ) 2 (@)= 1]0[ A0)— Foo] |,

(49)
where fio, = hoy — E;, E; being the band gap, and

filw) = fR( / Zg;r \/ Ry £/ BPw? — 4A§). Like the JDOS

[cf. Eq. (D3)], Eq. (49) has a term that is multiplied by a step
function and therefore does not contribute for ziw > AA(0),
and a term with no upper-bound step function. The bounded
term results from the region k < k, and is positive, so that
it contributes to absorption. The other, first term in Eq. (49)
derives from the integration over k > k; and is negative, con-
tributing to gain, until k = kr, the Fermi wave number, where
it becomes positive. This sign dependence on k is the same as
that of —|p, h) (k)| cos 6y (k). Essentially, the THz in-quadrature
susceptibility integrates over the optical in-phase polarization,
independently of the relative phase of the THz and optical
fields. In the limit of 2A, <« ha,, the THz conductivity is
equivalent to a third-order nonlinear susceptibility x ).

The fact that THz gain is in principle possible results
from the fact that our photon laser is an open-dissipative and
pumped system. The zeroth-order intraband polarization and
distribution functions given in Appendix B are different from

functions in a thermal equilibrium system or, more precisely,
in the case of a microcavity laser, quasithermal equilibrium. In
order to show that the THz gain is indeed absent if the system
is in quasithermal equilibrium, we use the quasithermal equi-
librium solutions from Ref. [49] and show in Appendix F that
the sign of the conductivity is fixed with the real part being
positive, eliminating the possibility of THz gain. We show in
Fig. 16 an example for this case.

In addition to the BCS-like gaps in the (nonequilibrium)
photon laser, we also analyzed light-induced gaps in the case
of a quantum well irradiated by a strong coherent external
light field with frequency in the interband continuum. As
mentioned above, we call these gaps Galitskii-Elesin gaps. An
example is shown in Fig. 17. The underlying equations for the
zeroth-order solutions are obtained from Eqs. (B13) and (B14)
by replacing the cavity field Eéf) with an external coherent
field Ef’“, and the laser frequency wy by the frequency of
the external field wex. In this case, Eq. (B15) is omitted.
The electron density is be solved consistently with n, = ng,,
and the final results follow from Egs. (B22) and ((B23). An
example of this case is shown in Fig. 17, which shows a result
similar to those of the (nonequilibrium) photon laser. In other
words, the Galitskii-Elesin gaps can be related to extrema in
the THz spectrum.

Finally, regarding the possibility of observing THz gain
in open-dissipative and pumped photon laser as well as the
quantum well irradiated by a strong coherent external light
field, we note again that the (paramagnetic) THz gain can
be overwhelmed by the absorption due to the (diamagnetic)
Drude term if the Drude decay is large.

VI. CONCLUSION

To summarize, we have developed a linear-response theory
for the low-frequency optical response of a microcavity laser
with a two-band semiconductor quantum well in the photon-
laser approximation (i.e., without excitonic Coulomb effects).
In GaAs (the example treated in this paper) and similar III-V
semiconductors, the low-frequency response of interest to this
paper is in the THz regime. The stationary two-band system
exhibits BCS-like gaps in each of the two bands. We have
shown that these light-induced gaps can give rise to structures
(minima or maxima) in the measurable quantities associated
with the linear THz response, notably the real part of the
(intraband) conductivity and the (THz) absorption. Thus, THz
spectroscopy of GaAs or other conventional semiconductors
could be a valuable tool to identify BCS-like gaps that cannot
be readily seen with light fields whose frequencies are in
the vicinity of interband transitions and thus within the stop
band of the microcavity. While our numerical results have
focused on GaAs, our analysis can in principle also be applied
to other semiconductors, where the BCS-like gaps might be
larger and the intraband spectroscopy frequencies lie outside
the conventional THz band.

In addition to the correlation between structures in the
linear-response function and BCS-like gaps, we have found
that photon lasers can in principle exhibit THz amplification.
This amplification, however, can only be seen if the Drude
decay is sufficiently small. Furthermore, we have shown that
the THz amplification is absent if the system is in quasither-
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mal equilibrium. While past studies have found the Drude
scattering rate under differing conditions [91-94], it would
be beneficial if future studies provide a microscopic model
for the Drude damping in the photon laser, possibly pointing
to pathways toward reducing the magnitude of the Drude
damping.

Finally, we have shown that, as expected, Galitskii-Elesin
gaps give rise to the same structure in the THz linear re-
sponse functions as BCS-like gaps. In a next step, the role
of Coulomb effects, and thus exciton and exciton-polariton
effects, in a polariton laser that operates in the polariton-BCS
regime, which was studied in Ref. [39], will be investigated.
Furthermore, future studies may investigate the THz emission
in the BEC-BCS crossover regime and in the BEC regime.
Such studies could shed light on how the condensation-
induced gap transforms during the BEC-BCS crossover, and
could also further elucidate the role of polariton trapping
[10,11,15] (which has been found to be an effective tool in
the manipulation and creation of polariton BEC states) on the
gap in the condensed state.
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APPENDIX A: QUANTUM-WELL THz TRANSMISSION

Equations (10)—(13), relating the THz transmissivity, re-
flectivity, and absorptivity to the conductivity in the quantum
well, are derived in this Appendix. We refer to Fig. 3 for the
propagation geometry. The boundary conditions on the THz
electric field E7 and magnetic field By at the quantum well
(z=0)are, forn | 0,

e Er (r), n) — e1Er.(r), —n) = 4mwpoop(ry), (Al
4

Bry(r, n) — Bry(r), —n) = _TJZD,x(rH)’ (A2)
4

Br.(r), ) — Bri(r), —n) = leD,y(rn), (A3)

Erx(ry, n) = Erx(r), —n), (A4)

Ery(r), n) = Ery(r), —n), (A5)

Br (ry, n) = Br (r), —n), (A6)

where r; = (x, y). The 3D representations of the charge and
current densities are

I(ry, z) = 8(2)Jap(1y).
Expressed in terms of the induced current defined in
Egs. (8), the vector 2D current is Jop(r)) = > [>, J(r)) +
X e .

The incident fields are denoted by E}’), Bg) , the reflected
fields by E\”, B, and the transmitted fields by E\’, BY.
We have Er(ry,z) = E\(r),2) + E{ (1, z) for z <0 and

p(r), 2) = 8(2)pap (1)),

Er(r),z) = E}’)(r”, z) for z > 0 and similar relations for the
magnetic fields. Suppose the incident field is an s-polarized
(in our coordinate system €, = ¥), monochromatic plane wave
with frequency w and wave vector q; = g;x + ¢;;Z, where
gi = |qi| = \/€1w/c. The wave’s electric and magnetic fields
are written as (z < 0)

EP(x,1) = EP a0y,
i ~ € =) i(qix—
B (%, 1) = (qix? — i) —Ep) e,
where X = (x, y, z). Similarly, the reflected fields are (z < 0)
E;r)(x’ t) — Ev](_r)ei(q,-)(7wt))f\)7
C =) i(qx—
B (1) = (g = gre?) — By e/ 070,
where q, = g X + q,.2, g = J/€1w/c, and the transmitted
fields are (z > 0)
EV(x, 1) = EWelx—ony,
C ~ .
B(T{)(X, t) — (thz _ q,ﬁ);E;’kmq"x*wo,
where q, = g, X + q1;2, ¢ = /€2w/c. Substituting these ex-
pressions into the condition (A5) gives
E;i)eiq,-xx + E}r)eiqm—x — E}l)eiqrxx’ Y x
which implies

Gix = 4rx = qtx = qx; (AT)

(i) i (r) i (1)
ETv + ETV = ETtv (A8)
Equation (A7), together with the dispersion relations, lead to
gr. = —qi; and g> = (€2/¢€;)q?, which gives

2 € 2, € o
(2 1)+ 2
4. (61 qx p qi;
The 2D current is a plane wave inside the quantum well,
propagating in the x direction:

i(gx—on) g

Jop(x,y,1) = Jape ¥. (A9)

Equation (A3) becomes

~i) A - drw .
9i:(Ey’ — ) — 4By’ = —=Jm. (A10)
The conductivity at frequency w for this y-polarized probe is
given by

Jop
ory(qy, w) = =0 (A11)
Er
The transmissivity |7|> and reflectivity |R|? are the ratios,
respectively, of the transmitted and reflected energy fluxes to
the incident energy flux. Equations (A8), (A10), and (All)
give these quantities as

~ () 2 2
€ E € 2
T o)l = 225 = |2 a12)
€1 ET €1 l‘l'ﬂ(qwi)
EPI” 1= B o)
IR(q:, 0)* = | =15 ='—" (A3
E; 1+ B(gx, )
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A(qy, ©) = 1 — |T(gy, ®)I* = |R(gx, )|

4(R s -
_ 4Re[B(gr, 0] 262/61)7 (Al4)
11+ B(gx, )|
where A(g,, w) is the absorptivity and
1)
B(gx, w) = 4 (qt" —5 0Ty (qx U))) (A15)
124
When €; = €, Eq. (A15) reduces to
4w
B(gx, w) =1 + UT\(‘]xy w). (A16)

APPENDIX B: CONTINUOUS-WAVE LASER
DISTRIBUTIONS

Our model of a microcavity quantum-well laser is based on
Egs. (3)—(6) in the absence of a THz probe.

As explained at the end of Sec. II, the unperturbed
(by the THz probe) fields are treated as of zeroth
order in FEp, and carry a superscript (0). Their
momentum dependence is simplified to Ez(f\))(q,t) =

E%) SO K, 1) = S fO(k1, 1), o = e, b,
and peh (kl, ky, t) = 5k2,7k,pi(;,>(k1,l)- Scatterings, e.g.,
carrier-carrier and phonon-carrier, tend to relax the intraband
carrier distributions to thermal distributions while pumping
keeps the system in a nonequilibrium state. These effects
are modeled by adding the following incoherent terms to
the equation for f{(k,?), & = e, h, where we distinguish
incoherent relaxation and pump terms:

5 AfO (K, 1)
ot

—vr(fOKk, 1) — fr(k)) (B1)

— Y £SO, 1),

relax

Af Ok, 1
5 o (K. 1)

o = —Yoump (£V(k, 1) — f(k)),  (B2)

pump
fr(K) is the thermal distribution to which the carriers relax
via incoherent intraband scattering, i.e., if summed over k and
spin it yields the same density as the actual density, i.e., the
density obtained when £?(k, t) is summed over k and spin,
and f,(Kk) is a distribution to which the carriers are driven by
the pump, and which, if summed over k and spin gives the
pump density n,, which we use as an input parameter. We
model f,(Kk) also by a Fermi distribution. We have, explicitly,

1

fx(k;ﬂx) = o(ex—w)/kaT T 1 (B3)

where x € {F, p}. T is an effective temperature which can
generally be different from the lattice temperature since it
accounts for the dynamical equilibrium between the creation
of carriers high in the bands and the electron-hole recombi-
nation (and other loss) processes [39]. The thermal (up) and
pump (i) chemical potentials are constrained to give the
actual and pump densities, respectively. Furthermore, yr is
the effective intraband thermalization rate, Ypump is the pump
rate, i.e., the relaxation rate to the pump distribution, and yy,
is the nonradiative decay rate. For simplicity, we assume in
the numerical evaluation the electron and hole masses to be
equal, and thus the electron and hole populations to share the

same distributions fr(K) and f,(K) and parameters yr, Ypump,
and y,,. We model the dephasing of the interband polarization
and the cavity decay of the cavity field as

(0)
(K, 1)
n’ T = -y (k. 1), (B4)
dephasing
IED (1)
e = —vER . (BS)
decay

This phenomenological model of pump and loss and relax-
ation is also used in Ref. [39] and is more fully discussed
there.

The sum of the two terms in Egs. (B1) and (B2) can be
simplified to

5 AfOK, 1)
a1

5 AfOK, 1)
a1

relax pump
=~y (fOk, 1) - fr(k)), (B6)

where yy may be interpreted as an effective carrier relaxation
rate

Yr=VYF + Ypump + Var (B7)

and fz(K) is an effective target distribution

Sr(K) = J/FfF(k) + VpumpSfp(K)]. (B3)
f

With the incoherent pump, loss, and relaxation terms in-
cluded, Egs. (3)-(6) for the zeroth-order fields become

9 .
[zh— — (Eok + En() — zy,;)} POk, 1)

ot

:Z[l

— Ok, 1) — f0(—k, O]k, OES @),

(B9)
ih% fOK, 1) =" 2im [pi)* (2k, )T, (+k, 0)ES(1)]

— iy (f0k, 1) — fr(K)), (B10)

3
|:ih— — hwsg + iyE}E(O)(t) = Tk 0)p5) Kk, 1).
ot ehk

(B11)

In Eq. (B10), the upper sign in £ is for @ = e and the
lower sign is for o = h. In the following it is assumed
that fO(k, 1) = f{V(—k, 1) = fO(k, 1), and fO(—k, 1) =
fO&, ).

We seek steady-state solutions to Eqs (B9) (Bll) in
which the positive-frequency parts of P(;), and E“ oscillate
at the lasing frequency wy:

E(O)(l‘) — E(O) —zwgt’ (O)(k 1) = ~(0)(k)e—zw(t (B12)

and the density distributions are constant in time. We consider
only isotropic solutions so that f(o)(k) and p(o)(k) depend
only on the momentum’s magnitude k£ = |k|. Specializing to
the case of heavy-hole bands, we have only one electron-hole
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spin configuration coupled to each photon circular polariza-
tion: I'};, vanish except for I'*, ,  , and '), 5 ». Since only
one term contributes to the sum over (e, #) or A in the equa-
tions, we remove the summation symbols over these variables.
With these simplifications, we substitute the solution form
(B12) into Egs. (B9)—(B11) and obtain

[hwe — Ae(k) + iy, |ﬁ(0)(k)|ei90(k)

[1 =260k Of[ES],  (B13)
— 2| Q)| T2, (k, 0)]|ED | sin 6 (k)
=y [fO%) — fr®)],  (Bl4)

[fw, — ha)xo+1yE]|E(0) _Z|r~ (k. 0)||ﬁ(0)(k)|ei00(k)’
' (B15)

where Ae(K) = ek + en— k) As mentioned above, we con-

sider parabolic bands ¢, = IR The phase 6y(k) is essentially
the relative phase between the interband polarization and the
photon field: 6y(k) = p(k) Or(k,0) — O where 6, 6r, and
O are the phases of p peh , th, and E é»\)’ respectively. The above
equations are augmented by the density constraints mentioned
above, namely, that the steady-state distribution £ (k) and
the thermal distribution fr(k) sum to the same density:

ng = n, = ny, (B16)
where
. d*k . d*k ©
np =2 mﬁv(k), Ny —2/ Wfa k), (B17)
ando = e, h.

Apart from the material parameters in the Hamiltonian (1),
the input to solving Eqgs. (B13)—(B16) includes the gain and
loss parameters {Vr, Ypump» Yars ¥p» VE}, the effective temper-
ature 7', and the pump chemical potential 1 ,, which specifies
a target carrier density n, the pump drives the electron-
hole population towards and thus is a measure of the pump
strength. The output result includes the field components
|E, (O)| | p(o)(k)| Oo(k), and £ (k), the lasing frequency wy,
and the chemical potential pr of the thermal distribution.

Because Eq. (B14) is an integral equation, the number of
equations to be solved, after discretization, is roughly equal to
the number of k points. The numerical task of solution can
be made much simpler by some algebraic manipulation of
the equations. As we show below, Egs. (B13)- (B16) can be
reduced to three algebraic equations relating |E“ |, w¢, and
ur, which are to be solved numerically, and | p(o)(k)l, 6o (k),
and f©O(k) are expressed explicitly in terms of these three
quantities.

The real and imaginary parts of Eq. (B13) are

¥psinby(k))
= [1 = 2f(k)]|T%,(k, O)||EY

| ()| ([hwe — Ae(k)] cos by(k) —

., (BI8)
_ hoy — Ag(k)

p

cos (k) = sin6y(k), | (k)| # 0.

(B19)

Substituting cos 6y(k) from Eq. (B19) into Eq. (B18), we
obtain

Vpll = 2O U (k, 0)] [EY |

PR _
|5 (k)| sin 6 (k) = [iw, — Ae(k))? + 2

(B20)
Independently, Eq. (B14) leads to
O = frb)]
2|12, (k, 0)||ES
We equate the right-hand sides of Egs. (B20) and (B21) to

obtain £ (k) as a function of |E, O, up [through fr(k)], and
[OFN

|59 (k)| sin 6o (k) =

(B21)

1 27
5 — fr®)ysl
O (k) = Fr(k) + (z B22
SR =IO+ G —Ae(k>]2+y2(1+1) (322
3 (0)
where the dimensionless intensity is / = w Sub-

YoVr
stituting the expression for f©(k) in Eq. (B22) back into
Eq. (B13) gives
|5 ()™ = [1 =2 fx()1|T%, (k, 0)|E;
haw — Ag(k) — iy,
X .
[hw, — As(k)]? + )/2(1 +1)

(B23)

Substituting Eq. (B23) into Eq. (B13) and canceling E z(x gives

i — iwzo +ive = Y T4,k O [1 = 2fa (k)]
k

y hoy — Ag(k) — iy,
[hwe — Ae(k)) + y2(1+1)
(B24)

Equation (B16) and the real and imaginary parts of Eq. (B24)
form a set of three independent, nonlinear equations for
the three unknown, dependent variables wy, Ez,\) , and pp.
The system can be solved numerically using, e.g., Newton’s
method [95]. Once these dependent variables are obtained,
f©(k) can be calculated via Eq. (B22) and ﬁ(o)(k) by
Eq. (B23). f@(k) and ﬁ(o)(k) are plotted in Fig. 15 for varying
pump densities n,.

In Eq. (B22), the coefficient of % — fr(k) is an unnormal-
ized Lorentzian centered at k =k, = %«/Zm,h&)g and with
width y2(1 +1). |5 (k)|e™® in Eq. (B23) is, for a given ,
formally equivalent to the polarization of a two-level medium
under continuous-wave excitation in the rate equation approx-
imation, which shows power broadening [96].

APPENDIX C: LINEAR THz RESPONSE MATRICES

In this Appendix, explicit expressions are provided for the
linear THz response matrices used in Sec. III. Their behavior
for q = 0 is also discussed.

The matrices that appear in Eq. (20), J and C, are given by

J(w)=<5y(()“’) g;(‘iw)), ()
A
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where &, (w) = hw — (hw,g — hwe) + iye, and fiw,g is the The matrices M, N, and Q first appear in Eq. (18). These
cavity resonance frequency with zero transverse wave vector. matrices are written as
|
_ (ak,q,®) bk, q,o)
Mk a, @) = (c(k, G0) dkqo) ©)
_(rk,q,0) sk, q,o)
N9, @) = (r(k Qo) ukqo) ()
v(k,q,0) x(k q, )
k, q, . C5
Ok, g, ) = (y(k 00 (kg o) ©5

The energy differences which appear in M, N, and Q are expressed as
&u(ki, ko, w) = ho — (Sakl - Eakz) +iyr, a=eh
En(Ky, ko, ) = fiw — (6o, + &k, — Fiwg) + iYp. (Co)

The elements of the matrices M, N, and Q are given by

|th(k—q,0)|2+ % (k, 0] )

B N ©)
alk,q,w) =&k, q — k, 0) — |E < £k k—q,0) &(q-k, -k o)

b(k, q, ©) = (EL)’T%,(k — q, ), (k, 0)( ! n ! )
e E(k,k—q,0) &(q—k, —k o)

ek, q.0) = (E") Th (k — q. O (k. 0>( 1 + 1 )
o € £k —q.k, —w)  £(-k q—k, —o)
%, (k, 0)° N T,k — q,0)[°
(k qs 7_60) éh( k’q k _(1))

(0) ~(0)* (0) ~(0)%
. om0 vy EDR k- Thk—q.0)  EDpS Ik, 0)
r(k,q,w)—reh<k,q){(1 00~ £ - k) - k) et £

dk,q,0) =&,k —q, -k, —o) — |E) g (5 (C7)

PO M)r2, (k — q, 0) N POk — T2, (k, 0))

_ A _ )
sk, q, w) =Tk —q, —QE,; ( £k k—q o) £,(q — k, -k, o)

POk — T4 (k,0)  pO* () (k — q, 0)
Se(k q, ’ ) Sh( kvq k, —C())

t(k, q, ) = I'% (k, q)Eﬁ?*(

Ik, 00p0(k) Tk —q, 05 (k —q)
_ * _ _ _ ¢ _ (O (0)* eh .
u @, @) =Teilk —a, q){(l f80k = @) = £ (-k0) ~ By [mk q.k ,—w)+ £ (—k, q — k, —o) ’

(C8)

and
Ik —q,0)

F 7 1
Ok — q) = FO oy 1
Ekk_q ol KDL (k)]ge<k 2q>

vk, q, @) = —Eg‘j){

Lok, 0) 0) #(0) 1
R el VAU SRR (Eq—k)}

1
+ Bk — @)g. (k - 5‘1) + P (K )gz<
A
0] Tok—=a.0) 20y = 0 v( _l)
x(k, q, ) = —E, {—&(k g0 [fP%k —q) — [P®)]gl( k 54

_ Ta® O oy 0, ”(1 B )}
+~’§h(q—k,—k,a))[f" (k) = f, (@ = W)]g} 54 k

1 1
+ 7y (k — q)g! (k - §q> + Py, (K)g; <5q - k),
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r‘"*kO
vk, q,0) = E“”*{ &.0)

- . 1
—s Eoak = )[fé‘))(k) — fO% - q)]g (k - —q)

2

F'\*(k q.0) #(0) () 1
(@ —k) — £ (k) ”(— —k)}
Er—U - (ola| 9
* v 1 ~(0)* v l
+ py " (og; (k - 5") + Py (k — q)gh(zq - k),
'k, 0)

2k, q, ) = —E<°>*{

- - 1
W[ﬁo)(k) — fOK - @]g (k - —Q>

2

Mik—q.0) o #0) o1
i:h( k’ q- k’ )[ g (q B k) I (_k)]gh(zq - k>}
1 1
+ By (K8, (k - 2q) + o (K — @)g) <§q - k>. (9)
The matrices in Eq. (24) are defined as
~(0)* (0)
k — @I}k, q) L O (k —q, —q)
Gk, q) = < O . ) (C10)
a OOk q) - “’)(k QT k — q. —q)
EQ"T4(k—q,00  EJT%(k,0)
H(k, q) = 11
) ( —E{"T4(k, 0) E(O)F’\ (k —q, 0)) (D
fOk - q) = £Ok) 0 ><g (k—1q) g(k— lq)>
LK, q, ¢ e 2 e 2, C12
ka0 = 2zw< 0 Ok - fPq-k)\g(la-k) g (la—k) 2
1
2k, q, 0) = (éeﬂﬁkow ? ) (C13)
&n(q—k,—k,0)

The matrix

A1) _ f(l)(k k—q, o) A
L = (1) = DLETU
f (q - kv _kv w)

gives the Lindhard-type linear response of the carrier den-
sities. This is evaluated analytically in the limits of zero
temperature 7 — 0 and zero pump and decay yy — 0 in
Appendix G. However, for normal THz wavelengths, q < K,
the matrices D" and L are quite small compared to X". When
q=0, D" =0 and L =0 exactly. That L(q =0) =0 can
be seen directly from the first matrix in the definition of L,
Eq. (C12).

It is also true that D¥(q = 0, @) = 0 because D" is a sum
of terms linear in the factors g}, (k). To see this, note that of the
matrices that appear in the definition of D in Eq. (21), only O
contains any factors of g!,. As is shown in Egs. (C5) and (C9),
Q is linear in the factors g!,. All of the other (zeroth-order)
functions that enter the linear response matrices are taken to
be isotropic in the QW’s plane f(k) = f(k). As given by
Eq. (2), g, « k. Therefore, the elements of D"(g = 0) have
the form ), kf(k), where f(k) is isotropic in k. As this is an
integral with even limits over an odd function, it is zero.

More generally, any of the quantities that are k sums of
terms linear in g}, will be proportional to q. Because at THz
frequencies the EM field has q <« k, those quantities that
contain sums over only odd powers of g}, are negligible com-
pared to those that contain even powers of g, . Fundamentally,
the intraband processes induced by the THz field break the
rotational symmetry of the quantum well.

(C14)

[
APPENDIX D: JOINT DENSITY OF STATES

In this Appendix we provide brief remarks on the joint
density of states governing vertical transitions between the
original and the light-induced branches (see Fig. 4). Under the
influence of the optical field, the band structure is effectively
modified to have two branches with energies A (k), given by
Eq. (33). The transition energy between the two band branches
is

2

k>
AMK) = Ay (k) — A_(K) = ,[4A2 + (2 - ha)@) ,
m
(D1)
where the Rabi frequency is A[ |F (O)E (O)| the reduced

mass is given by —=--+--, and here hae = hwy — Eg,
E, being the band gap The minimum value of the tran51—
tion energy is min AA(K) = AA(k;) = 2A,, which occurs at

ke =4/ Z’”T‘”‘ k¢ is the quasimomentum at which the electron

and hole energies in the undressed bands are resonant with the
laser frequency fwy.
The density of states g(¢) is defined by

S
S5y = / de g(e)f (e(K),
k

where S; is the spin degeneracy factor. The joint density of
states (JDOS) [97] for a transition from the o band to the 8
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band is
Sq
gr(e) =~ > 8e — g — eax]):
k

The JDOS for transitions from the lower branch to the
upper branch of the dressed conduction band is given by

Sa
gi(e) = T
S

2 £

/ kdké[e — AL(K)]
0

where A)\,(k,) =&, ki =

Jam,
= k= L \/h@i 2 —4A % (DY)

and where the spin degeneracy is S; = 2. This is evaluated to
give the JDOS as

g/(€)=— O(e —2A)[1 4+ 0[AX(0) — £]1,
Th* g2 _ 4A2

(D3)

where AA(k = 0) = ,/h* + 4A is the maximum transi-

tion energy for k < ky.

The joint density of states, Eq. (D3), is shown in Fig. 4(a).
At the BCS gap ¢ = 2A, there is a Van Hove singularity in
the JDOS [98]. The limit as ¢ approaches 2A, is

li 2o

525_21'213‘_)0+ gi(e) = h2 5 (8).

The plot in Fig. 4(a) shows that the BCS gap Van Hove
singularity is the dominant feature in the JDOS. Semiconduc-
tor absorption spectra are often functions of the JDOS [97].
Therefore, the BCS gap is expected to be a noticeable feature
in the THz spectra. In many of the plots in this paper, the BCS
gap is indicated with a dashed, vertical line.

For ¢ < AA(0), there are two equal contributions to the
JDOS. One contribution is from transitions between the two
dressed band branches for k < kg, and the other is from tran-
sitions with k > k;, as shown in Fig. 4(b). When ¢ > AX(0),
transitions with k < k; no longer contribute to the JDOS. This
gives rise to the step at high energies in Fig. 4(a).

APPENDIX E: PAIR-EXCITATION REGION

In this Appendix, the calculations of the pair-excitation
regions shown in Fig. 2 are explained.

By an extension of an argument in Ref. [53], the rate of pair
excitations from one band « to another «’ for a given q, w is

Ry (@) =) 8w — £y (k) + £o(k — q)]
k

X fa(k — @)1 — fo (K], (ED)

up to a proportionality factor. The rate of pair deexcita-
tions or relaxations back from o’ to « for the same q, w is
R_ o« (q, ®), which is equal to Ry o, ,(—q, —w). The net
rate of pair excitations is then Ry—.o» = R4 yoor — R_ 4o
We define the pair-excitation region (PER) as that q, w
domain for which Ry 4« (q, w) # 0. In the following, we

consider the PER for q, @ > 0. Analytical formulas are pro-
vided for two limiting cases of transitions accessible in the
band structure depicted in Fig. 1. In general, pair-excitation
regions can be calculated using Eq. (E1).

For an e-h plasma at zero temperature and not coupled
to a cavity, the intraband pair excitation region is given in
Ref. [53] and shown in Fig. 2(a). For a given ¢, the maximum
and minimum o > 0 transitions begin from the Fermi wave
number kr. The boundaries of the PER are parabolic, like the
original band structure.

In a photon laser, the band structure is modified and the
eigenenergies are Ay(k), given in Eq. (33). The BCS-like
gap is clearly revealed in the PER if the A_(k) light-induced
branch is occupied for approximately k& < k; (and so here
we define kr = k), and the A, (k) light-induced branch is
unoccupied. This is the case for an electron-hole-photon sys-
tem in quasithermal equilibrium, in the 7 — O limit (cf.
Appendix F).

If only transitions to the A, (k) branch, and to k
allowed, then the pair-excitation region is given by

> ky, are

200 € ho < A+ Aylke + q) if g < 2ky;
Agthy(ke—q) < Mo < AgtAy(ket+q) if g > 2k (E2)

If transitions from the lower light-induced branch A_ (k) to the
upper light-induced branch A, (k) are allowed for all &, then
the PER is modified in the domain g < 2k, to be

Ay(q) — A_(0)
2A, < hiw < max {A:(kz fo+ Ae}‘ (E3)

This case is plotted in Fig. 2(b).

APPENDIX F: QUASI-THERMAL-EQUILIBRIUM MODEL

A quasi-thermal-equilibrium model assumes that the elec-
trons, holes, and photons are in thermal equilibrium with each
other at temperature 7. The populations are not determined
by pump and decay processes, as in the open system, but by
the chemical potential w, which is used as a parameter. Within
the Hartree-Fock (or self-consistent field) approximation, the
expectation values for the interband polarization, carrier dis-
tributions, and coherent light field amplitude can be obtained
from the Hamiltonian and a density operator for the grand-
canonical ensemble. This has been done in Ref. [49]. Our
Hamiltonian (1) coincides with that used in Ref. [49] if the
Coulomb contributions in Ref. [49] are neglected. Hence, in
this case we can use the quasi-thermal-equilibrium solutions
given as Egs. (16)—(18) in Ref. [49]. Written in the notation of
this paper, the solutions are

5(0) _ A SO
Ep = ; o P (), (F1)
~(0) E.,(K)
i () = 2Eeh<k> anh ( 2kpT ) )
) _ £, (K) Een(K)
fe/h(:I:k) =3 |: () tanh 2T )| (F3)

The distribution function in Eq. (F3) denotes £?(k) for elec-

trons and f,(o)( —k) for holes. E (k) and E,;(k) are defined
in Eq. (34), and hwy, is the fundamental cavity mode. In
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the absence of Coulomb interactions, and with th taken as
independent of k, the Rabi energy A, = |thEég)| is also k
independent. The laser frequency is given by hwy, = u. By
substituting Eq. (F2) into (F1), a single nonlinear equation is

found which determines the Rabi frequency:

tanh (Eeh k) ) (F4)
2kpgT

ral” 1

1=
2 i, — 1 (M)

It is necessary for hwy, > p for Eq. (F4) to have a solution.
Once Eq. (F4) is solved for A, for a given set of input param-
eters, the expectation values given by Egs. (F1)—(F3) can be
calculated.

Equations (F1)—(F3) satisfy the monochromatic semicon-
ductor Bloch equations (SBEs) (B13)—(B15) when /iwy, =
u and the phenomenological reservoir interaction terms are
zero, i.e., ¥y, ¥y, and yg = 0. Therefore, as the THz spectrum
is calculated as a perturbation on the SBEs, the formalism of
this paper can be used to calculate the THz spectrum for the
quasiequilibrium case. Using Eq. (48), Re 07, (w) is plotted in
Fig. 16, with finite y and varying chemical potential ji. Then,
taking the necessary limit y — 0 gives the (o > 0)-resonant
paramagnetic THz conductivity as

2\ 2 [ee)
il <h—> / 13 dk ulkyv (k)
0

(@) =\

A, E(k)
X tanh
2E,, (k) 2kgT

+ 7 8[fiw — AA(k)]]. (F5)

l

% [P fiwo — AMK)
The delta function in the last line gives the real part of the
conductivity, while the Cauchy principal value (P) integral
gives the imaginary part. This delta function is the same as
that which appears in the formula for the JDOS. Evaluating
the delta function and simplifying gives the real part of the
conductivity,

Reof (w) =

cagA? 0(ho —2A,) ) h( hw )

an

K w? 4kgT
@ ,/h2w2—4A% B

x [27&@9[&(0) — )

+ (ha)@ + JRe? — 4A§>9[hw - A/\(O)]].

(Fo6)
For w, T, and ho, > 0, the real part of the paramagnetic
THz conductivity is non-negative, Re anv (w) = 0. In turn, the
absorptivity is non-negative, i.e., there is no THz gain in the
quasiequilibrium case. The absence of THz gain means that
a system in chemical and thermal quasiequilibrium would
not impart energy to a probe beam. The THz spectrum is
dominated by a single, sharp peak at the BCS gap 2A,.

APPENDIX G: ANALYTICAL SOLUTION FOR THE
LINDHARD RESPONSE

In this Appendix, we summarize the derivation of the ana-
Iytical expression of the THz paramagnetic conductivity in a

noninteracting gas of electrons and holes in a quantum well
that is not coupled to a laser field. The result is related to the
2D Lindhard function (cf. [99]).

According to Egs. (8) and (9), the paramagnetic conductiv-
ity is given by the THz-induced current JJ "™ which depends
on the induced density fluctuations }1), o = e, h. Setting Eég)
and ﬁﬁ) to zero in Eqgs. (15) and (16) gives the linear density
fluctuation as

N O)yKk) = FO(k
Fk s ko= SO0y
al q

io \ hw — €q ktq + Eak + iV

oa=ce,h.
(GD

x gv (K +q/2)Er,(q, »),

We substitute this into Egs. (8) and (9) and, after some
algebraic simplification, obtain the paramagnetic conductivity
as

40[0 1 ’ f
of (q,w) = CT Z WLau(q , W,,),

aefe,h} o

(G2)

2
where oy = % = ﬁ is the fine-structure constant and

dk,dk; W 1, 2
(27_[ )2 < + Eq > - €y
) (k —_ Ok
Jo ' (K4+q) — f,7( ). . (G3)
hol, — QK - q' + q?) + iy,
We have scaled the momenta by the Fermi momentum &y and

272
the energies by the Fermi energy e,r = 5

Lozv(q/» (X)(;) =

2my
k h
k,=_a q/=£9 hw&:_wv
kr kp EaF
&
=k =W e, (G4)
EaqF EqF

The Fermi momentum is defined as the radius of the (zero-
temperature) Fermi sphere corresponding to a given density
52,71;,% = n, = n;, where S; = spin degeneracy, assumed to be
the same for e and /.

The steady-state distribution £(”) has so far been left as
arbitrary. To gain analytic insight, we consider the case of
a quasiequilibrium electron-hole plasma at zero temperature
(T = 0) and vanishing damping losses (y, — 0). In this case,
the steady-state occupation is (k) = 6 (kr — k), and

O +q) - fOk)
= —0(k + q| — kp)d (kr — k)
+ 0(kp — |k + q|)0(k — kF).

(GS)
In the limit y, — 0, the Sochocki-Plemelj theorem yields
i 1
lim -
ve—0 T, — 2K - q' + q?) + iy,
1
hol, — 2K - q' + q'?)
—indlhw), — 2K - q' +q?)].

(G6)
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With Egs. (G5) and (G6), the imaginary part of Eq. (G3) becomes

d’k’ 1 2
Im Ly, (q', w),) = / —[(k’ + Eq/> . eu] S[hwl, — 2K - q' + qH)IO(K + q| — kp)O(kp — k) — 0(kp — [k + q)O(k — kp)].

4
(G

We orient our coordinate system so that X points in the direction of q. Then the factor in the integrand in Eq. (G7) that depends
on the THz polarization vector becomes, for the two linear polarization directions,

s polarized : [ (k' + %q’) . ev]z = kf, p polarized : [(K' + %q/) . eu]z = (k. + %q’)2 cos’ ¢,
where ¢ is the angle between €, and the % axis. The result of the integration in Eq. (G7) is as follows. For 0 < ¢’ < 2,0 <

~X
ha)(’x < 2q/ _q/Z’

! / 1
Im Ly (q, w,) = Fq’

A —a? )2 — (1= d} )",
/ 2
(hz%) C0S2(}5[\/1 — \/1 +a3], ppol

s pol.

For0 < ¢ <2,2¢ —q? < hwl, <2¢ +q* andfor g > 2, ¢* — 2¢' < hol, < ¢° + 24,

Im Ly, (q, ) = —
4 q

1 :g(l_az)i,

2
) cos? ¢, /1 —d%,

(_

s pol.
p pol.

Im L, (q', w,,) = 0 for elsewhere in the range w, > 0. In the above,

at

= 2q/

/!

q

5

The value of Im Ly, (q', w,,) for negative ), is obtained via the symmetry relation (for inversion-symmetric systems)

Lov(q', —w,) = L;,(q', @,).

(G8)
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