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Quantum well intersubband absorption with contributions from both valence and conduction subbands is
computed with a nonequilibrium Keldysh Green’s function formalism, assuming an optical pump and probe
scheme in undoped samples. The coupling between conduction and valence bands leads to contributions to the
TE mode from the electrons, which are enhanced due to Coulomb corrections and may be resolved even in the
presence of the dominating hole contributions. A strong contrast in the evolution of absorption spectra with
increasing carrier density is predicted between TM and TE polarizations. The influence of sk-alegigndent
dipole moments in combination with many-body effects is analyzed for intersubband transitions, including the
evolution of the spectra with increasing excitation power. For the TE case, extra features appear in the spectra,
due to interplays between band structure and Coulomb effects which are not present in the TM mode. The
spectral evolution on both polarizations, broadening, number, and relative strength of the resolved peaks are in
strong contrast with free-carrier results. Numerical results are given for four different structures.
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[. INTRODUCTION strongly nonparabolic conduction bands. The spectral posi-
tions and broadening, number of peaks, and the relative os-
Many-body effects are crucial for a consistent explanatiorillator strengths of the spectra calculated with and without
of conduction intersubband absorption of quantum wellsCoulomb effects are radically different, further highlighting
(QW’s), a fact that has been demonstrated by detailed conthe importance of our calculations.
parisons between theory and experiméntsTypical inter-
conduction subband transitions can be described with para-
bolic dispersion relations and constant dipole momehts.
contrast, intervalence-band transitions are characterized by Optical absorptiony at a given photon energywo can be
strong nonparabolicity ank-dependent dipole moments. calculated from the imaginary part of the optical susceptibil-
In this paper, we address the following issu@ginterva- ity,
lence subband contribugions to the absorption have been 4
studied for free carriers,? and thus, in view of importance _amw -
of Coulomb effects, we analyze the valence subband prob- (@) cny Sx(@h x@=22 »d’”X”"‘(k’ w). (1)
lem. We find that the strong band coupling and resulting
nonparabolicity anck dependence of the dipole moments Here n, denotes the background refractive indexis the
combined with Coulomb corrections lead to double featurespeed of lightd,,, is the transition dipole moment between
in some of the multiple transitions, which are directly mea-the subbands and «, which are labelegk=1,2,.. from the
surable by comparing and contrasting the evolution of the TEop valence band. Thus in the discussion of numerical results
and TM modes with increasing excitation. The spectra aréhat follows, absorption of light with an electron being pro-
radically different from free-carrier calculations. moted between, e.g., conduction subbapndl to v=2 is
(i) The combined contributions from both types of sub-called a(1,2) transition, while absorption with an electron
bands to the intersubband transitions including many-bodyeing promoted, e.g., from valence subbarr3 to =2 is
effects and nonparabolicity in all subbands are discussedalled a(3,2) transition.
That is possible by introducing a predictive numerical By running over all subband indices# u in Egs.(1), we
scheme capable of simulating experiments similar to thosdo not apply the rotating wave approximation.
described in, e.g., Refs. 10,11, i.e., we assume a pump and The susceptibility functiony,, ,(k, w) is related to the car-
probe excitation scheme, with a strong pump pulse generatier Keldysh nonequilibrium Green’s functioi. Its time
ing electrons in the conduction band and holes in the valencevolution is described by a Dyson equation, with Coulomb
bands, and a weak probe pulse in the infrared. interactions as well as other scattering mechanisms included
(i) The conduction band states are a mix of electrons anih a self-energyy..1%13
holes, thus conduction band signatures are predicted in the The carrier self-energy includes scattering and leads to
TE mode even in the presence of the larger hole contributiomtersubband renormalization and spectral broadening, as
due to a hitherto unexplored Coulomb enhancement of thevell as exchange and depolarization effects.

II. MAIN EQUATIONS

u#E vk
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The steady-state absorption spectra discussed have beGaAs/AlGaAs quantum well laset8.Especially for large
numerically computed assuming the carriers are thermalizeduantum well widths, the main many-body correction to in-
in quasiequilibrium in the various subbands, each subbantérsubband optical spectra is the depolarization shift. The
“\" characterized by the occupation functidp(k). We do  presence of an electron hole plasma does not significantly
not use the electron-hole picture, and thus our notation iglter the measured dynamic depolarization shift of the elec-
valid for both conduction and valence band electrons andronic intersubband resonante-owever theoretical studies
occupation functions. The resulting integral equation for thepredict a reduction in oscillator strength for electronic inter-

susceptibility function reads subband transitions if the energy of one electron subband

approaches the top of the well, and the effected is expected

[hiw=e,,(K) +iT,,Ix,u K ®) = 8, (K) 2 x,.K' o) to be of relevance in the design of quantum well devices
K’ #k producing MIR®®

o VipY The presence of holes in the valence bands as well as
X (V( ,> —2V( )) =d,,of,,(K). (2) interband excitons should be more relevant in very small

k-k 0 band gap materials, where both interband and some intersub-

The population difference is given byf,,(k)=f,(k) band transition energies are comparable, and could both con-

~f_(k), the bare Coulomb interaction matrix elements read tribute to the far infrared spectrum. These issues will be ad-
a dressed in future publications as discussed above, by

MU\ . considering an extended numerical inversion scheme that al-
v Kk—k' )~ f dzdz ¢,(24.,(2) lows for Coulomb coupling between different transitions.
We obtain optical spectra, by computing exchange with
27re2exp(—|k—k/||z—zrl)¢*(z,)¢ﬁ(z,) the bare Coulomb interaction. In a formal development,
A L]

screening appears only in higher-order diagonal and nondi-

agonal terms beyond Hartree—Fock, and detailed studies in-
(©)] : . . . L

cluding comparisons with experiments indicate that there are
where A, and g, denote, respectively, a normalization area,strong compensations between diagonal and nondiagonal

oAl — k|

and the background dielectric constant, terms for both intersubbarid,and interband transitiorg.A
detailed analysis of the interplay of diagonal and nondiago-
- _ _ / vvvy nal contributions in the nonparabolic band-coupling scenario
@ulk) = Eufk) B, (k) %fV(k )V(k - k’) will be the subject of further research. Here we consider a

constant dephasing rate, evaluated for each transition using
£ (k,)V<MMMM) carrier_—carrier scatte_ring. More details of the derivation are
- s Kk -k’ given in the Appendix.
vy
+ 2 [f(k") - fﬂ(k’)]V(k e ) ) (4) I1l. NUMERICAL RESULTS AND DISCUSSION
“ The numerical results presented here are for four different
is the energy difference between the levels renormalized bgtructures. We start with structures that have been widely
the exchange interaction, which we refer to as the subbanstudied in the interband case and samples can be easily ob-
shift in the following. The calculated broadenirg,,, is due  tained to attract the interest of experimentalists. They are
to electron-electron scattering. More details are given in th&aAs/AlGaAs quantum wells with well widths of 5, 10, and
Appendix. 20 nm. Next we choose a structure that has been used for
The first term in brackets on the left-hand side of E2).  high density interband lasing operation and thus it is reason-
(exchangg is analogous to the excitonic coupling term in able to look for effects that can be seen only at high electron
interband transitions, while the second term gives rise to thand hole density. Its a 9 nmthick compressively strained
depolarization shift, which leads to a dynamic renormalizainGaAsP QW(E, unstrained 1.344 e\k=-1.5%), embed-
tion. ded in 5 nm tensile-strained GaAsP spacer lay&sun-
In Eg. (2) we do not consider summations over all pos-strained 1.826 eVe=1.2%), and in AlGaAs(E, 1.842 e\j.
sible subband index, or in other words, we do not consideThe band offsets were calculated according to model-solid
Coulomb couplings between different subbands, in order tetheory?® We have chosen the QW described above for two
reduce the size of the matrix to be inverted numerically aseasons:(i) it suits our purposes to demonstrate the band
discussed below. A more complete solution including theseoupling and Coulomb effectgii) The design and constitu-
terms will be the subject of future numerical studies. Theent parameter choice is of technological interest. More de-
corresponding coupling matrix elements have a structuréails of the sample design can be found in Ref. 21.
similar to those in generalized Anderson modélghat will After optical excitation, the total density of electrons is
allow to reproduce effects like dynamical anticrossings be-equal to that of holes, and the occupation functions are given
tween two resonant absorption resonances in the conductidsy Fermi functions, with one chemical potential characteriz-
and valence subbands. Note that mid-infrai/dtRR ) picosec- ing all electron subbands and one for all the hole subbands,
ond spectroscopy has demonstrated that interband excitomssumed to be thermalized Bt 300 K. Only carrier-carrier
do not play a role in the intersubband absorption ofscattering is included in our calculations. Before we proceed
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FIG. 1. Intersubband absorptiofi@5 nm GaAs/AlGaAsjuan- v (meV)

tum well with contributions from both conduction and valence
bands. Many-body effects are included(&) and (c). Free-carrier
Spectra are given ith) and(d). TE polarization or@ and(b), and effects are included ifa). Free-carrier spectra are given(in). In
T™ on (c) and (d). In all panels, from bottom to top, the curves both panels, from left to right, the solid, long-dashed, dotted-
correspond to excitation with a total carrier dendity0.1, 0.5, 1, - cpay and’ dotted lines corres’pond to (m'a) 3.2, (4 2)' and

2 H 0 L) i) H H L)
2, and 3x10'2 cn?. (4,1 transitions among the valence subbands.

FIG. 2. Main contributions for the TE absorption of the quantum
well in Fig. 1. The carrier density il=3X 10'? cn?. Many-body

to discuss numerical results, a brief summary of the numeri-
cal method is useful. We start by diagonalizing ax & -p ture that appears around 50 meV is not due to another tran-
Hamiltonian. Thek -p method uses a Kane-type Hamilton sition, but rather by a combination of band-structure and
operator including the lowest conduction band, the three upmany-body effects. The corresponding dipole moment is
permost valence bands, all are assumed to be Kramers dshown in Fig. &) as a solid line. It starts from zero &t
generated. No axial approximation and no block diagonaliza=0 evolves quickly to its maximum and falls also quickly to
tion is applied. The momentum operator is calculatedzero. As a consequence, the availaklspace is restricted
consistently with the Hamilton operator by evaluating khe and the Coulomb corrections, actually dominated by the de-
gradient® For quantum wells, the components of the polarization shift do not have strength to promote a full shift
k-vector parallel to the growth direction are replaced by theof oscillator strength to the high energy side. The band struc-
corresponding symmetrized spatial derivatives as outlined ifure for both valence and conduction bands are shown, re-
Ref. 8. Spurious solutions are eliminated by a proper choicgpectively in Figs. 3 and 4. Note that the TM dipole moments
of the interband momentum matrix elemeptsimilarly as  for electrons and those corresponding to the main contribu-
proposed in Ref. 19, and a rescaling of the momentum op-
erator. Next, for a given carrier density, the equilibrium

(Fermi) occupation functions, Coulomb matrix elemefis). -50

(3)], dephasing ratef=q. (A13)] and renormalized energies -100 [

[Eqg. (4)] are evaluated. EquatioA8) is then discretized _150 | (@
leading to a system of linear equations which is solved for \_

each photon frequency. A final numerical integration and
summation over all possible intersubband transitions yields
the final optical spectrdEq. (1)]. K space is partitioned in 2
sections between 0 and a maximum valyg,, and the den- <
sity of k points is doubled until the resulting numerical in-
version and integrations converge. A total of either 100 or
200 k points suffices for calculations with temperatures be-
tween 200 and 300 K. b
Figure 1 compares and contrasts the TE and TM absorp-
tion of a 5 nmGaAs/AlGaAs quantum well as a function of
increasing carrier density with and without many-body ef-
fects. The electrons dominate the TM mode spectra but do G, 3. (a) valence subbands of the quantum well in FigE},
not contribute for TE polarization. The number of resolvedgptained from the diagonalization of a8 k -p Hamiltonian. (b)
peaks as the carrier density increases is different with andejected TM transition dipole momentd;"', within the valence
without many-body effects, which could lead to interestingsubbands(c) TE transition dipole momentszlLE. The solid, long-
experimental investigations to test our theory. The main condashed, dotted-dashed, and dotted lines follow the convention of
tributions to the TE spectra fod=3x 10 cn? are depicted  Fig. 2 in(b) and(c). The curve with square symbols fb) is for the
in detail in Fig. 2. The striking feature here is that the struc-(3,1) transition(ag= 8.0 nm.

E (meV)

(nm)

(nm)

v
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FIG. 6. Main contributions to the absorption due to intervalence

FIG. 4. (a) Conduction subbands of the quantum well in Fig. 1. band transitions for the quantum well of Fig. 5 excited with a total
E,, obtained from the diagonalization of a<@ k -p Hamiltonian.  carrier densityN=3x 10'? cm?. Many body effects are included in
(b) TM transition dipole momenldl'\v", within the conduction sub- (&) and(c) and free-carrier curves are shown(ls) and(d). In all
bands.(c) TE transition dipole momenu;'i(aozs,o nm. panels the solid curves are the total valence subband contribution.

For TE polarization(a) and(b), from left to right the main contri-
tions from valence bands show a small variation in the wholéutions are2,) (3,2 (4,2 (4, (7,3 (5,1 (7,2 (7,1). The (2,1
region ofk space where the subbands are appreciably popwnd (5,1) are highlighted by dashed and dotted-dashed curves, re-
lated and thus contribute to the spectra. Consequently, thgpectively. For TM polarization(c) and (d), from left to right the
many-body corrections, which manifest in the predictedmain contributions ar€2,1) (3,1, (3,2 (4,2 (5,3 (4,1 (5,1) (7,2.
spectra as spectral shifts and redistribution of oscillatorrhe (3,1, (4,1, and(4,2) transitions are highlighted by symbols,
strength are more effective, as shown in a comparison belashed and dotted-dashed curves, respectively.

tween Figs. (Jc_) an(_j :.(d)' . dashed and4,2)-dotted-dashed transitions combined with a
Figure 5 is similar to Fig. 1, but for a 10 M double peak that develops in th&,1)-symbols structure.
GaAs/AlGaAs quantum well. SeIeptec_i contributions for p|so the TE presents an interesting low-energy feature

both TE and TM modes are shown in Fig. 6. _ around 16 meV, once more due to a single transit@y)

In the low energy side of the TM mode, dominated by that evolves to a double featured one due to many-body ef-
hole transitions the number and shape of well resolved peakacts and the sharply peaked dipole moment, highlighted as a
are different for free carriers and many-body spectra. Thejashed line in Fig. (€). The double featureb,1) transition
structure around 67 meV is particularly interesting. It is notalso contributes to change considerably the spectrum around
present for free carriers and appears in the many-body spego and 124 meV.
trum as a combination of larger separation betweeri4lb-

0
50 F
(a) (c) = -100
E
04 110 o -150 '_\
o o -200 | @)
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(b) (d)
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FIG. 5. Intersubband absorption of a 10 nm GaAs/AlGaAs FIG. 7. (a) Valence subbands of the quantum well in FigE,
quantum well with contributions from both conduction and valenceobtained from the diagonalization of ax& k -p Hamiltonian.(b)
bands. Many-body effects are included(&) and(c). Free-carrier ~ Selected TM transition dipole momenn;'\p", within the valence
spectra are given ifh) and(d). TE polarization or(a) and(b), and  subbands. Thé3,1), (4,1), and(4,2) transitions are highlighted by
TM on (c) and (d). In all panels, from bottom to top, the curves symbols, dashed, and dotted-dashed curves, respect{egl\.E
correspond to excitation with a total carrier dengity0.1, 0.5, 1,  transition dipole momentsi;'i. The(2,1) and(5,1) are highlighted
2, and 3x 10% cn?. by dashed and dotted-dashed curves, respectiaght 8.0 nm.
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FIG. 8. Intersubband absorption of a 20 nm GaAs/AlGaAs

quantum well with contributions from both conduction and valence
bands. Many-body effects are included(& and (c). Free-carrier
spectra are given ith) and(d). TE polarization or(a) and(b), and
TM on (c) and (d). In all panels, from bottom to top, the curves
correspond to excitation with a total carrier dengity 0.1, 0.5, 1,

2, and 3x 102 cn?.

FIG. 9. Intersubband absorptiorf @ 9 nm InGaAsP/@AsP
quantum well including contributions from both conduction and
valence bands with TM polarization. Many-body effects are in-
cluded in(a) and(c). Free-carrier spectra are given (io) and (d).
From bottom to top onia) and(b), the dotted, dotted-dashed, long-
dashed, and solid curves correspond to excitation with a total carrier

) densityN=0.5, 1, 2.5, and & 10" cn?. The main contributions to
Strong differences between the number of resolved struGne spectrum wittN=5x 1012 cn? are shown inc) and(d). From

tures and the relative oscillator strengths for both TE and TMegtt (o right, the dotted, and long-dashed curves are for2t® and

modes are also found for the 20 nm structure, which hagz 7 apsorption transitions on the valence subbands. The solid and
however a large number of different transitions contributinggotted-dashed curves are for th@,2) and (2,3) conduction

to the final spectra, so we skip a detailed analysis and shogubbands.
only the evolution of total spectra with and without many-
body effects in Fig. 8.

We now complement the general discussion by analyzing
a 9 nm InGaAsP/GaAsP quantum well. Its design and struc-
tural parameters are given in detail in Ref. 21.

Probe absorption spectra including contributions from
both conduction and valence bands are shown for TM and 04 -

TE modes, respectively, in Figs. 9 and 10. Valence and con- E
duction subbands as well as selected transition dipole mo- 3 4, | -i .
ments are depicted in Figs. 11 and 12. / { Y

Direct comparison between dipole moments shows that, AT AT

as expected the conduction band electrons dominate the TM
mode absorption, while the valence bands dominate the TE
case. Without coupling between conduction and valence 04}
bands, the TE transitions would be forbidden for the conduc- ‘g

tion subbands. However, the bands are coupled. The cou- =

A
\

02 My -
pling gives rise to the structure around 164 meV in Fig. A ‘\/,\\
10(a), which originates from2,4) and(1,3) transitions. The e A AN ] L
corresponding dipole moments are, respectively, the solid 50 100 150 50 100 150

and long-dashed curves in Fig.(t2 The Coulomb enhance- hv (meV) fv (meV)
ment is necessary to make the transitions visible. They are FIG. 10. Intersubband absorption for the quantum well of Fig. 9

not resolved for free-carriefsee Fig. ]_'(b_)]' .including contributions from both conduction and valence bands
T_he conductpn bands are para_\bollc_ln excellent approXiyith TE polarization. Many-body effects are included@ and(c).

mation, but we find that the coupling with the valence bandr,ee_carrier spectra are given(i and(d). From bottom to top on

!eads to a Sma” dispersion, i.e., from bottom to top, the adrg) and(b), the dotted, dotted-dashed, long-dashed, and solid curves

justed effective masses are given by, ,=0.106, 0.119, correspond to excitation with a total carrier dengity 0.5, 1, 2.5,

0.130, 0.127, and 0.128m,, wheremy is the free electron and 5x 1012 cn?. The main contributions to the spectrum with

mass. The TM dipole moments are roughly constant, and thesx 1012 cn? are shown in(c) and (d). From left to right, the

TE is stronglyk dependent, starting from zero kt0. In  dotted, long-dashed, solid, and dotted-dashed curves correspond to

contrast, the valence bands are strongly coupled, as seendbsorption between the valence subbarlg), (3,2, (4,1), and

Fig. 11, and cannot be approximated by parabolic bands5,1).
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@ given by the dotted and long-dashed curves in Figcj0
s \ have a similar qualitative behavioiCorresponding dipole
g -80 moments are depicted in Figs.(lbfand 1Xc).] In these four
w429 \ cases, there is a strong subband disper@o@asured quan-
I titatively by the different adjusted effective massemd the
24 [ (b) transition dipole moments are either roughly constant or
g 18 P =tk evolve quickly to large average value in a sizeable region of
. 12f / k space leading to broad free-carrier absorption.
- o06f 7 The different Coulomb contributions can effectively redis-
< . . L tribute the oscillator strength of the transitions leading to
24 | //‘\ © well-defined peaks. However, the main valence band contri-
g 18} N P - butions for the TE mode4,1) and(5,1) behave remarkably
g 12 N . differently. The dipoles are shown as solid and dotted-dashed
T 06 - curves in Fig. 1{c). The k-space region where the dipole
3 \'“4 ) = moments are appreciable is restricted, and that leads, even in
k(1/a,) the free carrier case, to sharper structures. There is conse-

quently not enouglk-space available to allow the Coulomb
FIG. 11. (a) Valence subbandg,, obtained from the diagonal- interaction to redistribute the oscillator strength to a single
ization of a 8<8 k -p Hamiltonian for the 9 nm InGaAsP/GaAsP  peak. Thus, combining all transitions, which corresponds to
quantum well of Fig. 9(b) Selected TM transition dipole moments, an actual optical experiment and analyzing the TE spectrum
d,, . within the valence subbands. The dotted and long-dashed lin§§atween 75 and 150 meV, the double-peaked feature evolves

are for the(2,1) and (3,2 transitions(c) TE transition dipole mo- 0 a three-peaked feature as we increase the density by in-
ments, leLE The dotted, long-dashed, solid, and dotted-dasheci

” reasing pump density. The extra features are similar in ori-
iugvseirgre for the(54) (3.2 (4.1), and (5.1) transitions (a gin to those depicted in Fig. 6, demonstrating that the under-

lying effect can appear in quantum well systems of different

. composition and design characteristics, thus increasing the
Most dipole moments are strongkydependent on both TM gene?rality of our anal;?sis. g

and TE modes. If, just to quantify the amount of band COU-" g gpectra can be measured experimentally and the dif-
pling to compare W'th.the conducpon ban_ds, we make orent conduction and valence band signatures can be located
parabolic least square fit, the resulting effective masses, frorBy comparing and contrasting the evolution of TE and TM
the top valence band reaud, ,=0.231, 0.307, 0.432, 0.273, ,pqormtion with increasing pump density. The extra features

0.322, and 0.428 Mo . are not present in free carrier calculations.
The valence contribution®,1) and(3,2) in the TM mode

[respectively, given by the dotted and long-dashed curves in V. SUMMARY
Fig. 9c)], as well as(5,4 and (3,2 for TE [respectively, '

In summary, the following issues have been addressed in
this paper. A pump and probe scheme with optical excitation
17 E that eliminates the need for doping in the sample has been
1.6 proposed to study intersubband transitions. The combined
15 E contributions from conduction and valence subbands for the
, , . intersubband transitions including many-body effects and
28 Frmmrm e () nonparabolicity in all subbands has been reported. The evo-
26 Tl lution of TM and TE modes is remarkably different and extra
Y peaks can appear in the TE spectra due to the Coulomb in-
teraction in the valence bands. Furthermore, resolvable con-
duction band contributions can be found in the TE spectra
due to a combination of band-coupling and Coulomb correc-
tions, also demonstrated here for the first time. Four different
structures were analyzed confirming the general trends pre-
dicted by our theory: the spectral positions and broadening,
number of peaks and the relative oscillator strengths of the

k(1/a,) spectra calculated with Coulomb effects are remarkably dif-
ferent from the free carrier case, further highlighting the rel-

FIG. 12. (a) Conduction subbands @ 9 nm InGaAsP/GaAsP evance of our calculations.
quantum well, E,, obtained from the diagonalization of a 8
X 8 k-p Hamiltonian.(b) Selected TM transition dipole moments, ACKNOWLEDGMENTS
d;, within the conduction subbands. The dotted-dashed and solid
lines are, respectively, for thés,2) and (2,1) transitions.(c) TE The authors thank Science Foundation Irel@8&l) and
transition dipole momentsj%. The solid and long-dashed curves the Deutsche Forschungsgemeinsch@&EG) for financial
correspond to th€2,4) and(1,3) transitions(ag~= 8.5 nm). support of this work.
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APPENDIX: DYSON EQUATIONS

The excited semiconductor is described by nonequilib-

rium Green'’s functions for the interacting quasiparticles, car
riers (G) and plasmongW),

i1G(12) =(V(D)P'(2)),

ob eff(l-)

W= Opex(2) ’

(A1)

PHYSICAL REVIEW B 70, 205331(2004)

heti(1) = Ho(1) + Peg(1) - eR-E(1). (A6)

We are interested in the projection onto fh] coupling

that yields optical and tunneling transition rates between sub-
bandsv and u. If an eigenstate is characterized by the sub-
band labelr andk for the quasimomentum corresponding to
energyfie, (k) is denotedy,(R), R=(r,2),

AV,L(k,t):f¢:,k(R1)v4(R1aRz)d’uk(Rz)de dR,. (A7)

where we have used a functional derivative with respect to ghe equation of motion in the physical limi,=t,=t, reads

external perturbatiok?
The electric fieldE, which appears later in the text is

classical, i.e., we have a semiclassical theory. A fully quan-

tized treatment would have a photon Green'’s function as wel
and will be the subject of further investigations. The quan-

tum mechanical averages are calculated along the double-

time Keldysh contourC. Time arguments running along
are underlined, and: denotes the time-ordering operator
along C. In other words, the notation:‘_llil,g1 means that
time runs under the contour fromee-to + on a positive
brancht;=t, and back on a negative branch from t0 —,
and thust;=t_, e.g., for a given operato#1,

tr{po Tl M (Ry,ty) Scl}
tr{poSc}

S=Tc QX%— lf Hext(l)d_t> .
C

The Keldysh Green’s functions time evolution is de-
scribed by Dyson equatiorisum over repeated arguments is
assumeyl

ML) = (M(Ry,ty)) =

(A2)

[G,'(13) - 2(13)]G(32) = &(12),

[W,'(13) - p(13)]W(32) = &(12). (A3)

The carriers and plasmon self-energy, called for now on
respectively, self-energy and longitudinal polarization func-
tion, read

, 5G7Y(32)
2(12) =-iheG(13)W4l)———,
(12) = - iheGUIWAD -
. 8G(11)
12)=-ik . Ad
PE2 =1 (@) (A
The inverse free propagators are given by
Go(13) = [iﬁi - heﬁ(y} 513),
ity
1 ___%
W(12) = ) ezAlé(lZ)- (A5)

Here¢, is the static dielectric function. The effective one-
particle Hamiltonian in the equation for the free carrier
propagator reads

iﬁ(% +ile,- eﬂ))efﬂ(k,t> 46,0 -E®)
- [vepy
(kb)) - |hV< 0 )

X(G,(kt) = G (k1) 2 Gy, (K1) + (G, (k)
k/

<
vy

X(Gy,(kt) -G

VYU

-G, k)2 Gf#(k’,t)iﬁv( i ) =1, ).
k/

(A8)

The left-hand side has the Hartree—Fock contribution while

the right-hand side has correlation terms, which include, e.g.,
electron-electron scattering and nondiagonal dephasing. The
correlation contribution has a general structure,

t
Lkt = EJ [EaK )G, (') + G, (K tt) 5,k t't)
A -0

-(> < <)) (A9)

In what follows, we make the GW approximation for the
self-energy, i.e.,

3=(12) =iAW=(12G=(12). (A10)

Furthermore, we assume that the carriers reach steady-state
(although in principle still out of equilibriumwhile the mi-
croscopic polarization is still evolving. Thus, in H&8), we
can write the diagonal terms Iil@;M(k,t) simply asG;M(k).
At this point, we can simplify the notation by introducing
occupation functions, =-iAGy; (k), and microscopic polar-
izations p,,(k, w), —iﬁGfM(k,w), or equivalently, optical
susceptibilitiesx, (K, @) =p, (K, w)/Eo.

Only representative projection terms will be kept, since
solving the equations using the full Coulomb couplings that
originate from the projections is at present beyond our cur-
rent numerical capability. We separate the contributions into
a number of diagonalsubscriptd), and nondiagona{sub-
scriptnd) contributions,

L) = 157 (k) + 10 + 1) + 18 (k)
+ 1K) + TG + 1R (K D) + 1Ak ).
(A11)

After Fourier transforming EqA8), and keeping only the
first two diagonal terms in EqA11), we obtain
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1444%
q

F,ka,q
which can be further simplified by evaluation lket0 and (ka ql) —,
w=¢,(0). In other words, we approximate the dephasing w-ek-0)-elq+qg’)+elq)+iy

mechanisms by a constant carrier-carrier scattering rate.
d J Foka,0) = F(k+ Q) (q+ )L~ 1,(07) + (1~ F,(k+ )

X(1-fq+0q)f.(a"), (A13)

where we have the static single plasmon pole screened po-
tential, and actually take the limig— 0. Equation(2) in the

rar ; main part of this paper is thus obtained from the Fourier
I,,=-7[%,,(0.e,0) +%,,(0e,0)], transform of Eq(A8) using Eq.(A13).

ko) =-iGy (ko) 2 T,,(Kkgw),  (Al2) ; _
(e P >k = >

g

q.9

Ik @) =— iI“,,MGfM(k, w),
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