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Asymmetric Autler-Townes-like doublets in laser-driven excitonic Fano resonance in biased
superlattices: Role of many-body Coulomb exchange
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Transient four-wave mixingFWM) spectra from excitonic Fano resonané®) states in biased superlat-
tices are theoretically investigated by numerically solving the semiconductor Bloch equations adopting FR
wave functions of the excitonic Wannier-Stark ladder as an expansion basis set. It is found that an Aulter-
Townes-like doublet arises from resonant excitation of FR excitons, and shows conspicuous asymmetry in
spectrally resolved FWM signals, the degree of which depends strongly upon aqRzarameter. Further-
more, the many-body Coulomb exchange effects markedly modify the spectral profiles, so that either lobe of
the doublet is considerably narrowed with accompanying reversal of the asymmetry pattern. The effects also
shift the overall resonance spectra toward the high-energy side. The three findings of spectral narrowing,
asymmetry reversal, and blue shift feature the present dressed FR system. The corresponding time-resolved
spectra are also discussed from the viewpoint of the Rabi oscillation.
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[. INTRODUCTION In this paper, we present transient four-wave mixing
(FWM) spectra of the excitonic FR states inducedrego-

Quantum interference of continuum states with embeddegant pumping in biased superlatticg/annier-Stark ladder
bound states, known as Fano resonafi@®,® is one of the (WSL)]. This subjecf’ related to LIA as an atomic counter-
most fundamental phenomena occurring in diverse physicdtart, is distinguished from the excitonic Rabi problem con-
systems such as nuclei, atoms, molecules, and semicondugerning thestructurelessontinuum mentioned abové*In
tors. Interactions of laser fields with atomic FR, termed laserthe former, the FR wave function is usually complex because
induced autoionizatiofLIA ), were intensively studied in the of its nature ascribable to a multichannel scattering problem_,
past, revealing several remarkable efféciscluding the and sharply energy-dependent phase shifts associated with

Fano zero and the confluent®loreover, these interactions Fan(_) couplings are inherently _incorporated "_‘_the pre_sent
were also explored in the context of laser-induced continuungﬁgg';t’sg;’si;ﬁ/gdceg;%lgﬂ r?jri%%?;e%rf?hg?)?r?g;oﬁar%ati?]c?ﬁe
structur(LICS), in which atomic con_tinuum staFes are struc- latter, wave functions of the pure Bound state and the,struc—
tured by embedding a bound state into a previously unStrucfureléss continuum are just real and do not provide any ad-
tured continuum by the dressing interactfoAs for semi-

. C . T itional phase information for the related matrix elements. In
conductor heterostructures, investigations in the direction o, his sense, the observed enhancement of the high-energy ac-

nonlinear responses from low-dimensional excitonic FR stillgi4k sideband and the resulting asymmetric profile in the
remain scarcé;® though the correspondi_ng Iinearl spectrastudy of Ref. 29 would be considered duederlap of en-
have been well understood both experimentéfly* and ergetically close bound and continuum states, rather than due
theoretically.*~*/ to interferencebetween the two.

On the other hand, a vestige of excitonic Rabi flopping |t is thus speculated that the presence of the FR phase
induced by an intense pumping was successfully obs&tvedshifts largely modulates coherence of induced polarizations,
despite rapid polarization decay and possible excitationand the modulation pattern of the spectra depends on a way
induced dephasingEID).>°~2% Since this first observation, of the Fano interference. As is seen later, the spectrally re-
coherent nonlinear dynamics of resonantly excited excitonsolved FWM (SRFWM) signals in relatively strong excita-
pertaining to pure bound staté®ot to FR have been studied tion exhibit an Autler-TownesAT)-like double®35with
in both temporal and spectral domains, demonstrating chagsymmetric amplitudes of the two sidebands. The asymmetry
acteristics ofexcitonic Rabi flopping?*~3? which is absent is ascribable to the modulation of polarization coherence due
from atomic Rabi oscillation™® Specifically, the excitonic to the Fano couplings. The many-body Coulomb exchange is
Rabi energy is saliently enhanced due to internal renormalalso strongly affected by these couplings through the relevant
ized fields arising from many-body Coulomb effects negli-matrix elements with respect to the FR states. Furthermore,
gible in the atomic syster#. "2’ Moreover, it is likely that an  this effect possibly accelerates the spectral modification,
exciton blue shift in energy attributed to repulsive exciton-leading to reversal of the asymmetry, narrowing of each side-
exciton interactions causes the higher-energy ac-Stark sidéand width, and blue shift.
band to overlap with continuum states, resulting in modifi- Next a brief mention is made of the related studies to the
cation of spectral intensiti€§:?® In addition, a transition present paper, other than the asymmetric ac-Stark doublet
from the exciton-polariton doublet to an ac-Stark splittingdue to overlap between bound and continuum states re-
and spectral modulation due to exciton continuum onset havearked abové® The first is on Fano-type interference in
been intensively studied in semiconductor microcavitied?  photoluminescence spectra of infrared-driven quantum
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wells3” where a higher transition level of a two-level systemmany-body effect. Even without this effect, in fact, the asym-
is coupled to an additional metastable state, and the resultingetry manifests itself, as is evidently seen Ig&ec. Ill). On
emission spectra split into the AT doublet with equal ampli-the other hand, it would be the way of modulation of the
tudes, namely, theymmetriaddoublet. This is akin to LICS in asymmetrically split sidebands in this doublet that will be
atomic physics rather than LIA in that this splitting is attrib- likely governed by the correlation effect. As is shown below
uted to embedding an exciton bound state in continuum bySec. IV), the modulation obtained at the HF level leads to
laser irradiation. Moreover, it is governed by intraband dy-detailed changes of the SRFWM spectra such as a narrowing
namics in contrast with the present system ruled by interban@f the split peaks. The many-body effect beyond this ap-
dynamics. To the best of our knowledge, we are not aware dproximation would further alter the modulation pattern of the

asymmetric doublet generation in this system. The second i§terband polarization through the intraband quantities such
on the asymmetric profile of the AT splitting arising from aS Population densities, since these quantities are sensitive to

detuning in nonresonantpumping. Such phenomena are the exciton correlation. To recapitulate, it.would be specu-

commonly known in atomic and molecular physicSé Note lated that the SRFWM spectra Qf FR excitons are still glo—

that the asymmetry of a spectral shape focused in this articlg@!ly featured by the manifestation of asymmetry even in a
arises from resonant excitation. An excitation slightly de-More sophisticated level of approximation including the cor-

tuned from the resonance would also result in asymmetr;f,elat'on' whereas in contrast to |t_t_he detailed charat_:ters of
however it has a combined origin from both effects of thethe spectra are more or less modified by the c.or_relat|0n. We
detuning and the coherent modulation of an induced polar@'€ NOW working on the study toward the sophisticated level
ization due to FR. of thepry. ) )

In the present paper the semiconductor Bloch equations 1hiS Paper is organized as follows. In Sec. I, the theoret-
(SBE are applied to the dressed FR problem concerned hergal framewor_k for numer!cal calculations is des_crlbed. Prior
for the excitonic WSL within the Hartree-FockHF) tq fuII_ _numerlcal ca_llculanons based on SBE, in Se_c. I, a
approximatior?® by expanding a microscopic polarization simplified model_wnhoyt the many-body effe_ct, yvhlch can
and a carrier population density in terms of an excitonic FRP€ Solved analytically, is presented for a qualitative analysis
basis set. However, it is pointed out that the SBE's in the HFO! the asymmetric AT-like doublet manifested in SRFWM
model tend to give incorrect results in that these underestfi9nals. The associated time-resolved FWNRFWM) sig-
mate the excitonic effects on the intraband dynarfficnd nals are also included. _In Sec. IV, C_IISCU_SSIOH is made on the
overestimate contributions from continuum due to partiallSults Of the full numerical calculations including the many-
lack of excitonic correlatioR®2 Moreover, theories beyond P0dy effect. Section V is a concluding remark. Moreover,
the HF approximation have been presented, for instance, if€€ @ppendixes are included for supplementing the text.
the method of dynamic controlled truncation of the hierarchy! N atomic units are used throughout unless otherwise
of density matricé and the quasibosonic exciton modél, Stated.
indicating significance of the exciton-exciton correlation in
intraband dynamics such as terahertz radiatfofi* In addi- Il. THEORETICAL FRAMEWORK
tion, Coulomb memory signature is explor®dand evi-
dences for exciton-exciton correlations are found in heavy
hole and light-hole oscillation® On the other hand,
according to a recent theoretical work of Ciatial,*’ inco-

This section consists of linear FR spectra of WSL along
with the associated wave function, and the SBE and the re-
sulting mathematical expressions for FWM. The FR wave

) dd q 4-B lovel point of view of the multichannel scattering problem. Next
ticated dressed second-Born level. uch a FR basis set is incorporated to the SBE formalism,

Discussion of such Coulomb correlation effects is beyon nd expressions of macroscopic polarizations for SREWM
the scope of this paper for the present. To the best of OUL 4 TREWM are derived.

knowledge, investigations toward the many-body Coulomb
effect(including the HF effegton nonlinear dynamics of FR
excitons have still remained unexplored but a few experi-
mental work8’ suggesting its significance. Therefore it is  There are no pure bound states in excitonic WSL, and all
considered worth showing the importance of the Coulomkof the exciton states pertain to FR?*3The FR should be
collisions in the dressed FR system concerned here eveafealt with as the multichannel scatteriiyCS) problem
within the mean-field approximation. with imposition of proper scattering boundary con-
However, the authors should comment on the possiblelitions*!°differing from the conventional methd§:!’ First
consequences of the deficiency in this approximation. Thef all, both the advantages of the MCS theory adopted in this
occurrence of the above-mentioned asymmetric AT-like doupaper and the drawbacks included in the conventional FR
blet that is the primary result of the present paper wouldtheories are summarized based on the preceding p&bers.
remain unaltered no matter whether the exciton correlation In most theoretical studié%!’ resorting to the variational
beyond the HF approximation is taken into account, sincecalculations, the obtained FR spectra were approximated
this arises from the interference between the microscopic insimply by a set of pseudocontinuum states having discrete
terband polarization coherence and the FR, not from theigenvalues and being independent of a given FR energy. As

A. Linear FR spectra
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the matter of course, the correct boundary condition was dis-  (a) Schematic diagram of the present WSL

regarded from the beginning, otherwise superseded implic- N

itly by a vanishing boundary condition similarly to a bound- Conduction Band —> Static EField Fy: 25 kViem
state problem. Furthermore, these studies were fairly crude 174344174

due to necessity of incorporating an artificial phenomeno- ] T
logical broadening parameter of a FR width for coping with NN

the difficulty. Such approximations hamper detailed analysis N ™
of FR. For instance, it is impossible to extract phase infor-
mation of FR and the related scattering matrix that will play Valence Band
significant roles in determining the shape of SRFWM signals

in the present work(see Secs. IIB, Ill, and 1Y In these

senses, these conventional works are incomplete.

On the other hand, the present method can overcome al-
most all difficulties annoying the conventional methods ow-
ing to the sophisticated numerical approach explored, 20x10'
namely, theR-matrix propagation technique combined with ' (b) o(ts)
the adiabatic expansion, to be shown right below. The MCS s
calculation does not require any empirical broadening pa-
rameter, and hence it can provide the accurate natural FR
widths and scattering wave functions with numerical stabil-
ity. The only one drawback of the present FR theory is that a
large size of data of the MCS wave functions composed of a
lot of scattering channels has to be accumulated in a com-
puter memory for its application to the nonlinear FR-exciton 2018
dynamics as an expansion basis set. To make feasible the J J
calculation of Coulomb matrices needed in the dynamics, a .
couple of further approximations are introduced, as is shown
in Sec. Il B.

Now we move to the setup of FR wave functions of the FIG. 1. (a) A schematic diagram of the present sample of WSL.
WSL exciton. Let us begin with an excitonic Hamiltonian (b) Linear absorption spectra of the sample under consideration vs
ascribable to a heavy-hole exciton without valence-bandphoton energy. Peaks are denotednifits) with n the WSL index
mixing and contributions from a light-hole exciton. Neglect andk an exciton quantum number. The dashed curve stands for a
of the valence-band mixing is well justified in the presentfrequency distribution of the pumping pulse witty=0.5 ps and
system composed of relatively narrow quantum wellstuned toe,=1.7273 eV.
namely, superlattices of 34 A-GaAs/17 AAGa, -As. The

n : WSL Index

0(2s)

1(1s)
0(3s)

05 12s) ]

Absorption Intensity (arb. units)
5

| ——

1.72 173 174 1.75
Energy (eV)

01.70 1.71

light-hole exciton provides merely a minor effect on the FR B 1 1 9
spectra with slightly modifying higher-energy line shapes. ™Mwsi™ ™ 5 922 2my, a_zﬁ“’(ze'zh)_ Fo(ze=2zn),
Moreover, just the energetically lowest pair of electeosnd 2

heavy-holeh subbands are incorporatdthe two-subband . .
mode), ignoring the Zener tunneling for simplicity. The ex- wherem,, andm,,, are masses of andh, respectively, in

citonic HamiltonianH ., is thus given by the z direction, andF is set equal to 25 kV/cm hereafter
unless otherwise stated. A schematic picture of the present
v2 WSL associated witln,, is depicted in Fig. (a).
Hex= _Z_rr’:H_ V(p,Ze,Zn) + husi(Ze ,Zn), (1) An exciton envelope functio® following the effective-

mass model satisfies the Wannier equation:

where an in-plane exciton radius vector is representegl as

positions ofe and h in the crystal-growth directiorithe z (Hex—=E)¥([p[.)=0, ()
axis) are denoted ag, andz,, respectively, andh means an

in-plane reduced mass of the excitonmi Limg+ Limy, whereE is a given energy of the FR exciton, afidhas been

with mgpy an in-plane electronhole) mass. A center- defined as a lump of the coordinatés:=(p,z.,zy), for the
of-mass (c.m) motion in the layer plane is neglected. sake of typographical simplicity. According to the previous

V is a Coulomb potential between electrons staying informalism of Refs. 14 and 15, theth solution of ¥, is
conduction and valence bands, given BY(p,ze.zp) expanded with respect to a set of adiabatic channel functions

=1 e\p?+ (zo—z;,)?], with € a static dielectric constant of {®,} in the following:
a medium concerned,,;; means a combined WSL Hamil-

tonian describing motions o and h in the axial direction, _ 1 _ E

including periodic potentialau(z.,z,) of superlattices of Vallpl. ) Nl % q)“dp"ﬂ)':““('p')' @
both carriers and an interaction of these carriers with a static

electric fieldF applied in the growth direction: Hered, is an eigenfunction of the Schiimger equation:
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(hwsl_v)q)u(|P|;Q):U,u(|P|)q)(|P|;Q)r (5) vyith Ns_ite the number of W_S_L sites incluqled in the calcula-

_ ) ) _ ] ) tions, since there is an additional translational symmetry ow-
with the in-plane radius of the excitdp| fixed as an adia-  ing to the c.m. motion of a pair & andh in the z direction,
batic parameter. The eigenvalue 0f, stands for an adia- which conserves the associated c.m.-momeriiymHereaf-
batic pOtential, being identical to theth WSL subband en- ter it is understood tha{z is set to ZEro, because O“K’Z
ergy associated with,,g at the limit of |[p|—c. An open  —q contributes to photoabsorptiéh.¢&™(z) is a WSL
(closed channelu is defined as an adiabatic channel satis-yayve function ofe(h) having a site index of. It is readily
fying E>U ,(<)[E<U,(«)]. The subscripte of ¥, iN EQ.  geen that there are relations theft™ (z+ jd) = ¢2M(2) and
(4) means thexth open channel, since the number of linear- J
independent solutions of E@3) is equal to the number of
open channels at eadh A radial wave function of~,,, is
provided by use of thé&-matrix propagation technique, as
will be shown below. Upon this wave function, incoming
scattering-wave boundary condition given by

8|:8|,j+ij.

The wave functiong#f"(z)} are calculated by employ-
ing an expansion with respect to a set of basis-spline
(B-spling functions{B;,(z)}, whereB;(z) is theith nor-
malizedB spline of an ordek with a knot sequencfz;}.* In
practice, we have sdt=10. This problem easily ends up
with a standard algebraic equation. It is seen that this proce-
dure provides some advantages over the usually adopted
recipe resorting to the Kane representation of WSL in com-
bination with the Kronig-Penny model that is limited to a
represents a scattering _rectangular periodic poterjtia‘?.The B-spline method is flex-
ible to any type of potentials, regardless of whether the po-
tential is smooth or discontinuous. In fact, for the present
rectangular potential, thB-spline method provides a large
number of eigenvalues with high accuraatyone strokeby
introducing knot multiplicity® to a position corresponding to
a boundary between a well and a barrier, where the potential

Foam X 0,,~xSU(E) for E>U (=),
FL.—0 for E<U,(x») (6)

is imposed at/p| -, where S
matrix (S matrix) including all information of exciton FR,
and x(;”) are asymptotic matching wave functions given by
plane wavesy!,”)(|p|) =exp(=ik,|p)N, . Here a constant of
N, is determined by the energy-normalization condition

> f d|P|(F,Em)* FEIBZ S.p8(E—E'), (7) s discontinuous. Within minor changes, the same computer
s program can be readily applied to, for instance, a sinusoidal
tential that models WSL of optical lattices of ultracold
- \/_— po : ) >
andk,, = v2m[E U ,(=)] atoms realized by laser-cooling technoldgy>® Further-

First, Bq.(5) is solved by expanding, in the following: more, it is straightforward to apply this recipe to more for-

midable multiband problems relevant to the Zener tunneling.

®,(|p[; ) =2 en(Q)cn,u(|p)), (8)  Extension of this method to other systems is beyond the
n scope of the present paper and it will be discussed elsewhere.

Now we are at the stage of seeking the radial wave func-

with respect to a set of wave functiofig,} defined by _ E _ ] X i
tionsF ,, by virtue of theR-matrix propagation technique. In

1 _ accordance with this method, the following relation is
en())= —==expime) ¢n(Ze,zn). (9 obtained***®
N2
Here ¢, is a WSL subband wave function, satisfying an
equation FaallpD =2 [Guellpllpns DFE (pn1)
(hwsi—&n) dn(Ze,2n) =0, (10
=G uel|pl.lpaD FEP (a1, (12

and a prefactor of (1/27)exp(md) represents a wave func-

tion of an in-plane angular motion of tleeandh pair having o . ]

an angular momentunm, with ¢ an angular coordinate as- WE('S? is defined in thenth sector| py| <|p|<|pp.4|. Here
sociated withp. In fact, an excitonic photoabsorption is Fra (IP]) is pertinent to a derivative o, (|p[) with re-
dominated by thesradial symmetry, namelym=0, and  SPECt t0|p|. G.(|pl.[pn]) is the R-matrix Green function
henceforth it is taken. In Eq8), a coefficient{c,,} is deter- ~Propagating fromjpp| to [p|. For more detail, consult Refs.
mined at eachp|. In Eq. (10), &, is given by e,=&g 14 and 15. Thek matrix of R, is defined by

+nwg, Wheren is a WSL index andwg is a Bloch fre-

qguency given bywg=F,d with d a lattice period of the 1

superlattices concerneg,, is expressed as a combined WSL S E E(D) -1
subband wave function defined By RulP]) o] % FuallpD [FZ2(P ey - (A3

bn(Ze,2p) = > exp(iK1d) ¢S, (ze) #f(zh), Putting Eq. (13) into Eq. (12) yields a relation between
VNgijte ! R(|pn+1]) andR(|p,|) in terms of theR matrix Green func-
(11 tions
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R(lpn+1D)=G(|pn+1lslpn+ 1) =G pn+al.loal) 6 ()
= = 41,
- Slodloned) 3 HEll
X = SUPnlsIPn+1l)s 2 2
R(lpn|)_G(|Pn|a|Pn|) 5 £ 0
s | s 2
9 g A 5 4
where matrix notations oR and G have been adopted E 2 - :Lé -6
for simplicity, and 2 0.10 2 1.0
~ _ 3 = o =
G(|pn|:|pn’|):(\/|pn|) lG(|pn|:|pn'|)(V|pn’|) L ] 0.05 {\ ' ’,’ T 0.5
= i [ C
@ i 5]
According to Eq(14), theR matrix can be made to propa- & o fftiiii1 5 o
gate forward from thenth sector to the adjacent(-1)th g ks
sector in succession, and finally tBanatrix is extracted by  © -0.05 805
comparing theR matrix given at an asymptotic distance with
the boundary conditions of E¢©). 010 e T w0 s w1 200
A dipole momentu,(E) for an interband transition to a Radius (atomic unit) Radius (atomic unit)

FR state in therth open channel at a giveis provided by FIG. 2. Open-channel and closed-channel wave functions

~ _ FE (Ip|) of Eq.(18) for the channek=0 andE=1.7270 eV close
HalE)=topa(E). (19 to the FR peak position as a function of an exciton radijjs (a)
Hereuo means a dipole moment of an interband transition ofwave functions for the highest-open channelret «; (b) wave
a bulk crystal GaAsu ,(E) represents a contribution of an functions for the second highest-open channelnefa—1; (c)
exciton envelope function tﬁn(E): wave functions for the lowest-closed channehef a«+1; (d) wave
functions for the second lowest-closed channelsfa+ 2. Athick
N (thin) line represents a redimaginary part of FE (|p[). A solid
MmE)= 2 F/EW(O)f dz[CIDM(O;Q)]ZEZth, (16) line shows an accurate wave function obtained by numerical calcu-
# lations, while a dashed line stands for an approximated wave func-
whereN stands for the total number of channels included andion of Egs.(20) and(21).
actually it can be set equal M;;.. Photoabsorption spectra

I(E) concerned here is expressed as corresponds to the channel numher and hencen will be

also termed as channel. Some feff,(|p|)’s with «=0 (a

No parent-band WSl at E=1.7270 eV are depicted for open

(E)=2 [1a(E)|% (170 channels oh=a, a—1 in Figs. 2a) and 2b), respectively,

“ and for closed channels of=a+1, «+2 in Figs. Zc) and
with N, the total number of open channels &t Photoab- 2(d), _respectiyely. Solid lines represent the accurate wave
sorption spectra of the WSL-FR states in the present Syste,anctlon obtalneq by _the' numerical calculations presgnted
is shown in Fig. 1b), where each peak is labeled byks) above, where thickthin) lines correspond to redimagi-
with n the WSL index and a hydrogenic principle quantum Nam) parts. InFo=25 kv/cm of the present setup parameter,
number of the exciton. the highest open channet€ «) is dqmmant over the. Iower

Before closing this section behavior of the radial wave2n€ (nh:al_ 1) by Ia faé:tOL of 36?1' Slmllarly, a contrlbl;]tlon
functions for the open and closed channels in the vicinity oﬂ]om '; ﬁ %WehSt ¢ ose_ Cfgnb (:‘f“L 1) '? 1g(;e$ther tfan
a FR energy of the main peak Og)Lin Fig. 1(b) is examined. that of the higher onen(= o'+ 2) by a factor of 10. Therefore

For practical convenience to the following section, the adia—it suffices to incorporate just the single open channeh of
pract T E . 9 ! =« and the single closed channelwf a+1 into the SBE
batic radial wave functiorF; mentioned above is trans-

f di h ol a diabatic radial ; >~ derived right below for evaluating FWM signals. Further-
ormed into the corresponding diabatic radial wave unCt'onmore, dashed lines of Figs(@ and 2b) representE. (|p|)

CE
Fre @s for n that is open. This function is well approximated by

. EE ~ (F) S —y() SCNE 20
FE (ph=> Cou(lpFEL(p)), (18) na(|.P|) xn (Ipl) n Xn (|P|) na (E), | .( )
® apart that this breaks down in the vicinity of the origin. How-

wherec,, has appeared in E¢®). In view of this, the total ever, such an inaccuracy just causes a shgh_t flaw in an inte-
excitonic envelope function is recast into gration over the whole space 6f|. Dashed lines of Figs.
2(c) and 2d) also showFE (|p|) for n that is closed. This
function is well approximated by

FrallpD=1lplexp— kalphDAL(E), (2D
in place of Eq.(4). Since® ,(|p|;Q) of Eq. (5) becomes  with k,=+2m|E—U,()|. In Egs.(20) and(21), S (E)
identical to ¢,(Q) at |[p|—c, the WSL indexn uniquely  andA{_)(E) have been determined by the matching proce-

a

1 n
wa<|pl,m=m§ en(QFE(p)) (19)
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dure in the numerical calculations. The use of these approxgemele(ﬁ/E) for 1#1’ represents a microscopic polariza-

mate expressions enables one to reduce entailing COMPUtas of an intraband transition between WSL sitend!’ of
tional burdens considerably, when evaluating matrlxe/h

elements associated with the many-body Coulomb exchange

) . ) : ; The Heisenberg equation for the operators associated with
to be mentioned in the following section and Appendix A.

Py and Nl(le,lli‘) yields the following set of SBE within the
random-phase approximatin
B. SBE and FWM spectra

itoni d 1
; h
The Hamiltonian of the system concerned here reads Tt o Plhlek:; ['Efﬁzkplhnﬁ€|(hr)1kpn|ek+9n|hkN§ﬁik
I |
— t h
H= k;(m) efiafdal)+ 5 + O N = F(Dd) 58,0], (26)
d
i (e) (e) (e)
X > Vi,ia,(a) Natt T 5)AN| =2 Ly kN(e) _6I(er)1an| 'k
11.02.03.14.kK",q(#0).i,j=(c,v) T n
xal)l, @l a0, all) + Q1P QP o,

(27)

—HEK F(H{a9al)d, +H.c}. (22)

1
(h  _ h) () (h)
D (i . o dat -T—(ﬁf)AN -k~ E [el(hr)1kN I - kK €nr’ kN(hn Kk
Herea{)" (a})) is a creatior(an annihilation operator of the 1
carrieri (either a con_duction electroo or a vglence—band +Ql’r Pk kPTI J. (28
electronv) at a sitel with a crystal momenturk in the layer e "

plane. These satisfy anticommutation relations Here an effective exciton energy’ and an effective Rabi

[au(L) ,afff(,]+=5i,-5nr5(k—k’), energy(), . have been defined such that

(e) _ (e) ,
[af), al,k 1. =[aiT, al(J,f(T,]Jr:O. (23 ik (Zme| +E )5| ! +2| Jlke (29
The first term of Eq(22) represents a sum of an energy of a " . - (ch)
WSL subband and a kinetic energy of the in-plane motion. 'h'hk_(Zm +e"| 5 ant g (30
The second term stands for electron-electron interactions ac- hl
companied by momentum transfgr The third term means a Q J k=F(t)d| |h+H| Ik (31)

dipole interaction of the carrier with an external electric field
of F(t) with a dipole moment; ., wherek dependence on  with &[*"! the WSL subband energy eth), E, a band gap

dyi, is neglected as usual, and H.c. is meant by taking &f GaAs, andEl(clh,) the Coulomb-hole self-energy. In Egs.
Hermitian conjugate of the first term in the curly brackets. h'h

/h /h /h, /h,
A density matrix is defined by (27) and (28), AN(ﬁk) NI =N with NiEe? a

quasiequilibrium density. Moreover, the exchange self-

p=(afdTall)y, (24 energy3{®" and the internal renormalized field energy

IT, , k have been given by

where(- - -) has been meant by taking an expectation value.
Following a convention, it is convenient to rewrite the den- © ©
sity matrix in the electron-hole representation by introducing =T 2 Vizgnenz(DNg g (32)
operatorsa;=al¢) for the electron and,_,=a{’" for the © nengg ¢

hole. Thus the density matrices are recast into

(h)y _ (h)
ST 2 Vi @ONp e ge (39)

P = (01— k@) =Py k., h nhnia
(co)_ /ot O
) a8 ) =Ny,
Pk = {@nding =Ni I ) k= > Vidnan (D Py nk—q- (34)
") NeNpd
pII’k (b kbl’ W =01 =Ny (29 d, is a dipole moment of a transition between thth site

where Eq. (23) has been employed in the last equation and®f € and thelth site ofh, given byd, ; =00, ., Where
NS, =(b/,_,b,_,). Py indicates a microscopic polariza- 01y, is the associated overlap matrix. In EG26)—(28), a
tion of an interband transition, a diagonal elementN§t™  phenomenological time of population relaxatid{?™ and a
stands for a population density efh, and an off-diagonal dephasing tim&, have been introduced.
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Since FR wave functions provided by E4$9)-(21) have (d 1
been prepared in thp space, it is convenient to take the it T, paE(t):EH Eagyer(H)Pyen(t)
Fourier transformation oP;., and N,f,’? from thek space 7E
into the p space, that is,
+ E QaE yE”(t)nyEH(t)
YyE”,s=¢,h
zk=(2w)—2f dpexp(—ik-p)Z, (35) —(2m)2Qr() ui(E), (41

for Z,=P; or Nl(le,’? . Furthermore the transforms 'é’f”,

.(dnﬁ?é”(t) An{E"(t)
and Nl(,e,/h) are expanded with respect to a complete set

T 2 ge/h) (e/h)(t)
dt T ) 5 PE

{ef .(p)} as +2 [Qe e()p,en(t)
=
Pus(0=3 ¢, (pPelb) (30 e (P (V] (42

Here &,e.,er being an effective exciton energy, and
Querers Qoppnr @ndQ) e o, being effective Rabi ener-
/h i
NIZ (=2 o (pniE (o). (37  gies read

Eapyer=(E+3M) 5, S(E-E")
Here cpﬁ,a is a projection of an excitonic three-dimensional

envelope function?t of Eq. (19) onto thep space, defined - X n;;sérVaE;ﬁE';yEru (43
by BE’ ,s=e,h
() = (" (20) 7 (20 ¥ S| p|. Q)))s, 2,0 (38) Qg = RS, H(E-E)+ ﬁEE Pper Vakiper iy
(44)

with ((- - '>>Ze~2h representing integrations over two vari-

ables ofz, andz,. The closure relation Q;E;yE”:QR5(I75(E_ E”)+%, pﬁ’E'v;E;ﬂE’;yE"'
E E (45
2 enapXerdel=op=p)  BY  y
SUI*(E)+ SU)* (E)
is readily verified by use of the similar closure relation for " =S | Qgq - Ba «p
{\I’E} aE;yE" P R 2
X 85, 0(E—E")S(E—E")+ppe Ve ser- }

3 [WEONPEr)|=8(r—r1), (40 v PET EpEE

aE (46)
with r¢ )_(|p|( ) o ). respectively.V,g. pE’;4E" Tepresents the HF Coulomb ex-

In passing, a remark is made on the exciton basis set dihange integral given by
Eq. (39) used in the expansion of Eq86) and(37). A merit
of employing this basis set is that the Coulomb interaction . ./En=(277)‘2 E J dxV, ik (X)‘Pﬁ]/k 4%

betweene and h within a single exciton is automatically PED jnkandl el

included in theory, whereas a part of this effect is conven-

tionally missing in the SBE with the HF model using the % f dpoE* E" —x 4
free-particle basis set for each@andh. In this spirit, many PO oa(P)Ong (P X). @0

authors have been working with the exciton basiss_ iarl , : ided b
set#34456-58owever, it should be noted that the present>M™aMY: Vg, ger; e 1S Provided by
study is still done within the HF approximation and the

higher-order exciton correlation is not incorporated, as is de-+,’ A = (2m) 2 2

E'%
scribed in Sec. I. f AX Vil e () 5 s (X)

inkennlele
Putting Eqs(36) and(37) into the SBE of Eqs(26)—(28) e
in view of Eq.(35) yields a set of SBE for unknown coeffi- Ex e
cients ofp,e andn®&" as follows: X | dpey 1 (P)@ny 0 (P=X) (48)
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and V" is obtained by replacingst}* ,(x) and  €veryE suffice to obtain accurate results and others are ne-
«E; BE'; yE" inkeB
glected. This is termed a dominant-channel approximation
€0nh| Ap=X) in Eq. (48) by their complex conjugates. The from now on. Moreover, the Coulomb matrix element of
Coulomb matrix element 0¥, ;,;,,(x) is understood to be V| i, (X) appearing in Eqs47) and (48) is explicitly ex-
the Fourier transform oi/|1|2|3|4(q) appearing in Eq(22) pressed as
despite using the same notations. The presence of the factor, 0 i)y or )
—[S%;)*(E)Jrs(’)*(E)]/Z, of Eq. (46) attributes to an in- Vi ()= (2) 1) (2)|V(x,2,2")]
Ex (e/h) (e/h) (e/h eq) ) )
tegral  [drWE*(r)V¥j (r)/h) AngeV=n,, Ny o X¢|(J3)(Z,)¢I(L)(Z)>>z,z’a (53)
which is associated W|thN K ment|0ned above arﬁiI it
h'h T L .
has been set equal E’(Ch)é'h'.; for simplicity. u,(E) has With i,j=e or h. At an asymptotic distancex|))1, it be-
been expressed here by comes

1,()—=V(X) 6 1,01, (54)

1234

po(E)= 2 (30247 (2) 5, (p=0),
VNsite A\’ » MW whereV(x)=1/(e|x|). It is supposed that the matrix element

(49) concerned here is well approximated by its asymptotic form.
which coincides with Eq(16), and Qg= uoF is the Rabi ;I1'h|s_ approTlmatllon would be gccuratel n tlhe present WSL
frequency. Note tham(e/h) is a complex quantity in this FR aving a relatively strongry owing to a localization nature

h | | in Fig. 2 of the WSL wave function. It is termed the asymptotic-
case, masmlz;h)aﬁ, /o IS 8lways complex as seen in Fig. 2. potential approximation. Based on these two approximations,

. , E E A ‘ .
In addition, Ugge ==/ (I =1") (@), 4/ @y o). FOr simplic-  namely, the dominant-channel one and the asymptotic-
ity of practical numerical calculations, it is assumed hereaftepotential one, in addition to employing EqR0) and (21),

that T{®=T"=T, and n{&eP=n" eq)—n(eq) so thatn®  the HF Coulomb exchange integral is made feasible. For

= n(h)—naE more details of evaluation of the integral, consult Appendix
In SBE of Eqgs.(26)—(28), the laser fieldF(t) is given A.
within the rotating-wave approximation by To evaluate FWM signals, first one takes spatial Fourier

transformations op,e andng as follows:

1
Ft=5 > Fivexpi[Kj-R—wt]) |, (50
= Pae= 2 expli[(K+1AK)-R])p{ (55
whereF; is an envelope of th¢th pulse (=1 for a probe !
beam and =2 for a pump ongwith K; andw; a momentum  gng
and a center frequency of light, respectively, @doeing
position conjugate t&; . Hereafter each pulse is considered . 0
Gaussian, having a temporal width, and the maximum naEZZ exp(il AK-R)n.¢, (56)
amplitudeF;o. That is,
F(1)=F:og:(1) (51) respectively, wher& = (K;+K,)/2 andAK =(K;—K5)/2.
] i09i(H, Putting these expressions into the SBE of E¢4) and(42)
where yields a set of coupled equations faff. andn{!., where the
summation ovet is limited to |l 4y, i-€., ||| <Inax- A mac-
(t+7)? t2 roscopic polarizatiorP diffracted in the X,—K; direction
gl(t)=ex;{ ek gg(t)—eX[{ - )7 (52
1

? in the time domain is cast into the form
2

with 7 a delayed time.

Here brief mention is made of recipes of practical com-
putations, above all, how to evaluate the HF Coulomb ex- _ S o
change integrals of Ve se/:en V;E',BE’;yE”’ and ;iginnéa;croscoplc polarization in the frequency domain is

P(t,7)= MOE roE)PLED(D). (57)

VZE;BE,WE,,. Generally speaking, many channels have to b
included in the calculation for eadh because of the multi-
channel nature of FR, ?n addition that continuum spectra P(w,7)= MoE wo(E) p( 3)(w), (58)
over E have to be taken into account. Nevertheless, as far as

the present WSL-FR system is concerned, we can safely re- 3) g

duce the number of channels incorporated by bearing ifvhereple®(t)=fdw exp(-iat)pie(w). TRFWM and SR-
mind the behavior of radial wave functions shown in Fig. 2.FWM signals are given by

The highest-lying open channel and the lowest-lying closed

channel are dominant compared with other distant channels. ITRFWM¢t 7)=|P(t,7)|?, ISRFWMw,7)=|P(w,7)|%
Therefore it is considered that just this pair of channels at (59
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Ill. ANALYTIC MODEL WITHOUT THE COULOMB B(JI)E: (27T)28X|:[ —i(e—i F/Z)t];i(E)

EXCHANGE
Prior to showing results of the fully numerical calcula- xf dnﬁ'(n)exp[l(s— 77__'1“/2)”, (63)
tions based on Eq$41) and(42), just for qualitative under- ! e—n—il'l2

standing of the underlying physics, it is worth obtaining an
analytic expression OIbaES) under some approximations to
be made right below. Note that results obtained here are _

more or less modified in more quantitative discussion made Qj(t):f dnexp(—int)Q(n), (64)

in the following section. The many-body effects relevant to

VaE gEr,en are neglected in SBE. Moreover, the dominant-with _;=0,. The third and the fourth equations of Eq.
channel approximation discussed in Sec. IIB is adopted(62) are coupled equations betwe;@‘s) andﬁ(a_Ez) with

Thus the resulting SBE from Eqet1) and(42) is expressed  inhomogeneous terms given by Eg3). Hence these can be

wherej=*1 and

as reduced to a standard second-order differential equation of
d 1 p'e?), being of the form
i d—+T—)BJ’E=eFJ>E+Ql<t>[2ﬂE‘”—(277)2#;:(5)5,1]
t 2 d2y+.( )dy+292 X(t) 69
— — tlH(wy—¢e) = ,
+ Qo200 V= (27) W (E) 814 ), ae 02 AT

(60 where y(t)=exdi(e—il/2)t]p c¥(t) and the inhomoge-
d 1 neous termX has been written as
(i =0z ple oz ople

at ' T X(t) = — 20,(t)exp(ist) {Q* (1)

—Q, ()P —Q,t)pld *, Xexp(—ist)p_1(1)— Qy(expiet) pi (D).  (66)

(61)  In deriving the left-hand side of Eq(65), the relation
where scaled notations have been introduced, defined a%2(1)~Q208Xp(-iwot) valid for o,>>1 has been em-
B(JI)Ez_i[S(a;)]UZ Ezl)E W(J)E=—i[32;’]1’2n2’5 and ;a(E)= ployed. Even'guaflly the_ expression pﬁ?)(w) in the fre-
—i[SU1Y2u,(E)  with e=E+3CY, and Q1) quency domain is obtained as
=Qjo0;()exp(—iwt) with Q;o=wugF;o/2 for j=1,2. For

G VNP R ; _ ; -1
further simplicity, it is assumed thalty,.=3, Fio{(Fa0, Pee (@) =8m[(0—e,+il/2)(0—e_+il'/2)]
o)1, andT;=T,=2/T", in which the first equation is valid 5 5 _

as far as the second one holds, showing a weak probe limit, Xf dZd7nQ3 (O Q(7)Qy({— 7+ )

and the third one is justified in the narrow-band limit of the

pumping laser. Contributions from® andn!2 are omitted, wn(E) +,U«a(E)[SEY;)(E)]* 6
since the fact thain'z?|))[n'%},|n'2| has been confirmed e—n—il2 e—(+ill2 |’ &7

by the full numerical calculations. A contribution fropy2) is N : B Ty
also neglected, which is justified for the probe weak enoughWhere 8= (e W (1) /2 With Qo= (&= )" +805

Under these approximations, the resulting equations, just inzquation(67) depends Ilnearly_omlo, while effects off2z

L) H(—2) -3) : are treated nonperturbatively! :>) obviously has two poles
cluding P .Nag™’, andpge™, end up with atw=¢.—iI'/2, which is remciﬁiscent of the AT doubfét®
o because ofe . —e_|=Q if Qg is considered the Rabi fre-
piR=eplE—(2m)2Q % (E), quency.
As is provided in Appendix B, applying to the integrals of
Eq. (67) the steepest-descent methothat is ensured as far

(i
'\ dt

d — ~
i| g2 p' e =epl D —(2m)2Q,u% (E), aso,>1, a closed analytic expression pf:>) is derived.
Here the Fano model for the case of one-open and one-closed
d channel$is employed ang ,(E) andS&;’(E) are expressed
| g+ T2l =eple 200, (62 by®
(E)=ungexpti ) 69
d /*La :/va eXQ! T
i(a +172|nle?=01plet+ 05 ple? - QplR . i !
and*
The first and the second expressions indicate linear polar- i
izations induced by the pulses 1 and 2, respectively. They are S(*)(E)ze—ﬂ (69)
readily solved, leading to aa e—i’
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whereq is a Fano parametey,y; means a dipole moment i
due to a background continuum being almost energy inde- g;_5
pendente=(e—¢,)/(y/2) with ¢, a FR energy position and =3
v a full width at half maximunfFWHM) of the FR, andd =0

= —arctan(14) + 6, with 6, an overall unknown phase
constanf® Linear absorption spectra of FR given by the
Fano model is depicted in Fig(@ assumingf,=0. Forq

=0 and— 1000, the profiles are symmetric. The former case
(q=0) corresponds to the extreme FR limit having an obvi-
ous transparent window. On the other hand, the latter (
—1000) corresponds to the weak FR limit with a Lorentzian
shape, however, no discernible window. The casgqp 1

is thus considered a pure bound state rather than the FR,
aside from a finite spectral widfi4.Profiles of other values
are asymmetric.

In Fig. 3b), the SRFWM signals|P(w,7)|?, thus ob-

Normalized Linear FR Spectra

tained are shown for somg values in the resonant excita- A —

tions thatw, = w,=¢,, wherefy,=0 is assumed for simplic- 01.723 1.725 1.727 1.729 1.731
ity (see Appendix € The signals exhibit the AT-like doublet Energy (eV)
and the relative intensities of both lobes depend strongly . . .
upong, resulting in asymmetric spectral profiles except for 10 (p)
=0 and— 1000, in which the signals are symmetric. Asign @
change ofq results just in exact reversal of each lobe with 2 54|
respect toe=¢,. It is found thatq values rendering the s
linear absorption spectra symmetiiasymmetri¢ also in- = I
duce symmetric(asymmetri¢ shapes of SRFWM signals. e 06
This statement is intuitively understood following discussion 3
given in Appendix C. Specifically, fog=—1000 corre- = o4
sponding to a bound-state transition, these symmetric ac- E
Stark sidebands are common to a two-level atomic system. 2 02
As has been seen in Ref. 60gavalue indicates an interfer- / &
ence between contributions of an open channel and a closed 0 : : : : :
channel, and hence the asymmetric doublet manifested here 1.7 L (ev)1-73 1.74
arises from phase modulation due to this Fano coupling &
through theg value. In passing, g value that is obtained by
fitting the Fano formula of Eq(68) to the main peak of o 101 (c)
0(1s) in the calculated spectra of Fig(k is almost—5, g
which has been taken into account in Figb)3 5 08 |
The associated TRFWM signal$P(t,7)|?, for severalq §
values are depicted in Fig.(Q, where §,=0 is assumed L o6 |
again. These spectra show the Rabi oscillations that are tem- ~
porally damped due to dephasing with a common period, E 04 b \
however, with different amplitudes. The dissimilarity ob- g '
served in SRFWM is also reflected in the TRFWM signal 5
having such a different damping pattern. The signal dor z 027
=0 vanishes faster than that fge=— 1000, while the cor- 0
responding SRFWM profiles are very much alike to each y 0 1 5 3 4
other. Specifically, the former signal is sustained up to no Time (ps)

more thant~1.3 ps, and the latter signal is still discerned
aroundt~2.2 ps. Forq=—5 and—3, the amplitudes are FIG. 3. (Colon) (a) Normalized linear spectra of Eq17) ob-
more enhanced than these two cases. In TRFWM, thereforgined by the Fano model vs incident photon energiesfer

the Rabi system relevant to a FR stéigth a finite q) is —1000, —5, —3 and 0. (b) Normalized SRFWM spectra,
distinguished from that for a bound stateith |q|>1). |P(w,7)|? obtained by the model calculations vs the enesgfor
theseq values in resonant excitations of,= w,=¢,=1.7273 eV.
IV. RESULTS AND DISCUSSION Other setup parameters aFgo=1 kV/cm, F,,=100 kV/cm, o,

=0,=05ps, T;=T,=1ps, r=0.8ps, and the FR width
Now let us move to the SRFWM signals provided by the (FwHM) 0.5 meV.(c) Normalized TRFWM spectraP(t, 7)|2, cor-
fully numerical calculations for the sample of 34 A-GaAs/17 responding to Fig. 3b) vs elapse timed. Curves for differeng’s
A-Al, Ga, -As superlattices with a bias field of 25 kV/cm are distinguished by colors in all panels.
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(a) o =50 kVicm
T =-04ps

(b) Fo =50 kv/om
T=0ps #
i

I
i
/\\
b
3

() Foa =50 kV/gM
T =0.4ps i".

i
P
J\/\

71 172 1.73

171 172 173

171 172 173

1

74

(d) Ro =100 kV/iem
T =-04ps

A

(e) Bop =100 kV/em

T=0ps

(f) F20=100 kV/iem
T =0.4ps

SRFWM Signals (arb. units)
=S40 =2 N W R a0 - N W RO

.71 1.72  1.73
Energy (eV)

1.72 ’1 73
Energy (eV)

1.71

1.71
Energy (V)

172 173 174

FIG. 4. SRFWM spectrdP(w,7)|?, obtained by the fully nu-
merical calculations vs the energy for different 7's in resonant

excitations

of wi=w,=¢,=1.7273 eV with (a)—(c)
=50 kV/cm and(d)—(f) F,,=100 kV/cm. Other setup parameters

F20

are Fp=1 kV/cm, o,=0,=0.5ps, andT,=T,=1 ps. Solid
(dashed curves stand for the spectra wigwithout) the many-body

effect, where(a) and (d) are for 7= —0.4 ps(the pulse 2 precedes

the pulse }, (b) and(e) for 7=0 fs, and(c) and(f) for 7=0.4 ps
(the pulse 1 precedes the pulsg izspectively.
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intensity in Figs. 4d—), resulting in marked modification of
the spectra. Hereafter the signals denoted by the solid and
dashed lines of Fig.(# are cited as the signal§; and S ,
respectively. The overall shape of the signalSpfis akin to

that of the signal ofj=—5 in Fig. 3b), aside from a slight
variance of a relative intensity of the two sidebands, due
presumably to the fact that the model calculations described
in Sec. Illl are ensured foo,>1. The main profile of the
curve for the signa$; is shifted toward the high-energy side.
Furthermore, the relative intensity of the two lobes is re-
versed from the trace @& , that is, the right lobe is stronger
than the left one ir§;, and vice versa if%; . Such asymme-

try reversal also accompanies prominent changes of spectral
widths: the right lobe is still narrower than the left one,
whereas the widths of the two sidebandsSh are almost
equal.

The three characteristics of the dressed FR states, namely,
asymmetry reversal, spectral narrowing, and blue shift, are
found here. The first two are unequivocally attributed to in-
terplays between phase modulation induced by the FR cou-
plings and the many-body effects. The phase modulation also

along the crystal-growth direction, which is the same as theonributes to forming the asymmetry in the AT-like doublet
sample for the linear spectra of Fig(bl. The number of
partial waves included is sBha,= 10, and the whole effects o phase-shift information is included in the FR wave

of the HF Coulomb exchange are incorporated without asgnctions required to evaluate the Coulomb exchange matri-
suming any additional imposition upoa; and Fj,. The

dominant-channel approximation is still adopted, which is
valid in the present sample. Furthermore, evaluations o

Mot Pryiqr @ndSLP(E), required in Egs(41) and (42),
resort to the linear-response theory for the excitonic FR detrix, and the many-body effect. As for the blue shift, the

scribed in Sec. I A, not to the simple Fano model employedsimilar effect was already observed in the nonresonant ac-
in Sec. lll. A frequency distribution of the pulse 2, with

=500 fs and tuned resonantly t9=1.7273 eV is also de-

through theq value, as was discussed in the preceding sec-

ces, througts!,) andA{) of Egs.(20) and(21).%% Therefore

he asymmetric AT-like doublet with the asymmetry reversal
nd the spectral narrowing is understood to be governed by a

way of interference ascribable to tlgevalue and theS ma-

Stark effect in the literature given in Ref. 34, and hence this
would be due mostly to temporal evolution of the repulsive

picted in Fig. 1b). The pump field coherently excites most exciton-exciton interactiongsee Eq.(43)].

parts of the FR state of 06€), and slightly overlaps with

adjacent FR peaks such asl(3s) and 0(%).
The calculated SRFWM signals are shown in Fig. 4,herent excitation of the absorption edge of a lowest-lying
where the solid and dashed curves represent traces with agdntinuum state together with the bound stitdleverthe-
without the many-body effects, respectively, for three dedess, its origin is different from the present one. In the
layed times ofr=—0.4, 0, and 0.4 ps, witi,=1 ps. Fig-
ures 4a—0 show the results foilF ;=1 kV/cm and F,

The asymmetric doublet is also confirmed in the resonant
ac-Stark splitting of an excitoboundstate induced by co-

former, the continuum istructurelessand it is expressed as
a real sinusoidal wave without any interference effect with

=50 kV/cm. Hereafter, the signals denoted by the solid andhe bound state. Moreover, the right sideband is always
dashed lines of Fig.(4) are cited as the signal§, andS_, dominant, and the asymmetry reversal never occurs to the
respectively. The profiles without the many-body effect arebest of our knowledge. On the other hand, in the latter, the
almost Lorentzian, whereas those with this effect are moduFR continuum is sharply energy and phase-shift dependent,
lated to some extent and slight doublet structures are disand the degree of asymmetry varies in complicated manners
cerned, especially, forr=0.4 ps. Incidentally, for a still according to setup parameters employed in addition to the
smaller pumping field, for instanc&,,=1 kV/cm, spectra many-body effects. As for the spectral narrowing, it nas
are little affected by the many-body Coulomb exchange andbeen pointed out yet in any preceding study of excitonic
the resulting profiles remain Lorentzian for polarizationac-Stark effects. Thus this would be qualified as a novel ef-
dephasing off,=1 ps concerned here. Fo§ greater than 1  fect found in the dressed FR system.
ps, comparable to or smaller than the FR width of nearly 0.5 Figure 5 shows SRFWM signals with different dephasing
meV of the peak 0(4) in Fig. 1(b), it would be likely that a and pumping intensity from those of Fig. 4. As is indicated in
SRFWM signal reflects a generic pattern of the Fano profilémigs. Sa—0, the signal no longer exhibits the AT-like dou-
of the linear spectra. Otherwise a detailed asymmetry patterblet even forF,,=100 kV/cm, due to still stronger dephas-
seems to be smeared out by more rapid dephasing. ing (T,=0.2 ps) of polarizations. Thus, for the splitting to
By comparing with Figs. &a—0, it is recognized that the manifest itself, it is necessary that an effective Rabi energy,
many-body effect is augmented with increase of pumpinghiamely, an external pump field plus an internal renormalized
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FIG. 5. The same as Fig. 4 blit=T,=0.2 ps. % 1024 oo o2 e
©

field, is greater than an inverse of dephasing time. Increasin¢s 10 1 (b) Fxp=100kv/cm
the pumping strength t6,,=400 kV/cm, the doublet struc- £ 16 Tp=1ps
ture is retrieved in Figs. (8—f) if taking into account the § 10
many-body effect. However, in contrast with Fig$d4f), it i 18
is found that the left lobe becomes dominant to the right one~ 10
and the spectral narrowing is not observed. The strong
dephasing suppresses appearance of the spectral narrowin 120
and spectral widths of the two lobes seem to be dominatec
by the dephasing time rather than the interplay between the 1022
phase modulation and the many-body effect, eventually be-
ing almost identical to each other. 102 RN

Finally, one mentions to TRFWM signals depicted in Fig. 10 1 2 3 4 5
6. In Fig. 6a) a solid (dashed curve corresponds to the Time (ps)

traces ofS, (S) of Fig. 4(c). Similarly, in Fig. E{P) a so_l|d FIG. 6. TRFWM spectra|P(t,7)|?, obtained by the fully nu-
(dashe_ﬁi curve corresponds to the traceg&f(sf) of Fig. merical calculations vs elapsed timéor 7=0.4 ps. Soliddashed

4(f). It is understood that the same notationsSgs andS;;;  curves represent the results witithout) the many-body effect,

are also used for the TRFWM signals. Fo5=50 and 100  having the same employed setup parameters as those of Fig. 4.
kv/cm, pulse areas defined ®As(uo/2)/” .F,(t)dt are Insets are the same of the corresponding main panels but depicted
~ /2 andr, respectively, thus the Rabi flopping is not com- in a linear scale for comparison.

plete. In fact it does not appear B,. However, the Rabi _ o

oscillation seems to manifest itself B during coherence ~€volution spectra resembles the Rabi-oscillation pattern al-
time of an order ofT,, which is compatible with the exis- réady known in bound-state Rabi systeth&’*’and there-
tence of the AT-like doublet irS; of SRFWM. Moreover, fore only this behavior does not seem to uniquely feature 'the
there exist obvious quantum beat structuresSinand S present dressed FR system. Recalling the model calculations

. . e and discussion regarding Fig(c3, it would be probable that
after about 2 ps, though it is considerably weakeneg;in the noted enhancement effect of an oscillation amplitude due

'tlj'htehbeatlng péerlog: retr;]wams una}ltere?, beltnhg aé)o'ut Ooflsf?f PS, ¥ the Fano coupling contributes more or less to the spectral
oth cases despite the pumping Strengins being ailterenta o ng of the present TRFWM signals as well.
This statement is contrasted with the Rabi oscillation de-

pending linearly on the field strength. This period corre-
sponds to an energy separationAd® of about 6 meV, which

just coincides with the difference of the FR state of §)(1 To summarize, the transient FWM spectra induced by
from that of 0() that is coherently excited by a high- resonant excitations of FR excitons are calculated by solving
energy tail of the pumping lasgsee Fig. 1b)]. In addition,  both analytically and numerically the SBE within the HF
since the energy of 0@) is separated from-1(2s) and  approximation. The asymmetric AT-like doublet emerges in
—1(3s) by about 5-6 meV, these states are also likely tathe SRFWM signals. The degree of this asymmetry depends
contribute to the quantum beat. strongly upon a Fang-parameter and the many-body Cou-
The Rabi flopping is also seen during the coherence timgmb exchange. Furthermore, the many-body effects also
in S; and S; in addition to the quantum beat arising from cause the asymmetry reversal, the spectral narrowing and the
AE, which is somewhat modulated in an irregular mannemlue shift, all of which feature the present laser-driven FR
due presumably to the many-body effect. Note that the peexciton system. The findings would propose novel aspects
riod of the Rabi oscillation of5; looks almost half longer for discriminating the dressed-semiconductor system from
than that ofS; . This results from enhancement of the inter- the dressed-atomic system. The pattern of the spectra is par-
nal renormalized fields and thus the net Rabi energies duringally smeared out by faster dephasing, though the asymmet-
temporal evolution of the pulse 2. This tendency of the time-ic AT-like doublet is retrieved by making the pumping field

V. CONCLUDING REMARKS
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stronger. The Rabi oscillation relevant to this splitting alsogffect the result. Afunct|on of;(p)(j=1-3) relevant to the

appears in the TRFWM signals. Following the results of the,oqial wave function oF , (|p|)/\/—| is of the form
model calculations, it is likely that an amplitude of the oscil-

lation is modified prominently with changing tlievalue. 1

Finally three remarks will be made. The first is that in the N | A[(Nj=1)2 e
present paper the Coulomb correlation beyond the mean-field i(p) T [Pl exp(|k1|p|) (A2)
approximation has not been taken into account, as was men- _ )
tioned in Sec. I. However, it is likely that this effect modifies In light of Egs.(20) and (21). Here 1427 is ascribable to
the results obtained herein to some extent. To the best of olFd- (9) for the sradial symmetry (=0), and [k;|
knowledge, the Coulomb correlation has not been examined y/2M)|E;—U J.(°°)| kj is a real number fon; open and a
in the laser-driven FR system thus far irrespective of whethepure imaginary number with Ink{) >0 for n; closed. In ad-
the laser is resonant or nonresonant and strong or weak. Thfition, N;=0 for n; open andN;=1 for n; closed
is an open problem. The second is on the FWM study of FR By use of a set of confocal e|||pt|c coordinatég, v}
reported by Siegneet al®’ They found that the decay of the defined by’
TRFWM is related to dephasing. On the other hand, the de-
cay of time-integrated FWM is much faster and almost inde- _pl+lp—x| lpl=lp—X|
pendent of excitation densities. It was speculated that this M= [X] L |X]
phenomena arises from some sorts of destructive interference
due to FR in conjunction with nonlinearity and the many-We have
body Coulomb effect. This still remains raveled. The third
comment is on possibility of photon echo in the laser-driven
FR systenf® It is usually understood that without inhomo-
geneous broadening the photon echo is not generated, unless
excitation is so strong that a bound-state level overlaps witfPutting Egs(A2)—(A4) into Eq. (A1) yields
the edge of continuum onset due to blue sfiftn FR the

: (A3)

x| pP=v?
)[m pa-p et Y

dp=

discrete level is alwa i i 1 (Na*Na)f2
ys degenerate to lower-lying continua _
playing a role of inhomogeneousity. Therefore, it is likely B 2 ( ) f f \/ﬁ
that the photon echo is discernible even in weak excitation.
Indeed in view of Eq.(57) the FR distribution ofu ,(E) (n+ V)(N1+l)/2(,(,L—V)(N3+1)/2]
fulfills the same role as the inhomogeneous broadening. The >
echo spectra are suppressed by dephasing, and hence mani- p—1
festation of the echo in TRFWM depends on how fast o
dephasing is. X fo d|x||x|(N1+N2+N3+1>/2
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motion of Science. It is noted that the integral over is divergent whenN,
=N3=0 andk;+kz=0, since the part of the integrand pa-
APPENDIX A: ON THE HE COULOMB EXCHANGE renthesized by curly brackets becomes unityder <. Such
INTEGRALS a singularity can be removed by subtracting from this inte-

gral overu and add to it
In this appendix, the HF Coulomb exchange matrix ele-

ment of V. se/. e Of EQ. (47) is reduced to a form feasible * Ckit+ks 2
in a practical computation. The obtained results can be duexp i 2 X/ :Wé(klﬂ@- (A6)
straightforward applied to the similar integrals of

V;E'BE" en and V’;E_BE,_ er. This task is equivalent to Moreover, the integral oveK| is readily implemented to be
evalvuati’rﬁg the following ’gxpression; of the form of thel” function. Eventually Eq(Al) becomes

1 (N +Ng)/2

- [Cau |
= f dpdxf1(p)VO)f(X)Fs(p=X), (A1) ﬁre(2> I PN g
(Ng+1)20 _  N(Ng+1)/2_

where the form ofV(x) given right below Eq.(54) has R Nyodn08ks ko)
been replaced by a screened Coulomb potential, u’—1
exp(—«|x|)/(e|x|), by introducing a small and positive pa-
rameterx for numerical stabilization. A numerical result is ikt ki Kitks
insensitive to a choice of as far as it is small enough not to 2T K 2
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ky—kg | T(NaFN2FNs#3)2 N+ N, + N+ 3 Since ReF(7)]—o with o,—x is satisfied, Eq(B7) is
Tl - 2 evaluated by employing the steepest-descent method. Hence
F is approximated by
No,+1| (1 dv ”
+2775N105N306(k1+k3)1“( 22 )f — Fp=F )+ 3F"(md (9= m0)?, (B9)
71 —
g where there are two saddle points in the compigplane,
X (—iky+ k—ikqv) N2+ 172 (A7)  denoted asy(k=1,2), and
Making replacements that=cosh and v=cos, the inte- 2
. i , d“F(n)
grations ovett and # become numerically tractable, and fea- F'(p)= 5 (B10)
sible resorting to a standard quadrature formula. dn _—
APPENDIX B: ON THE INTEGRAL OF EQ. (67) Finally we obtain
Equation(67) is reduced by use of the steepest-descent T vz
method®® Since the pulses are Gaussian, it suffices to deal J:Ckzlz exf — o2 F (7o) oF ) (B11)
- 2

with the following integral:

APPENDIX C: SPECTRAL PROFILES IN SRFWM

1
J=Jd Ay 7—wp)——————K(7),  (BY)
TR 2 =TT The origin of symmetry and asymmetry in SRFWM is

intuitively understood in the following. First Eq67) is re-

where .
written as

K(n)=f dEAY ({—w)Ax{—n+w—wy), (B2 Pe(w) =87 ul(E)]*[(w—e . +iT/2)

with t;=—7,t,=0, and x(w—s,+iF/2)]*1F(w), (C1

(= 7)) 2 where
Aj(n):ex;{i(wj—n)tj—(%) } (B3) o
F(w)=J dZd 707 (HQa(7)Qa(f~ 7+ )

First K is readily obtained by
exp(—if) exp(i 6)

K(m)=cexd—a(n)], (B4) e—7—il2 s—(+iT/2) €2
where and ¢ and u/(E) have been defined tha= — arctan(14)
2/x + 6, with 6, a constarff and u/(E)=(e+q)/(e—i), re-
C=— (B5) spectively. It isF(w) that dominates the asymmetry in spec-
Voi+os tra, as is seen right below, and the prefactor of Egl)
and merely provides a symmetric profile. Suppose thai( 7)
=0,00(7—w,) and that a peaking approximation af
1 ~w, is made partially inF(w). The former is accurate for
a(n)=— ——— 0w+ 5w+ n—w)+2i(t;—1,)]>  o,—, and the latter is due to that the natural width of FR
4(o1+03) v (usually of the order of 0.1 meMs much smaller than the
1 1 separation() between the AT-like sidebands. Herfegw) is
+ Zg§w§+ Zgg(w2+ 7—w)? recast into
. - ~ —wy)exp(—i6)+I'sind
+i[lwty— (wo+ 7—w)ts]. (B6) ~0* — 2 (0”0
[wity 2T 7 2] F(w)=Q7 (2w, w)ﬂzo(s—wz—iF/2)(w—w2+iT/2)'
Putting Eq.(B4) into Eq.(B1) provides the form (C3
- If a relation that|F(w)|?=|F(2w,— w)|? is satisfied, the
J=CJ dyexd — o F (7)1, (B7)  overall profile is symmetric with respect to the FR position
o &,= w,, otherwise it is asymmetric. The spectral pattern is
where determined solely by the numerator of EE3). Here the
unknown constant of, is considered zero for simplicity in
_ oo(wr— 7))\ ? the following discussion in this appendix. In practice, this
oo ()= —Hwa= Pyt | ———— phase factor is unambiguously determined by imposition of
the scattering wave boundary condition of Eg). on the FR
+In(e—n—il'12)+a(n). (B8)  wave function. Forig|=« corresponding to a bound-state
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case and#=0, it is found that the symmetric spectra are
obtained. The similar situation holds for the caseqefO,
corresponding t@= — w/2. For otherd’s, however, it is seen
that F(w) leads to an asymmetric profile. Therefore it is

PHYSICAL REVIEW B69, 035322 (2004

the phase of. Following the above discussion, it is found
that the maximum asymmetry is realized @+ + w/4 cor-
responding ta@= = 1. In a more accurate evaluation made in
Sec. lll, the maximum asymmetry appears arou

concluded that the asymmetry arises from interference due te 2—3 [see Fig. 8)].
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