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Excitonic Bloch oscillations in a terahertz field
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We present a formalism for calculating the coherent response of a semiconductor superlattice in combined
static and terahertz along-axis electric fields. The method is based upon the semiconductor Bloch equations in
a basis of single-particle Wannier-Stark ladder states. We employ this formalism to calculate, for the first time,
the short-pulse absorption spectrum of excitons in a superlattice in combined static and terahertz electric fields.
We find that for terahertz fields with frequencies much less than the Bloch oscillation frequency, the absorption
peaks are shifted by approximated¥(t,)nd, whered is the superlattice period,is the Wannier-Stark ladder
index of the peak, an#(t,) is the value of the terahertz field at the time when the optical pulse reaches the
sample. For terahertz fields with frequencies near the Bloch oscillation frequency, the shifts are qualitatively
similar, but of the opposite sign and are generated via mixing of the optical and terahertz frequencies.
[S0163-182609)08807-4

[. INTRODUCTION radiation resulting from the oscillating excitonic dipole. This
system has also been studied theoretically by a number of

Coherent effects in photoexcited semiconductor superlatauthors. The models developed vary rather widely in their
tices and quantum wells have received considerable attentiapproach. A number of theories neglect the Coulomb inter-
in recent years. Some important examples include beating afction but include all the excited stat€s?! There have also
light and heavy holes in quantum wellsyave-packet oscil- been several excitonic theories. Some of these have included
lations in coupled-double-quantum wellgnd Bloch oscil-  excited excitonic states but have employed a simplified con-
lations(BO’s).> All of these examples involve the creation of tact potential for the electron-hole Coulomb interacfidn;
excitons using ultrashort optical pulses near the band gapome have employed the full Coulomb interaction but only
The evolution of the resulting excitonic states has beelincluded s excitons®?2?3and some have included the full
probed experimentally via degenerate four wave mixingCoulomb interaction and the excitonic states with in-plane
(DFWM), pump-probe spectroscopy, and the detection oexcitation®®
terahertz radiation. Such experiments provide information on A related system that has been studied theoretically by a
dephasing times and mechanisms, the effects of externaumber of authors is a semiconductor superlattice in an ap-
fields, and the nature of nonlinear processes in semiconduglied terahertz field alone, with no static electric field. The
tor nanostructures. linear optical absorption of such a system was recently in-

There has been a relatively large number of theoreticavestigated by Johnsen and Jatthaithout the inclusion of
treatments of these systems in recent years. The most coraxcitonic effects, and by Meier and co-workérswith exci-
mon approach has been the application of the semiconductéonic effects included. These systems produce the extremely
Bloch equations(SBE’s).*~® Other approaches range from interesting feature of dynamic localization, which dramati-
phenomenological two- and three-level modetsthe more  cally alters the linear optical response of the system.
complete dynamically controlled truncation(DCT) In this work, we consider a system in whitioth static
techniqué®!!and the quasibosonic treatment of Hawton andand terahertz along-axis fields are appliethus far there
Nelson!? The challenge lies in developing a description of have been no theoretical results presented of the excitonic
these potentially complex systems which treats electronstates in a semiconductor superlattices in such a system. A
electron interactions in a satisfactory manner, while remainrelated system has been modeled by Meiea!®"° where
ing computationally tractable. the DFWM signals in a superlattice in a static electric field

The problem we are considering in this work is the opticalwere calculated. In such a system, the carriers generated by
response of a semiconductor superlattice in applied alonghe pump pulse undergo Bloch oscillations. These oscillating
axis static and terahertz electric fields. In the absence dfarriers generate terahertz fields that in turn interact with the
the terahertz field, the eigenstates of this system are the erarriers. Thus, this system is related to the WSL in the pres-
citonic Wannier-Stark laddegiwSL) states. These were first ence of a terahertz field, but is clearly more complicated in
detected experimentally by Mendez, AduRueda, and that there are electron correlations not captured by a simple
Hong® and have also been treated theoretically by a numbealong-axis terahertz field. In that work, however, no calcula-
of authors>®14-1€|f this system is excited via an ultrashort tion of the spectrally resolved DFWM signal was presented.
(~100 fs) optical pulse near the band gap, excitonic Bloch The central results of the work presented here are that
oscillations result. Bloch oscillations have been a topic ofwhen an along-axis terahertz field is applied to a superlattice
interest and controversy for a long tilheThey were first  in static electric field, it produces time-dependent shifts of
detected unambiguously by Feldmaenal?® using DFWM  the WSL absorption peaks; that these peak shifts are due to
and by Waschket al® by directly measuring the terahertz nonlinear mixing of the optical and terahertz fields; and that
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these peak shifts are qualitatively unchanged when excitonigesult of sum and difference mixing of the optical and tera-
effects are included. hertz frequencies. Finally, we find that results for thei-

This work is partially motivated by the recent work by ton_ic case are quqlitatively similar to those found in a sim-
Sudziuset al?? and Lyssenket al. 23 in which the spectrally  Plified noninteracting electron-hole model as long as the
resolved DFWM signal from a superlattice in a static electricStatic electric _f|elds are Iar_ge enough such that the excitonic
field revealed that the peaks associated with the excitoniBmdlng energies are considerably less than the energy spac-

e ; Igs in the Wannier-Stark ladder.
WSL sta_tes shift in energy as th_e DUmp_-probe ““_‘e delay The paper is organized as follows. Section Il contains the
time 7, is changed. Moreover, this shift is proportional to

. . . X theory: in Sec. Il A we present the Hamiltonian in the WSL
the pump intensity and oscillates approximately a

€ . , Sbasis; in Sec. 1l B the equations describing the dynamics of
Cos@pTpyt 6), wherewg=eF,d/# is the BO frequencydis 6 reqyced density matrices are developed:; and finally, in
the superlattice period, arfg, is the static along-axis electric gec |1C we present the expression for the polarization and

field. The interpretation of this result was that the PUMPgptical absorption coefficient. In Sec. IIlIA we present the

pulse generates a Bloch-oscillating excitonic wave packeyegits in the single-particle or noninteracting approximation,
which produces an along-axis terahertz field. This field theqyhere the Coulomb interaction between the electrons and
acts as an adiabatic addition to the static electric field angl|qs is neglected. Then, in Sec. Il B we present the results
shifts the excitonic energy leveland hence the absorption ¢, 15 jike excitons using the full electron-hole Coulomb

peaks to energies given byEn:EOJre(FoJFF(to))”dv, interaction. Finally in Sec. IV we summarize the results and
where F(t,) is the value of the generated terahertz fieldqir implications.

when the probe pulse reaches the sampleraisdthe WSL
index of the state. We shall refer to this model asdhasi- Il. THEORY
static model. To date there has been no theoretical treatment _ ) ) _
of this system that explains the peak shifts including the In this section, we develop the equations of motion de-
dynamical response to the self-generated terahertz field. Scribing the poh_erent dynamics of excitons in a sem|conduc_-
In this work, we present the results of a calculation of thetor superlattice in the presence of a time-dependent electric
optical response of a semiconductor superlattice in appliefield applied along the growth axis We then use these
along-axis static and terahertz electric fields to an ultrashofguations to develop the expression for the absorption of an
(~100 fs) optical pulse. The method is based upon a forntiltrashort optical pulse near the band gap. The development
of the SBE’s in which a basis of noninteracting electron and$S Similar to that of the usual SBE's except that we employ as
hole WSL states are employed rather than the usysiates.  OUr basis the smgle_—parncle_ one-band WSL states, rather
A similar approach has been used previously by Hatled®  than thek,-state basis that is usually employed. As men-
for a system with only a static electric field. We apply this tioned above, a similar approach has been used previously by
basis to a system with applied static and terahertz fields. Thisaderet al” for a system with only a static electric field. In
basis has the advantage that it makes transparent the natdfés work, however, we apply this basis to a system with
of coupling between the different WSL states via the tera_appl_le_d statiaand terahertz fleldsFor_thls system, this basis
hertz field. We use this technique to calculate the linear abeXplicitly shows clearly the way in which the terahertz
sorption spectrum as a function of the terahertz field frecouples the different WSL levels, and thus makes the basic
quency and phase. This calculation is of interest because it physical effect of the terahertz field essgntlally transparent.
just now becoming possible to study the effects of terahertZ here are two further advantages of this method over the
fields on semiconductor nanostructures. In addition, the caMsual SBE's in thek,-state basis. First, the noninteracting
cu|ati0n a|so has some re'evance to pump_probe and DFW'MVSL baS|S IS mUCh .Closer tO the aCtual excitonic ba.S|.S n the
experiments on superlattices in static electric fields, for inPresence of the static electric field and thus the physical sig-
these systems a terahertz field arises from the Blochdificance of terms is much more transparent. Second, the
oscillating carriers generated by the pump pulse. Clearly it i€lectrons and holes are spatially localized in #airection
a great simplification to claim that these systems can be adD the WSL basis, and the only states that are optically ex-
equately described by including only a spatially homoge-C'ted are those with an appremab_le electron-hole overllap in-
neous along-axis terahertz field. In fact it has been demori€gral. Therefore, we need only include WSL states in our
strated that exciton-exciton correlations can play arpPasis for which the electron-hole overlap is significant. This
important role in determining the DFWM sigr&iHowever, ~Makes truncation of the basis simple, and allows for a rela-
the results do reproduce qualitatively the experimentallylively small basis. In contrast, in tHe-state basis, states of
observed peak shifts in DFWM experiments and thus seerflll along-axisk vectorsk, must be included on a relatively
to capture the mean-field effect of the oscillating charges oflense grid, resulting in a larger badisThis difference be-
the excitonic states. tween the bases has been discussed in earlier works in a
We find that for terahertz field frequencies that are les$omewnhat different context:* We begin by presenting the
than the inverse of the interband dephasing time, the terddamiltonian for the system. We then discuss the dynamical
hertz field produces a frequency shift of the absorption peakgquations for the density matrix elements, and finish the sec-
that is in agreement with the quasistatic picture, but with dion by presenting the expression for the optical absorption
shift amplitude that decreases as the terahertz frequency igPectrum.
creases. We also observe that there are also significant shifts
of the peaks when the terahertz frequency is close to the BO
frequency. These shiftsannotbe understood via the quasi-  We work within the envelope function approximation and
static model discussed above, but are best understood as theglect band nonparabolicities and valence-band mixing.

A. Hamiltonian
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Furthermore, we limit ourselves to the inclusion of only the

first superlattice minibands from both the conduction and Hf% > [ESval ank+En Bl Bk, (6)
valence bands. Within the one-miniband approximation, it A

has been shovifithe eigenstates for noninteracting electronswhere ES, andE", are the single-particle energies for the
in a static electric field~, are spatially localized in the electrons and holésx;k and ay, (g;k and B3, ) are the
direction and have equal energy spacingeBfd, whered  creation and annihilation operators, respectively, for an elec-
is the period of the superlattice. The wave functions for theron (hole) in the WSL state with index and in-plane wave
conduction-band and valence-band electrons in a statigectork. The single-particle WSL energies for electrons and

along-axis electric field can thus be written as holes are given, respectively, by
Gu(r k)=ieik"’xc'”(z)uc'“(r) (1) ES . =E +ﬁ+Ee+eF nd (7
n ’ \/K n o} ’ n,k gap 2m“|“°(z) 0 o}

wherec (v) refers to conduction¢valence} band electrons, and

r is a three-dimensional position vectepris the correspond-

. . . L. . . 21,2

ing two-dimensional position vector in the,f) planek is Eh _ h°k YE"eFEnd ®)

the two-dimensional in-plane wave vectérjs the in-plane n.k Zmﬁ‘(z) 0 o

normalization area, and th€&"(r) are the periodic portions ) _ _

of the bulk Bloch functions at the conduction- and valence-WhereEg,, is the band gap of the bulk semiconductor in the
band extrema, respectivefgssumed to be the same for both Wells, nis an integer, an&g" are then=0 eigenenergies of
materials in the superlattice The functions, x%'(2) the one-dimensional single—particle _Hamiltoni&méh(z) of
:Xﬁ,h(z)' are so-called WSL states, which are the eigenEq.(Z). In general these energies will depend upon the elec-

states of the one-dimensional Hamiltonians, tric field due to the quantum-confingé@C) Stark effect, but
if the WSL state is expanded in terms of the Wannier states
—52 of the zero-field Hamiltonian, they are field independent.
HeN(z)= — — 5t UN(Z)—QenFoz, (2 The second term i, Hy, contains the interaction with
9z 2m3"(z) 92 ’ the terahertz fieldE(t), and is given by

in the single-miniband approximation, whem@h(z) is the ot -
layer-dependent along-axis effective mass for the eIectroné"T:eF(t); ; [(nd+Zg) e an k= (Nd+Z5) B B k]
or holes,U®"(z) is the superlattice potential experienced by

the electrons or holes due to band-gap discontinujtiath N (9] o c
U®N(z)=0 in the welld, go= —e andq,=e are the charges +eFZN’— — > 2 D [(sf—eFoZd)
K R o k n p#0
of the electrons and holes, respectively, ansd the modulus
of the charge on an electron. Within the one-miniband ap- Xal,kan—p,k+(83+eFoZv—p)BE,kIBn—p,k]r (9)

proximation, these WSL eigenstates can be expanded in the ) ) ) o
basis of miniband Wannier stata¥(z) localized at different WhereF, is the along-axis static electric field and
sites:

ZQEJ dza*(z—pd)za\(z) (10)
e _ e Cl5_
Xn(2) % Crn-n@'(z=md), @ is the matrix element of between Wannier states at sifes
and 0. The integeN" gives the total number of states in the
A ) first valence minibandin three dimensions and
Xn(Z):% Ch—n@’(z—md). (4)

j ST - o= I e akind (19)
In the nearest-neighbor tight-binding approximation, the N;%;
WSL states in Eqs(3) and (4) are replaced by single-site
ground states and one finds tlﬁﬁ;rlnz\]m_n(ﬁe,h), where
Jm(0) is a Bessel function of the first kind of order and
O n=Acn/20.nFod, where A, is the bandwidth of the
electron or hole miniban®l. In the following development
we take the general case andrmt assume the more restric-
tive tight-binding result.

The full Hamiltonian for the system within the two-band
basis is

is the pth Fourier component of the along-axis energy dis-
persion, €>"(k,), for the electron or hole miniband when
F,=0. In deriving this result, the interband transitions due to
the terahertz field have been neglectasd they are energeti-
cally very unfavorablg and we have used the summation
relations for theC? found in the Appendix. In general tfﬂ%

are expected to be very smafiarticularly forp+#0) due to

the orthogonality of the Wannier states. In particular, if the
superlattice potential has inversion symmetry about the well
centers, thenzgzo rigorously. If one uses a nearest-
neighbor tight-binding basis, using the ground state of the
where H, is the Hamiltonian in the absence of Coulomb biasedwells to approximate the Wannier functiotthenZz§
interactions, the terahertz field, and the external optical fieldind Z are the only nonzero elements, and these elements
(but including the static electric fieldand is given by simply give the displacement of the well states, which leads

H:H0+HT+H|+H(:, (5)
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to the QC Stark shift of the levels. In the remainder of theThese density matrices are diagonakibut are not diagonal
paper we shall only consider superlattices with inversionn the Wannier-Stark ladder indicesy, . By looking at the

symmetry where it is rigorously true thzf,zo. effects of translation along theaxis, it can be shown that as
The termH, in Eq. (5) contains the interaction with the long as the optical pulse and terahertz field are assumed to
optical field. If we write the optical field in the form excite the sample uniformly then f¢(m;,m, k),
, fM(m;,m,,k), andP(m;,m,,k) only depend upon the dif-
E(r,t)=E,(t)e""+c.c., (120 ferencem=m,—m;.?® We thus only need consider the den-
where ik is the photon wave vector, the#, is given in the sity matrices defined by
dipole approximation by f?n(k)z<ag,kam,k>y (20)
Hi=20 2, &(t)-[d7 anbhep it HEl (13 () =(B3-cBm, 10, (21)
d
where an
Pm(K)=(Bo-ka&mk)- (22)
v__ h
dy’= MOJ dzxg* (2) xp(2), (14 The intraband elements with=0 give the population of the

] ) ] o WSL states with in-plane wave vectkr averaged over all
andM, is the bulk dipole matrix element. In derivingy we  \ysL states in the given miniban@ee Appendix The in-
have neglected the weakandp dependence dl, near the  rahand elements witm+0 give the coherence between the

band gap, as is commonly done. _ ~different WSL states, and hence are directly related to the
~ The final term in the Hamiltonian is the carrier-carrier intrapand polarization as we shall show later. The interband
interaction termH., which is given by elements with indexn, on the other hand, give the contribu-
1 tion to the interband polarization of electron hole pairs with
H == WWee WSL states that are spatially separatedntog.
© 2 nm}um k%;z qzo t DAL Straightforward operator algebra, in conjunction with the
T T usual factoring approximation for four-operator terfns,
Xy, kg +q%n, ky—q¥ng ky¥ny kg yields the equations of motion for the above three density
W + 1 matrices in the Hartree-Fock approximation. The equation
+Why g g0, (D) Bng ki +aBn, k- By kB, kg for the interband density-matrix elements is
—2WQY o ngn (q)a'rﬁ k +q:8:r1 k,—qBn, k,®n, k |3 dP,(k
pratee T T T e e i g‘t( ) =[ESy+EDt e(F o+ F(1))Md—i/T,]P (k)
(15
where F(t)
=2 [ep+el IPmp(k)
2 o p#0
WA = gt | iz dzrerlalz=?!
Ny,Ny,Na,Ny €A ) )
al —E,(1)- % Ao [FS0K)+ 1 (k)] —d,,
X xnk (2)xn,* () xn,(Z)xn,(2),
(16) =2 2 Vi (@)Pp, (k—0)
m; q#0 ! 1
wheree is the static dielectric constant agdis an in-plane
wave vector. In deriving Eq(15) we have neglected the n 2 2 Ve (q)
interband exchange interaction as is usually done. mym, 70 2
B. Dynamics X[Fin-m,(K)+ frr%z—m(k)]Pml(k_Q)
We now describe the dynamics of the system by deter-
mining the equations of motion for the single-particle density —mEm q;o [V m (D o (k—a)
matrices. There are two types of density matrices: intraband re
and interband. The intraband density matrices are given by +V”m”1’m2(q)f*lm2(k—q)]Pm,ml(k), (23
fe(my,my k) =(ag, xam, 1) (17 where
for electrons and , ,
V?n}?ml(q)E; W}\m),\m3—m1,0,m3(q)a (24)
3

£1(my,ma, K)=(Br, B, k) (18)
) . ) ) T, is the phenomenological interband dephasing time, and
for holes. The interband density matrices given by we have used a number of the symmetry properties of the
Coulomb matrix elements. We have used the simple single-
P(ml’mZ’k)Ewmlﬁk“mz,k)' (19 time-constant approach hear to simplify the calculations and
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simplify the discussion of the results. Although it would be —P*  (KPm(k—0)], (26)
preferable to employ more sophisticated approaches as has 2 !

been done in other work this is not expected to qualita- whereT; is the phenomenological intraband dephasing time,
tively change the results presented here. The physical contemihich is assumed to be the same for all intraband eleniénts.
of each of the terms in Ed23) is relatively simple to see. From these equations it is easy to see that at zero tempera-
The quantities multiplying®n(k) in the first term form the  ture, if there are no electrons or holes present before the
time-dependent energy of noninteractii¢l) electron hole  gptical pulse arrives then the relation between the two intra-

pairs. The second term, proportional Egt)/F,, contains  pand elements is simpM(k)= fe (k). This can be used in
the coupling between different NI WSL states due to theEq (23) to simplify the equation foP (k)
. m(K).

terahertz field. One can see from this term that the terahertz The three equation&23), (25), and (26) are the basic

coupling of WSL states which ane levels apart is propor- : . - i
tional to thepth Fourier component of the miniband disper- equations that we use to despnbe coherent excitation of ex
itons in a superlattice in a time-dependent electric field. In

sion. Hence, in a nearest-neighbor tight-binding model onlf

neighboring levels are coupled by the terahertz field. Th(%_his paper we shall restric_t our_selve_zs o the description of th_e
third term, proportional ta&,(t), contains the interaction inear response to an optical f|eld in th.e presence of a static
with the optical field, including phase-space filling in the electric field and a terahertz field. In this situation, the equa-

usual way. The fourth term contains the usual electron-hol&on for the response?,(k), to first order in the optical field

interaction within each exciton. The fifth term contains als

renormalization of the electron-hole interaction due to the 1

presence of other excitons. And finally, the last term containsrﬁd P (k)

the Coulomb interaction between the excitons and the oscil- dt

lating charge density that arises from the excitonic wave

packets. . F(t)z [8e+8h ]P(l) (k)
It is easy to see that this last term is similar in form to the FopZo P “7piim=p

terahertz-field terms. Thus, in a simplified picture, the effect

of the oscillating charge density on the interband polarization v

can be thought of as being analogous to the effects of an +£0(t)~d_m—2 2

along-axis terahertz field. It is tempting to think of the cor-

responding field as being the one generated by the oscillating (27)

dipole. A closer inspection of the two terms shows that therpe owest-order intraband response is of second order in the

terms are not identical in form. In particular in the Coulomb _ .. : i ofill A ;
. . L optical field and is still given by Eq$25) and(26) but with
term, there is nan dependence in the factor multiplying each P..(k) replaced byPﬁnl)(k).

Pm,ml(k). Rather, there is & dependence that is not found T Ve Eq.(2 PUK) in the basis of th
in the terahertz terms, reflecting the in-plane spatial fluctua- o solve Eq.(27) we expandPy;’(k) in the basis of the

tions of the excitonic density. Therefore the picture of theSOUtions,¥m(K), to the eigenvalue equation
Bloch oscillating charge density generating a terahertz field
that interacts with the excitons to produce the energy shifts
appears to be only an approximate picture. It should, how-

=[E§y+Efy+e(Fo+F(1))md—iAa/T,]PY (k)

2 2 Virm, (PR (k—a).
1

hw, (K)=[E§+ Egy+eFomd] (k)

ever, be at least qualitatively correct given that it is well -> > Ve (gt (k—q), (28
known that the Bloch-oscillating carriers are producing a m g#0 '
terahertz f',elol-s’zg which is the exciton eigenvalue equation in the absence of
For the intraband elements we have external fields, where the subscript labels the eigenstate
dfe (k and%w, is the exciton energy. Because we are only inter-
i% ={e(F,+F(t))md—i#/T}f5 (k) ested in the optically accessible states, and the center-of-
dt mass wave vector is a conserved quantity the Hartree-
Fock approximatiofy we only include excitonic states with
+Eo(1) 2 [d% P} (K)—d%* Py(K)] zero center-of-mass wave vector. These excitonic states are
P related to the corresponding configuration space exciton en-
velope functions b
+ 2 2 VR (@[ P, m(K)PR (k=) P ’
mq,my q#0
P22 = = S g0, (2007
=P, m(K)Prm, (k=0)] (25 o P NA Xnem{ZelXnto]s
and (29)
h whereN, is the number of superlattice periods. Using these
df(k) _ N L fD(k
i% n ={—e(F,+F(t))md—i#/T M (k) excitonic states, we exparif,’(k) as

PR (K)=VAX D, (Oyh(k)e u, (30
+so<t>-§ [diy- P (K)—d%5_ Pp(K)] " A
where theD ,(t) are the time-dependent expansion coeffi-

I cv * (1 cients. Using this expansion in E7) and employing Eq.
m?’m2 qz’o Viny my (DLPm, (k) P, (k=) (28) we obtain
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dD ih giot and theC®" are the expansion coefficients employed in Egs.
ihd—tV =— T_D”+ E,(1)- —2 d‘i”mz U (K) (3) and(4), but where the expansion is in terms of the tight-
2 VA K binding single-well states,®"(z.,), rather than in terms of
Wannier states. Despite the use of tight-binding states, the
+eF(t)dE DMe*i(“’/f“’v)t calculation is still done beyond the nearest-neighbor approxi-
® mation.
By using Eq.(34) in Eqg. (31) and employing the summa-
X my, U (K) (k) tion rules for theCﬁ’h found in the Appendix along with the
m . orthonormality of thep? (p), Eq. (31) reduces to
PO fesren 1 Do dD, ik
E P P u ) y .
o p#0 Z |ﬁW=—T—DV+MV-8O(t)e'“’v‘+eF(t)d
2

X D (k) gt (k). (3D) .
m e x> De ety m> B BE
12 m Y

In order to proceed further we must have the solutions, (36)
Y*(ze,2,,p), to the configuration-space exciton eigenvalue
equation. These states and their energies have been calgynere the optical transition matrix is given by
lated by Dignam and Sip&3! by expanding them in a basis
of two-well exciton stateslI? that work, only the excitonic 1
states with $-like motion;” or at most the first few states \jr=_—__3 g > yr* (k) (37)
with excited in-plane moticit were calculated. In principle, A'm K
however, this method can be used to calculate as many of the
in-plane-excited states as is desired. We employ this method

an(_j expgnd_ the copfiguration-space _exciton wave functionin  _ Moif dzy"* (2,2,0) (38)
a tight-binding basis of two-well exciton states as follows: N,
1 M Y
(2 ,2n,p) = WE“ B, Pm(ze—nd,zy—nd,p), =Mo% Br#ygog]*(p=0)f dz ff(z—md)f"(2).
(32 (39
where

It is important to note thai” will be very small except for

_ e h the subset of states for which there is appreciable electron-
Pr(Ze,2n,p) = Pr(p) FA(Ze=mA)F(zp) (33 hole overlap. As a result, the states witk-like motion are
is a two-well exciton state. The state}(z.,z,,p) is an ~Much more strongly coupled to the optical field than the
approximate eigenstate of a two-well Hamiltonian whichStates with higher-energy in-plane motion. Thus, to simplify
only includes the band-edge potential for the hole well athe calculations, from now on we shall restrict ourselves to
z,=0 and the electron well az,=md along with the States with b-like in-plane motion. It should be pointed out
electron-hole Coulomb interactidfi The quantum numbey  thatin some situations the states of higher in-plane excitation

(which could be %,2p, etc) is the in-plane excitation quan- €an play an important rolg. Thes_e §tates arglresponsible for
tum number for the two-well eigenstate. The functiéh&,) Fano resonancésand for high excitation densities can result

and fh(zh) are the single-particle electron and hole one-in electron-exciton correlations. However, as this is the first

dimensional(1D) eigenstates, respectively, of isolated wells €@lculation on this system, we shall only include the 1
centered az=0. In practice, thep?(p) are variational func- states in the basis employed in this paper. As has been shown

tions with variational parameters that are determined b)previou_sly, the optical transition matrix will .also only be
minimizing the energy of the given two-well exciton Hamil- appreciable for states for which the along-axis electron-hole

: o it p) Wi separation is smalf* this typically will be a set of only
tonian as des_cnbed in Ref. 14. The fungtl ) W,ith the 10-20 stategeven for very smalF ). Thus the equations of
samem but differenty are orthogonal. Finally, thB% . are . . : .

4 motion for D, is a relatively small set of coupled linear

expansion coefficients determined by diagonalizing the flJIlfirst-order differential equations which can easily be solved

exciton Hamiltonian in the two-well basté. . . .
Using Eqs.(32) and(33) in Eq. (29), we obtain numerically using say a Runge-Kutta algorithm.

C. Polarization

Lk)= D, BY CE _.Chol(k), 34
¥m(k) H,Ep,y p7Crtp-mCnep(K) (34 Now that we have a set of equations for the coefficients
D,(t), which can be solved numerically, it remains to write
where the expression for the polarization in terms of these. The full
1 polarization is given by
soy(k)E—f d’pe)(p)e'*, (35)
P \/K P P(t) = Pinter(t) + Pintra(t)’ (40)
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whereP; e, (t) andP;,2(t) are the interband and intraband - ~ N
components, respectively, of the polarization. The interband = —eg,el @)=Y pb (HDP(1)
polarization is given by nH

2 xe lu ety m>) BLX BE (50)
Pinter()= 25 2 Re[ A > Pm<k>]. (41) mo
" It can easily be seen that this expression contains both the dc
If we use Eq.(30), the first-order interband polarization in polarization as well as the terahertz contributidhs.
terms of theD, is given simply by The primary quantity of interest in this work is the spec-
trally resolved linear absorption of the optical pulse. If we
2 _ make the common assumption that the propagation distance
Pier(t) = — Pl > REM™D,(t)e 1“4}, (420 L is much less than the wavelength of the light, and that the
v polarization is approximately spatially constant we get the

The intraband polarization is given by following expression for the absorption coefficiéfit:
- (@) I(L,w)—1(0,w) 51)
€ alw)=—————
Pintra(t):_ez—z 2 fé(n,n+m,k) 1(0,w)L
Ade nm Kk
_ Im{Plle(@)A% ()} i
< [ ant @2 oo “3 T
- where
— &* h
AN, nEm Ek: f'(n+m,n,k) _47_”0%
B= > (53
KC
x [ dzdr @22 (49
Alw)= f E (e (0Tt (54)
— Zeéz esfe -
T Alwg mzo ; Reemfm(k) and
+enf (K 45 = o
e m(K)] (45) PY ()= f P (t)e-i(o-valdt, 55

_ & e _¢h wherew, is the central frequency of the laser pulse.
ANz; ; [Nl = 0.k . We note that a more accurate evaluation of the absorption
(46)  spectrum requires a spatially dependent polarization. If the
o ] ) pulse wave vector is parallel to the growth axjshen we
Somewhat surprisingly, the second set of terms in this eXpave to allow for spatial variation in tredirection. This can
pression do not sum to zero if the limit of an infinite systempe accomplished by including all of the interband density-
is taken only after the sum |s_performed. We now use thenatrix elementsP(m,,m,,k), not just those of the form
time-scale corrected coherent liniftCCL) approximation of P(0,m,k). This would increase the size of the problem by a
Axt, Bartels, and Staht to obtain the approximate relation factor of N,,, whereN, is the number of electronic or hole

WSL basis states. However, because of the rapid conver-
6@ (n n+m k)= PL* (0 .n. k)P gence of_thls basis\, is relatively small 530) the prqblem
( ) ?‘ ( ) would still be tractable. Such a calculation would likely be
) (20T~ (1]t prohibitive in ak,-state basis because of the large number of
X(n",n+mk)er"2 V% (47)  pasis states required. For the purpose of this work we will
perform the calculation assuming a spatially constant polar-

and a similar relation for the holes. Using this in E4f) and ization.

employing summation relations found in the Appendix we

obtain
IIl. RESULTS

2ee, The system we shall model in all of the following is a

Plrtra(t) = Afwg mZ«O Ek: Re{emfn (k) +enf R(K)] GaAs/Gg Al JAs superlattice with well widths of 67 A and
(49) barrier widths of 17 A. This is the structure of the superlat-
tice that was studied in the recent DFWM experiments of

. Bloch oscillations>?® The physical parameters used to

_ %e[(zrrzy(ml)]tz mE |P<1)(k)|2 model the systenfeffective masses, band offsets, ptare

A m r the same as those employed in a number of earlier

(490 works*?223The electron miniband width for this system is
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approximatelyA ,=38 meV, while the heavy-hole miniband 1.0 ———
W|dt_h is Ah_=3_ meV. The calculations are all dong for_ a = i n=-1| —— Non-Interacting
static electric field ofF ;=15 kV/cm. The terahertz field is = 08
taken to be monochromatic and of the form ; 0.6

F(t)=F coS wt+ o). (56) L

c 04

Although existing sources of terahertz radiation typically 2
produce pulses that are only a few cycles in duration, we g' 0.2
have considered the problem of a CW terahertz source be- 2
cause it leads to conceptually simpler results while retaining < 00

the basic physics. For simplicity, we will present all angular
frequencies in units ofvg, and all times in units of g,
where wg=eF,d/% is the Bloch oscillation angular fre-
quency. For the system considered hem@gt 52.2 fs. We FIG. 1. The calculated absorption as a function of frequency for
take the sample to be optically excited by a Gaussian puls@xcitons(solid) and for the model of noninteractiri@ll) electrons
with a central frequency given by the energy of the 0 and holegdashedifor the superlattice structure with a static electric
WSL state in the absence of a terahertz field. The choice dféld of Fo=15 kv/cm without a terahertz field. The interband
central frequency is relatively unimportant as the absorptioffePhasing time is taken to b =10/wg . The frequency is refer-
results only depend weakly on the central frequency for fnced to then=0 NI WSL state energy for the NI results and to the

wide range of central frequencies. The form of the opticaln:O excitonic state for the excitonic results. As a result, the actual
field is taken in the rotating wave é roximation to be excitonic binding energies of the states cannot be obtained from this
9 PP plot. Thedifferencesin binding energies, however, are evident in

the different spacings between the excitonic peaks.

Eo(t)=Aoe™ VT e iodt, (57)
nearest-neighbor approximation. In both cases the laser fre-

where 7,=0.5/lwg, giving a temporal pulse width of ap- S
P B _
proximately 31 fs. The absorption results are essentially inguency was centered at the=0 state energywhich is dif

dependent of the temporal pulse width, as long as it is IesfBe;rer_\t for the excitons and NI states due to the exciton_ic
than the BO period4€ 328 fs) as we shall discuss later. The inding energy. Both absorption spectra are presented in

lse d on is ch b ! h : i rbitrary units. For both the NI and excitonic results, each
pulse duration Is chosen to be small to ensure the pulse Widthysorntion peak can be associated with a particular WSL

is much less than the BO period. _ state (NI or excitonic, respectively For the static electric
The numerical results are calculated a follows. First thejg|g strength chosen, there is a clear correspondence be-
1s-excitonic WSL stategwithout the terahertz fieldare cal-  tween the excitonic states and the usual NI WSL states.
culated by employing the method of Dignam and Stbe. Thus, in all that follows, both the NI and EX stat@d the
Then, the resulting set of coupled first-order differentialabsorption peaks associated with theshall be labeled by
equations[Eq. (36)] are solved using a fifth-order Runge- the indexn, which gives the approximate average separation
Kutta algorithm, employing th&;, andw, found in the first  of the electrons and holes in taelirection in units ofd (i.e.,
step. TheD ,(t) are solved for times ranging from just before the usual WSL index
the optical pulse arrives until the interband polarization has The results show the basic features that have been well
essentially completely dephaset=(20T,). The D ,(t) are  explained in previous publicatiod$ The NI spectra is sym-
then used in Eq42) to calculate the interband polarization. metric about then=0 state with equal frequency spacings of
Finally, we take a fast Fourier transfor®FT) of Pi(r}t)e,(t) to  wg between states. Although it not clearly evident here, due
calculate the absorption spectrum via E5Q). Because the to the centering of the spectra on the=0 states, the peak
excitonic WSL states need only be recalculated when th@ssociated with each excitonic state is shifted down in energy
structure or the static electric field is changed, the method igelative to the NI peaks by the electron-hole binding energy
extremely fast when only the exciting pulse or the terahertof that state. The states with smallestalues are shifted the
field characteristics are being changed. On a 200-MHz Permost, as the binding energy is largest for these. In addition,
tium Pro, one spectrum can be calculated in less than 15 sethie states with negative values ofare shifted more than
In addition, the method is such thatFf(t) is simply a con- those with positive values due to the strong mixing rof
stant,F, the results obtained are exactly the same as woule<O states with thea=0 WSL state* The important conse-
be obtained ifF , were replaced by,+F. guence of this is thahe excitonic WSL energy spacings are
We begin by presenting in Fig. 1 the absorption spectrunnot equal When the terahertz field is included, the unequal
in the absence of a terahertz field, calculated as describe#hergy-level spacings and the absorption asymmetry be-
above for both % excitons and noninteracting electrons andtween n>0 and n<0 excitonic states yields much more
holes(denoted by NI from now onfor an interband dephas- complicated results for the excitonic spectra compared to the
ing time of T,= 10/wg .3 The results in the NI case are for NI spectra. For this reason, we begin by presenting the re-
noninteracting, single-particlek=0 states with ¢}(k) sult_s for the noninteracting case and will consider the exci-
= 8¢,08,,0- In addition the NI results have been calculated intonic case towards the end of this section.
the nearest-neighbor tight-binding limit. The primary effect
of this is that there is only coupling of adjacent WSL states
via the terahertz field. The excitonic results are only for the In Fig. 2 we present NI absorption spectra for a terahertz
1s-like excitons and have been calculated beyond thdield with a frequency equal to the BO frequeney. The

A. Noninteracting electron-hole results
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FIG. 2. The calculated NI absorption spectra for a static electric Fl,G' 3. The frequency shiftaw of the NI ab_sorption peaks
field of F,=15 kvicm and a terahertz field of amplitude (relative to the peaks for no terahertz fiets a function of terahertz

=1 KkV/cm and frequency = wg . The interband dephasing time p_)hasegs, for_a static electric field ofF ;=15 kV/cm and a terahertz
is T,=10/wg . The spectra are plotted for three different values off'QId of amplitudeF=1 kv/em and frequencyy=wg . The plot-

the terahertz phaséi=0 (dashetl ¢= /2 (solid), ande= m (dot- ted curves arg for the WSL staFes Whh= —1 (solid andn=-2

ted. The spectra obey the symmetay(— (o — w.))= a(w— w,) (dotted. The interband dephasing time 1=10/wg. The n=0

and so are only plotted fop> ¢ o curve is not included because the value is always zero.nk8
-

curves are not plotted because they are identically the negative of
the correspondingn>0 curves. The static resuliwg=0) for the
interband dephasing time is chosen to he=10/wg. The  n=-2 state is also shown as a dashed line for comparison.
spectrum is plotted for three different values of the terahertz
phase,¢. The terahertz field is chosen to have a frequency The source of the above-mentioned discrepancies are illu-
equal towg and an amplitude of 1 kV/cm because these ardéninated by plotting the range of the peak shifts for each of
approximately the expected values for the terahertz field thdf’€ peaks as a function of the terahertz frequemgyfor
would be generated by the Bloch-oscillating carriers in adifferent values of the dephasing tinteee Fig. 4 The range
pump-probe or DFWM experimeAt23 Because the spectra for a given WSI__ peak is de_:flned as t_hg maximum central
are symmetric under inversion about=w,, the results frequency of a given peak minus the minimum frequency for
have only been plotted fav> w. .3 From Fig. 2 we see that [€rahertz phases over the range-[0,27]. At wg=0 we
the absorption peaks are closer together whiem0, un- have the amplitude of the static shift. As the terahertz fre-

; B _ L quency is increased, the shift amplitude decreases with the
Sh'ﬂ?d lvvflﬁngb—w/Z_,tart]d fur:ttlgr apag."\t/hg‘?_tz' This I'St t.decrease being more rapid wheéhn is large. The physical
precisely the opposite to what IS predicted in the quasista It(”’)rigin of this effect is illustrated schematically in Fig. 5 and

model, where, forp=0, the instantaneous terahertz field al.an pe explained as follows. In all casds,is much larger

pulse center adds to the static field and the absorption pealgga, the optical pulse width. Thus, the time during which the
thus become further apart. In addition to the shifts, we alsytical electric field interacts with the terahertz field through
find a strong dip in then=0 absorption peak ab=w. for  the superlattice medium is given approximately By, the
¢=m/2. These two features indicate that the quasistatic pictime during which there is a significant interband polariza-
ture discussed in the Introduction is not valid here. tion. |If T, is much less than the terahertz period;

To display the absorption peaks shifts more clearly, We=2+/wg, then the terahertz field does not change much
examineA w, which is defined as the frequency shift of the over the duration of the interband polarization and the qua-
peaks relative to the peaks calculated wienO. In Fig. 3

we plotAw for the same conditions as in Fig. 2 as a function 0.15
of terahertz phase for then=—2 andn=—1 WSL states. © . . _1{%“/’8
We have not plotted the shift of the=0 state because its € 2z e

centroid remains unchanged even when it splits into two
peaks. The shifts change roughly sinusoidally with the phase
and the maximum shift for the= — 2 state is approximately
twice that for then=—1 state. This all agrees with the
“quasistatic picture,” where the terahertz field can be treated
as a static field with a magnitude given by the value of the
field at pulse center. However, the precise magnitude of the
shifts is not simply given by F(t,)nd and the sign of the
shifts for a given phaseé is opposite to that predicted in the
quasistatic picture. This can be seen by comparison of the rig 4. The calculated range of frequency shifts of the NI ab-
curve for then=—2 state with the results for the=—2  sorption peaks as a function of the terahertz field frequency for a
state in the staticd=0) case(long dash. In fact, the cal-  static electric field ofF,=15 kV/cm and a terahertz field of am-

culated range of the frequency shift for the- —2 state is  plitude F=1 kv/cm. The three curves are for different values of
only 63% of the range found in the static case and the curvege interband dephasing timeT,=5/wg (solid), T,=10/wg

are almostrr out of phase. (dashed, andT,=20/wg (dotted.

2.0
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FIG. 5. A schematic plot demonstrating the physical mechanism
behind the initial reduction in the frequency shifts of the absorption
peaks aswg is increased from zero. The plot shows the exciting
optical pulse envelopédotted, the induced interband polarization
envelope(solid), and two different terahertz fields. One is a rela-
tively low-frequency field dasheg, while the other is much higher
in frequency(dashed-dotted
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-1.0 |

Absorption Change (arb. units)

sistatic picture is valid. This is the case illustrated by the
dashed line foF(t) in Fig. 5. However, asg increases, for

a fixedT,, the polarization begins to sample over a number
of periods of the terahertz field, resulting in a reduction in FIG. 6. (8) The calculated NI absorption spectra for a static
the effective field amplitude, which should be used in theelectric field ofF,=15 kV/cm and a terahertz field of amplitude
quasistatic model. This is the case illustrated by the dashed==1 kV/cm, phasep=0, and frequencyr= wg. The interband
dot line for F(t) in Fig. 5. Thus, it is the suitable average of dephasing time isT,=40/g. Note that for this value of the
the terahertz field over the lifetime of the interband polariza-dephasing time there is optical gain over some ranges of the fre-
tion which determines the effective value for the quasistaticuency.(b) The difference between the NI absorption spectra cal-
field. Whenr=<T, the averaging is over many periods and culated in(a) and the spectra calculated with no terahertz field.

the effect of the terahertz field is essentially washed out. This, .. = ) ) D .
effect is seen in Fig. 4 where the peak shifts for all of theShifts is inconsistent with the quasistatic picture as discussed

states decrease rapidly ag increases from zero above. This range increase is the result of the terahertz field
A simple analytic form for this smalbr beﬁavior is  being resonant with transitions between all WSL states when

given by integrating the terahertz field, weighted by the de-F = ®s . One might expect, however, that the change in the

cay envelope of the interband polarizati@ssumed to be a gbsorption .VVOUld be reflectgd as resonant mixing of the op-
simple exponential with time constafit). This predicts a tical field with the terahertz field, which would not necessar-

peak-shift range given by ily result in peak shifts, but rather |n new peaks_ altogether.
To see how the resonant condition results in such large
peak shifts, we present, in Fig(&, the NI absorption spec-
Ro (58) trum for wop=wg, F=1 kV/cm, ¢=0, and T,=40/wg.
\/1+(wFT2)2’ Comparing these results with those presented in Fig. 1, we
see that not only are the absorption peaks narrower due to the
whereR, is the static shift. This gives qualitative agreementlonger dephasing timéas expectex but there are actually
with the calculated results for smallg, but is clearly an frequency ranges where there is gaifhe regions of gain
oversimplification. It is important to note that it is the can be understood as the result of nonlinear sum and differ-
dephasing time and not the incident pulse duratibat de-  ence mixing of the optical and the terahertz frequencies. The
termines this washing out of the quasistatic picture. Oneelative phase of the nonlinear polarization and the electric
can also show that for this simple model that the first zerdield of the incident optical pulse determines whether there is
that occurs in the range as a function ¢f moves fromg constructive or destructive interference, and hence whether
=m/2 to $=0 aswT, goes from zero to infinity. Thus, the there is gain or absorption. There are no regions of gain
phase shift in this model will never be close to the shiftof observed for the results whd = 10/wg (see Fig. 2 due to
found in the full calculations wheng= wg. the peak broadening associated with the more rapid dephas-
As the terahertz frequency is increased further, the peakng, thus is it not clear whether this gain would be seen in
shift range increases dramatically for all valuesTgf peak-  experiments where the dephasing time is typically 1 ps
ing nearog=wg. This clearly cannot be due to the quasi- (~20/wg). The origin of the peak shifts can clearly seen in
static mechanism mentioned above, as the terahertz periodsg. 6(b) where we plot the difference between the absorp-
much shorter than the dephasing time, and the sign of thdon spectrum plotted in Fig.(8) and the spectrum obtained

(0ro ) oy
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R(wg,Ty)=
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8 -0.1 B Y\ FIG. 8. The calculated excitonic absorption spectra for a static
(] 02fL electric field of F,=15 kV/cm and a terahertz field of amplitude
_5 =t F=1 kV/cm and frequencyw:=wg. The interband dephasing
a 0.3 N time isT,=10/wg . The spectra are plotted for three different val-
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FIG. 7. (@) The calculated NI absorption spectra for a Statinie|d, the n==*+1 state shift ranges increase more rap|d|y
electric field of F,=15 kV/cm and a terahertz field of amplitude ith field. such that for a field dE=3 kV/cm. the shifts for
F=1 kvicm, phase¢=0, and frequenCyve=wg/4. The inter-  {han— +2 states are less than 1.5 times that of ke 1
band dephasing time 15, =40/ . Note that there is optical gain - gtates For higher fields still, the rate of change in the shift
at wp=wcx (m+5)wg wherem={0,1,3. (b) The difference be- 00 withF is approximately the same for all of these states,

tween the NI absorption spectra calculated@h and the spectra ooqin showing a marked deviation from the quasistatic
calculated with no terahertz field. model

for F=0. This plot shows the resonancelike structure as the
frequency is swept past each of the=0 absorption peaks.
The peaks shift in frequency due to the additional absorption In this section we present results of absorption calcula-
on one side of the original peak and the gain on the othettions for 1s-like excitons. Some of the features of the exci-
This effect is even more clearly seen in Fig. 7, where theonic results are similar to the NI results but they are more
absorption spectrum has been plotted for the same configwomplicated due to the unequal level spacings and mixing
ration as in Fig. 6 except thabr= wg/4 (rather thanwg between the different NI WSL states that results from the
= wg). Here the peaks and dips can be clearly located atlectron-hole Coulomb interaction.
frequenciest wg/4 on either side of each=0 absorption In Fig. 8 we present the excitonic absorption spectra for a
peak. In addition, peaks are found midway between the WSlterahertz field amplitude of 1 kV/cm and frequency equal to
absorption peaks due to higher-order nonlinearity. All ofthe BO frequency. The interband dephasing time employed
these peaks are due to nonlinear mixing of the optical freis T,=10/wg and the spectrum is plotted for three different
guencies with the terahertz frequency. Thus, in the casealues of the terahertz phasg, As can be seen, the absorp-
wherewr= wg the sum and difference frequency generationtion peaks are shifted as they were in the NI results, with the
is acting in a way that gives results similar to those found inamount of shift depending upon the peak index and the tera-
the wg=0 case but the mechanism is very different. hertz phase. However, the sign and magnitude of the shifts
The results foror=wg are qualitatively the same for are not the same as were found in the NI case. In addition, a
terahertz field amplitudes other thBr=1 kV/cm unless the number of the peaksnE=+2 for ¢=0 andn=—2 for ¢
field is so strong that the resonantlike structures arising frons 7r) are split into two peaks by the terahertz field. Both of
different peaks begin to interfere with each other. For thehese effects are essentially due to the fact that the terahertz
system considered here, this becomes a serious consideratifsaquency is not equal to the spacings between the excitonic
for fields above 3 kV/cm. From the field dependence of thestates. Because of the unequal level spacing, the resonantlike
shift rangegnot shown, one finds a nearly linear increase in responses seen in Fig(® do not fall right on top of the~
the ranges for each of the states up to about 1.2 kV/cm, with=0 absorption peaks, and hence nature of the peak shifting
the shift ranges for thea= =2 states being essentially twice is changed. By choosing the terahertz frequency to be reso-
that of then==*1 states as expected. However, above thisrant with the energy spacings between two particular exci-

B. Excitonic results
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0.04 - lar, the peak shift range decreases from its valueat0,
I o and then peaks again nearr=wg. The frequencies at
0.02 which the range is a maximum for the= —1 andn=+1
0.00 states are found to be very nearly equal to the frequency
e ] separation of these states from the O state &0.95wg for
3 o002 ) n=—1 and=1.0dwg for n=+1). This is to be expected,
< L since this is the condition for resonant coupling of these
-0.04 states to then=0 state via the terahertz field. The coupling
of then==*1 states to the@= * 2 states is relatively unim-
-0.06 ' ' portant because the optical oscillator strength of these states
0.0 0.5 1.0 15 2.0

is much lower than that of the=0 state. Somewhat surpris-
ingly, for the n=0 state the range is greater neatr= wg

FIG. 9. The calculated frequency shiftso of the excitonic  than atwg=0. We finally note that there is a small resonance
absorption peakérelative to the peaks for no terahertz fielss a  in the amplitude for the=0 state neatwg=1.8wg. This is
function of terahertz phase for a static electric field off,  due to the small coupling between time=0 andn=-2
=15 kV/cm and a terahertz field of amplitudfle=1 kV/cm and  states via the terahertz field. This was not seen in the NI
frequencywr=wg. The plotted curves are for the states with  results because it is forbidden in the nearest-neighbor tight-
=—2 (dash-dot-dgt n=—1 (dotted, n=0 (solid, n=+1  binding model that we employed in the NI calculations.
(dasheg, andn=+2 (dash-dot The interband dephasing time is It is perhaps surprising that the excitonic results are even
T;=10/wg - qualitatively similar to the NI results whewn:= wg, given

that the terahertz frequency is no longer resonant with the

tonic states, one could increase the shift of at least one dXcCitonic state-energy separations. This result is partially due
those two states. However, in general the terahertz fiel@0 the fact that the static field is large enough such that ex-
would still not be resonant with any other transitions, andcitonic binding energies are less that the WSL energy spac-
shifts for those states would not ||ke|y increase much and ings. In this case terahertz fields can be found that are nearly
some would even decrease. resonant with a number of the excitonic WSL transitions. We

In F|g 9 we present the frequency shifts of the excitonicfind in contrast that the excitonic results for Iarge period
peaks relative to th€ =0 results, as a function of terahertz superlattices, or superlattices in small static electric fields
phasep, for the first few excitonic states. For the peaks thatoften bear little resemblance to the NI results.
split into two, for simplicity we have considered only the
position of the highest peaks. The results are qualitatively
similar to the NI results shown in Fig. 3 except that the
symmetry of the positive and negative states no longer We have presented the results of a calculation of the ab-
exists, and them=0 state experiences a shiftthich it did  sorption spectra of a semiconductor superlattice in an along-
not in the NI case These differences are due to the mixing axis time-dependent electric field. The method used is based
of the NI WSL states via the electron-hole Coulomb interac-upon a form of the SBE’s that employ a basis of noninter-
tion. acting electron and hole WSL states rather than the usual

In Fig. 10 we plot the range of the peak shifts for the k,-state basis. We find that the resulting equations are par-
=-1,0,1 excitonic states as a function of the terahertz freticularly simple when a basis of two-well exciton states are
quency for different values of the dephasing time. Again theemployed in formulation of the solution. The original moti-
behavior is qualitatively similar to the NI results. In particu- vation of this calculation was to try to understand the results
of recent DFWM experiments, where in a mean-field ap-

o/n

IV. CONCLUSION

0.16 proximation the terahertz field can be considered to be gen-
0.14} T 10/, U erated by the Bloch—oscillating car_riers excited by the pump
o 0'12 F=1kviem n=0 pulse. The results presented in this work, however, are also
- of interest in their own right, as it is certainly technically
E 0.10 feasible to apply an external terahertz field to a superlattice.
g 0.08 The calculations presented show that for low enough fre-
<.' 0.06 quencies of the terahertz field, the excitonic absorption peaks
5 0.04 shift with the phase of the terahertz field as if they are re-
g . ; ' g
g 0.02 sponding to the instantaneous terahertz field at optical pulse

center. However, for frequencies near the Bloch oscillation
frequencywg we find that the shifts can be thought of as that
resulting from the frequency mixing between the optical and
terahertz fields. Because this effect relies to a large degree on
FIG. 10. The calculated range of frequency shifts of the exci-the WSL energy spacing being equal to the terahertz photon
tonic absorption peaks as a function of the terahertz field frequencgnergy, the shifts can be quite different when excitonic ef-
for a static electric field oF ;=15 kV/cm, an interband dephasing fects are included than when the Coulomb interaction be-
time of T,=10kwg, and a terahertz field of amplitude  tween the electrons and holes is neglected. Despite this, the
=1 kV/cm. The plotted curves are for the states with—1 (dot-  Same basic effect is found for the excitonic levels as long as
ted), n=0 (solid), andn=+1 (dashed the static electric field is strong enough such that WSL en-

0.0%.
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ergy spacings are greater than the excitonic binding energies.
We also found that, for terahertz frequencies that differ from X(2)=2 C&_a%(z—md). (A1)
0 or wg by more than the inverse of the interband dephasing "
time, there is only a weak shifting of the absorption peaks byt can be shown that, within this one-band model, if the
the terahertz field. superlattice potential has inversion symmetry in trdirec-
As is stands, this work is not directly applicable to tion, the expansion coefficients are given exactly by
DFWM experiment$?2® However, the absorption peak 1 1 [k
shifts calculated in this work agree qualitatively with the  Cf=— exp{i mk,d+ —J dk(ee(k)—sg)H.
experimentally observed peak shifts in the DFWM experi- N.% eFoJo
ments. This suggests that the peak shifts in these experiments (A2)
may be due to frequency mixing of optical and terahertzin the nearest-neighbor tight-binding limit, the above expres-
fields, where the terahertz field is generated by the Blochion reduces to the usual fornG;,=J.(6.), where 6,
oscillating carriers. This is different from the quasistatic pic-=A./(2eF,d).
ture that was originally presented in the above-mentioned Using Eq.(A2) and the corresponding equation fﬁﬁw
papers. However, this does not likely affect the basic resultgye can derive the following relation between the intraband
or conclusions presented in those papers, as the difference #hd interband density matrix elements present here and those
amplitude predicted by the two interpretations is within eX-found in the usuak,-state basis:
perimental error and the phase of the shifts cannot be simply
compared. To more definitively determine the source and fe
nature of the peaks shifts requires a complete calculation of m
the third-order intraband polarization for DFWM experi-
ments. The formalism presented in this work is very well 1 ,
suited to tackling this problem and we are currently pursuing  Pm(K)= N, ; exp |
it. Finally, in this work we have only includedsllike exci- ‘
tons in the calculation. Although many experiments and the- h h
oretical studies indicate that thes excitons are the most —€'(k)+8g)
important component in linear absorptithDFWM,® and
terahertz emissiof, states of higher in-plane motion should Wherene(k;,k) andP(k;,k) are the intraband and interband
be included in future calculations of DFWM spectra, as thesélensity matrices, respectively, in the-space basi$.These
higher-energy states will undoubtedly play a significant role expressions are fully invertible; thus when tie are zero
there is a one-to-one correspondence between the density
ACKNOWLEDGMENTS matrices in the two bases. The primary advantages of the
. o _ _ WSL basis is the transparency of the results, and the ease of
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my attention and Margaret Hawton, Karl Leo, and John Sip&yerage population of all the electron states with the in-plane
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0= 3 ek, ke (A3)
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1 (ke
mk,d— e_Fofo dk(e®(k)— &

] P(k,.k), (A4)

Research Council of Canada. tion relations for the expansion coefficients:
APPENDIX: PROPERTIES OF THE WANNIER-STARK ex e _
LADDER EXPANSION COEFFICIENTS En: Cn Cr+p=9p0: (A5)

In this appendix we present some important relations for -1
the expansion coefficiens;, for the WSL states and some > nce Cﬁ“’:ﬁ[sg_ 85086 (AB)
of the consequences of these relations. n °

In Eqg. (3) we have neglected coupling between differentThese have been used in deriving a number of the equations
minibands via the static electric fielile., Zener tunneling in the theory section, and can easily be verified in the
and given the following expansion of the WSL states for thenearest-neighbor tight-binding limit.
electrons in terms of Wannier states of the lowest conduction Directly analogous relations can also be found for the

miniband: hole states.
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