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Intraband polarization and terahertz emission in biased semiconductor superlattices
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We report theoretical and experimental results for the intraband dynamics of biased semiconductor super-
lattices excited by ultrashort optical pulses. The theoretical model used employs an excitonic basis that in-
cludes ® and all higher-energy in-plane excitonic states. These excitonic states are used to calculate the
intraband polarization and terahertz emission of the superlattice system in response to excitation via an ul-
trashort optical pulse. Our results show that the higher in-plane excitonic states often modify considerably the
terahertz emission relative to the results obtained using axtiton basis, but that under some excitation
conditions a % exciton basis gives accurate results. Good agreement between experimental and theoretical
results is obtained.
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[. INTRODUCTION within the Hartree-FockHF) approximation neglect the cru-
cial electron-hole correlations within an exciton when carried
After the ground-breaking work of Bloch in 192@here  out beyond first order in the optical electric fiefth*~**The
has been a considerable amount of work done on Bloch od2CT theory on the other hand can in principle treat all cor-
cillations (BO's). As discussed by James and co-workefs relations exactly to any desired order in the optical field. It
the energy levels of electrons in a periodic potential of periodqas been employed to calculate the mtraband, polarization of
. o . coupled-double quantum wells and BSSLs to second
d in the presence of a constant electric fi€ldre given by

: . order?729:30
Eo+meFd whereE, is a reference energg,is the modulus Most authors using either SBE’s or DCT employ a free

of the charge on an electron, antis an integer. The energy gjectron-hole basis to calculate the coherent dynamics. Such
levels form the so-called Wannier-Stark ladd#/SL) and  a basis, however, is not often favorable to the numerical
the eigenstates are localized if Zener tunnélisgneglected.  calculation of the BSSL system where the electron-hole Cou-
BO's result from wave packets formed from the superposidomb interaction plays an important role as the basis size
tion of WSL states. The energy spacing of the WBE(d, is  required is usually very large. Furthermore, it is essentially
usually written in terms of Bloch frequencyg as eFd  due to the use of the free electron and hole basis that the
crucial correlation between the electron and hole within an
xciton is not treated correctly by the SBE’s in the Hartree-
ock approximation. Hadest al.?! by including phonons in

: . Their model, have mitigated the problem introduced via the
early 1970s.The WSL was first detected by Mendetzal.in - oo Fock approximation. However, this problem is com-

a biased semiconductor superlatti@&SSL) via photocurrent  pjately removed by employing an exciton basis and using
and photoluminescence measuremétire recently, much  DCT theory. This is the approach used in the present work.
interest has shifted from the characterization of the WSLThis formalism has been successfully applied to the calcula-
stationary states to the observation the coherent dynamics 6bn of coherent dynamics up to infinite order in the optical
carriers excited via ultrashort optical pulses. The most comfield 2”33
mon experimental techniques for observing coherent dynam- In previous publications, we have restricted the basis used
ics in a BSSL are four-wave mixing techniques and the direcin dynamics calculations to include onlys Excitons?”30:31
detection of the terahertz field generated by the oscillating’he justification for this reduced basis is twofold. First, for
electronic wave packefs!! excitation via optical energies below the zeroth heavy-hole
On the theoretical side, there have been a relatively largés exciton transition energyj w,, the absorption is domi-
number of approaches employed to calculate the coheremfated by & excitons. Second, using the usual methods, the
dynamics in BSSL's. Among these formalisms, the mostcalculation of bound and unbound excitonic states in a BSSL
common approaches are those based on the semiconductercomputationally very time consuming. Although much of
Bloch equationgSBE’s),*?7*® and various forms of the dy- the physics can be understood without the higher continuum
namics controlled truncatiofDCT) theory*’~2° The SBE’s  states, these states have been shown to be important in de-
have been used successfully to describe a wide range of exeribing the full absorption spectrum including the Fano
perimental results, including the ac Stark effect, Rabi osciltesonance® As we shall show here, these states can also
lations, and terahertz emissiéh®#?In principle, the SBE’s  play a role in the nonlinear coherent response of a BSSL.
are a nonperturbative method and can treat the optical field In this work, we first present a method to calculate both
in infinite order. However, it has been shown that the SBE'she bound and unbound excitonic states in a BSSL. The

EfL(UB .
The recent intensive interest in BO’s and the WSL begarﬁ
after the proposal of the superlattice by Esaki and Tsu i
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method is essentially an extension of the method that Digtonic states of a BSSL. This means that we calculate only the

nam and Sip& developed to calculate theskexciton states states with in-planes symmetry and with a center-of-mass

of a BSSL. In order to verify the validity of the method, the wave vectorK that is zero. For a type-l superlattice, the

calculated excitonic states are first employed to calculate thenvelope-function Hamiltonian in the presence of a static

linear absorption spectra of BSSL's. The method is very efelectric field may be written &%

ficient, typically requiring less than 800 basis states. There

are a number of other authors who have presented accurate Ho(rZe.2n) =Hq(,Ze,2p) + U%(z) + U"(z,) +€Fz

methods for the calculation of the absorption spectra of 21

BSSL's. Some of these methdfislo not explicitly calculate whereH;, which contains the kinetic and Coulomb energy

the electronic states of the system, while otfer§ employ  terms. is given by

very large numbers of noninteracting basis states typically ’

from 5x10° to 1¢°. Both of these factors can become a K2 19 9\ K29 1 9

serious limitation in the calculation of the nonlinear coherent H{(r,ze,z,) = (rﬁ)

dynamics in these systems. It is because we wish to use our

basis to calculate the intraband dynamics of BSSL's that we

employ the excitonic basis presented in this work. =~ % = % _ _ 2.2
Using the full excitonic basis that includes bots and 2 9zn my, 020 er?+22

higher in-plane excitonic stat€sllES), we find that the in-

traband polarization and the terahertz emission can b

strongly affected by the HIES of the BSSL system. In par- | hol J | h
ticular, we find that the HIES can significantly influence the €'ectron-hole separation in they (transversg plane. The

dc component, amplitude and phase of the intraband p0|a}§yer-depende[1§, transverse, reEilllced*eﬁecfllle mass is de-
ization and the phase and amplitude of the terahertz radiatiof’ed By~ #~ (ze,zn) =mg(ze) ~+my(zy) "7, where
relative to a B-exciton model. Calculations with the full ™Maj(Ze) [MA(z1)] is the transverse electrghole) mass. The
excitonic basis also show that the previous 1s-exciton-basd@yer-dependent effective mass for the electifunie) in thez
model for dynamics calculation gives accurate results for exdirection is denoted byng(ze) [mr(z,)]. The average di-
citation where the exciting laser energy is well below theelectric constant of the structure is given &ySince only the
zeroth heavy-hole transition energy. However, when the exoptically accessible-symmetry states will be considered in
citing laser energy approaches and goes above the zerothis work, the angular dependence in the Hamiltonian in Eq.
heavy-hole % exciton transition energyiw,, the previous (2.2 has been omitted. Finally, in Eq2.1), U,(z,) {o
1s-exciton models do not correctly describe the dynamics ofe[€,h]} is the superlattice potential for the electr@role)

2u(Ze,2p) T ar

In Eq. (2.2), ze andz,, denote thez coordinates of the elec-
tron and hole, respectivelg=z.—z,, andr denotes the

the system. and is described by
The theoretically predicted terahertz signal is directly
compared to experiment. Here, we present experimental re- U,(z,)=V 1_2 R(L:z,—jd) 2.3
J 7 ’

sults investigating the THz emission of a BSSL as function

of the exciting laser energy. Although other experim&kHts whereV., is the electron or hole well depth ajds an inte-

have been performed on the terahertz emission from BSSL'S . N . .
this work focuses on the dependence of the terahertz emig-ﬁ(rj' ;I/-vri];tr?lj_nggg{g(el_ d Zgnlzs_% re\/?/thaenrglf if;rt]rfgovr\:igtfhhg;gtutel
sion on the spectral position of the exciting laser pulse, while uantum wells o

simultaneously retaining precise control of the excitation The exciton Hamiltonian of Eq2.1) is invariant under a

conditions during the terahertz experiment. We find gooc%ranslation of the exciton center of mass by a distanaa df

agreement of theory with experiment. wherem is an integef® The translational symmetry in the
The paper is organized as follows. First, a method of ob- SSLs indicat t% t. the exciton envel y fun t)i/ n h
taining the excitonic stationary states of a BSSL system i s Indicates that the exciton envelope Tunction has a
orm similar to the usual Bloch wave function. Thus the

given in Sec. Il A. In Sec. II B, the absorption spectrumis ~ .~ *". % : . .
calculated with the full excitonic basis and compared withpe”.OdICIty in the recipr oca_ll lattice allqws one to write the
exciton envelope function in the Wannier representation;

existing experimental results. In Sec. Il A, we present the
theory used to calculate the intraband polarization and th(;sz(r 2..24)
terahertz emission. In Sec. Il B, we compare the results us-# * '“®’"

ing a full excitonic basis with those using a-&xciton basis. 1 N
In Sec. IllC, we compare our theoretical results for terahertz = = — >, W#(r,ze—md,zh—md)eiszd, (2.9
radiation with our experimental results. Finally, in Sec. IV, a VZ2N+1 m=-N
summary is presented. wherey is the internal quantum number of an excité, is
the exciton center-of-mass wave number in heirection,
Il. STATIONARY EXCITONIC STATES and 2N+ 1 is the number of periods in the superlattice. The

W,(r,ze,z,) are the exciton Wannier functior. The
z-component center-of-mass wave veckor will be set to

In this section, we present a tight-binding approach forzero hereafter due to the negligible momentum of exciting
calculating all the optically active bound and unbound exci-photons.

A. Theory
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The problem is now reduced to calculating the excitonm=n=1 along-axis states, which we now denote simply by
Wannier functionW,(r,z.,z,). We expand th&V,,(r,z.,zp) f4(z,) for ce{e,h}.
in a basis composed of the eigenstates of various two-well The g,(r) satisfies the eigenvalue equation
Hamiltonians®® A two-well HamiltonianH™" is a Hamil-
tonian for aninteractingelectron and hole where the electron )
is in a well centered at.= jd and the hole at,=0. Thejth —h d | d _
two-well Hamiltonian is given by 2u Tl Tar 9k(r) =Eigi(r), (2.8
HjTW(Ze-Zhxr):H6+Ve[1_R(L;Ze_jd)] — . )
whereu is the appropriate average a{z.,z,). To quantize

+Vi[1-R(L;zp)], (2.5 the energies, we impose the boundary conditgfR)=0,
. ) ) whereR is a large radius to be defined later. Thus, the solu-
whereH, is defined in Eq(2.2). tions are Bessel functions of the first kind of order 0,

In the previous work® where only the $ excitons were
considered, the eigenstates of the two-well Hamiltonian were
solved variationally through astlike variational wave func- gk(r)=N,Jo(kr), (2.9
tion. In this work, however, all thessymmetry excitonic
states in the plane are calculated. Therefore, apart from the o .
first indexj for describing the electron-hole separation of theWhere theNy are normalization constants given by
given two-well HamiltonianH", a second inde)g is re-
quired to label the different eigenstatestéf . The quan- 2
tum numberp describes the §, 2s, 3s, ... (up to the con- Nk:m'
tinuum) s-symmetry states of in-plane motion. We define the 1
eigenstates of the two-well HamiltonianH/" by

®;p(r.2ze,2y). We solve for the two-well eigenstates by ex- and the energies are given &}=7%2k?/2u. The boundary
panding them in an appropriate basis. We begin by rewritingondition g,(R) =0 yields Jo(kR) =0, which determines.

(2.10

the two-well Hamiltonian, Eq(2.5), as follows: The choice ofR in actual calculations is dictated by a bal-
ance between achieving very accurate energies and wave

Tw_ %% 19/ 9 29 1 09 fu_n_ctions for the Iovv_-energy statesg,zs, cen )_while still .
Hj ™= m ror rﬁ T E m_* 0_Ze giving a_ccurate density of stat_es at high energies ar_1d keeping

ez the basis at a manageable size. In practice, we findRhat

22 9 1 9 =40a, gives very accurate exciton states up to tlsestate

+V[1- R(L;ze—jd)]] +[ S e o and yields converged results for both absorption and polar-

2 0z myy, 9Zn ization calculations for the excitation energies of intefést.

Herea, is the exciton Bohr radius which is roughly 15 nm
for GaAs. Now, with the basis states in H&.7), the eigen-
eJr<+z states of the two-well HamiltoniafEg. (2.5 or (2.6)] are
expanded as

eZ
+Vh[1_R(L,Zh)]} -

2
. e
=H+HL+H- ———. 2.6
A N

D1 2e,20) =2 AN o(ze—jd) F(20)Jo(kr),
For simplicity we neglect the field dependence of the two- K
well potentials in Eq.(2.6). This approximation can be (2.1
shown to be a good one as long as the width of quantum well

is not too shallow and the applied dc field is not too large.where Al? are the expansion coefficients. The coefficients
For the system consllder'ed in this paper, 'the f_leld dependen%ﬁ(ﬁl and hence the eigenstates,(r,z,,z,), are determined
of the two-well Hamiltonian hgs a negl_|g|ble influertte. by diagonalizing the two-well Hamiltonian in Eq2.6) in
The basis used to determine the elgen_stateos of the WQpjs orthogonal basis. For convergence, the numbdp(@r)
well Ham|l_ton|an are the eigenstatestof+ HL+H,, which (k state$ required for a givenj needs to be 400 foR
can be written as =40a,. The most computationally intensive part of this cal-
culation is the evaluation of the Coulomb matrix elements. In
d(r,ze—jd,zy)=fg(ze—jd)fh(zn)ak(r), (2.7 Appendix A, we present a very efficient way to evaluate
these matrix elements.
wheref(ze—jd) (fj(zp)) is themth (nth) eigenstate of the  Once the eigenstatds; 4(r,z,,z,) of the two-well Hamil-
HamiltonianH. (Hﬂ) andg(r) is thekth eigenstate oH, tonian have been calculated, the eigenstates of the BSSL can
which is independent of As has been shown previoud, be obtained by expanding the exciton Wannier functions in
when the well width is about 10 nm or le@ghich is the case the basis of these two-well eigenstates. Thus the general ex-
for the BSSL's considered herewve need only include the citon envelope function in Eq2.4) is written as
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(12e,2p)= ———= 2,
VulliZe 20) = 20T 2
l N

N M
_ CcH
mmzm—z Z1

X®4(r,2—jd—md,z,—md), (2.12

W, (r,ze—md,z,—md)

PHYSICAL REVIEW B 69, 165310(2004

Explicit expressions fork(lo)”ﬁ are given in Appendix B.
The two-well eigenstate®4(r,z.,z,) are not orthogonal.
Therefore, it is necessary to solve the generalized eigenvalue
equations as in Eq(2.13 to obtain the expansion coeffi-
cientsCfj.

It is worth pointing out a number of features of our ap-
proach. First, for a given structure, the two-well eigenstates
need only be calculated once. They can then be used for any

where C/"ﬁ are expans|on coefficients amd is the h|ghest dc field Strength of interest. Second the final basis used in
in-plane state included in the calculation. It is important toEds- (2.12 and (2.13 is of size M(2N+1)=60x13—60

note that although the number loktates needed to expand a X 31.
two-well state is 400, the number of in-plane excitonic
states,M, for a givenj, needed in Eq(2.12 is much less

B. Absorption

than this. Typically, we find thak =60 is enough for con- In this section, we use our excitonic states to calculate the

vergence. The required number of quantum well$;+21, is
13-31, depending on the applied field strength.

Using the exciton envelope functions,(r,z.,z,) in Eq.
(2.12, the eigenvalue equation is

N M
> X (Hoifcl=E, 2 E croff, (213

j=—N g=1

where

N
(o= 2 (®[iHol®],) (214
and
N
ijﬁzm;N (DD D%, (2.15

where the ket®[?) is defined by

(r.ze,zp|®fp) =Dj4(r,ze—jd—md,z;—md).  (2.16

absorption spectra of a BSSL for different static electric
fields and compare to experimental results. The field-
dependent excitonic absorption per unit volunagw), is
given by

2 2
a(0)=3 waﬁ[@—ﬁw], 217
n wmgn’c

where ¢ is the electric-field polarization vectop,, is the
momentum matrix element between the bulk conduction-
band and valence-band Bloch states at the band edyggs,
the free electron masg, is the refractive index of the me-
dium, ande,, is the absorption strength givenBy

2

aH=§UdeM(r=0,z,z) (2.18

The system we investigate here is a GaAg/$d, As
superlattice with well width of 6.7 nm and barrier width of
1.7 nm. The physical parameters used are given in Ref. 43.
We begin by examining the influence of the HIES on the

1.0 il

FIG. 1. The calculated absorp-

i hh, (a) Upto 1s (b) Up to 10s
0.8 hh hh.
0.6
0.4/
0.2
00!
1.0f I ]

(c) Up to 20s ]

Absorption (arb. units)

tion spectra of the 67/17 superlat-

(d) Up to 60s tice under a bias of 15 kV/cm with

the inclusion of a different number
of higher in-plane excitonic states,
as indicated.

1560 1572 1584 1596 1560 1572

Photon Energy (meV)

1584 1596
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2 0.0 e (b) F=9.1 kV/cm FIG. 2. The comparison of the
& %= . . . . . . . . . . ] calculated absorption  spectra
g 1.0 " hh " Ih ' Sl ' " hh ' T (dashed lingwith the experimen-
'-g_ ’ o tal spectra(solid line) of Holfeld
5 0.8 1+ . et al. (Ref. 44 for the 67/17 su-
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absorption spectrum fdf =15 kV/cm. Four optical absorp- Peaks in the experiments are not seen in the calculations. For
tion spectra with the inclusion of different number of HIES example, the light-hole peaks at 1.569 eV in Fitn)21.587

are shown in Fig. 1. As is discussed in Appendix C, we careV in Fig. Ab), and 1.581 eV in Fig. @), respectively, are
label the & states by an excitonic WSL indax such that not seen in the theoretical simulations. The obvious discrep-
the intraband dipole of the state is given approximately byancy in the main peak position in tfe=0 kV/cm case in
end The peaks associated with heavy-hole excitons with exFig. 2@ may due to the light-hole and heavy-hole mixing
citonic WSL indexn are labeled by hhin the figure. In Fig.  that is not included in our simulation.

1(a), only 1s excitons are included in the basis. In Figs. The agreement of the absorption spectra with the calcu-
1(b—d), HIES up to 18, 20s, and 6@, respectively, are lated results indicates that the calculated excitonic eigen-
included. Not surprisingly, the absorption spectra are greatlgtates form a very good basis for dynamic calculations. In the
affected by the HIES, especially fdro>1570 meV. We following section, this full excitonic basis is employed in the
find that convergence is reached fon<1650 meV when calculation of the coherent intraband response of the BSSL
M =60 andN = 6. We also note that the results obtained withSystem to ultrashort optical pulse excitation.

R=30a, and R=40a, are identical over this frequency

range, indicating that a radius &=40a, is sufficient. An

intuitive schematic way that explains the convergence of 1. DYNAMICS
both absorption and dynamics calculations is discussed in A Theor
Appendix C. ' y

Figure 2 shows the comparison of the converged absorp- To calculate the intraband polarization and terahertz emis-
tion spectra under various applied external dc electric-fielgsion from a BSSL system excited by an ultrashort optical
strengths along with the corresponding experimental resultgulse, the dynamic equations to second order in the optical
of Holfeld et al,** who measured the transmission spectra offield are required. The dynamic equations employed in this
a GaAs/Gg Al -As (6.7/1.7 nm superlattice with a halogen work are similar to those we have presented in previous
lamp at a temperature of 10 K. In the figure, tenotes the work®”*® except that a full excitonic basis is employed,
light-hole absorption peaks. The experimental spectra wereather than just thestexciton states. Consequently, the num-
corrected for the spectral response of the system and spectiegr of differential equations is at least three orders of mag-
modulations due to Fabry-Perot interferences. In the calcularitude larger than thesktexciton case. This considerably in-
tion, a full width at half maximun{FWHM) of 2.5 meV has creases the calculation burden and requires an efficient basis.
been used. The calculated results have been scaled such thatBecause we want the polarization to second order in the
the dominant peak is of the same height as the correspondirgptical field, exciton-exciton interactions and phase-space
experimental peak. The agreement is in general very goodilling effects can rigorously be neglectédThe Hamiltonian
with the calculations reproducing the peak energies and thef the superlattice excitons in the presence of dc, ac, and
clear signatures of the Fano resonances arising from the mixeptical (OP) electric fields is thus given by
ing of the 1s excitonic states and the continuum states of
lower WSL states? The main differences are due to the
neglect of the light holes in our calculations. Thus some H(t)=Hg+H,(t) +Hgp(t), (3.0

165310-5
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whereH, is the exciton-envelope-function Hamiltonian as  g(g'p )
defined in Eq.(2.1) and its second quantized form is given ih#:

by

ih +
EM,—E#—r (BIB,
e
+Eopdt)-[M}(B,1) =M, (B])]
Ho=> E,B.B,, (3.2
’ +Eac(t) 2 [G.(BIB,) ~G,(B,B)],
whereBL (B,) is the creatiortannihilatior) operator for the

exciton in state¢,) with internal quantum numbes and (3.10

energyE,, . The term where Ty, is the interband dephasing time, aig,, is

defined such thafl ,,,=T,; (excitonic population decay
=_ .P. K

Hacl)=~VEacl)-Pinira B3 time) if u=p’, and T, =Toinia it w*u’, Where T,
is the interaction Hamiltonian between the terahertz ac fields the intraband dephasing time. To focus on the influence of

Eac(t) and the excitons, wher .., is the intraband polar- the HIES, the external terahertz ac fidid(t) is not in-
ization operator defined by cluded in this work. The optical field considered here is an

ultrashort Gaussian optical pulse {5 fs FWHM) with cen-
1 tral frequencyw. and durationr,, which takes the form
Pinra=y > G,.BlB, . (3.4) o
! Eopt=Aoe™ /™ e o+ c.c. (3.12)

In this expressionG,, 'is the intraband dipole,matrix gle— By solving a system of equations given by E¢8.9) and
ment between two excitonic stateg”) and|¢* ), and is (3,10, the time-dependent reduced density matrix elements
given by (BLBM,> are obtained. These are then used to calculate the
. intraband polarization as given by the expectation value of
Gup = (¥*|—e(ze—z)|y* ). (3.5  Eq.(3.4). We can calculate the terahertz field by taking the
second derivative of intraband polarization with respect to
time. The issue of the number of HIES to achieve conver-
gence in dynamics calculations is discussed in Appendix C.

Finally, the last term irH (t) is

Hop(t)E_VEop(t)'Pinten (3.6

which is the interaction Hamiltonian between the optical B. Theoretical results
field Eqp(t) and the excitons, wherg,, is the interband

—op ) In this section we present the calculated intraband dynam-
polarization operator defined by

ics. The superlattice that was introduced in Sec. 11 B is used
1 for dynamics calculations in this section. The external dc
— T * electric field is taken to be 12.5 kV/cm. The FWHM of the
P”“er_v % [M,B+ MBI S laser pulse is 75 fs. The dephasing time constants for the
interband and intraband polarizations are taken, respectively,
The interband dipole matrix element of theth excitonic  to be 0.33 ps and 0.5 ps. The population decay con3taist
state is given by taken to be infinite as it is expected to be much longer than
the dephasing times. As already mentioned in the preceding
section, converged results can be obtained for the inclusion
of the HIES up to 60 s. Therefore, all the dynamics calcula-

) ) ) ) tions below are made by including all the in-plane states up
whereM is the bulk interband dipole matrix element ad g 60 s.

is the transverse area. The derivations of the general forms of |, Fig. 3, we present the intraband polarization, calculated
the interband and the intraband dipole matrix elements argjith the 1s exciton basis and with the full excitonic basis for
given in Ref. 30. The explicit forms of the interband and jifferent laser energies given yw.=fwy+ Ofiwg, where
intraband dipole matrix elements are presented in Appendiy— —2.7-1.1,1.4,2.3. We choose thegevalues to allow
D. ) o . ) direct comparison with the experimental results in Sec. C.

_From the exciton Hamiltonian, it is straightforward to ob- The polarization is normalized to the exciton population in
tain the dynamic equations from the Heisenberg equation ofj that follows, and so is effectively the polarization per
motion. To second order in the optical field, these equationgyciton. We begin with a discussion of the results calculated
aré with the 1s basis. In this case, whef<0 (#>0), the exci-

tons created have WSL indices<0 (n>0). Thus, they
d(B]) (
o

M#=Mo\/ﬂf dzy**(z,2,0), (3.8

i% N have permanent intraband dipole moments that are positive
dt (negative. Therefore, a9 is increased from-2.7 to 2.3, the

dc component of the intraband dipole moment changes from

FE.(1)-> G (B, 39 positive to negative, as seen in Fig. 3. In addition, as has
ac(t §|: (B 39 been discussed in previous wofR€® when 6<0, a Gauss-

)<BL> +Eqpi()- M7,

2inter
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ian optical pulse creates a wave packet with a centroid thatllES along with then<0 1s states dominate the intraband
initially moves in the—z direction, thereby resulting in an polarization for9>0. As is seen in Figs.(8) and 3d), the
intraband polarization that oscillates roughly as sj). net result is that there is no change in the sign of the dc
Conversely, wher§<<0, the resulting intraband polarization component of the polarization or in the phase of the oscilla-
phase differs byr and oscillates roughly as sin(wgt). This  tions when# becomes positive. Thus, for lasers in this fre-
feature is also exhibited in Fig. 3, where the phase change iguency range, there is a large difference between thant
the oscillations is observed to occur negs 0. full calculations. The above physical picture also explains
We now consider the results obtained when the HIES argéhe large decrease in oscillation amplitude when the HIES
included (full calculation. When <0, both the & states are included; because the polarization from the HIESris
and all of the HIES that are optically created have WSLout of phase with the 4 exciton polarization in this case, the
indices n that are less than zero. Thus, we expect the dewo contributions destructively interfere, resulting in a small
component and phase of the oscillations to be similar to thatet polarization amplitude. Finally, ttoecreaseén the oscil-
found in the B calculation. Therefore, in Fig. 3, we see that lation frequency when the HIES are included arises because
for #=—2.7,—1.1, the intraband polarization is not greatly the energy separation betwees WSL excitonic states is
affected by the HIES. The main differences between the 1 greaterthan that of the more weakly bound HIES when
and full calculations are an increase in the dc component of-0.2’ This yields a BO frequency for the HIES that is lower
the polarization and a small increase in the oscillation frethan that of the & excitons. The net result of the HIES is to
quency for the full calculation. The increase in dc componengive a slight decrease in the BO frequency, as observed in
is due to the fact that the HIES created by the optical pulserig. 3(d) [or Fig. 4d)].
will have a WSL indexn, which is larger in magnitude than By taking the second derivative of the intraband polariza-
that for the I excitons(see Fig. 6 in Appendix { thereby  tion with respect to time, one can obtain the far-field tera-
leading to an increased permanent dipole moment. The irkertz emission signals. The terahertz signals in Fig. 4 corre-
crease in the oscillation frequency arises because the energgond to the intraband polarizations in Fig. 3 under the same
separation betweensIWSL excitonic states is less than that laser excitation conditions. Again, the results are normalized
of the more weakly bound HIES when<0.?” Thus, the BO  to population density. We note that any change in the dc
frequency of the HIES is higher than that of the dxcitons.  component in the intraband polarizations due to the HIES
The net result of the HIES is to give a slight increase in thedoes not affect the terahertz signals appreciably. As can be
BO frequency, as observed. seen in Figs. @) and 4b), the terahertz signals calculated by
Now, as @ is increased, the laser will excite more and 1s-exciton and full excitonic basis are essentially the same
more HIES(see Fig. 6 in Appendix £ If 6>0, then al- when the exciting laser energy is well beldw, (6<0).
though many % excitons withn>0 will be created, most of This is, however, not true when the laser energy is above
the HIES created will still have<<0. Therefore, the portion #fwg. In particular for the#=2.3 case, both phase and am-
of the intraband polarization due to the HIES will have a dcplitude of the terahertz signals obtained using the different
component and a phase that is the negative of that due to thasis are very different. The reasons for these changes are
1s states. This results in a canceling-out of the effects of thexplained above in the discussion of the intraband polariza-
n>0 1s excitonic states by the HIES. It turns out that thetion. Thus, for the terahertz emission calculations where the
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exciting laser energy is beloww,, the model based on the standard Ti:sapphire laser system providing pulses at a rep-
full excitonic basis can be replaced by the-éxciton model etition rate of 80 MHz. The setup was purged with nitrogen
as has been done in a number of recent pagefsThis is  to prevent absorption by water vapor. The sample, tilted by
important, as the method based aneicitons is at least f0  an angle of 50° relative to the exciting beam, was held in a
times more efficient. However, for the terahertz emission calcryostat aff =10 K. With a spot diameter of about 6Qm
culations with laser energy approaching and abbug, a  (FWHM), the excitation density was below 46m~2 and
full egci;onic basis would be required for a more realistic kept constant for all measurements by ensuring a constant
description. photocurrent across the sample.

The central energy of the exciting pump pulse with a con-

C. Experimental results stant spectral width of 25 mefFWHM) was shifted through

Zthe WSL spectrum for a constant internal field 6f

emission from a GaAs/ALGa,-As (6.7/1.7 nm superlat- 12.5 kV/cm. To monitor the excitatior_1 cgnditions, for each
tice. To apply an electric field, a semitransparent Cr/AyEXperiment, we 'measured the transmission spectrum of the
Schottky contact was evaporated on top of the structure. ORUMP beam, which was reflected off the terahertz beam path
the substrate side an ohmic contact was formed by evaporé‘t’y a pellicle beamsplitter. Figure 5 shows the terahertz tran-
ing and annealing a ZnAu alloy film. The substrate was parsients measured for different spectral positions of the pump
tially removed by wet etching to allow for measuring in laser with6=—2.7,-1.1,1.4,2.3. From experiment, the ex-
transmission geometry. The emitted terahertz was detecte®ft zero-time delay cannot be determined. Therefore, the
with the help of the free-space electro-optieO) sampling traces were shifted manually to an artificial 0. In general,
technique, introduced by Wu and ZhaHdrhe emitted tera- theory(Fig. 4 and experiment compare well. The main dif-
hertz radiation was collected and imaged by two pairs oference is visible in the amplitude of the first cycle which is
off-axis parabolic mirrors. The first pair produces a terahertzmaller in experiment in all cases. The source of the discrep-
focus at which position a chopper wheel was placed, moduancy is probably due to the limited bandwidth of the detector.
lating the terahertz signal, to support detection by a lock-int is well known that the creation of polarized electron-hole
amplifier. The second pair of parabolic mirrors focused thepairs via the excitation by a short laser pulse will lead to a
terahertz radiation onto a 2g@m thick, (110 ZnTe crystal  broadband, single-cycle, terahertz emissibithis mecha-
used as EO detector. The birefringence induced in the ZnTeism contributes to the first cycle of the signal. Since the
crystal by the terahertz electric field was sampled by a gatdetection cuts off all frequency components higher than 4
pulse copropagating along the terahertz beam path. The pdHz, it will lead to a decreased amplitude.

larization change of the gate beam is then analyzed by a As predicted from theorysolid lines in Fig. 4, the am-
shot-noise limited detection schefffeThe detected terahertz plitude of the signal stays almost the same when we move
signal was corrected by the response function of the ZnTérom 6=—2.7 to 6=—1.1, but it decreases strongly when
detector according to Leitenstorfet al*® Since the detector we move tod=1.4 or §=2.3. The decrease in amplitude is
has a sharp cutoff at around 4 THz, all higher frequenciesomewhat larger in theory, which could be due to the larger
were omitted. Pump and gate beam were retrieved from ascillator strength of the direct WSL transition=0) pre-

We now turn to our experimental results for the terahert
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dicted by our mode{Fig. 2). Second, as predicted by theory, plan to use this basis to calculate degenerate four-wave mix-
there is no phase shift observed in experiment when the lasérg and nonlinear Bloch oscillations.
energy passes the WSL center. As discussed above, this
shows, that for excitation witld>0, the wave packet of the ACKNOWLEDGMENTS
HIES associated with bound excitonic states with negative .
WSL index dominates the intraband dynamics by overcom- We would like to thank Margaret Hawton for valuable
pensating the intraband dipole of the wave packet compose@iScussions. This work was supported in part by PREA and
of all excitonic states witm>0, inducing the clear discrep- the Natural Sciences and Engineering Research Council of
ancy with the B exciton model. Martiniet al®® already Canada. We also acknqwledge the financial support by Deut-
found in their work an indication of the importance of the Sche Forschungsgemeinsché@rants Nos. Ko 686/6, Le
excitonic in-plane continuum states on the intraband dynam747/11' and the Leibniz Preis
ics of BSSL's. However, the results of this work directly
prove that the HIES can play a decisive role. APPENDIX A: IN-PLANE COULOMB MATRIX

ELEMENTS

In the calculation of the matrix elements of the two-well
Hamiltonian of Eq(2.6) in the basis of Eq(2.11), the evalu-
We have presented theoretical and experimental resul@tion of the kinetic energy is trivial, as tigg(r) are eigen-
for the terahertz emission of biased semiconductor superlastates of the in-plane kinetic portion of the two-well Hamil-
tices excited by ultrashort optical pulses. The theoreticatonian. However, the calculation of Coulomb matrix
model employed an efficient excitonic basis to calculate thelements can be time consuming. Thus it is worth the effort
intraband polarization and terahertz field. We found goodo use as efficient a method as possible.
agreement between the theoretical and experimental results With the usual assumption thgi(r) varies slowly over a
regarding the dependence of the terahertz phase and amplinit cell, the Coulomb contribution due to in-plane motion,
tude on the central laser frequency. We have shown that th€y , takes the form
inclusion of excitonic states with high in-plane energy can
considerably influence the dc component, amplitude, and the * * R
phase of the intraband polarization and hence the terahertz Vkk'= jﬁxdzefg(ze) fﬁwdzhfﬁ(zh)fo dr-rgk(r)gi(r)
emission of the BSSL system. The effect of HIES is espe-

IV. CONCLUSIONS

cially large when the exciting laser energy is close to or —e?
above the zeroth heavy-hole transition enefgy,. How- XN —F=——=]- (A1)
y oo N

ever, when the laser energy is well beldw,, the 1s model
gives similar results for terahertz emission to those obtainngSing Eq.(2.9) and the following integral representatioh:
by the full excitonic basis.

One of the key advantages of our theoretical approach is 1 2w
the efficiency of the basis, which makes it possible to con- = _f da cog az)Ky(ar) (A2)
sider higher-order nonlinearities. Thus, in future work we re+z= mJo
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gives

@)= [ dztdz i+ maltiz-ia)

Vi =N | da[ | [ azaztizatic .
Xf dz,f(zn—md)fr(zy) D7, (BS)
. _
xcosfla(ze—zh)]J' drrdo(kr)Jo(k'r)Ko(ar) ;.
0 where
(A3)
The integrals over, [ o e (e,h)] are analytic and thus pose D-”-‘ﬁzz Al@plB (B6)
no computational difficulty. There is, however, no closed- g TR Tk
form solution to the integral over, and these integrals are
computationally expensive. However, there is an analyticahng the relation
expression in the limit oR— . Thus for largeR,
R ! j—
J' drr\]o(kr)Jo(k,r)Ko(ar) Nkalf rero(kr)Jo(k r)—&kyk/ (B?)
0
* , has been used.
= fo drrdo(kr)Jo(k'r)Ko(ar) The other matrix elements in E¢B3) are given, respec-

tively, as
= (k*+ a*+ k= 2k%k' 2+ 2k2a?+ 222k’ %) 12

(Ad)  (DM]A[(Ze,2,)|D%)

Now let us index the in-plane wave numbérandk’, with nd+L/2
integersi and j, respectively, with the ground state corre- :—Dﬁﬁ(ve _ J dze
sponding toi=0. We then find that for wave numbeks N7l Jnd-Lz

=k; andk’=k; where|i —j|>30, the approximation of Eq. X f o[ Ze— (i +m)d]fo(zo—jd)

(A4) is very accurate. However, for— j|<30, the approxi-

mation does not provide accurate results and the integral in % f ” _ n j ”

Eq. (A3) must be solved numerically. By using the above _dafn(zn = mdTn(zy) Vi 0%
approximation, 90% of calculation burden of Coulomb ma-

trix elements can be reduced. X ze—(i+m)d]fe(ze—jd)
nd+L/2
APPENDIX B: MATRIX REPRESENTATION X fnd_uz dzhfh(zh_md)fh(zh)} (B8)

OF THE FULL HAMILTONIAN

We write the SL Hamiltonian in terms of the two-well and
Hamiltonian as follows:

Ho<ze,zh,r>=H,-TW<ze,zh.r)+A,-<ze.zh)+eF<ze—zh(). ) eFY (D1 2¢| %) — (B2, D))
Bl m
where the lattice potential is given by =Dﬁ'g{eFJw Q2o (Ml 2o )
Ai(zo,2h)=—V R(L;z.—nd)—V R(L;z,—nd). » o )
i(Ze.20) en; (Lizemnd)=Vy 2, R(Liza=nd) xf dzhfh(zh—md)fh(zh)f dzof [ ze— (i +m)d]
(B2) - -
Thus the matrix elements can be written as % fe(Ze_J'd)fw thfh(Zh—md)thh(Zh)}- (B9)

(Ho) P =2 [( PP ES +(PLIA)(2e,20)|]p) (B _ . | .
m The important thing to note is that all of the matrix ele-

ments are analytic. In particular, due to our in-plane basis
+eF({(®" |ze|q> > (om |zh|q> > (B4) choice, the in-plane integrals simply reduce to the same
D{#= = ACA}P which can be calculated once and tabulated.
whereE]TgN is the two-well eigenenergy. The first matrix el- Thus once the two-well states have been calculated, the cal-
ement in Eq(B3) is culation of the BSSL eigenstates is very efficient.
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APPENDIX C: CONVERGENCE IN ABSORPTION
AND DYNAMICS CALCULATIONS

In studying the effect of the HIES on the intraband dy-
namics of the BSSL system, it is helpful to have a descrip-

tion of the nature of the excitonic states in a BSSL. This g
allows us to determine how many HIES are required to - il
achieve convergence in both absorption and dynamics calcu- o -

lations. The dependence of the intraband polarization on the =
number of HIES and the number of wellsNZ 1) to be ;
included can be understood via reference to Fig. 6. First, we
introduce a convenient way of labeling the excitonic states.
When the ¥ exciton basis is used, excitonic states are de-
scribed by the index=...,—1,0,1,2... which is called

the 1s excitonic WSL index. For these states, the intraband
dipoles in thez direction are roughlyned, just like for the
single-particle WSL states with index In Fig. 6, these in-
dicesn correspond to the numbers under different wells. In
the full excitonic basis, each state is labeled witlas in Eq.
(2.12. In an approximate labeling scheme, fhth state can
be loosely referred to asith sssymmetry state with WSL
index n. Of course, this labeling is only an approximation,
since themth s-symmetry two-well states with differefptare
mixed by the superlattice potentidéading, for example, to
Fano resonancgsThe physical picture of labeling states by
m andn will prove very useful in what follows. For simplic-

ity, the laser energy, is assumed 10 b&;= wo+2fiwg For simplicity, the hole is considered localized in the0 well.

for all three cases in Fig. 6. The exciting short-pulse laser spectrum is shown on the right. The

. I_n Fig. 6(a), only 1s excitons are considered. Due to the three figures show schematically the effect of adding HIES to the
limited spectral width of the optical pulse-25 meV), the  o-well basis.

superposition state is formed from only three WSL states

(#=1,2,3) by the exciting laser. Note that in this case theF =0, however, because the exciton states are no longer lo-
index u reduces exactly to theslexcitonic WSL indexn. In  calized as in the finitd= case, we need a total number of
Fig. 6(b), more HIES, e.g., up to 20 s, are included in the2N+1=231 wells for convergence.

diagram. In this case, further addition of the HIES beyond 20

s in the quantum wells indexed Imy=1 would not have any ~ APPENDIX D: INTERBAND AND INTRABAND DIPOLE

effect on the dynamics of the system, because these newly MATRIX ELEMENTS

added states are not in resonance with the laser energy. How- L ) )

ever, inclusion of still higher-energy HIES in other wells _ By substituting the exciton envelope function of Eq.
indexed byn<1 will influence the dynamics because some (2:12 into Eq. (3.8), the interband dipole matrix elements
of these newly added states will fall within the spectral width@'€ Written as

of the exciting laser. In other words, the configuration in Fig.

6(b) still does not lead to a converged result. Finally, in Fig. M ,= MO\/A(2N+1)J dzy** (ze=2,z,=2,r =0)

6(c), the HIES included are more than enough for a con-

verged result. In practice, to obtain a converged result for the N M

FIG. 6. Schematic diagrams for the inclusion of different num-
ber of higher in-plane excitonic states in the dynamics simulation.

system and fields investigated in this work, the highest in- =My > > > CfaNkA{(“J' dzfy(2)fn(z—jd).
plane state should be around 60 s. Note that although HIES j==Na=1 k
greater than 60 s for, say= — 10 will be in resonance, they (D1)

have a negligible absorption strength due to the larg

electron-hole separation, and hence need not be included i
the basis. Another factor that influences the convergence

the number of wells included in the calculation. It is found

that 2N+ 1= 13 wells are enough for the calculations of in-

traband polarization or the terahertz emission for moderate
electric-field strength 15 kV/cm). Further inclusion of e ,

new wells will not change the results because e for =T ONF1 2 CCl;S;DiP, (D2)
states with largg are negligible due to the small overlap aao

between the electron and hole for these two-well states. Fovhere

e calculation of intraband dipole matrix elements is much
ore complicated than in theslexciton case. The explicit
orm intraband dipole matrix element is

G;.L,u’ =<l//u| - e(ze_ Zh)| ¢M’>
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(D3)

can be calculated analytically, and tDéjB are defined in Eq(B6) in Appendix B.
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