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The effects of the Wannier-Stark ladd@VSL) resonance on the optical absorption spectra of strongly
biased superlattices are theoretically investigated. Exciton Fano resofféRcestates in this system are
calculated based on the multichannel scattering theory. When the bias of a static electfiE)fisldpplied
such that a WSL subband state is energetically aligned with its adjacent ones, resulting in an anticrossing with
strong repulsion due to Zener resonance, we obtain the following findingshe onset of exciton absorption
noticeably shifts toward the lower energy side, accompanying the oscillation of the magnitude of the absorp-
tion tail with the change ifF. However, for the anticrossing, this effect is limited to a small localized region
of F. In fact, a slight change iR away from the anticrossing leads to a peculiar suppression of the redshift of
the absorption tail edgéii) The absorption intensities and the positions of the FR states vary in an irregular
manner due to the Zener breakdownFasraverses the anticrossing region. For instances in a certain WSL
state, the oscillator strength is reduced by a large extent only in the anticrossing region, followed by recovery
of the intensity out of this region. Moreover, the changes in Fanolslues with respect t¢ are also
discussed. As described (i) and(ii), these two effects on the exciton spectra are due to the delocalization of
WSL wave functions across several periods that accompany the strong anticrossing.
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I. INTRODUCTION photoluminescence and photocurrent spectrostdffyand

_ the Bloch oscillation was measured by time-resolved four-
Wanniet demonstrated that, on the basis of the singlewave mixing spectroscopy.

band approximation(corresponding to the Kane wave The effects of the Zener breakdown under a relatively
functior? and the Houston wave functi®yp an electron in a  strong bias on the WSL spectra and nonlinear transficet,
crystal(with a spatial period ofl) under a static electric field the Bloch oscillation resulting in negative differential resis-
(F)—termed the Wannier-Stark ladd@SL)—has localized tance (NDR), were later discussed by many authts®
wave functions and discrete energy spectra with equal spa¢iereafter, the resonant Zener tunneling between different en-
ing, expressed a&()g=eFd, where()g represents the Bloch ergetically aligned subbands will be termed as Zener reso-
frequency,’ represents the Planck constant divided by 2 nance or WSL resonance. Delocalized electron states in
and e represents the elementary electric charge.*Zakd  coupled WSL in biased SLs were first observed by photocur-
Avron et al® highlighted the problem underlying this as- rent spectroscopy along with the measurement of the current-
sumption and proved that energy spectra are always continwoltage characteristics by Schneidsral!® They observed
ous and the wave functions are neither localized nor squarehe delocalization of electrons and anticrossing behavior as-
integrable due to an interband mixing effect that is ascribableribable to the nearest- and the second-nearest-neighbor
to the Zener tunnelin§ The problem arising when using the resonant couplings induced by the Zener resonance. The
WSL with the Zener effect was also discussed based on thghird-nearest-neighbor resonant coupling was also measured
semiclassical picturéThus, the Kane approximation and the by electroreflection spectroscopy. Resonant tunneling
existence of equidistant energy spectra can be consideretross a maximum of five barriers was also observed in the
accurate only if the spectral broadening due to the Zeneturrent-voltage characteristié. These interacting WSL
breakdown is much smaller thé@i§)g for a very weak bias of states were confirmed by a two-confined-subband
F. However, the existence of the WSL localization and itsmodel?'-24 Moreover, the transitions into continuum states
relation with the Zener tunneling were still controversial in strongly coupled WSL were also observed by infrared
long afterd-12 spectroscopy? and were theoretically investigated in com-
However, apart from these theoretical predictions, it wagarison with the Kane approximatiéf28 In addition, the
considered difficult to experimentally detect the WSL local-Bloch oscillation damped by the Zener breakdown that was
ization and the related Bloch oscillatifndue to a rather associated with linewidth broadening due to field-induced
short scattering time of the carrier as compared to the temdelocalization was observed using the time-resolved
poral period of 2r/Qg. This issue was resolved with the measuremerf On the other hand, the Zener resonance was
advent of the man-made semiconductor superlatti€ts) studied by the analysis of the photocurrent-voltage character-
by Esaki and Tstf due to a larged of the order of 100 A. In istics and photoluminescence spectroscopy by addressing the
fact, the equidistant WSL energy spectra were measured bgonnection with the electric field domain formati#st and

1098-0121/2005/420)/20532619)/$23.00 205326-1 ©2005 The American Physical Society



K. HINO AND N. TOSHIMA PHYSICAL REVIEW B 71, 205326(2009

through dc and microwave transport experiméftshe co-  tained by following the numerical methods described in Sec.
existence of WSL localization and NDR for electrons wasll A. In Sec. Il D, the FR spectra corresponding to the three
also experimentally demonstrat&dFurthermore, midinfra-  existing result®3841are calculated and compared with the
red electroluminescence from coupled WSL was generategbported spectra in order to demonstrate feasibility and va-
through both intraladder and interladder transitions in theidity of the present method of calculations. The results and
two regions of strong WSL localization and WSL resonancegiscussion are presented in Sec. Ill, where the calculated FR
delocalizatior?* The transition between coherent and i”CO‘spectra are first examined in a general overvieec. Il A);
herent transport in WSL was observed at different bias congis is followed by a more detailed discussion on both the
ditions by hot electron spectroscopyadditionally, the rela- ot of the absorption tail edg&ec. Il B) and the spec-
tion bgtween the Zener tunnellng and W.SL states wag, modulation(Sec. Il © due to the Zener resonance. Sec-
established by a general multiband and multichannel scattefr ||/ is the summary. This paper also includes three ap-
ing theory in a bulk semiconducté. pendices. In Appendix A, as a supplement to Sec. Il A, a

Although an exciton effect was overlooked in most of the ethod for calculating the WSL subband wave functions is

abovementioned studies, this effect is ascertained to be si%troduced based on the basis-splifsspline collocation

nificant in the linear optical transitions of WSI:38 specifi- . . ;
cally for the manifesrt)ation of the Fano resona?*(@é{) method (BSCM)®*°2 and the Sturmian function expansion

spectrd® with characteristic asymmetric profilé%:#2 More- mthod*?3’54Appean|x B, as a supplement to Sec. Il C, ex-
over, the anomalous phenomena of WSL excitonS, for examlnes the.numel’lcal Convgrgence of the WSL energies and
ample, a prolonged lifetime of intraband polarization coherWave functions. In Appendix C, as a supplement to Sec.
ence in the THz radiation and an asymmetric Autler-Towned!! B, @ mathematical formulation of the free spectra is de-
doublet observed by spectrally resolved four-wave mixingveloped for_ a more detailed examination of the redshift of
spectroscopy, are also observed in nonlinear opticaih€ absorption tail edge.
response&3-47 Nevertheless, these studies are limited to The sample of undope@01] SLs employed for the cal-
WSL under a relativelyveakbias, where the Zener break- culations is GaAs/Ga,AlAs of 35/11 monolayergML)
down is negligible and the Kane approximation can be safelyl ML=2.83 A] for the well and barrier thickness witk
applied. To the best of our knowledge, investigations on the0.25; this is similar to the sample used in Ref. 32. The
FR spectra of WSL excitons undersrong bias are quite excitation densities of carriers by optical transitions are as-
limited in numbef849 sumed to be so low that the applied electric field is homoge-
The present paper demonstrates that the Optica| absorpti(ﬂeous throughout the SLS, and the formation of the electric
spectra due to excitonic FR in WSL are strongly modulatedield domairi®3tis neglected. A set of quantum numbers of a
by the alteration of the axial bias applied in the direction of WSL subband state is given bj.=ne(be) [jn=nn(by)],
crystal growth due to the Zener breakdown. When neighborwherebe [b,] andn, [n,] are a miniband index and a WSL
ing WSL subband states are energetically aligned with eacihdex of an electroria holg, respectively. These quantum
other and the concomitant Zener resonance causes strong fa#mbers, based on the Kane representation, will be adopted
pulsion of the concerned subband energies, the followindpereafter for the convenience of designating the quantum
interesting effects can be observdi): The absorption tail ~state, though, in actuality, meaningless for strongly coupled
edge shifts noticeably toward the lower-energy side and th¥VSL. In order to avoid a notational confusion, the label
absorption in the higher-energy regitabove the tajlis re-  Ne [Ny] of je [jn] is sometimes expressed am(be) ['ny(by)].
duced. This phenomenon can be observed in greater deta&imilarly, the notationj=n(be,by), wheren=n,-n, is used
when the magnitude of the absorption tail varies with respecto represent the joint WSL subband state of the electron and
to F in an oscillating manner. Interestingly, this effect occursthe hole. Hereafter, this will be termed as a channel. Atomic
in the vicinity of the anticrossing; hence, it is suppressedunits are used throughout this paper unless stated otherwise.
away from this localized region. The preliminary discussionThe following units are used in this paper: 1 atomic unit is
on the redshift of the absorption tail edge was made in Refequivalent to 0.52918 A for length, 27.2116 eV for energy,
49. (i) Since the WSL subband wave functions are drastiand 5.142208% 1(° kV/cm for electric field. Addition-
cally modified, both the intensity and the position of the FRally, the empirical parameters employed here are listed in
spectral peak are also altered in an irregular mannef as Table | for an electron mass, the Luttinger parameters
traverses the anticrossing region. The Zener resonance alsp(i=1-3, an energy band gaRy and a static dielectric
affects the shapes of the FR spectra represented by Fano’sconstante. m,, ¥, andEg of the alloy Ga_,Al,As are lin-
values. early interpolated as a function of the Al concentration
This paper is organized as follows: Sec. Il presents methbetween the values of GaAs and AlAs. A band offset rule is
ods of calculations. Section Il A briefly discusses the nu-adopted by which 68% of the total band gap difference be-
merical method for solving the multichannel scattering probtween GaAs and GaAl,As is allocated to the conduction
lem of excitons in the coupled WSL as this has already beegubband.
dealt with in detail in the previous pape¥s2® Further, the
method of calculating the bound and continuum subband Il. METHODS OF CALCULATIONS
states of the WSL is also provided. The boundary condition
for the WSL problem is discussed in Sec. Il B. Section 1l C
presents, for subsequent discussion, the energy-fan diagramsFor the system under consideration, a set of coordinates
and the associated wave functions of the subband states ofp,z,z.} is defined, wher@=(|p|, ¢) represents the in-plane

A. Subband states and FR states of the coupled WSL
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TABLE I. Empirical parameters employed in the calculations. respect to a set of adiabatic channel functi{m§} given by

E, is expressed in the unit of eV. the following equation:
GaAs AlAs 1

W ollol. ) = WE ®,,(|pl; QFE (o). (6)
Me 0.0665 0.15 VP w
Y1 6.790 3.790 Here, @, is an eigenfunction of the Schrodinger equation
Yo 1.924 1.230

hyg+ V) ;Q)=U D ;Q), 7
Eq 1.519 2.766 where the in-plane radius of the excitgy] is fixed as an
¢ 12,5 12.5 adiabatic parameter. The eigenvalue Wf represents the

adiabatic potential, which is identical to theh WSL sub-
band energy associated witl at the limit|p| — « [see Eq.
relative vector between an electr@ and a holeh), with ¢ (14]- An open[closed channel is defined as an adiabatic
representing the in-plane angular coordinate, andndz,  channel sEat|_sfy|ngE_> Uu() [E<U,()]. A radial wave
represent the coordinates ot andh, respectively. Here, the functionF_, is provided by the use of thR-matrix propa-

center-of-mass motion of an exciton in the plane of the layegation techniqué? _ N
is removed. Moreover, valence-band mixing is neglected The dipole momenfz,(E) for an interband transition to

and, for simplicity, the contribution of light holegh) is  an FR state in theth open channel at a giveais provided
omitted, so that only the-radial symmetry of the heavy hole by
(hh) exciton is taken into account, unless stated otherwise. 7.(E) = (E) ®)
The effective-mass Hamiltoniald,, for the WSL exciton is Ha Hroktal=)-
expressed as Here, uq represents the dipole moment of an interband tran-
sition of the bulk crystal GaAsu,(E) represents the contri-
Hed(p1Ze,Z0) = — %V’Z) +V(p,Ze— 2) + Nys(Zez), (1)  bution of an exciton envelope function fo,(E):

] N
whereV is the Coulomb potential between them, expressed w,(E) = > W,L[|P|_l/2':,Em(|P|)]\p\:o: 9
as m

1 where
—— )
e\p“+(Ze—z)

In addition, h, represents the Hamiltonian of the WSL for a
combined subband af andh, and is defined as

V(p,ze=2)) =~
w, = f d4®,(0;M)]=z =, (10)

andN represents the total number of channels included. The

Nsl(ZenZr) = > hwgl(zk)_ (3) conce_rned photoabsorption spectra are proportional to the
k=eh quantity ofI(E) and are expressed as
Here, No _
I(E) = X [Za(E), (11)

1% 1 J
hi(20 == (9_( om® ) P Uz + Fz, (4)
% 2 ) whereN, represents the total number of open channels at the
where it is understood that the arithmetic operator before th@hoton energy oE.
last term is “=” when k=e and “+” when k=h, anduyy, is Equation(7) is solved by expanding the adiabatic channel
the periodic potential of the associated SLs for the motion ofunction®, in the following equation:
the particlee/h. Moreover,mf’h) is the mass of the particle N
e/hinthez directiog,) andm, is the in-plane reduced mass of @ ,(|pl; Q) = > ¢ (Q)c;,. (o)), (12)
e andh, where 1m, (:y)l—Zyz and Lin=y;+y,+1/m, It j
eth :
should_be noted than,™™ andm are functions sz.e andz, with respect to a set of wave functiofig:} defined by
In particular, the latter mass plays a key role in the mass- !

mixing effect, as will be discussed in Sec. Il B. 1 ]
An exciton envelope functio® following the effective- ¢i(Q) = o explime) ¢;(Ze, y). 13
mass model satisfies the Wannier equation v

B _ Here, ¢; is a WSL subband wave function satisfying the
whereE is a given energy of the FR exciton, afidhas been Y _
defined as a lump of the coordinat8s=(¢,z.,z,) for con- (Pwei = 2)) ¢1(Ze,20) =0, (14

venience of presentation. According to the previous formalwhere the indeX represents the subband state of the com-

ism of Ref. 50, theath solution of ¥, is expanded with bined WSL ofe andh, and is given byj=n(b,,by,) based on
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the approximate Kane representation defined in Sec. I. Thiacluding only the SL states pertaining to the lowest mini-
prefactor of(1/y2m)expiime) in Eq. (13) represents a wave band and labeled ag(b,), k=e,h based on the Kane repre-
function of an in-plane angular motion of tleeand h pair ~ sentation. The SL states pertaining to the first and the second
having an angular momentum. In actuality, an excitonic lowest minibands are subsequently used for more accurate
photoabsorption is dominated by teeadial symmetry, i.e., calculations of WSL wave functions of WF-2. Strictly speak-
m=0; hereafter, this condition will be applied. In E4.2), ing, the resulting WF-2 can no longer be classified by the
the coefficientc;,,} is determined at eadp|. ¢; is expressed Kane quantum number. However, the most suitable Kane
as a combined WSL subband wave function definetl by ~ quantum number, though approximate, can always be as-
signed to any state of WF-2 by comparing the eigenvalues

1 - h | ith th | WF-1. Th
b (20,2) = — E expliK |d)¢(e> ( ¢f v (20, relevant to. WE-2 with those re evant to. ~-1. The same
i\ \Tte | 4D D59 () P oy procedure is repeated to obtain Wby assigning them the

(15) Kane qguantum numbers in reference to those assigned to
WF-(1-1). Finally, we obtain WRN, that are adopted for the

where Ngje is the number of WSL sites included in the cal- basis se{¢}k)}, whereN, represents the maximum number of
culations, since there is an additional translational symmetry, minibanlas included in the calculations.

due to the center-of-mass motion of a pairecindh in the However, not only does the procedure described above
z direction, which conserves the associated center-of-masg, oo complicated, but its advantages are also rather un-
momentumK,. Hereafter, it is understood thit, is set(&)o clear. Actually, there are other straightforward methods to
zero since onlyK,=0 contributes to photoabsorptiéha; ' solve Eq.(16). For instance, it can be solved by collocating a
(2) is a WSL wave function, wherk=e, h, satisfying set of knots of B-splines over a tilted WSL potential using
(hﬁﬁ.—e- )qb(k)(z):O (16) thg generalized eigenvalue problem. It can glso be solved
I "k ' using the Runge-Kutta method by propagating the WSL
where the notation,=n.(b,) is defined in Sec. I. The rela- Wave function from a high-potential region toward a low-
icatdiptential asymptotic region with an appropriate matching
procedure in terms of a set of Airy functions. The solutions
provided by these two methods are equivalent to those of the
dp )z +1d) = % 0 (), (17)  procedure, described in the steps fréimto (iii ). However,
KOk n—17 (b . g .
the former methods do not allow the practical classification
(19) of every wave function on the basis of the approximate Kane
guantum numbers. Hence, it becomes difficult to obtain the
combined WSL wave function of the pair efandh in the
Enlbyby) = Englby) * €n(by) = Ealbyby) * N8, (19 form of Eq. (15), where the wave functioa&}':) needs to be

where n=n,—n.. Note that the energy ok, is always described by botim, andby. This is the primary reason that

continuou$ and that the discrete labe) has been adopted the procedure described in the steps fréim to (iii) is

for convenience. In Sec. Il B, this issue will be commented2dopted in this study. _

on in conjunction with the boundary conditions imposed on e now discuss some advantages of the BSCM used in

the solutions of Eq(16). step(i) over the usua_lly gd(_)pted method, using the Krpmg-
The numerical method of solving E6L6) is summarized Penny_ r;wgodel that is limited to a rectangu_lar periodic

here, while its details are presented in Appendix A. We emPotential”™> The BSCM can be adopted for a wide range of

ployed the following stepwise procedure to obtain a set ofotentials, regardless of whether the potential is smooth or

wave functionﬂcz)f:)}. (i) Initially, a Sturmian basis set cor- discontinuous. In fact, for the present rectangular potential,

. K . .the BSCM provides a large number of highly accurate eigen-
responding to a single quantum well system is calculated iNalues in one step, by introducing knot multipliGhat the
advance, where the set is expanded in terms of th

. 1 . A . f)osition corresponding to the boundary between the well and
B-sp_l(;nes?b f%"3W'”9 the E;SCM' dTh'S Sturmian method o arrier where the potential is discontinuous. With minor
provides both discrete and pseudocontinuum spectra on alj,nqes the same computer program can be easily applied to
equal footing, without the disadvantage of possessing th'§ys'[ems such as a sinusoidal potential that models the WSL

: e : ! 3 _ _ _ _
real continuum spectf&:> (i) A Wannier function associ- ¢ optical lattices of ultracold atoms realized by laser-cooling
ated with the present SLs is expanded in terms of these St“{échnologf5‘59

mian functions. By means of a standard algebraic equation,
the SL spectra for both bound state componéh&dow the
barrier of the confining potentinland continuum compo- B. Boundary conditions for the WSL problem
nents(above the barrier of the confining potentiake pro- . . . .

vided by straightforward calculationsii) The WSL wave Prior to the.dlscussmn on the Wk)SL subl?and energigh
functions are obtained by using these SL wave functions a&nd the associated wave fU“Ct'd'#k }, herein termed as set
an expansion basis set. Here, the notation M§used for A, obtained by following the step@)—(iii) in Sec. Il A, we
approximate WSL wave functions obtained by expansion irtake into consideration the boundary conditions to be im-
terms of the SL wave functions ranging from the lowestposed on the solutions of E¢L6). The WSL subband ener-
miniband to thdth miniband. First, WF-1 are calculated by gies thus obtained are always discrete because a limited

such that

enk(bk) =€ nk_lr(bk) + lQB!
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number ofN, and a finite number dflg; are employed along <1072
with the vanishing boundary condition that is expressed as

qb}:)(Lm):qu:)(zw):O. Here,z.. andz, are the left and right 0 T

end points, respectively, and are expressed zas= ; (a) electron
—(Nsite/ 2)d and z,,=(Ngjie/ 2—1d. Instead of this vanishing
boundary condition, an arbitrary boundary condition such as \_/

the fixed boundary condition ¢ﬂ¢}e)(z)/ dz],-, =0 can also

be imposed on the wave function at the right and left end
. _ _ . . . 4 _/\

points fork=e andk=h, respectively. However, the imposi-

tion of the different boundary condition leads to providing

another set of the WSL energy spectra that are different from

{e,-k}. In this context, it could be stated that the discussion on

this particular set of the energy spectra makes little sense at a

glance. However, in reality, set A allows for a deep insight of

physics pertaining to the behavior of couplings betwken

calizedKane subband states satisfying the vanishing bound- (b) heavy hole

ary conditions, eventually leading to field-induced delocal-

ization. —
In view of the continuum feature of the WSL spectra, the

open boundary condition is more preferable, and the associ- 1

ated solutions, for example, set Bzﬁ(ek)}, are practically cal-

culated using the Runge-Kutta method mentioned in Sec.

Il A, where € is a given energy of the continuum state. For a

very largeNgi the following statement holds; or else, the

open boundary condition should not be considered. Since o s T s T

both of sets A and B satisfy the same Schrddinger equation

of Eq. (16), the Hilbert space spanned by set B is of the same

size as that spanned by set A in spite of the different bound- FIG. 1. Energy band structures of the present SLs(&rthe

ary conditions being imposed, as long Mg is sufficiently  electron andb) the heavy hole. The horizontal dashed line indicates

large. Specifically, the following closure relation exists: the height of the confining potential barrier. The abscissag @fre
given byng=Ng;Kd/ 27, whereK represents the Bloch momentum
of the SLs and\g;,e=20.

Energy Band Ry)

S H@Iae)T = [ dD(os@ns @] = az-2),
ik

(20) derlying physics; hence, as a result, certain parts of the WSL
subband states included in it do not contribute much to the

whereD(e) represents the density of state determined by th&Xciton FR spectra. Therefore, it can be concluded that the
normalization condition of. Therefore, it is evident that basis set A adopted in this study is considered optimal.

both of sets A and B are mathematically equivalent. On the
basis of this, it can be stated that the former set of discrete
wave functions is compatible with the latter set of continuum
wave functions. Figure 1 shows six energy bands,,=1-6) of the SLs
Nevertheless, from a practical point of view, the discretefor e andh obtained by following stefii). With the excep-
set A is even more feasible and efficient than the continuuntion of the first lowest band, the second and third lowest
set B, since all the wave functions of the former set can béands are located below the confining potentiale ahdh,
simultaneously provided in one calculation step by resortingespectively. Miniband widths ofi are much smaller than
to the BSCM, and possible physical meanings can be impliethose ofe due to a heavier effective mass bf as is ex-
from every WSL subband state based on the approximatpected.
Kane representation. On the other hand, with reference to the The energy-fan diagram of the coupled WSL &rcalcu-
latter set, the wave functions are provided individually bylated with Ng,.=20 andN,=6, is shown in Fig. ).5° Prior
using the Runge-Kutta routine; in practical calculations, it isto examining the results of this figure, a brief remark is made
indispensable to discretize the entire continuum energy speon the convergence of the present calculations based on Eg.
tra, for instance, in terms of an energy sampling based on thé\8). Here, the convergence of numerical solutions with re-
Gaussian quadrature. In general, the number of the disspect toN, has been observed by varyiiNg. The obtained
cretized basis functions of set B required to attain well contesults are given in Appendix B. Furthermore, the conver-
vergent results of the exciton FR spectra is greater than thgence is also confirmed by comparing the results Wgh
number of the discrete basis functions of set A. This is be=6 either with the results obtained from the direct BSCM
cause the discretized basis functions of set B are arranged @alculations or with those obtained from the Runge-Kutta
terms of the energy sampling method irrespective of the unealculations mentioned in Sec. Il A. As is shown in Appen-

C. Energies and wave functions of the WSL subband states
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o0 NN AN ] lim z, Zvg = lim 8(A) = (22)
" /'/;'V" (a) ™= | > > KBerd ZKBye A ’
’7 0 . 3 A—0 B, K A—0

Zh
A gy"" ‘97“\\'& where the energy labeled as, has been replaced by the
7 corresponding continuum energy af However, despite the
comment of Ref. 26, this infinity does not matter in reality
because it arises simply from an energy-normalization con-
dition for the WSL wave functions. As mentioned in Sec.
Il B, the set of wave functionsbg';) satisfying the vanishing
boundary condition is equivalent to that of wave functions
¢We satisfying the open boundary condition relevant to the
energy-normalization condition. Therefore, in the present

case, Eq(21) is simply replaced by
22 Zke, =1, (22
By K

Electron WSL Energy (Ry)

-0.01

0 20 40 60 80 100 120 140 160 180 200

Bias (kV/cm) which is, needless to say, satisfied irrespectivéNgin the

formulation developed in this study. Hence, E2{l) does not
make sense for verifying the convergence of the coupled
WSL wave functions with respect to ti,.
We now examine Fig. (). Anticrossings can be observed
in the vicinity of F=70, 100, and 180-200 kV/cm, where
the WSL subband states are energetically aligned with each
other, resulting in the Zener resonance. The series of the
anticrossings aF =70 kV/cm arises primarily from the in-
teractions between thél) and 1+1’(2) states. Hence, this
anticrossing is due to the lowest two bound state components
of the original SLsee Fig. 1a)].%2
On the other hand, the series of the anticrossings at
~ 100 kV/cm(four of which are indicated by dashed cirgles
is primarily governed by interactions among thg), ‘I
+1'(2),1+2'(3), and 1+4'(4) states, where the last two
states are associated with the continuum componjesss
Fig. 1(@]. In Fig. 2b), the anticrossing region—denoted by
the dashed circle at the bottom of FigaaR—is expanded,
and the labels of the Kane quantum numbers of tt,0
FIG. 2. (a) The energy-fan diagrard® of the coupled WSL for 1(2), 2_(3)’ 4(4), and §5) states are specified,_whe_re the WSL
eas a function of the bias &. The lowest six minibands of the SLs €nergies calculated under the Kane approximation are shown
(N,=6) are included as a basis set for the calculations, wigh, ~ PY dotted lines for the sake of comparison. In this region,
=20. Dashed circles indicate a series of anticrossings in the vicinityhere are three dominant anticrossings located in the vicinity
of F=100 kV/cm.(b) Expanded view around the region indicated Of F=95, 100, and 105 kV/cm, all of which are specified by
by the dashed circles at the bottom of paf@ Moreover, energies dashed circles: the first is located among th®),02(3), 4(4),
calculated under the Kane approximation are also shown by dottednd @5) states, the second lies between ttig) Gand 23)
lines. The approximate Kane quantum numbes®,) participating  states, and the third lies between th{2)land 44) states. The
in this anticrossing region are indicated. The dominant anticrossingmanner of the interactions for the strongest anticrossing at
in this region are also represented by a dashed circle each. F=100 kV/cm is observed by examining each WSL wave
function for Qb,), depicted in Fig. 3. Here the solid curve
indicates the wave function of the coupled WSL and the
dix B, the energies and wave functions of the coupled wsdotted curve indicates the _noninteract_ing Kane wave function
state of 01) to 0(4) indicate excellent convergence that is [OF the purpose of comparison. The difference between these
warranted by the Rayleigh-Ritz variational princifteOn two wave functions represents the degree of magnitude of
the other hand, while minor numerical errors are incurred inthe Zener tunnellng.. It ShOUId. be not_ed that a wave function
- of the staten.(b,) with n,# 0 is obtained from that of the
0(5) and @6), these may be due to the limited numbemNpf b)) in Fia. 3 b ina Ea(17). The st th of th
that is practically included. It was pointed out in Ref. 26 thatState @be) in Fig. y using Eq(17). The strength of the

the convergence of the coupled WSL wave functions Withantlcrossmg is determined by the overlapping of the associ-

ted wave functions; in particular, the strength is dominated
respect toN, seems doubtful, and hence, all the orders ofﬁy the overlapping between the1) and 23) states. The

pontrlbutlons frpm the mtermlnlbar_wd interactions should bedominant part of this overlap corresponds to that between the
incorporated, since EqA8) results in

arrowed portions of the wave functions oflp and (3) as

0.002

-0.002
-0.004

~0.006 f\

Electron WSL Energy (Ry)

-0. 008

-0. o10L

Bias (kV/cm)
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. . \IL . =L FIG. 4. The same as Fig(a but for h.
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5. This is in contrast to our common understanding that a
hole wave function is almost localized to a single well re-
oiby Of the coupled WSL foeat  gion, and compared with that & the mixing is negligible
F=100 kV/cm. These are obtained by usiNg=6 andNg,=20,  even for a relatively largé due to its heavier effective mass.
and are indicated by solid lines. For the purpose of comparison, the
corresponding Kane wave functions are also indicated by dotted
lines. The subband indices of the wave functions are based on the
approximate Kane quantum number, being labeled(hg) ,0where
b, of each panel is equal {@) 1, (b) 2, (c) 3, (d) 4, (e) 5, and(f) 6.
Refer to the text for portions indicated by arrows in the paials

z(atomic unit)

FIG. 3. The wave functiong®

D. Demonstration of the present method

In order to demonstrate the feasibility and validity of the
present method described in Sec. Il A, first, the photoabsorp-

and (c). Additionally, the spectra, which are represented by chain | R A R L Za)’
lines and obtained from the model calculations, are included. Refer A 1 —Mﬁ{ N
to the text for further details. The geometry of the present WSL is : W —H—
specified in each panel. L w =
L ann N[ ®
shown in Fig. 3. Therefore, it is seen that the interaction g L oo 0 .'.L. I
between these two states dflpand 23) states causes anti- o U ‘ |y =
crossing with conspicuous repulsion, though the other states é L .' B ”(c)r
show a relatively small amount of these effects. By further L [ 1 | ‘
increasing- to more than 150 kV/cm, the anticrossings with M il T
strong repulsion extend over a wider region of the WSL en- 2 byl LA A
ergy. This is especially noticeable in the vicinity &f % (L= - sbon 00 N[l (@
=190 kv/cm. ol - nnn T ¥ ||
The energy-fan diagram of the coupled WSL fois de- 5 NV ==
picted in Fig. 4, withNg,=20 andN,=6.° Excluding the 3 ]
smaller energy splittings accompanied by anticrossings, the § jL/—"=—""" - M ] (e)
variance of the energy with respect Fois similar to that g | |
seen in Fig. 2(for e). The series of anticrossings & %’ /,//JJ“*
~100 kV/cm arising from an interaction between tt&) = LI B ﬂ(f)r
and 1-1'(4) states are indicated by dashed circles. It should AT J
be noted that thd ~1'(4) state is pertinent to the continuum b 0 71 i JJ
subband state of the original SLs, as is seen in Fig).1 J A=
Figure 5 indicates the associated wave functionsFat L ,,/I//I’ ..... - _— Lo Lo
=100 kV/cm, where the solid and dotted lines indicate the  _pggg -1000 0 1000 2000

same functions as those shown in Fig. 3. A strong mixing
between the 1) and -14) states is observed in view of the
arrowed portions pertaining to tHe) and (d) panels in Fig.
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a)%5 kv/em |hh(-) || hh@ regarded from the beginning. Thus, obtaining a natural FR
M . spectra seems impossible based on this method, since such
an incomplete treatment of FR always requires an additional

\ JJ/LL_ empirical broadening. In fact, in Ref. 38, the Gaussian broad-
ening withI'=3 meV was used, leading to the masking of
the detailed change in the FR spectra. The drawbacks that are
ascribable to such conventional methods for FR have been
discussed in detail in Refs. 40 and 50. Incidentally, for a
positive(negative g, a spectrum has a dija peal, followed
by a peak(a dip); the spectrum withg|>1 is Lorentzian,
and that obtained witq=0 has a transparent windoa dip
without any peak?©?

Although the results obtained in Fig. 6 are similar in part
to those of Ref. 40, we will now provide a detailed explana-
tion on the spectral modulation shown in this figure. In the
case of relatively large biases oF=25kV/cm (Qg
: =12.75 meV and F=15 kV/cm (Q5=7.65 meV in Figs.

(€)1 kV/cm Mo 6(a) and Gb), respectively, individual Rydberg series of FR

‘ SIE exciton states are clearly distinguishable, and each spectrum

) ’j | i ¢' is seen to possess a peak followed by a dip with a negative

. T — Fanoq value. Moreover, the characteristic exciton asymme-

to 17mo172 118 174 175 try between thdh(-1) andhh(1) spectra is manifested As
Energy (eV) is shown in Fig. €c), with F decreasing to 7 kV/cniQg

FIG. 6. Excitonic dimensionality transitions of FR spectra be-=3-57 meV, the positions of the main peaks are so close
tween the SLs and the WSL for the biased SLs of 12/6 MLthat each Rydberg series is partially overlapped with its ad-
GaAs/AlAs with respect td= in such a small bias region that the jacent one belonging to a different channel; each series, how-
Kane approximation is still correct, whefe=(a) 25 kV/cm, (b)  ever, is still barely discernible. It is noteworthy that the en-
15 kV/cm,(c) 7 kV/cm, (d) 3 kV/cm, and(e) 1 kV/cm. The spec-  ergy of.sM0 sharply delimits the boundary of two different
tra calculated witiNg;=90 are convoluted by the Lorentzian func- patterns of spectral modulation. In the photon energy region
tion with 1“_20._1 meV. This system of the SLs is the same as thale from em, 10 &y, apart from theq values of the spectra
observed in Fig. @) of Ref. 38. Refer to the text for the label of emaining negative, the linewidths are obviously broadened
hh(n) in panels(a) and (b). The locations of thdl, andM; Van  4ccompanying the reduction of the intensities. This is pre-
Hov.e crlFlcaI points of the orlgllna'l SLs are |nd|cate.d by dotted sumably due taconstructiveinterference with adjacent FR
Xvirgfjl tlrzgeféczggnargf ftl:ghi;ég?écasﬁﬁntbixiggg;énisp"’:l‘gé spectra. Here, most of all the spectra thus featured are situ-
specified. ated within the energy region @fMO< E<éep,. In contrast,

in the regionE<ey, the linewidths are prominently nar-
tion spectra of the same SL system as that used for F&y. 2 rowed, accompanying the enhancement of the intensities;
of Ref. 38, i.e., the 12/6-ML GaAs/AlAs SLs, are calculatedthis is presumably due tdestructiveinterference with adja-
for a wide range of, as is shown in Fig. 6. Here, @ state  cent FR spectra. In this case, by constructidestructive
of hh-exciton FR pertaining to the(1, 1) channel is labeled interference, it can be considered that the overlap resonance
ashh(n), as shown in Figs. @) and &b), and the locations between the FR spectra pertaining to different chafifhks
of My and M, Van Hove critical points of the original SLs, a tendency to enhancgliminish) the overall background
for example gy, andey,, respectively, are indicated by dot- continuum.
ted lines, and arrowed especially in Figep Note thatQg As shown in Fig. &), at F=3 kV/cm (Qg=1.53 meV,
<A, in the concerned range 6fso that the Zener tunneling the abovementioned tendency observed in F{g) & even
is negligible, where\, is the width of the lowest joint mini- More pronounced. In particular, in the regién>ey , the
band of the SLs: i-eA1:|8M1_8M0|=22-4 meV. The result- overlap resonance causes rather complicated spectral pro-
ing natural spectra are convoluted by the Lorentzian func-files; thus it is impossible to assign each peak to an appro-
tion with the full width at half-maximum(FWHM) T priate exciton state, and the background continua ascribable
=0.1 meV, which is much smaller than a typical linewidth of t0 the individual FR spectra seem to be amalgamated into a
FR of the order of~1 meVZ2° The alteration of these almost Single broad continuum by the constructive interference. Fur-
natural FR spectra with respect Bois traced in order to thermore, an envelope formed by a series of FR peals in
observe the dimensionality transition between the three=&wm, appears to oscillate; this is reminiscent of the Franz-
dimensional limit (F=0) and the quasi-two-dimensional Keldysh oscillation discussed in Ref. 38. As seen in Fig.
limit (a largeF). This purpose also motivated the calcula- 6(€), at F=1 kV/cm (Q5=0.51 meV, the overall spectral
tions provided in Refs. 38 and 40. It is remarked that in theshape becomes almost identical to that of the original SLs,
theoretical method of Ref. 38 the multichannel continuaconsisting of a Rydberg series of exciton bound states with
characteristic of FR were approximated by a discrete basistrong intensities belowy, , followed by a broad continuum
set and the proper scattering boundary conditions were dissharacterized by both thely and M, critical points. These

(
hh -2)
(

b)15 kv/cm hh(
hh (-2,

hh (-3)
i

(€)7 kv/cm

A I

(d)3 kv/em

Photoabsorption Spectra (arb. units)
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T T T T T T T
W 1]
a) 0.25 meV . jn (- hh(1) [11
(&) +Ihe3) hh(@) [1]

distinct exciton peaks are a result of the coalescence of a
large number of fine spectra with larger intensities and nar-
rower widths than those observedrat 3 kV/cm, which are PhED 2D fp 1y
caused by the abovementioned destructive interference. On hh (-2 (1]
the other hand, the broad continuum arises from the coales- -
cence of a large number of fine spectra with smaller intensi- _\
ties and broader widths than those observed=a8 kV/cm,
which are caused by the abovementioned constructive inter- o U

(b) 1.5 mev J
() E perimental

hh (1) [21
l hh(2)

Ih@| 'h®

ference. Additionally, a faint hump is discerned just below
the slight dip at approximately 1.74 eV, which is relevant to
the M; critical point modified by an exciton effect to a cer-
tain extent. This hump is considered as a sign of the forma-
tion of a saddle point exciton, which is a typical characteris-
tic of SL exciton states. The excitonic dimensionality
transition between the SLs and the WSL is likely to be un-

Photoabsorption Spectra (arb. units)

Spectra
derstood as a spectral modulation of FR, as is described ' AN ) e,
above. iy / A &t
As the second demonstration, a comparison is made N/;
with the experimental spectra of the 67/17-A e s TR 162

GaAs/Ga/AlpAs SLs with F=13.3 kV/cm given in Ref.
41. The calculated spectra convoluted by the Lorentzian
function withI'=0.25 meV is shown in Fig. (@), where the FIG. 7. The FR spectra of the 67/17-A GaAs{GAl 5 sAs with
contributions of thelh excitons are also included. In this F=13.3 kV/cm as a function of photon enery This system is
case, each peak of dvis-state pertaining to thish(n) [Ih(n)] the same as that of Ref. 4(a) The calculated spectra witNg;,
channel is labeled bigh(n)[AV] {lh(n)[N]}. This label ofA/Vis =20 and the Lorentzian broadening I6F0.25 meV. Refer to the
omitted for the sake of simplicity, in the case that there is ndext for the meanings of the labelg) The same as panéd) but
confusion. The same spectra as those of Fig) But with ~ With I'=1.5 meV.(c) The experimental spectra reported in Ref. 41,
['=1.5 meV are shown in Fig.(B), and the reported experi- 'abeled by E. For the purpose of comparison, the calculated spectra
mental spectra—labeled E—to be compared with these a,l@_cluded in this rt_aferer_lce are also shpwn _W|th label T._In or_der to
cited in Fig. 7c). On the basis of the method used in Ref. 40,a|d the presentation, elght_ dqtted vertical I|_n_es are depicted in pan-
the theoretical spectra are also included in Fig) and la- els (b) and (c) and these indicate the positions of the absorption
beled as T. In order to aid the presentation, eight dotte(gﬁakS for thehh(=3), hh(-2)[1], hh(=1)[1]+h(=3), hh(-1)[2],
vertical lines are depicted in Figs(bf and 7c) and these . (-DI3]. hh(o)[l.]’. hh(0)[2], ano_lhh(l)[l] transitions by f.°”°W_'
lines indicate the positions of the absorption peaks for 9 the peak positions labeled in pariel. The spectra given in

panel(b) are convoluted and normalized in order to reproduce the
the hh(-3), hh(-2)[1], hh(=D[L]+Ih(=3), hh(-D[2], o e iral width and height of the main peak[bh(-1)[1]+Ih(-3)]

hh(-1)[3], hh(0)[1], hh(0)[2], and hh(1)[1] transitions by i, panel(c), respectively.

following the peak positions labeled in Fig(al. The value

(1.5 meV) of the FWHM has been employed in Figh7 for  are well reproduced in the calculated spectra. When the T
a good reproduction of the experimental width of the mainspectra are compared with the present spectra, the height of
peak of {hh(-1[1]+Ih(-3)} in the E spectra. Further, the the background continuum is too small; the reasons for this,
overall spectral intensity of Fig.() is also normalized to however, are unknown.

the height of this peak. By comparing the calculated spectra The last demonstration is devoted to a comparison of the
shown in Fig. Tb) with the E spectra, a slight redshift by present calculated spectra, denoted by solid lines in Fay, 8
about 2 meV is observed at every peak position of thewith the existing theoretical spectra, denoted by the dark-
former spectra; this discrepancy would arise from the empirigray area in Fig. &). The latter is cited from Ref. 26, where
cal parameters adopted here in Table I. Furthermore, accorghe concerned system is the 111/17-A GaAs/@é, As

ing to the calculated results in Fig(hj, the peak observed at S|s with F=8, 40, and 80 kV/cmI'=2 meV is adopted in
approximately 1.579 eV in the E spectra is assigned to @oth the calculated spectra. Further, the spectra convoluted
lump of the subbands ohh(-1)[V’=2] in view of the  with '=0.3 meV are also represented by dotted lines in Fig.
abovementioned redshift, whereas it was claimed that i8(a) solely for the purpose of assigning the discernible peaks
arose from thdh(-2) transition in Ref. 41. The peak of the to proper exciton &states labeled byi(b,,b;,). As shown in
Ih(-2) transition in Fig. Tb) is located in the higher-energy Fig. 8b), other traces of spectra with black and light-gray
side by about 5 meV, as compared with the peak located atreas for the optical density of states and the spectra of the
approximately 1.579 eV in the E spectra. Since this is a bluebulk GaAs, respectively, are not necessary for the present
shift in the opposite direction to the abovementioned reddiscussion. Regarding the method of calculating the FR spec-
shift, the assignment of the peak concerned in the E specttga of Fig. 8b), it is stated that the theoretical drawbacks
to the Ih(-2) transition appears questionable. Apart fromsimilar to those commented on in the discussion of Fig. 6
these discrepancies, it is observed that the peak positions, theuld be more or less incurred. A&t=8 and 40 kV/cm, both
spectral profiles, and the height of the background continuurspectra given in Figs.(8) and 8b) are in good agreement

Energy (eV)
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Present Results [lI. RESULTS AND DISCUSSION

80 kV/cm A. Overview

0012) (13 0@N The calculated spectra of the  35/11-ML

! 0 GaAs/Ga 75AlgAs SLs with F ranging widely from
10 to 200 kV/cm are shown in Fig. 9; the traces, represented
by solid, dotted, and chain lines, indicate the FR spectra with
coupled WSL channels, the FR spectra with noninteraction
WSL channelgunder the Kane approximatipgrand the free
spectra without exciton effecfby settingV to zero in Eq.
(1)], respectively, usingN,=6 andN=20. Here, a peak of
the exciton & state supported by the channek labeled as
j=n(be,by). Both these FR spectra, obtained by the full cal-
culation and approximation, are manipulated by convoluting
the original natural spectra by the Lorentzian function with
I'=2 meV. The free spectra, however, remain unconvoluted
and they have a stepped shape. The reference spectra ob-

Photoabsorption Spectra (arb. units)

1.50 1.60 1.70 tained under the Kane approximation for the purpose of com-
Energy (eV) parison are shown only in Fig.(® for F=10 kV/cm, 9c)
(b) Ref. 26 for 70 kV/cm, 9f) for 100 kV/cm, and §) for 190 kV/cm.
As is seen in these figures, apart from minor changes, the
80 kV/cm spectra remain almost unaltered abdve60 kV/cm with

respect to the variance in. This is because the Kane wave
functions become localized in a single well, independent of
m the variance inF.%* Therefore, the reference spectra have
been omitted in the other panels of Fig. 9.
40 kV/cm At F=10 kV/cm[Fig. 9a)], the spectra obtained by both
the full calculation and the approximation are identical to
each other and the Zener tunneling is observed to be negli-
gibly weak. Although all spectra have not been shown here
in the region fromF=10 to 50 kV/cm, apart from the rela-
tively weaker transitions of 1,1) and -Z1,1), a strong
absorption begins with thegD,1) transition.(However, this is
not always the case in the much weaker bias regiofgf
<A, for instance, the one corresponding to that in Fig. 6,
1 T e since the transitions with negative WSL indices are domi-
1.‘50 155 160 165 170 nant) In the region from F=60 to 80 kV/cm [Figs.
Energy (eV) 9(b)-9(d)], the FR spectral profiles are seen to be strongly
modulated with respect to the variancehn differing con-

FIG. 8. The FR spectra of the 111/17-A GaAsjGAlyAs  siderably from the FR spectra under the Kane approximation.
with F=80, 40, and 8 kV/cm as a function of photon enefjy It is noteworthy that wherfF traverses the anticrossing at
This system is the same as that of Ref. @.The calculated spec- approximatelyF =70 kV/cm, the onset of absorption shifts
tra with Ngie=20 and with the Lorentzian broadening &f  toward the lower-energy side belasy ;) and the absorption
=2 meV (the solid tracesand 0.3 meV(the dotted tracosIn the jangities in the higher-energy region are reduced, probably
label of then(beby,) state, the comma separatiig and by is re- 0 1 the Zener resonance. It is considered that the redshift
moved merely for typographical reasons; this should read adf the absorption tail edge always accompanies the intensity

n(be,by). Refer to the text for the meaning of this labéb) The o . ) . g
calculated spectra reported in Ref. 26, indicated by the traces with %educnon in the higher-energy region, as a result of the con

dark gray area. In addition, the optical density of state and theservatlon mle of the opnpal oscillator stre_ngth, €., _the sum
spectra of the bulk GaAs are also shown by the traces with bIacfEUIe' A similar tendenc_y is also observed 'r,] the region from
and light-gray areas, respectively. F='90 to 110 kV/ch[Flgs. 9e)-99)]. .In parFlcuIar, the red.-

shift of the absorption tail edge manifests itself more notice-

with each other. AtF=80 kV/cm, where the Zener break- ably in the vicinity of the anticrossing & =100 kV/cm,
down is considered significant, it is recognized that the onsewhereas this phenomenon disappears RBt90 and

of absorption is noticed to shift toward the lower-energy side110 kV/cm, which is slightly away from the anticrossing
below the energgq; 5 to some extent in Figs.(8) and 8b).  region; that is, the dominant absorption begins again with the
This is due to the delocalization of the WSL subband waved(1,1) transition. Therefore, it is speculated that this effect
function across several periods. The following text consistsirises due to the Zener resonance. Rsincreases to

of a more detailed analysis of this effect, which is one of the200 kV/cm [see Figs. )-9(j)], an energy splitting perti-
purposes of the present paper. nent to the anticrossing becomes larger due to stronger cou-

Photoabsorption Spectra (arb. units)
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(a) 10 kV/cm . (f) 100 kV/cm

4 o) e | e
012) 0(21)
2 o013 ey
141 o
0 | IVO(IZ)
(b) 60 kV/cm (9) 110 kV/cm

1an FIG. 9. The calculated FR spectra of the
present WSL withF=10-200 kV/cm are shown

= 013; o
4 ey 0, v

9 om)—llm’ Woe sl ML — in panels(a)—(j) as a function of photon enerdy
aan [ i . 1 L‘ﬂ’ The solid traces are obtained from the full calcu-

0 lations, including Ny=6, N,=20, and N
(©) 70 kV/em | (h) 180 kv/cm AL =70-90, while the dotted traces and the chain

4 1anf 009

i oa 1189 traces of panels$a), (c), (f), and (i) indicate the
0412) o<13)o(z1)—ﬁi?.(_22)i“(21) o 13@ % ) 2, o v
A B 0(12)

free spectra without exciton effects and the refer-
Faaaal ’ ence spectra given by the Kane approximation,
22 T respectively, for the purpose of comparison. The

- 0
-1 104 an

-1(12)

Photoabsorption Spectra (arb. units)
N

e ————— L - o
spectra indicated by the solid and chain lines are
(@ 80 kV/em i 00 | () 180 k/om @l o cgnvoluted by theyLorentzian function with
4 L 2 1 o@n le =2 meV, while the free spectra are given with no
ol e ] bew 2000 puz *P | convolution. In the label of the(bcby,) state, the
l i l ] } comma separating, andb;, is removed for typo-
E—— graphical reasons; this should read rdbe, by,).
() 200 kv/cm o Refer to the text for the meaning of this label.
014
-1 (iﬂ) 0{22) 02y

oy

1.4 1.5 1.6 1.7
Energy (eV) Energy (eV)

plings among several WSL subband states, as is seen in Fimodulated with respect to the varianceHnA discussion on
2(a). Similarly, the absorption edge is further shifted to thethe first issue is presented in Sec. Il B, followed by another
lower-energy side in the vicinity of the anticrossing lat  discussion on the second issue in Sec. Il C.
=190 kV/cm, although this effect is also observed to some
extent atF =180 and 200 kV/cm, differing from the spectra _
atF=90 and 110 kV/cm. However, it is remarked that using B. Redshift of the absorption edge
N,=6 to obtain the adopted WSL wave functions might not  Figure 10 shows the change in the absorption intensity at
be sufficient to attain well-convergent results in such a largehe photon energy oE=1.47 eV as a function of from
F region. 10 to 112 kV/cm, where the result obtained by the full cal-
To the best of our knowledge, mention to the redshift ofcylation of the FR spectra is indicated by filled circles that
the absorption tail edge was first made in Ref. 26. Nevertheare connected by solid lines in order to aid the presentation.
less, the amount of this shift toward the lower-energy siderhe open circles, filled squares, and open squares represent
below eq1,1) is very small, as is shown in the spectrafat the other results obtained by model calculations, to be ex-
=80 kV/cm in Fig. b), compared with the spectra shown in plained later, for the purpose of comparison with the result
Fig. 9(c). In particular, the significant role of anticrossings in concerned and for examining the pattern of variance in the
conjunction with the Zener resonance has not been addressaldsorption intensity in further detail. It is evident that the
thus far. intensity of the tail region of the spectra changes in a com-
The following issues have been ascertained from the replex manner accompanying oscillations rather than in a
sults of Fig. 9. First, the onset of absorption noticeably shiftsmonotonic manner as a whole; this tendency stands out in
toward the lower-energy side, accompanied by the reductiofigs. 1@b) and 1dc).
of absorption intensities in the higher-energy region above As seen in Fig. 1@), there are three maxima of intensity
the tail. In other words, absorption strength is moved fromat the positions oF =95, 100, and 104 kV/crfsee the filled
the upper continuum to the lower-energy absorption tailcircles. Hereafter, the three biases in the ascending order are
While tracing the changes in the reference free spectra alenoted a§ 4, F,, andF; for the sake of convenience. These
Fig. 9 (the dotted curvedn the energy regiok < e 3 With biases coincide perfectly with each location of the anticross-
respect toF, it is observed that the modulation pattern is ining shown by the dashed circle in Figtb2. Therefore, this
harmony with that of the FR spectra under consideratiba  observation leads to the speculation that the Zener resonance
solid curve$. Second, the FR peak intensity and position forplays a decisive role in causing the redshift of the absorption
the transitions in the energy regi@> g ;) are noticeably tail edge. Moreover, this effect is quite localized in the prox-
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0.1 @ ticrossing region that comprises these three main
anticrossings; i.e., it vanishes at approximat€ly90 and
110 kV/cm.

A similar tendency of the oscillation is also observed in
Fig. 10b), where the anticrossings & =65, 71, and
76 kV/cm are likely to dominate the intensities of the ab-
sorption tail. In contrast, in Fig. 18) for the smaller bias
regime, a minute portion of the redshift of the absorption tail
edge is observed &=1.47 eV. Furthermore, the intensity
only increases monotonically with an increase~inwithout
resulting in an oscillating structure. The increase is despite
the fact that there are a large number of the anticrossings in
this region, as seen in Fig(d, which intertwine as many
pairs of subband states with each other in a complex manner,
but with negligibly weak couplings. The same traces as those
observed in Fig. 10 for the change in the absorption intensity
are obtained also at the lower photon energy¥esfl.42 eV,
though not shown here. According to this observation, the
intensity of the absorption tail is reduced to a larger extent in
the region ofF=60-80 kV/cm as compared with that ob-
served in Fig. 1), whereas the spectral intensity and alter-
ation in the other regions are similar to those in Figgalo0
90 95 100 105 110 and 1Qc). This implies that the absorption tail does not ex-

Bias (kV/cm) tend down to such a lower-energy side yet fér

=60-80 kV/cm. Thus, the degree of the redshift of the ab-
sorption tail edge depends on the magnitud& chusing the
delocalization of WSL subband wave functions.

As mentioned in Sec. Il A, the modulation pattern of the

Absorption Intensity at E=1.47 eV (arb. units)

FIG. 10. Variance of the spectral intensityt 1.47 eV in the
present WSL as a function & in the regions wher¢a) the Kane
approximation is still almost validp) the anticrossing in the vicin-

ity of F=70 kV/cm is dominant, andc) the anticrossing in the . :
vicinity of F=100 kV/cm is dominant. Here, the filled and open reference free spectra of Fig. he dotted curvesin the

circles represent the FR spectra obtained by the full calculations angneray regiore< £o(1,2)» with respect td, is qualitatively in )
the model calculations, respectively. Refer to the text for the detail§00d accordance with that of the FR spectra under consider-

on the calculations of the latter. These circles are connected by soli@tion (the solid curvep This allows us to qualitatively ob-
and dashed lines in order to aid the presentation. Moreover, th&erve the concerned effect of the redshift based on the free
filled and open squares represent the free spectra without excitosPectra. The mathematical formulation of the spectra re-
effects, corresponding to the full and model calculations indicatedjuired here is mentioned in Appendix C. As shown in Eq.
by the filled and open circles, respectively. (C9), the dipole moment of the noninteractirggh pair,
no(E), is essentially governed by two factorsv- and
imity of each anticrossing. For instance, the first peak beginﬁjjaCa—where the former is the magnitude of overlap be-
at F=93 kV/cm and ends & =96 kV/cm, followed by the  tween the wave functions af and h belonging to thejth
onset of the next rise. This succession of the localized peal@dbband and the latter is a product of a normalization con-
and dips relevant to the anticrossings are thus understood ant of the in-plane radial wave function of théh channel
give rise to the appearance of the oscillation structure in thg_ and a unitary matritJj,. This unitary matrix determines
intenSity. On the basis of the two-channel Landau-zenethe interchannel Coup"ngs betwepandathrough the mix-
model applied to the anticrossing formation by channels ofing of the reduced mass), in the region of the confining
say,a andb, with diabatic energies of, say,(F) ande,(F),  potential well with that in the region of the potential barrier.
an effective range of the anticrossing, denoteddsy, is  The eigenvaluea, of Eq. (C6) vary from 22.83 to 23.82 at
given by 6F.=4v./ a; at F=F; (c=1-3.% In this casep,  F=100 kV/cm; note that the inverse of the reduced mass
implies the strength of the coupling betwearandb, and  1/m, in the well region, hereafter denoted agmﬁ/ equals
ac=|dde/dF[e_¢, where de=e,(F)—€,(F). Employing Eq.  23.75. According to these calculations, for a certain channel
(18) for (F) (i=a,b), a. is approximated byae.~|dnJd,  awhose eigenvalug, deviates considerably from &, the
whereén, is the difference of the WSL indices of these two diagonal element ., is drastically reduced to less than 0.5,
channels. In actualitygn; ~4 betweera=0(1) andb=4(4),  and instead, the off-diagonal elemefit,| (j # «) are en-
on,=2 between (1) and 43), n;=3 between (2) and 44), hanced. This causes the interchannel coupling betyweeid
andv;~v3<v, at an estimate from the magnitude of the a.
energy splitting due to the anticrossingFat . in Fig. 2b). Let the interchannel coupling effect due tg,C, be ex-
Hence, this leads to an estimation th#t, is greater than amined in the following by separating it from the concerned
8F; and 6F3, which is in good conformity with the oscilla- FR spectr&® though both effects due tw? andU;,C, are
tion structure seen in Fig. 1€). Additionally, it is also re- essentially attributed to the delocalization of WSL subband
marked that the intensity almost vanishes away from the anwave functions across several periods. In order to examine
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this coupling effect, the model calculations of the FR spectra 6
are implemented by artificially replacing the inverse of the 4
reduced mass I in the barrier region by 1. Such a
manipulation bringsU;,C, to &\, leading to ug(E)
zwg\fmﬁ’ in Eq. (C9). In order to make this treatment theo-
retically consistent, the inverse of the axial massn(z’f)/
(1/m), although it is a function of, (z,), is also replaced

by a constant value, for example,r{® (1/m™), which is
equal to the inverse of the axial mass in the well region. The
absorption intensities of the FR spectra thus modeled are
shown in Figs. 1() and 1Qc) by the open circles; these are
connected by dashed lines to aid the presentation. Hereafter,
the modeled spectra are termed as spectra B, while the spec-
tra represented by the filled circles are termed as spectra A.

(a) !I)O kVI/cm I

(b) 100 KkV/cm

(e) 110 kV/cr:n

Photoabsorption Spectra (arb. units)

In Figs. 1@b) and 1@c), the results of the free spectra with- 0 14 15 : ]j 6 R

out exciton effectddepicted in Fig. 9 are also represented Energy (eV)

by the filled squares for some valuesfalong with those

corresponding to spectra B with =1/, 1/m(ze) FIG. 11. The calculated FR spectra of the present WSL With

=1/m®° and 1m(zh)=1/m(zh)0 which are shown by the open =(a) 90 kV/cm, (b) 100 kV/cm, and(c) 110 kV/cm as a function

Z 1 1 . . . .
squares. The variance of spectra A and B with respegtito of photon energye, wherg the Lorentzian convqlutlon is used with
seen to be qualitatively consistent with that of the corre =2 MeV. The spectra indicated by the solid lines are the same as
sponding free spectra. Therefore, the interchannel coupling"Ose in Figs. &)-9(g), while those represented by the dotted lines
effect due to the reduced-mass m1ixin throwgghC,, would re the results obtained by the corresponding model calculations.
be extracted by comparing spectra Agwith slu[?ect?a B Refer to the text for the details on the calculations of the latter.

In order to ensure the validity of this statement, an effect _ )
of the replacement of 1™ in the barrier region of the however, there is a small overall shift Bfby 1 kV/cm that

confining potential by ]m(zk should be checked. According rgnders the observation of any definite phys?cal meaning .dif'
to our calculations, this replacement results in an increase iﬂcult. Consequently, the reduced-mass mixing seems minor

the WSL subband energieﬁj of k=e andh by the order of To(tcr;is anticrossing region as compared with that in Fig.
1X104Ry and 1x 10°° Ry, respectively; for instance, at '

F=100 kV/cm, egf)l) changes from -3.12810°3Ry to
-2.959x 1073 Ry, ande(h)) changes from 3.998 103 Ry to
4.021x 1072 Ry. Just in such a slight degree as the subban@a

o1
energies are changed, the locations of anticrossings seen : : - .
Figs. 2 and 4 are modified. Similarly, the WSL wave func- e abovementioned redshift of the absorption tail edge. In

. (K _ _order to trace the modulation pattern in more detail, Fig. 12
tions of ¢; " remain almost unaltered, as shown by the chairgo\s the spectra in the vicinity of the arrowed peak posi-
lines in Figs. 3 and 5, causing minute changes in the strengtiions of the 01,1), 0(1,2), 0(2,2), 0(1,3), and G2,1) states for
of couplings between the SL minibands for anticrossingsF=10-110 kV/cm, with the Lorentzian broadening bf
Therefore, sincewJo is maintained approximately invariant, =2 meV (solid lineg along with that ofl’=0.3 meV(dotted
the difference between spectra A and B can be considered {ies) to indicate shapes of the corresponding natural spectra.
be exclusively attributed to the reduced-mass mixing effectin every state, both the peak position and height vary in an
In Fig. 1Q(c), there is a marked difference in the intensity irregular manner without displaying monotonic changes.
and pattern of variance between spectra A and B in the priThese irregular changes manifest themselves at approxi-
mary anticrossing region of=95-110 kV/cm. However, matelyF=70 and 100 kV/cm, in particular, possibly due to
they are almost identical when they are observed furthethe formation of anticrossings between the electron subbands
from this region. In particular, the discrepancy looks consid-1-2 and 1-3, respectively. Thus, it is speculated that these
erably large around the region B=100 kV/cm. Figure 11 FR spectra are greatly modulated by the Zener resonance
shows spectra Athe solid tracesand spectra Bthe dotted  because of the anomalous changes in the associated subband
traces in the wideE region atF=90, 100, and 110 kV/cm, wave functions. Moreover, apart from such irregularity, the
indicating that both spectra are almost identical excefi in spectral intensities of the vertical transitions 6£@), 0(1,3),
<&g,p in Fig. 11(b); however, slight shifts of the exciton and 2,1) with different miniband indices that, # by, are
peak positions are observed, in particular, in Fig(cll enhanced with an increase i as is shown in Figs. 1B),
Hence, it is likely that the reduced-mass mixing manifestsl2(d), and 12e). The enhancement arises exclusively from
itself in the lowerE side when Zener tunneling is relatively the Zener breakdown. This is evident from Fig&)99(c),
strong®’ On the other hand, in Fig. 10) for the smallefFs  9(f), and 9i) by comparing the spectra obtained by the full
resulting in weaker Zener tunneling, spectra B are almostalculationsthe solid traceswith the approximate ondshe
identical to spectra A both in intensity and variance patternchain traceps In actuality, the Kane approximation makes

C. Spectral modulation

As can be observed from Fig. 9, the Zener tunneling
uses the spectral modulation of the FR spectra as well as
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in Figs. 1Za) and 1%e), the peak positions of (@,1) and
0(2,1) exhibit a more pronounced shift to the lower-energy
side, when compared with those dfl(®) and G2,2), where

the shift is very slight. This tendency is presumably due to
large modification of the wave function bf=1 for a largeF

as compared with that di;=1 and 2[see also Fig. &].
Finally, we refer to the linewidth broadening due to the Ze-
ner breakdown. In order to extract this from the exciton spec-
tra, the natural widtHFR width modified by the Zener tun-
neling of a concerned spectrum should be much greater than
the homogeneous broadening Bf hence, high-resolution
calculations are indispensable for it. It would be expected
from the results of the spectrum of thél0 1) state in Ref.

27, that the stronger Zener breakdown broadens the spectral
width. However, as far as thie<110 kV/cm region is con-
cerned, the linewidth broadening is not pronounced yet for
every FR spectrum of Fig. 12. One of the possible reasons
for this might be that the SLs employed in Ref. 2¢
=0.08 are so shallow that the Zener tunneling affects the
spectral width to a greater extent than the SLs under consid-
eration here. This issue will be deferred to a subsequent pa-
per.

The 01,1), 0(2,2), and @1,3) transitions will be discussed
in further detailed. As already discussed in Ref. 29, the ab-
sorption spectra of the(D,1) state rapidly disappear due to
the field-induced delocalization with an increase Fnto
40 kV/cm; however, this is not the case for larger values of
F as stated above. Figure (B2 also indicates the monotonic
redshift akin to the character of the quantum-confined Stark
effect8° Furthermore, in the reported experiméhtthe
change of Fano'g-value in the FR spectra with respectfo
was measured to approximately 30 kV/cm. This indicates
that by increasing, |q| increases monotonically without a
change in its sign; i.e., the asymmetric FR spectra become
@03 1) 0@ 1) ' symmetric. This was conducted for relatively weaKields

. up to a maximum of approximately 30 kV/cm, where the
Zener tunneling is still insignificant. Indeed, in Fig. (&R
the spectra fol-=10-40 kV/cm with strong peaks argl
<0 appear to follow the monotonic change similar to this
experiment. However, the spectrum exhibits an anomalous
change ing above this; in particularg appears positive at
F=50 kV/cm, and can be brought back to a negative value
at F=60-80 kV/cm. In this figure, this is more clearly seen
in the dotted curves than in the solid ones.

It is likely that the @2,2) state provides the most domi-

1.60 1.61 1.61 1.63 1.65 nant spectrum for relatively weak biases because of a vertical
Energy (eV) Energy (eV) transition from theh subband to the subband with the same
miniband index, apart from the abovementionéd, 0 state.

FIG. 12. The FR spectra of the present WSL in the vicinity of aoq seen in Fig. 1@), the pattern of changes in the spectral
the Is state pertaining téa) 0(1,1), (b) 01,2, (¢) 0(2,2, (d) 01,3, pejght and they value forF=10-50 kV/cm is similar to that
and(e) 0(2,1). In each panel, the traces, which are shifted vertically ¢ {e (1,1) state. However, the peak abruptly disappears at
to enhance the presentation, represent the spectraF at F=60 and 70 kV/cm, and is retrieved Witln]|>1 at F

=10-110 kV/cm in an ascending order Bffrom the top to the _ . o .
bottom. The peak positions of the concerned FR states are indicate_d80 kv/cm. The spectral intensity is noticeably reduced by

by arrows. The spectra with the Lorentzian broadeninfjs2 and increasingF to more than 90 kV/cm. Small modifications in
0.3 meV are represented by the solid and dotted lines, respectivel

@ o(.1)

51 1.53 155

_. Photoabsorption Spectra (arb. units)

® 01,2 | |© 0@

Photoabsorption Spectra (arb. units)

1.56 1.57 1.58 1.66 1.67 1.68

Photoabsorption Spectra (arb. units)

the spectral profile are also noticed due to an overlapping
fesonance with the adjacent FR speé®2.®It is evident
these intensities negligible for lardge because both the ap- that these patterns of spectral modulation shown here are
proximated subband wave functions @fand h, which are  very different from those obtained in the abovementioned
mostly confined in the region9z,<d and Osz,<d, re- experiment?!

spectively, have different nodal structures and hence an over- As regards the FR spectra pertaining 1d,8), the spec-

lap between these wave functions is reduced. Further, as setral profile covering the entire Fig. 1@ is hard to discern
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' T prehensively examined by solving the multichannel scatter-
ing problem for the concerned FR. First, the validity and
feasibility of the adopted method have been initially con-

F=10 kV/cm firmed by applying it to the already reported systems for
RELALLIEVA S WSL excitons, followed by a comparison between them.
* Next, the FR spectra of the concerned coupled WSL system
A 20 / have been calculated in order to explore the modulation pat-
* tern of these spectra. It is concluded that through delocaliza-
_SQ__M tion of the subband wave functions Zener tunneling plays the
key role of an anomalous variance of the FR spectra with
N * respect ta~. In particular, the spectral modulation is clearly
] 40 A visible when a series of WSL subband states are energeti-
c cally aligned with each other, resulting in anticrossings with
o strong repulsion due to Zener resonance. The Zener reso-
= 50 ¢ nance is observed to cause a notable shift in the absorption
: edge toward the lower energy side. However, this effect is
s 60 suppressed by a slight varianceHraway from the anticross-
§ ing region. In theF=90-112 kV/cm region, in particular,
» * * the intensities of these tail spectra in tBe<egq; ;) region
S 70J\ A change in an oscillating manner with respectrolndeed,
*§ the locations of the anticrossings are precisely reflected on
] 80 JL this pattern of variance. According to the model calculations,
§ the interchannel coupling effect due to the reduced-mass
5 mixing as well as the overlap effect between the subband
& 90 wave functions ok andh contributes to the enhancement of
the absorption tail spectra. In addition to this unusual phe-
100 nomenon, it is also shown that the peak positions, heights,
and g values of the FR spectra in tHe> g, ;) region are
110 modulated in an irregular manner due to the Zener break-
down asF traverses the anticrossing region. For instance, the
spectra for the 4 state pertaining to the(R,2) subband dis-

: L appear abruptly at a certain bias, followed by the recovery of

1.600  1.606 1610 1.615 the intensities out of this region. Moreover, the spectra of the
Energy (eV) 0(1,1) and 1,3 exhibit a profile inversion from a positive

Fanoq value to a negative one. This is in contrast with the
existing experiment for weak fields, where theg value
varies monotonically.

FIG. 13. Expanded view of the same spectra as those With
=0.3 meV of Fig. 12d) for the state pertaining to(D,3).

because of its small intensity. Hence, the expanded spectra of

the dotted traces in this figure are depicted in Fig. 13. Al- ACKNOWLEDGEMENTS
though most excitonic FR spectra usually have a negative ) , ) .
Fano'sq value, it is known that the (@,3 state exhibits a This research was financially supported by Grant-in-Aid

characteristic spectral profile with a positi@value in for Scientific ResearcliB) and Gr_ant-in-Aid for Scientific
quasi-two-dimensional semiconductor heterostructures, i.eResearcC) from the Japan Society for the Promotion of

a spectral dip followed by a pedR’! and this profile was Science.

observed in the experimeftAs is seen in Fig. 13, the spec-

tral profile is gradually altered by retalnlng>0 for F APPENDIX A: METHOD TO SOLVE EQ. (16)

=10-40 kV/cm, followed by a disappearance &

=50 kV/cm. Similar to the modulation pattern of Fig.(&® The numerical procedure of obtaining a set of WSL wave

the spectra are retrieved with|>1 andq<0, and with a functions{da}'k‘)} is presented, wherle=e, h. In particular, the

i;[fge Ilmensnyf_aﬂ::90th/crkr)1t.| Nev(e;lrtlhet_less,flih\{vould t;e Ifirst stage(i) of the stepwise procedure provided in Sec. Il A
IMcult 1o contirm such a subtie modulation of this Spectral;e explained in detail. For convenience of presentation, the

Inversion by experiments. In fact, in Fig. (t, the modula- . Schrddinger equation for the particle bfin a single quan-
tion pattern looks smeared by the external broademngum well is initially expressed as

mechanism witH'=2 meV.

IV. SUMMARY (T+ud2-e¥é¥>z =0, (A1)

Optical absorption spectra of a WSL exciton under a
strongF field along the direction of crystal growth are com- where
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d 1 d APPENDIX B: VERIFICATION OF NUMERICAL
== oTz(W) 4 (A2) CONVERGENCE OF THE WSL ENERGIES
z AND WAVE FUNCTIONS
U(kk)is_ the confining potential with a barrier height m&_' and The most standard method of verifying the numerical
€ is theith energy associated with the elqe”functﬁﬁ'ﬂ- accuracy of calculated eigenenergies and eigenfunctions is to
Next, we mtroducs the following equation for a set of yrace the changes of these quantities with respect to a size
Sturmian functiong 7}:5354 of the basis set employed for the computations. As is well
Ko _ known, the eigenvalues calculated on the basis of the
[T+aw(2) - Bd7"(2) =0, (A3) " Rayleigh-Ritz variational principfé decrease monotonically

with an increase in the size of the basis set, eventually reach-
ing the convergence. In this case, the numerical accuracy
of the electron WSL energiesje and the associated wave
functions bi,s which are obtained witiN,=6 and Ng;,.=20
for jo=0(by) (b,=1-5, has been confirmed by changing
the number of the included minibandi§ from 1 to 5 with
ixed Ngie In Table Il, the calculated results are listed
or F=90, 100, and 110 kV/cm, where the transition at
F=100 kV/cm is due to the resonant Zener tunneling, and
the other two transitions are due to the nonresonant Zener
tunneling, as is seen in Fig. 2. The energies provided with
f[nfk)]*wk(z)n}k)dz: 8- (A4)  N,=1 are considered to be only those under the Kane ap-
proximation, and the results thus approximateddge 2 do
The functions are calculated using an expansion with respe80t ensure the validity of the Rayleigh-Ritz variational prin-
to a set of B-spline functionB, (2)} as follows5! ciple. The basis set with,=6 permit us to obtain an accu-
racy for the coupled WSL subband energies up to at least the
(K () — K) fourth, third, and second digits of the significant figure for
n2)= ; B2, (A5) be=1-2, 3—-4, and 5Srespectively. Thus, the convergence of
the energies with such a small size of the basis set proves to
where B, (2) is the Ith normalized B-spline of an ordet  be excellent. Figure 14 shows the convergence patterns of
with a knot sequencfg}. Following the BSCM? this prob-  the associated wave functions with respecNfp which are
lem can be formulated into a standard algebraic equation failepresented by W, based on the notation defined in Sec.
obtaining a set of coefficientst¥}, by imposing vanishing 1l A. Here, the solid line, the dotted line, and the chain line
boundary conditions or¥'(2). Some advantages of adopting ePresent the results of calculations wih=6, 5, and 4,
the Sturmian basis set and the BSCM have already begigSPectively, and withg;,¢=20. Forb,<3 in particular, it is
discussed in Sec. Il A. quite difficult to discern the difference of the results of WF-6
Once the set of the Sturmian functions is obtained, a wav&om those of WF-4 and WF-5 from this figure. Therefore,
function Kkl)?:k(z) of the SLs is expanded as follows: the excellent convergence of WF-6 is reverified.

wherew,(2) =v,—v) and B,=el’-v?; hereel’ is the lowest
eigenvalue of Eq(Al). Moreover «; is theith eigenvalue
associated Withni(k). The set of Sturmian functions are
sguare-integrable since the associated eigenvdlugsare
always discrete and;=1. This feature distinguishes from
the set of wave functions of EqA1) that are not square-
integrable for the continuum spectra. It is also evident tha{
7/<1k) coincides Withg(lk) for @;=1. The Sturmian functions are
normalized by the following equation:

1 .
—2 LW (2~ Ld), (A6) APPENDIX C: FREE SPECTRA

/

VNsite L

G, 2=
The Wannier equation relevant to the free spectra is ex-

whereK and By are the Bloch momentum and a miniband pressed as

index, respectively, and the Wannier function is expressed as
(Ho-E)¥°(|p[,) =0, (Cy

We, (D=2 72 Vg, (A7) where
J

H L i} = H 1 1} - V 1 -
A set of coefficients{ijK} is obtained by introducing Eg. olP:Ze:20) = Hexlpi2e:20) = Vlpi2e = 21)

(A6) in the Schrodinger equation relevant to the SL Hamil- -_ iV2+ hysi(Zer Z1) - (C2)
tonian. Equation{16) ca)n be solved by further expanding the 2m, 7T

. (K) :
WSL.wave I;Jnctlond)j in terms of the set of the SL wave .5 \ave function¥® is expanded with respect to the basis
functions{yg } as follows: set{¢;} from Eq.(13) as

K () = (K 1

D= 2 (8D 2, (A8) Wallel, )= =2 e (o). (c3

,By / j

where{ZKBkjk} is a set of expansion coefficients that are to bewhere the adiabatic channel functidr), from Eq. (6) coin-
determined. cides with¢; whenV=0, or, equivalently, whefp|—, by
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TABLE II. Variance of the energieso(be) of the electron WSL subband states expressed in the unit of
1072 Ry with respect to the total number of minibands included in the calculahigrag F=(a) 90, (b) 100,
and (c) 110 kV/cm. Note that the resonant Zener tunneling is dominaft=at00 kV/cm while the non-
resonant Zener tunneling is dominantFat 90 and 110 kV/cm. Refer to the text for further detail.

be=1 be=2 be=3 bo=4 be=5 be=6

(@) F=90 kV/cm

Np=1 —-0.204317 0.466814 1.62776 3.39729 5.92929 9.24860

Np=4 -0.237256 0.442686 1.74509 3.33703

Np=5 —0.237343 0.442572 1.73449 3.32202 5.95510

Np=6 —0.237348 0.442570 1.73304 3.31951 5.94449 9.26318

(b) F=100 kV/cm

Np=1 -0.252157 0.418974 1.57992 3.34945 5.88145 9.20076

Np=4 —-0.309658 0.381790 1.65020 3.37386

Np=5 —-0.312283 0.380782 1.64726 3.35039 5.91149

Np=6 -0.312334 0.380733 1.64721 3.34989 5.89168 9.22120

(c) F=110 kV/cm

Np=1 —-0.299997 0.371134 1.53208 3.30161 5.83361 9.15292

Np=4 —-0.350466 0.325906 1.59092 3.33847

Np=5 —-0.350496 0.323156 1.58650 3.30195 5.87733

Np=6 -0.350513 0.323057 1.58547 3.30137 5.85058 9.18137
setting,u:j, and _thes-radial symmetry, i.e.n=0, _has bee_n_ Ay =<¢j|1/mu|¢j,>, (C5)
applied. The radial wave function to be determined satisfies
the coupled equations where ¢; is defined in Eq(15), and it is understood that the

1 (d2 1/4 integration is implemented oveg andz,.
- §A<d—p2 + 7>fE(|P|) =(El-&)ff(p)), (C4 Equation(C4) has been numerically solved, resulting in

the step-shaped spectra already shown in Fig. 9. In order to
where matrix notations have been employedffbp(ffa), £ extract the underlying physics, it is preferable to solve Eq.
=(g;djj:), and | represents the unit matrix. Moreoved (C4) in a closed analytic form. In view of the eigenvalue
=(Ayjr) with problem ofA:

(@) F=90 kV/cm (b) F=100 kV/cm (c) F=110 kV/cm

Mt sy
I

T /)

be=4 1L

\H ‘H I .ﬁ N - ] W Wt e A 1
be=5 - B i

Wavefunctions of Electron WSL

-2000 -1000 0 1000 -2000 -1000 0 1000 -2000 -1000 0 1000 2000
z (atomic unit) z (atomic unit) z (atomic unit)

FIG. 14. The wave function&f)‘“?be) of the coupled WSL ok for b.=1-5 atF=(a) 90 kV/cm, (b) 100 kV/cm, andc) 110 kV/cm. The
traces indicated by the solid, dotted, and chain lines are obtained byNsir®y 5, and 4, witiNg,.=20, in order to confirm the convergence
of the wave function$WF-N,) with respect td\,,. In the case 0b.=5, the traces witfN,=4 are missing because WF-4 is not available. Only
the solid lines can be seen from the present traces and the others are little discernible because the three sets of curve almost completely
overlap. The geometry of the present WSL is specified in each panel.
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AU=UA, (C6) N

0 0
E) =2 wU,C,, C9
whereA=(\;§;) is an eigenvalue matrix arid is the unitary #a(E) ; = €9

matrix associated with the set of eigenvectors, the resulting

equation is
1 (@ 14 whereJy(0)=1 has been taken into consideration and
- A+ =5 [FE(p) = E1-3)F(p)).  (C
A B =@ w0,
Here, fE=UfE andE=U"1cU. ¥ can be expanded &s¢ W?:f d4 ¢}(Ze.Z0) =72, - (C10

-i[g,e]+- -+, whereU=exp(ig), and whereg is Hermitian.
On the basis of the approximation tliatan be replaced by

e, Eq. (C7) can be decoupled. Solutions that ensure approThe photoabsorption spectr¥E) are expressed as
priate scattering boundary conditions are provided in terms

of the Bessel function of the first kind, expressed as

No
f]Ea(|p|) = |p|l/22 Uj] "]O(kj’|p|)5j’uzca = |p|1/2Uja‘]O(ka|p|)Cav |0(E) = E |7Lg(E)|2, (Cll)
i’ @

(C8)

wherekj, =2(E-¢;/)/\;, andC, is a normalization con- where
stant denoted b€ ,=1/V\,, so thatf:, is energy-normalized.
Therefore, the dipole momemg(Es, corresponding to Eq.

(9), is given by T (E) = popg(E). (C12
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