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A theoretical study of the optical and electronic p
termed the dynamic Wannier-Stark ladd®&WSL), is d

roperties of semiconductor superlattices in ac-dc fields,
one. The biased superlattices are driven by two far-

infrared fields with different frequencies and relative phasé.dflere, the frequency of the first laser is equal
to the Bloch frequencywg of the system under study, while that of the second laser is equabtp. 2
Quasienergies of the DWSL are calculated based on the Floquet theorem, and the associated linear photoab-

sorption spectra are evaluated. B¢ 0, a gourd-shape

d quasi-energy structure characteristic of both dynamic

localization(DL) and delocalizatiofDDL), similar to the usual DWSL driven by a single laser, appears. By
changing the ratio of the two laser strengths, however, the width of the quasi-energy band and the locations of

both DL and DDL vary noticeably. As faf# 0, on the o
necessarily follow. In fact, DL vanishes and the quas

ther hand, band collapse and the associated DL do not
i-energy degeneracy is lifted in a certain réhgeistf

DDL remains over the entire range of the laser strength, eventually resulting in a plateaulike band structure in
the linear absorption spectra. The basic physics underlying this phenomenon, which can be readily interpreted
in terms of a closed analytical expression, is that all quasi-energies for given crystal momenta are out of phase
with each other as a function of laser strength without converging to a single point of energy. This is a feature

of this DWSL which sharply distinguishes it from a con

ventional DWSL generated using a single laser to drive

it. Furthermore, an exciton effect is incorporated with the above noninteracting problem, so that exciton

dressed states are formed. It is found that this effect
more pronounced release of the energy degeneracy

gives rise to more involved quasi-energy structures and a
of DL, leading again to the formation of a band structure

in the absorption spectra. These are exclusively due to unevenly spaced exciton energy levels.

DOI: 10.1103/PhysRevB.68.235325

I. INTRODUCTION

Since the early studies on Bloch oscillatibrzener
tunneling? and the Wannier-Stark laddéwsSL),® the prob-
lem of a Bloch particle under an external field in an optical

PACS nunt$er78.67.Pt

tric matching ratioy, represents the ratio of two fundamental
space-time areas,®l/w andh/eF,, whereFg, d, and o

are the static electric field, the superlattice period, and the
frequency of the far-infrared field, respectively, amdnde

are the Plank constant and the elementary electric charge. In

or semiconductor superlattices has been thoroughljhe latter, the magnetic matching ratio is given by the ratio of
investigated. Specifically, quantum systems exposed tothe two fundamental areak, andhc/eB, whereB, I, andc

strong time-dependent fields provide a variety of intriguing
phenomena, such as dynamic localizati@l) and band
collapse’1° the dynamic Franz-Keldysh effet;!® THz
radiatiort*~1® and THz photocurrent resonarien com-
bined static and THz fields, inverse Bloch oscillati§r?
complex energy spectra in interacting WSL resondhaed
chaotic scattering?° all of which are in conjunction with
photon-assisted tunnelif@AT).2%?2 Incorporation of an ex-
citonic effect allows further enrichment of the physics under-
lying driven quantum systems. For instance, an excitonic in

are the constant magnetic field, the lattice constant, and the
speed of light, respectively. Note that both the electric and

magnetic matching ratios play significant roles in governing

the localization behavior in each problem and the corre-

sponding energy spectra result in a self-similar structure.

To the best of our knowledge, DL in periodic motion un-
der the influence of a sinusoidal electric fieldithout a
static electric field was first discussed by Dunlap and
Kenkre® who pointed out that the localization occurs when
the special relation ody(eFd/Zw)=0 is satisfied, wher&

Is the strength of the ac-field adg is a zeroth-order Bessel

traband polarization is prolonged for much longer than the,nction of the first kind with/ =h/2z. Later, Holthau$
intraband dephasing tint8,and the exciton effect in time- showed that the quasi-energy as a functiorebil% o is a

integrated four-wave mixing results in a shift of the DL-peak
position, with accompanying extra peaks and shouléfers.
A biased superlattice driven by a far-infrared field, which

repeated gourd shape, and band reformation and band col-
lapse are accompanied by dynamic delocalizatiapil ) and
DL, respectively. Furthermore, Zakointed out that a simi-

we shall discuss below, is usually called a dynamic WSUar property also holds in the DWSL and that DL occurs

(DWSL).?* There is an analogy, the well-known Hofstadter

when J,(eFd/2w)=0, wheren is an integer equal to the

problem? between the quasi-energy spectra of a DWSL andlectric matching ratio

the energy spectra of a Bloch electron in a constant magnet

ic

field, because of the existence of a certain matching ratio of

the system parameters in each c#se. the former, the elec-
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where wg=eFyd/% is the Bloch frequency of the system  TABLE I. Summary of acronyms used in the text in alphabetical
concerned, and,, is anth-order Bessel function of the first order and the corresponding meanings.
kind.
In a DWSL with y=n, the WSL energy states of adjacent ACronyms Meanings
sites(wells) are strongly c_qupled to each other d_ue to PATpp. Dynamic delocalization
th;ought_a resgmantltran5|tt)|on(,j a_rg:hh_ence I<_:ondsp|cuou§ {3;1 Dynamic localization
reformation with a farge bandwi IS realized aroun ®bvR Discrete variable representation
DDL positions. In the case of a DWSL where=p/q is a

rational number angd andq are prime number&;?®the WSL DWSL Dynamic WSL
. . EX-DWSL Excitonic DWSL

states of each —1)th site interact and the nearest- XAWSL Excitonic WSL

neighboring sites no longer couple to each other, leading to 5 i citonic

Noninteracting DWSL
Photon-assisted tunneling
Wannier-Stark ladder

reduction in the band structure and a narrower bandwidth. 1}'PWSt
the extreme limit ofg— o the bandwidth is zero and all the
features in the quasi-energy spectra are just due to DL. DeY
spite the superficial difference between each type of DWSL;
i.e., y being an integer or a fraction, the physics underlyingare rather more involved and the bandwidths are sensitive to
them is basically the same and is fully explained by thethe ratio ofF,, to F,,and the relative phas& In particular,
magnitude of the hopping matrix elements modulated by am a certain range ofs the DL, which characterizes the
external laser field. The spectra of DWSL's have recentlyDWSL in single-laser driving, vanishes entirely. This is in
been observed in the optical lattices of ultracold atéf&>  contrast to the conventional understanding that the DL al-
where two counterpropagating laser beams were used ways manifests itself in a DWSL driven by a single laser. In
form a standing wave corresponding to the superlattices anarder to distinguish a DWSL without an exciton effect from
where either a tunable frequency difference between thedée one with it, we shall use acronyms NI-DW@&toninter-
counterpropagating waves or even gravity introduced a cor@cting DWSL) for the former case and EX-DWSlexcitonic
stant force corresponding ®F,. Incidentally, it is worth ~DWSL) for the latter. Overall, the primary feature, i.e., the
noting that there is a similar phenomenon to DL in naturedisappearance of DL, is still preserved in an EX-DWSL,
called the coherent destruction of tunnelf3GS An appro- though_the resulting quasi-energy-band structure is blurred to
priately designed coherent cw-drive can bring the coherer@hcelr.taln extt)ent fr[pm that tOf thfetr?orresporltdlngtNI—D\t/)\{S.L. q
tunneling between two locally stable wells to an almost com-by P}n ;P:(?Jc?nsoz;mggksgfgb? f(i)el d ie%eesse?o zl)éseggqn (?[hea'Sr?_
El)er;epﬁ;?:;?ﬂ! tz:ﬁeﬁr:g%sosrag'the ossne oo State%ler%t]?g d:': ge(rjfstrcl)f E\%(i_zDe\c/ivgsL i‘ollows Methods of calculatin
To the best of our knowledge, all the studies on DWSL bap 9 . g

S . . - . .
o g the excitonic quasi-energy spectra and the associated linear
have thus far been devoted to WSL's driven bgirglefar-  gnecira are given in Sec. II. The results and discussion are in

infrared field. One is tempted to see what happens to @&gc ). In the first half of this section the basic properties of
DWSL under the influence ad couple ofsimultaneous far- pws’s driven by a single laser are reviewed, taking the
infrared fieldS, and how the results thus obtained are alteregxciton effect into account. Th|s is instructive for under-
by the exciton effect. In this paper, a two-color far-infrared standing both the similarity to and the difference from the
field F(t) at time oft is introduced to the system, where the two-color laser driven DWSL discussed in the latter half,
frequencies of the first and the second monochromatic laserghere the exciton effect is also addressed. In addition to the
denoted byw; and w,, are set equal tawg and 2wg with results of these numerical calculations, an analytical expres-
strengths ofFp andF g, respectively: sion for a two-color laser driven NI-DWSL is derived in
order to explore the underlying physics leading to the disap-
pearance of DL. In a straightforward extension, an analytical

F(t):j;”':j(t)' (2) solution for a DWSL driven by a multicolor laser is also
’ given and discussed. The conclusion is given in Sec. IV. An
with Appendix is also included to supplement the text. To help the
reader, all acronyms defined in this paper are summarized in
Fi(t)=Fjocog wit+6)), (3 Table I. Semiconductor superlattices of undoped 45 A

_ _ . , . GaAs/45 A Al sGa, -As are adopted as samples here and the
?nnaotlcghligor:tri]gséz»_—a ?cclzo;cri:angIi)\//ézebresp_ectivznﬂectnc sinusoidal electric fieldc as well as the static ong, is

9 Yi— @Bl 9 y7i= Y2 introduced along the crystal growth directiéthe z axis) to
=1/2. Moreover, it is understood that there is a phase dlfferform the DWSL. A schematic view of the present DWSL
enced between these two lasers. Intuitively, one can SPeClgystem is depicted in Fig. 1. Atomic units are used through-
late that in this system the properties of DWSL's wilh 5t unless otherwise stated.

=1, and vy, coexist, and as a result the bandwidths of the

quasi-energy spectra attributable to DDL are enlarged to Il. METHOD OF CALCULATIONS
some extent due to the twofold character of PAT, where one
way is dominated by the coupling of each adjacent site of the
WSL and the other is dominated by the coupling between First a set of coordinate$p,z.,z,} is defined for the
every other site. As will be shown later, in fact, the spectrapresent system witlp=(|p|, ) representing the in-plane

A. Excitonic quasi-energy spectra
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where it is understood that the sign in front of the last term,

which indicates the dipole interaction of a partighaith F

applied in thez direction is+ for e and — for h. Moreover,

m{ is a mass of the particlein the z direction andy; is the
W= periodic potential of the associated superlattices for the mo-

tion of j.

The time-dependent Schiimger equation for the EX-
DWSL is given by

Conduction Band

. d
|E—H(p,ze,zh,t) V(p,Ze,24,t)=0. (9

Valence Band

Because of the periodicity ofF(t), namely, F(t+T
FIG. 1. A schematic diagram of the geometry of the DWSL _ P Y (t) y, F( )

under study. The static electric figg and the time-dependent field (), Wh.ereT I_S the period of th.e system defined 'ﬁ,s
F(t) are applied along the crystal growth direction. The resonan_ZW/w with w_mm(wl'wZ). and in I!ght of Floquet's

. : . L %heorem34 we look for a particular solution of the form
transitions mediated by, and w, are depicted. These give rise to ’
a DWSL with y=y; andvy,, respectively. When a weak laser probe
is introduced, a vertical transition=0 and oblique transitiong WV (p,Ze,zn,t)=exp —iEt) ¥(p, 20,2z ). (10
==*1 occur, wherev is the WSL index. . . . .

HereE is a conserved quantity denoting a quasienergy,jand

relative vector between an electrerand a holeh with the IS @ periodic function satisfying the relation that
in-plane angular coordinatés, and z, and z, being thez
coordinates ok andh, respectively. Here the center-of-mass U(p.z2e,2n,t+T)=(p,ze,2, ). (11)
motion of an exciton in the plane of the layer is removed. , o .
Moreover valence-band mixing is neglected and, for simplic-1 "€ general solution of E49) is given by a superposition of
ity, the contribution of light holes is omitted, so that just the the Floguet states of Eq10), upon which suitable initial
sradial symmetry of the heavy-hole exciton is taken intoconditions can be imposed. The equation of motionsds
account. The complete Hamiltoniahis given by cast into the form

H(p,Ze,Zh,t)=HWS|(p,Ze,Zh)+F(t)(Ze—Zh), (4)

where’H,,s| represents the effective-mass Hamiltonian of the
exciton WSL(EX-WSL) given by

J
iﬁ‘l‘E—H(P,Ze,Zh,t) ¢(p,ze,zh,t):0_ (12)

In accordance with the relation in E@ll),  can be
expanded as
1

2m” Vlzj'f' V(P,Ze_ Zh) + hWSI(Ze rzh)!

(5) p2e.20, D=2 XN~ ino)Pn(p2e,2y). (13

Husl(piZe,21) =

and the second term represents the dipole interaction be- ) _ ) )
tweene andh with F in the z direction. In Eq.(5) mj is the Here the basis sétb,} must satisfy the following equation:
in-plane reduced mass @& and h, andV is the Coulomb

potential between them expressed as
E [{nw+E—Hys(p.Ze,2n)} Snnr
n!

Vipze—z) et ® — Fow(Ze—20) 1@ (p26,20)=0, (14

e+ (zem 2" where

where € is the static dielectric constant of the medium. In
addition h,, represents the Hamiltonian of the WSL for a

-

combined subband af andh and is defined by ]?nn,:%f dtexgi(n—n")wt]F(1). (15)

0
i In order to seek solutions of Eq14), it is convenient to
- (4) (5.
hWS'(Ze’Z“)_j;e;h hwsi(Z))- (™ introduce a basis sétp, }, which is obtained by solving the
Schralinger equation of the EX-WSL:
Here
1 (92 [HWS|_8)\]¢)\(p!ZEIZh):O1 (16)
h{l(z)=— 2l a_zj2+ uj(z)=Fez;, (8)  where&, is thexth energy of the WSL. Expanding, once

again with respect to this basis set as

235325-3
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ing this recipe enables one to greatly reduce the computa-
D(p.Ze,20)= 2 hr(P.Ze.Zn)Crn (17)  tional burden of seeking the solutiofig,} of Eq. (16) with
. high accuracy owing to the DVR ansatz
yields the following algebraic equation f¢€, .} :

f diple(lph V(e e (D =V, (D &y, (22)
> [(N@+E=E&) 8 dinr— Frn{brlze— 20| hr1)]

'
X Cy /:0, 18
. e i . . ( ) VMV(|p|):f dZethX;(zevzh)v(paze_zh))(v(zeyzh)-
with (- --) denoting integration ovep,z,, andz,. This is 23)
feasible by means of a standard diagonalization procedure.

It is supposed that the EX-WSL state is formed under ga,,} is the set of unknown coefficients to be determined.
two-subband approximatiofa single-subband-pair approxi- ~ The remaining task is to obtain the WSL-subband wave
mation in which just the lowest-energy subband pair, com-functionsgg) for j=e,h used in Eq(20), satisfying
posed of the lowest subband @&nd the highest subband of
h, is incorporated. Higher-energy pairs are;heglected. More- [hil(z)—eP1EW(z) =0, (24)
over, Zener tunneling and the WSL resonanage consid- _ .
ered as minor effects, where the latter is relevant to tunnelin{/'€re the energy is given byf))= £+ v with the WSL
through tilted barriers of WSL into continuum states with a dex denoted by. Because of the two-subband aqproxma-
finite resonance width, namely, the shape resonance. Thell n used here, the subband index to be attachetf'tcand
assumptions are warranted in the present system, as is shov?/n is uniquely given and then omitted. This wave function
later. In addition, excitonic Fano resonance and the relatet$ further expressed by the superposition of the wave func-
multichannel nature are also ignored, though all of the Exdions 7’ of the associated superlattices with the Bloch mo-
WSL states are related to such resonance states as distim@entum k=27zn/N,d for n=—N,/2,—N,/2+1,... N,/2
from pure bound states, and this effect plays a significant-2N,/2—1 (N, is ever) in the following equation:
role in rrr:aosre39 accurate and quantitative level of
investigation>>~ () () (J)

With following the approximations made above, the EX- &(z)= 2 ™ (2))b @9
WSL wave function is written as

whereV,, is an effective potential defined by

where

A (pZe,20) =2 Xpu(Ze Z0) Gy (P). (19
2 Xu n 7(z))= J_— > exp(ikld)Bpn, 1..(Z)cy), (26)
Here x,, is the uth subband wave function of a combined
WSL given by and{b(')} and{c\)} are sets of expansion coefficients. Here
Bi «(2) represents théth normalized basis-splineB¢spline
function of the orde.*’ The advantages of employing such
Yu(Zo,2n) = —— > explivK,d)E®). (2 EM(z,), a piecewise basis set are described below. The knot sequence
piterth \/—Z v fsnTTe " for the set ofB splines ranges over the whole superlattice
(20 crystal, and it is understood thislt s knots are introduced per

where&®™) is the yth WSL-subband wave function e{h) UMt cell so as to satisfy the relation

satisfying the Schidinger equation foh{&("), andK, is the

center-of-mass momentum in taeirection. In factk, is set Bi «(ztnd)=Bi_n n«(2), (27)
zero here, since it does not affect photoabsorptlon
spectrd®** N, is the number of periods of the superlattices "’
included in the calculations. Furthermot,, in Eq. (19) is

defined as

heren an integer. This ensures the Bloch theoremsfg?
that is

7d(zj+nd)=expiknd) n(z)). (28

1 _ - In Fig. 2, the wave functiog® is depicted along with the
gM(p)=\/?exp(|mM¢)zl o™ @i(lpDaun, (21 geometry of the present WSL for a typical valueFgj= 11
7 kV/icm. &9 is readily obtained frong ,(ze) = £o(ze— vd). It
wherem,, is the in-plane angular moment pertinent to theis clearly found that the wave function is well localized
subbandu and is set to zero because only taeadial sym-  within just a couple of sites and the tails of it are negligibly
metry is considered. The discrete variable representatiosmall. This justifies the above-mentioned approximation of
(DVR) is employed for the set of basis functiofig;} and  neglecting the WSL resonance. Furthermore, disregarding
hence the subscriptrefers thelth abscissa of the Gaussian Zener tunneling was justified numerically by comparing the
quadrature. For details of DVR, consult Refs. 42—46. Utiliz-energy obtained within the present single-subband-pair ap-
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Fy=11 (KV/cm) b(t=x)=—ie AmedtDao(t)exqi [Eo—Eo— wplt).
0
(29

Here theath state is excited from the ground state of crystal,
W¥(r), which has energ¥, att=0. Moreover, the dipole
moment of the transition is given by

. Dao(1)=(¥ (1, 1) |p| Wo(r)), (30)

wherer is a group of the position vectors of all the partici-
pating electronsp=—iV,, and thet dependence of the ex-
o cited DWSL state is explicitly representedin, and ¥ (),
-1000-800 -600 -400 -200 0 200 400 600 800 1000 As usual W is expressed by the Slater determinant of the
2(A) valence-band Wannier functioa{)(r)},*® whereR is the
crystal position given here bR=(p,z,z,) with the unim-
FIG. 2. The EX-WSL wave function of&l® for Fq portant center-of-mass motion in the plane of the layer being
=11 kV/cm. The geometry of the present WSL is also depicted. omitted, as stated in Sec. Il AI’EYC”) is cast in the forrf?

Wavefunction

proximation with that evaluated by including the two lowest- 1

energy subband pairs. The latter shifts just slightly from the P)(r t)= — > P (ROACI(r), (32)

former and therefore the contribution from Zener tunneling JN R

is considered to be minor. However, it should be remarked here A () is al . int f the Slater determinant

that for a still larger~, both the WSL resonance and Zener WNETEAR T 1S ag? given in terms ot the Slater determinan

tunneling would be more significant so that a more sophistic°mMPosed ?c‘;{aR ()} and the conduction-band Wannier

cated description of the WSL would be required. functions{ay’(r)}, N is the totali number of lattices con-
Conventionally, with the single-subband-pair approxima-cerned, and the envelope functigh, is the same as that

tion, each£) ande!) is given one by one in terms of the already deﬂ_ned in Eqg10) gnd(ll), but vylth the labela

Kane representation in conjunction with the Kronig-Pennyadded. Puttingly and ¥{>) into Eq.(30) yields

model S1‘401r48 superlattices with  rectangular periodic

potentials:~“°Practically, this recipe is limited to the square- 1 1

well potential and the situation in which multiple subband Dao(t)= N ER: l//Z(R,t)d(Ffv)*\/—Ndécv)va(t), (32

pairs are not strongly coupled. On the other hand, the present

B-spline method is more flexible and can be applied to anywhere

type of potential, regardless of whether this is smooth or

discontinuous. In fact, for the rectangular potentials with dS=(ald(r)|plal(r)), (33

which we are concerned here, this method allows one to

evaluate a large number of eigenvalues with high accuracy &nd

one stroke by introducing knot multiplicityto the positions

where the potential is discontinuous, ?.e., at the boundaries va(t)Zf dzy* (p=0,2,2,1). (34)

between the wells and the barriers. With minor changes, the

same computer program can be readily applied to, for mThe second equality in E432) is due to the fact tha®=0 is

stance, a sinusoidal potential that models the WSL of optical, . o
superlattice$’ =32 Furthermore, it is straightforward to apply dominant for dipole-allowed transitions. Therefore E2g)

this to the more formidable problems of the Zener tunnelingCan be recast as

whenF is relatively strong. The extension of this method to AN et
other systems is beyond the scope of the present paper, anq)'vt(oc): —i(e- d(cU))_p dtv (1)
will be discussed elsewhere. “ 0 JN =0 i “

B. Linear absorption spectra Xexpi[E,—Eo— wp]t)

The EX-DWSL state is probed by introducing a weak

monochromatic test laser with a vector potenti#l,exp =—i(e décv))ﬁ EI
(—iwpt) under the dipole approximation, wherg, is the
amplitude of the lasew is the polarization vector assumed X exX{(i[E— Eg— wp— Ko]IT)ME

here to be in the plane of the lay@rE polarization, andw,

is the frequency. Time-dependent perturbation theory is used A

to find the dipole-transition amplitude of theth excited =—-2mi6(E,~Eg—wp— Ko)(e dgcu))\/—ﬂMf-
state,\lf(;”)(r,t), with a quasienergt , in the remote future N

(t—oe) and this is expressed as (35

235325-5
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WSL DDL DL The transition probability?,, to a per unit time and unit
cell ends up as
0.135 05 ,
b, () A
0130 § Pa:; N—TT=277|(6' dgcv))|zﬁp
s 125
2 05 |
8 X, 8(E,~Eg—w,—Kw)|MS2  (37)
€ 0120 } *
u
§ 0115 t The absorption coefficient(w)) is, needless to say, propor-
] tional to the expression in the above equation. Note that
0.110 similar expression is given in Ref. 24, however, without deri-
vation nor with the exciton effect.
0.105 : : : :
10 20 30 40 50 60
F.o (kV/icm) Ill. RESULTS AND DISCUSSION
wsL bpL ot The present section consists of DWSL's generated by a
I single dressing field and by a two-color dressing field. It is
0.135 . . . . assumed that the contribution of the bound states of the WSL
* ................... ¢ ---------------- exciton to the expansion given in E@QL7) dominate and the
0130 Wy T ] contribution from the continuum states is negligibly small.
2 Inspection of the linear absorption spectra of the EX-WSL,
. 0.125 ] which shows that the continuum contribution is usually
> much smaller than that of the bound state, implies that this is
g 0120 Q) ] a reasonable assumption and the continuum contribution is
"g unimportant unless the Fano resonance and particular effects
3 0.115 1 of the continuum are taken into accodnt®3*This assump-
s tion is undoubtedly desirable in order that the spectra of the
0.110 0 ] EX-DWSL can be compared with those of the NI-DWSL on
0105 , , , , . (b) an equal footing in terms of the corresponding quasi-energy
10 20 30 40 50 60 curves in thek-Fj, plane as is shown below. If all the con-
Fao (kV/icm) tributions of the continuum are incorporated in E&j7), the

quasi-energies become homogeneously distributed over the
FIG. 3. (a) Quasi-energies for a NI-DWSL driven by a single whole plane with the measure zero, that is, within the zero

laser withy=y; as a function of3,. The positions of WSL, DDL,  distance between the nearest-neighbor quasi-energy
and DL are specified by arrows. The numbers in parentheses feprpositionsf.’o In this case, it would no longer be possible to
sent the parent band,=0 and the photon sidebandg=+1.  ynderstand the EX-DWSL on an equal footing with the NI-
Dashed lines indicate the numerical errors incurred by incorporatiofy\wsL . In the present calculations, a couple of the lowest-
of a finite number of superlattice siteN{_: 20) in the calcula_ltions. lying exciton bound states pertaining to each WSL site are
(b) The same aga) but for a NI-DWSL withy=1y; as afunction of  jcqrporated. The energy levels of states with larger WSL
Fao- indices become evenly-spaced and identical to the associated

subband energies. Hereafter, the setup paramétgrs20

In the first equality, the wholé domain is divided intNy g F =11 kv/cm are adopted for the calculations of the
pieces each with an intervdland assumingN—x. Inthe P\

second equality, the relation of EGL1) has been employed.
Moreover, [C(# 0) refers to the number of the photon side- _ .
band (replica relevant to the exciton Floquet state and A. Single-laser driving

K=0 corresponds to the parent bamd is of the form This section presents the basic properties of DWSL's
driven by laserd=4(t) andF,(t), taking account of the ex-
e 1T , . citon effect. The results of the NI-DWSL are shown in Fig. 3.
Maz?Jo dteXp("C‘”t)Ua(t):j dzd3(p=0,2,2). where the parent band is labeleg=0 and the photon side-
(36) bands are labeled,#0. At Fj,=0(j=1,2), this label is
equivalent to the WSL index. The NI-DWSL with= vy, in
For the second equality, E¢L3) has been used. Thu§is  Fig. 3@ is shown by the gourd-shaped structure of the
identical to the number of dressing-field photons participat-quasienerg¥ as a function of 1y, and the repetitive behav-
ing in the formation of the state. The K dependence plays ior of both DDL and DL are evident with increasifgg. By
the role of Umklapp processes in the temporally periodicuse of the nearest-neighbor tight-binding model for a super-
system. lattice miniband
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A (2)WSL F,=0 (kV/cm) (HWSL E,=0 (kV/cm)
e(k)=Eq— Ecos{ kd) (39 » i “ » i "
with the energy of the band cent&p and bandwidth\, the (b)Di = —zogtwcm) l' Di ZOSAkV/ i
guasi-energy can be obtained from a single-cycle average o _ o @ 0~20:8 (Viem)
the instantaneous energyk— (1/c)A(t) ] 5 L
8 6.5 (meV)
= S NYVYY . . R
1(7 1 £ [(©oDL R4z (kVipm) (MDL =42
E, (K)==| dte| k—=A() | +r,owq, (39 g (kVrom)
b T 0 C &
wherek is the Bloch momentum, which is a good quantum E?
number of the system under study, aAét) is the vector <§ (A)DDL F=58.5 (kviem) WooL 585 (fvrem)
potential associated with the combined ac-dc field. This is g
. . . i 3.8 (meV)
readily reduced to the following analytical expressioh: <>
(e)DL Fy=77
A F Od (kV/ern) V/c
E, (K)=Eo— —cos(kd)( 1", +vpwq, (40
w31

Wheren iS an integer equal tq’l AS FlO increases, first the 0.165 0.110 0.115 0.120 0.125 0.130 0.135 0.105 0.110 0.115 0.120 0.125 0.130 0.135 0.140
band structure is retrieved, with a larger bandwidth and Froten Eneray 20 Photen Enery (€1
showing signs of DDL. The width eventually reaches a maxi- FIG. 4. Linear absorption spectra of a NI-DWSL witd—(e)
mum, resulting in the most pronounced DDL, and then de-y= vy, and(f)-(j) y= v, corresponding to Fig.3 for several typical
creases. Finally, wheR,, coincides with zeros of,, the field strengths as a function of the irradiated photon enesgy
band collapses, leading to the formation of a knot betweemeasured from the bottom of the conduction band. The vertical
adjacent lobes, and DL is realized concomitantly with it.arrow indicates the WSL index. The horizontal double arrow with a
Such a tendency is repeated. It is evident that this phenoniumber attached indicates the bandwidth for DDL. The spectra are
enon arises exclusively from PAT. convoluted with the Lorentzian profile with a homogeneous broad-
Figure 3 (b) shows the quasi-energy structure resultingéning of 0.2 meV to aid the presentation.
from the NI-DWSL with y=1y,. It is readily seen that the
bandwidth is much reduced compared with the NI-DWSLIn Figs. 4f-j), the spectra of the NI-DWSL wity= vy, are
with y=vy,, and the DDL character seems to almost vanisftshown at the same field strengths as above. No DDL spectral
due to the reduced magnitude of the hopping matrix elepattern is observed, and all spectra feature the DL spectral
ments. Moreover, two bands appear at an intervalwef pattern with an enhancement effect similar to Figs) 4nd
=2wg corresponding to the Brillouin zone of the temporal 4(e).
periodic system. These observations are similar to those As for the exciton effect on these DWSL's, the quasi-
demonstrated by the nearest-neighbor tight-binding m@idel. energies corresponding to Fig. 3 are shown in Fig. 5, where
As noted in Sec. |, the same basic physics governed simplthe horizontal arrows indicate the isolated quasi-energy
by the magnitude of the hopping matrix elements modulatedraces of the exciton bound states, labeled/g®s). Over-
by an external laser field, underlies the two DWSL's with all, for the EX-DWSL with y=v,, in Fig. 5a), the gourd-
y=17, and ys. shaped structure is once again obtained. Aside from this,
The properties of the NI-DWSL are confirmed by exam-some curves of the low-lying exciton bound states are found
ining the associated linear absorption spectra depicted in Figsolated from the main spectra, which are ascribable to the
4, which were calculated based on E87).>! Figures 4a—8  higher-lying Rydberg states of exciton. The quasi-energy de-
show the spectra of the NI-DWSL with= vy, at five typical  generacy is lifted to a certain extent at the DL positions due
field strengths relevant to the positions of WSL, DDL, andto the unevenly spaced exciton levels, resulting in rather
DL. It is found that contributions from the photon sidebands,broadened spectra. The profile of the parent band is dupli-
v,==*1, are always less significant than the contributioncated exactly in every replica due &= wg. In Fig. 5b),
from the parent band,=0. Hence, just the parent band is which shows the EX-DWSL withy= vy,, partial removal of
considered. At the DDL positions, the spectral patterns ar¢he degeneracy is also seen. However, the profile of the par-
reminiscent of the spectra of superlattices characterized bgnt band is different from the adjacent photon sidebands due
the appearance of a plateau with tile andM, Van Hove {0 w,=2wg.
singularities’? The maximum bandwidth of the leftmost lobe  The linear absorption spectra corresponding to Fig. 4 are
is 6.5 meV which is reduced by about 40% of the width ofshown in Fig. 6. Both EX-DWSL's, withy= vy, and y,, are
the original superlattices of 11.2 meV. The width of DDL dominated by strong exciton peaks ascribable to the dressed
seems less dependent Bg. On the other hand, at the DL 0(1s) state. Moreover, it is found that every peak height of
positions, a single sharp peak appears in place of the plateathis state is enhanced by the dressing effect from the associ-
where the peak height is enhanced in comparison with that aited WSL regardless of the DDL and DL positioiddow-
the WSL in Fig. 4a), due presumably to an increase in the ever, the band structure can still be perceived at the DDL
density of states ascribable to the quasi-energy degeneragositions of Figs. @) and d), even though they are smaller
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WSL

Quasi Energy (eV)

o,—)‘
0.13

+1
'1|'

0.12

Quasi Energy (eV)

o—)-; -
0.11F 1

+1r.

30 40 50
F a0 (KV/Cm)

10 20 60

FIG. 5. The same as Fig. 3 but for an EX-DWSL wit y
=1y, and (b) y=1v,. The numbers specified by horizontal arrows

represent the quasi-energy positions of isolated dressed exciton

states, where=0, and=1 refer to the 0(%) and +1(1s) states,
respectively, and the symbols with the subscript, , refer to the
replicas of the states labeled The numbers in parentheses repre-
sent the parent bana,=0, and the photon sidebands,=

than the exciton peaks. The variance of the binding energy of

the dressed states verstig is shown in Fig. 7. The energy

is evaluated from the difference between the quasi-energies

of the EX-DWSL in Fig. 5 and the NI-DWSL in Fig. 3. The
trace of the EX-DWSL withy= vy, in Fig. 7(a) shows that
the binding energy of the 0&) state gradually increases
with strongerF,,, accompanied by oscillations with an am-
plitude of about 1 meV. The DL tends to provide larger bind-
ing energies than the DDL, which is similar to the tendency
observed in the EX-WSL when compared with the corre-
sponding superlattices with,=0.° On the other hand, in
Fig. 7(b), the dressing effect on the Og)L state gives rise to

a smooth increase of the binding energy of the EX-DWSL
with y=1+, and the dressing effect on thel(1ls) state
gives rise to a smooth decrease of the binding energy.

B. Two-color laser driving

PHYSICAL REVIEW B 68, 235325(2003

(Q)WSL F,=0 (kV/cm) (YWSL F=0 (kV/em)
0(1s) 0(1s)
-1(1s) -1(1s) i
L A
(o)DDL EX |} (9)DDL F, _=20.5 (kV/cm)
F=20.5 (kV/em) e =
-~ NI
A A
(h)DL Ry=42 (kV/icm)

I (©)DL Fg=42 (kVicm)

(d)DDL EX
Eo=58.5 .,2 & M .
(kV/em)

el NI
l(e) DL F,=77 (kV/cm)

0105 0.110 0.115 0120 0.125 0.130 0.135 0105 0.110 0.115 0120 0.125 0.130 0.135 0.140
Photon Energy (eV) Photon Energy {(eV)

;_

A

-, =58.5 (kv/em)

()DDL E

Linear Absorption Spectra (arb. unit)

7!

A
E,=77 (kV/om)

(oL

- S S

FIG. 6. The same as Fig. 4 but for an EX-DWSL wil—(e)
v= vy, and(f)—(j) v=vy,, corresponding to Fig. 5. The upper insets
of (b) and(d) are enlarged views of the respective main panels for
comparison with the spectra of the corresponding NI-DWSL de-
picted in the lower insets. The horizontal double arrow represents
the bandwidth for DDL.

phase 6. The quasi-energies of the NI-DWSL and EX-

DWSL and the corresponding linear absorption spectra are
presented first based on the full numerical calculations. Next,
in order to deepen our understanding of the results thus ob-

10 DL DL
8 0(1s) DDL
DOL
6
4
>
\E, 2
N (@)
5 0l
g T T T T
moop
o o(1s)
c
S 8
£
o
6 ]
e
4 -1{1s) 1
2
(b)
05 20 40 60
Fio (kviem)

FIG. 7. Binding energies of the dressed exciton states as a func-

tion of Fjo(j=1,2), which were evaluated from Figs. 3 and(&.
Now we analyze the dressing effect due to a two-colorThe 0(1s) state for an EX-DWSL withy=y;. (b) The 0(1s) and

laser beam composed &f;(t) and F,(t) with a relative

—1(1s) states for an EX-DWSL withy= vy,.
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2 (d) By =2F) ¥ 0.105 @
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Fio (kV/cm) Fo (kV/cm) Fo (kViem) Fo (kVicm)

0.105
0

FIG. 8. Quasi-energies for a NI-DWSL driven by a two-color ~ FIG. 9. Quasi-energies for a NI-DWSL driven by a two-color
laser with5=0 as a function of;,, for four typical values oft ~ laser withI'=1/2 as a function of o, for four typical values o
=F,o/Fipequal to(@ 0, (b) 1/2, (c) 1, and(d) 2. The numbers in equal to(a@ 0, (b) 7/4, (c) 7/2, and(d) «. The numbers in paren-
parentheses represent the parent bapd0 and the photon side- theses and the ripples have the same meaning as in Fig. 8.
bandsv,==*1. The ripples, denoted by dashed lines, which are
seen, especially, in the higher-field regions(bf. (c), and(d), are  and hence it is limited to the case of the single-laser DWSL.
numerical errors incurred in part by incorporation of a finite numberFor & greater thanr/2, the disappearance becomes less pro-
of superlattice sitesN,=20) in the calculations, and in part by the nounced, and finally foo= 7 [Fig. 9d)], DL is retrieved,
limited capacity of the memory and CPU time in the workstation however, with a much reduced bandwidth around the

utilized here. maximum-DDL positions. Furthermore, the profile of the
quasi-energy curves remain unaltered with respect to the
tained, we also conduct an analysis based on the nearegthase inversion whereb§ is replaced bys’=—§. This is
neighbor tight-binding model, similar to the analysis doneeasily demonstrated by the time-reversal relatigd, (t)
for single-laser driving. =exp(o)y—t), wherey s and 5 are wave functions sat-
isfying Eq. (12) for the relative phases af and §’, respec-
1. Numerical analysis tively, ando is an undetermined phase factor. This operation

ensures the invariance &

The quasi-energy structure of the EX-DWSL generated by
he two-color laser beam, which corresponds to the NI-
WSL with §= /4 andl’=1/2 in Fig. 9b). is shown in Fig.
10. It can be seen that the DL blurs and vanishes more defi-
nitely than in the NI-DWSL due to the additional effect of

To begin with, the quasi-energy of the NI-DWSL with
=0 is discussed, based on the calculated results of Fig. 8
which shows the variance of the profiles with respect to th
ratio’=F,y/Fo. It can clearly be seen that spectral widths
and locations of the DL and the maximum DDL vary signifi-
cantly depending of". More specifically, the bandwidth of
the first(leftmosd lobe tends to increase by a couple of meV
whenI'=1/2 and 1[Figs. 8b) and 8c)]. The widths of the
leftmost lobes are 6.5, 7.8, 8.4, and 7.4 meV fbr

0.135

=0,1/2,1, and 2, respectively. On the other hand, the widths $ 0130

of the second and the third lobes are clearly reduced, espe- @ 0.195

cially whenI'=2 [Fig. 8d)]. Note that, along with these 3

features, the DL is still evident fof=0. § 0.120 HE=—
Figure 9 shows the quasi-energy curves for differ&st w - S

with T" fixed to 1/2 corresponding to Fig(l®. In comparison a 0415

with Fig. 9 (a) where §=0, it is readily seen that the knots a

between the lobes become blurred and as a result every DL
disappears in Figs.(B) and 9c). Following extended nu-
merical calculations, it was found that this tendency in the
leftmost knot is maximized in the vicinity o= 7/4. Thus

far the appearance of DL with sharp knots is considered to be
one of the unique characteristics of a DWSL, irrespective of
whether y is equal to eithery; or y,. Nevertheless, it is FIG. 10. Quasi-energies for an EX-DWSL driven by a two-color
evident that, with the present two-color laser dressing, thisaser withé= /4 andl’=1/2 as a function oF ;. The numbers in
statement cannot always be applied over a certain rangge of parentheses and the ripples have the same meaning as in Fig. 8.

0.110

0.105
0

Fy (kV/cm)
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NI-DWSL EX-DWSL guishes the DWSL generated by two-color laser driving from
OB e L OB o the single-laser DWSL. It can be concluded that the disap-
o +, o 1ot pearance of DL in the present case originates from the nature
} i) } * of the NI-DWSL rather than that of the EX-DWSL, and that
O F.z21 s (iom) = Py — the exciton effect plays a subsidiary role.

€ 7.5 meV NI

M“L 2. Model analysis
L

The results of the NI-DWSL in Sec. IlIB 1 can be inter-

1.6 meV

— Accor(_jing to Appendix, the quasienergy is given in a closed
analytical form as follows:

s
3
E (0) F,=42.5 (KVicm) (h) Fy=42.5 (kV/cm) m EX . - . .
3 > i 25mev A preted in terms of the analytical expression for the quasien-
2 M l N ergy given by Eq(39). In the present casé\(t) is of the
s . . 1 — form
é (d) F,=58 (kV/cm) i) F,=58 LM EX
(kV/cm) N
g <€ 4.7 meV M NI FlO on
2 w1 Wy
() Fo=78 (kV/erm) () Fo=18 (kVicm) \ k EX

=

A
0105 0110 0.115 0.120 0,125 0130 0.135 0.105 0.110 0.115 0.120 0.125 0.130 0.135 0.140
Photon Energy (eV) Photon Energy (eV)

A
| | o En(M=Egt 5 2 Josa(x0)d(xp)cogkd+18) + vpws,

FIG. 11. Linear absorption spectra corresponding to Figs). 9 I=—e

and 10 for several typical field strengths as a function of the irradi- (42

ated photon energy, measured from the bottom of the conduction ) o

band. The vertical arrow indicates the WSL index and WSL excitonWherex;=Fod/w;  (j=1,2). If F,q goes to zero, this im-

states.(a)—(e) NI-DWSL and (f)—(j) EX-DWSL. The upper insets mediately becomes identical to Eq’-lO) for n=1. In this

in (g)—(j) are enlarged views of the respective main panels for comcontext, Eq.(42) is considered as the general expression of

parison with the spectra of the corresponding NI-DWSL depicted inEq. (40).

the lower insets. The horizontal double arrow represents the band- Now we discuss theé dependence cEVb(k) in order to

width for DDL. The spectra are convoluted with the Lorentzian ynderstand the numerical results given in Fig. 9 in more

profile having a homogeneous broadening of 0.2 meV to aid th‘?jepth. First the case of=nm (n—intege) is taken into

presentation. account. Thus Eq42) is cast into the form

the unevenly aligned energy levels of the exciton. Depicted _
in Figs. 11a—e and 11f—j) are the linear absorption spectra E”b(k) Eot Z(x1,Xz)c08kd) + vpwy, “3
of the NI-DWSL and EX-DWSL generated by the two-color h

laser dressing, which are relevant to the quasi-energy tracds€"®

of Figs. 9b) and 10, respectively. Around the dim DL posi- A"

tions of Figs. 11c) and 11e), an obvious band structure

characterized by plateaus with Van Hove singularities ap- Z(Xl’XZ):E |:E_m (=1)"Ja 2 () q0x2). (44
pears. The same is also true of Figs(Hlland 11j), except

that the spectra are more or less modulated by the excitoRote that the functior? is independent ok, which leads to
effect. In fact the peakS due to the eXCiton bound states are ﬁ‘tﬁe important Consequence that evﬁy(k) for a givenk
strong that the plateau structures are liable to be conceale >
This tendency is also common to the well-known exciton
absorption spectra of superlattices which have a series ?
sharp peaks of exciton bound states followed by a plateag
attributed to continuum states. Note that the spectral er;f
I

ﬁl:ikes the same value d&; mod w; at positions where
(x1,X2)=0. Such behavior is equivalent to the band col-
pse observed in the single-laser driving of Sec. Ill A. The
ppearance of the DL structure in Figap(6=0) and Fig.
(d) (6=m) can be precisely understood in terms of Eq.
43). On the other hand, in the case & nw, the quasien-
ergy given by Eq(42) is no longer reduced to the form of

Incidentally, it seems that the overall shapes of the lobe £ (43). Hence the values of the set of andx, at which

and the isolated bands of Fig. 10 look similar to those in Fig. Vb(k)__ Eo _mod @, are different for eact, and this prop-
5(a) for the EX-DWSL caused by single-laser dressing in the€™Y gives rise to the disappearance of DL. o
sense that both spectra around the DL positions are blurred Practical evaluation of Eq42) reveals that the infinite
due to the exciton effect. However, it should be noted that irf€ries over rapidly converges and the degree of precision
the former the dim appearance of the DL results in a quasi@ttained by incorporating at most up fig= 3 or 4 is to the
energy band structufsee Figs. 1h) and 11j)], while in the  tenth digit. Therefore, for the qualitative discussion below,
latter it causes the formation of just a single peak withoutEx,(K) can be well approximated by taking only the first few
any band structurésee Figs. &) and Ge)]. This distin- terms. That is,

hancement effect that makes the DWSL exciton peak consi
erably greater than the corresponding WSL peak is sti
present.
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Quasi-Energy (meV)

FIG. 12. Analytical evaluation of the quasi-energies of &)
for a NI-DWSL driven by a two-color laser witld=7/4 andT’
=1/2 as a function of,. (8 Full calculations.(b) Calculations
incorporating just the first term in the square brackets of ().
The quasi-energy is measured frdy.

A
E.( K)~Eq+ E[Jl(xl)Jo(Xz)COE( kd)
+J3(X1)Jd1(Xo)cogkd+ 6)

+J1(x1)J1(xo)cogkd— ) [+ vpw,.  (45)
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I (X)) (X2) - - I (X

Ng
xcos( kd+ 22 |,—5j) (47)
=

modulow;, whereNt=N; + EJ.szlej , Xj=Fjod/wj, and it
is assumed thab; for j#1 is a multiple ofwy, that is,
wjlw, is equal to an integeN; (j#1) along with N;
=wg/wq. This is a generalization of Eq$40) and (42).
What is important is that even with multi-color laser driving
the basic physics of the disappearance of DL is just the same
as for the two-color laser driving case discussed above. That
is, DL takes place only in the special case WhElﬁézljaj

=nm (n—integey, and if not, the features of the quasi-
energy are always due to band formation with a finite width,
leading to the delocalization of an electron.

IV. CONCLUSION

The EX-DWSL of the biased superlattices driven by a
two-color far-infrared field with different frequencies;
=wg and w,=2wg, different field strength$,; and F5g,
and relative phasé was theoretically investigated based on
the Floquet approach for calculating the gourd-shaped quasi-
energiesk and the linear absorption spectra of the system.
The notable finding of this study is the disappearance of DL

Figure 12a) shows the consequently calculated quasi-energ! the WholeE-F, plane over a certain range 6f and this

for I'=1/2 and 6= m/4 with v,=0, whereA=11.2 meV

effect is maximized in the vicinity o= =/4. In this situa-

andd=90 A, similar to the numerical calculations of Sect. ion, the lobes of the quasi-energy for NI-DWSL are no
B 1. It is readily seen that it does indeed reproduce thd®nger connected by a sharp knot, and the location of the

result shown in Fig. @), above all, the disappearance of D

| knot is blurred to some extent. The disappearance of the DL

For comparison, the contribution of the first most dominant'€Sults in the formation of the quasi-energy band structure. In

term in the squared brackets of E@5) is shown in Fig.

12(b). It is found that this term gives rise to band collaps

accordance with the analytical expression for the NI-DWSL

e Obtained here, this phenomenon stems from the out-of-phase

whereas the extra higher-order contributions from the seconBi€havior of each quasi-energy curve for a giewith re-

and third terms, which stand out exclusively in the vicinity of SPECt to the change #y,, while the band collapse observed
the DL positions, lift the degeneracy of the quasi-energy/n tWo-color laser driving withé=nw (n—intege) as well
leading to the disappearance of DL. In conclusion, the resuféS in single-laser driving is interpreted as a special case of
which asserts that the DL vanishes over the whole range df'® in-phase behavior. This feature of the two-color laser
the laser strength is due to the fact that the quasi-energy féffiveén DWSL is also well understood by resorting to the

eachk oscillates out of phase as a functionff,, and the

corresponding linear absorption spectra. As a matter of fact,

band collapse is considered to be just a special case of acd}-has thus far been considered that the appearance of DL is

dental in-phase behavior.

one of the peculiar properties of the single-laser driven

Finally, we discuss an analytical solution of the quasi-DWS'-- Nevertheless, this is not always correct for two-color

energy driven by a multicolor laser field. Instead of Etf),
the vector potential(t) in this case is given by

Ng
F.
A =—c|Fot+ 3, sifwt+3)|, (46
=1 0

laser dressing. The same consequence also holds in the EX-
DWSL, except that the unevenly spaced exciton energy lev-
els further blur the knot position of the DL and strong ab-
sorption peaks ascribable to exciton bound states are
revealed along with the band structure.
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APPENDIX DERIVATION OF Eq. (42

In view of Eq.(41) we obtain

[

e WA SV g (x,)eil(@st02)t+15} | gixisin()
|=—c
(A1)

by use of the relation

eixzsinq::l; ‘JI(XZ)e”‘P! (AZ)

where g = w,t+ 8.> Then Eq.(39) is reduced to

PHYSICAL REVIEW B 68, 235325(2003

A_1(T ilk—(1/c)A(t)]d
EVb(k):EO_ ER ? Odte +Vb(1)1

A | o _
=Eqo— EREL—ZOO J(x,)eikd+12)

1 (2= :
Xﬂfo dGel{(ZHl)(Hxlslna} + vpwy

©

A
=Bot 5 2 Jaa)di(xr)

xcogkd+168)+ vyw; . (A3)
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