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Optical absorption spectra and dynamical fractional Stark ladders in semiconductor superlattices
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The optical response of semiconductor heterostructure under a combined dc-ad-fieldb,.coswt, is
studied by calculating absorption spectra based on semiconductor Bloch equations. First, we investigate the
periodic motion of the carrier in a band under a ac field or dc field. Under the ac field with the frequiency
we find the periodic motion ob, , which is very similar to the Bloch oscillation under the dc field. The ladder
spacing of quasienergy states under the ac field is observed favpe Under combined ac-dc fields, we
discover the absorption peaks corresponding to the so-called dynamical fractional Stark ladders with ladder
spacingmz wg+m’'Aw_ wheremandm’ are integers andyg is the Bloch oscillation frequency.
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Recently, coherent effects of applied external fields on theally from a tight-binding model of a two-band system and
optical properties of the semiconductor quantum wells androm a periodic superlattice potential formed by the
superlattices have received considerable interests. The Bloghfunction-type barrier§-" Especially, Dignart? suggested
oscillating charge density induced by the @tatig electric ~ that the optical absorption peaks are shifted by approxi-
field generates a tera-hertz field that interacts with the BlocinatelymeHt,)d, whereF(t,) is the strength of the ac field
electrons. The carrier dynamics in presence of the combinecgt the time when the optical pulse reaches the sample.
dc-ac field,F(t)=F 4.+ F,.c0Swt, has also drawn much In this paper, we report on the periodic motion of the
attention. HereF 4. is the strength of the dc fields,. and  carriers ink space under the applied dc and/or ac fields. First,
w, are the strength and the frequency of the ac field, respeave demonstrate that DSL's correspond to the discrete quasi-
tively. The superposition of both fields causes new phenomenergy levels with energy differendew, and, under the
ena such as inverse Bloch oscillatérsdynamical fractional combined ac-dc fields, the quasi-enegry levels have ladder
Stark laddergDFSLS, and assisted photon transpdtts. structure with energy spacingiwg+m’'fiw . Then, we

In the presence of the static field, electrons exhibit theshow that such ladder structure between WSL's under the
Bloch oscillation (BO) with the period of rg=h/eF,d,  combined fields, which is the so-called DFSL, can exist by
whose stationary counterparts correspond to the Wannieptudying the optical absorption peaks. Next, we analyze the
Stark laddersWSLs) with energy spacing o wg. Here,  Optical-absorption spectra in a real three-dimension&})(3
mis either a positive or negative integerg=eF4.d/%, and ~ Semiconductor superlattice under the combined ac and dc
d is the superlattice constatft;*? fields. In order to analyze the absorption peaks of 3D super-

Under the influence of the ac field, a number of interestlattices, we compare the structure of the peaks in 3D super-
ing effects have also been predicted, including dynamicalattice to DFSL with the energy spacingfiwg+m'fio,
localization due to band Co||ap§é?’vl4 Carriers also show which is nearly the exact results for 1D Superlattice. Finally,
the periodic motion with the period ofp=2m/w, in k  We find that we can interprete the physical origins of the
space. The counterparts in the frequency domain of this mocariety of the peaks in the optical-absorption spectra in the
tion indicate dynamical Stark laddef®SL’s), which are the anisotropic semiconductor superlattices under the influence

discrete quasienergy levels with energy spacingnohw, .  Of the combined dc-ac fields. o
Here,m’ is an integer. The DSLs are very similar to the In order to consider the motion of the carriers in the en-
occurrences of WSL's. ergy band by the applied field, we calculate the single-

Under the combined dc-ac fields, a parent band is spliarticle energy.e(k), which is obtained from the Kronig-
into several quasienergy subbands with a fractional laddéPenney equation for the superlattices. When the external
structure’~"*51These quasienergy levels, which is the so-field F(t) is applied along the growth axis of the superlattice,
called dynamical fractional Stark laddef®FSL's), are re- the motion of a carrier in an energy band can be described by
lated to a new periodic motion of carrierskrspace due to a the acceleration theorentfik(t)=qF(t), where q is the
competition between the static field and the time-dependertharge of the carrier. Therefore, under the combined field,
field.!>® The dependence of the quasienergy spectra on thihe electron that is initially in the energy state agk,) will
ac and dc fields presented as an electric analogue of thee in the state with the energy ok(k,—eFyt/%
well-known Hofstadter spectra under the magnetic flld. —eF,sinw t/hw,) at a later timet.!? The motion of the
Recently, these fractional ladder structures have been anaarrier in the energy band results in a modulation of the
lyzed when the ratio ofwg t0 w, is simple fractions and amplitude of the optical polarization related to the entire
integers:>'" These effects have been investigated analytiphotoexcited wave packet.
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Optical spectra can be calculated by the semiconductor
Bloch equations with an external field B{t) as®°
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Here, Py is the interband polarization arf§(=ff) is a dis-
tribution function of electrorthole). The renormalized elec-
tron (hole) energy is Ep=e;— = Ve(kk')fy, [eh

= g — S V(K k) . efM=e2M(k) =72k /2m*

+ e(k,) is the single-particle energy, whe¢ék,) is obtained
from the Kronig-Penney equation for the superlattice, and
V(k,k') denotes the Coulomb matrix elemeftshe renor-
malized Rabi-frequency i&f = uE(t) — =, VE(kk" )P/,
where E(t) is the incident optical laser field and, is the
optical dipole matrix element. Beyond the Hartree-Fock ap-
proximationd/ dt|sc.: represents the scattering terms, such as
interactions of carrier with other quasiparticles, contributing
to a dephasing of the optical absorption spectra. We consider
electron-LO-phonon coupling up to second order with the R T N S
well-known Markov-approximation in the semiconductor 1530 1535 1540 1545 1560 156
Bloch equations. The coupling contributes to dephasing of
both intra- and interband polarizations as well as energy-
relaxation processé$.For our theoretical approach, we in-
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> ~ FIG. 1. (a) Temporal variationzko(t) of an energy state due to
troduce a moving coordinate framé=t and k(t)=K  the periodic motion of the carrier with the initial Bloch momentum
—eFyt/hi—eF,sSino tho. k, under the several applied dc fields. Here we show the case for
In order to investigate one dimensional{}l superlattice, the conduction electron witk,=0. The variations are shown for
we assume the superlattice of 111 A-GaAs well layers an@F4.d=5,10,15(meV), where the periods of the variations are ex-
17 A-AlGaAs barrier layers. The width of combined mini- actly the same as the values gf=h/eFy.d. (b) The absorption
band is set aa =A.+A,=14 meV, whereA,(A,) is the  spectra under the same strengths of dc fields a&)inThe main
width of the first conductiorivalencé miniband. The band- peak at 1.550 eV corresponds to the band-gap energy. The other
gap (e,) between these bands ég=7%w,=1550 meV. All peaks corresponds to WSL's with the energy spaeifg.d.
the calculations are performed Bt=10 K. The incident la-
ser pulseE(t) is assumed a&(t)=E,(t)explw.t), where called Wannier Stark Laddef8VSL's) with e+ mAi wg= €
E,(t) has the Gaussian whose full width at half maximum is+meF;.d, can be explicitly seen in Fig.(&). The location
assigned to be 50 fs. In the analysis of the 1D superlatticegf the peaks corresponds to the frequency of the periodic
we do not consider the effects of Coulomb interactions. Thenotion or BO of the carrier in an energy band. The peaks
results are shown in Figs. 1, 2, and 3. with only negative indices ofm are shown in Fig. (b) for
Figure Xa) displays the temporal variation of an energy convenience. We have also observed that the same series of
state due to the motion of an electron in the conduction banthe absorption peaks corresponding to the state with positive
for the various applied dc fields, wheed=;.d=5,10, or 15 indices of m clearly exist. The oscillator strengths for the
meV. The dc field induces an oscillating motion of the carrierpeaks become smaller &s| increases, because the magni-
in k space. The temporal variation of the state has the santede of the overlap integral between electron and hole wave
period of Bloch oscillationBO), 7g=h/eFy4.d. Figure 1b)  function gets smaller. This fact explains why the peaks cor-
shows the linear absorption spectra of the superlattice undeesponding to the WSL's withm|>2 cannot be seen clearly
the same dc fields as those in Figa)l The peak at 1.550 eV in Fig. 1(b).
of the linear absorption spectra for the various strengths of Figure 2 shows the optical responses under two different
the applied dc field corresponds to the band gagpf A ac fields with frequencyiw, =15 meV. As can be seen in
series of equally spaced peaks, which correspond to the s&ig. 2@), the periodic variation of the energy state due to the
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FIG. 3. Absorption spectra under the combined dc-ac fields
whenfiwg=eFy.d=15 meV andh o, =10 meV. The spectra are
shown for the different strengths of the ac fieldsfer0, 0.3, 0.6,
and 1.2.0, is the center frequency of the incident laser pulse and
€,=hw,. Indices such a6-1,1), (—2,2), and etc. in the upper part
of the figure are for the pointing out the spectral locations corre-
sponding to the fractional dynamical Stark ladders wdfim,m’)
=e,+Mhwgt+M'hw . Here, absorption spectra only for
e(m,m’)< e, are shown for the convenience.
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peaks of the absorption spectra can be explained by the lad-
der structure with energy of,+m’fiw . €/ is the shifted

FIG. 2. (a)Temporal variationg (t)(k,=0) of an energy state energy level ofe, itself by the ac field through the band
due to the periodic motion of the carrier under the several ac fieldsollapse® > This shift of €, reflects the band-collapse ef-
with the fixed frequency {w =15 meV). The variations are fects as mentioned earlieiThen the peaks at the energies
shown forf=0.4 and 0.8, where the periods of the variations are|ess thane,=1.545 eV in Fig. 2b) can be identified by,
exactly the same ag =2m/w_regardless of values df (b) The 4 /74, | wherefiw, =15 meV. Corresponding peaks are
corresponding absorption spectra. Inset shows the splitting of thg,nse at 1530 meVnt'=—1), 1.515 eV (' = —2), 1.5 eV
peak at the band-gap energy 1.550 eV into two peaks/at m’=—3), etc. Although we do not show the absorption
=1.545 eV ande;=1.555 eV. The other peaks corresponds tospectra for the energy larger thafj=1.555 eV, we have
DSLs ate,+m'fiw (M’ <0). . ' -

also confirmed that the peaks corresponding ¢&f

motion of the carrier can be identified as clearly as BO, astM o (M'>0) exist. The peaks with the ladder spacing
displayed in Fig. (a). The periodr, is the same as that of exist at the same spectral energies, regardless of values of
the applied ac fieldor equal tor, =2/ w,), regardless of Fac Of f=(eFad)/(fiw ). The peaks due to DSL's a,
the strength of the ac field or the numerical values of thet M'fiw (M’<0) and e;+m’'fw (mM'>0) correspond to
parameterf =eF,.d/% w, . The periodic motion under the ac the periodic frequency of the electrons under the ac field.
field may have subperiodic motion. In other words, theWhenf>1.0, additional peaks or valleys are appeared in the
quasienergy states can be deformed to have additional peri@dsorption spectra. These might be originated from the cor-
as the field strengtli is increased. We have observed therelation between the periodic motion of the carriers in a band
subperiodic motion clearly whefi>1.0. This might be an and the band-collapse effects with= A ,Jo(f) 2
indication of band-collapse effects. The variation of band Based on these results, we have also studied the linear
width (A) due to band collapse induced by the ac field canabsorption spectra when the ac field and dc field are simul-
be estimated from the function af=AJo(f),2 whereA,is  taneously applied. The frequency of the applied ac field is
the width without any external field and, is the zeroth- fixed asfiw =10 meV, but the strength of the ac fieldr
order Bessel function. Figure(d shows the linear absorp- the value off) is varied. The strength of the dc field is fixed
tion spectra of the superlattice under the same ac fields. as eFq.d=15 meV. The peak corresponding to the band
In the presence of the dc fieldr in Fig. 1(b)], the peaks gap (&) is located at 1.550 eV and is not shifted. As can be
of the absorption spectra corresponding to the splitting of théeen in Fig. 2), the band-collapse effects due to the ac field,
energy state into the ladder statesiaf, , which we call the  shift the band-gap peak te, and e;. However, under the
dynamical Stark laddersDSL's), can be identified. The combined dc-ac field, we find that the peak is not shifted. In

Energy(eV)
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contrast to large values défor large strength of the ac field,
the band-collapse effects would make the spectra much com
plex.

The other peaks are spectrally locatede@n,m’)= ¢,
+mhwg+m’'fiw , wheremandm’ are indices of WSL and
DSL. In Fig. 3, we specify the locations of all the spectral
frequencies corresponding to eveg{m,m’)(<e,) with
|m|<2 and|m’|<2. It can be identified that the peak exists
at every frequency. We have confirmed that the peaks corre
sponding toe(m,m’)> e, explicitly exist in the absorption
spectra. Peaks with indicesn(m’)=(—1,0) and (,m’)
=(—2,0) correspond to WSL's with indesn=—1 andm
= —2, respectively. Peaks with indices such as—(D) and - wF
(0,—2) are DSLs. The peaks with indicesné 0,m’+#0) - 1_'54 ' 1.:55 ' 1_'56 ' 1':57 ' 1_'58 ' 1_:59 160
such as(-2,1) and(-1,1) between WSL's are the dynamical
fractional Stark ladder4dDFSL’s). DFSL's, which are the
quasienergy states under the combined dc-ac fields, can be F|G. 4. The absorption spectra felFyd=20 meV andf=0
well interpreted by the energy states wid{m,m’)=¢, (solid line) and F4.=0 and f=2.83 with7w, =10 meV (dotted
+mAiwg+m'fiw . We have also observed that the quasien4ine) in anisotropic three-dimensional structure.
ergy spectra under the combined dc-ac fields with

=pw, for an integem are well assigned by the formuky  |argely broadened and the WSL peak with=1 is much
+m’fw_ . The oscillator strength_ of.the peaks for the givenyeaker than the WSL peak with= — 1, since they exist in
Fac andFg, gets smaller as the indices or m' increases.  the jonization-continuum of negative WSL staté&igure 4
These effects can be understood from the fact that the maghows the case with ac field only wift=3.83. The absorp-
nitude of the overlap integral between the electron wavgjon spectra have an exciton peak at 1.578 eV £0) and
function at the corresponding ladder state and the hole wavigs second eigen state at 1.569 av’(= — 1). Another peaks
function gets smaller when index or m’ increases. A4 5t 1.559 eV (’'=-2), 1.55 eV (' =—-3), and 1.54 eV
increases, the oscillator strength for the peak for given indi — —4) correspond to dynamical Stark laddéBSL’s)

ces (n,m’) gets larger(See the curve fof=1.2) In addi-  caysed by the ac field. The ladder spacing estimated from
tion, some peaks for lowdrbecome valleys for the highér  ihese DSLs is almostw, (=10 meV) as expected from 1D
[Compare the peak &t-1,0) for f=0.6 to the valley at yegylts(See Fig. 2 In practice, the scattering and screening
(—1,0 for f=1.2] This might be come from the correlation effects make many possible peaks broadened. The absence of
effects between the band collapse and the motion of the cafys|s with positive indices should be due to the fact that

rier in a band due to the acceleration theorem. However, sucfjyo-dimensional density of states in the conduction band
anomalous behavior for the relatively large strength of the ac

field (or largef) is very difficult and complex to analyze at
the present stage. The physical origin of such behavior i 4 21 02 11 00
now under investigation. €20 ¢ 10 09 00
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75 A-GaAs well layers and 17 A-AlGaAs barrier layers.
The absorption spectra are calculated with the full consider &
ation of Coulomb interactions between carriers in the Blocks { — \./
equation. The results are presented in Figs. 4 and 5 for 3l
superlattices.
. . . n 1 2 1 n i n 1 i
the frequency-domain counterpart of Bloch oscillation. The | 5 15,7 155 156 157 158 159  1.60
data have four dominant peaks. The peaks at 1.577, 1.55
and 1.542 eV correspond to WSL with=0, m=—1, and
m=—2, respectively. Another peak around 1.60 eV is the g, 5. Absorption spectra under the combined dc-ac fields in

Next we calculate the absorption spectra for a 3D semi \/\/\/
Figure 4 shows the absorption spectra under a dc fiel

(eFycd=20 meV) without applied ac field and those under

WSL with m=1. The ladder spacing between WSL' is three-dimensional structure wheeF4.d=20 meV and fiw

around 18 meV, which is smaller than the valueFgd =10 meV. The spectra are shown for the different strengths of the

conductor superlattice based on 1D results as described __ \/
an ac field {=3.83 andhw, =10 meV) without applied dc
=hwg=20 meV). This discrepancy of about 2 meV comesac fields orf =0, 0.2, 0.4, 0.6, 0.8, and 1 from the bottom. Indices

Figs. 1, 2, and 3. We use an anisotropic superlattice witt£
field. The dc field has sufficient strength to provide WSL's as | N
from the Coulomb interactions. The positive WSL states arén the upper part of the figure have the same meaning as in Fig. 3.

"V\
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plays an important rol& Thus, we believe that we only repeatedly. These phenomena depend on the parameters of
observe a few DSL’s witlm’ >0 in 3D anisotropic superlat- the combined fields. Thus, we conclude that the ac-field de-
tice. pendence of the optical spectra in the anisotropic superlattice
Figure 5 displays the absorption spectra under the ator a given dc field is almost consistent with the theory of the
fields with different strength$ and the dc field of a fixed 1D tight-binding model that the ac field modifies the com-
strengthe Fy.d=20 meV. A peak at 1.577 eV corresponds bined band width ad = A J,,(f).
the WSL with the indexm=0. As the strength of the ac field In summary, we have analyzed the ladder structure of the
increases, the DSL's appear with the same spacing energyuasienergy states of semiconductor superlattices under the
fio_ . We observe also the DFSL's between WSL's positionscombined dc-ac field. The most important correlation effects
Nearly all of the peaks, corresponding to the spectral posiobserved by a competition between dc-field- and ac-field-
tions at the formulae,+miwg+m’'Aiw, , exist. As ex- induced localizations are the quasi-energy states of the so-
plained in Fig. 3, almost all the peaks can be identified bycalled dynamical fractional Stark ladders wit+m#i wg
(m,m’). Here, ¢, is the energy position of 3 excitonic ab- +m’Aw, , wheremandm’ are integers. We have also dem-
sorption peak. However, all the spectral positions of theonstrated that those states are the counterparts in the fre-
peaks do not exactly coincide with the positions calculatedjuency domain of the periodic motion of the carriers in a
from the formula ofe,+ miwg+ M’ w,_ . The energy spac- band due to the acceleration theorem. However, the anoma-
ing between WSL peaks are slightly different from the valuelous behaviors of the absorption spectra for large valuds of
estimated from the 1D results due to Coulomb interactions(or F,.) occurs, such as the enhancement of the peak at the
The spacing between DSL’s are almost the same as the valggven (m,m’) and the change from the peak at somerq’)
from the 1D results. These facts explain why the spectrafor lower f to the valley, ad increases. This might be origi-
positions of peaks induced by the combined fields arenated from the correlation effects between the band collapse
slightly different from the positions estimated from the for- and the motion of the carrier in a band. These anomalous
mula, which explains 1D results relatively well. The oscilla- behaviors remain to be investigated.
tor strengths of DFSL's are modulated for different strength
of ac fi_elds, as such the one-dimensio_nal structure. In the ACKNOWLEDGMENTS
three-dimensional structure, the exciton peak can be
bleached if the strength of the ac field in the combined ap- This work was supported in part by Brain Korea 21
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