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Floquet states and intersubband absorption in strongly driven double quantum wells

T. Fromherz
Center for THz Science and Technology, University of California, Santa Barbara, California 93106
(Received 3 February 1997

The effects of an intense driving field on the linear intersubband-absorption spectrum of a symmetric double
guantum well are nonperturbatively calculated within the Floquet theory. The dependence of the absorption
spectrum on the intensity of the driving field is qualitatively different for photon energies larger and smaller
than the splitting of the excited-state doublet: In the former case the splitting of the two absorption lines
originally present in the spectrum of the undriven double quantum well is altered by the intensity of the driving
field. For certain intensities, a collapse of the tunnel splitting is predicted. In the latter case photon replicas of
the original lines appear in the spectrum of the driven quantum well. The absorption strength of these addi-
tional lines depends nonmonotonically on the intensity of the driving field. It is shown that these effects can be
interpreted as generalizations of the Rabi or ac Stark splitting, which results from Floquet theory in the limit of
the driving frequency being in resonance with the splitting of the excited-state doublet.
[S0163-18207)07432-9

[. INTRODUCTION trum of a strongly driven double-quantum-well system. It is
interesting to note that closely related phenomena have been

Semiconductor quantum-well structures strongly coupledpredicted and observed in atomic physitgy applying Flo-
to an intense high-frequency field have gained a lot of attenquet theory, it is possible to treat the suppression of tunnel
tion recently. Extensive work on calculating the modifica- Splitting, photon-sideband absorption, and Rabi splitting in a
tions of the quantum-well energy spectrum induced by théhatural way within the same framework.
driving field has been performed by several grotifsEx-
citing effects like the coherent suppression of tunneTiﬁg, II. THEORY AND RESULTS
the miniband collapse in quantum-well superlattitedso- o i
lute negative conductance, and photon-assisted tunneling in The Hamiltonian for an electron in a quantum-well struc-
resonant tunneling diod®¥ have been predicted and partly ture driven by an intense electromagnetic field has the form

. . _ . — —Rn2 H

experimentally verified!~'®> However, up to now, mainly H=Ho+XxeF cost), where Ho=p/2m+V(x) is the
transport measurements have been performed in order to tddgmiltonian for the undriven quantum well. Sineeis pe-
the theoretical results. In this paper we propose probing th&odic in time, according to the Floquet theoréfran ansatz
ac-field-induced modifications in the quantum-well energy )
spectrum by intersubband-absorption measurements with a p(x.t)=exp(—iet/h) w(xt), @

weak probing beam. Compared to transport measurementﬁmerew is periodic in time, can be made for the solutions of

optical experiments have the advantage of a higher energy time-dependent Schdinger equation, which then be-
resolution. In addition, transport measurements do not di- '

rectly measure the spectral function, but rather its convoluS®Mes
tion with—at least—the supply function in the emitter of the P
device and the spectral function in the neighboring well. (H —e—ih E)W(x,t):o_ 2)

Surprisingly, calculations of the absorption spectrum of a

drivgn quantum-.vv.ell system, and its dependenpe on'the ir’\following the work of Shirley’® Eq. (2) can be transformed
tensity of the driving field, have, up to now, existed in theinto an eigenvalue problem for an infinite matix by

literature only in the rotating-wave approximatidRWA) expanding the functionw in a Fourier seriesw

(Ref. 16 for the limited range of the Rabi splitting regifie _ - . . >
[Aw nearly resonant with states of the undriven quantum well 2an(x)exp(iwnt) with position-dependent coefficients

andeFx; /Aw<1, wherew (F) denotes the frequendam- a“()f)' Expar!ding these coefficients in the completg "B%t
plitude é)f the driving field andx;; the x-matrix element of eigenfunctions oH leads to the following expression for

between the resonantly coupled statd®y employing Flo- w(x,t):

quet theory® we are able to extend these results to virtually

arbitrary intensity and frequency of the driving field, thereby wix,t)=>, ¢, iexp(—iwnt) w?(x). (3)
covering parameter regions beyond the applicability of the i

RWA (eFx; /ho>1) that have become accessible with the

advent of powerful free-electron lasers delivering radiation Inserting Eq.(3) into Eq. (2), multiplying from the left
in the THz region. It is shown that in this parameter rangeside with exp(wmt)(z,bﬁ)*, and integrating over the normal-
exciting effects like the collapse of the tunnel splitting andization interval and over one periodl =27/ w leads to the
photon-sideband absorption occur in the intersubband speaafinite matrix eigenvalue equation
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nEj {[Ej— (e + i) 1806k

+ %eFXk,j(ém,n—1+ 5m,n+1)}cn,j

=0, (4)

where E; denotes the eigenenergy bff, corresponding to
the functiony?, andx;=(ylx|#7) denotes thex-matrix
element.

It is straightforward to show that #° is an eigenvalue of
Eq. (4) with eigenvectorcﬂ‘j, then, for all integers,

(5

| ] I _ A0
E =& +Ih(1), Cn,j_cn+l,j

are also eigenenvalues with corresponding eigenvectors.

However, from Egs(1) and(3) it follows that the same total
wave functioni(x,t) is obtained for alll. This is a direct
consequence of the Floquet theorem, and illustrates that in
periodically driven system the “quasienergies”are only
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FIG. 1. Schematic energy diagram of the coupled GaAs/
Al 0.Ga -As quantum wells under consideration. The eigenenergies
and the squared moduli of the wave functions of the undriven sys-

determined up to an integer multiple of the driving frequency!em are shown for the grounde(,E,) and excited-state doublets
fw, and, therefore, can be mapped into a quasienergy zorl&3-E4). The transitions induced by the weak probing fieddhpli-

with boundaries separated by (Refs. 18 and 20 The

guasienergy zone picture turns out to be very useful fo

strong driving fields, i.e., for dipole energi@xin much
greater than the splittinds; — E;|. However, in the following

tude f frequency()) are indicated by the thin arrows, whereas the
IIhick double arrow schematically shows the intense driving field
(amplitudeF; frequencyw, F>f, 0<Q).

we will discuss the changes of the intersubband-absorption

spectrum induced by fields with maximum dipole energies iroperation S, becomes equivalent to the space inversion
the order of magnitude of the splitting. In this case it appear§x— —x) for vanishing F. Therefore, for a symmetric
more appropriate to represent the eigenstates by the quasiequantum-well system, the zero-photon Floquet functions

ergies that evolve from the respective eigenenergies-for
=0, i.e., we use the eigenvalue’ and eigenvector(s'n'?j of
Eq. (4) that are defined by

F—0: ¢°-E and |Ci0’?2—>1.

(6)

For the sake of nomenclature in the following, we will refer
to this representation as the zero-photon representétien
dicated ly a 0 in theupperpair of indices at andc) and to
the quasienergies''=¢'%+lhw and the corresponding
eigenvectors',;y'j = c'n’ﬂ,’j as thel -photon representation. This
has to be distinguished from theh Fourier component of
the l-photon representation which is denoted by tthia the
lower pair of indices ofc'n'fj .

It is worth noting that for a symmetric quantum-well sys-
tem (H—i%dldt) is invariant under the operatidsy,: (x—
—Xx,t—t+T/2). As a consequence, a complete set of solu
tions of Eq.(2) can be found among Floquet functioms
with either even or odd parity und&, . Since in the expan-
sion of the Floquet functiom [Eqg. (3)] the wave functions
of the undriven quantum well with evép= 1 (ground statg
3..) and odd (=2,4...) parity with respect to space inver-
sion are used as a basis, the coefficientsmust satisfy the
following relations:

(7a)
(70)

w,even parity: ¢,;=0 for n+j even,

w,odd parity: ¢, ;=0 for n+j odd.

have the same parity with respect3p as the corresponding
basis functions,//}) have with respect to space inversion.

In the following we consider two symmetric quantum
wells separated by a thin barrier. The ground states in the
adjacent quantum wellsEj,E,) are assumed not to be
coupled through the barrier and, consequently, are degener-
ate (A;,=E,—E;=0). Furthermore, we assume that the
first excited statesH;,E,) are separated from the ground-
state doublet by approximately 100 meV. Due to the higher
energy of these states, they are coupled by tunneling, and,
therefore, are split by an enerdy,= E,— E; assumed to be
in the order of 5-10 meV. Such a situation, for example, is
realized by two 80 A GaAs/AlLGa,-As quantum wells
separated by a 50 A barrier, the energy diagram of which is
schematically shown in Fig. 1. In this structure, virtually all
the intersubband oscillator strength is containedEjr-E,4
andE,— E; transitions(indicated by the thin arrows in Fig.

1). The driving frequencyiw is assumed to be much smaller
than the intersubband transition energies, i.e., on the order of
magnitude of the tunnel splitting s, (sketched by the thick
arrow in Fig. 3. Under these conditions, the coupling of the
ground- and excited-state doublets due to the driving field
can be safely neglected for realistic field strendgthsThere-
fore, Eq.(4) can be separated into two blocks, one describing
the ground-state doubldf,ke[1,2] in Eq. (4)), the other
one the excited-state doublgtke[3,4] in Eq. (4)).

For each of the two doublets under consideration, (.
can be separated into equations for the even and odd Floquet

For a given symmetry of the Floquet functions, half of thefunctions by using Eq(7), rearranging lines and columns,

expansion coefficients, ; vanish according to Eq.7). For

and setting the origin of the energy scale to the mean value

the Floquet functions in the zero-photon representation, thef the doublet energies:
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In Eq. (8), the abbreviations u=eFx/2iow, o Figure Za) shows the result of the calculation for the
=|Ajl/2hw, ande=¢/hw are used. The uppeflower) =0,%=1 Fourier components of the eigenvector correspond-

signs in Eq.(8) correspond to Floquet functions with even ing to the third level in the zero-photon representatieh%

(odd parity. In addition, the index of the Fourier compo- as a function of the strengtk of the driving field. In
nentsc, ; has been omitted since, for a symmetric two-level

system, the specification of the parity and frequenny ( B e T L B B B A
uniquely determines the expansion of the Floguet function [ s<— 00 — = -JoleFx3, /o )
[Eq. (4)] in the sense of EQ.7). . — Jy(eFxg,/ hor)

For the ground-state doublet;,=0 according to our as- L e -Jy(eFxg,/ hwy )
sumption. In this case, the eigenvalues and eigenvectors of 0.5 | X
Eq. (8) are readily obtained to Bk A = Ayyho=22]

i\: I % R, 1
i eFx 3}
8i’m=mﬁw, Cn’m:Jn%—m(WlZ), (9)

where J,, denotes thenth-order Bessel function of the first
kind. Therefore, in the zero-photon representation=Q),
the two Floquet functions evolving from the ground-state
doublet are given by

o

W“’)'O(x,t):nzm [Jzn(alz)eiiznwt‘ﬂg(z)(x)

+32n+1(alz)e_lz(nﬂ)wt‘ﬂg(l)(x)],

(10
where a,=eFx,/hw. These results are similar to those
obtained, for example, by Holthaudor strongly driven
coupled quantum wells.

For the excited-state doubleE{,E,), Eqg. (8) cannot be
solved analytically since the splittinlyz, is finite. Therefore,
in the following, results obtained by numerically diagonaliz-
ing Eq. (8) are presented. In these calculations the infinite
matrix in Eq.(8) has to be truncated. As a consequence, the
infinite series of eigenvalues spaced #y [defined in Eq.
(5)] is broken, and the eigenvalues of those states, for which
the coupling to the truncated states would be significant, will
deviate from the equally spaced quasienergy ladder. This can eFxyu/ho
be used to check the error induced by truncating By.a FIG. 2. (a) Numerical solution for thev=—1 (diamonds, n

posteriort for the range of field strength such that the _ , dn=+1 (circles Fouri ts of the ei-
difference between the quasienergies of the zero-photon relg- (squareh andn (circles Fourier components of the el

() Az,

. d the adi . ies bel . envector corresponding to the third level in the zero-photon repre-
resentation and the adjacent quasienergies belonging to tigytation. For intense driving fields, these solutions can be approxi-

same ladder, i.e., the quasienergies of #lephoton repre-  ated by the Bessel functions shown in the plot by the dash-dotted,
sentation does not deviate significantly from7w, the error ) and dotted lines. In the calculatiah,/# w=2.2 was assumed.
due to the truncation of E(8) is negligible. In our calcula- () part of the quasienergy ladder calculated fog,/hw=2.2.
tions, interactions via up to ten photofmorresponding to 21 shown are only those quasienergies that form a ladder with the
Fourier components in E¢8)] were included, resulting in an - quasienergies evolving fro, (circles andE, (dot9. For intense
error in the difference between the eigenvalues of the zeradriving fields, the dependence of the quasienergies on the driving
and one-photon representation of less than 0.1%wffor  field can be approximated by Jo(2eFxg,/% 0), as shown by the
fields up toeFx; /fhw<15. full and dash-dotted lines.
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the calculationsiA s,/ w=2.2 is assumed. Figurdd@ shows  gers for Floguet functions; ,w; with opposite(equa) parity
that the coefficients strongly deviate from the Bessel funcwith respect tdSp . In addition, in deriving Eq(12), for the
tion behavior that is obtained for vanishing splitting accord-symmetric quantum-well structure under consideration we
ing to Eq.(9). However, for very strong fieldseFxg,/hw  usedxz,~x4=X¢;. With Eq. (12), Fermi’s golden rule for
>7) then=-1, 0, and 1 components approach the Bessethe transition rate®;; becomes
functions—J,, J;, and—J, [shown by the dotted, full, and
dash-dotted lines in Fig.(8), respectively. In this regime of "
field strength A ;,<eFxg, and therefore, can be neglected in P i f £
Eq. (8) (strong driving limi). As a consequence, the Bessel P"(Q)OCN:ZOO e ~e +Nﬁw+ﬁﬂ)‘; C“C”“\"
functions given by Eq(9) are approximate solutions of Eq. (13
(8) for intense driving fields.Settingm=—1 in Eq.(9) and
using J_,=(—1)"J, results(up to the phase factor factor  Needless to sayP;(2) is independent of the representa-
—1) in the Bessel functions shown in Fig(a]. Following  tion, as can be shown by using E§). In the following we
the work of Holthaus, in the strong driving limit the correc-  will discuss the dependence of the quantum-well absorbance
tions of the quasienergies dueAa, being finite can then be on the frequency and intensity of the driving field as it is
obtained in first-order perturbation theory: gradually increased from zero. Therefore, the zero-photon
representation is the natural representation to work with.
Note that for the transition processes discussed below the
numbers given folN refer to this representation.

In Fig. 3 the transition rateB;({2) calculated according
to Eq.(13) and summed over the degenerate initial-state dou-
blet of the coupled quantum wells under consideration are
r§hown as a function of the strength of the driving fiek) (
and the photon energy of the probe fié{d) for four differ-

2

+.m — mA34
e”M=mho+(-1) 7‘]0(2“)- (11

Moreover, using similar arguments, it can be shown that, i

the limit Ag<fiw, Egs. (9) and (11) are good approxima ent ratios ofAs,/%w. (In Fig. 3,Q, denotes the average of

tions even for low amplitudes of the driving field. " . 2
In Fig. 2(b), the quasienergy ladder in the energy rangethe transition energieE,—E; and E;—E,. The transition

_ ; . ; - rate is grey scale coded with black indicating high transition
ofAESa/ 2(8t)0 fé?‘l/Az;j; a?gtg 'ge?s bs;}gxrzgcgl fgﬁg%magﬁﬂ%n rates) Figure 3 shows that for frequencies greater than the

- : : - : litting of the excited states in the undriven system
driving field strength. The quasienergies belonging to the’P B N . .
same ladder as the one evolving from the leligl(E,) of (A3/Aw=038 in Fig. 3, the absorption spectrum mainly

the undriven well are shown by circlédots, and are labeled consists of two lines for all intensities of the driving field.
by £3" (£*"). Also shown in Fig. &) by thé broken and full These strong absorption lines evolve continuously from the

lines are the approximate quasienergies calculated from E _bsorptlon lines foF =0, showing that only thél=0 terms

(11) for m=0. As in the case of the Fourier components i Eqg. (13) contribute significantly to the absorption spec-
sinceA34/hw.:2.2 only for very strong fieldse(F Xa /o "trum. The splitting of the absorption lines closely follows the

D . Bessel function behavior of Eq11) (even for small fields
c?aT)s’oEJ?i.éilt))bego(gq)es a good approximation to the numeri and, therefore, it can be suppressed @F%,/% w equal to
e emaining par of s paper, the ersubband van{h® 108 Of e Bessel Lt s shoun n Flo. 3 oy
sition probability from the ground-state doubldy(E,) to strengths F')I'his; suppression of the tuF;meI splitting is analo-
the excited-state doubleEg,E,) and its dependence on the gihs. > Supp : pIting
SRR " , ous to the miniband collapse predicted by Holth&tis.
driving field is calculated. Such transitions can be induced b)9 Decreasing the driving frequency /% o= 1.2 leads
a weak probing field with a frequency on the order of the 9 g freq Y Waalw= 1.

energy difference of the two doublets. The interaction of ato a splitting of the two absorption lines for moderate fields

strongly driven quantum-well system with a probing field (eFXxg/Aw=1; see the upper right panel of Fig. Ihe wo

- : : L : dditional absorption lines emerging for finike are sepa-
can be described in the dipole approximation by adding thé& L9
term H,=exf cosQt) (f<F) to the HamiltonianH. The rated by+7%w from the absorption lines that evolve from the

o : . . two lines present aF=0 [i.e., they correspond to thd=
transition rated?;; (proportional to the linear absorption co- ; < i o
efficieny from an initial statey; to the final statajy [y vivél-tirr]rgvsvrlwnRE;b(il:?]écF OSrtZ'r:kX?;/liht;)n< 1i—|t2\|/§es\/pe“rttltrr]1%|fsoﬁr]§al-
=exp(—igipth)win(xt)ie{l,2,f €{3,4] induced by this pting. '

. . - . ism chosen in this work is not restricted to small driving
interaction are then calculated in first orderti, by time- fields and, therefore, we are able to calculate the Rabi split-
dependent perturbation theory. The relevant matrix elementté ; ! he fiel h ph
are given by ing and its dependence on the fie d_ strengt beyon'd the
RWA for all magnitudes of the driving field: The upper right
panel of Fig. 3 shows that for increasing field the oscillator
_ strength is gradually transferred to the=*1 transitions.
<Wf(X,t)|X|Wi(X,t))=Xf,i2’ exp(—iNwt) Y, cfcl, . Finally, for very intense fields, these are the only transitions
N n that remain in the calculated absorption spectrum. Their tran-
(12 sition energy oscillates about and decays toward the arith-
metic mean of the transition energies fo+ 0. In analogy to
where the apostrophe at the left summation symbol indicatethe dc Stark effect(i.e., a strong dc field decouples the
that the summation indeX runs only over everfodd) inte-  double quantum well, so that both wells finally absorb at the
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1.0 Ay /hw=08 | {4 , Ay /hd=1.2
0.5 0 0.5

S 1 10

= S S FIG. 3. Grey-scale contour plot of the transi-
054 0 05w |@ tion ratesP;; summed over the initial state dou-

’ | blet (black indicating high transition ratess a

104 104 X function of the driving field= and of the photon

energy of the probing field(}) for four different
ratiosAs,/hw. (1 denotes the mean energy dif-
ference between the ground- and excited-state
doublets of the undriven systenThe arrows in-

1.0 1 Ay/h=22 | 4 ¢ | By/h =32 dicate the energy difference corresponding to a
driving field photon. The integers in the upper
0.5 (- 0.5 -y panels refer to the termd in Eq. (13) (in the
N ho ¢ o zero-photon representatiprthat correspond to
= P~ - the respective absorption lindsee the text for
Sood o i - -
a 0.0 ' "'""‘%wf*}o 00 ~— further discussion In the lower two panels these
ho ¢hm"" " labels have been omitted for clarity.
-0.5 " -0.5 [—
-1.0 -1.0 1

0 1 2 3 4 5
eFX34 / ho

0 1 2 3 4 5

eFX34 / 710

same energy this behavior can be interpreted as the quan-
tum wells becoming gradually decoupled by the intense

(eFxg4/fiw>1) ac driving field.

The lower two panels in Fig. 3 show that decreasing

Ill. CONCLUSIONS

We have calculated the changes in the absorption spec-

trum of a symmetrically coupled double-quantum-well sys-

further leads to an even richer structure in the calculatedem induced by a strong driving field. By using the Floquet

absorption spectra as more photon replicas of the originaheory, we were able to numerically calculate these changes
lines (photon sidebandsappear in the absorption spectra: in a nonperturbative way for arbitrary frequency and inten-
For example, in the panel correspondingAgq,/iw=3.2, sity of the driving field. Depending on the relative magni-
significant oscillator strength is redistributed among as muchudes of the splitting of the excited states and the intensity
as six absorption lines in the range<&Fx;,/Aw<<2. It is  and frequency of the driving field, both the collapse of the
evident here that Rabi splitting and photon sideband absorgplitting and the appearance of multiphoton replicas of the
tion are closely related, the latter being a generalization ofriginal absorption lines including ac Stark splitting has been
the former for nonresonant driving. However, for the largestpredicted within one unified approach. Experimentally,
fields included in the calculations, again only two absorptiongoyple-quantum-well systems with z;~10 meV andxs,
lines dominate the calculated absorption spectra, indicating.gg A are well within the capability of 11-V molecular-
the decoupling of the quantum wells by the driving field. beam-epitaxy growth. High-frequency driving fields with
_The increased complexity of the absorption spectrum f0kjg|y gtrength on the order of 10 kV/cm can, for example, be
driving frequenciesi w<Ag, can be understood in the fol- enerated by the free-electron lasers at the University of

lowing way: Figure 3 shows that for these frequencies th alifornia at Santa Barbara. Therefore, the phenomena pre-

quasienergies evolvmg frqm the exuted-s?ate doublet AGicted in this work should be observable, and might open a
pushedapart as the driving field is gradually increased from - : . . X
possibility to investigate the dynamics of strongly driven

zero[note that, according to E¢Q), the quasienergies evolv- led N s b ical
ing from the ground-state doublet are independent-of coupled quantum wells by optical means.

Therefore, the quasienergies evolving from the excited-state
doublet display the same dependencefoas the transition
energies shown in Fig.]3 Consequently, for certain field
strengthsF, these levels are pushed into multiphoton reso-
nances producing strong mixing and hence the enrichment of | would like to thank S. J. Allen for the kind hospitality
the (Fourien spectrum shown in Fig. 3. Since for driving and the helpful discussions at UCSB’s Quantum Institute. |
frequenciesh w> A5, the quasienergies evolving from the am also grateful to M. Helm and M. Wanke for critically
excited-state doublet are pushedether(see Fig. 3, multi-  reading the manuscript. This work was supported by the
photon resonances cannot occur and, therefore, no sidebaAdstrian Science FoundatiottFWF) under Project No.
absorption results. J01209-PHY, and by the Office of Naval Research.
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