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Coherent control of intersubband optical bistability in quantum wells
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We present a study of the nonlinear intersubb&®B) response of conduction electrons in a
GaAs/Al sGa, ;As quantum well to strong terahertdHz) radiation, using a density-matrix
approach combined with time-dependent density-functional theory. We demonstrate coherent
control of ISB optical bistability, using THz control pulses to induce picosecond switching between
the bistable states. The switching speed is determined by the ISB relaxation and decoherence times,
T, andT,. © 2004 American Institute of Physic§DOI: 10.1063/1.1751611

Intersubband(ISB) transitions in semiconductor quan- and Fermi energy levels. We choose the electronic sheet den-
tum wells take place on a meV energy scale and are therefordty Ng such that only the lowest subband is occupied, in
attractive for terahert¢éTHz) device applicationSMany ISB  which casesg= 742Ng/m* +¢;.
effects of practical interest occur in the nonlinear regime,  Under the influence of THz driving fields, linearly polar-
such as second- and third-harmonic generatiantensity- ized alongz, the time-dependent states have the form
dependent saturation of photo-absorptidrdirectional con- \I’jq”(r,t)zA‘lf2 eiqurulpj(z,t), with  initial  condition
trol over photocurrents, generation of ultrashort THz Vig (r,to):xp]@q (r). In the absence of disorder and
pulses; plasma instapilitﬁ, or op_tical bistability?:9 Inipirgd pho”nons, the tiHme evolution of the envelope functions fol-
by the photoabsorption experiments by Cragal,” this

) i , .. lows from a time-dependent KS equation
letter presents a theoretical study of the optical bistability

region in a strongly driven, modulationn-doped 0 B

GaAs/Al Ga -As quantum well. We demonstrate that I1SB % 2 (20 =h(1)¢;(z.0), )
bistability can be manipulated on a picosecond time scale b%ith

short THz control pulses. This opens up opportunities for

experimental study of optical bistability, which in the long 2 52

run may lead to THz applications such as high-speed all- N(U=~ 55— Fval(Z) +veon(2) +vu(Z)

optical modulators and switches.
Most previous theoretical studies of nonlinear I1SB dy- Fuxl(Z,t). ()]

namics were based on density-matrix approaches, in Hartragere, 4, (z,t) = ez f(t)sin(wt) describes the driving field,
approximatio’™*? or using exchange-only semiconductor yith electric field amplitudet, frequencyw, and envelope
Bloch equations®~** These studies showed that the collec-f(ty. ,_ (7) is the confining square-well potential, the
tive ISB electron dynamics is strongly influenced by depo-Hartree  potential  follows  from  d2vp(z,t)/dZ
larization and exchange-correlation(xc) many-body =—4me*2n(zt), and we use the time-dependent local-
effects!® We will account for these effects using time- density approximation for the xc potentialv,(z,t)
dependent density-functional theory, which has the advan-:[dexc("ﬁ)/d’ﬁ],ﬁ=n(z't) (e, is the homogeneous electron gas

tage of formal and computational simplicity. _ xc energy density The time-dependent densityz,t) fol-
We describe the conduction subbands in effective-masg,ys py substitutingy;(z,t) in Eq. (2).
approximation, wheren* =0.067n and e* =€/ /e, =13, To account for disorder or phonon scattering, E3).is

are the effective mass and charge for GaAs. Initially,replaced by a density-matrix approach. We expand the first
the conduction electrons are in the ground state, charactefynquction subband a, (2 t):ENb c(t) 1118(2) The asso-
' k=1 :

ized by, single-particle ~ states of the forrr\If?qH(r) ciated Ny,XN, density matrix p has elementsp,(t)
=A"12eMyd(z), with r; and g in the x—y plane. The  =c* (t)c,(t) and initial conditionpy(to) = S d1c. The time
envelope function for thgth subbandz,b?(z) follows self-  eyolution of p follows from

consist?lrfétly from a one-dimensional Kohn-ShaikS) ap(t)

equation,” with the ground-state densit i P _

f g Y ih——==[h(t),p()]-R, @

with the relaxation matriRy=7%[ py(t) — pxi(to) 1/ Ty . For
n(z)=2> |¢?(z)|2 0(er—Ejq,)- (1)  simplicity, Ty =T+ To(1— ), whereT, and T, are
1. phenomenological relaxation and decoherence times.

We consider a 40 nm GaAs/fdGa, 7/AS square quantum

B b 2 well with Ng=6.4x 10" cm™2, following Craig et al* The
Here,Ejq =¢;+%7qj/2m", ande; andeg are the subband |\ est subband spacing is,—e;=8.72 meV, and the ISB

plasmon frequency is found from linear-response th€ay

dElectronic mail: ullrichc@umr.edu hwisg=9.91 meV. The system has nine bound levels, and
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FIG. 1. ISB photoabsorptiom(w) and occupation probabilitp, of the
second subband for a 40 nm GaAg/Aba, -As quantum well with electron
density 6.4 10 cm™2, driven by THz fields with intensities as indicated.
Lines: two-level rotating-wave approximation. Points: six-level density- 120
matrix calculation. !
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we take the lowest six to construct the density matii, (
=6). We use the ISB scattering timd@g =40 ps andT,
=3.1 ps, consistent with recent measurement$,cand T,
for similar systemg&/18
To describe ISB photoabsorption, we propagate &j.
in the presence of THz driving fields, switched ort@bver
a five-cycle linear ramp and then kept at constant intensity
for several hundred picosecon(fss). From the dipole mo-
ment d(t)=NgZ o (t) [dz y2(2)zyP(z) we obtain the
photoabsorption cross sectigthe dissipated powgro(w)
~w [T cost')d(t’) dt’, whereT is one cycle of the driv-
ing field vy, Following the switching on of the THz field, i, 2. intensity and length of THz control pulses for switching between the
o(w) fluctuates considerably from one cycle to the next, butower and upper ISB bistable statesl &30 W/cn? andw=9.3 meV driv-
eventually approaches a stable value as the transients setilg field (0.445 ps per cycle Contour labels indicate the switching times in
down. ps. No switching occurs in the hatghed regiof@. Up-switch, (b) down-
Figure 1 showso(w) calculated with our six-level switch (control pulses are phase shifted by
density-matrix formalism, in close agreement with the two-
level rotating-wave approximatidhincluding xc. For low  branch: close tar/2; lower branch: aroune/4), and differ-
intensities,o(w) is a Lorentzian with maximum ab,gg and  ent level populations.
width 22/T,. Approaching the saturation intensity, Whether the system will be in the upper or lower
=ceV?h /87T T,e?(y5|z|43)|%, the photoabsorption peak bistable state depends on its history. A hysteresis-like behav-
shifts to lower energies and changes shapere, |, ior is observed at fixed intensity and under adiabatically slow
=26.8 W/cnf). The physical reason for this effect is that the frequency changes of the driving fieléiEntering the bista-
depolarization shifA =% w;sg— (25— 1) is proportional to  bility region from the low-frequency side, the system contin-
the population differencgp,—p,. Initially, p;=1 and p, ues on thdower branch and then jumps up at the end of the
=0. Strong driving fields lead to a decreasepgf-p, be-  bistability region. Entering from the other side, the system
cause of transitions into the second and, eventually, highdollows theupperbranch. The required continuous, adiabatic
levels, see the lower panel of Fig. 1. Since this populatiorfrequency tuning of THz driving fields is difficult to realize
transfer is most efficient around the ISB resonance, the peak experiment, and of little practical use in exploring ISB
of o(w) shifts more than the tails, leading to an asymmetricoptical bistability for potential applications. Instead, it would
line shape. be desirable to switch rapidly between the two bistable
For intensities over 16 W/ctnwe discover regions of states.
optical bistability ino(w): the system responds in two differ- In the following, we demonstrate coherent control of
ent ways to one and the same driving figlthe middle ISB optical bistability by short THz control pulses. This
branch is unstabje The two states are characterized by den-method is both rapid and robust, and lends itself for experi-

sity oscillations with different amplitudes and phasegper  mental implementation. Figure 1 suggests that a switch from
Downloaded 11 Jun 2010 to 128.206.162.204. Redistribution subject to AIP license or copyright; see http://apl.aip.org/apl/copyright.jsp
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the lower to the upper bistable state requires a transfer afuppress the driving field, giving electrons time to relax from

population into the second level. The necessary energy cahe upper level.

be rapidly injected into the system by a short THz pulse. On  In summary, we have simulated coherent control of ISB

the other hand, we expect switching down from the upper toptical bistability in quantum wells, using THz control

the lower state to be inherently slower, since upper-levepulses to switch rapidly between the bistable states. Switch-

population needs time to relax. ing times are in principle limited only by the intrinsic relax-
We consider a driving field with=30 W/cn? andfw ation and decoherence times. Interestingly, a shorter relax-

=9.3 meV(0.445 ps per cyclein the middle of the bistable ation timeT; (i.e., more scatteringmplies faster switching.

region, such that the system is in the lower bistable state. A¥lore realistic simulations would replack; and T, with

t,, we apply a short pulse with the same frequency end microscopic, intensity-dependent scattering theories, includ-

phasewith the driving field, and with a trapezoidal pulse ing finite temperatures and a detailed modeling of the ab-

envelope: linearly turned on and off over five cycles, con-sorption profile and waveguide geometry of the device. In

stant in between oveX, cycles(the precise pulse shape is the search for THz devices and applications, nonlinear 1ISB

not essential We calculated(t) and o(w) as earlier, using effects such as bistability merit further exploration.

our density-matrix formalism. After transients and other dis-

turbances induced by the pulse have subsided, the system |h€ authors acknowledge support from the donors of the

either slowly returns to the lower state, or converges toward5 etroleum Research Fund, administered by the ACS, and

the upper bistable state, in which case we define a “switchi"om the University of Missouri Research Board.

ing time” as that time aftet; when o(w) is converged to

within 5% of its final value. To study the reverse process, we, L _ _

. . Intersubband Transitions in Quantum Wellsetited by H. C. Liu and F.
p_repare the system in the uppgr b'Stable_ state and then appl)bapasso, Semiconductors and Semimetals VolA82demic, San Diego,
similar control pulsesphase shifted byr with respect to the 2000.
driving field. After the transients have settled, the system?J. N. Heyman, K. Craig, B. Galdrikian, M. S. Sherwin, K. Campman, P. F.

; ; ; Hopkins, S. Fafard, and A. C. Gossard, Phys. Rev. 7&t2183(1994).
either remains in the upper state, or goes down to the |OW65F. H. Julien, J.-M. Lourtioz, N. Herschkorn, D. Delacourt, J. P. Pocholle,

state. . . . M. Papuchon, R. Planel, and G. Le Roux, Appl. Phys. LB8. 116
Control pulses of various intensity and lendth were (1988.

tested to determine the conditions for successful up- or'K.Craig, B. Galdrikian, J. N. Heyman, A. G. Markelz, J. B. Williams, M.

down-switching, and to find those pulses that induce the fast- fét?@%”’ggé;lgggpma”’ P. F. Hopkins, and A. C. Gossard, Phys. Rev.

est SWItChlng. The results are summarized in '_:'g- 2. TheSE. Dupont, P. B. Corkum, H. C. Liu, M. Buchanan, and Z. R. Wasilewski,

hatched areas indicate the unsuccessful pulses: in the case afhys. Rev. Lett74, 3596 (1995.

up-switching, they do not have sufficient energy to promotee\]i;\lg.aHeyman, R. Kersting, and K. Unterrainer, Appl. Phys. L&2.644

engug_h electrons to the upper level, and in the case of down7p_ Bakshi, K. Kempa, A. Scorupsky, C. G. Du, G. Feng, R. Zobl, G.

switching, they are too short to allow enough electrons to syasser, C. Rauch, C. Pacher, K. Unterrainer, and E. Gornik, Appl. Phys.

relax down. Lett. 75, 1685(1999.

The limiting curve in Fig. 2a) separating the successful M- Seto and M. Helm, Appl. Phys. Let60, 850 (1992.
M. I. Stockman, L. N. Pandey, L. S. Muratov, and T. F. George, Phys. Rev.
from the unsuccessful pulses corresponds to pulses of energy,”,o 10966(1993

1.87x10 1% J/cn?. The shortest switching times of 15—20 10y zajuzmy, Phys. Rev. BA7, 3995(1993.
ps are achieved for somewhat higher pulse energy, arountB. Galdrikian and B. Birnir, Phys. Rev. Lef6, 3308(1996.

3.3x 10" 1° J/en?. No systematic effort was made to further 12A. A. Batista, P. |. Tamborenea, B. Birnir, M. S. Sherwin, and D. S. Citrin,
Phys. Rev. B66, 195325(2002.

optimize the control pulses. A physical limit for swnphmg 13D, E. Nikonov, A. Imaméiy, L. V. Butov, and H. Schmidt, Phys. Rev.
speed is set by the decoherence timghere 3.1 pg which Lett. 79, 4633(1997.
governs the decay of transients. 1A, Olaya-Castro, M. Korkusinski, P. Hawrylak, and M. Yu. Ivanov, Phys.

-SWi i Rev. B68, 155305(2003.
Down-switch from the upper to the lower ISB bistable ,, ™" ~*%° = Ning, Phys. Rev. Letid, 097401(2003.

state _requiresllon.ger gontrol pu!se;, at least 30 cycles. .Th:ec_ A. Ullrich and G. Vignale, Phys. Rev. B3, 15756(1998; Phys. Rev.
associated switching times are limited by the ISB relaxation Lett. 87, 037402(2001).

time T, (here 40 ps We find that the shortest down- ''J-N.Heyman, K. Unterrainer, K. Craig, B. Galdrikian, M. S. Sherwin, K.
switching times of 50—60 ps are achieved by control pulses E:l%rggman' P. F. Hopkins, and A. C. Gossard, Phys. Rev. T4{12682
with intensity not far from the driving field, 30 W/cmDue 15 g, Williams, M. S. Sherwin, K. D. Maranowski, and A. C. Gossard,

to the phase differencer, these control pulses effectively Phys. Rev. Lett87, 037401(2007).

Downloaded 11 Jun 2010 to 128.206.162.204. Redistribution subject to AIP license or copyright; see http://apl.aip.org/apl/copyright.jsp



