IEEE JOURNAL OF QUANTUM ELECTRONICS, VOL. 33, NO. 8, AUGUST 1997 1345

Controlling Chaotic Behavior of Heavy to Light
Hole Mixing Tunneling by External Electric Fields

Cheng JuangMember, IEEE,J. Y. Wang, and Jong Juang

Abstract—Oscillatory and chaotic motion of heavy to light hole to LH* and HH* to LH?, where the superscriptsandb denote
mixing tunneling in asymmetric coupled quantum-well structures  the hole state in the first and the second well, respectively.
can be controlled by an external electric field. Chaotic behavior HH® to LH® is due to the band mixing vect@n [9] while HH®

occurs if the heavy-hole state in the first well is aligned with the b . .
light-hole state in the second well under a significant in-plane [0 LH’ is due to the spatial alignment of HHand LH states

vector k). Oscillatory motion is recovered if the external electric [5], [8]. When one process is dominant, oscillatory motion
field disrupts the alignment between the heavy-hole state in the between the HH and LH states occurs. For example, a small

first well and the light-hole state in the second well. in-plane vectork” and alignment of HA and LH results a
Index Terms—Controlling chaos, coupled quantum wells, heavy dominant case of HHto LH® tunneling. The other is that
to light hole mixing tunneling, simplex projection method. misalignment between HHand LH states results a dominant

case of HH to LH® tunneling. When these two processes
are compatible, the oscillatory motion between HH and LH
tunneling collapses. The tunneling probability in the oscillation
T HE possibility of utilizing interwell coherent tunneling cojlapse region can be shown to be chaotic using the simplex
in coupled quantum wells to generate the oscillatioprojection method [13]-[14].

signal has been proposed by Luryi [1]. Considerable efforts|p this nature, external electric fields can be used to switch
have been devoted to this oscillation effect due to its righetween the oscillatory motion and chaotic motion. With a
physical natures and possible device applications in the ragi®per design of asymmetric coupled quantum-well (QW)
of terahertz radiation [2]-[4]. For the valence band, in additiogryctures, H4 to LH® and HH to LH?® are compatible,

to the spatial hole tunneling (from one well to the otherkiyving rise to a chaotic motion. Then, by adding an exter-
mixing tunneling (between heavy hole (HH) and light holgg| electric field to the coupled well system, the Hidnd
(LH) states) are also involved in the process due to the bapd® states become misaligned. Thus, Htd LH® becomes
mixing effects (k) # 0) [5], [6]. The tunneling between gominant and oscillatory motion is back. The purpose of this
heavy and light states has been verified using the timgaper is to show that chaotic behavior of the mixing tunneling
resolved luminescence [7], [8]. Futhermore, the oscillatoan be controlled by the external electric fields. Section II
motion via the heavy to light tunneling were also verifiediescribes the numerical techniques for the time-dependent
using the terahertz spectroscopy [9]. In theory, the oscillatog¢hidinger operator and the simplex projection method. The
motion has been described by the time-dependenti8iatger effects of the external electric field on the wavefucntions and
operator with the Luttinger Hamiltonian [6]. By calculatingynneling probabilities will be studied in Section IIl. Section
the tunneling probability for each case, the mixing tunneling; examines the tunneling probabilities with and without
and spatial tunneling which happen at the same time can &)gctric fields using the simplex projection method to establish

clearly resolved. _ _ a chaotic or oscillatory motion of the particles.
The interplay between tunneling and chaos in a coupled

guantum well potential has become an interesting subject due

to the nonlinear nature of tunneling effects [10], [11]. In this II. METHOD OF THE NUMERICAL ANALYSIS
work, it is suggested that chaotic behavior in the valence band

of the mixing tunneling could occur [12] and be controlle
by an external electric field, as illustrated in Fig. 1. Tw
competing tunneling processes have contributed to the heawy he time-dependent Sdjdinger equation with the reduced
to light hole mixing tunneling in coupled quantum wells: HH 2 x 2 Luttinger HamiltonianH}, is written by [6], [15]

I. INTRODUCTION

%\. The Time-Dependent Sdllinger Operator
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HH band 2) Choose an embedding dimension a delay timer,
and a prediction timel".
3) Choose a delay vect&X; = (zi,...,Ti—(m—1)-) for

i > N.
”””””””””” Mixing tunneling 4) Compute the distanag; of the test vectoX; from the
delay vectorX;, N —T > i > 1+ (m — 1)7, using the
LH band maximum norm.
- LHb 5) Find the k nearest neighbors oK;),...,X;x) of
X, and fit an affine model, where the parameters
Fig. 1. Schematic potential profiles of the mixing tunneling in an asymmetric qQ,y ..., Oy are computed by least squares.
coupled quantum wells due to HHo LH* and HH* to LH? tunneling. 6) Repeat step 1)-5) for all to estimate a’ step-ahead
prediction value.
7) Compute the linear correlation coefficienbetween the
where observed set and the predicted set.
1/ 12 1/m\ o o If the correlation coefficient between the predicted and ob-
9 - .
P= 5 <m—>’h/€|| ~3 <m—> 3.5, served ve_llue_s falls as th_e prediction extends further into _the
20 ) 0/ e ” future, this time series is thus regarded as a chaotic time
Q= }(h_) k2 4 <h_> a9 9 series. This technique is applicable to any time series showing
2 0 120 my 92 82 stationary, periodic, quasi-periodic, or chaotic behavior and
~ 52 V3 2 \/3]f 9 9 can distinguish chaos from noise effectively.
R= <m—0> - (2 w)ki = 5k <73$ + g%)

[ll. CONTROLLING MIXING TUNNELING

(2)

andV,(z) is the potential profile of the coupled QW structured) \Wavepacket

' (z,t) and ¢?(x,t) are HH and LH state envelop wave Asymmetric coupled QW systems of 25-18-49 (first well

functions, respectively;y;, 72, and vz are the Luttinger width—barrier width—second well width in Angstroms) with a

parameters and are position-dependent in the heterojunctii@nrier height of 0.2506 eV are investigated. In this structure,

structuresmy is the electron rest mass, and the in-plane vecttre HH* state is aligned with the LHstate. The Luttinger

k|2 = kZ+kZ. The external electric field is then added to the parametergy;, v2,vs) are chosen to be (6.85, 2.1, 2.9) in the

potential profileV;,(z). The discretization of (1) with respectwell region and (5.15, 1.39, 2.10), which are obtained by a

to time gives [6] linear interpolation of the Luttinger parameters of GaAs and
AlAs, in the barrier region. Also, the space intervaind time

i6 Lot i6 L interval § are chosen to be A and 1 fs (10°15). The initial
<1 T ﬁH’L> < %+1) - <1 - ﬁH’L> < %) (3 wave functions are the HH wave functions in the first well,

and the tunneling process is initiatedtat 0.

where§ andn are the time spacing and time index, respec- Mixing tunneling occurs between HH and LH states due to

tively. This discrete-time technique preserves normalization Band mixing effects. Figs. 2 and 3 show the mixing tunneling

the wave function and introduces no extra nonlinear effect i 25-18-49 coupled wells without and with electric field (45

the system. This difference equation can be written in a linédy/cm), respectively, whehy = 0.03. The first and the second

Az = b matrix equation withA being a complex symmetry Well of the coupled QW's is shown by the dotted line at

matrix. The matrix is then solved using the L-U decompositich= 0 frame. In Fig. 2, HH to LH* are significant due to
technique. the kj, and HH to LH® are well aligned. Thus, these two

processes are compatible. The oscillation of the wavepacket
. o shows no dominant process in either Hitb LH* or HH®

B. The Simplex Projection Method to LH® (The wavepacket appears randomly in the first and

To study the motion of a particle in a physical systenthe second wells in the LH band). However, in Fig. 3, HH
the simplex projection method is used [13]-[14]. This methdd LH® are significant but HA to LH? becomes misaligned
uses a reconstructed trajectory vector to make short- and lobgcause of the external electric field. Thus, the wavepacket
term predictions about future behaviors based on the previauainly oscillates between HHand LH* states, indicating that
observed information. The prediction is based on a piecewisbe HH* to LH* process is dominant.
linear approximation of the past patterns in a time series.
By comparing the predicted and actual trajectories, chaofic Tunneling Probability
behavior can be established if the accuracy of the predictio

falls off as the prediction time increases. tunneling, one can define a mixing tunneling probabifityt)

The ?'Qo”thm 'S_ summgrlzeq as follows. o as the probability of finding the HH in the HH band
1) Divide the time series into two parts: a fitting set

x1,...,xx and an observed setyy,...,zoN. F(t) = {p*(z,t) | ¢ (z, )1 (4)

"o characterize the properties of the HH to LH mixing
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Fig. 4. The mixing tunneling probability'(¢) of the 25-18-49 coupled
QW’s under various external electric fields (0, 20, and 45 kV/cm) whes-
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Fig. 2. The mixing tunneling in 25-18-49 coupled wells with zero electric
field whenk) = 0.03. The position of the coupled QW's is shown by the
dotted line att = 0 frame. 3
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Fig. 3. The mixing tunneling in 25-18-49 coupled wells with an external 0.5 ! ' ' ' -
electric field of 45 kV/cm wherk) = 0.03. 0.5 1
observed
where ¢*(z,t) is the HH wave function. When¥(t) ap- (b)

proaches one, the wavepacket is mainly located in the Hid. 5. Predictions of (a) 3 and (b) 30 time steps into the future versus
band. WhenF(¢) is small, the wavepacket tunnels into thé’b_setf"eddvﬁiues fO“/lld:lgb%i,U”def zero ?'EFWZ ﬁe'd-t Tkhe ft"st)loognt_ime t

. T . . P points an € secon Ime points of FIg. 4 are taken 10 be a Titling se
LH_ bar_wd. By this definition, _the nonlinearity is mtr_oducedand an observed seN(= 1000) with the embedding dimension = 3 and
which is anL; norm resembling the Landau—Lipschitz routgelay timer = 1.

to chaos.

Fig. 4 shows the mixing tunneling probabili#y(¢) of the mixing tunneling probability?'(¢) shows much of a disorder,
25-18-49 coupled QW'’s under various external electric fields expected. As the external electric field increases® bihtl
(0, 20, and 45 kV/cm) wherk; = 0.03. Under zero field, LH* become misaligned. The HHo LH® process is dominant
since HH to LH® and HH to LH® are compatible, the and F(¢) is back to the usual periodic behavior again.
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Fig. 7. The correlation coefficient as a function of prediction time under
various external electric fields (0, 20, and 45 kV/cm) wgn= 0.03.

feature of chaos and can also give a rough measure of the
Lyapunov exponent. As the external electric field increases,
the v changes less, indicating the periodical behaviof'¢f)
becomes more significant than the chaotic behavior.

To verify the switching between the oscillatory motion and
chaotic motion due to the external electric fields, the pump and
probe technique, and the time-domain terahertz spectroscopy
described in [2], [3], and [9] can be used. Coupled-well
samples should be carefully prepared so that the the HH state
in the first well is aligned with the LH state in the second
well. Note that the alignment between the HH state of the first

observed well and the LH state of the second well can be altered by

(b) an appropriate external electric field. Thus, it is expected that
Fibg. 6. dPre?ictiop; of (g)og ang (b) 30 ttimelstlepst ,inth Itgleffzgufk?/ /Vers@haotic spectroscopy is shown without the electric field, and
observed values far) = 1.9 under an extemal electric field o ‘M terahertz oscillatory spectroscopy is shown with the electric
field.

predicted

0.5 . T T '
0.5

IV. CONTROLLING CHAOTIC BEHAVIOR V. CONCLUSION

To further investigate the inherent properties 6ft), the The mixing tunneling which occurs between HH and LH

simplex projection method is used [13], [14]. This methodies can be driven by: 1) the HH to the LH state in the first
is designed f_or ma_kmg short—t_erm and_long—term pred_muowe” due to in-plane vectok; and 2) the HH to the LH state
about the trajectories of chaotic dynamical systems. Fig. S5{@)he second well due to the alignment of the HH state in the
and (b) show predictions of 3 and 30 time steps into the fUtUfey; \yel and the LH state in the second well. If these two
versus observed values foy = 0.03 under zero field. The first tunneling processes are compatible, chaotic behavior occurs.

1000 time points and the second 1000 time points of Fig. 4 8¢ an external electric field, process 2) becomes dominant
taken to be a fitting set and an observed $€t£1000) with and oscillatory is recovered

the embedding dimension = 3 and delay time- = 1. From

3 to 30 time steps, the loss of the prediction power is clearly
indicated, which is interpreted as a characteristic feature of
chaos. Similarly Fig. 6(a) and (b) show predictions of 3 andl] S. Luryi, “Possibility of a direct observation of the time evolution in
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