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We have investigated the hybridization of the electron states, the light-hole states and the heavy-hole states
in InAs/GaSb broken-gap quantum wells. This effect is profound when the InAs layer and the GaSb layer are
sufficiently thick such that the electron level lies below the heavy-hole level and the light-hole level at zone
center. To calculate the dispersions and the wave functions in these structures we have applied the scattering
matrix algorithm to the eight-barid p model. We have found a hybridization gap as large as 20 meV resulting
from the anticrossing of the electron and the light-hole dispersion curves. A multiple anticrossing of the
electron states, the light-hole states and the heavy-hole states may occur when the heavy hole level lies in the
hybridization gap produced by the electron states and the light-hole states. This unusual hybridization of the
three subbands, which behaves differently for the “spin-up” and the “spin-down” states, has been investigated
in details around the anticrossing point. While the electronlike and light holelike states mix strongly, the heavy
holelike state may remain unperturbed.
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[. INTRODUCTION culations have suggested interesting features in the in-plane
dispersions of InAs/GaSb superlatti¢és'®>?22%s well as of
In broken-gap heterostructures such as InAs/GaSb, thmAs/GaSb quantum well structur&s!’192425The opening
conduction band of InAs overlaps with the valence band obf a hybridization gap as the InAs and the GaSh layer thick-
GaSh. They exhibit unusual physical properties which are ohesses change was already mentioned above. Due to the
interest to both fundamental research and device applicapin-orbit interaction which may be significant in asymmetri-
tions. The InAs/GaSb resonant tunneling structdréshe  cal structures, the in-plane dispersions become spin
INAs/GaSb/AISb infrared detectors and laser diodedependent® Hence, the magnitudes of the hybridization
structures;’ the AISb/InAs/GaSb/AISb quantum wefls®  gaps depend also on the spin orientation.
and the InAs/GaSb superlatti¢és® have been fabricated  In this paper we will investigate the features of hybridized
and investigated. In these structures the conduction bandispersions and the associated wave functions in InAs/GaSh
states in InAs couple strongly to the valence band states iquantum wells. We will use an eight-barkd p model to
GasSb, resulting in a significant interband tunneling transportonstruct the bulk states in all layers, and then match the
between the electronlike levels and the holelike levels whemvave functions at interfaces with the boundary conditions of
they are separated by a weak bartiérThe electron-hole Burt's envelope function theoR}:?” We will generalize the
coupling in the quantum well structures and the superlatticescattering matrix algorithm, which was proposed in Ref. 28
gives rise to a large optical absorption coefficient and arfor calculating the transmission coefficients, to calculate the
efficient stimulated emission at room temperafiifeThe energy levels. This algorithm does not invoke the inversion
coupling-induced charge transfer between the InAs layer andf nearly singular matrices and so avoids the problem of
the GaSb layer manifests itself in a switch between the holeaumerical instability when the quantum well thickness in-
dominating transport and the electron-dominating transportcreases. Recently, thick InAs/GaSb quantum wells have been
By varying the InAs layer thickness and the GaSb layerinvestigated experimentally.
thickness in a quantum well, at zone centdre in-plane In Sec. Il we present the theoretical model for the inves-
wave vectork = 0) the electronlike level can be pushed be-tigation of electronic band structures using the eight-band
low the heavy-hole level. Hence, an anticrossing phenomk-p method. The scattering matrix algorithm is then de-
enon may occur at a finite value & . The so-produced scribed in Sec. Ill, and the calculated dispersions and wave
small hybridization gap<€10 meV) in the in-plane disper- functions are discussed thoroughly in Sec. IV. Due to the
sion has been observed recenfly® strong coupling between electrons and light holes, the result-
The electronic states of broken-gap heterostructures havag energy gap can be as large as 20 meV. We have analyzed
been studied with thé-p method*1° the tight-binding the unusual features of wave functions when the electron, the
method?®?! the pseudopotential plane wave appro&ct’, heavy-hole, and the light-hole dispersion curves anticross si-
and the effective bond orbital mod?®Band structure cal- multaneously. It is interesting to see the complicated behav-
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' ' ' ' the 8x8 Hamiltonian matrix can be written in the block
diagonal formi®2’
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FIG. 1. Conduction and valence band diagrams of the AlSb/ 3

InAs/GaSb/AISb broken-gap quantum well structure. )
contain the operators

ior of wave functions when a heavy-hole-like energy level .

lies within the gap produced by the hybridization between ke =Fi(kxiky)/v2, (4)
the electronlike and the light-hole-like states. A conclusion is A o
reached in the final Sec. V. Hce=E .+ KAK, (5)
A he . A oA .
IIl. MODEL DESCRIPTION
OPEL DESCRIPTIO 6. =5k (2= vk +k (v2= k]

We consider an InAs/GaSb broken-gap quantum well em-
bedded in two wide gap AISb layers, as shown in Fig. 1. The

energy band structure calculation is based on the eight-band +5lke(Ne =Nk =k (Ns=N_)k: ], (6)
k-p model for thel” point of zinc blende crystals, including

the two lowest conduction bands and the six highest valence . B2 o .

bands. The growth directiofD10 of our sample is defined Fo=—c=[ki(yotyDk +k_(y,+7yki]

. . . 2m
as they axis. In order to obtain concrete numerical results for

analyzing the physical properties, we will derive the in-plane 1 . L ~
dispersion relation along theg 00y direction, which we will F5 ke (Ne =Nk =k (N. =Nk ], (7)
take as thec axis. Then, in terms of the basis functions

2
U= s1p 19 =i[ST), (18 Eo= o [koyik ko]
—i , 1. S .
u2=|p3/2,3/z>=E|(X+IY)T>, (1b) =3l (NG =Nk —k-(NL=NOKLT, ®)
1 2 . n23 . o
u3:|p3,2,l,gzi\[§|(x—iY)T>+i\[§|z¢>, (10 Re=— 5 lke yaki +koyok-]
1 1 —L(R Nk_ -k, Nk,) 9
U4:|p1/2,1/2>:i\[§|(x_iY)T>_i\[§|Zl>a (1d) +23 T e
and
Us=[S12- 12 =i|S|), (e )
. A2
i Di=—ﬁﬁ[kmk7+kmk+]
U6:|p3/2,73/2>:ﬁ|(x—iY)l>, (1)

[k (NL—N_)Yk_ —k_ (N, —N_)k,].
1 2 [
U7=[Paz12 =1 \/%|(X+iY)l>+i \/;|ZT>7 (19 (10)

In the above equation®, is the interband momentum ma-

B 1 . , \/I trix element,E; the conduction band edgg,, the valence
U= |Py2,12 =~ \/;“XMY)“_I §|ZT>’ (2h) band edge, and the split-off energyzy,, v,, andy; are the

S
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modified Luttinger parameters, witm as the free electron p2
mass. The effect of remote bands on the electron effective N'=N+ E_E (16)
mass is contained if\;. All these parameters depend on ¢
material, and thus are functions nf Therefore, their orders 5
with the momentum operators are importd¥it. andN_ can N/ =N+ P 17)
be expressed in terms of the modified Luttinger parameters Y E-E
as
E
N_=—(#2/2m)(y;—27,+1), (12) S B
7]_ Y1 3(E_ EC) ’ (18)
N, =—(A%2m)(6y;— y1+27,— 1), (12)
andN=N_, +N_. In writing the block diagonal form of the P Ep (19)
Halmiltonian in Eqg.(2), we have neglected terms containing Y272 6(E—E.)’
Kane's asymmetry paramet@& and setk, to be zero. The
linear-ink terms of the spin-orbit interaction have also been E
dropped since their effect is very small compared to that of V5= Y3~ G(E—pE) (20)
—Ec

the k-independent spin-orbit interaction for the range of in-
plane wave vectors that we are interested in. The envelope

- 2 i
functionsy; and the corresponding eigenenergieare then  Here Ep=2mP?/#2. The equation for the valence band en-
obtained by solving the equations velope functions of the “spin-up” states then becomes

8 ~
A ) - H'W=EW, W=[i, s ¢4]T_ 21)
jzl H'llf/IJ Ey,, i=12,...,8. (13)

It has been show that if A, is finite, spurious solutions lll. SCATTERING MATRIX ALGORITHM

with large real wave vectors appear in the band gaps of zinc |n the conventional transfer matrix method, the coeffi-
blende crystals. To eliminate these nonphysical solutionsgients of the forward and the backward waves in one layer
one setsA.=0 and uses the remaining empirical parametersre determined by those of the front layer and proper bound-
to include the effect of remote bands on the electron effectivgyry conditions. This method may, however, give rise to in-
mass, as described in Ref. 27. Since the Hamiltonian has ﬁabmty in numerical results as a rapid growing wave and a
block-diagonal form, we can solve separately the equationgapid decaying wave are both present in a thick layer. In this
for the “spin-up” blockH , and the “spin-down” blockH _ . case, the decaying wave is overwhelmed and neglected com-
In fact, we need to solve the equations for the “spin-up” pared to the growing wave at one of the boundaries of this
states only, because due to the time reversal symmetry, tHayer. Consequently, it is impossible to determine definitely
dispersions for the “spin-down” states can be obtained fromthe coefficient of the neglected decaying wave. In the present
those of the “spin-up” states by changing the sign of thework, we use the scattering matrix algorithm in calculation
in-plane wave vector. of band structures to avoid the problem with the transfer
From the first (=1) of the eight equations in Eq¢13),  matrix technique. In this method, the coefficients of the out-
the conduction band envelope function of the “spin-up” going waves are obtained definitely from those of the incom-
states can be expressed in terms of the valence band envsg waves through the scattering matrix.
lope functions as The envelope functions of the entire heterostructure are
constructed as linear combinations of the bulk eigenstates in
P . A A each layer. For thenth layer the bulk eigenstates can be
S E. (ks thot kgl 3+ 2k a1 3). (14) expressed in forms of plane wae® exqikx+ik{"y], where
_ _ o e is a 3x1 column vectore™=[el" e{" e{"]T. Substi-
The conduction band envelope fun_ctlpn for the “spin-down tuting the bulk eigenstates into EQR1), we arrive at an
statess, can be expressed in a similar way. Consequentlyeqation for the dispersions and the eigenvectors ofthe
the problem of the (4 block matrixH , reduces to that of |ayer
the 3X 3 block matrix Hamiltonian
(N (N2 (M () (Nyaln) —
E+F) R 3R (B3"ky"“+Bj iky’+By’)e™” =0. (22
A= R, E,+G" D’ . (15 The matrices8y”, B{", B{" are given by

R, B E+E A o
+ —(v2+t 1) _\/§7§ _\/675

where the elemen8” , F., E' , R, ,andD’ are obtained m_|  _ 3 o

; x B = 3 2 , 23
from the corresponding elements given by E@—(10) by 2 \/—y? 72 71, \/—?/2 23
replacingN, N, y¢, v,, and y; with - \/572 - \/57’2 7
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0 —2V3y; —2J6v;
B{"=k,| 237} 0 0 ,
2\6v; 0 0

—(yp+vD) By 6y,
By, (v—vD) 27,
NG -2y -y

0 0
€ 0
0 0 e+6

wheree=2m(E—E,)/#? and §=2mA/#2.

The nontrivial solutions of Eq(22) satisfy a third order
polynomial equation irk{"?, in which the coefficients de-
pend onE and k,. For a givenE and k,, there are six
complex solutions= k(" with i=1, 2, 3, for the six corre-
sponding e|genvectoreﬁl‘) Then, the envelope functions of
the entire heterostructure in timth layer can be written as

(24

BEY=ks

m

o

: (29

\Ifzexp(ikxx)':gz . [aMexd ik (y—yn-1)]

x &M+ bMexg —ik{M(y—y,) ] €M1

In the above equationy,_; andy, are they coordinates
which define the left and right boundaries of thth layer.

The coefficientsa™ andb{" are for, respectively, the for-
ward and the backward waves in timh layer. They are

(26)

determined by the boundary conditions, which are derived by
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The boundary conditions then imply that the vector functions
¥ andHW are continuous at each interface.

Under these boundary conditions, the coefficients for two
neighbor layers can be connected by a transfer matrix

DM-1 o\ _ | 0
M(n+l):( | )M(n+l)(o D(n+l)) (33
as
am o aln+t1)
b(n) :M(n ) b(n+1) , (34)

wherel is the 3x 3 identity matrix, andD(™ is a 3x 3 di-
agonal matrix with the elements
D= &, exelik§) (Yn—Yn-1)]. (35

Since matrixD(™ is diagonal, its inversion can be obtained

by inverting each matrix elemen "1 is a nonsingular
invertible matrix which can be expressed as

v (n+1) el e et ety
M - fn) () fn+1)  §(n+1) [ (36)
+ — + —

where e(n)_( (n) (n) e(n)) and f(n)_(f(n) f(n) f(n%) f(n)
=Hgel) where in operatoHB, ky is replaced by= k(" .
The coefficientsa™ andb™ of the outgoing waves and

the coefficienta(™ andb(™ of the incoming waves are con-

nected by a scattering matr§(m,n) as

am am

=S(m,n) M |-

b(m (37)

ihtegrating Eq.(21) across an interface. We define a matrix Using Egs.(34) and(37), we can derive the following recur-

Hg as
B R®\2RP
HB(kx,Ry): QE G® b® ' @7
V2R® BB EB
where
h? 1
Fe=——i(y1+ 75k~ 5 (N, =N_)k (28)
AR C AR A R
h? ~_ 1
B_ ' . ’ e \ 1
R+—2m|\/§72ky+2\/§N kxa (29
e R 1
G =—ﬁ'(?’z‘?’l)ky+6(N+_N*)kx’ (30
DB—hz'ﬁ’RJr " (N, ~N_)k 31
Tam! V27l (NN ke 3D
. 21
EB:ﬁiyiky.;_g(er—N,)kx. (32)

sive formula for submatrices5;(m,n) of the scattering
matrix®®
Su(1n+1)=[1-M{" IS (1nME P
><|\/|(lrl+1)flsll(l,n)’ (389
Si(1n+1)=[1-M{I* D1 (1 nyMP+D]-1

XM(n+1) 1[812(1n)M(n+1) Mg_g+l)],

(38b
Su(1n+1)=Sp(1MME HSy(1,n+1) +Sp(1),
(380
Sp(1n+1)=S(1MME VIS (1n+1)
+ S LMMGD, (380)
The submatrices of1("*1) are obtained from Eq33) as
M(n+l) 1_ M(n+1) 1D(n) (39@
M(lr;rl): D(n)flM(lg+l)D(n+l), (39b)
MEFD=pmf+D (390
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M(2r£+1):,\7(2r%+1)D(n+l). (390) 0-20
SettingS(1,1) to be the identity matrix, from the recursive
relations (38) we can construct all the scattering matrices 0.15 |
S(1,n) for n=2,3,... N. Similarly, settingS(m,m)=1, all
matricesS(m,n) with n=m+1m+2, ... N, can be found.
Then using Eq(37) we can derive the following relations: 0.10
a™=s;;(1,mab+S;,(1m)b™, (403
0.05
b =s,,(1,m)aP+S,,(1,m)b(M, (400
aN =s,,(m,N)a™+S,,(m,N)b™, (409 0
)
ol
b(M=5,,(m,N)a™+S,,(m,N)b™), (400) g 0.20
wherea™ and b®) are the coefficients for the left barrier
layer, whilea®™ andb®™ are for the right barrier layer. We 0.15 |
set the coefficients of incoming waves® and b™ to be
zero to determine the energy levels of the states confined to
the quantum well. Substituting E¢40g into Eq. (40d), we 0.10
have the equation
[1 = Sp1(m,N)Syx(1,m) Ib™ =0, (41) 0.05 F
from which the energy levels and the corresponding coeffi-
cientsb(™ are derived. Knowing™, the coefficients(™,

b, anda™ are readily obtained from Eq$40a), (40b), % 0z 04 06 o0a 1

and (40¢), respectively. in-plane wave vector (nm-1)

IV. RESULTS AND DISCUSSION FIG. 2. Subband dispersions for the quantum well structure with

) . a 15 nm InAs layer and a 10 nm GasSb layer.
For our numerical calculation on the InAs/GaSb broken-

9ap quan:]um Welll as th(?]wn in Fig. 1, theh mat?rla:cfparamﬁons_ The assignment of carrier type to various subbands
eters such as values of the energy gap, the split-off energyy)q s the associated wave function propertieat 0. As
the interband momentum matrix elements, and the Luttingefs el known, such symmetry can no longer be defined for a
para_metgrs are taken frqm Ref.. 25. In contrast to the Cahite value ofk;. The in-plane wave vector is measured in
studied in Ref. 25, we will consider thicker quantum wells units nni %, and for our system the wave vectors at the zone
such that ak =0 the first electron level lies below the first boundarieé are abot 10 nmiL. At the zone center there is
light hole level. Several heavy hole levels are then als nly a weak coupling between the conduction band states

above the first electron level. Then multiple electron-hole_ | 1o states in light-hole bands. With increaskggthe

anticrossings can produce multiple minigaps. Such effect Ir?:oupling strength between the electrons and the light holes is

long-period superlattices has been discussed recériflg- - C e
cause the spin-orbit interaction breaks the double spin degermUCh enhanced, resulting a large hybridization gap of about

eracy in an asymmetric quantum well, we will see that for a : : : , ,

normalized |4 (y)|?
[~}
5

finite value ofk, the dispersion curves and the spatial prob- AISH InAs GaSb  AISb
ability densities are different for the “spin-up” states and the N
“spin-down” states. This phenomenon was also detected in %
Ref. 25. - /L
For a given InAs layer thickness and a GaSb layer thick-
ness in the AISb/InAs/GaSb/AISb broken-gap quantum well
structure, we investigate the band structure as well as the
spatial distribution of the probability density for the zone M\M&:
center states and for the states in the vicinity of anticrossing. .
The results for the structure with a 15 nm InAs layer and a , , , , ,
10 nm GaSb layer are shown in Figs. 2, 3, and 4. Choosing 0 6 12 18 24 30
the InAs conduction band edge as the zero reference energy, .
the dispersions are plotted in Fig(aR for the “spin-up” position y (nm)
states, and Fig.(B) for the “spin-down” states. There are six ~ FIG. 3. Normalized probability densitis. (y)|2 for the zone
subbands of interest, labeled aishl. 2hh, 3hh, for heavy-  center states in a quantum well with a 15 nm InAs layer and a 10
hole states, th for light-hole states, and€l 2e for elec- nm GaSb layer.
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T T T T T 0.20 T T T T

AlSb InAs GaSb  AlSb (a)
(a)
T 0.15 {2¢ -
1hh
2hh
M 0.10 I
1lh
”: le
o
< [ ] 0.05
E 1 1 1 1 1
el
g 0 6 12 18 24 30 —
| =
Tﬁ T T T T T L 0
E o |asb InAs GaSb  AISb 5
< p=
g 5 020
(b) g
1hh
0.15 [
2hh
M 2h
1lh -
Te 0.10 } -
F3hh 1 3hh
1 1 1 1 1 le
0 6 12 18 24 30 005 F
. 4hh
position y (nm) o

0 1 1 1 1

FIG. 4. Normalized probability densityy, (y)|? of the “spin- 0.2 04 0.6 0.8 1

up” states [panel (8)] and |¢_(y)|? of the “spin-down” states
[panel(b)] atk;=0.14 nm t in a quantum well with a 15 nm InAs
layer and a 10 nm GaSb layer.

=

in-plane wave vector (nm~1)

FIG. 5. Subband dispersions for the quantum well structure with
an 18 nm InAs layer and a 12 nm GaSb layer.

— =1 H
20 mev aroundi=0.14 nm " At the same time, the cou- layer, where the &, 1lh, and Zhh wave functions are
pling between electron states and heavy-hole states deveIO%avi|y distorted.

causing the complicated multiple anticrossings. This can be \yjtp increasing the layer thickness of InAs and/or GaSb,
seen around;=0.2 nm * where the three lih, 2hh, and e spatial confinement gets weaker and so more subbands
1lh sub_bands are separated_ by two hybridization gaps. W't%ppear in the quantum well. Here we discover an interesting
further increase ok, the anticrossing betv_vgen the Sub- phenomenon that a heavy-hole subband lies in the wide hy-
band and the Bh subband occurs. The position and the mag-prigization gap between an electron subband and a light-hole
nitude of each hybridization gap are spin dependent. subband. The subband structure for the broken-gap quantum
The hybridization phenomenon can be demonstrated mofge|| with an 18 nm thick InAs layer and a 12 nm thick GaSb
clearly ~ with the probability density |4, (Y)]*> |ayer is shown in Fig. 5, with panés) for “spin-up” states
=S |yi(y)|* for a “spin-up” state, and |¢_(y)|>  and panelb) for “spin-down” states. The physics around the
=32 o|¢i(y)|? for a “spin-down” state. Because of the zone center is not affected qualitatively because at zone cen-
spin-degeneracy at the zone cenigr (y)|>=|¢_(y)|%, and  ter only the heavy-hole states are still decoupled from all
the results are plotted in Fig. 3. Each probability density isother states. Also, the characteristic behavior of the
normalized to unity, and the curves are displaced and orderetih-1hh-2hh multiple anticrossing is not sensitive to the
according to their corresponding energies at the zone centexidth of the quantum well. However, a qualitatively new
The flat parts at both sides of each curve mark the zeréeature appears arourig=0.2 nni !, where the strong hy-
reference ¢, (y)|2=0 or |¢_(y)|>=0. We see clearly that bridization between theeland the 1h subbands creates a
only the electron states and the light-hole states are weaklarge gap. In panela) the hh subband passes through this
coupled. As a result, the heavy-holes are confined in thgap almost unperturbed. On the other hand, in pémnelhe
GaSb layer. 3hh subband is pushed upward by the dubband due to the
The difference betweely, (y)|? and|¢_(y)|? shows up  energy closeness of the subbands. This difference indicates a
when k| becomes finite, as demonstrated in Fig. 4 kpr  possible spin-dependent coupling between electron states
=0.14 nn1!, where pane(a) is for |, (y)|> and panelb)  and heavy-hole states.
is for |_(y)|?. While the e state and the Ih state are To clarify this aspect, we show the probability density
strongly coupled, the d state also couples to then® state. |, (y)|? in Fig. 6, and|_(y)|? in Fig. 7. In both figures,
This is the reason why both theelwave function and the the values ok are 0.18 nm? for panel(a) and 0.2 nm?
1lh wave function have significant amplitude in the GaSbfor panel(c). For panelb), we havek;=0.19 nm * for Fig.
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F AlSb InAs GaSb AlSb A F AlSb InAs GaSb AlSb A

(a)

I AlSb InAs GaSb AlSb A
= s
+ |
= =
= =
D D
] ]
i i
E E
[=] [=]
a a

6 0 6 12 18 24 30 36 6 0 6 12 18 24 30 36

I AlSb InAs GaSb  AlSb A

6 0 6 12 18 24 30 36 6 0 6 12 18 24 30 36

position y (nm) position y (nm)
FIG. 6. Normalized probability densitjy, (y)|? of the 1e, FIG. 7. Normalized probability densityy_(y)|? of the e,

3hh, and 1h “spin-up” states atkj=0.18 nm ! [panel (8], K| 3hh, and 1h “spin-down” states atk;=0.18 nm ! [panel (8],
=0.19 nm* [panel(b)], andk;=0.2 nm* [panel(c)] in a quan-  k;=0.188 nm* [panel (b)], andk;=0.2 nm* [panel (c)] in a
tum well with an 18 nm InAs layer and a 12 nm GasSb layer. quantum well with an 18 nm InAs layer and a 12 nm GasSb layer.

6, but kj=0.188 nm?! for Fig. 7. A strong hybridization With further increase of, the le state turns into light-hole-
between the electron states and the light-hole states is seenlike, and the ih state goes back to heavy-hole-like.

all cases, leading to a profound anticrossing of tieeslib-

band and the Ih subband. However, a strong mixing of the

heavy-hole states and the electron states appears only in Fig. V. CONCLUSION

7 for the “spin-down” states. We see in Fig. 7 that theI8

state no longer remains unperturbed from the electron states. We have investigated the in-plane dispersions of AISb/
Instead, the wave function of then® state spreads over the InAs/GaSb/AISb broken-gap quantum wells, using the eight-
whole coupled quantum wells &f=0.188 nm !, indicating bandk-p model and the scattering matrix algorithm. The
a strong mixing with the electron states. Furthermore, sincevide hybridization gaps resulting from the strong mixing
there is also a strong mixing between the dnd the 1h between the electron states and the light-hole states are found
states, we conclude that the electron, the heavy-hole, and the be spin dependent. The magnitude and the position of the
light-hole states couple strongly with one another. As a conhybridization gaps in the dispersion relations are sensitive to
sequence of this mixing, &g approaching 0.2 nit, the Ie  the widths of the InAs layer and the GaSb layer. Quantum
state becomes heavy-hole-like, thih1state becomes elec- wells with thick layers exhibit multiple anticrossing for
tronlike, and the Bh state becomes light-hole-like state. which the heavy-hole subband lies in the hybridization gap
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