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Spin states in InAs/AISb/GaSb semiconductor quantum wells

Jun Li, Wen Yang, and Kai Chang*
SKLSM, Institute of Semiconductors, Chinese Academy of Sciences, P.O. Box 912, Beijing 100083, China
(Received 29 December 2008; revised manuscript received 15 June 2009; published 9 July 2009)

We investigate theoretically the spin states in InAs/AlSb/GaSb broken-gap quantum wells by solving the
Kane model and the Poisson equation self-consistently. The spin states in InAs/AlSb/GaSb quantum wells are
quite different from those obtained by the single-band Rashba model due to the electron-hole hybridization.
The Rashba spin splitting of the lowest conduction subband shows an oscillating behavior. The D’yakonov-
Perel’ spin-relaxation time shows several peaks with increasing the Fermi wave vector. By inserting an AISb
barrier between the InAs and GaSb layers, the hybridization can be greatly reduced. Consequently, the spin
orientation, the spin splitting, and the D’yakonov-Perel’ spin-relaxation time can be tuned significantly by

changing the thickness of the AlSb barrier.
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I. INTRODUCTION

Heterostructures based on InAs, GaSb, and AlSb are one
of the most promising systems for fundamental physics re-
search and design of novel devices due to their advantages of
high-electron mobility, narrow-band gap, strong spin-obit
coupling, and more importantly the special broken-gap band
line up at the InAs/GaSb interface.'? In the past decades, the
properties of InAs/GaSb broken-gap superlattices and quan-
tum wells (QWs) were investigated both theoretically and
experimentally.>"'* These studies show that due to the over-
lap of InAs conduction band and GaSb valence band, the
energy dispersion may exhibits an anticrossing behavior at a
finite in-plane wave vector k; # 0.>7!° The tunneling between
InAs and GaSb layers opens a minihybridization gap, which
was observed experimentally.''~'% In addition, the electrons
in GaSb can move across InAs/GaSb interface into InAs
layer, forming a two-dimensional electron gas in InAs side
and a two-dimensional hole gas in GaSb side, which is prom-
ising for observing the Bose-EFinstein condensation of
excitons.'*~16 In practical applications, there have been many
proposals for electronic and optical devices utilizing the
unique characteristics of InAs/AlSb/GaSb system such as
resonant tunneling structures,!”!® infrared detectors,!® and
interband cascade laser diodes.?’ Recently, the spin-related
properties of InAs/AISb/GaSb system also attracted much
interest. For instance, there have been a number of spintronic
device proposals, including the Rashba spin filter,?! the spin
field effect transistor,?> and the high-frequency optical modu-
lator utilizing the spin precession.”> Moreover, InAs/GaSb
QW, such as HgTe/HgCdTe QW, is another possible candi-
date to demonstrate the intrinsic spin Hall effect’* and quan-
tum spin Hall phase? due to the inverted band structure.

In the previous works, the electron-hole hybridization in
InAs/GaSb broken-gap QWs have been well studied.”!%-26:27
It was shown that the “spin-up” and the “spin-down” states
are affected differently by the hybridization.!? This implies
that the spin states near the hybridization gap (where strong
hybridization occurs) in InAs/GaSb QWs should be quite
different from those in conventional semiconductor QWs.
Since the Fermi level of the undoped InAs/GaSb QW lies
inside the hybridization gap,?® the unusual spin states nearby
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would be very important for many electronic properties.

In this paper, we investigate theoretically the spin orien-
tation (i.e., the expectation value of the Pauli operator o
=28 for the electron spin S in an eigenstate), the zero-field
spin splitting, and the D’yakonov-Perel” (DP) spin
relaxation?® in InAs/AlSb/GaSb QWs based on the Kane
model. The charge-transfer-induced internal electric field is
taken into account by solving the Kane model and the Pois-
son equation self-consistently. For InAs/AlSb/GaSb QWs,
the spin orientation (or spin states) is significantly modified
by the hybridization between the conduction band and va-
lence band, which can be tuned by changing the thickness of
AlSb barrier. The spin orientation can be measured indirectly
from the Faraday rotation and, indeed, offers us a physical
picture and can lead to some novel effects such as the per-
sistent spin helix.® Using the grating technique and Faraday
rotation, the persistent rotation of the spin orientation, i.e.,
spin helix of electron was observed in GaAs QW.3! The
Rashba spin splitting (RSS) exhibits oscillating features as a
function of in-plane wave vector in InAs/AlSb/GaSb QW
(Ref. 32) near the hybridization gap. The spin-relaxation
time, which is obtained from the perturbation theory,} shows
that the unusual spin splitting could lead to several peaks
with increasing the Fermi wave vector. These unusual fea-
tures all come from the strong electron-hole hybridization
beyond the single-band model with linear Rashba spin-orbit
interaction.>* Interestingly, the hybridization is very sensitive
to the thickness of the AISb barrier, evidenced by a rapidly
decreasing hybridization gap with increasing AlSb barrier
thickness. Consequently, all the spin-related properties, in-
cluding the spin orientation, the spin splitting, and the DP
spin-relaxation time can be tuned by varying the thickness of
AISb barrier. The property of tunable spin states in InAs/
AlSb/GaSb QWs might be useful in designing new spin-
tronic devices.

This paper is organized as follows. In Sec. II, we describe
the theoretical method based on a self-consistent calculation
combining the Kane model and the Poisson equation. In Sec.
III, we present the numerical results for the band structure,
the spin orientation, the spin splitting, and DP spin-relaxation
time in InAs/AlSb/GaSb QWs. In Sec. IV we give the con-
clusion.
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FIG. 1. (Color online) (a) Band profile and the probability
density distribution of CB1(=) (blue dashdot line), VBI(=*) (red
dotted line) states in a 10-2-10 nm InAs/AISb/GaSb quantum well
at k;=0; (b) the amplification of the dashed square area in panel (a).
The black solid, blue dashed, red dash dot, and green dotted lines in
panel (b) denote the results of Lx;5,=0, 1, 2, and 5 nm, respectively.

II. THEORY

We consider an InAs/AISb/GaSb broken-gap QW grown
along the [001] direction [see Fig. 1(a)]. We choose the axes
x, y, and z to be along [100], [010], and [001], respectively.
Within the envelope function approximation, the Kane model
is a good starting point for systems with strong electron-hole
hybridization such as InAs/AlSb/GaSb QWs. As InAs con-
duction band overlaps with GaSb valence band, electrons
could transfer from GaSb layer into InAs layer. The charge
redistribution induces an internal electric field, which can be
evaluated from the Poisson equation. Generally, one needs to
know the charge-density distribution to solve the Poisson
equation, and the charge-density distribution is in turn deter-
mined by the electron wave function. Therefore a self-
consistent procedure is needed to take the charge-transfer
effect into account in this system.?

In Sec. IT A, we discuss the Kane model and the self-
consistent calculation method. To consider the spin states in
broken-gap QWSs, we shall give an explicit definition of
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spin-up and spin-down states by classifying the eigenstates
of the Kane model. This is discussed in Sec. II B.

A. Hamiltonian and calculation method

Following the new envelope function theory,*® the Kane
model which describes the bulk zinc-blende semiconductors
can be generalized to describe heterostructures by ordering
the momentum operators with respect to material parameters.
By choosing the following set of basis functions:
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where
A=E,+E,+kAk, (2a)
ﬁ2
P=—E,+ —kyk, (2b)
2m0
ﬁ2
= Z_(kaka + ky 72k)> - 2k172kz) ) (2C)
mgo
L= (2d)
\/gﬁZ .
M=- _[kx’)/ka - ky72’¢y - 2l{kx73ky}] > (28)
2m0
1
U= _/_P()kz? (Zf)
V3
1
V= _/—Pok_. (Q,g)
V6
In Eq (2), kz(k”,—l.(;/é’z), ki =kx * l.ky, and {ka’ykﬁ}

=(koYkg+kgyk,)/2 (a,B=x,y,z). Here the in-plane mo-
mentum as a constant of motion has been replaced by its
eigenvalue kj, and we have neglected the bulk inversion
asymmetry (Dresselhaus effect) since it is small compared to
the structure inversion asymmetry (Rashba effect). The strain
effect is also neglected because the lattice mismatch between
InAs and GaSb is less than 1%.

The band parameters are assumed to be a piecewise func-
tion along the growth direction,

Yz) =Z YIO(z-2)-0(z-z4)], (3)

where O(z) is the Heaviside step function, z; is the ith inter-
face of this system, and ¥ is the bulk band parameters of the
ith layer. These band parameters, including E,, E,, A A, v,
7,, and 73, can be derived from the Luttinger parameters and
the electron effective mass.>’ They are given in Table 1. The
valence-band offset of two neighboring materials is AE’
_El El+

For th1ck enough InAs and GaSb layers, the lowest con-
duction subband in InAs layer overlaps with the highest va-
lence subband in GaSb layer. Electrons could transfer from
GaSb to InAs, inducing an internal electrostatic potential
Vin(z). Therefore, the total Hamiltonian becomes H(k;)
=H(k;)—eV,;,(z). The subband dispersions and the corre-
sponding eigenstates are obtained from the Schrédinger
equation

H(k)|V (k) = E(k))| ¥ (k)), (4)

where s is the index of the subband and |V¥,(k)))
=exp(ik;- p)[¢}(2), 5(2), ..., ¢4(z)]" is the envelope func-
tion. To solve the Schrodinger equation, we expand ¢ by a
series of plane waves,
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TABLE I. The Kane parameters used in our calculation. These
parameters are calculated from the Luttinger parameters obtained
from Ref. 37 (see the formulism below). The value of Kane energy
Ep=2m0P3/ 2 is taken equal to 22.5 eV for each layer material.
The relation between Kane parameters and Luttinger parameters are

Y= ylL 3E, Vo= yé 6—,5—, and y = yL 6E AC is correlated with

electron effective mass m* by A.= 2m 6mo( £ A)

InAs GaSb AlSb
E, (eV) 0.417 0.812 2.386
E, (eV) -0.417 0.143 -0.237
A (eV) 0.39 0.76 0.676
A, (eV nm?) -0.26 0.09 —-0.06
Y 2.01 4.16 2.04
b2 —-0.49 8.18 -0.38
V3 0.21 1.38 0.40
& 14.55 15.69 144

| N

oi(2)=—= 2 ¢, explik,2), (5)
\’Lm=—N

where k,,=2m/L and L is the total length of the structure
(in this work, L=2L3 1, \ +L7iddley o, and Ljde
=2L,as)- By choosing a moderate N, one can also avoid the
spurious solutions that may occur in the Kane model.’® In
our calculation, N=25 is good enough to get convergent
results.

The internal electrostatic potential
the Poisson equation

V.u(z) is determined by

—e(z) [p.(2) + pu(2)], (6)

d

_Vin ==
dz dz @
where p,(z) and p,(z) are, respectively, the charge densities
due to electrons and holes and &(z) is the static dielectric
constant. p,(z) and p,(z) can be derived from the envelope
functions,

pe(2) = 22 > QP fHE)dk,  (7)
(2 ) n=1,2
pu(2) = 22 E |<p;(z>|2[1 ~ fHE))]dk,,
(2 ) n=34,.

(8)

where f(E,) is the Fermi distribution function. The summa-
tions X,_; , and X, _3 4 g runs over the electron components
¢, d, and hole components ¢s, ..., ¢, respectively. The
summation 3 includes all the subbands which show anti-
crossing behavior. For simplicity, we take 7=0 K and the
axial approximation®*#? in the self-consistent procedure.
Since we want to give a clear picture about the effect of the
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hybridization on the spin states, we only consider the anti-
crossing occurs when the lowest conduction subband meets
the highest valence subband, which limits to the two cases
Ligas=14 nm at Lg,g,=10 nm and Lg,gp, =14 nm at Ly,
=10 nm.

The Fermi level E is determined by the charge neutrality
condition,

L
f [p.(2) + pp(2)]dz=0. )
0

The Fermi level E obtained by Egs. (7)—(9) locates closely
above the minigap.?®#! Combining Egs. (4)—(9), we can do a
self-consistent iteration that eventually yields the internal
electrostatic potential V;,(z). Once we have V,,(z), the sub-
band dispersions and electronic states can be obtained by
solving Eq. (4).

B. Classification of the spin states

In the single-band Rashba model for the electron (i.e., ¢,
and ¢, components only), there is a well-defined spin-
quantization axis é2=ékH X é, perpendicular to both the wave-
vector direction ék” and the QW growth direction é,. The spin
orientation of any eigenstate always has a magnitude of unity
and is either parallel (called spin-up eigenstates) or antipar-
allel (called spin-down eigenstates) to és.*? For the J=3/2
hole system (i.e., components s, ..., ¢ds) or a hybridized
electron-hole system,43 however, such a quantization axis
does not exist. As we shall show in Sec. III, for a given
conduction subband, the spin orientation may change its
magnitude and direction (up to 180°) with increasing k. The
absence of a well-defined spin-quantization axis makes it im-
possible to classify the spin-up and spin-down states by their
spin orientations relative to this quantization axis.

In the following, we divide the Kane Hamiltonian H, (k)
in Eq. (1i) (note that bulk inversion asymmetry has been
neglected) as the sum of a dominating part H,,(k;) with axial
symmetry and a small cubic part H,,(k;) with cubic
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H(ky) = H, (k) + H_,(ky). (10)

The axial part H,,(k;) obtained from Eq. (1i) by replacing y,
and y; with ¥ in the term M and the cubic part H,,,(k;)
=H(k)-H,(k;) is the difference between H(k;) and
Hax(kl\)'

The axial part H,(k;) can be transformed into a block-
diagonal form by choosing a new basis set. Similar transfor-
mation has been reported in dealing with the four-band* and
six-band models,** but the cubic part was neglected in these
works. In this paper the transformation is extended to the
eight-band model and the cubic part is also included. Let
ky=kj(cos @,sin ¢) and the new basis set is ¢ dependent,

1 ) 1 .
1S(=))=TF(id =€), [S(+))=—TF(i;+e“eh),
\2 V2

HH(=)) = S= (s + ¢ 4s5),
\r'2

e™'? .
|HH(+)) = —=(ds3— ),
V2
1 . 1 .
ILH(=))= =(ps+e“¢s), |LH(+))=—=(ds—e'¢s),
V2 V2

SO )) = ~=(hy + €g).  1SO(+)) = ~=(cby — e hy).
\2 \r’2

(11)

Under this basis, H,,(k;) — H,.(k;) is block diagonalized and
H,,(ky) — H,,(ky) has a simple dependence on the azimuth
(p’

H_(k) 0
Hax(kH) = 0 H (k”) s (12)
A(kycos 4¢  —iA(k))sin 4¢
Heunlle)) = (iA(Iq)sin 4¢ — A(k)cos 4¢ )’ (13)

symmetry** where
|
r — — — 7
A BV —wurEv U E v
- B L' +2M'
N4 -P-Q L'TM  ——
V2
Holk)=| -~ —20+\3L' |, 14
=(k) 2U' sV -L'sM'  -P+Q Z20= 3L = (14)
V2
L' T2M' -207F 3L
—U T2V = ¢ = —P-A
V2 V2
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0O 0 0 O
_
\3ﬁ2k” 0 0 1 2
ki) = Ay , 15
Alk) = 010 0 (15)
0200
and
, ,\*“’Eﬁz
L =lz_kll(73kz+kz73)’ (16a)
m
342
M,= \ 'ka, (16b)
2my
U = ,—P0k7, (160)
V3
1
V’ = ?Pok”, (16d)
V6
]
7=5(72+73), (16€)
1
Ay= 5(7/2—73)- (16f)

Using the new basis set, we can give an explicit classification
of all the eigenstates into spin-up and spin-down states, simi-
lar to the single-band model.

In the absence of the cubic term Hwb(k”) (so-called axial
approximation), the eigenstates |¥'“Y(k,)) and eigenenergies
E("x) (k;) (for the sth subband) of the total Hamiltonian
H (kH) H (k) —eV;,(z) are determined by
Va2 WS () = EL2 ) W

[H. (k) - J(ky)y, (17)

with the Rashba spin splitting in the sth subband

AE“ (k) = E(k) — E“ (k). (18)

Obviously, the eigenstates are automatically classified into
two classes: the sp1n -down states |‘If(‘”) (k) con51st1ng of the
components |S(-))
spin-up states |\If “x)(k |)> con51st1ng of the components
. Then one can define

the sp1n orlentatlon of an arbitrary eigenstate |W| ’”C)(k”))
243
as

(), - = (P RI@W E)).  (19)

where 2(¢)=[2,(¢),%,(¢).2.(¢)] are 8 X8 matrices (see
the Appendix) for the Pauli operators o=2S in the new
basis [Eq. (11)].

In the presence of the cubic part H,,,(k;), the off-block-
diagonal terms =*iAsin4¢ will in general couple the
spin-up states with spin-down states, unless k; points along a
high-symmetry axis satisfying sin 4¢=0. As a result, the

PHYSICAL REVIEW B 80, 035303 (2009)

exact eigenstate |W(k;)) of the Kane Hamiltonian is in gen-
eral a mixture of spin-up and spin-down states. For conve-
nience, however, we still classify the exact eigenstates as
spin-up or spin-down states according to the dominant com-
ponent.

Now we discuss the electronic structure of InAs/GaSb and
InAs/AISb/GaSb QWs in the axial approximation [H,,;(k;)
=0] and the modification due to the cubic correction
H (k). In the axial approximation, the electronic structure
shows three distinct features:

(1) Electron-hole anticrossing. If the InAs and GaSb lay-
ers are thick enough, the lowest conduction subband (CB1)
anticrosses with the highest valence subband (VB1) at a criti-
cal in-plane wave vector k,, evidenced by the switch of the
dominant component (a) from |[HH(*)) to |S(=*)) for the
CB1 subband state |\I’C‘l§)] (k) and (b ) from [S(*)) to
|HH(=)) for the VB1 subband state |\If\,Bl . (k))) when k; is
increased across k,.

(2) The spin orientation of |\If§f‘f‘_,)(k”)) is always along és
=éku Xé,, i.e., in the QW plane and perpendicular to the in-
plane wave vector kj, in agreement with the prescription of
the single-band Rashba model3**? [this can be verified using
Egs. (A8a) and (A9c) in the Appendix]. But the projection of
the spin orientation varies with k; and may even change sign,
which is different from the single-band Rashba model.

(3) The Rashba spin splitting of the CB1 subband exhibits
an oscillating behavior [containing zero-spin splitting (spin-
degeneracy) points] due to the electron-hole anticrossing.

In the presence of the cubic correction H,,;,(k;), the fol-
lowing additional features are introduced: (1) The band
structure and spin splitting as a function of k; display a Cy,
symmetry. (2) The spin orientation of the exact eigenstate
|'W(k,)) deviates from é2=ékH X &, (although it still lies in the
QW plane) due to hybridization of spin-up and spin-down
states. The maximum deviation arises when the azimuth
angle ¢ of k; satisfies sin(4¢)= £ 1 [such that the spin mix-
ing matrix element in Eq. (13) reaches the maximum] and at
one of the spin-degeneracy points. In Sec. III, all these spe-
cial properties in InAs/GaSb and InAs/AlSb/GaSb broken-
gap QWs are demonstrated by our numerical results.

III. NUMERICAL RESULTS AND DISCUSSION

In Fig. 1 we show the self-consistent band profile of an
InAs/AlSb/GaSb broken-gap QWs. In this QW, the concen-
tration of electrons transferred from GaSb layer to InAs layer
is found to be on the order of 1.61 X 10" c¢m™. The result-
ing electronstatic potential V,,(z) induces a 8~14 meV
downward (upward) bending of the InAs conduction band
(GaSb valence band) near the interface and causes a slight
shift of the subbands [see Fig. 1(b)]. Note that we denote the
upper two branches of anticrossed subbands as CB1( =) and
the lower two as VBI() (see Fig. 2), which are different
from the previous works.%!0

In Fig. 2 we plot the band structure of InAs/AlSb/GaSb
QWs with different thicknesses of middle AISb barrier (the
thicknesses of InAs and GaSb layers are fixed at 10 nm). Due
to electron-hole hybridization, the CB1 and VB1 subbands
exhibit a strong anticrossing behavior and open a minihy-
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FIG. 2. (Color online) The subband dispersions of InAs/AlSb/
GaSb quantum well structures with different thicknesses of AISb
layers: (a) Laigp=0, (b) Lagp=1 nm, (c) Lysp=2 nm, and (d)
Laisp=5 nm. The thicknesses of InAs and GaSb layers are fixed at
10 nm. The Fermi energy denoted by the dashed lines lies at the
bottom of the lowest conduction band, in agreement with previous
works (Refs. 3 and 28). In panels (a) and (c), the cross points
between CB1 (VB1) and the purple (green) dashed-dotted lines
mark the constant energy contours drawn in Fig. 3 (Fig. 4).

bridization gap at a finite kj, consistent with the previous
works.”>"1% The resulting strongly hybridized states near the
gap may have significant contributions to the spin-related
properties of the broken-gap QWs since the Fermi energy
(the dashed lines in Fig. 2) locates nearby.”®*' From Figs.
2(b)-2(d), we can see that by increasing the thickness of the
AISDb barrier layer, the anticrossing between CB1 and VB1 is
gradually weakened and the hybridized gap is noticeably nar-
rowed due to the tunneling between CB1 and VBI is sup-
pressed significantly. Meanwhile, the spin splitting of each
subband is greatly reduced due to the decreasing structural
inversion asymmetry in the InAs/AISb/GaSb QW compared
with the InAs/GaSb QW.

In Fig. 3(a) we show the spin orientations of the eigen-
states on different constant energy contours of CB1(+) sub-
band in InAs/GaSb QW. The spin orientations on the contour
of CB1(-) subband are antiparallel to those of CB1(+) sub-
band and are omitted in the figure for brevity. In the k-linear
Rashba model, the spin orientations of an eigenstate is along
ég:ékH Xé,, i.e., along the tangent direction of the circular
energy contour in the QW plane.*? However, this property no
longer holds for InAs/AlSb/GaSb broken-gap QW. The spin
orientations deviate strongly from the tangent direction éku
X é., unless kj points along high-symmetry directions (such
as (100) and (110)) satisfying sin 4¢=0. This comes from
the hybridization between the spin-up and spin-down states,
as discussed in the previous section. Therefore we can see
the spin orientations on the contour E=130 meV deviate the
most heavily because this contour is nearest to the maximum
hybridization point, and when k; lies in the directions ¢

PHYSICAL REVIEW B 80, 035303 (2009)

02 -01 0 _ 01 02
k, (nm™)

FIG. 3. (Color online) The spin orientations on the constant
energy contours of CB1(+) subband of (a) a 10 nm InAs/10 nm
GaSb QW and (b) a 10 nm InAs/2 nm AlSb/10 nm GaSb QW. Note
the dominant components of the states of the insidest contours are
|HH(+)) while that of the other contours are |S(+)).

=1/8, 37/8 (sin 4¢= = 1), the maximum hybridization oc-
curs. When we insert an AISb barrier between InAs and
GaSb layers, the hybridization is strongly reduced [Fig.
3(b)]. Thus the deviation of the spin orientation from the
tangent direction is very small. The results of Fig. 3 imply
that one can tune the spin orientations near the Fermi level
by changing the thickness of AlISb barrier in the middle of
InAs and GaSb layers.

Figure 4(a) exhibits the spin orientations for the states on
different constant energy contours of VB1 subband in a
InAs/GaSb QW. The energy contours of VB1 subband show
a very complicated behavior and a strong anisotropy in the
[100] and [110] directions due to the complicated band struc-
tures (see Fig. 2). From the figure, one can easily find a Cy,
group symmetry, which comes from cubic symmetry of the
crystal. For E=113 meV, we can find two pairs of contours.
The states are electronlike for the inner but holelike for the
outer pair. Due to the large spin splitting, the shape of energy
contour for spin-up and spin-down state looks very different.
If we insert an AlSb barrier between InAs and GaSb layers,
the spin splitting between VBI1(+) and VBI(-) is greatly
reduced [see Fig. 4(b)].

In order to demonstrate the hybridization of the spin-up
and spin-down states, we plot the components [S(=*)),
|HH(+)), and |LH(=)) of states in CB1(%) subbands in
Fig. 5. From this figure, one can see that the components
|HH(*)) and |S(*)) varies significantly when increase k;
over the anticrossing point k,.>'%3? Interestingly, at ¢=1/8
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0
k (nm™)
FIG. 4. (Color online) The spin orientations on the constant
energy contours of VB1 subband of (a) a 10 nm InAs/10 nm GaSb

QW and (b) a 10 nm InAs/2 nm AlSb/10 nm GaSb QW. The blue
and red lines represent VB1(+) and VB1(-) branches, respectively.

direction, a strong hybridization between the spin-up state
and spin-down state in the CB1 subbands occurs. This fea-
ture can be proven by the peak of spin-down component and
the dip of spin-up component at k;=0.145 nm™' in the
CBI1(+) subband. A similar behavior appears in the CB1(-)

1 T T
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FIG. 5. (Color online) The components of states in CB1(*)
subband as a function of k; along ¢=7/8 (solid line) and ¢=7/4
([110]) direction (dashed line) in [(a) and (b)] a 10 nm InAs/10 nm
GaSb QW and [(c) and (d)] a 10 nm InAs/2 nm AISb/10 nm GaSb
QW. The red arrows indicate the maximum hybridization point.
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FIG. 6. (Color online) The projection of spin expectation values
of [Wep.+) and [Wyp, +) states along the orthogonal direction of k;
in InAs/AISb/GaSb quantum well structures with different thick-
nesses of AISb layers: (a) Lysp=0, (b) Lagp=1 nm, (¢) Lajsp
=2 nm, and (d) Lajsp=5 nm. The thickness of InAs and GaSb
layers are fixed at 10 nm.

subband. For k; along [110] (sin(4¢)=0), there is no hybrid-
ization in the CB1 subbands and leading to pure spin-up and
spin-down states. By inserting an AISb barrier between InAs
and GaSb layers, the holelike to electronlike transition of
|Wep, +) states become more emergent and the hybridization
between spin-up or spin-down state is reduced.

As a result of the dominant component transition of the
|Wep +) and [Wyp, .) states when k; sweeps across the an-
ticrossing point k,, the spin expectation value magnitude (2.)
change correspondingly. In Fig. 6 we display the change in
(2) for |Wepy «) and |[Wyp, -) states as a function of k. (%)
can be defined by projecting the vector (¥) onto éy, with
ég=ék”><éz is the unit vector of the in-plane direction per-
pendicular to k. A sudden change in (%) appears in Fig. 6
when k; sweeps across the anticrosssing point k, so that the
main characteristic of [Wcg; +) (|Wyp; +)) states change
from holelike (electronlike) to electronlike (holelike). In ad-
dition, we find sign reversals occur for (X) near the anti-
crossing points, which means the spin orientations do not
maintain the same direction. This leads to the failure of rec-
ognizing the spin-up and spin-down branches simply by their
spin orientations. Therefore we should classify the different
spin states in a new set of basis functions as discussed in Sec.
II B. Increasing the thickness of middle AlSb barrier, i.e.,
weakening of the interlayer coupling between InAs and
GaSb layers, makes the smooth variation in (X) more and
more sharp.

Besides the spin orientations in InAs/AlSb/GaSb QWs, it
is interesting to discuss the zero-field spin splitting in these
QWs because it can be directly measured from the
experiments.* Therefore, we plot the RSS of CB1 and VB1
subbands as a function of the in-plane momentum in Fig.
7(a). From the figure, one can see a valley and sign reversal
occurs in the RSS of CB1 subband, leading to the oscillating
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FIG. 7. (Color online) Rashba spin splitting of CB1 (blue line)
and VB1 (red line) subbands in InAs/AlSb/GaSb quantum well
structures with different thicknesses of AlSb layers: (a) La;s,=0, (b)
Laisp=1 nm, (¢) Lygp=2 nm, and (d) La;gp=5 nm. The thickness
of InAs and GaSb layers are fixed at 10 nm. The red arrows mark
the cross point between the curve of RSS and the dashdotted line
AE=0.

behavior. This anomalous behavior arises from the difference
between the anticrossing point between the CB1(+) and
VB1(+) subbands and that between the CB1(-) and VB1(-)
subbands. The decrease in RSS appearing at large k; is
caused by the weakening of the conduction-valence-band
coupling for carriers with large momentum, i.e., large kinetic
energy or large effective bandgap.*® In Fig. 7, we have
marked the AE=0 (spin-degeneracy) points with red arrows.
By comparing to Fig. 5, we find these points actually lead to
the maximum hybridized points in Fig. 5. The splitting of
VB1 subband is much larger than that of CB1 subband. This
reflects the fact that the spin-orbit coupling in valence band
is much stronger than that of conduction band. An extremum
appears in the RSS of VBI1 subband near the anticrossing
point. Figures 7(b)-7(d) shows the RSS of QWs with a AISb
barrier inserted between InAs and GaSb layers. When intro-
ducing an AISb barrier into InAs/GaSb QW, the asymmetry
at the left and right interfaces for InAs and GaSb layers is
compensated, so the RSS of InAs/AISb/GaSb QWs de-
creases greatly with increasing the thickness of AlSb layer.
The valley in RSS of CB1 subband becomes sharper because
the anticrossing behavior between the CB1 and VBI1 sub-
bands is heavily weakened as the AISb barrier thickness in-
creases. Interestingly, the anticrossing behavior seems like a
crossing for the thick middle AISb barrier, e.g., L
=5 nm.

Since the spin splitting and spin states in InAs/GaSb and
InAs/AlSb/GaSb broken-gap QWs are very different from
that in conventional semiconductor QWs, the spin-related
properties in these QWs should manifest a distinct feature as
a consequence. As an example, the DP spin-relaxation time
of CB1 subband in InAs/GaSb and InAs/AlSb/GaSb broken-
gap QWs is calculated by taking axial approximation and
based on the perturbation theory.?® This theory demonstrates
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FIG. 8. (Color online) Dyakonov-Perel spin-relaxation time of
CBI1 subband as a function of Fermi wave vector k; in InAs/A1Sb/
GaSb QWs with different thicknesses of AlSb layers: (a) Lajsp=0,
(b) LAISb=l nm, (C) LAle=2 nm, and (d) LAle=5 nm. The red
arrows mark the resonant peeks corresponding to the spin-
degeneracy points.

that the DP spin-relaxation rate 7.' o Q%< (AE&; )2, where
is the spin-obit coupling-induced in-plane effective magnetic
field and proportional to the spin splitting AE{y,. The per-
turbation theory gives a clear physical picture about the DP
spin relaxation that the DP spin-relaxation time would show
resonant peaks when the spin splitting vanishes. As shown in
Fig. 8, for a momentum relaxation time 7,=0.1 ps, we find
the DP spin-relaxation time in these QWs varies from 1 to
10° ps with different k; and the DP spin-relaxation time 7,
exhibits an obvious oscillating behavior. The resonant peaks
(marked with the red arrows), actually corresponds to the
AE=0 in (spin-degeneracy) points Fig. 7. From panels (a)-
(d), we can see the spin-relaxation time in InAs/AlSb/GaSb
QWs is very sensitive to the thicknesses of middle AlSb
layer. The oscillating and large-scale variation features of DP
spin-relaxation time in InAs/GaSb/AISb QWs are dramati-
cally different from that in conventional semiconductor
QWs. We suppose the unique features of spin-relaxation time
InAs/GaSb/AlSb broken-gap QWs could provide us an inter-
esting way to manipulate the evolution of electron spins.

In Fig. 9 we show the minigap as a function of the thick-
ness of the middle AlISb barrier in InAs/AlSb/GaSb QWs.
For fixed thickness of the InAs and GaSb layers of InAs/
AlSb/GaSb QW, the minigap decrease rapidly with increas-
ing thickness of the middle AISb barrier, this feature was
already demonstrated experimentally in Ref. 14, which
shows that the minigap is about 1.75 meV for a InAs (15
nm)/GaSb (10 nm) QW and smaller than 0.3 meV for a InAs
(15 nm)/AlISb (1.5 nm)/GaSb (15 nm) QW. The measured
minigaps in Refs. 11-13 are 4, 7, and 2 meV, respectively.
Based on our calculation, the minigap ranges from 0 to 4
meV, the magnitude of the minigap agree with the experi-
ments. In general, we can see the minigaps reduce to zero
rapidly as the thickness of the AISb barrier increases. This is
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FIG. 9. Minigap as a function of the thickness of AlSb barrier in
InAs/AISb/GaSb QWs with (a) Lg,gp, fixed at 10 nm and (b) Liyas
fixed at 10 nm.

because the tunneling between InAs conduction band and
GaSb valence band is greatly suppressed by the AISb barrier,
so the electron-hole hybridization is restricted. In addition, if
we fix AISb barrier and increase the thickness of InAs layer
or AlSb layer, the minigap decrease too. This is because the
confining energy is reduced as the thickness of InAs layer or
AlSb layers increases and the anticrossing point is then
moved toward a higher kj, which has less conduction-
valence interband coupling strength and forms a smaller
minigap. As the minigap and the hybridization degree
change, the spin-related properties, including the spin orien-
tations, spin splitting, and DP spin-relaxation time change
consequently. Therefore we certainly find a method to tune
the spin states in InAs/AISb/GaSb QWs, which might be
taken advantages in designing spintronic devices.

IV. CONCLUSION

We have investigated theoretically the spin orientation,
spin splitting, and spin relaxation in InAs/AlISb/GaSb
broken-gap QWs. We found the spin states in these broken-
gap QWs are very different from that in conventional semi-
conductor QWs. The spin orientations deviate away from the
tangent direction of the energy constant surface and the RSS
of the anticrossed CB1 subband in InAs/AISb/GaSb QWs
exhibits a nonlinear and oscillating behavior. The deviation
of spin orientation comes from the strong hybridization be-
tween different spin states, and the oscillating behavior of
RSS is a result of the anticrossing of energy dispersions ac-
cording. The distinct properties of RSS in InAs/AlSb/GaSb
QWs lead to an oscillating behavior of DP spin-relaxation
time obtained from the perturbation theory. By changing the
thickness of AISb barrier between the InAs and GaSb layers,
the degree of hybridization can be tuned heavily, the mini-
hybridization gap and spin orientations on the Fermi surface
can be changed as a consequence. Our theoretical calculation
is interesting both from the basic physics and potential ap-
plication of the spintronic devices based on this novel
broken-gap semiconductor QW system.
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APPENDIX: EIGHT-BAND SPIN MATRICES

Following the derivation of Winkler,*> we can obtain the
form of eight-band spin matrices vector in the basis set (14)
by 3'=0®L,,,, where o=(0,,0,,0,) is the vector of Pauli
spin matrices and [, refers to the orbital part of the set

!

basis function (14). The components EX,E;.,EQ of 3 can be
written as

[0 1 0 0 0 0 0 0
10 0 O 0 0 0 0
i J6
00 0 —= 0 0 2 o0
\E 3
. —
i 2 h
00-— 0 =i 0 o0 --=
\3 3 3
2 1 \E
s’=lo0 0 -Z o — X o |
. 3 V3 3
i l6
00 0 O -—— 0 0 _Y6
V3 3
l6 h 1
0o ¥ o 2 45 o L
3 3
h b 1
00 0 -2 o -2 _=i o
L 33 J
(A1)
[0 —i 0 0 0 0 0 0
i 0 0 0 0 0 0 0
1 6
00 0 — 0 0 _e
V3 3
1 2 h
00 = 0 = o o =
V3 3 3
2 1 \E
s’=lo 0 o = 0o — i— o |
y 3 EERE
1 J"_
00 0 0 —= 0 0 e
V3 3
/_ —
6 2 1
00 2 o - 0 o0 -
3 3 3
’r'_ “‘r'_ 1
00 o Y o Y, I 0
! 3 3 3 )
(A2)
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Note that the set of basis functions we used are a little dif-
ferent from the basis used in Ref. 42, so the form of spin
matrices [Eqs. (A1)—(A3)] are different from these in Ref.

!

42. Using Eq. (11), we can transform 3,373/ into
2.(e) 72y(€0) ,2.(¢), which are the components of eight-band
spin matrices in the new basis set. =,(¢),2%(¢),2.(¢) can be

written as
Bsin ¢  iC cos (p}

2do)= [— iCTcos ¢ Dsin g

—Bcos¢ iCsin g 1

—iCTsing —Dcos ¢
y 0 F
z(QD) - ]_- 0 B

where B, C, D, and F are the 4 X 4 matrices,
-1 0 0

(@)= l

(@]
|
&il-
|

0

| wla\] e
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\e]
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S e
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[SSH ]
w |
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Sy
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(A6)
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1 0 0 0
0 0 -— 16
\6 B 3
D=, _L 2 _\2
\E 3 - 3
6 2 1
g Yo N2 1
3 3
0 0 0
01 0 0
1 22
-lo o - _-2=
a 3 3
h 1
0o 22 _1
3 3

(A7)

For a pure spin-down state |¥,_(k))), the expectation value

of 2,(¢),2,(¢),2,(¢) can be evaluated by

<Ex(k||)>s,— = <\Ps,—(k||)|2x( QD)|\PS,—(kH)> = <B(kll)>x,—Sin P,

(A8a)

(3 k), - = (W (k)2 (@)W (k) = = (Blky)), -cos o,

<2z(k|\)>s,— = <\Ps,—(k|\)

2(Q)W, (k))=0.

(A8b)

(A8¢)

Similarly, for a pure spin-up state |¥, (k;)), the expectation

value of 2.(¢),2,(¢), 2 (¢) are

<2x(k\\)>s,+ = <\If.v,+(k\\)|2x(¢)|\Ifx,+(kH)> = <D(kH)>s,+Sin ®,

(A9a)

<Ey(kl\)>s,+ = <qjs,+(kll)|2y(q0)|\I}x,+(kH)> =- <D(kll)>x,+cos @,

<2z(k||)>s,+ = <‘I's,—(k||)|zx( (P)|\I,S,—(k”)> =0.

(A9Db)

(A9c)

According to Egs. (A8a) and (A9a), one can easily find
k- (2(k)));+=0. Therefore, for pure spin-up states or
spin-up states, the spin orientations are in the xy plane and

strictly perpendicular to the in-plane wave vector.
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