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Effect of nonrelativistic interface Hamiltonian on optical transitions in broken-gap
heterostructures
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Using the Burt-Foreman envelope function theory and an eight-band k-p model, we have extended our
previous work [Semenikhin et al. Phys. Rev. B 76, 035335 (2007)] on optical transitions in InAs/GaSb
quantum wells grown along the [001] direction by completing the interface Hamiltonian with the inclusion of
its nonrelativistic part. We found a substantial contribution of the nonrelativistic term to the originally forbid-
den spin-flip optical transitions. However, this nonrelativistic term produces only a minor modification of the

lateral optical anisotropy.
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Spin split of energy levels and spin dependent intersub-
band optical transitions caused by linearly polarized light in
semiconductor quantum wells and superlatticies'” exhibit
specific effects if the systems are of InAs/GaSb broken-gap
type where the InAs conduction band overlaps with the GaSb
valence band. When the lowest electron level in the InAs
layer lies below the highest hole level in the GaSb layer,
existing hybridization gap in in-plane dispersion was
observed®!! and analyzed theoretically.'?>"'® The lateral an-
isotropy of spin-dependent intersubband optical absorption

of light linearly polarized along the [11] and the [11] direc-
tions was also investigated both theoretically and
experimentally.'®?? The relevant mechanisms are spin-orbit
interaction, structural inversion asymmetry (SIA), bulk in-
version asymmetry (BIA), and low symmetry of interfaces
which can be described by a specific interface Hamiltonian
(IH).

The IH contains a relativistic part~ and a nonrelativistic
part?*? In our earlier paper’® it was shown that the
BIA and the relativistic IH term can activate the
initially forbidden intersubband optical transitions in an
AlSb/InAs/GaSb/AlISb broken-gap quantum well caused by
linearly polarized light. Also the effects of the BIA and the
relativistic IH term on lateral optical anisotropy for the tran-
sitions caused by the light linearly polarized along the [11]

23

and [11] directions were studied in the same paper. The non-
relativistic IH term was not included in Ref. 26 because the
strength of this term was not known quantitatively. In the
present work we will first calculate the nonrelativistic TH
term and then study its additional effect on spin-dependent
optical matrix elements and lateral optical anisotropy. To be
consistent, we will use the same notations as those in Ref.
26, and the reader can refer to it for details.

We will consider the AISb/InAs/GaSb/AlISb quantum
well grown on GaSb along the [001] direction which we take
as the z axis. In the plane perpendicular to [001], the [10]
direction is the x axis, and the [01] direction is the y axis.
The eight-band Hamiltonian around I" point
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is constructed with respect to the set of basis functions

st,oxt, vz, skoxl,ovl, zZL (2

as in Ref. 26. In Eq. (1), H, is a 4 X 4 matrix, which depends
on the conduction and valence band edges, the momentum
operators, the interband momentum matrix elements, and the

modified Luttinger parameters. Iflm is the spin-orbit interac-

tion and I:IE the strain Hamiltonian, both of which are inde-
pendent of the momentum operators. The explicit forms of

ﬁ4, H,,, and f]e are given in Ref. 17. The next two terms H
and H  are due to BIA, and the last matrix I:Ik is the interface
Hamiltonian. Although these last three terms H R H , and H k
are given in Ref. 26, here we will present the exact form of
the nonrelativistic part of I:Ik since its effect on optical prop-
erties is the central theme of this paper.

The complete TH matrix ILAI,c contains a relativistic part I:If
and a nonrelativistic part flkNR. The expression of ﬁkNR with

respect to the basis set given by Eq. (2) can be found in Ref.
25 and has the form

(a0
HiVR=< o o) (3)
Hy
where
0000
N 0010
HYR=1> Q.8(z-z; 4
kO {zj: _/5(Z Z./)} 0100 ()
00 0

(); is the coupling constant for the light-heavy-hole mixing at
the jth interface located at z=z;, and its value depends on
materials. In this paper we use the pseudopotential
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approach? to calculate (); for the planar abrupt interfaces
AlSb/InAs, InAs/GaSb, and GaSb/AISb.

The Schrodinger equation I:I\I'i:Ei\If,-, where W, is the
multicomponent envelope function and E; the corresponding
energy, is solved self-consistently together with the Poisson
equation, also taking into account the lattice-mismatched
strain. Knowing the envelope functions, the optical matrix
elements are obtained as?’?8

M = (2m)"(Wle - 9w, (5)

where m is the free electron mass, v the velocity operator,
and e the unit vector of light polarization. For optical transi-
tions between the « subband and the B subband, let us intro-
duce a quantity

g (6)

1,p5(ek) = E M (e, k)
L]

where i runs over the states in the a subband and j runs over
the states in the 8 subband. In terms of this quantity, the
polarization, which characterizes the lateral optical aniso-
tropy, can be defined as

- Lger k) — I4(e1,k))
af— s
Lg(er. k) + I 4(e1,k))

where the vector e; is along the [11] direction, and the vec-

)

tor e, along the [11] direction. For numerical calcula-
tions, the thickness of each of the four layers in the
AlSb/InAs/GaSb/AlSb quantum well is set as 10 nm. Fur-
thermore, the quantum well itself is sandwiched between two
p-doped GaSb contact layers with acceptor concentration 2
X 10" ¢cm™3. All parameter values needed for the calculation,
as well as the detailed numerical procedure, can be found in
Ref. 26.

We derive the values of the parameters {); with a pseudo-
potential approach, using all pseudopotential form factors
given in Ref. 29, except for the form factor Vg which we
adopt V5=0 Ry for InAs and AlSb, and V5=0.02 Ry for
GaSb.?® Our so-obtained values are 0=0.034 eV A for the
AIlSb/InAs heterojunction, 1=0.23 eV A for the InAs/GaSb
heterojunction, and =-0.26 eV A for the GaSb/AISb het-
erojunction.

For the convenience of presenting and discussing our nu-
merical results, we will define a partial Hamiltonian

A

oA 0N
Hp= +H,+H,+H,+Hg+H,, (8)
H,

which does not include the nonrelativistic interface Hamil-
tonian, and was studied in detail in Ref. 26. In the following
discussion we will focus on the difference between the re-
sults obtained with the full Hamiltonian A and the partial
Hamiltonian H p-

For the above specified InAs/GaSb quantum well, the
subband dispersions derived with H differ from those de-
rived with H p only quantitatively with a slightly larger spin
split of levels. According to their wave function properties at
the zone center (k;=0), the levels which are relevant to the
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present work are labeled as le and 2e for the electronlike
states, 1hh, 2hh, and 3hh for the heavy-holelike states, and
1lh for the light-holelike state. From the bottom of the
quantum, their order at ky=0 is 3hh, 1lh, 2hh, le, 1hh, and
2e. Since the le level lies below the 14k level at the zone
center, a hybridization gap is created between them at
k;=~0.1 nm~!. This hybridization leads to unusual behavior
of optical transitions between not only the states of 1e and 2e
subbands but also the states of 144 and 2e subbands, the
study of which was initiated in Ref. 26 and will be com-
pleted in the present work. Consequently, we will use the
same notations as in Ref. 26 to label the two spin-split dis-
persion branches of each subband: in the region of small k,
the lower branch is assigned with a subscript @ and the upper
branch with a subscript b.

The numerical calculations were performed with light po-
larized along the growth direction [001] or in the plane of the
structure. It was shown earlier?® that the interesting phenom-
ena in spin-flip transition occur if the in-plane wave vector k|,
of the initial state is along a high symmetry direction. There-
fore, for all our calculated optical matrix elements presented
in the form |M|>=|AM/\2m|* in Figs. 1 and 2, the k| of the
initial state is along the [10] direction.

The numerical results of |M|> are given in Fig. 1 for
le-2e transitions [Figs. 1(a) and 1(b)] and 1hh-2e transitions
[Figs. 1(c) and 1(d)]. Figures 1(a) and 1(c) are derived from
I:IP and Figs. 1(b) and 1(d) from H.In Figs. 1(a) and 1(b), the
solid (or dashed) curve is for the le,-2¢, (or le,-2e,) tran-
sition which is a spin-flip process near the zone center, while
the dotted (or dash-dotted) curve is for the le,-2e, (or
le,-2e,,) transition for which the spin orientation is con-
served around k;=0. By comparing the corresponding curves

in Figs. 1(a) and 1(b), we see that the nonrelativistic part H} "

of the ITH I:Ik increases further the intensity of the spin-flip
le-2e optical transition, which is already enhanced by the

BIA term and the I:IkNR term in PAIP as proved in Ref. 26.
Consequently, in this case the contributions of BIA, relativ-
istic IH, and nonrelativistic IH to the optical matrix element
M are additive.

However, the situation is quite different for the 1hh-2e
optical transitions, as shown in Figs. 1(c) and 1(d), where the
solid (or dashed) curve is for the spin-flip 1hh,-2e, (or
1hh,-2e,) transition and the dotted (or dash-dotted) curve is
for the spin conserved 1hh,-2e, (or 1hhy-2e,) transition. The
value of |[M,|?> for each spin-flip transition in Fig. 1(d) de-
rived with H is smaller than the corresponding value in Fig.
1(c) derived with H p. This result strongly suggests that the
contribution of I:IkN Rto M is substantial, and is not additive to
the combined contribution of BIA and I:If. To confirm this

conjecture, we removed the BIA term and fIf from I:I, and
then calculated |My|* once again to check how Fig. 1(d)
changes. The result is shown in Fig. 2 with the same notation
for the four curves as that in Fig. 1(d). The substantial con-

tribution of I:IkNR to M is clearly seen.

Finally we investigate the effect of I:IQ]R on lateral optical
anisotropy. For the in-plane wave vector k; of the initial state
along the [10] direction, the polarization calculated with Eq.
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FIG. 1. Square of the absolute value of the optical matrix element. (a) and (b) Transition from a state in the le subband to a state in the
2¢ subband, with light polarized along the [001] direction. Solid, dashed, dotted, and dash-dotted curves in each panel correspond to the
ley-2e,, le,-2ey, le,2e,, and ley-2e, transitions, respectively. (c) and (d) Transition from a state in the 1k4 subband to a state in the 2e
subband, with light polarized along the [10] direction. Solid, dashed, dotted, and dash-dotted curves in each panel correspond to the

1hhy-2e,, 1hh,-2e,, 1hh,-2e,, and 1hh,-2e, transitions, respectively. (a) and (c) are obtained with the partial Hamiltonian Hp, and (b) and
(d) are obtained with the full Hamiltonian H.

(7) is shown in Fig. 3. The total polarization derived with A
is plotted as a solid curve for the 1hh-2e transitions, and as a

dotted curve for the le-2e transitions. While using I:IP to

results indicate that the effect of I-AIQ'R on lateral optical an-
isotropy is weak, but nevertheless not negligible.

In summary, we have added the I:IkNR term to the previ-

.. . . A : oo 26
perform a similar calculation, with the effect of HY¥ ne- ~ ously studied Hamiltonian™ and have performed a self-
glected, the solid curve becomes the dashed curve, and the
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k, along [10] (nm™) FIG. 3. Polarization for k; along the [10] direction. Solid and

dotted curves, which are calculated with H, are for the 1hh-2¢ and
the le-2e transitions, respectively. The corresponding transitions
calculated with H p are plotted in dashed and dash-dotted curves.

FIG. 2. The same as Fig. 1(d), but obtained with the neglect of
the BIA term and the I:IiVR in the full Hamiltonian .
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consistent calculation to demonstrate the effect of f]ﬁ:’R on
optical matrix elements and lateral optical anisotropy in
InAs/GaSb quantum wells. We found a substantial contribu-

tion of I:IQIR to the originally forbidden spin-flip optical tran-
sitions. On the other hand, there is only a minor modification
of the lateral optical anisotropy. Hence the main contribution
to the latter effect results from the BIA, which induces the
localized interface contribution to the optical matrix ele-
ments due to the material dependent Kane’s B-parameter.’®
We believe that the originally forbidden spin-flip optical
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transitions, which are substantial when the electron and hole
states are strongly hybridized, may cause the additional
peaks of absorption of linearly polarized light in broken-gap
heterostructures. The experimental observation of our theo-
retical findings is possible by performing proper measure-
ments of the optical transitions between the states of the 14k
and 2e subbands, as well as between the states of the 1e and
2e subbands.
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