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The optical response of an inverted InAs/GaSb quantum well is studied theoretically. The influence of an in-plane
magnetic field that is applied parallel to the quantum well is considered. This in-plane magnetic field will induce a dy-
namical polarization even when the electric field component of the external optical field is parallel to the quantum well.
The electron–electron interaction in the quantum well system will lead to the de-polarization effect. This effect is found
to be important and is taken into account in the calculation of the optical response. It is found that the main feature in
the frequency dependence of the velocity–velocity correlation function remains when the velocity considered is parallel
to the in-plane magnetic field. When the direction of the velocity is perpendicular to the in-plane magnetic field, the de-
polarization effect will suppress the oscillatory behavior in the corresponding velocity–velocity correlation function. The
in-plane magnetic field can change the band structure of the quantum well drastically from a gapped semiconductor to a
no-gapped semi-metal, but it is found that the distribution of the velocity matrix elements or the optical transition matrix
elements in the wave vector space has the same two-tadpole topology.

Keywords: quantum well, magnetic field, de-polarization effect
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1. Introduction
The InAs/GaSb system has been extensive studied for

many years, both experimentally and theoretically. It has im-
portant technological applications. In recent years, InAs/GaSb
short periodic superlattices are used to make highly efficient
infrared photo-detectors and detector arrays.[1–3]

On the fundamental research side, the InAs/GaSb quan-
tum well structures have been investigated more extensively,
mainly due to its interesting band alignment, i.e., the so-called
broken-gap band alignment.[4–35] In the transport measure-
ments, the edge transport was reported in connection with
the two-dimensional topological insulator phase and the quan-
tum spin Hall effect. More recently, the edge transport was
also reported in the topologically trivial regime. The new ex-
perimental results indicate that, one may have parallel con-
ducting edge channels. This puts a hurdle on the further ex-
perimental investigation of the helical edge transport in the
InAs/GaSb quantum well system, also on the future quantum
device applications.[19–35]

Many optical experiments have also been carried out in
the InAs/GaSb quantum well systems.[4–18] In the earlier ex-
periments, the quantum well had a high electron density. In
recent years, as the material growth technology progresses,
the sample quality increases greatly. Furthermore, as the de-
vice processing technology advances, the electron density can
nowadays be controlled to the desired value by the back-gating

and front-gating techniques. This enables one to explore many
interesting properties of the InAs/GaSb quantum well system.
In the optical experiments, a perpendicular or a tilted magnetic
field was often employed. In some experiments, the measured
data can be explained well by the one-electron theory. In some
other experiments, however, the explanation of the experimen-
tal result needs the inclusion of many-particle effects. In a re-
cent optical transmission experiment, the exciton insulator pic-
ture was used to interpret quantitatively the experimental find-
ings. The involved theoretical model is a Coulomb-coupled
electron–hole system with no spin–orbit interaction. On the
other hand, in the InAs/GaSb quantum well system, especially
in the exploration of the helical edge transport in the topologi-
cal non-trivial phase, the spin–orbit interaction is argued to be
a necessary ingredient, and was also found experimentally to
be quite important.[4–35] This suggests that, more experimen-
tal and theoretical studies are required to further improve our
understanding about the electronic structure of the InAs/GaSb
quantum well systems.

In an inverted InAs/GaSb quantum well system, the cou-
pling between the InAs layer and GaSb layer will produce a
hybridization gap. The existence of the hybridization gap has
been explored and confirmed in various experiments.[4–35] For
those electronic states around the hybridization gap, the spa-
tial dependence of the corresponding wave functions shows
that the electrons and holes reside in different layers. An opti-
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cal transition across the hybridization gap will involve an elec-
tron in the lower energy band in one layer to be excited into
the higher energy band in a different layer. This situation is
quite similar to the inter-subband excitation in a conventional
GaAs quantum well.[36] Because of the spatial separation of
the electrons and holes, a dynamical polarization in the growth
direction of the quantum well can be induced by the optical ex-
citation. The electron–electron interaction in the quantum well
in turn affects the optical response. This is the de-polarization
effect. In the conventional GaAs quantum well system, with
zero external magnetic field, the dynamical polarization can
only be generated by the optical field whose electric field com-
ponent is non-zero in the growth direction of the quantum well.
While in the InAs/GaSb quantum well system, the optical tran-
sition matrix element will be non-zero, even when the electric
field component is in the quantum well plane. The induced dy-
namical polarization will become important when the in-plane
symmetry of the quantum well is further broken. This can be
achieved by applying an in-plane magnetic field.

In this paper, we will study theoretically the optical re-
sponse of an inverted InAs/GaSb quantum well, in the pres-
ence of an externally applied in-plane magnetic field. In the
case of a perpendicular magnetic field, or of a tilted mag-
netic field, the magneto–optical properties of the InAs/GaSb
quantum well have been investigated, both experimentally
and theoretically.[4–18,37–41] There were also some theoreti-
cal study on the transport property of the InAs/GaSb quantum
well in the presence of an in-plane magnetic field based on a
generalized or extended two-dimensional topological insulator
model.[42–44] Our theoretical result shows that, as the strength
of the in-plane magnetic field increases, the de-polarization
effect originated from the electron–electron interaction in the
InAs/GaSb quantum well becomes more important, and the
in-plane optical response of the quantum well becomes asym-
metrical. It is hoped that some experimental studies will be
reported in future so that a more detailed comparison can be
made.

This paper is organized as follows: In Section 2, the the-
oretical formulation is briefly presented. Section 3 contains
our calculated results and their discussions. Finally, in the last
section, a summary is provided.

2. Formulation and calculation
The InAs/GaSb quantum well studied in this paper is a

[001] grown quantum well, embedded in the AlSb barriers.
The single-particle electronic structure is calculated within the
14-band 𝑘 · 𝑝 approximation.[45–51] The parameters for the
constituting materials used in the calculation are widely used
by others. The 14-band model can reproduce the experimental
values for the bulk conduction band effective mass, the hole
band mass, and the conduction band g-factor. The 14-band

model is chosen because the 8-band model fails to produce re-
liable electronic states, when one considers a high index grown
InAs quantum well. The spin–orbit interaction, the effect of
strain, and the influence due to the non-common-atom inter-
face correction are taken into account. The quantum well is
in the xy plane, with the x axis along the [100] direction, the
y axis along the [010] direction. The growth direction of the
quantum well [001] is taken as the z axis. The in-plane mag-
netic field is taken into account by considering the vector po-
tential (Byz,−Bxz,0) which generates the in-plane magnetic
field (Bx,By,0).

In the calculation of the optical response of the
InAs/GaSb quantum well, the self-consistent linear response
approach is used.[36,52–54] We wish to point out that the self-
consistent linear response method utilized in the present work
is quite similar to that described in the paper of Ando, Fowler,
and Stern.[36] Thus, the formulations will not be repeated
here, and only a brief description will be given. The total
system Hamiltonian can be written as H = H0 + Hex + Hin.
H0 describes the 14-band model plus the in-plane magnetic
field, Hex is due to the external optical field, and Hin de-
scribes the frequency-dependent potential generated by the
dynamical polarization which is induced by the external op-
tical field. The self-consistent condition is such that, the
induced potential Hin is generated by the total perturbation
Hex + Hin. Thus, within the linear response approximation,
one has Hin = F(Hex +Hin), with F a linear functional.

In our calculation, the z-dependent charge density distri-
bution p(z), instead of the induced potential, is chosen as the
target of the self-consistent calculation loop. This induced
charge density distribution p(z) has a strong dependence on
the spatial variable z, and depends on the in-plane magnetic
field strength. In the case of zero in-plane magnetic field, p
is negligibly small with a normally incident optical field. The
system keeps neutral as

∫
p(z)dz = 0. In the present paper, the

external optical field only has its electric field component in
the xy plane. When this electric field is parallel to the in-plane
magnetic field, the induced charge density p is almost zero be-
cause of the system symmetry. When the electric field is per-
pendicular to the in-plane magnetic field, the induced charge
density p becomes important.

Once the induced charge density is obtained self-
consistently, one can calculate the optical response of the sys-
tem, δvα = F1(Hex+Hin), the correction to the averaged value
of the velocity operator vα due to the total perturbation field.
Within the linear response approach, one has another linear
functional F1. In the above equation, the subscript α denotes
the direction of the velocity, one has α = x,y. In the conven-
tional linear response approach, one only considers the correc-
tion due to the external field. In this case, the optical response
is characterized by the velocity–velocity correlation function,

107302-2



Chin. Phys. B Vol. 28, No. 10 (2019) 107302

or the current–current correlation function, typically denoted
as σα,β (ω), which is proportional to the frequency dependent
dynamical conductivity.[52,53] Note that, one may consider the
many-particle effect due to the electron–electron interaction at
this stage, but, the many-particle effect here does not include
the de-polarization effect. Note also that, when the velocity–
velocity correlation function is approximately calculated for
the non-interacting fermion system, the frequency dependence
of the correlation function can reflect the energy difference be-
tween different bands involved in the optical transition.[52–54]

In our self-consistent linear response approach, one still has
δvα(ω), a frequency-dependent velocity correction. In gen-
eral, it is not given by the conventional velocity–velocity cor-
relation function, but is given by a bi-linear functional of two
velocity operators. Without any confusion, we will still denote
the correction δvα(ω) as σα,β (ω), with β denotes the direc-
tion of the electric field in the externally applied optical field.
In this paper, the unit of velocity is (meeV/2)1/2. Note also
that, the frequency ω above is the frequency of the externally
incident optical field.

3. Results and discussions
In this section, we present our numerically calculated op-

tical response for a specific InAs/GaSb quantum well. The
considered quantum well has the InAs layer width 12.5 nm,
and the width of the GaSb layer is 5 nm. This is an inverted
InAs/GaSb quantum well. The in-plane magnetic field is as-
sumed to be along the y axis. One may take the in-plane mag-
netic field in an arbitrary in-plane direction, but the single-
particle electronic states of interest are found to only show
a very weak directional dependence. Therefore, the above
choice is a reasonable one. In the calculation of the single-
particle electronic states, the transferring of electrons between
the InAs layer and the GaSb layer is not allowed. In doing
so, the change of the electronic states due to the in-plane mag-
netic field can be more clearly identified. The fermi energy
required in the calculation of the optical response is also fixed
at the zero in-plane magnetic field value. This is a reason-
able assumption, because in an experiment, the fermi energy
is controlled externally by the front-gate and back-gate bias
voltages. In our calculation, when the in-plane magnetic field
is zero, the fermi energy is assumed to be in the hybridization
gap. It should be pointed out that, a rather dense/fine mesh,
typically 200× 200, is needed in the calculation of the elec-
tronic states in the wave vector space. Therefore, the numeri-
cal calculation presented in this paper requires a large compu-
tational resource.

In Fig. 1, the velocity–velocity correlation function
σyy(ω) is plotted versus the frequency ω for different values of
the in-plane magnetic field strength: in the panel (a) By = 0 T,
in the panel (b) By = 2 T, in the panel (c) By = 4 T, and in

the panel (d) By = 6 T. The correlation function is in general
a complex function of the frequency. The real part is plotted
as the black solid curve, and the imaginary part is plotted as
the red dashed curve. In Fig. 1, the direction of the electric
field in the incident light is along the y axis, the same direc-
tion as the in-plane magnetic field. In this case, the induced
dynamical charge density p is negligibly small, therefore the
de-polarization effect is practically zero. The correlation func-
tion shown in the Fig. 1 is obtained by treating the system as
non-interacting fermions with a line broadening inserted. In
the long wave length limit, this should be a good approxima-
tion as there is no intra-band single-particle excitation.[36] It
also should be pointed out that the optical response σyy(ω)

satisfies the conventional Kramers–Kronig relation.[52,53]
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Fig. 1. The velocity–velocity correlation function σyy(ω) versus the in-
cident light frequency ω for different values of the in-plane magnetic
field strength: (a) By = 0 T, (b) By = 2 T, (c) By = 4 T, and (d) By = 6 T.
The real part is plotted as the black solid curve, and the imaginary part
is plotted as the red dashed curve.

One can see that, at By = 0, as shown in Fig. 1(a), the
imaginary part of σyy(ω) shows two dips. The frequencies
corresponding to these two dips can be identified as the tran-
sition energies around the hybridization gap by examining the
calculated band structure.[41] The transitions at the lower fre-
quency dip and at the higher frequency dip are the transitions
between energy bands with different spins. This clearly shows
that the spin–orbit interaction in InAs/GaSb quantum wells is
quite strong as expected. As the strength of the in-plane mag-
netic field increases, one observes in Fig. 1 (see panels (b), (c),
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and (d)) that, the imaginary part of σyy(ω) still shows a two-
dip structure, and the position of two dips in the imaginary part
of σyy(ω) is almost not shifted. The width of the dips becomes
broadened as the in-plane magnetic field becomes larger. It
should be pointed out that, as the in-plane magnetic field in-
creases to By = 6 T (Fig. 1(d)), the band structure has been
modified drastically. The system is no longer gapped anymore.
At By = 0, the system is a gapped semiconductor, while at
By = 6 T, the system becomes a non-gapped semi-metal. How-
ever, the main features in the imaginary part of σyy(ω) largely
remains unchanged. This is because that, the optical response
is determined not only by the energy band structure but also by
the optical transition matrix elements over the entire wave vec-
tor space. The hybridization nature in the InAs/GaSb quantum
well between the conduction band of the InAs layer and the
valence band of the GaSb layer still exists in the presence of
the in-plane magnetic field. It should be pointed out that, the
size of the hybridization gap at zero in-plane magnetic field
can be affected by the doping and by the gate bias.[4–35]

In Fig. 2, the velocity–velocity correlation function
σxx(ω) is shown versus the frequency ω for different values of
the in-plane magnetic field strength: (a) By = 0 T, (b) By = 2 T,
(c) By = 4 T, and (d) By = 6 T. The real part is plotted as the
black solid curve, and the imaginary part is plotted as the red
dashed curve. In Fig. 2, the direction of the electric field of
incident light is along the x axis perpendicular to the in-plane
magnetic field. The motion of the electrons driven by the elec-
tric field will be affected by the lorentz force induced by the
in-plane magnetic field. In this case, the de-polarization effect
has to be taken into account. It should be pointed out that, the
optical response σxx(ω) will satisfy a generalized Kramers–
Kroning relation, but not the conventional Kramers–Kroning
relation which directly relates the real part and the imaginary
part of the response function.[52,53] There exists a kernel func-
tion from which the real part and the imaginary part of the
optical response function can be generated.

At zero magnetic field, as shown in Fig. 2(a), the dy-
namical polarization is negligibly small because the contribu-
tion from different optical transitions at various wave vectors
largely cancels out each other. In this case, σxx(ω) is practi-
cally the same as σyy(ω). The InAs/GaSb quantum well sys-
tem considered here has a structure inversion asymmetry, thus
they are slightly different. Like σyy(ω) shown in Fig. 1, the
imaginary part of σxx(ω) also shows two dips. As the in-plane
magnetic field increases, one observes that the dip at lower
frequency is not shifted, but the dip at higher frequency shifts
towards the high frequency direction. The dip structure be-
comes weaker as the in-plane magnetic field increases. When
the in-plane magnetic field reaches By = 6 T, the two-dip fea-
ture cannot be seen anymore. This is expected. Just as the
name of de-polarization effect implies, the de-polarization ef-

fect will depress those resonant contributions to the optical re-
sponse that produce the dynamical polarization.[36] Thus, the
in-plane optical response of the InAs/GaSb quantum well sys-
tem becomes asymmetrical (σxx(ω) 6= σyy(ω)) due to the in-
plane magnetic field.
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Fig. 2. The velocity–velocity correlation function σxx(ω) versus the
frequency ω for different values of the in-plane magnetic field: (a)
By = 0 T, (b) By = 2 T, (c) By = 4 T, and (d) By = 6 T. The real part
is plotted as the black solid curve, and the imaginary part is plotted as
the red dashed curve. The de-polarization effect is taken into account.

It should be pointed out that, there exists another in-plane
optical asymmetry. The optical response function σxy(ω) is
not zero (not shown in this paper). Both the real part and
the imaginary part of σxy(ω) display an oscillatory behavior
versus the frequency ω . Its magnitude is about tenth of σxx(ω)

or σyy(ω). σxy(ω) is not zero because the InAs/GaSb quan-
tum well system studied in the present paper has a structure-
inversion asymmetry. This asymmetry is known to induce a
large Rashba-type spin–orbit coupling and a non-zero σxy(ω).
For a symmetrical quantum well made of narrow band gap
semiconductors, like InAs or InSb, one can verify that σxy(ω)

will vanish.
In order to see the de-polarization effect more clearly,

in Fig. 3, the velocity–velocity correlation function σxx(ω) is
also plotted versus the frequency ω for different values of the
in-plane magnetic field strength: in panel (a) By = 0 T, in panel
(b) By = 2 T, in panel (c) By = 4 T, and in panel (d) By = 6 T.
But, in Fig. 3, the de-polarization effect is removed. Note
that, the screening effect, that arises also from the electron–
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electron interaction, should reduce the de-polarization effect
somewhat. This screening effect has not been considered in
the present study, as the numerical work will be much more
involved. In Fig. 3, the real part of σxx(ω) is plotted as the
black solid curve, and the imaginary part is plotted as the red
dashed curve.
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Fig. 3. The velocity–velocity correlation function σxx(ω) versus the
frequency ω for different values of the in-plane magnetic field: (a)
By = 0 T, (b) By = 2 T, (c) By = 4 T, and (d) By = 6 T. The real part
is plotted as the black solid curve, and the imaginary part is plotted as
the red dashed curve. The de-polarization effect is not included.

By comparing Fig. 2 and Fig. 3, the difference is obvi-
ous. When the de-polarization effect is absent, the imaginary
part of the optical response function, σxx(ω), shows a two-dip
structure as the function of the frequency ω , and this feature
persists up to By = 4 T. At By = 6 T, the dip at lower fre-
quency becomes weak, but the dip at higher frequency can
still be clearly identified. One also observes that, the position
of the dip at lower frequency does not change as the in-plane
magnetic field increases. The position of the dip at higher fre-
quency shifts towards the low frequency direction. The above
dependence on the in-plane magnetic shown in Fig. 3 is also
different from that shown in Fig. 1. As one would expect,
the in-plane magnetic field introduces an in-plane asymme-
try. One may explore this controllable symmetry breaking to
obtain more information about the electronic property of the
InAs/GaSb quantum well systems.

In the calculation of the optical response of the
InAs/GaSb quantum well system, one needs the energy lev-

els and the corresponding wave functions for each point in
the wave vector space. Let us examine this in more detail.
When the de-polarization effect is ignored, the optical re-
sponse is characterized by the velocity–velocity correlation
function σα,β (ω). This correlation function can be written
down easily when one approximately treats the system as non-
interacting fermions. One would obtain

σα,β (ω) = ∑
𝑘

∑
n1,n2

〈n1|vα(𝑘)|n2〉〈n2|vβ (𝑘)|n2〉

×
nF(En1,𝑘)−nF(En2,𝑘)

ω +(En1,𝑘−En2,𝑘)/h̄+ iη

with nF the Fermi distribution function. Note that the correla-
tion function σα,β (ω) given above is slightly different, within
a numerical factor, from the usual dynamical conductivity dis-
played in the textbook.[52,53] It is clear that one needs to per-
form a sum over the band indexes n1 and n2, and a sum over
𝑘 the wave vector. Thus, the correlation function above can
be viewed as an integral of a frequency-dependent energy res-
onant term (given by the second line in the above equation)
weighted by the optical transition matrix elements.
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Fig. 4. The distribution of velocity matrix elements f (vx,vy) =
〈n1|vx(𝑘)|n2〉〈n2|vy(𝑘)|n1〉 on the (kx,ky) plane. The in-plane mag-
netic field is zero. (a) View the distribution versus the kx. (b) View the
distribution versus the ky. The index n1 takes the value of two bands
below the hybridization gap, and the index n2 takes the value of two
bands above the hybridization gap.

The in-plane magnetic field will modify the band struc-
ture En,𝑘 drastically. However, it is believed that the topol-
ogy of the electronic states will remain non-trivial, even for a
rather strong in-plane magnetic field. Therefore, it is interest-
ing to examine the overall structure of the distribution of the
optical transition matrix elements. In Fig. 4, the distribution
of velocity matrix elements f (vx,vy) defined as f (vx,vy) =

〈n1|vx(𝑘)|n2〉〈n2|vy(𝑘)|n1〉 on the (kx,ky) plane is displayed
in the case of zero in-plane magnetic field. The imaginary part
of f (vx,vy) is almost zero. Therefore, only the real part of
f (vx,vy) is shown in Fig. 4. In panel (a), the distribution is
viewed along the kx axis for all values of ky. Each value of
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f (vx,vy) is plotted as a small solid dot. In panel (b), the dis-
tribution is viewed along the ky axis, for all values of kx. The
matrix element characterizes the strength of the optical tran-
sition between two bands specified by the band index n1 and
n2. In Fig. 4, the index n1 takes the value of two bands below
the hybridization gap, and the index n2 takes the value of two
bands above the hybridization gap. From Fig. 4, one observes
that, the global structure of the distribution of the optical tran-
sition matrix element looks like two head-to-head tadpoles, in
both panel (a) and panel (b). We may call this a two-tadpole
topology in the wave vector space.

In Fig. 5, the distribution of velocity matrix elements
f (vx,vy) = 〈n1|vx(𝑘)|n2〉〈n2|vy(𝑘)|n1〉 on the (kx,ky) plane is
displayed for the case of a non-zero in-plane magnetic field
By = 6 T. The imaginary part is almost zero. Only the real part
is shown. In panel (c), the distribution is viewed along the kx

axis. In panel (d), the distribution is viewed along the ky axis.
The band indexes n1 and n2 take the same values as those in
Fig. 4. One observes that, the same two-tadpole topology re-
mains. The distribution of f (vx,vy) is examined for other val-
ues of the in-plane magnetic field (By < 6 T), and it is found
that the two-tadpole topology remains. Similarly, one can ex-
amine the distribution of other optical transition matrix ele-
ments, for example, f (vx,vx) and f (vy,vy), defined in ways
similar to the above definition of f (vx,vy). It is found that,
f (vx,vx) and f (vy,vy) have the same topology at zero in-plane
magnetic field. This is expected. Furthermore, the topology
remains the same when the in-plane magnetic field increases
from zero up to a moderate value. It should be pointed out
that, the velocity matrix elements f (vx,vy) take positive and
negative values. Because of this, the magnitude of σxy(ω) is
smaller than that of σxx(ω) and σyy(ω).

kx

ky

f
↼v
x
↪v
y
↽

↩





f
↼v
x
↪v
y
↽

↩




(a)

(b)

Fig. 5. The distribution of velocity matrix elements f (vx,vy) =
〈n1|vx(𝑘)|n2〉〈n2|vy(𝑘)|n1〉 on the (kx,ky) plane. The in-plane mag-
netic field is By = 6 T. (c) View the distribution versus the kx. (d) View
the distribution versus the ky. The band indexes n1 and n2 take the same
values as those in Fig. 4.

4. Summary
In summary, the optical response of an inverted

InAs/GaSb quantum well is studied. The influence of an in-
plane magnetic field is considered. The de-polarization effect
is found to be important. It is found that, up to a moderate
in-plane magnetic field strength, the main feature in the fre-
quency dependence of the velocity–velocity correlation func-
tion remains when the velocity is parallel to the in-plane mag-
netic field. When the direction of the velocity is perpendicular
to the in-plane magnetic field, the de-polarization effect sup-
presses the oscillatory behavior in the corresponding velocity–
velocity correlation function. It is found that the distribution
of the velocity matrix elements or the optical transition matrix
elements in the wave vector space has the same two-tadpole
topology, as the strength of the in-plane magnetic field in-
creases from zero to a moderate value.
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Höfling S and Ganichev S D 2017 Physica E 85 193

[26] Couedo F, Irie H, Suzuki K, Onomitsu K and Muraki K 2016 Phys.
Rev. B 94 035301

107302-6

http://przyrbwn.icm.edu.pl/APP/PDF/116/a116z337.pdf
http://dx.doi.org/10.1007/s11664-011-1653-6
http://dx.doi.org/10.1088/0022-3727/45/26/265103
http://dx.doi.org/10.1088/0022-3727/45/26/265103
https://doi.org/10.1103/PhysRevB.34.7463
https://doi.org/10.1103/PhysRevB.50.12242
http://dx.doi.org/10.1103/PhysRevLett.78.4613
http://dx.doi.org/10.1103/PhysRevLett.78.4613
http://dx.doi.org/10.1103/PhysRevB.55.1617
http://dx.doi.org/10.1103/PhysRevLett.79.3034
http://dx.doi.org/10.1103/PhysRevB.60.10636
http://dx.doi.org/10.1103/PhysRevLett.82.2362
http://dx.doi.org/10.1103/PhysRevB.67.195319
http://dx.doi.org/10.1103/PhysRevLett.93.016803
http://dx.doi.org/10.1103/PhysRevLett.93.016803
http://dx.doi.org/10.1103/PhysRevB.70.155306
http://dx.doi.org/10.1103/PhysRevB.70.155306
http://dx.doi.org/10.1103/PhysRevB.82.115305
http://dx.doi.org/10.1103/PhysRevB.82.115305
http://dx.doi.org/10.1088/0268-1242/22/3/004
http://dx.doi.org/10.1088/0268-1242/22/3/004
http://dx.doi.org/10.1103/PhysRevB.95.045116
http://dx.doi.org/10.1103/PhysRevB.98.041301
http://dx.doi.org/10.1038/s41467-017-01988-1
http://dx.doi.org/10.1103/PhysRevLett.107.136603
http://dx.doi.org/10.1103/PhysRevLett.109.186603
http://dx.doi.org/10.1103/PhysRevLett.114.096802
http://dx.doi.org/10.1103/PhysRevLett.115.036803
http://dx.doi.org/10.1103/PhysRevLett.115.136804
http://dx.doi.org/10.1063/1.4939234
http://dx.doi.org/10.1016/j.physe.2016.08.036
http://dx.doi.org/10.1103/PhysRevB.94.035301
http://dx.doi.org/10.1103/PhysRevB.94.035301


Chin. Phys. B Vol. 28, No. 10 (2019) 107302

[27] Karalic M, Mueller S, Mittag C, Pakrouski K, Wu Q, Soluyanov A A,
Troyer M, Tschirky T, Wegscheider W, Ensslin K and Ihn T 2016 Phys.
Rev. B 94 241402

[28] Nichele F, Suominen H J, Kjaergaard M, Marcus C M, Sajadi E, Folk
J A, Qu F, Beukman A J A, de Vries F K, van Veen J, Nadj-Perge
S, Kouwenhoven L P, Nguyen B M, Kiselev A A, Yi W, Sokolich M,
Manfra M J, Spanton E M and Moler K A 2016 New J. Phys. 18 083005

[29] Nguyen B M, Kiselev A A, Noah R, Yi W, Qu F, Beukman A J A, de
Vries F K, van Veen J, Nadj-Perge S, Kouwenhoven L P, Kjaergaard
M, Suominen H J, Nichele F, Marcus C M, Manfra M J and Sokolich
M 2016 Phys. Rev. Lett. 117 077701

[30] Herling F, Morrison C, Knox C S, Zhang S, Newell O, Myronov M,
Linfield E H and Marrows C H 2017 Phys. Rev. B 95 155307

[31] Nichele F, Kjaergaard M, Suominen H J, Skolasinski R, Wimmer M,
Nguyen B M, Kiselev A A, Yi W, Sokolich M, Manfra M J, Qu F,
Beukman A J A, Kouwenhoven L P and Marcus C M 2017 Phys. Rev.
Lett. 118 016801

[32] Karalic M, Mittag C, Tschirky T, Wegscheider W, Ensslin K and Ihn T
2017 Phys. Rev. Lett. 118 206801

[33] Dyer G C, Shi X, Olson B V, Hawkins S D, Klem J F, Shaner E A and
Pan W 2016 Appl. Phys. Lett. 108 013106

[34] Mittag C, Karalic M, Mueller S, Tschirky T, Wegscheider W,
Nazarenko O, Kovalenko M V, Ihn T and Ensslin K 2017 Appl. Phys.
Lett. 111 082101

[35] Mueller S, Mittag C, Tschirky T, Charpentier C, Wegscheider W, En-
sslin K and Ihn T 2017 Phys. Rev. B 96 075406

[36] Ando T, Fowler A B and Stern F 1982 Rev. Mod. Phys. 54 437
[37] Chiang J C, Tsay S F, Chau Z M and Lo I 1996 Phys. Rev. Lett. 77 2053

[38] Nilsson K, Zakharova A, Lapushkin I, Yen S T and Chao K A 2006
Phys. Rev. B 74 075308

[39] Nilsson K, Zakharova A, Semenikhin I and Chao K A 2007 Phys. Rev.
B 75 205318

[40] Wu X G and Pang M 2015 Chin. Phys. B 24 097301
[41] Wu X G 2017 J. Appl. Phys. 122 225704
[42] Hu L H, Liu C X, Xu D H, Zhang F C and Zhou Y 2016 Phys. Rev. B

94 045317
[43] Hu L H, Xu D H, Zhang F C and Zhou Y 2016 Phys. Rev. B 94 085306
[44] Hsu H C, Jhang M J, Chen T W and Guo G Y 2017 Phys. Rev. B 95

195408
[45] Ziman J M 1972 Principles of the Theory of Solids (Cambridge: Cam-

bridge University Press)
[46] Yu P Y and Cardona M 2001 Fundamentals of Semiconductors Physics

and Materials Properties (Berlin: Springer)
[47] Winkler R 2003 Spin–Orbit Coupling Effects in Two-Dimensional

Electron and Hole Systems (Berlin: Springer)
[48] Smith D L and Mailhiot C 1990 Rev. Mod. Phys. 62 173
[49] Pfeffer P and Zawadzki W 1990 Phys. Rev. B 41 1561
[50] Pfeffer P and Zawadzki W 1996 Phys. Rev. B 53 12813
[51] Jancu J M, Scholz R, de Andrada e Silva E A and La Rocca G C 2005

Phys. Rev. B 72 193201
[52] Fetter A L and Walecka J D 1971 Quantum Theory of Many-Particle

Systems (New York: McGraw-Hill)
[53] Mahan G D 1990 Many-Particle Physics (New York: Plenum)
[54] Tung L C, Wu X G, Pfeiffer L N, West K W and Wang Y J 2010 J.

Appl. Phys. 108 083502

107302-7

http://dx.doi.org/10.1103/PhysRevB.94.241402
http://dx.doi.org/10.1103/PhysRevB.94.241402
http://dx.doi.org/10.1088/1367-2630/18/8/083005
http://dx.doi.org/10.1103/PhysRevLett.117.077701
http://dx.doi.org/10.1103/PhysRevB.95.155307
http://dx.doi.org/10.1103/PhysRevLett.118.016801
http://dx.doi.org/10.1103/PhysRevLett.118.016801
http://dx.doi.org/10.1103/PhysRevLett.118.206801
http://dx.doi.org/10.1063/1.4939234
http://dx.doi.org/10.1063/1.4986614
http://dx.doi.org/10.1063/1.4986614
http://dx.doi.org/10.1103/PhysRevB.96.075406
http://dx.doi.org/10.1103/RevModPhys.54.437
http://dx.doi.org/10.1103/PhysRevLett.77.2053
http://dx.doi.org/10.1103/PhysRevB.74.075308
http://dx.doi.org/10.1103/PhysRevB.74.075308
http://dx.doi.org/10.1103/PhysRevB.75.205318
http://dx.doi.org/10.1103/PhysRevB.75.205318
http://dx.doi.org/10.1088/1674-1056/24/9/097301
http://dx.doi.org/10.1063/1.5006244
http://dx.doi.org/10.1103/PhysRevB.94.045317
http://dx.doi.org/10.1103/PhysRevB.94.045317
http://dx.doi.org/10.1103/PhysRevB.94.085306
http://dx.doi.org/10.1103/PhysRevB.95.195408
http://dx.doi.org/10.1103/PhysRevB.95.195408
http://dx.doi.org/10.1103/RevModPhys.62.173
http://dx.doi.org/10.1103/PhysRevB.41.1561
http://dx.doi.org/10.1103/PhysRevB.53.12813
http://dx.doi.org/10.1103/PhysRevB.72.193201
http://dx.doi.org/10.1103/PhysRevB.72.193201
http://dx.doi.org/10.1063/1.3496516
http://dx.doi.org/10.1063/1.3496516

	1. Introduction
	2. Formulation and calculation
	3. Results and discussions
	4. Summary
	References

