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Quantum Hall effect in InAsSb quantum wells at elevated temperatures
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We have characterized the electronic properties of a high-mobility two-dimensional electron system in
modulation doped InAsSb quantum wells and compare them to InSb quantum wells grown in a similar fashion.
Using temperature-dependent Shubnikov-de Haas experiments as well as FIR transmission, we find an effective
mass of m∗ ≈ 0.022me, which is lower than in the investigated InSb quantum well, but due to a rather strong
confinement still higher than in the corresponding bulk compound. The effective g-factor was determined to
be g∗ ≈ 24.1. These results are also corroborated by k · p band structure calculations. When spin polarizing
the electrons in a tilted magnetic field, the g-factor is significantly enhanced by electron-electron interactions,
reaching a value as large as g∗ = 60 at a spin polarization P = 0.75. Finally, we show that due to the low effective
mass, the quantum Hall effect in our particular sample can be observed up to a temperature of 60 K.
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I. INTRODUCTION

Since its discovery in 1980 by von Klitzing et al., the
quantum Hall effect (QHE) has been observed in a variety of
high-mobility 2D systems, ranging from MOSFETs [1], quan-
tum wells (QWs) [2,3], as well as intrinsic 2D materials [4–7].
This resulted in the definition of the resistance quantum,
which enabled an incredibly precise determination of the fine-
structure constant. Another breakthrough was achieved with
the discovery of room temperature (RT) QHE in graphene,
making it a convenient platform for performing metrologi-
cal experiments [8–13]. Since the robustness of the QHE is,
amongst others, governed by the Landau level (LL) spacing
(�LL ∼ 2000 K at 30 T for graphene), InSb with its small
effective mass (m∗

bulk = 0.014me), would conceptually also be
a good material for the observation of a RT QHE. Optimally
alloying InSb with InAs can reduce the effective mass even
further, by utilizing the band bending commonly observed in
ternary III-V compound semiconductors [14,15]. The QHE
in InSb QWs has been investigated from several perspec-
tives, e.g. FQHE [16,17], spin effects [16,17], high-current
breakdown [3], and Ising quantum Hall ferromagnetism [18],
whereas the literature on InAsSb QWs is less abundant. How-
ever, this material has become the subject of renewed interest
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because of its strong spin-orbit interaction [19,20] and small
direct band gap [21].

In this paper, we present magneto-transport and far in-
frared (FIR) transmission data of InSb and InAsSb modulation
doped QWs, enabling a direct comparison between the parent
compound and the alloy. Firstly, the temperature dependence
of Shubnikov-de Haas (SdH) oscillations enables the determi-
nation of the effective mass. Simultaneously, we acquire the
temperature where the QHE disappears. The results for the ef-
fective mass are consistent with those obtained from cyclotron
resonance (CR) measurements. Coincidence experiments in
tilted magnetic fields are used to extract the g-factors, which
are consistent with band-structure calculations based on k · p
theory. Additionally, an interaction-induced enhancement of
the g-factor for low filling factors, i.e., high spin polarization,
is observed.

II. SAMPLES AND METHODS

Both the InSb as well as the InAsSb QW discussed in
this manuscript, were grown by molecular beam epitaxy
(MBE). The sample structure is based on the work of Lehner
et al. [22], who systematically investigated the effect of
employing buffer layers to overcome the lattice mismatch
between (100) GaAs substrates and the InSb QWs [23].
On the other hand, the InAsSb QW was grown on a (001)
GaSb substrate, thereby removing the AlSb/GaSb interme-
diate transition. The underlying In1−yAlySb/In1−xAlxSb (x =
0.42, y = 0.54) buffer was adjusted to the InAsSb QW lattice
constant. The InSb (InAs0.38Sb0.62) 21 nm thick QW was
surrounded by an Al0.1In0.9Sb (Al0.42In0.58Sb) confinement
barrier, which contained an asymmetric double-sided Si δ-
doping layer, located 30 nm (44 nm) above and below the
QW. The layer stack of both QW structures, as well as an
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investigation of the InAsSb QW and its As/Sb ratio via XRD,
TEM, and EDX, are shown in Figs. 9 and 10 of the Appendix.

For the magnetotransport measurements both heterostruc-
tures were processed into a 880×25 µm2 Hall bar using
wet chemical etching. Ar-milling the top surface removes
any contaminants and ensures that the successive layers of
Ge/Ni/Au evaporated onto it, provide high quality Ohmic
contacts. More information about the microfabrication can
be found in Refs. [17,24]. The FIR transmission measure-
ments were performed with an unprocessed piece of the same
wafers, warranting a better signal-to-noise compared to the
Hall bar. In order to suppress Fabry-Pérot interference effects
in the transmitted light, the back of the sample was wedged
under an angle of ∼4◦.

The transport measurements were performed in a 4He bath
cryostat, containing a variable temperature insert (VTI) with
T = 1.4–300 K, which was placed inside a 38 T Florida-
Bitter magnet. By mounting the sample on a rotating platform,
it was possible to change the angle of the magnetic field
in situ. Standard low-frequency lock-in techniques were used
to acquire ρxx and ρxy of a 310×25 (405×25) µm2 section of
the InAsSb (InSb) Hall bar.

A Fourier transform infrared (FT-IR) spectrometer (Bruker
VERTEX 80v) with a Globar broadband source, was used
for the FIR transmission experiment. The IR radiation was
coupled into a quasi-optical beamline, which guided the radi-
ation towards a 33 T Florida-Bitter magnet. At the end of the
beamline the radiation was focused into an oversized brass
waveguide and passed through a polyethylene window, into
a new-silver waveguide that was inside a 4He bath cryostat.
Before reaching the sample, the radiation was focused using
a brass cone. The transmitted IR radiation was collected by
a second brass cone, passed through another polyethylene
window onto a Si bolometer that was kept at superfluid helium
temperatures. The FT-IR spectra were measured at different
fixed magnetic fields and normalized with a background spec-
trum, which was constructed from all spectra by taking the
90th percentile of each frequency, to obtain the transmittance
T (B) = Tm(B)/Tref .

III. RESULTS

In the following section, we will discuss the InAsSb QW
in detail and compare these results to those obtained with the
InSb QW.

A. SdH and quantum Hall measurements

As illustrated in Figs. 1(a) and 1(c), the magnetotransport
measurements performed on an InAsSb QW Hall bar show
clear SdH oscillations in ρxx and quantized plateaus in ρxy at
h/νe2, where ν is the filling factor. A carrier concentration of
n = 5.39×1011 cm−2 and n = 4.67×1011 cm−2 was extracted
from the classical Hall effect in small magnetic fields for
the InAsSb and InSb QW, respectively. The corresponding
mobility μ for both the InAsSb and InSb QW were 4.24×104

and 3.37×105 cm2 V−1 s−1. In an InAsSb QW at the lowest
temperatures, we can resolve ν = 12 in ρxx. This is consider-
ably lower than for our high-mobility InSb QW where ν = 42
was observed. The onset of quantum oscillations is governed

by the condition μqB > 1, where μq is the quantum mobility.
Since the quantum mobility μq is one order of magnitude
smaller than the transport mobility μ, which will be become
apparent in the next section, we use the condition μB ∼ 10 to
estimate the onset of SdH oscillations. Based on this assump-
tion we predict quantum oscillations to appear at B ∼ 2.4
and ∼0.3 T in the InAsSb and InSb QW, respectively. This
is in good agreement with the experimental data presented
in Figs. 1(a) and 1(c). In a similar fashion, spin splitting in
the InAsSb QW starts to become visible at higher magnetic
fields than in the InSb QW. This difference in mobility may
be attributed to alloy disorder scattering, which is intrinsic for
ternary compounds, or a possible alloy inhomogeneity in the
QW [19]. In Figs. 1(b) and 1(d), we extract the quantum Hall
activation energies of different filling factors, which will be
discussed in greater detail in the upcoming section.

B. Effective mass, g-factor, and lifetime analysis

We start our investigation of the effective mass by introduc-
ing Ando’s expression for the quantum oscillation amplitude
in 2D systems [25]

�ρxx(B, T )

ρ0(B)
∝ AT (B, T )AD(B)As, (1)

where

AT (B, T ) =
2Cπ2kBT

h̄ωc

sinh
( 2π2kBT

h̄ωc

) , (2)

AD(B) = exp

( −π

ωcτq

)
, (3)

As = cos

[
2π

(
g∗m∗

2me
− 1

2

)]
, (4)

Here ωc = eB/m∗ is the cyclotron frequency and C is a con-
stant related to the oscillation amplitude at 0 K. In order to
extract the effective mass from the temperature dependent
suppression of the SdH oscillations, we first subtract a smooth
magnetoresistance background ρ0 from the ρxx data shown
in Figs. 1(a) and 1(c), giving us the actual quantum oscilla-
tion amplitude �ρxx [see Figs. 2(a) and 2(c), respectively].
Figure 2(b) shows the suppression of some local maxima and
minima of �ρxx with increasing temperature in an InAsSb
QW, which was fitted with AT (B, T ) to obtain an effective
mass of m∗ ≈ 0.022me [see inset Fig. 2(b)]. In comparison
the effective mass of the InSb QW (m∗ ≈ 0.028me) was
larger, confirming that alloying InSb with InAs indeed reduces
the mass [see inset Fig. 2(d)]. It should be noted that both
masses exceed what is reported in literature for a similar
InSb heterostructure, where m∗ ≈ 0.017me while the well
width was comparable [17]. We attribute this to the fact that
asymmetric doping can skew the potential well, effectively
reducing its width and resulting in a higher mass due to
stronger confinement. In the upcoming section we will give
a more comprehensive analysis of the confinement enhance-
ment based on band structure considerations.

Alternatively, one can also extract the effective mass from
FIR transmission experiments, by tracking the CR as a func-
tion of magnetic field. As shown in Fig. 3(a), we observe clear
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FIG. 1. Magnetic field dependence of ρxx and ρxy in an InAsSb (a) and InSb (c) QW at different temperatures. Temperature dependence of
σxx minima in an InAsSb (b) and InSb (d) QW at multiple filling factors. Using the relation σxx ∝ exp(−Eact/2kBT ), we extracted the activation
energies from the linear fits.

dips in the transmittance, the signature of a CR, between one
and four Tesla before the sample becomes opaque due to the
InSb phonon absorption band. The position of the resonance
was determined by fitting the spectra with a Lorentzian and
was plotted against magnetic field in Fig. 3(b). By performing
a linear fit of ECR versus B, we can determine the effective
mass, which was m∗ ≈ 0.022me. This result is in perfect
agreement with the mass obtained from the temperature de-
pendent SdH measurements.

It should also be noted that the CRs are quite broad,
considering that the width goes from 2.4 to 4.3 meV due
to the interaction with the phonon band. These line widths
correspond to a scattering time of the order of 0.1 ps, which
is comparable to the Drude scattering time determined below.
For comparison, the width of the resonances in the InSb QW
only increases from 1 to 1.7 meV within this field range
[see Fig. 11(a) in the Appendix], corroborating our assump-
tion that alloying introduces additional short range disorder
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FIG. 2. Temperature dependence of the SdH oscillations in an InAsSb (a) and InSb (c) QW after subtraction of a magnetoresistance
background. Only the field range where no spin splitting is observed is shown. Temperature dependence of quantum oscillation amplitudes
at different magnetic fields in an InAsSb (b) and InSb (d) QW. The data was fitted with AT (B, T ), which describes the thermal damping of
quantum oscillations, to obtain the effective mass (see inset).

as the anion atoms will be randomly distributed over the
available sublattice sites, which is in line with the lower
mobility.

In Fig. 4, we extract the quantum lifetime τq from the
slope of the linear fit of 1/B vs ln( �ρxx

ρ0
AT (B, T )). Us-

ing the effective mass obtained above, τq was found to be
0.027 ps and was constant up to at least 20 K (see Fig. 4). The
Drude scattering time τD = 0.53 ps, which is determined with
the classical Drude model, has the same order of magnitude
as the scattering time extracted from the line width of the
CRs. Knowing τD enables us to calculate the Dingle ratio
as τD/τq ≈ 20. The fact that this value is significantly larger
than 1, means that long-range potential fluctuations are the
dominant scattering mechanism [27].

As the temperature dependence of the longitudinal
conductivity σxx at integer filling factors follows σxx ∝
exp(−Eact/2kBT ), we can determine the activation energy
Eact,ν of the individual filling factors. From the linear fits
presented in Fig. 1(b), we derive that Eact,(1,2,4,6) are 28.2,
23.4, 7.4 and 3.2 meV, respectively. By realizing that for
odd filling factors Eact,odd = g∗μBB − 
 and neglecting the
effect of the LL broadening 
, we can calculate the effective
g-factor. Therefore, at filling factor ν = 1, we have g∗ ∼ 21.9.
It has to be stressed that this value is an initial rough estimate,

as we do not take into account the g-factor enhancement due to
the exchange interaction. Plotting Eact,even as a function of B
and fitting this linear relation with the expression Eact,even =
h̄ωc − g∗μBB − 
, gives us an alternative method to deter-
mine the effective mass as well as a rough estimate of the LL
broadening 
 [see Fig. 3(b)]. The activation energies underes-
timate the actual LL separation as they contain contributions
from Zeeman splitting and LL broadening. Using the bare
g-factor g∗ = 24.1 acquired from coincidence measurements
that are to be discussed later in the manuscript, we can correct
for the Zeeman contribution. From these corrected activation
energies we get an effective mass m∗ ≈ 0.028me, which is
slightly larger than the one obtained from the temperature
dependence of the SdH oscillations and FIR transmission.
This discrepancy can be ascribed to the magnetic field de-
pendence of the LL broadening 
. Based on the offset of
Eact,even vs B, we can conclude that 
 has a lower bound of
7.4 meV. Using the relation 
 = h̄/τq we can compare this
lower bound for the LL broadening with the value extracted
from the above mentioned quantum lifetime. The quantum
lifetime corresponds to 
 = 24.4 meV, which is in reasonable
agreement with the value derived from the activation energy
if we keep in mind that the magnetic field dependence of the
LL broadening is neglected.

023259-4



QUANTUM HALL EFFECT IN InAsSb QUANTUM WELLS … PHYSICAL REVIEW RESEARCH 6, 023259 (2024)

5.0 10.0 15.0 20.0 25.0
0.8

1.0

1.2

1.4

1.6

1.8

2.0

2.2

2.4

2.6

0 5 10
0

5

10

15

20

25

Tr
an
sm
itt
an
ce

E (meV)

R
eststrahlen

band

0.5 T

1 T

1.5 T

2 T

2.5 T

3 T

3.5 T

4 T

(a)

Ecr
Eact,even
Eact,even+g*μBB

E
(m
eV
)

B (T)

(b)

FIG. 3. (a) Transmittance as a function of energy for different
magnetic fields in an InAsSb QW. The traces have a constant offset
of 0.2. In the region between 3 and 6 meV the signal is fairly noisy
due to lower signal strength and the pick up of electronic/mechanical
noise. Due to the Reststrahlen band, the sample becomes completely
opaque between 22 and 24 meV [26]. The arrows indicate the po-
sition of the CR determined from the Lorentzian fits (gray dashed
line). (b) Cyclotron resonance and activation energy as a function of
magnetic field. The corrected activation energies without the Zeeman
contribution were also included (blue dashed line).

A similar analysis can be performed for the InSb QW,
where the linear fits in Fig. 1(d) were used to extract
Eact,(1,2,3,4,5,6) and amounted to 26.7, 21.4, 5.9, 7.1, 2.8, and
5 meV, respectively. The magnetic field dependence of these
activation energies, plotted in Fig. 11(b) of the Appendix,
in combination with the linear relations for Eact,even and
Eact,odd introduced above, can be used to obtain g∗ ∼ 24.4
and m∗ ≈ 0.031me. The resulting effective mass is in rea-
sonable agreement with the value procured with temperature
dependent magnetotransport measurements, despite the fact
that we neglect the g-factor enhancement due to the exchange
interaction. Considering the difference between the effective
masses derived from FIR transmission and the temperature
dependence of the SdH oscillations, it is not possible to unam-
biguously identify a magnetic field dependent LL broadening
in the corrected value for Eact,even like in the InAsSb QW. The
lower bounds for the LL broadening 
 is 3.3 meV, which is
smaller than the corresponding value for the InAsSb QW and

0.36 0.40 0.44 0.48 0.52 0.56 0.60
-6

-4

-2

4 K
10 K
20 K

ln
(Δ

ρ x
x/ρ

0A
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FIG. 4. Quantum lifetime determined from the linear fit of the
exponential Dingle term in the Ando formula for the Shubnikov-de
Haas effect in an InAsSb QW.

would be in line with the observation that the CRs are sharper
in the InSb QW.

The activation energies derived above, can be compared
with the temperature where the QHE disappears. In litera-
ture there are reports that the thermal energy at which the
Hall resistivity is still quantized is roughly eight times larger
than the energy gap between the levels [28]. Based on this
phenomenological condition, we would expect the QHE in
the InAsSb (InSb) QW to survive up to 41 or 34 K (39 or
31 K) for ν = 1 and 2, respectively. Our magnetotransport
measurements show that in both devices quantized quantum
Hall plateaus survive up to 40 K [see Figs. 1(a) and 1(c)].
Consequently, we can conclude that the robustness of the
QHE is in good agreement with the activation energies of the
lower filling factors. On the other hand, in the InAsSb QW
signatures of the QHE are present till 60 K, suggesting that
the QHE is slightly more robust in this system as a result of
the smaller mass.

C. Determination of confinement

Next, with calculations based on multiband k · p theory,
we quantify confinement due to potential well skewing. First
of all, we have to realize that the effective band gap Eg

will be increased due to the confinement of the QW, which
in the infinite potential approximation amounts to Econ =
π2h̄2/2L2m∗

bulk, where L is the QW width and m∗
bulk the ef-

fective mass of the bulk material. By only including the first
order k · p terms, one uses a three-level model neglecting all
other bands except the conduction and valence band, giving
us an expression as in Ref. [27],

me

m∗ = 1 + 2meP2

h̄2(Eg + Econ)
. (5)

If all k · p terms of the five closest bands at the 
 point
including the spin orbit interaction are taken into account, one

023259-5



M. E. BAL et al. PHYSICAL REVIEW RESEARCH 6, 023259 (2024)

FIG. 5. With three and five band k · p theory, we calculate the
dependence of the effective mass on the QW width (a) and the quan-
tum well confinement as a function of the Sb content in InAs1−xSbx

(b). In the latter, we use an effective mass of 0.022me and include a
schematic depiction of the QW potential in the shaded area, illustrat-
ing the stronger confinement.

can express the effective mass as follows:

me

m∗ = 1 + 1

3

2meP2

h̄2

(
2

Eg + Econ
+ 1

Eg + �0 + Econ

)

− 1

3

2meP′2

h̄2

(
2

E ′
g − Eg + �′

0

+ 1

E ′
g − Eg

)
, (6)

where Eg, E ′
g, �0, �′

0, P and P′ are band-edge parame-
ters which can be found in literature [15,27]. All band-edge
parameters have a quadratic dependence on the alloy compo-
sition, which deviates from the linear interpolation between
two binary compounds by defining a so-called bowing param-
eter [15].

Figure 5(a) shows the effect of confinement on the effective
mass for an optimally doped InAsSb QW, i.e., a Sb content of
62%. Here we assumed that the bowing parameter for Eg is
similar to that of E ′

g, P and P′. These calculations show that the
effective mass becomes extremely sensitive to the QW width,
as soon as the well becomes thinner than 15 nm. Similarly, we
can determine the dependence of the QW width on Sb content
x when m∗ = 0.022me for both the three- and five-band model
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FIG. 6. Schematic representation of the principle behind a coin-
cidence measurement, where one can see the opening and closing of
the energy gap between even and odd Landau states. The position of
the coincidences for even and odd filling factors is indicated by the
dotted lines. In the three top panels we have plotted cross sections of
the density of states at different angles, which correspond to the
highlighted region between the Landau levels.

[see Fig. 5(b)]. In both cases, we see an abrupt increase in
confinement as x is increased from 0 to 0.1, after which the
dispersion starts to flatten off and eventually decreases again.
EDX scans of the QW, shown in Fig. 10, confirm the presence
of both As and Sb, which in conjunction with the fairly flat
dispersion around the desired Sb content of 0.62, suggest that
the QW width will most likely lie between 8 and 10 nm. This
rather strong confinement could thus explain the relatively
high effective masses we have reported earlier on.

D. Coincidence measurement

In this section we will discuss the interaction-induced en-
hancement of the g-factor as a function of spin polarization.
Due to this enhancement, the g-factor can become much
larger than predicted by k · p theory in the single-particle
picture [16]. To investigate this effect, we have performed
coincidence measurements. The principle of a coincidence
measurement, is to change the ratio between the LL spacing
and the Zeeman energy by varying the angle θ between the di-
rection of sample normal and total applied magnetic field Btot

[see inset Fig. 7(a)]. Here we utilize the fact that the LL energy
h̄ωc = h̄eB⊥

m∗ is proportional to the perpendicular field compo-
nent B⊥, whereas the Zeeman energy depends on Btot. Let us
define the parameter r, which is the ratio between these two
energies, i.e., r = g∗μBBtot/h̄ωc. Since B⊥ = cos(θ )Btot and
using the definition of the Bohr magneton (μB = eh̄/2me), we
can rewrite this expression as rcos(θ ) = g∗m∗/2me. For the
case r = 1, the Zeeman splitting g∗μBBtot equals the LL spac-
ing h̄ωc, meaning that for even filling factors the Landau states
with opposite spins have the same energy, closing the energy
gap between them. A similar reasoning holds for r = 2, but
now the spin splitting is twice as large as the LL spacing,
resulting in the suppression of the odd filling factors. Thus,
the longitudinal resistivity minima appear only at odd or even

023259-6



QUANTUM HALL EFFECT IN InAsSb QUANTUM WELLS … PHYSICAL REVIEW RESEARCH 6, 023259 (2024)

1.5 2.0 2.5 3.0 3.5 4.0 4.5 5.0 5.5
0.0

0.4

0.8

1.2

1.6

1.5 2.0 2.5 3.0 3.5 4.0 4.5 5.0 5.5
0.0

0.4

0.8

1.2

1.6

2.0

0 5 10 15
0

5

10

15
ν=9
ν=7
ν=5
ν=3

ρ x
x
(k

Ω
)

1/cos(θ)

(a) (b)

(c)

ρ x
x
(k

Ω
)

1/cos(θ)

ν=8
ν=6
ν=4
ν=2

ρ x
x
(k

Ω
)

B⊥ (T)

234567ν =

52.8°

59.89°

67.13°

74.45°

79.33° Btot
B⊥

θ

FIG. 7. (a) Angle dependence of ρxx in an InAsSb QW, where the angle was determined by aligning the ν = 5 minima. The curves have a
constant offset of 750 �. [(b) and (c)] Show ρxx as a function of θ for odd and even filling factors, respectively.

filling factors for r = 1 and r = 2, respectively. The opening
and closing of the energy gaps is schematically depicted in
Fig. 6. In this schematic representation, we have not taken into
account the effect of g-factor enhancement, which means that
the respective coincidences for odd and even filling factors
occur at the same angle.

Figure 7(a) shows the result of our coincidence measure-
ment, where we measured ρxx as a function of B⊥ at angles
ranging from θ = 53◦ to 79◦. The slope of the Hall signal
was used to provide a rough estimate of the angle θ , which
was subsequently optimized by aligning the ν = 5 or ν = 6
minima. Such optimization is required as a small error in the
angle can significantly misalign the minima, hindering the
accurate determination of the coincidence. However, it should
be noted that the angles obtained from the Hall resistivity and
SdH minima agree within better than 1% with each other. At
each filling factor, indicated by the dashed lines, we monitor
the evolution of ρxx as the angle is increased. The cross-
sections of these traces are plotted in Figs. 7(b) and 7(c) for
odd and even filling factors, respectively. It becomes appar-
ent from the position of the maxima that the g-factor is not
universal for the individual filling factors, as the coincidences
occur at different angles. With the expression for r we can
relate these coincidences to g∗m∗, which is proportional to
the spin susceptibility χ = g∗m∗/2π h̄ in 2D systems [29], or
equivalently to g∗ after normalizing it with m∗. Figure 8 shows
the dependence of g∗m∗ on the spin polarization P, defined
as P = r/ν. The data displays a monotonic increase with spin
polarization and g∗ can become as large as 70 when the system

is fully spin polarized at P = 1. Such an enhancement of the
g-factor with a linear increase as a function of polarization
was also reported recently in an undoped InSb QW [16]
and has indeed been observed longer ago in GaAs-based
2DESs [30,31] and graphene [32]. It can be explained by the
effect of electron-electron interaction leading to an exchange
enhanced spin splitting within a Landau level [33,34] which
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FIG. 8. g∗m∗ as a function of P. Using the effective mass ob-
tained by from the mass analysis, m∗ = 0.022me, one can determine
the effective g-factor. The corresponding g∗ values are shown on the
right-hand side axis. The inset displays E 0

ex as a function of Btot . The
exchange parameter was extracted from the linear fit of g∗.
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allows us to express the effective g-factor as

g∗ = g∗
0 + E0

exP

μBBtot
, (7)

where g∗
0 is the bare g-factor of the band electrons and E0

ex
is the exchange parameter [30,31]. From the experimentally
observed linear dependence of g∗ on the polarization we can
then extract E0

ex as a function of the total magnetic field as
plotted in the inset of Fig. 8. The exchange parameter E0

ex
increases linearly with magnetic field since the separation of
the neighboring Landau levels of opposite spin becomes more
pronounced with respect to LL broadening. It is significantly
larger in InAsSb (28 meV at 10.5 T) than in, for example,
graphene (11.2 meV at 10 T [32]), a 2DES with a comparable
large Ladau level separation which points towards stronger
electron-electron interactions in our system. At the same time,
as mentioned earlier, we now see that the value for the g-factor
obtained from the activation energies when the field was per-
pendicular to the sample, should be treated as the bare g-factor
of an unpolarized 2DES, i.e., g∗ = 24 at P = 0.

Next, we will compare this result to k · p theory, where g∗
is given by

g∗
0 = 2 − 2

3

2meP2

h̄2

(
1

Eg + Econ
+ 1

Eg + �0 + Econ

)

+ 2

3

2meP′2

h̄2

(
1

E ′
g − Eg

+ 1

E ′
g − Eg + �′

0

)
, (8)

such as in Ref. [27]. From this expression, we get g∗ = 39.9 if
we take L = 8 nm and x = 0.62. Like in the previous section,
the band-edge parameters were determined using a quadratic
interpolation between the two binary compounds. The ob-
tained g-factor is larger than the experimentally determined
value. This could be explained by the uncertainty in the two
independent parameters, as g∗ strongly depends on the values
used for the calculation.

IV. CONCLUSIONS

In summary, we have shown that by alloying InSb with
InAs, we can reduce the effective mass. The masses extracted
from the CRs are in good agreement with those obtained from
the temperature dependent SdH measurements. The fact that
the masses are larger than the bulk values can be ascribed to
a strong 2D confinement. The QHE is observed up to 60 K,
which is in line with the obtained activation energies. Also, an
interaction-induced enhancement of the g-factor was observed
with the coincidence method. At the largest spin polarization,
g∗ can be as large as 60. From the linear fit of the g-factor
as a function of spin polarization we can extract values for
the exchange parameter, which are significantly larger than
those reported for graphene at comparable magnetic fields.
To conclude, we have presented important proof-of-principle
experiments on InAsSb QWs, a promising system with the
potential of realising a low mass, high g-factor system.
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APPENDIX

1. Sample characterization

The layer stack of InSb, along with the InAsSb quan-
tum wells (QWs), is illustrated in Fig. 9. Further insights
into the characteristics of the InSb QW can be found in
the works of Christian Lehner [22,23]. Utilizing these in-
vestigations, adjustments were made to the buffer structure
of the InAsSb QW sample in order to achieve a nearly
lattice-matched InAlSb barrier enveloping the QW. For the
intended InAs0.38Sb0.62 QW, this adaptation resulted in an
In0.46Al0.54Sb/In0.58Al0.42Sb buffer structure.

The fabrication of the samples took place using a molecular
beam epitaxy (MBE) Veeco Gen II system, with As and Sb be-
ing supplied via valved cracker sources. The temperatures of
the As and Sb crackers were set at 750 ◦C and 700 ◦C, respec-
tively. A pyrometer was employed to measure the substrate
temperature. The growth rates of group III elements were
determined through the analysis of Reflection High-Energy
Electron Diffraction (RHEED) oscillations. The V/III ratios
were then deduced from these growth rates of group V and
group III elements.

The growth rate of As (Sb) was derived by tracking As (or
Sb) oscillations using the following method. Initially, the As

FIG. 9. Layer stack of the InSb QW structure (a) (with x = 0.1,
y = 0.3) and the InAsSb QW structure (b) (with x = 0.42, y = 0.54).
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FIG. 10. (a) The x-ray diffraction measurements depict symmetric (004), asymmetric (115-), and (115+) scans. These x-ray rocking curves
reveal the diffraction peaks of the GaSb substrate, including the AlSb/GaSb superlattice (SL1), the In46Al54Sb/In58Al42Sb buffer, and satellite
peaks of the In46Al54Sb/In58Al42Sb superlattice (SL2). The peak corresponding to the InAsSb quantum well (QW) either coincides as expected
with the In58Al42Sb Layer peak or is relatively weak. The asymmetric rocking curves reveal that the In58Al42Sb layer is slightly strained (with
95% relaxation). (b) A simulation of the symmetric (004) x-ray rocking curve of the InAs0.38Sb0.62 QW heterostructure is presented. (c) A
transmission electron microscopy (TEM) image demonstrates the InAsSb QW surrounded by InAlSb wells. Qualitative evidence of As atoms
in the QW layer is substantiated by the energy-dispersive x-ray (EDX) linescan.

(Sb) flux was terminated, and approximately 10 monolayers
(MLs) of Ga were deposited onto the surface of GaAs (GaSb)
at a rate of 0.5 Å/s and a temperature of 570 ◦C (480 ◦C).
Immediately thereafter, As (Sb) was introduced at a selected
valve setting, resulting in distinct and well-defined RHEED
oscillations. For the InAsSb QW, an As (Sb) flux correspond-
ing to a GaAs (GaSb) growth rate of 0.7 Å/s (4.8 Å/s) was
employed. The In0.46Al0.54Sb/In0.58Al0.42Sb buffer and the
InAsSb QW were grown with a constant InAs (InSb) growth
rate of 1.4 Å/s (1.7 Å/s) at a substrate temperature of 430 ◦C.

The composition of InAsxSb1−x layers is influenced not
only by the appropriate As/Sb flux ratio but also by other
growth conditions, including the growth temperature and
the specific As and Sb species from the valved cracker
sources [22]. To ensure accurate composition control, thicker
InAsxSb1−x layers on an In1−yAlySb/In1−xAlxSb buffer were
utilized as a reference, and their composition was calibrated
using (004) x-ray diffraction measurements.

Figure 10(a) displays x-ray rocking curves of the final
InAsSb QW heterostructure in the symmetric (004) direction
along with the complementary directions (115-) and (115+).
The anticipated peak of the InAs0.38Sb0.62 QW either coin-
cides with the peak of the In0.58Al0.42Sb layer or exhibits a
weak signal due to the relatively thin nature of the QW in
comparison to the buffer structure. A simulation of the x-ray
rocking curve for this heterostructure [Fig. 10(b)] confirms
the validity of this assumption. Considering the limitations
imposed by the resolution of the x-ray equipment and fluctu-
ations in the flux measurement, we estimate the As content to
fall within a range of 33% to 38%. The faint satellite maxima
emerge due to In0.46Al0.54Sb/In0.58Al0.42Sb superlattices in
the buffer (SL2) and an AlSb/GaSb superlattice in the GaSb
layer (SL1). The InAs0.38Sb0.62 QW is examined via TEM and

EDX. The EDX linescan qualitatively confirms the presence
of As atoms in the QW layer.

A qualitative assessment of the strain in the QW and the
buffer can be inferred from measurements using the asymmet-
ric diffraction geometry. The noncoincident maxima positions
of In0.58Al0.42Sb indicate a slightly strained pseudomorphi-
cally grown QW (∼95% relaxation). Conversely, the maxima
of In0.46Al0.54Sb overlap, indicating relaxation in these layers.

2. FIR transmission InSb QW

The transmittance spectra contain CR features all the way
up to 30 T [see Fig. 11(a)]. In the field range between 11
and 18 T, there are two distinct CR dips present due to the
nonequidistant LL spacing stemming from the nonparabol-
icity of the bands. This nonparabolicity can be clearly seen
in the nonlinear magnetic field dependence of the CR energy
[see Fig. 11(b)]. Using k · p perturbation theory, we can self-
consistently calculate the LL fan diagram and identify the LL
transitions governing the resonances. These calculations show
that the upper and lower branch of resonances are related to
transition between the first and second Landau level with spin-
up and spin-down electrons, respectively. This would explain
the disappearance of the lower CR branch around 20 T, as the
corresponding LL is almost completely depopulated close to
ν = 1 [see Fig. 1(c)]. The effective mass can be determined
from the low-field data in Fig. 11(b), where the dispersion is
still linear, giving us m∗ ≈ 0.025me. This value is noticeably
smaller than the value extracted from the transport data. Such
a discrepancy could originate from the fact that the FIR trans-
mission measurements were performed with a different piece
of the wafer, which can have different values for the effective
mass.
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