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Electronic g factor and tunable spin-orbit coupling in a gate-defined InSbAs quantum dot
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We investigate transport properties of stable gate-defined quantum dots formed in an InSb0.87As0.13 quantum
well. High g factor and strong spin-orbit coupling make InSbxAs1−x a promising platform for exploration of
topological superconductivity and spin-based devices. We extract a nearly isotropic in-plane effective g factor by
studying the evolution of Coulomb blockade peaks and differential conductance as a function of the magnitude
and direction of magnetic field. The in-plane g factors, |g∗

[11̄0]| and |g∗
[110]|, range from 49 to 58. Interestingly, this

g factor is higher than that found in quantum dots fabricated from pure InSb quantum wells. We demonstrate
tunable spin-orbit coupling by tracking a spin-orbit coupling mediated avoided level crossing between the ground
state and an excited state in magnetic field. By increasing the electron density, we observed an increase in an
avoided crossing separation, �SO. The maximum energy separation extracted is �SO ∼ 100 μeV.
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I. INTRODUCTION

The two-dimensional electron gas (2DEG) confined in InS-
bAs quantum wells is a promising candidate for exploration
of topological superconductivity [1,2] and spin-based device
applications [3,4] due to its strong spin-orbit coupling (SOC)
[5–7] and high effective g factor [5,8,9]. InSbAs is readily
proximitized by s-wave superconductors [5,8], rendering it an
interesting alternative to binary InSb in structures requiring
the marriage of superconductivity and SOC. Furthermore, the
2DEG platform offers advantages for scalability of complex
devices. A few experimental studies have begun to explore the
benefits of this material system in devices, but many funda-
mental properties in confined geometries are not yet explored.
Rashba SOC strength in planar InSbAs 2DEGs as a function
of arsenic mole fraction was explored in surface layers and
buried quantum wells [5,6]. Measurement of the g factor has
been performed on planar InSbAs/InSb superlattices [10],
high-quality InSbAs alloys [11], and in surface layers [5].
While recent studies have shown the promise of this material
for the study of topological superconductivity and Majorana
chains [5,8,12,13], there has been limited work detailing the
modification of basic electronic properties in confined low-
dimensional structures.

The present work explores the properties of gate-defined
quantum dots (QDs) in an InSbAs quantum well. QDs may be
used as fundamental building blocks for a variety of quantum
device applications [12,13], enabling quantum simulation [14]
and spin qubits [4]. Specifically, QDs formed in materials
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with strong SOC may be employed for readout of topolog-
ical qubits [15,16], and for spin-orbit controlled spin qubits
[17,18] as the strong SOC enables fast spin manipulation.
By employing a local oscillating electric field, an induced
spin resonance can be achieved by coupling the field and
the spin via the SOC. When tuning a single dot in an array,
electrostatic gating has benefits for local manipulation over
a static magnetic field and an electron-spin resonance pulse
[17,19].

Here, we present a detailed study of the operation and
properties of a quantum dot defined in an InSb0.87As0.13 quan-
tum well. We extract the in-plane g factor and examine the
impact of SOC on electronic structure in the quantum dot.
We extract the in-plane g factor by studying the evolution of
Coulomb blockade peaks and differential conductance with
magnetic field Bx ‖ [11̄0] and By ‖ [110] crystallographic
directions. The measurements yield an in-plane isotropic g
factor with a value ranging from |g∗

‖| ∼ 49–58, significantly
higher than |g∗

‖| ∼ 26–35 found in QDs formed in pure InSb
quantum wells [20]. Additionally, by employing a dual-layer
gate design, we present evidence of a tunable SOC through
the observation of an avoided crossing between the ground
state and an excited state in a magnetic field. This enables the
determination of spin-orbit interaction strength by extracting
an energy gap for the anticrossing of �SO of ∼100 μeV.

II. EXPERIMENTAL DETAILS

The heterostructure employed in this work is grown by
molecular beam epitaxy on a GaAs (001) substrate with 0.5◦
miscut toward (111)B. The active region is formed by a 30 nm
InSbxAs1−x quantum well with an antimony mole fraction of
x = 0.87. The 2DEG is buried 40 nm below the surface, as
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FIG. 1. (a) Schematic of the heterostructure employed in this study. (b) Model of the device design with dual layer gates insulated with
20 nm Al2O3 (not shown for clarity) below the fine gates and 40 nm Al2O3 below the global top gate. The first layer of fine gates defines the
quantum dot, while the second layer serves as a global gate to control the carrier density. (c) Coulomb blockade peaks as a function of plunger
gate voltage with AC excitation voltage of VAC = 25 μV, the tunneling barriers are QPCL = −0.155 V and QPCR = −0.185 V, and the global
top gate is set to VGlobal = +50 mV. Inset: False color SEM image of the quantum dot design and magnetic field directions. The blue gates
are the tunneling barriers QPCL and QPCR, and the green gates are the plunger VP. (d) Conductance through the quantum dot as a function of
plunger voltage (VP) and source-drain bias (VSD).

seen in Fig. 1(a), and has a zero-bias (VGlobal = 0 V) 2DEG
density of n = 1.5 × 1011 cm−2. More details on the het-
erostructure growth and 2DEG properties may be found in
Ref. [6]. A QD is fabricated using a dual-layer gate process
on top of a mesa forming a Hall bar with ohmic leads. The
mesa is 30 μm wide and 405 μm long, while ohmic probes are
separated by 315 μm. The dual-layer gate design allows mod-
ulation of the electron density by the global top gate once the
confined quantum dot geometry is defined by the fine gates.

Preliminary magnetotransport characterization was per-
formed at T = 1.8 K to extract 2DEG carrier density as a
function of VGlobal and test functionality of fine gates. The
QD was subsequently measured in a dilution refrigerator at
T = 10 mK using low-frequency AC lock-in techniques with
AC excitation (VAC) of 35 μV or lower. The QD dual-layer
gate design is shown in Fig. 1(b). The first layer of fine gates
establishes the QD, as shown in the inset of Fig. 1(c); it is
composed of two quantum point contacts (QPC) and a pair
of middle plunger gates. The left (QPCL) and right (QPCR)
gates functioned as the tunneling barriers, and the middle
gates functioned as the plunger gate (VP), tuning the dot’s
size. A second large-area metal layer formed the global gate
(VGlobal ), which allowed for electrostatic control of the number
of electrons in the quantum dot.

All fine gates (QPCL, QPCR, and VP) were bias cooled from
room temperature with a voltage of +0.65 V as bias cooling
resulted in more stable device performance. As a first step, the
dot was tuned to the Coulomb blockade regime, with VGlobal

set to +50 mV, VAC = 25 μV, while QPCL = −0.155 V and
QPCR = −0.181 V. As shown in Fig. 1(c), we observed trans-
mission peaks indicating the tunneling of electrons in and
out of the dot; each peak occurs when the electrochemical
potential of the source or drain aligns with one of the dot’s
unoccupied energy levels [21].

With VGlobal = +50 mV resulting in a 2DEG density
n = 1.6 × 1011cm−2 and using the lithographic area of the
dot, we set an upper bound on the number of electrons (N) to

be � 90. However, due to lateral depletion around the gates,
the electrostatic dimensions of the dot are actually smaller; we
roughly estimate a few tens of electrons occupy the dot. For
subsequent analysis the magnetic field was aligned parallel to
either the [11̄0] or [110] crystallographic directions, as seen
in the inset in Fig. 1(c)

We measured the differential conductance as a function
of plunger gate voltage while applying the source-drain bias
symmetrically across the device. VSD/2 is applied to the
source while −VSD/2 is applied to the drain. We set an AC
excitation voltage to VAC = 35 μV, and the tunneling barriers
to QPCL = −0.155 V and QPCR = −0.181 V. Well-defined
Coulomb diamonds are observed as seen in Fig. 1(d). The
measurements yielded symmetric Coulomb diamonds, which
implies equal coupling of the source and drain to the dot. We
also observed clear signs of transport through excited states by
resolving conductance peaks parallel to the diamond edges.

Using standard analysis techniques for QDs [22], the
plunger gate lever arm was calculated from the Coulomb
blockade diamonds shown in Fig. 1(d). We note that
αP = δVSD/δVP = 132 meV/V, where δVSD is inferred from
the diamond’s height, corresponding to the electrochemical
potential difference between the source and the drain, while
δVP is the change in plunger gate voltage between the two
consecutive Coulomb peaks of the diamond at zero source-
drain bias. This calculation was performed for every diamond
shown in Fig. 1(d) to extract an average lever arm. With
knowledge of αP, the lever arms of the other gates were
extracted by measuring gate-gate maps of pairs of gates. The
extracted level arms for each gate are αGlobal = 223 meV/V,
αL = 88 meV/V, and αR = 124 meV/V. αR � αL indicates
the electron distribution may be slightly shifted toward QPCR.
The gate-gate maps of conductance resonances yield lever
arms that indicate good electrostatic control of the dot and the
absence of accidental dot formation resulting from disorder.

From the smallest diamond in Fig. 1(d), we estimated a
charging energy of Ec � 0.750 meV. We did not observe a

235306-2



ELECTRONIC g FACTOR AND TUNABLE SPIN-ORBIT … PHYSICAL REVIEW B 108, 235306 (2023)

(b)(a) (c)

(d)

n1

n2

n3

FIG. 2. (a) Evolution of the Coulomb blockade peaks as a function of the in-plane magnetic field Bx aligned along the [11̄0] direction. The
arrows along the conductance peaks represent the spin of the electron tunneling into a given orbital energy level. The white lines are dot energy
levels with the spin configuration specified. The AC excitation voltage is VAC = 35 μV, while the tunneling barriers and global gate voltage
were set to QPCL = −0.155 V and QPCR = −0.181 V and VGlobal = +50 mV. (b) Addition energy as a function of in-plane magnetic field.
The g factor is estimated with a linear fit at low field (black line). (c) Evolution of the Coulomb blockade peaks as a function of the in-plane
magnetic field By aligned along the [110] direction. (d) Evolution of the Coulomb blockade peaks as a function of perpendicular magnetic field
Bz aligned along the [001] direction.

systematic variation of the addition energy as a function of
added electrons, as may be expected for an even-odd variation
resulting from the spin degeneracy of the orbital levels [20] or
an atomlike orbital filling pattern [23]. The lack of a regular
pattern in the diamond size may be associated with strong
SOC modification of level spectrum [24] or asymmetry in the
confinement potential of the dot [25,26]. In our case, both
mechanisms are potentially active due to InSbAs having a
large intrinsic Rashba coupling and the lithographic elliptical
shape of the dot.

III. ZEEMAN COUPLING WITH CONFINEMENT

One important parameter to understand in the confined
quantum dot geometry is the effective g factor. Given the
reduced symmetry of the dot, the g factor may vary with
direction and may differ from values extracted in the planar
2DEG geometry. We explored Zeeman coupling with an in-
plane magnetic field oriented parallel to the [11̄0] and [110]
crystallographic directions. We also attempted to measure the
out-of-plane response, but as will be discussed shortly, the
lack of a clearly defined linear response regime prohibited
identification of |g∗

[001]|.
The first method used for the extraction of the g factor ana-

lyzed the evolution of the Coulomb peaks at zero source-drain
bias as a function of magnetic field [20,23,27]. Figure 2(a)
shows the evolution of the Coulomb peaks as a function of
the in-plane magnetic field, Bx, along the [11̄0] direction.
At zero magnetic field, sweeping the plunger towards less
negative voltage adds electrons to the QD; each orbital energy
level may be occupied by a spin-up and a spin-down electron.
The conductance peaks correspond to a resonance where an
electron is able to tunnel in and out of the dot, and the energy
difference between consecutive peaks, known as the addition

energy (�μ), can be calculated through the lever arm of the
plunger gate as �μ(B = 0) = αP × �VP. With the addition
of magnetic field, each state has an additional Zeeman contri-
bution to its energy: ± 1

2 g∗μBB. By analyzing the evolution of
�μ as a function of the magnetic field, we may extract the g
factor.

At low magnetic fields, �μ(B) changes linearly due to
the Zeeman energy, Ez = g∗

nμBB. When two consecutive
resonances move apart from one another, they correspond
to spin-up (↑), and spin-down (↓) states belonging to the
same orbital energy level. Figure 2(b) shows the measured
�μ(B) = �μ(0) + Ez for three sets of consecutive transmis-
sion peaks belonging to three distinct orbital energy levels
shown in Fig. 2(a), which we label as n1, n2, and n3. Using
a linear fit at a low magnetic field, we extract the g factor
in the [11̄0] crystallographic direction, |g∗

[11̄0]
| ∼ 55–59, the

value varying slightly for the different orbital levels. Similarly,
from the data shown in Fig. 2(c), the g factor in the [110] crys-
tallographic direction is |g∗

[110]| ∼ 52–59. Figure 2(d) shows
the evolution of the Coulomb blockade peaks with the mag-
netic field Bz parallel to the [001] crystallographic direction
perpendicular to the plane of the quantum dot at low magnetic
field; we do not observe a linear in magnetic field regime,
precluding extraction of |g∗

[001]|.
With increasing magnetic field, every conductance reso-

nance eventually undergoes a change in slope. This observa-
tion can be understood as a spin-down (↓) state associated
with a higher-lying orbital energy level lowering in energy due
to the Zeeman contribution and passing through a lower-lying
orbital state with spin-up (↑). When a higher-lying orbital
state with reversed spin becomes lower in energy than the
lower-lying orbital state with spin-up (↑), it becomes the new
low-lying available state for conduction, and the spin config-
uration of the dot is changed. This phenomenon is sketched in
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the schematic in Fig. 2(a). For example, the conductance res-
onance associated with the n2 spin-down state (green arrow)
changes its slope around Bx = 0.12 T due to the spin-up state
of the orbital energy level n3 (light blue arrow) decreasing
in energy, leading to a change in the lowest-lying available
state in the dot. Accordingly, the change in slope of the third
transmission peak from the top of Fig. 2(a) can be interpreted
as a transition from a singlet to a triplet state, as shown by the
green arrows in Fig. 2(a).

The second method used to estimate the g factor of the
confined electrons is through differential conductance mea-
surements tracking the evolution of the QD’s ground state as a
function of in-plane magnetic field [27,28]. The conductance
peaks delineating the Coulomb diamonds in Fig. 1(d), and
intersected by the light blue and orange lines, reflect transport
through the QD’s ground state with an odd or even occupancy
of electrons. The peaks occur when the electrochemical po-
tential of either the source (−VSD) or drain (+VSD) aligns to
the lowest unoccupied energy state in the QD. When trans-
port is measured through the quantum dot occupied by an
odd number of electrons, we measure the tunneling into a
spin-down state, as shown in the schematic of Fig. 3(a) by
the red arrow, while the transport through the dot with an
even number of electrons corresponds to the tunneling of an
electron to either of the available spin-split states, spin-up
(↑) and spin-down (↓), of the respective orbital energy level
as shown in Fig. 3(b) by the red arrows. Figures 3(a) and
(b) show transport evolving with magnetic field Bx aligned
to the [11̄0] crystallographic direction. The differential con-
ductance measurements are also performed as a function of
magnetic field in the [110] crystallographic direction and
show nearly identical features as in the [11̄0] crystallographic
direction.

Figure 3(a) shows the evolution of the differential con-
ductance at fixed plunger gate voltage of VP = −0.5385 V
as a function of the magnetic field Bx aligned to the [11̄0]
crystallographic direction. Because the dot is at odd occu-
pancy, we measure transport through the spin-down state (↓)
of orbital energy level n1. The lowest energy differential con-
ductance peaks increase toward higher |VSD| as a function
of magnetic field since we have one unoccupied spin state
associated with the orbital level n1. The peak evolves as
EZ = g∗μBB/2. Due to the equal coupling of the source and
drain contacts to the quantum dot, and the symmetric biasing
of the dot, the energy is given by eVSD/2. The extraction of
the g factor in the [11̄0] crystallographic and in the [110] crys-
tallographic direction yielded |g∗

[11̄0]
| ∼ 49 and |g∗

[110]| ∼ 49.
The values are represented by the green and red diamonds
in Fig. 3(c).

The orange line in Fig. 1(d) corresponds to a fixed plunger
gate voltage of VP = −0.5275 V. Figure 3(b) shows transport
through the quantum dot evolving with magnetic field Bx

along the [11̄0] crystallographic direction. The lowest energy
peaks measured at zero magnetic field correspond to the two
available spin-up (↑) and spin-down (↓) states of the orbital
energy level n2. Each state evolves as a function of EZ =
g∗μBB/2, and the separation between the two peaks equals
2EZ . The extracted g factors from the measurements shown in
Fig. 3(b) are |g∗

[11̄0]| ∼ 55 and similarly |g∗
[110]| ∼ 58, which

are the green and red stars shown in Fig. 3(c). Both extraction

G (2e2/h)

G (2e2/h)(a) G (2e2/h)(b)

(c) (d)

0 T B > 0 T 0 T B > 0 T

FIG. 3. (a) Evolution of the differential conductance with fixed
plunger gate voltage, VP = −0.5275 V, along the light blue line
in Fig. 1(d) as a function of magnetic field Bx along the [11̄0]
crystallographic direction. At this plunger gate value, the dot has
odd occupancy. The AC excitation voltage is VAC = 35 μV, while
QPCL = −0.155 V and QPCR = −0.181 V. (b) Evolution of the
differential conductance, with fixed plunger gate voltage VP =
−0.5385 V, along the orange line in Fig. 1(d) as a function of mag-
netic field Bx along the [11̄0] crystallographic direction. The quantum
dot is now at even occupancy. The conduction may occur through
either the spin-up or spin-down state of orbital level n2. (c) In-plane
g factor for orbital levels n1, n2, and n3. Green and red markers
correspond to values of a g factor extracted from measurements with
the magnetic field in the [11̄0] and [110] crystallographic directions,
respectively. Triangles (�) and squares (�) are extracted from the
evolution of the zero-bias Coulomb blockade peaks in a magnetic
field. The diamonds (�) and stars (�) correspond, respectively, to
the differential conductance as a function of a magnetic field along
the light blue and orange line cuts shown in the Coulomb blockade
diamonds plot in Fig. 1(d). (d) Evolution of the singlet GS and triplet
ES along the green line shown in Fig. 1(d) as a function of the
in-plane magnetic field Bx along the [11̄0] crystallographic direction
with a fixed number of electrons in the dot. The arrows along the
conductance peaks represent the spin of the electron tunneling into a
given orbital energy level.

methods described here yielded comparable values and show
little anisotropy between the [11̄0] and [110] crystallographic
directions.

The g factor values extracted from the Coulomb
blockade peaks at zero source-drain bias agree well with
the values extracted from the differential conductance
measurements. Similarly, both methods yield nearly isotropic
g factors in the two crystallographic directions [11̄0]
and [110]. Confined electrons in InSb0.87As0.13 quantum
wells show a significantly higher in-plane g factor than
that measured in quantum dots formed in a pure InSb
quantum well of similar design, where |g∗

‖| ∼ 26–35 [20].
Introduction of arsenic into the InSb lattice reduces the
fundamental bandgap and results in enhanced interband
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FIG. 4. (a) Charge stability diagram with +300 mV on the top global gate and tunneling barriers QPCL = QPCR = −0.255 V. VAC =
10 μV. [(b)–(e)] Evolution of GS and ES with different gate voltages as a function of the in-plane magnetic field Bx aligned to the [11̄0]
crystallographic direction. (b) Differential conductance measurement along the green line shown in Fig. 4(a). VGlobal = +300 mV, VAC = 6 μV,
and QPCL = QPCR = −0.255 V. (c) VGlobal = +275 mV, VAC = 6 μV, and QPCL = QPCR = −0.249 V. (d) VGlobal = +250 mV, VAC = 6 μV,
and QPCL = −0.242 V, and QPCR = −0.245 V. (e) VGlobal = +225 mV, VAC = 6 μV, and QPCL = QPCR = −0.241 V. (f) Spin-orbit mediated
avoided crossing gap as a function of VGlobal .

matrix elements that increase the absolute value of the g
factor. Overall, the value found in our experiment is slightly
lower than the bulk g factor expected for InSb0.87As0.13,
|g| ∼ 70, estimated theoretically using the Roth
formula [8,29].

IV. SPIN-ORBIT COUPLING MEDIATED
AVOIDED CROSSING

Next, we study the spin-orbit coupling strength and mea-
sure the evolution of the ground state (GS) and an excited
state (ES) as a function of the magnetic field. When SOC
is treated perturbatively, the GS and an ES are mixed. In an
applied magnetic field where spin selection rules are violated
by SOC, this mixing yields level dispersion and an avoided
crossing resolved as a gap between the energies of the GS and
ES at finite in-plane field. The apparent gap �SO is indicative
of the strength of the mixing [30].

Figure 3(d) shows the differential conductance measure-
ment along the green line in Fig. 1(d) as a function of magnetic
field. With this variation of VP and VSD, we probe the QD’s GS
and ES at an odd occupancy of electrons while the magnetic
field is varied. In Fig. 3(d), we identify the lowest energy
resonance as the singlet GS, with total spin S = 0. This cor-
responds to the transport through the spin-down state of the
orbital energy level n1, as shown by the red arrow along
the resonance. The higher energy resonances show transport
through the ESs. The ES of two unpaired electrons, with total
spin quantum number S = 1, splits into three triplet states,

T+, T0, and T− with the spin’s z projection, Sz = +1, 0, and
−1 [31]. While the GS increases in energy with magnetic
field, the ES undergoes a splitting into two resonances. These
resonances correspond to the transport of a spin-up and spin-
down electron through the energy level T+ (Sz = 1) and T0

(Sz = 0). These transitions, ↑↔ T+ and ↑↔ T0, are under-
stood as the two most favorable transitions [28]. Figure 3(d)
shows the ES state, T+, moving down in energy and closer to
the GS, while the T0 moves further away. T0, indicated with
a white dashed line in Fig. 3(d), is resolved but has lower
conductance due to the enhanced transition rate to the T+
state. The measurements in Fig. 3(d) (VGlobal = +50 mV) do
not resolve a clear anticrossing since the singlet GS intersects
the T+ ES, indicating weak SOC at this particular value of
chemical potential. At electron density n ∼ 1.6 × 1011 cm−2,
self-consistent simulations [32] of this heterostructure in-
dicate a nearly symmetric quantum well and therefore
weak SOC [6].

We increase the electric field to enhance the asymmetry
of the quantum well and, consequentially, the Rashba cou-
pling. Increasing VGlobal to +300 mV results in a density of
n = 2.7 × 1011 cm−2. As seen in Fig. 4(a), by remeasuring
the evolution of a GS and ES as a function of the magnetic
field at higher VGlobal along the green line in Fig. 4(a), we
indeed observe a spin-orbit mediated avoided crossing be-
tween the singlet GS and the ES, T+, at around B ∼ 0.22 T.
The avoided crossing gap extracted from spectroscopy is ap-
proximately �SO ∼ 86 μeV. Under these circumstances, the
SOC is enhanced due to the higher electric field across the

235306-5



S. METTI, C. THOMAS, AND M. J. MANFRA PHYSICAL REVIEW B 108, 235306 (2023)

heterostructure. The observed avoided crossing in a QD de-
fined in an InSbAs 2DEG indicates gate control of the SOC
strength. We measure the same GS and ES evolution as a
function of the magnetic field at different VGlobal ranging from
225 mV to 300 mV, as seen in Figs. 4(b)–4(e). As VGlobal

decreases, the gap becomes smaller, indicating a decrease in
SOC in agreement with Ref. [6]. This is the first demonstra-
tion of a tunable SOC in a gate-defined quantum dot in this
material system. The ability to tune spin-orbit coupling can
provide utility for spin manipulation in mesoscopic devices.
The maximum gap extracted from the avoided crossing is
smaller than the one extracted in InSb nanowires of �SO ∼
280 μeV [27,33,34]; however, the measured gap depends sig-
nificantly on the size of the dot, chemical potential, and the
magnetic field [30], making direct comparison difficult.

V. CONCLUSIONS

In conclusion, we demonstrate the first realization of a
tunable gate-defined quantum dot in a buried InSbAs quantum
well with peak mobility of ∼200 000 cm2/Vs. Our measure-
ments indicate (i) large in-plane g factor � 50, and (ii) in situ
tuning of SOC strength. These results should stimulate further
investigation of this material system for spin-based devices
and topological superconductivity.

ACKNOWLEDGMENTS

We thank Dr. James Nakamura for careful reading of this
manuscript and valuable suggestions. This work was sup-
ported by Microsoft Quantum.

[1] R. M. Lutchyn, J. D. Sau, and S. Das Sarma, Majorana
fermions and a topological phase transition in semiconductor-
superconductor heterostructures, Phys. Rev. Lett. 105, 077001
(2010).

[2] Y. Oreg, G. Refael, and F. von Oppen, Helical liquids and
Majorana bound states in quantum wires, Phys. Rev. Lett. 105,
177002 (2010).

[3] S. Datta and B. Das, Electronic analog of the electro-optic
modulator, Appl. Phys. Lett. 56, 665 (1990).

[4] D. Loss and D. P. DiVincenzo, Quantum computation with
quantum dots, Phys. Rev. A 57, 120 (1998).

[5] C. M. Moehle, C. T. Ke, Q. Wang, C. Thomas, D. Xiao, S.
Karwal, M. Lodari, V. van de Kerkhof, R. Termaat, G. C.
Gardner, G. Scappucci, M. J. Manfra, and S. Goswami, InSbAs
two-dimensional electron gases as a platform for topological
superconductivity, Nano Lett. 21, 9990 (2021).

[6] S. Metti, C. Thomas, D. Xiao, and M. J. Manfra, Spin-orbit
coupling and electron scattering in high-quality InSb1−xAsx

quantum wells, Phys. Rev. B 106, 165304 (2022).
[7] J. E. Sestoft, T. Kanne, A. N. Gejl, M. von Soosten, J. S.

Yodh, D. Sherman, B. Tarasinski, M. Wimmer, E. Johnson,
M. Deng, J. Nygård, T. S. Jespersen, C. M. Marcus, and P.
Krogstrup, Engineering hybrid epitaxial InAsSb/Al nanowires
for stronger topological protection, Phys. Rev. Mater. 2, 044202
(2018).

[8] W. Mayer, W. F. Schiela, J. Yuan, M. Hatefipour, W. L. Sarney,
S. P. Svensson, A. C. Leff, T. Campos, K. S. Wickramasinghe,
Dartiailh et al., Superconducting proximity effect in InAsSb
surface quantum wells with in situ Al contacts, ACS Appl.
Electron. Mater. 2, 2351 (2020).

[9] R. Winkler, Spin-Orbit Coupling Effects in Two-Dimensional
Electron and Hole Systems (Springer, Berlin, Germany, 2003),
Vol. 191.

[10] Y. Jiang, M. Ermolaev, G. Kipshidze, S. Moon, M. Ozerov, D.
Smirnov, Z. Jiang, and S. Suchalkin, Giant g-factors and fully
spin-polarized states in metamorphic short-period InAsSb/InSb
superlattices, Nat. Commun. 13, 5960 (2022).

[11] Y. Jiang, M. Ermolaev, S. Moon, G. Kipshidze, G. Belenky, S.
Svensson, M. Ozerov, D. Smirnov, Z. Jiang, and S. Suchalkin,
g-factor engineering with InAsSb alloys toward zero band gap
limit, Phys. Rev. B 108, L121201 (2023).

[12] Q. Wang, S. L. Ten Haaf, I. Kulesh, D. Xiao, C. Thomas,
M. J. Manfra, and S. Goswami, Triplet correlations in Cooper
pair splitters realized in a two-dimensional electron gas, Nat.
Commun. 14, 4876 (2023).

[13] C. G. Prosko, I. Kulesh, M. Chan, L. Han, D. Xiao, C. Thomas,
M. J. Manfra, L. P. Kouwenhoven, S. Goswami, and F. K.
Malinowski, Flux-tunable hybridization in a double quantum
dot interferometer, arXiv:2303.04144.

[14] W. Pouse, L. Peeters, C. L. Hsueh, U. Gennser, A. Cavanna,
M. A. Kastner, A. K. Mitchell, and D. Goldhaber-Gordon,
Quantum simulation of an exotic quantum critical point
in a two-site charge Kondo circuit, Nat. Phys. 19, 492
(2023).

[15] S. Plugge, A. Rasmussen, R. Egger, and K. Flensberg, Majorana
box qubits, New J. Phys. 19, 012001 (2017).

[16] T. Karzig, C. Knapp, R. M. Lutchyn, P. Bonderson, M. B.
Hastings, C. Nayak, J. Alicea, K. Flensberg, S. Plugge, Y. Oreg
et al., Scalable designs for quasiparticle-poisoning-protected
topological quantum computation with Majorana zero modes,
Phys. Rev. B 95, 235305 (2017).

[17] S. Nadj-Perge, S. Frolov, E. Bakkers, and L. P. Kouwenhoven,
Spin-orbit qubit in a semiconductor nanowire, Nature (London)
468, 1084 (2010).

[18] K. C. Nowack, F. Koppens, Y. V. Nazarov, and L. Vandersypen,
Coherent control of a single electron spin with electric fields,
Science 318, 1430 (2007).

[19] V. N. Golovach, M. Borhani, and D. Loss, Electric-dipole-
induced spin resonance in quantum dots, Phys. Rev. B 74,
165319 (2006).

[20] I. Kulesh, C. T. Ke, C. Thomas, S. Karwal, C. M. Moehle,
S. Metti, R. Kallaher, G. C. Gardner, M. J. Manfra, and S.
Goswami, Quantum dots in an InSb two-dimensional electron
gas, Phys. Rev. Appl. 13, 041003(R) (2020).

[21] C. W. J. Beenakker, Theory of Coulomb-blockade oscillations
in the conductance of a quantum dot, Phys. Rev. B 44, 1646
(1991).

[22] T. Ihn, Semiconductor Nanostructures: Quantum States and
Electronic Transport (Oxford University Press, Oxford, United
Kingdom, 2009).

[23] L. P. Kouwenhoven, D. Austing, and S. Tarucha, Few-electron
quantum dots, Rep. Prog. Phys. 64, 701 (2001).

235306-6

https://doi.org/10.1103/PhysRevLett.105.077001
https://doi.org/10.1103/PhysRevLett.105.177002
https://doi.org/10.1063/1.102730
https://doi.org/10.1103/PhysRevA.57.120
https://doi.org/10.1021/acs.nanolett.1c03520
https://doi.org/10.1103/PhysRevB.106.165304
https://doi.org/10.1103/PhysRevMaterials.2.044202
https://doi.org/10.1021/acsaelm.0c00269
https://doi.org/10.1038/s41467-022-33560-x
https://doi.org/10.1103/PhysRevB.108.L121201
https://doi.org/10.1038/s41467-023-40551-z
http://arxiv.org/abs/arXiv:2303.04144
https://doi.org/10.1038/s41567-022-01905-4
https://doi.org/10.1088/1367-2630/aa54e1
https://doi.org/10.1103/PhysRevB.95.235305
https://doi.org/10.1038/nature09682
https://doi.org/10.1126/science.1148092
https://doi.org/10.1103/PhysRevB.74.165319
https://doi.org/10.1103/PhysRevApplied.13.041003
https://doi.org/10.1103/PhysRevB.44.1646
https://doi.org/10.1088/0034-4885/64/6/201


ELECTRONIC g FACTOR AND TUNABLE SPIN-ORBIT … PHYSICAL REVIEW B 108, 235306 (2023)

[24] M. Governale, Quantum dots with Rashba spin-orbit coupling,
Phys. Rev. Lett. 89, 206802 (2002).

[25] S. Akbar and I.-H. Lee, Electron-electron interactions in square
quantum dots, Phys. Rev. B 63, 165301 (2001).

[26] M. T. Björk, C. Thelander, A. E. Hansen, L. E. Jensen, M. W.
Larsson, L. R. Wallenberg, and L. Samuelson, Few-electron
quantum dots in nanowires, Nano Lett. 4, 1621 (2004).

[27] H. A. Nilsson, P. Caroff, C. Thelander, M. Larsson, J. B.
Wagner, L.-E. Wernersson, L. Samuelson, and H. Xu, Giant,
level-dependent g-factors in InSb nanowire quantum dots, Nano
Lett. 9, 3151 (2009).

[28] C. Fasth, A. Fuhrer, L. Samuelson, V. N. Golovach, and D.
Loss, Direct measurement of the spin-orbit interaction in a
two-electron InAs nanowire quantum dot, Phys. Rev. Lett. 98,
266801 (2007).

[29] L. M. Roth, B. Lax, and S. Zwerdling, Theory of optical
magneto-absorption effects in semiconductors, Phys. Rev. 114,
90 (1959).

[30] V. N. Golovach, A. Khaetskii, and D. Loss, Spin relaxation at
the singlet-triplet crossing in a quantum dot, Phys. Rev. B 77,
045328 (2008).

[31] R. Hanson, L. P. Kouwenhoven, J. R. Petta, S. Tarucha, and
L. M. K. Vandersypen, Spins in few-electron quantum dots,
Rev. Mod. Phys. 79, 1217 (2007).

[32] S. Birner, T. Zibold, T. Andlauer, T. Kubis, M. Sabathil,
A. Trellakis, and P. Vogl, nextnano: General purpose 3-
D simulations, IEEE Trans. Electron Devices 54, 2137
(2007).

[33] D. Fan, S. Li, N. Kang, P. Caroff, L. Wang, Y. Huang, M. Deng,
C. Yu, and H. Xu, Formation of long single quantum dots in
high quality InSb nanowires grown by molecular beam epitaxy,
Nanoscale 7, 14822 (2015).

[34] J. Mu, S. Huang, J.-Y. Wang, G.-Y. Huang, X. Wang, and
H. Xu, Measurements of anisotropic g-factors for electrons
in InSb nanowire quantum dots, Nanotechnology 32, 020002
(2021).

235306-7

https://doi.org/10.1103/PhysRevLett.89.206802
https://doi.org/10.1103/PhysRevB.63.165301
https://doi.org/10.1021/nl049230s
https://doi.org/10.1021/nl901333a
https://doi.org/10.1103/PhysRevLett.98.266801
https://doi.org/10.1103/PhysRev.114.90
https://doi.org/10.1103/PhysRevB.77.045328
https://doi.org/10.1103/RevModPhys.79.1217
https://doi.org/10.1109/TED.2007.902871
https://doi.org/10.1039/C5NR04273A
https://doi.org/10.1088/1361-6528/abbc24

