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Proposals for quantum information applications are frequently based on the coherent manipulation of spins
confined to quantum dots. For these applications, p-type III-V material systems promise a reduction of the
hyperfine interaction while maintaining large g factors and strong spin-orbit interaction. In this Letter, we study
bottom-gated device architectures to realize single and serial multiquantum dot systems in Schottky-contacted
p-type GaSb nanowires. We find that the effect of potentials applied to gate electrodes on the nanowire is highly
localized to the immediate vicinity of the gate electrode only, which prevents the formation of double quantum
dots with commonly used device architectures. We further study the transport properties of a single quantum dot
induced by bottom gating and find large gate-voltage dependent variations of the g* factors up to 8.1 £0.2 as

well as spin-orbit energies between 110 and 230 ueV.
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A key challenge for spintronic and quantum electronic
applications is achieving long coherence and spin lifetimes
[1]. Here, p-type materials can be beneficial in comparison to
more conventional n-type systems [2]. In the valence band,
the p-orbital symmetry efficiently reduces the hyperfine inter-
action of free holes through a suppression of the contact term
[2-5].

Consequently, interest in p-type quantum dot (QD) de-
vices, where the coherent manipulation of spins confined to
the QD enables qubit operation [6], is growing fast and sys-
tems based on InGaAs [4], Ge [7], Si [8], or ambipolar InSb
[5,9] are widely regarded as promising candidates. Another,
hitherto less investigated candidate is GaSb, which due to
its high hole mobility and the expected strong spin-orbit in-
teraction in III-V semiconductors offers interesting material
properties [10-12]. Hole transport in GaSb QD devices has
so far only been studied in GaSb/InAsSb core-shell [13] and
plain GaSb nanowires, where metallic contacts at low temper-
atures form Schottky barriers, allowing the formation of a QD
between closely spaced electrodes [14].

Schottky barrier defined QDs are fabrication limited by
the smallest achievable spacing between the contacts and the
QD dimensions, and tunnel rates vary depending on the gate
voltage and applied bias. Smaller QD structures, however, are
beneficial as they allow easier access to quantum confine-
ment effects in the electronic structure [14]. Consequently,
an important step toward the realization of GaSb nanowire
based spintronic devices is the development of device archi-
tectures allowing the formation and characterization of small
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QDs. For the more common nanowire material InAs, the de-
velopment of local bottom gates [15] and, later, epitaxially
defined InP-InAs-InP [16,17] as well as WZ-ZB-WZ polytype
structures [18,19] has enabled small, tunable, and flexi-
ble high-quality QD and serial double quantum dot (DQD)
devices, which are now widely used for various transport stud-
ies. For GaSb nanowires, epitaxially defined QD structures
are not yet experimentally available and the design of flexible,
local gate architectures is challenging for Schottky-contacted
nanowires. In this Letter, we investigate to what extent control
can be achieved in p-type GaSb:Zn nanowires by studying
the transport properties of bottom-gate defined single and
multiple QDs.

Arrays of of gate electrodes were fabricated on top of a
back-gated Si/SiO; substrate and covered by a layer of HfO,.
Zinc-doped zinc blende GaAs-GaSb:Zn nanowires were de-
posited on top of the gate arrays and the GaSb segment was
contacted by Ni/Au Schottky contacts (source and drain).
Further details of the device characterization are given in
the Supplemental Material (SM) [20]. For device geometry
A, shown in Fig. 1(a), we use five underlying gates (gl—g5
with applied voltages V|_s) with the purpose of forming a
DQD. Here, g1 and g5 are located below the Schottky contacts
with the aim to allow control over tunnel couplings to the
contacts. Gates g2 and g4 are designed to act as plunger gates
to a left (L) and right (R) QD, while g3 induces a barrier
between the QDs.

Figure 1(c) shows a characteristic charge stability diagram
of the device as a function of V, and Vj, while V5 is held
constant at —2.9 V. We find finite bias triangles, arranged
along horizontal and vertical symmetry axes (dashed red lines)
with additional diagonal features (enclosed by white dashed
lines). This behavior is comparable to results obtained on a
serial triple quantum dot (TQD) [21] and we explain this by
the additional formation of a middle (M) QD atop g3, resulting
in the measurement configuration indicated in red in Fig. 1(b).
To verify TQD formation, we next measure the charge stabil-
ity diagram as a function of V, and V3 with V| 45 = -3 V.
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FIG. 1. (a) Scanning electron microscope image of device A, a Schottky-contacted GaSb nanowire on five gate stripes gl-g5. (b) Mea-
surement configurations for (c) indicated in red and for (d),(e) indicated in blue. (c) Charge stability diagram as a function of V, and
V3 at Vsp = 1 mV. Pattern repetition axes are indicated. (d),(e) Charge stability diagram at Vsp = 3 mV as a function of V, and V5 in a
(d) weak-coupling and (e) strong-coupling regime between the left and middle QD. Vg = —10 V for all measurements in Fig. 1.

In this configuration, sketched in blue in Fig. 1(b), we then
expect to be able to control the interdot coupling between
the left and middle QD by tuning the extent of the conduc-
tive islands within the nanowire. Indeed, for sufficiently low
negative gate voltages V3, we find behavior matching that
of a weakly coupled DQD in Fig. 1(d). By decreasing the
voltages V5 3, shown in Fig. 1(e), the charge stability diagram
transitions resemble that of a strongly coupled DQD. We note
that additional cells within Fig. 1(e) (see, for example, white
arrow) again indicate TQD formation.

We find transport across the device to only be possible
if sufficiently negative voltages are applied to g2, g3, and
g4 to form three QDs. For more positive voltages V3, where
no middle QD is formed, transport remains blocked which
prevents the formation of a DQD. This, in combination with
the formation of independently addressable QDs located on
top of neighboring gates, indicates that gate action on the
nanowire occurs only very localized by either inducing or
suppressing the formation of conductive islands within the
nanowire. Gaps in the gate array, for enhancement-mode
nanowires, then always act as barriers. As a possible explana-
tion for this unconventional gate response, we suggest surface
trap states which efficiently screen the nanowire core from
potential variations in the environment. We find comparable
results in different device geometries where the gates access
the nanowire from the side, indicating a cause seemingly
independent of the gate design (see SM [20]). The highly
localized gate action stands in contrast to other common III-
V enhancement-mode nanowire systems such as thin InAs
[22,23] and InSb [5,9], but also Ge/Si core-shell nanowires
[24] where comparable bottom-, top-, and side-gate architec-
tures enable the formation of DQDs.

Next, we study the effect of gates located directly under
the Schottky contacts as well as the properties of QDs induced
by local bottom gating in the simplified single-QD device B
shown in Fig. 2(a). Here we reduce the number of bottom
gates (gl-g3), where g1 and g3 are located below the Schottky
contacts and g2 is designed to act as the plunger gate and to
induce a short QD in the enclosed nanowire segment.

The resulting charge stability diagram is shown in
Fig. 2(b). The data here are plotted as a function of the plunger
gate voltage V,, with all other gates grounded. For large neg-
ative voltages, V, < —1.35 V, the charge stability diagram
resembles that of a clean QD with clear diamond-shaped
Coulomb blockade regions. In contrast, for less negative V5,
additional overlaying patterns are observed and the Coulomb
blockade regions are less well defined for lower occupancies.
This is conceptually comparable to results obtained on p-type
Si nanowires and are explained by a valence band roughness
leading to multi-QD formation for low occupancies [25]. This
effect is indicated by the insets of Fig. 2(b) and is expected
to become less prominent and eventually vanish for decreased
QD dimensions [25].

To study the effect of a voltage applied to gl and g3, we
next measure the charge stability diagram of the device as
a function of V| and V, and find results closely following
the previously described gate functionality. For sufficiently
positive V}, the nanowire segment atop gl remains noncon-
ductive and the resulting charge stability diagram in Fig. 2(c)
shows Coulomb oscillations on the QD induced by g2, with a
small cross coupling to gl. In contrast, if V; is chosen more
negative, a second conductive island is formed atop gl. In the
resulting charge stability diagram [Fig. 2(d)], this manifests as
steps in the Coulomb oscillations—an indicator for Coulomb
coupled QDs [26-28] where changes in occupancy of the left
QD are marked by dashed white lines. Additionally, at the
location of each step, finite bias triangles indicative of a DQD
are observed [29]. We find the resulting system, sketched in
Fig. 2(e) with all transport channels indicated, to be a hybrid
between a serial and purely Coulomb coupled double quantum
dot. Here, only the center QD is coupled to both contacts,
while holes traveling through the left QD have to pass the
middle QD to contribute to the detected current.

We next apply a positive back gate voltage Vgg =4V,
Vi3 = 1.5V and a sufficiently negative V, to ensure the for-
mation of exclusively one QD. The charge stability diagram
for the lowest occupancies where the valence band edge
roughness has no further visible impact on the electronic
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FIG. 2. (a) Scanning electron microscope image of device B, a Schottky-contacted GaSb nanowire on three gate stripes gl—g3. (b) Single-
QD charge stability diagram at Vg = 0 V and V; 3 = 0 V. Insets indicate the impact of the valence band edge. (c),(d) Charge stability diagram
at Vsp = 1 mV, Vg = 0 V as a function of V; and V, in a configuration where only (c) g2 or (d) gl and g2 induce conductive islands in the
nanowire. Insets indicate active gates (red) and QD formation. (e) Device configuration in (d).

structure is shown in Fig. 3(a) and we estimate a hole occu-
pancy of p & 25.

To obtain information about effective g* factors of the
QD, we perform magnetotransport spectroscopy on cutline i
in Fig. 3(a). The magnetic field is applied perpendicular to
the nanowire, as illustrated in Fig. 2(a). Figure 3(b) shows
the differential conductance along cutline i as a function
of the magnetic field, where Zeeman splitting of the ground
state is observed. We note that the upper branch consists of
a double conductance peak, which could be the result of a
nearly degenerate state at B =0T or a singlet and triplet
state interacting at low magnetic fields below our resolution
limit. The distance between data points on the upper and
lower branches (purple and red markers) in Fig. 3(b) follows
a linear slope [see Fig. 3(c)], and in either of the cases closely
represents the difference in energy between states of opposite
spin. A fit (solid red line) with the standard expression for
Zeeman splitting, AE, = |g*|upB where pp is the Bohr mag-
neton, yields |g*| = 2.4 4 0.1. This result corresponds well to
the findings in GaSb/InAsSb core-shell nanowires in a hole
transport regime [13].

Magnetotransport spectroscopy measurements along cut-
lines near each of the crossings depicted in Fig. 3(a) were
analyzed and, where Zeeman splitting is resolved, g* factors
are extracted. The resulting values found for ground- and
excited-state splitting are plotted against the effective occu-
pation number in Fig. 3(d). For an effective occupancy of 3,
the observed splittings are too small to clearly resolve and
|g*| < 0.2 can be estimated. Overall, our data show a spread
in g* factors from almost vanishing up to |g*| = 8.1 0.2
[see Fig. 4(d)], with no clear trend between successive hole
occupancies.

For p-type nanowires, theory predicts large variations in g*
factors between different orbital states [30-32]; however, that
does not describe the absence of coinciding results between
successive occupancies. We explain the observed variations
within orbital states by the required plunger gate voltage
difference between different occupancies. Variations of V,

influence the dimensions of the conductive island within the
nanowire and thus alter the wave functions, leading to differ-
ences in the observed g* factors.

An additional contribution to the g*-factor variation is il-
lustrated in Figs. 4(a) and 4(b), where dIsp/dVsp along the
cutlines ii and iii is plotted as a function of the magnetic field.
In both measurements, Zeeman splitting of the ground state
and an excited state is observed and branches of opposite spin
interact via the spin-orbit interaction, leading to an avoided
crossing. While in Fig. 4(b) the twofold spin degeneracy is
obvious, only the state increasing in energy within the first-
excited orbital is clearly resolved in the data in Fig. 4(a).
We directly extract the spacings between the ground and
first-excited orbital A€y = 1.2 meV and Ae¢p; = 0.5 meV
at B=0T as well as the magnitude of the avoided crossing
2As0 = 460 peV and 2Ago = 225 peV from Figs. 4(a) and
4(b), respectively. Here, based on the assumption that states
remain energetically pinned by the strong coupling between
the gate electrode and the QD upon variation of Vsp, only a
factor of two between the magnitude of the avoided crossing
and the spin-orbit energy Ago is considered.

To obtain g factor estimates for the ground (n = 0) and
first-excited (n = 1) orbital from Figs. 4(a) and 4(b), we nor-
malize the data to the energy of the ground state (state with
the highest energy available for transport in the valence band)
and compare the result to simple calculations in Figs. 4(c)
and 4(d). We thus describe the nondegenerate spin states by
E, = £11g!|lupB — Aeo, — %IghlusB (gray dashed lines),
where the last addend normalizes the energies with respect to
the ground state and Aeg , is the energetic spacing of orbital
n containing state m to the highest available orbital. For states
m, m’ in different orbitals and of different spin polarity, we
further modify the energies by

ESO _ Em + Em’

m,m’ 2

1
+ §/<Em —En)? + (2As0)? (1)

to account for the spin-orbit interaction induced level repul-
sion [33,34].
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FIG. 3. (a) Lowest six clean crossings in the charge stability
diagram measured at Vg =4 V and Vi3 = 1.5 V. (b) Differen-
tial conductance along cutline i, labeled in (a) as a function of
the magnetic field. Ground-state Zeeman splitting is observed and
conductance peaks corresponding to states with opposite spins are
detected (red/magenta dots). (c) Fit to the Zeeman splitting AE,
extracted from (b). (d) |g*| for various ground-state (GS) and excited-
state (ES) orbitals plotted against the effective occupation number of
the QD, p = 0.

By fitting Eq. (1) (red lines) to the experimental data,
we obtain |gj| =3.4£0.2 and |g}| =8.1£0.2 as well as
lghl =1.7+0.2 and |gi| =3.7£0.2 from Figs. 4(c) and
4(d), respectively. While this is sufficient to reproduce the data
in Fig. 4(c), we note that the Zeeman split branches of the
first-excited states in Fig. 4(d) appear pinched. To reproduce
this shape, an additional state Es is considered in Fig. 4(d),
which is further discussed in the SM [20].

Finally, it is important to address the zero B-field Zeeman
splitting for the calculations (solid red lines) presented in
Figs. 4(c) and 4(d), where a twofold spin degeneracy of all
states is expected. This zero-field splitting is a result of the
approximative nature of Eq. (1), which only yields accurate
results for Ago < AE, [33]. Thus, the extracted |g*| values
are to be considered reasonable estimates. Nevertheless, a
comparison of the calculations including and excluding (solid
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FIG. 4. (a),(b) Differential conductance along cutline ii and
iii, respectively, in Fig. 3(a) as a function of the magnetic field.
(c),(d) Comparison and fit of data points extracted from (a) and (b),
respectively, to calculated states with (solid red line) and without
(gray dashed lines) level repulsion. All energies are normalized to
the energetically highest ground state available for transport in the
valence band.

red and dashed gray lines) spin-orbit interaction in Figs. 4(c)
and 4(d) clearly illustrates that a fit for g* factors, as shown
in Fig. 3(c), even in a low B-field regime, underestimates
the g* factor if avoided crossings occur. While this is taken
into account in measurements where avoided crossings were
obvious, those cases are not always clear within the experi-
mental data. Consequently, the |g*| values in Fig. 3(d) should
be considered as lower bounds.

In conclusion, we demonstrated the formation of serial
multi- and single-QDs in enhancement-mode Schottky-
contacted GaSb:Zn nanowires. Our measurements show that
bottom gates can be used to form single and multiple QDs.
However, we find that gates only act on the nanowire in their
direct vicinity and can induce conductive islands, while gaps
in gate arrays result in barrier formation. This renders com-
mon gating approaches inept for the formation of controlled
serial double quantum dots. As a solution, we propose device
designs based on stacked gate arrays or a combination of
bottom and side, or top, gates. Further variations of the dopant
concentration, nanowire diameter, or surface treatment may
also lead to improved gating behavior.

Through magnetotransport spectroscopy and analyzing the
observed avoided crossings, we estimate g* factors of up to
8.1 0.2 and a spin-orbit energy Ago reaching 230 peV. Our
findings for Agp are comparable to the results for electrons
in III-V nanowire systems with effective g* factors reaching
those commonly observed in InAs [9,34-37]. A direct com-
parison of the properties of GaSb nanowires with other p-type
nanowire systems reveals g* factors matching or slightly ex-
ceeding those found for InSb [5], Ge-hut [7], Si [38], and
Si-Ge core-shell [39] nanowires, but Agg is up to an order
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of magnitude lower compared to selected Ge based systems
[7,40,41].

For spin qubits, strong spin-orbit interaction introduces a
trade-off as, on one hand, it allows for fast, electric-field in-
duced spin manipulation, but, on the other hand, also enhances
dephasing though phonons and charge noise [42]. For III-V
nanowire systems, a strong anisotropy of the spin-orbit inter-
action strength with a link between gate-induced electric fields
and the orientation of the spin-orbit field has been reported
[9,22]. This could allow for ideal qubit operation conditions
for GaSb, where the spin-orbit interaction is selectively tuned.
The next steps toward characterizing GaSb nanowire quantum

devices will thus be to study the g* factor and Agg anisotropy,
as well as to form a pure DQD and probe the various mecha-
nisms affecting the hole spin relaxation time.
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