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Electrically tuned spin-orbit interaction in an
InAs self-assembled quantum dot

Y. Kanai'’, R. S. Deacon'?i*, S, Takahashi', A. Oiwa'?, K. Yoshida', K. Shibata3, K. Hirakawa?34,
Y. Tokura® and S. Tarucha'46

Electrical control over electron spin is a prerequisite for spintronics spin-based quantum information processing. In
particular, control over the interaction between the orbital motion and the spin state of electrons would be valuable,
because this interaction influences spin relaxation and dephasing. Electric fields have been used to tune the strength of
the spin-orbit interaction in two-dimensional electron gases, but not, so far, in quantum dots. Here, we demonstrate that
electrical gating can be used to vary the energy of the spin-orbit interaction in the range 50-150 peV while maintaining
the electron occupation of a single self-assembled InAs quantum dot. We determine the spin-orbit interaction energy by

observing the splitting of Kondo effect features at high magnetic fields.

of electrons with the spin state, providing a route towards

all-electrical manipulation of electron spins, such as that
proposed in the Datta-Das spin transistor! and spin qubits®~. In
two-dimensional electron gases it has been shown that the strength
of the Rashba SOI is tuned by applying an electric field to alter the
anisotropy of the quantum well confinement®’. This effect has
been harnessed to manipulate spin relaxation®’. Electrical tuning
of the SOI has not been demonstrated in commonly studied
gate-defined GaAs quantum dots (QDs) and may require specific
QD systems with a strong SOL Recently, high-resolution elec-
tron-beam lithography techniques have allowed the contacting of
single uncapped self-assembled QDs, grown by the Stranski-
Krastanov mode, with source and drain electrodes!®'3. So far,
most studies focus on self-assembled InAs QDs'®!b1415 which
exhibit strong SOI'® suitable for fast spin manipulation®. For self-
assembled QDs with relatively large size it was recently shown
that the lateral confinement potential may be efficiently tuned
using anisotropic side-gate electrodes', providing a method of
tuning device parameters such as the tunnel coupling with the
leads. In this Article, we quantitatively evaluate the SOI energy
using the high-magnetic-field Kondo effect and show that electrical
gating of an InAs self-assembled QD allows tuning of the SOI
energy over a wide range.

_|—he spin—orbit interaction (SOI) couples the orbital motion

Device characterization

Measurements were performed on an uncapped single InAs self-
assembled QD contacted with titanium/aluminium (5/100 nm)
source—drain electrodes (source-drain bias, V) and electrically
gated with both a buried back-gate (V;) and a lateral side-gate
electrode (V,,). First, we study the ground-state spectrum of the
QD by plotting the differential conductance (G=dI/dV,y) as a
function of Vi, with V=0V (Fig. 1). Tuning a gate voltage
moves the energy levels of the QD relative to the chemical potential
of the leads. Peaks in the differential conductance (Coulomb peaks)
occur when an energy level crosses the lead chemical potential.
When no energy level is aligned with the leads, the QD is

Coulomb blockaded and the conductance is suppressed!’.
Figure 1a shows the magnetic evolution of Coulomb peaks with a
B-field applied perpendicular to the sample surface. The magnetic
evolution reflects the electrostatic confinement, charging energy
and Zeeman splitting of the discrete energy levels of the QD,
which generate a wide variety of crossings. The back-gate lever
arm that relates the QD energy levels to the back-gate voltage (see
Supplementary Information for additional experimental data) is
evaluated as «a~0.08+0.01 eV V™l Typical single electron
charging energies are in the range U~ 1.4-2.7 meV, with energy
level spacings in the range €4~ 0.3-0.7 meV. As a consequence of
the selection of a relatively large QD, we were unable to reach
the single electron regime, and in region III the device is occupied
by at least 20 electrons. A large QD has the advantage that the
side-gate may more effectively manipulate the wavefunctions due
to weaker lateral confinement. Study of the spectrum of Coulomb
peaks at low magnetic fields (B <1 T) shows a clear signature of
even/odd electron occupation and the spin-1/2 Kondo effect (see
Supplementary Information), from which we determine that
region II has an odd electron number and regions I/III have
even electron numbers. The Landé g-factor evaluated for low
B-field data in various charge states (V; regions) varies non-system-
atically over a wide range from g~ 2.3 to 11.8 depending on the
charge state of the QD (see Supplementary Information) and is
similar to the large variations recently reported for InAs'® and
InSb**2° nanowire QD devices. For the lowest |g| evaluated from
low B-field data we find that the Zeeman energy exceeds the
orbital energy for B>5T. For high B-fields Zeeman-induced
transitions in the ground-state therefore dominate.

Evaluation of SOI energy

When two different orbital states (|a) and |b)) with opposite spin are
tuned to a degeneracy, the SOI hybridization causes an avoided
crossing in the energy spectrum with a width that is twice the SOI
energy (A), as shown schematically in Fig. 1b. In small QDs this
hybridization energy cannot be measured precisely in the ground-
state spectrum (such as Fig. 1a), because the single electron charging
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Figure 1| Magnetic evolution of system ground states. a, False-colour plot of differential conductance (G = dl/dV,), showing the magnetic evolution of
the Coulomb charging peaks for V., =0 Vand V,, = —0.5 V. The external magnetic field is applied out-of-plane, B,||z. Solid lines are a guide to the eye
indicating spin-up (1) and spin-down ({) electron states that create the crossings in regions |, Il and Ill. b, Schematic representation of the energy levels
for two crossings (equivalent to Il and ). In each case, two single-particle energy levels with different orbital and opposite spin states are tuned to a

degeneracy at which the SOI hybridization occurs. The resulting avoided crossing may be detected as a splitting of the high B-field Kondo feature, which is
possible wherever there is a degeneracy of two opposite spin states. Green arrows indicate a fourth-order tunnelling process, which is representative of the
high-order processes that generate the Kondo feature. The Kondo peak at the Fermi energy is split due to the hybridization of the crossing levels. ¢, False-

colour plot of G(Vg, B) about region Il with V,; =0 mV and V., = —0.5 V. d, Differential conductance at the centre of region Il (half-filling condition) for
V.4=0mV as a function of temperature. The red line indicates a best fit using the empirical expression discussed in the text.

energy U typically significantly exceeds A. A more direct measure-
ment of the local density of states is achieved by measuring the
differential conductance as a function of V. The local energy
levels (ground states and excited states) may then be directly
probed by electrons tunnelling from the chemical potential of the
leads; however, a small tunnel coupling is required to resolve the
excited and ground states. At high magnetic fields, the Kondo
effect occurs in our device wherever there are two degenerate
states with different spins, regardless of the occupation of the QD.
If the SOI-induced hybridization at the crossing is sizeable, the
degeneracy of the states is lifted and the Kondo feature is split
into two peaks. A similar splitting is observed when a large magnetic
field lifts the degeneracy?!. The splitting of the Kondo feature pro-
vides a direct measure of the SOI and is equivalent to the excited-
state spectroscopy used elsewhere!®!%?2. We focus on the crossing
in region II, which is shown in detail for V,= —0.5 V in Fig. lc.
The selection of a large QD complicates the assignment of orbital
angular momentum quantum numbers, but the spin component
of the wavefunctions is well characterized and indicates that |a)
and |b) are eigenstates with opposite spin. When the magnetic
field tunes the two states to a degeneracy, the conduction electrons
in the leads may coherently screen the unpaired electron spin on the
QD through Kondo spin-flip co-tunnelling processes, giving rise to
the Kondo effect'*?’. The resulting dynamic singlet state lifts the
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Coulomb blockade, enhancing the conductance as observed along
the dashed line in Fig. 1c. The energy level spacing is sufficiently
large that we may consider the Kondo state equivalent to the con-
ventional SU(2) spin-1/2 case. The Kondo effect is confirmed
through observation of a decrease of the peak conductance of the
zero-bias anomaly with increasing temperature (Fig. 1d). From
the peak conductance we extract a rough estimate of the Kondo
temperature using the empirical expression*2¢ G(T) = G,/[1 +
(s - 1)(T/T)’T, where G, is the T=0 K conductance and s =
0.21 for a spin-1/2 system. Best fits indicate that Ty ~4.9+0.5 K.
Interestingly, the Kondo feature is observed to move to higher mag-
netic fields for larger V;, indicating that V; may lift the degeneracy
of the two orbital states, and a larger B-field is then required to tune
the system back to the degenerated point. This we attribute to the
sensitivity of the specific orbital states to the confinement potential
of the QD. Note that other crossings with both even and odd elec-
tron occupation, such as regions I, III, IV and V in Fig. la, also
display the Kondo effect and show a similar (albeit weaker)
and/or opposite dependence on V.

Electrical tunability of the SOI energy

Careful examination of the Kondo region indicates that for some
side/back-gate conditions the Kondo feature is split, indicating
that the degeneracy is lifted through SOI-induced hybridization.
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Figure 2 | Hybridization of the orbital states. a, False-colour G(V, B) plot focusing on region II, with V,4=0V and V,,= 0 V. Solid and dashed lines
indicate the ranges of V; and B swept in measurements b-d and e, respectively. All measurements are plotted with the same colour scale (units of ez/h)

as in a. Dashed lines in b-e indicate the split Kondo feature.

Example transport measurements are shown in Fig. 2 for V,, =0 V.
Figure 2b-d displays non-equilibrium transport measurements of
the Kondo feature at different values of V{;, corresponding to the
horizontal solid lines in Fig. 2a. Note that even in the absence of
SOI the degeneracy may appear to be lifted as a function of magnetic
field, Vi or V,. In the present measurement we systematically scan
the parameter space (examples in Fig. 2b-d) to confirm that an
avoided crossing occurs and degeneracy is lifted for all values of
B, Vi and V,. We can therefore rule out the possibility that we
have measured away from the most degenerated condition.
Measurements in Fig. 2b-d are well reproduced by taking data
along the diagonal dashed line in Fig. 2a to observe the Kondo
feature at the most degenerated conditions (Fig. 2e). As we consider
the crossing of two states with opposite spin, the avoided crossing is
attributed to the SOI. This conclusion is supported by the obser-
vation of strong SOI anisotropy when the magnetic field is
applied for different in-plane directions, which will be discussed
later. The avoided crossing in the energy spectrum has a width of
2A and is observed as two peaks at eV 4 = +2A.

We now consider the effect of the side-gate on SOI hybridization.
Figure 3a displays the position of Coulomb charging peaks as a
function of Vi and B for a range of V,. A small change in the
local electrostatic environment, probably caused by the charging
of a nearby QD, shifts the position of charging resonances com-
pared with those seen in Figs 1 and 2. Despite this shift, the relative
values of V; required to charge the device remain the same. Tuning
the QD chemical potential by increasing V,, shifts the charging
peaks to lower V; and also reduces the B-field required to observe
the degenerated condition. Following the technique used to
examine the anti-crossing of states in Fig. 2e, we tune both Vg
and B to maintain the most degenerated condition and sweep V4
(measuring along the dashed lines in Fig. 3a). Each measurement
is again carefully checked to ensure the most degenerated condition
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is measured as previously shown in Fig. 2b-d. Results for a range of
values of V, are plotted in Fig. 3b-d. As V, is increased, we observe
an increase in the splitting of the Kondo feature and that the depen-
dence of this splitting on V; is reduced until at V,, ~ +1.0 V no Vg
dependence is observed.

The use of both side-gate and back-gate allows the tuning
of the confinement potential while maintaining the charge state of
the QD. Figure 3e compares the Kondo zero-bias anomaly at the
half-filling condition in region II for a range of V,. We note that
the inelastic co-tunnelling process does not significantly contribute
to the splitting of the Kondo feature in the V, range studied, as the
half width of the splitting is less than the Kondo temperature.
In Fig. 4, we evaluate and plot A as a function of V, at the
half-filling condition. In region II, A is tuned between 50 peV and
150 peV. Further tuning was impossible due to leakage of the
side-gate electrode. Using similar analysis as that in region II
we study regions IV and V (Fig. 1a) and evaluate A at half-filling
in the centre of the Kondo region. In contrast to region II, we
note that in region IV, V,, has a negligible effect on A. This result
indicates that the effect of V, (and V) varies with the specific
orbital states.

In-plane anisotropy of the SOI energy

In the present measurement we are unable to discriminate the
contributions from Rashba or Dresselhaus spin-orbit terms
based on known selection rules!® due to the unknown orbital
states. We note, however, that a previous experiment on the two-
electron state in a similar InAs self-assembled QD! found a
Rashba-induced spin-orbit energy of A~ 150 peV. It is also
known that the Dresselhaus term is typically smaller than the
Rashba in narrow-gap QDs?. As the measured hybridization
energy is similar to the previously measured Rashba SOI
energy, it is reasonable to assume that the Rashba term is dominant
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Figure 3 | Action of the side-gate. a, Positions of the Coulomb charging resonances for V,,= 0 V. Dashed lines indicate the position of the degenerated
crossing/anti-crossing point. b-d, False-colour plots of differential conductance collected by sweeping V.4 while simultaneously stepping both B and Vg
to follow the dashed lines in a. e, G(V,) traces at the half-filling condition in the centre of region Il for a range of V,,. Traces are offset for clarity.

in our case. The SOI hybridization is then given by
A = Kat [Hgorlb )] = a1 |AE - (p x o)|b])|, where A is the
SOI parameter, p is the electron momentum, E is the electric field
and o is the Pauli matrix vector. A complex transition vector
for the momentum may be defined as Q = (a|p|b). The effective
SOI magnetic field acting on the spin is then Bgy; = AE x Q.
(Note that the effective SOI magnetic field in a QD, which is a
complex vector, has less physical meaning than in the extended
system, where it is a well-defined internal magnetic field pointing
normal to the electric field as well as to the momentum; see
Supplementary Information for additional details.) The SOI
energy A is determined by the outer product of By, and a vector
parallel to the applied external magnetic field (B,,). When B_, is
applied at a ‘magic angle’, parallel to the real vector Byy,/i, the
SOI is quenched and no avoided crossing is observed!® (see
Supplementary Information for additional details).

From consideration of the geometry of the QD measured in this
Article, we would expect strong out-of-plane confinement resulting
in Bgo; with a large, possibly dominant, in-plane component'®. To
test the in-plane anisotropy of A we remeasured the device using a
single axis rotator with the magnetic field set in-plane and perpen-
dicular to the QD electrodes taken as § = 0+ 1° (Fig. 5b). A plot of
the evolution of Coulomb charging peaks with magnetic field for
V=05V, §=—20" and V4 =0 mV is shown in Fig. 5a. The
thermal cycle of the device changed the spectrum of Coulomb char-
ging peaks and (anti-)crossings, but we were able to reproduce
similar split peak Kondo features, indicating the hybridization of
two orbital states. In this case we focus on the crossing indicated
by the dashed line in Fig. 5a, where the QD is occupied by an
even number of electrons. Figure 5c shows A as a function of 6
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for V,,=—0.5V and V,=1.0 V. When the device is rotated we
observe that A for both traces is a minimum around 6~ —30°,
but away from this 6, the two traces are not equal, indicating that
A is electrically tunable. Following our previous study'®, we fit the
data using A= Alcos(6 — 6,)| + B, where A, B and 6, are free
fitting parameters. The constant offset B accounts for the lack of
quenching of A and 6, indicates the in-plane offset of the real
vector By /i. Best fits indicate 6, ~ 60 +4° and 6, ~ —51+5° for
V= —0.5V and V,, = 1.0 V, respectively. The cosine-like depen-
dence of A on 6 supports the attribution of the observed avoided
crossings to Rashba SOI. The offset of 6, 22 30° reflects the electro-
static confinement and relative orientation/position of the wave-
functions |a) and |b).

We expect the dominant confinement field component to be out-
of-plane and very large compared with the small perturbation
applied by the side-gate electrode, so it is unlikely that changes in
|E| account for the tuning of A. Another possibility is that
changes in lateral confinement affect the energy level spacing, chan-
ging the overlap integral of |a) and |b) and resulting in a change of
|Bgoil- Analysis of the V,, separations of Coulomb peaks at low
magnetic fields indicates that changes in the energy level spacing
do not exceed 20% of the maximum over the full V, range
studied (see Supplementary Information). This small variation
again seems unlikely to account alone for the large variation of A
observed in the experiment. Considering the experimental obser-
vations, we propose a mechanism for the tunable SOI observed in
this report based on manipulation of the relative position of the
orbital wavefunctions, which alters Bg,. First consider the case of
a two-dimensional QD. Here E may be considered to have only
an out-of-plane component and p for the states lies in-plane,
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Figure 4 | Electrical control of SOI. Plot of SOI hybridization energy
evaluated in the centre of regions Il, IV and V for a range of V,,. Bars
indicate a quarter of the full-width at half-maximum of the peaks for
comparison. Inset: schematic of the device with relevant axes indicated.
Source and drain electrodes are indicated in blue, with the QD drawn in
red as an elongated semi-ellipsoid. The external magnetic field is applied
out-of-plane, B,/|z.

resulting in a By, that is always in the plane of the surface. In this
case we expect quenching of A when B, is applied for some
in-plane vector'® parallel with Bgn;. One possible method of tuning
B is a relative displacement of wavefunctions |a) and |b), which
may occur when the confinement potential is perturbed. Such
tuning may change the in-plane direction of Byy; and subsequently
the ‘magic angle’ at which an in-plane B, may quench A. This
may then lead to a tunable A, but only when B, is applied
in-plane. For the two-dimensional QD in an out-of-plane magnetic
field (B,||E), the observed A will always be a maximum, and no
quenching/tunability of A would be observed for side-gate
modulation. However, if we consider a QD with a three-dimensional
confinement the situation is different. As the states may now have
some out-of-plane momentum and the electric field can no longer
be considered to have only an out-of-plane component, By, is no
longer confined in-plane, but is tilted out-of-plane as illustrated in
Fig. 5b. Here, relative displacement of the wavefunctions |a) and
|b) may affect both the in-plane angle (6,) of By, and the out-
of-plane angle (¢,), leading to tunability for both in-plane and
out-of-plane magnetic fields. The lack of quenching of A observed
in the experiment (Fig. 5¢) is a strong indication that the system
may not be considered to be simply two-dimensional, as an in-
plane B, is insufficient to quench A and full three-axis vector
control of the magnetic field would be required to achieve the
quenching condition. In Fig. 5¢, we observe a shift in 6,, indicating
that V_, has an influence on the direction of Byy;. From this, and
based on the arguments above, we propose that V, strongly
influences the relative lateral position of wavefunctions |a) and
|b). Note also that similar arguments are made for previously
reported electrical tunability of the tunnel coupling with the
source-drain leads'.

In summary, we have studied the SOI in a single InAs self-
assembled QD device through observation of the splitting of
high B-field Kondo features. We have observed that electrostatic
gating of the device allows tuning of the SOL The gates allow
alteration of the QD confinement potential, which influences the
wavefunctions and allows the SOI to be influenced. Further
studies will be required to elucidate the effect of V,, on the SOI
‘magic angle’.

Ve (V)

T
0 50 100

L
150
A (peV)

Figure 5 | Azimuthal B-field rotation. a, False-colour plot of G(V, B) for
Vig=0V,V,=-05V and 0= —20°. b, Schematic of the device with

St
relevant axes indicated. The external field B, is applied in-plane with

angle 6 measured from the y-axis. ¢, SOl energy A as a function of 6 for
Ve=—0.5Vand V,, =10 V. Bars indicate a quarter of the full-width at
half-maximum of the split peaks for comparison. The solid (dashed) blue
line indicates an absolute cosine function fit to the V,, =0V (=0.5 V)
data, as described in the main text. The blue dashed arrow shows the
approximate in-plane direction of the real vector By, /i indicated by the
offset angle of the cosine fit, 6.

Methods. Measurements were performed on a single InAs self-assembled
QD grown by means of the Stranski-Krastanov mode. Nanogap electrodes were
fabricated using electron-beam lithography and electron-beam evaporation to
pattern and deposit a bilayer comprising 5 nm titanium and 100 nm aluminium.
Before deposition of the nanogap, the QD was etched in 40% buffered hydrofluoric
acid to improve the transparency of the resulting contacts. Further details of the
device fabrication technique may be found in ref. 10. The QD studied had an
elongated, approximately elliptical shape with nominal physical dimensions d, ~
100 nm, d, ~ 200 nm and a height of ~15 nm, where in-plane axes x and y were
parallel and perpendicular to the leads respectively (see Supplementary Information
for additional device details). Measurements were performed in a He’-He* dilution
refrigerator with base temperature of 35 mK using conventional lock-in techniques
and an a.c. excitation of 3 wV. Measurements of the in-plane anisotropy of the SOI
were conducted using a single-axis rotation gear mounted on the dilution
refrigerator mixing chamber, which allowed control of the rotation to an accuracy of
+1°. Note that at low temperatures and magnetic fields the device source and drain
electrodes are superconducting'®. The critical out-of-plane magnetic field required
to drive the leads into the normal state at the base temperature of the dilution
refrigerator was B~ 150 mT. As the study in this report is concerned with features
observed at high B> B_, superconducting transport has no relevance to the
physics discussed.
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