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ABSTRACT: Holes in nanowires have drawn signi!cant attention
in recent years because of the strong spin!orbit interaction, which
plays an important role in constructing Majorana zero modes and
manipulating spin!orbit qubits. Here, from the strongly
anisotropic leakage current in the spin blockade regime for a
double dot, we extract the full g-tensor and !nd that the spin!orbit
!eld is in plane with an azimuthal angle of 59° to the axis of the
nanowire. The direction of the spin!orbit !eld indicates a strong
spin!orbit interaction along the nanowire, which may have
originated from the interface inversion asymmetry in Ge hut
wires. We also demonstrate two di"erent spin relaxation
mechanisms for the holes in the Ge hut wire double dot: spin-
#ip co-tunneling to the leads, and spin!orbit interaction within the
double dot. These results help establish feasibility of a Ge-based
quantum processor.
KEYWORDS: Ge hut wires, hole double quantum dot, Pauli spin blockade, spin!orbit interaction, g-tensor

The spin!orbit interaction (SOI) can be considered as a
coupling between the momentum of a carrier and its spin.

When an electron or hole moves in an electric !eld, it
experiences an e"ective magnetic !eld that couples to its spin
degree of freedom, even in the absence of an external magnetic
!eld.1!3 Recently, studies on the SOI have received widespread
attention because of its fundamental role in both classical
spintronics and the quantum coherent manipulation of a spin
qubit,4!19 and more recently in the search for Majorana
fermions.20!25 The SOI can be exploited for all-electrical
manipulation of a spin!orbit qubit using electric dipole spin
resonance (EDSR) techniques.4!19,26!31 Without generating a
local ac magnetic !eld or making use of an external source of
spin-electric coupling (such as micromagnets), the device
design is simpli!ed by using a local ac electric !eld. In addition,
as proposed by theory and con!rmed by recent experiments, a
strong SOI is required to create Majorana fermions in
semiconductor!superconductor heterostructures.20!25,32,33

Thus, the potential applications of the SOI for quantum
information processing will be particularly relevant in the
future, especially with respect to fast operation speed,31

scalability,34 and topological quantum computation.35

At the mean !eld level, SOI can be characterized with an
e"ective magnetic !eld B!SO. Here, the amplitude of B!SO re#ects
the strength of the SOI, which is related to the Rabi frequency

in EDSR,31 and the direction of B!SO determines the suitable
geometries in experimental setups. For example, the special
geometry B! " B!SO is assumed in proposals for realizing
Majorana fermions in nanowires with proximity-induced
superconductivity.32,33 Furthermore, EDSR is e$cient when
the externally applied magnetic !eld B! is perpendicular to
B!SO.36!38 However, under such conditions, the degree of
mixing between the singlet and triplet states in a double
quantum dot also reaches a maximum, which is expected to be
proportional to |B!SO ! (B!/B)|.39!41 The transitions between
T(1,1) and S(0,2) induced by the SOI hybridization have an
adverse e"ect on the !delity of the initialization and readout of
spin qubits,39,42!44 and they could speed up decoherence.45!52

Holes in Ge hut wires (HWs)53 are recognized as a
prospective platform for quantum computation because of
their favorable properties. The extremely strong “direct Rashba
spin!orbit interaction” (DRSOI)54!56 in Ge HWs enables a
fast Rabi frequency of 540 MHz,18 which is the record
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ABSTRACT: Holes in nanowires have drawn signi!cant attention
in recent years because of the strong spin!orbit interaction, which
plays an important role in constructing Majorana zero modes and
manipulating spin!orbit qubits. Here, from the strongly
anisotropic leakage current in the spin blockade regime for a
double dot, we extract the full g-tensor and !nd that the spin!orbit
!eld is in plane with an azimuthal angle of 59° to the axis of the
nanowire. The direction of the spin!orbit !eld indicates a strong
spin!orbit interaction along the nanowire, which may have
originated from the interface inversion asymmetry in Ge hut
wires. We also demonstrate two di"erent spin relaxation
mechanisms for the holes in the Ge hut wire double dot: spin-
#ip co-tunneling to the leads, and spin!orbit interaction within the
double dot. These results help establish feasibility of a Ge-based
quantum processor.
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as proposed by theory and con!rmed by recent experiments, a
strong SOI is required to create Majorana fermions in
semiconductor!superconductor heterostructures.20!25,32,33

Thus, the potential applications of the SOI for quantum
information processing will be particularly relevant in the
future, especially with respect to fast operation speed,31

scalability,34 and topological quantum computation.35

At the mean !eld level, SOI can be characterized with an
e"ective magnetic !eld B!SO. Here, the amplitude of B!SO re#ects
the strength of the SOI, which is related to the Rabi frequency

in EDSR,31 and the direction of B!SO determines the suitable
geometries in experimental setups. For example, the special
geometry B! " B!SO is assumed in proposals for realizing
Majorana fermions in nanowires with proximity-induced
superconductivity.32,33 Furthermore, EDSR is e$cient when
the externally applied magnetic !eld B! is perpendicular to
B!SO.36!38 However, under such conditions, the degree of
mixing between the singlet and triplet states in a double
quantum dot also reaches a maximum, which is expected to be
proportional to |B!SO ! (B!/B)|.39!41 The transitions between
T(1,1) and S(0,2) induced by the SOI hybridization have an
adverse e"ect on the !delity of the initialization and readout of
spin qubits,39,42!44 and they could speed up decoherence.45!52

Holes in Ge hut wires (HWs)53 are recognized as a
prospective platform for quantum computation because of
their favorable properties. The extremely strong “direct Rashba
spin!orbit interaction” (DRSOI)54!56 in Ge HWs enables a
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Outline

• Device


• Experimental Method: PSB —> look at (anisotropic) leakage 

• Dominant leakage #1: spin-flip cotunneling —> in-plane g-factor


• Dominant leakage #2: SOI —> extract: i) BSO, ii) out of plane g-factor, iii) g-anisotropy


• Ratio of (Direct-) Rashba & Dresselhaus SOI


• Conclusion
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Device
• Monolithically grown Ge hut wires (HW) on Si 

along [100] or [010]


• 2 nm tall, 1 μm long


• 30 nm Pd ohmic contacts (prior bHF - dip)


• 20 nm Al2O3 dielectric


• 5 top gates with 75 nm pitch, Ti/Pd 3/25 nm


• Measured in dilution refrigerator @ 15 mK 
(mixing chamber), (hole temperature 40 mK)

manipulation speed for semiconductor spin qubits up to now.
Furthermore, the growth of site-controlled Ge HWs has been
demonstrated recently,34 which opens a potential path toward
large-scale multiqubit device fabrication. To establish the
feasibility of hole-based quantum processors, and to possibly
observe novel phenomena such as the Majorana zero mode in
Ge HWs, it is imperative to investigate the spin!orbit !eld
(SOF), in terms of both its magnitude and its direction.
To date, by analyzing the anisotropic e"ects of the SOI, the

SOF direction has been determined in various semiconducting
nanostructures such as hole quantum dots (QDs) in the GaAs/
AlGaAs heterostructure,43 silicon MOS,57,58 and electron QDs
made from InAs nanowires.59 However, experimental deter-
mination of the SOF direction, which is related to the DRSOI
in hole nanowires, remains lacking.
In this letter, we extract the anisotropic g-tensor and

determine the SOF direction in an electrostatically de!ned
double quantum dot (DQD) in a Ge hut wire by analyzing the
behavior of leakage in the Pauli spin blockade (PSB) region.
First, we measure the dependence of leakage current on the
magnetic !eld along di"erent directions, which can be
attributed to the relaxation mechanisms of spin-#ip co-
tunneling to the reservoirs and SOI within the DQD. The
e"ective g-factors in-plane can be determined by !tting to the
current peak induced by spin-#ip co-tunneling. Then, the
magnetic !eld is !xed at a value dominated by the SOI. We
study the anisotropic e"ects of the leakage current and extract
the direction of B!SO, which is in-plane and at a 59° angle to the
nanowire, indicating the existence of other SOI mechanisms in
addition to the DRSOI.
The DQD used in the experiment is fabricated from Ge

HWs that are monolithically grown on a Si substrate.53 Figure
1a shows a false-colored scanning electron microscopy (SEM)
image of the device we studied with !ve electrodes above a 1-
!m-long nanowire. After removing oxides with bu"ered

hydro#uoric acid, 30-nm-thick palladium contacts are
patterned with electron beam lithography. A 20 nm aluminum
oxide layer is then deposited as a gate dielectric using atomic
layer deposition. Finally, three 30-nm-wide top gates consisting
of 3 nm titanium and 25 nm palladium are fabricated between
contact pads, spaced at a 40 nm pitch. A 3D schematic of the
device is depicted in Figure 1b. By applying voltages to three
top gates to create a con!nement potential, a DQD is de!ned
along the y-axis (parallel to the Ge HW), as shown in Figure
1c. Here, the experiment is carried out in a dilution refrigerator
at a base temperature of about 15 mK.
Figure 1d shows the charge stability diagram of the DQD.

We measure the source!drain current ISD as a function of gate
voltages VL and VR at a bias voltage VSD = +2.5 mV. Note that
only when the energy levels corresponding to transitions of the
two QDs both enter the bias window can the current through
the DQD be detected, leading to an array of characteristic bias
triangles.51,60 We investigate the bias triangle denoted by a red
circle at the transition between the (1,1) and (0,2) states in
Figure 1d. Here, the number in parentheses describes the
e"ective hole occupation of each quantum dot, while the true
hole occupation is (m+1,n+1) and (m,n+2). When the total
hole spin of each dot is zero in the (m,n) state, the spin-related
transition between (m+1,n+1) and (m,n+2) states can be
described with (1,1) and (0,2) states for simplicity. Parts a and
b of Figure 2 display zoom-ins of this triangle for positive and

negative source!drain biases. The corresponding line traces
along the detuning energy " (green arrow) are plotted in
Figure 2c. In comparison, we observe a strong suppression of
current at VSD = +2.5 mV, which is attributed to the forbidden
transition from T(1,1) to S(1,1) due to spin conservation
during hole tunneling (Figure 2d), the characteristic signature
of PSB.61!65 For VSD = !2.5 mV, a large current is measured in
the whole triangle.
The spin blockade can be lifted by spin relaxation

mechanisms such as hyper!ne interaction,62,67,68 spin-#ip co-

Figure 1. (a) False-colored scanning electron microscopy (SEM)
image of a hole DQD in a Ge HW. (b) A 3D schematic of the device.
The DQD is formed between two top gates by applying voltages to
three grid electrodes. (c) Schematic of the con!nement potential
created along the nanowire by a gate voltage and the formation of a
DQD. De!nition of the angles and presentation of the vector for the
SOF. (d) Charge stability diagram of the DQD: transport current ISD
measured as a function of VL and VR with VSD = +2.5 mV. The
experiment is performed in the bias triangle circled in red.

Figure 2. (a, b) Zoom-ins of the bias triangle circled in red in Figure
1d with opposite biases. The suppression of current ISD at the base of
the bias triangle in panel a is the signature of PSB. The green arrow
indicates the direction of the detuning energy ". (c) Current
measured along the detuning energy with opposite biases (d)
Schematic diagram of PSB in a hole DQD. The transport between
states (1,1) and (0,2) is forbidden when T(1,1) is occupied.
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[1] Zhang, Katsaros et al., PRL 109, 085502 (2012)

single-hole transport make them a promising system for
realizing both ultrasmall p-type Ge transistors on Si and
novel quantum devices.

The Ge NWs were grown by MBE at a base pressure
of 5! 10"11 mbar. We initially deposit 4.4 monolayers
(ML) of Ge to form a pseudomorphically strained two-
dimensional layer, known as the wetting layer (WL), with a
growth rate of 0:04 ML=s at a substrate temperature of
570 #C. The deposited Ge amount is slightly smaller than
the critical thickness of 4.5 ML for the formation of three-
dimensional (3D) Ge islands, referred to as ‘‘hut clusters’’
[20–25]. After Ge deposition, the substrate temperature is
kept at nominal 560 #C for different time durations. During
this in situ annealing, 3D islands appear and evolve into
long wires via anisotropic growth along either the [001] or
the [010] crystallographic direction, as shown in Fig. 1(a).
This finding indicates that, for the chosen amount of de-
posited Ge, the WL is metastable against 3D island for-
mation [26]. The length of the wires is typically already a
few hundreds of nanometers after 1 h annealing and
reaches the micrometer scale in 3 h. Further annealing

produces only a limited increase in their length, as shown
in Fig. 2(a). This may be attributed to the fact that, as Ge
moves into the wires, the WL is consumed leading to
gradual reduction of the growth rate due to the depletion
of the Ge supersaturation [24]. As seen from Fig. 1(a) the
wires are highly uniform in height and width. A statistical
analysis performed on NWs longer than 80 nm shows an
average height h of 1.86 nm (about three unit cells) with a
remarkably low standard deviation (0.14 nm). The NWs
have the triangular cross-section characteristic of hut clus-
ters [Fig. 1(d)], with {105} side facets forming an angle
! $ 11:3# with the substrate plane and resulting in an
average base width b $ 2h= tan! $ 18:6 nm. This is
confirmed by cross-sectional transmission electron micros-
copy (TEM) as shown in the inset of Fig. 1(d). Figure 2(b)
shows the histograms of height distribution of all nano-
structures including short hut clusters and pyramids
[as seen in Fig. 1(a)] after 1, 3, and 12 h annealing.
Different from the length, the height distribution does not
show significant variations during annealing, indicating the
wires grow by increasing only their length [24]. In addi-
tion, pyramids and hut clusters usually have a larger height
(> 2 nm), compared to the wires, suggesting that islands
with a large height are difficult to elongate.
The wire density can be controlled simply by the amount

of the initially depositedGe. By decreasing it, the amount of
metastable Ge is correspondingly decreased, resulting in a

FIG. 1 (color online). Atomic force microscopy (AFM) images
of Ge wires forming on Si(001) substrates after 12 h annealing.
Atomic terraces are parallel to the (001) plane and atomic steps
on the WL are well visible. (a) High and (b) low density of Ge
wires on Si(001) with a nominal miscut angle of less than 0:05#.
(c) Tapered Ge wires on Si(001) with a nominal miscut angle of
less than 0:5#. The wires grow laterally along either of the two
h100i directions as indicated by the arrows and their surface is
composed of four {105} facets. Scale bar: 200 nm. (d) 3D AFM
image of an individual Ge wire. The inset is a cross-sectional
TEM image of the Ge wire capped with Si at 300 #C, showing a
sharp Si=Ge interface and an inclination angle of 11:3# between
{105} facets and the substrate plane. Scale bar: 5 nm.

FIG. 2. Histograms showing the length distribution (a) and the
height distribution (b) of Ge nanostructures (including wires,
pyramids and hut clusters) for different annealing times at a
substrate temperature of 560 #C.
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• Consider a double quantum dot (DD) with 
Pauli Spin-Blockade (PSB)


• Determine dominant spin relaxation 
mechanism based on the leakage current 
Ileak (lifting of PSB)


• Determine in-plane g-factors by fitting the 
spin-flip cotunneling peaks (SFC) from 
leakage current Ileak


• Fix |B| and analyse angular dependence of 
Ileak on B(φ,δ). Extract BSO from the 
anisotropy of Ileak .
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Experimental Method

manipulation speed for semiconductor spin qubits up to now.
Furthermore, the growth of site-controlled Ge HWs has been
demonstrated recently,34 which opens a potential path toward
large-scale multiqubit device fabrication. To establish the
feasibility of hole-based quantum processors, and to possibly
observe novel phenomena such as the Majorana zero mode in
Ge HWs, it is imperative to investigate the spin!orbit !eld
(SOF), in terms of both its magnitude and its direction.
To date, by analyzing the anisotropic e"ects of the SOI, the

SOF direction has been determined in various semiconducting
nanostructures such as hole quantum dots (QDs) in the GaAs/
AlGaAs heterostructure,43 silicon MOS,57,58 and electron QDs
made from InAs nanowires.59 However, experimental deter-
mination of the SOF direction, which is related to the DRSOI
in hole nanowires, remains lacking.
In this letter, we extract the anisotropic g-tensor and

determine the SOF direction in an electrostatically de!ned
double quantum dot (DQD) in a Ge hut wire by analyzing the
behavior of leakage in the Pauli spin blockade (PSB) region.
First, we measure the dependence of leakage current on the
magnetic !eld along di"erent directions, which can be
attributed to the relaxation mechanisms of spin-#ip co-
tunneling to the reservoirs and SOI within the DQD. The
e"ective g-factors in-plane can be determined by !tting to the
current peak induced by spin-#ip co-tunneling. Then, the
magnetic !eld is !xed at a value dominated by the SOI. We
study the anisotropic e"ects of the leakage current and extract
the direction of B!SO, which is in-plane and at a 59° angle to the
nanowire, indicating the existence of other SOI mechanisms in
addition to the DRSOI.
The DQD used in the experiment is fabricated from Ge

HWs that are monolithically grown on a Si substrate.53 Figure
1a shows a false-colored scanning electron microscopy (SEM)
image of the device we studied with !ve electrodes above a 1-
!m-long nanowire. After removing oxides with bu"ered

hydro#uoric acid, 30-nm-thick palladium contacts are
patterned with electron beam lithography. A 20 nm aluminum
oxide layer is then deposited as a gate dielectric using atomic
layer deposition. Finally, three 30-nm-wide top gates consisting
of 3 nm titanium and 25 nm palladium are fabricated between
contact pads, spaced at a 40 nm pitch. A 3D schematic of the
device is depicted in Figure 1b. By applying voltages to three
top gates to create a con!nement potential, a DQD is de!ned
along the y-axis (parallel to the Ge HW), as shown in Figure
1c. Here, the experiment is carried out in a dilution refrigerator
at a base temperature of about 15 mK.
Figure 1d shows the charge stability diagram of the DQD.

We measure the source!drain current ISD as a function of gate
voltages VL and VR at a bias voltage VSD = +2.5 mV. Note that
only when the energy levels corresponding to transitions of the
two QDs both enter the bias window can the current through
the DQD be detected, leading to an array of characteristic bias
triangles.51,60 We investigate the bias triangle denoted by a red
circle at the transition between the (1,1) and (0,2) states in
Figure 1d. Here, the number in parentheses describes the
e"ective hole occupation of each quantum dot, while the true
hole occupation is (m+1,n+1) and (m,n+2). When the total
hole spin of each dot is zero in the (m,n) state, the spin-related
transition between (m+1,n+1) and (m,n+2) states can be
described with (1,1) and (0,2) states for simplicity. Parts a and
b of Figure 2 display zoom-ins of this triangle for positive and

negative source!drain biases. The corresponding line traces
along the detuning energy " (green arrow) are plotted in
Figure 2c. In comparison, we observe a strong suppression of
current at VSD = +2.5 mV, which is attributed to the forbidden
transition from T(1,1) to S(1,1) due to spin conservation
during hole tunneling (Figure 2d), the characteristic signature
of PSB.61!65 For VSD = !2.5 mV, a large current is measured in
the whole triangle.
The spin blockade can be lifted by spin relaxation

mechanisms such as hyper!ne interaction,62,67,68 spin-#ip co-

Figure 1. (a) False-colored scanning electron microscopy (SEM)
image of a hole DQD in a Ge HW. (b) A 3D schematic of the device.
The DQD is formed between two top gates by applying voltages to
three grid electrodes. (c) Schematic of the con!nement potential
created along the nanowire by a gate voltage and the formation of a
DQD. De!nition of the angles and presentation of the vector for the
SOF. (d) Charge stability diagram of the DQD: transport current ISD
measured as a function of VL and VR with VSD = +2.5 mV. The
experiment is performed in the bias triangle circled in red.

Figure 2. (a, b) Zoom-ins of the bias triangle circled in red in Figure
1d with opposite biases. The suppression of current ISD at the base of
the bias triangle in panel a is the signature of PSB. The green arrow
indicates the direction of the detuning energy ". (c) Current
measured along the detuning energy with opposite biases (d)
Schematic diagram of PSB in a hole DQD. The transport between
states (1,1) and (0,2) is forbidden when T(1,1) is occupied.
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tunneling,66,69!71 a g-factor di!erence in the DQD and the
SOI.39,44,67,69,72 The dominant spin relaxation mechanism can
be determined based on the leakage current in the PSB region.
Figure 3 shows a measurement of the leakage spectroscopy as a
function of ! and B! in di!erent directions. Here, ! can be
tuned by changing the voltages of gates L and R as described in
Figure 2a (green arrow), and the direction of B! is depicted on
the top panels of Figure 3. Figure 3a shows the leakage
spectroscopy when the magnetic "eld is along the z direction.
The leakage current ISD in the PSB region increases
monotonically as Bz increases. A line cut along ! = 0 is
plotted (red circles) in Figure 3d. The PSB is lifted at a "nitely
large magnetic "eld, and the current pro"le shows a broad dip,
re#ecting the presence of a spin-nonconserving transport
mechanism. In Ge HWs, the strong SOI can hybridize the
states of T(1,1) and S(0,2) at a "nite magnetic "eld and enable
a spin-#ip transition between them to lift the PSB,39 leading to
the leakage spectroscopy shown in Figure 3a.
However, when the direction of magnetic "eld is rotated

perpendicularly and parallelly to the nanowire in plane, we "nd
a di!erent "eld-dependent behavior of the leakage current, as
shown in Figure 3, parts b and c. From the line cut at ! = 0
(Figure 3, parts e and f), we "nd the leakage curve is composed
of a zero-"eld peak and a dip at a large magnetic "eld, which is
induced by two di!erent spin relaxation mechanisms. We
attribute the broad leakage dip to the SOI in our system and
"nd that the current increment induced by the SOI with an in-
plane magnetic "eld is much smaller than that with an out-of-
plane magnetic "eld. Although no saturation of leakage current
is observed as before,43 we "nd that the dip widths are
dramatically di!erent in di!erent directions. This phenomenon
can be explained with the anisotropy of the g-factor in our hole
system and the change in the angle between B! and B!SO,43
which will be discussed in detail below.

Furthermore, because the width of the peak is approximately
200 mT, we rule out the hyper"ne interaction62,68 and
consider spin-#ip co-tunneling66,69 to be the dominant
mechanism for lifting of the PSB around zero "eld. When a
triplet T(1,1) is formed in a DQD, one of the spins can #ip
through inelastic co-tunneling between the dot and its nearest
lead, giving rise to an enhanced leakage current. The spin-#ip
co-tunneling rate will decrease exponentially with the increase
of Zeeman energy.66 Therefore, the leakage current induced by
spin-#ip co-tunneling has a maximum at zero "eld and drops to
zero at a large magnetic "eld, leading to a peak of leakage
current
The leakage current Ileak induced by SOI and spin-#ip co-

tunneling can be expressed by39,69
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hole charge, g* is the e!ective g-factor, "B is the Bohr
magneton, h is Planck’s constant, kB is the Boltzmann constant,
T is the hole temperature, !l,(r) is the tunnel coupling with the
left (right) reservoir, " is the depth of the two-hole level, and
UM is the mutual charging energy.71 The second term in the
formula represents the SOI induced leakage current, which
exhibits a Lorentzian-shaped dip with a width BC.

39 The
residual leakage current IB results from other spin relaxation
mechanisms, such as the di!erence of g-factor between two
dots.
The black solid lines in Figure 3d!f show the "tting to

experimental data of the leakage current at ! = 0 with eq 1.
Obviously, the experimental data are in good agreement with

Figure 3. (a!c) Measurement of leakage spectroscopy as a function of ! and B! in di!erent directions. The direction of magnetic "eld is depicted in
the top panels. The Ge HW is along the y-axis. (d!f) Magnetic "eld dependence of leakage current along three di!erent directions at ! = 0
(indicated by the yellow bars). The black solid lines represent the theoretical "ts of eq 1.
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function of ! and B! in di!erent directions. Here, ! can be
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the top panels of Figure 3. Figure 3a shows the leakage
spectroscopy when the magnetic "eld is along the z direction.
The leakage current ISD in the PSB region increases
monotonically as Bz increases. A line cut along ! = 0 is
plotted (red circles) in Figure 3d. The PSB is lifted at a "nitely
large magnetic "eld, and the current pro"le shows a broad dip,
re#ecting the presence of a spin-nonconserving transport
mechanism. In Ge HWs, the strong SOI can hybridize the
states of T(1,1) and S(0,2) at a "nite magnetic "eld and enable
a spin-#ip transition between them to lift the PSB,39 leading to
the leakage spectroscopy shown in Figure 3a.
However, when the direction of magnetic "eld is rotated

perpendicularly and parallelly to the nanowire in plane, we "nd
a di!erent "eld-dependent behavior of the leakage current, as
shown in Figure 3, parts b and c. From the line cut at ! = 0
(Figure 3, parts e and f), we "nd the leakage curve is composed
of a zero-"eld peak and a dip at a large magnetic "eld, which is
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attribute the broad leakage dip to the SOI in our system and
"nd that the current increment induced by the SOI with an in-
plane magnetic "eld is much smaller than that with an out-of-
plane magnetic "eld. Although no saturation of leakage current
is observed as before,43 we "nd that the dip widths are
dramatically di!erent in di!erent directions. This phenomenon
can be explained with the anisotropy of the g-factor in our hole
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which will be discussed in detail below.

Furthermore, because the width of the peak is approximately
200 mT, we rule out the hyper"ne interaction62,68 and
consider spin-#ip co-tunneling66,69 to be the dominant
mechanism for lifting of the PSB around zero "eld. When a
triplet T(1,1) is formed in a DQD, one of the spins can #ip
through inelastic co-tunneling between the dot and its nearest
lead, giving rise to an enhanced leakage current. The spin-#ip
co-tunneling rate will decrease exponentially with the increase
of Zeeman energy.66 Therefore, the leakage current induced by
spin-#ip co-tunneling has a maximum at zero "eld and drops to
zero at a large magnetic "eld, leading to a peak of leakage
current
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SOI.39,44,67,69,72 The dominant spin relaxation mechanism can
be determined based on the leakage current in the PSB region.
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tuned by changing the voltages of gates L and R as described in
Figure 2a (green arrow), and the direction of B! is depicted on
the top panels of Figure 3. Figure 3a shows the leakage
spectroscopy when the magnetic "eld is along the z direction.
The leakage current ISD in the PSB region increases
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plane magnetic "eld. Although no saturation of leakage current
is observed as before,43 we "nd that the dip widths are
dramatically di!erent in di!erent directions. This phenomenon
can be explained with the anisotropy of the g-factor in our hole
system and the change in the angle between B! and B!SO,43
which will be discussed in detail below.

Furthermore, because the width of the peak is approximately
200 mT, we rule out the hyper"ne interaction62,68 and
consider spin-#ip co-tunneling66,69 to be the dominant
mechanism for lifting of the PSB around zero "eld. When a
triplet T(1,1) is formed in a DQD, one of the spins can #ip
through inelastic co-tunneling between the dot and its nearest
lead, giving rise to an enhanced leakage current. The spin-#ip
co-tunneling rate will decrease exponentially with the increase
of Zeeman energy.66 Therefore, the leakage current induced by
spin-#ip co-tunneling has a maximum at zero "eld and drops to
zero at a large magnetic "eld, leading to a peak of leakage
current
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spin-flip cotunneling
SOI-induced leakage
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the theory. From the !tting to the current peak induced by
spin-"ip co-tunneling, we can extract the values of the e#ective
g-factor gx* = gy* = 1.2 ± 0.2 with a hole temperature T = 40
mK. The obtained g-factors for a magnetic !eld applied in-
plane are consistent with those previously extracted for a single
QD.73 By !tting the data in Figure 3d!f in three di#erent
directions and focusing on the SOI part of eq 1, we can extract
the values of BC, with BC

x = 9 T, BC
y = 6.5 T, and BC

z = 1.7 T.
The values of BC are so large that they exceed the limit of the
magnetic !eld we can reach, which is why we cannot observe
saturation of the leakage current induced by the SOI at a !nite
!eld. Here, BC is related not only to the e#ective g-factor but
also to the angle between g!·B! and B!SO, and it can be expressed
as43,57
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where BC
0 is a constant, g* is the e#ective g-factor along the

direction of magnetic !eld and ! is the angle between B!SO and
g!·B!; here, g! is the g-tensor. The g-factor in Ge HW has been
demonstrated to be extremely anisotropic, with g" > g#,

73

leading to a much smaller BC along the z-axis, which is
consistent with our experimental result.
To systematically study the anisotropy spectroscopy and

determine the SOF direction, a !xed magnetic !eld is rotated
in the x!y, x!z, and y!z planes while the leakage is measured
in the PSB region. Figure 4 shows the leakage current as a
function of detuning energy " and rotation angle in three
orthogonal planes with a !xed magnetic !eld of 0.8 T, where
spin-"ip co-tunneling is completely suppressed and the SOI
dominates. Combining eq 1 and eq 2, the leakage current Ileak
induced by the SOI can be expressed by
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Based on the g-factor in the plane we obtained above, the g-
tensor for holes in our DQD is well approximated by
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where gz is the g-factor along the z-direction. Considering the
e#ect of SOI in our system, the Rashba SOI will produce a
correction to the in-plane g-factor and the Dresselhaus SOI will
lead to an o#-diagonal element gxy, which is proportional to the
spread of the wave function in the z-direction.74 Because of the
strong out-of-plane con!nement in our system (the height of
Ge HW is around 2 nm), we expect that the value of gxy should
be less than 0.1, which is much smaller than the larger diagonal
elements and take it as zero for simplicity. Hence, the e#ective
g-factor along the external magnetic !eld can be expressed by

g r g gr( , ) ( , ) ( , )" # " # " #* = "† "† " " (5)

where

r ( , ) (sin cos , sin sin , cos )" # # " # " #"† = (6)

is a unit vector pointing along the magnetic !eld direction. The
angle ! between B!SO and g!·B! can also be expressed based on
the g-tensor g! and the direction of B! , B! SO.
Parts d!f of Figure 4 show the leakage current measured at "

= 0, which changes periodically with the angle of the magnetic
!eld. From the theoretical expression of eq 3, the extreme

Figure 4. (a!c) Anisotropy spectroscopy of leakage current ISD as a function of the detuning energy " and the direction of the magnetic !eld which
is rotated in three orthogonal planes as illustrated in the top panel. (d!f) Leakage current as a function of the magnetic !eld angle at " = 0
(indicated by the yellow bars) in three di#erent planes. The red solid lines represent the theoretical !ts of eq 3.
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the theory. From the !tting to the current peak induced by
spin-"ip co-tunneling, we can extract the values of the e#ective
g-factor gx* = gy* = 1.2 ± 0.2 with a hole temperature T = 40
mK. The obtained g-factors for a magnetic !eld applied in-
plane are consistent with those previously extracted for a single
QD.73 By !tting the data in Figure 3d!f in three di#erent
directions and focusing on the SOI part of eq 1, we can extract
the values of BC, with BC
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where gz is the g-factor along the z-direction. Considering the
e#ect of SOI in our system, the Rashba SOI will produce a
correction to the in-plane g-factor and the Dresselhaus SOI will
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spread of the wave function in the z-direction.74 Because of the
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Figure 4. (a!c) Anisotropy spectroscopy of leakage current ISD as a function of the detuning energy " and the direction of the magnetic !eld which
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the dephasing time T!
2, and S-T! mixing. The g-factor,

Stark shift, and S-T! mixing exhibit sinusoidal dependence
on the magnetic field direction, as reported before
[12,15,17,26]. We use these measurements to extract the
Rashba and Dresselhaus interaction strengths of the lower-
energy-valley state in both of the dots. By adjusting the
magnetic field direction, the g-factor difference can be
minimized, allowing global ESR, or it can be maximized in
order to address the qubits individually. We employ the
tunability of the SOI to reduce the sensitivity of the dot to
charge noise and observe an increase of 80% in T!

2 near the
point where the derivative of the Stark shift vanishes
[15,16]. Finally, from studying the S-T! transition, we
identify that the coupling in this system is caused by the
dynamic spin-orbit field induced by charges moving
between the dots, rather than by the hyperfine coupling
or the differences in the g-tensors between the dots [18,27].
This answers a question raised in a previous study [24]. By
adjusting the magnetic field direction, we can minimize the
mixing between the spin states. This minimization could be
extremely useful in reducing errors during spin shuttling of
electron spins in a quantum bus, or in reducing undesired
leakage to the T! state in the S-T operational basis.

II. SPIN-ORBIT INTERACTION IN SILICON
QUANTUM DOTS

Three main mechanisms are responsible for SOI in QDs:
structural inversion asymmetry (Rashba) [28], bulk inver-
sion asymmetry (Dresselhaus) [29], and interface inversion
asymmetry [30]. In bulk silicon, the Dresselhaus term is
absent; however, as shown in Ref. [30], interface inversion
asymmetry has the same representation in the Hamiltonian
as the Dresselhaus term. Hence, to keep the terminology
simple,we refer to this as theDresselhaus term. In a quantum
dot, the Rashba interaction leads to a renormalization of the
in-plane g-factor, while the Dresselhaus interaction gives
rise to shear terms in the in-plane Zeeman response, leading
to an anisotropy in the g-factor [12,14–17]. These effects
allow tuning of the SOI by changing the orientation of the
external magnetic field. Since at silicon interfaces the
Dresselhaus term is expected to be dominant [15–17], we
can completely turn off SOI on demand by inducing a
Dresselhaus effect that is equally strong but opposite in sign
to the Rashba effect [12,15,17,22,31].
In silicon, a SO Hamiltonian for the ith valley can be

written as

HSO;vi "!i#kx"y!ky"x$%#i#kx"x!ky"y$; i"1;2; #1$

where ! and # are the Rashba and Dresselhaus interaction
coefficients, kx and ky are the electron wave operators along
the [100] and [010] lattice directions, respectively, and "x
are "y are the Pauli spin matrices. The electron wave
operator is represented as kx " !i&d=#dx$' % eAx=!,
where Ax is the x component of the vector potential of

the magnetic field, e is the elementary charge, and ! is the
reduced Planck’s constant. In Ref. [15], it is shown that by
choosing a gauge !A " #Byz;!Bxz; 0$ and by averaging
over the z axis, we obtain from Eq. (1) corrections to the
g-tensor. Here, we use two different experimental spin-orbit
coefficients to describe the system. We use !g and #g for the
Rashba and Dresselhaus coefficients that we associate with
the vector potential contribution (namely, the g-factor and
Stark shift). Second, to the dot quantities that are affected
by the &d=#dx$' term in HSO (namely, S-T! mixing), we
associate the coefficients !t and #t.
The g-tensor of a silicon quantum dot at an interface can

be expressed as a 3 ! 3 matrix, and it usually assumes the
expression
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where gk is the g-factor in plane with the quantum dot,
g! is the g-factor perpendicular to the quantum-dot plane,
$B is the Bohr magneton, and !!g " &#ehz ! zii!g$=!',
#!g " &#ehz ! zii#g$=!', with hz ! zii being the spread of
the electron wave function in the z direction (zi is the
location of the interface) [12,14,15,32]. Nonzero gxz and
gyz terms can be generated from dipole matrix elements
[33], for example, from strong in-plane electric fields due to
strain caused by thermal expansion mismatch when the
device is cooled down [34]. For our quantum dots, we use
hz ! zii " 1.68 nm [14]. In silicon QDs, this tensor is
diagonal, and both gk and g! are close to the vacuum value
of the electron g-factor due to the large band gap in silicon
[35]. Here, we assume a symmetric g-tensor and that the in-
plane Bx coordinate is aligned with the [100] crystal lattice
direction. To obtain the g-factor along a certain direction,

one can use g "
!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
r̂#%B; &B$†ĝ†1ĝ1r̂#%B; &B$

q
, where

r̂#%B; &B$ is a unit vector pointing in the same direction
as the external magnetic field B expressed in Cartesian
coordinates.

III. EXPERIMENTAL g-TENSOR

Figure 1(b) shows the scanning electron microscope
(SEM) image of the SiMOS device used in this experiment.
This sample was previously used for experiments described
in Ref. [24], and the structure is considered a candidate for
scaling up to a logical qubit in silicon [23]. One quantum
dot is induced at the Si=SiO2 interface under each of the
plunger gates G1 and G2, as shown in the schematic cross
section in Fig. 1(a). The quantum dots are confined laterally
by a confinement barrier (CB) and a barrier gate (BG),
which is also used to tune the tunnel rates between the
reservoir and the dots. The reservoir is induced under an

TUOMO TANTTU et al. PHYS. REV. X 9, 021028 (2019)

021028-2

[2] Tanttu et al., PRX 9, 021028 (2019)

- α*g, β*g ~ Δz << 1 

- gxz, gyz from strong in-plane E-fields 
due to e.g.: strain from expansion 
mismatch when cooling down. -> 🤔

—> B is a good probe for g, (g || B) [2]
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• Fix B = 0.8 T, away from SFC, where SOI 
dominates


• BC not only related to the effective g-factor 
but also to the angle between g•B and BSO
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Dominant SOI-Regime
tunneling,66,69!71 a g-factor di!erence in the DQD and the
SOI.39,44,67,69,72 The dominant spin relaxation mechanism can
be determined based on the leakage current in the PSB region.
Figure 3 shows a measurement of the leakage spectroscopy as a
function of ! and B! in di!erent directions. Here, ! can be
tuned by changing the voltages of gates L and R as described in
Figure 2a (green arrow), and the direction of B! is depicted on
the top panels of Figure 3. Figure 3a shows the leakage
spectroscopy when the magnetic "eld is along the z direction.
The leakage current ISD in the PSB region increases
monotonically as Bz increases. A line cut along ! = 0 is
plotted (red circles) in Figure 3d. The PSB is lifted at a "nitely
large magnetic "eld, and the current pro"le shows a broad dip,
re#ecting the presence of a spin-nonconserving transport
mechanism. In Ge HWs, the strong SOI can hybridize the
states of T(1,1) and S(0,2) at a "nite magnetic "eld and enable
a spin-#ip transition between them to lift the PSB,39 leading to
the leakage spectroscopy shown in Figure 3a.
However, when the direction of magnetic "eld is rotated

perpendicularly and parallelly to the nanowire in plane, we "nd
a di!erent "eld-dependent behavior of the leakage current, as
shown in Figure 3, parts b and c. From the line cut at ! = 0
(Figure 3, parts e and f), we "nd the leakage curve is composed
of a zero-"eld peak and a dip at a large magnetic "eld, which is
induced by two di!erent spin relaxation mechanisms. We
attribute the broad leakage dip to the SOI in our system and
"nd that the current increment induced by the SOI with an in-
plane magnetic "eld is much smaller than that with an out-of-
plane magnetic "eld. Although no saturation of leakage current
is observed as before,43 we "nd that the dip widths are
dramatically di!erent in di!erent directions. This phenomenon
can be explained with the anisotropy of the g-factor in our hole
system and the change in the angle between B! and B!SO,43
which will be discussed in detail below.

Furthermore, because the width of the peak is approximately
200 mT, we rule out the hyper"ne interaction62,68 and
consider spin-#ip co-tunneling66,69 to be the dominant
mechanism for lifting of the PSB around zero "eld. When a
triplet T(1,1) is formed in a DQD, one of the spins can #ip
through inelastic co-tunneling between the dot and its nearest
lead, giving rise to an enhanced leakage current. The spin-#ip
co-tunneling rate will decrease exponentially with the increase
of Zeeman energy.66 Therefore, the leakage current induced by
spin-#ip co-tunneling has a maximum at zero "eld and drops to
zero at a large magnetic "eld, leading to a peak of leakage
current
The leakage current Ileak induced by SOI and spin-#ip co-

tunneling can be expressed by39,69
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hole charge, g* is the e!ective g-factor, "B is the Bohr
magneton, h is Planck’s constant, kB is the Boltzmann constant,
T is the hole temperature, !l,(r) is the tunnel coupling with the
left (right) reservoir, " is the depth of the two-hole level, and
UM is the mutual charging energy.71 The second term in the
formula represents the SOI induced leakage current, which
exhibits a Lorentzian-shaped dip with a width BC.

39 The
residual leakage current IB results from other spin relaxation
mechanisms, such as the di!erence of g-factor between two
dots.
The black solid lines in Figure 3d!f show the "tting to

experimental data of the leakage current at ! = 0 with eq 1.
Obviously, the experimental data are in good agreement with

Figure 3. (a!c) Measurement of leakage spectroscopy as a function of ! and B! in di!erent directions. The direction of magnetic "eld is depicted in
the top panels. The Ge HW is along the y-axis. (d!f) Magnetic "eld dependence of leakage current along three di!erent directions at ! = 0
(indicated by the yellow bars). The black solid lines represent the theoretical "ts of eq 1.
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function of ! and B! in di!erent directions. Here, ! can be
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Figure 2a (green arrow), and the direction of B! is depicted on
the top panels of Figure 3. Figure 3a shows the leakage
spectroscopy when the magnetic "eld is along the z direction.
The leakage current ISD in the PSB region increases
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re#ecting the presence of a spin-nonconserving transport
mechanism. In Ge HWs, the strong SOI can hybridize the
states of T(1,1) and S(0,2) at a "nite magnetic "eld and enable
a spin-#ip transition between them to lift the PSB,39 leading to
the leakage spectroscopy shown in Figure 3a.
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a di!erent "eld-dependent behavior of the leakage current, as
shown in Figure 3, parts b and c. From the line cut at ! = 0
(Figure 3, parts e and f), we "nd the leakage curve is composed
of a zero-"eld peak and a dip at a large magnetic "eld, which is
induced by two di!erent spin relaxation mechanisms. We
attribute the broad leakage dip to the SOI in our system and
"nd that the current increment induced by the SOI with an in-
plane magnetic "eld is much smaller than that with an out-of-
plane magnetic "eld. Although no saturation of leakage current
is observed as before,43 we "nd that the dip widths are
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system and the change in the angle between B! and B!SO,43
which will be discussed in detail below.

Furthermore, because the width of the peak is approximately
200 mT, we rule out the hyper"ne interaction62,68 and
consider spin-#ip co-tunneling66,69 to be the dominant
mechanism for lifting of the PSB around zero "eld. When a
triplet T(1,1) is formed in a DQD, one of the spins can #ip
through inelastic co-tunneling between the dot and its nearest
lead, giving rise to an enhanced leakage current. The spin-#ip
co-tunneling rate will decrease exponentially with the increase
of Zeeman energy.66 Therefore, the leakage current induced by
spin-#ip co-tunneling has a maximum at zero "eld and drops to
zero at a large magnetic "eld, leading to a peak of leakage
current
The leakage current Ileak induced by SOI and spin-#ip co-
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formula represents the SOI induced leakage current, which
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dots.
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Obviously, the experimental data are in good agreement with

Figure 3. (a!c) Measurement of leakage spectroscopy as a function of ! and B! in di!erent directions. The direction of magnetic "eld is depicted in
the top panels. The Ge HW is along the y-axis. (d!f) Magnetic "eld dependence of leakage current along three di!erent directions at ! = 0
(indicated by the yellow bars). The black solid lines represent the theoretical "ts of eq 1.
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the theory. From the !tting to the current peak induced by
spin-"ip co-tunneling, we can extract the values of the e#ective
g-factor gx* = gy* = 1.2 ± 0.2 with a hole temperature T = 40
mK. The obtained g-factors for a magnetic !eld applied in-
plane are consistent with those previously extracted for a single
QD.73 By !tting the data in Figure 3d!f in three di#erent
directions and focusing on the SOI part of eq 1, we can extract
the values of BC, with BC

x = 9 T, BC
y = 6.5 T, and BC

z = 1.7 T.
The values of BC are so large that they exceed the limit of the
magnetic !eld we can reach, which is why we cannot observe
saturation of the leakage current induced by the SOI at a !nite
!eld. Here, BC is related not only to the e#ective g-factor but
also to the angle between g!·B! and B!SO, and it can be expressed
as43,57
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where BC
0 is a constant, g* is the e#ective g-factor along the

direction of magnetic !eld and ! is the angle between B!SO and
g!·B!; here, g! is the g-tensor. The g-factor in Ge HW has been
demonstrated to be extremely anisotropic, with g" > g#,

73

leading to a much smaller BC along the z-axis, which is
consistent with our experimental result.
To systematically study the anisotropy spectroscopy and

determine the SOF direction, a !xed magnetic !eld is rotated
in the x!y, x!z, and y!z planes while the leakage is measured
in the PSB region. Figure 4 shows the leakage current as a
function of detuning energy " and rotation angle in three
orthogonal planes with a !xed magnetic !eld of 0.8 T, where
spin-"ip co-tunneling is completely suppressed and the SOI
dominates. Combining eq 1 and eq 2, the leakage current Ileak
induced by the SOI can be expressed by
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Based on the g-factor in the plane we obtained above, the g-
tensor for holes in our DQD is well approximated by
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where gz is the g-factor along the z-direction. Considering the
e#ect of SOI in our system, the Rashba SOI will produce a
correction to the in-plane g-factor and the Dresselhaus SOI will
lead to an o#-diagonal element gxy, which is proportional to the
spread of the wave function in the z-direction.74 Because of the
strong out-of-plane con!nement in our system (the height of
Ge HW is around 2 nm), we expect that the value of gxy should
be less than 0.1, which is much smaller than the larger diagonal
elements and take it as zero for simplicity. Hence, the e#ective
g-factor along the external magnetic !eld can be expressed by

g r g gr( , ) ( , ) ( , )" # " # " #* = "† "† " " (5)

where

r ( , ) (sin cos , sin sin , cos )" # # " # " #"† = (6)

is a unit vector pointing along the magnetic !eld direction. The
angle ! between B!SO and g!·B! can also be expressed based on
the g-tensor g! and the direction of B! , B! SO.
Parts d!f of Figure 4 show the leakage current measured at "

= 0, which changes periodically with the angle of the magnetic
!eld. From the theoretical expression of eq 3, the extreme

Figure 4. (a!c) Anisotropy spectroscopy of leakage current ISD as a function of the detuning energy " and the direction of the magnetic !eld which
is rotated in three orthogonal planes as illustrated in the top panel. (d!f) Leakage current as a function of the magnetic !eld angle at " = 0
(indicated by the yellow bars) in three di#erent planes. The red solid lines represent the theoretical !ts of eq 3.
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the theory. From the !tting to the current peak induced by
spin-"ip co-tunneling, we can extract the values of the e#ective
g-factor gx* = gy* = 1.2 ± 0.2 with a hole temperature T = 40
mK. The obtained g-factors for a magnetic !eld applied in-
plane are consistent with those previously extracted for a single
QD.73 By !tting the data in Figure 3d!f in three di#erent
directions and focusing on the SOI part of eq 1, we can extract
the values of BC, with BC

x = 9 T, BC
y = 6.5 T, and BC

z = 1.7 T.
The values of BC are so large that they exceed the limit of the
magnetic !eld we can reach, which is why we cannot observe
saturation of the leakage current induced by the SOI at a !nite
!eld. Here, BC is related not only to the e#ective g-factor but
also to the angle between g!·B! and B!SO, and it can be expressed
as43,57
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in the PSB region. Figure 4 shows the leakage current as a
function of detuning energy " and rotation angle in three
orthogonal planes with a !xed magnetic !eld of 0.8 T, where
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where gz is the g-factor along the z-direction. Considering the
e#ect of SOI in our system, the Rashba SOI will produce a
correction to the in-plane g-factor and the Dresselhaus SOI will
lead to an o#-diagonal element gxy, which is proportional to the
spread of the wave function in the z-direction.74 Because of the
strong out-of-plane con!nement in our system (the height of
Ge HW is around 2 nm), we expect that the value of gxy should
be less than 0.1, which is much smaller than the larger diagonal
elements and take it as zero for simplicity. Hence, the e#ective
g-factor along the external magnetic !eld can be expressed by
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where

r ( , ) (sin cos , sin sin , cos )" # # " # " #"† = (6)

is a unit vector pointing along the magnetic !eld direction. The
angle ! between B!SO and g!·B! can also be expressed based on
the g-tensor g! and the direction of B! , B! SO.
Parts d!f of Figure 4 show the leakage current measured at "

= 0, which changes periodically with the angle of the magnetic
!eld. From the theoretical expression of eq 3, the extreme

Figure 4. (a!c) Anisotropy spectroscopy of leakage current ISD as a function of the detuning energy " and the direction of the magnetic !eld which
is rotated in three orthogonal planes as illustrated in the top panel. (d!f) Leakage current as a function of the magnetic !eld angle at " = 0
(indicated by the yellow bars) in three di#erent planes. The red solid lines represent the theoretical !ts of eq 3.
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• The extreme anisotropy of Ileak can be 
explained by:


1.  x-z, y-z plane: high g-factor anisotropy 

2. x-y plane: change in the angle between B 
and BSO .


• Fit with     yields g*z = 3.9 ± 0.1


• Spin-orbit field direction at 59° ± 5° from 
y-axis
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Rotate B-field

the theory. From the !tting to the current peak induced by
spin-"ip co-tunneling, we can extract the values of the e#ective
g-factor gx* = gy* = 1.2 ± 0.2 with a hole temperature T = 40
mK. The obtained g-factors for a magnetic !eld applied in-
plane are consistent with those previously extracted for a single
QD.73 By !tting the data in Figure 3d!f in three di#erent
directions and focusing on the SOI part of eq 1, we can extract
the values of BC, with BC

x = 9 T, BC
y = 6.5 T, and BC

z = 1.7 T.
The values of BC are so large that they exceed the limit of the
magnetic !eld we can reach, which is why we cannot observe
saturation of the leakage current induced by the SOI at a !nite
!eld. Here, BC is related not only to the e#ective g-factor but
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where gz is the g-factor along the z-direction. Considering the
e#ect of SOI in our system, the Rashba SOI will produce a
correction to the in-plane g-factor and the Dresselhaus SOI will
lead to an o#-diagonal element gxy, which is proportional to the
spread of the wave function in the z-direction.74 Because of the
strong out-of-plane con!nement in our system (the height of
Ge HW is around 2 nm), we expect that the value of gxy should
be less than 0.1, which is much smaller than the larger diagonal
elements and take it as zero for simplicity. Hence, the e#ective
g-factor along the external magnetic !eld can be expressed by
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= 0, which changes periodically with the angle of the magnetic
!eld. From the theoretical expression of eq 3, the extreme

Figure 4. (a!c) Anisotropy spectroscopy of leakage current ISD as a function of the detuning energy " and the direction of the magnetic !eld which
is rotated in three orthogonal planes as illustrated in the top panel. (d!f) Leakage current as a function of the magnetic !eld angle at " = 0
(indicated by the yellow bars) in three di#erent planes. The red solid lines represent the theoretical !ts of eq 3.
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Rashba-Dresselhaus Ratio

• Since the QDs are elongated along y, it is 
assumed GS-WF is most likely along ky 
(smallest confinement, lowest energy)


• Simplify SOI-Hamiltonian such that it only 
contains terms in ky 

• Spin-orbit field expressed by (α,β,0) 

• DRSOI controllable by E-field + with DSOI 
one can find operational sweet spots

anisotropy in the leakage current induced by the SOI in Figure
4 can be explained by two di!erent processes: when the
magnetic "eld is rotated in the x!z, y!z plane, the
experimental results in parts a and b of Figure 4 are caused
by the high anisotropy of g-factor in Ge HWs.73 In our system,
the e!ective g-factor reaches its maximum (minimum) when
the "eld points perpendicular (parallel) to the substrate of the
nanowires, leading to a minimum (maximum) of BC and a
maximum (minimum) of Ileak, as shown in eq 3, which is
consistent with our experimental results in Figures 4d and 4e.
When the magnetic "eld is rotated in the x!y plane (Figure
4c), the angle between B! and B!SO changes, which a!ects the
degree of hybridization of T(1,1) and S(1,1).39!41 Especially
when the angle between B! and B!SO reaches a minimum (i.e., B!
is aligned with the projection of B!SO in-plane), the spin-#ip
tunnelling induced by the SOI is suppressed the most, leading
to a minimum leakage current in Figure 4f.
To accurately determine the direction of the SOF B!SO, we

simultaneously perform numerical "tting of the leakage current
measured in three orthogonal planes with eq 3. The red solid
lines in parts d!f of Figure 4 represent the theoretical "ts
according to eq 3 and show great agreement with our
experimental results. From these "ts, we can extract the SOF
direction, which corresponds to (!0,"0) = 90° ± 10° and 31°
± 5°, and the value of gz = 3.9 ± 0.1. The g-tensor we extracted
is consistent with ones obtained in the literature before.73 The
ground state in Ge HWs is expected to be an almost pure
heavy-hole (HH) state with a very small light-hole (LH)
admixture (less than 1%). However, the PSB we studied here is
in the region of multiple holes in the QD. This "nite
occupation should increase the HH!LH mixing and lead to an
increase in g" and a decrease in g#, which agrees well with the
experimental results in ref 73. Compared to other one-
dimensional systems such as Ge/Si core/shell nanowires, a
signi"cant feature of the Ge HWs studied here is their
triangular cross-section.53 The lack of inversion symmetry of
the cross-section can lead to a large intrinsic SOI that is
dependent on the orientation of the wire even without external
electric "elds.75 Because the wires grow horizontally along
either the [100] or [010] direction,53 the intrinsic SOF points
in the x-direction according to the theoretical model in ref 75.
Notably, the interface inversion asymmetry can also contribute
to the SOI.2,76!78 A Dresselhaus SOI may exist in our system
due to the anisotropy of the chemical bonds at material
interfaces.76 Including the spin!orbit terms we mentioned
above, the DRSOI, interface SOI. and intrinsic SOI induced by
the asymmetry of the cross-section, the SOI Hamiltonian in
our system can be described by

H k ky x y ySO ! " # "= + (7)

Here, # is the Rashba interaction coe$cient, which accounts
for the e!ect of the DRSOI and intrinsic SOI, $ is the
Dresselhaus interaction coe$cient, which corresponds to the
interface SOI, ky is the hole wave operator along the wire, and
%x and %y are the Pauli spin matrices. Hence, the direction of
the SOF in our system can be expressed as (#,$,0), and we can
extract the ratio between the Rashba and Dresselhaus SOI in
our system $/# = tan 31° $ 0.6. Because the DRSOI is related
to the electric "eld,55,56 the direction of the SOF B!SO can be
adjusted by the gate voltages we apply. The existence of
Dresselhaus SOI in our system makes it possible to "nd
operational sweet spots75 where decoherence e!ect from
charge noise is reduced. By controlling the growth of

nanowires along di!erent crystal directions, we can completely
turn o! SOI when two types of SOI are of equal strength but
with opposite directions, realizing the persistent spin helix
symmetry.3

In conclusion, we have measured the leakage current
through a DQD in Ge HWs in the PSB regime. We observe
and distinguish two di!erent PSB lifting mechanisms: spin-#ip
co-tunneling and SOI, which lead to an increase in the leakage
current. When rotating the direction of magnetic "eld, we
observe the high anisotropy of the leakage current induced by
the SOI and explain the experimental results with a
combination of the anisotropic hole g-factor and the angle
between B!SO and g!·B! . By analyzing the behavior of the leakage
current anisotropy, the direction of the SOF B!SO is determined
and found to be in-plane with an azimuthal angle of 59° to the
nanowire, indicating a large interface SOI along the nanowire.
The results we obtained may inspire future developments in
the operation of spin qubits and the detection of Majorana
fermions.

! AUTHOR INFORMATION
Corresponding Authors

Hai-Ou Li ! CAS Key Laboratory of Quantum Information,
University of Science and Technology of China, Hefei, Anhui
230026, China; CAS Center for Excellence and Synergetic
Innovation Center in Quantum Information and Quantum
Physics, University of Science and Technology of China, Hefei,
Anhui 230026, China; Email: haiouli@ustc.edu.cn

Guo-Ping Guo ! CAS Key Laboratory of Quantum
Information, University of Science and Technology of China,
Hefei, Anhui 230026, China; CAS Center for Excellence and
Synergetic Innovation Center in Quantum Information and
Quantum Physics, University of Science and Technology of
China, Hefei, Anhui 230026, China; Origin Quantum
Computing Company Limited, Hefei, Anhui 230026, China;
orcid.org/0000-0002-2179-9507; Email: gpguo@

ustc.edu.cn

Authors
Ting Zhang ! CAS Key Laboratory of Quantum Information,
University of Science and Technology of China, Hefei, Anhui
230026, China; CAS Center for Excellence and Synergetic
Innovation Center in Quantum Information and Quantum
Physics, University of Science and Technology of China, Hefei,
Anhui 230026, China

He Liu ! CAS Key Laboratory of Quantum Information,
University of Science and Technology of China, Hefei, Anhui
230026, China; CAS Center for Excellence and Synergetic
Innovation Center in Quantum Information and Quantum
Physics, University of Science and Technology of China, Hefei,
Anhui 230026, China

Fei Gao ! Institute of Physics and CAS Center for Excellence
in Topological Quantum Computation, Chinese Academy of
Sciences, Beijing 100190, China

Gang Xu ! CAS Key Laboratory of Quantum Information,
University of Science and Technology of China, Hefei, Anhui
230026, China; CAS Center for Excellence and Synergetic
Innovation Center in Quantum Information and Quantum
Physics, University of Science and Technology of China, Hefei,
Anhui 230026, China

Ke Wang ! CAS Key Laboratory of Quantum Information,
University of Science and Technology of China, Hefei, Anhui
230026, China; CAS Center for Excellence and Synergetic

Nano Letters pubs.acs.org/NanoLett Letter

https://doi.org/10.1021/acs.nanolett.1c00263
Nano Lett. 2021, 21, 3835!3842

3839

MJC: Don’t quite see it for DSOI since kx might play a role 
due to strong z confinement (?)

anisotropy in the leakage current induced by the SOI in Figure
4 can be explained by two di!erent processes: when the
magnetic "eld is rotated in the x!z, y!z plane, the
experimental results in parts a and b of Figure 4 are caused
by the high anisotropy of g-factor in Ge HWs.73 In our system,
the e!ective g-factor reaches its maximum (minimum) when
the "eld points perpendicular (parallel) to the substrate of the
nanowires, leading to a minimum (maximum) of BC and a
maximum (minimum) of Ileak, as shown in eq 3, which is
consistent with our experimental results in Figures 4d and 4e.
When the magnetic "eld is rotated in the x!y plane (Figure
4c), the angle between B! and B!SO changes, which a!ects the
degree of hybridization of T(1,1) and S(1,1).39!41 Especially
when the angle between B! and B!SO reaches a minimum (i.e., B!
is aligned with the projection of B!SO in-plane), the spin-#ip
tunnelling induced by the SOI is suppressed the most, leading
to a minimum leakage current in Figure 4f.
To accurately determine the direction of the SOF B!SO, we

simultaneously perform numerical "tting of the leakage current
measured in three orthogonal planes with eq 3. The red solid
lines in parts d!f of Figure 4 represent the theoretical "ts
according to eq 3 and show great agreement with our
experimental results. From these "ts, we can extract the SOF
direction, which corresponds to (!0,"0) = 90° ± 10° and 31°
± 5°, and the value of gz = 3.9 ± 0.1. The g-tensor we extracted
is consistent with ones obtained in the literature before.73 The
ground state in Ge HWs is expected to be an almost pure
heavy-hole (HH) state with a very small light-hole (LH)
admixture (less than 1%). However, the PSB we studied here is
in the region of multiple holes in the QD. This "nite
occupation should increase the HH!LH mixing and lead to an
increase in g" and a decrease in g#, which agrees well with the
experimental results in ref 73. Compared to other one-
dimensional systems such as Ge/Si core/shell nanowires, a
signi"cant feature of the Ge HWs studied here is their
triangular cross-section.53 The lack of inversion symmetry of
the cross-section can lead to a large intrinsic SOI that is
dependent on the orientation of the wire even without external
electric "elds.75 Because the wires grow horizontally along
either the [100] or [010] direction,53 the intrinsic SOF points
in the x-direction according to the theoretical model in ref 75.
Notably, the interface inversion asymmetry can also contribute
to the SOI.2,76!78 A Dresselhaus SOI may exist in our system
due to the anisotropy of the chemical bonds at material
interfaces.76 Including the spin!orbit terms we mentioned
above, the DRSOI, interface SOI. and intrinsic SOI induced by
the asymmetry of the cross-section, the SOI Hamiltonian in
our system can be described by

H k ky x y ySO ! " # "= + (7)

Here, # is the Rashba interaction coe$cient, which accounts
for the e!ect of the DRSOI and intrinsic SOI, $ is the
Dresselhaus interaction coe$cient, which corresponds to the
interface SOI, ky is the hole wave operator along the wire, and
%x and %y are the Pauli spin matrices. Hence, the direction of
the SOF in our system can be expressed as (#,$,0), and we can
extract the ratio between the Rashba and Dresselhaus SOI in
our system $/# = tan 31° $ 0.6. Because the DRSOI is related
to the electric "eld,55,56 the direction of the SOF B!SO can be
adjusted by the gate voltages we apply. The existence of
Dresselhaus SOI in our system makes it possible to "nd
operational sweet spots75 where decoherence e!ect from
charge noise is reduced. By controlling the growth of

nanowires along di!erent crystal directions, we can completely
turn o! SOI when two types of SOI are of equal strength but
with opposite directions, realizing the persistent spin helix
symmetry.3

In conclusion, we have measured the leakage current
through a DQD in Ge HWs in the PSB regime. We observe
and distinguish two di!erent PSB lifting mechanisms: spin-#ip
co-tunneling and SOI, which lead to an increase in the leakage
current. When rotating the direction of magnetic "eld, we
observe the high anisotropy of the leakage current induced by
the SOI and explain the experimental results with a
combination of the anisotropic hole g-factor and the angle
between B!SO and g!·B! . By analyzing the behavior of the leakage
current anisotropy, the direction of the SOF B!SO is determined
and found to be in-plane with an azimuthal angle of 59° to the
nanowire, indicating a large interface SOI along the nanowire.
The results we obtained may inspire future developments in
the operation of spin qubits and the detection of Majorana
fermions.
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Conclusions
• Measured leakage current (caused by lifting 

PSB) through a double quantum dot in a Ge 
HW


• Observed two PSB lifting mechanisms:       
i) spin-flip cotunneling ii) SOI


• High anisotropy of leakage current from 
SOI, could be attributed to g-factor 
anisotropy and the angle between BSO and 
g·B 

• SOF at 59° to y-axis, (large interface SOI)

Thank you for your attention!
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