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Spin-orbit coupling is relatively weak for electrons in bulk silicon, but enhanced interactions are reported
in nanostructures such as the quantum dots used for spin qubits. These interactions have been attributed to
various dissimilar interface effects, including disorder or broken crystal symmetries. In this Letter, we use a
double-quantum-dot qubit to probe these interactions by comparing the spins of separated singlet-triplet
electron pairs. We observe both intravalley and intervalley mechanisms, each dominant for [110] and [100]
magnetic field orientations, respectively, that are consistent with a broken crystal symmetry model. We also
observe a third spin-flip mechanism caused by tunneling between the quantum dots. This improved
understanding is important for qubit uniformity, spin control and decoherence, and two-qubit gates.
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Introduction.—Isotopically enriched silicon is a prime
semiconductor for the implementation of spin qubits [1]. In
addition to reduced spin decoherence enabled by the near
absence of lattice nuclear spins [2,3], silicon is a low spin-
orbit coupling material for electrons that enables long spin
relaxation times [4,5] and low coupling to charge noise. In
silicon quantum dots (QDs), recent work has shown that
spin-orbit effects arise in the presence of strong electron
confinement [6-11]. This enhanced interaction has been
attributed to intervalley spin-orbit coupling and interface
disorder [6,7,11] in some works, and to broken crystal
symmetries [12] at the Si/SiO, [10] or Si/SiGe [13]
interfaces in other works. Recently, Jock e al. [10] have
used a singlet-triplet (ST) qubit [14,15] to probe the
electron g-factor difference between two QDs, and found
a strong magnetic-field-dependent anisotropy explained
with an intravalley mechanism. This anisotropy can be
exploited to enhance spin-orbit effects for spin control
[3,10], or suppress them for uniformity and reproducibility
[16]. ST qubits are promising candidates for quantum
computing, thanks to the ability to perform exchange
[14], capacitive [17-19], and long-range [20-23] two-qubit
gates, as well as low-frequency one-qubit operations [24].
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In GaAs devices, the use of differential dynamic nuclear
polarization (DDNP) was shown to dramatically enhance
the ST qubit coherence [25,26], and also enable its control
[26,27]. The DDNP technique depends on the interaction
between the two-electron spin singlet |S) = (|1]) —
|11))/+v/2 and spin triplet |T_) = ||]) mediated by the
hyperfine coupling to lattice nuclear spins [28]. It was
shown that spin-orbit interaction can couple these two
states as well [29], impacting the ability to perform a
DDNP by providing an alternate channel to dissipate
angular momentum [30,31]. In light of these different
works, it remains unclear what spin-orbit effects predomi-
nate in different situations, what their microscopic origins
are, and how these effects will impact the operation of
silicon devices.

In this Letter, we report the observation of three different
spin-orbit effects in the same device using a ST qubit in
isotopically enriched silicon. The first two effects are
probed using S — T, precession and appear at different
orders of perturbation theory. They consist of an intravalley
g-factor difference effect and an intervalley spin-coupling
effect. The dominant mechanism depends on the magnetic
field orientation with respect to crystallographic axes. We
report here a nonlinear magnetic field strength dependence,
in addition to previously reported linear dependences. The
third effect is probed using S — 7T_ spin transitions and
involves a spin-flip process triggered by electron tunneling
between the QDs. To measure this effect, we adapt a
method previously used in GaAs [31] to our silicon system,
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where the near absence of nuclear spins otherwise prevents
these transitions. We find that the enhanced spin-orbit
interaction in the device strongly couples these states, as it
does for GaAs devices. In fact, the spin-orbit length
estimated from our measurements is only slightly smaller
than bulk GaAs values, a result that is in accordance with
other recent observations of strong spin-orbit effects in
silicon nanodevices. This prevents us from performing
DDNP of the residual >Si.

The effects are modeled with an analytical microscopic
intravalley theory based on broken crystal symmetries
introduced in Jock et al. [10] and extended in this Letter
to describe the additional intervalley effect reported here.
The model involves the electron momentum only at the
Si-Si0, interface, resulting in stronger-than-bulk first-order
effects in the electron momentum and clear predictions that
could help elucidate the microscopic origin of the enhanced
spin-orbit effects in the future [32]. This Letter, as a
consequence of its comprehensive view of spin orbit
interactions, will affect how pulses are shaped around
the uncovered transitions in silicon qubits as well as
providing more detailed guidance about the implications
of how samples are mounted in dilution refrigerators with
respect to magnetic fields.

Methods.—The experiments are performed in a dilution
refrigerator with an electronic temperature of around
300 mK. The gated silicon QD device is shown in
Fig. 1. The silicon is isotopically enriched 2%Si, with a
measured 685 ppm of residual 2°Si. Fabrication and device
crystallographic orientation are as in Jock er al. [10]; the
device is from the same fabrication run but a different die
and measured in a different system. Two QDs are formed,
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FIG. 1. (a) Scanning electron microscope image of the gate
structure of the silicon QD device. The blue overlay indicates the
estimated locations of electron accumulation. The crystallo-
graphic and external magnetic field (B.) orientations are
indicated. All experiments are performed with the magnetic field
along the [100] orientation, except when otherwise specified. A
SET CS is used for readout and sensing. Its current Icg is
amplified using a SiGe HBT. (b) Schematic lateral view of the
device structure (along the dashed line). (c) Conceptual view of
the two QDs, the single-lead reservoir, the CS and the predomi-
nant QD-gate capacitive couplings. The BL and BC gates are
used for fast electrical control of the L and C QDs, respectively.

one under the bottom source (BS) gate and one under the
bottom center (BC) gate. The bottom left (BL) and BC
gates are used for fast control of the left (L) and center
(C) QD charge occupations (N, Nc¢) and interdot detun-
ing €.

The double QD is biased in a two-electron charge
configuration to form a ST qubit. The L QD has a ST
splitting of 243 ueV and the C QD has one of 185 ueV [the
latter measured in a (3,2) configuration to avoid charge
latching]. Spin readout is performed with a direct enhanced
latching readout, as described in Harvey-Collard et al. [33],
and using a single-electron transistor (SET) in series with a
SiGe heterojunction bipolar transistor (HBT) cryoamplifier
[34]. Triplet return probabilities P(T) are calculated from
the average of readout traces referenced to a known charge
configuration to eliminate the slow charge sensor (CS)
current fluctuations.

The external magnetic field B.,; is applied in-plane along
the [100] or [110] crystallographic orientations. The [100]
orientation is used for all the experiments unless otherwise
specified. The [110] orientation was obtained by rotating
the sample in a separate cooldown. The device para-
meters (voltages, ST splittings, etc.) remained very similar
between cooldowns, except for slight changes in the tunnel
couplings.

Results.—A charge stability diagram of the two-electron
double QD and the typical location of the pulse sequence
steps are shown in Fig. 2. We use rotations between the |S)

and |To) = (|14) + [41))/V/2 states to measure the differ-
ence in Zeeman energy perpendicular to the quantization
axis AE, between the two QDs. These rotations appear
with the application of an external magnetic field B.,,, as
reported in Jock ef al. [10], in spite of the (relative) absence
of lattice nuclear spins or magnetic materials. The inho-
mogeneous dephasing time saturates at 75 = 3.4 £ 0.3 us
after 2 h of data averaging. This value is consistent with
magnetic noise from residual °Si hyperfine coupling
with the electron spins, and with other reported values
[2,8,10,35,36].

To investigate the physical origin of the S — T, rotations,
we vary the strength of B, along two orientations
measured in successive cooldowns. We identify different
dominant spin-orbit mechanisms for these two orientations,
with the results summarized in Fig. 3.

The first mechanism is a first-order intravalley effect
observed both in this device and in Jock et al. [10]. The
Zeeman drive is a difference in effective Landé g factor Ag
between the two QDs:

AEZ = AgﬂBBexv (1)

This effect dominates in the [110] field orientation. It is not
predicted to depend on the double QD orientation, as
shown by the different positions for the two QDs in this
Letter compared with Jock et al. [10].
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FIG. 2. (a) Charge stability diagram of the two-electron double

QD. The typical pulse sequence steps are indicated. They consist
of an emptying step (empty) where the charge occupancy is reset
and the current referenced, a load step (load) for singlet or
mixture preparation, a transient point (roll) to set the pulse
trajectories and rates, some steps in (1,1) (points Z and J) for spin
control, a return to “roll” step, and an enhanced latching readout
step (meas.). The roll point can be placed on either sides of the
S — T_ anticrossing depending on the goals. More details about
the pulses can be found in the Supplemental Material Secs S1 and
S2 [41]. (b) ST qubit Bloch sphere and pulse sequence for S — T
rotations. (c) Rotations between the |S) and |T,) states vs the
manipulation time #,yip- Those are enabled by a large Bey,, = 1 T
in the [100] direction, in spite of the relative absence of nuclear
spins or magnetic materials. Optimal visibility is achieved in the
rapid adiabatic passage (RAP) regime [24,37] (see the Supple-
mental Material Sec. S1 [41]). The visibility is 73%, limited
largely by preparation and readout errors. The dephasing time is
15 ps for this single trace acquired in 4 minutes.

The second mechanism, newly reported here, is con-
sistent with an intervalley spin-orbit interaction [6,11,38].
The smaller and nonlinear behavior vs magnetic field from
Fig. 3(b) suggests a second-order interaction with an
excited valley |T%) state, as shown in Fig. 3(c). For
simplicity, we consider only the QD with the lowest valley
splitting Evg. In the other QD, this interaction is suppressed
by the larger Eyg. Using perturbation theory, we have

0 0
Eg—Ey, = (E§) —Ey))

L (MO Hso|SO)P
20 _ £0
N T

|<Ti(0)|Hso|T0(0)>|2>
ey

(2)

Here, E.(,,i> is the energy of the state |y) at the ith order, and
Hgg is the spin-orbit interaction Hamiltonian. We note that
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FIG. 3. (a) The three different spin-orbit effects for electrons in

a silicon MOS nanodevice identified in this Letter. First, spin-
orbit interaction in each dot leads to a renormalization of their
effective g factors. This entails an interaction of the form AE, =
AgupB.y, [see Fig. 2(b)]. Second, intervalley spin coupling can
change the Landé factor g* of one dot in particular, leading to an
interaction of the form AE, o B2/(Evs — giigBex). Third,
electron motion during a tunneling event can induce a spin flip
that couples the (2,0)S and (1,1)7_ states, as shown also in
Fig. 4. (b) Fast Fourier transform (FFT) power of the S — T,
rotations vs B.,,. For the [110] field orientation, the linear interdot
effect dominates. For the [100] orientation, the linear interdot
effect is suppressed; however, a second-order effect consistent
with an intervalley mechanism is observed. The solid lines are fit
to a complete Hamiltonian model detailed in the Supplemental
Material Sec. S6 [41] and agree well with the simple analytical
forms described above. (c) The intervalley spin coupling in one of
the dots perturbs the S — Ty energy difference at the second order
through the excited valley |7*) state. This simple model neglects
the excited valley state of the other dot, which is higher in energy.

the first term on the right-hand side is the effect of Eq. (1).
This first term is largely suppressed for the [100] field
orientation, as in Jock et al. [10]. The second term on the
right-hand side can be simplified as follows. The matrix
elements (T*)|Hgo|S®) and (THO|Hgo|T( ) are both
proportional to B, as explained in the Supplemental
Material Sec. S6 [41]. Therefore, Eq. (2) simplifies to

22 B2
AEZ _ ﬂC ext ) (3)
2(EVS - g/"BBext)

Here, [ is a measure of the Dresselhaus spin coupling
of the C QD. The above treatment is simplistic but
provides intuition about the physical mechanism and
agrees well with the more detailed analysis of the
Supplemental Material Sec. S6 [41]. We extract a value
of B = 0.7 ueV T~! for the experimental data in Fig. 3(b).
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FIG. 4. (a) Anticrossing of the |S) and |T_) states. The
separation E, = gugB between the (1,1)S and (1,1)7T_ states
is tuned with the magnetic field B. The coupling strength Agr can
come from both a tunneling plus spin-flip mechanism that
couples (1,1) and (2,0) states, and from the hyperfine interaction
with lattice nuclear spins which couples (1,1) states together. For
our residual >°Si concentration, the latter should be less than
0.6 neV [2,35]. (b) Pulse sequence for the spin funnel measure-
ment. When the detuning pulse falls on the transition, mixing
between |S) and |T_) occurs. (c) Spin funnel with . = 20 ps.
This measurement allows us to calibrate the tunnel coupling f,
and energy ramp rate dE/dt of LZ sweeps. (d) Pulse sequence to
probe the S — 7'_ gap through LZ transition probabilities. (e) The
magnetic field dependence of the gap is fit to a simple model that
includes a constant spin-orbit term Qg and charge hybridization,
see the Supplemental Material Eq. (S2) [41]. The confidence
interval is explained in the Supplemental Material Sec. S3 [41].
The field is in the [100] direction.

While this value is in qualitative agreement with previously
inferred values for single spins [6,11,38], the experimental
agreement with the model in Fig. 3(b) isn’t perfect. As
demonstrated in Fig. 6(c) of Harvey-Collard et al. [37], we
have also observed a detuning dependence of the rotation
frequency (and hence ). This suggests that - depends on
the detuning via the microscopic details of the electron
confinement and/or the electric field.

The ST qubit allows us to probe a third spin-orbit effect
that involves a tunneling plus spin-flip mechanism, newly
reported here for a silicon device. We apply the method
featured in Nichol et al. [31] to measure the S — T_ gap
Agr. This method consists of mapping the position of the
S — T_ anticrossing using the spin funnel technique [15]
and probing the gap size using Landau-Zener-Stiickelberg-
Majorana (LZ) transitions [39]. The pulse sequence and
results are shown in Fig. 4. The data analysis is explained in
the Supplemental Material Sec. S3 [41]. We find

Agt = 113 £22 neV. This gap is expected to depend
upon the orientation of both the magnetic field as well
as the axis of the double QD (through the electron motion).
From this value, we can estimate a spin-orbit length
Aso & 1 pym, which is slightly smaller than the bulk value
for GaAs and 20 times smaller than the bulk Si value [40].
Therefore, the spin-orbit interaction in this silicon nano-
scale device is comparable to the bulk value observed in
larger spin-orbit materials.

Finally, we report in the Supplemental Material Sec. S4
[41] measurements of the ST qubit relaxation time, and
discuss its potential relation to the spin-orbit effects
discussed here. We also explore in Supplemental
Material Sec. S5 [41] the possibility to use a DDNP
sequence to enhance the coherence of the qubit and induce
hyperfine-driven rotations despite the isotopic enrich-
ment [41].

Conclusion.—In summary, we report three different
spin-orbit effects for electrons in an isotopically enriched
silicon double QD device. We observe both coherent
S — T, rotations and incoherent S — 7_ mixing that are
consistent with a spin-orbit interaction much larger than
bulk silicon values. We extend an analytical theory based
on broken crystal symmetries at the silicon-dielectric
interface that captures first- and second-order effects.
Based on this theory and the results by Jock et al. [10],
we predict that the two § — T, effects could be eliminated
with an out-of-plane magnetic field orientation since the
dot-localized electron momentum at the interface vanishes
in total. The § — 7'_ effect could potentially persist in such
an orientation due to the interdot electron tunneling. Our
results have implications for a variety of spin qubit
encodings, like the S — T, the S — 7T_ [45] and the spin-
1/2 qubits, for extending the coherence of ST silicon qubits
through a DDNP, for single-spin control and relaxation, and
for two-qubit coupling schemes based on the exchange
interaction. For example, exchange-based two-qubit gates
are in many ways operations similar to those in a ST qubit
[3,46-48]. Beyond qubits, our results help understand
additional spin-orbit effects that emerge in nanostructures.
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