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Engineering Spin-Orbit Interactions in Silicon Qubits at the

Atomic-Scale
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Serajum Monir, Zachary Kembrey, Joris G. Keizer, Rajib Rahman,

and Michelle Y. Simmons*

Spin-orbit interactions arise whenever the bulk inversion symmetry and/or
structural inversion symmetry of a crystal is broken providing a bridge
between a qubit’s spin and orbital degree of freedom. While strong
interactions can facilitate fast qubit operations by all-electrical control, they
also provide a mechanism to couple charge noise thereby limiting qubit
lifetimes. Previously believed to be negligible in bulk silicon, recent silicon
nano-electronic devices have shown larger than bulk spin-orbit coupling
strengths from Dresselhaus and Rashba couplings. Here, it is shown that
with precision placement of phosphorus atoms in silicon along the [110]
direction (without inversion symmetry) or [111] direction (with inversion
symmetry), a wide range of Dresselhaus and Rashba coupling strength can be
achieved from zero to 1113 x 10~"3eV-cm. It is shown that with precision
placement of phosphorus atoms, the local symmetry (C,,, D,,, and D;;) can

1. Introduction

Spin-orbit interactions in solid state de-
vices are central to many applications in
spintronics"™* ranging from spin field-
effect-transistors>®! to magnetic random-
access memories.”?! Controlling spin-orbit
interactions in quantum processors is also
essential, since they are responsible for
all-electrical control of spins using elec-
tric dipole spin resonance (EDSR)!0-1¢)
and spin-orbit mediated decoherence
processes.!'’30 This is particularly the
case for semiconductor spin qubits.31-4]
Spin-orbit interactions also form one of the
key ingredients for semiconductor-based
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topological qubits.**>7]  Fundamentally,
spin-orbit interactions are linked to the
inherent symmetry found in solids. Two of
the most well-known forms of spin-orbit
coupling, are Rashba and Dresselhaus
coupling, which arise when either the
structural or bulk inversion symmetry is
broken in a material, respectively.[333° The former typically arises
at surfaces and interfaces in a solid, while the latter occurs in
materials with distinct anion and cation sites such as gallium-
arsenide (GaAs) and indium-arsenide (InAs). In contrast, a sil-
icon (Si) crystal inherently possesses inversion symmetry, such
that Desselhaus spin-orbit interactions are absent in the bulk
material. However, in addition to structural and bulk inversion
asymmetries, we also have to consider interface inversion asym-
metries, which can arise from asymmetric bonding of atoms
at heterostructure interfaces, which also result in Dresselhaus
and/or Rashba spin-orbit interactions.l****] Therefore when con-
sidering quantum confinement of qubits in semiconductor nano-
structures, the local symmetry resulting from the microscopic de-
tails of the confinement potential in the immediate crystalline en-
vironment plays a significant role in determining the spin-orbit
interactions present in the system.

The form and strength of spin-orbit interactions are of-
ten extracted from measuring electron spin splitting/g-factor
and/or spin-relaxation (T;) processes. For electrons bound to
single phosphorus (P) donors in bulk Si, spin-orbit coupling
was found to be very weak (g — g = 0.001, where g and g,
are the Si conduction band valley longitudinal and transverse
effective g factor, respectively. This gives the spin-orbit term
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Table 1. Comparison of the spin-orbit strength in a 2P molecule from this work to that of a single donor, a Si-MOS-based quantum dot and a SiGe

quantum dot system.

Qubit Dresselhaus strength, ap, [eV-cm]  Rashba strength, ag [eV-cm] ~ Combined strength, a = ap + ag [eV-cm]  Hgg strength [em T71]
2P donor molecule [this work] 556 x 10713 556 x 10713 1113 x 1071 4.71x 107
Single donorl?4] - - 5.86 x 10714
Si-MOS quantum dotl4®] 178 x 1071 15 % 10713 193 x 10713 -

SiGe quantum dot!#?] 10%x 1071 1x 10713 11x 107" -

Hgo =~0.06 peV at B = 1 T).*#] However in quantum  0.25, N + 0.25)a,, where N is an integer and g, = 0.543 nm is

confined nano-structures, in both SiGe and Si-metal-oxide-
semiconductor (Si-MOS) quantum dots, anisotropic electron
spin-splittings,[“>*! and spin-relaxation!'®2-2247] have been
shown to be dominated by Dresselhaus and Rashba spin-orbit
interactions with values of H, ~ 0.1 — 2 peV. Here, the presence
of vertical electric fields in gate defined quantum dots has led to
large Rashba spin-orbit strengths in Si-MOS dots (15 X 10713 eV-
cml*®l). The microscopic interface inversion asymmetry present
in both SiGe dots and Si-MOS dots has also led to a large Dressel-
haus spin-orbit coupling strength (10 — 178 x 10713 eV-cml*24¢]),
see Table 1.

With the advent of atomic precision scanning tunneling mi-
croscope (STM) lithography,*# individual P atoms can now be
selectively placed in Sialong different lattice directions within the
crystal. With high confidence in the reproducible precision man-
ufacturing afforded**>°! we now have a unique, and hitherto un-
explored mechanism to engineer the local symmetry, and thereby
spin-orbit interactions in Si. In particular, we show how placing
two donors along different crystalline directions creates differ-
ent local symmetries with spin-orbit interactions ranging from
C,, (without inversion symmetry) along the [110] direction to D,
(without inversion symmetry) along the [100] direction and D,
(with inversion symmetry) along the [111] direction. This varia-
tion cannot be obtained by a single donor in Si, where the sym-
metry is always T, (without inversion symmetry).

2. Spin-Orbit Interactions in Two Donor Atoms

Figure 1 shows different atomistic symmetries of two phospho-
rus (2P) donors in the crystal lattice and the corresponding spin-
orbit interactions. If we place the two donor atoms along the
[110] crystalline axis, the system demonstrates C,, symmetry,°!]
where it is invariant under 180° rotation about the [001] axis, and
reflections about the (110) and (110) planes (see Figure 1a). In
this case, there is no inversion symmetry in the system and both
Dresselhaus and Rashba spin-orbit interactions can occurl*!l (see
Figure 1d). If the two donors are separated along the [100] crys-
talline axis, the symmetry is D,,°!) (see Figure 1b). This group
contains symmetry operations for each of the following opera-
tions: 180° rotations about the x, y, and z-axis; reflections about
the (110) and (110) planes; and the 90° rotation about the [001]
axis followed by a reflection in the horizontal plane (the S, op-
erator). Here, compared to the C,, group, Rashba spin-orbit in-
teraction is no longer invariant under the S, operator in this D,
symmetry group, allowing only the Dresselhaus spin-orbit (see
Figure 1e). If the two donors are however separated along the
[111] crystalline axis, with a separation distance (N + 0.25, N +
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the Si lattice constant, then the system belongs to the D,; sym-
metry groupl®!l (see Figure 1c). The system is invariant under
operations such as C; (120° rotations about the [111] axis), o, (re-
flections about the (110), (011), and (101) planes) and inversion
(about the midpoint of the two donors, see Figure 1f). Here since
the system possesses an inversion center, both Dresselhaus and
Rashba spin-orbit couplings are no longer allowed. We can there-
fore in principle engineer spin-qubits with different spin-orbit in-
teractions by placing the two donors at specific atomic locations
in the Si crystal with the STM technique.[*®]

3. 1/T, Anisotropy: Theory Versus Experiment

A key way to investigate the nature of spin-orbit interactions is
to obtain 1/T, data as a function of the external magnetic field
orientation.[’>>3] Spin-relaxation processes in donor qubits have
been shown to arise mainly from phonons or charge noise both
of which require a spin-orbit coupling mechanism.?*] The cou-
pling mechanism can arise from either Dresselhaus, Rashba,
electromagnetic?*! and/or hyperfine coupling to the nuclear
spin.** Each mechanism is anisotropic with magnetic field ori-
entation but with a different form, and magnitude of depen-
dence.

For a single donor device with the external electric field point-
ing along the [010] direction (¢p = 90°), a clear anisotropy was
observed in the value of 1/T, at B=3.5 T as we change the mag-
netic field orientation. This was explained by phonon induced
spin-relaxation!?*! where the longest T, recorded was 1.25 s when
the external magnetic field was pointed in the same direction
[010]. These results could be explained by the presence of an elec-
tromagnetic spin-orbit interaction (H ;) mediated phonon relax-
ation mechanism that becomes zero when both the external elec-
tric and magnetic fields are aligned. The presence of H, in these
single donor systems arises from the inversion symmetry break-
ing from the presence of the P donor atom.

To see the impact of symmetry arguments on the spin-orbit
interactions present in 2P molecule qubits, we used atomistic
tight-binding calculations (see Methods). Specifically we mod-
eled the charge noise induced 1/T; anisotropy (see Section S1,
Supporting Information for how we obtained 1/T; from atomi-
cally resolved electronic states including spin-orbit interactions)
for 2P donor atoms separated along the [110], [100], and [111]
directions, as shown in Figure 2a,b. To model the charge noise
known to be present in our devices!>*! we consider the dominat-
ing noise source - two-level fluctuators (TLFs) present at the na-
tive oxide surface. We then benchmarked our model against ex-
perimental noise measurements, where we obtained Sy, = 3.80
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Figure 1. Engineering spin-orbit terms at the microscopic level from local symmetries. In a system with 2P donors (cyan spheres represent the P atoms
and yellow spheres represent the Si atoms), the symmetry group depends on the orientation of the inter-donor axis with respect to the crystal lattice.
a,d) When the 2P donors are placed along the [110] crystalline axis, the system possesses C,, symmetry where inversion symmetry is broken as indicated
by the red arrows representing the inversion operation transforming the Si atoms (yellow dots) to the red-dotted circles where the corresponding Si atoms
are absent. This then results in both Dresselhaus and Rashba spin-orbit interactions present in the system. b,e) When the 2P donors are placed along
the [100] crystalline axis, the system possesses D,,; symmetry. Here again inversion symmetry is broken resulting in Dresselhaus spin-orbit interaction
present in the system. However Rashba spin-orbit interaction is not allowed. ¢,f) In contrast, when the 2P donors are placed along the [111] crystalline
axis with the separation shown in the figure, the system possesses D;; symmetry with inversion symmetry (all the atoms transform to each other under

the inversion operation). Here both Dresselhaus and Rashba spin-orbit interactions are no longer allowed.

x 1077(MV/m)? at 1 Hz (see Sections S2 and S3, Supporting
Information for the model details and charge noise measure-
ments, respectively). For a [100]-separated 2P molecule, possess-
ing D,, symmetry, the Dresselhaus spin-orbit interaction has the
form —k,o, + k.0, resulting in an effective magnetic field along
[011], since (k,) = (k,) for the [100]-separated donors. Therefore,
when the external magnetic field (B) is perpendicular to the effec-
tive magnetic field produced by the spin-orbit interaction, such as
B||[100], the spin-mixing is largest that results in maximum 1/T;.
When the two donors are however separated along [111] by either
0.75a, or 1.75a,, the system possesses D,, symmetry. Here, the
presence of inversion symmetry results in no Dresselhaus and
Rashba spin-orbit interactions. This is confirmed by our atom-
istic calculations where we see zero spin-orbit mediated charge
noise relaxation. Therefore, to achieve the longest T, for any ex-
ternal magnetic field direction, the two P atoms in a 2P molecular
qubit should be placed along the [111] direction with an inversion
center and hence no spin-orbit coupling. For a [110]-separated 2P
molecule, which possesses C,, symmetry, the Dresselhaus spin-
orbit interaction has the form —k.o, + k o, and the Rashba spin-
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orbitinteraction has the form k.o, — k,o... This results in an effec-
tive magnetic field B*T produced by either the Dresselhaus term
or the Rashba term pointing along the [110] crystalline axis, since
(k,) = (k,). If the external magnetic field (B) or the spin polariza-
tion axis is perpendicular to the effective magnetic field B pro-
duced by the spin-orbit interaction, such as B||[110], the electron
spin has maximum spin-orbit mixing that results in maximum
1/T,. However, when both the external magnetic field and the ef-
fective magnetic field point in the same direction (along [110])
then there is no spin-orbit mixing and therefore minimal relax-
ation so 1/T] is the smallest. From these simulations, we see that
the orientation of the donors in the crystal significantly affects
the spin-orbit coupling observed.

We now experimentally investigate spin-orbit interactions in
a device with 2P atoms patterned in Si using STM lithography
along the [110] direction®®! to see if we observe the predicted be-
havior from Figure 2a. Along this orientation the donor atoms
have C,, symmetry in which both Dresselhaus and Rashba spin-
orbit interactions will be present. We measure the T, times in
this donor molecule as a function of the external magnetic field
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Figure 2. 1/T; magnetic field anisotropy for 2P molecular qubits oriented
along the [110], [100], or [111] crystalline directions. a) Atomistic calcula-
tions of Dresselhaus and Rashba spin-orbit mediated charge noise relax-
ation anisotropy in a 2P molecule separated by 2aq along [110] or [100],
0.75aq along [111] or 1.75a; along [111]. Note the different distances are
dictated by the atomic locations in the Si crystal. b) A zoomed-in plot of
1/T, for the 2P atoms separated by either 0.75a, or 1.75aq along [111]
confirming that with D, the presence of inversion symmetry results in
both Dresselhaus and Rashba spin-orbit interactions being prohibited in
contrast to when the 2P atoms are separated by 2a, along [100] in D,y
symmetry where Dresselhaus spin-orbit interaction is still present with a
variation of 1/T; with in-plane magnetic field angle.

angle with respect to the Si crystal axis at B = 1.5 T. Figure 3a
shows the device layout and relevant crystalline directions. The
measured data is shown by the black vertical bars including er-
rors in Figure 3b—d. Importantly, to achieve these results we use
anewly developed ramped readout technique that allows us to ac-
cess the low magnetic field regime (B < 1.5 T) whilst maintaining
high readout fidelity above 99%.5¢1. We observed the longest T,
~ 40 s when the external magnetic field aligned along the effective
spin-orbit field B || [110] for § = 90° and ¢ = 135°, and shortest T,
~11swhen B L [110], B||[001] (§ = 0° in Figure 3b) and the plane
with ¢ = 45° (shown in Figure 3c), confirming our predictions.
We observe that the spin-orbit mechanisms follow the same
anisotropy as the theoretical calculations but a different magni-
tude. We can understand this if we consider other spin relaxation
mechanisms in our system. In addition to both the Dresselhaus
and Rashba spin-orbit mediated charge noise relaxation mecha-
nisms, we must also consider Hy, mediated charge noise, and
hyperfine mediated phonon relaxation (see Section S4, Support-
ing Information for a comprehensive theoretical description of
all the relaxation mechanisms present in our devices). We char-
acterize the strength of each mechanism in Section S5 (Support-
ing Information). The results from a single least-error fit to all
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the 1/T, experimental data is shown as the blue lines in Figure
3b—d. Here the Dresselhaus/Rashba spin-orbit mediated charge
noise relaxation is shown as the solid blue lines, the Hy; me-
diated charge noise relaxation as the dashed blue lines, the hy-
perfine mediated phonon relaxation as the dotted blue lines, and
the total relaxation rate obtained from summing up all three re-
laxation mechanisms shown as the dash-dotted blue lines. We
find that the Dresselhaus and Rashba spin-orbit mediated charge
noise 1/T, anisotropy and magnitude (the solid blue lines in
Figure 3b-d) are captured quantitatively by the atomistic calcu-
lations from Figure 2a when, we consider the 2P donors being
separated along [110] by 2a,, see the yellow dots in Figure 3b—d,
for not only the in-plane but also the out-of-plane magnetic field
rotations. The blue surface in Figure 3e represents the T, values
(of all theory mechanisms combined) at |B| = 1.5 T in 3D space
for all possible magnetic field orientations. The longest T, = 40
s confirmed experimentally is when B || [110].

Other relaxation mechanisms, such as the spin-orbit medi-
ated phonon relaxation and hyperfine mediated charge noise re-
laxation are not dominating at B = 1.5 T (see Section S4, Sup-
porting Information) but can have a small contribution to the T}
anisotropy curve. In addition, we note that two sources of spin—
spin interactions can occur in these multi-spin systems. The first
is the anisotropic hyperfine interaction between the electron and
the two phosphorus nuclear spins and the second is the dipolar
coupling between the nuclear spins. Both, in principle, can re-
sult in additional couplings that could affect spin-relaxation in
these devices. The strength of the anisotropic hyperfine term in
a 2P system is however 2-3 orders of magnitude smaller than
the contact hyperfinel®’! and therefore negligible. Whilst the flip-
flopping of the nuclear spins would not affect the spin relaxation
times, %8l it could however add to the magnetic noise from the sur-
rounding 2°Si that would contribute to the T, decoherence pro-
cess.

4.1/T, B Dependence: Theory Versus Experiment

Having presented a detailed explanation of the observed T,
anisotropy at B = 1.5 T in Figure 3, we can now model and mea-
sure the total value of 1/T, at different magnetic field strengths.
Here, we fix the magnetic field direction to the [110] crystal axis
with 8 = 90° and ¢ = 45°. The black error bars shown in Figure 4
represent the measured data. We compare this with the different
magnetic field dependencies for each spin-relaxation mechanism
(discussed in detail in Section S6, Supporting Information). The
dashed blue line represents the sum of Dresselhaus/Rashba and
Hp; spin-orbit mediated charge noise induced spin relaxation,
which has a linear B dependency. Here, the combined magni-
tude is taken from the results of T, anisotropy data in Figure 3.
The dashed-dotted blue line is the hyperfine mediated phonon
relaxation mechanism, which follows a B* dependency, with the
magnitude extracted from the T, anisotropy fit. The dotted blue
line represents the B> spin-orbit mediated phonon relaxation.
The magnitude of the spin-orbit mediated phonon relaxation is
estimated from Ref. [50], which measured T, in the high B field
regime (B > 1.5 T) for the same 2P device as in this work. Sum-
ming up all the different relaxation mechanisms gives the solid
blue line, in close agreement with the experimental data (black
error bars) without any additional fitting involved.
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Figure 3. Spin-orbit interactions in a 2P molecular qubit from 1/T; magnetic field anisotropy. a) An STM image of the device showing the locations of
the surrounding in-plane P doped gates (G,, G, Gy, and Gt - the blue shaded regions); along with the source (S) and drain (D) and the 2P donors
located at the white circle near the center of the device. If we consider the donor location within the crystal (top right) we see they are oriented along
the [110] direction and separated by 1.5 nm. Around the STM image we highlight the orientation of the chip with respect to the crystalline Si axes and
the location of the SiO, interface 40nm above. Here, the device is encapsulated in Si and sits 40 nm below this native oxide surface, which is the main
source of 1/f charge noise causing decoherence through spin-orbit interactions. To probe the spin-orbit interactions we can rotate the orientation of
magnetic field along different Si crystal axes using a vector magnet (6 out-of-plane and ¢ in-plane) and measure the resulting T; time at B=15T.
b) Out-of-plane magnetic field rotation at a fixed angle of ¢ = 135°. c) Out-of-plane magnetic field rotation at a fixed angle of ¢ = 45°. d) In-plane rotation
at a fixed angle of 6 = 90°. e) Resulting T, values at |B,,| = 1.5 T for all mechanisms combined at all magnetic field orientations. The longest T; (or
smallest 1/T;) of 40 s is observed when the external magnetic field is aligned in the same direction as the effective magnetic field B pointing along
the [110] direction (@ = 90°, ¢ = 135°) and perpendicular to the inter-donor axis ([110]). T, becomes short (T; ~11 s) when the external magnetic field

is perpendicular to B (along [001], [110] and the whole ¢ = 45° plane), thereby mixing the spins.

For this donor orientation, [110], and magnetic field angle ¢ =
45° we know that the effective spin-orbit mixing is largest result-
ing in the shortest T, times of 11 s at B, = 1.5 T, see Figure 3d.
Being able to reduce the magnitude of the external magnetic
field to B, = 0.75 T whilst performing spin readout using our
recently published ramped readout technique,*®! we show we
can increase this T, time to 43 s. From our theory we show
that it is in principle possible to achieve even longer T, times
of #320 s at B, = 0.75 T (see Figure 4) by choosing ¢ = 135°
or B || [110], where no effective spin-orbit mixing exists. At this
point, we are only left with hyperfine mediated phonon relaxation
(see the dashed vertical line [110] and T, = 40 s in Figure 3d) that
would result in the largest values of T, ~320 s. We did not mea-
sure this T, time due to the prohibitively long measurement time
(see Methods).

Table 2 shows a comparison of the longest T, times to date
in different semiconductor spin qubits. Interestingly, the longest
T, time of 57 s reported to date has been achieved in a GaAs
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quantum dot despite the presence of Dresselhaus spin-orbit (with
strength &~ 140 X 1071 eV-cml®®)) in this system. To achieve this
the authors used low magnetic fields B = 0.6 — 0.7 T aligned
along the [110] magnetic field orientation to suppress the spin-
orbit mediated phonon relaxation. In their results only hyperfine
mediated phonon relaxation dominated. Therefore, despite hav-
ing a strongly spin-orbit coupled system they were able to mit-
igate spin relaxation by suppressing Dresselhaus coupling with
magnetic field angle.

With the ultimate precision placement of donors in all
x, y, and z orientations recently achieved®*/ we show that
if we align the donors along the [111] direction, with com-
plete inversion symmetry we can eliminate both Dresselhaus
and Rashba spin-orbit mechanisms. Importantly, by placing
P atoms in this orientation, we show that it is possible to
achieve T, of hundreds of seconds at B = 0.75 T for all mag-
netic field angles. Our results therefore highlight the bene-
fits of atomic precision engineering of the local symmetry
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Table 2. Comparison of the longest T; times reported in literature for different semiconductor qubits.

www.advmat.de

[59]

System [Ref] T, |Bext! B, orientation Dominating spin relaxation mechanism
GaAs/AlGaAs quantum dot(>3] 57s 0.6-0.7T [110] Hyperfine mediated phonon relaxation

2P donor molecule [this work] 40s 15T [110] Hyperfine mediated phonon relaxation

2P donor molecule [this work] 43s 0.75T [110] Spin-orbit mediated charge noise relaxation
Single donor!®0] 9.8s 1T [110] Evanescent wave Johnson noise

Single donorl?4] 9.3s 1257 [110] Spin-orbit mediated charge noise relaxation
Si-MOS quantum dotl®] 9s 1T ~102° to [100] Spin-orbit mediated phonon or charge noise relaxation
SiGe quantum dot!®?] 5s 04T [110] Spin-orbit mediated charge noise relaxation

and thereby spin-orbit interactions for high-fidelity qubit oper-
ations.

5. Estimating the Magnitude of Spin-Orbit
Coupling Strengths

We extract the magnitude of the spin-orbit interaction in our
2P molecular qubit from charge noise induced 1/T; anisotropy
results. Here, the electric-field noise amplitude, Sy, = 3.80 x
1077(MV/m)? at 1 Hz as obtained previously. The combined Dres-
selhaus and Rashba spin-orbit strength (¢ = a, + ap = 1113 X
1013 eV-cm) is extracted from the solid blue line in Figure 3D,
corresponding to the Dresselhaus/Rashba spin-orbit interactions
mediated charge noise relaxation (see Section S7, Supporting In-
formation). Independently, we confirmed the spin-orbit strength
directly from atomistic calculations, and obtained a = 1094 x
10713 eV-cm (see Section S8, Supporting Information). From pro-
jecting the spin-orbit perturbed spin states to the unperturbed
(no spin-orbit) states (see Section S9, Supporting Information),
we show that a, = ap = 556 X 10713 eV-cm, i.e., where both Dres-
selhaus and Rashba spin-orbit interactions have equal strengths.
This is not surprising since they both arise from the microscopic
symmetry breaking of the 2P atoms separated along [110]. Table 1

10° £ |0 =90°,¢ =45° . 1
g ol i
— 102 ¢ T1=435/_/,—""__’._,
= ./—”’/ I Experimental
T,=320s — All mechanisms'
-~ SO + charge noise
-—- Hyperfine + phonon
------ SO + phonon
10* - R U T TP S |
1 1.5 2 2.5 3
B(M)

Figure 4. Magnetic field dependence of spin-relaxation for a 2P molecule
oriented along [110]. The measured data (black error bars) can be quanti-
tatively described by a combination of spin-relaxation mechanisms: spin-
orbit mediated phonon relaxation (B°), hyperfine mediated phonon relax-
ation (B®) and spin-orbit mediated charge noise relaxation (B). The longest
T, time at this magnetic field orientation BJ|[110] is 43 s which is achieved
when B = 0.75 T. It is possible to achieve longer T; of 320 s if B || [110]
instead of B||[110] .
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shows a comparison of the spin-orbit strengths measured and/or
modeled in different Si nanostructures. Importantly, the com-
bined spin-orbit strength of the 2P molecule a = 1113 x 10713 eV-
cm is around six times larger than the combined spin-orbit inter-
actions available in a Si-MOS-based quantum dot where a = 193
x 1071 eV-cm,[*®! and two-orders of magnitude larger than the
combined spin-orbit interactions in a SiGe quantum dot where
=11 x 1071 eV-cm.[*?]

It is also possible to extract the Hpp spin-orbit interaction con-
stant C = C, — C, =471 X 107* e m T~! (see Equation (S3),
Supporting Information) from the dashed blue line in Figure 3D,
which corresponds to the H, spin-orbit interaction mediated
charge noise relaxation mechanism (see Section S10, Support-
ing Information). The Hy, strength C=4.71x 107 e m T~' is
very similar to that measured for single donors C = 5.86 x 10~
e m T~1.2% These results confirm that the 2P molecule Bohr ra-
dius ~#1-2 nm('% in this device has a similar confinement radius
compared to a single 1P donor ~2 nm. Importantly this high-
lights the much stronger confinement potential in atom based
systems compared to Si-MOS-based quantum dots with dot radii
~10 nm and SiGe quantum dots with dot radii ~#30-100 nm. It
is this strong confinement potential that leads to such strong
spin-orbit couplings - achieved here by placing two P atoms in
Si along [110] and binding one electron. In doing so, we show
we can increase the spin-orbit coupling from ~ 0.06 peVI*#I to
33.9 yeV (see Section S7, Supporting Information).

6. Conclusion

In conclusion, we have demonstrated the importance of the mi-
croscopic nature of quantum confinement on the local symmetry
and hence spin-orbit interactions in Si qubits. By placing two P
atoms = 1.5 nm apart along the [110] crystalline direction with the
C,, symmetry group using STM lithography, we show we can en-
gineer a large spin-orbit coupling strength of 1113 x 10~13 eV-cm.
By then aligning the magnetic field orientation perpendicular to
the inter-donor axis (BL[110]), we can minimize this spin-orbit
mediated charge noise relaxation process to extend the T, times
to 40 s at B = 1.5 T. We further show that operating the qubits at
even lower magnetic fields, where Dresselhaus and Rashba spin-
orbit are minimized will result in longer T, times up to 320 s at
B =0.75 T. Our results also indicate that by placing the donors
along the [111] crystallographic direction with a D;; symmetry
group that contains an inherent inversion symmetry, we can min-
imize Dresselhaus and Rashba spin-orbit coupling completely.
For this crystalline symmetry only hyperfine mediated phonon

© 2024 Silicon Quantum Computing Pty Ltd. Advanced Materials published by Wiley-VCH GmbH
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relaxation exists, which results in long T; times for all magnetic
field angles. Our detailed theoretical and experimental investiga-
tion of local microscopic symmetries in the qubit environment
provides essential information for engineering spin-orbit inter-
actions in semiconductor quantum processors as we scale.

7. Methods

Experiment: The T, measurement was performed by loading a ran-
dom electron spin on the 2P qubit and reading out the spin after a certain
wait time.[®#] The extremely long relaxation times measured in the device
mean that the measurement time required to extract a single T; value was
also long. Each measured T; value consisted of a repetitive measurement
of the device for approximately 13 h. Therefore, each Figure 3a,b,c took
a measurement time of approximately 170 h or 7 d and a total of 21 d
to complete the whole measurement along all three rotations. This mea-
surement time was orders of magnitude longer than most experiments in
quantum dots[*°! and was only possible due to the very stable, low charge
noise donor-based devices.[®] Despite this low charge noise it was inter-
esting to note that the long measurement time ultimately was the cause
of the large error bars (see Figure 3a—c).

Atomistic Calculations: A large scale atomistic tight binding method
was used with spin resolved sp*d®s* atomic orbitals with nearest neigh-
bor interactions.[®®] Each donor was modeled as a positive charge cen-
ter creating a Coulomb potential screened by the dielectric constant of
Si and a cut-off potential U, at the donor site representing the central-
cell correction.[%”] The two donor atoms were placed at the center of a
20 nm? Si box (consist of 0.4 millions of Si atoms) such that the donor
wavefunctions were not affected by the boundaries of the box. The donor
wavefunctions from this model were shown to give accurate hyperfine
constants.[%8%%] The intrinsic Si spin-orbit interaction was included by in-
troducing a matrix element coupling the atomic p-orbitals with opposite
spins of each Si atom.[7%] Dresselhaus, Rashba, and other spin-orbit inter-
actions fall out automatically as the system/Hamiltonian was constructed
with the required symmetry, atom by atom.[42]

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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