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Silicon spin qubits are promising candidates for realizing large-scale quantum processors, benefitting
from a magnetically quiet host material and the prospects of leveraging the mature silicon device fabrica-
tion industry. We report the measurement of an electron spin in a singly occupied gate-defined quantum
dot, fabricated using CMOS-compatible processes at the 300-mm wafer scale. For readout, we employ
spin-dependent tunneling combined with a low-footprint single-lead quantum-dot charge sensor, measured
using rf gate reflectometry. We demonstrate spin readout in two devices using this technique, obtaining
valley splittings in the range 0.5-0.7 meV using excited-state spectroscopy, and measure a maximum
electron-spin relaxation time (77) of 9 + 3 s at 1 T. These long lifetimes indicate the silicon-nanowire
geometry and fabrication processes employed here show a great deal of promise for qubit devices, while

the spin-readout method demonstrated here is well suited to a variety of scalable architectures.
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I. INTRODUCTION

Spin qubits in silicon have been shown to fulfil most
of the requirements to realize a quantum computer [1],
including high-fidelity qubit manipulation [2], single-shot
readout [3—5], and long coherence times [6,7]. Remain-
ing challenges to realize a silicon quantum processor
include building on recent demonstrations of two-qubit
gates [8—11] to reach the fault-tolerant threshold, as well
as showing how scalable control and measurement of sili-
con qubits can be achieved in a way that is compatible with
their high intrinsic density. While hole spin qubits have
been demonstrated using CMOS-compatible manufactur-
ing processes based on nanowire field effect transistors

“virginia.ciriano.17@ucl.ac.uk

Tjjl.morton@ucl.ac.uk

IPresent address: Quantum Motion Technologies, Windsor
House, Cornwall Road, Harrogate, HG1 2PW, United Kingdom.

Published by the American Physical Society under the terms of
the Creative Commons Attribution 4.0 International license. Fur-
ther distribution of this work must maintain attribution to the
author(s) and the published article’s title, journal citation, and
DOL

2691-3399/21/2(1)/010353(18)

010353-1

(NW FETs) [12], open questions remain as to how the
nanowire and its fabrication in industry standard clean-
rooms impact electron-spin properties such as relaxation
and coherence times.

Spin-qubit readout in silicon requires a spin-to-charge
conversion step followed by charge detection. Various
forms of spin-to-charge conversion exist such as Pauli
spin blockade (PSB) [13] or spin-dependent tunneling to a
reservoir [14]. PSB can be detected dispersively [15-17],
but typically charge sensors close to the qubit have been
used in combination with both spin-dependent processes
[6,7,1821]. Standard three-terminal charge sensors such
as the quantum point contact (QPC) or single-electron tran-
sistor (SET) have achieved spin-readout fidelities as high
as 99.9%in 6 s [22,23] in dc mode and 99% in 1.6 us inrf
mode [4]. However, these sensors require two charge reser-
voirs near the qubit, complicating the use of this method at
scale in dense qubit arrays.

As amore scalable alternative, charge sensors consisting
of just two terminals in which a charge island is connected
to a single reservoir, i.e., a single-electron box (SEB), have
gained considerable traction [3,24-26]. In this method, the
complex impedance of a quantum dot, which may contain
both dissipative and dispersive contributions [27,28], is

Published by the American Physical Society
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FIG. 1. Device and measurement setup. (a) False-color trans-
mission electron micrograph of a silicon nanowire with a pair of
split gates. Quantum dots are formed under each gate, referred
to as “sensor” and “qubit” dots, and controlled, respectively, by
Vs and Vp. The sensor dot is connected to a lumped-element
resonator for dispersive readout. Fast pulses, V., are applied to
the qubit dot through a bias tee. To lift the spin degeneracy, a
magnetic field is applied in the [110] crystallographic direction,
perpendicular to the nanowire. The magnetic field orientation can
be rotated in the plane of the device, making an angle 6 to [110].
(b) Magnitude of the reflection coefficient, |I"|, showing the res-
onator frequency at 0 T. Applying a magnetic field reduces the
resonant frequency due to changes in the kinetic inductance of
the superconducting inductor that forms the resonator [31], see
Appendix B for further details.

measured by connecting a lumped-element resonator either
via a gate that controls the dot or via the reservoir. Changes
in the surrounding charge environment modify the bias
point of the SEB, which in turn produce a rf response
conditional to the charge state of the sensed element. A
spin-polarized SEB has been used to achieve spin-parity
readout with a fidelity of >99% in 1 ms [3]. However,
a demonstration of SEB-based single-spin readout is still
lacking.

In this paper, we demonstrate time-averaged spin read-
out of a single electron in a quantum dot through spin-
dependent tunneling, detected using an adjacent quantum
dot (charge sensor), which is connected to a gate-based
reflectometry setup. The quantum dots are formed on
opposite corners of a silicon split-gate NW FET, fabri-
cated using CMOS-compatible processes [Fig. 1(a)]. We
perform excited-state spectroscopy of the quantum dot and
measure spin relaxation times (77) as a function of mag-
netic field magnitude and orientation. We measure 77 up
to 9 & 3 s—to our knowledge the longest measured so far
for silicon quantum dots. This suggests that the CMOS
processes and nanowire geometry do not pose limita-
tions on spin relaxation and hold considerable promise for
high-quality qubits compatible with scalable manufacture.

II. SETUP

Below, we present spin readout in two NW FET devices,
an example of which is shown in Fig. 1(a). Device A has

a gate length L, = 50 nm and nanowire width W = 80
nm, and device B has L, = 40 nm and # = 70 nm. Two
gates wrap onto the nanowire, in a face-to-face arrange-
ment, with a separation between the gates, S,, of 50 nm
for device A and 40 nm for device B. Each gate can be
tuned using a dc voltage to electrically induce quantum
dots in the opposite corners of the silicon nanowire [29],
while ac signals applied to the gates are used for control
and rf reflectometry readout. The two quantum dots are
tunnel coupled (in a parallel configuration) to self-aligned,
heavily implanted, n-type source and drain electron reser-
voirs, and capacitively coupled to each other. The device
is notionally symmetric; however, we nominate one of the
dots the “sensor dot” by connecting its gate to an LC res-
onator for gate-based reflectometry [30]. Further details of
the devices, including fabrication methods, are presented
in Appendix A.

By monitoring the phase of the reflected rf signal, while
the sensor and qubit potentials Vg and Vy are swept, it is
possible to map out charge transitions for the two quantum
dots [see Fig. 2(d) for detail and Fig. 8 for a full stability
diagram]. Because the reflectometry signal is a function
of the tunneling rate of the sensor dot to the reservoir,
and this rate depends on the sensor-dot occupancy, #;, it
is not straightforward to assign an electron occupation for
this dot [31]. Nevertheless, ng is not central to the charge
sensing we employ here. The number of electrons in the
qubit dot, n,, can be measured using the interdot capaci-
tive coupling with the sensor: each change in n, shifts the
sensor-dot electrochemical potential [see Fig. 2(d)] allow-
ing us to ensure complete depletion in the qubit dot by
reducing Vp until no further shifts are observed by the
sensor (see Fig. 8).

II1. SPIN READOUT

Once the qubit dot is depleted to its last electron, the
spin degeneracy is lifted by applying a magnetic field in the
plane of the device and perpendicular to the nanowire, in
the [110] crystallographic direction. The spin-readout pro-
cedure follows a three-level pulse applied to the gate form-
ing the qubit dot, cycling between three states: load-empty-
read marked as L, E, and R, respectively, in Fig. 2(a).
The potential of the “read” state sits between “load” and
“empty,” at the 0 <> 1 charge transition for n,, such that
the Fermi energy of the reservoir lies between the Zeeman-
split spin |1) and |]) states [14]. At this point, a spin
|4} electron remains in the qubit dot, while a spin |1)
electron tunnels out to the reservoir, to be subsequently
replaced by a spin || ) electron tunneling on the qubit dot.
This spin-dependent tunneling is detected using the sen-
sor dot when tuned to a point in the stability diagram
where the reflectometry signal depends on the qubit-dot
electron occupation. Usable “read” points in the stability
diagram are ones where the n, = 0 <> 1 charge transition
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FIG. 2. Spin readout. (a) Three-level pulse sequence applied

to the qubit-dot gate: first emptying the dot (E), then loading
an electron with a random spin orientation into the dot (L), and
finally reading the spin state (R). (b) For spin readout, the qubit-
dot potential is tuned so its spin-up and spin-down states straddle
the reservoir Fermi energy. A spin-down electron remains in the
qubit dot, whereas a spin-up electron tunnels out (1) followed
by a spin-down electron entering the dot (2). Due to capacitive
interdot coupling, changes in the qubit-dot charge state cause the
sensor-dot electrochemical potential to shift into or out of align-
ment with the reservoir, leading to the appearance or suppression
of a phase response signal A¢ in reflectometry. (c¢) Single-shot
schematics and time-averaged measured phase response (1024
averages) for device A (red), and B (blue), where the spin-up
signature is, respectively, a dip or a peak in the phase response.
(d) Charge stability diagram of the double quantum dot near
the (n4,n,) = (1, N) < (0, N + 1) charge transition for device B
(device A measurements use a nominally identical charge tran-
sition). Only the sensor-dot lead-to-dot transition is visible in
reflectometry.

intersects with the ny = N <> N + 1 transition that yields
a reflectometry signal. Two such points can be identified
in Fig. 2(d) labeled AR and BR. At “BR,” a reflectome-
try signal (arising from the ny = N <> N + 1 transition) is
visible only when the qubit dot is empty (7, = 0). In this
case, the signature of a spin |4) electron on the qubit dot
is the brief emergence of a reflectometry signal at the read
point, as the electron tunnels out of the dot (and a new spin
|{) tunnels in). Conversely, at “AR,” a reflectometry signal
is visible only when the qubit dot is occupied (n, = 1), in
which case the signature of spin |1) is a transient reduction
in the signal. Experiments on device B used point BR for
readout, while those on device A used a point equivalent
to AR in the device A stability diagram. Figure 2(c) shows
the ideal and measured spin-readout traces averaged over
1024 “ELR” cycles at both “AR” and “BR.” Further tests
of spin readout are shown in Appendix D.

Detecting the spin-dependent transient signals requires
that the tunneling rate Iy between the qubit dot and reser-
voir falls within the resonator bandwidth. The resonator
O factor in our experiments is magnetic field dependent
leading to a detection bandwidth in the range 1.5-4.0 MHz
(See Appendix B). Dot-to-reservoir tunneling rates in these
devices can be tuned by applying a voltage to a global
metal top gate [not shown in Fig. 1(a)] or to the substrate
[26,32]. We apply 0 and —10 V to the metal top gate for
devices A and B, respectively, with the substrate at 0 V,
to achieve suitably low tunneling rates: I'g,, = 0.62(1)
MHz for device A and I'g,, = 0.97(1) MHz for device
B. The larger tunneling rates in device B makes “BR”
a more optimal set point for the readout visibility. The
spin-readout signal is further optimized by fine tuning the
sensor and qubit-gate voltages Vs and V. Through simu-
lations of the signal dependence on these voltages, arising
from the energy-dependent tunneling rates [see Eq. (1) and
Appendix C], we obtain the tunneling rates quoted above,
as well as an estimated g factor of g = 1.92(11), and the
qubit-dot effective temperature of 230(9) mK (for device
B). This temperature limits the minimum Zeeman splitting
at which spin readout is feasible and its elevation compared
to the device temperature (10 mK) is attributed to the influ-
ence of the rf readout signal applied to the sensor dot acting
on the qubit dot. The rf power used for readout (—83 dBm)
can be decreased, albeit with a reduction in the spin-up
visibility (see Appendix F), however, amplifiers operating
at the quantum limit of introduced noise can be used to
achieve higher sensitivity in rf reflectometry while using
lower drive powers [33].

IV. SPIN RELAXATION

We next consider the effect of spin relaxation by varying
the duration of the “load” period in the three-level pulse
sequence. The spin of the loaded electron relaxes from
its initial randomized state into the spin ||) ground state
with a time constant 7. We observe exponential decays
in the spin |1) fraction (see Appendix H), which we fit
to obtain relaxation rates 77 ! plotted in Fig. 3 as a func-
tion of magnetic field strength and orientation. In both
devices, we observe an increase in 7 as the magnetic field
is decreased up to a maximum of 7; = 0.28(3) s (device
A)and T} = 9(3) s(deviceB)at B=1T.

The magnetic field dependence of T varies according to
the relaxation mechanism and the direction of the field with
respect to crystal axes. For the measurements presented in
Fig. 3(a) the magnetic field is parallel to [110]. Spin relax-
ation may arise from magnetic noise at the spin Zeeman
frequency or, more commonly and given some spin-orbit
coupling (SOC) that mixes the spin degree of freedom
with orbital or valley states, from phonon-induced elec-
tric field noise or Johnson noise. At this field orientation,
and far from any anticrossing with higher-lying excited
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FIG. 3. Spin-relaxation rates and their magnetic field depen-

dence. (a) Relaxation rate measured with the magnetic field
applied perpendicular to the nanowire, in the plane of the device,
in the [110] crystallographic direction. Curves are fits to a general
model described in the text, and £, marks the field at which the
Zeeman splitting matches the measured valley splitting in device
B. (b) Dependence of T ! on magnetic field orientation at 1 T for
device B, where 0 is the angle between the magnetic field and
the [110] crystallographic direction for device B in the nanowire
plane. The angular dependence expected from spin-valley mix-
ing in an ideal corner dot (dashed gray curve) is insufficient to
explain the observed trend. Spin-lattice relaxation mechanisms
can, however, give rise to higher-order angular modulations [34]
in quantum dots with high symmetry (see, for example, orange
dashed curve and Appendix J).

states [35], the primary contributions from phonons to the
relaxation rate 77 ! are proportional to B” [36,37], while
those from Johnson-Nyquist noise are proportional to B>
[36]. We therefore fit the data in Fig. 3(a) to a combination
of such processes: T I = cphB” + ¢;B* (see Appendix J).

We study the angular dependence of the spin-relaxation
rate in device B, rotating a B =1 T field in the plane of
the device. A minimum in the relaxation rate is expected
as the magnetic field is parallel to the direction of the
nanowire, aligned along the [110] crystallographic direc-
tion since there is no spin-valley mixing (a typically
dominant spin-orbit mixing mechanism) when the mag-
netic field is perpendicular to a mirror symmetry plane of
the device [37,38]. Although we see a downward trend
towards [110], we find that the usual models for spin-
orbit driven relaxation [34,37,39,40] [see dashed lines in
Fig. 3(b)] are not able to account for all features in the
angular dependence.

In general though, spin-lattice relaxation can produce
higher-order harmonics in the dependence on magnetic
field orientation, especially in quantum dots with high in-
plane symmetry (see Appendix J). Such a high symmetry
in device B would also suggest a weak spin-valley mix-
ing with implications on the relaxation behavior when the

Zeeman splitting becomes comparable to the excited-state
valley splitting.

V. EXCITED-STATE SPECTROSCOPY

To gain further insights into the spin-relaxation mech-
anism for this device, we move on to study the excited
states of the quantum dot by sweeping the voltage of the
“load” stage, V. The rate at which an electron loads
from the reservoir into some dot state |i) depends on the
difference in electrochemical potential, AE;, between |i)
and the reservoir Fermi energy. Here, we consider four dot
states, 7 € {g,,g+,e,, ey}, where g and e are, respectively,
the ground and excited z-valley states, each with spin-up
and spin-down states. Assuming elastic tunneling and a
constant reservoir density of states, the loading rate follows
a Fermi-Dirac distribution centered at AE; = 0, when dot
and lead potentials are aligned [41,42]:

load __ FO,Z‘ (1)
i - 1_|_eAE,-/kBT’

where I'p; is the natural tunnel rate for each state |i), kp
is the Boltzmann constant, and T the effective tempera-
ture. We assume here that the natural tunnel rates are spin
independent (i.e., for the ground states g, and g4 they are
equal to I'g,, and similarly for the excited-state natural-
tunnel rate I'g,), as well as independent of Vy; over the
small (approximately 1 mV) range of voltages studied
here. The energy separation AE; can be tuned with Vp; as
AE; = |elago(Vi — Vo), where V; is the voltage at which
the dot state |7) and reservoir potential align and agg is
the gate lever arm of the “qubit gate” to the qubit dot.
From Eq. (1), tunneling rates tend to zero for load voltages
smaller than ¥}, and towards the natural tunneling rate, I'y ;,
for higher voltages. As a result, varying the “load” voltage
Vo1 changes the tunneling rates into the various dot states,
and thus the probability of loading a spin up, which we
detect using the spin-readout described above.

To perform excited-state spectroscopy on the qubit
dot we use a four-level pulse sequence (“empty”-“load”-
“plunge”-“read”) applied to the qubit-dot gate [18], where
the additional “plunge” stage ensures that an electron is
always loaded for any cycle, while the loading voltage is
swept between the “empty” and “plunge” levels [see inset
in Fig. 4(a)]. We define a spin-up fraction P; based on
the integrated spin-up signal, baseline corrected, and nor-
malized to obtain Py = 0.5 in the limit of zero load time
(to neglect relaxation) and random loading using only the
“plunge” phase. The dependence of P4 on the “load” volt-
age (converted to energy) is shown in Fig. 4(a), and can be
understood by considering the schematics in Fig. 4(b). In
the limit (I) of low V), no electron tunnels into the qubit
dot during the “load” phase and an electron of random spin
is loaded during “plunge.” When the Fermi energy, Er, of
the reservoir lies between the spin-up and spin-down states
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FIG. 4. Excited-state spectroscopy. (a) Measured spin-up frac-
tion for different load levels obtained using energy-selective
loading in a four-level pulse scheme as shown in the inset and
fit. (b) Illustration of different loading level regimes. (I) When
the load level is too low, no electrons are loaded, and an elec-
tron with random spin tunnels in during the plunge stage. (II) If
the reservoir Er is placed between the spin-up and -down state,
only spin-down electrons tunnel in. (IIT) At higher load levels,
a random spin tunnels in during the load stage. (IV) When Er
lies between the spin-up and -down levels of the excited state,
an electron can occupy any spin state of the ground state and the
spin-down excited state. Assuming fast spin-conserving relax-
ation from the excited to the ground state, most of the electrons
are found with spin down. (V) For even higher load levels, the
electron tunnels into any possible state. (c) Zeeman splitting £
and excited-state energy E) obtained by fitting (a) to Eq. (3) at
different magnetic fields for devices A and B.

(II), only spin-down electrons tunnel into the dot, and P
drops to zero. Assuming the duration of the “load” period
in the pulse sequence is long compared to the natural tun-
neling rates I'g;, the transition between regions I and II is
characterized by the spin-down ground-state loading rate,

l—‘]oad,gi:
1 Fload
Pr==1--=2-], )
2 Lo

used to generate the dashed curve in Fig. 4(a).

As the “load” voltage is further increased (III), both
spin states can be loaded and the measured spin-up frac-
tion increases. Excited states can also be measured in this
way provided their decay rates to the ground state are suf-
ficiently high [36,43]. Once the spin-down excited state
becomes available during the load process (IV), the mea-
sured spin-up fraction again reduces, since the excited state

rapidly decays in a spin-conserving manner [44]. Finally,
in region (V), an electron of either spin orientation can be
loaded into the excited state. In regions 11—V, the measured
spin-up fraction can be modeled by combining all relevant
rates [44]:

load
Zi:{gT,eT} Fioa Vo)

Toad :

Dictgrgteten L (Vor)

By fitting the data to Eq. (3) [see solid line in Fig. 4(a)] we
can extract several parameters: (i) The Zeeman splitting
E7 between the spin-up and spin-down states (fixed to be
the same for the ground and excited valley states), related
to the width of regions II and 1V; (ii) the valley splitting
Ey, related to the separation of regions II and IV; (iii) the
ratio between ground- and excited-state natural-tunneling
rates, I'g/ '3, related to the amplitude in region IV; and
(iv) the effective temperature 7, related to the sharpness of
transitions between various regions (which can be seen to
be different for the ground and excited states, as discussed
further in Appendix G).

Extracted values for E; and Eyp for both devices are
shown in Fig. 4(c) as a function of magnetic field. As
expected, £z shows a linear dependence with field with
a g factor of 1.91(10), while Ey is field independent and
measured to be 0.68(2) meV (device A) and 0.57(3) meV
(device B). These values are broadly similar (within a fac-
tor of 2) to those measured in similar nanowire devices
[3]—furthermore, a large valley splitting is beneficial for
spin qubits to remain within the computational basis states
and maximize spin-relaxation times [45]. The valley split-
ting in device B is shown as an equivalent magnetic field
in Fig. 3. When E; ~ Ep, there is a finite intervalley spin-
orbit matrix element leading to spin-valley mixing that
should produce a “hot spot” in the relaxation rate. The
absence of such a “hot spot” within our measurement
resolution (250 mT) sets an upper limit for the “hot-
spot” linewidth, and, in turn, for the spin-valley mixing
strength [46]. Several previous studies have reported wider
linewidths, corresponding to stronger spin-valley mix-
ing [35,47,48], however, similar [49], and narrower [45]
linewidths have been observed: this places our measure-
ments amongst the lowest in terms of spin-valley mixing
strength.

A possible explanation for the weak spin-valley mixing
is that the corner dot has greater symmetry than expected,
with two orthogonal quasisymmetry planes [38]—this
would be consistent with the complex magnetic field-
orientation dependence of 7' discussed above. Another
possible explanation is phase cancellations between the
valley coupling and spin-orbit coupling matrix elements
strongly suppressing spin-valley mixing [50,51]. In both
cases, this interesting regime warrants investigation of fur-
ther devices to ascertain the relationship between these
conditions and the device geometry, growth conditions,

Py(Vor) = 3)
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and electrostatic environment. The possibility that the
excited state probed in this experiment is an orbital rather
than a valley excitation, although unlikely, is explored in
Appendix I.

In the case of device A, we could not confirm the
strength of the spin-valley mixing since the excited state
lies above our magnet range (6 T). However, a larger spin-
valley mixing would explain the shorter relaxation times
measured. Given that both devices are measured with the
same setup, we suspect that the different relaxation times
could arise from the fact that device B is measured with
a higher voltage applied to the sensor gate, pulling the
qubit-dot wave function outwards from the edge making
it more symmetrical. Also consistent with a more symmet-
ric wave-function dot is that device B is shorter than device
A (Lg = 40 nm against L, = 50 nm). Moreover, we cannot
discard that the source of the extra symmetry in device B
is due to some fabrication inhomogeneity.

VI. CONCLUSIONS AND OUTLOOK

We demonstrate time-averaged readout of a single spin
confined in a CMOS quantum dot, using a nanowire device
fabricated at the 300-mm wafer scale. We introduce a
spin-readout method based on spin-dependent tunneling
combined with gate-based reflectometry of a neighbor-
ing quantum dot to act as a charge sensor, representing a
low-footprint approach to spin readout in silicon devices.

Our detector bandwidth and tunnel coupling of the sen-
sor dot to the reservoir would permit spin readout on the
timescale of 10 us. However, further improvements in
the SNR of the gate-based reflectometry are required to
achieve high-fidelity single-shot measurements on such
short timescales [4,24,52]. For a charge transition in the
sensor dot, we measure an SNR of 1 for an integration
time of 50 wus. The magnitude of the signal increases
quadratically with the gate lever arm to the sensor dot
[28]. Based on the values in our device (sensor = 0.24 and
aqubit = 0.47), power SNR could be increased by 16 x sim-
ply by swapping the assignment of sensor and qubit. Such
asymmetries in the lever arms, also reported for nominally
identical devices, are due to a misalignment of 7 + 3 nm in
the placement of the gates on the Si channel [31,53].

Further improvements in power SNR (approximately
20x and 16x, respectively) can be expected by fur-
ther optimizing the resonator design to detect capacitance
changes [53] and by lowering the noise floor through use of
a quantum-limited amplifier [33]. Combining these meth-
ods, improvements in power SNR of 3 orders of magnitude
are possible, bringing single-shot readout well within reach
while simultaneously reducing the rf power used for read-
out to avoid limiting the minimum measurable Zeeman
splitting.

These split-gate nanowire devices can be naturally
scaled to produce 2xn arrays of corner quantum dots

[25,54]—such devices could represent a one-dimensional
(1D) spin qubit array along one edge of the nanowire,
where end qubits have charge sensors used for readout
based on the approach presented here. 1D qubit arrays are
well suited for certain quantum-simulation problems, such
as a variational quantum eigensolver approach to the Hub-
bard model [55,56]. Spin shuttling [57] or qubit SWAPping
[58] could transport qubits to the ends of the array, how-
ever, for some algorithms readout of an end-qubit ancilla
is sufficient [59].

While it is the spin coherence time 7, that ultimately
limits qubit fidelity, the long spin-relaxation times we mea-
sure (up to 9 s) are particularly encouraging for these
devices. These indicate that both the CMOS-compatible
fabrication methods and the nanowire geometry with its
corner quantum dots are all consistent with large valley
splittings and long spin-relaxation times, making them an
attractive platform for scalable quantum computing.
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APPENDIX A: DEVICE DESCRIPTION

The device is a 7-nm-tall silicon nanowire pat-
terned from a silicon-on-insulator (SOI) substrate with a
145-nm-thick buried oxide. An omega-shape MOS gate
wraps around the Si mesa nanowire, with a stack con-
sisting of 50-nm poly-Si, 5-nm TiN, and 6-nm thermal
Si0,/Si. Under a suitable gate voltage, quantum dots can
form separately along the top edges of the mesa nanowire.
For independent control of each dot, the wrap-around gate
is split along the nanowire direction using e-beam lithog-
raphy forming two gates that face each other (Ggepsor and
Gqubit)- Although these gates are nominally identical, we
observe a misalignment of 7 & 3 nm in the placement of
the gates on the Si channel, in which the “sensor gate”
overlaps the channel less so than the other gate [53]. For
further control, the silicon substrate can be used as a back
gate and an overarching metal line as a top gate. These
two gates modify the dot electron wave function [26,32]
and, therefore, the tunnel rates between dot and reser-
voir. Changes in voltage applied to the metal line require
stabilization for a few days, however, thereafter the new
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properties remain constant and stable for extended periods
sufficient for the entire experiment.

The nanowire width, ¥, and gate length, L,, can be engi-
neered to achieve different interdot coupling and dot sizes,
respectively. Device A has a gate length of L, = 50 nm
and a width of W = 80 nm, whereas device B has L, = 40
nm and W = 70 nm. The splitting between gates, S, is
S, = 50 nm for device A and S, = 40 nm for device B.

The gates are covered by 34-nm-wide SizN4 spacers.
On one hand, the spacer separates the reservoirs from the
central part of the intrinsic nanowire, by protecting the
intrinsic silicon from the ion implantation, which defines
the reservoirs. And, on the other hand, it also covers the
split between the independent gates, Ggensor and Gupit,
since the length of both gate spacers is larger than the
intergate gap.

Moreover, the nanowire region below Giensor 18 lightly
Bi doped with a dose of 6 x 10'* at/cm?. This gives an
average of approximately one Bi dopant per window of
40 nm x 40 nm.

APPENDIX B: MEASUREMENT SETUP

1. Description of the dc and rf circuitry

Measurements are performed at the base temperature
of a dilution refrigerator (15 mK). Dc voltages, (Vsensors
Vaubits Viop), are delivered through filtered cryogenic con-
stantan loom. The voltage on the metal line, Vi, is kept
at —10 V in device B to reduce the qubit dot-reservoir
tunneling rate. The rf signal for gate-based readout and
the fast pulses are delivered through attenuated and fil-
tered coaxial lines. The PCB contacts are connected to the
device gates through on-chip aluminium bond wires. High-
frequency and dc signals are combined using on-PCB bias
tees. The bias tee acts on the pulses sent to the qubit gate
as a high pass filter. This effect is compensated by pulse
engineering using the inverse of the filter transfer func-
tion, such that after passing through the bias tee, the pulses
have the desired lineshape. The resonator is formed by an
80-nH NbN planar spiral inductor [30] placed in parallel
to the parasitic capacitance to ground of the PCB and the
device. The PCB is made from 0.8-mm-thick RO4003C
with immersion silver finish. The reflected rf signal is first
amplified by 26 dB at 4 K (LNF-LNCO0.6_2A) and fur-
ther amplified at room temperature. Then, the reflected
signal magnitude and phase are obtained using quadrature
demodulation (Polyphase AD(0540b) and measured using
a digitizer (Spectrum M41.4451-x4).

2. Resonator

The resonant frequency, f,, and loaded Q factor, Q;,
vary with respect to the magnetic field due to changes in
the inductor kinetic inductance (see Fig. 5). The resonant

frequency can be calculated as f, = 1/27n/L(C. + Cp),

(a) 750
® [ B 400
— 7251 Y
T . 300
S 700 °.
e 2
4= 675 % [°°°
650 1= . : $-+100
0 2 4 6
B (T)
(b) 740 370
0000%0,0% ,,00000°
N 730
T 730
S - 350
o 720
710 T T y 330
0 25 50 75
6 (deg)
FIG. 5. (a) Q factor and resonant frequency of the resonator at

different magnetic fields applied in the [1, 1, 0] crystallographic
direction. The error bars are smaller than the scatter dots. (b) O
factor and inductance when B = 1 T is applied in different direc-
tions. 0 is the angle of the magnetic field with respect to [1, 1, 0]
in the plane of the device, as in Fig. 1.

where L is the inductor value and Cy = 520 fF is the sum
of the device capacitance, C,, and the parasitic capac-
itance, C,. C,, the coupling capacitance, is known and
equal to C, =50 fF. The Q factor can be extracted by
measuring the S-parameter correspondent to the forward
transmission, S7; = 20log,, |I'|, with a vector network
analyser (VNA), which provides the reflection coefficient
IT'| of the reflectometry setup. Although the resonance is
undercoupled, the demodulated phase shift is still propor-
tional to the dot capacitance shift in first order: A¢ ~
—(ZQfmZO/Rd)[ACd/ (Ce + Cp)], where Qjy is the inter-
nal Q factor, Z, = 50%2 is the line impedance, and R, is the
resistance seen from the dot gate to ground.

APPENDIX C: READOUT OFFSET TUNING

Observing spin-dependent tunneling requires careful
tuning of the qubit-gate offset voltage, V. Figures 6(a)
and 6(e) show the time-dependent normalized demodu-
lated phase at the “read” stage of the three-level sequence,
for different V), each averaged 1024 times. For low offsets,
the electron tunnels out of the qubit dot regardless of the
spin state [Fig. 6(d)], whereas for higher offset voltages it
always remains in the dot [Fig. 6(b)]. At intermediate off-
sets, only electrons with spin up can tunnel out, producing
the observed spin-dependent feature. Due to the choice of
different readout points in the stability diagram (see main
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text), the rf signal for device A is maximal when an elec-
tron is present in the qubit dot, while for device B the rf
signal is maximal for the empty qubit dot.

1. Spin-readout simulations

The averaged demodulated signal during the readout
stage is proportional to the expectation number of electrons
in the qubit dot [61]. We model the qubit-dot occupancy
using a rate equation that considers three possible states:
spin up (in the qubit dot), spin down (in the qubit dot), or
no electron in the qubit dot. The ratio at which the levels
are populated or emptied is given by their respective tunnel
rates. The tunneling rates depend on Vp, the electron tem-
perature and the natural tunnel rate I'y, which we take to
be spin independent. Assuming elastic tunneling and that
the reservoir has a continuous energy spectrum, the dot-to-
reservoir tunneling rate follows a Fermi-Dirac distribution
[41]:

Iy
1+ exp[+(—)AE/ksT]

Cintouyy = (C1)

Here, kp is Boltzmann’s constant and AE is the energy dif-
ference between the relevant dot state and the lead Fermi
energy. AE = |elagp(V|, — Vp) for the spin-down state
and AE = |elago(V, + E. — Vp) for the spin-up state,
where V| is the voltage at which the || ) state and reservoir
potentials align, e is the electron charge, ag is the lever
arm of the qubit gate on the qubit dot, and E, is the Zee-
man energy. Therefore, four different tunneling rates can
be defined: Fl“, Fi‘“, I“iT“, and F?‘”, i.e., two per dot state.

During the read stage, the sum of the probabilities of
finding the electron in the dot with a spin up, Ny, with a
spin down, N, or out of the dot, Ny, remains constant
(and equal to one) such that the time-dependent derivative
of the total electronic number is equal to zero: dNyota1 /dt =
dNoy/dt + dNy /dt + dN | /dt = 0.

The rate equation can be summarized by the following
system of differential equations:

dN i
—T = —F(T)utN¢ + FlTnNouta
dt
dN i
7; = —T{"N, + I'"Nous, €2
d‘t’“‘ = TNy + T{N, — (T + T Nows.

When the system of differential equations is rewritten as a
matrix, its solution has the general form:

Ny
N, | = xe"V'vy + ye''vy + ze¥'vs,
Nout

(C3)

where vy, v,, and v; are the matrix eigenvectors and v, vy,
and vs their correspondent eigenvalues given by

U1=0,

-

1 : .
vy = E{_4F° - \/ (4T0)2 — 4[4+ TR + TI]L,

1 : —)
vy = E{_4F° +/(@T) — 4[rPrg 4 T e + r'f)]}.
(C4)

X, y, and z are the constants determined by the initial con-
ditions. Here, it is assumed that the qubit dot is always
emptied during the empty stage and populated after the
load stage such that the readout initial conditions include
an electron in the dot with a random spin polarization:

Ny(t=0) =1/2,
N(t=0)=1/2, (C5)
Now(t=0) = 0.

These assumptions are based on the fact that the mea-
sured tunneling times are much shorter than the duration
of the pulses. The averaged demodulated phase is propor-
tional to the expected dot occupation number, 1 — Ny, for
device A and to N, for device B.

Properties of the system can be obtained by examining
the behavior in particular regimes where the dynamics can
be simply understood. First, at low offsets the dot state
is well above the lead Fermi energy [see line-cut 2 in
Fig. 6(a)]. In this regime, Fi“ and FiTn tend to zero, whereas
F‘j”t and F‘;”‘ reach their maximum value, I'y, which can
thus be obtained by fitting the demodulated phase over
time to an exponential decay [see Figs. 6(g) and 6(i)]. In
this way, we obtain tunneling rates I'g 4 = 0.624 = 0.011
MHz for device A and I'gp = 0.970 £0.012 MHz for
device B.

Second, by observing the demodulated phase with
respect to Vp after some time has passed [line-cut 1 in
Fig. 6(a)], the effective temperature can be inferred. The
dynamics are initially described by the complete model
described in Eq. (C3), however, the effect of the nega-
tive eigenvalues fades away over time and the term N =
xvy dominates the dot occupation. For the given initial
conditions, this steady-state term reads

outyout
FT r |

Noult=00) = PPT + T + T

(Co)

which for the condition E, /kgT >> 1 simplifies to Ny (f =
o0) = Fﬁ“t/l"o. Therefore, the demodulated phase with
respect to Vp is fitted to 1 — Fi‘“/ [y for device A and
Fi‘“/ Iy for device B [see Figs. 6(f) and 6(h)]. From
these fits we find an effective temperature of 0.157 &+ 0.012
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(a) Left: normalized phase response of the resonator over time in the readout stage at different V' offsets for device A. The

pulse sequence is depicted in the inset. Right: simulation for an applied magnetic field of 1.4 T. The simulation takes into account the
mismatch between the bias-tee cutoff frequency and the compensated pulse. (b) Same for device B at B = 3 T. (b)(d) Diagrams of the
qubit-dot electrochemical potential with respect to the lead Fermi energy at three different offsets. At offset (b) the electron remains in
the dot. In (c) only spin-up electrons can tunnel out from the dot and, shortly afterwards, an electron with spin down comes back to the
dot. In (d) the electron always tunnels out. (f) Dot occupation number along line 1 comparing measurement (dotted) with simulation
(line). (g) Dot occupation number as a function of time at low offsets along line 2. The phase rise time due to the resonator bandwidth
corresponds to the first microsecond of the graph. (e),(h),(i) Corresponding data and simulation for device B.

K for device A and 0.275 £ 0.022 K for device B (see
Appendix F for full discussion of the origin of this effective
temperature and noise sources).

The Zeeman splitting, E,, is calculated from the width
in voltage of the spin-dependent “tail” seen in Fig. 6. The
Zeeman splitting is plotted for different magnetic fields in
Fig. 9.

To improve the fit to the data, the simulations of device
A [Figs. 6(b) and 7] include a voltage drift over time due
to a cutoff-frequency miscalculation of the bias-tee high
pass filter (nominally taken to be 16 kHz, but fitted to
be 15.915 kHz). This small frequency mismatch does not
affect measurements on the spin-relaxation time.

APPENDIX D: TWO-LEVEL PULSE SEQUENCE
(LOAD-READ ONLY)

If the “empty” stage is removed from the pulse sequence
to leave just the “load” and “read” steps, the dot remains
occupied unless the electron tunnels out during the read
stage. In this two-level pulse sequence, the electron in the
dot eventually decays to the spin-down ground state, so
that no spin-up signature is observed (see Fig. 7 for mea-
surements and simulations). The rate equations presented
in the previous section to simulate the dot occupation

number remain valid in this case—only the initial con-
ditions change. In the previous case, when the dot is
initialized, the probability of finding the dot empty after
reading out is Noy = Fi’“t /Tg. For the two-level sequence,
only when the dot has been emptied can a new electron be
loaded (with random spin polarization). Thus, the initial
conditions are

out

Ni(t=0) = 2—1£0

N(t=0)=1—Ny(t=0),
Now(t =0) =0,

(D1)

and these are used in the simulations presented in Fig. 7.

APPENDIX E: GATE LEVER ARMS

The gate lever-arm map the voltage applied to each gate
to the electrostatic energy at the dot. In this system, where
two quantum dots are placed in parallel, the Coulomb
diamonds of each dot can be measured independently.
The sensor-dot—sensor-gate lever arm (ags) is calculated
by measuring Coulomb diamonds in the same dot-to-lead
transition used for spin readout [see Fig. 8(c)]. At V4. # 0,
the transition splits in two. These two lines with slope m,
and m;,, delimit the set of voltages at which the dot level is
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FIG. 7.

Two-level pulse sequence based on “load” and “read.” (a) Demodulated phase over time in the readout stage normalized at

each Vp offset for device A (left) and its simulation (right) for an applied magnetic field of 1.4 T. The pulse sequence is depicted in the
inset. (b)~(d) Diagrams of the qubit-dot electrochemical potential with respect to the lead Fermi energy at three different pulse offsets,

Vo. (e) The same as (a), but for device Bat B =3 T.

in the bias window and the lever arm can be calculated as
the inverse of the slope difference: agg = 1/|1/m; — 1/my|
[62]. In addition, the gate for the qubit dot can influence the
sensor dot, such that in general there is a lever-arm matrix

[63]:
<AMS> _ (0155 OlSQ) (VS)
Ano aps ago) \Vo/)’

where Apg and Apup are the electrochemical potentials
of the sensor and qubit dot, respectively. The effect of
the cross terms is visible in the stability diagram, where
the slope of dot-to-lead transitions is given by the ratio
between lever arms. This way, the cross lever arm is found
to be osp = AVs/AVQ X ogs.

The qubit-dot—qubit-gate lever arm, opp, is determined
by a temperature study in which the qubit-dot occupation
number is fitted with respect to Vp to a Fermi distribu-
tion, as in Figs. 6(g) or 6(i). In these traces, V is swept so
the qubit-dot transitions from an empty to occupied state.
The broadening in this transition can have different ori-
gins: (1) the QD level broadening due to finite lifetime,
(2) the effect of the rf-carrier power on the qubit-dot elec-
trochemical potential via the cross capacitance, or (3) the
reservoir electron temperature. We focus on the latter and
analysed this broadening with respect to the fridge temper-
ature. At low temperatures, the broadening is constant and,
as the temperature in the fridge is raised, it increases lin-
early with respect to the fridge temperature (see Fig. 9).
In this way, the temperature can be related to the tran-
sition broadening as kzT, = ecppVp and can be fitted to

T, = /T3 + T3, [44]. We obtain a Ty =230+ 9 mK

idge

and a apgp = 0.478 £ 0.008.
Finally, the second cross lever arm is obtained with
the stability diagram as agp = ago(AVp/AVs) using the
slope of the qubit dot-to-lead transition, which, although

(ED)

invisible, can be deduced by joining the shifts in the sensor
electronic transitions (see Fig. 8). The lever-arm values for
devices A and B are summarized in Table 1.

The g factor is calculated using Ez = gugB =
eapoAVp, where AV is obtained from Figs. 6(a) and
6(c) at different magnetic fields. The calculated g factor
isg=192+0.11.

APPENDIX F: SIGNAL OPTIMIZATION

1. Power dependence of the line broadening

To differentiate between spin states and achieve spin
readout, the Zeeman splitting, £, = guzB must be greater
than the broadening of the 0 — 1 charge transition in
the qubit dot depicted in Fig. 6(f). As discussed above,
the broadening has at least three different sources: (1) the
reservoir electron temperature, (2) the perturbations in its
potential produced by the rf carrier via cross capacitance
to the sensor-dot gate, and (3) the dot-state broadening due
to tunneling. These three noise sources limit the minimum
magnetic field at which the spin state can be accurately
determined.

Here, we study how the power from the rf carrier sent to
the “sensor” gate affects the “qubit”-dot potential. Using
reflectometry, the linewidth of an electronic transition is
set by the electronic temperature as long as the thermal
energy, kg7, is larger than the QD level broadening, Ay,
where y is the tunneling rate. When the electron temper-
ature dominates, the parametric capacitance contribution
due to the ability of the electron to tunnel in and out of
the dot is proportional to AC,; o< 1/ cosh? (€/2kpT), where
€ is the quantum-dot level detuning with the reservoir. In
the latter case, (kT < hy), the parametric capacitance fol-
lows a Lorentzian shape: ACy o< hy /[(hy)? + €*][64]. At
the same time, power applied to the sensor dot required
for reflectometry can be a source for line broadening.
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When power broadening is dominant [see Fig. 10(a)], the
linewidth increases as

P
1+ —,

B (F1)

€12 = €(1/2)0

where €(12)0 is the natural width due to electron temper-
ature or tunneling rates and Py is the power at which the
power starts dominating the transition width. The broaden-
ing effect of the rf readout signal on the sensor potential can

FIG. 8. Lever-arm and device
characterization. (a) Device A
stability diagram. A solid square
indicates the readout area corre-
sponding to the first electronic
transition of the qubit dot since
no other shifts are visible for
a large range of smaller V.
The dashed square indicates dot-
donor transitions. The donor is
presumed to be bismuth since
the sample is bismuth doped.
(b) As above for device B.
The black dashed line helps the
eye to follow one of the qubit-
dot electronic transitions. (c)
Coulomb diamond of the sensor
dot in device B from the sen-
sor dot-to-lead transition used
in the readout. The slopes used
for calculating agg (see text) are
marked with dashed black lines.

1.02
Vs (V)

1.04

be translated to an effective temperature and, using the pre-
viously calculated g factor, to an effective magnetic field,
Bioise (see Appendix E).

For the sensor dot, the natural width, (1 /2)0, corresponds
to a tunneling rate of 4.87 & 0.04 GHz or an electron
temperature of 130 £ 1 mK, consistent with previous
results in Si nanowires [64].

The rf readout tone applied to the sensor gate can
be transferred to the qubit dot due to the cross capaci-
tance between dots or a direct capacitance between the

(a) (b) (c)
[ 2.0F q
1.0 _ 800 I Device A I
< —_ I DeviceB P
" ¥ .l S 600 HI
: > g 1
O ~ 10 B N '
< — 200 MK @ ¢ u<.ll 1 ","
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Yy - —— 800 mK ~ 05t /""
. L 1 L . 1 1 L L L 7
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FIG. 9.

Qubit-dot lever arm from temperature measurements. (a) Homodyne //Q voltage as a function of AV, at fridge tempera-

tures of 200 and 800 mK for device B. (b) Width of the Fermi-Dirac distribution measured in (a) as a function of the fridge temperature
and fit. (c) Zeeman energy obtained as AE, = eappV from Fig. 6(a), where QQ is the lever arm calculated in (b). Dashed line shows

the Zeeman energy for g = 2.
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TABLE I.  Lever arms. XX refers to the subindex of the alpha (a)
factor, which can take the values SS, SO, QQ, or SQ. oy, refers Fermi roll down
to the standard error in the extracted values. 0.4+ Reflectometry power
XX oxx Oayy
Device A QQ 0.58 0.03
SQ 0.070 0.006
Device B SS 0.239 0.004
SQ 0.121 0.002 0.0 . . .
QQ 0.478 0.008 : _ _ _
QS 0.078 0.004 90 85 80
P. (dBm)
—84.5 dBm
—4— —87.5 dBm

sensor gate and the qubit dot: g = (aps/aSS)Aus (see
Appendix E). In Fig. 10 we compare (i) the broadening
measured on the sensor dot that has been converted to
an expected qubit dot broadening, with (ii) a direct mea-
surement of the qubit dot broadening as in Fig. 9(a). We
observe that increasing the rf readout power, increases the
perturbation for both methods, however, they lead to a dif-
ferent natural width. This suggests that the predominant
broadening at lower power does not come from the elec-
tron temperature, since it should be the same under both
measurements, but from the tunneling rates, which are
higher in the sensor dot. At higher powers, such as the one
used for spin readout (P = —83 dBm), we can deduce that
the major contribution to line broadening (and thus effec-
tive temperature) comes from the rf tone used for readout.
The contribution from the rf tone can be reduced by opti-
mizing the resonator so less power is needed to show a
measurable phase shift [30] and/or using cryogenic ampli-
fiers with lower noise temperature such as a Josephson
parametric amplifier [33] allowing operation at lower rf
power due to a decreased noise level. Moreover, although
the mutual capacitance between dots is necessary for this
readout, the cross capacitance between the sensor gate and
the quantum dot should be as small as possible.

2. Visibility

The reflectometry signal is optimized by selecting the
power and qubit offset voltage that gives the highest vis-
ibility of the spin-up fraction. Figure 10(b) shows a com-
parison of the spin-up fraction at different qubit-dot offset
voltages and rf power applied. The spin-up signature is
more visible at higher voltages up to a point where the
power broadening counteracts the increment in the signal.

APPENDIX G: EXCITED STATE SPECTROSCOPY

The main text describes five different regimes of inter-
est (I-V) in the context of excited-state spectroscopy. In
regimes 1I-V, the probability of finding an electron with

0.0 ! !
00 01 02 03 04

AVo (mV)

FIG. 10. Perturbation of the qubit-dot electrochemical poten-
tial, given in Tesla, due to the rf-carrier power, P.. (a) Blue:
electronic transition half width maximum, €;, of the sensor dot,
converted to a qubit-dot potential using the cross lever arm apg.
Error bars are smaller than the dot size. Green: a direct measure-
ment of broadening obtained by sweeping the qubit-dot voltage
[see Fig. 9(a)]. (b) Spin-up fraction at different readout offsets,
Vo, and powers at 1 T.

spin up at different load voltages V) is argued to be

1_‘load,gT + 1_‘load,eT

Pr(Vor) = :
¢ 1—‘load,gT + l—‘load,eT + 1—‘load,gL + 1—‘Iload,ei

(G1)

The parameters obtained from fitting the data to the expres-
sion above are summarized in Table II. Here, Ey is the
valley splitting, T, is the effective temperature for the
ground state, T, is the effective temperature for the excited
state, and 41 = 'z /"o is the ratio between the excited-
and the ground-state natural-tunneling rates. The effective
temperature of the excited states is left as a fitting parame-
ter to include effects arising from the finite excited-state
lifetime. In contrast, any lifetime broadening of |g;) is
neglected based on the long measured 7} times (> 1 ms).

APPENDIX H: 7; FITTING PROCEDURE

The relaxation time, 7;, describes the time constant
at which the spin-up decays to the spin-down state.
Once an electron is loaded to the dot, the probability
of finding a spin-up state decreases exponentially with
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TABLE II. Fitting parameters extracted from excited-state

spectroscopy.

Device A Evy 681 23 ueV
T, 370 + 200 mK
T 510 £ 160 mK
Ay 2.0£0.3

Device B Ey 571 £ 27 uevV
T, 300 + 30 mK
T, 710 £ 200 mK
Ay 7.7£0.9

respect to the time waited before reading its state follow-
ing Py (twair) /P4 (0) = e~ (wait/TV Figures 11(a) and 11(b)
show the exponential fitting for several magnetic fields in
device A and device B. We also test whether the rf car-
rier does not affect the relaxation during the “wait” period.
Figure 11(c) shows a comparison of the relaxation times
measured in device B when the rf readout tone remains
on throughout the three-level pulse (purple) versus switch-
ing off the readout signal during the waiting time (red).
The similar values can be explained because the rf voltage
only introduces an effective level broadening correspond-
ing with a voltage drive at the frequency of the rf carrier
(742 MHz). Although this broadening is measured as an
effective temperature (see Appendix F), it is unrelated to
the bath electron temperature and unlikely to affect the spin
of the electron, with a Zeeman splitting larger than 28 GHz
B=1T).

APPENDIX I: NATURE OF THE EXCITED STATE

In this section, we discuss the possibility that the excited
state probed in the devices is in fact an orbital rather than
a valley excitation. If so, the valley excitation must lie at
low energy (<110 eV in device A and <280 weV in
device B), below the lowest magnetic field explored in the
experiments since no signs of such a valley state are found
in measurements like the one shown in Fig. 4(a). Although
very small valley splittings have indeed been measured
in specific devices [38], larger valley splittings, closer to
the excited-state energies we measure, would be more
consistent with recent measurements in the few electrons
regime [3]. Furthermore, according to effective mass cal-
culations, orbital excitations would rather be expected in
the few meV range [65], larger than the values we measure.
Therefore, an orbital excitation cannot be ruled out, but is
definitely not the most likely assumption. Nonetheless, the
main conclusions of this work and discussion would be lit-
tle affected in principle. The experiments indeed probe the
spin degree of freedom as long as the Fermi level of the
contacts lies between the pair of spin-up and the pair of
spin-down valley states at readout; also, as valley relax-
ation is presumably much faster than spin relaxation, and

little dependent on the magnetic field orientation, the angu-
lar dependence of the relaxation time shall be globally the
same as discussed below.

APPENDIX J: DEPENDENCE OF SPIN
RELAXATION (7;) ON MAGNETIC FIELD

1. Dependence on magnetic field orientation

We discuss here the angular dependence of the spin-
relaxation rate in the Z valleys of silicon. We consider a
silicon quantum dot under a finite magnetic field B. We
note |n,0) and E,, = E, £ %goMBBa the eigenstates and
eigenenergies of the dot in the absence of spin-orbit cou-
pling, with o = %1 the spin quantized along the magnetic
field axis, go the bare gyromagnetic factor of the elec-
tron and pp Bohr’s magneton. In these assumptions, the
orbitals ¢, (r) = (r|n) can be chosen real at B = 0.

In the Fermi golden rule approximation, the relaxation
rate between states |0) =1|0,—1) and [1) =10,41) is
typically proportional to the squared matrix element(s)
|(1|0|0)|?> of one or more observable(s) O [36,37,46]. We
assume that O is invariant under time-reversal symme-
try, and does not couple spins directly [O is, e.g., a local
potential V'(r) (Johnson-Nyquist noise), an electric dipole
operator x, y, or z (phonons), etc...]. There must, there-
fore, be a mechanism such as spin-orbit coupling mixing
spins in |0) and |1) in order to achieve nonzero (1|0|0)’s.

Since SOC is weak in the conduction band of silicon, we
can deal with it to first order in perturbation. Let H, be the
SOC Hamiltonian. The first-order |0) and |1) states read

~ ,—1|Hg |0, —1
By =10y + 3 2D gy

EO_En
n#0
(n, +1|Hg10, —1)
+ In,+1), (J1a)
Xn: Ey — E, — gousB
= (n, +1|Hg0, +1)
1) =1 1
1) =11+ e R
n#0
n, —1|He|0, +1
+Z< ol )In,—l). (J1b)

Ey — E, + gousB

n

Hence, since O only couples same spins,

2 (0,+1|0ln, +1) (n, +1|Hy, |0, = 1)
1010y =y
Eo — E, — gousB

n Z (0, +1|Hgl|n, —1){(n, —1]0|0, —1)
Ey — E, + goupB

n

(J2)

We further develop this expression to first order in B,
assuming goupB < E| — Ey. Neglecting the action of the
vector potential on the orbital motion of the electrons in
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FIG. 11. (a),(b) The normalized spin-up fraction with respect to the waiting time for devices A and B, respectively, fitted to an expo-

nential decay for different magnetic fields. (c) Comparison between the relaxation time measured with the rf-readout tone continuously

on, or switched off during the waiting time.

a first place, the only B-dependent terms are the Zeeman
energies on the denominators:

1 _ 1 + gompB
Ey—E,xtgusB Ey—E, (Ey—E,)?*

(3)

Then, making use of the time-reversal symmetry relations:
(J4a)
<n9 +1|HSO|09 _1> = _<na _1|HSO|05 +1>*9

= —(0, +1{Hsoln, =1), (J4b)

we get

,+110|n, +1)(n, +1|Hs |0, — 1)
(En _E0)2 '

-~ 0
({1016) = 20058 Y ¢

(J5)

With a SOC operator of the form Hy, = ), Pxoy, where
Py are real-space operators (e.g., velocity operators) and
oy are the Pauli matrices (for a spin quantized along the
reference axis z),

(11010) = iB(ay (+1]ow|—1) + e (+1]oy [ 1)
+ a:(+1]oz|-1)), (J6)

where the «;’s depend on the orbital motion of the elec-
trons. As expected, the matrix elements (fllOl(f)) are pro-
portional to B, since time-reversal symmetry must be bro-
ken by the magnetic field for O to couple opposite spin
states.

The orbitals ¢, (r) being real, the matrix elements of the
P;’s must be imaginary and those of O must be real accord-
ing to the time-reversal symmetry relations, Egs. (J4b) (this
is obvious if the P;’s are linear combinations of veloc-
ity operators and O is one of the examples given above).

Therefore, oy, oy, and o, are real, and
(1]010) = iB(+1|a-o|—1) = iBla|(+1]og|—1), (I7)

where o4 is the spin along axis o = (o, o, ;). Since
|—1) and |+1) are defined with respect to the magnetic
field axis, [(+1|og|—1)| = | sin6,|, where 6, is the angle
between the magnetic field and the vector «. Hence,

(L|O|0))? o sin?® By. (J8)

This gives rise to the simple uniaxial dependence measured
for example in Ref. [66]. In that reference, the effects of
SOC are dominated by “spin-valley” mixing, that is by the
n = 1 term in Eq. (J5) (same orbital in the other valley). In
an ideal corner dot with a (110) mirror symmetry plane, 6,,
shall be the angle with the [110] axis.

The above considerations may not, however, apply
when the action of the vector potential is taken into
account. Indeed, in the presence of a vector potential, time-
reversal symmetry transforms ¢,(B,r) into ¢;(—B,r),
breaking Egs. (J4b) and the resulting cancellations. This
is not expected to make much difference for spin-valley
mixing as the ground states of both valleys effectively
behave as zero (or, more generally, identical) angular-
momentum states and are, therefore, weakly coupled by the
vector potential. Yet the effects of the vector potential may
become relevant when spin-valley mixing is not dominant.

In order to go further, we can write Eq. (J2) under the
form:

(11010) = (+1|H|-1), d9)

where the effective Hamiltonian H., is

H — Z( (010|n)(n|P|0) n (0| P|n){n|0O|0) )0
o Ey—E, —goupB Ey—E, + goupB

(J10)
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then expand H, to first order in B (being understood that
E,, |n) and possibly the P; operators depend on B):

H, = iBa-o + Y AyBio;, (J11)
if

where A;; are real scalars. Symmetry considerations may
put constraints on the A;;’s.

Assuming B = B(cos 6, sin6,0), we may then sort out
the angular dependence of the matrix element (4+1|H.|—1).
The |4+1) and |—1) spin states are the eigenstates of the
Zeeman Hamiltonian:

1 . 1 0 e
H, = EgOIU«BB(COS foy + sinfo,) = EgO//vBB &0 |
J12)
Hence,
e/ —i0/2 i0/2
|—1)=f(e 1) —e” 7)),
- (I13)
e i ) )
[4+1) = —= (1) + “?|1)).

V2
The above phase factors are chosen for convenience. Then,
(+1]ox|—1) = +sinb,

(+1loy|—1) = —cos¥,
(+1]oz|=1) =i.

(J14)

Therefore, after substitution in Eq. (J9) and trigonometric
manipulations,

(+1]|H.|—1) = B(ag + icy cos 6 + is; sind

+ ¢ cos 20 + 5, 5in 26), J15)
where ag, c1, $1, ¢, and s, are real. This matrix element
does, therefore, feature sinnf and cos nf harmonics up to
n = 2. Hence the relaxation rate, which is o |(1|H,|0)|?,
features n = 0, n = 2, and n = 4 harmonics. We may thus
write, in general,

I = 70+ 72 c0s[2(0 — O)] + ya cos[4(0 — 6)].  (J16)

Note that the relaxation rate is invariant under the trans-
formation® — 6 + = (B — —B), as expected. Competing
relaxation mechanisms may yield different s and 6°’s;
yet trigonometric relations easily show that the sum over
mechanisms can always be refactored under that form.
Higher-order harmonics may result from the breakdown
of one of the above assumptions [first-order developments
in B and H,, validity of Fermi golden rule (multiphonon
and photon processes). . . ], or from extrinsic contributions.

Also, the prefactors of the relaxation rates scale as a power
of the Larmor frequency, w (@ to w> for phonons, @
for Johnson-Nyquist noise), which may introduce extra
angular dependences through the anisotropy of the g fac-
tors. However, the contribution of g factors to the angular
dependence of the relaxation rates is presumably very
weak in silicon, as they remain usually very close to 2
whatever the orientation of the magnetic field.

Examples of pure cos[4(0 — 07)] dependences have, for
example, been given in Ref. [34] (relaxation owing to
phonon-induced shear strains in a highly symmetric dot).
The enumeration of possible symmetry invariants in Eq.
(J11) suggests that the relative weight of n = 4 harmonics
shall actually increase when the dot gets more symmet-
ric [going, e.g., from a single mirror symmetry plane (Cj
group) to a double mirror symmetry plane (C,, group)].

In the present experiments, the angular dependence of
the relaxation rate is indeed dominated by » = 2 and n = 4
harmonics, although significant » = 6 and n = 8 contri-
butions may also be needed to reproduce the behavior
around 6 = 0. Without further knowledge about the shape
of that particular dot, it remains, however, difficult to make
detailed predictions. Still, the presence of strong n = 4 har-
monics suggests, as discussed above, that the relaxation is
not dominated by spin-valley mixing at B = 1 T (nor at any
field given the absence of measurable hot spot at the cross-
ing between the ground valley spin-up state and the excited
valley spin-down state). Both the weakness of spin-valley
mixing effects and the presence of sizable n > 2 harmonics
are consistent with a dot showing high in-plane symmetry
[38].

2. Dependence on magnetic field strength

The angular dependence described above is consis-
tent with a small spin-valley mixing, which also leads
to a weak or absent hot spot in the relaxation rate when
the Zeeman splitting approaches the valley splitting. We
observe that the relaxation rate increases with the mag-
netic field, following the predicted behavior when far from
any anticrossing with higher-lying excited states [35]. Spin
relaxation comes primarily from the spin-orbit interaction,
which couples the spin degree of freedom with electrical
noise. The electrical noise can have different sources, for
example, the Johnson-Nyquist noise, which gives a con-
tribution proportional to ¢;B> [46]. In silicon, phonons
can also create an electrical disturbance by deforming the
lattice inhomogeneously [67], which, due to the nonzero
dipole matrix elements between the dot levels, leads to spin
relaxation. The leading contribution to this mechanism in
the crystallographic direction [110] scales as cphB7 [36].

We fit the relaxation-rate field dependence to the general
expression 7| I = cphB7 + ¢;B3, obtaining the coefficients
summarized in Table III. The large uncertainties are due to
the high correlation between the two terms.
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TABLE III.  Fitting parameters for the relaxation-rate magnetic
field dependence.
Device A cy 4.140.5Hz/T*
Cph 0.171 £ 0.018 Hz/T’
Device B ¢y 0.089 & 0.012 Hz/T?
Cph (10 +£4) x 107° Hz/T’
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