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Hole Spin Resilient to Dipole-Induced Thermal Effects
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Recent advances in scaling up spin-based quantum processors have revealed unanticipated issues
related to thermal effects. Microwave pulses required to manipulate and read the qubits are found to over-
heat the spins environment, which unexpectedly induces Larmor frequency shifts, reducing thereby gate
fidelities. In this study, we shine light on these elusive thermal effects, by experimentally characterizing
the temperature dependence of the Larmor frequency for a single hole spin in silicon. Our results
unambiguously reveal an electrical origin underlying the thermal susceptibility, stemming from the
spin-orbit-induced electric susceptibility. We perform an accurate modeling of the spin electrostatic
environment and gyromagnetic properties, allowing us to pinpoint electric dipoles which unfreeze as
the temperature increases, as responsible for these frequency shifts. Surprisingly, we find that the
thermal susceptibility can be tuned with the magnetic field angle and can even cancel out, unveiling a
sweet-spot where the hole spin is rendered immune to thermal effects. These findings reveal the
microscopic origin of longitudinal thermal susceptibility, providing key insight for the design of thermally

robust semiconductor qubits.

DOI: 10.1103/py6k-kSzr

L. INTRODUCTION

Spins in semiconducting materials offer promising
prospects for large-scale quantum computing due to their
compact size and compatibility with standard industrial
manufacturing processes. Recently, group-IV-based quan-
tum dots have taken a step further with the demonstration
of functional spin-qubit arrays with up to six [1] and ten [2]
qubits in silicon and germanium quantum wells, respec-
tively. In parallel, single- and two-qubit gate fidelities
have largely overcome the fault-tolerance threshold for
quantum error correction [3—7]. This significant progress
makes semiconductor spin qubits a credible candidate
in the endeavor for scalable quantum computing [8]. The
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simultaneous operation of several spin qubits, however,
has revealed unanticipated issues. It has been shown that
microwave as well as baseband control pulses cause
unintentional local heating [9,10], accompanied by sig-
nificant variations in the qubit Larmor frequencies. This
leads to dephasing and a consequent loss of gate fidelities
in simultaneously operated spin qubits [1,11-14], pin-
pointing a clear hurdle for spin-qubit integration.

Recently, Undseth et al. systematically investigated the
temperature dependence of the Larmor frequency in six
neighboring electron spins in silicon [15], electrically
driven by means of the synthetic spin-orbit coupling
induced by a micromagnet. All Larmor frequencies were
found to exhibit a nonmonotonic temperature dependence,
increasing with temperature in the range from 20 to
roughly 200 mK, and decreasing at higher temperatures.
This results in a temperature sweet-spot around 200 mK
where the Larmor frequency is first-order temperature
independent rendering qubit performance robust against
local heating.

To date, the physical mechanism underlying the observed
temperature dependence of the Larmor frequency remains
unclear. Recent theoretical works [16,17] have proposed a
phenomenological model based on thermally activated
electric dipoles. By creating a temperature-dependent elec-
tric field, such dipoles alter electrical confinement, causing

Published by the American Physical Society
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a small, yet relevant displacement of the electron wave-
function in the magnetic field gradient generated by the
micromagnet. It is shown that the resulting variation in the
effective magnetic field experienced by the electron can
account for the observed temperature dependence of its
Larmor frequency.

In this work, we investigate the thermal susceptibility of
a single hole spin in a silicon metal-oxide-semiconductor
(MOS) nanowire device. Owing to their intrinsic spin-orbit
coupling, hole spins exhibit a strongly anisotropic and
gate-dependent gyromagnetic factor [18-20]. As a conse-
quence, the Larmor frequency generally varies with gate
voltage. This dependence is quantified by the gate-voltage
derivative of the Larmor frequency, known as the longi-
tudinal spin-electric susceptibility (LSES). It was recently
found that the LSES can vanish for specific magnetic field
directions, defining operational sweet-spots where hole
spins are first-order insensitive to charge noise [21,22]. In
a similar way, here we study the temperature dependence
of the hole Larmor frequency for different magnetic field
directions.

We find that the Larmor thermal susceptibility (LTS),
defined as the temperature derivative of the Larmor
frequency, can be as large as ~10 MHz/K, i.e. the same
order of magnitude as the one observed for electron spins
in silicon quantum wells [15]. Interestingly, upon varying
the magnetic field orientation we observe a clear corre-
lation between electrical and thermal susceptibilities,
unveiling the existence of a common electrical origin
mediated by the spin-orbit interaction. Along the same line
as Ref. [16], we propose a microscopic model involving a
surrounding dipole bath that unfreezes as temperature is
increased, changing the electrostatic environment of the
hole spin qubit. By numerically calculating the full three-
dimensional electrostatics of the device including a ran-
dom distribution of these dipoles we achieve a good
agreement with the experimental data and find a surpris-
ingly small dipole amplitude of the order of 1 e - pm. We
also reveal the existence of a “thermal sweet-spot,” a
particular magnetic field orientation for which the Larmor
frequency does not depend on temperature.

II. EXPERIMENTAL RESULTS

Our device consists of an undoped silicon-on-insulator
nanowire with a 17 x 40 nm? cross section, terminated
on both edges by degenerately doped p-type regions,
providing the necessary hole reservoirs. The electrostatic
potential in the silicon channel is controlled by means
of six pairs of face-to-face gates labeled as {7, B;} with
i=1,2,...,6 [see Fig. 1(a)]. RF reflectometry charge
readout is performed using a resonator galvanically con-
nected to the left lead. A single hole is trapped in a quan-
tum dot (QD) next to gate 7. Its spin state is measured via
spin-selective tunneling [23] toward a relatively large
single-hole box (SHB) defined by gates T, T, B, B,

FIG. 1. Device characterization and temperature dependen-
ce.(a) Top view of the device. Blue: Accumulation gates. Yellow:
Silicon nanowire, the narrow part is undoped and fully depleted
while the sides are highly positively doped. Red: figurative hole
accumulation in the charge sensor and in the dot hosting a single
hole. (b) [resp. (c)] g-factor (resp. longitudinal spin electric
susceptibilities) as a function of the magnetic field orientation.
Scattered points are measured data, and the solid lines are fits
(see Appendix A for the fit formulas). The colored circles and
triangles correspond to the selected orientations of the field for
which we measure the temperature dependence of the Larmor
frequency. (d) Larmor frequency shift measured as a function of
temperature, defined as 5f; = f;(T) — f, (30 mK). The Larmor
frequency is extracted by averaging Ramsey oscillations over
30 min, and the inhomogeneous dephasing times extracted from
the same measurement are analyzed in Appendix B. The dot-
dashed line corresponds to the fits discussed in Sect.Ill A. The
dashed black line shows zero Larmor shift.

and B; [see Fig. 1(a)]. This readout method limits the
accessible temperature range to 200 mK. This SHB acts
both as a hole reservoir for the QD and as a charge sensor,
its electrochemical potential being aligned with the Fermi
energy of the left lead. The device is thermally anchored to
the mixing chamber of a dilution refrigerator with a base
temperature of 30 mK. The cryostat is equipped with a
two-axis vector magnet that allows varying the magnetic
field angle, 6, in the (0,p) plane perpendicular to the
nanowire axis 7 [the geometrical axes o, p, i1, and 0 are
precisely defined in Figs. 1(a) and 1(c)]. For each
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orientation, the magnetic field amplitude is adjusted to
maintain a constant Larmor frequency f; = 17.1 GHz
We begin by characterizing the hole g-factor anisotropy
in the (0, p) plane. The results, shown in Fig. 1(b), reveal a
g-factor varying between about 1.5 and 2.9, with principal
axes tilted with respect to the device geometric axes (most
likely due to shear strain), as already observed in earlier
experiments [21,22]. Following a procedure described in
Ref. [21], we then measure the anisotropy of the LSES
associated with variations in the voltage on a gate G;

9
BI(G) = a‘];é : (1)

i

We consider here voltage variations on gates 74 and 75,
quantifying the sensitivity of f; to variations in the electric
field perpendicular to, and along the nanowire axis,
respectively. The LSESs f3(T4) and f(T3) are shown in
Fig. 1(c) and respectively range from —70 to 0 MHz/mV
and from 10 to 40 MHz/mV.

We select four distinct magnetic field orientations where
P (T4) takes well-separated values, as indicated by the
colored symbols in Figs. 1(b) and 1(c). For each of these
orientations, we measure the temperature dependence of
f1 by repeating a Ramsey interferometry protocol (similar
to Ref. [15]) at various temperatures of the cryostat mixing
chamber. Following each temperature change, the system
is allowed to thermalize for 30 min. Notably, the gate
voltages are kept constant throughout the full range of
explored temperatures. The measured variation of the
Larmor frequency relative to the base-temperature value,
of 1, is plotted in Fig. 1(d) for the selected magnetic field
angles. This data set is the main experimental outcome of
the present work.

The first important observation is that the hole Larmor
frequency exhibits a clear dependence on temperature, i.e.
a generally finite LTS. The largest variation of the Larmor
frequency (6f; ~ 1.25 MHz) occurs at 0 = 120° [yellow
diamonds in Fig. 1(d)], with a LTS as large as 12 MHz/K.
This thermal susceptibility is comparable to the largest
LTS values reported in Ref. [15] for electrons in silicon
quantum wells, despite major differences in the two
physical systems. To the best of our knowledge, the
observation of a finite LTS for hole spins has not been
reported before.

The second observation is that the LTS clearly depends
on the magnetic field orientation. This behavior is gen-
erally similar to the one observed for the LSES. With a
closer look, we can notice a correlation in the angular
dependence of the two susceptibilities. Both the LTS
and f3|(T,) reach their largest amplitude around 6 = 120°
and are much smaller close to @ = 60°. This correlation
suggests that the observed LTS originates from temper-
ature-dependent local electric fields acting on the hole spin
via spin-orbit coupling.

Interestingly, Fig. 1(d) shows that the Larmor frequency
shift vanishes at @ = 90° (blue diamonds). This magnetic
field orientation defines a thermal sweet-spot where the
hole Larmor frequency is temperature independent all over
the explored temperature range. The observed thermal
sweet-spot provides an optimal setting for heat-resilient
operation, as further discussed in Sec. IV.

The inferred electrical origin of the experimentally
observed LTS is compatible with the physical picture of
an environment of two-level systems acting as thermally
activated electric dipoles proposed in Refs. [16,17]. In the
following, building upon this basic idea, we shall first
elucidate the link between LTS and LSES on a phenom-
enological level. Then, using realistic numerical simula-
tions, we shall demonstrate that an ensemble of electric
dipoles in the device dielectric layer can remarkably well
account for the observed LTS as well as for the existence of
thermal sweet-spots.

III. RANDOM-FIELD DIPOLE BATH

A. Phenomenological evidence

An ensemble of dipoles generates an electric field
whose average magnitude depends on the relative occu-
pation of their two accessible states, which follows a
Boltzmann distribution. Let us assume that the effect of
these dipoles can be cast into effective changes in the
voltages on the different gates:

TOA,Gi
5VGi = 5V0,Gi 1 — tanh T s (2)

where T, is the average activation temperature associ-
ated with the dipoles near gate G;, and 6V ¢, is the voltage
variation emulating the transition from a fully polarized to
a fully depolarized dipole ensemble. With this assumption,
the effect of such effective gate-voltage variations on the
Larmor frequency is directly proportional to the LSES. For
the hole spin qubit studied here, we only consider voltage
variations on gates 75 and T4, used as proxies to emulate
electric-field variations perpendicular and longitudinal to
the nanowire axis, respectively.

In a first attempt to understand the physical mechanisms
at play with a minimal set of fitting parameters, we con-
sider identical effective gate voltage shifts, i.e. 6Vy, =
oVr, = 6V, and that there is a single activation temper-
ature T, for all dipoles. Following these rough approx-
imations, we can fit the measured shifts in the Larmor
frequency using the simple relation

5F.(T) = 5Vo(py(T3) + ) (T)) (1 — tanh (%)) @

where ) (T3) and 3 (T4) are measured quantities, and 6V
and T are the only two fitting parameters. The results of
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this fit are shown as dot-dashed lines in Fig. 1(d). They
show that our simple phenomenological model can repro-
duce fairly well the observed angular dependence of the
thermally induced shift in the qubit Larmor frequency. The
fit parameters are 6Vy =55+ 4 pVand Ty = 70 £ 5 mK.
While the agreement is very good, we note that additional
mechanisms, such as Overhauser fields (see Appendix C),
may also contribute at a smaller scale. Interestingly, Eq. (3)
can also account for the existence of a thermal sweet-spot,
which is expected for specific magnetic field orientations
where f)(T3) = —p)|(T4).

To go beyond this phenomenological model and gain
quantitative insight into the dipole bath, we now turn to
numerical simulations on a realistic model of the device
structure. To this aim, we use a three-dimensional solver of
Poisson and Schrodinger equations based on a six-band
k - p Hamiltonian, already introduced in Refs. [21,24].

B. Simulation

As a first step, we need to set the device parameters in
order to reproduce the experimentally observed charge and
spin characteristics of the hole quantum dot. A single hole
quantum dot is simulated at the MOS interface with 74 by
tuning the gate voltages on gates 753 — 75 and B; — Bs,
see Fig. 2(a). Then, electrostatic confinement and shear

(t/ o) PpoTd O30T

N

o

180

90
0 (deg)

FIG. 2. Simulation of the device. (a) Electric field map of
the device. The white dashed lines delimit the gates and the
silicon channel, in between are the oxides and dielectrics. The
solid white line depicts the hole wavefunction and the faded red
lines delimit the 6-nm-thick shell where dipoles are placed. The
colorbar is shared for both panels (b) [resp. (c)] g-factor (resp.
longitudinal spin electric susceptibility) as a function of the
magnetic field orientation. The scattered points correspond to the
experimental data, and the solid gray lines are the simulation
results.

strains are further adjusted in such a way that the simu-
lated g-factor anisotropy matches reasonably well the mea-
sured one [see Fig. 2(b)]. With these parameters fixed,
we compute f(T4) without any additional tuning. The
simulated angular dependence, plotted with a solid line
Fig. 2(c), approaches reasonably well the experimental
data. The quantitative differences (a clear sign change and
two sweet-spots | (T,) = 0) may be due to a misalign-
ment along the third magnetic axis, not explored exper-
imentally. The calculation of f (T) and its comparison to
the experiment are discussed in Appendix D.

Overall, the results of our simulations, when considered
in their ensemble (electrostatics, g-factors, and LSES),
are in reasonably good agreement with the experimental
findings, highlighting a faithful modeling of the electric
fields in the vicinity of the hole quantum dot.

We now turn to the simulation of dipole-induced effects
on the hole spin. Following a methodology similar to that
of previous studies [16,17], we consider a statistical
ensemble of non-interacting dipoles, which respond to
the electric field created by the gates and by the charge
confined in the quantum dot. We only consider dipoles
within a 6-nm-thick domain around the nanowire (the front
gates oxide thickness) where the electric field is the
strongest. The positions and orientations of these dipoles
are uniformly sampled on a grid within the oxide. We place
a single dipole on a grid site and solve the six-band k - p
Hamiltonian numerically, to extract its impact on the
Larmor frequency. We repeat this procedure for each site
and dipole orientation and compare the obtained Larmor
frequency with the bare one, i.e., without the dipole. This
yields an ensemble of frequency shifts, Af; ;, where the
index i labels the dipoles.

We can then generate a distribution of N dipoles located
at random positions within the oxide, which yields a
temperature-dependent total frequency shift:

N
ST = ST ZAf, h< 8"), 4
fi(T) = ) A L tanh| 4)

where ¢; is the energy of the i-th dipole. This energy is
given by

e =¢€,;—p; E; (5)

with p; the dipole moment, E; the electric field at the i-th
dipole position, and g, ; a possible intrinsic detuning of the
dipole in absence of electric field. Note that the impact
of each dipole on the Larmor frequency is finite for
le;| > kpT and vanishes when |¢;| < kgT.

At this stage, we introduce two simplifying assump-
tions. First, we assume that | ;| < |p - E;| so that Eq. (5)
becomes ¢; %~ —p, - E;. Importantly, since an intrinsic
detuning & ; does not set a preferential direction, a finite
LTS requires ¢; to be dominated by p; - E,.
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Second, we assume for simplicity that all dipoles have
the same moment |p;| = |p|. We have verified that these
assumptions do not qualitatively affect our conclusions,
as discussed in Appendices E, F, and G.

We then generate different configurations of N ran-
domly distributed dipoles, which provide a statistical
ensemble of nominally identical, yet microscopically
distinct devices. For each device, we compute the total

Larmor frequency shift § f(LN) (T) as a function of temper-
ature and magnetic field orientation, taking the reference
temperature as 7 =30 mK for consistency with the

experimental data. Figure 3(a) shows histograms of f(LN)
calculated on a statistical ensemble of 5000 devices
for three different temperatures (50, 100, and 200 mK)
chosen within the experimentally explored range, and
6 = 120°.

As a general trend, we find scattered & f(LN) distributions
with fairly large standard deviations o, centered around

a temperature-dependent average value (5 f(LN)>. Both

<6f(LN>> and o exhibit a significant dependence on the
magnetic field orientation, as shown in the upper and lower

(@) < ()

1400 1 T (mK) | &
— 50 | & 1
1200 - — 100 |~
— — 200 /Z:\
fﬁ:/ 1000 S0
+ 800 <
=
g 6001 =
© 400 T 0.5
200 1 g/
b

100 125 150 175 200
T (mK)

0 25 50 75

FIG. 3. Dipole model simulation.(a) Histograms of 6f(LN>(T)

normalized with respect to 5f(LN)(3O mK) for 5000 different
dipoles configurations with N =460 dipoles (p = 3.54 x
10" cm™3) and |p| = 0.6 ¢-pm, at 50 mK (blue), 100 mK
(purple), and 200 mK (red). The magnetic field orientation is

fixed at = 120°. (b) Dependence on 6 of the average (§ f(LN)>
(top panel) and of the standard deviation ¢ (bottom panel). The
dashed black line shows zero Larmor shift. (c) Simulated average
Larmor frequency shift as a function of temperature for the
four orientations highlighted by vertical colored dashed lines in
panel (b). The colored diamonds correspond to the experimental
data shown in Fig. 1.

panel of Fig. 3(b), respectively. In each panel we show
three curves calculated for 7 = 50, 100, and 200 mK.
A clear correlation is observed between the computed

<5f2N)> and the longitudinal spin-electric susceptibility
P(T4) [see Figs. 2(c) and 3(b)], in agreement with the
phenomenological model discussed above and with the
experimental trend. The finite LTS is a consequence of
the structural order of the dipoles aligning with the
direction of the electric field at low enough temperatures,
which results in an enhancement of E in the QD. Indeed,
these dipoles do screen the field in the oxide, but enhance it
outside. This effect therefore maps very well to effective
gate voltage variations, which explains the clear correla-
tions with the LSES and highlights the relevance of the
phenomenological model in Sec. III A. Remarkably, the
numerical results reproduce the observed change of sign
in the thermal susceptibility, which results in two thermal

sweet-spots ((5 f(LN)> = 0). Moreover, the statistical varia-
tions of df; due to different dipole baths turn out to be
minimal at one sweet-spot, as revealed by the reduced o.
It is important to note, however, that the calculated o
does not account for potential qubit-to-qubit variability,
which may indeed provide distinct LSES for each qubit
and consequently further scatter the thermal sweet-
spots [22,25].

In Fig. 3(c), we compare the calculated temperature
dependence of the Larmor-frequency shift to the exper-
imental data reproduced from Fig. 1(d). We adjust the
dipole moment, |p|, and the number of dipoles, N, in order
to reproduce the experimental data. Note that for a given
electric field, the activation temperature 7y depends solely
on |p|. We therefore first tune this parameter to achieve
To~70 mK, and subsequently adjust the number of
dipoles N to match the experimental amplitude of of; .
An overall good agreement is obtained for [p| = 0.6 e - pm
and a dipole density p = 3.54 x 10'® cm~ (corresponding
to an areal density 6 ~2.12 x 102cm™2, or to N = 460
dipoles randomly distributed within the 6-nm-thick
oxide embedding the Si channel), as shown by solid lines
in Fig. 3(c). We attribute the observed quantitative
differences to discrepancies between the electrical sus-
ceptibilities in experiment and simulation [see Fig. 2(c)
and Appendix D].

The inferred dipole moment |p| turns out to be surpris-
ingly small. For a charge e, this moment would correspond
to a charge displacement of barely a pm. The physical
origin of such small dipoles remains an open question.
Their magnitude appears incompatible with typical hop-
ping events between neighboring charge defects. They
could, alternatively, result from small atomic reconfigura-
tions within the complex potential landscape of charged
defects and disordered ionic oxide materials (such as
slight changes in chemical bond lengths or angles), or
from local excitations of the dielectric polarization.
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Nevertheless, the distribution of such dipoles is unlikely to
be limited to very low energies such that |ey;| < |p; - E;]
(see Appendix F for a detailed discussion). Additionally,
this distribution would most likely exhibit correlations
between |p;| and &;; not included in the present model.
The physical origin of these dipoles therefore calls for
further investigation.

IV. MITIGATING THERMAL DISSIPATION

Thermal susceptibility renders the Larmor frequency
sensitive to temperature variations. Therefore, the heat
generated by control signals hampers gate fidelities
[13,17,26]. To quantify this effect, we perform randomized
benchmarking simulations in Appendix H. These simu-
lations indicate that for typical Rabi frequencies of a few
MHz, thermally induced frequency shifts comparable to
those reported here and in Ref. [15] can limit fidelity to
99%, clearly illustrating the performance degradation
caused by thermally induced detuning and the consequent
need to mitigate this effect.

In this section, we briefly review different mitigation
strategies and their impact on qubit operation. We first
discuss control-based approaches, such as pulse engineer-
ing, which aim to compensate for thermally induced errors
at the level of qubit manipulation. We then introduce the
concept of thermal sweet-spots, where the qubit becomes
intrinsically insensitive to temperature variations.

A. Pulse engineering

Previous studies have proposed to saturate the environ-
ment by using off-resonant pre-pulses [1,26-28] to prepare
a heated steady state where the Larmor frequency could
be calibrated. Heating depends on where the pulses are
applied and when, since quantum algorithms comprise
idling times. In general, the steady state is therefore
qubit- and sequence-dependent. Another approach consists
in operating devices at elevated temperatures around
200 mK to reduce dissipation-related dephasing, achieving
improved single-qubit gate fidelity [15]. However, this
increase in temperature usually comes at the cost of
reduced coherence times [29-31].

Importantly, a distinction must be made between coher-
ent and incoherent thermal effects. If reproducible and
quasi-static, thermally induced frequency shifts lead to
coherent errors that can be compensated using adaptive
calibration, pulse shaping, or real-time phase updates [28].
In contrast, stochastic temperature fluctuations occurring
on timescales comparable to or shorter than gate dura-
tion produce incoherent dephasing, which cannot be
fully corrected by reshaping the control pulses. While
control-based mitigation can partially alleviate coherent
LTS-induced errors, reducing the underlying thermal
susceptibility at the device level remains a compelling
route toward robust high-fidelity operation.

B. Thermal sweet-spot

Blue diamonds in Fig. 1(d) feature the most important
result of our work, by revealing a specific magnetic
field orientation where the Larmor frequency becomes
temperature-independent, which we have coined thermal
sweet-spot. This is further supported by the simulation in
Fig. 3(c). In this peculiar configuration, the hole spin is
insensitive to the average static polarization of the dipole
environment. Such a cancellation of thermal susceptibility
could enable suppression of heat-induced gate errors while
still operating the device at the lowest possible temper-
ature, thereby possibly maximizing gate fidelities.

C. Matching electrical and thermal sweet-spots

Nevertheless, this thermal sweet-spot is not aligned with
a coherence sweet-spot where the hole spin is largely
insensitive to charge noise [21,22,32], and we discuss
below this discrepancy.

Figure 4 displays the Hahn-Echo coherence time as a
function of magnetic field orientation, revealing values
ranging from 5 to 20 ps, with a maximum around 6 = 50°.
Under the assumption of linear coupling to 1/f charge
noise, this echo coherence time can be fully captured by
the LSES and writes [33]:

1

T} <ZGI_:B||(G1')2SG,->_Z’ (6)

where S stands for the equivalent noise spectral density
on gate G; at 1 Hz. We fit the experimental data with
the two measurable electric susceptibilities and extract

two noise spectral densities SIT{1 P=241 pV/+v/Hz and

SlTéz =6+ | pV/v/Hz. The fit is shown as a solid orange
line in Fig. 4 and captures reasonably well the measured
TE (orange points).

25 . —
1 81
1 a1
20 1 i 8
1 21
= 15 1 i 5
B Bl Eq
& a1 21
&' 10 A ol =1
21 1
—1 1
5 1 2l 1
£ i
21 1

0 - T T H T T T L

0 25 50 75 100 125 150 175

0 (deg)

FIG. 4. Hahn-Echo coherence times as a function of the
magnetic field orientation. The solid line represents a fit to
Eq. (6). The vertical dashed black lines represent the position of
the thermal sweetspots expected from the measured values of

B (T3) and B (Ty).
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As evidenced by Eq. (6), the protection from dynamical
uncorrelated fluctuations can only be reached when all
LSES are minimized, since the coherence time involves
>, B|(G;)*. On the other hand, the thermal susceptibility
originates from static sensitivity to electric fields, as
underscored by Eq. (3). It is therefore minimized whenever
the algebraic sum of LSES with different signs cancels out.

This distinction accounts for the different field angles at
which thermal and noise sweet-spots are observed in this
work. That said, operating spin qubits near an electrical
sweet-spot requires minimizing all LSES contributions.
Consequently, this optimization is inherently beneficial for
LTS, meaning that resilience to charge noise goes hand-in-
hand with a relative resilience to heating effects, even
when the two sweet-spots do not perfectly coincide.

The ideal sweet-spot condition would be the one where
all LSES vanish, ensuring protection against both charge
noise and local heating. Recent work has demonstrated
that the anisotropy of spin-electric coupling in hole spin
qubits depends on their electrostatic confinement, which
can be individually tuned [22]. Tuning a large ensemble of
qubits to an ideal sweet-spot seems challenging though.
A more feasible approach would be to tune the qubit
ensemble to a “quasi-sweet-spot” where only the dominant
LSES contributions are simultaneously suppressed. This
would generally yield longer spin coherence alongside a
significantly reduced thermal susceptibility.

V. CONCLUSION

We have investigated the thermal susceptibility of a hole
spin qubit by measuring the temperature dependence of
its Larmor frequency under different magnetic field
orientations. The observed shifts correlate with the longi-
tudinal spin-electric susceptibility, unambiguously point-
ing toward an electric origin. We introduced a microscopic
model based on thermally activated dipoles in the oxide
layer and supported it with realistic device-level simula-
tions, which can faithfully reproduce our experimental
observations. The accurate modeling of the local electric
field allows us to extract physically meaningful values for
the dipole moments and density. We argue the role of
thermally activated dipoles evidenced here parallels the
impact of two-level systems in other solid-state platforms,
such as superconducting circuits [34-37] and mechanical
resonators [38,39], where microscopic defects are known
to hamper coherence and gate fidelity.

In the case of semiconductor spin qubits investigated
here, the Larmor frequency shift induced by local heating
leads to computational errors. While coherent errors can be
corrected via pulse engineering [28], these techniques
leave the qubit sensitive to incoherent errors, arising from
stochastic or fast thermal fluctuations. By tuning the
electrical susceptibility, we demonstrate the existence of
a thermal sweet-spot, at which the Larmor frequency
becomes temperature independent. At the sweet-spot,

the thermal error channel is suppressed at its origin, thus
eliminating the need for active correction and making this
approach particularly compelling to explore.

While the sweet-spot orientation is intrinsically device-
and qubit-dependent, the different LSES have recently
been shown to be largely tunable by means of the gate
electrodes determining the electrostatic confinement [22].
This offers prospects to finely tune the sensitivity to
electric fields and engineer in sifu the system to align
sweetspots across a qubit array. More broadly, it suggests
that an optimal sweet-spot, where dominant susceptibil-
ities are simultaneously minimized, could be approached
through electrostatic engineering, rendering the hole spin
intrinsically insensitive to both dynamical charge noise
and thermally induced frequency shifts.
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APPENDIX A: G-MATRIX FORMALISM

We fit the g-factors and LSESs within the g-matrix
formalism [21,22]:

g=+vb -Gb (A1)
_HeB L o
ﬁu—zhgb G'b (A2)

where b is a unit vector along the magnetic field direction,
up is the Bohr magneton, & is Planck’s constant, G and G’
are 2 x 2 matrices used as fit parameters (as we sweep the
magnetic field in a single plane).
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FIG. 5. Temperature dependence of the coherence times for
each orientation of the magnetic field on a log-log scale. The
dashed line corresponds to fits to a 7~'/2 model. The black dotted
line represents a T~! scaling for comparison.

APPENDIX B: INHOMOGENEOUS
DEPHASING TIMES

We extract the inhomogeneous dephasing time 77
from the Ramsey measurements and plot its temperature
dependence in Fig. 5 for all magnetic field orientations.
First, we observe that the dephasing time increases with
decreasing |(T,)|, as expected for charge noise-limited
coherence.

We expect the noise spectrum that arises from the
fluctuations of a uniform distribution of two-level systems
to scale as [41,42] S « kgT/f. Assuming furthermore
that the noise is uncorrelated across the device, we can
write [33]:

1
Tz & \/Zﬁ|(Gi)ZSG,- x \/TZﬂ(Gi)z- (B1)
2 G; G;

1/2

We plot in Fig. 5 the scaling in 7"/~ as dashed lines,

showing good agreement with the data.

APPENDIX C: OVERHAUSER FIELD

While the explanation by electric dipoles looks appeal-
ing, other contributions could also come into play. For
instance, the present device is made out of natural silicon
constituted of 4.9% of 2Si. This isotope carries a nuclear
spin and has a gyromagnetic factor y = —8.46 MHz/T,

leading to a population of up-spin states P, = tanh(%)
where B is the external magnetic field and T is the
temperature. At B = 500 mT, the population in the excited
state changes by 0.28% between 30 and 200 mK, which
could slightly renormalize the Larmor frequency through
hyperfine interaction.

The hyperfine constant A, which quantifies the shift in
the Larmor frequency due to nuclear spins, is on the order
of 100 neV for a hole in silicon [43,44]. The hyperfine shift
is proportional to the overlap of the charge wavefunction
with nuclear spins and, therefore, strongly depends on the

confinement of the charge, and consequently on the
geometry of the device, etc. However, we can compute
an order of magnitude of the expected frequency shift
as 6f(T) =2A6P,,(T). This yields a frequency shift
of 1 ~ 140 kHz between 30 and 200 mK. This estimate is
too small to fully explain our data, which reaches up to
1.2 MHz. However, it is not negligible, especially for
magnetic field orientations where the thermal susceptibil-
ity is mitigated.

APPENDIX D: SIMULATED LSES FOR GATE T3

In this Appendix we compute f for gate 73 and
compare it to the experimental data shown in Fig. 1(b).
The device simulated in the main text only includes half
of the gates next to 74 and B, [see Fig. 2(a)], which are in
fact the same gate on the left and right due to periodic
boundary conditions. This reduced device is well suited to
the efficient calculation of the potential of dipoles, since
only those close to the central gates have a sizable effect on
the QD. However, it does not allow to compute the LSES
for any of the side gates.

To evaluate (T5) we have simulated a slightly larger
device including all four side gates T3, B3, Ts, Bs so that
they can be independently biased. The results are shown
in Fig. 6, where we recover the same behavior as the
experimental data shown in Fig. 1(b) despite some
quantitative differences. In particular there is a change
of sign in the simulations that is not observed experimen-
tally (as for #(T,)). In addition, the calculated LSES is
significantly smaller than the experimental one. These
differences, together with those in f(T,), explain the
quantitative discrepancies between experiment and simu-
lation in Fig. 3(c).

| Simulation
—~ 41
7 2
~
5 o
% T T T
— Experiment RN
b 30 A \\\ /9’ .
. 201 \\\
~ /
10 1 S Y
0 L T T T
0 90 180
60 (deg)

FIG. 6. Top panel: Simulated f|(T3) as a function of the
magnetic field orientation. The simulated device is a larger
version of that shown in Fig. 2(a) that includes all four side gates
T3, B3, Ts, Bs. Bottom panel: measured f3(T5) and fit.
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APPENDIX E: ROBUSTNESS OF THE DIPOLE
MODEL BEYOND THE HOMOGENEOUS
DIPOLE MOMENT APPROXIMATION

The implemented dipole model imposes the same
moment |p| for all dipoles, which may seem a strong
and unrealistic simplifying assumption. In this Appendix
we demonstrate that the experimental data remain com-
patible with a dipole model accounting for scattered dipole
moments as long as T (and thus (|p|) = 0.6 ¢ -pm) is
conserved. We therefore cannot retrieve information on the
distribution of |p| in the experiment, but we observe that
a dipole distribution with (|p|) ~ 1.2 e - pm substantially
differs from experiments, which strengthens the validity of
the (|p|) = 0.6 ¢ - pm estimate.

We can consider that the individual dipole moments |p;|
follow a probability distribution P(|p|). Given an expres-
sion for P(|p|) we can compute the Larmor frequency shift
of an individual dipole i averaged over |p|,

(O Li(T))p) _/P(pD‘SfL.i(T’ Ipd(lpl).  (ED

Ip| is by design a positive quantity, and its distribution is
a priori little constrained. Here we consider for illustration
purposes a uniform distribution within the [a, b] range,

L ifa<|p|<b,

P(p)) = { E2)

0 otherwise.

Unfortunately, the integral in Eq. (E1) does not have
analytical solution even for this simple ansatz, but we can
still compute it numerically for different values of a and b
and analyze the impact of the inhomogeneous dipole

moments on the final results. We define (8f.(T)))p

as the Larmor frequency shift & f(LN)(T) averaged over
the ensemble of dipole baths, where for each dipole bath
s (1) = SN, 8f1.(T).

In Fig. 7 we show the obtained results. It is important to
note that |p| has a direct impact on the dipoles activation
temperature, as Ty ~ (|p; - E;|)/kp in absence of intrinsic
detuning. Obtaining the right temperature dependence of
(0fL(T)))p therefore requires a symmetric distribution of

;| centered at (|p|) = %52 = 0.6 ¢ - pm. The blue curve
illustrates the results for a = 0.2 and » = 1.0 e - pm. In
this case, the obtained results are barely distinguishable
from the experimental data and from the homogeneous
dipole approximation. As a consequence, we cannot draw
conclusions on the distribution of |p| in the experiment.
Alternatively, we may estimate the uncertainty associ-
ated with the provided average dipole moment. Dipole
distributions with (|p|) > 0.6 ¢ - pm are expected to dis-
play higher T\,. However, given the limited resolution of
the experimental data, we may assess to what extent we
can distinguish a dipole bath with (|p|) = 0.6 ¢ - pm from a
bath with (|p|) > 0.6 ¢ - pm and a rescaled dipole density.

§2— [a,b] in e:pm -— N = 460

= (0.6, 0.6] Rescaled N

= — (0.2, 1.0]

—~ 19 — [0.2,22]

)

5

= 01
T T T T
50 100 150 200

T (mK)

FIG.7. Temperature dependence of the Larmor frequency drift
averaged over a uniform distribution of |p| within a [a, b]
window for the magnetic field orientation 8 = 120° in experi-
ments and simulations). Dashed lines show the data for N = 460.
Solid lines illustrate the trends with a dipole density rescaled by a
factor 1.09 and 0.97 for [a, b] = [0.2,1.0] and [0.2,2.2] ¢ - pm,
which correspond to (|p|) = 0.6 and (|p|) = 1.2 e - pm respec-
tively. The diamonds are the experimental data. In black we
provide the reference case of homogeneous |p| across all dipoles.

To do so, we consider a P(|p|) distribution with
# > (0.6 ¢ - pm, and we compare the temperature depend-
ence of (3f,(T)))pp| to the experimental data. The results
for (|p|) = 1.2 e - pm are shown in purple in Fig. 7 and
highlight that a x2 increase in (|p|) already gives rise to
noticeable disagreements with the experimental data.

Therefore, we can conclude that the proposed dipole
model is valid beyond the homogeneous dipole moment
approximation. A dipole ensemble with scattered dipole
moments remains compatible with the experimental evi-
dence as long as (|p|) ~ 0.6 ¢ - pm. Moreover, the actual
shape of the distribution does not significantly alter the
temperature dependence of the Larmor frequency shift
within the experimental range.

APPENDIX F: ROBUSTNESS OF THE DIPOLE
MODEL IN THE PRESENCE OF FINITE
INTRINSIC DETUNING

All the numerical results in the main text neglect the
effect of the intrinsic detuning & ;. In reality, however, & ;
are most likely scattered, and we may find dipoles for
which g ; is comparable or even larger than p; - E;. For the
relevant dipoles, p - E must be the dominant term of the
energy. Indeed, dipoles need to be systematically aligned
with E when polarized to achieve the structural order that
generates a temperature-dependent net electric field (and
therefore a net 6f;). According to Eq. (4), dipoles with
leg | > |p; - E;| would display higher activation temper-
atures and would not even give rise to a temperature-
dependent (6f; (T)). It is not obvious, though, whether in
the case |eq;| ~ |p; - E;| (where (|¢;]) is weakly affected),
the complex interplay between the two terms can break the
conclusions drawn in the main text. In this Appendix, we
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demonstrate that g ; has almost no impact on the temper-
ature dependence and essentially renormalizes the dipole
density p as long as Ty = (|¢;|)/kg ~ 70 mK is preserved.
For a given dipole i and a certain ansatz for the proba-
bility distribution P(¢,), we can integrate Eq. (4) to obtain
the thermal susceptibility averaged over all possible &,

(6FL4(T))y, = / Pe0)fLi(T.eo)d(e).  (FD)

Some constraints apply to P(gy). If we assume the
dipole orientation to be completely random in absence
of electric field, P(gy) must be a symmetric distribution
centered at zero. Let us assume the simplest candidate: a
uniform distribution within an energy range =+a,

L if —a <¢g <La,

P(ey) = {Za

. (F2)
0 otherwise.

With this ansatz the integral in Eq. (F1) is analytical,

a—p-E;
kpT . (cosh( 2
:—AfL.[Mln<a+;’)E . (F3)

(0fLi(T))e,

which allows for a straightforward assessment of the
effects of the interplay between ¢, and p-E. As in
Appendix E, we define {(6f.(T))),, as the Larmor
frequency shift averaged over the dipole baths, with each
individual dipole contribution following Eq. (F3).

In Fig. 8 we show (6f,(T))),, for the & with the largest
Larmor frequency shift [yellow data in Fig. 3(c)]. We have
chosen parametric values for a that illustrate both
To = (|l&;])/kp =70 mK (a = (|p - E;|) = 4.96 ueV, blue
curve in Fig. 8) and Ty = (l&])/kgy > 70 mK (a =
2{lp-E;|) =9.92 peV, purple curve in Fig. 8). The
dashed lines are the results for p = 3.54 x 10'® cm™3,
while the solid lines are the results with p rescaled to
match the reference Jf; at ¢y =0 and 7 =200 mK
(black line).

We observe that averaging over &, reduces the Larmor
frequency shift. However, for a = 4.96 peV the exper-
imental temperature dependence is recovered when rescal-
ing the density by a factor of 1.26. The experimental data
do not provide enough resolution to make an unequivocal
distinction between this case and &, = 0. Indeed, with
(leo.il) = a/2, {|e;|) is weakly affected even in the limit of
a = (|p - E;|), as most dipoles still fulfill |&y;| < |p - E;|.
For a =2(|p - E;|), {(|eo|) = |p - E;| and there are more
dipoles displaying a higher activation temperature. As a
consequence, (|&;|) is indeed larger, and the average T
increases. Even when rescaling to match the Larmor drift
at 7 = 200 mK we observe significant differences with the
experimental data.

= 21 a=0peV == N =460

= a = 4.96 ueV Rescaled N

\; a=9.92 ueVv

&

Vay

=

e T T T T
50 100 150 200

T (mK)

FIG. 8. Temperature dependence of the Larmor frequency drift
averaged over a uniform distribution of g, within a +a window
for the magnetic field orientation & = 120° in experiments and
simulations. Dashed lines show the data for |p| = 0.6 ¢ - pm and
p =3.54 x 10" cm™3. Solid lines illustrate the trends with a
dipole density rescaled by a factor of 1.26 and 2.78 for
a=(p-E;) =496 peV and a =2(p-E;|) =9.92 peV re-
spectively. In black we provide the case of ¢y = 0. The diamonds
are the experimental data.

These results highlight that a dipole bath with scattered,
non-zero ¢;’s is still compatible with the experimental data
as long as p - E; remains the dominant term. This justifies
neglecting the intrinsic detuning to estimate |p| and p in
the main text. Moreover, although ¢, may indeed be finite,
it must not be larger than a few yeV. This imposes a strong
constraint to the origin of these dipoles.

Alternatively, we have considered more complex expres-
sions for P(g;) by introducing a correlation between |p| and
&p, assuming that larger intrinsic detunings may yield to
larger dipole moments. With this approach, we have been
able to scatter &y (and |p|) over orders of magnitude and still
recover the right LTS in some cases. However, results are
strongly dependent on the chosen correlation, on which we
have no experimental information.

APPENDIX G: QUANTIFICATION OF THE
UNCERTAINTY IN |p| DUE TO SPECIFICITIES
OF INDIVIDUAL DIPOLE BATHS

The estimated dipole moment given in the main text has
been obtained by fitting the average Larmor frequency
shift (51 ) to the experimental results. There are, however,
clear fingerprints of variability in the §f; of individual
dipole distributions, and there is no guarantee that the
experimental device is actually representative of the
maximum likelihood in Fig. 3(a). Moreover, the Larmor
frequency shifts in Fig. 3(a) have been computed with the
same |p| for each dipole distribution. The reported |p|
indeed guarantees that the activation temperature 7,
matches the experiments on average, but not necessarily
for all distributions. In this Appendix, we independently fit
|p| for each dipole distribution to ensure 7, = 70 mK and
collect statistics on the dipole moment. This gives an
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FIG. 9. Histogram of the dipole moments resulting from the
individual fits that ensure 7, = 70 mK for all generated dipole
distributions in Fig. 3(a).

estimate of the uncertainty on |p| = 0.6 ¢ - pm that arises
from the unknown location of the experimental device in
the distribution of simulated dipole baths.

In Fig. 9 we provide the histogram of calculated |p|’s
for 6 = 120°. Although values get scattered around |p| =
0.6 e - pm, the spread of the distribution remains fairly
small (standard deviation ¢ ~ 0.1 e - pm). These results
show that the order of magnitude of |p| is hardly affected
by the specificities of the dipole bath in the experimental
device.

APPENDIX H: SIMULATION OF RANDOMIZED
BENCHMARKING WITH THERMAL ERRORS

In this appendix, we quantify the impact of thermally
induced frequency shifts on single-qubit gate fidelity using
a simple randomized benchmarking model [13,45,46].

We consider a two-level system driven resonantly
at frequency f, with Rabi frequency f. In the presence
of a static detuning §f (e.g., induced by a thermally
shifted Larmor frequency), the Hamiltonian in the rotating
frame reads

h
:§<6faz +fRax)' (H1)

The drive no longer generates a pure rotation about the x
axis, but instead about an axis in the x-z plane tilted by:

¢ = arctan <Z>

In addition, the net Rabi frequency is increased, such
that a nominal 7z pulse of duration 7 = 1/(2f) gives rise
to an over-rotation

o=mf1+(%).
R

Both effects contribute to coherent gate errors.

(H2)

(H3)

We model primitive X and Y rotations as imperfect
unitaries generated by the above Hamiltonian with
detuning §f. The corresponding unitary is, for a gate of

duration 7 = 1/(2f),
f@) /2] .

To estimate the impact on experimentally relevant
sequences, we simulate standard single-qubit Clifford
randomized benchmarking. Sequences of random Clifford
gates are generated, each decomposed into primitive X
and Yz/2 and x pulses. Each primitive gate is replaced
by its detuned version described above. A recovery gate is
computed from non-detuned pulses and applied sub-
sequently. The recovery probability is averaged over many
random sequences, and the decay parameter is extracted
in the usual manner to obtain an effective average gate
infidelity.

Figure 10(a) shows the recovery probability P,,
obtained from the randomized benchmarking simulations
for various ratios Jf/fr between the Larmor frequency
shift and the Rabi frequency. The extracted gate infidelity

U(fR’ 5f) = €Xp |:—i71' (O-xy + (H4)

(@) 5f/fs
¢ 0.002 ¢ 0.007 ¢ 0.029 0.074 0.191
¢ 0.003 ¢ 0.011 + 0.046 0.119 0.307
¢ 0.004 ¢ 0.018
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FIG. 10. Randomized benchmarking. (a) Recovery probability
Py, as a function of the number of Clifford gates for various
ratios 61/ f. (b) Gate infidelity as a function of the ratio 6f/ fx.
Colors correspond to the traces shown in panel (a), while gray
markers indicate additional simulated points, that are omitted in
(a) for clarity.
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1 — F is plotted in Fig. 10(b) as a function of 6f/f%. The
infidelity scales as (%)2 as expected from analytical

analysis of single gate errors in Eq. (H4). The simulations
indicate that achieving single-qubit gate fidelities above
99.9% requires maintaining 61/ fr < 3%. For comparison,
Ref. [15] reports thermally induced frequency shifts
corresponding to ratios of a few tens of percent of the
Rabi frequency. These values therefore lie in a regime
where thermally induced detuning can already produce
gate errors approaching the 1072 level and above. The
analysis above assumes a quasi-static detuning during
each gate. In this case, the induced error is coherent
and, in principle, correctable through calibration or adap-
tive control. However, if the thermal detuning fluctuates on
timescales comparable to or shorter than gate durations,
the resulting errors acquire an incoherent component that
cannot be fully mitigated by pulse-level correction. This
distinction further motivates reducing the underlying
longitudinal thermal susceptibility at the device level.
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