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Probing the Coherence of Solid-State Qubits at Avoided Crossings
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Optically addressable paramagnetic defects in wide-band-gap semiconductors are promising platforms
for quantum communications and sensing. The presence of avoided crossings between the electronic levels
of these defects can substantially alter their quantum dynamics and be both detrimental and beneficial
for quantum information applications. Here we present a joint theoretical and experimental study of the
quantum dynamics of paramagnetic defects interacting with a nuclear spin bath at avoided crossings. We
find that we can condition the clock transition of the divacancies in SiC on multiple adjacent nuclear spins
states. We suppress the effects of fluctuating charge impurities and demonstrate an increased coherence
time at clock transition, which is limited purely by magnetic noise. Our results pave the way to designing
single defect quantum devices operating at avoided crossings.
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I. INTRODUCTION

In search of solid-state qubits, electron spin defects
in wide-band-gap semiconductors have been extensively
explored as robust quantum systems offering both long
coherence times [1] and optical readout [2] capabilities for
quantum information [3] and quantum sensing [4] appli-
cations. In order to design optimal qubits, it is critical to
understand and control the interaction between the cen-
tral electronic spin and the nuclear spin bath. The latter
determines, at least in part, the coherence time of qubits,
as observed in many solid-state color centers [5—8], but it
also offers a platform for robust multiqubit registers for the
development of quantum networks [9—12].

The description of the interaction between a central
spin and the nuclear bath can be particularly challenging
when avoided crossings between energy levels of the cen-
tral spin occur. Avoided crossings give rise to regimes
that can be both beneficial and deleterious to the qubit’s
coherence. For example, operating at the minimum of
the spin transition frequency can significantly increase the
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coherence time when clock transitions arise [13—15]. On
the other hand, spin ground-state level anticrossings may
lead to an undesired increase in longitudinal relaxation
rates [16,17] of spin defects.

Here we investigate the adiabatic dynamics of a qubit
interacting with nuclear baths at clock transitions and near
ground-state level anticrossings (GSLACs) both theoreti-
cally and experimentally. Furthermore, we suggest ways to
design and optimize the electron-nuclear spin interactions
in clock-transition-based quantum devices.

We focus on neutral divacancies (V¢ Vs;) in silicon car-
bide (SiC), which are promising spin qubit candidates
[18-21]. In particular, the axial divacancy [Fig. 1(b)] is one
of the most commonly studied defect qubits in SiC [22,23],
with purely axial zero-field splitting. The basal divacancy
[Fig. 1(c)], on the other hand, exhibits both an axial and
transverse crystal field splitting component, giving rise to
clock transitions at zero magnetic field [15,24]. We vali-
date our predictions, obtained using the cluster-correlation
expansion (CCE) technique, by carrying out Ramsey and
Hahn-echo experiments on the basal divacancy, as well
as by comparing our theoretical results to previous mea-
surements [5]. Using theory and experiment, we show that
in the presence of strongly coupled nuclear spins, multi-
ple clock transitions conditioned on the nuclear spin state
may occur. Importantly, we identify the dominant causes
of decoherence at avoided crossings and clock transitions,
and we discuss the nature of the noise as a function of

Published by the American Physical Society
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FIG. 1. (a) Schematic representation of the cluster-correlation
expansion method used in this work (denoted as gCCE). Each
cluster includes the central spin levels (denoted as |+), |—), and
|0) for spin 1 with nonzero longitudinal D and transverse E zero-
field splitting). The interactions between clusters are treated at
the mean-field level (Hpy), using Monte Carlo sampling of bath
states. (b) Schematic representation of the axial kk divacancy.
(c) Schematic representation of the basal k4 divacancy.

the magnetic field. Finally, we show experimentally that
the impact of the nuclear bath on the qubit dynamics can
be isolated by employing a charge depletion technique,
which leads to an increase of spin coherence time of clock
transition qubits by suppressing electric noise.

The rest of the paper is organized as follows. In Sec. II
we summarize the theoretical approach used in this work.
Next, we discuss the decoherence of axial divacancy near
GSLAC in Sec. III. Section IV contains the Ramsey and
Hahn-echo predictions and measurements for basal diva-
cancy near clock transition. We describe a change in nature
of the noise near avoided crossings in Sec. V, and in Sec.
VI we discuss further ways to engineer coherence protec-
tion. Finally, we conclude the paper in Sec. VII, discussing
the general implications of our findings.

II. THEORETICAL FRAMEWORK

A. Spin defect Hamiltonian

We investigate the dynamics of a spin qubit by study-
ing the evolution of the central spin interacting with the
nuclear spin bath. The Hamiltonian of a given system in
an external magnetic field can be written as a sum of the
central spin Hamiltonian A,, and nuclear Zeeman splitting,
hyperfine coupling, and nuclear dipolar coupling terms:

— [, - Zy,,,B Iz,+ZSAI + > LPL. (1)

7

Here B. is the magnetic field oriented along the z axis,
Yni 1S the gyromagnetic ratio of the ith nuclear spin, S =

(Sx, S .) and I; = (Ix,, s ,,-) denote electron and the
ith nuclear spin operators, respectively, A; is the hyper-
fine coupling tensor of the ith nuclear spin, and P is the
dipole-dipole coupling between spins i and ;.

The electron Hamiltonian 4, includes the Zeeman inter-
action with the external magnetic field and a zero-field
splitting (ZFS) term with longitudinal (D) and transverse
(E) components:

A, = —y.B.S5. + D[§? — 1SS+ D] + E(S? — §2). (2)
B. Cluster-correlation expansion method for
avoided crossings

The CCE method is one of the leading approaches
for the simulation of quantum dynamics of spin qubits
interacting with a multitude of bath spins [5,25-27]. The
method approximates the off-diagonal elements of the
qubit density matrix as a product of contributions from
independent nuclear spin clusters. Recently, the CCE tech-
nique was successfully applied to study clock transitions
of bismuth spin qubits in silicon (Si:Bi) with an explicit
diagonalization of central spin energy levels within each
cluster [28,29].

In a similar fashion, in this work we adopt the gen-
eralized CCE (gCCE) formulation [30] to compute both
the population change and coherence of the central spin at
avoided crossings [Fig. 1(a)]. The generalized CCE is dis-
tinct from the “pseudospin” model conventionally used in
CCE calculations [5,26,31,32] as it includes the full cen-
tral spin Hamiltonian in each cluster. In particular, here
we compute elements of the density matrix of the central
spin p,, = (a| p |b) as the product of cluster contributions,
where a, b denote different spin states (e.g., my = 1,0, —1
states for spin-1 systems):

Pab = Py ]_[pa ]_[pa’” (3)

Here {0} denotes a cluster consisting of a free central spin,
{i} a cluster including the central spin and nuclear spin i,
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and so on. The maximum size of the cluster in Eq. (3)
defines the order of the approximation. For example, at
first order (gCCE1), only isolated nuclear spins (p{") are
included in the expansion. At second order (gCCE2),
contributions from pairs of nuclear spins (p!/}) are
added, etc.

We note that at clock transitions previously studied in
the Si:Bi system [28], the large splitting at avoided cross-
ings induced by the interaction between electron spin and
Bi nuclear spin leads to a pure dephasing regime of the
qubit decoherence. Balian ef al. [28] established that in
such systems the inhomogeneous magnetic noise can be
treated macroscopically. Instead, for qubits with small
energy splittings at zero applied magnetic field, we find
that a careful microscopic treatment of Overhauser fields
is required for each spatial configuration of nuclear spins,
consistent with the conclusion of the recent work by Zhang
et al. [33] (see Appendix A).

We therefore perform calculations with randomly sam-
pled pure states of the spin bath, and for each pure state,
we include the mean-field effect of all the nuclear spins
outside a chosen cluster Ay [Fig. 1(a)]. Such treatment
also allows for different energy splittings of spins within
a cluster, improving the numerical convergence of cluster
dynamic simulations [34]. Further details are available in
Appendix B.

III. DECOHERENCE AT GROUND-STATE LEVEL
ANTICROSSINGS

We start by investigating the dynamics of the axial
kk-VcVg; defect in 4H-SiC near its GSLAC. The mea-
sured ensemble-averaged Hahn-echo coherence times (73)
of this defect reaches 1.3 ms in samples with natural iso-
topic concentration [5]. Because of its C3, symmetry, the
ZFS entering Eq. (2) has only a longitudinal component
D = 1.305 GHz [35], and the qubit levels may be chosen
as the |—1,) and |0,) eigenstates of S;, where z is the spin
quantization axis.

The coherence time of the kk-VV§; divacancy was suc-
cessfully predicted with the conventional CCE method for
a wide range of magnetic fields, and the homonuclear
pair-wise spin flips were found to be the main source of
decoherence at strong fields [5]. However, a significant
decrease in the coherence time is observed in experiments
when the magnetic field approaches approximately 45 mT;
such a decrease is not captured by conventional CCE
calculations with a “pseudospin” model [Fig. 2(a)], sug-
gesting a decoherence mechanism beyond pure dephasing.

We perform gCCE calculations with Monte Carlo sam-
pling of bath states [Fig. 2(d)] and we correctly obtain a
local minimum in 75 (B) for B, = 46.6 mT, while reproduc-
ing the results of conventional CCE calculations for other
values of B,. We note that, while previous CCE results [5]
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FIG. 2. Ensemble Hahn-echo coherence of the axial kk divacancy in 4H-SiC. (a) Coherence time 75 (blue circles) as a function
of the magnetic field B.. The experimental results (red circles) and conventional CCE predictions (black circles) are from Ref. [5].
Gray shading denotes the range of 7, shown in (b). (b) Experimental (red circles) and predicted (blue circles) coherence times 7, as a
function of energy splitting between qubit levels. The black line shows the pure dephasing results. (c) The oscillations in the ratio of
the diagonal elements of the density matrix of the divacancy as a function of time for various values of the magnetic field. The dashed
lines show the +2% range. (d) The off-diagonal elements of the density matrix for different magnetic fields computed using the gCCE
method with Monte Carlo sampling of the bath states (color) and using the conventional CCE method (black).
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were obtained using a point dipole approximation, here we
use accurate hyperfine couplings predicted by ab initio cal-
culations (see Appendix C). This difference in hyperfine
couplings accounts for the small discrepancy between CCE
and gCCE results observed at small fields.

The origin of the minimum in 7%(B) can be under-
stood by analyzing the populations of different spin levels
[Fig. 2(c)]. For most values of B, the population of the
electron spin levels is constant. However, there are values
of B for which the energy difference between the |1) and
|0) levels is of the same order of magnitude as the hyper-
fine interaction with nuclear spins. We note that, when the
energy splitting falls below approximately 100 MHz, sig-
nificant deviations from pure dephasing occur [Fig. 2(b)].
In this case, the electron spin experiences large population
fluctuations that lead to a significant decrease in the coher-
ence time near the GSLAC. Therefore, we conclude that
at a GSLAC, the longitudinal relaxation process substan-
tially contributes to decreasing the Hahn-echo coherence
time, as observed experimentally.

IV. DECOHERENCE AT CLOCK TRANSITIONS

As mentioned earlier, the basal divacancy kh-VcVg;
exhibits a clock transition at zero magnetic field, which
arises from ZFS interactions, unlike the one in the Bi:Si
donor qubits studied in Refs. [29,32]. The k#-VVs; defect
has Cj; symmetry, leading to a nonzero transverse com-
ponent of the ZFS: E = 18.4 MHz [24]. Combined with
a strong longitudinal splitting (D = 1.334 GHz), the ZFS
tensor leads to an avoided crossing of electron spin lev-
els at zero magnetic field from which a clock transition
emerges. The qubit levels at the clock transition corre-
spond to [+) = (1/v/2)(1.) + |—1.)) and [0) = |0.). The
frequency of clock transitions is insensitive to magnetic
fields to first order, thus increasing protection from the
nuclear bath induced decoherence [14].

A. Impact of nuclear spin coupling

In order to understand how the coupling strength
between the central spin and the nuclear spins affects clock
transitions, we experimentally investigate three different
single kh-VVs; divacancy qubits (see Appendix E for the
experimental procedure). They are labeled VVA, VVB,
and VVC, and they represent configurations with weakly
(VVA) and strongly interacting (VVB and VVC) nuclear
spins. We obtain theoretical configurations directly com-
parable with the experimental ones by generating a set of
random nuclear spin configurations in the SiC lattice with
the same number of strongly interacting nuclear spins as
observed in the measured Ramsey fringes. Out of this set,
we then select the configurations with a computed value
of 75 at B, =50 uT similar to the measured one (see
Appendix D for details).

We first analyze the VVA configuration, which contains
only weakly coupled nuclear spins. Its frequency spec-
trum, obtained as a Fourier transform of Ramsey fringe
oscillations, can be simply represented by one hyperbola
[Figs. 3(a) and 3(b)]. In the absence of a nuclear bath, the
frequency of the clock transition is given by

w —wy =,/ y?B: + E%. 4)

We obtain good agreement between theoretical predic-
tions and the measured Ramsey fringes at small fields, but
in the zero-field regime the experimentally observed deco-
herence is significantly faster [Fig. 3(h)]. We find that this
apparent discrepancy is due to the electric noise affecting
the qubit state, as we explain below.

When operated near a clock transition, the basal diva-
cancy spin becomes first-order insensitive to magnetic
fluctuations. However, a first-order sensitivity to elec-
tric field fluctuations emerges, due to the linear depen-
dence of the ZFS tensor components on the local electric
field [36]. Therefore, the electron spin dephasing time
becomes limited by the electric field noise [12,15,36]. In
SiC divacancies, the electric noise is primarily caused by
charge state fluctuations of photoactive impurities, which
may undergo charge state transitions under optical exci-
tation [37,38], leading to a variation of local electric
fields.

In our experiments, we use charge depletion [24,37] to
deactivate photoactive impurities within the optical exci-
tation region, thus substantially reducing the electric field
contributions to the ground-state spin dephasing. We apply
13 V across a lithographically patterned capacitor with
a 10 um gap width. The applied electric field acting on
a divacancy located between the capacitor plates ionizes
the undesired charge carriers and removes them from pho-
toactive impurities in the proximity of the divacancy. This
technique allows us to isolate the contributions of the mag-
netic field noise near the clock transition [Fig. 3(g)] and
to perform a meaningful comparison with our theoretical
model.

We find that, under charge depleted conditions, the mea-
sured coherence time is substantially increased and the
experimentally observed Ramsey precession at zero field
agrees well with the theoretical prediction of the gCCE.
Interestingly, in the presence of a weak magnetic field,
an agreement between theory and experiment is obtained
without applying any charge depletion, indicating that the
decoherence rate in this case is not limited by electric
noise.

We now turn to lattice configurations with strongly cou-
pled nuclear spins. We first consider the defect labeled
VVB, for which we observe a splitting in the frequency
spectrum due to the presence of one strongly coupled
nuclear spin [Figs. 3(c) and 3(d)]. Each of the hyper-
bolae shown in the figure corresponds to the oscillation
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FIG. 3. Ramsey interferometry for three experimental kh-V¢Vs; systems. (a)~f) Ramsey precession and frequency spectrum for a

defect (a),(b) with only weakly coupled nuclear spins (VVA), (c),(d) with one strongly coupled nuclear spin (VVB), and (e),(f) with
three strongly coupled nuclear spins (VVC). For each defect, we show theoretical predictions and experimental results. White dashed
lines show the positions of the hyperbolae [see Eq. (4)]. (g) Measured Ramsey precession of VVA at zero field with (black) or without
(red) charge depletion (see the text), compared to the theoretical prediction (blue). The shaded area corresponds to the theoretically
predicted decay. (h),(j) Distribution of 75 for VVA (h) and VVB (j) as a function of the magnetic field (B;). Shaded area in (j) shows
the error of the fit. (i) Measured Ramsey precession of VVB at weak applied magnetic field (B, = 12.5 uT) compared to the theoretical

prediction. Error bars correspond to 2SD.

frequency of Ramsey fringes of the divacancy, coupled to
either the spin-up or spin-down nuclear state. The mini-
mum of each hyperbola occurs when the magnetic field is
equal to the hyperfine field of the strongly coupled nuclear
spin, |4i:/2ye| = |B.|, where 4;; = | [AZ + A3 + A2, [24].
By solving this equation, we obtain the hyperfine
parameter of the strongly coupled nuclear spin in VVB:
A;; = 0.6 MHz.

In Figs. 3(c) and 3(d) we compare with experiments our
theoretical results for a nuclear configuration for which the
computed 4;, is 0.75 MHz. We find excellent agreement
for the time evolution and the frequency spectrum. We
note that, due to the presence of the strongly coupled spin,
the Ramsey precession exhibits a fast and a slow decay
mode [Fig. 3(i)], and the full dynamics of the decoherence
process may not be described by a single 75 [Fig. 3(j)].

However, by initializing the strongly coupled nuclear spin
so that it is antiparallel to the external magnetic field, one
can eliminate the fast decay mode, and, together with the
charge depletion strategy outlined above, one may achieve
a substantial increase (by a factor of 5) in the coherence
time (see Appendix D).

In the presence of several strongly coupled nuclear
spins, further splitting of the frequency spectrum may
occur. In this case, the minimum of each hyperbola is
located at

B, = Zi;y (5)

strong
The measured frequency spectrum of the defect labeled

VVC contains six separate hyperbolae, suggesting the
presence of three strongly coupled nuclear spins with two
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(@) 1s V. NATURE OF NUCLEAR NOISE IN

VVA SOLID-STATE QUBITS
& 0 B Having validated the predictions of the gCCE with sev-
£ / eral experiments, we can now analyze the nature of the
K 05 - / nuclear noise in the decoherence processes of the k2-V Vg;
“ . divacancy.
— gCCE Expt. — gCCE Expt.
0.0 i .+ * L We compute the coherence time of the kh-VVy; diva-
-40 0 40 -40 0 40 cancy at zero field (0 T), where a clock transition occurs,
Bz (uT) B (uT) and at B, = 0.1 T where we expect the basal and axial
(b) 0.50 , divacancies to exhibit similar coherence properties. We
' VVA consider eigenstates of S, as qubit levels at 0.1 T. We find
. (2)0“ TT that at both zero and strong magnetic fields, the Ramsey
& 025 K decay is limited by static thermal noise arising from the
entanglement of the qubit with pure states of the bath,
which remain unchanged in time [27]:
0.00
0 1 2 R R
Time (ms) e (ms) pO)® ) pplB) (Bl > D psps) ® |B) (B (6)
B B
FIG. 4. Single defect Hahn-echo coherence time of the kh-

VcVsi divacancy. (a) Distribution of 7, for VVA (left) and
VVB (right) as a function of the magnetic field B, (VVA and
VVB are the same defects represented in Fig. 3). (b) The Hahn
echo decay for three different values of the magnetic field. Solid
lines correspond to theoretical predictions, points to experimental
measurements. Error bars correspond to 2SD.

of them having similar hyperfine parameters [Figs. 3(e)
and 3(f)]. We identify one nuclear spin with 4, ~ 1.7
MHz and two nuclear spins with 4;, & 0.6 MHz. Hence,
we compare theory and experiment using calculations for
a nuclear configuration that contains three strongly cou-
pled nuclear spins with similar values of the hyperfine
constants: A4;; = 1.92,0.65,0.49 MHz. We obtain good
agreement in both the time and frequency domains. How-
ever, due to the complexity of the dynamics, a sim-
ple exponential decay cannot reliably characterize the
decoherence time of VVC; nevertheless, the decoherence
occurs on a timescale of 200300 us, both in theory and
experiment.

Furthermore, we carry out a study of the Hahn-echo
decoherence time for the VVA and VVB defects [Figs. 4(a)
and 4(b)] and again find excellent agreement between
experimental values and theoretical predictions. In VVB,
the presence of the strongly coupled nuclear spin leads to a
broadening of the coherence time peak compared to VVA,
and to a decrease in the maximum of 75 [0.930(14) ms
for VVB versus 1.17(4) ms for VVA]. We note that the
measured and computed zero-field Hahn-echo coherence
times agree even without applying any charge depletion to
the sample, suggesting that the electric noise has a minor
impact on 7.

Indeed, our calculations of T for the k4-V¢Vs; divacancy
in the weakly coupled bath [Figs. 5(a) and 5(b)] show
that the inhomogeneous coherence time depends on the
hyperfine parameters only through the average bath cou-

pling (,/>";42), as expected in the case of static thermal
noise [40].

10£() 40T, n0E
i «0T

T> (ms)
=

05F

1 1 k 01

I N N | ™
0.1 0.2 05 1.0 2.0
V2AZ (MH2)

FIG. 5. Single defect coherence times 75 and 7, of the kh-
VVsi divacancy at zero and high magnetic fields for different
bath couplings. (a),(b) The coherence time 75 for zero (a) and
high (b) fields as a function of the square root of the sum of

squares of the hyperfine couplings with bath spins />, 4%.

Significant deviations from the least-squares fit (solid lines) are
present for systems containing single nuclear spins with high
hyperfine coupling, and the coherence decay may not be approxi-
mated by a single exponential [39]. (c¢) The coherence time 7, for
zero (blue) and high (red) magnetic fields, and for a hypothetical
system with £ = 0 MHz at zero field (black). All calculations
are performed for SiC with natural isotope concentration for the
weakly coupled nuclear bath.

0.1 0.2 05 1.0 2.0
2AZ (MHz)
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The nature of noise is different in Hahn-echo experi-
ments, where the = pulse removes the static part of the
noise dominating the Ramsey decay, and 7> depends only
on the dynamical fluctuations of the magnetic field due to
nuclear spin flips [27]. If the flips are completely random,
the decay rates originate primarily from the accumulation
of random phases due to dynamical fluctuations; in this
case the noise is by definition classical and the variance
of the noise distribution is given by Y, 4% [41]. There-
fore, we expect the coherence time to vary linearly on

a logarithmic scale as a function of ,/>", 42 in systems

where the noise is classical [42]. On the other hand, when
the back action of the central spin is dominant (i.e., the
dynamics of the nuclear bath is strongly influenced by the
electron spin state [27]), the coherence dynamics deviates
from that predicted using classical approximations [43]. In
Fig. 5(c) we show T, of the kk-VV§; divacancy as a func-

tion of \/>_, 42 in the zero and strong field regimes. At

zero field, T varies as />, A%, with more than an order

ZiAfZ between the differ-

ent configurations. This dependence suggests a stochastic
nature of the noise at clock transitions and is consistent
with the results reported for bismuth qubits in silicon [32].
At strong fields, 75 is instead independent of the average
coupling to the bath, consistent with the quantum nature
of the noise, expected in this regime. These results show
that the noise affecting Hahn-echo experiments is different
at clock transitions and in the strong field regime, and the
transition from classical to quantum noise may be tuned by
simply varying the applied magnetic field.

We note that the differences in the nature of the noise
is not sufficient to explain why the average value of 7
at the clock transition of the basal divacancy is similar to
that at a strong field (1.15 ms versus 1.4 ms). This similar-
ity arises from the combination of two competing effects:
strong electron spin backaction, leading in principle to a
reduction in the coherence time, and the Zeeman splitting
of nuclear spins, having instead the opposite effect. We
can isolate the effect of the electron spin’s strong backac-
tion on the coherence time, by considering a hypothetical
kh-V Vg divacancy with £ = 0 MHz under a zero mag-
netic field [Fig. 5(c), the 0 T, no E case]. We find that

Y. A2, and the
ensemble average 7, is 0.2 ms, significantly smaller than
that obtained for the clock transition, confirming that elec-
tron backaction is indeed responsible for an increase in the
decoherence rate. Under a strong magnetic field, the Zee-
man splitting of the nuclear spins is instead responsible for
a decrease in decoherence rates. The splitting can be larger
than both the interaction strength between nuclear spins
and the hyperfine coupling, leading to the suppression of
spin nonconserving flips [39]. Only the secular pairwise

of magnitude difference in

T, of this system is independent from

flip flops of nuclear spins with the same gyromagnetic ratio
(114« 1) are possible in this regime [5,44], thus greatly
reducing the number of possible spin flips and decreasing
the decoherence rate [Fig. 2(a)].

VI. ENGINEERING QUBIT PROTECTION AT A
CLOCK TRANSITION

It is interesting to analyze in detail the effect of the mag-
nitude of the transverse component of the ZFS on coher-
ence protection. To this end, we investigate how coherence
times vary as a function of a hypothetical change in £ for
the kh-VVs; divacancy, within a weakly coupled nuclear
bath [Figs. 6(a) and 6(b)]. We find that the ensemble aver-
aged coherence time scales sublinearly as a function of
the transverse ZFS (T, ~ 0.34E%%, T; =~ 0.03E%61; see
Appendix D for the distribution of single defect coherence
times). Our calculations show that defects with large trans-
verse ZFS will exhibit substantially higher protection from
magnetic noise.

In particular, we predict the coherence time of the
hk-VVs; basal divacancy. The hk-V Vs divacancy has
significantly higher transverse ZFS than the kA-V(Vy;
divacancy (E = 82.0 MHz), and similar longitudinal ZFS
(D = 1.222 GHz) [35]. The total distribution of 7> and 7,
as a function of the magnetic field for different spatial con-
figurations of the weakly coupled nuclear bath is shown

(@) 7> =002£°"  (p)  T,=035EF%
-~ 2F ° —~ 4F
()] ’./ (%)) g
iC: 1 0S .—.’. § 2 F .-.’./.
I - [ /-
0 -P/. 1 I 0 -l. 1 1
0 100 200 0 100 200
E (MHz) E (MHz)
(c) (d)
1.00 N (kh) 3+ N (hk)
— ro— |
— 1 15
g 2r I.l
'L\l - - L}

FIG. 6. Dependence of the coherence time on the transverse
zero-field splitting. (a),(b) Coherence times 75 (a) and T, (b)
of the kh-VVg; divacancy with different hypothetical values of
transverse ZFS E. (c),(d) The heat map of the single defect 75
(T,) for 120 different nuclear spin configurations of both the Ak-
VVsi (red) and kh-V Vs; (blue) divacancies as a function of the
magnetic field. The color corresponds to the number of config-
urations with a given T; (7>) at the given magnetic field. The
circles (squares) indicate the ensemble averaged coherence time.
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in Figs. 6(c) and 6(d) for both basal defects. We can see
that there is a significant variability in the value of the
coherence time at B = 0. The increase in the transverse
ZFS leads both to a significant increase in the maximum
value of the coherence time and to an increased robustness
towards the external magnetic field. The ensemble aver-
age zero field 75 = 380 us of the hk-VVs; divacancy is
predicted to be 2.3 times higher than that of the kh-VVg;
divacancy, and the 7, = 2.12 ms is found to be increased
by a factor of 1.8, in good agreement with Figs. 6(a) and
6(b). In the presence of a strong field (0.1 T) the ensem-
ble averaged coherence time for both basal divacancies is
the same, i.e., T5 = 0.7 us, T = 1.4 ms, which confirms
that the large transverse ZFS is the main driving force
for an increased coherence protection in the hk-VVs;
divacancy.

Our results for the different basal divacancies show that
by engineering high zero-field splitting either by selecting
different defects, or applying the strain to the system [45],
one can achieve a substantial increase in the coherence
time.

VII. CONCLUSIONS

Understanding the relation between the electronic struc-
ture of spin defects and their coherence properties is
pivotal to optimizing the conditions for solid-state qubit
applications. In this work, we carry out a series of calcu-
lations to investigate the effect of the nuclear spin bath at
avoided crossings on the quantum dynamics of divacan-
cies in SiC. We validate our results with measurements
of Ramsey fringes and Hahn-echo coherence times and
find excellent agreement between theory and experiments.
Our work provides a robust strategy to uncover the effect
of the interaction of nuclear spins on solid-state qubits’
decoherence over a wide range of applied magnetic fields.

Applying charge depletion [37] to electrically improve
coherence, we are able to experimentally isolate and elu-
cidate the duality of the nuclear bath impact on clock
transitions’ dynamics. We discover that in the presence of
strongly coupled nuclear spins, multiple clock transitions
in the frequency spectrum of the spin qubit can emerge.
We identify and characterize the nuclei with high hyper-
fine coupling in these systems; the initialization of these
nuclear spins should allow one to achieve significantly
higher coherence times under applied magnetic fields,
while the nuclear-spin-dependent spectral features provide
guidance for the development of a new class of electron-
nuclear two-qubit gates. We find that the effect of weakly
coupled nuclear spins can be treated as a stochastic classi-
cal noise at the clock transition, and that the total amplitude
of the coupling is a good descriptor of the coherence time.
We further probe the classical-to-quantum transition of the
noise and show how a tunable backaction of the electronic
spin emerges with applied magnetic fields.

In summary, the joint computational and experimen-
tal study allows us to probe the nuclear environment
around divacancies in SiC at avoided crossings down to the
single nuclear spin level. The experimental validation of
the predictions made here paves the way to optimize and
eventually design the coherence properties of spin qubits
yet to be explored experimentally.
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APPENDIX A: CONVERGENCE OF THE gCCE
METHOD WITH RESPECT TO CLUSTER SIZE

We applied the gCCE method with and without Monte
Carlo bath state sampling to reveal the qubit dynamics at
clock transition of the basal divacancy, observed in the
Ramsey and Hahn-echo experiments. In Fig. 7 we show the
time evolution of the off-diagonal element of the density
matrix of the qubit for one random spatial configuration of
nuclear spins.

We emphasize that considering mean-field effects of
nuclear interactions is crucial in order to obtain the correct
dynamics of the coherent state in the system studied here.
The results without mean-field corrections (left panels of
Fig. 7) may significantly underestimate the coherence on
longer timescales, and high-order corrections may lead to
divergence of the results.

We find that the decay of the observed central spin Ram-
sey envelope can be accurately described by performing
calculations at the gCCEl level with Monte Carlo bath
state sampling [Fig. 7(a)]. Since gCCE1 simulations do not
explicitly include nuclear-nuclear interactions, our results
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FIG. 7. Single defect coherence of the basal kA divacancy

in 4H-SiC predicted by different theoretical approximations.
(a),(b) The absolute value of the off-diagonal elements of the
density matrix |pg| = | (0] o |+) | for one random nuclear con-
figuration corresponding to Ramsey (a) and Hahn-echo (b) exper-
iments. The results of the gCCE at different orders (from 1 to 3)
without mean-field (MF) interactions (left) and with mean-field
corrections (right). The exact solution for a bath of nine nuclear
spins for the Ramsey decay is shown as a black line.

suggest that in the Ramsey experiment the dominant deco-
herence mechanism is the static Overhauser field generated
by nuclear spins, in agreement with Ref. [33].

On the other hand, we find that, for most configu-
rations, gCCE2 is necessary and sufficient to converge
the value of the Hahn-echo coherence [Fig. 7(b)] time,
confirming the significant contribution of nuclear-nuclear
interactions. This result differs from that of calculations for
Si:Bi [28] where convergence is achieved only with the
inclusion of three-spin clusters. These differences suggest
that accounting for the Overhauser field at the microscopic
level, as proposed in our work, may effectively decrease
the order necessary to converge the calculations presented
in Ref. [28]; however, further in-depth study is necessary
to reach a definitive conclusion.

@
DD _— 0.75 -~
sl TPP=0.70N°75 __
/’.
-
. © e
QN .’
~ a4t PR
»®
2F ]
»
0 _|/ 1 1 1
0 10 20 30
N

FIG. 9. Coherence time of the basal divacancy at zero
magnetic field as a function of the number of decoupling
pulses N.

Finally, we note that we observe the convergence
of coherence times at avoided crossings at the gCCE2
level even for more complicated CPMG (Carr-Purcell-
Meiboom-Gill) sequences (Fig. 8), with the number of
decoupling pulses 2 < N < 8. A higher number of pulses
requires the inclusion of higher-order cluster contributions.
The coherence time 707 (Fig. 9) scales sublinearly in the
considered number of pulses range.

APPENDIX B: CALCULATION OF CLUSTER
CONTRIBUTIONS IN THE gCCE
The cluster contributions are defined recursively as

) lal pe(o) 1b)

ab — ~{C'ccy’
[le Pup

(B

where pc(7) is the density matrix of cluster C and the super-
script {C'} indicates all subclusters of C, including the free
central spin subcluster {0}. The density matrix pc(?) is
computed using the time-ordered propagator

Uc(t) = T[exp <—i/ ﬁ(t)dt)},
0

where 7 is the time ordering operator and H(7) is the time-
dependent Hamiltonian, which includes only the interac-
tions within a given cluster.

(B2)

N=2 N=5 N=28 N =12 N =16
04 -\ -\ - < gCCEl
_2 ’ + gCCE2
Q2 0.2F o o o _ - gCCE3
| \ Wl i, W, gCCE4
0.0 1 L i \“I\ 1 m b 1 m L /.I: "‘_I S ‘.Iy
0o 1 2 3 0 4 8 0 5 10 O 6 12 0 20

Time (ms) Time (ms)

FIG. 8.

Time (ms)

Time (ms) Time (ms)

Off-diagonal element of the density matrix of the qubit at zero magnetic field for various decoupling pulses N.
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In order to evaluate the density matrix pc(?) in Eq. (B1),
we compute the evolution of the initial density matrix of a
given cluster as

pet) = UcpeO T, (B3)

using the time-ordered propagator Uc given in Eq. (B2).

The Hamiltonian used to model Ramsey experiments does

not depend on time H(t) = H¢, and the propagator is
trivial:

Uet) = e e, (B4)

The Hamiltonian H¢ is equal to the system Hamilto-

nian (1), which contains only the central spin and a given
cluster of nuclear spins:

He=H, + Z SAI — Z VaB-L; + Z LPI;. (B5)
icC icC i#jcC

Under the dynamical decoupling to the qubit, by assum-
ing ideal instantaneous control pulses, we can write the
propagator as

UC(I) — T[e_[[:ICTe_id(x,y,z)(b/ze_i[:[CT]N, (B6)
where o, is one of the Pauli matrices (depending on
the type of pulse), spanned by two qubit levels, t is the
delay between pulses, ¢ is the angle of rotation (equal to
7w for CPMG, XY4 sequences [46]; it may be varied to
represent more complicated schemes [47]), and N is num-
ber of pulses. For example, the propagator used to model
Hahn-echo experiments with a 7 rotation about the x axis
is defined as

UlgE(t) — e—iﬁcrefiaxn/Zefif{Cr‘ (B7)

The Pauli matrices for qubit levels |0) and |1) are
defined as

ox = (|0) (1] + [1) (01), (B8)
oy = i(|1) (0] —10) (1)), (B9)
oz = (10) (0] — 1) (1. (B10)

When using Monte Carlo sampling of the bath states, we
perform the CCE calculations for each pure bath state sep-
arately. In the pure bath state, each nucleus is initialized in
the spin-up or spin-down state, and in the mixed state each
nuclear spin has a classical probability of being in one of

the two states. We define the density matrix elements of
the central spin as

Par(®) =Y ps (D), (B11)
B

where the elements of the density matrix p,, are written
as a summation over pure bath states J, with elements
0., and probability p;. In the case of a completely ran-
domized bath (the density matrix of each nuclear spin is
equal to //2), the probability p, is the same for all pure
bath states. At the typical temperatures of the experiment
(greater than or equal to 4 K) the nuclear bath can be
considered completely randomized.

The procedure used to evaluate the density matrix ele-
ments is the following. First, we generate a set of random
pure bath states. For each bath state, we perform CCE cal-
culations to obtain the electron spin density matrix. Finally,
we compute the density matrix elements for the mixed bath
state from Eq. (B11), and verify the convergence of den-
sity matrix elements p,;,(f) with respect to the number of
generated bath states (see below).

We add the mean-field effect of the bath spins outside
a given cluster, by adding the Ay term into the cluster
Hamiltonian (B5). The mean-field term is defined as

A=) [Azz (1.)S:+ ) P-: <Iz,i>in], (B12)

i¢C jcc

where (L,;) = :l:%, is the projection of the nuclear spin in
the z direction. The sign depends on the initial state of
nuclei i in the given random bath state.

For a specific bath state at the given time step, the con-
tribution of some clusters can be very close to 0, leading
to the numerically unstable value of the density matrix ele-
ments. We identify such points when the elements of the
density matrix are larger than 1, and remove them from
computing the average density matrix at the given time.

[o+0l

[0+0l

Time (ms)

Time (ms)

Number of random bath states
- 50 =— 100 = 200 400

FIG. 10. The convergence of the off-diagonal element oo of
the density matrix in Hahn-echo measurements of the k4-VVs;
divacancy as a function of the number of random bath states.
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FIG. 11. The convergence of diagonal elements p_;_; and py;
of the density matrix in Hahn-echo measurements of the k#-
V Vs divacancy as a function of the number of random bath
states. Calculations are performed for five random nuclear spin
configurations at zero magnetic field. Gray dashed lines corre-
spond to the £10% range. We set pgo = 0.5 for all calculations.

The off-diagonal element of the density matrix of the
basal divacancy converges quickly with the number of ran-
dom bath states (Fig. 10). On the other hand, the diagonal
elements are predicted with a significant amount of noise
(Fig. 11). The noise in computed diagonal elements due to
the random states is more significant than the effect of other
parameters. Therefore, we consider the changes in the pop-
ulation on the qualitative level, while we use off-diagonal
elements for quantitative predictions of the entanglement
with nuclear bath.

In the presence of the strongly coupled nuclear spins
at the nonzero magnetic field, the results converge only
when the exact averaging over the states of the strongly
coupled spin is followed. In such systems, the modified
sampling procedure can be implemented. For each state of
the strongly coupled nuclear spins, we sample the same
number of random bath states to obtain a density matrix
element. The resulting matrix element for the randomized
bath is an average of the elements, computed for each pure
state of strongly coupled nuclear spins.

In computing the diagonal elements of the density
matrix we renormalize the changing diagonal elements of
the density matrix for each time step to ensure that the total
population is equal to 1.

APPENDIX C: CALCULATIONS OF HYPERFINE
COUPLING OF NUCLEAR SPINS

The inhomogeneous coherence time 7, is directly
related to the hyperfine couplings. Under weak mag-
netic fields, the nuclear spin flips can be induced by
both the hyperfine coupling and dipolar-dipolar interac-
tions between nuclear spins [39]; hence, accurate pre-
dictions of the hyperfine parameters are necessary to

correctly compute the Hahn-echo coherence time as
well.

We perform ab initio density functional theory (DFT)
calculations to predict hyperfine coupling constants for
nuclear spins at distances of up to 1 nm from the
defect and we use the point dipole approximation for
spins at larger distances. DFT calculations using the
Perdew-Burke-Ernzerhof (PBE) functional are carried
out with the GIPAW code [48] using single-particle
wavefunctions obtained with the Quantum Espresso
code [49]. Wavefunctions are represented on a plane-
wave basis with a kinetic energy cutoff of 40 Ry. GIPAW
pseudopotentials [50] are used to model electron-ion
interactions. Divancancies are modeled with 9 x 5 x 2
orthorhombic supercells containing 1438 atoms and the
Brillouin zone is sampled with the I" point only.

We define a weakly coupled bath as a bath in which
the nuclear spins do not change the energy splitting of the
defect. We impose a cutoff of the hyperfine couplings of
A.. < 1 MHz present in the weakly coupled bath, which is
of typical order of magnitude compared to strongly cou-
pled nuclear spins in the nitrogen-vacancy center [51,52].
The ensemble dynamics throughout the text is shown for
the weakly coupled bath.

APPENDIX D: PROPERTIES OF BASAL
DIVACANCIES IN THE PRESENCE OF
NUCLEAR SPINS

1. Impact of the magnetic field on the initial qubit
state of basal divacancy

For the nonzero magnetic field, the general qubit
states are defined as |4+) = a|l.) + b|—1,) and |0) = |0,).
Amplitudes a and b are different for varied magnetic
fields. For example, at B, = 0 mT, the amplitudes are
equal, |a| = |b| = 1/+/2, and at B. = 0.5 mT, the ratio
between the amplitudes is |a| : |b] & 2 : 1. In the pres-
ence of nuclear spins, when the qubit is prepared in the
|1) state, the transition occurs for all possible bath states.
For the weakly coupled nuclear bath, the Overhauser field
for each bath state is compensated by randomization of
the bath (ZnA[ZI,, ~0,1I,= :t%). Then, the interactions
between the central qubit and nuclei do not impose signif-
icant changes in the qubit level structures compared to the
isolated defect in the external magnetic field. This can be
seen by detecting the evolution of the diagonal elements
of the density matrix of the qubit (Fig. 12). Therefore, for
the weakly coupled bath, we consider initial qubit states as
eigenstates of H,.

In the presence of the strongly coupled nuclear spins,
the Overhauser field from these nuclear spins cannot be
compensated by other nuclei (43 " > 3" A¥¥) and
can shift the qubit levels substantially.

As an example, we consider the most extreme case,
when hyperfine coupling 4;; = 50.96 MHz is higher than
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FIG. 12. Density matrix elements of the k2-VVg; divacancy
for two random nuclear spin spatial configurations of a weakly
coupled nuclear bath (in columns) as a function of the magnetic
field. The lines with brighter color correspond to the exact solu-
tion for a smaller bath (nine nuclear spins). The dotted white line
corresponds to the initial value of p;. We set pgp = 0.5 for all
calculations.

the transverse ZFS (Fig. 13). The initial nuclear spin states
are completely randomized. The initial adiabatic change in
the qubit |+) state occurs significantly faster than the fol-
lowing decoherence, and the rate of decoherence is mostly
independent of the initial qubit state.

For the given nuclear spin bath, in both initial states of
the qubit, the off-diagonal elements of the density matrix
decay an order of magnitude slower at 0.87 mT compared
to 0.4 mT. This allows us to use the initial qubit state
|¥) with |[+) = (1/+/2)(|—1) + |+1)) for systems with

04
§ 0.2 q
0.0
" 0.4 n
T 0.2 T
Q Q
0.0 ! F !
:0-4“'— -18:1|% [ -30:1
g 0.2 1* v = 10:1|8 pPaa - 1.0:1
0.0 e - \_-
0 10 20 O 100 200
Time (us) Time (us)
FIG. 13. Density matrix elements of the k2-VVg; divacancy

for a nuclear configuration containing a strongly coupled nuclear
spin with 4;, = 8.93 MHz at low magnetic fields. The color indi-
cates the ratio of |a| and |b| in the initial |[+) = a|—1,) + b |+1,)
state of the qubit. In each case, the qubit is initially prepared in
the state [{) = (l/ﬁ)(H—) +10)). The lines with brighter color
correspond to the exact solution with the same initial state for
a smaller bath (nine nuclear spins). The dotted gray line corre-
sponds to the initial value of the density matrix diagonal element.
We set pgo = 0 for all calculations.

FIG. 14. The distribution of coherence times 75 (top) and 7,
(bottom) for theoretical nuclear configurations obtained for VVA
(red) and VVB (orange). Blue lines correspond to configurations
shown in the main text.

strongly coupled nuclear spins, and allow it to evolve adia-
batically even at relatively high magnetic fields to correctly
predict Ramsey decoherence.

2. Determining the experimental configurations

To find the theoretical nuclear configurations that cor-
respond to the experimentally measured basal divacancies,
we apply the following procedure.

First, we generate a large set of random nuclear spin
configurations. Out of this set, we identify those with or
without strongly coupled nuclear spins. For each exper-
imental divacancy, we determine the subsets of config-
urations with the same number of identifiable strongly
coupled nuclear spins. For VVA, we determine a subset
of random nuclear spin configurations with no identifiable
strongly coupled nuclear spins; for VVB, configurations
containing one strongly coupled nuclear spin with 4;, ~
0.6 MHz; and for VVC, configurations containing three
strongly coupled nuclear spins with ) 4;, ~ 3 MHz.

For VVC, we identify the configurations containing six
minima in the frequency spectrum. For VVA and VVB, we
identify the nuclear configurations that have a similar value
of T at the applied magnetic field of 50 uT to the corre-
sponding experimental system. This value is instrumental
to find the configurations with a similar total coupling of
the bath and allows us to choose the configurations with
the coupling of the nuclear bath to the electron spin clos-
est to the experimental system. One such configuration
for each divacancy is shown in the main text. All of the
configurations for VVA and VVB are shown in Fig. 14.

3. Initialization of strongly coupled nuclear spins

We show the theoretical nuclear configuration with
the strongly coupled nucleus of 4;, = 0.75 MHz present,
compared in the main text to VVB (Fig. 15), and study the
effect of its initial state. If the strongly coupled nuclear spin
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FIG. 15. Ramsey oscillations in the system with the strongly
coupled nuclear spin. Left: py; at the magnetic field of 12.5 uT
in the presence of the nuclear spin with 4, = 0.75 MHz ini-
tialized in the spin-up ({1,|, orange), spin-down (( ,|, blue), or
thermalized (green) state. Right: T against the magnetic field
for a system with differently initialized strongly coupled nuclear
spins. All other nuclear spins are completely randomized.

is initially in the thermalized state, the decay of the off-
diagonal element contains two components: the fast initial
decay due to the fast entanglement with the bath states,
containing the strongly coupled nuclear spin parallel to the
magnetic field, and the slow decay due to the entangle-
ment with the bath states with strongly coupled spin down.
When we initialize the strongly coupled nuclei in one spe-
cific state, only one mode of the decay is observed. The
initialization of the strongly coupled nuclear spin antipar-
allel to the magnetic field (left panel of Fig. 15, blue line)
significantly prolongs coherence, while the antiparallel
orientation shortens the coherence time.

4. Nuclear bath with strongly coupled nuclear spins

Here, we theoretically study the coherence time of
several additional configurations with strongly coupled
nuclear spins. The coherence time of the basal divacancy
can have several resonances as a function of the magnetic

-~ 0.1F [
n 0.1
£ 1) (2)
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FIG. 16.

TABLE I. Highest five hyperfine couplings 4;, of the config-
urations, shown in Fig. 16. The nuclear couplings giving rise to
the peak splitting are highlighted in bold.

No. Aiz (MHZ)
1 1.97 0.46 0.17 0.12 0.11
2 2.09 1.34 0.48 0.06 0.04
3 2.04 1.97 1.01 0.12 0.12
4 4.19 0.09 0.04 0.04 0.04
5 8.93 0.13 0.09 0.05 0.05
6 2.04 1.97 1.93 1.21 0.72
7 10.39 0.53 0.12 0.04 0.03
8 10.39 0.46 0.13 0.09 0.09
9 10.39 0.15 0.12 0.07 0.05
10 10.39 4.83 0.15 0.11 0.07
11 8.93 8.23 2.09 0.19 0.17
12 50.95 0.09 0.07 0.04 0.03

field if strongly coupled nuclei are present. The main rea-
son for the appearance of the maxima is due to completely
negated interactions with the strongly coupled nuclear
spins in spin-up or spin-down states.

When hyperfine couplings for several nuclei are sig-
nificantly higher than the coupling to the remaining bath,
the number of peaks can be greater than two (Fig. 16 and
Table I). For each pure bath state, the resonance occurs at
the magnetic field B, = Zstmng +A4,./(2y.). The resulting
coherence time dependence for the thermalized bath will
show peaks either aligned with the peaks of pure bath states
[Fig. 16(9)], or at the overlap of two peaks [Fig. 16(3)]. In
the presence of many strongly coupled nuclear spins the
peaks can become indistinguishable [Fig. 16(6)].

5. Single defect coherence time at different
transverse ZFS

In Fig. 17 we show the coherence time of basal diva-
cancy as a function of the transverse ZFS E. We can see
that a single defect T, scales sublinearly with £, while 75

0.02 |- 3) 2r I (4) ‘
0.00 L 0 L
-0.1 0.0 0.1 -0.1 0.0 0.1
0 L 0.00
-0.2 0.0 0.2 -0.25 0. 00 25
0.1f I ” (lll)l 0.05 —A (12) A
0 0.00 .
—-0.3 0.0 0.3 -1 0 1
B, (mT) B, (mT)

Coherence time against the magnetic field for the theoretical configurations containing strongly coupled nuclear spins.

Numbers (1—12) correspond to different bath configurations with one or several strongly coupled nuclear spins (Table I).
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F FIG. 17. Coherence
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scales linearly. We note significant variability in values of
the single defect coherence times at zero magnetic

APPENDIX E: EXPERIMENTAL
MEASUREMENTS OF THE kh-VVs;
COHERENCE PROPERTIES

Our 4H-SiC sample consists of a 20 wm high-purity i-
type SiC layer epitaxially grown on a 4° off-axis miscut
of the Si face of a high-purity semi-insulating SiC sub-
strate (serial number A3177-14, Norstel AB). Neutral diva-
cancies are uniformly produced throughout the epitaxial
i-type 4H-SiC by electron irradiation with 2 MeV elec-
trons at a dose of 3 x 10'2 e/cm? followed by annealing
at 850 °C for 30 min in Ar. A coplanar capacitor struc-
ture with a 10 um gap width and a wire with 10 um width
made of Ti/Au are then patterned on the sample surface
using electron beam lithography. Samples are cooled to 5
K in a closed-cycle cryostat (Cryostation s100, Montana
Instruments).

The confocal microscope consists of a 905 nm excita-
tion laser (QFLD-905-200S, QPhotonics) for off-resonant
spin initialization, as well as a narrow-line tunable laser
(DL pro, TOPTICA Photonics) for resonant spin read-
out. We focus these excitation beams through a micro-
scope objective (LCPLN100XIR, Olympus). We detect
the filtered optical signal with greater than 80% quantum
efficiency using a low-jitter, low-dark count supercon-
ducting nanowire single-photon detector (SNSPD; Opus
One, Quantum Opus). Electrical pulses from the SNSPD
are counted using a data acquisition module (PCI-6259,
National Instruments).

We drive the spin transition |0) <> |+) using signal gen-
erators (SG396, Stanford Research Systems) modulated
by an arbitrary waveform generator (HDAWGS, Zurich
Instruments). The output of the signal generator is routed
to the on-chip wire, which produces ac magnetic fields.
Vector control of the magnetic field is obtained using a
three-axis electromagnet outside the cryostat.
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