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Coupled spins in semiconductor quantum dots are a versatile platform for quantum computing and sim-
ulations of complex many-body phenomena. However, on the path of scale-up, crosstalk from densely
packed electrodes poses a severe challenge. While crosstalk onto the quantum dot potentials is nowadays
routinely compensated for, crosstalk on the exchange interaction is much more difficult to tackle because
it is not always directly measurable. Here we propose and implement a way of characterizing and com-
pensating crosstalk on adjacent exchange interactions by following the singlet-triplet avoided crossing in
Ge. We show that we can easily identify the barrier-to-barrier crosstalk element without knowledge of
the particular exchange value in a 2 x 4 quantum dot array. We uncover striking differences among these
crosstalk elements that can be linked to the geometry of the device and the barrier gate fan-out. We validate
the method by tuning up four-spin Heisenberg chains. The same method should be applicable to longer
chains of spins and to other semiconductor platforms in which mixing of the singlet and the lowest-energy
triplet is present or can be engineered. Additionally, this procedure is well-suited for automated tuning
routines as we obtain a standout feature that can be easily tracked and directly returns the magnitude of

1

the crosstalk.

DOI: 10.1103/qgnt-n527

I. INTRODUCTION

Spin qubits in gate-defined semiconductor quantum dots
constitute a versatile platform for quantum computation
owing to their long coherence times, demonstrated high-
fidelity single-qubit and two-qubit gates, and their small
footprint [1,2]. Also, they find applications in quantum
simulations due to the inherent tunability of most Hamilto-
nian parameters, which allows the exploration of different
limits of the Fermi-Hubbard model and the Heisenberg
model [3]. A challenge in scaling up, however, is crosstalk
from the gates defining the potential landscape as sketched
in Fig. 1(a). Several approaches for crosstalk manage-
ment exist and rely on defining a set of virtual gates
designed to control the energy scale of choice, be it the
on-site potential, the tunnel coupling, or the exchange
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interaction [4—8]. Virtual plunger gates controlling the on-
site potential are nowadays routinely used in experiments
[Fig. 1(b)], but methods for barrier-to-barrier crosstalk
compensation are typically overlooked [Fig. 1(c)] and only
rarely implemented [9,10].

Digital spin qubit experiments so far circumvent the
problem by avoiding the simultaneous activation of adja-
cent exchange couplings [11,12] or by populating quan-
tum dot arrays only sparsely [13—15]. When only one
exchange interaction is activated at a time, any crosstalk
to other exchanges will not induce a detrimental effect,
because the exponential dependence of exchange strength
on barrier voltage leads to a wide voltage range over
which the other interactions are effectively switched “off.”
However, implementations of three-qubit gates have been
shown and do require simultaneously activated adjacent
exchange couplings [16,17]. Moreover, quantum simula-
tion of the rich variety of physical phenomena described by
the Fermi-Hubbard model [18—27] requires dense arrays of
quantum dots with precise and ideally orthogonal control
not only of the on-site potentials but also of the nearest-
neighbor exchange interactions or tunnel couplings.

To appreciate why this is not straightforward, we note
that once three or more spins are coupled together, the
resulting energy spectrum and, hence, the oscillation

Published by the American Physical Society
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FIG. 1. (a) Confinement potential for a chain of charges defined by the top gates in real voltage space (solid black line). A negative
voltage pulse on the central barrier gate not only causes the middle tunnel barrier to be lowered but also shifts the electrochemical
potentials of the nearby quantum dots and the height of adjacent tunnel barriers (dashed blue line). (b) Commonly used virtual plunger
gates work by application of a linear combination of gate voltages that keeps the electrochemical potentials of all other quantum dots
fixed. However, adjacent tunnel barrier heights are still affected and lateral shifts of charges are still present, although they might be
slightly reduced. (c) If also the barriers are virtualized, a pulse on the middle barrier gate is compensated by suitable pulses on other
barrier gates to keep the other tunnel barriers fixed and, ideally, counteract the lateral shifts of charges. In practice, however, only the
combined effect of lateral shifts and tunnel barrier alterations can be compensated. A correct virtualization should allow orthogonal
control of exchange interactions and enable a straightforward tuning of multispin chains. (d) The 2 x 4 quantum dot array we use in
this experiment. The quantum dot plungers are labeled as p;. Barriers b;; separate quantum dots i and j . The external magnetic field B
is applied in an in-plane direction marked by the arrow. () Energy level diagram of a two-spin system in a double quantum dot as a
function of detuning € (left) and tunnel coupling #. (right). The dashed circles mark the spin-orbit-induced avoided crossings. U is the
charging energy. At |e€| > U the two charges occupy the same quantum dot [(2,0) and (0,2) charge regions]. For |e| < U the charges
are shared between the two adjacent quantum dots, and the energy splittings are determined by the respective Zeeman energies and
the exchange interaction. The position of the avoided crossing is influenced by € and ¢.. (f) Measurement of the avoided crossing as
a function of detuning and barrier voltage of Q1,, as described in the main text. The avoided crossing always occurs when J = E—,
constituting a constant-exchange feature that we are able to follow as a sharp reduction in singlet return probability Pg*. At more
positive values of b),, S-7° oscillations cause a reduced singlet return probability as well. As the barrier becomes more negative, the
exchange increases, pushing the avoided crossing feature to smaller €;,. At €;, = 0 all the exchange is induced by the barrier voltage
bi,.

therefore desirable to obtain a measure of the crosstalk
in a direct way similar to reservoir addition lines used to

frequencies are typically a combination of all the
exchanges involved, hindering independent calibration of

the exchange couplings. Furthermore, whereas the local
electrochemical potentials vary linearly with the gate volt-
ages, the tunnel coupling and exchange interaction depend
exponentially on the gate voltage. To realize crosstalk
compensation in the face of this exponential dependence,
it was assumed in Refs. [6,28] that barrier-to-barrier
crosstalk can be compensated by a linear combination
of voltages in the argument of the exponential function,
reducing crosstalk compensation between barriers to a
linear problem nonetheless. In both cases, the virtualiza-
tion methods required repeated measurements of either the
tunnel coupling or exchange oscillations. Crosstalk was
then extracted from exponential fits, resulting in an indi-
rect, laborious, and potentially error-prone measure. It is

virtualize plunger gates.

Here we demonstrate a way of characterizing barrier-to-
barrier crosstalk to allow individual control of exchange
interactions in a dense array of quantum dots. The method
consists of tracking the position of the singlet-triplet anti-
crossing in the multidimensional voltage space spanned by
the confining barrier gates. Such a feature can be induced
by a suitable intrinsic spin-orbit interaction, local mag-
netic field gradients, or differences in the g tensors, and
determines a point of constant exchange that is fast to mea-
sure and easy to identify. This is especially useful because
it isolates the effect of the exchange interaction of inter-
est and could also be adapted for automated optimizations
[7]. We empirically find how the gate architecture affects
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the crosstalk in the device. Finally, we apply this method
to the tuning of four-spin Heisenberg chains in different
configurations to test its validity and limitations.

II. DEVICE AND ENERGY DIAGRAM

The device consists of a 2 x 4 array of gate-defined
quantum dots in a Ge/Si-Ge heterostructure [29] [Fig. 1(d);
further details can be found in Appendix A]. Four sen-
sors at the corners of the device enable fast charge sensing
via radio-frequency tank circuits (the inductors are off-chip
Nb-Ti-N coils, while the capacitance stems from parasitic
capacitances) bonded directly to one of the Ohmic contacts
of the respective sensor [30]. The potential landscape is
tuned by means of dc voltages to form eight quantum dots,
each containing a single hole, under the plunger gates p;,
with i € [1, 8], except for quantum dot 2, where, for practi-
cal reasons, we confine three holes. The inter-quantum-dot
barrier gates b;; separate quantum dots i and j. Quantum
dots 1, 4, 5 and 8 have additional barriers to the reservoirs.
Except for by and b37, all the barriers are deposited in the
first gate layer, allowing strong exchange tunability, unlike
in previous experiments on 2 x 4 Ge/Si-Ge quantum dot
arrays [31,32] (see Appendix G). Importantly, since the
charge carriers are holes, accumulation voltages are neg-
ative. A typical dc voltage configuration of the tuned-up
device is reported in Fig. 7 in Appendix A. All the plunger
gates and inter-quantum-dot barrier gates are connected
also to an arbitrary waveform generator (AWGQG), via bias
tees and attenuated coaxial transmission lines, to allow
fast pulsing away from the dc voltage configuration. In
all measurements, the reported voltage amplitudes are the
attenuated AWG amplitudes at the gates, without the dc
component.

Throughout the experiments we work with virtualized
plunger gates (p/) that are designed to vary the electro-
chemical potential of quantum dot i while keeping the elec-
trochemical potential of all other quantum dots fixed [4,7].
The barrier gates are at first virtualized against the electro-
chemical potentials only, and we denote them as b;] This
ensures that a pulse on a virtual barrier keeps the quan-
tum dot potentials unchanged [see Figs. 1(a) and 1(b)].
We further define a detuning axis €; = ap; — bp; and
an electrochemical potential axis p; = cp; + dp;, with a,
b, ¢, and d experimentally determined coefficients (see
Appendix B for details on the transformations between
real and virtual gate voltages). Every double quantum
dot is capable of hosting a singlet-triplet (S-7) qubit
[33-35], which we label Q;;, with i and j (we choose i < ;)
denoting the first quantum dot and the second quantum
dot in the pair, respectively. To operate S-7 qubits, pre-
cise control of the exchange interaction J;; is required (in
the following discussion we omit the indices ij and rein-
troduce them when necessary). In quantum dot systems,
J originates from the wave-function overlap of and the

Coulomb repulsion between neighboring spins [6,36] and
can be controlled by means of € and tunnel coupling 7.,
taking the form

42(bHU
"@”’/):ﬁ

for J <« U, where U is the charging energy [37]. The tun-
nel coupling is itself a function of the barrier voltage,
and because of crosstalk, also of the voltage on neighbor-
ing barriers. We seek to compensate for this crosstalk in
Sec. IV to obtain orthogonal control of exchange interac-
tions. We point out we do not attempt to compensate for
the effect of plunger voltages on the exchange, as the inter-
quantum-dot detuning is an explicit and desired control
knob for the exchange strength, especially during readout
and initialization.

A typical energy diagram as a function of € with finite
t. of an S-T qubit is depicted in the left panel of Fig. 1(e).
Unless indicated otherwise, we operate every qubit at its
symmetry point € = 0, where the exchange reduces to
J() = 415 (0')/U and is, therefore, controlled only by the
barrier voltage [38]. The energy diagram in this case is
depicted in the right panel of Fig. 1(e).

In contrast to previous work [31], here we do not mea-
sure 7, and U; rather, we assume an empirical dependence
of J on the designated barrier:

J(b") = Jyexp(k(b' — b)),

where Jy = 1 MHz, & represents the exponential lever arm
of the barrier, and bj, is an offset that depends on the partic-
ular dc voltage configuration. The dc configuration of the
barriers is tuned in a way that ensures by, is relatively small
such that the voltage pulses from the AWG are capable of
inducing a considerable on:off ratio for each exchange (in
general, we find || < 40 mV; see Appendix G). Assum-
ing zero residual exchange at the symmetry point, the
four eigenstates are the polarized triplets |7-) = || ) and
|T+) = |11), with energies Er+ = £ ) E; =+ ) gupBb,
and the antiparallel states |[1{) and || 1), with energies
Exp = j:ATEZ = j:Ag+BB, where g is the effective g fac-
tor of each of the quantum dots that we measure and
takes values between 0.3 and 0.45 in the in-plane magnetic
field direction (see Fig. 19), consistent with previously
reported values for holes in Ge [16], 5 is the Bohr magne-
ton, and B = 10 mT is the external magnetic field applied
approximately in the in-plane direction. At large exchange
J, the antiparallel states are no longer eigenstates of the
Hamiltonian, being replaced by |S) = % and |7°) =

w. Finally, the spin-orbit spin-flip term Ago cou-

ples |S) and |77), as highlighted by the dashed circles

in Fig. 1(e) [39,40]. At these avoided crossings, coherent
S-T~ oscillations can be induced [32,41].

034051-3
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In the (2,0) charge configuration, the energy splitting
between [S(2,0)) and |7(2,0)) well exceeds the thermal
energy, enabling fast initialization in the singlet ground
state. The different energy scales of the system then allow
us to initialize target eigenstates by appropriately choos-
ing the ramp time from the (2,0) charge configuration to
the (1,1) charge symmetry point (see Appendix E). For
readout, we rely on Pauli spin blockade (PSB). The rather
small external magnetic field ensures that only the sin-
glet state is unblocked in the PSB region, as opposed to
parity readout, where both antiparallel spin states are typ-
ically unblocked [42]. This enables the discrimination of
|S) from the triplets by our monitoring the charge sensor in
single-shot readout.

In Fig. 1(f) we experimentally map out the S-7~ avoided
crossing as a function of €, and b}, by initializing |S)
in O, and recording the probability of retrieving |S). In
between, we rapidly pulse detuning to (1,1), let the system
evolve for 50 ns, corresponding approximately to flipping
the initial |S) to |7) at the avoided crossing, and pulse
detuning back to (2,0) for readout. We can identify the
position of the S-7~ avoided crossing by a sharp reduction
in Ps. Since at this position J (¢, ") = Ep-, the avoided
crossing constitutes a constant-exchange feature. The sym-
metric U shape is confirmation that the virtualization of ),
against the plunger gates is accurate as we would otherwise
find a skewed shape [32] (see Fig. 10 in Appendix B). For
more-positive barrier voltages we also observe a reduction
of Pg, which can be attributed to S-7° oscillations at low
J. Importantly, the lack of additional features around the
avoided crossing allows us to unambiguously and precisely
identify its location.

III. EXCHANGE CROSSTALK

Before discussing how to correct for crosstalk, we elu-
cidate how exchange interactions are affected by nearby
barrier voltages. As an example, consider the left side of
the device. Figure 2(a) shows exchange oscillations in Qs
as a function of b}, with b5, kept at a constant, negative
value [see Fig. 2(c)]. We initialize Qs in || 1) and Q) in
|4 1)) and record the final state probability Pi? as a func-
tion of dwell time 7. At first, b is the only gate inducing
exchange between the spins in quantum dots 5 and 6, lead-
ing to the oscillation seen in the top part of Fig. 2(a). As
we pulse b}; more negative, we first see the frequency of
the oscillations reduce, a clear example of crosstalk. Fur-
thermore, we also see another frequency appearing below
bis = —20 mV [see also the FFT in Fig. 2(b)]. This is an
indication that 4|5 now induces exchange between quan-
tum dots 5 and 1. In such a situation it is not clear which
of the measured frequency shifts can be attributed to the
activation of J;5 or to crosstalk on Js¢. Without further
modeling, it is, therefore, not possible to quantify the effect
of b|5 on Js¢ in this voltage range. We can only reliably

T
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FIG. 2. (a) Exchange oscillations in Qse as a function of b,
and dwell time 7, as explained in the main text. (b) FFT of (a).
We clearly see that the main frequency is reduced and for more
negative values of b} a second oscillation frequency appears.
The frequency reduction is a sign of crosstalk, and the appear-
ance of a second frequency is due to a finite J;s. (¢) Sketch of the
experiment corresponding to (a). The orange circles depict the
approximate charge positions when only b induces exchange.
The dashed blue circles represent the shifted quantum dot posi-
tions as we open b}s. (d) Exchange oscillations in Qss as a
function of b, and dwell time . (¢) FFT of (d). We see a change
in frequency of about 60% over only 30 mV, indicating strong
crosstalk. (f) Sketch of the experiment corresponding to (d). The
fan-out of by leads to much larger crosstalk than for ;5 and may
affect the position of all nearby charges.

extract the crosstalk for b}; > —20 mV (e.g., before we
induce any measurable exchange J;s).

A similar experiment is reported in Figs. 2(d)-2(f).
However, in this case we apply a pulse on b} (b5, is more
negative than in Fig. 2(a), leading to much faster oscilla-
tions). While here we do not see another frequency appear
because we do not apply a large enough pulse on b}, we
observe a change in frequency of about 60% in a range of
only 30 mV, indicating very strong crosstalk. This might
be due to the fan-out of byg, as highlighted in the sketch
in Fig. 2(f). While this measurement reveals the crosstalk
from b’ onto Jsg, it does not tell us how to compensate for
it. In the next section we show how exchange crosstalk can
be extracted directly and compensated.

IV. CHARACTERIZATION OF EXCHANGE
VIRTUALIZATION PARAMETERS

We now show how we can leverage the S-7~ avoided
crossing to directly extract the crosstalk matrix element for
barrier-to-barrier crosstalk compensation. At the avoided
crossing, with €; = 0, all the exchange is induced by the
virtual barrier gate voltage b satisfying |J (b )| = |Er|

and is to first order insens1t1ve to small variations of
€;;. Moreover, any unintentional variation in €; will only
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increase J;;, but never decrease it as in the case of lat-
eral shifts of the quantum dot positions. To compensate

exchange crosstalk we introduce a second layer of virtual-

ization and define new virtual barrier voltages as b; As in
previous work [6,28] we assume a linear barrier crosstalk
and an exponential dependence of J on the new virtual

barrier: J; = Jy exp(k(b;rj )) and b a’”"b/

01] mn mn>
where nm are all the tuples correspondlng to adjacent

Sy 3y The term b,

S 5// 0. is an offset in

spins and o =

b; that we need to quantify only when calibrating the

dependence of J on bi For crosstalk compensation, we

therefore need to determine all the values o7, where by

definition O‘ij = 1. Since the avoided crossing constitutes
a constant-exchange feature, we can track its position as a
function of b},, and b}; and extract a slope returning —oy;"

directly, w1thout the need to extract ; i with exponen-

5B,
tial fits through a series of data points. This is the main
advantage of the method presented here.

Figure 3(a) shows measurements of the avoided crossing
of Qs as a function of b5 and all other b,,,,. The position of
the avoided crossing is reflected by a sharp reduction in Ps.
In all plots we can follow this standout feature with Gaus-
sian fits and extract the dashed red lines (see Appendix C).

The linear slopes confirm the assumption that barrier gate

(a) Not virtualized
0
-50
=40
26 59

Wi 1 0 || 0 B, ksl

—40 -30 —40 —20 —40 30 —40 -30
o~ b1z _ bys b34_~ 50

€ X Y X Y X Y
,_5

N —'\ —o\,
b56 bs; byg —40 -30 —40 -30
bss (mV)

FIG. 3.

crosstalk is linear, at least in this regime. The value of the
slope 5 b, & directly returns the crosstalk element %y

By pluggmg agy
ing the measurements in Fig. 3(a) as a function of b56

"' into the correction matrix and repeat—

and by, [Fig. 3(b)], we now observe completely verti-
cal constant-exchange features, controlled exclusively by
b;,, as intended. The bottom-left panel in Fig. 3(b) fur-
ther confirms that the crosstalk is compensated as we
record exchange oscillations of Qs as a function of all
the by except bz(, and observe no change in frequency
for the voltage ranges considered here. Note that the volt-
age range of b_lr2 we scan here corresponds to an on:off
ratio of Ji; of more than 100. Similar ratios apply to J;3,
J34, Jag, and J7g and their respective virtual barrier gates.
This shows that for nonadjacent exchange interactions, the
gate crosstalk can be efficiently compensated over at least
2 orders of magnitude. The virtual barriers bis, b;6, and

bg7 are scanned over a range chosen as to not induce any
exchange, since this would alter the position of the avoided
crossing even without crosstalk (see Fig. 2). We show
in Sec. V how to test whether the virtualization remains
effective also when adjacent exchanges are turned on.

We find correction factors for every gate where we
were able to induce exchange, always taking care that

(b)

Virtualized

+
bls

—L 0
—-40 =30 -40 -20

Pyt big
! [ ath
is
o 1111 i
z nm .E‘

=ity 0.2 I 1l 1
0 500 —-40 -30

T (ns) L (V)

(a) S-T~ avoided crossing of Qs as a function of 5’56 on the horizontal axis and all the other barriers on the respective vertical

axis. The plots are ordered to reflect the geometric location of the stepped gate. The position of the avoided crossing is reflected by a
sharp decrease of the singlet return probability (see the main text). From the fitted red dashed lines we extract the crosstalk elements
aid'. The fact that we can fit all crosstalk features with a linear function confirms the assumption of linear barrier crosstalk. (b) S-7—

avoided crossing of QOs¢ as a function of bzﬁ on the horizontal axis and all the other virtual barriers on their respective vertical axis.

After the virtualization process the S-7~ avoided crossing position is controlled only by b;r6 as intended. To further verify that the

exchange remains stable, we plot exchange oscillations of QOs¢ at the bottom left. We vary all the virtual barriers except b; together in
the same range as in the individual plots. As desired, the exchange oscillations do not change in the ranges considered here. We repeat
the same procedure on the other barrier gates (see Appendix D) and successively fill in the values for oj}".
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FIG. 4. (a) Exchange crosstalk elements «

extracted for the barriers highlighted in bright green. We clearly see a reduction of

crosstalk with distance as we expect for capacitive crosstalk. Positive (negative) crosstalk elements imply that an adjacent barrier gate

enhances (reduces) a given exchange coupling. (b) Virtual gate matrix for the barrier gates showing «o

mn

7", summarizing the results

from (a). Except for a¢’, 37, and «g7', all the elements o7 are measured. In the experiment the elements labeled “NM” (for “not

measured”) are replaced by 0. To be clear, this matrix reports how much each b}; affects the various bym. The barrier gate voltages bj;

needed to orthogonally control the respective exchange interactions via b} are obtained from the inverse of this matrix.

nearest-neighbor gates do not induce any exchange. For
practical reasons we did not characterize virtualization of
b;6, b;, and b27 but characterized only their effect on other
gates. The fan-out of b,¢ and b3, affects the charge sen-
sors and results in a loss of the readout signal, while a
too negative voltage in bg7; accumulates spurious quan-
tum dots that couple to the spins in quantum dots 5 and
6. These problems will be addressed in future device
generations.

Figure 4(a) color-codes the extracted crosstalk elements
and shows their geometric distribution with respect to the
gate that is being virtualized (highlighted by the bright
green color). We clearly observe a decay of |« | with dis-
tance as expected. We note that crosstalk between barriers
that are side by side along the legs of the ladder is nega-
tive, similarly to what was found in previous work [5,6].
In contrast, crosstalk between barriers oriented orthogonal
to each other can also be positive, which is an indication
that lateral shifts of the quantum dot positions are less
important. Finally, many aéé and a;7 are relatively large,
sometimes exceeding 30% [see Fig. 4(b)], which suggests
that the fan-out of their respective gates, b, and b37, can
induce considerable crosstalk [see Fig. 1(d) and Fig. 6 in
Appendix A]. This fact should be taken into account when
future devices are being designed.

In the crosstalk extraction we have not considered g-
factor modulation due to detuning and barrier gate volt-
ages [43]. Moreover, we note that occasionally we have
to slightly correct the initially extracted virtualization
matrix element [Fig. 4(b)] to obtain an accurate crosstalk
compensation.

Finally, we note that this method is suitable when
exchange values are of the same order as the Zeeman
energy. For |J| <« |Er-|, which is the case for high exter-
nal magnetic field operation, there is no avoided crossing
to follow. To circumvent this, one could determine the
crosstalk elements at low external field and then perform
the desired experiments at higher field. Alternatively, it
might be possible to use microwave driving to track the
dependence of the spin resonance frequency. Indeed, the
resonance frequency of a spin is modified by the exchange
interaction, so it would be possible to fix the applied
microwave tone and scan the desired barrier against all
other barriers and extract oj;" in the same way we did here.

In the following we explore whether o/" is stable even
when nearest-neighbor exchanges are turned on. This is a
crucial question as it would allow extending spin chains
indefinitely after locally mitigating crosstalk.

V. VALIDATION OF THE VIRTUALIZATION IN
EXTENDED SPIN CHAINS

To test if the virtualization parameters are still valid in
a regime where nearest-neighbor exchanges are turned on,
we proceed to couple four spins into a chain and observe
the resulting oscillation dynamics. As shown in Figs. 2(a)
and 2(b), activated nearest-neighbor interactions result in
a highly nontrivial time evolution with multiple visible
oscillation frequencies. However, preparing special states
and evolving them at special voltage points results in a
single visible oscillation frequency that we use here to val-
idate the virtualization. For a chain of coupled spins, the
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Hamiltonian describing the system can be approximated
as [44]

0= ZgiMBBSZ’i + Z ASO,in,i + ZJU (S,Sj — %) s
' i (i)
(1)

where S = (S,,S,,S:) = h/2(0y,0,,0.) is the vector of
spin operators with the Pauli matrices o, o,, and o for
each spin and the indices i and j run over nearest neigh-
bors, and we set i = 1. The additional term Agp stems
from intrinsic spin-orbit interaction and the anisotropic g
tensors [32]. Ignoring the spin-orbit term and considering
four adjacent spins, we can conveniently write Eq. (1) in

the reduced basis {1 ) .15y T » 15 Si) 1T Tig) | as

H=Hy=

—Jyj —Ju 0 0 0
_ J:
0 Jij —Ezn —ék 0
T _
0 —é —E.; —Ju 0
_ J:
0 0 0 —E.ju+ 2

2
2)

We want to draw attention to the matrix elements that
involve |S; T};) and |T};Sk1). When |J; — Fz,ijl = |Ju—
E. 4|, the diagonal elements are equal and the resulting
degeneracy is lifted by the off-diagonal elements —Jj; /2.
We call this the resonant ST~ condition. Initializing one
of the two states |Sj; T};) or |Tl-]_-Sk1), and letting the sys-
tem evolve at this special point, results in [ST~) <> |TS)
oscillations with frequency 4f = Jj. This convenient fea-
ture was exploited in Ref. [32] to implement a two-qubit
gate for singlet-triplet qubits and in Ref. [26] to estimate
the exchange interaction in a four-qubit plaquette. Similar

arguments hold for the {|S,,-S,d> 1Sy T AT0 Sk L 1T 729}
subspace, where the resonant condition appears when

\/JUZ + AEZZU = \/szl + AEzz’kl. We use these resonant

conditions to verify whether the virtualization obtained
with nearest-neighbor couplings switched off is still valid
when nearest-neighbor interactions are turned on. This test
relies on the fact that the position of the resonant condition
depends on both Jj; (b;rj) and Jkg(b,t,) (as well as the Zee-
man energies), while the oscillation frequency depends on
ij(b;k). Hence, we can test whether we find the resonant
condition at the correct location and whether the oscilla-
tion frequency matches our expectations (more details can
be found in Appendix H).

We study three implementations of a four-spin chain
with nearest-neighbor couplings: chain 3-4-8-7, chain

2-1-5-6, and chain 1-2-3-4. In the first two cases, the chains
are curved around the right and left edges of the device,
respectively, while in the last case the quantum dots form-
ing the chain are assembled linearly. The latter situation
was previously studied in GaAs devices in Refs. [6,28].
We first consider the chain 3-4-8-7. After having
extracted the crosstalk coefficients of)', asg’, and ofg', we
measure exchange oscillations for O34, Osg, and Q75 as a
function of b§4, bzg, and b;zg» respectively, to extract the

dependence Jj; (b;). For these measurements, the other
exchange interactions are turned off such that the oscilla-
tion frequency depends only on the exchange interaction
of interest. We then fit the oscillation frequency to

1)) = \/(Jo exp {k,-j ) - bg’ij‘)})2 +AEL,  (3)

with k;, bg’ij, and AEz;; as free parameters (see Fig. 20
in Appendix G). With the knowledge of these exchange
dependencies as well as the Zeeman energies, we are able
to predict at which voltage points (b;‘, b;s) the resonant
conditions should appear. Figure 5(a) shows the reso-
nant ST~ condition as a function of b§4 and b;s with the

exchange in between set to J43 &~ 2 MHz through bzg. We
initialize |S7375,) and let the system evolve for 7 = 380 ns
at each voltage point, which ensures an approximate pop-
ulation inversion to |7,S34) at the resonant condition as

long as J4g remains unaffected by b§4 and bgg. We identify
the resonant condition as a sharp change in return proba-
bility. We do not record the joint probability of measuring
|S34T5), but rather choose to measure only P3*. By oper-
ating in regimes where leakage outside the |ST~),|7T~S)
subspace is suppressed, we still recover the desired infor-
mation. The dotted red line is the predicted location of the
resonant condition based on the extracted exchange depen-
dencies and the Zeeman energies, which agrees well with
the data. Numerical simulations of P3* resulting from the
full system dynamics also match the experimental data
very well [see Fig. 23(a) in Appendix I 1]. This suggests
that J34(b§4) and J78(b;8) are still well virtualized even
when Jyg 1s activated.

To extract the value of Jyg at a given voltage point, we
can record the dynamics at the resonant condition. To do
this, we choose any point along the resonant condition,
away from any leakage features, and sweep b§4 (b;S) by
+5 mV (F5 mV), here resulting in the dashed black line
in Fig. 5(a), as a function of the dwell time. In Fig. 5(b) we
clearly see a chevron pattern with a maximum in ampli-
tude, corresponding to the resonant condition, oscillating
at a frequency given by Jug. This frequency agrees well
with the corresponding frequency seen in numerical simu-
lations [see Fig. 23(b) in Appendix I 1], providing evidence
that also bzg is properly virtualized.
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FIG. 5. (a) Resonant |S73T75,) <> |T-4S34) condition as a function of b§4 and b;s with exchange Jyg ~ 2 MHz induced by bzg. We
record the probability of measuring |S34) after initializing |S737%,) and letting the system evolve for = 380 ns, corresponding to
a near perfect inversion of the population at the resonant condition marked by an increase in Pg“. The red dots mark the theoretical
resonant condition, based on the Zeeman energies and individual exchange dependencies, which agrees well with the data. (b) Resonant
|S78T54) <> |T5¢S34) oscillations as a function of dwell time 7 and b; — bzg. The barriers are scanned along the dashed line in (a). The
maximum oscillation amplitude corresponds to the resonant condition, and the frequency 4f = Jug. (c) Resonant [S7375,) <> |T75S34)
oscillations as a function of dwell time 7 and bZS at the resonant condition. (d) FFT of (c). The dashed red line is the exchange
dependence Jyg (bzs) extracted from the isolated Qyg oscillations, which matches well with the observed FFT peak. The latter yields
Jug (bzg) with the two neighboring exchanges activated. The inset shows a sketch of the quantum dots and interactions involved in the
experiments reported in (a)~(d). (e)~(h) Similar to (a)~(d) but for the chain 2-1-5-6. In this case bJ{S was not virtualized due to the
rather small crosstalk elements. (g),(h) Data pertaining to the resonant |S;, 7*3)4) <> |T9,834) condition. The dashed red line in (h) is a
fit and allows us to extract J; 5(bIS) even without complete virtualization. (i)~(1) Similar to (a)+d) but for the chain 1-2-3-4. While
we find good agreement with the predicted resonant condition in (i), the oscillation frequency in (j),(k) is different from the expected
value extracted from the isolated Q3 oscillations. We find good agreement with the data if we correct the value of b(T),23 by —6 mV.
This suggests that some residual, possibly nonlinear, crosstalk remains, which will require more sophisticated mitigation strategies to
account for it.

agreement, we conclude that, in this case, the virtualization
of all three barrier gates involved was successful.

We repeat the same procedure for the chain 2-1-5-6
[Figs. 5(e)-5(h)]. Here we show data that were taken dur-

Finally, in Fig. 5(c) we report coherent |S737%,) <

|T5¢S34) oscillations as a function of bls at the reso-
nant condition, while recording PgS this time. Figure 5(d)
shows the FFT of Fig. 5(c), and the dashed red line is

the exchange dependence Jyg (bzg) we extracted from the
isolated Q43 measurements. Since also here we find good

ing a different cool-down and where b:s was not virtualized
(bI2 and bz(, were virtualized). However, the crosstalk onto
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blrs turned out to be relatively weak such that Jis was

only mildly affected by bIz and b§6. Moreover, Figs. 5(g)
and 5(h) pertain to the resonant |S7°) condition. The
dashed red line in Fig. 5(h) is a fit to the data that allows
us to extract J; 5(b15) for this particular voltage configura-
tion. In addition, in Fig. 22 in Appendix I we report further
resonant condition plots similar to Fig. 5(f) for different
values of bJ{S and observe that the position of the resonant
condition does not change. We therefore conclude that the
virtualization of bIz and bzé is correct also in this four-
spin chain, and we have full knowledge of the Hamiltonian
parameters in this configuration.

For the ultimate test, we consider the same plots as
for the chain 3-4-8-7 also for the chain 1-2-3-4 involv-
ing by3, which displays the severest crosstalk elements 35’
[Figs. 5(1)-5(1)]. Although we find good theoretical agree-
ment with the data in Fig. 5(i), to match the oscillation
frequencies in Figs. 5(j) and 5(k), we needed to adjust
the value of bg’m by —6 mV compared with the values
extracted via Eq. (3) from the isolated oscillations Q3.
This suggests that while we are able to correct for most
of the crosstalk, there might be some nonlinear effects that
we did not take into account. We have identified a possi-
ble cause of this, which was also extensively discussed in
Ref. [8]. We observe nonlinear crosstalk between b, and
P35, which we show in Fig. 8 in Appendix B. This can lead
to miscalibrated crosstalk and the observed discrepancy
between the isolated 0,3 and the coupled four-spin chain
measurement. To correct for such effects, we would require
a more sophisticated, nonlinear crosstalk compensation
scheme, which is beyond the scope of this work.

In general, we find that we are able to compensate most
of the crosstalk and infer the Hamiltonian parameters also
in the coupled four-spin chains. All the data are supported
by numerical simulations that we report in Appendix I 1.

VI. DISCUSSION

In this work, we have proposed and demonstrated a
way of directly extracting barrier-to-barrier crosstalk by
tracking the constant-exchange feature given by the S-7—
avoided crossing in Ge. While the effects generally vary
from gate to gate, we were able to observe a few trends.
Electrodes featuring a fan-out in proximity to other gates
typically display large crosstalk to other exchanges. For
two-dimensional quantum dot arrays, these lateral fan-
outs can be avoided through a vertical fan-out with vias
[45—47]. Perfecting the gate layout and oxide composition
can also contribute to reduced crosstalk, as demonstrated
recently [10]. On the other hand, barrier gates oriented per-
pendicularly to each other and with no proximal fan-out
typically show much less crosstalk, which seems easier to
mitigate. This suggests that, for one-dimensional chains, a

zigzag alignment of quantum dots could be favorable over
a strictly linear placement.

An important verification tool in our work is the con-
struction of four-spin chains and their time evolution at the
resonant ST~ or ST’ condition. It allowed us to confirm
that the crosstalk extracted in the isolated two-qubit regime
also mostly carries over to the regime of coupled four-spin
chains. This important observation might enable the con-
struction of longer spin chains with only local crosstalk
calibration.

Finally, we emphasize also some of the limitations of
this method. If we want to use the S-7~ avoided crossing,
we can calibrate the crosstalk reliably in only the isolated
two-spin regime and only for J ~ Er—. Other methods for
direct crosstalk extraction can be used and also rely on fol-
lowing a constant-exchange feature, but are still limited to
the isolated two-spin regime. For example, to extract the
crosstalk elements a3’ we made use of exchange oscilla-
tions at a fixed time evolution (see Fig. 13 in Appendix D)
as we did not calibrate |S) initialization and direct PSB
readout due to the distance from the sensing quantum
dots. This method is more versatile as it does not require
spin-orbit interactions, making it suitable also for GaAs
or silicon quantum dot devices. Nonetheless, we found
that the S-7~ avoided crossing is a feature that is typi-
cally robust and easy to measure without knowledge of the
particular Hamiltonian parameters such as the exchange
dependence on any barrier or any lever arms. This infor-
mation was crucial in earlier work on virtualization [5,6].
In practice, the method presented here is, therefore, prefer-
able as it requires less overall knowledge of the device.
These considerations make this method also a good candi-
date for automated calibrations [5,7], which can be easily
integrated into existing routines [8].

With our findings, we have shed further light on the
intricate crosstalk behavior in multilayered spin qubit
devices. We also demonstrated that, despite the density of
electrodes, linear crosstalk can be managed and corrected
for. Generally, the designing of large spin-qubit arrays
leaves room for improvement, for which this work pro-
vides valuable guidance. Furthermore, our results open the
possibility of observing multispin physics in longer chains
and two-dimensional geometries, with detailed knowledge
of the underlying Hamiltonian [44].
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APPENDIX A: DEVICE FABRICATION AND
EXPERIMENTAL SETUP

The device is fabricated on a Ge/Siy,Ge g heterostruc-
ture with a quantum well buried 55 nm below the surface.
The growth is performed by chemical vapor deposition
starting from a Si substrate. After growth of a thick layer

N

0.0

\\\\ VG(TQQ.O
(X,

-1062.0

FIG. 7. Typical dc voltage configuration in the experiments
presented in this work. The color scale reflects the voltage Vi
applied to the individual electrodes. Electrodes in white are either
grounded or have 0 V applied. All voltages on the bottom-right
sensor are 0 V as the sensor plunger was faulty. Starting from
the dc configuration, pulses on the AWG channels allow us to
quickly change the charge state or the exchange.

of Ge on the substrate, the Si concentration is linearly
increased to reach the desired composition [Fig. 6(e)] [29].
The fabrication starts with markers and SiN pads patterned
via optical lithography. Subsequently, the Ohmic contacts
are defined via electron-beam lithography [Fig. 6(a)]. The

Wwu GG

SIHII\\\

FIG. 6. Device design and heterostructure. (a) In the first metal layer we deposit the Ohmic contacts. (b) After annealing while
depositing the gate oxide, we proceed with the first barrier gate layer, which also includes the sensor barriers to the leads. (c) In the
third gate layer, we deposit screening gates and the two central barrier gates b,s and b37. (d) Finally, we deposit the plunger gates
including the sensors. (e) Heterostructure with the gate stack on top. The thick black layers in between the gates symbolize the gate
oxides.
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FIG. 8. Plunger against barrier virtualization. The plots show charge stability diagrams of pg vs p; while b, is changed. The dashed
white lines mark the charge transitions of quantum dot 8 (vertical) and quantum dot 3 (horizontal). The red dot is the center of the
charge stability region, which we can follow in all the plots as we lower the value of b};. The panel at the bottom right shows the
extracted center position of p; for the different barrier voltages. The dashed black line allows us to extract the crosstalk correction
between b); and p;. However, we notice that for very negative barrier voltages the center position deviates from this line, indicating
that the crosstalk has changed. Similar observations were made in Ref. [8] and will require more sophisticated nonlinear correction

schemes.
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ps 10.14 0.27 0.00 0.00 0.38.0.27 0.07 0.51 0.20 0.00 XN 0.80 0.30 0.350.20 0.00
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ps 40.02 0.04 0.23.0.00 0.00 0.14 0.24 0.05
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FIG. 9. Crosstalk matrix for a first layer of gate virtualization. The linear combination of p; and b; to orthogonally control the
quantum dot potentials is obtained from the inverse of this matrix. As a consequence of deposition of the barrier gates as a first
gate layer, large correction pulses on the plungers are needed to compensate for barrier pulses, as highlighted by the large crosstalk
elements. For example, a pulse on b5, would require a pulse of twice the amplitude on pg to maintain the electrochemical potential of
quantum dot 6 unchanged. PSBL, plunger of the bottom-left sensor; PSBR, plunger of the bottom-right sensor; PSTL, plunger of the
top-left sensor; PSTR, plunger of the top-right sensor.
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FIG. 10. (a) S-T~ avoided crossing of Q;, as a function of €},
and b}, with an improper first layer of virtualization leading to
a skewed U shape. (b) Same measurement as in (a) but with
corrected virtualization returning a symmetric U shape.

contact material is Pt, which, after deposition, is annealed
during the oxide deposition (7 nm of Al,O3; grown by
atomic layer deposition). In the following, we alternate
electron-beam lithography, metal deposition, and oxide
growth to define the barrier gate layer [Fig. 6(b)], the
screening gate layer [Fig. 6(c)], and the plunger gate layer
[Fig. 6(d)]. The gate material is Ti/Pd, with a thickness of
3 and 17 nm, respectively, for the first gate layer, 3 and 27
nm, respectively, for the second gate layer, and 3 and 37
nm, respectively, for the third gate layer.

All measurements are performed in an Oxford Triton
dilution refrigerator at a nominal base temperature of 13
mK. We apply magnetic fields of 10 mT in the in-plane
direction. The device is mounted on a custom-made printed
circuit board (PCB). dc voltages from homebuilt serial
peripheral interface digital-to-analog converter modules
and pulses from a Keysight M3202A arbitrary waveform
generator are combined with the use of on-PCB bias

(a)

tees. Radio-frequency reflectometry for charge sensing is
done with the use of serial peripheral interface in-phase
and quadrature demodulation modules and on-PCB LC
tank circuits. The demodulated signals are recorded by a
Keysight M3102A digitizer.

The voltages necessary to tune the device into a regime
with a single hole in each of the eight quantum dots
(except quantum dot 2, where three holes are confined)
and form single-hole transistors in the top-left, top-right,
and bottom-left quantum dots are plotted as a heat map in
Fig. 7. We found that the bottom-right sensor was faulty,
which is why all voltages in that area are set to 0 V.

APPENDIX B: CROSSTALK MATRIX FOR
PLUNGER VIRTUALIZATION

Virtual plunger gates ease device control and are rather
straightforward to obtain from charge stability diagrams.
Plunger-to-plunger crosstalk can be directly extracted from
the slopes of the reservoir addition lines. To compensate
for crosstalk from barriers to plungers it is important to
account for the fact that increased coupling, induced by the
barrier, will also modify the plunger-to-plunger crosstalk
element. We must therefore ensure we first start from a set
of dc gate voltages close to the desired operating condi-
tions. Once a suitable dc voltage configuration is found,
we record charge stability diagrams and change the barri-
ers in steps. In this way, it is possible to track the center of
the (1,1) charge stability region as a function of the barrier
and compensate for this shift (we use a manual version of
the method described in Ref. [8]) (Fig. 8). The resulting
virtual gate matrix is depicted in Fig. 9.

In a next step, we define detunings €; = ap; — bp; and
electrochemical potentials j1;; = cp/ + dp; where a, b, c,
and d are coefficients that we experimentally determine.
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(a) Line-cut of (b) corresponding to the top-right panel in Fig. 3. (a) We fit a Gaussian to the data to extract the position of

the minimum in the singlet probability. We repeat this for every value of b/,. (b) Crosstalk extraction ozslé. The white crosses are the

extracted minima in Ps. The dashed red line is a fit to the data. The slope returns —os¢.
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If the definitions of ¢; and the barrier-to-plunger virtu-
alization are correct, the S-7~ avoided crossing position
as a function of detuning and (virtual) barrier should be
a symmetric U shape (in the absence of modulations of
the g factor) [32]. An example of an ill-defined virtualiza-
tion leading to a skewed U shape is depicted in Fig. 10(a),
while Fig. 10(b) shows the same measurement with cor-
rected virtualizations. This step is crucial for the subse-
quent barrier-to-barrier compensation, since an unwanted
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detuning between the quantum dots would enhance the
exchange of interest.

APPENDIX C: CROSSTALK EXTRACTION

Figure 11 shows the process for extracting the crosstalk
element. In Fig. 11(a) we show a line-cut of the top-left
panel of Fig. 3. The dashed black line is a Gaussian fit
from which we are able to extract the position of the

(b) Virtualized
bi,
b 20 SO )1 Iy
PlT 0.8 20 &#‘ ;“ﬂﬁ‘&
ol 1okt lil)
0 500
b] bl blg
50 | ‘ ‘If IlI| l‘ ‘h | ‘II‘1 25 -“ “ 11 I\
[ { | - Il ’ | 1
0 i ‘l“‘w‘\l‘l | Ol‘l“\‘il‘\ll
! 1 ‘\ | I 1 ’ ‘I‘Hl l I |
0 500 0O 500 O 500
bls
50 ‘ i ']I‘
0 | | i
| 1 \I 1
g i1 oLl o "? ! ?
0 500 O 500 O 500

T (ns)

(a) Exchange oscillations of Q;, as a function of b}, and all the other barriers b:J Since we do not have direct access to

the S-7~ avoided crossing in O3, we opted to initialize || 1] |) in the top row and record Pﬁ By fixing the evolution time t and
scanning b, against the other barriers, we are still able to follow features and extract the crosstalk element, although no feature stands
out more than others. (b) Exchange oscillations of Q;, as a function of bj,,,, and duration 7. None of the virtual barriers b; affect the

oscillation frequency, which indicates that the crosstalk to b; is correctly compensated.
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FIG. 14.

Virtualized

-20-10

—-20-10 -20-10

bi, (mV)

(a) S-T~ avoided crossing of Q34 as a function of b3, and all the other barriers b];. The slopes return the crosstalk element

ajy’. (b) S-T~ avoided crossing of Q34 as a function of b34 and all the other virtual barriers b:;

avoided crossing. The white crosses in Fig. 11(b) mark the
extracted avoided crossing positions, to which we can fit
the dashed red line. The crosstalk element «l2 is simply
the slope multiplied by —1. Such a procedure is repeated
for all the other barrier gates to fill out the crosstalk
matrix.

APPENDIX D: CROSSTALK FOR OTHER
BARRIERS

Figures 12—17 present data analogous to the data shown
in Fig. 9 for QOs¢. Specifically, they show the avoided

(a) Not virtualized

—50 —40
20 -
—50 —40 —50 —40 —-50 —40
b'ys (mV)

FIG. 15.

crossing features or exchange oscillations of Q12, 023, O34,
015, Qus, and Q7g, respectively. In Figs. 12—17, the plots
associated with the respective barriers are organized to
reflect the geometry of the device. We always chose the
ranges in a way to not induce any exchange for nearest-
neighbor barriers. For Q,3 we do not have access to direct
PSB readout. Therefore, we opted to initialize the state
[{11{) in the top row and record exchange oscillations
at a fixed duration 7 and scan b); against b),,. We record
the probability P!2 |'t» which, with b, and 3, not inducing
any exchange, oscillates at a frequency determined by b’;.
While the resulting features are not as clear and isolated as

(b) Virtualized

0 0
—50-40-30

wm

—50 —40

—50—40—30 —50 —-40

bis (mV)

—-50 —-40

(a) S-T~ avoided crossing of Qs as a function of 5|5 and all the other barriers b:j The slopes return the crosstalk element

afd. (b) S-T~ avoided crossing of Q15 as a function of b;rs and all the other virtual barriers bz Except for b; all the virtualizations are

correct. We note that when a gate crosstalk element is zero, b/

> Ymn

= b}, for this case and we simply reproduced the plots from (a) in (b).
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(a) Not virtualized

-50 -15 -50 -15 -50 -15
b'4g(MV)

(b) Virtualized
50 bg , bl
25
ok 0

20 =50 —15 -50 15
bls bl,

-50 -15 -50 -15 -50 —15
bls (MV)

FIG. 16. (a) S-T~ avoided crossing of Qus as a function of )¢ and all the other barriers b;] The slopes return the crosstalk element

ayg'. (b) S-T~ avoided crossing of Qgg as a function of big and all the other virtual barriers b:; We note that when a gate crosstalk

element is zero, b/,

the ones from the avoided crossing, they still allow us to
extract a crosstalk element. Figure 13(b) shows exchange
oscillations between spins 2 and 3, again recorded as Pﬁ,

which are not influenced by any of the By, demonstrating
that crosstalk is compensated.

Lastly, we note that the crosstalk elements reported
in Fig. 4(b) are the ones we used in the experi-
ments reported in Fig. 5 and are not necessarily the
same as the slopes in the measurements here would
suggest.

(a) Not virtualized
_b'ys

(;Zpl;:}:)l;:}:?
CO00000

25
b'7g (MV)

= b}, for this case and we simply reproduced the plots from (a) in (b).

APPENDIX E: INITIALIZATION AND READOUT
SCHEMES

Figure 18 schematically shows the different initialization
and readout schemes. A fast pulse [Fig. 18(c)] initializes
and reads |S), a ramped pulse starting after the avoided
crossing [Fig. 18(e)] initializes || 1) or |1]), while a
ramped pulse starting before the avoided crossing initial-
izes || |). During the time evolution in (1,1) we apply
a pulse on a barrier to induce exchange. Combining the
initialization pulse with an appropriate pulse shape to

(b) Virtualized

bl (MV)

FIG. 17. (a) S-T~ avoided crossing of 075 as a function of b and all the other barriers b};. The slopes return the crosstalk element

a’g'. (b) S-T~ avoided crossing of Q7 as a function of b;rs and all the other virtual barriers b;
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FIG. 18. (a)Charge stability diagram of a double quantum dot as a function of detuning and the electrochemical potentials of the two
quantum dots, which are uniformly varied. When the detuning is equal to the charging energy U, charges are transferred between the
quantum dots through the vertical transition lines. The region inside the dashed triangle corresponds to the metastable region, where
Pauli spin blockade occurs, assuming the triplet excited state falls outside the triangle (otherwise the triangle is truncated). A typical
experiment starts with two charges in one of the two quantum dots [(2,0) or (0,2) charge region, as depicted in the left sketch in (b)].
We then pulse the system into the (1,1) region at the dwell point D. Depending on the ramp type [(c), (e), or (g)] we initialize |S), || 1),
or |} {). After letting the system evolve, we pulse the detuning back to the measurement point M and perform single-shot readout of
the final state. (b) Typical charge and spin configuration at the initialization point / and measurement point M (left) as well as at the
dwell point D (right). (c) Pulse scheme to obtain ST° oscillations for initialization in |S) and reading |S) (by “reading a state,” we mean
distinguishing this state from the other three states in the two-qubit space). After pulsing the detuning quickly to D, we diabatically
pulse on the barrier voltage and next diabatically pulse the detuning back to M. A typical oscillation pattern as in (d) emerges. (d)
Singlet-triplet oscillations of Qs as a function of b%. For more positive barrier voltages we clearly see S-7° oscillations at frequency
hf = AgseupB. As the barrier voltage is lowered and exchange increases, the oscillation frequency increases and the visibility is
lowered, indicating the initial |S) state is now an eigenstate of the system. Around b5, = —40 mV another oscillation can be observed,
corresponding to S-7— oscillations at the S-7~ avoided crossing. () Pulse scheme to obtain exchange oscillations for initialization
and readout of |1 ). By ramping the detuning adiabatically with respect to Agu B (after diabatically sweeping over the S-7~ avoided
crossing), we are able to initialize an antiparallel spin state at the dwell point. A diabatic pulse on the barrier will then induce SWAP
oscillations between |1 ) and || 1). Ramping the detuning back adiabatically until the avoided crossing and then diabatically until the
measurement point takes the final |1 ) state onto a singlet (2,0) during readout, effectively returning P; . (f) Exchange oscillations as
a function of b, with use of the pulse scheme in (e). This time we see the amplitude of the oscillations increase as we lower the barrier
voltage and exchange is enhanced, as expected for SWAP oscillations starting from | 1). (g) Pulse scheme to obtain oscillations for
initialization and reading |7~) by adiabatically ramping the detuning over the S-7~ avoided crossing. The same adiabatic ramp before
readout takes |7) onto a singlet (2,0) during readout, effectively returning P . Between initialization and readout, a diabatic barrier
pulse is applied. (h) With the pulse scheme in (g) we now see oscillations only at the S-7~ avoided crossing as expected when starting
from |7).

the readout point unveils S7° oscillations [Fig. 18(d)], APPENDIX G: EXCHANGE PROFILES FOR
exchange oscillations [Fig. 18(f)], or ST~ oscillations BARRIER GATES

[Fig. 18(h)]. We typically operate every singlet-triplet qubit at its

APPENDIX: F: g FACTORS symmetry point (¢; = 0). Here the exchange is determined
solely by the height of the tunnel barrier (J = %). It
is common practice to approximate the exchange depen-
dence on the barrier by an exponential function J(b;;) =
Jo exp (k(b,»j — bo,ij)), where by is an offset determined
by the dc voltage configuration and Jy = 1 MHz. k can be

We extract the resonance frequencies f; of our spins
by means of electric dipole spin resonance and find
our effective g factors as g; = M-’I‘T’:Bh, where £ is Plank’s
constant, at field B = 10 mT. The results are summarized
in Fig. 19.
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FIG. 19. g factors for the spins in the different quantum dots.

The g factors were extracted from electric dipole spin resonance
experiments (data not shown).
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FIG. 20.

interpreted as a barrier lever arm, e.g., how strongly the
barrier voltage affects the exchange. This is dependent on
the gate layout and the dc voltage configuration. Figure 20
shows the exchange profiles of the singlet triplet qubits we
measured alongside their FFTs and fits to the exchange for-
mula. Table I summarizes the extracted values for all the
singlet-triplet qubits measured.

APPENDIX H: SINGLET-TRIPLET RESONANT
CONDITIONS

In this appendix we further elucidate the reasoning
behind the resonant four-spin ST~ and S7° conditions that
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(a)+(h) Exchange oscillations as a function of the barriers, and FFTs of the oscillations with fit to the exchange formula.

The insets schematically show which S-7 qubit is activated. All other exchanges are switched off.
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TABLE I. Measured exchange dependencies on the barrier
gates. b}, and by, have not been measured, and b is not vir-
tualized. The dc voltages ensure that |b;§ ;1 <50 mV, enabling

a large on:off ratio within a comfortable pulse amplitude for the
AWG. NM, not measured.

Gate k (mv—") b (mV)
b, ~79.29 11.7
bl —94.72 44.1
bl —96.69 21.0
bl —90.05 202
by, —90.02 -9.8
by, NM NM
bl —86.38 226
bl —90.00 13.2
b NM NM
bl ~71.6 50.1

are plotted in Fig. 5. In the presence of an external mag-
netic field B and isotropic but site-dependent g factors g;,
with i = 1, the Heisenberg Hamiltonian assumes the form

H= ZgilLBBSz,i + Z As0,iSyi + Z’]’/ (SiSj — %) ,

(i)
(HI)

TABLEII. Four-spin shared eigenstates of 52 and & expressed
in a basis of two-spin singlets and triplets. As the Heisenberg
Hamiltonian is spin conserving, it couples states only within the
same subspace. Note that these states are, in general, not eigen-
states of the Heisenberg Hamiltonian. The lowest two states of
the 7° and T~ subspace in the table are used to find resonant
four-spin conditions in Fig. 5.

Subspace (S, mg) Two-qubit basis states
2.%2) T Tig)
1
0 2,+1) E(Iﬂ}ﬁ) + 1T T)
1
2,0) %(IT;YZ,)+I7;TZ)+2IT§}7%))
1
72073@ L))
T+ (1,%1) | T3+ Sk)
1S Ti)
1
Euf;;m —1T; T5)
r (1,0) |7} Sw)
1S5 T}
1
s (0,0) E(w;m) +1T; Ty) — 1Ty TY)))

N

where S = (S, S,,S:) is the spin operator on site 7. Here
Ao consists of anisotropic g-tensor components and the
intrinsic spin-orbit interaction in the spin-orbit frame [49].
The influence of additional S, terms in the spin-orbit term
can be ignored if we analyze only the isolated ST~ (S7°)
subspace [32]. For four spins i,j,k,! it is instructive to
write the basis states of the different spin subspaces in the
familiar singlet-triplet basis of two-spin states. These are
summarized in Table II. Without the spin-orbit interaction,
a spin system initialized in one of these subspaces should
evolve only within that subspace, e.g., the total spin num-
ber is conserved. We particularly want to draw attention
to the two lowest states in the 7° and 7~ subspace. These
states contain one singlet and one triplet each.

1. |ST™),|T~S) subspace
In the case of reduction to the basis {lS,jSk;) S Ty) s
\ T3 Su) 1T T,;)} the Hamiltonian takes the form [32]

Hgr- =
W T
Aszo’k[ —Jj —E- —% %
% —% —E.; —Ju Aszo,kz
Aszo,ij AS20,k1 O+ %
(H2)

Compared with Eq. (2), we have included the spin-orbit
part as well, which gives rise to leakage terms outside the
NEIME |T; Sy) subspace. However, these occur only at
the respective avoided crossings (J;; = E_Z,j ), and it is easy
to operate away from these locations. When |J; — Ez ;| =
[J — EZ,kIL the middle two diagonal terms are equal and
the off-diagonal terms ‘% become dominant. Initializing
|S;; T};) and pulsing quickly to this condition will induce
|[S,-j ]T,Q) < |T;Si) oscillations with frequency for- = %
26].

2.|87%,|7°S) subspace

In the case of reduction to the basis {|S!-,Sk;) 1S 721) ,
|Tg-Sk;) , |Tg- 721)} the Hamiltonian takes the form

Jik
—Jij —Ju AEzn AEzy vy
Jik
AEz —Jj vy AEz
HSTO = ij
AEz Y —Ju AEzy
Jir
—f AEz; AEzy 0

034051-18
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FIG. 21. (a) Simulated energy diagram of the four-spin system 2-1-5-6 as a function of b;6 . b;rz as scanned in Fig. 5(b). The
overlap with the four important states in the legend is color-coded and thickness-coded. We can observe two avoided crossings, one
for |ST~) <> |T~S) and the other for |ST®) <> |7°S). The fact that the avoided crossings occur at different gate voltages reflects the
slightly different requirements for J;, and Js¢. However, the size of both avoided crossings is equal and determined solely by J;s. (b)
Same as Fig. 5(e). (c) Resonant |, 726) condition as a function of b;6 and blrz. We initialize |S}, 726) and let the system evolve for 100
ns at each voltage point with a small exchange opened through bIS. Like in (b) we can identify a sharp resonant condition that occurs
at slightly different gate voltages than in (b) as |S}, 7‘5)6) evolves to |T‘1)2S56). In the bottom-left quadrant, however, the two resonant
conditions approach each other. This is expected since J;, and Js¢ become the dominant energies in the system. We can also identify
two leakage features indicated by the black arrows. One pertains to the singlet-triplet avoided crossing of Q> (Aso), while the other,
at more positive voltages of b{z, is attributed to ST° oscillations in Q, since Ji; &~ AEz 5.

Similarly as in the case of the Hamiltonian (H2),

we can induce |S; 7)) <> |T§Sk1) oscillations at frequency
Vi +AES, =

we can identify a resonant condition:

/G + AEZ . Again we find that at this special condition

for0 = JZ—" In this case, however, the leakage terms out-
side this subspace are given by AEz;; i; and are slightly
more difficult to avoid. We need to ensure that J; > AEy;;

40+

L | | e |

I I e [ e
| B | B A EREEY BRRART,
*:;3 - |b{5‘ =220 mv] ‘b{s‘ =-240 mv]

L
I

200 400 0 2
T (ns)

I|bls = -30.0 mv

20— :
05 200 a00 o0

FIG. 22. Resonant |S), 7(5)6) condition. The color scale reflects the return probability Péz as in Fig. 5(b). We scan b& from —7 to 3 mV
while scanning le(z from —27 to —37 mV and changing bIS in steps. The resonant condition is marked by a maximum in the oscillation
amplitude and a minimum in the oscillation frequency. We observe a stable position of the resonant condition as we decrease the
voltage on bfs, showing that J1, and Js¢ remain unaltered (or more specifically that Js¢ — Ji, remains unaltered). The chevron pattern
we observe becomes broader as we decrease bJ{S, which is expected as the off-diagonal term in the reduced four-spin Hamiltonian
increases.
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FIG. 23. Simulations of the chain spanned by quantum dots 3, 4, 8, and 7. (a) Simulated singlet return probability P§4 as a function
of b;‘ and b;rg with an exchange opened between spins 4 and 8. The dotted red line is the same as in Fig. 5(a) and marks the condition

|34 — Ez34] = |J78 — Ez73]. We find excellent agreement with the data. (b) Resonant S347-; condition. We sweep bL and b;s like in
the experiment reported in Fig. 5(b) and report P3*, finding again good agreement with the data. The leakage features for low values

of b;4 — b;s are not prominent in the experiment, which we attribute to a low sensor contrast. (c) Resonant S3;75; oscillations as a

function of be; at the resonant ST~ condition. This time we report P;g as in the experiment. The simulation matches the experimental
results in Fig. 5(c) very well.

and Jy > AEzy, which, for the top-right quadrants in
Figs. 5(a), 5(e), and 5(i) is not always given. These notions
are summarized in Fig. 21. In Fig. 21(a) we plot the energy
of the four-spin system 2-1-5-6 as a function of bz6 - blrz
as scanned in Fig. 5(b) with a small exchange between
spins 1 and 5 in the chain induced by bfs. The overlap with
the four important states in the legend is color-coded and
thickness-coded. We observe two avoided crossings, one
for |ST~) <> |T~S) and the other for |ST°) <> |7°S). The

(@)

fact that the avoided crossings occur at different gate volt-
ages reflects the slightly different requirements for J;, and
Js¢. However, the size of both avoided crossings is equal
and determined solely by Jis.

Finally, we point out that since the readout in PSB
is not capable of distinguishing |7°) from |7), we will
find more “leakage” features that, while not directly cou-
pling the different subspaces, will lead to deviations from
the expected resonant condition positions. This can be

~30 -20 -10
bds (mV)

200
T (Nns)

FIG. 24. Simulations of the chain spanned by quantum dots 2, 1, 5, and 6. (a) Simulated singlet return probability P§? as a function
of b§6 and b’;z with an exchange opened between spins 1 and 5. The dotted red line is the same as in Fig. 5(¢) and marks the condition
|J12 — Ez12] = |J56 — Ezs6]. We find good agreement with the data. (b) Resonant S, 75, condition. We sweep bzﬁ and b}hz like in the
experiment reported in Fig. 5(f) and again report P;z, finding again good agreement with the data. For low values of b§6 - bf2 we also

observe leakage features due to ST° oscillations in O\, just like in the experiment. (c) Resonant S, 726 oscillations as a function of blrs
at the resonant ST° condition. The simulation matches the experimental results in Fig. 5(g) very well.
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Simulations of the chain spanned by quantum dots 1, 2, 3, and 4. (a) Simulated singlet return probability P}’ as a function

of b;r4 and b;rz with an exchange opened between spins 2 and 3. The dotted red line is the same as in Fig. 5(i) and marks the condition

[J34 — Ez34] = |[J12 — Ez12]. We find good agreement with the data. (b) Resonant S},75, condition. We sweep b;4 and b;z like in the
experiment reported in Fig. 5(j) and report Pi?, finding again good agreement with the data except for the leakage features, which

are not present in the data, probably due to low visibility. (c) Resonant S}, 7>* oscillations as a function of b; at the resonant ST~
condition. The simulation matches the experimental results in Fig. 5(k) well.

appreciated in Fig. 21(c), where we record the S}, 726 res-
onant condition. Apart from the expected diagonal feature,
we also observe two horizontal features indicated by the
arrows. One is attributed to ST° oscillations in Q,, and the
other is attributed to ST~ oscillations at the spin-orbit anti-
crossing of Q1,. Apart from the spin-orbit-induced leakage
terms, the Hamiltonian that we use to simulate the sys-
tem contains all the necessary information to reproduce the
experimental results.

APPENDIX I: ADDITIONAL DATA FOR THE
RESONANT 1256 CONDITION

Figure 22 shows additional measurements of the res-
onant S12726 condition as we change b}LS in steps. We
notice the maximum of the oscillation amplitude is always
at the same point for bz(, — bIz, which suggests that we

have likely compensated the crosstalk to bIS correctly. The
chevron pattern becomes more spread as a result of an
increase in Jj5, which is reflected also by the minimum
oscillation frequency in each plot.

1. APPENDIX J: SIMULATIONS OF THE
HEISENBERG CHAIN

We perform the simulations of our experiments with
the PYTHON package QuTiP and assume that the sys-
tem evolves under the Heisenberg Hamiltonian defined
in Eq. (2). We incorporate the experimentally determined
g factors and exchange profiles. For the four-spin chains
we operate far from the spin-orbit avoided crossing and
therefore omit them in the simulations for simplicity. Our

model still captures the relevant parts of the system dynam-
ics. Furthermore, in our analysis we have ignored g-factor
modulations due to barrier gate voltages. For high enough
exchange, a small deviation of the g factors will not alter
the dynamics of the system considerably. Figure 23 sim-
ulates the results for Figs. 5(a)-5(c), Fig. 24 pertains to
the experimental results reported in Figs. 5(e)}-5(g), while
Fig. 25 simulates the results for the linear chain shown
in Figs. 5(1)-5(k). In Figs. 23-25 the dotted red lines
are the same as in the corresponding figures in the main
text.
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