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An electron confined by a semiconductor quantum dot (QD) can be displaced by changes in electron
occupations of surrounding QDs owing to the Coulomb interaction. For a single-spin qubit in an inhomo-
geneous magnetic field, such a positional displacement of the host electron results in a qubit energy shift,
which must be handled carefully for high-fidelity operations. Here, we spectroscopically investigate the
qubit energy shift induced by changes in charge occupations of nearby QDs for a silicon single-spin qubit
in a magnetic field gradient. Between two different charge configurations of an adjacent double QD, a spin
qubit shows an energy shift of about 4 MHz, which necessitates strict management of electron positions
over a QD array. We confirm a correlation between the qubit frequency and the charge configuration by

using a postselection analysis.

DOI: 10.1103/PhysRevApplied.23.054078

I. INTRODUCTION

Spin qubits based on silicon quantum dots (QDs) are
regarded as a compelling platform for quantum informa-
tion processing. Recently, milestones toward fault-tolerant
quantum computation have been achieved, including fault-
tolerant fidelities of universal gates [1—4], measurement
and initialization [4—6], and quantum phase-error correc-
tion [7]. Efforts to scale up toward large-scale quantum
information processors have spurred extensive research
in various areas such as multiqubit development [6,8],
high-temperature operations [4,9—11], and the adaption of
industrial fabrication technologies [8,12]. In scaling up
quantum processors, crosstalk effects from various sources
are one of the serious obstacles [6]. Spin-qubit opera-
tions accompanied by a transfer of electrons can cause
crosstalk originating from the Coulomb interaction among
qubit-host electrons. This class of operations includes
qubit shuttling [13—18] and midcircuit qubit measurement
for feedback [4,6,19], both of which play indispensable
roles in varieties of silicon-spin-based quantum architec-
tures [20—24]. An electron transferred in such operations
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changes electrostatic potential in nearby QDs due to the
Coulomb interaction and displaces electrons inside these
QDs. This results in a Zeeman energy shift of the spin
qubits hosted by the displaced electrons in the presence
of an inhomogeneous magnetic field [Fig. 1(a)]. To assess
the impact of the positional displacement of a qubit-host
electron, the charge-induced energy shift of a spin qubit in
a magnetic field gradient should be proved directly, while
a charge-induced change of exchange coupling has been
utilized for operations of singlet-triplet qubits previously
[25-27].

A magnetic field gradient in a spin qubit device with
a micromagnet [28] can make the charge-induced energy
shift large enough to be a major phase-error source,
although it has not yet been measured. A number of reports
on qubit shuttling do not pay attention to phase accu-
mulation on a qubit near the shuttled qubit [13—16,18].
A recent work demonstrating a two-qubit gate between
a shuttled and a localized qubit also does not measure
the charge-induced energy shift while dealing with phase
accumulation by a decoupling pulse [17]. The charge-
induced energy shift relevant to spin-to-charge conversion
for qubit readout will be crucial in quantum circuits with
midcircuit measurements, which are not implemented in
the field of silicon spin qubits except for phase-incoherent
implementations [6,19]. In singlet-triplet qubits, a charge-
induced energy shift has been observed and utilized for
their operations previously [25-27]. This energy shift is
mainly due to the change of exchange interaction induced

Published by the American Physical Society
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FIG. 1. Charge-preparation protocol. (a) Schematic image of the mechanism of the charge-configuration-dependent energy shift of
a spin qubit. (b) SEM image of the device (left) and schematic drawing of the cobalt micromagnet (right). The red circles show QDs
hosting spin qubits. The orange ellipsoid shows the QD serving as a charge sensor. The white arrow shows the direction of the external
magnetic field. The black rectangle in the right-hand side panel shows the area shown in the left-hand side panel. The micromagnet has
an inversion symmetric about the dashed line. (c) Charge stability diagram as a function of P1 and P3 biases. Green solid and dotted
lines show the position of the charge degeneracy points relevant to QD-reservoir and inter-QD tunneling, respectively. In addition,
ninyn3 denotes the charge configuration, giving the ground state in the region enclosed by the charge degeneracy points; Vi, V5, V3,
and V4 denote gate-bias sets used in the experiments. For V', V3, and V4, different bias sets are used between experiments containing
ql and q3 operations, as denoted in the figure. The bias set for V; is identical for both q1 and q3 experiments. (d) Sequence of gate bias
(top) and rf pulses (bottom) to evaluate the charge-preparation protocol. The system prepared in the 102 and 201 regions is adiabatically
transferred to the 111 region through the charge degeneracy point between the 102 and 201 regions and 111 region (green dotted line)
and returned from the center of the 111 region (7>) to the center of the 102 and 201 regions (V) in the pulse-back duration Tpsk. To
evaluate the probability of obtaining the 111-charge configuration Py;; in the 102 and 201 regions, we apply a probe-tone burst (green
meandering curve) and measure reflection in the charge-readout (c-RO) stage. (e) Two typical charge-sensor signals V¢ as a function
of time after returning to the 102 region, frecorg- The high and low V¢ values denoted by the orange and green dashed line indicate
occupations of the 111 and 102 configurations, respectively. (f) Histogram of the V¢ value at frecorg=0. Blue and orange data are
measured in the 102 and 201 regions, respectively. The dashed lines show threshold values used to discriminate charge configurations.
(g) Distributions of the dwell time in the 111 configuration in the 102 and 201 regions (blue and orange). The blue and red curves are
exponential fit functions to evaluate the charge relaxation time 7., as shown in the figure.

by the positional displacement of an electron instead of  this charge-induced energy shift is less sensitive to gate
the magnetic field gradient and, thus, would be suppressed  biases than the energy shift caused by gate bias. Finally,
with exchange coupling that a barrier-gate bias can control. ~ we confirm the correlation between the charge configu-

In contrast, the charge-induced energy shift due to a mag-  ration and the qubit energy via a postselection analysis.
netic field gradient is not sensitive to gate bias, as shown  The device is a triple-QD device made from a 28Si/SiGe
in this work, necessitating more careful treatment. quantum well [Fig. 1(b), left-hand side]. The device struc-

In this work, we report the energy shift of spin qubits  ture is nominally identical to Refs. [1,17,29]. Voltages on
induced by positional displacement of the qubit-host elec-  the plunger gates (labeled P1, P2, and P3) predominantly
trons in the presence of a magnetic field gradient. The  change the electric potential of the QDs (i.e., QD1, QD2,
electron position in a QD changes with the electrostatic and QD3) and, thus, their electron occupations (n;, ny,
potential. In a silicon QD, the electrostatic potential is  and n3). We denote charge configurations of the triple-
determined by gate biases and charge configurations of = QD system as njnyn3. The pitch of the plunger gates is
nearby QDs. To distinguish and separately investigate con- 90 nm. The barrier gates B1, B2, B3, and B4 are used
tributions of the positional displacement of an electron  to modify tunnel coupling between a QD and an electron
induced by changes in QD charge configurations and gate  reservoir (for B1 and B4) or between QDs (for B2 and
biases in the qubit energy, we develop a protocol to prepare ~ B3). The barrier-gate voltages are kept constant through-
different charge configurations at an identical gate-bias  out the experiments. The device is tuned to the three-
set. Measuring qubit resonance frequencies by incorpo-  electron regime as shown in the charge stability diagram
rating this protocol into qubit-operation sequences, we  in Fig. 1(c), where QD-reservoir and inter-QD degener-
observe an energy shift of around 4 MHz between two  acy points (solid and dotted lines) separate charge-stable
different charge configurations at the same gate-bias con-  regions labeled by the ground-state charge configurations
dition. Measurements with changing gate biases show that (102, 111, and 201). We refer to the spin qubits hosted by
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electrons in QDi (i = 1, 2, 3) as qi, while g2 is not used
in this work. The device is subjected to an external mag-
netic field of 420 mT (white arrow). A cobalt micromagnet
fabricated on top of the device [Fig. 1(b), right-hand side]
induces a longitudinal magnetic field gradient over the QD
array. The total magnetic field increases from left to right
and provides qubit energies of around 16 GHz. The QD
array is nominally on the symmetry axis of the micromag-
net (dashed line) to suppress the magnetic field gradient
along the vertical axis. A transverse magnetic field gradi-
ent is also induced, enabling us to electrically drive spin
resonance by applying microwave voltage to a gate under
the plunger and barrier gates. Valley splittings in QDI,
QD2, and QD3 measured by magneto-spectroscopy are
80 eV, 100 peV, and 90 weV, respectively, sufficiently
large to suppress the population of excited valley states.
Transitions of charge configurations are manifested as sud-
den changes in conductance of the adjacent charge-sensor
QD, which is measured via radio-frequency (rf) reflectom-
etry [30]. A tank circuit for the reflectometry consists of a
NbTiN spiral inductor with an inductance of 2.1 wH and
a parasitic capacitance. We use the probe-tone frequency
of 187.6 MHz. The qubit states are measured by a combi-
nation of energy-selective tunneling to a reservoir and the
charge-sensing measurement [31]. The device is cooled via
a dilution refrigerator with a base temperature of 30 mK
while the electron temperature is 70 mK.

II. CHARGE-PREPARATION PROTOCOL

To measure the charge-induced qubit energy shift in the
identical gate-bias condition, we utilize a pulse sequence to
prepare the 111 configuration in the 102 and 201 charge-
stable regions, as shown in Fig. 1(d) [also see Fig. 1(c) for
the actual voltage sets used for V| and V,]. The system is
first ramped adiabatically from the 102 and 201 regions
to the 111 region and then pulsed back to the 102 and
201 regions, respectively. If the pulse-back stage is nona-
diabatic against the inter-QD tunnel coupling, the system
remains in an excited state with the 111 configuration in the
102 or 201 region regardless of the spin state. The device is
tuned to suppress the tunnel couplings between neighbor-
ing QDs, which enables us to implement the nonadiabatic
passage by using a short pulse-back duration 7p,x. We
note that the actual ramp rate is limited by low-pass fil-
ters with a cutoff frequency of 39 MHz. The passage to the
111 region is kept adiabatic by slowly ramping gate biases
over a narrow range (10 mV in the P1 or P3 bias) around
the inter-QD charge degeneracy point in a long duration of
100 s.

Figure 1(e) shows two traces of charge-sensor signals
V.r as a function of time after returning to the 102 region
frecord, €Vvaluating the charge-preparation protocol with
Tack= 0 maximizing nonadiabaticity of the pulse-back
stage. The blue and gray traces are typical time traces when

the 111 and 102 configurations, respectively, are loaded.
The V,r value higher or lower than the threshold value
denoted by the dashed line indicates the occupation of the
111 or 102 configuration, respectively, at each fgecorg Value.
While the threshold value is chosen artificially, the dis-
crimination of the charge state is not sensitive to the choice
by virtue of the large signal-to-noise ratio. The proba-
bility of obtaining the 111 configuration by the charge-
preparation protocol Pjj; is equivalent to the probability
of finding the 111 configuration at frecorq= 0. Figure 1(f)
shows a histogram of Vs at frecora= 0 (blue bars). Divid-
ing the number of counts on the V,; bins higher than the
threshold by the total number of experimental shots, we
estimate Py at 84% in the 102 region. We performed
a similar experiment in the 201 region (orange bars) and
obtained P1;;= 68% due to larger tunnel coupling between
QD1 and QD2. The abrupt drop of the signal in the blue
trace [Fig. 1(e), red arrow] indicates the relaxation from
the 111 configuration to the 102 configuration. We extract
the relaxation time of the 111 configuration 7. from the
statistics of the jump times, as shown in Fig. 1(g), find-
ing T1.=3.3(1) ms in the 102 region and 7;.=10.2(7) ms
in the 201 region. The difference in 7}, can be explained
by the variation in the QD-reservoir tunnel couplings for
QD1 and QD3. Since these 7). values are much longer
than the spin-qubit operation time for spectroscopy (less
than 100 ws), we can measure the resonance frequencies
of spin qubits in the 111 configuration even in the 102 and
201 regions before the charge configuration relaxes to the
ground state.

II1. QUBIT SPECTROSCOPY WITH CHARGE
PREPARATION

Figure 2(a) schematically shows the sequence to manip-
ulate spin qubit q1 with the prepared charge configurations
in QD2 and QD3. The q1 state is first initialized to the spin-
down state in the 102 region using energy-selective tunnel-
ing between QD1 and the adjacent reservoir. Then, the 111
or 102 configuration is prepared in the 102 region. During a
wait time of 30 s, microwave pulses are applied to manip-
ulate ql1. The exchange coupling between q1 and g2 in the
111 configuration is negligibly small in the middle of the
102 region, owing to the suppression of tunnel coupling for
the charge preparation. Before the energy-selective readout
of the ql state, we reset the charge configuration to 102
since the optimum readout point depends on the charge
configuration. For this purpose, bringing the gate biases
to V3 in Fig. 1(c), relaxation from the 111 configuration
to the 102 configuration is facilitated. This enables us to
read out gl in the 102 configuration near the 102—002
charge degeneracy point [V4 in Fig. 1(c)] independent
of the charge configuration during qubit operations. By
interchanging the roles of QD1 and QD3, we also can
operate q3 with the charge preparation. We implement this
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FIG. 2. Qubit spectroscopy with the charge-preparation protocol. (a) Schematic of the q1 operation sequence incorporated with the
charge-preparation protocol. (b) Pulse sequence to implement the conceptual sequence in (a). The voltage sets V1, V>, V3, and V4 in the
gate-bias pulse sequence are shown in Fig. 1(c). The red meandering curve in the rf pulse sequence shows microwave for qubit control.
The qubit state is measured in the spin-readout (s-RO) stage at the end. (c)—(h) Spectroscopy measurements of (c)—e) ql and (f)—(h)
g3 using a microwave burst without the charge preparation as a reference in (c) and (f), with the charge preparation using 7g,cx= 0 in

(d) and (g), and tgaek=1 s in (e) and (h).

experimental sequence by the pulse sequence shown in
Fig. 2(b). A reset-stage duration Trejoag Of 5 s or 15 ps
is used for operations of q1 or g3, respectively.
Microwave response of ql and g3 exhibits charge-
configuration dependence, as shown in Figs. 2(c)-2(h).
The Rabi chevron pattern for q1 and g3 in Fig. 2(c)Hf)
is taken with keeping the system in the 102 or 201 region
without the charge preparation as a reference, centered
around 15.581 GHz or 16.425 GHz, respectively. We
observe no alias features due to the occupation of the
excited valley states [32]. Figures 2(d) and 2(g) show
the microwave response of q1 and q3, respectively, when
the charge configurations are prepared by the maximally
nonadiabatic pulse-back stage (tgack=0). The chevron
pattern of ql shifts to a lower frequency (15.577 GHz)
and the q3 spectrum shows an alias feature at a higher
frequency (16.429 GHz). The exchange interactions from

g2 are suppressed by the small inter-QD tunnel couplings,
hardly accounting for these spectra. Here, Tp,cx of about
1 s or longer makes the pulse-back stage adiabatic against
the inter-QD tunnel coupling; the Rabi chevron patterns
in the reference experiments revert with Tp,=1 ps
[Figs. 2(e) and 2(h)]. These results indicate that the pre-
pared charge configuration determines the spectra. We
also obtain Ramsey coherence times 75" of 6.9(5) ps and
7(1) ws for g1 without and with the charge-preparation pro-
tocol, respectively. These values coincide with their fitting
errors, indicating the negligible impact of the charge-
preparation protocol in qubit spectroscopy. The insensitiv-
ity of 7," to the charge-preparation protocol is explained
by the long 7). values and also the small positional
displacement of the qubit-host electron, as discussed later.

The charge-configuration dependence of the qubit reso-
nance frequencies is explained by the Coulomb repulsion
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in the presence of the magnetic field gradient. The ql- or
q3-host electron is repulsed leftward or rightward when
an electron moves from QD3 or QD1 in the 102 or 201
configuration to QD2 in the 111 configuration, respec-
tively. Since the local magnetic field increases from left
to right in the current device, these repulsions by the 111
configuration should result in a negative frequency shift
for ql and a positive shift for q3 consistently with the
observed frequency shifts. We estimate that the positional
displacement of the electron hosting ql is 0.9 nm using
the measured frequency shift of 4 MHz and the average
magnetic field gradient of 170 wT/nm. The field gradient
is estimated from the difference of resonance frequencies
between ql and q3 [Figs. 2(c) and 2(f)] and the distance
between QD1 and QD3 expected from the plunger-gate
pitch. We compare this estimation with a simple electro-
static model. We consider the positional displacement of an
electron in a harmonic potential with an orbital level spac-
ing of hw,p/2m (h is the Plank constant) via the Coulomb
potential from another electron fixed at a distance d. Treat-
ing the electrons as point charges, the former electron is
displaced by Ax(d) =e*/4mem” wym>d® (e is the elemen-
tary charge, m" is the electron effective mass, and ¢ is
dielectric constant in silicon) for Ax(d) < d in compari-
son with the absence of the latter electron. The electron
positional displacement between the 102 and 111 configu-
rations is expressed by Ax(d) — Ax(2d). For a silicon QD
with a typical orbital spacing of 1 meV and d =90 nm,
we obtain Ax(d) — Ax(2d) at about 4 nm. Screening of the
Coulomb interaction by gate electrodes may account for
the discrepancy between the simple electrostatic model and
the experiment.

Qubits defined in different charge configurations can be
susceptive to gate biases differently, which can be probed
by measuring the resonance frequencies as a function of
gate biases. Figure 3(a) schematically shows the pulse
sequence to measure the gate-bias dependence of the ql
resonance frequencies, where the gate bias on the qubit-
operation stage (colored segment) is varied along the white
arrow in Fig. 3(b) so that the energy levels in QD1 and
QD2 are detuned without moving the QD2 level. For this
experiment, the nonadiabaticity of the pulse-back stage
is reduced by a moderate Tg, value of 0.2 s so as to
populate the 102 and 111 configurations evenly. In the
operation stage, we apply a Ramsey pulse sequence con-
sisting of two /2 pulses with a microwave frequency fy
separated by an evolution time #,,,; to precisely extract
ql resonance frequencies in the 102 and 111 configura-
tions, i.e., f1o2 and f11;. Figure 3(c) displays the resulting
Ramsey fringes as a function of the energy-level detun-
ing. Two oscillation modes attributed to the 102 and 111
configurations are superimposed. Here, the detuning value
on the perpendicular axis is indicated by the P1-bias offset
from V), [white circle in Fig. 3(b)], i.e., AP1. By fit-
ting a function A;exp[—(fevo/T2")?1cOS[27 8 tevol+ 1]+

—
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FIG. 3. Detuning dependence of ql resonance frequencies.

(a) Pulse sequence to measure the detuning dependence. Volt-
age in the operation stage (colored segment) is changed in the
experiment. During this segment, two microwave pulses for the
Ramsey interferometry are applied to ql. We used tgak of
0.2 ps. (b) A magnification of the charge stability diagram in
Fig. 1(c) around the 102 region. The cyan arrow shows the axis
of energy-level detuning between QD1 and QD2, and the blue
circle shows its origin corresponding to 7 in Fig. 1(c). The green
dotted lines show the 012—102 and 102—111 charge degeneracy
points. (c) Spin-up probability P,, obtained from the Ramsey
interferometry as a function of detuning. Detuning is indicated by
variation of the P1 gate bias from V7, i.e., AP1. The microwave
frequency is fixed at 15.582 GHz. (d) Resonance frequency in
the 102 and 111 configuration fj(; and f;;; plotted as the blue and
orange symbols, respectively. The linear fit curves for fg, and /'
111 are shown by the blue and red solid lines, respectively, whose
slopes are denoted by the same-colored numbers. The detuning
range is separated into the 012, 102, and 111 regions, as denoted
above the top axis. The left- and right-hand side dotted lines show
the AP1 values at the 012—102 and 102—111 charge degeneracy
points, respectively. (¢) Detuning dependence of the frequency
difference f19>—111 (blue symbols). The solid line shows the lin-
ear fit curve for fi9>—111, having a slope of —0.011(2) MHz/mV,
as denoted in the figure.

A2exXp[—(teyol/To " )?1cOS[27 82tevoi+ 2] + B to the Ramsey
fringes at each AP1, we obtain the oscillation frequencies
81 and 8, corresponding to |f19>—fo| or |f111—o|. Combin-
ing datasets measured with fo=15.582 GHz [Fig. 3(c)],
15.575 GHz, and 15.572 GHz (not shown), we reconstruct
the AP1 dependence of f1g; and f};; from §; and §,, as
shown in Fig. 3(d).

The ql resonance frequencies depend on the QD level,
detuning almost linearly in both charge configurations.
We attribute this dependence to positional displacement
of the qubit-host electron by gate biases. In the detuning
range between the 012—102 and 102—111 charge degener-
acy points (dotted lines), f1g> and f1;; are effectively fitted
by linear functions with slopes of 0.090(2) MHz/mV (blue
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line) and 0.101(3) MHz/mV (red line), respectively. Simi-
lar slopes indicate small gate-bias sensitivity in the charge-
induced energy shift. A residual detuning dependence
appears in a frequency difference f19o—f111 [Fig. 3(e)].
While the difference almost stays within the range between
4.0 MHz and 4.5 MHz in the 102 region, we obtain a
slope of —0.011(2) MHz/mV via a linear fit (orange line).
This small detuning dependence can be attributed to the
quadraticity of the magnetic field induced by the micro-
magnet [33,34] or a change in the positional displacement
of the ql-host electron. We note that the linear dependence
of flo—f111 over a wide range of AP1 implies a negligi-
ble contribution of exchange interaction between electron
spins in QD1 and QD2. We can also measure fj(; and f1;;
in the 012 and 111 regions owing to the suppressed tun-
nel couplings. Here, f19, and f1;; change with AP1 near
the 102—111 transition sharply, which could be due to the
change in charge distribution over QD2 and QD3 induced
by the inter-QD tunnel coupling.

We find that the gate biases and the charge configura-
tion contribute to the qubit energy and the single-electron
level differently. On one hand, over the AP1 range of
40 mV, f102 and f;; change by about 4 MHz. On the
other hand, the same AP1 range shifts the single-electron
energy level of QD1 by about 3 meV. The difference in
the inter-QD Coulomb interaction between the 102 and
111 configurations, which induces a comparable qubit
energy shift (about 4 MHz), shifts the single-electron
energy level of QD1 by 0.4 meV, estimated from the
charge stability diagram. This comparison indicates that
the inter-QD Coulomb interaction can shift the ql res-
onance frequency strongly even if it shifts the single-
electron level weakly. This is presumably because the
Coulomb interaction moves electrons along the direction
of the magnetic field gradient more effectively than the
plunger-gate biases in the present device. Qubit operations
accompanied by electron transfers require an assessment
of the impact of the Coulomb interaction on the surround-
ing qubits, as it could be larger than expected from a
shift of single-electron levels observed in a charge stability
diagram.

IV. CORRELATION BETWEEN CHARGE AND
QUBIT FREQUENCY

We confirm the correlation between the resonance
frequency and the charge configuration by postselect-
ing single-shot qubit-measurement outcomes according
to charge-measurement outcomes. Figure 4(a) schemati-
cally shows a pulse sequence to perform the postselection.
To read out the charge configuration in addition to the
qubit readout, the charge-sensor signal is recorded for
25 s after the qubit operations, with an interim wait time
of 25 ps. The Ramsey interferometry of q3 using this

(c) Spin down i Spin up

111

2 i Total
S 10- N’ .

i
o il
-4 1 2

v, (mV)
log 20

() Fourier component of Pu,,1

Microwave frequency (GHz)

80 4 80
Frequency (MHz)

2 4
Evolution time (us)

FIG. 4. Ramsey interferometry of q3 with postselection
according to the charge configuration. (a) Pulse sequence for the
experiment. A probe-tone pulse for an additional charge-readout
stage (c-RO in red) is inserted between the second microwave
pulse and the charge reset stage. (b),(c) Histograms of the single-
shot charge- and qubit-readout signals, Vs . and Vs ;. Vir . is
an averaged value of the charge-sensor signal V,r for 25 s
and Vs , is a peak-to-peak value of V,; over the qubit-readout
duration. The dashed lines in (b) and (c) show the threshold
values used to assign the charge- and qubit-readout signals to
the outcomes denoted above the top axes. The blue bars in (c)
show the total qubit-readout signals. Orange and green bars are
subsets of the total signal postselected on the charge-readout out-
come of the 201 and 111 configurations, respectively. (d) Typical
Ramsey fringes without postselection (blue) and with postselec-
tion on the 201 and 111 configurations (orange and green). The
microwave frequency is 16.425 GHz. (e) Fourier transformed
Ramsey fringes without postselection (left panel) and with post-
selection on the 201 and 111 configurations (center and right
panels).

sequence is performed with the charge-preparation proto-
col. While the nonadiabaticity of the pulse-back stage is
maximized with Tg,x=0, both the 111 and 201 configu-
rations are evenly loaded as expected from the moderate
P11 value in Fig. 2(f), which is preferable to measure the
correlation. The single-shot charge- and qubit-readout sig-
nals, Vs and Vs, are shown in the form of histograms in
Figs. 4(b) and 4(c), respectively. The single-shot charge-
and qubit-readout signals are assigned to the 201 and 111
configurations (spin-up and spin-down states) as shown at
the top of the figure using a threshold value denoted by
the dashed line. Using the charge-readout outcomes, we
postselect qubit-readout outcomes to calculate the spin-
up probability P,, corresponding to the 201 and 111
configurations (orange and green bars).

The postselection reveals the correlation between the
qubit resonance frequency and the charge configuration.
Figure 4(d) shows Ramsey fringes obtained from the
datasets with and without the postselection. Without the

054078-6



CHARGE-INDUCED ENERGY...

PHYS. REV. APPLIED 23, 054078 (2025)

postselection (blue), Py, shows superimposed oscillations
with slow and fast frequencies. These oscillation modes
separately appear in P, with the postselection on the 201
and 111 configurations (orange and green). This isolation
is more obvious in the Fourier transform spectra of the
Ramsey fringes measured with changing the microwave
frequency [Fig. 4(e)]. While two funnels centered at differ-
ent microwave frequencies appear in the spectrum without
the postselection (left-hand side panel), they are greatly
isolated in the spectra with the postselections (middle and
right-hand side panels). As the center of the funnels cor-
responds to the resonance frequency, these spectra prove
the correlation between the resonance frequency and the
charge configuration. The postselection analysis accord-
ing to the charge state may be useful for calibrating the
operations of qubits that undergo a change in charge
configurations for proximity QDs.

V. DISCUSSION

Here, we discuss phase accumulation due to the charge-
induced energy shift in important operations accompanied
by electron transfers, that is, qubit shuttling and spin-to-
charge conversion. Given that an electron near a qubit
transfer from one QD to another QD and dwells for a time
7, the charge-induced energy shift of the qubit AE results
in a phase accumulation of 27t AE/h (h is the Planck
constant). This phase shift can be canceled by applying a
phase gate virtually [1-4,6,7,17,29] if phase accumulation
accompanied by the electron transfer can be measured for
calibration in advance. This is the case of qubit shuttling
[17]. Even in this case, the deviation of t from the calibra-
tion experiment in the actual operation, Az, still causes
uncanceled phase accumulation of 27 At AE/h. Besides
the inaccuracy of control electronics, such as timing jitters
of arbitrary waveform generators, QD-level fluctuations
due to, for example, two-level fluctuators in qubit devices
can result in finite At since they vary the timings of elec-
tron transfers shot by shot. For the adiabatic electron trans-
fer between QDs having the interdot tunnel coupling of
t., the velocity to ramp the energy-level detuning between
v of the QDs has to be much slower than (7t.)%/h [35].
Using this velocity, the minimum At value for the adia-
batic transfer can be represented as At =o,./v, where o,
is the detuning noise amplitude. For 7.~ 100 peV [16,17]
and o, ~ 1 peV [36], the minimum At value is estimated
at 40 fs. Assuming AE/h of 4 MHz, as observed in this
work, At of 4 ps is two orders of magnitude longer than
the minimum value, for example, results in an excess phase
of 50 prad, which is sufficiently small to achieve high con-
trol fidelities [29]. We note that this origin of timing jitters
increases At toward an obstacle in high-fidelity operations
for smaller ¢,.

We expect the spin-to-charge conversion for qubit read-
out [31,37] to be more problematic than qubit shuttling.
To measure the converted charge state, it must remain

for around 1 ws, which corresponds to 7 for this case.
We note that the spin-to-charge conversion transfers an
electron according to the spin quantum state before con-
version. To apply this operation for the readout, previous
knowledge about the spin state before the conversion
is not available and, thus, a virtual phase gate cannot
be calibrated to cancel an accumulated phase in con-
trast to the qubit shuttling where the charge configura-
tion is deterministically controlled. To deal with such a
stochastic electron transfer, unconditional phase cancela-
tion by a refocusing pulse, as proposed in Ref. [5], will be
necessary.

Finally, we assess the impact of the complexity of
the quantum-processor architectures in the cancelation of
the accumulated phase due to the charge-induced energy
shift. In principle, each of the possible charge configura-
tions in QDs around a spin qubit may cause a different
charge-induced energy shift. Two-dimensional QD arrays,
where each QD has more QDs in the vicinity than one-
dimensional QD arrays, will show more energy levels
due to the charge-induced energy shift. Nevertheless, the
complexity of the charge-induced energy shift may not
affect the phase-cancelation techniques discussed here. The
virtual phase gate is calibrated according to the phase
difference between the before and after operations accumu-
lating phase, which is independent of the number of energy
shifts involved in the operations. A refocusing pulse is also
independent of the details of the energy shifts as long as
they are reproduced before and after the refocusing pulse.
Thus, the complexity of the energy shifts themselves does
not hamper the cancelation of the accumulated charge,
providing that the electron transfers are managed effec-
tively. However, difficulties in the strict management of
electron transfers may increase with the number of QDs
surrounding a qubit.

VI. CONCLUSIONS

In conclusion, we have demonstrated spectral mea-
surements of silicon spin qubits while preparing the
charge configuration. We observe spectral shifts attributed
to the positional displacement of qubit-host electrons
under a magnetic field gradient. The resonance-frequency
shift induced by different charge configurations is around
4 MHz, which can cause a large phase accumulation in
qubit operations accompanied by electron transfers. The
correlation between the charge configuration during the
qubit operation and the resonance frequency is confirmed
via a postselection analysis. These results reveal the impact
of the charge configuration of QDs surrounding a spin
qubit utilizing a magnetic field gradient.
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