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We detect correlations in qubit-energy fluctuations of non-neighboring qubits defined in isotopically
purified Si/Si-Ge quantum dots. At low frequencies (where the noise is strongest), the correlation coef-
ficient reaches 10% for a next-nearest-neighbor qubit-pair separated by 200 nm. Correlations with the
charge-sensor signal reach up to 70%, proving that the observed noise is of electrical origin. A simple
theoretical model quantitatively reproduces the measurements and predicts a polynomial decay of cor-
relations with interqubit distance. Our results quantify long-range correlations of noise in quantum-dot
spin-qubit arrays, essential for their scalability and fault tolerance.
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I. INTRODUCTION

Noise is an obstacle for the realization of quantum
computing. Qubits are coupled to noisy environments
that perturb the whole computational sequence: initializa-
tion, manipulation, evolution, and readout. While progress
in improving each of these stages has been notable
[1-18], decreasing noise further is a challenging task that
requires understanding of the noise origin and properties.
The required level of understanding grows as the noise
is pushed to smaller magnitudes. In addition, none of the
pursued computational platforms, including semiconduc-
tors, will become noise-free. The need for quantum error
correction (QEC) will thus remain. However, the error
thresholds and even the feasibility of a given QEC scheme
depend on the noise type. Correlations of the noise in space
(across different qubits) can be especially detrimental
[19-26]. Such interqubit noise correlations have been
observed recently for semiconductor qubits in Ref. [27].

In spin qubits defined by trapping individual electrons
in semiconductor quantum dots (QDs) [28,29], the coher-
ence time is limited by magnetic and electrical noise. The
most relevant source of magnetic noise is the collective
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Overhauser field from nuclear spins of the host material,
coupled to the qubit via the hyperfine interaction [30-33].
The shift to materials which have zero-spin isotopes, such
as silicon, has led to a significant improvement in coher-
ence times [34-36]. While isotope purification improves
coherence further [7,18,37,38], the residual nuclear spins
can still be the dominant decoherence source [10,39—42].
On the other hand, electrical noise (charge noise) [43] cou-
ples to a spin qubit via spin-orbit interactions. In materials
without a sizable intrinsic spin-orbit coupling, electric con-
trol of the spin requires one to implement an extrinsic
one, using micromagnets [44—46]. Thus, irrespective of the
material and its level of isotopic purification, the first ques-
tion concerning the noise observed in a current-generation
semiconducting device is whether it is dominated by mag-
netic or electrical fluctuations.

The first step in analyzing noise is to inspect its spec-
trum. Being physically very different, one hopes that mag-
netic and electrical noise will have distinct spectra: the
ubiquitous 1/f -like spectra [47] suggest charge noise [48],
while a 1/f 2 high-frequency tail suggests nuclei [49,50].
Unfortunately, this rule of thumb is not reliable. In exper-
iments, the charge-noise powers range from small to large
(1/f %65 in Ref. [51] versus 1/f 2 in Ref. [37]), show large
differences between similar devices [52], and, for a given
device, are different in different frequency ranges [53].

© 2023 American Physical Society
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The analysis is further impeded by the lack of consensus
on the origin of charge noise [54,55] and by the lack of
knowledge of the microscopic details of the quantum-dot
environment: the spectrum of the nuclear-spin noise is not
a simple power law [31] and its exact shape depends on the
nuclear-spin diffusion, in turn depending on those micro-
scopic details. For example, the subdiffusive behavior of
the Overhauser field observed in Refs. [56,57] remains
unexplained.

One of the major findings of this paper is that the noise
nature (it is charge noise in our device) can be ascertained
from spatial correlations, both qubit-qubit and qubit-sensor
ones. We demonstrate it on a three-quantum-dot device
made in a 28Si/Si-Ge heterostructure, where we quantify
spatiotemporal correlations of dephasing noise affecting
the outer two quantum dots. The two dots are approxi-
mately 200 nm apart but, more importantly, they are not
the nearest neighbors in the array. Despite this physical
separation, we find clear spatial correlations of the energy
fluctuations of the spin qubits hosted in the two dots. Based
on the correlations, we conclude that the underlying noise
is charge noise originating in the device. We also devise
a microscopic model interpreting the noise as an ensem-
ble of two-level charge fluctuators localized nearby the
quantum-dot array. The model quantitatively agrees with
the measurement results and allows us to estimate the
expected variability of noise spectra and the scaling of
correlations with qubit-qubit separation in similar devices.

The paper is organized as follows: In Sec. I, we describe
the device. In Sec. III, we outline the measurement pro-
tocol and show the noise spectra, including spatial corre-
lations. In Sec. IV, we analyze the noise origin from the
qubit—charge-sensor correlations. In Sec. V, we discuss the
dephasing mechanism and our model of the observed noise
spectra. We summarize in Sec. VI.

I1. SILICON TRIPLE-QUANTUM-DOT DEVICE

The triple-quantum-dot (TQD) device shown in Fig.
1(a) was fabricated by patterning of overlapping aluminum
gates [58] on top of an isotopically purified 2*Si/Si-Ge
wafer (800 ppm 2°Si). The wafer is composed of a 10-nm-
thick Si quantum well, a 50-nm Si-Ge spacer, and a 2-nm
Si0, cap. The gates consist of screening [purple in Fig.
1(a)], accumulation (orange), and barrier (green) gates,
with a thickness of 25 nm, 45 nm, and 65 nm, respectively.
We tune the device to the (1,0, 1) charge configuration,
meaning that single electrons are trapped in the left- and
rightmost dots (blue and red arrows in Fig. 1(a), respec-
tively), underneath the plunger gates P1 and P3, which
are separated by 180 nm. The middle dot remains empty
throughout the experiment. Qubits are defined in the spin
states of the electrons, Zeeman-split by the applied in-
plane external magnetic field Bey = 0.45 T. With a sensor
QD [orange circle in Fig. 1(a)] in the vicinity of the TQD

B, (mT)

FIG. 1. (a) A false-color scanning electron microscope image
of a device nominally identical to the one measured. The white
scale bar indicates 100 nm. (b) The simulation of the z compo-
nent of the micromagnet field in the QD plane. (c) A schematic
depiction of the structure layers, with the micromagnet (yellow)
on top and a thin SiO; layer (red) right below the metallic gates.

structure, we read out the spin states by spin-to-charge
conversion via energy-selective tunneling [59], which is
also used for initialization. Fast single-shot spin readout is
achieved by radio-frequency reflectometry by coupling the
sensor QD to a tank circuit [13].

Electrical control of the spin qubits is executed via
electric-dipole spin resonance. It is enabled by a magnetic
field gradient of a micromagnet [45] located on top of the
device. It is insulated from the metallic electrodes [Fig.
1(c)] with a 30-nm-thick aluminum oxide layer grown by
atomic-layer deposition. A simulation of the micromagnet
magnetic field parallel to the externally applied field is pre-
sented in Fig. 1(b). For the simulation, we employed the
COMSOL Multiphysics® software with a three-dimensional
geometry following the fabrication parameters of our lay-
ered structure, including a simplified geometry for the
overlapping aluminum gates. The qubit Rabi frequencies
are f;R%® =373 MHz and £} = 4.07 MHz, with the
subscript L (R) referring to the left (right) qubit. The mea-
sured coherence times are 75 ; = 6.1 psand 75, = 6.9 ps
for an integration time of 100 s. Because the typical qubit-
energy fluctuations are much larger than the measured
remnant exchange coupling, J = 0.9 kHz [60], the qubits
can be considered noninteracting.
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III. QUBIT-FREQUENCY AUTO- AND CROSS
CORRELATIONS

In our work, we study dephasing noise manifested as
fluctuations in the resonant energy of the qubits. In order
to probe the spatiotemporal correlations, we measure inter-
leaved Ramsey oscillations of the qubits repeatedly and
estimate the time evolutions of their resonant energies
using a Bayesian algorithm [56]. An interleaved Ramsey
cycle starts with the initialization of the two qubits to the
spin-down state. Next, a /2 pulse, a free evolution time
t., and a second 7 /2 pulse are applied to qubit L, followed
by the same sequence applied to qubit R. The cycle is final-
ized by readout of the spin state of both qubits. Each cycle
takes 2.09 ms and is repeated for ¢, increasing from 0.04 s
to 4 s, in 0.04 ws steps. This repetition of cycles forms a
record. An energy value for each qubit is extracted from
a single record by Bayesian estimation [56,57]. Collect-
ing data from 10° records, we obtain the time evolution
of the qubit energies covering a time span of 5 h 48 min.
Two typical samples of the time evolution are plotted as
insets in Fig. 2(a). One can see fast fluctuations modulated
by a slow switching between two discrete levels in both
qubits, each of them with different rates. The switching in
one qubit appears to be independent from the other at first
sight, but we will make the statement more precise below.

To analyze the spectral content of the noise, we define
the following power spectrum:

Cop(f) = /Oo dt &7 (Svu()8vg(t+1)). (1)

o0

Here, 7 is the time delay of two signals §v, and §vg, which
in our case are qubit-energy fluctuations measured with
respect to an arbitrary reference value. The indexes label
qubits o, B € {L, R}, and (- - -) denotes a statistical average
over time ¢. For equal indexes, « = B, the general formula
yields the auto-power spectral density (auto-PSD), S, =
Cuq- It is a real and symmetric function of the frequency f
and gives the frequency spectrum of the signal §v,. On the
other hand, the cross power spectral density (cross-PSD)
Cir = Cy, 1s, in general, complex and gives frequency-
resolved correlation between the two signals and, in turn,
the spatial correlations of the noise.

It is common to relate the auto-PSDs and the cross-PSD
by introducing the normalized cross-PSD, also known as
the correlation coefficient:

Cir(f)
VSL(OSR()

The normalized cross-PSD is a complex function r(f ) =
|7(f ). Its magnitude measures the proportion of cor-
related noise with respect to the total noise, and its phase
describes the correlations type: At a given frequency, |7| =
1 corresponds to perfect spatial correlations while |r| = 0

) = (2)
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FIG. 2. (a) The power spectral density of the left (blue) and

right (red) qubit-energy fluctuations. The dotted line corresponds
to a f ~2 dependence as a reference. Inset: sample time traces of
each qubit energy showing a two-level switching behavior; the
color code follows that of the main panel. (b),(c) The correlation
coefficient amplitude (b) and phase (c). In all panels, the color
gradient represents the estimating distribution of the correspond-
ing quantity at each frequency, with the maximum likelihood
estimator marked as points (details are discussed in Ref. [61]);
the continuous lines are calculated from the two-level system set
given in Fig. 4.

means independent (uncorrelated) noise. With a finite ||,
¢ = 0 corresponds to positive correlations, ¢ = 7 to nega-
tive correlations (anticorrelations), and other values can be
interpreted as a time lag between the two signals.

We evaluated the auto-PSD for each qubit using the
methods of Ref. [61], which deliver not only the estimated
values of the PSDs but also the confidence level of the esti-
mations. The results are plotted in Fig. 2(a) and show a
Lorentzian (o< f ~2) dependence at frequencies lower than
0.01 Hz in both qubits. A Lorentzian spectrum arises if the
qubit is coupled to a randomly switching two-level sys-
tem (TLS) [62]. The corresponding qubit-energy switches
can be seen in the time traces. The normalized cross-PSD
[Figs. 2(b) and 2(c)] in this frequency range shows pos-
itive correlations with a magnitude between 0 and 0.3.
However, the level of confidence (represented as a color
gradient) is too low for a definite judgment about finite cor-
relations [63]. We conclude that, most probably, the low-
frequency noise is dominated by each qubit being coupled
to its own TLS, the two being independent. The TLSs are
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either charge defects (charge traps or dipolar fluctuators;
see below) with long (> 1000 s) switching times [43,64],
or they could be single nuclear spins hyperfine-coupled to
the qubits [42].

The higher-frequency parts of the autospectra exhibit
different slopes for each qubit, and their relation with the
time traces is not straightforward. Nevertheless, the nor-
malized cross-PSD displays two interesting features in this
regime. First, despite the large separation between qubits,
spatial noise correlations reach up to |r| ~ 0.1 (around 0.4
Hz). Second, these finite correlations have a well-defined
phase. At higher frequencies, the phase is 7, while there
seems to be a transition to phase 0 around 0.06 Hz. The
well-defined phase further confirms that the correlations
are beyond coincidence: within the range 0.1-1 Hz, the
fluctuations in the resonant energies of the two qubits are
correlated.

After presenting the data, we next discuss the noise
origin and propose a simple microscopic model for it.

IV.IDENTIFYING THE ORIGIN OF THE NOISE

Our a priori expectation concerning the noise in the
device is that it is either charge noise or magnetic noise
due to the remnant 2°Si. As explained in the introduction,
it is difficult to infer the noise origin from the auto-power
spectra. In this section, we discuss the qubit-qubit cross
correlations as more revealing concerning the noise source
[27], and reason that they suggest that charge noise dom-
inates. We demonstrate this dominance unequivocally by
detecting high cross correlation between the fluctuations
of the qubit energies and the charge-sensor voltage shifts.

Let us start with qualitative estimates. Given the typi-
cal size of our QDs (& 28 nm in diameter for a 2-meV
harmonic confinement), the maximum hyperfine coupling
strength achievable for a single nuclear spin is about 10
kHz [calculated with Eq. (A1)], about one order of magni-
tude smaller than the two-level frequency switching seen
in the time traces in Fig. 2(a). Similarly for the autocorre-
lation spectra. In Appendix A, we estimate the auto-PSD
due to diffusive nuclear spins and find that it is at least an
order of magnitude too low to account for the auto-PSD at
any frequency.

When we apply the same model to cross correlations, the
discrepancy becomes much more drastic: the calculation
predicts cross correlations due to nuclei that are orders of
magnitude lower than the measured values. In other words,
magnetic noise is expected to be highly local. This fact
is the consequence of the negligible overlap of the elec-
tron wave functions in the non-neighboring dots. On the
other hand, it is natural to expect nonlocal correlations
in charge noise involving long-range Coulomb interac-
tions. We conclude that these are hints that nuclear-spin
noise does not play a significant role in the low-frequency
noise of our device. This conclusion would be in line with
previous work on isotopically purified silicon devices with

a micromagnet [7]. On the other hand, these are hints only,
since it is hard to exclude a possibility of some corre-
lated nuclear dynamical polarization effects, or nonlocal
nuclear-spin flip-flops, or similar.

To conclusively determine that our device is domi-
nated by charge noise, we now analyze the cross-PSD
between the qubit energies and the charge-sensor signal.
We define a single-shot readout voltage value as the dif-
ference between the highest and the lowest voltages mea-
sured during the readout window from the radio-frequency
reflectometry setup [13]. Then, we define the charge-
sensor signals V7 and V5 as the average of all the single-
shot voltage outcomes with the same spin-state readout
o € {1, ]}, taken from a record obtained while measuring
the left and right qubit, respectively. In this way, following
our energy-selective-tunneling measurement scheme, /'y
refers to the charge-sensor signals taken at a point in the
transition line between charge states (1,0,1) <> (0,0, 1).
Similarly, V3 are the signals at a point belonging to the
(1,0,1) < (1, 0,0) transition line.

The voltages V| correspond to measurements with the
presence of a “blip” in the charge-sensor signal, indicat-
ing the occurrence of an electron-tunneling event, whereas
V¥ correspond to measurements in the absence of elec-
tron tunneling to the reservoir [59]. As such, V¥ contain
information of the charge configuration (1,0, 1) whereas
V! contain information of not only the (1,0, 1) charge
state but also the “nonqubit” configurations: (0,0, 1) for
o = Land (1,0,0) for o = R (for the exact definitions, see
Appendix B) [65].

Figure 3 shows the normalized cross-PSD amplitudes
between the qubit energies and the charge-sensor signals,
obtained from Eq. (1) using V7, as one of the signals. There
are correlations as high as ~ 0.7 for the left qubit and ~ 0.5
for the right one. These strong correlations with the sig-
nal of the charge sensor (assumed largely insensitive to
magnetic noise) are firm evidence of charge noise being
dominant in our device.

We point out that the evaluation of the correlations
between the qubit energy and the charge-sensor signal
does not require additional measurements. We obtained
them from the Ramsey data used to plot Fig. 2. Therefore,
such correlations can be extracted even from previously
reported single-qubit experiments. With this method, if
strong correlations are found, it is possible to directly
determine whether a device is (was) dominated by electri-
cal noise, instead of relying on the analysis of autospectra
[7,37]. Having confirmed that charge noise is the dominant
dephasing mechanism here, in what follows we see how it
can account for the measured noise spectra quantitatively.

V. NOISE MODEL: AN ENSEMBLE OF CHARGE
FLUCTUATORS

Perhaps the most popular model to account for a 1/f -
like spectrum is to consider a superposition of Lorentzian
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FIG. 3. Normalized cross-PSD between the qubit energies and
the charge-sensor signals VZ’l and V,t,’i. The two panels show
the correlations for (a) the left and (b) the right qubit. Similar
to Fig. 2, the color gradients represent the probability distri-
bution of the cross-PSD, with the maximum marked with cir-
cles. The corresponding phases and auto-PSDs are presented in
Appendix B.

spectra, an idea that goes back to Bernamont [66]. An
ensemble of TLSs, each of which has a Lorentzian spec-
trum [62], can have the suitable distribution of switching
times under plausible assumptions [64,67,68]. In a solid-
state device, such TLSs are expected to be present due
to fabrication imperfections or inherent crystal defects.
While their location and nature remain unclear [54], the
amorphous oxide [colored red in Fig. 1(c)], and the semi-
conductor/oxide interface are probable hosts [55].

We follow this idea and relate the observed noise to a
TLS ensemble. While such modeling is not new [35,52,
69], we point out two differences from previous works.
First, we do not fit the spectra that we observe to 1/f -like
power laws, in turn invoking a large (in the limit, infinite)
ensemble of TLSs. We find it hard to reconcile the idea of
an infinite number of TLSs with our nanometer-sized dots
and the nonuniform spectral features that we observe. Sec-
ond, we fit the whole set of spectral data shown in Fig. 2,
including the auto-PSD of both qubits, and the cross-PSD
magnitude and phase, to a single set of TLSs. Surpris-
ingly, we find that a collection of a few TLSs located
around the quantum-dot array can reproduce quantitatively
all observed qubit noise features, including the intricate
dependence of the normalized cross-PSD magnitude and
the correlation-anticorrelation crossover in its phase.

A. A few TLSs as the charge-noise source

We assume that the noise in the qubit energies arises due
to fluctuating electric fields. We denote the field at the loca-
tion of the dot « as §E, and assume that it is constant over
the single-dot lateral dimensions. The field affects the qubit
by shifting the dot center, which, due to the nonuniform
micromagnet field [see Fig. 1(b)], changes the spin-qubit

energy by Sv,. Assuming parabolic lateral confinement,
we have

9B, 9B,
Sv, = SHE_¢ SEX + USEE), (3)
ox 0z

where hw, is the confinement energy, B, is the z compo-
nent of the magnetic field at the QD « location, g is the
Bohr magneton, e is the electron charge, m is the effective
mass, and g is the g factor. We neglect the QD shifts along
the growth direction where the confinement is stronger.

We assign the fluctuating electric fields from Eq. (3) to
charge fluctuations 8¢, of an ensemble of TLSs,

. 1 X=X
* Z dmeeq Xy — XiI? 4 “)

i

Here, i is the TLS label, € is the effective dielectric constant
of the layered structure, €, is the permittivity of vacuum,
X, is the QD center, and X; is the TLS position. We assume
that TLSs are independent, and that their charge state
switches between empty 8¢; = 0 and occupied 3¢q; = *e,
with a characteristic switching time #;. These properties are
grasped by the correlator

e’ T
(8i(1)8q; (t + 1)) = 7 [1 + 8; exp (—;)] NG

Given a distribution of TLSs and the location of the
QDs, Egs. (1), (3), (4), and (5) allow us to calculate the
auto-PSDs and the cross-PSD, from which we obtain the
correlation coefficient using Eq. (2).

We use a least-squares minimization algorithm to fit the
correlation spectra. We increase the number of TLSs until
a satisfactory fit is realized, with the lateral coordinates (x
and z) and the switching time of every TLS as the fitting
parameters. Importantly, we include image charges, —§¢;,
putting one above every TLS. In this way, in the model we
approximate the screening due to structure metals [70] by
screening from a metallic plane (placed above the oxide,
at y = —52 nm; the QD plane is at y = 0 nm). The rest
of the parameters are fixed as follows. We set all TLSs to
y = —50 nm, being the interface between the Si-Ge spacer
and the SiO; layer. Concerning the effects on a single qubit,
the TLS shift along y farther (closer) to the screening plane
can be compensated by a shift closer to (away from) the
qubit laterally.

While the in-oxide depth of a TLS might be corre-
lated to its switching time [71], in our model we do not
consider such a link and keep switching times as inde-
pendent parameters. The best achievable fit would then
not be substantially improved by allowing for small addi-
tional variations of the y coordinate of the TLSs. We also
limit ourselves to one image charge per TLS, even though
the model could be extended to include more images to
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FIG. 4. One possible set of TLSs that reproduces the exper-
imental data. The tonality gives the switching time of the cor-
responding TLS. All TLSs are located 50 nm above the QD
plane and have an opposite image charge 4 nm further above.
The two disks in the center correspond to the QDs, with yel-
low, orange, and red representing three, two, and one standard
deviations of the electron’s probability distribution, respectively,
for a 2-meV parabolic confinement. The QDs are located at
(x,z) = (£100 nm, &5 nm). We used m = 0.2my, with mq the
free-electron mass and € = 13.

account for higher-order effects at the interfaces between
dielectrics. The values of the magnetic field gradients fol-
low from Fig. 1(b) and the QD locations. Although we
do not precisely know the latter, the measured anticorre-
lations suggest that the qubits could be subject to opposite
magnetic gradients. Therefore, as an example, we slightly
displace the two dots asymmetrically along the z axis.

Figure 4 depicts one set of TLSs that leads to the curves
in Fig. 2. The spectral content of the noise and the type
and strength of correlations are quantitatively accounted
for by the model with only seven TLSs, corresponding to
a density n, ~ 10'° cm™2. We point out the significance
of screening when obtaining this value, in line with Ref.
[72]; if we remove the image charges from the model, the
noise from even a single TLS in the vicinity of the dots
is already about two orders of magnitude larger than the
measured auto-PSDs.

B. Scaling of noise correlations with distance

Perhaps more crucial than the magnitude of the noise
correlations is their scaling with interqubit separation [19,
20]. We take advantage of our model to investigate this
scaling by simulation of qubits with increasing separa-
tion. For these simulations we locate the qubits at (x,z) =
(£d/2,0) and assign fixed magnetic gradients dB/dx =
0.1 mT/nm and 0B/dz = 0 for both qubits, irrespective
of their separation d. We generate 3000 random distri-
butions of TLSs in a square-shaped area of 35 wm side

length, with switching times in the range (107>, 10°) s,
using linearly and logarithmically uniform distributions for
space and time, respectively [73]. In these simulations,
we keep the remaining parameters the same as in Sec.
VA, including the TLS density n. = 10'° cm~2. Since
each distribution yields different spectral characteristics
(see Appendix C) and the PSDs are not self-averaging
[74], we characterize the generated ensemble by both the
average and the standard deviation at each frequency. We
evaluate two quantities: the average normalized cross-PSD
magnitude, (r) = (|Crr|/~/SLSk), and the average cross-
PSD magnitude normalized by the average auto-PSDs,
7= (|Crrl) //(SL) (Sk), introduced for comparison with
analytic results.

We plot these quantities at 1 Hz as a function of the qubit
separation in Fig. 5. The average correlation (r) initially
appears to decay exponentially, but eventually a polyno-
mial tail o« d=*? is observed at large interqubit separations.
While we observe that 7 is smaller than (), a similar poly-
nomial tail appears. To highlight the effect of screening,
we perform the same simulation without the image charges
and obtain the gray circles, which show a much slower
decay (r) oc d=2. We note that these averages calculated
from random sampling show a trend but may require large
ensembles to ensure convergence. To confirm the observed
trends, we turn to an analytic result, which can be obtained
for 7. The derivation is presented in Appendix D and yields
7 o< d=> + O(d~"), shown as a purple line in Fig. 5. Given
the similar polynomial decays in simulations, we conjec-
ture that (r) also follows the oc d~> decay in the limit
d — oo (we could not obtain analytic results for it). In any
case, given the power-law decay of spatial correlations,
screening becomes essential for such correlations to decay
fast enough to enable error correction [75].

C. Implications of a few-TLS model

We mention a few things that can be learned from
these investigations. First, charge-noise properties reflect
a specific distribution of TLSs which is device- and
potentially also cooldown-dependent. Unless these sources
reach some kind of self-averaging statistical limit, a single
set of PSDs from a given device will not fit any generic the-
ory predicting universal behavior. Second, the distribution
of TLSs leading to particular spectral characteristics is not
unique (see Appendix E). Third, while each TLS affects
both qubits and individually induces perfectly correlated
noise, spatial correlations will decrease upon adding noise
from a collection of fluctuators with different couplings
[25]. This, perhaps counterintuitive, behavior is shown in
Appendix C, where a high density of TLSs suppresses the
degree of noise correlation between qubits.

Fourth, while we considered charge traps in the oxide,
defects in the quantum well [76] could contribute also. In
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FIG. 5. Average normalized correlation amplitude at 1 Hz as
a function of the interqubit separation. Pink (gray) circles cor-
respond to the simulation of (#) with (without) screening due to
the metallic gates. Shaded regions represent one standard devi-
ation. Purple squares correspond to 7. For reference, the red
dashed line corresponds to an exponential decay exp(—ad), with
a = 0.0085 nm~!, while the magenta and black curves are pro-
portional to d~*2 and d~2, respectively. The purple line is oc d—>
following the result from Appendix D.

this case, we point out again that they should be of dipo-
lar nature, since an unscreened charge trap would cause
a noise magnitude inconsistent with our measurements.
Nevertheless, as explained in Sec. V A, our main results,
especially the scaling with distance, remain unaltered: a
charge trap close to a screening plane is equivalent to a
fluctuating charge dipole. Finally, screening plays a major
role in both the magnitude and range of the noise. A high
density of metallic gates close to the substrate surface
screening TLSs seems beneficial, favoring overlapping
gate designs such as the one used here. Even though we
measured correlated noise beyond nearest-neighbor qubits,
screening makes spatial correlations decay fast enough
such that QEC remains feasible.

VI. CONCLUSIONS

We measured the auto- and cross correlation noise spec-
tra of non-neighboring spin qubits defined in 28Si/Si-Ge
quantum dots. Our main result is observing clear cross cor-
relations in the frequency range 0.1-1 Hz, with a magni-
tude about 10%, despite the qubits being non-neighboring.
In addition, we found strong correlations (~ 70%) between
the qubit energies and the charge-sensor signal, providing
indisputable evidence that charge noise is the dominant
dephasing mechanism in our qubits.

We were able to quantitatively reproduce the measured
data by modeling the noise as a superposition of a few
independent charge two-level systems located in an oxide
layer of the device. Our model explains the variability
in charge-noise spectra across nominally identical devices
and highlights the importance of screening to decrease

not just the noise magnitude but also its range. We pre-
dict a polynomial decay of noise cross correlations with
interqubit separation which could be checked in future
measurements in larger spin-qubit arrays. Our study moti-
vates further research on noise spatial correlations, not
only in spin-qubit systems but in any candidate for quan-
tum computing. Noise correlation properties are crucial for
the implementation of quantum error correction and are
another important benchmark to take into account.
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APPENDIX A: SPATIAL CORRELATIONS DUE TO
NUCLEAR-SPIN NOISE

Here we reason that the nuclear spins cannot cause the
observed correlations. We do so by calculating the auto-
and cross-PSDs via a model of diffusive nuclei following
Refs. [30-32,77]. The energy shift v of a qubit with spin

S due to nuclear spins /, is

U@4

b=~ Z [ ) 2L, (A1)

where 1/ () is the electron’s wave function, vy is the unit-
cell volume, and 4 = 2.4 peV is the hyperfine coupling
strength for 2°Si [78-80]. We replace the discrete summa-
tion over nuclei by an integral over space by introducing
the (dimensionless) nuclear polarization density P(x, 1):

pA 3 R -
Sy = — P
v 2nhfdx @, D),

with p the fraction of 2°Si nuclei.

The dynamics of the nuclei with their magnetic dipole-
dipole interaction show a diffusion-like behavior in the
absence of nuclear-spin relaxation. Thus, we write the
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evolution of the nuclear polarization as

AP (X, 1)

= DV?P(%, 1).
5 (x,0)

The stochastic nature of the nuclear spins is grasped
by inserting a stochastic force £(X,7) into the diffusion
equation for P. Moving to Fourier space this leads to

OPL()

oy —4*KDP; (1) + &(2).

Solving the diffusion equation we obtain for an unpolarized
system:

Pi(D) = /0 e £yt — e T (A2)

Now, we are interested in calculating the cross correlator
Crr(t, ) = (Sv . (®)Svr(?)). To do so, we assume that the
statistics of the random forces are independent in space and
time:

(&, (1), (1)) = 8(hh — )8k + k) E (k). (A3)

From Egs. (A2) and (A3) we get the following cross
correlator:

ST+ 1)
—3 U,

2
< [ @rlvival e L (g

Crr(t, 1) = pA 0

where we evaluated E(k) = 872k*DI(I + 1)vgp/3 by
direct calculation of Cy; (¢, f) from Eq. (A1). The cross cor-
relator from Eq. (A4) can be evaluated if we assume a
Gaussian form for the electron wavefunction:

- 1 (x —x)*+2>  y?
Yo ®)* = ——>5— exp (—— ——,
w32L1, 2 2

with /, and [, the in-plane and out-of-plane spreads,
respectively.
Using this we get the final result for the cross correlator:

Coexp[—«k/(1 + ylt =1D]

Ci!) = T =iy 1y = e’

(A5)
where we defined y = 2D/l}2,,/< = 2d2/1127,§ = §/l§,2d =
XR — XL, and

_ A I+ a
RV, R T

with ag the lattice constant of silicon and Vp = 271112, L, the
QD volume.
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FIG. 6. The main panel of Fig. 2(a) including the auto-power
spectral density of the nuclear-spin noise (orange) calculated
according to Eq. (AS) for d = 0. Insets: cross power spectral
density and correlation coefficient calculated for an interdot
separation of 200 nm. The dotted lines are for reference.

The Fourier transform of Eq. (A5) gives us the cross-
PSD, from which we can evaluate the spatial correlations.
The auto-PSD is obtained by setting d = 0 and it is plotted
in Fig. 6 for D = 0.4 nm?/s [81] and a typical QD size of
(/,,1,) = (14 nm, 3 nm). There we can see that the nuclear
noise auto-PSD is lower than the measured values, giv-
ing further indication that the main dephasing mechanism
is charge noise. The correlation coefficient is |r| < 107°
in the frequency range of interest, as shown in the insets
of Fig. 6, a value much smaller than that displayed in
Fig. 2(b). This very small value occurs because the Over-
hauser field experienced by the qubits is determined by the
spread of their respective wave function; if there is not a
considerable overlap, the local nuclear dynamics evolve
independently. Thus, nuclear-spin noise is uncorrelated at
appreciable interdot separations.

APPENDIX B: POWER SPECTRAL DENSITIES OF
CHARGE-SENSOR SIGNALS

The charge sensor can be used to directly probe elec-
tric noise. Instead of acquiring separate data for the sensor,
we average the voltages from the single-shot measure-
ments, which, after binarization, are used to estimate the
qubit frequencies. These single-shot voltages correspond
to the difference between the maximum and the minimum
rf voltages acquired during the readout time window. If
the single-shot readout voltage is above the threshold, the
spin outcome is determined as |1), otherwise as || ). We
estimate a qubit frequency value from a single record com-
posed of 100 single-shot measurements; then two sensor
voltages are obtained by averaging the voltages that yield
the same spin outcome out of those 100 values. Since the
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FIG. 7. Auto-PSDs of the charge-sensor voltages.

measurement stage is performed at two different operation
points, as explained in the main text, we have a total of four
sensor voltages V7, with « € {L,R} and o € {1, |}, relat-
ing to which qubit is being measured and the spin readout
result.

The auto-PSDs of all charge-sensor signals are dis-
played in Fig. 7. There, we can observe a dependence
o f 2 in the low-frequency spectra similar to that seen
in the qubits’ noise spectra from Fig. 2(a). This similar-
ity may suggest a dominance of charge noise in qubit
dephasing, but the conclusive evidence is found in the
cross-PSDs between qubit energies and sensor voltages,
which have their magnitudes displayed in Fig. 3 and their
phases in Fig. 8. We find strong correlations with well-
defined phases and high confidence level, demonstrating
that our device is dominated by noise of an electric origin.
Furthermore, the nonuniform character of these correla-
tions with the charge sensor reinforces the idea that there
is a nonuniform distribution of noise sources.
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FIG. 8. Phase of the cross-PSDs between the charge-sensor

signals and the qubit energies.
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FIG. 9. Normalized cross-PSD amplitude calculated from an
ensemble of 1000 sets of TLSs for 200 nm interqubit separation.
The black lines correspond to the 1000 spectra of individual sets,
and the ensemble average for (r) is plotted in pink and for 7 in

purple.

APPENDIX C: SCALING OF CROSS
CORRELATIONS WITH DISTANCE

When we simulate random ensembles of TLSs, the
noise spectral characteristics vary for each distribution.
Namely, the spectra are given by the properties of a few
TLSs, making the results not self-averaging [74]. This is
demonstrated in Fig. 9, which shows that the normalized
cross-PSD can take basically any value between uncorre-
lated and perfectly correlated noise. On the other hand,
the average (be it (r) or 7) takes on an almost constant
value independent of frequency (any small features seen
probably arise from our finite sampling). This allows us to
extract a mean correlation strength for a certain interqubit
separation. For convention, we take the value at 1 Hz but
the scaling with distance is independent of this choice.

When the qubits are further apart, strong cross correla-
tions become less likely and the average (r) decreases. The
interqubit separation at which correlations start to decay
is determined by the mean distance between TLSs, as is
shown in Fig. 10. At higher densities, the TLSs are closer
to each other such that it becomes more probable for the
two qubits to strongly couple to a different group of TLSs,
leading to small noise cross correlations. Although the
average correlation magnitude decreases with increasing
density of charge fluctuators, the overall noise amplitude
increases proportionally.

APPENDIX D: ANALYTICAL CALCULATION OF r

Here, we present an analytical calculation of r =
(ICLrlY /A/{SL) (Sk) to determine the scaling of cross cor-
relations with the interqubit separation.

We start by treating each charge TLS with its image
as an electric dipole, with fluctuating moment 8p = 8q7 =
3qly. Following the parameters of our device, the y
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FIG. 10. Average normalized cross-PSD amplitude () at 1 Hz
for different densities of TLSs. Vertical dashed lines give the
mean distance between TLSs, equal to 1/4/27n,.

coordinate of every TLS is yp = —52 nm, the effective
dipole length is / = 4 nm, and the qubits are at y = 0. In
this way, the x component of the electric field at the posi-
tion X, of qubit & due to a single TLS-image pair k, located
at Xy = (xx, 0, 2x), can be approximated as

i 3yl Xg — X,
dip - )0 o k
SE_; (X) ~ 8qx . (D1
xk drreeg [(xq —x0)2 + 3§ + 2272
With this, the correlator of electric fields is
NrtLs (o — X1)
Cezex (f) = Xo -
o (xp — xx) I
[(p —x0)% + 35 + 212 1 +4n26f 2
(D2)
with
9¢*  yil?
X0

=22 (4 ep)?

and «, 8 € {L,R}. Upon averaging over TLS parameters,
the summation over ensembles and over TLSs can be
replaced by integrals with a corresponding probability
distribution for those parameters. We assume a uniform
probability distribution for the position of the TLSs, equal
to the density 7., and a distribution p(z) for the switch-
ing time. Then, the average for the correlator of electric
fields is

o0

_ (xe —X)
<CE§E;§(f)> = XoHc /OO dxdz [(te — x)2 +y§ + 22]5/2

(xp —x)
[(xp —x)2 + 33 + 222

/°° dt p(t) !
X _—
0 P + 4232
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FIG. 11. Another set of TLSs that fits the measured data.

For the autocorrelations, the integral in space can be solved
analytically, obtaining

Xon T
24y8

(Sex(f)) = G(f), (D3)

where we defined G(f') = fooo dt p(Ot/(1 + 4m2*f ?). For
the cross correlation, we could evaluate the leading order
in an expansion of the integrand in powers of y,/d around
x = *£d/2. We obtained

XoneTw _
(Ceii I = {5 56U +O (@) (DY)
Equations (D3) and (D4) give
5
. (ICr(F)I) . lyo (D5)

S Sz 8

where the functions G(f') cancel out making the result
independent of the specific time distribution p(#). This
result is plotted as a purple line in Fig. 5.

APPENDIX E: NONUNIQUENESS OF THE
DISTRIBUTION OF FLUCTUATORS

The distribution of TLSs that can reproduce our results
is not unique. Figure 11 depicts a different ensemble of
fluctuators that also leads to a satisfactory fit of the data
plotted in Fig. 2.
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