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We investigate low-frequency noise in a spin-qubit device made in isotopically purified Si/Si-Ge.
Observing sizable cross-correlations among energy fluctuations of different qubits, we conclude that these
fluctuations are dominated by charge noise. At low frequencies, the noise spectra are not well described by
a power law; instead, they reveal the presence of a few individual two-level fluctuators (TLFs). We
demonstrate that the noise cross-correlations allow one to get information on the spatial location of such

individual TLFs.

DOI: 10.1103/glp5-bb5b

Introduction—Charge noise is one of the major factors
limiting the performance of solid-state quantum process-
ors. The 1/f-like power spectrum often observed at low
frequencies is believed to arise from an ensemble of
two-level fluctuators (TLFs) [1]. In silicon spin qubits,
particularly those where the hyperfine noise is reduced by
isotopic purification, the individual TLFs can sometimes
be identified [2,3]. Recent work [4] has further shown that
temperature and gate voltages can strongly affect the
switching times of individual TLFs.

Despite extensive research, the precise nature of TLFs
remains elusive [5]. Various suggestions predict TLFs
located inside oxides, at interfaces [6,7], or at the quantum
well [8]. In bare wafers, one can look for TLFs and
impurities by direct imaging methods, such as atomic force
microscopy; for example, the in-plane locations of TLFs at
the Si/Si0, interface were traced in Ref. [9], and the 2DEG
potential was mapped in Ref. [10]. However, for an actual
nanodevice with a complex multilayer gate structure, direct
imaging is difficult, and any hints on the spatial locations of
TLFs causing qubit decoherence would be valuable.

In our recent works, we have developed [11] and applied
[2,12] cross-power spectral densities (cross-PSDs) as a tool
for the experimental study of noise in spin qubits [13]. The
long-distance tails of noise correlations play a key role in
quantum error correction [14,15]. At the same time, cross-
correlations reveal temporal and spatial noise features that
are absent in autocorrelations. In this Letter, we demonstrate
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that cross-PSDs can be used to estimate the spatial location
of a TLE, on top of its characteristic switching time visible in
the auto-PSDs.

The essence of the triangulation method—To explain the
essence of the method, we start with the one-dimensional
model of Ref. [12], describing two spin qubits coupled via
exchange J in the device of Fig. 1. The external field B,
lies in the 2DEG plane along z, and a micromagnet provides
the largest B, gradient along the array axis x.

Charge-noise shifts the qubits within the plane. In the
inhomogeneous field, these shifts induce Zeeman-energy
noise,
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ol Nt 1
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FIG. 1. Image of a device identical to the one measured. Qubits,
depicted as colored spheres with arrows, are formed under
plunger gates PL and PR. The qubits are separated by distance
d, have Zeeman energies hv; and hvy, and interact via exchange
hJ. The purple circle indicates the charge sensor.

© 2026 American Physical Society
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FIG.2. Schematics of a TLF located (a) left, (b) right, or (c) between two qubits. The left (right) qubit is shown as a blue (red) arrow in
a circle, and the TLF as a dark orange star. A purple gradient marks increasing qubit energies to the right, with the black line indicating
qubit separation. Faint colors show positions before the |0) — |1)TLF switch. Bottom panels display the resulting energy shifts and

cross-PSD signs due to the TLF.

for qubit @€ L, R, with 6x, the displacement along x, &
Planck’s constant, yz Bohr’s magneton, and g the electron g
factor. We assume (i) 0B,/ 0x is positive and equal for both
qubits, (ii) other magnetic gradients are negligible, (iii) the
two dots’ in-plane confinements are similar, and (iv) the
dots operate at the charge symmetry point [16,17]. These
assumptions are motivated by the device or serve only to
simplify the presentation.

At the symmetry point, exchange fluctuations depend
only on interdot tunneling, and hence a function of the
interdot separation d = xz — x;. To lowest order, we have

aJ
5‘]:&1(5)613—5)@). (2)

Equations (1) and (2) allow us to relate exchange PSDs
to qubit-energy PSDs, via

50 = (55 ) 15000+ Sa00) = 2eCon(r). (0
Cuf) = =S5 [8.0) = Cual). (3b)
Curlf) = S5 [S60) = CialP). - (30)

with A = vg —v;. We have denoted an auto-PSD by S,(f)
and a cross-PSD by Cpy (f), with shorthands v4 — f for the
PSD indexes of quantities € {v;, vg, J}. Thus, out of the
six a priori independent PSDs for {v;,vg,J}, three are
eliminated by Eq. (3).

To explain how a noise source location can be inferred
from cross-PSDs, we look at three scenarios drawn in Fig. 2,
with a TLF to the left, in between, or to the right of the
qubits. While a TLF could in principle lie anywhere
perpendicular to the qubit axis, here we focus on its position
along the axis, assuming the magnetic-field gradient is
dominant there and neglecting perpendicular contributions.
We label the TLF states so that |1) electrostatically repels

the qubits more than |0). We analyze the |0) — |1)
transition, noting that the cross-PSD signs are unchanged
for the reverse process and thus independent of labeling.
We also assume the TLF acts instantaneously on both
qubits, making all cross-PSDs real, as observed experimen-
tally [2,12,18].

First, let us take a TLF located left of the array, Fig. 2(a).
The TLF switch |0) — |1) pushes qubits to the right and,
with a positive magnetic gradient, both qubit energies
increase. The left qubit shifts slightly more, since it is
closer to the TLF. Hence, the interdot separation decreases
and the exchange goes up. In summary, all three quantities
increase, and all three cross-PSDs are positive.

Second, consider a TLF located to the right of the array,
Fig. 2(b). The TLF switch pushes the qubits in the opposite
direction, and their energies decrease. The interdot distance
still drops, in the same way as in the previous scenario. In
summary, the two qubit energies are positively correlated,
while each of them is negatively correlated with exchange.

Finally, consider a TLF inside the array, in between the
two dots. The TLF switch pushes the dots apart, decreasing
the left qubit energy while increasing the right qubit energy.
Also, only in this case the interdot distance increases and
the exchange energy drops. These changes result in the
cross-correlations as given in Fig. 2(c).

A quantum device is typically influenced by many TLFs
with different switching times and random locations, whose
additive effects are hard to disentangle. Still, individual
TLFs can sometimes be identified in the spectra as single
Lorentzian contributions, from which their switching times
are extracted. The procedure above goes further by also
revealing their spatial location, providing information inac-
cessible from auto-PSDs alone.

Experimental demonstration—We demonstrate the
method on data from the device in Fig. 1, previously used
in Refs. [2,19]. It implements a triple quantum dot with
aluminum gates over isotopically purified Si/Si-Ge
(800 ppm 2°Si), where we operate only the two dots under
PL and PR as single-electron spin qubits. We obtain time
traces of vy, vg, and J via repeated interleaved Ramsey
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FIG. 3. Auto-PSDs of S; (blue), Sp (red), and S; (yellow).
Color gradients show Bayesian probability distributions [11],
with means as points. S, is shifted down by a factor 10 for clarity.
The black dashed line is the model prediction from Eq. (3).
Gradient-colored fits of S; (f) and Sg(f) use two Lorentzians
[1 4 4722227 (see SM), with switching times 7 = 3.7 s (green)
and 7 = 90 s (orange). A dotted line shows an f~2 dependence
for reference.

experiments [12]. In Supplemental Material (SM) [20], we
provide details on the experiment and data analysis.

Looking at the auto-PSDs in Fig. 3, two facts stand out:
S.(f) and Sg(f) have different shapes, and neither follows
asimple 1/f law. These observations suggest that the noise
arises from a few local sources near the qubits rather than
from a global property. Indeed, the features can be captured
by only two dominant TLFs, whose contributions appear as
individual Lorentzians (solid lines), consistent with pre-
vious reports [2—4]. As we show next, the same two TLFs
also reproduce the structure of the cross-PSDs, providing a
unified picture of correlated noise. The SM presents the full
set of fits, including all auto- and cross-PSDs.

To quantify correlations, we use cross-PSDs normalized

by the auto-PSDs, c,4(f) = Cos(f)//Sa(f)Ss(f). Each
is a complex number with magnitude between O (uncorre-
lated) and 1 (perfectly correlated) and a phase. Figures 4(a)
and 4(b) show the magnitudes and phases for qubit-qubit
correlations. The correlations exceed 50% across most
frequencies and reach over 90% at some points. The phase
is zero everywhere, allowing us to exclude the scenario of
Fig. 2(c). Thus, the two dominant TLFs in Fig. 3 are located
outside the dot array.

We next examine correlations between qubit energies
and exchange, shown in Figs. 4(c)—4(f). The magnitudes of
cry;(f) and cg;(f) often exceed 80%. Since exchange
arises purely from wave function overlap, such strong
correlations demonstrate that the qubit-energy fluctuations

have an electrical origin. This agrees with earlier results in
Si/Si-Ge qubits [2-4,12], and contrasts with Si/SiO,
devices where the relevant TLFs are individual nuclear
spins [29-31]. We further test consistency with Eq. (3),
with the dashed lines in Figs. 3 and 4 showing predictions
obtained without free parameters, using dJ/dA = —0.87
extracted independently from J and A fluctuations (see
SM). The excellent agreement confirms our noise model
[Eq. (1)] and shows that individual TLFs can be resolved in
both time traces and PSDs, enabling the classification
of Fig. 2.

The phases of the three cross-PSDs, shown in the bottom
row of Fig. 4, reveal three regions. For f < 6 mHz, they
match Fig. 2(b), indicating a TLF to the right of the array,
consistent with the stronger noise of the right qubit in Fig. 3.
For f > 40 mHz, they correspond to Fig. 2(a), with a TLF
to the left, again corroborated by stronger noise in the left
qubit. A two-TLF fit (see SM) assigns switching times of
90 s and 3.7 s to these fluctuators, respectively. The
intermediate region, 6 < f < 40 mHz, reflects comparable
effects of both TLFs and is a transition regime; the observed
phases do not correspond to any scenario in Fig. 2.

Discussion—We now discuss our results focusing on
applicability and limitations. In particular, we (i) apply our
method to an independent dataset, (ii) consider extensions
to larger arrays, (iii) examine refined triangulation through
microscopic TLF models, (iv) outline potential problems,
and (v) discuss other spin-qubit encodings.

First, to assess its generality, we apply our method to data
obtained in Ref. [12] (natural silicon device with a different
gate layout). The analysis (shown in SM) reveals two TLFs,
one of which is positioned between the qubits [Fig. 2(c)],
the other to the left. Including these data, we thus observe all
three scenarios of Fig. 2 across four detectable TLFs,
suggesting that each scenario occurs frequently.

Second, our analysis naturally extends to larger qubit
arrays [32], as we show in simulations. For two qubits,
correlations with exchange were needed to distinguish
whether a TLF lies to the left or right of the qubits. In
larger arrays, qubit-qubit energy correlations alone suffice,
eliminating the need for exchange correlations and
improving scalability. An illustrative case is shown in
Fig. 5(a) for a 3 x 3 lattice. Knowing the magnetic-field
profile, the analysis of Fig. 2 generalizes to two dimen-
sions (see SM), where the plane divides into regions with
distinct cross-PSD signatures, yielding a “tangram”like
tiling [Fig. 5(a)]. Once a clear TLF signature is identified,
its position is restricted to one such region.

Third, we turn to refined triangulation based on micro-
scopic modeling. At this stage it is useful to separate two
levels of localization: from the signs of the cross-PSDs we
obtain a qualitative classification that places a TLF relative
to the array [Figs. 2 and 5(a)], whereas extracting quanti-
tative positions or absolute distances requires a model for
the microscopic nature of the defect. If the spatial scaling of
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FIG. 4. Normalized cross-PSDs for the two-qubit system: c¢; z (purple), ¢z ; (green), and cp; (orange). Magnitudes are shown in (a),(c),
(e) and phases in (b),(d),(f). Color gradients give Bayesian probability distributions with means as points. Vertical dotted lines mark the
frequency above which spectra are corrected for estimation errors (see SM); only the phase of ¢;  requires no correction. Black dashed
lines are predictions from Eq. (3). Schematics indicate the dominant TLF regime: right of the qubits at low frequencies, left at high, and a

transition in between.

the TLF-qubit interaction were known, finding the qubit-
TLF coupling ¢* for several qubits could, in principle,
reveal the TLF’s position. Even though measurement
uncertainties usually limit such pinpointing, for the sake
of illustration, we revisit the approach of Ref. [2] and model
TLFs as charge traps in the oxide above the 2DEG, screened
by a nearby metal. The [0) — |1) transition corresponds to
trapping an elementary charge, equivalent to a dipole
oriented perpendicular to the 2DEG. This model narrows
the possible locations, illustrated in Fig. 5(b) for the 90 s
TLF (see SM). Namely, the qubit-TLF couplings obtained
from the PSD fits locate the TLF to the intersection of the
solid curves (contours of constant qubit-energy shifts),
yielding six candidate positions. The qualitative classifica-
tion from cross-PSD signs (Fig. 2) excludes four and thus
reveals that the TLF is horizontally about 100 nm from the
qubit-array center. Nevertheless, we stress that extracted
positions are sensitive to modeling assumptions. They
depend on whether the TLF is an elementary charge or
dipole, its distance to the 2DEG and screening metal,
and the dipole’s size and orientation. Without detailed
knowledge or well-justified assumptions, absolute localiza-
tion thus remains elusive. On the other hand, the same
sensitivity helps narrow down the TLF model, as it should
consistently describe spectra measured for multiple qubits
simultaneously.

Fourth, we address possible ambiguities in interpreting
cross-PSDs. In the previous paragraph, we considered a
dipolar TLF with its charge dipole pointing out of the 2DEG
plane. Were it oriented along the array axis, its effects would
be more complex. For example, if located between the
qubits, a TLF-state switch could attract one qubit while
repelling the other, producing signatures that mimic a TLF
pointing out of the plane located on either side of the array.

Nevertheless, this ambiguity could be resolved by examin-
ing neighboring qubits, since their coupling strengths would
differ strongly depending on the true TLF location. In
contrast, a negative qubit-qubit cross-PSD, Cx(f) <0
(observed in the SM), can only arise from a TLF between
the qubits and is therefore a robust signature of such
scenario. A similar ambiguity arises when the dots’ in-
plane confinements strongly differ. Then, a TLF switch
could displace the loosely bound dot more, even if it is
farther from the TLF. However, such asymmetry would
yield smaller noise in the tightly bound dot, inconsistent
with the crossover between S; and Sy in Fig. 3. Finally, we
consider the case of two (or more) TLFs having similar
switching times. Their Lorentzian spectra overlap and, in
two-qubit data, cannot be distinguished from a single TLF.
Data from larger arrays, however, could help identify
individual TLFs by their distinct spatial correlation patterns.
We conclude with a somewhat obvious statement: the more
precisely the dots and TLFs are characterized, the more
reliable the classification of Fig. 2 and associated PSD fits
will be.

Finally, we comment on the broader applicability of our
approach to other spin-qubit encodings. Although we
focused on electron spins in micromagnet-induced gra-
dients, the same principles apply to other spin-qubit
encodings. For hole spin qubits in germanium, anisotropic
g tensors replace engineered gradients; once the g-tensor
axes are known, the tangramlike classification of Fig. 5(a)
can be constructed and TLFs localized from cross-PSD
signs. A similar strategy applies to singlet-triplet or
exchange-only (EO) qubits, using cross-PSDs of exchange
interactions. For example, in a linear EO qubit formed by
three spins with intraqubit couplings J;, and J,3, a TLF on
either side of the array yields positive correlations between
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FIG. 5. TLF triangulation in two dimensions. (a) Regions with

distinct cross-PSD signatures for a 3 x 3 qubit array (black
circles). The tiling corresponds to a magnetic gradient
VB, « 1% —0.1zZ, similar to that of the device in Fig. 1 [2].
Analogous tilings can be constructed for any known magnetic
profile (or spin-orbit axis or g tensor). (b) Contours of qubit-TLF
interaction strength for a screened charge trap [2]. Qubit wave
functions are shown as Gaussian profiles (20 nm width). Dashed
blue (red) lines denote contours of constant energy shifts for the
left (right) qubit; solid lines match fitted jumps from PSD analysis
(|g*| = 14.9 kHz, |g®| = 38.0 kHz, for the 90 s TLF). Intersec-
tions mark six candidate positions, with cross-PSD signs ex-
cluding the gray region and only leaving two possible locations
(purple circles).

the two exchanges, while one inside gives negative corre-
lations. Interqubit couplings to neighboring qubits, or
triangular EO geometries with additional intraqubit cou-
pling J3 [33], could provide extra constraints to further
refine localization. Either way, EO qubit lattices map onto
tangramlike patterns of exchange cross-PSD signs (see SM),
providing a general framework to infer TLF positions.
Conclusions—Using two spin qubits in an isotopically
purified Si/Si-Ge device, we have investigated noise cross-
correlations between the qubit Zeeman energies and

between the qubit energies and exchange energy, finding
them consistent with charge TLFs located near the qubits.
We introduced a simple classification where the signs of the
three cross-PSDs reveal the spatial location of dominant
TLFs and their characteristic times. In our device, we
identified one TLF to the left of the array with a switching
time of 3.7 s and another to the right with a switching time
of 90 s. Extending the method to two dimensions, we
constructed tiling plots that divide real space into regions
with distinct cross-PSD signatures. This framework pro-
vides a systematic way to classify possible TLF locations in
larger qubit arrays and generalizes naturally to other spin-
qubit encodings.
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