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ABSTRACT

Silicon-based spin qubit platform is a promising candidate for the hardware realization of quantum computing. Charge noise, however, plays
a critical role in limiting the fidelity and scalability of silicon-based quantum computing technologies. This work presents Green’s transfer
function approach to simulate the correlated noise power spectral density (PSD) in silicon spin qubit devices. The simulation approach
relates the dynamics of the charge noise source of two-level fluctuators (TLFs) to the correlated noise of spin qubit device characteristics
through a transfer function. It allows the noise auto-correlation and cross correlation between any pairs of physical quantities of interest to
be systematically computed and analyzed. Because each spin qubit device involves only a small number of TLFs due to its nanoscale device
size, the distribution of TLFs impacts the noise correlation significantly. In both a two-qubit quantum gate and a spin qubit array device, the
charge noise shows strong cross correlation between neighboring qubits. The simulation results also reveal a phase-flipping feature of the
noise cross-PSD between neighboring spin qubits, consistent with a recent experiment.

© 2025 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license

(https://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0216833

I. INTRODUCTION

Noise is a showstopper for developing quantum com-
puting technologies.! In semiconductor-spin-based quantum
computing,”* noise can stem from a variety of sources, including
charge noise and nuclear magnetic noise.”’ Silicon can be iso-
topically purified to **Si with very high purity, in which nuclear
dephasing is negligibly small compared to charge dephasing.’
While significant progress has been achieved in reducing noise and
improving the fidelity of the single-qubit and two-qubit quantum
gates, noise is still the major factor that limits fidelity and scalability
in silicon-based quantum computing.” "' In semiconductor spin
qubits, the observed charge noise usually follows a 1/f-like power
spectrum and is believed to be associated with two-level fluctuators
(TLFs).”"* ' As the device size scales down and the integration
density increases, the noises across neighboring qubits and quantum
gates are increasingly correlated. Recent experimental work has
investigated noise correlation spectrums in silicon spin qubits,'” in
which phase-flipping is observed in the noise correlation spectrum
between two neighboring qubits. Along with experimental progress,
developing physical models and understanding the noise correlation
between neighboring spin qubits is important. Such understandings

are indispensable for developing strategies to mitigate noise for
robust quantum computing systems based on silicon spin qubits.

In this work, we develop Green’s transfer function approach
to simulate the noise correlation spectrums of silicon-based spin
qubits. The approach allows relating the dynamics of the noise
source of TLFs to the correlated noise spectrums of the spin qubit
devices through the transfer function. It provides a tool to system-
atically simulate and investigate both the auto-correlation and the
cross correlation noise spectrums of silicon spin qubits. Using this
simulation approach, we explore the correlated noise power spectral
density (PSD) of the precession frequencies and exchange interac-
tion in a two-qubit quantum gate device based on silicon. Due to the
nanoscale device dimensionality of silicon spin qubit devices, only a
few TLFs are involved. The results reveal strong noise cross correla-
tion in silicon spin qubit devices and highlight the importance of the
random discrete TLFs on the noise spectrum. The simulation shows
the phase-flipping behavior of the cross correlation PSD between
neighboring spin qubits as observed in a recent experiment.'” This
study contributes to the simulation method and understanding of
correlated noise properties in silicon spin qubit devices, which is
important for designing and scaling up silicon-spin-based quantum
computing systems.
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Il. APPROACH

The modeled device structures are shown in Fig. 1, which
include both a two-qubit spin quantum gate in Fig. 1(a) and a one-
dimensional spin qubit array in Fig. 1(b). Experimentally, both a
SiGe-Si heterostructure and a silicon metal-oxide-semiconductor
(MOS) structure have been used to fabricate silicon spin qubits.'® In
a SiGe-Si heterostructure, a thin silicon layer is sandwiched between
SiGe layers. In a MOS structure, electrons are confined in the vertical
direction by a potential well at the SiO,-Si interface. The two quan-
tum dots can be defined by applying gate voltages to the plunger
gates (PGs), which operate the qubit pairs in the (1,1) electron num-
ber regime. The tunnel barriers between the QDs can be modulated
by the barrier gate (BG). A thin oxide layer separates the gates with
the top SiGe layer in the SiGe-Si heterostructure.

Green’s transfer function method: We extend Green’s trans-
fer function method, which has been used in noise analysis of
metal-oxide-semiconductor (MOS) FETs,'” to noise analysis of
semiconductor qubit devices. Charge fluctuation in TLFs creates a
stochastic electric field perturbation to qubits and their exchange
interactions. TLFs have been identified as the source of charge
noise in semiconductor and superconductor qubit systems, although
their microscopic physical origins remain a mystery.“’m‘w For noise
in a spin qubit system of N qubits, we define a vector of the
physical quantities of interest P = [vi,...,Vms. s VN> J s - - - )

(a)
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y
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FIG. 1. Schematic structure of the modeled spin qubit device in silicon. (a) A two-
qubit quantum gate. The QDs are defined by the left and right plunger gates, PG,
and PGg. The tunnel barrier can be modulated by the barrier gate (BG). (b) A
one-dimensional (1D) array of spin qubits. Both the PGs and BGs are shown. A
silicon layer is confined between SiGe in a SiGe-Si heterostructure. The non-
uniform magnetic field, B field, is denoted. The randomly distributed TLFs are
shown schematically as stars.
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where vy, is the precession frequency of each qubit, and J,,, is the
exchange interaction (in a unit of Hertz) between a pair of qubits
(m,n). The autocorrelation function between the iy and j,, ele-
ments of P, R;j(t) = (Pi(0)P;(t)), forms a matrix. According to
the Wiener-Khinchin theorem, its Fourier transform is the PSD
S(f) = F(R(t)), which can be computed from the PSD of the noise
source K(f),

S(f) = GUNHK()G()" (1)

where G(f) is the Green’s transfer function matrix. At the low-
frequency noise region, G(f) can be treated quasi-statically and is
frequency-independent because the noise frequency scale associated
with the fluctuation of TLFs is low. The diagonal element of S(f)
gives the noise PSD of the physical quantities of interest. The oft-
diagonal elements compute the noise correlation between the ith and
jth physical quantities of interest,

Ci(f) = Si()IV/Si())S;i(f)- )

Model TLFs: TLFs have been widely considered an impor-
tant noise source in various quantum computing hardware
platforms.''””" In superconductor qubits, TLFs are known to be
approximately uniformly distributed across a wide range of frequen-
cies. They possess both elastic and electric dipole moments, enabling
them to interact with both mechanical deformation and electrical
fields.'””" In semiconductor qubits, the dynamics of TLFs have been
characterized and modeled.""”" Nonetheless, the precise physical
nature of the TLFs in semiconductor qubits is still an open ques-
tion.'* In a simplified model, charge noise in semiconductors can be
due to TLF defects capable of capturing and emitting charges.”””’
The TLFs do not exchange charge with the QDs but can exchange
charge with their environment, inducing carrier reservoirs of elec-
trodes and nearby two-dimensional electron gas."* TLFs are not
only limited to a whole electron charge fluctuation, in which a car-
rier is trapped and emitted, but also include dipolar fluctuations
where a charge fluctuates between two positions within a double-
well setup.”””" The TLFs are assumed to follow the dynamics of
random telegraph noise (RTN) with a characteristic transition time
of 71..">"*?” The Fourier transform of its autocorrelation function of
the TLF charge gives its power spectral density (PSD) in the form of
a Lorentzian function with a corner frequency of fr = 1/(2nrry).
The matrix elements of the noise source of the correlation has a
Debye-Lorentzian spectrum,’®

1 Tk
Kkl(f) - 21+ (ZﬂfTTk)z 8kl’ (3)

where Jy; is the Kronecker delta, and 77 is the transition time of the
kth TLF. Because the microscopic origin of the TLF is an open ques-
tion, detailed physical knowledge of the transition time is absent.
Assuming that the TLFs do not exchange charge with the QDs, the
transition time is determined more by the TLFs’ interactions with
their surroundings and each other rather than the QDs.”” The tran-
sition rates of TLFs have exhibited distributions spanning various
ranges and have shown dependence on gate voltages and temper-
atures, aspects that are not yet comprehensively understood.'"”*
In this study, we implement a random log-uniform distribution to
represent the transition time of TLFs within specified ranges.”
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Model Green’s transfer function: TLFs result in a Coulombic
field. A silicon spin qubit device has a nanoscale dimension. Only a
small number of TLFs are involved for each device. For the kth TLF
located at an in-plane position of (X7, Y13 ) and a depth of d7y from
the interface, by using the Thomas- Ferm1 (TF) approximation, the
screened potential can be expressed as”

1 o m igrcos!
Un(n) = e fy - ada [ d0Viala) O

where

2 —qd

Vier (q) (5)

2851 q+ qTF

r(x,y) = \/(x - X )2+ (y - Yro)?, e is the elementary electron
charge, & is the silicon dielectric constant, and g ~ 0.67 nm™'
is the TF screening wave vector.”’ The in-plane electrostatic force
is computed as Frx(x,y) = =V Ur(x,y). The potential at the ith
QD can be evaluated as Uy = (yi(x, y)|Urx(x, y)|yi(x, ), and
the force is computed as Fy = (wl(x,y)|FTk(x,y)|1//,(x y)) where
v,(x,y) is the confined electron wave function. The wavefunction
takes a Gauss1an form”” with a quadratic QD confinement potential

Veonf (%) = fm *w?((x = xc)? + (¥ = yc)*), where the QD center is
at (x.,,.), m" =0.19mq is the in-plane effective mass of the (100)
silicon layer, and myg is the free electron mass, and a value of
hw =5 meV is used in this study, which results in a Gaussian
form of the wave function with a radial characteristic length of

lop =\/h/ (m*w)) ~ 9.0 nm.”" This length scale defines the radial
size of the confined electron wave function in a QD. The value
is nominal and typical for a semiconductor QD, and varying the
values does not change the qualitative conclusions. We consider ran-
domly realized configurations with TLFs being >1.5lqp away from
the centers of the QDs, which results in a weak perturbation. The
transfer Green’s function can be treated by keeping the leading order
perturbations.

We first model the transfer function term from the charge noise
to a precession frequency. The electric field results in a displacement
of the charge centroid of the confined electron. In the presence of
a magnetic field gradient, it results in a fluctuation of the magnetic
field. The in-plane displacement can be computed from the in-plane
force,”

F;
87 = Sxyd + By (6)
m*w
In a device setup w1th the x-gradient of the magnetic field at the

ith qubit dommatmg, B > %1; !> the magnetic field variation due

to position variation caused by the kth TLF charge is

6B,' ~ (7)

B;
Ox

In this study, we use a magnetic field gradient value of
%ﬁ 0.1mT/nm, in the order of typical experimental value.® The
charge noise of interest is low-frequency compared to the electro-
static response time. The Green’s transfer function is treated as

pubs.aip.org/aip/apq

frequency-independent. Its element between the fluctuation of the
ith qubit precession frequency év; and kth TLF is determined by

G = g",fB 0By (8)

where g; is the g-factor, uj is the Bohr magneton, and 0By is
computed with Eq. (7).

After obtaining the transfer function for single qubit terms,
we derive the transfer function term from the charge noise to the
exchange coupling between neighboring qubits. If the Hubbard
double-occupancy potential value is much larger than the tun-
nel coupling, Up > t, the Schrieffer-Wolff transformation can be
applied to obtain the Hamiltonian matrix in the computation sub-
space. The exchange part of the effective Hamiltonian between a
neighboring pair of qubits (i, ) is Hex = ]i,-(S,- -8 - i),j’l‘j’z where
Siorj is the spin operator, and the exchange interaction J; can be
expressed as

22
Uni — Ajj

21’?,1']- B 21’3),7 ( Uy + UH]')

= )
Unj + A5 (Uni — i) (Unj + Ayj)

]ij =

where t.; is the tunnel coupling, A;; is the detuning, and the Hub-
bard double-occupancy potential values are assumed to be equal
Uni = Unj = Uy, which is insensitive to the TLF charge.”' For a two-
qubit quantum gate as shown in Fig. 1, there is only one exchange
term between left and right QDs. The expression simplifies to

U,
Jij = 4oy Ut (10)
Uk - A
The electric field by the TLF perturbs both the tunnel coupling
t.;j and detuning A Biasing the DQD structure at the sweet spot in

which A « Uy helps to reduce the impact of charge noise.”* At this
bias condition, the tunnel noise dominates’’
2Jij0tcij
8ij ~ Hitejy (11)

tc,ij

The tunnel coupling t.;; depends on the tunnel barrier height
and thickness between neighboring qubits. The tunnel coupling
between two neighboring qubits can be numerically computed with
a Schrodinger-Poisson solver.”” The numerically computed tunnel
coupling value can be described by an analytical expressmn in the

3,35

form of the WKB approximation, which is expressed as’””

\/2qm”Ey;;

teij = two €xp f% sij |» (12)
where Ey, ; is the barrier height, Ls,; is the spacing between the dou-
ble quantum dots, g is the elementary electron charge, and t is a
tunnel coupling parameter independent of Ey; and L. The tun-
nel coupling parameter can be obtained by fitting Eq. (12) to the
numerical simulation results of the tunnel coupling values at differ-
ent QD spacings and barrier heights.”> The extracted pre-coefficient
teo depends on the semiconductor material and carrier type.” For
silicon electron tunnel coupling, the pre-coefficient value is in the
order of t ~ 10 meV. The perturbation of a TLF on the barrier
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height Ej, is small. The barrier height in the typical operation condi-
tion is in the order of ~10 meV, while the perturbation to the barrier
height for a TLF with an in-plane distance of >10 nm is in the order
of ~10 ueV or smaller, which is orders of magnitude smaller than a
typical tunnel barrier height. The fluctuation of the tunnel coupling
can be approximately expressed as

Oteij \/ quyrEb,ij OLsjj  OE;
— & 7145,,']' + . (13)

tc,ij 1 h Ls,,‘j 2Eh,ij

The kth TLF perturbs the interdot spacing and the tunnel
spacing,

F x,ik F x,jk

2 2°
m*w;  m*w;

(SLS),']' = 8x,-k - ‘ijk = (14)

where F is the x-component of the electrostatic force. The change
in the barrier height due to the TLF charge is computed by averaging
over the tunneling path,

fo,CJ Ur(x,y = 0)dx
Xj — Xi ’

6Eb,ij = (15)

The matrix element of Green’s transfer function between an
exchange interaction term 8]ij and the kth TLF is obtained by
substituting Eq. (13) into Eq. (11),

\/2qm”* Ey i SLesi
Gk = 2| =~ Lsj (75,,]

E, .-
. 4 OB ) (16)

Ly 2B, ij

where 8L, is computed by Eq. (14) and JE;; is computed from
Eq. (15).

Ill. RESULTS

We first apply the transfer Green’s function method to inves-
tigate noise correlations in the two-qubit quantum gate device
as shown in Fig. 1. The spacing between the two QD centers is
Ls = 40 nm. Both the Si layer and SiGe layer are assumed to have
a thickness of 10 nm. We examine the noise auto-correlation and
cross correlation of the precession rates of the left and right qubits,
vr and v, respectively, and the exchange interaction between the
qubits, J. For the device, the vector of physical quantities of interest
is P = [v1, vr,J]. The auto-PSD values are extracted from the diago-
nal entries of S(f) in Eq. (1) and are denoted using Sz, Sg, and S for
vL, VR, and ], respectively. The cross correlation values are obtained
from Eq. (2) and are denoted using the symbol C with subscripts.

In an isotopically purified Si?*, the charge noise dominates. The
nuclear magnetic mechanism is weak, which can lead to a corre-
sponding dephasing time 75" > 100 us. Spin-orbit coupling is also
weak in silicon.” We first focus on the case with charge noise only.
The distribution of TLFs is randomly generated. To explore the
statistical average values. We stochastically generate the TLF con-
figurations with a density of Ntir = 4 x 10'" /cm?,*® stochastically
uniformly distributed in the capping SiGe layer in the thickness
direction.

To explore the statistical average over random realizations

of TLF configurations, we realize N5, = 8000 configurations of
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FIG. 2. (a) The expectation value of the auto-PSDs of the precession frequencies,
S; (blue solid) and Sk (black solid), and the exchange interaction S, (red solid),
over random TLF distributions. A reference line of 1/ f scaling is also shown (green
dot). (b) The amplitude of the expectation value of the cross-PSD, C;, between
the precession frequencies of two qubits. The expectation values are computed by
using 8000 random realizations of the TLF distributions.

the TLFs stochastically and compute the expectation values of
noise correlation spectrums by averaging over these configurations.
Figure 2(a) shows that the expected auto-PSDs of the precession
frequencies of two qubits are essentially equal and show a 1/f
noise scaling behavior. Each individual TLF produces a Lorentzian
power spectrum. In calculating the expectation over a larger num-
ber of random TLF realizations, summing and averaging over
Lorentzian with different corner frequency values leads to a 1/f
scaling behavior of the expectation value. Similarly, the expecta-
tion value of the auto-PSD of the exchange interaction shows a
clear 1/ f scaling behavior. The cross correlation between two neigh-
boring qubits is characterized by the cross-PSD of the precession
frequencies of two QDs. Figure 2(b) shows the expectation value
of the amplitude of the cross-PSD over all TLF relations is A=~0.5,
and it is nearly frequency-independent. The cross-PSD amplitude
is bounded between 0, which corresponds to no correlation, and
1, which corresponds to the case of fully correlated or anticorre-
lated. The expectation value of the cross-PSD amplitude indicates
that the correlation is strong on average. At a specified frequency,
the phases of the cross-PSD of various random realizations take a
random binary value of 0, which indicates in-phase, or 7, which
indicates out-of-phase, and the average phase value is 77/2.

Next, we examine the noise correlation of one randomly real-
ized configuration of TLFs. Figure 3(a) shows the noise auto-PSD S
of the precession frequency of the left qubit. Figure 3(b) shows the
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108 — Total 1/f* at high frequencies. The sum of the contributions by TLFs 1 and

.............. Uf -=- TLF1 2 results in a 1/ f scaling of their values at the corner frequencies, as
. shown by the slope of the green dot line in Fig. 3(a). These two TLFs
have a dominant contribution because they have corner frequencies
in the frequency range of interest. A recent experiment examined the
impact of an individual TLF on a silicon spin qubit.'* In the silicon
spin qubits for a given frequency range, there can be only a single
TLF playing a dominant role because of the small number of TLFs
and the spread of their frequency ranges. As shown in Fig. 3(2), in the
frequency range around 107 to 107 Hz, the individual TLF 1 has a
dominant contribution to the total noise PSD, and in the frequency
range around 107! to 10° Hz, the individual TLF 2 has a dominant
contribution. In the frequency range around 107* to 10~ Hz, both
0.003 TLF1 and TLF2 contribute. The spin qubit probes the fluctuation of
only one or two TLFs in the frequency range examined.

Noise correlation for a pair of neighboring qubits has been
experimentally investigated,'” which shows strong cross correlation
and a phase-flipping feature from out-of-phase to in-phase in an
0.001 explored frequency range. We next investigate the cross correla-

tion of noise between two qubits. The cross-PSD Crr between vy
and vg is shown in Fig. 3(c). The results show a qualitative fea-

0.000 . . . .
—40-20 0 20 40 ture drastically different from the expectation value as shown in
X [nm] Fig. 2(b), which highlights the importance of a small number of ran-
dom discrete TLF charges. The cross-PSD flips from out-of-phase
with ¢ = 7 at lower frequencies to in-phase with ¢ = 0 at higher fre-
1 quencies. The amplitude indicates strong cross correlation, with the
peak value approaching the maximum value of 1. The reason for the

PSD [kHZz%/Hz]

0.002

Y [nm]
o

(b)

G
S}
o
£
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S
,\E 1 ,5 1-——\-/—_
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1073 1072 1071 100 101 =
f [Hz] =1
S
© I}
©
FIG. 3. Noise auto-PSD of the spin qubit precession frequency at the left QD S £0
e ey . 102 102 10 10° 10t

(solid) for the TLF configuration in (b). The auto-PSDs due to charge in TLF 1 and
TLF 2, as denoted in (b), are shown by the green and red dashed lines, respec- f[Hz]
tively, with a color bar in the unit of nm=2. 1/f and 1/ scaling lines are also

shown by the green and yellow dotted lines. (b) A randomly realized TLF configu- @
ration and the pseudo-color plot of the electron probability density. All TLF charges
are shown by scattered symbols. Two TLF charges with dominant contributions to
the noise correlations in the frequency range of interest are denoted as the white
diamond (TLF 1) and the red circle (TLF 2), and the rest of the TLF charges are
denoted as yellow stars. (c) The amplitude (top) and phase (bottom) of the cross
correlation C,r between the precession frequencies of two qubits. The modeled
device structure is shown in Fig. 1. The QD spacing is Ls = 40 nm with the QD
centers located at (+20 nm, 0).

[ay

= O

Phase(Cg))/m Amp.(Cg))

o

102 107! 10° 10!
f [Hz]

,_.
1)
b

top view of the TLF distribution and the electron probability density
of two spin qubits. We also simulated the PSD due to an individual
TLF only, as shown by the green dashed line for TLF 1 and the red (©)
dashed line for TLF 2 in Fig. 3(a). The results show that the total PSD
can be well described by the sum of the PSDs from these two contrib-
utors. Each TLF charge results in a Lorentzian PSD, which is nearly
constant at a frequency lower than its corner frequency and scales as

FIG. 4. The amplitude (top) and phase (bottom) of (a) the cross-PSD C;; between
v, and J, and (b) the cross-PSD Cg, between vg and J. The TLF configuration is
shown in Fig. 3(b).
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out-of-phase to in-phase transition is explained as follows: As dis-
cussed before, TLFs 1 and 2, as shown in Fig. 3(b), have dominant
contributions among all TLFs due to their closeness in space to the
quantum dot centroids. TLF 1 is located at an x position between
the charge centroids of the left and right QDs. The charge of the
TLF 1 results in electrostatic forces that move two qubits’ charges
along the opposite x directions. In contrast, TLF 2 is located to
the left of both QDs. Its charge results in electrostatic forces that
move both qubit charges along the same x direction. In the pres-
ence of a magnetic field gradient along the x direction, the cross-PSD
due to TLF 1 is out-of-phase, and that due to TLF 2 is in-phase.
As shown in Fig. 3(a), TLF 1 has a lower corner frequency and is
more dominant at lower frequencies, and TLF 2 is more dominant
at higher frequencies. As the frequency increases, the cross-PSD flips
from out-of-phase due to the dominance of the slower TLF 1 to
in-phase due to the dominance of the faster TLF 2. Although the ran-
dom nature of TLFs makes it difficult for a quantitative comparison
between theory and experiment, the phase-flipping phenomenon in
a correlated noise spectrum has also been experimentally observed
in a pair of silicon spin qubits.'” The qualitative feature of the cross-
PSD shown here is similar to an experimental observation in the
experiment.”

The cross-PSDs between the precession frequencies and the
exchange interaction are investigated next. Figure 4 plots the cross-
PSD between the spin qubit precession frequencies and the exchange
interaction J, for the same TLF configuration in Fig. 3. The ampli-
tude of cross-PSD values indicates a strong noise cross correlation
between the two-qubit exchange coupling and single-qubit preces-
sion frequencies. The left spin qubit stays in-phase with the exchange
interaction in the frequency range explored, as shown in the bottom

ARTICLE pubs.aip.org/aip/apq

panel of Fig. 4(a). In contrast, the right qubit switches from out-of-
phase to in-phase, as shown in the bottom panel of Fig. 4(b). This
is consistent with Fig. 3(c). As the noise of vy stays in phase with
the noise of the exchange interaction J, the noise of vz goes through
a phase-transition from out-of-phase to in-phase with the noises of
both vy and J.

In natural silicon, the nuclear magnetic noise is significantly
stronger than in isotopically purified Si*®. The nuclear magnetic
noise is due to a localized Overhauser field.” The Overhauser field
results in uncorrelated magnetic noise on two qubit spins, and it
does not affect the exchange interaction. We model the impact of the
additional nuclear magnetic noise mechanism by adding a diagonal
PSD matrix $™(f) to the previously calculated noise PSD matrix
of the charge noise S(f) in Eq. (1) to obtain the total noise PSD
matrix, S (f) = $™(f) + S(f). For the physical quantities of inter-
est,P=[Vi,....V%m .., YN, - o> Jpuns - - -] the nuclear magnetic noise
is modeled phenomenologically with a scaling of 1/f% where the
exponent « is typically in the range of 1 < & <2.”” The diagonal
entries corresponding to the precession frequency of a spin qubit
describe the magnetic noise of spin precession frequencies,

A"/ if i <N,

(17)
0, otherwise,

Si' () ={

where A™ determines the strength of the noise. This simple phe-
nomenological model is useful to shed light on how the additional
magnetic noise impacts noise correlation PSDs.

Figure 5 shows the auto-PSD and cross-PSD with various
strengths of nuclear noise. Two scaling power coefficient « values in

N 107 ps ::::sxmmzl 125 e :g::gxmwz?
I —e— AJY=7x10°Hz? 1.00 o AP =7 x10°HZ
N 106 —o— Apu=7x107Hz? P —— AV =7x109HZ
T 5 0.75 ) FIG. 5. Impact on the noise correlation
o105 = PSDs after including additional noise
Y € 0.50 with either 1/f scaling in (a) and (b) or
2104 1/ scaling in (c) and (d). (a) The auto-
2 0.25 PSD S, of the precession frequency v,
103 and (b) the amplitude of the cross-PSD
10-3 10-2 10-1 100 10! 0'0](_)0—3 102 10-1 100 101 Cir between v, and vy .fOI' .vario_us
f [Hz] f [Hz] strengths of nuclear magnetic noise with
a PSD of AT/ f, where AT =0 (blue),
(a) (b) Al =7x10" Hz? (orange), Al =7
x 108 Hz? (red), and AJ = 7 x 10° Hz
1010 s 1.95 — (green). (c) The auto-PSD Si(f)
< A= 105Kz A= 10H23 of the precession frequency v, and
= 108 o Af=107H? 1.00 —e— Agr=10°HZ (d) the amplitude of the cross-PSD
N oo RS Sl ke Cir between v, and vg for various
= 106 e Q0.75 N strengths of nuclear magnetic noise with
a s N g— a PSD of A2/ 2, where A} = 0 (blue),
% 108 < A =108 Hz® (orange), A3 = 108 Hz®
E (red), and A3 = 10" HZ® (green). In (a)
2 and (c), the orange and blue lines nearly
1010-3 10-2 10-1 100 10t 0-090—3 10-2 10-1 100 10t overlap. The TLF configuration is shown

f [Hz]

(©) (d)

f [Hz]

in Fig. 3(b).
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Eq. (17) are investigated to cover the boundary values of 1 < a < 2.
Figures 5(a) and 5(b) show the results of a =1, and Figs. 5(c)
and 5(d) show the results of a« = 2. The solid lines show the base-
line without nuclear magnetic noise. The results indicate that the
cross correlation PSDs in Figs. 5(b) and 5(d) are more sensitive

f=056%x10"%Hz .

f=18x10"% Hz . 1.0

o = N W »h U1 O O H N W » U1 O
o H N W H 1O O H N W & U1 O

1 2 3 4 5 6 0 1 2 3 4 5 6

(a) noise correlation between precession frequencies at 4
different frequencies

(b) noise correlation between exchange interactions at 4
different frequencies

FIG. 6. Noise correlation amplitude, |C;( )| in Eq. (2), in a 1D spin qubit array
with a randomly realized TLF configuration. Pseudo-color plots of (a) noise corre-
lation C;;(f) between the precession frequencies of the ith and jth qubits v; and
vj, where the indices 1 </,j < Nop are shown as the x and y axis values, and
(b) noise correlation C,, ,, (f) between exchange interactions J, ;1 and Jnp41,
where Jmm1 0F Jy 041 is the exchange between a pair of neighboring qubits in the
1D array. The indices 1 < m, n < Nqop — 1 are shown as the vertical and horizontal
axis values. In both (a) and (b), the noise correlation is sampled at four frequency
values: f=0.56 x 10=% Hz (top-left), 18 x 10~ Hz (top right), 0.56 Hz (bottom
left), and 18 Hz (bottom right). The qubit array structure is schematically shown in
Fig. 1(b), with Nop = 6 spin qubits and nearest neighbor spacing of 40 nm. The
spin qubits are ordered from 1 to Nqp from left to right in the array. The randomly
realized TLF configuration has a density of Ny ¢ = 4 x 10" /cm?.
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to the additional nuclear magnetic noise compared to the auto-
correlation PSDs in Figs. 5(a) and 5(c). For relatively weak added
nuclear magnetic noises as shown by the black lines in Fig. 5, the
impact on the auto-correlation PSDs, as shown in Figs. 5(a) and
5(c), is negligibly small. However, the impacts on the cross correla-
tion between spin precession frequencies are already considerable, as
shown in Figs. 5(b) and 5(d). A large value of cross-PSDs indicates
that the charge noise is more dominant than the nuclear magnetic
noise.

Spin qubit arrays have been demonstrated to increase the qubit
count for quantum processors by only considering charge noise.*®
We next investigate noise correlations in a one-dimensional (1D)
spin qubit array. The modeled device structure consists of Nop = 6
qubits with the nearest neighbor distance of 40 nm, as schematically
shown in Fig. 1(b). Figure 6 plots the amplitude of Cj(f) in Eq. (2)
between a pair of precession frequencies or a pair of exchange inter-
actions. The diagonal entry is always 1, and the off-diagonal entry
indicates the amplitude of cross correlations. Figure 6(a) shows the
noise correlation C(f) in Eq. (2) between the precession frequencies
of the spin qubits, and Fig. 6(b) shows the noise correlation between
the exchange interactions. The diagonal entries have a maximum
magnitude of 1. The results indicate strong cross correlations in a
spin qubit array for both the precession frequencies and exchange
interactions among neighboring qubits in a spin qubit array. Similar
to the noise cross correlations in the two-qubit quantum gate, the
amplitudes of the correlations are also dependent on the frequency.
In general, Figs. 6(a) and 6(b) indicate that cross correlation values
in the off-diagonal entries nearer to the diagonal tend to be stronger.
This observation implies that the cross correlation between spins in
a scaled spin qubit array, particularly among pairs situated closer
spatially, is strong. The results also suggest that the cross correlation
beyond the nearest neighbors, shown in the figures as the second
off-diagonal and beyond, can be significant.

IV. DISCUSSIONS AND CONCLUSIONS

Noise imposes a major challenge for improving fidelity and
scaling up qubit counts in semiconductor-based quantum comput-
ing. We extend Green’s transfer function approach, previously used
to simulate noise PSDs in conventional semiconductor devices, to
model noise correlation in silicon spin qubit devices. The mod-
eling procedure of relating the dynamics of the charge noise
source to the noise correlation PSDs of precession frequencies and
exchange interactions in a silicon spin qubit device is described.
While previous modeling works focus more on explaining specific
experiments, " this work presents a general noise modeling frame-
work based on the transfer Green’s function method for spin qubit
systems. The transfer Green’s function approach allows treating
multiple noise sources from various noise mechanisms and their
correlations in the noise source spectrum matrix K. It can incor-
porate the physical mechanisms of propagating from various noise
sources to the noise observations in the transfer Green’s function
matrix. Furthermore, the noise auto-correlation and cross corre-
lation between any pairs of observables can be directly obtained
from the noise correlation matrix obtained by propagating the noise
source through the transfer Green’s function. The approach, there-
fore, provides a scalable method that can be conveniently applied to
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calculate noise correlations in larger spin qubit systems, arranged in
either one-dimension or two-dimensions.

The modeling results reveal strong noise cross correlations in
an array of spin qubits. Due to the nanometer scale device size and
the small number of TLFs involved, the discrete and random nature
of the TLFs plays an important role in silicon spin qubit devices. The
simulation results indicate that the noise correlation spectrum den-
sities of a random TLF configuration differ considerably from the
statistical expectation values. The results also provide insights into
the phase-flipping phenomena of the noise cross-PSD in a silicon
spin qubit device observed experimentally. The modeling approach
developed is useful for calculating and comprehending noise cor-
relations within semiconductor spin qubit systems, which can be
an important step toward devising future techniques to mitigate
correlated quantum noise.
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