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Spatially correlated classical and quantum

noise in driven qubits
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Correlated noise across multiple qubits poses a significant challenge for achieving scalable and fault-
tolerant quantum processors. Despite recent experimental efforts to quantify this noise in various qubit
architectures, a comprehensive understanding of its role in qubit dynamics remains elusive. Here, we
present an analytical study of the dynamics of driven qubits under spatially correlated noise, including
both Markovian and non-Markovian noise. Surprisingly, we find that by operating the qubit system at

low temperatures, where correlated quantum noise plays an important role, significant long-lived
entanglement between qubits can be generated. Importantly, this generation process can be
controlled on-demand by turning the qubit driving on and off. On the other hand, we demonstrate that
by operating the system at a higher temperature, the crosstalk between qubits induced by the
correlated noise is unexpectedly suppressed. We finally reveal the impact of spatio-temporally
correlated 1/f noise on the decoherence rate, and how its temporal correlations restore lost
entanglement. Our findings provide critical insights into not only suppressing crosstalk between
qubits caused by correlated noise but also in effectively leveraging such noise as a beneficial resource

for controlled entanglement generation.

Quantum computers hold great promise for solving computational pro-
blems that are intractable for classical ones, due to their ability to exploit the
quantum coherence of qubits'’. However, quantum coherence is extremely
fragile and noise poses a major challenge to quantum information
processing™’. A comprehensive understanding of the effects of noise is the
first step towards the development of effective noise mitigation strategies,
and therefore, is crucial to leverage the full potential of large-scale quantum
processors™®.

In the single-qubit scenario, the noise experienced by the qubit is local
and can be characterized by a single noise spectrum”. It has been experi-
mentally measured in different quantum computation architectures,
including spin qubits in semiconductors™"’, nitrogen-vacancies'"", trapped
ions"*", and superconducting quantum circuits'*"'*, by employing different
noise spectroscopy protocols. While the effect of single-qubit noise, in
particular 1/f noise in solid state architectures, is still being actively inves-
tigated in order to develop better strategies for mitigating its impact”™, we
have gained a relatively good understanding of its characteristics* . Var-
ious techniques to address it in quantum computation have been proposed,
including decoherence-free sweet spots’™, quantum error correction
codes”™, dynamical decoupling"™*, and optimal control methods*™,
which have shown promise in reducing the impact of single-qubit noise and
improving the performance of quantum devices.

However, the presence of spatially correlated noise can limit the
applicability of proposed protocols in multi-qubit settings. For instance,
major quantum error-correcting codes rely on independently detecting and
correcting errors on individual qubits”"*’. Correlated noise across multiple
qubits impedes the effectiveness of these codes, leading to a higher prob-
ability of errors remaining undetected and reducing the performance of
quantum systems™ . It is therefore crucial to better quantify and under-
stand correlated noise. This has stimulated various theoretical proposals®*
and experimental works in the measurement of correlated noise, for
example, in architectures based on spin qubits’**> and superconducting
qubits®. However, despite the progress in quantifying spatial noise corre-
lations, a comprehensive understanding of how they affect the performance
of multiqubit systems is still lacking.

On the other hand, while spatially correlated noise can have detri-
mental effects on quantum systems, it raises the question of whether the
correlations stored in the noise can be harnessed to process quantum
information®*®. For instance, correlated noise offers the intriguing possi-
bility to imprint the correlations onto a two-qubit system, effectively con-
verting the correlation of noise into entanglement between the qubits. To
develop effective strategies either for mitigating correlated noise or for
leveraging the correlations it stores, a comprehensive understanding of the
effects of correlated noise in multiqubit settings is required.
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In this work, we present a systematic theoretical investigation of the
impact of spatially correlated noise on the dynamics of driven qubits with a
focus on their entanglement, considering both temporally correlated and
uncorrelated noise. We provide analytical solutions for all discussed sce-
narios, accompanied by detailed derivations in the Supplementary Infor-
mation to guarantee the high reproducibility of all our results. We uncover
several interesting findings as summarized in Table 1. In particular, we find
that operating qubits at a temperature higher than the Rabi frequency
effectively mitigates the detrimental effects of correlated noise, notably
reducing crosstalk between qubits. This unexpected decrease in crosstalk at
elevated temperatures aligns with recent experimental findings in spin
qubits®, highlighting a practical approach to managing the harmful effects
of correlated noise. Besides, we show that, to leverage the beneficial aspect of
correlated noise, such as generating significant long-lived entanglement, it is
essential to drive the qubits at lower temperatures. A critical aspect of this
finding is the ability to control this entanglement generation on-demand by
activating or deactivating the qubit driving.

The section of Results is organized as follows. We first introduce the
model Hamiltonian. Next, we discuss the concept of local and spatially
correlated noise spectral densities, distinguishing their classical and quan-
tum components. We then extend the commonly used master equation for
single qubit dynamics to a set of more broadly applicable master equations.
These are tailored for the driven dynamics of two-qubit systems in the
presence of spatially correlated generic noise, which sets the stage for the
further discussion.

We then investigate spatially correlated 1/f noise in pure dephasing
dynamics without coherent drives. We pay particular attention to how the
classical and quantum components participate in the two-qubit dynamics
and whether they can be exploited to generate entanglement. We demon-
strate that the classical correlations in the noise affect the dynamics through
correlated pure dephasing, which modifies the dephasing rate but does not
induce any coherence. In contrast, our findings show that correlated
quantum noise influences two-qubit dynamics via noise-induced coherent
interactions between qubits and correlated pure-dephasing processes.
Notably, while the former facilitates converting noise correlation into
entanglement, the latter does not.

Next, we present an analytical study of the two-qubit dynamics under
the influence of spatially-correlated Markovian transverse noise with
coherent drives. Our analysis reveals that the quantum noise correlations
induce a coherent symmetry exchange interaction, a Dzyaloshinskii-Moriya
interaction between the two qubits, and a correlated decoherence process.
We observe an intriguing interplay between these ingredients, resulting in
distinct dynamical phases that can be achieved with different parameter
values. Contrary to pure dephasing, we discover that both coherent inter-
actions and correlated decoherence not only generate substantial entangle-
ment but also ensure its longevity. This long-lived entanglement, enhanced
by the correlated nature of the process, shows promise for implementing
two-qubit gates and advancing quantum information processing tasks.

Finally, we conduct an analytical investigation into the influence of
correlated 1/fnoise on the dynamics of driven qubits. Our study shows that
the non-Markovianity of the 1/f noise results in effective time-dependent
decoherence rate that exhibits temporary negative values for some time
intervals”. We focus on the classical and quantum correlated 1/f noise. We
find that the classical spatially-correlated 1/f noise is still unable to generate
any entanglement. However, the non-trivial temporal correlations of the

noise can restore the coherence lost in the environment. On the other hand,
the non-Markovian nature of the quantum correlated 1/f noise leads to a
temporary decrease of the entanglement generated by the quantum noise.
We also compare our findings with the single qubit scenario, highlighting
the different effects of correlated noise on idle qubits and on qubits with
coherent drives.

Results

Hamiltonian

In this work, we analyse the dynamics of two qubits that are driven and are
situated in the same environment, as depicted in Fig. 1. The qubits are
subjected to both local and spatially-correlated (non-local) noise, which can
have either a classical or quantum nature and can be either temporally
correlated (such as 1/f) or uncorrelated ("Markovian”). We describe the
combined system with the following Hamiltonian:

H(t) = Hg + Hgyye(t) + Hgg + Hp, (1)

where Hg is the Hamiltonian of the two qubits that are characterized by
qubit-frequency splittings A; (i=1,2), and Hgyve(f) describes the time-
dependent driving of the two qubits, Hg is the Hamiltonian of the
environment, and Hgg describes the coupling between the two qubits and
the environment. We assume the two qubits are driven coherently at
frequency w; with the drive amplitude 2€);. We then consider the following
Hamiltonian:

hA,
HS + Hdrive(t) = Z |: 10.? + th cos(wd,-t)o’; ) (2)

i=12 2

where 07 are the Pauli matrices for qubit i and 7 is the Planck’s constant.
We describe the environment with

Hg = Zk:hwkbltbm ?3)

where by and blt are operators describing quasiparticles in the environment
leading to the decoherence of the qubits, such as phonons in
semiconductors®*” or magnons in hybrid systems”~*. While we leave the
spectrum wy unspecified which can be either linear, for example, for acoustic
phonons or quadratic for magnons, we specialize to single axis qubit-
environment couplings:

Hgp = Z ofE;, with E; =g + He, 4)

=12

implying that pure-dephasing dynamics dominates the decoherence process
in the absence of coherent drives. Here, E; are operators acting on the
environment Hilbert space, 1; is the positions of the ith qubit, and g is the
coupling strength.

When the system is subjected to coherent drives, we effectively rotate
the quantization axis in a frame rotating at the driving frequencies, where
the qubits can exchange not only information with the environment but also
exchange energy by emitting and absorbing quasiparticles. To illustrate this,
we perform the unitary transformation R(t) = exp(iwy, 05t/2)®
exp(iw4,0%t/2). The Hamiltonian in the rotating frame then is given by

Table 1 | Summary of Key Findings

Qubit drive Noise Low T (Quantum noise plays a role) High T (Classical noise dominates)

Without drive  Pure-dephasing noise Correlated dephasing process does not generate long-lived Qubits do not entangle; Correlated noise modifies
entanglement dephasing rate

With drive Transverse noise Correlated relaxation process does generate significant long-lived Qubits do not entangle; Correlated noise modifies

entanglement

relaxation rate
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Correlated noise

Fig. 1| A schematic for two qubits in an environment experiencing both local and
spatially correlated noise. The noise is quantified by the cross-noise power spectral
densities S;;(w), with its positive and negative frequency parts measuring the ability
of qubits to emit and absorb energy, respectively. The asymmetric nature of the noise
spectral density, in the presence of quantum noise, is linked to the asymmetry
between the absorption and emission processes. The quantum correlated noise can
be harnessed to generate entanglement.

H = ihd,RR" + RHR'. We note that the unitary operator R() commutes
with Hgg and Hp, leaving them invariant in the rotating frame. After
applying the rotating-wave approximation by neglecting counter-rotating
terms that oscillate fast at frequency 2wg;, the total Hamiltonian reads,

‘H =Hg + Hg + Hy, (5)

where the qubit Hamiltonian in the new rotating frame is Hg =
> is1,h(8,0% + Q,07) /2 with the detuning §; = A; — w,;. When the qubits
are driven at resonance wy; = A;, we arrive at:

Q
Hy = %Zag and Hg =—Y &/E;. (6)

Here, we have rotated the axis in the spin space, Hg — Ry’HSRI with
R, = expli(m/2), /2], such that the qubit quantization axis is aligned with
the z axis, and we label this new basis with Pauli matrices ¢;. We also assume
here that the driving strength is equal for both qubits, denoting it as
Q=Q,=Q,. We remark that, in this scenario, the relaxation dynamics
dominates the decoherence process, which has been exploited for noise-
spectroscopy applications to extract noise spectra near frequency Q. We
focus our analysis in this work on the effects of correlated noise in two
fundamental scenarios: one in the absence of coherent drives where pure-
dephasing noise dominates, and the other in the presence of resonant drive
where the transverse noise is prominent. We point out that while we have
concretely assumed an environment consisting of quasiparticles described
by operators by, b;i, the dissipative effects depend solely on the noise spectral
density of the environment. Motivated by experimental works™*"*, we
choose this to be 1/f in our later discussions, which enables us to accurately
capture the dynamics of the qubits, even though the microscopic origin of
the noise may vary. For example, it could be due to an ensemble of correlated
two-level fluctuators.

Distinguishing classical from quantum noise in local and spatially
correlated noise

We described the qubit Hamiltonian under external coherent drives in the
preceding section. Here, we discuss the noise experienced by the qubits due
to their coupling to the environment, focusing on both local and spatially
correlated noise while distinguishing their classical and quantum natures.

We define the usual two-point noise correlation function in time domain®;

Sij(t) = (E,(DE;(0)), 7)

where E(t) = es!/" Ee=Het/h and (O) = tr(pyO) with the thermal state
pp = e PHr /tr[exp(—BHy)] and B = 1/kT, where T'is the temperature and
kg is the Boltzmann constant. The noise power spectral density is given by
the Fourier transformation of the correlation function:

S;(w) = /_ dt e Sy(1). ()]

Here, S;{(w) with i = {1, 2} is the auto power spectral density standing for the
local noise, whereas S;(w) with i#j is the cross power spectral density
representing spatially correlated noise. We note that S;(w) = Sj*i (w), indi-
cating that the local noise spectral density is a real-valued function while the
correlated noise can be complex-valued. This is also clear from the explicit
expression of the noise spectral density:

Sij(a)) = 27121(: |gk|2e_’k‘(’f_'f) [nB(wk) + I}S(w —wy)

e )
* 27121(: |gi2e™ 5 ny(w )8 + wy),

where ng(w) = 1/(€” — 1) is the Bose-Einstein distribution and the spatial
vector r; — r; connects the positions of qubit j and i. The cross power spectral
density S;,(w) is real when the spectrum of the environment is symmetric in
momentum wy = w_y, whereas it is complex for general asymmetric wy, for
example in inversion-asymmetric environments. We observe that both local
and nonlocal spectral densities encompass contributions from environ-
mental excitations with finite wavelengths. This effectively captures
information about the correlations of environment.

It is worth noting that the noise power spectral density (9) is generally
asymmetric in frequency, |Si{w)| # [Sj( — w)|. Its positive- and negative-
frequency components are linked through the Boltzmann factor,
Siw) = eﬁthji( — w), which reflects the quantum nature of the noise, as
indicated by the non-zero commutator [E;(#), E,] # 0. One can interpret the
positive-frequency part S;(w > 0) as a measure of the ability of qubits to emit
energy, and the negative-frequency part S;i(w < 0) as a measure of the ability
of qubits to absorb energy.

When E is a classical field, namely [E((t), E;] = 0, the associated noise is
referred to as classical noise. In the case of a quantum field E, we can write
the noise correlation function Sj(f) as a sum of symmetrized [invariant
under the exchange of E{(t) and E;] and antisymmetrized parts, which are
identified as classical and quantum noise spectral densities respectively,
following the definition in refs. 8,83:

2

i)

SS(w) = , Sf(w) = (10)

They are related to each other through Sg(w) = coth(fhw/ 2)83((0). It is
dictated by the fluctuation-dissipation theorem®, which holds when the
average of the noise correlator is taken with respect to the thermal state pg of
the environment. We also point out that this definition is operationally
meaningful. As demonstrated in our later discussions, correlated classical
noise does not result in entanglement between qubits, whereas quantum
noise effectively induces entanglement.

When operating qubits at high temperatures, such as in the case of spin
qubits that can be operated at a few Kelvin***", the classical limit kg T>> /w
applies, and classical fluctuations dominate over quantum noise. In this
regime, the operators Eft) can be treated classically [Ejt), E{0)] =0,
resulting in a symmetric noise spectral density with a vanishing antisym-
metric part, S2= 0. In contrast, in the quantum regime where kpT < hw, the
quantum noise is comparable to classical noise, with 2= S, and therefore
cannot be neglected.
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Fig. 2 | Correlated noise. a Density plot of the ratio (a)10F

between the spatially correlated noise S;, and the

local noise S;; as a function of frequency w and the gl

distance d between two qubits in two dimensions. .

The plot shows that for qubit frequencies in the few N

GHz regime, the correlated noise is as strong as the % 6

local one when two qubits sit within micrometers, ~

and it oscillates and decays to zero as the distance le] 4t

increases. b The ratio §,,/S;; as a function of qubit ~

distance in different dimensions, where we have 3

taken w/27 = 1GHz. The correlated noise exhibits 27

similar behavior in different dimensions, and obeys

the constraint S;, < §;;. In both plots, we used ok ) ) , , ]
@Gl and &= 3 kan/s. 00 02 04 06 08 10

d (pm)

We point out that there is a constraint for the spatially correlated noise,
1SS, (w)[? < S (0)S% (w)®, implying that the nonlocal noise is inherently
bounded by the local one. This condition is closely related to the thermo-
dynamic stability of the environment®’. To illustrate this condition explicitly,
we consider a concrete example, where the environment has a linear
spectrum wy, = ¢,|k|. This case describes for example acoustic phonons with
sound velocity ¢,. The spatially correlated noise is related to the local noise in

a 2D architecture through the following equation:

Sia(w) = Jo(wd/c)S;(w), (11)

where |Jo(x)| <1 is the Bessel functions of the first kind and d = |r; — r,| is
the distance between two qubits, as shown in Fig. 2a. At large distances, the
correlated noise decays as J,(wd/c,) ~1/+/d. We will assume the two
qubits to be identical and thus they experience the same local noise S;; = S,
throughout our discussion. The constraint |S;,| < S;; also holds in other
dimensions, as shown in Fig. 2b where the ratio S;,/S;; is shown as a function
of the separation between the two qubits in different dimensions. Exact
relations are provided in Supplementary Note 1.

We remark that, when the two qubits are sitting within a few hundred
nanometers, the spatially correlated noise is comparable to the local noise
for qubit frequencies in the gigahertz range, as illustrated in Fig. 2a, and
assuming the sound velocity to be ¢; ~ 5 km/s in silicon. The correlated noise
exhibits oscillatory behavior and gradually decays to zero as the qubit
separation dincreases. As shown in Fig. 2b where we take the frequency to be
w/27 =1 GHz, the spatially correlated noise is always comparable with the
local noise for d < 1 ym in different dimensions.

Time convolutionless master equation
We now extend the commonly used master equation for qubit dynamics toa
set of broadly applicable equations for qubits subjected to spatially corre-
lated classical and quantum noise. The master equation for the reduced
density matrix p(¢) is obtained by tracing out the environment from the total
density matrix p(t). To this end, we adopt the time-convolutionless (TCL)
master equation approach® and assume that the qubit-environment
interaction is weak enough to truncate the TCL generator at the second
order. Leaving the detailed derivation to Supplementary Note 2, here we
present the TCL master equations for the two-qubit system subject to
correlated noise, without and with a resonant drive, respectively. In parti-
cular, we separate the quantum and classical noise, enabling us to clearly
identify their respective contributions to the qubit dynamics. Our results
allow us to explicitly calculate and explore the effects of correlated noise.
In the absence of coherent driving, the qubit dynamics is purely
determined by dephasing. As detailed in Supplementary Note 2, the TCL
master equation for the two-qubit system, in the interaction picture, takes

the form of

pt) = —i[H,(0),p(0] + > LiDp(D),

ije(1,2)

(12)

where the correlated-noise-induced coherent interaction between qubits is
Ising-like:

H,(t) = J*(t)o505. (13)
The superoperators £;(t) are defined by
. 1
L5(0p = (0| 03p0 — 5 (0707, p) (14)

with the anticommutator {A, B} = AB+ BA. Here, y7(t) stands for the
standard local dephasing which is time-dependent in general, whereas y7, (1)
represents correlated dephasing originating from the spatially correlated
noise. The time-dependent coherent coupling parameter is given by
T(t) = [, ds[G(s) + G5 (s)] /2%, quantifying the retarded interaction
mediated by the environment, where g}fz(t) = —i®(t)([E,(t), E,]) is the
standard retarded Green’s function. To clarify its relation to the correlated
noise, it is insightful to recast it into the following form:

T =% /0 T IS (WF (@, 1),

21 (15)
with a filter function F.(w,t) = [cos(wt) — 1]/w. This coherent Ising
interaction is solely determined by the correlated quantum noise. One can
also infer this conclusion from the fact that it is dictated by the retarded
Green’s function which vanishes when the noise operators E; commute, e.g.,
if they are classical variables.

Similarly, to investigate the effects of correlated classical and quantum
noise on the dephasing, we write the dephasing rate as

0= [ Ger@o{Rdsi@)+ imisfwn}, (o)

h? 27
with the filter function F(w, t) = sin wt/w, which is peaked at zero fre-
quency and approaches a delta function at large time Fy(w, t — o) = n6(w).
We observe that the local dephasing rate y7 is determined solely by the
classical noise Sg (where we recall that the local noise spectral densities Sg‘Q
are always real), whereas the correlated dephasing y7, has contributions
from both classical and quantum spatially correlated noise. In contrast, we
stress again that the coherent coupling is not affected by classical noise.
Furthermore, it is worth noting that correlated quantum noise only influ-
ences the dephasing process when the environment has an asymmetric
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spectrum such that Im[{$3] # 0. Otherwise, 7, () is exclusively determined
by the correlated classical noise S (w).

In the presence of resonant transverse drives, the combined system is
governed by the Hamiltonian (5) where the qubits experience pure trans-
verse noise. The TCL master equation of the two-qubit system is shown to be
the following form

pt) = —i[H o (6), p(0] + Y Ly(B)p(t),

ije{l,2) (17)
where the coherent interaction is
H,(t)= J(t)6) 6, + Hec., (18)
and the superoperators are given by
£,(p = y0]o7 57 = 316757 . p)]
(19)

P
— ot

i ] p ]
Here yiﬁ and yg describe time-dependent (local and correlated) decay and
absorption rates, respectively. Detailed derivations are provided in
Supplementary Note 2. Similar to the pure dephasing case, the coupling
parameter 7 (¢) is also fully determined by the quantum noise, and can be

expressed in terms of the retarded Green’s functions or correlated noise
spectral densities as

+y)057p07 ~ 416

._7(1‘) — th fo [ 10: + gR (S)e—zQs]

=l 5 [SE(@)F (0 — Q1) + S§(w)F (w0 + Q, 1)],

(20)

with qubit energy splitting Q. We stress that, in contrast to the Ising coupling
J*(t) which is always real, 7 (t) is complex in general.

The local and correlated decay processes are induced by both classical
and quantum noise, Vi (t) =¥ C(t, Q) + Vi Q(t,Q), with classical and
quantum contributions being

y;] (t Q) - h 0Oo g;‘r) [Sc(w)Fs(w - Qv t) + Sﬁ(w)Fs(w + Q? t)} )
21)
PE0) = 2 [ % [SAF(w - 0,0 - SY@F @+ 0,0)].

Slmllarly, the local and correlated absorption rates are given by
Vi L) = Yi C(t, —Q) + Vi Qt, —Q). Notably, unlike the local pure dephasing
rate that is solely determmed by classical noise, y}* depends on both
classical and quantum noise. Moreover, the correlated quantum noise is
always present in the correlated decay and absorption rates, regardless of the
symmetry of the spectrum wy.. We emphasize that these processes exhibit
high sensitivity to the noise spectra within a frequency window of
approximately 1/t centered on the qubit splitting + Q. Therefore, for suffi-
ciently long time evolution where ¢>> 1/Q), we can consider exclusively the
contribution of the spectra at w = + (), and approximate the rates as

1 1
7= [S@+ @] = s [s@-$@] @

from where we observe that the asymmetry between the absorption and
emission is caused by quantum noise. We also obtain the standard detailed
balance condition yl] = eﬂmyﬂ, by invoking the fluctuation-dissipation
theorem.

The TCL master equations presented here for the two-qubit system
show clearly the dependence of qubit dynamics on the quantum and clas-
sical components of local and spatially correlated noise. Our formalism is
general, and it does not require any microscopic understanding of the spatial
and temporal correlations within the environment, as long as the noise is
weak enough to justify the truncation of the TCL generator at the second

order. It can be employed to describe challenging cases such as long-ranged
classical or quantum non-Markovian noise. Furthermore, this approach can
be extended straightforwardly to multiple qubits. By separating the con-
tributions of classical and quantum noise to the qubit dynamics, this scheme
provides a foundation for our investigation of the impact of generic noise on
multiqubit dynamics.

Idle Qubits subjected to correlated 1/f noise

We now utilize the formalism presented above to investigate the impact of
spatially correlated classical and quantum noise on the dephasing of two
qubits. Specifically, we focus on a noise spectral function with a 1/ffrequency
dependence, which is common in various quantum computing
architectures™, including superconducting qubits and semiconducting
devices. We stress that our approach is straightforwardly extended to other
noise spectra. Let us consider a local classical noise spectral density:

SS(O)) — { 2ﬂ02/|w|7

0, otherwise,

if lw|>wy, 23)

where ¢ is the standard derivation of the noise and w; stands for the low
frequency cutoff that is set by the measurement time. The timescales that we
investigate are much shorter than this time, f<w; !. As we aim to study the
effect of the correlated noise, we consider two qubits positioned within the
range of micrometers, with correlated noise being comparable with the local
one, SICZ'Q(w)seieSg‘Q(w), where 01is the phase of the correlated noise spectral
density that characterizes its complex nature (The phase 0 has a frequency
dependence in general whose exact form depends on the details of the
environment and the coupling. In this work, we assume the phase to be a
constant for simplicity.). We point that in our study, we assume that the
distance between the two qubits is greater than the typical confinement
lengths (10-50 nm for spin qubits). This ensures that the direct exchange
interaction is suppressed, allowing us to focus specifically on the effects
induced by correlated noise.

To examine how the classical and quantum components of the spatially
correlated noise determine the two-qubit dynamics, we consider the
quantum regime, where both quantum and classical noises are present and
$%= €. In this scenario, the coherent coupling and the local dephasing rate
y* = y5 are given by

27w cos 9

2 (24)

VAGES Yt = [1 — Ci(w;t)],

as detailed in Supplementary Note 3, and the correlated dephasing rate is
given by %, = €"y7 whose real and imaginary parts are rooted in classical

and quantum correlated noise, respectively. Here, Ci(x) =
— [ dr cos(t)/7 is the cosine integral function.
It is convenient to work in the basis

{la}} ={| TT), | N,), | ¢T>, | ¢¢>}, where the density matrix elements,
denoted as p = G, |a)(b|, are all decoupled from each other. While the
diagonal elements G, remain constant in the pure-dephasing dynamics, the
off-diagonal components depend non-trivially on the correlated noise. By
solving the TCL master equation analytically (see Supplementary Note 3 for
details), we find that the classical component of the correlated noise can only
reduce or enhance the dephasing rate caused by the local classical noise,
without increasing the coherence in the two-qubit system. For instance, G»;
and Gy4 are given by G,;(t) = G,3(0) exp[—4(1 — cos O)T*(t)] and
Gu(t) = G14(0) exp[—4(1 + cos O)I*(¢)] with

212
I*(t) = / ds yz(s)~— [3 —2y— Zln(wlt)] (25)
suggesting a Gaussian decay of the coherence with a logarithmic correction.
Here, y is Euler’s constant.

We are now ready to investigate how the correlated noise affects the
dynamics of two-qubit entanglement. There are different measures of
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Fig. 3 | Dephasing of two qubits subjected to spatially correlated noise.

a Entanglement decay as a function of time for different initial states. The red curve
corresponds to the case where only local noise is present, showing that both sce-
narios [with initial states being Bell states [¥_ ) = (| 1) +| {1))/+/2 and

|(D+> =] TT> +| ¢¢>)/«/§] decay at the same rates. The blue and green curves
show the entanglement decay with initial states |¥, ) and |® +>, respectively, in the

presence of correlated classical noise. We set the quantum noise to zero and choose a
phase of 0 = 71/3 for the correlated noise power spectral density S;»(w). b Density plot

0 150
time (ns)

of the entanglement as a function of time and the angle 6 with initial state | 4+ +)
(|+) is defined by 6*|+) = |+)). The correlated quantum noise is real and enters the
qubits dynamics through the coherent coupling when 6 =0, 7, and is purely ima-
ginary and enters the dynamics through the correlated dephasing when 6 = 7/2, 371/
2. The correlated quantum noise does not generate entanglement through the
correlated dephasing, but it generates it via the noise-induced Ising coherent cou-
pling 7*. Parameters used in the plot: #/o = 500 ns and w;/27 = 1 MHz.

entanglement. For example, the singlet fidelity of the corresponding Werner
state” of an arbitrary mixed state provides a lower bound for the entan-
glement of formation’*”', as detailed in Supplementary Note 4. In this work,
we adopt the two-qubit concurrence as a measure of entanglement™, which
is also summarized in Supplementary Note 4. In Fig. 3a, we illustrate the
entanglement decay of the two-qubit system with the initial states being Bell
states [¥, ) = (| M) +[11))/v2 and [®,) = (| 11) + ] 11)/V2,
respectively. The red curve represents the entanglement decay when only
local noise is present, where both states decay with the same rates. When the
correlated classical noise is present (we set the quantum noise to zero and
0= 11/3), both states still decay but with different rates, corresponding to the
blue and green curve in Fig. 3a.

The quantum component of the correlated noise affects the two-qubit
dynamics through both the coherent Ising interaction, which is governed by
the real part of 2, and the correlated dephasing, which is linked to the
imaginary part of $. Interestingly, we find that only the real part of the
quantum correlated noise leads to an increase in the entanglement between
the two qubits. To illustrate this effect, we consider an initial state | + +),
where |+) is defined by ¢*|+) = |[+). We examine the entanglement
dynamics as a function of time and phase 6. When the spectral density is real
(6= 0, m), we observe a sizable increase in entanglement, while it remains at
zero when the spectral density is purely imaginary (8 = 71/2, 371/2), as shown
in Fig. 3b.

Our findings indicate that to harness the correlations encoded in the
pure-dephasing noise, qubits must be operated at low temperatures to
ensure the presence of quantum correlated noise and in an inversion
symmetric environment to obtain a real quantum noise spectral density.
Conversely, if one wishes to prevent undesired entanglement between the
qubits, operating the qubits at higher temperatures to favor classical cor-
related noise or breaking the symmetry of the environment at low tem-
peratures to suppress entanglement generation can be effective strategies.
We notice that a very recent experiment® has observed an unexpected
significant reduction in crosstalk between spin qubits at higher temperatures
in semiconductors.

Driven spin qubits subject to correlated Markovian noise

Here, we investigate the dynamics of two qubits when they are resonantly
driven. This case is governed by Hamiltonian (5), and the reduced dynamics
is described by the master equation (17). In particular, we focus on the
temporally uncorrelated (Markovian) noise, because this model accurately

describes noise with generic power spectral density after long times. As
detailed in Supplementary Note 4, pure classical noise does not generate
entanglement, hence we examine the case of low temperature where both
classical and quantum noise are present. With the spatially correlated
Markovian noise, the coherent interaction between the two qubits becomes
time-independent, and is described by the Hamiltonian

H, =Jé{6, +J%6,0;. (26)
The coupling strength

2h?

is complex-valued in general and denoted as J = J,+ iD. The
contributions J, and Dzyaloshinskii-Moriya (DM) interaction D are
symmetric and antisymmetric with respect to exchange of the two qubits,
respectively,

—

= =
01X 0,,

H,, = J (015, + 6,6;) + Dz - (28)
where the DM interaction only arises when the inversion symmetry of the
environment is broken.

The decay and absorption rates become time-independent when noise
is assumed to be Markovian (or when the evolution time is long for generic
noise, ¢>> 1/Q2) and are given by Eq. (22). At temperatures lower than the
Rabi frequency, kgT<hQ), (for instance, when /27 ~ 2 GHz and the tem-
perature is below 100 mK), the rates are further reduced to yiﬁ :283(0) and
y1=0. In this situation, the superoperators are given by the standard

Lindbladians®:
(29)

where the local decay rate y* = y} and the collective decay rate y},>0 are
determined by the local and spatially correlated noise, respectively. We have
absorbed the phase of y}, into the definition of o;" . The completely positive
evolution dictates that the correlated decay is weaker than the local decay
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Fig. 4 | Entanglement dynamics of resonantly driven qubits with initial state

| Ti}. a—c Qubit dynamics in the absence of DM interaction D. a Schematic for the
coupled dynamics of relevant density matrix elements. In the absence of the DM
interaction D = 0, the dynamics of G and G, are decoupled from each other,
decaying independently at rates of y* — yfz and y* + yfz, respectively. The real
and imaginary parts of Gy, are coupled to each other through the symmetric
coupling J,, while they decay at the same rate y*. b The upper panel illustrates the
decay of the superradiant state |T) and the subradiant state |S), which is inde-
pendent of the parameter 7. The lower panel shows the oscillations of the real and
imaginary parts of G;, with frequency 2.7, where we use parameter J, = 5y*.

¢ Entanglement quantified by the concurrence C[p(t)] between two qubits as a
function of time with varying parameter 7. The oscillation frequency of the
entanglement is ox 7. The entanglement is bounded below by |G, — G| at any
time. At large time ¢>> 1/y", the oscillation is insignificant and the dynamics is
dominated by the local and correlated noise. d—f Qubit dynamics in the absence of

0.0 0.5 1.0 1.5 2.0 25 3.0
time (us)

0.0
0.0 0.5 1.0 1.5 2.0 25 3.0
time (us)

symmetric interaction. d The dynamics of G, and G; are coupled to each other via
Re G,,, in the presence of the DM interaction, while Im G, is decoupled from other
elements. Assuming D >0 without loss of generality, the probability in |S) would
flow to G, when Re G,<0, whereas the probability flows in the opposite direction
when Re G, > 0. The changing rate of Re G, is determined by the difference
between G, and G, Red,G,, = —y*Re G, + D(G, — G,). e The upper panel shows
the oscillations of G, and G, when D = 5. The lower panel shows the their time
evolution when the DM coupling is small D = 0.45y¥, where we do not see the
oscillation behavior as the dynamics is overdamped. f Entanglement between two
qubits as a function of time with varying strength of DM coupling D. The green
curve shows the oscillation of entanglement, where the DM coupling is large and
the dynamics is underdamped.The red curve is the critical point, where the
entanglement stops oscillating and behaves as o te~7"f. The blue curve is when the
DM coupling is small, where the dynamics is overdamped. Parameters used in all
figures: y* = 1 ys ' and !, = 0.9y".

i, <y*, which is also guaranteed by the thermodynamic stability of the
environment®.

Similar to the coherent interaction, it is convenient to symmetrize and
antisymmetrize the superoperators, yielding

o 1 ...
o= YT, [aapa;f—i{d;fawp} , (30)

ae(S,A}

where 08, = (0] +07)/+/2and T, = y* £ p},. We note that the triplet
state | T) = (] 1 ¢> + | ¢T>) /~/2 is superradiant decaying at rate I', while

the singlet state, |S) = (| T¢> — H‘>) /~/2 is subradiant decaying at rate
T'4. We also remark that these two states are decoupled from each other in
Lp, and are also eigenstates of the symmetric interaction characterized by
J ;. However, the DM interaction, which is parity-odd, exchanges these two

g
states (2 0 | %X 0 ,)|T,S) «x [S, T).

In the following subsection, we analytically study the interplay between
the symmetric interaction, the DM interaction, and the local and correlated
decay processes. For the sake of concreteness, we assume the initial state is a
trivial product state | 4 J,>. We denote the density matrix as
p = GIT)T|+ G,|S)(S| + (G¢5|T) (S| + H.c.) + Ap, where Ap stands
for other elements of the density matrix. In this scenario, the concurrence of
the two-qubit system can be shown to take the simple form of

Clp] = |Cy + iCy, with

Cr=G,—G;, and C;=2ImG,, (31)
which indicates that the entanglement of the qubits has two independent
contributions (see Supplementary Note 4 for detailed derivations). To gain
some physical understanding of this expression, we observe that the first
contribution arises from the asymmetry in the populations of the triplet state
|T) and singlet state |S), which is proportional to | T¢> <J, M+ ><T I
The second contribution comes from a finite imaginary part of G, which is
proportional to | T¢><¢T| — | ¢T><T¢|. Both indeed characterize the
coherence (superposition) of | 4 J,> and | ¢T>.

Le us now analyze one basic scenario in which the environment pos-
sesses inversion symmetry, resulting in a real correlated noise spectral
density S;,(w). In this case, the DM interaction is absent. The dynamics of
the singlet state G, and triplet state G, are decoupled due to the symmetry,
while the real and imaginary parts of G, are coupled to each other due to the
symmetric exchange coupling .7, as illustrated in Fig. 4a. The complete
dynamics is analytically solved in the Supplementary Note 4.

The impact of correlated quantum noise on the two-qubit dynamics is
twofold. Firstly, the noise enters through the collective decay y?,, which
results in different decay rates for the population of the singlet and triplet
states, as demonstrated in the upper panel of Fig. 4b, leading to an increase in
entanglement. Secondly, the noise enters through the coupling .7, which
gives rise to oscillation of Im G,,, causing the entanglement to also oscillate.
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This is illustrated in the lower panel of Fig. 4b. To quantitatively analyze how
the quantum coherence in the system evolves, we deduce the equation of
motion for C and C;, which take the following simple form:

Cr+ 2" Ch + (P — y13)Cy = 0,

. . (32)
Cr42y'Cr+ (Y2 + 470, = 0,

representing an overdamped and an underdamped harmonic oscillators,
respectively. The local noise y* serves as a “friction” force, impeding the
increase of C, and C; and, thus, the entanglement. Surprisingly, the corre-
lated quantum noise (y}, and 7,) acts as an active force that facilitates the
increase of entanglement. Considering the initial state | 1] ), these equa-
tions can be solved and reveal the following entanglement dynamics
encoded in the concurrence:

Clp(D] = e7'1/sinh? (phyt) + sin? (27 ). (33)

We observe that while the local noise has a detrimental effect on
entanglement, the correlated quantum noise-induced correlated decay
and coherent coupling both have a beneficial effect. Interestingly, in the
absence of coherent coupling 7, = 0, a sizable amount of entanglement
can be generated in the pure dissipative evolution due to the correlated
decay, corresponding to the blue curve in Fig. 4c. It also provides a lower
bound on the entanglement when 7 is finite, as evidenced by the green
and red curves in Fig. 4c, which display entanglement oscillations with a
frequency proportional to J, We remark that, at the long-time
evolution limit, the entanglement scales as
Clp(t — 00)] o exp[—(y* — y},)t]. This persistence can be attributed
to the slow decay of the singlet state, which is long-lived when the
correlated noise is comparable to the local noise, y}, — y*.

Let us now study another basic scenario where the DM interaction is
present while the symmetric interaction vanishes 7, = 0. The dynamics of
the population of the singlet state G, and of the triplet state G, are now
coupled to each other due to parity-breaking interaction D. The probability
flows from the triplet state to singlet state when Re G,;>0, and in the
opposite direction when Re G, < 0, while the dynamics of Re G, is governed
by the relative population of these states and can be expressed as
Red,G, = —p'Re G, + D(G, — G,), as shown in Fig. 4d. The element
Im G, is decoupled from other elements and remains zero when the initial
stateis | 11 ). We solve the coupled dynamics analytically in Supplementary
Note 4.

The two-qubit dynamics is affected in two ways by the presence of
correlated quantum noise. Firstly, similar to the pure symmetric exchange
case, the correlated noise-induced collective decay y}, gives rise to different
decay rates of G, and G;, which can lead to the generation of entanglement.
On the other hand, the correlated noise-induced DM interaction D causes
an oscillation between the singlet and triplet state, which can interfere with
the effect of y}, in a nontrivial manner. Remarkbaly, one can construct a
rather simple equation of motion for C; from the coupled complex
dynamics to quantify the entanglement evolution:

Cr+ 2y Cp+ (2 = yi; +4D")Cp = 0. (34)
We observe that the quantum correlated noise-induced collective decay and
DM interaction compete with each other, while the local noise y* still acts as
a “friction” force as before. When the coherent interaction dominates
D>y}, /2, the system oscillates between the singlet and triplet states,
resembling an underdamped oscillator, as illustrated in the upper panel of
Fig. 4e. In the regime where D < yfz /2, the system can be described by an
overdamped oscillator. Whenever the probability flows to the triplet state, it
quickly decays due to the strong dissipation y* + y},, preventing the
probability from returning to the singlet state, and therefore, it does not
exhibit any oscillatory behavior, as illustrated in the lower panel of Fig. 4e.
With the initial state | N,>, we solve the entanglement dynamics, which

30F - - - - = - C[p]
25¢ 08
- 20¢
.y 0.6
Q 15¢
101 04
0.5} 0.2
0.0k : 0
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Fig. 5 | Entanglement dynamics of two driven qubits under DM interaction with
initial state | T¢>. The plot shows the time evolution of entanglement as a function
of DM interaction strength D. The dashed orange line at D = 0.45)* separates the
underdamped and overdamped regimes. When D is above the dashed line, the
entanglement exhibits oscillations with increasing frequency as D increases. In
contrast, below the dashed line, the entanglement decays on a longer timescale and
does not exhibit oscillations. Parameters we use in the figure are y* = 1 us™*

and y}, = 0.9y".

reveals three distinct dynamic regimes:

l(yh + 2D)sinw, tl/w,, 2/DI>yh,
ZY%ZE APl = ﬁz’
l(yl, + 2D)| sinhkt/x,  2|Dl<y,,

Clp(H)] = &' x (35)

with w, = \/4D* — y/? and x = \/y/Z — 4D*. In the underdamped

regime, the entanglement exhibits oscillations at a frequency of w,, as illu-
strated by the green curve in Fig. 4(f), where the odd and even peaks
correspond to the singlet and triplet states, respectively. The entanglement
decays on a characteristic timescale of 1/y*. At the critical point where
2|D| = y},, the oscillation behavior ceases, and the entanglement follows a
scaling of o< te™7'!, as depicted by the red curve in Fig. 4f. The loss of
oscillation can be clearly observed in Fig. 5, where the dashed orange line
represents the critical point; entanglement exhibits oscillations above this
point, while there is no oscillation below it. In the overdamped regime, the
entanglement exhibits a scaling behavior of o exp[—(y* — x)t], with an
extended lifetime of 1/(y* — «), while the maximal entanglement it can reach
is reduced in the dynamics, as shown by the blue curve in Fig. 4f.

Our findings indicate that while noise typically poses challenges in
quantum information processing, correlated quantum noise, when effec-
tively utilized, can become a key resource for generating substantial long-
lived entanglement. Importantly, the entanglement generation process can
be precisely controlled on-demand by simply switching the driving on
and off.

Contrasting with idle qubits that lack driving and cannot develop
coherence through correlated dephasing dynamics, we interestingly observe
that correlated decay, induced by transverse noise, can generate substantial
entanglement. This occurs as the decay rates of singlet and triplet states
differ. Notably, while both arise from correlated quantum noise and con-
tribute to entanglement generation, the interplay between correlated decay
and coherent coupling results in distinct dynamical regimes. From the two
fundamental cases presented here, one can extrapolate to dynamics when
both symmetric exchange and DM interaction are present, and we leave the
detailed discussion of this situation to Supplementary Note 4.
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Fig. 6 | Entanglement dynamics of two driven qubits under pure classical 1/
fnoise. a Temporal evolution of the decay rate y(t) depicted as a function of time,
where the occurrence of negative values is identified within the marked purple
intervals. However, the integral of the decay rate I'(¢), as highlighted in the inset of
a, must remain nonnegative to ensure the complete positivity of the dynamics.

b Entanglement between two qubits as a function of time with the initial state being a
Bell state [y) = (| 1) + il {1))/+/2, and the inset shows the entanglement with
initial state | 1 ¢>. Parameters that are used in the plots: /0 = 100 ns, w,/27m = 1 MHz,
and /27 =1 GHz.

Driven spin qubits subject to correlated 1/f noise

Building upon the insights obtained from the previous study on
Markovian noise, in this section, we investigate the impact of spatially
and temporally correlated 1/f noise, which is non-Markovian in nat-
ure. We assume that the two driven qubits are located within a few
hundred nanometers of each other, and thus the spatially correlated
noise is comparable to the local noise S;, = S;; in the relevant frequency
range. We present an analytical investigation into two situations, in
the first one, only classical 1/fnoise is present, while in the second one,
we include also quantum 1/f noise, comparable to the classical noise.
This situation can occur at low temperatures, when kgT<ZQ), where
the ability of qubits to emit and absorb energy is different. For sim-
plicity, we assume that the spectral density of the correlated noise is
real, and we focus on its temporal correlations. The detailed deriva-
tions of the results in this section are sketched in Supplementary
Note 5.

In the presence of purely classical 1/f noise, the two-qubit dynamics is
governed by the TCL master equation (17) with vanishing coherent cou-
pling J(t) = 0 and equal local and correlated absorption and decay rates,
denoted as y(t) = yiﬁ = yi;, with following form:

0 =i RS-0+ Re+an]
= 42 [Si(Qt) — sin(Qt)Ciw;t)]. 36)

Here, Si(x) = f; drsin(t)/7 is the sine integral function. One surprising
feature of the rate y() is that it can take negative values during finite time
intervals, denoted by the purple regions in Fig. 6a. This behavior is an

the time integral of y(t), denoted as

0= [ sy (37)

must remain non-negative due to the complete positivity requirement of the
system dynamics*”. This is illustrated in the inset of Fig. 6a.

Based on the insights gained from the previous sections, we anticipate
that entanglement generation would not be possible with purely classical
correlated noise. This is indeed the case even when the noise is temporally
correlated, as shown in the inset of Fig. 6b, where the entanglement
remains to be zero with a trivial initial product state | T¢>. A new feature
arising from the non-Markovian nature is the occurrence of oscillations in
the decay of entanglement, when the initial state is entangled. For con-
creteness, we initialize the system to be the Bell state
|1//0> =] T¢> + i ¢T>) /+/2. The dynamics of the entanglement is then
given by

Clp(H] = % {\/ 4e~6TOsinh?(3T) + 9e=41®) 4 ¢7O1® _ 11~ (38)
which is depicted in Fig. 6b. To gain some insights, let us consider a
specific quantum trajectory. During time intervals where the rate
y(t) > 0, the system can undergo quantum jumps, which can lead to the
loss of coherence and a transition from an entangled state such as |y, ) to
a trivial state like | | | ) with a finite probability. Conversely, during the
negative rate y(t) <0 later on, the quantum jump process can be inter-
preted as a jump in the reverse direction””*™, |y) < | {), with a
finite probability of restoring the lost superposition due to the non-
Markovian memory effect. As a result, the entanglement exhibits a
temporary increase during the decoherence process, as illustrated in
Fig. 6b.

We now investigate the impact of quantum correlated noise in the
quantum regime where S = S€. The dynamics of the two-qubit system is
governed by the same master equation (17), with the decay and absorption
rates defined as

2

yi(B) = &[5 4 SHw)F (@ + Q, 1),

Considering that the filter function Fy(w + Q, t) is peaked at w = — Q which
lies outside the range of integration, we approximate the absorption rate yi;
to be zero to enable complete analytical solution of the dynamics. In the
strong correlated noise regime considered in this section, we assume that the
local and correlated decay rates are equal and we denote them as
yH(t) = yiﬁ. (), which is evaluated to be:

02

yl 1= ::2— [ﬂ(l — cos Qt) /2 — sin QtCi(w;t) + Si(Qt)} .

o (40)

The upper panel of Fig. 7a shows that the rate y!(f) can be negative tem-
porarily, while its time integral defined as

V() = /Otds yi(s)7 (41)

must be positive due to the complete positivity of the dynamics, as illustrated
in the inset. In the presence of quantum correlated noise, the coherent
coupling 7 (t) in the Hamiltonian (18) is nonvanishing and given by:

Tt = 5 5799 S%Uw) [Fw — Q, 1) + F(w + Q, )]

indication of non-Markovian memory effects, reflecting the exchange of o O (42)
information between the two qubits and the environment®”. Nevertheless, = Theg Smah
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Fig. 7 | Analysis of driven qubit dynamics in the presence of quantum noise. a The
upper panel depicts the time-dependent decay rate ', which can take negative
values for certain time intervals (indicated by purple shading). Its time integral T*
is positive at all times to ensure the complete positivity of the dynamics. The
lower panel shows the coherent coupling 7 between two qubits as a function of
time. b Time-dependent entanglement for a maximally entangled initial state
lyo) = (I 14) + il {1))/+/2. The blue shaded area demonstrates the impact of
quantum noise, with the blue and purple curves representing cases with and

without quantum noise, respectively. The inset displays the final steady-state
entanglement as a function of temperature, which is zero in the classical limit and
1/2 in the quantum regime. ¢ Entanglement evolution as a function of time for an
initial state | 1| ). The effect of quantum noise is illustrated by the blue shaded
region (the entanglement remains at zero when only classical noise is present).
The inset reveals a final entanglement value of 1/2 with //0 =3 ns within a
time ~ 10 ns. The plotted results are obtained using the following parameters: 7/
0=100ns, w/2m=1MHz, and Q/27 =1 GHz.

which oscillates with a frequency of Q2 and takes values comparable to the
decay rate as shown in the lower panel of Fig. 7a. To demonstrate the effect of
quantum noise, we first initialize the system into the Bell state |y, ) =
( T¢> + 1| ¢T>) /+/2 and investigate how the entanglement decays in the
presence of both classical and quantum 1/f noise. We show the entangle-
ment in this case is given by

Clpt)] = e 7O \/ sinh®TH () + cos?d(¢), (43)

with the phase ®(f) defined as ®(t) = fot ds J(s) = 2mo?(cos Qt —
1)/h*Q2. Tt is shown as the blue curve in Fig. 7b, with the purely classical 1/f
noise case also shown for contrast as the purple curve. The temporary
increase in the entanglement during the decoherence process is also
observed in the presence of quantum correlated noise. In the case of strong
correlated quantum 1/fnoise, decoherence occurs at a much slower rate, and
the net effect of quantum noise is reflected in the shaded blue region in Fig.
7b. The entanglement is long-lived, and the final entanglement approaches
1/2 due to the long-lived singlet state with a decay rate of y}. — y},, which is
almost zero when the correlated noise is comparable to the local noise. For
arbitrary temperature, the residual entanglement is shown to be:

Clpse] =3

3
4 cosh(BhQ)+2

22
3[SC@THSUQT

(44)

which is shown in the inset of Fig. 7b. Here we have invoked the fluctuation-
dissipation theorem Sg(w) = coth(fhw/ 2)83((0). It can be clearly observed
that in the classical limit where kzT > #Q), $2=0, the final entanglement is
zero as expected. Furthermore, we also conclude that there is always a finite,
long-lasting entanglement present when the correlated quantum noise
(comparable to local quantum noise) is finite.

To investigate the entanglement generation by spatially correlated
quantum 1/f noise, we consider a simple initial state | 1 ). The entangle-
ment then is given by

Clp(8)] = O\ [sinhT¥ (1) + sin? (). (45)

We note that there are temporary decrease in the growing entanglement,
which finally reaches 1/2, as shown in Fig. 7c and its inset. This can also be
attributed to the non-Markovian memory effect. Considering a quantum

trajectory, when the decay rate is positive y*(¢) > 0, the system can undergo
quantum jumps, taking the product state to an entangled state in the
presence of correlated quantum noise. Later, when the decay rate is
negative y'(£) <0, the state jumps back to a product state from the
entangled state, which leads to the temporary dip in the entanglement
growth. Our findings demonstrate the potential of utilizing the correlated
quantum 1/fnoise, which is ubiquitous in solid-state quantum computing
platforms, to generate significant entanglement or delay the decoherence
process in two-qubit systems. We also illustrate the effects of the non-
Markovianity of the noise in the dynamics of two driven qubits.

Comparison with the Single Qubit Case
After investigating the entanglement dynamics between two qubits in the
presence of the correlated noise, it is helpful to compare it with the coher-
ence decay in a single qubit case. We first consider an idle qubit without
driving. In this case, its dynamics is governed by the following master
equation in the interaction picture, according to Eq. (12),
p(6) = (0" po” — pl, (46)
where p is the density matrix for the qubit, and the local dephasing rate
experienced by the qubit is

__ 4 [ dwsin(wt) 210*
VO =5l e a

= 4‘h7—22f [1 — Ci(w,t)]

(47)

The diagonal elements of p do not evolve in the pure dephasing noise. The
off-diagonal element, representing the superposition of two states of the
qubit, decays as

pp(t) = p,(0) exp(—Zfédsf(s))

242 (48)
= p1,(0) exp [— 2‘;—{ (3—2y— 21n(wlt))] ,

which is the well-known Gaussian decay with a logarithmic correction. We
note that the presence of correlated noise in the two-qubit case [as detailed in
the discussion above Eq. (25)] only modifies the prefactor of the decay
function of the off-diagonal elements. We point out that, while the local
noise spectral density corresponds to the local correlator of the environment
and the correlated noise spectral density is linked to the nonlocal correlator
in real space, both types of spectral density encapsulate information about
the correlation of the environment. This is evident from Eq. (9), where S;(w)
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includes contributions from excitations in the environment possessing finite
wavelengths.

When the qubit is resonantly driven, its dynamics is described by the
master equation:
p =y ps" —3(675pl]
+ )

s

in the interaction picture according to Eq. (17). We consider the scenario
where both quantum and classical noise are present, S%(w) = S(w) = 2710*/w.
Then the decay and absorption rates are

(49)

+yt(®)[eFps™ —1{o7o

YO = 7 B 0 = 0,1

2w

YO = 5 [T B2 (0 + Q, ).

21w

(50)

Similar to the approximation that we made in Eq. (39), we approximate the
absorption rate to be zero since F(w + Q, £) is sharply peaked at w = — Q
which is outside the integration range. The explicit expression of the decay
rate is given in Eq. (40). The off-diagonal element decays as:

1t
p1,(t) = p1,(0) exp (—5 /0 ds y¢(s)>. (51)
We can also write down the evolution of (¢,) (in Heisenberg picture):
(0,)(8) = [(6¥)(0) cos(t) — (07)(0) sin(©21)]
(52)

X exp(—% 'Otdsyi(s)).

Compared with the dynamics observed in the two-qubit scenario, it is
notable that the correlated noise dramatically alters the dynamics, distinctly
different from its impact on idle qubits. In particular, the correlated noise
introduces an asymmetry in the decay rates of the singlet and triplet states.
This asymmetry results in the exponential growth factor observed in the
entanglement dynamics in Egs. (33), (35), (43), and (45), as elaborated in the
previous sections.

Discussion

In this paper, we have presented a comprehensive analytical study of the
two-qubit dynamics subject to both local and non-local spatially correlated
noise. Our analysis is based on a time-local TCL master equation that is
applicable for generic noise spectra, including both Markovian and non-
Markovian noise. We explored how the classical and quantum correlations
stored in the noise dictate the qubit dynamics. Our study shows that at
temperatures higher than the Rabi frequency of the qubit, where classical
noise dominates, correlated noise affects only the decoherence rate without
causing qubit entanglement. This suggests that higher operating tempera-
tures can effectively reduce crosstalk between qubits due to correlated
noise®.

In the case of low temperatures, when both classical and quantum
correlations are present in the noise, the correlated quantum noise intro-
duces various new effects. These include the coherent Ising interaction and
correlated dephasing in the case of purely dephasing noise, as well as the
coherent symmetric exchange, DM interaction, and correlated relaxation in
the case of transverse noise. We have illustrated the effects of these inter-
action by solving the two-qubit dynamics analytically. Specifically, our
analysis has demonstrated that only the noise-induced Ising interaction, not
the correlated dephasing, can lead to entanglement with finite lifetime. In
the case of transverse noise, our findings indicate that coherent interactions
and correlated relaxation not only generate substantial entanglement but
also notably extend its lifetime. Moreover, this process can be on-demand
activated or deactivated through coherent qubit drive. We finally studied the
non-Markovian memory effect by investigating the correlated 1/f noise,
where the decay rate can be negative temporarily.

Our research underscores the advantageous potential of operating
qubits at higher temperatures in scenarios involving correlated noise.
Additionally, we emphasize the significance of employing resonant qubit
drive at lower temperatures, which acts as an effective switch for turning on
and off the generation of long-lived entanglement. This approach leverages
correlated noise as a valuable resource.

Future work will explore the effect of long-ranged noise, beyond
nearest-neighbor, in multiple qubit systems. This case is critical for
future experiments aiming to scale up quantum processors, especially
because recent measurements highlighted the presence of long-range
noise in spin qubits in quantum dots®. Investigating how the correlated
noise affects standard quantum operations, such as the fidelity of two-
qubit gates is therefore critical”. Additionally, it is important to
understand how the correlated noise interferes with existing strategies
developed to suppress the impact of single-qubit noise, such as quan-
tum error correction codes, dynamical decoupling, and sweet spots.
Our work provides a solid foundation for future research in these
directions and will serve as a starting point to address these challenges
towards large-scale quantum computers.

Methods
Analytical formalism
Our analysis relies on the time-convolutionless projection operator
approach. Let us consider a system of our interest coupled to an environ-
ment that we will not keep track of. The dynamics of the combined system is
governed by a microscopic Hamiltonian of the form:
H = Hg + Hg + Hg, (53)
where Hg and Hg dictate the time evolution of the system and the
environment, respectively, and Hgg describes the coupling between
them. In the platform considered in the main text, Hg is the two-qubit
system that is of interest and Hg, is the environment that gives rise to
local and correlated noise, leading to decoherence of qubits via the
coupling Hgg. It is convenient to work in the interaction picture, where
the density matrix of the combined system p,.(t) obeys the following
equation of motion:

dp,. (¢

L) Lo, 0, (9
with  the Liouville superoperator defined as L(t)p,,(t) =
—i[Hg(£), p(#)]/h  and the coupling in interaction picture

H(t) = expli(Hg + Hy)t/h|Hgg exp[—i(Hg + Hg)t/h]. We aim to
derive the equation of motion for the reduced density matrix p of the system.
To this end, we introduce a projection superoperator P that projects any
density matrix p, onto the system part of the Hilbert space:
Ppor = trglp] ® pp» where the trace is taken over the environment and pg
is the initial state of the environment which we take to be the thermal state in
the main text. We note that our goal is to obtain a closed equation for Pp,,
which would give us the equation for p naturally. Accordingly, a com-
plementary superoperator Q can be defined by Q =7 — P, with the
identity operator Z, which projects on the irrelevant part of the density
matrix. By applying the projection operators PP and Q to the Liouville-von
Neumann equation (54), we arrive at

$Pp(t) = PLEPp (1) + PLE)Qpioy(8),
£ (1) = QLOPpy () + QL()Qpy (D).

The idea now is to solve for Qp, (t) formally and substitute it into the
equation for Pp, ,, which results in a closed equation for Pp, . At this point,
there are typically two ways to proceed, both of which give rise to exact but
conceptually different equations of motion for the reduced density matrix.
These methods are detailed in Ref. 88. One approach leads to the well-
known Nakajima-Zwanzig equation, which is a time-non-local equation

(55)
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containing a memory kernel. In contrast, the second method yields a time-
convolutionless master equation with the following form:

d

a Pptot = ’C(t)fpptot(t)7

(56)
where /C(t) is a time-local generator, known as the TCL generator, and we
have assumed the initial state of the combined system takes the form of
Prot(0) =p(0) @ pp  thus Op,(0) =0. As customary, we assume
trg[Hgg()pg] = 0 (namely, the noise operator E; in the main text has
vanishing mean in state pg) and also assume that coupling between the
system and the environment is sufficiently weak. Thus we can truncate the
TCL generator K(t) at second order, yielding:

K(t) = /0 s PL)L(S)P. (57)

Therefore, the TCL master equation for the reduced density matrix p in the
interaction picture takes the form of

d t
0= | dsulcocopn @ p). (58)

This equation serves as the starting point of our analysis.

Data availability
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