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Decoherence and fidelity enhancement during shuttling of entangled spin qubits
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Shuttling of spin qubits between different locations is a key element in many prospective semiconductor
systems for quantum information processing, but the shuttled qubits should be protected from decoherence
caused by by time- and space-dependent noise. Since the paths of different spin qubits are interrelated, the noise
acting on the shuttled spins exhibits complex and unusual correlations. We appraise the role of these correlations
using the concept of trajectories on random sheets, and demonstrate that they can drastically affect the efficiency
of coherence protection. These correlations can be exploited to enhance the shuttling fidelity, and we show that
by encoding a logical qubit in a state of two sequentially shuttled entangled spins, high fidelity can be achieved
even for very slow shuttling. We identify the conditions favoring this encoding, and quantify improvement in the

shuttling fidelity in comparison with single-spin shuttling.

DOI: 10.1103/78sg-ttth

I. INTRODUCTION

Shuttling of spin qubits between different spatial locations
is an important component of prospective scalable semicon-
ductor platforms for quantum information processing [1-12].
Within this approach, an electron (or a hole) in a semicon-
ductor structure is adiabatically carried along the shuttling
channel by an external time-varying potential, created, e.g.,
by a set of gates [5,11-17] or by a surface acoustic wave
(SAW) [2,7,18-20]. The electron propagates in the form of
a wave packet tightly localized in space, transporting the spin
qubit from one quantum dot to another. During the shuttling
process, time- and space-dependent magnetic noise dephases
the electron spin [11-16,18,21-23], such that protecting the
coherence of the shuttled qubit is critical for achieving fault
tolerance. Increasing the shuttling speed has limited potential
to suppress decoherence, because fast shuttling gives rise to
many other decoherence mechanisms caused by the loss of
adiabaticity, excitation of the carrier to higher orbital and
valley states in the semiconductor, and additional decoherence
caused by spin-orbit coupling [5,17,20,24-26]. Therefore, ex-
ploration of alternative coherence protection approaches and
their realistic assessment are timely and important tasks.

In this work we consider a paradigmatic method of co-
herence protection, in which the state of a logical qubit is
encoded in a singlet-triplet (ST) decoherence-free subspace of
two spins [27-30], which are sequentially shuttled one after
another. Feasibility of this approach has been demonstrated
[18] (also see related work [31]), but the fidelity enhancement
in various regimes has not been analyzed. Here we show how
the spatiotemporal correlations of the noise play a crucial
role in decoherence of ST qubits. We calculate the shuttling
fidelity, and identify the range of parameters where the ST en-
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coding substantially enhances fidelity. Importantly, we show
that shuttling with arbitrarily high fidelity over arbitrarily long
distances is possible even for very low shuttling speeds, mak-
ing ST encoding a promising way to reach the fault tolerance
threshold in long-range shuttling architectures.

II. RESULTS AND DISCUSSION

We consider conveyor-belt type shuttling, where a long
(length L ~ 1-10 wm) one-dimensional channel is formed be-
tween two quantum dots, see Fig. 1. The shuttled electron,
confined in a moving potential well, propagates as a tightly
localized wave packet with the center at the point x = x, and
the spatial distribution of the electron density p(x, y, z;x.) =
p(7;x.). The wave packet is shuttled adiabatically, staying
within the minimum of the shuttling potential without leaking
to the adjacent minima or being excited to higher orbital states
or to the excited valley states. The moving confining potential
can be created in Si- or Si/SiGe systems using a set of clavier
gates deposited on top of the shuttling channel [5,13,14]. In
GaAs-based structures, a SAW propagating along the shut-
tling channel creates the moving confining potential via the
piezoelectric effect [2,7,18-20].

Ideally, the shape of the wave packet would stay constant
during shuttling, with p(7; x.) = po(x — x., y, 2), but in reality
it fluctuates in time and space, because of the random varia-
tions of the material properties along the shuttling channel,
as well as defects that randomly trap/release charges at dif-
ferent locations (charge traps), affect the confining potential
and lead to small random displacements and distortions of
the wave packet [20,24,30,32-41]. In a typical experiment, a
nominally uniform quantizing magnetic field Bp ~ 0.1-1T is
applied to the system, but because of the random variations
in the material properties, the g-factor of the electron slightly
varies in space, such that the field experienced by the electron
depends on its position. Therefore, random variations of the
electron wave packet in space and time lead to corresponding

©2025 American Physical Society
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FIG. 1. (Top) Schematic representation of the spin shuttling from
quantum dot QD1 (left) to QD2 (right), using the running-wave
confining potential generated by the clavier gates (blue/green rect-
angles). (Bottom) The electron, confined within a minimum of the
moving potential (solid dark blue line), propagates as a tightly local-
ized wave packed (orange) with the center at x = x,. The electron
spin (red arrow) encodes the qubit state.

random variations of the Zeeman energy of the electron spin
[42]. Besides, the randomly located nuclear spins create a
position-dependent hyperfine field By (7, t), which fluctuates
in space and time (e.g., because of nuclear spin flip-flops).
Thus, the spin § = 1/2 of an electronic wave packet with the
center at x, experiences the Zeeman splitting

Hy(xc, 1) = gopplBo(xe) + B(xc, 1)1S., 1)

see Supplemental Material [43] for details, where g is a
nominal g-factor of the electron in the shuttling channel
(the appropriately averaged value of g(¥)), while By(x.) and
B(x,, 1) represent, respectively, the deterministic and the ran-
dom part of the effective magnetic field acting on the shuttled
spin. For simplicity, everywhere below we set goup = 1.

An electron spin shuttled along the spacetime trajectory
x.(t), starting at x, = 0 at + = 0 and finishing at x, = L at
t =ty, experiences a time-dependent magnetic field com-
prised of the deterministic By(¢) = By(x.(¢)) and the random
B(t) = B(x.(t),t) parts. During shuttling, the spin acquires
the phase ® = o + ¢, where

a:/fBo(t)dt and ¢=/fB(t)dt. 2)
0 0

The deterministic phase o can be taken into account during
post-processing, and is set to zero everywhere below. In con-
trast, the random phase ¢ leads to the loss of fidelity F', which
is quantified by the dephasing factor W or the dephasing
exponent x as

W = exp{—x} = E exp{—i¢}, 3

where the expectation E corresponds to averaging over
the random process B(z), and the shuttling fidelity is
F=(0+W)/2.

Statistical properties of the process B(¢) are determined
by the trajectory x.(t) and by the underlying space- and
time-dependent noise B(x,, t). In this work we treat the noise
B(x.,t) using the mathematical concept of random sheet
[44—46], which generalizes the idea of random process. We
model B(x.,t) as a Gaussian random sheet, defined by its
mean, which we set to zero (nonzero mean can be included
in the deterministic phase «), and the two-point covariance

function K (x., ¢; x..,, t"). The model of Gaussian random sheet
presents the same advantages [47] as the model of Gaus-
sian random process in the theory of dephasing of stationary
qubits [48-52]. A Gaussian sheet can be viewed as a sum of
noise fields created by a large number of weak independent
sources. Gaussian sheet realistically describes the finite span
of the noise correlations in time and space, and at the same
time is easily tractable by analytical or numerical means.
Namely, if B(x., 1) is Gaussian sheet, then for any realis-
tic spin trajectory x.(¢), the corresponding random process
B(?) is Gaussian random process with the covariance function
Kg(t,t') = K(x.(t),1;x.(t"), t'). Then the averaging in Eq. (3)
can be performed analytically, yielding

1 [f [f
X = —/ / Kg(t, s)dtds, @
2Jo Jo

if the trajectory x.(¢) is continuous.

A particularly illustrative model is Ornstein-Uhlenbeck
(OU) sheet with the covariance function Koy (x.,#;x.,t") =
o5 exp{—ky |x. — x.| — &, |t — ']}, describing the correlations
exponentially decaying in space and in time [5,32,34,53-56],
with the correlation length A, = 1/«, and the correlation time
7. = 1/k;, where the noise magnitude op is related to the
dephasing time 7", of a static spin as og = [T,",/ V217! If the
qubit is encoded in the spin of a single electron, shuttled from
x. = 0to x, = L with a constant velocity v [such that x.(t) =
vt], then the noise acting on the qubit is an OU process
with the covariance Kg(t,s) = 01% exp{—« |t — 1’|}, where
K = KkyV + k;, and the dephasing factor W; = exp{—yx,} for
the single-spin shuttling is

x1 = (o /i) [t + exp{—rkts} — 11, ®)

where t; = L/v. In order to minimize the dephasing, the shut-
tling velocity should be increased. However, shuttling at high
speed leads to the loss of adiabaticity, leakage to the neighbor-
ing minima, and excitation to higher orbital and valley states,
as well as rapid spin relaxation caused by spin-orbit coupling
[5,17,20,24,25].

An alternative way to enhance the shuttling fidelity
is to exploit the correlations of the noise, encoding the
state of the logical qubit a|0) 4+ b|1) in a decoherence-
free subspace [27-29] formed by the singlet |W~) and the
triplet |W™) states of two electron spins, as |¥o) = a|11l2)
+hllita) =d W)+ 8 |W7), where |WF) = (|11]2)
| L112))/+/2. This can be achieved, e.g., by using high-fidelity
two-spin gates [12,57-60], similar to recent shuttling experi-
ments [31] (see also Supplemental Material [43]). The two
spins are shuttled through the same channel with the delay
Ty one after another, see Fig. 2. The spins shuttled along the
trajectories x.1(¢) and x.,(¢) will experience different but cor-
related noises B;(t) = B(x,(¢),1) and By(t) = B(x.2(2), 1)
produced by the same random sheet B(x,,?). The random
phases acquired by the spins transform the state of the log-
ical qubit into |[4) = a|11{2) + bexpligo}|{172), and the
shuttling fidelity is determined by the dephasing factor W, =
E ¢i?2 with

@=/Q&@—&@Mn ©)
0
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FIG. 2. (a) Sequential two-spin shuttling: the first electron is
loaded into the shuttling channel at # = 0 and is shuttled with a con-
stant velocity v. After the delay 7, the second electron is loaded into
the channel and is shuttled with the same velocity. During shuttling,
both electrons are confined in the minima of the moving potential
(solid dark blue line), forming localized wave packets (orange) with
centers at x = x,; and x = x.,. After the first electron reaches the
destination x.; = L att = T, it stays there while the second electron
arrives at x,, = L att = T, such that the total shuttling time t; = T,.
(b) Space-time trajectories of the shuttled spins, x.; (¢) (red solid line)
and x.,(¢) (blue solid line). Depending on the travel time 7; and the
delay Ty, two cases are possible, Ty > T and Ty < Tj, shown in left
and right panels, respectively.

where the total shuttling time ¢y = 75, see Fig. 2. If the noise
B(x,, t) varies slowly then B (¢) and B,(¢) are correlated and
the random phase ¢, is small, thus increasing the fidelity.

To quantify the fidelity enhancement and identify the
favorable region of parameters, we calculate the two-spin
dephasing factor W, = exp{—x»2} for an OU random sheet
B(x., t) (including the dephasing during the waiting segments
at x, = 0 and x, = L, Fig. 2); an explicit analytical answer
can be obtained (see Supplemental Material [43]) owing to
Gaussian nature of the noise [61]. Figure 3 shows the fidelity
loss AW =1—W, as a function of the velocity v and the
delay Ty for typical experimental parameters given in Table 1.
As intuitively expected, high velocity v and small delay 7; en-
hance the fidelity of the logical qubit shuttling. For v ~ 1-10
m/s and Ty ~ 10-100 ns, the fidelity loss AW is of the order
of 10> when shuttling the qubit over 10 um.

Shuttling of two entangled spins is feasible [18,31], but
requires significant experimental effort, and it is important to
identify the situations, where this effort is warranted. Com-

TABLE I. Typical parameters of a realistic device.

Symbol Range Description

v 1073-10%> m/s Shuttling velocity

L 10 um Shuttling length

T, 20 us Correlation time of B(x, t)
Ae 100 nm Correlation length of B(x, t)
Ty, 20 us Dephasing time of a static spin

10°

; 10"
10 10—2 >
SO 107
= 10 10’4£

=5
10°4

-6

1073 1077

1 2 4 10

10° 100 100 100 10

ARWEA

FIG. 3. Fidelity loss AW during shuttling of two entangled spins
as a function of the dimensionless delay time T = «, Ty = T/t and
dimensionless velocity u = v t./A. = v &, /«;. The spins are shuttled
over the distance L = 100 A., and the noise amplitude is o = 2 K
(such that Ty, = [op /~/217" = 1.). With the experimental param-
eters given in Table I, this corresponds to L = 10 um, 7, = 20 ps,
Ae = 0.1 um, and 7, = 20 us. The dimensional shuttling velocity v
would be measured in units of A./t. = 5mm/s.

parison between the single-spin shuttling and shuttling of the
ST logical qubit is facilitated by introducing dimensionless
quantities

n=iT, t=KTy, y=KL u=vi/, (1)
that is, dimensionless shuttling time, length, delay and ve-
locity, respectively. For fast shuttling (¥ — o0), keeping the

delay t and the shuttling length y fixed, we have
X2~ 2(0p/k) (1 —e V)T +e T —1) at u—>oo. (8)

In the opposite limit of slow shuttling (¥ — 0) with fixed
and y, we obtain

¥ ~ 20 /Ky (t+e T —1) at u — 0. 9)

In both limits, the dephasing factor W, = exp{—yx2} ap-
proaches finite values, determined by the length y and the
delay 7. In contrast, for the single-spin shuttling, the de-
phasing factor W) = exp{—x1} quickly goes to zero at slow
shuttling velocity,

X1~ (os/k)) vy /u at u— 0, (10)
but approaches 1 for fast shuttling, since
X1~ (op/K)> (v +e7 —1)/u* at u— oo. (11)

Comparison of the two modes of shuttling is illustrated in
Fig. 4(a). If the shuttling speed could be increased indefinitely
then the single-spin encoding would always be more advanta-
geous: the fidelity loss AW, approaches zero at large u, while
AW, saturates at a finite value, determined by the delay 7.
However, shuttling at very high speed is not only difficult
experimentally, but also extremely counterproductive because
of nonadiabaticity and other detrimental effects mentioned
above, and the two-spin shuttling is preferred for any finite
velocity u if the delay time is made small enough.

205301-3
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FIG. 4. Fidelity loss AW of the shuttled ST qubit (dashed lines
with symbols) as a function of the shuttling speed, compared with
the fidelity loss of a single spin (solid red line). Different curves
correspond to different delay times. (a) Shuttling through OU sheet,
AW as a function of the dimensionless velocity u = v k,/k, for
different values of the delay t = k,Ty. The results correspond to
y =100 and o = v/2«,, same as in Fig. 3. (b) Shuttling through
pink sheet, AW as a function of the normalized velocity u,, = «,v for
different values of the delay 7. The results correspond to y = 10 and
op = 0.0860677, with the cutoffs w, = 10° and w; = 10~°. With the
dimensional parameters given in Table I, the curves in both panels
correspond to 7" = 20 us and the delays Tp = 0.4, 1.0, 2.0, 4.0, and
10.0 ps.

More generally, in the limit of short delays T — 0,

2
(=)
— l—e7 v J——|, 12
14+u + ¢ a1+ u)2:| (12)
which for the experimentally interesting case of large-distance
shuttling, ¥ > 1, becomes

x2 & (o /K )Ty /(1 4+ u). (13)

Thus, even very sluggish shuttling of two entangled spins can
achieve arbitrarily high fidelity over arbitrarily large distances
as long as the delay time is short enough. Slow shuttling
nullifies various errors associated with nonadiabaticity, and
suppresses the loss of fidelity caused by the interface rough-
ness and spin-orbit coupling. Moreover, sufficiently slow
shuttling becomes insensitive to the spatial variations of the
quantization axis in Ge-based semiconductor structures [12]
if the shuttling is slow enough to be adiabatic with respect to
such variations, thus eliminating yet another possible prob-

X2“0§T02[

lem. Thus, two-spin encoding (or more general three- and
four-spin encodings of a logical qubit [30,62]) is a very
promising approach to fault-tolerant shuttling-based semicon-
ductor quantum processors.

These advantages come from leveraging the noise corre-
lations, and are not limited to the specific model of the OU
sheet. For instance, similar analysis for the charge noise with
1/f-type spectrum [39,40,63,64] in time and exponentially
decaying correlations in space (“pink” random sheet) [43]
shows that the dephasing exponent for the two-spin shuttling
through pink sheet is

xop ~ (03T /M)y (A —InT,) + In(uy/0) — 11 (14)

for long shuttling length y = «,L > 1 and short delay 7, =
kxv Ty = u, Ty < 1, where u, = kv is the normalized shut-
tling speed for pink sheet [65]. Here, A = In (w/w) is the
normalization factor of the 1/f noise power spectrum, w,
and w; are the high- and low-frequency cutoffs, respectively,
and the constant A = (3/2) — yg &~ 0.923 where yf is Euler’s
constant. Figure 4(b) compares the fidelity loss for a single
spin and for two entangled spins shuttled through the pink
sheet noise (see Supplemental Material [43] for the details
of the calculations), demonstrating the behavior similar to the
case of OU sheet.

Besides shuttling fidelity studied here, achieving
high fotal end-to-end fidelity also requires high-fidelity
encoding/decoding and loading the spins in/out of the
shuttling channel. Assessment of those steps depends on the
specific details of the experimental systems, and is beyond
the scope of this work.

Summarizing, here we studied dephasing during shuttling
of two entangled spins. The spatiotemporal correlations of
the decohering noise are of utmost importance in this regime,
and we use realistic models to correctly take them into ac-
count. We assessed how the encoding of a logical qubit in
a singlet-triplet (ST) subspace of two spins enhances the
shuttling fidelity, and identified the regimes where such an en-
coding is particularly favorable. We have shown that even very
slow shuttling of the ST qubit can maintain arbitrarily high
fidelity over arbitrarily large distances as long as the delay
time is short. We demonstrate that such encodings constitute
a promising approach to reaching the fault tolerance threshold
in shuttling-based semiconductor architectures.
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