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Crosstalk analysis in single hole-spin qubits within highly anisotropic g-tensors
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Spin qubits based on valence band hole states are highly promising for quantum information processing
due to their strong spin-orbit coupling and ultrafast operation speed. As these systems scale up, achieving
high-fidelity single-qubit operations becomes essential. However, mitigating crosstalk effects from neighboring
qubits in larger arrays, particularly for anisotropic qubits with strong spin-orbit coupling, presents a significant
challenge. We investigate the impact of crosstalk on qubit fidelities during single-qubit operations and derive
an analytical equation that serves as a synchronization condition to eliminate crosstalk in anisotropic media.
Our analysis proposes optimized driving field conditions that can robustly synchronize Rabi oscillations and
minimize crosstalk, showing a strong dependence on qubit anisotropy and the orientation of the external magnetic
field. Taking experimental data into our analysis, we identify a set of parameter values that enable nearly
crosstalk-free single-qubit gates, thereby paving the way for scalable quantum computing architectures.
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I. INTRODUCTION

Spin qubits, using localized electron spins in quantum dots,
are highly promising for quantum computing due to their
ability to be coherently controlled using techniques such as
electric-dipole-induced spin resonance [1–3] and exchange-
based gates [4–8]. However, in addition to challenges posed
by charge noise and phonon-induced decoherence, electron
spins are also subject to fluctuating nuclear spins, which
can further complicate qubit stability and coherence [9,10].
Valence-band hole spin qubits are emerging as a promising
alternative for quantum computing due to several advanta-
geous properties, including weak coupling between holes and
residual nuclear spins, in combination with isotopically puri-
fied material [11], a low effective mass, and the absence of a
valley degeneracy in the valence band, which simplify device
design [12]. Moreover, the strong spin-orbit coupling in hole
states not only enables fast all-electric operation but also gives
rise to highly anisotropic spin properties. This anisotropy is a
distinct advantage, as it provides enhanced control over qubit
manipulation and allows for greater precision in quantum gate
operations [13–19]. In fact, the anisotropic nature of hole
spin qubits, characterized by an anisotropic g-tensor, leads
to a field-dependent magnetic response that deviates from a
simple scalar g factor [20–24]. The anisotropic g-tensor aris-
ing from the interplay between spin-orbit interaction, electric
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fields, and mechanical strain is significantly influenced by the
symmetry-breaking effects of the nanostructured environment
in double quantum dots. This interaction further enhances the
anisotropy, contributing to the nonuniformity and misalign-
ment of the g-tensors within quantum dot arrays, which can
be leveraged to improve control and precision in quantum
operations [25–27].

Although these anisotropic properties can enhance certain
aspects of qubit performance, they also introduce complex-
ities, particularly in the form of crosstalk between qubits.
The anisotropy exacerbates the coupling of hole spin qubits
to charge noise [7,28], heightening their sensitivity to vari-
ations in quantum dot confinement [17,21]. This increased
sensitivity results in significant challenges for maintaining
qubit fidelity, as crosstalk can lead to unintended interactions
with neighboring qubits, impacting the overall performance
and scalability of the qubit system. Despite these challenges,
controlled anisotropy can be leveraged to create operational
sweet spots where qubit control is optimized and decoherence
is minimized [28–31]. Thus, effectively addressing crosstalk
is crucial for error prevention and achieving high-fidelity oper-
ation, which is essential for the successful scaling up of qubit
systems [6,32–35].

This paper specifically examines crosstalk in hole spin
qubits, focusing on how the anisotropy of the g-tensor—due
to strong spin-orbit coupling and the direction of the external
magnetic field—affects interactions with neighboring qubits.
Understanding and mitigating the impact of such anisotropy-
induced crosstalk is essential for improving the fidelity and
performance of qubit arrays [14,15,17,28,36–39]. Our analy-
sis proposes optimized driving field conditions that robustly
synchronize Rabi oscillations and minimize crosstalk, with
a strong dependence on the anisotropy of the qubit and the
orientation of the external magnetic field. By analyzing holes
in germanium (Ge) and silicon (Si), we show that the ef-
fectiveness of the optimization varies significantly between
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FIG. 1. Schematic representation of two hole spins in adjacent
quantum dots. The influence of spin-orbit coupling results in the real
and symmetric g-tensors ĝ1 and ĝ2. An external magnetic field B with
amplitude B and orientation defined by the angles θ and φ interacts
with the spins through their respective g-tensors. The driving strength
of qubit 1 is denoted as By1,1, which, due to crosstalk, induces a
driving effect on qubit 2 with strength By1,2.

materials, emphasizing the importance of the material-specific
behavior of the g-tensor in reducing crosstalk and enhancing
high-fidelity quantum operations.

The remainder of this paper is organized as follows. In
Sec. II, we introduce the effective Hamiltonian for a single
spin qubit in anisotropic media, driven by electric-dipole spin
resonance (EDSR). In Sec. III, we present the optimal pa-
rameters to minimize crosstalk errors in anisotropic media
through simple synchronization schemes applicable to quan-
tum algorithms and outline the conditions to maximize the
overall fidelity. In Sec. IV, we analyze the relationship be-
tween crosstalk, the direction of the external magnetic field,
and material anisotropy, leveraging experimental data for hole

qubits in Ge and Si. Finally, the conclusions of our work are
summarized in Sec. V.

II. THEORETICAL MODEL

We first examine a gate-defined quantum dot array oper-
ating in the (1, 1,. . .) charge regime, as illustrated in Fig. 1.
Next, we consider a widely used phenomenological 2 × 2
model Hamiltonian that describes a single hole in a spin-orbit-
coupled system [23,40,41]. The Hamiltonian is given by

H (t ) = μBB · (ĝ1S1 + ĝ2S2) + By1,1 sin(ωt )Sx1

+ By1,2 sin(ωt )Sx2, (1)

where Si = σ i/2, μB is the Bohr magneton and ĝi (i = 1, 2)
are the real-valued spin-orbit-affected g-tensors of the two
holes, defined as:

ĝi =
⎛
⎝gxx,i gxy,i gxz,i

gyx,i gyy,i gyz,i

gzx,i gzy,i gzz,i

⎞
⎠, (2)

for i = 1, 2. Magnetic fields are represented in energy units
throughout this paper, i.e., Bphysical = B

μB
, and we furthermore

set h̄ = 1. Additionally, the Zeeman interaction with the ex-
ternal homogeneous magnetic field is expressed as B = Bb,
where b = (sin(θ ) cos(φ) sin(θ ) sin(φ) cos(θ ))T is the
unit vector pointing along the direction of B, and B = |B|;
see Fig. 1.

Leveraging the strong spin-orbit coupling, all-electrical
spin control is achieved through EDSR [1–3,36]. To this
end, rapid voltage pulses and microwave (MW) bursts,
By1,1 sin(ωt ), are applied to qubit 1. Due to crosstalk, this
leads to an induced microwave pulse By1,2 sin(ωt ) at the
neighboring qubit, where the drive amplitude is given by
By1,2 = αBy1,1.

We define the magnetic field-dependent g factor,

g∗
i (θ, φ) = ĝi · b =

⎛
⎝Ai(θ, φ)

Bi(θ, φ)
Ci(θ, φ)

⎞
⎠ =

⎛
⎜⎝

gxx,i sin(θ ) cos(φ) + gxy,i sin(θ ) sin(φ) + gxz,i cos(θ )

gyx,i sin(θ ) cos(φ) + gyy,i sin(θ ) sin(φ) + gyz,i cos(θ )

gzx,i sin(θ ) cos(φ) + gzy,i sin(θ ) sin(φ) + gzz,i cos(θ )

⎞
⎟⎠ (3)

for i = 1, 2, which represents the components of the g factor, which depend on the direction of the magnetic field, characterized
by the angles θ and φ. In the rotating frame, H̃ (t ) = U †HU + iU̇ †U , with Urot (t ) = exp(−iω0tSz ), we apply the rotating wave
approximation (RWA), which yields both resonant and off-resonant Rabi terms. The off-resonant Rabi frequency of qubit 2 is
then given by

�̃ =
√

(�B)2 +
(

αBy1,1|ζ (θ, φ)|
2

)2

, (4)

where the Zeeman energy difference �B and driving amplitude coefficient due to the anisotropy ζ (θ, φ) are

�B = B�g∗(θ, φ) = B(
√

A2(θ, φ)2 + B2(θ, φ)2 + C2(θ, φ)2 −
√

A1(θ, φ)2 + B1(θ, φ)2 + C1(θ, φ)2), (5)

ζ (θ, φ) = 1√
A2(θ, φ)2 + B2(θ, φ)2

(
B2(θ, φ) − iA2(θ, φ)

C2(θ, φ)√
A2(θ, φ)2 + B2(θ, φ)2 + C2(θ, φ)2

)
, (6)

with �g∗(θ, φ) = |g∗
2 (θ, φ)| − |g∗

1 (θ, φ)|.
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III. SYNCHRONIZATION TO AVOID CROSSTALK

To minimize the effects of crosstalk, we require that during
the driving time τ for Y -gate spin rotations, neighboring spins
perform full 2π rotations, expressed as �̃τ = 2πk, where k ∈
Z. Using the ratio of the induced driving amplitudes α = By1,2

By1,1
,

we find a condition for By1,1 in terms of α. The time to perform
a π rotation on qubit 1 is given by τ = π (2m+1)

�
, where m ∈ Z,

with the Rabi frequency for on-resonance driving of qubit 1
defined as

� = By1,1

2
|g∗

1 (θ, φ)|

= By1,1

2

√
A1(θ, φ)2 + B1(θ, φ)2 + C1(θ, φ)2. (7)

This leads to the synchronization condition for eliminating
crosstalk when driving a qubit in anisotropic media,

By1,1 = 2B �g∗(θ, φ)√(|g∗
1 (θ, φ)| 2k

2m+1

)2 − (α|ζ (θ, φ)|)2
, (8)

for integers k and m. For α = 0, the remaining oscillation
around the z axis can be neglected, while for 0 < α < 1, the
fidelity reaches a maximum when the condition in Eq. (8)
is fulfilled. To evaluate the crosstalk of single-qubit gates on
neighboring qubits, we calculate the fidelity [42],

F = d + |Tr[U †
idealUactual]|2

d (d + 1)
, (9)

where d is the dimension of the Hilbert space, Uideal is the de-
sired qubit operation—which, in the case of crosstalk, would
be 1 for the neighboring qubits—and Uactual is the actual
operation, containing unwanted off-resonant Rabi oscillations
with a detuned Rabi frequency,

�̃ =
√

�2 + δω2
z . (10)

Here � denotes the resonant Rabi frequency and δωz rep-
resents the detuning between the driving and resonance
frequencies. Note that to describe the time evolution of a
quantum state |ψ (t )〉 in a frame rotating with its own qubit
frequency, taking into account both the rotating transforma-
tion and the RWA Hamiltonian, we have

|ψ (t )〉lab = Uactual|ψ (0)〉 = Uz(t )URWA(t )|ψ (0)〉
= e−i�BtSz e−iHRWAt |ψ (0)〉, (11)

where Uactual = Uz(t )URWA(t ) represents the complete time
evolution operator in the rotating frame. Here Uz(t ) = e−i�BtSz

is a z rotation with the qubit frequency and URWA = e−iHRWAt

describes the time evolution in the rotating frame under the
RWA Hamiltonian.

IV. RESULTS

In the following, we focus on the performance of y
rotations (Y-gate) performed on qubit 1 for single-qubit
operations, and their corresponding crosstalk on the nearest-
neighbor qubit 2, which manifests as an unwanted MW
driving field on the neighboring qubit. In the case of EDSR,
this crosstalk can be capacitively induced [43–45] by the

actual driving field By1,1 (By1,2) applied on the corresponding
gate [1]. All operations are performed in the presence of
strong spin-orbit coupling, which plays a crucial role in the
mechanism of the spin control and crosstalk effects.

After deriving Eq. (8) to mitigate crosstalk, we plot the
fidelity in Fig. 2 as a function of the drive amplitude By1,1

for two anisotropic materials and different magnetic field
directions to analyze how the fidelity varies with the drive
strength. To ensure that our analysis is grounded in realistic
scenarios, we incorporate experimental data for the g-tensor in
anisotropic media, specifically for holes in Si and holes in Ge,
which are among the most promising materials for spin-based
quantum computing. As an example, the full g-tensors for
holes in a pair of adjacent quantum dots in Si were found to
be [36]

ĝ1 =
⎛
⎝ 2.31 0.50 −0.06

0.50 2.00 0.06
−0.06 0.06 1.50

⎞
⎠, (12)

ĝ2 =
⎛
⎝ 1.86 −0.57 0.09

−0.57 2.76 −0.01
0.09 −0.01 1.46

⎞
⎠. (13)

Another experiment reveals the full g-tensors for holes in a Ge
double quantum dot as [28]

ĝ1 =
⎛
⎝ 0.082 0.018 −0.494

0.018 0.394 −0.020
−0.494 −0.020 11.233

⎞
⎠, (14)

ĝ2 =
⎛
⎝0.0643 0.006 −0.214

0.006 0.358 0.038
−0.214 0.038 10.945

⎞
⎠. (15)

For these numerical examples, we assume a crosstalk cou-
pling of α = 0.4 [33,34] and a magnetic field of B = 1020
MHz [except in Fig. 3(c)]. We vary the nearest-neighbor
qubit crosstalk field By1,2, as well as the term B�g∗(θ, φ) =
B(|g∗

2 (θ, φ)| − |g∗
1 (θ, φ)|), while investigating idle qubit 2.

In Figs. 2(a1)–2(a3), we plot the fidelity as a function of
drive amplitude By1,1 for different magnetic field directions
for holes in Ge. It is observed that increasing the drive ampli-
tude By1,1 leads to a decrease in the oscillation frequency of
the fidelity curves for all cases. Altering the direction of the
magnetic field modifies the g factor, denoted as g∗

i (θ, φ) in
Eq. (3), which results in fidelity modulation and affects qubit
efficiency. Furthermore, we show that the fidelity maxima
for each magnetic field direction in Figs. 2(a1)–2(a3) occur
when the synchronization condition [Eq. (8)] is met. This
corresponds to drive amplitudes where crosstalk is fully sup-
pressed, i.e., the fidelity maxima, as indicated by the vertical
lines in the figures. The three vertical lines, from right to left,
represent k = 1, k = 2, and k = 3 for m = 0 in Eq. (8). To
analyze how the drive amplitude By1,1 corresponding to the
crosstalk-free condition changes with different magnetic field
directions for holes in Ge, we plot in Fig. 2(a4) the drive am-
plitude By1,1 versus the magnetic field direction (θ, φ) for each
k value corresponding to a crosstalk-free point. For k = 1, it is
observed that at θ = φ = 0◦, crosstalk occurs at 67.75 MHz.
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FIG. 2. The fidelity F of adjacent qubit 2 remaining in its state while driving a Y -gate on qubit 1, assuming α = 0.4, is influenced by
the driving strength By1,1 and the direction of the magnetic field, defined by the angles θ and φ. This is illustrated for holes in Ge: (a1) with
θ = φ = 0◦, (a2) with θ = 25◦ and φ = 0◦, and (a3) with θ = 25◦ and φ = 30◦. The corresponding configurations for holes in Si are (b1) with
θ = φ = 0◦, (b2) with θ = 25◦ and φ = 0◦, and (b3) with θ = 25◦ and φ = 30◦. In Figs. (a4) and (b4), we plot the drive amplitude By1,1 as
a function of the magnetic field direction (θ, φ) for each k value, corresponding to the crosstalk-free points for Ge and Si hole spin qubits,
respectively. Here, the external magnetic field B is 1020 MHz.

This shifts to 65.25 MHz for θ = 25◦, φ = 0◦ and further
decreases to 60.23 MHz for θ = 25◦, φ = 30◦, all correspond-
ing to the first peak on the right side of Figs. 2(a1)–2(a3).
These observations illustrate how adjusting the magnetic field
angles can shift the crosstalk-free point, allowing for precise
control over its suppression. In Figs. 2(b1)–2(b3), we plot the
fidelity as a function of drive strength By1,1 for holes in Si
spin qubits at various external magnetic field angles. Com-
pared to Figs. 2(a1)–2(a3), we observe significant changes,
where the fidelity maxima, indicating the absence of crosstalk,
occur at different driving amplitudes. These maxima, marked
by vertical lines in Figs. 2(b1)–2(b3), correspond to k = 1,
k = 2, and k = 3 for m = 0 in Eq. (8). This variation is
further demonstrated in Fig. 2(b4), where the shift in drive
strength necessary for crosstalk suppression is evident for
each magnetic field angle. As shown in Fig. 2(b4) for holes
in Si, at θ = φ = 0◦, crosstalk occurs at 27.18 MHz, shift-
ing to 64.02 MHz for θ = 25◦, φ = 0◦, and increasing to
71.89 MHz for θ = 25◦, φ = 30◦, all corresponding to k = 1,
the first peak on the right side of Figs. 2(b1)–2(b3). By com-
paring Figs. 2(a4) and 2(b4), which correspond to holes in
Ge and Si, respectively, it is evident that increasing the mag-
netic field angle from zero (θ = φ = 0◦) causes the fidelity
peak associated with crosstalk elimination to shift in opposite

directions with respect to the drive amplitude. This shift high-
lights the crucial role of both material choice and magnetic
field direction in achieving the highest fidelity, which is essen-
tial for optimal qubit operation. Additionally, for holes in Ge,
the drive amplitude corresponding to the crosstalk-free con-
dition for k = 2 and k = 3 decreases with a smaller variation
compared to k = 1. In contrast, for holes in Si, it increases
with a smaller slope for k = 2 and k = 3 compared to k = 1,
which exhibits the largest variation, as seen in Figs. 2(a4)
and 2(b4).

As demonstrated in Ref. [33], synchronization for second
or further neighbors can be achieved to minimize crosstalk
on multiple qubits. For hole-spin qubits, the anisotropy of
neighboring qubits—whether they are first, second, or fur-
ther neighbors—serves as an additional tuning parameter that
can be used to achieve synchronization. By adjusting these
anisotropies and the magnetic field direction, it is possible
to synchronize multiple qubits even in two-dimensional ar-
chitectures, where each neighboring spin might have its own
anisotropic properties. Regarding the free parameters, there
are indeed enough degrees of freedom (such as the direction
of the magnetic field and the anisotropy of neighboring qubits)
to potentially synchronize a large number of qubits. While
the precise scalability depends on the specific system and its
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FIG. 3. The infidelity 1-F of qubit 2 as a function of driving
strength By1,1 for different material scenarios, including electrons in
silicon with �Bz = 200 MHz and holes in Ge and Si. A fixed mag-
netic field of B = 1020 MHz is analyzed for (a) θ = φ = 0◦ where
�g∗(0◦, 0◦) for holes in Ge and Si are 0.75 and 0.04, respectively and
(b) θ = 45◦, φ = 0◦ where �g∗(45◦, 0◦) for Ge and Si are 0.49 and
0.37, respectively. In (c), we maintain a fixed B�g∗(0◦, 0◦) for holes
in Ge and Si, ensuring that this matches �Bz = 200 MHz, which
is typically used for electrons in silicon. Consequently, we obtain
B = 268 MHz for holes in Ge and B = 5051 MHz for holes in Si,
respectively. The inset in (c) shows the gate time versus drive strength
By1,1 for electrons in Si and holes in Ge and Si. Here, we set m = 0
to determine the minimum gate time.

parameters, we believe that the results in Ref. [33] can be
extended to more qubits with the appropriate adjustments to
the synchronization conditions.

Figures 3(a) and 3(b) illustrate the infidelity 1 − F of qubit
2 as a function of the driving strength By1,1 for various ma-
terials, including electrons in silicon with �Bz = 200 MHz
exhibiting isotropic behavior, as well as holes in Ge and Si that
display anisotropic characteristics. We analyze a fixed mag-
netic field strength of B = 1020 MHz for holes in Ge and Si
while varying �g∗(θ, φ) through magnetic field direction for
θ = φ = 0◦ in (a) and θ = 45◦, φ = 0◦ in (b). It is observed
that holes in Si, for a magnetic field in the z direction (θ = 0◦),
show lower fidelity compared to electrons in Si which is due
to a very small �g∗(0◦, 0◦) = 0.04. However, changing the
magnetic field direction to θ = 45◦ and φ = 0◦, which leads

to �g∗(45◦, 0◦) = 0.37, results in better fidelity for holes in
Si, as can be seen in Fig. 3(b). In Figs. 3(a) and 3(b), holes in
Ge exhibit very high fidelity compared to holes and electrons
in Si, attributed to their significantly larger �g∗(θ, φ), which
is 0.75 at θ = φ = 0◦ in Fig. 3(a), and 0.49 at θ = 45◦ and
φ = 0◦ in Fig. 3(b).

In the case of electrons in Si with isotropic nature, dif-
ferent Zeeman fields are often applied to the left and right
spin qubits, typically choosing �Bz = 200 MHz [6,33,34].
For holes in anisotropic materials, B�g∗(θ, φ) plays a similar
role to �Bz for electrons in silicon. This Zeeman splitting
term, after applying the RWA, highlights how isotropic and
anisotropic systems react differently to external magnetic
fields, impacting spin qubit behavior. Hence, in Fig. 3(c), we
selected different magnetic field strengths B for holes in Ge
and Si to achieve the same �Bz of 200 MHz for electrons in
Si [33], while maintaining the magnetic field in the z direction
(θ = 0◦). The corresponding �g∗(0◦, 0◦) values for Ge and Si
are 0.04 and 0.75, respectively. By choosing B = 268 MHz
and 5051 MHz for holes in Ge and Si, respectively, we ensure
that B�g∗(0◦, 0◦) = 200 MHz, aligning with �Bz for elec-
trons in Si. It is evident that even when B�g∗(0◦, 0◦) matches
�Bz, holes in Ge with a larger |g∗

1 (0◦, 0◦)| and consequently
higher Rabi frequency exhibit an improved fidelity, as shown
by the blue curve in Fig. 3(c). Moreover, by adjusting the am-
plitude of B, we can either confine or broaden the oscillations
of the fidelity. For instance, with B = 268 MHz for holes in
Ge—significantly lower than B = 1020 MHz in Fig. 3(a)—
we can effectively confine the fidelity oscillations at very low
drive amplitudes. In contrast, increasing the amplitude of B
for holes in Si to 5051 MHz relative to 1020 MHz in Fig. 3(a)
results in broader oscillations in fidelity.

In the inset of Fig. 3(c), we plot the gate time versus drive
strength By1,1 for electrons in Si and holes in Ge and Si. The
gate time is defined as τ = π (2m+1)

�
, where � is the Rabi

frequency of the first qubit. When the magnetic field is aligned
along the z direction (θ = φ = 0◦), the gate time for holes
can be expressed as τ = 2π (2m+1)√

g2
xz1+g2

yz1+g2
zz1By1,1

. Specifically, for

the above example for holes in Si, this results in τ = 2π (2m+1)
1.46By1,1

,

while for holes in Ge, it is τ = 2π (2m+1)
11.24By1,1

, as derived from the

data for ĝ1 in Eqs. (12) and (14). These values are shorter than
the gate time τ = 2π (2m+1)

By1,1
for electrons in Si. It should be

noted that, although B�g∗(θ, φ) remains constant across all
materials, the gate time is influenced by the anisotropy of the
material, being reduced for anisotropic cases. The reduction in
gate times significantly improves the fidelity for holes, which
is due to the anisotropic nature of the holes, particularly those
in Ge. This leads to a higher Rabi frequency and shorter gate
time for Ge holes compared to both Si holes and electrons. We
conclude that for both cases B�g∗(θ, φ) � �Bz as shown in
Fig. 3(b), and B�g∗(θ, φ) = �Bz in Fig. 3(c), materials with
a larger �g∗(θ, φ) and |g∗

1 (θ, φ)| consistently exhibit better
fidelity [15]. Furthermore, it is important to highlight that in
all cases, the position of the crosstalk is significantly affected
by the orientation of the magnetic field.

In Figs. 4(a)–4(c), we illustrate the infidelity 1 − F of
qubit 2 as a function of the driving strength By1,1 and the
magnetic field angle θ for various values of φ for holes in Ge.
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FIG. 4. The infidelity 1 − F of qubit 2 as a function of driving strength By1,1 and magnetic field angle θ for different values of the angle φ:
[(a)–(c)] Results for holes in Ge and [(e)–(g)] for holes in Si. �g∗(θ ) as a function of θ for different values of φ is plotted in (d) for holes in
Ge and (h) for holes in Si.

In Fig. 4(a) with φ = 0◦, the fidelity exhibits an oscillatory
behavior as a function of the drive strength, except at one
angle (θ = 90◦) where a notable decline occurs. Modifying
φ to 30◦ and 90◦ in Figs. 4(b) and 4(c) reveals a similar
pattern, introducing one additional point of reduced fidelity.
To clarify this phenomenon, we plot �g∗(θ, φ) in Eq. (5)
as a function of θ for fixed φ in Fig. 4(d). In particular, for
φ = 0◦, �g∗(θ ) goes to zero at θ = 87.71◦, corresponding
to the lowest fidelity observed in Fig. 4(a). Furthermore, at
φ = 30◦ (φ = 90◦), we observe fidelity drops at two points
corresponding to θ = 75.79◦ (θ = 69.31◦) and θ = 88.74◦
(θ = 88.11◦), which align with the zeros of �g∗(θ ) seen in the
red (blue) curve in Figs. 4(b) and 4(c). When �g∗(θ ) reaches
zero, it implies that the |g∗(θ )| for both dots are identical. In
this case, when there is no driving (By1,1 = 0), we observe the
lowest fidelity, but applying a drive can shift these low-fidelity
points to broader angles.

In Figs. 4(e)–4(g), we note similar behavior for holes in
Si as compared to Ge. In these figures at φ = 0◦ (φ = 90◦),
the fidelity drop at two points correspond to θ = 14.96◦ (θ =
9.40◦) and θ = 173.30◦(θ = 21.50◦), which correspond to the
zeros of �g∗(θ ) as can be seen in the blue (green) curve in
Fig. 4(h). By increasing φ to 30◦ for holes in Si, we observe
that the fidelity does not get worse at By1,1 = 0 for 0◦ < θ <

180◦, as confirmed by the red curve in Fig. 4(h), where �g∗(θ )
never reaches zero. Note also that the infidelity shows an os-
cillatory behavior with increasing drive amplitude and reaches
a maximum corresponding to the elimination of crosstalk; this
pattern changes for different angles. A comparison of the infi-
delity plots in Fig. 4 shows that certain angles of the external
magnetic field, which vary depending on the material, result
in the lowest fidelity. Avoiding these angles is important to
optimize qubit performance. Additionally, the magnetic field
direction affects not only the fidelity but also the crosstalk,
as material-specific magnetic properties influence qubit

interactions. Therefore, avoiding angles where �g∗(θ, φ) ap-
proaches zero is essential to minimize crosstalk and ensure
high-fidelity operation.

We should emphasize that variations in the g-tensor arising
from differences in strain, electric fields, or device architec-
ture can influence our results. In particular, the condition for
crosstalk-free operation for electrons in Si differs significantly
from our study in two key aspects [33]. First, electrons in Si
experience an isotropic environment where g is a scalar rather
than a tensor, whereas our work focuses on materials with
anisotropic g-tensors. Second, the driving mechanism differs:
In isotropic systems such as electrons in Si, where spin-orbit
coupling is weak, qubit control typically requires EDSR,
which combines an oscillating electric field with a magnetic
field gradient. In contrast, in our system—where holes ex-
perience strong spin-orbit interaction—control is achieved
directly via the oscillating electric field, without the need
for magnetic field gradients. Despite these differences, our
framework remains broadly applicable and can be adapted to
other systems by incorporating the appropriate g-tensor values
and drive mechanisms for a given implementation.

Regarding scalability, our method remains applicable as it
relies on Rabi frequency synchronization, which inherently
includes the g-tensor anisotropy. This synchronization deter-
mines a crosstalk-free drive amplitude that depends on the
magnetic field direction and g-tensor anisotropy, making the
approach adaptable to various qubit configurations. Although
gate-tunable anisotropy has primarily been used to control
sweet lines in [46] and to achieve fast qubits with high co-
herence times in [47], it could still complement our approach
by offering additional flexibility for large-scale systems. How-
ever, our results demonstrate that even without gate tunability,
scalable crosstalk mitigation can be achieved through ap-
propriate selection of drive parameters and magnetic field
alignment in anisotropic semiconductors.
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A competing detrimental effect is the presence of residual
exchange interaction, which occurs when there is no active
two-qubit gate operation and which can lead to unintended
coupling between qubits in the off-state. In isotropic sys-
tems, such as electron spins in Si, the residual exchange in
the off-state is typically on the order of 100 kHz, which
induces unintended two-qubit dynamics on the timescale of
10 µs [48–50]. The single-qubit gate operations discussed here
occur on a timescale of 100 ns which means that residual
exchange plays a minor role. It is an interesting open question
whether the procedures that deal with residual exchange [48]
can be combined with the methods to cope with crosstalk
shown here.

V. CONCLUSIONS

In summary, we have analyzed crosstalk in spin qubits
based on valence band hole states, which are highly promis-
ing candidates for quantum information processing due
to their strong spin-orbit coupling and ultrafast operation
speeds. As these systems scale up, the achievement of
high-fidelity single-qubit operations becomes essential. How-
ever, mitigating crosstalk effects from neighboring qubits
in larger arrays—particularly for anisotropic qubits with
strong spin-orbit coupling—presents a significant challenge.
We specifically investigate the impact of crosstalk on qubit
fidelities during single-qubit operations, focusing on two

realistic examples comprising holes in Ge and holes in
Si. To address these challenges, we derive an analytical
expression for the driving strength that serves as a synchro-
nization condition to eliminate crosstalk in anisotropic media
[Eq. (8)]. Our analysis proposes optimized driving-field con-
ditions that can robustly synchronize Rabi oscillations and
minimize crosstalk, demonstrating a strong dependence on
qubit anisotropy and the orientation of the external magnetic
field. By incorporating experimental data into our analysis—
specifically for holes in Ge and holes in Si, which are
among the most promising spin qubit materials for quantum
computing—we identify a set of parameter values that fa-
cilitate nearly crosstalk-free single-qubit gates. This research
ultimately paves the way for scalable quantum comput-
ing architectures, significantly enhancing the feasibility of
deploying these advanced qubit systems in practical applica-
tions.
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