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The strong spin-orbit interaction in silicon and germanium hole quantum dots enables all-electric
microwave control of single spins but is unsuited for multispin exchange-only qubits that rely on scalable
discrete signals to suppress crosstalk and heating effects in large quantum processors. Here, we propose an
exchange-only spin-orbit qubit that utilizes spin-orbit interactions to implement qubit gates and keeps the
beneficial properties of the original encoding. Our encoding is robust to significant local variability in hole
spin properties and, because it operates with two degenerate states, it eliminates the need for the rotating
frame, avoiding the technologically demanding constraints of fast clocks and precise signal calibration.
Unlike current exchange-only qubits, which require complex multistep sequences prone to leakage, our
qubit design enables low-leakage two-qubit gates in a single step, addressing critical challenges in scaling
spin qubits.

DOI: 10.1103/nl35-6886

Introduction. Hole spin qubits in silicon (Si) and germa-
nium (Ge) quantum dots are leading candidates for large-
scale quantum computers [1–14]. Their strong spin-orbit
interaction (SOI) enables ultrafast all-electric operations
[15–23] and strong coupling to microwave photons [24–
30] without requiring bulky external micromagnets. The
SOI also provides a means to control qubit properties in
situ, offering sweet spots to enhance qubit performance
[31–42].

Despite these advantages, most spin qubits, both
electron- and hole-based, are still controlled by microwave
driving [43–47]. This approach poses severe scalability
challenges, including microwave crosstalk and heat dis-
sipation, which limit the density and reliability of large
quantum processors [48–51]. Alternative control using
discrete electrical pulses would be more scalable, yet
their realization for hole spins has remained limited, with
only partial progress in systems based on spin hopping
in Ge quantum dots [11,52]. These implementations still
require fast clock calibration to track qubit precession in
the rotating frame, introducing significant experimental
complexity.

For electron-based qubits, an elegant way to overcome
these issues is the exchange-only (XO) qubit [3,53–70].
By utilizing two degenerate S = 1/2 eigenstates of three
exchange-coupled spins in three dots, quantum gates are
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implemented by tuning the exchange interaction between
three spins using discrete voltage pulses, avoiding continu-
ous driving and thereby suppressing crosstalk and heating.
However, conventional XO qubits face two major limita-
tions. First, their gate sequences are relatively complex and
are prone to leakage into unwanted spin states that compli-
cate error correction [3,53,59,70–79]. Second, the presence
of low-lying valley states in Si disrupts the intended spin
encoding [80–82].

Hole systems naturally circumvent the valley problem,
but their strong SOI, while beneficial for electrical con-
trol, mixes different spin states and leads to anisotropic
exchange interactions [12,13,83–87]. This anisotropy
complicates the implementation of conventional XO-type
encodings, which rely on isotropic exchange to achieve
robust qubit operations.

In this work, we introduce an alternative XO encoding
fully compatible with current technology that leverages the
strong SOI of hole spins. Unlike current XO qubits, our
exchange-only spin-orbit (XOSO) qubit, depicted in Fig. 1,
is encoded in the crossing of energy eigenspaces with spin
Sz = −1/2 and Sz = −3/2. In state-of-the-art devices, our
encoding is robust against variability of local spin prop-
erties and removes the need for operating in the rotating
frame, similar to XO qubits. In contrast to XO qubits,
XOSO encoding allows full control via discrete signals
because of SOI, and, importantly it also enables two-qubit
entangling gates in a single step and is resilient to leak-
age. By mitigating critical issues of hole and XO qubits,
our XOSO encoding represents a scalable path toward
quantum computers.

XOSO qubit. We consider a system of three hole spins
arranged in a linear array of quantum dots in Si or Ge, as
illustrated in Figs. 1(a) and 1(b). The system is modeled by
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(a) (b)

(c) (d)

FIG. 1. Exchange-only spin-orbit (XOSO) qubits. (a),(b)
Schematic of three quantum dots, each containing one hole
spin, coupled by exchange interactions Jij . These interactions
are anisotropic due to the strong SOI, that tilts the spin quanti-
zation axes of different dots. XOSO qubits are arranged in planar
(a) and linear (b) configurations. Two-qubit gates are achieved
by activating the exchange coupling JI . (c),(d) Energy spec-
trum ε against the average Zeeman energy b̄ shown with (solid
lines, θ̄ �= 0) and without SOI (dashed lines, θ̄ = 0). The blue
circle highlights the XOSO operating point. (c) Identical quan-
tum dots with moderate SOI θ̄ = 0.5 and no local variations of
spin properties δbij = δθij = δJ = 0. (d) Locally varying quan-
tum dots with larger SOI θ̄ = 0.95, angular variations δθ12 =
0.3, and varying g-factors g1 = 0.1, g2 = 0.15, and g3 = 0.06.
For these experimentally relevant parameters in Si and Ge, the
energy-level crossing occurs at δJ = 0.16J̄ .

the qubit-frame Hamiltonian [12,13,83,84]

H =
∑

i

bi

2
σ (i)

z + J12

4
σσσ (1) · R̂y(θ12)σσσ

(2)

+ J23

4
σσσ (2) · R̂y(θ23)σσσ

(3), (1)

which comprises Zeeman energies bi = giμBB and
anisotropic exchange interactions Jij between spins i and
j. The effects of site-dependent g-tensors and spin-flip
hopping induced by large SOI are captured by the three-
dimensional rotation matrix R̂y(θij ). We introduce the
average and difference of Zeeman energies b̄ = ∑

i bi/3
and δbij = (bi − bj )/2, respectively. Similarly, for the
exchange interactions, we define J̄ = (J12 + J23)/2, δJ =
(J12 − J23)/2, and θ̄ = (θ12 + θ23)/2, δθ = (θ12 − θ23)/2.
Equation (1) accurately describes three spins in Si and Ge
triple dots [12,83], where effects of higher-energy states
[88,89] and additional cubic anisotropies [86,87] are small.
For more details and a microscopic derivation of H , see the
Supplemental Material [90].

The energy spectrum for two distinct cases is shown
in Figs. 1(c) and 1(d). Without magnetic field (bi = 0),
the three interacting spins form two doublets with spin

S = 1/2 separated by J̄ and a quartet with spin S = 3/2
positioned at 3J̄/2 above the lowest doublet [53,54,59].
As b̄ increases, the spin Sz = −3/2 state rapidly lowers its
energy, eventually becoming the ground state. Importantly,
the Sz = −3/2 and the low-energy Sz = −1/2 states cross
[see the blue circles in Figs. 1(c) and 1(d)]. This energy
crossing is present even for large SOI and local variabil-
ity, giving rise to a degenerate subspace that defines the
operating point of our XOSO qubit.

For identical quantum dots and moderate SOI θ̄s, the
crossing occurs at b̄/J̄ = 3/2 − 23θ̄2/40 + O(θ̄4) [see
Fig. 1(c)]. Although larger values of θ̄ hybridize different
spin sectors and significantly impact the energy spectrum,
for θ̄ ≤ π/2, the crossing between the ground and first
states persists, albeit shifted to lower b̄/J̄ ratios.

Remarkably, this crossing is robust against local varia-
tions of system parameters. While finite values of δbij and
δθ split the degeneracy of our qubit if J12 = J23, the energy
crossing is restored when J12 �= J23 by locally adjusting
the exchange between different dots. As shown in Fig.
1(d), the relative exchange δJ exactly compensates for
large δbij and δθ , extending the validity of our encoding
also to extreme regimes with comparable values of aver-
age and relative dot parameters. However, our qubit is
susceptible to local misalignment of rotation axes of the
two exchanges (J23Ry → J23Ry+δφ), which creates a small
gap proportional to δφ at the XOSO operating point and
arises from relative tilts of SOI and out-of-plane g-tensors
in nanowires and planar Ge, respectively. Because in most
experiments, b̄ � δbij , θ̄ � δθ [12,13,20–22,32,83], and
δφ ∼ 1◦ [32], below we neglect local variations and small
gaps, which can be efficiently compensated by dynami-
cal decoupling. See the Supplemental Material for more
details on the stability of XOSO qubits [90].

Qubit states. We encode our XOSO qubit in the twofold
degenerate subspace where the ground and first excited
states cross [blue circles in Figs. 1(c) and 1(d)]. Unlike
current hole spin qubits and similar to XO qubits, the
degeneracy of the energy states ensures that our qubit has
no constant dynamics, significantly simplifying control by
eliminating the need for fast clocks to synchronize qubit
operations [53,66,91,92]. For small θ̄s, our computational
subspace is approximately spanned by the qubit states

|0〉 ≈ |↓↓↓〉, (2a)

|1〉 ≈ |↑↓↓〉 + |↓↓↑〉√
6

−
√

2
3
|↓↑↓〉. (2b)

This decomposition shows that our XOSO qubit can be
initialized and readout via Pauli spin blockade (PSB)
[9,11,93–102]. In holes, PSB differentiates |↓↓〉 pairs
from remaining states [103], thus similar to variants of
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XO qubits [104], the XOSO states are completely distin-
guished by two PSB measurements executed sequentially
on the (1, 2) and (2, 3) dot pairs.

For isotopically purified materials and in-plane mag-
netic field hyperfine noise is suppressed [32,41,105], and
we expect decoherence to arise from random fluctuations
of the exchange energy caused by charge noise. Although
these couple directly to the qubit, similar to XO qubits
[59], they can be mitigated by operating at the symmet-
ric point with zero detunings. Here, the system is protected
against the dominant fluctuations of detunings [3]. Fluc-
tuations of gate potentials V with standard deviation σV
still couple to J , resulting in the dephasing rate 1/T∗

2 ∼
σV∂VJ/h. Current experiments operate at small exchanges
approximated by J = J0eκV ∼ 50 MHz. At V = 80 mV,
σV = 0.8 mV, κ = 0.06/mV, and J0/h = 0.24 MHz [11],
we estimate T∗

2 ∼ 0.7 µs, comparable with electron-based
XO qubits [66]. Similar to Si and GaAs heterostructures
[66,106], at larger J -values, approaching the gigahertz
range, we expect the sensitivity ∂VJ̄ to vanish, dramati-
cally improving coherence. We also envision improvement
by dynamical decoupling schemes [70,107–109]. Also, at
the symmetric point we have J ∝ t2 [90], enabling single-
and two-qubit gates by modulating the tunneling t between
dots [11,110].

Single-qubit gates. At the degeneracy point, the SOI θ̄

enables the two orthogonal axes of control necessary for
single-qubit operations via global and relative exchange
coupling. The XOSO qubit Hamiltonian, to lowest order
in θ̄ , is given by

HXOSO = −3j̄ (t)
4

τz − θ̄

√
3
2

3δj (t)
4

τx, (3)

where the Pauli matrices τi act on the qubit subspace,
and j̄ (t) = [J12(t) + J23(t)]/2 − J̄ and δj (t) = [J12(t) −
J23(t)]/2 − δJ are the deviation of global and relative
exchange coupling from the static values J̄ and δJ that
define our degenerate qubit [blue circles in Figs. 1(c) and
1(d)]. Higher-order corrections in θ̄ , δbij , and δθ , alter the
driving terms only quantitatively (see the Supplemental
Material [90]).

We consider Si and Ge hole spin qubits, where θ̄ can
be engineered to approach even π [12]. However, because
our analysis is constrained to small values of θ̄ , we limit
the discussion to moderate values θ̄ ∼ 0.5 ∼ 30◦. These
values still enables fast electric driving, and are routinely
achieved experimentally in Ge double dots with in-plane
magnetic field [32,83].

In Fig. 2(a), we show the time evolution of the opera-
tors τx (blue) and τz (red), obtained by suddenly turning
on δj /h and j̄ /h with a baseband pulse with amplitude
20 MHz. The simulation of the full 23-dimensional Hamil-
tonian H in Eq. (1) aligns well with the behavior predicted

(a) (b)

FIG. 2. Single-qubit gates. (a) The expectation value of τx (τz)
generated by a rectangular pulse with amplitude 20 MHz that
activates δj/h (j̄ /h) for a time t is shown in blue (red) lines. The
initial states are |0〉 (|+〉 = (|0〉 + |1〉)/√2). We use θ̄ = 0.5 ≈
30◦ and J̄/h ≈ 1 GHz. (b) Leakage L from the computational
space. Blue and red lines correspond to the leakage over time t
generated by the respective single-qubit gates in (a). The black
dots represent the leakage during the ϕSWAP two-qubit gate,
plotted against the dimensionless index n ∝ t, corresponding to
the black dots in Fig. 3(b).

by the effective XOSO Hamiltonian in HXOSO Eq. (3),
enabling single-qubit operations in tens of nanoseconds.

Leakage. Unlike XO qubits, where leakage is a criti-
cal challenge [3,59], the always-on exchange interaction
J̄ in XOSO qubits separates the computational and non-
computational subspaces, effectively suppressing leakage.
We quantify leakage during single-qubit gates by sim-
ulating the time evolution of Eq. (1) and calculating
the probability of ending in non-computational states
for initial states chosen from the six cardinal points of
the Bloch sphere. Specifically, the leakage is L = 1 −∑N

i
∑

j =0,1 |〈 j |e−iHt/�|i〉)|2/N , where N = 6.
In Fig. 2(b), we demonstrate that, under realistic param-

eters, leakage is substantially reduced in our system. For an
X (Z) gate, the leakage scales roughly as δj 2/J̄ 2 ( j̄ 2/J̄ 2),
meaning that exchange-pulse amplitude and gate time are
determined by J̄ . Crucially, leakage is also suppressed
during two-qubit gates. We straightforwardly extended
our simulation (black points) to model six interacting
spins (see Fig. 1), incorporating Bell states as initial
states. Because noncomputational states remain gapped by
approximately J̄ even when inter-qubit exchange inter-
action JI is activated, low-leakage two-qubit gates are
achieved for JI � J̄ .

Finally, we note that our simulations use simple square
pulses to toggle the interactions. By employing smoother
pulses [111], leakage can be further reduced.

Two-qubit gates. A critical advantage of our XOSO
qubit is the ability to implement different high-fidelity,
low-leakage two-qubit gates using a single exchange pulse,
which contrasts sharply with XO qubits [53,59,62,71,72].

L021002-3
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We consider two distinct coupling schemes, the planar
arrangement (PA) and linear arrangement (LA) of dots [see
Figs. 1(a) and 1(b)]. In the PA, the exchange interaction
JI (t) is activated between the central dots, while in the LA,
interactions are restricted to the side dots.

For both configurations, we find a qubit-qubit interac-
tion Hamiltonian HI from the six-spin system by trac-
ing out the high-energy noncomputational states by a
Schrieffer-Wolff transformation. To lowest order in SOI,

HI = JI (t)
8

[
αHτττ (1) · τττ (2) − αz

(
τ (1)

z τ (2)
z − τ (1)

z − τ (2)
z

)]
.

(4)

HI contains Heisenberg-like (∝ τττ (1) · τττ (2)) and Ising-like
(∝ τ (1)

z τ (2)
z ) exchange terms, as well as single-qubit terms

(∝ τ (i)
z ), where τ (i) acts on qubit i. The dimensionless

prefactors for PA are αP
H = 4/3, αP

z = 4/9, while for LA
αL

H = 1/3, αL
z = 5/18.

Applying JI (t) for a time t using a square pulse with
amplitude JI = h/τI leads to the time evolution

UI =

⎛

⎜⎜⎜⎜⎜⎜⎝

1 0 0 0

0 1
2

(
1 + e

iπ tαH
τI

)
1
2

(
1 − e

iπ tαH
τI

)
0

0 1
2

(
1 − e

iπ tαH
τI

)
1
2

(
1 + e

iπ tαH
τI

)
0

0 0 0 e
iπ tαz

τI

⎞

⎟⎟⎟⎟⎟⎟⎠
.

(5)

When t = Tgate = nτI/αH , with integer n, UI produces a
family of entangling gates. For even n, UI is diagonal and
generates a controlled-phase gate cPφ = diag(1, 1, 1, eiφ)

with φ = πnαz/αH . For odd n, the cP is combined with
a SWAP gate, UI = SWAP · cPφ .

The gate time Tgate and the phase φ depend on the
coupling scheme. For PA φP = πn/3, and for LA φL =
5πn/6. The gate time is TP

gate = 4TL
gate = 3nτI/4. Remark-

ably, for LA, when n = 6 our XOSO qubits implement a
controlled-Z gate with a single pulse, without requiring
additional single-qubit rotations. However, the PA enables
gates that are four times faster. For example, using an
exchange pulse with moderate amplitude JI/h = 20 MHz,
which ensures low leakage [see Fig.2(b)], fast two-qubit
gates are achieved in TP

gate/n ≈ 37.5 ns and TL
gate/n ≈

150 ns. Interestingly, in addition to faster gates, the PA also
enables higher-fidelity operations.

Gate fidelity. While we require SOI within dots com-
prising the qubit, SOI between dots belonging to different
qubits can induce systematic two-qubit gate errors. Impor-
tantly, careful dot engineering can reduce interqubit SOI θI
while maintaining intraqubit SOI θ̄ [37,112–120].

Interqubit SOI θI causes the small correction to the two-
qubit interaction Hamiltonian

H 1
I = JI (t)θI

3
√

6

[
αx

(
τ (1)

x − τ (2)
x

) − αdm
(
τττ (1) × τττ (2)

) · eeey
]

,

(6)

comprising Dzyaloshinskii-Moriya interactions (propor-
tional to αdm) and single-qubit terms (proportional to αx).
For PA αP

dm = 1, αP
x = 1/2, and for LA αL

dm = 7θ̄/20θI −
1/8, αL

x = 2θ̄/5θI − 5/8.
The term αdm introduces additional entanglement

between qubits that is not captured by the original gate
evolution UI . Although these interactions may help engi-
neering other gates, our focus is on enhancing the fidelity
of the gate UI . In PA, for isotropic interqubit interaction
with θP

I = 0, the correction H 1
I vanishes. This condition

can be reached, for example, by engineering dot shape
and strain fields or by appropriately aligning the qubits
with the SOI vector. Notably, these results hold even when
the XOSO qubits have different values of θ̄ . In LA, we
can eliminate αL

dm by setting θL
I = 14θ̄/5, which can be

done by tuning the dot positions. Any residual single-qubit
dynamics can be compensated with synchronized pulses,
such that δj (1) = −δj (2) = JI/5.

There are second-order SOI corrections that renormalize
Eq. (4) such that αH ,z → αH ,z − θ̄2α

(2)
H ,z. These corrections

also generate the terms

H 2
I = JI (t)θ̄2

4

[
αyτ

(1)
y τ (2)

y + δαz

2
(
τ (1)

z + τ (2)
z

)]
. (7)

For PA at θP
I = 0, we find [α(2)

H ]P = 437/450, [α(2)
z ]P =

227/270, αP
y = 1/3, δαP

z = 22/675, and at θL
I = 14θ̄/5

for LA, [α(2)
H ]L = 1259/1800, [α(2)

z ]L = 4837/5400, αL
y =

287/600, δαL
z = 1789/2700.

The full time-evolution operator U including H 2
I factor-

izes as U = UI U2, where UI is given in Eq. (5). The addi-
tional dynamics U2 includes SWAP transitions between
|01〉 and |10〉 states with frequency θ̄2αy/4τI and double
spin-flip transitions between |00〉 and |11〉 with frequency

/4τI , with 
 =

√
β2

z + α2
y θ

4, and amplitude θ̄2αy/
. To

simplify the notation, we reabsorb the corrections α
(2)
H ,z into

αH ,z, and we introduce the prefactor βz = αz + θ̄2δαz of
the single-particle term proportional to τ (1)

z + τ (2)
z . The full

form of U is given in the Supplemental Material [90].
The two-qubit gate fidelity is extracted from the explicit

form of U at t = nτI/αH as

F =
∣∣∣∣
1
4

Tr(U†
I U)

∣∣∣∣
2

≈ 1 − Cnθ̄
4, (8)

where the constant Cn ∼ n2 depends on the coupling
scheme [90]. Figure 3(a) shows a comparison of F for LA

L021002-4



EXCHANGE-ONLY SPIN-ORBIT QUBITS... PHYS. REV. APPLIED 25, L021002 (2026)

(a) (b)

FIG. 3. Two-qubit gates. (a) Infidelity 1 − F of the cPφ gate
for the planar arrangement (PA) and linear arrangement (LA) of
dots [see Figs. 1(a) and 1(b)] against θ̄ . We consider a pulse dura-
tion of t = nτI /αH with n = 1 (solid lines) and n = 2 (dashed
lines). Specifically, for PA (LA) with pulse amplitude JI/h =
20 MHz, the gate time is Tgate = τI /αH ≈ 37 ns (Tgate ≈ 150 ns).
(b) Infidelity of the ϕSWAP gate against n for θI = 0 (red) and
θI = 0.1 ≈ 6◦ (black). We simulate the full time evolution of
the six spins in PA using J̄/h = 1 GHz, θ̄ = 0.5, and JI/h =
20 MHz.

and PA across different n values. PA provides faster gates
and higher fidelity.

SOI-enabled two-qubit gates. Interestingly, H 2
I (7) also

enables two-qubit gates resilient to third-order SOI effects.
By applying a pulse with j̄ (1) = j̄ (2) = j̄ , we can tune
single-qubit terms to βz → β∗

z = βz + 6j̄ /JI , and the

double-spin-flip frequency 
 → 
∗ =
√

(β∗
z )2 + θ̄4α2

y .
This permits synchronizing SWAP and double-spin-flip
oscillations. Choosing j̄ such that 
∗t = 2τI , at t =
Tgate = nτI/(αH + θ̄2αy), with odd n, results in the phase
SWAP

ϕSWAP =

⎛

⎜⎝

1 0 0 0
0 0 eiϕ 0
0 eiϕ 0 0
0 0 0 1

⎞

⎟⎠ , (9)

with phase ϕ/π = 1 − n(αz + αy θ̄
2)/2(αH + αy θ̄

2). For
PA and LA, we find ϕP/π − 1 ≈ −n(1/6 − 199θ̄2/1800)

and ϕL/π − 1 ≈ −n(5/12 − 1259θ̄2/3600), respectively.
We confirm numerically that this class of two-qubit

gates achieves high fidelity by simulating the dynamics of
six interacting spins under the appropriate j̄ pulse. Figure
3(b) focuses on the PA with a pulse JI/h = 20 MHz and
θ̄ = 0.5, illustrating the infidelity arising from higher-order
SOI corrections and finite θI . This entangling gate can be
implemented at high speed, high fidelity, and low leakage
[see Fig. 2(b)].

We anticipate that gate fidelities can be enhanced with
various techniques, as SOI is highly tunable via dot and
strain engineering [34,37,112–120], enabling protocols

switching off SOI during two-qubit gates to eliminate sys-
tematic errors, while pulse shaping and dynamical decou-
pling can further improve performance [111,121,122].

Conclusion. We introduce the XOSO qubit, comprising
three spins located in hole quantum dots. Our encoding is
fully compatible with current technology, leverages strong
SOI to enable qubit control using discrete signals, removes
the need for fast clocks, and significantly reduces criti-
cal challenges for scaling up quantum devices. In contrast
to XO qubits, our XOSO qubits are intrinsically pro-
tected against leakage during qubit operations, allowing
fast high-fidelity two-qubit entangling gates with a sin-
gle pulse. This makes XOSO qubits a promising scalable
alternative for large-scale quantum processors.
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