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Spin qubits in silicon and germanium quantum dots are promising platforms for quantum computing, but
entangling spin qubits over micrometer distances remains a critical challenge. Current prototypical
architectures maximize transversal interactions between qubits and microwave resonators, where the spin
state is flipped by nearly resonant photons. However, these interactions cause backaction on the qubit that
yields unavoidable residual qubit-qubit couplings and significantly affects the gate fidelity. Strikingly,
residual couplings vanish when spin-photon interactions are longitudinal and photons couple to the phase
of the qubit. We show that large and tunable spin-photon interactions emerge naturally in state-of-the-art
hole spin qubits and that they change from transversal to longitudinal depending on the magnetic field
direction. We propose ways to electrically control and measure these interactions, as well as realistic
protocols to implement fast high-fidelity two-qubit entangling gates. These protocols work also at high
temperatures, paving the way toward the implementation of large-scale quantum processors.
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Introduction.—Spin qubits in silicon (Si) and germanium
(Ge) quantum dots are frontrunner candidates to process
quantum information [1-6]. Hole spin qubits hold particu-
lar promise because of their large and fully tunable
spin-orbit interactions (SOIs) [7-16], enabling ultrafast
all-electrical gates at low power [17-28], and because of
their resilience to hyperfine noise even in natural materials
[29-34]. In current quantum processors, engineering long-
range interactions of distant qubits remains a critical
challenge. A fast and coherent interface between qubits
separated by a few micrometers will enable modular
architectures with cryogenic classical control on-chip
[35-39], as well as significantly improve qubit connectiv-
ity, with great advantages for near-term quantum processors
[40,41] and opening up to new classes of efficient quantum
error correcting codes [42-44].

Driven by significant technological progress in enhanc-
ing the amplitude of spin-photon interactions (SPIs)
[45-47], coupling distant spin qubits via microwave
resonators is an appealing approach [48-50]. In analogy
to superconducting circuits [51-53], current SPIs are
designed to be “transversal,” where nearly resonant photons
flip the spin state. However, these interactions cause a
significant backaction of the resonator on the qubit,
resulting in unavoidable residual qubit-qubit couplings.
These unwanted couplings are critical issues in scalable
quantum processors [54,55], and they are minimized by
operating in the dispersive regime [56], where a large
detuning between resonator and qubit frequencies also
suppresses the effective spin-spin interactions.

In this Letter, we investigate a different approach where
fast high-fidelity two-qubit gates are implemented by
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tunable “longitudinal” SPIs, where the photon couples to
the phase of the qubit. These interactions do not cause
backaction on the qubit, thus eliminating residual couplings
and suppressing Purcell decay [54]. Moreover, because
longitudinal interactions do not rely on resonant processes,
fast two-qubit gates are possible at arbitrarily large detun-
ing, relaxing stringent constraints imposed by dispersive
interactions and frequency crowding, and helping in scaling
up the next generation of quantum processors.

While challenging to engineer in superconducting cir-
cuits [54,55], large longitudinal interactions emerge natu-
rally in hole spin qubits, where, in contrast to alternative
theoretical proposals [57-63] and recent experiments [58],
they do not require multiple quantum dots or parametric
driving. We show that SPIs in hole dots are fully tunable as
they change from transversal to longitudinal depending on
the direction of the magnetic field and they are turned on
and off by gate potentials. These interactions can also be
harmonically modulated by ac electric fields, a mechanism
that enables fast qubit readout protocols [64,65] and two-
qubit gates [66,67]. We propose protocols to reliably
measure and control these interactions, yielding fast entan-
gling gates between distant qubits, with fidelities above the
surface code threshold [68]. Strikingly, these gates also
work at high temperatures with resonators in hot thermal
states [69-71], thus providing a significant step toward
large-scale universal semiconducting quantum processors.

Static ~ spin-photon  interactions.—The interactions
between spins in a quantum dot and photons confined in
a microwave resonator with frequency w, is described by
the Hamiltonian

© 2022 American Physical Society
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H:flzﬁo3+hw,aTa+hy-6(aT+a), (1)
where a is the photon annihilation operator and & is a vector
of Pauli matrices. The qubit frequency wp and the direction
of Zeeman field e; are related to the magnetic field B and to
the matrix g of g factors by ugB - ¢ = hwges. The SPIs are
determined by the vector 7, whose magnitude and direction
strongly depends on the setup.

In long quantum dots, where the confinement potential in
one direction, e.g., e,, is smoother than in the other
directions, the SPIs are mediated by the SOI, and when
the electric field E, of the resonator is aligned to e,, we
obtain
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The spin-orbit length [, and the unit vector e, describe the
magnitude and direction of the vector of SOI, respectively;
see also the Supplemental Material (SM) [72]. These
parameters depend on details of the dot, including external
fields, confinement potential, material growth, and strain
[9-16]. We parametrize the soft and hard confinement by
the harmonic length / and frequency @ = #/m/?, and by the
length L and energy e, = h’z*/mL?, respectively. We
introduce the average hole mass m = m/y,, where m is
the bare electron mass and y; is a Luttinger parameter [73].
We estimate eE,l ~ aV,, where V, = w,+/hZ, is the zero-
point fluctuation potential of photons at the antinode of a
resonator with characteristic impedance Z, [51-53] and a is
the lever arm describing the electrostatic coupling of the
plunger gate connecting the resonator to the dot.

The type of SPIs depends on the direction of B.
Transversal interactions are tuned into longitudinal inter-
actions by aligning the Zeeman field to the spin-orbit
vector, i.e., es]|ey,. This field direction is generally com-
patible with superconducting resonators; see Fig. 1. The
magnitude of y; is particularly large in hole spin qubits,
where [, of a few tens of nanometers, comparable to /,
were measured [21,22,74], enabling strong interactions in
single quantum dots [75-77].

In Fig. 1(a), we compare y; in state-of-the-art hole spin
qubits encoded in Si and Ge quantum dots; see the SM [72]
for more details. Importantly, the amplitude of y; is large
and fully tunable by an external electric field E. By
simulating long dots in Ge/Si core/shell nanowires
[9,22,74,75] and in square Si finFETs [24-26], we observe
that large coupling strengths |y$C|/27z ~ 50 MHz and
ly38|/27 ~ 100 MHz are experimentally achievable at
realistic fields E ~ 10 V/um and for typical parameters
a=04e, o,/2r =5GHz, and Z,=4kQ (yielding
V., =20 uV) [79]. At small E, similar values of |y;|
emerge in triangular Si finFETs [23,80-82], where the
lower symmetry of the cross section permits one to
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FIG. 1. Top: the devices analyzed and the color code used.
Bottom: interactions of hole spin qubits and microwave photons.
The magnitude of the static interactions (a) y; and (b) yg against
E. In state-of-the-art architectures, y/2z ~ 100 MHz, and E is in
the V/um range, enabling strong SPI. (c) By modulating / in a
time 7,,, y; can turn on and off. A control gate C tunes / and, in
the off state, screens the gate R connected to the resonator. Inset:
variation of the g factor during the protocol. In Si and Ge, eEL =
3¢, and eEL = 5e,, respectively, and gh° = 0.27, g5 = 1.15,
and gai,A = 2.8. (d) Harmonically modulated interactions Vk,s-
Squares and triangles indicate y° =0, ¢, = ¢’E,L/e,., and
e, = n?x*/mL?. The Ge qubits are encoded in squeezed dots
[13] in  Ge/SiGe heterostructures with L = 30 nm,
[ = 5w =50 nm, and strain energy ¢, = 15 meV [78], and in
Ge/Si core/shell nanowires with [ =5L =25 nm and ¢, =
25 meV [16]. The Si qubits are encoded in square and triangular
fin field-effect transistors (FETs) with [ =2L =20 nm. We
consider isotropic Ge [73], and in Si we use the growth direction
e.||[001], E||[110], where SOIs are maximal [10] (fully tuna-
ble [11,29]) in square (triangular) FETS.

completely turn off the SOI at finite values of E [11]
(marked with a triangle). We also examine a quantum dot in
strained planar Ge/SiGe heterostructures, an architecture
that holds much promise for scaling up quantum computers
[18-20]. Squeezing the dot, such that the harmonic lengths
defining the dot are w and /, and satisfy w < [, induces
a large SOI [13], and enables significant SPIs, with
79| /27 ~ 20 MHz.

These interactions are enhanced by modifying the
quantum dot, e.g., using lightly strained materials and
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tightly squeezed dots [13], or by increasing the resonators
impedance, either in superconducting platforms [83-86] or
in carbon nanotubes [87-89] and quantum Hall materials
[61,67,90,91], where Z, = 25 kQ. Also, importantly, y; is
independent of the amplitude of B, but depends quadrati-
cally on w,; see Eq. (2): increasing w, has a large effect on
the interactions, enabling |y;|/2z~1 GHz at w,/27x =
20 GHz. As longitudinal interactions do not require
w, and wp to be matched [66], it is convenient to couple
high-frequency resonators, e.g., w,/2z ~ 20 GHz, with
low frequency qubits, e.g., wg/27 ~ 1 GHz, that work at
small values of |B|, and are thus compatible with super-
conducting cavities. This regime also suppresses unwanted
residual transversal interactions that affect scalability
[54,55]. For example, when B is misaligned by n = 1%
from e, the residual transversal interactions are dispersive,
ie., ya'ac, [51-53], and have negligible amplitude
x =P lyLlP/ (0, — 0p) S 107y, .

In hole spin qubits, large SPIs arise also from the
electrical tunability of the Zeeman energy [22]. When B
is misaligned to a principal axis i of the g factor (defined by
g = 6;;9;), this tunability yields fast spin flips [92-96] and
transversal interactions, while when B||e; the interactions
are longitudinal. In the architectures examined, e; coincide
with the main confinement axis [97] and a resonator field
E.||E yields

_ #4599 B
'S = on oE

a Jdg;
~ —\/hZ . 3
r Zelg,» oE r@0,@Wpe€3 ( )

In Fig. 1(b), we compare yg in Si finFETs and in planar
Ge for different directions of B. We assume that wp is
constant and variations of g; at different £ are compensated
by B. Importantly, this interaction is turned off at the sweet
spots with dg;/dE = 0, where charge noise is suppressed to
first order (marked with a square). Because of the
anisotropy of the ¢ factor, the presence of these sweet
spots depends on the direction of B; we find similar trends
and sweet spots also in the other architectures examined
[11,16,29]. In contrast to y; , here Yy x wp®,, resulting in a
lower enhancement of the longitudinal interactions by
operating at wy < w,. Working in this regime, however,
still suppresses residual dispersive interactions arising, e.g.,
from small misalignments of B from e;. We emphasize that,
while typically smaller than y;, v conveniently results in
significant interactions also in short quantum dots.

Tuning the interactions.—The SPIs are fully tunable and
by changing electric potentials, they can be turned on and
off on demand. To tune y;, we consider the protocol
sketched in Fig. 1(c), where a gate (C) controls the length /
and the position of the dot. In the off state, the dot is short
and C screens the electric field of the gate (R) connected to
the resonator, suppressing ;. By elongating the dot, the
interactions are turned on and y; is enhanced by orders of
magnitude because y; « [* [see Eq. (2)] and E, is not

screened by C. Adiabatically switching on y; in a time
Ton S wp /27 reduces errors and leakage during this pro-
tocol. We emphasize that, as shown in the inset of Fig. 1(c),
the ¢ factor also changes [13,16] during the protocol,
yielding an additional phase accumulation in the qubit
that can be compensated for by single-qubit gates or by
appropriately modifying B.

Moreover, we analyze the possibility to harmonically
modulate the interactions, i.e., y — y cos(wt). This type of
SPI enables efficient qubit readout [64] and two-qubit gates
[66,67]. Because in current experiments the size of the dot
is varied in 7,, ~ 1 ns [98-100], the protocol in Fig. 1(c)
could be adapted to harmonically modulate y;. However,
the strong nonlinear dependence of y; on / might signi-
ficantly distort the ac signal. To reduce distortion, we
propose instead to superimpose a small ac field SE cos(wt)
to the dc field E, yielding the parametrically modulated
interactions

7(t) -6(a" + a) ~ [y* + y'6Ecos(wt)] -6(a” +a).  (4)

The dependence of 7} ; on E in Si finFETs is shown in
Fig. 1(d). The sweet spots where y, =0 (squares and
triangles) are particularly relevant because there the static
interactions are off when 0E = 0, and the qubit lifetime is
enhanced by the lower susceptibility to charge noise.
By using 6E=0.1 V/um, w,/2r = wg/27 =5 GHz,
V, =20 uV, and a = 0.4e, we estimate that at the sweet
spots y18E/2x ~ 10y SE /2 ~ 0.5 MHz is comparable to
current experiments [58] and is significantly enhanced by
enlarging ,, yielding y}8E/2x~ 10 MHz at , /27~
25 GHz. However, far from the sweet spots, y! is much
smaller than y°. For this reason, we now discuss ways to
detect and use static longitudinal interactions.

Signatures of longitudinal interactions.—In contrast to
transversal SPIs, longitudinal SPIs do not induce spin flips
or qubit-dependent shifts of w, [51-53,101], and thus
characterizing them is a challenging task. While ac-
modulated longitudinal interactions yield a measurable
asymmetry of the qubit energy against the detuning [58],
this approach fails to measure static interactions. We
propose instead an alternative protocol based on the
backaction of longitudinal interactions on externally driven
spin rotations. This protocol is not unique of hole spin
qubits and works in any system described by Eq. (1).

We consider an external driving of the qubit with
frequency w, and amplitude A, inducing Rabi oscillations.
By preparing the resonator in the coherent state |/7ie:")
with 7 photons, Eq. (1) at y||es yields

)
Hy, :%03 +hdcos(w,t)o + Rl cos(w,t+d)os, (5)

with 1, = 2v/fily| and a phase difference ¢.
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FIG. 2. Signatures of longitudinal interactions in wg. (a) The
Rabi frequency wy against 4,. We fix wp = w, and vary o, and
the phase ¢ = 2w, (¢ + 7)/w.. (b) The spin-flip probability in
time, computed numerically from H, in Eq. (5). Here,
w, =51, =501, ¢ =0, and w./w, = 1(2) for the blue (red)
line. A dashed line refers to the oscillations at 4, = 0.

At resonance wp = w,, and at 1, = 0, the state of the
qubit rotates with Rabi frequency wg/27 = 1,/27 ~
50-500 MHz [18-23]. Finite values of A, significantly
alter the speed of spin precession. By moving to the rotating
frame with the operator e~io:l@xt/2 A sin(@.r4¢)/w.]  that
accounts exactly for 1., and in the rotating wave approxi-
mation, we find [72]

20, 2 2
a)R:/li()(w—):/lx[l—;—G—O(E)}, (6)

Z Z Z

with J, being the Bessel function. The correction is
quadratic in A,/w, but is still detectable in current archi-
tectures. For realistic parameters [y|/2z = 100 MHz,
w,/2x =5 GHz, and in cavities with 7 = 100 photons,
wg shifts by ~15% from A,.

Surprisingly, Eq. (6) is valid for arbitrary values of 1, and
@, ; however, strikingly, at certain resonant frequencies
w, = qu,, with ¢ =1/2 or g € N, the longitudinal cor-
rections are modified by an extra phase-dependent term

and read
24 ) 22
Jo <_Z> + e2ltI(¢+ﬂ)J2q (_Z> ‘ (7)
10) 0]

z Z

q _
0p = Ay

A detailed analysis of these resonances is provided in the
SM [72]. In Fig. 2, we also confirm the shift of wy by
numerically solving the Schrédinger equation with the
Hamiltonian Hj, from Eq. (5). For weak driving 4, < w,,
the sensitivity of wg on 4, is strongly enhanced at ¢ = 1/2
(0, = 2w,), where 0% /A, ~ 1 —cos($),/w,, is lin-
early dependent on A./w,. Doubling w, ~ w, enhances
A./w, x w, [see Eq. (2)], yielding a maximal change of wp
of ~90% for the same parameters used above. Interestingly,
at o, = 2w, and ¢ = &, 1, enhances wg up to 22%.
High-fidelity two-qubit gates.—When two qubits are
longitudinally coupled with magnitude y,, to the same
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FIG. 3. Controlled-Z gate of distant qubits. We show the gate
time 7, in (a) and the infidelity 1 — 7 (in logarithmic scale) in
(b) against E. We analyze the qubits described in Fig. 1 (using the
same color code), and resonators with a = 0.3¢, Z, = 4 kQ,
and we mark with solid (dashed) lines the case
w,/2x = 10(15) GHz. The gray line indicates the surface code
threshold 1 — F = 7 x 107* [68]. We consider wg/27r = 5 GHz
and 1/f charge noise with aV/e. = 0.2 x 1073,

resonator with frequency w,, the resonator mediates effec-
tive Ising interactions —Jolo?, with exchange J =
27,172/, [54]. A controlled-Z gate between these qubits
Uy = diag(1,1,1,—1) = ¢i™:2/4 i implemented by
switching on J for a time Ty = x/4J (= indicates equiv-
alence up to single-qubit gates) [72,102]. We consider two
identical qubits encoded in the realistic systems discussed
above. The large value of y results in fast gates with 7' ~
10-100 ns [see Fig. 3(a)], comparable to current super-
conducting qubits [103,104]. Also, T, is significantly
shortened at large w, because J x 3.

Our approach relies on the ability to turn ¥ on and off, as
sketched in Fig. 1(c), and does not require harmonically
modulated interactions [62,66,67]. More precisely, when y
is abruptly switched on for a time 7, the system evolves
according to the exact unitary transformation up to single-
qubit operations
U = eila/9{1=lsin(x)/x]}ole? o (v/@,)(1=e"™) (0} +07)(a=a") ,~ixa'a

(8)

which coincides with U, when x = o, T, = 2zn with n €
N [66]; an analogous exact solution valid for smooth pulses
is presented in the SM [72]. Strikingly, in this case
arbitrary initial states of the resonator, including hot
thermal states, are unaltered after the operation, yielding
no residual backaction on the qubit and suggesting that fast
two-qubit gates could be executed at high temperatures.
Demonstrating entangling gates at 4 K, compatible to
single-qubit gates [23] and cryo-CMOS [35-39], will pave
the way toward large-scale quantum computers.

Gates mediated by longitudinal interactions also have
high fidelity. To examine the fidelity F, we consider that
errors can arise from the decay rate k ~ nyw,/Q [105] of
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photons in resonators with quality factor Q and thermal
population ng = (/%7 —1)~!. This noise channel
yields a resonator-dependent dephasing of the qubits with
time 7, & w}/y*k ~ T,Q/ny, [66,67]. However, in state-of-
the-art resonators with Q ~ 10*~10° [79], we estimate
T, =z 0.1/ny ms, much larger than the dephasing time of
current hole spin qubits 75 ~0.1-10 us when ny, < 10,
corresponding to T~ 5 K at w,/2z = 10 GHz. Moreover,
residual transversal interactions caused by small misalign-
ments of B from e, with angle # yield infidelities 1 — F ~
0.8(1 + i)n*> ~ 1073-107* (see the SM [72]) at 5y = 1% and
for resonators with up to # = 10 photons. This infidelity is
suppressed by accurately aligning B, so we focus now on
the intrinsic qubit noise, resulting in

" ) 1 wp - 09 1
Fe e @mr i L @8y (1Y
R A PN A
)

where w., ~ 1 Hz is a frequency cutoff. The gate infidelity
1 — F in different architectures is shown in Fig. 3(b). We
consider dephasing caused by a 1/f charge noise [106—
108] with spectral function S(w) = V?/|w| arising from
random fluctuations of the gate potential. Assuming that
the control gate causes the largest fluctuations, we estimate
0g/0V =~ adg/eLoE, where typical values of aV ~
0.1-10 peV [3,109] yield realistic 7% in the us range. In
state-of-the-art devices we estimate high fidelities with
1 —F ~1073-107%, above the surface code threshold [68],
and pushing long-distance coupling to new speed and
coherence standards.

Conclusion.—We analyze longitudinal SPIs in Si and Ge
hole quantum dots. We show that these interactions are
large, fully tunable, and can be harmonically modulated.
We propose protocols to quantify these interactions and to
perform fast high-fidelity two-qubit gates that also work at
high temperature. Engineering large longitudinal inter-
actions in hole spin qubits will provide a significant step
toward the implementation of a large-scale semiconductor
quantum computer.

We thank L. Camenzind, S. Geyer, T. Patlatiuk, and
A. Kuhlmann for useful discussions. This work was
supported as a part of NCCR SPIN funded by the Swiss
National Science Foundation (grant no. 5INF40-180604).
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