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Enhancing the dipolar coupling of a S-T, qubit
with a transverse sweet spot

J.C. Abadillo-Uriel® ™, M.A. Eriksson', S.N. Coppersmith® "2 & Mark Friesen® '

A fundamental challenge for quantum dot spin qubits is to extend the strength and range of
qubit interactions while suppressing their coupling to the environment, since both effects
have electrical origins. Key tools include the ability to take advantage of physical resources in
different regimes, and to access optimal working points, sweet spots, where dephasing is
minimized. Here, we explore an important resource for singlet-triplet qubits: a transverse
sweet spot (TSS) that enables transitions between qubit states, a strong dipolar coupling, and
leading-order protection from electrical fluctuations. Of particular interest is the possibility of
transitioning between the TSS and symmetric operating points while remaining continuously
protected. This arrangement is ideal for coupling qubits to a microwave cavity, because it
combines tunability of the coupling with noise insensitivity. We perform simulations with
1/f-type electrical noise, demonstrating that two-qubit gates mediated by a resonator can
achieve fidelities >99% under realistic conditions.
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ecent advances in semiconducting spin qubits)? have

enabled single-qubit gates with high fidelities>~7, and two-

qubit exchange-based gates®~12 with fidelities >94%!3.
While these exchange gates are relatively fast, their interaction
range is limited—typically to nearest neighbors. One method for
increasing the interaction range is to insert an intermediary
coupler, such as a superconducting microwave cavity!4-20,
However, strong qubit-resonator couplings have been difficult to
realize, due to the small magnetic dipole of the spins?!-23, which
results in slow qubit gates. A common strategy for enhancing this
coupling involves hybridizing the spin and charge degrees of
freedom via the spin-orbit interaction, which arises naturally in
GaAs, and can be induced by micromagnets in Si?42%. In this
way, strong coupling has been achieved in both GaAs and Si20-28,
However the gates are still slow and susceptible to electrical
(charge) noise, motivating a search for alternative methods to
enhance the qubit charge dipole, as well as sweet spots to suppress
the effects of noise.

For singlet-triplet spin qubits?*-31, a useful sweet spot has been
identified in the S-T_ subspace3?. For the S-T, qubit, recent
attention has focused on a sweet spot known as the symmetric
operating point (SOP), due to its favorable coherence
properties3>34, The position of the SOP—as far as possible from
the (2, 0)-(1, 1) or (1, 1)-(0, 2) charging transitions—reduces its
sensitivity to charge noise, but also suppresses its charge dipole
moment. In this regime, the weak dipole coupling is mainly
longitudinal in form3>36, enabling Z rotations and two-qubit
CPHASE gates. In contrast, the charge dipole increases near a
charging transition—particularly its transverse component,
enabling X rotations and two-qubit iSWAP gates. In this regime,
when the inter-dot Zeeman energy difference (or gradient) AB =
gup(By — Byg) is larger than the tunnel coupling, the transverse
coupling can dominate over the longitudinal coupling3’7-40;
however, the qubit also becomes more sensitive to charge noise.

In this work, we investigate a family of sweet spots, with strong
transverse couplings, located far from the SOP. We show that
these transversely coupled sweet spots (TSS) represent an inter-
esting working regime for singlet-triplet qubits that can be
exploited to perform high-fidelity single-qubit gates with AC
electrical driving fields, or to enable capacitively coupled two-
qubit gates. (Here, we focus on two-qubit gates mediated by a
superconducting cavity.) We describe protocols for one and two-
qubit gate operations that provide constant noise protection, even
while transitioning between operating points. This allows us to
take advantage of the resources available in different working
regimes, and greatly enhances the toolbox for operating singlet-
triplet qubits.

Results

TSS and SOP sweet spots. We initially assume that the global
magnetic field B is large enough that the polarized triplet states
may be ignored. We include the polarized triplets later; however,
the simpler model serves to illustrate the key physics. We
restrict our analysis to Si parameters. In this case, the
Hubbard Hamiltonian of a singlet-triplet qubit in the basis
{1S(1, 1)), ITo(1, 1)), 15(0,2), IS(2, 0))} is given by'!

0 AB V21 21
AB 0 0 0
V2r 0 —¢ 0 ’
V21 0 0 2U+ce¢

where 7 is the tunnel coupling between the two sides of the
double dot (Fig. 1), € is the detuning between dots, and U is the
charging energy for doubly occupied states. Here we define ¢ = 0

Hgr =

(1)

@y

Fig. 1 Double-dot device schematic, including an optional coupling to a
superconducting microwave resonator. A singlet-triplet qubit is formed in
a double dot containing two electrons. ¢ is the detuning between the two
sides of the device, 7 is the corresponding tunnel coupling, AB is the
Zeeman energy associated with the inter-dot magnetic field difference (or
gradient), and g, is the optional capacitive coupling between a qubit
plunger gate and the anti-node of a resonator of frequency w,, which can be
used to mediate two-qubit gate operations.

as the position of the |S(1,1))-|S(0,2)) charging transition, with
the SOP located at e = —U.

A typical energy level diagram for Hg; is shown in Fig. 2a for
72 AB (solid lines); here we have assumed large values of 7 and
AB to help visualize the key features of the plot. In this regime,
the qubit energy splitting, iw, = E; — E,, has positive curvature
and there is only one sweet spot, located at the SOP (Fig. 2b).
Here, the qubit states are largely unperturbed from |S(1,1)) and
|To(1,1)). In contrast, when 7 falls below a critical value,
T,y ~ 1.37AB, a dip emerges in the energy dispersion near
€ = 0, representing a sweet spot—the TSS. In this case, the
energy levels become strongly hybridized and bent (dashed lines
in Fig. 2a), yielding eigenstates that resemble |T]) and || T). (Note
that mirror-symmetric features are also observed near ¢ = —2U.
However, since we focus here on the regime near ¢ = 0, the
magnitude of U and the presence of |S(2,0)) have almost no
effect on the results reported below. For convenience, we
therefore set U = 3 meV and ignore it for the remainder of this
work.) When 7 ~ 71, it is not obvious which type of behavior
will dominate: 7-like behavior (positive dispersion curvature) or
AB-like behavior (a TSS). Interestingly, for a small range of
7 < T, both features are present, resulting in the emergence of
an additional peak feature in the energy dispersion (Fig. 2b, lower
inset), which we refer to as the alternative transverse sweet spot
(ATSS). As its name indicates, the ATSS also has a transverse
coupling, and its position on the & axis may occur anywhere
between the SOP and the TSS, depending on the value of 7

(Fig. 2b, upper inset). At a second critical value of 7, T¢g ~

\/3/2AB = 1.22AB (the super sweet spot), the ATSS merges
with the SOP. For 7 < 7gg, the curvature of the energy dispersion
at the SOP becomes negative, and only two sweet spots remain—
the SOP and the TSS.

The extent to which the TSS, ATSS, and SOP sweet spots are
protected from charge noise depends on the flatness of the energy
dispersion, which is determined in part by the order of the sweet
spot: a sweet spot is classified as nth-order if 0" w,/0e™ = 0 for
all m < n. The SOP is a first-order sweet spot. However in
Supplementary Note 1 (See Supplementary Materials for details),
we show that higher derivatives of the energy dispersion can be
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Fig. 2 Operating regimes of the transversely coupled sweet spot (TSS) of a S—T, qubit. a Energy level diagrams obtained from Hamiltonian (1) assuming
that the tunnel coupling 7 and the field difference between the dots AB obey 7 > AB (solid lines), or 7 < AB (dashed lines). In both cases we take

AB = 0.2U, where U is the double-occupation charging energy. Singlet-triplet qubits are often operated at either the symmetric operating point (SOP),
where ¢ = —U, or near the S(1,1)-S(0, 2) charging transition for the singlet state, where ¢ = 0. b The TSS and the alternative TSS are indicated on the
qubit dispersions w,, obtained for AB/h = 2.5GHz and several different values of 7. We also assume U = 3 meV here, and throughout this work. For
7 < 744 @ TSS dip forms near ¢ = O (black arrows). For g5 < 7 < 74, a very shallow ATSS peak also emerges, to the left of the TSS (lower inset). The
values of 7, and 74 both depend on AB. Upper inset: the location of the various sweet spots and critical points in detuning space, for AB/h = 2.5 GHz.
¢, d Energy level diagrams near the charging transition, showing two types of behavior (main panels), and their corresponding qubit energy splittings
(upper insets) and sweet spots (egs). € For 7> AB, we observe gg < 0. Degenerate energy levels (w, ~ w; ) near the TSS can induce unwanted excitations
to the leakage state |L) (lower inset), with decay rate I, = 1/T,. (Here, 7/h = 1.75GHz and AB/h = 1.5GHz.) d For 7 SAB, we observe g > 0. In this
case, the excitation energies are no longer degenerate at the TSS, suppressing leakage, but the qubit is more charge-like, and therefore susceptible to
fluctuations of the detuning parameter de. At the sweet spot, the dominant fluctuations occur at O[8¢?], causing weak dephasing. (Here, 7/h = 1.5 GHz and
AB/h = 2.5GHz.).

very small, in terms of the parameter (AB/U)" < 1, yieldingan (e.g., decoherence, coupling, or gate fidelity) depends on the
approximate ninth-order sweet spot when 7 = 74 (and an exact  specific control parameters. We now evaluate and compare these
third-order sweet spot), which accounts for the extreme flatness  properties, first for an isolated qubit, then for a qubit coupled
of the energy dispersion. capacitively to a microwave resonator.

While single-qubit gates can be performed at the SOP, using We first consider single-qubit gate operations in isolated qubits.
the tunnel coupling 7 as a control parameter3334, the absence ofa  The gates are performed by applying an AC drive to the detuning
charge dipole moment makes it more difficult to implement parameter. In the presence of charge noise J0e(t), the time-
resonator-mediated gates®. On the other hand, for the same dependent detuning is given by Ae(t) = e, cos(wt) + Oe(t).
reason, the SOP makes a useful idling point for qubits coupled to ~ From Eq. (1), the resulting interaction is given by
a cavity. At the special point, 7 = 7, the extreme flatness of the
energ;ydispersiolrjl maklt)es the SOP 213181S excellent idling point. The Hine = 8e(=[S(0,2))(S(0,2)] +[8(2,0))(S(2, 0)}). (2)
dipole moment of the ATSS is also small, as discussed below, and  Gince the states 15(0,2)) or |S(2,0)) generate the charge dipole in

the sweet spot is relatively broad, making it an alternative this system, H,, is proportional to the dimensionless dipole
candidate for idling. The position of the ATSS varies rapidly as 5

function of 7 (Fig. 2b, upper inset), which could present a
challenge for controlling the qubit; however recent experiments t vanishes. by definiti
have demonstrated fast and accurate control over both 7 and e o VATISHES, BY CEIHOn. T

We begin by solving the total Hamiltonian, defined as

9,33,34,42 . :
I3 : The TSS forms a narrower swegt spot (F1g 2b), and its H=Hg + H,,. First, we ignore the state |S(2,0)) in Eq. (1),
charge dipole is large, which increases its sensitivity to charge . 7. very high in energy. We then evaluate H in the

noise, but makes it a good candidate for performing gate {]0),]1),|L)} eigenbasis, which diagonalizes Hgy, obtaining
operations and coupling to a cavity. In principle, it is possible to

adiabatically transition between the TSS and the ATSS, and then H, = Z E,0,, + Ac Z G- 3)
the SOP, by simultaneously adjusting the parameters 7 and ¢ n nm
(Fig. 2b, upper inset), even while AB remains fixed, as is typical in :
a given experiment. We now explore these possibilities in greater Here E, are the eigenvalues of Hgy, 0, = |n)(m|, where
detail. n,me€ {0,1,L}, and d,, = (n|d|m), where Aedy is the
transverse dipole coupling induced by H, . In Fig. 3a, we plot
numerical solutions for d,;, evaluated at the TSS, as a function of
Characterizing the TSS. The position of the TSS in detuning 7 and AB. The large white triangle in the lower-right portion of
space, &g, depends on all the parameters of the Hamiltonian, but  the plot corresponds to 7> 7.4 (AB), where no TSS solutions
generally occurs near ¢ = 0 (Fig. 2b, upper inset). As shown exist. The general features of the plot can be understood as
below, the location of the operating point plays a key role in follows. When 7 <« AB, the TSS occurs near the charging
determining the qubit behavior, which has two basic types. (1) transition, which causes [S(0,2)) and [S(1,1)) to strongly
When 72 AB (Fig. 2¢), we mainly find that egg < 0; in this case, hybridize, and yields an effective charge qubit, for which dy, =~
the energy splitting of the lowest non-logical state |S(0,2)) is 0.5 at the sweet spot. When T — 7, the TSS moves away from
approximately resonant with the qubit frequency, resulting in the charging transition, resulting in a suppressed dipole,
enhanced leakage. (2) When 7 < AB (Fig. 2d), we have ¢ >0; in  d,; ~ 1073~107*%, which vanishes completely at the SOP. To a
this case, leakage is suppressed, but the TSS is very narrow, and  good approximation, d,; depends only on the ratio 7/t
the qubit is charge-like. More generally, any qubit property 7/AB over the entire plot range of Fig. 3a, yielding a radial plot.

operator, d = 0Hgy/de. In general, H,, can have longitudinal and
transverse components; however at a sweet spot, the longitudinal
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Fig. 3 Qubit properties, evaluated at a TSS, for a range of 7 and AB. The large white triangles in the lower-right portions of the plots correspond to
regions where 7> 1, and no TSS solutions exist. a Dimensionless dipole moment d,;, which determines the strength of the transverse coupling. When
T < AB, dy; = 0.5 because the TSS occurs near the 5(1,1)-5(0, 2) transition where the qubit is charge-like, while at T = 7, do; is in the range of
1073-10%. b-d Effects of 1/f-type detuning charge noise. b Dephasing times. Here, T, is mainly determined by the width of the sweet spot, which is
minimized for TSS near the charging transition (Fig. 2b). ¢ Leakage excitation times. Leakage is maximized when 7 &~ AB, because E;, ~ Eg; (Fig. 2¢).
d AC-driven, single-qubit X, gate fidelity, including all the decoherence mechanisms considered in this work. The dashed line corresponds to the qubit-
cavity resonance condition, w, = w,; fidelity is suppressed near this line due interference between the AC drive and the cavity mode. Here we assume a
constant photon decay rate of /27 = 0.028 MHz in the cavity (corresponding to a resonator quality factor of Q = 10°)47. We also assume physically
realistic driving and resonator parameters given by e, /h = 0.5GHz%4, go/2n = 50 MHz?7, w,/27 = 2.8 GHz#7, and a cavity temperature of 20 mK for

the initial photon state2>.

The large-d,, (small-7/AB) operating regime is preferential for
boosting gate speeds; however we now show that the dephasing
rate 1/T, also grows in this regime.

We define T, as the decay time of the p,; component of the
qubit density matrix, which we estimate by simulating its free-
induction decay. As described in Methods section, we introduce
d¢(t) fluctuations into the simulations, sampling from a gaussian
distribution with 1/f spectral correlations. We then average over
a large number of charge-noise realizations to obtain the results
shown in Fig. 3b. Since the TSS is a sweet spot, it is protected
from small de fluctuations, to lowest order. The main contribu-
tion to dephasing therefore occurs at order 8¢, and its behavior
correlates with the width of the sweet spot. In Supplementary
Note 2 we consider two additional noise mechanisms that could
potentially contribute to T,: tunnel-coupling noise and Rabi-
frequency fluctuations. In summary, tunnel-coupling noise is
found to have a stronger effect on two-qubit gates, where it is
comparable to detuning noise. Rabi-frequency fluctuations are a
strong-driving effect, which can become important for fast single-
qubit gates. In the following discussion, we include all such
dephasing mechanisms in our fidelity simulations. However, we
do not include direct magnetic field fluctuations arising from
nuclear spin dynamics, since we assume these can be suppressed
by isotropic purification of the Si/SiGe heterostructure.

In the 7 S AB regime (Fig. 2d), the TSS is well separated from
other features in the energy dispersion; its shape therefore does
not depend on AB, which only determines the splitting between
states |1]) and || 7). Hence, the qubit is charge-like, and the width
of the sweet spot is determined by 7 rather than AB. This is
consistent with Fig. 2b where the sweet spot is quite narrow
for small 7. It is also consistent with Fig. 3b where T, approaches
100 ns in the limit 7 < AB, and becomes independent of AB. On
the other hand, for 7 — 7, we observe a wider sweet spot in
Fig. 2b. In this regime, the presence of the leakage state actually
helps to flatten the energy dispersion, yielding T, approaching
10 ps.

Using the same simulations, we also compute T, defined here
as the decay time of p,,(t) + p,,(t), due to leakage. The results,
which are plotted in Fig. 3¢, exhibit a similar range of timescales
as Fig. 3b; however, the trends are very different. This is easy to
understand because leakage is caused by the hybridization of

logical and non-logical states, which occurs near the resonance
condition E; —E, = E; —E,, causing a dip in T; when
T ~ AB.

Finally, we note that phonon-mediated decay processes have not
been considered in the current analysis, although they also
contribute to T,-type relaxation. For GaAs-based devices, such
processes are expected to reduce T, to a few nanoseconds for the
large magnetic field gradients considered here, due to the presence
of piezoelectric phonons*3. In the current proposal, we have
therefore focused on Si-based devices, where piezoelectric phonons
are absent, and the phonon-mediated T, is generally much longer
than any time scale relevant to our analysis*»*4. For this system,
we therefore conclude that T, is dominated by leakage.

To summarize the results of this section, the behaviors of T
and T exhibit opposite trends as a function of 7 when ¢ is tuned
to a TSS; the best working points must therefore be determined
via optimization. We address this problem below, by computing
the fidelities of one-qubit and two-qubit gates.

Single-qubit gate fidelity. In the previous section, we studied free
induction. Here we consider resonantly driven, single-qubit X
gate operations performed at a TSS. We consider single-qubit
interactions mediated by AC-driven gates, which are generally
expected to be faster than single-qubit gates mediated by a
resonator. However, the two-qubit gates in the following section
are mediated by a resonator, with a capacitive coupling that
cannot be turned off, as indicated in Fig. 1; we therefore include
this interaction in the present analysis. In our simulations, we
further assume that the cavity resonant frequency w, cannot be
tuned. However, we note that the cavity-qubit detuning A, =
h(w,
on the parameters AB and 7.

We model the qubit-resonator system with the Hamiltonian

— w,) can be varied, because the qubit frequency depends

H, = ho,ala + ZEnann

g 4
+ Z[Aé‘(t) dnmanm + hgodnm(a + aT)Jnm]’ ( )

where af(a) is the photon creation (annihilation) operator, g, =
eV, is the bare capacitive coupling between the qubit and
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resonator, V, = \/hZ, w, is the amplitude of the resonator
voltage anti-node, and Z, is the resonator impedance3®. The
effective qubit-cavity coupling, g = g,d,,, is proportional to the
transverse dipole moment, which is maximized near the charging
transition. As noted above, the coupling can be turned off
(dy; = 0) at the SOP, while d;; ~ 0.5 for large AB.

We perform simulations of Eq. (4) for a range of AB and . For
each pair of values, (AB, ), we tune the intra-qubit detuning
parameter to a TSS [e = &g (AB, 7)] to improve the gate fidelity,
and apply an AC drive at the qubit resonant frequency:
Ae(t) = ey cos(w,t). Since we do not limit the simulations to
the weak-driving regime, the X gate times must be determined
numerically; we do this by evolving over many Rabi oscillations,
to more accurately locate the initial peak. The simulations are
computationally expensive, compared to Fig. 3a, b, since they
include photon basis states. Therefore, we do not explicitly
include either charge noise or photon decay at the Hamiltonian
level. Instead, we solve a master equation based on Eq. (4), in
which dephasing effects are included phenomenologically
through the dephasing rate 1/T, and leakage effects are included

through the decay rate 1/T;, which were both obtained as
functions of AB and 7 in the previous section. Resonator photon
decay is included through a constant decay rate, x. We then
compute the gate fidelity, obtaining the results shown in Fig. 3d.
See Methods section for details of these calculations.

We observe the following behavior. First, gate fidelities are
generally found to be high, except very near the resonance
condition A, = 0 (dashed line), where excited photons in the
resonator form leakage levels that naturally suppress the single-
qubit gate fidelity. For larger values of x, the fidelity is further
suppressed near the resonance condition. On the other hand, A,
increases quickly as we move away from this line, suppressing this
effect. Even further away from the resonance condition, the gate
fidelity is slightly suppressed for small 7, due to strong dephasing
(Fig. 3b), or near the line 7 = 74, due to enhanced leakage
(Fig. 3¢) and smaller charge dipoles (Fig. 3a). The best fidelities
are therefore obtained midway between the resonance condition
and T = 7, at larger values of AB. For the physically realistic
simulation parameters used in Fig. 3d, the fidelities can be quite
high, approaching 99.85%, and are limited by Rabi-frequency
fluctuations due to strong driving. Finally, we note that closer
inspection of the resonance condition in Fig. 3d reveals weak

AB/h (GHz)

v/h (GHz)

oscillations. As discussed in Supplementary Note 3, these can be
understood as a combination of leakage and strong-driving
effects.

Two-qubit gate fidelity. We consider two-qubit gates mediated
by a cavity, with a set-up similar to Fig. 1, and with both qubits
positioned at voltage anti-nodes. Simulations are performed
analogously to the previous section, but with a two-qubit
Hamiltonian given by

qur = hwrata + Z ZEnAiann,i

i=ab n

+ Z Zhgo,idnm.i(a + aT)Unm,iv

i=ab nm

(5)

where the subscript i refers to qubits a or b. The native gate for H,,
is iSWAP, with gate times determined analogously as for single-
qubit gates. The two-qubit gate can be switched off by tuning
either of the qubits to its SOP. To simplify the following analysis,
we set Ay, = Ay, = Ay, dpyy g = Ay = Ay AB, = AB, = AB,
T, =T, =T, and ¢, = ¢, = ¢, to reduce the number of indepen-
dent control parameters. The gate fidelities are computed by solving
the master equation associated with Eq. (5), including the deco-
herence rates 1/T;, 1/T,, and &, as before, and comparing the
result to an ideal iSWAP gate. Our results are shown in Fig. 4a,
using the same simulation parameters as Fig. 3d.

Although similar physics determines the fidelities of one and
two-qubit gates, the trends observed in Figs. 3d and 4a are very
different. In particular, the fidelity dip along the resonance line in
Fig. 3d becomes a double peak in Fig. 4a. This is because the
single-qubit gates are driven, with the resonator acting only as a
leakage channel. For two-qubit gates, the cavity mediates the
interaction, and the fidelity is generally enhanced near the
resonance condition, A, = 0, where the effective qubit-qubit
coupling is maximized*>. (The same is true for single-qubit gates
mediated by a resonator, although we do not explore that
possibility here.) Very near the resonance, however, spontaneous
excitation of the qubits by the cavity (the Purcell effect)
suppresses the gate fidelity (i.e., increases the infidelity), causing
maxima to form on either side of this line. The same process also
reduces the individual qubit lifetimes. In cases where the Purcell
effect dominates the fidelity, we note that an alternative approach

b
]
10"
W
-2
0 goo2T
— B=04T
—— B=06T — B=1.0T
108} — B=0.8T — B=2.0T
0 50 100 150 200
AB(mT)

Fig. 4 Resonator-mediated two-qubit iSWAP gates, performed at a TSS. a Gate infidelity, assuming the same device parameters as Fig. 3. Optimal
fidelities are obtained very near, but on either side of the qubit-cavity resonance condition, near where dy, is maximized. Here we assume no coupling to
spin-polarized leakage states. b Gate infidelity, including coupling to spin-polarized leakage states. For each value of AB, we plot the maximum fidelity with
respect to 7. The leakage coupling is suppressed, and the fidelity is maximized, by applying large global B fields.

NATURE COMMUNICATIONS | (2019)10:5641 | https://doi.org/10.1038/s41467-019-13548-w | www.nature.com/naturecommunications 5


www.nature.com/naturecommunications
www.nature.com/naturecommunications

ARTICLE

would be to replace the cavity with a direct capacitive coupling!!,
although we do not explore that possibility here.

Far from the resonance condition, two-qubit gate fidelities are
typically low, because off-resonant gates tend to be slow, and
therefore susceptible to charge noise. (This is not a problem for
single-qubit gates, which can be strongly driven.) However,
fidelities are found to increase for larger AB, due to stronger
qubit-cavity couplings and reduced leakage (Fig. 3). To exploit
this trend, we note that nanomagnets in recent double-dot
experiments have already achieved AB values as large as 80 mT40
(= 2.2 GHz), corresponding to a maximum fidelity of 98.5% in
Fig. 4a. Finally, we note that small fidelity oscillations are
observed near the resonance condition, which are reminiscent of
those in Fig. 3d, and can also be attributed to leakage and strong
driving (see Supplementary Note 4).

Leakage induced by polarized triplets. Up to this point, we have
not considered the polarized spin triplet states, |TT) and |||),
which present new leakage channels. In this case, hybridization
with the qubit states is caused by a transverse magnetic field
gradient. It is reduced, however, when the levels are split off by a
large global field; further details of these calculations are pre-
sented in Supplementary Note 5. To estimate the effect of such
leakage on two-qubit gate fidelities, we first extend Eq. (5) to
include a global B field and a transverse field gradient AB | . Since
AB, and AB are expected to be similar in size?%, we simply set
AB, = AB. We then compute the iSWAP gate fidelity for a fixed
AB, and determine its maximum as a function of 7. Repeating this
procedure as a function of AB, for several values of B, yields the
results shown in Fig. 4b. As expected, we find that fidelities
improve uniformly as a function of B. However, the dependence
on AB = AB, is non-monotonic: the fidelity initially increases
(infidelity decreases) by the same mechanism as Fig. 4a; for larger
AB |, this behavior saturates, and leakage eventually dominates
the fidelity. For the range of AB plotted here, we find that B > 2
T is sufficient for avoiding most leakage. More generally,
B > 0.8 T yields fidelities >99%, when AB >100 mT.

Discussion

We have shown that qubit coherence and one-qubit and two-
qubit gate fidelities are strongly affected by the operating points in
a control space spanned by the parameters B, AB, AB |, T, ¢, &,¢,
g0 and w,, as well as the noise characteristics of the qubits and
the resonator. The transverse sweet spots (TSS) studied in this
work make good working points, because they provide protection
against environmental noise while offering a strong coupling to
external driving fields or a microwave resonator.

To achieve high-fidelity gates at a TSS, it is important to
provide a large gradient-induced Zeeman splitting, AB, and a
nearly resonant coupling between the qubit and cavity. Since
hw, < 2AB for a TSS, we therefore require that 2AB 2 hiw,, while
noting that neither AB nor w, is easy to change after a device is
fabricated. Fortunately, recent work shows that it is possible to
form high-kinetic-inductance resonators with low resonant fre-
quencies, w,/2m = 2.8 GHz*/, while maintaining a high cavity
Q>10° in the presence of a large in-plane field B = 6 T. More-
over, as noted above, large gradients, AB/h = 2.2 GHz (= 80
mT), have already been achieved in the lab%®, indicating that the
requirements for a TSS have already been met.

Adopting the values for AB and w, from the previous para-
graph, and choosing AB, = AB, B =2 T, a resonator coupling
of g,/2m = 0.05 GHz, and a realistic driving field of e,c/h =
0.5 GHz, we obtain the following results at a TSS. Single-qubit
gates are found to be fairly fast, with a gate time of t,5 ~ 7 ns,
yielding a gate fidelity of 99.3% for an optimal tunnel coupling

of 7/h =2.1 GHz. Two-qubit gates are slightly slower, with
trq = 50ns, yielding a gate fidelity of 98.2% for the optimal
tunnel coupling 7/h = 1.5 GHz. Our simulations also show that
when 2AB ~ hw,, leakage tends to dominate the infidelity,
while for smaller values of AB, dephasing is the dominant pro-
blem. We find that, as a rule of thumb, 1.5AB ~ hw, provides a
good balance for obtaining higher fidelities, which explains our
choice of AB and w, values in the simulations. However, better
fidelities can be achieved by increasing both of these parameters
simultaneously. Theoretical calculations suggest that larger
AB > 150 mT = 17 pyeV values should be possible for near-term
experiments*®4°, Repeating our simulations with this AB and
w,/2m = 5.2 GHz gives optimal fidelities of 99.85% and 99.2%
for one and two-qubit gates, respectively.

The results described above exploit optimized TSS working
points for singlet-triplet qubits, but reveal that these points differ
for single and two-qubit gate operations. In addition, resonator-
mediated gates require an idling point, where the effective cou-
pling to the resonator is turned off. We have identified two good
candidates for idling points: the ATSS, where d, is very small, or
the SOP where dj; = 0, particularly when 7 = 7g4¢. Interest-
ingly, for a fixed value of AB, we can navigate between gating and
idling points while maintaining a TSS, by simultaneously tuning 7
and ¢ such that ¢ = eg(7). In Supplementary Note 7, we estimate
the time scales for adiabatically transitioning between these
working points.

Longitudinal and transverse couplings can be viewed as distinct,
physical resources, with unique advantages and disadvantages for
quantum computing. It is therefore important to compare their
attributes%; the singlet-triplet qubit provides a testbed for doing so
in a single experimental setting. In this work, we have focused on
the TSS, which has a purely transverse coupling and can be formed
over a continuous range of parameters. In fact, the TSS and ATSS
are the only tunings with purely transverse couplings for singlet-
triplet qubits. The SOP is the only tuning with a purely longitudinal,
curvature-type coupling (see below), which can be formed over a
continuous range of T when ¢ = —U. All other operating points
have both transverse and longitudinal components. Such mixing
reduces the response to AC driving for single-qubit gates, and yields
complicated behavior for two-qubit gates, which may be undesir-
able from a control perspective. These mixed operating points also
do not correspond to sweet spots, and should therefore experience
faster decoherence. The TSS coupling is particularly strong because
the qubit’s charge character is maximized. In contrast, at the SOP,
the charge dipole vanishes, resulting in a weaker, second-order
curvature coupling®, which is consistent with slower gates that are
well protected by a high-order sweet spot. Alternatively, gate speeds
at the SOP may be enhanced by employing AC driving techni-
ques®. Using this method, we can simulate gates performed at the
SOP, under noise conditions similar to those considered above, at
the TSS. As described in Supplementary Note 6, we adopt realistic
experimental parameters for the SOP3? and apply an AC drive to
the tunnel coupling with a driving amplitude equal to 1/10 of its
average value, obtaining a single-qubit X | gate fidelity of 99.6% and
a CZ gate fidelity of 93.6%. These results are limited by tunnel-
coupling noise, which dominates at the SOP because the effects of
detuning noise are suppressed.

Finally, we note that readout of ST qubits can be challenging in
the presence of a large magnetic field gradient>!. Two methods to
overcome this problem are (1) mapping the qubit onto different
spins states, as described in ref. 1, or (2) tuning the tunnel barrier
to the more conventional regime for readout, where 7 > AB.

Methods

Overview. In this work, we perform two types of numerical simulations: (i) free
induction of single qubits, and (ii) one and two-qubit gate operations. The
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simulations employ different theoretical methods, and are repeated for cases with
and without charge noise. All numerical calculations use the QuTiP software
package®2.

Free-induction simulations. These are performed after adding time-dependent
charge noise to the detuning parameter in Eq. (3), with Ae = J¢(t). A similar
procedure is used to model noise in the tunnel-coupling parameter, as discussed in
Supplementary Note 2. Noise sequences are generated following the method
described in refs. #3; we first generate random white noise 8e(t) over a discrete
time sequence. This sequence is then Fourier transformed and scaled in frequency

space by the noise power spectrum +/S(w), where

2 for w; <ol <w
) = @yl r == ©
0 otherwise,
and w;/2m =100 kHz and w, /27 =20 GHz are lower and upper frequency cutoffs.
We choose a noise strength of ¢, = 0.56 peV, corresponding to a standard devia-

tion of 0, = ¢, [21n(\/ﬁc€/hwl)] V20 peV (see ref. 53) for noise integrated over
the entire frequency spectrum, as consistent with several recent experiments>4->6.
We note that, for a given value of ¢,, lowering w) increases the noise in the system.
The resulting frequency sequence is Fourier transformed back to the time domain,
yielding the desired noise sequence. For each point in the AB-7 plots shown in
Fig. 3b, ¢, we average the density matrix p(t) over 10,000 different noise realiza-
tions, with initial states p(0) = |i)(i|, where |i) = (|0) + |1))/+/2. We use the same
simulations to obtain the density matrix py, (¢), using

Preak(0) = (10)(0] + [1){1])/2, to obtain purely leakage errors. T, and T; are
obtained by fitting the averaged results to®’

lpon (O] = lpor 0] exp (/T )| @)

and

puolt) + pui (1) = sexp(—1/T,) + 3, ®

where p = 1/3 represents the fully mixed state in the {|0), [1), |L)} basis. Here, we
only assume coupling to the dominant leakage state associated with [S(0,2)). f8 is
left as a fitting parameter in Eq. (7) to account for the fact that non-dephasing,
leakage processes can dominate the decoherence in some cases. As discussed in the
main text, T, is dominated by T, in Si. We may therefore extract the pure
dephasing time, Ty, through the relation 1/T; = 1/T, + 1/2T, where the
superscript ¢ indicates that this quantity arises from noise in the detuning
parameter.

Fidelity estimations. For one and two-qubit gates, we incorporate the free-

induction results into our simulations of the qubit-cavity master equation, defined
45

as

. i K

1
p=—7[H.pl+ (2apa’ —alap—pala)+ o, 2P0 = P)
J

©)

1 t t t
+ ﬁ (ZGL.J’PULJ —O0Li0LiP — pULJULJ'):| )
where H represents the appropriate one-qubit (j = a) or two-qubit (j = a,b)
Hamiltonian in the lab frame, as presented in Egs. (4) or (5) of the main text, « is
the cavity decay rate, T, and T, are computed as functions of AB and 7, as
described above, 0,; = 0,; — 0, is the dephasing operator for qubit i, and
01 = p—01(0ur; + 0p,;) is the operator associated with leakage between the
logical subspace of qubit i and its leakage state L. In Eq. (9), we include noise from
both the detuning and tunnel coupling parameters through the relation

1/T, = 1/T, + 1/Tj. In addition, for single-qubit Rabi simulations, we include
the term (1/2T$)Zj(U+JP‘T—j + o_;po. ; — p) on the right-hand side of Eq. (9)
to account for Rabi frequency fluctuations as described in Supplementary Note 2,
where o, ; = 0yp;and o_; = 0y, ;. Although including T', as we have done in Eq.
(9) is common practice?, it may be argued that the Markovian nature of the
master equation is inconsistent with the non-Markovian origins of T,,. We have
addressed this question in Supplementary Note 8 by performing corresponding
master equation and quasistatic simulations of free-induction decay, obtaining
nearly identical results for T, in either case.

The initial states for the master equation simulations in Eq. (9) are taken to be
p(0) = |i){i|, where |i) = ]0),.(]0) + |1))/+/2 for single-qubit gates (here, |0),
represents the zero-photon state of the cavity), or |i) = |0)_|e),|g), for two-qubit
gates, where |e), and |g), represent the ground and excited qubit eigenstates for
qubits a and b, respectively (e.g., see ref. 4°). The corresponding gate fidelities are
then computed from

F= Tr[p(tg)pideal(tg)]’ (10)
where ¢, is the appropriate gate time, and the ideal density matrix is computed in
the absence of noise or leakage-state couplings.

Data availability
Data sharing is not applicable to this article as no data sets were generated or analyzed
during this study.

Code availability

The simulation results reported may be obtained by following the computational scheme
described in Methods section. All numerical calculations use the QuTiP software
package®!. The Mathematica code for the characterization of the SOP (Supplementary
Note 1) is provided as Supplementary Software 1.

Received: 15 May 2019; Accepted: 12 November 2019;
Published online: 10 December 2019

References

1. Loss, D. & DiVincenzo, D. P. Quantum computation with quantum dots.
Phys. Rev. A 57, 120-126 (1998).

2. Kane, B. E. A silicon-based nuclear spin quantum computer. Nature 393,
133-137 (1998).

3. Veldhorst, M. et al. An addressable quantum dot qubit with fault-tolerant
control-fidelity. Nature Nanotechnol. 9, 981-985 (2014).

4. Kawakami, E. et al. Gate fidelity and coherence of an electron spin in an Si/
SiGe quantum dot with micromagnet. Proc. Natl Acad. Sci. 113, 11738-11743
(2016).

5. Kim, D. et al. High-fidelity resonant gating of a silicon-based quantum dot
hybrid qubit. npj Quant. Inf. 1, 15004 (2015).

6. Takeda, K. et al. A fault-tolerant addressable spin qubit in a natural silicon
quantum dot. Sci. Adv. 2, €1600694 (2016).

7. Yoneda, J. et al. A quantum-dot spin qubit with coherence limited by charge
noise and fidelity higher than 99.9%. Nat. Nanotechnol. 13, 102-106 (2018).

8.  Veldhorst, M. et al. A two-qubit logic gate in silicon. Nature 526, 410-414
(2015).

9. Zajac, D. M. et al. Resonantly driven CNOT gate for electron spins. Science
359, 439-442 (2018).

10. Watson, T. F. et al. A programmable two-qubit quantum processor in silicon.
Nature 555, 633-637 (2018).

11. Nichol, J. M. et al. High-fidelity entangling gate for double-quantum-dot spin
qubits. npj Quantum Inf. 3, 3 (2017).

12. Xue, X. et al. Benchmarking gate fidelities in a Si/SiGe two-qubit device. Phys.
Rev. X 9, 021011 (2019).

13. Huang, W. et al. Fidelity benchmarks for two-qubit gates in silicon. Nature
569, 532 (2019).

14. Raimond, J. M., Brune, M. & Haroche, S. Manipulating quantum
entanglement with atoms and photons in a cavity. Rev. Mod. Phys. 73,
565-582 (2001).

15. Blais, A., Huang, R. S., Wallraff, A., Girvin, S. M. & Schoelkopf, R. J. Cavity
quantum electrodynamics for superconducting electrical circuits: an
architecture for quantum computation. Phys. Rev. A 69, 062320 (2004).

16. Childress, L., Serensen, A. S. & Lukin, M. D. Mesoscopic cavity quantum
electrodynamics with quantum dots. Phys. Rev. A 69, 042302 (2004).

17. Sillanpad, M. A., Park, J. I. & Simmonds, R. W. Coherent quantum state
storage and transfer between two phase qubits via a resonant cavity. Nature
449, 438-442 (2007).

18. Majer, J. et al. Coupling superconducting qubits via a cavity bus. Nature 449,
443-447 (2007).

19. Xiang, Z. L., Ashhab, S., You, J. Q. & Nori, F. Hybrid quantum circuits:
superconducting circuits interacting with other quantum systems. Rev. Mod.
Phys. 85, 623-653 (2013).

20. Yu, D., Kwek, L. C., Amico, L. & Dumke, R. Superconducting qubit-resonator-
atom hybrid system. Quantum Sci. Technol. 2, 035005 (2017).

21. Imamoglu, A. Cavity QED based on collective magnetic dipole coupling: Spin
ensembles as hybrid two-level systems. Phys. Rev. Lett. 102, 083602 (2009).

22. Amsiiss, R. et al. Cavity QED with magnetically coupled collective spin states.
Phys. Rev. Lett. 107, 060502 (2011).

23. Eichler, C, Sigillito, A. J., Lyon, S. A. & Petta, J. R. Electron spin resonance at
the level of 10* spins using low impedance superconducting resonators. Phys.
Rev. Lett. 118, 037701 (2017).

24. Hu, X, Liu, Y.-x & Nori, F. Strong coupling of a spin qubit to a
superconducting stripline cavity. Phys. Rev. B 86, 035314 (2012).

25. Benito, M., Mi, X, Taylor, J. M, Petta, J. R. & Burkard, G. Input-output theory
for spin-photon coupling in Si double quantum dots. Phys. Rev. B 96, 235434
(2017).

26. Landig, A.J. et al. Coherent spin-photon coupling using a resonant exchange
qubit. Nature 560, 179-184 (2018).

27. Mi, X. et al. A coherent spin-photon interface in silicon. Nature 555, 599-603
(2018).

| (2019)10:5641 | https://doi.org/10.1038/s41467-019-13548-w | www.nature.com/naturecommunications 7


www.nature.com/naturecommunications
www.nature.com/naturecommunications

ARTICLE

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

Samkharadze, N. et al. Strong spin-photon coupling in silicon. Science 359,
1123-1127 (2018).

Levy, J. Universal quantum computation with spin- 1/2 pairs and Heisenberg
exchange. Phys. Rev. Lett. 89, 147902 (2002).

Petta, J. R. et al. Coherent manipulation of coupled electron spins in
semiconductor quantum dots. Science 309, 2180-2184 (2005).

Wu, X. et al. Two-axis control of a singlet-triplet qubit with an integrated
micromagnet. Proc. Natl Acad. Sci. 111, 11938-11942 (2014).

Wong, C. H,, Eriksson, M. A., Coppersmith, S. N. & Friesen, M. High-fidelity
singlet-triplet S-T qubits in inhomogeneous magnetic fields. Phys. Rev. B 92,
045403 (2015).

Reed, M. D. et al. Reduced sensitivity to charge noise in semiconductor spin
qubits via symmetric operation. Phys. Rev. Lett. 116, 110402 (2016).
Martins, F. et al. Noise suppression using symmetric exchange gates in spin
qubits. Phys. Rev. Lett. 116, 116801 (2016).

Ruskov, R. & Tahan, C. Quantum-limited measurement of spin qubits via
curvature couplings to a cavity. Phys. Rev. B 99, 245306 (2019).

Harvey, S. P. et al. Coupling two spin qubits with a high-impedance resonator.
Phys. Rev. B 97, 235409 (2018).

Burkard, G. & Imamoglu, A. Ultra-long-distance interaction between spin
qubits. Phys. Rev. B 74, 041307 (2006).

Taylor, J. M. & Lukin, M. D. Cavity quantum electrodynamics with
semiconductor double-dot molecules on a chip. Preprint at arXiv:cond-mat/
0605144 (2006).

Jin, P.-Q., Marthaler, M., Shnirman, A. & Schén, G. Strong coupling of spin
qubits to a transmission line resonator. Phys. Rev. Lett. 108, 190506 (2012).
Meunier, T., Calado, V. E. & Vandersypen, L. M. K. Efficient controlled-phase
gate for single-spin qubits in quantum dots. Phys. Rev. B 83, 121403 (2011).
Burkard, G., Loss, D. & DiVincenzo, D. P. Coupled quantum dots as quantum
gates. Phys. Rev. B 59, 2070-2078 (1999).

Bertrand, B. et al. Quantum manipulation of two-electron spin states in
isolated double quantum dots. Phys. Rev. Lett. 115, 096801 (2015).

Kornich, V., Kloeffel, C. & Loss, D. Phonon-assisted relaxation and decoherence
of singlet-triplet qubits in Si/SiGe quantum dots. Quantum 2, 70 (2018).
Prance, J. R. et al. Single-shot measurement of triplet-singlet relaxation in a
Si/SiGe double quantum dot. Phys. Rev. Lett. 108, 046808 (2012).

Srinivasa, V., Taylor, J. M. & Tahan, C. Entangling distant resonant exchange
qubits via circuit quantum electrodynamics. Phys. Rev. B 94, 205421 (2016).
Yoneda, J. et al. Robust micromagnet design for fast electrical manipulations
of single spins in quantum dots. Appl. Phys. Express 8, 084401 (2015).
Samkharadze, N. et al. High-kinetic-inductance superconducting nanowire
resonators for circuit QED in a magnetic field. Phys. Rev. Appl. 5, 044004
(2016).

Poulin-Lamarre, G. et al. Simulations of magnetic field gradients due to micro-
magnets on a triple quantum dot circuit. AIP Conf. Proc. 1566, 556-557
(2013).

Chesi, S. et al. Single-spin manipulation in a double quantum dot in the field
of a micromagnet. Phys. Rev. B 90, 235311 (2014).

Lambert, N. et al. Amplified and tunable transverse and longitudinal spin-
photon coupling in hybrid circuit-QED. Phys. Rev. B 97, 125429 (2018).
Orona, L. A. et al. Readout of singlet-triplet qubits at large magnetic field
gradients. Phys. Rev. B 98, 125404 (2018).

Johansson, J. R., Nation, P. D. & Nori, F. QuTiP 2: a python framework for the
dynamics of open quantum systems. Computer Phys. Commun. 184,
1234-1240 (2013).

Yang, Y.-C., Coppersmith, S. N. & Friesen, M. Achieving high-fidelity single-
qubit gates in a strongly driven charge qubit with 1/f charge noise. npj
Quantum Inf. 5, 12 (2019).

Thorgrimsson, B. et al. Extending the coherence of a quantum dot hybrid
qubit. npj Quantum Inf. 3, 32 (2017).

55. Jock, R. M. et al. A silicon metal-oxide-semiconductor electron spin-orbit
qubit. Nat. Commun. 9, 1768 (2018).

56. Shi, Z. et al. Coherent quantum oscillations and echo measurements of a Si
charge qubit. Phys. Rev. B 88, 075416 (2013).

57. Hu, X,, Sousa, R. D. & Sarma, S. D. Decoherence and dephasing in spin-based
solid state quantum computers. In Foundations of Quantum Mechanics in the
Light of New Technology 3-11 (World Scientific, 2002).

Acknowledgements

We are grateful to Mark Gyure, Joseph Kerckhoff, Thaddeus Ladd, and Emily Pritchett
for illuminating discussions. This work was supported in part by the Army Research
Office (W911NF-17-1-0274) and the Vannevar Bush Faculty Fellowship program
sponsored by the Basic Research Office of the Assistant Secretary of Defense for Research
and Engineering and funded by the Office of Naval Research through Grant No. N00014-
15-1-0029. The views and conclusions contained in this document are those of the
authors and should not be interpreted as representing the official policies, either
expressed or implied, of the U.S. Government. The U.S. Government is authorized to
reproduce and distribute reprints for Government purposes notwithstanding any copy-
right notation herein.

Author contributions

J.C.A.-U. performed numerical simulations and analytical calculations. J.C.A.-U., M.E,,
S.N.C. and M.F. analyzed the results and prepared the paper. This work was carried out
under the supervision of S.N.C. and M.F.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary information is available for this paper at https://doi.org/10.1038/s41467-
019-13548-w.

Correspondence and requests for materials should be addressed to J.C.A.-U.

Peer review information Nature Communications thanks Elena Ferraro and the other,
anonymous, reviewer(s) for their contribution to the peer review of this work.

Reprints and permission information is available at http://www.nature.com/reprints

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in

published maps and institutional affiliations.
Open Access This article is licensed under a Creative Commons
B Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative
Commons license, and indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons license and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this license, visit http://creativecommons.org/
licenses/by/4.0/.

© The Author(s) 2019

| (2019)10:5641 | https://doi.org/10.1038/s41467-019-13548-w | www.nature.com/naturecommunications


https://doi.org/10.1038/s41467-019-13548-w
https://doi.org/10.1038/s41467-019-13548-w
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
www.nature.com/naturecommunications

	Enhancing the dipolar coupling of a S-T0 qubit with�a transverse sweet spot
	Results
	TSS and SOP sweet spots
	Characterizing the TSS
	Single-qubit gate fidelity
	Two-qubit gate fidelity
	Leakage induced by polarized triplets

	Discussion
	Methods
	Overview
	Free-induction simulations
	Fidelity estimations

	Data availability
	Code availability
	References
	Acknowledgements
	Author contributions
	Competing interests
	Additional information




