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Spin qubits and superconducting qubits are promising candidates for realizing solid-state quantum information pro-
cessors. Designing a hybrid architecture that combines the advantages of different qubits on the same chip is a highly
desirable but challenging goal. Here we propose a hybrid architecture that utilizes a high-impedance SQUID array res-
onator as a quantum bus, thereby coherently coupling different solid-state qubits. We employ a resonant exchange spin
qubit hosted in a triple quantum dot and a superconducting transmon qubit. Since this hybrid system is highly tunable,
it can operate in a dispersive regime, where the interaction between the different qubits is mediated by virtual photons.
By utilizing such interactions, entangling gate operations between different qubits can be realized in a short time of 30 ns
with a fidelity of up to 96.5% under realistic parameter conditions. Further utilizing this interaction, remote entangled state
between different qubits can be prepared and is robust to perturbations of various parameters. These results pave the way
for exploring efficient fault-tolerant quantum computation on hybrid quantum architecture platforms.

Keywords: hybrid quantum architectures, circuit quantum electrodynamics, entangling gate

PACS: 03.67.Lx, 42.50.Dv, 42.50.Pq

1. Introduction

Hybrid architectures are a promising route to scalable
quantum processors, as they would benefit from the advan-
tages of different qubits. Semiconductor spin qubits and super-
conducting qubits are the two main candidates for solid-state
qubits because of their compatibility with modern microelec-
tronics and thus the advantages of large-scale integration.!!-?]
Spin qubits have the advantage of small footprint and long co-
herence time, >~ while superconducting qubits have the ad-
vantage of fast, high-fidelity gate operations.!”="! It is desir-
able to use hybrid architectures to combine the advantages of
the different systems. However, scalable hybrid quantum ar-
chitectures require a coherent link that entangles any two dif-
ferent solid-state qubit systems.

Circuit quantum electrodynamics (circuit-QED) provides
an attractive way to implement such link by utilizing mi-
crowave photons in a superconducting resonator as a quantum
bus coupled to different qubits.'" Circuit-QED has achieved
many important advances in superconducting systems, such
as strong coupling to superconducting qubits and serving as
a sensitive detector to measure the states of superconducting
qubits. ! 1=14] Recently, spin qubits in semiconductor quantum
dots have also realized coherent coupling to microwave pho-

15-19

tons in circuit-QED.!">~1°] However, entanglement of a spin

qubit with another distant superconducting qubit has not been
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demonstrated. High-fidelity remote entanglement is a key el-
ement of hybrid architectures and is therefore highly desired,
but also challenging. The challenges are that, on the one hand,
spin qubits typically require large magnetic fields, to which
superconducting qubits are not resistant. On the other hand,
solid-state qubits are usually affected by charge noise in cir-
cuits, thus requiring the design of suitable working regimes
for high-fidelity entangled state preparation.

In this article, we present a complete scheme to over-
come these challenges. First, we use a resonant exchange
(RX) qubit consisting of three electronic states in a semicon-
ductor triple quantum dot.?%2!! It is capable of all-electrical
control in zero magnetic fields and thus can work with super-
conducting qubits on the same chip. Second, we employ a
high-impedance superconducting quantum interference device
(SQUID) array resonator as a quantum bus, which is able to
couple efficiently with the RX and superconducting transmon

[22-24] Tn addition, since the operation frequency and

qubits.
coupling strength of the whole hybrid system are tunable, we
design a virtual photon exchange scheme, thus demonstrating
fast, high-fidelity swap gate operations and remote entangled
state preparation between two different qubits under experi-
mental parameters. The fidelity of the entangling gate opera-
tions can be as high as 96.5%, which has reached the threshold

of various distributed quantum error-correction codes. These
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results can be applied to various quantum information pro-
cesses in hybrid architectures.

2. Setup and models

As shown in Fig. 1(a), we consider a hybrid architec-
ture consisting of a semiconductor RX spin qubit, a super-
conducting transmon qubit and a SQUID array resonator. We
implement the semiconductor qubit by controlling three elec-
trons in a triple quantum dot (TQD) hosted in silicon material.
There are two charge configurations: the symmetric (1,1,1)
and the asymmetric (2,0,1) and (1,0,2) configurations. Here
(m,nm,ny) denotes the number of electrons in the left, mid-
dle, and right dots, respectively. Typically, three electron spins
have eight different spin states (see Appendix A). When we
consider the subspace with total spin S = 1/2 and total spin z
component S, = 1/2, there are four relevant spin states

1

0) =510 = 1411
1) = @It = 14 = | L1 1),

2) = (1= 4090l e

3) = 5| thln(] Hhe =1 40 1)

Here, | 1) and | }) are the spin up and spin down states,

|01 =41 (| Td)r — | $1)r) denotes the singlet state of two
electrons in the left (right) dot, and |-), indicates the empty
state in the middle dot. For simplicity, in the following we use
the notation 7 = 1. In the basis of {|0),|1),|2),]3)}, the TQD
system can be written as a four-level Hamiltonian

0 0 42 )2

B = | 00O V3t/2 V32 5
D= /2 V3n/2 —e—A 0 ' @
t/2V3/2 0  e—A

Here 7 (¢) is the tunnel coupling between the left (right) dot
and the middle dot, € = [€(2,0,1) — €(1,0,2)]/2 and A =
e(1,1,1)—[e(2,0,1)+€(1,0,2)]/2 are the asymmetry param-
eter and the detuning of the TQD, and &(I,m,r) denotes the
energy of different charge configurations.

Moreover, we diagonalize the Hamiltonian (2) and focus
on the two lowest states |Orx) and |Irx). Now we obtain the
RX qubit Hamiltonian

1
HRXZE

where wgrx is the transition frequency of the qubit and o7 is

WRXORx, 3

the Pauli operator. Figure 1(b) shows the eigenenergies of
the TQD system as a function of parameter €. The nature
of the RX spin qubits is fully controlled by the electrical pa-
rameter € without the need for an applied magnetic field. At

the same time, in the regime around € = 0, the RX qubit be-
comes first-order insensitive to charge noise (see Appendix B).
Note that RX spin qubits have a number of unique advan-
tages. On the one hand, unlike one- and two-electron spin

qubits, 12528

I which require an external magnetic field, RX
spin qubits can operate under zero magnetic fields, which is
important for compatibility with superconducting qubits. On
the other hand, RX qubits are encoded in a hybridized state of
electron charge and spin. Adjusting the TQD electrode volt-
ages, when A > 0, the RX qubits mainly have asymmetric
charge configurations and thus large electric dipole moments,
which can couple strongly to the resonator. And when A < 0,
the spin character of the RX qubit increases, which leads to a

longer coherence time because it is insensitive to charge noise.
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Fig. 1. (a) Schematic of the spin—superconducting hybrid architec-
ture. The hybrid system integrates three different quantum systems:
a spin qubit in a triple quantum dot and a superconducting transmon
qubit, which are coupled to a SQUID array resonator. (b) Eigenener-
gies of the TQD system as a function of the asymmetry parameter € for
A/2n = —3.3 GHz, and /2w = t, /7 = 8.3 GHz.

The superconducting transmon qubit is formed by a sin-
gle island capacitor and two parallel Josephson junctions, as
shown in Fig. 1(a). The superconducting system Hamiltonian
can be written as

Hg :4Ec(n—ng)2—EJCOS(P7 4)

where E. and Ejy are the charging and Josephson energies of
the device, ng is the effective offset charge, n and ¢ denote the
charge number and phase difference across the junction, re-
spectively. We also diagonalize the Hamiltonian (3) and con-
sider only the two lowest states |Oy) and | 1), with higher lev-
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els omitted due to sufficient anharmonicity.!??! Now we obtain
the transmon qubit Hamiltonian

1
Hy = 5%6& )

where @y, is the transition frequency of the transmon qubit and
o< is the Pauli operator. Note that the transition frequency @y
can be adjusted by controlling the flux in the device loop.

The resonator is composed of an array of SQUID loops
and the resonator Hamiltonian is given by

Hsq = tsqa’a, (6)

where a' and a are the creation and annilation operators of
the resonator. We note that the frequency of the resonator wsq
can be tuned by the flux in the SQUID loop. In addition, the
SQUID array resonator has a high impedance, which can sig-
nificantly enhance the coupling strength between the resonator
and the qubits.

When the resonator is capacitively coupled to the left
dot of the TQD, the charge-resonator coupling strength is
gch- Since the asymmetric charge configuration |2) of the
TQD has a larger electric dipole moment, the spin-resonator
coupling strength is grx = 2gchcgc§, where the coefficients
9 = (2|0rx) and ¢} = (2|1rx) are a mixture between the RX
qubit state and charge configuration |2) (see Appendix C).
Therefore, in the rotating wave approximation, the interaction
between the RX qubits and the resonator is described by the
following form:

Hrx,sq = ng(GﬁXaT + Opx@)- @)

Similarly, the resonator is also capacitively coupled to the
transmon qubits, which can be described by

Hysq=gu(0pa’ + 07 a), (8)

where g is the corresponding coupling strength. Putting
things together, we obtain the total Hamiltonian of the hybrid
system as

Hsys = Hrx + Hy + HSq + HRX,Sq + HtrA,Sq- 9

3. Dispersive regime and entangling gates

We now investigate the interaction between the distant
RX and transmon qubits mediated by virtual photons in the
resonator. In the dispersive regime, the frequencies of the two
qubits are detuned from the resonator, grx < [Arx| = |Wsq —
orx | and gy < |Ay| = |@sq — @ |. Using the Schrieffer—Wolff
transformations,?®! the Hamiltonian of the hybrid system is
approximated as Hegr = Hy + %[S ,V]. Here the unperturbed
Hamiltonian is

1 1
Ho = 5 ORx Oy + 5 Or G + wsqd’a, (10)

the perturbed Hamiltonian is
14 :gRX(Gl;XaT‘FG;xa) +au(0y d' + 0, a), )

and the transformation operator is

§ =X (gl —oiya) + 85 (6 a — oifa).  (12)
ARrx Ay

Therefore we obtain the effective Hamiltonian as
Hor = l / 2 T Z 1 /2 T 4
eff — ) (wRX — 2)XRX4 a) ORx + ) (wtr — 2 Xud a) Oy
— wsqa’a+J(0gx Oy + OpxOyr ), (13)

where @y = Wrx — Xrx and @, = @y — X are the qubit fre-
quencies, Yrx = ngx /Arx and i = g2 /A are the dispersive
shifts, and the effective coupling strength between the RX and
transmon qubits is

grx8u [ 1 1)
J= — ). 14
2 (ARX A 14

As shown in Fig. 2(a), varying the asymmetry parameter €
of the TQD from the larger to the smaller asymmetric con-
figuration, the coupling strength J between the qubits can be
significantly increased. This is due to the fact that near the
smaller asymmetric configuration (¢ = 0), the electrons are
delocalized between the quantum dots, which enhances the
electric dipole moment and the coupling strength between the
RX qubit and the resonator. This further increases the effec-
tive coupling strength between the RX qubit and the transmon

qubit.
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Fig. 2. (a) Effective coupling strength between RX and transmon qubits
as a function of the asymmetry parameter €. Here we use the parame-
ters A /2w = —3.3 GHz, 1;/2n =1, /2% = 8.3 GHz, sq/27 = 5.2 GHz,
wy/2m =4.2 GHz, gen /27 = 115 MHz, g+ /27 = 200 MHz. (b) Time
evolution of the state population of RX and transmon qubits during an
iSWP gate.

In order to clearly demonstrate the gate operations be-
tween the RX and transmon qubits, we apply an unitary oper-
ator Uyr = exp|[—i(Whx Ogx + @0 )1 /2] to transform Heg into
a rotating frame. This leads to

f i STty
Hye = UrTfHeforf* lUrTfUrf
— 8 - —ié
= —J(ogx 0y €' + oy oy e 1), s)

where 0 = W}y — @], is the frequency detuning between the
RX and transmon qubits. When the frequencies of the two
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qubits are in resonance § = 0, we obtain a time evolution op-
erator of the system as

1 0 0 0
| 0 cos(Jr) isin(Jr) O

ulr) = 0 isin(Jt) cos(Jt) O (16)
0 0 0 1

An iSWAP gate, i.e., |[10) — 1|01), is constructed by the
evolution operator for a gate time J¢ = (2m+ §)7, where m

is an integer. As shown in Fig. 2(b), we prepare the RX and
transmon qubits in the initial states |Irx) and |Oy), respec-
tively, and then adjust their frequencies so that they are in
resonance and maintain them for a period of time Jr = 7/2.
We find that the population of the transmon qubit state |1)
increases to 1 while at the same time the population of the
RX qubit state |1rx) decreases to 0, which corresponds to an
iSWAP gate operation. We also note that if the frequencies
of the RX and transmon qubits are detuned from each other
(18] > J), the oscillations of the Hamiltonian H™ are too fast
and the state transfer between the two qubits can be neglected.
This suggests that we can open and close the iSWAP gate by
tuning the frequencies of the RX and transmon qubits.

4. Fidelities of entangling gates

We now evaluate the performance of a remote entangling
gate between RX and transmon qubits. The dynamics of the
hybrid system can be determined by the master equation

p = —i[Hef, p] +kDlalp
+%rxDlogx]P + Yo RxD[ogx|P
+%uDloy |p + ¥.uDloglp, 17

where p is the density matrix of the hybrid system, and the
Lindblad operator D[0]p = OpO" — (0"0p +p0OT0)/2 de-
scribes various decoherence processes. We include the fol-
lowing decoherence parameters: the relaxation and dephasing
rates ¥ rx = 1/7i rx and ¥y rx = 1/T} rx for the RX qubit, the
relaxation and dephasing rates Yo = 1 /i and ¥y ¢ = 1/Tp
for the transmon qubit, and the photon decay rate k of the
resonator. In this study, we use experimental values of these
parameters: Tjrx = 20 ms and Ty rx = 2.3 us for the RX
qubit,30-311 1iw = Ty = 60 ps for the transmon qubit, 132 and
Kk = 4.6 MHz for the resonator.?*! Note that we consider RX
qubits hosted in silicon quantum dots, so that the spin noise
due to nuclear spins can be neglected and the charge noise be-
comes the main source of decoherence of the RX qubits.

As shown in Fig. 3(a), we demonstrate a scheme to per-
form entangling gates between RX and transmon qubits. First,
we control the frequencies of RX and transmon qubits in a
large detuning regime, in which the interaction between RX
and transmon qubits is very weak. Second, we tune the fre-
quency wrx of the RX qubit and make it resonance with the

transmon qubit for a period of time #,. At this stage, there is
an effective interaction J/2mw = 9 MHz between the RX and
the transmon qubits, and the quantum state transfers between
the two qubits. Finally, the frequency of the RX qubit is tuned
back to the large detuning regime. We calculate the dynamics
of an entangling gate under the influence of realistic decoher-
ence in Fig. 3(b). We also extract the gate time 7, = 28 ns from
Fig. 3(b), which is much shorter than the decoherence time of
the RX and transmon qubits.

To evaluate the entangling gates between the RX and
transmon qubits, we calculate the average fidelity F of the
gate. For all possible initial pure states, we obtain the cor-
responding final states using the master equation. The average
fidelity is determined by the average value of the overlap be-

tween the target pure states and the final mixed states (3334

1 1
F(E,U) = sta Y Tr(UcixoiU'E(ogxop)],  (18)
a,b

where £ is the quantum evolution process, U is the target en-
tangling gate, 0 and o7 are the Pauli operators and a (b) =
I,x,y,z. Figure 3(b) shows the entangling gate fidelity as a
function of the gate operation time. We find that the fidelity
increases with the gate time and reaches a maximum value of
96.5% atty = 28 ns.

4.4 54 8 1.0
O] ws g
04-3"""--———3‘1—5'2vz & 0.9
5 = S
L a2 50 3 3 O
3 - °
= S &= 07
5 41 WRX 1.8 © A
& 2 0.6¢

4.0 1.6 8

28 = 0 10 20 30
Time t (ns) Time ¢ (ns)

Fig. 3. (a) Scheme for realizing an entangling gate by time-dependent
control of the RX qubit frequency. (b) Gate fidelity as a function
of the gate time 7. Here we use the parameters wsq/27 = 5.2 GHz,
oy /27 = 4.2 GHz, wrx /2w = 4.0 —4.2 GHz, grx /27w = 45 MHz,
gu/2m =200 MHz.

5. Effects of various control parameters

The fidelity of the entangling gate in the hybrid system
is limited by the decoherence processes of the RX qubits, the
transmon qubits and the resonator. In Fig. 4(a), we find that the
entangling gate fidelity F increases with the relaxation time
Ti rx and dephasing time Ty rx of the RX qubits. Compared
with the relaxation time, the entangling gate fidelity is more
sensitive to the dephasing time. For example, for a fixed re-
laxation time of 7j gx = 20 ms, the entangling gate fidelity in-
creases rapidly from 87.4% to 96.8% when the dephasing time
Ty rx changes from 100 ns to 5 ps. This result indicates that
the dephasing process of RX qubits is the main limiting factor
of this scheme. For the transmon qubits, varying the relax-
ation time 7j and dephasing time T i from 1 ps to 100 ps,
the entangling gate fidelity slightly increases from 94.5% to
96.5%, as shown in Fig. 4(b). This result is expected because
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transmon qubits are insensitive to charge noise and have long
relaxation and dephasing times. Figure 4(c) shows that the en-
tangling gate fidelity gradually increases as the photon decay
rate K decreases. Due to the Purcell effect in the hybrid sys-
tem, the photon decay of the resonator will lead to the deco-
herence of the two qubits coupled to it and the corresponding
decrease in the entangling gate fidelity.

We also investigate the entangling gate fidelity as a
function of the RX-resonator coupling strength grx and the
transmon-resonator coupling strength gi. In Figs. 4(d) and
4(e), the entangling gate fidelity increases rapidly with the in-

crease of the coupling strength grx or g until saturation and
then decreases. This result can be explained by the fact that,
on the one hand, an increase in the coupling strength grx or
g leads to an increase in the effective coupling strength J be-
tween the RX and transmon qubits, which shortens the entan-
gling gate operation time and leads to a decrease in the er-
ror accumulation and an increase in the fidelity. On the other
hand, when the coupling strength is further increased, the Pur-
cell effect (kg?/A?) starts to play a role, and this decoherence
effect will lead to a corresponding error as well as a reduction
in fidelity.

0.980
n_(c)
<3 r, 0.975
£ B
5 = 0.970
el )
5 <
~ 0.965 !
096053 1 5
r/2m (MHz)
0.98 70 0.97 120 0.970
v (D) o (e) =z (f)
&, 0.97hH 60 2 0.96} 1002 0.965 i
5. | 50 ' 80 &
£ 0.96f —o—rF| . B2095 o © 2 0.960
S e b 140 £ F » —e 160 £ F
2 0.95f /° E 2 2 0.94 S g = T 0.955
B AN 30, & - 0 5 B
0.94 So 20 & 0.93 *-9-_{o = 0.950 )
~- &
. 9
0.93 10 0.9 0
20 40 60 80 100 120 %50 100 150 200 250 300 0.945 5 0

grx/2m (MHz)

gu/2m (MHz)

Parameter ¢/27 (GHz)

Fig. 4. (a) Gate fidelity as a function of relaxation time 7 rx and dephasing time Ty rx of RX qubit. (b) Gate fidelity as a function of relaxation
time 7j; and dephasing time 7} ¢ of transmon qubit. (c) Gate fidelity as a function of photons decay rate k. (d) Gate fidelity and gate time as
a function of RX-resonator coupling strength grx. (e) Gate fidelity and gate time as a function of transmon-resonator coupling strength gi.

(f) Gate fidelity as a function of asymmetry parameter € of RX qubit.

Figure 4(f) shows that the entangling gate fidelity changes
with the asymmetry parameter € of the RX qubits. The en-
tangling gate fidelity increases from 94.8% to 96.5% when &
changes from asymmetric to symmetric configuration. This
result is consistent with that of the effective coupling strength
J between RX and transmon qubits in Fig. 2(a). When the
parameter € is changed to the symmetric configuration, the in-
teraction strength between RX and transmon qubits becomes
larger, resulting in a shorter entangling gate. Therefore, € =0
can be considered as the sweet spot of the hybrid system where
the entangling gate fidelity reaches its maximum.

6. Remote entanglement between two different
qubits

We further demonstrate the generation of remote en-
tanglement between RX and transmon qubits. Using two
iSWAP gates and a single-qubit rotation gate, a controlled-
NOT (CNOT) gate can be constructed, see Fig. 5(a). The

CNOT gate time can be estimated as 2f; ~ 56 ns due to the

short single-qubit gate time of the RX and transmon qubits
compared to the iISWAP gate time. This fast two-qubit gate
operation is the key to realizing the high-fidelity remote en-
tanglement between the RX and transmon qubits. As shown
in Fig. 5(a), the scheme for generating distant entangled states
consists of three steps: first, we prepare the initial states
of the RX and transmon qubits with four different states,
|OrxOt), |1rxOt)s |Orx1er), and |Irxly). Second, we apply
a Hadamard gate on the RX qubit while keeping the transmon
qubit unchanged. Finally, a CNOT gate is applied on the RX
and transmon qubits. In this way, we generate the following
remote entangled state:

|¥%) = (I0rx0u) £ [ Irx L)) / V2,

|®%) = (|0rx L) £ | 1rxO)) / V2. (19)

In order to assess the quality of the remote entanglement
between the RX and transmon qubits, we model the dynam-
ics of the hybrid system using the master equation. Further,
we reconstruct the density matrix pe of the RX and transmon
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qubits using quantum state tomography. Figures 5(b)-5(e)
show the real part of the density matrix p. for the four ini-
tial states. We calculate the entanglement fidelity F.(p, y) =
(y | p | v) compared to the target Bell entangled state. The
entanglement fidelity for the four cases ranges from 94.7%
to 95.4%, which reaches the threshold for many network
architecture-based quantum error correction protocols.!3>-36]
Compared to two-qubit entangling gates, both RX and trans-
mon qubits have achieved high-fidelity single-qubit operations
above 99.5%.!737] This implies that the single-qubit opera-
tions have a negligible effect on the generation of entangled
states, while the two-qubit entangling gates are the main limit-
ing factor for the fidelity of the entangled states. Thus, this
scheme can generate high-fidelity entangled states between
distant qubits and can be used for various quantum informa-
tion processing in semiconductor—superconductor hybrid ar-

chitectures.
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Fig. 5. (a) Gate sequences for generating remote entanglement between
RX and transmon qubits. (b)—(e) Quantum state tomography of the final
density matrix p. of the hybrid system for four initial cases.

7. Conclusions

In summary, we propose a scheme to generate high-
fidelity remote entanglement between RX and transmon
qubits. Since the frequencies of the RX and transmon qubits
can be adjusted, this hybrid system can operate in the disper-
sive regime, utilizing virtual microwave photons to realize in-
teractions between different types of qubits. We find that the
fidelity of entangling gates can reach a high value of 96.5% for
a short time of 28 ns under the present experimental param-
eters. Furthermore, in combination with single-qubit gates,
the scheme can be used to generate arbitrary remote entan-
gled states. Such remote entanglement is an important quan-

tum resource that can improve the connectivity and flexibility
of hybrid architectures, making them more suitable for im-
plementing quantum error-correction codes and fault-tolerant
quantum computation. We also report that the decoherence
process of the hybrid system limits the performance of the en-
tanglement gates. The fidelity of entanglement gates can be
further improved by increasing the qubit-resonator coupling
strength and operating at the optimal points. This scheme pro-
vides a powerful solution for remote quantum information pro-
cessing in hybrid architectures and can be extended to various
solid-state quantum systems 38 in the future.

Appendix A: Spin structure of RX qubits

We consider three electrons located in a triple-quantum
dot, with the RX qubit mainly operating in the symmetric
charge configuration (1,1,1). There are eight spin states when
considering the electrons with spin up or down. The logical
states of the RX qubit are

1
‘O> = ﬁq T?Tv\w - | \L)T?T>)7
1) = @D = L) = L), @D

V6

which both have total spin S = 1/2 and z-component of total
spin S; = 1/2. The remainder of the eight-dimensional Hilbert
space describes non-logical states as shown below:

|Q+%> = | T7T7T>7

1
|Q+%> - ﬁ“ TaTwL) + | iaTa/D +| T»ia?»a
0.3 =11.b.b),
1
010 = (b D+ b +141.0),
1
|07%> = ﬁq ~L7\lf7T> - | T7~L7\I/>)7
1) = —=@IL D - b -1l @)

[S]

V6
We note that the states |Q+%>, Q+%), Q7%>, and |Q7%> have
total spin S = 3/2. Although the total spin of the states |0_ ! )
and |1_ ! ) is the same as that of the qubit state as § = 1/2, the
z-component of the total spin is the opposite of the qubit state

as S; = —1/2. Therefore, we neglect the other six spin states
and focus only on the logical states |0) and |1).

For the asymmetric charge configurations (2,0,1) or
(1,0,2), we consider the spin singlet state in the doubly oc-
cupied dots, because the energy levels of the three spin triplet
states are much higher than those of the singlet states. There-
fore, we define the logical states

2= <=( 1= 140

3) [T m([ 10 = [11)e)- (A3)

o
V2
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By controlling the voltages on the TQD gate electrodes,
we can control the parameter A and thus adjust the energy of
the symmetric configuration with respect to the asymmetric
ones. In this way, there are a total of four relevant states for
the RX qubit: |0), |1), |2),
tween the left (right) quantum dot and the middle quantum dot

3). The tunnel coupling # (f;) be-

hybridizes these states, which leads to the formation of the two
RX qubit states |Orx) and |1rx).

Appendix B: Effect of exchange interactions

For a triple-quantum dot, the tunneling effects between
adjacent quantum dots give rise to two exchange interactions,
Ji between the pair of electrons in the left and middle dots, and
Jr between the pair of electrons in the middle and right dots.
In the basis of {|0),|1),]2),|3)}, the Hamiltonian of TQD can
be described as

0 0 n/2 /2
|l o 0 V3t/2 V32
HTQD o l‘]/2 \/52‘1/2 —&—A 0 (B1)

t/2 /32 0 E—A

First we study the effect of exchange interactions by ana-
lytic methods. In the limit of |A + €] < 7 (), the RX qubit is
defined in the symmetric charge configuration (1,1,1), which is
spanned by the states |Orx) =~ |0) and |1rx) =~ |1). These two
states are obtained by elimination of the higher-energy three-
electron states in the asymmetric charge configurations (2,0,1)
and (1,0,2) using a Schrieffer—Wolff transformation. The re-

sulting effective Hamiltonian in this subspace is given by

Hex = —210)001 = 2111 - Lo 1+ 0. @2
where J = (/1 +J;)/2, j = (J1 —Jr)/2, and the exchange in-
teraction between the left (right) and middle dots is J; =
t2/(A+€) (Jr =12/(A—¢€)). After diagonalizing Hrx, we
can write the RX qubit Hamiltonian in terms of its eigenba-
sis, Hrx = %coRXGng,with WRX = \/124—73]2 When € =0,
the first-order derivative of the qubit frequency with respect
to € is dwrx/d€ = 0. Therefore, in this regime, the qubit is
minimally affected by charge noise.

We then use numerical methods to study the effect of ex-
change interactions. For this purpose, we directly calculate
the energy level structure of the TQD Hamiltonian Hrgp. As
shown in Fig. 1(b), the RX qubit state is defined as the two
lowest energy levels |Orx) and |Irx). We note that in the
regime near € = 0, the energy levels change little with the con-
trol parameter €, Thus, as a sweet spot, qubits at this working

point € = 0 are weakly coupled to charge noise.

Appendix C: Coupling between spin qubits and
resonators

In the basis of {|0), [1),]2),|3)}, a triple-quantum dot sys-
tem can be described by a four-level Hamiltonian Hrgp. Then,
we diagonalize the above Hamiltonian to encode the RX spin
qubits with the two lowest states |Orx) and |1rx). The RX
qubit states can be expressed as a linear combination of the
states |0),]1),]2),|3), denoted as

3 3
0rx) = ¥ cllk); |1rx) = Y cilk), (C1)
k=0 k=0

where the coefficients ¢! = (k|Orx) and ¢} = (k|1rx) are ob-
tained from the eigenvalue and eigenvector problem. Thus,
the Hamiltonian of the RX qubit can be expressed as Hrx =
%a)RX Ogx> Where @Ry is the transition frequency, and 6§y =
[Trx) (1rx| — |OrX) (ORX|-

When the resonator is capacitively coupled to the left dot
of the triple-quantum dot system, the interaction Hamiltonian
can be written as

Hrop,sq = 28en(a+a") @ (|2)(2]), (C2)

where g, is the charge—resonator coupling strength, (a+a')
is the electric field of the resonator, and |2) is the polarized
charge state of the quantum dot system to which it is coupled.
Then we convert the above TQD-resonator interaction Hamil-
tonian Hrgp,sq to the RX qubit state space. In the basis of
{|Orx), |1rx)}, the corresponding Hamiltonian is given by

Hrx.sq = 2c3chgen (a+a') @ (J0rx) (1rx| + | 1rx) (Orx|),
(C3)

where the coefficients ¢ = (2|0rx) and ¢} = (2|1rx) are a
mixture between the RX qubit state and charge configuration
|2). We note that the key idea is that the logical state of the
RX qubit involves a mixture of the polarized charge state |2).
This results in an effective coupling between the RX qubit and
the resonator.

In addition, there are other two terms ¢3 = (2|3rx) and
5 = (2|4rx) when converting the above TQD-resonator in-
teraction Hamiltonian to the RX qubit state space,. However,
since the levels |3rx) and |4rx) are far detuned, their projec-
tions onto the state |2) are small. That is, they do not affect
the spin—resonator coupling strength, so we can safely ignore
these small terms.

Putting things together, we obtain the interaction Hamil-
tonian as follows:

Hgx sq = grx (Ogxa@’ + Ogxa), (C4)

where grx = 2gchcgcé is the spin—resonator coupling strength.
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