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We propose a quadrupolar exchange-only spin qubit that is highly robust against charge noise and
nuclear spin dephasing, the dominant decoherence mechanisms in quantum dots. The qubit consists of four

electrons trapped in three quantum dots, and operates in a decoherence-free subspace to mitigate dephasing
due to nuclear spins. To reduce sensitivity to charge noise, the qubit can be completely operated at an
extended charge noise sweet spot that is first-order insensitive to electrical fluctuations. Because of on-site
exchange mediated by the Coulomb interaction, the qubit energy splitting is electrically controllable and
can amount to several GHz even in the “off” configuration, making it compatible with conventional

microwave cavities.
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Introduction.—Electron spin qubits in semiconductor
quantum dots (QDs) have recently demonstrated their
capability as components in a working quantum processor
[1-4]. With simple quantum algorithms having now been
demonstrated, there is a strong motivation for building a
large-scale quantum computer using spin qubits due to their
long intrinsic coherence times and fast gate operation times
[5-8]. Spin qubits in silicon additionally benefit from state-
of-the-art industrial nanofabrication techniques for scal-
ability and the possibility of isotopic enrichment to increase
coherence times. While there are many different imple-
mentations of spin qubits, the exchange-only qubit [9-15]
is unique since it can be fully controlled using dc gate
voltage pulses. The decoherence-free subspace encoding
also makes exchange-only spin qubits insensitive to overall
(long-wavelength) magnetic field fluctuations [9,16,17].
However, all experimental demonstrations until now suffer
from decoherence due to charge noise and local (short-
wavelength) magnetic field gradient (LMFG) noise, thus
limiting the performance of the qubit [12-15,18].

Protection against charge noise is provided by operating
qubits at a so-called charge noise “sweet spot,” a point of
operation which is first-order insensitive to electric fluc-
tuations [18-26]. However, the energy splitting at these
sweet spots is too small to couple the qubit to conventional
superconducting resonators required for long-distance
entanglement protocols [22,27-34]. Moreover, three-spin
exchange-only qubits are sensitive to LMFG noise [26,
35-37], which can arise from fluctuating nuclear spins or
Meissner expulsion of magnetic fields near superconduct-
ing gates. These gradients limit spin coherence times and
can result in leakage, i.e., the loss of information into the
noncomputational subspace. Additionally, while a single
exchange-only qubit or hybrid qubit is insensitive to
fluctuations in the overall magnetic field, an array of
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exchange coupled exchange-only (hybrid) qubits does
not benefit from this protection since each exchange-only
qubit can acquire a slightly different phase.

In this Letter, we propose a quadrupolar exchange-only
(QUEX) spin qubit that allows for universal quantum
computation with high-speed qubit operations and very
long coherence times. The QUEX qubit is operated in the
4 electron regime, with the 4 electrons distributed on 3
series-coupled semiconductor quantum dots [see Fig. 1(a)]
and is encoded in the low-energy subspace with total spin
S = 0. This encoding makes the QUEX qubit insensitive to
overall (long-wavelength) magnetic fields, first-order inse-
nsitive to LMFG noise [16,17,38], and no global phases are
acquired from long-range magnetic fields; thus there is no
desynchronization problem if used in a large-scale array.
Compared to the singlet-singlet qubit [38], the QUEX qubit
offers a simplified architecture requiring only three dots
and two detuning parameters. As with the exchange-only
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FIG. 1. (a) Illustration of a four-electron spin qubit residing in
an electrostatically defined triple quantum dot (TQD). The four
spins are coupled via interdot and on-site exchange interaction.
The center dot is occupied by two electrons, giving rise to a large
and electrostatically tunable energy splitting. (b) TQD charge
stability diagram as a function of ¢ and ¢,,. The optimal operating
point is marked by the star.
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qubit [9], single-qubit operations in the QUEX qubit can be
driven using either dc pulses or ac modulation. Compared
to the exchange-only [9-14,18-23,26,39] and the hybrid
[26,40-44] qubit, the QUEX qubit offers increased pro-
tection against charge noise [43,45] due to an extended
charge noise sweet spot. This protection arises from the
addition of the fourth electron, which flattens the energy
bands and provides a qubit energy splitting at the sweet
spot which is electrically controllable and can amount to
several GHz even in the “off” configuration, thus, making it
compatible with conventional superconducting resonators.
Building on recent experiments showing that strong cou-
pling of semiconductor qubits [15,46-50] to electromag-
netic resonators is feasible, we present an electrically
switchable two-qubit interaction [34] making use of the
large and strongly tunable qubit splitting.

Qubit design.—A defining feature of the QUEX qubit is
its use of the valley degree of freedom in Si to achieve an
energy splitting that is compatible with conventional super-
conducting cavities with 4-10 GHz resonance frequencies.
The QUEX qubit is implemented in a triple quantum dot
(TQD) that contains a total of four electrons in the
(1,2,1) charge configuration [see Figs. 1 and 2(a)]. Here,
(N,N¢, Ng) denote the number of electrons confined in
each of the three dots. For later convenience, we define the
dipolar detuning e = (V; — Vg)/2 and the quadrupolar
detuning &y, = Ve — (V, + Vg)/2 [see Fig. 2(a)].

Silicon quantum dots typically have relatively large
orbital energies, E.;, = 3-5 meV [51,52]. In contrast,
the smaller valley splittings, Ey o = 20-250 eV, are
compatible with microwave frequency photons (1 GHz ~
4.2 peV) [51,53]. In the QUEX qubit, the valley degree of
freedom plays a crucial role in the middle dot, as it adds a
level that can be treated as an additional fourth pseudodot.
An external (homogeneous) magnetic field with Zeeman
splitting £, < Ey ¢« < E,, energetically separates states
according to S,. The QUEX qubit resides in the two lowest
energy levels in the S =S, = 0 subspace with the two
following logical spin qubit states [38,54]:

|O> = |SLR>|SCC>v (1)
1) = %uswww Flsidlser). @)

Here, |s,,) denotes the singlet state formed by two
electrons in orbitals y and v with yu,v = L, C, C', R, where
L (R) reside in the left QD (right QD) and C (C’) reside in
the lower (upper) valley in the center QD. Note that both
qubit states are constructed using only two-electron singlet
states making them resilient to LMFG.

We describe the dynamics of the QUEX qubit by the
following effective Hamiltonian:

H =7Jp|0)(0] + (J; + Eyc = Jo)|1)(1| + o + Jio_,
(3)
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FIG. 2. Qubit basis states and TQD confining potential V(x).
The left and right dots each contain one electron in the ground
state (black level). The middle dot contains two electrons, one of
which can occupy an excited valley state (gray level), lying Ey ¢
above the ground state. The electrons are allowed to hop with
valley conserving (green ;,), and valley nonconserving (blue 7, )
tunneling. (a) Possible spin configuration of the qubit state |0).
Inset: Spin configuration in the center dot. Both electrons reside
in the valley ground state. (b) Possible spin configuration of the
qubit state |1). Inset: Spin configuration in the center dot. One
electron resides in the valley ground state while the second
electron occupies an excited valley state.

with the qubit raising and lowering operators o, = |0)(1|
and 6_ = o', = |1)(0|. Here, J, and J; are real-valued and
J, complex-valued exchange couplings from virtual tun-
neling processes to states with a (2,2,0), (2,1,1), (1,3,0),
(0,3,1), (1,1,2), and (0,2,2) charge configuration, Ey ¢ is
the valley splitting in the center QD, and J. is the on-site
Coulomb-exchange coupling between the electrons occu-
pying the center QD. The phase of J, depends on the phase
an electron acquires by consecutively tunneling from the
lower to the excited valley state on the center dot via an
intermediate state on the left or right dot (see Fig. 2). For
later convenience, we can also write J, = > J}, with y =
0,1,x and v =1, I',r,r, where J!, (J) denotes exchange
coupling via valley conserving (nonconserving) tunneling
of an electron from the center QD to the left QD and
similarly for J}, (J”) to the right QD. The qubit splitting for
|Jx| < |EV$C - Jc| is giVen by

[
2(Jy+Eyc—Jc—Jo)’

(4)

0wy~ (Ji+Eyc—Jc—Jy) +
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FIG. 3. Protocol for initializing the QUEX qubit. First the
(2,0,2) charge configuration (a) is prepared by loading the left and
right QD with two electrons in the spin-up and spin-down state of
the lowest valley. (b) Adiabatic tuning from the (2,0,2) to the
(1,2,1) charge state directly maps |init) — |1). Readout is
performed by reversing the initialization sequence, as described
in the main text.

The explicit expressions for the exchange parameters and a
detailed derivation of the effective Hamiltonian Eq. (3) can
be found in Ref. [55].

Initialization and readout.—Figures 3(a) and 3(b) illus-
trate the initialization protocol. To prepare the system in
state |init) = |s;;)|sgg) the detuning parameter &y, is set
such that the (2,0,2) charge configuration is the ground
state [Fig. 3(a)]. Because of the large single dot exchange
splittings, the two-electron ground state in the left and right
dots is a singlet [79] and can be prepared with high fidelity
[80]. Adiabatic tuning of €;, into a configuration where the
(1,2,1) charge configuration is the ground state [Fig. 3(b)]
maps |init) — |1) through spin conserving tunneling
events. Readout is performed in reverse, i.e., by detecting
the tunneling of the electrons from the center dot to the left
and right dots. Tunneling of |1) to the (2,0,2) ground state is
allowed, but tunneling of |0) to the (2,0,2) ground state is
Pauli blocked, similar to singlet-triplet readout in double
dots [79]. Charge detection therefore provides a fast and
high-fidelity readout scheme.

Decoherence properties.—The Si/SiO, and Si/SiGe
systems appear to be most favorable for the experimental
realization of the QUEX qubit due to their large, and
somewhat tunable, valley splitting. Since the four-spin
encoding of the QUEX is resilient to fluctuating LMFG
noise [38], an implementation in natural silicon is still
possible without significantly decreasing the decoherence
time. Note that this protection against fluctuating LMFG
arises solely from the singlet-singlet encoding of the qubit
basis states and is independent of the spatial wave functions
of these states [38]. The QUEX qubit possesses a full
charge noise sweet spot where the qubit is first-order
insensitive to charge fluctuations in both detuning param-
eters ¢, ), [see Figs. 4(a) and 4(b)]. From the condition
0.0, = 0,,w, = 0 and assuming |¢,| = |¢}|, |t,| = |£|, and
symmetric charging energies U, we find a double sweet
spot at e=0 and &y = (J.— Ey¢)/2—U. Arbitrary
nonequal charging energies only lead to a shift of the
sweet spot in detuning space [55]. Importantly, the sweet
spot of the QUEX qubit is very flat compared to the
conventional exchange-only qubit; i.e., the curvature of
w(e, &) is reduced by a factor (U — U,,)*/(U + U,,)? with

€ (meV)

FIG. 4. Qubit energy splitting w as a function of (a) the dipolar
detuning ¢ and (b) quadrupolar detuning ¢),. The stars in (a) and
(b) mark the sweet spots where dw,/Je = 0 and Jw,/Je)y = 0.
For comparison, the energy gap wgo of the conventional
exchange-only (EO) qubit (gray dashed lines) is shown with
identical parameter settings. The curvature of wgg is larger in
magnitude causing a higher susceptibility to charge noise.
(c) Qubit dephasing time 7, due to charge fluctuations as a
function of ¢ and €, for 7} = ¢, using realistic parameters [55].
The calculations show that T, > 100 us if the qubit is operated at
the charge noise sweet spot. (d) Qubit dephasing time for the
conventional exchange-only qubit with identical parameter set-
tings. Expressions for the calculation of T, can be found in
Refs. [21,22]. (e) Schematic of the microwave resonator mediated
two-qubit coupling. A cavity with resonance frequency @, is
coupled to the center dot with an effective charge-cavity coupling
rate g, ;. Each qubit is simultaneously driven at a frequency wp ;.

the on-site- and cross- (nearest-neighbor-) charging energy
U and U, therefore protecting it significantly better against
charge noise. A related increase in protection is observed
when using the center dot as a remote coupler between two
spins in the left and right dot due to the screening from the
doubly occupied dot [81]. Numerical simulations that take
into account the dominant charge fluctuations in Si are
shown in Fig. 4(c). We predict dephasing times 7', on the
order of several hundreds of microseconds for the QUEX
qubit assuming realistic parameters, one order of magni-
tude longer than for the conventional exchange-only qubit
[Fig. 4(d) and Refs. [22,26] ]. A full study for the general
case f; # t; and t, # t, yields qualitatively similar results
[55]. Additional dephasing may arise from the electric field
dependence of the valley splitting Ey in SIMOS devices.
This contribution is negligible for Si/SiGe devices.
Single-qubit operations.—Arbitrary single-qubit gates
can be implemented by pulsing the exchange interactions
J},. Assuming valley-orbit conserving and nonconserving
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tunneling to be equal (¢, = ¢, and 7, = t}), the Hamiltonian
Eq. (3) can be rewritten as

1
Hy =g (205 =371 +2J5=3J7 + 8Eyc = 8/c)o:
1V3
Ty gt = o= o ®)

Here, we introduced the Pauli operators o, = |0)(0] —
[1)(1] and o, =06, +o_. Therefore, pulsing J, =J
results in pure (and fast) z rotations while pulses with J f] #*
J5 yield rotations around a tilted axis [82]. Experimentally,
the exchange interaction can be controlled either through
detuning [79] or tunnel barrier control [18,24,25,83].
Barrier control has the advantage that it operates the qubit
at the charge noise sweet spot, thus mitigating decoherence
from charge noise during the exchange pulse. This state-
ment, however, is only valid for ¢, ~ #; and 7, ~ t, since
otherwise the position of the sweet spot depends on the
tunneling and moves during the qubit operation. In the
latter case, one can combine barrier control with tilting
control to compensate for the shift of the sweet spot.
Similar pulsing schemes are commonly implemented to
cancel cross talk between electrostatic gates [84].

A more natural way of implementing single-qubit
rotations in the QUEX qubit is to modulate the exchange
coupling, Ji — Jj, + jj, cos (wp + ¢), analogous to the
resonant exchange (RX) qubit [12,19,26]. In a frame
rotating with the drive frequency wp, and neglecting fast
oscillations at 2wp, the Hamiltonian Eq. (3) can be written
in its eigenbasis as

1

Hy= (wq_wD)Gz+%(8i¢|l><O|+e_i¢|0><1|)' (6)

q

N[ =

Here, the drive amplitude J} = A,j,[J,0(J; — Jy)/0q —
(J1 =J0)0J,/0q]/(2w,) sets the Rabi flip time
77! x A, x J!, where A, denotes the amplitude of the
driving of the parameter, g € {¢,€&y,1,,.1;,}. The phase
¢ can be used to adjust the qubit rotation axis.
Experimentally, this can be realized by parametric modu-
lation of either the detuning parameters, ¢, €y, or the
tunneling couplings, #; . and t?,r- Using realistic parameters
we find A, =~ 0.13 peV; thus, 7, = 30 ns while driving at
the charge noise double sweet spot [55]. Modulation of the
tunnel barrier has the additional benefit of providing a
dynamic sweet spot, where the Rabi drive is first-order
insensitive to fluctuations in detuning, 8J}/0qg = 0. Recent
experiments show that charge noise affecting the Rabi
frequency significantly reduces the number of coherent
exchange oscillations [18]. Thanks to the naturally large
energy splitting of the qubit w,, counterrotating terms are
small and off-resonant transitions are strongly suppressed,
making strong driving feasible.

Two-qubit interaction.—Exchange-only qubits are lim-
ited to short-ranged, exchange-based operations requiring
complex pulse sequences [9,16,17,85,86]. The QUEX
qubit, with its large and tunable energy splitting, enables
near-resonant coupling to high frequency resonators giving
rise to new entanglement generation protocols [87]. We
now describe a resonantly driven, cavity-mediated two-
qubit entanglement protocol [28,31,32,34,88].

For this setup a superconducting cavity with resonance
frequency w,. is capacitively coupled to the electrostatic
potential V- at the center QD while V- of each qubit is
simultaneously modulated with frequency wp ~ @, and
phase ¢ [see Fig. 4(e)]. Thus, V¢ — V(1) = VO+
Vicos(wp + @) + g.(a+a’). Here a* (a) creates (anni-
hilates) a cavity photon with frequency w,., and g, x /Z is
the charge-photon coupling strength where Z is the
characteristic impedance of the resonator [15,48,50,89].
The effect of V(7) on each qubit is described by the
Hamiltonian [55]

Hint = wresaTa + gax(a + aT) + QCOS((‘)D + ¢)va (7)

where the second term describes the qubit-cavity inter-
action with coupling strength g = ¢.(0|9y H,(V()|1) and
the last term induces a spin flip with Rabi fre-
quency Q = V(0|dy H ,(V¢)|1). Following the protocol
described in Ref. [34], the Hamiltonian Eq. (7) generates
“red” and “blue” sideband transitions for the particular
choice of Q = +(w,es — wp) and wp = wy:
Ho(g.4) = g(ei%*% T eFibas,). (8)

An entangling controlled-z (Cz) gate is constructed using
pulses of red and blue sideband transition gates S+ (¢, 7) =
exp[—itH+(g.¢)] combined with single-qubit rotations
[34]. Using experimentally feasible parameter settings, a
Cz gate is possible within 7~ 340 ns [55]. For this
implementation it is essential to be able to tune the qubit
near resonance to fulfill Q = +(w,, — wp) while simulta-
neously matching w, = w,, therefore requiring a large and
controllable qubit splitting. Alternative two-qubit coupling
schemes include exchange-based interaction [85,86] and
capacitative coupling [41,90].

Discussion.—In summary, we have proposed a quad-
rupolar exchange spin qubit that uses the spin of four
electrons in a TQD and gives rise to a large controllable
qubit splitting. The decoherence-free (S = 0) qubit encod-
ing makes the qubit insensitive to local magnetic field
gradients primarily from nuclear spins and Meissner
expulsion. Further, the large energy gap and flat qubit
dispersion suppresses the susceptibility to charge noise and
the qubit can be fully operated at a (extended) charge noise
sweet spot. We predict dephasing times exceeding ~100 us
at the sweet spot, one order of magnitude longer than for
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the conventional exchange-only qubit, allowing for a high
quality qubit implementation. A symmetric readout and
initialization protocol can be used to perform fast and high-
fidelity measurements. Together with the proposed cavity-
mediated, long-distance entangling protocol, these proper-
ties render the QUEX qubit suitable for implementation in a
large-scale quantum information processing architecture.
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No. WI911NF-15-1-0149 and the DFG through SFB 767.
We thank M. Benito and J.M. Taylor for helpful
discussions.
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