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We propose a quadrupolar exchange-only spin (QUEX) 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. Due to 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.

Introduction Electron spin qubits in semiconductor
quantum dots have recently demonstrated their capabil-
ity as components in a working quantum processor [I-
[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 op-
eration times [5H8]. Spin qubits in silicon additionally
benefit from state-of-the-art industrial nanofabrication
techniques for scalability and the possibility of isotopic
enrichment to increase coherence times. While there
are many different implementations of spin qubits, the
exchange-only qubit [OHI5] 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 (LMFQG) noise, thus limiting the performance of
the qubit [12HI5] [1§].

Protection against charge noise is provided by oper-
ating qubits at a so-called charge noise “sweet spot”, a
point of operation which is first-order insensitive to elec-
tric fluctuations [I8426]. However, the energy splitting at
these sweet spots is too small to couple the qubit to con-
ventional superconducting resonators required for long-
distance entanglement protocols [22] 27H34]. Moreover,
three-spin exchange-only qubits are sensitive to LMFG
noise [26, B5H37], which can arise from fluctuating nu-
clear spins or Meissner expulsion of magnetic fields near
superconducting gates. These gradients limit spin co-
herence times and can result in leakage, i.e., the loss of
information into the non-computational subspace. Ad-
ditionally, while a single exchange-only qubit or hybrid
qubit is insensitive to fluctuations in the overall magnetic
field, an array of exchange coupled exchange-only (hy-
brid) 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
spin (QUEX) qubit that allows for universal quantum
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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 inter-dot and onsite exchange in-
teraction. 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.

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. 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 insensitive to LMFG noise [16] 17, B8], 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 architec-
ture requiring only three dots and two detuning param-
eters. As with the exchange-only qubit [9], single-qubit
operations in the QUEX qubit can be driven using either
dc pulses or ac modulation. Compared to the exchange-
only [9HI4, 1823, 126, [39] and the hybrid [26] [40-H44]
qubit, the QUEX qubit offers an increased protection
against charge noise [43], [45] due to an extended charge
noise sweet spot. This arises from the addition of the
fourth electron which flattens the energy bands and pro-
vides a qubit energy splitting at the sweet spot which is
electrically controllable and can amount to several GHz
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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 (grey level), lying
Ev,c above the ground state. The electrons are allowed to hop
with valley conserving (green ¢; ), and valley non-conserving
(blue ¢ ,.) 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 config-
uration in the center dot. One electron resides in the valley
ground state while the second electron occupies an excited
valley state.

even in the “off” configuration, thus, making it compati-
ble with conventional superconducting resonators. Build-
ing on recent experiments showing that strong coupling
of semiconductor qubits [15, 46H50] to electromagnetic
resonators is feasible, we present an electrically switch-
able 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
superconducting cavities with 4 — 10 GHz resonance fre-
quencies. The QUEX qubit is implemented in a TQD
that contains a total of four electrons in the (1,2,1) charge
configuration [see Figs. [[] and 2[a)]. Here (Ny, N¢, Ng)
denote the number of electrons confined in each of the
three dots. For later convenience we define the dipolar
detuning € = (Vi, — Vg)/2 and the quadrupolar detuning
en = Ve — (VL + Vg)/2 [see Fig. [2] (a)].

Silicon quantum dots typically have relatively large or-
bital energies Eo,p, = 3 —5meV [51],[52]. In contrast, the
smaller valley splittings Ey ¢ = 20 — 250 pueV are com-
patible with microwave frequency photons (1 GHz ~ 4.2

peV) [51, B3]. 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 pseudo-
dot. An external (homogeneous) magnetic field with Zee-
man splitting Ez < Ey,c < Eq,, 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]

10) = |sLr) [scc) (1)
1) = %(\Swﬁ |scr) +[sLc) [scrr))- (2)

Here, |s,,,) denotes the singlet state formed by two elec-
trons in orbitals p and v with pu,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=Jy|0) (0] + (J1 + Evic — Jo) |1) (1| + Jyoq + Jro_,
3)

with the qubit raising and lowering operator o4 = |0) (1
and o_ = 01 = |1) (0|. Here, Jy and J; are real-valued
and J, complex-valued exchange couplings from vir-
tual tunneling 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,
Ev ¢ is the valley splitting in the center QD, and J¢ is
the onsite Coulomb-exchange coupling between the elec-
trons occupying the center QD. The phase of J, depends
on the phase an electron acquires by consecutively tun-
neling from the lower to the excited valley state on the
center dot via an intermediate state on the left or right
dot (see Fig. . For later convenience, we can also write
Jp =, J; with p = 0,1,z and v = [,I,r,7" where
J L (J i) denotes exchange coupling via valley conserving
(non-conserving) tunneling of an electron from the center
QD to the left QD and similarly for J}; (J1) to the right
QD. The qubit splitting for |J,| < |Ev,c — Jc| is given
by

| T |
(i + Eve—Jc—Jo)
(4)

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

Initialization and Readout Figures [3[(a)-(b) illustrate
the initialization protocol. To prepare the system in state
linit) = |srr) |sgr) the detuning parameter e; is set
such that the (2,0,2) charge configuration is the ground
state [Fig. 13| (a)]. Due to the large single dot exchange
splittings, the two electron ground state in the left and

wq%(Jl‘FEV’C*JC*JO)“FZ



o
G
G
4

Ey Ty rat A NS =2
S AT ~_ F ¢
L c | R L c | r

FIG. 3. Protocol for initializing the QUEX qubit: First the
(2,0,2) charge configuration regime (a) is prepared by load-
ing the left and right QD with two electrons in the spin-up
and spin-down state of the lowest valley. (b) Adiabatic tun-
ing from the (2,0,2) to the (1,2,1) charge state directly maps
linit) — |1). Readout is performed by reversing the initializa-
tion sequence, as described in the main text.

right dots is a singlet [56] and can be prepared with high
fidelity [57]. Adiabatic tuning of ), into a configura-
tion where the (1,2,1) charge configuration is the ground
state [Fig. 3(b)] maps |init) — |1) through spin conserv-
ing 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 [56]. Charge de-
tection therefore provides a fast and high fidelity readout
scheme.

Decoherence properties The Si/SiO, and Si/SiGe sys-
tems appear to be most favorable for the experimen-
tal 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 deco-
herence time. Note that this protection against fluctuat-
ing LMFG arises solely from the singlet-singlet encoding
of the qubit basis states and is independent of the spa-
tial wavefunctions 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 de-
tuning parameters ¢, [see Figs. [ (a)-(b)]. From the
condition O.w; = Oe,,wy, = 0 and assuming |t;| = |¢]],
[tr] = |t.|, and symmetric charging energies U, we find a
double sweet spot at ¢ =0 and ey = (J. — Ev,¢)/2—U.
Arbitrary non-equal 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,epr) is reduced by a factor (U—U,,)/(U+U,) with
the onsite- 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 cou-
pler between two spins in the left and right dot due to
the screening from the doubly occupied dot [5§]. Nu-
merical simulations that take into account the dominant
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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,/0e = 0
and Owq/Oep = 0. For comparison the energy gap wgo of
the conventional exchange-only qubit (gray dashed lines) is
shown with identical parameter settings. The curvature of
wgo is larger in magnitude causing a higher susceptibility to
charge noise. (¢) Qubit dephasing time T, due to charge fluc-
tuations as a function of ¢ and ) for ¢; = t,. using realistic
parameters [55]. The calculations shows that T, > 100 us if
the qubit is operated at the charge noise sweet spot. (d) Qubit
dephasing time for the conventional exchange-only (EO) qubit
with identical parameter settings. Expressions for the calcu-
lation of T, can be found in Refs. [2I] 22]. (e) Schematic
of the microwave resonator mediated two-qubit coupling. A
cavity with resonance frequency wyes is coupled to the center
dot with an effective charge-cavity coupling rate g.;. Each
qubit is simultaneously driven at a frequency wp,;.

charge fluctuations in Si are shown in Fig. [4] (c). We
predict dephasing times T, on the order of several hun-
dreds of microseconds for the QUEX qubit assuming re-
alistic parameters, one order of magnitude longer than
for the conventional exchange-only qubit (Fig. 4| (d) and
Refs. [22] 26]). A full study for the general case t; # t;
and t, # t/. yields qualitatively similar results [55]. Addi-
tional dephasing may arise from the electric field depen-
dence of the valley splitting Ey in SiIMOS devices. This
contribution is negligible for Si/SiGe devices.

Single-qubit operations Arbitrary single-qubit gates
can be implemented by pulsing the exchange interac-
tions, J). Assuming valley-orbit conserving and non-
conserving tunneling to be equal (t; = ¢ and ¢, = t,.),



the Hamiltonian can be rewritten as
1
H, :§(2Jé —3Ji +2J5 —3J] +8Ey.c —8Jc)o.

1

+ 4£(Jé + I = JF = JTD)o,. (5)
Here, we introduced the Pauli operators o, = |0) (0] —
|1) (1] and o, = o4 + o_. Therefore, pulsing Jé =
Jy results in pure (and fast) z-rotations while pulses
with J} # JI yield rotations around a tilted axis [59].
Experimentally, the exchange interaction can either be
controlled through detuning [56] or tunnel barrier con-
trol [I8| 24] 25, [60]. 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 statement, however, is only
valid for ¢; ~ t; and t, = t] since otherwise the po-
sition 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 com-
pensate for the shift of the sweet spot. Similar pulsing
schemes are commonly implemented to cancel crosstalk
between electrostatic gates [G1].

A more natural way of implementing single-qubit ro-
tations in the QUEX qubit is to modulate the exchange
coupling, J; — J;/ + j; 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 can be written
in its eigenbasis as

1 ']al: i —i
Hy = 5(wq —wp)o: + - (e [1) (O] + 7™ |0) (1]) .

2
(6)

Here, the drive amplitude J! = 4,7, [JIO(Jl —Jo)/0q —
(J1 = J0)0J5/8q]/(2w,) sets the Rabi flip time 7,1 o
A, o JL, where A, denotes the amplitude of the driv-
ing of the parameter g € {¢,en,tr,t),.}. The phase ¢
can be used to adjust the qubit rotation axis. Experi-
mentally, this can realized by parametric modulation of
either the detuning parameters, ¢,e,s, or the tunneling
couplings, t;, and t;,. Using realistic parameters we
find A.,, ~ 0.13 eV, thus, 7, = 30ns while driving at
the charge noise double sweet spot [55]. Modulation of
the tunnel barrier has the additional benefit of provid-
ing a dynamic sweet spot, where the Rabi drive is first-
order insensitive to fluctuations in detuning, d.J!/9q = 0.
Recent experiments show that charge noise affecting the
Rabi frequency significantly reduces the number of coher-
ent exchange oscillations [I8]. Thanks to the naturally
large energy splitting of the qubit w, counter-rotating
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 requir-
ing complex pulse sequences [9, 16, 17, 62, 63]. The

QUEX qubit, with its large and tunable energy split-
ting, enables near-resonant coupling to high frequency
resonators giving rise to new entanglement generation
protocols [64]. We now describe a resonantly-driven,
cavity-mediated two-qubit entanglement protocol [28] [31],
32, 34, [65].

For this setup a superconducting cavity with resonance
frequency wyes is capacitively coupled to the electrostatic
potential V& at the center QD while Vi of each qubit is
simultaneously modulated with frequency wp ~ w, and
phase ¢ [see Fig. 4| (¢)]. Thus, Vo — Ve(t) = VO +
V4 cos(wp + @) + ge(a+al). Here a' (a) creates (annihi-
lates) a cavity photon with frequency wyes, and g, VZ
is the charge-photon coupling strength and Z is the char-
acteristic impedance of the resonator [15], 48] 50, [66]. The
effect of V() on each qubit is described by the Hamil-
tonian [55]

Hine = wresala + go.(a+ aT) + Qcos(wp + ¢)og, (7)

where the second term describes the qubit-cavity inter-
action with coupling strength g = g. (0] dv,Hq(Ve) 1)
and the last term induces a spin-flip with Rabi frequency
Q = VA (0]dv.Hy(Ve)|1). Following the protocol de-
scribed in Ref. [34], Hamiltonian (7)) generates “red” and
“blue” sideband transitions for the particular choice of
Q= £(wres —wp) and wp = wy

H+(g,0) = g (€5 %afos + eF a0 ) . 8)

An entangling controlled-Z (CZ) gate is constructed us-
ing 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@ = +(wres — wp) while
simultaneously matching wp = wy, therefore, requiring a
large and controllable qubit splitting. Alternative two-
qubit coupling schemes include exchange-based interac-
tion [62] [63] and capacitative coupling [4T], [67].
Discussion In summary, we have proposed a
quadrupolar exchange (QUEX) 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 encoding makes the qubit insensitive to lo-
cal 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 (ex-
tended) charge noise sweet spot. We predict dephasing
times exceeding ~ 100 us at the sweet spot, one order
of magnitude longer than for the conventional exchange-
only qubit, allowing for a high quality qubit implemen-
tation. A symmetric readout and initialization proto-
col can be used to perform fast and high fidelity mea-
surements. Together with the proposed cavity-mediated,



long-distance entangling protocol, these properties ren-
der the QUEX qubit suitable for implementation in a
large-scale quantum information processing architecture.
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