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Ultrafast all-electrical universal nanoqubits
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We propose how to create, control, and read out real-space localized spin qubits in proximitized finite graphene
nanoribbon (GNR) systems using purely electrical methods. Our proposed nanoqubits are formed of in-gap
singlet-triplet states that emerge through the interplay of Coulomb and relativistic spin-dependent interactions in
GNRs placed on a magnetic substrate. Application of an electric field perpendicular to the GNR heterostructure
leads to a sudden change in the proximity couplings, i.e., a quantum quench, which enables us to deterministically
rotate the nanoqubit to any arbitrary point on the Bloch sphere. We predict these spin qubits to undergo Rabi
oscillations with optimal visibility and frequencies in excess of 10 GHz. Our findings open up an avenue for the
realization of graphene-based quantum computing with ultrafast all-electrical methods.

DOI: 10.1103/PhysRevB.109.L041411

Introduction. Quantum computing is a new technological
frontier with paradigm-shifting capabilities in fields as diverse
as quantum chemistry, cybersecurity, and machine learn-
ing [1-3]. Semiconductor platforms for spin-based quantum
information processing are a promising path towards realizing
stable qubits. Amongst the most prominent spin qubit host
systems are quantum dots (QDs) and donors [4], with group-
IV semiconductors being at the forefront of current efforts in
the field due to their long spin coherence times and scalability
potential [5-8]. Leveraging these efforts, recent experiments
with silicon qubits have demonstrated one- and two-qubit gate
operations yielding fidelities exceeding the thresholds of lead-
ing quantum error-correcting codes [9—11], taking spin qubits
one step closer to fault-tolerant quantum computing [12].

However, our ability to operate electron spin qubits has
predominantly relied upon external magnetic fields to lift the
spin degeneracy of the electronic states, which has hindered
device miniaturization and set fundamental limits on qubit
manipulation speeds [13]. Two methods are routinely imple-
mented to rotate spin qubits: electron spin resonance (ESR)
and electric-dipole spin resonance (EDSR). The former re-
quires the use of an oscillating magnetic field to drive resonant
transitions between the different spin states of a qubit [14,15].
In contrast, EDSR can only be used in systems possessing a
spin-orbit field [16-19], where a constant magnetic field in
combination with an oscillating electric field can encourage
dipole transitions between the qubit’s states, thus simplify-
ing device architectures by allowing for electrically driven
qubits [20,21]. To date, the fastest EDSR-driven qubits have
been observed in a germanium hut wire displaying coherent
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Rabi oscillations at a rate of 540 MHz with a 0.1 T field [19].
Removing the need for external magnetic fields is a critical
factor in breaking the gigahertz barrier and improving the
energy efficiency of solid-state quantum computers, yet it
remains an open question.

The advent of graphene has inspired alternative routes to
creating and manipulating quantum bits courtesy of its low
dimensionality and exotic Dirac spectrum [22]. Recent studies
have had great success in the electrostatic confinement of sin-
gle electrons in monolayer and bilayer graphene [23-26]. The
ability to electrically tune the band gap in bilayer graphene
combined with its magnetically addressable valley pseudospin
suggests interesting avenues for quantum computing akin
to spin-valley qubit operation in silicon [27-29]. Prospects
for developing bona fide qubits in bilayer graphene QDs
have been boosted with reports of spin lifetimes exceeding
0.2 ms in a 1.9 T magnetic field [30] and single-shot spin
readout [31]. Despite these advances, technical challenges in
nanofabrication will need to be overcome to operate qubits in
the low magnetic field regime, where spin-valley coherence is
maximized [32]. More recently, significant advancements in
atom-by-atom fabrication of molecular nanographenes have
been made that allow for the creation of designer finite
graphene nanoribbons (GNRs) with precise shapes and edge
morphology [33-36]. Due to their molecular precision, these
auspicious GNRs boast spin relaxation times on the order of
milliseconds at temperatures as large as 10 K [33], offering
exciting prospects for further investigations. A particularly
attractive possibility is to encode a logical qubit in sublattice-
split states of a finite GNR that are inherently real-space
localized, thus providing complementary attributes to the de-
localized spin-valley qubits in gated-defined QDs. Atomically
precise GNRs may therefore establish the next epoch of
quantum computing for qubit encoding via natural quantum
confinement.

In this Letter, we propose a type of universal spin
qubit that can be manipulated via purely electrical meth-
ods (i.e., a universal all-electrical nanoqubit), encoded in
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FIG. 1. (a) Schematic of an L x W atom GNR placed on a magnetic substrate with sublattice localized states appearing at opposite ends
of the GNR. (b) Schematic of how the singlet and triplet energy levels evolve with A,.. The qubit will be formed from the |S) and |T_) states,
with a gap of w, between them, and is denoted by the pink dashed box. Applying a quench that suddenly increases A, shifts the energies of
the singlet and triplet, triggering the spin qubit dynamics. (c) An example orbit traversed by the qubit (pink arrow) around the Bloch sphere
postquench, with = = 1/ fz being the Rabi oscillation period. The |y, ) are the ground state (—) and excited state (+) of the qubit resulting

from superpositions of |S) and |T"_).

pairs of quasidegenerate, real-space localized in-gap states
that are ubiquitous in zig-zag GNRs, GNRs with tunable
extensions, and molecular nanographenes [37—41]. Proto-
typical real-space localized states, such as edge states,
emerge in sublattice-compensated nanographenes and pos-
sess well-defined spin and sublattice-pseudospin, stabilized
via antiferromagnetic correlations [42,43]. Our scheme uti-
lizes the vast potential of proximity effects to create bespoke
nanostructures with optimal relativistic electronic structure re-
alized through graphene’s pairing with other two-dimensional
(2D) materials [44—46]. Specifically, atomically thin magnets
(e.g., CrySn,Teg) provide an intrinsic time-reversal symmetry
breaking mechanism, by which to lift the spin triplet de-
generacy, and induce proximity magnetic exchange coupling
(MEC) up to 6.8 meV in graphene [47-50]. Furthermore,
atomically thin semiconductors in the group-VI dichalco-
genide family have been shown to induce Rashba spin-orbit
coupling (SOC) as large as 13 meV in graphene [51,52].
Therefore, proximity effects can be exploited to gain all-
electrical access to qubit encoding spaces of a naturally
confined GNR. What makes our system stand out, as we
show below, is that electrical driving of qubit rotation can
be achieved using an applied out-of-plane electric field to
rapidly change the Rashba SOC and MEC induced by a
partner material. Such a quantum quench protocol provides
deterministic control akin to the ESR and EDSR approaches,
without the need for external magnetic fields. The tunability of
proximity effects in graphene nanostructures is shown to eas-
ily allow for coherent Rabi oscillations with perfect visibility
and frequencies far exceeding the 1 GHz barrier, approach-
ing the terahertz regime in small GNRs. Such nanoqubits
are thus predicted to outperform even the fastest group-IV
semiconductor-based spin-orbit qubits, with current record
Rabi frequencies of 540 MHz in Ge [19]. We furthermore
show that the nanoqubits can be detected in a graphene bridge
setup similar to Ref. [36] by using a single-shot readout

protocol akin to Refs. [31,53], wherein a charge detector in
the form of a secondary QD is used to detect the electrostatic
changes due to the loading/unloading of an electron from
the proximity-coupled GNR. Graphene nanostructures of this
scale have been fabricated using bottom-up methods in a
series of recent studies [33-36], wherein long spin lifetimes
(T} = 5ms and 7, ~ 0.4 us at 2 K) were observed which may
benefit their ability to host nanoqubits.

Model. We consider the class of particle-hole symmetric
finite GNR systems whose spinless noninteracting Hamil-
tonians exhibit a pair of in-gap states [39-41,54] (i.e.,
quasidegenerate zero energy states), |4 ), lying close to and
symmetrically about zero energy at ¢, and that are energet-
ically well separated from all other states. An example of
such a system is depicted in Fig. 1(a), which we use as proxy
for the quality of the envisaged nanoqubits. From these low-
energy states, we can construct two sublattice-localized states,
[Vam)) = (¥4) £ [¥-))/ V2 [39], which are further local-
ized at the opposite zig-zag edges of the GNR [see Fig. 1(a)].
In what follows, we refer to these states as quasizero energy
modes (QZEMs). The effective two-site Hubbard Hamiltonian
(see Ref. [40] and Supplemental Material [55]) for a proximi-
tized GNR in terms of the QZEMs is given by

H=Y (alb, +iroa,b, +Hc)

+ ) (Ao, —vlv) + TIvjv)l (1)

v=a,b

where 7 = (¢4 — ¢_)/2 = §/2 is the QZEM hybridization en-
ergy, Ar.o = sgn(o)ig is the effective Rashba SOC strength
due to interfacial breaking of mirror reflection symme-
try, Ay is the proximity-induced MEC, U is the effective
on-site Hubbard interaction, & = —o, and a'" and b{" an-
nihilate (create) a particle with spin o in state |y,4) and
|vg), respectively. For half filling, the two-site model leads

L041411-2



ULTRAFAST ALL-ELECTRICAL UNIVERSAL NANOQUBITS

PHYSICAL REVIEW B 109, L041411 (2024)

to a six-dimensional Fock space spanned by the basis
{12,00,10,2), 11, 1) . 4) s L, 1)L [, 1)}, where the first
and second states represent doubly occupied A and B sites,
respectively, whilst the remainder of the states correspond to
the different spin configurations of a single occupation on
each site. Recasting H in this basis, we find that the low-
est two eigenstates can be isolated by tuning the MEC [see
Fig. 1(b)]. In the limit of vanishing Rashba SOC, these low-
lying states can be identified as the spin singlet, |S), and spin
triplet, |7_), that entangle the spin and sublattice-pseudospin
degrees of freedom. It is these states that shall form the
nanoqubit. Having a sizable Rashba SOC is crucial to enable
resonant transitions between the singlet and triplet. The use of
a Rashba SOC generated by an STM tip to manipulate spins
in nanographenes via EDSR was discussed in Ref. [39]. How-
ever, there are two notable differences between the nanoqubit
proposed here and previous work. First, the use of proximity-
induced SOC yields extremely large values of Rashba SOC
(on the order of 10 meV), which grants easy electrical access
to optimal Rabi oscillations through modulation of the prox-
imity couplings via an electric field, as shown below. Second,
degeneracies in the qubit-operating manifold are lifted due to
the breaking of time-reversal symmetry by MEC, therefore
entirely removing the need for external magnetic fields.

Isolating the nanoqubit to first order in the Rashba coupling
yields the effective qubit Hamiltonian:

o)
H = _700} +gRva (2)
where o, , are Pauli matrices, wy = —Ayx + (S — l7)/2,

gr = 8TAR[U + SI7'[2 +3272/(U + 8?1712, and S =
V1672 + U2. From Eq. (2) we can immediately see that the
role played by the symmetry-breaking Rashba SOC is to
allow transitions between the singlet and triplet manifolds.
The qubit manifold is separated from the triplet states 7 and
To by max[|Ax.|, |S — U|/2], depending on whether |S) or
|T-) is the ground state.

Universal qubit control. The electrical manipulation
of single electron spins is traditionally achieved via
EDSR [16-19,56], with recent works having realized fast
qubits in silicon nanowire quantum dots [16] and hole qubits
in Ge [19], as well as predicting Rabi frequencies up to
250 MHz in 2D semiconductors [57]. Here we put forward
an alternative approach, a quantum quench, that takes advan-
tage of the superior electrical tunability of atomically thin
systems [58—60] to realize all-electrical qubits. By applying a
pulse gate voltage across the GNR heterostructure, the effec-
tive qubit parameters in Eq. (2) can be efficiently modulated
above or below their zero-field values. The resulting change
in the Rashba SOC and MEC is sensitive to the choice of
materials used to proximitize the GNR, their structural ori-
entation, and the direction of applied field, with variations
as large as 10-30% in several candidate materials, such as
Cr,Ge,Teg [50,61]. This fine degree of electrical tunability
offers a wide range of possible control quenches achievable
within state-of-the-art GNR experimental platforms.

Let us start by considering a system whose MEC and
effective Rashba coupling are given by A() and X\, respec-
tively, for all time r < 0. The corresponding qubit will then be

governed by the Hamiltonian in Eq. (2) with o, = a)(()l) and

8r = gg). We denote the excited state and ground state of this

qubit by | Xj([])), respectively. Att = 0 we apply the quantum
quench to rapidly change the MEC and Rashba SOC, which in
turn changes the parameters of the qubit Hamiltonian, a)(()l) —
(2)

a)(()z) and g;l) — gy . Prior to the quench the qubit will be in

the ground state | Xil) ). After the quench, the qubit will be in
the time evolving state [/ (¢)) = e~ /"' |X£1)), and we find the
probability of measuring the qubit in state | xf)) to be

P(t) = sin? (i—;;) sin>(2vy12), 3)

where A; = Ef) — E® is the difference in energies of the
eigenstates for the postquench system, 1, = 1 — ¥ is the
singlet-triplet quench mixing, and ) are the prequench
(postquench) singlet-triplet angles of the eigenstates; see
Ref. [55] for details on their parameter dependence. From
Eq. (3), the Rabi frequency for a quantum quench is readily
seen to be fr = A, /h, while the amplitude of the Rabi oscil-
lations is set by V5.

To explore the range of Rabi frequencies and amplitudes
that can be achieved in such GNRs, let us parametrize our
quench in terms of kg and i, where 1 = iy’ and AQ? =
i, A'). The ranges of possible Rabi frequencies and ampli-
tudes are shown in Fig. 2 for a 36 x 7 atom GNR. We see that
a decrease of 15 to 20% in Ay, yields the largest oscillations
with amplitudes close to 100%. Interestingly, a change in the
Rashba coupling has drastically less impact on the qubit dy-
namics in comparison to the exchange interaction (see Fig. 2
and Ref. [55]). This is ideal from a practical perspective as it
makes our qubit control scheme an effective one-dimensional
problem; the MEC quench acts as the primary governing
parameter of the qubit evolution in parameter space. Focusing
on the region of high amplitudes, we find that the associated
Rabi frequencies are in excess of 10 GHz; note that the fastest
reported qubit reported to date was observed in Ge quantum
dots with a Rabi frequency of 540 MHz [19]. As an example,
let us consider a quench with kg = 1.1 and «, = 0.8. In this
case we obtain Rabi oscillations with an amplitude of 99.9%
and a frequency of 27 GHz. Furthermore, for the choice of
parameters listed in Fig. 2, we obtain a singlet-triplet gap
of wy = 0.28 meV, corresponding to a thermal stability of
Ty = 3.2 K (Ty = hiwp/kp). Finally, we note that this qubit
is universal and can access any point on the Bloch sphere with
a specifically chosen quench [55].

The dimensions of the GNR also play a central role
in determining the characteristics of these 2D nanoqubits.
Specifically, § decreases rapidly as the GNR size is in-
creased, resulting in a more positive singlet energy, E; =
(U — /482 + U?)/2, in larger GNRs, while leaving the 7_
triplet energy, E; = — Ay, unaffected. Naturally, the singlet-
triplet gap, and thus thermal stability of the qubit, will also
change with the GNR size (see Table I). For GNRs with E; <
E;, an increase in GNR size will guarantee a larger spin-triplet
gap, while for GNRs with E; < E;, the same occurs with
a reduction in GNR size. Regardless, the region of optimal
amplitude appears to narrow rapidly as the singlet-triplet gap
is increased, while still coinciding with smaller Rabi frequen-
cies, thus requiring a higher voltage resolution (required to
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FIG. 2. Resulting Rabi oscillation amplitude (a) and frequency
(b) due to a quantum quench in a 36 x 7 atom GNR. The Rabi
oscillations can be seen to have frequencies in the range of 1 to
100 GHz for small quenches. The white dashed line in (b) high-
lights the region of near 100% Rabi amplitudes from (a). The GNR
parameters we have used here are nearest-neighbor hopping energy
t = 2.7 eV [62], on-site Hubbard repulsion U = 2¢ [63-67], Rashba
coupling A%y’ = 10 meV, and A() = 1.5 meV. Note that these are
bare values characteristic of the entire GNR and are not the effective
parameters appearing in Eq. (1). They yield gaps of § = 18 meV
and A = 0.28 meV with a clear separation of |S) and |7_) from the
other four states. The corresponding effective parameters are Ag =
—0.49 meV, 7 = 9.1 meV, and U = 0.26 eV. The relations between
the effective parameters and the real characteristic parameters can be
found in Ref. [55].

hone in on §«; in Table I) in the experimental apparatus. To
explore the large playground of possible GNR dimensions, we
analyze how the pre- and postquench qubit Hamiltonian pa-
rameters are affected by changes in length along the armchair
and zigzag edges in Ref. [55]. Our extensive numerical studies
show that the largest amplitudes correspond to the lowest Rabi
frequencies for a given GNR, though, these can still be in
excess of 10 GHz. Moreover, the largest GNRs will require
more extreme quenches to yield optimal oscillations at the
cost of smaller frequencies. Specifically, the Rabi amplitude
in these cases becomes Ar ~ (2g7/A,)? = [2¢2/(hfr)1?,

TABLE I. Different GNR dimensions with their corresponding
singlet-triplet gaps using the same parameters as in Fig. 2. We give
example quenches that yield large amplitude oscillations (=99%)
alongside their associated Rabi frequency for kg = 1. We consider
this case given the lack of sensitivity to changes in the SOC around
the high amplitude region. The quench tunability, é«., is defined as
the range over which the oscillation amplitude is greater than 80%.

LxW o (meV) K- Sk f (GHz)
36 x 7 0.28 0.8000 0.0735 24.9
44 x 7 1.35 0.0975 0.0095 3.44
52 x7 1.48 0.0116 0.0014 0.49
16 x 11 0.44 0.7050 0.0247 8.95
28 x 9 1.46 0.0287 0.0018 0.66
36 x 9 1.50 6.1 x107* 52 x107° 0.02

meaning that high amplitudes will only be achievable by using
quenches that dramatically reduce the MEC (see Table I). In-
terestingly, this interplay of the Rashba mixing term, ggr, Rabi
frequency, and Rabi amplitude is remarkably reminiscent of
the standard Rabi oscillations via periodic driving.

We briefly comment on the effects that defects in the GNR
have upon the dynamics of the nanoqubit. Our numerical
studies revealed that even the strongest form of disorder in
the form of atomically sharp defects (i.e., vacancies) yielded
inconsequential changes to the dynamics of the nanoqubit.
We attribute this protection to the topological nature of the
edge states [68,69] forming the qubit manifold. Similar ro-
bustness against point defects has been previously reported
for pseudohelical and helical edge states in proximity-coupled
GNRs [70,71].

Detection. The detection of this nanoqubit can be achieved
using a GNR setup similar to Ref. [36] with a charge detection
scheme based upon a secondary quantum dot as in Ref. [31].
Specifically, we suggest using two large tapered graphene
flakes placed close together with a small gap between their
tips, such that the gap lies on a proximitizing substrate. This
gap can be bridged placing a large GNR on top of these
flakes, such that the GNR extends far into each flake’s re-
gion. The GNR section bridging this gap will be the finite
GNR that may act as a topological QD with the ability to
host a nanoqubit. The graphene flakes can be contacted by
standard metallic electrodes to allow for the manipulation of
their Fermi levels to enable the loading/unloading of electrons
from the GNR. Finally, a perpendicular electric field can be
applied to the GNR by using a dual-gate setup. To detect the
loading/unloading of electrons from the GNR, we propose
that a secondary QD be placed in the vicinity of the GNR,
such that the change in charge of the GNR leads to a mea-
surable change in the electrostatic potential experienced by
the electrons on the secondary QD. By having this detecting
QD tuned in to the steep slope of a Coulomb resonance, these
changes in the electrostatic potential will be readily detected
by the secondary QD. A schematic of this setup is provided in
Ref. [55]. To measure the nanoqubit, we propose following the
same approach as Ref. [31] but instead of moving the topolog-
ical QD’s energy levels via a plunger gate the Fermi levels of
the graphene flakes should instead be moved simultaneously
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to emulate moving the GNR energy levels. The step-by-step
single-shot nanoqubit readout can be summarized as follows.

(1) First load two electrons into the GNR’s ground state.

(i) Raise the graphene flake Fermi energies above the
GNR'’s excited state and then apply the quench using the dual
gate.

(iii) Stop the quench and then lower the graphene flake
Fermi energies to lie between the ground state and excited
state of the GNR, allowing for the excited state to unload if it
is occupied followed by the occupation of the ground state.

Final remarks. Let us briefly discuss the effects of spin
relaxation and spin decoherence in our setup. The spin relax-
ation times reported in chemically synthesized nanoribbons
are on the order of milliseconds at 7 = 10 K [33], which is
promising. The single-qubit quality factor, @ = 7 frT> (T is
the decoherence time), is an important figure of merit for our
proposal as it estimates the effectiveness of the 2D nanoqubits
in performing a successful quantum computation [72]. Our
Letter predicts optimal Rabi oscillations (Pyax = 99%) and
fr = 100 GHz in the smallest systems considered [55].
We expect spin-orbit-assisted electron-phonon coupling and
hyperfine interactions due to C'? isotopes to be two impor-
tant limiting factors for 75, akin to gate-defined graphene
QDs [28,31]. The prominence of spin-phonon relaxation pro-
cesses is apparent in the time-resolved ESR measurements
in GNRs, dominating the spin dynamics at low temperatures
relevant for 2D nanoqubit operation [33]. We note that the
nanoscale nature of these systems provides an intrinsic pro-
tection against spatial fluctuations of chemical potential and
proximity couplings common in graphene flakes [73,74] (i.e.,
spatial variations in Ar and Ay, due to inhomogeneities in
the substrate occur on length scales larger than the GNR),
hence reducing decoherence effects originating from the mag-
netic substrate. The development of a complete microscopic
description of these mechanisms in the proximitized GNRs
considered here will be an interesting direction for future

research. However, we may garner an insight on the values
of T, we might expect in these systems, based upon previous
studies. With an MEC of 1 meV or larger, reminiscent of a
large magnetic field, we anticipate spin-phonon coupling to
dominate the spin decoherence rate [75]. For example, taking
T, = 0.4 us from Ref. [33] yields over 10* coherent single-
qubit Rabi oscillations (Q & 10*) for the fastest nanoqubits
with Ty =40 K. Given the fast progress in chemical syn-
thesis of GNRs, we expect near-future systems to achieve
even greater quality factors than what we have predicted
here.

In conclusion, we have proposed a type of spin-orbit qubit
in graphene-based nanostructures that can be rotated using all-
electrical methods, yielding coherent Rabi oscillations with
Rabi frequencies in excess of 10 GHz that have thermal sta-
bility up to order 10 K. The electrical control proposed here is
achieved by harnessing the Rashba SOC and MEC induced by
the proximitization of finite graphene nanoribbons. The ability
to tune these couplings through the use of an out-of-plane
electric field unveils a method for qubit manipulation, a quan-
tum quench, which has the potential to open up avenues in
other qubit designs. Finally, we showed that this 2D nanoqubit
is universal and can be read out using a simple detection
scheme similar to the single-shot readout method of Elzerman
et al. [53]. These ultrafast all-electrical universal nanoqubits
are within reach of current bottom-up synthesis methods and
offer an alternative route to realizing the first graphene-based
qubit. The next challenge for these nanoqubits will be the
creation of logic gates using GNR arrays on both a theoretical
and experimental front. This is likely to require further ad-
vancements in bottom-up synthesis, so that atomically precise
GNRs with specified dimensions can be produced with good
yield and uniformity.
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