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Enhancement of electric drive in silicon quantum dots with electric quadrupole spin resonance
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Quantum computation with electron spin qubits requires coherent and efficient manipulation of these spins,
typically accomplished through the application of alternating magnetic or electric fields for electron spin
resonance. In particular, electrical driving allows us to apply localized fields on the electrons, which benefits
scale-up architectures. However, we have found that Electric Dipole Spin Resonance is insufficient for modeling
the Rabi behavior in recent experimental studies. Therefore, we propose that the electron spin is being driven by
a method of electric spin qubit control that generalizes the spin dynamics by taking into account a quadrupolar
contribution of the quantum dot: electric quadrupole spin resonance. In this work, we explore the electric
quadrupole driving of a quantum dot in silicon, specifically examining the cases of 5 and 13 electron occupancies.

DOI: 10.1103/gk5h-l7q4

I. INTRODUCTION

Qubits are the fundamental building blocks of quantum
computers and must be coherently controlled and manipulated
to interact with other qubits. Such implementations include
electron spin qubits implemented using silicon Metal-Oxide
Semiconductor (MOS) technology, which offer numerous
advantages. High-fidelity quantum operations have been
demonstrated in silicon [1–6], but the main advantage over
other qubit technologies is the ability to leverage existing
MOS technology. That provides the possibility of creating a
universal quantum computer that could solve problems oth-
erwise too costly for classical computers [7,8]. The large
number of qubits allows quantum error correction algorithms
to be implemented, protecting fragile qubits from external
sources of noise that can destroy quantum information [9].
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Electron spins can be coherently controlled using a mi-
crowave source to generate an ac magnetic field resonant
with the electronic energy level splitting due to the Zeeman
effect [8]. However, using the magnetic field for individual
qubit addressability can be challenging because the field is
not localized in space.

Alternatively, electric driving is localized but the electron
requires a position- and/or momentum-dependent magnetic
field to couple the spin degree of freedom to the electric
field. This spin-orbit coupling (SOC) can be realized with
an external micromagnet [10–13], or with intrinsic SOC in
silicon MOS heterostructures [14,15], enabling Rabi frequen-
cies up to tens of megahertz [6], which can be an order of
magnitude faster compared to the typical magnetic electron
spin resonance (ESR) drive [16]. The most common way
to electrically drive a qubit is called Electric Dipole Spin
Resonance (EDSR), where Rabi frequencies are promoted by
an alternating electric field coupled with the electron orbital
degree of freedom in the dipolar approximation.

In a demonstration of electrically driven multielectron spin
qubits using MOS quantum dots [17], it was shown that a
multielectron dot not only mitigates charge noise and disorder
[18], but also allows for an order of magnitude enhancement
that does not occur for a single electron [19]. In particular,
with 5 and 13 electrons, a higher quality factor was observed.
This is significant and we seek to understand and reliably
reproduce this behavior in a scale-up architecture.

In this paper, we develop a theoretical model based on the
experimental results obtained in Ref. [17]. We begin with a
model describing the electric driving of orbital states, which
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controls the spin-orbital character of driven states via the
electrostatic gates [14]. Then, we add to the model by arguing
that the EDSR description is not sufficient to describe the
observed enhancements in Rabi frequency of multielectron
dots with >3 electrons, and we propose a method named
“Electric Quadrupole Spin Resonance” (EQSR).

II. EQSR THEORY AND MODEL

A. Microscopic model

In this section, we build the effective Hamiltonian that
describes the system reported in Ref. [17]. We will model
the dot with an effective single-particle two-dimensional (2D)
Hamiltonian

HDC = Hxy + HZee + HV + HSO. (1)

The name dc refers to the static parts of the physics—later we
will look at the AC driving terms. This simplified Hamiltonian
contains the essential physics; for the complete one used in the
fitting, see the Supplemental Material [20].

Let us examine the different components that make up
HDC. The orbital Hamiltonian (deduced from COMSOL elec-
trostatic simulations) and the kinetic energy (from silicon
band structure) in the xy plane are given by

Hxy = 1

2mt

(
p2

x + p2
y

) + 1

2
mtω

2
y (δ2x2 + y2), (2)

where mt is the transverse effective mass in the � valley of
silicon, δ ≡ ωx/ωy describes the ellipticity of the parabolic
confinement (δ = 1 corresponds to a perfectly circular dot),
and px(y) is the kinetic momentum in the x(y) direction. The
spin degree of freedom enters via the Zeeman Hamiltonian
HZee = gμB

2 B0 · σ, with B0 being a static uniform magnetic
field. HV describes the degeneracy split of two z-valley
states, due to the Si/SiO2 interface, with an energy splitting
likely between 500 µeV and 1 meV [17,21]. These three
components can be treated as the unperturbed part of the
Hamiltonian, and their eigenstates written as |n, s, v±〉, where
n ∈ {S, Px, Py, . . . } denotes the 2D quantum harmonic oscilla-
tor orbital, s ∈ {↑,↓} denotes the spin state, and v± denotes
the two valley states. The valley degree of freedom will not be
relevant in the qubit dynamics (see below), so from now on
we omit it.

The spin-orbit component HSO is considered as a perturba-
tion to Hxy + HZee. It promotes a hybridization of orbital and
spin degrees of freedom between the unperturbed eigenstates
|n, s〉. Here, we write

HSO = α (kxσ
′
z + kyσ

′
x )

︸ ︷︷ ︸
hR

+β (−kxσ
′
z + kyσ

′
x )

︸ ︷︷ ︸
hD

, (3)

where hR, hD are the Rashba and Dresselhaus terms with
respective coefficients α, β that arise due to the lowered
symmetry of the heterostructure and Si/SiO2 interface, re-
spectively [22]. σ ′ indicates the Pauli matrices in the spin
coordinates [20].

The experiments of Ref. [17] were done with 5 and 13
electrons, which can be approximated within single-particle
theory for the valence electron because 4 and 12 electrons are
closed shell configurations.
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FIG. 1. Schematic of p-orbital-like states. As the ellipticity of the
electrostatic potential decreases, SOC hybridization of the orbital and
spin characters of the states increases, forming a spin-orbit qubit. EZee

is the Zeeman splitting.

In the five-electron experiment, the qubit is defined by
the unperturbed states |0〉unp = |Py,↑〉 and |1〉unp = |Py,↓〉.
However, HSO couples the different orbital states, resulting in
these states becoming

|0〉 = N0(|Py,↑〉 + a0|S,↓〉 + b0|Px,↓〉 + · · · ) ∼ |Py,↑〉,
|1〉 = N1(|Py,↓〉 + a1|S,↑〉 + b1|Px,↑〉 + · · · ) ∼ |Py,↓〉,

(4)

where a0 comes from first-order effect of HSO (from the tran-

sition |Py,↑〉 kyσ
′
x−−→ |S,↓〉), b0 comes from second-order effect

of HSO (from the transition |Py,↑〉 kyσ
′
x−−→ |S,↓〉 kxσ

′
z−−→ |Px,↓〉),

and N0 is a normalization constant. In a similar fashion, the
coefficients a1, b1, and N1 are defined. The approximation on
the right-hand side of the equation indicates that the original,
unperturbed states are still the most dominant component.
The states in Eq. (4) differ by both spin and orbit degrees
of freedom and the hybridization promoted by the spin-orbit
Hamiltonian is increased when the dot ellipticity decreases
(i.e., when δ approaches 1), as analyzed in the next section.
Figure 1 shows a schematic of this hybridization for p-orbital
states. The hybridization of spin and orbit degrees of freedom
allows to drive the qubit electrically, while the valley, for our
purposes, means only that we can place two electrons per
|n, s〉 state (justifying its omission from now on).

Based on Eq. (3) and the coupling pathways of the states
via HSO, we can determine that a0(1) ∝ α + β and b0(1) ∝
α2 − β2 [20]. These proportionalities lead to different depen-
dencies of the Rabi speedup on spin-orbit coupling.

B. Electric quadrupole spin resonance

Let us now describe the AC driving component. An alter-
nating electric field E = Ey cos(ωt )ŷ interacts with an electron
according to the following Hamiltonian:

HEDSR
AC (t ) = |e|Eyy cos(ωt ), (5)
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which allows spin-flip processes with the Rabi frequency �

given by

h̄�EDSR = |〈0|eEyy|1〉|. (6)

This method of driving is called Electric Dipole Spin Reso-
nance. With five electrons present in the dot, the states |0〉
and |1〉 are those described in Eq. (4), respectively. Therefore,
the Rabi frequency would depend on the a0(1) coefficients,
since the ŷ operator connects states differing in one orbital
excitation in the y direction, in this case, the states |Py〉 and
|S〉. This means that a Rabi frequency enhancement would
only occur when a0 is large, i.e., when the |Py,↑〉 and |S,↓〉
orbitals come close in energy: h̄ωy ∼ EZee, enabling spin-orbit
coupling to hybridize the two in a significant fraction (EZee

is the Zeeman energy splitting). However, for typical values
used in experiments, h̄ωy (∼10 meV [23]) is many orders of
magnitude larger than ∼100 µeV EZee (∼100 µeV [17]). This
indicates that EDSR cannot be responsible for the observed
Rabi enhancement.

Then, what can cause the enhancement? The experiments
give us two clues. First, no enhancement is observed for a
single electron dot [17], suggesting a possible dependence
on a property of the P or D orbitals, not present in the S
orbitals. The main difference here is the two- or three-fold
orbital degeneracy.

Second, as the multielectron dot is tuned toward the degen-
eracy point (by increasing the electrostatic gate voltage VG2),
the lateral electrostatic confinement is altered. We confirm this
via real-space simulations of the COMSOL electrostatic sim-
ulations of the device at the operating point, extracting only
the single-particle states from electronic structure simulation
tools [24]. From the simulations, we obtained the excitation
energies Ex = h̄ωx (circles) and Ey = h̄ωy (diamonds) in the
5- (blue) and 13-electron (red) regimes, plotted in Fig. 2(a).
All the energy traces appear to be linear with the gate voltage.
We also plot in Fig. 2(b) the extracted ellipticity δ, by taking
the ratio between Ex and Ey in both the 5- and 13-electron
configurations (blue and red, respectively). We observe that δ

varies linearly as a function of gate voltage VG2. In the dipolar
coupling, the Rabi frequency given in Eq. (6) is proportional
to 1/

√
ωy (present in the y component of the dipole operator

transition element). From Fig. 2(a), ωy variation is very small,
ruling out the possibility that the observed Rabi enhance-
ment occurred because of nonexpected changes in ωy when
varying VG2.

To account for these observations, our model should
include the second-order Taylor expansion of the driving elec-
tric field, or in other words, the quadrupole field

Qxy = − ∂2V

∂x∂y
= ∂Ey

∂x
(7)

that couples to the qubit via the driving term HEQSR
AC (t ) =

|e|Qxyxy cos(ωt ). The full AC Hamiltonian is now
extended as

HAC(t ) = (|e|Eyy + |e|Qxyxy) cos(ωt ), (8)

which at resonance gives rise to what we call Electric
Quadrupole Spin Resonance, in analogy to Electric Dipole
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FIG. 2. Ellipticity and orbital energies. (a) Plot of the extracted
orbital excitation energies Ex(y) = h̄ωx(y) against VG2 via real-space
simulations of the single-particle states given an electrostatic poten-
tial simulated with COMSOL. (b) Plot of the ellipticity of the dot
δ ≡ Ex

Ey
against VG2 for the 5-electron configuration in Figs. 3(g)–3(i)

and 13-electron configuration in Figs. 3(j)–3(l) of Ref. [17]. Linear
slopes are also shown. Ellipticities were obtained from calculations
of energies shown in panel (a).

Spin Resonance. A schematic of how the quadrupole driving
field affects the electrostatic potential can be found in Fig. 3.

The Rabi frequency will now be given by

h̄� = |〈0|eEyy + eQxyxy|1〉|
∝ |a1〈Py,↑ |Eyy|S,↑〉 + a∗

0〈S,↓ |Eyy|Py,↓〉
+ b1〈Py,↑ |Qxyxy|Px,↑〉 + b∗

0〈Px,↓ |Qxyxy|Py,↓〉
+ · · · |. (9)

Here, we see that the Rabi frequency enhancement can also
be promoted by the second-order perturbation terms of the
states |0〉 and |1〉. In fact, as the energy difference between
the Px and Py orbitals approaches that of the Zeeman split-
ting (h̄|ωx − ωy| ∼ EZee) that can be achieved by tuning the
gate voltages, the coefficient |bi| grows larger. Therefore, this
treatment may predict the enhancement observed within this

( )( )

FIG. 3. Cartoon of the effects of dipolar and quadrupolar electric
fields. An AC quadrupole field results in a dilation/contraction of
the electrostatic potential in orthogonal axes, whereas an AC dipole
electric field results in a shift.
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FIG. 4. Fitted EQSR model. (a) Energies of the Px and Py orbitals with the lowest two being the ones driven by EQSR. (b) Qubit frequency
spectrum of the five-electron regime, with the measured data in black and the fitted line in red. (c) Rabi frequency measured in the five-electron
regime, with the measured data in black and the fitted line in blue. The dashed line indicates the model prediction if only the electric dipole
effect is accounted for. (d) Energies of the D orbitals, with the lowest two being those driven by EQSR. (e) Qubit frequency spectrum of the
13-electron regime, with the measured data in black and the fitted line in red. (f) Rabi frequency measured in the 13-electron regime, with the
measured data in black and fitted line in blue. The dashed line indicates the model prediction if only the electric dipole effect is accounted for.
All x-axis labels here are the ellipticity δ ≡ Ex

Ey
.

regime. For the 13-electron experiment, this quadrupole driv-
ing will also couple the Dxy with Dyy or Dxx orbitals.

Although quadrupole coupling is expected due to the
nonuniformity of the electric field produced by the gates, it
is often been neglected in calculations of the Rabi frequency.
The Qxy term in the Hamiltonian is the only quadrupole
component to directly couple the Px, Py orbitals, as well
as the Dxy, Dyy ones, which can account for the observed
Rabi enhancement. For this reason, we neglect the other
components.

To conclude this section, whereas EDSR arises from a
lateral oscillation of the dot, EQSR is caused by a di-
lation/contraction of potential along the x = ±y axes (see
Fig. 3). Another way of thinking about this driving term is
that it has an x = y symmetry axis, which allows it to couple
orbitals of opposite x and y symmetry. COMSOL simulations
yield Qxy/Ey = 1.2 × 10−3 nm−1, a ratio that we kept fixed
when fitting our model to the experiment. Our dot occupies
a region of linear size L ∼ 20 nm, and therefore, we see that
QxyL/Ey � 1, as required for the validity of the multipolar
expansion.

III. RESULTS AND DISCUSSION

In this section, we show that EQSR allows us to explain the
experimental results reported in Ref. [17]. Diagonalizing HDC

[Eq. (1)] allows us to obtain both the ESR frequency given by
h fESR = E1 − E0 and the Rabi frequency � given by Eq. (9).
We perform a least-squares fit to the experimental data, si-
multaneously fitting both the qubit and Rabi frequencies as a
function of the ellipticity of the dot δ, with results shown in
Fig. 4. A similar fitting protocol was used in Ref. [14].

We first examine the results of the five-electron regime,
with the resulting energy levels shown in Fig. 4(a). Here, we
are largely concerned with the Px and Py orbitals, given that
(for δ > 1) we expect the valence electron to be sitting in the
Py orbital based on electron-filling principles (and in the Px

orbital for δ < 1). We can obtain the qubit frequencies by cal-
culating the energy difference between the ground and the first
excited state, which we plot in Fig. 4(b). Here, the theoretical
estimate is presented in red, contrasting with the experimental
data in black. Finally, we can calculate the resulting Rabi
frequency based on these qubit parameters, which is plotted
in Fig. 4(c).

The solid blue line indicates the Rabi frequency found
accounting for EDSR and EQSR, while the dashed blue line
singles out the EDSR contribution. We also tried to do a
fitting procedure that does not include EQSR, but we could
not reproduce the enhancement that follows the experimental
data near the degeneracy point. This supports our theoret-
ical hypothesis that EQSR is required to explain the Rabi
frequency speedups. Physically, this is due to the fact that
with EDSR alone the Rabi frequency would present a max-
imum when there is an anticrossing in Fig. 4(a). Nonetheless,
we observe a maximum where the Stark shift [given by the
slope in Fig. 4(b)] is maximum, a feature only accounted by
the EQSR coupling, as we can see in Fig. 4(c). Furthermore,
the peak in the dashed lines of Figs. 4(c) and 4(f) can be
shown to be a higher-order effect [20].

We obtained similar results in the 13-electron regime, with
the main difference being that the electric drive is acting on
the D orbitals. We show the D orbital energy levels, the qubit
frequency fits, and the Rabi frequency fits in Figs. 4(d)–4(f),
respectively. The qubit frequency is similarly defined as the
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difference between the ground and the first excited energy
of the D orbital energy levels. In Fig. 4(f), we show that
the enhancement in Rabi frequency can be mapped by the
Hamiltonian with the inclusion of EQSR.

Therefore, in both the 5- and 13-electron cases, we demon-
strate our ability to capture the behavior of the Rabi frequency
speedup. We stress that a quantitative correspondence be-
tween the experimental data and the theoretical fits is not the
scope of this paper, but we show how the electrical quadrupole
is necessary to explain the Rabi enhancement near the degen-
eracy point. The challenges in these fittings arise from several
factors, including, but not limited to, insufficient experimental
data points and having a multitude of parameters.

From a physics point of view, we know that the ESR fre-
quency of the qubit can be susceptible to the surface roughness
at the silicon-silicon dioxide interface [25] as well as nuclear
spins [26], and that is difficult to account for in fittings such as
the one performed here. We would have to include some form
of nonlinear voltage dependence in the qubit frequency.

Finally, we see from Eq. (9) that while Rabi frequency
promoted by EDSR depends on a0(1) ∝ α + β, the Rabi en-
hancement promoted by EQSR depends on b0(1) ∝ α2 − β2,
which is key relation to consider in order to improve Rabi
frequencies next to the degeneracy point using intrinsic spin-
orbit coupling. If the difference between the square of the
two terms is large enough, the addition of a micromagnet
could become unnecessary, which is desirable for scale-up
architectures. The EQSR theory not only explains behavior in
previous experiments, but is also a formalism that accounts for
phenomenon in the electrical control of quantum dots qubits.

The experimental results in Ref. [17] show a clear correla-
tion between the nonlinear bend of the qubit frequencies and
the one order of magnitude increase in the Rabi frequencies
of P and D orbitals. Both features can be explained within an
effective single-particle theory by taking quadrupole coupling

into account. Our fits show the rising of Rabi frequency as dot
shape becomes more circular, i.e., as we approach the anti-
crossing point, therefore indicating clearly the role of EQSR
in enhancing the Rabi frequency close to the degeneracy as a
function of the ellipticity.

This work opens the perspective of analyzing how the
EQSR combined with other coupling affects the driving mech-
anism, for example, with valley-orbit coupling, which has
recently been shown to perform EDSR [27]. Another perspec-
tive is to analyze the influence of electron-electron interaction
on the EQSR mechanism. In summary, we believe that the
technique of quadrupole spin resonance opens up pathways
for coherent spin control with multielectron dots and can
become an ally in the quest for scalable quantum computation.
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