
Journal of Physics B: Atomic, Molecular and Optical Physics

J. Phys. B: At. Mol. Opt. Phys. 58 (2025) 235001 (15pp) https://doi.org/10.1088/1361-6455/ae21b2

Optical nuclear electric resonance as
single qubit gate for trapped neutral
atoms

Johannes K Krondorfer1,∗, Sebastian Pucher2,3,5, Matthias Diez1,
Sebastian Blatt2,3,4 and Andreas W Hauser1,∗
1 Institute of Experimental Physics, Graz University of Technology, Petersgasse 16, 8010 Graz, Austria
2 Max-Planck-Institut für Quantenoptik, Hans-Kopfermann-Straße 1, 85748 Garching, Germany
3 Munich Center for Quantum Science and Technology, 80799 München, Germany
4 Fakultät für Physik, Ludwig-Maximilians-Universität München, 80799 München, Germany

E-mail: johannes.krondorfer@gmail.com and andreas.w.hauser@gmail.com

Received 19 September 2025, revised 24 October 2025
Accepted for publication 19 November 2025
Published 2 December 2025

Abstract
The precise control of nuclear spin states is crucial for a wide range of quantum technology
applications. Here, we propose a fast and robust single-qubit gate in 87Sr utilizing the concept
of optical nuclear electric resonance (ONER). ONER exploits the interaction between the
quadrupole moment of a nucleus and the electric field gradient generated by its electronic
environment, enabling spin level transitions via amplitude-modulated laser light. We investigate
the hyperfine structure of the 5s 2 1S0 → 5s5p 3P1 optical transition in neutral 87Sr and identify
the magnetic field strengths and laser parameters necessary to drive spin transitions between the
mI =−9/2 and mI =−5/2 hyperfine levels in the ground state. Our simulations show that
ONER could enable faster spin operations compared to the state-of-the-art oscillations in this
‘atomic qubit’. Moreover, we show that spin-flip operations exceeding 99.9% fidelity can be
performed even in the presence of typical noise sources. These results pave the way for
significant advances in nuclear spin control, opening new possibilities for quantum memories
and other quantum technologies.

Keywords: optical nuclear electric resonance, quantum computing, nuclear spin,
electric field gradient, spin manipulation, single qubit gate, neutral atoms

1. Introduction

The precise control of nuclear spin states is essential for
a wide range of applications in quantum information pro-
cessing [1–3], metrology [4], and the study of fundamental
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physical phenomena [5, 6]. Traditional techniques for nuc-
lear spin manipulation, such as nuclear magnetic resonance
(NMR) [7], rely on radio frequency pulses to induce transitions
between nuclear spin states. However, these methods face lim-
itations in terms of spatial resolution, especially in atomic and
molecular systems [8]. Driven by the need for enhanced spa-
tial quantum control, alternative methods for the manipulation
of nuclear spins have been explored, and two-photon Raman
transitions have become a popular method for the manipula-
tion of ground-state hyperfine qubits [9, 10].

Recently, we have proposed another approach for nuc-
lear spin control named ‘optical nuclear electric resonance’
(ONER) [11, 12]. It exploits the interaction between the quad-
rupole moment of a nucleus and the electric field gradient
(EFG) generated by its electronic environment. By periodic

1 © 2025 The Author(s). Published by IOP Publishing Ltd

https://doi.org/10.1088/1361-6455/ae21b2
https://orcid.org/0009-0009-5006-6319
https://orcid.org/0000-0001-5559-0114
https://orcid.org/0000-0001-6330-3082
https://orcid.org/0000-0003-2466-9967
https://orcid.org/0000-0001-6918-3106
mailto:johannes.krondorfer@gmail.com
mailto:andreas.w.hauser@gmail.com
http://crossmark.crossref.org/dialog/?doi=10.1088/1361-6455/ae21b2&domain=pdf&date_stamp=2025-12-2
https://creativecommons.org/licenses/by/4.0/


J. Phys. B: At. Mol. Opt. Phys. 58 (2025) 235001 J K Krondorfer et al

modulation of the latter, e.g. via amplitude-modulated laser
light, it is possible to induce nuclear spin transitions. ONER
enables precise nuclear spin control with high spatial resol-
ution, leveraging optical wavelengths that are much shorter
than those used in conventional NMR techniques. Moreover,
ONER only requires the application of a single amplitude-
modulated laser beam to flip nuclear spins, which can be
implemented with an electro-optical modulator.

Within the field of quantum computing, protocols based
on nuclear spin manipulation have recently achieved signific-
ant advancements [13]. Nuclear spin qubits have been experi-
mentally demonstrated in neutral atoms, the leading candid-
ates for scalable qubit arrays. Alkaline-earth and alkaline-
earth-like atoms are particularly attractive due to their long-
lived qubit states, the theoretically well-understood hyperfine
structure [14], and the ability to precisely control their inter-
actions with external fields [15, 16]. These properties have led
to experimental demonstrations of high-fidelity gates [8, 17–
19], erasure conversion [20], and midcircuit operations [10,
21, 22]. Our target system, the 87Sr atom, features a nuc-
lear spin which couples only weakly to the environment, mak-
ing it an excellent candidate for quantum information storage.
However, one limitation so far is the achievable Rabi frequen-
cies. Experimentally, Rabi frequencies of just 1.2 kHz have
been demonstrated [9], which are significantly slower than
those achieved with nuclear qubits in e.g. 171Yb [18]. Despite
this, 87Sr offers the compelling advantage of coherence times
up to several tens of seconds [9] – surpassing the coherence
times reported for 171Yb by far [18]. This robustness, com-
bined with the favorable quadrupole moment of the 87Sr iso-
tope and the presence of a suitable optical transition, makes
strontium a prime candidate for future experimental realiza-
tions of ONER.

In this paper, we show the feasibility of ONER in 87Sr in a
Paschen–Back-like regime, and compute laser parameters and
magnetic fields that enable fast and robust spin manipulation
in the ground state. We show that fidelities exceeding 99.9%
can be achieved even in the presence of typical noise sources.
Thereby, we show that ONER has the potential to enable faster
Rabi oscillations, making it an intriguing alternative to exist-
ing methods, which may translate into faster quantum logics
in the long run.

Our article is structured as follows. We start with a general
discussion of ONER and continue with a brief overview of
the properties of the (5s 2) 1S0 → (5s5p) 3P1 optical transition
in 87Sr. This is followed by a reformulation of the hyperfine
Hamiltonian, a discussion of nuclear quadrupole interaction,
and a description of the ONER protocol specifically for 87Sr.
We then determine the optimal magnetic field conditions and
laser parameters for ‘qubit’ transitions between themI =−9/2
andmI =−5/2 hyperfine levels of the electronic ground state.
After the introduction of our computational simulation tech-
nique, we use it to study the coupling between the nuclear
quadrupole moment and the electronic environment. The dis-
cussion and interpretation of our results, also supported by the
application of Floquet theory, is then followed by a stability

analysis with respect to experimental parameter settings and
laboratory requirements.

2. The principle of ONER

We start with a general description of ONER before we discuss
its applicability to the 87Sr system. The basic idea is to exploit
a difference between the nuclear quadrupole interaction (NQI)
in different electronic states to drive nuclear spin transitions,
achieved by an appropriate time-modulation of electronic state
populations. A schematic illustration of the principle, as it may
be realized in 87Sr, the target system of this article, is provided
in figure 1. It shows a part of the hyperfine structure of the
(5s 2) 1S0 → (5s5p) 3P1 optical transition in a magnetic field.
The ONER protocol requires the application of an amplitude-
modulated laser field to an atomic or molecular system. The
laser frequency is chosen to be suitably detuned from the trans-
ition energy between the electronic ground state and an excited
state. Ideally, the excited state has a strong hyperfine inter-
action, while the ground state has no hyperfine interaction,
thus providing well-defined nuclear spin states. If the amp-
litude modulation is slow compared to the electron dynam-
ics, the electronic system will follow this modulation adiabat-
ically, i.e. the time dependence of the excited state occupa-
tion is inherited from the amplitude modulation of the laser
signal (illustrated below the excited state in figure 1). This
periodic modulation of the excited state occupation leads to a
periodic modulation of the EFG, and thus of the NQI (illus-
trated by an ‘orbital-like’ tensor plot surface in the excited
state), which can drive nuclear spin transitions by coupling
nuclear spin and EFG at the position of the nucleus. Also, the
total magnetic dipole moment of the electrons (illustrated by
a vector in figure 1) is modulated by the excited state occu-
pation, leading to additional nuclear spin interactions. The
period T of the amplitude modulation is adjusted such that
it allows for specifically selected transitions between hyper-
fine levels in the ground state. Depending on the structure of
the NQI tensor and the total magnetic dipole moment of the
electrons,∆mI =±1 and∆mI =±2 transitions can be driven.
In the following sections, we will focus on the mI =−9/2 to
mI =−5/2 transitions in the ground state. A brief summary of
the theory behind ONER is provided in appendix B.

3. The 1S0 and 3P1 states in 87Sr

In the following sections, we show that the (5s 2) 1S0 →
(5s5p) 3P1 transition in 87Sr is particularly well suited for
ONER. We first investigate the dependence of the respective
states on an external magnetic field and discuss the important
parameters of the system.

Note that 87Sr has a nuclear spin quantum number of 9/2,
thus a total of ten nuclear spin states. The 1S0 ground state of
87Sr has no hyperfine interaction and a total electron angular
momentum of zero. Therefore, the magnetic field dependence
is just given by the Zeeman interaction of the nuclear spin and
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Figure 1. Schematic illustration of the optical nuclear electric
resonance (ONER) protocol applied to the level structure of the
(5s 2) 1S0 → (5s5p) 3P1 optical transition in 87Sr in a
Paschen–Back-like regime. The most relevant levels for ONER are
plotted in black, less relevant levels are illustrated in gray. A
detuned, amplitude-modulated laser field with period T and
electronic Rabi frequency ΩE/2π drives the system, resulting in an
adiabatically modulated occupation of the electronically excited
state, illustrated in the gray box. In the 1S0 ground state, the
magnetic nuclear spin quantum number mI remains well-defined.
However, in the 3P1 excited states, the non-zero nuclear quadrupole
interaction (NQI) tensor Q (represented by an ‘orbital-like’ tensor
plot surface) and the total magnetic dipole moment A of the
electrons (represented by a vector) couples to the nuclear spin states.
A modulated occupation of the excited state, P3P1(t), leads to a
modulation of the NQI tensor and the magnetic dipole moment
vector of the electrons, which couple to the nuclear spin I via
quadrupole interaction and magnetic dipole interaction, respectively.
This enables hyperfine nuclear spin transitions in the 1S0 ground
state with a nuclear Rabi frequency ΩN/2π, illustrated by the blue
ellipse enclosing the qubit spin levels.

the external magnetic field, as shown in the inset of figure 2.
For the 3P1 state, the hyperfine interaction of nuclear spin and
total angular momentum of the electrons gives rise to a non-
trivial Breit–Rabi diagram, as shown in figure 2. It displays a
total of 30 states – 10 spin states multiplied by 3 electronic
total angular momentum states. In the further discussion, we
will be mostly interested in the lowest and third-lowest lying
states of the ground and excited state manifolds highlighted in
figure 2.

Considering the subsystem of 1S0 and 3P1 states, the total
atomic Hamiltonian HA can be expressed as

HA = HE +HZ +HHF , (1)

with the electronic Hamiltonian HE, the Zeeman Hamiltonian
HZ and the hyperfine Hamiltonian HHF. The electronic
Hamiltonian represents the electronic excitation (5s 2) 1S0
→ (5s5p) 3P1 centered at 689 nm. Its corresponding
energy ω0/2π, expressed in units of GHz, sets the zero point
in figure 2. This part of the total Hamiltonian can be written
as

HE = ω0 |3P1⟩⟨3P1| ⊗1 , (2)

with h̄= 1 for notational convenience. The first part of the
tensor product in equation (2) covers the electronic, the second
covers the nuclear degrees of freedom. The tensor product
structure will not be made explicit in the further discussion.
Note that the excited state decays into the ground state with
a rate of Γ = 2π × 7.48 kHz, [9, 23] which we include in our
simulations as discussed in section 5.

The Zeeman HamiltonianHZ captures the interaction of the
electrons and the nucleus with an external magnetic field B=
B0ez oriented along the z-direction. It is given by

HZ =
(
gJµ0 Ĵ− gIµN Î

)
·B , (3)

with Ĵ denoting the total angular momentum operator of the
electrons and Î the spin angular momentum operator. They are
multiplied by the Bohr magneton µ0, the nuclear magneton
µN, and by their corresponding g-factors gI =−1.0928 and

gJ = 1+
J(J+ 1)+ S(S+ 1)−L(L+ 1)

2J(J+ 1)
=

3
2
, (4)

respectively [24].
The last term in equation (1), the hyperfine Hamiltonian

HHF, contains the magnetic dipole and electric quadrupole
interaction of the electrons and the nucleus. In general, it can
be written as

HHF = AÎ · Ĵ+Q

3
2 Î · Ĵ

(
2Î · Ĵ+ 1

)
− Î2 Ĵ2

2IJ(2I− 1)(2J− 1)
, (5)

with a hyperfine constant A= 2π×−260MHz and a quadru-
pole constant Q= 2π×−35MHz [25].

For the simulation, we choose a representation in the basis
|n,mJ,mI⟩, with n ∈ {1S0,3P1}, mJ = 0 for the 1S0 state and
mJ ∈ {±1,0} for the 3P1 state. The magnetic quantum num-
bermI of the nuclear spin runs from -9/2 to 9/2. In general, the
eigenstates of the total atomic Hamiltonian HA are non-trivial
in the chosen basis. In our qubit system, this is clearly the case
in the excited state, where the (mJ,mI) are not good quantum
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Figure 2. Magnetic field dependence of the hyperfine states of the
1S0 and 3P1 states. The upper plot displays the energy levels in the
ground 5s 2 1S0 state (small inset) and the excited 5s5p 3P1 state of
87Sr for different magnetic fields B. The highlighted states with the
lowest and third lowest energy both in the ground state and in the
excited state are of main interest in our study. The lower plot
displays the projections of the three lowest energy states in the
excited 3P1 manifold of 87Sr (one graph for each state, lowest
energy state at the bottom) onto the |3P1,mJ,mI⟩ basis vectors. We
only find a small mixing of the quantum numbers (mJ,mI) in the
3P1 state, indicating that they are good quantum numbers. Only the
non-zero components are shown. Line style and line color
conventions introduced in this plot are used throughout the
manuscript.

numbers due to the combined Zeeman and hyperfine interac-
tions. Note that this is not a flaw but a necessity of ONER, since
we intend to drive well-defined nuclear spin transitions within
the ground-state manifold, but use controlled spin mixing in
the excited state to drive them. Nevertheless, (mJ,mI) need to
be sufficiently good quantum numbers to avoid undesired spin
mixing. For the three energetically lowest states in the 3P1

manifold, already moderate magnetic field strengths are suf-
ficient to enter a Paschen–Back-like regime with (mJ,mI) as
suitable quantum numbers. This is illustrated in figure 2, where
the overlap of the three lowest eigenstates of the 3P1 manifold
with the |3P1,mJ,mI⟩ basis is shown. For our purpose, a mod-
erate magnetic field strength of 200 Gauss is already sufficient
to enable the ONER protocol. Asymptotically, for large B, the
three lowest eigenstates of the 3P1 manifold are clearly defined
as −9/2, −7/2, and −5/2 states with respect to mI, and as -
1 states with respect to mJ. Conventions regarding line style
and color, as introduced in figure 2, are used throughout the
manuscript.

4. Optical nuclear electric resonance

4.1. Hyperfine Hamiltonian and nuclear quadrupole
interaction

In the context of ONER, it is convenient to phrase the hyper-
fine interaction, given in equation (5), differently. First, we
note that two contributions appear: a linear and a quadratic
interaction in the spin and angular momentum operators.

The linear term arises from the interaction of µ̂I, the mag-
netic moment of the nucleus, with the magnetic field B̂el

generated by the surrounding electrons, yielding HHF,lin =

µ̂I · B̂el. Both are vector operators in their respective Hilbert
spaces, and can therefore be related by the Wigner–Eckart
theorem [26] to the nuclear spin Î∼ µ̂I and the total angular
momentum of the electrons Ĵ∼ B̂el, respectively. Combining
the proportionality constants into a single linear hyperfine con-
stant A yields the linear part of the hyperfine Hamiltonian,
written as Â · Î, with the total magnetic dipole moment of the
electrons Â := AĴ.

Likewise, we can rephrase the quadratic interaction of the
hyperfine Hamiltonian, the key feature of any nuclear electric
resonance protocol, including ONER. This term is caused by
the interaction of the electric quadrupole moment of the nuc-
leus Q̂mn and the EFG at the position of the nucleus Φ̂mn. Both
are symmetric traceless second-rank tensors in their respective
Hilbert spaces. The corresponding Hamiltonian is given by

HHF,quad =
1
6
tr
{
Q̂Φ̂

}
=

1
6

∑
µν

Q̂µνΦ̂µν . (6)

This Hamiltonian can be derived from a second-order Taylor
expansion of the atomic Hamiltonian for a finite-sized
nucleus [11].

By employing the Wigner–Eckart theorem, the nuclear
quadrupole tensor and the EFG tensor can be related to the
nuclear spin operator and total electronic angular momentum
operator, respectively. This gives

Q̂nm =
q

I(2I− 1)

(
3
2

(
ÎnÎm+ ÎmÎn

)
− δnm Î2

)
,

Φ̂nm =
ϕ

J(2J− 1)

(
3
2

(
ĴnĴm+ ĴmĴn

)
− δnm Ĵ2

)
,

(7)

with the scalar nuclear quadrupole moment q and the scalar
EFG ϕ. Note that only nuclei with nuclear spin I> 1

2 can have
a non-vanishing quadrupole moment and only electronic states
with J> 1

2 can have non-vanishing EFG, as indicated by the
proportionality constants.

Inserting these representations in equation (6) and reorder-
ing, we obtain the typical form of the hyperfine interaction
Hamiltonian in the context of atomic physics by setting Q=
qϕ. Another representation, typically used in NMR spectro-
scopy, is obtained by just replacing Q̂ in equation (6) and

4



J. Phys. B: At. Mol. Opt. Phys. 58 (2025) 235001 J K Krondorfer et al

exploiting the symmetry properties of the EFG tensor. This
yields

HHF,quad =
∑
µν

ÎµQ̂µν Îν , (8)

with Q̂µν = q
2I(2I−1) Φ̂µν as the NQI tensor. Note that the NQI

tensor is an operator in the Hilbert space of the electronic
degrees of freedom, and does not depend on the nuclear spin
degrees of freedom. Thus, the NQI tensor is fully determined
by the electronic configuration, or more specifically, by the
total electronic angular momentum operator Ĵ and its time-
dependent expectation value. The same holds for the magnetic
dipole moment Â of the electrons.

4.2. Quadrupole interaction for nuclear spins

To identify suitable parameters for nuclear spin transitions via
ONER, we investigate the NQI Hamiltonian of a quadrupolar
nucleus placed in an external magnetic field B= B0ez in z-
direction, within a known adiabatically controlled electronic
environment, i.e. a well-defined EFG. We indicate the known
EFG by replacing Φ̂with its time-dependent expectation value
⟨Φ̂⟩, leading, according to equation (8), to an averaged NQI
tensor ⟨Q̂⟩µν . The corresponding total Hamiltonian, compris-
ing Zeeman and quadrupole interactions, can be written as

H= HB+HQ =−γnB0Îz+
∑
µν

Îµ⟨Q̂⟩µν Îν , (9)

with γn denoting the gyromagnetic moment of the nucleus and
the NQI tensor as given above.

First, if the NQI is sufficiently small compared to the
Zeeman interaction, then the time-independent part of the NQI
will lead to additional line shifts of the Zeeman energies and
therefore lift the degeneracy of the transition energies. In good
approximation, the eigenstates of the total Hamiltonian remain
well-defined in the eigenbasis of the Zeeman-Hamiltonian
comprising the orientational nuclear spin states |mI⟩ for a
fixed spin quantum number I. The resulting energy correc-
tion is given in appendix A. Note that the correction of the
transition energies opens the possibility to address specific
transitions individually, which is not possible in the case of
equidistant Zeeman-splitting alone. For the 1S0 → 3P1 trans-
ition discussed here, individual control is enhanced by the
hyperfine interaction in the excited state, as we discuss in
section 5.

Second, a time-dependent variation of the NQI tensor
allows for transitions between nuclear spin states. Since the
NQI is quadratic in the spin operator I, it allows for driving
transitions with ∆mI =±1,±2. The corresponding transition
amplitudes are given as [11]

gmI→mI−1 (t) = αmI−1↔mI

(
⟨Q̂⟩xz (t)+ i⟨Q̂⟩yz (t)

)
,

αmI−1↔mI =
1
2
|2mI− 1|

√
I(I+ 1)−mI (mI− 1) ,

(10)

gmI→mI−2 (t) = βmI−2↔mI

×
(
⟨Q̂⟩xx (t)−⟨Q̂⟩yy (t)+ 2i⟨Q̂⟩yx (t)

)
,

βmI−2↔mI =
1
4

√
(I(I+ 1)− (mI− 1)(mI− 2))

×
√
(I(I+ 1)−mI (mI− 1)) .

(11)

The transition amplitudes for the reverse transition are given
by the complex conjugate of the above expressions. They
reveal that the structure of the quadrupole interaction tensor
determines the type and strength of the possible transitions,
and is therefore a crucial element of the ONER protocol.

4.3. Electric field gradients for atomic states

For atomic systems, the structure of ⟨Q̂⟩µν , the averaged NQI
tensor, can be deduced from the respective electronic state,
i.e. the (J,mJ) quantum numbers. Note, however, that pure
states of the form |ψ⟩= |J,mJ⟩ give rise to a cylindrical NQI
tensor ⟨Q̂⟩= diag(a,a,−2a), for some constant a. This does
not allow for transitions between spin states, which is imme-
diate from equations (10) and (11). Therefore, slight mixtures
of states are necessary to enable non-cylindrical NQI tensors.

For J< 1 the EFG vanishes and no NQI occurs. Therefore,
S-states are a natural choice for the ground state manifold.
Other states may be chosen as well, but it is essential to reach
the Paschen–Back regime in experimental setups, where the
Zeeman interaction dominates over the quadrupole interac-
tion. This ensures that the Zeeman states serve as sufficiently
good approximations of the ground state spins.

A reasonable choice for the electronically excited state is
therefore a P-state with J= 1. For J= 1, we obtain the possib-
ility of ∆mI =±2 transitions for state mixtures of mJ =+1
and mJ =−1, while suppressing ∆mI =±1 transitions. For
mixtures of mJ =±1 and mJ = 0, also ∆mI =±1 transitions
are enabled. However, ∆m=±1 transitions are also affected
by the linear hyperfine interaction. If this interaction is too
large with respect to the quadrupole interaction, then these
transitions are compromised and of reduced stability.

Therefore, ∆mI =±2 transitions are an ideal candidate
to isolate nuclear quadrupole interactions and thereby driven
transitions while suppressing linear hyperfine interaction. The
mixture of states is provided by the quadrupole interaction
itself and second-order perturbation in linear hyperfine inter-
action, and through the application of a laser field polarized
perpendicular to the quantization axis. Note that the applica-
tion of circularly polarized laser light will not lead to trans-
itions, as it couples only to a single excited state, leading to a
cylindrical NQI tensor.

5. Results for ONER in 87Sr

Having introduced ONER in general, we can now apply the
protocol to the (5s 2) 1S0 → (5s5p) 3P1 transition in 87Sr.
We begin with a discussion of laser parameters suitable for
transitions between the mI =−9/2 and mI =−5/2 hyperfine
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ground state. The reason for choosing the mI =−5/2 state
instead of themI =−7/2 state is twofold: First, it is a∆mI = 2
transition, with all the properties mentioned above. Second,
it is less affected by the large hyperfine interaction in the
excited state manifold, which is not the case for themI =−9/2
to mI =−7/2 transition. The involvement of hyperfine inter-
action would make the procedure unstable and introduce an
undesired, additional coupling of the spin states in the excited
state manifold.

We start with an overall discussion of the simulation setup
in section 5.1, defining the total Hamiltonian and suitable laser
parameters, and provide simulation results and interpretations
in section 5.2.

5.1. Simulation setup and total Hamiltonian

To drive transitions between the mI =−9/2 and mI =−5/2
ground state, we place the atom in an amplitude-modulated,
linearly polarized laser field of polarization angle θ = π/2
with respect to the quantization axis z, frequencyω, and a time-
dependent electronic Rabi frequency

ΩE (t)/2π =
ΩE/2π

2

(
1− cos

(
2π t
T

))
, (12)

with an amplitude modulation period T. Note that the intensity
of the excitation laser is proportional to the square of the Rabi
frequency of the electronic transition. In our simulations, we
use the electronic Rabi frequency as a parameter represent-
ing the experimentally tunable laser intensity. Details on the
conversion of electronic Rabi frequency to laser intensity are
provided in appendix C. The total Hamiltonian is then given
by the sum of the atomic Hamiltonian HA and the atom laser
field interaction Hamiltonian HAF. We transform the system
into the rotating frame and apply the rotating wave approxim-
ation (RWA). This results in the Hamiltonian

H= H ′
E +HZ +HHF +HAF , (13)

with

H ′
E =−∆ |3P1⟩⟨3P1| ⊗1 , (14)

where ∆ := ω0 −ω is the detuning of the laser frequency
from the central transition frequency ω0. The atom field inter-
action Hamiltonian, determined by the electronic Rabi fre-
quency ΩE(t)/2π and the polarization angle θ, can be written
as

HAF (t) =
1
2
ΩE (t)

(
cos(θ) |1S0⟩⟨3P1,0| ⊗1

+
sin(θ)√

2
|1S0⟩⟨3P1,−1| ⊗1

− sin(θ)√
2

|1S0⟩⟨3P1,+1| ⊗1+ c.c) .

(15)

We perform simulations with the total time-dependent
Hamiltonian given in equation (13) to identify parameters
that lead to a spin flip between the mI =−9/2 and mI =−5/2
ground states. For this purpose, we choose a laser frequency
ω exactly between the energies of the |1S0,0,−9/2⟩ →
|3P1,−1,−9/2⟩ and |1S0,0,−5/2⟩ → |3P1,−1,−5/2⟩
transitions, i.e.

ω =
1
2

((
E
(
3P1,−1,−9/2

)
−E

(
1S0,0,−9/2

))
+

(
E
(
3P1,−1,−5/2

)
−E

(
1S0,0,−5/2

)))
,

(16)

as also illustrated in figure 1. This configuration enhances the
selectivity of nuclear spin control by suppressing the undesired
mI =−5/2↔ mI =−1/2 ground state transition. The sup-
pression arises from multiple factors: the laser field is detuned
from the resonance condition for this transition, the effective
hyperfine interaction induces an additional perturbative shift
of the energy levels, and thus, the frequency of the amplitude
modulation deviates from its optimal value for this transition.
Moreover, choosing the laser frequency in such a way res-
ults in an equal detuning for both mI =−9/2 and mI =−5/2
states. This is essential, since both states should experience
equal quadrupole coupling.

We perform a series of scans over the period T of the amp-
litude modulation between 1/100µs and 5µs with a resolution
of 5ns, for different magnetic fields B and electronic Rabi fre-
quencies ΩE/2π. The results are discussed in the next section.

The bounds for the period of the amplitude modulation are
selected such that they comprise the adiabatic regime, i.e. the
amplitude modulation is slow enough for the RWA to remain
valid, but fast enough to yield large nuclear Rabi frequencies
ΩN/2π for the spin system. In other words, several amplitude
modulation cycles occur within a single Rabi oscillation of the
spin system. We simulate the time evolution of the system for
50µs using the python module QuTiP [27, 28], allowing us to
resolve nuclear Rabi frequencies of 10kHz or higher. As initial
state, we choose the mI =−9/2 ground state, and we perform
the simulation of the time evolution using a Born–Markov
Master equation to account for the decay Γ of the excited state
into the ground state manifold. Further details regarding the
numerical simulation can be found in appendix D.

Note that with this choice of parameters, the decay of
the 3P1 manifold is mostly negligible due to its comparat-
ively long lifetime (Γ−1≈20µs) and the small occupation
of the excited state manifold P3P1 ≪ 1. The small admix-
ture of the excited state causes a weak effective decay
of the nuclear coherence, scaling approximately as Γeff≈
(ΩE/δ)

2Γ, [4, 15] analogous to Raman-type transitions, where
δ ≈

∣∣E(3P1,−1,−9/2)−E(3P1,−1,−5/2)
∣∣/2 is the detun-

ing from the transition, which lies between the two relev-
ant levels in the excited state manifold. Typically, this decay
can be neglected if the detuning is sufficiently larger than the
intensity. This ensures that the driven dynamics are essentially
coherent within the operation time.

6



J. Phys. B: At. Mol. Opt. Phys. 58 (2025) 235001 J K Krondorfer et al

5.2. Simulation results and interpretation

Now we discuss the results of our simulations, which reveal
an intriguing structure of the transition probabilities. Offering
amplitude modulation periods T between 0 and 5µs, full flips
of the nuclear spin typically appear for several, equidistantly
placed values of T. Their actual position depends on the mag-
netic field B and the electronic Rabi frequency of the 1S0 →3

P1 transition ΩE/2π. This periodicity is caused by multi-
photon transitions, where the amplitude modulation period
matches an effective energy difference between the target spin
states

∆Eeff
−9/2,−5/2 = n

2π
T
, (17)

for some n ∈ N. Due to the time-dependent light shifts gen-
erated by the amplitude-modulated laser field, an analytical
computation of the effective energy difference is unfeas-
ible. In this section, we focus on the discussion of the
numerical results obtained in the simulation of the total sys-
tem. In section 5.3, we can analyze the behavior with the
help of Floquet theory to obtain an effective Hamiltonian
for the target subspace and provide an additional explan-
ation for the dynamics of the system. Figure 3 summar-
izes the numerical results of 6× 4 scans over modulation
period T for B ∈ {200G, 300G, 500G, 1000G} andΩE/2π ∈
{20MHz, 30MHz, 40MHz, 50MHz, 60MHz, 80MHz}.

In the left panel, figure 3(a), we plot nuclear spin-flip prob-
abilities (blue lines), P−5/2 =maxt∈τ |⟨1S0,0,−5/2|ψ(t)⟩|2,
together with the resulting nuclear Rabi frequencies ΩN/2π
(red crosses) at the absorption features, as a function of the
modulation period T. The probabilities are evaluated within
a simulation interval τ = [0,50 µs], where |ψ(t)⟩ is the time-
dependent wave function of the driven system. Essentially, the
flip probability P−5/2 can be interpreted as the π-gate fidel-
ity at the first flip. The observed nuclear Rabi frequencies
show an approximately linear drop from the lowest transition
peak to the highest. This is reasonable, as each oscillation of
the amplitude modulation ‘drives’ the system further towards
the transition, yielding faster transitions for higher amplitude
modulation frequencies. In terms of multi-photon transitions,
this behavior is explained by the lower probability of trans-
itions involving more photons.

The peak structure depends on the occupation of the excited
state, which is determined by the laser detuning and intens-
ity. In our case, the detuning is fixed for a given magnetic
field (see equation (16)) and increases with increasing mag-
netic field. Therefore, similar peak structures can be observed
along the diagonals. If the laser intensity is too low, such that
the occupation of the excited state is too small and therefore
also the effective quadrupole interaction, then no transition can
be observed on the given timescale.

The depth of the absorption features in figure 3(a) may dif-
fer from 1 mainly due to three reasons. First, and most import-
ant for this study, due to spin mixing and excitation into other
spin levels of the electronic ground state, which indicates that
the hyperfine interaction is still dominant or that additional

transitions are driven by the applied laser field, such as the
mI =−5/2 to mI =−1/2 transition. Second, due to the lim-
ited resolution of 5 ns for the period T of the amplitude modu-
lation in the scan. This limitation appears at large ΩE/2π with
many, tightly packed and very sharp absorption features, and
is easily identified by the somewhat arbitrarily shaped envel-
opes of the peak series. Third, in cases where the nuclear Rabi
frequencyΩN/2π lies below 10 kHz and can no longer be fully
resolved within the simulation time window [0,50µs]. This
artifact appears for low ΩE/2π or large periods of the amp-
litude modulation, but is irrelevant for this study, since we
are interested in fast spin transitions with ΩN/2π larger than
10 kHz. In all of the above cases, the transition peak is of less
interest for further investigation, as it will not result in a robust
and fast control of the nuclear spins.

The right panel, figure 3(b), shows the simulated nuclear
Rabi oscillations for a few selected absorption features marked
by black triangles in figure 3(a). These plots, featuring a sim-
ilar, grid-like arrangement as their corresponding spin-flip
probabilities in terms of parameters B and ΩE, represent time
evolutions of spin level occupations P (between 0 and 1) over
a duration of 250µs. If two absorption features are selected,
the lower modulation period is always shown at the bottom.
We observe high-fidelity Rabi oscillations across various mag-
netic field and laser parameters, particularly also for para-
meters readily achievable in standard laboratories. Good Rabi
oscillations are obtained for small amplitude modulations and
low occupations of the electronically excited state, i.e. lower
intensity or higher magnetic field.

For high intensities and low magnetic fields, the excited
state occupation is large, ≈ 0.2, which entails a fast beat
between the two electronic states. As a consequence, a blurred-
out line in the time evolution of the system appears due to the
limited resolution in the graphics. Additionally, the finite life-
time of the more populated excited state leads to a pronounced
damping of the driven spin oscillations, which is not the case
for a low population of the excited state, where coherence is
preserved. This damping, visible in figure 3(b), thus reflects
the weak admixture of the short-lived 3P1 state. As expected
from the scaling Γeff≈(ΩE/δ)

2Γ, the effect becomes notice-
able only when the excited-state population exceeds a few per-
cent at strong driving. In the experimentally relevant regime
of lower intensities, this induced decay remains negligible,
and the oscillation frequency and amplitude are essentially
unaffected.

Moreover, we see that spin mixing can occur if the nuclear
Rabi frequencyΩN/2π is too large for the effective splitting of
the transition energies of the spin system; this happens in the
investigated case for a magnetic field of 300 Gauss and the first
peak at 30 and 40MHz electronic Rabi frequency ΩE/2π. In
figure 4, we provide enlarged, more detailed plots of the time
evolution for three selected parameter combinations at higher
resolution. From left to right, we present the Rabi oscillations
for the parameter settings (200G, 60MHz, first peak), (300G,
40MHz, first peak), and (1000G, 40MHz, first peak).

The more detailed time evolution shows not only the Rabi
frequency of the nuclear spin system, but also reveals a fast

7
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Figure 3. Analysis of Rabi oscillations on the |1S0,0,−9/2⟩ to |1S0,0,−5/2⟩ transition induced by the ONER method. (a) Probability
P−5/2 (blue lines) for flipping the nuclear spin of

87Sr in the electronic ground state from mI =−9/2 to mI =−5/2, and observed spin Rabi
frequencies ΩN for this transition (red crosses), plotted as a function of the modulation period T of the excitation laser. A total of 6× 4= 24
graphs are compiled into a single figure, with the outermost tabular arrangement indicating the chosen values of the electronic Rabi
frequency ΩE/2π, and the magnetic field B, respectively. The graphs reveal the amplitude modulation periods T at which spin flips occur,
identifiable by equidistant dips and characterized by linearly decreasing nuclear Rabi frequencies. Note the similarities in the graphs along
diagonals, indicating similar behavior of the excited state occupation under these conditions. Increasing laser intensity, i.e. larger ΩE/2π,
yields sharper and more tightly packed absorption features, yielding less robust transitions with respect to the modulation period T.
Incomplete transitions, i.e. dips that do not reach zero, are mainly caused by limited resolution in T, limited overall simulation time
t≤ 50 µs, or, in rare cases, by spin mixture. (b) Time evolution of the spin level occupation P for selected transitions between the
mI =−9/2 and mI =−5/2 levels (absorption features marked by black triangles in 3(a)). If two absorption features are selected, the lower
modulation period is shown below. The sum over the remaining occupations mI /∈ {−9/2,−5/2} (other states) reveals the spin mixing,
which occurs if the nuclear Rabi frequency is too large with respect to the effective spin level splitting. We observe high-fidelity Rabi
oscillations across various magnetic fields and laser parameters, particularly also for parameters readily achievable in standard laboratories.

modulation of very small amplitude. The latter stems from
the amplitude modulation with period T and the correspond-
ing occupation of the excited states, as illustrated in the left
plot of figure 4. Furthermore, smaller oscillations can be spot-
ted between periods, particularly at B= 300G and ΩE/2π =
40MHz, which are caused by hyperfine interaction and the
corresponding mixture of spin states (see the middle plot of
figure 4). Thus, the time evolution of the total system con-
sists of a slow global time evolution in combination with a
fast, local process. The local (stroboscopic) time evolution is
approximately constant for the considered states, and its mag-
nitude is much smaller than the amplitude of the global evol-
ution. This is since mI remains a sufficiently good quantum
number, also in the excited state, since the system is in a
Paschen–Back-like regime. In case of a weakly occupied elec-
tronically excited state, the stroboscopic evolution is constant
and small plateaus appear between periods, leading to smooth
spin Rabi oscillations (see the right plot in figure 4), achieved
for various laser and magnetic field parameters.

5.3. Floquet analysis

We focus on two selected examples: the third peak of the
B= 300G, ΩE/2π = 40MHz transition and the first peak of
the B= 500G, ΩE/2π = 20MHz transition. Due to the fail-
ure of the Born approximation for singlet/triplet systems (see
appendix B), a simplified effective analysis is not applicable,
although it provides a useful heuristic. However, since the total
Hamiltonian of the system in RWA is periodic in time, with
period T of the amplitude modulation, Floquet theory can be
applied. Details on the principles of Floquet theory can be
found in appendix E. In this section, we apply Floquet the-
ory to analyze the structure of the transitions with respect to
the amplitude modulation period T.

We calculate the one-period time evolution operator

U(T) = T exp
(
−i
´ T
0 H(t

′) dt ′
)
, with T denoting the time-

ordering operator. Since the total Hamiltonian does not com-
mute for different times, we perform a numerical calculation
of U(T). The eigenstates of U(T) are the Floquet modes |n⟩.

8
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Figure 4. Close-up of the Rabi oscillations for parameter
combinations: (200G, 60MHz, first peak), (300G, 40MHz, first
peak), and (1000G, 40MHz, first peak) from left to right. The
population P is shown over a time interval from 0 to 30µs. At high
laser intensity, the excited state is strongly populated. Besides the
global Rabi oscillation caused by the amplitude modulation that
‘drives’ the system further towards the transition, small local
oscillations appear. These are caused by the amplitude modulation
and the occupation of the excited state, as visible in the left plot.
Additionally, hyperfine interaction can lead to oscillations within
one external modulation period, due to small mixing of spin states,
as can be seen in the middle plot. For a low population of the
excited state and a small amplitude modulation period, smooth Rabi
oscillations are achieved, as exemplified in the right plot.

Knowing these Floquet modes and their overlap with the ini-
tial wavefunction determines the time evolution for integer
multiples of one period, since U(T)k = U(kT). These Floquet
modes reveal the same structure as the full time evolution ana-
lyzed in section 5.2 and figure 3(a). A complete spin flip occurs
only when two Floquet modes form a 50% mixture of the
mI =−9/2 andmI =−5/2 hyperfine ground states, as is illus-
trated in figure 5.

Figure 5 compares the dependence of the transitions on T
obtained by the full simulation of the system with the pre-
dictions based on the overlap of the Floquet modes with the
target spin states. The individual absorption features are well
resolved and occur at the same modulation frequencies. A
suitable measure for the overlap of the |1S0,0,−9/2⟩ and
|1S0,0,−5/2⟩ states in the Floquet mode basis is given by

M−9/2,−5/2 := 2
∑
n

|⟨1S0,0,−9/2|n⟩⟨n|1S0,0,−5/2⟩|2 .

(18)

The state mixture measureM ranges from 0 to 1. It reaches 1
only if exactly two basis states are a 50% mixture of the target
states. Furthermore, M is zero if there is no state in the basis
that mixes the target states.

Thus, the analysis of the eigenstates of U(T) reveals the
global dynamics of the full time evolution. Within one period,
the time evolution is governed by the stroboscopic evolu-
tion operator of Floquet theory (see appendix E), which only

Figure 5. Comparison of the results from the Floquet analysis with
the full time evolution (solid blue line, left axis). The state mixture
of |1S0,0,−9/2⟩ and |1S0,0,−5/2⟩ in the Floquet mode basis is
given by equation (18) (dashed orange line, right axis). Two cases
are considered: B= 300G and ΩE/2π = 40MHz (top) and
B= 500G and ΩE/2π = 20MHz (bottom). The peak shape and
position are well described by the state mixture measure M
(equation (18)) for the Floquet mode basis.

leads to minor oscillations of the excited state occupation.
Therefore, the effective hyperfine coupling is also small. This
means that the mI are sufficiently good quantum numbers dur-
ing the stroboscopic time evolution of the system, and indeed,
the amplitude modulation is responsible for the spin flipping.
When this approximation starts to fail and the stroboscopic
evolution is not constant, then additional oscillatory behavior
can be observed within one period of the amplitude mod-
ulation; e.g. for the transitions at B= 300G and ΩE/2π =
40MHz in figure 4.

The one-period time evolution operator can thus be used to
obtain an effective Hamiltonian, i.e. the Floquet Hamiltonian,
and an effective time-independent dynamics of the system.
However, a perturbative approach to calculate the one-period
time evolution operator is unsuitable, since the interaction
strength of the time-dependent modulation and the trans-
formed energies of the system in RWA are of the same order
of magnitude. Therefore, obtaining U(T) requires a numerical
approach.

6. Stability analysis

We now investigate the stability of the proposed ONER pro-
tocol for our choice of ‘qubit’ transitions between mI =−9/2
and mI =−5/2 in the electronic ground state. The stability
is checked with respect to the laser parameters θ, ∆ and ΩE.
Also, the robustness against variations in the magnetic field B
and the amplitude modulation period T is tested. Moreover,
we discuss the problem of destructive scattering and atom loss
to other states within ONER.

The simulation of the total system reveals that the occupa-
tion of the excited state is bounded by P3P1 < 0.01, in cases

9
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Figure 6. π-pulse fidelity for variations of the tuning parameters (period of amplitude modulation T, magnetic field B, electronic Rabi
frequency ΩE/2π, polarization angle θ and laser detuning from the central transition line ∆) around a spin flip for two different parameter
sets, as indicated on the left of each plot. We compute the logarithm of the flip probability P−5/2 =maxt∈τ |⟨1S0,0,−5/2|ψ(t)⟩|2 within the
simulation time interval τ = [0,50µs]. Diagonal plots illustrate the dependence of the flip probability under variation of one parameter
while keeping all other parameters constant at the reference value. Off-diagonal plots illustrate the dependence of the flip probability upon
variation of two parameters. Our results demonstrate that fidelities exceeding the fault-tolerant quantum computing threshold of 99.9%
(corresponding to log10(1−P−5/2) =−3) can be reliably achieved, even if typical experimental noise is taken into account. (a) Scatter
matrix for the third peak of the B= 300G and ΩE/2π = 40MHz transitions. (b) Scatter matrix for the first peak of the B= 500G and
ΩE/2π = 20MHz transitions.

of reasonably stable transitions with negligible stroboscopic
behavior. The decay rate Γ for the 3P1 state of 87Sr leads to

Nsc =
P3P1 Γ

ΩN
< 0.008 (19)

as the total number of spontaneously scattered photons per
Rabi cycle, assuming a nuclear Rabi frequency of ΩN/2π >
10kHz. Therefore, we can neglect heating and atom loss in
this case.

To evaluate the stability with respect to the laser paramet-
ers and the magnetic field, we perform simulations with per-
turbed parameters and investigate the transition probability
of the respective target states. We simulate the time evolu-
tion and calculate the π-pulse fidelity of the |1S0,0,−9/2⟩ →
|1S0,0,−5/2⟩ transition under perturbed parameters.We apply
perturbations individually to each parameter and to combina-
tions of two parameters. The simulation results are graphic-
ally summarized in figure 6. We select specific frequencies
for the amplitude modulation that are reasonable for experi-
mental verification. For B= 300G and ΩE/2π = 40MHz we
choose the third peak for the amplitude modulation period
(see figure 6(a)). Additionally, we discuss the stability of the
first peak from the B= 500G and ΩE/2π = 20MHz trans-
itions (see figure 6(b)). We refer to these cases as case (a) and
case (b).

Noise in the magnetic field up to 0.05% is tolerable for
a π-pulse fidelity exceeding 99%, corresponding to 150mG

and 300mG for case (a) and case (b), respectively. These
tolerances are readily achieved with commercial power sup-
plies, ∼0.009%, and are far exceeded with modern stabiliz-
ation techniques, achieving stability up to ∼0.00023% [29].
Similar fidelities can be achieved with detunings from the
optimal laser frequency of up to 4MHz, a polarization angle
perturbation of more than 1 degree, and perturbations in the
amplitude modulation period of up to 3 ns (∼0.3%), for both
cases. Noise in the electronic Rabi frequency is tolerable up
to 15 kHz (∼ 0.035%) for case (a) and 30 kHz (∼ 0.15%)
for case (b). The tolerable noise in the Rabi frequency can
be translated into intensity noise by δΩE/ΩE =

1
2δI/I, using

the relationΩE ∼
√
I. Commercial stabilization systems read-

ily achieve an intensity stability of 0.05%, corresponding to
0.025% in electronic Rabi frequency. For small variations and
fine-tuned control parameters, also fidelities exceeding 99.9%
are possible. Thus, we observe stable results in both cases with
respect to magnetic field perturbations, detuning, polarization
angle, amplitude modulation period, and intensity for experi-
mentally reasonable parameter values and variations.

The stability analysis, displayed in figure 6, shows the
dependence of the tuning parameters and the stability with
respect to quasi-static variations. The analysis remains valid if
the timescale of the variations is large compared to the times-
cale of the gate operation. If this is not the case, the time-
dependence of the variations has to be described with a suit-
able time-dependent noise model, fitted to the experimentally
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observable variations of the individual parameters. As shown
in appendix F, measured magnetic-field, laser-frequency, and
modulation-source noise in neutral-atom platforms is strongly
suppressed at the relevant frequencies ΩN/2π = 10–100 kHz,
resulting in estimated relaxation rates Γ1≪10−1 s−1 (< 10−5

error per gate). Thus, on the timescale of a single π-operation,
dynamical noise is negligible, and the observed gate stabil-
ity is limited by quasi-static, shot-to-shot parameter variations
quantified by the scatter-matrix analysis. For long-term opera-
tion, however, slow drifts or correlated noise could give rise to
additional decay channels; in this regime, active stabilization
or continuous dynamical-decoupling techniques [30, 31] may
be employed to further suppress decoherence.

7. Summary

In summary, we demonstrated that ONER is a powerful
method for precise and rapid nuclear spin manipulation in a
Paschen-Back-like regime.We showed how nuclear spin trans-
itions can be induced by a modulation of the EFG, generated
by a periodic change of the electronic environment using a
laser field. This technique provides a compelling alternative to
methods based on radio frequencies and standard two-photon
Raman transitions.

We focused our analysis on 87Sr which features a nuclear
spin that couples only weakly to the environment and there-
fore serves as an excellent long-lived quantum memory [32].
A current limitation in this platform is the achievable nuclear
Rabi frequency, typically of order 1 kHz [9, 33]. We showed
that the ONER approach can enable single-qubit gate opera-
tions with Rabi frequencies exceeding 10kHz, without com-
promising coherence or scalability. Since these operation rates
surpass the thresholds relevant for fault-tolerant quantum com-
puting [34], the proposed scheme offers a clear advantage
for scalable neutral-atom architectures. This demonstrates that
advanced optical control inmoderate-to-strongmagnetic fields
can substantially accelerate single-qubit operations in nuclear-
spin-based platforms.

We note that, while this work primarily focused on two nuc-
lear spin states, 87Sr actually offers 10 different nuclear spin
states. We are confident that ONER can be used to encode
information in more than two states. This capability should
allow for the realization of qudits [33, 35–37], which are
highly sought after in quantum computing due to their poten-
tial to significantly reduce circuit complexity [38] and enhance
the performance of algorithms [39–41].

As discussed, higher magnetic fields require higher laser
intensities, but can also lead to more robust Rabi oscillations.
However, proof-of-principle demonstrations in 87Sr are feas-
ible at magnetic field strengths and laser intensities which are
readily accessible in typical laboratories working with stron-
tium. Further improvements of the ONER method, suppor-
ted by experimental studies, will expand its applicability to
other atomic and molecular systems. These efforts may lead
to significant advances in nuclear spin control, enhancing the

functionality of atomic and molecular quantum devices and
unlocking new possibilities for quantum technologies.
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Appendix A. Energy correction in the quadrupole
Hamiltonian

Here, we discuss the energy correction in the quadrupole
Hamiltonian in more detail. We start from the total quadrupole
Hamiltonian given in equation (9) and assume that the quad-
rupole interaction is small relative to the Zeeman interaction.
We then apply first-order perturbation theory to obtain the cor-
rected energies as well as the corrected transition energies for
both one- and two-level transitions. This leads to

E(1)
mI

= ⟨mI|H|mI⟩

=−γnB0mI+

(
3m2

I

2
− I(I+ 1)

2

)
Qzz,

(A1)

yielding the corrected transition energies

∆E (mI− 1→ mI) =−γnB0 +
3
2
(2mI− 1)Qzz

∆E (mI− 2→ mI) =−2γnB0 +
3
2
(4mI− 4)Qzz.

(A2)

Note that this correction opens the possibility to address spe-
cific transitions individually, which is not possible in the case
of equidistant Zeeman-splitting alone. These corrected trans-
ition energies become relevant when choosing a suitable driv-
ing frequency for the nuclear spin system.
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Appendix B. Theoretical background of optical
nuclear electric resonance

Following the derivation outlined in [11], we consider a
Hamiltonian of the form

H(t) = HE (t)⊗1+1⊗HB+
∑
µν

Q̂µν ⊗ ÎµÎν , (B1)

where all non-nuclear-spin related contributions to the
Hamiltonian are collected in a ‘molecular’ or ‘electronic’ part
HE(t), i.e. all purely electronic interactions in an atom, includ-
ing interactions with external fields. The interaction of the nuc-
lear spin with an external magnetic field is described by HB,
and the last term describes the coupling of electronic degrees
of freedom and nuclear spin Î mitigated by the NQI tensor
Q̂µν . If the Born approximation

ρ(t) = ρE (t)⊗ ρN (t) (B2)

holds for the electronic and nuclear spin density matrix,
then the total von Neumann equation i∂tρ= [H(t),ρ] can be
reduced to two effective dynamical equations by taking par-
tial traces, yielding

i∂tρE = [HE (t) ,ρE] +O
(∥∥∥Q̂∥∥∥) ,

i∂tρN =
[
HB+ ⟨Q̂⟩µν (t) ÎµÎν ,ρN

]
,

(B3)

with

⟨Q̂⟩µν (t) = trE
{
ρE (t) Q̂µν

}
+O

(∥∥∥Q̂∥∥∥2) . (B4)

Both equations can be solved via pure states, i.e. via a
Schrödinger equation instead of the von Neumann ansatz for
density operators. As shown in [11] this allows for a simpli-
fied analysis of the reduced system, and yields the following
guidelines for the choice of suitable laser parameters:

• The laser frequency should be chosen such that it matches
the transition energy of the ground and excited states of the
‘electronic’ system with suitable detuning.

• The amplitude modulation should be chosen such that it
matches the transition energy of the effective spin system
(which is mainly given by the Zeeman splitting if the quad-
rupole interaction can be treated perturbatively).

• The amplitude modulation has to result in an adiabatically
modulated occupation of the excited state.

In the case of strong hyperfine interaction, the Born approx-
imation fails, and the simplified analysis is no longer applic-
able to obtain an effective Hamiltonian for the target spin sys-
tem. Nevertheless, the simplified approach delivers a reas-
onable heuristic that can also deepen the understanding of
the more complicated behavior of the singlet-triplet trans-
itions. An effective Hamiltonian can be obtained numerically
by employing Floquet theory, as discussed in section 5.3.

Appendix C. Conversion of Rabi frequency and
laser intensity

The laser intensity is an important quantity for the ONER pro-
tocol. We have chosen the electronic Rabi frequencyΩE/2π of
the 1S0 →3 P1 transition in 87Sr as a measure of the intensity.
To convert electronic Rabi frequency and intensity, the dipole
moment of the transition, D = |⟨1S0|d̂|3P1⟩|= 0.151√

3
a.u. in

each component, is needed, in combination with a Wigner
factor of 1√

3
[42]. This connects laser intensity I = 1

2ε0cE
2
0

and Rabi frequency via h̄ΩE =−⟨1S0|d̂|3P1⟩ ·E0, for an elec-
tric field amplitude E0, and yields

|h̄ΩE|=D
√

2I
ε0c

, (C1)

which results in intensities I = 1 W
cm2 ,4 W

cm2 ,10 W
cm2 for Rabi

frequencies ΩE/2π = 20MHz,40MHz,60MHz respectively.

Appendix D. Simulation details

As a first step, the total Hamiltonian is set up according to
equation (13). As basis states we choose |n,mJ,mI⟩, with n ∈
{1S0,3P1},mJ = 0 for 1S0 state andmJ ∈ {±1,0} for 3P1 state
and mI ∈ {−9/2,−7/2, . . .,9/2} as discussed in section 3
of the main text. Initial states are chosen within the qubit
manifold, i.e.

|ψ0⟩ ∈
{
|1S0,0,−9/2⟩, |1S0,0,−5/2⟩

}
. (D1)

Since the excited 3P1 state decays with rate Γ = 2π ∗
7.48kHz into the 1S0 ground state, an open quantum system
has to be considered with density matrix ρ. The time-evolution
of the system can then be described by a Born–MarkovMaster
equation [43] of the form

ih̄∂tρ= [H,ρ] + ih̄
∑
α

kαL [cα]ρS, (D2)

with decay strengths kα = Γ and the Lindblad superoperator
L defined by

L [c]ρS = cρSc
† − 1

2

(
c†cρS+ ρSc

†c
)

(D3)

for a collapse operator c. In our case, the collapse operators
are given by

c0 = |1S0,0⟩⟨3P1,0| ⊗1 ,

c+ = |1S0,0⟩⟨3P1,+1| ⊗1 ,

c− = |1S0,0⟩⟨3P1,−1| ⊗1 ,

(D4)

and model the spontaneous decay from the excited state to the
ground state under the emission of a linearly, right- or left-
circularly polarized photon. Note that noise-induced decay
channels are negligibly small, and only quasi-static variations
on a shot-to-shot basis are relevant for the fidelity, as discussed
in appendix F.
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We simulate the time evolution given by equation (D2) in
a time interval τ with the Python library QuTiP [27, 28] using
the mesolve function. From the simulation results, we extract
the occupation of the respective states.

Appendix E. Floquet theory

If a Hamiltonian is periodic in time, i.e. H(t) = H(t+T) for
some period T (in our case the period of the amplitude mod-
ulation), this structure can be used to decompose the time-
evolution of the system into a fast stroboscopic time-evolution
in between the periods and an evolution for multiples of that
period [44, 45]. The analysis is similar to the Bloch state
description for Hamiltonians that are periodic in space.

The time evolution operator satisfies the Schrödinger
equation

i∂tU(t) = H(t)U(t) , (E1)

where we set t0 = 0 for notational simplicity. Note, however,
that the choice of t0 is in principle a gauge, although we can
neglect this technicality for our purposes.

Using the periodicity of the Hamiltonian and the group
structure of the time-evolution operator, one can decompose
the time evolution operator U(t) = S(t)U(T)t/T, with a time
periodic operator S(t+T) = S(t), called stroboscopic evol-
ution operator, and the one-period time-evolution operator
U(T).

The eigenstates |n⟩ of the one-period operator are called
Floquet modes, which form a time-independent basis of the
underlying Hilbert space. These states satisfy

U(T) |n⟩= e−iεnT|n⟩, (E2)

with quasi-energies εn, that are uniquely defined modulo 2π
T .

The time-periodic Floquet states are formed by applying the
stroboscopic evolution operator on the Floquet modes, i.e.
|ψn(t)⟩= S(t)|n⟩. Note that |ψn(kT)⟩= |n⟩ for all integer mul-
tiples of the period T.

The time-dependent wavefunction can thus be written as

|Ψ(t)⟩= U(t) |Ψ(0)⟩=
∑
n

cne
−iεnt|ψn (t)⟩, (E3)

with time-independent coefficients cn = ⟨n|Ψ(0)⟩. Note that
the stroboscopic evolution determines the behavior within one
period, while the one-period time-evolution operator determ-
ines the global evolution across several periods. Thus, know-
ing the Floquet modes and the coefficients cn determines the
shape of the wavefunction for integer multiples of the period,
and a decomposition of the wavefunction into a global evolu-
tion and a local stroboscopic evolution is possible.

Appendix F. Noise analysis

The influence of dynamical non-static noise on gate fidel-
ity within the operation time can be roughly estimated

within an effective driven two-level model with states |0⟩ :=
|1S0,0,−9/2⟩ and |1⟩ := |1S0,0,−5/2⟩

Heff =ΩNσx+∆effσz , (F1)

where σx,z are the respective Pauli matrices, ΩN is the nuclear
Rabi frequency, and ∆eff an effective detuning. On the times-
cale of a π-pulse operation, τπ = π/ΩN = 10−100µs, slow
fluctuations in the control parameters x∈{B,∆,ΩE,θ,T} are
effectively constant and already captured by the scatter-matrix
analysis in section 6. Only fluctuations with spectral weight
near the dressed-state splitting, i.e. the nuclear Rabi frequency
ΩN, lead to irreversible decay of the Rabi oscillations.

For weak, stationary noise, the (Floquet-)Bloch–Redfield
or filter-function formalisms up to first order yield
[2, 43, 46–48]

Γ1 (x)≈ (∂xA)
2 Sx (ΩN) , (F2)

where Sx(ω) is the one-sided power spectral density of the
fluctuating parameter x(t) and A the corresponding control-
dependent quantity (e.g. effective detuning or nuclear Rabi fre-
quency). Equation (F2) describes the noise-induced transverse
relaxation [46]. The derivative of the effective detuning can be
estimated by the two-level model, with maximal excited state

occupation P=
Ω2

N

Ω2
N+∆2

eff
, and the stability matrix in figure 6,

which contains the maximal occupation. Using∆eff ≈ ∂∆eff
∂x δx

one obtains (
∂∆eff

∂x

)2
≈ 1−Pδx

Pδx

Ω2
N

(δx)2
,

with Pδ x the maximal fidelity at parameter variation δx, which
can be read off in figure 6.

Measured technical spectra in optical-clock and tweezer
systems show that dynamical noise at ΩN/2π = 10–100 kHz
is strongly suppressed for all relevant control parameters.
Magnetic-field noise acts as detuning noise, transverse in the
dressed basis. Active stabilization suppresses spectral com-
ponents above a few kilohertz, leaving SB(ΩN) below detec-
tion limits [29, 49], and thus giving a negligible contribution
to the decay.

Likewise, laser-frequency noise enters as detuning noise.
Cavity-stabilized lasers used for Sr and Yb clocks exhibit
sub-Hz linewidths and high-offset phase noise far below
10−17Hz−1 for offsets≳ 1 kHz [50]. Note that the phase noise
value needs to be multiplied by Ω2

N to yield Sω(ΩN) [51].
This leads to negligible decay Γ1(ω)⩽ 10−15 s−1 as
Sω(ΩN) = Ω2

N10
−17Hz−1 ≈ 10−4 s−1, and an estimated

slope (∂∆eff/∂ω)
2 ≈ 10−6.

Fluctuations of the modulation period correspond to fre-
quency noise of the amplitude modulation, translating into
a detuning in an effective model and thus act transversely.
Phase-noise spectra of low-noise RF sources and AOM
drivers are below 10−7Hz−1 at 1–100 kHz [52], leading to
S1/T(ΩN)≈ Ω2

N10
−7Hz−1. With (∂∆eff/∂ω)

2 ≈ 10−2, this
yields negligible decay Γ1(1/T)⩽ 10−1 s−1.
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Finally, amplitude (intensity) noise may couple longit-
udinally as well as transversely. The longitudinal contribu-
tion is accounted for by slow phase accumulation within
the scatter matrix. The transversal contribution at ΩN is
set by the relative intensity noise (RIN), where SΩE/Ω

2
E =

RIN/4, since ΩE ∼
√
I. Stabilized AOM/EOM systems reach

RIN(ΩN)≲ 10−12Hz−1 [53, 54], leading to SΩE(ΩN)≈
10−4 s−1. Assuming locally an approximately linear depend-
ence ΩN ∼ ΩE gives |∂ΩN/∂ΩE| ≪ 1, due to the different
orders of magnitude. Overall, the decay is then bounded by
Γ1(ΩE)≪ 10−4 s−1. Polarization-angle fluctuations are dom-
inated by slow thermal and mechanical drifts and therefore
produce only quasi-static noise already included in the scatter-
matrix analysis.

These estimates are consistent with coherence times of
tens of seconds observed in Sr and Yb nuclear-spin qubits,
where residual decay is attributed primarily to optical-trap
laser noise [8, 9, 18]. Hence, dynamical noise contributes neg-
ligibly to gate infidelity: fidelity is limited by quasi-static, shot-
to-shot parameter variations that can be described by a scatter
matrix, as discussed in section 6. For the short-term stability
and fidelity, noise-induced decay remains negligible.

However, regarding long-time behavior and long-time sta-
bility, these noise sources may open additional decay chan-
nels that can become relevant. In this case, additional sta-
bilization techniques, such as dynamical decoupling or con-
catenated continuous decoupling [30, 31], might be suitable
remedies.
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