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ABSTRACT: Control over transition rates between spin states of emitters is
crucial in a wide variety of fields ranging from quantum information science to the
nanochemistry of free radicals. We present an approach to drive both electric and
magnetic dipole-forbidden transitions of a spin emitter by placing it in a
nanomagnonic cavity, requiring a description of both the spin emitter beyond the
point dipole approximation and the vacuum magnetic fields of the nanomagnonic
cavity with a large spatial gradient over the volume of the spin emitter. We
specifically study the silicon vacancy (SiV−) defect in diamond, whose Zeeman-
split ground states comprise a logical qubit for solid-state quantum information
processing, coupled to a magnetic nanoparticle serving as a model nanomagnonic
cavity capable of concentrating microwave magnetic fields into deeply subwavelength volumes. Through first-principles modeling of
the SiV− spin orbitals, we calculate the spin transition densities of magnetic dipole-allowed and -forbidden transitions and calculate
their coupling rates to various multipolar modes of the nanomagnonic cavity. We envision using such a framework for manipulation
of quantum spin states.

■ INTRODUCTION

Precise control over transition rates between states of an
emitter and, thus, absorption and emission of phonons,
photons, and magnons is crucial for a variety of applications
ranging from quantum information processing to energy
harvesting in artificial and biological structures.1−5 These
transition rates are governed by selection rules that generally
assume that these external fields are plane waves with
negligible spatial gradient and that the emitter can be
represented as a point dipole.6−8 Violating either or both of
these approximations, however, can lead to exotic optical and
chemical phenomena, such as multipolar transitions that are
faster than dipolar ones, multiquanta emission, efficient spin-
flip processes, and spatially dependent near-field emis-
sion.5,9−13 Further experimental development of such
processes to tailor transition rates may lead to facile generation
of highly entangled multipartite states, for instance.14−16

Although previous research in breaking selection rules has
been largely focused on the interaction between plasmonic
systems with emitters in the optical frequency
range,5,10,11,13,17−19 there have been comparatively fewer
studies on breaking selection rules in spin emitters20−28 with
transition frequencies in the microwave range, where magnetic
dipolar transitions are inherently orders of magnitude slower
than their electric dipolar counterparts.29 Spin emitters are of
large technological interest given, for instance, the proposed
usage of defect spin emitters as spin−photon interfaces in
quantum information processing systems30−34 and radical pair-

based mechanisms as the source of biological magneto-
reception.35,36

In this article, we present an approach to couple isolated
spin emitters to fields of magnon modes with length scales on
the order of single molecular or defect emitters. The magnon
modes are realized by ferromagnetic or ferrimagnetic nano-
particles as nanomagnonic cavities that concentrate microwave
magnetic fields into deeply subwavelength volumes. This
configuration is illustrated in Figure 1, where the spin emitter
is positioned close to the nanoparticle surface and efficiently
coupled via fields of dipolar or higher-order magnon modes.
The large spatial gradients of coupled magnon modes require
the description of the emitters beyond the point dipole
approximation and enable selection rule breaking of orbital−
spin transitions. This phenomenon is analogous to those
realized in studies that have demonstrated the breaking of
electric dipole-based selection rules in plasmonic sys-
tems.5,10−13 While refs 6 and 7 consider how magnetic
nanostructures can generate magnetic fields with large
gradients and catalyze intersystem crossing in molecular radical
pairs, neither the full spectral profile of the magnetic
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nanostructure nor the spatial variation of the spin emitters was
considered. To demonstrate selection rule breaking, we show a
nonzero transition rate between the logical |0⟩ and |1⟩ states in
the ground-state manifold of the negative silicon vacancy
(SiV−) in diamond, a leading material candidate for spin−
photon coupling in solid-state qubits for quantum technolo-
gies,26−28,37−39 coupled to a spherical nanoparticle of yttrium−
iron−garnet (YIG) that serves as the nanomagnonic cavity.
This transition is typically forbidden under electric and
magnetic dipole selection rules. We show that this magnon−
spin coupling rate can reach kilohertz frequency scales with the
potential to enter the strong magnon−spin coupling regime
upon the development of lower-loss magnetic materials. We
envision leveraging these phenomena to more flexibly
manipulate the quantum states of spin qubits or, upon further
engineering of nanomagnonic cavities, to mediate qubit−qubit
interactions necessary for quantum technologies.

■ SIV− AS A MODEL SPIN EMITTER
As an example of a spin emitter with a transition forbidden by
magnetic dipole-based selection rules, we study the SiV− defect
in diamond, a leading spin−photon interface candidate for
various quantum information processing technologies.26−28

The SiV− is a split-vacancy defect that consists of the silicon
atom located between two adjacent vacant sites in diamond,
resulting in D3d symmetry.40,41 The degeneracy of the ground-
state manifold is broken by spin−orbit coupling that has been
experimentally observed at ∼50 GHz. This value can be closely
reproduced with ab initio density functional theory (DFT)
calculations with a correction due to the Jahn−Teller effect,
although this effect is not necessary to predict the orbital and
spin characters.41 The resulting ground-state manifold, with
lower-energy degenerate states ψe

+(r)|↓⟩ and ψe
−(r)|↑⟩ and

higher-energy degenerate states ψe
+(r)|↑⟩ and ψe

−(r)|↓⟩, can be
coupled together via microwave drive. The degeneracies of the
lower and upper levels of the ground-state manifold can be
broken in the presence of a longitudinal magnetic field along
the [111] direction. The lowest two states ψe

+(r)|↓⟩ and
ψe

−(r)|↑⟩ are of special interest, as they comprise spin qubits
|0⟩ and |1⟩, respectively, used successfully in refs 42 and 43.
Notably, transitions within this spin qubit are forbidden via
homogeneous magnetic field due to the opposite parities of the
spatial orbitals ψe

+(r) and ψe
+(r) and via a homogeneous

electric field due to their opposite spins.40,44 This transition,
however, can be allowed with a combination of a transverse
magnetic field and/or strain, such that the eigenstates are
mixtures of ψe

+(r)|↓⟩ and ψe
−(r)|↑⟩.44−47 We show here that

this transition can be driven solely with the vacuum magnetic

field with a large spatial gradient of a nanomagnonic cavity,
physically realized here as a ferrimagnetic YIG nanoparticle.

■ MAGNONIC MODES OF A MAGNETIC
NANOSPHERE

We briefly present the magnonic modes of a homogeneously
magnetized nanosphere with an external magnetic field aligned
along the magnetization direction z following the treatment of
Walker48,49 and Fletcher50 and discussed more extensively in
ref 51. In particular, we seek the solutions for a magnon mode
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where the magnetic scalar potential ϕ is linked with the quasi-
static magnetic field by H(ω) = −∇ϕ(ω), and ω is the
magnon frequency. χ ≡ χxx = χyy and iκ ≡ χxy = χyx* are the
frequency-dependent components of the susceptibility tensor
χ(ω) defined by the magnetic response to external fields in the
Landau−Lifshitz−Gilbert equation.51 The inputs required to
calculate the susceptibility tensor χ(ω) are the gyromagnetic
ratio γ ≈ 176 Grad/T, the phenomenological damping
parameter Γ = 1 Mrad/s, external magnetic field μ0 He = 0.5
T, and saturation magnetization μ0 Ms = 0.178 T,51 which
closely correspond to the values observed experimentally in
YIG.52

For the outer region of the sphere, we define the field in the
standard spherical coordinates, as shown in Figure 1

θ φ=x r sin( ) cos( ) (2)

θ φ=y r sin( ) sin( ) (3)

θ=z r cos( ) (4)

where the magnetic scalar potential outside the sphere ϕout is

ϕ θ= φ− −B r P (cos )enm
n

n
m m

out
1 i

(5)

where Pn
m(cos θ) is the associated Legendre polynomial, and

each magnon mode is defined by a pair of indices n and m. The
magnetic scalar potential inside the sphere ϕin can be expressed
in ellipsoidal coordinates

χ ξ η φ= − −x R 1 sin( ) cos( )2
(6)

χ ξ η φ= − −y R 1 sin( ) sin( )2
(7)

χ
χ

ξ η=
+

z R
1

cos( )
(8)

resulting in the sought solution

ϕ ξ η= φA P P( ) (cos )enm n
m

n
m m

in
i

(9)

The solutions must fulfill the boundary conditions50
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Figure 1. Spatially varying vacuum magnetic field of a nanomagnonic
cavity realized with a magnetic nanoparticle with radius R drives the
spin- and strain-forbidden transitions between the |e+,↑⟩ and |e−,↓⟩
states of a model spin emitter, the SiV− defect center in diamond,
placed away from the surface of the nanoparticle.
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Note that the sign convention e−iωt has been used. After
inserting ϕin and ϕout into the boundary conditions and
noticing that on the particle surface ξ0 = [(1 + χ)/χ]1/2 and η =
θ, we obtain
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and

ξ= +B A R P ( )nm nm
n

n
m1

0 (13)

Equations 12 and 13 must be fulfilled simultaneously, therefore
posing a condition on the acceptable value of frequency ω
appearing in ξ0(ω) [i.e., χ(ω)] and κ(ω). The acceptable
frequencies (resonance frequencies) follow from the secular
equation

κ ξ ξ ξ+ − + =′n m P P( 1 ) ( ) ( ) 0n
m

n
m

0 0 0 (14)

The secular equation [eq 14] can be solved for low values of n
and m analytically, as shown in ref 50. The magnonic modes to
which we couple the spin emitter are plotted in Figure 3a,
where n = 1, 2, and 3 and m = −n corresponding to the
equatorial dipolar, quadrupolar, and octupolar modes,
respectively.

■ MAGNON−EMITTER COUPLING
To determine the magnon−emitter coupling rate g, we first
obtain the spatially varying spin transition density S(r) for the
forbidden transition, enabling a beyond-point dipole approx-
imation, where the α ∈ {x, y, z} component can be expressed
as

ψ ψ σ= * ⟨ ↓ | | ↑ ⟩α α+ −S r r r( ) ( ) ( )e e (15)

where the Pauli vector σ = (σx, σy, σz). These equations are the
crux of our presented theoretical advance in describing spin
emitters beyond the point dipole approximation, and the
nanomagnonic cavity described here and in our recent
publication (ref 51) is but one way of realizing magnetic
fields with large spatial gradients; further geometries for
nanomagnonic cavities are certainly possible and warrant
further investigation. We plot each component of the spin
transition densities in Figure 2, where the spin orbitals are
calculated as described in Appendix A.
The spectral density J(ω) for a spatially delocalized spin

emitter can then be written as

{
}

∫ ∫ω
μ μ

π
ω=

ℏ
* ′ · ′ ·

′

J kS r G r r S r r

r

( ) Im ( ) ( , , ) ( )d

d

0 B
2

0
2

m
3

3
(16)

where μB is the Bohr magneton and Gm(r′, r, ω) is the spatially
dependent magnetostatic Green’s tensor that connects two
points r and r′ in the spin transition density, necessary to break
conventional selection rules as the vacuum magnetic field must
also change over the spatial extent of the spin emitter. This
expression is generalized from the expression for the coupling
between a quantized magnon mode and a point-like spin
emitter.51 If either the Green’s tensor or the spin transition
density were not a function of space, J(ω) would vanish for the
forbidden transition. To evaluate the Green’s tensor Gm(r′, r,
ω), we solve Poisson’s equation in spherical geometry as
described in ref 51 using the expansion of the magnetic field in

the magnon modes. The spectral function J(ω) determines the
dynamics of the spin excitation, with ce being the excited-state
amplitude, as

∫̃̇ = − − ′ ̃ ′ ′c f t t c t t( ) ( ) d
t

e
0

e (17)

where cẽ(t′)e−iω0t′ = ce(t′) and

∫ ω ω− ′ = ω ω

−∞

∞
− − ′f t t J( ) ( )e dt ti( )( )0

(18)

Assuming that the spectral density J(ω) within Γ around the
frequency ωn,m of the magnon mode defined by multipole
index n and angular momentum index m to which the spin
transition frequency is tuned corresponds only to this single
magnon mode, valid in the limit of small damping Γ = 1 Mrad/
s for YIG, we can determine the coupling rate gn,m by fitting

ω
π ω ω

̃ =
Γ

Γ + −
J

g
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2 ( /2) ( )

n m

n m

,
2

2
,

2
(19)

to the full magnetostatic solution for J(ω). To calculate the
coupling rate for the magnetic dipole-allowed transition, we
can repeat this procedure after first writing the spin transition
density as

ψ ψ σ= * ⟨ ↓ | | ↑ ⟩α α+ +S r r r( ) ( ) ( )e e (20)

In Figure 3b, for a nanosphere with radius R = 30 nm and
magnetic point dipole position a = 5 nm away, we plot the
spectral density J(ω) under the dipolar approximation, where
ψe

+(r)* ψe
+(r) in eq 20 can be approximated by a delta

function and eq 16 reduces to the form in ref 51. Note that the
three modes plotted in Figure 3a have relatively large values of
J(ω) and their peaks are well separated from other magnon
frequencies within their line widths ∼Γ, in contrast to the near-
continuum of higher-order magnon modes above ∼16.3 GHz.

Figure 2. (a) Energy-level diagram of the ground state of the SiV−

defect center in diamond. The magnetic dipole-allowed and
-forbidden transitions are labeled in green and red, respectively.
The real and imaginary parts of the components of the spin transition
densities (b, c) Sx(r) and (d, e) Sy(r). Sz(r) is 0.
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We couple the SiV− spin emitter to equatorial multipolar
modes n = −m of the magnonic cavity realized by a
nanomagnetic sphere to demonstrate a nonzero, distance-
dependent coupling g between the forbidden spin transition
and magnon modes in Figure 4b. As a comparison, we also
calculate the coupling rate g to the magnetic dipole-allowed
transition between ψe

+(r)|↑⟩ and ψe
+(r)|↓⟩ in Figure 4a. For the

allowed transitions coupled to the dipolar, quadrupolar, and
octupolar modes in Figure 2a, we find g ∼ 1 MHz, where the
ordering of coupling rates with respect to indices n and m
mirrors the trends in J(ω) in Figure 3b. Given that the
coupling rate g is much larger than the damping Γ, this
transition lies within the strong-coupling regime when the
magnon mode is resonantly tuned to the transition, resulting
in, for instance, Jaynes−Cummings-like coherent energy
transfer between the singly excited magnon mode and spin
emitter in accordance with calculations in ref 51. In Figure 4b,
plotting g as a function of the sphere−emitter distance a for the
forbidden transition, the ordering of coupling rates with
respect to indices n and m identically mirrors the trends in
Figure 4a. However, the magnitudes of g ∼ 10 kHz for the
forbidden transition are 2 orders of magnitude lower than g of
the allowed transition and 4 orders of magnitude lower than
the damping rate Γ, placing this transition within the weak-
coupling regime and enabling incoherent, accelerated energy
transfer from the singly excited magnon mode to the spin
emitter’s |1⟩ from the |0⟩ state or vice versa. This mechanism
could be used to more flexibly manipulate the spin states of
defect centers. As the cavity-enhanced decay rate follows g2/Γ,
we expect decay rates ∼1 kHz for the forbidden transition, as
compared to no decay whatsoever in a vacuum according to

conventional selection rules. Lower-loss magnetic materials,
such as V[TCNE]x with magnon damping rate 2 orders of
magnitude lower than YIG’s,53 could be used to boost the
nanomagnonic cavity-enhanced decay rate of the spin emitter
and realize the strong-coupling regime, where g ≫ Γ for
further applications in quantum technologies. By comparison,
in spin emitters realized by defects in solid-state materials,54

phonon fields with frequencies also in the microwave range can
be used to drive spin transitions55 with Rabi frequencies on the
order of 1−50 MHz,46,47 but these interactions can require
careful control and engineering of phononic cavities. We
rationalize the relative differences in coupling rates between
the allowed and forbidden transitions and describe how these
differences can be modulated. The magnitude of the coupling
rate g with the allowed transition scales with the magnitude of
the vacuum magnetic field ∼|B|, as described in ref 51, while
coupling to the forbidden transition relies on the spatial
variation of B included in eq 16 over the spatial extent of the
spin transition density given by eq 15. Therefore, we can
expect the coupling rate of the magnon to the forbidden
transition to increase for an emitter with large spatial extent13

coupled to a nanomagnonic cavity geometry that more
strongly enhances and localizes the near-magnetic field, such
as the region lying between the sharp tips of two nanoscopic
magnetic spheres, analogous to the enhanced electric field in
the gap in plasmonic dimer systems.56,57

We justify the assumption that the allowed and forbidden
spin transition frequencies can be tuned in resonance with the
magnon modes of interest. The spin transition energy Es in the
presence of a total magnetic field Bz along the direction of the
spin eigenbasis is40,58

Figure 3. (a) Real and imaginary components of the surface potential
ϕ(R) looking along the y-axis of the equatorial multipolar modes of
the nanomagnonic cavity, specifically the dipolar mode where n = 1
and m = −1, quadrupolar mode where n = 2 and m = −2, and
octupolar mode where n = 3 and m = −3. (b) Spectral density J(ω) of
the nanomagnonic cavity coupled to a magnetic point dipole
including multipolar terms up to n = 25 for R = 30 nm, a = 5 nm.
The relevant dipolar, quadrupolar, and octupolar modes are
highlighted in red, pink, and blue, respectively.

Figure 4. Coupling rate gn,m between the dipolar, quadrupolar, and
octupolar modes in red, purple, and blue, respectively, for the (a)
allowed ψe

+(r)|↑⟩→ ψe
+(r)| ↓⟩ and (b) forbidden transitions ψe

+(r)|↑⟩
→ ψe

−(r)|↓⟩ of SiV− for varying distance a from the surface of the
magnetic nanoparticle at θ = π/2 and ϕ = 0. Note that the y-axes are
in different units.
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γ γ μ= +E f H( ) /zs L S 0 (21)

where the orbital gyromagnetic ratio γL = μB, the spin
gyromagnetic ratio γS = 2μB, and the coefficient of the orbital
Zeeman quenching effect f ≈ −0.1. The total magnetic field Hz
= |He| + |Hsphere| = |He

em|, where all magnetic fields point along
the z-direction; the external magnetic field applied to the spin
emitter SiV− μ0He

em can be chosen such that the spin transition
frequency is resonant with the magnon frequencies plotted in
Figure 3, and μ0Hsphere is equivalent to the magnetic field of a
magnetic point dipole at the center of the sphere with
magnetic dipole momentMsV. Due to the magnetic field of the
sphere acting on the spin emitter in addition to the externally
applied magnetic field, there is a frequency gap between the
magnon eigenfrequencies and the frequency of the forbidden
transition of the spin emitter of ∼1 GHz. Therefore, for this
particular sphere−emitter setup, we require a difference of μ0|
He

em| ∼35 mT in the externally applied magnetic field between
the sphere and the spin emitter separated by 10 nm, feasible in
recent demonstrations of microcoils fabricated on diamond
chips with electrically tunable magnetic field gradients of up to
∼10 mT/nm.59−61

■ CONCLUSIONS AND OUTLOOK
The present study provides the theoretical basis for breaking
selection rules in spin emitters with magnetic nanoparticles.
Specifically, we show that magnetic nanoparticles serving as
nanomagnonic cavities to concentrate microwave magnetic
fields generate fields with spatial gradients with length scales
on the order of the spatial delocalization of spin emitters. As an
example, we couple magnon modes of a YIG nanosphere to the
SiV− defect center and show coupling on the order of tens of
kilohertz between several equatorial, multipolar modes of the
nanosphere, and the forbidden transition between the
canonical spin-based qubit states. Natural extensions of the
present work include exploration of the coupling between
planar interfaces and spatially delocalized emitters, which can
support larger magnetic field gradients, analogous to the large
electric near-fields supported by plasmonic surfaces.

■ APPENDIX A: SIV− ORBITALS
To extract spin−orbit-coupled orbitals of SiV−, we use the
periodic density functional theory (DFT) code Quantum
ESPRESSO62−64 with a geometry-optimized 511-atom super-
cell of diamond with a SiV− defect, the Perdew−Burke−
Ernzerhof (PBE) exchange−correlation functional,65 noncol-
linear spin−orbit coupling, a kinetic energy cutoff of 80
Rydberg, and energy and force convergence thresholds of 10−8

and 10−5 au, respectively. The resulting four Kohn−Sham spin
orbitals within the band gap, ΨA(r), ΨB(r), ΨC(r), and ΨD(r),
are split by spin−orbit coupling into two degenerate pairs, such
that EA = EB < EC = ED. We can extract the spatial wave
functions ψe

+(r), ψe
−(r) from either pair, but for specificity, we

focus on the two Kohn−Sham orbitals with lower energies and
note that we can equivalently apply this approach to the pair
with higher energies. The lower-energy pair is by default
output as

Ψ = | ↑ ⟩ + | ↓ ⟩a br r r( ) ( ) ( )z z z zA (22)

Ψ = | ↑ ⟩ + | ↓ ⟩c dr r r( ) ( ) ( )z z z zB (23)

where az(r) to dz(r) are the spatially varying coefficients for the
spin basis along the z-directions |↑z⟩ and |↓z⟩. However, we

seek orbitals spin-polarized along the [111] direction, so we
rotate the spinors by applying the spinor rotation matrix

i
k
jjj

y
{
zzz

σ ϕ= − × Δ
R

n
exp

i
2 (24)

where σ is the Pauli vector, n is the axis of rotation, and Δϕ is
the angle of rotation. We can therefore rewrite ΨA(r) and
ΨB(r) as

Ψ = | ↑ ⟩ + | ↓ ⟩a br r r( ) ( ) ( )A (25)

Ψ = | ↑ ⟩ + | ↓ ⟩c dr r r( ) ( ) ( )B (26)

where a(r) to d(r) are the spatially varying coefficients for the
spin basis along the [111] directions |↑⟩ and |↓⟩. Due to spin−
orbit coupling, the spatial coefficients a and c (or b and d)
corresponding to the |↑⟩ (|↓⟩) basis can be separated into the
desired spatial wave functions ψe

+(r) (ψe
−(r)) defined to a

phase

αψ βψΨ = | ↑ ⟩ + | ↓ ⟩+ −r r r( ) ( ) ( )A e e (27)

γψ δψΨ = | ↑ ⟩ + | ↓ ⟩+ −r r r( ) ( ) ( )B e e (28)

where α to δ are complex numbers fulfilling αγ* + βδ* = 0 and
|α|2 + |β|2 = |γ|2 + |δ|2 = 1.
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Kühn, M.; Weigend, F.; Rockstuhl, C.; Słowik, K. Enhancement of
and Interference among Higher Order Multipole Transitions in
Molecules near a Plasmonic Nanoantenna. Nat. Commun. 2019, 10,
No. 5775.
(20) Imamog̅lu, A.; Knill, E.; Tian, L.; Zoller, P. Optical Pumping of
Quantum-Dot Nuclear Spins. Phys. Rev. Lett. 2003, 91, No. 017402.
(21) Cerletti, V.; Coish, W. A.; Gywat, O.; Loss, D. Recipes for Spin-
Based Quantum Computing. Nanotechnology 2005, 16, R27−R49.

(22) Lehmann, J.; Gaita-Arino, A.; Coronado, E.; Loss, D. Spin
Qubits with Electrically Gated Polyoxometalate Molecules. Nat.
Nanotechnol. 2007, 2, 312−317.
(23) Trauzettel, B.; Bulaev, D. V.; Loss, D.; Burkard, G. Spin Qubits
in Graphene Quantum Dots. Nat. Phys. 2007, 3, 192−196.
(24) Müller, M.; Liang, L.; Lesanovsky, I.; Zoller, P. Trapped
Rydberg Ions: From Spin Chains to Fast Quantum Gates. New J. Phys.
2008, 10, No. 093009.
(25) Kloeffel, C.; Loss, D. Prospects for Spin-Based Quantum
Computing in Quantum Dots. Annu. Rev. Condens. Matter Phys. 2013,
4, 51−81.
(26) Sukachev, D. D.; Sipahigil, A.; Nguyen, C. T.; Bhaskar, M. K.;
Evans, R. E.; Jelezko, F.; Lukin, M. D. Silicon-Vacancy Spin Qubit in
Diamond: A Quantum Memory Exceeding 10 ms with Single-Shot
State Readout. Phys. Rev. Lett. 2017, 119, No. 223602.
(27) Pingault, B.; Jarausch, D.-D.; Hepp, C.; Klintberg, L.; Becker, J.
N.; Markham, M.; Becher, C.; Atatüre, M. Coherent Control of the
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