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We present a detailed investigation of the ultranarrow magnetic-quadrupole 1S0-3P2 transition in
neutral strontium and show how it can be made accessible for quantum simulation and quantum
computation. By engineering the light shift in a one-dimensional optical lattice, we perform high-
resolution spectroscopy and observe the characteristic absorption patterns for a magnetic quadrupole
transition. We measure an absolute transition frequency of 446, 647, 242, 704(5) kHz in 88Sr and an
88Sr-87Sr isotope shift of +62.93(6) MHz. In a proof-of-principle experiment, we use this transition
to demonstrate local addressing in an optical lattice with 532 nm spacing with a Rayleigh-criterion
resolution of 494(45) nm. Our results pave the way for applications of the magnetic quadrupole
transition as an optical qubit and for single-site addressing in optical lattices.

Trapped ultracold two-electron atoms have emerged as
a promising platform for metrology [1, 2], quantum simu-
lation [3–5], and quantum computation [6–8]. One pillar
of their success are their ultranarrow optical transitions
between the singlet 1S0 ground state and the long-lived
metastable triplet 3PJ states, as shown in Fig. 1.

The majority of the research in metrology, quantum
simulation, and quantum computation with two-electron
atoms relies on the 1S0-3P0 clock transition, which is
insensitive to most environmental effects. This transi-
tion is forbidden by spin and angular momentum selec-
tion rules. However, an electric dipole (E1) transition
can be induced by hyperfine mixing [19] in fermionic
isotopes with nuclear spin or by magnetic-field-induced
mixing [15, 20–22] in bosonic isotoptes without nuclear
spin. On the clock transition, coherence times of tens of
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FIG. 1. Level diagram of 88Sr including the important optical
transitions from the 1S0 ground state. The broad transition
to 1P1 is electric-dipole (E1) allowed and is used for Doppler
cooling and imaging. The intercombination transitions to the
lowest 1PJ states should be electric-dipole forbidden. How-
ever, LS-coupling [12] is violated, which leads to a narrow E1
transition to 3P1 [13, 14], used for narrow-line laser cooling.
The ultranarrow clock transition to the 3P0 state is doubly-
forbidden, and only becomes E1-allowed by perturbatively
mixing 3P0 with 3P1 via a bias magnetic field [15–17]. In
contrast, the 1S0-3P2 transition is magnetic-quadrupole (M2)
allowed even at zero bias field [18].

seconds have been experimentally demonstrated [9–11],
and it forms the basis of optical lattice clocks based on
fermionic 87Sr [28, 29] and bosonic 88Sr [30–32]. Accord-
ingly, the strontium clock transition has been thoroughly
investigated [10, 11, 23–27],

In contrast to the clock transition, the 1S0-3P2 transi-
tion in 88Sr can be driven even at zero magnetic field, be-
cause it is magnetic-quadrupole (M2) allowed [18]. This
transition offers several attractive features for quantum
science and technology. Because the 1S0 ground state has
zero angular momentum, the Clebsch-Gordan coefficients
of the transitions out of 1S0 to all Zeeman sublevels of
any given excited state are equal. This property makes
88Sr an ideal atom to study fundamental light-matter
interactions and for high-quality spectroscopy. In addi-
tion, the non-vanishing electronic angular momentum of
3P2 allows high flexibility in engineering the atomic po-
larizability [20, 21, 33]. The 3P2 state also possesses a
large magnetic moment, allowing control over the excited
state’s energy with external magnetic fields. In combina-
tion with a natural lifetime of hundreds of seconds [34]
this tunability provides new opportunities for quantum
computing and quantum simulation [35, 36].

For example, the 1S0 state and the 3P2 Zeeman sub-
levels with mJ 6= 0 support magnetically-sensitive tran-
sitions that can be used for single-site addressing in an
optical lattice within a magnetic-field gradient [35–39].
Single-site addressing allows the manipulation and read-
out of quantum states on the level of single atoms and
the preparation of a single lattice layer for a quantum gas
microscope [39–41].

So far, the 1S0-3P2 transition has been studied in quan-
tum simulation experiments with Yb [8, 37–39, 42, 43].
Only very recently, a pioneering experiment measured
the transition frequency in fermionic 87Sr with an uncer-
tainty of 30 MHz [44].

In this article, we demonstrate the advantages of the
ultranarrow 1S0-3P2 M2 transition for quantum simula-
tion and quantum computing with 88Sr. First, we present
a theoretical framework of the selection rules and the
transition amplitude’s dependence on the light polariza-

ar
X

iv
:2

21
1.

02
47

0v
1 

 [
ph

ys
ic

s.
at

om
-p

h]
  4

 N
ov

 2
02

2



2

tion and propagation direction for M2 transitions and
compare these results to the well-known E1 transitions.
We experimentally demonstrate this dependence for the
1S0-3P2 transition in 88Sr. Second, we study the specific
properties and applications of the 1S0-3P2 transition in
88Sr. By engineering the polarizability of the 3P2 state
via the trap polarization and the bias magnetic field,
we perform Doppler- and Stark-shift-free spectroscopy
for magnetic-field-insensitive and magnetic-field-sensitive
transitions. We measure the absolute frequency of the
1S0-3P2 transition in 88Sr and 87Sr, allowing us to extract
the 87Sr-88Sr isotope shift. In a final proof-of-principle
experiment, we demonstrate local addressing in an opti-
cal lattice with single-site resolution.

I. MULTIPOLE TRANSITIONS

We are interested in describing the transition ampli-
tude for a general multipole transition between an atomic
ground state |J,mJ〉 and an excited state |J ′,m′J〉. For
the well-known E1 transitions, several characteristics al-
low for a simplified description. Assuming a plane wave,
only the photon’s spin – its polarization – determines the
change in the atom’s orbital angular momentum. For ex-
ample, when driving a transition that does not change the
atom’s magnetic sublevel (∆mJ ≡ m′J −mJ = 0), only
the π polarization component will determine the tran-
sition amplitude. In addition, the amplitude of an E1
transition does not depend on the driving field’s propa-
gation direction k̂, beyond the constraints that it imposes
on the polarization vector ε̂.

These simplifications do not generally hold for higher-
order multipole transitions, which also allow the transfer
of additional orbital angular momentum besides the pho-
ton spin, including for a plane wave. Hence, all three po-
larization components can contribute to driving a certain
transition, while the orbital angular momentum trans-
fer satisfies the conservation of total angular momen-
tum. Since the orbital angular momentum depends on
the propagation direction, this direction now explicitly
affects the transition amplitude resulting in an angular
dependence [45] of the amplitude.

While the theory of atomic multipole transitions is well
understood [46], the nuances of the contribution of the
different polarization components and of the transition
amplitude’s angular dependence are rarely discussed. In
this section, we present an overview of these dependencies
to provide a convenient framework for our experimental
work on the 1S0-3P2 M2 transition.

We begin by reviewing the main results obtained
from expanding the light-matter interaction Hamiltonian
into multipole orders under simplifying assumptions, de-
scribed in detail in Appendix A. Based on these results,
we discuss the effects of the polarization and the angu-
lar dependence for a general multipole transition. Next,
we focus on two specific multipole orders: the electric
dipole, where we show that the transfer of orbital angu-

lar momentum and the angular dependence disappear as
expected; and the magnetic quadrupole, the scenario of
interest for the 1S0-3P2 transition in two-electron atoms.

A. General theory of multipole transitions

Optical atomic transitions result from the coupling of
the electromagnetic vector potential A with the atom’s
valence electrons and can be described by the interaction
Hamiltonian

Hint = − e

me
P ·A + gBµB(∇×A) · S, (1)

in the Coulomb gauge [12, 47]. Here, µB is the Bohr
magneton, e is the charge, me is the mass, and gB is the
gyromagnetic ratio of an electron. The operator P (S)
is the total momentum (spin), summed over all valence
electrons. This description assumes that the vector po-
tential does not vary over the spatial extent of the atom.

The vector potential at the position of the atom can
be expanded in different multipole orders K [46], where
K = 1 corresponds to the dipole terms, K = 2 corre-
sponds to the quadrupole terms, and so forth. In the
multipole expansion, the interaction Hamiltonian sepa-
rates into electric and magnetic parts H(el)

K,q and H
(mg)
K,q ,

respectively. These terms contain spherical tensor oper-
ators [48] of rank K with components q = −K, . . . ,+K.
The natural frame to describe these tensors is in the basis
consisting of the vectors ê0 = ẑ and ê± = ∓(x̂± iŷ)/

√
2,

corresponding to the atomic-frame polarization compo-
nents of π- and σ±-polarization, respectively.

To obtain the specific form of the interaction Hamilto-
nian relevant for the experiments described in this work,
we assume that the vector potential can be approximated
by a plane wave with wave-vector k and polarization ε̂,
such that k · ε̂ = 0. As shown in Appendix A, the multi-
pole decomposition of a plane wave leads to the decom-
position of the interaction Hamiltonian

Hint = 4π

∞∑
K=1

K∑
q=−K

iK
[
− i
(
Y

(el)
K,q(k̂) · ε̂

)
H

(el)
K,q

+
(
Y

(mg)
K,q (k̂) · ε̂

)
H

(mg)
K,q

]
,

(2)

into the multipole terms

H
(λ)
K,q =− e

me
P · a(λ)K,q(k, r)

+ gBµBS ·
[
∇× a

(λ)
K,q(k, r)

]
,

(3)

corresponding to the electric (λ → el) and magnetic
(λ → mg) interactions, respectively. Here, a(λ)K,q is the
coefficient corresponding to component q of the order-K
multipole expansion of A, as described in Appendix A.

The multipole operator H(λ)
K,q describes the light-atom

interaction of a multipole transition, including all atomic
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selection rules and Clebsch-Gordan coefficients. The
Clebsch-Gordan coefficients for a transition between two
atomic states |J,mJ〉 and |J ′,m′J〉 can be derived from
the matrix elements 〈J ′,m′J |H

(λ)
K,q|J,mJ〉. Since the mul-

tipole operators are irreducible tensor operators [49, 50],
the matrix element can be calculated using the Wigner-
Eckart theorem [12, 45], leading to the selection rules
|J ′ − J | ≤ K ≤ J ′ + J , and q = ∆mJ .

The term Y
(λ)
K,q(k̂) · ε̂ describes the transition ampli-

tude’s dependence on the light field propagation direction
and its polarization, where Y(λ)

K,q(k̂) are the vector spher-
ical harmonics (see Appendix A) [46]. For the remainder
of this section, we will focus on this dependence.

By decomposing the term describing the angular de-
pendence into the atomic polarization basis ês, we find

Y
(el)
K,q(k̂) · ε̂ =

1∑
s=−1

[
c
(−1)
K,q,sY

q−s
K−1(k̂)

+ c
(+1)
K,q,sY

q−s
K+1(k̂)

]
(ês · ε̂), (4)

Y
(mg)
K,q (k̂) · ε̂ =

1∑
s=−1

c
(0)
K,q,sY

q−s
K (k̂)(ês · ε̂), (5)

where Y qK(k̂) are the scalar spherical harmonics as a func-
tion of the unit vector k̂. The explicit values of the c(j)K,q,s
coefficients for the dipole and quadrupole transitions are
given in Appendix A.

From Eqs. (4) and (5), we observe that, in general,
all three polarization components can contribute to the
amplitude of a given transition, even if their polarization-
determined spin s is different from the change in the
electronic angular momentum q. To conserve angular
momentum in such cases, the light field transfers q − s
quanta of orbital angular momentum along the quantiza-
tion axis. We further note the dependence of the transi-
tion strength on the direction of k̂ of the light field given
by Y q−sK (k̂).

B. Angular dependence of E1 and M2 transitions

In the following, we specialize the general formalism
to two scenarios of interest, the well-known E1 transi-
tion and the M2 transition relevant for our experimental
studies. For an E1 transition, we show in Appendix A
that the angular dedependence in Eq. (4) simplifies to

Y
(el)
1,q (k̂) · ε̂ =

√
3

8π
(êq · ε̂). (6)

The contributions of the polarization components with
s 6= q vanish, such that, e.g., for q = 0 only the π po-
larization component contributes to the transition am-
plitude. The explicit dependence on k̂ also disappears.
Hence, we recover the expected results from the standard
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FIG. 2. The contributions of the atomic-frame light polar-
ization components of the driving beam to the different ∆mJ

transitions, where the magnetic field B defines the quantiza-
tion axis. The full transition amplitude is obtained by de-
composing the physical polarization and coherently summing
the contributions from all components (phase information not
depicted in figure). (a) The case of an E1 transition for J = 0
and J ′ = 1. The π and σ± polarizations drive only the
∆mJ = 0 and ±1 transitions, respectively. The transition
amplitude does not depend on the propagation direction be-
yond the constraints it imposes on the polarization. (b) An
M2 transition driven by a probe beam propagating along the
quantization axis for J = 0 and J ′ = 2. As for the E1 tran-
sition, σ± polarizations drive only ∆mJ = ±1, respectively.
(c) As in panel (b), but for propagation perpendicular to the
quantization axis. Here both σ± contribute to each of the
∆mJ = ±1 transitions, while the π polarization drives only
the ∆mJ = ±2 transitions. (d) As in panel (c), but for an ar-
bitrary relative angle θ between propagation and quantization
axis. Nearly all polarization components can contribute to all
∆mJ transitions, with the transition amplitudes depending
on θ. (e) The angular dependence of the amplitudes of M2
transitions for each polarization and ∆mJ as a function of θ,
as defined in panel (d).
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dipole interaction Hamiltonian, visualized in Fig. 2(a) for
a J = 0 to J ′ = 1 transition.

Next, we discuss in detail the M2 transition, the sce-
nario of interest for the 1S0-3P2 transition in 88Sr. For
the relevant case of J = 0 to J ′ = 2, all Clebsch-Gordan
coefficients are equal, and only the angular dependence
determines the relative transition strengths.

First, we can consider the limiting cases of the light
field propagating parallel to the quantization axis or per-
pendicular to the quantization axis. For parallel propa-
gation, the allowed transitions in Fig. 2(b) are similar to
the ones of an E1 transition. However, the allowed tran-
sitions for perpendicular propagation shown in Fig. 2(c)
are very different. In this case, π polarization only drives
the ∆mJ = ±2 transitions, while the ∆mJ = ±1 tran-
sitions are each driven by both σ±-polarization compo-
nents.

The case of an arbitrary propagation direction is vi-
sualized in Fig. 2(d). For a given ∆mJ , the transition
amplitude will generally have contributions from all po-
larization components such that |s−∆mJ | ≤ 2. This is as
expected from a magnetic transition with K = 2, which
can deliver up to 2 quanta of angular momentum. A no-
table exception is the ∆m = 0 transition, which cannot
be driven with π-polarized light at all, despite not being
forbidden by angular momentum considerations.

The relative magnitude of each polarization compo-
nent’s contribution to the transition amplitude into a
specific Zeeman sublevel as a function of the propaga-
tion direction is plotted in Fig. 2(e). This visualization
is meant to be used as follows. First, decompose the po-
larization vector into the spherical tensor basis êq [48].
Next, weight each row of Fig. 2(e) accordingly, and finally
coherently sum over the rows. The angular dependencies
apply to all M2 transitions, regardless of the values of J
and J ′. For J 6= 0, the calculation of the relative transi-
tion amplitudes only needs to be extended by taking into
account the different Clebsch-Gordan coefficients. A de-
tailed analysis is presented in Appendix A.

Note that the above derivations are based on plane
waves under the assumption of transverse fields (k · ε̂ =
0). Our derivations can be extended to more general
scenarios, such as strongly focused laser beams [51] and
laser beams carrying orbital angular momentum [52–54].

II. EXPERIMENTAL SETUP

High-resolution spectroscopy of an ultranarrow opti-
cal transition requires a long interrogation time and the
suppression of systematic effects that lead to frequency
shifts and line broadening, most notably the Doppler and
ac Stark effects. For this reason, we perform the 1S0-3P2

spectroscopy using a sample of ultracold strontium atoms
trapped in an optical lattice.

For the measurements presented in this work, we pre-
pare a sample of strontium 88Sr in a fast and dense
magneto-optical trap [55] and then optically transport

it into the interrogation region [56] using a moving op-
tical lattice [57]. In the interrogation region, we adia-
batically load the atoms into a vertical, retro-reflected,
one-dimensional (1D) optical lattice at 1064 nm, sketched
in Fig. 3(a). We operate at sufficient lattice depth to
suppress Doppler broadening in the Lamb-Dicke and
resolved-sideband regimes [58]. The lattice polarization
ε̂l can be dynamically controlled by motorized wave-
plates, allowing control over the excited-state polarizabil-
ity, as will be explained in detail in the following sections.
After loading, we cool the atoms to the axial vibrational
ground state using direct sideband cooling on the 1S0-3P1

∆mJ = ±1 transitions [56]. Typically, we achieve axial
temperatures of ∼1.5 µK, measured with time-of-flight
expansion.

To probe the 1S0-3P2 transition, we interrogate the
atoms with the spectroscopy laser beam. The beam is
derived from a diode laser stabilized to a reference cavity
with a finesse of∼20, 000, resulting in a laser linewidth on
the order of 1 kHz. The spectroscopy beam propagation
direction k̂ is collinear with the vertical lattice k̂l and is
focused to a 1/e2 waist of ∼450 µm at the position of the
atoms. The spectroscopy beam polarization ε̂ is linear
and fixed throughout all the measurements reported in
this work. Typically, the spectroscopy is performed with
a beam power of 25.8 mW, and interrogation times range
from tens to hundreds of milliseconds.

After applying the spectroscopy pulse, we measure the
number Ng of 1S0 ground state atoms with absorption
imaging. Since the 3P2 state has a long natural life-
time [34], atoms excited to 3P2 do not spontaneously
decay back to the ground state over the duration of the
experiment. Hence, the spectroscopic signal manifests
as a reduction of the 1S0 atom number. The excited
atoms are lost from the trap through inelastic collisions
between metastable triplet atoms [26, 30, 43, 56, 59]. To
compensate for possible drifts in atom number, we in-
terleave identical experiments, but with an off-resonant
spectroscopy pulse. The atom number N0 measured in
these reference measurements is used to normalize the
baseline of the measured spectra.

Further details about the experimental setup and se-
quence can be found in Appendix B.

III. QUADRUPOLE TRANSITION ANGULAR
DEPENDENCE

We experimentally investigate the angular dependence
of the 1S0-3P2 M2 transition by varying the angle θ be-
tween the quantization axis, defined by a bias magnetic
field B, and the probe beam propagation direction k̂.

In practice, we vary θ by changing the direction of
B, while keeping all beam propagation directions and
polarizations fixed, as sketched in Fig. 3(a). We use a
bias field magnitude of 1 G, which splits the transition
to each magnetic sublevel of the 3P2 state by 2.1 MHz,
and use a linear lattice polarization ε̂l.
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FIG. 3. Magnetic quadrupole transition in 88Sr. (a)
Schematic of the experimental setup, including lattice (probe)
wave vector k̂l (k̂) and magnetic field B tilted at an angle θ.
The probe polarization ε̂ is linear with the major component
in the plane spanned by k̂l and B; the lattice polarization
ε̂l is also linear. (b) Calculated transition amplitude’s angu-
lar dependence as a function of θ for the probe polarization
ε̂ discussed in the main text. (c) Experimental study of the
1S0-3P2 transition for all mJ -states as a function of θ. The
line strengths of the measured spectra follow the calculated
patterns of panel (b), but the spectra are broadened due to
the differential ac Stark shift of the 1S0 and the 3P2 mJ states.
The markers represent an average of 3 measurements, the er-
ror bars represent the standard error of the mean, and the
solid lines are a guide to the eye.

We label the plane in which we vary B in this mea-
surement as the xz-plane, where the z is vertical. In this
coordinate system, the probe polarization is oriented 5◦

from the x axis in the xy-plane. For this configuration,
the ∆mJ = 0 transition is expected to be much weaker
than the other transitions, since only the small out-of-
plane y component contributes to driving the transition
(see Appendix A). To ensure that even weak spectral fea-
tures will be made visible, we choose a long interrogation
time of 500 ms. We note that for an E1 transition, such
a geometry would result in a significant transition am-
plitude for ∆mJ = 0 as θ approaches π/2, since in the
atomic frame the probe beam becomes predominantly π-
polarized. Therefore, this choice of orientations allows us
to discern the existence of possible E1 contributions to
the transition amplitude.

In Fig. 3(b), we plot the expected absorption patterns
as a function of θ. The transition amplitude depends
on θ for each polarization both explicitly as described by
Eq. (5) and visualized in Fig. 2(e), and implicitly through
the change of the probe beam’s polarization decomposi-
tion into the atomic frame. The experimental spectra
of the individual 1S0-3P2 ∆mJ transitions are shown in
Fig. 3(c).

We observe spectra that are consistent with the ex-
pectations based on Fig. 3(b). First, for θ = 0, we can
only drive the transitions to the ∆mJ = ±1 states, as
for an E1 transition with the same polarization. Next,
for 0 < θ < π/2, we observe transitions to all excited
states, including ∆mJ = ±2, which are forbidden for an
E1 transition. Finally, for θ = π/2, we once again see a
complete suppression of the ∆mJ = 0 transition, while
still being able to drive ∆mJ = ±2.

We also observe that each of the lines is broadened and
shifted by the differential ac Stark shift of the 1S0 and 3P2

states, which depends on the 3P2 Zeeman sublevel and
θ. These light shifts complicate a quantitative analysis of
the transition strengths in the general case. Nonetheless,
the observed transition strengths qualitatively agree with
the calculated M2 transition amplitude’s angular depen-
dence, allowing us to clearly see the unique properties of
the M2 transition and how it differs from an E1 transi-
tion.

Considering the strong suppression of the ∆mJ = 0
transition at θ = π/2, we conclude that at a magnetic
field of 1 G, the transition is entirely due to M2 coupling,
with a negligible E1 contribution (e.g. via state mix-
ing). We further note that, in separate measurements,
we tested the amplitude of the ∆mJ = 1 as a function
of magnetic field magnitude up to 200 G at fixed θ = 0,
and observed no visible effect. From these experiments
we conclude that the contribution of the E1 coupling due
to state mixing is negligible compared to the M2 cou-
pling, for a magnetic field of up to 200 G.

Finally, we note that the spectrum of the ∆mJ = 0
transition for θ = 3π/8, marked with a star, is signifi-
cantly less broadened than the other spectra presented
in Fig. 3(c). It is sufficienly narrow to observe motional
side bands at the trap frequency. Based on this observa-
tion, we engineer in the following sections Stark-shift-free
experimental conditions for specific applications.

IV. MAGNETIC-FIELD-INSENSITIVE
TRANSITION

As demonstrated in the previous section, high-
precision spectroscopy in optical lattices requires under-
standing and control of the differential ac Stark shift.
Differential Stark shifts can be suppressed by engineering
the response of the atomic states involved in the transi-
tion. For the 1S0-3P0 clock transition in Sr, this is typi-
cally done by working at the so-called “magic wavelength”
around 813.4 nm [60, 61]. As we have observed in Fig. 3,
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such a magic condition can also be found for the magnet-
ically insensitive 1S0-3P2 ∆mJ = 0 transition by tilting
the magnetic field angle θ.

In this section, we experimentally determine the magic
field angle which allows us to measure the absolute fre-
quency of the 1S0-3P2 transition in bosonic 88Sr. In a
complementary measurement, we also find the absolute
frequency of the 1S0-3P2 in fermionic 87Sr and extract
the isotope shift.

A. Tensor polarizability tuning

Stark shifts in high-resolution Doppler-free spec-
troscopy are well-understood [22, 61, 62]. Here, we briefly
summarize the relevant information.

The Stark shift of an atomic level |i〉 is proportional to
the light intensity and the dynamic dipole polarizability
αi. The polarizability can be decomposed into scalar,
vector and tensor components [20, 22, 62], with different
contributions depending on the Zeeman sublevel and the
optical lattice polarization

αi(λl, γ, θ) = αs
i(λl) + αv

i (λl) sin(2γ)
mJ

2J

+ αt
i(λl)

3 cos2 β − 1

2

3m2
J − J(J + 1)

2J(2J − 1)
.

(7)

The coefficients αs
i , αv

i and αt
i of the scalar, vector, and

tensor terms, respectively, depend only on the atomic
state and the wavelength of the optical lattice λl = 2π/kl.
The lattice polarization ε̂l is characterized by the angles
β and γ, where cos2 β = |ε̂l · B̂|2, and γ is the ellipticity
angle [20, 63] . We can write any elliptical lattice polar-
ization as ε̂l = cos γêl,1+i sin γêl,2, where êl,1 and êl,2 are
orthogonal basis vectors of the lattice polarization plane
perpendicular to kl. For a linear lattice polarization, β is
the angle between the polarization vector and the quan-
tization axis, and γ = 0. A more detailed discussion can
be found in Appendix D.

The vector and tensor polarizabilities of the 1S0 ground
state vanish because J = 0 and mJ = 0, and hence the
ground state polarizability is independent of β and γ.

The results presented in section III serve as a good
demonstration of tuning the tensor polarizability. In that
measurement, we used a linearly polarized lattice, which
resulted in a vanishing vector component also for the 3P2

state. The tensor polarizability of the 3P2 state does
depend on θ, as the rotation of the magnetic field also
changes β, leading to different light shifts for each value
of θ and each mJ state.

This variation is most strongly apparent when consid-
ering the spectra for the ∆mJ = 0 transition in Fig. 3(d).
As previously discussed, the linewidth of this transition
changes dramatically as we vary θ, reaching a narrow
linewidth at θ = 3π/8 (marked with a star).

Varying θ more finely around this value allows one to
find the angle for which the differential ac Stark shift
vanishes. Taking into account the precise orientation of

-72 0 72
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N
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0

FIG. 4. Carrier (circles) and motional sidebands (squares)
spectrum of the 1S0-3P2 ∆mJ = 0 transition in a Stark-shift-
free 1D optical lattice. The sidebands are probed for ten times
longer than the carrier. The markers represent an average of
10 measurements, and the error bars are the standard error
of the mean. The solid lines are fits, with the carrier fitted
to a Gaussian and the sidebands to the sideband line shape
discussed in Appendix C.

the lattice poloarization ε̂l, we find that the “magic angle”
for the 1S0-3P2 ∆mJ = 0 transition is β0 = 0.09(1)π, in
excellent agreement with the theoretically expected value
of 0.089π (see Appendix D).

B. Spectroscopy of the ∆mJ = 0 transition

To find the absolute transition frequency, we probe the
magnetic-field-insensitive 1S0-3P2 ∆mJ = 0 transition
in a Stark-shift-free lattice. We enhance the transition
amplitude compared to the measurement performed in
section III by rotating the magnetic field in the plane
defined by (x̂ + ŷ)/

√
2 and ẑ (see Appendix A).

At β0, we probe the transition with an interrogation
time of 35 ms as shown in Fig. 4. By fitting the carrier
to a Gaussian lineshape, we extract a full-width-at-half-
maximum (FWHM) linewidth of 2.12(5) kHz, confirming
that our spectroscopy laser allows resolving spectral fea-
tures on the kHz scale.

Due to the narrow transition linewidth, we can spec-
troscopically resolve the motional sidebands. At a de-
tuning corresponding to the blue (red) sideband, atoms
are transferred to higher (lower) vibrational states of the
lattice. To compensate for the suppressed sideband am-
plitude in the Lamb-Dicke regime [33, 58], we probe the
sidebands for 350 ms. We further enhance the red side-
band by working with a hot atomic sample. The side-
band spectrum of a cold sample can be found in Fig. 8
in Appendix C.

Finally, we use an optical frequency comb to obtain
the absolute frequency of the spectroscopy laser at the
carrier resonance conditions. We find the absolute tran-
sition frequency of the 1S0-3P2 transition in 88Sr to be
446, 647, 242, 704(5) kHz.

We additionally measure the absolute transition fre-
quency for 87Sr. While the presented light-shift-
engineering techniques also enable the realization of a
Stark-shift-free lattice for the various states of 87Sr, we
leave the determination of suitable magic conditions for
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FIG. 5. Characterization of the vector ac Stark shift of the
1S0-3P2 ∆mJ = 1 transition. (a) Simplified schematic of the
experimental setup, emphasizing the differences compared to
Fig 3(a). Here the magnetic field is oriented vertically, and
the lattice polarization is elliptical. (b) Spectra in a lattice of
elliptical polarization with an ellipticity angle of γ = 0.17π for
a lattice power of 2.5 W (dots) and 7.5 W (squares). The side-
bands (open markers) are excluded from the fit. The markers
represent an average of 3 measurements, and the error bars
are the standard error of the mean. The solid lines are fits
to the expected ac-Stark-shift-broadened line shape as dis-
cussed in Appendix C. (c) As in panel (b), but for γ = 0.09π.
The solid lines are Gaussian fits. (d) Differential ac Stark
shift as a function of the ellipticity angle. To extract the
magic ellipticity angle γ0, we fit the data with the function
a0[sin(2γ)− sin(2γ0)] (solid line), see Appendix D. The inset
shows an example ac Stark shift measurements for three dif-
ferent elliptical lattice polarizations. We fit the data with a
linear function, where the slope is the linear Stark shift coef-
ficient. Vertical error bars represent 1-σ uncertainty on the
plotted parameter. Horizontal error bars represent the exper-
imental uncertainty on the lattice polarization, discussed in
Appendix D.

the spectroscopy for future work. Nonetheless, we find
the frequency of the 1S0-3P2 (F = 9/2) transition in 87Sr
to be 446, 647, 798, 423(60) kHz. Taking into account
the known hyperfine structure of 87Sr [76], our mea-
surements leads to an isotope shift ν(88Sr) − ν(87Sr) =
+62.93(6) MHz.

A detailed discussion of the spectroscopy and its un-
certainties can be found in Appendix C.

V. MAGNETIC-FIELD-SENSITIVE
TRANSITION

Atoms trapped in optical lattices can be addressed and
controlled by laser beams in combination with a magnetic
field gradient that locally modifies the atomic resonance
frequency [37, 39, 64]. This so-called local addressing
enables controlling individual atomic qubits in quantum

computing schemes [36, 65]. The achievable spatial reso-
lution is only limited by the strength of the gradient and
the effective transition linewidth – taking into account
all possible broadening mechanisms – and thus can allow
super-resolution addressing beyond the diffraction limit.

Here, we use this technique to demonstrate how to iso-
late a single layer of a 1D optical lattice in the focus
of a quantum gas microscope [38, 39, 66]. We aim to
address only the atoms in a single lattice site using the
magnetic-field-sensitive 1S0-3P2 ∆mJ = 1 transition and
a magnetic field gradient. The gradient splits the reso-
nance frequencies of neighboring lattice layers by several
tens of kHz, much larger than the broadening caused by
environmental magnetic field noise which is on the scale
of mG. To make the magnetic gradient uniform across
the transverse extent of the optical lattice, we combine
the gradient with a bias field on the order of 100 G point-
ing along the lattice.

For this technique to work, we need to engineer the
differential ac Stark shift for this transition such that
the linewidth becomes smaller than the frequency split-
ting between neighboring layers. However, since the bias
magnetic field must point along the lattice, we cannot
use it to tune the tensor polarizability as in Sec. IV. In-
stead, here we use the vector light shift and adjust the
ellipticity angle γ of the lattice polarization in Eq. (7),
until we find a “magic ellipticity” γ0 where the differential
ac Stark shift vanishes.

A. Vector polarizability tuning

As a first step, we investigate the differential light shift
as a function of γ. We define the quantization axis by
applying a static magnetic field of 20 G pointing along
the −z-axis as indicated in Fig. 5(a). The wave vectors
of the lattice and the probe beam are aligned parallel
to the quantization axis. The lattice has an elliptical
polarization described by γ in the xy-plane.

For a fixed ellipticity, we probe the spectrum of the
1S0-3P2 ∆mJ = 1 transition for several lattice powers,
as shown in Fig. 5(b). We observe a shift of the car-
rier frequency as a function of the lattice power and an
asymmetric broadening of the line. Spectra with an el-
lipticity close to the Stark-shift-free condition at γ0 are
shown in Fig. 5(c). The residual linewidth is determined
by magnetic field fluctuations on the 10−5 level.

To study the differential light shift, we extract the car-
rier frequencies by fitting the spectra with lineshapes dis-
cussed in Appendix C. For each value of γ, we find that
the ac Stark shift changes linearly with the lattice power,
with some examples plotted in the inset of Fig. 5(d).
We plot the linear Stark shift coefficient as a function
of the ellipticity angle γ in Fig. 5(d). By fitting these
Stark-shift coefficients, we obtain the magic ellipticity
angle γ0 = 0.106(3) π. This value is in excellent agree-
ment with the theoretical expectation of 0.108 π. In Ap-
pendix D, we show the corresponding polarizability cal-
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FIG. 6. (a) Simplified schematic of the experimental setup,
emphasizing the differences compared to Fig 3(a). We com-
press the atomic cloud using a light sheet such that the atoms
populate only a few lattice sites (left). With a magnetic field
gradient of 215 G/cm we create a spatially-dependent Zeeman
shift (right) that splits neighboring lattice sites by 24 kHz on
the 1S0-3P2 ∆mJ = 1 transition. (b) Local addressing in an
1D optical lattice using the 1S0-3P2 transition in a magnetic
field gradient. The spectrum is broadened according to the
spatial extent of the atomic cloud and the magnetic field gra-
dient. Atoms in the layer that is resonant with the detuning of
preparation pulse (red) are depleted prior to the spectroscopy,
resulting in a dip in the spectrum at the appropriate detun-
ing. The markers represent an average of 10 measurements,
and the error bars are the standard error of the mean. The
data is fitted to a broad Gaussian with a narrow Gaussian
dip, with the solid (dashed) line representing the fitted curve
with (without) the contribution of the narrow dip.

culations and provide further details on the experiments
and their analysis.

B. Local addressing

Finally, in a proof-of-principle experiment, we demon-
strate local addressing on the 1S0-3P2 ∆mJ = 1 tran-
sition in a Stark-shift-free optical lattice at γ0 within a
magnetic field gradient.

To reduce the number of initially populated lattice lay-
ers and thereby enhance the signal-to-noise ratio of the
spectroscopic data, we compress the atomic cloud verti-
cally using a light sheet before loading the atoms into
the vertical lattice (see Appendix B). After this proce-
dure, we obtain a significant atomic population over ∼8
lattice sites. Then, we apply a magnetic field gradient
of 215 G/cm together with a bias magnetic field of 80 G
along the −z-axis as shown in Fig. 6(a). This gradi-
ent splits the 1S0-3P2 ∆mJ = 1 resonance frequencies of
neighboring layers by 24 kHz.

Then, we perform a “spectral hole burning” measure-
ment. We address the atoms with a preparation pulse
on the 1S0-3P2 transition, followed by the spectroscopy
sequence as in the previous sections. The correspond-
ing spectrum is shown in Fig. 6(b). We use 300 ms-long
and 200 ms-long pulses for preparation and spectroscopy,
respectively.

The resulting spectrum is inhomogeneously broadened
by the magnetic field gradient across the atomic sample
to a FWHM >100 kHz. However, around the detuning

used for the preparation pulse, we observe a dip in the
depletion curve. From this dip we infer that the prepara-
tion pulse indeed addressed and depleted the atoms only
in a specific layer, while atoms in other layers were not
influenced.

We characterize the spatial resolution corresponding
to the narrow depletion dip of the cloud with the one-
dimensional Rayleigh criterion, which requires the dip
between the peaks of two Gaussians drop to 81% of the
maximum [67]. If we apply this criterion to the ob-
served depletion dip, we obtain a spatial resolution of
494(45) nm for the addressing pulse. This resolution
should be sufficient to clearly resolve single lattice layers
in the future, for which a more stable mechanical mount-
ing of the lattice retro-reflector is needed. Our results
pave the way to the preparation of a single lattice layer
and to local addressing of qubits in quantum computing
applications with neutral strontium atoms.

VI. CONCLUSION

In this work, we demonstrate that the 1S0-3P2 mag-
netic quadrupole transition in neutral strontium can be
used as a precise tool for quantum simulation and quan-
tum computation experiments. We present the first
Doppler- and Stark-shift-free optical spectroscopy of this
transition in bosonic 88Sr with kilohertz precision. We
suppress differential light shifts by tuning the polariz-
ability of the 3P2 state either by tilting the angle of
the magnetic field with respect to the optical lattice
or by adjusting the lattice polarization. We measure
the absolute transition frequency to an accuracy of bet-
ter than 10 kHz for 88Sr and to better than 100 kHz
for 87Sr, orders-of-magnitude improvements over previ-
ous results [44, 68]. In addition, we present a the-
oretical framework and experimental demonstration of
the polarization and propagation-direction dependence
of the transition amplitude associated with a magnetic
quadrupole transition, and high-order multipole transi-
tions in general. Finally, in a proof-of-principle experi-
ment, we locally address atoms in an optical lattice with
a magnetic field gradient and demonstrate a spatial res-
olution at the half-micron scale.

The tunability of the 3P2 state with external fields
and its ultranarrow transition linewidth offer advantages
in controlling and manipulating excited state atoms for
quantum simulation. The tunability of this state’s ac
Stark shift allows generating Stark-shift-free lattices at
1064 nm, where high laser powers are readily available.

The magnetic field sensitivity of the 3P2 state also al-
lows single-site addressing in an optical lattice within a
magnetic field gradient which is impractical with the in-
sensitive 3P0 state. This addressing enables the isola-
tion of a single layer of an optical lattice required as
a preparation step for quantum gas microscope exper-
iments [40, 41, 69]. Furthermore, the scattering prop-
erties between 1S0 and 3P2 atoms can be tuned with a
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magnetic field, enabling the search for magnetic Fesh-
bach resonances in strontium, similar to those already
observed in ytterbium [42].

The properties of the magnetically insensitive 1S0-3P2

∆mJ = 0 transition create opportunities in quantum
computation with alkaline earth atoms [8, 35, 36]. Our
experiments demonstrate the first steps towards the full
control over this transition, which can also serve as an op-
tical qubit. One advantage of the M2 transition is that
in bosonic isotopes the transition can be driven without
applying a large magnetic field [15]. Recent theoretical
proposals [70] to use the 3P0 and 3P2 mJ = 0 states as
a fine-structure qubit for quantum computing highlight
the need to investigate the 3P2 state in strontium exper-
imentally. Being able to excite atoms to both 3P2 and
3P0 states paves the way to investigate the fine structure
qubit built by these two states.

ACKNOWLEDGMENTS

We thank M. Safronova for providing the matrix el-
ements required for the polarizability calculation and
T.Udem, S. Stellmer, and B.Ohayon for stimulating dis-
cussions. This work was supported by funding from the
European Union (PASQuanS Grant No. 817482). A. J. P.
was supported by a fellowship from the Natural Sciences
and Engineering Research Council of Canada (NSERC),
funding ref. no. 517029, and V.K. was supported by a
Hector Fellow Academy fellowship.

Appendix A: Multipole transition amplitudes

In this section, we present and expand on the deriva-
tion of the multipole decomposition of the light-matter
interaction Hamiltonian in Eq. (1) that leads to the ex-
pressions in Eqs. (2) to (5).

Full Hamiltonian

We begin the discussion by taking a closer look at
the vector potential A. We approximate the poten-
tial as a plane wave propagating along k, such that
A(r) = A0ε̂ exp(ik · r), where ε̂ is the polarization, the
hat marks a unit vector, and A0 is the amplitude of the
vector potential.

A natural approach would be to take advantage of the
fact that the size of the atom is small compared to the
wavelength of the laser beam, and expand the plane wave
in terms of k · r� 1. However, this procedure turns out
to be inconvenient for the separation of the individual
electric and magnetic higher-order multipole contribu-
tions [12].

Instead, we expand the vector potential in vector

spherical harmonics YKlq [46]

YKlq(θ, φ) =(−1)K−q
√

2K + 1

+1∑
p=−1

×
(
K 1 l
−q p q − p

)
Y ql (θ, φ)êp, (A1)

where the term in parantheses represents a Wigner-3j
symbol. Then, the vector potential is given by

A(r) =
∑
Klq

AKlqYKlq(r̂). (A2)

In the literature [46], the vector spherical harmonics are
typically labeled with JLM . However, we choose the
notation Klq to avoid confusion about the labels with
the angular momentum of the relevant atomic states. To
simplify the notation, we use the unit vector r̂ as the
argument of the vector spherical harmonics to represent
the polar angles θr and φr describing the orientation of
r. Similarly, we use k̂ to represent θ and φ below as in
the main text. The expansion coefficients AKlq can be
determined from

AKlq = A0

∫ π

0

sin(θ)dθ

∫ 2π

0

dφ

× [(YKlq(r̂) · ε̂) exp(ik · r)] . (A3)

Inserting the expansion of a plane wave in spherical har-
monics Ylq and spherical Bessel functions jl [71]

exp(ik · r) = 4πA0

∑
l,q

iljl(kr)Y
∗
lq(k̂)Ylq(r̂), (A4)

we solve the integral in Eqn. (A3) and obtain [46]

A(r) = 4πA0

∑
K,l,q

il(YKlq(k̂) · ε̂)jl(kr)YKlq(r̂). (A5)

Before we continue, we define a another, more convenient,
set of vector spherical harmonics Y(λ)

Kq [46]

Y
(−1)
Kq (r̂) =

√
K

2K + 1
YKK−1q(r̂)−

√
K + 1

2K + 1
YKK+1q(r̂)

=
r

r
Y qK(r̂), (A6)

Y
(0)
Kq(r̂) = YKKq(r̂)

=
1√

K(K + 1)
LY qK(r̂), (A7)

Y
(1)
Kq(r̂) =

√
K + 1

2K + 1
YKK−1q(r̂) +

√
K

2K + 1
YKK+1q(r̂)

=
r√

K(K + 1)
∇Y qK(r̂). (A8)

Using Y
(λ)
Kq , the expansion of A(r) becomes [46]

A(r) = 4π
∑
Kqλ

iK−λ(Y
(λ)
Kq(k̂) · ε̂)a(λ)Kq(r̂), (A9)
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with

a
(0)
Kq(r̂) =A0jK(kr)Y

(0)
Kq(r̂), (A10)

a
(1)
Kq(r̂) =A0

[√
K + 1

2K + 1
jK−1(kr)YKK−1q(r̂)

−
√

K

2K + 1
jK+1(kr)YKK+1q(r̂)

]
. (A11)

We identify the terms with λ = 0 and λ = 1 as
the magnetic and electric multipole components, respec-
tively [46]. This allows us to write λ = 0 (1) or λ = mg
(el), interchangeably. The term Y

(−1)
Kq is parallel to k,

and thus its contribution vanishes under the assumption
of k · ε̂ = 0.

Using the expansion of the vector potential, the light-
matter interaction Hamiltonian in the Coulomb gauge
becomes

Hint =4π
∑

K,q,λ∈{0,1}

iK−λ
(
Y

(λ)
Kq(k̂) · ε

)
×
(
− e

me
P · a(λ)Kq(r̂) + gBµB

[
∇× a

(λ)
Kq(r̂)

]
· S
)

(A12)

=4π
∑

K,q,λ∈{0,1}

iK−λ
(
Y

(λ)
Kq(k̂) · ε

)
H

(λ)
K,q, (A13)

as presented in the main text.

Atomic transition terms

General expression. — We can write the explicit
expressions for the electric and magnetic contributions
as [72]

H
(el)
K,q = bKk

KQ
(el)
K,q(r), (A14)

H
(mg)
K,q = bKk

KQ
(mg)
K,q (r), (A15)

with

bK =

√
(2K + 1)(K + 1)

4πK

1

(2K + 1)!!
, (A16)

Q
(el)
K,q(r) =eA0

√
4π

(2K + 1)
rKY qK(r̂), (A17)

Q
(mg)
K,q (r) =µBA0

√
4π

(2K + 1)
∇
[
rKY qK(r̂)

]
×
(

2

K + 1
L + gBS

)
, (A18)

where this definition of QK,q is chosen to be consistent
with the literature on multipole transitions [49, 72].

Selection rules and Clebsch-Gordan coefficients. —
Let us now consider an attempt to drive the atom from
the state |i〉 = |γ, J,mJ〉 to the state |f〉 = |γ′, J ′,m′J〉.
Here, γ represents the state’s radial wavefunction, J is
its total angular momentum, and mJ is the projection of
this angular momentum onto the quantization axis. Since
Q

(el)
K,q and Q(mg)

K,q are irreducible tensor operators of rank
K [49, 50], we can use the Wigner-Eckart theorem [12, 45]
to obtain

〈f |Q(el,mg)
K,q |i〉 =(−1)J

′−m′
(

J ′ K J
−m′ q m

)
× 〈γ′, J ′||Q(el,mg)

K ||γ, J〉, (A19)

where 〈γ′, J ′||Q(el,mg)
K ||γ, J〉 is the reduced matrix ele-

ment. This procedure leads to the standard angular mo-
mentum selection rules tying (K, q) to (J, J ′,mJ ,m

′
J) as

described in the main text.
Taking into account the conservation of parity leads

to additional selection rules. Substituting r → −r into
Eqs. (A17) and (A18), we find that the electric multipole
operator Q(el)

K,q has a parity of (−1)K , while the magnetic

multipole operator Q(mg)
K,q has a parity of (−1)K+1. In

other words, states with identical parity can be coupled
by electric transitions with even K and magnetic transi-
tions with odd K; conversely, states with opposite parity
can be coupled by electric transitions with odd K and
magnetic transitions with even K.
Transitions in two-electron atoms. — We now apply

these rules to understand the important transitions from
the ground-state, shown in Fig. 1, in two-electron atoms
without nuclear spin, such as 88Sr.

We note that the 1S0 state has J = 0, and thus only the
terms with K = J ′ can contribute. Since K ≥ 1, the 1S0-
3P0 transition cannot be driven at all. For 1P1 and 3P1,
we can have only a dipole transition (K = 1). Because
the parity of the ground and excited states is opposite, it
has to be an E1 transition. This is indeed the case for the
1S0-1P1 transition, which is a strong E1-allowed transi-
tion. In contrast, the 1S0-3P1 transition is forbidden by
another selection rule arising from Eq. (A17): the electric
transition operators Q(el)

K,q do not couple to the electronic
spin and thus cannot change the spin quantum number.

The 1S0-3P1 and 1S0-3P0 transitions are only allowed
due to state mixing in heavy atoms: the bare LS-coupling
3P◦1 state is mixed with the bare 1P◦1 state through LS-
coupling violation [19], and the bare 3P◦0 state can be
mixed with the 3P1 state by applying external magnetic
fields [15] or via hyperfine coupling in the fermionic iso-
tope [19]. State-mixing effects relate to the Hamitonian
of the unperturbed atom, rather than to the interaction
Hamiltonian, and thus they are outside the scope of the
derivations presented here. In summary, the 1S0-3P1 and
1S0-3P0 transitions are fundamentally related to the 1S0-
1P1 transition, and thus have E1 characteristics.

Applying the same considerations to the 1S0-3P2 tran-
sition, the transition must have a quadrupole character
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(K = 2), and from parity considerations it must be
a magnetic quadrupole transition. Unlike the previous
cases, this transition can be driven directly, even with-
out considering state mixing. However, as for the 1S0-3P0

transition, it is possible to induce an E1 contribution by
an external magnetic field. As discussed in the main text,
we find that for fields up to 200 G this effect is negligible,
and the transition can be considered to be entirely M2.

Angular dependence terms

We now discuss the transition amplitude’s angular de-
pendence described by the terms Y

(λ)
K,q(k̂) · ε̂. Substi-

tuting the definitions of the vector spherical harmonics
presented above into this expression, we obtain the ex-
pressions presented in Eqs. (4) and (5) in the main text.

In Tab. I, we present the explicit values of the decom-
position coefficients c(j)K,q,s for the first two orders corre-
sponding to E1, M1, E2, and M2 transitions.

Coordinate system. — Here, we define the natural
coordinate system used to calculate the transition am-
plitude’s angular dependence. This coordinate system is
illustrated in Fig. 7(a) and begins with the z axis that
is already set by our choice of the quantization axis. We
find that choosing the direction of x such that k is con-
tained in the xz plane is convenient, since then the spher-
ical harmonics Y qK(θ, φ = 0) are real. This choice results
in the fact that explicitly complex terms only occur in the
polarization decomposition terms ês · ε̂. Next, we decom-
pose a linear polarization vector into the out-of-plane ε̂1
component (along ŷ) and the in-plane component ε̂2 (in
the xz plane). The orientation of k in the xz plane is de-
fined by θ, and the orientation of ε̂ in the plane spanned
by ε̂1 and ε̂2 is defined by ρ. Explicitly, we find

B = Bẑ,

k = k(cos θẑ + sin θx̂),

ε̂1 = ŷ,

ε̂2 = sin θẑ− cos θx̂,

ε̂ = sin ρε̂1 + cos ρε̂2.

(A20)

Simplification of E1 transition amplitude’s angular de-
pendence. — Considering the results in Tab. I, it ap-
pears at first glance as if the behavior of the E1 transition
is more complex than expected, with possible contribu-
tions from all polarization components to each transition.
However, we find that we can simplify the expressions to
obtain the well-known picture presented in Fig. 2(a).

Let us consider the scenario for a general polarization
vector ε̂ = αε̂1 + βε̂2, such that α and β are complex
coefficients satisfying |α|2 + |β|2 = 1 (the Jones vector).

TABLE I. Angular dependence coefficients c(j)K,q,s in Eqs. (4)
and (5) for electric dipole (E1), magnetic dipole (M1), electric
quadrupole (E2), and magnetic quadrupole (M2) transitions.

s = −1 s = 0 s = +1
σ− π σ+

E1
q = −1 c

(−1)
1,−1,s

√
20
30

0 0

Y q−s
0 q = 0 c

(−1)
1,0,s 0

√
20
30

0
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Then, the angular dependency is given by

|Y1,0 · ε̂|2 =
3

8π
ββ∗ sin2 θ, (A21)

|Y1,±1 · ε̂|2 =
3

16π
(α± iβ cos θ) (α∗ ∓ iβ∗ cos θ) .

(A22)
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FIG. 7. (a) The coordinate system defined in this section.
B sets the z axis, k and ε̂2 are in the xz plane, ε̂1 is along
the y axis. ε̂ is found in the plane spanned by ε̂1,2. (b) The
total angular dependence of E1 transition for linear polariza-
tion as a function of θ, ρ as defined in (a), for the different
possible |∆mJ | values this transition can drive (since it is lin-
ear, it is independent of the sign of ∆mJ). The dependence
we observe is entirely due to the decomposition to the basis
vectors. (c) like (b), for M2 transition. Here the dependence
is more complicated and cannot be entirely attributed to the
decomposition. The dots mark the (θ, ρ) pairs correspond-
ing to the measurements in section III. The cross marks the
values corresponding to the measurement in section IV. The
measurements in section V were performed for θ = 0.

However, we notice that

|ê0 · ε̂|2 = ββ∗ sin2 θ, (A23)

|ê±1 · ε̂|2 =
1

2
(α± iβ cos θ) (α∗ ∓ iβ∗ cos θ) . (A24)

Hence, we can substitute the full expression for Y1,0 · ε̂
with

√
3/(8π)êq · ε̂, and thus are justified to consider

the E1 transition amplitude’s angular dependence as pre-
sented in Fig. 2(a).
Complete transition amplitude’s angular dependence.

— In Fig. 7, we plot the complete transition ampli-
tude’s angular dependence, assuming a linear polariza-
tion, for E1 and M2 transitions in panels (b) and (c),
respectively. The complete angular dependence includes,
on top of the explicit angular dependence discussed
above, also the trivial dependence due to the decom-
position into the polarization basis. In this sense, the
dependence is different from the information plotted in
Fig. 2, and similar to Fig. 3(b).

The coordinate system is defined such that ρ = 0
means that the polarization is always in-plane relative
to B and k. For this value of ρ and for changing θ from
0 to π/2, the polarization starts from the sum of σ±
with equal phases and ends with π. Conversely, ρ = π/2
means the polarization is fixed at a sum of σ± with op-
posite phases.

For an E1 transition, we once again can see the ex-

pected behavior as a function of the two angles. For
out-of-plane polarization, we drive only the ∆mJ = ±1
transition with a fixed amplitude. For in-plane polariza-
tion, we change from driving the ∆mJ = ±1 transition to
driving the ∆mJ = 0 transition, corresponding exactly
to the change of polarization from the sum of σ± to π.
The sum of the σ± polarizations drives the ∆mJ = ±1
transitions with equal amplitude, regardless of the rela-
tive phase between them.

For the M2 transition, the pattern cannot be simplified
by only considering the polarization projections. We can
once again identify the properties we understood from
Fig. 2 in the main text. Additionally, we observe a strong
dependence on the relative phases between the contribu-
tions of the different polarization components. For exam-
ple, for ∆mJ = 0, we see that the in-plane polarization
cannot drive the transition for any value of θ. We already
knew that the π polarization cannot drive this transition
at all. For the sum of σ±, we attribute the vanishing tran-
sition amplitude to the destructive interference between
the contributions of the individual σ± components.

We mark in Fig. 7(c) the conditions of the measure-
ments reported in Sections III and IV.

Finally, we note that the complete angular dependence
for electric and magnetic multipole transitions of the
same order is identical, up to a shift of ρ by π/2. This can
be intuitively understood by considering that the mag-
netic field orientation is simply perpendicular to the elec-
tric field within the polarization plane.

Appendix B: Experimental setup

Optical transport. — We transport the atoms from
the magneto-optical trap (MOT) region into a second
vacuum chamber. For this purpose, we combine a
traveling-wave optical lattice [57] with a focus-tunable
optical dipole trap [73], so that we move the lattice nodes
and the focal position synchronously [74]. The moving
lattice allows for fast transport due to its deep longi-
tudinal confinement, while the dipole trap supports the
atoms against gravity. With this setup we can transport
the atoms within 600 ms over a distance of about 55 cm.
Vertical lattice. — After the transport, we adiabati-

cally load the atomic sample into the vertical 1D optical
lattice. We derive the vertical lattice beam from a high-
power fiber amplifier and focus the beam to a 1/e2 waist
of 144 µm at the position of the atoms. With a typi-
cal power of 5 W, the lattice has a trap depth of 33 µK
and an axial trap frequency of 72 kHz corresponding to
a Lamb-Dicke parameter η ' 0.21 [33]. Motorized half-
wave and quarter-wave plates allow us to dynamically ad-
just the lattice polarization, even during an experimental
sequence.

Since the trap frequency is much larger than the 1S0-
3P1 linewidth, we can perform direct sideband cooling
along the axial direction of the lattice. The cooling beam
is aligned collinearly with the lattice beam. We apply a
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bias magnetic field of 1 G pointing along the −z-axis
to define the quantization axis. To optimize the cooling
efficiency, we set the lattice polarization to an ellipticity
angle of 0.17 π, making it magic for one mJ state of the
1S0-3P1 transition. With this method, we typically reach
a vertical temperature of ∼1.5 µK.

We typically load about 106 88Sr atoms in the lattice,
corresponding to up to 40, 000 atoms per lattice layer.
Spectroscopy laser. — For the 1S0-3P2 spectroscopy,

we use a home-built diode laser operating at 671 nm.
The laser is stabilized to a reference cavity with a finesse
of 25, 000 using the Pound-Drever-Hall technique. The
cavity is kept under vacuum of 10−8 mbar and is tem-
perature stabilized at the zero-crossing temperature of
the ultra-low-expansion glass cavity spacer. The polar-
ization of the beam is fixed for all experiments reported
here. It is to a good approximation linear (ellipticity of
0.06π), and oriented 5◦ with respect to the x axis.
Absolute frequency measurements. — We use a few

mW of the spectroscopy laser power to beat it with a
commercial frequency comb, which is referenced to a hy-
drogen maser. The resulting beat frequency is measured
with a counter. By averaging about 1000 counts, we ob-
tain the beat frequency with an uncertainty of a few tens
of Hz, given by the standard error of the mean.
Compression in light sheet. — To improve the signal-

to-noise ratio (SNR) in the local addressing measure-
ment, we decrease the number of vertical lattice sites pop-
ulated by atoms. For this purpose, we spatially compress
the atomic sample after the transport using a tightly
focused optical dipole trap. We adiabatically load the
atoms from the transport lattice into the dipole trap
propagating along the y axis. The dipole trap is formed
by a 1070 nm beam focused to an elliptical light sheet.
The light sheet has a 1/e2 waist of ∼15 µm (∼300 µm)
along the z-axis (x-axis) and a power of 40 W, result-
ing in a vertical trap frequency of 2.2 kHz. We cool the
atoms via Doppler cooling on the 1S0-3P1 transition. We
reach near-magic condition for the cooling transition by
setting the bias magnetic field of 1 G along the y axis
and using circularly polarized light for the dipole trap.
After cooling, we typically obtain a vertical temperature
of ∼0.6 µK. Then, we adiabatically transfer the atoms
from the sheet to the vertical lattice. The compression
stage results in about eight lattice layers being signifi-
cantly populated.

Appendix C: Spectroscopy

Spectral line shapes. — At a finite atomic tempera-
ture, a differential light shift between two atomic states
leads to an asymmetric broadening of the spectral line,
as some atoms experience lower trapping intensity than
others. The resulting line shape has been derived to be
[20, 58, 75]

y(δ) = y0 − a(δ − δ0)e−b(δ−δ0)Θ(δ − δ0), (C1)
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FIG. 8. (a) Motional sideband spectrum of the 1S0-3P2

(mJ = 1) transition in 88Sr in a magic 1D optical lattice.
The sidebands (squares) are probed with a factor of ten longer
interrogation time than the carrier (dots). From the relative
amplitude of the blue sideband to the red sideband, we extract
a ground state fraction of 84 %. Markers, error bars, and solid
lines are as in Fig. 4. (b) Spectrum of the 1S0-3P2 F = 9/2
transition in 87Sr in a bias magnetic field of 3 G. The markers
represent an average of 3 measurements, and the error bars
are the standard error of the mean. The solid lines serve as a
guide to the eye. (c) Example of spectroscopic measurements
for the determination of the 1S0-3P2 transition frequency in
87Sr. Here, we excite the atoms to the mF = ±9/2 states,
within an optical lattice of a power of 5 W. The markers
represent an average of 5 measurements, and the error bars
the standard error of the mean. The solid lines are fits to
the expected ac-Stark-shift-broadened line shape. (d) Aver-
age detuning of the 1S0-3P2, F = 9/2,mF = ±9/2 transitions
as a function of lattice power. The solid line is a linear fit,
from which we extract the zero-crossing to obtain the absolute
transition frequency.

where y0 is the baseline of the spectrum, δ is the detun-
ing, δ0 is the resonance frequency without the effect of
the light shift, and Θ is the Heaviside function. This line-
shape can be used to describe both motional sidebands
in Fig. 4 and Fig. 8(a), as well as the carrier in a strongly
non-magic lattice in Fig. 5(b) and Fig. 8(c).

For lines where the dominant broadening mechanism
is not the differential ac Stark shift – that is, for carrier
transitions close to magic conditions – we instead use a
symmetric function, taking the center as the resonance
frequency. For our experimental conditions, we find that
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these lines are best described by a Gaussian, as in the
Carrier in Fig. 4 and Fig. 8(a), as well as Fig. 5(c).
Sideband spectra. — We characterize our optical lat-

tice by measuring the frequencies of the motional side-
bands of the 1S0-3P2 (mJ = 1) transition. Here, we
achieve the magic condition with the magnetic field ori-
ented along the −z-axis and using a lattice polarization
with 0.09 π ellipticity (see main text). By fitting the
sidebands to Eq. (C1), we extract the sideband frequen-
cies for various lattice powers. Under the assumption of
a full lattice contrast (that is, the full optical power con-
tributes to the trap frequency), we can estimate the 1/e2

waist of the optical lattice to be ∼144 µm. This waist
is an upper bound since, realistically, the lattice contrast
is expected to be reduced by experimental imperfections,
such as finite mirror reflectivities.

A typical spectrum in a magic 5 W lattice is shown
in Fig. 8(a). The red sideband is strongly suppressed
compared to the blue sideband, showing that the atomic
sample is cooled close to the vibrational ground state of
the optical lattice [58]. From the relative amplitudes of
the two sidebands, we extract a ground state fraction of
84%, consistent with a temperature of 1.8 µK [75].

88Sr absolute frequency determination and error bud-
get. — We extract the absolute transition frequency
in 88Sr from spectroscopy of the mJ = 0 transition at
the magic condition, as presented in Fig. 4. We beat the
spectroscopy laser, set to the carrier resonance condition,
with a frequency comb to acquire an absolute frequency
measurement. We estimate the systematic shifts due to
light shift and density shift – from a set of additional
measurements with the atom number reduced by an or-
der of magnitude – to be negligible.

The statistical uncertainties from the estimation of the
spectral line center and from the beat note with the comb
are 27 Hz and 22 Hz, respectively, resulting in an overall
statistical uncertainty of δνstat = 35 Hz.

Because the ∆mJ = 0 transition is insensitive to the
first-order Zeeman effect, contributions from the mag-
netic field uncertainty enter only into the light shift, due
to its effect on the magic condition. As the FWHM of
the line is slightly larger than 2 kHz, we take 5 kHz as a
conservative bound on the sum of possible residual light-
shifts and density shifts.

Summing up the uncertainties, we obtain for 88Sr
an absolute transition frequency of (446, 647, 242, 704 ±
0.04stat ± 5sys) kHz.

87Sr absolute frequency determination and error bud-
get. — Measuring the absolute frequency for 87Sr is
more involved than for 88Sr. To eliminate the influence
of the magnetic field, we sample two mF states with op-
posite signs, such as mF = ±9/2, shown in Fig 8(b).
Finding magic conditions for these states was beyond the
scope of this work, but we reached a condition close to
magic for both states and performed a sequence of mea-
surements with multiple lattice powers. Taking the av-
erage of the two frequencies for each lattice power, and
extrapolating it to zero lattice power allows us to ex-

trapolate to zero light shift. As for 88Sr, we obtain the
absolute transition frequency by beating the laser with a
frequency comb. Finally, we apply a density correction
using a set of measurements with a reduced number of
atoms.

Taking measurements of the mF = ±9/2 states in the
F = 9/2 manifold close to magic conditions, shown in
Fig 8(c), we observe the expected linear behavior as a
function of the lattice power, as shown in Fig 8(d). We
estimate a statistical uncertainty of 5 kHz on the inter-
cept, that is, on the extrapolation to zero power. We
estimate that the contributions of magnetic field and lat-
tice power to the uncertainty are much smaller. The
contribution from the beat note with the comb is once
again sub-100 Hz and can be neglected.

By testing for density shifts at several lattice powers,
we observe effects of up to 40 kHz. As a conservative
bound, we take 60 kHz as the bound on the systematic
uncertainty due to the density correction.

Therefore, we obtain for 87Sr a transition frequency
to the F = 9/2 state of (446, 647, 798, 423 ± 5stat ±
60sys) kHz.

The hyperfine structure of the 3P2 state in 87Sr was
measured to better than 10 kHz in Ref. [76]. Using this
data, we can estimate the transition frequencies to all
other F states and the center of gravity of the lines. We
performed measurements of the transitions to the other
hyperfine states with similar or larger uncertainties, and
the frequencies agree with Ref. [76] within the error bars.
Isotope shift. — We can estimate the frequency dif-

ference between the transitions in the two isotopes simply
by subtracting the frequency measurements performed
with the frequency comb. Additionally, we can directly
compare the different frequency shifts we applied to the
probe beam between subsequent measurements for the
two isotopes. Both estimates agree within a few kHz.

The F = 9/2 state is 618.65 MHz blue detuned from
the line’s center of gravity [76]. Therefore, the isotope
shift is ν(88Sr)− ν(87Sr) = +62.93(6) MHz.

Appendix D: Polarizability

General expression. — Here, we theoretically inves-
tigate the polarizability of the 3P2 state. The dynamic
dipole polarizability αi of an atomic state |i〉 can be de-
composed into a scalar polarizability αs

i , a vector polar-
izability αv

i , and a tensor polarizability αt
i [20, 22, 62]

αi =αs
i

+ αv
i sin(2γ)

mi

2Ji

+ αt
i

3 cos2(β)− 1

2

3m2
Ji
− Ji(Ji + 1)

2Ji(2Ji − 1)
,

(D1)

where γ is the ellipticity angle of the polarization [20, 63]
and cosβ is the projection of the polarization vector onto
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TABLE II. The required information for calculating the polar-
izability of 5s2 1S0 state and 5s5p 3P2 state of 88Sr. The ener-
gies and matrix elements of the different transitions are taken
from Refs. [77] and [60, 78], respectively. The contributions to
scalar αs

i(λ0), vector αv
i (λ0) and tensor polarizability αt

i(λ0)
are calculated based on those values at λ0 =1064 nm. Other
refers to contributions to the scalar polarizability from states
which are not listed explicitly and Core refers to the contribu-
tion to the polarizability from the closed electron shells of the
atom. The units contain the electron charge e, the Bohr ra-
dius a0, and the atomic unit of polarizability 1 a.u. = 4πε0a

3
0,

where ε0 is the vacuum permittivity.

State k ∆Eki 〈k|D|i〉 αs
i(λ0) αv

i (λ0) αt
i(λ0)

(cm−1) (ea0) (a.u.) (a.u.) (a.u.)

State i = 5s2 1S0

5s5p 3P1 14504 0.397 0.40 0 0
5s5p 1P1 21698 5.248 228.61 0 0
5s6p 3P1 33868 0.034 0.01 0 0
5s6p 1P1 34098 0.282 0.37 0 0

Other 5.8 0 0
Core 5.3 0 0

Total 240.49 0 0

State i = 5s5p 3P2

5s4d 3D1 3260 0.6021 −0.45 3.85 0.45
5s4d 3D2 3320 2.331 −6.83 19.33 −6.83
5s4d 3D3 3421 5.530 −39.95 −219.52 11.41
5s4d 1D2 5251 0.102 −0.03 0.05 −0.03
5s6s 3S1 14140 4.521 75.78 −151.10 −75.78
5s5d 1D2 19829 0.365 0.25 −0.12 0.25
5s5d 3D1 20108 0.460 0.39 −0.55 −0.39
5s5d 3D2 20123 1.956 7.12 −3.32 7.12
5s5d 3D3 20146 4.994 46.30 43.20 −13.23

5p2 3P1 20502 2.992 16.18 −22.25 −16.18
5p2 3P2 20776 5.119 46.41 −21.00 46.41
5p2 1D2 22062 0.682 0.75 −0.32 0.75
5s7s 3S1 22526 1.264 2.51 −3.15 −2.51

Other 43.1 0.34
Core 5.6

Total 197.14 −354.90 −48.56

the quantization axis. The ellipticity angle γ is defined
as [20, 63]

ε̂l = ε̂l,1 cos(γ) + iε̂l,2 sin(γ), (D2)

where ε̂l,1, ε̂l,2 are orthogonal vectors spanning the plane
perpendicular to lattice propagation direction kl. We
note that rotating the polarization ellipse within this
plane does not affect the ellipticity angle γ, and thus does
not affect the polarizability. Hence, we are not sensitive
to the exact choice of ε̂l,1, ε̂l,2. The quantization axis
is assumed to be defined by a strong external magnetic
field pointing along the z-axis.

The scalar polarizability of the state |i〉 with angular
momentum Ji at the light frequency ω can be calculated

with [61, 62]

αs
i =

1

3(2Ji + 1)

∑
k

2

~
|〈k|D|i〉|2ωki
ω2
ki − ω2

+ αc
i . (D3)

We sum over the dipole-allowed transitions to states |k〉
with the corresponding dipole matrix element 〈k|D|i〉,
and the transition frequency ωki ≡ (Ek − Ei)/~ =
∆Eki/~. Here, αc

i is the contribution of the core electrons
to the scalar polarizability, where Ref. [78] provided us
with a calculated value listed in Tab. II. The vector and
the tensor polarizabilities are given by

αv
i = −

√
6Ji

(Ji + 1)(2Ji + 1)

∑
k

(−1)Ji+Jk+1

×
{

1 1 1
Ji Jk Ji

}
|〈k|D|i〉|2

~

( 1

ωki − ω
− 1

ωki + ω

)
,

(D4)

αt
i = −

√
10Ji(2Ji − 1)

3(Ji + 1)(2Ji + 1)(2Ji + 3)

×
∑
k

(−1)Ji+Jk
{

1 2 1
Ji Jk Ji

}
2

~
|〈k|D|i〉|2ωki
ω2
ki − ω2

.

(D5)

1S0-3P2 transition magic and tune-out wavelengths. —
Using the matrix elements listed in Tab. II we can cal-
culate the polarizability of the 1S0 and 3P2 states for
different trapping light polarizations, as a function of the
trapping wavelength, as shown in Fig. 9.

In Fig. 9(a), we plot the polarizabilities of the ground
state and the Zeeman sublevels of the 3P2 state in the
range of 800 nm to 1150 nm. We find that the 1S0-3P2

∆mJ = 0 (∆mJ = ±1) transition experiences a vanish-
ing differential ac Stark shift at 1081(1) nm (994(1) nm)
for π-polarized light. These magic wavelengths could be
used for further precision spectroscopy on the 1S0-3P2

transition in 88Sr.
In Fig. 9(b), we show the polarizability of the 3P2

mJ = 0 state for π-polarized light in the range of 550 nm
to 800 nm. Here we can observe a so-called tune-out
wavelength [22] at 679(2) nm, where the polarizabil-
ity vanishes. The tune-out wavelength can be used to
generate highly state-dependent optical traps with ap-
plications in quantum computing and quantum simula-
tion [35, 65].
Calculated magic conditions at 1064 nm. — In this

work, we did not vary the trap wavelength, but rather
modified the trap polarization. This method allows find-
ing magic conditions while choosing trapping wavelength
based on other technical considerations. In our case, we
use 1064 nm, a wavelength in which lasers with high op-
tical power and low intensity noise are readily available.

For this reason, we are interested in the differential
polarizability between the 1S0 state (g) and a certain
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FIG. 9. (a) Polarizability of the 1S0 mJ = 0 and 3P2 mJ = 0,±1 states for π- and σ±-polarization as a function of the
wavelength. The 1S0-3P2 ∆ = 0 (∆ = ±1) transition experiences a vanishing differential stark shift for π-polarized light at
1081(1) nm (994(1) nm) (marked with a star). (b) Polarizability of the 3P2 mJ = 0 state as a function of the wavelength
for π-polarized light. At 679(2) nm, the polarizability of this state vanishes. This wavelength is the so-called 3P2 tune-out
wavelength (marked with a circle).

3P2 mJ state (e), given by

∆α = αs
g−
(
αs
e +

mJ

2J
sin(2γ0)αv

e

+
3 cos2(β)− 1

2

3m2
J − J(J + 1)

2J(2J − 1)
αt
e

)
,

(D6)

where J = 2 and mJ refer to the angular momentum of
e. Using the values from Tab. II, we can thus extract the
magic conditions for the scenarios of interest.

First, we consider the 3P2 mJ = 0 state. For this state,
the vector polarizability vanishes. We can therefore use
a linear polarization, and tune its orientation relative to
quantization axis (β) to modify the tensor polarizability.
We find that the polarizability vanishes for the magic
angle value of β0 = 0.089π.

Second, we consider the 3P2 mJ = 1 state, and assume
that the trapping light is parallel to the quantization axis.
As described in Sec. IV, these are the conditions required
for local addressing. Here, β = π/2, and the contribu-
tion of the tensor polarizability is constant. Hence, we
tune the ellipticity angle γ and thereby the vector polar-
izability to find the magic condition. The polarizability
vanishes for the magic ellipticity value of γ0 = 0.108π.

Experimental determination of magic ellipticity. —
Here we describe the determination of magic ellipticity
shown in Fig. 5. In our experimental characterization of
the vector ac Stark shift, we can only measure the differ-
ential ac Stark shift between the 1S0 state and the 3P2

state. The differential ac Stark shift ∆ν and the differ-
ential polarizability ∆α are connected by

∆ν =
1

2ε0ch
∆αI, (D7)

where h is Planck’s constant, ε0 the vacuum permittivity,
c the speed of light, and I the trapping light intensity. For
an optical lattice generated by a perfectly retro-reflected
Gaussian beam, I = (8P )/(πw2), for a beam with total
power P and waist w. Since the lattice intensity is sub-
ject to systematic errors from the unknown contrast of
the lattice beams, we do not convert the experimentally
obtained differential light shifts into polarizabilities. In-
stead we use our data to extract the magic angle γ0 that
is insensitive to the intensity calibration.

To do so, we measured spectra for each value of the
ellipticity angle at lattice powers of 2.5 W, 5 W, 7.5 W,
and 10 W, with some examples shown in Figs. 5(b) and
(c). From each spectrum, we extract the transition fre-
quency, and fitted the measured points to a function with
independent linear coefficients for each ellipticity value,
but a common intercept, with part of the data shown in
the inset of Fig. 5(d).

Considering the linear coefficients as a function of γ,
we extract γ0 by fitting the change in differential Stark
shift ∆AC with lattice power P using

d∆AC

dP
= a0 [sin(2γ)− sin(2γ0)] , (D8)

where a0 describes the amplitude of the curve, as shown
in Fig. 5(d). With this parametrization, the uncertainty
from the intensity calibration is contained entirely within
a0.

The largest uncertainty in our data arises from the
calibration of the ellipticity angle. We used a commercial
polarimeter to measure the polarization with an error
of ±0.005π. Due to possible imperfect alignment while
measuring the polarization we conservatively estimated
the uncertainty as ∆γ = ±0.01π. Our fit uncertainty is
thus mostly determined by the error on the x-axis and
not by errors on the y-axis.
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