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Probing the isolated vector magnetic field of structured laser beams by atoms
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Electric and magnetic fields are inherently coupled in an electromagnetic wave. However, structured light
beams enable their spatial separation. In particular, azimuthally polarized laser beams exhibit a localized mag-
netic field on-axis without the electric counterpart. A recent study by Martin-Domene et al. [S. Martin-Domene
et al., Appl. Phys. Lett. 124, 211101 (2024)] has shown that combining these beams enables the generation
of locally isolated magnetic fields with a controllable direction and phase. In the present paper, we propose
a method to probe and characterize such magnetic fields by studying their interaction with a single trapped
atom. In order to theoretically investigate magnetic sublevel populations and their dependence on the relative
orientation and phase—i.e., the polarization state—of the isolated magnetic field, we use a time-dependent
density-matrix method based on the Liouville-von Neumann equation. As illustrative cases, we consider the
2522p 3Py —2522p% 3Py, 157252 1Sy — 15?252p 3Py, and 2522p 2Py — 2522p 2P 5 transitions in *°Ca'**, 1°Be,
and ¥ Ar'3*, respectively. Our results indicate that monitoring atomic populations serves as an effective tool for
probing isolated vector magnetic fields, which opens avenues for studying laser-induced processes in atomic

systems where electric-field suppression is critical.

DOI: 10.1103/b3zw-mwrn

I. INTRODUCTION

Structured light is an emerging cutting-edge field that
refers to the ability to shape different degrees of freedom of
an electromagnetic wave such as the amplitude, phase, and
polarization state [1-5]. This field was boosted by the discov-
ery that light beams with helical wave fronts, known as twisted
modes, possess a finite projection of the orbital angular mo-
mentum (OAM) [6-8], which has found many applications in
optics, nanophotonics, and atomic physics [9-12].

Besides twisted modes, more complex field distribu-
tions can also be achieved. In particular, combinations of
beams where the OAM and spin angular momentum (SAM)
are antiparallel to each other give rise to vector beams
(VBs), characterized by their spatially dependent polariza-
tion state [13]. Remarkably, in order to accomplish the
Maxwell equations, VBs present nonzero longitudinal com-
ponents on-axis [14-16], leading to distinct light-matter
interactions [17-22].

A noteworthy example of VBs is the so-called az-
imuthally polarized beams. Such beams possess an azimuthal

*Contact author: riaan.schmidt@ptb.de

Published by the American Physical Society under the terms of the
Creative Commons Attribution 4.0 International license. Further
distribution of this work must maintain attribution to the author(s)
and the published article’s title, journal citation, and DOI.

2469-9926/2026/113(1)/013105(11)

013105-1

electric-field polarization pattern with a singularity on the
vortex line, i.e., at the location of a longitudinal magnetic field
[23]. Particular interest has been given to the enhancement of
this isolated longitudinal magnetic field. Examples include the
use of metallic nanoantennas [24,25], photoionization in gases
[26], or plasmonic nanostructures [27,28]. Once enhanced,
the range of applications that rely only on interactions with
the locally isolated magnetic field is wide within different
research fields such as magnetic spectroscopy [29,30], force
microscopy [31], optical spectroscopy [32], ultrafast nonlin-
ear magnetization dynamics in ferromagnets [33], and chiral
media [34,35].

A recent work proposed to superpose multiple azimuthally
polarized VBs propagating in different directions in order to
generate locally isolated magnetic fields with a controllable
direction and phase, i.e., isolated optical magnetic fields with
a controllable polarization state [36]. The magnetic field is
isolated in the sense that the electric field vanishes at the
point where the beam axes intersect, making the magnetic
field “isolated” at that point. Up to the present, however, no
experimental scheme exists to determine the orientation of
such an isolated magnetic field, which we refer to as “mag-
netic light” in line with the term widely used in the fields
of nanophotonics and plasmonics [37]. In the present work,
we propose a method to characterize the magnetic-light ori-
entation by studying its interaction with a single atom. Our
approach relies on the analysis of population dynamics of
ground-state magnetic sublevels. We demonstrate that popu-
lation distribution strongly depends on the polarization state

Published by the American Physical Society
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of “magnetic light” and hence can be used to characterize this
polarization.

This paper is organized as follows. In Sec. II, we briefly
recall the basic formulas needed to describe magnetic light
as superpositions of azimuthally polarized VBs. Moreover,
the interaction of this light with an atom is treated by
introducing Rabi frequency and density-matrix formalism
based on the Liouville-von Neumann equation. Calcula-
tions for such Rabi frequencies have been performed for the
2522p* 3py —25*2p? 3P, magnetic dipole (M 1) transition in
Ca'** in Sec. IITA and the 1s%2s% 'Sy — 1s2252p 3p, mag-
netic quadrupole (M?2) transition in Be in Sec. III B. Based on
these calculations, we found that atomic transitions induced
by the magnetic light exhibit different selection rules than
those known from photoexcitation by plane waves. Detailed
analysis of time-dependent atomic population dynamics is
presented in Sec. 111 C for the 25?2p 2Py, — 25?2p 2P; 5 tran-
sition in Ar'**. Our findings indicate that the orientation of
the isolated magnetic field strongly affects magnetic sublevel
populations. Finally, a summary of our results and an outlook
are given in Sec. IV.

II. THEORY
A. Structured light modes

In this work, we investigate the coupling of a target atom
to an isolated optical magnetic field. Below, we will show that
this magnetic light can be constructed from a superposition
of azimuthally polarized VBs. The basic properties of such
beams will be briefly recalled in Sec. IT A 1, while their super-
position will be discussed in Sec. II A 2.

1. Azimuthally polarized light beams

Azimuthally polarized light beams are typically described
in terms of Laguerre-Gaussian or Hermite-Gaussian modes
with different polarization states. In this work, we choose
to construct the azimuthally polarized beam in the basis of
the well-known Bessel states [38], as it allows a simpler
treatment of structured light-matter interaction. These states
are characterized by the longitudinal linear momentum &k,
the absolute value of the transverse momentum |k | = s,
the frequency w = c,/k? + »? = ck, the helicity A, and the
well-defined projection m, of the total angular momentum
onto the propagation direction. The vector potential of Bessel
radiation can be written in cylindrical coordinates (r' , ¢., Z')
in the form

B .
AD D=4 Y en (=), m, (1))
my=0,%1

x expli(m, — my)$, + k.2 — iwt], (1

where the prime indicates that the 7' axis, chosen along
the light-propagation direction, does not necessarily coincide
with the quantization z axis of the overall system. In Eq. (1),
Ap denotes the field amplitude, me_ms(%ri) is the Bessel
function of the first kind, and e = (ey +iey)/ V2 and ey =
e, are the polarization vectors. Moreover, the coefficients
cm, read as 41 = £A(1 = A cosb;)/2 and ¢y = — sin 9k/ﬁ,
where 6, = arctan(s¢/k;) is the polar opening angle [39,40].

An azimuthally polarized VB can be written as a linear
combination of two Bessel beams with A = +1 and m,, =0,

, 1
A ) = —[AY D =AY (D]

V2
2

See Ref. [41] for more information. To better understand the
properties of A@, we expand it in multipoles,

AWy = VA Y IVIL+ 1 df 0 ay(@).  (3)
L

where dé _, are elements of the small Wigner d-matrix [42].

The complete absence of electric multipoles ago) in Eq. (3)
means that the target atom placed on the beam axis “sees” only
magnetic multipoles a(L%) of rank L. However, when the atom
is displaced from the beam axis, both magnetic and electric
multipoles contribute to the light-atom interaction.

Let us now calculate the electric and magnetic fields of the
azimuthally polarized VBs. By using the standard relations
E = —0,Aand B=V x A, we obtain

E® (1) = iwAgd) (ser' explilkz — wt)ley, (4a)
B 1) = —ikAq cos O]y (ser' Jexpli(k 2 — wi)ley,
+ kAg sin O Jo(ser') Jexpli(k.z — wt)]ey, (4b)

where e ey, and e, are the basis unit vectors. From Eq. (4a),
we see that the electric-field vector is directed along the az-
imuthal direction ey, thus justifying the name azimuthally
polarized beam. For the present work, it is important to note
that the electric field E®® vanishes on the beam axis, r. =0,
while the longitudinal component of the magnetic field is
nonzero,

E®™ (' =0,7,1) =0, (5a)
B =0,7,1t) = kAg sin pexpli(k,z — wt)ley, (5b)
as discussed in Ref. [17].

2. Magnetic light

At the beam center, r| =0, an azimuthally polarized
VB (5) exhibits a longitudinal magnetic field along the beam
axis, B® || e,. By applying a second azimuthally polarized
beam, one can rotate B in an arbitrary direction [36]. In Fig. 1,
for example, we consider a geometry where two azimuthally
polarized VBs propagate perpendicular to each other along
the x and y axes. In this chosen geometry, the quantization (z)
axis is directed perpendicular to the axes of both beams. The
reference frame defined in this way will be referred to as the
laboratory frame, with the origin at the intersection of both
beam axes.

For the geometry displayed in Fig. 1, the vector potential
of a superposition of two azimuthally polarized VBs takes the
form

A™E(r, 1) = 1AL (r, 1) + co expliglAS”(r, 1), (6)

Here the real weights satisfy ¢i + ¢3 = 1 and ¢ is the rela-
tive phase between the components. It should be noted that
in Eq. (6), both vector potentials A*” and A;az) are given
in the laboratory frame, whereas in Sec. Il A1, they are
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FIG. 1. Geometry for the excitation of a single atom by a superposition of two azimuthally polarized VBs, which propagate in the laboratory
frame x and y direction, respectively. The intersection point of the beam axes is chosen as the origin of the coordinate system. The position of a
target atom with respect to the origin is characterized by the impact parameter b. The quantization (z) axis is perpendicular to the propagation
directions of both beams. The bottom inset shows the squared magnetic (top row) and electric (bottom row) fields given by Egs. (A1) and
(A2) for weights ¢; = ¢, = 1/+/2, opening angle 6; = 0.54°, and photon energy fiw = 2.73 eV corresponding to a wavelength of 455 nm. The
arrows indicate the polarization of the magnetic field at the origin. The electromagnetic field is shown only in the vicinity of the intersection

point since the target atom is localized there.

written in the local frame with the 7' axis along the light-
propagation direction. The transformation from one reference
frame to another can be readily done and the details are
omitted.

Similar to Eq. (3), we expand the light field in Eq. (6) in
multipoles,

A (r) = Var Y itV 4 1dg (0 dyy o(/2)
LM

x a®)cr + crexplilp — M /1), (7)

A conclusion from Eq. (7) is that an atom placed at the origin,
r =0, can interact only with magnetic multipoles. For this
reason, we will refer to the field described by Eq. (6) as
magnetic light. As we have already mentioned, the exclusion
of electric multipoles from the coupling between light and

matter depends on the position of the atom, but not on its size.
Thus the concept of magnetic light is determined not only by
the properties of the light itself, but also by the position of the
observer (atom).

By making use of the vector potential (6), one can obtain
the electric and magnetic fields of the superposed beams. The
expressions for these fields are given in the Appendix for arbi-
trary r, and their time-averaged spatial distributions, |E M&)|2
and |B™#®|2 are presented in the bottom inset of Fig. 1
for different phases ¢. As seen from this figure, magnetic
light, contrary to its name, exhibits not only a magnetic, but
also an electric field. This is not surprising because magnetic
multipoles of the radiation field consist of both magnetic and
electric fields [42,43]. But despite the presence of the electric
field, magnetic light can only excite magnetic multipole tran-
sitions if an atom is located at r = 0. As we will see below,
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the excitation process reflects the symmetry of magnetic light
at the origin. The electric and magnetic fields at this point are

E™® @ =0,1)=0, (8a)
B™®)(r =0, 1) = kAo sin 6xexp[—iwt]
x (crex + coexpligley). (8b)

As seen from these expressions, the electric field E ™) yan-
ishes at r = 0, in contrast to the nonzero magnetic field Bmag)
which is directed perpendicular to the quantization axis. Such
a magnetic field oscillates at optical frequency and its “polar-
ization” is determined by the phase ¢ and the coefficients c,
and c;. It should be recalled that polarization usually refers
to the orientation of the electric field of an electromagnetic
wave. Since E™® (r = 0) = 0, we will exploit this term to
specify the direction of the magnetic field at the origin. In the
case when ¢; = ¢; = 1/+/2, the phase ¢ = 0° or 180° leads
to linear polarization, while ¢ = 90° or 270° corresponds to
circular polarization. See Ref. [36] for more details.

B. Rabi frequency
1. Plane-wave radiation

We continue our theoretical analysis with a brief reminder
of the excitation of an atom by plane-wave radiation. In par-
ticular, we consider a transition between ground o, F,M,) and
excited |« F,M,) atomic states with the total angular momen-
tum F =1 + J, where I and J are the nuclear and electron
angular momenta, respectively, M is the projection of F' onto
the z axis, and « refers to all additional quantum numbers. We
assume that this transition proceeds via only one multipole
channel (pL) and that the plane wave propagates along the
z axis and has polarization e® = ¢, expliple, — c1e,. Such a
parametrization ensures that the direction of the magnetic field
of the plane wave coincides with the local magnetic field of the
magnetic light at r = 0; see Eq. (8b). With these assumptions,
the Rabi frequency, which characterizes the coupling between
the two atomic states, can be written as

Qt) = Apec <OleFeMe Za" . PV gk Ty onggMg>
q
s | , .
= S E(FgMgL L|Fe M,)(icy + coexpli])

(=i)y
/2

where we have introduced the so-called reduced frequency,

(FeMo L — 1F. M.)(ic; — caexplig])|. (9)

~ Agpec F, F, L
Qr = T\/zj'[(ZL + DQ2F, + 1){Jg L1

X {atede||Hy (PL)|[tgt) | (10)

and (a.J.||H, (pL)||agJe) denotes the reduced matrix element
for the magnetic (p = 0) or electric (p = 1) transition of the
order L [44]. Moreover, r, determines the position of the gth
electron with respect to the atomic center of mass, and e,
denotes the vector of Dirac matrices [45,46].

The Rabi frequency (9) is nonzero if the angular-
momentum and parity selection rules

|F, —F| <L <F, +F, (11a)
M, —M, = AM = =1, (11b)
T, = (— 1Pt (11c)

are satisfied. Here, 7, and 7, are the parities of the ground and
excited states, respectively [42].

2. Magnetic light

Having examined the interaction with plane-wave radia-
tion, we move on to a discussion of the coupling between a
target atom and the magnetic light. Let us, for the moment,
assume that the center of mass of the atom is located at
the origin, r = 0. As discussed above, at this position, only
magnetic multipoles contribute to the excitation; see Eq. (7).

It can be shown, after some angular-momentum al-
gebra, that the Rabi frequency for the transition be-
tween the |a F,M,) and |a.F.M,) states induced by the
magnetic light (6) is given by

ec

Q(mag) —
k hi

<OfeFeMe

Z oy - AT (ry) O‘gFgMg>
q

= Qgl(F, M, L AM|F, M,)
x V2 80, dg (0r) dpy (7 /2)
x {c1 + crexpli(¢p — AM 7w /2)1}]. (12)

From Eq. (12), we deduce the selection rules,

|[Fe — Fl S LS Fe + F, (13a)
M,~My=AM=—L, -L+2,..., L—2, L, (13b)
p=0 and ma, = (1) (13¢)

Note that the AM selection rule (13b) is, in general, differ-
ent from that for plane waves (11b). Indeed, the difference
of angular-momentum projection AM changes in steps of
two. This angular-momentum selection rule is related to the
fact that dﬁMo(n/Z) X 8r—aMm.2n, Where n is an integer [47].
There is one ’unique case where Eqs. (13) coincide with the
plane-wave selection rules given by Eqs. (11). This is the
M1 transition for which F, — F, =0, 1, AM = %1, and
e, = 1. In the case of nondipole transitions, Eqs. (13) pre-
dict a different selection rule for AM. In particular, for an M2
transition, we have AM = 0, 2, in contrast to AM = =1 for
the plane-wave case.

C. Density-matrix formalism

The Rabi frequency provides general information about
the strength of the coupling between a target atom and the
incident radiation. In the absence of relaxation, this frequency
uniquely determines the time dependence of populations of
atomic states. In order to investigate the time evolution of the
system in the presence of relaxation, a more detailed analysis
based on the density-matrix theory is required [48,49]. In this
approach, the state of the system is represented by the den-
sity operator p(¢) that satisfies the Liouville—von Neumann
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equation,
d, _ i . R
ap(t)— h[H(t),p(t)]vLR(t)- (14)

Here, A (¢) is the total Hamiltonian of an atom in the presence
of both the incident radiation and an external magnetic field.
Moreover, the operator R(7) has been added “by hand” to
account for relaxation due to radiative decay [50].

For further analysis, it is more convenient to rewrite
Eq. (14) in matrix form. For this purpose, we choose a set of
basis states, |@FM). The resulting system of coupled differ-
ential equations for the density-matrix elements can be found
in Refs. [51,52]. We then solve these equations to find the
density matrix as a function of time.

In order to visualize the results and simplify the discussion,
it is practical to describe the population of atomic states in
terms of the so-called statistical tensors,

prg(@Fit) =Y (=D M(FMF —M'|kq)
MM

x (@FM|p@)|aFM'), (15)

which transform like spherical harmonics of rank k& under a
rotation of the coordinates [53]. The normalization of o, by
means of the zero-rank tensor,

Prg(aF; 1)

Ava(F1) = poo(@F ;1)

(16)
gives rise to the orientation (k odd) and alignment (k even)
parameters. These parameters describe the relative popu-
lation of atomic sublevels |¢F M) and coherence between
them.

III. RESULTS AND DISCUSSION

Equations (9)—(16) can be applied to any atom or
ion, independent of its nuclear spin and electronic
shell structure. Below, we consider three systems:
() the 2s%2p® 3py —2522p? 3p; transition in “°Ca'*t,
(ii) the 1525 'Sy — 15*252p 3P, transition in '°Be, and (iii)
the 2522p 2Py —2522p 2Py transition in BAr'**. In all
cases, the nuclear spin is I = 0, so that we are dealing with
transitions between fine-structure levels. The atoms are placed
directly at the intersection point of both beam axes. The VBs
are tuned to exact resonance with the transition. It is assumed
that ¢; = ¢, = 1/+/2. Such weights lead to linear polarization
of light when ¢ = 0° or 180° and circular polarization when
¢ = 90° or 270°. Moreover, we have chosen the parameters
Ap and 6; such that the radius of the first ring of the Bessel
beam is equal to 31 wavelengths and the peak value of the
electric field on this ring is 1.7 x 107" @ V/m. With these
conditions, the isolated magnetic field strength is of the order
of 1078 T. Experiments with such a small isolated magnetic
field will require very good shielding from external magnetic
fields. At the same time, static (at the atomic scale) magnetic
fields, such as the Earth’s magnetic field, do not induce
atomic transitions, but can only cause a Zeeman shift. For this
reason, external static magnetic fields do not interfere with
the optically isolated magnetic field in atomic transitions.

(a)

2522p% 3P,

M1 channel

\ 4

2522p% ¥ Py \ /4
M,=0
(b) —— Magnetic light x50
=== Plane wave
Polarization
L O N O S
< 1.00F - ‘ —— ]
E // N\\ // \\
G AM =+1 s YAM = -1
- / \ / \
O O 77 4 \ / N\
= U0 ( v )
g AN
= \ / /
& \ / \\ /
<0508 M / \ 1
— \ I
=
ot
E 0.251 .
=
=
5 0.00f, ‘ ‘ ‘ ]
= 0 90 180 270 360

Relative phase ¢ (deg)

FIG. 2. (a) The 25%2p* *py — 25*2p* 3P, magnetic dipole transi-
tion in *°Ca'**. The arrows indicate the interaction with magnetic
light (solid) and plane waves (dashed). Shown are M, =0 — M, =
+1 (black) and M, = 0 — M, = —1 (green) transitions. The atom is
located at the origin of the coordinate system. (b) Normalized Rabi
frequencies for these transitions as a function of the relative phase
¢ which determines the light polarization (top). Here, the weights
are ¢ = ¢, = 1/\/2 the photon energy is fiw = 2.18 eV, and the
polar opening angle is 6; = 0.54°. The values for magnetic light are
increased by a factor of 50.

A. 3Py — 3P transition in Ca'*

We start with the 3Py —3P; M1 transition in a *°Ca'#t+
ion. The relatively long lifetime of the excited state of about
10.5 ms [54] allows us to neglect spontaneous decay for
interaction times shorter than 1 ms. At such time intervals,
the entire evolution of the system is simply Rabi oscillations
at the frequencies Q. Figure 2 shows graphs of Qg divided
by the reduced frequency (10). The latter is equal to Qp =
2m x 215 kHz for the chosen set of parameters. The results
for plane waves (dashed lines) and magnetic light (solid lines)
are presented as a function of the relative phase ¢, which
determines the polarization. As seen from Fig. 2, the Rabi
frequencies for both light fields show qualitatively the same
behavior. Namely, only the M, = +1 magnetic sublevels are
excited, as follows from the selection rules (11) and (13),
and QU™ has exactly the same phase dependence as Q.
In particular, for ¢ = 0°, the magnetic field of both types of
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(a)

152252p 3P,

M,=-2 -1 0
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\
y
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=
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FIG. 3. (a) The 1525 'Sy — 1s2252p 3P, magnetic quadrupole
transition in '°Be. Magnetic light induces M,=0— M, = =2 (red
solid line) and M, = 0 — M, = O (blue solid line) transitions. Plane
waves induce M, =0 — M, = +1 (black dashed line) and M, =
0 — M, = —1 (green dashed line) transitions. (b) Phase dependence

of normalized Rabi frequencies. The photon energy is iw = 2.73 eV.
All other parameters are the same as in Fig. 2.

radiation has linear polarization, leading to Qr(M, = +1) =
Qr(M, = —1). In contrast, Qr(M, = +1) # 0 and Qr(M, =
—1) = 0 for ¢ = 90°, which corresponds to a magnetic field
with circular polarization.

B. 1Sy, — 3P, transition in Be

In contrast to the Py —3P; M1 case described above, the
180 — 3P, transition in '°Be proceeds via the M2 channel.
Since the multipole is higher, the transition is weaker. As
a consequence, the lifetime of the excited state increases to
6061 s [55] and the reduced frequency decreases to Qg =
27 x 327 Hz. Figure 3 shows the transition scheme and the
normalized Rabi frequencies QF’/Q and Q4™ /Qp as a
function of ¢. It can be seen that plane waves and magnetic
light drive different transitions. The plane wave only cou-
ples the M, = 0 ground state to the M, = £1 excited state,
while the magnetic light drives transitions [M, = 0) — |[M, =
0, £2). Such behavior follows the selection rules given by
Egs. (11) and (13), as discussed above.

In addition to different AM selection rules, Fig. 3 also
shows qualitatively different dependence of Qg’l) and Q;mag)
on the phase ¢, and hence polarization. For example, for
¢ = 90° and 270°, both plane waves and magnetic light ex-
hibit right and left circular polarization. For the plane-wave
case, this circular polarization can be attributed to helicity +1,
which results in a transition between sublevels with AM =
+1. The predictions for the magnetic light look counterin-
tuitive: despite circular polarization, one can induce AM =
0, &2 transitions. This behavior can be understood from the
conservation of total angular-momentum projection on the
quantization axis. Indeed, by analyzing the expectation value
of the z component of the total angular-momentum operator
(1.), one obtains the well-known result (J.) = fix for plane
waves with circular polarization. In contrast, (J,) =0 for
L = 2 multipoles of circularly polarized magnetic light. To-
gether with the selection rules, given by Eq. (13), this implies
that only excitation to the sublevels M, = 0, £2 is possible.
For the latter case, the substates |M, = £2) must be equally
populated, so that (/™) = 0.

In the case when ¢ = 0° and 180°, plane waves and
magnetic-light radiation are linearly polarized. For plane
waves, both orientations of linear polarization result in equal
population of M, = £1 substates, i.e., Qg’])(Me =+1)=
SZ;QPI)(Me = —1). In contrast, magnetic light with opposite
directions of linear polarization leads to different coupling
of atomic sublevels. While, for example, Q}mag) M, =0)#0
for ¢ = 0°, it vanishes for ¢ = 180°. To explain this behav-
ior, we refer to Fig. 1 which indicates that rotation of the
polarization vector of magnetic light by 90° is connected to a
change of electric- and magnetic-field distributions and hence
the symmetry of the system.

C. 2Py, — 2Py, transition in Ar™*

In the previous sections, we discussed the Rabi frequency
Qg for M1 and M2 transitions in “°Ca'**t and 'Be atoms,
respectively. In what follows, we consider time-dependent
population dynamics for the 2P 2= ’p /2 ftransition in
BAL3E including relaxation due to spontaneous emission;
see Fig. 4(a). This spontaneous emission can proceed via M1
and electric quadrupole (E2) channels. However, the decay
rate ['g, is rather small compared to I'y; [56], and hence E2
decay will be omitted. To investigate atomic population dy-
namics, we solve the Liouville-von Neumann equation (14).

1. Orientation parameter A,

Below we will pay special attention to the relative popula-
tion of the [2s*2p 2P;» M, = £1/2) magnetic sublevels. As
discussed in Sec. II C, it is convenient to describe this relative
population in terms of the orientation parameter,

P+12(t) — p_12(t)

Ap(t) = ,
o) = O+ poap)

a7

with substate population
om, (1) = (2572p* Py M,

which follows from Egs. (15) and (16). The time evolu-
tion of the ground-state orientation Ay, produced in the

p(O[25°2p° P M), (18)
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(a) M,=-3/2 —1/2 +1/2 +3/2
25%2p 2P3/2
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Orientation parameter Aj
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FIG. 4. (a) The 2s*2p 2Py, —2s*2p 2P;;, magnetic dipole tran-
sition in ** Ar'3*. The arrows represent the interactions with magnetic
light (6), and the wavy lines represent spontaneous decay. (b) Time
dependence of the orientation .4,y of the 25%2p P, 2 ground state
for different relative phases: ¢ = 0° (red), ¢ = 45° (blue), ¢ = 90°
(green), ¢ = 225° (black), and ¢ = 270° (magenta). (c) Steady-state
orientation A;o as a function of the relative phase ¢. The photon

energy is fiw = 2.81 eV. All other parameters are the same as in
Fig. 2.

course of the interaction with the magnetic light, is shown
in Fig. 4(b). It can be seen from the figure that the atomic
sublevel population reaches the steady state in hundreds of
milliseconds after performing several Rabi oscillations. As
described in Ref. [57], this behavior corresponds to the light
damping regime for which the ratio of the damping rate,
Iy = 0.1 kHz, to the Rabi frequency, Q;emag) ~ 1 kHz, is of
the order of Ty / Qfemag) ~ 0.1. In the following, we focus
on the analysis of the steady-state orientation parameter, i.e.,
Aot > 120 ms).

—_
o

=
(@2}

\
o
o

Orientation parameter A
[en]
[en]

|
—
=)

0 90 R0 200 360
Relative phase ¢ (deg)

FIG. 5. Same as Fig. 4(c), but for the coefficients ¢; = ¢, (black
solid line), ¢; = 2¢, (red dashed line), ¢; = 3¢, (blue dash-dotted
line), and ¢; = 4¢; (green dotted line).

The steady-state orientation .4, is shown in Fig. 4(c) as a
function of the relative phase ¢. From this figure and Eq. (17),
one can see that the 2P, /2 ground state is fully oriented for ¢ =
90° and 270°, which corresponds to the right and left circular
polarization of magnetic light, respectively. This resembles
the outcome of photoexcitation by circularly polarized plane
waves and can be understood by analysis of conservation of
the total angular-momentum projection. Indeed, (J.) = =/ for
magnetic light with ¢ = 90° and 270°, which results in pump-
ing of the population into the magnetic substate M, = £1/2
after several Rabi cycles. In contrast, in the case when ¢ = 0°
and 180°, the magnetic light is linearly polarized and carries
(J.) = 0, but this does not lead to atomic orientation. Such
a zero atomic orientation is also well known from photoex-
citation by plane waves with linear polarization. It follows
from Fig. 4(c) and our discussion that the orientation of the
Zp 2 ground state can be used to study the magnetic-light
polarization. This orientation can be measured, for example,
by state-dependent fluorescence [58,59].

2. Beam-weight dependence of A

Above we showed that the orientation Ao of the 2P 2
state of Ar'>* is very sensitive to the relative phase between
magnetic-light components (6) with equal weights, ¢y = ¢, =
1/+/2. In this scenario, both azimuthally polarized VBs have
equal total power. However, the weights ¢; and ¢, may not
always be equal in experiments. In order to account for
such unequal beam weights and make the proposed diagnos-
tic method even more accessible, here we study the atomic
ground-state orientation for cases when c| # ¢;.

We note that when c¢; # ¢;, the phase ¢ still uniquely
determines the handedness of the magnetic-light polarization.
Together, c;, ¢3, and ¢ specify this polarization which might
differ from that obtained in the case of equal weights. Indeed,
as seen from Eq. (8b), the magnetic light is linearly polarized
for all values of ¢; and ¢, when ¢ = 0° and 180°. For ¢ = 90°
and 270° as well as ¢; # c¢», Eq. (8b) predicts magnetic light
with elliptical polarization which approaches linear polariza-
tion when ¢; > ¢; or ¢ K ¢3.

The orientation A;y for different weights ¢; and ¢, is
displayed in Fig. 5 as a function of ¢. It is shown that the
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relative-phase sensitivity of the atomic orientation is maximal
for ¢y = ¢, i.e., when the magnetic light changes the polariza-
tion state from linear to circular. This sensitivity becomes less
pronounced in the limit ¢; 3> ¢, as follows from analysis of
(J.). Indeed, we find (J,) = 0 for all weights when ¢ = 0° and

180°, leading to vanishing .A9. In contrast, |(fz(c1 =) =

h> |<jZ(C1 # ¢»))| in the case when ¢ = 90° and 270°, which
results in declining atomic orientation.

3. Effect of delocalized atom on atomic orientation

All calculations above have been carried out for the atomic
center of mass perfectly localized at r = 0, which is the
intersection of the beam axes of the azimuthally polarized
components. However, achieving perfect localization is ex-
perimentally unrealistic owing to laser jittering and thermal
motion of trapped atoms, which introduce uncertainty in
the position of the atom. To account for this delocaliza-
tion, we assume that the probability of finding an atom
at a distance b from the beam intersection (see Fig. 1) is
given by

1 5
fb) = e 27, (19)

2o’

with a width o [40,41]. By using f(b), one can calculate the
average sublevel population,

P, (1) = / f®) py, (1) &b, (20)

and the average orientation parameter A;, by replacing
o, (1) with P, (t) in Eq. (17). In the past, this semiclassical
approach has been successfully employed to describe the exci-
tation of a trapped ion by vortex radiation [60]. For the sake of
simplicity, we assume that the atom is delocalized only within
the x-y plane; see Fig. 1.

It should be noted that the spatial spread will cause the
atom to couple to the electric quadrupole component of the
field [61]. This leads to the fact that the 2P 52— 2py /2 transi-
tion may proceed not only via the M 1, but also the E2 channel.
However, for Ar'3t, the E2 channel is much weaker than
the M1 one and does not contribute significantly to atomic
population dynamics.

The average orientation Ay, is displayed in Fig. 6 as a
function of ¢ for the weights c; = ¢, = 1/ V2. In order to il-
lustrate the atom delocalization effect, calculations have been
performed for o = 20 nm, o = 50 nm, as well as o = 100
nm, and compared with the ideal case of o = 0. Target sizes of
several tens of nanometers have already been demonstrated in
experiments with twisted light and single trapped ions [59,60].
As seen from the figure, the delocalization of the target atom
affects the sensitivity of the orientation parameter to the phase
¢. For example, |Ao| varies between 0 and almost 1 for
the relatively small width o = 20 nm. In contrast, for the
target size of 100 nm, which is less than a hundredth of the
radius of the VB intensity ring, the average orientation lies in
the range —0.18 < Ao < 0.18. Such an effect on the atomic
orientation can complicate light polarization measurements.

/ Q Pol;;ri<ition O /

1.0

Averaged orientation parameter A4
o
=]

=
Ut

—-1.0

0 50 R0 20 300
Relative phase ¢ (deg)

FIG. 6. Same as Fig. 4(c), but for different sizes of the atomic
target: 0 =0 (black solid line), 0 =20 nm (red dashed line),
o = 50 nm (blue dash-dotted line), and ¢ = 100 nm (green dotted
line).

IV. SUMMARY AND OUTLOOK

In summary, we have performed a theoretical analysis
of the excitation of a single atom by a combination of az-
imuthally polarized light beams exhibiting a local isolated
magnetic field. Special attention has been paid to the magnetic
sublevel population of the atom as well as to the question of
how this population is affected by the relative phase between
the beam components. This phase can be attributed to the
polarization of the isolated magnetic field at the beam axes’
intersection. In order to explore the sensitivity to the polariza-
tion of such magnetic light, we have solved the Liouville—von
Neumann equation for the time evolution of the atomic den-
sity matrix.

While the formalism developed here can be applied to
any atom and transition, in the present study, we considered
the 25%2p% 3Py — 2522p 3Py, 157252 1Sy — 15%252p 3P, and
2522p 2Py, —25*2p 2Py transitions in *°Ca'**, 19Be, and
BAr3*+ | respectively. Based on the analysis of these transi-
tions, we have shown that different selection rules apply to
the excitation by the magnetic light compared to conventional
plane-wave radiation. In particular, all electric multipole tran-
sitions are forbidden when the atomic center of mass is located
at the beam axes’ intersection. For such a localized atom,
moreover, the difference of angular-momentum projection be-
tween the atomic ground and excited state changes within the
multipole order in increments of two.

For the 2s*2p 2Py, —2s*2p P3)p transition in ®Ar'3t,
we have performed detailed calculations of the atomic pop-
ulation dynamics due to the interaction with magnetic light.
Based on these calculations, we found significant orienta-
tion of the Py, ground state which strongly depends on
the relative phase and weights of the azimuthally polarized
components. This orientation holds under experimental con-
ditions in which the beam amplitudes differ and the atom is
imprecisely localized with respect to the intersection of the
two beam axes. Following our theoretical results, we propose
that analysis of the atomic ground-state orientation can serve
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as a valuable tool for diagnostics of the polarization of optical
isolated magnetic fields.

In order to make the proposed scheme more applicable to
experiments, a broader theoretical treatment for the interac-
tion of atoms with magnetic light is required. In particular,
while we restricted our current work to continuous waves of
azimuthally polarized light with a well-defined phase rela-
tionship, we aim to explore the coupling of confined atoms
to ultrashort pulses of Laguerre-Gaussian radiation featuring
finite laser coherence time in a forthcoming study.

By adding another nonvortex laser beam, the isolated mag-
netic field can also be characterized using atomic ensembles.
Similar to the stimulated emission depletion technique [62],
the nonvortex beam is tightly focused inside the vortex beam.
A transition scheme is chosen such that without the first beam,
the sample appears “transparent” to the vortex beam. In this
case, the alignment of the beam axes ensures that only the
atoms on the axis act as a probe for the isolated magnetic field.
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APPENDIX: COMBINED ELECTRIC AND MAGNETIC FIELDS

From the vector potential in Eq. (6) and by using the relations E = —9,4 and B = V X A, one can derive the electric and
magnetic field of the superposition of azimuthally polarized VBs for the geometry shown in Fig. 1. By separating the time-
dependent parts, E™® (r, t) = E™*® (r)exp[—iwt] and B™& (r, t) = B™® (r)exp[—iwt], the position-dependent terms in the

laboratory frame read

E™38)(r) = e.criwAg] (3ev/x2 + z2)explik.y + iplz/v/x* + 22 — eyc1iwAgdi (sey/y? + 22)explik,x]z//¥* + 22

+ e;(criwAgJy (sey/ y? + 22)explikx]y//y* + 2% — c2iwAg]  (sev/ x% + 22)explik.y + iplx /v x? + 22),

(AL)

B™9(r) = e,(c1kAg sin 0o (3ey/y? + z22)explik,x] — c2ikAg cos OpJ1 (3ev/x2 + 22)explikyy + ilx/v/x2 + z2)
+ ey (c2kAg sin 6, Jo(52v/ X2 + z2)explik.y + ip] — c1ikAg cos 6iJ1 (52 y? + 22)explik.x]y/v/y> + %)
— e.(c1ikAg cos OrJ1 (324/y? + 72)explik.x]1z/v/y* + 22 + c2ikAg cos O J1 (3ev/ X% + 72)explik,y + id]

X /v x2 + 72).
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