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Transfer of angular momentum of guided light to an atom with an electric
quadrupole transition near an optical nanofiber

Fam Le Kien®,! Sile Nic Chormaic ®,? and Thomas Busch®!
'"Quantum Systems Unit, Okinawa Institute of Science and Technology Graduate University, Onna, Okinawa 904-0495, Japan
2Light-Matter Interactions Unit, Okinawa Institute of Science and Technology Graduate University, Onna, Okinawa 904-0495, Japan

® (Received 24 May 2022; accepted 7 July 2022; published 18 July 2022)

We study the transfer of angular momentum of guided photons to a two-level atom with an electric quadrupole
transition near an optical nanofiber. We show that the generation of the axial orbital torque of the driving guided
field on the atom is governed by the internal-state selection rules for the quadrupole transition and by the

angular momentum conservation law with the photon angular momentum given in the Minkowski formulation.
We find that the torque depends on the photon angular momentum, the change in the angular momentum of the
atomic internal state, and the quadrupole-transition Rabi frequency. We calculate numerically the torques for the
quadrupole transitions between the sublevel M = 2 of the hyperfine-structure level 55, ,F = 2 and the sublevels
M’ =0, 1,2, 3, and 4 of the hyperfine-structure level 4Ds,,F' =4 of a 8Rb atom. We show that the absolute
value of the torque for the higher-order mode HE,, is larger than that of the torque for the fundamental mode
HE, except for the case M’ — M = 2, where the torque for the mode HE,, is vanishing.
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I. INTRODUCTION

The angular momentum of light and its transfer to mat-
ter have attracted a lot of research attention in recent years
[1,2]. The transfer of angular momentum of a paraxial light
field to particles [3-6], molecules [7,8], atoms [9—12], ensem-
bles of cold atoms [13-16], and Bose-Einstein condensates
[17-20] has been studied in detail. For structured light fields,
the exchange of angular momentum between an atom and a
reflecting surface has been investigated [21] and the optical
torque on a two-level system near a strongly nonreciprocal
medium has been calculated [22]. Recently, the transfer of
angular momentum from a guided light field of an optical
nanofiber [23-26] to an atom with an electric dipole transition
has been investigated theoretically [27].

Excitations of electric quadrupole transitions of atoms us-
ing the guided light fields of optical nanofibers have been
experimentally realized [28]. Unlike electric dipole transi-
tions, electric quadrupole transitions of atoms depend on the
gradient of the field amplitude, which can be steep in the case
of near fields. In addition, the atomic-internal-state selection
rules for quadrupole transitions are more complicated than
those for dipole transitions. Consequently, the exchange of
angular momentum between a nanofiber-guided light field and
an atom with a quadrupole transition is not simple and deeper
insight into the processes involved is desirable. Note that the
transfer of angular momentum of Laguerre-Gaussian [29] and
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Gaussian [30] light beams to atoms via quadrupole transitions
has been already discussed. However, the role of the optical
torque that acts on the center-of-mass motion of the atom was
not taken into account in the previous work [29,30].

The aim of this paper is to study the transfer of angular
momentum of nanofiber-guided photons to a two-level atom
via an electric quadrupole transition. We show that the gen-
eration of the axial orbital torque of the driving guided field
on the atom is governed by the internal-state selection rules
for the quadrupole transition and by the angular momentum
conservation law with the photon angular momentum given in
the Minkowski formulation.

The paper is organized as follows. In Sec. II, we describe
the model of a two-level atom with an electric quadrupole
transition driven by the guided light field of an optical
nanofiber. In Sec. III, we calculate analytically the azimuthal
force and the axial orbital torque of the guided light on the
atom. In Sec. IV, we present the results of numerical calcula-
tions for the torque. Our conclusions are given in Sec. V.

II. MODEL

We consider a two-level atom with an electric quadrupole
transition interacting with the guided light field of an opti-
cal nanofiber (see Fig. 1). We review the descriptions of the
atomic electric quadrupole and the guided light field below.

A. Electric quadrupole transition of the atom

We assume that the atom has a single valence electron.
To describe the electric quadrupole and the internal state
of the atom, we use the local Cartesian coordinate system
{x1, x2, x3}, where the center of mass of the atom is located
at the origin x = 0 [see Fig. 1(a)]. The components Q;; with
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FIG. 1. (a) Atom with the local quantization coordinate system
{x1, x2, x3} in the vicinity of an optical nanofiber with the fiber-based
Cartesian coordinate system {x, y, z} and the corresponding cylindri-
cal coordinate system {r, ¢, z}. (b) Schematic of a two-level atom
with an electric quadrupole transition. The upper level [n'F'M’) and
the lower level |nF'M) of the atom are the magnetic sublevels of an
alkali-metal atom. The transition between the two levels is charac-
terized by the electric quadrupole tensor Q;; with i, j =1, 2, 3. The
population of the upper level |n'F’M’) may decay with the total rate
I" into the level |nF M) and some other levels that are not shown in
the figure.

i, j =1,2,3 of the electric quadrupole moment tensor of the
atom are given as

0ij = e(3xix; — R*8;)), (1)

where x; and x; are the ith and jth coordinates of the valence

electronand R = ,/x? + x3 + x3 is the distance from this elec-

tron to the center of mass of the atom.

Let E be the electric component of the optical driving field.
The energy of the electric quadrupole interaction between
the atom and the field is W = —(1/6) Zij Qi;(DE;/3x;)|x=0,
where the spatial derivatives of the field components E; with
respect to the coordinates x; are calculated at the position
x = 0 of the center of mass of the atom [31].

We assume that the driving field is near to resonance
with a quadrupole transition between two atomic internal
states, namely, the upper state |e) with the energy %hw, and
the lower state |g) with the energy fiw,. To be concrete,
we consider the quadrupole transition between the magnetic
sublevels |e) = |n'F'M’) and |g) = |[nFM) of an alkali-metal
atom [see Fig. 1(b)]. Here, n’ and n denote the principal

quantum numbers and also all additional quantum numbers
not shown explicitly, F’ and F are the quantum numbers for
the total internal-state angular momenta of the atom, and M’
and M are the magnetic quantum numbers. The matrix ele-
ments (n'F'M’'|Q;;|nF M) of the quadrupole tensor operators
Q;j are [32]

(W'F'M'|Q;jInFM)

= e M (—1)F M

F/ 2 F - 2)
x(_M, v M M)<nF||T InF), @

where the matrices u?}’) withg=M —M=-2,-1,0,1,2
characterize the tensor structures of the spherical components
of Q;; and are given as

1 -0 (0 0 -1
wy=--i -1 0], uy=-{0 0 ]
2\o o0 o 2\-1 i o
L (-1 0 0 (0 0 1
w)=—10 -1 0|, ui"=-(0 0 il
6\o o 2 ' 2\1 i o0
1 1 i 0
u,?j—”_i i -1 0. (3)
0 0 0

In Eq. (2), the array in the parentheses is a 3 j symbol and the
invariant factor (n'F’'||T®||nF) is the reduced matrix element
of the tensor operators Tq(2) =227 /15)'2R?Y24(?, ¢). Here,
Y), is a spherical harmonic function of degree / and order ¢,
and ¥ and ¢ are spherical angles in the spherical coordinates
{R, ¥, ¢} associated with the local Cartesian coordinates
{x1, x2, x3}. The matrix ”1('7) represents the tensor structure of
the electric quadrupole operator Q;; for the transition between
the magnetic sublevels [nF M) and |n'F'M'), with M’ —M =q.

We write the electric component of the optical field as E =
(Ee~i 4 E£*ei®) /2, where £ is the field amplitude and w is
the field frequency. The interaction Hamiltonian of the system
in the interaction picture and the rotating-wave approximation
reads

h —i(w—wo)t
H; = _596 "% 0. + H.c., 4)

where wy = w, — w, is the atomic transition frequency, o, =
|g) (e] is the atomic transition operator, and

1 aE;
Q=— ij18)— 5
o ;<6|Q1|g> » (5)
is the Rabi frequency for the quadrupole transition. We insert
Eq. (2) into Eq. (5). Then, we obtain [32]

_ e rw( F 2 F
“=a5h (—M/ M —M M)
IE;

ox, (6)

< (W F/|TP|nF) Y " ul ="
ij

The electric quadrupole transition selection rules for F
and F’ and for M and M’ are |[F' — F| <2< F' 4+ F and
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M’ — M| < 2. For the quantum numbers J and J' of the
total electronic angular momenta, the selection rules are |J' —
J| <2< J +J. For the quantum numbers L and L’ of the
orbital electronic angular momenta, the selection rules read
[’ —L| =0,2and L' + L > 2. Note that the electric dipole
transition selection rule for L and L' is |[L' — L| = 1. Con-
sequently, when electric quadrupole transitions are allowed,
electric dipole transitions are forbidden. We also note that
the change in the angular momentum of the atomic internal
state due to an upward transition is i(M’ — M). The selection
rules for the quadrupole transitions do not require the equality
between this change and the angular momentum of the ab-
sorbed photon. For example, a quadrupole transition between
the magnetic sublevels with |M’ — M| = 2 can be caused by a
linearly polarized plane-wave light field.

B. Guided light of the optical nanofiber

We consider the case where the external field interacting
with the atom is the guided light field of a nearby vacuum-
clad optical nanofiber [see Fig. 1(a)] [23-26]. The fiber is a
dielectric cylinder of radius a and refractive index n; and is
surrounded by an infinite background medium of refractive
index ny, where ny < n;. To describe the guided field, we
use Cartesian coordinates {x, y, z}, where z lies along the fiber
axis, and also cylindrical coordinates {r, ¢, z}, where r and ¢
are the polar coordinates in the cross-sectional plane xy.

We examine the vacuum-clad nanofiber whose radius is
small enough so that it can support just the fundamental HE;
mode and possibly a few higher-order modes in a finite band-
width around the central frequency wy = w, — w, of the atom
[23-26]. The theory of guided modes of cylindrical fibers is
described in Ref. [33] and is summarized and analyzed in
detail for nanofibers in Ref. [34].

The field amplitude of a quasicircularly polarized hybrid
mode HE;,, or EH,,, is [33,34]

E = (e,t + pe, @ + fe z)e/Petirle, (7)

Here, 8 with the convention 8 > 0 is the longitudinal propa-
gation constant determined by the fiber eigenvalue equation,
[=1,2,... and m=1,2,... are the azimuthal and radial
mode orders, f = +1 or —1 denotes the forward or backward
propagation direction along the fiber axis z, and p = +1 or
—1 is the polarization circulation direction index. The func-
tions e, =e,(r), e, = e,(r), and e, = e,(r) correspond to
the cylindrical components of the quasicircularly polarized
hybrid mode with f =41 and p= 41 and are given in
Refs. [33,34].

Equation (7) can be used for not only quasicircularly po-
larized hybrid modes but also transverse electric and magnetic
modes. For the transverse electric and magnetic modes TE,,
and TMy,,, the azimuthal mode order is [ = 0, the mode
polarization is single, and the polarization index p can be
omitted [33,34]. The field amplitude of a mode TE,,, is given
by Eq. (7) with [ = 0 and ¢, = e, = 0. The field amplitude of
a mode TMy,, is given by Eq. (7) with/ = 0 and ¢, = 0.

In Eq. (7), the functions e.(7), e,(r), and e.(r) depend
on r but not on ¢ and z. Note that the basis unit vectors
f=cospX+singy and = —sing X + cos ¢ ¥ depend on
. The phase factor ¢/”'¢ in Eq. (7) and the ¢ dependence of

the basis vectors  and @ contribute to the angular momentum
of guided light. This characteristic has been studied in the
Abraham [34-36] and Minkowski [27,35-37] formulations.
It has been shown that the angular momentum per photon in
the canonical Minkowski formulation is iipl [27,35-37].

III. AZIMUTHAL FORCE AND AXIAL ORBITAL TORQUE
ON THE ATOM

We assume that the field is in a quasicircularly polarized
hybrid HE;,,, or EH,,,, mode, a TE,,, mode, or a TMj,,, mode. In
this case, the field amplitude is given by Eq. (7). Let the atom
be at a position {x, y, z} in the fiber-based Cartesian coordi-
nates or {r, ¢, z} in the corresponding cylindrical coordinates.
For the local coordinate system {x, x, x3}, we take x| || x,
x> || ¥, and x3 || z. The relation x3 || z means that we use the
fiber axis z as the quantization axis for the atomic internal
states.

In a semiclassical treatment, the motion of the center of
mass of the atom is governed by the force F = —(VH])
[38—41] of the driving field. It follows from the interaction
Hamiltonian (4) that the force is

®)

Here, we have introduced the notations p;; = (i|p|j) with
i, j = e, g for the matrix elements of the density operator p
for the atomic internal state.

The field amplitude £ [see Eq. (7)] depends on the az-
imuthal angle ¢ for the position of the atom, and so does
the quadrupole-transition Rabi frequency €2 [see Eq. (6)]. This
dependence leads to the azimuthal component

h a2 aQ*
F, = 2 pgew +Pegw

of the force F, which is responsible for the rotational motion
of the atom around the fiber axis. The axial component of the
orbital (center-of-mass-motion) torque on the atom is

h a2 Q"
E:VFWZE pgg%+pgg a_w .

It characterizes the rate of the change of the axial component
of the orbital (center-of-mass-motion) angular momentum of
the atomic system. Note that 7, does not act on the motion of
the electron around the nucleus and hence does not change the
internal state of the atom directly.

Equation (6) indicates that the Rabi frequency 2 de-
pends on the sum Zij ugy,fM)(aé’j/axi) withM' — M =q =
0, =1, 2. With the help of expressions (3) and (7), we find

h
F = 2 (peVR+ pes V).

€))

(10)

aE; -
(@) if Bz4i(pl—
w5 = Vel (an
i
where
Vo(r) 1<’+er+il 2'ﬁ>
ry=——\e.+ — + —e, —2iBe,),
0 \/6 ¥ r r (2 4
LT . ;o Pl
Vir(r) = F5 f[iBle, F ipe,) + ¢, £ e ],
Ir, ., 1Fpl .
Vaa(r) = 5[e; F ipel, = =L (e, Fipe,) | (12)
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Here, the notations ¢, , - = de,, /dr have been introduced.
Equations (12) show that the factors V, () depend on r but not
on ¢ and z. Then, it follows from Eq. (11) that the dependence

of the sum } ul@j.”"M)(asj/ax,») on ¢ is given by the phase
factor e/(P'=M"+M)¢ _and hence so is the dependence of the Rabi
frequency 2 on ¢ [see Eq. (6)]. This leads to

Q2 . ,
— =i(pl — M+ M)Q. (13)
de
Then, Eq. (10) yields
in , *
7} = E(pl -M +M)(pgeQ - ,OegQ ) (14)

Note that the time evolution equation for the population p,, of
the atomic upper state |e) reads [38]

; i *
Pee = E(pgeg - 'OegQ ) - Fpee- (15)

Here, I is the total rate of decay of the excited state |e). Hence,
the axial component T} of the orbital torque of the driving field
on the atom satisfies the equation

T, = h(Pl -M + M)(Fpee + pee)- (16)

Equation (16) is an expression of the angular momentum
conservation law. It governs the exchange of angular momen-
tum between the guided driving field and the two-level atom
with a quadrupole transition. According to this equation, the
magnitude and the sign of the axial torque 7. depend on the
factor i(pl — M’ + M), where hipl stands for the canonical
angular momentum of a photon in the guided driving field
in the Minkowski formulation [27,35-37], and A(M' — M)
stands for the change of the total internal-state (spin) angular
momentum of the atom due to an upward transition. The factor
I"pee + pee On the right-hand side of Eq. (16) is the absorp-
tion rate, where I"p,, is the scattering rate and p.. is the
atomic excitation rate [38]. Equation (16) indicates that the
angular momentum of absorbed guided photons is converted
into the orbital and spin angular momenta of the atomic sys-
tem. In addition, we see that the angular momentum of the
guided photon imparted on an atom near a nanofiber is of
the Minkowski form. This is in agreement with the results of
Refs. [35,42-48].

According to Egs. (14) and (16), the torque 7; is vanishing
when pl = M’ — M, that is, when the Minkowski angular
momentum /ipl of an absorbed guided photon is equal to the
change (M’ — M) of the angular momentum of the atomic
internal state. When pl £ M’ — M, a nonzero axial torque T,
can appear. It is interesting to note that Eqgs. (14) and (16) are
in agreement with the results for the torque of guided light on
a two-level atom with an electric dipole transition [27].

Equation (14) shows that the torque 7, depends on the
quadrupole-transition Rabi frequency 2 and the atomic co-
herence p,. The time evolution of pg is governed by the
equation [38]

; i, .
oo = 59 (Pee — Pgg) — (IA +T'/2)pge, (17)

where A = w — wy is the detuning of the field frequency. In
the weak-field limit, where the condition | 2| < I is satisfied,
we can use the approximations pe, = 0, pge = 1, and pg. = 0.

In this case, Eq. (17) yields pg = Q*/(il' — 2A). Inserting
this expression for pg into Eq. (14), we obtain
/ [ol§
T,=hpl—M —i—M)mF. (18)
It is clear that if Q # 0 then we have T, < 0 or T, > 0 for
pl <M’ — M or pl >M' — M, respectively.

The condition p,. 4 pge =1 was not used in deriving
Eq. (18). Consequently, this equation is valid in the weak-field
limit not only for a closed two-level atom but also for an open
two-level atom where the upper state |e) can decay not only
into the ground state |g) but also into some other lower states.
In the latter case, the total decay rate I' of |e) includes not
only the rate of decay into |g) but also the rate of decay into
the other lower states. This situation is close to the experiment
on the excitation of the electric quadrupole transition between
the ground state 5S;,, and the excited state 4D/, of a 8Rb
atom [28]. In this atom, the decay of the state 4D3, is mainly
determined by the electric dipole transitions to the states 5P
and 5P3 /2.

Equation (18) is not valid when the weak-field condition
|Q2] < T is not satisfied. However, the validity of Eq. (16)
does not require this condition to be satisfied. In the steady-
state regime, Eq. (16) reduces to T, = li(pl — M’ + M)T p,..
In the particular case of a closed two-level atom, the popu-
lation p,, of the excited level |e) in the steady-state regime is
given by the expression p,, = |Q2|?/(4A% + T2 +2|Q%) [38],
which leads to
[ol§

r.
AA2 4+ T2 +2|QP2

In the limit of high driving-field powers, we have p,, — 1/2.
Hence, the saturation limiting value of the torque 7; is 7,>° =
h(pl —M' + M) /2.

Like the absorption of light, the scattering of light also
changes the angular momentum of the atom. The description
of the scattering is beyond the framework of the model Hamil-
tonian (4). We briefly discuss here the torque of scattering of
light on a closed two-level atom with a quadrupole transition
near a nanofiber. Similar to the case of atoms with dipole
transitions [27], the axial orbital torque of scattering of light
due to the quadrupole transition between the magnetic levels
M’ and M of the atom is found to be 7,5°" = Pee TP,
T, (spon)

T.=Hhpl—M +M)

19)

where is the axial orbital torque due to quadrupole
spontaneous emission and is given as

TP = A(M' — M)Cyppg — Fi Z ply, — T Z Iy (20)

Mo Vo

In Eq. (20), y,, and y,, are the rates of quadrupole sponta-
neous emission into the resonant guided mode g = (wolN f p)
and the resonant radiation mode vy = (wpBlp), and I'yppy =
> o Yio + 2y, Vv, is the total quadrupole decay rate. The in-
dex u = (wN fp) labels the guided modes, where N = HE,,,,,
EH;,,, TEo,, or TM,,, is the mode type. Here, [ = 1,2, ...
for HE and EH modes or 0 for TE and TM modes and
m=1,2,... are the azimuthal and radial mode orders [33].
The index v = (wBIp) labels the radiation modes, where | =
0,+£1,£2, ... is the mode order and p = + or — is the mode
polarization index [33].
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IV. NUMERICAL RESULTS

In this section, we present the results of numerical calcula-
tions for the axial torque 7, of the guided light field on an atom
with an electric quadrupole transition. As an example, we
study the electric quadrupole transition between the ground
state 5S;,» and the excited state 4Ds;, of a 8Rb atom. For
this transition, we have L =0, J =1/2, L' =2, J' =5/2,
and I = 3/2. The wavelength of the transition is Ag = 516.5
nm. It is known that the experimentally measured oscillator
strength of the quadrupole transition 5S;,, — 4Ds), in free

space is j(?,) =8.06 x 1077 [49]. The reduced quadrupole

matrix element (n'J'||T®||nJ) is calculated from f }9,) by using
the relation [32,50]

o _ mewqy [(W I TP |nJ)?
T 20k2 27 +1

where m, is the mass of an electron. In our numerical calcu-
lations, we assume that the driving field is at exact resonance
with the atom (w = wy).

The axial torque 7, depends on the Rabi frequency 2. We
plot in Fig. 2 the absolute value |Q2| of the Rabi frequency
for the quadrupole transition between the sublevel M = 2 of
the hyperfine-structure (hfs) level 551 ,,F = 2 and a sublevel
M’ of the hfs level 4Ds5,,F’ =4 as a function of the radial
distance r for different magnetic quantum numbers M’ = 0,
1, 2, 3, and 4 and different guided mode types HE;;, TEy,
TMy;, and HE,;. Figure 2 shows that |2| decreases almost
exponentially with increasing radial distance r. The steep
slope in the radial dependence of |2] is a consequence of
the evanescent-wave behavior of the guided field outside the
fiber. We observe from Fig. 2 that |Q2| depends on the type
of the guided mode and the magnetic quantum numbers of
the atomic transition. Note that the dashed green curve in
Fig. 2(c), which stands for the case of the atom with the
levels M’ = M = 2 interacting with the field in the TE mode,
is zero [51]. This is a consequence of the specific proper-
ties of the TE mode and the quadrupole operator Q;; for
the transition |F =2, M =2) — |F’ =4, M’ = 2) with the
quantization axis x3 || z.

The axial torque 7, also depends on the decay rate I" of
the excited state. For the level 4Ds;, of atomic rubidium,
I' is mainly determined by the dipole transition from this
level to the level 5P3/, with the wavelength 1528.95 nm [52].
When the atom is in free space, the decay rate is ' =T’y =
1.119 x 107 s~! [53]. When the atom is in the vicinity of
a nanofiber, I is modified [54]. We use the technique of
Ref. [54] to calculate I". We plot in Fig. 3 the radial depen-
dencies of I' for different magnetic sublevels M’ of the hfs
level 4Ds,,F' = 4. The figure shows that I" is enhanced and
depends on the magnetic sublevel M’ and the radial distance
r. It is interesting to note that all the curves for different M’
cross each other at a radial point r/a = 2.12. The reason is
that at this point the fiber-modified decay rates for the o=
and 7 transitions are equal to each other and, hence, the
decay rate of the magnetic sublevel M’ does not depend on
M.

We use Eq. (18) to calculate the torque 7, produced by
the quadrupole transition between the sublevel M =2 of
the hfs level 5S;,,F =2 and a sublevel M’ of the hfs level

, 21

6 —— HEII M=0 (a)
TEO01
3 N Te e TMO1
I -~ HE21
O — . g e
10 =1 (b)
0 ===

0|/ 21 (kHz)

25

3.0

FIG. 2. Absolute value of the Rabi frequency € for the
quadrupole transition between the sublevel M = 2 of the hfs level
5812F = 2 and a sublevel M’ of the hfs level 4Ds,,F’ = 4 of a ¥ Rb
atom as a function of the radial distance r for different magnetic
quantum numbers M’ = 0, 1, 2, 3, and 4 and different guided mode
types HE,;, TE¢;, TMy;, and HE,;. The fiber radius is a = 280 nm.
The wavelength of the atomic transition is Ag = 516.5 nm. The re-
fractive indices of the fiber and the vacuum cladding are n; = 1.4615
and n, = 1, respectively. The power of the guided light field is 1
nW. The field propagates in the 4z direction, and the hybrid modes
HE,; and HE;; are counterclockwise quasicircularly polarized. The
quantization axis is x3 || z.

4Ds)F' = 4 of a ¥Rb atom. We plot in Fig. 4 the torque T,
as a function of the radial distance r for different magnetic
quantum numbers M’ = 0, 1, 2, 3, and 4 and different guided
mode types HE |, TEq;, TMy;, and HE,;. We observe that the
torque depends on the atomic transition and the field mode.
The dashed green and dotted blue curves in Fig. 4(c) show that
T, is vanishing for the TE and TM modes (with / = 0) in the
case M’ — M = 0. Similarly, the solid red curve in Fig. 4(d)
and the dash-dotted magenta curve in Fig. 4(e) indicate that
T, = 0 for the HE|; mode (with [ = 1) in the case M’ — M =
1 and for the HE,; mode (with/ = 2)inthe case M’ — M = 2.
Such a vanishing of the torque 7, occurs when pl = M' — M
[see Eq. (18)], that is, when the angular momentum per photon
is equal to the change in the angular momentum of the atomic
internal state per transition. When pl # M’ — M, the torque 7,
is nonzero and is governed by the conservation law expression
(16). It is interesting to note from Fig. 4 that the sign of 7, can
be positive or negative depending on the sign of the factor
pl — M’ + M [see Eq. (18)]. Comparison between the solid
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FIG. 3. Dipole decay rate I" for a magnetic sublevel M’ of the
hfs level 4Ds;,F' =4 of a 8Rb atom as a function of the radial
distance r for different quantum numbers [M'| = 0, 1,2, 3, and 4. The
fiber radius is @ = 280 nm. The wavelength of the dipole transition
between the levels 4Ds,, and 5P;; is 1528.95 nm. The corresponding
refractive index of the fiber is n; = 1.4443. The rate is normalized to
the free-space atomic decay rate I’y = 1.119 x 107 s~'.

red and dash-dotted magenta curves of Fig. 4 shows that the
absolute value of the torque for the higher-order mode HE;;
(see the dash-dotted magenta curves) is larger than that of
the torque for the fundamental mode HE;; (see the solid red
curves) except for the case of Fig. 4(e), where the torque for
the mode HE,; is vanishing for pl = M’ — M = 2.

We note that the maximal values of the axial torque 7.
in Fig. 4 are on the order of 0.6 zN nm [see the dot-
ted blue curve in Fig. 4(e)]. The power of 1 nW for the
driving guided field is used in our numerical calculations.
For the radial distance r = 300 nm from the fiber center,
the corresponding azimuthal force F, is on the order of
0.002 zN. Such an optical quadrupole force is significantly
weaker than the typical dipole forces (~10zN) on single
atoms in laser cooling and trapping techniques [38]. By
increasing the power of the guided driving field, we can
achieve larger forces and torques on atoms with quadrupole
transitions. Note that the power of a few uW for the
driving guided field was used in the experiment [28]. For
such a power, an azimuthal force on the order of 1 zN
and an axial torque on the order of 1000 zN nm can be
achieved.

We do not calculate numerically the torque of scattering
(re-emission) of light from an atom in a magnetic sublevel
M’ of the hfs state 4Ds;,F' = 4. The scattering from this
state is mainly determined by the dipole transition between it
and the state 5P, F = 3. The numerical calculations for the
torque produced by this scattering process would involve the
multilevel structure of the atom and are beyond the scope of
this paper. In the framework of the model of a two-level atom
with a dipole transition, the torque of scattering of nanofiber-
guided light has been studied analytically and numerically
[27].
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FIG. 4. Torque T, produced by the quadrupole transition between
the sublevel M = 2 of the hfs level 5S;,,F = 2 and a sublevel M’ of
the hfs level 4Ds,F' = 4 of a 87Rb atom as a function of the radial
distance r for different magnetic quantum numbers M’ =0, 1, 2,
3, and 4 and different guided mode types N = HE,;, TEq;, TMy,
and HE,,. The field detuning is A = 0. Other parameters are as for
Figs. 2 and 3.

V. SUMMARY

In conclusion, we have studied the transfer of angular mo-
mentum of guided photons to a two-level atom with an electric
quadrupole transition near an optical nanofiber. We have
shown that the generation of the axial orbital torque of the
driving guided field on the atom is governed by the internal-
state selection rules for the quadrupole transition and by the
angular momentum conservation law with the photon angular
momentum given in the Minkowski formulation. This result
indicates that the external and internal degrees of freedom of
the atom are coupled to each other due to the interaction with
the guided light field. We have found that the torque depends
on the photon angular momentum, the change in the angular
momentum of the atomic internal state, and the quadrupole-
transition Rabi frequency. We have calculated numerically the
torques for the quadrupole transitions between the sublevel

013712-6



TRANSFER OF ANGULAR MOMENTUM OF GUIDED LIGHT ...

PHYSICAL REVIEW A 106, 013712 (2022)

M =2 of the hfs level 55 ,,F = 2 and the sublevels M' = 0,
1, 2, 3, and 4 of the hfs level 4Ds;,F' = 4 of a *’Rb atom.
We have shown that the absolute value of the torque for the
higher-order mode HE,; is larger than that of the torque for
the fundamental mode HE;; except for the case M’ — M = 2,
where the torque for the mode HE;; is vanishing.

Our scheme is based on the model of a two-level emitter
with the energy level structure and parameters of alkali-metal
atoms. Modifications and extensions of the theory are re-
quired for the applications to other types of emitters, such
as ions, molecules, and particles. However, the underlying
physics of angular momentum exchange between an emit-
ter and a photon does not depend on the nature of the
emitter.

Our results could be used to generate, control, and manip-
ulate the rotational motion of atoms, molecules, and particles
using nanofiber guided light. They may have significant influ-
ence on future experiments in nanofiber optics.
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