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A dense cloud of atoms with randomly changing positions exhibits coherent and incoherent scattering. We
show that an atomic cloud of subwavelength dimensions can be modeled as a single scatterer where both coherent
and incoherent components of the scattered photons can be fully explained based on effective multipole moments.
This model allows us to arrive at a relation between the coherent and incoherent components of scattering based
on the conservation of energy. Furthermore, using superposition of four plane waves, we show that one can
selectively excite different multipole moments and thus tailor the scattering of the atomic cloud to control the
cooperative shift, resonance linewidth, and the radiation pattern. Our approach provides a new insight into the
scattering phenomena in atomic ensembles and opens a pathway toward controlling scattering for applications
such as generation and manipulation of single-photon states.

DOLI: 10.1103/PhysRevResearch.3.023217

I. INTRODUCTION

Since Dicke’s original work in 1954, the physics of col-
lective effects and multiple scattering of light by a dense
ensemble of atoms has attracted significant attention [1-5].
In particular, remarkable phenomena such as Anderson local-
ization [6,7], coherent backscattering [8], random lasing [9],
superradiance [1,10-12], subradiance [1,11,13], and coopera-
tive shift [14] have been explored for cold ensembles of atoms.
The physical origin of these phenomena can be understood by
multiple scattering of light in a collection of atoms [15]. An
ideal platform for observation of these cooperative effects is
an array of cold atoms with subwavelength distances [16-35].
However, arranging atoms in arbitrary subwavelength struc-
tures is highly demanding and cannot be achieved easily [30].
On the other hand, it has been demonstrated that a cloud
of cold atoms can reach densities with atomic distances less
than the resonant wavelength where a strong coherent dipole-
dipole interaction couples the atoms [36,37]. Therefore, the
atoms interact with light collectively [36—41]. Nonetheless,
the linewidth and frequency of each collective mode depends
strongly on the exact spatial arrangement of the atoms, which
changes randomly even in a cold ensemble of atoms. As a
consequence, the atomic cloud exhibits both coherent and
incoherent scattering [39,40]. Moreover, the random motion
of the atoms seems to weaken the cooperative effects signif-
icantly and causes a subwavelength cloud of atoms to scatter
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fewer photons on average compared to a single atom, in con-
trast to Dicke’s work [42].

In this paper, we show that the cooperative shift and reso-
nance linewidth of a subwavelength cloud of cold atoms can
be controlled by structuring the excitation field. Structured
light beams enable properties and applications in both classi-
cal and quantum optics [43—45]. In particular, structured light
offers unique control of many phenomena including angstrom
localization and detection of nanoparticles [46—49], Kerker
effects and directional scattering [50,51], counterintuitive op-
tical pulling and lateral forces [52,53], multipolar excitation in
nanoparticles [54,55], and nonlinear microscopy [56], among
other feats [43—45]. However, the potential of structured light
to manipulate cooperative effects remains unexplored.

We introduce a multipolar decomposition and demonstrate
that both coherent and incoherent scattering of a subwave-
length atomic cloud can be fully characterized by electric and
magnetic multipole moments. Using conservation of energy
and multipolar decomposition, we find analytical expressions
that relate fluctuating and averaged electric and magnetic po-
larizabilities. Then, by employing superposition of four plane
waves, we selectively excite the electric and magnetic multi-
pole moments. As aresult, we can control the cooperative shift
and resonance linewidth of the atomic cloud by changing the
relative phase between the plane waves.

II. WEAK EXCITATION LIMIT

We consider a subwavelength cloud of atoms uniformly
distributed in a sphere with radius R [see Fig. 1(a)]. The
atomic cloud is assumed to be dense, i.e., ,o/k3 > 1, where
p = N/V is the spatial density, N is the number of atoms, and
V is the volume of the atomic cloud. We assume cold atoms
without nonradiative losses and with a negligible Doppler
effect compared to their radiative linewidth as in experimen-
tal realizations [36,37]. The atomic cloud is investigated in
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FIG. 1. (a) Schematic drawing of a subwavelength atomic cloud composed of N atoms at random positions for different realizations. Ny is
the number of realizations. The diameter D of the atomic cloud is smaller than the wavelength. (b) The induced electric and magnetic multipole
moments of each realization obtained from multipole expansion of the induced current [using Eqs. (B1) in the Appendix]. (c) Coherent
electric and magnetic polarizabilities as a function of frequency detuning obtained from the induced multipole moments shown in panel (b).
(d) Coherent and incoherent scattering cross sections and contribution of each multipole moment obtained from Eq. (4). The ensemble-averages
are obtained from 10 000 realizations of the atomic cloud with radius R = 0.2A, composed of N = 25 atoms.

the weak excitation limit such that the atomic transition is
far below the saturation limit. Thus, each atom in the cloud
is modeled by an isotropic electric polarizability given by
a(w) = —(pl/2)/(w — w, + iTy/2), where Iy is the radia-
tive linewidth, w, is the atomic transition angular frequency,
and w — w, <K w, is the detuning of the illumination from the
atomic resonance. g = 67 /k>, where k = w/c is the wave
number of the illumination [57-60].

III. COHERENT AND INCOHERENT MULTIPOLE
EXPANSION

We assume that the atoms in the subwavelength cloud have
random spatial distributions. We consider many realizations
for which the position of the atoms are changed with a uniform
probability distribution [see Fig. 1(a)]. The atomic cloud is
illuminated by plane waves and the total scattered field can
be decomposed into two parts: Egq = (Esca) + §Egca, Where
(Esca) and SEg, are the coherent (ensemble-averaged) and
incoherent (fluctuating) fields, respectively [39,40,42]. The in-
duced polarization current density of the atomic cloud is given
by J(r, w) = —iw va:l p(r;))é(r —r;) [31,32,61,62], where §
is the Dirac § function and p(r;) is the induced electric dipole
moment of the ith atom placed at r; [see Fig. 1(a)]. Now
by employing multipole decomposition of the current J(r, @)
[63,64], we can calculate the induced effective multipole mo-
ments of the atomic cloud which can be decomposed into
coherent and incoherent parts (see Appendix B for details):

4 =) adE = () o
Oy = Q) +8Q,. Q) = (O] +8Q5,. (D)

where u, v € x,y, z. The quantities dE, d}:’l, Q,Flw and Qll‘fv
are the effective electric dipole (ED), magnetic dipole (MD),
electric quadrupole (EQ), and magnetic quadrupole (MQ)

moments of the atomic cloud, respectively. The symbol ()

represents an ensemble-average. Using the induced multipole
moments, we obtain the electric and magnetic dipole and
quadrupole polarizabilities

a; = (a;) + da;, i € {ED,MD, EQ, MQ}, 2)

where (o;) and Sa; are the coherent and incoherent polariz-
abilities, respectively.

IV. SINGLE PLANE WAVE EXCITATION

We consider a subwavelength atomic cloud composed of N
atoms as shown in Fig. 1 (a) and illuminated by an x-polarized
plane wave E;,. = Eye*“e, propagating in the z direction. The
ensemble-averaged induced multipole moments are given by
(see Appendix C for details)

(d¥) = eolay,)Eoey,  (dM) = (o, )Hoe,,

(QE) = %80 (aEQ>E0(eXeZ +ee),
14
Q") = %(aM@Ho(eyez +ee,), 3)

where QF and QM are tensors of rank two, e,e, is the unit
dyad, u, v € x,y, z, and Hy is the amplitude of the magnetic
field of the plane wave. Having the polarizabilities, we can
calculate the coherent and total scattering cross sections by
(see Appendix C)

CO = ﬁma M+ Koty 1)
sca 277:“% ED MD
5A2 ) 5
+Tc{62(|<aEQ>| + |<aMQ>| )’
total 3)‘2
Csca = 27_[“5 IIII((OIED) + (O[MD>)
5A2
+ ——5Im(() + (@), )
2y
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FIG. 2. Coherent and incoherent electric and magnetic polarizabilities obtained from the induced multipole moments and defined as ot,.j =
(a;.i) + Sa;.f, where i € {ED, MD}, j € {D, OD}. ED (MD) denotes the electric (magnetic) dipole and D (OD) represents diagonal (off-diagonal)
components of the polarizability tensor [see Eq. (5)]. (a, b) Electric dipole polarizabilities as a function of frequency detuning. Note that
(a§D> # 0, whereas («°P) = 0. The thickness of the shaded lines show the fluctuating components of the polarizabilities. (c) Relation between

o
ED

coherent and incoherent polarizabilities obtained from the conservation of energy, see the left and right sides of Eq. (6). [(d)—(f)] Same as
panels [(a)—(c)] for the magnetic dipole polarizability of the atomic cloud.

where ag = 67 /k* (afy = 1207 /k°) is related to the radiation
loss of a dipole (quadrupole) moment. Equation (4), which
is the first main result of this paper, allows us to calculate
the coherent and incoherent scattering cross sections of the
atomic ensemble. Note that the incoherent scattering cross
section is given by Cincoh = Clotal _ ceoh We consider now a
spherical subwavelength atomic cloud with radius R = 0.2,
composed of 25 atoms which can be fully characterized by
dipole and quadrupole moments. Figure 1(c) shows that the
atomic cloud exhibits strong electric and magnetic responses.
Figure 1(d) shows the coherent, incoherent and total scattering
cross sections (normalized to A?/2m) calculated from Eq. (4),
and the contribution of different multipole moments as a func-
tion of frequency detuning. It can be seen that the maximum
total scattering cross section of the ensemble is approximately
equal to the scattering of a single atom, even though the
atomic cloud consists of 25 atoms [42]. Furthermore, the
maximum cross section of coherent scattering is much smaller
than that of a single atom [39,40,42].

To establish the relation between the coherent and inco-
herent polarizabilities, we focus only on the dipolar response
of the atomic cloud for simplicity. The Appendix B pro-

vides the relations for other multipole moments. Note that the
ensemble-averaged polarizability of a spherical atomic cloud
is isotropic, i.e., {(o;) = (c;)I, where I is the identity matrix.
Therefore, all the diagonal matrix elements of the induced
electric dipole polarizability are identical and are represented
by P . All the off-diagonal elements, %P, are also identical.
Therefore, the induced electric dipole polarizability can be
written as

a, = ({0) + 8 )T+ 8a2P(J — ), 6))

where J is the all-ones matrix. Note also that {e,)
(o)1 and <°‘SJD) = 0. Using conservation of energy, we get
(see Appendix B)

Im(ao(ery) — a,)I? = (yaa;f) n 2<|5a§DD;2>. ©6)

Equation (6) is the second main result of this paper; it shows
how the fluctuations of the polarizabilities can be obtained
from the ensemble-averaged values (see Appendix B for the
details of the derivation and similar expressions for MD,
EQ, MQ polarizability tensors). In Figs. 2(a) and 2(b), we
plot the coherent and incoherent electric dipole polarizabil-
ities retrieved from multipolar decomposition. In contrast to
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FIG. 3. Selective excitation of ED and MQ moments using four TE polarized plane waves. (a) Schematic drawing of a subwavelength
atomic cloud when illuminated by four plane waves. ¢ is the relative phase between the plane waves. (b) Normalized ensemble-averaged
scattering cross section of the atomic cloud as a function of frequency detuning and the relative phase ¢. The red and green dashed lines depict
selective excitation of pure ED and MQ moments, respectively. [(c)—(e)] Normalized ensemble-averaged total scattering cross sections as a
function of frequency detuning for different phase (c) ¢ = 2mm, (d) ¢ = 2m + 1)z, and (¢) ¢ = (2m + 1)t /2. The ensemble-averages are

obtained from 10 000 realizations of the atomic cloud.

the off-diagonal terms, the diagonal term exhibits a nonzero
ensemble-averaged polarizabiltiy. Note that the components
of the electric dipole moment tensor satisfy Eq. (6) [see
Fig. 2(¢)]. Using the duality of the electric and magnetic fields
in Maxwell’s equations and conservation of energy, we can
obtain a similar relation for the components of the magnetic
polarizability tensor (i.e., replacing MD with ED in Eq. (6),
see Appendix B). Figures 2(d) and 2(e) shows the coherent
and incoherent components of the magnetic polarizabilities.
The magnetic response is smaller than the electric one. The
induced multipole moments exhibit asymmetry in their reso-
nance lineshape which explains the non-Lorentzian lineshape
of the scattering cross sections in Fig. 1(d).

V. SELECTIVE EXCITATION OF ELECTRIC DIPOLE
OR MAGNETIC QUADRUPOLE MOMENT

Although the constituent atoms have only electric dipole
transitions, the entire atomic cloud can support higher or-
der electric and magnetic multipole moments [see Fig. 1(d)].
Here, we show that it is possible to selectively excite a par-
ticular multipole moment by tailoring the excitation field. To
this end, we consider an excitation by four plane waves with
TE polarization, i.e., Ei, = Eo/4 Zi:l ek role  where
k| = —k, = k(sinyre, + cosyre;), ks = —k4 = k(sinyye, —
cosye;), ¢1=—Pr=¢, p3=¢4 =0, and ¥ = /4 [see

Fig. 3(a)]. Hence, the ensemble-averaged induced multipole

moments are given by (see Appendix D)
df) = 2 ¢
(") = eo{o, ) Egcos Pha
(@) = —i(aMD>Hosin%cos§(ex —e.)/V2,

k
Q%) = —ezo—(ozEQ)Eosinfcos?{eye)r +ece,

2 272
+ee; + ezey}/«/z,
w _ ik e
Q") = 2<onQ)Hosm z(ezez eey). @)

Equation (7) clearly shows that by changing the relative
phase ¢, one can control which multipole moment to be ex-
cited. Consequently, the scattering cross sections are given by
(see Appendix D)

32 ¢ .2 ¢
CSCC‘? = ral <|(aED)|zcos45 + |<O(MD)|ZSIHZECOSZE
512

2raf

332
coal — T%Im((am)cos“% + (a,,,)sin’ (;—50052 %)

<|<aEQ>|2sin2§cos2§ + |<aMQ>|2sin4f),
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FIG. 4. Selective excitation of MD and EQ moments using four TM polarized plane waves. (a) Schematic drawing of a subwavelength
atomic cloud when illuminated by four plane waves. ¢ is the relative phase between the plane waves. (b) Normalized ensemble-averaged
scattering cross section of the atomic cloud as a function of frequency detuning and the relative phase between input plane waves. The
orange and purple dashed lines depict selective excitation of pure MD and EQ moments, respectively. [(c)—(e)] Normalized ensemble-averaged

scattering cross sections as a function of frequency detuning for different phase (c) ¢ = 2mm, (d) ¢ =

(2m+ D, and (e) ¢ = 2m + D)m /2.

The ensemble-averages are obtained from 10 000 realizations of the atomic cloud.

Equations (7) and (8) are the third main result of this paper
which show that the induced dipole moments and the scatter-
ing cross sections can be controlled by a simple four-beam
configuration and the relative phase ¢ between the plane
waves. Figure 3(b) plots the scattering cross section as a
function of the relative phase and the frequency detuning.
Interestingly, as can be seen from Figs. 3(c) and 3(d), the
cooperative resonance linewidth can also be tuned by varying
the phase ¢ due to selective excitation of different multipole
moments.

We note three different scenarios based on the relative
phase ¢:

(i) At ¢ =2mm, where m is a nonnegative integer,
only the electric dipole moment of the atomic cloud
is excited [see Eq. (7) and Fig. 3(c)]. In this case,
the atomic cloud exhibits an omnidirectional radiation
pattern.

(i) At ¢ = (2m + 1)7, according to Eq. (7), the atomic
cloud exhibits only a magnetic quadrupole moment as shown
in Fig. 3(d) and scatters light with a quadrupolar pattern.

>iii) At 2mm < ¢ < (2m + 1)m, all multipoles can be ex-
cited, see for example Fig. 3(e) for ¢ = (2m + 1) /2. Thus,
one can selectively excite the electric dipole or magnetic
quadrupole moment of the atomic cloud by just controlling
the relative phase of the plane waves with TE polarizations
and achieve arbitrary radiation patterns.

VI. SELECTIVE EXCITATION OF MAGNETIC DIPOLE
OR ELECTRIC QUADRUPOLE MOMENT

To selectively excite magnetic dipole or electric
quadrupole, we employ superposition of four plane waves
with TM polarization: Hi,. = Hy/4 23:1 elknrtde,  where
k, and ¢, are defined similar to the TE polarization, see
the previous section and Fig. 4(a). The coherent and total
scattering cross sections are thus given by (see Appendix D)

3x% YY) ¢
o = 2mal <|(aED)|2s1n 200825 + e, ) [*cos? 2)
512
e () Pint§ -+ i G0’ ).
322
coal — 5 Im(( )smzfcoszf + (e, )cos4?>
T
512
+ Im(( )sm4? + (a,, )smzfcos ¢) )
2oy, 2 2

Figure 4(b) plots the total scattering cross section as a
function of the relative phase ¢ and the frequency detuning.
As shown in Figs. 4(c) and 4(d), by varying the phase ¢, one
can excite different multipole moments and thus control the
cooperative shift and resonance linewidth. In particular, the
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MD and EQ moments can be selectively excited by the TM
polarized plane waves. As a consequence, the atomic cloud
will scatter light in a selective direction depending on the
relative phase between the plane waves.

Arrays of cold atoms with subwavelength spacing scatter
light coherently and thus have been modeled by effective
electric and magnetic multipole moments [31-33]. In contrast,
an atomic cloud composed of randomly distributed atoms
exhibits not only coherent, but also incoherent scattering due
to the motion of the atoms [39,40,42]. In this paper, we
showed that the multipolar decomposition can model not only
the coherent, but also the incoherent response of the atomic
cloud accurately. We also demonstrated that the ensemble-
averaged polarizabilities are adequate to model the response
of the atomic cloud. Furthermore, using superposition of
plane waves, we showed that one can selectively excite the
induced electric and magnetic multipole moments and thus
manipulate the resonant linewidth and cooperative shift of the
ensemble, as well as its radiation pattern. Our study paves the
way toward controlling cooperative effects in atomic systems
through structured light [43,44]. Our approach to control the
cooperative effects is not restricted to subwavelength cold
atomic clouds and can be realized both experimentally and
theoretically in different systems of interacting quantum emit-
ters including ultracold quantum metasurfaces [30], nanoscale
atomic vapor layer [65], two-dimensional semiconductors
heterostructures [66], and atomic arrays in waveguides and
cavities [67].
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APPENDIX A: ATOMIC POLARIZABILITY
AND COUPLED-DIPOLE EQUATIONS

Let us consider an atomic cloud composed of neutral atoms
with only electric dipole transition moments and illuminated
by a plane wave [see Fig. 1(a)]. The atoms confined in a
volume smaller than the wavelength of the resonant light,
i.e., D < A. We consider the weak-excitation limit where the

J

1 k?
df = _Z{/dmﬂjo(kr) + ?/d3r[3(r Dry =7,

Jitkr)

kr

3
dY = E/d3r(r xJ),

atomic response is isotropic and linear. The electric polar-
izability of each atom amounts to a(w) = —(agl'0/2)/[w —
wq +i(Tg + Tyr)/2], where I'y is the radiative linewidth of
the atomic transition at frequency w,, and w — w, <K w, rep-
resents the frequency detuning between the illumination and
the atomic resonance, oy = 677/ k3 and k is the wave number
[57,58]. We assume elastic scattering events and therefore the
nonradiative decay rate is zero, i.e., I';y = 0. The induced
dipole moment of the ith atom p(r;) = €paEjoc(r;) can be
obtained by using the coupled-dipole equations [57,58,60]

p(r) = €ocr [Emari) +3 G, r,»)p(r,-)], (A1)
where E;,.(r;) is the incident ﬁeTCJI at the position r; of the
atom, and « is the atomic polarizability. The total field at the
position of the ith atom Ej,(r;) is the sum of the incident
field and the scattered field from the other atoms. The electric
dipole at position r; radiates an electromagnetic field which
when measured at r; can be calculated from G(r;, r;)p(r;),
where G(r;, r;) is Green’s tensor given by [61,62]

G, r)=5——e“[qOl+ g(Om].  (A2)
dp€Q
where
1 1 i 1 3 3i
g1(¢)= (E — F-i-p), &)= <—E+F - é_—z), (A3)

I is the identity dyadic, n = rr and ¢ = |k(r; — )|
[31,32]. Having the induced dipole' moment of each atom,
we can define the induced displacement current J(r, ) =
—iw Zf;  P(r;))8(r —r;), where 6 is the Dirac § function, and
p(r;) is the induced electric dipole moment of the ith atom
at r = r; [see Fig. 1(a)]. Here, we assumed e~ as a time
harmonic variation.

APPENDIX B: MULTIPOLE EXPANSION
AND CROSS SECTIONS

1. Coherent and incoherent multipole moments

In this subsection, we present expressions for the effective
induced electric and magnetic moments in Cartesian coor-
dinates [31]. Using the multipole expansion of the induced
current J(r, w), the induced effective multipole moments of
the atomic cloud (at the center r = 0) can be calculated
[63,64]:

Jja(kr) }
kry* |

Ji(kr)

3
oF, — _,_{ / &+ 1) = 200 Dyt

+2k> [ d’r[5rur,(x - J) — (rudy + 1)t — (- D8,

Q
TR
Il

15/d3r{ru(r x J)y +rp(r x J),}

j3(kr)}
kry* )’
Ja(kr)

W B
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where w, v € x,y,z. The quantities d E dff, QEV, and fov are the electric dipole (ED), magnetic dipole (MD), electric
quadrupole (EQ), and magnetic quadrupole (MQ) multipole moments, respectively. j, are the spherical Bessel functions. Note
that Q¥ = ) o noeqe, andQM =3" | OM e,e, are tensors of rank two and e e, is unit dyad. We consider Ng realizations for
which the positions of the atoms are changed with a uniform probability distribution in a spherical volume. Then, the induced
multipole moments of the atomic cloud can be decomposed into coherent (ensemble-averaged) and incoherent (fluctuating)
parts:

dy = (df)+8d;, d) =(d))+sd), O, =(05,)+80L,. O =(Q))+s0N,. (B2)

where (1, v = x, y, z. The symbols (-) represent the ensemble-averaged multipole moments. Note that the incoherent multipole
moments are related to the quasi-isotropic speckle originating from the random positions of the atoms in the spherical
cloud.

2. Coherent and incoherent cross sections

In this subsection, we derive coherent and incoherent scattering and extinction cross sections using the induced electric and
magnetic multipole moments in Eqs. (B1) and (B2). The total scattering cross section can be decomposed into coherent and

incoherent parts, i.e., C0% = Cfc"ﬂ{1 Cincoh " which are and given by [63,64]

dM
Ca' = 67152E2 Z( () | * ‘< >

)+

2
>, (B3)

K Oy
7207‘[85E2 Z( | * ‘< c >

Cmcoh Z <’5dE|> ’ﬁ2 N Z <|5QE 2)+ ’8Qll\t/[v
se 67T82E2 c 7207183E§ = w c

2
I
and the extinction cross section of the cloud is given by [63,64]

. A T o] | OE;
Coxt = mlm |:Z ((d}f)Eﬂ + <TM>Z0HM>:| + mlm[; <QIE1U)< ar, + 8r5>:|

n
PR > O 2o 2 o8, (B5)
—Im R
12e0E3 | &=\ ¢ ["\or, " o,
[
where Z is the impedance of free space, c is the speed of light < E 2> _ [ E \|2 < SOF 2>]
in free space, and r = Zu r.e, = xe, + ye, + ze.. Note that MZV: |Q’“’ ; ‘<Q‘”>| + | Qv

in Eq. (B5) and also in the remainder of the Appendices, E and
H show the incident fields, i.e., we omit the subscript “inc” for
simplifying the notation.

- ozt + )
Yo (1enl) = 2ol + (js@ )] (B6)

3. Conservation of energy: Coherent and incoherent w v
cross sections 9 H OH*
According to the conservation of energy, the extinction = _0‘0 ZI + ax g
v

cross section is equal to the sum of the coherent and inco-
herent scattering cross sections, i.e., Cey = CO = CM +

Cincoh Therefore, from Eqs. (B3)—~(B5), we obtain the follow-

sca
ing relations between the coherent and incoherent multipole

;(w&f): ;[|<d5>|2+(|ad5|2)]
= veo )]

(1) = S+ {foaT)]
= a0 L tmf{a})]

where ag = 67 /k* (afy = 1207 /k°) is related to the radiation
loss of a dipole (quadrupole) moment.

4. Coherent and incoherent dipole polarizabilities

From Eq. (B6) the relation between the coherent and inco-
herent electric dipole polarizabilities is found to be

[{15a2%)] = ocotm(aZ)E] - 5. BT

For a spherical cloud, the averaged electric polarizability ten-
sor is isotropic and reads as (e,) = (o, )1, where I is the
identity matrix. Now by substituting (df) = go{o, ) E, and
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|(d}f)|2 = 8(2)|(01ED)|2|E,4|2 into Eq. (B7), we get
o
E)? =1 [ Yo ] E)?
Z< >|< ) m<a0);|( )
_K%%
o
For an x-polarized plane wave excitation E = Ege*“e,, we get
2 2
()] - 22 = +
(o)) (o))
SaEP |2
+{|—] ) (B9)

oo
Using the symmetry of the electric dipole polarizability tensor
(SagD = 8ayExD = 8ayEZp and (agp) = (o, )1, the electric dipole
polarizability tensor can be written as

ED |2
50‘,w

Qo

2
D HE)P. (BY)

ED
dor

Ao

ED
(Sotyx

oo

— ED ED ED
Uy Xy Xz
_ ED ED ED
o, = oy, o V2
ED ED ED
o, . s
- D oD oD
() + S Sa Sa
_ oD D oD
= Soe%) (at,) —(l; Sa Sa
D D D
| BozED S(xED (o) + 605ED

=a’T+a’J-D), (B10)
where (e,,) = (o)1 and (@°P) = 0. T and J are the identity
and all-ones matrices, respectively. Therefore, Eq. (B9) can be
simplified as

Im(aoet)) — ) = ([302 )+ 2{ 302 )
and we obtain Eq. (6) of the main text. Using the duality in
Maxwell’ s equations, a similar expression for a magnetic
polarizability can be obtained:

2 2
- Kl =] )
o) %) Qo Qo
(SaMDz
+< 4 (B11)
)

5. Coherent and incoherent quadrapole polarizabilities

In this subsection, we obtain the relation between the
coherent and incoherent quadrupole polarizabilities using
Eq. (B6):

g2\ _ 1 / g\ OE) 8E: E \|2
<‘8wa > - EEOO{OIm[(QM)( ax, + ax, - |<QMV> ’
(B12)
and by substituting (QF) = e (aEQ)(gxi: + ‘;ff) and

|<Q§u>|2=}@g|<am>|2|§f:+%|2 into Eq. (B12), we

get
2\|0Es  OE, | dE, OE, |’
5™ >—'3+—V — aIm[ (e, ) ]| =2 4 Zon
<| alwﬁy| 3xy 8x5 0 [( ho)] 8x,1 ax,
dE, OE, |’
2| 0Ly 0
— o + .
(o) 0x,, ax,
The electric quadrupole tensor is a tensor and is given by
E E E
S
0" = QE‘ Q}E,y Q%Z (B13)
sz sz sz
The quadrupole tensor QF is symmetric, i.., ny = yEx,

E —QF, QF = QF and traceless

E E E _
Xz zx° yz zy XX + yy + sz =0.
Therefore, QF has five independent components in Carte-
sian coordinates. These five independent components are
represented by QF, OF, OF, QEV, Q]y“:z. Now, for a single
plane wave excitation E = Eye'*2e,, we have VE + EV =

ikEy(e.e, + e.e,), and we get
Yo
@

g o
— EQ
w,v 0
Using the duality in Maxwell’ s equations, a similar ex-
pression can be found for coherent and incoherent magnetic

EQ 2
S JLVXZ
!

%y

(B14)

polarizabilities:
saMQ ? o o 2
() -l ) o
o % @ @

APPENDIX C: SINGLE PLANE WAVE ILLUMINATION

In this section, we provide analytical expressions for co-
herent and incoherent scattering cross sections of an atomic
cloud when illuminated by a single plane wave.

1. Ensemble-averaged multipole moments
Let us consider a cloud illuminated by a plane wave E =
Eye'*e, propagating in the z direction, where e, is the unit
vector in the x direction. The ensemble-averaged induced
multipole moments of the cloud at r = 0 are given by
(d%) = eo(0t, ) E(r = 0) = o, ) Eoer,
(dM) = (aMD)H(r = O) = <aMD >H0e.V’

1

(Or.)eve; + (OF Je.e,

1 @) 0E, n oE,
= —§& e
250'%e 9z ox
ik
= E‘so(ozEQ)Eo(exeZ + ece,),

(Q%)

(ere; + ecey)
r=0

1
E(OtMQ> (VH+HV)|.—

(Q;\,/Z[)eyeZ + (Q]Z\;[)ezey
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1 0H, 0H,
§<05MQ> (3_2 + 3y ) l‘:O(eyeZ +ecey)
ik
= E(QMQ)HO(eyeZ + ezey),
where (o) ({@,,)) and {(ag,) ({@,,,)) are ensemble-averaged
electric (magnetic) dipole and quadrupole polarizabilities, re-
spectively. E and H in Eq. (C1) are the incident electric and

magnetic fields, respectively.

(CDH

2. Coherent and incoherent cross sections

In this subsection, we find the scattering cross sections
as a function of ensemble-averaged dipole and quadrupole
polarizabilities. By substituting Eq. (C1) into Eqgs. (B3) and
(B5) we obtain

k4
G = e (le) P + e )P)
8
+ 12100 (@) + o)),

k2

Cext = klm[(aED) + (‘XMD> + E

({orgg) + <aMQ))}. (C2)

After applying some simple algebra and using g = 67 /k>
and oy = 1207 /k°, we obtain Eq. (4) of the main text:

302 a2 o 2
coh ~ED MD
=G+ 52
5.2 2 2
(b I o D
2 Q) aj

o= (%) + (%)
ext 21 (o)) (670}

512 o o
Sl ()
2 o aj
Using the above equations, we can calculate incoherent scat-

: 3 incoh _ coh
tering cross section from CZ; ext — Coop +

(C4)

APPENDIX D: SELECTIVE EXCITATION

1. Four plane waves with TM polarization

In this subsection, we consider an atomic cloud when il-
luminated by four plane waves with TM polarization. The
magnetic fields of the plane waves are given by

Hy . H, .
H, = IOez(kl.rw) _ Zoez(kXx+kgz+¢)ey’
H, . Hy .
H, = Zoez(krrf(b) — Zoeft(kxx+k:z+¢)ey’
Hy . Hy .
H; = Zoezkyr _ Toez(lwc—k;z)ey7
H, . Hy .
H, = Ioelkﬂ‘ — Tog*l(k,xx*k;z)e (D1)
where ki r=-ky r=kx+kz,ky-r=—-ky-r=
kex — k;z, and k, = ksinyr, k, = kcosiyr. Thus, the total

magnetic field at r = xe, + ye, + ze. can be written as

H
H= To[cos(kxx + k.2 + ¢) + coslhex — k.2)ley,,  (D2)
and the corresponding electric field is given by
E
E = i?()cosw[sin(kxx +kz+ ¢) — sin(kex — k.2)]es

E
- i%simﬁ[sin(kxx +kz+ @) + sin(hex — k.2)]e..

Using the above electric and magnetic fields and their deriva-
tives, we can obtain the ensemble-averaged induced multipole
moments at the center of the cloud (r = 0):

(d") = eo{at, ) E(r = 0)
B . e ¢
= ol )iEo(cosyre, — smtﬁez)smzcosa,
(@) = (o, ) H(r = 0) = (aMD>Hocos2(§,

1
(QF) = ~eolay,

5 )(VE+EV)|,_

= 550(ozEQ)iE()k00521//cos2(g(exeZ + e.e;)

1

+ 5% (aEQ)iEoksinZI//sinzg(ezez —e.e,),

M 1
Q") = E(WMQ)(VH+HV)Ir=o
Hok
= —% (ocMQ)simﬂsin%cosg(eye)r +ece,)

Hok

— %(ozm)cosw(eyeZ + ezey)singcosg (D3)

Now by substituting Eq. (D3) into Egs. (B3), we obtain

32 2
ceooh = <aﬂ> sinzfcoszf
2w (%)) 2
32 2
+— <—aMD> cos4?
2w (&%)} 2

L5¥ ()
2w (&%)}
—i—ﬁ <aMQ >‘ s1n2¢ 22
2w I\ ag 2 2
And by substituting Eq. (D3) into Eqgs. (BS), the total (sum of

incoherent and coherent) scattering (extinction) cross section
can be obtained

o 49 on 4
cos“21rcos ) + sin“2ysin 5

(D4)

o 322 o S0 L
C;cztil = Lext = EII’HRLOD” SIHZECOSZE
3)&2 _
+—1I <aMD >] cos‘@
2 L\ o 2
522 rja
+—Im < = >] cos?2yrcost — 49 +sin22wsin42
2 L\ o 2 2
512 o
+EI <l0Q ]sm %coszg (D5)
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Finally, to selectivity excite different multipole moments, we
assume Y = 7 /4 and consider two cases:
(i) ¢ = 2mm: the induced moments read as

(@ =0, Q% =0, Q") =0

(@) = (. Hoey, (D6)

thus, only the magnetic dipole moment is excited and the
scattering cross sections read as

2

’

ceoh _ Lﬂ(f@

sca T o

= Zom (%)) )
(ii)) ¢ = (2m + 1)7x: the induced moments read as
(@ =0, @H=o0 (Q*)=0,

(Q°) = 3e0l0ty,)ikEo(e:e; — exey), (D8)

thus, only the electric quadrupole moment is excited and the
scattering cross sections read as
2
coh __ 51

2471 Yo
sea 2 |\ o

512 o
= S| (5)]
0

2. Four plane waves with TE polarization

2

k]

(DY)

In this subsection, we consider an atomic cloud when
illuminated by four plane waves with TE polarization. The
electric fields of the plane waves are defined as

E, = @ei(krrﬂp) — EO plitkex+k: z+¢)e

4 4
E, = % pilker—9) _ % e—i(kxx-&-kzz-&-(b)ey’
Ey | Ey
E3 — Toetkyr — Ioet(kxxszz)ey’
Ey Ey, .
E, = I‘)elkﬂ = Zoe—“k»-x—kzz)ey, (D10)
where ki - r=-ky r=kx+kz,ky-r=—-ks-r=
kix — k;z, and k, = ksinyr, k, = kcosyr. Thus, the total

electric field at r = xe, + ye, + ze; can be written as
Ey
E = E[COS(kxx + k.2 + @) + cos(kex — k.2)]ey,
and the corresponding magnetic field is given by

H
H= —ijocosw[sin(kxx + k,z 4+ @) — sin(kx — k.2)]e;

H
+ i70sin1/f[sin(kxx +kz+ ¢) + sin(kx — k.2)]e,.
Using the above electric and magnetic fields and their
derivatives, we obtain the ensemble-averaged induced multi-
pole moments for four plane waves at the center of the cloud

(r=0):
(d") = oo, )E(r = 0)
=g (ozED)Eocosz(gey,
(d™) = (a,,, ) H(r = 0)

= i{a,,, ) Ho(—cosyre, + sinwez)sin%cos%

1
(QF) = ~eoloy) (VE +EV)|,_g

2
k
= —g) ; (o )smwsm(gcos(p(e)ex +ecey)
Eok
— 80% (ozm)coswsingcos%(eyeZ +ee,),

1
Q") = 7 (@) (VH+HV),y

1
=3 (o) iHykcos2yrcos? % (eye, + e.e,)

1 . Y
+3 (otMQ)zHokngIpssz(exex —ee,). (DII)

Now by substituting Eq. (D11) into Eq. (B3), we obtain the
coherent scattering cross section:

o
sea 2 N\ o
302 oty \ |2
o <a—0)
+K< EQ>2 2¢ 29
21 (%))

sin 0S
L3 () ?

COS4 ?

sin? ?coszg

2
o |:005221pcos Z + 51n221psm4(§]
(D12)

And by substituting Eq. (D11) into Eq. (BS), the total
scattering (or extinction) cross section can be obtained

322
Col = Co = —I [< >]cos =

322
+—Im <aMD >]s1n Zcos?
2 o
512
+="TIm <ai°>]sm Zcos? =
2 o7
512
+=—Im <al°)] cos?2yrcost = 49 +s1n22ws1n4¢
2 o 2

0
(D13)

Finally, to selectivity excite different multipole moments, we
assume Y = 7 /4 and consider two cases:

(i) ¢ = 2mm: the induced moments read as
Q%) =0, Q%) =0 ("=

(@ =o, (ot ) Eoey,

(D14)
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TABLE 1. Selective excitation of subwavelength atomic clouds using superposition of four plane waves. The first column shows the
polarization and the relative phase of the waves. See Fig. 3(a) and Fig. 4(a) of the main text for the geometry. The second to fifth columns show
the fields” amplitudes and their gradient at the center of the atomic cloud, based on which a particular multipole moment is excited as shown

in the last column.

Fields and their gradients at the center of the atomic cloud

Plane waves’

Pure excitation of

polarizations induced

and phases E|,— Hj.—o (VE+EV)|— (VH+HV)|,— multipoles

TE: ¢ =2mn Epe, 0 0 0 ED: (dF) = o{oy, ) Elr—o

TE: ¢ = C2m+ ) 0 0 0 ikHy(e.e, — e.e;) MQ: (QM) = %(aMQ)(VH +HV)|i—o
T™M: ¢ = 2mn 0 Hye, 0 0 MD: (d™) = (o, )Hlr—0

T™™: ¢ = 2m+ ) 0 0 ikEy(e.e, — e,e,) 0 EQ: (QF) = %so(aEQ)(VE +EV)|i=0o

thus only the electric dipole moment is excited we excite and
the scattering cross sections read as

302 0, )\ |2
coh _ ™ |[ZED
Csca - 27T K Ot()>
32 o
total __ ~7 ED
cat =5 Im[< - >] (D15)
(i) ¢ = 2m + 1) the induced moments read as
@) =o0, @=0 (Q%=0,
(QY) = 3 {ayg)ikHo(e e — ece,), (D16)

thus only the magnetic quadrupole moment is excited and the
scattering cross sections read as

2 2
o . SA o
<al§> , Clal = T OZ‘,Q . (D17)

2 0
Table I presents a summary of selective excitation with four
plane waves. It shows the fields amplitudes and their gradi-
ents at the center of the cloud for different polarizations and
phases of four plane waves. The last column indicates which
multipole moment is excited based on the field amplitudes and
gradients at the center.

Ccoh — 5_)”2
sca 27_[
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