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Partially coherent surface plasmon polariton vortex fields
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We introduce a class of partially coherent surface plasmon polariton (SPP) fields carrying optical vortices,
generated through a judicious superposition of planar SPPs with a prescribed initial phase distribution and
arbitrary correlations at a metal-air interface. We explore the global degree of coherence, energy densities,
energy flows, orbital and spin angular momenta, and the polarization states of such partially coherent SPP vortex
(SPPV) fields in terms of their coherent mode representation. The salient physical characteristics of these SPPV
fields can be widely tuned by controlling the constituent SPP correlations, tailoring such SPPV fields to desired

applications in statistical nanoplasmonics.
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I. INTRODUCTION

Vortices are ubiquitous in nature, arising in such diverse
physics contexts as hydrodynamic turbulence, liquid crystals,
quantum superfluids, nonlinear pattern formation in complex
systems, and optics [1]. In optics, in particular, vortices
emerge either as line singularities in three-dimensional (3D)
optical fields [2], or as isolated point singularities in the helical
wave fronts of paraxial light beams [3]. The optical fields
endowed with vortices can carry orbital angular momentum
(OAM), rendering them highly desirable for various applica-
tions [4].

Although the majority of vortex-carrying optical fields
studied to date have been fully spatially coherent, partially
coherent fields with optical vortices have also been explored
[5-9]. The latter were found to possess unique features, such
as coherence vortices [10-12] and coherence currents [13],
absent in fully coherent vortex fields. As partially coherent
fields, in general, were found superior to their fully co-
herent counterparts in a number of applications, including
speckle-free imaging [14], correlation imaging [15], informa-
tion transfer through random media [16,17], as well as mi-
croparticle trapping and manipulation [18], partially coherent
vortex beams, in particular, were shown to be especially well
suited to control self-focusing in nonlinear optics [19] and to
implement optical communication protocols through random
environments [20].

At the same time, surface electromagnetic fields in plas-
monics, known as the surface plasmon polaritons (SPPs), can
be endowed with near-field optical vortices as well [21,22].
Fully spatially coherent SPP fields can be furnished with vor-
tex phases by spiral plasmonic lenses [23], metallic holograms
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[24], and SPP interface engineering [25]. The ensuing SPP
vortex (SPPV) fields have been shown to carry OAM [26],
opening the door to attractive applications, for instance, in
on-chip data storage [27].

To date, however, plasmonics has mainly concerned fully
coherent electromagnetic fields [28]. Only lately has there
been an increasing recognition that coherence, as a central
degree of freedom, can be exploited to control the funda-
mental properties of SPP fields themselves [29-33]. Such
coherence customized SPPs are expected to serve as versa-
tile tools which could be utilized, e.g., for plasmon contin-
uum spectroscopy [34], subwavelength white-light imaging
[35], and controlled coupling of light-emitting elements [36].
Furthermore, coherence tailored SPPs have been used for
synthesizing structured surface electromagnetic fields, such
as partially coherent axiconlike SPP fields [37] and SPP
coherence lattice fields [38]. In this context, not only does
exploring partially coherent SPP fields endowed with optical
vortices present fundamental interest, but it can prove instru-
mental in near-field optics and surface physics applications
as well.

In this article, we introduce a wide class of SPPV fields
with controllable coherence, generated via judicious super-
positions of arbitrarily correlated planar SPPs at a metal-air
interface. We stress that all salient features of the proposed
SPPVs, including their energy density, energy flow, orbital
and spin angular momentum, and polarization state, can be
widely tuned by adjusting the spatial coherence of the fields,
thereby distinguishing the present SPPV fields from the fully
spatially coherent SPP fields endowed with optical vortices
that have been reported to date. The broad tunability of
partially coherent SPPV field distributions may well find
diverse applications, ranging from controlled nanoantenna ex-
citation and nanoparticle manipulation to near-field data stor-
age and optical communications in advanced nanoplasmonic
devices.
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FIG. 1. Synthesis of the SPPV fields. (a) Focused circularly
polarized, OAM carrying beam incident onto the circular filter, glass
prism, and metal slab structure, with ¢;,. being the angle of incidence
of light selected by the filter. (b) Illustration of the polarization and
phase distribution of the light on the circular ring transmitted by the
filter, with s = 1 and / = 1. (c) SPPs excited on the circular ring
with the desired phase distribution and propagating towards the ring
center. (d) Notations related to the analysis of SPPs.

II. FIELD CHARACTERIZATION

The SPPV field geometry, akin to Kretschmann’s setup
[28], involves a homogeneous, isotropic, and nonmagnetic
metal film deposited on a glass prism in the xy plane. The
SPPV field at the metal-air interface (z = 0) is composed of
uniformly distributed planar SPPs of a certain initial phase
profile, with their origins along a circular ring of radius
a, centered at the origin. The phase distribution among the
SPP constituents can be introduced, e.g., with the aid of a
plasmonic vortex lens [23], an optical metasurface [24], or by
using a circularly polarized, OAM carrying partially spatially
coherent beam as an excitation light source [39]. Prior to
focusing the source beam onto the glass prism and metal film,
we propose to transmit the beam through a circular spatial
filter with a narrow transmission band situated in front of
the prism [Fig. 1(a)]. We then obtain a ring of circularly
polarized light with the phase gradient following the input
beam’s OAM [Fig. 1(b)]. The narrowband circular filter can
also be created dynamically with the help of a spatial light
modulator [40], for example. The angle of incidence @i,
controlled by the focal distance of the focusing lens, optimizes
phase matching for SPP excitation [30]. The SPPs emanate
from the illuminated ring with appropriate phase distributions
and propagate towards the circle’s center [Fig. 1(c)]. A general
approach to fully coherent SPP excitation from a circular ring,
but without phase matching or the vortex phases, has recently
been demonstrated experimentally [41,42].

We let ro(8) = —aé(6) represent the excitation position
of an individual SPP that propagates in the direction &(0) =
cos 0&, + sin 0&, toward the ring center, where 0 < 6 < 27
is the azimuthal angle with respect to the x axis, and &,
and &, are the Cartesian unit vectors along the x and y axes

[Fig. 1(d)]. The spatial part of the electric field of an SPP in
air, at point r and (angular) frequency w, can be expressed as
[30]

Eo(r, w) = E(0, 0)Pp(0, w)e™ O Irro@lgio@) (1)

where E(6, w) is a (complex-valued) field amplitude at the
excitation point, and

K(0, ©) = k(@) () + k (w)&,, 2)
PO, ®) = k(9, w) x §(9) 3)

are the wave and normalized polarization vectors, respec-
tively, with k(9, w) = k(0, »)/|k(w)|, §() = &, x €(6), and
€, being the Cartesian unit vector along the z axis. Note that
the wave-vector magnitude |k(w)| is independent of # and not
equal to the free-space wave number ky = w/c [43], where ¢
is the speed of light in vacuum. We further take the metal film
to be thick enough (e.g., 50-100 nm for Ag), such that the
mode overlap across the metal is negligible [43,44]. Thus, the
tangential and normal wave-vector components in Eq. (2) read
as [28]

12
k||(w)=ko[—6r(6;()w_i)_l} , @
| 1,2
kz(w)=k0|:mi| ; 5)

where €.(w) is the (complex-valued) relative electric per-
mittivity of the metal. We stress here that once a suitable
plasmonic material in the thick film Kretschmann setup has
been chosen, the physical properties of individual SPPs (at
a given frequency) are fully determined by the wave-vector
components in Egs. (4) and (5), regardless of the excitation
process specifics.

The factor ¢(6) in Eq. (1) denotes the phase of the SPP
at the excitation point, which is determined by the dynamical
phase on plasmon creation. In our case, we assume excitation
with a circularly polarized, OAM carrying incident beam
[5-9], whereupon due to the spin-orbit coupling effect of the
light in plasmon generation [45], the initial phase difference
between any two constituent SPPs of the SPPV field takes on
the form

¢(61) — ¢(62) = m(6; — 6,). (6)

Here, m = s + [, with s and [ being the spin and orbital an-
gular momentum—in units of 7 per photon—of the circularly
polarized, OAM carrying incident beam, respectively.

It follows from the Maxwell equations in vacuum that the
corresponding spatial part of the magnetic field for a single
SPP in air, at point r and frequency w, reads as

—ko(@)

Ho(r @) = 2 k@]

E(Q,w)§(9)eik(e’“’)'[r_r‘)(e)]eid’(e). (7)
Here, Zy = [j0/€0]"/? is the free-space impedance and 1o and
€o are the vacuum permeability and permittivity, respectively.
In Eq. (7), 8() = &, x (0) = —sinH&, + cos 6¢&, is, as be-
fore, the unit polarization vector for the magnetic field. Hence
the magnetic field for the SPP oscillates only in the xy plane
and is always tangential to the excitation circle.
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Taking all uniformly distributed SPPs excited on the cir-
cular ring into account, the electric and magnetic parts of the
SPPV field in air, for (x> +y?)'/?2 < a and at frequency o,
become

2
E(r, w):f Eqy(r, w)do, ©))
0

2

H, w) = Hy (r, w)db. ©)]

We next take E(r, w) and H(r, ) in Egs. (8) and (9)

to represent statistical field realizations. The spectral electric

and magnetic coherence matrices, which encompass all the

second-order stochastic properties of stationary electric and
magnetic fields, can then be written as [46]

WE (), 1y, 0) = (E*(r1, 0)E (12, 0)), (10)

Y

where the asterisk, superscript T, and angle brackets denote
complex conjugate, matrix transpose, and ensemble average,
respectively. It follows from Egs. (1)—(11) that the spectral
electric and magnetic coherence matrices for the SPPV field
read

WE (1, 1y, ) = e_zk(((maf
0 0

x p* (01, ©)p" (62, ®)
X ei[k(9z,w)-rz—k*(91,w)-rl]

WH (), 1y, 0) = (H (11, 0)H' (12, 0)),

2w 2w

W@, 6:, )

x &M =00d0,do,, (12)
2
W@, r,0) = ZkLw)z —2k{/ (w)a
Zyk(w)]

2T 2
x / W (01, 62, @)8(61)8" (62)
0 0
X ei[k(9z,w)-rz—k*(9| ,w) ]

x ™ ®=0)40,d6,. (13)

Here, k""(w) denotes the imaginary part of kj(w), which de-
termines the SPP propagation length lspp(w) = 1/k|/(w), and

W (61, 02, w) = (E*(01, 0)E (0, w)) (14)

is an angular correlation function among the individual
SPPs excited at different angular coordinates. The function
W (61, 6,, w) can be arbitrarily designed within the framework
of the recently established “plasmon coherence engineering”
paradigm [30].

Equations (12)—(14) represent a stationary polychromatic
SPPV field of arbitrary spatial coherence at a metal-air in-
terface with the electromagnetic properties of all individual
SPPs fully accounted for. We note that the SPPV fields possess
high structural stability with respect to the excitation ring
radius variations since the radius a acts effectively merely
as a scaling factor of the coherence matrices, and thereby of
all derivative quantities. Further, we observe in Egs. (12) and
(13) that once the metal parameters, radius a, and the angular
momentum m of the excitation light are known, all elements

apart from W (0;, 6,, w) are specified in the coherence matri-
ces. Thus, the angular SPP correlation function W (6, 6, »)
is an additional and essential degree of freedom that can be
exploited to control the fundamental physical properties, such
as the coherence state, energy density, energy flow, angular
momentum, and polarization, of the SPPV fields. This is
a demonstration of the power of spatial coherence control
to engineer surface electromagnetic fields carrying optical
vortices.

III. COHERENT MODE REPRESENTATION

We assume that the angular SPP correlation function
possesses circular periodic symmetry and we consider SPP
constituents with equal initial intensities. Thus, W (6, 6, ®)
in Eq. (14) can be expanded into a two-dimensional Fourier
series with respect to the angular coordinates as [47]

W (01,05, @) = Ispp(@) Y Bu(@)e™ =", (15)

n=-—00

where Ispp(w) denotes the SPP initial intensity, {n} are the
mode indices, and {B,(w)} are the Fourier coefficients. In
order to make sure that W (6, 6», ) is a genuine correlation
function, {B,(w)} should be real and non-negative [46]. We
note that the expansion in Eq. (15) is essentially a coherent
mode representation of the SPP angular correlation function,
and hence the Fourier coefficients {8,(w)} correspond to
the modal weights, each representing the amount of energy
carried by an individual coherent mode.

The SPPV field is fully coherent if and only if there
is only one term in the above series. The field becomes
partially coherent with the increase of the number of se-
ries terms. In the limiting case of a very large number of
modes with identical modal weights [8,(w) = 1 for all n],
Eq. (15) reduces to W (0, 0>, ) = Ispp(w)8(0; — 0,), where
8(-) is the Dirac delta function. As a consequence, the
fields in any pair of angular directions, 6; # 6,, are mutually
uncorrelated.

On substituting from Eq. (15) into Egs. (12) and (13) and
integrating over 6, we obtain analytical expressions for the
electric and magnetic coherence matrices for the SPPV fields.
These can be expressed in terms of the vectorial coherent
mode representations as

WO, 1, 0) = i V(@)@ (11, 0)@ Y (12, ),
o (16)
where
2V (r, ) = ¥V (r, )/ NP (@), 17

EV (@) = Bu(@)m Ispp(w)e NI (), (18)
are the normalized vector coherent modes and their respec-
tive modal weights. The superscript § € (E, H) identifies
the electric or magnetic field component and N®(w) =
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[y ¥V (r, )WV (r, w)d3r]"? are the normalization fac-
tors for the unnormalized vector coherent modes \Ilff)(r, w),
with fv~d3r denoting an integration volume within the
SPP excitation region V. We stress that the modal weights
{€(w)} are real and nonnegative, and the vector coher-
ent modes {<I>§l§)(r, w)} are orthonormal, such that the inner

J

product is given by
f <I>fl§l>T(r, a))<I>55)*(r, )t = 8y, 1, (19)
v

where 8,, ,, is the Kronecker delta symbol. In cylindrical
coordinates, the unnormalized vector coherent modes are
expressed in closed form as (see Appendix A)

VE(r, 0) = k(w)| ™2™ (—ik (0){Tini1 k) (@)p] = Tnsn—1 Tk (@)p1}&,
— k(D) pgnr 1k (@) p] + Jngn—1 k(@) o1}y + 2k (@) il (@) p]€,), (20)

U (r, w) = [Zo|k(w)]] ™ @2 (ko ()Tt Ty (@) ] 4 Tn—1 [y (@) p1}8,
— iko(@){Imsns 11k (@) p] — Jgn—1lk(w)p]}e,), 21

where (p, ¢) are cylindrical polar coordinates, J,(-) is the
Bessel function of the first kind and of order v, and &,, €,
€, form an orthonormal vector set in the cylindrical reference
frame. It follows from Eqs. (20) and (21) that any SPPV
coherent mode carries a vortex phase e/"+™¢; hence the mode
topological charge is determined by the angular momentum
m = [ + s of the excitation light beam and the mode index n
of the angular SPP correlation function. It is also of interest to
note that the electric and magnetic coherent modes given by
Egs. (20) and (21) are coupled by Maxwell’s equations.

IV. ENERGY DENSITY AND TOTAL ENERGY

The (time-averaged) energy density of a partially coherent
electromagnetic field is given by [46]

w(r, w) = i[fo trWE @, r, 0) + o tr W, r, )], (22)

where tr denotes the matrix trace. On substituting from
Eq. (16) the vectorial coherent mode representations for the
coherence matrices into Eq. (22), we obtain the SPPV field
energy density in terms of the energy densities carried by the
individual vector coherent modes as

o0

w(r, a)):% > [eos P (@)@, )|

+ 1oE™ ()| @M (r, )|*]. (23)

The total energy of an SPPV field can then be determined
by volume integration of the energy density within the SPP
excitation region or by summing the energies carried by the
individual modes. Based on the orthonormality of the vector
coherent modes, Eq. (19), the two alternative approaches lead
to the same result

We = [wrods= 3 s@. o
\%

n=—00

where £,(w) = [GOS,EE)(w) + MOE,EH)(CU)]/4 is the energy car-
ried by the vector coherent mode of index n. The SPPV field
energy density control by optical coherence will be illustrated
later in Fig. 2.

(

V. GLOBAL DEGREE OF COHERENCE
In analogy with the electric global degree of coherence [48]
and taking account of the magnetic global degree of coherence

[49], the (squared) global degree of coherence for a partially
coherent electromagnetic field can be defined as

3, g3
Sy v, Fr (1, 1, 0)dr1dr;

G (o) = @) : (25)
where
Fri o) = ZIWEE 1. 0l
+ WP o)l 26)
where || - || is the Frobenius norm. The global degree of

coherence is a useful quantity to characterize how coherent
an electromagnetic field is on average within a limited vol-
ume. It is bounded as 0 < G(w) < 1, with the upper limit
corresponding to a fully coherent field and the lower limit
to a virtually incoherent field, while the intermediate values
describe partially coherent fields. It follows from Eqs. (16)—
(21) and (24)—(26) that the global degree of coherence of an
SPPV field is given by the expression

[ )]
Zsifoo Sn (w) '

We can infer from Eq. (27) that G(w) = 1 if and only if a
single coherent mode is excited, whereby the SPPV field is
fully coherent. As the number of excited modes increases,
the global degree of coherence is reduced and the SPPV field
becomes partially coherent.

G(w) = 27)

VI. ANGULAR MOMENTUM

To assess the angular momentum of the SPPV field, we em-
ploy a canonical approach [50], which is more suitable for the
description of the angular momentum properties of light than
simply using the Poynting vector components. This is because
the canonical approach can separately address spin and orbital
degrees of freedom of light, making these canonical quantities
directly measurable [51,52]. In the canonical picture, the
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FIG. 2. Energy density w(r, ) and the in-plane Poynting vector components, [(P(r, w)),, (P(r, w)),], for SPPV fields at a gold-air
interface at the free-space wavelength A = 632.8 nm, for a varying number of coherent modes N and average OAM L(w): (a) N = 3 and
Bu(w) =1forn € (-3, -2,—-1), L(w) =0;(b)N =3, B,(w) = 1 forn € (1,2,3), L(w) =4hé,; (c)N =3, B,(w) = 1forn € (3,4,5), and
L(w)=6he; (d) N =3, B,(w) =1 forn e (-9, -8, —7), and L(w) = —67i&,; (e) N =1, B,(w) = 1 for n = 1, and OAM L(w) = 3hé,;
) N=5, Bi(w)=1forne (—1,...,3), and L(w) =3he;; (g N =9, B.(w)=1for ne (-3,...,5), and L(w) = 3hé,; (h) N =15,
Bu(w) =1forn e (—6, ..., 8), and L(w) = 3he,. Note that the excitation light angular momentum is fixed at m = 2 and the excitation ring
radius is set to a = Ispp(A). The energy density w(r, w) is normalized with respect to €,S(0, w). The relative permittivity of gold is from
empirical data in [53].

(time-averaged) OAM and spin angular momentum (SAM) with
densities of a monochromatic optical field are given by [50]

1 oo
- (EB) (E)x . (E)
I(r, ) =r x p(r, w), 28)  (p(r.@)=_—Im [fonzmén (@)@, (r, ) - [V]®,”(r, w)
| —
s(r, w) = —Im{egE*(r, w) x E(r, w) 00
4o tuo Y EM @M (r,w) - (VIO (r, ) |,
+ uoH*(r, ) x H(r, o)}, (29) n=—oc
respectively. The orbital (or canonical) linear momentum den- (32)

sity p(r, w) in Eq. (28) is defined as .
and the SAM density of an SPPV field as

p(r,w) = %Im{eOE*(r, ) - [VIE(r, ®)

oo
@ (s(r, w)) = L im c Y &P (r, ) x 2P(r, w)
+ 1oH*(r, ) - [VIH(r, »)}, (30) do |
where we use the notation A -[VIB=A,VB,+A,VB, + >
A,VB,. For a partially coherent electromagnetic ﬁz:ld, ythe Tho Z %‘VEH)(a))(I)SLH)*(r, @) X <I>51H)(r, w):|.
OAM and SAM densities can be obtained through ensemble e
averaging in Egs. (28)—(30). Furthermore, by applying the 33)
vector coherent mode representation of Sec. III, we find the
OAM density of an SPPV field as Here, we are interested in the average angular momentum
per photon, which is given by the total (integrated) angular
(I(r, w)) =r x (p(r, w)), a3n momentum divided by the total number of photons in the
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SPPV excitation region. Thus, the average OAM L(w) and
the average SAM S (w) associated with a photon in the SPPV
field can be expressed as

L(w) = (L(w))/Nph, (34)
S(w) = (S(®)) /Nph, (35)

where the total OAM, SAM, and photon number within the
SPPYV field excitation region are respectively given by

(L(w)) = / (I(r, w))d’r, (36)
\%

(S(w)) = / (s(r, w))d’r, (37)
\'%

Nph = W(w)/(hw). (38)

It then follows from Egs. (17)—(21), (24), (31), (32), (34),
(36), and (38) that the average OAM per photon of the SPPV
field is

Yo om+né(w)

L(w) = e, 39
@) YO G %)

The derivation of this general result can be found in
Appendix B. Several instructive conclusions can be drawn
from Eq. (39).

(1) The average OAM L(w) is strictly parallel (or antiparal-
lel) with the z axis since the radial and azimuthal components
vanish when integrating the local OAM density (I(r, w)) over
the plasmon excitation region. This behavior is rather intu-
itive considering the axial symmetry of the SPPV excitation
geometry and is quite different from that of a propagating
vortex beam [3], for which the average OAM is parallel
to the propagation direction. The average SPPV OAM, on
the other hand, is perpendicular to the SPP propagation
direction.

(i) The average OAM of a fully coherent SPPV field,
composed of a single vector coherent mode <I>f,§)(r, w), 18
L(w) = (m + ny)he,. This is a quite obvious result due to
the spin-orbit coupling effect of light upon fully coherent SPP
excitation [45].

(iii) The average OAM of a partially coherent SPPV field
can be arbitrarily controlled by the angular SPP correlation
function. In particular, whenever {&,(w)} satisfy the condition
&(w) = &p_p—om(w), where p is an arbitrary integer, the
average OAM is L(w) = phé, (see Appendix B for the deriva-
tion). Hence, if &,(w) = &_,_2m(w), the SPPV field carries no
OAM, L(w) = 0. On the other hand, if &,(w) = £_,(w), the
average SPPV OAM is mhé,, i.e, it is determined solely by
the angular momentum of the excitation light.

(iv) For a fully incoherent SPPV field, the relation &,(w) =
&_,—2m(w) holds (see Appendix C for details), implying ab-
sence of OAM. This rather obvious result formally follows
from the Bessel function property J_,(x) = (—1)"J,(x) and
from the fact that the modal weights {8,(w)} in the SPPV
coherent mode representation are all equal to unity in the
incoherent case (see Sec. III).

In addition to exercising arbitrary control of the average
SPPV OAM, we can freely tailor the SPPV global degree of
coherence by adjusting the SPP angular correlation function,
as is indicated by Eq. (27). It follows that an SPPV field with
a given OAM may have a variable global degree of coherence
or vice versa.

Next, we examine the average SAM of an SPPV field with
the help of Egs. (17)-(21), (24), (33), (35), (37), and (38).
We find that the average SPPV SAM is also normal to the
metal-air interface and it can be expressed as

B [y S:(r, w)d’r
N W(w)
Here, the z component of the SAM density reads

S(w) hwe.. (40)

e k(o)) + k() =
Sirw) = e = op ¢ w)n;m Bu(w)
X Wnni 1 Uy (@)1 = Wmpnei [k (@)p171,  (41)
where

S(z, w) = 472 Ispp(w)e i @2k @), (42)

and k! () is the imaginary part of k(). It is quite instructive
to observe by looking at Egs. (40) and (41) that the average
SPPV SAM behavior is closely linked to that of the OAM.
Indeed, in the absence of OAM, we have §,(w) = &_, s, (w),
and it follows at once from Eq. (41) that the SAM vanishes as
well. For an SPPV field carrying a nonzero OAM, the mag-
nitude and direction of its SAM can be controlled by the
SPP angular correlation function for a given magnitude of the
angular momentum m. The physics behind this SPPV SAM
behavior is rooted in the SPPV polarization state distribution,
which will be examined in detail in Sec. VIIL.

VII. ENERGY FLOW

The SPPV energy flow can be studied by considering an
ensemble average of the (time-averaged) Poynting vector in
the space-frequency representation, viz.,

(P(r,w)) = %Re(E(r, w) x H'(r, w)). (43)

On substituting from Eqs. (1)—(7) and (15) into Eq. (43), we
obtain for the SPPV field (see Appendix D for the derivation)

_ ko(@)S(z, o)
e = kR

+ Py(p, w8y + P-(p, w)e:], (44)

Re[P,(p, w)e,

where the corresponding components read

Pp(p, @) = iky(@) Y Bu(@)mialky(@)p]

n=—00

X L ini Ky (@)p]

_ 12k (w) >
Polpr) = — @ n;oo Ba(@)

_J:1+n+l[k”(w)p]}s (45)

x (m + n)|Lpialky (@)1, (46)
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P.(p, ) = k(@) Y Bu(®)

n=—00

X AT mn—1 [k (@)1 + W1 [k (@) 0117}
(47)

Equations (44)—(47) reveal several salient features of the
SPPV energy flow. First, the normal component of the Poynt-
ing vector (P(r, w)), < 0 due to the real part of k,(w) be-
ing negative. It follows that the SPPV energy flows toward
the metal surface, except for some special points where
(P(r,w)), =0 and the energy flow is along the metal-air
interface. Second, the magnitude and direction of the Poynt-
ing vector projection (P(r, w)), onto the interface plane are
determined by the average OAM of the field. For example,
when the field carries no average OAM, we have &,(w) =
é_n—om(w), and therefore (P(r, w)), =0, implying that the
energy flow along the interface only has a radial component.
However, for the fields that carry a nonzero average OAM,
the azimuthal component (P(r, w)),, is, in general, present as
well. Moreover, the spatial 1/p dependence of the azimuthal
component (P(r, w)), indicates the helical distribution of the
energy flow at the metal-air interface.

To illustrate the SPPV energy flow along the metal-air
interface, we display in Figs. 2(a)-2(d), with white arrows in
the top-row panels, the spatial behavior of the Poynting vector
[{(P(r, w)),, (P(r, )),] in a gold-air interface plane for the
SPPV fields with the same number of vector coherent modes
but with a different average OAM. The free-space wavelength
is A = 632.8 nm and the excitation ring radius is taken to be
a = Ispp(X). The figure background shows the corresponding
energy densities, which are calculated using Egs. (17)-(21)
and (23). We note here that the angular momentum of the
excitation light is fixed to m = 2 and thus the average OAM
and coherence of the SPPV fields are completely controlled by
the SPP angular correlation function. We infer from Fig. 2(a)
that in the absence of the OAM, the in-plane energy flow
is purely radial towards the ring center. At the same time,
the energy density shows a hot spot at the center, which is
similar to that for the partially coherent axiconic SPP fields
[37]. However, Figs. 2(b)-2(d) illustrate that for the fields
carrying nonzero average OAM, the in-plane energy flow
displays a circular pattern around the ring center, resulting
in doughnutlike energy density distributions at the metal-air
interface. The energy circulation direction is determined by
the sign of the average OAM: a positive OAM induces a
counterclockwise energy circulation, while the energy flow
direction is reversed for a negative OAM [see Fig. 2(d)]. We
emphasize, however, that the in-plane energy flow patterns are
not strictly azimuthal due to the presence of a nonzero radial
component of the Poynting vector.

To explore the influence of the SPPV coherence on the
energy flow patterns, we display in Figs. 2(e)-2(h) the in-
plane Poynting vectors [(P(r, w)),, (P(r, w)),] and the cor-
responding energy densities w(r, w) for the SPPV fields of
the same average OAM but a different number of coherent
modes at the gold-air interface at the free-space wavelength
A = 632.8 nm, with the excitation ring radius taken to be a =
Ispp(A). We find that the in-plane energy flow exhibits circular

patterns in the counterclockwise direction as the SPPV fields
carry the same positive average OAM. However, the char-
acteristic doughnutlike energy density distribution generally
disappears as the number of coherent modes is increased,
implying reduced spatial coherence. For example, when the
number of modes reaches 15 [Fig. 2(h)], the energy density
displays a flat-top profile at the metal surface. This is due to
partially impaired interference among partially coherent SPP
components.

From the energy density and flow distributions of partially
coherent SPPV fields in Fig. 2, we may predict that optical
coherence can be employed to dynamically control optical
trapping of nanoparticles in the SPPV fields. For instance,
by modifying the optical coherence, the energy density of
the SPPV field may be modulated, generating a Gaussian,
dark-hollow, or flat-top profile. Thus, the optical force of the
trapping system, induced by the gradient of the energy density
profile, will be dynamically adjusted, and therefore different
kinds of particles may be trapped or sorted. In addition, the
effective trapping range of the optical gradient force can be
enhanced by varying the optical coherence. We further find
that the coherence-induced reversal of energy flow may be
used in the control of the particle rotation.

VIII. POLARIZATION STATE

The polarization properties characterizing the SPPV fields
are determined by the electric and magnetic polarization
matrices. Here, we focus on polarization states of the SPPV
electric fields which can be inferred from A(E)(r, w) =
WEX(r, r, w). As the SPPV electric fields have three nonzero
components, we must employ a three-dimensional formalism
to describe their degree of polarization using, for instance, the
definition [54]

3 A®2(r,0) 17177
Pr,o)=|z-——F7F—""—=
|:2 tr2 A®(r, w) 2]
It readily follows from Eqs. (16)—-(20) as well as (48) that
P(r, w) =1 in the fully coherent limit, indicating that fully
coherent SPPV fields are completely polarized everywhere.
Interestingly, we also find the fields to remain highly polarized
within the SPP excitation region as their degree of coherence
is reduced all the way down to a nearly incoherent limit. This
feature makes the SPPV fields similar to (1 + 1)D partially
coherent SPP fields and the physics behind the remarkable
resilience of their polarization to coherence reduction was
discussed elsewhere [30,37].
To examine the local polarization states of the SPPV fields,
we first study the ratio of the tangential to normal components
of their electric polarization matrix

(48)

AB(r, o)+ AP (r, w)
AP(r, 0) '

n(r, w) = (49)
This ratio will show whether the field is predominantly polar-
ized along the normal to or in the plane of the interface. For
example, at the locations such that n(r, ) < 1, an SPPV field
is polarized along the normal direction; on the other hand,
at the points where n(r, ) > 1, the field is polarized in the
interface plane. It follows from Egs. (16)—(20) and (49) that
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FIG. 3. Ratio n(r, w) as a function of the radial distance p for
SPPYV fields of average OAM L(w) = 3/€, at a gold-air interface at
A = 632.8 nm, with a variable number N of coherent modes: (blue)
N=1and B,(w)=1 for n=1; (red) N=15 and B,(w) =1 for
ne(—1,...,3); (green) N =9and B,(w) = 1forn € (—3,...,5);
(yellow) N = 15 and B,(w) =1 for n € (—6, ..., 8). Note that the
excitation light angular momentum is fixed to m = 2. The relative
permittivity of gold is from empirical data in [53].

n(r, ) can be written as

2 o0
(e oy — @) {

-1
M@ Z Bu(@) T snlky (@)1 }

X > Bu@)Tminialhy (@)p]]?

n=—00

+ Dnnilky (@)pl P} (50)

It follows at once from Eq. (50) that n(r, w) is independent of
position along the z axis. Therefore, we display in Fig. 3 the
ratio n(r, ) as a function of the radial distance p for SPPV
fields of average OAM equal to L(w) = 3h&, and of different
coherence states at a gold-air interface at A = 632.8 nm. It can
be seen from the figure that n(r, @) rapidly alternates between
very small and very large values in high coherence regions
of SPPV fields, causing the polarization direction to rapidly
switch between the normal and tangential to the interface.
On the contrary, n(r, ®) is a slowly varying function with
a magnitude much smaller than unity for nearly incoherent
SPPV fields, implying that such SPPV fields are highly po-
larized along the normal direction. In particular, it readily
follows from Eq. (50) that n(r, w) = |kz(a))|2/|k|| ))?* <« 1
for completely incoherent SPPV fields, implying that they are
indeed highly polarized along the normal direction.

Next, we consider only the polarization component in
the interface plane, whereby the polarization properties can
be analyzed in terms of the Stokes parameters A;(r, w) =
tr[A(r, w)o;] with j € (0, ..., 3), where A(r,w)is a2 x 2
polarization matrix in the interface plane, o is the 2 x 2 unit
matrix, and o1, 0>, 03 are the three Pauli matrices. The Stokes
parameters are real and have clear physical interpretations
[55]. Equations (16)—(20) yield the Stokes parameters of the

SPPV fields straightforwardly as

1 N () <
Aolr, @) = 78, @) 2 Z Bu(e)
X [ msns1lky(@)p]1> + Tpsn—i [y (@)p] 1,
(51)
Arlr, o) = Sz, o) 1@ i i Bu(w)
Tk@P S
x (cos2¢ Re{l; ., . [k (@)W min—1lkj(@)p]}
— sin2¢ Im{J; ., . [ky (@) p W min—1 k) (@)p]}),
(52)
—lk()]?
Aalr, @) = SG @) o5 nZ Bu(@)
X (Sln 2(,0 Re{Jm+n+1[k|| (w)P]Jern—l[kH(w)P]}
+ cos2@Im{T; . [kj (@)l min—1lky(w)p]}),
(53)
1 N () <
sl 0) = 758G @) " Z Bu(@)
X [Ttk (@)p]* = Tsn—1lky(@)p]°1,
(54)

where Ay (r, w) describes the in-plane spectral density (av-
erage intensity) at (r, ), while A(r,®), A,(r, ), and
Aj3(r, w) specify the differences between the x- and y-
polarized, 4+ /4 and —m /4 linearly polarized, and right and
left circularly polarized average spectral densities of the in-
plane SPPV field component. Thus, the SPPV field’s state of
in-plane polarization is completely determined by A (r, w),
A>(r, ), and A3(r, ). We then consider a polarization state
of an SPPV field with no average OAM by assuming that
& (w) = &_,_m(w) holds in Eqgs. (52)-(54). It follows that
As(r,w) =0 and A (r,w)/As(r,w) = cot2¢, implying
that the in-plane SPPV field component is strictly radially
polarized [see Fig. 4(a)]. Next, for the SPPV fields with a
nonzero average OAM, we find that Asz(r, ) # 0, which
indicates that the fields have localized regions of circular
polarization. This is the reason why nonzero average OAM
fields carry SAM as well.

In Fig. 4, we display the polarization state distribution for
SPPV fields of different coherence states and average OAM
at a gold-air interface at A = 632.8 nm. The top left panel
of Fig. 4 demonstrates that SPPV fields with no average
OAM are radially polarized, making their polarization and
energy flow patterns quite similar [cf. Fig. 2(a)]. By the same
token, the in-plane components of OAM carrying SPPV fields
are seen to be right or left elliptically polarized. Further, as
the average OAM flips sign, the right and left elliptically
polarized regions switch places [see Fig. 2(c) and 2(d)],
thereby causing the field SAM to change its direction. In
the bottom panels of Fig. 4, the SPPV fields have the same
average OAM, but different coherence properties. We find
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FIG. 4. Polarization state distribution of the in-plane SPPV electric field component at a gold-metal interface at A = 632.8 nm with a
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green ellipses in the figure panels correspond to linear polarization and to right and left elliptical polarizations, respectively. Empirical data are

used for gold [53].

the polarization distributions of highly coherent SPPV fields,
which are composed of only a few coherent modes, to be
rather intricate. As the number of modes increases, thereby
reducing the field coherence, the in-plane polarization turns
progressively more radial, becoming strictly radial in the limit
of an infinite number of modes.

IX. CONCLUSIONS

We have introduced a class of structured partially coherent
SPP fields carrying optical vortices by superposing SPPs
of prescribed phase differences and arbitrary correlations at
a metal-air interface. We have determined analytically the
electric and magnetic coherence matrices, global degree of
coherence, energy densities and flows, angular momenta, and
polarization states of such SPPV fields with the help of an
appropriate coherent mode representation. We have shown
that the SPPV fields can carry both OAM and SAM which
can be controlled by adjusting the individual SPP correlations.
Whenever the individual SPPs are totally uncorrelated, the
average OAM and SAM for the SPPV field are zero, and
the energy flow and polarization state will both exhibit radial
distribution patterns. The SPPV fields carrying OAM exhibit
a circular energy flow around the excitation ring center, the
signature of an optical vortex. Further, their in-plane po-
larization distribution has a rather intricate local structure,
exhibiting nonuniform regions of circular polarization. Thus,

such SPPV fields carry a nonzero average SAM. The discov-
ered SPPV fields are expected to find numerous applications,
for instance, to nanoparticle trapping [56] and angular mo-
mentum controlled SPP lasers [57].

Ultimately, our results showcase optical coherence as a
flexible degree of freedom that could be harnessed to effi-
ciently control the salient physical properties of the SPPV
fields inside (and also outside [58]) the excitation ring, mak-
ing these tunable vortex-carrying SPPs desirable for various
applications, ranging from the enhancing the spin Hall effect
of light [59] and mediating optical spin-orbit coupling [45] to
manipulating optical forces in nanoplasmonic environments
[56].
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APPENDIX A: DERIVATION OF Egs. (20) AND (21)

Substituting the scalar coherent-mode representation of the
angular SPP correlation function W (6, 6,, w) of Eq. (15)
into Egs. (12) and (13), the electric and magnetic coherence
matrices of the SPPV field take on the forms

WO, 1, 0) = Y Bu@)spp(w)e "

n=—oo

2w
x |:/ ei(m+n)91f)(91’ w)eik(el,w)m]del]
0

*

2w ) ) T
x |:/ ez(m+n)92l§(92’ w)etk(éz,w)~r2d92:| ,
0
(A1)

kg ()
Zi k(@)

WH(rr,0) = Z Bu(@)lspp () 59—~

n=—oo

2
% |:/ et(m+n)01 g(@l )etk(Gl,w)-rl d91:|
0

2 ) . T
> |:/ ez(m+n)92§(92)elk(92,w)'l‘2d92] .
0
(A2)

*

Using the wave vector of Eq. (2) and the unit polarization
vectors P(6, ) and §(0) in Egs. (Al) and (A2), we obtain
the integration terms

2
/ l(m+n)0 a (9 Ll))elk(e ,)- rd@
0

2w
— |k(w)|—lelk1(w)z/ el(m+n)9
0

x[—k;(w) cos 0&, — k.(w)sin 0&, + kj(w)e;]

Xeik” (w)(x cos O+y sin G)de7 (A3)

2w
/ 1(m+n)0f\(0 )elk(0 W) T40
0
2
= k@) / """t (—sin 0&, + cos 0&,)
0
Xe‘ik” (w)(x cos B+y sin G)de. (A4)

To do the integrations of each component in Eqgs. (A3) and
(A4), the following equations are used:

2
/ eweetku(w)(xcos 0+y sm0)d0 — Zﬂivelwﬂ]v [k” (a)),o], (A5)
0
2
/ eiv(? cos eeiku(w)(xcos 0-+y sin O)de
0

" er sl (@)p] — ie™ T, _1[ky(w)p]

=2 5 . (A6)
2

/ eiv@ sin Qeik” (w)(x cos B+y sin H)de

0
P er Ty 1lky(@)p] + ie™ T, 1 [k () p] (A7

20

where (p, ¢) are cylindrical polar coordinates and J,(-) is a
Bessel function of the first kind and of order v. Thus the x, y,
and z components of Eq. (A3) read as

t® = rk(w)| ™

X {iemeJrnJrl [kll (a))p] -

eikz(w)zl-(m+n)ei(m+n)</’ [~k ()]
i€ Tyin-1lky(@)pl}, (A8)

t)(,E) =7 |k(w)|7leik:(a))zl'(m+n)ei(m+n)gﬂ [_kz(a))]

${eTinii [k (@)p] + € “Ipinilky(@)pl},  (A9)
1P = wk(w)| ™R 0k ()
X Tinlky(@)p]. (A10)
The x and y components of Eq. (A4) become
t)EH) — — g etke(@)zj(m+n) i(m+n)p
X AT pini1lky(@)p] + € “Tpin_ilky(@)pl}, (A1)
t)(,H) — neikz(w)zi(m+n)ei(m+n)w
XA i1 [k (@)p] = e T ilky(@)pl}.  (A12)

In cylindrical coordinates, the p and ¢ components of
Egs. (A3) and (A4) are then obtained from

t/()§) = cos (pt§§) + sin ¢t§§), (A13)
$ — ; ()] $)
1y’ = —singt,” 4 cos 1™, (A14)

where § € (E, H) denotes the electric or magnetic component.
Substituting Eqs. (A8) and (A9), as well as Eqs. (A11) and
(A12), into Eqgs. (A13) and (A14), we obtain

tlgE) — |k(w)|71eikz(w)zi(m+n)ei(m+n)(o[_ikz(w)]

X U1k @)p] = Junalky(@)pl), (A15)
1 =7 [k(w)| LT ()]

X Jmtns1lky(@)p] + Jpgn—1lkj (@)1}, (A16)

and

t;ﬂ) — ek jimtn) ji(mtmg

X a1 Ky @)p) + I ik @)pl), (A7)
100 = i kA= gitnme

X Jmsnsilhy(@)p] = Insn-1lky(@)pl}.  (AL8)

Inserting Eqs. (A15), (A16), and (A10) into Eq. (Al), and
rearranging it in the form of the vectorial coherent mode
representation in Eq. (16), we find the electric unnormalized
vector coherent modes in cylindrical coordinates expressed
by Eq. (20) and the corresponding modal weights given by
Eq. (18). Closed forms of the magnetic unnormalized vector
coherent modes in cylindrical coordinates, Eq. (21), are ob-
tained in a similar way.
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APPENDIX B: DERIVATION OF Egq. (39)

In the expression of the orbital linear momentum of the
SPPV field, Eq. (32), we have

2V (r, ) - [V]I®V(r, )
U (r @) [VI¥S(r, 0)
N NI ()

, (BI)

where § € (E, H) denotes, as before, the electric or magnetic
components. In cylindrical coordinates,

¥, o) [VIEY(r, 0) = a8, + bYe, + Ve, (B2)
with

o [\I/,<1§>];a[\lf}§§>]p+ [xpﬁ)];a[\pgw]ﬁ [w® ] a[w].

' ap ;

(B3)

* * .

o LT+ v Tl + [ o],

' ,Oa(p 3

(B4)

O i 1 o el M B T I

" 0z )

(B5)

where [W(V] e (W] o> and [W], are the three orthogonal

components of \I’Ef)(r, w) in the cylindrical coordinate system,
as given in Egs. (20) and (21). Following lengthy calculations
the orbital linear momentum of the SPPV field, Eq. (32), can
be written as

(p(r, w)) = a(p,z, )&, + b(p, z, w)&, + c(p, z, w)e;, (BO)

where the key point is that none of the three unit-vector
coefficients depends on the azimuth angle ¢. On substituting
Eq. (B6) into Eq. (31), we then find

(I(r, w)) = pb(p, z, w)&, — zb(p, z, )&,

+ [Za(pv <y a)) - ,OC()O, <y w)]égo (B7)

Replacing the unit vectors in cylindrical coordinates with
those in Cartesian coordinates, Eq. (B7) becomes

(I(r, w)) = pb(p, z, w)&, — {zb(p, z, ®) cos ¢
—[pc(p, z, w) — za(p, z, ®)] sin p}&,
— {zb(p, z, w)sinp

+ [IOC(IO’ 2, CL)) - Za(p’ Z, a))] COos ‘P}é) (BS)

To obtain the total OAM, we do a volume integration of
the OAM density within the SPP excitation region. For the
excitation of the SPPV field, ¢ ranges from O to 2. Since
fozn sinpdg = fozﬂ cos pdg = 0, the x and y components of
(I(r, w)) vanish in the volume integration. Thus, using the
explicit form of b(p, z, ) (not given), we obtain the total

OAM of the SPPV field as

(L(w))

/ pb(p, z, w)d’re,
v

1 [0¢]
— Y (m+ g (). (B9)
w

n=—00

In addition, in view of Eq. (24), the total number of photons
within the SPPV field is

N = W(@)/(ho) = Y &()/(hw).

(B10)
Finally, Egs. (B9), (B10), and (34) yield
L(w) = Lo + (@) o (B11)

Yoo En(@)

which is Eq. (39) in the main text.

For the particular case considered in point (iii) of Sec. VI,
the condition &,(w) = &,—,—om(w) implies that &,(w) have
symmetrically equal values centered at index p — m. Thus,

D (mtn)g, () = p[s,,_m(w) +2)° s,,_mw(w)], (B12)

n=—00 n'=1

D &) = [s,,_m(m +2) Ep i (w)}. (B13)
n=—00 n'=1

Therefore, we obtain L(w) = phé,.

APPENDIX C: INCOHERENT SPPV FIELDS
Bessel functions of the first kind satisfy the property
J() = (=1)",(v).

Substituting Eq. (C1) into Eqgs. (20) and (21), we obtain the
relations

(CH

VET (e, o)W (r, 0) = T (r, )W (r,0), (C2)
T )W (1, ) = T (r, )@ (r, 0). (C3)

Thus, the normalization factors for the unnormalized vector
coherent modes have the relations N®)(w) = N Elem (w) and
N (@) = N (). In addition, the modal weights {8,w}
in the SPPV coherent mode representation are all equal to
unity for the incoherent SPPV field. Therefore, from Eq. (18),
we obtain

£ (w) =T (w), (C4)

tEMw)y=e  (w), (C5)

whereby the relation &,(w) = &_,_2,,(@) holds for the inco-
herent SPPV fields. The average OAM for such fields obtained
from Eq. (39) thus reads

L(w) = 0. (C6)
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APPENDIX D: TIME-AVERAGED POYNTING VECTOR

Substituting Egs. (8) and (9) into Eq. (43), we obtain for the
time-averaged Poynting vector associated with the partially
coherent SPPV field

(P(r, w))
= %Re(E(l‘, @) x H'(r, )

k(@)
27y |k(w)|
e—Zk"‘/(w)aei[k((?z,w)-r—k*(9| ,a))-r]eim(@g—@])del d@z, (Dl)

21
Re / W (61,62, 0)[p(B:, ) x 3(61)]
0 0

where
P62, w) x S(91)
e T ¢ 0,&, — k 0
|k(a))| 1 I ((,()) COoS ]e I ((,()) sin 1ey
— k,(w)(cos 6 cos B, + sin b sin 6, )E,.
(D2)
Making use of Egs. (15) and (D2) in Eq. (D1), we find
(P(r, w))
_ h@SGo) o i 5 (0)
82 lk(w)? T =
x {kj(w)[Fi(r, 0)F)' (r, w)é, + Fi(r, o)F; (r, w)&,].
+ k()| (r, o) + |F(r, w)*1e}, (D3)
where
2
F1 (l’, w) — / ei(n1+n)9 eik\l (w)(x cos O+y sin 9)d97 (D4)
0

2w
Fz(r, (,()) — / el(m+n)9 COSeezk”(w)(xcos@ersme)de’ (DS)
0

2w
];15 (I‘, w) — / ei(m+n)6 sin eeiku(w)(x cos 0+y sin 0)d0. (D6)
0

Equations (D4)—(D6) can be obtained from Eqs. (AS)—(A7).
Thus, the time-averaged Poynting vector is

ko(@)S(z, )
47 |k(w)[?
+ Py(p, )&, + P-(p, w)&.], D7)

(P(r, w)) = Re[Pr(p, w)éx

where the Cartesian components read

= ik (@) Y Bu(@)Mminlky(@)p]

Pr(p, w)
x{eTr Tk (@)p] — e X5 . Thy(@)p]),
(D8)
Py(p, ») = kj(w) Z Bu(@)minlky (@)p]
X {ewJ;:ernfl [kH (60),0] + e_WJ:IJrnJrl [kH (a)),o]},
(D9)
Plp, 0) = k(@) Y Bulw)
X {1 [k @)1 + s [k (@)%}
(D10)
In cylindrical coordinates,
 ko(@)S(z, ») .
(P(r, Cl))) = WRC[Pp(p, (l))ep
+ Py(p, w)e, + P.(p, w)e,], (D11)
where the p and ¢ components read
Ppp, w) =iky(w) Z Bu(@)msnlky (@)p]
X Dpin ik (@)p] = T, [k (@)pl}, (D12)

Polp @) =kj(@) Y Bu(@)minlky(@)p]

n=-—00

X AT ik @)p] 4+ T3 i1 [k (@)p]}. (D13)

Making use of the following Bessel function property

2v
Bt () 4 T (0) = — 3, (x), (D14)
Eq. (D13) reduces to
1 2k
Py(p. ) ”(‘”) Z Bu()
X (m + )Ty nlky (@)p]]. (D15)

Equations (D11), (D12), (D15), and (D10) are, respectively,
Egs. (44)—(47) of the main text.
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