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We present a scattering formalism to analyze the spin-momentum locking in structured holey
plasmonic metasurfaces. It is valid for any unit cell for arbitrary position and orientation of the
holes. The spin-momentum locking emergence is found to originate from the unit cell configuration.
Additionally, we find that there are several breakdown terms spoiling the perfect spin-momentum
locking polarization. We prove that this breakdown also appears in systems with global symmetries
of translation and rotation of the whole lattice, like the Kagome lattice. Finally, we present the
excitation of surface plasmon polaritons as the paramount example of the spin-momentum locking
breakdown.

I. INTRODUCTION

Metasurfaces based on plasmonic arrays have been
demonstrated to have a plethora of applications [1, 2]
such as sensing [3], imaging [4, 5], or telecommunications
[6]. In particular, geometric phase metasurfaces (GPMs)
have gained significant attention in the last years due
to their ability to manipulate the polarization of light
waves in a controllable manner [7–11]. One important
property of these metasurfaces is that they can exhibit
spin-momentum locking (SML), which refers to the cou-
pling between the polarization and the momentum of the
involved light waves [12].

Despite the evidenced applicability of these plasmonic
GPMs and numerous numerical studies, no first prin-
ciples rigorous theoretical analysis had been developed.
There have been studies for continuously space-variant
structures [13] and for structures with translation and
rotation symmetries of the whole lattice under stringent
conditions for the direction of the electric field [14]. Re-
cently, we have applied a scattering formalism to study
holey plasmonic GPMs that present a chiral arrangement
in the unit cell [15].

This article presents a general analysis of the SML
on GPMs, extending our previous study to lattices that
present full translation and rotation symmetry. In par-
ticular, we apply it to the Kagome lattice, which has
been considered as a platform for GPMs [14, 16] and also
studied due to its relevance in antiferromagnets [17, 18].
Our results provide a comprehensive understanding of
the SML mechanism on GPMs and have important im-
plications for designing and optimizing these metasur-
faces. Based on this general formalism, we demonstrate
that the appearance of the SML breakdown is ubiquitous
for any system, revealing the interplay between the SML
and the linear character of the surface plasmon polaritons
(SPPs). The SML breakdown appears in systems with
and without global rotation symmetries, both of which
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will be considered below.

II. THEORETICAL FORMALISM

The general derivation of the scattering formalism used
in this paper is provided in the Supplemental Material of
[15]. In this section, we present the essential elements
required to comprehend the relevant terms of the for-
malism, along with the article’s results.
We consider a general plasmonic metasurface, this is,a

metal slab characterized by a periodically repeated unit
cell with an arbitrary number of elements (N) distributed
in. A huge variety of shapes can be considered [19–22]
yet we will focus on one of the simplest ones, rectangular
dimples, which corresponds to the study of our metasur-
faces by reflection. Analyzing them by transmission, if
we had considered holes, would lead to the same main
results. Each dimple has a short side a, a long side b,
and depth d. Furthermore, each dimple is defined by its
position (r⃗α = (xα, yα)

T ) and the angle with respect to
the u⃗x direction (θα), where α is the index associated
with each dimple.

FIG. 1. Scheme of the excitation of the metasurfaces. i0 is the
amplitude of the incident plane wave and rm are the reflection
coefficients of the Bragg modes.

An electromagnetic (EM) plane wave is impinging our

metasurface with an in-plane wavevector k⃗in = kinx u⃗x +
kiny u⃗y and an incident polarization σin, and our goal is
to compute the reflection coefficients into the different
Bragg orders (see Figure 1). For this purpose, we em-
ploy the coupled-mode method (CMM), which has been
extensively used in the study of EM properties in metal-
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lic dimple arrays [15, 22, 23]. The CMM expands the
EM fields in plane waves in the free space regions and
waveguide modes inside the dimples, and finds the elec-
tric field amplitudes by properly matching the EM fields
at the interfaces.

The reciprocal lattice vectors that define our unit cell

in the Fourier space are G⃗1 and G⃗2. The Bragg modes

are characterized by an in-plane wavevector k⃗m = k⃗in +

m1 G⃗1+m2 G⃗2 and a polarization σ. We will combine the
integers m1 and m2 into a single index: m = (m1,m2),
for notational simplicity.

We can treat the metallic structure using the surface
impedance boundary conditions (SIBC) approximation
(see Appendices A, C and E). However, here we use the
perfect electric conductor (PEC) approximation because
it is enough to describe the systems qualitatively [15, 23].

It is convenient to express the polarization of each
Bragg mode on the circular polarization (CP) basis to
study the SML provided by our metasurface. We rep-
resent the reflection coefficients as spinors to contain
both spin components: rm = (r+m, r−m)T , where ± de-
note the right- and left-handed polarization (or spin),
each of them defined within the plane perpendicular to
the wavevector associated to the Bragg mode m. This
representation is chosen because the spin of a plane wave
is conserved upon reflection by a mirror [24–27] (while
the helicity changes sign).

The reflection coefficients in the CP basis with respect
to the propagation directions satisfy the following equa-
tions

rm = −δm0 i0 + Cm0 Y0 i0 −
∑
m′

Cmm′ Ym′ rm′ . (1)

The first term is the specular reflection, being i0 the am-
plitude of the incident plane wave and δm0 the Kronecker
delta. Cmm′ are the geometric couplings [15], which are
2×2 matrices operating in polarization space. They cou-
ple different Bragg modes (m′ withm) via scattering with
the plasmonic metasurface and encode the geometry of
the unit cell through the overlaps between the Bragg and
the waveguide modes.

Ym′ are also 2× 2 matrices representing the modal ad-
mittances. They relate the in-plane magnetic field to the
electric one and, in the CP basis, can be written as Ym′ =
Ȳm′ 1+∆m′ σx, where 1 and σx are the 2×2 unit matrix
and the Pauli matrix that swaps spin states, respectively.
In terms of the linear p (transverse magnetic) - s (trans-
verse electric) polarized basis, Ȳm′ ≡ (Ym′p + Ym′s)/2
and ∆m′ ≡ (Ym′p − Ym′s)/2. For a plane wave with fre-

quency ω and in-plane wavevector km′ = |⃗km′ | propagat-
ing in a uniform medium with dielectric constant ϵ, the
modal admittances are Ym′p = ϵ/qm′z and Ym′s = qm′z,

where qm′z =
√
ϵ− q2m′ (qm′ = c km′/ω and c is the

speed of light). Notice that ∆0 = 0 at normal incidence,
while both Ȳm′ and ∆m′ diverge at the Rayleigh points
(i.e., whenever a diffractive order becomes tangent to the
metal-dielectric interface).

The geometric couplings allow us to explore the SML
emergence because they provide the coupling between
two different Bragg modes and their corresponding CP
components. They can be written as

Cmm′ = Rk(m)←zCz
mm′Rz←k(m′). (2)

The interaction of the Bragg modes is ruled through the
dimples, so the in-plane EM fields are the ones playing a
role in the couplings. Therefore, the origin of the SML
resides in the properties of the geometric couplings in
the CP basis but with respect to the u⃗z direction, Cz

mm′ .
However, each Bragg mode is transversal so its polariza-
tion is defined with respect to the propagation direction.
Then, we need the R’s to encapsulate the change of basis
with respect to the u⃗z and the propagation direction.
The expression is just Rk(m)←z =

1
2

[
(
√

q2mz + q2m/qmz + 1) 1 + (
√

q2mz + q2m/qmz − 1)σx

]
.

So, σx also appears in Cmm′ , swapping the spin states
as in the modal admittances.
On the other hand, the expression for Cz

mm′ is:

Cz
mm′ = C ′

N−1∑
α=0

SmαS
∗
m′α, (3)

where C ′ is the dimple cross-section, which depends on
the dimple area and depth, and the impedance of the
waveguide mode; and Smα is a geometrical factor that
measures how well a given EM plane wave overlaps with
the fundamental mode in the dimple (details in Ap-
pendix A and [15]).
Both σx appearances (in Ym′ and Cmm′) contribute to

the mixing of the spin components of the Bragg modes,
reducing the SML contrast and producing what we coined
as spin-momentum locking breakdown in [15]. We have
shown that the SML breakdown terms are ubiquitous to
any configuration independently on whether they host
or not global rotation symmetries. The paramount ex-
ample of the relevance of the SML breakdown is the
excitation of SPPs because both ∆m′ , and the factor
(
√
q2mz + q2m/qmz − 1)) appearing in R, rise and become

as large as Ȳm′ and (
√
q2mz + q2m/qmz + 1)).

In the succeeding sections, we will describe two dif-
ferent, although related, structures: without and with
global rotation symmetries. For both, we will present the
SML mechanism derived from their geometric couplings
and the SML breakdown effects.

III. SPATIALLY ROTATED DIMPLES ALONG
u⃗x DIRECTION

We consider a rectangular unit cell of N = 3 dimples
evenly spaced along the u⃗x of the unit cell, with L be-
ing the distance between the centers of the two nearest
dimples, in both x- and y- directions. We consider that
θα varies linearly with α: θα = 2πnwα/N , where the
winding number nw defines the number of complete 2π
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An array showing
3x3 unit lattices

FIG. 2. (a) Unit cell with N = 3 spatially rotated dimples and nw = 1, and scheme of the considered full array, showing 3× 3
unit lattices. (b) Geometric couplings with respect to the u⃗z direction, considering m′

1 = m′
2 = m2 = 0 and spinor +. The spin

+/− component is represented in red/blue. (c, d) |∆rm| with respect to m = m1 and m2 = 0, computed by taking a normal
incident plane wave with spin +. Chosen geometrical parameters: L = 460nm, a = 80nm b = 220nm, and d = 60nm. (c) is
computed away from an SPP resonance, with incoming energy ω = 3 eV . (d) is for an SPP resonance associated to the Bragg
modes m1 = ±3, with incoming energy ω = 2.69157 eV . We break the y-axis for a better observation of every Bragg mode.

rotations along the unit cell. The system is depicted in
Figure 2a, where the winding number is nw = 1. The
case presented in [15] is similar and the appearance of
SML breakdown was already demonstrated. The choice
of N = 3 and nw = 1 is based on the system considered
in the next section, the Kagome lattice, whose unit cell
can be seen as three clusters of three dimples each, with
winding numbers of nw = 1 as well. Another reason for
considering N = 3 is because the rotation steps of 2π/3
are very far from the adiabatic and continuous condition
required to apply the Berry phase formalism, which was
conceived to analyze adiabatic and continuous deforma-
tions of a closed spatial path.

Notice that although the dimples perform a step-wise
rotation along the unit cell, the whole lattice does not
support global rotation symmetry.

For this case, the reciprocal lattice vectors are: G⃗1 =

2π/(NL) u⃗x and G⃗2 = 2π/L u⃗y. Considering m2 = m′2 =
0 is enough to explore the underlying physics because
there is no inversion symmetry breaking along the u⃗y di-
rection [14, 15]. Thus, we consider m = m1, m

′ = m′1
and kmy = km

′

y = 0. Besides, the small-dimple approxi-
mation simplifies the overlapping integrals by considering
the dimples much smaller than the wavelength. Then,
Cz

mm′ reads

Cz
mm′ = C

2∑
α=0

ei2πα(m
′−m)/N

(
1 e−i2π2nwα/N

ei2π2nwα/N 1

)

= CN

(
δm,m′+n0N 1 +

∑
s=±

δm,m′+n0N−2nws σs

)
,

(4)
where n0 is any integer, σ± are Pauli matrices that
increase and decrease spin, respectively, and C =
4abC ′/(π2Auc), being Auc the area of the unit cell.
The SML mechanism is derived exactly from Eq. 4.

The first term corresponds to the spin-preserving pro-
cesses and the associated Bragg law is koutx = kinx +n0 G

0,

with G0 = 2π/L. Two Bragg modes with a difference
in indices proportional to N can be coupled if spin is
preserved. The second term describes the spin-flipping
processes and the associated Bragg law is koutx = kinx +
n0G

0 ∓ kg, where kg = 2π2nw/(NL) is the geometric
momentum. Two Bragg modes with a difference in in-
dices proportional to N ± 2nw can be coupled if spin is
changed to ∓1, which is exactly the spin-to-momentum
conversion of the SML.
To illustrate this, we come with spin + ≡ (1, 0)T and

represent both spin components of the normalized ampli-
tudes of the geometric couplings in the CP basis. This
is, cm1,0 ≡ (c+m1,0

, c−m1,0
)T = Cz

m0 · (1, 0)T /(CN).

In Figure 2b, we represent |c±m1,0
|. The SML is evident.

Spin is preserved for m1 = 0,±3, which are multiples of
N ; and spin is flipped for m1 = 2,−1, which are 2nw and
2nw−N respectively. Hence, the exact SML mechanism
arises from the geometric couplings with respect to the
u⃗z direction, Cz

mm′ .
When computing the full EM system (reflection coeffi-

cients), breakdown terms appear in both geometric cou-
plings and modal admittances. Additionally, there is the
contribution from the specular reflection. As we want to
study the interaction of the light with the dimple lattice,
we define ∆rm = rm+δm0 i0, which removes the specular
reflection from the zero order for a better observation of
the SML breakdown.

In Figure 2c we represent |∆r±m1,0
| for an incoming

plane wave impinging normally to the metasurface with
spin + and energy ω = 3 eV . The consequences of the
SML breakdown terms are already noticeable: all the
Bragg modes are a combination of both CP states, and
the perfect SML does not hold anymore but is recog-
nizable. Since at that frequency SPP resonances are not
excited, the general behavior is still similar to the perfect
SML.

Note that we are studying a plasmonic metasurface and
the breakdown is maximum when a plasmonic resonance
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is excited [15]. Thus, we show the reflection coefficients
when we are at a plasmonic resonance in Figure 2d. We
represent |∆r±m1,0

| at a SPP resonance associated to the
Bragg modes m1 = ±3. We use an incoming plane wave
impinging normally to the metasurface with spin + and
energy ω = 2.69157 eV . The consequences of the SML
breakdown terms are now predominant: |∆r±±3,0| are very
large and both spin components are similar, which is
characteristic of the linear p polarized character of the
SPP. Moreover, the perfect SML behavior cannot be rec-
ognized because of SML breakdown, being spoiled and
mixed both spin components of all the Bragg modes.

IV. KAGOME LATTICE

In this section, we present the main result of the article:
the appearance of the SML breakdown in a system with
combined translation and rotation symmetry of the whole
lattice. This is the staggered (or

√
3×

√
3) Kagome lattice

(KL) [14, 18, 28]. The reciprocal lattice vectors of the KL

are: G⃗1 = 2π/(3L) u⃗x and G⃗2 = π/(3L)(−u⃗x +
√
3u⃗y).

We will analyze its geometric couplings, as well as the

reflection coefficients.
This symmetry is important because it has been used

in other works [14] to study the appearance of SML via
group theory arguments, although restricted to waves
with an electric field perpendicular to the surface and
at normal incidence.
Figure 3a shows a schematic representation of the con-

sidered KL. The unit cell is defined by the dashed lines
and is composed of N = 9 dimples, defined by the posi-
tions of their centers and their angles with respect to
the u⃗x direction (see Table I in Appendix B). These
nine dimples can be subdivided in three similar clusters
{α} = {{0, 1, 2}, {3, 4, 5}, {6, 7, 8}}. The dimples in each
cluster are distributed forming an equilateral triangle,
with angles that are step-wisely rotated with a winding
number of nw = 1.
Each triangular cluster has the same number of dim-

ples and same winding number as the rectangular unit
cell of the previous section. However, they have different
spatial distribution. Consequently, the involved Bragg
modes in the KL host similar, but different, coupling pro-
cesses.

The geometric couplings in the circular polarization
basis with respect to the u⃗z in the PEC and small-dimple
approximations are,

Cz
mm′ =C

8∑
α=0

ei(k⃗m′−k⃗m)r⃗α

(
c++ c+− e−i2θα

c−+ ei2θα c−−

)
=C Amm′

(
c++ δm1+m2,m′

1+m′
2+3n0

−c+− δm1+m2,m′
1+m′

2+3n0−2nw

−c−+ δm1+m2,m′
1+m′

2+3n0+2nw
c−− δm1+m2,m′

1+m′
2+3n0

)
,

(5)

where we have defined cσσ′ = (k⃗m·σ⃗)(σ⃗′ ·⃗km′)/(kmkm′),
being σ⃗ = u⃗x + iσu⃗y, with σ = ±. These cσσ′ are
the projections of the Bragg modes m and m′ with the
circular polarizations σ and σ′, respectively. The Kro-
necker deltas provide the selection rules between these
Bragg modes, being n0 an integer. Besides, depending
on the Bragg modes to be coupled, the coupling am-
plitude is different: |Amm′ | = N if both ∆1 and ∆2

are even, and |Amm′ | = N/3 in the rest of cases; being
∆1/2 = m′1/2 −m1/2. This is inferred from the sum over

the dimples in the unit cell, in the first line of Equation 5.

Equation 5 rules two different processes. One pro-
cess (given by the diagonal elements of Cz

mm′) conserves
spin. The corresponding Bragg law, called standard

Bragg law [14] is k⃗out = k⃗in +m1 G⃗1 +m2 G⃗2 such that
m1 + m2 = 3n0 (notice that the incident plane wave
corresponds to m′1 = m′2 = 0) . The other process flips
spin (off-diagonal elements of Cz

mm′). The corresponding
Bragg law, called spin-orbit Bragg law [14], satisfies an-
other condition: m1+m2 = 3n0∓ 2nw, which is exactly
the SML mechanism.

Figure 3b shows the SML mechanism derived from

the geometric couplings. We represent cm1,m2
= Cz

m0 ·
(1, 0)T /(CN), where (1, 0)T is the spinor for the spin +.
Although we have considered both m1 and m2 in the
calculation, we take m2 = 0 for a simpler representation.
We observe the feature of the coupling amplitudes Amm′

of the different processes. It is easy to observe that the
SML mechanism that we described above is satisfied.
Once we have shown how the SML arises from the ge-

ometric couplings for the KL, we look at ∆rm. In Fig-
ure 3c we represent |∆r±m1,0

| for an incoming plane wave
with spin +, energy ω = 3 eV and normal to the meta-
surface. Since SPPs are not excited at that frequency,
the general behavior is similar to the perfect SML, al-
though we already see some signatures of the breakdown.
The amplitude relation between the different modes is no
longer exactly satisfied, and we also observe small ampli-
tudes of modes that should be zero if SML were exact.
Finally, in Figure 3d, we show the reflection coeffi-

cients when a plasmonic resonance is excited. We repre-
sent |∆r±m1,0

| at a SPP resonance associated to the Bragg
modes m1 = ±3. We use an incoming plane wave with
spin +, energy ω = 2.69367 eV and impinging normally
to the metasurface. The SML breakdown terms have ac-
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a) b) c) d)Unit cell Geometric couplings
Away from 

SPP resonance At SPP resonance

FIG. 3. (a) Unit cell of the
√
3×

√
3 Kagome lattice, defined by the dashed line with the three clusters highlighted in red. (b)

Geometric couplings with respect to the u⃗z direction, considering m′
1 = m′

2 = m2 = 0 and spinor +. The spin +/− component
is represented in red/blue. (c, d) |∆rm| with respect to m = m1 and m2 = 0. Computed by taking a normal incident plane
wave with spin +. Chosen values: L = 460nm, a = 80nm b = 220nm, and d = 60nm. (c) Computed away from an SPP
resonance, with incoming energy ω = 3 eV . (d) Computed at an SPP resonance associated to the Bragg modes m1 = ±3, with
incoming energy ω = 2.69367 eV . We break the y-axis for a better observation of every Bragg mode.

quired a governing relevance. |∆r±±3,0| are very large and
both spin components are similar, which is characteristic
of the linear p polarized character of the SPP. From these
resonantly excited modes, successive couplings with other
modes can occur. In consequence, we cannot recognize
anymore the expected SML because both spin compo-
nents of all the Bragg modes are spoiled and mixed.

The physical interpretation is as follows: the EM fields
carry CP light perpendicular to the propagation direction
of the plane waves. However, the system has a particular
symmetry perpendicular to the planar metasurface (u⃗z

direction). This mismatching results in that when the CP
light gets projected onto the planar surface, it becomes
elliptical (which is a combination of the two CP states)
and then, the SML is spoiled.

V. CONCLUSION

We have shown that even a system with combined
translation and rotation symmetry of the whole lattice
suffers spin-momentum locking breakdown. The phys-
ical interpretation lies in the elliptical projection onto
the planar metasurface of the circularly polarized light.
Therefore, together with the results obtained in [15], this
shows that any system, with or without global lattice
symmetries, presents breakdown of the SML. Nonethe-
less, we stress that the breakdown terms are often small,
so the SML is a useful concept. However, in some cases
such as the plasmonic resonances, breakdown terms be-
come very relevant. Plasmon resonances are, thus, the
paramount example of SML breakdown.

Despite the occurrence of this breakdown, it presents
an opportunity to optimize the system in order to min-
imize it. Additionally, other applicative perspectives
could be renewed by the consideration of the results pre-
sented in this work, such as optovalleytronic systems [29],

non-linear hybrid metasurfaces [30], and topology-based
high-resolution sensors [31].
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Appendix A: Details of the theoretical formalism

Here, we extend the calculations presented in the main
text and introduce the required quantities such as C ′ and
the overlapping integrals.

We present the formalism within the surface
impedance boundary conditions (SIBC) approximation.
The SIBC approximation provides a more accurate
derivation because it considers the real dielectric con-
stant of the metal ϵM (ω), via the Lorentz-Drude model
[32], and also the penetration of the EM fields into the
metal through the surface impedance zs = 1/

√
ϵM . Yet,

we consider zs = 1/
√
ϵM + 1, which is a phenomenologi-

cal correction that leads to the exact dispersion relation
of surface plasmon polaritons (SPPs) in a metal-vacuum
interface. The reflection coefficients are now
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f+
m rm = −f−0 δm0 i0 + Cm0 Y0 i0 −

∑
m′

Cmm′ Ym′ rm′ ,

(A1)
where the SIBC signatures are encapsulated in the ge-
ometric couplings and in the quantities f±m, which are
2× 2 matrices in the CP basis with respect to the prop-
agation of the m-th Bragg mode, that depend on the
surface impedance zs such that:

f±m =
1

2

(
f±mp + f±ms f±mp − f±ms

f±mp − f±ms f±mp + f±ms

)
, (A2)

with f±mσ = 1± zsYmσ and σ = { p, s}.
The dependence of the metal approximation in the ge-

ometric couplings is encapsulated in the constant C ′:

C ′SIBC =
1

Y

f+ f− (1 + Φ)

f+ − f− Φ
, (A3)

whereas

C ′PEC =
1

Y

1 + Φ

1− Φ
, (A4)

being Y the modal admittance of the fundamental waveg-
uide mode, f± = 1 ± zs Y , Φ = −ei2k

w
z d and kwz is the

propagation constant along the z-direction of the funda-
mental waveguide mode. For a rectangular dimple with
long side b, filled with a material with dielectric constant
ϵd, k

w
z =

√
ϵd(ω/c)2 − k2w, with kw = π/b.

We posed in the main text that the geometric couplings
depend on the overlapping integrals Smσα between the
Bragg modes (characterized by m and σ) and waveguide
modes (characterized by the dimple index α). A gen-
eral expression for the overlapping integrals is intricate
because of the dependence on the in-plane momenta and
the size of the dimples (it can be found in [15]). However,
if we consider the small-dimple approximation for which
the dimple size is smaller than the wavelength, they read

Smσα =

√
ab

2Auc

4

π
vmσα e−ik⃗mr⃗α , (A5)

where Auc is the area of the unit cell, σ is the polarization
of the considered Bragg mode, and vmpα = (kmx cos θα +
kmy sin θα)/km and vmsα = (−kmy cos θα + kmx sin θα)/km,
being kmx and kmy the x and y components of the in-plane

momentum k⃗m, respectively.
With these expressions, one can easily achieve the geo-

metric couplings for both systems presented in the main
text (see Equations 4 and 5).

Appendix B: Kagome lattice elements

In Tab. I, we present the defining quantities for all the
dimples comprising the analyzed Kagome lattice. We
label each dimple with an index α and show its center
position and its angle.

α xα yα r⃗α θα

0 2L
√
3L 2R⃗1/3 + R⃗2/6 π/2

1 3L
√
3L R⃗1 7π/6

2 5L/2 3
√
3L/2 5R⃗1/6 + R⃗2/3 11π/6

3 0
√
3L R⃗1/2 7π/6

4 L
√
3L R⃗1/3 + R⃗2/3 11π/6

5 L/2 3
√
3L/2 R⃗1/6 + 2R⃗2/3 π/2

6 L 2
√
3L R⃗1/3 + 5R⃗2/6 11π/6

7 2L 2
√
3L 2R⃗1/3 + 2R⃗2/3 π/2

8 3L/2 5
√
3L/2 R⃗1/2 + R⃗2 7π/6

TABLE I. Centers positions (also in terms of the direct lattice

vectors R⃗1 = 3Lu⃗x +
√
3Lu⃗y and R⃗2 = 2

√
3Lu⃗y) and angles

for theN = 9 dimples constituting the unit cell of the
√
3×

√
3

KL represented in Figure 3a.

Appendix C: SIBC approximation in the KL

a) b)

FIG. 4. ∆rm with respect to m = (m1,m2). The spin +/−
component is represented in red/blue, and we have consid-
ered m2 = 0. It has been computed taking a normal inci-
dent plane wave with spin +. Chosen geometrical parame-
ters: L = 460nm, a = 80nm b = 220nm, and d = 60nm.
We have considered the SIBC approximation, phenomenolog-
ically enlarging the dimple dimensions by 1.25 times the skin
depth to consider the EM field penetration in the metal [19].
a) Away from any plasmonic resonance, with ω = 3 eV energy
for the incident plane wave. b) At the plasmonic resonance
associated with the Bragg modes m1 = ±2, with ω = 1.73 eV
energy for the incident plane wave. The shadowed region in-
dicates modes that are outside the light cone.

In this section, we expand on the SML breakdown cases
that we studied in the main text for the Kagome lattice.
We compute the effect of considering the SIBC approxi-
mation and finite-size dimples. This is shown in Figure 4,
where we consider a representative case of non-resonant
excitation and another case of a resonant plasmonic ex-
citation. In both cases, we represent ∆rm and sweep m1.
We observe the effect of the SIBC approximation at first
glance. The zero order is larger than the rest (except
when we excite an SPP and the resonant modes govern).
Furthermore, the SML breakdown is evident in both fig-



7

ures, although the underlying SML can be noticed in the
orders m1 = −1, 2 of Figure 4a where the spin − compo-
nent is larger than the spin + one, for instance. Besides,
in Figure 4b we observe the same behavior of huge |∆r±±2|
as we presented in the main text for |∆r±±3|. Therefore, in
the SIBC approximation, the SML becomes less evident
because of the metal absorption.

In this case and below, we have kept m2 = 0 not only
for the representation but also for the simulation. This

does not affect the physical behavior because the G⃗1 di-
rection presents a breaking of the inversion symmetry
[14, 15].

Appendix D: Analysis of the incident momentum in
the KL

a)

b) d)

c)

Neglecting SML
breakdown terms Full calculation

FIG. 5. Absolute value for both spin components (red/blue is
spin +/−) for two reflection coefficients r3,0 and r2,0. We
take m2 = 0, kin

y = 0, ω = 1.79 eV and incoming spin
+. (a, b) are computed neglecting SML breakdown terms.
(c, d) are computed considering the SML breakdown terms
(full calculation). We take the PEC and the small-dimple ap-
proximations. Chosen geometrical parameters: L = 460nm,
a = 80nm b = 220nm, and d = 60nm. The shadowed region
indicates that reflection coefficients are outside the light cone
for that incident momentum kin

x .

We have focused on the KL by analyzing its SML, the
breakdown terms, and its dependence on being or not
at a plasmonic resonance. For the latter analysis, we
have varied the energy and kept the normal incidence.
However, we can also excite different SPP resonances by
varying the incident momentum. This section will show
how the reflection coefficients behave when the incident
momentum is varied away from the normal.

Figure 5 represents the absolute value of both spin
components for two reflection coefficients: r3,0 and r2,0,

with respect to the incident momentum in the x di-
rection: kinx . We have chosen the representative val-
ues of kiny = 0, ω = 1.79 eV and σin = +. Fig-
ures 5a and 5b show that there is only one spin com-
ponent for each mode, which is in excellent agreement
with the SML features derived from the geometric cou-
plings Cz

mm′ . The three small peaks for each subfigure
correspond to plasmonic resonances which, given that
breakdown terms have been neglected, preserve the SML.
However, when we perform the full calculation, consid-
ering all SML breakdown terms, both spin components
are non-negligible and the SML is spoiled (see Figures 5c
and 5d). Besides, when the corresponding plasmonic res-
onance is associated with the Bragg mode that we are
representing via the reflection coefficient, there is an en-
hancement of the latter. This was also seen in the |∆rm|
plots of the main text.
Logically, the SML breaks down when a plasmonic res-

onance is excited because the SPPs are linearly p polar-
ized. However, this breakdown persists even when kinx is
increased away from resonance. The reason is that for
larger kinx , the Bragg modes associated with these reflec-
tion coefficients (r3,0 and r2,0) are evanescent. Given this
and considering that both breakdown sources (modal ad-
mittances and the change of basis matrices) depend on
the momentum in the u⃗z direction of the corresponding
Bragg mode qmz, it is easy to infer that the evanescent
modes introduce a strong breakdown as well.

Appendix E: Analysis of the approximations in the
KL

The results presented in the main text are computed
in the PEC and small-dimple approximations. On the
other hand, in Figure 4 we showed what happens if we
calculate the same quantities but in the SIBC approxima-
tion and with finite-size dimples. A global comparison is
still lacking. For this reason, in Figure 6, we display the
five possibilities: neglecting the SML breakdown terms
(blue), PEC and small-dimple (red), PEC and finite-size
(yellow), SIBC and small-dimple (purple), and SIBC and
finite-size (green).
Along the main text and the rest of the appendices, we

have dealt with two of the five approximations detailed
in Figure 6. In Figures 2c, 2d, 3c, 3d, 5c and 5d, we
considered the PEC and small-dimple approximations, or
what we call “full calculation”. Besides, in Figure 4, we
used the SIBC and finite-size approximations. Therefore,
we present Figure 6 to compare them and add the rest
of the possible combinations: neglecting SML breakdown
terms, PEC with finite-size, and SIBC with small-dimple
approximations.
The effects of the different approximations are ob-

served in Figure 6, representing both spin +/− compo-
nents of the reflection coefficients. Blue dots represent
the case of neglecting SML breakdown terms; because of
that, some modes are zero (not seen). This approxima-
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a)

b)

FIG. 6. Both spin components of ∆rm. a) ∆r+m, spin +
component. b) ∆r−m, spin − component. They have been
computed taking a normal incident plane wave with spin +
and energy ω = 3 eV , and we have consideredm2 = 0. Chosen
values: L = 460nm, a = 80nm b = 220nm, and d = 60nm.

tion is equivalent to the behavior of the geometric cou-
plings Cz

mm′ . The rest of the approximations represent
different levels of SML breakdown. The smallest SML
breakdown is obtained when the metal is considered as a
PEC and the dimples are very small, whereas the max-
imal breakdown appears when the metal is real and the
dimples are finite-sized. Moreover, a general pattern ap-
pears: the effect of the dimple size is less relevant than
the effect of the PEC approximation. That is to say,
choosing small dimples or finite dimples only provides a
small deviation over the reflection coefficients. However,
a greater difference appears between the PEC and the
SIBC approximations.

Note that we have stayed away from any plasmonic
resonance for this comparison because the plasmonic res-
onance locations depend on the considered metal approx-
imations.
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M. L. de la Chapelle, Phys. Rev. B 71, 085416 (2005).

https://doi.org/10.1088/0953-8984/20/30/304214
https://doi.org/10.1088/1367-2630/15/3/033026
https://doi.org/10.1088/1367-2630/15/3/033026
https://doi.org/10.1088/1367-2630/14/5/053050
https://doi.org/10.1088/1367-2630/14/5/053050
https://doi.org/10.1080/09500340.2013.829874
https://doi.org/10.1080/09500340.2013.829874
https://doi.org/10.1098/rsta.2015.0433
https://doi.org/10.1098/rsta.2015.0433
https://doi.org/10.1098/rsta.2015.0433
https://doi.org/10.1038/nmat1353
https://doi.org/10.1038/nmat1353
https://doi.org/10.1038/s41467-021-24728-y
https://doi.org/10.1038/s41467-021-24728-y
https://doi.org/10.1038/s41566-019-0399-1
https://doi.org/10.1088/1361-6633/aa8732
https://doi.org/10.1088/1361-6633/aa8732
https://doi.org/10.1103/PhysRevB.71.085416

	Spin-momentum locking breakdown on plasmonic metasurfaces
	Abstract
	Introduction
	Theoretical formalism
	Spatially rotated dimples along x direction
	Kagome lattice
	Conclusion
	Acknowledgements
	Details of the theoretical formalism
	Kagome lattice elements
	SIBC approximation in the KL
	Analysis of the incident momentum in the KL
	Analysis of the approximations in the KL
	References


