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Spin angular momentum (SAM), a fundamental property of light, is associated with the right-hand
and left-hand circular polarizations. It has never been trivial to engineer a light beam with desired SAM,
and especially at the frequency regime other than the visible region. A widely used approach is to build
periodic arrays of plasmonic nanostructures that host two orthogonal dipole resonances. As the unit cell, its
structure design is crucial, but the design principle remains obscure. We present a model of two orthogonal
resonant Lorentz dipoles to quantitatively describe the creation of SAM in such plasmonic quarter-wave
plates. The equal amplitude and π/2 phase difference are essential. The requirements can be achieved by
structure modulation and, in addition, the amplitude can be manipulated by varying the polarization angle
of incident waves. In practice, the resonant frequency difference of two dipoles �ω = |ωA − ωB|, and their
damping rate κA and κB, should meet a basic criterion, such as �ω � √

κAκB. As an illustration, we design
a cross-shaped circular polarization convertor, and show its structure and incident angle optimization.
We find the optimal working frequency ωopt is roughly equal to

√
ωAωB at the critical condition �ω =√

κAκB. Our results provide good guidance on the design of SAM-enabled plasmonic devices for versatile
applications.

DOI: 10.1103/PhysRevApplied.13.014029

I. INTRODUCTION

Spin angular momentum (SAM), also known as spin,
is an intrinsic property of elementary particles [1,2]. The
SAM of photons (+� and −�) is the quantum-mechanical
counterpart to the right-hand and left-hand circular polar-
izations (CPs) of light, with electromagnetic fields rotat-
ing about the wave vector [3,4]. Traditionally, in the
visible region, SAM can be generated by quarter-wave
plates based on birefringence [5,6]. In nanophotonics, non-
Hermitian photonics with chirality [7] and topological
photonics with exceptional points [8,9] are proposed to
generate SAM. In metasurfaces [10,11], SAM can be pro-
duced from coherent radiation of nanoparticles or nanoan-
tennas that are arranged in a proper manner, especially at
infrared and terahertz frequencies [12–15]. In plasmonics,
SAM has been demonstrated in planar periodic arrays of
identical plasmonic nanostructures [16–24]. In all designs,
the unit cell is a primary factor, which acts as a parti-
cle carrying local SAM that emerges from the interplay
of two orthogonal resonant modes [25–31]. The plasmonic
nanostructures of this kind can also be the building block
for vortex beam shaping devices [32–37], for example,
an Archimedes spiral architecture formed by cross-shaped
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metallic slots [32,34]. On the other hand, SAM plays a
very important role in enhancing chiral light-matter inter-
actions, which has already been implemented to achieve
ultrasensitive sensing down to the molecular level [38–40].
In order to boost SAM-based applications, it is quite nec-
essary to understand the design principles for plasmonic
nanostructures. However, the understanding still remains
at the qualitative level [26,27], and is lacking clarity and
intuition.

In this paper, we propose a general theory to quanti-
tatively describe SAM conversion on plasmonic nanos-
tructures and provide evidence of it on cross-shaped gold
nanostructures. The theory shows that nanostructures host-
ing two independent and orthogonally oriented dipole
modes can produce ideal SAM when the two oscillating
dipoles have the equal amplitude and π/2 phase difference.
Both requirements can be made suitable through control-
ling the geometric parameter of nanostructures, and the
amplitude can be further adjusted by the polarization angle
of incident waves (the angle refers to the polar angle of
electric field vector with respect to the x axis, see Fig. 2(a)
for a schematic illustration). Moreover, we introduce a
simple Lorentz model to describe the optical response of
the two orthogonal dipole modes, and find that their reso-
nant frequencies (ωA and ωB) and damping rates (κA and
κB) are crucial for the design. Specifically, they should
satisfy a basic relationship �ω = |ωA − ωB| � √

κAκB. It
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is more appealing that these parameters are only material
and structure dependent (intrinsic properties of the plas-
monic nanostructures) and can be extracted directly from
eigenvalue calculations. Thus, it is a very efficient method
to estimate feasibility of the design and is also a very
good design guide. In the case of cross-shaped nanostruc-
tures, we show linear polarization (SAM σ = 0) can be
converted to left-hand circular polarization (LHCP with
SAM σ = −1) at an incident polarization angle of (0, 90◦),
and converted to right-hand circular polarization (RHCP
with SAM σ = +1) at an incident polarization angle of
(90◦, 180◦). The flexibility originates from different ini-
tial phases of the two dipoles caused by the projection
of incident electric field onto their oscillating directions,
which also offers a way to improve conversion efficiency
at desired working frequencies. Meanwhile, the theory
points out that the optimal working frequency satisfies
ωopt = √

ωAωB under the critical condition �ω = √
κAκB.

It should be emphasized that the theory is not limited to
specific plasmonic nanostructures discussed in this paper,
and can be applied to an arbitrary plasmonic nanostructure,
for instance U-shaped and E-shaped nanostructures and so
on [41–43].

II. THEORETICAL MODEL

The optical response of localized surface plasmons
(LSPs) in metallic nanostructures is well-described in
terms of a Lorentzian charge-oscillator model [44,45]. In a
system of multiple oscillations, the complex polarizability
α(ω) is composed of the contribution from each oscillator,
and the ith component can be [37,46–48]

αi(ω) = 3c3κri

2ω2
i

1
ω2

i − ω2 − iκiω
(i = 1, 2, . . . , N ), (1)

where ωi denotes the resonant frequency, κi is its total
damping rate, and κri is the radiative part of κi. These three
parameters can be extracted from eigenvalue calculations.
In practice, we proceed with a commercial software COM-
SOL MULTIPHYSICS and implement Eigenfrequency mod-
elling in the RF Module. The computed eigenvalues are
complex, which can be written as �̃ = �r + i�i. Mean-
while, the zero denominator of Eq. (1) leads to the complex
resonant frequencies as well. In short, we can substitute
ω with �̃ in the denominator, and finally obtain ωi =√

�2
r + �2

i and κi = −2�i. The last parameter κri can be
extracted similarly by setting the material with zero loss.

An incident wave with polarization angle θ , the electric
field being Einc = E0(cos θex + sin θey), will excite those
dipole modes that are not exactly orthogonal to Einc, and
the net dipole moment can be readily written as

pnet =
N∑

i=1

pi =
N∑

i=1

αi(Einc · ei)ei. (2)

For plasmonic nanostructures at optical frequencies, only
the two lowest-order dipole modes, denoted as pA and
pB, are of interest [N = 2 in Eq. (2)]. In the absence
of rotational symmetry, pA and pB are orthogonally
oriented and nondegenerate, for example, eA = ex and
eB = ey , and ωA �= ωB. In this sense, we have pA =
pxex and pB = pyey . Owing to the principle of super-
position, they are able to produce coherent radiation
with LHCP or RHCP when they have the equal ampli-
tude and π/2 phase difference. Based on amplitude-
phase description, they can be expressed as pA =
|pA| exp (iφA) eA and pB = |pB| exp (iφB) eB, and their ratio
pA/pB = |pA| / |pB| exp[i(φA − φB)]. The equal amplitude
indicates |pA| / |pB| = 1, and the phase requirement means
�φ = φA − φB = π/2. By examining Eq. (2), it is easy
to find that the amplitude is not solely determined by
the dipole modes, and can be further tuned by the polar-
ization angle of incident waves (see the term Einc · ei).
However, the projection of incident electric field is either
parallel or antiparallel to the dipole modes, which intro-
duces a constant additional phase π in some situations.
Thus, the phase difference can be separated into two parts
�φ = (ϕA − ϕB) + �ϕ0, where (ϕA − ϕB) comes from the
two modes, and �ϕ0 is the additional phase. In our designs,
�ϕ0 = 0 is the polarization angle at the first and third
quadrant, while �ϕ0 = π is the polarization angle at the
second and fourth quadrant. Then the phase requirement
can be reduced to �ϕ = ϕA − ϕB = π/2, which guides the
way to structure design, and the values of �ϕ0 only result
in the radiation with either LHCP or RHCP.

The condition �ϕ = π/2 can be achieved by design-
ing the two orthogonally oriented dipole modes pA and
pB. For simplicity, we consider the polarization angle of
incident waves to be 45◦, which gives Einc · eA = Einc ·
eB. Thereby, we can investigate αA and αB as an alter-
native, whose amplitude and phase can be easily calcu-
lated from Eq. (1). Supposing their resonance frequen-
cies ωA < ωB, the results are shown in Fig. 1. We find
that their amplitude curves always have a point of inter-
section located at the frequency range [ωA, ωB] (defined
as the working frequency range), which corresponds to
the frequency of equal amplitude, and as discussed pre-
viously, its exact position can be tuned by varying the
polarization angle. However, it is not so obvious to
obtain π/2 phase difference from their phase curves. As
the same response line shape, the curve of ϕB is blue
shifted from that of ϕA. Although the phase difference
is a function of frequency, the maximum phase differ-
ence can be continuously tuned from 0 to nearly π by
increasing blue shift. Thus, π/2 phase difference at the
working frequency range will require the blue shift to
exceed a critical value when the maximum phase differ-
ence of two curves attain π/2. It is unlikely to extract
the value from Fig. 1(b), and hence a quantitative under-
standing should be carried forward. Starting from the ratio
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(a)

(b)

A

B

FIG. 1. The spectrum curves of two orthogonally oriented
dipole resonances. (a) The amplitude spectra of mode A (blue
line) and mode B (red line) with different resonant frequencies ωA
and ωB respectively and (b), the corresponding phase response of
the two modes.

αA/αB = |αA| / |αB| exp[i�ϕ], when �ϕ = π/2, it is a
pure imaginary number with vanishing real part that gives

Re
(

ω2
A − ω2 − iκAω

ω2
B − ω2 − iκBω

)
= 0. (3)

After some simple algebra, Eq. (3) can be simplified to

ω4 − (ω2
A + ω2

B − κAκB)ω2 + ω2
Aω2

B = 0. (4)

The condition for existence of solutions is that the discrim-
inant of the equation should be greater than or equal to
zero, which is

(ω2
A + ω2

B − κAκB)2 − 4ω2
Aω2

B � 0. (5)

Finally, we have

�ω = |ωA − ωB| � √
κAκB. (6)

When �ω = √
κAκB, the maximum value of phase differ-

ence is π/2 [see the �ϕ curve, origin one in Fig. 1(b)]
and, therefore, the frequency at the peak position can
satisfy �ϕ = π/2. When �ω >

√
κAκB, the peak of �ϕ

curve will go over π/2. The π/2 phase difference can
be achieved at two frequencies, which are located at the
slope symmetrically with respect to the peak position.
However, it is easy to find that their ways of achieving
�ϕ = π/2 are different. The phase difference �ϕ goes
through π/2 smoothly at the peak, yet very rapidly at the
slope. This will cause distinct consequences. If we weaken

the requirement, such as |�ϕ − π/2| ≤ 5◦, the working
frequency at the peak position will have a much larger
bandwidth than that at the slope. Thus, it is very interest-
ing that the critical condition �ω = √

κAκB corresponds to
the optimal working frequency, which is ωopt = √

ωAωB as
obtained by solving Eq. (4).

In order to characterize the achievement of SAM quanti-
tatively, we introduce ellipticity χ , synthesizing the ampli-
tude and phase, which is defined as

χ = 2IAIB sin(�φ)

I 2
A + I 2

B
. (7)

Here IA and IB are the intensities of radiated waves gener-
ated by the dipole modes A and B, respectively, which are
linearly proportional to the square of the dipole moment,
such as IA ∝ |pA|2 and IB ∝ |pB|2. It can be seen that χ

depends on both amplitude and phase difference, but its
sign depends only on the phase difference. The value of
χ lies between −1 and 1, for instance |χ | � 1, where the
minimum (−1) and the maximum (1) represent perfect
LHCP and RHCP. The condition for χ to attain the bound-
ary values ±1 is |pA| = |pB| and �φ = ±π/2. Another
special case is χ = 0 corresponding to linear polarization,
which is encountered as either one of |pA| and |pB| being
zero or �φ = 0. Thus, the ellipticity χ provides an effi-
cient manner to depict SAM conversion. Even more impor-
tantly, it automatically embraces the two requirements:
equal amplitude and π/2 phase difference.

We now introduce a few numerical tips for calculat-
ing the ellipticity χ . The key step is to calculate the two
dipole moments pA and pB, which can be computed from
the theoretical model [Eqs. (1) and (2)] and full-wave
simulations. The simulations are carried out in COMSOL
MULTIPHYSICS, in which they are expressed as a surface
integral involving surface charge density η = ε0Ez, for
example px = ε0

∫∫
Ezx ds. To verify the theory, we also

compute absorption cross section σ abs from the model,
where σ abs = (ω/c)Im

{
px + py

}
/E0, and from the simu-

lations, in which σ abs can be computed from the volume
integral of a built-in function emw.Qh normalized by the
intensity of incident waves.

III. RESULTS AND DISCUSSIONS

In order to confirm our prediction and understand the
physical mechanism intensively, we employ the theory to
design a SAM convertor based on cross-shaped plasmonic
nanostructures, and to direct us towards the optimization
procedure. Figure 2(a) shows a schematic diagram of SAM
conversion (σ = ±1) when linearly polarized waves with
polarization angle 45◦ and −45◦ incident on a cross-shaped
plasmonic nanostructure. It is clear that different �ϕ0
leads to the radiation with different handedness. In prac-
tice, the structure is designed with two orthogonal arms
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(a) (b) (d)

(e)(c)

FIG. 2. (a) The schematic diagram of LHCP and RHCP conversion from linear polarization on cross-shaped plasmonic nanostruc-
tures. The illustration in the bottom right corner shows its front side, two arms of length l1 and l2, and with a square cross section of
side length w. (b) The absorption spectra computed from theory (blue curve) and full-wave simulations (red curve) at l1 = 450 nm,
l2 = 650 nm, and w = 50 nm. The insets are the surface currents (the lighter color indicates higher current density) of two resonant
dipole modes at the peak positions. (c) The ellipticity χ as a function of frequency obtained from the theory (blue curve) and the simu-
lation (red curve). The maximum value of χ leads to the best conversion efficiency. (d), (e) The normal electric field (Ez) distributions
near the lateral surface (xy plane) in one moment. The patterns are rotating over time, and the arrows of each black curve give their
rotational directions. The blue double-headed arrows represent the polarization direction of incident electric fields.

of same square cross section [its side length w as shown
in Fig. 2(a)] and of different length [i.e., l1 in x direction
and l2 in y direction as shown in Fig. 2(a)], which initial-
ize different resonance frequencies for the dipole modes
along two arms. In principle, the structure can be made
of any noble metals. As usual, gold is chosen for the
purpose, the optical response of which such as permittiv-
ity ε(ω) in the far-infrared regime can be described by a
Drude model ε(ω) = ε∞ − ω2

p/[ω(ω + iγ )], where ε∞ =
9 is the background screening, ωp = 1.37 × 1016 rad/s is
the bulk plasmon frequency, and γ = 7.6 × 1013 rad/s is
the damping rate.

For an intuitive demonstration, we set the length l1 =
450 nm, l2 = 650 nm, and the width w = 50 nm. When lin-
early polarized light of polarization angle 45◦ is incident,
the absorption cross sections obtained from full-wave sim-
ulation (red curve) and the theoretical model (blue curve)
are shown in Fig. 2(b), where the results are in good agree-
ment. The two peaks in the spectra are from the dipole
modes along two arms, and their current distribution are
indicated in the two insets. It is obvious that the current
of lower-frequency mode flows in the longer arm, and that
of higher-frequency mode flows in the shorter arm. Thus,
their resonance frequencies can be tuned independently by
the length of two arms. In Fig. 2(c), we present the ellip-
ticity spectra obtained from simulation (red curve) and the
model (blue curve). It can be seen that the perfect CP can
be nearly achieved at the peak position, where the work-
ing frequency is 1.87 × 1014 Hz and the model predicts a

maximum value of 0.94 for the ellipticity χ . In this case,
the LHCP is shaped and its normal component of elec-
tric field (Ez field) at the surface is shown in Fig. 2(d).
Similarly, if the polarization angle of the incident wave
is −45◦, the perfect RHCP will be roughly achieved and
χ will reach −0.94 at the same working frequency. Its Ez
field at the surface is shown in Fig. 2(e), which shows a
different chirality with respect to the wave vector.

So far we have demonstrated the conversion of CP
in cross-shaped plasmonic nanostructures. However, there
are still two issues remaining: first, whether the maximum
value of χ can be improved further; and, second, whether
the working frequency can be tuned continuously. As indi-
cated by the theory, these issues are closely related to the
difference of resonance frequencies �ω. In other words,
we have to manipulate the resonance frequencies of two
dipole modes. As they are determined by the length of
two arms separately, we can fix the length of one arm
and change the length of another arm. In practice, we set
l1 = 450 nm, and vary the length of l2 from 460 to 850 nm.
Without loss of generality, we compute the ellipticity χ

at the polarization angle of 30◦. The results from theo-
retical model [see Fig. 3(a)] show good agreement with
those from simulations [see Fig. 3(b)]. We can see that
the ellipticity χ can reach its maximum value of 1 when
l2 = 560 nm at 1.84 × 1014 Hz, and the working frequency
is not single-valued. The working frequency region, for
example, the curved area for χ > 0.9, exhibits an obvious
red shift as an increase of l2. Beyond this region, χ is very
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(a)

(b)

FIG. 3. The evolution of ellipticity χ as the length l2 varies
from 450 to 850 nm, on the cross-shaped plasmonic nanostruc-
ture of l1 = 450 nm and w = 50 nm. Color maps show the results
extracted from the theory (a) and from simulations (b). The black
curves mark the region of χ � 0.9. The same identification will
be used in the following figures.

small, where the CP cannot be well produced. We note that
as l2 < 500 nm, χ decreases to zero rapidly. This can be
easily explained by the theory, where as l2 approaches l1,
the difference of two resonance frequencies �ω becomes
very small and eventually smaller than

√
κAκB. Owing to

the theory, as �ω <
√

κAκB, the phase difference �ϕ can
never achieve π/2 and even gets very close to zero. On
the other side, as l2 moves far away from l1, χ decreases
gradually. Although in this region the π/2 phase difference
can be easily attained, it is very hard to meet the equal
amplitude requirement at identical frequencies. As illus-
trated by the theory, this can be improved by choosing a
better polarization angle than 30◦, which is discussed in
the following. We also note that there is a slight difference
between Figs. 3(a) and 3(b) in this region, because for a
longer l2 the higher-order modes will get involved, which

are taken into account by the full-wave simulations but not
by the theory.

In such cross-shaped plasmonic nanostructures, the
length of l1 and l2 determines both the phase difference
and amplitude. In the case described previously, if we
want to achieve a perfect CP at l2 > 750 nm, one can
increase the length of l1 simultaneously, and the resulting
working frequency will shift to a lower-frequency range.
Fortunately, the amplitude can be further tuned by the
polarization angle, which thereby offers an alternative way
to achieve a perfect CP at l2 > 750 nm. Following pre-
vious discussions, we are going to show the polarization
angle optimization procedure, for instance investigating
the evolution of χ at l2 = 500, 560, 650, and 750 nm.
The simulation results are shown in Fig. 4. It is clear that
the perfect CP can never be achieved at l2 = 500 nm [see
Fig. 4(a)], which, as mentioned previously, stems from
the absence of required phase difference. As l2 exceeds
500 nm, the phase requirement can be satisfied, and thus
the perfect CP can be obtained for certain polarization
angles. However, the ellipticity χ exhibits different distri-
butions. We find l2 = 560 nm gives the best CP conversion
efficiency [see Fig. 4(b), the curved area for χ > 0.9], in
which the working frequency can be controlled in a contin-
uous manner. Owing to the theory, it should correspond to
the case satisfying the critical condition �ω = √

κAκB, and
therefore the optimal working frequency ωopt = √

ωAωB =
1.85 × 1014 Hz (ωA = 2.00 × 1014 Hz at l1 = 450 nm and
ωB = 1.72 × 1014 Hz at l2 = 560 nm), which is in a good
coincidence with the optimal working frequency 1.84 ×
1014 Hz extracted from the calculations. As increasing l2
further, for instance l2 = 650 nm and 750 nm as shown
in Figs. 4(c) and 4(d) respectively, the continuous curved
area is reduced to two separated and small parts. It means
the CP conversion can only be operated in a very narrow
frequency band. This might hamper its practical appli-
cations. We should emphasize that a different length of
l1 corresponds to a different optimal length of l2. Here,
the optimal length 560 nm of l2 only works for the case
of l1 = 450 nm. A proper scaling law is expected in the
structure design, because the wavelength of two dipole
resonances is approximately equal to twice the length of
each arm. Therefore, it is alternative to broaden the oper-
ating frequencies further by a simple size scaling of the
structures, which could remedy the limitation of frequency
bandwidth.

In order to get a better view, we extract the maximum
value of χ at every polarization angle and their correspond-
ing frequencies. The results are summarized and presented
in Figs. 4(e) and 4(f). We can see that except for the
curve of l2 = 500 nm [red triangles in Fig. 4(e)], the other
three curves can reach about 1 at certain angles. We note
that the curve of l2 = 560 nm [green dots in Fig. 4(e)]
possesses a flat plateau, where the perfect CP conversion
can be achieved in a broad angle region. Owing to our
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(a) (b) (e)

(c) (d) (f)
Angle q (deg.) Angle q (deg.) Angle q (deg.)

Angle q (deg.) Angle q (deg.) Angle q (deg.)

FIG. 4. The simulated ellipticity spectra as a function of the polarization angle θ (the angle between incident electric field and the
shorter arm l1) at l2 length of (a) 500 nm, (b) 560 nm, (c) 650 nm, and (d) 750 nm. (e) The extracted maximum ellipticity χmax and
(f) its corresponding frequency fmax. In all calculations, l1 = 450 nm and w = 50 nm. The inset in (f) shows the amplitude spectra
(solid curves) of two dipole modes and their revised amplitude spectra (dashed curves) after the increase of angle θ .

calculations, the angle broadening �θ can be as large as
35◦ and, meanwhile, the working frequency broadening
�f can be up to 3.6 × 1013 Hz. It is also very interesting
that as shown in Fig. 4(f), the frequency at the maximum
ellipticity gradually increases with increasing polarization
angle θ . This behavior can be well explained by our the-
ory. Referring to Fig. 1(a), the crossing point of two curves
gives the frequency that meets the equal amplitude require-
ment. As increasing the polarization angle θ , the projection
of incident electric field into x and y direction is reduced
and amplified, respectively, and then the amplitude of the
two dipole modes pA (in x direction) and pB (in y direc-
tion) will change accordingly. As illustrated by the inset in
Fig. 4(f), the dashed curves represent the new amplitude
responses after increasing θ . We can see that the cross-
ing point exhibits an obvious blue shift, which is clear
evidence of the discussed behavior. Here, the polarization
angle dependence is quite different from that in traditional
quarter-wave plates in which all frequencies should be
operated at an angle of 45◦. Therefore, it serves as a new
degree of freedom and can be implemented to select oper-
ating frequencies, which could be useful for sensing of
particular chiral materials.

It is no doubt that the proposed theory provides an effi-
cient and easy-to-use guide for structure design. As one
of the experimental works, Black and coworkers demon-
strated a coupled dimer structure that can realize the CP
conversion by a plane wave illumination [26]. In their
work, the key point was to seek the working frequency

of maximum efficiency, which is proceeded by carefully
varying the distance between two orthogonally placed
nanorods. Through eigenvalue calculation of their struc-
ture with L = 230 nm and a 13 nm gap (a simple Drude
model is used here), we obtain ωA = 2.21 × 1014 Hz,
ωB = 2.92 × 1014 Hz, and

√
κAκB = 0.68 × 1014 Hz. It is

easy to find that the ratio �ω/
√

κAκB is approximately
equal to 1 (exactly 1.04) and the optimal working fre-
quency ωopt = √

ωAωB = 2.54 × 1014 Hz, which is very
close to the frequency 2.61 × 1014 Hz (1.15 μm wave-
length) given by the experiment. Here we see a deviation
from the experimental data, which comes from the Drude
dielectric function especially the damping rate not being
able to describe the optical response of the structure very
well under experimental conditions.

IV. CONCLUSIONS

To summarize, we propose a general theory of SAM
conversion on plasmonic nanostructures, in which the
optical response is featured by two orthogonally oriented
dipole resonances. To achieve an efficient CP conversion,
they should carry the equal amplitude and π/2 phase dif-
ference. The two requirements can be realized through
structural modulation and tuning the polarization angle.
By introducing a simple Lorentz model to describe the
two dipole modes, we find their resonant frequencies (ωA
and ωB) and damping rates (κA and κB) should meet a
basic criterion, to say �ω = |ωA − ωB| � √

κAκB. These
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parameters are intrinsic quantities of the structures with
a given material such as gold and silver, and thus they
can be extracted directly from eigenvalue calculations.
Moreover, we demonstrate that the optimal working fre-
quency is roughly given by ωopt = √

ωAωB, which can be
achieved at the critical condition �ω = √

κAκB. We should
emphasize that the critical condition is universally appli-
cable as far as the Lorentz model can capture the optical
response of the nanostructures. As a practical case, we
investigate the ellipticity χ (a quantitative parameter of
CP conversion efficiency, |χ | � 1) on cross-shaped gold
nanostructures intensively, where the length of each arm
determines the resonant frequencies of two dipole modes,
and their amplitudes can be further manipulated by the
polarization angle. We show that the results obtained from
the theory are in good agreement with those from full-
wave simulations, and perfect CP conversion (χ = ±1)
can be achieved at the optimal working frequency that is
very close to

√
ωAωB. Our theory provides very construc-

tive design principles for plasmonic nanostructures that are
aimed to tailor spin angular momentum and, in practice, it
could be of great interest to future device applications such
as plasmonic quarter-wave plates at infrared and terahertz
frequencies.
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