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The geometric and dynamic phases are generally treated as independent and together give rise to the
total phase of a system. Here, we present a scenario in which these two phases become strongly interdepen-
dent. We achieve this by introducing a modified Young’s double-slit configuration that supports surface
plasmon polaritons (SPPs) propagating between the slits. Remarkably, by varying the slit separation dis-
tance, and hence the dynamic SPP phase, by just a single plasmon wavelength, the geometric phase can

be significantly modified.
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I. INTRODUCTION

The phase of a physical system is the sum of two contri-
butions, a dynamic phase and a geometric phase. The first
evolves with time, whereas the second is accrued when
the system is made to trace out a (usually closed) path.
Geometric phases can be divided into four groups. The
system can either be a classical system or a quantum sys-
tem, and the trajectory that is taken can be in real space or
in some abstract parameter space [1,2]. For example, Fou-
cault’s pendulum is a classical system that travels through
real space [3]. The Pancharatnam phase that appears in
polarized light beams pertains to a classical system that
is moved across the parametric Poincaré sphere [4,5]. The
Berry phase describes quantum systems with a Hamilto-
nian that undergoes a cyclical change of its parameters
[6]. An example of the fourth variety is the Aharonov-
Bohm effect [7]. In optics the Pancharatnam-Berry (PB)
geometric phase accumulates when the polarization state
of an electromagnetic field undergoes a series of in-phase
changes [4] that form a closed polarization-state path on
the Poincaré sphere. Each polarization state is represented
by a point on the sphere [8], and the geometric phase is
then given by half the solid angle subtended by the polar-
ization path [4]. The total phase of the system is the sum
of the geometric and the accumulated dynamic phase, the
latter being associated with the propagation of the elec-
tromagnetic wave. The geometric phase can therefore be
accessed by separating or eliminating the dynamic phase.
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For example, in a quantum system a static magnetic field
may be employed to eliminate the dynamic phase with no
effect on the geometric phase [9].

Typically, the geometric phase in optics has been mea-
sured with a Mach-Zehnder setup [10,11] by keeping the
dynamic phase constant and adjusting only the geomet-
ric phase via changes of the polarization state [12,13].
In previous work, we have pioneered studies of the geo-
metric phase in Young’s double-slit arrangement [14—16].
In those studies moving the far-zone point of observa-
tion transports the state of polarization on the Poincaré
sphere. The geometric phase can be controlled by adjust-
ing the input-field intensities and polarizations. However,
the dynamic phases of the input fields have no effect on the
acquired geometric phase.

The presence of surface plasmon polaritons (SPPs)
[17,18] profoundly alters light transmission in Young’s
experiment [19—21], because they establish a polarization-
specific coupling mechanism between the slit fields. SPPs
are fully polarized and completely coherent, with a well-
defined phase. In traveling between the two slits, the
polarization state of the SPPs does not change and thus
they only acquire a dynamic phase.

In this paper, we introduce a scenario in which tailor-
ing the dynamic SPP phase gives precise control over the
geometric phase of the far-zone field. We identify four spe-
cific cases, in which (1) the presence of SPPs has no effect
on the acquired PB phase, (2) SPPs induce a PB phase
which is independent of the plasmon travel distance and
hence its dynamic phase, (3) SPPs create a propagation-
distance-dependent PB phase, and (4) the range of the PB
phase variation depends on the SPP travel distance as well
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as on the plasmonic [transverse magnetic (TM)] and non-
plasmonic [transverse electric (TE)] input fields. We find
that the PB phase can change continuously over almost the
full range —m to m, and that virtually the whole Poincaré
sphere can be covered, when the plasmon propagation dis-
tance between the slits is varied by only a single SPP
wavelength.

II. THEORY

We employ an intuitive, phenomenological model [19,
20] to describe the fields emanating from a metallic
Young’s double-slit arrangement (see Fig. 1). The model
treats the slits as line sources that radiate cylindrical waves.
The field contributions in the model are divided into s-
polarized (TE) and p-polarized (TM) incident fields that
are transmitted through the slits. In addition to the trans-
mitted field, the p-polarized field also induces an SPP field
which propagates a distance a from one slit to the other
and then partially scatters to the far field. The output fields
are described with complex coefficients corresponding to
p-polarized transmission («), s-polarized transmission (8),
scattered SPPs (), and a plasmon propagation factor K =
exp(ikspa) [20]. Here, kg, is the SPP wave vector given by
the expression kg, = (w/c)n,, /(1 + nzm)l/2 [17], where n,,
is the metal’s complex refractive index at frequency w. The
slit separation a is chosen such that it is less than the SPP
decay length /g, = 1/Im(ky,) (wWhere Im denotes the imag-
inary part), and that SPP reflections may be neglected. The
complex output fields for slit # = 1,2 then become

_ Exu _ aEpu + yKEpv
Eu N |:Eyui| B |: IBEsu :|’ (1)

where v = 2, 1 is the other slit, £, and E),, are the p- and
s-polarized field components at the output, and similarly,
E,, and Ej, are the electric field components at the input of
the slit, respectively.

In the system considered, a monochromatic (A = 800
nm) plane wave E;, is incident on a 200-nm-thick silver
screen (n,, = 0.280 + 5.630 [22]) with two 250-nm-wide
slits. A 20-nm Ti layer suppresses plasmons on the input

== Metal screen a z ¢
B Suppressing layer S,

S =

FIG. 1. Schematic of a metallic Young’s double-slit setup with
associated model coefficients «, 8, and y K. The parameters are:
height of the structure 4, suppressing layer thickness b, slit sepa-
ration a, and slit width w. The medium above the metal is air and
E;, denotes the incident electric field.

side. We employ a well-established Fourier modal method
(FMM) to rigorously solve Maxwell’s equations for this
geometry [20,23], detailed in Appendix A. The coefficients
determined from the FMM are @« = —0.026 — i0.499, 8 =
—0.1189 4 70.210, and y = —0.065 + i0.082, with ks, =
7.980 + i0.012. This corresponds to an SPP wavelength of
Asp = 2 /Re(kgp) ~ 787 nm (where Re denotes the real
part). The validity of this model has been demonstrated
experimentally [19]. Furthermore, rigorous comparison
with FMM results confirms that our phenomenological
model is accurate for slit separations exceeding a ~ 10 A,
[20]. The polarization states are described with the help of
Stokes parameters [24]

SOu = |Exu|2 + |Eyu|2: (23)
Slu = |Exu|2 - |Eyu|2: (2b)
Sou = ZRG(E;,E)/u)s (20)
83, = 2Im(E:uEyu)’ (Zd)

where the output field components (£, Ey,), u = 1,2, are
given in accordance with Eq. (1).

We analyze plasmon propagation effects with the slit
separation a being varied over a single SPP wavelength.
Within this range, the travel losses are negligible as
the SPP intensity decays by less than a factor of 2 x
107*. When the plasmon travel distance a = Nk, is
increased to a = (N + %)Asp, with N an integer, the prop-
agation factor K is multiplied by exp(iw) and changes
sign. Thus (in these extreme cases), either destructive
(+K) or constructive (—K) interference between the SPP-
converted (yK) and the directly transmitted («) fields is
obtained [19]. The maximum transmittance appearing at
(N + %)Asp may seem counterintuitive, but it is consistent
with the Huygens-Fresnel principle [25] in light-SPP-light
scattering.

In Young’s double-slit arrangement the magnitude of
the PB phase is given by the intensities and the Stokes
parameters at the two slits as [14]

[So1 — So2|

|Ppp| =71 — T ——,
[Py — Py

€)

where P, = 81,81 + S5, + 53,53 is the Poincaré vector
for slit u and ®pp is positive if the path on the Poincaré
sphere taken by moving the observation point is traversed
counterclockwise (So1/Sp2 < 1; see Eq. (21) in [14]). Near
the limit Sy; & Sy, the polarization path is a great circle.
With Sp;/So2 > 1 the direction is clockwise, resulting in
a negative PB phase. The correctness of Eq. (3) has been
proven numerically and experimentally [14—16].
According to Eq. (3), we need to have some asymme-
try between the output fields at the two slits in order to
have a nonzero ®pg. This asymmetry can either be at the
polarization or at the phase level, as we will next explore.
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III. POLARIZATION ASYMMETRY

To introduce asymmetry to the system at the polariza-
tion level we first consider perpendicular incident-field
polarization states, namely, an s-polarized input for slit
1 (Es;1 = 1) and a p-polarized input for slit 2 (E,; = 1).
Thus, SPPs will be generated only at slit 2, which propa-
gate to slit 1 and can there scatter to the far field. In such
a situation it is expected that both the intensity Sy; and the
Poincaré vector P will be affected by the slit distance a.
A natural question now arises: is the resulting PB phase
dependent on a?

The output electric fields for slit 1 are E,; = yK and
E,1 = B, whereas for slit 2 they are £y, = o and E,, = 0.
The Stokes parameters for slit 1 become

Sor = lyK[* + 181, (4a)
Su = yKP =8P, (4b)
S21 = 2Re[(yK)*B], (4¢)
S31 = 2Im[(yK)*B]. (4d)

For slit 2 they are Sy, = S1, = |a|? and Sy, = S3 = 0.
From Eq. (3) and the expressions for Sp; and Sy, above
we find that the sign change of K only influences the
denominator in Eq. (3), which is

Py — Py = [(AS)? + (AS)? + (AS)*]2, (5)

where AS,, =S,1 — S, m=1,2,3, are the Stokes
parameter differences. The quantity AS; involves the abso-
lute value |K|, hence the denominator becomes

P, — Py| = [(AS)® +4I8PIyK1P] . (6)

Importantly, again only the absolute value |K| shows up,
implying that the dynamic phase of SPPs has no effect on
the system response.

Figure 2 illustrates the polarization-state paths deter-
mined from the far-field intensity patterns (see Appendix B
for formulas), when the slit separation is varied between
(blue) constructive a = 10.38 Ay, (red) and destructive a =
10.84 Ay, (yellow) interference. We note that the polariza-
tion paths are circles on the Poincaré sphere, similar to the
nonplasmonic two-beam case [15], resulting in a nonzero
PB phase. However, the plasmonic influence only tilts the
polarization paths with no change in the PB phase magni-
tude. These results suggest that while with perpendicular
input polarizations the SPP travel distance a does affect
the path taken on the Poincaré sphere, the solid angle, and
therefore the PB phase, remains constant.

We now add an s-polarized component to the input of slit
2 (Ep = 1). As s-polarized light cannot excite SPPs, one
might expect that this will not affect the SPP-induced PB

(a) * S3

Far field 0 (deg)

FIG. 2. Polarization paths and interference patterns for input-
field components £}, = E>; = 0 and Ej; = E», = 1, without PB
phase modulation. (a) Polarization paths on the Poincaré sphere
presented using normalized Stokes parameters, and (b) the cor-
responding far-field intensity patterns. The yellow line (light
gray) depicts constructive interference (@ = 10.38 Ap), the red
line (dark gray) destructive interference (¢ = 10.84 Ay,), and blue
(gray) lines depict cases in between.

phase. However, it introduces changes in all slit 2 Stokes
parameters, which become

So2 = lee)* + |81, (7a)
Sy = |a|* — |87, (7b)
Sy = 2Re(a*B), (7¢)

For slit 1 the parameters are given by Eq. (4). Again,
ASy = So1 — Sz, which is the numerator in Eq. (3), and
AS| make no contribution to the PB phase modulation. The
denominator in Eq. (3) takes the form

[Py — Po| = {(AS)? + 48P [|af* + |yK|?
— 2Re(ay* K"} ®)

Here, the last term that involves y K has important impli-
cations. In contrast to the previous case, the propagation
factor K and thus the dynamic phase of the SPPs now
contributes to the modulation of the PB phase. Intrigu-
ingly, the nonplasmonic term o« (with no influence on
SPP field strength) appears as a factor in the last term.
This indicates also that the strength of the nonplasmonic
field is crucial for the plasmonic PB phase. The different
polarization paths are illustrated in Fig. 3(a), where the
magnitude of the PB phase varies between |®pg| = 0.2277
and |®pg| = 0.357, corresponding respectively to con-
structive (a = 10.38 Ayp) and destructive (a = 10.84 Ayp)
interference.

If, instead of adding s-polarized light to slit 2, we add a
p-polarized field to slit 1, results almost similar to Eq. (8)
are obtained but the sign of the modulating real part
changes, as detailed in Appendix C. Consequently, con-
structive interference (—K) increases the magnitude of the
PB phase while destructive interference (+K) decreases it.
However, the range of the modulation remains the same.
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FIG. 3. Polarization paths and interference patterns for input-
field components E;, =0 and Ei; = Ey, = E», = 1, with PB
phase modulation. (a) Polarization paths on the Poincaré sphere
presented using normalized Stokes parameters, and (b) the cor-
responding far-field intensity patterns. The yellow line (light
gray) depicts constructive interference (a = 10.38 Ap), the red
line (dark gray) destructive interference (¢ = 10.84 Ay,), and blue
(gray) lines depict cases in between.

To summarize the above findings, we have identified
three cases where SPPs show significantly different effects
on the PB phase. First, they have no influence if the input-
field polarizations are equal. Second, they will induce a
constant, propagation-independent PB phase if orthogo-
nal (p and s) input polarizations are applied. This case is
intriguing, as the polarization trajectory encloses a finite
area on the Poincaré sphere and the SPP travel distance
also modifies the path taken on the sphere. However, ful-
filling these two prerequisites is not a sufficient condition
for PB phase modulation, since the area enclosed on the
Poincaré sphere remains constant. Third, and surprisingly,
an SPP propagation-dependent PB phase can be achieved
by adding a nonplasmonic (s-polarized) field to one of the
inputs. This last case is of interest as one might assume
that SPP-induced modulation is only related to the strength
of the plasmons and not to the transmitted nonplasmonic
fields. Thus, a nonplasmonic field is essential for the emer-
gence of the SPP-mediated PB phase effects. These results
are unique for the present SPP-coupled double-slit system,
as the conventional setup has no intermixing between the
slits (YK = 0).

IV. PHASE ASYMMETRY

The range of phase modulation achievable with SPPs
will be essential for any practical implementation. There-
fore, we study a generic case by allowing both plasmonic
and nonplasmonic fields to enter each slit with arbitrary
relative phases. The fields in slit 1 are £,; = 1 and E; = B
and likewise in slit 2 E,, = 4 and E» = 1, where 4 and B
are unit-amplitude fields (|4| = |B| = 1) of phases ¢4 and
¢p. The corresponding output fields then become

_ [e+vK4 _[ad+yK
El‘[ BB ] EZ‘[ B ] @)

Applying these output fields to Egs. (2), the Stokes param-
eter differences assume the form

ASy = AS; = 4Re[ia*y K sin(¢4)], (10a)
AS; = 2Re[ (o [exp(igp) — exp(—ig,)]

+ y*K*{expli(¢p — ¢4)] — 1D], (10b)
AS; = 2Im[B(a*[exp(idp) — exp(—ig4)]

+ y*K*{expli(¢p — ¢a)] — 1D], (10c)

where ASy [the numerator in Eq. (3)] now has a plas-
monic contribution (yK). In addition, the phase of the
nonplasmonic contribution ¢3 has a major influence on the
plasmonic terms (y K).

To maximize the plasmonic influence, setting ¢4 = 7/2
appears as a plausible choice, since then the sine factor in
Eq. (10a) becomes unity. Intriguingly, this also gives us
two options: we can maximize the plasmonic modulation
in the second and the third Stokes parameter differences
[Egs. (10b) and (10c)] by taking ¢p = —¢,, or minimize
it with ¢p = ¢p4. The first choice removes the nonplas-
monic term («) and maximizes the plasmonic terms (y K),
whereas the second choice makes the plasmonic term van-
ish and maximizes the nonplasmonic contribution. When
other values for ¢4 are considered we find that the max-
ima and minima of the plasmonic modulation are found
when ¢p — ¢4 = nw, where n is an integer. The maximum
plasmonic influence is achieved with odd »n, while even n
gives the minimum. The nonplasmonic term on the other
hand vanishes only when ¢ = ¢, meaning that the plau-
sible choice (¢4 = 7/2) is a special case with the highest
plasmonic influence in this configuration.

Figure 4(a) illustrates the achievable range of variation
over a single plasmon wavelength, when ¢4 = /2 and
the PB phases are numerically determined over a range
¢ = (0,2m) starting from a = 10.1 Ag,. The blue region,
limited by extreme cases, gives all the values of a with a
I-nm interval. Notably, the extrema provide the range of
all possible values for ®pg and form a kind of forbidden
zone at the center (white region). On the other hand, the
intermediate cases constitute a plateau around the maxi-
mum plasmonic influence (¢p = 37/2) that resembles a
bandgap.

Figure 4(b) demonstrates how the acquired PB phase is
an extremely sensitive function of the plasmon propagation
distance. With a choice of ¢ = 37 /2, virtually all values
from —m to 7 can be covered by varying the SPP propa-
gation distance by only one SPP wavelength. This feature
could be highly beneficial for various sensing applications,
as minor changes of the refractive index at the dielectric-
metal interface are expected to result in similar variation
of the PB phase.

Figure 4(c) shows the corresponding polarization-state
paths on the Poincaré sphere. Intriguingly, we find two
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0 /2 T 37/2 2

FIG. 4. Range of PB phase modulation with phase asymme-
try. (a) Phase ¢ is varied to determine the modulation range
for ®pg with ¢4 = /2 and plasmon propagation distances of
10.1 A5 < a < 11.1 Ag,. The blue (gray) lines give all possible
®pp of the range for a; constructive interference is shown by the
red (black) line and destructive by the yellow (light gray) line. (b)
The maximum (solid blue) and minimum (dashed green) range of
®pp modulation when distance a is varied over a single plasmon
wavelength Ag,. (c) Polarization paths presented using normal-
ized Stokes parameters for the cases in (b), where the paths near
the limit of B = A are shown with red (black) and yellow (light
gray) lines and all other paths with blue (gray) lines.

points on the sphere, through which all the polarization
paths pass. One point is at the center of the geodesic con-
necting the two slit polarization states, and the other is
the fully p-polarized point. By further optimization of the
system parameters (increasing the p-polarized intensities),
these two points can be made to approach each other,
allowing virtually the whole range of £ and thus the
entire Poincaré sphere to be covered by varying the plas-
mon propagation distance by only one SPP wavelength.

V. CONCLUSIONS

We have put forward a scenario in which the geo-
metric phase, usually detached from the dynamic phase,
can be controlled by the propagation-dependent dynamic
phase. This is achieved in a modified Young’s two-slit

arrangement supporting SPPs, which could be experimen-
tally realized by a setup based on a digital micromirror
device [15,16] where a wedge-shaped structure with two
coherently illuminated grooves provides the variation in
slit separation [26]. Our theoretical results exploit pre-
vious numerical and experimental research which have
verified that the physical model is accurate for the present
setup. Four specific cases were identified, ranging from
no plasmon-induced effects to a case where SPP propa-
gation over a single plasmon wavelength can modulate
the acquired PB phase virtually continuously from — to
+m. The polarization paths can cover almost the whole
Poincaré sphere, allowing unprecedented control of the
polarization state by minor changes in the dynamic phase.
Our results may be beneficial in improving the perfor-
mance of metasurfaces [27—29] and in various other appli-
cations ranging from refractive index sensing to novel PB
geometric-phase active optical elements. On a more gen-
eral level, our findings constitute a paradigm shift toward
precise control of the geometric phase via very small
changes in the dynamic phase. Whether our results could
be generalized to other classical and quantum mechanical
systems remains an interesting prospect for future studies.
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APPENDIX A: FOURIER MODAL METHOD
CALCULATIONS

The Fourier modal method (FMM) is a rigorous calcu-
lation technique, where the monochromatic fields in the
defined periodic system are calculated in the frequency
domain [23]. Aperiodic systems can be simulated with
FMM by utilizing perfectly matched layers (PMLs) and
coordinate transforms or by using a period that is suffi-
ciently large to be considered aperiodic. In our implemen-
tation of the FMM we use an S-matrix formulation, where
we apply a coordinate transform to the edges of the system
and gradually apply the PMLs to both sides. The width of
coordinate transform on a single side was set as 8 pm and
20 pm was used for a single PML.

We used the FMM to calculate the coefficients for our
system, where the width of the computational period was
set to 160 wm, the height of the silver screen was 200 nm,
and the thickness of the suppressing layer of Ti was 20
nm. The refractive indices were taken from Ref. [22] for
800-nm incident light. For an accurate representation of
the defined system the FMM requires a sufficient number
of truncation orders for the calculations to converge. The
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convergence was verified for our system by calculating the
efficiencies of the £1st diffraction orders over a number of
truncation orders. The system was deemed to be accurate
with 1200 orders, but we nevertheless used 2500 orders.
The coefficients were calculated as discussed in Ref. [20].
In order to avoid the effects of SPP propagation in y we
averaged over a distance of 2 Ay, from the plasmon decay
length of 80.51 pm to 82.17 pm.

APPENDIX B: FAR-FIELD INTERFERENCE
PATTERNS

The Stokes parameters in the paraxial far field are
calculated by utilizing the polarization matrix [24]

Jo I,
J= xx xy:| ,
|:Jyx iy
where J.4 = (E}E,) with ¢, d corresponding to an either p-
polarized (x) or s-polarized (y) field. Using the polarization

matrix presentation, the Stokes parameters at a far-field
angle 6 are

(B

S0(0) = Jxx(0) +J,, (0), (B2)
S1(0) = Jux(0) — J,, (0), (B3)
$2(0) = Jiy (0) + Jyx(0), (B4)
$3(0) = il (0) — Jiy(0)], (B3)

where S is the intensity pattern. To obtain the polarization
trajectories from the far-field interference pattern we for-
mally take the two slits as line sources and use the angular
spectrum method on the model fields [Eq. (1) of the main
text] as detailed in Appendix A of [20]. For the elements of
the polarization matrix we then get a rather involved form:

Jx(0) = |@Ep1 + YKEp|* + |2Eps + yKE,|?
+ 2Re[(@Ep1 + yKEp) " (aEps + yKEp1)
x exp(—ikopa sin6)],
Jy(0) = BEq (@B + yKEp»)”
+ BEp(aE,, + yKE, )"
+ BEo(aEy1 + yKE),)* exp(—ikoa sin6)
+ BEi(¢E,; + yKE, )" exp(ikoasin®), (B7)
Jyx(0) = B E} (@E,1 + yKE))
+ ,B*Ejz(aEpz + yKE,1)
+ BE; (@Eyy + yKE, ) exp(—ikoa sin6)
+ B*ES(aE, + yKE),) exp(ikoasinf), (B8)
Jyw(0) = |BEa|* + |BEal
+ 2|B’Re[E} Eyy exp(—ikoa sin 6)].

(B6)

(B9)

Next, the Stokes parameters are calculated with
Egs. (B2)B5). These formulas can now be used to plot

the polarization paths for every case with any input field or
coefficient value by restricting the far-field angle to match
a single period.

APPENDIX C: POLARIZATION-LEVEL
ASYMMETRY

In this case both p-polarized and s-polarized light is
added to slit 1 (E,; = 1,E5 = 1) and only p-polarized
light to slit 2 (E,, = 1, E = 0) to maintain polarization-
level asymmetry. The p-polarized fields at the slits are
identical: E,; = E\» = o + yK. As with previous cases,
only the second and third Stokes parameters affect the
modulation of PB phase via the denominator, which
becomes

Py — Py = {(AS)? + 418 [l + |y K|

+ 2Re(ay K]}V (C1)
Now the K factor contributing to plasmon-induced mod-
ulation has the opposite sign compared to Eq. (11) of
the main text. Consequently, the constructive interference
(=K) increases the magnitude of the PB phase while
destructive interference (+K) decreases it. The overall cal-
culated PB phases (|®pg| &~ 0.807, |Dpg| ~ 0.717) are
larger but the plasmon-induced modulations are compara-
ble to the previous case.
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