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Chapter 4
Chandezon’s Method

The following relies very heavily on the works of Chandazon et. al. [15] and S. J. Elston et.
al. [42] but was fully implemented in a program as part of my work, thus I am reproducing its
derivation here.

As stated in the introduction, Chandazon’s method is a method of transforming the space
around a structure such that the structure is flat, solving Maxwell’s wave equations in the curved
space, and matching the resulting waves at the now flat boundary. We use this method to study
structures with arbitrary profiles. First we define the structure with a periodic function y = a(x)
with period d in Euclidean coordinates (Fig. 4.1). With an incident wave vector k at an angle 6
off the y axis and angle ¢ between the x-y-plane and incident plane.

Fig. 4.1: Structure and Euclidian Basis, showing the incident wave vector k, its angle off the
normal, 6, angle off the x-y-plane, ¢, the basis vectors X, y, and z, the boundary
function y = a(x), and its period d.

Here we can define two polarizations, transverse electric (TE) and transverse magnetic (TM)
where the respective fields only have components perpendicular to the plane of incidence. In
either case, we take the complex time independent incident field to be:

|F| = exp (i(kxx —kyy+ kzz)), 4.1)

where k., k,, and k, are absolute value of the components of k and F represents either the

electric (TE) or magnetic (TM) field. The scattered far field should also be defined in a standard
form

Yo Ry exp(i(anx + By + k,2)), (4.2)

2nn

in reflection where a,, =k, t— B = Jk%es — a2 —k2,and € is the permittivity of the
media the wave is propagating; and

Yn Ty exp(i(ayx — Bny + k,2)), (4.3)

in transmission where the sum is over all far field diffraction orders.
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Having defined the structure and far field, we now move to construct a coordinate system in
which the surface is flat. For scalars, this is simple:

u=x,v=y—alk),w=z. (4.4)

However, defining vectors is a bit more complicated, in order to reproduce curl, required for
Maxwell’s equations, while maintaining simple formulae two sets of vectors are needed, the
contravariant

=i n:=j-di, 9=k, (4.5)

and the covariant

n, =i+ad'j, n, =j, ns; =k, (4.6)

where 1, j, and k are unit vectors in the x, y, and z directions respectively. These vectors then
allow cross products, and thus Maxwell’s equations to be modified as follows

d 5} 5}
VX F = (1! =+ 0% o+ 1 o) X By + Ry + Fyms), (4.7)

while the time derivative is unaffected, simply producing a —ik term due to its complex
exponential nature. Due to that same nature, as well as the translational symmetry in the w/z
direction

— = ik,. (4.8)

ow

From here we use the fact that we only need two boundary conditions for each of two
polarizations at any given boundary to reduce the problem further, and because both E and H
fields parallel to a surface are continuous across the boundary, we will use the fields

H, = (1+ (a)?)H, +a'H,, E,=E,

E, =1+ (a)*)E, +a'E,, and H, =H,. (4.9)

This means that, with a bit of manipulation, Maxwell’s wave equations can be written in the
form

5 d
UF = —F 410
ov’ ' ( )
Where
o _da Dk peL0 L0
ou 14+(a’)? 0 ou k(1+(a’)?) tke + ou k(1+(a’")?) ou
0 a9 —i(k2e-k2) _ ks 9 Hll
~ 1+(a")? ou K(1+(a"?) k(1+(a"?) ou _( Hw
U= 5 4 I . , F= E | (4.11)
ou ke(1+(a’)?) t ou ke(1+(a’)?) ou ou 1+(a’)? Ew
\ i(k2e-k2) ks 9 0 a9 /
ke(1+(a’)?) ke(1+(a’)?) ou 1+(a’)? ou
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Now E,, and H,, need to be defined for the far field waves. The transmitted waves will be of
the form

E, =Y, T,exp (i(kzw — Bo(v —a) + au)), (4.12)
which we can Fourier expand to give
E, =Y0TnYm Lin—n(Br) exp(i(amu — Bav + kzw)), (4.13)
where
Ln,(f) = %fod exp (—i (a(u)f + 2ﬂTmu)) (4.14)

The reflected fields look the same mutatis mutandis, and for the incident field, n = 0 and the
amplitude coefficient is assumed to be 1.

The final piece to the puzzle is to note that the matrix that represents Maxwell’s equations
has only two functions that are dependent on the structure,
al
1+(a”)?’

1
1+(a")?’

C(u) =

and D(u) =

(4.15)

which can both be Fourier expanded. The same can be done to any solutions to the whole system
of equations due to the structure’s periodicity. Expanding these two independent sums will allow
us to evaluate the derivatives in U and subsequently turn U into a block matrix with each entry
an o x e matrix. Of course, to solve it we truncate the sums at +N creating an (8N + 4) X
(8N + 4) matrix for which we find the eigenvalues and eigenvectors, r, and V,. These then
allow us to construct the fields present in the medium

F(v) = M®(v)A, (4.16)

where F is the expanded form of the block vector in eq. 4.12, M is a matrix whose columns are
V,, @ is a matrix with entries ®,,(v) = exp(ir,v) 8,4, and 4 is an amplitude vector we still
need to find via boundary conditions. Now, it is important to point out that in the topmost and
bottommost media we will only need those eigenvalues that have positive, or negative imaginary
components respectively because these will be the ones that go to zero at infinity. The opposites
will approach complex infinity at infinity, and the remaining, those with only real parts have
already been defined by 4.14. We should also note that the waves defined in 4.14 are already in
the basis of the expanded F vector, meaning that these outward propagating waves can replace
the waves that best resemble plane waves. Now, we simply split the F in, my choice being
between w and || components. From this we construct boundary condition equations just as was
done in chapter two, albeit with significantly fewer diagonal matrices.

As a test of this method | devised a formula to approximate a square wave like structure
where a’(x) is a difference of offset Jacobi theta 3 functions to compare it to the photonic crystal
method described in Chapter 2. The results look similar (fig. 4.2), but Chandezon’s method
presents its own computational issues.
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Fig. 4.2: The magnetic field due to normal incident light on an air-gold structure with
(@ d=358nm, f=0.5, and h=80nm, and (b) a similar structure using
C-method with approximately 10 nm transitions between top and bottom flat sections.

As the structure gets closer to the true shape for the photonic crystal, the number of waves
required to produce sensible results increased rapidly. However, it is far less prone to
conditioning issues, involves finding no solutions to transcendental equations, and allows for
much more flexibility in structure types.
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Chapter 5
Sine Wave Grating: Optoelectronic Characterization

Plasmon drag effect (PLDE) is an enhancement of photoinduced electric currents in metal
films and nanostructures [43-51], associated with excitation of surface plasmon polaritons(SPPs).
PLDE presents interest for various applications as it provides an opportunity for direct electrical
monitoring of plasmonic elements in electronic and optoelectronic devices and sensors. From a
fundamental point of view, the effect can be considered in terms of plasmon-assisted momentum
transfer in light—matter interaction in metal [44]. In the first PLDE experiments [50, 51], strong
enhancement of photoinduced currents was observed in flat gold and silver films under
conditions of surface plasmon polariton resonance in Kretschmann geometry [52]. Significant
photo-induced electric effects were reported in rough and nanostructured surfaces under direct
illumination, with polarity and magnitude of electric signals dependent on angle of incidence,
wavelength of illumination, light polarization, and nanoscale surface geometry [43, 47-49].

The theoretical description of PLDE is based on electromagnetic momentum loss. In a metal
nanostructure, the rate of momentum transfer from field to electrons can be found as [44]

fTLi = %Za=x,y,z Re{P,0;E;}, (5.1)

where P = yE is the polarization vector, E is the electric component of the optical field, and y is
the susceptibility of the material. It was recently shown [53] that this approach, modified to take
into account the electron thermalization time [54, 55], tmerm, adequately describes the electric
currents induced under SPP resonance conditions in flat films. The theory was extended to
surfaces with modulated profiles and multi-mode plasmonic excitations [53]. Assuming a
relatively small amplitude of surface modulation height, and laminar electric current, the
electromotive force (emf) per unit length induced in a plasmonic structure can be presented as a
sum of contributions from each mode, with the contribution proportional to the absorbed power
Qm and k-vector of each mode, k,,, as
U:ZmUm ZMLZmT—wQOI (52)

T Nnee
where 7 is the Drude collision time, and ne is the electron density.

According to [53], strict numerical calculations (eq. (5.1)) correctly predict the angular
position, magnitude and polarity of the photoinduced currents experimentally observed in flat
silver films [50] and a gold film with a sine-wave profile [53] at the SPP resonance conditions.
However, in both cases, the exact shape of the peak as well as off-resonance signals are not
properly described by the theory; and this is tentatively attributed to the effect of roughness in
experimental samples. Below, we provide details of our calculations for the sine-wave films,
explore limitations of our theoretical approach [53] and the validity of a simplified consideration
(equation (5.2)).

The structure under consideration is a 60 nm thick gold film with a sine-wave profile, a
period of d =538 nm and a modulation depth 2 h, which we varied, see fig. 5.1(a). The
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electromagnetic fields in a sine-wave structure are calculated Chandezon’s method described
above. As expected, simulations predict surface plasmon resonance (SPR) [55] at the incidence
angle, 0
2
kspp = % + ks, (5.3)

where k, = ksin(0) is the x component of the k-vector and n is an integer. The SPP k vector
closely corresponds to the estimations for flat films [56],

kspp __ f _ | €mé&q
k emteg’

where &, and g, are dielectric permittivities for metal and air respectively.

(5.4)

Reflectivity of the film, R(h, 6, @) was calculated for the whole optical range for various
amplitudes of surface modulation, h = 0-50 nm, as a function of incidence angle, 6, and light
frequency (Fig. 5.1(b)). Two SP branches are seen, which can be fitted with Eq. (5.3) for

n = —1 or +1, corresponding to the plasmon propagating backward, against ky, for the low
frequency branch and forward, with ky, for the high frequency branch. These modes join each
. . . d-1
other at 6 = 0 and frequency ~ 2.15 eV, forming a standing plasmon wave with k,,,, = Z"T
(a) d (© ()
’ ) RIRqat 5° Pspp=Ro-R
metal film~ i s 1
polymer 0.8 \ S 0.8 = ‘7
0.6 0.6 x
(b)  Reflectivity, R 0.4 0.4 L
09 92 02
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&
=)
= 0.3 (e) ®

Fig.
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5.1: (a) Schematic of the structure; (b) Reflectivity as a function of 6 and Aw for
h =30nm; (c) Normalized reflectivity for 6 =5° for different modulation
amplitudes h as color coded in the bottom left corner of the figure; (d) Frequency
spectrum of SPP losses for different h; (e) PLDE emf spectrum corresponding to
reflectivity in panel (c); (f) Peak emf per SPP losses.

In Fig 5.1(c), the reflectivity R, normalized to the reflectivity of the flat film, R, is plotted as
a function of frequency for different modulation amplitudes at & = 5° Each curve demonstrates
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two SPP resonance dips and an additional small peak around 2.15 eV related to the Rayleigh
anomaly [57]. With an increase in the modulation amplitude, the resonance dips first become
deeper and then broader.

Fig. 5.1(d) shows the spectral dependences of losses associated with the SPP excitation,
Pspp, Which were calculated as the difference between the reflected intensity from a flat gold
film (h = 0) and at the conditions of the SPP resonance for a particular h with the same 6 and
w. At low h (10 and 20 nm), Pspp decreases with increase in frequency, giving a small peak at
~2.15 eV. Pspp Is the highest at h = 30 nm for most of the spectrum, indicating the most
efficient SPP excitation. With the further increase in h the spectral dependence Pgpp(w) tends to,
instead, increase with the increase of w.

The plasmonic pressure force acting on an electron is determined by fields in a metal as

fu = Re {X(E.04E; + Ey0oE; + E,0,E;)}. (5.5)

The photoinduced emf is calculated by averaging the pressure force, f, , over the volume of the
metal film as [53]

U 1 Teherm L/ 1 ¢ F
T= e fl [ f (2)dz, (5.6)

I 2T T engh

where 1 is the incident light intensity and L is the diameter of the illuminated spot.

The emf calculated in a flat film (h = 0), U,, is pure photonic drag [58], which is small and
plays a role only at the blue part of the spectrum. The plasmonic emf, U - U,, calculated at
Tiherm = 270fs, L = 2mm, and 8 = 5° is plotted in Fig. 5.1(e). The polarities of U - U, at
the red and blue parts of the spectrum are opposite to each other, in each case corresponding to
the drift of electrons in the direction of SPP propagation. The emf peaks change with variation of
h in a similar way to the dips in reflectivity (Fig. 5.1(c)).

The ratio of the peak emf and maximum losses at SPR are plotted in
Fig. 5.1(f) for the whole optical range. The curves are almost flat, corresponding to

c=2L% = 22 —25 mV/(MW cm?) at small modulation amplitudes, increasing to ~ 3-3.5

I Rg—R
with an increase in h. They are negative at the red part of the spectrum, and positive at the blue,
corresponding to backward or forward plasmon drag. The polarity switches at ~ 2.15 eV where
the standing SPP wave is excited, providing zero momentum to electrons. Near the switching
point the curves with high h demonstrate a small peak.

The flatness of the curves indicates that the momentum transfer from plasmons to electrons is
directly proportional to the energy transfer, which correlates well with the conclusions of the
theory [53] predicting a direct proportionality between the plasmon induced emf and absorption
at relatively small modulations of the metal surfaces (h < d) and laminar electron flow.
According to the results of the simulations, it holds up to amplitudes of 40-50 nm for our
periodicity. In comparison with the experiment, the calculations correctly predict the magnitude,
polarity and angular position of the PLDE peak observed experimentally in the gold film with
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h ~ 25nm see, figure 3 in [53]). However, the presence of additional contributions (clearly
seen at large incidence angles) have yet to be taken into account.

In conclusion, the PLDE in a thin gold film with a sine-wave profile was analyzed
theoretically for various amplitudes of the surface modulations in a broad optical range. The
numerical simulations based on modified electromagnetic momentum loss approach was shown
to provide adequate description of the emf associated with propagating SPPs at small amplitudes
of surface modulations.

Plasmons in Sine Wave Films Vs Square Nanowires

Periodic arrays of plasmonic elements, such as 1 D arrays of metal strips can support
propagating modes of plasmonic excitations [59, 60] which have a certain similarity with surface
plasmon polaritons (SPPs) excited at dielectric-metal interfaces in continuous metal films.
Discontinuous plasmonic systems may be advantageous for a number of applications due to a
lower relative concentration of metal and, possibly, a lower loss. In order to better understand
optical and plasmonic properties of periodic arrays of plasmonic strips of subwavelength
periodicity, we study these systems theoretically. Experimental studies were conducte at Norfolk
State University [61], in comparison with continuous metal gratings with a sine-wave modulated
profile.

The schematics of the structures
under consideration and results of the
numerical simulations are shown in Fig.
5.2. The two methods described in
earlier chapters were wused. The
parameters used in the calculations
correspond to those of my collaborator’s
experimental samples.

The continuous grating (Fig. 5.2(a))
supports SPPs at the metal-air interface
at kg, = nG + k,, where ky is the
projection of the optical k-vector, ko, on

S =
metal film 11, mety W, th‘
strip

polymer glass

(c) g
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0.
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Fig. 5.2: Schematic cross-sections of the & =[(emed)/(em +€0)]Y? where &,

continuous sine-wave grating (a) and strips array
(b); Zero-order reflectivity (shown with color) as
the function of the angle of incidence, 6, and
photon energy in the continuous grating (c) and
strip array (d); Electric fields at resonance
conditions in the continuous grating (e) and strip
array (f, g). Parameters used in calculations are
indicated.

and g; are the permittivities of metal

and  dielectric  respectively.  The
solutions  for the strip array
(Fig. 5.2(b)) predict two different

branches of collective excitations; one
corresponds to the participation of the
air-gold interface, and the other involves
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the glass-gold interface. The major difference between continuous and discontinuous systems is
expected in the reflection at the resonance conditions: a dip in the zero-order reflectivity is
expected in the continuous film while a peak in the zero-order reflectivity is expected for the
strip array. Increased reflection is also predicted at ko, = 2m/d, — kosin 6 (bright Rayleigh-
Wood anomaly [62]).

In the experiment by Dr. Noginova’s group at Norfolk State University, arrays of gold strips
on glass substrates were fabricated using the interferometric lithography technique [63] first to
form a photoresist pattern in SU-8 on top of a metal film and then transferring the pattern into the
metal with a reactive ion etching, a dry etch. Gold continuous gratings were fabricated with
forming a photoresist pattern on glass and subsequent deposition of metal onto the pattern.

In the reflectance measurements, the structure under study was mounted on the double
goniometer stage, and illuminated with He-Ne laser at A = 632.8 nm at p polarization
(Fig. 5.3 (a)). The intensity of the reflected beam (zero order reflectivity) was measured as the
function of angles of incidence, 8,(Jand strips/grooves orientation, ¢. A dip in the reflected
intensity was observed in the continuous film (Fig. 5.3 (b)), while the strip array demonstrated a
peak with an additional extra-sharp feature (Fig. 5.3 (c)) of angular width as small as ~ 0.04°.
Changing the relative orientation of the strips (varying ¢), the peak positions shifted toward
larger 6.

(a)a 3 (b)gs 12" (B g 128 (d)moz (e)m0-0024
[ 3 = 808!
FERT 3 el 0.0022
5 L ] £ 708 0.002
> 08", ® T 0.821 < 602 o
£ % ] £ s 5 0.0018
€ 06" £ 0.6 = s
g ! g 408 £=0.0016
£ ol & i :
£ 04 g o4 308 L 0.0014
2 02| S 0.281 20e
5 0 ¢ 108 0.0012
R EE— g  op——— oz ; . 0.001 . "
L 0" 10"20"30"40" 202 301 402 508 602 708 4508 5500 6508 7508 0.001 0.002 0.003
(deg]tin qfideg]2 I [nm]@ dt- tsing [nm']

Fig. 5.3. (a) Setup in reflection measurements; (b, ¢) Reflected intensity in the sine-wave
continuous film (b) and strip array (c); (d) reflection spectra at different 6 as
indicated; (e) the dispersion curve obtained from the reflection data (points). Solid
trace is calculations for the continuous air-gold interface.

In the spectral measurements, the total reflected and transmitted intensities were recorded
using the integrating sphere in the spectrophotometer setup. The reflection spectrum showed a
dip as a characteristic signature of the resonance mode (Fig. 5.3(d)). The dispersion curve of this
mode (Fig. 5.3 (e), points) derived from these measurements has a typical SPP character, but
differs in magnitude from that of a continuous gold film, corresponding to slower propagation of
the SPP in the discontinuous system.

Comparison of theoretical predictions and experimental data shows a very good agreement
for both types of systems.
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Conclusions

Throughout this thesis | have described multiple methods for semi-analytically solving
Maxwell’s equations in complicated two dimensional structures. These methods were then used
in a variety of ways to manipulate light. Rotating its polarization in a fraction the distance of any
other proposed waveplate; potentially acting as an efficient coupling mechanism between optics
and electronics; and having a plasmonic peak so strong and sharp that it holds incredible promise
as a sensor.

We first modeled a metal-dielectric 1D optical meta-crystal. Then we used that to model
arbitrary rectangular grating structures using a novel geometric series based approach. we then
used this method to exactly model a metamaterial layer calculations performed by D. Keene et.
al. By modifying the thickness and metal fraction, frequencies of polarization rotation could be
moved almost anywhere within the optical range.

We also implemented Chandezon’s method, manipulating the metric in which Maxwell’s
wave equations were to be solved, and beating the Rayleigh hypothesis’s limitations. Then we
used the plasmonic pressure mechanism to find the forces on electrons and characterize the
optoelectronic responses for various heights of sine wave metal structures, which may one day
be used to couple electronic and optical computational devices.

We then used both methods together, comparing their reflectivity responses and theoretically
explaining interesting details in the data of experiments done by Dr. Noginova’s group at
Norfolk State University.

My work described in this thesis has the potential to push science quite far. Not just here at
Georgia Southern University, where | have created a suite of computational wave optics
programs useable in the search for more and more interesting surface properties. But also at
large, where | have proposed a fair few realizable ideas for surface structures that could pave the
way for new sensors, wave plates, maybe even realistic optical computers.



=

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

34

References

Wriedt, T., Mie theory: a review, in The Mie Theory. 2012, Springer. p. 53-71.

Bohm, D. and D. Pines, A Collective Description of Electron Interactions. I. Magnetic
Interactions. Physical Review, 1951. 82(5): p. 625-634.

Bohm, D. and D. Pines, A Collective Description of Electron Interactions: I11. Coulomb
Interactions in a Degenerate Electron Gas. Physical Review, 1953. 92(3): p. 609-625.
Pines, D., A Collective Description of Electron Interactions: 1V. Electron Interaction in
Metals. Physical Review, 1953. 92(3): p. 626-636.

Pines, D. and D. Bohm, A collective description of electron interactions: 11. Collective vs
individual particle aspects of the interactions. Physical Review, 1952. 85(2): p. 338.
Ritchie, R.H., Plasma Losses by Fast Electrons in Thin Films. Physical Review, 1957.
106(5): p. 874-881.

Otto, A., Excitation of nonradiative surface plasma waves in silver by the method of
frustrated total reflection. Zeitschrift fur Physik, 1968. 216(4): p. 398-410.
Kretschmann, E., Die bestimmung optischer konstanten von metallen durch anregung
von oberflachenplasmaschwingungen. Zeitschrift fir Physik A Hadrons and Nuclei,
1971. 241(4): p. 313-324.

Lvovsky, A.l., Fresnel Equations, in Encyclopedia of Optical Engineering. 2013, Taylor
and Francis: New York. p. 1-6.

Airy, G.B., On the diffraction of an object-glass with circular aperture. Transactions of
the Cambridge Philosophical Society, 1835. 5: p. 283.

Rayleigh, L., On the dynamical theory of gratings. Proceedings of the Royal Society of
London. Series A, Containing Papers of a Mathematical and Physical Character, 1907.
79(532): p. 399-416.

Van den Berg, P. and J. Fokkema, The Rayleigh hypothesis in the theory of reflection by
a grating. JOSA, 1979. 69(1): p. 27-31.

Millar, R., The Rayleigh hypothesis and a related least-squares solution to scattering
problems for periodic surfaces and other scatterers. Radio Science, 1973. 8(8-9): p. 785-
796.

Millar, R. On the Rayleigh assumption in scattering by a periodic surface. in
Mathematical Proceedings of the Cambridge Philosophical Society. 1969. Cambridge
Univ Press.

Chandezon, J., G. Raoult, and D. Maystre, A new theoretical method for diffraction
gratings and its numerical application. Journal of Optics, 1980. 11(4): p. 235.

Ko, D.Y.K. and J. Sambles, Scattering matrix method for propagation of radiation in
stratified media: attenuated total reflection studies of liquid crystals. JOSA A, 1988.
5(11): p. 1863-1866.

Cotter, N., T. Preist, and J. Sambles, Scattering-matrix approach to multilayer
diffraction. JOSA A, 1995. 12(5): p. 1097-1103.

Veselago, V.G., The electrodynamics of substances with simultaneously negative values
of and? Soviet physics uspekhi, 1968. 10(4): p. 509.

Pendry, J.B., Negative refraction makes a perfect lens. Physical review letters, 2000.
85(18): p. 3966.



20.

21.

22.

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

35

Schurig, D., et al., Metamaterial electromagnetic cloak at microwave frequencies.
Science, 2006. 314(5801): p. 977-980.

Yu, N, et al., Light propagation with phase discontinuities: generalized laws of
reflection and refraction. science, 2011. 334(6054): p. 333-337.

Keene, D. and M. Durach, Hyperbolic resonances of metasurface cavities. Optics
express, 2015. 23(14): p. 18577-18588.

Orlov, A, et al., Complex band structure of nanostructured metal-dielectric
metamaterials. Optics express, 2013. 21(2): p. 1593-1598.

Sturman, B., E. Podivilov, and M. Gorkunov, Theory of extraordinary light transmission
through arrays of subwavelength slits. Physical Review B, 2008. 77(7): p. 075106.
Sheng, P., R. Stepleman, and P. Sanda, Exact eigenfunctions for square-wave gratings:
Application to diffraction and surface-plasmon calculations. Physical Review B, 1982.
26(6): p. 2907.

Born, M. and E. Wolf, Principles of optics: electromagnetic theory of propagation,
interference and diffraction of light. 1980: Elsevier.

Kildishev, A.V., A. Boltasseva, and V.M. Shalaev, Planar photonics with metasurfaces.
Science, 2013. 339(6125): p. 1232009.

Yu, N. and F. Capasso, Flat optics with designer metasurfaces. Nature materials, 2014.
13(2): p. 139-150.

Zhao, Y., X.-X. Liu, and A. Alu, Recent advances on optical metasurfaces. Journal of
Optics, 2014. 16(12): p. 123001.

Hao, J., et al., Optical metamaterial for polarization control. Physical Review A, 2009.
80(2): p. 023807.

Pors, A., M.G. Nielsen, and S.I. Bozhevolnyi, Broadband plasmonic half-wave plates in
reflection. Optics letters, 2013. 38(4): p. 513-515.

Pors, A. and S.I. Bozhevolnyi, Plasmonic metasurfaces for efficient phase control in
reflection. Optics express, 2013. 21(22): p. 27438-27451.

Jiang, Z.H., et al., Broadband and wide field-of-view plasmonic metasurface-enabled
waveplates. Scientific reports, 2014. 4: p. 7511.

Papakostas, A., et al., Optical manifestations of planar chirality. Physical Review Letters,
2003. 90(10): p. 107404.

Drezet, A., C. Genet, and T.W. Ebbesen, Miniature plasmonic wave plates. Physical
review letters, 2008. 101(4): p. 043902.

Khoo, E.H., E.P. Li, and K.B. Crozier, Plasmonic wave plate based on subwavelength
nanoslits. Optics letters, 2011. 36(13): p. 2498-2500.

Zhao, Y. and A. Alu, Manipulating light polarization with ultrathin plasmonic
metasurfaces. Physical Review B, 2011. 84(20): p. 205428.

Ginzburg, P., et al., Manipulating polarization of light with ultrathin epsilon-near-zero
metamaterials. Optics express, 2013. 21(12): p. 14907-14917.

Slobozhanyuk, A.P., et al., Purcell effect in hyperbolic metamaterial resonators. Physical
Review B, 2015. 92(19): p. 195127.

La Porta, A. and M.D. Wang, Optical torque wrench: angular trapping, rotation, and
torque detection of quartz microparticles. Physical review letters, 2004. 92(19): p.
190801.

Johnson, P.B. and R.-W. Christy, Optical constants of the noble metals. Physical review
B, 1972. 6(12): p. 4370.



42.

43.

44,

45.

46.

47.

48.

49,

50.

51.

52.

53.

54,

55.

56.
S7.

58.
59.

60.

61.
62.

63.

36

Elston, S., G. Bryan-Brown, and J. Sambles, Polarization conversion from diffraction
gratings. Physical Review B, 1991. 44(12): p. 6393.

Akbari, M., M. Onoda, and T. Ishihara, Photo-induced voltage in nano-porous gold thin
film. Optics express, 2015. 23(2): p. 823-832.

Durach, M., A. Rusina, and M.I. Stockman. Giant surface plasmon induced drag effect
(SPIDET) in metal nanowires. in SPIE NanoScience+ Engineering. 2009. International
Society for Optics and Photonics.

Kurosawa, H. and T. Ishihara, Surface plasmon drag effect in a dielectrically modulated
metallic thin film. Optics express, 2012. 20(2): p. 1561-1574.

Kurosawa, H., et al., Optical rectification effect due to surface plasmon polaritons at
normal incidence in a nondiffraction regime. Optics letters, 2012. 37(14): p. 2793-2795.
Ni, X., et al. Photon Spin Induced Collective Electron Motion on a Metasurface. in
CLEO: QELS_Fundamental Science. 2015. Optical Society of America.

Noginova, N., et al., Plasmon drag effect in metal nanostructures. New Journal of
Physics, 2013. 15(11): p. 113061.

Noginova, N., et al. Controlling Plasmon Drag with Illumination and Surface Geometry.
in CLEO: QELS_Fundamental Science. 2015. Optical Society of America.

Noginova, N., et al., Light-to-current and current-to-light coupling in plasmonic systems.
Physical Review B, 2011. 84(3): p. 035447.

Vengurlekar, A.S. and T. Ishihara, Surface plasmon enhanced photon drag in metal films.
Applied Physics Letters, 2005. 87(9): p. 091118.

Kretschmann, E., Decay of non radiative surface plasmons into light on rough silver
films. Comparison of experimental and theoretical results. Optics Communications,
1972. 6(2): p. 185-187.

Durach, M. and N. Noginova, On the nature of the plasmon drag effect. Physical Review
B, 2016. 93(16): p. 161406.

Fann, W., et al., Direct measurement of nonequilibrium electron-energy distributions in
subpicosecond laser-heated gold films. Physical review letters, 1992. 68(18): p. 2834.
Sun, C.-K., et al., Femtosecond-tunable measurement of electron thermalization in gold.
Physical Review B, 1994. 50(20): p. 15337.

Raether, H., Surface plasmons on smooth surfaces. 1988: Springer.

Brevik, 1., Photon-drag experiment and the electromagnetic momentum in matter.
Physical Review B, 1986. 33(2): p. 1058.

Maystre, D., Theory of Wood’s anomalies, in Plasmonics. 2012, Springer. p. 39-83.
Marani, R., et al., Plasmonic bandgaps in 1D arrays of slits on metal layers excited by
out-of-plane sources. International Journal of Optics, 2012. 2012.

Sgndergaard, T., et al., Slow-plasmon resonant-nanostrip antennas: analysis and
demonstration. Physical Review B, 2008. 77(11): p. 115420.

Mashhadi, S., et al., Collective plasmonic oscillations in gold nanostrips arrays. 2017.
Gao, H., et al., Rayleigh anomaly-surface plasmon polariton resonances in palladium
and gold subwavelength hole arrays. Optics express, 2009. 17(4): p. 2334-2340.

Fan, W., et al., Large-area, infrared nanophotonic materials fabricated using
interferometric lithography. Journal of Vacuum Science & Technology B:
Microelectronics and Nanometer Structures Processing, Measurement, and Phenomena,
2005. 23(6): p. 2700-2704.



