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Abstract: We demonstrate that a gradual interface between gold and silver supports the propagation
of a novel kind of surface electromagnetic wave, which is different from the more well-known surface
plasmon polaritons. The existence of such surface waves leads to a paradoxical situation in which
a continuous metal barrier which does not have any pinholes may exhibit considerably increased
light transmission if the barrier is made of two different metals. A spectroscopic study of this effect
is reported.
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1. Introduction

Surface plasmon polaritons (SPPs) are surface electromagnetic wave (SEW) solutions
of the macroscopic Maxwell equations which arise at sharp interfaces between good metals
and dielectrics [1-4]. SPPs are known to facilitate light transmission through arrays of
nanoholes made in thin metal films—see [5-8] and references therein. The physical mecha-
nism of this effect is believed to involve the coupling of external light to SPPs propagating
on the opposite metal-dielectric interfaces of a metal film.

Very recently, it was demonstrated that another kind of SEW may exist at a gradual
interface between two different electromagnetic media [9]. If a gradual transition region e(z)
is assumed to exist (as shown in Figure 1a) at the boundary separating the media (instead
of a step-like sharp interface in the z direction perpendicular to the interface) the wave
equation for the TM-polarized surface electromagnetic mode becomes
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which coincides with a one-dimensional Schrédinger equation in which the wave function
is introduced as y = ¢!/2E,, and E; is the electric field component perpendicular to the
interface. The effective potential energy V(z) in Equation (1) depends on the gradient
terms, and the effective total energy —k? is defined by the SEW wave vector k along the
interface. As demonstrated in [9], the gradient terms may become the dominating terms
in Equation (1), leading to the appearance of unconventional propagating SEW solutions,
even in the case of a gradual boundary between two strongly lossy materials in which e(z)
is large and almost pure imaginary.

While the strongly lossy case may be very interesting in such diverse applications
as UV nanophotonics and underwater communications [9], in this article, we consider a
different situation of a gradual interface between two different good low-loss metals, such
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as gold and silver (see Figure 1). We demonstrate that a gradual interface between gold and
silver supports the propagation of a novel kind of surface electromagnetic wave, which
is different from the more well-known surface plasmon polaritons. The existence of such
surface waves leads to a paradoxical situation in which a continuous metal barrier which
does not have any pinholes may exhibit a considerably increased light transmission if the
barrier is made of two different metals.
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Figure 1. (a) Assumed gradual transition region separating gold and silver films. (b) Corresponding
real part of effective permittivity calculated using Equation (2) at A = 1 mm. (c) Effective potential of
the transition region calculated using Equation (1). The real parts of the dielectric permittivities of
gold and silver at A = 1 mm are taken from ref. [10].

2. Materials and Methods

As illustrated in Figure 1a, in the visible and near infrared ranges e(z) of such a
system will be large, negative, and almost pure real. As an example, the transition region
between gold and silver is assumed to be about 10 nm deep. Such a gradual interdiffusion
layer would form naturally if a silver film were formed on top of a gold film via thermal
evaporation [11]. The corresponding effective potential V(z) calculated using Equation (1)
is shown in Figure 1c at A = 1 mm. While the magnitude of the dielectric permittivity
change across the interface may differ depending on the wavelength, its gradual character is
determined by the same width of the interdiffusion region. Let us evaluate if a propagating
SEW solution may be expected for such a potential well.

The easiest way to demonstrate that such an SEW solution does exist in this case is to
introduce an effective permittivity of the transition layer as

2 (1% 3(9e/02)*
8eff(z) =e(z)+— (28322 4 g2 2)
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thus incorporating the gradient terms from Equation (1) into the “effective” permittivity so
that Equation (1) may be rewritten as

2
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The so-obtained effective dielectric permittivity of the transition layer is plotted in
Figure 1b. The latter plot demonstrates that a gradual interface between gold and silver
is equivalent to a parallel plate metallic waveguide which is known to have no cutoff
frequency for the TM-polarized light and which always supports a TMy-guided mode (note
the region of positive e, in between the two negative e, regions in Figure 1b). Indeed,
using the Numerov method [12], Equation (1) may be solved numerically for the geometry
depicted in Figure 1. At the free space wavelength of Ay = 1 mm, such a numerical solution
results in —k? = —0.00345 nm 2, which leads to k = 0.059 nm ! and A = 106 nm for the
guided TM-polarized SEW mode. While the SEW propagation length for a perfectly flat
interface is defined by Im(k) [9], in most practical situations, the propagation length will be
defined by surface roughness.

The interfacial geometry shown in Figure 1 was also simulated numerically with
method of moments, as shown in Figure 2, using the commercial EM solver Altair Feko [13].
The transition between gold and silver was modeled in Feko as an infinite planar multi-
layer substrate consisting of ten 1 nm thick layers with the dielectric constant gradually
changing from the dielectric constant of gold (es, = —75 + i-5) to the dielectric constant of
silver (eag = —85 +i-5). Feko's special Green’s function formulation (method of moments
extension) implemented 2D infinite planes with finite thickness to model each layer of
the electromagnetic medium. The stack of these layers was sandwiched between semi-
infinite layers of gold and silver. These layers were defined in Feko as homogeneous half
spaces (exact Sommerfeld integrals). Electromagnetic waves were excited by a point electric
dipole with a magnitude of Idl = 1 A-m and a frequency 300 THz. The point source was
placed in the center of the 10-layer substrate (transition layer). It was directly parallel
to the layers and perpendicular to the observation plane in Figure 2. As seen in these
simulations, the SEW propagation length for an ideally planar interface (with no surface
roughness) may reach at least ~10 mm—see the top and the middle images in Figure 2,
which show the magnitude of the Poynting vector and the z-component of the electric field
in the simulated structure, respectively. These results are consistent with the predictions
of the analytical model. In particular, the wavelength of the SEW mode obtained in these
simulations (A = 106 nm—see the phase image in the bottom of Figure 2) closely matches
the analytical predictions.
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Figure 2. Electromagnetic field simulations using Altair Feko solver of the SEW mode excitation by
a radiating dipole placed inside a gradual gold-silver interface. The top image corresponds to the
magnitude of the Poynting vector. The two bottom images correspond to the magnitude (middle
image) and phase (bottom image) of Ez.



Photonics 2024, 11, 339

40f9

Note that the obtained solution cannot be classified as a conventional SPP mode. The
wave vector k of a conventional SPP mode is defined as follows [1,9]:

1/2
. 0

c\& +é&

where £1 and ¢, are the dielectric permittivities of the neighboring media. When both ¢;
and &, are mostly real and negative, Equation (4) produces an almost pure imaginary value
of the k vector, indicating the absence of the SPP mode.

3. Results

Our experimental results on light propagation through gold-silver interfaces appear
to be consistent with the theoretical predictions and numerical simulations described
above. Since the direct probing of the SEW field at the gold—silver interface using scanning
probe techniques is not possible, we investigated light transmission through composite
gold-silver films fabricated on glass slides using thermal evaporation. These experimental
results are summarized in Figures 3-5.

The composite gold-silver films were fabricated on top of glass slides overcoated with
a thin (5 nm) chromium layer for adhesion, as illustrated in Figure 3. Such an extremely
thin uniform layer of chromium did not affect the results of our optical transmission
experiments. The glass substrates used in this study were Corning boro-aluminosilicate
glass slides which exhibited a typical surface roughness of <0.02 micrometer/5 mm peak
to peak.

_ T\ ——

glass substrate

T ]

illumination

116,686 nm

Figure 3. Schematic geometry of our samples (top) and an AFM image (bottom) of the composite
film near the gold-silver edge. The AFM images were taken in tapping mode using a Bruker Mul-
timode 8 HR AFM. The AFM image demonstrates that the sample integrity was not compromised
near edge.
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Figure 4. (a) Reflection microscopic image of an overlap region between 88 nm thick silver and 80 nm
thick gold films. The red scale bar corresponds to 50 um, and the length of the scale bar is kept
the same in all other subfigures. (b) Corresponding transmission image obtained using white light
illumination. Note the stripe of strongly enhanced transmission which coincides with the gold-silver
interface. (c) Transmission image of the same sample obtained using a red filter (>75% avg. transmission
for 615-730 nm wavelengths and <1% avg. transmission for 380-550 nm wavelengths). (d) Transmission
image of the same sample obtained using a blue filter (center wavelength 440 nm, FWHM = 85 nm), and
(e) and (f) show the near edge cross-sections of the transmission images (c) and (d), respectively. The
black curve in (e) corresponds to a different sample in which the silver film thickness was increased to
173 nm.

Figure 5. A SWIR microscope transmission image of a Au/Ag film sample obtained using broad-
band IR illumination. Note a stripe of strongly enhanced transmission which coincides with the
gold-silver interface.
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The fabrication method was as follows. A pattern consisting of 2 mm wide stripes of
photoresist was made using negative photoresist APOL-LO 3204 on a 0.5 mm thick glass
slide. A 5 nm adhesive layer of chromium followed by an 80 nm thick layer of gold were
deposited via thermal evaporation, and lift-off was performed. Then, a layer of silver was
deposited via thermal evaporation over the pattern of 2 mm wide gold stripes. The sample
shown in Figure 4a consisted of an 80 nm gold film (on the left) overcoated with an overlap
with an 88 nm thick silver film. The schematic geometry of this sample is illustrated in
Figure 3. Optical microscope images of the overlap region obtained in reflection (Figure 4a)
and transmission (Figure 4b—d) using white light illumination are shown in these figures.
As clearly seen in Figure 4b, a stripe of strongly enhanced light transmission is observed
near the edge of the gold-silver overlap region, which goes in parallel with the edge.
Figure 4c—f summarize the results of our spectroscopic studies of this effect. It appears that
the red light transmission far exceeds the transmission of blue light through the Au/Ag
junction. This is clear from both the transmission images obtained with color filters and
from the comparison of their cross-sectional plots presented in Figure 4e,f through the stripe
region. Moreover, when the silver film thickness is increased to 173 nm, the transmission of
red light through the junction remains quite considerable (see Figure 4e), while the blue
light transmission becomes undetectable at the current sensitivity of our experiments. The
observed effect shows very weak or no dependence on the polarization of illuminated light,
which is consistent with the theoretically predicted TM character of the gradient SEW. Both
the transverse and longitudinal electric field components of the SEW mode are non-zero.

Our experimental results are consistent with the novel theoretical mechanism dis-
cussed in Section 2. Indeed, based on Equation (1), the effective potential V(z) at the Au/Ag
interface is mostly real at longer wavelengths, where the dielectric permittivities of both
gold and silver are large, negative, and mostly real. On the other hand, V(z) acquires a
considerable imaginary part towards at the blue light wavelengths. Note that these results
are drastically different from the naive expectations based on the known wavelength-
dependent skin depth in gold and silver. Note that the skin depth of silver at the red
light 600 nm wavelength equals about 14 nm [14]. This means that based on conventional
expectations, light would need to be transmitted through at least 12 skin depths, which
makes this effect somewhat similar to previous experimental observations of enhanced
SEW transmission underwater [15].

We verified, using AFM imaging (see the bottom part of Figure 3), that the integrity
of the composite gold-silver film was not compromised in any way near the gold-silver
edge (it did not contain any pinholes or crevices near the edge). The AFM image in
Figure 3 is a representative image which covers approximately the area of the observed
enhanced light transmission. Multiple other images taken across the larger observation
area showed approximately the same surface roughness. Therefore, the effect of enhanced
optical transmissions near the gold-silver edge cannot be attributed to defects of the
composite film.

We also verified that a similar effect was observed in the infrared range using an SWIR
microscope camera—see Figure 5. The sample used in this experiment was fabricated in a
similar fashion. An 80 nm gold film (on the left) was overcoated with an overlap with a
50 nm thick silver film. A similar stripe of strongly enhanced IR transmission was observed
in the Au/Ag junction region.

4. Discussion

Based on the obtained theoretical and experimental information, we must conclude
that the effect of enhanced light transmissions through the composite gold-silver film may
be connected to the existence of novel SEW modes at the gold-silver interface. Similar to
SPP-mediated light transmissions through nanohole arrays [5-8], these novel SEW modes
may facilitate the transmission of light through a continuous composite metal film. Indeed,
according to Fermi’s golden rule [16], the increased transmission of light at the gold—silver
junction indicates an increased density of photonic states (DOS) in the general area of the
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junction, which becomes available to the photons tunneling through the composite metal
film. This increase may occur due to the surface topography step (see Figure 3) which
breaks the momentum conservation law and facilitates the coupling between photons
and surface plasmons of the metal films. However, this mechanism is excluded by our
control experiments with Ag/Ag junctions in which a silver film of similar thickness
was overcoated with another silver film, and no enhanced transmission was observed
(see Figure 6—compare with Figure 4a,c). The newly discovered interfacial states of the
gold-silver interface are another source of the DOS increase, which becomes available to
the tunneling photons. Therefore, a strong increase in light transmissions near the Au/Ag
junction (in the demonstrated absence of the topographical effects) is a strong indication in
favor of our theoretical model.

(a) (b)

Figure 6. (a) Reflection microscopic image of an overlap region between 75 nm thick silver film on top
of 80 nm thick silver film. The red scale bar corresponds to 50 um. (b) Corresponding transmission
image obtained using white light illumination and the same red filter as in Figure 4c.

We should also mention that based on Equations (1) and (2), somewhat similar SEW
modes must also exist at gradual interfaces between two dielectrics. Indeed, in such a case,
the shapes of the effective potential and the effective permittivity curves from Figure 1b,c,
which are mostly affected by the gradient terms, will look similar to the case of a gradual in-
terface between two metals, which was considered above. Therefore, a TM-polarized SEW
solution must also exist in the dielectric case, which has a k vector larger than the k vector
of photons in each neighboring medium. The existence of such surface waves may have
affected observations in ref. [17], which reported considerably enhanced light transmission
through opaque samples, even in the absence of surface plasmon polariton modes. In addi-
tion, the existence of such large k vector SEW modes in the dielectric samples may lead to
interesting new possibilities of performing super-resolution microscopy experiments using
purely dielectric low-loss materials. This may be accomplished by either implementing
some of the SEW-based 2D microscopy geometries [18,19] or by appropriately modifying
recent experiments with high-index liquid-immersed microspheres [20].

As noted in ref. [9], the new kind of “gradient” surface electromagnetic waves, which
are experimentally observed in this work, may exist in experimental domains (such as
UV nanophotonic devices) which are currently not accessible to more conventional plas-
monic nanophotonic devices. Thus, our work further extends the boundaries of the fast-
moving field of novel optical materials which has experienced numerous exciting recent
advances [21-26]. In particular, optical losses appear to be one of the main obstacles
for the broader implementation of photonic crystal, plasmonic and optical metamaterial
devices—see refs. [23-26]. Theoretical prediction that “gradient” surface waves exist even
in high-loss situations opens up a broad range of new materials available for metamaterial
design. For example, silicon nanophotonic devices may become a near-future reality [9]. As
noted above, experimental confirmation of “gradient” surface electromagnetic waves may
also open up new spectral ranges where such new optical materials and devices may be real-
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ized, such as deep UV nanophotonics, where high optical losses are unavoidable. Therefore,
new experimental observations reported in our paper appear to be quite consequential.

5. Conclusions

In conclusion, we have demonstrated that a gradual interface between gold and silver
supports the propagation of a novel kind of “gradient” surface electromagnetic wave,
which is different from the more well-known surface plasmon polaritons. The existence of
such surface waves leads to a paradoxical situation in which a continuous metal barrier
which does not have any pinholes may exhibit considerably increased light transmissions if
the barrier is made of two different metals. Our spectroscopic study of this effect supports
the theoretical model of this interesting optical phenomenon.

Author Contributions: Conceptualization, L.1.S. and V.N.S.; methodology, I.LS., VN.S., D.M.S. and
A.B.K,; software, A.B.K; validation, V.N.S., D.S. and A.B.K,; writing, I.1.S. and V.N.S.; supervision,
V.N.S. All authors have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.
Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: The data generated or analyzed in the presented research are available
upon request.

Acknowledgments: We thank J. Klupt, T. Snarski, T. Maxwell, L. Hamann, E. Tu, V. I. Smolyaninova
and V. Yan for their experimental help.

Conflicts of Interest: The authors declare no conflicts of interest.

References

1.  Zayats, A.V,; Smolyaninov, L.I; Maradudin, A. Nano-optics of surface plasmon-polaritons. Phys. Rep. 2005, 408, 131-314.
[CrossRef]

2. Zhang, J.; Zhang, L.; Xu, W. Surface plasmon polaritons: Physics and applications. J. Phys. D Appl. Phys. 2012, 45, 113001.
[CrossRef]

3. Pitarke, J.M.; Silkin, V.M.; Chulkov, E.V.; Echenique, PM. Theory of surface plasmons and surface-plasmon polaritons. Rep. Prog.
Phys. 2007, 70, 1. [CrossRef]

4. Han, Z.; Bozhevolnyi, S.I. Radiation guiding with surface plasmon polaritons. Rep. Prog. Phys. 2013, 76, 016402. [CrossRef]

5. Ebbesen, TW,; Lezec, H.J.; Ghaemi, H.E,; Thio, T.; Wolff, P.A. Extraordinary optical transmission through sub-wavelength hole
arrays. Nature 1998, 391, 667-669. [CrossRef]

6.  Gordon, R.; Brolo, A.G,; Sinton, D.; Kavanagh, K.L. Resonant optical transmission through hole-arrays in metal films: Physics
and applications. Laser Photonics Rev. 2010, 4, 311-335. [CrossRef]

7. Blanchard-Dionne, A.-P.; Meunier, M. Sensing with periodic nanohole arrays. Adv. Opt. Photonics 2017, 9, 891-940. [CrossRef]

8.  Strelniker, Y.M. Theory of optical transmission through elliptical nanohole arrays. Phys. Rev. B 2007, 76, 085409. [CrossRef]

9.  Smolyaninov, LI. Surface electromagnetic waves in lossy conductive media: Tutorial. JOSA B 2022, 39, 1894-1901. [CrossRef]

10. Lide, D.R. (Ed.) CRC Handbook of Chemistry and Physics; CRC Press: Boca Raton, FL, USA, 2005.

11.  Turner, P.A.; Theuerer, H.C.; Tai, K.L. Interdiffusion between films of gold and silver. J. Vac. Sci. Technol. 1969, 6, 650. [CrossRef]

12. Numerov, B.V. A method of extrapolation of perturbations. Mon. Not. R. Astron. Soc. 1924, 84, 592-601. [CrossRef]

13. Available online: www.altair.com/feko (accessed on 4 April 2024).

14. Wu, C,; Song, G.; Liu, H.; Cui, L.; Yu, L.; Xiao, J. Optical bistability of surface plasmon polaritons in nonlinear Kretschmann
configuration. J. Mod. Opt. 2013, 60, 190-196. [CrossRef]

15.  Smolyaninov, LI; Balzano, Q.; Barry, M.; Young, D. Superlensing enables radio communication and imaging underwater. Sci. Rep.
2023, 13, 18333. [CrossRef]

16.  Fox, M. Quantum Optics: An Introduction; Oxford University Press: Oxford, UK, 2006; p. 51.

17. Lezec, HJ.; Thio, T. Diffracted evanescent wave model for enhanced and suppressed optical transmission through subwavelength
hole arrays. Opt. Express 2004, 12, 3629-3651. [CrossRef]

18.  Smolyaninov, LL; Elliott, J.; Zayats, A.V.; Davis, C.C. Far-field optical microscopy with nanometer-scale resolution based on the
in-plane image magnification by surface plasmon polaritons. Phys. Rev. Lett. 2005, 94, 057401. [CrossRef]

19. Hohenau, A.; Krenn, J.R.; Drezet, A.; Mollet, O.; Huant, S.; Genet, C.; Stein, B.; Ebbesen, T.W. Surface plasmon leakage radiation

microscopy at the diffraction limit. Opt. Express 2011, 19, 25749-25762. [CrossRef] [PubMed]


https://doi.org/10.1016/j.physrep.2004.11.001
https://doi.org/10.1088/0022-3727/45/11/113001
https://doi.org/10.1088/0034-4885/70/1/R01
https://doi.org/10.1088/0034-4885/76/1/016402
https://doi.org/10.1038/35570
https://doi.org/10.1002/lpor.200810079
https://doi.org/10.1364/AOP.9.000891
https://doi.org/10.1103/PhysRevB.76.085409
https://doi.org/10.1364/JOSAB.463692
https://doi.org/10.1116/1.1315718
https://doi.org/10.1093/mnras/84.8.592
www.altair.com/feko
https://doi.org/10.1080/09500340.2013.765052
https://doi.org/10.1038/s41598-023-45663-6
https://doi.org/10.1364/OPEX.12.003629
https://doi.org/10.1103/PhysRevLett.94.057401
https://doi.org/10.1364/OE.19.025749
https://www.ncbi.nlm.nih.gov/pubmed/22273967

Photonics 2024, 11, 339 90f9

20.

21.

22.

23.

24.
25.

26.

Darafsheh, A.; Walsh, G.F,; Dal Negro, L.; Astratov, V.N. Optical super-resolution by high-index liquid-immersed microspheres.
Appl. Phys. Lett. 2012, 101, 141128. [CrossRef]

Li, X,; Huang, X,; Han, Y.; Chen, E.; Guo, P; Zhang, W.; An, M.; Pan, Z.; Xu, Q.; Guo, X,; et al. High-performance y-MnO,
dual-core, pair-hole fiber for ultrafast photonics. Ultrafast Sci. 2023, 3, 0006. [CrossRef]

Song, Y.; Wang, Z.; Wang, C.; Panajotov, K.; Zhang, H. Recent progress on optical rogue waves in fiber lasers: Status, challenges,
and perspectives. Adv. Photonics 2020, 2, 024001. [CrossRef]

Gangwar, R.K,; Pathak, A K.; Kumar, S. Recent progress in photonic crystal devices and their applications: A review. Photonics
2023, 10, 1199. [CrossRef]

Kadic, M.; Milton, G.W.; van Hecke, M.; Wegener, M. 3D metamaterials. Nat. Rev. Phys. 2019, 1, 198-210. [CrossRef]

Ali, A; Mitra, A.; Aissa, B. Metamaterials and metasurfaces: A review from the perspectives of materials, mechanisms and
advanced metadevices. Nanomaterials 2022, 12, 1027. [CrossRef]

Liu, Y,; Zhang, X. Metamaterials: A new frontier of science and technology. Chem. Soc. Rev. 2011, 40, 2494-2507. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1063/1.4757600
https://doi.org/10.34133/ultrafastscience.0006
https://doi.org/10.1117/1.AP.2.2.024001
https://doi.org/10.3390/photonics10111199
https://doi.org/10.1038/s42254-018-0018-y
https://doi.org/10.3390/nano12061027
https://doi.org/10.1039/c0cs00184h

	Introduction 
	Materials and Methods 
	Results 
	Discussion 
	Conclusions 
	References

