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Supplementary Information 
 
Supplementary Note 1: Field profiles on and off resonance 
 
The effective magnetic permeability discussed in Figs. 2, 3 of the main text originates from loop-like 
displacement current in dielectric regions. Let us examine the dielectric (ndiel = 4.5 ) /Ag/dielectric 
structure discussed in Fig. 2g of the main text. At the magnetic permeability resonance, the displacement 
current exhibits an anti-symmetric distribution, as shown in the Supplementary Figure 1a (similarly to 
Fig. 2f of the main text, which pertains to the (ndiel = 4.5 ) /air/dielectric case). The circular current loop 

leads to a non-zero effective magnetization given by: Meff = 12µo r × Jd ⋅dS∫  [1-3]. We also calculate 

the external tangential magnetic field profile at resonance, which changes sign at the air/metamaterial 
interface and becomes positive (+x ) inside the metamaterial (Supplementary Figure 1b). This leads to 
an average magnetic field Havg , which faces in the opposite direction ( +x ) to the effective 

magnetization Meff  (−x ). This shows the effective diamagnetic character in the negative side of the 
magnetic resonance [4] (See Fig. 2g of the main text), based on the definition of the magnetic 
permeability: µeff = 1+M eff / (µeffHavg ) . Furthermore, the magnetic field null at the air/metamaterial 

interface is a characteristic of a perfect magnetic conductor (PMC), exhibiting a resonating magnetic 
permeability, which agrees with the picture of an effective equivalent slab with dielectric and magnetic 
properties, as the computed µeff  exhibits a resonance (Fig. 2g of the main text). Contrary to the on 
resonance case, the displacement current is no longer anti-symmetric off resonance (Supplementary 
Figure 1c-please note the colour bar). Deviation of the displacement current distribution from the well 
defined anti-symmetric loop shape leads to an effective magnetization that does not considerably deviate 
from unity. This is evident in Supplementary Figure 1d; the incident magnetic field only weakly interacts 
with the metamaterial, as its value is almost unchanged with respect to the illumination side (left). 
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Supplementary Note 2: Experimental characterization with spectroscopic ellipsometry and sample 
preparation details 
 
Complementary to Figs. 3e, f, j of the main text, we provide here enlarged versions of the transmission 
electron microscopy (TEM) images of the samples under consideration. 

 

 
We characterize the optical properties of each constituent layer via spectroscopic ellipsometry on 
reference samples, and determine the exact thickness of each layer from the TEM images. We are, thus, 
able to homogenize our metamaterials while taking into account fabrication and materials imperfections. 
We perform two types of homogenizations, which we then use as models for fitting the ellipsometric 
data on the full metamaterials: the first one pertains to our parameter retrieval approach that takes into 
account the magnetic response of planar metamaterials [5] (calculating εo ,εe ,µo ,µe ). We refer to this 
model as the “effective slab” model in Supplementary Fig. 3, as it accounts for the finite thickness of our 
metamaterials. By contrast, the second fitting uses effective medium approximation (EMA), which 

SiO2/Ag(a) TiO2/Ag(b) Ge/Ag(c)

50 nm 50 nm 100 nm

Supplementary Figure 1: Displacement currents and magnetic field profiles. Displacement current distribution for a 
(ndiel=4.5): 30 nm/Ag: 30 nm/(ndiel=4.5): 30 nm multilayer metamaterial. Panel (a) corresponds to the on resonance case 
whereas panel (c) corresponds to an off resonance frequency, hence, the displacement current is not antisymmetric in (c). 
Panels (b), (d) show the tangential magnetic field profile on and off resonance respectively: the average external magnetic 
field in (b) is opposite to the effective magnetization Meff on-resonance, indicating μeff<0. Results pertain to normal 
incidence and illmination from the left. 

Supplementary Figure 2: Transmission electron microscopy (TEM) images of fabricated samples. (a) SiO2/Ag 
metamaterial, (b) TiO2/Ag metamaterial, (c) Ge/Ag metamaterial. 
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pertains to an infinite arrangement. Particularly, we use the Maxwell Garnett result EMA result [6].  

 

 
 

We then take spectroscopic ellipsometry measurements on the full metamaterials, for angles of incidence 
50o to 70o with a step of 5o. By taking measurements for five angles of incidence, and fitting four 
effective parameters: εo ,εe ,µo ,µe  in the effective slab model, the fitting problem is always over-
determined. The same holds for the fitting performed using the EMA approach (εoEMA ,εeEMA ). The 
ellipsometric fitting for all the samples discussed in this work is performed in the commercially available 
VASE system (J. A. Woollam Co.), and the effective parameters are all modeled with generalized 
Drude, Lorenz and Gaussian oscillators to ensure Kramers-Kronig consistency. The VASE system 
utilizes a Levenberg-Marquardt regression algorithm for the fit. We use the META6 model of WVASE 
to incorporate the uniaxial anisotropy. 
 
 
Supplementary Note 3: Reflection pole method for detecting eigenmodes and counting states 

 
Here we explain the reflection pole method [7], based on which we detect the eigenmodes supported in 
the metamaterials we study, relevant to Figs. 4, 5 of the main text. Using the transfer matrix formalism 
for layered media [8], an eigenmode is an excitation (ω ,k// ) that is a pole of the complex transmission 
coefficient given by t(ω ,k// ) = 1 / m11(ω ,k// ) , where m11  is the 1-1 tensor element of the transfer 
matrix [8]. Based on the residue theorem of complex analysis, at the zeros of a complex function 

m11(k// ) , it’s phase shifts by π . We take the derivative ∂m11(k// / ko )
∂(k// / ko )

, which, as shown in 

Supplementary Fig. 4, resonates at the zero of m11 . The real part of the effective index of the eigenmode 
is given by the position of the resonance, while its imaginary part is given by the half-width-half-
maximum (FWHM). For more details see [7] or [9].  

Supplementary Figure 3: Experimental approach with spectroscopic ellipsometry. Measurements are taken on the full 
metamaterial stacks. The forward fitting pertains fitting the experimental data using the physical multilayer structure. We 
perform calculations of effective parameters ( and ) for the metamaterials while accounting 
for experimentally measured thicknesses through transmission electron microscopy (TEM) and experimentally 
determined optical constants of the constituent materials through spectroscopic ellipsometry on reference samples. We 
then perform fitting of the experimental data on the full metamaterials using the effective medium theory (EMA) model 
and the effective slab model that accounts for magnetic effects.  
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We consider in-plane normalized wavenumbers k// / ko ∈[0,nsur ] , for radiation (bulk) modes, 
while k// / ko > nsur  for bounded (surface) modes, where by nsur we refer to the refractive index of the 
surrounding medium. In order to explicitly show the increase in the number of TE-polarized 
electromagnetic states supported by metamaterials that exhibit magnetic resonances at visible 
wavelengths, like the one discussed in Fig. 4e of the main text, we start with the analytical equation for 
the density of states, pertaining to planar structures: 

(1) 

where rs  and r p refer to the complex reflection coefficients for TE (s) and TM (p) polarization. For 
details see [10] and [11]. As explained in the main text, the effective magnetic permeability has an effect 
mainly in the TE polarization characteristics of planar metamaterials, similar to the effective dielectric 
permittivity pertaining to TM properties. As can be seen from the last term in Eq. (1), in order for the TE 
polarization to contribute to the density of optical states, the TE complex reflection coefficient must 
deviate from the value of −1. 

We perform analytical transfer matrix calculations and reflection pole method calculations, 
together with finite element simulations investigating the TE properties of a fifty-five layers 
metamaterial consisting of silver and a dielectric material with refractive index ndiel , in the lossless-
limit, to simplify our analysis (similar to the one discussed in Figs. 4d, e of the main text). All finite 
element simulations (including Figs. 1, 4d, e of the main text and Supplementary Figs. 5a, 6a) were 
performed with the commercial package Comsol Multiphysics. We set the refractive index of the 
surrounding medium to be nsur = 1.55 , similar to Figs. 4d, e of the main text. Supplementary Figs. 5, 6 
show two cases: ndiel = 1.5  andndiel = 4 , respectively. The latter is the same as the case discussed in 
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Supplementary Figure 4: Reflection pole method. An optical mode is detected using the reflection pole method. The transfer 
matrix element  vanishes, hence its phase  shifts by π. By detecting the peaks of the derivative of 

 with respect to we obtain both real and imaginary parts of the effective index of the optical mode. The real part 
corresponds to the resonance position whereas the imaginary part corresponds to the half-width-half-maximum (HWHM) of the 
resonance. 
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Fig. 4e of the main text.  
In the case of ndiel = 1.5 , as seen in Supplementary Fig. 5a, no TE electromagnetic states couple 

to the multilayer metamaterial and its response is reflective. This is confirmed with analytical transfer 
matrix calculations of TE reflectance (Supplementary Fig. 5d), which is almost unity, while absorption is 

negligible (Supplementary Fig. 5e). Furthermore, as can be seen in Supplementary Fig. 5c, Re(rs )
barely deviates from the value of −1, indicating absence of TE-polarization electromagnetic states, 
based on Eq. (1). With use of the arguments explained above regarding the reflection pole method, we 

present the parameter ∂m11(λ )
∂λ  in Supplementary Figs. 5f and g for radiation (bulk) and bounded 

(surface) modes, respectively. No peaks are observed, confirming the absence of any TE states supported 
in the metamaterial in this frequency regime for the considered wavenumbers. The wavenumbers 
accounted for in Supplementary Figs. 5f, g are chosen based on the Gaussian beam in the finite element 
simulation shown in Supplementary Fig. 5a.  

Furthermore, by homogenizing the layered metamaterial through [5], we obtain negative 
dielectric permittivity  εo  while the magnetic permeabilities along both coordinate directions µo and µe  
remain positive (Supplementary Fig. 5b). For these values of εo ,  µo and µe , the dispersion equation for 

bulk propagating modes 
kx
2 + ky

2

εoµe
+ kz

2

εoµo
= ω 2

c2
 has no solutions, confirming, again, the absence of any 

states at in this frequency regime. 

 

 
 

In contrast, increasing the dielectric index to ndiel = 4  leads to a drastically different 
metamaterial response, as shown in Supplementary Fig. 6a. The metamaterial absorbs most of the 
incident field, as confirmed through analytical simulations showing enhanced TE absorption in 
Supplementary Fig. 6e, while the TE reflectance vanishes at resonant wavelengths (Supplementary Fig. 
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Supplementary Figure 5: Reflection pole method and finite element simulations for ndiel=1.5.  (a) Simulation results for a 
fifty-five layers dielectric ndiel: 50 nm/Ag: 20 nm multilayer metamaterial at 780 nm for TE polarization, ndiel=1.5, the 
surrounding medium has index nsur=1.55. (b) Effective parameters for the metamaterial in (a). (c) Re(rs) barely deviates from 
the value of -1. (d) TE polarization reflectance=|rs|2. (e) TE polarization absorption. (f) reflection pole method for radiation 
(bulk) modes, (g) reflection pole method for bound (surface) modes. Note 1: (c), (d), (e), (f), (g) are transfer matrix 
analytical multilayer calculations for the multilayer described in (a). Note 2: For (c), (d), (e), (f): Colours: from blue to red: 
k// from 1.45ko (blue) to 1.55ko (red)-corresponding to the wavenumbers in the simulation of (a). Note 3: For (g): Colours: 
from blue to red: k// from 1.55ko (blue) to 2ko (red). 
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6d). As seen in Supplementary Fig. 6c, now Re(rs ) is drastically different from unity, indicating a TE 
contribution to the density of states, based on Eq. (1). The density of states enhancement is already 
obvious by the enhanced absorption, however we also show it explicitly in Supplementary Fig. 6f; the 
reflection pole peaks represent states and their number is equal to the number of bulk eigenmodes (or 
optical states) for the considered wavenumbers and wavelengths. The number of TE bound (surface) 
states is also enhanced, as peaks are also observed for wavenumbers k// / ko > nsur (Supplementary Fig. 
6g). This response is also interpreted in the effective homogeneous slab picture (with effective 
parameters  εo ,  µo and µe ); the TE response of the metamaterial is now hyperbolic as µoµe < 0
(Supplementary Fig. 6b). Equivalently to the consensus that HMMs with εoεe < 0  support an enhanced 
density of TM states [12-13], we show a similar response for TE polarization due to µoµe < 0 . 

 

 
 
Supplementary Note 4: Surface waves 
 
In the main text Fig. 5 we examine surface-localized bound modes. To detect them, we use the reflection 
pole method [7] for multilayers, as described in Supplementary Note 3, and we set k// / ko > nsur  to 
ensure exponential decay outside the multilayer structure. This condition alone, indicated in 
Supplementary Fig. 7 with C1, does not suffice for a state to be surface localized. One must impose an 
additional condition of the frequency of the mode to be lie inside the band gap of the metamaterial, in 
order to ensure decay in the metamaterial volume and therefore surface confined propagation. We show 
this condition in Supplementary Fig. 7 with C2. This means that the component of the wavevector 
normal to the interfaces has to satisfy Im(kzeff )>>Re(kzeff ) . Thus, the surface waves discussed in Fig. 5 
of the main text decay away from both sides of the multilayer metamaterials interface. 
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Supplementary Figure 6: Reflection pole method and finite element simulations for ndiel=4.  (a) Simulation results for a 
fifty-five layers dielectric ndiel: 50 nm/Ag: 20 nm multilayer metamaterial at 780 nm for TE polarization, ndiel=4, the 
surrounding medium has index nsur=1.55. (b) Effective parameters for the metamaterial in (a). (c) Re(rs) deviates from the 
value of -1 indicating enhanced density of states. (d) TE polarization reflectance=|rs|2. (e) TE polarization absorption. (f) 
reflection pole method for radiation (bulk) modes, (g) reflection pole method for bound (surface) modes. Note 1: (c), (d), 
(e), (f), (g) are transfer matrix multilayer calculations for the multilayer described in (a). Note 2: For (c), (d), (e), (f): 
Colours: from blue to red: k// from 1.45ko (blue) to 1.55ko (red)-corresponding to the wavenumbers in the simulation of (a). 
Note 3: For (g): Colours: from blue to red: k// from 1.55ko (blue) to 2ko (red). 
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For the structures discussed in the main text, we display in Supplementary Figs. 8, 9 numerical results 
for the propagation decay length L  and penetration depth t , respectively. 
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Supplementary Figure 7: Our approach for surface wave computations: Condition C1 ensures the eigenmode existence 
( ), whereas condition C2 ensures surface wave characteristics ( ), hence, interface-

bound propagation. 

Supplementary Figure 8: Decay length of surface waves. Complementary to Fig. 5 of the main text. (a) TM and 
(b) TE surface wave decay length L=1/2Im(k//) for a 5 layers dielectric ndiel: 55nm/Ag: 25nm metamaterial.  

Supplementary Figure 9:  Penetration depth of surface waves. Complementary to Fig. 5 of the main text. (a) TM and 
(b) TE surface wave penetration depth t=1/2Im(kz) for a 5 layers dielectric ndiel: 55 nm/Ag: 25 nm metamaterial.  
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It is well known that at the interface between a dielectric and a metal with negative dielectric 

permittivity, one can excite TM-polarized surface plasmonic waves, with dispersion , 

where ε1  stands for the permittivity of the dielectric medium and ε2 (ω ) < 0  is the dielectric permittivity 
of the metal [14-15]. Due to Maxwell’s equations duality between TM and TE polarizations, with the 
exchange of dielectric permittivity with magnetic permeability, the same holds for a TE-polarized 
magnetic plasmon mode. Specifically, at the interface between a magnetic material with µ2 (ω ) < 0  and 

another medium with permeability µ1  a TE surface wave exists with dispersion k = ω
c

µ1µ2 (ω )
µ1 + µ2 (ω )

. For a 

magnetically and electrically anisotropic material with parameters εeff = diag{εo ,εo ,εe} and
µeff = diag{µo ,µo ,µe} , the surface plasmon equations require modification. By solving the boundary 

condition problem between a semi-infinite uniaxial material and air, one obtains ω = kc 1− εoεe
εe (µo − εo )

for 

TM polarization. Equivalently, for TE polarization, the surface wave dispersion is:
 
ω = kc 1− µoµe

µe (εo − µo )
. 

Based on these equations, the fact that the dispersion curves displayed in Figs. 5a, b of the main text, 
pertaining to TM and TE polarization respectively, exhibit different frequency dependence can be 
understood from the frequency dependence of the effective parameters εo (ω ) , εe (ω ) , µo (ω )

 
and 

µe (ω ) ; as shown in Figs. 3a-d of the main text, the ordinary and extraordinary permeabilities µo (ω )
 and µe (ω )  exhibit very different frequency dispersion from εo (ω )

 
and εe (ω ) . 

 
Supplementary Note 5: The µ=1 assumption in an isofrequency diagram 

 
As discussed in Fig. 6 of the main text, one way of assuring the validity of our model, based on which 
multilayer metamaterials are described with an effective permittivity tensor and an effective permeability 
tensor, is to perform an impedance-matching sanity check for normal incidence illumination ( k// = 0 ). 
Here, we extend this analysis to larger wavenumbers ( k// > ko ) and compare our model ( εo ,εe ,µo,µe ) 
with the traditional EMA. We do so by re-assessing the TE bulk-modes discussed in Figs. 5a, b, c of our 
main text, not only in the ( εo ,εe ,µo,µe ) picture, but also in the nonmagnetic ( εo,µ=1,εe,µ=1 ) picture, by 

setting a priori the magnetic permeability to unity.  
As shown in Fig. 6c of the main text, setting a priori the magnetic response to unity yields 

similar results to the Maxwell Garnett approach. We take as an example the ndiel = 2.5 /silver 
metamaterial, same as the one discussed in Figs. 4a-c of the main text with the blue curves. The TE 
reflectance (Supplementary Fig. 10a) exhibits very pronounced angle (or wavenumber) dependence, 
which can be understood in terms of an effective anisotropic magnetic response, since the dispersion of 

TE propagating modes is given by 
kx
2 + ky

2

εoµe
+ kz

2

εoµo
= ω 2

c2
. This is in agreement with Supplementary Fig. 

k = ω
c

ε1ε2 (ω )
ε1 + ε2 (ω )
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10b; the open, anisotropic dispersion agrees well with the angle dependence in reflectance  RTE . 
Contrary to this, the non-magnetic model ( εnon-mag.,µ = 1) (with Supplementary Fig. 10c) yields a 

circular isofrequency contour (for  k// / ko ≤1 ). Circular isofrequency diagrams, however, imply an 
isotropic dispersion, which is not in agreement with the angle-dependence of  RTE . We note that  RTE  
was calculated using the physical dielectric/metal geometry as explained in the main text. We also note 
that we take into account spatial dispersion effects when calculating the isofrequency diagrams. 
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