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Abstract

We investigate local field enhancement phenomena using €-near-zero (ENZ) substrates for inci-
dent TM-polarized fields. When material losses are present a moderate field enhancement is
achieved for a fairly wide frequency band and incident angles. In contrast, when material losses
are partly compensated we observe much stronger field enhancement for narrower frequency band
and incident angles. We show that the combination of low material losses, intended in the sense of
small Im(e), and ENZ condition may lead to even higher absorption. However, this feature may be
used to trigger and enhance low-threshold nonlinear phenomena despite increased pump losses.

1. Introduction

Recently, artificial composite materials exhibiting e-near-zero (ENZ) capabilities [1] have attracted a
great deal of attention in view of potential applications, including tunnelling of electromagnetic energy
[2], boosting of optical nonlinearities [3], low-threshold nonlinear effects [4-5], and producing narrow
directive beams [6]. Here we clarify the conditions to maximize field enhancement. In particular, we
analyze the setup reported in Fig. 1, where we consider an ENZ substrate with thickness 4 along the z
direction. We consider natural ENZ materials, although artificial composites will be investigated and
shown during the presentation. Representative examples of such artificial composite materials are
made of N layers of plasmonic nanoparticles with inter-particle separation a (i.e., h = Na ) as in [7-8].
2. Optical setup and formulation

We analyze TM-polarized plane wave incident obliquely on the sample shown in Fig. 1. The incident
electric field lies on the x-z plane, i.e. E; = E;(cos8.x —sin@i)e_jk‘r, where E is the amplitude, &,
the incident angle, k =k X+k_Z=k,(sin6X+cosfz) the wavevector, r=xX+2zZ, kjo =ko\/&,
ko the free space wavenumber, and &, the relative permittivities of the surrounding medium and

substrate, respectively. From Snell’s law we know that ,/&sin8; =,/&,siné, , where 6, is the angle of
refraction inside the substrate (see Fig. 1). The electric field E, inside the substrate is given by
E, = AE, (cosé’,f(—sin@i)efij(xsmefﬂcosg’) + BE, (cos&t§(+sin&,i)eiij(xsmg’fzcosg’), where A and

B are the coefficients of forward and backward waves inside the substrate. Because of continuity of
the displacement field at the boundary, & E,| = & E_,, the longitudinal component of the electric field

ISBN 978-952-67611-2-1 -773 - © 2012 Metamorphose VI



Metamaterials '2012: The Sixth International Congress on L"“
Advanced Electromagnetic Materials in Microwaves and Optics METAMATERIALS 2012

E_, inside the substrate tends to become singular when &, ~ 0. This component is analyzed in the

next section for varying frequency and incident angles. In the ideal, lossless case, two conditions are
observed: (i) at the critical angle &, =6iC, for which k,, =ky4/&> —elsinzeic =0, with & #0, E,
takes on large, finite values for specific physical parameters; (ii) at a general 8, #0, for &, =0, total

reflection takes place and E_, — oo . When material losses are present, t9ic becomes complex, and the
described properties, though less pronounced, can be used for enhancing absorption.
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Fig. 1: ENZ setup under analysis, with |82| << 1.ENZ leads to high absorption.

3. Subwavelength ENZ substrate: linear and nonlinear properties

As an example, we consider a substrate of subwavelength thickness # =20 nm made of CaF,, which
naturally exhibits &c,p, =0-j0.166 at 21.08 pm [9] (therefore here &, = £, ). The surrounding me-

? :|EZ2|2 /|E0|2 computed at z=h/2 as a func-

dium has & =1. The normalized field intensity |E12,n

tion of wavelength and incident angle inside the substrate is shown in Fig. 2(a). Then, assuming an
artificial material loss compensation mechanism (that may involve the inclusion of gain material) for

lowering Im(ec,p,) to for example a value of eE;FZ :Re(eCaF2 )— jIm(eCEIFZ )/10, we calculate again
|E12’n|2 (Fig. 2(b)). Three properties are observed: (i) when natural material losses are considered,
|E ? approaches a maximum factor 30 for a wide frequency/incident angle band and take on a char-

z2,n

’ to peak at ~1700,

for a narrower frequency/incident angle band; (iii) the angle of maximum field enhancement shifts
toward smaller incident angles as the imaginary part of the permittivity is reduced. These results sug-
gest that the introduction of an artificial material loss compensation mechanism may boost local field
intensities significantly, leading to enhanced nonlinear optical phenomena. In order to shed some light
on the effects of material loss compensation on nonlinear properties of ENZ materials, we investigated
third harmonic generation from a 4 = 20 nm thick slab of two different materials: (i) CaF,, with per-

mittivity £c,p, [9]; and (i) CaF,”, with permittivity &c, . For both cases and all incident angles pump

acteristic tear-drop shape; (ii) the artificial compensation of Im(éc,p, ) allows |E12,n

irradiance is 10 MW/cm? at 21.08 um, where €car, =0 j0.166. We assumed a non-dispersive, nonlin-

ear susceptibility of bulk CaF, equal to 7® =1072' m*/v? [10]. We evaluate the total third harmonic
conversion efficiency asny = B, / F,, where B, and P, are the radiated power at the third harmonic
and the input pump power, respectively [11]. Fig 2(c) shows 7y at 21.08 um as a function of the in-
cident pump angle. The maximum efficiency for natural CaF, occurs at ~88° (blue curve), while the
maximum efficiency angle for CaF, " is ~70° (black, dashed line). In both cases examined, with natu-
ral material losses and with material loss compensation, the nonlinear behavior tracks rather well the

field intensity enhancement (compare the blue line in Fig. 2(c) with Fig 2(a), and black line in with
Fig. 2(b), both obtained from a cut at 21.08 um). We note from Fig. 2(b) that the local absorption rate,
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defined as A:hn(€0€2)|E2|2, with |E2|2 :|Ex2|2 +|E12|2, actually increases with respect to the case
discussed in Fig. 2(a), despite the decrease in Im(&,) due to the huge local field enhancement. At the

same time the maximum efficiency angle decreases, following a behavior similar to the field intensity
enhancement (Fig. 2(b)). One should also notice that the engineered CaF,” that includes gain shows a
dramatic increase of conversion efficiency (~7 orders of magnitude) that cannot be predicted solely by
the observation of local field enhancement.

2
at z=h/2 versus wavelength and incident angle, for (a) £c,g, and

Fig. 2: Normalized field intensity |E

22,n

CaF,  (dashed black line). Note the 8 orders of magnitude difference of the left and right efficiency scales.
4. Conclusion

We have analyzed local field enhancement in ENZ substrates illuminated by incident TM-polarized
fields. We find that strong enhancement may be achieved for a limited frequency band when the mate-
rial has very small losses and for a given incidence angle. Therefore, if material losses are compen-
sated (Im(&)~0) at the ENZ condition, the boost in the field enhancements may then be effectively ex-
ploited to significantly lower the threshold of nonlinear processes, such as optical switching and bista-
bility, despite increased pump absorption. As an example we showed that an artificial reduction of ma-
terial losses by one order of magnitude leads to a 7 orders of magnitude increase in the third harmonic
conversion efficiency from an extremely subwavelength (~A/1000) slab of CaF,.
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