PHYSICAL REVIEW B 96, 075429 (2017)

Defect mode in the bulk plasmon-polariton gap for giant enhancement
of second harmonic generation

F. Reyes Gémez,! J. R. Mejl’a-Salazar,Z’* Osvaldo N. Oliveira Jr.,2 and N. PorraS-Montenegro1
lDepartamenlo de Fisica, Universidad del Valle, AA 25360, Cali, Colombia
2 Instituto de Fisica de Sdo Carlos, Universidade de Sdo Paulo, CP 369, 13560-970, Sdo Carlos, Sdo Paulo, Brasil
(Received 27 April 2017; revised manuscript received 28 July 2017; published 21 August 2017)

We demonstrate that the defect mode in the bulk plasmon-polariton gap of one-dimensional defective
metamaterial photonic crystals can be used to achieve a giant enhancement of more than four orders of magnitude
in the second harmonic (SH) conversion efficiency only by changing the incidence angle. Furthermore, the
one-dimensional photonic crystal may be designed in order for the SH wave to coincide with the edge of the
Bragg gap or with the defect mode inside this gap, in which case the enhancement is even higher. Because of
the robustness of the bulk plasmon-polariton gap to scaling effects, the present proposal may inspire different
routes for frequency upconversion, signal filtering, and switching photonic devices.
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I. INTRODUCTION

Existing microstructuring and numerical modeling tech-
niques allow one to design and develop artificial materials,
better known as metamaterials, whose permittivity and/or
permeability is a function of the incident frequency [1-26].
One of the most remarkable properties of these metama-
terials is the possibility of a simultaneous negative value
for permittivity and permeability, thus leading to a negative
index of refraction. Striking electromagnetic phenomena arise
with a negative index, including the reversed Doppler effect
predicted by Veselago in the 1960’s [27]. In one-dimensional
photonic crystals (PCs) comprising periodic alternating layers
of positive/negative refractive materials, forbidden frequency
ranges appear. These photonic band gaps (PBGs) have physical
origins entirely different from conventional Bragg scattering
mechanisms [28-31], and are referred to as zero-n [28]
and plasmon-polariton [29] (PP) non-Bragg gaps, known to
be robust against disorder and scale effects [30,31]. The
zero-ii gap is observed due to a zero geometrical averaged
refractive index, and can exist for any 6 value. The PP gap
is due to the coupling of the longitudinal electric/magnetic
field component of light with the corresponding plasmonlike
effective response of metamaterial layers under transverse
magnetic (TM)/transverse electric (TE)-polarized incident
light, and therefore can only be observed under obliquely
incident light. In the case of materials with only their
permittivity (&)/permeability (u) being frequency dependent,
the corresponding bulk PP gap can only be observed for
TM/TE-polarized incident light.

Nonlinear inclusions in PCs exhibit features that may
be exploited in such technological applications as optical
switching, optical buffering, and frequency upconversion for
improved near-infrared detection [32—34]. Solitons have been
excited in a negative index Fabry-Pérot étalon [34], in a
cavity filled with a negative refractive material [35], and gap-
soliton modes [36] were observed at the gap edges of zero-ii
[37] and bulk PP [38] gaps. Large enhancement factors for
second harmonic generation (SHG) were obtained around the
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zero-ii and the bulk PP gaps in one-dimensional metamaterial
PCs [39-41], which is promising for high-order frequency
conversion and short-wavelength laser sources applied in
large screen laser displays and photoelectron spectrometers
[42—45]. Strongly enhanced SHG in cavities obtained with
one-dimensional periodic PCs [44-51] can be achieved by
breaking the periodicity, e.g., by incorporation of a defect
layer, which leads the system to act as a cavity with distributed
mirrors. The corresponding cavity (defect) mode is located
inside the PBG, and the electromagnetic field profile is
strongly localized within the defective layer, thus enhancing
the light-matter interaction. Surface plasmon-polariton (SPP)
excitations have been used for SHG [52-55], but there is a lack
of interest in the bulk PP. The PP gap has been extensively
studied, but the possibility to excite a defect mode in this gap
was only recently demonstrated [56]. This defect mode has
the peculiarity of being observed only for a nonzero incident
angle, 6 # 0. The corresponding frequency can be controlled
by means of the incident angle, which may inspire different
routes for switching and filtering applications [57-61].

In this paper, we theoretically demonstrate that the defect
mode inside the bulk PP gap, where a strong light-matter
coupling is present, can be employed to enhance the efficiency
of SHG up to giant values. Our concept employs the control
of the light-matter interaction through the dependence on the
angle of incidence to enhance the nonlinear effects. This is
promising, on one hand, because the high localization of the
defect mode, combined with the simultaneous strong light-
matter interaction in the bulk PP gap, can reduce the optical
power required to activate the SHG process. On the other hand,
it can also be used in filters or in frequency multipliers due to
the very well-defined frequency of the defect modes.

II. THEORETICAL FRAMEWORK

The system we investigate is a finite one-dimensional
multilayer structure made by alternating slabs of nonlinear
dielectric LiNbO; [42,50], labeled A, with a negative refractive
metamaterial, labeled B, incorporating a linear dielectric defect
layer of AlAs [62], labeled D. Although the energy dissi-
pation inherent in metallic building blocks of metamaterials
becomes a restriction in the optical regime, where collective
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FIG. 1. The upper figure depicts the multilayer architecture under
study. (a), (c), and (e) are the photonic band structures for the infinite
periodic one-dimensional metamaterial stack for 8 = 0°, 6 = 15°,
and 6 = 30°, respectively. The system was considered in the linear
regime and losses in metamaterial layers were neglected. k is the
corresponding Bloch wave vector along the z direction, d =a + b
is the period length, and 6 corresponds to the angle of incidence
of the TE-polarized light. The highlighted regions represent the
plasmon-polariton gap, while the dashed lines indicate the magnetic
bulk plasmonlike frequency of metamaterial layers, i.e., the frequency
fp for which ug(f;) =0. (b), (d), and (f) show the transmission
spectra for the finite linear defective one-dimensional metamaterial
PC, (AB)*D(BA)®, for 0 = 0°, 0 = 15°, and 6 = 30°, respectively.
For calculation purposes we have taken @ = 10.4 mm, b = 5.0 mm,
and / = 16.0823 mm, with y = 0.0001.

electron oscillations in the metals dictate the metamaterial
properties [18], in the microwave and midinfrared frequencies
(considered in this work) metals can be approximated as
perfect conductors because the skin depth is much smaller
than the feature size of the structure. Taking this into
account and the available techniques to grow low-loss negative
refractive metamaterials from the microwave [17,24,26] to
the near- and midinfrared [18,21] regimes, we shall perform
the calculations considering no loss or small losses. For
simplicity, the multilayer architecture has mirror symmetry
around the defect layer, i.e., (AB)YD(BA)", for N bilayers
AB on each side of the defect, as shown in the upper panel of
Fig. 1. LiNbOj3 and ultrathin metamaterial slabs (~200 nm)
may be produced by lithographic techniques [11,20], and
therefore the proposed system should be experimentally
feasible with present technologies. For the sake of simplicity
we will consider the permittivity and permeability as described
by [37]

1.6 + 40 )
eg = 1. -
i 0.8l — f2—ify
25
pp = 1.0+ )

0.814 — f2—ify’

with the damping factor y = 0.0001. For the linear building
blocks, layers B and D, we take the second-order nonlinear
susceptibility X(Q) = 0, while for nonlinear LiNbOj3, layers A,
we use Xf) = 6.7 pm/V in the microwave regime [63,64].
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The incident electric field amplitude Eo = 107 V/m (intensity
~13.3 MW/cm?) was used to compare with previous theo-
retical proposals [40]. The layer thicknesses were taken as
a =10.4 mm, b = 5.0 mm, and / = 16.0823 mm, for layers
A, B and D, respectively. Refractive indices for LiNbOj
(AlAs), related to the fundamental frequency (FF) and SH
waves, were n')) =2.157 (n5 =2.902) and n{y =2.237
(ng) = 3.015), respectively, according to Refs. [47,62]. We
consider here the case of a TE-polarized incident wave. If the
backcoupling of power from the SH to the FF is neglected, i.e.,
in the nondepleted pump approximation, the corresponding
electromagnetic fields are obtained by solving the following
set of coupled equations [40,62],

d2
[+ W | =0 ()

d2
U] = e e o

where Xi(z) is the second-order nonlinear susceptibility in
the ith layer. k) =nk{ cos(0), k= ijm, k) =
kS cos (65), and 6 denote the corresponding wave vectors
and propagation angles for the FF (j = 1) and SH (j = 2)
waves. The transfer matrix method (TMM) has been used to
study SHG in nonlinear one-dimensional PCs under normal
incident electromagnetic fields, but it was only recently
extended to consider dielectric one-dimensional PCs under
oblique incident light [62]. Equations (3) and (4) for oblique
incident light were solved with the TMM in Ref. [62], by
imposing the initial conditions E(()Z)+ =0 and Et(z)7 =0,
with E(()z)+ and E,(Z)_ being the corresponding forward and
backward SH waves at the media before and after the one-
dimensional PC, respectively; initial values for the SH are null
since there is no incident SH wave. Conversion efficiencies

for the forward and backward SH waves are calculated as

[EQ*T IES" | : :
ne = “’E B and n, = Ig ” [50], respectively, while the total
0 0

conversion efficiency is calculated as n = n¢ + 1y, [39].

III. RESULTS AND DISCUSSION

The photonic band structures (PBSs) for a perfect infinite
periodic one-dimensional PC, built by alternating layers A
and B, for TE-polarized incident light are shown in Fig. 1,
for incident angles 8 =0°, 6 = 15°, and 6 = 30°. PBSs
were calculated by solving the linear problem imposing the
well-known Bloch-Floquet periodic boundary conditions [65].
For comparison, we also plot the corresponding transmission
spectra for a finite (AB)*D(BA)? defective one-dimensional
PC. The dashed line indicates the magnetic bulk-plasmon
frequency f,, i.e., the frequency for which ug(f;) =0.
In TE polarization, the electric field E is normal to the
plane of polarization, the xz plane, while the magnetic field
H = Hrg ) + Hrg,  is found along that plane, with Hrg | =
|H| cos 0% and Hrtg , = [H|sinfz, where X = (1,0,0) and
Z = (0,0,1), indicating the components parallel and normal
to the interfaces. For 6 # O there is a photonic band gap,
which broadens around f, with increasing 6. Such a gap is
highlighted in the PBSs and transmission spectra in Fig. 1 for
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FIG. 2. (a) Transmission spectra around the lower PP gap edge
as a function of the frequency and 6. The dotted line is just to guide
the eye along the lower PP gap edge. (b) Conversion efficiency for
SHG as a function of 6 for the FF in the defect mode inside the PP

gap.

6 = 15°,and 6 = 30°. This PP gap [29] is due to the coupling
of the longitudinal magnetic field component of light, Hrg | ,
with the plasmonlike p( f) effective response of metamaterial
layers. Also observed in Fig. 1 are very sharp transmission
peaks inside the PP gap, which correspond to the excitation
of the corresponding defect mode. Our interest here is in the
nonlinear properties of this defect mode, which is found near
the low edge [see Fig. 2(a)]. The rationale is to take advantage
of the localized electromagnetic field in defect modes and the
strong light-matter interaction in the bulk PP gap to enhance
the SH conversion efficiency.

Figure 2(a) displays the transmittance as a function of the
frequency and the angle of incidence 6 with the bulk PP
gap broadening with increasing 6, as expected because Hrg |
increases with 8. The dotted line in Fig. 2(a) is a guide for
the eye for the bulk PP gap edge. High transmission peaks
above the PP gap edge show the corresponding defect mode
inside the PP gap as a function of frequency and 6. Figure 2(b)
shows the calculated SH conversion efficiency n for the defect
mode in the PP gap as a function of the incident angle from
6 = 5° up to 6 = 45°. Further increases of 6 are accompanied
by a wider PP gap that makes it hard to numerically obtain the
corresponding defect mode for larger 6 values. Calculations
were made for three hypothetical values of y, viz., 0, 0.0001,
and 0.001, in order to show the detrimental role of absorption in
the SHG process. For larger absorption values the defect mode
and nonlinear effects are hindered. For comparison purposes,
the SH conversion efficiency is also plotted as a function of
6 in the cases of an isolated slab of LiNbO3 with thickness
a = 10.4 mm, named slabl, and a slab of LiNbO3 with the
thickness of the total system L = 228.4823 mm, named slab2.
A slight decrease is observed as 6 increases for these slabs,
in contrast with the case of the defective PC. It is seen that
n can be enhanced by increasing the light-matter coupling
(increasing Hrg ;) with 6. The larger n value for 6 = 15°
occurs because the geometrical parameters have been selected
to have simultaneous FF and SH waves being defect modes at
this 6. This enhancement is therefore due to the excitation of
dual-localized defect modes [47], as confirmed in Figs. 3(a)
and 3(b). There is a giant value of n for 6 = 30°, ascribed to
the combination of the high density of states and a slowing
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FIG. 3. (a) and (c) are the transmission spectra for TE-polarized
incident light, obliquely impinging on the PC with 6 = 15° and
6 = 30°, around the corresponding FF. (b) and (d) are the nonlinear
transmission spectra for the TE-polarized SH wave, excited by fields
in (a) and (c), respectively.

down of the optical waves near the PBG edge [50]. Indeed,
Figs. 3(c) and 3(d) show that FF remains as the defect mode in
the PP gap, while the SH wave corresponds to a Bragg gap edge
for & = 30°. The enhancement of n for & = 30° is larger than
for & = 15° because the SH conversion efficiency depends
not only on the incident field but also on the enhancement
of the FF and SH waves in the PC. The corresponding field
profiles normalized to the incident fields for the FF and SH
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FIG. 4. (a), (b) Field profiles showing dual localization for the FF
and SH waves in Figs. 3(a) and 3(b), when both are defect modes.
(c) and (d) are the field profiles when FF is the defect mode in the PP
gap and the SH wave is found along a Bragg gap edge, as in Figs. 3(c)
and 3(d).
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FIG. 5. (a) Transmission spectra around the lower PP gap edge
as a function of the frequency and 6. The dotted line is just to guide
the eye along the lower PP gap edge. (b) Conversion efficiency for
SHG as a function of 8 for the FF in the defect mode inside the PP
gap. (c) and (d) are the transmission spectra for TE-polarized FF and
the corresponding SH wave, for light obliquely impinging on the PC
with 8 = 15°. (e) and (f) are the field profiles when FF is the defect
mode in the PP gap and the SH wave is found along a Bragg gap
edge, as in (c) and (d).

waves are shown in Fig. 4, where the amplitude of the SH
field for & = 15° is approximately 1/5 the value for 6 = 30°.
One should note that the results above were obtained in the
microwave regime, where double negative metamaterials are
widely known [13].

In order to extend these results to cases of experimentally
feasible one-dimensional metamaterial PCs working at tera-
hertz frequencies, we consider low-loss metamaterials with a
negative index of refraction working from the near-infrared
to the visible regime [9-12,14,19]. We take the nonlinear
susceptibility for LiNbOj; layers as xf) = 40 pm/V, according
to Refs. [63,64] in the terahertz regime. Layer thicknesses
will be considered as a = 424.4 nm (LiNbQO3), b = 225 nm
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(metamaterial layers), d = 860 nm (AlAs defective layer),
arranged as depicted in Fig. 1. The corresponding results are
shown in Fig. 5, where, for simplicity, metamaterial layers
were also considered as made by combining the split-ring
resonators (SRRs) into a periodic medium such that there
is strong coupling between the resonators. The effective
permeability and permittivity are thus [1,2]

_ Fo? )
H= a)z—a)(z,+ia)y’
[0}
£ = o+ — ©)

20
wy — w* — iy

where the parameters @ = wp+/€c0 — €0, Wy = 15%%, &0 =
3.0, 6 =15, y =34x107% PHz, and F = 0.55, are
determined by the geometrical and material properties of
SRRs [1]. ¢ corresponds to the light velocity in vacuum.
The optical source is a neodymium-doped yttrium aluminum
garnet (Nd:YAG) laser [66,67], with a working wavelength
A = 1064 nm, and an incident electric field amplitude E, =
10° V/m (intensity ~133 kW/cm?) [68]. The results are
analogous to the ones observed in the GHz regime, including
for slabl and slab2. Because several techniques to develop
these types of metamaterials are available, though the ex-
perimental realization may be challenging, we expect that
the concepts presented here will stimulate exploitation of
strong light-matter interactions in metamaterials to enhance
SH conversion efficiency.

IV. CONCLUSIONS

In summary, we have shown that the defect mode in the
bulk PP gap can be used to enhance SH conversion efficiency.
In particular, we numerically demonstrated an enhancement
of at least four orders of magnitude in SH conversion, for both
the microwave and infrared regimes, which is controlled by
increasing the angle of incidence. A giant enhancement can
also be reached in one-dimensional PCs conveniently designed
to satisfy the condition under which the SH wave coincides
with the Bragg gap edge or with the defect mode.
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