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Optical Anisotropic Metamaterials. Negativerefraction and focusing
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We design 3D metallic nanowire media with different struetuand numerically demonstrate they can be
homogeneous effective indefinite anisotropic media by &guheir dispersion relations are hyperbolic. For
a finite slab, a nice fitting procedure is exploited to obthia dispersion relations, from which we retrieve the
effective permittivities. The pseudo focusing for the rg@Bl wire medium agrees very well with the homoge-
neous medium having the effective permittivity tensor @& tire medium. Studies also show that in the long
wavelength limit, the hyperbolic dispersion relation o tBD wire medium can be valid even for evanescent
modes.

PACS numbers: 42.25.-p, 41.20.Jb, 42.30.-d, 78.20.Ci
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Recently, negative index materials (NIMs) and photonic />§_
crystals (PCs) are receiving more and more attention be- e
cause of their extraordinary optical properties such as v v
near field focusing, subwavelength imaging, and negative EFS EFSu
EFS acum

refractiont23:4267.89.10.1L10g first proposed, these NIMs
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have the permittivitye, and the permeability,, simultane- Negtive anisotopic
ously negative, which are achieved by overlapping eleatrit -X\---”-- Ve
magnetic resonances. But the double resonance scheme alsg k) .
causes large resonance losses and technical difficults-in fﬁ k‘z\
sign and fabrication. In addition to negative index matsria Tqu e
both theoretical and experimental studies show the prigsert EFSpan N\ ky (e

of negative refraction and subwavelength imaging can also (@ (b)

occur in some uniaxially anisotropic media, which can have

lower losses and be easier to fabricté15:16.17.18.19.20.212223 15 1. (Color online) (a) Top graph: Circular equifrequgrsuir-
For a particular anisotropic medium, where the permittiv-faces (EFS) for vacuum and isotropic media. Bottom grapluifis

ity component £, ) along the direction perpendicular to the quency surfaces for vacuum (circle) and negative anisintreffrac-

interface is negative, while all other permittivity and per-  tion media (hyperbolic relation). (b) The definitions for, k|, € 1,

ability components are positive, it has a hyperbolic disjper ~ @nds) used in our simulations.

relation as follows:

k% kﬁ 9 for the case whei;; = 0. To be normal to the hyperbolic
BN - les| v 1) curves and sa_tisfy the requirement of pointing away from the
interface coming from the causality, the refracted group ve
where the definitions foe,, ¢, k. andk are shown in locity has to undergo a negative refraction, which causes th
Fig.[A(b). Figurdll(a) schematically shows how negative reexpected focusing. (Note that the refracted phase veltmity
fraction works in this particular anisotropic medium. The an anisotropic medium still has a positive refraction.)
group velocity can be calculated by = Viw(k), which im- A lot of work has been done in anisotropic metamaterials,
plies that the direction of group velocity (energy flow) wiul both experimentalf?:8 and theoretically31#416:17.19.20,21,22,23
be normal to the equifrequency surface (EFS) and in the dikiu and Zhang?® derived the hyperbolic dispersion only the-
rection wherew is increasing. The conservation bf indi-  oretically in the Maxwell-Garnett approximation. Althdug
cates two possible solutions in the medium, but the cormeet o they showed negative refraction and pseudo focusing in nu-
can be determined by causality — the refracted group veglocitmerical simulations, they did not obtain the actual disjpers
should point away from the interface, as shown in Elg. 1(a)relation from the realistic simulated metamaterial norttiey
From Fig[1(a), we can also see that for an isotropic mediumgemonstrate the effective medium behavior from realidtic s
the circular equifrequency surface forces the refractebph ulations. There is a need to demonstrate that the hyperbolic
and group velocities to lie in the same line — antiparallel fo dispersion survives all the way up to the evanescent waves,
a negative index medium, while parallel for a positive indexwhich is essential for potential super-resolution. Siiviia et
medium. For an anisotropic medium with a hyperbolic disper-al.1® apart from analytical calculations, also did not demon-
sion relation, they do not lie in the same line any more excepstrate the hyperbolic dispersion of the simulated metariahte
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They only showed the near-field imaging (channeling), which
occurs for the special case of a very flat dispersion. Yao¥t al
did experimental work (negative refraction for small asgle
only and no dispersion relation was obtained from the experi
ments), and Wangberg etlpresented analytical work based
on the Maxwell-Garnett approximation. Most of the previous
theoretical and numerical work on anisotropic metamdteria
is done on homogeneous materials, where the hyperbolic dis-
persion relation given by Ed.](1) is used.

In this paper, we use realistic simulations for three-
dimensional (3D) wire media and metal-dielectric superlat
tices to establish directly that the hyperbolic dispersigia-
tion is valid up to evanescent modes in the long-wavelength
limit and then retrieve the effective permittivity. A fittrpro-
cedure is exploited to get the dispersion relation from thid fi
distributions obtained from full-wave numerical simudats
of realistic structures. The imaging for a homogeneous slab
with the effective permittivity shows very good agreement
with the realistic structure. (All simulations about thie-h
mogeneous effective anisotropic medium are done by comsol
multiphysics, an electromagnetic (EM) solver based on the fi
nite element method.) We have three significant contrilmstio
to th_e f'EId_Of anllsotroplclmetamaterlals: (1) the numelycal FIG. 2: (Color online) Material parameters of the metalbydrs:
obtained dispersion relations, (2) the demonstration®®th . _ 4", — 1. working frequencyf = 0.5 GHz; space period
fective medium behavior that works with evanescent indidenot metallic layers is 0.06 m; width of metallic layers is 0.62 (a)
modes and (3) our unique method to obtain the dispersion rerhe magnetic field distribution of the group negative retfcacin the
lations, different from the usual retrieval procedure ldase  metallic-air layers array slab. A Gaussian beam with thestvarse
inverting the scattering amplitudes. magnetic polarization and an incident angle3of is incident on the

simulated metallic-air superlattice. The white line irats the ray-
tracing result. (b) A ray-tracing diagram showing that thgsrcom-

Il. SUPERLATTICE OF METALLIC-AIR LAYERS ing from a line source are refocused by an anisotropic mediain
' with the effective permittivitye tensor of our simulated metallic-air

layers array slab. (c) The magnetic field distribution ofgieeudo fo-

Before discussing our results on 3D wire media, simula-cusing of our simulated metallic-plates array slab witme ource
tions are performed for a superlattice of metallic layerthwi placed 1.25 m from the interface, which launches a cyliradti@ns-
¢ = —4 and air layers witlk = 1 as shown in Fid.J1(b). These verse magnetic polarized wave. The thickness and the wittieo
simulations are done to check the applicability of our idestt metallic-air layers array slab are 2.4 m and 6 m, respegtivéd)
one can obtain negative refraction and focusing in anipatro The magnetic field distribution of the pseudo focusing in mbge-
media. Our simulation results show the existence of negativneous.anltsotroplc slab with the effective permittivity of simulated
refraction in Fig[2(a) and pseudo-focusing in Fi. 2(c)eTh Metallic-air layers array slala( = 1.7293, e, = —0.7907).
focusing simulation is compared with the ray-tracing déagr
(Fig.[2(b)) and the imaging of a homogeneous anisotropiz sla
with the effective permittivity extracted from the dispiers
relation of the metallic-air superlattice (Fig. 2(d)). Taeé
fective parameters for ande, are obtained by extracting
k from the field distribution of a plane wave incidence inside
the slab and then fitting with the hyperbolic dispersion give
by Eq. [1). The details for obtaining the effective paranete
g ande . will be discussed below. One can see the pseud
focusing for the real metallic-air superlattice agreey ves||
with the homogeneous medium.
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agation. In the long wavelength limit, electromagnetic anet
materials should behave like a homogeneous medium. When a
plane wave incidents on a homogeneous slab with an incident
angled;, it forms a stationary wave inside the slab instead of a
traveling wave because of the reflections at the two integac
Sincek represents the field variation in the perpendicular di-
rection, we can take a cross-section along this directiah an
%nalytically obtain the field distribution in the cross-ec

by considering the multireflections inside the slab as fedio

A —a(y—yo) ilky (y—yo)+0
Fly) = 1—r2€2ad62ikj_d|:e o (y=yo) i [k (y=y0)+0]
I11. OBTAINED NUMERICAL DISPERSION RELATIONS
1re® (y=yo—2d) ,—i [k (y—y0—2d)—9]:| . (2)

To check if the wire medium constitutes our desired homo-
geneous effective anisotropic medium, it is straightfodita  Herey is the position in the perpendicular direction within
obtain its numerical dispersion relation first. For thisgmee, the cross sectionf'(y) is the field at the positiog, A and
we exploit a fitting procedure to extrdcfrom the phase prop- 6 are the field amplitude and the field phase, respectively, at



the starting point of the cross-section in the perpendridalita
rectiony = yq (i.e., the location of the first interface of ths
slab),« is the decay factor of the homogeneous skabis the
perpendicular component of the wave vedtod is the thick-
ness of the slab, andis the reflection coefficient at the twc
interfaces.

By fitting the numerically obtained field distribution alon
the perpendicular direction in a cross-section with the<the
retical formulas above, we can obtain the inside the wire
medium slab for an incident plane wave with an incident ¢
gle, 0;. Fork, we can easily gek = kosin6; from the
incident angled;, sincek| is conserved across the interface
wherek is the wavevector in the background. Consequen
we can have the numerical dispersion relation of the w
medium py obtaining; andk . fo_r differerjt incident angles. 0 |||||||l|| ‘ﬁ’|I||||||'||M"i | ]mml'l" i m|||||ib

The minimum mean square fit does, in effect, average " w llll l'lll H“‘I'
field distribution on length scales small compared to theditt 0 "y M" lmmm I""I”' H"'II!"
effective wavelength. So the effective parameters ardrudda ||||||" t:'lllmmm ||||Il|||ﬂ|'l'|(|||||)l||||,||'| ‘" |||||m|
for the averaged macroscopic field. The choice of the cross- I |||||,||||I |||||||||ml| |||||ml '1.|.|'Wlll
section for the fit is arbitrary, but the results are pradica lmlllmm 'M|I|||||'| 'nlllm“ !"|||||||| u
independent on the location of the cross-section. I " '
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IV. 3D ANISOTROPIC WIRE MEDIUM

The first structure for the 3D anisotropic wire medium in
the optical region (Fid.13 (a)) is a 3D gold-wire square tatti
with the wire radiusy = 16 nm, and the lattice constant,=
70 nm, in vacuum. Figurel3 (b) shows that the group negative (b)
refraction occurs when a plane wave with the wavelength,

700 nm,.and the transv_erse maQ”et'C polarlzatlon_, |nC|dent§|G_ 3: (Color online) (a) Schematic of 3D metallic wires eatdb
on our simulated slab with an incident anglei6f, while the  geq in a dielectric matrix. (b) The magnetic field distrilomtifor
phase velocity still undergoes a positive refraction. Eseu the negative refraction in a 3D gold-wire square-latticelinem with
focusing can also be seen from Hig. 4, where the transvers@cuum background and the wavelengtk= 700 nm. The incident
magnetic polarized wave with the wavelength= 700 nm,  plane wave has transverse magnetic polarization and agteinican-
coming out from a line source, is focused inside the simdlate gle of 45°. The permittivitye for gold is taken from experimental
slab and then refocused on the other side of the slab. daté*: ¢ = —15.5931 + i 1.2734 at A = 700 nm. The radius, the

When the geometric parameters, the wire radias16 nm, length qf gold wires, gnd the Ia.ttic.e constantblﬂse15.32 and70 nm,
and the lattice constant = 70 nm, are much smaller than respectively. The white arrow indicates the direction of/poflow.
the vacuum wavelengthy = 700 nm, of the incident EM
wave, the 3D wire medium can be considered as a homo-
geneous effective mediu®i2%:2” The numerical dispersion er = fem+ (1= flea (4)
relation of this 3D gold-wire square lattice medium is ob-
tained and shown in Fid.]5. The effective permittivities,
e1 = —1.9082 + 1 0.2391 ande|| = 1.4455 + i 0.0044, are

where f is the filling ratio of the metal, and,, ande, are
the permittivities of metal and dielectric, respectiveliotice

. - . . ; . that the effective values af, ande; agree reasonably well
obtained by fitting the numerical dispersion data into the hy 0 fiting procedure, LThis iZHduge 0 the effect tyhat the

perbolic dispersion relation (Eq(1)). The fitted curvestazd vacuum wavelengthy = 700 nm, is much larger than the

line) ShOWS. that the fitting is pretty. go_od an(_JI the S'r.nUIatedlattice constant and the radius of the metallic wires. Ireoth
metamaterial does have a hyperbolic dispersion relation. cases, the effective parameters given by Eds. (3) End (4) do
We have also used the Maxwell-Garnett equaf®asto ’ ; > D 9 y '
; . . not agree with our fitting procedure.
obtain the effective; ande at A = 700 nm for different . . .
- . : - For comparison, we replace this 3D gold-wire square lat-
filling ratios for the square lattice of metallic wires. IngHB, ; : ; : : .
. . - tice medium slab with a homogeneous anisotropic slab with
we present the fitted results fef ande . for different radi, . . .
. : . he fitted effective parameteeg = 1.4455 + i 0.0044 and
while keeping the lattice constant unchanged. We use the fof . loth h
lowing expressions fo; ande,; from the Maxwell-Garnett cL = _1'9082.—F20'2391' (All ot er parameters are the same,
theorv: I such as the thickness and the width of the slab, the source and
y: the distance between the source and the first interfacd, etc.
The simulation results for the magnetic field distributioa
magnetic field intensity are shown in Fig. 7. One can see that

(14 fem+ (11— feq
—fem+ 0+ feal’

3)

E” = &q



FIG. 4: (Color online) The magnetic field distribution of theeudo
focusing in a 3D gold-wire square-lattice medium with a lsoeirce
placedd84 nm away from the interface, which launches a cylindrical
transverse magnetic polarized wave at the wavelength700 nm.
The permittivity of gold is the same as in F[d. 3. The backgabu
is vacuum. The radius, length of gold wires, and the lattmestant
are16, 2732 and70 nm, respectively. The white arrow indicates the
direction of power flow.
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FIG. 5: (Color online) The numerical dispersion relatiotadftom
the simulation (solid circles) and the fitted hyperbolicvai(dashed
line). All parameters are the same as in Elg. 4, except thgtheof
gold wires which is1500 nm. Note that alk components here are
normalized byko, wherek, w/c. The inset shows, as a typical
example, the field distribution fat; = 30° fitted by Eq. [2).
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FIG. 6: (Color online) The effective permittivity, ande calcu-
lated from Maxwell-Garnett equations (solid lines) and euical
simulations (squares) for different wire radii. The simtathmedium
is a 3D square lattice silver wire medium in vacuum with théda
constantz = 20 nm. The wavelength i& = 700 nm. The permittiv-
ity of silver at\A = 700 nm isegiver = —20.4373 + ¢ 1.2863, taken
from experimental dat#

both of them have very good agreements between the homoge-
neous slab and the 3D wire medium. The excellent agreement
proves again that our simulated 3D gold-wire square-kattic
metamaterial indeed behaves as an effective medium, which
has a hyperbolic dispersion relation and our fitting procedu
works very well.

To be experimentally feasible, the second structure we
examine is a hexagonal-lattice structure composed ofrsilve
wires in the alumina background. Figure 8 shows the mag-
netic field distributions along a cross-section perperidido
the magnetic field for two different incident angle¥ (@and
30°). For the incident anglé=30° case (Fig[B(b)), one can
see that the group velocity (white arrow) undergoes a negjati
refraction inside the simulated medium. A substantial gleca
in the perpendicular direction for the magnetic field and the
power flow exists for both of these two different incident an-
gles (Figs[(B(a) and 8(b)), since the lossy metallic wiresha
a very high filling ratio in this particular wire medium.

By the same fitting procedure, the numerical dispersion re-
lation for the 3D silver-wire hexagonal lattice medium can
also be obtained and is shown in Hig. 9(a). The lowest four
points are used to fit with a hyperbolic dispersion curve and
the effective permittivity tensor is; = 5.3653 + 7 0.0708
ande; = —2.9188 + 7 0.4571. One can see the larde
points deviate from the fitted curve, even though the lowest
four points are fitted very well. This occurs because we have
a small wavelength/spatial period ratio of around 3.3 in alu
mina, which causes the breakdown of the homogeneous ef-
fective medium approximation in the large region.

To extend the “good fitted” region to a largéy range,
where the numerical dispersion points can fit well into a hy-
perbolic dispersion curve, we reduce the hexagonal-attic
constant and the radius of silver wires to smaller values
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FIG. 7: (Color online) (a) The magnetic field distributiontb& focusing simulation for the simulated 3D gold-wire sguattice anisotropic
medium slab, with the souré&34 nm away from the first interface. (b) Same as (a), but for a homeges anisotropic slab with the fitted
effective parameters; = 1.4455 4- ¢ 0.0044 ande . = —1.9082 + ¢ 0.2391. (c) and (d) are the same as (a) and (b), respectively, btinéor
magnetic field intensity distribution. (e) — (h) are the sarada) — (d), respectively, except the sourcédid nm away from the first interface.
All material parameters are the same as in[Hig. 4.

30 nm andr = 12 nm, respectively, while keeping all other for the electrons geometrically confined to the wires at near
parameters the same as before, so we can have a much higloptical length scales and frequencies.) In Eig. 9(b), ome ca
wavelength/spatial period ratio of around 13. The fitted nu-also see that the numerical dispersion relation data from ou
merical dispersion relation is shown in Fid. 9(b). The low- fitting procedure are fitted very well into a hyperbolic dispe
est ten points, which are propagating modes (kg.< ko,  sion curve, even for those largg points, wherek; > k.
whereky = +/ew/c ande is the permittivity of alumina), The latter are evanescent modes in air (and even in the alu-
are used to fit with a hyperbolic dispersion curve. The ob-mina background of the wire medium), which are converted
tained effective permittivities arey = 22.1505 + i 1.4693  into propagating modes inside the slab and only attenuated b
ande; = —13.7714 + i 0.6882. If we use Egs.[[3) and the losses of the effective medium. These modes preserve the
@), the Maxwell-Garnett effective permittivities are givby  information contained in the high spatial frequencies sgro

g = 25.8371 + 4 2.0791 ande; = —10.5614 + ¢ 0.7466, the anisotropic slab and are essential for super-resalatio
which do not agree well with our fitting parameters. Maxwell- plications.

Garnet equations are an approximation, in particular, know

to fail completely for the usual wire metamaterials in the mi

crowave regime. Here, we include the comparison of the ef- V. CONCLUSIONS

fective parameters derived directly from the simulateddfiel

?c;sst::gwlt%gﬂg? r:?ohsl?rem SZ‘;(’J\A?i;v\\:ve"ﬁr?]m%ta?g:%xim' We present two anisotropic metamaterials that demonstrate
9 9 y P Y negative refraction and focusing. The first system is a super

?;Lezéhuesgﬂ da;(gveﬂ;(?eaégiti arfp(r.l(?ﬁ'enﬁgzgr?igfmgsinghoed d%nrﬂqttice of the metal-dielectric structure and the secorstiesy
ination of the elgctron masgs bver the magnetic effectives;masiS (3D) metallic wires embedded in a dielectric matrix. We
9 first obtain the numerical dispersion relation for the tweesa
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FIG. 8: (Color online) The magnetic field distribution in a 3ver- o’ K>k
wire hexagonal lattice medium slab with the alumina backgd 2.81 e’ 11~ o
The incident plane wave has the transverse magnetic patarzand I
the wavelength in vacuum = 700 nm. (a) Normal incidence. (b) 270 ._,."'
At an incident angle 080°. The white arrow indicates the direction - "
of power flow. The hexagonal lattice constanthe radius-, and the - ‘ ‘ ‘ ‘ ‘
length! of silver wires arel 20 nm, 30 nm and1700 nm, respectively. 0 0.2 0.4 0.6 0.8 1 1.2 1.4
The permittivities of silver and alumina at the wavelengtivacuum k“

A = 700 nm areegjiver = —20.4373 + 4 1.2863 andear,0, = 3.1,

respectively, taken from experimental d&ta. ®

FIG. 9: (Color online) The numerical dispersion (solid t#s) and

. . . L the fitted dispersion curve (dashed line) of 3D silver-wiegdmgonal-
by simulating the eigenmodes of the realistic system. The hyIattlce media in the alumina background. (a) The latticestamt

perbolic dispersion relation is obeyed in both cases, wiere ; _ 190 nm and the radius of silver wires= 30 nm. (b) The lattice
effective permittivities have opposite signs in the twogae  constantz = 30 nm and the radius of silver wires= 12 nm. k| <
gation directions. Our simulations of the realistic stuues, ko corresponds to the propagating modes in the backgrounde whi
as well as the homogeneous simulations, show the negativg > ko corresponds to the evanescent modes. All other parameters
refraction for all incident angles and demonstrate the $oecu are the same as in F{g. 8. Note that/atomponents are normalized
ing. The metallic nanowires can be valid for the evanesceny ko, whereko = \/cw/c ande is the permittivity of alumina.
modes in the dielectric background by having a large wave-
length/spatial period ratio, which has important appiorat
in super-resolution. applications in super-resolution.

In conclusion, we numerically demonstrate that a homoge-
neous effective indefinite anisotropic medium can be redliz
by a 3D nanowire medium at the optical frequency region,
which can have a negative refraction and pseudo focusing. We
also present a nice fitting procedure by which we can obtain
the numerical dispersion relation of our 3D wire medium and Work at Ames Laboratory was supported by the Depart-
then retrieve its effective permittivity tensor. Meanvehilve  ment of Energy (Basic Energy Science) under Contract No.
demonstrate that the hyperbolic dispersion relation ofsthe DE-ACD2-07CH11358. This work was partially supported by
nanowire medium can be valid for the evanescent modes in th&FOSR under MURI grant (Grant No. FA 9550-06-1-0337)
background by having a large wavelength/spatial peridd rat and the European Community project ENSEMBLE.
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