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The original regime of operation for flat superlenses formed by electromagnetic crystals is proposed. This
regime does not involve negative refraction and amplification of evanescent waves in contrast to the perfect
lenses formed by left-handed media. The subwavelength spatial spectrum of a source is canalized by the
eigenmodes of the crystal having the same longitudinal components of wave vector and group velocities
directed across the slab. The regime is implemented at low frequencies with respect to the crystal period by
using capacitively loaded wire media. The resolution ofl /6 is demonstrated. The thickness of the superlens is
not related with the distance to the source and the lens can be made thick enough.

DOI: 10.1103/PhysRevB.71.193105 PACS numberssd: 42.25.Fx, 41.20.Jb, 42.70.Qs

The theoretical possibility of subwavelength imaging by a
slab of left-handed medium1 sLHM d with «=m=−1 was
demonstrated by Pendry in his seminal work.2 The focusing
phenomenon in Pendry’s perfect lens is based on two effects.
The propagating modes of a source are focused in the LHM
due to the negative refraction and the evanescent modes ex-
perience amplification inside the LHM slab. This allows one
to restore subwavelength details in the focal plane. The sec-
ond effect happens due to the resonant excitation of the sur-
face plasmons at the interfaces of the slab. To the present
time the LHM is created only for frequencies up to 1 THz.3

It is an ambitious goal to obtain the subwavelength resolu-
tion without LHM in the optical frequency range. In this
range the negative refraction phenomenon is observed in
photonic crystals4 at frequencies close to the band gap edges.
This fact was theoretically revealed by Notomi5 and experi-
mentally verified by Parimiet al.6 A flat superlensformed by
a slab of photonic crystal was suggested by Luoet al. in Ref.
7 and the possibility of subwavelength imaging was theoreti-
cally studied in Ref. 8. The experimental verification of the
imaging effect was demonstrated in Ref. 9. We use the term
superlens for a layer of an artificial material which transports
the subwavelength images into the far zone of the source.
The principle of Luo’s superlens is similar to the principle of
Pendry’s perfect lens: negative refraction for propagating
modes and amplification due to the resonant surface plasmon
for evanescent modes. Both effects are obtained without left-
handed properties of a material. Negative refraction is ob-
tained due to a specific form of isofrequency contoursswith-
out backward waves inherent to LHMd. The further increase
of the resolution for Luo’s superlens can be achieved simul-
taneously increasing the dielectric permittivity of the host
medium, and decreasing the lattice period.8 In practice, this
is not a helpful way in optical frequency region where large
permittivity for real media is related with high losses. Also,
an important factor deteriorating the image is the finite thick-
ness of the superlens. The eigenmodes excited in the crystal
experience multiple reflections from the interfaces and their
interference disturbs the image. This destructive interference

appears due to the mismatch between wave impedances of
air and photonic crystal, and is inevitable for some angles of
incidence. In the case of Pendry’s perfect lens this defect is
avoided because left-handed medium with«=m=−1 is
matched with air for all angles of incidence. Luoet al. in
Ref. 7 partially solved the problem with matching by choos-
ing an appropriate thickness of the slab. In this case the slab
operates as a Fabry-Perot resonator. However, this solution is
not complete since the Fabry-Perot resonance holds only for
a narrow range of incidence angles.

In the present Brief Report we solve the problems de-
scribed above. For that purpose we suggest to use the pho-
tonic crystal in a different regime than suggested by Luoet
al. in Ref. 7. We do not involve negative refraction and am-
plification of evanescent modes, rather, we propose to trans-
form the most part of the spatial spectrum of the source
radiation into propagating eigenmodes of the crystal having
practically the same group velocitysdirected across the slabd
and the same longitudinal components of the wave vector.
The spatial harmonics produced by a sourcespropagating
and evanescentd refract into the crystal eigenmodes at the
front interface. These eigenmodes propagate normally to the
interface and deliver the distribution of near-field electric
field from the front interface to the back interface without
disturbances. The incoming waves refract at the back inter-
face and form an image. This way the incident field with
subwavelength details is transported from one interface to
the other one. We will call the described regime canalization
with subwavelength resolution.

The similar regimes for propagating spatial harmonics
are called self-guiding,10 directed diffraction,11

self-collimation,12 and tunneling.13 One can see from the re-
sults of Refs. 11–13 that the canalization dominates over
negative refraction in the superlens suggested in Ref. 7.
However, in these papers the canalization for evanescent har-
monics was not noticed. It allows one to avoid the negative
refraction at all while obtaining the superlens and achieve
subwavelength resolution. In fact, the canalization has the
similar principle of operation as the medium with zero re-
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fraction index.14 The difference is that in our case the image
is transmitted by waves which all vary identically with dis-
tance from the front interface, whereas in zero refraction
index medium there is no such variation. Also, the similar
effect is observed in bilayers of media with indefinite permit-
tivity and permeability tensors15 where the pair of layers ef-
fectively compensate the properties of each other and pro-
vides total transmission within wide range of the transverse
wave vectors.

The problem of strong reflection from a slab can be
solved by choosing its thickness appropriately so that it op-
erates as a Fabry-Perot resonator. In our case the Fabry-Perot
resonance holds for all incidence angles and even for inci-
dent evanescent waves. The reason is that after the refraction
all these waves acquire the same longitudinal component of
the wave vector for which the Fabry-Perot resonator is tuned.
Thus, in our regime the superlens does not suffer the image
deterioration due to its finite thickness, because there are no
waves traveling along the interfaces. Moreover, we suppose
that the proposed regime helps to avoid the problems related
to finite transverse size of the lenses inherent to LHM
slabs.16

The regime of canalization can be implemented by using
the isofrequency contour which has a rather long flat part.
Such contours are available for different types of photonic
crystals. In the present study we use a two-dimensional elec-
tromagnetic crystal formed by capacitively loaded wires17

fsee Fig. 1sadg, the so-called capacitively loaded wire me-
dium sCLWMd. We have chosen this type of the crystal since
the analytical result for the dispersion properties of the infi-
nite CLWM is available,17 and the finite size samples of
CLWM with large numbers of loaded wires can be easily
numerically analyzed.18 Other types of electromagnetic crys-
talsssuch as photonic crystals with high dielectric permittivi-
ties of components7,8d can be applied as well, but their stud-
ies will require additional efforts.

The CLWM has a band gap near the resonant frequency
of a single capacitively loaded wire.17 The position of this
band gapsthe so-called resonant band gapd can be tuned by
changing the value of the load capacitance. The high value of
capacitance allows to locate the resonant band gap at much
lower frequencies than the first lattice resonance.17 This way
it is possible to obtain band gap at very low frequencies
without increasing the dielectric permittivity of the host me-

dium. Note, that this resonant band gap has the same nature
as band gap caused by resonant properties of a component
material.19,20

The typical dispersion diagram for CLWM is presented in
Fig. 2. k is the wave number of host media.G
=s0,0,0dT, X= sp /a,0 ,0dT, Y= s0,p /a,0dT, and M
=sp /a,p /a,0dT are points in the first Brillouin zone. The
parameters of the structure normalized by lattice perioda are
the following: radius of wiresr0=0.058a, period of loading
c=0.55a and loading capacitanceC=2pF.

The isofrequency contours for the frequency region near
the lower edge of the resonant band gap are shown in Fig. 3.
The isofrequency of the host medium is shown as the small
circle aroundG point. The variation of this circular contour
radius is negligible over the interval of normalized frequency
ka=0.46̄ 0.474.

According to the Luo’s approach7,8 one should tune the
isofrequency contours of the host medium and the crystal
slocated around pointsG and M, respectivelyd to have the
same form. For that purpose one should use the frequency
ka=0.474 ssee Fig. 3d. In this case the propagating waves
would negatively refract and the evanescent part of the spa-

FIG. 1. sad Geometry of capacitively loaded wire medium
sCLWMd; sbd Geometry of the flat lens formed by CLWM.

FIG. 2. Dispersion diagram for CLWM.

FIG. 3. Isofrequency contours for CLWM. The numbers corre-
spond to values ofka.
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tial spectrum would excite the surface plasmons. This regime
leads to the strong reflection from the interfaces which
cannot be completely damped by the Fabry-Perot resonance.
We cannot obtain the subwavelength resolution for CPWM
in this regime.

The part of the isofrequency contour of the crystal corre-
sponding toka=0.46 and located within first Brillouin zone
is practically flat. This part is perpendicular to the diagonal
of the first Brillouin zone. Thus, in order to achieve canali-
zation regime we orient interfaces of the slab orthogonally to
the s11d direction of the crystal as shown in Fig. 1sbd. As a
result, we obtain the situation shown in Fig. 4, where the
isofrequency contours corresponding toka=0.46 are plotted
in terms of longitudinalql swith respect to the interfacesd and
transversalqt components of the wave vector.

The circle at the left side of Fig. 4 is the isofrequency
contour of the host medium and the curve at the right side is
the part of CLWM isofrequency contour corresponding to the
propagation from the left to the right. We denote the wave
vector of CLWM eigenmode withqt=0 asQ and introduce
notationkt

max=Î2p /a−Q. All propagating spatial harmonics
of a source and the wide range of evanescent ones refract
into the eigenmodes with longitudinal wave vector close to
Q. There is a part of the isofrequency contour withuktu
<kt

max which is not flat but it corresponds to the very narrow
band of evanescent wave spectrum and we neglect its con-
tribution. The light shaded regionsuktuøkd in Fig. 4 corre-
sponds to the propagating incident waves. The dark shaded
regionssk, uktuøkt

maxd correspond to the evanescent incident
waves which transform into the propagating eigenmodes af-
ter refraction. The refraction of the propagating wave with
kt=kt

s1d , ukt
s1du,k and the evanescent wave withkt=kt

s2d , k
, ukt

s2duøkt
max is illustrated in Fig. 4. Both waves refract

skeeping the transverse wave vector componentd into the
eigenmodes which have longitudinal wave vectors close toQ
and practically identical group velocitiessvg

s1d and vg
s2dd di-

rected across the slab. Though the transversal components of
the wave vector are retained in the refractionsqt=ktd, this
does not mean the transversal propagation of refracted

waves. These components describe the transversal phase dis-
tribution of the waves traveling across the slabsthis is simi-
lar to the so-called transmission-line modes of wire media21d.

The condition of the Fabry-Perot resonance isQNlb/2
=mp, whereNl is number of the crystal planes along the
longitudinal direction of the slabfsee Fig 1sbdg, m is the
number of half wavelengths andb/2=a/Î2 is the longitudi-
nal distance between the layers. In our caseNl =14 layers of
CLWM sor any multiple of 14d allows to satisfy the Fabry-
Perot resonance condition. The regions corresponding to
Fabry-Perot resonances are shown in Fig. 4 and vectorQ lies
within the fifth region sm=5d. This choice allows one to
achieve transmission coefficient equal to unity practically for
all spatial harmonics with transverse component of wave
vector within the bandf−kt

max,kt
maxg. Thus, we can estimate

the value of transverse sizeD for the image of the point
source with help of Eq.s11d of Ref. 8. This estimation gives
D=2p /kt

max=3.4b.
The result of numerical simulation for excitation of the

slab by a point source located at the distanced=b=Î2a from
front interfacea fsee Fig. 1sbdg is presented in Fig. 5. The
image near the back interface is observed. The transverse
size of the imagesfound from the intensity distribution using
the Rayleigh criteriumd turns out to beD=3.4b, which ex-
actly coincides with the theoretical estimation. This size is
only about 70% higher than the ultimate resolution limitD
=2b obtained in Ref. 8. Moreover, we deal with the sub-
wavelength resolution, because the radius of the focal spot is
D /2=1.7b<l /6. We conclude that the canalization allows
transportation of the subwavelength images from one inter-
face to the other. Though the imaging can be achieved only
with the sources which are located closely enough to the
front interface, the utilization of our regime is advantageous
compared to the Pendry’s perfect lens. Our lens can be made

FIG. 4. Isofrequency contours for the canalization regime.

FIG. 5. Distribution of electric field amplitudesad and intensity
sbd, ka=0.46,Nl =14, Nt=39.
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thick, since its required thickness is not related with the dis-
tanced to the source. It is practically important for the near-
field microscopy in the optical range, when the needle of the
microscope used as a probe can be located physically far
from the tested source. Then we can avoid the destruction of
the sources under testing by the microscope and can prepare
a mechanically solid superlens.

The canalization regime offers an attractive possibility for
transportation of subwavelength images. The main require-
ment for that purpose is the flatness of some part of an isof-
requency contour. We have demonstrated that such contours
are available for CLWM at microwaves. In the optical range
the similar contours are available for photonic crystals with
high permittivity.7,8 Both samples operate fors-polarized in-
cident waves. For thep-polarized waves there is another pos-
sibility to obtain flat isofrequency contour in a material.
Moreover, one can obtain an isofrequency perfectly flat and
infinitely long. Recently, we have studied simple unloaded
wire medium sWMd from electromagnetic crystal point of
view.21 WM has been known for a long time as an artificial
dielectric with negative permittivity at low frequencies. Our
studies revealed the strong low-frequency spatial dispersion
in such a media. This effect appears to be due to the
transmission-line modessTL modesd of such a crystal. The
lens formed by a slab WM is presented in Fig. 6. The TL
modes have TEM polarization and travel across the slab
salong wiresd with wave vector which has longitudinal com-
ponentql equal tok and arbitrary transverse componentqt. In
terms of isofrequency contour it means that WM has a flat
isofrequency contour for all values of transverse component
of wave vector. If we choose the thickness of the slab as a
multiple of half-wavelength we obtain the Fabry-Perot reso-
nator. This slab has transmission coefficient equal to unity
for any p-polarized incident wavespropagating or evanes-
centd with any transverse component of wave vector. The
WM lens principle of operation is very simple. The front
interface transforms incident field into TL modes which are
all identically transmitted to the back interfacesas with the

usual TEM transmission lined. Thus, the lens from WM cana-
lizes p-polarized near field of the source.22 For s-polarized
incident waves the slab operates practically as the host me-
dium because the transverse polarization of thin wires is neg-
ligibly small. This situation is opposite to the case of the lens
formed by CLWM, which canalizess-polarized field, but op-
erates as the host medium forp-polarized incident wave.
Both WM and CLWM superlenses can be made as thick as it
is necessary to make the testing of the near-field images ap-
pearing on their back interfaces practically feasible. In our
example of the CLWM, the required number of layers is a
multiple of 14. The WM superlens should have the thickness
equal to the integer number of half wavelengths.

We have suggested a regime of the near-field image trans-
portation from the front interface to the back interface of a
photonic crystal layer. This canalization regime can be real-
ized at frequencies much lower than the frequency of the
lattice resonance using capacitively loaded wire media. We
have shown subwavelength resolution with transverse size of
the focal spot equal tol /3. This result can be further im-
proved by increasing the value of loading capacitance in or-
der to decrease operational frequency with respect to fre-
quency of the first lattice resonance.
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FIG. 6. Geometry of the flat lens formed by wire medium.
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