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Limitations on subdiffraction imaging with a negative refractive index slab

David R. Smith,® David Schurig, Marshall Rosenbluth, and Sheldon Schultz
Department of Physics, University of California, San Diego, 9500 Gilman Drive, La Jolla,
California 92093-0319

S. Anantha Ramakrishna and John B. Pendry
The Blackett Laboratory, Imperial College, Prince Consort Road, London, SW7 2BZ

(Received 12 November 2002; accepted 3 January)2003

A planar slab of material, for which both the permittivity and permeability have the valued pf

can bring not only the propagating fields associated with a source to a focus, but can also refocus
the nonpropagating near fields, thereby achieving resolution beyond the diffraction limit. We study
the sensitivity of this subwavelength focus to the slab material properties and periodicity, and note
the connection to slab surface plasmon modes. We conclude that significant subwavelength
resolution is achievable with a single negative index slab, but only over a restrictive range of
parameters. €2003 American Institute of Physic§DOI: 10.1063/1.1554779

A wave incident on the interface between two materialsforward analysis to be implemented, as was used in Ref. 2.
whose indices of refraction are of opposite sign will undergoThe fields from an arbitrary electromagnetic source are ex-
negative refraction This recently appreciated propagation panded in a Fourier series over homogeneous and inhomo-
phenomenon has been predicted to lead to numerous integeneous plane waves. The influence of the slab on each plane
esting optical phenomena, including a superfocusing effectvave component can easily be determined by a standard
Veselago showed theoretically that a planar slab with indesransfer matrix technique. Restricting the field variation to
of n=—1 could focus the rays from a nearby electromag-one transverse direction, with the electric field havihgo-
netic source to an image on the opposite side of the'slab. larization, we find the field expansion
a more recent analysfsf was shown that in addition to the
far-field components associated with a source being brought  E(x,z,t)= >, E(k,)exp(ik,z+ik,x—iwt)y, @
to a focus by the slab, the nonpropagating near-field compo- kx

nents could also be recovered in the image. It was, thereforg,narek. andk. are the components of the wave vector nor-
. . z X

proposed that the image created by a planar slab could, iy to and parallel to the slab, respectively. Outside the slab,
principle, containall of the information associated with the e wave equation leads to the usual dispersion relation re-
source object, thereby achieving resolution well beyond thafating the frequency» and the components of the wave vec-
of the diffraction limit. For this reason, the slab was de—tor or k :\/mz_ Those modes for whictk,|< w/c
scribed as gerfect lensWe maintain this description here, aré progagating whilxe those for whitky| > w/c de)éay eva-
referring specifically to a planar slab of continuous materia'nescently along the propagation directi@nh As was shown
with p=—1 ande=—1 (no lossesas a perfect lens. in Ref. 2,it is the latter inhomogeneous modes that are re-

The resolution enhancement associated with the perfech,onsible for image resolution beyond the diffraction limit

lens was a surprising result, stimulated by the experimentafye apjlity to recover these components in an image is what
demonstration of a left-handedmaterial at microwave fre- distinguishes a negative index structure from all other posi-

quencies, for whicke <0 and«<0. However, far from be- e index materials.

ing a continuous material, the measured sample was com- Eq¢ each plane wave component, we can determine a
prised of two interlaced periodic arrays of copper elementsy ansfer function, defined as the ratio of the field at the image
one array being composed of split ring resonafaasd the plane to that at the object plane. For &mpolarized plane

other, wires. _ wave incident on a slab of thicknedsnd arbitrary values of
The values of the electromagnetic parameters and thg and , the transfer function has the form

spatial periodicity render the experimental sample distinct

from the idealized perfect lens. The question then arises as to o0 E+ 1 wks o q, ) o
whether or not focusing beyond the diffraction limit can ac- _ 2 4\ q, uk,
tually be observed using any practically obtained or fabri-  7s= €' 1 1/ uk : 2
cated material, or even can be simulated using standard nu- +e_qzd{—— _(bjL i)

2 4\ q, kK,

merical methods(e.g., finite difference or finite elemegnt

which inevitably approximate the ideal situation. We explore\yhere we have now defineg,= k2= epmw?c?, and rede-

the inherent limitations associated with realizable materialsﬁned k,= K= w2/c2. The expression forP-polarized
. . . X :
and the expected impact on the focusing properties of a Slali)vaves is similar to Eq(2), with the explicitly appearing.

The planar geometry we consider here allows a Stra'ghtfeplaced bys. We apply all of our arguments to the
S-polarization terms in this letter, as the results Ropolar-
aE|ectronic mail: drs@sdss.ucsd.edu ization follow trivially.
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1000 For example, iin/d= 1.5, we find that to achieve dof 10,

-L5 2:5:0%8(1)? S must be no greater tharn6x 10 1% However, for\/d

R =10, su can vary by as much as0.002 to achieve the same
resolution enhancement. Deviations in either the real or the
imaginary part of the permeability will result in the same
resolution. The effect of varying (for S polarization) is
much smaller than that associated wjih and we do not
discuss the effects of this variation further.

The transfer function has poles that occur when:

100

10

It]

0.1} |
qzd) Kk, )’( q.d kK,
tanh —|=— or coth —|=— . (4)
,( 2 z 2 az
0.01 Il I ] n L 1 1 1 1 h 1 h
0 2 4 6 8 12 14 16 Equation(4) corresponds to the dispersion relations for slab

kJ/k . . .

o plasmon polariton&?® For certain values df,, these disper-
FIG. 1. Transfer function for a left-handed slab. For the perfect lens, theSiOn relations are satisfied, and resonant surface modes can
transfer function would be unity for ak, . However, the deviation of either exist on the slab. The direct excitation of these surface

the real or imaginary part gf I|r_n|ts the range ok, , so that tht_a slab acts as modes for imaging applications is undesirable, as the corre-
a low-pass filter. The losses, inherent to left-handed materials, also remove

the singularities that appear in the transfer function. sponding Ky cpmponents will b? disproportionately repre- _
sented in the image. Yet, the existence of these resonances is

essential, as the recovery of the evanescent modes can be
seen as the result of driving the surface plasmon far off reso-
nance. The appearance of resonances can be seen (A)Fig.
which shows the transfer function as a functionkgf

While losses severely limit the obtainable resolution of
the focus for a negative index slab, periodicity, as exists for

When u is positive, the first term in brackets will domi-
nate the behavior of the transmitted wave for sufficiently
larged and |k,|> w/c, with the evanescent components de-
caying exponentially through the slab. When betland
are equal to—1, however, the normally dominant solution

v_amshes, andrs=1 for every component from the source example in structurechetamaterial$ or in the sampling as-
f|eld_—homogeneoqs or mhomogeneous, thus, exactly rePr&ociated with finite-difference simulations, also imposes a
duqng the source f'.e'd in the image plane. But the_ _balance I§ignificant resolution limitation. The effect of periodicity is
delicate; any deviation from the perfect lens condition, how’minimal for propagating plane waves whose wavelength is
ever small, will result in an imperfect image that degradesmuch larger than the repeated unit-cell size; however, peri-
exponentially with slab thickness, until the usual diffrac- odicity has a significant effect on the recovéry of the,non—

tion limit is%rszached. This sensitivity has been noted by Othetbropagating components having large transverse wave num-
researchers!

. I ber.

The effect on the image of deviations from the perfect
lens condition for a given slab thickness can be estimatedt\%
determining those values of parameters which cause the
terms in Eq.(2) in brackets to be roughly equivalent. For
small deviations from the perfect lens condition, we can find ~ ¢%E

, : - —— + —n%(x)E,=q%E (5

an approximate expression for the resolution of the slab. For 52 " 2 y=dz=y-
e=—1 andu=—1+ 6u, the two terms in the denominator o o _ _
of Eqg. (2) are of approximately the same magnitude whenWe have assumed that the periodic variation in the index is
2k,d=—In |(5u/2)?|. Assuming that this limit occurs when ogly in th2e transverse) dir_ection. Under t_hese assumptions,
the value ok, is large, we havéq,|~|k,|~|k,|, andwe can DN (X)=n*(x+a), wherea is the repeat distance.

We can introduce periodicity into this analysis in an ap-
roximate manner. The wave equation in a medium, assum-
|ﬂg thatE is polarized in they direction, is

2

replaceq, with k,. At the maximumk,, the minimum re- _ Due to the periodicity im*(x), Eq. (5) in Fourier space
solvable feature will be on the scale afy,=2m/k,. We, Wil involve sums over reciprocal lattice vectorg,
thus, find the resolution enhancemeRts k, /ky, of the lens ~ =2n/a. However, to obtain a rough estimate of the limi-
as a function of small deviations in the permeability is tation that periodicity imposes on the resolution enhance-
ment, we solve Eq(5) for an index having the form
A 1 YN
R=—=— —In &= 3) , 2mx
Nmin 27 | 2 |d n°(x)=1+2A smT. (6)

The validity of this approximate expression can be seen by, this form in Eq(5) and assuming the periodic modu-
comparison with Fig. 1. For example, for a deviation of |5ion is sufficiently weak that only two bands need be con-

5“:.0'00_5 andA/d= 10, the numerically computed transfer sidered, we find the modified dispersion relation by evaluat-
function in Fig. 1 shows that the range kf§ values near ing the determinant

unity is approximately up tdk,~10ky; Eq. (3) predictsR
~9.5. ki—kZ—q? k3A2
The dependence of the resolution enhancerRem the K2A2 K2— (K, — g)%— 2 =0, (7
deviation from the perfect lens condition is critical. The ratio 0 0 X z
N d (wavelength to slab lengttdominates the resolution, the whereg=2mx/a andky= w/c. WhenA<1, the bands only

logarithm term being a relatively weakly varying function. weakly couple, and we ignore the effects of higher mode
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excitation to find an expression fgy. When the two terms applications. For instance, calculatiot shown suggest

in the denominator of Eq(2) are roughly equal, we then that the excitation of surface slab plasmons leads to a broad
have the condition background in the image plane, with the subwavelength fea-
tures superposed. However, for certain applications, the sub-

272 2_ 12
g,d=—In _@ +sinh ! ng; _ (8)  wavelength information obtained from such an image may
2k 2kpA be of value.
In the limit kyA/g<<1, the resolution enhancement is ap- ~ Our conclusion from this analysis indicates that the per-
proximately fect lens effect exists for a fairly restricted region of param-
5 eter space. Yet, demanding as these specifications are,
R= A _ iln AT A ) achieving subwavelength resolution is possible with current
Amin 27 |a@?A%)d’ technologies. Negative refractive indices have been demon-

A similar resolution enhancement limit to that obtained strated in structured metamaterials, and such materials can be

by a variation in material parameter is thus imposed by theenﬁ}neertid to thavle tugqtt_)le mfterlal parargleter.s_ S0 e:js. 10
introduction of periodic modulation. Similar to E), the achieve the optimal conaitions. LOSSes can be minimized in

effects of periodicity enter logarithmically, and again lead tostructures utilizing superconducting or active elements.
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