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ABSTRACT

We have quantitatively established a fundamental limitation on the ultimate spatial resolution of the perfect lens (thin metal slab) in the near
field. This limitation stems from the spatial dispersion of the dielectric response of the Fermi liquid of electrons with Coulomb interaction in
the metal. We discuss possible applications in nanoimaging, nanophotolithography, and nanospectroscopy.

The Veselago lensthat is a slab of a left-handed material We consider only near-field imaging and therefore use the
with relative dielectric permittivitye = —1 and magnetic  quasistatic approximation, which does not include magnetic
permeabilityx = —1, builds a perfect image of a three- field. Therefore, the left-handedness of the material is
dimensional object in the far-field zone. Such a lens was irrelevant. Consider a metak (< 0) slab of thicknesd
experimentally confirmed in the microwave spectral region. parallel to thexy plane of the coordinate system, whose
As shown by Pendry, the same slab builds also a perfectboundaries are at= 0 andz= bh. Let there be a unit charge
three-dimensional image in the near field, deserving the nameat a point (0, 0~ a). Then the electric potential to the right
of perfect lens, as observed later in ref 4. In the near zone, of the slab £ > b) is given by

the requirement for the permeability is lifted, and only the

condition ofe = —1 is important. J (krr)efk((btafzb)
Actually, such a lens is only near-perféchecause its o(r,2) = 4eﬁ)°° g T 5 dk; (1)
spatial resolution is limited by the losses in the lens's 1+ e~ (1-¢)

material; in the visible range the best material is silver, having
the lowest losses. One of the points of this letter is to suggestwheree is the metal permittivity relative to the host medium,

that such losses can be minimized by using a high-index 3 is 5 Bessel functior, = /x2+y2 is the radial coordinate,
embedding dielectric that would shift the operational fre- andk, is a two-dimensional (2D) wave vector in the plane
quency toward the red where the quality factor of silver is of the slab. Foe = —1 (i.e., for the frequency of the surface
much higher. Light amplification can also be used t0 pjasmon resonance of the metal), behind the image plane of

compensate these losges. z> 2b — a, this potential is an ideal three-dimensional (3D)
In this letter, we investigate a principal limitation on the image of the original single point charge

resolution of the perfect lens stemming from the spatial
dispersion (nonlocality) of the dielectric response of the

Fermi liquid of interacting electrons in the nanolens material. o(r, 2 = j(; Jo(krye e dic

Such dispersion leads to the aberrations of this lens in the 1

wave vector in the plane of the slab. This principally limits = 2)
the resolution of this lens, making it imperfect on the scale \/f2 +(z— 20+ a)’

below ~5 nanometers. This effect is independent from the

known sources of the lens imperfection due to optical losses If ¢ is not exactly equal te-1, e.g., due to Im= 0, then

in the metal and temporal dispersion that is related to thesethe image of eq 1 is not ideal, limited by the spatial resolution

losses by KramersKronig relations. Even if the absorption  of 6 ~ b/(— In| ¢ + 1]) = b/In Q, whereQ = —Rex/Ime is

is reduced or compensated by the optical gain as in ref 6,the quality factor of the plasmon resonance of the metal.

the spatial dispersion will remain and limit the resolution. The highest value of ~ 100 for any natural material from
The principal role of spatial dispersion of the surface polar- the near-infrared to ultraviolet region is for silver for light

itons at high wavenumbers was pointed out two years agofrequencyhw ~ 1.2 eV. The surface plasmon resonance

in preprinf where it was considered for left-handed< 0 would have shifted to this frequency if the values of host

andu < 0) systems. Only a generic electromagnetic spectrum dielectric constang, ~ 100 were available. However, it is

was considered, and no quantitative limitations on the spatial not the case, and the realistic valuespk: 12 are typical

resolution were obtained, in contrast to the present letter. for wide-band semiconductors (e.g.,08Ga sAs)’ for Aw
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= 2.2 eV. This choice provides the best possible suppressionwhere E-(k) and ER(k;) are the 2D Fourier transforms of

of the absorption adverse effects. EE(x, y, 0) and ES(X, y, b). Deriving eq 4, we have taken
Now we consider a principally different source of the lens  into account the cylindrical symmetry of the problem. This
imperfection, namelyspatial dispersionor nonlocality of potential should be found consistently with the potentials

the dielectric response functia(w k) that depends notonly ~ outside of the metal slab, where they obey the Laplace
on frequencyw but also on wave vectdt. In metals, the ~ equation whose solutions to the left (L) and right (R) of the
characteristic wave-vector scaleedf, k) is k ~ w/vg, where slab are
vr is the electron velocity at the Fermi surface. kat |w|/
UF, there exists the _Landau damping that additionally (pL(k,, 2= (xL(kr) expk2) + ﬁL(kr) exp—k2)
contributes to the optical losses described by(tm k).X°

For such a spatially dispersive dielectric function, we ¢ (k, 2) = o(k) explk (z— b)] + "(k.) exp[—k.(z— b)]
should carefully reformulate the boundary conditions for (6)
ballistic electrons at the surface of the metal. We will
consider density of electrons in the metal as constant Fromeq5, performing the inverse Fourier transform over
neglecting the narrow (width on order of the Debye screening kz we express the continuity equation for the left face of
radiusrp ~ 0.1 nm) Schottky layer in the metal at the the metal slab as
interface. We assume that the semiconductor of the embed-
ding medium is undoped and neglect Schottky-layer electric L TR § _ R
fields inside the semiconductor, because they are too weak o (k) +57(k) = k,[UEL(kr) vEk)] 0
to change its dielectric function. We also neglect the Friedel
oscillationd® because their period is too shortl/ke ~ 0.1 where
nm, wherekg is the electron wave vector at the Fermi surface.

To take into account the effect of boundaries, we assume k o exp(dk,nb)
specular reflection of electrons from the surface. As was u=— [
shown in ref 11, the ideal specular reflection implies that a Tns=o " " Ke(w, K)
non!ocal electrostatic prpblem for a half-infinite metal is k o explik,(2n — 1)b]
equivalent to a problem in bulk metal v =— o dk (8)

Tni=" " Ke(w, K)

V(eVe) = 2E(x,y, 0)0(2) 3)
Similarly for z = b (the right face of the slab), we get

whereEq(x, y, 0) is the normal electric field at this surface,
@i is the field potential in the metal, artdis the nonlocal of(k) + pR(Kk) = l[uEL(k,) — UER(K)] 9)
dielectric response operator. The Dirac delta function emu- K
lates the boundary condition at the metal surface.

For the slab, an electron experiences multiple reflections The other two equations come from the displacement
from both its surfaces. To correspondingly generalize eq 3, matching,
we reflect each boundary periodically in each other. As a

result, the potentiap; satisfies an equation EL(kr) = GLkr[OlL(kr) — ﬁL(kr)]

® ER(k) = erk[0(k) — B(K)] (10)
VEvg) =2y {EE(X, y, 0)d(z — 2bn) —

n=—co

wheree, ander are the host dielectric permittivities to the

EE(X y,b) 8|z — 2b|n + (4) left an<_j right of the lens (metal slab).
Solving eqgs 7, 9, and 10 faxg andfg, we get

whereEL(x, y, 0) andER(x, y, b) are the electric fields at the o) afat (11)
left and right faces of the slab. R

The solution of eq 4 yields a periodic potential of period
2bin thez direction with discontinuities of the normal electric  WhereT is a 2 x 2 transfer matrix with matrix elements

field 2E5(x, y, 0) atz= 2nband EX(x, y, b) atz= (2n +

1)b. In thek space Ty = (" — Were, + U(er + €) — 1)/(2vep)
Tio=[(V = v)ege, + Ul — €) — L1(2veR)
— L
o= o1 n,Z_m{E (k) exp(dkznb) — Ty = [0 — Wepe, + Ulen — &) + 11/(20ep)
ET(k) expli(2n + 1)kb]} (5) Ty = [(U° = t9)epe, + Uler + &) + 1)/(2ver)  (12)
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This transfer matrix,?(eL, €r), has the following general
properties:

0,T(eL, €R)0, = [T(€rr €] "

det[T(e,, ep)] = e /eg (13)

whereoy is a Pauli matrix. } } } t

Consider a system of charges to the left of the lens as the i S 3_ B hao (eV)
source of the fields (no charges are to the right of it). Then -
the field to the right of the lens is given by eq 6 where Figure 1. Group velocity of surface plasmons as a function of
= 0 andpr is explicitly given by frequency in units of Fermi velocity. Solid and dashed curves

correspond to the real and imaginary parts.

_ /71 -1
Pr=1T 2 AL (14) The functionc(w, 0) ~ vg/w dominatesd for b < 5 nm,
For a unit charge at the point (0, 0-a), (k) = which is an effect of the SP dispersion and the related Landau
PRI damping. The same functiorg(w, 0), also determines

8t exp(—k-a)/k,. Due to the linearity of the problem, this, ¢ k i ) )
dispersion relation (15) of SPs, which fkyb > 1 is

along with eq 14, provides its general solution for any charge

distributions to the left of the lens. Note that the problem

solved is generally dynamic, i.e., time dependent, as de- %K) ~ 2 1+€hkrc(w! 0)

scribed by the dependence an (k) ~ 1+¢,
There is also interest in the problem of eigenmodes

[surface plasmons (SPs)], see, e.g., ref 12, which is definedy herew, is the surface-plasmon frequency (for 0). From
by eq 11 foror = 3 = 0. From this, we obtain an equation  tnjs it is clear that(e, 0) determines also group velocity

(19)

for eigenfrequencies of surface plasmons of SPsyg = wc(w, 0)en/[2(1 + €r)]. From experimental data,
which are available for SP frequency fo» = 3.67 eV at
Tole(w, K); €, €gl =0 (15) metal/vacuum interface, we extract the valuesyaind find
c(w, 0): c(w, 0) = 0.17 — i0.11 nm!® Microscopic
where a functional dependence éfw, K) is indicated. calculation$* based on Kohn effective potential give negative

To simplify eq 8, we adopt conditions realistic forz 5 value of the real partg(w, 0) = —0.11 — i0.24 nm. A
nm: b > ve/w andk < w/vg; for instanceye/w ~ 0.5 nm variational approach yields ¢(w, 0) = —0.07 — i0.08 nm.
for hw = 2.2 eV. Then the integrands are rapidly oscillating  In light of inconsistency of these data and the fact that
functions forn = 0, and the integrals can be evaluated using our frequencies are much lower, we invoke below the well-

a stationary phase method: known Klimontovich-Silin—Lindhart formul&©°16
1 1 2 K
u=———k,c(w,k,)] L3 e otk
€(w, 0)| tanhpk) €(w, =1+ kZUFle 2o "o~k @9

11
€e(w, 0) sinhbk

where electron plasma frequen€ = «/MNeeZ/m, Ne is
€(w,0) ]% the electron density is the elementary chargeis electron
K2

1 pw
o, k) E;ﬁm L(w, K) (16) effective mass, andr is the Fermi velocity of electrons.
Complex function Ing) is defined as Inf) = In |u| — iz for
u < 0. Equation 19 is identical to the corresponding result
of the random phase approximation (RPA), which is expected
to work well in our case whemw < Q¢ andk < kg, This
formula satisfies general properties of the spatial-dispersive

For the case of unit charge aad= egr = €, from eqs 6,
14, and 16, we obtain an explicit solution

Brik) = 87k "e(w, 0) expl-k.(a — b)] x dielectric response; in particular, it describes Landau damping
{[en+ €(@, 0) — exk.c(w, k)I* exp(Ib) — [e, — e(w, 0) + for k = wlve.
ek o, kr)]z} - (17) From eq 19, we find and show in Figure 1 the real and

imaginary parts oty The imaginary part is small enough,
which indicates that SPs are well-defined excitations.d-or

Note thate(w, 0) can be taken directly from experimént.  _— sy from these data we find(w, 0) = 0.44 — i0.053,
From this, we can obtajn an estim.a'Fe for spatial resolution \yhich has correct sign but overestimaRedw, 0) with
0 of the lens with logarithmic precision respect to the experiments discussed above. However, we
expect that RPA works better for the computations presented
o~ 2b (18) below, which are done at a lower frequencyfeé = 2.2
In[Q"® + |c(w, 0)/bI?]] eV for silver.
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(a) (b)
1.0
. 0.SI @
0

———— 30 nm

10 r (nm) 20 Figure 3. Images of washer (annulus) with the external radius 10
nm and internal radius 5 nm for the case of no spatial dispersion

Figure 2. Electric potential of the image (in arbitrary units) in  (a) and spatial dispersion taken into account (b). This washer carries
the focal plane = 2b — a of the metal slab lens fdtw = 2.2 eV a uniform distribution of dipole emitters &t» = 2.2 eV polarized
as function of distance from the image point of (0, 0,l2— a). in the z direction. The light intensity of the images is shown in the
The dashk-dot curve (1): ideal image [the potential of a real charge focal plane by color coding (arbitrary units).
at a point (0, 0, B — a)]. The solid curve (2): image of a charge
at a point (0, 0,— a) obtained without the spatial dispersion for To briefly discuss the results obtained, using a semicon-

the experimental value e{w, 0). The dashed curve (3): image of duct . t to shift th £ | f
the same charge with the spatial dispersion taken into account, uctor environment o shi € surface plasmon Irequency

obtained from egs 6, 16, 17, and 20. Thickness of the Islab5 toward the red spectral region, we suggest to dramatically
nm. reduce losses and increase the resolution of the lens to the

order of nanometers. We have shown that at such distances

To demonstrate the principal limitations imposed by the the main mechanism limiting the resolution of the metal slab
spatial dispersion of the dielectric response of metals on !ens is the spatial dispersion of the dielectric response of
spatial resolution of a metal slab lens, we show in Figure 2 the Fermi liquid of interacting electrons in the metal. For a
the images of a unit charge position to the left of the lens at thin silver slab, this effect limits resolution te5 nm. One
a point (0, 0,~a) as distributions of the electric field potential ~ Of the goals of this letter is to stimulate measurements of
in the image plane af = 2b — a. We have chosen the lens the metal lens’ nanoimaging and surface plasmons’ spatial
slab thickness to be reasonably smhlk= 5, nm to make  dispersion that limits the nanoimage resolution.
manifest the effects of the spatial dispersion. Without a ~ The possible applications of our theory include the
spatial dispersion taken into account, we show the image of "@neimaging and nanolithography in the extreme nanolimit,
a charge by a solid curve. This image practically coincides Where the size of objects and images~& nm. Such
with the ideal image of a charge at the image point of (0, 0, fesolutions are predicted for “solid-state immersion” where
2b —a) for distances from the image centee 2 nm. In the metal slab is surrounded by a semiconductor of high
sharp contrast, if the spatial dispersion is taken into account&nough dielectric permittivity. In such applications, the metal
using egs 6, 16, 17, and 20, then the corresponding potentiaslab protects the modified surface from the direct contact
distribution shown by the dashed curve in Figure 2 deviates With the light aperture. Another similar application is the
significantly from the ideal image (the dastot curve) at ~ Protection of a nanolithographic mask. In the problems of
all distances in the graph. At distances< 5 nm, this nanospectroscopy and ultramicroscopy, the slab lens spatially
deviation becomes dramatic. We have checked that for ~ Separates the probe and object, which, in particular, prevents

10 nm such deviations become much smaller (data not their chemical interaction, e.g., damage by the oxygen in a
shown), as expected from eq 17. biological object. Imaging of semiconductor nanostructures

is another application that may allow for the direct imaging

For nanolithography applications, it is important that the . )
grapny app P fof their electron wave functions.
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