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We analyse the reflection of a TM electromagnetic field first on a flat dielectric film and second on a Veselago
film with negative refractive index, both films being deposited on a metallic substrat acting as a mirror. An
incident harmonic plane wave generates inside a conventional dielectric film a refracted propagating wave and
an evanescent wave that does not contribute to reflection on the metallic substrat so that part of the information
conveyed by the incident field is lost. At the opposite, inside a Veselago film, evanescent waves are changed
into outbursting waves reflecting on the metallic substrat and participating to the total reflected field from the

metallic film without loss if information.
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I. INTRODUCTION

The properties of a dielectric film located between two ho-
mogeneous media is of particular interest in optics, for in-
stance dielectric films are commonly used to reduce or elim-
inate unwanted reflections. These properties depend strongly
on the refractive index profile [1] of the dielectric material but
till now the refractive index was always assumed positive.

But some years ago, Veselago [2] analysed what would
happen to electromagnetic waves immersed in a hypothetical
medium with negative permittivity and permeability. In the
mid 1990’s people began looking into the possibility to en-
gineering materials with these exotic properties in some fre-
quency range and practical realizations were proposed in 1993
[3] while a first experiment was performed in 2001 [4]. Since
then, works on this fascinating subject are flourishing with
more than 200 papers in 2003 and still more expected in years
to come [5].

The refractive index in Veselago materials is negative im-
plying that the phase of a wave decreases rather than ad-
vances along propagation through these media leading to im-
portant implications for nearly all electromagnetic phenomena
as pointed out by Veselago himself. So, a natural question is
what happens when a Veselago film takes the place of a con-
ventional dielectric film deposited on a metallic substrat.

To investigate this situation, we consider a TM electromag-
netic field impinging from the half-space z > 0 on a flat coated
mirror made of a Veselago film with negative permittivity, per-
meability, refractive index and thickness d deposited on a mir-
ror located at z = —d and we look for the TM field reflected
by this coated mirror. For sake of comparison, we first analyse
the same problem with a conventional dielectric film as coat-

ing.

II. TM FIELD IMPINGING ON A DIELECTRIC FILM

For a TM field, Maxwell’s equations with exp(ier) implicit
reduce in a dielectric of permittivity € and permeability u to

0.H, = —iwe/c Ey ,

OH, = iog/c E,,  0.E,—dE, = —iou/cH, (1)

and H,, is solution of the 2D-Helmholtz equation

(02 +02 +’n? /) Hy =0, n* =eu. (1a)

Changing €, u, n into €, to, no in Egs.(1), (1a) gives the cor-
responding equations for the components E.°, E.¢, H,* of the
TM field in the half space z > 0.

A. Impedance boundary conditions

To get the TM reflected field, we need the boundary condi-
tions on the dielectric film and using the Idemen technique [6]
we introduce the Fourier transform in which 7 is the refractive
index,

feweh}(6.0) = [ dx explinb) B B }w2) (2)

and similarly for ef, ef, hf
The equations (1) and (1a) become

0.Hy, = —iwe/c ey,

nEhy = we/ce; , d,ex —inke, = —ioyu/c hy (3)

@ +A)h, =0 , W2 =nP(@?/—E%).  (3a)

The TM field inside the dielectric is the sum of a wave prop-
agating in the z < 0 direction and of the wave reflected in the
z > 0 direction by the z = —d mirror. Then, since these waves
are solutions of Egs. (3), (3a) we may write hy(&,z). For
&l < o/,

hy(§,2) = A(§)[exp(iAz) +r(§) exp(—iAz)] ,
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h=n(0/—)2 (4)

in which A(&) is an arbitrary amplitude and r(&) the reflection
coefficient at z = —d. For [§] > o/c,

hy(x,2) = AT (E)[exp(A'2) + ' (§) exp(—A'2),

A =n(E—w?/)/?. (4a)

Since z < 0, the first term in (4a) is an evanescent wave unable
to reach the z = —d mirror so that r7(§) = 0 implying that
evanescent waves do not contribute to the TM field inside the
dielectric and consequently no more to hye(ﬁ,z) outside the
film.
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Substituting (4) into (3) gives e, = cn&/we hy and

ex(x,2) = —hc/we A(§)lexp(idz) — r(§) exp(—ikz)],  (5)

for |€] < @ c. The continuity of ey, &, at the z =0 face on
which impinges the TM field implies the boundary conditions

lex—el:=0=0, [hy—h’].=0=0. (6)
Substituting (4) and (5) into (6) gives

AQ+r®)]=h/E0) A(ﬁ)[l—r(i)]:—0)8/67»6)56(&((7);,

from which we get, since Bzhye = —iwgy/c e,

2A(8) = h(§,0) — we/che (x,0) = h(§,0) +ie/Aeo[0:hy (€, 2)] =0

2A(E)r(8) = h(§,0) + we/che (§,0) = hy (§,0) — ie/Aeo[d:h,  (§,2)]—0 - (8)
[
Now [ex(§,2)];=—s = O on the z = —d mirror which implies Taking into account (12a) we may write (11),
according to (5) 5
h,(€,0) — h/(,0) = — ,
exp(—ikd) — r(€)exp(ikd) =0. 9) 7 (50) ~al@)hy(5.0) /&)

Substituting (8) into (9) gives the impedance boundary con-
dition satisfied by A,¢(€,z) on the z = 0 face of the dielectric
film with azh;(E.nO) = Sz[h;(§70)]zz(),

cos(?»d)azhye(&,O) —Aeg/e sin(?»d)hy"(ﬁ,O) =0, (10)
that we write

azhye(E.nO) —a(&)hy"(&,O) =0,

a(§) = €o/e M&) tan[A(E)d] (11)
with

ME) = n(w? /> &)/~ (11a)

B. TM reflected field on the flat dielectric film

The TM field with the component H,°(x, z) in the half space

z > 0 above the dielectric film is the sum of an incident

and reflected field with respective components H,'(x,z) and
H\/(x,2),

H_)’e (x7 Z) = Hyl ('x’ Z) + Hyr(x7 Z) 3 (12)

with the Fourier transform

he(€.2) =h/(&.2)+h)(Ez) . (12a)

f(8)=0:1/(£,0) —a(&)n(E,0) . (13)

Assuming specular the reflection of the TM incident field on
the flat impedance film gives

hy'(8,2) = R(E)h/(E,~2) , (14)

in which R(E) is the reflection coefficient of the impedance
film and substituting (14) into (13), we get

R(&) = f(8)/2(8) ,

g(€) = 0:1/(€,0) +a(®)h/(,0), E|<w/c.  (15)

Since evanescent waves do not contribute to reflection, the in-
verse Fourier transform of hy’ (&,2),

H(02)= (=) [ 6 exp(-inEoR@R!(E ). (16)
reduces to

r n "o/ . f(&) i
1w = (5) [ 4 ewlink) 2nl(e z)(. |
17

and since the Fourier transform e/(§,2), e/(§,z), hy(§,z) of
the incident field is solution of Eq.(3) with €, u changed into
€0, Ho, we get from (3) and (17)
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o/c .
B/ (5.2) = (ine/2me00) [ dE exp(—inEo)f(8)/(€)2:h, (6 ~2)

o/c .
E/(x2) = ("20/27T80<D)/ . d& exp(—intx) & f(8)/8(E)h/ (€, —2) , (17a)

which determines the TM field reflected by the flat impedance film.

C. Harmonic plane wave reflection

Because of the importance, to be discussed in Sec.4, of harmonic plane waves as building blocks of electromagnetic beams,
we consider as incident field a TM harmonic plane wave with the H,-component,

Hvi(x,z) = A expli&no/c(x sin®+z cos0)], ng = (e0m0)1/2 , (18)

where A is a constant amplitude. The Fourier transform of (18) is

hy(€,z) = 2mA exp[—ikoz cot®)d(n& —ko) , ko = —wng/c sin@ , (18a)
in which & is the Dirac distribution.
Taking into account (18a) and changing z into —z, the Fourier transform (17) becomes
0/c
H(62) = A explikz cot®) [ dE exp(—ink) f()/5(€) 3 ko). (19)
—0/c
null for ky/n outside (—®/c,®/c) while for ko /n in this interval
H\/(x,z) =A f(ko/n)/g(ko/n) expliong/c(x sin®—zcosO)], (19a)
in which we get from (13), (15) and (18a)
f(ko/n)/g(ko/n) = [iko cot® —a(ko/n)][iko cot®+a(ko/n)] ™", (20)
while according to (11) and (11a)
a(ko/n) = €9 /€ Mko/n) tan[M(ko/n)d] , Mko/n) = onc™ (1 —n sin® 9/112)1/2 . (20a)

Finally, taking into account (19) and definition (18a) of ko, we
get from (17a)

E/(x,z) = —cos® H/(x,z) , E/(x,z) = +sin® H,(x,2)
(21)
The relations (19) and (21) represent the specularly reflected
TM field from a flat dielectric film for an incident harmonic
plane wave. But, since evanescent waves do not reach the
z = —d mirror, the information conveyed by the incident field
for & > |0/c| is lost for the reflected field.

III. TM FIELD IMPINGING ON A VESELAGO FILM

Permittivity, permeability, refractive index in Veselago ma-
terials are negative but to investigate the reflection of a TM

field on a Veselago film it is easier to perform on the expres-
sions obtained in Sec. 2 the following transpositions in which
€1, U1, N1, M, KIT are positive,

87;“7”7}\‘7}“ I = _(817/’117’117}\‘17}\‘]1-) bl

)\’1 :nl(m2/62_§2)1/2 , }\‘IT :nl(&Z_O)Z/CZ)l/Z ] (22)

Then, the Fourier transform (2) being defined with the ex-
ponential exp(—in;Ex), the equations (3), (3a) become

d:hy =iwei/c e, , mEhy=we/ce; ,

dzex +in&e, = ioy, /chy (23)
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@2 +Ahy =0, A2 =m(0*/?—EY). (23a)
Applying the transpositions (22) to Egs. (4), (4a) gives
hy(x,2) = A1(§)[exp(—iiz) +r1(§) exp(idi2)] ,

M o= ni(0?)—E)2 (24a)
hy(x,2) = A (€)[exp(—A,"2) + 1, (€) exp(X,'2)] ,

A= (82— 0?22 (24b)

with a label different from (4) and (4a) for amplitudes and re-
flection coefficients. We first note from (24a) that the phase
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velocity in Veselago media is antiparallel to the Poynting vec-
tor but the main changes come from (24b). For z < 0, the first
exponential term in (24b) corresponds not to an evanescent
wave but to an outbursting wave whose amplitude increases
with the distance (on a distance limited by the breakdown of
the theory but supposed greater than the film thickness). This
outbursting wave gives birth on the z = —d mirror to a re-
flected field attenuated with the distance according to the sec-
ond exponential term in (24b). We also assume this attenua-
tion not strong enough to make negligible the reflected field
at the output of the Veselago film and in fact, for a reflection
coefficient of modulus unity on the mirror, the reflected field
has the same amplitude as the incident field. Consequently,
we have to take into account reflections for |&| > ®/c.

Then using (23), we get from (24) and (24a) for the e, com-
ponent

ex(§,2) = —Mic/oer Ar(§)[exp(—itiz) +ri(§)exp(ihiz)] , [§] < w/c, (25a)
ex(x,2) = —ik;c/wer A (§)lexp(=2,"2) + 1/ (§)exp(id,2)] , [E] > /e, (25b)
\
and we shall consider separately the contributions to the re- while we get from (13), (14), (15)
flected TM field of the harmonic waves (24a), (25a) and of
the outbursting waves (24b), (25b). d:h)/ (£,0) — a1 (&), (€,0) = —f1(E) ,
A. Harmonic waves: A| = n|(@?/c? — 5,2)1/2 . .
bil (EJ) = azhyl (E.HO) —a (E.,)hyl(§70) ) (27)
We have just to apply the transpositions (22) to the expres-
sion obtained in Sec. 2. The impedance boundary condition
(11) becomes Ri(§) == f1(8)/&1(8) »
d;:hf(&,0) —a; (&) (E,0)=0, ; ;
G0 —aGh 6.0 a©) =G0 T m@RED).  (28)
a1 (&) = —¢gop/e1 M (&) tan[A (E)d] , (26)  So finally according to (17)
J
ofc .
H(x,z) = —(m1/2m) /_m/_ d§ exp(—imi&x) f1(§)/81(8)hy (§,—2) . (29)
Taking into account (1) with €g, o, permittivity and permeability in the half space z > 0,
o/c .
B (5) = ~(ime/2moey) [ dE expl—imE0i (€)/51(E)0(E )
~0/c .
E/(x,2) = (m2c/2n0e) /_m/ d§ exp(—ini&x) x f1(8)/81(§)h/(§, —2) - (29a)

Suppose now n; = n, then according to (11) and (26)

ai(§) = —a(§) changing £1(§)/g1(§) into g(§)/f(§) which
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is an inversion of the reflection coefficient. This suggests that
a twinned set made of a dielectric and of a Veselago films with
the same thickness and n = ny, deposited on a mirror behaves
as a perfect mirror at the frequencies for which (17) and (29)
are valid.

B. Outsbursting waves: A," = nj (82 — ?n 2 /c?)!/?
Since (24b), (25b) are deduced from (24a), (25a) by chang-
ing A; into —i XIT, the results of Sec. 3.1 are at once available

and with this substitution the boundary impedance condition
(26) becomes

azhye (g,O) - al-‘-(a)hye (&70) =0

a,'(§) = &o/e1 A, (§)tanh[A," (§)d] (30)

Brazilian Journal of Physics, vol. 37, no. 4, December, 2007

and we get from (27), (28)
Ay (8,0)—a, (§)h/ (,0) = —£,"(8) ,

£7(€) =8:h(8,0) —a; (§)h)(,0) . (31)

R (&)= 1,"€)/s,(®),

8/ (§) = 9:1/(5.0) +a, () (5,0) - (32)

Now, since |&| > ®/c, the inverse Fourier transform (16) of
hy(8,2) =R, (0h)/(§,~2) is

172 = m/2m) [+ [7) dE explim) £,7(€)/€) b (E.—)

o=-on/c , p=wn/c. (33)

Still using (1) with €9, wo,

Ey2) = Gime/2neo)( [+ [7) dE explini&n) £,'(€)/a,(€) 9/ (6. ).

E/(02) = (m2e/2meow) ([ [[7) dE explini&0g £,'(€)/€) 1/ (E.~2)

which is the contribution of outbursting waves to the TM field
reflected from a flat Veselago film. So, at the difference of
what happens with a dielectric film, all the information con-
veyed by the incident field is present with some distortion in
the reflected field.

(33a)

For |§| < ®/c, applying the substitutions (22) to (20) and (20a)
gives at once,

H\(x,z) =A fi(ko/n1)/g1(ko/n1)expliong/c(x sin®—z cos0)],

(34)
C. Harmonic plane wave reflection
E/(x,z) =cos® H, (x,z), E (x,z) =sin® H/(x,z) . (34a)
We now suppose that the harmonic plane wave (18) with
the Fourier transform (18a) impinges on the flat Veselago film. According to (20) and (20a),
J
fi (ko/nl)/g] (ko/l’l[) = [iko cotd —ay (k()/m)][l'ko cot®+a (ko/nl)]_] s (35)

in which

ay(ko/m) = (g0/€1)M (ko/m ) tan[Ay (ko/m)d] , Mi(ko/ny) = @nic™" (1—ng sin®0/n )"/ . (36)
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For & > ®/c, since according to (18a)
h(€,—z) = 2mA exp(ikoz cot8)d(nx—ko) , ko = —wng/c sin® (37)
H\/(x,z) = mA exp(ikoz COte)// d€ exp(ini&x) f,"(€) /g, (€) 8(mx—ko) , (38)
w/c
giving for ko /n < ®/c
H/(x,2) = A f,(ko/n1)/g, (ko/n1) expliong/c(x sin®—z cosB)] , (38a)
in which
£y (ko/m1) /g, (ko/my) = [iko cot® —a;' (ko/n1)][iko cot®+a, (ko/m)] ™", (39)
with
a, (ko/n1) = €o/e1 A, (ko/my ) tanh[A" (ko /n1)d] , M1 t(ko) = @nic™ (ndsin®0/n —1)1/2 (39q)

Substituting (38a) into (34a) gives the components E,”(x,z)
and E,"(x,z) and a similar result is obtained for & > —w/c.

The comparison of (34) and (38a) shows that H,"(x,z) has
formally the same expression for |§| < /c and |&| > ®/c,
the difference intervening in the coefficients a;(ko/n1) and
alT(ko /ny) respectively defined according to (38) and (39a)
with a tangent and an hyperbolic tangent

ay :80/81 M tan[?»ld] s alT = 81/81 7\.1+ tanh[?»le] s (40)

with a, A written for a(ky/n;) and A(ko/n1). Then, according
to (35) and (39) the reflection coefficients for |§| < w/c and
€| > ®/c are

R= (ik()COSG—al)(ikocOSG+a1)7l,

R = (ikgcos® —a,)(ikocos O +a, )" . (41)

These reflection coefficients have a modulus unity |R| =
|RT| = 1 which is important as just discussed, for the reflec-
tion of outbursting waves. For a Veselago film with a peri-
odic thickness, the differences between the phases of R and
R" would appear more clearly.

IV. DISCUSSION

The H),i component of the incident TM field is solution of
the 2D-Helmbholtz equation

(97 +9. +o’ng’ /c*)H, (x,2) =0 (42)

but the general solution of Eq.(42), needed to describe an ar-
bitrary TM electromagnetic beam can be put in the form of an

angular spectrum of plane waves [7,8]
H/(x,z)= / C dO F,(8) expliomg/c(x sinB+z cosB)] (43)

in which F;(0) is a form factor and C a fixed path of inte-
gration in the complex 0-plane so that this spectrum is made
of harmonic and evanescent waves and since, as previously
discussed, these evanescent waves do not propagate the infor-
mation they convey is lost and it was proved how in Veselago
films, this information can be recovered, evanescent waves be-
ing transformed into outbursting waves. Because wave prop-
agation through lenses may be described by an integral of the
type (43), the lost information results in a limit of the image
resolution and lens performances could be improved by a judi-
cious use of Veselago materials [9], even if some doubts have
arisen on the possibility to manufacture such lenses [10].

As mentioned in the introduction, dielectric thin films in
many optical applications [11,12] are used as filters with this
term understood in its widest sense, including antireflection
coatings, mirrors, edge filters, beam splitters and narrow band
filters. Hard works supported by many industrial companies
have been realized concerning in particular the coating quality
[13] to improve their performance and research is booming in
such domains as microelectronics and photonics applications
[13-15]. Since as just explained, Veselago films do not sup-
port information loss, we can dream of “perfect” filters per-
forming exactly their theoretical objective: shorts wave pass,
long wave pass, band pass, notch pass and realized by a ju-
dicious architectural combination of dielectric and Veselago
materials.

We have only considered in this work TM electromagnetic
waves because its objective was to compare the scattering
properties of dielectric and Veselago films. Clearly similar re-
sults, at the expense of more calculations, would be obtained
for TE and arbitrary electromagnetic plane waves.

[1] S. Chatterjee, Physica Scripta, 57, 234 (2003).

[2] V.G. Veselago, Sov. Phys. USP, 10, 509 (1968).



1226

[3] J.B. Pendry, A.J. Holden, D.J. Robbins, and W.J. Stewart,
Trans. Microwave Theory Tech. 47, 2075 (1999).

[4] R.A. Shelbi, D.R. Smith, and S. Schultz, Science 292, 77
(2001).

[5] J.B. Pendry and D.R. Smith, Physics Today 57, 37 (2004); Sci-
ence 312, 1780 (2006).

[6] M. Idemen, Essays on the Formal Aspects of Electromagnetic
Theory, A. Lakhtakia Ed. (Singapour, World Scientifc, 1993).

[7] E.T. Whittaker and G.N. Watson, A Course of Modern Analysis,
(Cambridge, University Press, 1952).

[8] M. Born and E. Wolf, Principles of Optics, (Oxford, Pergamon,
1965).

Brazilian Journal of Physics, vol. 37, no. 4, December, 2007

[9] J.B. Pendry, Phys. Rev. Lett. 85, 3966 (2000); Sience 315, 1226

(2007).

[10] A. Lakhtakia, Int. J. Infrared Mill. Waves 23, 339 (2002).

[11] P.H. Lissberger, Rep. Pro. Phys. 33, 197 (1970).

[12] H.A. MacLeod, Thin Films Optical Filters, (Bristol, IOP Pub-
lishing, 2001).

[13] D.A. Buchanan, IBM J. Res. Dev. 43, 23 (1999).

[14] J.B. Pendry, L. Martin-Moreno, and F.J. Garcia-Vidal, Science
305, 847 (2006).

[15] P. Hillion, Electrmgn. Phenomena J. 6, 17 (2006).



