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* Just some observations on the history of studies of negative
refraction including some recent results
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Known since...

180

270

Left: Mirror reflection (S. Maslovski, 2002? Ancient Greeks?)

Right: F(0) = Slr;fﬁ,i’;‘;f;“f_;ﬁ%” ka = 37 /2, The incidence angle is

/4 (Y = kacos(mw/4)), N = 300
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Backward waves and negative refraction

Prof. L.I. Mandelshtam (1879-1944). Photo 1940
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Negative refraction in 1940-1944

k sin ¢ = k; sin q,.

OREaKO IOCHe[Hee PABEHCTBO YAOBIETBODPAETCA KaK OPE yrie ¢,
TaK ¥ OpH yriae T — @g.

Tpebysa mo-mpe)xHEMY, 9TOOH 5HEpPTHA BO BTODOX CDefie ommexasa
OT TPAHEOH pa3fela, MH IPHXONAM TOFJA K TOMY, UTO (asa HOKHA
'Habezamb Ha 3Ty TPAHALY M, CIe[0BATEJIHHO, HAIPABISHAE PACIPOCTPa~
HEHHA [PEeJIOMIEHHOA BOJHEL OymeT COCTaBIAATH ¢ HOPMAAbI YIoa

L.l. Mandelshtam (1879-
1944)

"
Pme, 12 ‘ : Pmc. 13

n — ¢,. Hax Bm HempmBEIYHO Taxoe mOCTpoeHHWE, HO, KOHEYHO, HAYe-
'TO YAHBHTEJIBHOTO B HeM HeT, m00 (asoBada CKOPOCTH eme HEIero He:
TOBOPHT O HAaOPaBIGHAA HOTOKA SHEPTHH.

YETBEPTAA JEKIHAA
(5.V 1944 r.)
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"LH transmission line" in 1951

and the radiation condition
S N e T <

Puc. 1. Puec. 2.

[Ipu (GOpMYyAMPOBKE YCAOBHA HIAYUEHHHA & .'ﬂd(a.a-ﬂa..\a H:{Sf{;,{ﬁ;‘
CHHYCOMAAABHBIX BOAH 0OBIUHO NOApa3yMeBaeTcH [unora it HOAO:‘
eCAM OTCYTCTBYET CCbhIAKAa HA YPaBHEHHE (4)], uro pasoBasd CKOPO e
mureAbna. Mexgy TeM, Kak NMOKasbIBAET npuBejeHHBIH NPHMEP, BO3MOX
NPOTHBOMOAOKHBIH CAYUaH. B 10 e BpeMs HanpaBAEHHC pacr_:poc*rpaaem;:
JHEpruM BCErja MOAOKMTEADHO, T. €. coBnagaeT C HAIpPaBAGHHEM OT.
HCTOYHMKA.

G.D. Malyuzhinets, 1951; C. Caloz and T. Itoh, 2002; G. Eleftheriades,
2002
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D.V. Sivukhin, 1957

F.C ~ 1) ! TTT gTTVeAVRAL ar waupuILyY  BEWPUM G PEABI,
LCITH |1 < s 4 CIACHOBATOILEO . g ’ e _
PO R 2 2 i o AOBATOILHD, e U, T0 290, <0, 7. e. (azosam n
-J|3 F] I—Illlbdl-} FI'\E‘[H)I'[]I HAan ['n“-“'ilh[ III){II Il“”ll()._]r)}!{”f}, 1‘1‘”
UBLT BOBMOZKEH, TO BOJHOBOH BeKTOD NpOITCImIed T

JCH K Fpannmne pasjieaa, T,

I OBl BTOT cravyaan
wansl k, Oner 6 manpan-
€. B CTOPOHY HepnBol cpenm. (ne: v 2
n ou< () geuseecti B it R ) (_ 9 bpenm. Lpepsr ¢ ¢<{)
< ieaeectiinl. Bonpoe o npusunnmannuoii

BOSMOMHOCTH CVIICCTRO-
BAHWA TaKknx Chell He BLIACHEH. - | |

Media with e < 0 and x < 0 are not known. The question about the
possibility of their existence has not been clarified.
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R.A. Silin, 1959

Negative refraction in periodical media

Puc. 14. Mamocrpauus K sa-

KOHY IIpeNloMJICHHS Jyda B

cpede ¢ OTPHUATENLHOW JHC-
nepcuen,

The text reads: “An illustration to the refraction law in a medium with
negative dispersion.”

March 1, 2005




\/ HELSINKI UNIVERSITY OF TECHNOLOGY m E‘a

SMARAD Centre of Excellence

MNarphosé

V.G. Veselago

1. PACIIPOCTPAHEHUE BOJIH B BEMECTBE C e < 0 i p < 0.
«[IPABLIE» ¥ WIEBBIE» BEIIECTBA

Hns TOro 9T06H BEIABATE BJIEKTPOIHHAMIIECKUE 38KOHOMEPHOCTH, C)
CTREHRHO CBASAHHEIE CO 3HAKOM €& H |, CleIyeT oGpaTHTHCH K TeM COOTHOIIE
AM, B KOTOPHX € M | BHCTYNAIT PasfieNbHO, a He B BUje NPONIREIEHN, Ko
aro umeer mecto B (1) — (3). TaruMm COOTHOMEHWAMH ABIANTCA NPEH
BCETO ypaBHeHHA Marcpel
la W MarTepHalbHEE ypa

HEHWS .
) 1 4B
rot E= e, ]

c dt E|
1 4D (4
rotH=———,
! e ot i
[ B-— !“I‘H‘l é;
| 1967 2, Hroan { Tom 92, avtn. 3 (4r§
YCHEXH OH3HIECKHX HAVE 2 D ===ghi
t : 6) , - Jas nocKo#l MOHOXPO-
MAaTHYECKOH BOJIHE, y KOTO-
poil Bce BeIHYNHE TPOIOP-
nuoHAIbHb gt (k2—eh)  prrpadl
¢ 4) u (4') copaTcs ¥
i v smend (4) m(4') cBon 1%
| it [kE] = -2 uH i
JJIEKTPONUHAMHKA BEIMECTB C ONHOBPEMEHHO P . = _;" i, i |
mc. 1. a) Honnnep-addext n NMPAaBOM  BemlecTse. 7
OTPHIATE/IBHBIMU 3HAYEHUAME € U J 6) Hdomnmep-aderT B meBom Bemectse. (kH] = s o (5}&
B T Bevsaci Byspolt A ofosHAueH WCTOMENK H3JyYeHus, Ovesol B — ¢ : |
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Backward-wave (Veselago) media

" |\ e T BRI

g i,g,_
\. _ (k=0
\ j,_._ﬁl:_l ‘q!_:.- ___
MEDIUM =

)

v 3

N
& J »

Prof. Victor G. Veselago on the left with Prof. Ari Sihvola on the right,
coining the name "Veselago medium" (Espoo, Finland, 2002)
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Negative permittivity

direction of
propoga tion 9
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J. Brown, 1953; W. Rotman, 1961; J. Pendry, 1996
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Wire media, applications

Plastic Part of the feed network
Metal reflector

— Simulated, UL
| == Measured, UL| B R . ]
== Simulated, DL
------ Measured DL

—100 —50 0 50 100 150
¢ [°]

P. I[konen et al., 2004
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Plasma model
w? k2
k2= IOQgWL J. Brown, 1953; W. Rotman, 1962
ky = i - J. Pendry et al., 1996
k2 = 2 A. Sarychev and V. Shalaev, 2001
a? log ﬁ z -3
k2 = 2 P. Belov, S. Tretyakov, A. Viitanen, 2002
a? log 27&0 +0.5275
k2 = x U S. Maslovski, S. Tretyakov, P. Belov, 2002
0”108 Fr5ta=ro)

March 1, 2005 13
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Plasma moddhils

Very strong spatial dispersion even at very low frequencies:

In space-time domain:

kQ t ztc(t—t")
e
D(z,y,2) = ¢gE(x,y, 2) k Z / / E.(xz,y,2',t")dz"dt’

—00 z—c(t—t')

P. Belov et al., 2003
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Negative permeabillity o

"™
f ! Lo __ whCS?
| Lm — T—o2LC

3
i
0 & a
o j ( =~ |

S.A. Schelkunoff, H.T. Friis, 1952; D. Jaggard, N. Engheta, and many
other authors, 1980-1990
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Negative permeabillity, cont.

Frad
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M.V. Kostin, V.V. Shevchenko, 1994
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Negative permeability, cont.

A.N. Lagarkov et al., 1997 J. Pendry et al., 1999

March 1, 2005 17
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Swiss rolls
, .
&)
L ] | \—_/
H. Schneider and P. Dullenkopf, 1977 J. Pendry et al., 1999

March 1, 2005



@

HELSINKI UNIVERSITY OF TECHNOLOGY
SMARAD Centre of Excellence

Metasolenoid

g

P. Ikonen, S.I. Maslovski, S.A. Tretyakov, |. Kolmakov, 2004
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Wire medium + an artificial magnetic

Resonant magnetic particles are randomly distributed:
10

3 3.5 4 4.5 5
Frequency, GHz

Negative permeability background of wire medium =- positive(!)
permittivity of wire medium

S.I. Maslovski, 2003

March 1, 2005 20
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Bi-anisotropic particles

inclusions

matrix

The geometry of a racemic composite. The number of right- and
left-handed particles is the same in every unit volume.

March 1, 2005
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Expected effective parameters

30 0
20t | .
_17
10¢ |
4
2 -2t
(&)
£
S -
g -3/
c |
2
S -30f ! — Re(g) 1 -af — Re(g) -
o 20 'l,' - == Im(g) - - - Im(g)
_aol , |
I ~ Re(w) 5 Re(p) |
W o L
-50f .‘, Im(p) | Im(p)
_68 I I I I I I _6 I I I I
9 995 10 10.05 10.1 10.15 10.2 10.25 10.1 10.12 10.14 10.16 10.18

S. Tretyakov,

Frequency, GHz

2003

Frequency, GHz

10.2
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Chiral nihility materials e

— Re(g)
— Im(g)
= Re(l)
1.5"\ — Im(w) [
S = = Re(k)

Im(k)

________ Vacuum

/ ©,.
ok @\

O,

Relative material parameters

"Nihility point"

Chiral nihility

5 I I I I I I I I I
6.3 6.32 6.34 6.36 6.38 6.4 6.42 6.44 6.46 6.48 6.5

Frequency, GHz

Two waves with positive group velocities. The phase constants
B = ko(\/en = k). One of the eigenwaves in a backward wave.

S. Tretyakov et al., 2003; J. Pendry, 2004

March 1, 2005
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"Conjugating surface"

region 1 region 2
air Stl ktl \'ktl'st air

S, S,
ﬁ, L

S. Maslovski and S. Tretyakov, 2003
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S. Maslovski, S. Tretyakov, P. Alitalo, 2004

1.4r

1.2r

0.8r
0.6r
0.4r

0.2r

O 1 1 1 1 1 1
-180 -160 -140 -120 -100 -80 -60 -40 -20

Plasmon resonant grids

Second particle

First particle
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X, mm

March 1, 2005

25



\/ HELSINKI UNIVERSITY OF TECHNOLOGY m E‘a
SMARAD Centre of Excellence

. MNarphosé

That was the last slide

See also:

www.hut.fi/~sergel

European Network of Excellence "Metamorphose":
www.metamorphose-eu.org

Thank you!

March 1, 2005
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