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 DOTOHHbLIN KpUCTanNa = cpepac
NMPOCTPAHCTBEHHO-NEePNoaANYEeCKOMN

AMQHeKTpM‘IeCKOVI NMPOHNLAEMOCTbBIO
B.ll. BbikoB 1972

E. Yablonovitch 1987

S. John 1987

[[([ AT

Bonee npocTblie B U3rotoBreHUU cUCTeMbl: POTOHHO-
Kpuctannuyeckue cnou ¢ 1D nnu 2D nepuogunyeckon
MoAaynsiLuen U NPOU3BOSIbLHO CITOXHOM (MU NMPOCTOMN)
CTPYKTYpPOM NO BepTUKanu

-dncppakumoHHas pewetka = 1D pOTOHHO-
KpucTansiuyeCKum crion

Rittenhouse 1786
Fraunhofer 1821
Wood 1902

Lord Rayleigh 1907
Fano 1941
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D OoTOHHbIE KpUCTanmbI B npupoae

Onanbl: ectecTBeHHble (hOTOHHbIE
KpucTtansbl, 00Opa3oBaHHble
CNUMNLWMMUCA HAHO-LLAPUKaMMU

Ha pucyHke noka3zaHa NUCKYCCTBEHHbIe
onano-noaooOHble CTPYKTYpPbI U3
¢dynnepeHoB (cneBa) U KBapueBbIX
HaHoLWapUKOB (BHU3Y)
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Figure 3 Iridescence in the butterfly Morpho rhetenor. a, Real colour image of the blue
iridescence from a M. rhetenor wing. b, Transmission electron micrograph (TEM) images
showing wing-scale cross-sections of M. rhetenor. ¢, TEM images of a wing-scale
cross-section of the related species M. didius reveal its discretely configured multilayers.
The high occupancy and high layer number of M. rhetenorin b creates an intense
reflectivity that contrasts with the more diffusely coloured appearance of M. didius, in
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Figure 2. Percentages of transmission, absorption and
reflection for the wings of (a) Morpho didius and (b) Morpho
sulkowskyi measured by a spectrophotometer equipped with
an integrated sohere.
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Fig. 3. Scanning electron microscope images of the cross sections of the iridescent scales of Morpho butterflies:
(a) a ground scale of M. didius, (b) a scale of M. rhetenor, (c) a cover scale of M. adonis and (d) a scale of
M. sulkowskyi
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OndpakumoHHasn pelleTka

David Rittenhouse 1786

"An optical problem, proposed by Mr.
Hopkinson, and solved by Mr.
Rittenhouse“, Transactions of the RN
American Philosophical Society, vol. 2, ., =
pages 201-206 (1786). '

n.[.bazbas, «K ucmopuu
oupakyuoHHou pewemku», YOH 108,
337 (1972)
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N® XXIV. - Rittenhouse 1786

An Optical Problem, propofed by Mr, Horxmson,
and folved by Mr. RITTENHOUSE.

Philadelphia, March 16th, 1785.
DEAR SIR,

RadFeb. | T AKE the liberty of requefting your attenti—
7,178 on to the following problem in optics. Itis
believe entirely new, and the folution will afford amufe-
ment to you and inftruction to me.

- Setting at my door one evening laft fummer, I took a
filk handkerchief out of my pocket, and ftretching a por-
tion of it tight between my two hands, I held it up be-
fore my face and viewed, through the handkerchief, one-
of the ﬁreet lamps which was about one hundred yards:
diftant; expeing to fee the threads of the handkerchief
much -magniﬁed. Agreeably to my expetation I obferv-.
ed the filk threads magnified to the fize of very coarfe
wires; but was much furprifed to find that, although I
moved the handkerchief to the right and left before my,
eyes, the dark bars did not feem to move at all, but re-
mained permanent before the eye. If the dark bars were
occafioned by the interpofition of the magnified threads
between the eye and the flame of the lamp, I fhould have
fuppofed that they would move and fucceed each other, as-
the threads were made to move and pafs in fucceflion be--
fore the eye; but the fa&t was otherwife.
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Rittenhouse 1786
The Anfwer, by Mr. RITTENHOUSE.

DEAR SIR,

H E experiment you mention, with a filk handker-
chief and the diftant flame of a lamp, is much more
curious than one would at firft imagine. For the object

By purfuing thefe experiments it is probable that new
and interefting difcoveries may be made, refpe&ting the

properties of this wonderful fubftance, light, which ani-
mates all nature in the eyes of man, and perhaps above
all things difpofes him to acknowledge the Creator’s boun-
- ty. But want of leifure obliges me to quit the fubje for
the prefent.

| I am, dear fir, your affettionate friend,

And very humble fervant,

DAVID RITTENHOUSE.
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TepMUH DOTOHHbLIN KpUCTana Ana cpeabl
C NPOCTPaAHCTBEHHO-NEepNoaNYeCKOU
AVN3NeKTPUYEeCKON NPOHNLLAEeMOCTbIO ObIs
npeanoxeH J. A6noHosnyem B 1991

Eli Yablonovich
“Inhibited Spontaneous Emission in Solid-State Physics
and Electronics”

Phys. Rev. Lett. 58, 2059-2087 (1987)

S. John
“Strong Localization of Photons in Certain Disordered
Dielectric Superlattices”

Phys. Rev. Lett. 58, 2486-2489 (1987)

B.ll. bbikoe

«CrioHmMaHHoe u3ry4eHue 8 repuodu4yecKoli cucmeme»
JKIT® 62, 505(1972)
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AOnoHOBUT

[TepBbl POTOHHLIN KPUCTasJS C NepekpbiBaoLLMMUCA LLENSMn
ansa obeunx nonapusaumn B CBY gnanasoHne (A ~ 2 cm) Oblin
N3roTOBIMEH U3 KEpaMUKU NPU NOMOLLN apenu

E. Yablonovitch, T. J. Gmitter and K. M. Leung, PRL 67, 2295
(1991)

3-d Photonic Crystal
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Boobpaxxaemasi MHTerpanbHasi onTm4yeckasi cxema ¢ OTOHHbIMMU
Kpuctannamm

1D pasBeTBUTENDb 3D BonHoOBOA 3D 3epkano
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NMonApUTOHHbLIE (POTOHHbIE KPpUCTanMbI:
B3anmopgencreyrowime 3reKTpoHHble U POTOHHbIE
pe30HaHCbI

JKCUTOH-MOSISAPUTOHLI B (POTOHHbIX KpUcTanmnax ms3

nonynpoBOAHUKOBbLIX KBAHTOBbIX AM
Ivchenko et al, 1994; Kochereshko et al, 1994

[na3sMoH-NONSAPUTOHHbIE (POTOHHbIE KpUcTannbl ¢

HaHOCTPYKTYPUPOBaHHbIMU MeTarnamMmm
Ebbesen et al, 71998; Linden et al, 2001; Christ et al, 2003
Teperik et al, 2006

MeTtamatepunanbl — KOpoTKonepuoamnyeckme nnasMmoH-noNApUTOHHbIe

KpucTtanibl C KOHTPONIMPYyeMbIM 3J1IEKTPOMarHUTHbIM OTKITMKOM
Pendry 2000; Smith et al 2000; Podolskiy, Sarychev, Shalaev 2003; Zhang et al
2005; Pendry et al 2006, Shalaev 2007, Liu & Giessen 2008-2012

CunbHble MmarHuTo-onTUYeckue 3cpceKkTbl B NSIa3MOH-NONAPUTOHHbIX

(POTOHHbIX KpUCTannax u metamartepuanax
Belotelov et al, 2007, 2012
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[Mna3MoHbI:
NOBEPXHOCTHbIE n FioKanusoBaHHble (pa3mep << 1)

Lorenz 1890

Drude 1900 Hertz 1892

Wood 1902 Rayleigh 1897

Fano 1941 Maxwell Garnett 1904
Richie 1968 Mie 1908

w? e189(w)

k* =

2 1 82(00)

AHOManuu B cnekTpax Metannmyeckux AndppakumMOHHbIX peLueToK
HaHodoTonutorpacduma c cyoanMHOBONMHOBLIM pa3pelleHuem
MeTanno-guaneKkrpuyeckue nsiasmMmoH-nonsipuToHHble (POTOHHLIE
KpucTansibl U MeTamaTtepmarnbl
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Nna3mMmoHbI:

NOBEPXHOCTHbIE n FioKanusoBaHHble (pa3mep << 1)
Lorenz 1890
Drude 1900 Hertz 1892
Wood 1902 Raylelgh 1897
Fano 1941 Me_wxwell Garnett 1904
Richie 1968 Mie 1908
Ea,in L 1
Ea,out 1 =+ Na[(gin(w))/gout _ 1}
E'111(("}) — 1 — N_1 _ —2 ) C(bepa
LIBeTHbIe CTeKNa, BUTPaXu Sout : —1 ,unnuupgp

f'MraHTckoe KOMOUMHaUMOHHOE paccesiHne

YnpaBneHue otontoMmmHecueHUNEeNn, HAHOAHTEHHbI

CnekTpocKonusa oTaenbHbIX MONEKYI, BKIlo4asa ounornorn4yeckue

CkaHupyowasa onmkHenorneBasa MUKPOCKONUA U HaHodoTtonutorpadums ¢
Ccy6aANMHOBONMHOBLIM pa3peLieHnem

MeTanno-gananeKkrpuyieckue niaasmMoH-nonsApUTOHHbIE (POTOHHbIE
KpUcTtannbl U MeTamaTepuanbil
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OCHOBHbI€ NPUHLUMUMbI HAHOMNJIA3MOHUKMU
Mcnonb30BariMCb YenoBe4YeCcTBOM U ObINTM N3BECTHbI
ovyeHb AaBHo. OgHako ¢ pa3BUTUEM HaHOTEeXHOJIornm
BO3HUKIN Ka4eCTBEHHO HOBbIe U UHTEepPeCHbIe
BO3MOXHOCTM.

Ky6ok JIukypra —npeanonoxnmTeribHO
anekcaHgpumnckom pabotbl IV Beka H. 3.
JKcnoHupyeTca B bpntaHckoMm Mmy3ee.
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1D peweTKa u3 30M0TbIX HAHOHUTEN Ha NOBEPXHOCTHU
AW3NIeKTPUYEeCKOro BosiHoBoaa

( Kk A
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% |
k0 | | | | | — 'ILE polariiation
Z 2+ 4k —— TM polarization - 2
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CxemaTtuyecknu Bua (a), peanbHasa cTpykTtypa (b),
crnekTp notepb (-In t) B CTpyKkTYpe ¢ BoNHOBOAHbLIMWU MogamMu (c) n 6e3 Hux (d)

A. Christ, S. G. Tikhodeev, N. A. Gippius, J. Kuhl, and H.Gissen, PRL 91, 183901, (2003),
PRB 70, 125113 (2004); T. Zentgraf, A. Christ, J. Kuhl, S. G. Tikhodeev, N. A. Gippius,
and H.Gissen, PRB 73 115103 (2006)

Ecnu BonHoBOA UK pelueTKa caenaHbl U3 cpeppomMarHeTvka, BO3HUKarOT UHTEPECHbIe
BO3MOXHoOCTU Ansa marHutoonTtukn V. |. Belotelov et al, Phys. Rev. Lett. 98, 077401 (2007)
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JlokannsoBaHHbIN NJ1IA3MOH B HAHOHUTU : AUNOMNbHbLIN Pe30HaHC
(OnekTpuyeckoe nose nepneHanKynspHoO HUTN)
Pe3oHaHCcHas YacTtoTa 3aBUCUT OT (POPMbl CEYEHUA U ANINEKTPUYECKOrO OKPYKEHUS
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TEO n TMO moabl B 140 Hm ITO BONHOBOAE Ha KBapLe,
cBepHyTble B 1 30HY bptonnunanHa cTpyktypel ¢ nepmogom 300 HM.
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CuHAda NNUHNA - NNA3MOHHbIM Pe30HaHC B HAHOHUTU
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TEO n TMO mogbl B 140 Hm ITO BONHOBOAE Ha KBapLg,
cBepHyTble B 1 30HY bpronnnaHa cTpykTypbl ¢ nepunogom 450 Hm.
CuHAA NUHKUS - NNa3MOHHbBIN PE30HAHC B HAHOHUTU
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O6pa3oBaHue BONMHOBOAHO-MJSIA3MOHHOIO NMOJIAPUTOHA

A. Christetal.,, PRL 91, 183901 (2003)
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Pa3pymeHMe BOJIHOBOAHO-NMJIA3MOHHOIO NOJIAPUTOHA
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NMna3MoHHbIe MeTaMaTepuarnbl

HaHocTykTypusauumsa metanna = Mogudmkauma onTuyecKkoro oTkrimka (Hanpumep,

FMMraHTCKUMU guamarHeTu3sm Ha OnTUYeCKUX YacToTax)
H & E
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K, A i diant
o g nanowire (superradiant) >
(100nm x 10nm) 2 ‘ o
Wpp ® pp %
L, <
M6puamnsaums . ; E
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(subradiant)

MoanduuupoBaHHoe

Bsanmopencteue c B3aumopencTeume B GrnmkHEM none

3apsgamMm nsoopaxeHus

Ag film i
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1D pelweTKa u3 nap HaHOHUTEMWN: dHTUCUMMETPUYHbIE U CUMMEeTPUYHbIE
nia3MOHbI
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1D peweTKka MeTannM4ecCKkux HAaHOHUTEN BONN3N MeTarfIN4YeCKOU
NAeHKN: B3auMmoaencTBue Jfiokann3oBaHHbIX U

pacnpocTpaHALWNXCA NNasMoHOB
A.Christ, T. Zentgraf, S. G. Tikhodeev, N. A. Gippius, J. Kuhl, and H. Giessen,

Phys.Rev. B 74,155435 (2006) y 4/| s
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CmelleHHble 1D pelleTKM MeTannmyecKkMx HAHOHUTEN: ynpaBrieHne
CUMMETPMUYHbLIMU N ACUMMETPUYHBLIMU NJIAa3MOHAMMN C NOMOLbIO

HapyweHUsi CUMMeTpPUmn
A.Christ, O.J.F.Martin, Y. Ekinci, N. A. Gippius, and S. G. Tikhodeev, Nano Lett

8, 2171 (2008)
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CmeweHHble 1D peweTkn metansin4eCKUX HAaHOHUTEN:

ynpasneHmne cuMmmeTpu4iHbiMmm " aCMUMMeTpnNviHbIMU NMNNa3MOHaMm C

NMOMOLBLIO HapylweHnAa CuMMeTpun
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1. POTOHHbLIE N NONAPUTOHHbIE KPpUCTanNmbl,
HaHoOMMa3MOHMKa

. MpuMep: pewieTka MeTannmMyecCKnux HAHOHUTEN C
NAa3MoOH-NONAPUTOHAMM

. MeTogbl pacyeTa

. MeTamaTtepuansl

. JlnH3a Becenaro anga pacnpocTpaHALWUXCA BOMNH

. MeHapu: «lNpeoponeHue gudpakUMoHHOro
npeaena paspeweHus» B AanbHen BOJTHOBOWU 30He

. 9P heKTUBHbLIN INIEKTPOMArHUTHbLIU OTKIUK
MeTamaTtepuarioB, NPOCTPaHCTBEHHasA
HerloKaribHOCTb

8. KupanbHble meTamaTepuanbl

(o2 S ) I - W EL N

~
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MeToa KOHeYHbIX pa3HocTeu - Finite
Difference in Time Domain, FDTD

MeTtoa ®ypbe-pa3noxeHUs No NAOCKUM
BonHam u MATPULA PACCEAHUA
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dypbe-pasnoxeHne no nNiocKMM BOMNHaM

E(z,y, 2,t) = Eg exp (tkr.cx + ik, cy) X exp (1 Kz — iwt)

k;r.G — k‘;r + G;r ) ky.G — ky “Ir Gy

G —obpaTHasa pelieTka, K — BONTHOBOE 4YNCIIO B
HanpaBneHnn nonepek cnos

[ns ogHOpoaHbIX Nony6eckoHeYHbIX CNOeB Haf
1 noa POTOHHO-KPUCTANINYECKUM CITOEM:

2
k:;.G.a — el - (k-.I* T GI)Q o (k;l/ + G;l/)2

2
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Light cones:
- = =24¢V, substrate
—2.4 eV, vacuum
........ 1.2 eV, substrate
—— 1.2 eV, vacuum

— Kapta obpaTHOM
peLleTKU

OKpPY>XHOCTUN = CEYEHUNSI CBETOBbIX
KOHYCOB Ha 4YacToTe nagaroLero
doTOHa

k (w/d)

+ BeKkTopa obpaTHOW peLleTKN

BEKTOpa BHYTPU KOHYCOB OTBEYaloT
PacnpPoOCTPaHSALWMMCS BOMNHaM,
CHapYy>XW — 3KCMOHEeHLUWanbHbIM 1N
9BaHECLEHTHbIM

W?e,

k;".G.(I, — (k;l‘- T GI)Q o (kl/ + C;',l/)2

2
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Robert W. Wood, 1902

“On a Remarkable Case of Uneven Distribution of Light in a
Diffraction Grating Spectrum ”

Philos. Mag. 4, 396-402 (1902)

| —
—_—

XLII. Ona Remarkable Case of Uneven Distribution of Laght
- in a Diffraction Grating Spectrum. By R. W. Woob, Poo—-
fessor of Experimental Physics, Johns ffopfcms Undversit; y*

T is a well-known fact that in the spectra formed b} P
diffraction-grating the light is unevenly distributed, that
is the total ]mht in'any one 5pect1 um will not recombme to
form white hoht
T have been examining a most remarkable gmtmg recently
ruled on one of the Rowland dividing-engines in which this
uneven distribution is carried to a decree almost i incompre-
hensible. If the spectra of an incandescent lamp are viewed
directly in the grating without any other optical a%)phance,

at certain ano'le- of incidence perfectly sharp monochromatic
* Communicated by the Physical Society: read June 20, 1902,

AHomanun BYJA
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Lord Rayleigh 1907

(John William Strutt,

third Baron Rayleigh)

“Note on the remarkable
Case of Diffraction Spectra
described by Prof. Wood”,
Philos. Mag.14, 60-65 (1907)

The first step towards an explanation would be the estab-
lishment of a relation between the wave-lengths of the
bands and the corresponding angles of incidence ; and at the
time of reading the original paper I wasinclined to think that
the determining circumstance might perhaps be found in the
passing off of a spectrum of higher order. Thus in the
spectrum under observation of the first order, an abnormality
might be expected at a particular wave-length if in the third
order light of this wave-length were just passing out of the
field of view, i. e. were emerging tangentially to the grating
surface. The verification or otberwise of this conjecture
requires a knowledge of the grating interval (¢). This is not
given in the published paper ; but on hearing from Prof. Wood
that there were 14,438 lines to the inch, I made at once the
necessary calculation.
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Lord Rayleigh 1907

(John William Strutt,

third Baron Rayleigh)

“Note on the remarkable
Case of Diffraction Spectra
described by Prof. Wood”,
Philos. Mag.14, 60-65 (1907)

62 - Lord Rayleigh on the remarkadle Case of

that 609 is passing off in the third spectrum on the samae
side as that on which the light is incident, and 317 in the
third spectrum upon the other side. But the agreement of
310 and 3-15 with the integer 3'00 seemed hardly good
enough, and so the matfer was put aside until recently, when
my attontion was recalled to it in reading an article by
Prof. Ames* on Rowland’s ruling-machines, from which 1t
appeared that gratings have been ruled with three different
spaces, viz. 14438, 15020, and 20000 lines to the inch. TIf
we permit oursclves to suppose that the number of lines in
the special grating is really 15020 to the inch in place of
14438, the alteration woukl be in the right direction, 3-10
becoming 2°98 and 3°15 becoming 303, so that the mean
would be about correct. 3
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B3anmogencrteme ceeta ¢ POTOHHO-
KpucTannnyeckum cnoem
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MU bstrah k
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OnTuyeckas maTpuLa nepeHoca Yepes Crion

/ A;—,bot \ / A;r,top \
A;:bot T A:—,top

L,
I I ‘ \ As_,bot ) \ As_,t()p }
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OnTunyeckasa matpuua paccessHUs Cros

+ 4
Ap,top Ap,top
+ _
As,top As,top
\ — + \
/ Ap,top \ / Ap,top
/
— +
As,top o S As,top
S Lol g+ A-
p,bot p,bot

A+b t ‘ Ap,bot
p,bo

Aj S - As,bot BxoaHble amnnutyAabl
7//

—
-

BbixoaHble amMnnavTvabl
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Fourier modal method

Typical structures FMM:

* Stacked systems with
one common axis of
iInvariance

* 1d or 2d periodic or
homogeneous layers 3
L : : x
with identical periods

L. Li, J. Opt. A: Pure Appl. Opt. 5, 345 (2003).
G. Granet and J. P. Plumey, J. Opt. A: Pure Appl. Opt. 4, 145 (2002).
T. Weiss, N. A. Gippius, S. G. Tikhodeev, G. Granet, and H. Giessen, J. Opt. A: Pure Appl. Opt. 11, 114019 (2009).
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Fourier modal method

Maxwell curl equations in each layer:

. _4 layer Eigenvalue equation:
A’ A, 1
2 A
S.. |AF=MF
| n
S N1
N-1 Lateral fields:
e A . - )
D. M. Whittaker, I. S. Culshaw, Phys. Rev. B 60, 2610 (1999). S. G. Tikhodeev et al. , Phys. Rev. B 66, 45102 (2002).
L. Li, J. Opt. Soc. Am. A 14, 2758 (1997). G. Granet and J. P. Plumey, J. Opt. A: Pure Appl. Opt. 4, 145 (2002).
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Fourier modal method

Start iterative layer by layer procedure:

i ; layer -
ASl AJ 34 Final result:
2 Scattering matrix
n A+ S++ S+— A—|—
. N — N1 N1 1
5 B - L i
N-1 A, Svi Sy NAY
ys Ay N output input
D. M. Whittaker, |. S. Culshaw, Phys. Rev. B 60, 2610 (1999). S. G. Tikhodeev et al. , Phys. Rev. B 66, 45102 (2002).
L. Li, J. Opt. Soc. Am. A 14, 2758 (1997). G. Granet and J. P. Plumey, J. Opt. A: Pure Appl. Opt. 4, 145 (2002).
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