A NewsStand,

14, Buss, A F. & Durisery, B H. e Chaedodies oo e Prdapdonabony Disk Teds Krod,
A ML Seofl, E- R D0 fa Resigrrth, B (8stngtsical Seciely of the Pacili, in the

prem

15 Wnewi, 1. A& O e forretion of meleonitic chordrles by aerdynamic drag
heating in the solor nebuln. Facth Plansd 5o/ et T, -2 (684

16 Baes AP & Graham, L A Clumesy disk aoomtion and chondrule fonmation.
Vs 106, 168-178 (1993},

e 5 ), Marzan, . Hodl, L, L The irige of chonchules acd

wigws, Soiencs 779, SR=654 (996)

|, A, Processing of chongdrlic and panetony melerisk in spral densly
werses i e e, Metert, Planl, 51 31, 641-6415 (19063

1%, Mokamalo, T, Hayashl, ML R, Kl ML T, & Tachibana, 5 in Chonsiles and the
Frofinghanetry Disk (eds Frol, AN, Socll E H.Ll}:F.ri:\.r'\ B
e gl weical Society of The Pacilic, inlhe peess,

WL ‘eskeng, ALK ol o Alwnmirlhlluwbruwlp Ilediil. P!, Sei,
36, 401=455 (2001

Fl Febarer, ML Meibom, A Fron A BL Wood, I A & kel K. The condemsation
ot iod aoresd metal groins in Quesan Al Range S22 Irnpdo s o
e feerrertion of the Bencubbir- le chondnites. fdstmnd Plane g,
S3-105 (0T

22 Camgball AL, Humayun, M, Mebari A L Krel, A N & Eal K Oeiginool
atwwecl rvtad ra s, v e UESAE1) chaili, Ganobies Cirimicliva Ak 65,
V3180 GO

3. Alesorder, C WLUCFIL & Hewires B H ivass Fraclionabon of Fe and i
|wrxan|1rr!.'.l n Harmmach ol Hamem 237, Meleond, Panes, 50 35, 413
Lt

24 Campbell AL Humayen, K E Wesheng, AL K Sidemgphile elemenl
consirainls on e femakion ol melal in lhe meda-rich thondribes Benoubbin,
“Wealherforel amd Guiba, Seocfim Cosrmmcivrr: Jafn &6, S37=650 TG

5 Kleine, T, Mg, B, Palme, H., Scherer, E, & Minker, T Earby core lormalon

HATURE ol 435015 August 2005

n ashernads s Labe serrebion of chendribe paret badbes. Evadenge from
"R i CAls, rmetal-rich chindrites ord iron rmetenriles. Genobim
Cosmochim. Acta (submi i)

26 Maedesh, H |, Cassen, P Sears, O & Lugmar, G nmvmwrvfmwm.
Mew Prostopaticed ey Dok (it Kred, & N, Reipudth, B & Seofl, £ R DU 125126
{Harveai I ke of Geopyecs ol Plarebolngy, School o © Ciceen o Eath
soence and Technology, Universily of Howai al Manca, Honolulu, 30080,

7, Rilherill G W 5 Stewarl, G Formalion of planslary ernbryors elTecs of
fragrmeralion, imacrelabve velnciby. and independent vaniabion ol eoceninicly
| ird rvtion. ko 906, T0-A09 (PR

28 rannbers, | E & Cosen, P The affects of menils surface deved by prafile and
i plarsel agemilrlies 00 plavsliny pcoeelion in B o s Sybem
Meteonl. FPlanet, 5t 37, 1551540 (20020

2. Fene, T, Meger, K& B 'hell\'a.u:edlhl::rmwramnn

oo Planed. Sl SO0V, T840 (005

Caruga, B WA Sevubliens o a .rd-lr.l Toerring irrpac, Jooms 168, £33-4056

20040

#

Sepplementary Information i= Enked in the onbre wersion of (he pager 2l
wwaw.nabure pomy nalure.

Ackrowledgements Financal support for Lhis project wos provided by HASA
TAME. F.L) and the Car Space Agency 1AL W Thank L A Winaod for
anerenenis and sugpest s, amd £, Tawkr tor prositiog sarmphes, and imans of
Gujba and Harmmackth al Harea 337,

Aunthar Information Reprinis and permimsions information & avaibible o
mpgralurecomyreprnisandpemnissines. The aulhors declire no compeling
Trancial inberests. Comespondence and reguesls for malerals should be
anirdresced (o ANE, fsasha@higs hawaiiecka),

Vel 43618 August 3005|dal 10,1038, nature03977

Today's Way To Read Publications--Digitally - Microsoft Internet Explorer

LE] LERS

Experimental measurement of the photonic
properties of icosahedral quasicrystals

Weining Man ™, Mischa Megens”, Paul . Steinhardt' & P. M, Chaikin "

Cumsicrystalline structures may have optical bandgap proper-
ties—IT in which the tion of light is
herdaeT:;‘h?l E: them uﬂl-mile';mla.ﬁ:: sl:ienll'ﬁghznd
technalbogical applications for which phatonic crystals™ are
narmally cﬂmisrrad"_ Such quasicrystals can be constrocted
from two or more types of dickectric material arranged in 2
quasiperiodic pattern whose rotational symmetry is forbidden
for perindic crystals (such as five-fold symmetry in the plane and
icosahedral symmetry in three dimensions), Becase quasicrystals
have higher point group symmetry than ordinary crystals, thelr
g centre frequetdies are closer and the gaps widths are more
uniform—aptimal conditions for forming a complete bandgap
that s more closely sphercally symmetric. Although previous
studies have focused on one-dinensional and rwo-dinensional
quasicrystals'™, where exact (one-dimensional] or approximate
Ihvlrdumunmn]l Band ﬂ:uctmanluulﬂlhtﬂlmn!nnﬂyﬂ
analogous lations for the three-di ional case are compu-
eationally challenging and have not yet been perfarmed. Here we
circunment the c.umplmbnnﬂ problem by doing an experiment.
Using sterenlit we construct a quasicrysial
with centimetre-scale cells and MECTErEYE Tmsmiss on
measurements. We show that three-dimensional icosahedral
quasicrystals exhihit sizeable stop gaps and, despite their quasi-
periodicity, yield uncomplicated spectra that allow ws b experi-
muentally determine the facesof their effective Brilloin zenes, Our
studies confirm that they are excellent candidates for photondc
bandgap materials.

I 1984, Schechitman e il observed joosabedral syrmmetry with
five-fiold rotation aves in the dectrondiffraction pattern of analloy of
Al-Mn ref. 8) Stmultanevsly, the concept of long range quasi-
periodic onder witl icrsahedral spmmetry was thenretically devel-
oped by Levine and Steanhardt™™. Our realemtinn of 2 plastonic
wensahedral quasierystal s ghown m Fg. 1z The diamiond structone
i Fig. 1howms made for comparative experiments; diamond has been
suggested 25 an aptimal stnscture for photonic crystals.

Phaotrinic crystals are hised on the fact that shotons Bragg-scatter
from a medium with a periodically modulated refractive index.
Bultiphe scattering at frequencies near the Bragg, eondition prevents
propagation in these directions, produdng 2 “stop gap, Creerlap of
the st gaps in all divections vields a complete photonic handgap
and traps the light, Intuitively, the complete overlap ocours more
readily i more Bsotropic structures. Casiorystals have long-rangs
wquasiperioadic oeder and higher peint group spmmetries, s plaotong
Beragg-seatter along 2 move splwrically sprametric set of divections,
Dlary pevent papers address this question in oo dirmensions'", As
o gmarmetry Dnecredses, the Beillowin zone becormes more ciroular o
e splwrical, Plotonic guasicrystals also allow for 2 higher degres
af fewibality and tunability for defect mode properaes’.

Dt el ol Brgsics, Brinceion Wstiluse loe 108 SEence 400 Terranagy of Maless, Pi
Latigealor s, Pl Hakliasn & NL-S656 A4 Engraven, The Melnededs “Tieas imeet ol P

Wk 10043, LIGA

Figure L shows the effective Brilloum srme | related o the pseudn-
lonks zone used in describing electronic ransport in quasicrys
tals""*1 of the jonsaledral structure with its imedocible Brillogin
anme highlighted in vellowe. For comparison, Fig. 1d shows the fire
Tirillouin »ome of the diamond { face-centred cubic, foc ) stmscture
with its irreducible Brillouin zone, Note that, as o measure of
sphericity, along the edge of the diamond structure’s irreducible
Tarilbouim mome the magnitude of & (which is proportional to the stop
gap-centre frequency o a Ars-order approcimeation ] increases 2% 1%.
i Lt W Abong the edge of the effective irveducible risootabe-
odral Beillowin zowe of the sosalsedral structure, the magninude of k
incrcases only 17.5% frorn the twe-fold te the fee-fold spmmetry
points, Moo the triscontabedron's faces are identical and sub-
terwd srmaller saolid angles.

A D-dimensional persode lattice has [Hndependent bass vectors,
whereas [V 4+ N linearly mdependent vectors (with integer N = §

Figure 1| Experimental photonic structanes and their Brillovin aones.

a, Sterenbithegraphically praduced icesahedral quasicrystal with 1-cm-long
rods. by Diamond siruciure with 1-cm-bemg rods. €, Traceniahedron. one of
several passihle effective Brilauin sones with sosabedval symanetry.

d. Heilllouln zone for the Cocddlamond sorocure.
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Figura 2 | L] quasicrystal. & 71071
tramsmissinn asa function of frequency (meassred in units of e and angle,
finr @ rotation aboui a ten-fold rotaien axis of ihe quasiorysal
Jeorrespanding 1o the dovied ling in Pig. 103 usimg twa overlapping

and I}an integer) are required to deseribe the quasiorystal lattice:
The icosahedrsl <]1|.1s|rq,\:=t1] lattice of points can be comstructed
by projecting the points of a siv-dimensonal Inpereubic lattice,
the siv-dirmensional analogoe of a three-dimensional cubic lattice,
The coordinate of am lattice point can be described by the relation:
B="571 sy, where the o are @ subset of the integers and & are
the siv basis vectors: a, = (L0, & = [~ Lyl 4, = (L1L7),
ay = (0, —L7) as = (R0L), 2 = (w0, — 1), and 7 = (5 — 102,
the golden mesn The strocture D owebe fioe-fold, Afteen thiee-
fold and thiry two-fold symmenry o, We generate the
lartice points of the kosabedral structure and create & solid
struscture by using equsl kengih rods to connect points in pairs. We
have made the overall shape a n, s that ezch of the 12
watside faces will be perpendicular 1o 2 fve-fold rotation axs, as
showam in Fig, la

Our crystals were created with a stereolithography machine
(el SLA-250 from 3D Systens) that produces a solid plastic
mindel by wltmvinlet laser photopohmerzation, The resolution is
@0 mm lateral and @15 mm vertical, Both of our aystals have
vertices connected with rods, of kength d = 524 = Lem. The rod
afiameter is 0.15-cm for our quasicrystal and 0.4 om for the diamond
structure, Chr auasicrystal his 684 cells, 400 rods, and consists of
17.5vol % polymen Our diamond structure has 500 cdls and is

7360 pobynmer, We memsured the refractive indes & of the polymer-
mni SLASITO resin by placing a solid block in o wawguide and
reconding, the ransmzssion and refloction spectrum. For 33-GHz
microvwaves (A= 091 em in air), = LE5 — 0025, The resalting
[ L)l absorption kngth s 12 wavelengthe, (The finite absorpliom
from the polymer reduces the transmission approximately as
wxpd — Zumlfch, wbere g = 0025 15 the imaginary part of e reirae-
tive mcex and [ s the transmassion path length. The actusal attenu-
atsom will depend on the geometry and the modes. In all earves m
Figs 24 we hawe multipied by the same simple exponential facteor to
nﬁ:m the baclegroun r:|,.:|n|:_v'ﬁlls has na eHect on the gap determi
Tt }

Tranamission messurements were made with o HP Model 85108
Vector Analyser in three bands, from & to L5, from 15 10 26 and from
26 o 42 GHz To approcdimate plane waves, o single TE 3 mode was
couplod through two sets of horm-attached waveguides with two
custom-made polysmyrens micrownve lenses as schematically shenm
inthe irset in Fig. 2. Before the sample was inserted, the transosion
apectiur if the set-wp is wecorded for ormalization. The sanple has
aifferent symmetry and dimensions in different digection, so
the transmigzaon spectrum should be sensative o onentabion and
polarzmton, The ample was digned o that the meident bam

994

queney hands. The dashed ling is a Licns? curve characieristic of Bragg
seattering from a Brillauin rame fnce. b, TR fora rodation showt a five-Told
rotaiion axis oarresponding be the dashed line in Fig. 1e. Insei, schematic of
the muicrowave harn and bens arrangement used far these measurements.

vas perpendicular o ome of the sample’s rotational symmetry aves
W rotated the sample along that rotationzl symmetry axis, and
recorded the relative trarsmission spectrum every 2 degroes. For the

aquasicrystal, 4 rotation ahout the too-fold axis covers all the external
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Figure 3| Comparison of bands and
diamond structure, a, Calculated dispersion relation fon the huumilrvof
the firse Brlllouin zone versus £ for the dlamond sirucoere along the deied
curve in Fig. 1d b, 71 {00 fer the sansple rotation along the same curve. There
is excellent agreement at the phalsaic gap cenune frequencies.
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Figure 4 | Imaging of Brillewin zeme for diamesd and (cesahedral
quasierystal strsctures. &, Brillauin zone lor the diamand striclire alang
tke Four-fald direction as seem in the comtanr phat of mleubied frquoney
deviation (5 = k. b—&, The Rrillouin 2onc can be
It of the mensured Tir I ) fmsing the same scale as Fig, 15
tor the diamend laitice abang ihe four-fold (dashed in Fig. 1y axis (b} and

poarits oof the rreducible Brillouin sone and both pelarizations. The
regpon ervered by the rotationabout the twe-fold {or fe-fold | asis s
shivwn as the dotted § dasled ) red line in Fg. Lo InFag, 2 we show the
mensured transmission T{fF} for this rotation in overlapping plots
from rwn frequency hands

The simaplest way to check our entire procedurs is b perfomm the
experiments em our dizmond stracture, where we are able to make a
divect comparisen with caleulated st gaps, We obitain the plaotonic
P esf ey vind -decrrated diammsd lartice, using the MIT Platonic
Beunds package™. Figuee Jaslwas the caboulated hand structure along
a rolation about a tan-fold 2 The mlation path = illusrated by
the dotted red lme i Fig. 1d. We found excellent agreement between
the cheerved and caleulated gap pesitions.

T gain insigltt inkn these complex spectra, we consider that gaps
result frorn Bragg scattering, A wavevector that resides on the plane
detimed by a reciprrscal lattice vector G is Brapg-scattered by G Such a
weavever b safisfies teconditinn koG = JG|° /2 or equivalentiy, [k]
Gl 1 2ecmy. T lemwest erdir, the cendre frequency of a sop gup is
tserefire [ m () FNG] /i 4xces), where ¢ is the speed of light in
vacuum and 7 i the Bruggeman offective mediom index™. The
dashed curves m bz 2a and 3h anmespond o a Veosd — §.)
angular dependence comsistert with Bragg scattering.

Compared with the diamond structure, the quasicrystal spectrum
appears surprisingly kess complex, Berause the scattering function
for o quasicrystal is @ dense set of Bragg spots (of 2o messwre],
v it Do expected mary gaps and mone faoes o be infersecting.
Trstead there appear o be a few well-defined Dieostf — 8,,) curves
m Fig. 2 and therefore few wome boundanes with sizeable gap
formation.

Onar methid for visualiang the effective Ballouwn sone structurne i«
e imvert the process by using the gaps 0 find the sone faaes. We
locate the points in reaprocal space responsible for the gaps by
asswming [ki®)| = Af (8} 2xc). Then, in Fig. 4 we make polar plots of
Tir =6 =8). For the diamond kattice, data from a redation about a
four-fiohd ais {daslsed line in Fig. 1) and & vwo-fold axis (diotted line
in Fig. 1d} are shewn in Fig, 4b and ¢, respectively. Figuee 4a shows
the caleulated fregquency deviation 1|51 = [(f — ¢e/mlkll ft2)) ver-
saus waveveclor of the four-fold mtation.

Trarsmission datz for our quascrystal = shown m Fags d and o
The fact that the low-transmission regions oo el to steaiglit
limes indicates that the gaps lie on planes, These transmission
plots, without amy further analysis, diroctly give us the scattering
planes and the effective Brillouin sones, Tn the smallest 2one in Fig,
A and 4o, we soe the decagon fromn e five-fold rotation, and the
additiomal syrmmetry planes fiom the orthogonal neo-fald sotation,
which cormespond o the respective cuts af the Lri;\.cnnldmdml
Brillowin mone dhewn i Fig, e, | The waveector correspongda
the edge centre of the smallest visible decagon in Fig, 4d is 7 /7 + 1

run-fuld datted in Fig. 1d) ais ek and Toe the quasicrystal abang the five-
tald | dashed in Fag 1o) and two-lald (dotied in Fig 1o} ases (d). The inser
decagon in d and the snlid and dashed lines in @ correspand tn the dashad
and dotied lines in Fig le, The dash-daiied
zone face.

mon-tracontahodral

i units of 2o/, where d 8 the mod lengtly) There are hewever,
unexpected fezlures a sirong scttering plane dong a 457
directiom, the absencs of strong seattering, from the "2, " plane
{dashed line in Fig. 4 this may be a polarmation effect due to the
rodd decoration of the unit cells), and another strong scattering plane
i{dash-diitted line in Fig, 4e) not on the trizcortahedron, Note thata
commplete plotomic bandgap would result i the dotted Blue cumes
dours of & cormtant-frequency sphere) were contained witlin the gap
af the wne
W find the fnl|mﬂng results. First, there is a relatively well
defined effective Brillouin zome, all of whose faces are consistent
with the quasicrystal Bragg pattem, Second, the Brillouin zone
structure s surprisingly simple despite the fact that & quasi-
crvstal lws a derse set of Bragp spots. Third, which is a key
result For photomcs, the measured Brilloun zone b5 dose o
sphencal, with the largea difference ingap centre enrrespand-
g o 17% (dotted curve in Fig. 2al. Also, our experiments
dememstrate that twee-dimensional quasicryseals exhibit simeable
st gaps on reasimably wdl-defined effective Brillonin aone faces,
Herece, despite the quasiperiodicity, much of the intition built up
o corventional crysals may be applied. This experience with
crystals suggests that our quasicrydal = far from optimeased
because o consists soldy of than mods comecting lattice points.
A smoother, more splenical, multiply connected, wnit-cdl decora-
tion with o more equal filledinid o wkd reduce polanzation
effects and enhance the gap overdap while maintaining, the neardy
spherical Brillowin sone, Liser tweemers used for particle trapping,
ar two-plwton pobymerimtion would allow the comstruction of a
quasicrystalline matrix of didectric components with & photonic
handgap m the viable spectrum.
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