A https://www.newsstand.com - NewsStand,

3 Larsry B B Thermal physics, cloud gecmedry and the steliar indtial mess
function. Men Mot R At See 389, 31332 (005

A Boniel, L A, Bate, WL R & Zieneckes, H D s fovrviol i of sriassie S10rS,
Mt sl R Asven Sov., 298, S3-107 (98]

S Bornell, L A, Eate, b R, Cliske, C. L f Pringhs, |, E. Comgelil v scrstion in

embedded selor chusbers, dos (o, & Astron, Soc 323, TRS-794 QI001)

Bornell, | A, Jarke, C 1., Babe. MR f Prngle. |, E. Accrelion in el

d.l\'.f!‘!\..'l'l: the: it e function. Ao, M R Aton, Soc 34, 573-570

CCHE

7. Bonnell LA Vine S G K Eate b R Aass e slar borma Lion norure, nol
nalure Mon Kol R Ao, Soc. 345, THE~T41 (X040

8 Babe M R & Boored, | A The origineod e indial mass lurction and is
dhepanchrcs o e mean lears mens in mabeeudar couds. Mos Fil 8 Aslen
Sae. 358, T = T30 (XS

9 Bale MR Bomell | A& & Brorom, . The: formation mechansm of boan
thearfs. Mon. bt R Asfron, Soc 332, LAS-LER (20020

10 Babe fd P Bormedl | A & Broeem W The: formation of a stor chsier:
presticlirg the properties of stars ond brown dverfs, o tor. B Asteon Sae
3G GTP-599 CI003).

1 Moraaly, 5, Inawardhara, L6 Basr, G The T Tauri phass doen Lo nsary
plartary asses: achelie specira of B2 wery e rrotss 1 and brown decrls.
Falrpiya, 1 636, 496-52 (G,

12 Kol MR, Mckes CF, Ll"kr\i‘.l Bewigh-Hene adfislicn ot 3
Lurbulerd medum Asimphys: (i the prea’s pregrin ot il divorgd

TAMCAI (20061

Tan, L C. The fommation of mass re stars (rom borbulent cores,

Aeiraphys. 1. 385, BYC-BT1 G0,

14, Padoar, 2, Frksak, A, Morman, UL & Hordund, A, & sclubion Lo the
P TR sccrebn oroblen Astmpbve L Lol 622, LET-LES

[rcaty

15 Berfolh, F. & Mekes, C F. Pressure-condined ¢ barps in megred bsd rofsoular
thiutks. Astmypdys, § 395, L4157 (1990

16 Fiege, 1. 0, & Pudvilz, B E Hebeal lekk ard flameniany melecbr doabs—,
fdon Fiol R Asfron, Soc, 3, 85104 (0000

17, Eeger, B & Clrke, © Theafiec]. of el medback om Bond-Howle flow
annwnd 8 e s, H“.W B et foe B8, EF0-500 (0040

8 Puffent B L Amett D Theee dirmeresona Foedyname Sondt- Hyle
aeration Wm.mummawuq =53 Astemihys | 427,
351306 (19949

1. Larson, B B Turbubence and star fomabion in mebeoular clouds. idos i,
R dufrive. Sex W4, ET-R25 CHIA1L

L Melle F Ancie, P& Men, B The indial ooredibons of Slae lomaticon n e e
Opfiuch man cloud: wide-likd mil imelsr conlmuum meppng, Aston
Aeimphye 356, 150-T72 (HAN

NATURE Vol 438]17 Nowember 20085

71 Test, L & Sampent, A I, Star ionmationin chatsre & sinasy of comgact
ol el Sorg in e Serpers cne. Safmplys 1§ (et) 50A, L91-154
[

#. Jebwelens, T, Pk, R Milchell, G F. & Merariy-Schisvsen, G Lorgs area
mapning o 550 microns, (1. Anaksis of (he cuep distritution in the Oron B
malerubar o Aomeis £ 559, 307317 [2005).

71 Phava R, Jalte, [: T, Evars, M L. MartinPrilacks, |, & Gemer-Gorzabia, |,
Dense gas ond star [nrmatior: Characler sbios of dioud cores sssociled wit
waller rracers, Askepis ) 476, T30- 745 (99T,

A Klessen B 5 5 Burkerl. A The fomroton of sielr o usters: gaession clood
onwwintiens | Astphys [ S 128, 287-31% (20000

5 Flestary, B 5 & Burkerl, A The ferrvalion of slellar o isters. gaussian chud
onditions || Astrophys. | 549, 38520 LA

¥, Babe, LR, Borwwll | A & Broroem, W, The foemsaion of close birary systanm
by thyrmmienl imberacions and nrbtal decay, Mon S B Astrm 5o 336,
ME-TI3 (2N

IT. Beuther, H s Schile, . Fragmeniation in messe sior formetion. Sosnce 303,
NEP-1160 L0

B8 Dullen, A C sl ol Turbadenon diivers by ol lewe b cou s in e
ke s ool PG 7813 Astrophyn. | Gn the press): prepeinl ot fitgeey
v engy ast e phy TS0AGT (R0

25, Oha L i Lozrmn, A, Compressible magretohytnchrorme Ilrbdrr(: mode
eouplng, saling redalions, anisolropsy, viscosdy-domped regme: and
aienpiysical wrpgheelons, Men M R i, Sox. 345, T95-T90 (00130,

W Eramer, O 5 Wirnesasser, G A rolsrulr sursesy of the dark cloud L 455 0
Tarus Adven Astiphys Sep. 89, 471-428.09910

Supplementary Information is lnked (o lhe colbne version of the pager al
e U com ratre

Acknowledgements \Sie thark BT Fuher for dicussions and B, Padooan for
exrvrvnts. This vk wats supportes by grants (ram NASA theough the Hubble
Fedbiraestis, AP arel ATF prigrarmiss, by the N7, and by he LS DOE
Svnugh the Lownence Livermore Malional Laboralory. Comouter simulations (o
i weoris wn perfonmed at The San Diegn Supercompuler Cenber (upporied
Ery the: REFY, The baliora| Energy Bessarch Scientific Computer Center
{mpported by the US DOE), ared Lawrenee Lissrmare Blstional Laboratory
dsugrportid by he US DIOEL MRE, 5 8 Hublbis Feliow,

Authss Inlarratisn Reprols and peorsisions ifenmalan & aaiable al
rpg nabune comyrepeeb sandpermissns. The aulbors declire ne competing
finarcal inteests. Correspondence and raoues|s for rrabeals shood be
ke 1 MURE, fkrumiel ziastno pring soneci ]

Wil 438]17 Nowember 2005|doiz10.1038/natare042 42

Today's Way To Read Publications--Digitally - Micr...

LETTERS

Nanofabricated media with negative permeability at

visible frequencies

AN Grlgnrenkn ALK GF_-|m H. F. Gleesnn Y. Zhang A, A, Firsow” ,I ¥. Khrushchew® & J. Petrovic’

A great deal of attention has heen focnsed on & new dass
of smart materials—so-called beft mﬂiu,—llnr exhihit
highly unusual electromagnetic and prumue W
device ql?licnlinm"‘. Left-handed materials ire megative
permeahility i, an cxtreme condition ﬂmlmm::;:eml:hnrd
anby for uencies in the microwave to tershertz m
Extension th::m'rndlckucnlledmn.-f'!'mndumllle
necessary high 'Fn:g;]mqr magnetic in visible optics
luumrxnﬁwnuch challenge ", ax na material —natural or
artificinl—is lesowm to exhibit any magnetism at these frequen.
cies. Ilereu! t u nanofshricated medinom consisting of
coupled pairs of gold does with geometry
oa:\:ﬁ.l.ll}'d.myud.s.ta - bevel, The medinm exhibits a strong
response at visiblelight frequencies, including a hand
with negative p. The magnetism arises owing to the excitation of
an antisymmetric plasmon resomance, The high-frequency per-
meahility qualitatively reveals itself via optical impedance match-
ing, Our results demanstrate the feasibility of engineering
magnetism at \mblt Euqumms and pave the way towards
and left ts fior visible optics.

Landan and ]J.fsluu .'u'guud' “there i certainly no meaning in
using the magetic suscepeibility from optical Froquencies omwards,
and in discussion of such phenomena we must put g = 1" This
staternent is strongly supported by experiment: the magnetic sus-
ceptibiling x of all natural materials tilsoff at micrenveve frequencies,
Still, thee may e a way to overcome the fundanental limitations, as
sherwts by Pendry o ol s hane suggested exploiting the inductive
respomse from structured non-magnetic materials to obtain high-
frequency magnetism’, The ides was successfully implemented by
using arrays of copper split-rings that generted a magnetic responss
ar frequencies up to 100THz (refs 8110, In this case, magnetic
properties emenge owing to onllective mation of & large number of
electrons, and thevretical argurments (o, forexample, in ref 12) valid
for individual dectrors and atoms no longer bold, Tt is tempeing to
wterad thae approach further to visible-Jight fraquencies, whsre one
can expect most applications. However, the divect scaling of
e demenstrated microwave media to visible optics is problermatic,
This would requive split-ring-lke smuctures with sizes down 1o
T aned eritical featuses™ " controlled en the level of 10 mm,
which i reclnologically difficult o achieve, More importantly, the
scaling could fail in principle ecause of different dectromagnetic
espomses of materials o visible light and mecrowsves (for ecample,
it was predicted that inherent bosses alwald limit the appoach
dermomsteated inoref 7-11 to frequencies well bdow optical™).

T this weork, by employing a meovel geormetry, we make a eritical
step of dermonstrating metamaterials with magnetic responss at
frequencies in the vasible spectrum. The design of our media follows
vecent theoretical suggestions"', and relies on antisymmetric
plasmon resonances in 2 simple par of short metal pillars of 2

Daparimant al Friguies and Aslarany, Un
1ol Ewimsie Erg e g, Sul

ity Auton Trasg e, Brmnghan i

¥ B BAanchabar, Bhanet s, M1 BPL

submicrometre size (Fig 10, The mm|1||ﬁc'mnn of the resomator
Femetry with respect to the deuhl rings geometry used in
TS i5 rt.1rrrﬁ'|rr|mrmmru I rat, this. allowes the use of
current "'"'“!J'-:;ﬁ: tedniques to Bhricate metallic structures with
plasmon resomances at visible L}Jw frespuencics. Seoomd, the simple

metry roduces the number of resonant modes interacting with a
ight field, vdvich consaquently leads 1o a reduction in o v Insses,
et that such changes in geometry 2bo retleet the trend known
from lasing, techmicques, where complex clased resonators wsed in
mizzsers were replaced by simple open resomators { pair of mirrors) in
lasers! &7,

00 rm

Figura 1 | i with at optical
Fraquancini. &, Scanming dectron microgragh (viewad al an anglel of an
array of An nanapillars. B, €, Mumerical simulatian of the disribu of
whewcirie: carrends. [arrows inside a pair of ssch pillars for the grmmetric and
antisymmrtric rosnnant z-mndes, respeetively. The non-olindrical shape of
pillars is imaportand in provide an efficent con o inciden light
imtentionally mraduced in our design through s choice of micrafabrication
procedures,

ol wms.

L Il al Wereatsctinnics Tactralagy, 42412 Crarage s be, Rusti
JET, UK
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Figure I alemes an examgple of our devices and illustrazes the basic
idea belind the expeviment. The prepared stroctares were large
armays of Ao pillars Ghocated by high-resalutiom. dectron-beam
lithsograplny o 2 glass sobstrate and grouped in tightly spaced pairs
Jewcept for reference armples comsasting of amilar bt wolated Ao
pillars). The structures typically eonvered an area of =401 mm® and
comtained 10" pillars. The lattice eonstant, @, for perodic anays
was dwen 1o 40 nme—that i, smaller than the wavdength Aofvisthle
light. Heights fk of Ao pillars (80-%0nm) and ther dizmeters
o == 10inm were chosen through numencal amulations so that
the plasmion resemance in the referenae samphe appeared 21 red-light
wavelengthe, A= 670mm. A mumber of different sructuns were
studied with o between & nm and 14nm and the pair separation s
betwern centres of adjacent pillars i the mnge L nm o 200 mm;
that =, the gap = — of between the neighbourng pillars varied from
|l mm down 1o almost zen. {The best resulis were achieved at
3= 2nm, d = Lillnm, b =& nm, and s = l#llnm, 4= 110nm,
h=5%0mm.) At these weparations, electrmmagnetic interaction
betwern neighbouring pillars within 2 pair is important and plasmon
reseonance odserved for an individual pallar gplits mio ten resonanaes
foor a2 pillar pair. These resonances are reforred 10 25 symmetric and
antisyrametric, similar 6t case of any dassical or quantum system
with, tue interacting parts and in agreement with the notation used
foor plasmion resananeces i nanaparticles'.

There exist throes Aj-'mrrmrir and three .'mrisyrnmurric main
resonant modes in an interacting, pair with currents flowing alon
the x, yand z axes. Figure | shons the vic (Fig. 1) and the
antisymmetric (Fig I} z-modes caloulated for our r'qwrimr.nl
geometry wsing Femnlah software (Cemsal Tne. b For the symmetric
resonance, electroms in. neighbauring pillars meve in pluse' and
gemerate nwnll a dipale contribwtion o parmittivity £, similar to
wsolated or non-interacting, pillars. In the antisymmetric z-maode,
hewanver, electrons move in anti-phase so that thrm.ci”alingdi'[xﬂm
cancel each ather leaving anly magnetedipole 2nd quadrupale

riscs', Cmee can see in Fig. Ie that the anti-phase moement
of dectreme along the 2 avis effectively nesales mam'rmth:p i the
zex plane inate that a pair of pillars can be thought of as a ring with
i it at the opposite sides ), This high-frequency electric current
gemerates o magnetic moment in the ydirection and contributes to
permeability g Mot all pesonant modes are necessarily excited by
incident light, Mrdes' coupling to light is gorermed by the simametry
group of a pillar pair, wihich is Oy, inowrcase, For this group, neemal
incident light with the dectric fickd along the x i (later referred to
2 TM polarization ) is coupled to both the dipole symmetric s-mode
and the magnetic antisymmetric 2-mode, while nonmal light with the
dertric fiddd alomng the p axis (TE polarization) excites andy the dipole
symetric pomode, as discussed inoref, 20, The choice of the
summetry group is important for creating magnetic response (for
axmple, magnetic modes are nob necessarily excited in 3 pair of
infimite cylinders with the spmmetry group Cas ref. 210,

The symimetry of eur pillar paivs thus inplics that an arvay of pillar
pais should exchibit o main plasmen resomances | -antisymmetric
and x-sprometric) for T Higlt of nommal inddeance, one of which
{z-antisyrnetric) disappears and the other (-symmetric) dhanges
it p-syIimetric resonance s we rotate polariztion by %0 to TE
polarization. O the otlsr hand, an array of Bolated pillas should
dernorstrate anby ome resonance for both polariztions, Our experi-
ments confirered this Figare 2 shows the reflection spectra messuned
in ncrmnal incidert light of Th and TE polarizations (green and red
curves, respectively) for arrays made of pillar pairs of the sme
dimensiens but different lattice constarits, 25 well as for the referawe
array of olared pillass (micrographs of the corregponding samples
e laemam 1est to their spectra | The reference anay exdhibits only one
reonange 4 A== G70nm for both polarizarions (Fg 2g and ), in
agrovrnent with oar spmrmetry and nomerical analyses O the other
Tand, arvays e of the sarve pillars bur packod in interacting pairs
sherwed twedistinet pesorances in te T spectrad Fig, 2a, cand e), IF
36
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the pnlana.mru: of inchdent light was motated by 80F, the high-
frequency, ‘green’ resonance disappesred, and the reflection spectra
showed only the low-frequency, ‘red’ rewonance, albat with s
posation slightly shifted (Fig. 2b, d and fi. The change in the
reflectiom Ira was w0 that the aalour of the amples
viewed i owhite light changed (see photogeaphs in Fig. 21 Oar
strictures lowked amber for TE light, amilar i oolour o the media
enristmy of tnlated pillare In stark contrast, for TS polarstion,
the structures lock green owing 1o a large contribution from the
rEen fesonance.

The spectral preitions of red and green resonanae peaks did not
depend on the lattiee comstant for all sudied armples wath pillar pars
of the same dimensions (Fig. 2e and e shows two examples with
o = #0 and 600 nm . Thas excludes: diffraction as a possible ongin
far the ohserved resonances. Thas was further comfirmed by making
random arrays off pllar pairs, whach did net influence the spectral
pesitions of the resomance peakes. {101 worth noting that, enntrary 1o
wur case, diffraction modes play 2 promanent rale m light reflecton
from perforated metal™ or arrays of nanoparticles deposited on

ic substrates™.] Although the resomance postions dad et
depend om a, they were stromgly affected by dianging separation =
and by covering the structure with a dielectric m:furn, as expected
foar resomanees split by dectromagnetic interaction wceny pillars.
As an example, Fig. 22 and b shenes reflection spectra of the mme
sample as in Fig. 2c and d bat covered by an opeically thin = 50mm}
lver of ghyoerine. This resulted in a notable red-shift of the green
resonance peak by B4 == S0nm, in agreement with red-shifts

TM poarizotion 4—s TEpol:ﬂmIlm:

O O
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Fijguri 2 | Expérimsantal reflaction spectts for sar missstructunsd
mnadia. Groen and red carves are for T8 and TE polarizations of normal
incident light, respectively, Micregraphs of the studied samples are shiwn
wm thie right. For all the samples, pillars have the same separation

a o= Lalmm, height 1 = 9 nm and average diameier d = 110nm. Specira
&b, are for the samvple of €, d, hut cavered wath an apically this leyver of
ghycerine: for o d. the lastice censtant o = 400 um; for e § 0 = 00 nm;
& h, are o solated pillars with a = 600 nm. The tap phalographs show
images of the sanple & b, in white light for twe polarizaisns,
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repoirted for multipole resnmancs in nanoparticles™. Moreover, we
observid a significant increase {by a factor of 31 in the strength of the
green resonence. Note that, i thas case, the structure reflecied as
rech 4 107 of light mear ihe green resomance peak (Fig. 2a), which
15 2 sgmicant magnitude under our experimental conditions {for
comparisom, & glass substrate with & = 225 reflects oy 490 of the
ncadent lzght ).

The described experiments assagn the green-light resnence (dis-
appennng in TE palanzation) unambiguousy to the antispmmetric
z-mode, which gves mse o g, and the red-light resonanaes 1o
the = and y-symmetric modes, eomtrbating to e {rels 14, 150 To
further strengthen this identification af the resonanes:, we compare
e memsred spectra with theory (Fg. 30, The theoretical ealew-
Lations swere performed with the Electromagnetse module of Femnlzh
sonftware, sduch solves Maxwedl's equations for the actual experimen-
tal geometry. We described pallars by Drade’s eonductivity

=y
— -

b H,

'5

100s 104 | 4

H

2

EFiCa
—3 = quarenis

[ o4 (5]
Winslengrh (e

sienulwiions of aptical respesse For inberacting Au
pllars. &, b, Distrihution of eleciric carrends (red arrows) and magnetic
fielid F, jenlawr map meeasured in wnits of the magnetic feld amplitede of
the incident wave) for the pillars being illuminated by narmal incident light
of TM polarizatien with wavelengths & = S00nm (ay and & = 6000m (b
ieometrical sizes are shown in metres ai the hotiom and ihe lefi of images,
“Ivaes” i the image reler e Au nanspilline e d, The speotral dependence of
permittivity o and penazabiliny o2 € shenes the aheoluze valuss and d the real
parts & F, Caloalized reflectian specena carrespanding va the experimental
situatben n Fig.
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alw) = (1 — fwrl, where w is the angular frequency [IfJiE%l[.
ag = 37 R A0 5! e cemductiviey of gold and £ = 24 % 107 s
the scattering time, and the glas subsrate by a didecric with
permittivity & = 225 The caleulations lave confirmed that T8
green light of normmal meidence with A = 500 nm exates anti-phas:
currents flowing moatly alomg the 2 ais (Fig, 3a), which iz a
characteristic of the antisymmetric =mode. A curment loop 18
cﬂ'u:l:watrmmd in the z—x plane, which genermates stromg magnetic
fields Hin the region between pillars (the red region of Fp, a ) and
]emduu'_:a substantial magnetic moment. Ch the other hand, T8
red light at A= 6590 nm excites mostly in-phase currents Oowing,
along the x axe, whach do not prodice any significant magnetic
moment {Fig. 3k

Wi have alwo caleulated the speciral dependence of effective
permentality and permittivity of our structures. Figure 3 shows the
ahanlute values and real parts for &, and g |denoted hereas 2 and 1)
for the tghtest pair packing (the curves were obtamed by solving,
Mavwells equations for an electmmegnetic wave inleracting with a
penodic amay on op of a glas substmte). The cleulated spectml
positions of the peaks in & and pare in good agreement with the pek
pasitions found experimentally, and the theoretical reflection spectra
alsor agree v [with the sxperimental data. The caleulations show thae
aur microstructures have considerable permeshility @' = el
ranging from — | o 3 for the aray of tightest packing (Fig. 3d).
Far the sample of Fig, e, for examphe, ite caleulated permeahiliey
varied hetvasen (05 and 1.5, and for Fig. 2a g varied between 1025
and 2.1,

AR a rn'rn|ie'rne'||r.:|r}' amalvsis to the numerical simulations, we
have emplived anther approach that is routindy ased in rFatirAm
extract material [Lwnm'm from reflection spectra®™™, To this end,
we noted thas, negl mnde interaction, the calculated resn
nances in prnnlnml'y l;rrﬁmd the standard dispersion relation™
AfAF=LANAT — Al — iAAN), where A, is the venedength of the
symmetric ressmance, Ad, its half-width and f, the effective ascillator

nz
i
o1
w41
[E} a5 a8 or
Wavslengih jum)

Flgure 4 | Example of fitting the experimental reflection spectra with
thiary. The gremm curves are the myasared specina af Fig. 2; the Blue carves
shane the heat fit hased am the dispersion relations deseribed im the main e,
The parameiers of the paain resnnances exiracted from the fifing curves are
as follmas, Single pillarss &, = f65 nm. A%, = 165 nm and f, = 0,79, Pairs
withon = 6iHInm; A, = 69 mm, 34, = 187 nm, f, = L7 and A, = 3%0nm,
Ahy = BAmm, fy, == G0 Pairs with 2 = @Mnm; b, = 685 nm,

Ak, = 1T om, fo= 337 and A, = 332nm, ..'M. = Blinm, f, = (16, Pairs
civered wllhxgb-.e'rmrﬂm' FIOmm, AK; = 140nns, v 17 and
A== SUENm, AA, = B0 nm, J, = 0.5 ':Ihesp-scuum af the sample covered
with a ghycerine film bs offeer for dariy. The imsers show mcragraphs of the
corresponding samples.
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atrength,. The spectral dependence of calculated permeability i
alan described well by the Pendry-type’ expression™" wA)
LF A A — 2 — iAAd), where A, AA, and [, are the same
motations s shove bat for the antEnmmenie reonance (s Sup-
pementary Information for detaals). The combination af these
dispersion relations with the Fresnels reflection eoefficients for a
thin anisntropie flm placed on a glas: substrate™* Leacds to relatively
simple exprearms that can be weed 1o At the experimental spectin
and find & and . For example, in the case of Fig. 3¢, the best AL o its
spectm yiddds 3| = — 05 (g’ = (L5} near A = 470 nm and conoba-
rates the resul s of the Fernlab caleulations {3 g ). Sarmilarly, the
spectr for the mmples covered with a glveerme flm and showing an
increniaed rength i the antisymmete resomance vielded 2 sgmi-
anl increase n |y, such that negative values of @' were acloeved
almest mutinely. For esample, ' was about — 1.3 at the gren
resonance i Fig 22 (that i, = 035 Although our strscures
exchibited both negative ' and negative &' within the sme mnge al A
{forexample, &' <= — 0.7 and g’ <= —0.3at the green resonance in Fig.
22, p had 2 rzther large imaginary component (g = Imig) = lrat
the resenance], which so far has mot allowed the ohsavation of
negative refraction.

We have however observed ancther effect—aptical impedance
matching—that is maore eolerant to dissipation but also exclusive to
materials with a finite permeabilitg. The effect of impedance match
is characterized by the total suppression of reflection from an
rface between two media |d1F‘d|Hﬁ%mt refraction |nlmrx,
(epl', but the same impedance values, 7= (efp)'”, This
mpedance matching is well known for dectrical and microveve
circuits hut was mever oheerved for comeentional nrp‘rifs, hecause it
rauires g v | for singular cases of optical waveguides™),
which has been unachievable until now, In our case, this phenom
enem resulted in a total imsibility of our sractured filmes at green
SN uencies for TH ]snL'm;'.lhnn of incident I'EJ“ lfhlll.'
the films r\NlPd still e seen by using ]shn.n' enntrast 1II|.1
TE polarization. For brevity, the experiments are .L“:rﬂ
Supplernentary Infonmation,
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LETTERS

Spin-torque diode effect in magnetic tunnel

junctions

AB, Tulapurkarl"\'f, Y. Suzuki"n“, A Ful:ushima_ 2
0. D. Djayaprawira’, M. Watanabe’ & 5, Yuasa™

Thﬂiﬁcmmylmm interest in the development of ‘spin-
tromic” devices, in which hamessing the spins of cectrons (rather
than just their charges| is anticipated to provide new functional-
ities that go heyand these possible with comentional dectronic
devices, One widely studied example of an effect that has its roots
in the electron's spin degres of freedom is the torgue exerted by a
spin-palarized dectric curvent an the spin moment of 3 nano-
metre-scale nugnet, This torgque cases the nagnetic moment to
ratate' ™ at potentially useful frequencies, Here we avery
different phenomenon that is alse hased on the ||1lvl:rph-‘5r
hetween spin dynamics and spin-dependent transport, and
which arises from unusual diede behaviour, We show that the
application of @ seall radio-frequency alternating carrent to a
mandmetre-scale nmgnetle wnnel junction™ " cain generate a
memsurable direct-ourrent (de) voltage across the device when
ithe frequency is resonant with the spin oscillations that arise
fFrom the spii-torgue effect: at resonance (which cm be uned
by an exterival magnetic feld), the structure exhibits different
resastance states depending on the drection of the current. This
hehasdonr 14 markedly different from that of @ comventional
seinbconductor diode™, and could form the basls of a nano-
metre-scale radio-frequency detector in telecommunication
eireuits,

W perfinnmied experiments on a magnetic tunne junction (MTT) in
the strocrure 50 (substrate /P (15 nmd/Cole (2.5 nm)Ra
{085 nam ' CoFebl (3 nen MO (085 mm) ' CoFeb {3 mml; see Fig. 1o
Thees rmalti-layered film was further pattemed mio oval-shaped pallars
of dimengion 200mm X 1000m, using dectron-heam lithography
and son milling techniguet. The bottom. anti-ferromagnetically
coplad CoFe and CoFell layers (the spnthetic antiferomagnetic
Laver} act as a pinned layer, while the top CoFeB layer 2cts 25 2 free
Laver, whose magnetization can be changed. The resistane of the
T depends an the relative onentations of the pinned and free
Laver The present MT] shows 2 giant lunnelling magretorssisdance
{THAR) dhue o the erystalline MgO (001 ) tunnelling haner. A current
paseang tlrough the MTT gets spin-palanzed by the promed Layer, and
exerts 2 orgue on the free lover,

The experimental armangement o mesune the diode effedt =
shown in Fig. la. A baas T s used 1o pass high-frequency current
{200 bHz 1o 15GHz) through the MIT and 1o measure the de.
voltage simmultaneously. For all the experiments deserbed here, the
extermal magnetic feld was applied a1 an angle of 307 from the
pinned-layer magnetization s within the flm plane (see maet of
Fig. 1h). In this geemetry the sample showed a giant THR of -~ 100%,
as shown in Fig. Lh, We alse mensured microwae power from
the MT] ansing from the thermal fluctimtions of the free-laper
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magnetization ™, The porwer was measured by @ spectrum analyser,
by passing a dee. curverit of 1m using a biae T,

The radio frequency (rf) respomse of the MTT was first restad
wsing & network analyser, The results obtained shoved evidence of
magretic resomange excted by of. cureent (results not slonm),
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Flgure 1 | Experimental set-up and magnetores|stante. a Schematic
diagram af the experimsental sel-up and cross-sectional viee of the magnetic
tunmel junctinn (MTT) devies, The thicknesses ol variows layars of the devics
im nanomeires are give brackeis. The battom CoFeR and CaFe layers,
coupled anti-Errrnmagnetically through the R layer, act a5 a pinned liper,
The tap CoFel Fayer acis as a froe layer, the magnetization of which can be
chamged. The pinmed and fres layers are separated by a tunnelling kg
harrier, The experimenial set-up measures the d.c. voluage produced across
thee device on applying the rf. current. b, The magnetaresistance of the
device, by applying magnetic figld ai 307 from the pinned-luyer
msagnetization. The arroes indicate the swesping direcrion af the muagn et
field.
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