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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
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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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~EED -4 -2 a 200 L B0
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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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Curvent-induced resomance has recently been ohaervad alao in a
magrsetic domaimwall in the megahertz frequency range™. The signal
s, howeever, small, 2nd s phase determmation = prone 1o arors in
thi calibeation of the network anabyser. Inoontrast, we fourd tlat the
ML procduces d.e. voltage bocwse of it nonlmar behasiour and
this dirde-effect remsarement offers pluase-problem-free results, The
effert af alternating current |a.c. ] om the precessaon of magnetation
induced by large doe. curvent has recenthy' been studied. Hovwever, in
the present experiment, we excte the magnetzmtion only with
alternating current, without applying a de bas The de. willage
rsporse mezsured by posing 055 mA of of coment 1@ plotted n
Fig. 2 The responge shows 2 large nesonance structure, whese
prsition depends on the magnetic field. Figare 3a shows the noise
power spectra having a large peak, 2lomyg with 2 small sade peak, the
prsitions of which also depend on the magnetic field.

The workang principles of the span-torque disde and the serm-
aonductor pn jundtion dinde are compared m Fig. da. As shown in
Fig. iz, wohen current s from the noside o the poside, the space
d|.1|'!.u ncslevn around the p-n _iurrtinn i mL1|Eud, and so the
rusiistane of the pon junction is higher n this case. For the oppostle
direction of current, the space charge region is shnank, which gives
koawer resistance. ln||w-.'.|n'ﬂh|w'{]un tarque dinds, ||w.||ft'1'r|.1r|ng
current passing through it exerts 2 torque on the froc-layer spin
moment. When the frequency of the altermating current nears the
precession frequency of £ e Fruse- h.l't‘f!]!ln mioment, the spin s tilted
towrds the pinmed layer magnetization during the negative (or
pn:mw',: lialf oif the alternating, current. This configuration has lowe
resistance, During the next half of the alternating current, spin is
tilted in the apposite divection, which is 2 ligh-resistance state, The
difference in resistance during positive and negative currents pro
duces doc. voltage, in the case of both the diodes. Tn comitrast to the:
semiconducior dinde, the spin-tonque diode is resistant in the noise
because it ]srrw]urm d, w’lragc- nnl}( in a manmes ﬁnluu'nq: range
around the resomance frequency, which can be tuned by applying a
magretic field.

Turthermore, the spin-torque diode effect is phase-sensitive. A
small v, curvent (F=1, , sin{2xft) passing through MT] exerts a
torque on the free-layer spin, As a result, the 2 component (parallel
to the pinned-layer magnetization) of the spin oscillates as

— 0 O

o voliage ')

Figure 2 | Direct-ou rrest voRage ganerated by the device in response to the
alternating current. The d.c voliage is plotied 2« a funciion of the
frequency of the ae. cwrrent (8055 mA ) The external magnetic filds are as
shoem. The d.c. veltage resulis frons the resenan tosclllation of the magne s
snamment of the fros layer by curventinduced spin - wransier and & fective fdd
inrques.
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5, = cos (F) 4 Asin( 2xi )+ Boes | 22 0), where A and B are respact-
ety the in-plewse and 90°-phase components of the motion of the
spin, 5, denotes the direction cosme of the spin and § is the angle
between the free and pinned lagers. The resistance of the MT]
depends on 5, as followss B = By + 0554851 — 5,), where By, s
the resistance of the sample wlen the free laper i paralld o the
panned layer, and AR s the incrense in the reastance when the free
lzver = anti-paralld 1o the pimmed layer. The de. valtzge given by
the time-averaged valie of PR = V. = —A*AR A Thos alter-
natimyg, current passing, throagl the M producesdoe. valtage, which
i sematmve 1o the in-phase part of the cecillatiom of the magnetic
mment. Becawse this & an mira-sample detection, it gives 2 phas-
ermr-free spectrum, and a new method for performing fermmag-
netic renance experiments, for which al prsent an ceallating
magnetic feld 15 usally applied.

A torgue exerted on the Iree-layer spin can m general be decom-
e uun!wdimcl:umnn]my:mlmi!, that s, s, 5, %51
and i, i | where S and 5 are unit vectors alang the
magnetizations of the free and pmnua Layers respectively. The lorque
rmm the span-transfer effect’ i i the fist direction. The torque

the seonnd direction is called the Aeld-like termy, and has been

‘d;!fh'l‘l in different ways*t. Cnwing 0 the spmmetry differences

nmn these terms {when the free- and plnnnd layer Trugrﬂlm
tioms are in-planc), the de. voltage produced by the spin-transfer
torque shows a peak, whereas the de wiltage produced by an
effective Acdd shos a di:pw:irm curve, 55 showm in Fig. 4. 1f
mnllmm oy the s|1|n Iv\- m]xrprulrlnn, we get de 'mlra.ge' as
showm i the bottom 'pﬂn.'l of Fig. 4b For small and unifoem
oacillation of the magnetic moment, the d.e. voltage is given
approsimately by (s Supplementary Discussion ):

rowlape aoen o [ifY ST—¥'Hi ¥'F
Vir 4ﬂ.Rs|n L Re [[}i i ffll‘)"r‘:] )]

here ST is thi spin transfor and FT is the effective field term, per unit
current., i the gyromagretic ratio (' =% = O, e s the
Gilbert damping factor, H; is the demagnetization field perpendico-
lar tes the fi v plane, f; is the sesonant frequency and Fis the
frequency of the applied altermating carsent, 1, OWe have neglected
the stray field effect for & uniform mode )

The comparison of the de weltage and thermal noise power
apectrum at 300 Cle is alean in Fig. 3h. Bach spectrum is compesid
o a large resonance centred 20 about 75 GH2 and 2 small resomance
we consider only the dormnt resonanoe
1 s the umiform oscllation of the free laper
{see Supplementary g, 1) The d.e. veltage from this mode come-
sponds b nue)crhlmunnur-;rnn -transfer and effective-feld torques
{cormpare with the bottom trace in Ilg b The resonance frequency
wblamed from Atling to 2 superposition-type spectrum comcides
with the mam peak posation mthe thermal nmee spectrum. The
frequency af the resonance posatiom as a function of magnetic feld i
plotted in Frg. 3e. For small §, and neglecting the marginal mihence
of d.c. bias current, the resmnee frequency = approvimately given
by Kittel's equation® ==/ [1H, +|H,, —H,,I]lh‘ +H,+
|Hip 4+ Hoe )15 shiere H_ 1 the coereivi . s the dipalar
eddd froem the pinned layer. The fitting 1o this ..\1un!|t||| gives H 4+
Hopn= 1760 and H, = 12.8k0e.

As mentioned above, berause doe -measurement i phase-wersitive
detection, we can decompose the i]'h.frlﬂ intn twn sources of
tarque—spin transfer and effective Bed—by using, equation (1
m~5|1p]'slmnrary'l ig- L 2 Further, we alsn measured the d.c. eSO
by changing the r.f current (see Fig. 3}, and found that the d.ec.
voltage docrensed lineasty with the square of the current, as.expected
from equation (1)

'I |w'lr wilbage outprut of an ideal samiconductor diode is given by

=

fa e T, where V. i thie high- frogquency voltage applicd to
ﬂl. dinde, &y \A'I'?|||:rm1||nxmr\s|1nr;|rh{ Tis the temperature. The
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Figure ® | Magnetic-field dependence of microwave power and a.c. current
dependence of doe voltage. a, Microweve power apectirs sl the device
mscasured hy specirune enalbyees, wsing s de. bias current ol | nh. The power
apectra with pero dc curre taken as hackgrouad snd subtracied lroas
the data. The external puagnetic fiehds wre o shown b, Compurien of the
dc valiage sprctrum and micrawanes pewer sprcirum at 30 Or. The arrews

muark the positions of twa praks in the micresave power. The de. sprctrun
alsn has bwn correspunding resonance frequencies, The dhape of the de
spectram i a cambination of peak and dispersion curves falss s2e Fig aho.

4 L] L] 10 n
=]

Thuas, the resanance positeans da not match with the masima in the dc
vltage. €, The magpeticdield dependence af resanant lrequency
enrrespunading e the larger peak in the miceowave power specira. The hlack
painti represent the experinental data pointi whils the red curve is the it b
the date using Kiel's squation. The inset shows the sxirapolativn of the
fitted curve in pern frequency. d, Direcl-ourrent voliags from a different

sampde Far the given a.c cnrrents. The inset shanes the limear poswar
dependenir of the d.c. vollage measured Fram peak in valley, as marked by
thee arrow in the main panel.

o, vokage (b irans itsl
< DB g8

¥ iEHE]

Figura 4 | Prineigle of the spin-darque dicde. a, Comparison of the
Funclinming of the semironductor p-n dinde (et paned | and the spin-sarque
didr iright panedi. Tn the semi-conducsar disds, if poaitive voltags is
applied b the n side. the space charge region around the p-n junctsen ic
enlarged, and the resistance is high. Par ke apposite polariey, the space
charge region is shrunk and ihe resisance is bow, In the case of ihe spin-
rorque dinds, the Free-layer magnetization {shown by thin Back arrows)
ascillaies owing 1 the currenvinduced ioeque. The resistance of the disd: s
less when the e carrent |s negative, because the free layer makes & snvaller
angle with the pinned layer {dhown by the thick blue arroe, Wihen the
allernating curreal i positive, the redslance is langer, swing Lo the lager

angle. The bottom eraie in the right panel of @ shows. the schematic variation
of the preduc of the carrend and the change in ressstance. The dogbed line
shares the averagr value of this produst, which apprars as d.c, valtage acrnss
the spin-tarque dinde. b, Thearztical plot of the d.c. voliage spectrum
obdained frons equation (11 The d.c. woltage shavws & peak i the orgoe
imduced by the a.c. current is due to the spin-transfer effect anky. This is
shaen by the black curve in the top panel Bue if the wrque is due s the
elfective-dield effect only, the d.c voliage shows a dispersian curve, as shown
by thie ved curve. 17 bath the targues apply, the do vobage dhows o
superpesiibon of peak and dispersion. as shewn by the green curve o the
batbam panel.
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apir-torque diode can perform wf, detection better than the ser-
comscductor divade i the magnetization of the pinned Loyer lies 457 out-
of-plane. In this geemetry, by ncresing, the mtio (H g, ) of free-
Laver magnetization, we can squeeze the dliptical oajectory of the
precesgiom af the magnetie moment to e n-plane. This enhances the
amplitude of in-plane cecillation, and produces Large do voltage.
The maximum d.c. valtage produced by span-transfer in this cse =
given by |see Supplementary Dsonsson |
v Ho

‘I. H,
where V', i the critical voleage m'||u|=\d e flip the magnetization',
Thus, by incressing the HoH, ratio s well a5 by increasing
the magnetoresistance (as we have done here using a high-
quality crysalline Mg barier], the spin-torque diode can be o
sensitive poaver detector. The sensitivity can alsn be enhancad by
||rr¢.mr.gd\c spin-transfer efficiency ™, which decresses the critical
voltage.
Receivied 28 March: seeaptind | Seplamber 2005
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LETTERS

Chaos-based communications at high bit rates using
commercial fibre-optic links

Apostolos Argyrls Drimitris S',l\.'rldls Laurent Larger . Valerio Annovazzi-Lodi’ , Pere Colet?, Ingo Fiszher:",
Jordi Garcia-Ojalve”™. Claudia R, Mirassa’, Luis Pesquera® & K. Alan Shore”

Chaatic sgnals have been a5 hroadhand information
curriers with the potential of provi dlunhﬂhﬂdnﬁ:ﬂmﬁ
nndpnwcrlndﬂnmnnmm" Lahoratory demonstrations of
chans-hased optical communications hm nln:ﬂly shown the
poeential of this tachmnol bt w ﬁdd ment using
commercinl optical networ hn nat hesn lun =0 far.
Here we deminnstrute high-speed long-distance comnmmication
hased an chans synchronization sver 3 commercial fbre-optic
channel, An optical carvier wave generated by a chaotic laser is
st b enondie & message for transmission over 12km of optical
fibwe in the metropalitan area network of Athens, Greece, The
message is decoded wsing an appropriate second laser which, by
synchroni zing with the chaotic carrier, allows for the separation of
thee carrier and the message. Transmission rates in the gigabit per
atmdmgramuchlwd,mﬂlmrmpmﬂnghrt—mm
helosw 107, The systen uses nutched pairs of semiconductor
lasers as chaotic emitters and receivers, and off-the-shelf fibre-op-
tic tebecommumication components, Our results shiow that infor-
mation can be transmitted at high bit eates using deterministic
chans in a manner that is robust to perturhations and channed
disturhances unavoidable under real-world comditions.

Bereaadband information curiers enhance the robusties of com-
munication channels to interferences with narove-band disturb-
ares, This is the basis of spread-spectrum communication
techniques, such a5 the code division multiple access (CTIMAL
protoced used in the Global Positiening System (GPS) and in the
third generatiom of mobile rebepliones, In chaos-hased comirmumi-
wation thi heosdbared coding sigral ie generated an the plysical lager
instead of algorithmically, Additionally, chaotic carviers offer a
certain digree of intrinsic privacy in the data wansmission, whicl
cortld crmmiplement (via mobust ardwane enceyption) both dassical
(softwase-hased )™ and quartem’ cryprograply systems. Frem a
furwdamerital viewpsoint, usig wivebirms generted by detenminmstic
chaotic systermns o cary infoemation in a robust ranner that alao
alloas ligh bit rates s 2 gereralizaton of standard cormmunication
systere [t might abso provide a deeper insiglt ingo the reclanismof
transmmission of information in matural systems with comples
dymamics, sich 25 bivkogical spstems,

Cluetie cormmunication systems based on chao sprchronization”
were propoded in the carly 19908 (eefa 1, 20, In this oype of
comnanication protocel, mesapes are embedded witlin 2 claotic
carrer in the ematter, and recovered afler trangmiiaon by a receiver
upim: gynchronization with the emitter. The recerver architecture can
b viewed a6 performing a nonlinear fillering process, intended 10

"epar et ol b ks by al ATkenn. Alhe
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Figure 1| Two schematic set-ups for optical chans communication. In the
optaelectronic scheme (a), the emitter is a laser diode LD whiose ourput is
mndulated in a sirongly nonlinear way by an eleciro-opiic feedback lnep
through an integrated electro-optic Mach—Febinder interferomseter | MZx
The message & added inside the delay oscillavion loep. An erbium doped
fibre ampdificr {EIPEA) {5 used vo adjust the power to be injacted inn the
wransmizsben bine. The EDEA is fellowed by an opaical filier inet shnen thar
cuts aff the pmplificd dpantanciis cniiaion saise. Al LD aperate a1
around 1.55zm. In the all-apl scheme (B, the emitter is o Bser dinde
sahject o aptical leedback froas & dagital variahle reflec
the external cavity is 6 m; & pulerization comtreller (PO} i used wichin the
cavily in adjust the pol on stabe of the light reflecied back From the
wariahde reflector. The myessage is added wia a modulator (MO0 a1 the
emither’s nuipsd, A typical iransmission module, ropresented by a fibre boap
im the figare, comsists of 2 comshination of single-made and Sspersion-
compensated fibees, fnllowed by an EDEA that compensates for the powar
Rt upnn transmissiam, In hath schemses, decnding is prefnrmed via
subimaction of the transmitied signal frem the signal filiered by the receiver,
Operatinnally. the subtraction is performsed by adding the phatocarrents
coming from an srdinary and & sign-inverting ampliied photediode |FD
and IPIY, sespectively ). Fibre conmectlons are represented by thick bines, and
elewtric conmections by thin lines, Oiber dements in the disgram indude
aptical walarars (00), delay lnes (DL, cleceronie amplifiers | AMP ) and
epiical fibre couplers R
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