A NewsStand, Inc. - Today's Way To Read Publications--Digitally - Microsoft Internet Explorer

Vel 437015 Septerber 2005|dol:10.1038/ nsture04035

LET [ERS

Mutual phase-locking of microwave spin torque

nano-oscillators

Shehzaad Kaka', Matthew R. Pufall’, William H. Rippard’, Thomas )., Silva', Stephen E. Russek’

& Jordan A, Katine”

The spin torque™* effect that ocoors in nanometre-scale magnetic
multilayer devices can be used to generate steady-state microwave
signals in response toa d.c. electrical eorrent™. This establishes a
new functionality for magneto-electronic structures that are more:
commanly used as magnetic field sensors and magnetic memaory
elements”, The microwave power emitled from a single spin
torque nanc-oscillator (STNO) is at present typically less than
1nW. To achieve a more useful power level {on the order of
microwatis), a device could consist of an array of phase coberent
STk, in a manner analogous to arrays of Josephson junctions
and larger semiconductor ascillatars™ ", Here we show that two
STNOs in close proximity mutually phase-lock—ithat is, they
synchronize, which is a general tendency of interacting nonlinear
oscillator systems' . The phase-locked state is distinct, charac-
terized by a sudden narvowing of signal linewidth and an increase
in power due to the coherence of the individual oscllators. Arrays
of phase-locked STNOs could be used as nanometre-scale refer-
ence ascillators, Furthermore, phase control of array ebements
{phased array) could lead to nanometre-scale directional trans-
mitters amd receivers for wireless communications.,

Mutually phase-locked interacting oscillators are surprisingly
conmimen natural ocoirrences. Examples of self-synchronizing sy
tems include oscillations of interacting Josephson junctions™ 17,
the rhythumic flashing of certain fireflies'™ and the escillations of a
system of two pendulum docks coupled through a wall, as first
reported by Huygens in the seventeenth century", Participating
elements of a phase-locked system rmst exhibit a nonlinear response
to forcing stimuli; hence, under certain conditions, a collectively
ordered state emerges fron a complex dynamical systemc Phase-
locking oceurs in STNOs because magnetic precession, the source off
microwave oscillations, is inherently nonlinear™.

Electrical nano-contacts tor thin-film magnetic bilaver mesas are
die. current-controlled STNOs that produce microwave precession
ranging from 1 GHz to beyond 40GHz, with spectral linewidths
typically in the range 2-50MHz at room temperamre™*. The
oscillations are detected by measuring the time-varying voltage
across the device cansed by the giant magnetoresistance (GMER)
effect™ and the d.e. current through the contact, When active, the
STNOs are predicted to generate spimvaves flowing outward from
the region immediately beneath the nano-contact™, With the intent
of using spinwave interactions to facilitate phase-locking between
o STHO:, we investigated a device with two independently con-
nected approximately 40-nim dizmeter contacts A and B separated by
SO0 om the same mesa (Fig, 1a, b, The two-contacts are separately
current biased, making each contact an independently controlled
STNCL Bias-tees separate the dc current applied throngh each
oscillator from the generated high-frequency output signal. The
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Figure 1 | Structure and basic behaviour of a two-nano-contact device.

a, Crosa-sectional diagram of 2 two-nano-contact device stracture with
conlact diameter = 40 nm and conlact separation r = 500 nm on a single
mesa. The mcsa layer structure ks [Ta 5 nmCa 5000, ComlFe g 20 nm ' Cu
Snm/MisFem 3 nmiCo 1.3 nm/An 2.5 nm|. b, Micrograph of actaal two-
nana-contact device with iwo independent leads. Scale bar (green), 300 am.
the blue arraw gives the direction of the Ampere field generated by positive
current {coming out of the planei through contact B at contact &, The red
arraw is the direction of the Am pere field generated by contact & at contact B
and alsa the dircction of the in-plane component of the external magnetic
field. AL ihe right is shown a measurement diagram showing o hias Lee and
e, ewrreml source for cach comtact, The high-frequency power output is
combined in 2 microwave power combines and then sent to the spectrum
analyser (8.1, g, Plat af frequency of nan-imeracting oscillator against
current. The bl curve is ontput for contact A, the red carve for contace B
d, Flat af power antput against cursent far each non-interacting ascillator
blue triangles are for contact A, red squares for contact B,

fleciramageatk Technolagy Ghisian, Hatanal instiute of Standards and Tachnolegy, Boulder, Calorada 80005, U5A, “Hitachi San bose Besamch Centar, San loza, Csifarnis

FFID, USA

@ MNATILURE 09/15/2005 Section: Letters to Mature Page: 339

2 @ VHTepHeT




LETTERS

output signals of both STNOs are sent to a microwave power
combiner, and the combined signal is amplified and measured by a
spectrn analyser (Fig. 1b). The amplifier gain has been divided out
af all presented data. The electrical isolation between the contacts is
—37dB. Measurements are taken with the device placed in an
exterial 740-mT magnetic field oviented 75" from the film plane.
The peak frequencies of cach STNO, when biased alome (o
current through the other contact), are shown in Fig. lc. The
frequencies exhibited by each oscillator agree with the behaviour of
previensly stodied single-contact devices at the same applied field
and field angle*. However, slight differences exist in the frequency
and power output (Fig. 1d) for each oscillator, The Frrqupnq.l and
power are determined from lorentzian fits to the peaks in the
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Figure 2 | Locking behawviowur, a, Combined specirum from both contacis as
current through contact B is ramped from 7mA (o 12mA, Corrent through
contact A is Axed at §mA. Spectral intensity (colour is a logarithimic scale.
ipower spectral density; PR corvesponding o the green
vertical line in & at #.63 mA. The arrows indicate the movement of the peaks
as current through B increases. €, Specirum corresponsling to the magenia
wertical line in @ at 9.5 mA, d, Spectrum correspomding to the groen vertical
lime in @2t 115 mA. Arvows indicate motion of the peaks as current through
cnntact B increases, 8, Linewidthe of combined oawipat apectrum, where red
sqpuares carrespond to the lower-frequency peak initially due i the signal
fram B, hloe triangles correspand 1o the higher-frequency signal initially
fram A&, and black cirches correspand 1o the locked state, Uncert
linewidth measurement is typically less than 0.75 MHz, which derives fram
anie dlamland deviation 1o a larentean il 1o the spectral peaks,
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mieasured power spectral density (spectrum). Acconding to the data
in Fig, 1, certain combinations of currents applied to both STNOs
will result in coincidence of their respective oscillation frequencies.

When the freque-nu.yaf::np STNG is made to approach the other,
interactions cause the oscillators to lock together. Figure 2a plots the
evilution of the combined spectenm from hoth STNOs as current Ty,
through contact B increases. The current I, through contact A is
fixed at 80mA. As Ty increases from 7 to R2maA, only signal A
{sourced by contact A) is visible. The frequency f, of A decreases
slightly with Ty owing to the Ampere field (about 3mT to 5mT)
generated by Ty, This Ampere field opposes the in-plane component
aof the applied field and its direction is shown by the blue arrow in
Fig. 1b For B2mA < Iy << 92mA, the signal from contact B
appears and its frequency fy, increases towards f, with the same slope
as in the non-interacting case (Fig. le). The spectrum at
Iy = B.A5mA, shown in Fig. 2b, contains peaks fram both STNCs.
Above I, = 3.2 mi, f, suddenly unites with fi, until I'; exceeds about
11 mA. These dara show that both STROs frequency-lock over a 1.5-
mA range in Ty, with the implication that signals A and B are also
phase-locked. We give direct evidence below of phase-locking, The
spectrum of the locked state at T, = 9.3 mA (Fig. 2c) shows a single
peak with much larger amplitude and a narrower linewidth than the
peaks in FiF. Ib. For I = 1lmaA, f, and fo separate and diverge.
Figure 2d shows the spectrum of two peaks at Ty, = 115 mA, where
both peaks are weaker and broader than the locked state peals,
Unlocking ocours at a sharp jump in f, that is also seen in the
nom-interacting behaviour of Bat 11ma {Fig. 1c). Figure 2e plots the
linewidths as a full-width at half-maxinmm (FWHM) for all peaks in
the spectra. During backing, the TWHM decreases by about an order
of magnitude to about 2 MHz

Next we studied the individual outpet of each STNO as they
evobved through the bocking process {in contrast to their combined
signal b, Figure 3a shows the evolution of only signal A as Ty, is tuned
and I, is fixed at 8.0 mA. [n this measurement, the high-frequency
output from B is disconnected from the power combaner and
terminated into 2 3001 load. The linewidth of A, shown by the

Pawer W)

Freguency (GHz)
&
i

& -]
Iy Iy
o d

i5
E
1
154 ol
=
&
IS
g 0S5
8182 |
w
ag -
8 -] 7 a i
Iy I I (]

Figure 3 | Behaviour of individual osdllators. Dashed verlical lines [orangei
dienite the beginning of the locking range. 8, Spociral mtenaity meoasured
only for oscllator A as current throngh contact B & ramped and corrent
thiraugh contact A is fzed at B mA. The colour scale ks the same as for Fig. 2a.
The superimposed magenta curve shows the linewidth of signal A on the
eame caprent scale, b, Power of oscillator A ondy, €, Spectral inlensity
measured anly for ascillator B wath the same carrents through bath
comlacts. The superim posed magenta curve shosws the linewidih of signal B.
d, Pavwer of sacillator B only.
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Figura 4 | Device power sutputs. a, Power m the locked state as the phase of
A is shifted. The current through contact 4 is 8 mA; the current through
contact B i 9.55 mA. b, Measired power owtpat for both oscillators as the
current through contact B is ramped, The phase shifier is st for maximuom
auipul power [consirctive interference) al .53 maA through contact

magenta curve in Fig, 3a, narrows when the system locks, The power
output of A (Fig. 3b} s constant until the system nears lock; on
locking, the power from A increases, The evolution of only signal B is
shown in Fig. 3c, and its power ootput is given in Fig. 3d The
current-dependent power from B is almost identical to the non

interacting case (Fig. 1d). The dissimilarity in the power of A and B
remains even as the oscillators lock. The merease i power from A
during Incking is possibly cansed by a change to a magnetization
trajectory with higher GMR as oscillator A tracks to the Jocked
frequencies. Although the power outputs of each STNO differ, both
oscillators show narrowing to about the same linewidth of 2 MHz
dhuring locking. The abrupt decrease in linewidth indicates a reduced
sensitivity to input noise (such as thermal fluctuations) for both
oscillators becavse they provide mutal feedback when locked. Such
an increased stability against frequency and phase finctoations is also
Fenonam for the synchronized generators aof the Maorth American power
grid" and is predicted for arays of Josephson unction osallators'®.

The phase coherence of signals A and B during locking
(I, =80mA and Iy =9.55mA) is shown by varying the relative
phase between the outputs of the STHNOs, A phase-shifting element is
placed in line with the cables carrying signal A to the combiner. By
fully varying the phase shifter, the phase hetween the two signals at
the combiner is adjusted over a range of about 300°, and this
procduces a simisoidal variation in the combined ontput power
corresponding to a change from destroctive to constroctive inter-
ference betwemn signal A and B (Fg. 4a). Hensce, a thime-independent
phase relationship between the signals nost exist (phase-locking
ocours), With the phase shifier set to maximize the amplioede at
Iz =955mA and [, = &0 mA, the combined output power from
beoth ascillators 15 measured as Ty is ramped (Fig. 4b), The individual
oscillator powers at [ = 9.55mA are P, = (4.37 = 0.03) pW and
Pp=(119 = 000 pW. The measured oscillator power is pro
portional to the square of the oscillating voltage waveform enutted
b the STNCL I each oscillator were simply locked in frequency but
incoherent in phase, the tine-averaged total power output would
simply be Py + Py = (556 £ (0004} pW. However, the measured
oartpart power is P, = (990 + 0.07) pW (Fig. 4b), which is dose
tor the expected power for two phase-coherent voltage wavefonms
that  constructively — interfere, Po=P, + Py + 2 (PP =
(1015 = 0.05)pW.

STNOs have also been shown to phase-lack (injection lock} to
fined-frequency external sources, coupled by means of input micro-
Wive CUFTEnts or external microwave magnetic fields™. Tn the system
studied here, the interactions causing locking are mmutual: either
spinwave excitations™ emitted by both oscillators or a.c. dipole
magnetic-field interactions, Micromagnetic simulations™ that incor-
potate a spin torque term derived by Sloncpewski' shonw that large-
amplitude spinwaves exist at a distance of 500 mm from the emitting
nano-contact. Oscillating dipale fields, generated by localized pre-

LETTERS

i Lacked —?5

y

7 a a il
Iy )

B. Triangles indicate power in the higher-frequency signal initally due 1o
ascillatar A, squares indicate power in the lower-frequency peak initially due
1o B, Circles indicate poaver of the locked state, Uncertainty in the poaver
measurement panges from 000 1o 0,0 pW and i determined from ane
standard deviation o a lorentzian At b0 the measured speciral peaks.

cessiom underneath one contact, are estimated to be dbout 01 T at
the location of the other contact. Sinwilations predict this to be a
sufficient field to induce locking, Moreover, e, magnetostatic helds
cansed by travelling spinwaves may exceed 10T at each contact,
according to the micromagnetic simulations. The strength of both
the spimwave and dipolar interactions, in principle, decays with the
separation distance. Experimentally, for two STNOs separated by
1O 1, we Findd that althoasgh the frequencies of each oscillator can
be made to intersect, weakened interactions result in no phase
lescking over a finite current for an applied feld of 740 mT oriented
75" out of the film plane.

W have demonstrated phase-locking of ten STNOs separated by
S mm, Combined power in the phase-locked state is the coherent
sum of the individual power of each osaillator. Hence, we anticipate
that a phase-locked array of N STNOs can prodhice power that scales
as W', leading to substantial narrowhand power cutput {on the order
of microwatts} generated from a micrometre-sized device at room
temperature. A practical STNO-array device will probably require
current from a single source distributed to each oscillator through
parallel or series connections. These devices have applications as
sources in nanometre-scale phased arrays, which could be used in
wireless chip-to-chip or intra-chip coommunications.
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