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Frequency modulation of spin-transfer oscillators

M. R. Pufall, W. H. Rippard, S. Kaka, T. J. Silva, and S. E. Russek
National Institute of Standards and Technology, Boulder, Colorado 80305

(Received 25 October 2004; accepted 17 January 2005; published online 18 February 2005

Spin-polarized dc electric current flowing into a magnetic layer can induce precession of the

magnetization at a frequency that depends on current. We show that addition of an ac current to this
dc bias current results in a frequency moduldtelll) spectral output, generating sidebands spaced

at the modulation frequency. The sideband amplitudes and shift of the center frequency with drive
amplitude are in good agreement with a nonlinear FM model that takes into account the nonlinear
frequency-current relation generally induced by spin transfer. Single-domain simulations show that
ac current modulates the cone angle of the magnetization precession, in turn modulating the
frequency via the demagnetizing field. These results are promising for communications and signal
processing applications of spin-transfer oscillators.2005 American Institute of Physics
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The excitation of magnetization precession by a highcharacteristics as a function of ac current amplitude that one
density dc electric current flowing perpendicularly through awould expect from a device with a nonlinear current-
spin-valve structure offers the possibility of both a newfrequency transfer function, such as asymmetric sideband
means of probing fundamental magnetic excitations and dysuppression, and shifting of the resonance center frequency.
namics, and new microwave applications for magnetic thin-The modulation frequency,,.q can vary widely for these
film devices!? In these systems, spin-polarized electric cur-devices, having been successfully modulated at frequencies
rent flowing into a magnetic layer exerts a torque on the localip to 0.9 ¢cession WE Use a single-domain model that in-
magnetic moment if the spin polarization of the electric cur-cludes the Slonczewski spin-torque téthto show how the
rent and the magnetic moment are not parallel, an effecac current affects the magnetization trajectory of the reso-
typically called spin—transfé‘r.4 In the point contac{nano- nance, altering the cone angle of the precession and conse-
contacj structures discussed here, in which a 40 nm litho-quently changing the demagnetizing field, and thus the total
graphic contact is made to a continuous spin-valveeffective field and frequency of precessﬁ)n.
multilayer consisting of thick and thin magnetic layers sepa-  All measurements were made on structures consisting of
rated by a nonmagnetic spacer layer, this torque excites magoint contacts made to continuous thin-film multilayers
netization precessional motion with a frequency rangingof the form AU2.5 nm)—Cu1.5 nm—NiggFe,y(5 nm)
from 5 to 40 GHz that is tunable via both current and applied-Cu’5 nm—Co090Fe1®0 nm—-Cu50 nm-SiO,—Si, sim-
field? In addition, the excitation has a narr¢&5-50 MH2 ilar to those measured previoudly.To excite the spin-
room temperature linewidth, leading to quality factd@s transfer resonance, a dc current was sent through the device
=f/Af on the order of 1Bfor these oscillators. The current- via the dc leg of a bias tee. A microwave power splitter was
tunability and highQ of these structures suggest the possi-connected to the ac leg of the bias tee, allowing both injec-
bility of their use in microwave signal processing applica-tion of an ac signal into the device, and coupling of any
tions. generated high-frequency signals out of the device, to be

Although spin-transfer-induced magnetization precessubsequently measured by a 50 GHz spectrum analyzer. As
sion in nanocontacts was first predicteahd then subse- has been described in more detail previodSiythe injected
quently observed> many aspects of these observations weredc current induces precessional motion of the NiFee)
unanticipated, in particular the narrow spectral linewidth oflayer of the spin valve above a critical currégtA change in
the mode and the complicated dependence of the precessitite relative alignment of the two layers causes a change in
frequency on dc current. For example, point contact structhe device resistance due to the giant magnetoresistance
tures show both red and blue shifts and discrete jumps withiGMR) effect, in turn creating an ac change in voltage that is
increasing current, the details of which depend on thehen coupled out through the bias tee and power splitter.
strength and direction of the applied fi€ld\s a means of The spectral output of a typical resonance is shown in
probing the stability of these modes, and as a basic test dhe inset to Fig. 1. The frequency and amplitude of the reso-
their suitability for communicating information—since a nance are functions of the applied field magnitude and direc-
pure tone carries no information—we have made measurdion, and the applied currentThe measurements reported
ments in which we add a small ac current perturbation to théwere are for an applied field of 0.7 T at 80° to the plane
dc bias current, and measure the resultant spectral output G§hown schematically in Fig.)la particular configuration
the device as a function of the ac amplitude. We find thathosen for the large microwave output amplitude, narrow
although the microwave signal generated by these oscillatoigewidth, and smooth variation of the resonance frequency
arises from the precession of a magnetic moment in a highlwith current, as shown in Fig. 1. This type of spin-transfer-
nonlinear regime(i.e., large-angle precessiprthe devices induced precession has generally been observed over a range
nonetheless behave like conventional tunable oscillatorof applied field angles, with the details of frequerfgycession
Nanocontact devices exhibit frequency modulatidfM)  versus current changing with field strength and directidn.
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102 —1— T T T =1,2,..., andfy the center frequengy with the specific
- p,H=07T modulation A/ - sideband magnitudes depending on the variatiofy,@fession
] ..00"' - versusl in the vicinity of I,. For example, at a bias point in
©] - ! 80° e the linear region of the ,ccessionversusl curve, such as,
g 100 * t bias point ] =7.5 mA, the upper and lower sidebands of a given order
g - o have approximately the same amplitude, whereas when bi-
o 99 ased at;=8.5 mA, a point in the curved region, the upper
L] Frequency (GHz) 0= ’ LHE . ' ’
ug' - P 9.5 10.0 and lower sidebands have significantly different magnitudes,
g S8 .o. = F " j- and vary differently withAl [Fig. 2(a)].
3 - o® L 15p=65mA 1 Multiple Lorentzians were simultaneously fit to the spec-
< oy o) 2 10 | ~ j i tra for 1,=8.5 mA to determine the spectral peak positions
£ & § s 17 and amplitudes, shown as functionsAdfin Figs. 2b)-2(d).
- 98k 5 °f T The upper and lower sideband amplitudes of a given order
i 0 : ——h vary in markedly different ways witlAl. For example, for
o5l 1 L 1 M 1 1 1 1 1 1 1 1 . ~ . - . _
BE 70 75 B8 BE 5d B the first-order sideband$="f,+40 MHz, Fig. 2c)], the up

per sideband is larger in magnitude at a givdn and peaks
at aAl higher than that for the lower sideband. In contrast,
FIG. 1. Frequency of spin-transfer-induced precessjgfiessorin @ nano-  for the second-order sidebanfis=f,+80 MHz, Fig. 2d)],
contact as a function of dc bias current. Schematic shows sample measurthe lower sideband is larger in magnitude for law, with
ment geometry. Inset: Spectral output of nanocontact for several dc currentghe ypper sideband becoming the larger Adr>0.75 mA.
showing variation of frequency and amplitude with current. Finally, the central peakthe “carrier” frequencyf,, see Fig.
2(b)] red shifts(decreasessignificantly with Al. As will be

The frequency increases roughly linearly over the range ofnown, these effects are due to the nonlinear shape df the
currents from 6 to 8 mA, then increases at a more gradué{ersusl transfer curve in the nelghborhood.of 8.5.mA.
rate for currents up to 9.5 mA. T~he general form for the output signal ¥(1,t)

To examine the effects of an ac current on the resonance; Re{V(I,1)} =Re{V, expi 6(1 ,t))}, where the phase angle is
the device was then biased to a fixed curigriand an addi-  defined agi(I,t)=2#/§f(1(t"))dt’. For a system with a linear
tional 40 MHz ac current was applied through the POWerf . .ossion VErsus | characteristic of sloped, i.e., f(I)=f,
splitter, generating a time-varying resonance frequency, i.e.|,A(|-|O), if one assumes a current of the forhit)=I,
frequency modulation. In Fig.(2), the spectral outputs at +A| cog2xf,.{), the phase angle becomeXl,t)=wgt
1,b=8.5 mA are shown for several input ac current ampli-+ g sin(w, . 4), in Which wy=27fo, weg=27fmos and the

tudes. The spectra generally show that with increasing modysqqulation factor B= fyel fmog=AAl/f o The resulting
lation current amplitudé\l, more power is driven into side-

bands positioned dt=fytn 40 MHz (the sideband ordem

Current (mA)

expression for?/(l ,t) can be expanded in the Bessel series

[}

’\7(| ,t) - Voei(w0t+ﬁ sin(omod)) = VoeintE J|(B)eilwm°J, (1)

Frequency (GHz) Al (mA) |=—o0
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250E—NoMod | ()] e ' C b 10.08 which shows that the amplitude of thth sideband is pro-
Z200f_322mA di0.07 portional toJ,(B) for linear FM?
‘:’150 [ 1 g In the present casd, versusl (see Fig. 1is a higher-
é . (Iiovgerd Si:gg:r: s {ro.08 < order polynomial in, and can be expanded as a Taylor series
TE:-“’O Riarahe J 1 g of ordern in the neighborhood af,=8.5 mA. The key point
Ewf ) A v — 1°%3 s that a sinsusoidal input current now results in a power

Since each factor

Calculated

series in Al codwyod) for f(l,1).

’602 ' . ! e coK(wmod) can be expanded as a series in(008,od) (M

2 @'_'_TIMI' ' ) <k), one finds that a series in $Mwmed)(M=<n) now re-

g o4 TI—=— Lower sideband 06 g places the single sinusoidal term in Efj). In addition, each

E o3l —— 8/ ] [=®— Upper sideband 05 £ even power in the cosine power series also contributes a term

= 3 linear int, terms which are the sources of the shift of the

E02r 0.3 g carrier (centey frequency.

g 01| 02 8 With each harmonic of,,,q expanded as in Edql), the

2 expression fol/(lg, Al ,t) is then a product of Bessel series,
0 03 o5 oo 53 o5 o3 00 with the number of factors set by the order of the polyno-

Al (mA) Al (mA) mial. For example, the third-order expression is

FIG. 2. (a—d (Color online Effects of injected ac current on spin-transfer
resonance, at a dc current biad §£8.5 mA, f,,,;=40 MHz. Solid lines are
sideband amplitudes, calculated as described in the(&aitSpectral output
of device for several input modulation amplitudas, showing sideband
changes and shift of center frequencyAis (2b) Shift of center frequency

(2
vs Al. (20 \./ar'|at|on of upper and lower first-order su:jeband amp||t_udes VSin which theAn are linear combinations of the Taylor coef-
Al. (2d) Variation of upper and lower second-order sideband amplitudes v

Al. Right scales show calculated sideband amplitudes, left scale measuri@'emsy andA, is a sum ofwp=27f(lo) ar_‘d Cont”buuo_ns
sideband amplitudes normalized to center amplitagg/ Acent from even powers in the Taylor expansion. TAgare in

VI, ALY = Vo™ 3 J(A)In(Ax)Ip(Ag)

I,m,p=co

X ei (1+2m+3p) wmod
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general functions ofy, Al, and w4 and are analogous to
the modulation factoB=" e,/ frmog iN linear FM. This sum
has terms proportional to <), SINAgttwmod),
SIN(Apt £ 2wmod), SIAGtE3wmed), - .- describing a carrier at
a (shifted frequencyAy/2, plus sidebands at integer har- 0.61
monics of f,.¢ A given sideband’s amplitude is a sum of
terms such that the sum 2m+3p is equal to the order of the
sideband, i.e., £1, +2, etc. The indicean, p can be either
positive or negative, increasing the number of contributing e
terms to a given order, and producing the asymmetry in am-
plitudes between the upper and lower sidebands.

The computed center frequency shift and sideband am:
plitudes as functions of drive amplitude are shown as the
solid lines in Figs. &)—2(d), determined using a fifth-order
Taylor series forf versusl aroundl,=8.5 mA. As seen in
Fig. 2, the above expressions accurately predict both the re:
shift of the center frequency, and reasonably predict the rela:
tive variations of the sideband amplitudes with, up to a
constant amplitude factor. The model describes the amplitudge. 3. (Color onling Plot of computed single-domain magnetization tra-
difference between the upper and lower sidebands of a givejactory with (grayscale symbosand without (light gray ling injected ac
Order, and also the crossover in their relative magnitudegul’l'ent modulation, over ong modulation period. C0|0I" spale on trajectory
(recall that for linear FM, the magnitudes of the upper ang?€notes phase of ac modulation, from gfay current at minimuirto black
lower sidebands of a given order are equdlhe overall (ac‘curre_nt at maX|m‘uinAxes are in units of the saturation magnetization.

. . ’ Trajectories also projected onyez plane to show spreading of the orbit in
magnitudes of the calculated sidebariiat not the carrier thez direction with drive. Simulations shown are B0 K, to more easily
frequency amplitudeare too large by a factor of 1.5, a factor see the trajectory. ac current values differ from measured values due to
that varied with bias point. This possibly results from non_diffe_rent slope of calculatedi vs | curve, and uncertainties in the absolute
linearities in thel—V curve, or from nonlinear amplitude S¢2N9 Of I in the model. Inset. Fourier transforms &fcomponent of

. . . . trajectories, showing frequency sidebands generated during modulation.
modulation effects not included in the theory. The amplitude

of the output signal is not constant with'see coarse varia- . )
tion of amplitude in Fig. 1 insgt on average decreasing modulation frequency. These results support the n'otlo.n th'at
away froml,, decreasing the amplitudes of the sidebahds. the large-angle precessional modes of the magnetization in-

It is worth emphasizing that these observed FM effectduced by spin transfer are stable and tole_rant of 5|gn|f_|cant
are not simply electrical, e.g., the result of signal mixing due(current—mgiuce)j perturbations. Current-drlv_en modulation
to a nonlineail —V relation, but rather correspond to periodic ©f the device produces frequency modulation effestele-
variations in the trajectory of the magnetization of the freeP@nds and frequency shifthat are well-described by a stan-
layer of the nanocontact structure, detected via the GMF#ard FM model using the nonlinear current-frequency trans-
effect. As a heuristic method for understanding of the effectd®r curve determined experimentally.
of low-frequency FM on the trajectory of the magnetization, , ) )
simulations of current-induced dynamics in single-domain ﬁ('OI'O'fK';e"ZV’ ém?r'miinkga"DN'CK”E(;BLOV’,\l':iu%;_oinggeg’ 4RZ'5J'3SO%h°e'
structures were performed. The simulations were based onpp3. ' S '
integration of a Landau-Lifshitz—Gilbert equation, modified w. H. Rippard, M. R. Pufall, S. Kaka, T. J. Silva, and S. E. Russek, Phys.
as described by Slonczew$Rito include the effects of spin JRev. Lett. 92, 027201(2004.
torque. As noted previously, these simulations give qualitita- ';"H 2‘ itgsssgg gég?f;ggpg y;'hzrfv' EG}\;) lf:\(,) 7(?1%2;'_#2?@]:!:' S
tive information on frequencies and trajectories, but fail to Rev, Lot 88, 236601(2002; C. -Heide,gls. E. zilbermyén, and R. J.'Elligtt,'
predict quantitative details such as the magnitudes of thepnys. Rev. B63, 064424(2001; M. L. Polianski and P. W. Brouwer,
critical current or the slope of the frequency versus current. Phys. Rev. Lett.92, 026602(2004.

Simulated trajectories of a 100 n«l00 nm device for ~ “J- C. Slonczewski, J. Magn. Magn. Matet59, L1 (1996; 195 L261
both zero and nonzero modulation amplitudes over one-half(19a9)'R. MR Pufall S, Kaka T 3. Siva. and S. E. Russek. Ph
period of the modulation are shown in Fig. 3 for an applied ., g '7%‘?106406(2'002.6‘ = A T S SIva, and s, £ Russer, TS
field poHapp=0.7 T at 80° to the film pIanfeln this configu-  ®as discussed previousiiRef. 2, single-domain simulations only approxi-
ration, the simulations predict a roughly linear dependence of mate the nanocontact structure: The area excited by the current in a nano-
frequency on applied current. The trajectory for nonzero contact is a small region of_a continuous film, whereas in the_ simulatio.ns
modulation has a larger width in tzedirection (perpendicu- mtralayer _ex_change is not included. Nevertheless, they provide a qualita-
lar to the film plang The modulation drives the magnetiza- 7:\',\|/eRde§C”pt'°n of the generally observed trends and effects i

. R. Pufall, W. H. Rippard, S. Kaka, S. E. Russek, T. J. Silva, J. Katine,
tion periodically more into and out of the plane, expanding and M. Carey, Phys. Rev. B9, 214402(2004).
and contracting the cone of precession. This decreases ant. W. Couch, II, Digital and Analog Communication Systerfrentice
increases the demagnetizing field, which in turn mOdulatesgxr?ﬁlI;;I:Ejupdpee:nsc)?jiclj;%o?v:frf&tgzjﬁ the sideband amplitudes could in prin
f[he _net effective field and the precession frequency. The pro'ciple be included using a similar harmonic expansion if one had a model
jection onto they-z plane shows that the average value of the nat takes into account the relative phases of the AM and FM terms, and
magnetization perpendicular to the plane oscillates at theprecise knowledge of the amplitudes at the device.
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