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Spin-transfer effects on the magnetization motion are investigated in the free layer of a giant
magnetoresistance device flooded with spin-polarized electrons, and more specifically microwave
excitations in elliptical permalloy elements. The spin torque is found to excite at low current
precessional trajectories compatible with the platelet eigenmodes. Then a forced regime is activated
that is, characterized by trajectory broadening with increasing current and an almost spatially
uniform power density. The effect of temperature on resonance frequencies and linewidth becomes
negligible at high current. @005 American Institute of PhysidDOI: 10.1063/1.1852434

INTRODUCTION pointing along unit vectop. We assume a uniform polariza-

: - - . _tion of 0.3 (a usual value for, e.g., CoFwith p=-¢, (elec-
The theoretical predictions of spin-polarized current trons backscattered from the reference layer With0). On

induced magnetization switching of Slonczewskand . T .
. . .2 the top of the spin torque, the magnetization is subject to the
Berge? arose considerable interest. Recent expenrﬁeEnts ; : S . . .
effective micromagnetic field including the applied, ex-

confirmed a key prediction of the theory stating that a dc

. . ; change, and demagnetizing fields. Due account is made for
current of spin-polarized electrons flowing across a ferro-

. ; . L2 the existence of the Oersted field, calculated for a 50-nm
magnetic layer can drive microwave excitations as a cons

. fﬁigh pillar with elliptical cross section and uniform current
quence of the transfer of angular momentum to localize
moments. More precisely, transport measurements in the fre-

quency domain gave direct evidence for the existence of pre- (%)w _H' z
cessional magnetization trajectories, especially in the case 008 ">0W_:§ TZ»X
where a large enough field is applied that impedes switching. 0.004 ) ™
However, several features observed in the spectral signature 5. e | ==
of the giant magnetoresistan¢MR) signal in nanopillar x e \ f
devices seem hardly consistent with the single spin approxi- & o002 Gurrert dersity (1072 A/F)
mation, notably the rather complex power spectral density 0001} i
(PSD versus current behavior at high field, as illustrated in p.geb.
Figs. 2c—d of Ref. 3. The present paper addresses the ques- 0 - N 0.060
tion of spin transfer induced precession viewed from a mi- 3 N N o
cromagnetic perspective. For the sake of simplicity, simula- %‘E S AR %
tions reported below describe the magnetization dynamics of 2, 5 @) 10
the sole free layer of a current perpendicular to ple€@eP Froqpisy .l
spin-valve nanopillar device with elliptic cross section and (b) §o;
typical dimensions of 114 70X 2.5 nn¥, as sketched in the ‘l;o.e
inset of Fig. 1a). e, (respectivelye)), is the in-plane easy 003 §:: o
(respectively hard magnetization axis. The magnetization A LETK
distribution as a function of space and timé=M(r,t) f 0.02f © O e
within the element is obtained through the integration of the £ Current denstty (102 Afn?)
Landau-Lifshitz—Gilbert equation augmented with the spin- 0o1F 1% 0300 o
torque term:® // [ o0
0 ool - — K
dm A1l = oA = oo
—- - _ - =
I'sr= at 702M0M§|e|dP[M X (M X p)]. 3 4 < = of100
3% 10 15

Here,d is the free-layer thicknessy, is the gyromag-
netic ratio(y,>0), e is the electron chargeVlg is the satu-
ration magnetization, and is the electron polarization

5
Frequency (GH2)

FIG. 1. Power spectrum density ¢f,)(t) at 300 K:(a) low current regime

(J<0.1x10% A/m?). Inset: spin-valve structure and signs convention for
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currents and fieldgp) high current regime. Inset: evolution of the linewidth
as a function of current density fdr=0 and 300 K.
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density,J. Lastly, thermal fluctuations are included through
the addition of a Langevin stochastic field with the white-
noise autocorrelation functioh,

2kBTa
<H|(tl) ' H](t2)> 5” 5(tl tZ)VceIIMS')’O.

All calculations have been performed for parameters il-
lustrative of permalloy (Nig;Fe;g): Mg=800 kA/m, ex-
change constamt=1.0x 10** J/m, and a damping constant
a set to 0.01 close to the bulk value. Crystalline or growth
anisotropies are neglected whereas shape anisotropy amounts
to H,~19.5 kA/m(245 Os.

The present study is restricted to microwave excitation
under a large applied fieltB"H,), that stabilizes the initial
magnetization direction alongey The applied field here
grossly exceeds the Oersted field that scales roughly as
1.25 kA/m for a 16 A/m? current density along the rim of
the ellipse where it is largest.

o e

)

O max

FIG. 2. Magnetic susceptibility,, distribution at(a) f=8.2 GHz and(b)
PRECESSIONAL STATES f=11.2 GHz. Kittel's frequency for the uniformly magnetized equivalent

. . .y ellipsoid amounts to 9.18 GHzm,) power spectrum densitf =300 K) for
Similar to experimental dafd and macrospin-type {Z0CSTEAC S0 () £=7.9 GHz and(d) f=10.95 GHz.Ibid for J

simulations® precessional oscillations are here characterized g 125¢ 102 A/m? at (e) =5.4 GHz and(f) f=6.8 GHz. The static ap-
by their PSD. The PSD is defined as the Fourrier transfornplied field isH=3H, throughout.
of the autocorrelation function d¥l and is to be viewed as

the power emitted by the system in the inter¢alf +df). resonance peaks prove quite different from macrospin
Simulations have been performed for current densitiesesylits® The present micromagnetic simulations lead to line-
ranging from 0.01 to 0.4 10'* A/m? and for temperatures jidths at half maximum(FWHM) of about 0.4 GHz in the
from 0 to 400 K in order to account for Joule heating. Let US|0W current regimE, irrespective of current density or tem-
first examine results pertaining to the spatial average of thgerature. FWHM's increase weakly with current density in
transverse magnetization compongnty)(t). the high current regime but remain essentially independent
At low currents (<0.1x 10" A/m?), two resonance of temperature, as shown in the inset of Figh)1A high-
peaks appear at 7.9 and 10.95 GHzTat300 K (8.1 and  frequency shoulder in the PSD is systematically observed in
11 GHz at 0 K, increasing the temperature induces a dethis regime. Moreover, the existence of two regimes with
crease of the apparemils hence a lower resonance fre- global features equivalent to those displayed in Figs) 1
quency, respectively{Fig. 1(a)]. The current density solely and ib) is confirmed by simulations performed on ellipses

affects the magnitude of these peaks. A maximum is reachegith different aspect ratios and/or material parameters.
for J=0.075x 10" A/m?. Increasing the current further

leads to a sharp decrgase in emitted power. A new regimg .\ SMOGENEOUS EXCITATIONS
appears upon further increase of the current density that is
characterized by a redshift of the main resonance line with  In Fig. 2, we plot the PSD amplitude versus position for
increasing current from 7 down to 3 GHFig. 1(b)]. The  the m, magnetization component for predefined frequencies.
magnitude of the peaks first increases with increasing curAt low current density, for the first resonan¢@.91 GH3,
rent, up toJ=0.125x 10*? A/m?, then decreases, in a way the apices of the ellipse are the regions that exhibit the larg-
that is reminiscent of results pertaining to point-contact ge-est excitatiorjFig. 2(c)]. At 10.94 GHz, spin transfer triggers
ometry experiment$Indeed, in the latter regime, similar to a higher rank modgFig. 2(d)]. At high current density, the
the single spin regim@,the spin-transfer torque leads to an situation is markedly different since spin transfer induces a
opening of the mean magnetization trajectory into a largenearly pure “volume” moddFig. 2(e)], where the central
angle elliptical orbit. At the highest current density, the in- part of the ellipse oscillates coherently. At the shoulder fre-
plane angle of the magnetization with typically ranges quency[Fig. 2(f)], however, an inhomogeneous state is ex-
from —-120° to +120° at 0 K whereas the out-of-plane ex-cited that is reminiscent of first eigenmode in Fig&)2and
cursion angle amounts to £30°. 2(c). In both regimes, higher-frequency modes are excited
Several features deserve attention. On the one hand, tlveth a much smaller amplitude. Despite minor shifts in fre-
PSD is at least one order of magnitude larger than theuency, the modes at 0 and 300 K are found to be equal.
PSD of m,, the latter being multiplied by a factor of 2 in Additional information may be gained from the mapping
frequency(not shown. This difference is not surprising be- of suitable components of the susceptibility tensor. The com-
cause, ifp is the deviation angle from the easy axis, one getgonent x,; of the tensor has been computed owing to a
m,~cog¢)~1-¢?/2 and m,~sin(¢) = ¢. The frequency method directly inspired from Ref. 10. In this case study, we
ratio follows directly. On the other hand, the linewidths of focus mainly on they,, component because, for the initial
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magnetization distribution, the spin transfer acts as an effedstence domain, in agreement with the experimental data of
tive field pulling the magnetization in the direction. We  Kiselev et al. (low current regime in Fig. 1d of Ref.)3
identify two eigenmodes, one at 8.2 GHz and a weaker onéncreasing the current density leads to the onset of a forced
at 11.2 GHz with mappings, as depicted in Fig&)2and regime characterized by a fast decrease of the resonance fre-
2(b), respectively. From the similarity in intensity mappings quency in full analogy with experimen¢s.g., Fig. 1c in Ref.

and frequency, one immediately deduces that the first spir8) and single spin simulations.

transfer modes are eigenmodes of elliptical elements, hence However, in the macrospin model, peak linewidths
the frequency invariance. On the other hand, we may noshould be very sensitive to temperature evolving from a
identify any eigenmode similar to the high current densityDirac peak at O K to a rather broad peak at 300 K. Because
redshift mode. Under prominent spin-transfer effect, whetheof the absence of any sizable dependence of the linewidth
at 0 K or higher temperature, the micromagnetic system ernversus temperature, spin-transfer-induced disorder seems
ters a forced regime. As stated earlier, this regime is charadiere to be preeminent over thermal broadening at high cur-
terized by coherent excitations of the whole volume of therent densities.

free layer except for the ellipse tips with almost uniform As mentioned earlier, the Oersted field only plays a mi-

magnitude. nor role in the present conditions. Such would not be the
case if considering excitations and switching at low field
DISCUSSION (H<H,). At large currents and low fields the Oersted field

promotes the formation of @ state within the soft elliptical
element and a possible distortion of the magnetization distri-
pution within the hard/pinned layer.

Lastly, after linearization of the Landau-Lifshitz—Gilbert
G) equation, the threshold current leading to the onset of
precessional states in the single spin limit reads

The magnetoresistance classically reatR=AR,,[1
—-coq0-6,¢)] and is directly related to the projection of the
free-layer magnetization onto the reference direction. Unde
such assumptions GMR mag-noise spectra should scale WiEIEL
the PSD’s of the spatial average of tlxemagnetization
component,{my), whereas the fundamental rf excitation
frequency stems directly from the(m) PSD. bz e oM
In the point-contact geometry experiments of Rippetrdl.* " p g
the frequency spectra includeand & peaks with compa-
rable amplitudes, implying some mixing of the contributions

of (m,) and(m,) to the GMR response. Mixing has also been fields, respecti\zlely, nzormalized b <. With our parameters,
invoked by Kiselevet al? in order to fit their experimental Jp=0.115x< 10" A/m* for a precession frequency roughly

data. A plausible explanation might be the following: assumeequal to 4.6 GHz. Although greatly simplifying the physics

the field to be off axis with respect to the easy axis of the freéhYOlved these values remain _fairly represenﬁative of the tran-
layer; then, due to the difference in thickness and/or shapgion between the low and high current regimes.

between the reference and free layers, shape anisotropy will - This work has been supported by the European Commu-
exert different restoring torques on the magnetization of thenity Human Potential programme under Contract No.

tvv_o quers ;tack subject to the same applie_d field, hence thQpRrN-CT-2002-00318 ULTRASWITCH.
misorientation, notwithstanding the potential effect of the

Oersted field on the reference layer. These arguments COM&). sjonczewski, J. Magn. Magn. Mater59, L1 (1996.
bined with the highim,) to (m,) PSD ratio lead to the con- zL. Berger, Phys. Rev. B54, 9359(1996.

; ; S. |. Kiselevet al, Nature(London 425, 380(2003.
clusion that thel'klO\INeSt observable frheq?ency in th(la fGMF\?‘,W P, Rippardet al, Phys. Rev, Lett92, 027201(2004.
response most likely cprresponds to the und.amenta rf eXCisy p. Rippardet al. Phys. Rev. B70, 100406R) (2004).
tation frequency. Provided the above conclusion be accepted,. Mmiltat et al, J. Appl. Phys.89, 6982(2001).
then simulations do predict that the first observable signal in7W-6'2(26%V]\3n, Phys. Rev13Q 1677(1963; N. Smith, J. Appl. Phys90,

; 57 .
nanopl!lars _should correspond to the fundamental frequenc;gs_ E. Russelet al, private communication2004).
of the first (_elgenmode of the fre_e_-lay_er element. It_s f_requencyel Miltat (unpublishedl
should be independent of the injection current within its ex-'°. C. Toussainet al, Comput. Mater. Sci24, 175(2002.

da(1+Q+2h,),

where Q and h, are the reduced anisotropy and applied
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