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We study the magnetization dynamics induced by spin-angular momentum transfer in pillar-shaped
CoFe/Cu/CoFe spin valves in zero-applied magnetic field. The voltage noise generated by the spin flow is
used to identify the microwave magnetic excitations. In the bistable region of resistancesRd versus currentsId
traces, a resonant magnetic excitation at 8 GHz is pumped above a first threshold identified as the instability
current. Higher currents are required to induce switching. Between the instability current and the switching
current, a reversible rounding of theRsId hysteresis loop is observed. Numerical modeling indicates that it
arises from a current-induced dynamic instability of the magnetization: When a state with collinear magneti-
zations is driven unstable, the magnetization of the thinnest ferromagnetic layer undergoes a sustained preces-
sion along a large orbit. The simulated precession orbit is stationary at 0 K and randomly perturbed at 300 K,
and its main characters are in quantitative agreement with the experiment.
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In a seminal paper,1 John Slonczewski predicted in 1996
that a large electrical current could be used to toggle the
magnetization of the thinnest magnetic layer of a giant mag-
netoresistancesGMRd junction in the current perpendicular-
to-planesCPPd geometry. The driving force is the transfer of
spin-angular momentum from the conduction electrons to the
magnetization; the transverse component of the incoming
spin flow is absorbed near the interface as a result of spin
filtering, differential spin reflection, and incoherent spin
precession.2

Owing to its interest for magnetic random access memo-
ries sMRAM d, Slonczewski’s paper triggered several experi-
mental implementations of the current-induced hysteretic
switching that confirmed the prediction.3–5 Yet the dual con-
sequence of the spin-angular momentum transfer effect is
that the associated torque acting on the magnetization should
resonantly emit spin waves6 and drive steady-state magneti-
zation precession.7,8 Experimentalists observing anomalies in
the I-V characteristics interpreted9 them as an indirect evi-
dence for this stimulated emission of spin waves. These ex-
citations were later observed directly, mostly in a frustrated
situation where large applied fields favoring the parallelsPd
magnetizations compete with large negative currents favor-
ing the antiparallelsAPd magnetizations.10,11 In this frus-
trated regime, large precessions are excited, with potential
applications to microwave oscillators that could be tunable
through the combination of a large current and a high mag-
netic field. In contrast, little work has been dedicated to the
case when the action of the current is not counterbalanced by
a static applied field. The corresponding zero-field magnetic
excitations deserve to be studied. Indeed, they are those

pumped in a spin-transfer switching event, and they may
impact the switching speed.12

Our present paper focuses on the magnetization excita-
tions in this subswitching current regime underzero-applied
field. By measuring the microwave GMR noise in the
bistable part of the current-induced hysteresis, we observe
high-amplitude magnetic excitations at 8 GHz and correlate
them with remanence measurements relying on dc GMR. We
conclude that the magnetization does not at all stay at rest
below the switching threshold. Indeed, when sweeping the
current above a first threshold, a dynamic instability grows
and the magnetization starts to precess along a quasistation-
ary orbit, as corroborated by finite temperature simulations in
the macrospin approximation. At higher currents switching
occurs. This two-step reversal scenario may have implica-
tions for the spin-transfer switching speed.

The samples are pseudo-spin valves
Co75Fe25st=2.5 nmd /Cus6 nmd /Co75Fe25s40 nmd patterned
in a pillar geometryfFig. 1sadg using the standard steps of
electron-beam lithography and liftoff. The top layer is pat-
terned into an ellipse of size 2a32b=173380 nm2, while
the bottom layer extends all over the metallic parts of the
device fFig. 1sbdg. The spontaneous magnetizations of the
thin and thick magnetic layers were measured prior to pat-
terning. They are 1.53106 and 1.73106 A/m, respectively.
The patterned thin layers have coercivities from 15 to 40 mT
and the thick layer has a coercivity of 2 mT. The other mag-
netic properties were quite similar from sample to sample.
We definex andy as the easy and hard axes of thestopd thin
layer, respectively. The pillar is contacted in the CPP geom-
etry to measure its GMR. A current of 1 mA corresponds to
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a current density of 9.23106 A/cm2. The bottom contact is
short-circuited to the groundsGd, while the top electrode
ssignal electrodeSd is contacted to microwave coplanar pads.
The overall resistance is aboutR<7 V while the magnetore-
sistance variation isRAP−RP=130 mV. The overall size of
the layout fits into a 3003600 mm2 area. Taking into ac-
count the substratesSid relative permittivity«r =11.7, the cir-
cuit can be considered as a localized impedance up to
30 GHz. Scattering matrix microwave measurements indi-
cate that the overall circuit shunt capacitance isCshunt
<10 pF and that the device electrical bandwidth is related to
the RCshunt products13 GHzd.

The setup aims at measuring simultaneously the slow time
dependence of the resistanceRstd and its frequency depen-
dent noiseRnoisesvd in the band 100 MHz to 18 GHz. For
that purpose, the device coplanar pads are contacted with
coaxial waveguides of bandwidth 40 GHz to the instruments.
They allow for the simultaneous application and measure-
ment of three electrical currentsIDC, IAC, andIRF in separate
frequency domainsfFig. 1sddg. The triangular ramp current
sIDC,mA, f ø3 Hzd induces the quasistatic switching of the
magnetization of the top thin layer using the spin-transfer
effect fFig. 1scd, insetg. A small modulation current
sIAC=36 mA rms,f =100 kHzd is superimposed to allow for
the measurement of the resistanceRstd with a lock-in ampli-
fier. These low-frequency currents are routed in the device
through the dcsinductived port of a bias tee.

Any microwave fluctuation of the magnetization direc-
tions of the magnetic layers induces a microwave variation
of the CPP resistance, hence a variation of the voltageVRF
across the pillar device. The RFscapacitived port of the bias
tee transmits thisVRF to cascaded, low noises3 dB noise
factord broad bands100 MHz–18 GHzd amplifiers that feed
the input of a 26-GHz spectrum analyzerfFig. 1sddg with
2-MHz resolution bandwidth. The actual noise power emit-
ted by the pillar device is calculated after correction of the

impedance mismatches. No external magnetic field is
applied13 and the experiments are performed at room tem-
perature.

Note that in these kind of noise analysis experiments, one
usually applies14 a hard axis fieldsalongyd to make the two
layers’ magnetizations noncollinear and therefore gain alin-
ear sensitivity tomystd. Unless doing so, the signal is usually
quadratic inmystd. Although we apply no magnetic field,
there may still be a finite angle between the layers’ magne-
tizations because the anisotropy axes have no reason to be
strictly collinear; the anisotropy of the free layer comes from
its shape, whereas that of the thick layer comes from its
crystalline structure. We writeu the spatial average of this
noncolinearity angle, andDu its time-varying part. The high-
frequency voltageVRF across the pillar device then scales
with mystd, and accounts for the frequency of the magnetic
excitations with a sensitivity related to the power
PRF= IDC

2DRDu sinu.
In spin-transfer switching experiments, sweeping back

and forth the CPP current switches back and forth the mag-
netization of the thin layerfFig. 2sadg. No stable state of
resistance intermediate betweenRP and RAP was ever ob-
served in the present experiments. For both states, the resis-
tance does not change in a given interval fromIDC=0 to
IDC

rounding. The resistance then starts to change smoothly, as
illustrated by the dotted line slope in Fig. 2sad. Above a
greater current, hereafter referred to as the switching current
IDC

P→AP or IDC
AP→P, the resistance changes very abruptly.

IDC
rounding is 0.9 mA for the AP to P transition and −1.4 mA

for the P to AP transitionfFig. 2sadg. Such a rounding of the
loop betweenIDC

rounding, I , IDC
switch, i.e., just before the

switching, has already been observed by several authors and
was recently attributed to the excitation of dynamical
states.15 For both polarities, the switching current varies from
one measurement to another. On a given sample, the standard
deviation is 14%. The histogram of theIDC

AP→P transition
fFig. 1scdg has a substantial skew towards the small currents.
Conversely, the high-current part of the distribution is nar-
rower; a cutoff current does exist for which switching is
always obtained. The average values of the switching cur-
rents areIDC

P→AP=−2.2 mA si.e., 23107 A/cm2d for the
parallel sPd to antiparallelsAPd transition. The AP to P re-
quires less current, typically IDC

AP→P=1.7 mA si.e.,
1.63107 A/cm2d.

In order to understand the origin of the loop rounding, we
measured the CPP resistance noise spectrumfFig. 2sbdg dur-
ing theRsId hysteresis loop, and more specifically near the P
to AP transition. The noise spectra in the remanent P and AP
states were white and near the noise floor of the setup. No
specific feature could be detected in the spectra. This holds
true until the currentIDC is raised aboveIDC

rounding, where a
sharp peak grows at 8.3 GHz, with a full width at half maxi-
mum sFWHMd Dv=0.2 GHz fFigure 2sbdg. Precession of
the magnetization is thus preferentially excited at the above-
mentioned frequency. As we approachIP→AP

switch, the reso-
nance peak grows only marginally. A substantial lower fre-
quency shoulder, however, appears, which deviates away
from the main peak with growing currentfFigure 2sbdg. At
IDC=−2.25 mA, the magnetic junction emits a total noise

FIG. 1. sad Cross section of the device under test. Lateral size is
803173 nm2. sbd Optical micrograph of the high bandwidth ac-
cesses to the devicescentral dotd. scd Histogram of the distribution
of the AP→P switching currentssfrom 5040 switching eventsd.
Inset:R vs Idc hysteresis loop.sdd Sketch of the measurement setup.
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power of 11 pW. This microwave resonant excitation disap-
pears immediately when the sample switches to the AP con-
figuration. No other feature in the frequency spectrum is ob-
served when increasing the current further. Also, no feature
is observed in high positive current stabilizing the P configu-
ration fFig. 2sbdg.

Before entering a more detailed analysis, it ought to be
emphasized that in addition to the rounding, a positive cur-
vature is present in theRsId curves. This fact is often simply
attributed to Joule heating. However the P and AP branches
of the loop display different curvatures; the curvature in the
P branch being significantly higherfsee inset in Fig. 1scdg.
These nonthermal parabolic contributions that differ in the
P and AP branches arise from the ampere fieldHamp
generated byIDC. Indeed, Hamp has azimuthal symmetry
and reaches up to about 3 mT. Since this is much smaller
than the shape anisotropy field of the thin layer, the latter
mainly remains a macrospin aligned with its easy axis.
In contrast, the ampere field deforms the micromagnetic state
of the smuch softerd thick layer into aC-like state: The cen-
tral part of the thick layersuxu!ad is unaffected while below
the tips sx< ±ad of the ellipse, the remanence is reduced
smx,1d and a finite odd transverse magnetization appears
my sx=ad=−mysx=−ad, which scales withHamp. The resis-
tance of such a micromagnetic configuration is equivalent to
that arising from two macrospins misaligned by an angleu0
with a typical value ofmysx=ad /2.

In the P state, this magnetization bending due to the am-
pere field increases the CPP resistance away fromRP with a
sensitivity scaling with cosu0, i.e., scaling withHamp

2, hence
with IDC

2. As a result, the ampere fieldincreasesthe CPP
resistance in the P branchabove RP, with a positive para-
bolic curvature versus IDC. The situation is opposite in the
AP state: The ampere field closes the angle between the mag-
netizations of the thick and thin layers leading to adecrease
of the resistance belowRAP with a negative parabolic curva-
ture versus IDC. Comparing the loop curvatures in the P and
AP branchesfFig. 1scd, insetg, we derived both the Joule
effect and an estimation ofu0 vs IDC. The noncollinearity
anglesu0 are of the order ofu0=20° for currents close to

IDC
rounding. The present results may now be summarized as

follows: sid Confirming previous reports,3 the switching cur-
rent is probabilistic. The probability distribution has a sig-
nificant low current tailfFigure 1scdg. sii d Most single-trace
hysteresis loopsfFig. 2sadg exhibit a slope between
uIDC

roundingu, uI u, uIDC
switchu i.e., before switching. This slope

correlates with the onset of a magnetization precession cen-
tered around 8.3 GHz, with a linewidth ofDf =200 MHz at
IDC

rounding. A shoulder near 8.1 GHz separates from the main
peak when approachingIDC

switch. The resonance disappears
when the system switches.

The transfer of spins is usually modeled7,16 by incorporat-
ing a “spin torque” in the Landau-Lifshitz-GilbertsLLGd
equation describing the time evolution of the reduced mag-
netizationmstd of the thin layer. This torque isGjm3 sm
3ud whereu is the direction of the itinerant spin orientation.
The torqueG per current densityj scales with the spin po-
larization and inversely with the thin layer thickness. Note
that theG’s are different in P and AP configurations.2 Ana-
lytical descriptions of the switching current were so far re-
stricted to the macrospin approximation. For instance, in the
model of Katineet al.17 and its extensions,5 the switching
current is calculated by assuming that the stability of the P
state together with the instability of the AP state aresufficient
conditions to trigger switching from the AP to P states. In the
small amplitude limit, the magnetization evolves as
my,e−kt cossvtd; the switching was thus assumed5 to occur
for a current density corresponding tok=0, which reads

j instability =
ag0

2G
s2Hk + MSd, s1d

while the elementary excitations aroundj intability have fre-
quenciesv /2p equal to

v = g0ÎMSSHk −
aGj

g0
D s2d

Note that reasonable parameters lead typically to
aGj /g0Hk,0.1, so that the spin-transfer effect is only a mi-
nor correction to the zero-field ferromagnetic resonance

FIG. 2. sad Quasistatic resistance vs current hysteresis loop. A global curvature was cancelled. The dotted line near the P→AP transition
recalls the presence of a systematic reversible part of the loop where there is a faint but unequivocal finite slope.sbd: Noise power above
white noise around 8.2 GHz in various magnetic configurations: at zero current, at high current in the P state, and before and after the
P→AP transition. The curves were vertically offset for clarity. The labeled dc current are defined with an uncertainty equal to the ac
modulation, i.e., ±0.05 mA.
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sFMRd frequency of the free layer. The anisotropy field can
thus be obtained by Eq.s2d which providesm0Hk=45 mT. In
our experimental data, this value is in agreement with
m0Hk=48 mT obtained by numerically calculating the de-
magnetization tensor of the patterned thin layer. Despite such
a nice agreement, analytical theories17,5 cannot account for
two major experimental facts;18

sid The rounding of the hysteresis loop and the existence
of narrow linewidth excitations betweenuIDC

roundingu, uI u
, uIDC

switchu are clear indications of the existence of station-
ary states that are neither P nor AP. For these states, the
magnetizations of the thick and thin layer are neither static
nor collinear; the small angle approximation leading to the
analytical expression of the switching currentfEq. s1dg thus
becomes questionable.

sii d Analytical theories cannot account for the resonance
linewidth. Indeed, owing to the approximation used in, e.g.,
Ref. 5, the energy dissipated by damping and the energy
provided by the spin flow compensate exactlysi.e., k=0d
over one precession period when Eq.s1d applies. Conse-
quently, the resonance ofmystd at I = I instability should have an
infinitely narrow linewidth Dv=0. We observe a trend in
contradiction to this predicted collapse ofDv. We are thus
led to the conclusion that models assuming that the stability
and instability criteria of the P and AP states is asufficient
condition for switching cannot account for the magnetization
dynamics in the rangeuIDC

roundingu, uI u, uIDC
switchu.

In order to better describe the experimental behavior in
that current interval, we have solved numerically the modi-
fied LLG equation, assuming a macrospin approximation for
the thin layer and a fixed thick layer magnetization, follow-
ing the methods initiated by Sunet al.7 or Miltat et al.16

Owing to the macrospin approximation, the exact distribu-
tion of current paths does not matter. In the displayed calcu-
lations, we ramp a negative, uniform current density starting
from the P state in zero current. Qualitatively similar results

would be obtained for the AP to P transitionsnot shownd. MS
and Hk are equal to their respective experimental values,
while G assumes a constant electron-spin polarization of
30% near the P state and the damping parameter has been
chosen equal to 0.006. The calculated trajectories of the
magnetization vector atT=0 K are displayed in Fig. 3. In
contrast to the analytical theories and as already noted in
Ref. 7, the calculations identify three unequivocal regimes at
0 K: sad the damping-dominated regime,sbd the stationary
precession regime, andscd the switching regime. These re-
gimes still qualitatively exist at 300 K, but the random na-
ture of thermal activation blurs the transitions between re-
gimes. RegimeA occurs belowI instability. The P state is
unperturbed by the spin flow. Any finite fluctuation is
damped downfFig. 3sadg. The precession frequency follows
Eq. s2d. In regimeB, i.e., aboveI instability, the P state is driven
unstable and any finite fluctuation is amplified until the mag-
netization precesses along a stationary orbit around the P
positionfFigure 3sbdg. The in-plane fanning angleDu of this
excitation grows with increasing currentsnot shownd. Mean-
while, the excitation frequency decreases significantly above
I instability s<−1 GHz per 106 A/cmd, in opposition to Eq.s2d.
The switching regimeC finally occurs when the current ex-
ceeds another thresholdIswitch. The fanning angleDu reaches
180° and the orbit extends beyond the hard axis. The mag-
netization reverses and is then quickly damped around the
AP statefFig. 3scdg and a full remanence is quickly reached.
Note that at zero temperature, the trajectories when
uIDC

instabilityu, uI u, uIDC
switchu fi.e., regimeB: stationary pre-

cessiong are perfectly periodic after the initial settling time
fFigure 3sbdg. The corresponding power density spectra are
Dirac peakssnot shownd. Note that this holds because of the
assumed macrospin approximation and the zero
temperature.19

Conversely, at 300 K, the magnetization trajectories are
affected by the random thermal fluctuationsfFig. 4sadg. The

FIG. 3. Calculated macrospin trajectoriesmystd andmxstd at T=0 K for various applied currents and an initial magnetization off the easy
axis. sad IDC=−2.153107 A/cm2: slightly damped precession in the regimeuIDCu, uIDC

instabilityu<2.253107 A/cm2. sbd IDC=−2.5
3107 A/cm2: settled steady-state precession. The current is in the intervaluIDC

instabilityu, uIDCu, uIDC
switchu<2.73107 A/cm2. scd

IDC=−2.953107 A/cm2: gradually pumped precession leading to a switching event.
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precession amplitudefFig. 4sbdg and period fluctuate with
time, leading to 200–400 MHz linewidths in the power den-
sity spectra, in agreement with the experimentfFig. 4scdg.
Another important difference induced by the large tempera-
ture is that the excitation frequency does not vary much with
current, a rather unique feature that also is in quantitative
agreement with the experiments. For current densities above
−2.33107 A/cm2, the precession amplitude fluctuates so
much that a switching event occurs after a random delay,
typically some microseconds.

The calculated dynamics accounts well for our experi-
mental data at room temperature, except that the calculation
predicts a much more gradual increase of the resonance am-
plitude with the current. At low currentfdamping-dominated
regime Ag the unperturbed P state correlates with the full
remanence measured belowIrounding fFig. 2sadg and the ab-
sence of any significant microwave magnetic excitationfFig.
2sbdg. At higher current, i.e.,uIDC

instabilityu, uI u, uIDC
switchu, the

calculated sustained precessionfFig. 4sadg correlates with the
experimental resonance at 8.3 GHz observed when
uIDC

roundingu, uI u, uIDC
switchu. A consequence is that we can re-

liably identify the calculatedIDC
instability and the measured

IDC
rounding. An additional argument in favor of this identifica-

tion is the fact that the precession amplitude is so large that
the calculated time average ofmx is smaller than 1, which
correlates with the experimental increase of resistance away
from RP scorresponding tou0=Du=0d in the rounding of the
quasistatic loop whenuIDC

roundingu, uI u, uIDC
switchu. The mea-

sured and calculated small skew of the resonance line are a
classical consequence of the growing precession amplitude,20

while the resonance shoulder may arise from nonmacrospin
or ampere field contributions that are indeed neglected in our
model. The ampere field is zero in the central part of the
sample and should not shift the frequency of the main mode,
as observed in experimentsfdotted vertical line in Fig. 2sbdg.
In contrast, the excitation modes nearx= ±a feel a different
spin torque becauseu0Þ0 in those regions. Similarly preces-
sion modes neary= ±b are subject to an increased or de-
creased restoring torque due to the ampere field.

In conclusion, we have studied the magnetization
dynamics in the presence of spin angular momentum
transfer in pillar-shaped pseudo-spin valves
CoFes2.5 nmd /Cu/CoFes40 nmd. The magnetoresistance
noise excited by the spin flow was correlated to the dc mag-
netoresistance. In the hysteretic part of resistance versus cur-
rent traces, the resistance departs reversibly from the resis-
tance at remanence when approaching the irreversible
switching threshold. This dc loop rounding correlates with
the growth of a resonant, high amplitude excitation of the
free layer’s magnetization at 8.3 GHz, i.e., a frequency close
to the zero-field ferromagnetic resonance. Numerical model-
ing based on a generalized Landau-Lifshitz equation indi-
cates that the rounding and the microwave resonance both
result from a current-induced dynamic instability of the mag-
netization that occurs below the switching current. When a
state with collinear magnetizationsseither parallel or antipar-
alleld is driven unstable, the magnetization does not reverse
at first but rather precesses along a large orbit which is sta-
tionary only at zero temperature.
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