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Measurements of out-of-plane dynamics induced in magnetic nanopillars by spin transfer
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Electrical current can induce very large amplitude of precession in nanomagnets, resulting in highly non-
linear dynamical regimes unattainable by any other means of excitation. We performed spectroscopic measure-
ments of magnetic nanodevices whose geometry was optimized for coherent dynamics at high currents. The
dependence of the observed spectroscopic features on the direction of the magnetic field is consistent with the
out-of-plane precessional mode, as confirmed by micromagnetic simulations. The dynamics are asymmetric
with respect to the inversion of the field, which is highly unusual for magnetic phenomena not involving
exchange bias. Micromagnetic simulations indicate that the asymmetry is likely caused by a combination of the
Oersted field generated by the current and sample shape imperfections.
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I. INTRODUCTION

Spin-transfer torque (ST) (Ref. 1) exerted on nanomag-
nets by spin-polarized current / can induce dynamical states
not accessible by any other techniques, providing a unique
opportunity to test our understanding of nanomagnetism.
Simulations show that at I just above excitation threshold,
ST causes elliptical precession of the magnetic moment m;
of a nanomagnet F';. The precession orbit is determined by a
combination of the magnetic field H and the anisotropy of
F,.>* The latter is usually a thin film whose anisotropy is
dominated by its demagnetizing field, with H commonly in
the film plane. The precession amplitude grows with 7, re-
sulting in an orbit known as the clamshell mode (inset in Fig.
2). This mode has been extensively measured.>®

Simulations of current-induced dynamics>* suggest that
the extreme points of the clamshell can merge at large /,
resulting in a crossover to the out-of-plane (OP) precession
mode consisting of either the lower or the upper half of the
clamshell. The OP mode can be distinguished from other
dynamical states by several expected spectroscopic features.
First, the frequency of the OP mode is approximately twice
the frequency of clamshell near the crossover since its tra-
jectory is half of clamshell. For the same reason, the OP
mode should produce microwave signal of amplitude similar
to that of clamshell precession. Macrospin simulations indi-
cate that the frequency of the OP mode should increase with
I (blueshift),” although inhomogeneities can also result in
redshifting.4 In contrast, the clamshell always redshifts with
increasing I. Finally, the OP trajectory is highly asymmetric
with respect to the sample plane. Therefore, the response of
the OP dynamics to out-of-plane tilting of H should depend
on the tilting direction.

A broad large-amplitude spectral feature was previously
seen at high I (Ref. 6) but its frequency relationship with
clamshell or dependence on the direction of H were not es-
tablished. Another feature attributed to the OP mode also did
not exhibit the expected frequency relationship with the
clamshell precession and its amplitude was two orders of
magnitude smaller than expected.” The lack of definite ob-
servations of high-current spectral feature consistent with the
OP mode suggests that simulations may not be adequate for
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the highly excited dynamical states of nanomagnets or that
current-induced effects may not be fully described by the
established ST mechanisms.

In sufficiently large nanopillars, the OP precession can be
suppressed by spin waves with lower frequency than the OP
precession. Additionally, precession can be suppressed by the
effect of ST on the polarizing magnetic layer F,,3"'° which in
the majority of the published spectroscopic measurements
had the same lateral dimensions as F;. Here, we report ob-
servation of the OP mode in devices where the latter effect
was minimized by using an extended F,. We analyzed the
effects of varied direction of H and its magnitude H, and
verified the expected characteristic features of the OP mode.
We also report and discuss the possible mechanisms of the
dynamical asymmetry with respect to reversal of H exhibited
by our devices.

II. FABRICATION AND CHARACTERIZATION

Multilayers with structure Cu(50)Py(20)Cu(5)
Py(5)Au(20), where Py=Nig,Fe,, and thicknesses are in nm,
were deposited on oxidized silicon at room temperature (RT)
by magnetron sputtering at base pressure of 5X 10~ Torr, in
5 mTorr of purified Ar. We patterned F;=Py(5) and about
5-nm-thick part of F,=Py(20) by Ar-ion milling through an
Al mask with dimensions of 100 nm X 50 nm. Oxidation of
magnetic nanopillars can significantly affect their current-
induced behaviors.!' To protect our nanopillars from oxida-
tion, we deposited 30 nm of undoped Si immediately after
nanopillar patterning, without breaking the vacuum, fol-
lowed by deposition of a 200-nm-thick Cu top contact.
Analysis of the temperature dependence of current-induced
behaviors in nanopillars fabricated with our procedure con-
firms its effectiveness in preventing oxidation.!'?

All measurements were performed at RT. The samples
were contacted by coaxial microwave probes connected
through a bias tee to a current source, a lock-in amplifier, and
a spectrum analyzer through a broadband amplifier. H was
rotated in the sample plane by a finite angle ¢ with respect to
the nanopillar easy axis, which is necessary for the spectro-
scopic detection of odd precession harmonics.’ Thadani et
al." as well as the results discussed below show that the
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FIG. 1. dc magnetoelectronic properties of the nanopillar, for
in-plane H rotated in the sample plane by ¢=40° with respect to the
nanopillar easy axis. (a) dV/dI vs H and (b) dV/dI vs I, at the
values of H as labeled in Oersted. Curves are offset for clarity.
Arrows mark the scan direction.

precession coherence is enhanced as ¢ is increased. We per-
formed measurements at ¢=40°, unless specified otherwise,
which is consistent with the majority of the published spec-
troscopic measurements. Positive / flowed upward. The mea-
sured microwave signals were adjusted for the frequency-
dependent gain of the amplifier and losses in the cables and
probes, determined with a calibrated microwave generator
and a power meter. We report results for one of three tested
devices exhibiting similar dynamical features.
Characterization by magnetoresistive (MR) measurements
of device response to H and I [Fig. 1(a)] yielded MR of
0.21 Q, which is one of the largest reported RT values for
metallic nanopillars. The coercivity of 175 Oe was consistent
with monodomain Stoner-Wohlfarth approximation and the
interlayer coupling field of 200 Oe inferred from Fig. 1(a)
was consistent with our estimates for the dipolar field in-
duced by the 5-nm-thick patterned part of the polarizing
layer. Both field and current-induced reversal occurred in a
single well-defined step. The slope in Fig. 1(a) is caused by
the continuous rotation of the free layer, due to the 40° mis-
alignment of H with respect to the nanopillar easy axis. In
our experience, large value of MR and single-step magnetic
reversal consistent with single domain approximation are key
to coherent current-induced precession of magnetic nanopil-
lars. Hysteretic current-induced reversal at small H was re-
placed at H=500 Oe by a peak caused by thermally acti-
vated reversible switching.'* The peak disappeared at
H=550 Oe due to the transition to a dynamical state, as
verified by the spectroscopic measurements described below.

III. MEASUREMENTS

Figure 2 shows the dependence of the measured power
spectral density (PSD) on H. At H=550 Oe and /<5 mA,
the spectra exhibited three harmonically related peaks caused
by the clamshell precession. At />5 mA, a spectral feature
appeared at a frequency close to the second harmonic of the
clamshell, consistent with the expected behavior of the OP
mode. At H>550 Oe, this peak rapidly shifted to higher
frequency. Simultaneously, the high-current part of the peak
split from the lower part and eventually merged with the
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FIG. 2. (Color online) PSD vs frequency f and /, at the labeled
values of H. Inset: clamshell trajectory of the magnetic moment,
with H shown.

clamshell peaks (H=650 and 700 Oe data in Fig. 2).

The amplitude of precession producing these spectro-
scopic features can be determined by comparing the power
emitted by the device to the largest possible power emitted
by a hypothetical oscillation between antiparallel (AP)
and parallel (P) configurations of the magnetic layers,
Poax=P*AR?R;/8(R+R;)*=37.71> pW for our sample,
where [ is in mA. Here, R is the average resistance during
oscillation and R; =50 () is the input impedance of the am-
plifier. This formula was obtained by considering an equiva-
lent electric circuit consisting of a dc current source, oscil-
lating resistance of the sample, and a load resistor
R; =50 Q representing the input of the amplifier. The power
generated by clamshell precession at H=700 Oe and
[=3.5 mA is 137 pW, and by the OP mode at the same H
and /=10 mA is 990 pW. Both values correspond to the
precession angle exceeding 90°.

The high-current features can be caused by the spatially
inhomogeneous dynamics rather than precession but such
dynamical states are unlikely to produce microwave power
approaching P,,,,. Spatially inhomogeneous dynamical states
are also more likely to play a significant role if the nanopillar
is anomalously large, which is inconsistent with one of the
largest values of MR reported for metallic devices. The qual-
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FIG. 3. Clamshell precession spectra acquired at /=4 mA, ¢
=48°, (a) H=600 Oe and (b) H=-600 Oe.

ity of the device can also be characterized by analyzing the
width of the precession peaks, which can be significantly
broadened by the dynamical inhomogeneities.!> The first
harmonic of clamshell precession exhibits the smallest
full width at half maximum (FWHM) of 30 MHz at
H=550 Oe and /=3.5 mA, which is one of the smallest
values reported for nanopillars at RT.

The clamshell peaks decrease in amplitude and broaden
with increasing H, suggesting increasingly spatially inhomo-
geneous dynamics. In contrast, the intensity of the OP peak
at /=10 mA increases from 0.86 pW/MHz at H=550 Oe to
2.5 pW/MHz at 1 kOe while the FWHM increases from 127
to 298 MHz. The spectra are asymmetric with respect to
reversal of H (right panels in Fig. 2). The clamshell peaks are
broader at H<<0 than at H>0, and the OP mode is replaced
by incoherent noise. The data became similar for H=1 and
—1 kOe, exhibiting OP peak for both directions. Only a sub-
set of our devices with extended polarizer exhibited coherent
OP mode similar to the H>0 data in Fig. 2 while the rest of
them, as well as all the devices with a nanopatterned polar-
izer, exhibited only broad spectral features similar to the
H <0 data in Fig. 2. All devices exhibited a significant asym-
metry with respect to the field reversal. Since the effects of
field reversal have not been previously reported by other
groups, we expect the asymmetry to be a common, although
previously unnoticed, characteristic of current-induced dy-
namics. Asymmetry may also signify the inferior quality of
our devices. However, the large MR exhibited by our
samples, small width of the clamshell peaks for H>0, to-
gether with a robust signature of the OP mode, suggest that it
is likely caused by the overall complexity of the current-
induced dynamical states of nanopillars.

The asymmetry of dynamics with respect to the field re-
versal is also apparent for the clamshell precession at low
current in Fig. 2, where the peaks at H<<0 are consistently
broader than at H>0. The mechanism for the broadening
became evident when the angle ¢ was increased to 48°, as
illustrated in Fig. 3 for two spectra acquired at the same / and
opposite directions of field. The amplitude of the spectral
peaks was larger at H=600 Oe than at H=—600 Oe while
their FWHM was significantly smaller. The three precession
harmonics in Fig. 3(a) can be accurately fitted with Lorent-
zians, yielding central frequencies of f;=1.97 GHz,
f>=3.95 GHz, and f3=5.93 GHz consistent with the first,
second, and third harmonic, respectively, of precession
at f=1.975 GHz. Fitting also yields FWHM of
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FIG. 4. Dependence of (a) frequency f and (b) FWHM of the
OP peak on [ for ¢p=48° (squares), ¢=40° (open circles), and ¢
=24° (triangles).

Af=37.7 MHz, Af,=90 MHz, and Af;=199 MHz, and
the total power under the peaks of P;=300 pW,
P,=136 pW, and P;=23 pW. In the macrospin approxima-
tion, the linewidths of the successive harmonics are expected
to be proportional to the harmonic order if the broadening is
dominated by thermal fluctuations of the magnetic moment
transverse to the precessional trajectory, and to the square of
the harmonic order if the broadening is dominated by fluc-
tuations of the precession phase.'® The ratio 1:2.4:5.3 for the
FWHM of the harmonics in Fig. 3(a) indicates that both
contributions are non-negligible, although the former domi-
nates.

For H=-600 Oe, the first harmonic can be accurately
fitted with a Lorentzian with parameters f;=1.97 GHz,
Afi=166 MHz, and P;=129 pW. The second harmonic
at H<O0 exhibits a shoulder and 1is resolved by
Lorentzian fitting into two separate peaks, with
parameters f,=3.95 GHz, f'=4.43 GHz, Af,=238 MHz,
Af'=594 MHz, P,=61 pW, P'=56 pW. The shoulder was
also present in ¢p=40° data but less distinct. The value of Af,
is more than half of Af,, indicating that the first harmonic
may consist of two unresolved peaks. These results suggest
that either an additional dynamical mode was excited simul-
taneously with precession or that the precession of the mag-
netic moment alternates between two different trajectories.
The broadening and the reduced amplitude of the spectral
peaks are direct consequences of the resulting reduction in
precession coherence. The total emitted power is also re-
duced, indicating that the amplitude of the dynamics is sup-
pressed by the additional dynamical state. It is presently un-
clear if this state is also responsible for the asymmetry of the
OP dynamics.

We now focus on the analysis of the origin and properties
of the high-current feature in spectra of Fig. 2. Out-of-plane
precession is not the only possible explanation for this fea-
ture. Current-induced excitation of the polarizing layer F,
can lead to microwave peaks, appearing above the onset cur-
rent determined by the ratio of the volumes of F, and F,.°
However, the effective volume of the extended layer F, in
our samples far exceeds that of F, and thus cannot explain
the onset current that at 550 Oe is only 2.6 times larger than
the onset of the clamshell precession. The nanopillar shape
imperfections can also result in precession around a configu-
ration intermediate between the AP and P states. However,
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FIG. 5. (Color online) PSD for |H|=900 Oe tilted by 45° with
respect to the sample plane, at ¢=40°. Insets are side-view sche-
matics for the orientation of H with respect to the pillars, where
in-plane direction of H>0 is to the right.

this intermediate state would quickly become unstable at in-
creased H, contrary to the persistence of the observed spec-
tral feature at large H in Fig. 2.

Further characterization of the dynamical states was per-
formed by analyzing their response to both in-plane rotation
and tilting of H. In-plane rotation of H affected the width
of the OP peak and the dependence of its frequency on [
(Fig. 4). At ¢=48°, the peak exhibited a blueshift up to
6.5 mA, above which it gradually redshifted. At smaller ¢,
the peak broadened, decreased in intensity, and redshifted.
The correlation between the width of the OP peak and the
dependence of its frequency on [ is consistent with the ef-
fects of spatial magnetic inhomogeneity on precession. Spe-
cifically, the assumption of homogeneous dynamics (mac-
rospin approximation) always entails blueshifting of the OP
peak, which is caused by the increase in the demagnetizing
field when the magnetic moment precesses further away
from the sample plane with increasing /. Spatial inhomoge-
neity of dynamics results in reduced coherence of precession,
leading to spectral broadening. It also causes a decrease in
the total magnetic moment, reducing the demagnetizing field
and thus the precession frequency.

The enhancement of precession coherence with increasing
in-plane field angle with respect to the easy axis has been
reported for clamshell precession in nanopillars by Thadani
et al.'® Their simulations showed that the enhancement is
caused by the increased spatial homogeneity of the dynam-
ics, although an alternative proposed explanation involved
the effects of nonlinear frequency shift present even for ho-
mogeneous precession.!” The coherence enhancement with
increasing out-of-plane field angle has also been reported for
current-induced precession in point contacts.'® We observed
enhancement of the clamshell and OP-mode coherence with
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increasing ¢ for all measured samples, suggesting that this
effect is quite general.

Measurements with H tilted with respect to the sample
plane provided additional information about the nature of the
current-induced dynamical states. Figure 5 illustrates the re-
sults for 45° tilting angles both below and above the sample
plane, at H=900 Oe. The perpendicular component of H
was significantly smaller than the demagnetizing field of
9.4 kOe, resulting in estimated tilting of static m; by only 5°.
A sharp high-current feature associated with the OP mode
appeared for both directions of H tilted above the film plane
[panels (a) and (b)]. The H>0 data, panel (a), exhibit both
the first and the second harmonics of the OP mode, consis-
tent with the more coherent behaviors seen for H>0 in
Fig. 2. In contrast, the high-current data for both directions
of H tilted below the sample plane exhibit only incoherent
low-frequency noise for H>0 and no detectable power for
H < 0. Besides the clamshell peaks, the H>0 data exhibit an
additional feature between 4.5 and 5 mA, whose origin is
presently unclear.

To qualitatively explain the effects of tilting on the OP
mode in Fig. 5, we note that the OP trajectory is determined
by the direction of H relative to the nanopillar easy axis. In
our measurements, H was rotated clockwise with respect to
the nanopillar easy axis, resulting in expected OP precession
orbit located below the plane. In addition, the OP trajectory
tends to oppose the effective field determined by a combina-
tion of H and the demagnetizing field. Tilting H below the
film plane can then favor precession above the plane but not
the OP dynamics below the plane. This qualitative analysis is
supported by the simulations described below.

IV. SIMULATIONS

To clarify the effects of rotation/tilting of H on the OP
dynamics and the mechanism of the asymmetry with respect
to the field reversal, we performed micromagnetic simula-
tions with OOMMF open source software.!® To the best of our
knowledge, even advanced published simulations were not
able to quantitatively reproduce the spectroscopic
measurements.>*?Y Therefore, the goal of our simulations
was set to identify the origins of the observed trends, rather
than quantitatively fit the experiment.

The simulations included the current-induced ST and
Oersted-field effects but neglected thermal fluctuations. To
account for the dipolar field of the partially patterned polar-
izer F,, a field H;=200 Oe was subtracted from the in-plane
component of H. The cell size was 4X4X5 nm® and
the nanopillar dimensions 104X 52X 5 nm?. We performed
several calculations with the «cell size reduced to
2X2X5 nm?, yielding similar results. Standard Py
magnetic and spin-dependent electronic parameters were
used: current polarization p=0.7,2! Py exchange stiffness
A=13X%107% erg/cm,' and the ratio A=1.3 of the ST mag-
nitudes for a small defelction from the AP and the P states,
respectively.”? Saturation magnetization M=750 emu/cm?
of Py was determined by magnetometry of a Py(5) film pre-
pared under the same conditions as the nanopillar. The values
of Gilbert damping parameter in Py nanopillars determined

104408-4



MEASUREMENTS OF OUT-OF-PLANE DYNAMICS INDUCED...

PSD (pW/MHz)
0.04

0.19 0.81

2 4 6 8
f (GHz)

I XRRW "
A S S S NN

AN SN S SN

10 2 4 6 8 10
f (GHz)

;|

VoV
R £
VYV v Y IR
YV VRS TRRRR KRR R KA RN NN
YV VYV Hh A W w W AP YN
YV VYV HAAAS CRRRRRRX KX AR ER R RN
VYV Vbbb CRRRRRRK KKK SRR RRREY
VYYVVHAAA Y e RRRRRR KRR FAF PPN
VYV VH A ceew RRRRXRX XK AR s
\BEREZZEEREED e R RRRRRX XXX KA bbb e
BEEREEERERET | P S S SN KA AR
NNNNNN N NN K e xR RRRXXKKX KWK KK e
P ¥ K= w R RRRKKK K KKK KA YK e
NARR RS>y Vo m XK XRXKKKX K KKK KK et
\\\\\ ¥ ¥ ¥ - XX X X K KIKEK R S
> VI KERR AR A RR R VI kv R RRR®
;;;;;; IR221] CEEREEE N VA e cew R R R RR R
PP TS S IR RN S allR XRXXARNXXX
HAA AT >N 7 IR AR ‘&  EEAEEEEEES
AAAAAA AR A XA EERRR NN ey 4 444400
AAAARTAT XA VY VNN Afp ZA 2 F A 1 AA
AAAAAAAAAA YY VNN r A g AAAAAAAAAS
AAAAAAAAAR H IERE R AAAAAAAALL
AAAAAAAAA YANNNNsa s AAXAAAAAAA
AAAAAAS NNNS > FAAAAAA
AAAAAS NN
AAAA ~

FIG. 6. (Color online) (a) Calculated PSD for H=650 Oe. (b)
same as (a), for H=—650 Oe. (c) instantaneous magnetization dis-
tribution for H=-650 Oe, I=6 mA, captured in the I[-II-III se-
quence with a 100 ps interval, showing the nucleation, propagation,
and annihilation of a vortex; the motion of its core is marked with
yellow dots. The intensity of blue(red) reflects the out-of-plane
component of the magnetization above(below) the plane. Arrow
shows the direction of H.

by different techniques can vary between 0.01 and
0.03.1623-25 We adjusted the value of « in our simulations so
that the simulated precession onset current matched with the
value I-=1.4 mA determined from the step in dV/dI at
H>500 Oe caused by the onset of current-induced
dynamics,'* yielding a=0.03. The value of I~ determined
from the direct spectroscopic measurements is less precise
since the width of the precession peaks diverges near the
precession onset.'® The value of « and consequently /- gen-
erally depends on 7, which was neglected in our simulations.
However, variable-temperature measurements indicate that
this dependence is small for unoxidized Py.!!!>14

The spectra were calculated from the simulated time-
dependent magnetization distribution of the nanopillar. The
calculated time-dependent resistance was R(f)=Ry+AR(7),
where Ry=(Rp+Rxp)/2 and AR(1)=(Rp—Rxp){s1-S2)/2.
Here, s,(7),s,(7) are the local normalized magnetizations of
F, and F,, and () denotes averaging over the simulation
grid. The ac voltage on the input of the amplifier
V(t):%{fs%% was calculated by assuming that a constant
current / was split between a R; =50 () load and a resistor
R(7) representing the sample. Fast Fourier transform (FFT) of
V(r) over a period of T=16.4 ns with a 1 ps step was per-
formed after relaxation for 10 ns. The power spectral density
was determined by PSD(f)=2V?(f)/(50 QAf), where
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FIG. 7. Simulated frequency of the OP peak vs I for ¢=48°
(triangles), #=40° (open circles), and ¢$=24° (crosses), at H
=650 Oe.

Af=1/T, and a factor of 2 accounts for the negative-f con-
tribution to the FFT.

The calculations of the effects of field rotation and tilting
captured the key features of our measurements, as described
below. However, the asymmetry of the spectra could not be
reproduced for elliptical nanopillars with any reasonable val-
ues of the magnetic parameters, distribution of current
through the nanopillar cross section, or Oersted field of the
current through the pillar and the leads. Rather, the asymme-
try appeared in simulations once the defects of the sample
shape were introduced simultaneously with the Oersted field
of the current.

SEM imaging of our nanopillars shows that local edge
roughness is the most likely type of shape defects. However,
the overall consequences of defects can be also analyzed by

PSD (pW/MHz)
[ -]
0.01 0.04 0.19 0.81 3.50
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FIG. 8. (Color online) Simulated PSD for |H|=900 Oe tilted by
45° with respect to the sample plane, at ¢=40°. Insets are side-view
schematics for the orientation of H with respect to the pillars.
H>0 is directed to the right.
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introducing smooth shape distortions. Here, we describe
simulations for a nanopillar approximated by two semiel-
lipses with minor semiaxes of 34 and 18 nm, and a common
major axis of 104 nm. Coherent OP precession was obtained
at H>0 [Fig. 6(a)] but was suppressed at H<0 [Fig. 6(b)].
Instead of the OP mode, the dynamics involved segments of
clamshell precession with a significantly spatially inhomoge-
neous magnetic configuration, which were terminated by the
entrance and propagation through the nanopillar of dynami-
cal vortices. This dynamical state lacked periodicity, result-
ing in a broad spectral feature similar to that in our
H=-600 Oe and H=-650 Oe data in Fig. 2, and the broad
high-current spectroscopic features seen by others.

Vortex nucleation caused by local crystalline anisotropy
was also suggested' as a mechanism for the observed spec-
tral broadening in cobalt.> In our simulations with the se-
lected nanopillar shape asymmetry, the vortices usually
nucleated at the right upper edge of the nanopillar, and anni-
hilated at the lower left edge [Fig. 6(c)]. The chirality of the
vortices coincided with the direction of the Oersted field,
indicating that the asymmetry of spectra is caused by the
enhancement or suppression of vortex nucleation due to the
interplay of sample geometry and the effect of Oersted field.

Simulations were also performed for different orientations
of H. At small angle between the in-plane H and the nano-
pillar easy axis, the OP mode involved significant dynamical
inhomogeneity of the magnetic distribution, resulting in the
redshift of precession frequency with increasing I, as illus-
trated with crosses for ¢=24° in Fig. 7. Rotation of H in the
film plane away from the nanopillar easy axis resulted in a
more homogeneous magnetic configuration and a blueshift of
the OP mode over an increasing range of I, as shown in
Fig. 7 for ¢=40° (circles) and ¢p=48° (triangles). These re-
sults are consistent with our analysis of data in Fig. 4.

Simulations with H tilted above the sample plane yielded
OP precession below the plane both for H>0 [Fig. 8(a)] and
H<O0 [Fig. 8(b)]. For H>0, the precession resulted in a
broad spectral feature due to the dynamical inhomogeneities.
However, the evolution of the magnetic configuration with
time was consistent with a robust OP mode. The OP preces-
sion at H<<0 became possible because the vortex nucleation
was suppressed by tilted H. Further analysis is needed to
better understand the mechanisms of this suppression.

With H tilted below the plane, the simulations showed
suppressed OP precession both at H>0 and H <0 [Figs. 8(c)
and 8(d)]. The broad spectral features at H>0 were caused
by complex inhomogeneous dynamics including multiple
vortices nucleating and propagating through the nanopillar.
For H<O0, the simulated dynamics were completely sup-
pressed at />4 mA. These simulated effects of field tilting
are in excellent agreement with the data of Fig. 5.

V. SUMMARY

We have performed spectroscopic measurements of mag-
netic dynamics in magnetic nanopillars with an extended po-
larizing magnetic layer. Our measurements yielded a high-
current spectral feature whose dependence on the direction of
field H is consistent with the OP precession mode. We veri-
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fied the key properties of the OP precession: (i) its frequency
is approximately twice the frequency of the clamshell pre-
cession near the crossover, (ii) rotation of the magnetic field
in the film plane away from the nanopillar easy axis results
in narrowing of the precession peak and simultaneously in-
creasing blueshift of the OP mode, and (iii) tilting the mag-
netic field below the sample plane, in the direction of the OP
orbit, results in suppression of this mode.

The dynamics exhibited a significant asymmetry with re-
spect to reversal of H. Simulations suggest that the asymme-
try is caused by the combined effects of the sample shape
imperfections and Oersted field of the current, resulting in
vortex nucleation only for one direction of the field. We
modeled the imperfections of the nanopillar by an asymmet-
ric semielliptical shape, resulting in general agreement be-
tween the simulation results and our measurements.

Simulations could not reproduce several features of the
data. First, the simulated OP peak did not exhibit the rapid
shift and splitting with increasing H seen in data. Second,
despite a significant asymmetry of the calculated spectra,
simulations did not reproduce the region at />5 mA, where
a sharp OP peak was present for H=500 Oe but no dynami-
cal features appeared at H=-550 Oe. The simulations also
indicated that the OP mode should exhibit multiple spectral
harmonics while only one or two harmonics could be seen in
data, regardless of the large amplitude of precession estab-
lished from the analysis of the emitted microwave power.
These features suggest that the complex magnetic dynamics
of the nanopillar is in subtle ways affected by its properties
such as details of the shape, local anisotropy variations, in-
terface roughness, and current distribution. It is also possible
that the micromagnetic simulations do not adequately de-
scribe highly excited states of nanomagnets subjected to
large spin torques.

Our results show that spatially inhomogeneous dynamics
and vortices play a more significant role than was previously
assumed. The Oersted field of the current favors the forma-
tion of vortices but their static configuration is not stable in
our nanopillars even at large currents.?® However, dynamical
nucleation of vortices and their propagation through nanopil-
lar over subnanosecond time scale becomes possible due to
shape defects providing the nucleation sites. Our spectro-
scopic data also correlate with time-resolved measurements
of current-induced dynamics,?” which showed that suffi-
ciently large (110 nmX 150 nm) nanopillars reverse
through intermediate vortex states. Our results suggest that
even for smaller nanopillars, the reversal path may be deter-
mined by a combination of detailed shape, values of current
and its distribution. It is possible that precise shape engineer-
ing in magnetic nanodevices may facilitate fast nanopillar
switching through dynamical vortex formation, without com-
promising their stability in the absence of current.
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