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Effect of polarizer dynamics on current-induced behaviors in magnetic nanopillars
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Magnetoelectronic nanodevices such as magnetic random access memory include two essential magnetic
layers: a polarizing reference layer and a free layer whose configuration can be changed by spin-polarized
current via spin-transfer effect. We present measurements of current-induced behaviors in nanodevices with
fixed dimensions of the free layer, and varied dimensions of the polarizer. Current-induced precession occurs
only at positive current for sufficiently thick polarizer, and only at negative current for thin polarizer, with an
abrupt transition between these regimes. Bipolar current-induced precession was observed for a small range of
extended polarizer thickness but the amplitude of precession in these devices is reduced. These behaviors are
interpreted in terms of the coupling between magnetic layers caused by spin transfer. We suggest a device
architecture utilizing the coupling for improved efficiency.
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I. INTRODUCTION

In magnetic random access memory, information is en-
coded by the magnetic configuration of a nanoscale “free”
magnetic layer. Reading the bit amounts to detecting the
magnetic configuration of the free layer, which is performed
via giant or tunneling magnetoresistance. Writing is per-
formed by applying current /, which switches the magnetic
moment due to the spin-transfer torque effect (STT).! Al-
though large magnetoresistance has been achieved in MgO
tunnel junctions,” further development of magnetic memory
has been impeded by the limitations of the writing process.

When nanomagnetic devices are subjected to a magnetic
field H sufficient to destabilize all but one magnetic configu-
ration, spin transfer causes precession of the free layer. The
resulting oscillations of voltage across the device can be used
for generation of microwaves with frequency tunable either
by field or current, which can potentially find application in
magnetic memory devices.? Precession at modest currents of
less than 1 mA can be achieved by using sufficiently small/
thin nanomagnets but their thermal fluctuations result in sig-
nificant microwave linewidth broadening.* On the other
hand, increasing the volume of nanomagnet results in an in-
crease in power required for device operation.

Fast switching or precession at acceptably small input
power will likely be achieved by utilizing advanced device
architectures that optimize the efficiency of STT without
compromising other aspects of performance. In this paper,
we reexamine the role of the “fixed” reference magnetic
layer utilized primarily to spin polarize the current. We pro-
pose a device architecture in which the efficiency of STT is
enhanced by optimizing reference-layer geometry.

The effect of spin-polarized current on the free layer is
described by the spin-transfer torque,’

Tp=1lgpsy X (sp X sg)/e, (1)

where sp(sg) is a unit vector parallel to the magnetization of
the free layer (reference layer), positive current is defined to
flow from the reference layer to the free layer, and the coef-
ficient g5 is determined mostly by the polarizing properties
of the reference layer and the angle between sy and sg. The
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function g is positive in common magnetic structures con-
sisting of Permalloy(Py)=Nig,Fe,, or CoFe magnetic layers
separated by most metallic or insulating spacers. At positive
current, the torque Eq. (1) causes a repulsion of sy from s,
resulting in its switching into antiparallel configuration at
small H or precession at sufficiently large H.

The reference layer also experiences a STT
Tr=—TIgrSp(Sg X sp)/e of magnitude similar to 7. In the
most commonly used device geometry, this layer is made
much thicker than the free layer to minimize the effects of
STT. However, in practical implementations of magnetic
memory devices, the reference layer will likely have similar
dimensions to the free layer and its magnetic configuration
will be determined by exchange biasing with an additional
antiferromagnetic layer. In this geometry, the effects of STT
on the reference layer are not always negligible.’ We note
that simultaneous effects of STT on two magnetic systems
are not necessarily detrimental to current-induced behaviors.
For instance, two magnetic point contacts located in proxim-
ity to each other can experience phase-locked precession in-
duced by STT, resulting in narrowing of their microwave
emission lines.%’

In Sec. II, we present measurements exploring the effects
of STT on the reference layer. We show that thickness and
lateral dimensions of the reference layer have a significant
effect on current-induced behaviors of nanomagnetic de-
vices. All devices included Py reference layer and free layer.
The free layer was patterned into elliptical nanopillar shape
of thickness =5 nm so that any differences among the de-
vice behaviors can be attributed to the different reference-
layer geometries. We discuss three devices P8, P5, and P2
with reference layer of thicknesses 73=8, 5, and 2 nm, re-
spectively, patterned into the same dimensions as the free
layer. We also studied devices E4, E3, and E2 with
reference-layer thicknesses fp=4, 3, and 2 nm, and lateral
dimensions of several micrometers. We shall see below that
devices with both geometries of reference layer exhibit the
same overall dependence on 7; while the difference between
their behaviors provides additional information about the ori-
gin of the observed spectroscopic features.

In Sec. III, we model the effects of reference-layer dimen-
sions on current-induced behaviors and show that they are
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FIG. 1. (Color online) Data for devices with a patterned reference layer: P8 [(a), (d), and (g)], P5 [(b), (e), and (h)], and P2 [(c), (f), and
(i)]. (a)=(c) dV/dI vs I at the labeled values of H. Curves are offset for clarity. (d)—(f) PSD at H=750 Oe, H=700 Oe, and H=450 Oe,
respectively. (g)—(i) cross sections of (d)—(f), at the labeled values of I. The peaks are harmonically related.

caused by coupling between the layers induced by STT. We
propose a device architecture utilizing this coupling to en-
hance the efficiency of spin transfer for microwave genera-
tion.

II. EXPERIMENTS

Multilayers Cu(50)Py(tg)Cu(8)Py(5)Au(20), where Py
=NigyFe,, and thicknesses are in nm, were deposited on oxi-
dized silicon at 40 °C by magnetron sputtering at base pres-
sure of 5% 107 Torr, in 5 mTorr of purified Ar. The multi-
layers were patterned by Ar ion milling through an
evaporated Al mask with dimensions of 100 nm X 50 nm.
The milling was stopped in the middle of the Cu(8) spacer
for devices with extended reference layer, and just below the
bottom Py for devices with nanopatterned reference layer.
We subsequently sputtered 30 nm of undoped Si without
breaking the vacuum to electrically isolate the sample leads
while avoiding device oxidation.? The mask was removed by
a combination of ion milling with Ar beam nearly parallel to
the sample surface, and 20 s etching in 1:10:1000 solution of

HNO;:HF:H,0, followed by sputtering of a 200-nm-thick
Cu top contact.

The samples were contacted by microcoaxial probes,
which were connected through a bias tee to a current source,
a lock-in amplifier, and a spectrum analyzer through a 26 dB
gain broadband amplifier. Differential resistance dV/dI was
measured by superimposing an ac current of rms amplitude
20 uA on the dc current, with lock-in detection of the volt-
age. All measurements were performed at room temperature.
The frequency-dependent gain of the amplifier, microwave
losses in the cables, probes, and the sample leads were de-
termined with a calibrated microwave generator and a power
meter. The measured microwave signals were corrected for
these gains/losses after subtracting the background deter-
mined from the spectra at /=0. The in-plane field H was
rotated by 40° with respect to the nanopillar easy axis, unless
specified otherwise.

The results for devices with nanopattered reference layer
are summarized in Fig. 1. At small H in devices with refer-
ence layer much thicker than the free layer, negative current
orients the free layer into the low-resistance parallel configu-
ration with respect to the reference layer, and positive current
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orients the free layer into the high-resistance antiparallel con-
figuration. Devices P8 and PS5 exhibited such switching
characteristics [Figs. 1(a) and 1(b)]. In device P2, the
switching occurred between antiparallel configuration at
negative current and parallel configuration at positive current
[Fig. 1(c)], indicating that the reference layer rather than the
free layer was reversed by STT. Switching in all three de-
vices is consistent with the stronger effects of STT on the
smaller magnetic layer, resulting in its reversal before the
effects of STT on the other layer become sufficient to cause
its reversal. For PS5, the switching of the free layer can be
explained by the conical nanopillar shape obtained with our
nanopatterning procedure, resulting in slightly larger lateral
dimensions of the reference layer.

At larger H, switching was replaced by more gradual in-
creases in dV/dI, which appeared for both polarities of cur-
rent [Figs. 1(a)-1(c)]. In devices with reference layer much
thicker than the free layer, such increases observed only at
positive current are caused by the precession of the latter.?
By extension, one can expect that the increases in dV/dI in
our devices are caused by precession of the free layer at
positive current and precession of the reference layer at
negative current.” Indeed, spectroscopic measurements re-
veal bipolar excitations in all three devices [Figs. 1(d)-1(f)].
However, precession peaks appeared only at positive current
in P8 and P35, and only at negative current in P2. Current in
the opposite direction produced only broad 1/f noise [insets
of Figs. 1(g) and 1(i)]. We attribute this noise to random
thermal switching between the parallel and antiparallel mag-
netic configurations of the bilayer,!? although its intensity is
too small for unambiguous Lorentzian fitting. We shall see
below that this noise is not present in devices with extended
reference layer, consistently with the expected behaviors for
a film exhibiting only a single stable magnetic configuration.

The emergence of the 1/f noise at positive current with
reducing reference-layer thickness was correlated with an in-
creased width of the precession peaks. The full width at half
maximum (FWHM) of the first harmonic increased from the
smallest value of 61 MHz at /=3.5 mA for P8, to 357 MHz
at /=4 mA for sample P5 [Figs. 1(g) and 1(h)]. Precession
peaks at positive current disappeared for P2 but the preces-
sion peaks that emerged at negative current exhibited the
smallest FWHM of 117 MHz at I=—2 mA, smaller than for
PS5 at any current.

Broadening of the precession peaks is consistent with the
increase in the 1/f background attributed to thermal tele-
graph noise. Expressing the power spectral density (PSD) of
random telegraph noise through the average dwell times 7p
and 7,p in parallel and antiparallel configurations,'!

(TPTAP)Z f?

(7p+ TAP)3f§+4772f2’

S(f) = 4AV? (2)

where AV is the telegraph noise amplitude and fL.=T;,1+TZ},
is the corner frequency. Assuming f> f. in the microwave
frequency range, Eq. (2) gives power spectral density in-
versely proportional to the characteristic dwell times of the
telegraph noise. On the other hand, 7p sets the upper limit for
the coherence time of precession, which determines the pre-
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cession peak width. Therefore, the increase in 1/f noise si-
multaneously with broadening of the precession peaks is
consistent with the effects of increasing telegraph noise rate.

The increase in the 1/f noise and the broadening of the
precession peaks obscure another effect caused by the varia-
tions in the reference-layer thickness. Inspection of the spec-
troscopic data shows that precession of the free layer is sup-
pressed in device P2 and precession of the reference layer is
suppressed in device P8. In particular, the negative current
data for P8 can be fitted with only a 1/f dependence [inset of
Fig. 1(g)]. The positive current data for sample P2 [inset of
Fig. 1(i) for I=6 mA] show a small peak with FWHM of 1.3
GHz centered at 3.1 GHz superimposed on the 1/f noise.
However, the integrated power under this peak of 32 pW is
only 8% of the total microwave power emitted by the device
between 1 and 13.5 GHz.

Another signature of dynamics suppression can be seen in
the increased dynamics onset currents determined either
from the differential resistance or the spectroscopic data. The
onset of precession or thermal switching causes a step or a
peak in dV/dI.'"> From the dV/dI data in Figs. 1(a)-1(c),
the onset of the free layer dynamics for P8 and PS5 is
I:=0.9 mA, and 3 mA for P2. The onset of reference-layer
dynamics is at I,=—0.4 mA for P2, and -2 mA for P5 and
P8. The dramatic increase in [ in P2, and of I in P5 and
PS8 is correlated with the suppression of precession peaks in
spectroscopic measurements. Similar results are obtained
from the analysis of spectroscopic data, as discussed below.

Extended magnetic films usually exhibit a single stable
configuration. Consequently, our devices with extended layer
more clearly show the suppression of precession not ob-
scured by the 1/f noise. Figure 2 summarizes the results for
these devices. At small field, the differential resistance for
devices E4 and E3 showed the usual current-induced rever-
sal of the free layer similar to other devices with thick ref-
erence layer [panels (a) and (b) in Fig. 2]. An extended ref-
erence layer cannot be reversed by STT that affects only the
area of the point contact. Consequently, the switching behav-
iors did not reverse for a thin extended reference layer.
Rather, current-induced switching did not occur in this de-
vice [panel (c)].

Spectroscopic results for positive current were similar to
the devices with patterned reference layer. The FWHM of the
precession peaks and the low-frequency background in-
creased with decreasing t [panels (d) and (e)]. The preces-
sion peaks disappeared in E2 [panel (f)]. No dynamics were
detected spectroscopically in E4 at negative current [panel
(d)], and there were also no steps in the high-field dV/dI
curves [400 Oe data in panel (a)]. In contrast, devices E3 and
E?2 exhibited precession peaks at negative current that were
significantly narrower than for nanopatterned layers [panels
(h) and (i)] but consistent with point contacts on extended
magnetic layers.'3

Summarizing the results for both types of devices, preces-
sion at negative current was suppressed for large 7z and pre-
cession at positive current was suppressed for small 7.
Among the data presented in Figs. 1 and 2 for six samples,
only the device E3 exhibited clear bipolar precession. How-
ever, further analysis of spectroscopic data showed that pre-
cession of both layers was partly suppressed in E3. To quan-
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titatively characterize the amplitude of the magnetic
dynamics, we integrated the microwave power emitted by
the devices between 1 and 13.5 GHz, and normalized it by
the largest possible power emitted by a hypothetical oscilla-
tion between antiparallel and parallel configurations of the
magnetic layers, P, ..=I*AR’R;/8(R+R;)*>. Here, R is the
time average of resistance and R; =50 () is the input imped-
ance of the microwave amplifier. This formula was obtained
by considering an equivalent circuit consisting of resistors
R<R; connected in parallel to a source of dc current.

Two distinct spectroscopic features contribute to the mi-
crowave power emitted by the devices. The first feature is
the 1/f noise that we attribute to random telegraph switch-
ing. The total power generated by the telegraph noise is de-
pendent on its corner frequency, due to the low-frequency
cutoff. The second contribution comes from the spectro-
scopic peaks and characterizes the precession amplitude. Ide-
ally, these two contributions must be separately analyzed to
quantitatively characterize the magnetic dynamics. In prac-
tice, the power is usually dominated by the precession when-
ever the precession peaks are clearly distinguishable, and it
becomes impossible to separate the broad precession peaks
from the 1/f noise when the latter dominates, for example, at
I>35 mA in Fig. 1(d) for P8 or at /<-2.5 mA in Fig. 1(f)
for P2. Therefore, we only analyze the total emitted power
and separately comment on the two distinct contributions to
it.

The integrated power emitted by both types of devices
followed two distinct trends. Power exceeding 0.4P, ., was
attained at positive current in devices P8 and E4, and at
negative current in devices P2 and E2, reaching 0.94P ,, in
P2 at I=-2.5 mA (Fig. 3). In contrast, the power emitted at
negative current in devices P8 and E4, and at positive cur-
rent in device E2 never exceeded 0.2P,,,,. The largest power
emitted by P2 at positive current was 0.3P,,, at 6.5 mA.
However, it was produced entirely by the 1/f noise [inset of
Fig. 1(i)]. The relative power P/P,, emitted by P5 was
nearly identical to that of P8, consistent with the similarity
of their dynamical properties. For E3, the amplitude of the
peaks at negative current is the largest among all the devices
with extended reference layer but the emitted power does not
exceed 0.07P,,,, due to the small linewidth. Meanwhile, the
relative power emitted by this device at positive current is
nearly identical to P2 and does not exceed 0.17P .

The variations in the dynamical onset currents determined
from the microwave power data in Fig. 3 are correlated with
the suppression of precession. In devices with patterned po-
larizer, the onset currents are —0.9 and 3.5 mA for P2, -2.5
and 1.5 mA for P3, and -3.5 and 1.5 mA for P8. These
values are consistent with the positions of the differential
resistance steps discussed above [Figs. 1(a)-1(c)]. The dra-
matic increase in the positive dynamics onset current in P2
and negative onset current in P5 and P8 are correlated with
suppression of precession peaks. A similar correlation is ap-
parent in the microwave power data for devices with ex-
tended polarizer [Fig. 3(b)].

The total emitted power sets an upper limit for the ampli-
tude of the precession. Therefore, the data for both types of
devices in Fig. 3 unambiguously demonstrate suppression of
free-layer precession in devices with thin reference layers,
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and suppression of thick reference-layer precession. The
transition from precession of the free layer at positive current
to precession of the reference layer at negative current occurs
at tp=1r=5 nm in devices with a patterned reference layer.
For devices with extended reference layer, the transition oc-
curs at a smaller fz=3 nm. In both types of devices, the
critical value of 7z appears to be related to the effective mag-
netic precession volume. For point contacts, the effective
precessing area likely extends beyond the physical contact
dimensions so that the geometry of E3 can be considered
approximately symmetric with respect to the precessing vol-
umes of the magnetic layers.

The geometry and characteristics of precession in point
contacts can depend on experimental parameters such as the
value of current, as well as the direction and magnitude of
field. In particular, theoretical analysis shows that a transition
between a propagating cylindrical spin wave and a self-
localized spin-wave bullet can occur when the magnetic field
is rotated with respect to the sample plane.'* One may there-
fore expect that the resulting variations in the effective pre-
cession volume will cause suppression of precession at posi-
tive or at negative current in the same device.

We were able to observe such behaviors in device E2 by
rotating H in the film plane by 55° with respect to the nano-
pillar easy axis (Fig. 4). For H=200 and 400 Oe, the preces-
sion peaks appeared at negative current but precession at
positive current was suppressed. In particular, the microwave
power emitted between 1 and 13.5 GHz at /=-5 mA was
130 and 95 pW for these values of field while the power
emitted at 5 mA was 65 and 55 pW, respectively. For
H=600 Oe and H=800 Oe, precession peaks appeared at
positive current but were suppressed at negative current. The
microwave power emitted at —5 mA was 65 and 45 pW
while the power emitted at /=5 mA was 95 and 62 pW,
respectively.

The dynamics were also somewhat asymmetric with re-
spect to reversal of magnetic field, which is likely caused by
a combination of the Oersted field produced by the current
and device shape imperfections.'> At negative fields, preces-
sion peaks appeared at negative current but precession was
suppressed at positive current (right panels in Fig. 4). In
particular, the microwave power emitted at =5 mA was 119,
176, 121, and 73 pW for H=-200, —400, —600, and
—800 Oe, respectively. Meanwhile, the power emitted at 5
mA was only 58, 54, 45, and 44 pW for the same values of
field.

We also identified a possible correlation between the fre-
quencies at which precession peaks broaden/disappear for
one polarity of current and appear for another polarity, as
illustrated in Fig. 5 for E2 at H=600 Oe. Dashed line in
panel (a) shows that broadening of the fundamental har-
monic at negative current occurred at the same frequency as
the onset of precession at positive current. The total micro-
wave power in the first harmonic at negative current simi-
larly rapidly decreased below the measurement noise floor,
as its frequency approached the onset of precession at posi-
tive current [panel (b)].

Similar correlations are apparent in Figs. 2 and 4. In Fig.
2(e), broadening of the precession peak at negative current
does not occur up to the largest measured /=—8 mA. How-
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FIG. 2. (Color online) Data for devices with extended reference layer: E4 [(a), (d), and (g)], E3 [(b), (¢), and (h)], and E2 [(c), (f), and
(i)]. (@)—(c) dV/dI vs I at the labeled values of H. Curves are offset for clarity. (d)—(f) PSD at H=400 Oe. (g)—(i) cross sections of (d)—(f),

at the labeled values of 1. The peaks are harmonically related.

ever, the precession frequency f=4.3 GHz at this current is
larger than the precession onset frequency f=3.9 GHz at
positive current. In Fig. 2(f), abrupt broadening and reduc-
tion in precession peak occurs at /=-5.7 mA. The preces-
sion frequency of f=3.7 GHz at this current is correlated
with a small broad peak apparent at /=5.5 mA. In Fig. 4 at
H=200 Oe, the precession onset frequency f=4.1 GHz at
I=-3 mA is correlated with the suppression of precession at
I=5.7 mA. In this case, the precession frequency at positive
current is larger than the onset at negative current. The cor-
relation is more difficult to identify in other data for devices
with extended reference layer due to the strong suppression
of precession for one of the current polarities. In devices
with patterned reference layer (Fig. 1), the dynamical prop-
erties of both layers are similar, making it impossible to ob-
serve the correlation.

III. MODELS

Our measurements established a correlation between the
precession of reference layer at negative current and preces-
sion of the free layer at positive current, and demonstrated
the dependence of the precession amplitudes on reference-
layer dimensions. A theoretical treatment of these behaviors

must simultaneously account for the dynamics of both layers.
The two layers in our devices exhibit similar spin-polarizing
properties and thus also experience a similar magnitude of
STT. According to Eq. (1), positive current results in repul-
sion of s from s, due to STT. Conversely, sp is attracted to
sp. We are not aware of any other physical system exhibiting
this type of interaction between two elements, in apparent
violation of Newton’s third law. However, one can show that
the underlying angular momentum conservation law is satis-
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. Poo ik x £
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FIG. 3. Total microwave power emitted at 1-13.5 GHz normal-
ized by the largest possible emitted power P, calculated as de-
scribed in the text. (a) P2 (squares), P5 (crosses), and P8 (tri-
angles). (b) E2 (squares), E3 (crosses), and E4 (triangles).

144411-5



URAZHDIN, LIM, AND HIGGINS

fied due to the spin relaxation in the magnetic layers and the
leads.

The dynamical states of two magnetic moments influ-
enced by STT can be analyzed by simultaneously solving the
Landau-Lifshits-Slonczewski equations describing the mag-
netic dynamics in the presence of STT [Eq. (1)],11¢

Igrr

SF,R = SF,R X 'y(HE - CYSF’R X He) + Sp X Sg|> (3)

€OF R

where vy is the gyromagnetic ratio, H,(sy,sg) is the effective
magnetic field that includes the external field H, the demag-
netizing field, and the dipolar coupling field, and « is the
damping parameter. Equation (3) was solved analytically by
one of us (S.U.) in the approximation of small-angle preces-
sion and negligible demagnetizing and dipolar effects.'® This
approximation implies the same precession frequency for
both layers. The stationary nonstatic solution of Eq. (3) in-
volves simultaneous correlated precession of the reference
layer and the free layer with relative amplitudes determined
by the inverse ratio of their total spins S and Sr. The onset
current for the coupled precession is

I.=1./(1 = KgrSF/grSr). (4)

where [, is the onset current for precession of the free layer
if the dynamics of the reference layer is negligible (e.g., if it
is very thick), and K is a parameter of order one determined
by the magnetic properties of the layers. For similar mag-
netic and polarizing properties of reference layer and free
layer, gr=gr and K=1, yielding I.=I./(1-Sg/Sg). The
value of I.=1 for Sp> Sy is consistent with negligible ef-
fects of STT on the reference layer; it increases with decreas-
ing S/ Sy and diverges at Sp=Sg. For Sp> S, the sign of I~
is reversed, in remarkable agreement with the observed sup-
pression of precession at positive current, and its appearance
at negative current. Analysis of stable static configurations
shows that STT also enhances the stability of the antiparallel
configuration at /<</.. The broad-spectrum background for
nanopatterned layers is consistent with thermal activation be-
tween the parallel state and the antiparallel state stabilized by
STT.

One can define an effective volume of extended reference
layer by the area somewhat larger than the point contact that
experiences significant dynamics due to STT. Assuming that
effectively Sp=Sy for the device E3, all the dependences of
current-induced behaviors on 5 in Fig. 2 are consistent with
the above analysis and Eq. (4). However, the onset preces-
sion frequency of extended reference layer is 2 GHz higher
than the frequency of a nanopatterned free layer (see Fig. 2),
violating the central assumptions of the model. The higher
precession frequency of the reference layer is likely caused
by the exchange interaction between the point-contact area
and the extended film. The model may also not be applicable
to devices with nanopatterned reference layer because the
neglected demagnetizing and dipolar fields have significant
effects on the dynamical properties of the layers. Below, we
analyze the implications of different dynamical properties of
the two layers and describe numerical simulations that in-
clude the effects of demagnetizing and dipolar fields.
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FIG. 4. (Color online) PSD vs I for sample E2 acquired at the
labeled values of H rotated by 55° with respect to the nanopillar
easy axis.

A. Analytic model

We consider a small-angle approximation for the dynam-
ics of macrospins representing the magnetic moments of ref-
erence and free layers. For devices with extended reference
layer, the point-contact area of this layer is approximately
treated as a macrospin experiencing an additional effective
field due to the exchange coupling to the extended film. Lin-
earizing the Landau-Lifshits-Gilbert-Slonczewski equation
[Eq. (3)] around the equilibrium orientation, which with no
loss of generality can be chosen along the z axis, we obtain

de,F
dt

= in,FfR,F - FR,FgR,F - [kR,F(§R -&p). Q)

Here, &g = Sgy py+ISgy.Fy are complex coordinates represent-
ing the projections of the macrospins on the xy plane. The
first term on the right describes precession around the mag-
netic field, the second term describes relaxation, and the third
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FIG. 5. (Color online) (a) PSD for E2 at H=600 Oe, rotated by
55° with respect to the nanopillar easy axis. (b) Integrated power P,
in the first precession harmonic vs its peak frequency f; at negative
current (solid symbols) and positive current (open symbols). Hori-
zontal bars show FWHM. Arrow on top shows the direction of
increasing |1.

term describes interaction between s, and s due to STT. The
coefficients wg r depend on &g r due to the demagnetizing
fields of nanomagnets. By rescaling sg,, Spy» Sgy» Spy, and ¢,
this dependence can be transferred to I'; - and kg z. Assum-
ing that the precession term is dominant, these coefficients
can be replaced with their averages over the precession
cycle. Within these approximations, Eq. (5) with constant
coefficients can be used to analyze the small-amplitude dy-
namics of the bilayer. We note that the STT term in Eq. (5)
acquired an explicit form of attraction/repulsion of the points
&r and &p representing the magnetic moments of the two
layers.

Assume that &g  precess at a common angular frequency
o, with a precession phase offset ¢, &=Age’, and
Ep=Ape’*%_ Equation (5) then reduces to two complex al-
gebraic relations,

iw=iwgp—Tgp+ Tkg 1 - (re'®*1] (6)

for the unknowns w, ¢, r=Ay/Ag, and I. The value of [
determined from these relations corresponds to the onset
of the current-induced precession. Assuming for simplicity
I'k=I's and subtracting the two equations, we obtain
cos ¢p=(kp+kp)/(kgr+kp/r) from the real part and
sin ¢=(wgp—wp)/(Ikp/r—Ikgr) from the imaginary part.
For positive current, the dynamics of the free layer may
be expected to dominate so that »>1. In this case,
cos ¢p=(kg+kp)/kgr<l1, and therefore sin g~-1 for
wR> wp, giving r=(wg—wg)/Ikg. From Eq. (6), o= wy and
I=T/kp. Stability analysis can be performed by assuming
small deviations Ar and A ¢ of the respective variables from
the stationary values determined above, and inserting them
into Eq. (5). The spectrum of the resulting linear differential
system lies entirely in the left half of the complex plane,
confirming the stability of this dynamical state.

From the expressions for » and I above, one can see that
the condition r>1 is satisfied for similar kp and kp only if
|wg—wgp|>T, i.e., when the dynamical properties of the mag-
netic layers are sufficiently different. For |wg—wp| =T, the
dynamics must instead involve precession of both layers
with similar amplitudes, consistent with the published
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results.'® Analysis similar to that given above also yields a
stable dynamical state with r<<1 at negative current, as long
as wy and wy are sufficiently different. In contrast, assuming
r<<1 at positive current or r> 1 at negative current, we ob-
tain a dynamical state which is not stable with respect to
small perturbations of r and ¢.

To summarize our analysis, the small-amplitude dynami-
cal state of the bilayer depends on the dynamical properties
of each layer. If the precession frequencies of the two layers
are sufficiently close, both layers precess simultaneously at
an onset current determined by the ratio of their magnetic
moments. For different precession frequencies, precession of
predominantly free layer is induced at positive current and
precession of predominantly reference layer is induced at
negative current, regardless of the relation between their
magnetic moments. Our analysis thus supports the possibility
of bipolar precession seen in “symmetric” device E3 and in
some regimes in E2.

The rapid suppression of precession in “asymmetric” de-
vice E4 and in some regimes in E2, indicates that the dy-
namical coupling of the two layers is more robust than would
be anticipated based on the different precession frequencies
of the extended and the nanopatterned layers. We note that
small-angle macrospin precession frequency f~8 GHz for
the free layer at H=600 Oe can be calculated using Kittel
formula by using the magnetization M=700 G for Py. The
lower onset frequency of =4 GHz in our data, as well as
reduction in the precession frequency with increasing current
is a nonlinear effect due to the growth of the oscillation
amplitude.!” Thus, free layer can behave as a nonlinear os-
cillator whose frequency can tune into resonance with the
reference layer, suppressing precession of the latter. A similar
argument can be used to explain the suppression of preces-
sion of the free layer by the dynamics of the reference layer.
In the latter case, the frequency of precession of the refer-
ence layer can also vary with the precessing area of the ex-
tended film in the vicinity of the point contact.

B. Numeric calculations

The analysis described above was performed in the ap-
proximation of small-angle precession, neglecting the dipolar
coupling between magnetic layers. To determine whether the
dynamical coupling between ferromagnets induced by STT
is robust with respect to perturbations such as dipolar cou-
pling and nonlinear effects of large-amplitude dynamics, we
also performed numeric simulations. Here, we focus only on
macrospin simulations for devices with nanopatterned refer-
ence layer. The free layer was approximated by an ellipse
with dimensions of 100X 50 nm?, whose demagnetizing
factors were calculated analytically in the thin-ellipsoid
approximation.'® The simulated dimensions of the reference
layer depended on its thickness due to the conical shape of
the nanopillar. Below, we discuss results for 7z=2 nm
and ?p=8 nm, with dimensions of 110X55 nm? and
120X 60 nm?, respectively. The dipolar coupling field for
each layer was proportional to the in-plane component of the
demagnetizing field for the other layer, with the coefficient
of proportionality of 0.7 adjusted to reproduce our measure-
ments of magnetoresistance vs H.
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FIG. 6. (Color online) Numerical simulations of current-induced
dynamics at 295 K. (a) PSD vs [ for P8 at H=750 Oe rotated by
40° with respect to the nanopillar easy axis. (b) PSD vs I for P2 at
H=450 Oe. (c) Time trace of in-plane hard-axis component of sz
(line) and s (dots) for P8 at I=2 mA. (d) same as (c) for P2 at
-1 mA. (e) same as (c) at 4 mA and (f) same as (c) for P2 at
-2 mA.

Simulations included the thermal fluctuations at 295 K in
the form of random Langevin field. We used current polar-
ization p=0.5 and saturation magnetization measured by vi-
brating sample magnetometry varied from 650 G for 2-nm-
thick Py films to 750 G for 20-nm-thick films. We used the
former value in all calculations to partially account for the
dynamical inhomogeneities reducing the magnetic moment
of the nanopatterned layer. The Gilbert damping constant
describing ferromagnetic resonance in Py films is a=0.01.
Current-induced dynamics involves excitation of several dy-
namical modes simultaneously with precession, which in the
macrospin approximation is taken into account by a larger
value a=0.03.1

The microwave spectra were calculated from the simu-
lated time-dependent magnetization distribution of the nano-
pillar. The time-dependent resistance was R(f)=Ry+AR(7),
where Ry=(Rp+R,p)/2 and AR(t)=(Rp—R,p){Sg-Sg)/2.
The ac voltage on the input of the amplifier V()= +2j5(t) 9
was calculated by assuming that a constant current I was
split between a R; =50 () load and a resistor R(¢) represent-
ing the sample. Fast Fourier transform of V(¢) over a period
of 7=16 ns with a 2 ps step was performed after relaxation
for 8 ns. The power spectral density was determined by
PSD(f)=2V2()/(50 Q Af), where Af=1/7and a factor of 2
accounts for the negative-f contribution to the fast Fourier
transform.

Figures 6(a) and 6(b) show the simulated power spectral
density for P8 and P2, respectively. Current-induced preces-
sion peaks appear only at positive current for P8, and only at
negative current for P2, consistently with the experimental
results (Fig. 1). The simulation length of 16 ns was too short
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to reproduce the thermal switching of the magnetic configu-
ration, resulting in complete suppression of excitations for
the opposite polarity of current. Above the precession onset,
the peaks were quickly replaced by a broad noise, consistent
with our measurements. Similar noise also appeared in simu-
lations performed at 5 K (not shown), excluding thermal
fluctuations as their primary origin.

Analysis of the time traces of s and sy just above the
precession onset [Figs. 6(c) and 6(d)] shows that both layers
precess with a similar amplitude and opposite phase. Analyti-
cal calculations neglecting the dipolar coupling yielded in-
phase precession, suggesting that dipolar coupling has a sig-
nificant effect on the coupled dynamics. At larger I,
precession phase locking is lost due to the opposing effects
of dipolar coupling and STT [Figs. 6(¢) and 6(f)]. The result-
ing aperiodic dynamics explains the broad noise that re-
placed the precession peaks.

C. Effects of negative spin anisotropy

The results described above showed that current-induced
precession is suppressed by simultaneous effects of STT on
both magnetic layers. This effect, potentially detrimental to
the performance of magnetic devices, can be minimized by
optimizing the dimensions of the reference layer and enhanc-
ing its magnetic damping rate. STT-induced coupling can
also enhance the effects of current in devices with inverted
spin-polarizing properties of the reference layer.!® Here, we
describe a practical device architecture that utilizes this ef-
fect.

Spin-dependent scattering of electrons in Py and at its
interfaces with Cu results in spin polarization in the majority
direction. In contrast, scattering in FeCr alloy and at its in-
terfaces with Cr results in minority polarization.?? We label
these two cases positive and negative spin anisotropy, re-
spectively. The effect of negative anisotropy of the reference
layer is described in Eqgs. (1) and (3) by gz <0. As a result, I,
is reduced relative to its value for negligible effects of STT
on the reference layer. For identical magnetic properties of
the two layers and gr=—gp, Ic=Ico/ (1+Sr/Sg).'® The reduc-
tion is caused by the mutual repulsion of s and s, resulting
in their simultaneous precession with opposite phases, thus
increasing the magnitude of their vector product that deter-
mines the STT in Eq. (1).

A bilayer with opposite anisotropies of two magnetic lay-
ers, proposed in Ref. 16, suffers from small magnetoresis-
tance due to the weaker polarizing properties of the known
materials and interfaces with negative spin anisotropy.?> To
simultaneously achieve a large magnetoresistance and en-
hance the effect of current, we propose a modified device
geometry including a CoFe free layer sandwiched between a
fixed bottom CoFe reference layer with positive anisotropy,
and a thin FeCr reference layer with negative anisotropy on
top of the free layer [Fig. 7(a)]. This structure builds on the
previously proposed geometry with two fixed polarizers.?!
With an MgO tunnel barrier between the CoFe reference
layer and the free layer, the resistance and the magnetoresis-
tance of the device are almost entirely determined by this
junction.
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FIG. 7. (a) Structure of a device utilizing a secondary FeCr
reference layer coupled by STT to the free layer to enhance current-
induced switching. (b) Simulated precession onset current /- vs the
FeCr layer thickness 5 at H=1 kOe (solid line), and FWHM of the
first precession harmonic at H=1 kOe, I=1.2 mA (dots). All cal-
culations performed at 295 K.

The effects of current are enhanced in this architecture by
two mechanisms. First, the spin currents generated by the
two reference layers exert comparable STT on both inter-
faces of the free layer, resulting in a nearly twofold decrease
in I; even when the effects of STT on CoFe reference layer
are negligible. Based on the macrospin simulations per-
formed at H=1 kOe for a free layer with thickness
tr=3 nm and lateral dimensions of 100X 50 nm?, the pre-
cession onset is /-=1.5 mA with FeCr reference layer, and
I-=2.3 mA without FeCr reference layer whose magnetic
moment is fixed in the direction of H. Additionally, simulta-
neous current-induced precession of free layer and the FeCr
reference layer results in reduction in the precession onset
current that depends on the geometry of the FeCr layer. Here,
we assume the same magnetization of 1500 G for free layer
and FeCr layer, damping constant &=0.03, the same dimen-
sions of 100X 50 nm? for the free layer and FeCr reference
layer, and polarizing factors p=0.9, 0.7, and —0.5 for the
CoFe, free, and FeCr layers, respectively.”” The precession
onset current /-~ approaches the fixed reference layer 2 value
I-=1.5 mA for large t;, and monotonically decreases for
smaller 75 due to the STT-induced dynamical interaction be-
tween FeCr reference layer and the free layer [solid curve in
Fig. 7(b)].
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At I=1.2 mA, the FWHM of the first precession har-
monic reaches a minimum of 57 MHz for ;=3 nm. Full
width at half maximum increases at larger # because of in-
creasing I . For 1,>6 nm, I->1 so that the precession peak
is caused by subcritical thermally activated dynamics. On the
other hand, FWHM also increases for 7<<3 nm due to the
increasing thermal fluctuations of the FeCr reference layer.
The optimal device geometry can thus be determined by a
compromise between the reduced precession onset current
and increased linewidth for thinner FeCr reference layer.

IV. SUMMARY AND CONCLUSIONS

We presented spectroscopic measurements of current-
induced magnetic dynamics in devices with similar thick-
nesses of the free layer and the reference layer, with the latter
either left extended or patterned to the same dimensions as
the free layer. Measurements for devices with a fixed thick-
ness of the free layer and different thicknesses of the nano-
patterned reference layer show that the precession of the
thicker of the two layers is suppressed and replaced by 1/f
noise attributed to random thermal switching. Devices with
extended reference layer also exhibit a similar dependence
on the thickness of the reference layer but the 1/f noise does
not appear when precession of the reference layer is sup-
pressed, which is attributed to the absence of stable antipar-
allel configuration in an extended magnetic film. Analytical
calculations and numeric simulations suggest that the ob-
served suppression of current-induced precession is caused
by the coupling between the two layers induced by STT. We
also propose a device utilizing two reference layers to en-
hance the effects of STT. One of the reference layers exhibits
negative magnetic anisotropy. Coupling between the dynam-
ics of this layer and the free layer results in reduction in the
precession onset current.
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