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Micromagnetic simulation of high-power spin-torque
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We investigated the spin-torque oscillator in a half-metallic Heusler alloy Co,MnSi
(CMS) spin-valve nanopillar using micromagnetic simulations. Although it is known
that the out-of-plane precession (OPP) usually has a larger power output than the
in-plane precession (IPP), only IPP mode was experimentally observed in CMS.
Our simulations revealed the fundamental and second harmonic radio frequency
(rf) oscillations of the IPP mode, consistent with the experimental measurements
in CMS-based pillars. Our simulations predicted that the OPP mode can be ob-
tained under the condition of an initially antiparallel state, a small external magnetic
field, and a sufficiently large current density. Copyright 2013 Author(s). This ar-
ticle is distributed under a Creative Commons Attribution 3.0 Unported License.
[http://dx.doi.org/10.1063/1.4796189]

. INTRODUCTION

The spin-transfer torque (STT), the transfer of angular momentums from the electrons of the
spin-polarized current to the ferromagnet, was initially proposed by Slonczewski' and Berger’
in 1996. STT can induce uniform precession of the ferromagnetic magnetization about the axis
of the effective field. This high-frequency precession has been studied in spin valve multilayers
in both nanopillar’> and point contact®® geometries. Coupled with the giant magnetoresistance
effect (GMR), this precession produces a voltage response that makes these devices high-frequency
oscillators, called spin torque nano-oscillators (STNO), opening up the possibilities of new spintronic
applications. STNO has various attractive advantages, e.g., high frequency microwave (2 GHz~100
GHz), narrow output band with high Q values > 10 000, tunable over a wide range of frequencies via
applied field or current, and voltage outputs in the mV regime. However, increasing output power is
a difficult technical challenge that needs to be overcome for any useful application. Many attempts
have been made to increase the output power, e.g., an effective way to increase output power is
a magnetic tunnel junction (MTJ) based STNO with a larger linewidth.®~'> Compared with MTJ-
STNO, the advantages of using STNO in a full metal GMR structure are narrow oscillation linewidth
and low device resistance enabling good impedance matching. However, the lower output power
of the conventional 3d-FM-based GMR structure is the biggest problem for designing applicable
STNO device. The output power of STNO is proportional to the square of its magnetoresistance
(MR) ratio. If high polarization materials like Heusler alloys are used, it could increase the GMR
signal'*~'® and hence the power output from the oscillator.

Comparing with other alloys used for STNO, Heusler alloys have lower saturation magnetization
M;,!7 smaller Gilbert damping constant o,'® higher spin polarization factor n'® and higher GMR
ratio.?%2! Especially, the full-Heusler alloy Co,MnSi has attracted strong interest due to a large
minority spin band gap of ~0.4 eV at the Fermi level*? and the highest Curie temperature (985 K)
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among the known half- and full-Heusler alloys.>* All these advantages are beneficial to reducing
the critical current of the magnetization precession and to increasing the output power. Okura
et al®* found that a large MR ratio of 12.5% can be obtained in Co,MnSi (CMS) alloy arising
from its large spin polarization, and a high rf output power of 1.1 nW was achieved in spite of a
small precession angle of 8.6" of in-plane precession mode (IPP). They predicted that the output
power could be significantly enhanced if the precession angle is increased by using the out-of-plane
precession (OPP) mode. Sinha et al.?> observed large emission amplitudes exceeding 150 nV/Hz
and narrow generation linewidth below 10 MHz by setting the external magnetic field magnitude
or angle and current to an optimum value. However, there have been no reports on the OPP mode
of the Heusler alloy STNO even though its mechanism was well established.’>® We previously
studied the unsymmetrical two-step switching in the Heusler alloy Co,FeAljsSips spin valve by
using micromagnetic simulations?® and obtained results consistent with experiment.*® In this paper,
we investigated the condition for achieving the OPP mode of CMS Heusler alloy in order to enhance
the rf output power.

Il. THEORETICAL MODEL

We studied a CMS-based spin valve device with the structure of CMS (10 nm)/Ag (4 nm)/CMS
(2 nm) and the elliptical cross section area of 64 x 128 nm? (Figure 1). Comparing with the
experimental structure, we reduce the thickness of free and pined layers to get smaller critical
current of magnetization precession. We employ a Cartesian coordinate system where the x-axis
is the long axis of the ellipse and the y-axis the short axis. The samples were discretized in
computational cells of 2 x 2 x 2 nm>. A positive current is defined as a current flowing from the
pinned layer to the free layer. The two CMS layers are separated by a thin Ag layer, and the top
CMS layer is the free layer whose magnetization dynamics is triggered by a spin-polarized current.
The bottom CMS layer is the fixed layer with the initial magnetization P along the positive x axis.
In our simulation, the initial magnetization vector M of the layer is along the negative x axis. This
antiparallel configuration between the pined layer and the free layer is different from the parallel
configuration in the experiment under an external magnetic field of 450 Oe. Different from the
experiment in which a positive current was applied, we apply a negative current since our initial
state is antiparallel. The external magnetic field in our simulation is increased step by step from
zero to 302 Oe in order to obtain all the dynamics of free layer magnetization. We not only obtained
results for the IPP mode consistent with experiments but also observed the OPP mode predicted by
Okura et al.** The middle Ag layer is a space layer whose function is to avoid the exchange coupling
between the two CMS layers. The thickness of the spacer layer (4 nm) is much smaller than the spin
diffusion length to conserve the spin momentum. In our simulations, we describe the dynamics of
M using a generalized Landau-Lifshitz-Gilbert-Slonczewski (LLGS) equation,’

dM , ay’ 2ugJ
— = —y'M x H,¢r — M MxH,/ ) ————— M, PM MxP
i y'M x H,sf M. X (M x Hesp) (T oPyed M g( M x (M x P)
2 J
PETL__o(M,P)M x P) (1)

1+ adedm?®

where H,g is the effective field, ¥’ = y/(1+a?), y is the electron gyromagnetic ratio, and « is
the dimensionless damping parameter. The effective field includes anisotropy, demagnetization,
external, and exchange fields, namely, Hefr = Hex +Hanis +Haem +Hext. The “Gilbert damping” term
in Eq. (1) takes into account the energy dissipation mechanisms.

The last two terms on the right side of Eq. (1) describe STT which tends to drag the magnetization
away from its initial state and drives the magnetization precession. ug, J, d, e, M, are the Bohr
magneton, the current density, the thickness of the free layer, the electron charge and the saturation
magnetization, respectively. Here, we only consider the first term of transverse torque and ignore
the second term of smaller field-like torque since the field-like torque is very small in metallic
alloys.?"3? The scalar function g(M, P) is given by’

gM,P)=[—4+ 1 +n)’G+M-P/MH/4n* ! 2)
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FIG. 1. Schematic illustration of Co,MnSi (CMS)/Ag/CMS CPP-GMR nanopillar.

where 7 is the spin polarization factor, the angle between M and Pis 6. M « P/M?> = cos 6.

The dynamics of magnetization is investigated by numerically solving the time-dependent
LLGS equation using finite difference method together with the Gauss-Seidel projection method,
with a constant time step At = 0.0268858 ps.>* 3> We adopted the following magnetic parameters,
saturation magnetization My = 8.0 x 10°A/m3® smaller than the experimental value for thinner
thickness, exchange constant A = 2.0 x 10"''J/m,?” and magnetocrystalline anisotropy constant
K; = 3.0 x 10°J/m?.3® Other parameters are Gilbert damping parameter & = 0.008,%*:3° and spin
polarization factor n = 0.56,°%%! and electron gyromagnetic ratio y = 2.3245 x 10°m/(A -s).
Although half-metallic ferromagnets have been proposed as candidates for spin injection devices
because they have been predicted to exhibit 100% spin polarization, most experiments could not
reach the perfectly spin-polarized state due to partial chemical disorder in the lattice.*> For example,
a single crystal of Co,MnSi grown by the Czochralski method, an Andreev-reflection measurement
showed a value of 56% spin polarization.*! Therefore, in our simulations, we simply assumed
56% spin polarization. We previously studied Co/Cu/Co nanopillar spin valve of non-half-metallic
spin-polarization,** we only observed IPP without an external magnetic field. Using a higher spin
polarization constant can decrease the critical current density, but did not lead to the OPP. To verify
the validity of our simulation, we first investigated the magnetization dynamics under an external
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FIG. 2. (a) Magnetization trajectories of in-plane precession (IPP) (red) under the current density of —1.0 x 10°A/cm? and
out-of-plane precession (OPP) (green) under the current density of —8.0 x 10%A/cm? (b) IPP temporal evolutions of (m,)
(black), (my) (red) and (m;) (blue) under the current density of —1.0 x 10°A/cm?. (c) OPP temporal evolution of (my)
(black), (my) (red) and (m;) (blue) under the current density of —8.0 x 10°A/cm?. (d)~(f) Magnetization distributions of
IPP. (g)~(i) Magnetization distributions of OPP.

magnetic field. In our simulations, the magnetization switched from the initial stable state along
—x axis to the final stable state along the +y axis when the external magnetic field of 403 Oe is
applied in the short axis of the ellipsoidal pillar along y axis direction, which is consistent with the
experiment result in Figure 1(b) of Ref. 24.

lll. RESULTS AND DISCUSSION

Figure 2(a) shows the magnetization trajectories of IPP and OPP under an external field of 50
Oe along the y-axis with current densities of —1.0 x 10°A/cm? and —8.0 x 10°A/cm?, respectively.
We obtained the magnetization precession angle of 10.3° in IPP mode, which is very close to 8.6°
from the experiment. Based on Figure 2(b), there is no significant change in the magnitude of
(my) during precession, but (my) varies over a wide range, and {(m,) changes its sign. The (m,)
component oscillates twice during one complete precession cycle, and hence its oscillation frequency
is approximately twice those of (my) and (m,). As the current density increases, the magnetization
evolution changes to the out-of-plane precession mode. In this mode, the magnetization rotates on
the x-y plane with the magnetization precession angle of 73.1°, but (m,) does not change its sign and
varies little as shown in Figure 2(c). Similarly, (m,) has two oscillations when the components of
(my) and (my) endure one. The spatial magnetization distributions during IPP and OPP are shown in
Figures 2(d)-2(f) and 2(g)-2(i). The six snapshots of magnetization distributions correspond to the
temporal evolution of magnetization in Figures 2(b) and 2(c). The colors represent the magnitude of
the magnetization components (m,) (—0.3~0.3) for IPP mode and (—0.1~0.1) for OPP mode while
the arrows indicate the magnetization projection on the plane Oxy, through which the magnetization
components (my) and (my) were shown. It can be seen that the domain, characterized as a uniform
precession of the arrows in IPP mode, rotates clockwise on the x-y plane. The uniform precession
results from the small applied current density. For the spatial magnetization component (m,), the
oscillations are initially excited at the edges of the free layer because of spatially non-uniform local
demagnetization fields** and then spread out to the center of free layer. The domain arrows for
OPP mode also rotates clockwise, and the arrows precess periodically from the -x direction to the
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+x direction. In contrast to IPP, a non-uniform precession of the domain arrows was found in the
evolution of OPP domain configuration. We can attribute this non-uniform precession to the high
current density. The non-uniform precession increases the linewidth. The high current density can
result to the increase of the linewidth and the output power. To get the narrow linewidth and maintain
the high output power, we need to find what factors play a dominant role in determining the field
magnitude at which the linewidth takes its minimum. From our simulation results, the appropriate
value of magnetic field 50 Oe and current density —8.6 x 10°A/cm? will suppress the non-uniform
precession and lead to the narrow linewideth while maintaining high output power. Furthermore,
the reason for using the initial antiparrallel structure could be elucidated by Slonczewski’s model!
of the Eq. (2), which takes into account the interface spin-flip scattering between the layers. In this
model, the relationship of STT versus 6 is not symmetrical about 90° using the STT reaches its
maximum value at the angle about 162° as shown in the figure 2(b) of Ref. 29. The spin transfer
torque from 180° to 0° will increase faster than STT from 0° to 180°. Therefore, the generation of the
magnetization precession of antiparrallel structure is easier than parallel structure due to different
magnitude of STT.?

Figure 3(a) shows the power spectral density (PSD) of IPP mode with the increase of current
densities under the constant external magnetic field of Hexy = 302 Oe along the short axis of the
ellipsoidal pillar. For clarity, all the spectra are shifted vertically. As the current density increases to
—7.0 x 10°A/cm?, two peaks appeared at 3.7 GHz and 7.4 GHz. The higher peak frequencies were
twice as high as the lower peak frequencies. The lower frequencies peaks were the fundamental peaks
(fo) and the higher ones were the second harmonics (2fy). This is due to the fact that (my) oscillates
twice during one complete precession cycle, and the oscillation frequency of (my) is approximately
twice those of (my) and (m,) components. Therefore, the magnetization oscillation gives rise to
a resistance oscillation at twice f; in the experiment.45 In general, the fundamental mode has the
highest power than the second harmonics. However, the output power of the second harmonics is
larger than the fundamental mode in our simulation of Heusler-based spin valve nanopillar. This
phenomenon resulted from the suppression of the large external magnetic field. We performed a test
simulation of IPP at a smaller external magnetic field of 80 Oe, the results indicated that the output
power of fundamental mode was larger than the second harmonics. For example, the fundamental
power of IPP is 0.35, which is larger than the second harmonics power of 0.12. Comparing with the
experiment, the magnitude of fundamental peaks is smaller. We attribute to smaller drive current
~10° A/cm? than the experiment of 10’ A/cm? due to thinner CMS-based free layer in our simulation.
The peak frequencies as a function of current are summarized in the right insets. fy and 2f; did not
vary significantly with current, indicating that the nonlinearity of rf oscillation was suppressed by
applying Hey in the short axis. In our simulation, we explain the suppression by the inset which
shows that the trajectories do not change with the increase of current. However, the left insets
showed that with the increase of current, the frequency of precession decreases (red shift), and
the trajectories of IPP broaden from the red trajectory to the blue trajectory under zero magnetic
field. Figure 3(b) shows PSD of OPP under Hex, = 50 Oe at different current densities. Only one
peak frequency was found in this mode since (my) has one oscillation within a period. The peak
frequencies do not change remarkably as the current density increases since the trajectories do not
change with the current. However the peak intensities increase with the increase of current densities
from —8.0 x 10°A/cm? to —8.6 x 10%°A/cm?. From the value of P, for the fundamental peak
(Pou '), the precession angle (AQ) of rf oscillation was roughly estimated by using’ Py F*"/P;,
~ {[(Rap-Rp)R(00)/RapRp]*(AO/2)* sin’0}/8, where Py, is the input power, and Rap, Rp are
the device resistance in the antiparallel and parallel states, respectively. Py, for the fundamental
peak is proportional to Py ~ R(O)I*(AB/2)%sin%6, and ABpp and Abgpp are given by the maximum
excursions of the free layer magnetization during the precessional motion on IPP or OPP trajectories.
Based on the experimental data of the maximum AR ~ 0.95 Q and using the angles of 10.3% in
IPP mode and 73.1° in OPP mode, respectively The Ripp and Ropp are determined to be 7.858 Q2
and 8.172 Q. (AO1pp/2)? and (Abopp/2)? are 26.5 and 1335.9. Based on the magnitude of current
density, we can conclude that Py °P? /Py '*" ~5000. Furthermore, for the IPP case, the magnitude
of power output would be 0.35 when a small external magnetic field of 80 Oe and a current density
of 9.0 x 10°A/cm? were applied. The output power 0.35 at 80 Oe is larger than the power of 0.01 at
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FIG. 3. (a) PSD of IPP as the increase of current densities under the constant external magnetic field of Hexe = 3020e. Left
insets show peak frequency as function of current density and trajectories under zero external magnetic fields. Right insets
show peak frequency as function of current density and trajectories under the external magnetic field of 302 Oe. (b) PSD of
OPP under Hex¢ = 50 Oe at different current densities. Inset shows the trajectories of OPP under the external magnetic field
of 50 Oe. For clarity, spectra are shifted vertically with different constants.

302 Oe. Therefore the external magnetic field can lead to 35 times increase in output power.
Comparing to figures (a) and (b), we found that the maximum output power of OPP is the square
of current density times that of IPP, and it can be significantly enhanced to about 2000 ~ 10000
times using OPP mode by increasing the drive current compared with the IPP mode. Therefore, the
output power depends on the current, the magnetic field, and the precessional angel. All of them
make different contributions to the increase of output power. We conclude that using the out-of-plane
precession mode could significantly enhance the output power in the CMS-based STO due to the
large MR effect and the large drive current.

IV. CONCLUSIONS

In summary, we investigated the spin-torque oscillator in a half-metallic Heusler alloy Co,MnSi
(CMS) spin-valve nanopillar using micromagnetic simulations. Different characteristics were ob-
served from the snapshots of magnetization distributions between IPP and OPP modes. Fundamental
and second harmonic rf oscillations of IPP were clearly observed. Based on the magnetization tra-
jectories at increasing current densities, we demonstrated that the two peak frequencies do not vary
significantly with current density under an external magnetic field while they decrease with current
density without an applied magnetic field, indicating suppression of the nonlinearity of rf oscillation
by an external magnetic field. We obtained the out-of-plane precession mode under the condition of
an initial antiparallel state, a small external magnetic field, and a large current. It can be significantly
enhanced to about 2000 ~ 10000 times using OPP mode by increasing the drive current compared
with the IPP mode.
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