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Vortex spin-torque oscillator using Co2FexMn1−xSi Heusler alloys
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We show spin-transfer-torque-driven vortex oscillations in current-perpendicular-to-plane giant magnetoresis-
tance junctions using epitaxially grown Co2FexMn1−xSi (CFMS) Heusler alloy thin films. The soft magnetic
property and high spin polarization of CFMS enable us to realize vortex oscillation emitting large microwave
power with a low threshold current. The output power is maximized for a certain Fe-Mn composition ratio
associated with a reduction of the threshold current for the oscillation, which is in agreement with a general
model for spin-torque oscillation. Through comparison with an analytical theory that describes the translational
motion of a vortex core, we show that the vortex core motion excited in the present device is inhomogeneous along
the thickness direction. In spite of the inhomogeneity, the gyration radius at the CFMS/spacer interface region was
estimated to be ∼75% of the actual ferromagnetic layer radius, which indicates that the CFMS-based all-metallic
junction is useful for achieving large-amplitude vortex core motion. This comprehensive investigation would also
be useful for designing high-performance all-metallic nano-oscillators based on magnetic vortex dynamics.
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I. INTRODUCTION

A spin-polarized current exerts torque on magnetization
as it passes through a ferromagnet, which is called spin-
transfer torque (STT) [1,2]. STT enables us to switch the
magnetization direction by applying an electric current [3–5].
Moreover, under a certain condition, self-sustained magne-
tization precession can be excited by applying a dc cur-
rent [6–9]. A spin-torque oscillator (STO) is a nanoscaled
oscillator that converts magnetization dynamics to a mi-
crowave power through magnetoresistance effects, e.g., gi-
ant magnetoresistance (GMR) [7,10], tunneling magnetore-
sistance (TMR) [11,12], and anisotropic magnetoresistance
(AMR) [13].

Among various types of STOs, vortex STOs [14,15], where
the magnetizations in ferromagnetic layer(s) form a vortex
structure, exhibit the narrowest oscillation linewidth (�f ) as
well as the highest oscillation quality factor (f0/�f , f0: oscil-
lation frequency) at present. The stability of vortex oscillation
originates from the topologically stable magnetic structure
and good consistency of the magnetization distribution with
the spatial distribution of the Oersted field formed by the dc
current. Because of these features, vortex STOs are useful for
simplifying the physical mechanism of spin-torque oscillation
and can serve as model non-isochronous auto-oscillators [16].
Vortex STOs also provide a playground for investigating
various intriguing phenomena including antivortices-mediated
synchronization [17], and commensurability and chaos in
vortex dynamics [18].

In addition to the studies on fundamental physical phenom-
ena, recently, there have been several reports demonstrating
a large output power (Pout) exceeding 10 nW through the ap-
plication of MgO-based magnetic tunneling junctions (MTJs)
to vortex STOs [19,20], which open up potential applications
of vortex STOs. In contrast to the MTJ-based vortex STO, an
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output power Pout larger than 1 nW has not yet been achieved
for the all-metallic vortex GMR-STO even though GMR-STOs
are still advantageous compared with MTJ-STOs from the
fact that they are capable of operating in a wide range of
electric currents. This feature is especially beneficial for the
vortex STO since the Oersted field formed by the dc current
plays an important role in the stability of the magnetic vortex
and the frequency tunability [14,21]. Also, unlike MTJ-STOs,
GMR-STOs are free from dielectric breakdown, which leads to
superior device reliability. In spite of the above benefits from
the scientific and practical points of view, studies on vortex
GMR-STOs are limited because of their low Pout typically of
the order of pW [14,15].

To realize a large Pout in GMR-STOs, it is necessary to
enhance the GMR of the junction. One candidate solution
is utilizing highly spin-polarized Heusler alloys. Some fer-
romagnetic Heusler alloys are known to sustain their high
spin polarizations even at room temperature, and their high
spin-polarization gives rise to large GMR effects [22–30]. We
have developed GMR-STOs using Co-based Heusler alloys
and demonstrated that utilizing highly spin-polarized Heusler
alloys is promising to enhance the output power Pout of
GMR-STOs [31–33]. In addition to the high spin polarization,
Co2(Fe,Mn)Si (CFMS) Heusler alloys are blessed with low
magnetization damping constants [34] and magnetic soft-
ness, i.e., a small magnetocrystalline anisotropy and small
coercivity [35,36]. The low magnetization damping constants
would be useful for reducing the threshold current for spin-
torque oscillation (Ith) while the magnetic softness is suitable
for controlling the magnetization configuration by means
of microfabrication. Indeed, we recently demonstrated the
formation of magnetic vortices in epitaxially grown CFMS
circular disks [37], which in turn led to our interest in applying
CFMS for the vortex GMR-STO.

In this study, we show STT-driven vortex oscillation
in microfabricated devices using CFMS with varying Fe
concentrations (x) in Co2FexMn1−xSi. The series of devices
with different x enables us to systematically investigate the
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composition dependencies of the magnetic properties and the
oscillation characteristics for CFMS. A clear relationship is
observed between Pout and Ith for spin-torque oscillation.
An enhancement of Pout and a reduction of Ith are achieved
simultaneously at a certain x, which can be understood in
the general framework of a spin-torque oscillator. Also, we
quantitatively estimate the radius of the trajectory of vortex
core gyration. The estimated radii indicate the achievement of
large-amplitude vortex core motion.

II. EXPERIMENTAL METHODS

Thin films with a stacking structure of Cr (20)/Ag
(20)/CFMS (20)/Ag (5)/CFMS (30)/Ag (2)/Au (3) (thick-
ness in nm) were prepared on single-crystalline MgO (001)
substrates by using an ultrahigh vacuum compatible magnetron
sputtering system with a base pressure below 10−7 Pa. The
Cr buffer layer was deposited at room temperature and was
subsequently in situ annealed at 600 ◦C to achieve a flat surface.
The Ag buffer layer and the CFMS/Ag/CFMS GMR stack
were then deposited at room temperature and were again
in situ annealed at 500 ◦C to promote chemical ordering.
Here, the Fe-Mn composition ratios of the CFMS layers
were controlled by co-sputtering Co2MnSi and Co2FeSi alloy
targets. After annealing, the sample was cooled down to room
temperature, and the Ag/Au capping layer was deposited
on the top CFMS layer. The growth mode and the crystal
structure of the prepared CFMS films were investigated by
reflection high energy electron diffraction (RHEED) and x-ray
diffraction (XRD) with Cu–Kα radiation. The B2 and L21

order parameters (SB2 and SL21 ) of the prepared films were
evaluated by using the following equations [38]:

SB2 =
√

I obs
200

I obs
400

/
I cal

200

I cal
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, (1)

SL21 = 2
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111
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/
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111

I cal
220

, (2)

where I obs (I cal) is the experimentally observed (calculated)
integrated value of peak intensity of the corresponding XRD
peaks.

The magnetic properties of unpatterned films were investi-
gated by using a vibrating sample magnetometer (VSM). Thin
films were cut into ∼4 × 4 mm2 pieces, and magnetization
curves were measured by applying an in-plane magnetic
field (H ) along either the CFMS [100] or the CFMS [110]
directions, which correspond to the MgO [110] and MgO [100]
directions, respectively.

Devices were fabricated by employing electron-beam
lithography, photolithography, and Ar-ion beam etching. The
device structure is schematically illustrated in Fig. 1(a) along
with an rf circuit used for microwave measurement. The top
CFMS layer with a thickness (L) of 30 nm was patterned into
a circular disk with a nominal diameter (2r0) of 240 nm to
stabilize a magnetic vortex at the remanent state [37], while
the 20-nm-thick bottom CFMS layer remained unpatterned
to serve as a reference layer for the spin-torque oscillation.
Figure 1(b) shows a scanning electron microscopy image of a
microfabricated nanopillar. After the etching process, the size
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FIG. 1. (a) Schematic illustration of an STO with a CFMS vortex
and a microwave measurement circuit. The 30-nm-thick top CFMS
layer was patterned into a circular disk with a nominal diameter (2r0)
of 240 nm, whereas the 20-nm-thick bottom CFMS layer remained in
an extended film. A positive dc current (Idc) was defined as electrons
flowing from the top CFMS layer to the bottom one. During the
measurements, a static magnetic field (H ) was applied along the
in-plane direction, as denoted by an arrow. (b) Scanning electron
microscopy image of the microfabricated nanopillar.

of the nanopillar had expanded from the designed value, and
the edge was slightly distorted from an ideal circular shape.
Meanwhile, the etching process is known to result in a tapered
nanopillar (e.g., 2r0 = 240 nm for the top and 2r0 = 300 nm
for the bottom of the nanopillar). For the following discussions,
we will therefore use 2r0 = 240 nm for simplicity.

The microfabricated devices were connected to the rf circuit
by using a two-terminal rf probe. To excite magnetization
dynamics in the top CFMS layer, a dc current (Idc) was fed
into the devices by using a dc source meter through the dc
port of a bias tee. Here, we use the convention that a positive
Idc corresponds to an electron flow from the top CFMS layer
to the bottom one. The magnetization dynamics excited in
the top CFMS layer was converted into a microwave signal
via the GMR effect and was detected by a spectrum analyzer
after being amplified by a preamplifier with a gain of +21 dB.
The gain of the preamplifier was subtracted from the data
presented here. All the measurements were performed at room
temperature under the in-plane H applied along the easy axis
of CFMS, i.e., the [110] direction of CFMS.

III. STRUCTURAL/MAGNETIC PROPERTIES OF CFMS
THIN FILMS

Figures 2(a)–2(d) show RHEED patterns obtained from
the Cr layer [(a) and (b)] and the top CFMS layer surface
[(c) and (d)] for x = 0.4 with an electron beam incidence
parallel to the MgO [100] [(a) and (c)] and MgO [110]
directions [(b) and (d)]. These RHEED patterns revealed a
flat surface and the epitaxial growth of the (001)-oriented
Cr buffer and CFMS. Superlattice streaks were also clearly
observed as denoted by the arrows in Fig. 2(c), indicating
the chemical ordering of the CFMS layers into either B2 or
L21 ordered structures. In addition to the RHEED patterns,
in-plane XRD patterns obtained from 220 diffractions for each
layer [Fig. 2(e)] revealed the epitaxial relationship of MgO
[100] || Cr [110] || Ag [100] || CFMS [110]. The out-of-plane
XRD patterns obtained from the prepared GMR stacking films
with various x are shown in Fig. 3(a). In accordance with the
RHEED patterns, the CFMS 200 superlattice diffractions as
well as the CFMS 400 fundamental diffractions were clearly
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FIG. 2. RHEED patterns obtained from (a), (b) the Cr layer
surface and (c), (d) the CFMS layer surface with the electron
beam parallel to (a), (c) the MgO [100] and (b), (d) the MgO
[110] directions. (e) In-plane XRD patterns obtained from the 220
diffractions of CFMS, Ag, Cr, and MgO.

observed for all the samples. Figure 3(b) displays the in-plane
XRD patterns obtained from the CFMS film with x = 0.4.
The appearance of the CFMS 220 fundamental diffraction and
CFMS 111 superlattice diffraction having fourfold rotational
symmetries with a phase difference of 45◦ around the CFMS
[001] surface normal means L21 chemical ordering and the
epitaxial growth of CFMS. SB2 and SL21 were estimated using
Eqs. (1) and (2) and are plotted in Fig. 3(c) as a function of
x. SB2 slightly decreased as x increased, whereas SL21 kept
an almost constant value around 0.7 regardless of x. These
high ordering parameters ensure the high spin polarization of
prepared CFMS films [24,29,36].

Figures 4(a)–4(c) show the magnetization curves for the
GMR stacking films with x = 0.0, 0.4, and 1.0, respectively,
where the red (blue) curves correspond to magnetization
curves measured with H applied along the CFMS [110]
([100]) direction. All the CFMS films exhibited small mag-
netocrystalline anisotropy with an easy axis along the CFMS
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FIG. 3. (a) Out-of-plane XRD patterns obtained from CFMS
films with various Fe concentrations (x). Peaks indicated by *
correspond to the 200 diffractions of the MgO substrate from the
Cu-Kβ source. (b) In-plane XRD patterns obtained from the CFMS
film with x = 0.4. Red and green lines denote the CFMS 220
diffractions and the CFMS 111 diffractions, respectively. (c) Order
parameters of the prepared CFMS films with various x. Blue and red
symbols indicate the B2 order parameter (SB2) and the L21 order
parameter (SL21 ), respectively.

[110] direction except for x = 1.0; the CFMS films with
x = 1.0 had an easy axis along the CFMS [100] direction,
but these changes in the magnitude and direction of the
magnetocrystalline anisotropy would not affect the stability
of vortices [37]. Figure 4(d) shows the dependencies of the
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FIG. 4. (a)–(c) Magnetization curves obtained from the CFMS
films with (a) x = 0.0, (b) x = 0.4, and (c) x = 1.0. Red (blue) lines
correspond to magnetization curves for the fields applied along the
CFMS [110] (CFMS [100]) direction. (d) x dependencies of Ms and
Hc. The values of Hc were evaluated from easy-axis magnetization
curves. The broken line represents the generalized Slater-Pauling
behavior.

saturation magnetization (Ms) and the coercivity (Hc) on x.
Ms gradually increased with Fe substitution in agreement
with the generalized Slater-Pauling behavior (dotted line). Hc

also showed almost monotonic increment against x with the
minimum Hc of 5.1 Oe for x = 0.0 (CMS) and the maximum
Hc of 15.5 Oe for x = 1.0 (CFS). It would be worth noting
that the maximum value of Hc obtained for x = 1.0 was
even smaller than that of the CFMS films prepared on a Cr
buffer, which were used in our previous experiment for the
direct observation of magnetic vortices in CFMS circular disks
(23 Oe for the 30-nm-thick film) [37]. The reduction of Hc in
the present CFMS films is attributed to the suppression of the
atomic diffusion of Cr into the CFMS layers owing to the
Ag layer insertion rather than the change in lattice matching
since the difference in the lattice mismatch between Cr/CFMS
(2.0%) and Ag/CFMS (2.2%) is only about 0.2% [24,36].
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FIG. 5. Resistance-versus-field (R-H) curve measured by using a
lock-in amplifier at Idc = 0 mA for the device with x = 0.4. Possible
magnetization configurations are schematically illustrated. RP and
Rcv correspond to the device resistances at the parallel state and at
the centered-vortex state, respectively. �R is the difference between
RP and Rcv.

IV. SPIN-TORQUE-INDUCED VORTEX OSCILLATION IN
MICROFABRICATED DEVICES

In this section, we describe the general oscillation properties
of the microfabricated devices and then discuss the influences
of the Fe substitution on the spin-torque oscillation. Figure 5
shows a resistance-versus-field (R-H) curve measured by
using a lock-in amplifier at Idc = 0 mA for the device
with x = 0.4. Both the nucleation and the annihilation of a
vortex in the top CFMS layer were clearly visible in this
R-H curve around H = ±250 and ±800 Oe, respectively.
We also prepared a device with an ellipsoidal nanopillar
with dimensions of 140 nm × 280 nm using the same film
to check the resistance change from the parallel magnetization
configuration to the antiparallel one. The R-H curve revealed
that the resistance change was 0.29 �, which is about twice
as large as that observed in Fig. 5 near H = 0 Oe. Therefore,
the peak in R observed around H = 0 Oe may have originated
from the transient magnetization process undergoing the 90◦
magnetization configuration rather than the antiparallel one.

Figure 6 shows differential resistance (dV/dI ) as a function
of Idc and power spectral density (PSD) spectra measured
while changing Idc at H = 300 Oe. It can be seen that the
dV/dI curve was almost reversible for this Idc range; i.e.,
there was no hysteresis associated with the STT-induced
magnetization switching. One can see a small peak in the
dV/dI curve around Idc = 2 mA, and correspondingly, a
single peak appears in each rf spectrum for Idc � 2.4 mA,
indicating the onset of spin-torque oscillation at an onset
current (Ionset) of 2.4 mA. This Ionset corresponds to a
current density of 5.3 × 1010 A/m2, which is about 5 times
smaller than that required to excite vortex-like magnetization
dynamics in a point-contact-based STO using CFMS with a
nominal contact diameter of 140 nm [33]. The small Ionset

and absence of hysteresis in the dV/dI curve suggest that
the microwave signal resulted from the excitation of dynamics
in a naturally formed magnetic vortex rather than a current-
induced one [33,39].
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Figures 7(a)–7(d) show the Idc dependencies of f0, �f ,
Pout, and the inverse power 1/Pout obtained from PSD spectra
measured at H = 250 Oe for the device with x = 0.4. At
Ionset = 2.4 mA, an oscillation peak appeared around f0 =
0.8 GHz similar to that observed in Fig. 6, and �f rapidly
decreased down to below 1 MHz as Idc increased from Ionset.
This behavior is characteristic of the transition from thermally
excited magnetization dynamics to the stable (self-sustained)
oscillation of an STO [40]. In order to determine Ith, we plotted
1/Pout against Idc, and Ith was estimated from the Idc intercept
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in a low-Idc region [40]. In the stable vortex oscillation region,
f0 almost linearly increased as Idc increased as expected from
the linear tunability of a vortex STO driven by the Oersted
field. Well above Ith, �f became almost constant around
150 kHz, and Pout reached a maximum value of P 250 Oe

max =
7.7 nW at Idc = 15.4 mA. For Idc > 16 mA, however, f0

became almost constant, and a slight increase of �f was
observed. In addition to this increase of �f , we also observed
asymmetric distortion of the spectral shape in this current
region (not shown), which resembles the spectral distortion
in an STO near the threshold [41]. We therefore attribute the
change of the oscillation characteristics for Idc > 16 mA to
the nonlinear oscillation of the present device. Details on the
mechanism of the oscillation in the nonlinear region are beyond
the scope of this study, but the oscillation features would
originate from strong distortion of the vortex core trajectory
caused by an increased STT and the edge roughness of the
nanopillar.

To quantitatively characterize the oscillation parameters for
each device with different x, Ith and the (field-dependent)
maximum output power (P (H )

max) were determined by changing
H . Figures 8(b) and 8(c) are the H dependencies of Ith and
P (H )

max along with the corresponding R-H curve measured at
Idc = 0 mA [Fig. 8(a)]. Ith decreased with the application of
a small magnetic field H and showed a minimum around
H = 300 Oe. Correspondingly, a peak appeared in P (H )

max
around this H region. To maximize the radius of the gyrotropic
motion of a vortex core (or to minimize Ith), a parabolic
potential in which the local minimum is located at the center
of the disk is required. On the other hand, the dipolar magnetic
field coming from the bottom CFMS layer modifies the energy
landscape, and that would lead to the reduction of Pout as well
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as the increase of Ith. The maximum power available for an
STO (Pmax) was therefore defined as P (H )

max at which Ith was
minimized (Ith = Imin

th ). For H > 800 Oe, as can be seen in
the R-H curve, although a magnetic vortex was annihilated
from the top CFMS layer when Idc = 0 mA, the Oersted
field originating from the Idc injection increased the stability
of the vortex state. This current-induced vortex formation is
identified by the significant increase in Ith.

Figures 9(a)–9(c) are the representative PSD spectra ob-
tained from (a) x = 0.0 (CMS), (b) x = 0.4, and (c) x =
1.0 (CFS). Although there were slight differences in the
conditions for the oscillations, coherent oscillations with �f

below 200 kHz and a very high quality factor f0/�f > 5000
were achieved regardless of x. Another signature of the
present vortex oscillator is the large Pout despite the reduced
magnetoresistance caused by the topological spin relaxation
associated with the in-plane electron flow through the vortex
layer [42]. For x = 0.0 (CMS), Pout is about three times
larger even compared with the CMS-based nonvortex STO
under the same measurement configuration [31]. Moreover,
Pout was clearly enhanced by the moderate Fe substitution.
Unfortunately, we found it was difficult to quantitatively
characterize a change in �f associated with Fe substitution

only from the frequency-domain measurement. Direct analysis
of the oscillation noises [43–45] would provide a better insight
into the effect of Fe substitution on the spectral purity of
CFMS-based STOs. Instead, we here focus on Pmax and Ith

as determined in Fig. 8.
The dependencies of Pmax and Ith on x are plotted in

Figs. 9(d) and 9(e), respectively. The values of Pout and Ith

were taken over four devices for each x, and the average
values are plotted with error bars representing the standard
deviation. Pout was increased as x increased from 0.0 (CMS),
and it reached a maximum of 10.2 nW at x = 0.4. A further
increase of x lead to a sharp drop in Pout, and Pout became
almost constant for 0.6 � x � 1.0. In comparison, an almost
linear change was observed for the dependence of Ith on x,
as shown in Fig. 9(e). Since the energy required to displace a
vortex core is to be proportional to Ms and Hc, Ith should
reflect the linear dependencies of Ms and Hc observed in
un-patterned films [Fig. 4(d)]. More importantly, in addition
to the linear trend of Ith, there can be seen a remarkable
reduction of Ith around x = 0.4. The reduction of Ith is
attributed to the increased spin polarization of CFMS as
observed in the x dependence of Pout. Thus, the experimental
results displayed in Figs. 9(d) and 9(e) clearly show that the
enhancement of the output power and the reduction of the
threshold current were achieved simultaneously. This fact is in
agreement with a model for spin-torque oscillation, in which
Pout (Ith) is (inversely) proportional to the spin polarization
of ferromagnetic layers. This also indicates the importance
of developing highly spin-polarized ferromagnetic materials
from the points of view of realizing both a high Pout and low
Ith in a vortex STO.

V. DISCUSSION

According to a classical theory, the gyrotropic motion
of a vortex core in an STO can be described by Thiele’s
equation [46,47]:

G × d X
dt

+ ∂W

∂ X
= 0, (3)

where X = xex + yey is the two-dimensional position vector
of the vortex core, W (X) is the potential energy of the shifted
vortex, and the gyrovector (G) is perpendicular to the device
plane (G = Gez) with the magnitude G = (2πLMs/γ )p (γ :
modulus of the gyromagnetic ratio, p = ±1: polarization of
the vortex core). When |X| = r is small, the variation of the
potential energy can be expressed as [48]

W (X) = W (0) + 1

2
κ|X|2 + O

( |X|
r0

)4

. (4)

The vortex core stiffness (κ) is given by the sum of stiffness
arising from the magnetostatic energy and the Zeeman energy
due to the Oersted field as follows [48]:

κ(Idc) = κms + κOe × Idc

πr2
0

, (5)

where κms = 10
9 μ0M

2
s L2/r0 and κOe = 0.85Cμ0Msr0L. C =

+1 (−1) is the chirality of the vortex core parallel (antiparallel)
to the Oersted field formed by Idc > 0. Then, the frequency of
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FIG. 10. (a) f0 as a function of Idc. Red line is a linear fit to
the experimental data (black symbols). Blue and green dotted lines
represent data calculated using Eq. (6) with L = 30 nm and L =
12.9 nm, respectively. (b) x dependence of normalized vortex core
trajectory (r/r0) at which Pout is maximized.

the gyrotropic mode [f calc
0 (Idc)] is expressed as

f calc
0 (Idc) = κ(Idc)/G

2π
=

(
κms + κOeIdc/πr2

0

)
/G

2π
. (6)

This gives a zero-current oscillation frequency f
Idc=0
0 of

1.74 GHz and a slope df/dIdc of 1.26 × 10−2 GHz/mA, which
are plotted by the blue dotted line in Fig. 10(a). Although
the analytical result seems to well reproduce the slope of
the experimental result (black symbols) without any fitting
parameter, the experimentally obtained f

Idc=0
0 was found to

be about half of the calculated one. Accordingly, the effective
thickness estimated from the actual f

Idc=0
0 was found to be

L = 12.9 nm. These deviations between the experiment and
the analytical prediction would be caused by the existence
of the nontrivial mass of a vortex [49], but in the case of a
vortex-based STO, it would be rather important to take into
account a nonuniformity in the vortex core motion along the
thickness direction as demonstrated in the early work using
an STO with thick vortex layer [14]. Since the spin-diffusion
length of a Co-based Heusler alloy is typically of the order of
a few nanometers [27], which is the same order as Permalloy
(Fe-Ni alloy) [50], the spin accumulation in the Heusler alloy
layer mostly dissipated in the interface region with the spacer
layer. Therefore, the STT was only effective for the magnetic
moments close to the Ag/CFMS interface.

As discussed above, there would be a significant inhomo-
geneity in the vortex core motion along the thickness direction,
yet it is possible to estimate the radius of the vortex core
trajectory near the Ag spacer/top CFMS interface; as the
time-varying resistance of a vortex STO is given by

R(t) = Rcv +
(

�R × r

r0

)
sin(2πf0t), (7)

the output power of a vortex STO can be expressed as [45]

Pout = I 2
dc

2

RL

(Rcv + RL)2
×

(
�R × r

r0

)2

, (8)

where RL = 50 � is the load resistance. The estimated
normalized radius of the vortex core trajectory (r/r0) at
which Pout is maximized is plotted as a function of x in
Fig. 10(b). The gyration radii were found to be about 75%
of the top CFMS layer radii for most x, which are larger
than the one reported for a vortex MTJ-STO (50% of the
disk radius) [45]. The remarkable error for x = 0.4 shown
in Fig. 9(d) can be explained by Eq. (8); Pout became more
sensitive against the change of r/r0 as the magnetoresistance
�R increased; i.e., at a given variation of r/r0, the variation
of Pout should be larger for the devices showing a larger �R.
Importantly, for the present devices, the large gyration radii
were achieved without significant linewidth broadening, which
may have resulted from the improved stability of magnetic
vortices owing to the thick CFMS layer and the Oersted field
formed by the relatively large Idc injection [although there
was slight linewidth broadening due to the distortion of the
vortex core trajectory as observed in Fig. 7(b), which may have
partly originated from the edge roughness of the nanopillars].
Therefore, this experimental result indicates that the CFMS-
based GMR junction is advantageous in realizing stable and
large-amplitude vortex oscillations. Further improvements of
Pout and f0/�f can be expected by optimizing the top
CFMS layer thickness and/or utilizing two-coupled vortex
dynamics [15,20].

VI. CONCLUSION

We investigated STT-driven vortex oscillation in CFMS
circular disks with various Fe-Mn compositions. Owing to
the small magnetocrystalline anisotropy and small coercivity
of CFMS, the microfabricated devices exhibited clear vortex
oscillations regardless of x. Pmax was remarkably enhanced
by the Fe substitution, and a maximum output power Pmax

of 10.2 nW was achieved for x = 0.4. At the same time,
Ith was minimized at x = 0.4, which was in agreement
with a model for spin-torque oscillation. By comparing to
an analytical theory, the vortex dynamics excited in the
present devices were found to be inhomogeneous along the
thickness direction. Nevertheless, the radii of the vortex
core trajectory at the Ag spacer/top CFMS interface were
estimated to be ∼75% of the top CFMS radii. Since these large
gyration radii were achieved without significant linewidth
broadening, the CFMS-based vortex GMR-STO would be
useful for investigating the large-amplitude gyration motion of
a vortex core. The present experimental results also indicate
the potential of highly spin-polarized Heusler alloys in the
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development of vortex-based GMR-STOs compatible with
practical microwave applications.
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