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We demonstrate how to extract the material-dependent spin-torque efficiency (¢€) and asymmetry (i)
from the field-current nucleation boundaries of magnetic droplet solitons in orthogonal nano-contact spin-
torque oscillators with Co,(NigyFex)1—x, (x = 0 — 1), fixed layers. As the perpendicular component of the
fixed-layer magnetization plays a central role in governing droplet nucleation, the nucleation boundaries
exhibit monotonic shifts towards higher perpendicular magnetic fields when the fixed-layer magnetization
oM, is tuned from 1.04 to 1.7 T. We then extract € and A from fits to the nucleation boundaries and find
that while € does not vary with composition, A increases from 1.5 to 3 with increasing Co content. The
analysis of droplet nucleation boundaries is hence a useful tool for the systematic study of both € and A as

functions of material composition.
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L. INTRODUCTION

Magnetic droplets are characterized as dynamic, non-
topological magnetic solitons. They occur in magnetic
thin films with perpendicular magnetic anisotropy (PMA),
and exhibit a reversed core with a precessing bound-
ary [1,2]. Magnetic droplets were first described 40 years
ago in an ideal zero-damping medium [3], and their pos-
sible realization was later predicted theoretically [1] using
spin-torque nano-oscillators (STNOs) [4] with PMA free
layers [5,6]. The first experimental demonstration of mag-
netic droplets was reported in STNOs with a PMA [Co/Ni]
free layer and a Co fixed layer [2]. The droplet has attracted
much attention due to its interesting characteristics, such
as a highly nonlinear dynamics [7-9], large power emis-
sion [2], and possible applications in microwave-assisted
magnetic recording (MAMR) [10,11]. Several theoreti-
cal [8,12—17] and experimental [18—28] studies on mag-
netic droplets have since been presented.

Recently, the details of the droplet nucleation boundary
has attracted particular interest [25,26,29]. As explained
in [25], it can be very well described using a simple
form of the equation that considers the current-field phase
diagram [25]:

I, =adH + B/H + C, (1)
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where [, and H are the nucleation current and applied
magnetic field, respectively. « is the damping of the free
layer. The coefficients A, B, and C are associated with
the magnetic properties of the fixed and free layers, such
as the fixed-layer saturation magnetization oM, and
magnetic anisotropy field pwoHy, [25]. Equation (1) also
holds when the current-induced Oersted field is taken into
account [29]. It therefore offers the possibility to tailor
the droplet nucleation boundary by varying the fixed-layer
magnetic properties, so as to further optimize the device
design for practical spintronic applications.

In this paper, we demonstrate such control of the
droplet nucleation boundary by tailoring one of the
major parameters—juoM;, of the Co(NigyFez)i—, fixed
layers—while maintaining the same PMA [Co/Ni] free
layer. The droplet nucleation boundaries are determined
for five different compositions (x = 0, 0.25, 0.5, 0.75, and
1) and four different NC sizes (Rnc = 35, 40, 45, and 50
nm). As expected from the model, the nucleation boundary
moves to higher fields as M, of the Co,(NigyFez)i—,
fixed layer increases from 1.04 to 1.7 T with increasing
Co content. We then extract the spin-torque efficiency (¢)
and the spin-torque asymmetry (A) from fits of Eq. (1) to
the nucleation boundaries. We find a largely composition-
independent spin-torque efficiency of € = 0.3—0.4, in good
agreement with literature values [30]. In contrast, the
extracted spin-torque asymmetry increases from 1.5 for
NiFe to 3 with Co. Our results hence demonstrate how the
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analysis of droplet nucleation boundaries can be a useful
tool for the systematic study of € and A as functions of
material composition, and that A of Co,(NigyFea)_y thin
films can be tuned by varying the Co content.

II. EXPERIMENTAL DETAILS

The orthogonal spin-valve stacks, consisting of a
Ta(4)/Cu(12)/Ta(4) seed layer, a Co,(NigyFez9)1-x(6)/Cu
(7)/[C0(0.25)/Ni(0.6)] x 4/Co0(0.25) spin valve, and a
Cu(2)/Pd(2) capping layer, are deposited on thermally oxi-
dized Si wafers using magnetron sputtering (the numbers
in parentheses are layer thicknesses in nanometers). The
different compositions of the fixed layer are controlled by
varying the respective deposition rates during cosputtering
of the NiggFe;p and Co targets. The spin-valve structure
is magnetically orthogonal: the fixed layer has an easy-
plane magnetic anisotropy, while the free layer, [Co/Ni] x
4/Co, has strong PMA. The stacks are then patterned
into 8 x 16 um? mesas by means of optical lithography
and ion-milling etching, followed by CVD of a 30-nm-
thick insulating SiO; film. Electron-beam lithography and
reactive ion etching are used to open nano-contacts with
nominal radii Ryc varying from 35 to 50 nm, through
SiO, in the center of each mesa. The fabrication is com-
pleted by deposition and lift-off lithography of a Cu(500
nm)/Au(100 nm) top electrode. A schematic view of the
STNO is shown in Fig. 1(a).

Broadband ferromagnetic resonance (FMR) is mea-
sured using a NanOsc Instruments PhaseFMR spectrom-
eter to extract the saturation magnetization poM;, of the
Co, (NigoFeyo) 1, films from magnetic-field sweeps in the
woH =0 to 0.35 T field range. For dc and microwave
characterization, we use our custom-built probe station,
capable of independently controlling the direct current, the
magnetic-field magnitude (up to 2 T), and the field direc-
tion. In the present experiment, the field is applied normal
to the film plane. The direct current is injected into the
device using a Keithley 6221 current source, and the dc
voltage is measured with a Keithley 2182 nanovoltmeter.
The sign of the applied direct current is negative, meaning
the electrons flowed from the free to the fixed layer in order
to obtain spin-transfer-torque- (STT-)induced magnetiza-
tion dynamics [31-34] in the free layer. The generated
microwave signals are decoupled from the dc voltage via a
bias tee and are amplified using a low-noise amplifier prior
to being recorded by a spectrum analyzer (R&S FSU 20
Hz—67 GHz).

ITI. RESULTS AND DISCUSSION

Figure 1(b) shows the Co,(NiggFeyp);—x resonance
fields H,. extracted from FMR measurements at differ-
ent constant rf frequencies. The measurements are shown
as solid dots while the solid lines are fits to Kittel’s
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FIG. 1. (a) Schematic of a spin-torque nano-oscillator (STNO)
device. The nominal radius of nano-contact (NC) Ry is between
35 and 50 nm. (b) Ferromagnetic resonance field poHes vs. fre-
quency measured for different Co,(NiggFeyo);—, compositions.
(c) MR vs. applied perpendicular field (shifts added to distinguish
between curves; arrows indicate saturation fields). (d) Saturation
magnetization uoM;,, obtained by fitting the Kittel equation to
H,, and saturation fields poH;, determined by MR of the STNOs
as a function of x.

equation [35],

Yo
f :2_7_[0 Hres(Hres +Meff)a (2)

where f is the microwave frequency, y /27 is the gyro-
magnetic ratio, i is the permeability of free space, and
M. s the effective magnetization, here assumed identi-
cal to M, since the in-plane magnetic anisotropy Hy of
Co, (NiggFey0)|_, films is negligible.

From magnetoresistance measurements at low current
(I = —1 mA) under a magnetic field uoH perpendic-
ular to the film plane, the field-dependent resistance
changes. MR = [R(H) — Rp]/Rp [Rp is the device resis-
tance in the magnetically parallel state of both Co/Ni and
Co, (NiggFez0) 1y layers], [18,22] is determined as shown
in Fig. 1(c). pnoM,, tilts gradually under the influence
of the increasing perpendicular magnetic field and finally
saturates along the field direction. Consequently, MR grad-
ually decreases to Rp at the saturation field, poH,, where
both the fixed and free layers align with the direction of the
magnetic field. poH; for each Co, (NiggFey0)|—, fixed layer
is indicated by an arrow in Fig. 1(c). Figure 1(d) shows
how the fixed-layer saturation magnetization (woM;,) and
its out-of-plane saturation field (oH;) are linearly increas-
ing with x. The slightly lower poH; from MR measurement
compared to poM;, from FMR measurement is likely due
to some process-induced changes in the final devices.
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FIG. 2. Frequency f, MR, and integrated power P as functions
of (a) perpendicular field at / = —12 mA and (b) direct current at
noH = 0.5 T for a Rye = 40 nm STNO with x = 0.5. FMR and
Droplet refer to the FMR-like mode and droplet mode, respec-
tively. Droplet nucleation is detected as a jump in MR, a drop in
the microwave frequency, an increase in the integrated power,
and the appearance of low-frequency (< 2 GHz) microwave
noise. The vertical dotted lines and arrows indicate nucleation
boundaries of the magnetic droplet for the given conditions.

Microwave and dc measurements are carried out to
determine the magnetic droplet nucleation and annihila-
tion points. Figure 2 presents some typical results obtained
from a device with a nominal NC radius of 40 nm and
x = 0.5. In Fig. 2(a), where a constant / = —12 mA is
applied, moderate microwave signals appear as the field
increases, as expected from the current-induced FMR-
like precession in STNOs. At woH = 0.38 T, however, an
abrupt frequency drop of about 10 GHz occurs, accom-
panied by an increase in the integrated emission power
P of more than one order of magnitude. The onset of
low-frequency noise (< 2 GHz), is the consequence of
the drift instability of the droplet [22,25]. All of these
observations point to the nucleation of a magnetic droplet
at uoH = 0.38 T. The droplet is then sustained up to a
field of 1.77 T, where MR drops to zero and the droplet
is thus annihilated. The faint microwave signals in the
high-field region (1.14 to 1.60 T) may be related to oscil-
latory motion [2] or parametric modulation of the droplet
perimeter [14]. Current-sweep measurements at a fixed
field of woH = 0.5 T [see Fig. 2(b)] show similar char-
acteristics of the droplet nucleation seen at / = —10.3
mA. In brief, all these experimental observations—MR
jump, microwave frequency drop, and appearance of the
low-frequency noise—are used to trace the nucleation and
annihilation of magnetic droplets, as described in previous
works [2,18,22,25,26].

By conducting detailed field-sweep and current-sweep
measurements, as shown in Fig. 2, we determine the entire
nucleation boundaries in all devices with different NC
radii and fixed-layer compositions. The results are shown

as solid symbols presented in Figs. 3(a)-3(e). All of the
nucleation boundaries show a similar behavior: the nucle-
ation current /, first decreases almost inversely with A in
the low-field regime, and then start to increase with H in
the high-field regime. These contrasting tendencies result
from two different types of underlying physics, related
to the device characteristics and the theory of magnetic
droplets [1,2,18,22,25,26]. On the one hand, the perpen-
dicular component of the fixed-layer magnetization, M.,
increases with increasing magnetic field along the z direc-
tion, which, in turn, leads to a proportional increase in the
magnitude of the spin-transfer torque [2,25] and conse-
quently lowers the current required to nucleate a droplet,
i.e., I, « 1/H. On the other hand, increasing the mag-
netic field H raises a critical current condition for the
onset of instability to drive the magnetic droplet from its
uniformly magnetized state. Slonczewski’s critical current
condition [33,34], which involves PMA with weak pertur-
bations, clearly demonstrates a linear dependency (I, «x H)
in this case. The observed boundaries are dictated by both
contributions to different degrees.

To quantitatively study the droplet nucleation boundary,
the experimental data described above is fitted with Eq. (1),
as suggested in Ref. [25]. Equation (1) indeed consists of a
linear (#AH) and an inverse (B/H ) term. While it is worth-
while noting that (i) this analytical Eq. (1) is only valid up
to saturation of poM, in the fixed layer, based on the the-
ory developed in Ref. [25], (ii) this analytical model did not
consider any impact of the Oersted field on the magneto-
dynamics of STNOs, though Oersted fields have a critical
role to explain many experimental observations [36—41].
The impact of the Oersted field on nucleation boundary has
been recently studied and Eq. (1) has been improved and
can in practice be extended to larger magnetic field than
woM;p, as described in Ref. [29]. All experimental results
here are fitted with this modified fitting equation [29],

B
I, = adH + ——— +C, 3
A+ M, cos0 * @

where 6 is the angle between fixed-layer magnetization
direction to film normal. The solid lines in Figs. 3(a)-3(e)
show the fitted results; all fits are in good agreement with
the experimental data. The nucleation boundary of some
devices, e.g., the device with Ryc = 50 nm and x = 0.75
in the field range 0.4 and 1.0 T [Fig. 3(d)], show devia-
tions from the fits, most often around the current minimum.
These deviations likely originate from a substantial drift
instability [22,25,42], and seem to affect different devices
to a varying degree.

The fitted coefficients in Eq. (1), «4 and B, are then
extracted and plotted in Figs. 3(f-3(j) as functions of
the nominal NC area (7R%.) for different values of x.
The linear dependency on NC area of both parameters
[solid lines shown in Figs. 3(f)-3(j)] is consistent with the
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(a)(e) I—H maps of magnetic droplet nucleation boundaries for five different fixed-layer compositions and four different NC
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analytical model. It can be seen that there are some dis-
agreements regarding the interceptions of both ®4 and B in
the limit R — 0. We argue that this disagreement results
from neglecting higher orders of expansion in solving the
LLGS equations [25]. Furthermore, device-to-device vari-
ations and the thermal excitation of magnons could also
contribute to this discrepancy.

Each nucleation boundary shows a minimum point
(Hmin, Imin), Which can be extracted from the fits. These
results are presented in Fig. 4(a) for different values of x to
illustrate the ability of nucleation boundary engineering.
As x (M) increases, poHmin also increases monotoni-
cally, with some fluctuation, possibly originating from the
magnetic properties of the fixed layer, such as the exchange
length /., as well as from physical defects in the devices.
This means that the nucleation boundary shifts towards
higher fields as j1M, of the fixed layer increases. Mean-
while, I, fluctuates more strongly from device to device
and thus is not shown.

We finally turn to the main result of our study—the
simultaneous extraction of both the spin-torque efficiency
€ and the spin-torque asymmetry A as a function of the
Co, (NigoFeyo) 1, fixed-layer composition. As mentioned
in Egs. (24)~25) of Ref. [25], ®4 and B are linearly pro-
portional to the NC area, with their respective slopes, Sy 4
and S, as below:

avjo

Sy = 22 4

AT T, “)
joMyp (Hip

Sp = 207 (ke ) 5

B o (Ms )

for different x. Solid lines are linear fits.

where jo = (A> + 1)M?epond/(her?) is the scaling
current density, v = (A> — 1)/(A% + 1) is the normalized
asymmetry coefficient, e is the electron charge, « = 0.03,
and M, is the saturation magnetization of the free layer.
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FIG. 4. (a) (toHmin as a function of x for different NC sizes. (b)

Calculated spin-torque asymmetry X and efficiency € as functions
of x; the red arrows mark the € of NiFe and Co calculated from
Ref. [30].
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The spin-torque efficiency €, and the spin-torque asym-
metry A are critical parameters to evaluate the energy
efficiency of STT devices. A few studies [43,44] have
attempted to extract these values experimentally with
rather large uncertainty due to the magnetization’s devi-
ation and impact from imperfections of the devices. In
contrast, our approach relies on two different contradict-
ing behaviors in the magnetic droplet nucleation boundary,
and this can provide a more accurate method to obtain
the intrinsic STT parameters, the spin-torque efficiency
€, and the spin-torque asymmetry A. Compared with the
extraction of € alone by linear fitting of the Slonczewski
critical current from a single device [18,43], the simulta-
neous extraction of both parameters from a set of devices
with different NC sizes offers high accuracy and reduces
random variation. The parameters € and A extracted from
Figs. 3(f)-3(j) are plotted as functions of x in Fig. 4(b). The
spin-torque efficiency € is almost constant at around 0.35,
while the spin-torque asymmetry A gradually increases
from 1.5 to 3.0 as x increases. Note that the extracted
A of NiFe here is close to previous reports, where A is
approximately 1.34 in Ref. [18] and ~ 1.2 in Ref. [45].
We emphasize here that this is a systematic study of
both A and € in different materials, and only a few prior
studies [18,43,45] have reported on € of NiFe and Co.

IV. CONCLUSIONS

We show the controllability of the nucleation boundary
of magnetic droplet solitons in STNOs with an orthogo-
nal spin-valve structure, where the saturation magnetiza-
tion oM, of the fixed layer, Co,(NiFe);_,, is tuned by
cosputtering of Co and NiFe. As x increases, the nucle-
ation boundary shifts monotonically towards the higher
magnetic field, which is consistent with the increasing
oM ,,. By analyzing the droplet nucleation boundary we
simultaneously extract the spin-torque efficiency € and the
spin-torque asymmetry A for Co, (NiFe);_, thin films with
high accuracy. While € is largely independent on com-
position, A shows a twofold increase from 1.5 to 3 with
increasing Co content. Our results demonstrate the utility
of the droplet nucleation boundary as a tool to accurately
determine XA and € of different materials.
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