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Spin wave-assisted reduction in switching field of
highly coercive iron-platinum magnets

Takeshi Seki', Kazutoshi Utsumiya', Yukio Nozaki?, Hiroshi Imamura3 & Koki Takanashi'

Recent rapid progress in spintronic and magnetic storage nanodevices has required nano-
magnets to balance competing goals for high coercive field and low switching field. However,
a decisive route for highly efficient magnetization switching has not been established yet.
Here we propose a novel switching method using a spin wave of magnetic structures twisted
in a nanometre scale. We have experimentally demonstrated extremely low field-magneti-
zation switching in a highly coercive FePt by using a spin wave excited in a soft magnetic
permalloy (NigiFeis), where permalloy is exchange-coupled to FePt through the interface. We
can tune the switching field by varying the magnitude and frequency of the radio frequency
magnetic field, and a significant decrease in switching field by one order of magnitude is
achieved under the optimum conditions. The spin wave-assisted magnetization switching is a
promising technique for ultralow-energy magnetization manipulation.
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route simultaneously achieving competing goals for good

thermal stability of magnetization (high coercive field H.)

and low switching field Hy, is indispensable for the
further development of spintronic and magnetic storage nanode-
vices!. Energy-assisted switching?~!%, spin-transfer switching!>!4
and voltage-induced H, modulation!'® are examined to overcome
this predicament. One of the energy-assisted switching methods is
microwave-assisted magnetization reversal (MAMR), which is
considered to be a promising recording method for future ultrahigh
density magnetic storage?~. It applies a radio-frequency (rf)
magnetic field Hy to a highly coercive magnet to obtain induction
of uniform magnetization precession to reduce Hg,. However,
MAMR has an inherent undesirable characteristic. The frequency
of Hys is around the ferromagnetic resonance (FMR) frequency
femr, which is of the order of 100 GHz for a highly coercive
magnet. This is a serious obstacle for practical applications. Indeed,
although several papers>~> reported Hy, reduction at single-digit
gigahertz frequencies using soft magnetic materials such as a Ni-Fe
alloy with fryr<10GHz, a high excitation frequency >10GHz
was required in the case of a highly coercive magnet with
Sfevr > 10 GHZz’8. There are no reports of clear H,, reduction for a
highly coercive magnet at single-digit gigahertz frequencies. Thus,
another way of reducing Hy,, while maintaining high H, is desired.
The concept of magnetization switching presented here is based on
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the utilization of spin wave modes in a soft magnet to switch the
magnetization in a hard magnet. A similar method has been
theoretically proposed by Li et al.'® and Fal et al.'” However, there
has been no experimental demonstration to date as far as we are
aware. Here we show the significant reduction in Hg,, of highly
coercive FePt due to the spin wave excitation.

Results

Magnetic structure and FMR. We combined a hard magnetic
FePt layer with a soft magnetic permalloy (Fe;9Nig;; Py) layer, as
schematically illustrated in Fig. la. In this FePt/Py bilayer, FePt
has an uniaxial easy magnetization axis along the in-plane [001]
direction. The magnetic moments in Py are spatially twisted after
the magnetic field H has been ag})lied in the opposite direction to
the magnetic moments in FePt'®. The Py layer thickness tp, was
varied in the range from 40 to 120 nm, whereas the FePt layer
thickness was fixed at 10 nm. The full magnetization loop of an
FePt/Py bilayer with tp,=100nm (Fig. 1b) shows two steep
decreases in magnetization. The first steep decrease at around
H= —100Oe corresponds to the twist of magnetic moments in
Py. The second steep decrease at around H= — 1,600 Oe means
that the bilayer’s magnetization has switched. The minor loop is
superimposed on the full loop. After all the magnetizations has
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Figure 1 | Magnetization loops and FMR for an FePt/Py bilayer. (a) lllustrations of magnetic structures in an FePt/Py bilayer. The left (right) panel depicts
the direction of magnetic moments in the saturated (twisted) state together with the coordinate axes. Magnetic field H was applied along the in-plane
[001] direction of the MgO (110) substrate, which corresponds to the easy magnetization direction of FePt. (b) Magnetization full loop (dashed line) and
minor loop for the bilayer with the Py layer thickness tp, of 100 nm. For the minor loop measurements, H="50kOe was first applied to saturate all the
magnetizations in the positive direction. Then, H was swept to — 1,400 Oe (magenta circles) and back to zero (cyan circles). (¢) FMR spectra of

tp, =100 nm for experiment (upper panel) and simulation (lower panel) at H= — 700 Oe. The triangles indicate the resonant frequencies. (d) Snapshots of
the deviation of magnetic moments from the equilibrium position in the y direction my—mf,). The red, blue and green curves correspond to the first, second
and third FMR peaks, respectively. These excitation modes are the PSSW modes with n=0 (red), n=1 (blue) and n=2 (green), where n is the number of
nodes. The interface between FePt and Py is located at z=10 nm. (e) Experimentally obtained resonant frequencies of n=0 (red), n=1 (blue) and n=2
(green) plotted as a function of H for tp, =100 nm (open circles). The simulated resonant frequencies are also shown by solid lines.
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been saturated in the positive direction at H=150kOe, H was
swept to — 1,400 Oe (magenta circles). Then, H was returned to
zero (cyan circles). The minor loop is completely reversible
without any hysteresis. This behaviour is well known as spring-
back!?, indicating that FePt and Py are exchange-coupled through
the interface and that the magnetic moments in Py are spatially
twisted by applying H.

We measured the FMR spectra of the FePt/Py bilayers using a
coplanar waveguide (CPW) and a vector network analyser?®?!
(see Methods). Figure 1lc shows the FMR spectrum for
tpy=100nm at H= —7000e under the application of
H,s=6Oe. We observed three resonant peaks at the frequencies
f=28.0, 9.5 and 13.5GHz, as indicated by red, blue and green
triangles, respectively. The shape of the experimental FMR
spectrum is well reproduced by the simulation (for more details
of experimental FMR spectra, see Supplementary Fig. S1). To
classify the excited magnetization dynamics at each resonance, we
plotted snapshots of the deviation of magnetic moments from the
equilibrium position in Fig. 1d. The red, blue and green curves
correspond to the first, second and third FMR peaks, respectively.
These excitation modes are known as the perpendicular standing
spin wave (PSSW) modes 22 with #n nodes. Figure le shows the
experimental results for the H dependence of resonant
frequencies (open circles) together with the simulated results
(solid lines). The simulated results were obtained using the
calculation method reported by Livesey et al.?® (for more details,
see Methods). We successfully observed the higher-order PSSW
modes, which have never been reported for previous experimental
studies®*26, and the frequencies of all modes agree well with the
simulation. The present results are also in good agreement with
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the simulation reported by Fal et al.!” Looking at Fig. 1d carefully,
one can see that the dynamics of magnetic moments in FePt are
also induced by PSSW. In other words, depinning occurs in FePt
due to the excitation of PSSW in Py. This leads us to the idea that
high H,¢ enhances the amplitude of PSSW and should reduce Hy,
of the FePt/Py bilayer.

Spin wave-assisted magnetization switching. We micro-
fabricated rectangular FePt/Py bilayer elements on the signal line
of a CPW (Fig. 2a) to study the Hy, reduction by PSSW. The
device resistance R depends on the direction of magnetic
moments in the FePt/Pg bilayer owing to the anisotropic mag-
netoresistance effect?”-?%. Figure 2b shows the R-H curve for
tpy =100 nm without H,¢ being applied. When H was swept from
positive to negative (denoted by red circles), R showed an abrupt
decrease at H= —1750e, reflecting the twist of magnetic
moments in Py. R returned to the baseline resistance Ry at
H=H,,= —2,0500e (green arrows), where the magnetic
moments of the bilayer were switched. Figure 2¢ displays AR-H
curves for tpy = 100 nm with H,¢= 145 Oe, where AR is defined as
R-Rp. No remarkable changes in Hy, were observed for
f=6.0 GHz. However, the application of H,s with f=8.0 GHz
reduced H, to 325 Oe. As f was increased from 8.0 to 12.5 GHz,
Hy,, monotonically increased. Small dips in AR appeared in the
saturated state, which are indicated by orange triangles. A two-
dimensional map of normalized AR as functions of H and f is
shown in Fig. 2d. H was swept from positive to negative. The H,
reduction was obtained in the wide range of f from 8 to 14 GHz.
The small dip in AR has the same dispersion as that of PSSW in

b tpy =100 nm
35.90
35.85
g E
x 35.80 :
[001]ugo :
35.75 i
FePt i '
! H;=00e
-2,000 -1,000 0 1,000 2,000
H (Oe)
d H,.=145Oe
14
0
[\
<
e
[}
N
s
13
o
b4

-1

-1,000 0
H (Oe)

1,000 2,000

Figure 2 | Spin wave-assisted magnetization switching. (a) Schematic illustration of the device structure and measurement setup. The rf power was
applied from a signal generator through the rf port of a bias-Tee. The device resistance R as a function of H was measured using a lock-in amplifier. R is a
reference resistance of 1kQ. The FePt/Py was designed to be rectangular, 2 x 50 pmz. (b) R-H curve for tp, =100 nm without the rf magnetic field H,. The
green arrows denote the switching fields H,. (¢) AR-H curves for tp, =100 nm under the application of H,s=145 Oe, where AR is the resistance change
from the baseline resistance. The frequencies f of H,s were 12.5, 11.0, 8.0 and 6.0 GHz. The small dips in AR due to the excitation of PSSW are indicated by
orange triangles. (d) Two-dimensional map of normalized AR as functions of H and f for tp, =100 nm. H was swept from positive to negative. The white
dotted line denotes the resonant frequency of PSSW with n=0 in the twisted state of the microfabricated sample.
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the saturated state. To understand what determined the value of
Hy, at each f, we overlapped the resonant frequency of PSSW
with =0 in the twisted state of the microfabricated sample
(white dotted line). Note that the frequency dependence of Hy,
qualitatively followed that of the resonant magnetic field of PSSW
Hpssw, indicating that magnetization switching was induced by
PSSW as we expected.

Figure 3a shows the f dependence of Hg, for tp,=100nm
obtained experimentally (circles) and numerically (squares). The
experimental results qualitatively coincide with the simulation.
The largest reduction in Hy, was achieved at f=10 GHz in the
experiment, whereas the simulation showed the largest Hy,
reduction at around f=9 GHz. The simulated result has two local
minima of Hy,. Analysing the PSSW mode contributing to the
magnetization switching, we found that these two local minima
originated from the PSSW modes with different n. Because the
experiments were performed at room temperature, these two local
minima of Hg, were smeared out. For both experiment and
simulation, H,¢ with low f is ineffective for Hy, reduction because
the resonant magnetic field at such low f is so low that it cannot
twist the magnetic moments enough to reduce H,, at H;=91 Oe.
Spin wave-assisted magnetization switching was also attempted
for the FePt/Py bilayer with tp, = 40 nm. We did not observe any
H,, reduction even when Hy=1130e was applied (see
Supplementary Fig. S2). This result provides two important
facts: the excitation of the FMR mode in FePt does not contribute
to the Hy, reduction (see Supplementary Fig. S3), and a thin Py
layer is not effective for Hy,, reduction.

Figure 3b shows Hy, as functions of f and H,¢ for the FePt/Py
bilayer with tp,=120nm. The frequency giving the lowest Hy,,
decreased as H, was increased. We successfully achieved the
largest reduction in Hg, from 2,000 to 250 Oe at f=7 GHz and
H,r=134Oe (Fig. 3c). Let us introduce the rate of Hy, reduction
defined as 0Hq, = Hqy/Ho,, where HY, is H,, without H,.
According to the MAMR calculation reported by Zhu et al°,
HY,=5.3 Hyand Hy, = 1.5 Hy;. Consequently, dH,,, for MAMR

a T T T T
2,000 | n 1
u'-'nv.t\a “C«QVOU
\ ]
1,500 | ‘ 1
@
o &
= 1,000 f 1
=1,
T T n=1
500 | n=0 1
tpy = 100 Nm
O 1 1 1 1
0 5 10 15 20
b
125
100
3 8
> 75 3
T T

f(GH2)

is about 0.27, which is twice as high as that of spin wave-assisted
magnetization switching, 0Hg, = 0.13.

Discussion

We examined the nonlinear magnetization dynamics in the FePt/
Py bilayer because large H,s was applied for spin wave-assisted
switching. FMR spectra for the microfabricated device were also
measured under the application of large H,s (see Supplementary
Fig. S4), and clear resonant peaks were observed as in the case of
small Hr. The linewidth of resonant peaks became broadened and
the asymmetric peak shape was observed for large H,; which may
be related to the nonlinear magnetization dynamics. However,
more pronounced nonlinear effects, such as remarkable nonlinear
frequency shift, were not observed. This is different from
nonlinear magnetization dynamics observed in spin torque
oscillators?”, where spatially uniform magnetization precession
is induced by spin-polarized electric current. The precession
frequency of a spin torque oscillator depends on the precession
angle because the change in the precession angle leads to the large
change in the effective field. On the other hand, the PSSW mode
observed in this study is spatially non-uniform magnetization
dynamics, and its precession frequency is mainly determined by
the exchange field. The exchange field does not depend on the
precession angle. Thus, the absence of the remarkable nonlinear
frequency shift for the present devices is attributable to the less
dependence of effective field on the precession angle.

An important point is that the PSSW modes were well defined
even under the large H application. To understand the
magnetization dynamics during switching, the time evolution of
magnetization switching behaviour was simulated numerically.
Figure 4 shows the snapshots of simulated magnetic structures
during magnetization switching under the application of H,¢=90
Oe with f= 10 GHz (for more details, see Supplementary Movie 1
and Supplementary Table 1), where H was swept from 0 to
— 1,500 Oe, and the magnetization switching occurs in the H
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Figure 3 | Optimum conditions of H,¢ and f for H,,, reduction. (a) H,,, as a function of f for t,, =100 nm (circles), where the value of H,; was set to 91QOe.
Simulated Hs,, as a function of f is also shown by closed squares. (b) Two-dimensional map of Hs,, as functions of H, and f for tpy =120 nm. (¢) AR-H curves
for tp, =120 nm with H,=0 Oe (top panel) and 134 Oe (bottom panel). The frequency of H,; was 7 GHz.
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range from —1,250.5 (Fig. 4a) to —1,2600Oe (Fig. 4f). The
amplitude of the PSSW mode in Py is resonantly enhanced, which
increases the precessional amplitude of FePt at the interface, and
all the magnetic moments are finally switched. The PSSW mode
with n=0 largely contributes to the H,, reduction compared
with the other modes (1 =1 and 2). According to the simulated
result (Fig. 3a), n=1 could also reduce H, at the resonant
frequency, although the H, reduction is not so significant and is
smeared out in the experiment. A reason for the large H,,
reduction by n=0 is the larger precession amplitude for n=0
than those for n=1 and 2 (see Fig. 1d and Supplementary Fig.
S5). As shown in Fig. 4, the large amplitude magnetization
precession in Py induces the large amplitude magnetization
precession in FePt, which effectively switches the magnetization
of FePt.

The numerical simulation indicates that the spin wave
excitation leads to the magnetization switching in FePt. However,
one might think that in the experiment, H, is not the real
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Figure 4 | Time evolution of magnetization switching behaviour.
Simulated magnetic structures in the x-z plane (left panels) and the x-y
plane (right panels), where H,;=90 Oe with f=10 GHz was applied. H was
swept from O to — 1,500 Oe, and the magnetization switching occurs in the
range from H= —1,250.50e (a) to H= —1,260 Oe (). (a-f) The time-

evolved snapshots of magnetic structures during the magnetization
switching.

switching field of FePt, but the depinning field in FePt layer
because depinning occurs in FePt under the large H,¢ application.
We confirmed that H, corresponded to the real switching field of
FePt from the anisotropic magnetoresistance curves measured
using different sequences of magnetic field sweep (see
Supplementary Fig. S6). One might also suspect that the origin
of Hy, reduction is the temperature rise due to the application of
H,s, that is, Joule heating by alternating current. However, this
idea can be eliminated because R, which is a function of the
device temperature, did not show any dependence on f (see
Supplementary Fig. S7). The large H, reduction by spin wave
excitation was also confirmed for the other devices (see
Supplementary Table S2), indicating that the error in the rate
of Hy, reduction is small. Because our results simultaneously
achieved the competing goals of both high H. and low Hyy, spin
wave-assisted magnetization switching provides a new nanotech-
nology for information writing in a wide range of spintronic and
magnetic storage applications.

Methods

Thin film preparation. Thin films were prepared on a MgO (110) single-crystal
substrate. The stacking of the thin films was MgO (110) substrate/Fe (1 nm)/Au
(40 nm)/FePt (10 nm)/Py (tp,)/Au (3 nm). The layers from Fe to FePt were
deposited by using an ultrahigh vacuum (UHV) magnetron sputtering system
(ULVAQG, Inc.) equipped with high-purity targets of Fe (99.99%), Pt (99.99%) and
Au (99.9%). The base pressure of the UHV magnetron sputtering system was below
2% 10~ 7Pa. A 1-nm thick Fe seed layer and a 40-nm thick Au buffer layer were
deposited at ambient temperature. Subsequently, a 10-nm thick FePt layer was
deposited on the Au buffer layer after the substrate temperature was set at 450 °C.
Then, the film was transferred from the UHV magnetron sputtering chamber to an
ion beam sputtering (IBS) system. In the IBS chamber, a Py layer followed by a
3-nm thick Au capping layer was deposited on the FePt layer at ambient tem-
perature. The compositions of FePt and Py were determined to be FeygPts, and
Nig; Feyo, respectively, by electron probe X-ray microanalysis. The epitaxial growth
of Au, FePt and Py layers with the (110) preferential crystallographic orientation
was confirmed by X-ray diffraction. The X-ray diffraction patterns also indicated
the formation of the L1, ordered structure in the FePt layer. The magnetization
loops of the thin films were measured at 295K using a superconducting quantum
interference device magnetometer.

FMR measurement. The FMR measurement was carried out at room temperature
using a CPW and a vector network analyser. A thin film with a FePt/Py bilayer was
put onto the CPW consisting of Cr/Au layers, and the CPW was connected to the
rf circuit employing a two-terminal rf probe. The rf power P, of 0 dBm was applied
to the signal line, which induced a transverse rf magnetic field of H,f ~6 Oe, and
the change in the reflected signal was detected with the vector network analyser.
The value of Sy, is defined as the ratio of the reflected voltage to the input voltage.
The frequency dependence of S;; was measured under the application of H, which
was applied along the in-plane easy magnetization direction.

Device fabrication and electrical measurement. Rectangular-shaped FePt/Py
elements were prepared by using a conventional microfabrication process. First,
a negative-type electron beam (EB) resist was spin-coated onto the thin film and
patterned into the shape of the CPW by EB lithography (ELS-7500; Elionix Inc.).
The width and length of the signal line of CPW were 4 and 50 pm, respectively.
After exposure of the EB resist followed by development, the thin film was milled
by argon ions through the resist mask. The EB resist was then spin-coated onto the
CPW-shaped film and patterned into a rectangular shape with the size of

2 x 50 um?, which was located on top of the signal line of the CPW-shaped film.
The CPW-shaped film was again milled by argon ions. The ion milling was stopped
at the top of the Au buffer layer, which was monitored by secondary ion mass
spectroscopy. Finally, the Au buffer layer remained as the signal and ground lines
of the CPW, and the rectangular FePt/Py element was prepared on the signal line.
This rectangular shape induces the shape anisotropy of Py. Because the long axis of
rectangle is the same as the in-plane [001] direction of the FePt layer, both uniaxial
easy magnetization axes of FePt and Py are in the same direction. The micro-
fabricated device was connected to the rf-compatible circuit via a two-terminal rf
probe, and P, was applied from a signal generator through the rf port of a bias-Tee
after — 6 dB attenuation. The application of P, induced H,y in the y-z plane of the
FePt/Py element. The device resistance was simultaneously measured using a lock-
in amplifier.

Numerical simulation. Numerical simulation was carried out by solving the
Landau-Lifshitz-Gilbert (LLG) equation by using the conventional fourth-order
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Runge-Kutta algorithm. The effective magnetic field in the LLG equation is the
vector sum of the anisotropy field, magnetostatic field, exchange field, H, and H,y.
In the present numerical study, we considered an exchange-coupled FePt/Py
bilayer of infinite size in the film plane. The thicknesses of FePt and Py were fixed
at 10 and 98 nm, respectively. The film was discretized into 1-nm thick infinite
plates, and each plate was assumed to have a uniform magnetization vector. The
saturation magnetizations of FePt and Py were determined to be 1000 and

800 emu cm ~ °, respectively, from the magnetization measurement. The inter- and
intra-layer exchange constants of FePt/Py, Ay, Apep: and Apy, were chosen to be
1.0x1077,1.0 x 10 % and 1.3 x 10 ~®ergcm ~ 1, respectively, so as to reproduce
the experimental magnetization loop. The small value of A;, results from the slight
oxidation and/or the contamination on the FePt surface during the sample transfer
from the UHV magnetron sputtering system to the IBS system with breaking the
vacuum. The uniaxial anisotropy constant of FePt Kgep, was assumed to be

3.3 x 10%ergcm ~ 3, which was determined from the magnetic field required to
switch FePt in the lithographically patterned device (see Fig. 2b), whereas Kp, was
set to 1.0 x 103 ergcm ~ 3. One may consider that Kpep, = 3.3 x 10% erg cm’g’ is
small. The one-dimensional model often leads to the underestimation of Kgep; to
reproduce H,, because in experiment Hy, is generally much smaller than the
anisotropy field. The experimental value of Kp.p, was about 2.5 x 107 ergcm ~ 3.
The Gilbert damping constants for Py and FePt were 0.008 and 0.02, respectively.
To evaluate the Hy, reduction under the H,¢ application, we set H,¢ to 90 Oe. When
H,, as a function of f was evaluated, the magnetization was initially magnetized
along + x direction. The magnetization was relaxed for 10 ns under H,¢ applied
along the y axis. The magnetization curve under the H,s application was then
calculated sweeping the dc magnetic field along the x direction. The field sweep
velocity was 50 Oens ~ 1. Hy,, was defined as the magnetic field at which the
magnetization of the FePt layer became zero. To obtain the f dependence of H,
f was varied in the range from 1 to 20 GHz.

Using the same parameters as those for the magnetization switching simulation,
we calculated the stable magnetic structure at each H by solving the LLG equation.
For these stable magnetic structures, we solved the eigenvalue equations corre-
sponding to the linear response to the small H,¢ and obtained the resonant fre-
quencies. To construct the eigenvalue equations, we employed the local rotated
frame where the coordinates are rotated about the z axis such that the new x axis
points in the same direction as the local magnetization vectors.
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