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ABSTRACT: Spin dynamics excited by spin-polarized current
in magnetic tunnel junctions (MTJs) is potentially useful in
nanoscale electrical oscillation sources and detection devices. A
spin oscillator/detector should work at a high frequency, such
as that of a millimeter-wave, where the quality of a
semiconductor device is restricted by carrier mobility, the
CR time constant, and so on. Developers of spin systems for
practical use need to find out how to excite spin dynamics (i)
in the millimeter-wave region, (ii) with low power
consumption (ex: no external magnetic field, low damping
material), and (iii) for broad frequency modulation. Here L10-
ordered FePd alloy with perpendicular magnetocrystalline
anisotropy (PMA) and a low damping constant, 0.007, was used for the free layer in the MTJs, and a homodyne-detected
ferromagnetic resonance (FMR) signal was obtained at around 30 GHz together with the possibility of one-octave frequency
modulation. The FMR signal in out-of-plane magnetized L10-ordered FePd free layer could be excited without an external
magnetic field by injecting in-plane spin polarized alternating current. This study shows the potential utility of L10-ordered alloy
materials such as FePt, CoPt, MnAl, and MnGa in a variety of millimeter-wave spin devices.
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The spin-transfer torque (STT) exciting spin dynamics1,2 in
nanoscale magnetic tunnel junctions (MTJs) has in the

past decade promoted research on topics related to the
fundamental physics and device application of spintronics, such
as current-induced magnetization switching (CIMS), spin-
transfer torque oscillation (STO),3 the spin-torque diode
(STD) effect,4 and the STT-induced spin wave propagation
(STT-SWP)5 and phase-locking of spin waves.6,7 Work on
nonvolatile random access memory using CIMS has recently
been up-scaled from fundamental research to industrial
production, and work on devices using research on STO,
STD, and STT-SWP is progressing. The core area for excitation
of spin dynamics in these devices is only 100 nm in diameter, so
these devices can in principle be smaller than semiconductor
oscillators and detectors. Usually, however, spin dynamics is
excited in the presence of a magnetic field produced by a coil
circuit, which increases device size and power consumption.
Zero-field excitation8,9 is therefore necessary to utilize the scale
advantage of spin devices. Zero-field excitation is also attractive
from the viewpoint of frequency modulation, because double
frequency modulation can be obtained by using oppositely
directed external magnetic fields. A wider range of frequency
modulation is one of the advantages of spin devices over
semiconductor devices. Another is that their operation
frequency is almost independent of the resistance-capacitance
(RC) time constant and carrier mobility, which limit the

operation frequency and degrade the Q-factor of semiconductor
devices operating at millimeter-wave frequencies. A high-
frequency spin device producing or detecting millimeter
waves would attract much attention in the electronics market.
Spin devices can be made to operate at millimeter-wave
frequencies by applying a magnetic field stronger than 1 T10−12

or by using high-magnetocrystalline-anisotropy materials. As
mentioned above, applying a strong external magnetic field
increases the device size because of the need for the coil circuit.
For this reason, high perpendicular-magnetocrystalline-aniso-
tropy (high-PMA) materials such as L10-ordered alloys are
suitable. In fact, millimeter-wave spin dynamics has been
optically observed at 130 GHz in L10-FePt films.13 The spin
precession in PMA materials also be expected to be linear if the
demagnetization field during the precession is homogeneous,
which can be assured by simply making the junctions in the
MTJs circular. There are, however, few reports of an
experimental investigation of the spin dynamics in MTJs
using a high-PMA L10-ordered alloy as the free layer. In the
work reported here, the high PMA material L10-FePd

14 was
used for the free layer in order to demonstrate the millimeter-
wave spin dynamics. The stacking structure of the MTJs used
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here consisted of an out-of-plane magnetized free layer and an
in-plane magnetized reference layer for injecting the in-plane
spin-polarized current into out-of-plane magnetized free layer
in order to eliminate the need for external magnetic fields. A
very thin layer of CoFeB was inserted between the MgO barrier
and the FePd free layer to increase interfacial spin polarization
as well as reduce the large lattice misfit between L10-FePd and
MgO in a step-by-step manner. We also evaluated the damping
constant by an all optical method because the damping
constant is proportional to the current needed for exciting spin
dynamics.
Results and Discussion. The high-frequency measurement

was carried out using ground-signal-ground (GSG) coplanar
wave electrodes to reduce the impedance mismatch. The
homodyne-detected ferromagnetic resonance (FMR) measure-
ment setup (Figure 1a) was almost the same as the one used by
Tulupurkar et al.4 The junctions were nanopillars 120 nm in
diameter. Figure 1b shows cross-sectional transmission electron
microscopy (TEM) image and high-angle annular dark-field
scanning TEM (HAADF-STEM) images of the full-stack
structure. In the HAADF-STEM image, an intermixing layer
could not be observed at any interface except the Cr/Pd
interface. The fast Fourier transform (FFT) patterns obtained
from HAADF-STEM image were consistent with the Fe and Pd
atoms in the FePd layer being aligned alternately along the c-
axis, which is consistent with L10-ordering.
Figure 2a shows magnetization (M−H) curves at 300 K for

the free layer, reference layer, and full-stack of layers in the film.
The substrate temperature (Ts) during the FePd deposition was
300 °C, and the layers above it were deposited at room
temperature (RT). The films were postannealed at 275 °C (Ta)
in order to crystallize the CoFeB layer. The FePd (3.5 nm)/
CoFeB (0.5 nm) free layer showed perpendicular magnet-

ization, and a PMA of 4.6 Merg/cm3 (Hk
eff: ∼10 kOe) was

evaluated from the area between in-plane and out-of-plane M−
H curves. The CoFe/Ru/CoFeB layer in the upper synthetic
reference layer was pinned by antiferromagnetic IrMn, and the
gradual magnetization switching due to synthetic structure was
observed. The M−H curves of the full-stack structure
represented the summation of those of the perpendicularly
magnetized free layer and in-plane magnetized reference layer.
To examine the potential utility of L10-ordered alloy for high-
frequency spin dynamics, the damping constant and oscillation
frequency were evaluated by a time-resolved Kerr effect
method. For the FePd/CoFeB film annealed at 250 °C, the
Kerr signal was measured as a function of the delay time with
various θH. The results are shown in Figure 2b, where the dots
indicate experimental data and the curves are calculated values
from a damped sinusoidal function with frequency ( f) and
relaxation time tau (τ) plus the background signal. The
magnetic field was 20.1 kOe, and θH represents the angle
between the film normal and the external magnetic field.
Precession signals showed a variation of the period with
changing θH, and the f decreased as θH increased. The f and θH
data were fitted to Kittel’s equation with an arbitrary field
strength and direction:
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Figure 1. Device structure used for homodyne-detected ferromagnetic resonance. (a) MTJ stacking structure and setup for measurement of
homodyne-detected ferromagnetic resonance, schematic illustration of GSG coplanar waveguide, and laser optical micrograph of coplanar waveguide
(Inset: Junction image observed by scanning electron microscopy (SEM)). (b) Cross-sectional bright-field transmission electron microscopy (TEM)
image and high-angle annular dark field scanning transmission electron microscopy (HAADEF-STEM) image of the MTJ stacking structure. Highly
ordered images of the FePd layer were obtained, and no intermixing could be seen in that area.
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Here, gamma (γ) is the gyromagnetic ratio, and θ is the
equilibrium magnetization angle determined. The Hk

eff

determined by fitting was 8.6 kOe, which is not far from the
Hk

eff of ∼10 kOe estimated from M−H curve for the in-plane
direction. (Figure 2a) The 1/τ vs θH data could not be simply
fitted to the analytic expression of τ derived from LLG equation
under the small-precession approximation (blue line), so the
anisotropy distribution factor (1/τdis) was additionally taken
into consideration (blue dashed line) using following equation:

τ π= | |·Δf H H1/ d(2 )/d /2k kdis
eff eff

where ΔHk
eff is the amount of anisotropy dispersion. The

relatively large ΔHk
eff of approximately 0.4 kOe was estimated,

which might be attributed to a large PMA. This is because those

amplitude and/or angle anisotropy distributions were quanti-
tatively enlarged for the large PMA materials, and that led to
the larger ΔHk

eff. αeff = 1/2πfτ was used for estimating the
effective damping constant (αeff). Analysis of the relation
between αeff and θH showed that αeff was smallest, 0.007, at θH
= 70°. To investigate the effect of CoFeB insertion, a FePd film
of the same thickness (4.0 nm) was also used in order to
exclude the influence of the thickness dependence of the spin-
pumping effect.15 The Hk

eff and αeff of FePd were 4.3 kOe and
0.015, respectively, which indicates that the insertion of CoFeB
improved not only the PMA but also the αeff. We think the
improvement of magnetic properties might be attributed to the
gradual change of lattice misfit achieved by inserting the CoFe
between FePd and the MgO barrier because the lattice misfit of
FePd and MgO was 9.2%. It should be noted that the αeff in the

Figure 2. Magnetic properties of L10-FePd/CoFeB bilayer. (a) Magnetization curves at 300 K for the free layer, reference layer, and full stack of
layers. The magnetic field was applied in in-plane and out-of-plane directions. (b) Time-resolved Kerr effect measurements of the FePd (3.5 nm)/
CoFeB (0.5 nm) bilayer. The lowest αeff, 0.007, was obtained after postannealing at 300 °C.
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FePd/CoFeB bilayer was close to the small damping constant
of MnGa (αeff = 0.008).16 Next, the Ta dependences of Ku

eff, Ms,
ΔHk

eff, and αeff were systematically deduced from the fitting
based on Kittel’s equation. Ku

eff and Ms first increased with
increasing Ta, reaching maximum values at around 275 to 300
°C, and then decreased. Increased Ku

eff and Ms with increased Ta
is attributed to the crystallization of the CoFeB layer, a
tendency consistent with typical CoFeB/MgO/CoFeB MTJs.17

The decreases of Ku
eff and Ms were caused by annealing-induced

diffusion into the Cr buffer layer, which is evident in a HAADF-
STEM image (Figure 1b). ΔHk

eff tended to decrease with
increasing Ta, which indicates the anisotropy distribution
became suppressed with increasing Ta. Crystallized CoFeB
with a small αeff and small ΔHk

eff could be obtained by annealing
and would be suitable for use in a bilayer system for high-
frequency spin dynamics applications
Figure 3a shows the TMR curves for MTJs with a FePd/

CoFeB free layer and either a single or synthetic reference layer.
These films had a relatively thick MgO barrier: 2.0 nm (RA ∼
105 Ohm·μm2). The ideal TMR curves for the MTJs with in-
plane magnetized and out-of-plane magnetized layers are
illustrated in Figure 3c. Two types of reference layers were
prepared, a single layer and a synthetic ferri layer, both with in-
plane magnetization. For MTJs with either type of reference
layer, the TMRobs ratio increased with increasing annealing

temperature. The TMRobs ratio is defined as the maximum
point on the TMR curve. The TMRobs ratios of MTJs with a
synthetic ferri reference layer were larger than those of MTJs
with a single reference layer. The magnetization reversal of the
out-of-plane free layer was sharper in MTJs with a synthetic
reference layer than in MTJs with a single reference layer. This
means that, in the case of MTJs with a single reference layer, a
stray field degrades the magnetization switching of the out-of-
plane magnetized free layer and thus reduces the TMRobs ratio.
By the way, the TMRobs ratio is underestimated because a
magnetic configuration changed between parallel (0°) and
right-angle (90°) states in the present structure. In order to
understand the potential of a FePd/CoFeB bilayer, we
calibrated the TMRP to AP to a value for a parallel (0°) to
antiparallel (180°) magnetization switching case according to
the angular dependence of the TMRobs effect.18 Figure 3b
shows the Ta dependence of TMRobs and TMRP to AP ratios. The
highest TMRP to AP ratio, 85%, was obtained at Ta = 350 °C for
the structure with the synthetic ferri reference and is much
higher than the value previously reported for a structure
without CoFeB inserted. Figure 3d shows the MgO-barrier-
thickness-dependence of the RA product and shows the
resistance vs magnetic field (R−H) curve for MTJs with
MgO barriers 0.85 nm thick. The RA product decreased
monotonically with a decreasing thickness of the MgO barrier

Figure 3. Tunnel magnetoresistance effects in MJTs with a L10-FePd/CoFeB free layer. (a) TMR curves for MTJs with a CoFeB/L10-FePd free
layer and a single or synthetic reference layer. (b) TMRobs and TMRP:AP ratio for MTJs with either a single or synthetic reference layer postannealed
at temperatures between 250 and 350 °C. The highest TMRP:AP ratio, 85%, was obtained in the MTJs with a synthetic reference layer annealed at
350 °C. (c) Ideal TMR curves and related switching behavior for out-of-plane-magnetized and in-plane-magnetized MJTs. (d) RA product as a
function of MgO barrier thickness (tMgO) and TMR curves for tMgO = 0.85 nm with Rp = 146 Ω.
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and below 1.0 nm was small enough for spin dynamics to be
excited by STT. The R−H curve for tMgO = 0.85 nm showed the
relatively small device resistance of 146 Ω in the parallel state.
The sharp magnetization switching and low device resistance of
MTJs makes them suitable for high-frequency spin dynamics.
Figure 4 shows the homodyne-detected FMR spectra for the

MTJs having tMgO = 0.85 nm and a synthetic reference
structure. The external magnetic field (H⊥) was applied to
perpendicular to the film. At relatively low frequencies (1 ≤ f ≤
15 GHz), the FMR signals were observed from 4.9 to 5.1 GHz
(Figure 4a). The positions of the FMR peak were fitted to
Kittel’s equation assuming that applying the H⊥ the changes the
magnetization direction of the synthetic ferri structure to out-
of-plane:

γ π π θ

θ

= −

=

f H H M

H H

/2 ( 4 ) cos

sin /

k k s

k

eff eff

ext
eff

The Hk
eff of 14 kOe was consistent with the Hk

eff estimated
from theM−H curve only for the reference layer (≈ 15 kOe) in
Figure 2a, so the FMR peak observed in a low-frequency region
was identified as that of the synthetic reference layer. When
focusing on a high-frequency region (13 ≤ f ≤ 38 GHz), the
FMR peak was also observed, and peak positions shifted to
higher frequencies with decreasing H⊥ (Figure 4b). The peak

positions were fitted to Kittel’s equation by simply taking into
consideration of PMA change due to the H⊥:

γ π= +f H H/2 ( )kext
eff

The Hk
eff of 9.6 kOe was consistent with the Hk

eff estimated
from the M−H curve of the FePd/CoFeB bilayer (≈ 10 kOe)
in Figure 2a so the FMR peak observed at a high frequency was
identified as that of the free layer. The nonlinearity factor and
stray field from the reference layer were not taken into account;
therefore, the FMR precession is coherent without the
influence of any additional fields. Importantly, the FMR signal
was also observed at zero-external-magnetic-field, and its
frequency was 28 GHz. This means that only the in-plane
polarized alternate current excited the coherent precession of
the out-of-plane magnetized free layer, and a large PMA results
in millimeter-wave detection. Zero-field operation exploits the
advantages of nanoscale devices and reduces power con-
sumption by eliminating the need for a coil producing an
external magnetic field. Another benefit of zero-field operation
is that wide frequency modulation can be obtained with a small
magnetic field by crossover the zero-field. The FMR frequency
increased from 18 GHz at +3 kOe to 28 GHz at 0 Oe and may
reach 38 GHz at −3 kOe. This means the more than one-
octave frequency modulation could be expected −3 kOe < H⊥
< +3 kOe, which is enough modulation for the oscillator in a
high-quality signal generator.

Figure 4. Homodyne-detected FMR spectra of MTJs measured under various external out-of-plane magnetic fields. (a) FMR peaks observed at low
frequency were identified as those of the reference layer. (b) High-frequency peaks identified as those of the L10-FePd/CoFeB free layer. The FMR
vs magnetic field data were fitted by Kittel’s equation. The precession of L10-FePd/CoFeB free layer could be discussed based on the coherent mode
with small angle.
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In summary, this study has shown that resonant spin
dynamics in a high-PMA of FePd/CoFeB bilayer could excite
millimeter-wave spin dynamics not only in films but also in the
MTJ device structure. Homodyne detection of FMR by MTJs
was demonstrated here at 28 GHz without applying external
magnetic fields. There remain a lot of future important research
topics: not only using other kinds of L10-ordered alloys (e.g.,
CoPt, FePt, MnAl, and MnGa) to get higher millimeter-wave
frequencies but also STO, phase-locking, and STT-SWP at
millimeter wavelengths.
Methods. The samples were prepared by an ultrahigh-

vacuum r.f. or d.c. magnetron sputtering system controlled
automatically. The stacking structure of MTJs was as follows:
MgO (100) substrate/Cr 40/Pd 10/FePd tFePd/Co40Fe40B20
0.5/MgO tMgO/Co40Fe40B20 2/Ru 0.85/Co75Fe25 2/Ir19Mn79
10/Ta cap/top electrode (thicknesses in nanometers). Micro-
fabrication was carried out using conventional photo
lithography and electron beam (EB) lithography (JEOL
5000LSS) and Ar ion milling. The junction position was
adjusted by using global mark and chip mark of Ta/Au bilayer,
and the location error was within a few dozen nanometers. In
order to suppress the inhomogeneous demagnetization field
during precession, the sample was milled down to the
beginning of the Pd layer, and both the reference and free
layers were patterned into circular pillar shapes. To measure
fast magnetization dynamics, an all-optical pump−probe
method using a femtosecond pulse laser was used. The pulse
width and repetition rate were 100 fs and 1 kHz. The pump
beam was modulated at 360 Hz, and a pump fluence of 4.8 mJ/
cm2 was used. The Kerr rotation angle was detected using a
differential method. For electrical measurement in a millimeter-
wave region, a bias-tee (Picosecond pulse laboratories model
5544, 50 kHz to 40 GHz), lock-in-amplifier (NF LI5640), and
signal generator equipped an AM modulation mode (Rohde &
Schwarz SMR40, 10 MHz to 40 GHz) were used. The constant
voltage was detected by the lock-in-amplifier synchronized with
the AM modulated signal for increasing the signal-noise ratio.
The impedance mismatching of the coplanar wave guides was
checked by a network analyzer, and high-frequency loss was not
evident below 20 GHz. The measurement was carried out with
a LabView automation program.
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