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Time-resolved MOKE (TRMOKE) and Q-band ferromagnetic resonance (FMR) are used to
evaluate the damping parameter « and the magnetic anisotropy field Hy = 2K /M (where

K is the uniaxial anisotropy constant and My is the saturation magnetization) of CoPtX-Y

and CoPtX (where X is non-magnetic element and Y denotes oxide(s)) granular alloys with
perpendicular magnetic anisotropy and variable Co/Pt atomic ratio R. It is found that «
monotonically increases in the range of 0.03-0.07 with decreasing R in the range of 2.5-5.5.
By comparing the CoPtX films sputter-deposited in Ar and in Ar+-O, atmosphere, it is found
that « is less sensitive than Hy to the presence of non-magnetic additives (Cr, B) in the grain
core. This suggests that « is much less sensitive than K to perturbations of d-electron band
structure. FMR and TRMOKE are also used to evaluate « of magnetically soft CoFeX alloys.
It is shown that adding 2 at.% Tb to CoFeX leads to an increase of « from 0.012 (undoped
case) to 0.048, and a negative shift of the resonance field which is linearly dependent on the
RF frequency. This effect, similar to that previously reported on Tb-doped NiFe films, is
attributed to the highly anisotropic Tb 4/~5d exchange coupling. A synthetic-antiferromagnetic
trilayer CoFeX (7nm)/Ru (0.8 nm)/CoFeX (7nm) is investigated by FMR. The interlayer
RKKY coupling constant, evaluated from the frequency shift between the acoustic
(symmetric) and optic (antisymmetric) resonance modes is Jgy = 0.11 erg cm 2. The o value
corresponding to the acoustic mode (0.016) matches that of a single-layer CoFeX film whereas
the optic mode shows a higher « (0.0265). This is interpreted to be a consequence of spin-
pumping through the Ru interlayer. The evaluated spin mixing conductance for the CoFeX/Ru

interface is g5 = 22.5nm" >,

Keywords: time-resolved MOKE (TRMOKE), ferromagnetic resonance (FMR), microwave

assisted magnetic recording (MAMR)

Introduction

In perpendicular magnetic recording (PMR), achieving high
recording densities is enabled by decreasing media grain
volume V and increasing the media magnetic anisotropy con-
stant K in order to provide a reasonably high thermal stability
at ambient temperature Tgr so that KV/ (kgTgrr) > 65. Since
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recording occurs on a short time scale (~1 ns), the medium
coercivity and saturation field approach the anisotropy field
Hx = 2K /M5 where My is the saturation magnetization. The
magnetic recording layers of PMR media typically have Hy
~ 20 kOe. Such high values of Hx impose a constraint on the
minimum switching field Hsy that the recording head should
provide in order to switch the grain magnetization from one
orientation to the other along the easy-axis. Various methods
to decrease Hgy have been explored, including the exchange
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coupled composite (ECC) media structure [1-3] and energy-
assisted recording schemes involving the application of RF
fields [4-6] or heat [7, 8]. In addition to the strength of Hgy,
switching properties of a ferromagnetic film also depend on
the Gilbert damping constant « of the medium defined in the
LLG equation. The damping constant « has a direct impact
on the time required for the magnetization to stabilize along a
direction of minimum energy subsequent to a perturbation of
its orientation. The number of magnetization precessions prior
to switching is enhanced for media with a low «.

Current PMR media have an ECC structure consisting of
several magnetic layers having a vertically graded anisotropy
which enables the reduction of Hsw via an exchange spring
effect [1]. One way to tailor the value of Hg of each layer in
a PMR stack is to adjust the Co/Pt atomic ratio, typically in
the range 2—-6. Since the ECC structure is expected to remain
one of the key features of future PMR media, it is important
to investigate the effects of Co/Pt atomic ratio on Hg and «
of CoPt-based films, which is the main goal of the present
work. While the dependence of Hx on Co/Pt ratio has been
extensively studied [9, 10], the effect of Co/Pt ratio on « has
been scarcely investigated in the past. Q-band FMR meas-
urements on epitaxial CoCrPt films with in-plane anisotropy
[11] reported o = 0.038 for Cog;Cry5Pts and o = 0.042 for
Co73Cry9Ptg alloys. Time-resolved MOKE (TRMOKE) meas-
urements on CogsCrysPtyg films with perpendicular anisotropy
reported o = 0.054 [12]. The increase of a with increasing
Pt content is attributed to the strong spin—orbit coupling of
Pt atoms causing spin-flip and spin-dependent scattering of
conduction electrons [13].

In PMR, a magnetically soft-underlayer (SUL), located
below the magnetic recording layer(s), is used to enhance the
field acting on the recording layer(s) by bringing them into
the gap of the recording head [14]. Current PMR media often
employ synthetic antiferromagnetic SULs (SUL-SAF) with
the structure SUL/Ru/SUL, which consist of two SUL layers
antiferromagnetically coupled through a Ru layer that inter-
mediates an RKKY antiferromagnetic coupling. SUL-SAF
were shown to have the advantage over a single-layer SUL of
reducing the readback noise as a consequence of minimizing
the magnetostatic coupling between the recording layers and
the SUL, as well as a reduction of the in-plane size of the
magnetically perturbed region in the SUL during and after the
writing process [15]. LLG simulations indicate that damping
in the SUL has an effect on the SUL magnetization settling
time subsequent to field application by the recording head.
The lower is « in the SUL, the larger is the magnetically per-
turbed region in the SUL during the writing process, which
could reverse grains in the recording layer via the magneto-
static coupling between the two, leading to readback noise
in the recorded patterns (jitter or transition noise) [16].
This noise could potentially become more important with
increasing recording density. Therefore, o in the SUL needs
to be enhanced, ideally without any loss of its soft magnetic
properties.

In this work, TRMOKE and ferromagnetic resonance
(FMR) are used to evaluate o and Hg of CoPt-based granular
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films with various Co/Pt atomic ratios, and of magnetically
soft CoFe-based SUL films. Both measurement techniques
are found to offer consistent values of « of the films. For the
CoPt-based granular films, it is found that « increases mono-
tonically from 0.03 to 0.07 as the Co/Pt ratio decreases from
5.5 to 2.5. For the single-layer CoFe-based SUL films (SUL—-
SL), « is found to increase by a factor of four (from 0.012
to 0.048) without significantly changing the hysteresis loop
shape as a result of doping the CoFe-based films with 2 at.%
Tb. This observation, important for PMR media development,
is in agreement with the previous results on Tb-doped NiFe
[17] that associates the increase of o with the strong contrib-
ution of the anisotropic exchange interaction between 4/~5d
electrons to the magnetic anisotropy of Tb. The present results
indicate the potential use of Tb doping to enhance damping of
SUL without degradation of its soft magnetic properties. In
the case of SUL-SAF, both the acoustic and optic resonance
modes are detected in the FMR spectra. The optic mode fea-
tures a higher « than that of the acoustic mode, which is attrib-
uted to spin-pumping through the Ru spacer. The spin mixing
conductance of the SUL/Ru interface is estimated from « and
is found to be close to the value for Py/Ru interface.

Experimental details

Sample preparation

Samples investigated in the study, described in table 1 and
schematically depicted in figure 1, are deposited in Ar atmos-
phere using an industrial sputtering system with a base pres-
sure better than 1 x 1077 mTorr. Samples are deposited at
120 °C on NiP-plated Al disk substrates 65mm in diameter
for TRMOKE measurements and on 65 mm-diameter glass
substrates for FMR measurements. Two types of alloys are
investigated: (i) CoPt-based alloys with strong perpendicular
magnetic anisotropy that are used as recording layers in PMR
media, and (ii) an amorphous CoFe-based alloy with low in-
plane anisotropy that is used as SUL. The CoPt alloys are of
two types:

(a) CoPtX-Y alloys (samples denominated in the following
by MAG and MAG1-5), where X is a non-magnetic metal
such as Cr, and Y is an oxide, e.g. SiO,, TiO,, etc, or a
mixture of oxides that segregates along the boundaries of
the CoPtX grains and in turn helps reduce the exchange
coupling among the magnetic grains. Several composi-
tions with Co/Pt atomic ratios in the range of 3-5.5 are
investigated in this work.

(b) CoPtX alloys (samples denominated by CAP1, CAP2,
CAP2R), where X is a non-magnetic metal such as Cr
and the Co/Pt atomic ratio falls in the range of 2.3-2.4.

The CoPtX alloys, which are often used to form the
uppermost magnetic layer(s) in PMR media to promote
magnetization switching, feature a stronger intergranular
exchange coupling than the CoPtX-Y alloys with oxide
segregants. This is motivated by the following two require-
ments for the top recording layer in PMR media: (a) it
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Table 1. Sample description and the values of My, Hg, and « determined from the TRMOKE, FMR and VSM measurements.

Experiment Sample Co/Pt ratio (at.) M (emu cm ™) Hg (Oe) «@

TRMOKE MAG1 8 815 19953 £ 95 0.0512 4+ 0.0018
MAG2 3.45 833 19448 £ 98 0.046 + 0.0017
MAG3 4 914 17778 £ 123 0.035 -+ 0.0006
MAG4 3.9 871 16041 4 85 0.0365 £+ 0.0018
MAGS5 5.36 641 14892 447 0.0358 £ 0.0019
CAP1 2.33 498 11395 4+ 210 0.07 £ 0.0029
CAP2 24 582 14103 £ 122 0.0647 4+ 0.0016
CAP2R 24 703 17636 & 83 0.066 + 0.0014
SUL-SL — 496 +7 — 0.0144 + 0.0005

496 (VSM)

FMR MAG 3.24 800 20647 4 88 0.0435 + 0.0053
SUL-SL — 495 4+ 3.3 1149 42, 0.012 4 0.0005
SUL+Tb-SL — 505 (VMS) — 0.048 + 0.0011
SUL-SAF — 496 — 0.016 + 0.0001 (a)

0.0265 -+ 0.0004 (o)

should have the lowest Hgw among the layers of the PMR
stack in order to initiate the magnetization switching, and
(b) it should reduce the grain switching field distribution
(SFD) of the PMR stack by introducing a stronger and more
homogeneous lateral exchange coupling between magnetic
grains than that in the other recording layers with grain
boundary segregation.

The structure of CoPtX-Y and CoPtX samples used in
this study is: substrate/seed/Ru (20nm)/CoPtX-Y or CoPtX
(10nm)/C (figure 1(a)). One of the CoPtX alloys with a Co/
Pt ratio of 2.4 is either deposited in pure Ar (sample CAP2,
table 1) or reactively sputtered in Ar+2% O, (sample CAP2R).
The purpose is to check the effects on Hg and a of the CoPtX
alloy of segregating the non-magnetic species X (e.g. Cr) from
the grain core by means of preferential oxidation of X.

The groups of SUL samples based on an amorphous CoFeX
alloy where X are refractory metals with large atoms such as
Ta, Zr, etc, are prepared to have the following structures:

(a) Single-layer SUL: substrate/CoFeX (10nm)/C (figure
1(b)), denominated in the following by SUL-SL. The
effect of Tb doping on « of the SUL alloy is investigated
by sputter-deposition of a single-layer SUL sample,
denominated in the following by SUL+Tb-SL, using a
CoFeX target doped with 2 at.% Tb.

(b) Synthetic antiferromagnetic SUL: substrate/CoFeX
(7nm)/Ru/CoFeX (7nm)/C (figure 1(c)) denominated in
the following by SUL-SAF.

The  effective  perpendicular  anisotropy  field
H,e(ff = Hg — 47My and the damping parameter o are evalu-
ated using TRMOKE for MAG1-5, CAP1, CAP2, CAP2R,
SUL-SL, and FMR for MAG, SUL-SL, SUL+Tb-SL and
SUL-SAF (table 1). The interlayer RKKY exchange cou-
pling Jgy for SUL-SAF is evaluated using FMR. Hysteresis
loops and saturation magnetization Mg are measured using a
2 T vibrating sample magnetometer (VSM). The details of the
FMR and TRMOKE measurements are given in the following
sections.
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FMR measurements

FMR experiments are performed in the radio-frequency (RF)
range of 5-40 GHz (Q-band) using a broadband microwave
generator and a coaxial microwave track with the sample
mounted on a coplanar waveguide (CPW) [18]. The DC (bias)
field is applied using an electromagnet. The sample is placed
face-down on the CPW located between the pole pieces of
the electromagnet. The RF transmission output of the CPW is
converted into a DC voltage using a planar-doped barrier diode
detector. Measurements are performed at fixed RF frequency
by stepping the DC field through resonance. An AC modula-
tion field is applied along the DC field and the output signal
is detected using a lock-in method to enhance the measure-
ment sensitivity. The frequency of the AC modulation field is
100 Hz and the modulation amplitude is 10-50 Oe. The step
in the DC field is selected to be larger than the amplitude of
the AC modulation field. As explained in appendix B, the
measured signal is proportional to dxgr/dH where H is the
intensity of the DC field and xgr is the imaginary component
of the RF susceptibility.

TRMOKE measurements

The schematics of the in-house built TRMOKE setup used
in this study is presented in figure 2. In TRMOKE experi-
ments [19], a mode-locked Ti-sapphire laser (A = 800nm) is
used to generate repetitive pulses having 100 fs duration and
12.5 ns period. The laser beam is split into two beams, namely
the pump and probe beams, by using a half-wavelength plate
and a polarizing beam-splitter (BS). The orthogonal ori-
entation of the two beam polarizations is prerequisite for
obtaining a high signal/noise ratio (SNR) of the TRMOKE
signal. The probe beam passes through a second harmonic
generator (SHG) that reduces its wavelength to 400 nm, and
further through an optical delay line (ODL) that varies the
length of its optical path by a controlled amount using a step-
ping motor to adjust the position of a retro-reflecting mirror
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sliding on an optical rail. The position of the retro-reflecting
mirror thereby controls the time delay between the pump
and probe pulses. The pump beam passes through an electro-
optical modulator (EOM) that RF modulates its intensity
at an RF frequency 2 = 1-10 MHz. The RF modulation is
used to improve the SNR of the measurements by reducing
the contribution of the 1/f noise of the mode-locked laser.
The pump and probe beams are combined using a dichroic
mirror (DM) and focused on the sample within a spot diam-
eter of ~2.5 ym FWHM. The fluences of the two laser beams
at the sample surface are 0.7 mJ cm ™2 for the pump beam
and 0.15 mJ cm 2 for the probe beam. After reflecting from
the sample, the probe beam passes through a half-wave plate
(HWP) and then through a Wollaston prism (WP) that splits it
into two perpendicularly polarized beams which are incident
on a dual photodetector (DD). The differential output signal
of the photodetector is proportional to the component of the
sample having magnetization perpendicular to the sample
plane via the polar Kerr effect (i.e. the TRMOKE signal).
The latter is measured as a function of the delay between
the pump and probe pulses, using a phase sensitive lock-in
amplifier (LIA). However, the signal detection utilizing an
RF LIA is noisy due to its large detection bandwidth. As
explained in [20], audio-frequency (AF) LIAs feature a
lower noise than RF LIAs. In order to take advantage of this
feature of AF LIAs, a double modulation detection scheme
is employed. In addition to the pump beam being modulated
at the RF frequency 2, the probe beam is also modulated
at an AF frequency w = 500 Hz using an optical chopper
(CH). In this case, the output signal of the dual photodetector
has two side-bands at 2 — w and €2 + w. A double-balanced
mixer (DBM) is connected between the output of the dual
photodetector and the input of the AF LIA. The local oscil-
lator input of the DBM is connected to the TTL output of
the RF oscillator used to modulate the pump beam at the
RF frequency €2, and the signal input of the DBM is con-
nected to the output of the dual photodetector. As a result,
the output signal of the DBM is modulated at w and 2£2 + w.
The low frequency w component of the DBM output signal
is measured with a high SNR by an AF LIA using the TTL
output of the probe beam modulator (optical chopper) as a
reference.

The region of the sample exposed to the pump/probe
beams is also subjected to an applied DC magnetic field H
having adjustable intensity and orientation with respect to the
sample plane. The field is generated by a permanent magnet
capable of delivering a maximum field of 7 kOe at a distance
of 1 mm away from the face of the magnet pole piece. The DC
field is applied from the side of the sample (65mm diameter
disk) opposite to that exposed to the laser beams. The magnet
is mounted on a goniometer having the center of rotation coin-
ciding with the center of the laser beam spot on the sample
surface. This geometry allows an independent control of the
field orientation by adjusting the goniometer angle, and of the
field intensity by translating the magnet along the radius of the
goniometer using a linear stage.
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Carbon overcoat
CoPtX-Y or CoPtX
Ru
Seed
Substrate

(b) Carbon overcoat
CoFeX or CoFeTbX

Substrate

(C) Carbon overcoat
CoFeX
Ru
CoFeX

Substrate

Figure 1. Sample structure: (a) MAG, MAGI1-5 (CoPtX-Y) and
CAP1,2,2R (CoPtX); (b) SUL-SL (CoFeX) and SUL+Tb-SL
(CoFeTbX); (¢c) SUL-SAF (CoFeX/Ru/CoFeX).

Results

As shown in figure 3(a), the CoPtX-Y samples require a
substantial saturation field, usually above 7 kOe (i.e. larger
than the maximum field available in the TRMOKE setup).
Therefore, samples MAGL-5 are first saturated perpendicular
to the film plane using a 2 T electromagnet prior to performing
TRMOKE measurements. For samples with perpendicular
anisotropy, the selection of the optimal applied field orienta-
tion must take into account the following two factors:

(1) As the angle of the applied field relative to the perpend-
icular to the film plane increases, the oscillation amplitude
of the magnetization component perpendicular to the film
plane increases. Therefore, the magnetization oscillation
can be detected with a higher SNR by polar Kerr effect.

(2) If the field angle is too large, the film can be partially
demagnetized. This is due to the combined effect of the
high My and the presence of grain segregation in the
CoPtX-Y samples that leads to the dominance of magneto-
static over the exchange interactions between grains. Partial
demagnetization may result in an inaccurate estimation of
« based on the assumption of the fundamental mode.
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Figure 2. Schematics of the TRMOKE setup, containing:
Ti-sapphire pulsed laser (L), second harmonic generator (SHG),
electro-optical modulator (EOM), optical delay line (ODL),
dichroic mirror (DM), mechanical chopper (CH), half-wave plate
(HWP), Wollaston prism (WP), dual detector (DD), objective lens
(OL), beam splitters (BS), mirrors (M), magnet (MAG), sample (S),
double-balanced mixer (DBM), lock-in amplifier (LIA) and data
acquisition card (DAQ).

OL

In order to determine the largest applied field angle that
can be used while still preserving the saturated magnetiza-
tion state, the following VSM experiment is carried out on
the CoPtX-Y and CoPtX samples. First a DC field of 20 kOe
is applied along the easy-axis (i.e. perpendicular to the film
plane) in order to saturate the film magnetization, and then
removed. The remanent magnetization Mgg is measured. Then
a DC field of 7 kOe (equals to the maximum field achiev-
able in TRMOKE) is applied at an angle 1/ with respect to
the perpendicular to film plane, and then removed. Remanent
magnetization Mg perpendicular to the film plane is then meas-
ured. The experiment is repeated for several values of 1 in
the range of 0-90°. The dependence of the normalized rema-
nent magnetization Mg/Mgs on 1 is presented in figure 3(b)
for MAGI1, MAG3, MAGS5, CAP2 and CAP2R. According
to figure 3(b), in non-segregated films having low My values,
such as CAP1 and CAP2, the tilt of the applied field v/ can be
as large as 70° before the samples become partially demagnet-
ized as indicated by the observed decrease in Mg/Mpgs. In con-
trast, for the CoPtX-Y samples (MAG, MAG1-5) having high
My and a high segregant content, Mg/Mgs starts to decrease
for applied field angle 1) greater than ~40°. According to these
observations, the applied field angle v is fixed at 40° for sam-
ples MAG1-5 and 60° for CAP1, CAP2 and CAP2R. For
the SUL samples, the selection of applied field angle is less
critical and 1/ is set to 20° to enhance the TRMOKE signal.

TRMOKE

In TRMOKE experiments, the energy of a 100 fs pump pulse
(~10719]) is transferred to the ferromagnetic sample within
a narrow spot diameter, causing a local heating effect [21].
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Figure 3. (a) Easy-axis hysteresis loops for samples MAG1

(0), MAG3 (), MAGS5 (A), CAP2 (V) and CAP2R ()
measured using polar-Kerr effect. (b) Remanent magnetization
Mp (normalized to Mys, where Mg is the saturation remanent
magnetization) measured along the direction perpendicular to
the film plane subsequent to the application of H = 7 kOe under
an angle ¥ with respect to the perpendicular to the film plane for
samples MAG1 (0), MAG3 ((J), MAGS (A), CAP2 (V) and
CAP2R ().

My and Hy of the heated region undergo an ultrafast decrease,
leading to a sudden change in the orientation of the effective
magnetic field Hey that includes the anisotropy, magnetostatic,
exchange and applied field contributions. As a result, Mg
becomes non-collinear with Hey. Thermal equilibrium of the
electrons, phonons and spins is reestablished in a few ps after
the application of the pump pulse. Once thermal equilibrium
is reestablished, the easy axis of the ferromagnetic sample
returns to the original orientation it had before excitation and
M starts to precess around a constant H,gbefore aligning with
Hg. Magnetization precession is evidenced by the polar-Kerr
effect using a low energy probe pulse which is delayed by ¢
(that can be adjusted with ~1 ps resolution) with respect to the
application of the pump pulse. The recovery of My is delayed
by the heat diffusion in the sample and it usually completes
in ~20ps after the application of the pump pulse [22], as sug-
gested by the invariance of the My oscillation period for time
delays t > 20ps. Therefore, in the fit of TRMOKE data the
evolution of My during the first 20ps after the application of
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Figure 4. TRMOKE measurement of the component of film magnetization perpendicular to the film plane as a function of the delay
between the pump and probe laser pulses for samples (a) MAG1, (b) MAGS, (¢) CAPI, and (d) SUL-SL. For each sample, three
magnetization time traces are presented (symbols) that correspond to H = 5 kOe (O), 6 kOe ([J) and 7 kOe (A); their fit using a damped
periodic function (equation (1)) (solid line) and the envelope of the magnetization oscillations used to extract the damping time 7 (dashed

lines) are also presented.

the pump pulse is disregarded and the time origin for the pump-
probe delay ¢ is shifted by the same amount. Magnetization
relaxation subsequent to the anisotropy field pulse takes place
not only through coherent oscillations but also through inco-
herent phonon and magnon relaxation processes [23]. The
latter leads to a background signal displaying an exponential
time decay. For a fixed value of the applied field H and orien-
tation ¢ with respect to the perpendicular to film plane (Oz),
the pump-probe delay ¢ is varied in the range of 0-500ps. The
magnetization component perpendicular to the film plane M,
probed by polar-Kerr effect, is recorded as a function of ¢ and
fitted using a damped harmonic oscillatory function having
the expression [19]:

My (t) = Asin 2nfi+ ¢)e * +Be s +C (1)

where A, f, ¢, T are the precession amplitude, oscillation fre-
quency, initial phase and oscillation damping time, respec-
tively, and B, 75, C are the background amplitude, damping
time of the background signal and offset, respectively. The
parameters A, B, C, f, &, T, Tp are extracted via a least-squares
fit of My (r) using equation (1). After subtracting the back-
ground, the pure oscillatory component of the TRMOKE
signal M; = Asin (2nft + ¢)exp (—1/7) is presented in
figures 4(a)—(d) for samples MAG1, MAGS5, CAP1, SUL-SL
and several values of the applied field H. The extracted field
dependencies f(H) and 7(H) are fitted using equations (A.8a)
and (A.8b) derived in the appendix A in order to extract H,ef
and the damping parameter «. During the fit, the values of
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the Landé factor are fixed at g, = 2.153 for MAGI1-5, CAPI,
CAP2, CAP2R and g; = 2.13 for SUL-SL as determined by
FMR for MAG and SUL-SL. The experimental and theor-
etical f{lH) for samples MAG1-5 are presented in figure 5(a),
for samples CAP1, CAP2, CAP2R in figure 5(c) and for
SUL-SL in figure 5(e). The corresponding 7(H) dependen-
cies are presented in figures 5(b), (d) and (f). The saturation
magnetization Mg for samples MAG1-5 and CAP1, CAP2,
CAP2R is measured by magnetometry (VSM) and the aniso-
tropy field H is evaluated as Hx = Hfgf + 47Ms. The deter-
mined values of My, Hx and « are presented in table 1.

The values of Hx and « are plotted in figure 6 as a func-
tion of the Co/Pt ratio for the CoPtX-Y and CoPtX samples.
Figure 6 shows that damping monotonically increases with
decreasing Co/Pt ratio. This can be interpreted based on the
following mechanism. The Co 3d electrons hop onto Pt sites
and spin polarize the Pt 5d electrons [24]. As a result, Pt atoms
acquire a magnetic moment and contribute to damping via the
strong spin—orbit coupling of the Pt 5d electrons according to
the breathing Fermi surface model of Kambersky [25]. As one
can notice in figure 6 and table 1, in the case of CoPtX alloy
both Hx and My are higher for the reactively sputtered sample
CAP2R than for the non-reactively sputtered CAP2. As a
result of O, addition to the sputter gas, non-magnetic species
like Cr and B originally present in the grain core are oxidized
and segregated along the grain boundaries. This leads to a
perturbation of the 3d electronic band structure of the grain
core, which results in an increase of Hg and M. According to
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Figure 5. Magnetization oscillation frequency f ((a), (¢) and (e))
and damping time 7 ((b), (d) and (f)) as a function of the applied
field H for samples MAG1 (@), MAG2 (ll), MAG3 (A), MAG4
(¥) and MAGS5 (4) (shown in (a) and (b)); CAP1 (@), CAP2 (H)
and CAP2R () (in (¢) and (d)), and SUL-SL (@) (in (e) and (f))
evaluated by TRMOKE.

figure 6, the damping parameter o appears to be less affected
by the oxidation process, suggesting that « is less sensitive to
the modification of the electronic band structure of grain core
by non-magnetic species such as Cr or B.

For SUL-SL, H is found to be —6233 + 88 Oe. Since
Hy >~ 12 Oe < 47Ms, HY =~ —47 My can be used to estimate
Mg =496 + 7 emu cm >, This value is in excellent agreement
with that measured by VSM (496 emu cm ). The fit of 7(H)
leads to o = 0.0144 4+ 0.0005 for SUL-SL.

FMR

FMR experiments are performed on MAG, SUL-SL,
SUL+Tb-SL and SUL-SAF (table 1). In the case of sample
MAG having a perpendicular anisotropy, the DC field is
oriented perpendicular to film plane and the RF field is ori-
ented parallel to the film plane. The easy-axis hysteresis
loop measured perpendicular to the film plane is presented
in figure 7(a). The measurable resonance field Hpyg is lim-
ited by the maximum frequency used in this study (40 GHz).
In order to ensure a saturated magnetization state within the
range of DC field corresponding to the FMR line, the DC
field is stepped down from a value higher than the saturation
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Figure 6. Anisotropy field Hg (solid symbols) and damping
parameter « (empty symbols) as a function of Co/Pt atomic ratio for
samples MAG1 (@), MAG2 (l), MAG3 (A), MAG4 (V), MAGS
(4), CAP1 (»), CAP2 (1), CAP2R (%) evaluated by TRMOKE;
the values of Hy and « evaluated by FMR for sample MAG (@) are
also presented.

field (typically 20 kOe) to —3 kOe. The RF frequency range
J=35.5-40 GHz is selected so that the FMR line can be cap-
tured in the DC field range extending from the nucleation field
to positive saturation (figure 7(a)). The FMR curves dxgr/dH
measured at several frequencies of the RF field (figure 7(b))
are fitted with an asymmetric Lorentzian using equation (B.1p)
derived in appendix B. The fitting parameters are the reso-
nance field Hpyg, the resonance linewidth AH = 2A + AH,
(equation (B.11)), the mixing angle ¢ and a vertical scaling
factor. The dependence of Hpyg on w/~o, where w = 27f and
~vo = pg/h,is presented infigure 7(c) and is used to extract H,ef
and the Landé factor g; based on equation (B.1le) which can
be expressed as Hryr = —H,ef + w/ (gry0) for the particular
geometry used in this experiment. One obtains g7 = 2.153 £+
0.015 and Hx = 20647 + 88 Oe using Ms = 800 emu cm 3
determined by VSM. Figure 7(d) presents the dependence of
AH on w/vy where v = g;yo. The latter is fitted using equa-
tion (B.1k) in order to extract the anomalous line broadening
AHy =443 + 133 Oe and the damping parameter o = 0.044
4 0.005. For sample MAG with Co/Pt of 3.24, the obtained
value of « is consistent with the dependence of o on Co/Pt
atomic ratio evaluated by TRMOKE (see sample MAG2 in
table 1).

In the case of SUL-SL, the easy-axis direction is ori-
entated in the film plane along the radial disk direction via
the application of a DC magnetic field ~100 Oe during film
deposition. The easy and the hard-axis hysteresis loops M(H)
measured by VSM under applied fields in the sample plane are
presented in figure 8(a). The saturation magnetization evalu-
ated by VSM is M5 =496 emu cm—>. FMR measurements
on SUL-SL are performed at saturation, using in-plane DC
and RF fields which are orthogonal to each other. At first, the
DC field is orientated along the easy-axis. The FMR curves
are measured for several RF frequencies in the range of 540
GHz with a 2.5 GHz step (figure 8(b)) and fitted using an
asymmetric Lorentzian (appendix B) in order to extract Hryr
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Figure 7. (a) Easy-agis hysteresis loop for sample MAG measured by polar-Kerr, (b) FMR absorption curves (syrubols) measured for
sample MAG using an applied field along the easy-axis (perpendicular o film plane) and asymmetric Lorentzian fit (solid line) for several
RF frequencies £ 36 GHz (O), 37 GHz (), 38 GHz (A), 39 GHz (V) and 40 GHz (). (¢) Resonance field Hpyp (symbols) as a function
of w/vy (where w = 2af, 90 = /Ry and linear fit (solid line) used to extract Hf< = Hyg — 4nMy (intercept) and Landé factor g; (inverse
of the slope). (d) FMR line width AH as a funciion of w/~y (where v = gr70) {solid symbols) and Hoear fit (solid line) used to extract the
anomalous line broadening AH, (y-intercept) and the damping factor « (half of the slope).
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function of w/v {symbols) and fit (solid line) used to extract My and Landé factor g;. {d) FMR linewidth AH as a function of w/~ (solid
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Figure 10. (a) FMR absorption curves (symbols) measured using an applied field along the easy-axis (in-plane) and asymmetric Lorentzian
fit (solid line) for several RF field frequencies £ 5 GHz (O), 10 GHz ([J), 15 GHz (A), 20 GHz (), 25 GHz (), 30 GHz (<), 35 GHz
([>) and 40 GHz (%). (b) Experimental FMR absorption curve for f= 15 GHz (symbols) and fit (solid line) showing the two resonance
lines corresponding to the acoustic and optic precession modes of the two layer magnetizations. (¢) Dependence of Hpyg corresponding to
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for the acoustic (@) and optic (O) modes as a function of w/~y (solid symbols) and linear fit (solid line) used to evaluate AH; and « for both

modes.

HIGHLY CONFIDENTIAL - ATTORN

EYS' EYES ONLY

MR Technologies GmbH
Ex. 2018, IPR2026-00016 \n/D0293681

Page90of16 5% 2036.000



J. Phys. D: Appl. Phys. 51 (2018) 325002

C Papusoi et af

and AH. The dependence of Hryr on w/~y (figure 8(c)) is
used to extract Mg = 495 4+ 3 emu ¢cm > and the Landé factor
g1, =2.13 £ 0.003 based on equation (B.2f) where H is
assumed to be negligible. Figure 8(d) presents the dependence
of AH on w/+ and its linear fit is used to determine o = 0.012
+ 0.0005 and AHp = 18 4+ 1.8 Oe based on equations (B.17)
and (B.2d). The obtained value of « is reasonably close to that
evaluated by TRMOKE for SUL-SL (table 1).

In order to evaluate the anisotropy field Hy of the undoped
SUL, FMR measurements are also performed at saturation
using an in-plane DC field along the hard-axis and an in-plane
RF field along the easy-axis of the SUL-SL sample. FMR
curves are measured at various RF frequencies in the range of
5-40 GHz with a step of 5 GHz. The FMR curves were fitted
using an asymmetric Lorentzian. The extracted values of Hryr
for DC field applied along the hard-axis are very close to those
determined for DC field applied along the easy-axis. In this
case, Hg can be estimated using equations (B.2f) and (B.2g)
and the assumptions Hx < 4mMs and Hg < Hpyg. One
obtains Hg = 5HFMR (2HFMR + 47TM5') / (3HFMR + 87TMS),
where 6Hryr is the difference between the Hpyr values for
the hard and easy-axis direction of the DC field for the same
frequency of the RF field. These values were averaged for all
the RF frequencies, leading to Hx = 11.9 4 2 Oe.

The VSM hysteresis loops M(H)forthe sample SUL+Tb-SL
measured using an in-plane applied field H along the easy
and hard-axis directions are plotted in figure 9(a). As one can
notice in figures 8(a) and 9(a), the easy and hard-axis loops for
SUL+Tb-SL and SUL-SL have similar characteristics. For
SUL+Tb-SL H¢ = 3.8 Oe in the easy-axis and Ho = 4.2 Oe
in the hard-axis directions, whereas for SUL-SL He = 3.5 Oe
in the easy-axis and H¢c = 2.7 Oe in the hard-axis directions.
The results indicate that doping CoFeX with 2 at.% Tb does
not significantly alter its soft magnetic properties.

FMR experiments are conducted on SUL-+Tb-SL using an
in-plane DC field along the easy-axis direction and an RF field
in the frequency range of 540 GHz (figure 9(b)). The FMR
curves are fitted using an asymmetric Lorentzian, and Hpyg
and AH are extracted. Based on the observations of [17], g,
is not expected to be affected by Tb doping. Accordingly, the
same value of g; as for the undoped SUL-SL is used to fit the
dependence of AH onw/~vto extract AHy = 155 + 17 Oe and
a=0.048 £+ 0.0011 (figure 9(c)). The damping constant «
of SUL+Tb-SL is four times larger than that of the undoped
SUL-SL sample. The progressive increase of « in a Py film
as a result of doping with 0-6 at.% Gd, Ho, Dy and Tb rare-
earth (RE) atoms has been reported in [17] and interpreted
based on the ‘slow-relaxing’ RE impurity model of [26].
According to the model, the RE 4f band is split as a result of
the exchange interaction with its 5d band and the resulting 4f
energy levels are thermally populated. The precession of the
3d electrons of the transition metal (TM = Co, Fe, Ni) modu-
lates the RE Fermi energy. As a result, intraband transitions
take place to repopulate the RE 4f energy levels. Due to the
strong exchange coupling RE 5d-TM 3d and to the aniso-
tropic exchange interaction RE 4/~5d (particularly important
in the case of Tb atoms), the interaction RE 4f~54—TM 3d
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leads to a magnetic field acting on the TM 3d orbital having
a component perpendicular to its magnetic moment. This
field has a stochastic character, being influenced by thermally
activated RE 4f intraband transitions, leading to a complex
Gilbert damping parameter agg. The real component of agg
causes an increase of « and its imaginary component causes
a negative shift of Hpyg proportional to the RF frequency
in the case of RE-doped TM with respect to pure TM. This
interpretation is supported by the measured dependence of

AHpyg = Hogbt 058 golUL=SL on the RF frequency as
shown in figure 9(d).

FMR measurements on the SUL-SAF sample are per-
formed at saturation, using an in-plane DC field along the
easy-axis and an in-plane RF field along the hard-axis. FMR
curves measured at several RF field frequencies in the range
of 5-40 GHz are shown in figure 10(a). As one can notice
in figure 10(b), FMR spectra contain two resonance modes:
the acoustic mode corresponds to an in-phase (symmetric)
oscillation and the optic mode corresponds to 180° phase-
shifted (antisymmetric) oscillation of the magnetizations of
the two SUL layers [27]. As explained in appendix B, the
fit of the resonance curve can be performed using a super-
position of two asymmetric Lorentzians in order to extract
Hryr and AH for each of the two modes. The depend-
ence of Hpyg on the RF frequency for the two modes are
presented in figure 10(c). The acoustic mode has a higher
resonance frequency or conversely a lower Hpyg than the
optic mode. The curves are fitted using equation (B.3g)
in order to evaluate the RKKY exchange coupling con-
stant Jgx between the two magnetic layers of SUL-SAF.
During the fit, Mg and g; are set at the values determined
for SUL-SL and Jgx is the only fitting parameter. One
obtains Jgx = 0.11 4 0.02 erg cm 2. The dependence of the
resonance linewidth AH on the RF frequency for the two
modes, presented in figure 10(d), are fitted using the equa-
tion AH = 2a§ + AH, derived in appendix B in order
to evaluate AH, and « for the two modes. One obtains
Qacousiic = 0.016 £ 0.0001 and AHo, seousiic = 12.9 £ 1.7
Oe for the acoustic mode, and avpsic = 0.0265 £ 0.0004 and
AH)y, optic = 96.3 £ 6.7 Oe for the optic mode. The damping
of the acoustic mode is expected to be degenerate with that
of the SUL-SL, which is confirmed by the close values of «
(table 1). The damping of the optic mode is higher than that
of the acoustic mode. This has been evidenced previously
on Py/Ru/Py structures [28] and explained based on the
spin-pumping effect [29]. A moving magnetization vector in
a ferromagnet (F) generates a spin current through a ferro-
magnet/normal-metal (F/N) interface. In an F/N/F trilayer,
such as the SUL-SAF, both F layers are injecting a spin
current into each other through the metallic (Ru) spacer
which is thin enough to preserve the spin current polariza-
tion. The spin current pumped by the magnetic layer i’ into
the magnetic layer °j’ of an SUL-SAF dissipates by electron
angular-momentum transfer leading to a torque acting on the
magnetization of layer °j’. This effect leads to an additional
damping term in the LLG equations describing the dynamics
of the two F layer magnetizations [29]:
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F ym; X H o + cm; X dr
+ CVSP' <ﬁ1 X @ — fﬁ X dfﬁj> (2)
AT dr T dr

where ﬁgff’j is the effective field acting on each layer magneti-
zation (expressed in appendix B), asp, ; = fyh§ﬁ"F (4 My t;)
is the spin-pumping damping parameter, #; (i = 1, 2) are the
thicknesses, My; are the saturation magnetizations and «;
are the Gilbert damping parameters for the F layers. The

factor gf)" is the interfacial spin mixing conductance (per
unit interface area) of the trilayer. If the two magnetic layers
have the same thickness ¢ and saturation magnetization Mg
(which is the case of the investigated SUL-SAF), in the case
of acoustic mode the spin-pumping term (last term in equa-
tion (2)) vanishes whereas for the optic mode it becomes
2aisp; (M; X dim;/dt) leading to the following expressions for

the total damping parameters:

{

By using equation (3) one obtains g}}" = 11.25nm >, Since
in the F/N/F trilayer, the spin current crosses two F/N inter-
faces, the conductance of the trilayer is that of two resistors in
series. By assuming that the two F/N interfaces of the F/N/F
trilayer are identical and since there are no other metallic
layers in contact with the two F layers of the SUL-SAF that
can act as spin sinks, the spin mixing conductance for a single
F/N interface is g5 = 2g7)" = 22.5nm" 2. This value is close
to g5 = 24nm? reported for Py/Ru in [30].

It is evident from table 1 that both TRMOKE and FMR
offer consistent values of damping constant « of the CoPtX-Y
and CoFeX films with vastly different magnetic properties.
The fact that TRMOKE can accurately evaluate Gilbert
damping of both the recording layers and soft underlayer
has important implications for further development of PMR
media. TRMOKE offers several advantages over FMR for
advanced characterization of magnetic films and multilayers:
(a) TRMOKE is essentially a surface characterization tech-
nique that can be used to characterize only the top layer of
a multilayered stack for its intrinsic properties (including
damping and anisotropy field) that are important in controlling
the switching behaviors of ECC media. In contrast, FMR has a
much larger probing depth due to the frequency of the RF field
being much lower than that of light, rendering the technique
unsuitable for isolating the properties of top switching layer
from the other layers. (b) TRMOKE is applicable to electrical
conductive AINiP substrates (commonly used in PMR media)
as opposed to FMR which requires electrically insulating
substrates.

Qacoustic — &

3

SFNF

Qopric = v+ Yhgy" [ (2mMst)

Conclusions

The dependence of Gilbert damping constant o in CoPtX-Y
granular alloys with perpendicular magnetic anisotropy on the

HIGHLY CONFIDENTIAL - ATTORNEYS' EYES ONLY

Co/Pt atomic ratio is investigated using TRMOKE and FMR. It
is shown that «v increases monotonically from 0.03 to 0.07 with
decreasing Co/Pt ratio from 5.5 to 2.5.This behavior is asso-
ciated with the strong spin—orbit coupling of Pt 5d electrons
which are polarized by the Co 3d electrons. By using reactive
sputtering it is observed that oxidation of non-magnetic addi-
tives to CoPt, such as Cr and B, lead to their extraction from
the composition of grain core. This has a much lower effect on
the damping « than on Hg and M which are strongly enhanced
(M is enhanced by 21% and H is enhanced by 25% by using
2% O, reactive sputtering). This is attributed to the lower sen-
sitivity of « to the perturbation of the electronic band structure
of grain core by non-magnetic species such as Cr and B.

For soft magnetic CoFeX films used as SUL in PMR media,
TRMOKE and FMR offer consistent values of o ~ 0.012.
By doping the CoFeX film with 2 at.% Tb, « increases by
a factor of four whereas the M(H) hysteresis loop properties
are not significantly affected. This effect is explained to be a
consequence of the anisotropic exchange coupling of the Tb
4f-5d electronic bands causing the exchange field acting on
the 3d electrons of the transition metals (Co, Fe) to become
non-collinear with their moments. A balanced, synthetic anti-
ferromagnet SUL having the structure CoFeX/Ru/CoFeX is
also investigated by FMR. The resonance fields of the acoustic
and optic oscillation modes are used to evaluate the interlayer
exchange coupling constant Jgx = 0.11 erg cm ™2 and their
linewidths are used to determine the Gilbert damping param-
eters of the two modes. The higher damping of the optic mode
with respect to the acoustic one is a consequence of spin
pumping through the Ru space layer. The difference between
the two damping constants is used to estimate the spin mixing

conductance for the CoFeX/Ru interface §§N =225nm 2.
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Appendix A

TRMOKE: field dependence of frequency and damping time

Let us assume that the sample plane is parallel to the xOy plane
of a Cartesian system of coordinates, the magnetocrystalline
anisotropy axis being oriented along Oz (figure Al). The
sample is submitted to the action of a DC field H oriented in
the yOz plane under an angle 6y with respect to the perpend-
icular to the film plane. The sample is assumed to be uni-

. . T - A
formly magnetized, of saturation magnetization Mg = Mgin
where i = (my, my, m;) is the unit vector describing the ori-
entation of M. The effective field acting on the sample is
ﬁeff = (O, H, H, +HY mz), where the effective anisotropy

field is H,ef = Hx — 4wMs, Hx = 2K /M being the sample
intrinsic anisotropy field. The free energy per unit film volume
is:
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Figure A1. Schematics of a TRMOKE experiment illustrating the

relative orientation of H, & gr and .
E 2
e =, = —Kgcos 6 — HMscos (0 — 0g) (A1)

where Ky = H,‘?ﬁ M;s/2 is the effective uniaxial anisotropy
constant and @ is the polar angle describing the orientation
of M. The equilibrium (minimum energy) orientation of Mg,
6 = 6o, can be found as the solution of the equation de/df = 0:

5 (A2)

sin (260p) = ZTH sin (0 — 6p) .
HK

Let us select another cartesian coordinate system x'y'z’
which is obtained from xyz by rotating it around the
Ox axis by the angle 6, such that the Oz’ becomes par-
allel to the equlibrium orientation of M. In the new cor-
dinate system x'y'z', mi= (m},m),m}), where m) = ms,
m; = my cos Oy — msin Oy, m, = my sin Oy + m; cos fp,andthe

3 = :
effective field Hey = (0,myHy, Ha — myHE sin 0y cos o).
Here, we have introduced the following notations:

{H] = Hcos (GH - 60) + H[eéf CoSs (260) (A3)

H, = Hcos (0 — 6p) + Hf(ﬁcoszﬂo

If the magnetization is slightly pulled out of the equilibrium
direction, e.g. as a result of the heating effect of the pump
pulse, the motion of the magnetization is described by the
LLG equation:

dm

(A4)

dt

where v = grug/h is the gyromagnetic factor, g7 is the Landé
factor, pp is the Bohr magneton and % = &/ (2x) where & is
the Plank constant. In the case of small deviation of Mg from
the equilibrium direction, one can assume m/, < 1, m; <1
and m; = 1. In this case, equation (A.4) can be written as:

" _dm
—meﬁeff—l—amxg
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dt
dm;
dt

dm; o 7
ke —'ymyHl -«

(A.5)

dm!
/
7 = ym o

After performing a time derivative, the system of differential
equation (A.5) can be decoupled:

2./
d'm,
F

!
d m,
dr?

(1 + az) = —avy (H] +H2) d:;x — ’}/2H1H2m;

=z, . (A6)
(1 ot Oéz) = -y (H] -|-H2) % — ’72H1H2m;

By assuming that1 + a? 2 1, the solution of equation (A.6) is
a damped harmonic oscillation having the expression:
(—iwt) exp (—£)
(—iwt) exp (—1)

— /
— mxo exp

(A.7)

where the angular frequency w and the damping time 7 are
given by:

w = yWH H, (A.8a)
1
In the present TRMOKE experiment, the comp-

onent of m along the Oz axis (i.e. m;) is measured by
the polar-Kerr effect. According to equation (A.7),
m; = —m; sin 0 + m}, cos by ~ —m)’, sin 0y + cos 6y is oscil-
latory, having the angular frequency and time constants

described by equations (A.8a) and (A.8b), respectively.

Appendix B

Ferromagnetic resonance (FMR): case of petpendicular
anisotropy

In an FMR experiment, the sample is submitted to the action
of two fields: a DC applied field H (similar to the TRMOKE
experiment) orientated along the Oz axis and to an RF field
hgr orientated along the Ox axis in figure Al. By using the
coordinate system x“y’z” defined in appendix A (m = 1), the
LLG equation (A.4) can be expressed as:

’
dr
dt

dm' 7
a — i —a
dm;

dt

- (B.1a)

= -7 (hRF — m;Hz) + o d"

where Hy, H, are given by equation (A.3). Let us assume
that the RF field has the expression hzr = hgroe ™' where
w = 2xf, fbeing the RF frequency. In this case, the solutions
of equation (B.1a) are:

where my, and mj, are complex amplitudes that can be found
by replacing equation (B.10) in equation (B.la). The RF

m, = mige "
A ’
my, = mige

(B.1b)

—iwt
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Figure B1. Schematics of an FMR experiment on: (a) single-layer
SUL (SUL-SL); (b) synthetic antiferromagnetic SUL (SUL-SAF).

susceptibility measured along the direction Ox of the RF field,
coinciding with Ox’, is:

! <1 m)/( H — ia%

Xx = Xy T iXy = Ms— = Ms
¥ ¥ h : W s W w 2
T (m-iey) (m-ieg) - (%)
(B.1¢)

where H;, H, are given by equation (A.3). The microwave

power Pgp(H) absorbed by a magnetic film per unit volume
is given by:

(B.1d)

1
Prr = E‘UXRFhIZeFo

where xgr = x.. The absorbed RF power Pgp is maximum
at resonance. Therefore, in the absence of damping (o = 0)
the imaginary component x, — co. This is equivalent to
vanishing denominator in equation (B.1¢), leading to the fol-
lowing resonance condition:

2
w
—) = H{H,

5

(B.le)

|H FMR
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where Hryr 1s the resonance field. In order to extract the FMR
linewidth AH, we introduce the following notations:

Hily,,, = HE
e FMR (B.1H)
HZIHFMR =H,

Usually the resonance peak of xJ (H) is very sharp
(AH < Hpygr). Therefore, one can assume that in the range
of applied fields corresponding to the resonance line:

H = Hpyg + 0H (B.1g)

where 0H < Hpyg. Simple perturbation theory applied to
equation (A.1) leads to the following expressions for the fields
H, and H, defined in equation (A.3):

Hl = HfMR + I‘(;H
where:
P o HFMR+H?[COS(9H+9FMR)*Sin(zeFMR)Sin(ngeFMR)]
= HfMR B 1 ')
M= Hpyp+HE cos(0u+0rur) FLIs

FMR
Hl

By replacing equation (B.1g) in equation (B.1c), one obtains:

¢ g HPR(OEMSTHM) sy sH
Xx = Ms (HFMR+HFMR)2 ATFHE — G AL SH? .
I{IFMR ? (B']‘])
"_ M 1 A =C A
X S TR TH"F N+ — 2 N5/
where:
A~ HMR  THIMR
= —HlFMR T+ HEVR ®—, (B.1k)
It is worth noticing that the expression F(H)=

1/ (A? + 6H?) appearing in equation (B.1j) is a Lorentz dis-
tribution having the center at H = Hpgyg (defining the FMR
line position) and the full width at half maximum (usually
called FMR linewidth) AH =2A. In general, the FMR
linewidth contains contributions unrelated to the intrinsic
damping which are included in an additional term AH, (usu-
ally called anomalous line broadening) in the expression of
the linewidth as:

AH =2A + AH,. (B.1D)

According to equation (B.le), the dependence of the FMR
line position H = Hpygr on the frequency of the RF field
enables the estimation of the effective anisotropy field H,ef
and the Landé factor g;. According to equation (B.1k), the
dependence of the resonance linewidth AH on the RF fre-
quency enables us to evaluate the damping parameter «.. The
line position and linewidth are usually extracted by fitting
the FMR resonance curve to the derivative of an asymmetric
Lorentzian. Asymmetry has to be considered because the cou-
pling between the magnetic sample and microwave guide/
cavity can mix real and imaginary parts of the RF suscepti-
bility. Therefore, the measured RF susceptibility (equation
(B.1c)) has the general expression:
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CyAcos (€) + Ci6H sin (€)
A? 4 0H?

B.1m)
where ¢ is the mixing angle between dispersive and absorptive
components. If the detection of the RF susceptibility is per-
formed using a lock-in technique by modulating the applied
DC magnetic field H using an AC field (typically 100 Hz)
which is applied along the same direction as the DC field and
has an amplitude ¢ < H, the absorbed power Pgp (equation
(B.1d)) becomes modulated with the AC component of the
amplitude 6Pgr given by:

1
In this case, the measured signal is proportional to dxgr/dH
rather then xgr. According to equation (B.1m), the measured
signal is:

Xrr = cos (€) X7 + sin () x.

dxrr

whigo ~y hac. (B.1n)

d[cos (€) x¥ + sin (€) x%] 1
dH (A2 + 6H?)®

[C1sin () (A% — 6H?) — 2C; cos () ASH] . (B.1o)

The fitting parameters of the FMR line are ¢, Hpyg
and A. In the particular case of the DC field H being
perpendicular to the sample plane, 05=0, 6,=0,
leading to HMR—HPR —pgo . +HY T=TI1=1,
C] = Cz :MS/Z, A= aw/'y, HFMR = w/7 = H;gf In this
case equation (B.1o) becomes:

dlcos(€) X! +sin(e) x)]  Mssin(e) (A? — 6H?) — 2cos (e) AGH
dH T2 (A2 + 6H2)? :

(B.1p)
This equation is used in this work to fit the FMR line for a
layer with perpendicular anisotropy.

FMR—case of single-layer SUL

Since the anisotropy field of a single-layer SUL is very low
(Hg == 12 Oe), the FMR measurements are performed at satur-
ation, using an external field # > 100 Oe applied in-plane
either along the easy-axis or along the hard-axis of the SUL.
Let us consider the geometry presented in figure B1(a), where
the xOy plane of a Cartesian coordinate system is orientated
parallel to the film plane. The applied field H is assumed to
be orientated along the Ox axis, the RF field hgp is oriented
along the Oy axis and the magnetocrystalline anisotropy axis
is orientated in the xOy plane at an angle g with respect to
Ox. Let us also assume that the sample is uniformly magne-
tized, having a saturation magnetization Ms. Since the FMR
curve is measured in a range of DC fields H >> Hy, the ori-
entation of the effective anisotropy field H.y acting on the
film magnetization My (containing Zeeman, magnetostatic
and magnetocrystalline contributions) is close to that of H.
Consequently, My is orientated in the vicinity of the Ox axis
(my =21, my < 1, m; < 1). The effective field Hy acting on
the film magnetization My is given by:

HIGHLY CONFIDENTIAL - ATTORNEYS' EYES ONLY

H + Hycos?pg + %HK sin (2¢x) my

H.oy = { hgr + HysinZpgm, (B.2a)
—47TMsz
By using the notations:
Hy = H + Hgcos’pk + 47M.
o 1. oo * (B.2b)
» = H + Hy cos 2¢k)

and following the same steps as in the preceding sec-
tion (appendix B), we obtain the following expressions for the
real and imaginary components of the RF susceptibility:

FMR
’_ Hy 0H SH
Xy = MSH{"MR+H§MR AI+oHE — CA2+§H2
” HMR A A (B2C)
— 1 —
Xy = MSHIFMR+H§MR' AT — Y AT
where:
w
R (B.2d)

and 0H = H — Hpyg where Hpyr is the solution of the reso-
nance condition:

w

&

(B.2e)

5
_) - HlHZIHFMR'
In this case, dxgp/dH is expressed by equation (B.lo)
where C; = C, = C. The fitting parameters of the FMR
line are €, Hryg and A. Two particular cases are studied
in this paper:

(1) DC field is orientated along the easy-axis. In this
case g = O, H{:MR = HgMR = Hpygr + Hx + 47TMs,
C = My/2 leading to:

Y=y

¥

(Hpmg + Hg + 47Ms) (Hpug + Hk ) (B.2f)

(2) DC field is orientated along the hard-axis. In this case
YK = 7T/2, HfMR = HFMR + 47TMS and HgMR = HFMR_
Hy, C= Mg (Hryr + 47Ms) / (2Hpyr — Hi + 47Ms)
leading to:

w

ey = v/ (Hrur + 47Ms) (Hrur — Hr). (B.2g)
The FMR linewidth is given by equation (B.1]) where A is
given by equation (B.2d).

FMR—case of SAF SUL

Let us consider the case of a synthetic-antiferromagnetic
SUL, composed of two magnetic layers denominated in the
following by ‘1’ and ‘2’ having the thicknesses # where
i = 1,2. Let us consider a Cartesian coordinate system having
the xOy plane parallel to the surfaces of the two layers (figure
B1(b)). The two layers are assumed to have uniaxial anisot-
ropies, their easy-axes being orientated in the film plane at
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an angle ¢k with respect to the Ox axis. The anisotropy field
Hg and saturation magnetization Mg of the two layers are
assumed to be equal. The two layers are RKKY exchange
coupled, the exchange coupling per unit film surface being
Jex. FMR measurements are performed close to saturation,
using an applied field H > Hgur (~270 Oe) oriented along the
Ox axis (easy-axis). In this case, the equilibrium orientations
of the two layers magnetizations are close to the Ox axis, as
shown in figure B1(b). Let us denote by ; the unit vectors
describing the orientation of the two layers magnetizations,
mix = 1, mi, < land m;; < 1. The effective fields acting on
each of the two layers are:

H+ HKCOSZWK + HEX,i + %HK sin (2(,01() mjy

effi = § hrr + Hexamjy + Hysin®pgm;, (B.3a)
HEX,imj,z = 47ngmi,z
where j = i and Hex; = —Jex/ (t:Ms) are the exchange fields

acting on the two magnetic layers. The LLG equation (A.4)
for the two layers are:

dm; —~ . dm;
dt = _lymiXﬁEff,i + am;x Ttl (B3b)
By assuming that hgr = hrroe ™" and:
My = miyoe ™"
{m,-,z — et (B.3¢)

A

[(%) (Hexq — A1) — (HEX.l)zHEX,z + Hgx1A1Ay — Hex 1 Hex o B2 +A1A232}
[(%) (Hexp — Az) — (HEX,Z)ZHEX,l + Hex2A1A> — Hex 2HEx 1 B1 +A1A231}

d3 = {_ [<:}) + HEX,IHEX’2:| (A1+ A2+ Bi + By) + B1By (A1 + A2) + A1A (B + Bo)

Equation (B.3b) can be written as:

ml,y O
A m,; o hrro B3
may, | | 0 (B.3d)
Mo,z hrFo
where:
—l% A] —la% O _HEX,I
A _ Bl == la% l% _HEX,I O
O _HEX,Z —i% A2 - ia%
- w -
_HEX,Z 0 Bz — la; l;
(B.3¢)
Here, we have used the following notations:
A; = H + Hgcos>ox + 4mMs + Hey, B3
B; = H + Hi cos (2¢k) + Hgx; (B.39

HIGHLY CONFIDENTIAL - ATTORNEYS' EYES ONLY

The normal oscillation modes, corresponding to sigr = 0 and
o = 0, are the solution of det(A) =

wi? Tl
— ) —al—) te =0 (B.3g)
v v H=Hpyr
where:
¢1 = A1By +AyBy + 2Hex, 1 Hex o
_ (B.3h)
¢ = (A1Ay — Hgx 1Hgxn) (BiBy — Hex 1 Hex2)

Among the four solutions of equation (B.3g) two
are negative (unphysical) and two are positive. The
lowest positive frequency corresponds to the so-
called optic mode while the larger one corresponds
to the acoustic mode. If the resonant line is narrow
Hrpyr = H + 0H, one obtains the following expressions for
the real x;, and imaginary x;’ components of the RF suscep-
tibility Xy = (MS/hRFO) (mlyh + n’lzytg) / (fl + lg):

_ dity +dat o0H
Xy = Ms 3t m s )
"o M dity+daoty A (B.3l)
Xy = Msgin1n) AT om
where:
w
A=a— B.3j
~ (B.3))
and:
H=Hpyr
H=Hpyr
(B.3k)

H=Hpur

In practice, in order to extract the resonant field Hgy and the
linewidth AH for the two resonant modes, the experimental
dependence xpvr(H) is fitted in the least-squares sense by
using a superposition of two independent Lorentzian reso-
nant lines corresponding to the acoustic and optical modes.
The linewidths of the acoustic and optic resonance modes are
given by equation (B.1/) where A is given by equation (B.3).
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