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High-temperature ferromagnetic resonance (FMR) in FePt-based media materials is studied for the
first time. The FMR linewidth (AH) as a function of temperature (7), field angle (6), and the volume
fraction (x) of carbon in the material is determined, and the effective Gilbert damping constant and the
Bloch—Bloembergen relaxation time are estimated. The data suggest that at temperatures 10—45 K below
the Curie temperature, two-magnon scattering and spin-flip magnon-electron scattering make compara-
ble contributions to AH. With a decrease in 7, AH increases due to enhancement of the two-magnon
scattering. AH can be tuned via varying x and shows a maximum at 6y ~ 45° when varying 0.
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I. INTRODUCTION

Heat-assisted magnetic recording (HAMR), the most
promising technology for next-generation hard disk drives,
makes use of a laser to heat the recording media to an
elevated temperature, near the Curie temperature (7,), to
significantly reduce the coercivity of the media material
and thereby ease the switching of the magnetization [1-4].
HAMR drives are expected to be released to the market in
the near future, but understanding of the damping at high
temperatures near 7, in HAMR media has not been real-
ized yet, although it is of great fundamental and practical
interest.

Fundamentally, the physical mechanisms underlying
the near-7, damping in HAMR media are unclear,
although there have been interesting experimental stud-
ies on damping properties at room temperature (RT)
in perpendicular recording media materials including
HAMR media [5-9]. Further, it is also unknown which
macroscopic model is more suitable to describe the
near-7, damping in HAMR media, although several dif-
ferent models have been previously used to analyze
damping at high temperature (7), including the Gilbert
equation [10,11], the Bloch-Bloembergen (BB) equation
[12], the Landau-Lifshitz-Bloch equation [13—16], the
Xu-Zhang equation [17,18], and the Tzoufras-Grobis
equation [19]. Practically, the nature and strength of
the damping in the HAMR media is directly related
to the switching time and the signal-to-noise ratio of
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the reading, which significantly impact the hard drive
performance.

Previous experimental efforts on investigating damping
in perpendicular recording media include three studies
on damping in L1, ordered FePt thin films [7-9], which
have been widely accepted as the media material for next-
generation HAMR drives. Those studies used the same
approach, the optical pump-probe technique, to measure
the effective Gilbert damping constant (a.g), but the aeg
values obtained are inconsistent, possibly due to the dif-
ferences in the sample properties, such as the degree of
L1y order and the strength of the perpendicular anisotropy,
or the experimental details. Specifically, Mizukami et al.
found ar=10.055 and also emphasized that the intrin-
sic damping should be smaller than this value [7], while
Becker et al. found a much larger value, aeg=0.1, and
claimed that this value was mostly intrinsic and contained
little extrinsic contribution if any [8]. Lee ef al. obtained
an even larger value which was 0.21 [9]. Although these
studies represent the first attempts on exploring damp-
ing in FePt-based HAMR media, the measurements were
all carried out at RT, rather than at the elevated tem-
peratures at which the writing operation occurs. Possible
relaxation routes in FePt media include spin-flip magnon-
electron scattering (SF MES, interband scattering)
[20-23], magnon-electron scattering associated with Fermi
surface breathing (intraband scattering) [20-23], two-
magnon scattering (TMS) [5,6,24-26], and magnon-
phonon scattering [27]. As these relaxation processes all
exhibit strong 7 dependence, the damping value near 7, in
FePt HAMR media may differ significantly from the RT
values cited above.
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This paper reports an experimental study of near-T7.
damping in FePt-C granular films that have structure
and properties very similar to practical L1, FePt-based
HAMR media. Specifically, ferromagnetic resonance
(FMR) experiments are performed along three distinct
dimensions of important relevance to HAMR applications,
(1) the volume fraction of carbon (x) in the media, (2) the
media temperature (7), and (3) the angle of the external
magnetic field (6 ) relative to the film normal direction, at
temperatures just below 7,.. The FMR linewidth (AH) data
as a function of 7, x, and 6y are determined, and the effec-
tive damping constant o in the Gilbert model [10,11] and
the transversal relaxation time 7 in the BB model [12,27]
are estimated. The data indicate that at temperatures about
1045 K below T, relevant to 7 in a HAMR writing oper-
ation, the TMS and SF MES processes coexist and make
comparable contributions to AH. With a decrease in T,
however, AH increases, mostly due to the enhancement
of the TMS process. Via varying x, AH, a.q, and 7, can
be tuned as large as a factor of four near 7,.. When varying
Oy, AH and a.g show a maximum at about 45°, which is
an angle relevant to the actual HAMR writing operation.
The a.g values obtained are smaller than those measured
at RT in previous works [7-9].

II. STRUCTURE AND STATIC MAGNETIC
PROPERTIES OF SAMPLES

The samples are grown on single-crystal (001) MgO
substrates by dc magnetron sputtering and consist of a
10-nm-thick FePt-C granular layer with the carbon vol-
ume fraction x = 0%, 10%, 20%, or 30% and a 3-nm-thick
carbon capping layer. The base pressure of the sputtering
chamber is 5.0 x 10~7 Pa or lower. Prior to the sputtering
growth, the MgO substrate surface is thermally cleaned at
600 °C for 1 h. After that, the MgO substrate is maintained
at the same temperature and a FePt-C granular film is
deposited by cosputtering a FePt alloy target and a carbon
target under an Ar pressure of 0.48 Pa at a deposition rate
of about 0. 2 A/s. The Fe:Pt atomic ratio in the FePt films
is nearly 1:1. The alternating-layer deposition technique
is used to suppress the growth of the secondary mis-
oriented FePt grains and obtain single-columnar, highly-
(001)-textured FePt-C nanogranular films [28]. Following
the FePt growth, a 3-nm-thick carbon over-coating layer is
deposited at RT, which works as the protection layer for
the FePt film. The microstructure properties of the samples
are measured by transmission electron microscopy (TEM)
using an “FEI Tecnai T20” TEM system at an electron
accelerating voltage of 200 kV. The magnetization curves
and hysteresis loops are measured by a superconducting
quantum interference device vibrating sample magnetome-
ter using magnetic fields of up to £70 kOe. More details
about the sample growth and characterization are provided
in Refs. [28-31].

Figure 1 presents the main data about the microstructure
and static magnetic properties of the samples. Figure 1(a)
shows the TEM images of the four samples, with the car-
bon volume fractions x indicated at the top left corners.
Figures 1(b)—1(d) give the average grain size (d), coerciv-
ity (H.) measured with perpendicular fields, and the ratio
of the in-plane remnant magnetization (Mp) to the out-
of-plane remnant magnetization (Mop), respectively, as a
function of x. The data are all measured at RT.

The data in Figs. 1(a) and 1(b) show that the addition of
carbon to FePt can effectively break big FePt grains with
d~75 nm into much smaller grains with d~ 10 nm; the
higher the carbon volume fraction is, the smaller the grains
are. The data in Fig. 1(c) indicate that the introduction
of 10% carbon can result in a significant increase in H,,
which is mostly due to the formation of physically sepa-
rated, vertically oriented, small-size columnar FePt grains
and a corresponding transition from domain wall motion-
type magnetization reversal to rotation reversal. However,
an increase in x to 20% and then 30% results in a notable
decrease in H,., which is mainly due to the size effect of the
grains, namely, that the smaller the grains are, the stronger
the role the thermal energy plays in magnetization rever-
sal. In contrast, the M p/Mop ratio exhibits a completely
different trend — it increases very little when x increases
from 0% to 10% and then 20%, but increases substantially
when x is raised to 30%, as shown in Fig. 1(d). This result
suggests that an increase in x from 0% to 10% and then
20% results in big changes in both d and H., but not in the
(001) orientation of the FePt grains, while an increase to
x=30% leads to the presence of some misoriented grains
in the FePt layer. This degrading of the (001) orientation
also explains in part the relatively low H, value measured
for x =30%. These results together clearly indicate that
one can use the carbon volume fraction as a very effective
tool to widely tune the microstructural and magnetic prop-
erties of the FePt media, as well as the FMR and damping
properties as described below.

III. HIGH-TEMPERATURE FMR EXPERIMENTS

Figure 2 shows the high-T FMR approach which is
used to study the near-7, damping in the above-described
samples. Figure 2(a) shows a schematic diagram of the
experimental system. The main components include a
rectangular microwave cavity (purple), a diamond rod
(yellow) with a diameter of 2 mm that loads the sam-
ple (red) into the cavity, and a ceramic heater (gray)
that heats the sample through the diamond rod. These
components are housed in a high-vacuum chamber, and
the measurements are performed at a pressure of about
6.7 x 1073 Pa (or about 5 x 107> Torr) to prevent changes
in sample properties due to oxygen during high-7" mea-
surements. For the FMR data presented in this paper, the
microwave frequency (f') is kept constant at 13.7 GHz,
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FIG. 1. Microstructural and static magnetic properties of four FePt media samples. (a) TEM images. (b) Average grain size as a

function of the carbon-volume fraction (x). (c) Coercivity as a function of x. (d) The ratio of in-plane remnant magnetization (M p) to

out-of-plane remnant magnetization (Mop) as a function of x.

which is also the resonant frequency of the microwave
cavity, while the external magnetic field is swept. Field
modulation and lock-in detection are used, so all the FMR
profiles presented in this paper are the derivatives of the
FMR power absorption. The sample temperature (7) is
calibrated through separate measurements using a thermo-
couple. Prior to placing the sample in the FMR system,
the sample is saturated by an out-of-plane field of 80 kOe
at RT. After placing the sample in the FMR system and
heating it, prior to each FMR measurement, the sample is
saturated by a field of 15 kOe.

Figure 2(b) presents the FMR data (blue dots) measured
at T=648 K on the “x=20%" sample and a numerical
fit (red curve) to the derivative of a Lorentzian trial func-
tion. The Lorentzian fitting peak-to-peak FMR linewidth
AH and field Hpyr are indicated in the figure. A fit
(green curve) to the derivative of a Gaussian trial func-
tion is also included in the figure. One can see that the
Lorentzian fit is better than the Gaussian fit, indicat-
ing that the inhomogeneity line-broadening contribution
to AH, if any, is small. In the case where a film sam-
ple has strong spatial inhomogeneity and the associated
line broadening is large, the Gaussian function would
fit the data better than the Lorentzian function [32]. It
should be noted that the inhomogeneity line-broadening

contribution may be significant at RT due to the presence
of very strong anisotropy. Note also that one can carry out
frequency-dependent FMR measurements to determine the
inhomogeneity line-broadening contribution, as reported
in Refs. [33] and [34].
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FIG. 2. High-T FMR. (a) Schematic of experimental setup.
(b) Representative FMR power absorption data (blue dots), and
Lorentzian fit (red curve) and Gaussian fit (green curve) of the
data. The data are measured on the FePt media sample with
x=20% at 648 K. The Lorentzian fitting-yielded FMR field
Hpyr and peak-to-peak FMR linewidth AH are indicated in (b).

054046-3



DANIEL RICHARDSON et al.

PHYS. REV. APPLIED 10, 054046 (2018)

IV. TEMPERATURE DEPENDENCE OF FMR
PROPERTIES

Turn now to the high-7 FMR data measured using
the approach described above. Figure 3 presents the data
measured on the ‘“x=20%" sample at six different 7.
Figure 3(a) gives the FMR data (blue dots) measured
at four different 7, as indicated, and the corresponding
Lorentzian fits (red curves). Figures 3(b) and 3(c) plot the
Hpyr and AH obtained by Lorentzian fitting, respectively,
as a function of 7. Figure 3(d) shows the saturated mag-
netic moment (my) and coercivity (H,.) as functions of 7.
The big blue arrows in Figs. 3(b) and 3(c) indicate the over-
all trends, while the blue rectangle in Fig. 3(d) indicates
the T range of the FMR measurements. All the measure-
ments are taken with a perpendicular magnetic field, that
iS, 0 H= 0.

Prior to discussing the data in Fig. 3, it should be
noted that the FMR measurements are carried out over a 7'
range of 634673 K, as indicated by the blue rectangle in
Fig. 3(d). No FMR measurements are taken at 7'< 634 K.
This is because with a decrease in 7, the FMR profile shifts
to negative fields, which can be inferred from the trend
shown in Fig. 3(b); and the signal-to-noise ratio of the
FMR data also become small at low 7 due to linewidth
enhancement, which is shown in Fig. 3(c). At T> 673 K,
the FMR signal becomes nondetectable, mainly due to a

significant drop in m, which is evident from the red curve
in Fig. 3(d). Note that although the highest measurement
temperature of 673 K is still about 22 K below 7., which
is about 695 K as shown in Fig. 3(d), it is already near or
close enough in terms of HAMR applications in which the
writing operation occurs at temperatures about 10-25 K
below 7,.

The data in Fig. 3(b) show an overall increase of Hemr
with 7, and this result suggests that with an increase in
T over 634-673 K, the effective perpendicular anisotropy
field H, drops by a larger amount than the saturation mag-
netization 47 M, does. The Kittel equation for the FMR
concerned here can be written as

2nf = |y|(Hpmr + Hy, — 47 M), (1

where |y| is the absolute gyromagnetic ratio. One can
see that for a given f, an increase in Hpyr Wwill mean a
decrease in H,-4m M. Since the T dependences of H, and
47 M, differ in different samples due to differences in the
microstructures, one would expect different Hgvr vs 7'
trends in the four samples. This expectation is discussed
below.

The data in Fig. 3(c) suggest an overall decrease of AH
with increasing 7. This result may indicate that TMS is
a dominant relaxation mechanism in the 7 range consid-
ered here. Generally speaking, the damping mechanisms
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FIG. 3. High-T FMR data measured on the “x =20%" sample with the field angle 6 =0. (a) Representative FMR profiles (blue

dots) and corresponding Lorentzian fits (red curves). (b) FMR field Hgyr as a function of 7. (¢) FMR linewidth AH as a function of
T. (d) Saturated magnetic moment (red, left axis) and coercivity (blue, right axis) as a function of 7. The blue rectangle in (d) indicates

the T range of the FMR measurements.
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in FePt medium samples should include SF MES [20-23],
magnon-electron scattering associated with Fermi surface
breathing [20-23], TMS [24-26], and magnon-phonon
scattering [27] as listed in the introduction section. Practi-
cally, the contributions to AH from both the Fermi surface
breathing-associated magnon-electron scattering and the
magnon-phonon scattering should be notably smaller than
those from the SF MES and TMS processes. The damping
due to the Fermi surface breathing-associated scattering
usually decreases with an increase in 7, so it is large at low
T, but can be ignored near 7, [20—22]. The magnon-phonon
scattering generally plays important roles in relaxation
in magnetic insulators, such as Y3FesO;, and BaFe ;019
[35,36], but in metallic systems, it usually makes much
smaller contributions to the damping than the magnon-
electron scattering processes [27]. Thus, for the FMR data
in this work, one can approximately write

AH = AHspmes + AHtwms, (2)

where AHgpmes and AHtys denote the contributions of
the SF MES and TMS processes, respectively.

It is known that both AHgspmes and AHtys exhibit
strong T dependences. In general, A H spypEs increases with
T. This is because the SF MES process requires both
momentum and energy conservations, which can be sat-
isfied more easily at high 7 [20-22]. In contrast, AH s
usually decreases with an increase in 7" in magnetic thin
films with perpendicular anisotropy. This is because the
damping due to the TMS generally scales with the square
of H, [25], while the latter drops as T approaches 7,. For
this reason, the data in Fig. 3(c) seem to indicate that
AHtys may be dominant over AH sgypes over the 7 range
of 634—673 K. This result is further discussed below.

V. EFFECTS OF CARBON-VOLUME FRACTION
ON FMR PROPERTIES

To confirm the above conclusions and also evaluate the
effects of the carbon-volume fraction x, the same FMR
measurements and analyses are performed on the other
three samples. Figure 4 summarizes the main results of
all four samples. Note that the measurement tempera-
ture range is different for different samples due to the
temperature limitations mentioned above.

The data in Fig. 4(a) show that the four samples share
the same trend, namely, that Hpyr increases with 7. This
result indicates that in all the samples, H, drops by a larger
amount than 47 M, when T increases, as discussed above.
The data also show that the “x = 10%” and “x = 30%” sam-
ples exhibit much stronger T dependences than the other
two samples. This suggests that with an increase in 7,
H,-4wM; drops faster in the “x=10%" and “x=30%"
samples. In other words, H,, decreases by a larger amount
than 47 M, does in the “x =10%" and “x =30%" samples,
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FIG. 4. Comparison of high-7T FMR data of four samples with
different carbon-volume fractions as indicated, measured at the
field angle 0 =0. (a) FMR field Hpyr as a function of 7. (b)
FMR linewidth AH as a function of 7. The vertical arrows indi-
cate the 7, values of the four samples, with the colors matching
those of the data sets.

but not as large an amount as in the other two samples.
This result supports the above-drawn conclusion that one
can effectively manipulate the magnetic properties of the
HAMR media via tuning the carbon-volume fraction in the
media.

The data in Fig. 4(b) show that AH decreases with
an increase in 7 for all four samples, indicating that the
TMS process is a dominant relaxation mechanism in all
the samples. The data also indicate that the “x = 10%” and
“x=30%" samples show much stronger 7 dependences
than the other two samples. This result is consistent with
the above-described result on the T dependences of Hpyr.
This consistency supports the above conclusion that the
TMS is a dominant damping mechanism. In general, H ppmg
increases with a decrease in H, as shown in Eq. (1) while
AHrys scales with H?2 as discussed in Ref. [25]. For this
reason, a larger drop in H,, will give rise to a larger increase
in Hpyr and a larger decrease in AH.

VI. FIELD-ANGLE DEPENDENCE OF FMR
PROPERTIES

The FMR data presented in Figs. 2—4 are all mea-
sured with a perpendicular magnetic field (6 = 0), but in
actual HAMR applications, the writing operation occurs at
0 = 35°-45°. For this reason, high-7 FMR measurements
are also performed at different field angles, with the major
results presented in Fig. 5. Note that the largest angle used
in the experiments is 65°, and the physical constraints of
the FMR system do not allow for measurements at larger
angles (6 > 65°).

The data in Fig. 5(a) indicate that the Hpyr vs T
responses show different trends for different 685. This is
because the roles of H, and 4w M, in the FMR strongly
depend on the equilibrium direction of the magnetization
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indicated. The vertical arrows in (a) and (b) indicate the 7. of the sample.

vector in the materials, as described by [37]

) 2
(ﬁ/—f) = [Hrmr cos(@y — Oir)

+ (H, — 4w M;) cos(26,,)]
- [Hrmr cos(0y — Our)

+ (H, — 4 My)cos* ()], 3)

where 60y is the angle of the equilibrium magnetization rel-
ative to the film normal direction. It is expected that as
T increases toward T, 6y — 6y, H,, and 47 M; approach
zero and Hpyr becomes closer to (2rrf ) /|y | = 4.89 kOe.
This trend for Hgvr is somewhat shown in Fig. 5(a).

The data in Figs. 5(b) and 5(c) together indicate that
AH shows a clear 6y dependence, and this dependence
is very strong at lower 7, but less pronounced at higher 7.
These results agree with the expectations of the TMS pro-
cess. Specifically, the strength of the TMS strongly relies
on the spin-wave manifold, while the latter varies with the
magnetic field direction. This gives rise to a strong 6y
dependence of AHtys [5,6]. With an increase in 7, how-
ever, AHrys decreases due to its proportionality to H>
[25], and the weight of AHTys in AH decreases accord-
ingly, leading to a weaker 6y dependence. It should be
noted that the AH vs 0y data in Fig. 5(c) seem to show
more than one peak. This multipeak behavior differs from
the TMS-associated single-peak responses discussed in
Refs. [5] and [6]. Future studies that could confirm the
existence of the second peak at 05 > 65° and explore its
physical origin are of great interest.

Further, the data in Figs. 5(b) and 5(c) also suggest
that near T, the SF MES process makes notable contribu-
tions to AH and AH spmgs 1S comparable to AH 1ys. This
result is supported by two observations. First, the extrapo-
lation of the data shown in Fig. 5(b) to 7, seems to give a
nonzero AH value, as indicated by the dashed gray lines
in the figure. This nonzero contribution is mostly from the

SF MES process, because AH s decreases to zero when
T approaches T, [25], while AHgpvgs usually increases
with 7 and makes a notable contribution near 7, [20-22].
Second, the data in Fig. 5(c) indicate a nontrivial compo-
nent of AH that does not vary with 6. This component
is most likely AHspmes as it is known to exhibit a very
weak 0y dependence [5,6]. Thus, one can see that the SF
MES and TMS processes coexist and make comparable
contributions to AH at T=675 K.

One can draw four main conclusions from the above-
discussed results on the 7, x, and 8 dependences of the
FMR data. (1) At temperatures about 1045 K below 7,
which are the temperatures relevant to the HAMR writing
operation, the TMS and SF MES processes coexist in the
FePt-based HAMR media and make comparable contribu-
tions to AH. (2) With a decrease in 7, AH increases due to
the enhancement of the TMS process. (3) When 6 is var-
ied, AH shows a maximum at about 45°, which is an angle
relevant to the HAMR writing operation. (4) The strength
of the T dependence of AH correlates with that of the T
dependence of H,-47 M, while the latter can be effectively
tuned by the carbon-volume fraction.

VII. ESTIMATION OF DAMPING CONSTANTS

One can use the AH data to estimate the effective
damping constant a.g in the Gilbert model [10,11] as

_ V3ly|AH

"= 20w @

as well as the transversal relaxation time 7, in the BB
model [12] as

1
Ty —
V3ly|AH

where |y|/(2m)=2.8 MHz/Oe. The estimated values
together with the AH data are listed in Tables I and II.

©)
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TABLEI. Comparison of near-7, FMR linewidth (AH), effec-
tive Gilbert damping constant («.f), and the BB transversal
relaxation time (7,) for four samples with different carbon-
volume fractions (x). The data are measured at a field angle of
O =0.

X T.(K)y T(K) AH (Oe) eff T, (ns/rad)
0% 680 670 48 0.0084 0.684
10% 710 675 195 0.0345 0.168
20% 695 673 88 0.0155 0.373
30% 705 660 86 0.0152 0.382

It should be mentioned that the reason the o values
are estimated and listed here is that the Gilbert model has
been widely considered in previous studies on damping in
perpendicular media [5-9,11], not that the Gilbert model
is the most appropriate model to describe near-7, mag-
netization dynamics. It is known that the Gilbert model
assumes a conserved magnetization vector length during
the relaxation, but most likely this is not the case at high
T. In comparison, the BB model appears to be a better
model because it involves two separate relaxation pro-
cesses — the longitudinal relaxation or the 7 process, and
the transversal relaxation or the 7, process, and thereby
does not assume a conserved magnetization vector [12,27].
Note that the TMS relaxation involves a decrease in the
magnetization vector length; it could be described by the
T, process, but not the Gilbert model [27].

There are five important points that should be made
about the data listed in Tables I and II. (1) The data in
Table I indicate that by varying the carbon-volume frac-
tion x one can tune the AH, .y, and T, parameters of
the FePt-based HAMR media by as much as a factor of
four. (2) The data in Table II show that the damping at
field angles relevant to the HAMR writing operation is
relatively larger. For example, the damping at 6 =45°
is about 1.8 times that at 57 =0°. (3) The a.x values in
Tables I and II represent the upper limit of the Gilbert
damping constant, as AH may include a small contri-
bution due to inhomogeneity line broadening [32]. This
contribution was ignored during the estimation for the
reason mentioned in the discussion about the numerical
fits in Fig. 2(b). (4) The a.g values listed are all smaller
than the values (0.055-0.21) measured on FePt materi-
als at RT in previous studies [7-9]. Possible reasons for
this inconsistency include that the TMS process [25] and
the Fermi surface breathing-associated damping [20-22]
make stronger contributions to the overall damping when
T is decreased. (5) Strictly speaking, one cannot use Eq.
(4) to obtain the a.r values listed in Table II. In addi-
tion to the fact that AH includes a contribution from the
TMS which cannot be described by the Gilbert model as
explained above, the calculations also assume 0y = 6y,.

TABLEII. Comparison of near-7, FMR linewidth (AH), effec-
tive Gilbert damping constant («.), and the BB transversal
relaxation time (73) for six different field angles (6). The data
are measured on the “x =20%" sample.

O (°) T (K) AH (Oe) e T, (ns/rad)
0 673 88 0.0155 0.373
30 675 102 0.0180 0.322
45 675 157 0.0277 0.209
50 675 90 0.0159 0.365
55 675 98 0.0173 0.335
65 675 182 0.0321 0.180

The difference between these two angles can be small near
T., but it is definitely nonzero.

VIII. CONCLUSIONS AND OUTLOOK

In summary, the near-7. FMR of FePt-C HAMR media
is studied in this work. The FMR linewidth (AH) data as a
function of the sample temperature (7, the carbon-volume
fraction (x) in the media, and the magnetic field angle (05)
are determined, and the effective damping constant in the
Gilbert model and the transversal relaxation time in the BB
model are estimated. The data indicate that at temperatures
about 1045 K below T, the TMS and SF MES processes
coexist and make comparable contributions to AH. With
a decrease in T, AH increases due to the enhancement of
the TMS process. The strength of the 7' dependence of AH
correlates with that of the 7"dependence of H,,-47 M;, while
the latter can be effectively tuned by x. As a result, via vary-
ing x, one can tune the relaxation parameters by a factor of
four. The FMR linewidth and damping parameters exhibit
a strong 0 dependence, showing a maximum at 6 ; = 45°.

It should be noted that although the contributions of the
TMS and SF MES processes to the damping are found to
be comparable near 7, they are not quantified in this work.
Future work that takes FMR measurements over a wider
angle range (0°—90°) as well as frequency-dependent FMR
measurements and then numerically fits the angle- and
frequency-dependent linewidth data to separate and quan-
tize those two contributions as in previous studies [5,6,38]
will be of great interest. Possible approaches for enabling
frequency-dependent FMR measurements at high temper-
atures include (1) the use of multiple microwave cavities
that have different dimensions, and therefore, have differ-
ent resonant frequencies and (2) the replacement of the
microwave cavity with a hot-resistant, coplanar waveguide
structure that, with the help of a vector network analyzer,
can allow for broadband FMR measurements [39—41]. The
development of such broadband high-7" FMR spectrome-
ters is of practical interest to the magnetics community in
general and the HAMR community in particular. Finally,
it should be mentioned that it is currently still unclear
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whether the Gilbert and BB equations represent appro-
priate models for near-7, magnetization dynamics or not,
although the corresponding damping parameters have been
estimated in this work. Future studies that compare the
suitability of various models in terms of describing near-7,
damping are of great interest.
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