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THz spintronics is an emergent area of research aimed at bridging the gap between 5th and 6th Generation wireless
telecommunications by utilizing new spintronic devices such as magnetic spin torque oscillators as a source of low
powered THz emission. The realization of such devices using ferromagnetic metal thin films however requires magnetic
materials with both large perpendicular magnetic anisotropy and low Gilbert damping constants. In this letter we report
on the development of L1g-ordered FePt with an effective Gilbert damping constant as low as 0.033. Using time-
resolved magneto-optical Kerr effect, we characterized the magnetization dynamics of continuous L1g-ordered FePt
grown on MgO and SrTiO3 substrates. By changing the substrate on which FePt is grown, the lattice mismatch and
subsequent number of misfit dislocations at the interface and L1p-ordering can be controlled. We found that fewer
misfits and improved ordering in FePt lead to a reduced Gilbert damping constant due to reduced electron scattering but
that FePt grown on SrTiO3 also shows robust perpendicular magnetic anisotropy. Importantly, these results demonstrate
the ability to control the damping in FePt and similar materials by changing the number of misfit dislocations at the
interface and the smaller damping in FePt opens up the possibility of using this material in spintronic materials in the

THz wave range.

In the current realm of big data acquisition and utilization,
where data density requirements have escalated to new levels,
there have been increasing demands for improved high-speed
and-capacity communication network technologies. These re-
quirements drive the advancement of innovative solutions to
ensure seamless and efficient data handling in an increasingly
connected world. Sixth-generation wireless technology (6G)
is the next stage in mobile communications, where the electro-
magnetic wave frequency range used for 6G partially includes
terahertz waves which are those within the frequency range of
100 GHz to 10 THz X2 Therefore, the realization of oscillators
and detectors which operate in the THz wave range are an im-
portant building block in the future of the Internet of Things.

Recently, using magnetoresistance in ferromagnetic (or
ferrimagnetic) metal, insulator, ferromagnetic thin film
heterostructures, spin-torque/spin-Hall nano-oscillators have
been developed which act as micro to millimeter wave emit-
ters and or detectors "1 To achieve spintronic devices with
THz operating frequencies, theoretical studies have mainly
focused on using antiferromagnetic materials owing to their
antiferromagnetic resonance frequencies in the THz gap 1114
However in terms of experimental devices, spintronic emit-
ter and detector devices have been demonstrated primarily us-
ing ferromagnetic materials because of their large magnetore-
sistance effect, large saturation magnetization, and efficient
control of their magnetization owing to their high spin injec-
tion efficiency and small damping constant o >* Unfortu-
nately ferromagnetic-based systems have struggled to achieve
THz operation so far as these spintronic devices require mag-
netic materials with effective anisotropy fields above 3.0 T
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which give rise to the high magnetization precession frequen-
cies needed.

Due to its large magnetoresistance, high spin current in-
jection efficiency,l® and anomalous spin Hall effect!® L1¢-
ordered FePt is a promising candidate material for various
spintronic applications. Its huge perpendicular magnetic
anisotropy (PMA) energy above 4.5 MJ m~3 is already being
used in magnetic recording media applications such as hard
disk drives, and its anisotropy field is high enough in princi-
ple for THz wave use. 222

Since the magnetization dynamics of Llg-FePt are in
the THz wave range, conventional electrical measurements
are challenging therefore necessitating the use of all-optical
methods such as time-resolved magneto-optical Kerr effect
(TRMOKE) measurements with ultrashort laser pulses to
measure the damping constant of this material >3“* Conse-
quently, there are very few studies which report on the Gilbert
damping constant in L1y-FePt, and there is no research specif-
ically focused on reducing the damping of this material. Al-
though previous measurements of the damping constant of
L1y-FePt have reported a relatively large value ranging from
0.05 — 0.26,22728 overcoming this drawback and reducing the
damping in L1p-FePt could lead to the realization of practi-
cal ferromagnetic metal thin films for THz spintronic devices,
thus making this material a desirable candidate for these ap-
plications.

In this study, we aimed to reduce the damping constant of
L1o-FePt by controlling the fine nanostructure and reducing
the number of misfit dislocations observed using transmission
electron microscopy (TEM). Theoretically, the damping con-
stant of L1o-FePt is primarily influenced by electron impu-
rity scattering, and both theoretically and experimentally, it is
expected to vary with changes in the electron impurity scat-
tering rate, however this is difficult to control or modify >3V
Through fine structural evaluation and terahertz magnetiza-
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tion dynamics analysis using light, we successfully reduced
the damping constant from the previously reported value of
0.058 t0 0.033 by controlling the number of misfit disloca-
tions. These results suggest that reducing the damping con-
stant through fine structural control of the nanostructure, en-
able the application of materials such as L1y-FePt which have
not been extensively explored for spintronic devices beyond
magnetic recording, for applications in the THz wave range.

Continuous thin films of FePt were deposited on single-
crystalline MgO(001) and SrTiO3(001) (STO) substrates at
a deposition temperature of 400°C via magnetron sputter-
ing in an ultrahigh vacuum chamber with a base pressure of
8 x 1077 Pa and an Ar pressure of 0.5 Pa during sputtering.
Both substrates were annealed at 650 °C for 1 hour before
deposition of the FePt film to remove contamination at the
surface of the substrate. A Fes|Pty9 target was used and com-
positional analysis of each of the samples showed a stoichio-
metric FesgPtso composition. Structural properties of these
thin films were evaluated using X-ray diffraction (XRD) using
Cu Ko X-rays. Cross-sectional scanning transmission elec-
tron microscopy (STEM) measurements were carried out us-
ing a SpectraUltra S/TEM (Thermo Fisher Scientific) and the
STEM samples were fabricated by focused ion beam (FIB)
with a scanning electron microscopy (SEM) dual-beam sys-
tem Helios5UX (Thermo Fisher Scientific). Magnetic proper-
ties of the FePt thin films were evaluated using two supercon-
ducting quantum interference device (SQUID) systems, one
measured up to 7 T at room temperature and the other up to
14 T to evaluate the anisotropy field and PMA of these thin
films. TRMOKE was performed using a Quantum Design
Opticool system with laser pump and probe beam diameters
120 um and 80 um, and laser fluences of 1.33 mJ cm~2 and

U MWWW

FIG. 1. (a) XRD profiles of 30 nm continuous FePt thin films grown on MgO and STO substrates showing the presence of L1g-ordered FePt,
(b) and (c) cross-sectional STEM images of FePt/MgO and FePt/STO, respectively, where the change in contrast represents the difference
between the substrate and the FePt thin film, the white markers highlight misfit dislocations, and the lower subfigure of (b) and (c) are inverse
Fourier filtered transformation images of the STEM images shown in the upper subfigure.

0.99 mJ cm~2, respectively, and fixed magnetic field angles
of 80° and 45° to measure closer to and further away from
the easy magnetization axis of the sample. The magnetic field
angle is measured is relative to the normal of the film plane
and the optical setup used in these experiments is described in

greater detail elsewhere 28

[Figure Tja) shows XRD profiles of the FePt/MgO and the
FePt/STO le where L1g order is observed in both FePt
thin films 252 The (001) and (002) peak positions for the
FePt/STO sample are shifted to slightly higher angles rela-
tive to the FePt/MgO sample indicating a smaller out-of-plane
(OOP) lattice constant (c¢), which is a result of the smaller in-
plane (IP) lattice constant (a) of STO (3 91 A) relative to MgO
(4.20 A)33 Similar to previous reports, 34 the ¢ for FePt/MgO
and FePt/STO were found to be 3.73 A and 3.71 A, respec-
tively. Using STEM, the in-plane lattice constant for both
samples was measured to be 3.85 A and therefore the c/a
ratio for the FePt/MgO and FePt/STO sample are ~ 0.969
and =~ 0.964, whilst mismatch between FePt and the sub-
strate are 8.33% and 1.41%, respectively. Using the peak
intensities of the (001) superlattice peak and the (002) fun-
damental peak and the formula described in2337 the order

parameter, defined as Sz10 = \/ Lo /Lob/ \/ 53¢ /1S3 which

is ~ 0.85, /Ifég /I;gg where [ is the experimental (exp) and
calculated (calc) intensities of the (100) and (200) reflec-
tions, for these two samples were calculated to be ~ 0.70 for
the FePt/MgO sample and ~ 0.82 for the FePt/STO sample.
High-resolution cross-sectional STEM seen in|Figure T(b) and
1(c) show sharp interfaces for both FePt samples but a smaller
number of misfit dislocations for the FePt/STO sample.
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FIG. 2. In-plane (IP) and out-of-plane (OP) magnetization curves
measured at room temperature for 30 nm continuous FePt thin films
grown on (a) MgO and (b) STO.

[Figure 2[a) and 2(b) show the magnetization curves for
the FePt/MgO and FePt/STO sample, respectively. The OP

magnetization curve for both samples exhibit a similar shape
and are consistent with continuous FePt thin films prepared at
these temperatures ?23% The anisotropy field of the FePt/MgO
and the FePt/STO sample are found to be yoHy = 6.80 T
and UoHx = 5.57 T and by calculating the area underneath
the first quadrant of the magnetization curve of both sam-
ples, the PMA was determined to be ~ 2.26 MJ m~> and
~ 1.79 MJ m~3, respectively. According to Sakuma et al.,
the weaker PMA in the FePt/STO sample can be explained to
be a result of a smaller lattice mismatch between the FePt and
the substrate **

Typical TRMOKE signals obtained for the FePt/MgO sam-
ple measured at magnetic field angles 8y = 80° and 45° can
be seen in [Figure 3|a) and 3(b), respectively. Damped oscil-
lation signals relating to magnetization precessional motion
were clearly observed for both magnetic field angles. To fit
the TRMOKE spectra at different magnetic field strengths and
By of both samples as seen in [Figure 3(a) and 3(b) for the
FePt/MgO sample, and [Figure 4|a) and 4(b) for the FePt/STO
sample, the following function was used which is a least
squares method accounting for the exponential recovery of the
background signal:

Ay =Ag+Are "™ + Boe M/ Tsin 2w fAr +¢) (1)

where the first and second terms represent the magnetiza-
tion recovery process and the third term represents the mag-
netization precession in the damped oscillation signal 254% In
this equation, By is the precession amplitude, 7 lifetime, f
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FIG. 3. TRMOKE spectra at different magnetic field strengths for the
continuous 30 nm FePt/MgO film at magnetic field angles of (a) 80°
and (b) 45°, respectively. The solid red curves represent the fitting of
the blue dot raw data. Calculated (c) precession frequency f and (d)
effective damping constant Qg as a function of the applied magnetic
field at these different magnetic field angles. Solid curves here rep-
resent the fitting using the second-order Kittel functions. The dashed
line highlights the minimum ¢ which for the FePt/MgO sample is
around 0.045.

frequency, and ¢ the initial phase. The effective damping
Ofr was then calculated using the equation o = 1/27f7.
TRMOKE spectra between 4 T and 7 T were fitted and the
precession frequency and effective damping for these differ-
ent magnetic field strengths plotted as seen in|[Figure 3(c) and
3(d), respectively.

To fit the parameters extracted from the raw spectra,
second-order equations derived from the Landau-Lifshitz-
Gilbert (LLG) equation f = (yuo/2m)+/HH,, where y =
gup/h is the gyromagnetic ratio. g, U, and / are the spectro-
scopic splitting g-factor, the Bohr magneton, and the reduced
Planck’s constant, respectively, were used. H; = H cos(0g —
Om) + Hlfffcosz(GM) — Hyocos*(6y) and Hy = Hcos(6y —
Om) + HETcos(26m) — Hyo(cos(26u) + cos(46y)), where
H, H', Hy, are the external magnetic field, effective perpen-
dicular magnetic anisotropy (PMA) field, and second order
PMA field, respectively 2 Simultaneously, the magnetiza-
tion angle By was calculated using the relation 2H sin(6y —
Om) — H{tTsin(20u) + Hio cos?(0y) sin(26y) = 0.2 The life
time was calculated using the equation 1/7 = ay(H;, +
H,)/2m, where a is the intrinsic magnetic damping constant.
As a small laser fluence was used in all measurements, we
observed no temperature variance in any of our measure-
ments and therefore the Landau-Lifshitz-Bloch equation was
not used in our analysis?®
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FIG. 4. TRMOKE spectra at different magnetic fields for the contin-
uous 30 nm FePt/STO film at magnetic field angles of (a) 80° and (b)
45°, respectively. Calculated (c) f and (d) O, as a function of the
applied magnetic field at these different magnetic field angles. The
minimum O for the FePt/STO sample is around 0.033.

The solid lines seen in [Figure 3|c) represent the fitting of
the precession frequency using the above equations for the
MgO sample at both angles, whilst the solid curves seen in

[Figure 3|d) were calculated by approximating the magnitude
of the PMA distribution AHI‘(3ff as:

1/"L'Hk _ 77." df AHlfff )

- At

where the final AHS™ for the FeP/MgO and FePt/STO sam-
ple were 250 mT and 136 mT, respectively. The precession
frequency monotonically increases with magnetic field for
both magnetic field angles 80° and 4592843 whilst the effec-
tive damping constant was found to increase with decreasing
magnetic field strength showing a minimum value at a mag-
netic field strength of 7 T (upper limit of the equipment used
here) of = 0.045 as highlighted by the dashed line in
[ure 3d); this was similarly performed for the FePt/STO sam-
ple as seen in [Figure 4(d). The relationship between o and
UoH is a result of the dephasing effect and fewer magnetic do-
mains at higher applied magnetic fields since at 7 T, the FePt
thin film approaches a single domain state and there is conse-
quently less dephasing of the spins (spins precessing at differ-
ent phases) between the few remaining magnetic domains 44
From the fitting of the magnetization dynamics parameters,
the ,uoH]fff, UoHy>, and g-factor of the FePt/MgO sample were
determined to be 6.344-0.57 T, 0.33+£0.04 T, and 2.294-0.02,
respectively.

As seen in [Figure 4{c) an 4(d), TRMOKE at magnetic field

angles 80° to 45° was also performed for the FePt/STO sam-
ple. Similar to the FePt/MgO sample, the precession fre-
quency increases monotonically with magnetic field whilst
the damping constant decreases. The [J()Hlfff, UoHyo, and g-
factor for FePt/STO were determined to be 4.72 £0.01 T,
1.14+£0.001 T, and 2.09 + 0.01, respectively. The smaller
/.Lngfff in the FePt/STO continuous thin film is consistent with
a smaller PMA observed in this sample with respect to that
seen in FePt/MgO. Comparing the calculated g-factor of both
samples, the smaller constant observed in the FePt/STO sam-
ple is a result of differences in L1( order where increased dis-
order in FePt has been found to lead to a monotonic increase
in the g-factor** Since the L1 order parameter in FePt/STO
is greater than that in the MgO sample there is therefore less
disorder in this system and consequently it has a smaller g-
factor.

As seen in[Figure 3|d) and [Figure 4{(d), the effective damp-

ing constant Og at different magnetic field strength evalu-
ated from the TRMOKE data at 6y = 80°, is well reproduced
by considering the magnitude of the PMA distribution using
From this fitting, the intrinsic damping constant
for the FePt/MgO sample and the FePt/STO sample were cal-
culated to be & = 0.045 and 0.033, respectively. Since Okt
corresponds to the upper-bound value of , the minimum ef-
fective damping constant is identical to or larger than the in-
trinsic damping constant. Therefore, as highlighted by the
dashed line in both [Figure 3[d) and [Figure 4(d), we have also
plotted the minimum value of the effective damping constant
as a function of both 6y for both samples which is found to be
the same as the intrinsic damping constant in both cases.

From a recent theoretical study, it has been reported that the
damping constant in L1¢-ordered FePt is largely influenced by
electron impurity scattering? instead of thermal lattice expan-
sion or ¢/a modification *>**Z From our TEM measurements,
we observed a far higher number of misfit dislocations near
the interface for the FePt/MgO sample than for the FePt/STO
sample. These misfit dislocations can be considered as impu-
rity scattering centers which increase electron impurity scat-
tering in L1g-ordered FePt and therefore modify o resulting in
the observation of a lower magnetic damping constant for the
FePt/STO sample since it has fewer misfit dislocations than
the FePt/MgO sample. It should be noted that previously it
has been suggested that a self-assembled network of misfit
dislocation leads to an increase in extrinsic effects such as
two-magnon scattering which modify the damping in mag-
netic metal thin films #84? However, since the measurements
presented here were carried out at high magnetic fields, these
effects can be ignored #*? Another possible explanation as why
the damping constant is smaller in the FePt/STO sample is due
to its smaller PMA since both PMA and damping are related
to the spin-orbit interaction. However, we have managed to
grow FePt on STO which has a similar frequency and PMA to
that grown on MgO. Whilst the damping constant in this sam-
ple is not as small as 0.033, it still shows a smaller damping
constant than the MgO substrate sample (see the Supplemen-
tal Material 50) Importantly, our results demonstrate that by
limiting the amount of misfit dislocations and other nanostruc-
tural factors that may occur during the manufacturing process
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of magnetic materials such as L1p-ordered FePt, we can con-
trol their damping opening up the possibility of using this ma-
terial and similar materials for spintronic applications in the
THz wave range. In particular, o as low as 0.01 has been re-
ported theoretically in L1¢-FePt>! however these calculations
as well as other calculations which have focused on the damp-
ing in magnetic materials, did not incorporate misfit disloca-
tions. Therefore, given the results presented here even smaller
damping in L1p-FePt may be achievable experimentally.

In summary, we have demonstrated that the damping con-
stant in L1g-ordered FePt can be modified by controlling the
number of misfit dislocations at the interface of the material.
By changing the substrate which FePt is grown on from MgO
to STO, the lattice mismatch and subsequent number of misfit
dislocations are reduced. We find that the FePt/STO sample
shows improved L1 order compared to the FePt/MgO sample
and only a small difference in the PMA between both samples.
TRMOKE of the FePt/STO sample show an O, as small as
0.033, smaller than that of the FePt/MgO sample, 0.045, as
a result of smaller number of misfit dislocations at the inter-
face which subsequently modify the number of inter-band and
intra-band electron transitions and the electron scattering rate
in FePt. Importantly, we show that the damping in FePt can be
reduced which thus opens up the possibility of using this ma-
terial and similar materials for spintronic applications in the
THz wave range.
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