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SPECIAL TOPIC — Advanced magnonics
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Magnonics and magnonic materials have attracted widespread interest in the spintronics community and demonstrate
potential for applications in the next generation of information technology. Recent advances in manganite thin films high-
light their promise for magnonics, in which enhanced film quality and strain control of spin and electronic structures play
a crucial role in reducing magnetic damping. Here, we report the fabrication of Lag ¢7Srg.33MnO3 thin films of varying
quality via pulsed laser deposition. The quality of epitaxial films is characterized using atomic force microscopy and x-ray
diffraction. A pronounced fourfold anisotropy in the magnetic damping (with a ratio of about 150%) is observed, where the
minimum damping occurs along the [110] crystalline orientation. Notably, improved sample quality significantly reduces
the magnetic damping at low temperatures. The highest-quality sample, featuring atomic-scale terraces, exhibits a mag-
netic damping of ~ 2.5 x 1073 at 5 K. Our results not only demonstrate effective reduction of low-temperature magnetic
damping in high-quality correlated oxide systems but also provides a strategy and material platform for exploring novel

quantum phenomena and for designing low-temperature magnonic devices.

Keywords: ferromagnetic resonance, correlated manganite thin film, magnetic damping
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1. Introduction

Spin waves can propagate over long distances within
low-damping magnetic materials without involving electron
motion, resulting in minimal heat dissipation. This advan-
tage positions spin waves as promising candidates for next-
generation information technology.!!! Consequently, research
on magnonic material systems has advanced significantly. >
The perovskite manganite, as a strongly correlated electron
system, has attracted extensive attention in spintronics!>! and
magnonics®! due to its unique physical properties and tunabil-

71 metal—

ity, such as remarkable colossal magnetoresistance, !
insulator transition'®® and nontrivial spin textures.!'%!1]
Among these, Lag 67519 33MnO3 (LSMO) with the doping ra-
tio of 0.33 for Sr exhibits not only an above-room-temperature
Curie temperature (~ 370 K) with excellent ferromagnetic
properties but also a half-metallic nature with low residual
resistivity (< 107* Q-cm). The near-complete spin polar-
ization (~ 100%) of LSMO was reported in spin-polarized
photoemission!!?! and tunnel magnetoresistance!!3! experi-
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ments, which establishes a fundamental basis for its applica-
tions in spintronic devices.

Recently, numerous breakthroughs in magnonics have
been reported in strained LSMO thin films, including mag-
netization modulation induced by twinned structural order
and magnonic crystals in LSMO/StTiOs films,!'#! low-density
current control of spin wave propagation in LSMO/LaAlO3

18] coexist-

films, '3 anisotropic spin-wave propagation,|
ing nonreciprocities of spin-wave propagation originated
from strain-driven Dzyaloshinskii—-Moriya interaction and
the stabilization of topological magnetic skyrmions at room
temperature,!' !l nonlinear three-magnon scattering between
magnon energy bands,!'”! and long-distance propagation of
chiral magnonic edge states in quasi-antiferromagnetic spin
textures. '8! These results provide critical experimental foun-
dations for constructing low-power magnonic integrated cir-
cuits.

The functionality of LSMO has been further en-
hanced by constructing heterostructures with interface en-

gineering or strain modulation. In multiferroic het-
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erostructures containing ferromagnetic LSMO and ferroelec-
tric BiFeO3; or BaTiO3, magnon—phonon coupling and the
long-range propagation of coherent magnon-polaritons have
been experimentally observed.['>!l Spin pumping and in-
terfacial spin transport have been studied in heterostruc-
tures containing materials with strong spin—orbit coupling,
such as Pt[?>231 and SrRu0;.[** Interestingly, the ex-
tremely long-range Josephson coupling has been demon-
strated in LSMO/YBa;Cu30; ferromagnet—superconductor
heterostructures.>>! These achievements highlight the im-
mense potential of LSMO heterostructures in spintronic
and magnonic devices based on magnetoelectric effects and
superconductivity.?®) The discovery of the above phenomena
has imposed very high requirements on the quality of LSMO
films, specifically, the relationship between sample quality and
low-temperature damping remains to be systematically stud-
ied.

Here, we report the epitaxial growth of LSMO films with
a thickness of ~ 120 nm on (110)-oriented NdGaO3; (NGO)
single-crystal substrates. A remarkable fourfold symmetric
anisotropy in the magnetic damping constant is observed in
these LSMO/NGO (110) films.
temperature magnetic damping of all samples falls within a

Notably, while the room-

similar range, the highest-quality sample exhibits a signifi-
cantly lower damping constant of 2.5 x 1073 at 5 K, which
is attributed to the suppression of intraband scattering by im-
proving sample quality.

2. Experimental methods

Single-crystalline epitaxial thin films with high quality
are crucial for probing the fundamental properties and mecha-
nisms of phenomena, thereby providing a robust material plat-
form for novel spintronic and magnonic devices. Therefore,
we prepared epitaxial LSMO/NGO films, as schematically il-
lustrated in Fig. 1(a). LSMO thin films with a thickness of
~120 nm were grown on NGO (110) substrates by pulsed laser
deposition using an excimer laser (248 nm). The substrates
were heated to 820 °C, and the films were deposited under an
oxygen atmosphere of 23 Pa using a pulsed laser with an en-
ergy density of ~ 0.65 J/cm? at 5 Hz for 30 minutes. After de-
position, the samples were cooled at a rate of 5 °C/min under
an oxygen atmosphere of 10* Pa. The crystal structure of sam-
ple A was analyzed by x-ray 628 diffraction (XRD) using Cu
Ko radiation (A = 0.15406 nm), as shown in Fig. 1(b), which
confirms the high-quality single-crystal epitaxy. Bulk LSMO
crystallizes in a trigonal structure with a tilted pseudo-cubic
unit cell, apux = Pouk = couix = 3.894 A.[27] The NGO (110)
substrate has an orthorhombic crystal structure with a mon-
oclinic pseudo-cubic lattice, apyx = bpuik = Cpuk = 3.864 A.
Therefore, the substrate provides in-plane compressive and

out-of-plane tensile strains to the LSMO film. The XRD pat-
tern shows the 20 = 46.42° peak associated with the (002)
plane of the LSMO pseudo-cubic phase. The out-of-plane lat-
tice constant ¢ = 3.92 A was calculated using Bragg’s law.
The basic magnetic properties of LSMO films were char-
acterized by a vibrating sample magnetometer (VSM). The
Curie temperature of sample A was determined to be 371 K
by temperature-dependent magnetic moment measurement, as
shown in Fig. 1(c). It should be noted that the magnetiza-
tion of LSMO on the NGO substrate is slightly larger than
that on other substrates due to the contribution of the para-
magnetic NGO substrate.?8) The in-plane easy axis shows a
saturated field of ~ 40 mT and a coercive field of ~ 3 mT
along the [010]p orientation, with a saturation magnetization
of ~ 440 emu/cc, as shown in Fig. 1(d). The out-of-plane
magnetic hysteresis loop shows a saturated field of ~ 420 mT
and a coercive field of ~ 2.9 mT along the [001], orienta-
tion. Previous studies have demonstrated that the distinct lat-
tice constant difference between the a- and b-axes in the NGO
substrate induces a uniaxial in-plane compressive strain in the
epitaxial LSMO film, which generates a strongly negative per-
pendicular magnetic anisotropy and a slight in-plane magnetic

anisotropy. 127
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Fig. 1. Structural and magnetic characterizations of LSMO thin films at
room temperature. (a) Schematic diagram of the crystal structure of the
LSMO film on the NGO (110) substrate, where the subscript pc (o) repre-
sents pseudo-cubic (orthorhombic) phase. (b) The x-ray 620 diffraction
around the (002),. peak of sample A. (c) Magnetic moment as a function
of temperature of sample A. The black arrow points out the Curie temper-
ature of about 371 K. (d) The magnetic hysteresis loop of sample A. The
inset shows the complete out-of-plane hysteresis loop.

The magnetic damping of LSMO thin films was experi-
mentally determined through ferromagnetic resonance (FMR)
spectroscopy. The experiments were performed in a commer-
cial physical property measurement system (PPMS) equipped
with a superconducting magnet, providing precise control of
the applied magnetic field in the in-plane geometry. A high-
frequency microwave source was utilized to excite magneti-
zation dynamics through a custom-built broadband coplanar
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waveguide, while the detection of the resonance signals was
achieved using a lock-in amplifier with a diode detector. The
in-plane external magnetic field was applied perpendicular to
the excitation field from the waveguide.

3. Experimental results

The dynamic magnetic responses of LSMO thin films at
room temperature are presented in Fig. 2. The power deriva-
tive absorption spectra for a series of fixed excited frequencies
f (from 3 GHz to 19 GHz) are displayed in Fig. 2(a), with
the sweeping external in-plane magnetic fields applied along
the [010],. orientation. Figures 2(b) and 2(c) show the corre-
sponding frequency dependence of the resonance field and the
peak-to-peak linewidth (AHy)), respectively. The relationship
between the resonance field Hey and the resonance frequency
f follows the Kittel mode!?”!

where y/(27) = 28 GHz/T is the gyromagnetic ratio, which is
estimated from the FMR experimental results. M is the satu-
rated magnetization, H; is the resonance field, and H,y; is the
anisotropy field. The magnetic damping parameter of LSMO
thin films is determined by fitting the frequency dependence
of the peak-to-peak linewidths AH,;,, as shown in Fig. 2(c),
extracted from Lorentzian fitting of the derivative absorption
spectra, using the following equation: 28301

2 o
=AHy+ ——-2nf,

V3

where AH\ is the frequency-independent contribution aris-

AHp, )

ing from magnetic inhomogeneities in the LSMO thin films,
and « is the intrinsic damping parameter. The damping of
a ~ 1 x 1073 is estimated by linear fitting of the experimen-
tal data as shown in Fig. 2(c), which is slightly larger than
values reported in the previous literature with different sam-
ple quality.['8] This value is comparable to reports on certain

YHo .
f= Er (H, + Hani) (Hy + Honi +Ms), (1) ferromagnetic metals and alloys.?!-3!
(@) f (b) (©) 55} a~0.001
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Fig. 2. Ferromagnetic resonance and magnetic damping. (a) Derivative of the absorbed power spectra of sample A measured at room temperature
with fixed excitation frequencies from 3 GHz to 19 GHz. The in-plane external magnetic field is along the [010] orientation. (b) Resonance
frequency f as a function of the resonance field H; with a fitting curve consistent with Kittel’s law. (c) Resonance linewidth pgAH,,; as a function
of resonance frequency f. The extracted magnetic damping constant ¢ is approximately 0.001.

4. Anisotropic magnetic damping

The angle-dependent ferromagnetic resonance spectra of
sample A are shown in Fig. 3. The measurements were per-
formed at a fixed frequency of 11 GHz, with the external
magnetic field rotated between the [010],c. and [100]p ori-
entations of the LSMO thin film. As illustrated in Fig. 3(a),
the resonance peak shifts toward higher magnetic fields as the
angle increases from [010]p. to [100],c, consistent with the
expected in-plane magnetic anisotropy.''®! The ferromagnetic
resonance spectra at different angles are fitted using Eq. (2).
The anisotropy fields along the [010], [110], and [100] orien-
tations are 3 mT, 14 mT, and 30 mT, respectively, as shown
in Fig. 3(b). The angular dependence of the resonance field in
Fig. 3(c) exhibits two-fold symmetric anisotropy, further con-
firming the magnetic anisotropy of the LSMO thin film.

Itis also observed in Fig. 3(a) that the resonance linewidth
of LSMO thin films exhibits significant angular dependence
on the applied in-plane magnetic field. The linewidth reaches

a maximum of approximately 8 mT at 0° ([010],) and
90° ([100]pc), an intermediate value of ~ 6 mT at 15° and
60°, and a minimum of ~ 4 mT at 45° ([110],). Further-
more, the anisotropy of the magnetic damping is demon-
strated in Fig. 3(d), exhibiting a fourfold symmetry with the
minimum damping value observed along the [110]p. orien-
tation. This orientation corresponds to neither an in-plane
easy axis nor a hard axis, which is consistent with reported
anisotropic spin-wave propagation. The damping constant
shows a maximum-to-minimum ratio of ~ 150% for the
120 nm-thick film. This value is lower than the reported ratio
of 200% for spin-wave lifetimes in 20 nm-thick LSMO/NGO
films,' which is attributed to strain relaxation effects in
thicker films.!'") The anisotropy of magnetic damping is in-
fluenced by multiple factors, including crystalline symme-
try, orientation-dependent spin—orbit coupling (SOC), orbital
degrees of freedom, and scattering effects induced by inter-
facial or bulk defects.!®*37 For instance, the giant damp-

107504-3



Chin. Phys. B 34, 107504 (2025)

ing anisotropy (400%—-1400%) observed in CoFe and CoFeAl
arises from variations in SOC strength across distinct magne-
tization orientations, corroborated by anisotropic magnetore-
sistance (AMR) measurements that highlight the strong cor-
relation between SOC and damping.3**1 In contrast, CoFeB
films exhibit weak AMR-damping correlation (~ 80%), in-
dicating additional contributions from local lattice distortions
or impurity effects.!*®! Notably, in Cr/Fe bilayers, a fourfold
symmetric damping anisotropy of 400% persists despite neg-
ligible magnetocrystalline anisotropy, with no clear AMR-
damping relationship.3”! This phenomenon cannot be fully
explained by conventional SOC mechanisms or spin-pumping
effects. Instead, it has been proposed that orbital Hall ef-
fects or orbital textures in the Cr layer, governed by crys-
tallographic orientation, may dominate angular momentum
dissipation. The fourfold symmetry of magnetic damping is
also observed in epitaxial CoFe films, but the smallest damp-
ing is along the in-plane easy axis, which is attributed to
angle-dependent spin—orbit coupling rather than two-magnon—
scattering processes.!*8! Therefore, the origin of anisotropic
magnetic damping in LSMO thin films requires further re-
search to be clarified.

O
R
o

60° ——‘/%\\/———-'

90°

dP/dH (arb. units)

240 260 280 300
Field (mT)

. . .
0 100 200 300
H, (mT)

Fig. 3. Anisotropic resonance field and magnetic damping. (a) Derivative
of absorbed power spectra of sample A measured at different angles. The
fixed frequency is 11 GHz. The 0° (90°) angle corresponds to the ex-
ternal magnetic field along the [010] ([100]) orientation. (b) Resonance
frequency f as a function of the resonance field H; with a fitting curve
consistent with Kittel’s law at various angles. (c) Angle dependence of
the resonance field H, for sample A at 11 GHz. (d) Angle dependence
of the magnetic damping « for sample A, with fitted curves exhibiting a
fourfold symmetry.

5. Temperature-dependent damping

The temperature dependence of the FMR linewidth of
sample A is presented in Fig. 4. The microwave absorption
spectra were measured at various temperatures from 300 K to
5 K with a fixed frequency of 11 GHz, while all temperature-
dependent measurements maintained an external magnetic

field aligned along the [010],. orientation of the LSMO thin
films. Experimental measurements reveal a progressive broad-
ening of the FMR linewidth in LSMO thin films as the tem-
perature decreases from room temperature to cryogenic con-
ditions, with the resonance linewidth AH,;, estimated as 5 mT
at 300 K, 10 mT at 150 K, and 20 mT at 5 K, as shown in
Fig. 4(a). As the temperature decreases, the resonance absorp-
tion peak shifts toward higher magnetic fields, which can be
attributed to changes in the saturation magnetization and mag-
netocrystalline anisotropy energy. [!!

The epitaxial LSMO thin films (samples A, B, and C)
were grown by slightly varying the laser energy density (0.64—
0.65 J/cm?) while maintaining other growth conditions, with
samples A and B prepared at higher energy density and sam-
ple C prepared at lower energy density. Distinct surface mor-
phologies are revealed by atomic force microscopy (AFM)
characterization, as shown in Fig. 4(b). Samples A and B ex-
hibit similar granular topography with surface roughness val-
ues of Ra ~ 0.974 and ~ 0.890 nm, respectively. In con-
trast, sample C exhibits superior quality, characterized by
atomic-scale terraces, with a remarkably low roughness of
Ra~ 0.087 nm, which is approximately an order of magni-
tude smoother than both A and B. The magnetic damping con-
stant a of samples A, B, and C was extracted by fitting the
resonance linewidth AHp,, and resonance frequency f under
different temperatures, as shown in Fig. 4(c). All samples
exhibit a non-monotonic damping curve, decreasing first and
then increasing with decreasing temperature. A similar non-
monotonic trend has also been observed in other LSMO films
or heterostructures. In these reports, the temperature depen-
dence of magnetic damping is considered to arise from contri-
butions from spin pumping as well as resistivity-like (inter-
band scattering) and conductivity-like (intraband scattering)

39,40

mechanisms.***) By contrast, the increased low-temperature

magnetic damping in ferrimagnetic insulator YIG is explained
by the impurity relaxation mechanism. 4!

Interestingly, although the damping values of the three
samples at room temperature are relatively close, they diverge
significantly at low temperatures. The magnetic damping at
5 K of samples A, B, and C is 5.7 x 1073, 7.4 x 1073, and
2.5 x 1073, respectively. The resonance linewidth of sample
C at 5 K under 11 GHz is about 6 mT, which is significantly
narrower than the 20 mT observed for sample A, as shown in
Fig. 4(d). The half-metallic nature of LSMO/NGO thin films
is confirmed by temperature-dependent resistivity, as shown in
Fig. 4(e). The resistivity of sample C is 0.64 mQ-cm at 300 K
and 0.04 mQ-cm at 4 K. The temperature dependence of mag-
netic damping in LSMO thin films is described by two terms, a
resistivity-like part and a conductivity-like part, and their con-
tributions are phenomenologically analyzed by the following
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model:

p(T)
p(300 K)

o(T)
c(300K)’

Osum = Op + 0 (3)
where o) and 0, represent the interband and intraband scat-
p(T) and o(T) are the temperature-
dependent resistivity and conductivity of LSMO films. The

fitting result of sample C is shown in Fig. 4(f). The param-

tering parameters.

eter o for resistivity-like damping is ~ 0.0018, and the pa-
rameter O for conductivity-like damping is ~ 0.00013. For
all samples, the suppression of magnetic damping with de-

creasing temperature is mainly attributed to the resistivity-
like part, whereas the re-emergence below 150 K is primarily
due to the conductivity-like part. The resistivity-like contri-
bution to damping in all samples shows a similar trend, but
the conductivity-like contribution exhibits a pronounced dif-
ference. As clearly seen in Figs. 4(a)—4(d), sample C with su-
perior epitaxial quality demonstrates markedly reduced mag-
netic damping compared to samples A and B at low temper-
ature. The improved epitaxial quality has significantly sup-
pressed the contribution from the conductivity-like part asso-
ciated with intraband scattering.

a 4+ (b c) 8F
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o L
_ 4 \‘\‘\o
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= |
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Fig. 4. Temperature-dependent magnetic damping. (a) Derivative of absorbed power spectra for sample A measured at 11 GHz under different
temperatures: 300 K, 150 K, and 5 K. (b) Granular topography surfaces of samples A and B, and atomic-scale terraces of sample C. The scale
bar is 1 pm. (c) Temperature-dependent magnetic damping & of samples A, B, and C from 300 K to 5 K. Grey curves are included for visual
guidance. (d) Derivative of absorbed power spectra for sample C measured at 5 K under 11 GHz. (e) Resistivity as a function of temperature for
sample C. (f) Analysis of the contributions from resistivity-like and conductivity-like components for the high-quality sample C.

6. Conclusion and perspectives

In summary, single-crystal epitaxial LSMO films with
a thickness of 120 nm were successfully grown on NGO
(110) substrates.

ture were confirmed through surface topography and x-ray

The epitaxial quality and crystal struc-

diffraction measurements. A fourfold symmetry of anisotropic
magnetic damping was identified in the LSMO/NGO films,
with a maximum-to-minimum ratio of approximately 150%.
The half-metallic nature of LSMO films gives rise to a non-
monotonic temperature dependence of magnetic damping. Im-
portantly, we demonstrated that improving film quality ef-
fectively suppresses low-temperature magnetic damping by
reducing intraband scattering. The highest-quality sample
achieved a damping value of ~ 2.5 x 1073 at 5 K.

These findings highlight an effective approach for tailor-
ing cryogenic magnetic damping, paving the way for the ex-

ploration of quantum magnonic phenomena in manganites at
low temperatures and expanding their potential applications in
magnonic devices based on ferromagnet—superconductor het-
erostructures.
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