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ABSTRACT

The rise of the 2D ferromagnets not only significantly advances fundamental physics and materials science but also provides

excellent opportunities for various applications, particularly in spintronics. The 2D ferromagnets reported so far either show

a Curie temperature (7,) below room temperature (RT) or possess a high magnetic damping (cr), which strongly limits their

applications. Here, utilizing a state-of-the-art interconnected molecular beam epitaxy and magnetron sputtering system, we

fabricate high-quality self-intercalated Cr,sTe, films and Cr,¢Te,/Pt heterostructures with clean interfaces. We find that the

Cr, 4 Te, simultaneously achieves a high T, (~340 K) and a record-low a (~0.02) among all 2D ferromagnets with T, exceeding RT.

These unique features enable the first observation of spin injection from a 2D ferromagnet via spin pumping in Cr, ¢ Te, /Pt bilayers

under ambient conditions. Our findings establish self-intercalated Cr, 4 Te, as an efficient spin current source at RT, highlighting

its great potential for practical spintronic applications.

1 | Introduction

Since the discovery of the 2D magnetic materials with long-
range ferromagnetic order, the pursuit of unprecedented 2D
ferromagnetic materials with higher Curie temperature (T,) has
never ceased [1-3]. Although numerous materials have been theo-
retically predicted to exhibit intrinsic ferromagnetism above room
temperature (RT) [4-6] and several promising approaches—such
as electric gating, interface engineering, proximity effect, and
doping (or intercalation)—have been successfully employed to
enhance T, [7-11], only a few candidates (e.g., Cr,_ s Te,, Fes,GeTe,

and Fe,GaTe,) are experimentally confirmed to exhibit such a
high T, [11-14].

Besides T, magnetic damping («) is another key parameter of
a ferromagnet. It is crucial not only for the generation and
propagation of spin current but also for the efficiency of spin-
orbit-torque-induced magnetization switching. For instance, Xu
et al. realized efficient spin pumping from the ferromagnetic
insulator Cr,Ge,Te; (CGT) into Pt, benefiting from the low «a
of CGT [15]. And a remarkably low current density threshold
of magnetization switching was observed in CGT/Ta bilayers,
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which is probably associated with the low a of CGT as well
[16]. The observed effects, however, manifest themselves solely
within the low-temperature regime (T < 80 K) as limited by
the low T, of CGT. On the other hand, RT spin-orbit-torque-
induced magnetization switching has been achieved utilizing
high-T, 2D ferromagnets, such as Fe;GaTe, and Fe, GeTe,
[17-23]. Their threshold current densities are, however, found
to be considerably higher than that of CGT, which may be
related to their significantly higher o [24-28], as highlighted
in a theoretical work where it plays a central role in reducing
the current density threshold [29]. Also, the high o limits the
magnitude of the spin current generated from these materials.
In short, the 2D ferromagnets reported so far either show a T,
below RT or possess high a. This fact makes the applications,
such as the direct electrical detection of spin injection from
2D ferromagnets via spin pumping under ambient conditions
challenging, although their spin dynamics have been studied
using various techniques, including the electron spin resonance,
ferromagnetic resonance, time-resolved magneto-optical Kerr
effect, and spin-torque ferromagnetic resonance, etc. [24-28, 30,
31]. Thus, searching for a 2D ferromagnet with both high T, and
low « is of critical importance for achieving practical spintronic
applications.

In this work, we chose Cr,sTe, as our platform because Cr,,sTe,
can show rich phases with the intercalation ratio () and
exhibit peculiar structural, magnetic, and transport properties
[32-34]. Although the T, of Cr,,sTe, is influenced by the growth
methods, growth conditions, and sample thickness, it exhibits a
monotonous dependence on & under specific growth conditions
[35, 36]. In reference [35], Fujisawa et al. showed that T, increases
with increasing J, and the highest achievable & is approximately
0.82 via postdeposition annealing at 600°C. Besides, we expect
Cr,sTe, (6 = 0.7-0.8) to have a low «, although there are few
related published works [37]. From the theoretical point of view,
the Gilbert damping is determined by the density of states (DOS)
near the Fermi level [38]. In Cr,,sTe,, self-intercalated Cr mainly
raises the Fermi level with a slope of AE/AS ~ 1.5 eV, without sig-
nificantly altering the overall shape of the band structure [39]. The
calculated band structure of bulk CrTe, shows a pronounced peak
in DOS at ~0.1 eV above the Fermi level, which then decreases
sharply with further increasing energy, followed by a gap near 1.2
eV above the Fermi level [40]. Assuming the doping only shifts
the Fermi energy, we anticipate that the « is high for low doping
levels (6 = 0.1-0.2), decreases with further increasing doping
levels, and reaches a minimum at § = 0.7-0.8. Thus, we speculated
that this composition (with a Cr:Te ratio of 1.8:2) can achieve
both the highest T, and the relatively low o among different
compositions.

Here, utilizing a state-of-the-art interconnected molecular beam
epitaxy and magnetron sputtering system, we fabricate high-
quality self-intercalated Cr, 4 Te, films and Cr, ;Te,/Pt heterostruc-
tures with clean interfaces. Remarkably, the Cr, ¢Te, films exhibit
a high T. exceeding RT even when the thickness is down
to 6.8 nm and a low a with a minimum value of ~0.02—
the lowest value reported in RT 2D ferromagnets so far. Pt is
further deposited via magnetron sputtering in the interconnected
chamber without breaking the vacuum condition, excluding the
possible contamination caused by air. These unique features
allow highly efficient spin injection from Cr,¢Te, into the

Pt layer, as demonstrated by spin pumping measurements at
RT. Our work demonstrates that the self-intercalated Cr,sTe,
can serve as an efficient spin current source at RT, thus
possessing great potential in 2D ferromagnet-based spintronic
applications.

2 | Results and Discussion
2.1 | Crystal Structure of Cr, 3Te,

Figure 1a illustrates the schematic crystal structure of Cr,¢Te,,
which is formed by self-intercalating Cr atoms into the van der
Waals (vdW) gap of CrTe,. Figure 1b shows the cross-section of the
Al,0,/Cr, Te, (36.7 nm)/Pt (4 nm) stack viewing of the Cr, ¢Te,
[110] direction, obtained by aberration-corrected scanning trans-
mission electron microscopy (STEM), with region I, II, and III
representing the Cr,sTe,/Pt interface, Cr,4Te, bulk region, and
Al,0,/Cr, 4Te, interface, respectively. The zoomed-in high-angle
annular dark field (HAADF) image of region II after an inverse-
FFT process is presented in Figure 1c. Cr and Te layers are stacked
alternately along the vertical direction (the ¢ axis of Cr,sTe,),
exhibiting a high self-intercalation ratio of Cr atoms into the
vdW gap of the prototype CrTe,. Energy-dispersive spectroscopy
(EDS) elemental mapping on three randomly selected areas
confirms a statistical stoichiometric Cr:Te ratio of 0.888+0.013:1
(Figure 1d; Figure S1 and Table S1). This ratio matches the
nominal composition of Cr,3Te,. From a large-area image of
region II, we extracted the in-plane and out-of-plane lattice
spacing of Cr,¢Te, (Figure S2c,d). The lattice constant of the
a-axis is estimated as 3.94 A. Though the lattice constants
of the film and the substrate exhibit an apparent difference,
they match well in a ratio of 5:6 (3.94 A:4.758 A), indicating
a relatively weak strain (mismatch ratio~0.6%) (Figure S2b).
The out-of-plane lattice spacing can be well fitted by a double-
peaked Gaussian function with different intensities instead of a
single-peaked Gaussian function, indicating that the intercalated
chromium atoms are randomly distributed at the intercalation
layer with a probability of about 80% [41]. Both the Cr, ¢Te,/Pt
and Al,0,/Cr, Te, interfaces are atomically sharp (Figure le,f).
We also performed EELS across the interface between the
film and the substrate, and the results indicated no apparent
oxidation of Cr,4Te, at the interface (see detailed discussion
in Section 3; Figure S3). The surface roughness is approxi-
mately 0.1 nm, as revealed by atomic force microscopy (AFM)
(Figure 1g).

The well-stacked structure and high-quality crystallization were
also confirmed by X-ray diffraction (XRD), which shows only
(001) diffraction peaks and relatively high diffraction intensity
compared to that of the substrate, as shown in Figure 1h.
Moreover, the diffraction peaks are consistent among samples
with different thicknesses of Cr,sTe,, indicating excellent uni-
formity across all samples. The lattice constant of the c-axis
is estimated to be 6.18 A, in good agreement with previously
reported values for Cr,3Te, [35]. Furthermore, we performed
an XRD phi-scan on a Cr 3Te,(40 nm)/Te(2 nm) sample.
The obtained epitaxial relationship—Al,O; [110]/Cr,sTe, [110]
(Figure S2a) is the same as the one reported by Fujisawa
et al., exhibiting high homogeneity in terms of the crystal
structure [35].
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FIGURE 1 | Crystal structure and its characterization of Cr; ¢Te,. (a) Schematic illustration of the crystal structure of Cr; gTe,. (b) Cross-sectional

STEM image of Al,03/Cr; gTe, /Pt stack, with region I, II, and III representing the Cr, g Te, /Pt interface, Cr, g Te, bulk region, and Al,05/Cr, g Te, interface,
respectively. (c) The zoomed-in HAADF image of region II after an inverse-FFT process. (d) The EDS elemental mapping of chromium and tellurium.
(e,f) The zoomed-in HAADF image of regions I and III. (g) The AFM image of Cr; gTe, (12.8 nm)/Pt (4 nm). (h) Representative XRD spectra of different-
thickness Cr gTe, films.
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FIGURE 2 | Magnetic properties of Cr, gTe, films. (a) In-plane magnetic hysteresis loops of Cr, gTe, films with different thicknesses at RT. (b) In-
plane magnetic hysteresis loops measured along different directions in the 18.3-nm-thick Cr; gTe, film at RT. (c) Angular dependence of the coercive
fields of the 18.3-nm-thick Cr; gTe, film at RT. (d) Out-of-plane magnetic hysteresis loops of Cr, sTe, with different thicknesses at RT. (e) Temperature-
dependent magnetic moment curves of the samples with various Cr; gTe, thicknesses under field-cooling mode. The magnetic field is applied within
the sample plane at a magnitude of 50 mT. (f) Magnetic phase diagram of Cr; 3Te, where the Curie temperature was extracted from (e).

indicate that the easy axis of Cr,4Te, lies within the sample

plane (Figure 2a,d). From these hysteresis loops, we estimated the
3

2.2 | Magnetic Properties of Cr, 3Te,

Figure 2 presents the magnetic properties of Cr,3Te, (t nm)/Pt
(4 nm) bilayers. The in-plane and out-of-plane hysteresis loops
measured by a vibrating sample magnetometer (VSM) at RT

effective magnetic anisotropy constant to be —0.24 X 10° Jem™3,
—0.43 x 10° Jem™ and —0.45 x 10° Jem™ for the films with the
thickness of 6.8 nm, 18.7 nm, and 25.1 nm, respectively (Figure S4).
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A 4-nm-thick Pt layer was deposited on top of Cr,4Te, films
to prevent oxidation and serve as the spin current detector in
the following spin pumping measurements. Due to the self-
intercalation of Cr atoms, ferromagnetism can be detected even
in the 6.8-nm-thick Cr;3Te, film at RT. We also conducted
hysteresis loop measurements using an in-plane magnetic field
rotated by an angle 6 relative to the Cr,Te,[110] direction.
These loops show almost identical curves with consistent coer-
cive fields when magnetic fields are applied along different
directions, indicating negligible in-plane magnetic anisotropy
(no preference in the direction within the sample plane)
(Figure 2b,c).

The temperature-dependent magnetic moment (m-T) curves
were measured using a superconducting quantum interference
device with VSM to estimate the T, of Cr,sTe, films with
different thicknesses (Figure 2e). These curves show an overall
trend of decreasing magnetization with increasing temperature
in the range of 100-350 K. By fitting the m-T curves using
the two-tangent method [42], the T, of Cr,Te, films with
different thicknesses was estimated (Figure S5) and is presented
in Figure 2f. It shows that the 6.8-nm-thick film has a T, of ~328
K, which is higher than that of its prototype, CrTe, [12]. By further
increasing the thickness, T, approaches saturation at ~340 K
for films with thickness exceeding 20 nm, in agreement with a
previous report [43].

We note that previous studies have suggested a complex
magnetic ground state in chromium tellurides, involving
diverse configurations—such as collinear FM, canted FM, and
antiferromagnetic—dependent on temperature and applied
magnetic fields [35, 44-47]. To validate the magnetic structure
of our Cr,Te, films, we conducted m-T measurement under
in-plane magnetic field (50 mT) to lower temperature (down to 4
K) on the Cr, 4 Te,(30.8 nm)/Te(2 nm) sample (Figure S6a). Above
114 K, our measurements revealed that the sample exhibits an
m-T curve characteristic of a collinear FM phase, consistent
with m-T measurements on other samples. The magnetic
moment, however, decreases with decreasing temperature
when the temperature is between 42 K and 114 K. We ascribed
it to the spin canting due to the competition between Cr-
Cr antiferromagnetic coupling and Cr-Te-Cr ferromagnetic
superexchange interaction at low temperature regime. Below 42
K, the magnetic moment remains almost constant, indicating
a stable spin canting phase. Then, we performed out-of-plane
magnetic hysteresis loops of the Cr,4Te,(30.8 nm)/Te(2 nm)
sample at 300 K and 4 K successively (Figure Séc,d). From
their zoomed-in views, we find negligible remanence at RT but
a minor loop at 4 K. This result suggests that spin canting is
confined to the low-temperature regime and transitions to a
collinear FM phase at RT. These findings are consistent with
previous reports [44, 48]. Furthermore, we performed magneto-
optical Kerr (MOKE) measurement with the field sweeping
along the x-direction on the Cr,¢Te,(40 nm)/Te(2 nm) sample
at RT. As shown in Figure S6b, the m, component obtained
by longitudinal MOKE signal shows a hysteresis loop with a
strong signal, while the m, component (from the polar MOKE
signal) is almost negligible, indicating the absence of the spin
canting at RT. Thus, we conclude that Cr,¢Te, is collinear at
RT.

2.3 | Spin Pumping Measurements

2.3.1 | Electrical Detection of Spin Pumping in
Cr,Te,/Pt

Though ferromagnetism exists in the Cr,sTe, films at RT, the
electrical detection of spin pumping is not naturally guaranteed.
According to the spin pumping theory, the electrical signal of spin
pumping detected by the inverse spin Hall effect (ISHE) can be
expressed as [49]:

Vsp & glflfalﬁl (1)

Here, ggflf is the effective spin-mixing conductance, which char-
acterizes spin injection efficiency at the Cr, ;Te,/Pt interface. o,
and 3, represent the in-plane and out-of-plane precession angles,
which are both inversely proportional to the Gilbert damping
factor. Thus, high effective spin-mixing conductance and low
Gilbert damping are critical for detecting spin pumping signals. In
the following discussion, we show that Cr, Te,/Pt bilayers fulfill
these two requirements.

Figure 3a presents a schematic illustration of the measurement
geometry, in which the Cr,¢Te,/Pt bilayer strips are located in
the gap between the ground line and the signal line of a coplanar
waveguide (CPW). In this setup, the excited microwave magnetic
field acting on the strip is mainly along the z-direction [50, 51].
The measured raw data of the spin pumping voltage in a Cr, ¢Te,
(18.7 nm)/Pt (4 nm) bilayer strip excited by a 10-GHz microwave
field is presented in Figure 3b (More data with different exciting
frequencies are presented in Figure S7a). Wherein, the magnetic
field sweeps along the y-direction (transverse to the strip). At
the resonance field, the magnetization of Cr, 4Te, precesses at its
maximum amplitude, injecting a pure spin current into Pt, which
can be detected as a charge current via the ISHE. Meanwhile,
the induced microwave current and oscillating magnetoresis-
tance/Hall resistance also result in spin rectification signals [52].
When the magnetic field is swept along the y-direction and
the microwave magnetic field is aligned with the z-direction,
only Hall-effect-related spin rectifications persist. Importantly,
in this geometry, the spin-pumping-induced inverse spin Hall
effect (SP-ISHE) exclusively exhibits a symmetric Lorentzian
component and reverses sign upon field reversal. In contrast, the
spin rectification effects (SREs) have both symmetric and anti-
symmetric Lorentzian components and remain invariant upon
reversing the magnetic field [53-55]. Thus, the contribution from
the spin pumping can be obtained by extracting half the difference
between the symmetric Lorentzian component at positive and
negative resonance fields, namely:

Vo(H) - Vs(-H
Visue = % 2

From Equation (2), we obtained the amplitude of Vigyp (1.10
uV), which dominates the detected electrical signal (Figure 3c).
Moreover, we performed angular-dependent measurements and
extracted the amplitudes of the symmetric Lorentzian compo-
nents (Figure 3d). The data can be well fitted by the formula
from our previous work (red line), in which the SP-ISHE (green
line) and SREs (blue line) can be separated by their distinct
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FIGURE 3 | Schematicillustration of experimental setup and representative electrical detection of the spin pumping signals of Cr; 3 Te,/Pt samples.

(a) Schematic illustration of the spin-pumping experimental setup. (b) Raw data of the spin pumping induced voltage in a Cr;gTe, (18.7 nm)/Pt (4
nm) bilayer strip under 10 GHz microwave at RT. (c) The fitting of the resonance peak with a Lorentzian function (red line), which contains a strong
symmetric (green line) and a weak antisymmetric (blue line) component, indicating that the signal is dominated by the spin-pumping-induced signal.

(d) In-plane angular dependence of symmetric Lorentzian components (black circle) and its fitting (red line) with contribution from SP-ISHE (green

line) and contribution from SREs (blue line).

angular dependence [54, 55]. The obtained Vigyp is consistent
with the result from Equation (2). In addition, we observed an
opposite spin-pumping signal when tungsten (W) was used as the
spin current detector (Figure S7b). These results unambiguously
demonstrate the spin-pumping-induced spin-to-charge conver-
sion. To the best of our knowledge, this is the first experimental
demonstration of spin-to-charge conversion via spin pumping
using a 2D ferromagnet at RT.

2.3.2 | Thickness Dependent Spin Pumping Results at
Room Temperature

We also performed spin pumping measurements on a series of
Cr,4Te, (t nm)/Pt (4 nm) and Cr, ¢Te, (t nm)/Te (2 nm) bilayers
with different ¢ at RT. Note that the Te capping layer solely
prevents oxidation and has a negligibly small contribution to spin-
to-charge conversion in this system (Figures S8 and S9). Figure 4a
presents the correlation between the microwave frequency f
and the resonance field H,. A minor resonance field difference
between Pt- and Te-covered layers may originate from slightly
different Cr, ¢ Te, thicknesses, or indicates a slight proximity effect
if it exists. The fitting with the Kittel function yields values of
the effective magnetization (47M;) and gyromagnetic ratio (y)
of Cr, ¢Te, [56].

Based on the above discussion, our Cr,¢Te, films exhibit spin
canting ground state at low temperature and transition to a

collinear FM phase at RT. From the Kittle fitting, the extracted
Landé g factor (g = y1> and effective magnetization with
B

varying t are shown in Figure 4b,c, respectively (See the different
approaches to the Kittel fitting in Figures S10 and S11). The effec-
tive magnetization gradually decreases with decreasing ¢, with
an abnormal sharp rise at t = 6.8 nm (Figure 4c). This anomaly
may stem from Pt-induced interfacial magnetic anisotropy [57].
The Landé g factor remains nearly constant (g = 2.42) without
apparent dependence on ¢, evidencing consistent stoichiometry
in Cr;4Te, films across varying thicknesses (Figure 4b). The
deviation of g from 2 implies that considerable orbital angular
momentum contributes to the total magnetic moment—a phe-
nomenon also been reported in other 2D ferromagnetic materials,
such as FGT (g = 2.87) [24].

The magnetic Gilbert damping factor of the Cr, ;Te, single layers
() and Cr, 4Te, (t nm)/Pt (4 nm) bilayers () can be obtained
by linearly fitting the frequency-dependent linewidth [49]:

2na,
AH = Tff f+AH, 3)

Here, a.; represents a for the single layer and agy for the
bilayer, respectively. And AH, is the inhomogeneous linewidth
and appears as the intercept in AH - fcurves shown in Figure 4d.
The slopes of the AH - f curves reflect the magnetic damping,
which is shown in Figure 4e (The raw data are presented in
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FIGURE 4 | Thickness-dependent spin pumping results. (a) Frequency as a function of the resonance field of Cr; gTe, (9.8 nm) single layer (red
square) and Cr; gTe, (11 nm)/Pt (4 nm) bilayer (dark gray dot) with fittings by the Kittel equation. (b) Landé g factor of samples with different ¢ share
almost the same value (g ~ 2.42) when the thickness is above 10 nm. (c) Effective magnetization as a function of t. The dashed line acts as a guideline.

(d) Resonance linewidth of Cr; gTe, (9.8 nm) single layer (red square) and Cr; gTe, (11 nm)/Pt (4 nm) bilayer (dark gray dot) as a function of frequency
with the linear fittings. (e) Intrinsic damping of Cr, g Te, (t nm) (red square) and effective Gilbert damping of Cr; gTe, (t nm)/Pt (4 nm) bilayer (dark gray
dot) with different t. (f) Comparison of the intrinsic damping measured at RT for Cr; g Te, with those reported for other 2D ferromagnets.

Figure S12 and Table S2). The intrinsic damping of Cr,sTe,
single layers is about 0.02, which is significantly lower than
those reported for high-T, 2D ferromagnets so far (Figure 4f)
[24-28]. A higher T, and a lower a of Cr,4Te, make it highly
desirable for application in spintronic devices. We also provided
a comprehensive comparison of the key magnetic parameters of
Cr, ¢ Te, with those of representative 2D magnets (Table S3). The
effective magnetic damping of the bilayers is approximately 0.05,
due to the enhanced damping originating from spin pumping.
Note that with decreasing thickness, a decrease in the enhanced
damping is observed, which may be related to the interface
quality differences [57]. The effective spin mixing conductance
was calculated as follows [49]:

4w Mgt
He= ——T(apn - ) C))
geff Uz F/N

The large value of g/, (~3.3 x 10®® m~2) indicates highly efficient
pure spin current injection at the Cr, s Te, /Pt interface (The details
of the calculation are presented in Table S4). The high ggflf of the
Cr, sTe,/Pt interface and low « of Cr, s Te, permit the detection of

the spin pumping signal.

3 | Summary and Outlook

By self-intercalating Cr atoms into the vdW gap of CrTe,, we
realized a fascinating 2D ferromagnet: Cr, ¢Te,, which possesses
both a high T, up to ~340 K and a low o down to ~0.02. These
unique features enable the first observation of spin injection
from a 2D ferromagnet via spin pumping in Cr, ;Te,/Pt bilayers
under ambient conditions. We found a high effective spin-mixing
conductance at the Cr, ¢Te,/Pt interface, enabling efficient spin
current transport and the electrical detection of the spin pumping
signal at RT. Similar to the ubiquitous role of yttrium iron garnet

(YIG) in magnonics, Cr,3Te, may provide a promising candi-
date for 2D spintronics at room temperature. When integrated
with other layered nonmagnetic materials (e.g., low-symmetry
transition metal dichalcogenides, topological insulators, etc.),
the highly efficient spin-charge interconversion may enable
spintronic devices with pure 2D materials.

4 | Experimental Section

4.1 | Growth of Cr; gTe,/Pt (Te) Thin Films

The Cr, ¢Te,/Pt (Te) bilayers was prepared in a molecular beam
epitaxy-magnetron sputtering interconnected system. Before the
film growth, the Al,05(0001) substrate was annealed at 850°C for
one hour in the MBE chamber. Cr,sTe, film was co-evaporated
by MBE using a Cr rod (99.98%) in an electron beam cell and Te
powder (99.999%) in a Knudsen effusion cell adjusted to maintain
a typical Cr:Te flux ratio of 1:13 and a growth rate of 0.2 nm min~".
The substrate temperature was kept at 300°C during the growth.
The as-grown Cr, sTe, was further annealed at 600°C in situ
under Te flux to achieve the desired Cr, 4Te, phase. Regarding the
growth of the capping layer, a Pt, W, or Te layer was deposited after
the substrate had cooled completely to room temperature. Te layer
was deposited in the MBE chamber with thermal evaporation,
while the Pt and W layer was deposited by magnetron sputtering
interconnected to the MBE chamber (the flowchart of sample
growth is presented in Figure S13).

4.2 | Structural Characterizations
The cross-sectional TEM specimens were prepared by Focused

Ton Beam (FIB; FEI Helios G4 CX dual-beam system) with a
Ga ion source. HRTEM images were collected using a Gatan
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OneView camera with a resolution of 4 k x 4 k. EDS experiments
were carried out using a FEI Titan 60-300 microscope equipped
with a monochromator. Powder X-ray Diffraction was performed
using a Bruker D8 Advance.

4.3 | Magnetic Measurements

Room temperature magnetic hysteresis loops were measured by
Vibrating Sample Magnetometer (Microsense Models EV7), and
temperature-dependent magnetization curves were measured
by Superconducting Quantum Interference Device (Quantum
Design MPMSXL-7).

4.4 | Spin Pumping Measurements

For spin pumping measurements, samples were patterned into
devices through photolithography and an ion beam etching
process. UV Lithography was performed by the International
Micro Patterning SF100 Maskless Lithography Machine, and
ion beam etching was performed by AD-IBEI50. A coplanar
waveguide (CPW) was prepared by sputtering a Ti (5 nm)/Cu (100
nm) bilayer with a characteristic impedance of 50 Q. A microwave
with a power of approximately 320 mW was fed into the CPW by a
vector network analyzer (PNAES8362C). To improve the signal-to-
noise ratio, the microwave was further modulated by a 17.9 kHz
transistor-transistor logic (TTL) signal, and the voltages along the
strips were measured with a lock-in amplifier (SR860).
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