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Designing novel spin-wave heterojunction materials and regulating their magnetic properties are key technologies for
realizing spin quantum detection of microwave electromagnetic fields. In this study, a spin-wave heterojunction microwave
electromagnetic field sensing detection scheme has been proposed, which modifies the inverse spin Hall effect ISHE) by
manipulating the magnetic moment distribution, anisotropic crystal field and ferromagnetic resonance line width (AH) of
ferrite/ferromagnetic bilayer films. Then, the nanocrystalline DyCoNbZr/Bi; Dy, FesOy, bilayer films and the spin-wave
heterojunction [Pt/DyCoNbZr/Bi;Dy,FesO,] were fabricated, and the effects of damping-like torque, field-like torque,
and the ferrite underlayer on the magnetization distribution of the spin-wave heterojunction were analyzed. The results
show that the excited microwave electromagnetic field signal can be detected with high sensitivity by inverse spin Hall
voltage (Visyg) detection of the spin wave heterojunction, and the Visyg is directly related to the amplitude, frequency, and
phase of the microwave electromagnetic field. The spin—orbit interaction between the Bi;Dy;FesO;, and DyCoNbZr films
can enable the films with low saturation magnetization to undergo an ISHE at low microwave excitation power, which lays
a technical foundation for detecting the microwave electromagnetic fields using the ISHE.
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1. Introduction

The international research on controlled growth of large-
size spin wave wafer thin film materials remains a technical
challenge. Currently, the realization of such materials pri-
marily relies on epitaxial growth of garnet ferrite thin films,
such as yttrium iron garnet (YIG), on single-crystal gadolin-
ium gallium garnet (GGG) substrates.!!! The predominant
fabrication techniques include pulsed laser deposition (PLD)
and RF magnetron sputtering.*®" However, YIG thin films
grown using these methods generally exhibit higher magnetic
damping factors than those produced by liquid-phase epitaxy
(LPE), -and more importantly, large-area epitaxial growth be-
yond 3-inch (1 inch=2.54 cm) wafer scale remains unattain-
able. Schmidt et al.!*! fabricated YIG thin films with a thick-
ness of 65 nm by PLD on GGG single-crystal substrates, and
enhanced the crystalline quality of YIG materials (from amor-
phous to epitaxial single-crystal films) by post-annealing un-
der argon, with a damping factor of 1.61 x 10~#. At the Mas-
sachusetts Institute of Technology, Ross et al.>~'4 employed
PLD to grow YIG thin films with thicknesses in the hundred-
nanometer range on three different substrates (GGG, SGGG,
and NGG), enabling spin-wave transmission via integrated
waveguide excitation. However, fabricating large-size GGG
wafers is extremely difficult, with controlling defect densities

Corresponding author. E-mail: hw.zhang@ 163.com

CSTR: 32038.14.CPB.ae24e8

below 6 defects/cm? being a major technological hurdle for
the future. Consequently, polycrystalline ferrite/ferromagnetic
composite bilayer thin films have emerged as a promising al-
ternative for future spin-wave integrated devices.!!>1°!
Sandweg et al. demonstrated that exchange magnons
could be coupled via spin pumping effects (SPE) and
ISHE,!"7-22] which can be detected in spin heterojunctions
such as NiFe/PtPd, ferrite/Pt, and ferrite/ferromagnet/alloy
structures. Their findings confirmed that the wavelength in-
tegration capability of these systems reaches the sub-micron
scale, enabling the realization of spin-wave heterojunction
devices.!?>28] Wang et al. investigated spin pumping in mag-
netically ordered ferrite thin films, including polycrystalline
NiZn ferrite and polycrystalline YIG ferrite, as well as metal
layers (Cu, Ag, Ta, W, Pt, and Au) with varying spin—orbit

[12] Their study measured the spin Hall an-

coupling strengths.
gles of these metals and the interfacial spin-mixing conduc-
tance, revealing efficient spin pumping injection from ferrites
to antiferromagnetic insulators such as NiO through strong

29361 The magnetic damping factor of poly-

coupling effects. !
crystalline ferrite film ranges from 1072 to 107, enabling
spin-wave transmission distances of up to centimeter scale at
room temperature.’~*4] This makes them one of the most

promising materials for realizing spin-wave-based functional
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devices.

In this paper, novel spin-wave materials and effects
are systematically studied, aiming to establish a theoreti-
cal framework for the design of magnetic properties of fer-
rite/ferromagnetic bilayer films. The Dy-doped CoNbZr fer-
romagnetic alloy film was chosen because it not only has in-
plane and out-of-plane magnetic moment distributions,*>7]
but also adds anisotropy and spin—orbit manipulation after
rare earth Dy atom doping, and the ferrite Bi,Dy3;_,Fe5;01;
(Bi:DylG, x = 0.1-1.0) was chosen because it is also a garnet
film with in-plane and out-of-plane magnetic moment distri-
bution, which can increase spin—orbit torque. In addition, both
DyCoNbZr and Bi:DyIG polycrystalline films have damping
coefficients of more than 102 and have gyromagnetic prop-
erties in the GHz frequency region, so the two films were se-
lected for bilayer coupling. The research focuses on the opti-
mization of the magnetization distribution, anisotropic crystal
field, and damping factor of the bilayer film. In addition, by
using the spin—orbit interaction at the heterojunction interface,
the inverse spin Hall effect excited by a low microwave field
is explored, which lays a foundation for the spin wave hetero-
junction detection of microwave electromagnetic field.

2. Magnetic coupling effect between fer-
rite/ferromagnetic bilayer films

This study seeks to improve the sensitivity and accuracy
of spin-wave heterojunction-based microwave detection de-
vices. The coupling between the ferrite film and ferromag-
netic film will produce spin—orbit torque excitation in its to-
tal magnetic moment progression, and the spin—orbit effect
makes the magnetic moment distribution of the bilayer film
in the three-dimensional (x-, y-, z-directions) change, which
leads to changes in the amplitude, frequency, and correspond-
ing resonance magnetic field point of its Visyg signal. The
magnetic moment distribution model of the spin-wave hetero-
junction constructed by a ferrite/ferromagnetic bilayer film on
a silicon substrate or ferrite substrate is shown in Fig. 1(a).
Among them, the nano-thickness CoNbZr ferromagnetic alloy
thin film doped with rare earth Dy atoms has spatially dis-
tributed magnetic moments (both in-plane and out-of-plane),
and the spinning ferrite films (BiDy)3;Fes0O;; also have both
in-plane and out-of-plane magnetic moments. It can be con-
structed with ferromagnetic and ferrite films to form a com-
posite bilayer film. According to the model in Fig. 1(a), the to-
tal magnetic moment of the composite bilayer films undergoes
progression under the combined effect of the external mag-
netic field, microwave field, intrinsic magnetic field, demag-
netization field, and spin—orbit interaction field. It is described
by the Landau—Lifshitz—Gilbert equation 48]

dM

dM
T = —’}/‘LL()(M X Heff> +OC(M X dl) + Text, (1)

where [ represents the unit magnetic moment, 7 is the spin-
to-magnetic ratio factor, o is the damping coefficient, and H
is all the equivalent magnetic fields acting on it in the magnetic
moment progression. Here, we define 7.y as the excitation
term of the total magnetic moment M (i, my, m;) precession
induced by the spin—orbit interaction in the bilayer film. This
excitation term is obtained through the curl (cross product) of
the total magnetic moment M, the spin torque o, the mag-
netic moment my (miyx, My, M) and my-(moy, myy, my;) of

the ferromagnetic and ferrite thin film®!

Text = TSOT = ’)/[.L()HDL(M X o X mz) == ')/“()HFL(M X O'). 2)

The first term represents a damping-like torque, with Hpy, de-
noting the damping-like field. The second term corresponds
to a field-like torque, where Hpp, represents the field-like
strength. When the magnetic moment precession approaches
a steady state under the excitation of the external field, inter-
nal field, and spin—orbit field, meaning that it no longer varies
with time, equations (3) are set to zero.

dM dM

I = =YMo+ oc(M X dt) +Y,UOHDL(M X o X mZ)
+y,u0HFL(M X 0'), 3

dm, dm, dm,

dr = |: — '}/IJ.() (myHéff — mzHgff) +o (my F — mzdt)

+ YUoHpL (mymp, OCosQ — Oym m),CosQ,)

+ (myo, — mzcy)} , @)
dm dm dm
dity = {— Yo (mHe — m Hyg) + o (mxdtZ —m, d,x>
+ YioHpL (mymayccosQ; — O_ymymZyCOS(PZ)
+ 'Y.uOHDL(me-z - mzo'x):| s Q)
dm dm, dm
dtz _ { }/'uo(mngff — myHé‘ff) +a (mxdt) —my de)

+ y.uUHDL (mzmzz oCcosQ) — szszZCOS(pz)
+ yuoHrr (myoy — myox)] . 6)

The relationship between the magnetic moment component ra-
tios m, /my, m_/my, and m_/m, exerted by the microwave field
of the composite bilayer film can be obtained. The term cos ¢
represents the angle between the total M and the m, of the
ferrite layer, while cos ¢, denotes the angle between the total
M and the spin torque o, as shown in Fig. 1(a).

Based on the LLG equation, the anisotropic field and
magnetic moment (my, my, m;) of the double-layer thin film
were numerically simulated with the change of the magnetic
moment my, (in-plane magnetic moment of ferrite film), Hpr
and Hpp fields. The ferromagnetic resonance linewidth (AH)
is a function of the damping coefficient, saturation magne-
tization, anisotropic field, and driving magnetic field. Af-
ter measuring the damping coefficient o of the double-layer
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film prepared by different processes, the variation of the AH
with frequency and anisotropic field coefficient was calculated
based on the Matlab software, as shown in Fig. 1(b). We per-
formed simulation calculations to analyze the relative distribu-
tion variations of the total magnetic moment components iy,
my, and m; in the composite bilayer film. Additionally, we
conducted theoretical calculations to evaluate their influence
on the AH. As shown in Figs. 1(c) and 1(d), the my,, mo,, and
my, correspond to the magnetization components of the fer-
rite thin film, Hpy, represents the damping-like field, and Hgp
denotes the field-like strength.

From Fig. 1(b), it can be seen that significant AH occurs
only when the ratio m,/ my is within the range of 0.8 to 1.4, in-
dicating that the planar anisotropy field coefficient k = m, /m,
must be between 0.8 and 1.4 to induce noticeable ferromag-
netic resonance absorption and generate spin-wave effects. As
the frequency (f) increases from 0.2 GHz to 20 GHz, the
AH increases from 235 Oe to 255 Oe. In Fig. 1(c), it can
be observed that the out-of-plane magnetic moment m, of the
composite bilayer film shows a parabolic trend with the in-
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crease of the magnetic moment m;, of the ferrite underlying
film and the field-like strength Hgp. As my, increases from
500 Gs to 2000 Gs and Hpy, increases from 50 Oe to 200 Oe,
the ratio m;/m, rises from 0.15 to 0.45. The ratio m;/m, in-
creases linearly with either my, or Hpp, but the growth trend is
steeper for the my,, indicating that the out-of-plane magnetiza-
tion of the composite bilayer film is enhanced with increasing
ferrite bottom layer magnetization my,. For Fig. 1(d), when
my, increases from 100 Gs to 1000 Gs, mi,/m, sharply rises
from 0.1 to 1.0 and then gradually increases to 1.2. This sug-
gests that the in-plane easy-axis magnetization-of the compos-
ite bilayer film is not significantly affected by the variation of
the damping-like field Hpy,, but'it increases rapidly with the
enhancement of the ferrite layer m»,. These calculation re-
sults show that the magnetic moment distribution (m,/m, and
m;/my) of the bilayer film can be changed by the spin—orbit
coupling field Hpp. and in-plane magnetic moment my, of the
ferrite thin film, which in turn regulates the ferromagnetic res-
onance:linewidth AH, damping absorption & and the strength
of the ISHE of the spin-wave heterojunction.
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Fig. 1. (a) Magnetic moment distribution of the bilayer film and the heterojunction structure, (b) variation of the AH with m, /m, and microwave
frequency f, (c) and (d) variations of my, my, and m; distributions with m;,, Hpr., and HgL. The unit 1 Oe =79.5775 Am !, 1Gs=10"*T

3. Composite bilayer film samples preparation
and performance test analysis

First, ferrite thin films (Bi;Dy,Fe50;,) were deposited on
ferrite ceramic substrates or Si substrates using RF magnetron
sputtering, and then the 100-nm-thick ferrite films were an-
nealed and crystallized by rapid cycle annealing at a tempera-
ture of 650 °C-800 °C; the thin film grain size was controlled

at about 80 nm—120 nm. The Dy-doped CoNbZr amorphous
thin films were magnetron sputtered on the surface of the fer-
rite thin films, and then the Dy-CoNbZr thin films were crys-
tallized through rapid cycle annealing at temperatures between
350 °C and 600 °C, forming nanocrystalline grains with well-
defined surface morphology, resulting in a composite bilayer
thin-film structure. The sputtering conditions were as follows:
the target material was 4-inch Bi,Dy3;_,FesO> (x = 1.0-1.4)
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ferrite and CoNbZr alloy target (Co:85.5 at.%, Nb:8.9 at.%,
Zr:5.6 at.%, and Dy was the metal patch); the backing vac-
uum was < 1.0 x 107* Pa, the sputtering gas pressure was
5x 107! Pa, the sputtering power was 100 W, the sputter-
ing rate was 50 nm/min, and the substrate temperature was
< 60 °C. The microstructure of the thin films was analyzed us-
ing a Bede D10 multifunctional x-ray diffractometer (XRD).
The hysteresis loops were measured using an alternating gra-
dient magnetometer (AGM). The surface morphology, grain
size, and domain structures of the films were investigated us-
ing a SEIKO SPA-300HYV scanning probe microscope (SPM)
in atomic force microscopy (AFM) mode.

The Dy-doped CoNbZr films with thicknesses of 30 nm—
150 nm were subjected to nano crystallization under differ-
ent annealing temperatures while keeping the heating rate
(o = 50 °C/s), cycle number (N = 6 cycles), and dwell time
(f, = 1 min) constant. The annealing temperatures were set to
475 °C, 500 °C, 525 °C, and 550 °C. Figure 2(a) presents the
XRD patterns of the Dy-CoNbZr samples annealed at differ-
ent temperatures with identical cycle numbers and dwell times.
The as-deposited films grown at room temperature exhibit an
amorphous structure. At 475 °C, crystalline grains begin to
precipitate, showing a preferential o-Co (0002) orientation.
As the annealing temperature increases, the diffraction peaks
become sharp, and the full width at half maximum decreases,
indicating grain growth. According to the Scherrer equation,
the estimated grain size of the DyCoNbZr film ranges from
30 nm to 80 nm (not more than 100 nm). The resistivity of
the thin films is directly related to the grain size, and remains

around 0.43x 107> Q-m. The magnetic moment components
my, my, and m, test results are shown in Figs. 2(b) and 2(c).
Here, m,, my, and m, are obtained by applying magnetic fields
in three different directions (x, y, z directions) and using an
oscillating sample magnetometer (VSM) to test the hysteresis
loops and remanent magnetization in each direction. The m,
of the bilayer film increases from a small 789 Gs to a maxi-
mum 841 Gs, and then decreases with the increase of anneal-
ing temperature from 350 °C to 600 °C, m; decreases from
55.6 Gs (350 °C) to 20.6 Gs (450 °C) and then increases to
41 Gs (550 °C) as the annealing temperature:increases from
350 °C to 550 °C, the m, decreases from 28 Gs (350 °C) to
12 Gs (517 °C), and then increases to 41 Gs (576 °C). In-
plane and out-of-plane magnetization VSM test results con-
firm that the three-dimensional (3D) magnetic moment distri-
bution of the bilayer film is consistent with the magnetic mo-
ment distribution calculations in the second part. The hystere-
sis loop measurements under an external magnetic field ap-
plied along the easy magnetization axis and after annealing
at different temperatures reveal that the coercivity of the bi-
layer film is temperature-dependent, a sudden change in the
hysteresis loops occurs during the grain formation, indicating
that larger grains significantly influence the film’s saturation
magnetization, coercivity, and magneto crystalline anisotropy
field. The purpose of doping rare-earth Dy atoms is to enhance
the anisotropy field Hy of the CoNbZrDy/Bi:DylG films, be-
cause the uniaxial anisotropy field of rare-earth Dy is the
largest, thereby enabling the control of the ferromagnetic res-
onance linewidth AH.
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Fig. 2. (a) XRD patterns curves of the Dy-CoNbZr film under different annealing temperatures; (b) the m, measurements of the bilayer film at
different crystallization temperatures, (c) the magnetic moment component of the bilayer film m, and m; varies with the annealing temperature,
(d) isotropic field Hy in-plane measurement along the hard and easy magnetization axes 450 °C, (e) 500 °C, and (f) 600 °C. Here my, my, m.,
and Mj are x, y, and z component magnetic moments of the total magnetic moment M, and saturation magnetic moments, respectively.
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Figures 2(d)-2(f) present the measurement results of the
anisotropy field Hy at different temperatures. As the anneal-
ing temperature increases, the slope of the hysteresis loop
along the hard magnetization axis becomes steeper, indicat-
ing that the in-plane anisotropy field Hj increases accord-
ingly. The variation of H; with annealing temperature suggests
that rapid thermal processing significantly enhances the in-
plane anisotropy field of the as-deposited DyCoNbZi/Bi:DyIG
films, increasing its value from 15 Oe to 45 Oe. It is proved
that the anisotropic crystal field can be changed by manipulat-
ing the grain size. The maximum value of the easy-axis m, is
about 810 Gs, the hard axis m, is about 56 Gs, and the ver-
tical m, is about 28 Gs, all of which vary with the annealing
crystallization temperature. For annealing temperatures above
450 °C, nanocrystals begin to form, and localized CosDy in-
termetallic compounds emerge within Dy-surrounding clus-
ters. The incorporation of a small amount of rare-earth Dy into
the nanocrystalline CoNbZr thin film enhances the single-ion
anisotropy constant, thereby increasing the in-plane uniaxial
anisotropy of the thin film.

To further prove that there is a magnetic moment in the
vertical direction of the bilayer film, Fig. 3 presents the mag-
netic domain structures of CoNbZrDy/Bi:DyIG bilayer. films
subjected to post-annealing treatment at different tempera-
tures. As shown in Fig. 3(a), after annealing at 350. °C,
stripe domains appear on the film surface, indicating the
presence of perpendicular magnetic anisotropy (PMA), while
the bending of these domains suggests residual stress within
the film. At 400 °C (Fig. 3(b)), the stripe domains be-
come weaker and more linear, implying that annealing effec-
tively reduces residual stress, leading to a decrease in PMA
and a concomitant increase in in-plane magnetic anisotropy
(IMA). The annealing temperature of 450 °C (Fig. 3(c)) rep-
resents a critical threshold, where PMA completely vanishes
and residual stress is-almost eliminated, resulting in well-
defined IMA. Further increasing the annealing temperature to
500 °C-600 °C (Figs. 3(d)-3(f)) leads to a complete absence
of stripe domains, confirming a dominant in-plane magnetiza-
tion state. Although the films undergo nano crystallization at
these elevated temperatures, the grain size remains too small
to generate sufficient stress to induce perpendicular stripe do-
mains. These findings demonstrate that rapid thermal anneal-
ing effectively modulates the magnetic anisotropy of DyCoN-
bZr/Bi:DylG films, thereby optimizing their magnetic proper-
ties.

Here, the anisotropy field H; originates from single-
particle anisotropy, the incorporation of rare-earth Dy
into films, and magnetic coupling between garnet fer-

rite/ferromagnetic bilayer films, leading to an increase in both

H; and coercivity, with a further enhancement as the Dy
concentration increases. The (CoNbZr);_,Dy,/Bi:DyIG films
with a low Dy concentration (3%) exhibit both soft magnetic
and gyromagnetic properties, with a slight decrease in satu-
ration magnetization (Ms = 840 Gs) and a coercivity field of
approximately 3 Oe.

Fig. 3. Surface magnetic domains of DyCoNbZr/Bi:DyIG thin films after
rapid annealing at different temperatures: (a) 350 °C, (b) 400 °C, (c) 450 °C,
(d) 500 °C, (e) 550 °C, (f) 600 °C.

4. Inverse’ spin Hall effect in CoN-

bZrDy/Bi:DyIG composite bilayer films

In order to study a spin wave heterojunction as an elec-
tromagnetic field sensor to detect space microwave fields, a
10-nm heavy metal Pt layer was deposited on the surface
of the DyCoNbZ1/Bi:DylG bilayer film to constitute a spin-
wave heterostructure. Subsequently, the Pt layer was patterned
into a Hall device using photolithography and etching tech-
niques, as illustrated in Fig. 4(a). The microwave signal re-
ceived by the antenna is amplified and then introduced into the
coplanar waveguide (CPW), with the spin wave heterojunc-
tion positioned atop the CPW to facilitate microwave excita-
tion. The microwave electromagnetic field induced precession
of the magnetic moments in the DyCoNbZr/Bi:DyIG bilayer
film, generating a spin current that subsequently produced a
Visug at both ends of the Pt layer. The ferromagnetic reso-
nance linewidth (AH) of the DyCoNbZr/Bi:DylG bilayer films
was measured across different microwave frequency bands,
as shown in Fig. 4(b). The frequency-swept AH spectra of
the bilayer films reveal that for frequencies from 10 GHz to
18 GHz, the amplitude of the AH signal decreases with in-
creasing frequency, while the resonance field shifts to higher
values, indicating a broadening of the AH with frequency. The
AH 15 252.0 Oe at 10 GHz, the corresponding resonant field is
800 Oe, the maximum anisotropy field is H; =45 Oe, the satu-
ration magnetization is 4TM; = 10569.5 Gs, and the damping
coefficient ¢ is less than 1 x 1072, consistent with the cal-
culation results of Section 2. Figure 4(c) presents the Visyg
measured under an 8-GHz microwave excitation at varying mi-

crowave power and resonance magnetic field.
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Fig. 4. (a) The ISHE of the [Pt/DyCoNbZ1/Bi:DyIG] heterojunction, (b) 10 GHz-18 GHz FMR signal sweep test, (c) the Visyg signal varies
with the resonant magnetic field, (d) variation of the Visyg with microwave power, (e) variation of Visyg with annealing temperature.

As shown in Figs. 4(c)—4(e), the spin wave heterojunction
[Pt/DyCoNbZr/Bi:DyIG] generates a significant Visyg when
the amplified microwave power exceeds 15 dBm. This shows
that the weak microwave signal received by the antenna can
be detected as long as it is amplified to 15 dBm. The Visyg
increases as the excitation power increases. It can be seen
that as long as the Visgg value and the magnetic field point
of the Visyg curves resonance are measured, we can detect the
amplitude, frequency, and phase of the excitation microwave
field. The microwave power required to induce the Visyg
is closely related to the magnetic moment distributions m,,
my, m, and resonance frequency points of the heterojunc-
tion. At a measurement frequency of 8 GHz and a sample
annealing temperature of more than 500 °C in Fig. 4(d), in-
plane 4TM; (my, my) is a critical factor influencing VisHg, as
a decrease in 47wM;g necessitates a higher microwave excita-
tion power. Figure 4(e) presents the measured Visyg values for
[Pt/DyCoNbZ1/Bi:DyIG] heterojunctions fabricated under dif-
ferent annealing temperatures. The results indicate that within
the annealing temperature range of 500 °C to 600 °C, the Visug
signal varies between 0.65 puV and 0.87 pV, with the max-
imum-Visyg voltage of 0.87 uV achieved at an optimal an-
nealing temperature of 560 °C. This enhancement is attributed
to the ability of rapid annealing to modulate the grain size,
thereby altering the saturation magnetization (m,, m,, and m;
distributions), anisotropy field (Hy), and damping coefficient
(o) of the magnetic thin film. Therefore, optimizing the spin
Hall effect can be achieved through precise control of the mag-
netic properties of the bilayer film. Under the certain size
and structure of the heterojunction, the main factors affect-
ing VISH are the saturation magnetization, spin—orbit torque
equivalent magnetic field, and damping coefficient of the bi-

layer film. The ferromagnetic resonance linewidth is related
to the damping coefficient, anisotropic crystal field, and sat-
uration magnetization. Therefore, in order of importance of
the impact are saturation magnetization 47Ms, the Hyr,, and
ferromagnetic resonance linewidth AH.

To further validate the influence of vertical magnetic mo-
ment distributions m, and spin—orbit interaction (Hgr) on the
Visge signal, we investigated spin—orbit coupling between
amorphous Dy-CoNbZr films and Bi,Dy3;_,Fes01, (x = 0.8—
1.2) ferrite films. The aim is to design a spin-wave heterojunc-
tion sensor with higher sensitivity for electromagnetic field
detection. The purpose of low-temperature annealing of thin
films is to keep the film in an amorphous state and possess
vertical magnetic domains, as shown in Fig. 4, allowing us
to determine the threshold microwave excitation power re-
quired to induce spin waves in amorphous or partially amor-
phous thin films. Additionally, the spin—orbit coupling (Hpr)
of the low-temperature bilayer film is used to adjust the verti-
cal magnetization component m, and reduce the in-plane sat-
uration magnetization 47wMs, so that the spin—orbit coupling is
enhanced to reduce the required microwave excitation power,
enabling an investigation of the ISHE driven by spin torque
Hpy in bilayer films. The Visyg of the low-temperature [Pt/Dy-
CoNbZr/Bi:DylIG] heterojunction was characterized, as shown
in Fig. 5.

From Fig. 5, it can be observed that Visyg signals were
detected in all three samples, those without annealing, three
cycles annealing at 380 °C for 30 mins, and annealed for a sin-
gle cycle of 20 mins under a microwave excitation power about
16 dBm-26 dBm. The results show that the spin-wave hetero-
junction constructed by the magnetic coupling of the amor-
phous Dy-CoNbZr film with distribution of vertical magnetic
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moment and the garnet ferrite Bi:DyIG polycrystalline film
with a thickness of 100 nm still has an obvious spin Hall effect,
which can be used as a sensor for microwave electromagnetic
field detection. Moreover, Visyg increased with prolonged an-
nealing time, with values of 0.4 uV for the non-annealed sam-
ple, 0.65 uV for the 20-minute annealed sample, and 1.0 uV
for the 30-minute annealed sample, as shown in Fig. 5(c). The
Vishe of all three samples exhibited a nonlinear increase with
rising microwave excitation power, shown in Fig. 5(d). Within
the power range of 16 dBm to 26 dBm, the optimal variation
of Visyg was between 0.5 1V and 2.8 pV. These results further
confirm that spin—orbit coupling (Hpr) between the bilayer
composite films significantly influences the spin Hall effect,
and this is consistent with the theoretical calculation of the
Hpy, field effects in Section 2. Even with reduced saturation

()

Unannated 1 [ I o 1605 v
f=10.52 GHz
Annealing at -
a1 1 R 7

Annealing at |
380°C, 30 min

—

1.008 uV

0 02 04 06 08 10
Visue (1V)

magnetization in the ferromagnetic thin film, an obvious spin
Hall effect can still be achieved by leveraging the Hpp, within
the bilayer system. From the simulation calculations in Sec-
tion 2, it can be seen that Hpr, mainly affects the distribution of
m;/my, which helps to enhance the inverse spin Hall voltage
signal. This finding highlights the potential for controlling the
crystallographic phase, magnetic properties, damping coeffi-
cient, and anisotropy field of the thin films to fine-tune the per-
formance of spin-wave heterojunction devices. Furthermore,
the spin—orbit coupling torque field at the interface of the fer-
rite/ferrimagnet bilayer can assist in magnetization switching
of low-saturation magnetic moment thin films, thereby reduc-
ing the required microwave excitation power and improving
the sensitivity of spin-wave heterojunction sensors to detect
microwave electromagnetic fields.

1 0_—Anncaling at 380°C, 30 min
"7 |——Annealing at 380 °C, 20 min (b)
——Unannealed
0.8
S 06 f=10.52 GHz
=
804
2]
= 0.2
ok
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—600 —400 —200 O 200 400 600
H*HRQS (Oe)
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= 1.5
=
2]
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0.5+
0 -

T
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Microwave power (dBm)

Fig. 5. (a) The ISHE test for low-temperature [Pt/Dy-CoNbZr/Bi:DyIG] heterojunction, (b) the Visyg test curves of 380 °C, 0-min, 20-min, and
30-min annealings at microwave power of 20 dBm, (c) comparison of the Visyg values of 0-min, 20-min, and 30-min samples at microwave
power of 20 dBm, (d) the variation of the Vigyg strength variation with microwave power.

5. Conclusion

In order to develop a microwave electromagnetic field-
detecting spin-wave Hall device closer to practical use,
this paper investigates the spin-wave heterojunction of fer-
rite/ferromagnetic composite bilayer thin films, and analyzes
the effects of spin—orbit coupling between the composite bi-
layer on the film’s magnetic moments, anisotropic fields,
damping coefficients, and ferromagnetic resonance linewidths,
and finds that nano granularized DyCoNbZr thin films, as well
as the doping of rare earth Dy ions can change the magne-
tization M (m,, my, m;), anisotropic field H; and ferromag-
netic resonance linewidth of the composite bilayer films, the
spin—orbit interaction between the [Bi:DyIG/DyCoNbZr] bi-

layer films can enable the films with low saturation magnetiza-
tion in-plane to undergo an ISHE at low microwave excitation
power, which provides a way for ferrite Bi:DyIG films and
amorphous DyCoNbZr film with vertical magnetic domains
to be applied in spin-wave heterojunction devices, and con-
structed [Pt/DyCoNbZr/Bi:DyIG] heterojunction can improve
the sensitivity of microwave electromagnetic field sensing and
detection. The control of the magnetic moment distribution,
the anisotropic crystal field, and the ferromagnetic resonance
linewidth, which increases the saturation magnetization, spin—
orbital torque field and mixed conductivity real part of the het-
erojunction, therefore, the inverse spin Hall effect is enhanced.

The magnitude of the Visyg can be regulated by the coupling-
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induced magnetic energy change between the bilayer films,

which lays a technical foundation for detecting the magnitude,

frequency, and phase of microwave electromagnetic fields in

space using the ISHE.
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