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We have investigated hybridized magnon-phonon excitation (magnon polarons) in spin Seebeck effects (SSEs)
in Bi, Y;_,FesO; (Bi, Y3;_,IG; x =0, 0.5, and 0.9) films with Pt contact. We observed sharp peak structures in
the magnetic field H dependence of the longitudinal SSE (LSSE) voltages, which appear when the phonon
dispersions are tangential to the magnon dispersion curve in Bi, Y;_,IG. By increasing the Bi amount x, the peak
fields in the LSSE shift toward lower H values due to the reduction of the sound velocities in Bi, Y;_,IG. We also
measured the SSE in a nonlocal configuration and found that magnon-polaron anomalies appear with different
signs and intensities. Our result shows composition-tunability of magnon-polaron anomalies and provides a clue

to further unravel the physics of magnon-polaron SSEs.
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I. INTRODUCTION

Bismuth (Bi) substituted yttrium iron garnet (YIG) has
been an important material in magnetics and magneto-
optics [1,2]. In spite of Bi** being a diamagnetic ion, via the
spin-orbit interaction, the substitution dramatically increases
the Faraday rotation angle of garnets (by a factor of ~10°
compared to primitive YIG [1,2]), which led to its versa-
tile magneto-optical application. Another interesting feature
of Bi-substituted YIG (Bi:YIG) includes the increased Curie
temperature [1,2] and magnetoelastic interaction [3]. Fabri-
cation of strained Bi:YIG ultrathin films with perpendicular
magnetic anisotropy and low Gilbert damping has also been
reported, offering a new opportunity for their spintronic ap-
plications [4—6]. Furthermore, because of the atomic mass of
Bi (= 209) much larger than that of Y (= 89), a decrease of
the sound velocities of Bi:YIG (c3i{%) has been reported for
both the transverse acoustic (TA) and longitudinal acoustic
(LA) modes compared to those of YIG (C%i?LA) [7,8], as
schematically shown in Fig. 1(a) (see also Table I).

Lately, in spintronics, magnon-phonon coupled phenom-
ena have renewed attention, where not only magnon but also
phonon dispersion relations play an important role [9-25].
Of particular interest is the region of the crossings of their
branches, at which magnons and phonons are allowed to
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hybridize by the magnetoelastic interaction, giving rise to the
magnon-polaron modes having both magnonic and phononic
characters [11,13,26]. In thermal magnon-spin transport, or
the spin Seebeck effect (SSE) [27-30], the magnon-polaron
formation manifests as anomalous peak or dip structures at
the onset fields Hra 1, where the phonon dispersions in
a magnet tangentially touch the magnon dispersion gapped
by the Zeeman interaction (o external magnetic field H)
[see Fig. 1(b)] [13,26]. A calculation based on Boltzmann
transport theory reveals that, when the scattering rate of
magnons rrgalg is larger (smaller) than that of phonons t_hl,
magnon polarons may have a longer (shorter) relaxation
time than pure magnons. The SSE intensity is therefore en-
hanced (suppressed) at the touching fields, where the effect of
magnon-polaron formation is maximal [26]. So far, through
longitudinal SSE (LSSE) experiments, magnon-polaron peaks
have been detected for several magnetic films, indicating the
situation of T];alg > rI;]l [13,31-35], while dips were observed
for some specific YIG bulk samples (i.e., r[;alg < rp;l) [30,36].

Here, we report SSEs in epitaxially grown Bi, Y3;_,FesO;
(Bi,Y3-,IG with x = 0, 0.5, and 0.9) films. The Bi,Y;_,1G
films may provide an interesting platform to systematically
study magnon-polaron anomalies in SSEs, as the films ex-
hibit the enhanced magnetoelastic coupling constant B, [3]
and the reduced sound velocities cta 1o by increasing the Bi
amount. The former feature leads to an increase in magnon-
phonon hybridized region in momentum space (i.e., increase
in the anticrossing gap o B, [26]), and is thus advantageous

©2022 American Physical Society
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FIG. 1. (a) A schematic illustration of the phonon dispersion
relations for pure YIG and Bi-substituted YIG (Bi:YIG). (b) A
schematic illustration of the magnon and phonon dispersion relations
for pure YIG and Bi:YIG at the touching field. Owing to the reduc-
tion of the sound velocity by the Bi substitution, the touching field
Hra@a) and the touching angular frequency wmravia) between the
magnon and TA(LA)-phonon branches for Bi: YIG shift toward lower
values compared to those for YIG.

for magnon-polaron SSEs. The latter feature decreases the
magnon-phonon touching fields, since they scale with the
sound-velocity squared, as discussed later [Hra.a) c%A(L A
see Eq. (2)]. This situation can also be understood intuitively
through a sketch of the magnon-phonon branches at the touch-
ing field; as shown in Fig. 1(b), the external H required for
making the touching condition decreases for Bi:YIG hav-
ing small ctaqa) compared to YIG. In this paper, we first
show structural and magnetic characterization of the epitax-
ial Bi,Y3_,IG films used in this study and evaluate their
sound velocities and magnetoelastic coupling constant (from
Sec. IITA to Sec. III C). We then show experimental results
on the LSSE in the Pt/Bi,Y3;_,IG films, where decreased
anomaly fields are indeed observed for Bi:YIG (Sec. III D).
We also performed experiments on the SSE in a nonlocal
configuration, in which magnon-polaron anomalies appear
differently from those in the longitudinal configuration in
terms of their sign and intensity (Sec. IIIE). Our results
show composition-tunability of magnon-polaron anomalies
and provide a clue to further understand magnon-polaron
SSEs.

II. SAMPLE PREPARATION AND EXPERIMENTAL SETUP

We have grown three types of Bi, Y3_,IG films by a liquid
phase epitaxy (LPE) method [37-42]: YIG, BigsY»sIG, and
Bip9Y;,1IG with the thickness of 2.50, 1.16, and 0.78 um,
respectively. The YIG and Bips5Y,5IG films were grown
on (111) planes of 0.5-mm-thick GGG substrates, while the
BipoY,IG film was grown on a (111) plane of a 0.7-
mm-thick (GdCa);(GaMgZr)s0, (substituted-GGG; SGGG)
substrate to reduce the lattice mismatch between the film
and substrate layers. Here, the lattice constant for cubic
YIG (ayic), BiosY251G (asiysv,516), Bio.o Y2.11G (@i, 16)
GGG (agag), and SGGG (asggg) are 12.376, 12.417, 12.450,
12.383, and 12.508 A, respectively [8,43]. The LPE fabrica-
tion for the pure YIG film (x = 0) was done in PbO-B,03
flux at the temperature of 7 = 1210K [41], while that for
the Bi,Y;_,IG film with x = 0.5 (0.9) was done in PbO-
Bi,03-B,03 flux at 1053 K (1023 K). After the growth, the

(a) Longitudinal SSE (LSSE) (b) Nonlocal SSE (nISSE)
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FIG. 2. Schematic illustrations of the (a) LSSE and (b) nISSE
in Pt/Bi, Y;_,IG/(S)GGG, where Ejsug, Js, Jm, VT, and H repre-
sent the electric field induced by the ISHE, spin-current injection,
magnon-flow direction in Bi,Y3_,IG, temperature gradient, and ex-
ternal magnetic field, respectively. J,, L H for the LSSE, while
Jum || H for the nISSE.

z

Bi,Y;_,IG films were cleaned with so-called Piranha etch
solution (a mixture of H,SO4 and H,0O, at a ratio of 1:1) and
also with acetone in an ultrasonic bath before Pt deposition.
The film composition was characterized by an electron probe
micro analyzer in the wavelength dispersive mode. The crys-
tallinity and lattice parameters of the Bi,Y3_,IG films were
analyzed by means of high-resolution x-ray diffraction (XRD)
and transmission electron microcopy (TEM), from which
the film thickness was evaluated. The magnetic properties
were measured using VSM (vibrating sample magnetometer)
option of Physical Property Measurement System (PPMS),
Quantum Design Inc.

For LSSE measurements, we fabricated 5-nm-thick Pt
films on the Bi,Y3_,IG films to electrically detect the SSE
voltage based on the inverse spin-Hall effect (ISHE) [44—48]
[see Fig. 2(a)]. Here, the Pt films were prepared by ex-situ
d.c. magnetron sputtering in a 10~' Pa Ar atmosphere [49].
The samples were cut into a rectangular shape whose
length Ly, width Ly, and thickness Ly are, respectively,
~ 4 mm, 2 mm, and 0.5 (0.7) mm for the Pt/YIG/GGG and
Pt/BipsY251G/GGG (Pt/BipoY2.11G/SGGG) structures. To
apply a temperature difference, AT, the sample was sand-
wiched between two sapphire plates; the temperature 7}, of the
bottom sapphire plate in contact with the (S)GGG substrate is
varied in the range from 300 to 3 K, while the temperature Ty
of the top sapphire plate placed on the Pt layer is increased
by an attached heater [50,51]. A uniform magnetic field H
(with the magnitude H) was applied parallel to the film inter-
face [along the z direction in Fig. 2(a)] by a superconducting
solenoid magnet. We measured the d.c. electric voltage differ-
ence V between the ends of the Pt films. Hereafter, we plot the
LSSE coefficient defined as S = (V/Ly)/(AT /Ly).

For nonlocal SSE (nISSE) measurements, we pre-
pared nanofabricated Pt/Bi,Y3;_,IG/Pt devices, where two
electrically-separated Pt strips with the distance of d = 8§ um
are formed on the Bi,Y;_,IG films, as schematically shown
in Fig. 2(b). Here, Pt strips were prepared by means of
electron-beam lithography, followed by Pt sputtering and a
lift-off process [52,53], whose dimensions are 200 um length
(ly), 100 nm width, and 10 nm thickness. In our nlSSE setup,
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FIG. 3. Cross-sectional TEM images of the [(a)—(c)] Pt(5nm)/YIG/GGG, [(d)—(f)] Pt(5nm)/BiysY,s5IG/GGG, and [(g)-(i)]
Pt(5 nm)/Bip9Y211G/SGGG samples. The TEM images shown in (a), (d), and (g) provide the overall sample cross sections. The insets
in (a), (d), and (g) show the selected area diffraction patterns, showing good agreement of the patterns between the (a) YIG and GGG,
(d) Big5Y25IG and GGG, and (g) BigoY2,IG and SGGG layers. The white scale bars in the diffraction patterns represent Snm~'. Note that
the cross sections of the TEM lamellae specimens were arbitrary crystalline planes (i.e., the incident electron beam was not directed along
specific crystalline axes), so that the different diffraction patterns appear for each sample. High resolution TEM images of the (b) Pt/YIG,

(C) YIG/GGG, (e) Pt/BioleZSIG, (f) B105Y25IG/GGG, (h) Pt/BiO'ng']IG, and (1) BIOQYZ]IG/SGGG interfaces.

the Joule heating of an applied charge current (/) to the
one Pt strip generates a magnon spin current in Bi, Y3;_,IG.
When some of the magnons reach the other Pt strip, they
are converted into a conduction-electron spin current and
subsequently detected as an ISHE voltage [see Fig. 2(b)].
We measured the nlSSE using a lock-in detection tech-
nique [52-55]; an a.c. charge current / = ﬁlrms sin(wt ) at the
frequency w/2m of 13.423 Hz is applied to the injector Pt strip
and a resultant second harmonic nonlocal voltage across the
detector Pt strip is measured. Henceforth, we plot the nISSE
coefficient normalized by the applied current squared and the
Ptlength: § = V/(I2 ,ly) [56-58]. All the data are obtained in

the linear regime [52,53], where V o< I2,..

III. RESULTS AND DISCUSSION

A. Structural characterization

Figure 3 shows the cross-sectional TEM images
of the Pt/YIG/GGG, Pt/Bips5Y,25IG/GGG, and
Pt/Bip9Y211G/SGGG samples. The overall sample

cross-section images [Figs. 3(a), 3(d), and 3(g)] show high
uniformity and flatness of the films. The high-resolution
images at the Bi,Y3;_,IG/(S)GGG(111) interfaces
[Figs. 3(c), 3(f), and 3(i)] reveal atomically smooth and
epitaxial interfaces of our garnet films. Neither macroscopic
defects nor misalignment in the lattice planes were observed
in TEM images. As shown in the insets of Figs. 3(a), 3(d),
and 3(g), the diffraction patterns of the Bi,Y;_,IG films
coincide with those of the (S)GGG substrates, indicating
that the Bi,Y3_,IG layers are grown as single-crystalline
films with the [111] orientation in the out-of-plane
direction. We also confirmed clear interfaces between the
(polycrystalline) Pt-film and Bi,Y3_,IG-film contacts [see
Figs. 3(b), 3(e), and 3(h)], which allows us to investigate
interfacial spin-current transport in these sample systems.

Figures 4(a), 4(b), and 4(c) display the 26-w XRD patterns of
the Bi, Y3_,IG films around the (444) Bragg peaks from the
GGG (26 = 51.058°) or SGGG (20 = 50.546°) substrates.
For all the samples, we observed the (444) diffraction peaks
from the Bi,Y3;_,IG layer, confirming the out-of-plane
orientation of Bi,Y3;_,IG[111]/(S)GGG[111], consistent
with the TEM results shown in Fig. 3. The XRD rocking
curves exhibit full width at half maximum (FWHM) values
of 0.0085°, 0.0093°, and 0.0103° for the YIG, BipsY,;5IG,
and Bipo Y5 1IG, respectively, which are close to the values
for the substrates (0.0078° for GGG and 0.0099° for SGGQG),
ensuring high crystalline quality of our films.

To further characterize structural properties of the films,
we performed reciprocal space mapping (RSM) [59-61].
Figures 4(d), 4(e), 4(f) show the RSM data around the
(664) diffraction for the YIG/GGG, Bij5Y,251G/GGG, and
Big9Y2.1IG/SGGG samples, respectively. For all the samples,
the asymmetric diffraction peaks lie on one vertical line, indi-
cating that the films have a pseudomorphic structure with the
in-plane lattice constant identical to that of the substrate along
the (112) direction [59—61]. The pseudomorphic structure was
confirmed also along the (110) direction by the RSM data for
the (486) diffraction [see Figs. 4(g), 4(h), and 4(i)].

From the XRD and RSM results, the out-of-plane
(in-plane) lattice constant was estimated to be 12.376 A
(12.383 A) for the YIG film on GGG, 12.456 A (12.383 A)
for the BipsY25IG film on GGG, and 12.446 A (12.508 A)
for the Bip9 Y, 1IG film on SGGG. This result shows that the
YIG film grown on GGG is nearly free from strain, while the
Bip5Y25IG (BipoY2 1IG) film grown on GGG (SGGG) has
compressive (tensile) epitaxial strain. In Table I, we show the
in-plane biaxial strain €|, and out-of-plane uniaxial strain €
values evaluated according to Ref. [60]. The in-plane stress
o)) values [60] are also calculated using the elastic coefficients
C)1 (= pct o p: mass density) and Cus (= pc3,) and the rela-
tion Cy; — Cip = 2Cy44 [62,63], which we list also in Table 1.
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FIG. 4. (a)—(c) 26-w XRD around the (444) diffraction peaks of the (a) YIG(2.50 um)/GGG(111), (b) Bip5Y25IG(1.16 um)/GGG(111),
and (c) BipoY211G(0.78 um)/SGGG(111) samples. The insets in (a), (b), and (c) show the rocking-scan results around the (444) diffraction
peaks of the (a) YIG, (b) Bips5Y,sIG, and (c) Bigo Y, 11G films, from which the FWHM values were estimated to be (a) 0.0085°, (b) 0.0093°,
and (c) 0.0103°, respectively. (d), (e), (f) [(g), (h), ()] RSMs around the (664) [(486)] diffraction peaks of the (d) [(g)] YIG/GGG, (e)
[(h)] BipsY25IG/GGG, and (f) [(i)] BipoY2.11G/SGGG samples. The RSMs show that the Bi,Y;_,IG films have a coherently strained
pseudomorphic structure on the (S)GGG substrates (see the orange dashed lines, which show that the diffraction peak positions for the
Bi,Y;_,IG film and substrate layers along the in-plane directions are the same for each sample [59,60]).

B. Magnetic characterization for the in-plane [112] field (uoH/!' = 3 mT) is much smaller

In Figs. 5(a), 5(b), and 5(c), we show the magnetic field ~ than that for the out-of-plane [111] field (oH- = 0.227T)
H dependence of the magnetization M of the (a) YIG, (b)  [see Fig. 5(a)]. The in-plane saturation field H]! for the
Bigs5Y25IG, and (c) BigoY,,IG films, respectively. Here,  BiosY2sIG (BigoY2,IG) film is estimated to be oH" =
the M-H curves are recorded at 300K under the applied ~ 1mT (0.17 T), which is much smaller (slightly higher)
H parallel to the in-plane [112] (solid lines) and to the  than that for the out-of-plane poH;~ = 0.23T (0.12T) [see
out-of-plane [111] (dashed lines) axes. The pure YIG film  Figs. 5(b) and 5(c)]. The different H/' v.s H;" features can
(nearly free from strain) has an in-plane easy axis due  be interpreted in terms of the stress-induced anisotropy; for
to the shape anisotropy and negligibly-small magnetocrys- a material with a negative magnetostriction constant 1;;; < 0
talline anisotropy [60,64,65]; the saturation field Hy value such as Bi,Y3_,IG, the magnetic easy axis tends to lie in

TABLE I. Parameters for the (magneto)elastic properties of YIG, BiysY»sIG, and Big oY, 1IG. €(1), 0y}, ctaa), A111, and B denote the
in-plane biaxial (out-of-plane uniaxial) strain, in-plane stress, TA(LA)-phonon sound velocity, magnetostriction constant, and magnetoelastic
coupling constant, respectively. craa) values for the YIG film are adopted from Ref. [62]. A,;; values were evaluated from the relationship
i = —2.819 - (1 +0.75x) x 107° for Bi, Y;_,IG films [4]. ctaqa) values for BipsY2sIG and BigoY,1IG were measured by means of a
time-resolved magneto-optical imaging method, followed by a Fourier transform process [15,17]. B, values were calculated with the use of
cta and Aq; (see also the main text).

Sample € €1 gy CTA CLA A B, /21

(%) (%) (GPa) (10°m/s) (10° m/s) (107%) (THz)
Y;FesOp 0.032 -0.027 0.092 3.84 7.21 —2.82 1.87
Bigs5Y25FesOi, -0.31 0.28 -0.72 3.34 6.42 —3.88 2.05
BigoY>.FesOi, 0.27 —0.24 0.63 3.30 6.28 —4.72 2.57
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FIG. 5. [(a)—(c)] H dependence of M of the (a) YIG,
(b) Big5Y,5IG, and (c) BigoY,1IG films measured at 7 = 300K,
where the magnetic field H was applied along the in-plane [112]
direction (solid lines) and along the out-of-plane [111] direction
(dashed lines). [(d)—(f)] T dependence of the saturation magnetiza-
tion M, of the (d) YIG, (e) Bigs5Y,sIG, and (f) Bigy Y, IG films for
H || [112]. The M values of these Bi,Y3_,IG films were extracted
by subtracting the contributions from the paramagnetic (S)GGG
substrates. Because of the large paramagnetic offset coming from the
(S)GGG substrates at a low-T range, the M data were detectable at
T > 30K for the YIG and Bip5Y,5IG films and at T > 50K for the
Biongz‘IIG film.

(perpendicular to) the film plane for compressive (tensile)
epitaxial strain [1,59,60,66,67]. Therefore, for the Bip5Y, 51G
films on GGG with the compressive epitaxial strain, both
the shape anisotropy and stress-induced anisotropy make the
magnetic easy axis within an in-plane direction (H!l <« H>).
In contrast, for the Bip9Y,.1IG film on SGGG with the tensile
epitaxial strain, the stress-induced out-of-plane anisotropy ap-
pears and prevails against the shape anisotropy, which renders
the magnetic easy axis perpendicular to the film plane (H/!' >
HSL) [4]. The saturation magnetization My values were esti-
mated to be 3.34 up (0.164 T), 3.62 up (0.177 T), and 3.66 pp
(0.175T) at 300 K, for the YIG, Bip5Y25IG, and BipoY211G
films, respectively, in units of the Bohr magneton (Tesla) (see
Fig. 5). The M; value increases by the Bi substitution, which is
consistent with the previous reports [1,2]. Figures 5(d), 5(e),
and 5(f) show the T' dependence of M, of the (d) YIG, (e)
Big5Y25IG, and (f) Bigo Y2 1 IG films, respectively, for the H
direction parallel to the in-plane [112] axis. For all the sam-
ples, the M value increases with decreasing 7' and approaches
to ~5 up at the lowest T', showing good agreement with the
theoretical and previous experimental results [1,2,68,69].

C. Evaluation of sound velocity and magnetoelastic coupling

To determine the sound velocities of the Bi, Y3_,IG films,
we employed a pump-and-probe magneto-optical imaging
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FIG. 6. (a) A time-resolved magneto-optical image for the
Bij9Y,11G sample obtained at the time delay of 6.8 ns. The sample
is magnetized slightly along the x direction by the in-plane external
field of uoH = 2.8 mT, while the out-of-plane component of the
magnetization distribution is measured through the Faraday effect
of the probe pulse [15,17]. (b) The phonon dispersion relations for
the BigoY>1IG sample reconstructed by Fourier transforming the
propagating waveform shown in (a) for 6, = 41°, where 6, denotes
the angle between the wavevector k and H || + X.

method combined with a Fourier transform (FT) process (see
Refs. [15] and [17] for the details of the optical system in
this experiment). When a pumped laser pulse with a spot
radius of ~2.5 um is irradiated to the sample, elastic waves
are excited and propagate radially from the excitation point.
Via the magnetoelastic interaction, the elastic waves tilt the
magnetic moments from an in-plane to out-of-plane direction
that can be detected as a change of the Faraday rotation angle
of the probe pulse [15,17]. Figure 6(a) shows a snapshot of
the temporal evolution of out-of-plane magnetization distri-
bution of the Big9Y,.;IG sample obtained at the time delay
of + = 6.8 ns between the pump and probe pulses. Two ring
structures are visible; the inner (outer) ring is attributed to the
coupled TA (LA) and spin waves having a smaller (larger)
velocity. By Fourier transforming the observed propagating
waveform with respect to the time and spatial coordinates, we
obtain coupled phonon and spin waves dispersion relations.
As shown in Fig. 6(b), two k-linear dispersions with differ-
ent slopes are discerned; the dispersion showing the lower
(larger) slope is assigned to the TA (LA) phonon branch, from
which we can estimate the sound velocities of each phonon
mode. Measurements were performed also for the BigsY» 5sIG
sample. We note that the crossings between phonon and spin
wave branches are inaccessible, since their positions in the
momentum direction are large and therefore out of range in
the present experiment.

Significant decreases in the sound velocities for the Bi: YIG
films are indeed confirmed through the above measurements
and analysis. As shown in Table I, the TA- and LA-phonon
sound velocities of the Biy5Y,5IG films were determined to
be cta = 3.34 x 10° m/s and ¢ o = 6.42 x 103 m/s, giving
values smaller than those of YIG. For the BipoY, ;IG film,
cta = 3.30 x 10°m/s and cp o = 6.28 x 103m/s, showing
the smallest values among our samples.

Using the magnetostriction constant Xj;; values
for pum-thick Bi,Y3;_,IG films [Ay;; = —2.819 (1 +
0.75x) x 107°] shown in Ref. [4] and the sound velocities

104402-5



TAKASHI KIKKAWA et al.

PHYSICAL REVIEW MATERIALS 6, 104402 (2022)

LSSE vs H Blowups of (a)-(c) 022
[ (a)PtYIG v (d) SHW—w 4
I v, S(Hr) e
01 OSiall 1020
o 5Sta 4
C s 1
_0_1__ o . —0.18
0.2fpmemy T=50K NStao ]
(i I B A TR (0 R T N N NS DN R =
[ (b)Pt/BigsY25IG v v | |(e) b
R v v 040
g 0.2_— -
2 oF i
w02 ]
04—y T=50K : o35
t||11||||||||11|||||| ) | | | | | | | | I‘I
[ (C)P/BiogY24IGwy. . S i
[ onSGGG | m
R o0
o 055
'0-5:— < ¥ T=50K i —:0.50
I:I 111 I 1111 | 1111 I 1111 | 3 p
-10 5 0 5 10 O 5 10

HoH (T) KoH (T)

FIG. 7. [(a)—(c)] H dependence of the LSSE coefficient S of the
(a) Pt/YIG, (b) Pt/Biys5Y2;5IG, and (c) Pt/BipyY,11G samples at
T = 50K. [(d)—(f)] Corresponding magnified views of S(H ) around
the anomaly fields. The S peaks at Hra and Hp, are marked by
blue and red filled triangles, respectively. The light-red, light-blue,
light-green dashed lines represent the peak positions for the Pt/ YIG,
Pt/BiysY,5IG, and Pt/Big Y, IG samples, respectively. S(H;) and
Sio (i = TA or LA) shown in (d) represent the intensity of S and
extrapolated background § at the peak position H;, respectively, from
which the anomaly intensity is evaluated as §S; = S(H;) — Sio. The
intensity of magnon-polaron anomalies relative to the background S;y
is defined as §S;/Sio = [S(H;) — Siol/Sio-

cta (= /Caa/p) in Table I, the magnetoelastic coupling
constant B, /2w [= -3 a%i:YIGA111C44/(2nh)] (ai-viG:
lattice constant) [62,63,70] was estimated to be 1.87, 2.05,
and 2.57THz for the YIG, Bips5Y,5IG, and BigoY,IG
films, respectively. The B, value monotonically increases by
increasing the Bi amount x, which may be attributed to the
enhanced spin-orbit coupling induced by the substitution of
Bi** ions [3].

D. Magnon-polaron features in LSSE

Now, we present the experimental results on the LSSE
in the Pt/Bi,Y3_,IG samples. Figure 7(a) shows the H
dependence of the LSSE coefficient S of the Pt/YIG sam-
ple measured at 7 = 50 K. In this conventional system, we
observed a clear SSE signal as well as two magnon-polaron-
induced spikes on top of the almost flat S background signal
[see the blue and red filled triangles in Fig. 7(a) and magnified
view shown in Fig. 7(d)]. The peak at the lower (higher)
H appears at puoHra = 2.51 T (nuoHpa = 9.27T), consistent
with Ref. [13]. The Hta and Hy s values coincide with the H
intensities at which the magnon dispersion curve touches the
TA- and LA-phonon dispersion curves of YIG, respectively,
being the conditions that the magnon and phonon modes can
be coupled over the largest volume in momentum space, so
the magnon-polaron effects are maximized [13,26].

Next, let us focus on the effect of Bi substitution on the
LSSE and magnon-polaron features. Figures 7(b) and 7(c)
show the H dependence of S of the Pt/Biyps5Y,sIG and
Pt/BigoY2.11G samples, respectively. We observed SSE sig-
nals in these samples, of which the amplitudes are comparable
to that for the Pt/YIG shown in Fig. 7(a). The peak features
show up also in these Pt/Bi:YIG systems as marked by the
blue and red filled triangles in Figs. 7(b) and 7(c). Inter-
estingly, the peak positions shift toward lower H values by
increasing the amount of Bi substitution. The peak positions
at the lower and higher H for the Pt/Bips5Y25IG sample
are estimated to be pwoHta = 2.15T and puoHpa = 8.18 T,
respectively. For the Pt/Big ¢ Y» 1IG, the peak fields are further
decreased: puoHra = 2.06 T and poHpa = 7.47T.

The observed peak shifts are explained in terms of the
reduction of the sound velocities and resultant touching fields
of Bi:YIG films. The touching field can be evaluated quan-
titatively by solving the combined equation for the magnon
(@wmag) and phonon (wpp) dispersion relations and their group
velocities,

Wmag = Wph, 0Wmae/0k = dwpn/0k, (1)

where the magnon dispersion relation, disregarding the
dipolar interaction (Ms < HraLa), T€ads wmae = Dok +
yoH, while the phonon dispersions are given by wpn =
cta.Lak. Here, D, k, and y represent the exchange stiffness,
wavenumber, and gyromagnetic ratio, respectively. Calcula-
tion of Eq. (1) leads to

2
c
TA(LA) @)

HoHtA@A) = iDuy
ex

which shows that the touching field Hraq.a) scales quadrati-
cally with the sound velocity cra(La), and so does the anomaly
field in the SSE. In fact, the observed peak fields Hra 1a
are well reproduced by the sound velocities ctaqa) shown
in Table I and reasonable Do, values of 8.0 x 107¢, 7.1 x
107%, and 7.3 x 107°m?/s for the YIG, BigsY»sIG, and
Bip Y2 11IG, respectively. The frequency value for the touch-
ing point wymta/27 (wMmpLa/27) between the magnon and
TA(LA)-phonon branches at Hypa (Hpa), depicted as green
filled circles in Fig. 1(b), can be evaluated as wyra /27 =
0.15THz (wmLa/27m = 0.52THz) for the YIG, 0.13THz
(0.47 THz) for the Bip5Y,5IG, and 0.12 THz (0.43 THz) for
the Bio'nglllG.

We carried out systematic measurements of the tempera-
ture dependence of the LSSE in these Pt/Bi, Y3_,IG samples.
Figures 8(a), 8(d), and 8(g) show the S-H curves for the
various average sample temperature 7T, (from 300 to 3 K)
for the Pt/YIG, Pt/Biy5Y25IG, and Pt/Big9 Y, IG samples,
respectively. In all the samples, the overall T dependencies
of § agree with those for the Pt/ YIG-film samples reported in
Refs. [50] and [71]; when the sample temperature is decreased
from 300 K, the magnitude of S increases and shows a broad
peak at around T = 150K [see Figs. 9(a)-9(c)]. On decreas-
ing T further, the S signal begins to decrease and eventually
goes to zero.

We now discuss the T dependence of the magnon-
polaron features in the LSSE. First, let us focus on the
results at a low-7 range below 50K, at which characteris-
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FIG. 8. (a), (d), (2) S(H) of the (a) Pt/ YIG, (d) Pt/BiysY25IG, and (g) Pt/Biy Y21 IG samples for various values of the sample temperature
Tave = (Tu + T1)/2. (b), (o), (h) [(c), (F), ()] Blowups of § versus H around Hry (Hia) for the (b) [(©)] Pt/YIG, (e) [(f)] Pt/BigsY>5IG, and
(h) [(1)] Pt/Bip9Y2.11G samples. The gray and brown scale bars represent 0.005 1 V/K and 0.010 V/K, respectively. The S peaks at Hra and
Hi 5 are marked by blue and red filled triangles, respectively. The global S signal below ~30K increases with increasing H, which may be
attributed to the additional spin-current generation by the paramagnetic (S)GGG substrate [13,72-76].

tic T response is expected to occur due to the competition
between the thermal energy kg7 and the magnon-polaron’s
touching energy /iwwmra mLa, Which governs the 7 depen-
dence of thermal occupation of magnon-polaron modes [13].
Figures 9(d), 9(e), and 9(f) represent the T dependence of
the magnon-polaron peak amplitude §Sta 1A = S(Hrta,La) —
Stao.Lao for the Pt/YIG, Pt/Bips5Y,5IG, and Pt/BipoY, IG
samples, respectively, where Staowao) is the extrapolated
background S at the peak position Hrara) [see also the
definition shown in Fig. 7(d) and its caption]. The peak in-
tensities 8Staa at H = Hya and Hpa exhibit different T
dependencies. We further introduce and hereafter discuss the
quantity SSTA(LA)/STAO(LAO), where 8STA(LA) is normalized by
the background Staor.a0), Which allows us to evaluate the T
dependence of the magnon-polaron SSE coefficient relative
to the background magnonic one at H = Hraq.4) and also to
exclude common T'-dependent factors in the magnon-polaron
and magnonic SSE voltages such as the interfacial spin con-

ductance, electric resistance, and spin diffusion length in the
Pt film [52,77,78]. As shown in Figs. 9(g)-9(i), Sta/Sta0
monotonically increases with decreasing 7 and takes a max-
imum value at the lowest 7 for all the samples (see also
the S-H curves shown in Fig. 8). In contrast, §S.a/SLao0,
is gradually suppressed below 7" ~ 12K (~7K) for the
Pt/YIG sample (Pt/BigsY»5IG and Pt/Bip¢Y,.11G samples)
[see Figs. 8 and 9(g)-9(1)]. At the lowest T, the S peak at Hy
is so small and almost indistinguishable from the background
[see Figs. 8(c), 8(f), and 8(i)]. The T-dependent feature can be
interpreted in terms of the difference in the frequency values
of the branch touching point wyta for H = Hra and wppa for
H = Hy 4 [see Fig. 1(b)] [13,26]. Here, in the unit of temper-
ature, the wya values approximately correspond to Tya(=
ha)MLA/kB) =25 K, 22 K, and 21 K for the YIG, Bi0.5Y2.5IG,
and Bip9Y5,11G, respectively, and they are more than three
times greater than those of the wyra values (7K, 6K, and
6 K, respectively). Therefore, for T < Tyra, the excitation
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FIG. 9. (a), (b), (c) T,y dependence of S at poH = 0.3 T, woHra, and poHy 4 for the (a) Pt/YIG, (b) Pt/BigsY,sIG, and (c) Pt/Big9Y> 1G
samples. (d), (e), () [(g), (h), ()] T, dependence of the intensities of magnon-polaron peaks 8Sts and §Spa [8Sta/Stao and 8Spa/Siao] for
the (d) [(g)] Pt/YIG, (e) [(h)] Pt/Bips5Y,sIG, and (f) [(1)] Pt/BigoY>.11G samples. The definitions of §Sta, 8S1.a, 651a/Sta0, and 6814 /S ao are

shown in the caption of Fig. 7.

of magnon polarons at the touching frequency w ~ wwmpa is
rapidly suppressed, which leads to the disappearance of the
S peak at Hy a at the lowest 7. Furthermore, the reduction of
wmLa Values for BigsY,5IG and BigoY5 IG, by a value of
~5K, compared to that for the YIG may be responsible for
the difference of the onset 7* values between the Pt/Bi:YIG
(T* ~7K) and Pt/YIG (T* ~ 12K), at which Sra/SLa0
starts to be suppressed with decreasing 7.

Next, we move on to the results at a higher-T range
(50K < Ty S 300K). In this T range, we are also able to
resolve small but finite peak structures at H = Hra for all the
samples, while, at Hy 5, the peak structures were detectable
below ~150 K (~250K) for the Pt/YIG (Pt/Bi:YIG) sample
(see Figs. 8 and 9). As shown in Figs. 9(g)-9(i), the peak
amplitudes at Hra and Hpa relative to the background SSE
signals, 8Sta/Sta0 and 8SLa/SLao, monotonically decrease
with increasing 7, which may be due to the appearance
of large contributions of thermally populated (uncoupled)
magnons with the energy of kg7 > hwmta mLa to the back-
ground SSE signal. Furthermore, the observed structures
with only peak shapes (no dip shapes) suggest that the
scattering rate of magnons rr;;g with the frequencies rele-
vant to the hybridization (i.e., @ ~ wmrta MLA) are always
larger than that of phonons rpil at all the 7 range: rnja'g >

rp’hl [13,26]. We also found that, in this 7 range, as the

temperature is increased, the 851 4 /S0 value decreases much
faster than the §Sta/Stao value for all the samples [see
Figs. 9(g)-9(1)]. We note that with increasing 7, dominant
scattering sources for magnons and phonons may change
from disorders (impurities) to inelastic magnon-magnon and
phonon-phonon scatterings due to their increased thermal
population [36,77,79-81]. A detailed knowledge on the T and
k dependencies of such scattering events for the Bi,Y3_,IG
films will thus be important to fully understand the observed
behavior.

Finally, we compare the amplitudes of the peak structures
in the LSSE in the Pt/Bi,Y3_,IG samples. The magnon-
polaron contribution §Sta /Stao at H = Hra for the Pt/YIG,
Pt/Big5Y251G, and Pt/Big oY, 1IG samples at the lowest T ~
3K (T =50K) was evaluated as 2.4, 1.3, and 5.2 (0.15,
0.11, and 0.25), respectively. This nonmonotonic dependence
with respect to the Bi amount is not simply explained by
the magnetoelastic coupling constant B, since it mono-
tonically increases by increasing the Bi substitution (see
Table I). Although larger B, values should be beneficial for
the magnon-polaron formation and resultant SSE anomalies,
our results suggest that the scattering ratio parameterized by
n= rn’mlg / rp_hl may play a rather important role for the com-
parison of the magnon-polaron peak intensities between each
sample. Furthermore, in the LSSE results, we found that the
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FIG. 10. [(a)~(c)] H dependence of the nISSE coefficient § of
the (a) Pt/YIG/Pt, (b) Pt/Biys5Y»5IG/Pt, and (c) Pt/BigoY,1IG/Pt
samples at T = 50K. [(d)—(f)] Corresponding magnified views of
S(H) around the anomaly fields. The S dips at Hy and Hj, are
marked by blue and red unfilled triangles, respectively. The light-
red, light-blue, light-green dashed lines represent the peak positions
for the Pt/ YIG, Pt/BiysY,5IG, and Pt/Big oY, 11G samples, respec-
tively. The intensity of magnon-polaron anomalies is evaluated as
88; = S§(H;) — S (i = TA or LA), where S(H;) and §; represent the
intensity of S and extrapolated background § at the peak position H;,
respectively, similar to the case for the LSSE [see also the caption of
Fig. 7(d)]. The intensity of the anomaly relative to the background
Si is defined as 85;/S;, = [S(H;) — Sio1/Sio.

magnon-polaron contribution at H = Hryy is greater than that
at Hya,1.e., 65ta/Sta0 > 8SLa/SLao for all the T range and all
the samples [see Figs. 9(g)-9(i)]. This tendency is compared
with that for the nlSSE results in the next section.

E. Magnon-polaron features in nISSE

We now show the results on the nlSSE in the
Pt/Bi,Y3_,IG/Pt systems. Figures 10(a), 10(b), and 10(c)
show the H dependence of the nISSE coefficient § of the
Pt/YIG/Pt, Pt/BipsY,5IG/Pt, and Pt/BipoY>11G/Pt sam-
ples measured at T = 50K, respectively. The overall signal
appears with a sign opposite to that for the LSSE, indicating
that thermally-excited magnons accumulate beneath the de-
tector Pt strip. The observed sign is indeed a characteristic
in nISSEs for um-thick garnet films with a long injector-
detector separation distance d (d = 8 um in the present
case) [52,82,83]. As marked by the blue and red unfilled
triangles in the nlSSE signals in Fig. 10, magnon-polaron
induced anomalies are also observed at the touching fields
Hrya 1a, which shift toward lower H values by increasing
the Bi amount [see also the magnified views for H > 0
shown in Figs. 10(d), 10(e), and 10(f)]. The Hraa) values
are evaluated as poHra = 2.48 T (uoHpa = 9.17T) for the
Pt/YIG/Pt, 2.13T (8.14T) for the Pt/Biyps5Y,sIG/Pt, and
2.02T (7.38T) for the Pt/Big9Y> 11G/Pt, in good agreement
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signal relative to background
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FIG. 11. Comparison between the intensities of magnon-polaron
LSSE-peak and nISSE-dip relative to the background, §S;/S, for the
LSSE and 6S;/8;, for the nISSE (i = TA or LA), at the touching fields
Hry (blue bars) and Hy 4 (red bars) at 7 = 50K for all the samples.

with those estimated from the LSSE results. For the nlSSE,
the magnon-polaron formation decreases rather than increases
the S signal at the touching fields Hra 1A, causing dip struc-
tures (note that the background nISSE signal is opposite in
sign compared to that for the LSSE [52,53,84]). In Ref. [52],
the dip feature is discussed in terms of the competition be-
tween a temperature-gradient induced magnon current, JI =
—(¢/T)VT, from the injector to detector and a diffusive back-
flow, JK = —om Vum, induced by the gradient of the magnon
chemical potential p,, [JI || +2 and J% || — Z in the coor-
dinate system shown in Fig. 2(b)], which are both increased
by the hybridization with phonons when rr;alg > T;hl [26,52].
In particular, assuming that the magnon spin conductivity op,
is more strongly increased than the bulk SSE coefficient ¢
via the magnon-polaron formation, the increased backflow of
magnons toward the injector direction causes the reduction of
magnon accumulation beneath the Pt detector, which leads to
the suppression of the nISSE at the touching fields [52].
Through a careful look at the magnon-polaron anomalies
in Fig. 10, we notice that the intensity of the anomaly at
H =Hj, is~ larg~er than thgt at ﬁTA in the QISSE foNr all the
samples: |851a/Staol < [6SLa/SLaol. The 3Stawa)/STA0wA0)
values at Hraa) are evaluated to be —0.029 (—0.035) for
the Pt/YIG/Pt, —0.014 (—0.077) for the Pt/BigsY,5IG/Pt,
and —0.079 (—0.16) for the Pt/BipoY,IG/Pt at T = 50K,
which we summarize in Fig. 11. The observed relationship
for the nISSE, [831a /Staol < 165La/SLaol, holds in a wide T
range for 7 < 100K, and is opposite to that for the LSSE
results, where 6Sta/Stao > 8SLa/SLao (see Fig. 11 and also
Figs. S1 and S2 in the Supplemental Material [85] for the T
dependence of the nISSE). In the following, we discuss pos-
sible origins of the anisotropic feature. One possible scenario
is a spectral nonuniform magnon current Ji,(w) [50,86] that
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may vary depending on the experimental configurations; the
frequency-resolved current Jy, (wmra) at Hra may be larger
(smaller) than Jy,(wmra) at Hpa for the longitudinal (non-
local) configuration. In Refs. [50], [53], and [71], through
high-H dependence experiments and its comparison with the-
ory, a spectral nonuniformity in a magnon current is suggested
to be present in both LSSEs and nISSEs due to the frequency-
dependent magnon scattering time [86,87]. Moreover, in the
present case, as shown in Figs. 7 and 10, the high-H response
of the background SSEs in the longitudinal and nonlocal con-
figurations differs with each other. This may be a signature
that the frequency-dependent J,(w) contribution is different
between the LSSE and nlSSE. Another possibility would be
the anisotropy in magnon and magnon-polaron dispersion
relations due to the nature of the dipole and magnetoelastic
interaction [11,26], which depend on the magnon propagation
direction J,, (|| k || VT) relative to the external magnetic field
H. In the LSSE, J,, is essentially perpendicular to H, while
in the nlSSE parallel to H in the one-dimensional limit (see
Fig. 2). Therefore, the LSSE and nlSSE may be affected by the
anisotropic dispersion relations in a different manner. In fact,
a solution of a Boltzmann transport equation shows that, for
VT L H (compatible with the LSSE), the magnon-polaron
anomaly at H = Hrya is larger than that at Hpa, while, for
VT ||H (compatible with the nISSE in the one-dimensional
limit), the anomaly at Hr is smaller than that at Hpa [26].
This is consistent with our experimental results, and suggests
that the anisotropic nature of magnon and magnon-polaron
dispersion relations may affect the SSEs. It is worth men-
tioning that the profile of the temperature gradient created
by the local Pt heater in the nonlocal configuration may be
affected by size effects [52,82,83], such as the thickness of the
magnetic layer and the size of the local heater. Future system-
atic measurements of the Bi:YIG thickness, heater size, and
injector-detector separation distance (d) dependencies may
provide useful information to understand possible roles of
the size effects in the anisotropic feature of magnon-polaron
signals. Besides, the magnon-polaron formation can also af-
fect the magnon and phonon thermal conductivities [26],
which may modify the temperature gradient and resultant
spin-current intensity at the onset field of magnon-polaron
formation. The process, which has not been considered in
analysis so far, would be important for further quantitative
argument on the magnon-polaron anomalies in SSEs.

IV. CONCLUSIONS

To summarize, we have prepared LPE-grown single crys-
talline Bi, Y;_,FesO, (Bi, Y3_,IG; x = 0, 0.5, and 0.9) films

with Pt contact and measured SSEs in both the longitudinal
and nonlocal configurations. We observed two anomalous
peaks in H-dependent LSSE signals at the onset fields Hya pa
for the magnon-polaron formation at which the magnon and
TA,LA-phonon branches in Bi, Y;_,1G touch with each other.
The anomaly fields shift toward lower values by increasing the
Bi amount x, which is attributed to the reduction of the sound
velocities of Bi, Y3_,IG by the Bi substitution. The observed
peak behavior at the wide temperature range from 3 to 300 K

suggests that the scattering rate of magnons tn:alg is larger

than that of phonons rp_hl in all our sample systems [26]. In
the nISSE measurements, we found that the magnon-polaron
formation suppresses rather than enhances the signal, causing
dip structures at the touching fields Hra 14 for the Bi, Y3_,IG
films, consistent with the previous studies [52,53,84]. We fur-
ther found that the intensities of magnon-polaron anomalies
in the nISSE appear to be different from those in the LSSE,
although the anomaly fields are almost identical for both the
configurations. We anticipate that our detailed temperature
and magnetic-field dependent SSE results provide useful in-
formation to further elucidate the physics of magnon-polaron
SSEs.
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