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We investigate the spin to charge conversion phenomena in Y3Fe;0;,/Pt/Co;_,Tb,/Pt multilayers by both the spin
pumping and spin Seebeck effects. We find that the spin transport efficiency is irrelevant to magnetization states of the
perpendicular magnetized Co;_, Tb, films, which can be attributed to the symmetry requirement of the inverse transverse
spin Hall effect. Furthermore, the spin transmission efficiency is significantly affected by the film concentration, revealing
the dominant role of extrinsic impurity scattering caused by Tb impurity. The present results provide further guidance for
enhancing the spin transport efficiency and developing spintronic devices.

Keywords: spin to charge conversion, perpendicular magnetized ferrimagnetic alloy, inverse spin Hall effect

PACS: 71.20.Eh, 72.25.-b, 72.25.Hg, 75.50.Gg

1. Introduction

In spintronics, the interconversion between spin current
and charge current arising from spin—orbit coupling (SOC)
has received considerable attention as an effective way to ma-
nipulate spins by electrical means.!"?! In a typical ferromag-
netic/nonmagnetic metal (FM/NM) bilayer structure, pure spin
currents are generated commonly by the spin pumping ef-
fect (SPE) and the longitudinal spin Seebeck effect (SSE) in
the FM layer, then injected into the adjacent NM layer and
converted into charge currents by the inverse spin Hall effect
(ISHE). 341 Dye to their strong SOC, 5d heavy metals, such as
Pt, W, Ta, have been demonstrated to reveal appreciable spin
to charge (S-C) conversion efficiency.!>*) Recently, experi-
mental studies show that the FMs also exhibit significant S-C
conversion efficiency which is generally dependent on the ori-
entation of the FM magnetization.!!-1%1 For example, based
on an analysis of the ISHE characteristics, Das and Cramer
et al. claimed the remarkable difference between the occa-
sions of FM magnetization parallel and perpendicular to the
spin polarization in permalloy (Py) and CogyFey0Boo films,
respectively.[!314] Zhu er al. further demonstrated that the Py
magnetization greatly affects the spin relaxation process and
interfacial spin injection efficiency.!'>! However, a recent re-
port by Tian et al. showed that the ISHE in pure Co is inde-
pendent of the Co magnetization direction.!'®! Nevertheless,
the dependence of ISHE upon magnetization state reported by
different groups still seems to be controversial. Moreover, in
FMs, the additional symmetry breaking due to the presence of
FM magnetization leads to generation of extra spin currents
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with different spin polarizations from those observed in non-

(17211 Therein, a magnetization-related

magnetic materials.
ISHE, referred to the inverse transverse spin Hall effect (IT-
SHE) where spin current flows perpendicularly into magnetic
layer with its spin polarization perpendicular to the magnetiza-
tion, was proposed theoretically.!'”] Until recently, experimen-
tal demonstrations of the ITSHE associated with symmetry
properties of magnetization distribution remain rare. There-
fore, a complete understanding of spin current transport in fer-
romagnets remains largely ambiguous. Experimental studies
on fabricating various magnetic ordering structures and prob-
ing the impact of their magnetization process on the spin trans-
port efficiency can help to further advance the development of
spintronic devices.

For rare earth—transition metal (RE-TM) ferrimagnetic al-
loys, such as CoTb and CoGd,”>?3! the magnetic moments
are antiferromagnetically coupled and uncompensated, thus
can be tailored by varying the composition ratio or temper-
ature. In addition, due to the strong SOC of the rare-earth
element, RE-TM alloys are expected to have relatively high S-
C converting efficiency. Hence, RE-TM ferrimagnetic alloys
are endued with more versatility as S-C converting material.
In this work, we demonstrate experimentally that the ITSHE
is irrelevant to the magnetization states in the perpendicular
magnetized system, and investigate the effect of SOC on the
spin transport efficiency of Coj_,Tb, alloys. We fabricate a
special Y3FesOj2 (YIG)/Pt/Co;_,Tb,/Pt multilayered struc-
ture, where the magnetization of the spin injecting YIG layer
and that of spin detecting Co;_,Tb, layer are perpendicular to
each other, while the Pt interlayer actually suppresses the ex-
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change coupling between YIG and Co;_,Tb,. We show that
the ITSHE signal remains unchanged under different magne-
tization states of Co;_,Tb,, consistent with the theoretical ex-
pectation. By varying the Co;_,Tb, composition, we further
show that the spin—charge conversion is significantly changed,
demonstrating that the extrinsic impurity scattering dominates
the transport process due to Tb impurity.

2. Method

A schematic diagram of the sample structure and mea-
The YIG
films (120 nm) are deposited on single crystalline Gd3GasO»

surement configuration is shown in Fig. 1(a).

(GGG) (111) substrates using RF magnetron sputtering at
room temperature, followed by annealing in air atmosphere
at 800 °C for 4 hours.?*>! To avoid divergence between the
magnetic properties of YIG films, all YIG films used in this
experiment are prepared under the same condition in one sin-
gle batch. Then, a series of Pt (3 nm)/Co;_,Tb, (10 nm)/Pt
(5 nm) multilayers are grown subsequently on the YIG film.
The Co;_,Tb, layer is prepared by co-sputtering Co and Tb
targets with adjustable power. During the multilayer deposi-
tion, a hard mask is utilized to fabricate strip structures (3 mm
in length and 0.2 mm in width). Next, using both SPE and
SSE, the pure spin currents can be efficiently generated in the
YIG/Pt (3 nm) bilayer and detected in the adjacent Co;_,Tb,
layer by ISHE. For the SPE measurement, a microwave exci-
tation is generated by a GSG coplanar waveguide, and a static

magnetic field H is applied in the film plane with an angle Oy
with respect to the y axis. For the SSE measurement, a longitu-
dinal temperature gradient V77 is established by illumination
of a perpendicularly incident white laser beam,?*>’! and the
dc magnetic field H is applied along the y axis. The magnetic
properties of YIG/Pt/Co;_, Tb,/Pt films are characterized by
magneto-optical Kerr effect (MOKE) measurements. All mea-
surements are performed at room temperature.

3. Result and discussion

First, we demonstrate that the pure spin current can be ef-
ficiently generated in the YIG/Pt (3 nm) bilayer by both SPE
and SSE. Figure 1(b) shows the typical spectra of spin pump-
ing voltage Vsp as a function of magnetic field H at 6y = 90°
and 270° respectively. The line shape of Vsp is fully sym-
metric with respect to the ferromagnetic resonance position,
and can be well fitted using Lorentzian functions. No obvi-
ous dispersive line shape is observed due to the absence of
anisotropic magnetoresistance (AMR) in YIG.[?%2%! Then, the
thermovoltage Vr is directly obtained from the same YIG/Pt
sample under laser illumination with power up to 290 mW. As
depicted in Fig. 1(c), the Vt signal presents extremely narrow
hysteresis, in consistent with the steep magnetization reversal
of YIG and typical characteristics of ISHE.*! These measure-
ments clearly indicate that the spin current can be reliably gen-
erated in YIG by both SPE and SSE, injected into the adjacent
Pt layer, and then efficiently detected by ISHE.
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Fig. 1. (a) Schematic of the YIG/Pt/Co;_,Tb,/Pt structure and the measurement configuration. (b) Vsp versus H spectra of YIG/Pt (3 nm) with
P =80 mW at 4 GHz. (c) Thermal voltage Vr as a function of H for YIG/Pt (3 nm) under white laser illumination of 290 mW. The inset
shows the M—H loop of the YIG/Pt bilayer. (d) Representative MOKE hysteresis loops for YIG/Pt/Co;_,Tb,/Pt (x =0.17, 0.30).
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Next, we examine the magnetic properties of the
YIG/Pt/Co;_,Tb,/Pt films. To avoid interference of the ad-
jacent in-plane magnetized YIG layer, the MOKE measure-
ments are performed under out-of-plane magnetic field to
characterize the perpendicular magnetic anisotropy (PMA) of
the Co;_,Tb, films. Figure 1(d) displays typical hysteresis
loops of Cog g3Tbg.17 and Cog70Tbg 30, clearly demonstrating
their strong PMA. It is noted that the polarity of the Kerr loop
changes with Tb concentration, due to that the Kerr signal is
primarily sensitive to the variation of Co sub-lattice around the
magnetization compensation composition. 30311

Now we explore the spin transmission properties of the
YIG/Pt/Co1_,Tb,/Pt structure by the SPE and SSE respec-
tively. Figure 2(a) shows the field dependence of the spin
pumping voltage Vsp of YIG/Pt/Cog 79Tbg 30/Pt under 4 GHz
microwave excitation of 80 mW. Note that the Vsp exhibits a
sin® @ dependence (Fig. 2(b)), which is a typical characteris-
tic of the ISHE as a result of the in-plane rf field.[?**?] These
results definitely confirm that the spin currents, generated in
YIG/Pt by SPE, can propagate through Cog 70Tbg 30/Pt and in-
deed be detected by the ISHE. In addition, as shown in the
inset of Fig. 2(b), both the linear dependence of Vsp on the
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f power Py, and the dispersion relationship between the
frequency f and the resonance field H.s which can be well
fitted by the Kittle equation,*3 reconfirm the effectiveness
of the Co-Tb detection layer. In contrast, the Vsp signal of
the control sample of Si/Pt/Cog 79Tbg 30/Pt is totally invisible
under the same measurement geometry, eliminating the pos-
sibility that the observed Vsp of YIG/Pt/Cogp 70 Tbg.30/Pt orig-
inates from the CoTb layer itself. For the SSE experiment,
the thermal voltage Vr for YIG/Pt/Cog 79 Tbg 30/Pt is measured
with the magnetic field applied in the film plane under a laser
power of 290 mW. Figure 2(c) shows the magnetic field de-
pendence of V of YIG/Pt/Cog.79Tbg 30/Pt, and the magnitude
of V is proportional to the illuminating laser power P aer (S€€
Fig. 2(d)), in well agreement with the SSE features in the lon-
gitudinal configuration.[**%! Similarly, the absence of Vr of
the control sample Si/Pt/Cog 79Tbg 30/Pt indicates that the spin
current solely comes from YIG rather than Cog 79Tbg 30 layer
(see Fig. 2(c)). Hence, both the SPE and SSE measurements
clearly demonstrate that the spin current generated in YIG/Pt
can be efficiently injected to the adjacent Cog79Tbg 30 layer
and detected through ISHE.
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Fig. 2. (a) The Vsp versus H of YIG/Pt/Cog 70 Tbg 30/Pt and Si/Pt/Cog 70 Tbg 30/Pt structures at 6y = 90°. (b) Angular dependence of Vgp, the
red curve is the best fit to Vsp. The insets show the microwave power dependence of Vsp and the Hyes dependence of frequency f. (c) Field
dependence of thermal voltage Vr in YIG/Pt/Cog 790 Tbg 30/Pt and Si/Pt/Cog.70Tbg 30/Pt samples. (d) Laser power dependence of V.

To evaluate the impact of magnetic structure on spin-
charge conversion, we examine the spin current transport prop-
erties of YIG/Pt/Cog 70Tbg 30/Pt with the Co-Tb layer set to
different magnetization states. By applying DC (£4000 Oe)
and AC fields normal to the film plane, the Cog70Tbg 3¢ film is

switched to saturated and demagnetized states, where Mcotp =
Mg, Mcoto = —M; and Mo, = 0, respectively. As depicted in
Fig. 3, there are no discernible differences in either Vr and Vsp
signals obtained between different magnetized states. Note
that the weak in-plane field used to magnetize YIG in both
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SPE and SSE measurements will not alter the magnetization
states of Cog 70Tbg 30 due to its strong PMA. Therefore, the
magnetic structure of the Cog 79Tbg 30 layer hardly affects the
S-C conversion efficiency in our experiment. In addition, the
similar results have been obtained in other Co—-Tb films with
different composition (data not shown). According to David-
son’s perspectives,!!”! when spin currents flow along z axis
into magnetic layer m where spin polarization o Lm, a mag-
netically related voltage signal would arise due to the ITSHE,
satisfying the relation Vitspg o< [m X (o0 x m)] x 2. It is eas-
ily seen that Virsyg should remain the same while m reverses
its direction. For in-plane magnetized films, the direct experi-
mental evidence has been reported in several YIG-based ferro-

[13.14.16] jn good agreement with the

magnetic heterostructures,
theoretical prediction. For perpendicularly magnetized struc-
ture, such as CoTb in the present experiment, ViTsHg 1S an even
function of mcerp. Thus, the Virsye remains unchanged for
Mcoty = Mg and Moty = —M,.2% On the other hand, in the
perpendicularly demagnetized state, the CoTb layer consists of
multi-domains with each domain magnetized randomly along
z direction, Mcotp = 0, hence the sum of contributions to
Vitsue from each domain should make no difference with the
Vitsge whether Mcomy, = Mg or Mcom, = —Ms. Therefore, our
measurements clearly reveal that the spin transport efficiency
is independent of magnetization states of the perpendicular
magnetized Co;_,Tb, films, which is consistent with the the-
oretical model of ITSHE.
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Fig. 3. (a) Field dependences of Vgp and (b) Vi of YIG/Pt/Cog 70Tbg 30/Pt
at different magnetization states.

Next, we perform both SPE and SSE measurements on
YIG/Pt/Co;_,Tb,/Pt structures with various Tb concentrations
S0 as to investigate its impact on the spin transmission effi-
ciency. To exclude the impact of the total resistance (R) of
the sample on Visyg, the SPE and SSE signals have been nor-
malized by R and plotted as a function of Tb composition, as
shown in Fig. 4. It is clearly seen that both V§P and VTR in
the high Tb concentration region outweigh those in low Tb re-
gion, obviously indicating that the S-C conversion efficiency
is significantly affected by the Tb impurity, and the higher Tb
concentration directly leads to large spin—charge conversion
efficiency. It is well accepted that the spin-dependent Hall ef-
fects (ISHE, SHE and AHE) share common microscopic ori-
gins: the intrinsic mechanism which is based on band structure
of perfect crystals, and the impurity-related extrinsic mecha-
nism including skew scattering and side-jump.3**3 Due to
the strong spin—orbit interaction of Tb, the extrinsic impu-
rity scattering is expected to increase with increasing the Tb
concentration, accordingly resulting in enhanced spin—charge
conversion. 3381 On the other hand, owing to the amorphous
nature of the Co;_,Tb, alloy films, the missing periodic order
of crystal structure severely hampers the expressing of intrin-
sic contribution in the forms of crystal momentum.3°! There-
fore, we cannot assess the intrinsic contribution of Co;_,Tb,
alloys in the present experiments, which needs to be explored
in future study with optimized material design.

1.2

3F AVS}% E A

OVTR : - - T =

N
T
>

°, 10.6

V&b (pV/kQ)
—
VA (WV /kQ)

ol &
15 20 25 30 35

Tb concentration = (%)

Fig. 4. Tb concentration dependences of normalized spin pumping volt-
age V&, and thermal voltage V¥

4. Conclusion

We experimentally study the spin transport efficiency of
YIG/Pt/Coy_,Tb,/Pt structures. By the SPE and SEE mea-
surements, we demonstrate experimentally that the ITSHE is
irrelevant to the magnetization states in the perpendicular mag-
netized system. Moreover, the spin transport is significantly
affected by varying the Tb concentration of the Co;_,Tb, al-
loys, revealing the dominant role of extrinsic impurity scatter-
ing caused by Tb impurity.
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