Journal of Physics D: Applied Physics

PAPER You may also like

. . . . - Influence of the preparation conditions on
Enhanced effective spin Hall efficiency contributed e moioig i ioccadine
performance Pt-modifie exaniobate

by the extrinsic spin Hall effect in Pt, Ta /CoFeB composites

Barbara N Nunes, Antonio Otavio T

Stru Ctu reS Patrocinio and Detlef W Bahnemann

- Acid Stability and Oxygen Reduction
Activity of Magnetron-Sputtered Pt1-xTax
To cite this article: Zhan Xu et al 2024 J. Phys. D: Appl. Phys. 57 145001 (0 <x<1) Films
Arman Bonakdarpour, Robert Lobel, Jeff
R. Dahn et al.

- First principles study of Ti-Zr-Ta alloy

] ) ) phase stability and elastic properties
View the article online for updates and enhancements. Zhang Ruobing and Ai Lin

':Thﬂq HONOLULU, HI Pyl Joint Meeting of
magmome  Oct 6-11, 2024 WY R

The Electrochemical Society

Abstract submission deadline: .| The Electrochemical Society of Japan
April 12,2024 .

Korea Electrochemical Society

Learn more and submit!

This content was downloaded from IP address 3.0.220.147 on 12/01/2024 at 00:59


https://doi.org/10.1088/1361-6463/ad1a66
/article/10.1088/1361-648X/ab2c5e
/article/10.1088/1361-648X/ab2c5e
/article/10.1088/1361-648X/ab2c5e
/article/10.1088/1361-648X/ab2c5e
/article/10.1149/1.2356133
/article/10.1149/1.2356133
/article/10.1149/1.2356133
/article/10.1088/2053-1591/acb6d2
/article/10.1088/2053-1591/acb6d2
https://googleads.g.doubleclick.net/pcs/click?xai=AKAOjsvwiv9jEDWa_z0KguK6YVjddvS8mMCRRN6YG11WKosCq6_nCm6GXU6vBl9n_MdaYSSv8JGHFn0YIZe0_a4S8-cqWe9uDEuUvDoTV0oxi1zmBjAjepE6UtggZyTWuJYYrDxefOXUQnEMCAvUlI2InT4PjLotWYIZuzqUhq8SHL2QzUV1SKFn8cJnzESUjNh8ekrTNiYfs_LABZt9Yyij0B7GA5WtaFC0Cj5zjWfE6guVNQgdWkZ2jkTvdAC8BMnUumft9majnQq2E1ZIJKq4H2UxssA1fB9D3isHDv-cgwScua3zgp0EwKc_QcJrJ5b6&sai=AMfl-YTuuSGTKaHUo2vgWOBSNqLpKFtupPwPfanNa068sLWiLSOW9qtBWU9ZCZ5ZTvLUyX6n2t8ab1p7AHxtcM4&sig=Cg0ArKJSzEKTp5_BBKe3&fbs_aeid=%5Bgw_fbsaeid%5D&adurl=https://ecs.confex.com/ecs/prime2024/cfp.cgi%3Futm_source%3DIOP%26utm_medium%3Dbanner%26utm_campaign%3Dprime_abstract_submission

10OP Publishing

Journal of Physics D: Applied Physics

J. Phys. D: Appl. Phys. 57 (2024) 145001 (11pp)

https://doi.org/10.1088/1361-6463/ad1a66

Enhanced effective spin Hall efficiency
contributed by the extrinsic spin Hall
effect in Pty.xTay/CoFeB structures

Zhan Xu'>**®, Jiaxuan Tang*, Sicong Hu’, Er Liu’©, Feng Xu**

and Wen Siang Lew”>*

, Leixiang Bian'

! School of Mechanical Engineering, Nanjing University of Science and Technology, Nanjing 210094,

People’s Republic of China

2 School of Physical and Mathematical Sciences, Nanyang Technological University, 21 Nanyang Link,

Singapore 637371, Singapore

3 MIIT Key Laboratory of Advanced Metallic and Intermetallic Materials Technology, School of
Materials Science and Engineering, Nanjing University of Science and Technology, Nanjing 210094,

People’s Republic of China

4 School of Materials Engineering, Jinling Institute of Technology, Nanjing 210094, People’s Republic of

China

E-mail: zhanxu@njust.edu.cn, xufeng @njust.edu.cn and wensiang @ntu.edu.sg

Received 25 November 2023, revised 25 December 2023
Accepted for publication 3 January 2024
Published 11 January 2024

Abstract

®

CrossMark

High effective spin Hall efficiency and low magnetic damping constant are essential to achieve
efficient spin-charge conversion for energy-efficient spintronic devices. We report the
measurements of effective spin Hall efficiency and magnetic damping constant of
Pt;_,Ta,/CoFeB structures using spin-torque ferromagnetic resonance (ST-FMR) techniques.
With the increase of Ta content, the spin Hall efficiency increases and peaks x = 0.15 with the
value of Hgg = (.35, before decreases for further Ta content. This non-monotonic variation is
attributed to the interaction between the contribution of the extrinsic skew scattering mechanism
and the spin-orbit coupling (SOC). The weakening of the SOC in the Pt; ,Ta, layer leads to a
decrease in the effective magnetic damping constant with increasing Ta concentration.
High-temperature ST-FMR measurements confirm the influence of the Ta concentration on the
spin Hall effect and magnetic damping mechanism. Additionally, the decrease in spin mixing
conductance and the increase in spin diffusion length leads to a decrease in the interfacial spin

transparency.

Supplementary material for this article is available online

Keywords: spin Hall effect, magnetic damping, spin Hall efficiency,

spin-torque ferromagnetic resonance, spin-orbit coupling

1. Introduction
The study of magnetization manipulation in heavy metal

(HM)/ferromagnetic material (FM) heterostructures via spin-
orbit torque (SOT) has attracted strong interest as there

* Authors to whom any correspondence should be addressed.

is huge potential for further development into new high-
performance and energy-efficient magnetic memories, logic
devices, oscillators, and non-conventional computing devices
[1-5]. Furthermore, when a beam passes through an optical
interface or a non-uniform medium, the photons undergo
transverse spin splitting concerning the geometrical optical
trajectory, called the photon spin Hall effect (SHE) [6, 7]. This
effect can be considered an evolution of the SHE in electronic

© 2024 0P Publishing Ltd
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systems, which has a wide range of applications in precision
metrology, quantum imaging, and micro-imaging [8]. In the
FM/HM heterostructure, SOT originates from the bulk SHE
and/or the interface Rashba—Edstein effect [9-13]. For SHE,
the charge current flowing through the HM can be converted
into a spin current due to the strong spin-orbit coupling (SOC).
The spin current is injected from the HM to the FM layer,
and a torque is applied to the FM layer, which can switch the
magnetization [1, 13].

For in-plane magnetization switching driven by in-plane
SOT, the critical current density for writing can be expressed
as [14]

2e Qleff (471’Mef-f
0~

7 e > )MstFMy (1)
where the effective spin Hall efficiency, 0 represents the
conversion efficiency between the charge current and the gen-
erated spin current, a.g is the effective magnetic damping con-
stant, Mg is the effective magnetization, M; is the satura-
tion magnetization, and fgy; represents the ferromagnetic layer
thickness. Increasing the effective spin Hall efficiency would
improve the conversion efficiency of charge current to spin
current in the device, achieve a low critical current threshold
and increase the durability and reliability of the device [15,
16]. On the other hand, the magnetic damping constant is pro-
portional to the critical threshold current and strongly affects
the power consumption and operation speed of spintronics
devices [17, 18]. Therefore, the prerequisite for achieving high
performance and low power consumption in SOT-MRAM is
the requirement of materials with high effective spin Hall effi-
ciency and low effective magnetic damping constant.
Significant research efforts have been devoted to increasing
the effective spin Hall efficiency in the HM/FM bilayer struc-
tures. Among various HM materials, Pt and Pt-based alloys
are well-explored HMs [19, 20]. Chadova et al investigated
the contribution of the extrinsic SHE in doped alloys based
on first principles calculations. They chose Pd, Pt, and Cu as
dopant acceptors and 4d (including Ag to Cd) and 5d (includ-
ing Au to Hg) elements as dopant impurities and modulated
the SOC strength by varying the impurity content, thus affect-
ing the contribution of the skew scattering mechanism and the
side jump mechanism [21]. Hong et al investigated the effect-
ive spin Hall efficiency enhancement in the Pt system by intro-
ducing Bi dopant, which was attributed by the skew scattering
mechanism in the strong SOC Bi impurity [22]. Hu ef al stud-
ied the damping-like SOT efficiency in the Pt,Cu;_,/Co/MgO
thin film and obtained the maximum damping-like SOT effi-
ciency, excellent thermal stability, and low critical switching
current density in Pty 57Cug43 alloy [23]. Ramaswamy et al
discussed the contribution of the extrinsic SHE mechanism
in PtCu alloys and found that the skew scattering mechanism
dominates at low Pt content; at high Pt content, the side jump
mechanism contributes more [24]. Ma et al investigated the
relationship between spin Hall efficiency and spin diffusion
length for the Pd,_,Pt,/YIG films by varying thickness, tem-
perature, and composition and found that the dominant mech-
anism is the skew scattering, and the skew scattering parameter

increases with increasing spin-orbit coupling (SOC) strength
[25]. Li et al achieved a giant spin Hall efficiency enhance-
ment of 61.8% in Pty 77Sng 23 [26]. Zhu et al also obtained a
spin Hall efficiency of up to 0.58 in Aug 5Pty 75 [27]. Ou et al
observed a giant spin Hall efficiency of about 0.125 in PtMn
[28].

However, there are relatively limited reported studies on
Pt-based alloys for various physical mechanisms of magnetic
damping, as well as for the combination effects on the struc-
ture with low magnetic damping constant and high spin Hall
efficiency. In the Pt-rich alloy, the scattering enhancement
due to the introduction of lower atomic number Pd atoms by
the extrinsic mechanism increases the spin Hall efficiency,
and there is a non-monotonic variation relationship between
the spin Hall efficiency and the SOC of the system [25].
Introducing a lower atomic number atom is also expected to
reduce the spin pumping effect to achieve lower magnetic
damping, which provides a regulatory window to achieve a
high spin Hall efficiency and low damping constant [20].

In this work, we report the effective spin Hall efficiency
and effective magnetic damping constant of Pt;_,Ta,/CoFeB
thin films. The effective spin Hall efficiency of Pt;_, Ta,/CoFeB
thin films can be enhanced by tuning the Ta concentration in
the Pty ,Ta, layer, with a maximal value of 0.35 at x = 0.15.
The interaction between the contribution of the skew scat-
tering mechanism and the spin-orbit coupling was found to
be the main mechanism for the non-monotonic behavior of
the effective spin Hall efficiency as a function of x, which
was confirmed by high-temperature spin-torque ferromagnetic
resonance (ST-FMR) measurement. Moreover, we find that
the Pt;_,Ta,/CoFeB films exhibit reduced effective magnetic
damping and interfacial spin transparency.

2. Experimental and method

The Pt;,Ta, (5 nm)/CospFeqoBry (5 nm) thin films were
sputtered onto thermally oxidized Si substrates with (100) ori-
entation at room temperature. The base pressure before the
deposition was better than 1 x 1077 mTorr, and the Ar gas
pressure and flow during deposition were set at 2 mTorr and
20 SCCM (standard cubic centimeters per minute), respect-
ively. The Pt; _,Ta, alloy films were prepared by co-sputtering
both Pt and Ta simultaneously, and their atomic composition
was varied by adjusting their sputtering power. The Pt tar-
get varied between 20 to 75 W, and the Ta target was from
50 to 100 W. The sputtering power of both targets was pre-
calibrated. A 2 nm Ta was deposited as a buffer layer. Single
Pt,_,Ta, blanket layer films were fabricated for the com-
position measurement by Energy-dispersive x-ray spectro-
scopy and the crystalline structure by x-ray diffraction (XRD).
Magnetization hysteresis loops were measured using a vibrat-
ing sample magnetometer (VSM). For ST-FMR measurement,
the film stacks were patterned into rectangular-shaped micro-
strips (length of 50 pm and width of 10 um) using a combin-
ation of electron beam lithography (EBL) and Ar ion milling
techniques. After that, Ta (5 nm)/Cu (200 nm)/Pt (3 nm) elec-
trodes were also fabricated using EBL and liftoft following DC
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Figure 1. (a) Schematic diagrams of the device with contact pads and the experimental setup. (b) X-ray diffraction patterns for Pt;_, Ta,
films with different x. (¢) M—H loops for x = 0.15 sample. (d) Saturation magnetic moment per unit area versus the CoFeB film thickness
for x = 0.08, 0.15, 0.22 and 0.29. Symbols refer to experimental data, and solid lines are linear fits.

magnetron sputtering. A Signal Generator (Keysight N5183B)
and a Network Analyzer were utilized for the ST-FMR and
conventional FMR measurements were used to provide the
radio frequency (RF) current, respectively. The DC voltage
was measured with a Keithley 2000 multimeter for the ST-
FMR measurement.

Figure 1(a) exhibits a setup schematic with an optical image
of the patterned structure for the ST-FMR measurement. An
RF current was applied to the microstrip along the longitud-
inal direction. At the same time, an external magnetic field in
the sample plane was swept at 45° from 0 to 5000 Oe, with
the microwave frequency fixed during each sweep. The cur-
rent generates a microwave-frequency SOT on the FM layer
[29]. The SOT-induced magnetization precession gives rise to
an anisotropic magnetoresistance effect in the FM layer. The
oscillatory resistance and RF current bring a rectified mix-
ing voltage Vi,;x measured via a bias tee [30]. To exclude
the microwave heating effect of the ST-FMR measurement,
the input microwave power was varied from 13 to 20 dBm,
and the DC voltage was measured, which showed in the lin-
ear regime with increasing power (see supplementary mater-
ials for details). The measured VS/VA was independent of
the applied RF power, suggesting that the microwave heat-
ing effect is relatively negligible. All measurements were per-
formed at the RF power of 18 dBm. The ST-FMR spectra
were measured for microwave frequencies from 8 to 16 GHz
for all samples. The temperature dependence of the magnetic
damping constant and spin Hall efficiency of the films were

characterized by utilizing a homemade high-temperature ST-
FMR with a temperature range of 300-450 K. The temperat-
ure calibration was performed by applying an infrared ther-
mometer. For high-temperature ST-FMR measurements, the
non-magnetic heating element was positioned directly below
the sample stage pre-heating the sample for 20 min before and
throughout the measurement [31].

3. Results and discussion

The XRD patterns of the single Pt;,Ta, layer film are shown
in figure 1(b). When no Ta is incorporated, there is a strong
diffraction peak on the XRD pattern at 20 = 39.8°, indic-
ating a highly (111)-oriented texture in the Pt film. With Ta
content increasing, no other phase appears. As the Ta con-
tent increases, the (111) peak moves to the left to a lower
angle, indicating that the Ta atoms enter the Pt lattice, which
leads to lattice expansion (increase in the crystal plane dis-
tance d). Since the diameter of Ta atoms is larger than that of
Pt, the possibility of Ta atom occupation substitution is higher
than vacancy doping [22, 31]. Figure 1(c) shows the hysteresis
loops of Pty gsTag 15/CoFeB films along the in-plane and out-
of-plane different directions, which exhibits in-plane magnetic
anisotropy. The value of saturation magnetization measured
by VSM is 1135 emu cc™!, which is consistent with the pre-
vious reports [17, 32]. Figure 1(d) reveals the saturation mag-
netic moment per unit area of Pt;_,Ta,/CoFeB films versus
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CoFeB layer thickness for Ta content of 0.08, 0.15, and 0.29,
respectively. By linear fitting, the saturation magnetization Mg
and the thickness of the magnetic dead layer can be obtained
from the slope and the intersection with the horizontal axis,
respectively [33]. From the results of the fit, it can be seen
that the slope does not change almost with the composition of
Pt; _,Ta,, and the thickness of the magnetic dead layer is close
to zero, indicating that the magnetic variation due to the mag-
netic proximity effect and the effect of the magnetic dead layer
can be neglected [27].

Figure 2(a) shows the ST-FMR spectra Vi« for the Pt;_,Ta,
/CoFeB devices with x = 0.2 measured at a frequency range of
8-16 GHz. The resonance peak changes its sign by reversing
the direction of the external magnetic field H, suggesting that
the damping-like torque is dominant compared to the Oersted
field, which is consistent with the prediction of the spin-torque
driven FMR [34]. The effective magnetization 47wM.¢ can be
obtained by fitting the resonance frequency f to the resonance
field H,s using Kittel’s equation due to the negligibly small
in-plane magnetic anisotropy [29], as shown in the inset in
figure 2(a), yielding a value of 1.426 T for 4wM.g, which is
consistent with the value of My determined by the VSM con-
sidering the contribution of the out-of-plane anisotropic field
to the effective magnetization.

Figures 2(b) and (c) show the fitting of a ST-FMR spectrum
measured at a frequency of 14 GHz for the Pt;_,Ta,/CoFeB
devices with x = 0 and x = 0.15. The signal can be
decomposed into the symmetric and antisymmetric Lorentzian
components, which are represented by the pink and blue
curves, respectively. The measured mixing DC voltage Vi«
is expressed as [29, 35]

(AH)”
(AH)z + (MOH_ ,UOI-Ires)2
AI"I(/lOI—I - MOHres)
AH)z + (NOH* /L()I—Ires)2

Vimix = Vs

+Va ( )

where AH, H.., Vs, and V5 are the resonance linewidth, the
resonance magnetic field, the amplitudes of the symmetric and
anti-symmetric component of the mixing voltage, respectively
[36].

ARIr'f . ,U'()Hre% + ,uOMS 1
Vs = ——— poh, sin26 -
S 2 Holz AH(Z,u,oHres + /J()Ms) 1+ poMs
proHres
3
ARI, H, M
Va = ™ Jiohy sin 26 cosd HoTres + oMl N C))
AH (ZNJOHres + IU'OMS)

where AR is the resistance change of the bilayer due to
the anisotropic magnetoresistance, /¢ is the amplitude of the
RF current, and poMs is the saturation magnetization of the
CoFeB layer. Here, the out-of-plane effective field 4, is pro-
portional to the damping-like torque, which is due to pure spin
current generated by the SHE, and A, is in-plane effective field
dominated by the Oersted filed. It is clear that the symmet-
ric component voltage Vg dominates more in the spectrum for

x = 0.15 compared to x = 0, representing a greater contribu-
tion of the damping-like torque in the system.

The dependence of the ratio Vs/V 5 between the symmet-
ric and asymmetric components on the Ta content is given
in figure 2(d). From the line shape of the ST-FMR spectra,
the effective spin Hall efficiency 6% can be extracted for a

qualitative dependence according to the ST-FMR theory [29,

1/2
371, 0 = 5 = Y ottt (1 4 47 ) T The value of the

effective spin Hall efficiency obtained using the linear method
is biased due to the use of a Ta buffer layer that partially
cancels the Oster field generated by the current in Pt;_,Ta,
[16]. Nevertheless, Vs/V can still reflect the magnitude of
the effective spin Hall efficiency of the system, and a larger
Vs/V o means a larger effective spin Hall efficiency. As shown
in figure 2(d), 9§§§ increases and then decreases with increas-
ing Ta content and reaches a maximum value of 65 = 0.35
at x = 0.15. The peak is similar to that at Pt-rich concentra-
tions in PdPt alloys [25, 38, 39]. We suggest that it comes
from the contribution of the extrinsic SHE mechanism, such
as the skew scattering mechanism and the side jump mechan-
ism. The observation can be ascribed to a competition between
the enhanced electron scattering that increases as a function
of increasing Ta content and the strength of SOC, which
decreases as Ta content increases. For lower Ta content, the
enhancement of electron scattering is larger than the decrease
in the SOC, which results in the enhancement of effective spin
Hall efficiency. While for higher Ta content, the reduction
of the SOC strength is larger than the increase in scattering,
which leads to the reduction in effective spin Hall efficiency.

It is noted that since the effective spin Hall efficiency sign
of Pt is opposite to that of Ta, there may be a compensation
of the SHE or a contribution of the spin accumulation caused
by the sign reversal to the effective spin Hall efficiency. Han
et al observed that the spin accumulation caused by the SHE
at the Ta-Pt grain boundary was in Ta,_,Pt, [40]. Their calcu-
lations obtained the interfacial spin-dependent electrochem-
ical potential (u3) with a similar trend to that of the effect-
ive spin Hall efficiency at low concentration levels in this
study. In comparison, spin accumulation at the W/Pt inter-
face was also observed in YIG/Pt/W and Py/W/Pt by Luan
et al [41] and Karube et al [42], respectively. Luan et al found
enhanced spin Hall magnetoresistivity originating from the
spin accumulation at the interface [41]. Additional spin-orbit
fields with the variation of the W layer thickness were also
found by Karube er al [42]. In this work, only one strong
(111) peak was observed in the diffraction pattern of XRD,
and no peak of Ta was observed. And effective spin accu-
mulation is considered to require the presence of clear and
sharp grain boundaries between the grains of Ta and Pt with
grain size in the nanometer scale, comparable to the spin
diffusion length [40]. The synergistic effect of magnetically
ordered layers together in Pt induced by the magnetic nearest
neighbor effect is also required. Therefore, it is believed that
the additional contribution of the effective spin Hall effi-
ciency due to spin accumulation in this experiment can be
excluded.
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Figure 2. (a) The ST-FMR spectra for different RF current frequencies from 8 to 16 GHz for the x = 0.15 devices, the inset shows
frequency as a function of the resonant field used in the Kittel formula fitting. Vy,ix along with the fitted (green), symmetric (V, red), and
antisymmetric (Va, blue) Lorentzian functions used for the fitting measured at 14 GHz for Pt;_,Ta,/CoFeB films with (b) x = 0 and (c)

x = 0.15. (d) Dependence of the AT on x.

As for the compensation of effective spin Hall efficiency
due to the opposite sign, Uchida et al and Qu et al observed a
linear variation of effective spin Hall efficiency with compos-
ition in PtW and AuTa with the number of valence electrons
[43, 44], respectively. Miao et al also observed in the TaPt
alloy system that the effective spin Hall efficiency increases
with increasing Pt content from a negative sign in the Ta-rich
region to a positive sign in the Pt-rich region, which is different
from the non-monotonic variation here [45]. Similar enhance-
ments to this work were observed by Laczkowski ef al in AuW
and AuTa alloys with low doping content of opposite effect-
ive spin Hall efficiency sign, where the main mechanism in
AuW and AuTa are the intrinsic mechanism and Ta impurity-
induced side jump mechanism, respectively [46]. In this work,
since Ta is in the lightly doped range and the SHE of Pt while
much stronger than o-Ta, the offsetting effect is weak within
the Pt-rich content and mainly exhibits an extrinsic SHE due
to Ta impurities.

To further exclude the effects of other extrinsic effects and
clarify the origin of the symmetric component Vg and the
asymmetric component V5 of the ST-FMR signal, the field-
angle 0 dependence of Vg and V, extracted from the Vi«
signals measured at f = 14 GHz for Pt;_,Ta,/CoFeB bilayer
with x = 0 and x = 0.15 are shown in figure 3. As shown in
figures 3(a) and (b), the Vg as a function of € is fitted well by
a function proportion to sin26 cosf with x = 0 and x = 0.15,
indicating an angular dependence of the out-of-plane effective

field i, proportional to cosf. This angular dependence is the
same as the angular dependence of the spin torque [36]. And
according to the spin torque mechanism, its angular depend-
ence is caused by the spin flow being absorbed by the ferro-
magnetic layer due to the SHE in the HM layer, which gen-
erates a damping-like moment. Therefore, it can be confirmed
that Vy in this chapter should come mainly from the contribu-
tion of the SHE. As a comparison, figures 3(c) and (d) show the
variation of Vo with the angle for x = 0 and x = 0.15, fitted by
the sin26cos6 function [36]. The results can be well described,
showing that the in-plane effective field A, has no angular
dependence. According to previous reports, it is shown that the
Oster field mainly dominates V4 [35]. Since both Vg and V5
can be well fitted to sin26cosf, while the spin-Seebeck effect
induces Vg proportional to sinf, the spin-orientation effect also
leads to deviations in the fit, indicating that the spin-Seebeck
effect in this experiment and the spin-orientation effect may
cause additional contributions can both be neglected [47—49].

The effective damping constant (c.¢) for Pt;_,Ta,/CoFeB
films with x = 0 and x = 0.15 is evaluated by fitting the
AH versus f data using the equation AH = AHiy, + 27 foese /7y
[29] as shown in figure 4(a), where AHy,, is the frequency
independent linewidth contribution from inhomogeneity in the
magnetic film. From the fitting, the effective damping constant
was found to be 6.6 x 1073, which is lower than the value
of x = 0 (~11.7 x 1073). The inhomogeneous linewidth is
found to be 15.2 Oe, which indicates a smooth interface and



J. Phys. D: Appl. Phys. 57 (2024) 145001

Z Xuetal

o Exp.
——sin20cos0

180 270

6(deg.)

360

o Exp.
—— $in20cos0

o Exp.

180 270

g (deg.)

360

Figure 3. Magnet field angle 6 dependence of the Vg of the ST-FMR spectra for Pt; _,Ta,/CoFeB films with (a) x = 0 and (b) x = 0.15.
Magnet field angle 6 dependence of the V5 of the ST-FMR spectra for Pt; _,Ta, /CoFeB films with (c) x = 0 and (d) x = 0.15.

a high quality of the Pt; ,Ta,/CoFeB films [50]. Furthermore,
the AH vs f response in figure 4(a) shows a linear behavior
over the entire frequency range, suggesting a negligible con-
tribution from the non-linear two-magnon scattering mech-
anisms in the Pt; ,Ta,/CoFeB films [51]. The dependence of
the effective damping constant on x is given in figure 4(b).
As Ta content increases from 0 to 0.29, the value of aegr
decreases from 11.7 x 107310 5.9 x 1073 (Aa/evy ~ —49.6%
for x = 0.29). However, the effective damping constants
in the Pt;_,Ta,/CoFeB are larger than the intrinsic damp-
ing in amorphous CoFeB thin film (~4.0 x 1073) [32].
Therefore, it is suggested that there is an extrinsic contribution
of the magnetic damping mechanism in the Pt;_,Ta,/CoFeB
films.

The contribution of the extrinsic magnetic damping mech-
anism may come from various interfacial effects, such as the
magnetic proximity effect, the effect of the magnetic dead
layer, and the spin pumping effect [52—54]. According to the
discussion above, the thickness of the magnetic dead layer
obtained for the samples with different CoFeB thicknesses
is minimal. It does not change significantly with increasing
Ta, and its effect on the magnetic damping constant can be
excluded. Secondly, since the M, of the ferromagnetic layer
is smaller than the value of the bulk and remains constant
with the change of Ta content, the contribution of the mag-
netic proximity effect can be considered negligible. Thus, the
contribution of the extrinsic magnetic damping can be attrib-
uted to the angular momentum loss due to the spin-pumping
effect [55]. And this additional damping contribution origin-
ates from the effect of spin-orbit coupling. The spin-orbit
coupling effect is proportional to the fourth power of the
atomic number, which is 73 for Ta, which is smaller than 79 for

Pt. Therefore, the decrease in the effective magnetic damping
constant indicates that the spin-orbit coupling strength at the
Pt,.,Ta,/CoFeB interface decreases with increasing Ta con-
tent. Using equation (1), the critical switching current density
Jeo is calculated using the data in figures 2(d) and 4(b), and
the normalized result is plotted in figure 4(c). It can be seen
that the calculated J.¢ at x = 0.15 is much smaller than that
at x = 0 and is only 16% of that at x = 0 due to a combina-
tion of lower c.¢ and larger Hgf}f,, which shows excellent poten-
tial applications as spin Hall material for achieving low-power
consumption SOT devices [14, 56].

The dependence of the enhanced damping A« on the thick-
ness of the non-magnetic layer is given in figure 4(d). As the
thickness increases, A« increases with different Ta contents in
the lower thickness range, while « tends to saturation values at
higher thicknesses. It can be seen that the x = 0 sample reached
saturation first for the non-magnetic layer thickness, x = 0.15
came saturation values at larger non-magnetic layer thick-
nesses, and their saturation value of damping is lower than
that of the Pt sample. Also, since the contribution of the mag-
netic proximity effect to the magnetic damping has a strong
quasi-linear relationship with the nonmagnetic layer thick-
ness, this nonlinear behavior between the increased magnetic
damping and thickness can exclude the mechanism originating
from the contribution of the extrinsic damping caused by the
magnetic proximity effect. A spin-pumping model was used
to describe the variation of damping with the non-magnetic
layer [55], from which the spin mixing conductance G™ and
spin diffusion length ), are found to be 37.6 x 104 cm—2
(10.2 x 10" cm~2) and 2.8 nm (4.1 nm), respectively. Ay
obtained for x = 0 is slightly larger than the value reported
by Nakayama et al (2.4 nm) [57], but smaller than the value
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Figure 4. (a) The linewidth as a function of frequency for Pt;_,Ta,/CoFeB films with x = 0 and x = 0.15. Dependence of the effective
magnetic damping constant (b) and the normalized switching current density (c) on x. (d) Enhanced damping A as a function of
non-magnetic layer thickness for Pt; _,Ta,/CoFeB films with x = 0 and x = 0.15.

reported by Liu et al (3.0 nm) [29], which is consistent with
the previously reported values.

According to the Elliott—Yafet model, the spin-flip scat-
tering rate contains two components [58, 59]: the first ori-
ginates from the spin-orbit coupling near the impurity; the
second arises from the interaction between the photon and the
spin-orbit coupling. The first term is related to the angular
momentum scattering rate due to impurities and is independent
of temperature. The spin diffusion length is inversely propor-
tional to the scattering cross section for lightly doped alloys
due to spin-orbit coupling [60]. For the second term, the spin-
flip scattering rate is proportional to the square of the spin-
orbit coupling parameter [61]. These two contributions lead
to an increase in the spin-flip scattering rate with increasing
spin-orbit coupling strength. Thus, the spin-orbit coupling is
weakened due to Ta content increasing, and the spin diffusion
length increases compared to pure Pt.

Based on the spin-diffusion model, the interfaces spin trans-
parency was estimated [62]. Using the extracted values of G™
versus Ay, the interface spin transparency for the x = 0 and
x = 0.15 samples were calculated to be 58.8% and 41.4%,
respectively. The value of the interface spin transparency at
x = 0 is slightly smaller than the 65% reported by Zhang
et al [62] and 63% reported by Huang et al [16] for the
Pt/CoFeB interface, which may be originated from the dif-
ference in the obtained spin-diffusion lengths. While for the
x =0.15, the decrease in spin transparency mainly comes from

the reduction in spin mixing conductance with the increase in
spin diffusion length. The value of spin transparency for this
interface is similar to 50% of that for the 3-Ta/CoFeB interface
[63], but still in the range for the Pt/Co interface (30%—60%)
[62, 64] and is larger than the value for the Pt#/Py interface
(25%) [62].

Figure 5(a) shows the dependence of PtjgsTag 1s/CoFeB
microwave frequency versus resonance field. By fitting
the Kittel equation, the normalized effective magnetiza-
tion Meg(T)/Megr(0) with temperature can be obtained as
in the inset of figure 5(a). The Mc#(T)/M.(0) decreases
with increasing temperature. The curve can be fitted using
the empirical equation M(T) =M,(0)[(1-(T/T¢)*]"?, and the
Curie temperature can be determined [65], from which the
Tc is obtained to be about 980.5 K [66]. It is consistent with
the reported Curie temperature of CoFeB films. The vari-
ation of the linewidth with frequency at different temperat-
ures is shown in figure 5(b). The linewidths of the Pt/CoFeB
samples are higher than those of Pty gsTag 15/CoFeB through-
out the temperature range 320—460 K. In addition, no signific-
ant nonlinear deviation of the resonance linewidths with fre-
quency variation is observed, so the contribution of the two-
magnon scattering mechanism in this temperature range can
be excluded [51].

The dependence of the effective magnetic damping con-
stant c,; with temperature is given in figure 5(c). In the tem-
perature range of 320-460 K, a for x = 0 decreases by 16.9%
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Figure 5. (a) The f vs Hycs plot for Pty gsTap 15/CoFeB film at different temperatures, and the inset shows the normalized effective
magnetization as a function of temperature. (b) Variation of AH with f for Pt;.,Ta,/CoFeB films with x = 0 and x = 0.15 at different
temperatures. The (c) aes and (d) egfg as a function of temperature for Pt;.,Ta,/CoFeB films with x = 0 and x = 0.15.

with increasing temperature, while a for x = 0.15 does not
change significantly with only a 5.6% drop, demonstrating
good thermal stability of the magnetic damping constant for
x = 0.15. It indicates a different magnetic damping mech-
anism for both. According to the analysis above, the main
sources of the magnetic damping constant here are the intrinsic
Gilbert damping and the spin-pumping effect. In the case of
Gilbert damping, according to the torque-dependent model
[67], the intraband scattering mode’s contribution can be neg-
lected because the amorphous CoFeB film’s intraband scat-
tering mode vanishes. Only the effect of interband scattering
needs to be considered [68]. As the temperature increases, the
interband scattering effect enhances, the spin relaxation con-
tribution increases, and the intrinsic Gilbert damping rises. In
contrast, in the temperature range of 320460 K, the spin-
orbit coupling effect weakens and the spin-pumping effect
diminishes as the temperature increases. For the x = 0 sample,
the damping is dominated by the spin-pumping effect, so the
effective magnetic damping constant decreases when the tem-
perature increases. For x = (.15, the Ta alloyed Pt weakens
the interfacial spin-orbit coupling, the damping contributed
by the spin-pumping effect weakens, and the intrinsic Gilbert
damping becomes significant. Two damping mechanisms with
opposite temperature dependence act together as the temperat-
ure increases, so the total effective magnetic damping constant
does not vary significantly [68].

The agg‘ as a function of temperature for Pt;_,Ta,/CoFeB
films with x = 0 and x = 0.15 are presented in figure 5(d).
There is a 9.1% decrease in 6% with increasing temperat-
ure for x = 0 over the whole temperature range, while Hgﬁ
for x = 0.15 is more temperature sensitive and decrease by
14.5% with the increasing temperature. Since the skew scat-
tering mechanism is considered independent of the change in
temperature due to its independent resistivity, the intrinsic and
side jump mechanisms have a temperature dependence due
to their resistivity dependence [31]. The temperature depend-
ence of Pt was observed in the temperature range 13-300 K
by Wang et al, who concluded that the intrinsic mechanism is
not its dominant mechanism [19]. Isasa et al observed a weak
change in the effective spin Hall efficiency from 10 K to 300 K
in Pt. Although the amount of change is small, this increase is
thought to originate mainly from the intrinsic mechanism [69].
Phu et al observed a slight increase of about 2% in the effect-
ive spin Hall efficiency of Pt in the temperature range of 300—
410 K and concluded that the skew scattering mechanism plays
a non-negligible role [66]. Chen et al observed a 3% increase
in the effective spin Hall efficiency of S-W with increasing
temperature at 10-300 K [70]. Niimi ef a/ found a temperature-
independent increase in the effective spin Hall efficiency for Ir
content in the range of 1%—12% in Culr alloys [71]. Therefore,
the temperature variation relation of 6 for x = 0.15 can
be used as proof of the predominant side-jump scattering
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contribution with this region. Combined the magnetic damp-
ing constant and spin Hall efficiency dependence on temperat-
ure, for x = 0.15, a lower value and less temperature sensitivity
of cefr /O can be achieved, which could reduce the switching
current density for magnetization reversal.

4. Conclusion

In summary, the effective spin Hall efficiency and effect-
ive magnetic damping constant of Pt;_,Ta,/CoFeB films are
investigated. With the Ta content increasing, the effective
spin Hall efficiency increases and then decreases, and an
enhancement by a factor of 190% is reached at x = 0.15.
This non-monotonic variation can be explained by the inter-
action between the contribution of the skew scattering mech-
anism, which increases with increasing Ta content, and the
spin-orbit coupling, which decreases with increasing Ta con-
tent. The effective magnetic damping constant decreases with
increasing Ta content, indicating that the spin-orbit coup-
ling of the system is weakened. According to the EY spin
relaxation mechanism, the doping of Ta weakens the spin-
orbit coupling and increases the spin diffusion length. The
interfacial spin transparency is reduced due to the decreased
spin mixing conductance and the increased spin diffusion
length. In addition, the high-temperature ST-FMR measure-
ment also demonstrates that the doping of Ta leads to a weak-
ening of the spin-orbit coupling, and the contribution of the
skew scattering mechanism in the extrinsic SHE is domin-
ant. Our findings provide an efficient spin Hall material sys-
tem that simultaneously combines a significant SHE and a
low damping factor to effectively reduce the critical switch-
ing current for developing low-power consumption spintronic
devices.
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