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Thermal behavior of spin-current
generation in Pt,Cu,_, devices
characterized through spin-torque
ferromagnetic resonance
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High temperature studies of spin Hall effect have often been neglected despite its profound
significance in real-world devices. In this work, high temperature spin torque ferromagnetic resonance
measurement was performed to evaluate the effects of temperature on the Gilbert damping and spin
Hall efficiency of Pt,Cu;_,. When the temperature was varied from 300K to 407 K, the Gilbert damping
was relatively stable with a change of 4% at composition x=66%. Alloying Pt and Cu improved the
spin Hall efficiency of Pt,;Cu,s/Co/Ta by 29% to a value of 0.31 + 0.03 at 407 K. However, the critical
switching current density is dependent on the ratio between the Gilbert damping and spin Hall
efficiency and the smallest value was observed when x=47%. It was found that at this concentration,
the spin transparency was at its highest at 0.85 £ 0.09 hence indicating the importance of interfacial
transparency for energy efficient devices at elevated temperature.

Current induced spin-orbit torque (SOT) has attracted a remarkable amount of attention in the field of spintron-
ics due to its ability to manipulate magnetization!°. SOT based magnetic memory serves as an alternative for
energy efficient memory as compared to spin transfer torque magnetic random-access memory (STT-MRAM)’.
In a heavy-metal/ferromagnetic layer (HM/EM) system, the SOT is contributed by two well-known phenomena;
the spin Hall effect (SHE) in HM*®3-1! and/or the Rashba-Edelstein effect at their interface!*”!4. In the former, a
transverse spin current J; is generated from charge current J, passing through material of strong spin-orbit inter-
action and injected into the adjacent FM to exert an STT on the magnetization. The magnetization switching
efficiency depends on the charge-to-spin current conversion ratio which is defined as the spin Hall angle
Oy = el R)J/JM.

Alloying is an established approach to enhance spin Hall efficiency by increasing the extrinsic contribution
of SHE and this has been shown in many previous studies. R. Ramaswamy reported that with as little as x=28%
in Pt,Cu,_,, one can achieve similar spin Hall efficiency as pure Pt. From his study, an enhancement in spin
Hall efficiency was observed at room temperature'. However, it is also important to characterize the SHE at the
elevated temperatures that MRAM devices are often operated at. During MRAM switching, a large current is
required resulting in temperature rise that could potentially lead to detrimental effects on the device performance.
Temperature studies using various characterization techniques including second harmonic measurement!*-1%,
spin-pumping? and spin-transfer ferromagnetic resonance (ST-FMR)?! have been explored but only within and
below room temperature?’. Although the effects of elevated temperature on SHE is crucial for device applica-
tions?>?, the quest for high temperature SHE characterization remains relatively uncharted. In a recent ST-FMR
study by P. Phu, a joule heating technique was applied to momentarily raise the temperature of the sample during
characterization?’. The usage of a heating element as deployed in our experimental setup could provide consistent
heating similar to external stimulus for investigating the thermal dependence of spin conductance measurements.

In this work, we demonstrated that alloying can help to improve the thermal robustness of spin generation
in high spin orbit coupling (SOC) materials. This was evident by performing in-situ high temperature ST-FMR
measurement on our sample, Pt,Cu,_,/Co/Ta. The results revealed that both the spin Hall efficiency and the
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Figure 1. (a) Schematic illustration of high temperature ST-FMR setup. Optical image of the device is as shown
in the inset. (b) X-ray diffraction pattern of 80 nm thick Pt,Cu, _, samples showing the shift between the Pt(111)
to the Cu(111) peak.

thermal stability are enhanced in Pt,Cu, _, alloys. The highest spin transparency was observed in the alloy with
the smallest switching current density. Our work indicates that there is a relation between the three components
of a spin torque generator - switching current density, diffusion length and spin transparency. This work provides
a way to engineer thermally robust spin current generating alloys for application at elevated temperatures.

Results

High temperature ST-FMR measurements. The films used in this study were deposited using mag-
netron sputtering onto silicon substrates at room temperature. Stack structure of substrate/Pt,Cu,_(5nm)/
Co(5nm)/Ta(5nm) was fabricated for temperature investigation. Ta was introduced as the spin current source
to compliment Pt,Cu,_, due to their opposite spin Hall angle signs*!>?!. The Pt,Cu,_, alloys are obtained by
co-sputtering both Pt and Cu and its atomic composition is varied by adjusting their sputtering power. X-ray dif-
fraction (XRD) results for 80 nm thick Pt,Cu, _, films on a continuous Si substrate are shown in Fig. 1b. Similarly,
in the case of pure Pt and Cu, Pt,Cu,_, had a face-centered-cubic (fcc) structure with the Pt,Cu,_, (111) peak
gradually shifting from the Pt (111) to the Cu (111) with increasing Cu concentration. At around 70% Pt compo-
sitions, Pt,Cu, _, (200) peak becomes observable and its intensity gradually increased with decreasing Pt,Cu,_,
(111) peak as it transited to the Cu-rich region (See Supplementary). From this, it can be concluded that the fcc
(111)-textured alloy remained unchanged between the transition of Pt-rich and Cu-rich films, which indicated
that the two elements mix well in their binary alloys.

In this study, the spin torque ferromagnetic resonance (ST-FMR) was deployed to determine the Gilbert
damping, o, and spin Hall efficiency, ¢, When the FMR condition was met, the magnetization precession driven
by the torques will result in the maximum oscillation of the resistance caused by anisotropic magnetoresistance
(AMR) in the Co layer. When coupled together with the oscillating current, a rectified d.c. voltage was produced
and detected using a lock-in amplifier with amplitude modulation of the RF signal. Figure 1a illustrates the high
temperature ST-FMR setup used with an inset showing an optical image of the device consisting of a microstrip
(10 x 50 pm) tilted at 45° with its coplanar waveguide (CPW) electrode (For more information on the fabrication,
see Methods). RF charge current was injected through the long axis of the stripe while an in-plane external mag-
netic field H, , was swept. The longitudinal RF current passing through the device generates a transverse spin
current which was then injected into the adjacent Co layer. The magnetization of Co experienced two torques
induced by the RF current; an in-plane torque and an out-of-plane torque?. The measurement was performed at
a microwave power of 18 dBm and measured between 6 to 20 GHz in steps of 1 GHz. Figure 2a. shows a segment
of the measured ST-FMR spectra with varying current frequencies for Pts,Cuy, (5nm)/Co (5nm)/Ta (5nm).

The measured rectified d.c. voltage V,, .. is expressed as
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where AH and H,,, are the spectra width and the resonance field and S and A are magnitude the symmetric and
anti-symmetric components of the V. respectively?'. For ST-FMR signal, the S component arises from the
damping-like torque while the Oersted field and the field-like torque contributes to the A component via the fol-
lowing relations;
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Figure 2. (a) Measured ST-FMR spectra of Pts,Cu,,(5 nm)/Co(5nm)/Ta(5 nm) trilayer device for frequency
from 6 to 15 GHz with nominal input power of 18 dBm. (b) Fitting of Kittel equation. (¢,d) ST-FMR Lorentzian
fitting of ST-FMR spectra of Pt,Cu,_, (5nm)/Co(5nm)/Ta(5nm) trilayer for x==8% and 61% and a microwave
frequency of 9 GHz.

4mM
A = Vy(H; + Hyy) /1 4 —eff
Hey (3)

where V; is a constant, J; is the spin current density, y, = 47 X 1077 Hm™'is the magnetic permeability in free
space, t is the thickness of the ferromagnetic (FM) layer, M, is the saturation magnetization of the FM layer, M,
is the effective magnetization, H,, is the Oersted field and Hy; is the effective field generated by field-like torque.
Figure 2c,d are examples of the Lorentz ST-FMR fitting equation for Cu-rich and Pt-rich trilayer system respec-
tively. The red and the green solid curves are the extracted symmetric and antisymmetric voltage contributions.
The fitted curve for the summation of both contributions is fitted in blue and it overlaps well with the raw data
indicating a good fit.

Fitting the measured spectra to Eq. (1), the frequency dependence of properties such as resonance field H,,,,
linewidth AH, symmetric component S, and anti-symmetric component A was obtained. Figure 2b shows the
frequency dependence of the resonance field as described by the in-plane Kittel equation®,

Y

f = E\/(Hres)(zlﬂ—Meff + Hres) . (4)

As the composition of Pt increases indicating that there is an enhancement of the surface anisotropy constant

K with the introduction of a heavy metal (See Supplementary). This can be attributed to a stronger spin-orbit

coupling (SOC) when more Pt is present in the alloy. The FMR linewidth shows a linear dependence with the

frequencies measured; indicating that the two-magnon scattering mechanism had negligible contribution in our

samples?’. Subsequently, the relation between frequency and the linewidth was examined using the following
equation®,

4o
AH = AHy + —f,
gl )

where o is the effective Gilbert damping parameter and AH, is the inhomogeneous broadening term originating
from sample imperfections which are assumed to be frequency independent.
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Figure 3. (a) Contour plot of « for Pt,Cu,_, (5nm)/Co(5nm)/Ta(5nm) trilayer device with temperature for
varying Pt concentrations. (b) Aa of Pt,Cu,_, (5nm)/Co(5nm)/Ta(5 nm) for x = 8%, 66% and 100%.

Temperature dependence of Gilbert damping. For device application, damping parameters should
ideally be constant across the operating temperature range to maintain a consistent switching. The effective
Gilbert damping constant of the trilayer system is given by o = «v;,, + agp, where v, is the intrinsic Gilbert
damping contribution from Co and ap, is the damping introduced by spin pumping effect due to the adjacent
heavy metals?**. Damping contribution from the proximity effect is assumed to be negligibly small as it only
affects the first atomic layer of Pt?*”*!-34, From Eq. (5) using the slope of the linear relation between the linewidth
and frequency, the effective Gilbert damping can be calculated. Figure 3a shows the calculated damping constants
for varying Pt concentration at different temperatures. The damping constant increases with higher Pt concentra-
tion which is in good agreement with the trend observed in prior reports'>?. This could be due to the enhanced
spin pump effect and interface anisotropy for elements with larger SOC**°.

It is known that «,,, is directly proportional whereas while ayp is inversely proportional to temperature®.
Here, A« refers to the change in Gilbert damping constant due to an increase in temperature with respect to room
temperature. Figure 3(b) shows A of Pt,Cu, _, at different Pt composition. When the alloy is within the Cu-rich
regime, the increase in damping due to «v;,,, is much greater than the decrease from ag;,. Therefore, this leads to an
overall increase in damping (Aca;,, > Aagp). Upon increasing the Pt concentration beyond 45%, the Pt-rich
regime is established. The magnitude change for the two main damping contribution at this point are approxi-
mately the same, giving rise to near zero increment in damping with the change in temperature (Ac;,, = Aogp).
As Pt starts to saturate towards 100% concentration, agp begins to dominate and the overall damping decreases
with temperature (Ao, < Aogp).

Temperature dependence of spin Hall efficiency. To calculate the spin Hall efficiency of the trilayer
system, we implement the line-shape method using?!

1
2

~ S [e'“oMStd][l n 4mMeg

O = >
eff A A Hres

(6)

This lineshape method is the most suitable for bilayer structures with negligible field-like contribution. When
used in a trilayer structure, Oersted field generated from the heavy metal layers at the top and bottom will result
in cancellation and thus result in an underestimate of the 6,.*”. To account for this, a correction factor of
1/[1 + (Hg/Hp,)] can be added where Hy; is the fieldlike spin orbit torque and H, is the Oersted field gener-
ated®®*. Because the resistivity of Ta (216 p€ cm) is much higher than that of Pt,Cu,_, (10-51 pQ cm, see sup-
plementary), the current density in Ta is small. Thus, the Oersted field attributed by Ta is ignored as Hy; /H, is
negligible. With the assumption that the top 3nm of Ta forms TaO,, the ,; of Pt/Co/Ta measured at room tem-
perature in our work is 0.24 + 0.03 which is in agreement with previous works suggesting that our approximation
is appropriate®.

Figure 4a summarizes the ,; across different Pt concentration at elevated temperatures. Here, we observe that
the O has a parabolic dependence with the Pt concentration and this is attributed to the additional extrinsic SHE
through alloying'®. At room temperature, Pt,Cu,_,/Co/Ta has a peak Oy of 0.324+0.03 at x=67% (See supple-
mentary). As shown in Fig. 4b,c, the Cu-rich alloy is more temperature sensitive and its ¢, deteriorates more
significantly with increasing temperature as compared to the Pt-rich alloy. This decrease in 6,5 is most pro-
nounced when x = 15 to 40% as shown by the slightly slanted vertical lines in Fig. 4a, which is a result of the pre-
dominant side-jump scattering contribution with this region. Side-jump scattering is temperature dependent
while intrinsic and skew scattering contribution are temperature independent. Skew scattering contribution is
more dominant when the alloy has a dominating element within the composition*'~*. At x=75%, the extrinsic
and intrinsic SHE is maximized while being temperature insensitive.

Spin transparency and switching current density relation. Since the optimal spin hall efficiency and
damping constant occur at different Pt concentration, there is a need to analyze and characterize them such that
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Figure 4. (a) Contour plot of 6, for Pt,Cu,_, (5nm)/Co(5nm)/Ta(5 nm) trilayer device with temperature for
varying Pt concentrations. (b) and (c) Temperature dependence of ), for Cu-rich and Pt-rich Pt,Cu, _, (5nm)/
Co(5nm)/Ta(5nm) trilayer device with x =29% and 75% respectlvelqr

the optimal SOT efficiency for current-induced switching application at elevated temperature can be determined.
To do so, the critical switching current density, ., was evaluated at various temperature. The required ], for
in-plane magnetization switching using SOT is given by

2e « 47TMﬁ
Joo ™ —— >

M,
heﬂ ]

@)

which is proportional to a /6, . By plotting the ratio at different temperatures as shown in Fig. 5a, the opti-
mal Pt concentration that has the ﬁ)west critical switching current density was found at x=45%. This occurs at
the transition between the Cu-rich and Pt-rich regime where the alloy becomes more thermally robust. To further
understand the reason behind the optimal Pt concentration, the spin diffusion length and the spin transparency

was characterized.
The thickness dependence of the heavy metal and damping can be described by*

-2
gIJ’B 1] [1 _ e—h;\culx],

Qop = Qe + G
eff int 477Ms(tco — td) Pt,Cu;_,

(8)
where g is the g-factor, ¢, is the magnetic dead layer thickness, G/ “Cu,_, is the effective spin-mixing conductance
due to Pt,Cu,_, and X is the spin diffusion length. Figure 5b shows the change in damping, A, of Pt,.Cu, (¢
nm)/Co(20 nm)/Ru(5 nm) measured using FMR for varying ¢ thickness of Co at different Pt concentration due to
enhanced damping from alloy. Fitting the data with Eq. (8), the spin diffusion length for different Pt
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Figure 5. (a) Contour plot of off! Oeﬁ, ratio for Pt,Cu,_,(5n1m)/Co(5nm)/Ta(5nm) trilayer device with
temperature. (b) Damping parameter due to spin pumping of Pt,Cu, ,(t nm)/Co(20 nm)/Ru(5nm) with
varying ¢ thickness of Co for x=20%, 47%, 56% and 70%. (c,d) Alloy composition dependence of spin diffusion
length and spin transparency, respectively, for Pt,Cu,_,(5nm)/Co(20 nm)/Ru(5 nm)*4-6,

concentration was obtained. Figure 5¢ indicates that around Pt,;Cuss, the spin diffusion length is the shortest at
1.9+ 0.2nm. The spin transparency can be calculated by the following model*,

d
. Gl e, tanh(a)

P d o h
GPthul . COﬂl(;) + X? (9)

where T is the spin transparency and o is the electrical conductivity of Pt,Cu,_,. The electrical resistivity of
Pt,Cu, _, as a function of Pt concentration has a parabolic relation that follows the Nordheim rule for homoge-
nous solid solutions (See supplementary). In Fig. 5d, we observe that T peaks at 0.85 & 0.09 when the Pt concen-
tration is at x =45%. This peak indicates that there is a relation between the critical switching current density and
spin transparency. Improvement in spin transparency between the interface of the FM and the HM results in an
increase in spin current propagation, thus reducing the switching current density*.

In summary, we have investigated the damping constant and spin Hall efficiency of Pt,Cu, _, at elevated tem-
peratures and discovered that they can be modulated by adjusting the temperature and alloy composition.
Pt,Cu,_, that have higher Pt content are less sensitive to temperature, but they suffer a tradeoft with higher damp-
ing. By tuning the alloy composition to Pt,;Cus;, the minimum ratio of o, /6, can be achieved, which could
reduce the switching current density for magnetization reversal. The temperature dependence of effective damp-
ing is also negligible due to the counteracting relationship between v, and agp. The spin diffusion length is at its
smallest at 1.9+ 0.2 nm and has high spin transparency of 0.85 4 0.09. Therefore, our work here has demonstrated
a method of characterizing the spin Hall channel material and its optimization for device application at elevated
temperatures.

Methods

Sample preparation. The films were sputtered onto thermally oxidized Si substrates with (100) orientation
using an Ar pressure of 2 mTorr and a base pressure <5 x 1078 Torr. Two-inch-diameter targets were used. The
Pt,Cu, _, alloys were deposited by co-sputtering both Pt and Cu simultaneously and its atomic composition is
varied by adjusting their sputtering power. The Pt target is varied between 20 to 100 W and Cu target is from 50 to
150 W. Energy-dispersive X-ray (EDX) spectroscopy was used to verify the percentage composition of the alloys.
The samples are then patterned into 10 x 50 pm rectangular micro-strips using electron beam lithography (EBL)
and Ar ion etching, thereafter coplanar waveguide (CPW) is deposited onto the stripes.
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ST-FMR characterization. RF charge current from a Keysight N5183B analog signal generator is injected
into the CPW electrode through ground-signal-ground (GSG) RF probes which will flow along the long axis of
the stripe. The microwave power was fixed at 18 dBm and the measured frequencies are varied between 6 to
20 GHz with an increment step size of 1 GHz. An in-plane external magnetic field H,,, is swiped while injecting
current at 45° relative to one another. The rectified d.c. voltage is then passed through a bias tee and into Zurich
instruments lock-in amplifier for detection. Resistance of the devices was measured using a Keithley 2400 mul-
timeter. For high temperature ST-FMR measurements, the non-magnetic heating element is positioned directly
below the sample stage preheating the sample for 20 minutes before and throughout the measurement such that
equilibrium temperature is achieved.

Received: 6 January 2020; Accepted: 7 May 2020;
Published online: 15 June 2020

References
1. Miron, I. M. et al. Perpendicular switching of a single ferromagnetic layer induced by in-plane current injection. Nature 476, 189
(2011).
2. Avdi, C. O. et al. Current-induced switching in a magnetic insulator. Nature materials 16, 309 (2017).
3. Emori, S., Bauer, U,, Ahn, S.-M., Martinez, E. & Beach, G. S. Current-driven dynamics of chiral ferromagnetic domain walls. Nature
materials 12,611 (2013).
4. Liu, L. et al. Spin-torque switching with the giant spin Hall effect of tantalum. Science 336, 555-558 (2012).
5. Haazen, P. et al. Domain wall depinning governed by the spin Hall effect. Nature materials 12,299 (2013).
6. Wong, Q. Y. et al. Enhanced spin-orbit torques in rare-earth Pt/[Co/Ni] 2/Co/Tb systems. Physical Review Applied 11, 024057
(2019).
7. Baumgartner, M. et al. Spatially and time-resolved magnetization dynamics driven by spin-orbit torques. Nature nanotechnology 12,
980 (2017).
8. Valenzuela, S. & Tinkham, M. Electrical detection of spin currents: The spin-current induced Hall effect. Journal of applied physics
101, 09B103 (2007).
9. Hirsch, J. Spin hall effect. Physical Review Letters 83, 1834 (1999).
10. Zhang, S. Spin Hall effect in the presence of spin diffusion. Physical review letters 85, 393 (2000).
11. Luo, E et al. Dependence of spin-orbit torque effective fields on magnetization uniformity in Ta/Co/Pt structure. Scientific reports 9,
1-7(2019).
12. Garello, K. et al. Symmetry and magnitude of spin-orbit torques in ferromagnetic heterostructures. Nature nanotechnology 8, 587
(2013).
13. Kim, J. et al. Layer thickness dependence of the current-induced effective field vector in Ta|CoFeB| MgO. Nature materials 12, 240
(2013).
14. Oh, Y.-W. et al. Field-free switching of perpendicular magnetization through spin-orbit torque in antiferromagnet/ferromagnet/
oxide structures. Nature nanotechnology 11, 878 (2016).
15. Ramaswamy, R. et al. Extrinsic spin Hall effect in Cu 1— x Pt x. Physical Review Applied 8, 024034 (2017).
16. Qiu, X. et al. Angular and temperature dependence of current induced spin-orbit effective fields in Ta/CoFeB/MgO nanowires.
Scientific reports 4, 4491 (2014).
17. Wen, Y. et al. Temperature dependence of spin-orbit torques in Cu-Au alloys. Physical Review B 95, 104403, https://doi.org/10.1103/
PhysRevB.95.104403 (2017).
18. Li, S. et al. Deterministic spin-orbit torque induced magnetization reversal in Pt/[Co/Ni] n/Co/Ta multilayer Hall bars. Scientific
reports 7,972 (2017).
19. Luo, E et al. Characterizing the spin orbit torque field-like term in in-plane magnetic system using transverse field. Journal of Applied
Physics 120, 083908 (2016).
20. Saitoh, E., Ueda, M., Miyajima, H. & Tatara, G. Conversion of spin current into charge current at room temperature: Inverse spin-
Hall effect. Applied physics letters 88, 182509 (2006).
21. Liu, L., Moriyama, T., Ralph, D. & Buhrman, R. Spin-torque ferromagnetic resonance induced by the spin Hall effect. Physical review
letters 106, 036601 (2011).
22. Phu, P. et al. Bolometric ferromagnetic resonance techniques for characterising spin-Hall effect at high temperatures. Journal of
Magnetism and Magnetic Materials 485, 304-307 (2019).
23. Slaughter, J. et al. In 2016 IEEE International Electron Devices Meeting (IEDM). 21.25. 21-21.25. 24 (IEEE).
24. Law, W. et al. High temperature ferromagnetic resonance study on pMT] stacks with diffusion barrier layers. Journal of Physics D:
Applied Physics 51, 405001 (2018).
25. Kurebayashi, H. et al. An antidamping spin—orbit torque originating from the Berry curvature. Nature nanotechnology 9, 211 (2014).
26. Kittel, C. On the theory of ferromagnetic resonance absorption. Physical Review 73, 155 (1948).
27. Geissler, J. et al. Pt magnetization profile in a Pt/Co bilayer studied by resonant magnetic x-ray reflectometry. Physical Review B 65,
020405, https://doi.org/10.1103/PhysRevB.65.020405 (2001).
28. Belmeguenai, M. et al. Co 2 FeAl thin films grown on MgO substrates: Correlation between static, dynamic, and structural
properties. Physical Review B 87, 184431 (2013).
29. Mosendz, O. et al. Detection and quantification of inverse spin Hall effect from spin pumping in permalloy/normal metal bilayers.
Physical Review B 82, 214403, https://doi.org/10.1103/PhysRevB.82.214403 (2010).
30. Shaw, J. M., Nembach, H. T. & Silva, T. ]. Determination of spin pumping as a source of linewidth in sputtered Co 90 Fe 10/Pd
multilayers by use of broadband ferromagnetic resonance spectroscopy. Physical Review B 85, 054412 (2012).
31. Koyama, T., Guan, Y., Hibino, Y., Suzuki, M. & Chiba, D. Magnetization switching by spin-orbit torque in Pt with proximity-induced
magnetic moment. Journal of Applied Physics 121, 123903 (2017).
32. Ferrer, S. et al. Surface x-ray diffraction from C o/P t (111) ultrathin films and alloys: Structure and magnetism. Physical Review B
56, 9848 (1997).
33. Bouloussa, H. et al. Pt concentration dependence of the interfacial Dzyaloshinskii-Moriya interaction, the Gilbert damping
parameter and the magnetic anisotropy in Py/Cul— xPtx systems. Journal of Physics D: Applied Physics 52, 055001 (2018).
34. White, T., Bailey, T., Pierce, M. & Miller, C. W. Strong Spin Pumping in Permalloy-Iridium Heterostructures. IEEE Magnetics Letters
8,1-4 (2017).
35. Zhu, L., Ralph, D. C. & Buhrman, R. A. Highly Efficient Spin-Current Generation by the Spin Hall Effect in Au 1— x Pt x. Physical
Review Applied 10, 031001 (2018).
36. Verhagen, T. et al. Temperature dependence of spin pumping and Gilbert damping in thin Co/Pt bilayers. Journal of Physics:
Condensed Matter 28, 056004 (2016).
37. Huang, L., He, S., Yap, Q. J. & Lim, S. T. Engineering magnetic heterostructures to obtain large spin Hall efficiency for spin-orbit
torque devices. Applied Physics Letters 113, 022402 (2018).

SCIENTIFIC REPORTS |

(2020) 10:9631 | https://doi.org/10.1038/s41598-020-66762-8


https://doi.org/10.1038/s41598-020-66762-8
https://doi.org/10.1103/PhysRevB.95.104403
https://doi.org/10.1103/PhysRevB.95.104403
https://doi.org/10.1103/PhysRevB.65.020405
https://doi.org/10.1103/PhysRevB.82.214403

www.nature.com/scientificreports/

38. Skowronski, W. et al. Determination of Spin Hall Angle in Heavy-Metal/Co— Fe— B-Based Heterostructures with Interfacial Spin-
Orbit Fields. Physical Review Applied 11, 024039 (2019).

39. Liu, E. et al. Strain-Enhanced Charge-to-Spin Conversion in Ta/Fe/Pt Multilayers Grown on Flexible Mica Substrate. Physical
Review Applied 12, 044074 (2019).

40. Woo, S., Mann, M., Tan, A. ., Caretta, L. & Beach, G. S. Enhanced spin-orbit torques in Pt/Co/Ta heterostructures. Applied Physics
Letters 105, 212404 (2014).

41. Fert, A. & Levy, P. M. Spin Hall Effect Induced by Resonant Scattering on Impurities in Metals. Physical Review Letters 106, 157208,
https://doi.org/10.1103/PhysRevLett.106.157208 (2011).

42. Lowitzer, S. et al. Extrinsic and Intrinsic Contributions to the Spin Hall Effect of Alloys. Physical Review Letters 106, 056601, https://
doi.org/10.1103/PhysRevLett.106.056601 (2011).

43. Hoffmann, A. Spin Hall effects in metals. IEEE transactions on magnetics 49, 5172-5193 (2013).

44. Wang, X., Pauyac, C. O. & Manchon, A. Spin-orbit-coupled transport and spin torque in a ferromagnetic heterostructure. Physical
Review B 89, 054405 (2014).

45. Wang, Y., Deorani, P, Qiu, X., Kwon, J. H. & Yang, H. Determination of intrinsic spin Hall angle in Pt. Applied Physics Letters 105,
152412 (2014).

46. Zhang, W,, Han, W, Jiang, X., Yang, S.-H. & Parkin, S. S. Role of transparency of platinum-ferromagnet interfaces in determining
the intrinsic magnitude of the spin Hall effect. Nature Physics 11, 496 (2015).

Acknowledgements

The work was supported by the Singapore National Research Foundation, under a Competitive Research
Programme (Non-volatile Magnetic Logic and Memory Integrated Circuit Devices, NRF-CRP9-2011-01), and
an Industry-IHL Partnership Program (NRF2015-1IP001-001). The support from an EDB-IPP Program (RCA
-17/284) and a RIE2020 AME IAF-ICP Grant (No. I1801E0030) are also acknowledged.

Author contributions

G.D.H. Wong conceived the idea and designed this work. W.C. Law, EN. Tan and W.L. Gan assisted in the
development of the experimental setup. W.C. Law, C.C.I. Ang and Z. Xu made scientific comments on the result.
W.S. Lew and C.S. Seet coordinated and supervised the entire work. All authors contributed to the discussion and
manuscript writing.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary information is available for this paper at https://doi.org/10.1038/s41598-020-66762-8.

Correspondence and requests for materials should be addressed to W.S.L.
Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2020

SCIENTIFIC REPORTS |

(2020) 10:9631 | https://doi.org/10.1038/s41598-020-66762-8


https://doi.org/10.1038/s41598-020-66762-8
https://doi.org/10.1103/PhysRevLett.106.157208
https://doi.org/10.1103/PhysRevLett.106.056601
https://doi.org/10.1103/PhysRevLett.106.056601
https://doi.org/10.1038/s41598-020-66762-8
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Thermal behavior of spin-current generation in PtxCu1-x devices characterized through spin-torque ferromagnetic resonance

	Results

	High temperature ST-FMR measurements. 
	Temperature dependence of Gilbert damping. 
	Temperature dependence of spin Hall efficiency. 
	Spin transparency and switching current density relation. 

	Methods

	Sample preparation. 
	ST-FMR characterization. 

	Acknowledgements

	Figure 1 (a) Schematic illustration of high temperature ST-FMR setup.
	Figure 2 (a) Measured ST-FMR spectra of Pt60Cu40(5 nm)/Co(5 nm)/Ta(5 nm) trilayer device for frequency from 6 to 15 GHz with nominal input power of 18 dBm.
	Figure 3 (a) Contour plot of for PtxCu1−x (5 nm)/Co(5 nm)/Ta(5 nm) trilayer device with temperature for varying Pt concentrations.
	Figure 4 (a) Contour plot of for PtxCu1−x (5 nm)/Co(5 nm)/Ta(5 nm) trilayer device with temperature for varying Pt concentrations.
	Fi﻿gure 5 (a) Contour plot of ratio for PtxCu1−x(5 nm)/Co(5 nm)/Ta(5 nm) trilayer device with temperature.




