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Abstract

The thickness, temperature and composition studies of spin diffusion length (SDL) and spin Hall

angle (SHA) are performed by measuring the spin Hall magnetoresistance in Pd1−xPtx/Y3Fe5O12

(=YIG) heterostructures. The SDL is found to be invariant to changes in the electron momentum

relaxation time by varying the temperature, the NM thickness, or the alloy composition, while the

SHA exhibits a non-monotonic dependence on temperature. These findings suggest the appearance of

D’yakonov-Perel’ spin relaxation mechanism and phonon skew scattering in our heterostructures that

is associated with strong interfacial Rashba spin orbit coupling (IRSOC). At last, we employ the ab

initio calculations to quantify the IRSOC at the inversion symmetry broken NM/YIG interface.
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Introduction

In normal metal (NM)/ferromagnet (FM) heterostructures, spin orbit coupling (SOC) effect

leads to interconversion between the charge and spin currents and drives many exotic phenom-

ena, spin orbit torque1–3, Dzyaloshinskii-Moriya interaction4, terahertz emission5, spin Hall

magnetoresistance6, etc. The charge to spin current interconversion is usually described by two

material parameters, namely, spin Hall angle (SHA) and spin diffusion length (SDL). The SHA

determines the conversion efficiency between charge and spin currents, while the parameter SDL

gives the length scale over which the non-equilibrium spins can maintain their spin state and is

closely correlated with the spin relaxation process7–9. It is noted that the SDL is also an essen-

tial precondition for the understanding of the SHA because they are entangled in experiments

of the charge-spin current conversion6,10–14. Although the SDL in NM/FM heterostructures

has been studied extensively in both experiments and theory15–19, results are still controver-

sial. The measured values for Pt/FM heterostructures spread in a large range7–9. Moreover,

different temperature (T) dependencies of SDL in Pt/Y3Fe5O12(YIG) have been reported 18,19.

The puzzle in the SDL is caused by intricate mechanisms of spin relaxation process, e.g., the

Elliott-Yafet (E-Y) mechanism or/and the D’yakonov-Perel’ (D-P) mechanism17,18,20–23.

In the E-Y mechanism for bulk materials with inversion symmetry24–26, the spin flip oc-

curs after subsequent impurity scatterings which is schematically shown in Fig. 1(a). The spin

relaxation time τs,EY reads the following equation

1

τs,EY
≈ α

τe
, (1)

where τe is the relaxation time of electron momentum in bulk materials, and the parameter α

is proportional to ξ2 with the bulk SOC strength ξ in the perturbation theory7,8,24–27.

The D-P mechanism of the spin relaxation process may play an noneligible role in NM/FM

heterostructures because of the broken inversion symmetry at interfaces27–29. Although the

charge potential is screened at the NM surface (within Thomas-Fermi screening length), the

interfacial asymmetry still can actively influence the metal interior within the electron phase

relaxation length21,22,30,31. In D-P spin relaxation, the spin coherence is lost between successive

scattering events due to the spin precession, as schematically shown in Fig. 1(b), and the spin
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FIG. 1: Schematics of the spin relaxation processes in the E-Y24–26 (a) and the D-P (b) models28,29.

(c) The correlation between the entire spin relaxation time τs and the sheet resistivity ρ (1/d, 1/τe).

The D-P and the E-Y contributions, drawn as τs,DP and τs,EY , are also shown. Here, d and τe are

the NM layer thickness and the relaxation time of electron momentum, respectively.

relaxation time is given by the following equation

1

τs,DP

= τe〈Ω2
k〉, (2)

where the electron wave-vector dependent Larmor frequency 〈Ω2
k〉 ∝ ξ2R, with ξR being the

interfacial Rashba SOC (IRSOC) strength. The prerequisite for Eq. 2 is τeΩk ≪ 1.0. The

Rashba Hamiltonian is defined in the equation HR = ξR(
−→z × −→p ) · −→σ with the electron mo-

mentum −→p and the vector of Pauli spin matrices −→σ 7,8,32. In general, the entire spin scattering

rate in NM/FM heterostructures can be described by the following equation, 1

τs
= a1ρ+ b1/ρ,

where the first and the second terms refer to the E-Y and the D-P models, respectively. The
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entire spin relaxation time τs changes nonmonotonically with the sheet resistivity, as shown in

Fig. 1(c), where the parameters a1 = 0.01 and b1 = 100.

According to the theoretical model proposed by Valet and Fert33, one has the SDL

λsd =
√
Dτs, where the electron diffusion coefficient D depends on the Fermi velocity vF

as D = τev
2
F and τs is the entire spin relaxation time. Therefore, regardless the mechanism

of the spin relaxation process, either the E-Y model, the D-P one, or both24,26, it is neces-

sary to study the SDL as a function of both the relaxation time of electron momentum and

the (bulk or/and interfacial) SOC. In this work, we study the SDL and SHA in Pd1−xPtx

(PdPt)(top)/insulating-Y3Fe5O12 (YIG) heterostructures on [111]-oriented single crystalline

Gd3Ga5O12 (GGG) substrates and provide adequate insight into the underlying spin relaxation

mechanism.
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FIG. 2: Typical XPS results of Pd1−xPtx with x = 0.40 (a). Small angle XRR of 15 nm thick PdPt

layer (b). Large angle XRD for 80 nm thick YIG film (c) and PdPt layer (d). For YIG film, Φ and Ψ

scans with a fixed 2θ for the (004) reflection (e) and magnetization hysteresis loop (f). The resistivity

ρ0 versus 1/d at 25 K and 250 K for Pd0.1Pt0.9/YIG heterostructure (g). In the inset of (b), small

angle XRR of 80 nm thick YIG layer is shown.
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Experiments

80 nm thick single-crystal Y3Fe5O12 (YIG) films were grown on [111]-oriented single crys-

talline GGG substrates from a stoichiometric polycrystalline target via pulsed laser deposition

(PLD). PdPt alloy layers were then deposited at ambient temperature on YIG thin films by

DC magnetron sputtering in ultrahigh vacuum. The films were patterned into normal Hall bar

and the longitudinal resistivity ρxx was measured by physical property measurement system

(PPMS). The alloy composition of PdPt was measured by x-ray photoelectron spectroscopy

(XPS, Kratos AXIS DLD). Typical results are shown in Fig. 2(a). The film thickness and

microstructure were characterized by X-ray reflection (XRR) and X-ray diffraction (XRD), re-

spectively, using a D8 Discover X-ray diffractometer with Cu Kα radiation. The XRR spectra

in Fig. 2 (b) show that YIG and PdPt are 80 ± 2 and 15 ± 1 nm in thickness, respectively.

Remarkably, the multi-oscillations and the lasting signal until very high 2θ in XRR spectra

demonstrate the good surface roughness of the films of different composition. Figure 2(c)

shows the XRD peaks at 2θ = 50.62 and 117.45 degrees corresponding to (444) and (888)

orientations in YIG films. PdPt layers are polycrystalline with [111] preferred orientation, as

shown in Fig. 2(d). Epitaxial growth of the YIG on GGG was verified by Φ and Ψ scans with

2θ fixed at 59.29 degrees for the (004) reflection of YIG film, as shown in Fig. 2(e). In-plane

magnetization hysteresis loops were measured at room temperature via vibrating sample mag-

netometer, as shown in Fig. 2(f). The spontaneous magnetization is found to be 136 emu/cm3,

close to the theoretical value. The coercivity is as small as 1.0 Oe. Fig. 2(g) shows the lin-

ear scaled resistivity ρ0 with 1/d for the x = 0.90 sample at 25 K and 250 K, suggesting the

continuity of the film for the studied thickness region.

Results and discussion

Utilization of PdPt alloy allows the continuous tuning of IRSOC with the alloy composi-

tion34. Significantly, the relaxation time of electron momentum can be adjusted by changing the

temperature, the NM layer thickness and, in particular, the alloy composition. The relaxation

time of electron momentum reaches a minimum at the intermediate alloy composition. Spin

Hall magnetoresistance (SMR), as a versatile approach to characterize the spin transport6, is

employed to measure the SDL and the SHA. The longitudinal resistivity of the NM layer is
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FIG. 3: SMR measurement (a) and typical angular dependent SMR in Pt(4 nm)/YIG(80 nm) (b).

Here, the FM magnetization is almost saturated along the external magnetic field of 50.0 kOe. The

solid line refers to the fitting according to the SMR theory6,13,14.

given as13,14

ρxx = ρ+∆ρm2
t , (3)

where ρ refers to the longitudinal resistivity of NM/FM heterostructures at zero external mag-

netic field and the y-axis component of the magnetization unit vector mt is perpendicular to

the charge current, as shown in Fig. 3(a). As the external magnetic field rotates in the yz plane,

the sheet resistivity ρxx obeys the Eq. 3, as shown in Fig. 3(b).

Figure 4 shows the SMR ratio of Pt/YIG and Pd0.60Pt0.40/YIG as a function of the NM

layer thickness (d) at various temperatures. For the two systems, the SMR ratio ∆ρ/ρ at all

temperatures changes non-monotonically with d, due to the decay of spin current density along

the film normal direction. The magnitude of the SMR peak changes weakly at low tempera-

tures and strongly at high temperatures for both Pt/YIG and PdPt/YIG. Moreover, the SMR

in Pt/YIG is larger than that of PdPt/YIG. The observed results can be fitted by the following

equation13

∆ρ/ρ = θ2SH
λsd

d

tanh2(d/2λsd)

1/2ρλsdGr + coth(d/λsd)
, (4)

where the measured sheet resistivity ρ of the heterostructures at all temperatures changes as a

linear function of 1/d, as shown in Fig. 2(g). The real part of the spin mixing conductance Gr

at the NM/FM interface is assumed to be independent of the NM layer thickness12. Here, Gr at

room temperature was measured by spin pumping and ferromagnetic resonance techniques. The
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FIG. 4: SMR ratio of Pt/YIG (left column) and Pd0.60Pt0.40/YIG (right column) as a function of the

NM layer thickness d at different temperatures. Solid lines represent the fitting results according to

the SMR theory13, in combination of the D-P model. The SDL λsd at all temperatures is fitted to

be 1.15 ± 0.02 nm and 1.56 ± 0.02 nm for Pt/YIG and Pd0.60Pt0.40/YIG, respectively. The inset

numbers refer to measurement temperatures.

ferromagnetic resonance spectra of YIG and PdPt/YIG were measured at f = 9.0 GHz, and

then the resonance linewidth and thus the spin mixing conductance were obtained with Eq.4.

Previous studies have shown that Gr below 300 K is approximately independent of temperature

within experimental error12,19,35,36. Therefore, it is reasonable to assume the constant spin

mixing conductance below room temperature and the value of Gr at low temperatures is taken

as that of room temperature in the present work.
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Gr =
4πγMstFM

gµBω
(∆HNM/FM −∆HFM), (5)

where tFM and Ms are the FM layer thickness and the FM magnetization, respectively. The

results of Gr as a function of the Pt atomic concentration are given in table I.

Pt atomic concentration x = 0 0.10 0.40 0.90 1.0
Gr (1018/m2) 1.09 1.94 3.47 4.8 8.05

TABLE I: Spin mixing conductance of PdPt/YIG at room temperature37

Nonlinear least-square algorithms were employed to fit the measured thickness dependence

of the SMR ratio for PdPt/YIG. The R-Square is used to reflect the degree of correlation

between measured data and fitted data, as a key parameter in statistical mechanics. When

the R-Square is in the region of 0.9-1.0, the fitting results are close to the experimental

ones. Moreover, In order to disentangle the SHA and the SDL in Eq.4 for the SMR, the

SHA θSH is generally proved to be independent of the NM layer thickness in the fitting

procedure12–14,36,38. A similar approach is adopted in the present work. Furthermore, at a

specific temperature, the SMR results can be fitted by a single value of λsd, as shown in Fig. 4.

The most remarkable observation is that, as marked by the vertical dash lines, the SMR peaks

at different temperatures occur at the same d for both Pt and PdPt systems. As the position

of the SMR peak is suggested to be determined by the ratio d/λsd
19,39, it is indicated that λsd

is also independent of temperature. Therefore, the SDL is independent of the relaxation time

of electron momentum with varying temperature or d, in accordance with the D-P model.

Finally, λsd at all temperatures is fitted to be 1.15 ± 0.02 nm and 1.56 ± 0.02 nm, 3.55 ± 0.32

nm, and the SHA at 250 K is equal to 0.14, 0.098, and 0.061 for Pt/YIG, Pd0.60Pt0.40/YIG,

and Pd/YIG systems, respectively.

For NM/FM heterostructures, the entire spin scattering rate can be generally described by

the following equation22, 1

τs
= α

τe
+ 〈Ω2

k〉τe, according to Eqs. 1 and 2, where the parameters

α and 〈Ω2
k〉 depend on the strengths of the bulk SOC and the IRSOC, respectively. In order

to gain insight into the spin relaxation mechanism, the measured SMR results of Pt/YIG and

Pd/YIG are fitted by considering the different fractal contributions of D-P and E-Y models to

the SDL. As shown in Fig. 5, for either Pt/YIG or Pd/YIG, the SMR in the large d region
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(c,d) at 250 K. The values of the spin mixing conductance Gr in table I are used.

can be well fitted with different combinations of α and Ωk. However, in the small d region, the

experimental data can be better fitted by reducing the E-Y one and highlighting the fractal

contribution from the D-P model. These results indicate that the D-P mechanism has an

unnegligible contribution for the spin relaxation in NM/YIG heterostructures.

The calculations based on the D-P model, as shown in Fig. 6(a), reproduce well another

major feature that the SMR peak does not shift with temperature, as shown in Fig. 4. Since

τs ∝ 1/τe in the D-P model and D ∝ τe, λsd is independent of both d and T , as shown in

Fig. 6(b), although τe strongly depends on d and T . On the other hand, as τs ∝ τe for the

E-Y model24–26, the SMR peak would exhibit a shift with temperature, as shown in Fig. 6(c).

The shift amplitude depends on both σ and τe which in turn relies on the film quality. Since

λsd ∝ τe, λsd changes with both d and T , as shown in Fig. 6(d).

Figure 7 summarizes effects of the temperature, the NM layer thickness, and the Pt

concentration on the spin relaxation time. In order to obtain the electron diffusion coefficient

D, ordinary Hall effect of PdPt/YIG was measured, under the external magnetic field H

perpendicular to the film plane. At high H , the Hall voltage VH changes as a linear function of

B. The Hall coefficient RH can be calculated by the equation RH = ddRxy

dB
with the NM layer

thickness d, Hall resistance Rxy = VH/I and sensing current I. Then, one has the Hall mobility
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(a, b) and the E-Y (c, d) mechanisms. In (a, b, c, d), the SDL λsd =
√
Dτs. In (a, c), the SMR is

calculated from Eq. 4, assuming the SHA θSH = 1.0. τs in (a, b) and (c, d) is, respectively, calculated

by Eqs. 2 and 1, where τe = D/v2F , vF =
√

2EF /m, EF = 7.0 eV, and m refers to the mass of free

electrons. The parameters α = 0 and 〈Ω2
k〉 = 3× 1029 s−2 in (a, b), and α = 0.1 and 〈Ω2

k〉 = 0 in (c,

d). The values of D and Gr of Pd/YIG were measured, as shown below.

µH = RHσ with the electric conductivity σ, and finally the diffusion coefficient22 D = EFµH

e

with EF = 7.0 eV for Pd. For PdPt/YIG, the SDL is fixed as a function of temperature, as

shown in Fig. 7(a). The phonon induced scattering of electron momentum becomes strong at

high T and the relaxation time of electron momentum τe becomes short. Since D ∝ τe, D in

Pd (15.0 nm)/YIG is reduced at high T , as shown in Fig. 7(b). With the data of λsd and D,

the spin relaxation time τs in Pd (15.0 nm)/YIG can be evaluated by virtue of λsd =
√
Dτs,

as shown in Fig. 7(c). Since 1/D at a specific temperature, such as 5 K, is a linear function

of 1/d, τs changes linearly with 1/d, as shown in Figs. 7(d)- 7(e). The interfacial and the bulk

spin relaxation times can be clearly separated because τs ∝ 1/τe in the D-P model and the

entire electron scattering rate 1/τe is contributed by the interfacial and the bulk ones. The

bulk part of 1/τe at 5 K is contributed by defects and impurities in the interior layers. The

reduction of the NM thickness results in a shorter τe and hence prevents the spin flip occurring

between two successive collisions. Therefore the total spin relaxation time τs increases on
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FIG. 7: Temperature dependencies of λsd (a) in PdPt/YIG with the Pt atomic concentration x = 0

(black solid boxes), x = 0.40 (red solid circles) and x = 1.0 (green solid uptriangle). For Pd/YIG, D

(b) and τs (c) versus T at d = 15.0 nm, 1/D (d) and τs (e) versus 1/d at 5 K. Pt atomic concentration

x dependencies of λsd (f), D (g), and τs (h) at 5 K in PdPt (15.0 nm)/YIG. Solid lines serve a guide

to the eye in (b, c, f, g, h) and linear fitting results in (a, d, e). The inset in (e) schematically shows

the IRSOC induced spin relaxation process for electrons within the column of the height being the

mean free path, i.e., λe (=vF τe). In (f), the values of the SDL, taken from other research groups, are

given for comparison, including 1.0 nm (open downtriangle)40, 1.1 nm (open uptriangle)14, 1.2 nm

(open circle)10,19, 1.5 nm (open box)13,35,36. The error bars in (a) and (f) are obtained from the fitting

procedure of the NM layer thickness dependencies of the SMR ratio. The R-square is in the region of

0.85-0.97.

decreasing NM layer thickness.

Figure 7(f) shows that λsd of PdPt(15.0 nm)/YIG, at 5 K, decreases with increasing

Pt concentration, where the excitation of phonons is significantly suppressed at low tem-

peratures. The SDL value of the present Pt/YIG agrees with the results of other research

groups10,13,14,19,35,36,40. The parameter D reaches a minimum at the intermediate alloy

composition, as shown in Fig. 7(g), owing to the random distribution of Pd and Pt atoms.

In the E-Y and the D-P models, τs,EY ∝ ξ−2 and τs,DP ∝ ξ−2
R , as shown in Eqs. 1 and 2,

thus λsd ∝ 1/ξ and 1/ξR, respectively. ξ and ξR increase with increasing x, as shown in the

appendix, leading to the reduction of λsd for large x in the two models. The SDL in the
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D-P model is expected to decrease monotonically with increasing x, in agreement with the

results in Fig. 7(f), because it is independent of either τe or D. In contrast, with the E-Y

model, τs,EY ∝ τe and thus λsd ∝ D. The SDL is expected to change nonmonotonically with

x after considering the combined effect of the electron momentum scattering and the bulk

SOC. Figure 7(h) shows τs(Pd)=5.63 fs, τs(Pt)=0.708 fs, and the ratio τs(Pd)/τs(Pt) = 7.95,

slightly larger than the theoretical value of 5.78 from Eq. 2, where ξR(Pd)/ξR(Pt) = 0.364, as

taken from ab. initio calculations in the appendix, and τe(Pd)/τe(Pt) ≈ D(Pd)/D(Pt) = 1.29.

In quantitative explanations of the SDL behavior, other factors should also be considered. For

example, the Fermi surface shape, the Fermi energy, and the effective mass of electrons may

change with the Pt concentration41–43. Moreover, additional interfacial spin flip scattering,

induced by the spin-spin exchange interaction at the magnetic atoms near the interface, should

also be taken into account27.

Figure 8 summarizes the results of the SHA. It changes nonmonotonically as a function of

temperature and the maximum shifts towards high temperatures for high Pt concentrations,

as shown in Figs. 8(a)-8(c). The SHA obeys the following scaling law, i.e., θSH = a + bρ

with a being the skew scattering parameter and b being contributed by the side-jump and

the intrinsic terms8, in a similar way for anomalous Hall effect44,45. Gorini et al.46 have

theoretically shown that in the presence of IRSOC at the interface between insulator and soft

alloy with the Debye temperatures below 300 K, the SHA from the phonon skew scattering, a,

decreases at high temperatures. Meanwhile, the SHA from the linear term, i.e., bρ, increases

with increasing temperature47. When the extrinsic contributions from the skew scattering and

the side-jump at high temperatures are comparable with or smaller than the intrinsic term,

the SHA is expected to exhibit a broad maximum as a function of temperature, as shown

in Fig. 2 of Ref. 46. The measured nonmonotonic variation of the SHA in Figs. 8(a)- 8(c)

eventually verifies the contribution from the phonon skew scattering46 and the vital effect

of the IRSOC, in a good agreement with the D-P spin relaxation process in the present

PdPt/YIG. In comparison, the SHA values of Pt/YIG at room temperature are also given

from other research groups14,35,36,38,40,48.

It is of great interest to address the nonmonotonic variation of the SHA with the Pt

concentration x in Fig. 8(d). At all temperatures, the SHA exhibits a maximum at x = 0.90.

Since the spin relaxation process arises from the interplay between the IRSOC and the

scattering of electron momentum, the SHA characteristics are also strongly related to above

12
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FIG. 8: Temperature dependence of SHA for the Pt concentration x = 1.0 (a), 0.40 (b), and 0 (c).

Dependencies of SHA (d) and ρ (e) on the Pt concentration. Solid lines serve a guide to the eye. In (a),

data taken from other research groups, are given for comparison, including 0.08 (open diamond)14,

0.097 (open downtriangle)40, 0.10 (open uptriangle)38, 0.11 (open circle)13,35,36, 0.13 (open box)48.

The error bars in (a)-(c) are obtained by the fitting procedure of the NM layer thickness dependencies

of the SMR ratio. The R-square is in the region of 0.85-0.97.

two ingredients. In particular, in view of the short SDL, the large SHA in the present

PdPt/YIG is dominated by the NM atomic layers near the interface, with a minor contribution

from the interior layers16,47,49,50. At a specific temperature, the SHA is expected to show

a similar variation trend for the sheet resistivity51,52, exhibiting a broad maximum at the

intermediate alloy composition due to the random distribution of Pt and Pd atoms, as shown

in Fig. 8(e). On the other hand, the IRSOC strength ξR increases monotonically with x, as

shown in the appendix, leading to the enhancement of the parameters a and b. Because of the

combined effect of the IRSOC and the sheet resistivity, the SHA maximum is shifted towards

larger x, compared with that of the sheet resistivity in Fig. 8(e).

The identification of the SDL mechanism allows to solve the big discrepancy in the SDL

and the SHA between heterostructures and nonlocal spin valves6,10,22,40,53,54. The temperature

dependence of the SDL in the present heterostructures is distinctly different from the results

in nonlocal spin valves15,18,40,53. In the former case, i.e., NM/FM heterostructures, the spin

relaxation process is influenced by the D-P model that enabled by the symmetry broken

interface and the SDL exhibits weak temperature dependence. In the latter case, the spin

13



current travels in NM nanowires with a minor effect from the interface, the spin relaxation

process obeys the E-Y model, and the SDL exhibits strong temperature dependence54.

Accordingly, the diversity of the temperature dependence of the SDL in various systems arises

from the different spin relaxation mechanisms. Meanwhile, the SHA in Pt/YIG is larger than

that of NiFe/Pt/NiFe nonlocal spin valves because for NM/FM heterostructures, the IRSOC

adequately contributes to the SHA whereas for nonlocal spin valves, the SHA is dominated by

the bulk one6,10,40,53,54.

The SDL and the SHA in NM/FM heterostructures can be tuned by the magnitudes of the

IRSOC and the scattering rate of the electron momentum which in turn depend on intrinsic

physics properties of the NM layer and on the fabrication condition3. For example, the SDL is

4.6 nm in Au/YIG51 and 1.05-3.60 nm in the present PdPt/YIG because most electrons near

the Fermi energy are s ones with the orbital quantum number L = 0 in Au and d ones with

L = 2 in PdPt, leading to small and large IRSOC in Au/YIG and PdPt/YIG, respectively.

Moreover, for low (high) scattering rate of electron momentum 1/τe and sheet resistivity,

the spin relaxation process is mainly dominated by the D-P (E-Y) model, and the SHA is

controlled by the interfacial (bulk) physics properties of the NM layer. When the E-Y and

the D-P spin relaxation times are comparable at intermediate electron scattering rates, the

interfacial and the bulk contributions should both be considered in the SDL and the SHA22.

For example, the SMR magnitude of Pd/YIG, reported by Lin et al39,47, is about 10−4, much

smaller than the present values of 10−3. Since the IRSOC and the sheet resistivity strongly

depend on the interfacial morphology such as the roughness at Pd/YIG interface and the

microstructure of the Pd layer, respectively, the big discrepancy can be attributed to different

fabrication conditions.

It is significant to compare the results of the SHA and the SDL in the present work to others

in literatures. Apparently, the SHA value of the present Pt/YG at room temperature, 0.129,

is close to existing experimental values, such as 0.0814, 0.09740, 0.1038, 0.1113,35,36, 0.1348 for

Pt/YIG heterostructures, as shown in Fig. 8(a). The value of the SDL, 1.08 nm, is also close

to existing experimental values, such as 1.0 nm (open downtowards triangle)40, 1.1 nm (open

upwards triangle)14, 1.2 nm (open circles)10,19, 1.5 nm (open box)13,35,36, as shown in Fig. 7(f).

Most of studies have shown the SDL of Pt/YIG falls in the region of 0.5 nm to 1.4 nm55. In

general, the values of the SHA and the SDL in heterostructures are larger/longer than those of

nonlocal systems, highly likely due to other interface effects55. In nonlocal systems, the SHA

14



and the SDL are closer to those of bulk values56, where the SHA is as small as 0.02 and the

SDL is as long as 5.5-10.0 nm20,56,57. In the present work, the interface effects, such as, the

spin memory loss and the local distribution of the SHA near the interface, are not considered.

These approximations may have a great impact on the fitted values of the SHA and the

SDL16,47,58. These interface effects should be included in future studies of the relaxation

mechanism of the pure spin current. Moreover, in the present work, the SHA is assumed to

be independent of the NM layer thickness. The approximation may also have a great impact

on the fitting results and the dependence of the SHA on the NM layer thickness should be

rigorously studied in the future in order to better understand the relaxation mechanism of the

pure spin current.

To summarize, the SDL in PdPt/insulating-YIG is found to be independent of both the

temperature and the NM layer thickness, and it decreases monotonically by substituting Pd

with heavier Pt atoms. These results indicate the contribution of D-P mechanism in the spin

relaxation process due to the IRSOC in NM/FM heterostructures. The nonmonotonic variation

of the SHA with temperature is attributed to the combined effect of IRSOC and phonon skew

scattering. The temperature-invariance of the SDL and the temperature dependence of the

SHA in PdPt/YIG are shown to arise from an identical physics mechanism, i.e., the IRSOC

due to the broken symmetry at the NM/FM interface. The present work sheds light on a

more comprehensive understanding of spin transport process in NM/FM heterostructures and

facilitates the design of the new generation spin orbit torque devices.
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Appendix: Ab initio calculation of interfacial Rashba spin orbit coupling in PdPt/YIG

To quantify the IRSOC strength of PdPt alloys, we performed first-principles calculations

using the projected augmented plane-wave method59,60 as implemented in the Vienna ab initio

simulation package (VASP)61. For brevity of analysis, we constructed a 3-layer slab structure of

PdPt alloy, as shown in Fig. 9(a) and the effect of YIG was represented by applying an external

electric field (0.1 eV/Å). To eliminate the interaction between supercells, they are separated

by a 10 Å vacuum. The exchange correlation of electrons is approximated at the level of the

generalized gradient approximation (GGA) in the form of Perdew-Burke-Ernzerhof62. SOC is

included in the self-consistent calculations. The energy cutoff for the plane-wave expansion was

set at 300 eV. We adopted a 25 ∗ 25 ∗ 1 k-point grid to sample the two-dimensional Brillouin

zone. Atomic relaxation was carried out until the forces were less than less than 0.01 eV/Å.

Since the IRSOC trend obtained in experiments is estimated from the transport measure-

ment where the electrical signal is mainly determined by the states near the Fermi level, we

focus on how metallic states behave under the broken inversion symmetry. Degenerated states

of two spins start to split when an external electric field is applied as shown in Fig. 9(b). The

momentum separation between spin up and down states is proportional to the strength of IR-

SOC in accordance with the Rashba Hamiltonian63. Therefore, the integration of spin splitting

for all states that cross the Fermi level is a convincing criterion for the quantification of the

IRSOC in PdPt alloys. For a certain Pt concentration (x), we defined momentum splitting

(∆kFx) which is given as where i is the state index and k is the Fermi momentum [Fig. 9(c),

inset]. To compare the IRSOC strengths of PdPt alloys, we plotted normalized momentum

splitting (∆kFx/∆kF0 ) as a function of Pt concentration [Fig. 9(c)]. As a result, we found the

similar trend of the IRSOC as estimated from the experimental data in Fig. 7(f) and Fig. 8(d).

Therefore, we can conclude that the IRSOC is enhanced by the increase of Pt concentration

in PdPt alloys. Moreover, the bulk SOC in PdPt alloys also increases with increasing x, as

shown in Fig. 1037. Note that other factors such as the induced magnetization in Pd/Pt atoms

and the Pt(Pd)-YIG hybridization are not included in the present study. Furthermore, we used

only symmetric models with alternating Pt/Pd layers so as to eliminate the artificial Rashba
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(a) (b)

(c)

FIG. 9: (a) Schematic pictures of 3-layer slab structure of PdPt alloy. (b) Calculated band structure

of Pt thin film when 0.1 eV/Å of electric field is applied. Spin up (down) states are marked by

red (blue) dots. (c) The variation of normalized momentum splitting in PdPt with Pt concentration

x. ∆kFx represents the summation of momentum splitting between spin up and down states at the

Fermi level for a certain Pt concentration x. Inset in (c) is a schematic band structure of PdPt alloys.

The momentum separation is produced by the IRSOC at the Fermi level. Spin up (down) states are

denoted by +(-).

SOC due to structural asymmetry. Therefore, the results of the DFT calculations should be

viewed as qualitative explanations of our observations. Nonetheless, the good agreement in

trend suggests that the driving force of IRSOC is the electric field on the YIG surface.
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and A. Manchon, Phys. Rev. B 93, 174421(2016)

22


