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Observation of giant interfacial spin Hall angle in Y3Fe5O12/Pt heterostructures
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By self-consistently resolving the disentanglement of the spin Hall angle (SHA) and the spin diffusion length
(SDL) through the ratio of Hanle and spin Hall magnetoresistances, the SHA in heavy metals has been for
the first time rigorously extracted. For Pt on ferromagnetic insulator Y3Fe5O12, the genuine SHA scales as an
exponential function of the Pt layer thickness. The spin Hall effect is proved to be dominated by the Berry-
phase-induced intrinsic mechanism. In particular, the giant interfacial SHA of 0.33 is observed and is attributed
to the broken-symmetry-induced nonspecular electronic scattering at the Y3Fe5O12/Pt interface. At last, the spin
relaxation process is found to be dominated by the Elliott-Yafet and D’yakonov-Perel’ mechanisms for thin and
thick Pt layers, respectively.

DOI: 10.1103/PhysRevB.100.064404

I. INTRODUCTION

With great prospects for new generation of information
storage, spin current devices have attracted immense attention
because Joule heat can be avoided during operation [1–3].
The performance of spin current devices is governed by
the generation and the propagation of pure spin current [4].
Arising from the spin Hall effect (SHE), the spin current
generation is determined by the spin Hall angle (SHA) of
heavy metals (HMs). Meanwhile, the propagation of the spin
current is governed by the spin diffusion length (SDL) of
HMs. Therefore, the SHA and the SDL are two critical pa-
rameters to control the pure-spin-current-related phenomena,
such as spin Hall magnetoresistance (SMR) [5,6], Hanle mag-
netoresistance (HMR) [7,8], spin pumping [9,10], and spin
transfer torque-ferromagnetic resonance [11].

Recently, the interfacial SHA has been theoretically pre-
dicted to be about 2 orders larger than the bulk one [12],
providing an encouraging route to enhance the spin-charge
conversion efficiency. However, the direct characterization of
interfacial SHA has still been rare in experiments. In order to
reveal the nature of interfacial SHA, it is essential to study the
SHE scaling law. The SHA is theoretically predicted to obey
the following linear scaling law [4,13]:

θSH = a + bρxx, (1)

where ρxx is the sheet resistivity of the HM layers, a refers
to the SHA contributed by the spin skew scattering process,
and b corresponds to the scattering-independent spin Hall
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conductivity (SHC) contributed by the intrinsic and extrinsic
side-jump terms. While the intrinsic term is caused by the
spin-orbit coupling (SOC)-induced Berry phase in k space
[14,15], the extrinsic skew scattering and side-jump terms
are related to the interaction between the disorder scattering
and the SOC [16–18]. However, up to now, there still have
been very few experimental advances to rigorously show the
scaling law in Eq. (1). The difficulty underlying above critical
issues is due to the fact that the SHA and the SDL are perpet-
ually entangled with each other in spin-current-related phe-
nomena [5,6,9–11]. For simplicity, most experimental studies
start out with the assumption that the SHA and the SDL are
both independent of the HM layer thickness.

In the present work, we first examine the SMR in Y3Fe5O12

(YIG)/Pt heterostructures to point out that the above assump-
tion of invariant SHA and SDL in the conventional approach
is oversimplified. Accordingly, we develop an innovative
approach to disentangle and extract the genuine SHA and
SDL of Pt through SMR and HMR [7,8]. It is found that
the SHA changes as an exponential function of the Pt layer
thickness. The interfacial SHA in YIG/Pt heterostructures
is observed to be as large as 0.33, about five times larger
than the bulk SHA of 0.07. Moreover, studies of scaling
laws show the dominance of the intrinsic SHE in the present
YIG/Pt system. Last, we elucidate the mechanism of the spin
relaxation process.

II. SAMPLE FABRICATION AND MEASUREMENTS

A series of high quality Y3Fe5O12 (YIG, 50 nm)/Pt het-
erostructures with different Pt layer thicknesses was prepared.
YIG layers were first fabricated on (111) Gd3Ga5O12 (GGG)
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FIG. 1. Schematic diagram of sample preparation. GGG sub-
strate was placed in the central location of the sample tray which was
kept rotating around its center during deposition (top). The symmet-
rically located small pieces 1 and 2 were prepared for ferromagnetic
resonance (FMR) measurements to minimize sample variation (cen-
ter). Piece 3 was used for magnetotransport measurements (bottom).

substrates with an area of 1.0 cm × 0.80 cm from a stoichio-
metric polycrystalline target by pulsed laser deposition (PLD)
at 625 ◦C. Post annealing was performed at 810 ◦C for 4 h
to promote epitaxial growth of YIG. The base pressure of
the PLD cavity was better than 2 × 10−6 Pa and the growth
rate of YIG was 0.33 Å/s. In order to avoid the run-to-run
error, each large YIG sample was then cut into three small
pieces, as shown in Fig. 1 . The Pt layer was then deposited on
small pieces 2 and 3 at ambient temperature by DC magnetron
sputtering, where the base pressure of the sputtering system
was greater than 2 × 10−6 Pa and the Ar pressure was 0.4 Pa
during deposition. The deposition rate of Pt was 0.68 Å/s.
Here, small pieces 1 and 2 were used for ferromagnetic reso-
nance (FMR) measurements of YIG single layers and YIG/Pt
heterostructures, respectively, and small piece 3 was used for
magnetic transport measurements of YIG/Pt heterostructures.
The film thickness and microstructure were characterized
at room temperature by x-ray reflection (XRR) and x-ray
diffraction (XRD), respectively, using a D8 Discover x-ray
diffractometer with Cu Kα radiation. The XRD results in
Figs. 2(a)–2(c) prove the epitaxial growth of the YIG (111)
layer on the GGG (111) substrate, which is further con-
firmed by the high-resolution transmission electron micro-
scope (HRTEM) and the selected area electron diffraction
(SAED) patterns in Figs. 2(d) and 2(e). Moreover, the magne-
tization of the YIG layer measured by a vibrating sample mag-
netometer was determined to be 150 emu/cm3. Measurements
of SMR and HMR were performed in the physical properties
measurement system. The gyromagnetic ratio of the YIG

FIG. 2. XRD of YIG/Pt bilayers (a). Pole figures of GGG (b) and
YIG (c). The HRTEM (d) and the SAED (e) patterns of YIG. Here,
all the measurements were made at room temperature.

layer and the spin mixing conductance (SMC) at the YIG/Pt
interface were measured by FMR technique with a coplanar
waveguide [19].

III. RESULTS AND DISCUSSION

FMR derivative spectra of YIG and YIG/Pt samples were
measured in the frequency ( f ) range from 4 to 18 GHz with
the aid of a coplanar waveguide. Typical spectra of YIG
and YIG/Pt in Fig. 3(a) were fitted by Lorentzian function
to obtain the resonance field and the peak-to-peak linewidth
�Hpp. By fitting the measured dispersion relation with the
Kittel equation [20], as shown in Fig. 3(b), the gyromagnetic
ratio γ of YIG and YIG/Pt was obtained to be 17.88 and
17.87 GHz/kOe, respectively. According to the relation γ =
μ0|e|
2m g, the Landé factor g ≈ 2.0. Next, the full-width at half

maximum (FWHM) linewidth �H was obtained by �H =√
3�Hpp. For YIG and YIG/Pt, �H changes as a function

of f , as shown in Fig. 3(c). The Gilbert damping parameter
α of YIG and YIG/Pt was determined to be 5.6 × 10−4 and
1.78 × 10−3 by the equation �H = �H0 + 4πα

γ
f , where �H0

arises from the inhomogeneity of the YIG layer [21].
The real part Gr of the SMC at the YIG/Pt interface

in Fig. 3(d) is directly determined experimentally by the
following equation [22]:

Gr = 4πMstYIG

gμB
(αYIG/Pt − αYIG), (2)

where the YIG layer thickness t = 50 nm, the YIG saturation
magnetization MS = 150 emu/cm3, αYIG and αYIG/Pt are the
magnetic damping factors of the YIG layer and the YIG/Pt
heterostructure, respectively. The drop of Gr at large d can be
related to smaller interface roughness or weak interdiffusion
for thick Pt layers. As demonstrated in the inset of Fig. 3(d),
the root mean square (RMS) roughness at the YIG/Pt in-
terface, fitted from the XRR spectra of YIG/Pt, decreases
with increasing d , indicating a smoother YIG/Pt interface for
large d .
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FIG. 3. For YIG and YIG/Pt, FMR derivative spectra at the
frequency f = 17 GHz (a), FMR dispersion (b), and the FWHM
linewidth versus the frequency (c). The real part of the SMC in
YIG/Pt is shown in panel (d). In panels (a)–(c), the Pt layer is 4.0 nm
thick and solid lines refer to the fitted results. In panel (d), solid lines
serve as a guide to the eye. The inset of panel (d) shows the RMS
roughness at the YIG/Pt interface, as fitted from the XRR spectra at
small angles. Measurements of FMR were measured at T = 200 K,
and the XRR in the inset of panel (d) was measured at T = 300 K.

Basic features of SMR and HMR are summarized in Fig. 4.
In SMR [5,6], due to the SHE in the Pt layer, the spin current is
produced in the direction perpendicular to the charge current
Jc. Since the reflected spin current at the Pt/YIG interface
is modified by the YIG magnetization, the additional charge
current J ′

C is produced in the Pt layer due to the inverse
SHE, as schematically shown in Fig. 4(a). Accordingly, SMR

FIG. 4. Schematic pictures of SMR (a) and HMR (b) mecha-
nisms. For YIG (50 nm)/Pt (4.0 nm), the magnetoresistance ratio
�ρxx/ρxx versus the external magnetic field H along the y axis and
the z axis (c). SMR in YIG/Pt (d) and sheet resistivity in single Pt
layers (e) as a function of the Pt layer thickness d . The inset in panel
(d) shows the schematic picture of SMR and HMR measurements.
The inset in panel (e) shows the film thickness dependence of the
product of the sheet resistivity and the film thickness. In panels (c),
(d), and (e), solid lines refer to the fitted results and T = 200 K.

manifests itself as the change of sheet resistivity when the
YIG magnetization is rotated in the yz plane. The total sheet
resistivity of YIG/Pt obeys the following equation, ρxxt =
ρxx + �ρxx(1 − m2

y ), where my is the component of the YIG
magnetization unit vector along the y axis, ρxx is the sheet
resistivity of single Pt layers, and �ρxx is the magnitude
of the changed sheet resistivity in YIG/Pt when the YIG
magnetization is rotated from the y axis to the z axis. In
HMR [7,8], spin precession around the external magnetic
field H leads to dephasing of electron spins, as shown in
Fig. 4(b), which subsequently leads to the modification of
the SDL [7,8]. Therefore, the reflected spin current density,
the additional charge current density J ′′

C , and the total sheet
resistivity all depend on the magnitude and the orientation of
the external magnetic field in HMR. SMR and HMR ratios
near zero external magnetic field H and at high H are defined
in Fig. 4(c). The SMR of YIG/Pt maximizes around the Pt
layer thickness d = 1.9 nm, as shown in Fig. 4(d), and it obeys
the following equation [5,6]:

(�ρxx/ρxx )1 ≈ θ2
SHλsd

d

tanh2(d/2λsd )

1/(2ρxxλsdGr ) + coth(d/λsd )
, (3)

where θSH, λsd, d , and Gr are the SHA, the SDL, the Pt
layer thickness, and the real part of the SMC at the YIG/Pt
interface, respectively. With the assumption that both the SHA
and the SDL are invariant with Pt thickness and by adopting
the experimentally acquired sheet resistivity [Fig. 4(e)] and
the real part of SMC, the fit in Fig. 4(d) with Eq. (3) gives an
SHA of 0.195 and an SDL of 0.96 nm. Although the overall
variation trend of the SMR in Fig. 4(d) seems to be fitted, with
a closer look, we see that a big discrepancy between fitted
and measured results exists for d < 3.5 nm, in particular near
d = 1.9 nm. As discussed below, the HMR/SMR ratio versus
H curves for most of the YIG/Pt samples cannot be fitted
at all with the SDL of 0.96 nm. These observations clearly
indicate that a set of fixed SDL and SHA cannot satisfactorily
explain spin transport at different Pt thicknesses. Instead, both
the SDL and the SHA should depend on the Pt layer thickness.

Moreover, the product of the sheet resistivity ρxx and the
film thickness d is observed to change linearly with the film
thickness, as shown in the inset of Fig. 4(e). Since the product
is found to well obey the equation ρxxd = ρxxbd + ρxxs with
the bulk resistivity ρxxb and the interfacial resistivity ρxxs, the
nonspecular reflection of electrons at the interface/surface is
identified through quantifying ρxxs. The bulk resistivity ρxxb

and the interfacial resistivity ρxxs are fitted to be 11.0 μ	 cm
and 58.0 μ	 cm2, respectively. The bulk resistivity is close to
the value of 10.0 μ	 cm in bulk Pt [23] whereas the large
interfacial resistivity is caused by the ideal morphology at
the YIG/Pt interface, as demonstrated by the small interface
roughness in the inset of Fig. 3(d).

The HMR at high magnetic fields can be rigorously de-
scribed by the following equation [7]:

(�ρxx/ρxx )2 ≈Re

{
θ2

SH
sd

d

tanh2(d/2
sd )

1/(2ρxx
sdGr ) + coth(d/
sd )

}

−
{

θ2
SHλsd

d

tanh2(d/2λsd )

1/(2ρxxλsdGr )+ coth(d/λsd )

}
, (4)

064404-3



Y. DAI et al. PHYSICAL REVIEW B 100, 064404 (2019)

where the first and the second terms on the right-hand side
refer to the SMR at high magnetic fields and zero magnetic
field, respectively. The approximations in Eqs. (3) and (4)
are made by assuming that the imaginary part of the SMC is
much smaller than the real part [5–7]. The effective SDL 
sd

is modified by spin precession around the external magnetic

field H through the equation 1/
sd =
√

1/λ2
sd + i/λ2

m, with

λm = √
Dh̄/gμBB, where g, μB, D, and B are the Landé factor,

the Bohr magneton, the electron diffusion coefficient (EDC),
and the magnetic induction intensity, respectively, and i2 =
−1. The HMR will vanish when 
sd = λsd at H = 0. Most
remarkably, the HMR/SMR ratio is independent of the SHA
and thus the SHA and the SDL can be easily disentangled.
The HMR/SMR ratio reads

HMR/SMR = Re

⎧⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎩

1√
1 + iλ2

sdgμBB
Dh̄

tanh2
( d

√
1

λ2
sd

+ igμBB
Dh̄

2

)
tanh2

(
d

2λsd

) 1 + 2λsdρxxGr coth
(

d
λsd

)

1 +
2ρxxGr coth

(
d
√

1
λ2

sd
+ igμBB

Dh̄

)
√

1

λ2
sd+ igμBB

Dh̄

⎫⎪⎪⎪⎪⎪⎪⎬
⎪⎪⎪⎪⎪⎪⎭

− 1. (5)

After removing the entanglement of the SHA and the SDL,
the values of the SDL and the EDC can be obtained by fitting
the HMR/SMR ratio as a function of the magnetic field H .
For the HMR curve of YIG/Pt (4.0 nm) heterostructures in
Fig. 4(c), the SDL and the EDC are fitted to be 4.50 nm and
2.28 × 10−5 m2/s, respectively, where the sheet resistivity
ρxx = 25.0 μ	 cm, Gr = 5.74 × 1018 m−2, and the Landé
factor g ≈ 2.0. With the data of the SDL and the SMR,
the SHA of YIG/Pt (4.0 nm) is derived to be 0.105 from
Eqs. (3) and (5). In particular, with the strict HMR expression
in Eq. (4), only one set of the SDL and the EDC can be
self-consistently extracted. As shown in Fig. 5, if one assigns

FIG. 5. For YIG/Pt (4.0 nm), measured HMR/SMR ratio versus
H curve (open boxes) is shown in panels (a)–(d). The blue lines in
panels (a)–(d) refer to the fitted results where the SDL and the EDC
are fitted to be 4.50 nm and 2.28 × 10−5 m2/s as free parameters,
respectively. The red lines refer to the fitted results with the SDL =
8.86 nm (a) and 2.20 nm (b) and the EDC as a free parameter (a,
b), and with the EDC = 4.5 × 10−5 m2/s (c) and 1.1 × 10−5 m2/s
(d) and the SDL as a free parameter (c, d). Measurements of HMR
and SMR were performed at T = 200 K.

the SDL and the EDC with other values that deviate from
4.50 nm and 2.28 × 10−5 m2/s, the fitted results cannot
reproduce the measured results of d = 4.0 nm. Subsequently,
the methodology based on Eq. (5) has been employed for all
other samples to rigorously acquire the EDC and the SDL. As
mentioned earlier, here we note that, with the SDL of 0.96 nm,
the HMR/SMR of most samples cannot be fitted at all even
with a variety of the EDC, as shown by typical results of
d = 1.1 nm in Fig. 6. Therefore, the conventional assumption
that the SDL and the SHA are independent of Pt thickness is
further proved to be oversimplified.

As the HMR and the SMR both become very small and
the measurement noise becomes significant for thick Pt

FIG. 6. For YIG/Pt (1.1 nm), measured HMR/SMR ratio versus
H (black boxes) is shown. In all fitted and calculated results (solid
lines), the SDL is always fixed to be 0.96 nm, which is fitted from
the results in Fig. 4(d) through Eq. (3), under the conventional
assumption that the SDL and the SHA are independent of the Pt
layer thickness. As a free parameter, the EDC is fitted to be 1.2 ×
10−6 m2/s, as shown by the red line. Calculations were made with
other values of the EDC, as shown by solid lines of other colors. All
fitted results and calculations deviate from the experimental results.
Measurements of HMR and SMR were performed at T = 200 K.
Therefore, the SDL of d = 1.1 nm is not 0.96 nm at T = 200 K.
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FIG. 7. The measured HMR/SMR ratio (open box) of YIG/Pt
(18.0 nm) is fitted with the SDL and the EDC as free parameters.
Due to large measurement noise, the SDL and the EDC are fitted to
be as large as 282 nm and 0.16 m2/s, respectively. Measurements of
HMR and SMR were performed at T = 200 K.

samples, the SDL and the SHA cannot be fitted well. For
d = 18.0 nm, for example, the large measurement noise of
the HMR/SMR leads to large errors of the SDL and the EDC,
as shown in Fig. 7. Moreover, for d < 1.5 nm, other factors,
such as Rashba effects and extrinsic mechanisms, complicate
the SHE scaling law [13,24,25]. The following discussion
mainly focuses on the samples with Pt layers thickness of
1.5 � d � 15.0 (nm).

In comparison, the data of Fig. 4(c) are replotted as the
HMR/SMR ratio versus the external magnetic field, as shown
in Fig. 8(a). Figure 8(b) shows that the genuine SHA changes
significantly with the Pt layer thickness, which is in sharp
contrast to most of the previous studies that assume a constant
SHA value [5,6,26–30]. The SHA can be well fitted by the ex-
ponential function θSH = 0.070 + 0.266e−d/1.95, confirming
the theoretical prediction of Wang et al. [12]. The exponential
decay of the SHA with the film thickness arises from the
exponential decay of the spin current along the film depth
[12]. The interfacial SHA is extrapolated from the results of
large d . While θSH approaches the bulk value of 0.070 for
thick Pt layers, the interfacial SHA is as large as 0.33 when
d approaches zero. The interfacial SHA is about five times
larger than the bulk one. The large interfacial SHA arises from
the Berry-phase-induced intrinsic mechanism, in addition to
other possible mechanisms such as the Rashba effect and
extrinsic mechanisms [13,24,25].

In order to elucidate the mechanism behind the giant
interfacial SHA, it is essential to study the SHE scaling
law. Notably, the SHA and the sheet resistivity show similar
variation trends in Figs. 8(b) and 4(e). Consequently, the SHA
in YIG/Pt is found to exhibit the linear scaling law of Eq. (1),
as shown in Fig. 8(c). The scattering-independent parameter
b is determined to be 4426 S/cm while the skew scattering
parameter a is as small as −0.0071. In order to further sepa-
rate the intrinsic contribution and the side-jump contribution,
the empirical quadratic scaling law proposed by Tian et al.

FIG. 8. The HMR/SMR ratio of YIG/Pt (4.0 nm) (a), SHA
versus Pt layer thickness (b), SHA θSH versus ρxx (c), and spin Hall
resistivity ρSH versus ρ2

xx (d). In panels (a)–(d), solid lines refer
to the fitted results. In panel (b), interfacial and bulk SHAs are
extracted, and the data of the SHA in other research groups are given
for comparison, including Refs. [5,30] (dark yellow, circles), [6]
(orange, up triangle), [7] (olive, down triangle), [8] (violet, diamond),
and [29] (light magenta, five-pointed star). In panel (d), the spin Hall
resistivity was obtained with the measured SHA in panel (c) and
the sheet resistivity in Fig. 4(e) through the following equation:
ρSH = −θSHρxx h̄/2e. Measurements of HMR, SMR, SHA, and sheet
resistivity were performed at T = 200 K.

[13,24] is employed. Assuming that the contribution from the
phonon-induced skew scattering can be neglected, the spin
Hall resistivity changes as a quadratic function of ρxx, i.e,

ρSH = a′ + b′ρ2
xx, (6)

with parameters a′ and b′ corresponding to the extrinsic spin
Hall resistivity at zero temperature and the intrinsic SHC σ int

SH,
respectively. With the entire SHC σSH = −ρSH/ρ2

xx, it obeys
the following equations:

σSH = −a′σ 2
xx − b′, (7)

σ int
SH = −b′, (8)

where the electric conductivity σxx = 1/ρxx. Remarkably,
Fig. 8(d) shows −ρSH ∝ ρ2

xx, a′ ≈ 0, and σ int
SH = −b′ =

4280 ± 370 (h̄/2e)S/cm. It is interesting to find that the
measured value of the intrinsic SHC is close to the theoretical
prediction of 4000 (h̄/2e)S/cm [14]. As a result, the intrinsic
SHC in the present YIG/Pt is expected to exhibit a weak
temperature dependence for T � 200 K, different from the
earlier ab initio calculations [14].

With Eq. (1) and the relation [13,31–33] σSH =
θSHσxx h̄/2e, the entire SHC also reads as follows:

σSH = (aσxx + b)h̄/2e, (9)

bh̄/2e = σ int
SH + σ

sj
AH, (10)
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FIG. 9. Dependencies of the SDL λsd (a), the EDC D (b), and the
grain size r0 (c) on the Pt layer thickness. The spin relaxation time τs

versus the EDC D (d). Solid lines serve a guide to the eye in panels
(a) and (b) and refer to the fitted results in panels (c) and (d). In panel
(c), measured data of the grain size can be fitted by an exponential
function. In panel (d), the spin relaxation times contributed by the
EY (blue line) and the DP (green line) models are also given for
comparison. Here, T = 200 K.

where bh̄/2e is the scattering-independent SHC and σ
sj
AH is

the side-jump SHC. Accordingly, with bh̄/2e = 4426 h̄/2e ·
S/cm and σ int

SH = 4280 ± 370 h̄/2e · S/cm, σ
sj
AH is more than

1 order in magnitude smaller than σ int
SH, i.e., σ sj

AH ≈ 0. This can
be further verified with the relations [13,24]

a′ = a′′ρxx0 + βρ2
xx0, (11)

a′′ = −ah̄/2e, (12)

β = −σ
sj
SH, (13)

where ρxx0 is the residual resistivity. Since a′ and a are both
negligible, as shown in Figs. 8(c) and 8(d), we have σ

sj
SH =

−β ≈ 0. In conclusion, the SHE in the present YIG/Pt is
verified to be dominated by the Berry-phase-induced intrinsic
mechanism. Subsequently, the giant interfacial SHA can be
easily understood in terms of the interfacial resistivity and the
intrinsic SHE. Finally, these two SHE scaling laws are both
proven to be valid in the present Pt layers. It is noted that the
skew scattering, the side-jump, and the intrinsic terms can be
separated from each other only with both of these two scaling
laws.

Figure 9 summarizes the results of the SDL, the EDC,
and the grain size of Pt layers r0. Here, the grain size is
estimated from the FWHM line broadening �θ of the XRD
peak through the Scherrer equation [34] r0 = Kλ/�θ cos θ ,
where K is a dimensionless shape factor with a value close to
unity, λ is the x-ray wavelength, and θ is the Bragg angle. It is
interesting to find that the SDL, the EDC, and the grain size all
increase and approach saturation for thick Pt layers, as shown
in Figs. 9(a)–9(c). The grain size changes as an exponential
function of the film thickness, as shown in Fig. 9(c). For the
nanometer-thick Pt layers in spintrionics devices, the mean
free path λe is close to or larger than the Pt layer thickness
and the grain size [27]. Due to the finite size effect, the

EDC D (= λeνF , with νF being the Fermi velocity) shows a
variation trend close to the grain size as a function of the film
thickness, as shown in Figs. 9(b) and 9(c). The observable
difference between the EDC and the grain size in Figs. 9(b)
and 9(c) arises from additional electron scattering events from
the interface/surface.

Self-consistent extraction of the EDC and the SDL al-
lows us to further reveal the quantitative relation between
the spin relaxation time τs and the electron relaxation time
τe. In the spin transport model [35], the SDL λsd = √

Dτs.
With the data of the SDL and the EDC in Figs. 9(a) and 9(b),
the spin relaxation time τs is obtained [Fig. 9(d)], which can
be utilized to discuss the spin relaxation mechanism. In EY
[36,37] and DP [38–40] spin relaxations, τs is proportional
and inversely proportional to τe, respectively. By considering
both the EY and the DP processes and knowing the EDC D =
ν2

F τe, the entire spin flip rate 1/τs = α/D + 〈	2
k〉D, where

the parameter α is proportional to ξ 2 with the bulk SOC
strength ξ in the perturbation theory, and 〈	2

k〉 is proportional
to the average precession frequency around the SOC-induced
effective magnetic field. The nonmonotonic variation of τs

with the EDC in Fig. 9(d) thus clearly indicates contributions
of both the EY and the DP models. Parameters α and 〈	2

k〉 are
fitted to be 3.5 × 107 m2/s2 and 4.7 × 1015 m−2, respectively.
For d smaller (larger) than 7.5 nm, the spin relaxation process
is dominated by the EY (DP) model [26,41]. Moreover, the
measured data cannot be fitted at all with only either the EY
or the DP model, as shown in Fig. 9(d).

The present methology of rigorous determinations of both
the SDL and the SHA is of great importance for spintronics
research. Since the ratio of the interfacial and the bulk SHAs
is close to that of the interfacial and the bulk resistivities,
in the region of 5.0 ± 0.3, in good agreement with the SHE
proportional scaling law, the giant interfacial SHA is further
proved to arise from the large interfacial resistivity that is
caused by the broken-symmetry-induced electronic scattering
at the YIG/Pt interface. Thus, the physical source of the
interfacial SHA is different from the Rashba effect in Pt/Cu
metallic thin films [25]. The magnitude of the interfacial SHA
in YIG/Pt is much larger than that of Co/Pt heterostructures
[27] because of different electronic structures and magnetic
proximity effects in insulating ferromagnet/Pt and metallic
ferromagnet/Pt heterostructures [42,43]. With the dominance
of the intrinsic mechanism, the sign of the SHA is deter-
mined by the Berry curvature of Pt instead of microstrucutres
[4,14,15]. It is therefore well explained that the positive
SHA is always observed experimentally despite a variety of
microstructures in Pt layers [4,11,19,29]. In a similar way, the
negative sign of the SHA in W and Ta, as shown in Table III of
Ref. [4], can also be easily understood as an intrinsic material
attribute. Moreover, the observed proportional dependence of
the SHA on the sheet resistivity also one allows to solve
the discrepancy of the SHA magnitude in Pt layers among
various research groups by taking into account different sheet
resistivities of the Pt layers [5–8,12,29]. It also helps to
explain the alloying-induced enhancement of the SHA [19,
44–46]. At last, the dependence of the SDL and the SHA
on the HM layer thickness also facilitate the understanding
of spin pumping results in ferromagnet/HM heterostructures
[19,27].

064404-6



OBSERVATION OF GIANT INTERFACIAL SPIN HALL … PHYSICAL REVIEW B 100, 064404 (2019)

It is noted that the HMR is advantageous over conven-
tional electric approaches with respect to measurements of
the EDC in polyvalent HM metals. Although the Hall co-
efficient of the HM metals can be measured directly, it is
difficult to genuinely characterize the EDC due to the co-
existence of electronlike and holelike carriers [26,41,47]. In
contrast, with the HMR approach, the EDC can be self-
consistently and rigorously determined by Eq. (5) with mea-
sured data of the sheet resistivity, the HMR/SMR ratio, the
SMC, and the Landé g factor. For metallic ferromagnet/HM
heterostructures, the HMR should be separated from the
magnetoresistance of metallic ferromagnet layers in order
to rigorously extract the SHA and the SDL of the HM
layers.

In conclusion, we have for the first time self-consistently
determined the SHA in Pt layers as a function of the Pt
layer thickness after disentangling the SDL and the SHA
through HMR and SMR. The SHA changes as an exponential
function of the Pt layer thickness. The interfacial SHA is
extrapolated to be as large as 0.33, about five times larger than
the bulk value of 0.07. More importantly, the giant interfacial
SHA is induced by the nonspecular electronic scattering at
the interface with the broken symmetry because the SHC is

dominated by the intrinsic mechanism. Since the spin re-
laxation time changes nonmonotonically with the electron
relaxation time, the spin relaxation process is dominated by
the EY model for thin Pt layers and by the DP model for thick
Pt layers. The present work will provide a route to enhance the
spin-charge conversion efficiency by controlling the insulating
ferromagnet/HM interface morphology.
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