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Tuning the spin Hall effect of Pt from the moderately dirty to the superclean regime
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We systematically measure and analyze the spin diffusion length and the spin Hall effect in Pt with a wide
range of conductivities using the spin absorption method in lateral spin valve devices. We observe a linear relation
between the spin diffusion length and the conductivity, evidencing that the spin relaxation in Pt is governed by
the Elliott-Yafet mechanism. We find a single intrinsic spin Hall conductivity (o = 1600 & 150 Q~'cm™") for
Pt in the full range studied which is in good agreement with theory. We have obtained the crossover between the
moderately dirty and the superclean scaling regimes of the spin Hall effect by tuning the conductivity. This is
equivalent to that obtained for the anomalous Hall effect. Our results explain the spread of the spin Hall angle
values in the literature and find a route to maximize this important parameter.
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Spin-orbit interaction is an essential ingredient in solid
state physics [1,2] that has been gaining interest in the
last decade due to the advantages it offers to exploit the
coupling between spin and orbital momentum of electrons
in spintronic devices, leading to the emerging field of spin
orbitronics [3]. The discovery of new charge-to-spin current
conversion effects such as the spin Hall effect (SHE) [4-7], the
Rashba-Edelstein effect (REE) [8—10], or the spin-momentum
locking (SML) in topological insulators [11-13] is expanding
the possibility to create and detect spin currents without
using ferromagnets (FMs) or magnetic fields. For instance,
magnetization switching of ferromagnetic elements has been
recently achieved with torques arising from the SHE [14],
the REE [15], or the SML [16], and new spin-dependent
phenomena such as the spin Seebeck effect [17] or spin
pumping [18] have been discovered by using the SHE to detect
spin currents.

The SHE is thus the crucial effect behind this breakthrough.
Although it was predicted theoretically by Dyakonov and Perel
45 years ago [1] and revisited by Hirsch in 1999 [4], it took
a bit longer to observe the first direct experimental evidence
in semiconductors [19] and metals [6,7,18]. The SHE in a
nonmagnet basically shares the same origin as the anomalous
Hall effect (AHE) in FMs: in both effects, the spin-orbit
coupling generates the opposite deflection of the spin-up and
spin-down electrons in a charge current, leading to a transverse
spin current. This can be detected as a transverse voltage in
the AHE because the intrinsic spin polarization in FMs gives
rise to a net charge accumulation. On the other hand, the SHE
creates a transverse pure spin current, making it more difficult
to detect. The inverse spin Hall effect (ISHE) is the reciprocal
effect, in which pure spin currents are converted into charge
currents. The efficiency of these conversions is given by the
spin Hall angle, 6gp.
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The mechanisms behind the SHE, which can be either
intrinsic or extrinsic, were first studied in the framework of
the AHE. The intrinsic contribution, first proposed by Karplus
and Luttinger [20], relies on the spin-dependent band structure
of the conductor, and the transverse displacement of the
spin-up and spin-down electrons occurs in between scattering
events. Skew scattering, proposed by Smit [21], is an extrinsic
contribution where the spin-dependent scattering arises due to
the effective spin-orbit coupling of impurities in the lattice.
A phonon skew scattering [22,23] has recently been shown to
contribute in metals such as Au [24]. Side jump, another ex-
trinsic mechanism introduced by Berger [25], results in a spin-
dependent sideways displacement upon repeated scattering.

In contrast to the AHE [22,26-28], a systematic exper-
imental study of the different mechanisms contributing to
the SHE for relevant materials is lacking. Finding routes to
maximize the SHE is not possible as long as it remains unclear
whether the dominant mechanism in a material is intrinsic
or extrinsic. This issue has particularly been controversial in
Pt, the prototypical SHE metal, although a consensus that
the intrinsic contribution is the dominant one is emerging
[24,29,30]. Nevertheless, there is still a significant spread in
the Osy values of Pt among different groups and techniques
[5,31,32]. The spin-memory loss explained by Rojas-Sanchez
et al. [31] is one of the causes for this, as well as the wide
range of spin diffusion lengths Ap; used by different groups
[32]. A proper understanding of the SHE in order to correctly
quantify and tune gy in Pt is thus of utmost importance.

In this Rapid Communication, we experimentally study the
spin diffusion length and the SHE in Pt with a broad range of
longitudinal conductivities (op). The linear relation obtained
between Ap, and op, evidences that the spin relaxation in Pt is
governed by the Elliott-Yafet mechanism. We obtain a single
intrinsic spin Hall conductivity for the full range studied,
in good agreement with theoretical predictions. In addition,
we identify slightly different skew scattering angles for Pt
deposited with different techniques. By tuning the SHE with
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FIG. 1. (a) Scanning electron microscopy (SEM) image of a
Py/Cu lateral spin valve with a Pt wire between the two Py electrodes.
The nonlocal measurement configuration, the direction of the applied
magnetic field (H), and the materials (Py, Cu, and Pt) are shown.
(b) Nonlocal resistance as a function of H measured at /- = 100 nA
and 10 K in the configuration shown in (a) for a Py/Cu lateral spin
valve with (blue line) and without (red line) a Pt wire in between the
Py electrodes. The solid (dashed) line corresponds to the increasing
(decreasing) magnetic field. The reference spin signal (ARS) and
the spin signal with Pt absorption (A RE®) are tagged. (c) SEM image
of the same device used now to measure the ISHE. The materials,
the direction of H, and the measurement configuration for ISHE
are shown. (d) ISHE resistance as a function of H measured at
Ic = 100 pA and different temperatures in the configuration shown
in (c). The curves have been shifted for clarity. The ISHE signal
(2ARsgp) for 10 K is tagged. Images and data correspond to
device S2.

opg, we can thus observe the crossover from a moderately dirty
regime, where the intrinsic contribution is dominant, to the
superclean regime, dominated by extrinsic effects. A similar
crossover has been discussed in the AHE [27,28], but has never
been observed experimentally in any spin Hall system before.
This result clearly elucidates the detailed mechanisms of the
SHE in its prototypical metal.
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We used the spin absorption method in lateral spin valve
devices, which enables us to quantitatively derive both the spin
diffusion length (via the spin absorption) and the spin Hall
angle (via the ISHE) of Pt in the same device [7,24,29,33—
36]. To this end, eight devices were fabricated on top of
a Si0,(150 nm)/Si substrate by using multiple-step e-beam
lithography, subsequent metal deposition, and lift-off. Each
device contains two Py/Cu lateral spin valves, both with the
same Py interelectrode distance L ~ 630 nm, but one of
them with a Pt wire in between the electrodes, as shown
in Fig. 1(a). First, each pair of Py electrodes was patterned
with different widths, ~100 nm and ~170 nm, in order to
obtain different switching magnetic fields, and 35 nm of Py
were e-beam evaporated. During the second step, a ~130-nm-
wide and 20-nm-thick Pt wire was deposited by e-beam
evaporation (base pressure < 1 x 1078 torr, rate 0.1—2 A/s,
substrate temperature 5-7 °C) in half of the devices
(E1, E2, E3, E4) and by magnetron sputtering (base pres-
sure 1 x 1077to 1 x 1078 torr, power 80 W, Ar pressure
3 x 1073 torr, rate 1.3 ;\/s, substrate temperature 25 °C)
in the other half (S1, S2, S3, S4). The different Pt wires cover
a broad range of resistivities, with evaporated ones having a
smaller residual resistivity ppo than sputtered ones (see Ta-
ble I) [37]. In the third lithography step, a ~150-nm-wide chan-
nel was patterned and a 100-nm-thick Cu was thermally evap-
orated. In order to have highly transparent Py/Cu and Pt/Cu
interfaces, the surfaces of the Py and Pt wires were cleaned via
Ar-ion beam etching before the Cu deposition. All nonlocal
transport measurements described below were carried out in a
liquid-He cryostat (applying an external magnetic field H and
varying temperature 7') using a “dc reversal” technique [39].

When a spin-polarized current is injected from one Py
electrode, as shown in Fig. 1(a), a spin accumulation is created
at the Py/Cu interface. This spin accumulation diffuses along
both sides of the Cu channel, creating a pure spin current
which is detected as a voltage by the second Py electrode.
Normalizing the measured voltage to the injected current /I,
the nonlocal resistance Ryp is defined. This value changes
sign when the relative magnetization of the two Py electrodes
is switched from parallel to antiparallel by sweeping H. The
change from positive to negative Ry is defined as the spin
signal A Ryp. The reference value AR{\?{ is measured without
the Pt wire [see the red line in Fig. 1(b)]. If a Pt wire is
inserted between the Py electrodes, a part of the spin current
diffusing along the Cu channel will be absorbed into the Pt
and a smaller spin signal AR will be measured in the Py

TABLE 1. Intrinsic spin Hall conductivity (as“;}) and skew scattering angle («,) extracted from the individual fittings of each device used
in this work. Residual resistivity (pp ), the spin diffusion length (Ap,), and the spin Hall angle (6sy) at 10 K are also included.

Device Ppo(1€2 cm) Ap(nm) Osu(%) ofi(Q " em™) 055(%)

El 6.66 10.1 £ 0.1 2.1£0.7 1480 £ 110 1.2+02
E2 6.66 10.1 £ 0.1 1.7+ 04 1780 &+ 95 0.7+0.2
E3 9.42 6.7 £ 0.1 224+02 1750 +£ 360 04 +0.5
E4 10.12 6.5 £ 0.1 22+£03 1910 £ 700 0.1 £0.9
S1 44.19 0.75 £ 0.03 85£13 1525 + 220 21+13
S2 44.19 0.75 £ 0.03 74 +0.7 1280 + 140 2.0+ 09
S3 24.96 3.43 £ 0.05 53+0.6 1435 £ 390 19+13
S4 56.25 0.59 £ 0.01 10.7 £ 1.0 1770 + 760 1.6 £52
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detector, as shown by the blue line in Fig. 1(b). The spin diffusion length of Pt is obtained from the ratio of both spin signals,
which from the one-dimensional spin diffusion model for transparent interfaces is expressed as

ARE _ 20w [sinh(5£) +20py e/ 4203 eF e ]
ARS cosh (3£) —cosh(5-22) +2Qpysinh (2L ) el ~D/cs + 2 Qpsinh () + 4 Qpy Qpiel /o + 2 Qpyed/ cusinh(5=2) +203 e/’ +40Q3 Opel /i’

where  Qpypyy = Rpypy/Rcu, being  Rcuy = Acupcu/Weulcu
Rpy = Apyppy/weuwpy(1 — Ol;%y), and  Rpi=Ap 0pi/WcuWp
tanh(zp;/Ap;) the spin resistances of the Cu channel, Py
electrodes, and Pt wire, respectively. Here, pcy py,pt> Acu,py,Pts
Wcu,py,pt> and fcy py are the resistivities, spin diffusion lengths,
widths, and thicknesses, respectively. The Pt resistivities for
all devices are plotted as a function of temperature in Fig. 2(a).
apy is the spin polarization of Py. L is the distance between
the two Py electrodes, whereas d is the distance between
the Py injector and the Pt wire. Since Rc, and Rp, values
are well known from our previous work [40,41], Ap; can be
obtained from Eq. (1) [42]. By repeating the measurement
shown in Fig. 1(b) at different temperatures and devices, Ap
as a function of temperature was obtained for all devices
[Fig. 2(b)].

The spin diffusion lengths are plotted in Fig. 2(c) as a
function of the conductivity of Pt (op; = p;tl ), which changes
from device to device and with temperature. The linear depen-
dence between Ap; and op; confirms that Elliott-Yafet [46,47]
is the main spin relaxation mechanism in Pt, as also observed
recently using other experimental techniques [30,48]. From
our data, we obtain a slope of (0.61 £ 0.02) x 1071 Qm?,
which is in excellent agreement with a recent theoretical
prediction [(0.63 £ 0.02) x 10~ @ m?] from first-principles
scattering theory combined with temperature-induced disorder
[49]. The spin-flip probability for Pt can be calculated from the
slope [50], yielding a; = 0.57, alarge value expected from the
strong spin-orbit coupling in Pt [52]. For comparison, a good

J

Ap(1 — e*lm/)np()z
= tpi(1 — e=2tp/Apr)
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@

(

spin transport metal such as Cu has a;r = 4.9-11.0 x 1074
[40,53].

Next, we measured the ISHE in Pt for the eight devices by
changing the measurement configuration to the one described
in Fig. 1(c). As in the previous configuration, the pure spin
current injected from the Py electrode diffuses along the Cu
channel and is partly absorbed by the Pt wire. In this Pt wire,
due to the ISHE, a charge current perpendicular to both the
spin current direction and spin polarization is created and,
thus, a voltage drop is generated along the Pt wire. The
measured voltage normalized to the injected current /¢ yields
the ISHE resistance Risyg. By switching the orientation of the
magnetic field, the opposite Risyg is obtained, since the Py
magnetization is inverted as well as the orientation of the spin
polarization. The difference of the two Risyg values is twice
the ISHE signal: 2A Rysyg. Figure 1(d) shows the measured
Risye at different temperatures for one device. We repeated
these measurements for each device.

A Risyg is related to the spin Hall conductivity osyg by [54]

WP 1
OSH = thx—P: <I=C> ARisHE, (2)
N

where xp; is the shunting factor which takes into account the
current in the Pt that is shunted through the Cu and is obtained
from numerical calculations using a finite elements method

[56]. I is the effective spin current that contributes to the
ISHE in Pt and is given by [24]

2apy[prsinh(a—;:1) + Q%’y e(L—d)/ACu]

* cosh (ﬁ) — cosh( L.A_Cu

The spin Hall resistivity psy is related to osy as psy =
—osn/(0p + 0dy) ~ —osu/op. The spin Hall angle 05y can
be written in terms of either osy or psy: Osg = osy/opr =
—psu/ ppe. In order to analyze how the intrinsic and extrinsic
mechanisms contribute to the SHE in each device, we will
analyze the dependence of psy on the longitudinal resistivity
ppe- As the side jump mechanism arises only in materials with
high impurity concentrations [5,57,58], this contribution is
negligible in our high purity Pt. The same holds for the phonon
skew scattering, due to its small effect in Pt [24]. Therefore,
based on the scaling relation introduced by Tian et al. [22],
this leads us to

— PSH = 055 Ppro + TS PP, 4)

24) +2Qpysinh (3L )eE=D/cu 4+ 2 Qpisinh(5£- ) +4Qpy Qpiel /v +2Qpyed/*cusinh (424 ) +203 el/Acw +4QF Qpel/ren’

Acu

3

By plotting —psy against ,o}%t, we are able to fit a linear
function with a slope that corresponds to the intrinsic contri-
bution, Ué‘ﬁ’ and the intercept divided by pp; o defines the skew
scattering angle «,. Figure 3 shows the data for all devices
and the corresponding linear fits. The values extracted from
the eight devices are collected in Table I.

Interestingly, the data in Table I reveals that the extracted
intrinsic spin Hall conductivities for all the devices are very
close to each other, especially when taking into account
the different resistivities and fsy in each device. We obtain
an average value of (TS“I]_} = 1600+ 150 Q2 'ecm~! for Pt,
indicating that the intrinsic contribution of the spin Hall
conductivity is a constant within a 10% dispersion. This is
a remarkable finding, which is in excellent agreement with

theoretical values of 1300 2~ 'em~' [59] and 1600 Q~'cm™!
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FIG. 2. (a) Resistivity and (b) spin diffusion length of Pt as a
function of temperature for all devices. Error bars are included. (c)
Spin diffusion length of Pt as a function of longitudinal conductivity
for all devices. Error bars are included. The black dashed line is
a linear fitting of the experimental data. Since devices E1 and E2
(S1 and S2) were fabricated in the same chip, Pt was evaporated
(sputtered) in the same deposition, hence it is assumed that E1 and
E2 (S1 and S2) have the same pp, and Ap,.

[60] obtained with different approaches. The predicted de-
crease of the intrinsic spin Hall conductivity of Pt at higher
resistivities by Tanaka er al. [59] lies outside our studied
range. A recent experimental study employing the spin torque
ferromagnetic resonance technique reports a lower bound of
Gérﬁ =2950 £ 100 'em~! for Pt [30], much higher than
ours and the theoretical predictions.

0 2500
2 2 2
Pp (nQ7CM’)

5000

FIG. 3. Spin Hall resistivity as a function of the square of the
longitudinal resistivity of Pt for all devices. Error bars are included.
Solid lines correspond to the fit of the data to Eq. (4). Inset: Zoom of
the previous plot showing the data of the devices with evaporated Pt.
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FIG. 4. Spin Hall angle as a function of the longitudinal
conductivity of Pt for all devices. Error bars are included. The
regions with different scaling regimes are indicated. The black
solid line corresponds to the intrinsic contribution of the spin Hall
angle 0% = o /op,, using odt = 1600 Q™! cm~!. The gray dashed
line in the superclean region corresponds to the total spin Hall angle
calculated with both intrinsic and skew scattering contributions, using
the average value a,;(%) = 0.6 obtained for this region. Inset: Same
data plotted as spin Hall conductivity. The scale of the horizontal axis
is the same as in the main panel.

The skew scattering angle yields similar values for all
the devices deposited with the same technique, but slightly
different for each deposition type. The observation is rea-
sonable as this extrinsic contribution depends directly on the
kind of defects in the Pt. Sputtered and evaporated Pt have
different grain sizes and, moreover, the deposition in different
chambers gives rise to the presence of different impurities,
hence explaining the different skew scattering contribution in
each type of Pt.

In contrast to Ref. [22], we cannot plot a universal curve
for all devices using Eq. (4) because the extrinsic contribution
differs from the evaporated to the sputtered Pt. Nevertheless,
we can still plot 6sy (and osy) as a function of op (see Fig. 4 and
inset) in order to compare the relative weight of the different
contributions in an analogy to the different scaling regimes
observed in the AHE [22,26-28].

The spin Hall angle for evaporated and sputtered devices
scale in a very different way with op;, as can be seen in
Fig. 4. 6sy for sputtered devices, with highest resistivity,
shows the same trend expected from the intrinsic contribution
(6 = o /opy, black solid line), and the total experimental
Osp nearly merges into the intrinsic value (the small difference
is given by the minor contribution of the skew scattering).
This region dominated by the intrinsic scaling regime thus
corresponds to the moderately dirty region, similarly to what
is observed in the AHE [27,28]. In contrast, in the lower
resistivity region, the intrinsic contribution cannot explain the
values of the experimental data, even the trend. Nevertheless,
by adding the corresponding extrinsic contribution for this
region to the diminishing intrinsic one, we obtain the gray
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dashed line that matches perfectly with our data. This region
is thus representing a clean metal, where the skew scattering
dominates the scaling. Consequently, we observe the crossover
from the intrinsic moderately dirty regime to the extrinsic
superclean regime for the SHE, demonstrating a perfect
correspondence with the AHE [27,28].

To conclude, we experimentally show for Pt a general
scaling of the SHE. We demonstrate that GS“I‘{‘ is constant in
Pt and this allows us to move from an intrinsic to an extrinsic
regime when decreasing the resistivity from a moderately dirty
to a clean metal. It is a further step towards a complete under-
standing of the SHE phenomenon, which can be extrapolated
to other materials with strong spin-orbit coupling showing the
SHE. Interestingly, our experimental results evidence that the
variation of the Pt resistivity among different groups is one
of the main reasons for the spread of 6y values in literature.
Indeed, we are able to tune Osy from ~2% to 14% by varying
the Pt resistivity from ~7 to 70 €2 cm. A very important con-
sequence is that we show a clear path to enhance 6sy by simply
increasing the resistivity of any material with a dominant
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intrinsic contribution to the SHE. Additionally, we confirmed
that Elliott-Yafet is the main spin relaxation mechanism
in Pt.
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