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We utilize nanoscale spin valves with Pt spacer layers to characterize spin relax-
ation in Pt. Analysis of the spin lifetime indicates that Elliott-Yafet spin scattering is
dominant at room temperature, but an unexpected intrinsic Dyakonov-Perel-like spin
relaxation becomes dominant at cryogenic temperatures. We also observe suppression
of spin relaxation in a Pt layer interfaced with a ferromagnet, likely caused by the
competition between the effective exchange and spin-orbit fields.

The interplay between the electron’s motion and its
spin, due to the spin-orbit interaction (SOI), opens un-
precedented opportunities for the control of both spin
and orbital degrees of freedom [1-5]. For instance, the
spin Hall effect (SHE) results in generation of pure spin
current [6], enabling electronic control of magnetization
in metallic and insulating nanomagnets [7-9]. Recent
studies of materials that exhibit large SOI, including
Pt, Ta, W, topological insulators, and alloys such as
CuBi, have focused on identifying the SOI mechanisms,
and characterizing the relevant parameters, including the
spin-orbit scattering rates, the spin Hall angle, and the
effective spin-orbit field [10-17]. Another relevant param-
eter is the spin diffusion length, A, defined as the length
scale for the relaxation of spin polarization away from its
source. The value of A is determined mostly by SOI. It is
also the length scale for spin current generation via the
SHE, and is thus directly related to SHE efficiency.

Pt is one of the most extensively studied spin-orbit ma-
terials, thanks to the large SOI effects [10, 18, 19], and
relatively low resistivity minimizing Joule heating and
current shunting in heterostructures. Parameters rele-
vant to SOI in Pt such as the spin Hall angle and A have
been studied by a variety of techniques [10, 14, 18, 20-22].
Nevertheless, the values and the mechanisms controlling
them are still debated. In particular, the reported val-
ues of the spin Hall angle in Pt range from 0.004 to over
0.1 [10, 14, 23], and those of A range from less than 1 nm
to over 10 nm [10, 14, 18, 20-22, 24-26]. Such a large
spread of the reported characteristics makes it challeng-
ing to establish the mechanisms controlling the spin-orbit
effects.

One of the main difficulties in analyzing SOI is
posed by the interplay between interfacial and bulk ef-
fects. For instance, the apparent spin Hall angle in a
SHE/ferromagnet bilayer depends on the transparency
of their interface [23, 27, 28]. Measurements of A based
on the spin absorption efficiency are similarly affected by
the spin relaxation at the interfaces [21]. Furthermore,
the spin-orbit effects at interfaces with ferromagnets may
be affected by the temperature-dependent contribution
from the proximity-induced magnetism [29)].

One approach that can unambiguously separate the in-

terfacial from the bulk contributions to spin relaxation
is based on the current-perpendicular-to-plane giant
magnetoresistance (CPP-GMR) in ferromagnet/normal
metal/ferromagnet (F/N/F) spin valves, with the stud-
ied material inserted in the spacer N [30]. The value of A
is directly determined from the dependence of GMR on
the material thickness, while the contribution of the in-
terfaces is determined from the dependence on the num-
ber of inserted spacers. In CPP-GMR, electrical current
flows normal to the studied layer, and therefore electron
transport is described by the bulk material parameters
even for ultrathin films. In contrast, techniques based
on the in-plane current flow require an elaborate analy-
sis of thickness-dependent resistivities and current shunt-
ing [25, 26]. Although the GMR-based approach to the
quantitative characterization of spin scattering in mate-
rials is well established, only one such measurement has
been reported for Pt at temperature T = 4.2 K [25],
yielding the value of A significantly larger than other ap-
proaches [18].

Here, we report a study of the temperature-dependent
GMR in nanopillar spin valves with Pt spacers, and
demonstrate that this approach can be utilized to elu-
cidate the mechanisms of spin scattering in Pt and at
its interfaces, and to characterize the relevant spin-orbit
parameters. The dependence of GMR on the Pt spacer
thickness allowed us to determine the value of A and ex-
tract the spin lifetime. The observed temperature de-
pendence indicates that at room temperature, spin relax-
ation in the studied Pt films is dominated by the Elliott-
Yafet (EY) scattering, while at cryogenic temperatures
it is dominated by intrinsic spin dephasing that can be
attributed to the presence of an effective spin-orbit field.
We also demonstrate that spin relaxation is suppressed
in a thin Pt layer interfaced with a ferromagnet, consis-
tent with the competition between the effective spin-orbit
field and the proximity-induced exchange field in Pt.

The studied structures [inset in Fig. 1(a)] were
based on multilayers Cu(40)Py(10)Cu(6-d/2)Pt(d)Cu(6-
d/2)Py(5)Au(5), where Py = NigoFeyg, and thicknesses
are given in nanometers. The thickness, d, of the Pt in-
sert was varied between 0 and 8 nm in 1 nm increments,
with d = 0 representing the reference Py/Cu/Py nanopil-
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Figure 1. (Color online) (a) Resistance vs applied field for
a sample without Pt spacer, at room temperature (RT),
T = 295 K. Inset: schematic of the studied nanopillars, with
Py layers shown in black, Cu in orange, and Pt in white.
(b) Symbols: AR, scaled by the MR of the reference sample
without Pt spacer, vs Pt thickness d, at RT. Dashed curve:
exponential fit to the data. Dotted curve: calculation based
on the Valet-Fert theory. (c¢) Spin diffusion length vs tem-
perature, determined by fitting AR(d) with Eq. (1). (d) In-
terfacial spin-loss factor vs temperature, obtained by fitting
AR(d) with Eq. (1) (symbols), and by minimizing the dif-
ference between the MR data and the Valet-Fert calculations
(curve).

lar. The RMS roughness of the multilayers was 0.3 nm.
We excluded the sample with d = 1 nm from our analy-
sis, because of the possible discontinuity of the 1 nm-thick
Pt layer. The thickness of the Cu spacers separating Pt
from the magnetic Py layers was at least 2 nm, to avoid
proximity-induced magnetism in Pt [31, 32]. A structure
where Pt was directly interfaced with Py to analyze this
effect is separately discussed below. The Py(5) layer, the
nonmagnetic Cu/Pt/Cu spacer, and 5 nm of the bottom
Py(10) were patterned into a circular 75 nm disk, while
the rest of the structure was a micrometer-scale film.
The magnetizations of the Py layers formed antiparal-
lel (AP) configuration with resistance R4p at small field,
H, due to their antiferromagnetic dipolar coupling [33].
At large fields, both magnetizations became aligned into
a parallel (P) configuration with resistance Rp, result-
ing in switching between P and AP states in field scans
[Fig. 1(a)]. At a given temperature, T, the dependence
of magnetoresistance (MR), AR = Rap — Rp, on d was
well-approximated by the exponential

AR(d) = AR(0)e~ ¥/ =2rt/cu, (1)

as shown by the dashed curve in Fig. 1(b) for room tem-
perature (RT), T' = 295 K. Here, 6 p; /¢, is the parameter
describing spin loss at the Pt/Cu interface [15, 23, 34].
The temperature dependencies of A\ and dp;/cy, deter-
mined by fitting the dependence of MR on d with Eq. (1)

at each T, are shown by symbols in Figs. 1(c) and (d),
respectively. The value of A\ increased from 3.5 nm at
RT to 6.0 nm at 7 K [Fig. 1(c)]. The slight increase of
dpt/cufrom 0.89 at RT to 0.95 at 7 K was within the
fitting uncertainty.

Although the value of dp/c, is not central to our
study, we briefly discuss it here. This parameter is gen-
erally well-defined only for diffuse interfaces, 6 = w/Aj,
where w is the width of the interfacial region, and Ay
is the effective spin diffusion length [15]. To establish
whether this interpretation is consistent with the fitting
using Eq. (1), we performed calculations based on the
Valet-Fert (VF) theory of GMR [35-37], using the ex-
tracted A and the known spin-dependent transport prop-
erties of Py, Cu and their interfaces [18, 38]. We obtained
dpt/cu by minimizing the difference between our data
and the calculated MR [39]. The calculated dependence
of MR on d reproduced the exponential form Eq. (1) [dot-
ted curve in Fig. 1(b)], and the obtained dp;/cy, [curve
in Fig. 1(d)] is close to the result of simple exponen-
tial fitting, and to the value obtained for macroscopic
spin valves at 4.2 K [40]. Based on these data, we con-
clude that the spin relaxation rate at the Cu/Pt interface
is approximately temperature-independent. The overall
agreement between the VF calculations and the fitting
based on Eq. (1) validates our interpretation of A and
dpt/cu in terms of the bulk and interfacial contributions
to spin diffusion across Pt layers. We emphasize that
VF calculations are not needed to extract these param-
eters, reflecting the robust model-independent nature of
the CPP-GMR technique.

Two distinct spin-orbit mechanisms can contribute to
spin relaxation in materials and at their interfaces. EY
relaxation is caused by scattering on phonons and impuri-
ties in the presence of spin-orbit band mixing, resulting in
a linear relationship between the spin-flip time, 7,¢, and
the momentum scattering time, 7, [41]. Dyakonov-Perel
(DP) relaxation is associated with spin precession around
the effective spin-orbit field, ﬁso, at interfaces and in
materials with broken inversion symmetry [27, 28, 41—
44]. Spin dephasing caused by the dependence of Hgo on
the electron’s momentum results in the inverse relation
between 7,4 and 7, [42] for DP relaxation.

To analyze the spin relaxation in Pt, we determined
the momentum scattering time, 7, = m/ pne?, from the
resistivity p(T') [Fig. 2(a)] [39], which is typical for sput-
tered Pt films [10, 18]. Here, m, and e are the electron’s
mass and charge, and n = 2.81 - 10?**m~3 is the carrier
concentration determined by the Hall measurement [39].
Figure 2(b) shows the temperature dependence of the
spin-flip time 7,¢, determined from A [Fig. 1(c)] using
A = Jurlrss/3 [18], where vp = V3w2nh/m is the
Fermi velocity, and | = vp7, is the mean free path.
Significantly larger values of 75 were obtained for Pt
from the Hanle-type measurements [45], likely because



such measurements are dominated by the low-mobility
carriers whose spin relaxation can be significantly slower
than that of high-mobility carriers in transport phenom-
ena [46].

At high temperatures, both 7, and 7,4 in Figs. 2(a)(b)
linearly increase with decreasing T, consistent with the
dominance of the EY mechanism. While the dependence
7p(T') remains monotonic at low T', 755 starts to decrease.
This decrease of 7, with increasing 7, [Fig. 2(c)] is rem-
iniscent of the DP mechanism, which is not allowed in
Pt by symmetry. We emphasize that the CPP-GMR ap-
proach allows us to unambiguously attribute this to the
bulk spin relaxation; if it were caused by the interfacial
effects, this would have been captured by an increase of
5p1/cu(T) [Fig. 1(d)].

The DP relaxation at Pt interfaces is allowed by sym-
metry [28]. However, the bulk DP mechanism is pro-
hibited, so the spin relaxation in Pt has been attributed
to the EY mechanism [10, 21, 26]. Increased spin relax-
ation observed at low temperatures in measurements of
spin transport along Ag and Cu nanowires [47-49] has
been explained by the increased contribution of surface
scattering, when the mean free path becomes large. In
CPP-GMR, current flows normal to the film, so this ef-
fect is not relevant. We can also eliminate the effects of
magnetic fluctuations in Pt, which are too small to ex-
plain the observed enhancement of spin relaxation [39].

To interpret our results, we note that the strong intrin-
sic SHE in Pt [10, 50] is attributed to the large spin Berry
curvature of electron bands in the vicinity of nearly-
degenerate points, known as spin hot spots [50-52].
Large spin Berry curvature leads to strong spin mixing of
electronic states at the hot spots, resulting in their com-
plete spin-depolarization [51]. Therefore, spin-polarized
electrons injected into these states experience spin dy-
namics even in the absence of scattering. Since these
dynamics depend on the wavevector, these must result
in spin dephasing similar to the DP relaxation.

To quantify different contributions to spin relaxation
in Pt, we use Matthiessen’s rule 1/7, = 1/Timp+1/7pn(T')
to separate the momentum relaxation rates 1/7.,, and
1/7pn due to scattering on impurities and phonons, re-
spectively. We fit the relationship between 757 and 7,
with 1/75f = 1/7pp + 1/TEY, Where 1/7pp = (Q%,7,)
and 1/7py = bZ,,/Timp + bf;h/Tph(m(m are the DP-like
and the EY contributions to spin relaxation [41]. Here,
bimp and by, are the effective spin mixing parameters
associated with impurity and phonon scattering, respec-
tively. For simplicity, we characterize the DP-like re-
laxation by an average effective spin-orbit field Hgo,
with Qgso = gupHso/h representing the average pre-
cession frequency around Hgo. The fitting [curve in
Fig. 2(c)] allows us to estimate Hgo ~ 1280 + 80 T,
bimp ~ 0.06210.057, and byhonon ~ 0.208 +0.008, where
the uncertainties reflect the accuracy of the fitting.

The average precession phase, Q - 7, ~ 0.2, between
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Figure 2. (Color online) (a) Bulk resistivity (right scale) and
the momentum relaxation time (left scale) vs temperature for
the studied Pt films. (b) Spin relaxation time vs temperature
determined from the data of Fig. 1(c). (c) Spin relaxation
time vs momentum relaxation time. Symbols: data, curve:
fitting with a superposition of EY and DP-like contributions,
as described in the text. (d) Temperature dependence of the
contributions to spin relaxation from DP-like and EY mech-
anisms, as labeled, determined from the fitting in panel (c).

momentum scattering events satisfies the random spin-
walk approximation used in our analysis. The proba-
bility of spin flipping per momentum scattering event,
Pyy = b%/(1 — b?) [44], gives one spin flip per 25 (160)
phonon (impurity) scattering events, consistent with the
diffusive limit used in our analysis. At RT, the EY con-
tribution to spin relaxation is about 2 times larger than
the DP-like contribution [Fig. 2(d)]. The EY contribu-
tion decreases linearly with decreasing T', while the DP-
like contribution increases, becoming larger than that of
EY at temperatures below 195 K. With increasing purity
of Pt, the DP-like contribution is expected to increase,
while the EY contribution should decrease.

Further evidence for DP-like relaxation in Pt was pro-
vided by measurements of the nanopillar with an ac-
tive spin valve structure Py(10)Pt(1)Cu(4)Py(5), where
Pt was interfaced with Py. In this case, the MR lin-
early increases with decreasing temperature [triangles in
Fig. 3(a)]. In contrast, for the standard structure with
d = 1, the MR starts to decrease at low T [circles in
Fig. 3(a)]. The downcurving of MR is also apparent in
the VF calculations [solid curve in Fig. 3(a)], but is less
significant, likely due to the limitations of the diffusive
transport model and/or the discontinuity of the Pt(1)
layer. Measurements and calculations for thicker Pt also
showed downcurving of MR at low 7', which can be at-
tributed to the DP-like relaxation [39]. For Pt directly
interfaced with Py, the linear dependence of MR on T
without such downcurving indicates that DP-like relax-
ation is suppressed, which was confirmed by the VF cal-
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Figure 3. (Color online) (a) Measured (symbols) and cal-
culated (curves) MR vs temperature for the standard spin
valve nanopillar with d = 1 nm (circles and solid curve), and
for the nanopillar with the structure Py(10)Pt(1)Cu(4)Py(5)
(triangles and dotted curve). For the latter, the calculation
includes only the EY contribution to spin relaxation. The MR
is normalized by its value at RT. (b) Symbols: magnetic cor-
relation length in Pt vs temperature, from Ref. [32]. Curve:
dependence expected based on the Curie-Weiss law.
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Figure 4. (Color online) Interplay between magnetism and
intrinsic spin-orbit interaction. The spin of electron in Pt
precesses around the effective field i eff = ﬁso + H ex, Where
ﬁso is the effective spin-orbit field determined by the elec-
tron’s momentum I_c‘7 and ﬁez is the effective exchange field
due to either proximity-induced magnetism or magnetic fluc-
tuation in Pt. The electron’s spin is shown by a bold circled
arrow. (a) If Hso dominates, precessional dephasing sup-
presses the spin polarization and/or magnetization fluctua-
tion. (b) If He, dominates, the precession angle for electron
spins aligned with H., is small, suppressing the DP-like spin
relaxation.

culation including only the EY mechanism [dotted curve
in Fig. 3(a)].

The difference between the two structures can be cor-
related with the temperature-dependent magnetic prop-
erties of Pt, as illustrated in Fig. 3(b), reproduced from
Ref. [32]. Symbols show the measured magnetic corre-
lation length, and the curve shows the temperature de-
pendence expected from the Curie-Weiss law, extrapo-
lating to the Curie temperature of 90 K. The correlation
length significantly deviates from the Curie-Weiss law at
T < 110 K, and starts to decrease at T' < 25 K, suggest-
ing that magnetism in Pt becomes suppressed. Indeed,
ferromagnetism was reported only in ultrathin Pt films
and nanoparticles [53-55].

Both the effects of the magnetic interfaces on MR
and the suppression of magnetism in Pt are observed
at cryogenic temperatures, where the DP-like relaxation

becomes increasingly significant [see Fig. 2(d)]. We ex-
plain these effects by the interplay between Hgo and the
proximity-induced effective exchange field H,,. The elec-
tron’s spin experiences a large-angle precession around
the total effective field, ﬁeff = f_jso + ﬁex. If H., <

H so away from magnetic interfaces, the spins of the dif-
fusing electrons, characterized by a broad distribution
of wavevectors, I;/:, are efficiently dephased by the domi-
nant momentum-dependent DP-like field, Fig. 4(a). SOI-
induced spin dephasing is likely responsible for the sup-
pression of magnetism in Pt, since it competes with the
exchange interaction that stabilizes an ordered-spin state
of the Fermi sea comprising electrons with a broad dis-
tribution of k.

If H., > Hgo, near a magnetic interface, the spin
precesses around the effective field, H.yr, dominated by

—

H., [Fig. 4(b)]. Since the spins of the electrons injected
from the ferromagnet are aligned with H ez, their preces-
sion angle is small, resulting in suppression of the preces-
sional spin relaxation, and thus an enhanced MR in the
samples with proximity-magnetized Pt. This proposed
mechanism is consistent with the reported suppression of
DP relaxation by the external field [46], and with the re-
duction of intrinsic SHE in proximity-magnetized Pt [29].

Interplay between SOI and magnetism should also re-
sult in enhancement of proximity magnetism in Pt when
SOl-induced spin dephasing is reduced. Indeed, mag-
netic coupling between ferromagnets, separated by a
proximity-magnetized Pt spacer, was shown to mono-
tonically increase with decreasing temperature [32], even
though the magnetic correlation length decreases at low
T [Fig. 3b]. This is consistent with nonlinear enhance-
ment of magnetism in Pt in the immediate vicinity of the
interface, where DP-like relaxation is suppressed, com-
pensating for its more abrupt decrease away from the
interface.

In conclusion, we utilized nanoscale magnetic spin
valves to study spin transport and relaxation in Pt and
at its interfaces with Cu. Analysis of spin relaxation al-
lowed us to quantify the Elliott-Yafet scattering, and to
identify a previously unrecognized Dyakonov-Perel-like
intrinsic spin relaxation mechanism in Pt. Our analysis
allowed us to estimate the average strength of the rele-
vant spin-orbit parameters. We also demonstrated that
spin-orbit effects compete with magnetism at the inter-
faces of Pt with ferromagnets, resulting in suppression
of spin relaxation. Our results demonstrate an efficient
route for the characterization of spin-orbit interactions,
which should facilitate the exploration of new efficient
spin-orbit materials.

This work was supported by the NSF grant Nos. DMR-
1350002 and DMR-1504449.
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