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We demonstrate a quantitative disentanglement of current-induced spin-orbit torques (SOTs) in Pt/Co
bilayers, where both the spin Hall effect (SHE) and the Rashba-Edelstein effect (REE) are present. The
SOTs originating from the SHE in bulk Pt and from the REE at substrate (sub.)/Pt and Pt/Co interfaces
are successfully disentangled and quantified utilizing harmonic Hall measurements, by taking advantage
of different characteristic lengths between the two effects during spin-current transport. The fieldlike (FL)
torque in our samples originates from the REE, while both SHE and REE contribute to the dampinglike
(DL) torque. The experimentally extracted transport characteristic lengths in bulk Pt (an effective spin-
diffusion length) are 1.8-3.0 nm, while those at Pt interfaces (an effective REE thickness) are 0.2—0.6 nm.
The extracted REE-induced FL torque (and DL torque) efficiencies at sub./Pt and Pt/Co interfaces are of
the same order of magnitude, but of opposite signs, which is consistent with the REE scenario. The origin
of the observed temperature-dependent SOT sign reversal is clarified with our disentanglement analysis,
demonstrating the significant role of the REE at both sub./Pt and Pt/Co interfaces, in contributing to
the overall SOTs, as the thickness of the heavy-metal layer is thinner than its spin-diffusion length or

comparable to a REE thickness.
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I. INTRODUCTION

Recent advances in the spin Hall effect (SHE) [1-4]
enable new functionalities in magnetic heterostructures
with the presence of strong spin-orbit coupling. The pure
spin currents generated by strong spin-orbit materials, such
as heavy metals [5—9] and topological insulators [10,11],
exert spin-orbit torques (SOTs) [12—15] on the neighbor-
ing ferromagnetic layer and act as the driving force for
the control of local magnetic states, such as magnetiza-
tion switching [6,8,9,16—18] and fast domain wall motion
[19,20]. The SOT in heavy-metal/ferromagnet bilayers is
understood based on the theory of Slonczewski-Berger
spin-transfer torques [21,22] and can be decomposed into
two orthogonal components, a (anti-)dampinglike (DL)
term and a fieldlike (FL) term, having the forms of m x
(0 x m) and m X o, respectively, where m is the mag-
netization vector and o is the spin polarization vector.
Conventionally, the DL torque is considered to originate
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from the bulk SHE [8,23], following Slonczewski’s theo-
retical model [24], while the FL torque is associated with
the Rashba-Edelstein effect (REE) [25,26], an interfacial
effect that is induced by the broken inversion symmetry
[27]. However, a complete landscape on the origin of the
SOT seems to be far more complicated: theoretical studies
[28,29] have also shown that a nontrivial DL torque can
be produced by the interfacial REE, which stems from a
combination of the Rashba spin-orbit coupling and the s-d
exchange interaction between the REE-induced spin accu-
mulation and the local magnetic moments [28]; in addition,
the SHE is also theoretically proposed to induce a small
FL torque [30-32]. Therefore, the DL and FL torque are
severely entangled in heavy-metal/ferromagnet bilayers,
with the presence of both strong bulk spin-orbit coupling
and interfacial Rashba spin splitting [33].

A quantitative SOT analysis in heavy-metal/ferromagnet
bilayers is experimentally feasible via a heavy-metal-
thickness-dependent SOT measurement [12,34-37]. Tak-
ing Pt [38,39], a 5d metal with strong spin-orbit coupling,
as an example, the DL torque stemming from the SHE is
described by the following hyperbolic function [7,34,35]

© 2020 American Physical Society
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derived from drift-diffusion theory [40]:
BRF ~ BRGu[1 — sech(tp/ap)], (1)

where BY'F is the SHE-induced DL torque obtained at a
certain Pt thickness (#p;) and BYIE, s its saturated value;
Apt 18 an effective spin diffusion length in Pt, with a typical
thickness of several nanometers [35,41—54]; and sech is the
hyperbolic secant. Based on the drift-diffusion approach,
the FL torque originating from the REE demonstrates a
similar #p; dependence [32]:

BREE ~ BREE [1 — sech(tp/dre)]. )

where BREE is the REE-induced FL torque at a certain
tpe and BRFE s its saturated value; drgg is an effective
REE thickness in Pt, which is typically several angstroms,
characterizing the thickness of an interface layer where
the Rashba charge-spin conversion takes place [55,56].
The much shorter dgrgg, relative to that of Ap, is mainly
due to the robust electron-screening effect [57] at the
Pt/ferromagnet interface.

Previous experimental SOT studies [7,34-36,58] on
Pt/ferromagnet bilayers mainly discussed the DL torque
with the SHE. This is suitable when bulk SOT over-
whelms the interface SOT. However, as the heavy-metal
layer thickness shrinks down to the thin limit (e.g., shorter
than Ap; or even comparable to drgg), the REE-induced
DL torque has to be considered in addition to the SHE.
It means that, with the presence of strong Rashba split-
ting, both the top interface (e.g., Pt/ferromagnet) and bot-
tom interface [e.g., substrate (sub.)/Pt] play an important
role in contributing to the overall DL torque. Notably,
this also holds for the FL torque. In fact, several previ-
ous works [34,36,59] have demonstrated a temperature-
(T) dependent anomalous SOT sign reversal, which may
result from such a complicated SOT entanglement. How-
ever, up to now, the origin of such a SOT sign rever-
sal has remained elusive; moreover, a unified, consistent
picture of the current-induced SOT efficiencies and corre-
sponding characteristic lengths for both SHE and REE, in
heavy-metal/ferromagnet bilayers, is lacking.

Here, we present a quantitative disentanglement of
SOTs in prototypical Pt/Co bilayers with the presence of
the SHE and REE via detailed #p;- and 7-dependent har-
monic Hall measurements [12,13,58,60]. The SOTs and
characteristic transport lengths induced by the SHE in bulk
Pt and by the REE at sub./Pt and Pt/Co interfaces are suc-
cessfully disentangled and quantified. The obtained SOTs
are consistent, both in sign and in magnitude, with theo-
retical studies [30,32] that take into account both effects,
demonstrating the unique feature of the SOTs induced by
Rashba spin splitting [61].

II. EXPERIMENTAL METHODS

Epitaxial thin films of Pt(¢p)/Co(1.95) (thickness in
nanometers) are sputter deposited onto Al,03(0001) sub-
strates at room temperature before a 2 nm amorphous
AlO, layer is capped on top for protection. The AlO,
layer is deposited directly from an Al,O; sputtering tar-
get. The epitaxial growth of Pt and Co layers is suggested
by x-ray diffraction and reflection of high-energy elec-
tron diffraction measurements, as shown in Fig. 1(a). The
average roughnesses at sub./Pt and Pt/Co interfaces are
estimated to be 0.2 and 0.1 nm, respectively, by x-ray
reflectivity measurements [Fig. 1(b)], demonstrating favor-
able interfacial flatness. All films in this study are in-plane
magnetized. The saturation magnetization () of Co is
measured by using a vibrating sample magnetometer and
determined to be 1.17 x 10° A/m. The M, is found to be
independent of 7 [inset of Fig. 4(b)], which is consis-
tent with a previous study [34] on in-plane-magnetized
Pt/Co bilayers. Hall bar devices with a rectangular shape
of 25 yum in length and 10 um in width are patterned by
photolithography and Ar-ion milling for harmonic Hall
measurements.

Following the method reported by Avci et al. [58] to
separate the current-induced SOTs and the thermoelectric
effects in in-plane-magnetized heavy-metal/ferromagnet
bilayers, we perform the analysis for the angular depen-
dence of second-harmonic signals to extract the overall
DL and FL torques in our samples. As shown in Fig. 2(a),
a sinusoidal voltage with a constant amplitude is applied
to the Hall bar device, and a fixed-amplitude external
magnetic field is applied in the thin-film plane. Both in-
phase first-harmonic and out-of-phase second-harmonic
Hall voltages [12,58] are recorded, while the direction
of the external magnetic field rotates with an angle ¢
with respect to the x axis. According to Avci ef al. [58],
the ¢ dependence of the first- and second-harmonic Hall
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FIG. 1. (a) Out-of-plane x-ray diffraction pattern for thin films

of Pt(10)/Co(10)/A10«(2) (thickness in nanometer) deposited
onto Al,03(0001) substrate. Inset shows the reflection of high-
energy electron diffraction pattern for Pt(1)/Co(1) bilayers.
(b) X-ray reflectivity patterns for Pt(10)/Co(3) and
Pt(10)/Co(10). Average interfacial roughness is about 0.2 nm for
the sub./Pt interface and 0.1 nm for the Pt/Co interface.
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FIG. 2. (a) Schematic demonstration of the in-plane harmonic

Hall measurement setup utilized in this study. (b) Angular depen-
dence of the first-harmonic Hall resistance at 100 and 800 mT.
Angular dependence of the second-harmonic Hall resistance and
corresponding dampinglike (DL) and fieldlike (FL) components
at 100 mT (c) and 800 mT (d). (e) DL plus thermoelectric terms
of second-harmonic Hall resistance, normalized by anomalous
Hall resistance, plotted against the inverse static field (external
magnetic field, Beyt, plus out-of-plane anisotropy field, By). (f) FL
plus Oersted field terms of the second-harmonic Hall resistance,
normalized by planar Hall resistance, plotted against inverse Bex.

resistance (R” and R*®, respectively) is

R;; = RPHE sin 2(/), (3)
B
2w DL
Ry =~— (RAHE Bowt By + R%) cos ¢

Brr + Boe

+ 2Rpur (2 cos3<p — Ccos Q)
Bext

G

where Rpyg and Rayg are the planar Hall resistance and
anomalous Hall resistance; Bpy and By are the overall
DL and FL effective magnetic fields (denoted as DL and
FL torque hereafter for consistency); Bext, Br, and Boe
are the external magnetic field, out-of-plane anisotropy
field, and heavy-metal-layer-induced Oersted field; and
RIY is the second-harmonic resistance induced by ther-
mal effects, such as the anomalous Nernst effect and the
spin Seebeck effect [62]. As an example, the SOT anal-
ysis of the Hall bar device, with a stacking structure of
Pt(2.25)/Co(1.95)/A104(2) is shown in Figs. 2(b)-2(f): the

DL plus thermal term of the second-harmonic signal is
obtained by fitting the experimental data at ¢ =45°, 135°,
225°, and 315° with the cos¢ function [see circles in
Figs. 2(c) and 2(d)]; the DL term is subsequently obtained
by performing the B.y-dependent measurement shown in
Fig. 2(e), where DL torque is accessible via the slope of the
linear fitting. The FL plus Oersted field term is obtained
by subtracting the DL term from the ¢-dependent second-
harmonic data [see rhombuses, Figs. 2(c) and 2(d)], where
the FL torque is obtained via the field-dependent linear
fitting [Fig. 2(f)] after subtracting the Oersted field con-
tribution [63]. The measured DL and FL torque data for
Pt/Co bilayers are summarized in Figs. 3(c) and 3(e).

I11. SPIN-ORBIT TORQUE DISENTANGLEMENT

Figure 3(a) demonstrates the schematic model for the
SOT disentanglement in this study. The bulk Pt region and
sub./Pt and Pt/Co interfaces are considered as sources of
SOTs because of strong spin-orbit coupling in Pt and the
concomitant large Rashba spin splitting. Each spin-current
source produces a DL torque and a FL torque, that is,
Bpro and Bgpo for bulk Pt, Bpr; and Bgp; for the sub./Pt
interface, and Bpp, and Byr, for the Pt/Co interface. The
effective REE thickness at the sub./Pt and Pt/Co interfaces
is denoted as drgg; and drggy, respectively. Prior to SOT
analysis, the Hall bar resistance of each device is exam-
ined. Figures 3(b) and 3(d) show the normalized inverse
sheet resistance (1/R°) and the corresponding Pt resis-
tivity (op;) as a function of #p; and 7. The 1 /Rgx value is
measurable at a very thin #p; of 0.23 nm, suggesting very
flat interfaces that are consistent with the x-ray reflectivity
results. The pp; value shows a sudden drop near tp; = 1.1
and 4.0 nm, for which we propose two possible origins.
One possible origin is that interfacial electron scattering
decreases with increasing fp;, contributing to a decrease in
ppi; the other is that, as #p; increases, there is an abrupt
decrease in the local dislocation density [64] at a certain
tpt (e.g., around 1.1 and 4.0 nm) for each of the sub./Pt
and Pt/Co interfaces caused by an incoherent interfacial
strain relaxation in epitaxial samples. We argue that the
latter origin is more likely to dominate. This is because we
do not observe such an abrupt 1/R%, change in polycrys-
talline Pt/Co bilayers (see the Supplemental Material [63]),
where interfacial electron scattering persists, while interfa-
cial strain is coherently relaxed via grain boundaries. It is
also worth noting that we do not find any significant phase
change in Pt with varying #p; up to 10 nm [63]; in addition,
a similar sudden resistivity drop was previously observed
in epitaxial Ta-based heterostructure thin films [64].

The tpi- and T-dependent current-induced SOTs, nor-
malized by current density estimated in Pt (Jp;), are sum-
marized in Figs. 3(c) and 3(e). Qualitatively, the DL torque
(Bpr) and FL torque (Bpr) exhibit a significant difference
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FIG. 3. (a) Schematic illustration of the SOT entanglement in
Pt/Co bilayers. Current-induced DL and FL torque efficiencies
arise from Pt bulk region (&pro and &pr o), substrate/Pt interface
(épL1 and &g 1), and Pt/Co interface (épro and &gp ;). Pt thickness
tp. dependence of normalized inverse sheet resistance 1/R?_ (b)
and resistivity pp; (d) at 10300 K. Solid lines in (b) are linear fits
to data for tpy = 0.2—1.1, 1.3—4.0, and 4.0-7.5 nm, respectively;
solid lines in (d) are a guide to the eye. (c),(e) tp; dependence
of DL torque Bpy, (c) and FL torque Br (e) normalized by Pt
current density at 10300 K. Solid lines in (c) are fits to data for
tpy = 1.3—4.0nm via Eq. (5); dashed lines in (c) are fits to data
for tpy = 0.2—1.1 nm via Eq. (7); solid lines in (e) are fits to data
with fp; = 0.2-4.0 nm via Eq. (6), where thin #p; data and fitting
lines are shown in the inset.

in T: the DL torque decreases dramatically with decreas-
ing T for tp; > 1.3 nm, while the FL torque barely changes
over all thickness and T ranges, suggesting that they have
very different origins. Notably, the signs of both DL and
FL torque agree with previous SOT studies [58,65] on in-
plane-magnetized Pt/ferromagnet bilayers. A quantitative
disentanglement of the SOTs in Pt/Co bilayers, as men-
tioned above, requires one to take into account the bulk
SHE in Pt and the REE at sub./Pt and Pt/Co interfaces.
Because the experimentally obtained SOT in single-layer
Co is found to be negligibly small [63], we consider that
the SOT induced by the Co/AlQ, interface in this work is
trivial. By considering that both SHE and REE contribute
to the DL torque [28,29], the following equation is used to
fit the DL torque in Fig. 3(c) in the intermediate #p; region
(the least-squares method is used for all fittings throughout
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FIG. 4. (a) Pt spin-diffusion length Ap, as a function of Pt con-
ductivity op. (b) Temperature dependence of saturation magne-
tization (M) for Pt(3)/Co(3) bilayers. Inset to (b) shows typical
M-H curves at 10300 K. (c) DL torque efficiency &prg in bulk
Pt as a function of Pt resistivity pp. Solid lines in (a) and (c) are
linear fits to data. (d) Temperature dependence of REE-induced
DL torque efficiency &py, at the Pt/Co interface.

this work):

BpL ~ BpL ptbulk + BpL pi/co
A Bpro[l — sech(#p¢/Ap)] + BpL2
(fitting range: 1.3—4.0nm), (5)

where Bpro is the saturated SHE-induced DL torque
and Bpr, is the saturated DL torque generated at the
Pt/Co interface due to the REE. The DL and FL torque
efficiencies, &pp and &g, are calculated via &pprr) =
(2eM;tr) / hBpi(FL) sat/Jpt, in which e is the electron charge,
tr is the Co layer thickness, and £ is the reduced Planck
constant. Notably, the effective REE thickness at the Pt/Co
interface is estimated to be much smaller than that of such
a tpy range (e.g., ~0.4 nm is assumed for a Bi/Ag Rashba
interface [55]), and therefore, the hyperbolic term for Bpy,
in Eq. (5) is neglected. In addition, the DL torque origi-
nating from the sub./Pt interface is estimated to be much
smaller than the two terms in Eq. (5) in this #p; range and
neglected because of the spin relaxation in Pt. The fitting
results [Figs. 4(a) and 4(c)] demonstrate the Elliot-Yafet
spin-relaxation mechanism [35,66—68] and an intrinsic (or
perhaps side-jump) contribution to the SHE [4,68] in the
Pt layer. The intrinsic (or side-jump) SHE mechanism is
consistent with the results shown in Fig. 3(c) that, for a
particular 7, the decrease in the DL torque for #p; > 4.0 nm
is accompanied by a drop in pp; [Fig. 3(d)]. Notably, the
spin-relaxation mechanism here reflects mainly the bulk
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property, and is different from a previous weak antilocal-
ization study [69], in which Pt layer is fabricated very dif-
ferently (e.g., high deposition T) and measured at a lower
T. A small and positive &py, is found at the Pt/Co inter-
face [Fig. 4(d)], which is consistent in sign with theoretical
calculations [32].

The DL torque is dominated by the SHE with fp; >
1.3 nm, as suggested by a gradual saturation of DL torque
with increasing fp; and a rapid drop with decreasing 7.
The T-independent FL torque in the same tp; region, on
the other hand, shows strong evidence that the FL torque
is independent of the spin currents generated by the SHE.
Particularly, at #p; = 7.5 nm, the FL torque remains almost
constant, while the DL torque decreases by a factor of three
when T drops from 300 to 10 K [see Figs. 3(c) and 3(e)].
Therefore, the FL torque originates overwhelmingly from
the REE and not the SHE. One may argue that the SHE
generates a 7-independent FL torque. That, however, is
contrary to theoretical calculations [31,32] that the SHE-
induced FL torque, if any, should scale with the magnitude
of'the SHE-induced spin currents. By assuming this scaling
relationship, the SHE-induced FL torque efficiency (£rro)
is estimated to be smaller than 0.0004. Comparing this
value with &py o in Fig. 4(c), one finds a qualitative consis-
tency with theoretical calculations [30,32] that &g o /&pyg 1S
roughly determined by Im[Gyix]/Re[Gmix] [32], in which
Gnix 1s the spin-mixing conductance. Based on the dis-
cussions above, the FL torque in our samples stems pre-
dominantly from the REE at sub./Pt and Pt/Co interfaces.
Thus, the #p; dependence of BgL is quantitatively analyzed
using the following fitting equation based on the drift-
diffusion approach (see the Supplemental Material [63] for
a discussion on the biresistivity issue in Pt) [32,70]:

BrL ~ BFrL sub/pt + BFL pt/Co
~ Brri[1 — sech(tp/dgeg1)]sech(tp/A'py)
+ Brro[1 — sech(tpi/dreE2)]
(fitting range: 0.2—4.0 nm), (6)

where B and Bpr, are the REE-induced saturated
FL torque originating from sub./Pt and Pt/Co inter-
faces, respectively; Ap,, the spin diffusion length for fp; =
0.2—1.1 nm, is obtained based on the Ap-conductivity (op)
linear relationship in Fig. 4(a). As a result, the extracted
dreg1 and dgrggy [Fig. 5(b)] values are reasonable for a
Rashba interface [55,56]; the corresponding &gr; and &pp,
[Fig. 5(a)] values at sub./Pt and Pt/Co interfaces are found
to be independent of the SHE-induced spin currents (ppg),
which confirms again that the FL torque in our samples
originates from the REE, not the SHE. Moreover, &g ; and
&rLo are of the same order of magnitude, but of opposite
signs. Such a sign reversal is consistent with the REE sce-
nario [25,26]: the REE-induced o is proportional to the
cross product of the electron momentum vector k and the
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FIG. 5. (a) FL torque efficiencies & ; and &g, and (b) effec-

tive REE thicknesses drgg; and drggs at sub./Pt, Pt/Co interfaces
plotted as a function of DL torque efficiency in bulk Pt (&pro).
&pL and drgg are extracted from the nonlinear fitting in Fig. 3(e)
via Eq. (6). Dashed lines in (a) and (b) are a guide to the eye.

interfacial electric field vector E, where E is induced by the
broken inversion symmetry [27] and has its direction along
the film normal. The REE-induced FL torque, having the
form of m x o, is an odd function of o. Therefore, a rever-
sal of polarity in E ultimately leads to a sign change in &gy
Because of the large work function in Pt, E is expected
to have a direction pointing from Pt to Co for the Pt/Co
interface and from Pt to Al;03(0001) sub. for the sub./Pt
interface due to orbital hybridization [71].

With both drgg; and drggy obtained in Fig. 5(b), the
REE-induced &py [28,29] from the sub./Pt (§pr ) interface
is examined by fitting the DL torque for a thin fp; region
[dashed lines in Fig. 3(c)]:

BpL ~ BpL sub/pt + BpL Pt bulk + BDL pt/Co

~ Bpri[1 — sech(tpi/drgs1)]sech(tp/ A pr)
+ Bpra[1 — sech(tpi/dreE2)]
+ B'pro[l — sech(tp/2A'pt)]
(fitting range: 0.2—1.1 nm), (7

where Bpyi, the only fitting parameter, is the saturated
DL torque from sub./Pt via the REE. B}, is the satu-
rated SHE-induced DL torque for #p = 0.2—1.1nm and
is estimated based on the &pgo-pp; linear relationship in
Fig. 4(c). As a result, the experimentally extracted &py
and &pr, [Fig. 6(a)] are of opposite sign and are consis-
tent with the respective sign of &g | and &pp,, reflecting a
sign change in E when comparing sub./Pt and Pt/Co inter-
faces. The extracted SOT efficiencies and corresponding
characteristic lengths are summarized in Table. I.

IV. DISCUSSION
A. Spin Transport Characteristic Lengths

The combined effects of the bulk SHE in Pt and
the interfacial REE at sub./Pt and Pt/Co interfaces
vigorously explain the #p- and 7-dependent DL and
FL torques shown in Figs. 3(c) and 3(e). The over-
all DL or FL torques measured at a specific fp; are
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FIG. 6. (a) REE-induced DL torque efficiencies &pr; and &ppo

at sub./Pt and Pt/Co interfaces plotted as a function of corre-
sponding FL torque efficiencies &pp; and &pp,. Opposite signs
of SOT efficiencies at sub./Pt and Pt/Co interfaces suggest a
reversal of the interfacial electric field vector. (b) Normalized
DL plus thermoelectric terms of second-harmonic signal as a
function of the inverse of static field (external field Bey; plus out-
of-plane anisotropy field By). Solid lines are linear fits to data.
Inset shows raw data and linear fits at each temperature. (c),(d)
Temperature dependence of overall DL (c¢) and FL (d) SOTs with
tpe = 0.23 nm and #p; = 0 nm normalized by current density Jj,
where Jj is an estimated current density in Pt for Pt-inserted sam-
ple and in Co for Pt-free sample. Solid lines are a guide to the
eye.

quantitatively explained by competition from the three
SOT sources mentioned above (although the bulk-
induced FL torque is negligible), depending not only

TABLE 1.

on the saturated charge-spin conversion efficiencies in
the bulk or at interfaces, but also on the corresponding
characteristic lengths (i.e., drgg;, dreg2, and Ap;). The
nonlinear fitting in Fig. 3(e) via Eq. (6) provides a reli-
able determination of the characteristic transport lengths
of the REE [drgg; and drggs, Fig. 5(b)] because the Pt
layer should be flat and homogeneous for most of the data
points due to the interfacial smoothness of our Pt/Co thin
films. As a result, drgg; 1s found to be smaller than that
of either drgpy or Ap; [Figs. 4(a) and 5(b)], meaning that
the charge-spin conversion at the sub./Pt interface via the
REE, compared with the other two SOT sources, is accom-
plished within the smallest length scale. This indicates that
the charge-spin conversion at the sub./Pt interface (the neg-
ative SOT source) may dominate the overall SOT when #p;
becomes comparable to drgg;, which is consistent with the
T-dependent SOT sign reversal observed at 10 K in this
study with tp; = 0.23 nm [Figs. 6(b)-6(d)]. We emphasize
that we do not intend to discuss the sign reversal using
SOT data of a specific fpy = 0.23 nm, where the Pt layer
is likely to be inhomogeneous because 0.23 nm is com-
parable to half of the fcc Pt unit cell; instead, we argue
that the 7-dependent SOT sign reversal observed in this
study is mainly determined by the negative SOT source at
the sub./Pt interface [Fig. 6(a)], with a very small dggg;,
which is obtained via nonlinear fitting over a relatively
wide fp; range. Our results are highly consistent with previ-
ous studies [34,36,59], where the SOT sign reversal occurs
only at low T or with a very thin heavy-metal layer thick-
ness, when the SOT originating from the bulk SHE is
significantly suppressed.

In particular, we note here that, while this work demon-
strates an experimental extraction of drpg [Fig. 5(b)] via
a SOT characterization, the extracted drgg (€.2., drgg1 =
0.2-0.3nm) value is somewhat larger than a theoreti-
cally calculated Thomas-Fermi screening length for an

Summary of the characteristic lengths and saturated dampinglike and fieldlike SOT efficiencies for Pt bulk and sub./Pt and

Pt/Co interfaces obtained from the disentanglement analysis in this work. The characteristic length represents an effective spin-diffusion
length for bulk Pt and an effective REE thickness for sub./Pt and Pt/Co interfaces.

Characteristic Dampinglike Fieldlike SOT
SOT source Temperature (K) Pt resistivity (42 cm) length (nm) SOT efficiency efficiency
Pt bulk 300 14.87 1.75 0.029 (abs.) < 0.0004
Pt bulk 200 12.56 1.78 0.022 (abs.) < 0.0004
Pt bulk 100 10.12 2.30 0.018 (abs.) < 0.0004
Pt bulk 10 8.27 3.05 0.015 (abs.) < 0.0004
sub./Pt interface 300 0.23 —0.005 —0.009
sub./Pt interface 200 0.26 —0.004 —0.009
sub./Pt interface 100 0.26 —0.004 —0.008
sub./Pt interface 10 0.26 —0.003 —0.006
Pt/Co interface 300 0.34 0.007 0.017
Pt/Co interface 200 0.40 0.005 0.016
Pt/Co interface 100 0.44 0.006 0.017
Pt/Co interface 10 0.51 0.006 0.017
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idealized metallic surface [72], which is typically less
than 0.1 nm. Despite such a discrepancy, we argue the
validity of the obtained drgg with following two points:
(1) Inevitably, our sputter-deposited films suffer from an
imperfection of interfaces because of interfacial roughness
(Rims = 0.1-0.2 nm) and possible interlayer atomic mix-
ing at sub./Pt and Pt/Co interfaces. Such an interfacial
imperfection, in return, is very likely to cause a broaden-
ing of the Rashba interfacial scattering potential, where, in
theoretical calculations [30-32], such a potential is often
localized at the interface by using a Dirac delta function.
Consequently, the broadening of the scattering potential
results in a broadened interface region for electron screen-
ing and subsequently an enhancement in drgg. An earlier
study [55] on spin-charge conversion at the Bi/Ag inter-
face assumed a similar drgg of 0.4 nm, which supports this
argument. (2) Theoretical calculations by Zhang [57] show
that the screening length can be enhanced, when the asym-
metry in the spin-dependent density of states is lifted by
interfacial magnetic moments. This qualitatively supports
our results because the extracted drggy (Pt/Co interface,
with magnetism) is larger than that of drgg; (sub./Pt inter-
face, without magnetism), as shown in Fig. 5(b). Based
on the discussions above, we believe that our experi-
mentally extracted drgg, although larger than a typical
Thomas-Fermi screening length for an ideal interface, is
a reasonable spin-transport length for the REE charge-spin
conversion in our sputter-deposited Pt/Co bilayers.

V. Spin-Orbit Torque Efficiencies

The result that the SHE-induced DL torque effi-
ciency &prg in our Pt/Co/AlO, thin film scales with
ppe (intrinsic or perhaps side-jump SHE mechanisms)
shown in Fig. 4(c) agrees well with a previous SOT
study [73] on in-plane-magnetized Pt/Co,FeAl/MgO sam-
ples. However, this pp; scaling is distinctly differ-
ent from what is observed in perpendicularly mag-
netized Pt/Co/MgO [34] or Pt/Hf/(Co, Fe)B/MgO [36]
thin films possessing a thinner ferromagnetic layer, in
which the &pro is pp; independent. Such a discrep-
ancy between the in-plane-magnetized and perpendic-
ularly magnetized samples can be explained by the
effect of spin backflow at the ferromagnet/oxide inter-
face: a recent ferromagnetic resonance study by Ghosh
et al. [74] has demonstrated a characteristic length of about
1.2 nm in a ferromagnetic layer for an efficient absorp-
tion of transverse spin current. Due to relatively thick Co
layer of 1.95 nm in our samples, the SHE-induced trans-
verse spin current is expected to be completely absorbed
in the Co layer via spin-momentum transfer, and the spin
backflow at the ferromagnet/oxide interface is minimal.
However, in the case of perpendicularly magnetized sam-
ples, where the ferromagnetic layer thickness is typically

less than 1.2 nm [34,36], spin backflow occurs at the fer-
romagnet/oxide interface because of an incomplete spin
absorption, thereby partially cancelling out the spin cur-
rent across the Pt/ferromagnet interface [75]. Due to such
a parasitic effect, the measured 7-dependent SOT efficien-
cies in perpendicularly magnetized samples may not reflect
the intrinsic charge-spin conversion in a heavy metal or at
the heavy-metal/ferromagnet interface.

The experimentally obtained 7-independent FL torque
in this study is consistent with the fact that the FL torque
in our samples originates from the REE. This is because
thermal excitations at room temperature are expected to be
much smaller than the energy of the (interfacial) spin-orbit
coupling; therefore, one does not expect a dramatic change
in the Rashba spin accumulation at sub./Pt or Pt/Co inter-
faces that ultimately affects the FL torque as 7T changes.
The T-independent FL torque is consistent with a previous
SOT study on Pt/Co/MgO [34] thin films.

Also, we discuss the influence of the magnetic proxim-
ity effect (MPE) on both DL and FL torque. As for the DL
torque, we show in Fig. 7(a) that &pr¢ in our samples has
the same pp; scaling relationship as that of previous Pt-
based SOT studies [7,34,35,44,46,50,51,54,58,65,68] and,

(a)
0.20 : : : : — : )
O Ref.[7] O Ref. [44]
/\ Ref.[46] </ Ref.[58]
0.15+ & Ref. [50] <] Ref. [54]
\Y4 Ref. [51] O Ref. [34]
. ) Ref.[68] + Ref.[35]
W2 010t X Ref. [65]
@] Y¢ This work (poly-),Ref. [63]
O —— Linear fit to all data
0.05} ﬁg
i O ¥
000 L L L L L L
0 20 40 60 80 100 120 140
Pt resistivity (uQ cm)
(b)
0.20 T T T T T
7 Ref. 58] (+)
O Ref. [34] (-)
0.15} K Ref. [65] (+) i
Y¢ This work (poly-) (+), Ref. [63]
£ 0.10 ]
0.05+ g
oA © X
000 L L L L L
0 20 40 60 80 100 120
Pt resistivity (uQ cm)
FIG. 7. Summary of (a) DL torque efficiencies and (b) FL

torque efficiencies as a function of Pt resistivity for previous Pt-
based SOT studies and for this work. Data of this work shown in
(a) are the spin Hall effect induced DL torque efficiency (épro);
data of this work shown in (b) are the Rashba-Edelstein effect
induced FL torque efficiency (§pr2); “+” and “—" in (b) denote
signs of each FL torque efficiency.
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particularly, a previous study by Sagasta et al. [68], using
Pt-based lateral spin valves, where Pt and ferromagnet lay-
ers are separated by using a nonlocal geometry and MPE
is absent. This strongly suggests that the MPE on the
DL torque in our Pt/Co bilayers is negligible. For the FL
torque, as no significant 7 dependence is shown [Fig. 3(e)]
and the magnitude agrees with previous studies as shown
in Fig. 7(b) [34,58,65], we consider that the effect of MPE
on FL torque is small as well. Such an irrelevance of
MPE to the SOT is consistent with a recent study by Zhu
et al. [76].

VI. OUTLOOK

The REE is shown in this study to play a critical role
in contributing to the overall SOT, as heavy-metal thick-
ness is comparable to drgg. An accurate determination
of drgg may be possible via magnetotransport studies for
atomically flat oxide interfaces [77,78], where interfacial
scattering potential is more localized by using sharper
interfaces compared with our films deposited at room tem-
perature. Due to the nontrivial contribution of REE to the
current-induced SOT, it would also be intriguing to investi-
gate the gate control [77,79—81] of spin-orbitronic devices
with ultrathin layer thickness, which is a favorable feature
for high-density information storage scaling.

VII. CONCLUSIONS

We present a quantitative disentanglement of the
current-induced SOTs originating from the SHE and REE
in Pt/Co bilayers. The SOTs originating from the SHE
in bulk Pt and from the REE at sub./Pt and Pt/Co inter-
faces are successfully disentangled and quantified. The
REE-induced &g and &gp (and also &pp; and &ppy) at
sub./Pt and Pt/Co interfaces are of the same order of mag-
nitude, but opposite signs, which is consistent with the
REE model. The experimentally extracted characteristic
spin-transport lengths in Pt bulk (i.e., an effective spin-
diffusion length, Ap;) are in the order of nanometers, while
those at sub./Pt and Pt/Co interfaces (i.e., an effective REE
thickness, drpg; and drggp) are in the order of angstroms.
The SOT sign reversal at low T as #p; approaches the thin
limit is explained by the dominant negative SOTs induced
by the REE at the sub./Pt interface. Our results provide a
unified picture of SOTs in prototypical Pt/Co bilayers, with
the presence of both the SHE and REE, illustrating the sig-
nificant role of the REE in contributing to current-induced
SOTs, as the heavy-metal layer thickness is thinner than its
spin-diffusion length or comparable to a REE thickness.
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