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Anomalous Hall effect in 3d /5d multilayers mediated by interface scattering
and nonlocal spin conductivity
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We have evidenced unconventional anomalous Hall effects (AHEs) in 3d/5d (Co0.2nm/Ni0.6nm )y multilay-
ers grown on a thin Pt layer or thin Au:W alloys with perpendicular magnetic anisotropy (PMA) properties. The
inversion of AHEs observed with one Pt series is explained by considering the opposite sign of the effective
spin-orbit coupling of Pt compared to Co/Ni combined with peculiar specular electronic reflections. Using
advanced simulations methods for the description of the spin-current profiles based on the spin-dependent
Boltzmann formalism, we extracted the spin-Hall angle (SHA) of Pt and Co/Ni of opposite sign. The extracted
SHA for Pt, +20%, is opposite to the one of Co/Ni, giving rise to an effective AHE inversion for thin Co/Ni
multilayers (with the number of repetition layers N < 17). The spin-Hall angle in Pt is found to be larger than the
one previously measured by complementary spin-pumping inverse spin-Hall effect experiments in a geometry
of current perpendicular to the plane. Whereas magnetic proximity effects cannot explain the effect, spin-current
leakage and spin-orbit assisted electron scattering at Pt/(Co,Ni) interfaces fit the experiments. We also extract
the main relevant electronic transport parameters governing the overall effects in current-in-plane (CIP) currents
and demonstrate, in particular, that the specularity /nonspecularity in the electronic diffusion processes play an

essential role to explain the observed results.

DOLI: 10.1103/PhysRevB.102.144405

I. INTRODUCTION

In recent years, the field of spin orbitronics has emerged
as a new route for spin currents able to generate spin torques
and excite small magnetic elements [1-5], to move domain
walls [6-12], to promote chiral Dzyaloshinskii-Moriya inter-
actions (DMI) [7,13], or to generate THz waves probed by
the time domain spectroscopy (THz-TDS) methods [14]. This
is made possible via the so-called intrinsic spin-Hall effect
(SHE) and reciprocal inverse spin-Hall effect (ISHE) [15-17]
provided by heavy metals, e.g., Pt [18-22], Ta [2,3], and
W [23], or via the extrinsic SHE of diluted metallic alloys in-
vestigated for their experimental properties [24—32] and from
a theoretical point of view [33]. SHE borrows its concept from
the well-established principles of the anomalous Hall effect
(AHE) [15,16], whereby the relativistic spin-orbit interactions
(SOIs) may promote an asymmetric deflection of the electron
flow depending on their spin. Early studies of AHE mostly
dealt with bulk ferromagnetic (FM) metals [34] and their
alloys [35-39].

With the fast development of spin orbitronics, AHE has
started to be largely investigated, from the early 1990s,
in ultrathin multilayers such as Co/X, with X=Au [40],
Pd [41-46], Pt [47,48], or, more recently, in Co/Ni multilay-
ers [49] grown for their perpendicular magnetic anisotropy
(PMA) properties [50] often required for magnetoelectron-
ics devices. More recent experimental studies have exhibited
the strong impact of the interfacial SOI on the injected spin
current at heavy-metal/ferromagnetic-metal interfaces, thus
promoting the necessary spin-orbit torques (SOTs) for mag-
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netic commutation [51]. This reveals the need to use accurate
analyses and anatomy of spin currents incorporating the spin-
orbit degree of freedom.

To these ends, AHE and SHE involving 3d transition met-
als (Fe, Co, Ni) or 5d noble metals are presently the basis of
numerous fundamental investigations dealing with an intrin-
sic mechanism originating from the Berry phase [34,52,53],
skew-scattering diffusion processes [35,36,39,54-56], and ex-
trinsic side-jump phenomena [37,38]. Moreover, very recent
works have dealt with the specific role of the AHE of
CoNi [57] and of NiFe [58] for magnetization controlled spin
torques [59,60], the role of the electronic surface scattering on
the properties of spin current for AHE, e.g., at the PtO,/Co
interface [61], and the possible implication of the roughness
on AHE for different related transition metal (TM) interfaces
[62]. Examples of the relevance of such interface contribution
are played by (i) the magnetic proximity effects in Pt at the
scale of few atomic planes [63-66], as well as (ii) a possible
spin-current depolarization or spin-memory loss (SML) at
the 3d-5d interface induced by local SOI, as suggested and
discussed recently [19,51,66-69,100]. Regarding the issue of
spin-current depolarization and its magnitude, another recent
matter of debate is the typical value of the spin-Hall angle
(SHA) of 5d heavy metals such as Pt including both disor-
der [70] and SML at interfaces [71].

Nonetheless, much fewer works have dealt with multilay-
ered systems wherein interfaces may bring new insights into
the spin-orbit assisted electronic scattering and diffusions.
Like AHE, the spin-dependent SHE properties are scaled by

©2020 American Physical Society


https://orcid.org/0000-0003-1741-2741
https://orcid.org/0000-0001-7422-0418
https://orcid.org/0000-0002-2730-1255
http://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevB.102.144405&domain=pdf&date_stamp=2020-10-02
https://doi.org/10.1103/PhysRevB.102.144405

T. H. DANG et al.

PHYSICAL REVIEW B 102, 144405 (2020)

the off-diagonal spin-dependent conductivity tensor oy, in-

. . . . . 1 t, . . n'k,
volving either intrinsic (a;;’, ) [72] or extrinsic (9*“*07,) skew

scattering, and extrinsic side-jump (a)fji’s) contributions [16],

with the result that

ol = ol + 0%, o, (1)
where s is the %, spin index, and where the sub-
scripts (sk), (sj), (int) denote, respectively, the extrinsic skew
scattering, extrinsic side-jump, and intrinsic contributive
terms [73]. In that framework, the off-diagonal conductivity
term responsible for AHE, which is the charge contribution
to AHE, o,,, is seen to be the sum of the two spin band
channels, o, = O’XTy + o},, making the link between AHE and
SHE that we are searching for. AHE and SHE in 3d ferromag-
netic materials, as in Co [74,75] and Ni [76,77], are mainly
expected to possess an intrinsic origin with opposite sign of
o;‘y“, as experimentally calculated and determined [78-81].
Nevertheless, the occurrence of exchange split Fermi surfaces
in ferromagnets makes it generally difficult to extract a clear
relationship between AHE and SHE. This particular feature
has been debated in recent papers [54-56].

In the present work, we focus on the properties of
AHE and on the control of the spin current in a stan-
dard perpendicular magnetic configuration with the mag-
netization standing along the z direction normal to the
layers. Extensions could be made in the future to the
case of the nonconventional situation of arbitrary mag-
netization direction within the ferromagnet [59,60]. We
present unconventional results and refined analyses of non-
local AHE in a series of Pt/(Co0.2nm/Ni0.6nm)y and
Au : W/(Co0.2nm/Ni0.6nm)y multilayers (MLs) involving
different numbers of Co/Ni sequences and corresponding
interfaces. Co/Ni is known to possess a specific interface
anisotropy exhibiting PMA [12,50,82] and, moreover, in-
volving Dzyaloshinskii-Moriya interactions (DMI) [13,83].
By taking advantage of the relatively small AHE of
(Co00.2/Ni0.6)y MLs and when N < 17, we demonstrate, in
some specific situation, a sign change of the AHE in a series
of ML structures grown onto the thin Pt buffer highlighted
an an opposite effective spin-orbit sign for Pt compared to
Co/Ni. We use an advanced Boltzmann analysis algorithm for
the necessary determination of the spin currents with adequate
boundary conditions at interfaces and based on the extension
of the Fuchs-Sondheimer approach [84], and like recently
highlighted and exploited for Co/Ni multilayers [85]. It is
based on the combination of electron scattering in multilay-
ers [85,86] and SOI-assisted spin and charge deflection inside
layers. The different contributions have been carefully ad-
dressed involving off-diagonal spin-flip terms in the diffusive
potentials. We thus demonstrate that the AHE sign inversion
originates from the nonlocal properties of the spin conductivi-
ties [30,71] and the opposite sign of the effective SOI strength
compared to the bulk Co/Ni MLs more than induced mag-
netization in Pt [magnetic proximity effects (MPE)] [63-65].
Physical mechanisms of the nonlocal AHE effect in those
systems rely thus on the combination of the SOI-dependent
scattering of a polarized current generated in Co/Ni, specific
electronic specularity reflections at interfaces [87-89], and
the subsequent ISHE process in bulk adjacent heavy metal

(Pt, Au:W). This also reveals a characteristic large positive
SHA (+20%) for Pt, at the Co/Pt interface that is much
stronger [20,69,71] than previously determined in combined
spin pumping—ISHE experiments [19] and that we may assign
to an anisotropy in the scattering time [52,70]. By choosing
consistent physical parameters, we find an excellent agree-
ment with the experimental trends.

We have divided our paper into four different sections. Sec-
tion II is devoted to the discussion of the sample preparation
and experimental results dealing with Pt and Au:W buffer
based multilayer Co/Ni samples. Section III is devoted to the
description of the main modeling features governing the AHE
and SHE phenomena, possibly incorporating intrinsic and
extrinsic phenomena. We present detailed calculation methods
that we used involving the spin-current profiles to model those
effects in MLs before giving an accurate analysis of the data,
emphasizing the importance of the specularity at interfaces, in
Sec. IV. We give the main trends and conclusions in Sec. V.

II. SAMPLE PREPARATION AND AHE EXPERIMENTS

Samples are deposited on thermally oxidized Si wafers
of two types, respectively, I and II, at room temperature
using magnetron sputtering. Type-I and type-II substrates dif-
fer by their level of roughness in the subnanometer scale,
as discussed just below. Samples are made of a 6-nm-thick
heavy-metal layer, i.e., Au:W alloys or Pt, covered by mag-
netic multilayers composed of N repetitions of Co 0.2 nm/Ni
0.6 nm bilayers with perpendicular magnetic anisotropy prop-
erties. Such Co/Ni stack is used to keep a large PMA about
constant, at least up to N = 40-70 in the present case, in
order to preserve a low roughness at the surface or even
more [50]. The resistivity p of Au:W thin films varies from
80 to 130 u$2 cm depending on the W content in the alloy, and
we denote Au:W , as the Au:W alloy of resistivity p in €2 cm.
The Pt bulk resistivity equals pp; = 17 n<2 cm. All of the data
and parameters are gathered in Table I, including those of
Co, Ni, and Al materials within the stack. Devices are then
patterned into Hall cross bars of different widths, ranging from
3 to 6 um and of 600 um length, by optical UV lithography
and an Ar ion etching process. The samples are finally covered
with a 5-nm-thick Al layer, hereafter oxidized onto 2 nm from
the surface, to prevent oxidation of the Co/Ni stack. From
previous work [29], we can infer that Pt and Au:W buffer
layers possess the same or opposite spin-Hall angle (SHA)
depending on the W content in Au:W and depending, thus, on
its resistivity pau.w. According to our convention, the SHA is
counted positive, which is of the same sign as that of Pt, for an
Au:W alloy resistivity (p) typically less than 110 €2 cm, and
it is counted negative, which is of the same sign as that of Ni
or Co0.2/Ni0.6, for p > 120 2 cm. For type-I Si substrates,
atomic force microscopy (AFM) measurements allow one to
determine an overall roughness of 0.3 nm root mean square
(rms) at the 1 um scale for (Co/Ni)s and 1.3 nm rms for
(Co/Ni)yo samples. In contrast, for type-1I Si substrates, the
rms is about 0.3 nm for (Co/Ni)s, 0.36 nm for (Co/Ni),,
0.7 nm for (Co/Ni)7g, and 1.1 nm for (Co/Ni);g9. Then, one
must note that the rms between substrates of type I and II are
not too different for N < 5, and then starts to strongly differ
for N > Supto N = 20-100. However, samples all keep their
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TABLE I. Table of physical parameters of Pt, Co, and Ni extracted for type-II samples from our fit procedure in the case of pure intrinsic
and extrinsic models for AHE. The error bar corresponds to the value of the latest significant figure.

Parameters Symbols Values for 1 spin Value for | spin
Conductivity of Co 0co (Sm™1) lf‘;;éo =74 % 10° li%‘éo =2.7 x 10°
Conductivity of Ni oni (Sm™!) lf'}‘Ni =1.7x 107 lr}‘m =23 x10°
Conductivity of Pt op (Sm71) 4.5 x10% (Sm™") 4.5 % 10% (Sm™")
Conductivity of Au:W 39 Oauw, (Smh) 3.85 x 10° 3.85 x 10°
Conductivity of Au:Wg Tauwg, (Sm™) 6.2 x 10° 6.2 x 10°
Intrinsic Hall conductivity of Co/Ni [case (i)] on(Sm™) =ontt +ontt =—85x10°(Sm™)
Mean free path of Co Aco (nm) 7.4 2.7

Mean free path of Ni Ani (nm) 16 2.3

Mean free path of Pt Ap (nm) 1.6 1.6

Mean free path of Au:W Ap (nm) 0.4 0.4

Bulk asymmetry coefficient of Co Beo 0.46

Bulk asymmetry coefficient of Ni Bni 0.76

Spin-Hall angle of Co/Ni [case (ii)] GCTO/Ni —0.9% 0
Spin-Hall angle of Co/Ni [case (iii)] Géo Ni 0 2.2%
Spin-Hall angle of Co/Ni [case (iv)] Oconi -1.5% 1.5%
Spin-Hall angle of Pt Ope 20% —20%
Spin-Hall angle of Au:W 3 Oau:w 3 —0.3% 0.3%
Spin-Hall angle of Au:Wyg, Oau:w 3 10% —10%
Pt/Co average interface transmission tpi/co % =0.94 lf}iﬁ =0.31
Co/Ni average interface transmission fcoNi % =0.14 ljfy“c/:’/iNi =0.08
Au:W /Co average interface transmission FAuW /Co % =0.43 % =0.23
Pt/Co interface asymmetry coefficient YPt/Co 0.5

Co/Ni interface asymmetry coefficient YCo/Ni 0.9

Au:W/Co interface asymmetry coefficient YAuW/Co 0.3

Pt/Co specularity in reflection SPpi/Co 0

Au:W/Co specularity in reflection SPAuW/Co 0

Co/Ni specularity in reflection SPCo/Ni 0.4

Ni/Al specularity in reflection SPCo/Ni 0

Pt/Co spin-loss memory Sp/co 0.9

Co/Ni spin-loss memory Sco/Ni 0.3

Au:W/Co spin-loss memory S auw/Co 0

strong PMA properties, thus demonstrating the high quality
of the nanometer scale interfaces, in particular free of large
chemical intermixing.

We discuss below the main AHE results obtained on the
different set of samples where a small ordinary Hall effect
(OHE) has been subtracted in each case. OHE, preferentially
revealed at low temperature (LT), will be briefly discussed
hereafter and displayed in the Supplemental Material [90].

Figure 1 displays the AHE results obtained at room tem-
perature (RT) on type-II samples (very flat) made of Au:W 3
6 nm buffer of a large resistivity, p >~ 130 u€2 cm, and char-
acterized by a SHE sign opposite to the one of Pt [29].
Figure 1(a) shows the transverse resistance measurements,
i.e., the AHE of the Au : W;3(,6/(C00.2/Ni0.6)4 device with
a large period repetition N = 40 and corresponding to an
overall Co,Ni thickness of 32 nm that we can consider as bulk
Co/Ni. The AHE amplitude of ARayg = —28 m2 for N =
40 gives a negative signature for the AHE of Ni, following
our convention. This also remains true for Co/Ni MLs when

Ni, of a large intrinsic AHE, is thicker than Co and when N
is sufficiently large for (Co/Ni)y to dominate the conduction
process. From Fig. 1(b), the same conclusions holds for the
samples grown on the 6 nm Au:W 3, buffer layers for N = 5
associated, in proportion, to a larger current shunt in the
Au:Wy3. The AHE amplitude is of the same sign (negative)
and characterized by a larger amplitude, ARsyg = —80 m£2,
thus demonstrating the particular role of the buffer on the
spin-current properties. This observation will be ascribed, via
advanced calculation methods (Sec. IV), to a larger SHE an-
gle of Au:Wy3p compared to Co/Ni, and of the same sign,
allowing thus a more efficient spin-charge conversion (AHE
signal) of the spin-polarized current generated from the Co/Ni
ferromagnetic layer.

In Figs. 2(a)-2(f), we report on the AHE acquired at RT
provided with the same type-II sample series involving a Pt
buffer. They are made of Pt 6 nm buffer with the number N
of Co/Ni repetition layers within the N = 3-20 range and
fabricated within the same batch. Figures 2(a) to 2(f) refer,

144405-3



T. H. DANG et al.

PHYSICAL REVIEW B 102, 144405 (2020)

40} AuW 5,(6)/[C00.2/Ni0.6]40
a 20¢
E
> Of
»
=4
=20t (a)
-40 . . . . .
-0.6 -04 -0.2 0 0.2 04 0.6
H (T)
00 AuW,3,(6)/[C00.2/Ni0.6]5
a sof
g
> Or
4
~ ‘
-50} i :
-100 . . .
-0.4 -0.2 0 0.2 0.4
H (T)
FIG. 1. Anomalous Hall effect (AHE) mea-
surements  acquired at room temperature (RT) on

(@) Au:Wp306nm/(Co0.2nm/Ni0.6nm),y and (b) Au:
Wi306nm/(Co0.2nm/Ni0.6nm)s ML samples showing the
conventional negative AHE sign for the Co00.2/Ni0.6 multilayers.
Samples are of type II and characterized by a large Au:W resistivity
(p >~ 130 12 cm).

respectively, to N =3, 4, 5, 6, 7, and 20. It is now quite
remarkable that the AHE for the type-II Pt-based buffer be-
comes positive for N = 3-7, which is of the opposite sign
compared to the Au:W type-I reference sample series de-
scribed above. In that sense, such sign inversion constitutes
a major AHE property identified in the present investigation.
The AHE signal, now positive, first increases in amplitude
from AR;?IE = +40 mQ2 for N = 3 to ARS}){E = +60 m<2 for
N =5 before decreasing for N = 6,7 to ARE@IE = +54 mQ

and ARE\Q{E"’ = 45 m{, respectively. Moreover, for N = 20,
the AHE becomes negative; that is, it acquires the same sign
as the Au:W 3¢ reference sample with an amplitude equal to
ARE&% = —8 m£2. This signature of a sign change for the
Pt series has to be assigned to an apparent opposite sign of
the spin-orbit interactions (SOI) in Pt, at least for N = 3,7
compared to the Co/Ni and Au:W samples. Moreover, the
existence of a maximum in the AHE size for ARSP),E may be
explained by a crossover between (i) the positive contribution
of the SOI in Pt with respect to Co/Ni and (ii) the needs of
a spin-polarized current provided by the Co/Ni ferromagnet
MLs, as explained in Sec. IV. At this stage, two additional
remarks have to be appended: (i) The sign inversion of AHE
for the N = 3-7 Pt series is independent of the temperature
effects (not shown), as well as the sign inversion of AHE in
Pt observed between N = 3—7 and N = 20 [90]. This makes

our results and conclusion independent of thermal effects [56].
(i1) Identical AHE experiments led with type-I (very flat) Pt
samples exhibit the same trends as type II, with typical AHE
sign inversion for N = 3-7. All of the experimental results
concerning AHE for the three sample series (Pt and Au:W
type-I and Pt type-II series) are gathered in Fig. 3.

A small OHE effect can be revealed at LT (10 K) on
the different samples and all show the same OHE slope in
sign with about the same amplitude corresponding to a Hall
coefficient in the range —1, 1.5 x 10712v cm/(A G), in the
exact range of what is expected from Co or Ni at RT [91].
The same sign of OHE for Co/Ni accompanied by a sign
inversion for AHE represents another clear indication of the
AHE reversal by proximity effects and SOI sign inversion.

Figure 3 displays both AHE resistances and effective AHE
resistivities, as well as longitudinal resistivities for the whole
series vs the number sequences N varying from 3 to 70. In
those experiments, the structure of Co0.2/Ni0.6 bilayers is
fixed, depending only on N. Figure 3(a) highlights the typ-
ical crossover from positive to negative experimental values
acquired at RT, for the AHE resistance R,, in the case of
Pt type II. The crossover between positive to negative AHE
for type II is obtained for N ~ 17, corresponding to a total
Co/Ni thickness of about 15 nm. This point indicates an exact
compensation of the AHE current contribution provided by
Pt (positive AHE) and Co/Ni (negative AHE) layers. On the
other hand, one can observe, in the same Fig. 3(a), that the R,,
of the type-I Pt series follows the same features as the type-II
Pt series (AHE inversion) with about equal values, before
decreasing to zero and crossing to negative values for larger
N > 70 (the orange points and curve correspond to N = 70).
This demonstrates the strong impact of the roughness on the
AHE amplitude and sign in thin multilayered samples.

Figure 3(c) gives the same plot as Fig. 3(a) in the scale of
resistivity p,, for the type-II series, whereas Fig. 3(d) displays
the typical expected increase of the resistivity in the Pt type-II
series from the one of pure Pt (17 ;€2 cm) to the one of Co/Ni
(about 50 12 cm) at RT when N increases to saturate at the
bulk value of Co/Ni. On the other hand, Fig. 3(b) moreover
compares the AHE values obtained with both Pt and different
Au:W series with Au:W 3 (blue triangle) and Au: Wy (purple
point) characterized by a lower resistivity (80 @€ cm) and op-
posite spin-Hall angle (SHA) equal to Oau.w,, = +0.15 [29].
The Au:Wyg, experimental point lies between the correspond-
ing Pt and Au:W 3 samples because of its intermediate SHA
value between those of the two materials. One of our main
conclusions is that for thin ferromagnetic stacks (N small),
AHE may be strongly dependent on the heavy-metal buffer
grown for PMA properties, as well as the surface roughness
and, possibly, the specularity at the different interfaces of the
electronic waves.

III. MAIN PHYSICAL ISSUES OF AHE AND SHE IN
TRANSITION METALS

In this section, we discuss the fundamental prerequi-
sites for the description of (i) AHE of 3d transition metals
on the basis of spin currents and spin-channel-dependent
inverse SHE (ISHE) and, subsequently, (ii) ISHE in 5d tran-
sition heavy metals such as Pt or Ta. Many details can be
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FIG. 2. Anomalous Hall effect (AHE) measurements acquired at
series for N = (a) 3, (b) 4, (¢) 5, (d) 6, (e) 7, and (f) 20. For N = 3-7,
negative.

found in previous reference works [34-37,39,52,53,70,81],

review articles [15,16], and in more recent contributive
works [54-56,72,92].

A. Linear response theory for SHE/AHE

What are the main mechanisms responsible for spin-
current generation in bulk 3d ferromagnets and their possible
extension to spin-orbit assisted interface scattering? AHE,
discovered in 1880 by Hall, precedes many of the spin-orbit
effects being studied today. It describes a large magnetization-
dependent Hall effect in a ferromagnetic conductor and may
be decomposed into extrinsic mechanisms originating from
electronic quantum diffusions and intrinsic mechanisms orig-
inating from quantum dynamics within the host material. The
description of the spin-current properties and spin-dependent

room temperature (RT) on the type-II Pténm/(Co0.2nm/Ni0.6nm)y
the samples display a positive AHE, whereas for N = 20, the AHE is

conduction or conductivity may be, at a first stage, handled
via a 2 x 2 band model within the linear response theory
adapted from Kubo’s approach. The system accounts for a
Hamiltonian of the type

. R ASO &0 A A
H = +V)+ — (VV(r) xp)-6, 2
2m* h

written in a two-band spinor form and where k is the elec-
tronic wave vector, V (r) is the local spherical energy potential
experimented by the sp-d electron (V stands then for the
potential energy eV for the sake of simplicity), and Agg is the
spin-orbit strength in units of a (spin-orbit) cross section or
area. Inside V (r), the external electron potential responsible
for the electron drift induced by the external electric field
E is also included. Moreover, inside Aso 6 - [p X VeV (r)],
the Rashba Hamiltonian arising from the action of E at
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FIG. 3. (a) AHE resistance and resistivity vs the number of sequence N of Co/Ni for (a) the Pt type-I (magenta dots) and type-II (red
squares) series. The AHE resistance for the Au:W 3 series (blue triangle) and Au:Wyg, (purple point and green star) compared to Pt is also
reported. (b) Different fits for the type-II Pt series are represented in lines corresponding to intrinsic AHE in Co/Ni (red straight line) or
different models for extrinsic SHE (blue dashed line, purple point line, and green short dashed line); refer to Sec. IV for the discussion. (c) The

corresponding AHE resistivities p,, vs N for type-II Pt (black squares).

(d) Longitudinal resistivities of Pt type-1I samples vs N compared to

the resulting fit (red line). The ensemble of parameters used for the fit of type-II Pt is gathered in Table 1.

interfaces on the electronic band structure may be included.
We note, respectively, |k, n, s) and |k, m, s') (with p = fik),
with the respective ingoing and outgoing electronic states
diffused away from a scattering center and acting as a local
spin-orbit perturbation 8V (r) from the host. Here, n and m are
the band index, whereas s =1, |, and we note that s’ =1, | is
the spin index.

The anomalous Hall conductivity (AHC) for transition-
metal ferromagnets may be derived from the sum of the
spin-selected conductivities, whereas the spin-Hall conduc-
tivity (SHC) derives from its difference. The selected spin
conductivity oy, then may be written as

K _GXY

o xy — f s
with the + (—) sign corresponding to the spin 1 (spin | ). One
must be careful with the particular geometry configuration of a
magnetization aligned along the normal direction to the layer
(z). When the magnetization is rotated away from the z direc-
tion, other types of spin current, expressed in a vectorial form,
may appear as the spin anomalous Hall effect (SAHE) [59,60].

Within the linear response theory, the Kubo formalism
relates both the conductivity and the spin conductivity to
the equilibrium current-current and spin-current correlation
functions. This technique provides a fully quantum mechani-
cal, formally exact expression for the conductivity within the

AHE + o.XSVHE

3

linear response theory [72]. We emphasize the key issues in
investigating the AHE/SHE properties within this formalism
in order to adapt it for the case of multilayered systems. For
the purpose of studying the AHE/SHE, it is worthwhile to
formulate the current-current and the spin current-current cor-
relation within the Kubo formula in the form of the so-called
Kubo-Bastin formula. If one denotes #, = £ as the velocity
along o, and {0407} = w the spin current flowing
along the g direction with spin directed along the y axis in
a symmetrized form (¢° = I the unit matrix for the charge
conductivity), then the Kubo-Bastin formula reads

G(e)

vy = 7 /f(s)Tr < Dy {0p07 G (e)
9G4
— GM(e)] - BulG" ()~ G%a)]{ﬁﬁay}% > de,
€
where GR4 = — Hl o is the respective retarded (R) and ad-

vanced (A) Green’s function, with ¢ the energy, I the energy
broadening, f(¢) the Fermi occupation function, and Tr the
trace over k and band index n. By integration of the pre-
vious integral by parts, the spin conductivity breaks up into
o;’ﬂ =o) Bl +0) /f}”’ where o/ /;l and o/ f;" stand, respectively,

for the Fermi surface (spin-conductivity) term and o ;‘;’H for
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the Fermi sea (spin-conductivity) term according to

&n
agﬁ;’ = 2ﬂ/Tr(ﬁaGR(gF){ﬁﬂaV}GA(sF))
1
— E(R —A+A—>R)
and
21 aGR
og,;,” = 46711/ def(e)Tr<f)aGR(8){f)ﬂay} 88(8)
AGR
— 5,25 5 0GR e + c.c.>.

SHC and AHC originate from the same general formula
that is representative of the linear response theory. The dif-
ference lies in that the formula involves a symmetrization ({})
procedure because it involves noncommutative Pauli matrices
for the spin. In that sense, both quantities, SHE and AHE, are
connected to each other.

We are going to describe the different contributions to
the spin current or spin-Hall conductivities (SHCs) in terms
of the extrinsic vs intrinsic effect. Kontani et al. [70] and
Tanaka et al. [52] conclude that the origin of SHC in transition
metals, i.e., 3d ferromagnet or 54 heavy metals, depends
on the degree of disorder and on the characteristic energy
broadening (I"). At small disorder (small I"), SHC is intrinsic
and originates mainly from the contribution of the Fermi sea
term ;! (interband contribution). On the other hand, as the
disorder increases (large I'), the Fermi surface term (intraband
contribution) becomes dominant.

1. Intrinsic AHE [SHE

The intrinsic spin conductivity mainly originates from the
Fermi sea terms and it can be derived from the expansion of
the Kubo-Bastin formula (4) for the host. It is written in the
general case as

e
Oup =21m ) [f(en) = fem)]

kn,km
y (kn|{67 Dy }|km) (km|Dg|kn)
(Enk - Smk)z '

where f is the Fermi occupation function, |n) and |m) are,
respectively, the occupied and unoccupied electronic state,
&wm — Ekn 18 the corresponding excitation energy, D is the
velocity operator, & is the Pauli matrix, «, 8 are two indices
for the space coordinates, xx and xy are the respective longi-
tudinal and transverse spin Hall conductivity, and Im is the
imaginary part. When y = z defines the spin direction along
z, it leads, in fine, to [53]

2
ol = 2ﬂ1m2f(e )
Xy b nJ8%(m)»

(kn| {60y} |km) (km| Dy |kn)
where an) = Im ka;én (kn—8km )?

Berry curvature corresponding to band 7.

stands for the

2. Extrinsic skew-scattering AHE [SHE

We are now going to describe AHE/SHE in the limit of
strong scattering. Smit [35,36] proposed the skew-scattering
mechanism as the source of the AHE. Indeed, in the presence
of spin-orbit interactions (SOI), the matrix element of the
impurity scattering potential reads

(K's'|8V |ks) = Vi[85, + Aso (/I8 s) - (K x K)] “

for a spherical perturbation V. A microscopic detailed bal-
ance would require that the transition probability W,_,,,
between states |k, n, s) and |k, m, s) be identical, at a sec-
ond order of perturbation, to that proceeding in the opposite
direction W2 . It holds for the Fermi’s golden-rule approxi-
mation,

27T VAR ¥, 2
Wisk = 7|(k 5’16V |Kks)[“8(exn — &x)- 5)

At higher order, the transition rate Wy is given by
the T-matrix element of the disorder potential, Wy =~
27717|Tkkr|28 (ex — ek ). The scattering T matrix is more gener-
ally defined as Tyqy = (q'|8V |k), with q being the eigenstate
of the full Hamiltonian involving the perturbation 8V . For a
weak disorder, one can approximate the scattering state |q’)
by a truncated series in powers of §Vjy according to

@) = 1K) + B — e pey, ®)
&k — &k + 1IN

Using this expression in the above definition of the T
matrix, one can expand the scattering rate in powers of the
disorder strength up to the order two (leading to no scattering
asymmetry terms) or up to the order three (leading to scatter-
ing asymmetry terms) giving, in fine,

2z (Vi 8 Vi Vi)
W = (5 . )8(ex — ew), (7
Wk I S ———— +c.c. )d(ek —ex), (7)
which yields, in fine,
27)? N
W =~ o h (e VI X K) - 65(ek — 41600

®)
for the asymmetry term we are searching for (Im is the
imaginary part), and .4 (er) is the density of states at the
Fermi level. In the calculations of the Hall conductivity, which
involve the second Born approximation (third order in V),
detailed balance already fails. In the case of p orbitals, skew
scattering can be represented by an asymmetric part of the
transition probability,

Wi = -7 (k x k) - 1. 9)

When the asymmetric scattering processes are included
(called skew scattering), the scattering probability Wy is
distinct from Wyk. Physically, scattering of a carrier from an
impurity introduces a momentum perpendicular to both the
incident momentum k and the magnetization m. This leads to
a transverse current proportional to the longitudinal current
driven by the electric field E.

3. Extrinsic side-jump AHE and SHE

The side-jump mechanism mainly originates from the
Fermi surface term. The basic semiclassical argument is the
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following: when considering the scattering of a Gaussian
wave packet from a spherical impurity with SOI (with Hso =
Aso L; S;), a wave packet with an incident wave vector k will
experiment a displacement transverse to k and E. This type of
contribution was first noticed, but discarded, by Smit [36] and
reintroduced afterwards by Berger, who argued that it was the
main contribution to the AHE. The derivation of the side-jump
process can be made by the following semiphenomenological
arguments. The change in the velocity during the diffusion
process by a central potential 8V (r) is simply

af‘i 1 A f)i )"SO o
Ai=—=—Ai,H :———V(SV A. 10
b=l = Clf Al = = OV () x 61 (10)

However, the dynamics of the electron is also described by
op; 1 N .
— = —[p;, H] = = V3V (1), 11
o = T [pi, H] (r) (1D

and we get the anomalous Hall velocity:

e,:EJr@(@x&).
m h \ot i
The time integration of the last quantity gives the lateral shift
coordinate Ar; (here, i represents the transverse direction)

experienced by a carrier during a scattering event,

(12)

A
Ar; = =2 (Ap x 6);, (13)
and the transverse side-jump velocity vy; results in
Aso Ap X &
= e, (14)
P

where 7, is the characteristic momentum scattering time and
Ap = eE7, is the change of the particle impulsion after its
isotropic diffusion. We get the side-jump current along the
direction normal to both electric field E and spin direction o
according to
2

ji=" 250 (E x 6), (15)
and where 7 is the density of carriers. Note that the side-jump
mechanism, like the intrinsic AHE and SHE, is independent
of the scattering time. A detailed expression of the anomalous
Hall velocity in a multiband picture for TM have been derived
by Levy [93] using phase-shift analyses.

B. Model for AHE and SHE for 3d ferromagnets
and 5d heavy metals

From the fundamental principle described above, we now
turn to the description of spin-Hall effects (SHE) and the
anomalous Hall effect in transition-metal 3d ferromagnets.
This connection is described by the off-diagonal terms of
conductivity tensors oy, for a spin direction aligned along Z:
whereas SHE is described via the spin-dependent (4, | spins)
conductivity tensors, the AHE considers the sum of those two
spin-dependent contributions according to

ol + ley), 16)

ol +a,

" +of
~ _ At Al Oxx XX
et = Uaﬁ - aaﬂ B <_(UxTy' + Ux‘Ly)

where o] represents the longitudinal conductance along the
electric-field direction (x), and o}t is the off-diagonal or

transverse part responsible for both SHE and AHE phenom-
ena with transverse particle flow along y. Accordingly, SHE
and AHE are both described by their own angle related by

o’ ol +o}
Osme = —y+  BAHE = —r—— 17
Oxx Oxx + Oxx

For ferromagnetic materials such as Co, Ni, or Co/Ni, oY
differs from 1 due to the lift in the energy spin degeneracy,
particularly at the Fermi level [94], whereas for nonmagnetic
materials, such as Pt, one has 8% = —8" by simple symme-
try arguments. The last expression for the AHE angle gives
the correspondence between the respective AHE and SHE
mechanisms. The spin-dependent conductivity and resistivity
tensors are inverse to each others. One considers the respec-
tive off-diagonal components, which mainly are written as a
sum of three different physical contributions, i.e., extrinsic
skew scattering (sk), extrinsic side-jump (sj), and intrinsic
(int) parts [15,16,73], as 0, = 0505 + ot + aj;"s, giving
thus the expression of the AHE in the conductivity tensor by
summing the two spin-channel contributions o,, = 0%,y +

sj int i sk _ 0% ol 40%Yak si_ sjt sjd
Owy + 0y with 0% = —%——= 0,y =0y’ + o0y, and
oltok

ot = gt  oiMtd The rule to sum the different contri-
butions to the off-diagonal transverse components for the
conductivity tensors, i.e., for different series processes in the
electronic transport, originates from the same form of the

off-diagonal components of the resistivity tensor,
o =00kt (0" o) (el el). (9)

where 951} U,X‘N, and a;‘y“’N may be considered as inde-
pendent of the resistivity of the host material, which makes
such formula very general and useful in practical cases [56].
If one considers only extrinsic skew-scattering SHE/AHE

2 2
processes [39], one finally gets papg = —(pﬁv% + p}v%)

like proposed in Ref. [95], giving, in fine [39],

D) | T )
Pry T 03y Pry =~ Py
—PAHE = (T))[l + P*(2)] + <%)<@ (19)

with the local spin polarization #(z) within the multilayer
ol (2)—a}(2)
ok (@) +ok (@)
ization Z(z) that we have to calculate with our numerical

procedure. The partition of the AHE resistivity according to
the formula [ 19] was discussed by Fert et al. as the partition
between the spin effect (first term on the right-hand side) and
the pure skew-scattering effect (second term on the right-hand
side). Such partition is also discussed in term of the SAHE
(spin anomalous Hall effect) and SHE for a magnetization
control of the spin currents in ferromagnets [59]. This second
term (SHE) is also present for nonmagnetic materials, giving
rise to the standard SHE as far as p}, — p!, when the time-
reversal symmetry may act (no magnetism).

along the coordinate z. #(z) = is the spin polar-

C. AHE in multilayers

Our analyses are based on a semiphenomenological ap-
proach of spin-dependent transport, involving spin-dependent
diffusion and electron scattering at the multiple interfaces,
possibly considering spin flips caused by the local spin-orbit
interactions. The principle of the method is then as follows:
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(1) A representation of the spin-current profiles within
the multilayer by correctly matching the out-of-equilibrium
electronic Fermi distributions. This is of primary importance
to provide the amplitude of the anomalous Hall effect (AHE)
in multilayers as far as a ferromagnetic layer ensures the
polarization of the current via the nonlocal spin-dependent
conductivity calculated by this method.

(2) the adjacent layer (Pt, Au:W) of a large spin-orbit
coupling (SOC) can affect the spin-orbit assisted diffusion of
electrons by the spin-current proximity effect. Therefore, the
AHE may be enhanced by increasing the spin-orbit coupling
in the SOC layer. The more important is the SOC, the larger is
the transverse spin current via the spin-to-charge conversion
process and the anomalous Hall angle. However, AHE may
invert its sign by changing the sign of the SOC (Pt/CoNi, even
AUZWSO).

In the case of multilayers, nonlocal spin-dependent con-
ductivities are necessary to consider, leading to important
spin-current proximity effects. Consequently, the theory be-
yond a standard linear theory response of bulk materials as
described here is necessary to correctly interpret the data.
Our semiphenomenological approach of spin-orbit polarized
transport in magnetic multilayers, presented here, is based on
a generalization of the theory of Camley-Barnas [85,86,96].
The counterpart of the relative simplicity of such semiclassical
modeling is to find the appropriate boundary conditions to be
adopted at interfaces such as the ones proposed in Ref. [87].
Those are given by a certain continuity/discontinuity relation
of the out-of-equilibrium distributions of the functions of the
Fermi surface vs the transmission or reflection coefficients
of the electronic waves and another coefficient of specular-
ity p. This coefficient of specularity p reflects the effects
of “isotropic” diffusions on the impurities at the interfaces
and therefore plays a major role in particular on the prop-
erties of electronic reflection. Adapting the Camley-Barnas
model to the model of Kubo-Greenwood’s linear response
in multilayers therefore requires finding the correct semiphe-
nomenological parameter set at the interfaces in order to fairly
describe the diffusion properties.

1. General overview

In the current-in-plane (CIP) geometry, spin-polarized cur-
rents are translationally invariant along the flow direction,
leading to a divergentless current by construction with the
results that no charge or spin accumulation occurs. The only
first term to consider is the displacement of the spin-polarized
currents on the Fermi surface. The counterpart for CIP cur-
rents is that one cannot define a single out-of-equilibrium
length of the Fermi distribution near each interface, being
scaled for each direction by a cos(0) feature where 6 repre-
sents the angle of incidence with respect to the multilayered
surface. In a semiclassical approach, CIP can be described
through the well-parametrized Boltzmann theory adapted to
spin-polarized transport according to the following general
equation applied to the out-of-equilibrium Fermi distribution
fs(r, v, E,t) of spin s under the application of an electric field
E along the z direction perpendicular to the layers according
to

@ V)= fo(v) + £z v), (20)

where we note that e = |e| is the absolute value of the electron
charge, v is the electron velocity, and where the distribu-
tion function for the electron is decomposed into two parts:
the equilibrium in the zero electric-field distribution function
Jfo(v) and a small perturbation g*(z, v) induced by the electric
field and the interface scattering perturbation. The general
solution g*(z, v) in each layer now reads

S [+ FL o exp (557)] for ve > 0

s _ m  9v lv,|
gz = {%%[1+Fs(v)exp( )] for v, < 0,
(21
where Fj(v) are arbitrary functions of the electron velocity
and found by the matching conditions. The current density for
the spin s is given by

2
||

JI2) = —2|e|(%)3/ g (2, V)V, 22)
\%4

where V' is the unit volume, dv =dv.dv,dv, represent the
three-dimensional (3D) velocity space, and g*(z, v) may be
decomposed into a bulk term g, plus an out-of-equilibrium
interface term &g° and originating from interface scattering
with the result that g° = gy + 6¢°.

2. Treatment in multilayers

All of the matching conditions for the out-of-equilibrium
Fermi distribution g° to fulfill at the interfaces are con-
sidered via the S-scattering matrix formalism. g and 4g°
describe, respectively, the bulk conduction and the pertur-
bation originating from the interface terms due to interface
scattering (reflection/transmission). In a spinor form, we

have go = [g]), gé]T and 8go = [8g", 8g*1", to give g =
[g", gl]T = [gg + 8gt, gé + 8g¢]T, where g* is for elec-
trons possessing a positive velocity v, along z, and g~ is for
carriers with opposite velocity —v;.

If one considers the scattering at a single interface and
before generalizing to multilayers, it may be written as

&\ _ (R T\(&
(gX)_(T R/)<8E>’ @)

where gﬁf and gf represent the respective distribution func-
tions to the left and to the right of the interface; 7', R are the
respective transmission and reflection spin-dependent trans-
mission coefficients from the left to the right; and whereas
T’', R’ are those from the right to the left. The transmission and

reflection coefficients are built in a 2 x 2 matrix form, with
R™ R T
eg, R=(Gu pu)and T = (5,

tive 11 and | | stand for the spin-conserving terms, whereas
11 and | 1 stand for the spin-flip terms. Therefore,

_ TT(I_%)2+T¢(%')2 (TT—i-Ti)%f(l—ﬁ)
R s R e
(24)

T
r1+)» where the respec-

* * . .
where T1 = 1T_y’ TV = 11_;/’ and T* is a certain average

of the transmission, y is the interfacial spin-transmission
asymmetry parameter, (sf) = 1 —exp —§ is the interfacial
spin-flip probability, and § is the spin-memory loss parame-
ter [97]. The same relationship exists for the reflection matrix
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R. The degree of specularity at the interfaces, sp® and sp”,
in the respective reflection/transmission processes, may be
taken into account viaR = R;p—; X spfand T = T,y x sp’,
where sp = 1 means that R and T correspond to full specular
processes.

3. The case of a single interface

The case of a single interface in then treated by the follow-
ing relationship, linking the left and right out-of-equilibrium
components:

Iox1 Loxo  Oaxa 022\ [loxi
sg; |=1=P R T’ sgi |, (29
Sgk =T R 88x

where Ioxi = (}), laxa = (5 ), and 0xu0 = () (), with

the source terms X*) and X written in a 2 x 2 diagonal
matrix form:

=® = [(R - Dgor + T'gor], (26)

=) =[Tgo + (R — 1)gorl, 27)

where we have considered the respective left-traveling (—)
and right-traveling (+) electrons and their bulk out-of-
equilibrium Fermi distributions, gi;, = go; = gor and gl =
8or = 8or, at the respective left (L) and right (R) side of the
interface. The following S¢«¢ matrix is revealed to be the rele-
vant scattering matrix to find the interfacial out-of-equilibrium
distribution function:

Lixa  0Oax2 0O2x2
S=[|=® R T |, (28)
=T R

before generating it by recursion to the case of multiple inter-
faces.

4. Case of multiple interfaces: The scattering-path method

One has to define here each propagation
matrix P% inside a given layer i as P?=
Diangz[exp{—W‘f(ﬁ};exp{—wﬁ(ﬁ}], where d® is the
layer thickness of the corresponding layer and A®T) ig the
mean free path of the respective 1, | spin. One then uses
the scattering-path method applied to the out-of-equilibrium
Fermi distribution functions g to solve the entire problem.
This method consists in searching for the solution of the
interfacial out-of-equilibrium contribution function ng
(here, j labels the interface) according to

Zou =TSV . (29)

written in a supermatrix form. The “supermatrix” denomi-
nation means that in the above equation, we apply a double
summation made on the two-dimensional spinor space (spin-
conserving and spin-flip terms) as well as on the j space
using twice the Einstein’s notation. S is a 6N x 6N matrix
size, with N the number of interfaces. It has the meaning of
finding the correlation between the transmitted and reflected
out-of-equilibrium function distribution at the surface i from

perturbations generated from the interface j, and where

5. — [ @ T

Eint = [gint 8int cee 8int ] ’ (30)

with ggnNt) a column vector with gflit) =

(L., O 5g) . M =(,, 8gb., Ox)', and
2x1 2x1 g(l)) > 8int =(1,, EN+1 hx1) , an

(izl)#(l’N):(lM 0 O)T is the known 6 x 1 matrix

incoming or source components, whereas g, is given by
5@ - + 77
gO’ul = [12><1 53(,‘) 88(,'4,.1)] . (3D
One may then consider the general relationship linking the
generalized scattering matrix S,,,, (with large S) to the respec-
tive single-interface scattering matrices s, at the interface n
according to

Siij) = sidij — i Piry Saj (32)
or, equivalently,
[S](;}) = ([Si]ilsij — Pij), (33)

where §;; is the Kronecker symbol and where i, j, I denote the
interface and P the propagator from the interface i to the
interface j. s; is the single-interface 6 x 6 scattering matrix
at the interface i. In particular, one has the self-consistent
equation for each i:

[l12x1  dg; Sg;il]TZSi[IZXI 8gf 58,'_+1]T7
with

02x2 022 0O2x2

Pipti = | 02x2 0o 022 ],
02x2 1oz 02x2
02x2 0252 0O2x2

Pipin =102 022 12s2]), (34)
02x2  02x2  02x2

withn > 1.

We have checked that our code was first able to simulate, in
a very good agreement, the spin-current profiles and current-in
plane giant magnetoresistance (CIP-GMR) from Co/Cu/NiFe
structures such as provided by ab initio techniques [87] and
using known parameters for Co, Cu, and NiFe extracted from
the literature [90]. Examples of calculations of the properties
of a Pt/(Co,Ni) multilayered system for AHE are displayed in
Fig. 4 using the ensemble of physical parameters given in Ta-
ble I. Figure 4(a) displays the typical increase of the resistivity
of the (Co00.2/Ni0.6)y system (N is the number of repetitions)
from the bulk value (60 €2 cm) at RT up to 110 u2cm for
N =~ 1-2 due to electronic scatterings and nonspecularity at
interfaces (spg,p = 0, spR; a1 = 0, and sp¢, \; = 0.4) and,
in particular, at the outer boundaries of the structure. In par-
allel, the inset of this figure displays the dependence in N of
the fraction of charge current and spin currents in Co/Ni. The
complementary to the unit 1.0 gives the same information in
Pt. The important information lies in the proportion of spin
current in Pt for small N. A typical value of about 10-50%
of spin-current shunt in Pt for N < 17 may lead to AHE sign
inversion owing to a large value of SHA of Pt.

Figures 4(b) and 4(c) display both the local longi-
tudinal conductivity oy.(z) (charge current density for
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FIG. 4. (a) Average resistivity of (C00.2/Ni0.6)y vs number of
Co/Ni repetitions induced by electronic interface scatterings. In-
set: The fraction of current and spin current in Co/Ni multilayers
in Pt(6)/(C00.2/Ni0.6)y systems showing a spin polarization of
Pt as the total thickness of Co/Ni is small (N small). (b) Local
conductivity in the Pt(6)/[Co/Ni];; structure taking into account
electronic interface scatterings. (c) Local spin conductivity in the
Pt(6)/(Co/Ni),7 structure, taking into account electronic interface
scatterings. The physical parameters are given in Table 1.

unit electric field) and local longitudinal spin conductiv-
ity of with magnetization along z for the corresponding
Pt6/(C00.2/Ni0.6)y /Al3 structure [Fig. 4(c)]. Those figures
clearly display the shunt of the current in the Pt6 layer
[Fig. 4(b)], owing to the higher conductivity of Pt compared to
the thin-film Co/Ni layer together with the proximity leakage
spin current in Pt and originating from Co/Ni; the transmis-
sion coefficient at the Co/Pt interface for the majority spin is
set to unity with a full transmission specularity. The typical
decrease of the spin current in Pt within 1 nm scales with the
electronic mean free path. Such leakage spin current in Pt is
responsible for the unconventional inverted anomalous Hall
effect due to the opposite sign of the spin-orbit interaction
between Pt and Co/Ni described here.

IV. DATA ANALYSIS AND INTERPRETATION

We now focus on the experimental results and quantita-
tively analyze the data using our theoretical basis. How do

we explain such observations? The spin current is generated
in Co/Ni multilayers with a given spin polarization from the
ferromagnetic bulk properties. However, as the number of
sequences N for Co/Ni (N = 3-5) remains small, the partly
spin-polarized current becomes dominant in Pt compared to
the Co/Ni region of reduced thickness. This occurs up to
a given threshold limit of N above which the conduction
becomes dominant in Co/Ni, like in the case of Pt/(Co/Ni)yg
and Au:Wy39/(Co/Ni)yg (Fig. 1). The semiphenomenological
theory of current-in-plane (CIP) spin currents [86] indeed
shows that Co/Ni is able to provide the necessary polarized
current within all of the stacks, including Pt (Fig. 4). The ex-
istence of such spin-polarized proximity current is converted
into a transverse current via the local SOI and ISHE. We
thus demonstrate that Pt possesses a positive spin-Hall an-
gle [19,29], while Co/Ni with thicker Ni possesses a negative
SHE sign. This is corroborated by following the modeling and
simulations presented in that second part.

A. Physical models for AHE

In order to retain the main physical principles driving
the SHE and AHE in MLs with Pt-related interfaces, our
idea is to distinguish the four possible different mechanisms
of AHE in Co/Ni: (i) an intrinsic AHE-SHE phenomenon
in Co/Ni viewed as an effective material and characterized
by an average spin-Hall conductivity (SHC = o;;t“‘); and
a pure extrinsic SHE mechanism acting either on (ii) the
majority or (iii) the minority spin channels with an overall

extrinsic SHA given by 6° = %. A larger majority
spin current is expected (o7 > o), whereas a larger SHA
is expected in the spin minority band (|6 < |6}]) by en-
hanced sp-d band mixing and the necessary phase shift for
skew-scattering phenomena [93,98]. This brings uncertainties
between scenarios (ii) and (iii) for the extrinsic mechanism
as suggested in Refs. [39,94]. In that sense, our approach
is slightly different from considering an identical SHA for
both spin channels [56]. The last scenario (iv) is that of the
magnetically induced moment in Pt (MPE) generating spin
currents and AHE in Pt close to the Co interface at the scale
of a few (typically 2) atomic planes [63—65].

Apart from spin-dependent electronic diffusions in bulk,
one may emphasize the relevant boundary conditions to match
for the out-of-equilibrium Fermi distribution in the framework
of the Fuchs-Sondheimer model [84]. This is generally per-
formed by including possible specular [88,89] or diffusive
electron reflection (R) and transmission (T) at the interfaces
in the CIP spin-dependent Boltzmann equations involving a
layer- and spin-dependent electronic mean free path A]. One
also has to consider the corresponding SOI spin-mixing terms
in a 2 x 2 Pauli matrix form and related spin-flip probabil-
ity [99]. This is particularly true at the Co/Pt interface where
the spin loss is known to be large. It is parameterized here
by a spin-flip coefficient p; related to the spin-memory loss
(SML) § parameter [19] according to pss = 1 — exp(—4). The
SML at the 3d-5d interfaces plays an unavoidable role in
spin pumping in ferromagnetic (FMR) experiments [19,69].
Moreover, one introduces the overall longitudinal resistivity
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FIG. 5. (a) Anomalous Hall resistivity R,, of Co/Ni in
Pt(6)/(Co/Ni)y vs number of repetitions N calculated for different
specularity of electron reflection at Co/Pt interfaces. The specularity
of transmission at the Co/Pt interface is set to 1, sp¢., p, = 1, whereas
at the Co/Ni interface, the values are fixed, sp,ni = SPEo/ni = 0-4.
(b) Anomalous Hall resistivity of Pt(6)/(Co/Ni)y vs number of rep-
etitions N of Co/Ni calculated for different specularities of reflection
and transmission at the Co/Pt interfaces, spe, p = SPCo/pi-

py, (or conductivity oy;) and transverse resistivities pg, (or
transverse conductivity o) of the MLs as

L L 1 L 1

Ro=pfrt = oo 35

" Pu Wi w ZU;X w Zi,s a;x,iti ( )
~ ,O:y U:v Zi,s (sty,iti)

ny - = 2 = 2 (36)
! I(O'XX) (Zi,s O-;x,iti)

where L, W represent the length and width of the Hall cross
bars, ¢ is the overall thickness of the MLs, and o7, ; is the local
longitudinal spin conductivity of the ith layer of thickness #;
and oy, ; is the local off-diagonal spin conductivity of the ith

layer.

B. Effects of specularity on AHE

We now address, in detail, the effect of specularity on
the unconventional AHE of Pt6/(Co/Ni)y structures with the
help of our theory and calculations. Figure 5 displays our
main results. We first show in Fig. 5(a) the effect of the
specularity in reflection, sp’é0 sp> Of the Co/Pt interface, the
transmission being fully specular as emphasized in Ref. [88];
the remaining parameters chosen for the simulations are given
in Table I. One notes a clear decrease of the AHE resistivity
R,y as spk, spy increases from O to 1. This feature has to be
associated to an increase of the spin current in Co/Ni only
leading in parallel to a better compensation of the spin-charge

conversion between Co/Ni and Pt at small Co/Ni thickness,
thus leading to a crossover from positive to negative AHE
occurring for a smaller number of repetitions N.

In Fig. 5(b), we have changed both the specularity in re-
flection, spf, sp> and in transmission, SPEo /po> at the Pt/Co
interface in the same manner (spg,p = SPop) from 0.3
to 1. Compared to the previous case where spL, spe = 1 and

spR, spe = 0, one can observe that the R, signal drops from
0.06 2 to 0.02 €2 for its maximal value, clearly indicating a
reduction of the spin current injected into Pt from the Co/Ni
ferromagnetic reservoir. The more spg, /py Teduces to a small
fraction, the less is the spin current in Pt, leading to a smaller
positive AHE. The large specularity in transmission at the
Co/Ptinterface is then at the origin of the inverted AHE signal
that one observes in both type-I and type-II sample series
when N 2~ 3-10 is small.

We now turn to the discussion of the specularity at Co/Ni
interfaces (Fig. 6). We consider sp¢, p = 1 and spg, p = 0
for the Co/Pt interface corresponding to the optimum con-
ditions for AHE sign inversion. Figure 6(a) displays the
anomalous Hall resistance R,, vs N = 1-100 for different
specularity at reflection for each Co/Ni interface (spX, /Ni)
with full transmission. Figure 6(b) represents the dependence
of R,, on the specularity on transmission at Co/Ni (spgo /Ni)
without reflection, whereas Fig. 6(c) is the result of joint
variation of sp¢, x; and spey ni = SPCo/Ni = SPCo/Ni-

Three main remarks can be appended. (i) For small N, one
still observes, in any case, a sign inversion of AHE, which
is positive in the case of Pt dominant spin-charge conversion
and opposite compared to Co/Ni. (ii) The AHE resistance
in the region of spin-charge conversion inversion (small N)
increases when the electron specularity at reflection [Fig. 6(a)]
and at transmission [Fig. 6(b)] at Co/Ni interfaces SplébT/Ni
increases from O to 1. This indicates a larger spin current in
Co/Ni, thereby injected into Pt by the transport proximity
effect. (iii) On the other hand, the increase of the spin current
in Co/Ni volume upon the increase of splé’oT/Ni makes the
crossover from positive to negative AHE appear at a smaller
value of N. This should be linked to a larger mean free path of
Co/Ni (Co and Ni) compared to Pt. In the end, a joint increase
of the specularity in transmission and in reflection [Fig. 6(c)]
gives rise to the same trends as developed in case (ii) and then
to the same conclusions.

Magnetic proximity effects. Moreover, from those sim-
ulations, we have performed a different treatment for the
integral of the spin-charge conversion in Pt and the results
are displayed at the bottom of Fig. 7. We have, respectively,
applied a certain cutoff in the integral up to, respectively,
Zeutoff = 0.4, 0.6, 1.6, 6.0 nm. This cutoff should mimic the
possible role of the magnetic proximity effect in Pt leading
to an induced magnetic moment in Pt over typically two or
three atomic planes. One observes that using the tabulated
parameters in Table I, the experimental data may be recovered
only when the integral is made on a total thickness of 1.6 or
6.0 nm, which is much larger than the 0.6 nm corresponding
to the thickness of three atomic planes of Pt. With varying the
physical parameters, we were not able to fit the experimental
data by using a cutoff of 0.6 nm together with a crossover
occurring at N = 17, unless considering a spin-Hall angle of
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FIG. 6. (a) Anomalous Hall resistivity R,, vs number of rep-
etitions N of Co/Ni in Pt(6)/(Co/Ni)y calculated for different
specularity of electron reflection at Co/Ni interfaces. The specularity
for transmission at Co/Pt (reflection) and Co/Ni interfaces is set to
1 (0). (b) Anomalous Hall resistivity vs number of repetitions N
of Co/Ni in Pt(6)/(Co/Ni)y calculated for different specularity of
transmission at the Co/Ni interfaces. The specularity at reflection at
the Co/Ni interfaces is set to 0, whereas the specularity at transmis-
sion for the Co/Pt interface is set to 1. (c) Anomalous Hall resistivity
vs number of repetitions N of Co/Ni in Pt(6)/(Co/Ni)y for differ-
ent joint variations of specularity at reflection and transmission for

c R _ T
Co/Ni SPco/pt = SPcospt:

Pt larger than 60%. This shows that the spin-current proximity
effect is the main cause for the inverted anomalous Hall effect
that we observe here.

V. RESULTS OF DATA FITTING AND CONCLUSIONS

Two different cases may now be distinguished according
to the (i) extrinsic or the (ii) and (iii) intrinsic nature of the
AHE here. For cases (ii) and (iii), oy,; may be expressed as
>, 6/, for both ferromagnetic and normal metals, with 6;

0.08 - - -
== jntegral over 0.4 nm in Pt
". = (.6 NM
u = 1.6 N
0.04 i -

= Experimental data

0 20 40 60 80
No. of (Co/Ni) repetitions

FIG. 7. Anomalous Hall resistivity vs number of repetitions N of
Co/Ni in Pt(6)/(Co/Ni)y vs the cutoff of the integral of the spin-
to-charge conversion in the Pt thickness from the Pt/Co interface.
Squares represent the experimental data for the type-1I Pt series.

the local spin-Hall angle of layer i for the s-spin channel [39].
One has Gil = —QiT for nonmagnetic materials, whereas no
equivalent relationship exists for a ferromagnet because of the
spin-degeneracy lift making @' and @V different in absolute
value [39]. However, one may generally assume that 9} and

0? are of opposite sign. For those calculations, the current
density for the s-spin channel in the MLs is calculated via
the relationship given by Eq. (22) where g°(z, v,) are the
out-of-equilibrium Fermi distributions for spin s, which is the
solution of the Boltzmann equation within the MLs, v, ; is
the Fermi velocity along the current direction (x) or along the
perpendicular (z) to the layers, and S is the section. g°(z, v,)
possess two components, i.e., one for the bulk and the other
decreasing in z related to the spin-dependent scattering at the
interfaces that should be found self-consistently. After integra-
tion of Eq. (22), one has access to oy, ; and o}, ;, respectively.
The transverse current is calculated by considering the local
transverse conductivity and by summing all contributions.

On the basis of the aforementioned arguments of the extrin-
sic vs intrinsic SHE mechanism in Co/Ni, we have proceeded
to the four different fitting procedures for AHE in the Pt and
Au:W series and retained the best fit. We refer to Fig. 3(b)
for the resulting fits with the different set of parameters given
in Table I. In the present case, SML is taken into account
in the interfacial scattering matrix at each Pt/Co (with § =
0.9 [19,69,100] or, equivalently, p;s = 0.6) and Co/Ni (with
8 = 0.25 or, equivalently, p;y = 0.3) interfaces as given in
Ref. [97]. The fits have been obtained with a SHA for Pt equal
to Op = 6 = =03, = +20 %+ 2%, Oauwy, = +10 + 1%, and
Oau:w,, = —0.3 £0.1%, whereas the different models yield
the following (see Table I):

(i) intrinsic SHE mechanism in Co/Ni, giving o™ =
—85Scm™!;

(ii) extrinsic SHE mechanism in Co/Ni on the majority
spin-channel effect, giving 0y, = —0.9% (Og,ni = 0)
[blue fit in Fig. 3(b)];

(iii) extrinsic SHE mechanism in Co/Ni on the minor-
ity spin-channel effect, giving 9(¢Cn iy = —2.2% (G(TCO iy = 0)
[purple-dot fit in Fig. 3(b)].

(iv) The conductivity for Co/Ni, oi‘y“, should be com-

pared to the extrinsic one with balanced spin-Hall effect
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on both the spin-up and spin-down channel, Q(TCO Ny =
—9(%0 iy = —1.5%, with the corresponding relationship
o~ Oconiy Powe With Poy = ol — o} [green fit in
Fig. 3(b)].

The equivalent spin conductivity extracted from the extrin-
sic model may be estimated at the vicinity of —75 Scm™!
for N = 17, which is close and then in numerical agreement
with case (i) of intrinsic conductivity. The N = 17 sample
corresponds to an equal transverse charge current in Pt and
Co/Ni, giving the condition 6p; x ®p, = O(coyniy X CDfCO/Ni)
for N = 17, where ®° represents the respective fraction of the
spin current in Pt and in Co/Ni with ®p, + P(c, ;) = 1. A
value of ®p, = 0.07 as calculated for N = 17 gives a ratio
of about 13 between the spin-Hall angles of Pt and Co/Ni,
like extracted from our fit procedure. Figure 3(a) displays
the fits between the experiment value of R,, and the model
for Au:Wy30/(Co/Ni) and Au:Wgy/(Co/Ni) obtained with
Oau:wy = —0.3% and Oay.w,, = +10% as experimentally de-
termined in a previous work [29]. Note that for both series of
samples, at very high number of repetitions N (N = 250), Ry,
of Pt/(Co/Ni) and Au:W/(Co/Ni) merge together towards the
intrinsic value of AHE in (Co/Ni), equaling R,, = —17 mQ.
The respective transverse py, in Eq. (36) and longitudinal
resistivity p¥, in Eq. (2) are also compared to the experimental
data in Fig. 2, showing a very good agreement.

Although one cannot discriminate between the extrinsic
and intrinsic models and simulations for AHE concerning
Co/Ni for that range of N = 340 and bilayer thicknesses,
two major conclusions may be raised. The first one is that in
any case, the consistent spin-Hall angle of Pt, +20%, is ob-
served to be clearly enhanced compared to its value extracted
from spin pumping—ISHE experiments [19]. No admissible
fits may be obtained with typical SHA values for Pt inferior
to 20%. Such enhancement of the spin-Hall angle in Pt has
already been observed in Spin-transfer torque (STT-FMR)
experiments [20,67-69], lateral spin-valve (LSV) geometry,
as well as spin-Hall magnetoresistance with Co/Pt [101]. This
particularly large value of 6p, may account for an anisotropy
of the electronic scattering time close to the interface. Beyond
the change of the intrinsic SHE properties by disorder or
energy broadening [70], electron anisotropic scattering may

have the effect of enhancing the intrinsic SHA. The second
important issue is the magnetic proximity effect: one clearly
cannot converge towards a reasonable fit to data when one
considers the spin-current integration in space limited to two
to three Pt atomic planes at the interface with Co, unless one
considers a value of SHA in Pt of the order of 60-80%. We
consider that the magnetic proximity effect of such origin for
the AHE inversion that we observe cannot play the main role.

In conclusion, we evidenced an inverted anomalous Hall
effect in Co/Ni-based multilayers grown on a thin Pt buffer
via spin-polarized transport proximity, i.e., spin-current leak-
age effects. The model and simulations are strongly dependent
on the basics electronic transport properties. Using advanced
simulation methods for the description of the current and
spin-current profiles within multilayers, we have shown that
the electronic specularity in reflection and in transmission
at inner interfaces and outward surfaces responsible for the
increase of resistivity makes the AHE of thin films and thin
multilayers very dependent on the layers’ quality. We have
highlighted opposite spin-Hall angles for Pt and Co/Ni and
the relevant transport parameters. The sizable SHA extracted
for Pt, +20%, is opposite to the one of Co/Ni, giving rise
to AHE inversion for thin Co/Ni multilayers. The large SHA
of Pt cannot be explained by spin-current proximity effects,
and is found to be larger than previously measured in spin
pumping—-ISHE experiments, an effect that may originate
from the anisotropy of the electron scattering time in the
multilayers. Moreover, we can conclude that the AHE data
combined with advanced simulation methods may probe the
main properties of the interfacial spin-orbit interactions in
metals.
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