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Anatomy of spin Hall and anomalous Hall conductivities in Co/5d-heavy-metal heterostructures
from band filling and interfacial orbital hybridization
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Intrinsic spin Hall and anomalous Hall conductivities (SHC and AHC) for heterostructures of Co and 5d heavy
metal (HM = Ta, W, Re, Os, Ir, Pt) are investigated by comparing chemical (HM element) trend and different
HM thickness by means of first-principles calculations. We find that the HM-element dependencies of SHC
and AHC are caused by the 5d band filling but importantly originated from different band characteristic. The
SHC associates with the spin Berry curvature in 5d bands inside the HM atomic layers. In contrast, the AHC is
induced by the interfacial bands at the Co/HM, in which the origin can be decomposed into two effects; the 5d
band filling of interfacial HM atomic layer and a proximity effect of neighboring Co atomic layer inducing the
magnetic moment at the top HM. The former determines the overall distribution of Berry curvature in Brillouin
zone, while the latter, asymmetric distribution of Berry curvature by a time-reversal symmetry breaking. As a
consequence, different thickness dependencies of the HM atomic layers to the SHC and AHC appear, being
significant and absent, respectively. The findings provide guiding principles for controllable SHC and AHC in
device developments.
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I. INTRODUCTION

Spin-orbit-coupling (SOC)-induced phenomena have been
widely reported in the past decades as the SOC enriches
magnetic properties, including proximity-induced magnetic
moment [1–3], perpendicular magnetocrystalline anisotropy
(PMA) [4–8], Dzyaloshinskii-Moriya interaction [9,10], and
spin-orbit torque (SOT) [11–13]. The utilization of the SOC-
induced properties thus opens a new vista in spin-orbitronics
applications [14–16]. Recent interest has addressed on highly
efficient conversion between charge and spin currents, in
which spin-dependent Hall effects, i.e., spin Hall effect (SHE)
[17–20] and anomalous Hall effect (AHE) [21–23], are central
targets. In the SHE, the transverse spin current is generated
from unpolarized longitudinal charge current in nonmagnetic
(NM) materials, which induces the SOT for magnetization
switching in magnetic random access memory (SOT-MRAM)
[24,25]. In the AHE, the transverse spin-polarized charge
current is generated from longitudinal charge current in fer-
romagnetic (FM) materials, which is, for example, applied to
ultrasensitive magnetic sensors [26–29]. The SHE and AHE
originate either from an intrinsic nature, associated with the
band structure, or extrinsic nature, associated with the skew
scattering or side jump due to impurities. A spontaneous mag-
netization is accompanied in the AHE [23].

Intrinsic SHE in pure bulk HM series has been inten-
sively investigated [30–34]. From first-principles calculations,
the largest spin Hall conductivity (SHC) is found in an fcc
Pt, 2200 (h̄/e) �−1cm−1, which originates from the band
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structures near the Fermi level at L and X points in Brillouin
zone (BZ) [30]. Tanaka et al. have reported that the number
of d electrons governs the sign and absolute value of the
SHC in bulk HM series [31], as is confirmed in experiments
[32,34]. This indicates that the d-band filling is a key to
control. With the similar analogy to the SHC, anomalous
Hall conductivity (AHC) of Fe, Co, and Ni was quantitatively
predicted from theoretical calculations [35–38], 750, 480, and
−1066 �−1cm−1, respectively, which are in good agreement
with experiments [39,40]. In order to tune the SHC and AHC,
numerous efforts have been made, especially, by alloying
[41–52]. For example in a β-W, Sui et al. [41] theoretically
and Qian et al. [42] experimentally demonstrated the con-
trollable SHC through rigidly shifted Fermi level of the band
structure by Ta doping. For the AHC, using L10-type FePd
alloy, He et al. [53] observed experimentally an enhancement
of the AHC by doping Pt, which introduces larger SOC effect
into the alloy. Recent theoretical works reported a wide range
of AHC in FM alloys, where particularly giant AHC is found
in a part of Heusler alloy family [48–50].

Apart from the bulk properties, recent efforts have paid to
the SHC and AHC in artificially multilayered structures in-
cluding dependencies of constituent elements [54], film thick-
ness [55], number of interfaces [56], and proximity-induced
magnetic moments [57]. An interfacial orbital hybridization
is one of the effective ways to modulate these proper-
ties, as reported for the AHC in Co/Pd multilayers [58,59]
and Pt/Cr2O3 interface [60]. Very recently, Salemi et al.
performed quantitative first-principles calculations for Pt and
3d-FM bilayers [61], and found that the SHC dedicates to
exciting the SOT in the Pt layer. Since SHC and AHC are
basic properties involved not only in SOT phenomenon but
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TABLE I. Stacking structure, in-plane lattice constant (a), and
interfacial distance (dint) for Co/HMn (HM = Ta, W, Re, Os, Ir, Pt;
n = 6 ∼ 15).

Ta W Re Os Ir Pt

Stacking bcc bcc fcc fcc fcc fcc
a (Å) 2.862 2.752 2.775 2.735 2.746 2.816
dint (Å)a 1.97 1.99 2.02 2.04 2.03 2.00

aThe values for n = 15 are shown as an example. It is confirmed that
the dints in the other n are almost identical to that in n = 15 within
±0.03 Å regardless of the HM elements.

also in the anomalous Nernst effect and the recently-proposed
spin anomalous Hall effect [47,62,63], elucidation of physical
origin of these phenomena, especially at the interface between
FM and HM, is desired for future applications.

Herein, we perform first-principles calculations for in-
depth investigations of SHC and AHC in heterostructures of
various 5d HM and 3d FM Co. It is found that the 5d-band
filling is a key in determining sign and scale of both the
SHC and AHC, where importantly the former originates from
bands associated with the inside HM atomic layers and the
latter is from bands at the Co/HM interfaces. The paper is
organized as follows. The geometries of heterostructures and
computational details are given in Sec. II. In Sec. III, results
for SHC (in Sec. III A) and AHC (in Sec. III B) are presented
by comparing the dependencies of HM element, its thickness,
and Fermi-level shifting, and we discuss physical origins in
terms of (spin) Berry curvature. Summary is finally given in
Sec. IV.

II. MODEL AND METHOD

A heterostructure was modeled by a single-slab geometry,
i.e., film, consisting of one monolayer (1ML) Co on nML 5d
HM, where HM of Ta, W, Re, Os, Ir, and Pt across the periodic
table are considered with changing the number of atomic
layers, n, as 6, 9, 12, and 15. We assume a bcc structure for Ta
and W where Co is stacked on the bcc(110) (· · · ABABAB · · ·
stacking) and an fcc structure for Re, Os, Ir, and Pt where
Co is stacked on the fcc(111) (· · · ABCABC · · · stacking) to
minimize the lattice mismatch between the Co and HM, as
shown in Figs. 1(a) and 1(b). The two-dimensional (2D) BZs
for these heterostructures with corresponding 3D BZs are
illustrated in Figs. 1(c) and 1(d). In-plane lattice constant a
was fixed to that of the bulk HM, which was obtained from
the total energy calculations. The geometric parameters are
summarized in Table I.

Density-functional theory (DFT) calculations were per-
formed by means of all-electron full-potential linearized
augmented plane wave (FLAPW) method [64–66] within gen-
eralized gradient approximation [67]. The LAPW basis set
has a cutoff of |k + G| � 3.9 a.u.−1, and muffin-tin (MT)
sphere radii are set to 2.20 aB for Co and 2.45 aB for HM
atoms. The angular momentum expansion was truncated at
� = 8. The 2D BZ was sampled by a special k-point mesh of
15×15 for self-consistent field (SCF) calculations including
atomic relaxation with the convergence criterion of atomic
force, 0.005 htr/Å [68]. The interfacial distances between the

FIG. 1. Top and side views of geometry of Co ML on HMn in
(a) bcc (HM = Ta, W) and (b) fcc (HM = Re, Os, Ir, Pt) stacking
structures, where the number of HM atomic layers varies as n = 6,

9, 12, and 15 (n = 6 in figures). Vertical solid (black) line indicates
an unit cell where semi-infinite vacuum region is involved at top and
bottom sides of the slab model. (c) 2D BZ of bcc(110) plane and 3D
BZ of bulk bcc and (d) those of fcc(111) plane and bulk fcc.

Co and HM after the relaxation are also given in Table I. The
SOC is taken into account on the basis of second variational
method [66,69,70].

We consider the spin-current flow along x direction as a
response of electric field along y direction and evaluate the
intrinsic SHC and AHC, σ S

xy and σ A
xy, on the basis of the linear-

response Kubo formula at the static limit, given as

σα
xy = − e2

h̄A

∑

k

�α
xy(k), (1)

where e is the elementary charge, h̄ is the reduced Plank
constant, and A is the unit area. Thus, the unit of SHC and
AHC is given as �−1 [71–73] in SI units. This is different
from the 3D system case (�−1cm−1) by a factor of slab length
along z-axis dslab (the dslab is explicitly defined in Appendix),
where A is replaced with the volume of unit cell V in Eq. (1).
(The results are presented in 2D unit in the main text, while
those in 3D unit are given in Appendix for the sake of clarity.)
A contribution of (spin) Berry curvature up to the Fermi level
is written as

�α
xy(k) =

∑

n �=n′
( fkn − fkn′ )

Im〈kn|v̂α
x |kn′〉〈kn′|v̂y|kn〉

(εkn − εkn′ )2
, (2)

where fkn is the Fermi distribution function of nth band at
k point. Here, α is S or A, denoting the SHC and AHC. εkn
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FIG. 2. (a) Change ratio of σ S
xy against HM thickness, RS

n =
σ S

xy,n/σ
S
xy,6, and (b) σ S

xy for Co/HMn (HM = Ta, W, Re, Os, Ir, Pt). In
(a), color bars indicate RS

n for n = 9 (labelled as 9ML/6ML; green),
12 (12ML/6ML; orange), and 15 (15ML/6ML; red) with respect to
n = 6 (blue horizontal dashed line for a reference). These colors
correspond to those in (a); n = 6 (blue), 9 (green), 12 (orange), and
15 (red), respectively.

and εkn′ are eigenvalues of occupied state |kn〉 and unoccupied
state |kn′〉, respectively. An operator v̂α

x is spin current opera-
tor v̂S

x → ĵx = 1
2 (ŝzv̂x + v̂xŝz ) (ŝz is the spin Pauli matrix) for

the SHC and is velocity operator v̂A
x → v̂x for the AHC. The

dense k-point mesh of 120×120 was used for 2D full BZ in-
tegration in the SHC and AHC calculations, where numerical
uncertainties were carefully tested to be minimized less than
0.1% for the SHC and 0.5% for the AHC, respectively.

III. RESULTS AND DISCUSSION

A. Spin Hall conductivity

Figure 2 shows calculated SHC (σ S
xy) for the Co/HMn with

varying the HM thickness of n (6, 9, 12, and 15). In Fig. 2(b),
the value of σ S

xy depends significantly on the HM element.
For the Co/bcc-HMn (HM = Ta, W), the negative σ S

xys are
obtained and the absolute value increases as the number of
5d electrons increases as σ S

xy = −1.40×10−4 (h̄/e) �−1 in the
Co/Tan and −3.69×10−4 (h̄/e) �−1 in the Co/Wn for n = 15.
The Co/Wn shows the negative maximum value of σ S

xy among
the systems under study. When the number of 5d electrons fur-
ther increases, the σ S

xy in the Co/fcc-HMn increases such that
for n = 15, σ S

xy = −2.67×10−4, −2.20×10−4, 0.54×10−4,
and 6.35×10−4 (h̄/e) �−1 for the Co/Ren, Co/Osn, Co/Irn,
and Co/Ptn, respectively. A sign change of σ S

xy occurs between
the Co/Osn and Co/Irn, and the positive maximum value
is found in the Co/Ptn. A large increase of σ S

xy in absolute
value as increasing HM thickness is confirmed. To see the
HM-thickness dependence more clearly, here we define a
change ratio of σ S

xy from the system with the thinnest HM
thickness (n = 6), RS

n = σ S
xy,n/σ

S
xy,6, i.e., a change ratio of σ S

xy

in Co/HMn for n = 9, 12, and 15 (referred to as σ S
xy,n in

this discussion) to that in Co/HM6 (referred to as σ S
xy,6). In

Fig. 2(a), the RS
n is proportional to the HM thickness such that

the RS
n ∼ 1.5, 2.0, and 2.5 for n = 9 (green bars in figure),

12 (orange), and 15 (red). In Co/Irn system, RS
15 is much

higher than 2.5 due to the small value in the denominator of
σ S

xy,6. To argue origins of the dependencies of SHC against the
HM element and the thickness, the band-filling dependencies
of the σ S

xy were calculated by shifting the Fermi level and
presented in Fig. 3. Although they show an almost identical
dependence in the Co/bcc-HM and Co/fcc-HM systems, a
difference appears in the peak positions that move to lower
energy as the number of 5d electrons increases. Moreover, in
each system, the peak heights become higher for the systems
of thicker HM. In the Co/bcc-HM systems, the σ S

xy shows the
negative peak at 1.3 eV for the Co/Tan and at −0.6 eV for the
Co/Wn [see Figs. 3(a) and 3(b)]. At higher energy, the broad
positive peak corresponding to the maximum σ S

xy locates at
5.6 eV for the Co/Tan and 4.5 eV for the Co/Wn. The Co/fcc-
HM systems show the sharp peaks for both the maximum
and minimum σ S

xys at higher and lower energies, respectively
[Figs. 3(c)–3(f)]. The trend of the band-filling clarifies that at
zero energy, the Co/Ptn gives the largest positive value of σ S

xy
and then it goes to zero in the Co/Irn while in the Co/Osn,
Co/Ren, Co/Wn, and Co/Tan, it has the negative values with
the largest σ S

xy in the Co/Wn, as seen in Fig. 2(b).
To understand the spatial contribution to the SHC, by fo-

cusing on the Co/Pt15, the energy dependence of σ S
xy where

the SOC effect is examined by switching on either inside Pt
region or Co/Pt interface region is shown in Fig. 4(a). The
inside Pt region refers to the central 11ML of Pt and the
interface region refers to the Co and topmost 2ML of Pt (see
right side in Fig. 4). We found from Fig. 4(a) that the SOC of
the inside Pt region dominantly contributes to the σ S

xy, whereas
that of the interface region less affects over the entire energy
range. This fact may be reflected by the trend described in
Figs. 2 and 3(f) where the σ S

xy increases when the number of
Pt atomic layers increases.

We calculated spin Berry curvature as a function of k,
�S

xy(k), for the Co/Pt15 and mapped onto the 2D BZ in
Figs. 5(a) and 5(b). At 0.1 eV, giving the maximum σ S

xy in
Fig. 3(f), the large positive contribution to �S

xy(k) appears

near M′ (M) and � points, where a sixfold rotational sym-
metry distribution of �S

xy(k) is confirmed [see red region in
Fig. 5(a)]. At −4.0 eV that shows the minimum σ S

xy, the large

negative �S
xy(k) is seen in a �-centered ring [see blue region in

Fig. 5(b)]. To identify an origin, the band structure attributed
to the inside Pt region in the Co/Pt15 along high-symmetry
line in the 2D BZ and the corresponding �S

xy(k) contribution
are plotted in Figs. 5(c)–5(e). In Fig. 5(e), there are widely
dispersive 5d bands in an energy range from −6 to 1 eV.
The dispersive bands crossing the Fermi level near M′ (M)
point induce the large positive �S

xy(k) [see magenta arrows in
Figs. 5(c) and 5(e)]. These bands are focused in Fig. 5(f) for
the cases with and without the SOC. When the SOC is not
included, the 5d bands of the inside Pt are crossing just below
the Fermi level in M′–� path [see dashed (yellow) line in left
panel of Fig. 5(f)], but they are split out by the SOC [right
panel of Fig. 5(f)], yielding a large positive contribution of
�S

xy(k) through a small value of denominator in Eq. (2). We
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FIG. 3. Band-filling dependence of σ S
xy for (a) Co/Tan, (b) Co/Wn, (c) Co/Ren, (d) Co/Osn, (e) Co/Irn, and (f) Co/Ptn, where n = 6

(blue), 9 (green), 12 (orange), and 15 (red). Horizontal dashed lines (skyblue) indicate the energy levels that show the peaks of σ S
xy, where the

maximum and minimum values of �S
xy appear in the higher and lower energy levels in all the systems. The Fermi level is set to zero.

note the fact that the M (M′) point in the 2D BZ of the present
system corresponds to X in the 3D BZ of fcc Pt in bulk, as
shown in Fig. 1(d), at which the SOC-induced band splitting
provides significant contribution to the spin Berry curvature
[30]. It can be, therefore, concluded that the large σ S

xy in the
Co/Pt is attributed to the same origin in the bulk Pt. In the
same way, at −4.0 eV, the SOC opens the energy gap near �

point [Fig. 5(g)], and these bands induce the negative �S
xy(k)

[see purple arrows in Figs. 5(d) and 5(e)].
Figure 6 summarizes the 2D maps of �S

xy(k) for the
Co/HM15 (HM = Ta, W, Re, Os, and Ir) at the energies that
have the maximum and minimum values of σ S

xy and the band
structures, where sizes of symbols are weighted by the 5d

FIG. 4. Band-filling dependencies of (a) σ S
xy and (b) σ A

xy of
Co/Pt15, where SOC is turned on in either inside Pt region (magenta)
or Co/Pt interfacial region (green). Results of full SOC calculations
are shown in gray filled area. The Fermi level is set to zero.

states of inside HM regions. The �S
xy(k) in the Co/bcc-HM

systems shows a twofold rotation symmetry [Figs. 6(a) and
6(b)], whereas that in the Co/fcc-HM systems is in a sixfold
rotation symmetry [Figs. 6(c)–6(e)]. This difference comes
from the different stackings in the HM atomic layers, namely
bcc and fcc stackings. Importantly, however, the k dependence
of �S

xy(k) is quite similar in each Co/bcc-HM and Co/fcc-
HM system. In the Co/bcc-HM (HM = Ta, W), the positive
and negative contributions of �S

xy(k) at the energy levels of

maximum and minimum σ S
xy arise at near � in �–N line.

Specifically, for the Co/W in Figs. 6(b) and 6(g), the bands
of the inside W region along �–N at −0.6 eV give rise to
the minimum σ S

xy [−4.21×10−4 (h̄/e) �−1; n = 15]. These
bands correspond to those of �–H line of the 3D BZ for
bcc bulk W [see Fig. 1(c) for BZ] [41]. In the Co/fcc-HM
(HM = Re, Os, Ir, Pt), the distribution of �S

xy(k) are similar
to the Co/Pt case [Figs. 6(c)–6(e)], although the energy levels
of maximum and minimum σ S

xys are different [Figs. 6(h)–6(j)].
The band structure is essentially the same among the same
stackings and the Fermi level only shifts due to the differ-
ence in the number of 5d electrons. Thus, the SHC in the
Co/HM heterostructures is governed by the 5d band filling
of band structure attributed to inside HM region, which is
less affected by the Co film, meaning that a tuning of the
Fermi level via hole or electron doping in the HM film can
be a straightforward way to control the SHC. It notes that
Zhang et al. clarify that the proximity-induced spin magnetic
moment in the bulk HM reduces the SHC [74]. Even in the
present system, the spin magnetic moment of HM in the
interface region is proximity induced, which thus reduces the
SHC as discussed in Fig. 4. However, the SHC in the whole
heterostructure is dominated by the inside Pt region.

B. Anomalous Hall conductivity

Figure 7 summarizes results of AHC (σ A
xy). In contrast

to the SHC, the value of σ A
xy depends significantly only on

the HM element but does not so on the HM thickness. The
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FIG. 5. Spin Berry curvature �S
xy(k) mapped onto 2D BZ for Co/Pt15 at energy levels of (a) 0.1 eV and (b) −4.0 eV where the σ S

xy shows
the maximum and minimum values, respectively. Projection of �S

xy(k) along high symmetry k path at (c) 0.1 eV and (d) −4.0 eV, and (e) band
structure with size of symbol being weighted by contribution from 5d states inside the Pt region (defined by right side in Fig. 4). The k path is
given in (a) and (b). (f) Band structures at around 0.1 eV near M′ point without SOC (left) and with SOC (right), and (g) the same but at around
−4.0 eV near � point. In (f) and (g), the dashed (yellow) lines are guides to eye (see main text for details). The Fermi level is set to zero.

FIG. 6. [(a)–(e)] 2D BZ mapping of �S
xy(k) for Co/HM15 (HM = Ta, W, Re, Os, Ir), energy of which shows the energy level with the

maximum (top) and minimum (bottom) σ S
xys. [(f)–(j)] Projections of �S

xy(k) (top and middle) and 5d band structures of inside HM regions
(bottom). The Fermi level is set to zero.
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FIG. 7. (a) Change ratio of σ A
xy against HM thickness, RA

n =
σ A

xy,n/σ
A
xy,6, and (b) σ A

xy for Co/HMn (HM = Ta, W, Re, Os, Ir, Pt).
The notations are the same as in Fig. 2.

negative value of σ A
xy is found in the Co/Wn, and all the others

show the positive σ A
xys except Co/Tan, as shown in Fig. 7(b).

For the HM thickness dependence, Fig. 7(a) shows the change
ratio of σ A

xy from Co/HM6, RA
n = σ A

xy,n/σ
A
xy,6 where σ A

xy,6 (σ A
xy,n)

is referred to as the value of σ A
xy of Co/HM6 (Co/HMn; n =

9, 12, 15). The Co/Wn and Co/Ptn systems show RA
n ∼ 1,

indicating that σ A
xy is independent of the HM thickness. In

the Co/Ren and Co/Osn systems, the RA
n remains a constant

value less than 1. This means that the σ A
xy for n = 9, 12, and

15 are almost constant and slightly higher than that in n = 6.
On the other hand, the RA

n of Co/Irn shows large value more
than 1 but no significant changes with respect to n. There-
fore, it can be concluded that the σ A

xy in Co/HMn does not
show considerable HM-thickness dependence, although the

value of σ A
xy for n = 6 is eventually large (small) compared to

those for n = 9, 12, and 15 in Co/Ren and Co/Osn (Co/Irn).
Among these, the maximum of σ A

xy is found in the Co/Ptn

(1.09×10−5 �−1) for thin HM atomic layers (n = 6) and in
the Co/Irn (1.10×10−5 �−1) and Co/Ptn (1.01×10−5 �−1)
for thick HM atomic layers (n = 15). In the Co/Wn, the
negatively large value of σ A

xy is obtained; −0.89×10−5 �−1

for n = 15. The σ A
xy in the Co/Tan is quite small in

Fig. 7(b).
The band-filling dependencies of σ A

xy are given in Fig. 8.
The dependencies are rather complex compared to those in
the SHC. There are no systematic trends among all the sys-
tems but exist local peaks of σ A

xy in the range of −3 ∼ 2 eV
(see filled area in Fig. 8), which corresponds to the band
width at the Co atomic layer. The peak heights hardly change
as the HM thickness increases for all the systems. In the
Co/Tan, the sign of σ A

xy is changed at the zero energy and
hence the σ A

xy is small [Fig. 8(a)]. However, in the rest sys-
tems, the local peaks or shoulders of σ A

xy are located near
the zero energy [Figs. 8(b)–8(f)], resulting in the signifi-
cant dependence against the HM element as described in
Fig. 7(b).

Taking the Co/Pt15 as an example, we discuss the effect of
SOC to the AHC by the spatially-resolved analysis, as given in
Fig. 4(b). We find that the effect of SOC at the interface region
is more dominant compared to that of the inside Pt region,
which is opposite to the SHC.

In Fig. 9(a), the distribution of the Berry curvature �A
xy(k)

at the zero energy shows almost mirror symmetry with a sign
change with respect to the kx (or ky) axis, in which large values
of positive and negative contributions appear at M and M′
points, respectively. However, they do not cancel out when
integrated in the 2D BZ, leaving a nonzero (positive) value,
σ A

xy = 1.01×10−5 �−1. This fact is confirmed in the bottom
of Fig. 9(b) where the shape and height of the peaks are
slightly different between M and M′ points (see circles in
the figure). To see more clearly, asymmetric component with

FIG. 8. Band-filling dependence of σ A
xy for (a) Co/Tan, (b) Co/Wn, (c) Co/Ren, (d) Co/Osn, (e) Co/Irn, and (f) Co/Ptn, where n = 6 (blue),

9 (green), 12 (orange), and 15 (red). Green-filled area from −3 to 2 eV is the energy range where local peaks of σ A
xy appear. The Fermi level is

set to zero.
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FIG. 9. (a) 2D-BZ mapping of �A
xy(k), (b) projection of �A

xy(k)
of high-symmetry k path (bottom) and asymmetric component of
�A

xy(k) with respect to K point �asym(k) (top; see text for more
details), and (c) band structure for Co/Pt15. Sizes of symbols in the
band structure are weighted by contributions from Co-3d states (red
and orange colors show spin-up and -down states) and interfacial
Pt-5d states (blue and skyblue colors show spin-up and -down states).
(d) DOS for Co 3d (left) and Pt 5d (right) states. (e) �A

xy(k) and band
structure for non-spin-polarized 15ML Pt (without Co), and (f) those
for spin-polarized Co monolayer (without Pt). In top panel of (f),
green-filled area shows the results multiplied by 40. The Fermi level
is set to zero.

respect to the K point is extracted from �A
xy(k) as �asym(k) =

�A
xy(k) − �sym(k), where �sym(k) is the component of sym-

metric distribution, 1
2 [�A

xy(k) − �A
xy(−k)], with respect to the

K point; i.e., k = (kx, ky) and −k = (kx,−ky ), and plotted in
top of Fig. 9(b). The �asym(k) shows positive peaks at around
M and M′ points, indicating that the absolute value of �A

xy(k)

at M point is greater than that at M′ point in the bottom of
Fig. 9(b). Figure 9(c) presents the band structure in which the
exchange splitting of Pt-5d bands around the Fermi level is
introduced due to the orbital hybridization with the interfacial
Co, which is more visible from density of states (DOS) in
Fig. 9(d). To obtain an insight into roles of interfacial Co
and Pt, we calculated �A

xy(k)s for slabs consisting of 15ML
Pt and free-standing 1ML Co, separately, and the results are

FIG. 10. Variations of (a) σ A
xy and (b) σ S

xy as a function of
spin magnetic moment at the interfacial HM atomic layer for
the Co/HM15, where different colors indicate HM = Ta (red), W
(magenta), Re (orange), Os (green), Ir (skyblue), and Pt (blue),
respectively.

given in Figs. 9(e) and 9(f). Since the Pt is nonmagnetic and
the bands are not spin polarized even at the surface Pt atomic
layer, the distributions of �A

xy(k) along �–M′–K and �–M–K
paths are perfectly mirror symmetric with the sign change
with respect to the K point [see Fig. 9(e)]. The resultant AHC
is explicitly zero. On the other hand, in the 1ML Co, the
breaking of the time-reversal symmetry gives an asymmetric
distribution in �A

xy(k) [see green plot especially at around

M′ and M points in top of Fig. 9(f)], leading that the σ A
xy

is 3.35×10−5 �−1. It is further emphasized that the scale of
�A

xy(k) in the nonmagnetic 15ML Pt is the same order in
Co/Pt15 system but several ten times greater than that in the
ferromagnetic 1ML Co. These facts conclude that magnitude
of the AHC is affected by the Berry curvature at the interfacial
Pt atomic layer, while the ferromagnetism at Co plays a role
to induced the exchange splitting in bands of the interfacial Pt
through the proximity effect. To evident this, we performed
calculations for the Co/Pt where the spin magnetic moment
at the interfacial Pt atomic layer is artificially introduced.
As shown in Fig. 10(a), the σ A

xy for the Co/Pt is propor-
tionally varied against the scale of introduced spin magnetic
moment.

In the case of other Co/HM15 systems (HM = Ta, W, Re,
Os, Ir), the induced spin magnetic moment at the interfacial
HM atomic layer by the proximity effect brings nonzero AHC
value. In Figs. 11(a)–11(e), the �A

xy(k) depends on the HM
element, where the almost mirror symmetric distributions can
be seen in the 2D BZs for all the systems, while the k in-
tegrations of the �A

xy(k)s over the BZ result in the nonzero
values of σ A

xy. In bottom two figures of Figs. 11(f)–11(j),
the weights of the 3d and 5d orbitals in the band structures
indicate that the Co 3d bands strongly hybridize with the HM
5d bands. The energy level of this hybridized bands moves
to lower energy as the number of 5d electrons increases. It is
thus found that the occupied 5d bands near the Fermi level
(zero energy) determine the overall distribution of �A

xy(k); in
second figures from the top of Figs. 11(f)–11(j), scale and
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FIG. 11. [(a)–(e)] 2D-BZ mapping of �A
xy(k) for Co/HM15 (HM = Ta, W, Re, Os, Ir) at Fermi level. [(f)–(j)] �A

xy(k) [second from top;
green-dashed lines are �A

xy(k) calculated from non-spin-polarized 15ML HM (without Co) for references], its asymmetric component, �asym(k)
(top), and band structures of interfacial Co 3d and HM 5d (bottom two). Sizes of symbols in band structure are weighted by contributions
from Co 3d states (red and orange colors show spin-up and -down states) and HM 5d states (blue and skyblue colors show spin-up and -down
states). The Fermi level is set to zero.

shape of the �A
xy(k) in Co/HM15 (gray filled area) follow

those in 15ML HM system without Co (green-dashed line).
Specifically, in Co/Ir that shows the largest σ A

xy, there exist flat
Ir 5d bands hybridizing with Co 3d bands at the Fermi level
near K point [bottom two plots in Fig. 11(j)]. The existence of
the interfacial hybridized bands allows the asymmetric distri-
bution of �A

xy(k) along K–M′ and K–M paths, resulting in the
positive �A

xy (1.10×10−5 �−1), as confirmed in top two plots
in Fig. 11(j). Similar tendency is confirmed in other systems
[Figs. 11(f)–11(i)]. For the Co/Ta, since the most Ta-5d bands
hybridizing with Co 3d locate above 0.4 eV and only a few
bands remain on the Fermi level, the asymmetry in �A

xy(k)
becomes rather weak, so that the resultant �A

xy is negligibly
small.

Moreover, the interfacial hybridization between the Co
and HM modulates the value of σ A

xy by the induced spin
magnetic moment of the HM atomic layer at the interface.
As shown in Fig. 10(a), when the spin magnetic moment is
artificially introduced at the interfacial HM atomic layer, the
σ A

xy is proportional to the magnitude of spin magnetic moment.
Although the modulation of AHC by the introduced spin mag-
netic moment is confirmed, clearly this effect is not significant
compared to the HM element dependence. Note that, in Co/W
and Co/Re systems, even when the sign of spin magnetic
moment of HM changes, the σ A

xy keeps same sign. This is
because the spin of Co remains same sign (1.58 ∼ 1.59 μB for

Co in Co/W15 and Co/Re15) with tiny changes (∼0.01 μB)
by rehybridization with the top HM, which is one order of
magnitude smaller than that of HM. It notes that since the
sign change of σ A

xy in Co/Ta occurs around the Fermi level
in Fig. 8(a), the σ A

xy in Fig. 10(a) is sensitive to the introduced
spin magnetic moment of top HM, although σ A

xy is small value.
For the SHC, however, no dependence against the introduced
spin magnetic moment is confirmed [Fig. 10(b)], as the SHC
is governed by the band structure of the inside HM. It may
further note that the chemical trend of σ A

xy to the HM elements
even for thick Co films follows that in Fig. 7, since the spin
magnetic moment of the interfacial Co is almost constant
regardless of the Co thickness [75], although the absolute
value may be governed by the thick Co films.

It is experimentally reported that the interfacial SOC of
FM/HM interface, namely ISOC, which can be characterized
by AHC or PMA, is desired to be small for efficient magne-
tization switching of adjacent FM layers [76]. Note that the
flow of spin current is in-plane direction in our calculations
and this may be different from device architectures where the
spin current is injected from HM layer to FM layer. Therefore,
the direct comparison is not allowed. However, in the context
of optimizing the ISOC, our results can be a guideline for
appropriate material choice of HM element. The present study
invites further experimental and theoretical investigations on
the AHC in 3d FM/5d HM heterostructures.
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FIG. 12. Geometries of 2D slab structures consisting of MT
spheres, interstitial, and semi-infinite vacuum (Vac.) regions: For
example, Co/HMn systems with n = 6 (left) and 12 (right) in fcc
stacking of HM are shown. Solid (red) square defines the volume in
3D system, where z length corresponds to dslab. See main text for
more details.

IV. SUMMARY

The SHC and AHC in the Co/5d HM (Ta, W, Re,
Os, Ir, and Pt) are investigated by the first-principles
calculations, and the roles of Co and HM were elucidated.
For the SHC, positive and negative maximum values are ob-
tained in the Co/Pt15 [6.35×10−4 (h̄/e) �−1) and Co/W15

[−3.69×10−4 (h̄/e) �−1], in which the scale and sign of σ S
xy

systematically depend on the chemical (HM element) trend
due to the different number of 5d electrons. This SHC is
caused by the spin Berry curvature in 5d bands inside the
HM atomic layers, thus, a doping of electron/hole into the
HM layers can be an effective approach to modulate these
bands for controlling the SHC. For the AHC, the positive
maximum σ A

xy is obtained in the Co/Ir15 (1.10×10−5 �−1)
and Co/Pt15 (1.01×10−5 �−1) and negative maximum is in
the Co/W15 (−0.89×10−5 �−1). The AHC depends only on
the HM element but does not so on the HM thickness. The
origin is interpreted by the Berry curvature of the 5d bands
hybridizing with the Co 3d bands near the Fermi level and by
the proximity effect of Co playing a role to induce the spin
magnetic moment into the HM at the interface. Our anatomy
provides guidelines to design Co/HM heterostructures where
an appropriate choice of HM element, Fermi-level tuning,
and interfacial modification can be effective to control the
SHC and AHC for suitable performance of spin-orbitronics
applications.
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FIG. 13. Calculated (a) �S
xy and (b) �A

xy, which are the same results as those in Figs. 2 and 7 but in volume in 3D unit (�−1cm−1). In bottom
panel of (a), results in bulk HM are shown as a reference (opened squares). The notations are the same as those in Figs. 2 and 7.
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APPENDIX: SPIN HALL AND ANOMALOUS HALL
CONDUCTIVITIES IN VOLUME IN 3D UNIT

In the present calculations [64–66], the model is con-
structed by a single slab region (MT spheres and interstitial)
and two semi-infinite vacuum regions at the top and bottom
sides of the slab, as shown in Fig. 12. We set the height of
the slab (dslab) to be a distance of about 0.5 aB away from the
outermost MT spheres regardless of the HM element and its
thickness (n). To convert the unit of SHC and AHC into the 3D
unit, the σ S

xy and σ A
xy in the present calculations (in 2D unit) are

divided by the dslab, where the V is given by A×dslab.
The results in the 3D unit (�−1cm−1) are presented in

Fig. 13. For the SHC, in Fig. 13(a), the σ S
xy increases and

approaches the bulk values as increasing the HM thickness;
it is clear especially in the Co/Ptn system (see bottom fig-
ure). The overall characteristics of the SHC in the 3D unit
follow the results of the 2D unit in Fig. 2, in which, however,

quantitative values of the RS
n tend to differ between 2D and 3D

units because of the dslab depending on the HM element and its
thickness in the system. The sign change between Co/Osn and
Co/Irn heterostructures remains a discrepancy from the bulk
HM calculations [31] where the sign changes between Re and
Os. This can be caused by the different crystal structures of Re
and Os, for which the fcc structure is assumed in the present
work while the hcp structure in the earlier calculations [31].

In Fig. 13(b), the AHC shows the HM-thickness depen-
dence where the σ A

xy decreases as increasing the HM thickness.
Since the AHC originates from the interfacial band struc-
tures as discussed in Sec. III B, the absolute value of σ A

xy
becomes apparently small by dividing by the volume of unit
cell (V = A×dslab) instead of unit area of unit cell (A) in
Eq. (1). This results in that the RA

n appears to depend on
the HM thickness, which is not the case for the results in
2D unit.
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