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Abstract. The intrinsic spin Hall effect in the bulk systems of late 5𝑑 transition 

metals (Os, Ir, Pt, and Au) as well as the Pt-based superlattices were investigated 

by using first-principle calculations. By comparing the computed spin Hall 

conductivities of Pt−M superlattices (M=Os, Ir, and Au) with different 

compositions and those obtained from atomic bulk composition, we saw that the 

spin Hall conductivities (SHCs) follow the behavior described by the Slater-

Pauling curve, the maximum of which is at pure Pt bulk. From the examination 

of the band structures of the considered systems, we found that the origin of this 

behavior comes from the variation of the band structures as a direct consequence 

of the change of the number of electrons and hybridization effects. 

Keywords: density functional theory; Pt-based superlattices; Slater-Pauling curve; 

Spin Hall Effect; spintronics.  

1 Introduction 

The spin Hall effect (SHE) [1-3] has been largely explored in the past decade 

due in part to the extensive development of spintronics technology. Among the 

most important factors that govern the large interest in SHE is that, together 

with the inverse spin Hall effect (ISHE) [4], it provides an efficient route for the 

detection and generation of spin current [5]. It is generally accepted that SHE 

shares the same mechanism as the anomalous Hall effect (AHE) [6,7] in that it 

may consist of an intrinsic mechanism originating solely from the interactions 

between different electronic states of the material and extrinsic mechanisms 

related to the existence of impurity states [8-10]. A great number of efforts can 

be found in the literature to discover materials with powerful intrinsic SHEs as 

well as to understand the basic underlying mechanisms. Promising candidates 

for such materials are those containing 5𝑑 heavy metal elements [11-13], as 

they are expected to possess strong spin-orbit coupling (SOC). Among these 

materials, attention has been given to Pt-based systems, in which a remarkably 

large SHE in pure platinum has been demonstrated both experimentally and 

theoretically [14-18]. 
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Additionally, theoretical approaches to investigate SHE due to nonmagnetic 

impurities, i.e. SHE by extrinsic origins, show clear dependencies on the 

number of 𝑑 electrons, 𝑛𝑑 [11,19], although different results have been obtained 

in these works, which may be ascribed to the different treatment of local 

correlations for the d orbitals of the impurities [12]. However, detailed 

inspection of the nature of SHE indicates the domination of intrinsic 

contribution to SHE in metals [20,21] as well as in alloys, such as AuxPt1−x [22]. 

For this contribution, measurements on SHE in several 4𝑑 and 5𝑑 elements 

demonstrated a clear sign change of spin Hall conductivities (SHCs) depending 

on the number of 𝑑 electrons [21], in which the sign change is attributed to the 

electron fillings of the 𝑑 orbitals. The results agree with previous theoretical 

tight binding calculations [20] and suggest a direct relation between intrinsic 

SHE and 𝑛𝑑. 

In ferromagnetic metals, several fundamental properties, such as magnetization 

and Curie temperature, have been understood to follow the so-called Slater-

Pauling curve [23-25]. This Slater-Pauling behavior provides simple intuitions 

to understand the magnetic properties, as it summarizes how they depend on the 

number of electrons in a material. While similar behavior for the transport 

properties has been anticipated in 3𝑑 alloy systems [26], we are not aware of 

such reports for SHE. In this work, we re-examined the intrinsic spin Hall effect 

of the pure late 5𝑑 elements (TM=Os, Ir, Pt, and Au), where the valence 

electrons vary between 8 and 11, as well as the SHE of multilayer systems 

composed by these elements. We employed first-principle calculations and 

focused on spin Hall conductivity (SHC) as a quantity to describe the SHE by 

utilizing the Kubo formula, which is routinely used in first-principle 

calculations on intrinsic Hall conductivities [15]. Our results suggest that for 

SHC there is a close resemblance to Slater-Pauling behavior with the maximum 

spin Hall conductivity at pure Pt with 𝑛𝑑 = 9. We expect this work to further 

advance our understanding of the nature of intrinsic SHE. 

2 Calculation Methods 

Calculations have been carried out by using the full-potential linearized 

augmented plane wave (FLAPW) method [27] combined with a generalized 

gradient approximation (GGA) [28] to the density functional theory. We 

considered a face-centered cubic structure for the bulk Os, Ir, Pt, and Au, as 

well as for the Pt(111)-based superlattices in order to investigate the 

dependence of the obtained spin Hall conductivities on the number of valence 

electrons of the systems. To model these superlattices, we considered two- and 

four-layered Pt-M (M=Os, Ir, and Au) models. The latter models were chosen 

with the following atomic alignments: (i) Pt/M/M/M (denoted hereafter as 
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PtM3), (ii) Pt/Pt/M/M, (iii) Pt/M/Pt/M, and (iv) Pt/Pt/Pt/M (or Pt3M) (see Figure 

1). These choices of the superlattices allow us to systematically modify the 

number of valence electrons in the systems. For instance, in four-layered Pt-Os 

superlattices, one can have a total of 34 (in PtOs3) to 38 (in Pt3Os) valence 

electrons in the unit cells containing four atomic layers. 

The lattice constants of the bulk and superlattice systems were assumed to be 

3.97 Å to match the optimized bulk Pt value. Test calculations performed at 

different crystal structures only showed insignificant modifications to the 

computed SHC; therefore, we chose to use the same lattice constants for all 

systems to focus more on the electronic contributions. A FLAPW basis with a 

cut-off of |k + G| ≤ 3.9 a.u.−1 and muffin-tin (MT) sphere radii of 2.4, 2.4, 2.4, 

and 2.3 a.u. for Os, Ir, Pt, and Au atoms, respectively, were used. 

In three-dimensional materials, as in bulk structures, different SHCs along 

different directions can be specified and defined using the SHC tensor: 

 𝜎𝑠 = (

0 𝜎𝑥𝑦
𝑠 𝜎𝑥𝑧

𝑠

𝜎𝑦𝑥
𝑠 0 𝜎𝑦𝑧

𝑠

𝜎𝑧𝑥
𝑠 𝜎𝑧𝑦

𝑠 0

) (1) 

where 𝜎𝑗𝑖
𝑠 denotes the SHC that induces the spin current along the 𝑖-direction 

due to the charge current moving along the 𝑗-direction, with the spin 

magnetized in the 𝑘-direction. However, due to the symmetry within the 𝑥𝑦-

plane of the film, only two non-identical SHCs can be distinguished, 𝜎𝑥𝑦
𝑠  and 

𝜎𝑦𝑧
𝑠 , where the 𝑧-axis is the direction perpendicular to the plane (as shown in 

Figure 1). These SHCs were obtained based on linear response theory by using 

Figure 1 The four types of four-layered Pt-M superlattices assumed in the calculations: (i) 

Pt/M/M/M (or PtM3), (ii) Pt/Pt/M/M, (iii) Pt/M/Pt/M, and (iv) Pt/Pt/Pt/M (or Pt3M). 
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the calculated eigenvectors and utilizing the Kubo-formula, which is the sum of 

the Berry-curvature [15]: 

 𝜎𝑗𝑖
𝑠 =

𝑒

ℏ
∑ ∑ 𝑓k𝑛

2im[⟨k𝑛|𝑗�̂� |k𝑛
′
⟩⟨k𝑛′|𝑣𝑗|k𝑛⟩]

(𝜀k𝑛−𝜀k𝑛′)
𝑛,𝑛′≠𝑛k  (2) 

where 𝑒 is the electron charge, ℏ is the Planck constant, and 𝑓k𝑛 is the Fermi 

distribution function for the sum of all filled bands. The 𝑗�̂� is the spin current 

operator, 𝑣𝑗 is the velocity operator, and 𝜀k𝑛 and 𝜀k𝑛′ are calculated 

eigenvalues. For simplicity, the superscript ‘𝑠’ will be dropped from 𝜎𝑗𝑖 in the 

discussions that follow. 

3 Results and Discussion 

3.1 Dependence of SHC on the Number of 𝒅 Electrons 

Table 1 Calculated spin Hall conductivities 𝜎𝑥𝑦 and 𝜎𝑦𝑧 in 

(Ω·cm)−1 for the considered bulk 5𝑑 systems: Os, Ir, Pt, and Au. 

Bulk system 𝝈𝒙𝒚 = 𝝈𝒚𝒛 

Os -945.79 

Ir 268.02 

Pt 2372.36 

Au 590.88 

We start by presenting the results for pure bulk systems. The calculated in-plane 

and out-of-plane spin Hall conductivities, 𝜎𝑧𝑦 and 𝜎𝑦𝑧, are summarized in Table 

1. These obtained values are in good agreement with results presented 

previously [15], confirming the intrinsic character of SHC in these systems. 

Additionally, in Os we obtained a negative SHC compared to that in Pt, which 

is commonly considered to possess a large SHC. The SHC gradually increases 

and the sign of the SHC changes, going from a negative value in Os to a small 

positive SHC in Ir, then reaches a peak in Pt, before further decreasing in Au. 

The sign change of SHCs for different atoms having different 𝑛𝑑 resembles 

those predicted both theoretically and experimentally [20,21]. 

To further explore the dependence of SHC on the number of 𝑑 electrons, we 

doubled the Pt cells along the 𝑐 direction and replaced the second Pt with other 

5𝑑 metals to generate two-layer Pt-based multilayers. A particularly interesting 

case is that of PtOs, in which 18 valence electrons are contained, similar to that 

of a double cell of Ir. At this point, it is important to note that for PtOs, the two 

components SHCs, i.e. the 𝜎𝑥𝑦 and 𝜎𝑦𝑧, are different by about 519 (Ω·cm)−1 and 
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211 (Ω·cm)−1, respectively, although both are comparable to the values obtained 

for Ir, which are much smaller than those of Pt. 

3.2 Slater-Pauling behavior of SHC 

The regularity of the computed SHC with the number of 5𝑑 electrons suggests 

that there is a relation resembling the Slater-Pauling behavior, which is well-

established for describing the behaviors of the Curie temperature and magnetic 

moment [23-25]. In order to confirm this, we further quadrupled the cells along 

the 𝑐 direction in order to have four atoms in the unit cell and build several Pt-

based 4-layered superlattices, as depicted in Figure 1. The obtained SHCs are 

shown in Figure 2, which summarizes the main results of this work. Firstly, the 

obtained SHCs of the end structures of all superlattice multilayers, i.e. Pt4 and 

M4, again reproduced well the values obtained from the single cell calculations.  

Insignificant deviations nevertheless occurred, for instance in the Pt system, in 

which the calculated SHC for the quadruple layer was around 2500 (Ω·cm)−1 

compared to about 2400 (Ω·cm)−1 in the single cell system. Secondly, from the 

zero concentration of Pt, the calculated SHCs increased almost linearly upon the 

increasing concentration of Pt. Again, particularly interesting systems are those 

of PtOs multilayers, in which the sign change of SHC can be clearly observed 

going from a rather large negative value in Os4 to a very small negative SHC in 

PtOs3, and then gradually increasing from Pt2Os2 towards a large positive value 

in the Pt4 system. Similar systematic changes can also be observed for the PtIr- 

and PtAu-based systems, although obviously no sign change of SHC is 

involved.  

Figure 2 Plot of obtained SHC parameter \sigma_{xy} in (Ω·cm)−1 

as a function of the average number of valence electrons. 
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We should also note here that in the case of Pt2M2 multilayers that can be either 

Pt/Pt/M/M or Pt/M/Pt/M arrangements, the calculated SHCs show some 

( a) Os 

( b)  Ir 

( c) Pt 

( d) Au 

Figure 3 The 𝑘-dependent spin Hall conductivities 𝜎𝑥𝑦 and the band structures of (a) Os, (b) Ir, 

(c) Pt, and (d) Au at the primitive fcc unit that contains one atom per cell. The dotted lines show 

the band structure without SOC, while the different colors indicate different d orbital characters to 

the band structure with SOC. 
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differences in these two cases, indicating that additional effects due to atomic 

alignment can play a role. Although all systems possess reflection symmetry 

normal to the (111) direction, the reflection planes are situated differently in 

these Pt2M2 multilayers. For Pt/Pt/M/M, the reflection planes are lying in 

between the two Pt layers and between two M layers. On the other hand, the 

reflection planes in Pt/M/Pt/M are defined in each atomic layer. While the 

presence of reflection symmetry does not prohibit SHE, it does govern the 

allowed interlayer distances and overall geometry, which should moderately 

affect the SHE.  

In Figure 3 the 𝑘-dependence of SHC is plotted together with the band 

structures of each system. It is obvious that the SOC induces the removal of 

several band degeneracies. These band splittings can be clearly observed to 

occur from higher energy to lower energy, going from Os to Au, due to the 

Fermi level shifting as a direct consequence of different numbers of electrons 

occupying the 5𝑑 bands. Such splitting takes place for instance at point K as a 

result of the removal of the 𝑑𝑚±2 degeneracies, and at the point C, which 

mainly have a 𝑑𝑚±1 character.  

Figure 4 The 𝑘-dependent spin Hall conductivities 𝜎𝑥𝑦 and band structures of PtOs. Blue 

(red) lines show the 𝑑±1 (𝑑±2) orbital characters to the band structure with SOC. 
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Looking at the details of each band structure, one can see from the band 

structure of Os displayed in Figure 3a that in the high-symmetry 𝑘-path, 

negative SHC comes together with the band splittings near the Fermi level in 

between points W and Γ or around path L−Γ, that mainly have a 𝑑𝑚±1 

character, which may give rise to a totally negative SHC within the full 

Brillouin zone. In Figure 3b, one can also see that there are competing positive 

and negative contributions to the SHC located around different k-points, so that 

in total one could expect a small SHC value for Ir. For Pt (see Figure 3c), large 

contributions to the SHC, as displayed in the high-symmetry 𝑘-path, originate 

from the interaction of 𝑑𝑚±2 orbitals around the L and X points, as well as 

around the Γ−X path. Indeed, previously, the most dominant contribution to 

SHC in Pt has been attributed mainly to the 𝑑𝑚±2 orbitals [20]. Finally, in the 

case of Au, as shown in Figure 3d, there are only few electronic states around 

the Fermi level due to the formally fully occupied 5𝑑 bands within the 5𝑑106𝑠1 

configuration. This indicates the much smaller SHC within the full Brillouin 

zone compared to that of Pt.  

In Figure 4 the 𝑘-dependent SHC and the band structure of PtOs are plotted, 

showing the contributions of both Pt and Os atoms to the band structure of the 

multilayer. For comparison, we also plotted the band structures of the double 

cells of Os, Ir, and Pt having valence electrons of 16, 18, and 20, respectively. 

We note here that the 𝑘-dependent SHCs of the double layers Os, Ir, and Pt are 

obviously different from those of the respective single cells due to the cell 

doubling (not shown in Figure 4), however, the computed SHCs within the full 

Brillouin zone reproduce those of the unit cells well, indicating the robustness 

of our computed SHCs with respect to the 𝑘-point mesh. Indeed, when we 

compare the band structure of PtOs and the double cells of pure Os, Ir, and Pt, 

around the Γ point, the band structure of PtOs resembles to some extent that of 

double cell Ir. As in the case of Ir, the interactions of different bands at different 

𝑘-positions lead to positive and negative SHC. Although there are strong 

hybridization effects taking place, it is still quite visible that the negative 

contributions to the SHC, such as around the Γ point, are likely due to the Os 

bands, while the positive contributions, for instance around the X point, have a 

strong Pt character. In particular, the splitting of the 𝑑𝑚±1 bands of PtOs that 

leads to a gap opening at the Γ point is situated at around 1 eV, which is in 

between that of Pt (at the Fermi level) and Os (at an energy of about 2 eV), and 

interestingly, this band mainly has an Os character. Also, the splitting of the 

band around the W−Γ path slightly above the Fermi level is dominated by Os. 

On the other hand, around points X and W, the highest occupied bands below 

the Fermi level have a Pt character, which may be ascribable to the fact that the 

same bands in pure Os are not occupied and situated further from the Fermi 

level. 



 Slater-Pauling-like behavior of spin Hall conductivity 377 

 

This Slater-Pauling-like behavior can be explained by the variation of the 

electronic structures as a direct consequence of the change of the number of 

electrons and the hybridization effects, since the SOC strengths are expected to 

be of the same order of magnitude due to all elements belonging to the same 5𝑑 

period. As shown in the PtOs systems described in Figure 4, both transition 

metals composing the multilayers can play equal roles in giving rise to the SHC 

of the multilayers. Exceptions should be mentioned, however, for the PtAu 

systems, in which all the 5𝑑 bands of Au are almost fully occupied, causing 

these bands to occupy well below the Fermi level. Indeed, we notice from our 

calculated band structures (not shown) that although some Pt bands are slightly 

pushed away from the Fermi level due to hybridization with the Au bands, the 

bands around the Fermi level mainly have a Pt character. The 𝑘-dependent SHC 

also shows peaks around the 𝑘 points where Pt band crossings occur and, 

interestingly, these are also the positions of the peaks in the SHC of the pure Pt 

system. One can therefore conclude that the intrinsic spin Hall effects are 

dominated by the Pt bands, especially for PtAu multilayers. 

4 Conclusion 

In summary, with our first-principle calculations demonstrated qualitatively the 

Slater-Pauling-like behavior of the spin Hall conductivities of 5𝑑 transition 

metal bulk systems. We have shown that this behavior is closely related to the 

number of 5𝑑 electrons and, in the case of multilayer superlattices, to the 

modification of the band structures due to hybridization between the 

constituting elements. The details of the atomic arrangement are also predicted 

to influence the SHC, however its contribution is rather small. 
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Nomenclature 

𝑛𝑑 = number of electrons in 𝑑 orbital 

𝜎𝑗𝑖 = spin Hall conductivity component within the 𝑗𝑖-plane with the 

spins aligned with the 𝑘-direction plane 

𝑓k𝑛 = Fermi distribution function 
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𝑗�̂� = spin current operator 

𝑣𝑗 = velocity operator 

𝜀k𝑛 = calculated occupied eigenvalues 

𝜀k𝑛′ = calculated unoccupied eigenvalues 
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