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Theory of Spin Hall Effect
in Random Pt–M (M = V, Nb, Ta) Alloys
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The spin Hall effect in fcc Pt-rich disordered solid solutions Pt–M (M = V, Nb, Ta) is studied by means of
a relativistic ab initio Green-function theory. We find that the spin Hall angle of all three alloy systems exhibits
similar sizable values, with a maximum slightly above 0.2, obtained for dopant concentrations around 12 at.%. This
result is explained by a competition between opposite concentration trends of the intrinsic spin Hall conductivity
and of the longitudinal residual resistivity while the strength of the impurity spin–orbit interaction plays only a
minor role. This behavior agrees qualitatively with results of recent experiments on spin Hall torques in multilayered
systems involving Pt-rich alloys with heavy and light impurities.

DOI: 10.12693/APhysPolA.137.717
PACS/topics: spin Hall effect, ab initio theory, random alloys

1. Introduction

The spin Hall effect represents one of the most impor-
tant phenomena in the field of spintronics [1]. This spin–
orbit induced transverse transport phenomenon thus at-
tracts ongoing attention motivated by the need for effi-
cient sources of spin currents and spin torques in various
magnetoelectronic devices. The relevant physical prop-
erty, namely, the spin Hall conductivity (SHC) has been
addressed in a number of experimental and theoretical
studies. Its relation to the longitudinal electrical conduc-
tivity defines the so-called spin Hall angle (SHA), which
is a dimensionless parameter that controls the efficiency
of charge to spin conversion.

The search for materials with large SHA values has
traditionally been focused on 5d transition metals and
other heavy elements, including their mutual diluted and
concentrated alloys, see e.g., [1–3] and references therein.
However, a recent experimental study involving Pt-rich
random Pt–Hf and Pt–Al alloys has revealed a similar en-
hancement of the spin Hall torques in multilayers based
on these alloy systems [4]. This finding contradicts a gen-
erally accepted role of strong spin–orbit interaction of
the impurity atoms as a necessary prerequisite for large
SHC and SHA values of the alloy. Since this aspect of
the spin Hall effect has not been studied systematically,
the present work is devoted to a relativistic ab initio the-
ory of transport properties of fcc random concentrated
Pt–M alloys, where the dopant M runs over three isoelec-
tronic transition-metal elements, M = V, Nb, and Ta,
which mutually differ mainly by the strength of their
spin–orbit coupling. This choice of alloying elements M
is partly motivated by the large spin Hall effect encoun-
tered in Ta-based systems [2, 3].
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2. Methods and numerical details

The electronic structure of the studied disordered
alloys was obtained in the all-electron self-consistent
relativistic tight-binding linear muffin-tin orbital
(TB-LMTO) method and the coherent potential ap-
proximation (CPA) [5]. The valence basis consists of s-,
p-, and d-type orbitals and the one-electron potentials
and electron densities were treated in the atomic sphere
approximation with the Wigner–Seitz radii set according
to the Vegard law using the experimental Wigner–Seitz
radii of pure metals Pt, V, Nb, and Ta.

The transport properties were studied by means of
the Kubo linear response theory modified in the rela-
tivistic TB-LMTO-CPA technique [6]. This approach
yields the ordinary conductivity tensor σµν , where
µ, ν ∈ {x, y, z}, which provides the residual conductivity
and resistivity of random alloys. For studies of the SHC,
one has to introduce the spin-dependent conductivity
tensor σλµν , where the superscript λ ∈ {x, y, z} refers to
the spin polarization of the electric current flowing along
µ axis. The tensor σλµν at zero temperature is then de-
fined by:

σλµν = −2σ0

EF∫
−∞

Tr
〈
(σλvµ)g

′
+(E)vν

[
g+(E)− g−(E)

]
−(σλvµ)

[
g+(E)− g−(E)

]
vνg
′
−(E)

〉
dE, (1)

which describes the linear response of the spin current
ṽλµ = σλvµ to a spin-independent electrical field in di-
rection of ν axis. Next, the quantity σ0 is a prefactor
comprising basic physical constants and the crystal vol-
ume, EF denotes the Fermi energy, E is a real energy
variable, the trace (Tr) is taken over all valence orbitals
of the crystal, the quantities σλ are the Pauli spin ma-
trices, the quantities vµ and vν represent the velocity
(current) operators, g±(E) denote the retarded and
advanced Green functions, the prime at g±(E) denotes
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energy derivative, and the brackets 〈. . . 〉 refer to the con-
figuration averaging for random alloys.

The configuration average in Eq. (1) was done in close
analogy to the case of the ordinary conductivity tensor
σµν , developed within the CPA in [6, 7]. As a result,
the final value of σλµν in (1) is given as a sum of the Fermi-
surface and Fermi-sea terms. Both terms contain a coher-
ent contribution (corresponding to a replacement of 〈gg〉
by 〈g〉〈g〉 in the CPA average) and an incoherent contri-
bution (equal to the CPA-vertex corrections). The sum of
both coherent contributions can be identified with the in-
trinsic part of the tensor σλµν while the sum of both in-
coherent contributions defines its extrinsic part. More
details will be given elsewhere.

The numerical implementation was done similarly to
recent calculations of the Fermi-surface [7] and Fermi-
sea [6] terms of the conductivity tensor σµν . In particu-
lar, a very fine sampling of the Brillouin zone, employing
≈ 108 mesh points, was used for the Fermi-surface term
while the Fermi-sea term was reformulated as an integral
over a complex-energy contour, which was evaluated by
using 28 complex nodes distributed along the contour.

Since the systems studied in this work possess full cubic
symmetry, the only non-vanishing independent element
of the tensor σλµν (1) is σzxy. The SHC discussed below
was thus identified with this element. The conductivity
tensor σµν reduces to a single non-vanishing indepen-
dent element, as well as denoted by σxx. Its recip-
rocal value defines the longitudinal residual resistiv-
ity ρ, i.e., ρ = 1/σxx. Finally, the SHA is obtained as
σzxy/σxx = σzxyρ.

3. Results and discussion

According to assessed equilibrium phase diagrams of
the studied Pt–M alloys [8], the solubility limit of V in
fcc Pt at low temperatures is about 20 at.%, whereas
that of Nb is about 18 at.%, and that of Ta is about
15 at.%. For this reason, we confined our numerical study
to maximum content of 20 at.% of M dopants.

The calculated transport properties as functions of
the composition are displayed in Fig. 1. One can see
very similar values and concentration trends of all ba-
sic quantities: the SHC (Fig. 1a), the residual resis-
tivity ρ (Fig. 1b), and the SHA (Fig. 1c). This similar-
ity reflects the isoelectronic nature (the same valency)
of V, Nb, and Ta, whereas their slightly different atomic
sizes are of secondary importance. The most surpris-
ing feature of the obtained results is a weak sensitivity
of the SHC to the strength of the impurity spin–orbit
interaction (which scales quadratically with the atomic
number and is thus an order of magnitude stronger for
Ta than for V). A closer look at the SHC (Fig. 1a) re-
veals that for the dopant concentrations above 5 at.%, all
three SHC values are essentially identical. The only dis-
cernible differences can be seen for very small impurity
concentrations. In the latter case, the SHC is dominated
by its extrinsic part which is due to the skew-scattering

Fig. 1. Calculated transport properties of Pt–M (M =
V, Nb, Ta) alloys as functions of M concentration: (a)
spin Hall conductivity, (b) residual resistivity ρ, and (c)
spin Hall angle.

mechanism causing a divergence of the SHC in the di-
lute limit [1, 2]. The SHC of the concentrated alloys is
dominated by its intrinsic part, which exhibits a decrease
owing to M alloying, in analogy to the case of random fcc
Pt–Au alloys [2].

The residual resistivity ρ exhibits an increasing trend
due to alloying (Fig. 1b). Thus, a consequence of the op-
posite trends of the SHC and ρ is a maximum in the SHA
encountered for M content around 12 at.% (Fig. 1c).
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The maximum SHA values fall slightly above 0.2 which
is comparable with the top values obtained for other sys-
tems investigated so far in this context [1–3]. The SHA
maximum in the Pt–V alloy is slightly smaller than
the maximum in the Pt–Nb and Pt–Ta alloys. How-
ever, this difference is not due to different SHC values
but rather due to the slightly different resistivities ρ.
This fact indicates that the strength of spin–orbit interac-
tion of the dopant element does not represent the key fac-
tor for obtaining sizable SHA and that ρ plays a more sig-
nificant role. It should be noted that the important effect
of the longitudinal resistivity on the resulting SHA values
has also been emphasized in recent studies of amorphous
Hf–W alloys [3] and of multilayers with Pt–Al and Pt–Hf
alloys [4].

4. Conclusions

The performed theoretical study of the spin Hall ef-
fect in concentrated random Pt–V, Pt–Nb, and Pt–Ta
alloys predicts sizable values of their spin Hall angle, with
a maximum found for compositions around 12 at.% of im-
purities. The similar values and concentration trends of
all studied transport properties indicate that the strength
of impurity spin–orbit coupling plays a secondary role.
A more important factor seems to be the residual resis-
tivity of the alloys. The maximum spin Hall angles were
obtained for compositions that belong to thermodynam-
ically stable phases (primary solid solutions with an fcc

structure). The studied alloys might be thus viewed
as alternatives to other systems considered in this con-
text, which are often metastable crystalline or amorphous
alloys, stabilized only by kinetic barriers.
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