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Within a combined experimental and theoretical study it is shown that the spin Hall angle of a
substitutional alloy system can be continuously varied via its composition. For the alloy system Au,Pt,_, a
substantial increase of the maximum spin Hall angle compared to the pure alloy partners could be achieved
this way. The experimental findings for the longitudinal charge conductivity o, the transverse spin
Hall conductivity oy, and the spin Hall angle agy could be confirmed by calculations based on Kubo’s
linear response formalism. Calculations of these response quantities for different temperatures show
that the divergent behavior of ¢ and ogy is rapidly suppressed with increasing temperature. As a
consequence, ogy is dominated at higher temperatures by its intrinsic contribution that has only a rather

weak temperature dependence.
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Magnetization switching in thin ferromagnetic films
under the influence of spin transfer torques (STTs) [1-3]
enables universal memory concepts. Focusing on ferro-
magnetic—-normal-metal (FM-NM) bilayers, a pronounced
STT on the magnetization of the FM can be achieved by
utilizing the spin Hall effect (SHE) in the NM [4-6]. For
that reason, the SHE and its inverse, i.e., the ISHE, have
received a lot of interest over the last decade. In this
context, many different experimental techniques have been
applied to study the efficiency of the SHE in various NMs,
with the corresponding figure of merit given by the spin
Hall angle agy. When using a combination of electrical spin
injection with nonlocal spin detection in the experiments
[7-11], agy is usually defined as the ratio between the
transverse (spin Hall) and the longitudinal conductivity of
the NM, i.e., agy = ogy/o. Examining, on the other hand,
in experiment the magnetization dynamics in the presence
of STT and/or spin pumping [12-20], agy is defined via the
ratio of generated to injected spin and charge currents, J
and J ., respectively. However, one should stress that the
two different definitions of agy are fully consistent with
each other as demonstrated, for example, in Ref. [21].

Concerning the charge to spin current conversion, the
most efficient elemental NMs found so far are Pt, Pd, W,
and Ta. Their spin Hall angles could be exceeded for some
dilute alloys as for example Ptin Au[11] and Bi in Cu [10].
In these cases, the rather large observed spin Hall angles
were ascribed to the skew scattering mechanism, although
a reliable confirmation of this by means of numerically
reliable ab initio electronic structure methods is by no
means trivial [22].

Because of the complexity of the relativistic band
structure of metals [23] and the ensuing transport properties
[24], simple models are not capable of obtaining spin Hall

0031-9007/16/117(16)/167204(5)

167204-1

angles in a material specific way. In recent years, efforts to
calculate transverse transport properties from first princi-
ples succeeded in solving this task. Approaches calculating
transverse transport properties with a formulation employ-
ing the Berry phase are able to describe perfect crystalline
systems [25,26]. On the other hand, approaches employing
the Boltzmann formalism [24,27], and Green function
techniques that are used to solve the Kubo-Streda or
Bastin transport equations [28] are able to treat disordered
systems.

In this Letter we report on an experimental study on the
ISHE in NigFejq/Au,Pt;_, bilayers with the spin Hall
angles agy determined for a wide range of composition.
Our experimental findings that are confirmed by accom-
panying first principles calculations clearly show that agy
can be tuned for Au,Pt;_, over an extremely wide span
with a pronounced maximum value for x ~ 0.5.

In our experimental setup (see Fig. 1), pure spin currents
are injected via spin pumping [29-32] into Au,Pt;_, by
means of ferromagnetic resonance (FMR). To unambigu-
ously extract voltage signals caused by the ISHE, the
experimental approach already applied successfully to
investigate pure Pt and Au on NigFe;g [20] is used.
A similar approach has been used by other authors to
determine agy for Nig,Fe o/Pt [19] who pointed out the
reliability of the experimental method. By varying the angle
¢y between the static magnetization component and the
attached voltage probes the contribution to the measured
signal due to the anisotropic magnetoresistance (AMR) can
be reliably separated from that due to the ISHE for the
investigated Nig,Fe,9/Au,Pt,_, bilayer systems. This way
the voltage signals caused by the ISHE in the Au,Pt;_,
alloys can unambiguously be obtained. The subsequent
determination of the spin Hall angle agy is performed by
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FIG. 1. Integration of a Nig Fe q/Au,Pt,_ -bilayer wire
together with voltage probes in the experimental setup. The
Nig; Fe g layer is shown in green and the Au,Pt;_, layer is shown
in red. In this geometry the excitation field is perpendicular to the
bilayer. The angle ¢y gives the angle between the voltage probes
and the static magnetization. x’, y’, z define the local coordinate
system of the magnetization.

fitting the pure ISHE voltage spectra at FMR to a
Lorentzian line shape. Figure 2 shows a typical voltage
trace for the NigFe;q/Aug47Ptys3 bilayer recorded for
¢y = 45° at a frequency of 12 GHz. Using the expressions
(see Supplemental Material [33]) for the dc-voltage signals
due to the AMR and the ISHE, Vigyg and V gur, respec-
tively, the measured voltage V can be split into a symmetric
and antisymmetric part, as shown in Fig. 2. As the symmetric
part at distinct angles stems only from the ISHE, one gets
direct access to the corresponding spin Hall angle agy that is
proportional to Visyg-

To quantify agy it is advantageous to keep the magneti-
zation at ¢y = 0° allowing for a frequency dependent
recording of the voltages Vighe. In this case the formula
for agy [15,20,34,35] reduces to
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FIG. 2. Measured dc-voltage signal at FMR (green curve)
for ¢y = 45° and a precession frequency of 12 GHz for a
Nig, Fe 9/Aug 47Pt; 53 bilayer. Lg and L, denote the symmetric
(red curve) and antisymmetric (blue curve), respectively, con-
tribution according to a fit to a Lorentzian line shape.

where o(tyv + fpv) is the conductivity of the bilayer
system depending on the individual thicknesses #yy and
tem» Trespectively, Mg is the saturation magnetization of

the FM film, g}i is the effective spin mixing conductance
which contains the backflow correction, )(2?;, and ;(;e,z, are
elements of the Polder susceptibility tensor, [ is the length
of the wire and Ay is the spin diffusion length.
Obviously, the spin Hall angle depends on several param-

eters and their quantification is crucial for obtaining reliable

results for agy. The effective spin mixing conductance g,TVi of
the different Nig,Fe;9/Au,Pt,_, interfaces is extracted from
spin pumping experiments (again including the backflow
correction) performed on corresponding calibration squares
next to the wire. For this, the increase of the Gilbert damping
constant « relative to the damping constant @ of uncapped
Nig;Fe;9 is used. For the data analysis it is assumed
that the spin mixing conductance of the bilayer system
Nig, Fe 9/ Au,Pt,_, decreases linearly with Au concentration

x. This is well justified by measurements of ggi for various
compositions (see Supplemental Material [33]). Most of
the other magnetic parameters, including the susceptibility
tensor elements, are determined on the basis of available data
from experimental investigations on Nig Fe;q/Au,Pt;_,
bilayers [36]. The excitation field s, generated by the
coplanar waveguide is estimated using electromagnetic
simulation software and subsequent numerical evaluation.
Since the spin diffusion length A enters Eq. (1) in an
exponential manner, it is a crucial parameter concerning the
determination of agy. In order to estimate Ay for all
investigated Au,Pt;_, alloys, Visyg has been measured as
a function of the thickness for selected Au,Pt,_,-layers. The
analysis of the data (see Supplemental Material [33])
suggests that the Ay increases with increasing conductivity
of the Au,Pt;_, alloys (see Fig. 3 and Supplemental Material
[33]). Using these data together with the measured value of
Asq(Pt) = 1.9 nm for pure Pt, leads to the estimated values
for A,y given in Fig. 3. For pure Au, 4,y = 34 nm is assumed
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FIG. 3. Spin diffusion length A4, of Au,Pt;_, alloys determined
assuming a linear dependence of 1,y on the conductivity o a,p;.
The inset shows A, on an enlarged scale for the investigated
concentration x below 0.8
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[37]. Figure 3 shows that the spin diffusion length drops
quickly when Pt is added to Au and that it is already
comparable to the value for pure Pt for about 30% Pt in Au.

With a reliable estimate for the spin diffusion length
available, the spin Hall angle agy; of Au, Pt _, can finally be
evaluated on the basis of Eq. (1), where ¢ stands for the
conductivity of the complete Nig,Fe,q/Au,Pt,_, bilayer
(see Fig. 4 and Supplemental Material [33]). The corre-
sponding values for agy are given in the top panel of Fig. 4 as
a function of the composition. In particular, because of the
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FIG. 4. Spin Hall angle agy (top), longitudinal charge conduc-
tivity ¢ (middle), transverse spin Hall conductivity ogy (bottom),
of Au,Pt;_, as a function of the concentration x. The full red
circles give experimental data for 7 = 300 K, while the full
(open) squares give results obtained using Kubo’s linear response
formalism in combination with the alloy analog model for 7 =
300 K (T = 0 K). The thin dashed lines give theoretical results
for the temperature range between 0 and 350 K in steps of 50 K.

delicate dependence of agy on A,y as given by Eq. (1), the
errors bars are relatively large. Nevertheless, it is obvious
that agy for the concentrated alloys substantially exceeds
the values for the pure components Pt and Au, respectively.
This major experimental result of the present work clearly
demonstrates that alloying and working with concentrated
alloys opens a promising route to tune the spin Hall angleina
simple and robust way (see discussion below). Figure 4
gives the longitudinal charge conductivity ¢ (middle panel)
of Au,Pt,;_, corresponding to the resistivity given in the
Supplemental Material [33] and the transverse spin con-
ductivity ogg (bottom panel) as deduced from agy and 6. As
one notes, oy varies for the considered composition regime
nearly linearly with concentration x.

To support the interpretation of our experiments, ab initio
investigations on the transport properties of Au,Pt_,
alloys have been performed on the basis of Kubo’s linear
response formalism. These are based on a calculation of the
underlying electronic structure by means of the KKR-GF
(Korringa-Kohn-Rostoker Green function) method that
gives direct access to the electronic GF. This allows us
to account straightforwardly for random disorder in sub-
stitutional alloys by means of the coherent potential
approximation (CPA). The CPA also offers a very reliable
platform to deal with the so-called vertex corrections that
occur when dealing with response functions. In the present
case they give rise in particular to the extrinsic contribution
to the spin Hall conductivity that is dominated by the skew
scattering mechanism [28,38]. A most reliable treatment of
this central spin-orbit induced transport property is ensured
by using the fully relativistic formulation of the KKR-GF
formalism [40]. For technical details see Ref. [41] and the
Supplemental Material [33].

In contrast to previous theoretical work in the field, we
accounted explicitly for the impact of finite temperatures
on the transport properties. This is achieved by treating
thermal lattice vibrations using the alloy analogy model
[42]. Within this approach that is based on the adiabatic
approximation, the temperature induced atomic displace-
ments are seen as a random, quasistatic and temperature
dependent distortion of the lattice with a corresponding
distortion of the potential. The resulting temperature
induced disorder of the potential is treated using the
CPA as it is done for chemical disorder due to alloying.

The results for the longitudinal conductivity ¢(x, T') for
T = 0 K given in Fig. 4 (middle, open squares) show as a
prominent feature the typical divergent behavior o(x,0) ~
Bhost(solute)/ Xsolute 1N the dilute regime [43], where we find
for the reduced conductivities 6pyau) < Gau(py) [28], i.€., for
Pt in Au and Au in Pt, respectively. This behavior reflects
the fact that o(x, 0) for a perfectly periodic solid (x=0or 1)
at T = 0 K becomes infinite and accordingly its resistivity
becomes zero. On the other hand, for concentrations
0 <x <1 one has even for 7 =0 K a finite conducti-
vity corresponding to the residual resistivity. For finite
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temperatures, o(x,T) becomes finite even in the case of
pure elements due to electron-phonon scattering or, equiv-
alently, thermally induced disorder [44]. As to be expected,
because of the very different density of states at the Fermi
energy, the corresponding conductivity drops much faster
with temperature for pure Pt than for pure Au. For the dilute
Au,Pt;_, alloys with x < 0.1 or x 2 0.9, respectively, one
finds o(x,T) also to be finite but one still notices a
reminiscence of the divergence of o(x,0) for x - 0 or
1, respectively. For the concentrated alloys (0.2 < x < 0.8),
on the other hand, only a moderate change of about 20% for
o(x,T) is found when going from 7 = 0 to 300 K. This
implies that the scattering due to chemical disorder is more
pronounced than that due to thermal lattice vibrations.
Figure 4 (middle) shows that the calculations reproduce the
experimental data for the conductivity ¢ measured at room
temperature very well. This obviously also holds for the
spin conductivity ogy that is given in Fig. 4 (bottom).
For the dilute regimes, the theoretical spin conductivity
osu(x,T) also shows a 1/xg e divergence reflecting
that ogy(x,7) is dominated by its skew scattering
contribution o3 (x, T) as this scales for 7 = 0 K linearly
with o(x, 0) according to 635" (x, 0) & Shos(solute) (X, 0) =
Shost(solute)5-host(solute)/ Xsolute> where Shost(solute) is the so-
called skewness factor (see Supplemental Material [33])
[28,39,45]. Because 5Pt(Au) N 6Au(Pt) and SPt(Au) ~
—Sau(py/7-2 [28] the divergent behavior of ogy(x, 0) is
much more pronounced on the Au-rich side of the system
than on the Pt-rich side. As found before for several other
systems [28], one notes that the divergence leads to a strong
increase of ogy on the Au-rich side while ogy decreases on
the Pt-rich side for xy,,, — 0. This behavior again reflects
the fact that the divergence is primarily due to the skew
scattering (represented by the skewness factor S) with its
magnitude and sign determined by the difference in the
strength of the spin-orbit coupling for the host and solute
atom [27]. As Fig. 4 shows, the divergent behavior of oqy
in the dilute regime disappears very rapidly with rising
temperature. In line with the behavior of o, this change with
temperature is much more pronounced for the Pt-rich than
for the Au-rich side. For both sides of the system, however,
the divergent behavior disappears completely at room
temperature. In contrast to o, the spin conductivity ogy
shows only a very weak temperature dependence in the
concentrated alloy regime. Further inspection of the theo-
retical results clearly shows that the extrinsic contributions
to ogy connected with the vertex corrections hardly
contribute in that regime. This means that the skew
scattering mechanism can be ignored while the intrinsic
contribution to ogy dominates. The data in Fig. 4 then
imply in particular that the intrinsic contribution is essen-
tially temperature independent as it is indeed found by the
calculations (see Supplemental Material [33]).
Altogether, one notes that for the concentrated compo-
sition regime, Au,Pt,_, shows the so-called dirty behavior

[45] with negligible contributions to ogy due to the skew
scattering mechanism and its intrinsic part dominating.
This counterintuitive behavior was recently discussed in the
context of the impact of chemical disorder on the anoma-
lous Hall effect [46]. Here we find that not only chemical
but also thermal disorder may drive a system into the dirty
limiting behavior.

The spin Hall angle agy resulting from the calculated o
and ogy values is given in the top panel of Fig. 4. Because
of the dependence of the individual conductivities on
temperature and composition (see Supplemental Material
[33]) one finds a very pronounced temperature dependence
for agy on the Pt-rich side of the system that continuously
gets diminished by alloying until it more or less disappears
at the Au-rich end. This temperature dependence of agy for
a given concentration x is primarily determined by that of o
as ogy depends rather weakly on 7. In line with this, one
finds that agy increases monotonically with temperature
when x is kept fixed. Also the strongly asymmetric
temperature dependence of agy is explained this way as
the temperature dependence of ¢ is much more pronounced
on the Pt-rich than on the Au-rich side of the system.
Because of the pronounced minimum of ¢ that is located
around x = 0.5 and the moderate concentration dependence
of ogy one finds a clear maximum for agy more or less for
the same alloy composition. Because of the very different
temperature dependence of ¢ and ogy discussed, the
maximum occurs for all temperatures with a weak shift
towards pure Pt with increasing temperature. Finally, it
should be noted that agy is not well defined in the case of
pure systems (x = 0, or 1) at 7 = 0 K as o becomes infinite
(see Supplemental Material [33]). The corresponding limit-
ing value gy ~ Shosi(solute) fOT Xgore = O to be expected
from the properties of ¢ and ogy discussed above is
obviously not yet reached for the compositions considered
in Fig. 4 as the intrinsic contribution to ogy is that large (see
Supplemental Material [33]).

In summary, it has been demonstrated that the FMR-
based experimental setup used before to determine the spin
Hall angle for pure elements can also be applied success-
fully for the investigation of substitutional alloy systems
throughout the whole concentration regime. Working with
concentrated alloys has the big advantage that one avoids
the delicate dependence of the spin conductivity o5y on the
concentration that is in general found for dilute alloys
because of the divergent behavior of the skew scattering
contribution. As it was demonstrated for the alloy system
Au,Pt;_,, itis nevertheless possible to surpass substantially
the spin Hall angle agy of the pure components in the
concentrated regime, i.e., to vary agy over a wide range via
the concentration. All experimental findings could be
quantitatively confirmed by the accompanying theoretical
work based on Kubo’s linear response formalism. As a new
feature of such a type of calculations, the effect of finite
temperatures could be accounted for. These calculations
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clearly demonstrated that the divergent behavior of ogy in
the dilute regime due to the skew scattering is rapidly
suppressed with increasing temperature. For its intrinsic
contribution, on the other hand, only a weak temperature
dependence has been found.
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