PHYSICAL REVIEW MATERIALS 4, 094404 (2020)
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While the metastable 8 (A15) phase of tungsten has one of the largest spin Hall angles measured, the origin of
this high spin Hall conductivity is still unclear. Since large concentrations of oxygen and nitrogen are often used
to stabilize B tungsten, it is not obvious whether the high spin Hall conductivity is due to an intrinsic or extrinsic
effect. In this work, we have examined the influence of O and N dopants on the spin Hall conductivity and spin
Hall angle of B-W. Using multiple first-principles approaches, we examine both the intrinsic and extrinsic (skew-
scattering) contributions to spin Hall conductivity. We find that intrinsic spin Hall conductivity calculations for
pristine 8-W are in excellent agreement with experiment. However, when the effect of high concentrations
(11 at.%) of O or N interstitials on the electronic structures is taken into account, the predicted intrinsic spin
Hall conductivity is significantly reduced. Skew-scattering calculations for O and N interstitials in 8-W indicate
that extrinsic contributions have a limited impact on the total spin Hall conductivity. However, we find that
the spin-flip scattering at O and N impurities can well explain the experimentally found spin-diffusion length
within the range of 1-5 nm. To explain these findings, we propose that dopants (O and N) help to stabilize
B-W grains during film deposition and afterwards segregate to the grain boundaries. This process leads to films
of relatively pristine small S-W grains and grain boundaries with high concentrations of O or N scattering
sites. This combination provides high spin Hall conductivity and large electrical resistance, leading to high spin
Hall angles. This work shows that engineering grain-boundary properties in other high spin Hall conductivity
materials could provide an effective way to boost the spin Hall angle.
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I. INTRODUCTION

While current magnetic RAM devices based on spin-
transfer torque (STT) have demonstrated impressive speed
and retention, the power requirement for this technology is
still a key challenge for its widespread adoption. This con-
straint has led to a broad search for alternative switching
mechanisms that operate at lower currents. One possible route
is to leverage the recently rediscovered spin Hall effect [1-3]
in future low-power spin-orbit torque (SOT) MRAM devices.
In a spin Hall material, the presence of strong spin-orbit in-
teractions will cause an applied electrical current to generate
a perpendicular spin current. The ratio between these two
currents is given by the spin Hall angle, 6sy. This induced
spin current can be used to switch the spin orientation of
a neighboring magnetic layer at lower applied currents than
those used in STT-MRAM devices. In addition, since the write
current never goes through the magnetic tunnel junction, this
also results in significant improvements in endurance.

Tungsten in the metastable § phase (Al5 phase) has
emerged as a leading contender for SOT-MRAM devices [4].
The measured spin Hall angle in 8-W (—40%) is much larger
than other transition metals (e.g., Pt, Ta). This high spin Hall
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angle is also surprising because the spin Hall angle for the sta-
ble bce o phase of tungsten is negligible (<7%). This disparity
in spin Hall angles for the different phases has led to recent
work [5,6] to resolve the origin of the high spin Hall angle
in B-W. Since the growth of 8-W requires the addition of O
[7-9], N [10,11], F [12,13], or Si [14] impurities to stabilize
the crystal lattice, it has been unclear if the high spin Hall
angle is intrinsic or extrinsic. The intrinsic spin Hall effect is
due to strong relativistic spin-orbit interactions in the material
that act to separate spins and produce a transverse spin current
when a charge current is applied. The intrinsic component is
entirely dependent on the crystal structure and the electronic
properties of the perfect crystal and can be calculated using
the system Berry curvature [15]. The extrinsic component
of the spin Hall effect is due to impurities in the system.
Spin-dependent or Mott scattering from impurities can also
lead to transverse separation of spins within the material.
The particular character of the spin scattering can be further
separated into skew-scattering [2,16—18] and side-jump mech-
anisms [19].

Recent electronic structure calculations [6] have provided
support for high intrinsic spin Hall conductivity in pristine -
W due to multiple spin-orbit split bands near the Fermi energy.
While these studies have shed light on the electronic structure
of pristine B-W, they have not resolved how the stabilizing
impurities will affect the electronic structure and overall spin
Hall conductivity. The incorporation of oxygen [5] has been
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demonstrated to increase the spin Hall angle up to 05y =
—49%. The O and N concentrations used are quite signifi-
cant (~12 at.%) and therefore some change in the electronic
structure from the pristine A15 tungsten is to be expected. It is
also well known that in other materials, such as Cu(Bi) [17],
skew scattering from impurities can contribute to the spin Hall
conductivity. Since multiple dopants can be used to grow the
B-W phase, it would also be helpful to identify the optimal
dopant for MRAM applications that provides high spin Hall
conductivity.

To help resolve this issue, we have studied the intrinsic
and extrinsic contributions to spin Hall conductivity in pris-
tine and doped S tungsten. Using first-principles approaches,
we can determine the intrinsic spin Hall conductivity due to
spin-orbit split bands for both scenarios. In addition, using a
Green’s function multiple-scattering approach [16], we can
determine the extrinsic spin Hall conductivity contribution
due to skew scattering from dopants (N, O). The ab initio
techniques also allow us to determine the optimal positions
for different dopants in 8-W.

II. SIMULATION APPROACH

We used two distinct approaches to calculate the intrinsic
and extrinsic component of the spin Hall conductivity. In
order to compute the intrinsic component, we used a com-
bination of the plane-wave code QUANTUM ESPRESSO [20]
to perform a self-consistent calculation for the pure tung-
sten system and PAOFLOW [21] to subsequently calculate
the intrinsic component of the spin Hall conductivity. For
consistency, we compare these results to a fully relativistic
screened Korringa-Kohn-Rostoker (KKR) [22-24] approach,
exploiting the Berry curvature description of the spin Hall
conductivity [15,25]. The spin Hall angle can be inferred from
those calculations in combination with experimentally mea-
sured longitudinal resistivities. The extrinsic contribution to
the spin Hall conductivity is determined by combining results
from a fully relativistic screened KKR [22-24] approach with
the solution of a linearized Boltzmann transport equation.

A. Intrinsic spin Hall conductivity calculations

The electronic structure of pristine 8 (A15) tungsten in
the fully relativistic limit was calculated using the plane-wave
density functional code QUANTUM ESPRESSO [20]. For these
calculations, we used 60 and 400 Ryd plane-wave cutoffs for
the wave functions and the charge density, respectively. The
exchange and correlation energies were represented in the
generalized gradient approximation (GGA). The interactions
with ions were described using projector augmented-wave
(PAW) pseudopotentials. For the self-consistent calculations,
a Monkhorst-Pack k-point grid of 12 x 12 x 12 was used. The
relaxed lattice constant for B-W was found to be 5.089 A. A
24 x 24 x 24 Monkhorst-Pack k-point grid was used to gen-
erate the tight-binding set of pseudo-atomic orbitals (PAOs)
required for subsequent spin Hall conductivity calculations.

In Fig. 1, the band structure calculated using QUANTUM
ESPRESSO is shown for the cases with and without spin-orbit
interactions. The spin-orbit split bands near the Fermi level
are a strong indicator of significant contributions to the spin
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FIG. 1. The band structure of §-W is shown for the cases with
(black solid lines) and without (red dashed lines) spin-orbit interac-
tions. The regions with significant spin-orbit splitting on the Fermi
surface are denoted by red circles, while spin-orbit split bands open-
ing a gap on the Fermi surface are denoted with blue circles.

Hall conductivity. Pt, the archetype of spin Hall effect ma-
terials, has spin-split bands centered at the X and L points
[26]. In Fig. 1, it is clearly visible that 8-W has a number
of regions in the Brillouin zone where spin-orbit split bands
occur near the Fermi energy (e.g., along the I'-X, X-M, and
I'-M lines). The regions marked with blue circles indicated
situations where the spin-orbit induced gaps are opening up
right at the Fermi level, leading to significant contributions in
the intrinsic spin Hall conductivity (SHC). On the other hand,
the region marked with the red circle will give rise to large
contributions of the Berry curvature, the source for the SHC,
at the Fermi energy since several spin-orbit split bands cross
the Fermi energy. Additional band structure calculations car-
ried out using other approaches [VASP [27,28] (PLANEWAVE),
QUESTAAL [29] (LMTO)] confirm the relativistic band structure
predicted by QUANTUM ESPRESSO.

An examination of the Fermi surface for g-W (Fig. 2)
underlines that multiple bands are contributing to conduction.
The central electron Fermi surface is made up of a diamond-
shaped structure that is connected to pyramidal lobes near the
Brillouin-zone edge. Additional Fermi surface contributions
come from pockets centered on the edges of the Brillouin
zone. In Fig. 2(a), we use a logarithmic color scale to show
the Berry curvature on the Fermi surface. The Berry curvature
peaks dramatically along the I'-M direction and this peak can
be traced to the near degenerate spin-orbit split bands crossing
the Fermi energy along I'-M, as indicated by the red circle
in Fig. 1. In addition, we provide the spin expectation value
of the Bloch states on the Fermi surface. What is shown in
practical terms is the expectation value of the Bo, operator
[30] for one of the two degenerate bands due to the Kramers
degeneracy. Here, we chose a gauge in which the off-diagonal
elements of the So, operator vanish. Further details of this
approach can be found in Refs. [15,31,32]. In Fig. 2(b), red
indicates strong spin mixing induced by near degeneracies in
spin-orbit split bands. This spin mixing will lead to reduced
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FIG. 2. The Fermi surface of 8-W is depicted in the Brillouin
zone. (a) The color code shows the Berry curvature (in a.u.) on a
logarithmic scale. (b) The color code shows the spin expectation
value of the states on the Fermi surface. A schematic of the Brillouin
zone and key high-symmetry points is noted in the bottom center.

contributions in the final SHC since vanishingly small spin
angular momentum will be transported. Importantly, regions
in the Fermi surface with strong Berry curvature [red regions
in Fig. 2(a)] and strong spin mixing [red regions in Fig. 2(b)]
do not trivially overlap despite both arising from spin-orbit
coupling. This result can partially explain the resulting strong
intrinsic SHC as discussed in the following.

The intrinsic SHC is calculated based on the Kubo-
Greenwood formalism where the tight-binding set of pseudo-
atomic orbitals (PAOs) is constructed with the PAOFLOW
framework [21]. The electronic wave functions generated in
QUANTUM ESPRESSO are first projected onto the PAOFLOW
atomic orbital basis set. Moving to this lightweight basis set
then allows for rapid, high-resolution sampling of the Bril-
louin zone using an adaptive smearing integration scheme
developed by Yates ef al. [33]. The calculated spin Hall con-
ductivity for 8-W is shown in Fig. 3 in comparison with the
KKR results. As can be seen from the figure, the agreement is
rather good around the Fermi level, especially considering the
dramatic difference in the two approaches. Within the KKR
method, a localized basis and the local density approxima-
tion are used, which will lead to a slightly different relaxed
lattice constant. The spin Hall conductivity based on the KKR
method is calculated using a direct evaluation of the Berry cur-
vature [15,25], which is again fundamentally different from
the evaluation of the Kubo formula within PAOFLOW. Since
k-point integration in the KKR approach is numerically more
demanding, we restricted further calculations of the intrinsic
spin Hall conductivity to PAOFLOW.

B. Locations of the interstitial impurities

While introducing nitrogen and oxygen into tungsten has
been shown to stabilize the S-W phase, little is known about
the atomic structure of these doped tungsten systems. A pre-
vious study by Sluiter [34] found that nitrogen and oxygen
preferred to sit at interstitial sites in the A15 lattice. Given that
nitrogen and oxygen atoms are much smaller than tungsten,
this is not unexpected. Sluiter examined the energetics of a
number of different interstitial positions and found that the
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FIG. 3. The calculated spin Hall conductivity for 8-W using the
KKR formalism [15,25] and the PAOFLOW framework [21] (blue
line). The position of the Fermi energy is denoted by a vertical red
dashed line.

position (0.25, 0.25, 0.25) and its symmetry equivalents were
the most stable. We have performed structural relaxations
for oxygen and nitrogen at various interstitial locations in
single unit cells (11 at.% impurity) and 2 x 2 x 2 supercells
(1.3 at.% impurity), and we also found that this position is
the most energetically favorable. The interstitial oxygen or
nitrogen also leads to a slight expansion of the §-W lattice
constant to 5.165 and 5.150 A, respectively.

As shown in Fig. 9, the 8-W unit cell contains eight possi-
ble interstitial impurity positions. Therefore, there are a total
of eight unique extrinsic spin Hall calculations that must be
performed for B-W in order to paint a full picture of the spin
and charge dynamics of the impurity system. In «-W, there
are six interstitial impurity positions (see Fig. 8); however,
most of them are related by symmetry. Considering o3, the
positions 2 and 4 are symmetrically equivalent. The same is
true for positions 1 and 6, as well as 3 and 5, where in addition
the set (1,6) and (3,5) are related by a rotation of 90° around
the z axis.

C. Korringa-Kohn-Rostoker method and Boltzmann transport

The screened KKR method [22-24] was used to calculate
the extrinsic component of spin Hall conductivity [16]. Within
this method, a real-space impurity solver can model the dilute
impurity systems without artificial periodic boundary condi-
tions. Due to the localized basis and the fact that the N and O
impurities in W are located at interstitial sites, empty spheres
had to be placed at the prospective impurity sites during the
bulk calculations.

The Green’s function of the impurity system contains all
the scattering properties of the electronic system required
for the semiclassical Boltzmann equation to describe the
spin-dependent transport [15]. The scattering at impurities, in-
cluding spin-orbit coupling, gives rise to the impurity-induced
skew scattering in the limit of dilute impurity concentrations.
Within this framework [16], all conductivities are inversely
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proportional to the impurity concentration ¢, which enters the
calculations as a parameter only. We can write the conductiv-
ity as

o = U|c:1 at.% , (1)
c

where the concentration c is given in at.%. Importantly and
in contrast to the calculations for the intrinsic spin Hall con-
ductivities, the Boltzmann approach gives direct access to
the longitudinal conductivities as well, allowing for a direct
comparison to experimental observations. Furthermore, this
implies that the spin Hall angle for the purely skew-scattering
component is concentration independent. In order to make
contact to the experiment, as well as to combine the extrinsic
and intrinsic contributions, it is thus crucial to estimate the
impurity concentration within the experimental environment.
While the character and concentration of different scatterers is
often difficult to quantify, our approach is to approximate the
concentrations as

calc

XX =1 at.%
=l )

O-XX

The resulting concentrations then need to be checked to see
if they are within a meaningful range for the considered
situation. Throughout this work, we will present extrinsic
conductivities at a nominal impurity concentration of 1 at.%,
unless we are making direct contact to experiment or if we
combine intrinsic and extrinsic contributions, in which case
we will explicitly discuss the impurity concentrations con-
sidered. It is also important to note that this expression for
conductivity is based on scattering from impurities and does
not include contributions from other sources such as grain
boundaries and interfaces.

III. RESULTS

In this section, we will first discuss the intrinsic and extrin-
sic contributions to the spin Hall conductivity of o and -W
for various scenarios (pristine, O doped, and N doped). After
addressing each contribution individually, we will examine
how the total spin Hall conductivity compares with previous
theoretical predictions and experimental measurements for
relevant dopant concentrations.

A. Intrinsic spin Hall conductivities

The intrinsic SHC for both « and S tungsten is shown
in Fig. 4. Both o and B tungsten exhibit negative spin Hall
conductivity peaks just below the Fermi energy. As we noted
earlier, the high intrinsic spin Hall conductivity in 8-W can
be related to contributions from several spin-orbit split bands
near the Fermi energy. The multiple near degeneracies in
this energy range give rise to rapidly changing positive and
negative contributions to the spin Hall conductivity and a
great deal of structure in the SHC curve. In the case of «-W,
the smaller unit cell leads to a single degeneracy near the
Fermi energy situated along the I'-H symmetry line and a
much smoother SHC curve with energy. At the Fermi energy,
the intrinsic SHC of «-W is —762 (2 cm)™! and B-W is
—1840 (2 cm)~.
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FIG. 4. The intrinsic spin Hall conductivity is shown for pristine
o (black line) and § (blue line) tungsten calculated using PAOFLOW
[21]. The position of the Fermi energy is denoted by a vertical red
dashed line.

In this work, our focus is on the effect of the dopant on
the SHC conductivity, commonly used to stabilize the S-W
phase. We first calculate the intrinsic spin Hall conductivity
for B-W doped at 11 at.% O and N, shown in Fig. 5. This
composition is equivalent to one O or N per Al5 unit cell.
This concentration is typical of deposited films used in pre-
vious studies [4,5]. In order to investigate the influence of
structural relaxation, we include a comparison to a relaxed
structure for the case of O doping. As can be seen in Fig. 5,
the influence of structural relaxation is marginal, especially
around the Fermi energy. In all cases, the peak in the SHC just
below the Fermi energy is preserved under doping. However,
it is clear that the SHC is significantly reduced. The intrinsic
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FIG. 5. The calculated spin Hall conductivity is shown for pris-
tine, N-doped, and O-doped 8-W. In addition, we show the result for
the O-doped system considering structural relaxation. The position
of the Fermi energy is denoted by a vertical red dashed line.
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TABLE 1. The charge and spin conductivities for ¢-W with in-
terstitial impurities for both nitrogen and oxygen. All conductivities
are at 1 at.% impurity concentration.

Oyr o3 6

X2 Xy

Location 103(2 cm)™! (Qcem)™ (%)
N1 7.8 89 1.14
N2 7.8 72 0.92
N3 7.4 89 1.20
N4 7.8 72 0.92
N5 7.4 89 1.20
N6 7.8 89 1.14
o1 12.9 128 0.99
02 12.8 126 0.98
03 12.1 128 1.06
04 12.8 126 0.98
05 12.1 128 1.06
06 12.9 128 0.99

SHC for O-doped B-W [—851.139 (2 cm)~'] and N-doped
B-W [—796.62 (2 cm)~'] is less than half of the intrinsic
SHC [—1840 (2 cm)~!'] for pristine S-W.

B. Alpha-W extrinsic component

While the last section examined the effect of doping on
the intrinsic SHC, we did not consider the impact of skew
scattering. This is equivalent to investigating the SHC in
the dirty limit [35], where the intrinsic contribution typically
dominates. In this section, we use a semiclassical Boltzmann
formalism to consider the dilute limit [16]. This allows us to
access the skew-scattering mechanism as well as the longitu-
dinal conductivities in the dilute impurity limit.

The longitudinal charge conductivities and transverse
SHC:s for 1 at.% doping of «-W and the resulting spin Hall
angles, Ogyy, are listed in Table I in the Appendix. The skew-
scattering spin Hall angles (SHAs) for N and O impurities
at all interstitial positions are similar at around Osy = 1%.
It should be noted that due to the reduced symmetry in-
duced by the impurity positions 1, 3, 5, and 6 (see Fig. 8 in
Appendix A), the corresponding spin conductivity tensor has
a reduced symmetry and will not be perfectly antisymmetric.
However, the symmetric part is an order of magnitude smaller
than the antisymmetric contribution, and averaging over all
four positions cancels the symmetric part. In Table I, we
present the antisymmetric part only. It is worth noting that the
extrinsic SHC due to O and N impurities in «-W is positive
and will work against the negative intrinsic SHC.

C. Beta-W extrinsic component

The extrinsic contributions to the conductivity in §-W are
much more complex than «-W, containing non-negligible spin
and charge conductivities distinct from o,, and axsy. This is
a result of the broken symmetry induced by the impurities
in the large A15 structure (see Appendix B). Nevertheless,
all impurity positions (empty spheres in the host structure)
are related by symmetry operations, making the host posi-

tions electronically equivalent. As a result of this, considering

all different positions, there is an equal number of positive
and negative tensor elements for the off-diagonal terms for
charge conductivity and for the non-Hall conductivity terms
for the spin conductivity. This is highlighted in Fig. 10 in
Appendix B.

It is reasonable to assume that O and N in doped
B-W systems will randomly occupy the structurally equiva-
lent positions, leading to an equal number of impurities at
each interstitial position. In the dilute limit and exploiting
Matthiessen’s rule, the resulting spin and charge conductivity
tensors, o° and o, of a disordered system can be written in
terms of the individual conductivity tensors (o, 0;) as

-1
1 8
o = [g Z(O’[)l:| . (3)
i=1

The resulting charge conductivity tensors become diagonal
and, for N and O impurities, we find charge conductivities
oN =456 x 10° (Qem) ' and 0 =95.2 x 10> (2 cm) !,
respectively. Applying the same process to the spin conductiv-
ities and keeping in mind that, in principle, the full charge and
spin conductivity tensor has to be inverted [36], the resulting
SHCs for the N and O impurities are o}* = =27 (2 cm)™'
and ax(;'z = —31 (Q cm) ™!, respectively.

Finally, the spin Hall angles induced by the skew scattering
of the disordered impurity system are Oy = —0.060% for N
and 8o = —0.033% for O dopants. Therefore, oxygen and ni-
trogen incorporation in S-W gives extrinsic SHAs with similar
and low magnitudes. Notably, they have opposite signs to the
extrinsic SHC induced in the @-W system.

D. Spin-diffusion length

While the spin Hall angle is important in any charge to
spin-conversion device, the other equally relevant parameter
is the spin-diffusion length. It is not only essential in deter-
mining the spin injection and spin transport in the various
parts as well as across the interfaces, but in many instances
is essential in order to quantify the spin Hall angle in experi-
ments. While the spin-diffusion length is such an important
parameter, its exact value is often unknown and frequently
extracted from complicated fitting procedures of experimental
data. The published experimental values range from 1 to 5 nm
[5,37-44] for a range of resistivities from 0.160 x 1073 to
0.433 x 1073 Q cm. Within the semiclassical framework, we
are able to estimate the spin-diffusion length directly from our
calculations for N and O impurities in « and B-W. Following
Valet and Fert [45], the spin diffusion can be expressed as [46]

3 7 Tsf
lS - = \/i — XX 4
T=V212GV T 7 @)

where kr, Gy, 7y, 7, and oy, are the Fermi wave vector,

the conductance quantum of %, the spin-flip scattering time,
the momentum relaxation time, and the longitudinal charge
conductivity, respectively. All parameters are calculated di-
rectly from the Boltzmann solver discussed above using the
framework previously introduced [47]. In the limit of dilute
impurity concentrations (no scattering due to other sources),
all conductivities are inversely proportional to the impurity
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FIG. 6. The predicted intrinsic and extrinsic contributions to the
spin Hall conductivity in «- and B-W are shown. For the case of
a-W, the extrinsic spin Hall conductivity is shown for 0.2 at.% O and
N doping, which provides predicted electrical conductivity in good
agreement with experiment. The intrinsic and extrinsic contributions
to spin Hall conductivity in 8-W for 11 at.% O and N doping are also
shown.

concentration ¢ as discussed above. The same is also true
for the relaxation times, (zyr, T), but since they enter the
expression in ratio, the concentration dependence cancels out.
This implies that the spin-diffusion length scales inversely
with the concentration in the dilute limit via the conductivity,
oy,. Intuitively, this is reasonable; as the concentration of
impurities goes up, scattering increases and the spin-diffusion
length is reduced. In order to make contact to experiment,
we scale the concentration in the calculations to reach the
experimental conductivities. For typical resistivities of «-W
of 0.2 x 1073 Q cm [4], this implies impurity concentrations
of 0.15-0.26 at.%. This is a reasonable finding since rather
clean samples are required to grow o-W. On the other hand,
in order to reach the experimentally found resistivity for
B-W of 0.2 x 1073 Q cm [5], we have to introduce impurity
concentrations of 9 and 19 at.% for N and O impurities, re-
spectively. Again, this nicely accounts for the fact that similar
concentrations of N and O impurities are crucial in stabilizing
B-W. The resulting spin-diffusion lengths for «-W and S-W
are [7, = 5-7nmand/ f = 0.9 nm, respectively. Interestingly,
those values are almost independent of the specific impurity
character. This underscores the fact that the spin-orbit cou-
pling driving the spin-flip relaxation arises from the heavy
atomic W.

E. Total spin Hall conductivity

To provide a better understanding of the relative impor-
tance of the intrinsic and extrinsic contributions to the spin
Hall conductivity, the various terms are compared in the bar
graph in Fig. 6. For calculations for the extrinsic spin Hall
conductivity for «- and B-W, it is necessary to specify the
concentration of O or N impurities. In the case of «-W (left
panel), we have used a dilute concentration of impurities

(0.2 at.%), which provides predicted electrical conductivities
in good agreement with experiment. For §-W (right panel),
we take the same concentration (11 at.%) used to evaluate
band structure effects on the intrinsic spin Hall conductivity
in O- and N-doped B-W. This concentration is in the range
used to stabilize the 8-W phase and it also results in predicted
electrical conductivities comparable to measured values. The
extrinsic spin Hall conductivity of lightly doped «-W is com-
parable to the intrinsic SHC, but has an opposite sign. This
indicates that the total SHC in «-W could be limited to less
than 350 (€ cm)~'. Of course, for a-W with higher O or
N content, the extrinsic SHC contribution will be reduced
and the total SHC will approach the intrinsic SHC value.
As noted earlier, for 8-W, the addition of 11 at.% N or O
dopants significantly reduces the intrinsic contribution to the
SHC. However, the large contribution of impurities also sig-
nificantly reduces the skew-scattering contribution to the SHC
and effectively puts this system in the dirty limit for the SHC.
In Fig. 6, the extrinsic contributions to §-W are two orders of
magnitude smaller and listed numerically. This indicates that
the extrinsic contribution to the SHC can be safely neglected
for B-W.

It is also helpful to compare our predicted SHC and spin
Hall angles with previous predictions. Our predicted intrinsic
spin Hall conductivity for a-W [—762 (€ cm)~!] is compara-
ble to the value [—785 (€2 cm)™'] predicted by Sui et al. [6]
from first principles. However, our predicted intrinsic SHC
for pristine B-W [—1840 (£ cm)~!] is much closer to that
of Derunova et al. [—1900 (€2 cm)~'] [48] than the SHC
[—1255 (2 cm)™1] reported by Sui et al. [6]. It is unclear why
there is a difference in this case. Both previous works used a
Kubo-Greenwood approach where the Bloch wave functions
from plane-wave (VASP for Sui et al. [6]) or localized orbital
calculations (FPLO for Derunova et al. [48]) were mapped
onto a tight-binding atomic basis set. The B-W Al5 crys-
tal structure is a more open crystal structure than the «-W
crystal structure, and this could make the mapping process to
a localized basis set more challenging. The 8-W SHC also
changes rapidly near the Fermi level and this could lead to
some variation in predicted values if there are differences in
the predicted lattice constant. However, given our good agree-
ment with Derunova et al. and the fact that we have used two
different, distinct theoretical approaches (KKR and PAOFLOW
framework), we are confident that our predicted intrinsic SHC
is a reasonable estimate for the intrinsic SHC in S-W.

Additional insight can be gained by comparing our pre-
dicted values with SHC values extracted from experiments.
Figure 7 shows the extracted SHC versus thickness from
various experimental works along with our predicted intrinsic
SHC for pristine «-W and 8-W and g-W with 11% O. Since
interdiffusion or alloying could lead to an effective shift in the
Fermi energy, we have also listed the maximum intrinsic SHC
predicted in pristine 8-W at the peak below the Fermi energy.
There are a few things to keep in mind when comparing the
results in this figure. Our predicted intrinsic SHC shown in the
figure is for the case of a bulk (infinite) crystal of B-W. Spin
Hall angle measurements are often done on thin films, where
surface roughness and interdiffusion at interfaces can lead to
additional resistance. Defining the active device region for the
spin Hall material and the impact of interfaces can lead to
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FIG. 7. The magnitude of the spin Hall conductivity as a function
of tungsten film thickness is shown for a variety of experimental mea-
surements [4,5,38,42,43,50-54] and theoretical predictions [6,48].
The calculated bulk intrinsic SHC for pristine 8-W is shown at the
Fermi energy (red dashed line) and for a maximum possible value
with p-type doping (black dashed line). The predicted intrinsic SHC
for B-W with 11% O doping is also listed (orange dashed line). The
calculated bulk intrinsic spin Hall conductivity for «-W is shown
with a blue dashed line. Previous intrinsic spin Hall conductivity
predictions are noted by a half-shaded diamond [48] and half-shaded
hexagons [6] (higher value for 8-W and lower value for o-W) at
the thick-film limit (¢ = 24 nm). Orange stars denote the study by
Demasius et al. [5] that examined the effect of oxygen content on
a constant W thickness. The arrow indicates the increase of oxygen
content from 12% to 38%.

errors in the measured resistivity and estimated SHC. Where
possible, spin Hall angle measurements are typically done
at several film thicknesses and the ratio of Ogy(¢)/0sy(00)
should vary as 1 — sech(t/l;s), where ¢ is the film thickness
and [,y is the spin-diffusion length [38,49]. The spin Hall
angle is typically used as a fitting parameter in such analysis
and the extracted spin Hall conductivity is determined by
multiplying by the measured resistivity. As the film thick-
ness increases, the extracted spin Hall conductivity should
approach the bulk limit. The results from Hao et al. [38]
(purple triangles) show this trend and approach our predicted
intrinsic SHC in the thick-film limit. However this fitting
procedure based on film thickness can be challenging in the
case of B-W because, in thick films, the A15 crystal structure
becomes unstable and decomposes into «-W. This can be seen
in the work by Mondal et al. [42] (black squares), where the
transition from B-W to o-W around 5 nm is accompanied by
a drop in the SHC to values in the range of our o-W intrinsic
prediction. It should be noted that for the case of Pai et al.
(red circles), the estimated SHC for the thick 15 nm «-W film
is higher than our predicted value. However, in this work, the
authors found no clear signature of spin switching due to spin-
orbit torque and only provided an upper limit to the spin Hall
angle (<0.07) based on the accuracy of their measurement. So
this value can be treated as an upper estimate. Using a slow
deposition procedure, Chen et al. [43] (blue inverted triangle)

were able to grow §-W films up to 18 nm and the extracted
SHC is close to our predicted range for pristine 8-W intrinsic
SHC. Some other studies [5,43,50,51] have measured SHC
values higher than our upper limit for the intrinsic SHC. One
possible explanation for these high values could be due to the
ferromagnetic/heavy-metal interface spin-transmission factor
used to determine the intrinsic spin Hall angle. This parameter
is difficult to determine accurately and an underestimated
spin-transmission factor would lead to an overestimate of the
intrinsic SHC. Overall, the figure shows that our intrinsic SHC
for pristine 8-W is in much better agreement with experiments
than the intrinsic SHC for §-W with 11% O.

IV. DISCUSSION

These calculations provide important insight into the role
of dopants on the spin Hall angle in 8-W. Using the calcu-
lated intrinsic spin Hall conductivity for pristine S-W and
the calculated electrical resistivity due to scattering from O
impurities, the intrinsic SHA is estimated to be 6" = —37%.
For 8-W, the experimental SHAs have been reported between
—30% and —64% [4,5,38,43,50], in good agreement with our
estimated values. This finding suggests that the stabilizing
impurities do not have a significant effect on the spin Hall
conductivity. This conclusion is supported by the small pre-
dicted spin Hall conductivity due to extrinsic skew scattering
from 11 at.% O and N interstitials, as noted in Fig. 6. However,
as we have seen, the high concentration of O and N dopants
(~11 at.%) used to stabilize B-W films will also have an
impact on the electronic structure and the intrinsic spin Hall
conductivity. Figure 7 shows that our predicted intrinsic SHC
for pristine S-W is in much better agreement with experiments
than the reduced intrinsic SHC for 8-W with 11% O. This
reduced SHC will also lead to a spin Hall angle that is ap-
proximately 50% smaller than that measured experimentally.
This leads to a dilemma where the pristine 5-W calculations
indicate that dopants play no significant role in the SHC and
spin Hall angle, while our subsequent calculations including
interstitials show a clear effect on SHC and spin Hall angle.

In order to resolve this predicament, it is helpful to consider
the properties of §-W films as a function of oxygen content.
Demasius et al. [5] examined how the spin Hall angle and
SHC in B-W changed with oxygen concentration (0-38 at.%)
for a single film thickness (orange stars in Fig. 7). For W
films with no oxygen, the SHC is low and comparable to our
predictions for a-W. The SHC then peaks at 12.4 at.% O and
steadily declines. The drop in SHC with increasing oxygen
concentration is qualitatively similar to our predicted decrease
in intrinsic SHC with O or N doping. However, for a uniform
distribution of oxygen at concentrations above 11 at.%, this
would imply more than one oxygen atom per Al5 unit cell.
This would lead to significant structural distortion and, for
such high oxygen concentrations, it is unclear if such a system
could still be reasonably called g-W. It is also worth noting
that while our predicted intrinsic SHC for 8-W with 11 at.%
O (1 oxygen per unit cell) is comparable to our predicted
value for intrinsic a-W, the extracted SHC for 12.4 at.% O
is higher than our predicted intrinsic SHC for pristine S-W.
This suggests that the effective dopant concentration in 8-W
may be less than the measured value. Deposited films are, of
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course, not ideal crystals and examining how the resistivity
and grain size change with O concentration can provide us
with some insight into the film structure. In these films, De-
masius et al. [5] found that the resistivity of 12.4 at.% O-doped
B-W films was only 7% greater than pristine S-W. Overall, the
resistivity displays a gradual linear increase with O content
up to 25 at.% O. For the case of evenly distributed O or N
interstitials in S-W, we would expect a much larger increase
in the film resistance. In addition, as the oxygen concentration
increases, the measured S-W grain size also decreases from
~5.5 to ~3 nm. For many metal films, adding oxygen and
nitrogen is used to encourage the growth of smaller grains and
reduce interfacial roughness. If we assume that the oxygen
and nitrogen segregates to the grain boundaries, this could
provide one possible explanation for the conflicting results
from the intrinsic and the doped S-W spin Hall conductivity
calculations.

There is some recent evidence in the literature to support
this analysis. Liu and Barmak [10] examined the sputtered
deposition of B-W films in the presence of nitrogen gas. They
found that the percentage of 8-W in the film is directly related
to the N, pressure using a Langmuir-Freundlich isotherm for
N, adsorption. They proposed that nitrogen clusters on the
surface act as ideal nucleation sites to form W tetrahedra that
grow to form CN12 icosahedral triangulated polyhedra. The
CN12 icosahedra then coalesce into the A15 crystal struc-
ture. The B-W Al5 crystal is a Frank-Kasper tetrahedrally
packed phase [55,56] and the crystal can be viewed as a body-
centered packing of edge-sharing CN12 icosahedra [57]. The
high density of N, nucleation sites on the surface would also
explain the small grain size of §-W compared to «-W. Later
work by Barmak and Liu [11] showed that covalent and ionic
substrates, in general, promoted 8-W growth in the presence
of N,, while metallic substrates encouraged the formation of
the o phase. This suggests that directional N or O bonding
at the surface may help to reduce symmetry during tungsten
deposition and aid in the formation of the lower-symmetry 8
phase. Symmetry breaking in some form is required to form
Frank-Kasper phases in single-element materials [58].

Based on this insight, we propose a possible model for
spin Hall conductivity in doped B-W. During deposition, the
presence of oxygen and nitrogen on the surface helps to sta-
bilize small grains of 8-W and prevents the formation of the
more energetically favorable «-W. As the film grows, the oxy-
gen and nitrogen interstitials migrate to the grain boundaries,
leaving relatively pristine 8-W grains with high intrinsic spin
Hall conductivity. A small percentage of O and N may remain
within the 8-W grains and may slightly reduce the SHC. How-
ever, as our calculations show, skew scattering due to these
impurities will have a minimal effect on the overall spin Hall
conductivity. The oxygen and nitrogen at the grain boundaries
act as additional scattering sites for electrons and lead to
increased electrical resistance. The role of grain boundaries in
the resistance of the 8-W films is complex and a subject that
warrants further investigations. The traditional Mayades and
Shatzkes grain-boundary model [59] predicts that the resis-
tance should depend on the electron-transmission probability
across the grain boundary and scale inversely with the grain
size. Adding additional segregating dopants will simultane-
ously act to shrink grain size and reduce electron transmission

across the grain boundaries. In the work of Demasius et al.
[5], the resistance for oxygen concentration <25% does not
scale inversely with grain size, but instead displays a linear
trend with dopant concentration. This may indicate that the
effect of dopant concentration on grain-boundary transmis-
sion plays a more dominant role in the electrical resistance
than the grain size. Since the spin Hall conductivity is unaf-
fected by grain-boundary scattering, the increase in electrical
resistance will also lead to an increase in the spin Hall an-
gle with oxygen or nitrogen content. This also indicates that
grain-boundary engineering could provide one route to tune
electrical resistance in spin Hall materials and improve spin
Hall angle. This model would work for a range of oxygen or
nitrogen concentrations (<25%) where the grain boundaries
have sufficient capacity to absorb the impurities. The effective
O and N concentrations within the grains would also increase
(still much less than the total dopant concentration) and this
could explain the observed decrease in SHC with oxygen
content.

It is important to stress that this theory is one possible
explanation for the measured SHC as a function of oxygen
concentration. Given the wide range of experimental SHC
values for B-W and the limited number of studies that have
examined the role of dopant concentration on SHC, it is of
course difficult to provide a definitive answer to this issue.
Future experiments that examine SHC in 8-W as a function
of film thickness, grain size, and oxygen or nitrogen content
could help to evaluate this model. In addition, characteriza-
tion studies that could determine the spatial distribution of
oxygen or nitrogen in §-W films would also be extremely
helpful.

V. CONCLUSION

We have performed a detailed investigation of the influence
of O and N dopants on the spin Hall conductivity and angle in
B-W. We take into account both intrinsic and extrinsic (skew-
scattering) contributions to spin-Hall conductivity. Overall,
we find that intrinsic spin Hall conductivity calculations for
pristine B-W are in good agreement with experiments. In-
trinsic spin Hall conductivity calculations for the uniform
distribution of 11 at.% O and N interstitials predict a much
larger reduction in the spin Hall conductivity than that ob-
served in experiments. Predicted skew scattering for O and
N in B-W indicates that this mechanism will have a minimal
contribution to spin Hall conductivity and spin Hall angle.
Nevertheless, we showed that the induced spin-flip relaxation
processes give rise to a spin-diffusion length of 0.9 and 6 nm
for B-W and «-W, respectively. This is in very good quan-
titative agreement with experimentally observed values. We
propose that O and N help to stabilize B-W grains during
film growth and then segregates to the grain boundaries. This
process leads to films of relatively pristine B-W and grain
boundaries with high concentrations of O or N scattering sites.
This combination provides high spin Hall conductivity and
large electrical resistance, leading to high spin Hall angles.
Engineering grain-boundary properties in other high spin Hall
conductivity materials could provide an effective way to boost
the spin Hall angle.
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FIG. 8. The locations of the various interstitial atomic positions
within the conventional ¢-tungsten (gray atoms) unit cell for differ-
ent orientations are shown labeled 1-6.
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APPENDIX A: o-W: DEFINITION OF EMPTY SPHERES
AND SUMMARY OF EXTRINSIC RESULTS

The structure of the empty spheres in the «-W structure
is shown in Fig. 8 with symmetrically equivalent positions as-
signed with the same index. The summary of numerical results
for all impurity positions is given in Table I, where we show
only the antisymmetric part of the spin Hall conductivities as
discussed in the main text. The variation between the various
positions is marginal and the spin Hall angle is practically
constant at 1% across the different positions and O and N
impurities.

APPENDIX B: $-W: DEFINITION OF EMPTY SPHERES
AND SUMMARY OF EXTRINSIC RESULTS

The equivalent structural information for B-W is given
in Fig. 9. Here, there are only eight different positions for
the empty spheres in the host, which are equivalent by sym-
metry in electronic structure calculations. However, in terms

FIG. 9. The positions of the eight unique interstitial impurity
locations for 8-W.
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FIG. 10. Signs of the conductivity matrix elements for all im-
purity positions in B-W. Red refers to a positive sign; blue refers
to a negative sign. Here, (a) is charge conductivity and (b) is spin
conductivity. The black zz components in the spin conductivity are
vanishing.

of transport calculations, each position separately breaks the
symmetry of the crystal, which in turn reduces the cubic
symmetry relevant for the symmetry of the response tensor.
To illustrate this, the spin conductivity for positions 1 and 6 in
oxygen-doped B-W is given by [in units of (Q cm)~']

842 =312 257

o} =] 312 —0842 -257], (B1)
-1.82 1.82 0
842 —312 -—257

o =312 -842 -257], (B2)

1.82 —1.82 0

respectively. For both impurities, the new off-diagonal ele-

ments have the same magnitude but show different signs.
The same holds for the charge conductivity, where for the
oxygen impurity at positions 1 and 6, we find [in units of
103(2 cm)™1]

952 041 —0.14
or=] 041 952 —0.14], (B3)
—0.14 —0.14 955
952 041 0.14
oo = 041 952 0.14 (B4)

0.14 0.14 955

respectively. The same pattern (with different signs) holds
for N impurities. For the charge conductivity, we have sum-
marized this pattern for all impurity positions in Fig. 10(a).
Here, red (blue) refers to positive (negative) sign. For all
cases, except the xy and yx components, there is an equal
number of positive and negative positions, which leads to a
cancellation of those terms when averaging over all impurity
positions. In Fig. 10, we present the same summary for the
spin-conductivity tensors, where the same argument holds. In
all cases considered, the zz component of spin conductivity
is 0.
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