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B-W and B-Ta are well known for their large spin Hall angles (SHAs), while «-W and «-Ta possess small
SHAs. Recent theoretical studies predicted that alloying Ta with W could enhance the SHA. In this work, a
systematic study is performed on the spin Hall effect (SHE) in Ta, W, _, alloys in the full composition range from
x =0 to 1. We have obtained the structural phase diagram and SHAs of the «- and B-Ta, W, alloy system,
based on x-ray-diffraction, transmission electron microscopy, magnetotransport measurement, and macrospin
model analysis. We have observed large SHAs ranging from —0.06 to —0.23 in «-Ta, W, and a maximum
SHA of —0.59 in 5.3-nm-thick B-Ta,W,,. In addition, a linear correlation between SHA and resistivity in
Ta, W, has been uncovered, providing evidence that the SHE in Ta, W, is caused by the intrinsic mechanism
and/or side-jump scattering. Furthermore, we have observed an unconventional thickness dependence of SHA in
B-Tag 5 Wy .75, which peaks at 5.3 nm. The decay of SHA upon increasing thickness is likely to be caused by the

B- to a-phase transition.
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I. INTRODUCTION

Recent research has demonstrated that spin current induced
spin-transfer torque can manipulate the magnetization in both
ferromagnetic (FM) [1-4] and antiferromagnetic (AFM) [5-7]
solids. This property has enabled the development of ultrafast
and energy-efficient spintronics such as magnetic random ac-
cess memory and spin-logic devices [8—12]. Spin Hall effect
(SHE) [13,14], which converts charge current into spin current
through spin-orbit coupling, is one of the most effective means
of generating pure spin current. The generated spin current
is given by J; = (h/2e)Osy (0 x J.), where J is the charge
current density, Js is the generated spin current density, o
is the spin polarization unit vector, % is the reduced Plank
constant, e is the elementary charge, ®gy is the spin Hall angle
(SHA) characterizing the conversion efficiency [14,15]. Large
SHAs have been reported in heavy metals with strong spin-
orbit coupling, such as Pt [3,16,17], 8-W [15,18], and B-Ta
[1,19]. To date, the highest SHA reported at room temperature
in metals is —0.65 in thick 8-W films [20]. In addition to
pure metals, recent studies revealed that alloying is an effec-
tive method for tuning the SHA and the resistivity of solids
[21,22]. Most efforts so far have been focused on alloys of
solids with small SHAs (e.g., Au and Cu) and heavy metals
with large SHAs (e.g., Ta and Pt) [23-28]. The prospect of
acquiring an enhanced SHA through alloying is not only at-
tractive for applications, but also interesting fundamentally in
understanding the basic mechanisms of the SHE versus the
electronic structure of alloyed solids.

In this work, we perform a systematic study of the SHE
by alloying two heavy elements: Ta and W. Both are well
known for their characteristically large SHAs in the g phase
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and small SHAs in the « phase. In spite of similar crystalline
structures [29,30], the SHA of 8-W [20] is three times larger
than that of §-Ta [31]. Ta-W alloys provide us with a good
platform to understand the major difference between (-Ta
and B-W. Besides, recent theoretical studies have predicted
an enhancement in the intrinsic SHE in Ta-W alloys. Sui
et al. [32] performed first-principles calculations to show
that the spin Hall conductivity (SHC) osy = 2%%’ where
Pxx 18 the longitudinal resistivity, of both «-W and S-W
can be enhanced when alloyed with Ta. They predicted the
OSH = —3546(ﬁ/2€) (S/cm) in ,3—Ta0_125W0,875 with a SHA
of —0.5. Separately, Derunova et al. [33] predicted an even
larger osy = —4500(%/2¢) (S/cm).

We have investigated the SHE of both «-Ta,W,, and
B-Ta, Wy, alloy thin films in the full composition range of
x =0 to 1, and at various thicknesses (¢). We have mea-
sured the effective SHA, @gf}f{ = Osylint, where Ty is the
interfacial spin transparency [16] between the Ta, W, layer
and the adjacent FM layer. The value of O yields a lower
bound of the SHA in a Ta,W, film. We have obtained
large O ranging from —0.06 to —0.23 in «-Ta, W, cor-
responding to the SHC from —338 to —1259(%1/2¢)(S/cm).
In B-Ta,W.,, the O is in the range of —0.26 to —0.59,
corresponding to the SHC from —1059 to —1842(%/2e)
(S/cm). The largest O = —0.59 % 0.04, corresponding to
the SHC of —1842(7i/2¢) (S/cm), is achieved in the 5.3-nm-
thick Tag,5Wy.75. This value is much larger than the SHA
in B-Ta and B-W of similar thickness and is comparable to
the largest SHA reported in heavy metals [20,27]. We have
also studied the thickness dependence of @g‘}‘l in Tag25Wo 75.
@gﬁg peaks at 5.3 nm and decreases as the thickness is fur-
ther increased, which is probably due to the phase transition
from the B to the o phase. From the dependence of O
on resistivity, we have found that the intrinsic mechanism
and/or side jump scattering contribute to the SHE when the

©2020 American Physical Society


https://orcid.org/0000-0002-6030-1812
https://orcid.org/0000-0002-9473-4878
https://orcid.org/0000-0003-4963-9684
https://orcid.org/0000-0002-3440-3946
http://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevB.102.094438&domain=pdf&date_stamp=2020-09-28
https://doi.org/10.1103/PhysRevB.102.094438

QIAN, WANG, ZHENG, AND XIAO

PHYSICAL REVIEW B 102, 094438 (2020)

resistivity pxx is below 250 u€2 cm. When pgx > 250 €2 cm,
the intrinsic SHE is suppressed due to small grain sizes in the
thin films.

II. SAMPLE FABRICATION

We used a home-made high vacuum magnetron sputtering
system to prepare a series of Ta,Wj, thin films with
Ta concentration x =0, 0.1, 0.25, 0.5, 0.75, 0.9, and 1.
The designed thicknesses of each composition are 10 and
15 nm. The real thickness of each sample was measured by
x-ray reflectivity (XRR). For x = 0.25, we also fabricated
a series of samples with varying thicknesses from 3.0 to
28.5 nm. Each sample has the following layer sequence:
substrate/Ta, W_,(t)/CosoFes0B20(1.0)/MgO(1.6)/Ta(1.3)
(the number in parentheses refers to the thickness of the
corresponding layer in nm). The substrates are thermally
oxidized silicon wafers.

For a given Ta,W/_,, we codeposited the sample from pure
Ta and W targets with the base vacuum pressure of 1.0 x
10~7 Torr. During deposition, we rotated the substrate con-
tinuously at the rate of 6.1 rpm over the Ta and W targets. The
composition of an alloy is controlled by the relative sputtering
yields of Ta and W, well calibrated to the powers applied to the
two targets. The net deposition rate is about 1.0 A per rotation.
The other layers (CosoFes0B2o, MgO, and Ta) were directly
sputtered from each corresponding target. The 1.0-nm-thick
CoyoFeqByg layer is the FM layer exhibiting perpendicular
magnetic anisotropy (PMA). The PMA was achieved after
annealing samples at a proper temperature in a 0.4-T out-of-
plane magnetic field. The annealing temperatures are 200 °C
and 280 °C for x > 0.5 and x < 0.5, respectively. The MgO
layer is required for the onset of PMA in CoggFe40Bg [34,35],
and the 1.3-nm-thick Ta is the capping layer. We patterned thin
films into standard Hall bars with the dimension of 20 um x
55 pm by using photolithography and physical ion milling, for
the purpose of measuring both the transverse Hall resistivity
and longitudinal resistivity.

III. CRYSTALLINE STRUCTURE

It is well known that both Ta and W have two types of
crystalline structures [29,30,36,37]: the body-centered-cubic
(bee) structure known as the o phase and the A15 structure
known as the B phase. We performed the x-ray-diffraction
(XRD) measurement using the Bruker D8 Discover XRD
system to determine the crystalline structures of Ta, Wi,
thin films. Figures 1(a)-1(c) show the XRD patterns of a
few representative films in S-phase and a-phase alloys. As
shown in Fig. 1(a), pure W films (with thicknesses of 8.9 and
19.1 nm) and Tag ;W9 show two peaks corresponding to the
characteristic (200) and (210) peaks of the S-phase structure.
In Figs. 1(b) and 1(c), one strong peak corresponding to the
(110) peak of the a-phase structure is observed. Figure 1(b)
shows that more Ta-concentrated alloy films, Tag,5Wq7s,
TagsWo s, and Tag75Wo.25, with a thickness of about 10 nm,
are in the o phase. Figure 1(c) shows that Tap,5Wq 75 films
with thicknesses between 9.0 and 28.5 nm also form «-phase
alloys. Using Bragg’s law, we calculated the lattice constant
of the o-Ta, W/, bcc structure from the peak positions, as

plotted in Fig. 1(d). The data of the bulk «-Ta and «-W
are from the ICDD’s Powder Diffraction File database [38].
Figure 1(d) shows that the lattice constant increases mono-
tonically with the Ta composition for «¢-Ta, Wi_,. Using the
Scherrer equation d = m, where A is the x-ray wave-
length, FWHM is the full width at half maximum of the
peak, 6 is the Bragg angle, K is a shape factor which is
mostly estimated as 0.9 [29,39], we can estimate the crystallite
dimension of the samples. This dimension is determined by
the smaller value of the grain size and sample thickness [40].
Figure 1(e) shows that the estimated crystallite dimension of
each sample is between 8% and 70% of its film thickness.
Therefore, the Scherrer equation provides a good estimate
of grain sizes of the samples. A general observation from
Fig. 1(e) reveals that the thicker the film and the lower the
Ta concentration, the larger the grain size.

Crystalline grain boundaries are effective electron scatter-
ing centers, increasing the extrinsic resistivity of a thin film.
In Fig. 1(f), we presented the relation between resistivities
of Ta,W/_, thin films versus the inverse of the thin films’
grain sizes, 1/d. The linear scaling between the resistivity
and 1/d is an indication that the grain-boundary scattering
is the dominant source of resistivity and the grain size sets
the scale for the electron mean-free path [41,42]. Overall, the
resistivity of Ta, W _, ranges broadly from 60 to 360 © 2 cm.
Although for bulk Ta and W, «-phase samples typically have
lower resistivity than B-phase samples [18,20,30,36], in our
samples, a-phase films can have resistivities as large as that
in B-phase films (>150 ©2cm). The higher resistivity in
our samples compared with bulk Ta and W is because of
small grain sizes of samples, as well as the potential partial
oxidation of thin films due to the low deposition rate during
sputtering.

IV. SPIN HALL ANGLE

To obtain effective spin Hall angles (O%) of alloys, we
measured the magnetization response to the spin current when
applying an external magnetic field Bey = Bexy along the
longitudinal direction of the Hall bar (y axis), as illustrated
in Fig. 2(a). We analyzed the measurement results through a
macrospin model [3,19]. B¢ forces the magnetization vector
M in the perpendicularly magnetized CoggFesoBg layer to tilt
(6 < 90°). Increasing By leads the magnetization to rotate
coherently towards the y axis. The orientation angle 6 of the
magnetization vector /71 can be determined by the equilibrium
condition of three torques in Eq. (1).

Tot = X( TsT + Text + Tan)

= 10 + Bey sin (0 — 8) — BY sinfcosd =0. (1)

TsT = IST [/n x (6 x m)] is the spin-transfer torque from the
spin current, Texy = —#1 X Bext = Bexe siN(6 — 8)X is the spin
torque from the external magnetic field, where ¢ is a small yet
unavoidable misalignment angle of By relative to the y axis,
which is typically between —5° and 5°. T, = —#t X By, =
—BY sin§cosHz is the spin torque from the anisotropy. In this
model, we only take into considerations spin torques along the
x axis. This is reasonable because the magnetization remains
in the y-z plane with the application of a large Bex. The
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FIG. 1. (a)—(c) X-ray-diffraction patterns of Ta, W, thin films in either o or § phase at different thicknesses. (d) Lattice constants of bcc
structured o-phase Ta, W,_, with various composition. (e) Gain size (d) in thin films with various compositions and thicknesses. The grain size
of the 5.3-nm-thick §-Tag,5Wy 75 is derived from the TEM image because it’s too thin to be measured by XRD, while others are derived from
the XRD measurements. (f) Resistivity of a thin film vs the inverse of the grain size (1/d).

external magnetic field is much larger than the Oersted field
along the x axis, generated by the charge current flowing
along the y axis. We sent DC currents with current density J.
along the +y and —y directions respectively when applying
different values of B.y. The spin-transfer torque Té)T can then
be determined from the response of 6 to Bey as shown in
Eq. (2) which is derived from Eq. (1) [19],

Js
Mitry
Bexi+(0) and By (0) are the external magnetic fields at which

the magnetization is tilted at the angle 6 while the sample is
subjected to a positive (+y axis) and a negative (—y axis)

1
Tor = = — 3 Bexes (6) = B (0)]sin(0 = 8). ()

charge current, respectively [inset in Fig. 2(d)]. M; is the
saturation magnetization. fpy is the FM layer thickness. J; is
the spin current density. The sign of J; represents the spin po-
larization directions. The value of @gﬁg = %)JS /J. can then
be easily calculated from Eq. (2).

We use the measurement on a 5.3-nm-thick 8-Tag5Wq.75
film as an example. Figure 2(b) shows the hysteresis loop
of the anomalous Hall resistance, Ry, as a function of a
perpendicular magnetic field B,. The value of Ry can be
used to sense the z component M, (or 6) of the magneti-
zation. The perfect square loop indicates the robust PMA of
the 1.0-nm-thick CogoFeqByy overlayer, with the coercivity
of 4.1 mT. Figure 2(c) shows the in-plane magnetization
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FIG. 2. (a) Schematic of a thin-film sample with magnetization (M) at an external magnetic field (By,) for the measurement of SHA based
on the macrospin model. All measurements in Fig. 2 were performed on a 5.3-nm-thick Ta 25 Wy 75 thin film. (b) Hysteresis loop of anomalous
Hall resistance in an out-of-plane magnetic field (B,). (¢) In-plane magnetization as a functions of an in-plane magnetic field. (d) Dependence
of magnetization angle (6) on By, when sending a charge current of 4.0 mA. (e) Linear fittings of [Bexi+(0) — Bex— ()] vs 1/sin(0 — §) at
various charge currents, leading to the determination of SHA ©% = —0.59. (f) Hall resistance vs current density when an external magnetic
field from —1.5 mT to —12.0 mT is applied. (g) Critical switching current density Jy,, in the Tag,5Wq .75 layer when applying different external

magnetic field Bey;.

curve of the CoygFeqoB;o layer, measured using the Quan-
tum Design® Physical Property Measurement System. The
saturation field is about 50 mT and the saturation magneti-
zation Mj is 1239 emu/cm? which is consistent with previous
measurement results on CogoFeq9B;g [18,43]. In Fig. 2(d), we
show sin(f) as a function of B. when sending the charge
currents of 4.0 mA. At a given 6 from 0° to 90°, we can ex-
tract the value of Bextt(0) — Bext—(6). According to Eq. (2),
Bexi+(0) — Bexe—(0) is linearly dependent on 1/sin(6 — §)
with a slope —27;.. The results of Beyi4(8) — Bexi— (6) versus
1/sin(@ — §) when sending various charge currents through
the sample (§ is determined to be 2° through fitting) are pre-
sented in Fig. 2(e). Using Eq. (2), we determined that ®§fPfI =

—0.59 for the 5.3-nm-thick 8-Tag,5Wq.75 film, carrying the
same negative sign as pure 8-Ta and B-W. This value is among
the largest SHAs reported so far in non-FM metals at room
temperature [20,23,27].

Such a large SHA is expected to enable effective switch-
ing of magnetization from spin up to spin down (or vice
versa) with a relatively small critical charge current den-
sity Jow. We measured the current induced magnetization
switching in this sample when applying an in-plane magnetic
field from 1.5 to 12.0 mT. Figure 2(f) shows the Hall resis-
tance Ry versus charge current density in the Ta, Wi, layer
in the sample. Figure 2(g) shows the results of Jg, versus
the in-plane external magnetic field. The switching current

094438-4



SPIN HALL EFFECT IN THE o« AND 8 ...

PHYSICAL REVIEW B 102, 094438 (2020)

decreases with the increasing magnetic field as expected since
the energy barrier for switching is lowered by the in-plane
magnetic field. When the in-plane magnetic field increases
from 1.5 to 5.0 mT, Jy,, decreases rapidly and reaches about
1.2 x 10°A/cm?. This is among the lowest switching cur-
rent density reported [18]. When the field goes beyond 5.0
mT, the switching current decreases slowly with increas-
ing magnetic field. Similar behavior has also been observed
in previous research [4,44]. A possible explanation of such
behavior is the combined effect of the different current den-
sities required for the nucleation and domain propagation
processes. The magnetization switching starts with the nu-
cleation of reversed magnetic domains and is followed by a
domain propagation process [45—47]. The domain nucleation
generally occurs at the edge of samples where the perpen-
dicular anisotropy is lower such that the energy barrier for
magnetization switching is lower. The critical current for do-
main nucleation is expected to decrease when the in-plane
magnetic field is increased, which governs the curve in the
low-field region in Fig. 2(g). When the in-plane magnetic
field is large (>5.0mT in our sample), the current required
for domain nucleation is rather low. In this case, the criti-
cal current for magnetization switching is governed by the
critical current for domain propagation. The critical current
for domain propagation is almost independent on the in-
plane magnetic field strength, which has been previously
reported [48].

Due to its small thickness, XRD cannot generate a
sufficient signal for us to determine the structure of the
5.3-nm-thick Tag .5 Wy 75. Instead, we used transmission elec-
tron microscopy (TEM) for structural investigation of this
sample. Figure 3(a) shows the TEM micrograph, which
reveals the polycrystalline morphology. Through the fast
Fourier image analysis, we obtain that the average atomic
spacing is 2.252 4 0.024 A, which is close to the spacing
(2.2584 A) of the (210) plane of §-W [38]. This is strong
evidence of the S-phase structure in this particular thin film.

Figure 3(b) presents the resistivity data for TagsWo.75
thin films with various thicknesses from 3.0 to 28.5 nm.
The B-phase Tay,5 Wy 75 with thicknesses in the range of 3.0
to 7.5 nm all exhibit very high resistivities (>270 <2 cm).
Thicker Tag »5 W 75 films with thicknesses in the 9.0-28.5-nm
range, all in o phase [Fig. 1(c)], have significantly lower
resistivities (<150 €2 cm). In the transition region from the 8
to o phase, the resistivity drops precipitously by almost 50%.

Using the same method, we obtained @gﬁ'{ in Tag,5Wo.75
with thicknesses from 3.0 to 20.7 nm, as shown in Fig. 3(c).
It is noted that O% is always negative and we present the
absolute value |®§I§| in Fig. 3(c). When the thickness is
increased from 3.0 to 5.3 nm, the |®§§§| of B-Tag25Wo.75
increases from 0.36 to a peak value of about 0.59. Further
increasing the thickness to 7.5 nm lowers the |®§f}fl| to 0.33.
When the thickness is beyond 7.5 nm, the o phase emerges
in the structure. This causes the |@¢| to drop to 0.15 in 9.0-
nm-thick Tag,5Wy .75, and 0.06 in 20.7-nm-thick Tag,5Wq 75.
In comparison, it has been shown that in pure B-W films,
|®§§_f1| increases monotonically with increasing thickness up
to 18 nm, reaching a nearly saturated value of 0.57 [18,20].
Such thickness dependence can be explained by the change in
the spin-diffusion length (Ay) relative to the film thickness

5.3-nm-thick-Tag 25 Wy 75

(b) 400 ' r T T T
3s0f P B

Tag 2sWo.75

300 F

250 F

200 F

150 |

Resistivity (uQ cm)

100 |

50 F o 1

06} B Tag,sWo7s 1
04}
0.3}

0.2F

Spin Hall Angle |©g|

0.1F

10 12 14 16 18 20 22
Thickness (nm)

0.0 —
0 2 4 6 8

FIG. 3. (a) TEM micrograph of a 5.3-nm-thick Tay,5Wg 75 thin
film, revealing atomic spacing of 2.252 + 0.024 A. (b) Resistivity
vs thickness in Tay 25 Wy 75. (¢) Spin Hall angle |®§ﬁ| vs thickness in
Tag25Wo.7s.

[18,20]. The increase in SHA of Tag,5Wy75 from 3.0 to
5.3 nm is possibly due to the same effect as that in pure S-W
films. The decrease in SHA from 5.3 nm may be because of
its close proximity to the B- to «-phase transition. Overall,
both B-Tag,5 Wy 75 and B-W possess large |®§§f,| of about 0.6.
However, 8-Tap,5Wy.75 requires a thickness of only 5.3 nm
vis-a-vis 18 nm for B-W. In applications, a thinner film is
advantageous as it requires a lower net current to achieve J,
and it is easier to deposit a thinner film in mass production.
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circle are from amorphous samples with grain sizes smaller than 2.3 nm.

Furthermore, we have measured SHAs of «- and
B-Ta, W, thin films in the full composition range and with
various thicknesses, as summarized in Fig. 4(a). Overall, the
alloy tends to form a B-phase structure when the film is W
rich and thinner, while the stable o phase occupies a prevalent
phase space in Fig. 4(a). |©¢T | in B-Ta, W, is larger than that
in ¢-Ta, W, by two to three times. For pure 8-W, our deter-
mined O values, —0.26 at 8.9 nm and —0.35 at 12.7 nm, are
comparable to the previous research results [15,18]. The @gflfl
value for B-Tag1Wyyo is similar to that for 8-W. However,
when the Ta concentration reaches 0.25, the @gf{{ value takes a
substantial enhancement to —0.59 at the thickness of 5.3 nm,
more than doubling the value of 8-W at a similar thickness.
Figure 4(a) also shows that SHAs of «-phase alloys, though
smaller than those of B-phase alloys, are in fact quite large,
in the range of —0.06 to —0.23. Its SHC is in the range of
—338 to —1259(h/2e) (S/cm), which is comparable to the
SHC of approximately —700(%i/2¢e) (S/cm) in B-Ta [1,18]
and 590(%/2e) (S/cm) in Pt [16]. This is contradictory to the
common belief that only 8-W or B-Ta can exhibit large SHE
[3,15,19,20,49]. In addition, we observed that |®§fé| decreases
with increasing thickness in «-Ta, W, which is opposite to
the thickness dependence of |®§f}fll in B-W [18,19].

To reveal mechanisms contributing to the SHE in the
Ta, W, we explore the relation between SHA and resistivity
in both - and B-Ta, W, thin films. Analogous to the anoma-
lous Hall effect in FM solids [14,50], the primary cause of
SHE is the spin-orbit interaction which favors heavy elements.
The origin of SHE could be both intrinsic and extrinsic. The
intrinsic mechanism depends on the band structure of a perfect
crystal. Extrinsic spin-orbit scattering mechanisms include
skew scattering and side jump due to structural disorders and
impurities. The skew scattering-induced spin Hall conductiv-
ity osy is proportional to the electron transport time 7!, while
intrinsic or side jump-induced Hall conductivity ogy is pro-
portional to 70[14,23]. Correspondingly, Ogy = zr—f ?—(‘)" where
oy is the sample’s conductance, induced by skew scattering is
a constant and is independent of sample’s resistivity. On the
other hand, ®gy induced by the intrinsic mechanism and/or
side jump depend linearly on samples’ resistivity. In Fig. 4(b),

we observe a linear relationship between |(~)§f}fl| and resistivity.
This provides strong evidence that the intrinsic mechanism
and/or side jump are the primary cause of the SHE in both
a-Ta,W, and B-Ta,W_,. Due to the existence of impurities
and impurity-induced high resistivities, the SHC measured in
our experiments are much smaller than the theoretical pre-
dicted SHC in B-Ta, W, alloys, although we did observe the
enhancement of SHA through alloying.

In Fig. 4(b), we also observe that a few samples’ data
points are clustered inside the circled region below the linear
correlation trend line. These samples are «-Ta, W_, with high
resistivities and small grain sizes less than 2.3 nm. Their
structures are nearly amorphous, which suppresses the intrin-
sic contribution to the SHE greatly. It explains why these
samples do not follow the linear correlation between SHA
and resistivity. It is hard to distinguish contributions of the
intrinsic mechanism and side jump to the SHE. However, the
large impurity density and moderate spin Hall angles in the
samples inside the circled region implies that the intrinsic
mechanism contributes to a significant part in the large SHAs
observed in other samples.

V. CONCLUSION

Metastable B-Ta and B-W are archetypes of spin-orbit
solids exhibiting SHE. We have carried out a systematic study
on the SHE of both the 8- and «-Ta, W/, alloy films in the
full composition range and with various thicknesses. We have
performed structural analysis, magnetic and magnetotransport
measurements on all of our samples. Based on the macrospin
model, we have measured the effective SHAs of alloys in
various compositions and at various thicknesses. We have
obtained the largest SHA of ®f = —0.59 in a 5.3-nm-thick
B-Tay25Wy .75, which doubles the SHA in 8-W [15,20] and
is a five times enhancement over the SHA of g-Ta [1,19],
at comparable thicknesses. Hence, the effect of alloying on
SHE is substantial and beneficial for applications. The critical
switching current density on the neighboring CosoFe40B2o
film with perpendicular magnetic anisotropy is found to be
on the order of 10® A/cm? with a moderate biasing field. The
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small thickness of 5.3 nm makes thin-film deposition easy
for device manufacturing, and for reducing the net current
required for effective magnetization switching. We have found
that «-Ta, W1_, have smaller SHAs compared to their S-phase
counterparts, but they also have much larger SHAs than o-Ta
and «o-W. For example, a 9.7-nm-thick «-TayoWy; has a
SHA of —0.23. Finally, we have observed a linear correlation
between SHA and resistivity in both 8- and «-Ta,W/_, alloy

systems. This is strong evidence that SHE is predominantly
caused by the intrinsic mechanism and/or the extrinsic side
jump scattering.
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