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One of the main objectives of spintronics is to provide power-efficient switching of magnetic layers
through electrical means, and in order to achieve this goal, alternate material systems with enhanced spin-
orbit torque (SOT) must be engineered. In this work we provide evidence of anisotropy in the SOT and
spin Hall effect (SHE) in epitaxial Pt(110) grown on MgO(110) single-crystal substrates, and find that
the spin Hall angle and the dampinglike torque are 20% larger when current is applied along the [001]
crystallographic direction as compared to [110], leading to an equivalent reduction in switching current
density along [001]. The anisotropy in SOT is attributed to the bulk contributions of the SHE in the Pt
layer through its anisotropic resistance in this specific orientation. Measurements additionally suggest
that the Rashba-Edelstein effect at the Pt/Ti interface due to the Pt(110) surface has a non-negligible
effect on the spin diffusion length and SOT. By providing experimental evidence of the crystal orientation
dependence of SOT-induced magnetization switching, this work helps to establish a path for energy-
efficient magnetization switching through the alignment of devices with crystallographic directions of

enhanced SOT generation.
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I. INTRODUCTION

Spin-orbit torque (SOT) provides an energy efficient
and electrically stable method of magnetization switching
[1-4], arising from the bulk spin Hall effect (SHE) [5,6]
and the interfacial Rashba-Edelstein effect (REE) [7-9] in
heavy metal (HM) and ferromagnetic (FM) heterostruc-
tures. Recently, one avenue of study for enhancing spin-
orbit torque has been through epitaxial growth [10-14].
One study has shown enhanced spin current generation
in epitaxial Ta/(Co, Fe)B [15], and another found current-
induced magnetization switching at extremely low current
densities in epitaxial Au/Fe4N [16]. In Pt, the crystalline
structure has been shown to be important in determin-
ing the spin relaxation mechanism [17], and the spin-
orbit field susceptibility has been calculated to be highly
anisotropic in the Pt(111) surface [18]. This naturally leads
to the question of how the spin current generated in such
heterostructures is affected by crystallographic orientation.
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The anomalous Hall effect (AHE) is inherently
anisotropic, as it depends on the orientation of the mag-
netization M. However, while the SHE has similar origins
to the AHE [19], it occurs in materials without net magne-
tization, so its anisotropy is less straightforward. In fact,
in cubic materials, the spin Hall conductivity (SHC) is
expected to be isotropic due to symmetry [20]. However,
in noncubic materials the SHC can be quite anisotropic,
as shown from first principals in certain hexagonal close-
packed [21]. Apart from metals, anisotropic spin polar-
ization has been observed in (Al, Ga)As quantum wells
due to the wavevector k dependence of the Dresselhaus
field [22], the epitaxial triangular antiferromagnet IrMn;
has shown facet-dependent SHC [23], and anisotropic spin
Hall angles were engineered by tailoring the crystalline
symmetry in epitaxial SrlOs [24].

In heavy metals, however, experimental evidence of
anisotropy in the SHE is lacking. One study concerning
epitaxial Fe/Pt bilayers grown on MgO(001) found the
spin Hall angle to be isotropic [25]. In our previous work
we found strongly anisotropic spin Hall magnetoresistance
(SMR) in epitaxial Pt/Co bilayers grown on MgO(110)
[26], but this was found to be primarily due to the epitaxial
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Pt/Co interface, which caused very different spin diffusion
lengths when current was applied along the [001] or [110]
direction.

In this work, we quantify the anisotropy in the SHE in
epitaxial Pt(110) and provide experimental evidence of the
crystal orientation dependence of SOT-induced switching
by using Pt/Ti/(Co, Fe)B structures with a perpendicularly
magnetized FM layer. The Ti spacer helps to provide per-
pendicular magnetization anisotropy as well as separating
the HM and FM layers to reduce the large interfacial con-
tributions seen previously [26]. We report a 20% enhance-
ment in the spin Hall angle and dampinglike spin-orbit
torque in the epitaxial Pt(110) when current is applied in
the [001] direction as compared to the [110] direction,
measured using SMR and harmonic Hall measurements,
respectively. This is further corroborated through current-
induced magnetization switching experiments, in which
there is a reduction in critical switching current corre-
sponding to the increase in spin Hall angle for [001].
These findings show a particular crystallographic orien-
tation dependence of the spin Hall effect and associated
spin-orbit torque, and could provide a route for efficient
magnetization switching that can be used in conjunction
with other techniques such as interfacial engineering [27]
or HM1/FM/HM2 sandwiches where HM1 and HM2 have
opposite spin Hall angle signs [28] to further enhance SOT.

II. SAMPLE DESCRIPTION AND
CHARACTERIZATION

Pt(ty nm)/Ti(0.8 nm)/(Co,Fe)B(1 nm)/MgO(3 nm)
heterostructures are sputter deposited on single-crystal
MgO(110)-oriented substrates in an ultrahigh vacuum
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chamber, below 2 x 1077 Pa. The Pt layer is grown at a
substrate temperature of 200 °C in order to promote epi-
taxial growth, while the remaining layers are all grown at
room temperature by allowing the samples to cool within
the vacuum system. The (Co, Fe)B target had a composi-
tion of Co:Fe:B of 20%:60%:20%. The (Co, Fe)B layer is
capped with MgO in order to promote perpendicular mag-
netic anisotropy (PMA), and the MgO layer is capped with
2 nm of Pt to prevent water absorption from the atmosphere
into the MgO layer. Pt is grown at various thicknesses by
adjusting the sputtering time, while the Ti layer is always
0.8 nm and the (Co, Fe)B layer is always 1 nm. Finally, the
samples are postannealed at 200 °C for 40 min to induce
PMA in the (Co,Fe)B, before being removed from the
vacuum chamber. Hall crosses having arms with a width
of 5 um and a length of 15 um are patterned using pho-
tolithography and Ar-ion milling, and Al metal electrical
contacts are sputter deposited after fabricating the Hall
crosses.

The Pt crystal structure is confirmed using in-plane
XRD, as seen in Fig. 1(a). The ¢ scan shows the twofold
symmetry of the (002) and (220) peaks of Pt, over-
lapping the corresponding MgO substrate peaks. Out-of-
plane XRD further confirms epitaxy; the MgO(110)//Pt(10
nm)/Ti(0.8 nm)/(Co, Fe)B(1 nm)/MgO(3 nm) peaks can be
seen in Fig. 1(c).

In this work, the X direction is defined as the applied
current Jo direction, and the Z direction is the out-of-
plane direction. Note that the X and Y axes are rotated
90° when comparing the [001] and [110] directions due
to this definition. A diagram of the crystal structure
of the MgO substrate and the epitaxial Pt layer can
be seen in Figs. 1(d) and 1(e). The Z axis is along
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(a) In plane ¢ scan showing twofold symmetry of epitaxial Pt (200) and (220) peaks, aligned with correspond-

ing MgO substrate peaks. (b) Extracted Pt resistivities for the [001] and [110] directions. (c) Out of plane 20 scan of
MgO(110)//Pt(10)/Ti(0.8)/(Co, Fe)B(1)/MgO(3) sample. (d) Diagram of the (110) plane of MgO and Pt layers. (e) Diagram of the

(001) plane of MgO and Pt layers.
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[110]. The conventional face-centered cubic unit cell
(marked by the dashed line) is tilted 45°, so in this ori-
entation, it is convenient to represent the unit cell as
pseudotetragonal instead (marked by the orange connec-
tions), and explains the twofold symmetry seen in the ¢
scan.

The Pt resistivity pp; is measured to be anisotropic
between the two in-plane directions, as seen in Fig. 1(b),
as well as Pt thickness dependent. At all measured thick-
nesses, [001] is found to have higher resistivity, and the
anisotropy between the two directions increases at lower

Pt thicknesses. At ty = 1 nm, ,o][,?m] is about 34% larger

than ,o[[,iio], and only about 22% larger at ty = 6 nm, as
both directions approach the bulk value as the thickness

increases.
III. RESULTS AND DISCUSSION

A. SMR measurements

Magnetoresistance measurements are performed using
the resistivity option in a quantum design physical prop-
erty measurement system for various Pt thicknesses with
current applied along both the [001] and [110] directions.
Here, we define spin Hall magnetoresistance as ARSMR —

R (Hy) — R,x(H7). Field scans are performed in the Pt
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thickness range of 1 to 6 nm, and example field scans can
be seen in Fig. 2(a). All field scans are performed at 300
K. Because these samples are perpendicularly magnetized,
no variation in the resistance is seen in the Z scans, while
resistance decreases as a field is applied in the £V direc-
tion due to the combination of spin Hall and inverse spin
Hall effects [29] [see Fig. 2(b) for a sample diagram].

The Pt thickness-dependent SMR results are fit using the
following equation, with the assumptions of zero longitu-
dinal spin absorption and a transparent HM/FM interface
[29,30]:

ARDMR 2 Astanh (D) 1 1)
RO, Sy 149 cosh(21) |’

Here 6sy is the spin Hall angle, A¢r is the spin diffusion
length, n = (pnt1i)/(prity) 1s the current shunting coef-
ficient, and T = ty/2X¢. Since there is a large variation
in ppy, an arbitrary equation is fit to Fig. 1(b) and substi-
tuted in for pp; in the current shunting coefficient, to more
accurately calculate the current shunting at each thickness.
Furthermore, the current is assumed to only be shunted
into the Ti layer, for which we extract a resistivity of
42.8 u2 cm. The resistivity of (Co, Fe)B is high enough,
generally around 160 p€2cm [31], that we can assume
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FIG. 2. (a) Example Hy and Hy field scans for the [001] and [110] directions for the 7y = 3.5 nm sample. (b) Schematic of the Hall
bar used in this measurement and the axes defined for this work. (c¢) Example XY, XZ, and YZ angle scans for the [001] and [110]
directions performed at 1.5 T for the #y = 3.5 nm sample. (d) SMR as a function of Pt thickness fit using Eq. (1).
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no current is flowing through the (Co,Fe)B layer. This
assumption is supported by the negligible amplitude of the
XZ angle scans seen in Fig. 2(c), which corresponds to the
anisotropic magnetoresistance in the FM layer.

We find that the spin Hall magnetoresistance shows a
significant increase in magnitude when current is applied
along [001] as opposed to [110], as seen in Fig. 2(d). This
can be attributed to the increased 9&){01] = 0.053, approxi-
mately 20% larger than GEHI 1 = 0.044. Assuming that the
Elliot-Yafet (EY) spin relaxation mechanism [32,33] is
dominant, the theoretical intrinsic contribution of the spin
Hall angle can be calculated as Gé'ﬁ = Usi‘ﬁ,opt. Using an

intrinsic spin Hall conductivity (o) of 1600 ' cm™!

[34] and the average conductivity for the measured thick-

ness range, we find good agreement with le){ol]’im = 0.058

and GS[IHI OMnt _ 0.046. We also find the spin diffusion length

is slightly longer along [001] at kg(f)m] = 1.28 nm than

along [110] with AE?O] = 1.07 nm. The possible extent of
anisotropy in Ay is discussed in Appendix A. A summary
of extracted parameters can be seen in Table I.

Since Ag does not follow the directly proportional rela-
tionship with pp; as expected from the EY mechanism, we
must consider influence from the REE that affects the spin
diffusion length through the D’yakonov-Perel (DP) spin
relaxation mechanism [5]. The REE has also been shown
to have the same YZ angular dependence on magnetoresis-
tance as SMR, known as Rashba-Edelstein magnetoresis-
tance (REMR) [35]. In this case, the calculated spin Hall
angle is likely slightly overestimated here; however, the
majority of the YZ MR signal should be due to SMR, as we
observe a large dependence on the thickness of Pt, while
REMR should be independent of the Pt thickness [36].

These results are quite different from the SMR signal
seen in the epitaxial MgO(110)/Pt/Co layers in Ref. [26].
In that work, current applied along [110] had a SMR peak
at about 0.75 nm, while [001] had a peak at around 2 nm.
The anisotropy in the SMR was due to )ngol] being 3 times

larger than )\gw], owing to the epitaxial Pt/Co interface
generating a sizeable and anisotropic REE. The spin Hall
angle was found to be approximately isotropic; however,
the SMR model likely was not completely valid for that
system. In this work, we observe different behavior: the

TABLE 1.

001]

SMR peak appears at about 2.5-3 nm, A - is only about

1.2 times longer than Agw], and we find an increase in

Os[g?l]. These results suggest that the EY mechanism is
dominant for the MR and is the primary contribution to
the spin Hall angle, while the contribution from the inter-
facial REE is much smaller in this work than in the Pt/Co
case, allowing for the bulk contributions to be more clearly
observed.

B. Harmonic Hall measurements

Harmonic Hall measurements are performed using the
lock-in technique [37,38], by applying an ac current with
a Keithley 6221 current source at a constant amplitude at a
frequency of 19 Hz and measuring the first harmonic (V}C;’

and the 90° out-of-phase second harmonic (Vfc;“) simulta-
neously using two SR830 lock-in amplifiers. The sample
is positioned with a slight out-of-plane tilt (8 ~ 85°) to
prevent multidomain formation. A field is swept parallel
to (Hy) or transverse to (Hy) the current, giving the trans-
verse and longitudinal current-induced effective fields. The
experimental geometry for this measurement can be seen
in Fig. 3(a), and example first and second harmonics can
be seen in Figs. 3(b)-3(d).

In this geometry with samples having PMA, the first har-
monic gives an anomalous Hall signal, which can be fit at
low fields with a quadratic equation, while the second har-
monics give linear signals at low fields that describe the
magnetization oscillation due to the spin-orbit torque. The
thermal contributions from the anomalous Nernst effect in
the second harmonic are subtracted [39]. With a paral-
lel field Hy applied, the dampinglike effective field (Hpr)
is generated by the dampinglike spin-orbit torque (DLT).
With a transverse field Hy applied, the fieldlike effective
field (Hyp) is generated by the fieldlike spin-orbit torque
(FLT). We calculate the current-induced effective fields
considering the non-negligible planar hall effect (PHE)
using the equations [40]

By +2&By
Hp, = X 75521
DL 1_4%_2 > (2)
By + 2By
Hpp = ——5—,
1— 4

Extracted spin Hall angles (6sy), dampinglike effective fields per unit current (Hg; /jpi), and spin diffusion lengths (Asf)

for the [001] and [110] directions obtained from SMR and harmonic Hall data fits. Resistivity of Pt (op;) shown for the #y = 1-6 nm

range [seen in Fig. 1(b)].

Ppt Osu HS /jpt Ast
Orientation (12 cm) Measurement [mT/(10'A/m?)] (nm)
[001] 23.7-56.3 SMR 0.053 1.28 £0.04
Harmonic Hall 0.019 0.99 +0.06 1.17+£0.13
[110] 19.3-42.0 SMR 0.044 1.07 + 0.04
Harmonic Hall 0.016 0.83 £0.07 0.95+0.16
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FIG. 3.

(a) Schematic of the Hall bar used in this measurement and the axes defined for this work. (b) Example first harmonics of the

3 nm sample for the [001] and [110] directions, showing no significant differences. (c) Example second harmonics of the 3 nm sample
under a longitudinal field; the inset shows an enlargement of the low field. (d) Example second harmonics of the 3 nm sample under a
transverse field; the inset shows an enlargement of the low field. () Dampinglike effective fields as a function of Pt thickness for the
[001] and [110] directions, fit using Eq. (3). (f) Fieldlike effective fields as a function of Pt thickness for the [001] and [110] directions.

where By ) = 2(0 V2w/8HX(n)/(82Vlw/8H§(y)) [38] and
& = ARp/AR, is the ratio of the AHE and PHE resis-
tances (AR, and ARp, respectively). The AHE and PHE
resistances are measured for each device [28], and we find
that & ~ 0.25 for 3 nm and above samples and & ~ 0.1 for
the 1 nm sample.

The effective fields per unit current in the Pt layer jp; can
be seen in Figs. 3(e) and 3(f). The dampinglike effective
field Hpy increases with Pt thickness, then saturates around
3 nm, at approximately the same Pt thickness as the peak
value seen in SMR. To quantitatively compare these results
to the SMR results, we fit the data using the equation [41]

H HEY t
& = &[1 — sech<i>:|. 3)
Jpt Jpt Asf

From this, we obtain Hfj /jp and the spin diffusion length.
The obtained Ay from the effective field fitting is slightly
smaller than the values obtained through the SMR fitting,
with A[OOI = 1.17 nm and )\[110] = 0.95 nm. This is likely
due to an underestimation of the bulk A¢ in Eq. (3) due
to the nonuniformity of pp [42]. Nevertheless, we find the

same relation of Aggm] > )»E?O] as in the SMR results.
We caleulate H3;"™"/jp = 0.99 mT/(10"" A/m?) and
HSCL”[“O]/jpt =0.83 mT/(10""A/m?). This represents a

19% increase in the DLT, which is consistent with the

increase in spin Hall angle calculated from SMR mea-
surements. Note that, for this calculation, we assume all
applied current is flowing through the Pt layer for sim-
plicity, so this represents a lower bound of the effective
fields. We can estimate the effective 6sy from this fitting
using the equation [43] (see Appendix B for details on the
measurement of the saturation magnetization Mj)

2eMtp Hgi

s 4
b e @

Osy =

and find that Gég?l] =0.019 and 0&1}{10] = 0.016, qualita-
tively consistent with the SMR results. The fieldlike effec-
tive field Hyp shows the behavior of increasing with Pt
thickness and then gradually decreasing for both current

directions. As with Hpr, we find that A (oot HF[ILIO] for
all Pt thicknesses.

The Rashba-Edelstein effect contributes to both the DLT
and FLT, mixing with the contributions from the SHE.
While it can be difficult to disentangle, both theory [44—46]
and experiment [14] have shown that the SHE contributes
primarily to the DLT and that the REE contributes primar-
ily to the FLT, meaning that the anisotropy in the DLT
is unlikely to be due to the REE. Thus, we attribute the
DLT signal to the bulk SHE in Pt(110), which is consistent
with the SMR measurements. The anisotropy that is seen
in the FLT in Figs. 3(d) and 3(f), however, can likely be
attributed to the REE.
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FIG. 4. (a) Critical switching current J;; in the zy = 4.5 nm
sample as a function of applied field Hy for the [001] and [110]
directions. (b) Example loop showing reduced J.;; for [001] at
H X = —3 mT.

C. Current-induced magnetization switching

Finally, switching measurements are performed in order
to directly see the effect of an increased spin Hall angle in
the [001] direction. Measurements are performed in ambi-
ent conditions using the same electromagnet setup as for
harmonic Hall measurements, with a Keithley 6221 as
the current source applying dc current pulses Jo with a
pulse width of 15 us. A Keithley 2182a nanovoltmeter is
used to measure the Hall voltage with a read current of 1
mA. The current J¢ is swept along x, and the Hall volt-
age is measured to detect the magnetization state based
on the anomalous Hall effect. In order to get deterministic
switching, a field Hy is also applied along +x [1].

At all tested fields, the [001] direction is seen to have
a decreased critical switching current J, the results of
which can be seen in Fig. 4(a). Error bars in this plot rep-
resent multiple measurements and intermediate switching
states, which are due to different domains having different
nucleation thresholds, as these Hall bars are much larger
than the size of a single domain.

JE was reduced by an average of 18% over all tested

crit
fields, which is consistent with the 20% increase in 9[001]

and the 18% increase in A, 001] . An example loop showing
the reduced J; for current apphed along [001] can be seen
in Fig. 4(b). An important consideration here is that, while
[oo1] . [001] . ..
Joi - 1s lower, pp, ° is larger, requiring a larger voltage
to achieve the same current density. To better compare the
energy consumption in a practical sense between these two
directions, we calculate the threshold power Py, = J2. pp¢
for [001] and [110]. For the measured field range, we find
that Plo’V is reduced by about 10% on average compared

to P[“O , with both of the order of 0.1 W.

D. Discussion of anisotropy

Now that we have established the enhancement of spin
current along [001], we discuss the possible origins of
these results. First we consider the contributions to the total

SOT, which can be described as SOTy, = MgO/Pt inter-
face + Pt bulk + Pt/Ti interface + Ti bulk + Ti/(Co,Fe)B
interface. However, we can reduce this to simply SOTi
= Pt bulk + Pt/Ti interface for the following reasons. (1)
The MgO(110)/Pt interface may contribute to the REE,
but since the spin diffusion length of Pt is only approx-
imately 1 nm, this interface is too far removed from the
(Co,Fe)B to have any sizeable impact. (2) Ti is a light 3d
element that has very low spin-orbit coupling and a negli-
gible spin Hall angle, so we can ignore any contributions
from the Ti bulk [47]. (3) Ti/(Co,Fe)B bilayers with PMA
have previously been shown to generate negligible DLT
[48], and any contribution it does have should be isotropic
due to the polycrystalline Ti. Hence, the contributions to
the anisotropy in SOT are narrowed down to the Pt bulk
and the Pt/Ti interface.

First, we examine the bulk contributions of the Pt. We
calculate the intrinsic spin Hall angles for [001] and [110]
in the SMR section using an intrinsic spin Hall conduc-
tivity based on the EY mechanism in Pt, and find good
agreement with the spin Hall angles extracted from our

001] to 9[110

SMR measurements. The ratio of 6g is approx-

imately the same as the ratio of HDLOI] to Hgﬁol, and this

also corresponds to the ratio of p[om] to p[llo, which
is expected from the EY mechanism. Lastly, we observe
the Pt thickness dependence of SMR and Hpp expected
from theory, which must be due to bulk contributions by
definition. Thus, we conclude that the spin Hall angle and
the DLT are dominated by bulk EY contributions.
According to the EY mechanism, the spin diffusion
length is inversely proportional to the resistivity, as is

normally the case in Pt [34]. However, in this work, the
[001]

resistivity and spin diffusion length show that pp -~ >
,01[3110 and Ay 0O S A ”0], which cannot be explained by

the EY mechamsm alone. We therefore conclude that there
are contributions from both the EY and DP mechanisms,
which have previously been observed in epitaxial Pt layers
[17]. Based on the results of the SMR and harmonic Hall
measurements, we determine that the EY mechanism is
dominant in the bulk, but that the DP mechanism arises at
the Pt/Ti interface due to the REE. The REE appears at het-
erogeneous interfaces due to the spin sub-bands becoming
split in momentum, which causes a nonzero spin density to
be generated [49]. Since the REE is dependent on the band
structure at the interface, the symmetry of the Pt(110) sur-
face allows an anisotropic Rashba term to appear [50] (see
Appendix C), and as such, we do not expect Ti to play an
important role. Larger anisotropy in A¢s was observed in the
epitaxial Pt(110)/epitaxial Co system [26], which shows
the importance of a clean Pt(110) surface for this effect.
The effective field induced by the REE causes spins to pre-
cess and lose their polarization through the DP mechanism,
which could lead to the unexpected As/pop; relationship
observed here. From this, we determine that modulation
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of the spin diffusion length is due to the REE caused by the
Pt(110) surface.

Following these considerations, both the SHE (from Pt
bulk contributions) and the REE [from Pt(110)/Ti inter-
facial contributions] should be anisotropic with regards
to the crystallographic orientation in order to adequately
explain all the results presented in this work, with the bulk
Pt dominating the SMR and DLT, and the interfacial REE
modulating the spin diffusion length and FLT.

IV. CONCLUSION

In summary, we find that the spin Hall angle in epi-
taxial Pt(110) is approximately 20% larger when current
flows along the [001] direction as compared to the [110]
direction through SMR measurements. This is supported
by harmonic Hall measurements where we also observe
a similar enhancement in the DLT along [001]. Through
consideration of the sources of SOT, we determine that
this anisotropy arises due to the specific crystallographic
orientation of Pt, yielding an anisotropic spin Hall effect
as a consequence of the anisotropic resistivity. The spin
diffusion length and FLT are further modified through an
anisotropic REE at the Pt/Ti interface due to the struc-
ture of the Pt(110) surface. This work culminates in
current induced magnetization switching measurements,
where nearly 20% less current density is needed to switch
the magnetization direction when current is applied along
[001], showing a direct correlation between switching
efficiency and crystallographic orientation.

The literature for spin-orbitronic epitaxial systems is
still limited, so there remains much room for advance-
ments that could be beneficial for applications. This report
sheds light on the interesting crystallographic dependen-
cies of SOTs, and helps to provide an avenue for enhanc-
ing SOT generation through alignment of devices with
crystallographic axes. This effect can likely be enhanced
even further, especially through specific interface engi-
neering or higher quality interfacial growth in systems
with unique orientations. These results establish another
viable approach to manipulating SOT and the switch-
ing efficiency, and will inspire further research into the
crystallographic orientation engineering of spin currents.
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APPENDIX A: SPIN DIFFUSION LENGTH
ANISOTROPY

In the main text, we calculate the spin diffusion length
Asr by fitting the Pt thickness-dependent SMR data, and

find that )»Ezm] = 1.28 nm and Ag;m] = 1.07 nm. The peak
position of SMR is primarily determined by A [29], so
here we more closely examine the possible extent of the
anisotropy in At

We extend Fig. 2(b) in the main text here by adding 99%
confidence bands, as indicated by the blue (for the [001]
direction) and red (for the [110] direction) color bands in
Fig. 5. For the [001] direction, there is little uncertainty in
the peak position for the fitting equation, as the top and
bottom of the blue band have roughly the same peak posi-
tion. There is larger variance in the [110] direction, around
0.5 nm difference between the lower and the upper edges of
the band. The upper edge of the [110] band is at nearly the
same position as the [001] band, but the lower edge is at
a much smaller thickness than for [001]. Using these 99%

confidence bands, we conclude that )\;1010] < Ag(f)m]’ and that

it is highly unlikely for L' to be larger than A",

As explained in the main text, in the regime of EY being
the dominant spin relaxation mechanism, resistivity p and
Ass should be inversely proportional, but this is not the case
for this system. Based on this measurement, p and A are
either directly proportional, or As has no dependence on p.

000§
‘ o [001]
< —0.027 A [110] ]
> NS
o 5—0.04f 1
o o}
~~
T _0.06f T o 1
»n % .
g i ]
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t, (nm)
FIG. 5. SMR as a function of thickness with added 99%

confidence bands of fitting.
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FIG. 6. (a) Hysteresis loops with an out-of-plane field H; of

tv = 1,3, 6, and 10 nm samples as grown, measured in a VSM.
(b) Normalized Hall resistances after Hall cross fabrication.

APPENDIX B: MAGNETOMETRY

The magnetic properties of the structures are measured
both before and after Hall cross patterning. All samples
showed PMA both before and after patterning. Before pat-
terning, the samples are measured using a vibrating sample
magnetometer (VSM) and have coercivities H, between
approximately 0.2—1 mT, depending on the sample. The
samples have an average saturation magnetization Mg
of 632 emu/cm’. Example out-of-plane hysteresis loops
measured in the VSM can be seen in Fig. 6(a).

After patterning, the samples are measured using the
anomalous Hall effect, and H. is found to have increased to
between approximately 5—30 mT, depending on the device.
Different devices show different coercivities, and there is
no direct dependence on coercivity with the Pt thickness.
Coercivity likely increased for patterned devices due to the
smaller surface area of the (Co,Fe)B, leading to a lower
probability of an easily switchable magnetic domain. A
few example Hall resistances can be seen in Fig. 6(b). The
Hall resistances are normalized to show all in one figure
because the magnitude of the Hall resistance is inversely
proportional to the Pt thickness, due to current shunting
out of the (Co,Fe)B layer.

APPENDIX C: ANISOTROPY IN THE REE

We propose two possible origins for the anisotropy in
the REE. First, in this (110) orientation, there is a direc-
tion with larger atomic spacing and a direction with shorter
atomic spacing, as shown in Figs. 1(d) and 1(e) in the
main text, so this could contribute to a difference in charge
distribution at the Pt/Ti interface along these two direc-
tions, giving rise to an anisotropic REE. The strength of
the Rashba spin-orbit coupling is defined by the Rashba
parameter o, and can be defined as [50]

2

Op = ———
4m2c?

/d3ran<r)|w(z>|2, (C1)

where m is the mass of the electron, c is the speed of light,
d,V(r) is the crystal potential gradient perpendicular to the
interface, and | (2)|* is the electron density distribution.

While | (2) is generally localized within 1 bohr of the
HM atomic nucleus [51], the precise form and asymmetry
of [ (2) ? is also determined by the surface potential [52],
which could be asymmetric in plane in the current work,
leading to an anisotropic a.

Second, because the Rashba Hamiltonian represents a
momentum-dependent split in the spin sub-bands, the REE
can become direction dependent if the effective mass m* as
determined by the band structure is also direction depen-
dent, as was calculated for monolayer black phosphorous
[53]. For the case of the Pt(110) surface, which has the
reduced symmetry of the C,, point group, ab initio cal-
culations predict such anisotropic Rashba splitting (and
consequently ap) for this point group as well [50].
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