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ABSTRACT: The hallmark of spintronics has been the ability of Mco(6,4) Tr
spin—orbit interactions to convert a charge current into a spin o
current and vice versa, mainly in the bulk of heavy metal thin films.
Here, we demonstrate how a light metal interface profoundly
affects both the nature of spin—orbit torques and its efficiency in
terms of damping-like (Hp, ) and field-like (Hp,) effective fields in
ultrathin Co films. We measure unexpectedly Hy; /Hp, ratios much
larger than 1 by inserting a nanometer-thin Al metallic layer in Pt|
ColAllPt as compared to a similar stacking, including Cu as a
reference. From our modeling, these results evidence the existence 00 05 1.0 1.5

of large Rashba interaction at the ColAl interface generating a giant t., (nm)

Hpg;, which is not expected from a metallic interface. The co

occurrence of such enhanced torques from an interfacial origin is

further validated by demonstrating current-induced magnetization reversal showing a significant decrease of the critical current for
switching.

KEYWORDS: Rashba-Edelstein effect, Spin—orbit torques, Spintronics, Magnetization switching

o Al

In modern nanomagnetism, spin—orbit coupling (SOC) at atomic lattice parameters.'”'® Manipulating the magnetization
interfaces is exploited to generate strong interfacial via SOTs and disentangling the exact origin of SOTs to use
perpendicular anisotropy (PMA) or antisymmetric exchange them adequately are still challenging today for writing

interactions.’ In spintronics, SOC is the key interaction to
generate spin-current via the spin Hall effect (SHE) in heavy
metals, enabling magnetization switching2_6 and driving
skyrmions’ and domain walls. In atomically thin layers with
broken inversion symmetry, the interplay of low-dimension-

processes in magnetoelectronic devices.

In the pioneer experiments by Miron et al. in PtiColAlO,,
SOT was discussed in terms of dominating FLT arising from
REE at the ColOxide interface, larger than SHE-DLT from Pt,

ality and SOC may also lead to a Rashba spin—splitting8_10 suggesting the crucial role of a large interfacial electric field at
modifying the electronic ground state, thus affecting the spin the ferromagnet/oxide interface. Although, in metals, SHE is
transport via the Rashba—Edelstein (REE)"" or orbital Rashba largely considered as the primary source of DLT,” "> a
effects (ORE)-12'13 These phenomena, namely, SHE>'*'® and significant interfacial REE has been recently observed in Irl
REE (or ORE);SJO’HJS'M may convert a charge current J ferromagneticlTa contributing to DLT.** In the limit of
into either an out-of-equilibrium spin-current J, or spin atomically thin magnetic layers, additional mechanisms might

accumulation fI (out-of equilibrium spin-density) carrying an
angular momentum. Upon current injection, those can, in turn,
transfer their angular momentum to the adjacent ferromagnetic
layer by precessing around the exchange field.

Both 7, and ji may exert spin—orbit torques (SOTs) onto a
magnetization vector M = Mm with two components: Received: December 29, 2022
damping-like torque (DLT), %, & m X (& X m), and field- Revised:  June 22, 2023
like torque (FLT), %5, o fi X m. The nature and strength of Published: July 31, 2023
the corresponding DL (Hp) and FL (Hg) effective fields
strongly depend on the relaxation of the transverse spin i.e. on
the spin decoherence length, which is predicted to be a few

also influence the strength of the SOTs: spin-filtering or charge

23-27

quantum confinement, surface states of topological

insulators (T1s)*® and 2D electron gases.29
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Moreover, recent theory has evidenced additional orbital
currents in light elements from orbital Hall effects (OHE)
and/or orbital Rashba effects (ORE) superimposing to the
spin currents.’” These orbital currents may result in the
generation of orbital torques'””" and orbital Rashba magneto-
resistance.' > This questions the actual origin of the magnetic
torques in multilayers with light elements.

In this study, we investigate the properties of SOTs in
atomically thin metallic structures, namely, Co layers ranging
from 1.4 nm down to 0.4 nm, sandwiched between Pt and light
element overlayers, i.e., Al or Cu. Using the second harmonic
Hall measurement technique,”** we precisely determine the
amplitude of the SOT vs the ferromagnetic film thickness, the
light-element overlayer, and the heavy-element. Compared to
the best-reported results,”* we find an increase of the DLT by
~30% together with a drastic rise in the FLT by more than
~190%. With the help of our spin-dependent Boltzmann
calculations, we explicitly demonstrate the occurrence of
enhanced SOT due to a strong REE in asymmetric PtIColAll
Pt stacks, from a FLT over DLT ratio as large as 2.5 for 0.55
nm thick Co, one of the highest values ever reported in metals.

Samples were grown using magnetron sputtering at the base
pressure 6 X 107 mbar. In Figure la, we show X-ray
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Figure 1. (a) XRR measurements (blue) and fittings (red) on Pt(8)I
Co(0.7)IA1(1.4)IPt(3) sample. (b) Measurements of XPS on similar
samples are shown by red color together with a reduced Pt capping (2
nm) with oxidized Al (in black). (c) HAADF image in STEM of the
sample with corresponding EDX elemental map shown in (d).

reflectivity (XRR) measurements (blue) and fit (red) on a
Ta(5)IPt(8)ICo(0.7)IAl(1.4)IPt(3) sample where the layer
thicknesses are found to be in good agreement with nominal
values (<3% error). The XRR measurements reveal 0.29 and
0.12 nm roughness at Pt/Co and ColAl interfaces, respectively,
comparable with the SiO,ITa interface (0.45 nm). We have
also performed X-ray photoelectron spectroscopy (XPS) on
Pt(8)ICo(0.7)IA1(1.4)IPt(ty,) with tp = 2 and 3 nm to probe
the chemistry of Al underneath Pt (Figure 1b with black and
red colors respectively). As the Al 2p peak (71 eV) is totally
screened by the 4f Pt peaks, the 2s Al bonds are probed. The
peak for the 2 nm Pt capping can be fitted with two
contributions attributed to AlOx (dashed) and metallic Al
(dotted) respectively whereas the 3 nm Pt capping sample only
reveals a single metallic state of Al thus discarding any
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oxidization state. In Figure lc and d, we show the energy
dispersive X-ray spectroscopy (EDX) measurements in
scanning transmission electron microscopy (STEM). The Ta,
Pt Co, and Al layers can be clearly distinguished by bright and
black Z-contrasts in high-angle annular dark-field (HAADF)
image. In Figure 1d, we show elemental distribution of Ta
(white), Pt (green), Co (blue), and Al (red). Together with
XRR, the HAADF and EDX characterizations clearly show
homogeneous and flat interfaces without any sign of oxidation
of the Al film.

To evaluate the two components of the SOTs, we employed
the harmonic Hall measurement technique on 5 ym wide Hall
bars with an AC excitation of 727 Hz (SI-I). First, we compare
the results from the two series of multilayers with Al and Cu
light element interfaced with Co: Pt(8)ICo(t,)IAl(1.4)IPt(3)
and Pt(8)ICo(tc,)ICu(1.4)IPt(3). Starting from negligible
torques in a fully symmetric Pt(8)ICo(0.9)IPt(8) stack as
expected (SI-V), the asymmetric “control” sample Pt(8)I
Co(0.9)IPt(3) gives Hp, = 0.80 + 0.05 mT and Hg 0.58 +
0.15 mT for a current density Jp, in Pt = 10" A/m* (later
used as a reference value). To obtain integrated torques over
the whole ferromagnetic layer of thickness f., and hence to be
able to make an accurate comparison, we define a normalized
quantity by multiplying Hp,; g with tc, for a 10" A/m? current
density in Pt. This corresponds to the equivalent torque values
for an applied electric field & = p,, X Jp = 2.5 X 10* V/m
owing to the Pt resistivity pp, = 25 pQ-cm (SLI). Our
analyses mainly depend on the anisotropy field H;, but not on
the saturation magnetization at the limit of thin Co M, = 1.1 +
0.1 MA/m, remaining however quite independent of the Co
thickness tc, for both the Al and Cu series (SI-IV).

Several features may be highlighted with similarities and
differences between the Al and Cu series. First, as shown in
Figure 2a, the integrated DL component (Hp; X tc,)/Jp, is
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Figure 2. (a) Damping-like (DL) field and (b) field-like (FL) field
multiplied by tc, for Jp, = 10'* A/m?* in Pt(8)IC0(0.55—1.4)IAI(1.4)|
Pt(3) and Pt(8)ICo(0.4—1.2)ICu(1.4)IPt(3). (c) tc, dependence of &
= Hg /Hp;. Red and blue dashed lines are fits to experimental data
points using our theoretical model, and black dashed line in (c) is
calculated ¢ values without any Rashba interface (see SI-VII).

about 65% larger in PtIColAl(1.4)IPt samples compared to Pt
ColCu(1.4)IPt for almost the whole Co thickness. At t-, = 0.9
nm, the value of DLT is about 2.5 mT X nm/(10'" A-m™2) for
Al and 1.5 mT X nm/(10"" A‘m™?) for Cu. We note however
that the (Hpp X tc,)/Jp, product exhibits in each case a
similar maximum close to f;, = 1.0—1.2 nm that we ascribe to
the spin decoherence length at small thickness. Second, we find
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Figure 3. (a) Hp; vs Al (red) and Cu (blue) layer thickness. The variation in Hy,, is fitted by the dashed red lines (SI-VII). We used Iff = 1.5 nm, 7,

HPt(O) _

=2, L =04, Oy =

0.09 and the transmission coefficient 7~ varying linearly from 7 = 0.8 for ty = 0 nm to 7 = 0 when t5 > 3 nm. (b) Hg vs

Al (red) and Cu (blue) layer thickness. (c) ¢ = Hg /Hp, vs Al (red) and Cu (blue) layer thickness. Thick and constant blue lines are a guide to the

eye.

that the FLT exhibits an increase in reducing ¢, (Figure 2b) in
both series, resulting in a dominating FLT component at small
tco- Nevertheless, their SOT magnitude strongly differs. We
observe a substantial increase of the FLT for Al(1.4), i.e., from
1.7 mT X nm/ (10" A-m™2) for tc, = 1.4 nm to 5.2 mT X nm/
(10" A-m™) for t, = 0.55 nm, whereas the maximum value of
FLT reaches only 2 mT X nm/(10"* A-m™2) for Cu. Such a
large FLT increase in the atomically thin Co layer has never
been reported to our knowledge. This striking result manifests

also by a rise of the FLT to DLT ratio { = % for PtIColAlIPt
DL

that we will consider as a new figure of merit (see Figure 2c).

Such a behavior is expected either for SHE when tc,
becomes smaller than the spin-decoherence length (black
curve in Figure 2¢ from our modeling (SI-VII) or for an
increased weight of REE (red dotted line for Al and blue for

Cu in Figure 2c). We find that { = 212

~

—% saturates for t¢,
DL

nm with a magnitude { &~ 0.7 in the “thick” ferromagnet limit
for SHE."” This corresponds also to the case of the Cu series
with moderate Rashba effects. Similar value of Z: ~ 0.7 were
also obtained on 4 nm thick ColNi multilayers.”> Here, on
reducing t, below 1.2 nm, { increases sharply for the PtIColAll
Pt series (Figure 2c) and eventually reaches 2.5 for tg, = 0.55
nm. This ratio remains smaller than unity down to ¢;, = 0.7 nm
for PtIColCulPt. Such FLT enhancement by a factor larger
than three from t;, = 1.4 nm to fc, = 0.55 nm strongly
challenges the SHE (and/or OHE) origin of SOT with Al
In Figure 3, we present the evolution of HDL/j})t (Figure

3a), Hyy /Jp, (Figure 3b), and their ratio { = —% vs Al (red

points) and Cu (blue points) thickness (Figure 3c). Both DLT
and FLT exhibit a strong enhancement with ¢, in the 1-3 nm
window, particularly pronounced for the FLT. We find that
FLT (respectively DLT) increases from ~0.65 mT/10"" A-m™>
(~0.8 mT/10" A-m™2) for t,; = 0 nm to a saturation value of
~7 mT/10" A-m™ (~4.4 mT/10" A-m™2) for ty = 3 nm.
This corresponds to a boost of the FLT by more than a factor
of 10 upon inserting 3 nm of Al on top of 0.9 nm Co.
Conversely, the ratio { is also enhanced with t,, (Figure 3c)
from { = 0.8 for t;; = 0 to { = 1.6 for t,y > 3 nm. First, we
comment the behavior of DLT. Based on the results from our
fits (SI-VII), we assign the rise of DLT vs t to the decrease of

the transmission coefficient TTCf/ AP ot the top of the
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structure varying linearly from ’TCO/ Pt~ 0.8 for ty = 0 nm to

TTCf/AB/ Pt~ 0 when ty > 3 nm. This results in the quenching

of the opposite SHE from the top Pt. However, part of the
DLT enhancement also originates from the conversion of the
FLT into the DLT in the Co thickness via the spin precession
mechanism. This trend is very different in the “reference” Cu
series vs tc, as we find that Hp /Jp, & 1.5 mT/10" A-m™
and ¢ ~ 0.7 remain roughly constant vs f, (blue open triangles
in Figure 3a and b).

Two important conclusions may then be drawn for the
DLT: (i) a progressive extinction of the SHE action from the
top Pt on increasing the thickness of Al through the quench of
the electron transmission at the ColAllPt interfaces and (ii) a
larger electronic transmission across ColCulPt**” partially
compensating the SHE torque from the bottom Pt
(irrespective of t,). Considering both bottom and top Pt
layers, the effective spin Hall angle (SHA) (0%;) is

Ot 11 — LTS, Teop) — F(3) Toimure)]

(1)
where 0% js the bare SHA of bulk Pt, 7 is the effective

transmission coefficient at the top, and L is the spin-
loss.*****? The function F:

HSHE ~

tpe
Pt
At

tpe

Pt)[l - sech(
)
tpe
AP‘

sf
sf

T?SPtcoth (

Fltoy T) »

)

describes the spin back-flow in Pt with A% &~ 1.5 nm being its
spin-diffusion length (SDL) in Pt as in ref 37 and 7' ~ 2 is its
spin-resistance in the unit of the inverse of the Sharvin
conductance (SI-VII). From our fitting procedure (Figure 3a),

we could extract O e = (1 — L)T¢ Qbulkpt = 0.075 + 0.01
using O 5 0.225 + 0.025 in agreement with the literature
for a Pt resistivity of p = 25 u€Q- cm. 7% Similar values of Gk

were determined from AHE.*° We considered here
TCO/Pt 0.8 and L =~ 0.4. Our fitting procedure applied to

AHE (SI-IV) uses the same set of parameter values as for
SOTs. The SHE compensation from the top injection then
approaches 75% in our "control’ Pt(8)ICo(0.9)IPt(3) structure
and 60% in the Pt(8)ICo(0.9)ICulPt(3) series. This implies
that the expected increase of the DLT is 25% (0.75/0.6) from

1+ TT’SPtcoth(
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Pt(8)IC0(0.9)IPt(3) to Pt(8)IC0(0.9)ICulPt(3) and by a
factor X2.5 to Pt(8)IC0(0.9)IA1(3)IPt(3) (Figure 3a).

In order to highlight any additional REE (or ORE) arising
from ColAl, we reduced the bottom Pt thickness in the Pt(ty,)!
Co(0.9)IAI(S) series to attenuate the SOTs originating from
SHE. We first quantified this SHE contribution by extracting
2e HoHpiMtco
h \7Pt
electron charge). In Figure 4a, we observe that 6%, increases

Osue from Hp, according to O, = (e is the

8 (a) 2.4{(b)
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Figure 4. a) Effective 0% vs tp, (green points). The solid line is the
fit enabling to extract [ = 1.5 nm, Pt bulk AR Pt = 0225 + 0.025
(effective O = 0.075 + 0.01), and 7t = 2 using eq 2. (b) Plot of the
¢ ratio vs tp,.

gs]il{lgpt X F(tp,) (eq 2) before reaching

its saturation value for fp, > S nm. From the fitting procedure,
the spin-diffusion length (SDL) and O are, respectively,
~1.5 nm and ~0.08, in agreement with data of Figure 3. In
Figure 4b, we show the impact of the additional REE (or
ORE) occurring from ColAl on the SOTs for tc, = 0.9 nm.
First, the FLT clearly dominates the DLT for all the Pt
thicknesses. In addition, a remarkable increase of { is observed
at the lowest tp = 2—5 nm thickness range, i.e., where SHE has
not yet reached its maximum efficiency. This undoubtedly
supports the role of a significant Rashba interaction (i.e., REE
and/or ORE) superimposed to SHE. Our data also yield a
clear quantitative understanding of how the Rashba effects at
metallic interfaces may strongly affect Hp; in chemically
asymmetric PtIColAlIPt stacks (see Figures 2 and 3).

We then performed SOT-driven magnetization switching
experiments on Pt(8)ICo(0.9)IAl(t,)IPt(3) Hall cross-bars. A
magnetic field H,, either positive or negative, is applied along
the current direction to break the mirror symmetry, and Ryyy
is measured vs the current. Typical results of SOT-induced
magnetization reversal are shown in Figure S for respective
positive poH, = +250, 373, 495, and 608 mT (Figure Sa) and
equal negative puoH, = —240, —368, —495, and —600 mT
(Figure Sb) fields for f,; = 3 nm. A complete magnetization
reversal is observed for J, &~ +2—2.5 X 10" A-m™ with the
polarity of the magnetization reversal cycle depending on the
sign of p,H, as expected. We also find that the critical current
density decreases as |y H,| increases as observed in refs 35 and
41 with the typical current density reaching J. = 3—3.5 x 10"
Am™ In Figure Sc, we compare magnetization reversal cycles
for different t, = 1, 2, 3, and 4 nm, acquired under a field u,H,
= +250 mT much smaller than the anisotropy field H (SI-1V).
Despite a larger Hy and larger coercive field, we find that a
complete switching of magnetization (between P and AP
states) may be achieved in devices with t5 = 3 and 4 nm,
whereas the ones with fy = 1 and 2 nm exhibit only partial
reversal, thus in agreement with the enhanced SOT shown in

with tp, according to
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Figure S. Current-induced magnetization reversal in Pt(8)/Co0(0.9)I
Al(3)IPt(3) for different (a) positive and (b) negative yyH,. (c) Raug
as a function of pulsed current in the Pt(8)ICo(0.9)IAl(t,)IPt(3)
series of samples for pioH, = +250 mT. The pulse width was 100 pus.

Figure 3. We hence conclude that increasing the Al thickness
in the Pt(8)ICo(0.9)IAl(t,)IPt(3) series increases the SOT
allowing a reduction of the critical current density for complete
magnetization switching by more than 30%.

The ensemble of the results highlighting the existence of a
large interfacial Rashba effect from the ColAl is supported by
our modeling (SI-VII). In the case of thick ferromagnet, it is
known that SOT from SHE is determined via the complex
spin-mixing conductance.””**** For tc, smaller than the
dephasing length, the description is far more complex owing
to the remaining outgoing spin-currents and additional
electronic reflections. We developed numerical analyses
gathering most of the ingredients discussed above based on
generalized drift-precession-diffusion equations®”**~*° able to
express the profile of the vectorial spin-accumulation fip. We
thus provide subsequent insights for Hpp and Hp;, the
integrated value of the torque 7gor, by considering the
precessing and dephasing processes via the s—d exchange
coupling (,.). In particular, this implies a complex value of
the propagating length in Co. The SOT acting on the Co layer
by the out-of equilibrium spin fiy then writes:*’

\ i, X
Toor = f ﬂd(Vm f qu/
v dt v (3)

where V is the volume of Co and uy is expressed in the same

unit (p,/V) as M and 7= ;

xc

is the precession time. In our

treatment, the interfaces are described by their proper
interfacial G, or spin-mixing G;; (between Co and the
nonmagnetic material) conductances normalized by their
Sharvin values Gg, or using corresponding transmission
coefficients (spin-mixing transmission). It generally leads to
possible spin-backflow processes’® and additional spin-
accumulation within the different layers. We considered:

(i) a typical precession (or Larmor) length 4; = 27v;7; = 4.7
nm for the transverse part of the spin accumulation and spin-
current and a transverse spin-decoherence length 4, of 1.7 nm
in the range of the values given in ref 45 for Co.

(ii) a large spin-mixing transmission coefficient
IPt

GCU
TTCflpt = g— ~ 0.8 at the ColPt interface*”* with Gy, and

'sh
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Gy, being, respectively, the spin-mixing conductance and the
Sharvin conductance.
(iii) a mean spin-mixing transmission coeflicient

GCo\Cu\Px
T = 21— ~ 0.5 £ 0.05 through Cu.**”’
'sh
(iv) a mean spin-mixing transmission coeflicient
GCo\AlIPt
‘TTCflA”Pt = ”G— varying from 0.8 to 0 when the Al thickness
sh

is increased from O to 3 nm and greater.

Based on our present knowledge for the ColPt inter-
face,****° the predicted SOT fields are in excellent agreement
with the experimental ones for both DL and FL (see dashed
lines in Figures 2 and 3). We accounted for a spin-
accumulation pp = pggg at the ColAl(Cu) interface due to
REE. For PtlColCulPt, we consider that piggg is homogeneous in
Co and constant for all f-,. We quantify that REE (SHE)
contributes & 45% to the FLT (~ 55%) for tc, = 0.4 nm in the
reference Cu samples. The important result is that, for the Ptl
ColAllPt series, a much larger spin accumulation pggg is
required to fit the data with a certain dependence on fc,
varying within a length scale of the order of 0.75 nm.
Consequently, the FLT contribution from REE (and/or ORE)
reaches ~75% for tc, = 0.55—1.2 nm (& 25% from SHE),
whereas it contributes only 60% for tc, = 1.4 nm (~ 40% from
SHE).

Finally, we point out that, at this stage, and owing to the
same symmetry of torques possibly generated by an ORE"
compared to the one by spin Rashba effect, we cannot
distinguish between the two mechanisms and thus cannot
discard that a large part of the FLT increase in Al-based
samples may indeed originate principally from ORE. Note,
however, we can discard the role of the OHE in the Al light
element (nonetheless calculated to be small®*®') from our
results displayed in Figure 4 on the basis of the same
arguments discussed for the spin Hall effect.

In conclusion, we have demonstrated that, in atomically thin
Co, the SOT amplitudes, both for damping- and field-like
symmetries, vary significantly when a light element such as Al
is deposited on top of Co, exceeding the values existing in the
literature. In particular, we find a large increase of the field-like
component and the corresponding ratio of Hg; /Hp at ColAll
Pt interfaces within the single atomic Co thickness range. This
demonstrates the occurrence of interfacial Rashba interactions,
leading to significant conversion effects at the ColAl interface.
Beyond the fundamental interest, these results in all-metallic
systems in the limit of atomically thin ferromagnets also open a
new research direction for CMOS-compatible and cost-
effective spinorbitronic based technology.
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