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Due to continued dimensional scaling, read sensors in hard disk drives face pressing challenges
related to rising electrical resistance and thus impedance mismatch problems. All-metal, or at least
low-resistance, magnetic field sensors are thus of high interest to displace current magnetic tunnel
junction heads. Spin accumulation sensors based on metallic non-local spin valves (NLSVs) are
promising candidates but need further signal optimization, particularly in the ultrathin limit
required for applications. Here, we report a wide-ranging study of spin signal optimization in thin
Al/AlO,/Co-Fe-based NLSVs, using interfacial resistance-area-product tuning to mitigate spin
back-diffusion. The Al-oxidation-controlled resistance-area product is tuned over 8 orders of
magnitude, providing a complete picture of the evolution of the interfacial transport mechanism,
spin signal, and non-local background. Signal improvements up to factors of almost 10° are
obtained over transparent-interface devices (to ~0.15 Q, or ~2 mQum?), and the upper limit of
feasible resistance-area product in NLSVs is established. Most significantly, the spin signals in
such NLSVs at application-relevant resistances still lie substantially beneath theoretical limits, due
to diminished tunneling spin polarization of unknown origin. Connecting tunneling devices to the
transparent limit, a universal spin polarization vs. interfacial resistance-area product relation is thus
uncovered in AlO,-based devices, highlighting the specific issue limiting technological progress

in this area. Potential strategies to achieve further gains are discussed in detail.



I. INTRODUCTION

Hard disk drive (HDD) technology continues to advance, largely driven by exponentially rising
demand for cloud data storage [1]. HDDs have in fact reached storage densities over 1 Tb/in?,
fueled by technological advancements such as heat-assisted magnetic recording (HAMR) [2,3].
There exist multiple avenues to yet further improvements in HDDs, including through higher
performance read head devices [4-7]. HDD readers currently employ
ferromagnet/insulator/ferromagnet (F/I/F) magnetic tunnel junctions (MTJs), previously utilizing
amorphous AlOi-based tunnel barriers [8,9], now crystalline MgO,-based tunnel barriers [10,11].
These MTJ reader sensors exhibit tunneling magnetoresistance (TMR) signals of 100s of %, even
at room temperature [10—12], but now face a looming challenge. Specifically, this is an
intrinsically resistive field sensing technology, with high resistance-area product (R4). At a given
RA, as A is reduced in response to continual dimensional scaling, R increases, generating
problematic issues with impedance matching, which is a critical issue at high data rates [4—7].
Optimal R values for impedance matching have in fact been surpassed in MTJ readers, creating
challenges with signal-to-noise ratio (SNR), bit error rate (BER), efc. [4—7]. The response thus far
has been to tune MgO, tunnel barrier properties to reduce RA, but this comes at the cost of

decreases in TMR and thus signal [6].

The ultimate solution to this problem is to switch to an alternative, all-metal, or at least low-RA,
field sensing technology [4—7]. Substantial research is thus going into next-generation reader
concepts such as current-perpendicular-to-plane (CPP) giant magnetoresistance (GMR) devices
with highly-spin-polarized Fs [6,13—18], CPP GMR devices based on novel nonmagnetic (N)
materials [19,20], and new concepts such as anomalous Hall effect sensors [21]. A particularly

promising alternative to MTJs for future HDD readers, however, is the spin accumulation sensor



(SAS) [4-7], based on the metallic non-local spin valve (NLSV) [22—49]. NLSVs are now widely
used in fundamental spintronics, as their unique geometry facilitates separation of charge and spin
currents, enabling direct study of spin injection, transport, and relaxation [22—49]. As shown in
Fig. 1(a), in a metallic NLSV, a charge current is injected from an F nanowire (the “injector’) into
an N nanowire (the “channel”), generating a non-equilibrium spin polarization in the N [22—-50].
This results in a pure diffusive spin current in the N channel between the two Fs, leading to spin
polarization at a second F (the “detector”) at F-F separation d. This spin polarization at the second
F is then detected through a non-local voltage (¥nr) or resistance (Rnr). Specifically, when the
magnetizations of the two Fs are toggled between parallel (P) and antiparallel (AP) via application
of an in-plane magnetic field (H), the change in the non-local resistance (ARNL), or the NLSV “spin
signal”, is a direct measure of the spin polarization at the second N/F interface [22—50]. Through
measurements of ARNt vs. d, metallic NLSVs thus provide direct access to vital spin transport
parameters such as the spin polarization of the diffusive current (), the N spin diffusion length

(AN), etc., making the NLSV an essential tool in metallic spintronics [22—49] and beyond [51-55].

Most importantly in the current context, as shown in Fig. 1(b), modifying the NLSV geometry
leads to the SAS concept [4—7]. In essence, in this device, a single free F layer (F1) at the HDD
air bearing surface (ABS) is coupled to a pinned F layer (F2) removed from the ABS, through a
non-local spin current in a vertical N channel [4-7]. As the free F magnetization responds to the
stray field from disk bits, AVne and ARNL are modulated, providing the essential reader function.
Several advantages of such SASs have been enumerated and explored, including intrinsically low
RA, the low footprint at the ABS (where only one F and one N layer are needed), the favorable
scaling with decreasing dimensions (the signal increases exponentially with decreasing d and
geometrically with decreasing lateral dimensions), and favorable predicted SNR at high recording
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densities [4—7]. The small ABS footprint is a particular advantage over current MTJ-based designs,
potentially enabling substantial reductions in sensor stack thickness and shield-to-shield spacing,

thereby improving SNR at high density.

There are of course also challenges with NLSV-based SASs. In all-metal transparent-interface
F/N/F NLSVs, the spin signal ARny is in fact low, usually below 1 mQ at typical device dimensions
(i.e., ~100 nm linewidths and d values of several hundred nm) [23—49], which is impractical for
SASs. One of the primary causes of this low ARNL is that spins injected from the F into the N metal

channel are subject to efficient spin sinking back into the injector F due to its low spin resistance,

greatly diminishing the non-equilibrium spin polarization in the N [50,56—58]. Quantitatively, the

. . . . A A
N spin resistance Rn and F spin resistance Rr are defined as Ry = £ Z Yand Ry = £ FA £ where
N

e is the N/F resistivity, Anr is the N/F spin diffusion length, Anis the cross-sectional area of the
N channel, and 4 is the F/N interface area. Because Ar << An, Rr << RN, leading to the efficient
spin back sinking. There is, however, a solution to this problem, which is to insert a moderate-RA
barrier at the F/N interface to increase the spin resistance, thereby mitigating back
diffusion [50,56—58]. For technologically competitive SASs, this mitigation of back diffusion
would need to be effective at R4 values low enough to still enable impedance matching at high
recording densities, expected to be <1 Qum? [4-7]. In general terms, the effectiveness of finite-
RA barriers at F/N interfaces in NLSVs is clear, as substantial boosts in ARt have been obtained
with both AlO, [24,25,27,28,35] and MgOy [32,33] barriers. Amorphous AlO; barriers are easily
formed on Al, an N metal in which spin transport is efficient [24,25,27,28,35,47,48], making
Al/AlO,/F-based NLSVs attractive. In such devices, spin signals up to ~90 mQ are frequently

reported [24,28], increasing to 150-250 mQ in some cases [27,35], and even ~1 Q in rare



reports [25], the latter at R4 products of 400-700 Qum? [25]. In NLSVs with MgO, barriers, spin
signals in excess of 100 mQ have also been reported, but at lower R4 (below 1 Qum? [32,33]),

which is advantageous for SAS applications.

While these ARNL enhancements via inclusion of intermediate-RA barriers in metallic NLSVs are
promising, there are also clear limitations to our understanding of NLSV spin signal enhancement
via increased R4. Most work has been performed at a single R4 value, or over a narrow R4 range,
for example Refs. 24,27,35, with few studies systematically varying R4 over a wide range [28,32].
Most of this work exploring finite-RA interfacial F/N barriers in metallic NLSVs has also been
performed on devices with high N layer thickness #~[24,28,32,35]. This is favorable for
fundamental studies due to maximization of conductivity, mean-free-path, An, ARnL, efc., but
untenable technologically. SASs in fact require #x (which largely sets the shield-to-shield spacing
(Dss) in Fig. 1(b)) to be ~13.5 nm for recording at 5 Tb/in?, for example [4]. This ultrathin-N-
metal regime is poorly explored in NLSVs, and challenging to work in due to degradation of charge
and spin transport properties, but essential for SASs [4]. Realistic SASs must also be based on
technologically relevant F and N materials, ideally reasonably highly spin-polarized Fs, and N
materials that do not exhibit the spin-transport Kondo effect [37-39,41,42,46]. The latter, present
in Cu and Ag, but not Al [37], is highly deleterious to N spin transport due to efficient spin

relaxation at magnetic impurities [37-39,41,42,46], including at room temperature [42].

Based on the above, what is urgently needed to fuel technological progress with SAS devices is a
complete and systematic study of the quantitative impact of widely varied interfacial R4 on the
spin signal ARnL, performed in a technologically relevant NLSV system, with ultrathin N layers

of ~10 nm thickness. Such a study could answer numerous pressing questions, such as how high



AR~ and ARNLA can be driven by mitigation of spin back diffusion, the quantitative form of the
ARnNL vs. RA relation, the resulting form of the temperature (7) dependence of ARni, particularly
to 300 K, the interfacial transport mechanism as a function of R4, the maximum feasible RA at
which NLSVs (and thus SASs) can be operated, and the device performance relative to theoretical

predictions.

We address the above here through a detailed study of room-temperature-deposited
Al/AlO,/CorsFexn-based NLSVs, where the Al and CozsFesz are technologically relevant N and F
materials, the Al thickness is in the thin regime required for high-density recording using SASs
(13 nm), and RA is tuned over ~8 orders of magnitude (107 Qum? < R4 < 10° Qum?) by controlling
the oxidation of Al to A1O.. Voltage- and 7-dependent interfacial transport characterization reveals
a crossover from diffusive to tunneling charge transport with increasing RA, which substantially
boosts the NLSV spin signal. From the transparent limit to R4 ~ 500 Qum?, ARNL in fact increases
by a factor of almost 10°, reaching ARnL ~ 0.15 Q or ARniA ~ 2 mQum?. The maximum feasible
RA in such NLSVs (~1 kQum?) is also understood from our data, corresponding to the point where
ARnL is overwhelmed by the non-local background resistance Ry. This upper limit on R4 lies well
above the region of interest for SASs, however, meaning that this should not limit this technology.
Most importantly, despite the sizeable signal boosts, ARNL at moderate R4 remains substantially
(1-2 orders of magnitude) beneath theoretical expectations based on analytical models. Via careful
d-dependent analyses, we show that this underperformance derives from anomalously low
tunneling spin polarization (P) at low RA. Connecting low-R4 NLSV data with high-RA4 tunnel
junction data, a universal P(RA) relation is thus uncovered (over almost 12 orders of magnitude in
RA), highlighting the single factor currently limiting performance in such N/AlO./F-based NLSVs.

On the basis of these findings, various routes to further performance gains are discussed.
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II. METHODS

Si/Si-N/Al(13 nm)/AlO,/CorsFex-based NLSVs were fabricated using varied Al oxidation
conditions to tune the interfacial R4. Electron-beam lithography was first used to generate shadow
masks from a PMMA/PMGI (PMMA = poly(methyl methacrylate), PMGI = poly
(dimethylglutarimide)) bilayer resist (400 and 600 nm thickness, respectively) on Si/Si-N(300 nm)
substrates (Fig. 2(a)), which generates a substantial resist undercut. The multi-angle deposition
scheme in Fig. 2 (where the undercut is clear in panels (c-e)) was then used to fabricate all NLSVs
in this work via electron-beam evaporation in an ultra-high vacuum (UHV) chamber with a base
pressure of ~1 x 107! Torr. 15 nm of Al (from a 99.999% pure target) was first deposited at 5 A s~
! (the high rate helping to minimize the Al surface roughness) at normal incidence to the substrate,
as in Fig. 2(c,f). Transfer to the load lock of the UHV chamber was then performed, for room-
temperature oxidation of the Al in Oz (99.997%) at varied pressures (Poz = 1 x 10 - 1.6 x 10?
Torr) for 20 min (Fig. 2(d,g)). As shown in the cross-sectional scanning transmission electron
microscopy/energy dispersive X-ray spectroscopy (STEM/EDS) images in Supplemental Material
Fig. S1[59], this was found to typically result in a chemical AlO; thickness of 3-5 nm and a
remaining Al thickness of ~13 nm (as well as some oxidation at the Si-N interface [60]). The load
lock was then pumped to UHV in ~2 min, and the devices returned to the growth chamber. Using
an in-situ rotator, 32 nm of Co7sFex (from a 99.95% purity CosoFezo target [48]) was then
deposited at 45° to the substrate, in the plane of the F electrodes, thereby shadowing the Al channel,
as shown in Fig. 2(a,e,h). Our prior work reported extensive structural, chemical, and electrical
characterization of such Co-Fe films [48]. Resist masks were then removed in NMP (N-methyl-2-

pyrrolidone), yielding devices such as the one in the scanning electron microscopy (SEM) image



in Fig. 2(b). This process enables fabrication of Al/AlO./Co-Fe-based NLSVs with varied
interfacial R4, with no break in vacuum. The nominal widths of the Al channel, left Co-Fe
electrode, and right Co-Fe electrode, were 130, 180, and 110 nm, respectively, and at each
oxidation condition, 60 devices were fabricated on each wafer, at multiple d (with high

redundancy), for reliable determination of spin transport parameters.

Accurate physical dimensions of the NLSVs were measured from SEM images collected on JEOL
JSM6010PLUS/LA, Hitachi SU8230, and Thermo Scientific Apreo 2S microscopes.
Compositional characterization of the Co-Fe alloy films was done via energy-dispersive X-ray
spectroscopy using the integrated EDS system in the JEOL JSM6010PLUS/LA. Temperature (7)-
dependent (5 — 300 K) measurements of NLSVs were done in a Janis helium flow cryostat
equipped with a 9-T superconducting magnet. Charge and spin transport measurements were made
using a Lakeshore 370 AC resistance bridge with a 3708 preamplifying channel scanner, sourcing
316 pA at 13.7 Hz. At higher R4 values, some interfacial resistance measurements were made with

a Keithley 2400 source-measure unit.

III. RESULTS AND ANALYSIS

IILLA INTERFACIAL TRANSPORT CHARACTERIZATION

Shown first in Fig. 3(a) is the measured (5-K) R4 resulting from 20-min room-temperature Al
oxidation at O pressures up to 1.6 x 10 Torr, using the interfacial voltage (Vi) measurement
configuration in Fig. 2(b). Note here that the data point at 107'° Torr in Fig. 3(a) corresponds to no
deliberate oxidation, i.e., transparent F/N interfaces. RA4 is challenging to measure accurately and
precisely in this limit, mainly due to NLSV non-idealities such as current spreading [37,49]. As

discussed in detail in Supplemental Material Figs. S2, S3, S4, and their captions [59] (including



finite-element simulations [61]), our estimate for RA in this limit is ~1 x 10~ Qum?, as shown in
the bottom left of Fig. 3(a). As Po2 is increased, RA first gradually increases, then rapidly in the
~107 to ~1 Torr range, before saturating near 10° Qum? (note the logio-logio scale in Fig. 3(a)).
These Al/AlO,/CorsFexn-based NLSVs thus span ~8 orders of magnitude in interfacial resistance
(102 Qum? < R4 < 10° Qum?), a far larger range than in prior work. Note that for R4 < 1 Qum?
only, current spreading corrections have been applied to these data (throughout this paper), as
described in Supplemental Material Figs. S2, S3, S4, and their captions [59]. In addition, there are
two data sets shown in Fig. 3(a), where the solid points correspond to the main set of devices
discussed throughout this paper and the open points are from a second device set. The overall level
of reproducibility is good and the standard deviations on R4 within a single set of devices on the

same substrate were only ~30 % (across an 8 order of magnitude range).

As would be expected, the Al/Co-Fe interfacial conductance (G) vs. voltage (V) characteristics of
the devices (again measured via the interfacial voltage (7;) measurement configuration in Fig. 2(b))
vary greatly with the oxidation-controlled R4 product. R4 < 0.1 Qum? was found to result in G(V)
indistinguishable from ohmic, with only small voltages developed at feasible measurement
currents (see Fig. S5 [59]), indicating negligible tunnel barriers. Higher R4 values, however, result
in the behavior shown in Fig. 3(b), which plots the 5-K conductance normalized to its =0 value,
G/Go. Already at RA = 0.4 Qum?, relatively symmetric parabolic behavior is observed, suggestive
of predominant tunneling transport [62—66]. As RA is increased further, this progressively evolves
into a shallower and noticeably asymmetric and non-parabolic G(V). Fig. 3(b) shows this only at
relatively low V, whereas Fig. S5 [59] shows individual G(V) curves over the full measurement
range for each device. In the high-R4 limit, such as the 500 Qum? - 40 kQum? devices shown in

Figs. 3(b) and S5(d-f), the asymmetric non-parabolic form of G(}) is reminiscent of that seen in
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various compositions of AlO.-based MTIJs, where the asymmetry, including the hump feature at
negative bias, has been ascribed to density-of-state effects in the F transition-metal

electrodes [67,68].

Quantification of tunneling transport parameters was attempted through the usual Brinkman-
Dynes-Rowell (BDR) approach, i.e., a one-dimensional (I1D) model of a trapezoidal tunnel
barrier [64]. Fig. 3(b) shows the BDR fits only in the low-} limit (within £0.1 V), whereas Fig. S5
shows the fits over a wider V range (up to 0.5 V), where poorer adherence to the BDR model is
found, unsurprisingly given the aforementioned hump features due to transition-metal density-of-
states effects [67,68]. Fig. 3(c) shows the Po> dependence of the resulting low-V fit parameters,
i.e., @ the average tunnel barrier height and s the tunnel barrier thickness. (Further information is
provided in Fig. S6 [59]). While it is well established that quantitative details from fitting to such
simple models should be treated with substantial caution, several aspects of Fig. 3(c) are consistent
with prior literature. The ¢ values are within the bounds of prior reports for A1O, barriers [69—71],
they increase with increasing Pog, the typical inverse correlation between ¢ and s is clear [69—71],
and the transport barrier thickness s [73] tends to 2-3 nm in the high-Po> limit [69—71]. With the
exception of the unusually large s at the lowest Poz, which is likely related to the limited V' range
for the red data in Fig. 3(b), these fitting results are thus in reasonable agreement with prior work
on AlO,-based tunnel junctions [69-73]. The data in Figs. 3(b,c) are therefore consistent with
diffusive, ohmic transport below ~0.1 Qum?, crossing over to tunneling transport at higher R4

(corresponding to Po > 107 Torr under our oxidation conditions).

The T dependence of the zero-bias resistance R further supports these conclusions. This is shown

in Fig. 3(d), normalized to the low-7 value, R(5 K), at various interfacial R4 products. The
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transparent-limit behavior here (R4 ~ 1 x 107 Qum?) displays a metallic form, i.e., dR/dT > 0,
with clear flattening below ~25 K. Increasing RA to just 0.03 Qum? weakens this metallic-like 7
dependence. All higher R4 values then induce similar behavior, specifically the very weak
insulating-like R(7) that is well-established as characteristic of tunneling transport [63,65,66]. We
thus interpret the R(7) behavior in Fig. 3(d) as reflecting a crossover from clearly diffusive
transport in the transparent interface case to tunneling transport at R4 greater than approximately

0.1 Qum?, consistent with the conclusions from G(V).

II1.B NLSV PERFORMANCE AND ANALYSIS

Fig. 4(a) next addresses the critical issue of the effect of the interfacially tuned R4 product on the
non-local spin signal ARnt. For illustrative purposes, this figure focuses on the low-7" limit (5 K),
at a fixed d = 200 nm. The spin signal in transparent interface devices is practically invisible on
this scale, amounting to only 0.30 mQ2, consistent with our prior work on Al/Co7sFe2s NLSVs of
comparable dimensions [48]. Increasing R4 to just 0.03 Qum?, however, increases the spin signal
to 2.85 m(, i.e., a signal enhancement of a factor of 9.5. This enhancement progressively continues
from 0.4 Qum? through 500 Qum?, reaching AR = 0.14 Q by R4 = 500 Qum?, i.e., a factor of
~500 enhanced over transparent interface Al/Co7sFex; devices. Note that the variations in
coercivity of the Co-Fe injector and detector apparent in Fig. 4(a) are irrelevant in the current
context (clean switching and a well-defined AP state are achieved in all cases) but arise due to
changes in the design of the F contact shape, along with some variability in the exact F width.
Importantly, and as returned to and explained below, no data are shown in Fig. 4(a) above R4 = 1
kQum?, as devices in that regime were found to exhibit no measurable signals. Fig. 4(b) then

shows the 7 dependence of ARNL at the various R4 values probed. The strong enhancements over

11



transparent-interface NLSVs are preserved across the entire 7' range, in particular to room
temperature, where ARNL = 57 mQ is obtained at R4 = 500 Qum?, an enhancement over the
transparent-interface case of a factor of 600. As discussed in Supplemental Material Fig. S7 [59],
note that all data in Fig. 4 (and this entire paper) were taken at sufficiently low excitation current

that ARnL was independent of current, i.e., the measurements are in the low-bias regime.

Deeper analysis of the contributions to the enhancement of ARNL relative to transparent-interface
NLSVs is provided in Fig. 5. Shown first in Fig. 5(a) is ARNL vs. d at an illustrative temperature of
5 K, and various RA values. The overall enhancement of ARnL with increasing R4 is apparent,
along with a clear evolution in the form of ARNL(d). In the transparent limit, a relatively steep fall-
off with d is seen, along with indications of an upturn from simple exponential behavior at low d
(note that Fig. 5(a) is a logio-linear plot). As R4 is increased, the exponential fall-off dampens, and
simple exponential behavior prevails at all d, to as low as 100 nm in some cases. These findings
are reinforced by fitting the data of Fig. 5(a) to the widely employed and validated Takahashi-
Maekawa (TM) model [50]. This is a 1D model of NLSVs [50] based on the Valet-Fert model [74].

In its most general form, the TM model gives

P R; aR 2 -d
4 R i F ) yi
general N ((1 - PZ) RN + (1 — aZ) RN ¢ !
ARy, =

2R 2 Ry )2 A
(+arhmraahm) ¢
where Ry = pZAN and Ry = PFAF are the spin resistances of the N and F, R; is the F/N interface
N

resistance, and « and P are the diffusive- and tunneling-limit spin polarizations, respectively [50].

This general result for ARNL is valid at all values of R;, which essentially dictates (see Eqn. (1))
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the relative importance of the diffusive and tunneling polarizations. Specifically in the transparent-

interface limit, defined as R; << Rf, Eqn. (1) becomes [50]

2 _
4 Ry (Q—RF> e “Van

ARtrans — (1 — aZ) Ry (2)
Ll 2R 2 ~2d, g
TN
(1—a*)Ry

which is used in Fig. 5(a) only to fit the transparent-interface devices, with no Al oxidation, i.e.,
the black points. This form approaches a pure exponential at high d, but with an upturn at low d
(see the black curve in Fig. 5(a)) due to the aforementioned back-diffusion of injected spins from
the N to the F due to the low Rr relative to Rx (because Ar << An). Conversely, in the tunneling

limit, defined as R; >> R, Eqn. (1) simplifies to [50]

—-d
ARGl = RyP2e /i (3),

i.e., a pure exponential decay controlled by Ax, with a prefactor set only by Rn and P. The solid fit
lines in Fig. 5(a) are to Eqn. (1) (except the black transparent-limit data), but thus represent an

evolution from Eqn. (2) to Eqn. (3) with increasing RA.

The fits to the TM model in Fig. 5(a) were performed by applying the tightest parameter constraints
possible [37,39,40,42,45,47,48]. All required NLSV dimensions were measured by SEM (nominal
lithography values were not used) [37,39,40,42,45,47,48], on(T) was measured via local transport
measurements on the exact same NLSVs [37,39,40,42,45,47,48] (to avoid contact-resistance-
related problems, transparent-interface results were used for the determination of pn(7)), pr(7)
was measured on CorsFex nanowires with the same dimensions as our
NLSVs [37,39,40,42,45,47,48], and Ar(T) was constrained using an approach we recently

employed [48] based on known scaling with pr(7) [75,76]. Importantly, and as noted above, the
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general TM model (Eqn. (1)) involves two interfacial spin polarizations: ¢, the spin polarization
in the diffusive transport limit, and P, the spin polarization in the tunneling limit [50]. Fitting the
transparent-interface data in Fig. 5(a) to Eqn. (2) yields a = 52% for these Co7sFe2; F layers,
slightly decreased from the optimal 60% we recently reported for the Co7sFe2s composition [48].
(This shift in film composition occurred despite the use of the same nominally CogoFeao target,
likely due to Co enrichment of the target over time). « was thus fixed at 52% to fit the remainder
of the data in Fig. 5(a) to Eqn. (1). This leaves only P and A as free parameters, which are readily
separable, as, even in the transparent limit, Ax alone controls the high-d (pure exponential) fall-off
in Fig. 5(a) [50]. As is clear from the solid-line fits, the general TM model describes the data well
at all RA, evolving from simple-exponential ARNi(d) in the tunneling limit (high RA) to the

characteristic low-d upturn in the transparent-interface limit (low RA4) due to spin back diffusion.

Fig. 5(b,c) shows the 7 dependence of the parameters extracted from fits such as those shown in
Fig. 5(a), i.e., AN(T) and P(T) at various RA. The transparent-limit An(7) in Fig. 5(b) is unsurprising,
revealing a weakly 7-dependent An near 150 nm, consistent with our prior work on Co/Al-based
NLSVs at this #x of 13 nm [47]. Unexpectedly, however, Ax exhibits a clear increase with R4,
saturating at ~450 nm at low 7, i.e., 3-fold enhanced relative to transparent-interface devices. This
is not at all expected given that An is a property of the entire Al channel, while R4 is dictated by
the Al/Co-Fe interface. Moreover, the surfaces of the Al channels in all of these devices are
oxidized to AlOy, the only difference being whether this occurs in air, after deposition (as for the
transparent-interface devices), or controllably at some lower Po> (as for the finite-R4 devices).
This suggests, intriguingly, that the precise manner in which the Al surface is oxidized has a

significant impact on An in the ultrathin limit, which will be discussed separately [77]. More
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relevant to the current work is the behavior of P, which dominates ARNyL in the low-d limit. This is
shown in Fig. 5(c), which also reveals a surprise. P is only weakly 7 dependent, as expected for
Co7sFex [48], and increases with RA, but is strikingly small relative to accepted values from the
tunneling literature. TMR measurements on F/AlO,/F MTIJs, and superconducting tunneling
spectroscopy studies of F/AlO,/S junctions, for example, typically yield P values of 40-60% for
Co, Fe, and their alloys [78—80]. In comparison, in Fig. 5(c), P is below 5% at the lowest R4 values
probed, increasing only to a maximum of 10-15% at R4 = 500 Qum?. This immediately suggests
that the spin signals in these Al/AlO,/Co-Fe-based NLSVs are significantly limited by low

tunneling spin polarization, which we now explore in detail.

Fig. 6(a) shows ARNL vs. RA in the low-d (200 nm), low-T (5 K) limit (black points and line),
highlighting the almost 10°-fold increase in ARn. from the transparent-interface limit to R4 = 500
Qum?. The transparent-limit (blue) and tunneling limit (gray) of the TM model are shaded on Fig.
6(a), based on R; << Rr and R; >> Rn, respectively [50]. The solid red line then shows the prediction
of the general TM model (Eqn. (1)), constraining all parameters to known values for our devices,
fixing o = 52% (from the transparent-interface fit in Fig. 4(a)), and also putting P at 52%, for the
purposes of comparison to the measured data. The red line saturates in the transparent and
tunneling limits, as would be expected, increasing by a factor of ~10* between the two. Vitally, the
measured ARNL values lie substantially below the TM model prediction with 52% tunneling spin
polarization for CorsFes», by factors of 60, 126, 62, and 20, at R4 values of 0.03, 0.4, 14, and 500
Qum?, respectively. Due to suppressed tunneling spin polarization, Al/AlO./Co7sFex-based
NLSVs thus exhibit substantially smaller spin signals than theoretically attainable, including in

the intermediate R4 region of highest relevance to SASs. As returned to below, this therefore
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appears to be the dominant factor currently limiting the performance of AlO.-based NLSVs for
SAS applications. According to Fig. 6(a), at these device dimensions and other parameters,
saturation of ARNL at ~2.7 Q could be achievable at R4 ~ 1 Qum?, compared to the largest
experimental value in this work of ARNL = 0.15 Q. We note that while the 1D nature of the TM
model could limit its applicability to the 3D devices studied here, this concern should become
irrelevant at higher R4, where the discrepancy between our data and the TM model remains. The
underperformance of current devices relative to theoretical predictions is thus clear, as is its origin

in terms of reduced tunneling polarization.

The comparison between experiment and theory in Fig. 6(a) also elucidates the origin of the upper
limit of R4 of ~1 kQum? for the experimental detection of a spin signal in these NLSVs (as in Fig.
4, for example). Fig. 6(b) explores this by plotting the experimental data on ARNL(RA) along with
the experimental data on Rp(RA), i.e., the NLSV background resistance, which was subtracted from
the curves in Fig. 4(a). Ry starts well below 1 mQ in the transparent-interface limit, consistent with
many reports [37,44,45,49], then gradually increases with R4 up to ~10-100 Qum?, before rapidly
increasing to Ry ~ 1 MQ at R4 ~ 10* Qum?. Ry, thus spans 10 orders of magnitude in the probed
RA range, our Ry(RA) being in reasonable agreement with scattered literature reports at low and
moderate R4 [24,27,28,35]. Critically, Ry increases more rapidly with R4 than ARnL does, the two
curves in Fig. 6(b) crossing at ~25 Qum?, indicating a background that exceeds the spin signal.
The maximum theoretical ARNL of ~2.7 Q for our NLSVs (see Fig. 6(a)) is then crossed at ~300
Qum? (see the horizontal dashed line in Fig. 6(b)), very close to the maximum R4 at which we

found spin signals to be experimentally measurable (500 Qum?). Quite simply, the effective upper
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limit on the RA product of ~1 kQum? in these NLSVs is thus set by the rapidly increasing non-

local background resistance, which swamps the spin signal at sufficiently high RA4.

There are several important points to elaborate regarding this finding. First, the threshold we
suggest here of ~1 kQum? is consistent with much literature data. To the best of our knowledge,
the largest RA values at which working NLSVs have been reported are in the 440-700 Qum?range
for AlO, barriers [25], consistent with Fig. 6(b). Second, from the technological perspective, it is
important to note that this upper range of ~1 kQum? will not limit the application of NLSVs as
SAS:s, as the region of interest for R4 for high-density recording in HDDs is expected to lie below
~1 Qum? [4-7], well below our measured limit. Third, the origin of R, in NLSVs is understood to
be a combination of current spreading and thermoelectric effects [30,31,34,36,44,49,81]. These
phenomena have recently been quantitatively modeled in the transparent-interface limit for several
F/N combinations in NLSVs [49], and this modelling could likely be extended to finite RA. Such
understanding could open avenues to decrease Rp over the values shown in Fig. 6(b), thus
increasing the maximum RA4 at which NLSV spin signals can be detected, and benefitting SAS
development. Note also that in SAS devices in HDDs it is envisioned that relatively thick F
metallic shields will flank the active device region (see Fig. 1(b)), which could provide substantial

heat sinking, potentially mitigating some contributions to Rp.

With the origins of the effective upper limit of R4 for metallic NLSVs and SASs understood, we
now return to the key issue of the suppressed tunneling spin polarization, which largely limits the
performance in Fig. 6(a). Taking the low-T7 limiting values of P from Fig. 5(c) and plotting them
vs. RA results in Fig. 6(c) (red data points). Importantly, these P values are small, but remarkably

consistent with the scattered prior reports on other AlO.-barrier-based NLSVs, regardless of the F
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employed. The data from our work using Co7sFex (red points), prior work using CosoFeso and
NigoFexo (orange points [25,35]), and prior work using Co (yellow points [24,27]), all lie on
essentially the same curve, P increasing weakly with R4 up to the ~1 kQum? limit, where it reaches
~15%. Yet more remarkably, this universal P(RA) behavior in AlO,-based NLSVs also connects
with the P(RA4) behavior found in tunneling devices such as MTJs and F/I/S junctions. The blue
and purple points in Fig. 6(c) are from literature on those types of devices [73,82], forming an
apparently universal P(RA) curve for AlO,-based devices. Around the ~1 kQum? effective R4 limit
for NLSVs, P increases more rapidly with RA, before asymptotically approaching the roughly 45%
value for Fe, Co (dashed and dotted horizontal lines in Fig. 6(c)), and most of their alloys [78—80].
Again, this entire behavior stands in contrast to the value of & in CozgFe22, which lies at 52%. To
our knowledge, this universal P(RA4) behavior, which extends over almost 12 orders of magnitude,
has not been previously reported. Anomalously low P values in the relatively low-R4 NLSV region
have been reported previously, but with little comment [24,27,28,35], while the connection of the
curves for NLSVs with R4 < 1 kQum? with that for MTJs and F/I/S junctions with R4 > 1 kQum?,
seems to have not been previously appreciated. The smooth connection of the NLSV P(RA4) data
(red/orange/yellow points) with the tunneling device P(RA) data (blue/purple points) is particularly
noteworthy given the very different device geometries and heterostructures involved, a strong

argument against an analysis artifact in a specific device type.

With respect to the origins of the behavior shown in Fig. 6(c), the P(RA) relationship in A1O-based
MT]Js has been interpreted in terms of intrinsic variations in the contributions to tunneling from s
and d electrons in transition-metal Fs [73]. Based on simple tunneling models, as R4 is decreased,
low-effective-mass s electrons from wide bands have been suggested to contribute to different
extents to the tunnel current in amorphous (i.e., non-spin-filtering) AlOx-based tunnel junctions
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relative to high-effective-mass d electrons from narrow bands [73]. The differing spin splitting and
polarization of d and s electrons can then lead to varying P with reduced R4, which has been used
to reproduce the P vs. AlO, barrier thickness relationship in MTJs [73]. It is possible that this type
of explanation could be relevant for the entire P vs. RA4 relation in Fig. 6(c), although it is unclear
if features such as the change in slope around 10°-10* Qum? could be reproduced in such models.
Clearly, further theoretical work in this direction would be beneficial and could have a direct
bearing on the development of NLSVs for SAS devices. While the cross-sectional areas of the F/N
interfaces in these NLSVs are small (approximately 130 x 180 nm?), other issues, such as
pinholes [65,66], interfacial spin scattering, and parallel conduction mechanisms should also be
considered. Regarding the latter, there appears to be generally insufficient understanding of spin-
dependent transport across low-@, weak barriers, which play a vital role in low-RA devices of the
type studied here. Numerous materials factors and defect issues could play a role in such barriers,
although the behavior in Fig. 6(c) is strikingly independent of the device type, specific

heterostructure, layer sequence, Al oxidation method, ezc.

II1.C OUTLOOK

While the data and analyses in Figs. 3-6 significantly elucidate the potential of intermediate-RA
metallic NLSVs for SAS applications, several additional directions are worth exploring for further
optimization. First and foremost, it may be possible to obtain further increases in ARNL with
essentially the same device architecture employed here. Consider Fig. 7, for example, which shows
the data from this work and various other AlO-based NLSV literature reports, plotted as ARNLA
vs. RA, in the low-T limit. (As noted in the figure caption, these devices all have comparable d).

Reasonably consistent behavior is found (the dashed fit line corresponds to a power law with
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exponent ~0.42), and, notably, higher ARn1.4 values were obtained in one case, Ref. [25] by
Valenzuela and Tinkham. That study was performed on NLSVs with even lower #x than in the
current work, which, somewhat counterintuitively, could be the source of the improved spin signal.
Looking at Eqn. (3), in the tunneling limit (R; >> Rn/r) the materials parameters controlling the
magnitude of ARnL are An, P, and Rx = pnAn/tawn, where wy is the N width. As #v is decreased
(and thus pn is increased), provided the increase in Rn is not outweighed by a decrease in An, ARNL
can thus further increase. It is therefore of high interest to extend the current study to varied #x,
particularly to determine if an optimum #x below 13 nm can be obtained at R4 values relevant to
SAS applications. Next, as already noted, improved understanding of the origin of Ry in these types
of devices could lead to routes to decrease this background, which would be generally beneficial
for applications, and could enable datasets such as those in Figs. 3-6 to be extended to higher R4

(beyond 1 kQum?) providing yet fuller understanding.

From Figs. 5(c), 6(a), and 6(c), however, it is clear that the primary barrier to further advancement
in the optimization of NLSVs for SAS applications is suppressed tunneling spin polarization.
Routes to circumvent this obviously hinge on a theoretical understanding of the universal P(RA)
in Fig. 6(c), but several experimental possibilities are apparent. There is a vast body of knowledge
at this stage, for example, particularly in industry, regarding the engineering of tunnel barriers to
impact specific aspects of MTJ performance [20,83—85], which could be brought to bear in
metallic NLSVs with intermediate RA barriers. Repeating the type of study presented here in
NLSVs with controlled-R4 MgO,-based barriers is of course also highly worthwhile. Fig. S8 [59]
shows a plot of ARNLA vs. RA, comparing our data on AlO,-based NLSVs [25,27,35] with literature
data on MgO-based NLSVs [32,33]. The latter devices employ thicker N layers [32,33], but
nevertheless reveal a faster rise of the spin signal with R4, leading to comparable maximum ARNL,
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but at R4 < 1 Qum?, of high interest for SAS applications. Extending such MgO;-based NLSV
studies to the low-#v limit over the widest possible R4 range would be of exceptional interest. It is
also possible that different routes to low-RA barriers could be beneficial in NLSVs, such as the use
of inherently lower energy barrier materials, such as Si, Ge, etc. Another interesting possibility
that is obvious from Fig. 1(b), but seems to not yet have been fully explored, is asymmetric-
interface NLSVs [43]. We refer here to devices with different interfacial R4 products at each F/N
interface [43]. Low RA in the charge-current-carrying leg in Fig. 1(b) combined with higher R4 at
the F/N interface near the ABS is particularly interesting in terms of potentially optimizing
impedance matching while maximizing signal. Finally, it should be acknowledged that the data in
Figs. 4-7 focus on the signal, ARnL, not the SNR, which is the vital metric for read sensors. This
study will thus hopefully also stimulate additional investigations of noise behavior in metallic

NLSVs with varied RA4.

IV. SUMMARY

This work provides a detailed and quantitative study of the transport mechanism, spin signal,
background resistance, and extracted tunneling spin polarization as a function of Al-oxidation-
controlled interfacial R4 product in N/AlO,/F-based NLSVs. Critically, this has been performed
with technologically relevant N and F metals (Al and CorsFe2s, respectively), in the ultrathin-N
limit relevant to application of SASs. A clear crossover from diffusive to tunneling transport is
observed with increasing R4, accompanied by an enhancement of the spin signal by a factor
approaching 10°. Maximum spin signals of ~0.15 Q are thus obtained, at ~500 Qum? R4 values.
Nevertheless, quantitative comparisons of experimental data with simple theoretical predictions

reveal a shortfall of 1-2 orders of magnitude at intermediate R4, which was found to predominantly
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derive from suppressed tunneling spin polarization. Remarkably, such results on NLSVs connect
smoothly with the P vs. R4 behavior of tunneling devices such as MTJs and F/I/S junctions,
uncovering a universal P(RA) relation in AlO,-based devices, over almost 12 orders of magnitude
in RA. These results thus pinpoint the single factor limiting the performance of current AIO.-based
NLSYV for SAS applications; a number of potential routes to further gains have been discussed. We
hope that this work will stimulate such future work, as well as theoretical studies aimed at

explaining the universal P(RA4) behavior.
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Fig. 1. (a) Schematic metallic NLSV highlighting the nonmagnetic metal (N) nanowire channel
crossed by two ferromagnetic metals (F1, F2) at separation d. Also shown are the current and
voltage arrangement for a non-local measurement. (b) Schematic spin accumulation sensor (SAS)
hard-disk drive reader based on the NLSV geometry. F1 here is the free layer, F2 is the fixed layer,
and also shown are an antiferromagnetic metallic (AFM) pinning layer (green), two shields (gray),
the recording medium (bottom), and the schematic wiring arrangement. Ds;s is the shield-to-shield

spacing.
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Fig. 2. (a) Top-view schematic of PMMA/PMGI shadow masks fabricated by electron-beam
lithography, showing the axis of rotation for multi-angle deposition. (b) Scanning electron
micrograph of a representative final NLSV, highlighting the nonmagnetic (N) Al channel,
ferromagnetic (F) CorsFe2 injector and detector, and the edge-to-edge F separation d. The left F
electrode is wider, and has a nucleation pad, to promote differing coercivities in the two Fs, and
thus clean switching (see Fig. 4(a)). Superimposed on Fig. 1(b) are wiring diagrams for the
measurement of interface voltage (Vj, for measurement of the resistance-area product) and non-
local voltage (¥nv); the in-plane applied magnetic field (H) is also shown. (c-e) Cross-sections (see

(a)) of the shadow mask and Si/Si-N substrate after (¢) deposition of Al normal to the mask, (d)
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oxidation of the deposited Al in O, at pressures from 1 x 10 to 1.6 x 10? Torr, and (e) Co7sFex
deposition at 45° from the normal to the mask/substrate, projecting it to the right and completing
the NLSV. Note the suspended mask appearance due to the substantial undercut in the
PMMA/PMGTI resist bilayer. (f-h) Orthographic views corresponding to (c-e).
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Fig. 3. (a) 5-K resistance-area product (RA4) of AI/AlO./CorsFexr-based NLSVs as a function of
the Oy pressure (Po2) used in the 20-min room-temperature oxidation of Al to AlO,. Data are shown
for the primary set of devices studied in this work (solid points) as well as a second device set
(open points). Note the logio-logio scale. The region of interest for spin accumulation sensors is
shaded blue, the horizontal dashed line marks the ~1 kQum? limit discussed in the text, and the
dashed line through the points is a guide to the eye. (b) 5-K bias voltage dependence of the
normalized conductance (G/Go) at various RA values (points) along with low-V fits (lines) to the
asymmetric tunnel barrier model described in the text [64]. Individual plots to higher V' (where
available) are shown in Fig. S5 [59]. (¢) Tunnel barrier thickness (s, left axis) and average barrier
height (@, right axis) extracted from the fits in (b), plotted vs. Po2. Solid and dashed lines are
guides to the eye and the error bars are standard errors from fits. (d) Temperature (7) dependence
of the normalized zero-bias resistance (R/R(5 K)) at various R4 values. Dashed lines are guides to

the eye.
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Fig. 4. (a) 5-K, background-subtracted non-local resistance (Rnz) vs. applied in-plane field (H) for
representative AI/AlO./CorsFex-based NLSVs at various resistance-area product (RA4) values.
Each device has ferromagnet separation d = 200 nm. (b) Temperature (7)) dependence of the non-
local resistance change (ARnL, note the logio scale) at the same RA4 values and same d =~ 200 nm.
Error bars are from the standard deviations in the parallel and antiparallel states and the total

uncertainty on the measurement of device dimensions.
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Fig. 5. (a) Ferromagnet separation (d) dependence of the 5-K non-local resistance change (ARnt,
note the logio scale) of Al/AlO,/Co7sFexn-based NLSVs at various resistance-area product (RA)
values. The solid lines are fits to the general Takahashi-Maekawa model described in the text (Eqn.

1) [50]. Error bars are from the standard deviations in the parallel and antiparallel states and the
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total measurement uncertainty of the device dimensions. (b,c) Temperature (7)) dependence of (b)
the extracted Al spin diffusion length (An) and (c) the extracted tunneling spin polarization (P),
again at various RA values. The error bars in (b) and (c) are standard errors from the fitting

procedure.
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Fig. 6. (2) Resistance-area product (R4) dependence of the 5-K non-local resistance change (ARNL)
of Al/AlO,/Co7sFex-based NLSVs at ferromagnet-ferromagnet separation d ~ 200 nm. The black
points are data, the black line is a guide to the eye, and the red solid line is the prediction from the
general Takahashi-Maekawa model described in the text (with tunneling spin polarization P =
52%). The transparent and tunneling interface limits are shaded in blue and gray, respectively. (b)
RA dependence of the 5-K AR~ compared to the non-local background resistance (Ry). Solid and
dashed lines are guides to the eye and the horizontal dashed line at ~2.7 QQ marks the maximum
possible ARni, as shown in (a), for these device dimensions and material properties. (c) RA
dependence (note the wider scale than in (a,b)) of the tunneling spin polarization P. Data from
NLSVs (including ours) are the red, orange, and yellow points; data from tunneling
magnetoresistance (TMR) and superconducting tunneling spectroscopy (STS) are the purple and
blue points; the separating vertical dashed line is the 1 kQum? NLSV limit discussed in the text
(and shown in Fig. 3(a)). The colored dashed line is a guide to the eye. The horizontal dashed and
dotted lines mark the P of Fe and Co, respectively, in the high-RA4 tunneling limit [78—-80].
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Fig. 7. Non-local resistance change-area product (ARnpA) vs. the interfacial resistance-area
product (RA) for AlOx-barrier NLSVs in the low-temperature (4-77 K) limit. The data from this
work are shown as solid black points, while literature data [25,27,35] are shown as blue open
points. The ferromagnet-ferromagnet separation (d) is shown in each case, all values being in the
150-300 nm range. The dashed line is a straight-line fit on this logio-logio plot with slope ~0.42,

i.e., a power law with exponent ~0.42.
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