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The non-local spin valve (NLSV) is a useful device for studying spin transport at nanoscopic dimensions,
with potential technological applications. Despite this appeal, background signals, unrelated to spin diffusion,
often hinder the interpretation of spin signals in NLSVs and could compromise performance in future devices.
In this paper, we comprehensively investigate these background signals in all-metallic NLSVs fabricated from
a variety of ferromagnetic (FM; NigoFe,, Fe, Co) and nonmagnetic (NM; Al, Cu) metals. We demonstrate
that a background signal emerges in AC measurements, with contributions from both current spreading and
thermoelectric effects, with a complex dependence on both temperature and FM injector-detector separation.
Despite the complexity of these dependencies, we demonstrate excellent agreement with three-dimensional
finite-element modelling that accounts for current-spreading and thermoelectric effects, across a wide range
of temperatures, FM separations, and FM/NM pairings. This approach additionally offers a means to estimate
the Seebeck coefficients for the tested FM/NM pairings, providing further insight into the charge and heat flow

in such nanoscopic spintronic devices.
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I. INTRODUCTION

The exploitation of spin transport phenomena in nanoscale
devices as a route to low-power logic and memory devices has
been the subject of intense interest. The ability to generate
pure-spin currents using the non-local spin valve (NLSV)
has established it as a useful tool for investigating such phe-
nomena, free from spurious effects associated with charge
transport [1-9]. Moreover, in all-metallic NLSVs, the lateral
geometry can alleviate resistance-area product scaling issues
[10], enabling potential applications in hard-disk-drive read
heads [11-14] and all-spin logic devices [15,16]. Yet, de-
spite the abundance of spin-transport research using NLSVs,
there remains substantial uncertainty regarding the origins of
their so-called “background” signals, which can impact device
operation and have been the subject of recent investigation
[17-21].

As a pertinent example, in the widely used spin diffusion
model for all-metallic NLSVs [22], the measured non-local
magnetoresistive signal should be exclusively a measure of
spin accumulation. In practice, however, there is invariably
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a nonzero offset in these measurements, which has been
previously demonstrated to arise from current-spreading and
thermoelectric effects [9,18,19,23]. Such thermoelectric ef-
fects in NLSVs have been of considerable interest [24], with
evidence of magnetothermoelectric effects [21], anomalous
Nernst effects [20,25,26] and thermal injection of spin cur-
rents via the spin-dependent Seebeck effect [3,27]. Further
understanding and careful control of these phenomena and
thermal gradients in such nanoscale devices is necessary for
their integration into industrial applications [11,12,28], par-
ticularly for potential exploitation of thermally generated pure
spin currents [16,27,29,30].

Although current-spreading and thermoelectric effects are
generally accepted as the origin of the background signals in
NLSV measurements, the existing literature remains incom-
plete: studies have been mostly limited to NLSVs with single
pairings of ferromagnetic (FM) and nonmagnetic (NM) mate-
rials (typically NiFe with Cu or Ag) and at fixed temperatures
[3,18,26,29], despite evidence that the background signal is
both strongly temperature and material dependent [17,21,31].
In this paper, we aim to address this gap in knowledge
and understanding by comprehensively exploring the origin
of the background signal throughout the entire phase space
of temperature, material pairing, and NLSV dimensions,
and then correlating experimental measurements with three-
dimensional (3D) simulations of charge and heat transport.
We are thus able to relate the functional forms of the back-
ground signal to the Seebeck coefficients of the FM/NM pair-
ings and the resistivity of the NLSV channel. Importantly, we
demonstrate the background signal to be sensitive to Peltier
heating/cooling at the FM/NM interface, despite it being
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significantly weaker than Joule heating. We then find excellent
qualitative agreement between experimental measurements
and simulations. By fitting current-spreading and thermoelec-
tric components of the simulated background signal to the ex-
perimental data across the entire phase space simultaneously,
we are also able to extract effective Seebeck coefficients for
the nanowires forming our NLSVs, calculated through a con-
stant scaling of temperature-dependent bulk or thin film coef-
ficients taken from literature. In doing so, we not only confirm
current-spreading and thermoelectric effects as responsible
for the background signal in NLSVs, but also provide a useful
tool for understanding these effects at the nanoscale and the
thermoelectric properties of NLSV materials.

II. METHODS

Devices were fabricated on Si/SizN4 (200 nm) substrates
using electron-beam lithography (Vistec EBPG5000+) on
a polydimethylglutarimide (PMGI)/polymethyl methacrylate
(PMMA) bilayer resist stack with thicknesses of 700 nm and
300 nm, respectively. FM and NM materials were deposited
via ultrahigh vacuum electron beam evaporation, at an angle
of 49° and 90° to the substrate, respectively, without breaking
vacuum, to ensure electrically transparent interfaces [9,32-34]
as explicitly verified by contact resistance measurements. The
deposition system had a base pressure of 10~'° Torr, with the
pressures during deposition being in the range 8 x 107!° to
4 x 10~® Torr. FM materials had a nominal purity of 99.95%
and were deposited at a rate of 0.5 A/s; NM materials had a
nominal purity of 99.999% and were deposited at a rate of
1 A/s. Film thicknesses were monitored using quartz crys-
tal monitors, calibrated using x-ray reflectivity measurements
of single thin films, and had typical values of fgy = 16 nm
and v = 150-300 nm for FM and NM materials, respec-
tively (specific NM thicknesses are indicated in the figures).
Device dimensions were measured using scanning electron
microscopy. Across the entire set of devices, typical NM chan-
nel widths were in the range wny = 100-200 nm, and FM
contact widths ranged from wgy = 50-150 nm, with FM sep-
arations d = 150-3000 nm. Measurements of spin transport
and the associated background signal were performed using
an AC technique with 13-Hz current excitation, and an ampli-
tude of either 316 puA or 1 mA. The linear voltage response
was measured and normalized by the injection current am-
plitude. NM resistivities were obtained by local four-terminal
measurements on each device. Values for the FM resistivities
were obtained from measurements of separate nanowires fab-
ricated using similar lithographic and deposition processes.

Simulations of current spreading, Joule heating, and ther-
moelectric effects in NLSVs were performed using the
FEniCS Finite Element Method package for solving par-
tial differential Eqs. [35,36], via the Dolfin Python interface
[37]. Simulations were run on the University of Liverpool
High Throughput Computing service, HTCondor. Tetrahe-
dral meshes of NLSVs were generated using dimensions
measured from SEM, with sufficient mesh density to min-
imise errors resulting from the mesh geometry, but without
significant expense in terms of computation time. Experi-
mental results for the resistivity for each metal were used
in the simulations, and a simple approximation for thermal

conductivity, k, was incorporated using the Wiedemann-Franz
law, k p = LT, where p is the resistivity at temperature 7 and
L =244 x 1073V2K 2 is the Lorenz number. (We note that
violations of the Wiedemann-Franz law have been demon-
strated in a variety of metallic thin films and nanowires,
suppressing L [38—41], and that this may be a source of some
uncertainty in the thermal conductivities used in our simu-
lations.) Phenomenological fits of Seebeck coefficients taken
from literature [42-46] were used, so that continuous values
of the Seebeck coefficient could be implemented. Thin film
values were used where possible (i.e., for Fe and NiggFe,),
and bulk values were used otherwise. For the Si/SizNy4 sub-
strate, an estimate of the 7-dependent thermal conductivity
of Si3Ns was taken from literature (ranging from ~0.1 to
3 Wm~' K1) [47] and a constant value of 2000 Wm~! K~!
was taken for B-doped Si [48]. Cooling via an exchange gas
was incorporated as a Neumann boundary condition in the
simulations using Newton’s cooling law, g,, - i = (T’ — T),
where 7 is the surface normal, 7' — T is the temperature
differential across the boundary, and # = 100 Wm 2K~ is
the (T-independent) heat transfer coefficient for a helium
exchange gas [49]. The rear surface of the Si substrate was
fixed at T. DC currents in the simulations were injected from
FM;,; and extracted from the far left of the NM channel of the
NLSVs, held at 0 V. The non-local voltage was determined
by finding the difference between the average voltage across
the cross-sectional facets of the FMy,, and the far-right of the
NM channel. Voltages were divided by the injection current
(1 mA, except where stated otherwise) in order to normalize
effects that are linear with current (the focus of this paper).
Current spreading effects were exclusively modelled by “turn-
ing off” heat-transport-related terms in the simulation; Peltier
and Joule heating contributions (manifest as voltages via the
Seebeck effect) were isolated by individually restoring those
terms in the simulations and subtracting the current-spreading
contribution.

III. RESULTS AND DISCUSSION

The NLSV geometry is shown in Fig. 1(a) and consists
of an NM channel contacted by two FM wires, separated
by a distance d. A charge current injected from the left FM
contact (FMjy;) into the NM channel becomes spin-polarized,
generating a nonequilibrium spin accumulation in the NM.
Spins then diffuse through the NM channel in the form of
a pure spin current, which decays on a characteristic length
scale Ay, the spin-diffusion length [1,50]. The resulting spin
accumulation at the second FM contact (FMg.) generates
a non-local voltage Vi, between FMg.r and NM, which is
typically normalized to the injection current /¢, giving the
non-local transimpedance Ry, = Vni/Ic. In practice, how-
ever, a nonzero, spin-independent background R, is present in
such measurements—the aforementioned background signal
[18,19,23]. The spin signal is therefore isolated by toggling
the magnetization of the FMs between the parallel (P) and
antiparallel (AP) states, yielding ARn. = RE; —R&F. Such a
measurement is shown in Fig. 1(b) for an Fe/Al NLSV with
RE, , RYY, and ARy indicated. The nonzero background re-
sistance R, = (RE, + RQF)/2 is also shown in Fig. 1(b) and
is clearly substantial relative to ARNL.
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FIG. 1. (a) SEM image of an Fe/Al NLSV with d = 500 nm. The black arrows indicate the relative magnetization direction of the FMy;
and FM,,,. Note that the substantial edge roughness is a feature of Al-based devices only. (b) Example measurement of Ry vs an in-plane
magnetic field. The parallel and antiparallel states are indicated by the black arrows. The spin-signal ARy and non-local background R, are

shown on the figure.

The form and magnitude of R, can reasonably be expected
to be influenced by the choice of FM and NM materials, via
their thermoelectric properties, and typically exhibits strong
T dependence. The substrate also plays a role in thermal
sinking of any heat generation [19,20]. In Fig. 2, experimental
measurements of the background resistance are shown as a
function of T for various pairings of FM and NM materials
(on the same substrate), with comparable d = 220 or 250 nm
and v = 150 or 200 nm. [We label these data as RZ”‘{’, where
the subscript “1” is used to denote the linear response of R,
to the injection current ( 1)) as measured in AC techniques,
and the superscript “exp” explicitly distinguishes experimen-
tal measurements from the simulations discussed below.] The
impact of the choice of both the FM and NM material is read-
ily apparent in Fig. 2, affecting the magnitude and the form of
Ry(T), and even its sign. The NiggFe,o/NM and Co/NM de-

——
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FIG. 2. The measured NLSV background resistance ReXp (T) for
various pairings of FM/NM materials. There is a clear temperature
dependence of R;| that varies in magnitude and form for different
FM/NM pairings. d =250 nm and fw = 200 nm for all devices,
except those indicated by an asterisk or dagger, which have d = 250
nm or tyy = 250 nm, respectively. Across the entire set of devices,
average NM widths are NiggFey/Cu, 210 &£ 20 nm; Co/Cu, 250 £
50 nm; Co/Al, 150 + 20 nm; Fe/Al, 160 £ 20 nm; and Fe/Cu, 200 =+
40 nm.

vices exhibit an apparently exponential-like increase with 7',
whereas the Fe/NM devices have an inflection point in R,(T'),
appearing to plateau at higher 7. Further, the dependence on
the NM materials appears variable also, with Cu producing a
stronger response than Al in the Co and NiggFe,( devices, but
a weaker response in the Fe devices.

To better understand these data, we first focus on a single
FM/NM pairing. Experimental measurements of R, 7 (T) in
Co/A1 NLSVs (Al channel thickness z4; = 150 nm) are shown
by the data points in Fig. 3(a) for different d. Qualitatively, the
monotonic increase of R;} with increasing 7', and exponential
decay with increasing d are consistent with expectations from
current spreading and thermoelectric effects. To a first-order
approximation, current spreading (CS) effects give a contri-
bution to R} of the form

d
Rpcs = LA exp (_n_)a (D
TINM

WNM

where ponm, fnm, and wyy are the NM channel resistivity,
thickness, and width, respectively [23]. This expression re-
mains valid when the injector and detector are on the same
side of the NM channel; when on opposite sides, Eq. (1)
becomes negative. In addition, a one-dimensional (1D) model
of thermal diffusion (TD) through the NM channel gives

Ry D ¢ =Spuy,-nm ATinjexp (—d /§), (2)

where AT;,; is the temperature difference between the
FM;,,j/NM interface and the far-right of the NM channel (as-
sumed to be at the reference temperature 7'), and the factor & is
a characteristic decay length, comprising parameters describ-
ing heat sinking to the substrate and the thermal conductivity
of the channel [31]. Sru,,-~m is the relative Seebeck coeffi-
cient of the FMy/NM pairing, which, in the idealized case,
is simply the difference between the Seebeck coefficients of
the two materials. The sign of R, 7p depends on Sryym
and ATj,;, both of which can either be positive or negative:
Srym-vm depends on the choice of the Seebeck coefficients
of the FMgy,, and NM materials (which can be positive or
negative) and AT;,; depends on the source of temperature
change, e.g., Joule heating or Peltier heating/cooling. Thus,
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FIG. 3. (a) R;} in Co/Al NLSVs for various d compared with
(b) the simulation results R;’j"‘ including Peltier, Seebeck, and Joule
heating terms. There is clearly a mismatch between R, and R)™ in
both form and magnitude, because of the AC measurement of R;'}
and the DC nature of the simulations for R‘;jm. Solid lines in (a) are
fits to the experimental data using the simulation results. Dotted lines

in (b) are a guide to the eye.

R;, can be positive or negative and can, in principle, change
sign with T'.

Based on Egs. (1) and (2), Ry(d) is then essentially the
linear combination of two exponential decays. However, these
models are unable to describe the experimental data because
of two key limitations. First, Eq. (1) assumes that the elec-
tronic mean-free-path A, >> tyy, reducing the system to 2D
[23], which is not the case in our devices (where A, ~ 10
nm, compared with ty = 100-300 nm). This model, there-
fore, does not properly capture the magnitude nor geometrical
dependence of the current-spreading contribution to Rj,. How-
ever, the general form of the exponential decay with d holds.
Second, in the 1D thermal diffusion model of Eq. (2) [31],
heat generation and heat losses to the substrate are poorly
defined, and hence so are ATj,; and &, and the model can-
not be properly constrained. Other studies have overcome
this issue by fabricating devices on suspended membranes or
thermal isolation platforms, to nullify thermal conduction to
the substrate [20,27]. Instead, here we take a more general
approach by modelling R, using 3D finite-element method
(FEM) simulations.

First, the necessary equations governing charge and heat
transport must be defined. Charge and heat current densities,
7 and g, respectively, are related to (spatially varying) voltage
V and T gradients by a 6 x 6 matrix. Assuming isotropic

material properties and ignoring magneto-thermoelectric and
Hall effects (discussed later), this may be simplifiedtoa2 x 2
matrix, and hence

7 . o oS\ /VV
@)= DG @

where o (= 1/p) and « are the charge and thermal conductiv-
ities, respectively, S is the Seebeck coefficient and IT is the
Peltier coefficient. The diagonal terms in the simplified 2 x 2
matrix are the ordinary Ohm’s law and thermal conduction re-
lations, while the off-diagonal terms encapsulate the Seebeck
and Peltier effects. Introducing charge and heat continuity and
Joule heating, Eq. (3) becomes

V.j=—0(V*V +5VT) =0, (4a)
V.G=—0ollVV — xVT = |j|’*/o. (4b)

From Onsager reciprocity, the Peltier coefficient is given
by I1=ST. For computational efficiency, we use the
reference temperature of the measurement for 7. Local tem-
perature variations are expected to be on the order of a few
Kelvin, at most, [31] and therefore we expect any errors from
this approximation to be small. Simulations of charge and
heat transport in NLSVs were performed using Eq. (4) for
DC current injection. Since experimental measurements were
of the first harmonic response to AC excitation currents, we
ignore spin-dependent Seebeck effects [3,27,51] which do
not appear in the first harmonic (they do, however, appear in
DC and higher harmonic measurements [3,27]). Further, for
the device dimensions considered here, we find no evidence
of magnetothermoelectric effects [21] nor anomalous Nernst
effects, which manifest as an asymmetry in Ryp(H) mea-
surements [20,25] (although these do occur in devices with
a thinner NM channel [21]). The 3D FEM approach does not
implement interface thermal impedances [52,53]; while these
effects will undoubtedly be present, we do not expect them to
dominate in our measurements [24]. Neither can this approach
account for thermal transport from (quasi)ballistic phonons
[24,54-56], which is expected to be relevant at the low T and
small length-scales here, although we do not observe evidence
of this in our experimental measurements [31]. Despite these
limitations, we find our model is able to reproduce experimen-
tal observations well, as demonstrated below.

The non-local background from the simulation Rzim is
shown in Fig. 3(b) for meshes based on the devices mea-
sured in Fig. 3(a). Clearly, the simulation and experiment do
not match in either 7 dependence or magnitude. This can
be simply explained by the measurement configuration: The
experimental first harmonic AC technique measures only the
linear component of R,(I¢), whereas the simulations are per-
formed for DC injection. For meaningful comparison between
the two, the current-bias dependence of V;im‘must therefore
be understood. Nonlinear dependencies of V'™ on I can be
expressed as a power series in I¢,

VbSim = allc + aglcz + (13[@3 + - (5)

where q; is the coefficient of the ith harmonic response of the
current /c. Simulations of the devices were performed across
bias currents ranging from —1 to +1 mA, and the V;im I¢)
data were fit to a cubic function (higher-order terms were
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FIG. 4. Current bias dependence of RZ‘“‘ in Co/Al devices, shown for the (a) linear, (b) quadratic, and (c) cubic responses to /¢, including
current spreading, Joule heating, Peltier heating, and Seebeck effects. Individual contributions of (d) current spreading, (e) Peltier, and (f) Joule
heating effects. By comparison, current spreading and Peltier effects are subsumed in R}, and Joule heating in RZ{‘E. Device dimensions used

are the same as in Fig. 3. Dotted lines are a guide to the eye.

found negligible). The T and d dependencies of the compo-
nents a; from the fits are shown in Figs. 4(a)—4(c), normalized
to an injection current of Ic = 1 mA, i.e., R)} = a1, R} =
aIc, and R;“{‘ = a3Ic%. Also shown in Figs. 4(d)-4(f) are
the individual contributions to Rzim from current spreading,
Peltier, and Joule heating effects, indicated by the subscripts
CS, P, and J, respectively.

Current spreading effects [Fig. 4(d)] are directly propor-
tional to pnm, decaying exponentially with d, as expected
from Eq. (1), although the exact magnitude and rate of decay
in the simulations differ from the model. Peltier contributions,
too, are expected to depend exponentially on d, because of
heat generation at the FM;,;/NM interface that is conducted
through the NM channel; indeed Rf}_? (T, d) [Fig. 4(e)] follows
this form closely (see Appendix A). Joule heating effects
[Fig. 4(f)] are more complex. Heat is primarily generated in
the FM;y,; owing to its typically high p, producing an expo-
nential dependence on d (following similar arguments to the
Peltier contribution), as observed in Fig. 4(f) ford > 1 um.
At short d, however, lateral thermal conduction through the
substrate heats FM, producing competing 7' dependencies,
and hence the complex form of R,S]i"}i(T) for d < 500 nm.

Comparing now the power series components of
Rzim(lc) [Fig. 4(a)—4(c)] with the individual contributions

[Figs. 4(d)—4(f)], it is clear that the I-' component is
dominated by current-spreading and Peltier effects, whereas
the Io> component exactly follows the Joule heating
contribution. We also observe an I-> dependence that appears
to be a mix of the Peltier and Joule heating effects [18], but is
orders of magnitude weaker than the I-' and I-> components
and is hence negligible. As a result, we conclude that DC
simulations of current spreading and Peltier effects can be
used as an unambiguous proxy for a linear response model
with coefficient R, and hence of first harmonic experimental
AC measurements.

Returning to the experimental measurements of R," in
Fig. 3(a), we observe excellent agreement with the simulation
results in Fig. 4(a), albeit with a factor of ~2 difference
in the magnitudes of R; ;. Such a discrepancy is reasonable
given that the magnitude of the current-spreading effects is
sensitive to the exact geometry of current injection and detec-
tion [23], which we can only approximate with the simulated
mesh. Additionally, the varying literature measurements of
thin film Seebeck coefficients will undoubtedly introduce dis-
crepancies: Seebeck coefficients are sensitive to the dominant
momentum scattering mechanisms present in a given material
[57], and therefore changes in p, e.g., through enhanced sur-
face relaxation, will produce different coefficients.
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FIG. 5. Experimental measurements of R, ; in NLSVs with various FM/NM pairings, and simulation data fit to the experimental data using
Eq. (6) (solid lines). (a) Co/Al (txm = 300 nm), (b) Co/Cu, (c) NigoFe,y/Cu, (d) Fe/Al, and (e) Fe/Cu. (f) Scaled absolute Seebeck coefficients
for the FM and NM materials obtained from fitting the data in panels (a)—(e) with literature values [42—46], demonstrating self-consistency of
the model. Solid lines are used for FM materials and dashed lines for NM materials.

Accepting these shortcomings, but assuming the 7 and d
dependencies to be correct, the simulation data can be fit to
the experimental data as a linear, scaled combination of the
current-spreading and Peltier contributions,

REP(d, T) = cosRy2s(d, T) + coR3B(d, T) + Ro(d). (6)

Here, ccs and cp are constant coefficients, independent of d
and T. Ry(d) is a T-independent term, which accounts for
any finite offset voltages related to the measurement setup
and unrelated to the sample under test [58]. The resulting fits
for the Co/Al data are shown by the solid lines in Fig. 3(a),
reproducing the experimental data very closely. The fits re-
turn ccs = 0.45 for current spreading (reasonable given the
arguments above), and cp = 0.69, which can be understood
as a scaling of the relative Seebeck coefficient for this Co/Al
system by the same factor [see Eq. (7) of Appendix A].
Encouraged by this, we proceed to simulate R, in de-
vices with different FM/NM pairings. Experimental data for
Co/Al with a thicker Al channel (z4; = 300 nm), and Co/Cu,
NiggFey9/Cu, Fe/Al and Fe/Cu (all with fyy = 200 nm) are
shown in Figs. 5(a)—5(e). Given the range of FM/NM pairings
available to us, we explore whether we can extract absolute
Seebeck coefficients for each material and check whether they
are consistent with the values that were originally assumed
based on the literature. Assuming that the 7' dependence of
the Seebeck coefficients remains unchanged from the liter-
ature bulk/thin film values, but that the magnitude changes,
we replace the Peltier scaling parameter cp in Eq. (6) with
the factor [S"parvm(T)/SFm- NM(T)] where S pyvm(T) =
EMSEM(T) — AMSam(T ), and ¢EM and ¢E™ are individual

scaling factors for the FM and NM Seebeck coefficients
respectively (see Appendix A). We then proceed to fit the
simulation data to the experimental results, employing ¢iM
and cf;’M as single-valued, free parameters, simultaneously fit
across the entire dataset. A weak background, linear with T,
has been subtracted from the data; we observe this background
to be independent of d, txyv, and material pairing and interpret
it to be an artefact of the measurement geometry.

The results from the fits are shown by the solid lines in
Figs. 5(a)—5(e), and the extracted effective Seebeck coeffi-
cients are presented in Fig. 5(f). Across most of the data, the
fits reproduce the experimental data exceptionally well and
reassuringly, all Seebeck scaling parameters ci™ and ¢3M are
within a range 0.8-2.2. The exponential-like increase with 7
in Ry across the Co/Al, Co/Cu, and NigyFeyy/Cu devices
are all well reproduced by the fits, suggesting that the T de-
pendences of the Seebeck coefficients for these materials are
correct. The fits to the Fe/Al data are also reasonable, showing
the onset of a high-7 plateau, although the temperature at
which this occurs is somewhat inconsistent between simula-
tions and experimental measurements. Further, in the Fe/Cu
data, the simulations fail to properly capture the undulating
form of R} b, 1 , indicating that the peak in Sr, occurs at a higher
T in our devices than in the literature values for bulk Fe that
we have used. In Appendix B, we describe an approach in
which we are able to estimate Sr,, by applying a simple model
to the simulation results to capture the dependence of R; |
on Spy-nvm- Applying this to the experimental Fe/Cu data, we
extract data for Sg.(7'), which exhibits the shifted temperature
peak indicated by the R} data.
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The excellent quantitative agreement between the exper-
imental measurements and simulations in this paper, across
a comprehensive range of T and material pairings, is clear
evidence that the background signal observed in NLSV
measurements originates from current-spreading and thermo-
electric effects. This comprehensive phase space has not been
previously explored; in doing so here we have been able to
test the validity of the current-spreading and thermoelectric
contributions. In particular, we observe that the characteristic
exponential-like increase of R, with T is not universal to all
FM/NM pairings but is instead sensitive to the choice of both
materials. Despite this, we naturally obtain the unusual form
of R;} in Fe/Al and Fe/Cu with ordinary current-spreading
and thermoelectric models. Further, at small d in these elec-
trically transparent interface devices, current spreading is
comparable in magnitude to the thermoelectric background,
and the complex interplay between the two contributions is
explicitly necessary to explain the full background signal. At
larger d, current spreading falls off quickly, and the back-
ground signal is dominated by the thermoelectric contribution.

The permutations of different material pairings probed here
provide another key advantage in allowing us to extract ab-
solute Seebeck coefficients for the individual materials. This
reveals self-consistency with the 7 dependence of Seebeck
coefficients in the literature, although we observe different
magnitudes. This discrepancy is readily explained by differ-
ences in the resistivities of the materials and the specific
contributions to p, e.g., enhanced grain boundary or surface
scattering in nanowires as compared to bulk materials [57].
The methods in this paper thus provide a useful tool to un-
derstand the background signal in NLSV measurements, as
well as the thermoelectric properties of the device materials
that contribute to it. Furthermore, by adopting a measurement
geometry in which FM;,; acts exclusively as a thermal spin-
current injector [3,27,29], the method developed here could
feasibly be extended to probe spin-dependent Seebeck coef-
ficients in an array of materials. We note that there may be
additional features at lower T that we do not explore here.
Specifically, there is speculation that, in material pairings
where the NM can host magnetic impurity moments from
the FM (i.e., Kondo-active pairings), there is expected to be
an additional, substantial term in the NM Seebeck coefficient
arising from the Kondo giant thermopower [59-63] and we
suspect it is present in the Fe/Cu data in this work [see Figs. 2
and 5(e)], although we lack statistical certainty.

In technological applications of NLSVs, e.g., spin accumu-
lation sensors for magnetic recording [11,13], the impact of
background signals remains unclear. Device thicknesses are
expected to be on the order of a few nm to achieve ultrahigh-
density and large output signals [11,12,14]. As the NM
cross-sectional area shrinks, current-spreading and thermal
transport in the NM channel are expected to decrease [23,31]
[see, for example, the reduction in RZ‘{D from t4; = 300 nm
to 150 nm in Figs. 5(a) and 3(a), respectively]. In contrast, a
smaller FM cross section will lead to increased Joule heating,
relevant for DC applications, further compounded by reduced
heat sinking in the absence of a large substrate (although this
may be mitigated by the inclusion of FM shields, which would
provide additional heat sinks). Additionally, thermoelectric
effects are typically strongest at the relevant temperatures for

these applications, i.e., room temperature, [42—46] and shorter
channel lengths will exponentially increase the strength of the
current-spreading and thermoelectric backgrounds [23,31]. A
deeper understanding of the impact of these effects on signal
fidelity in these regimes will therefore be important for device
design in these applications.

In summary, we have comprehensively demonstrated
strong agreement between experimental measurements of
R, in NLSVs and theoretical simulations based on current-
spreading and Peltier effects, across a large range of T, d,
and FM/NM pairings. Finite-element method simulations re-
veal the sensitivity of AC measurements to Peltier heating,
despite Joule heating being the dominant heating mechanism.
Through simultaneous fitting across our entire data set, our
simulation data are able to accurately reproduce the experi-
mental measurements, even the seemingly complex behavior
of R, T(T) in Fe/Al and Fe/Cu devices, which has not been
previously reported.
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APPENDIX A: EXPONENTIAL BEHAVIOR OF PELTIER
HEATING

Peltier heating/cooling at the FM;,;/NM interface gen-
erates a temperature gradient in the NM channel that,
according to the 1D heat diffusion model of Eq. (2), de-
cays exponentially as heat is sunk to the substrate: 97 /9x o
Ic gy exp(—x/&), where x is the distance from the
FM;,,j/NM interface [31]. Here, Mppyny = Ipm — Mnu s
the relative Peltier coefficient of the FM and NM materials.
This temperature gradient generates a corresponding potential
difference between FM, and the far right of the NM channel
given by

Ve ¢ Sertnm AT o IcT Sy nps €XP (—d /&), (7)

where AT is the temperature difference between FMy. and
the far right of the NM channel (assumed to be at temperature
T) and we have used the definition Igy_yy = TSrv—nm
(Srv—nm = Sem — Snu s the relative Seebeck coefficient of
the NM and FM materials). Hence, the Peltier and Seebeck
contributions to Ry, should follow TS%,, y,, and decay expo-
nentially with d.
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FIG. 6. Estimated relative Seebeck coefficient for Fe/Cu and
absolute Seebeck coefficient for Fe from exponential fits to simula-
tions and experimental data (circles), compared with literature values
[43,44] (dashed line).

APPENDIX B: EXTRACTING Sye.cu AND Sy,

Both contributions to Rp;, i.e., current-spreading and
Peltier effects, are expected to be exponentially dependent on
d see Egs. (2) and (7) and indeed simulations of these effects
reveal this trend. Hence, it should be possible to express R |
at a given T as a sum of two exponential terms. As a further
simplification, current-spreading effects have a much faster
fall off than Peltier effects [compare, for example, the d de-
pendenies of R, cs and R;, p in Figs. 4(d) and 4(e)]. Therefore,
at sufficiently high d, R), ; may be simply expressed as

Ry 1 = Bexp(—d/§), (8)

at fixed 7', where the amplitude B = AS7,, _y,, and A is some
scaling factor that captures p, k¥ and the device geometry.
Using Eq. (8) to fit the Fe/Cu R;‘{‘(d ) data at different T,
where d > 750 nm (sufficiently high for current-spreading to
be negligible), we obtain values for A(T"), by dividing the
extracted B(T') data by the literature Sge.cy, values used in the
simulations. Since device dimensions and p are experimen-
tally measured values, from which the relevant « is estimated,
and A(T) is derived from these quantities, we may assume
these A(T) values hold for our experimental measurements.
Fitting the experimental Fe/Cu data in the same way yields
amplitudes B¥P(T'), from which we can extract experimental
Ske-cu(T) values using the previously obtained A(T) from
fitting the simulation data.

The Sge.cu(T) data obtained using this method are shown
by the circles in Fig. 6(a) and compared with the (bulk/thin
film) literature values (dashed line) [43,57]. At low T(< 150
K) there is excellent agreement between the extracted Sge.cu
data and the literature values. Above 150 K, there is some
divergence, with the high-7" downturn being pushed to higher
temperatures in the extracted values, as implied by the ob-
servations in Fig. 5(e). Since similar behavior is observed in
the Fe/Al data, we reason that this divergence is due to a
change in the Fe Seebeck coefficient. Assuming that S¢, is
unchanged, we may accordingly estimate Sg,, as shown in
Fig. 6(b), again compared with the literature values. In doing
so, we observe the peak in Sr, is pulled to lower T'. This peak
arises from magnon drag [44] and is reasonably expected to
differ between bulk, thin films, and nanowires, as damping,
magnon lifetimes, and the effect of defects and impurities
vary [64,65]. Accounting for such effects is difficult, yet by
combining our experimental measurements with simulations
we are able to estimate the resulting change in Sg,.
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