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Emergence of large spin-charge interconversion at an oxidized Cu/W interface
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Spin-orbitronic devices can integrate memory and logic by exploiting spin-charge interconversion (SCI),
which is optimized by design and materials selection. In these devices, interfaces are crucial elements as they
can prohibit or promote spin flow in a device as well as possess spin-orbit coupling resulting in interfacial
SCI. Therefore, investigation of interfaces in spin-orbitronic devices is important. Here, we study the origin of
SCI in a Py/Cu/W lateral spin valve and quantify its efficiency. An exhaustive characterization of the interface
between Cu and W electrodes uncovers the presence of an oxidized layer (WO,). We determine that the SCI
occurs at the Cu/WOy interface with a temperature-independent interfacial spin-loss conductance of G| ~ 20 x
102 Q~'m~2 and an interfacial spin-charge conductivity osc = —1600 Q~'em~' at 10 K (—800 Q' cm™!
at 300 K). This corresponds to an efficiency given by the inverse Edelstein length Ajgg = —0.8 nm at 10 K
(—0.4 nm at 300 K), which is remarkably larger than in metal/metal and metal/oxide interfaces and bulk heavy
metals. The large SCI efficiency at such an oxidized interface makes it a promising candidate for the magnetic

readout in MESO logic devices.

DOI: 10.1103/PhysRevB.107.184438

I. INTRODUCTION

In the field of spin orbitronics, great efforts have been
made to develop theories and device architectures that
allow technological advancements in digital information stor-
age and computation. These developments include writing
and reading of information in magnetic states to achieve
scalable and energy-efficient nonvolatile memory such as
spin-orbit torque magnetoresistive random access memory
(SOT-MRAM) [1,2]. Now, the field is pushing even further
with proposals for spin-orbit logic [3]. These devices rely
on spin-orbit coupling (SOC) which permits spin-charge in-
terconversion (SCI), that is, the conversion of a spin current
density into a charge current density or vice versa. Such
conversion can take place in bulk materials (3D) via the spin
Hall effect [4] and at interfaces (2D) via the Rasbha-Edelstein
effect [5-12], and in specific systems, both bulk and inter-
facial SCI are observed [13,14]. Spin-orbit devices benefit
from spin-orbit materials (SOMs) providing high SCI effi-
ciencies. For optimization of these efficiencies, it is important
to distinguish between bulk and interfacial SCI, which is not
straightforward since interfaces are present in most devices.

Lateral spin valve (LSV) devices can be used for SCI
measurements in both 2D and 3D systems [10,12,15,16]. The
nonlocal geometry of this device allows separating pure spin
current from charge current such that spurious effects arising
from the latter are eliminated from the detected signal. Two
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independent configurations help to determine the spin diffu-
sion length (A) and the SCI efficiency of a SOM. However,
the spin transport at the interface of the channel and SOM
electrode remains an issue. Lately, the importance of inter-
faces has been pointed out by several works [17-20] where
the interface can reduce or even prevent spin sink into SOM,
or possess 2D SCI due to interfacial SOC. Hence, the quan-
tification of the 3D SCI in the SOM might be affected by the
presence of an interface.

Here, we study SCI in an all-metallic Py/Cu/W LSV.
Electrical measurements of the Cu/W interface supported by
scanning transmission electron microscopy (STEM) images
reveal that the interface resistance originates from an ox-
ide layer created during the fabrication of the device. After
analyses of different spin transport scenarios in the system,
we identified that the SCI occurs at the Cu/oxide inter-
face. We find a temperature-independent interfacial spin-loss
conductance (Gj ~ 20 x 103 Q7! m=2) and a spin-charge
conductivity of ogc = —800 Q~'cm™! at 300 K, correspond-
ing to an inverse Edelstein length Ajgg = —0.4 nm at 300 K
for the Cu/oxide interface. The high resistivity and large SCI
in this system is promising for developing the magnetic-state
readout in the magnetoelectric spin-orbit (MESO) logic de-
vice [21,22]. Even more, this work highlights the importance
of studying every aspect of all-metallic devices carefully, in
particular the interface, to extract meaningful spin relaxation
and SCI efficiency parameters.

©2023 American Physical Society
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FIG. 1. Characterization of the Cu/W interface. (a) A false-color
SEM image of a Py/Cu/W LSV with the Py, Cu, and W electrodes
indicated by blue, orange, and green, respectively. The electrical con-
figuration presents the four-probe interface resistance measurement
of the Cu/W interface. (b) Temperature dependence of the experi-
mental interface resistance R;"" of the Cu/W interface. (¢) A STEM
image and EDX analysis of the Cu/W interface. Top left panel:
HAADF STEM image of a cross section of the Cu/W interface area.
Top right panel: False-colored EXD map of the blue square on the
STEM image. The false colors correspond to O (red), Cu (blue), and
W (green). An interfacial oxide layer is indicated by white arrows.
Bottom panel: Compositional analysis of the EDX map showing the
Cu, O, and W as a function of the depth, indicating the presence of
a WO layer in between the Cu and W electrodes. (d) The resistivity
of the WOy layer as a function of the temperature, extracted from the
3D FEM simulation in combination with R;'". Inset: the geometrical
model and measurement configuration in the 3D FEM simulation.

II. EXPERIMENTAL DETAILS

The Py/Cu/W LSV consists of two parallelly aligned
Py electrodes and a W electrode placed in between the Py
electrodes. These three electrodes are connected by a trans-
verse Cu channel. Figure 1(a) displays a top-view scanning
electron microscopy (SEM) image of the device. The devices
are fabricated on SiO,(150nm)/Si substrates in three steps,
each step involving electron-beam lithography (EBL), metal
deposition, and a lift-off process. The first step includes EBL
of the Py nanostructure, followed by Py deposition via e-
beam evaporation (rate ~ 0.56 As™! and Ddep ~ 2.3 X 10-8
Torr). In a second EBL step, the nanostructure for the W
is defined with subsequent deposition of W by magnetron
sputtering (rate ~ 0.11 As™', pa, =3 mTorr, P =10 W,
Poase ~ 2 x 1078 Torr at room temperature). After lift-off,
Ar-ion-beam milling is performed at grazing incidence to
remove sharp vertical edges from the Py and W electrodes
formed by materials deposited on the walls of the resists
which did not detach from the electrodes during the lift-
off process. Lastly, the Cu nanostructures are defined by
EBL. Before the deposition of Cu, Ar-ion-beam milling is

performed at normal incidence to clean the Py and W surfaces
from resist residues and oxidation. Next, 3 nm of Cu are
in situ deposited by magnetron sputtering (rate ~ 1.88 As~!,
par =3 mTorr, P =250 W, ppase ~ 3 x 107 Torr at room
temperature) in an attempt to protect Py and especially W
from reoxidation before transferring the sample to an UHV
evaporation chamber, where high quality Cu (low resistivity
and long spin diffusion length) is grown. This Cu is deposited
by thermal evaporation (rate ~ 1.5 As~! and Pdep ~ 1.3 X
1078 Torr) and subsequently lifted off in acetone. Finally,
the sample is capped with a magnetron sputtered 5-nm-thick
film of SiO, (rate ~ 0.5 As™!, po, = 3 mTorr, P =200 W,
Dbase ™~ 2 X 10~® Torr at room temperature).

The width (w) and thickness (¢) of the electrodes for the de-
vice used in this study are wpy = 124 nm, tpy = 30 nm, ww =
195 nm, tw = 4.5 nm, wc, = 123 nm, and tc, = 90 nm. The
measured resistivities of the different electrodes are presented
in Supplemental Material S1 [23]. The behavior of the W
resistivity indicates that the 8 phase, which possesses large
SCI, is dominant [24]. The transport measurements are carried
out in a physical property measurement system (PPMS) from
Quantum Design. We can apply an in-plane magnetic field
and the electrical measurements are performed using the “dc
reversal technique” with a Keithley 2182 nanovoltmeter and
6221 current source.

III. RESULTS AND DISCUSSION
A. Interface resistance

The four-point measurement configuration in the LSV
device presented in Fig. 1(a) can be used for probing the
experimental interface resistance R;"'. Figure 1(b) shows the
resulting interface resistance at various temperatures. R}’ is
observed to be negative. This negative value for interface
resistance is an artifact that comes from an inhomogeneous
current density flow and voltage drop is facilitated by a low-
impedance interface [25,26]. 3D finite element method (FEM)
simulations are utilized to extract the actual interface resis-
tance.

STEM has been performed to investigate the W and Cu
channels at the interface region and to accordingly define the
geometrical model within the 3D FEM resembling the Cu
and W electrodes. Figure 1(c) shows a cross-sectional STEM
image of the Cu/W interface. The element composition is
inspected by energy dispersive x-ray (EDX) analysis in the
area indicated by the blue square. The observed elements in
this region are oxygen (O), W, and Cu. Surprisingly, O appears
in between the Cu and W electrodes. Supplemental Material
S2 contains a deeper discussion on the elemental composition
[23]. We find the W electrode thickness below the Cu channel
to be 2.8 nm thick. The oxide layer, clearly visible in the
zoom of the blue square indicated by white arrows, has an
average thickness of ~1.5 nm and consists of W and O (for
a detailed discussion on the stoichiometry of the oxide layer,
see Supplemental Material S3 [23]). In the remainder of this
paper, we will refer to this layer as the oxide layer and use the
tag “WOy.”

The finite thickness of the oxide layer means that the
interface in the 3D FEM simulation cannot be considered
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FIG. 2. Spin absorption in the Py/Cu/W LSV. (a) A false-color
SEM image presenting a top view of the Py/Cu/W LSV including
the spin absorption technique measurement configuration. The mag-
netic field is applied along the easy axis of the Py electrodes. (b) The
nonlocal resistance for the reference LSV (blue) and the LSV with
the middle W electrode (orange) at 10 K. The difference between
the low and high resistance state gives the spin signals AR and
AR for the associated LSVs. (c) The spin signals ARES and AR
at different temperatures. (d) The temperature dependence of the
interfacial spin-loss conductance G obtained from applying Eq. (2)
to AR /AR which is displayed in the inset.

as a boundary condition, but the geometrical model must
contain an additional layer with its own materials properties.
The geometry has been constructed considering the structural
details found in the TEM images (Supplemental Material
S2 [23]). Although the thickness of the W electrode un-
derneath the Cu channel and away from the Cu channel is
different, we consider the resistivity of the W electrode to
be the same everywhere. The electrical configuration in the
simulation is shown in the inset of Fig. 1(d) [and is the
same as presented in Fig. 1(a)]. The voltage is probed while
varying the resistivity of the oxide layer pwo,. The resistance
for which the FEM resistance Rpgm is equal to R]™" gives
the correct pwo, (see Supplemental Material S4 for more
details [23]). Note that the described method can also be used
when there is no interfacial oxide layer by replacing the finite
layer by a contact impedance and the resistivity by an inter-
face resistance. Figure 1(d) graphs the resulting temperature
dependence of pwo, which is relatively high compared to
resistivities in the metal electrodes (Supplemental Material S1
[23]) and is considered in the following studies on the spin
absorption and SCI.

B. Spin absorption

The spin absorption technique is used for defining A of
materials such as ferromagnets and SOMs with short A.
Figure 2(a) displays the SEM image of our LSV with the
measurement configuration for the spin absorption technique.
A bias current s is applied from the Cu channel into the Py

electrode creating a spin accumulation at the Py/Cu interface.
Spin diffusion in the Cu channel away from the interface
region results in a pure spin current (on the side where Iy,
does not flow). A second Py electrode is used to detect this
spin current. The W electrode positioned in between the two
Py electrodes can absorb part of the spin current flowing in the
Cu channel depending on spin properties of the W and WO
layers, and the W/WOy and Cu/WOx interfaces.

Figure 2(b) plots the magnetic field dependence of the non-
local resistance (Rny = VAL /lbias) in a reference LSV without
the W electrode (R ) and the LSV with the W electrode
(Rs) at 10 K. The two Py electrodes are designed in such a
way that the magnetic switching fields are different. There-
fore, the parallel and antiparallel resistance states can be
identified by parallelly aligning the ferromagnetic metal (FM)
with an external magnetic field and then sweeping this field
[15,16]. The difference between the resistance of the parallel
and antiparallel configuration gives the spin signals ARS
and AR®S. Figure 2(b) shows that AR is smaller than
AR{S{, meaning that the W electrode with the interfacial WOy
layer allows for spin absorption. Figure 2(c) presents the tem-
perature dependence of the spin signals. The observed AR
is of the same order of magnitude as other all-metallic LSVs
based on Nb [15], Pt [16], Ta [27], Culr [28], CuBi [29], or
AuW [30] electrodes or even by an electrode constructed out
of metallic/oxide heterostructures [10].

The value of A in a SOM using the spin absorption tech-
nique is typically obtained in devices with a transparent
interface between the spin transport channel of a nonmagnetic
metal (NM) and a SOM electrode. However, in LSVs with
resistive interfaces, that is, LSVs in which the spin resistance
of the interface is dominant over the one of SOM, the spin
properties of the SOM cannot be accessed and only the in-
terfacial properties can be explored. Interestingly, spins are
being absorbed in our Py/Cu/W LSV even though the Cu/W
contains a resistive interfacial oxide layer. The ratio of the spin
signals n = ARYS /AR is used to pinpoint where the spins
are absorbed and elucidate the spin properties that are probed.
We assume that the measured interface resistance comes from
the oxide resistivity and the W/WOy and Cu/WOy interfaces
are transparent, as we cannot differentiate the contribution
of each candidate to the experimental interface resistance.
Then, n for bulk and interfacial dominant spin absorption are
respectively given by

[ GSOM /1 1 -
ok = |1+ = (— )] , (D

GSNM 2 - 1+ rpMeL/"NM
and
GiAr (1 1 -
Ninterfacial = _1 + GIS\]M (E - 1 + rFMeL/’\NM >] ) (2)

with rpm = 1 +2GY™/G™ where the spin conductance
for the NM channel G = Axm/onmAnm, the FM elec-
trode G™™ = (1 — P*)Apy/ prmArm, and the SOM electrode
G3M = Asom/psomrsom With A being the cross-sectional
area through which the spin current flows in the associate
electrode, and P is the polarization of the FM electrode.
G, is the interfacial spin-loss conductance and Aj is the
NM/SOM interface area. The derivation of 7 for the total spin
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TABLE I. Summary of the interfacial spin absorption and spin-charge interconversion in different interfaces. The spin absorption is given
by the interfacial spin-loss conductance G and the SCI by the interfacial spin-charge conductivity osc. The inverse Edelstein length A is

defined as osc/Gy.

Materials system T (K) G, [108% Q7' m™2] osc (7 'em™) A (nm) Ref.

Cu/BiOy 10 2.8 £ 0.2 4 £+ 8 0.16 £+ 0.03 [10]

Cu/Au 10 7.6 £ 0.6 —127 £ 8 —0.17 &£ 0.04 [12]
300 98 + 0.6 -30 £ 8 —0.03 £+ 0.02 [12]

Cu/WOy 10 21 £ 2 —1600 £ 200 —0.8 + 0.1 this work
300 20 + 7 —800 £ 300 —-04 £ 0.2 this work

absorption including both bulk and interfacial absorption is
shown in Supplemental Material S5 [23]. Equation (1) agrees
with previous derivations of bulk SCI [15,31]. The spin prop-
erties of the FM and NM channels needed for further analyses
with Egs. (1) and (2) are presented in Supplemental Material
S6 [23].

The spin absorption in our device can be due to spin relax-
ation within the W electrode, the W /WOy interface, the WOy
layer, or the Cu/WOy interface. If the interface resistance is
ignored and the Cu/W interface is assumed to be transparent,
the resulting A for W (~1.5nm) would be comparable to
values reported in other studies [32,33]. However, a care-
ful analysis of the spin diffusion equation, considering the
finite interface resistance measured, indicates that the spin
absorption is dominated by the oxide layer (see Supplemen-
tal Material S7 [23]). This shows the importance of proper
characterization of the active interfaces in spintronic devices.
The remaining question is now whether the absorption occurs
in the “bulk” oxide layer or at the Cu/WOy interface. The
absorption in the “bulk” oxide means that the spin current
decays up to a certain depth < two, within the oxide layer.
We use Eq. (1) supposing that the oxide layer, with resistivity
pwo, [Fig. 1(d)], is the SOM and the W just functions as a
metallic electrode. Awo, is found to be ~0.04 nm (see Supple-
mental Material S7 [23]) which is smaller than the interatomic
distance of typical transition metal oxides, excluding bulk
absorption in the oxide layer.

Consequently, the spin absorption must take place at the
Cu/WOy interface and Eq. (2) must be used. Equation (2) is
equivalent to Eq. (1) with the spin-loss conductance GAj re-
placing the spin conductance GEOM (which depends on Agom).
Figure 2(d) presents G| in our Py/Cu/W LSV obtained from
AR /AR at different temperatures [see inset of Fig. 2(d)].
Table I compares the resulting G at the Cu/WOy interface
to Cu/BiOy [10] and Cu/Au [12] interface, which are an-
alyzed by the same method. G at the Cu/WO, interface
(~20 x 10° Q7' m~2 at all temperatures) is remarkably
larger than the ones observed in Cu/BiOy and Cu/Au.

C. Spin-charge interconversion

Next, we investigate if the spins absorbed at the Cu/WOy
interface display interfacial SCI. Figure 3(a) shows the SEM
image of the Py/Cu/W LSV, this time depicted together with
the charge-to-spin measurement configuration. The bias cur-
rent ly,s 1S applied through the W electrode. If the Cu/WOx
interface contains any mechanism resulting in SCI, this charge
current along the interface will create a spin accumulation

which will diffuse into the Cu channel as a pure spin current.
The magnetization of the Py electrode that is used to probe
such spin current, by measuring a voltage between the Py and
Cu electrodes (Vsc), is controlled by an external magnetic field
(H,) parallel to the polarization of the spin current.

Figure 3(b) presents the spin-charge resistance
Rsc (= Vsc/hias) as a function of H, for different
temperatures between 10 and 300 K. By sweeping H,, a
change in Rgc is observed at all temperatures, indicating
the occurrence of charge-to-spin conversion. The difference
between the low and high resistance, 2ARgc, is called the
spin-charge signal. The inset of Fig. 3(c) plots the temperature
dependence of 2ARgc that is described (for the derivation,
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FIG. 3. Charge-to-spin conversion at the Cu/WOy interface. (a)
A false-color SEM image of the Py/Cu/W LSV and the charge-to-
spin conversion measurement configuration. The external magnetic
field is oriented in the x direction. (b) The magnetic field dependence
of the spin-charge resistance Rsc for various temperatures. Rsc is the
average of the magnetic field trace and retrace. An offset is added to
Rsc such that the low resistance state is zero. The difference between
the low and high resistance state is the spin-charge signal 2ARsc. (¢)
The temperature dependence of the interfacial spin-charge conduc-
tivity ogc for the Cu/ WOy calculated with Eq. (3) combined with the
obtained values for ARgc, Gy, and xwo, . Inset: Spin-charge signal as
a function of temperature. (d) The temperature dependence of inverse
Edelstein length Agg resulting from the ratio between ogc and G;.
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see Supplemental Material S8 [23]) by

WNMOSC GSNM 4Pel/Pm

W0, 0WO0, GSMG“A] rFMr“eL/)‘NM +r - 2’
3)

where rj = 1 +2GY™ /G A; and osc is the interfacial spin-
charge conductivity which is the equivalent of the spin Hall
conductivity for the bulk SCI. The electrical shunting factor
Xxwo, is essential for the evaluation of SCI in the LSV as it
defines the charge current flowing along the interface. This is
especially critical in our LSV, in which we have a structure
of three different materials with a range of resistivities. The
shunting factor of the Cu/WOy interface is assessed using 3D
FEM simulations. Supplemental Material S9 [23] presents the
details of electrical shunting in our device and the simulation
to acquire the shunting factor.

We obtain ogc by employing Eq. (3) and using the gathered
values ARsc, Gy and xwo,. Figure 3(c) shows a ogc value of
—1600 ' cm~! at 10 K that decreases to —800 Q! cm™!
at 300 K. In this work we present one particular device, but the
SCI has been observed in other devices with slightly different
dimensions. The spin-charge signal is on the same order of
magnitude in all devices as can be seen in Supplemental Ma-
terial S10 [23], evidencing the reproducibility of the measured
SCI. Such SCI requires the presence of SOC at the interface
[8], which in our case is given by the heavy element W in
the oxide layer. An oxide layer based on a light metal is
thus not expected to show any relevant SCI. Indeed, a control
experiment performed in a Py/Cu/SiO, LSV does not show
any SCI (see Supplemental Material S11 [23]). Finally, Table I
indicates that ogc of the Cu/WOy interface is notably higher
compared to the ones obtained in the Cu/BiOx and Cu/Au
systems. Remarkably, the observed ogc is comparable to osy
of Pt (~1600 ~! cm~1) [16].

Finally, we can combine the results of the interfacial
spin-loss conductance (G;) and the interfacial spin-charge
conductivity (osc) to calculate the commonly used inverse
Edelstein length Ajgg for the Cu/WOy interface. The resulting
Meg, —0.8 and —0.4 nm at 10 and 300 K, respectively, are
significantly larger than the ones observed in Cu/BiOy and
Cu/Au at the same temperature (Table I) and OsyA in Pt
[16]. Note that it is more convenient to display the inter-
facial spin-loss and SCI parameters as G| and osc because
these are independent of the microscopic mechanisms leading
to interfacial SCI (Rashba, spin-orbit filtering, etc.) and can
be easily expanded to the 3D counterparts as G and osc
are equivalent to the spin conductance of the SOM (Gsom)
and spin Hall conductivity (osy) for bulk SCI, respectively.
Furthermore, ogc accounts for the Onsager reciprocity of the
SCI at interfaces [10]. Figure 3(d) graphs Ajgg = osc/G)jj as a
function of temperature, showing a decrease of this parameter
with increasing temperature similar to the behavior observed
in the Cu/BiOy and Cu/Au systems.

Our device was not fabricated to study the interfacial SCI
of a Cu/WOy interface, but large SCI efficiencies that are
discussed to be of interfacial origin are also observed in

ARsc = xwo,

spin-orbit torque studies on W/CoFe [33] and CoFe/WOy
structures [34]. Additionally, enhanced SCI efficiencies are
observed in CuW alloys [35] and highly efficient SCI is
measured in Cu/AlOy interfaces [36] using spin-torque fer-
romagnetic resonance. The lack of heavy elements in this
Cu/AlOy structure suggests SCI mediated through orbital
transport. This type of orbital Hall effect and orbital Edelstein
effect could also occur in our Cu/WOy structure.

IV. CONCLUSIONS

We studied a Py/Cu/W LSV to investigate the spin-charge
interconversion properties of W. A careful analysis leads to
the discovery of an oxide layer at the Cu/W interface with
a high resistivity that prevents spin absorption into the W
electrode. We observe that the spin absorption happens at
the Cu/WOy interface with a temperature-independent in-
terfacial spin-loss conductance of G| & 20 x 1013 Q~! m=2.
Additionally, a large interfacial SCI is observed, with ogc
varying from —1600 to —800 ~! cm~! for the temperature
range from 10 to 300 K. The system has an efficiency given
by the inverse Edelstein length Ajgg that ranges from —0.8 nm
(10 K) to —0.4 nm (300 K), which is substantially larger than
other metallic interfaces [10,12] or even Pt [16]. The large SCI
efficiency in the Cu/WOy interface could be applicable to the
proposed MESO logic device [21,22]. Importantly, our study
indicates that one must characterize interfaces carefully when
studying the spin transport properties of spin-orbit materials
in nanodevices.
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