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ABSTRACT

We study the W/Cu multilayers as a spin current source and the coherent spin-orbit torques in a Fe layer using the spin-torque ferromag-
netic resonance (STFMR) technique. With increasing numbers of layers, the line shape of the STFMR signals changes from predominantly
antisymmetric to predominantly symmetric. When using [W(0.5)/Cu(0.5)]s as a spin current source, the symmetric amplitude increases by
a factor of 5 compared to a single W layer. Simultaneously, the effective damping parameter also increases slightly due to enhanced spin
pumping. Along with an increasing trend in the damping-like torque efficiency, this suggests that the extrinsic spin Hall effect is enhanced.
Concurrently, the antisymmetric amplitude decreases significantly by a factor of 27, which indicates an increase in the field-like torque

when multilayers are used as a spin current source.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0139212

. INTRODUCTION

Current-induced spin-orbit torques (SOTs) have attracted
substantial attention for magnetization control in ferromagnets
(FMs) regarding energy-efficient memory applications.'™ In a
bilayer containing an FM and a nonmagnetic metal (NM) (FM/
NM), the SOT can be generated via the Rashba-Edelstein effect
(REE) or the spin Hall effect (SHE).*® The REE is the emergence
of a spin accumulation at an interface due to structural inversion
symmetry breaking and causes predominantly a field-like (FL)
torque.” On the other hand, the SHE is the generation of a trans-
verse spin current, due to spin-dependent transverse velocities of
the electrons, which exerts a predominantly damping-like (DL)
torque onto magnetization upon absorption into the FM.»”" The
origin of the SHE can be caused by intrinsic”'’ or extrinsic
effects, where the latter includes effects like skew scattering'' ™"’
or side jump.>'* In order to achieve a strong SOT, efforts have
been made to improve charge-to-spin current conversion by using
large spin-orbit coupled (SOC) materials such as W, Pt, or
Ta"'"'""~' or by enhancing the extrinsic SHE by doping or alloy-
ing, which provides more defects that lead to an increase in scat-
tering events.'” ™

Recent studies have shown that inserting ultrathin layers at
the FM/NM interface significantly influences the SOT
performance.”” " Additionally, it was shown by Zhu et al. that

inserting ultrathin Ti and Hf layers into the Pt layer effectively
tuned the DL torque efficiency due to the enhancement of interfa-
cial scattering.’'* However, Hf has a short spin diffusion length
of about 1nm and, as a result, tends to attenuate spin cur-
rents.”'”? Hence, materials with a large spin diffusion length, like
Cu, which has a spin diffusion length of several 100 nm,>**°
promise to overcome this issue. Furthermore, investigations utiliz-
ing Cu have shown to either enhance or diminish SOT, depending
on the structure or fabrication technique. When sandwiched
between a Pt and FM layer, Cu decreases SOT as it lowers the
spin transparency of the interface,””” but when interfaced with a
permalloy layer only, it can create a sizable FL torque.”® Cu can
also act as a potent doping material, enhancing the spin Hall con-
ductivity in heavy metal (HM)-Cu alloys'”*"** due to its high
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conductivity.
In this work, W/Cu multilayers were fabricated to investi-
gate their spin-torque ferromagnetic resonance technique

(STEMR) signals and SOT efficiencies as well as the effect on
the damping in an adjacent Fe layer. While W acts as a spin
current source, the insertion of Cu enhances interfacial scatter-
ing, without attenuating the spin current. The SOT efficiencies
were determined for the NM multilayer by utilizing STFMR, as
it allows extracting the effective damping parameter of the FM
simultaneously.
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Il. METHODS

Stacks of Ti(2)/Fe(5)/NM(x)/Ti(5) (nominal thickness in nm)
were fabricated by magnetron sputtering at room temperature onto
thermally oxidized silicon wafers. The base pressure in the chamber
was below 1077 Torr and the pressure during the deposition was
2mTorr for all layers. Devices of 5 x 20 um® were patterned by a
lithography lift-off process. The Ti layers were used as a seed layer
and for oxidation prevention. For the NM multilayer, two sets were
prepared. In set A, the total thickness of the NM multilayer
remains constant at 5nm and comprises m-repeats of [W/Culy,,
where m ranges from 1 to 5. W and Cu are of equal nominal thick-
nesses. The total number of layers is M =2 m. In set B, W and Cu
are both nominally 0.5 nm thick, with n-repeats of the [W(0.5)/Cu
(0.5)], bilayer, where n ranges from 1 to 5. The corresponding total
NM multilayer thicknesses range from 1 to 5 nm. The total number
of layers is N =2n. For the case of M =N =10, sets A and B share
the same NM multilayer configuration of [W(0.5)/Cu(0.5)]s.
Additionally, a sample with 5nm W was fabricated and measured
for comparison. The results were added to the results of sets A and
B, indicated as M =N = 1.

The resistivity for the NM layers was measured using a four-
point probe’’™*' on separate thin films comprising only the NM
layers and the seed and capping layer. The results are shown in
Fig. 1(a) for set A and Fig. 1(b) for set B. The insets of the graphs
show the conductivity of the NM multilayer. For set A, the resistiv-
ity increases with the number of layers due to the increased
number of interfaces. Except for M =2, where NM is W(2.5)/Cu
(2.5), the resistivity drops slightly compared to the 5nm W layer
due to current shunting into the relatively thick Cu layer. For set B,
the resistivity also increases with the number of layers due to inter-
facial scattering in the NM stack, although the overall thickness of
the multilayer increases. This can be explained with a parallel resis-
tor model of the multilayer, in which the interfaces must be
included as resistors, as the thickness of the individual Cu and W
layers is significantly smaller than the mean free path of the bulk
materials.”” The resistor model is presented in the supplementary
material. The resistivities for set B (N=2, 4, 6, 8) are slightly
higher than those of set A due to the thinner layers.

For the STFMR measurements, an alternating current (AC)
with a power of P=18 dBm at a radio frequency (RF) in the lower
GHz range was sent into the device via the ground-source-ground
RF probe. The AC was generated by a signal generator, connected
to the RF port of a bias-T. The rectified DC voltage from the
sample was measured by a lock-in amplifier, which was provided
with a reference signal of 293 Hz from the low-frequency output of
the signal generator. Figure 1(c) shows a schematic of the setup.
The STEMR measurements were performed 20 times per sample
and the results were averaged. All measurements were done at
room temperature.

A typical STEMR signal measured at 15GHz is shown in
Fig. 1(d) and was fitted with*

Vinix = Vo + VSFS(Hext) + VaFA(Hext)x (1)

where FS(Hext) = AHZ/[AHZ + (Hext - Hres)z] and FA(Hext) =AH
(Hext — Hyes)/[AH? + (Hext — Hyes)?] are  the symmetric and
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antisymmetric Lorentzian functions, respectively. AH is the line-
width (half width at half maximum—HWHM), H,. is the reso-
nance field, Hey is the applied static magnetic field, V; is a voltage
offset, V5 and V, are the amplitude of the symmetric and antisym-
metric Lorentzian functions, respectively. V, and V, were then
further used to calculate the FMR spin-torque efficiency as
follows: "

Vs euptemtnmMs 4 Mg
¢ FMR = 7, [ 1 >
Va H res

@

where e is the electron charge, i, is the vacuum permeability, tpy is
the thickness of the FM layer, fy is the thickness of the NM layer,
M is the saturation magnetization, 7 is the reduced Planck cons-
tant, and M is the effective magnetization. M can be deter-
mined from frequency-dependent measurements with the help of
the Kittel equation for in-plane magnetized samples as
f = ¥/2 \/Hyes (Hres + 47Mer),”” where ¥ is the gyromagnetic
ratio.

lll. RESULTS AND DISCUSSION

Figures 2(a) and 2(b) show the STFMR signals obtained
for sets A and B at 15 GHz. Figure 2(a) also contains the results
from the device with a 5nm W layer (M =1). In both sets, a
change in line shape can be observed, going from dominantly anti-
symmetric for M=N=1 or 2 to dominantly symmetric for
M=N=10. This is surprising as metallic bilayer systems with
elemental or alloyed NM tend to exhibit a more dominantly anti-
symmetric shape,'**>*>**~! like the herein-used reference sample
Fe(5)/W(5).

The change in line shape is also reflected in a rise in the FMR
spin-torque efficiency, which is calculated with Eq. (2) and shown
in Figs. 3(a) and 3(b) for sets A and B, respectively. The FMR spin-
torque efficiency was initially proposed to give an estimate for the
spin Hall angle (SHA),” which is the quantifying factor of
charge-to-spin current conversion (and vice versa) for the SHE
(ISHE). One notable benefit of the line shape analysis is that it is
self-calibrated; i.e., all necessary parameters to calculate &pyp
(except for M; and film thickness) can be obtained from the same
measurement.”””* Furthermore, it offers the possibility to gauge
STFMR measurements when comparing FMR spin-torque efficien-
cies only. However, this method is not without limitations, and it is
important to understand the main contributing components,
which are the symmetric and antisymmetric Lorentzian
amplitudes.

It was first assumed that the symmetric Lorentzian is gener-
ated by the DL effective field and the antisymmetric by the Oersted
field." Later on, it was shown that the symmetric Lorentzian can
also be generated by spin pumping.’® During the spin pumping
process, the oscillating magnetization pumps a spin current into
the adjacent NM, which is then transformed into a charge current
via the ISHE.””° This leads to an overestimation of the SHA when
calculating &gy Similar to the symmetric Lorentzian, the antisym-
metric Lorentzian also has another contributing component,
namely, the FL effective field, typically assumed to be negligi-
ble.*>” However, if the FL contribution is non-negligible, the FL
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FIG. 1. Resistivity of the NM multilayers for (a) set A and (b) set B. The x axes of the graphs represent the number of layers. (c) Schematic of the pattern design and the
measurement setup. (d) STFMR signal for [W(0.5)/Cu(0.5)]5 at 15 GHz (gray squares) with the corresponding fit (pink line). The dark and light blue lines are symmetric

and antisymmetric Lorentzian functions, respectively.

effective field can subtract or add to the Oersted field contribution,
depending on the relative sign between the two. As a result, this
can lead to under- or overestimation of the SHA.*

Here, the absolute value of the FMR spin-torque efficiency
increases with the number of layers in the NM multilayer from
|€pmr| = 0.07 £ 0.006 to |Epyr| = 5.54 &+ 3.12, which is an
increase by a factor of around 84. This is a much larger increase
than in Cu and W alloyed systems, where the FMR spin-torque
efficiency improves only up to a factor of 2.7."” This could be an
indication that the charge-to-spin current conversion or
spin-to-charge current conversion, induced by interfacial scattering,
is more efficient in NM multilayers than in alloyed or elemental W
layers.'”""~** The sign of &gr depends on the relative sign between
the signs of the amplitudes. In set A, the sign of &y changes at

M =4 from positive to negative, and in set B, the sign is positive
except for N=10. Since the FMR spin-torque efficiency’s main
determining factor is the ratio of the symmetric and antisymmetric
Lorentzian amplitude, it is worthwhile to examine them
individually.

Figures 3(c) and 3(d) show the symmetric and antisymmetric
amplitude for sets A and B. For both sets, V; increases largely with
increasing M and N, and V, decreases with increasing M and
N. The sign of V, changes from positive to negative at M =4 and
N =2. For set A, the sign of V, remains positive for all samples,
and in set B, it is negative for N=2 to N=8.

Since V; can result either from the SHE-induced spin current
traversing into the FM or from the spin current that is pumped
into the NM, the increase in Vi must be the result of an enhanced
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FIG. 2. STFMR signal for 15GHz for (a) set A, including the sample with 5nm W layer (M=1) and (b) set B. The signals have been vertically offset for better

comparison.

charge-to-spin current conversion or spin-to-charge current con-
version. The cause for the enhancement is the increase in resistivity,
i.e., scattering events, equivalent to the behavior in alloyed NM. 208
Compared to the FMR spin-torque efficiency, the increase in Vj is
only about a factor of 5. On the other hand, V, decreases by a
factor of 27 and is, thus, the more dominating factor for the change
in the FMR spin-torque efficiency. The decrease in V, occurs in
both set A and set B. As V, includes Oersted and FL torque contri-
butions,* a plausible reason for the significant decrease could be
the cancellation of the Oersted field torque by the FL torque.”
However, it has to be noted that if that is the case, the FMR spin-
torque efficiency loses its effectiveness in estimating the SHA.

To further distinguish the trends for spin pumping, DL, and
FL torque efficiency, additional measurements were performed. To
directly quantify the spin pumping contribution, 360° angular-
dependent measurements are requiredf16 which, however, are not
feasible in our setup. Nonetheless, the effective damping, which
can be extracted from frequency-dependent STFMR measurements,
depends significantly on spin pumping.”’ Therefore, the effective
damping parameter is used as a guide for the spin pumping contri-
bution in the NM multilayers.

The DL and FL torque efficiencies were determined from bias
direct current (DC) STFMR measurements. The DC was generated
by a source meter and injected into the samples through the DC
port of the bias-T.

The STFMR signals measured at frequencies ranging from 12
to 28 GHz are shown in Fig. 4(a). From the frequency-dependent
measurements, the effective damping parameter a.; can be
extracted from the linewidth, which was plotted against the reso-
nance frequency and fitted with®"**

2
AH = AH, + O > £, (3)

where AHj is the inhomogeneous linewidth broadening due to
magnetic inhomogeneities.””

However, the data, as exemplified in Fig. 4(b), demonstrate
non-linear behavior at the lower frequency range, which can stem
from two-magnon scattering and slow relaxing impurity
losses.”"***"°° Hence, linear fits are performed at higher frequencies
where a linear behavior is observed. For consistency purposes, the
fits start from 21 GHz onward for all samples. The results for the
effective damping are shown in Figs. 4(c) and 4(d) for set A and
set B, respectively. Set A shows a monotonic increase in the effec-
tive damping for M =2 onward. The trend for set B is similar,
except for a saturation behavior at N=8 and N =10. The increase
in the effective damping parameter can be explained by an increase
in spin pumping contribution.”****>* With an increasing number
of layers, the pumped spin current is converted more efficiently
into a charge current via the ISHE.”>*"~%" This is possible when the
spin current that is pumped into the NM can travel through the Cu
layers without significant attenuation due to the long spin diffusion
length of Cu.”* Consequently, W layers that are not adjacent to the
FM can contribute to the ISHE.

The bias DC measurements, performed to separate DL and FL

contributions, ideally show a linear behavior for the linewidth and ;

the resonance field. From the slopes OAH/9J.nm and
OH,esl OJ, NM> the DL and FL torque efficiencies can be determined
as follows: >’

Y 2e (Hyes + 2wMegr) OAH
= ——— U, M;t, R 4
Sor 2zf h Hos FM( sing 0Jc, NMm “@
& = 2e M.t OHpes | 1 _tvm (5)
L= G MMM [yl sing 2

Figure 5(a) shows the Ipc-dependent measurements for the
[W(0.5)/Cu(0.5)]5 sample at 15 GHz. The Ipc-dependent linewidth
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respectively. As the fitting window of DC-biased STFMR signals is
very crucial, the fitting is repeated for several magnetic field ranges
and the results are extrapolated to a zero fit window.”’ Details of
the fitting and analysis as well as the fitting parameters are given in
the supplementary material. The results for sets A and B for the
DL and FL torque efficiencies are shown in Fig. 6.

The results for the DL torque efficiency in set A show
an increasing trend from M =1 to M =10, with a maximum of
&L = 0.17 £+ 0.02 for M =8. The increase in the DL torque effi-
ciency from M =4 to M=8 can be explained by the increase in
interfacial scattering.”' The increase in interfacial scattering is also
reflected in the rise in the resistivity of the NM multilayers.

DL torque efficiency is positive for all samples, except for the refer-
ence sample N =1 with 5nm W. The DL torque efficiencies for W
and Cu have opposite signs when examined individually,”*" caused
by both intrinsic and extrinsic SHE.” W has a negative sign, which
agrees with the reference sample. W is also assumed to be the main
source of the SHE-induced spin currents in the NM multilayers,
and contributions from Cu are assumed to be negligible. Therefore,
the change to a positive sign in set A from M =4 onwards, along
with the positive sign in set B, could indicate that the extrinsic SHE
dominates. This sign change in the SHA due to an extrinsic SHE
was observed in diluted alloy systems.”” Further investigations
would help deepen the understanding of the extrinsic SHE in
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FIG. 3. FMR spin-torque efficiency for (a) set A and (b) set B. Symmetric and antisymmetric amplitude for (c) set A and (d) set B. §
g
3
N
and resonance field are exemplified in Figs. 5(b) and 5(c) for the Importantly, the results suggest that the spin currents generated in 2
same sample, as well as the W(5) sample. The linewidth and the the W layers that are not adjacent to the FM can travel through Cu, E
resonance field both show deviations from a linear behavior, which as discussed earlier for the damping enhancement, and can con- 'u
is due to Joule heating.” Thus, a quadratic term is added to the tribute to the DL torque efficiency. 2
fitting function, and the parameters of the linear term are used to By inserting Cu between the W layers, the sign changes from §
calculate the DL and FL torque efficiency with Eqgs. (4) and (5), negative for M =2 to positive for M=4. In set B, the sign of the g
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FIG. 4. (a) Frequency-dependent measurements of Vp for [W(0.5)/Cu(0.5)]s. (b) Frequency-dependent linewidth for samples with [W(0.5)/Cu(0.5)]s and W(5) as NM.
The linewidths show non-linear behavior at lower frequencies. The effective damping parameters were extracted at higher frequencies for (c) set A and (d) set B.

multilayer systems, but this is outside the scope of this paper. For
M =2, the sign is negative as the 2.5 nm W layer adjacent to the Fe
layer is comparably thick, allowing the effects from the W layer to
dominate. This effect diminishes when more Cu layers are inserted
and by decreasing the thickness of the layers.

In set B, the DL efficiency decreases from N=2 to N=6
before it increases at N =8 and then decreases again for N = 10. At
N=8, the DL torque efficiency reaches a maximum of
&pr = 0.28 + 0.10, while the smallest value is measured at N=6
with & = 0.08 + 0.06. However, due to the larger error bars, it
appears that the values scatter around a constant value. As the layer
directly adjacent to the FM layer has the same thickness of 0.5 nm
for all samples in set B, it would be conceivable to believe that only
this layer contributes, resulting in a constant &p;. If that was the
case, in consequence, the DL torque efficiency for set A should be
decreasing with increasing M, as the thickness of the adjacent layer

becomes thinner with increasing M.”" This is illustrated in Fig. S6
in the supplementary material, where the torque efficiency per unit
electric field fDL, which is the DL torque efficiency divided by the
resistivity, i.e., &5 = Epr/oaws i plotted against the thickness of g
the W layer that is in direct contact with the FM layer. If only this
layer contributes to &5, , it will increase with increasing thickness,”'
but the opposite is the case. This further confirms that consecutive
layers contribute to the DL torque efficiency, which is in agreement
with the results in Fig. 4. The increase in &p; from N =6 to N=38
is assumed to be a result of the increase in interfacial scattering as
discussed for set A.

The decrease in &p; in set B from N =2 to N =6 is accompa-
nied by an increase in the FL torque efficiency. The FL torque is a
result of an exchange field generated by spin accumulation.” The
spin accumulation can be induced in the W layers by spin
pumping because the thicknesses of the W layers are comparable to
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and (c) resonance field vs bias DC at 15 GHz for samples with [W(0.5)/Cu(0.5)]s and W(5) as NM. a
g
I-b
their spin diffusion length,>”>’>”* which is about 2.1nm.”*  antisymmetric Lorentzian amplitude to the trend of the FL torque '»
Although it cannot be fully excluded that there is no spin accumu- efficiency suggests that for larger numbers of M and N, Oersted 2
lation in the Cu layers,”* the long spin diffusion length of Cu’** and FL torques cancel each other out. However, when calculating §
suggests that the effect can be considered negligible in this work. the effective fields related to the efficiencies via Hp = (h/2e) 5

Furthermore, it must be noted that in the bias DC STFMR method,
only the net spin current that is absorbed by the FM contributes to
the DL efficiency. Therefore, the complex interface effects and spin
transparency of the FM/NM interface can play a crucial role,”"™*’
thereby potentially causing the decrease in &p; .

The FL torque efficiency in both sets increases until M=N =6
before it decreases again, appearing to saturate for set B. Since
the FL torque is a result of an exchange field generated by spin
accumulation,” it is reasonable to assume that the increase in the
FL torque efficiency until M=6 and N=6 is caused by spin
accumulation. However, additional interfaces seem to not add
further to the FL torque. The comparison of the trend of the

Eede, NM/Cqustéiﬁ) and Hoepc = Jonm tnm/2, which can  be
found in the supplementary material, Hp; is much larger than
Ho., suggesting that still a net field should contribute to the anti-
symmetric Lorentzian and, therefore, it should not decrease as
much. This could be an indication that the FL torque efficiency
estimated by the bias DC STFMR technique is overestimated. In
their work, Wang et al. reported an FL torque efficiency for a
5nm thick as deposited W layer of & > 0.3,°" which agrees with
the here extracted value of & = —0.30 + 0.18. Other groups
reported values that are around one order of magnitude
smaller.">”” A reason for the discrepancy could stem from differ-
ent interfacial conditions. Wang et al. showed in their work that
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FIG. 6. (a) DL torque efficiency for set A and (b) set B and FL torque efficiency for (c) set A and (d) set B extracted from the bias current measurements.

the condition of the FM/W interface is very crucial for the
strength of the FL torque. Upon increasing the spin transmission
at the interface, the FL torque is reduced, as more spin current is
absorbed into the FM and, thus, the spin accumulation is
reduced.”* We note that the herein-used FM layer is comparably
thick to what is usually seen in reports for other materials.”*™*
An additional reason could be the sensitivity in the analysis of the
bias DC STEMR. For our NM multilayer samples, the values of
&pp range from —0.06 +0.31 for M =8 to 0.82+£0.29 for M =6,
which is withing the range reported for metallic bilayer systems.”
A large FL torque could arise through additional effects like the
REE,”*™”" which is known to be experimentally hard to distin-
guish from the SHE™’” or be an indication for an arising spin
accumulation in the samples with NM multilayers due to spin
pumping.®”' ="

The here extracted DL torque efficiencies of the NM multi-
layer are similar to those reported for metallic bilayers’ and range

from & = 0.03 + 0.02 for M =4 to &, = 0.29 + 0.10 for N=38. <

However, to allow for a more conclusive interpretation of the
values, it is advisable to have a closer look at &y of the reference
sample M =N =1 with a 5nm W layer. Its DL torque efficiency of
&pr = —0.18 + 0.01 is within the range of reported values for
tungsten;' >’ however, in most works, W is assumed to be in
the B-phase or a mix of a- and B-phases, which should exhibit
larger &y than the here assumed a-phase. For a-W, the DL torque
efficiency is estimated to be around &p; = —0.03”° or at least
EpL < 0.07."7 These values are closer to the result of the FMR spin-
torque efficiency in Fig. 3 of &pyr = 0.07 + 0.01. A difference
between &y and &gpyp of one order of magnitude is not uncom-
mon”” but makes a proper quantification complex.
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In order to check the trend of the SOT, additional harmonic
hall measurements (HHMs) were performed, and the results were
added in the supplementary material. The DL torque efficiencies
show an increasing trend for both sets, which is agreeing well with
the assumption that the added interfaces in the NM multilayer
enhance the extrinsic SHE and that the spin currents are not atten-
uated by the Cu layers. Increases in the FL torque efficiency are still
attributed to an increase in spin accumulation with more layers,
although it is hard to discern a trend for set B, as the results are
very noisy. In general, the FL torque efficiencies calculated from
the HHM are much smaller, suggesting that its contribution is neg-
ligible, which then would mean that the FMR spin-torque effi-
ciency from Fig. 3 is a valid estimation of the spin Hall angle if the
spin pumping contribution is small. As &gy is still larger than the
DL torque efficiency estimated from the HHM, and the damping
parameter is enhanced in Fig. 4, the discrepancy between the two is
partly attributed to spin pumping. However, the observed signifi-
cant decrease in the antisymmetric Lorentzian amplitude for higher
layer numbers cannot be fully explained with a reduction in the
Oersted field, as Ho. reduces only by a factor of 2 for set A from
M=1 to M =10, while V, reduces by a factor of 27, and in set B,
the Oersted field even increases from N =2 to N =10 by a factor of
2, where V, decreases by a factor of 10. Another possibility for the
reduction in the antisymmetric amplitude is related to changes in
the resistance of the device. The amplitudes are dependent on the
RF current™ I¢ and related to the resistance of the device in a rela-
tion as follows: Vi, oc Iy = v/P/R. Given a larger/smaller device
resistance, the amplitudes should decrease/increase with 1/v/R,
assuming that all other factors and the SOT are constant across all
samples. However, the changes in 1/+/R are relatively modest for
set A, by only a factor of about 1.3. For set B, the resistance
decreases from N =2 to N = 10 due to the increase in the thickness;
therefore, V, should increase; however, it still decreases by a factor
of 10.

Therefore, these observations suggest that the change in the
antisymmetric amplitude cannot be fully explained by the changes
in resistance or Oersted field and that the FL torque likely contrib-
utes significantly to the signal. For set A, where both V, and the
Oersted field are decreasing, it can be assumed that the FL torque
increases until it almost compensates for the Oersted field torque.
Similarly, for set B, where Ho. even increases, the FL torque must
increase as well, as V, is decreasing and changing in sign. As dis-
cussed above, the increase in the FL torque could originate in the
enhancement in the SHE but also in the REE. As the REE is an
interfacial effect, the addition of layers and interfaces in the NM
might amplify this effect.

As the symmetric component is also proportional to 1/v/R, it
is necessary to evaluate how much the change in resistance contrib-
utes to the signal. In set A, where the resistance increases, the sym-
metric amplitude also increases, therefore deviating from the
expected 1/v/R, which suggests that the effect of the resistance on
V; is negligible. In contrast for set B, where V; increases by a factor
of 1.9 from N =2 to N =10, which is comparable to the expected
increase of a factor of 1.1 due to the 1//R dependence.
Furthermore, the changes in resistance cannot account for the
changes in sign observed in the amplitudes.

ARTICLE scitation.org/journalljap

Regarding the discrepancy in efficiency values determined
from the bias DC STFMR measurements and HHM, a possible
explanation could be the low current density changes in the bias
DC STFMR measurements. The current densities in the NM multi-
layer vary in the high 10'°- low 10"" A/m® range, resulting in rather
large slopes OAH/OJ,nm and OH,es/OJc, num. In the literature, the
DC-induced current densities are usually about 10'>A/m* or
larger.” However, for more than Ipc=2.5mA, the signal-to-noise
ratio decreased significantly. Additionally, the fitting is very sensi-
tive to the applied fitting range.

IV. CONCLUSION

In conclusion, we have investigated NM multilayers compris-
ing alternating W and Cu layers regarding their potential as the
spin current source. STEMR signals show a significant shift in line
shape from predominantly antisymmetric to predominantly sym-
metric with increasing numbers of W/Cu layers. The symmetric
Lorentzian amplitude increases by a factor of 5 from a single W
layer to a sample with [W(0.5)/Cu(0.5)]s as NM with the same
total thickness. While an increase in the effective damping parame-
ter shows a contribution from the spin pumping effect due to an
enhancement in ISHE, investigations of the DL efficiency also indi-
cate the enhancement of the extrinsic SHE. At the same time, a
notable reduction in the antisymmetric Lorentzian amplitude by a
factor of 27 is found in the same set of samples. This reduction
cannot solely be explained by a decrease in the Oersted field or a
change in the resistance in the samples, as their anticipated effects
are only around a factor of 2 and 1.1, respectively. Similarly, in the
second set of samples with varying thicknesses, changes in sign
occur in V,, which cannot stem from the changes in resistance or
Ho. either. Therefore, the results suggest that the FL torque
changes with the introduction of multilayers into the NM.

SUPPLEMENTARY MATERIAL

See the supplementary material for the resistor model of the
NM multilayer, the absolute values for the FMR spin-torque effi-
ciency and amplitudes, the detailed description of the bias current
measurement analysis, the efficiency per unit electric field, Oersted
and FL effective field calculation, and results of harmonic Hall
measurements.
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