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We report on the enhancement of the spin Hall conductivity in tungsten by alloying with copper, measured by
using the spin-torque ferromagnetic resonance technique. The alloying leads to an increase in spin-dependent
scattering events and results in an enhancement of the contributing extrinsic spin Hall effects. The measured
damping property shows a slight increase with higher tungsten concentration, due to spin current losses from the
ferromagnetic layer into the tungsten-copper alloy. At a tungsten concentration of 60%, the spin Hall conduc-
tivity reaches a maximum of 3.68 & 0.68 x 10°Q 'm™!, corresponding to an enhancement of 120% compared to

the pure tungsten sample. At the same concentration, the ratio of the spin Hall angle to the damping of the
ferromagnetic layer, which offers a quick estimation for the critical switching current density, is found to be four
times smaller as compared to pure tungsten.

1. Introduction

The realm of spintronics aims to find concepts for information
transport and storage, including the spin degree of freedom of the
electron. Generating spin currents efficiently is therefore of utmost
importance, as it can reverse the magnetization or excite magnetization
dynamics in a ferromagnet (FM). A convenient method of manipulating
magnetization with spin current is through the use of the spin Hall effect
(SHE) in FM/heavy metal (HM) bilayers [1-7]. While driving a charge
current through the HM, the electrons gain a spin-dependent transverse
velocity, thus creating a pure spin current transverse to the charge
current [8,9]. This spin current can diffuse into the adjacent FM [10],
exerts a spin—orbit torque (SOT) onto the magnetization, which can
result in reversal [3,11,12] or oscillation [1,4].

The transverse spin-dependent velocity can have two different ori-
gins, intrinsic and extrinsic effects. While intrinsic effects are band-
dependent effects [13,14], extrinsic effects are spin-dependent scat-
tering effects like skew scattering[15] or side jump [16]. The effects
become more prominent the stronger the spin-orbit coupling in the
material is [17,18]. Therefore, frequently used materials are HM, like
platinum (Pt) [3,14], tantalum (Ta) [4,14] and tungsten (W) [5], which
have a strong spin—orbit coupling due to a high atomic number [18]. To
quantify the efficiency of charge to spin current conversion and vice
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versa, a commonly used figure of merit is the spin Hall angle (SHA) 0sy
which is given by the ratio of charge current density to the spin current
density [1,19].

Concerning low power consumption, it is also important to look at
the spin Hall conductivity (SHC). The higher the SHC, the less energy is
needed to generate the same amount of spin current [20,21]. W shows
the highest SHA among 5d heavy metals in its f-phase, but it is unfa-
vorable for device applications due to its large resistance [5,22,23]. The
low resistance a-phase has a small SHA, but high SHC due to its large
conductivity and is thus more favorable for applications [21]. Never-
theless, it is still important for low-power consuming devices to enhance
the SHE further. It has been previously reported that the extrinsic spin
Hall effects can be enhanced by means of incorporating impurities into
the HM [20,24-28].

In this paper, we incorporate copper (Cu) into the highly conductive
phase of tungsten (a-W) to enhance the SHE with the help of increased
scattering from Cu-impurities in the alloy. At the same time Cu and a-W
have low resistivities, which is supposed to maintain the SHC large,
compared to highly resistive p-W. Even though p-W offers a larger SHE
[5], it is metastable and tend to change into an a-W phase over time
[29,30], which makes a-W more reliable for application purposes. Un-
fortunately, studies on SHE enhancement in o-W are still limited. Fritz
etal. [31] alloyed a-W with hafnium with regards to SHE enhancement,
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but they did not simultaneously characterize the damping enhancement
of the adjacent FM layer. However, it is very important to characterize
the damping enhancement of the FM layer, because it is strongly influ-
enced by the SHE in the adjacent layer and has a great effect on the
overall power-consumption of the device stack. The damping should be
kept low for more energy-efficient manipulation of the magnetization
dynamics.

Therefore, spin-torque ferromagnetic resonance (ST-FMR) technique
has been used to measure the SHA and damping of the system simul-
taneously. From the SHA and damping, the SHC has been calculated and
critical switching current density behavior has been estimated. Due to a
small spin-orbit coupling in Cu [32], the enhancement of the damping
should remain small. Furthermore, the high heat conductivity of Cu
makes it an attractive material in electronics. It has also been shown to
improve spin thermoelectric devices generating spin currents via the
spin Seebeck effect [33], paving the way for further applications.

The SHA and SHC are found to increase by 270% and 120%,
respectively, in our set of samples at a W concentration of x = 60%
compared to our sample with the pure W layer. Even though the
damping of the system increases with increasing W-concentration due to
the spin pumping effect, the ratio of the SHA to the damping, which
allows an estimation of the critical switching current density behavior
with increasing W-concentration, was found to be reduced by a factor
four for this very concentration.
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2. Experimental methods

Multilayer stacks of Ti(2)|Fe(5)|CuzgpxWx(5)|Ti(10) (nominal layer
thicknesses in nanometers), with x = W-concentration in percent, were
deposited by magnetron sputtering at room temperature onto thermally
oxidized silicon (Si) wafers at a base pressure below 107 Torr and
deposition pressure of 2 mTorr. The copper-tungsten (Cujgg.xWy) alloy
was obtained via co-sputtering where the alloy composition was
controlled by varying the RF and DC power of Cu and W, respectively.
RF power was used for Cu to reduce its sputtering rate while ensuring a
stable plasma.

The change in composition was verified with X-ray diffraction (XRD)
measurements on single layer samples of the alloy and the results are
shown in Fig. 1(a). Samples with high W-concentration show W-peaks.
At x = 60%, the peak indicates a good crystalline a-W structure. For
increasing Cu contribution, the peak shifts towards the Cu (111) peak.
Additional peaks, e.g. visible for a large W content, resulting from
oxidation of the single layer samples. Further, the resistivity of the
samples was measured. Assuming that the current passes through all
layers, the stack forms a network of parallel connected resistors and
Kirchhoff’s circuit law applies, using pr; =~ 150 x 10~8Qm for 10 nm Ti,
pri ~ 360 x 1078Qm for 2 nm Ti and pr, ~ 36 x 10~8Qm. As shown in
Fig. 1(b), the charge resistivity of the CujppxWy alloy follows the
Nordheim rule [34,35], indicating a homogenous alloy over the full
range of W-concentration. The resistivity increases up to x = 50% and
then decreases again, having a higher resistivity at pure W than pure Cu.

A saturation magnetization of My = 1.5 x 10°Am~! of the multilayer
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Fig. 1. (a) XRD measurements for several alloys. Samples with higher W concentration show a prominent W (1 1 0) peak, whereas for higher Cu concentration the
peak shifts towards the Cu (1 1 1) peak. (b) Charge resistivity of the Cu;pp.xWy alloy for various tungsten concentrations. (c¢) VSM measurements of a CusgWgo sample
with an in-plane applied magnetic field. (d) Sketch of measurement setup and microscope picture of the patterned design. The external magnetic field is applied at a

45° angle.
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stacks has been measured by vibrating-sample magnetometer (VSM)
measurements and an in-plane magnetization configuration was verified
simultaneously. The in-plane hysteresis loop for x = 60% is presented in
Fig. 1(c).

The stacks were then patterned and etched into 6 ym x 30 um bars
using electron beam lithography and ion milling techniques. In a second
step, coplanar waveguides were deposited onto the samples, which
connect to a ground-source-ground RF probe. The RF probe is connected
to the DC + RF port of a bias-tee. The RF-port of the bias-tee is connected
to a signal generator, which sends a signal at 25 dBm at a fixed frequency
while an external magnetic field Hey is swept from 0 Oe to 5 kOe. The
alternating current Igr generates a spin current due to the SHE which
exerts a torque on the magnetization in the adjacent FM layer. The
oscillating torque leads to continuous precession of M around the
external field Hey [1]. The change in the angle between magnetization
and applied current results in an alternating resistance due to the
anisotropic magnetoresistance (AMR) effect. The alternating current
and resistance rectify to a constant voltage drop across the bar [1]. The
DC voltage is picked up through the DC-port of the bias-tee with a
multimeter. A sketch of the setup can be found in Fig. 1(d).

In Fig. 2(a) the measured DC voltage for several frequencies (10-15
GHz) while sweeping the magnetic field is shown. With increasing fre-
quency, the peak broadens and shifts to higher field values as the

resonance condition changes, following the Kittel equation frs = 7/
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270\ /Hyes (Hres + 4nMes) [36], where y is the gyromagnetic ratio, Hy is

the resonance field and4zM, is the demagnetization field. The DC
voltage can be expressed and fitted by a sum of a symmetric Lorentzian
and antisymmetric Lorentzian function (Fig. 2(b)) Vux =
Vo[SFs(Hext) + AFa(Hex) |, where the symmetric part arises from the

SHE-induced SOT and the anti-symmetric part arises from the Oersted
_ AH?
AH?+(Ho—Hes)*

and Fa (Hex) = Fs(Hex) Beict) where AH is the linewidth (half-width at

field induced torque [1]. Vj is a scaling factor, Fs(Hex)

half maximum) and H,; is the resonance field. S and A are given by S =

' ‘ 1/2
(Zeuf]illi/l[sn) and A = (]TW> {“"H—M‘"} , thus SHA can be obtained from

the parameters S and A via [1]
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where j; is the spin current density, j. is the charge current density, # is
the reduced Planck constant, e is the electron charge, Mg is the satura-
tion magnetization, tg. is the thickness of the Fe layer and tc,w is the
alloy layer thickness.

Another important parameter is the effective damping of the ferro-
magnetic layer, which can be extracted from the linewidth AH. In Fig. 2
(d), the linewidth was observed to follow a linear function when plotted

Hres

l 'l ' 1 l '}
10 12 14
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Fig 2. (a) Measured V,,x signals at different frequencies. Peaks shifting from left to right with higher frequency. (b) Black squares show the measurement data for 10
GHz, red is the corresponding fit. The green and blue lines are the symmetric and antisymmetric Lorentzian functions, respectively. (c) The resonance frequencies are
plotted against the extracted resonance fields and fitted with the Kittel equation [36]. (d) Linewidth (half-width at half maximum) over frequency plot. The slope of
the linear fit is proportional to the damping factor. All data origin from the CuyyWgp sample. The Landé g factor and gyromagnetic ratio y are determined from the
Kittel equation and are on average for all samples 2.16 + 0.05 and 30, 355 + 674 MHz/T, respectively. (For interpretation of the references to colour in this figure

legend, the reader is referred to the web version of this article.)
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over the frequency and its slope is proportional to the effective damping
Qeff [37,38]:

AH = Ay + 2% @
14

where AHj is the linewidth offset induced by magnetic inhomogeneities
[39]. The gyromagnetic ratio y is taken from the Kittel fitting for the
resonance conditions in Fig. 2(c).

3. Results and discussion

The SHA for the different W-concentration x is plotted in Fig. 3(a). In
the Cu-rich regime (x < 35%), the SHA is very small as to be expected
for Cu [32]. For x = 35%, the SHA is the same as for pure W, i.e. to
convert the same amount of spin current into charge current as a pure W
layer, only an addition of 35% W into Cu is needed. When more W is
added, the SHA increases further and reaches a maximum of Osy =
0.20 £+ 0.02 at x = 60%. For higher W concentrations, the SHA reduces
monotonically to the value of pure W. With 0sy = 0.054 + 0.004 for
pure W, it is close to the measured upper bound of the SHA found for
a-W in Ref [5]. As compared to the here measured pure W sample, the
SHA of CuyyWep is enhanced by about 270%. The maximum value of
0.20 £ 0.02 is close to values determined for an a-f mixed phase of W
[5] or to an alloy of rare-earth and «-W measured by Fritz et al. [31].
This shows that by simply adding Cu to W similarly high SHA can be
achieved. Even though p-W has a larger SHA, it is metastable and is
known to transform into an a-phase over time [29,30].

Dividing the SHA by the charge resistivity, leads to the SHC [20],
o = 2Oy ®

2e " pouw

Itis shown in Fig. 3(b), except for the pure Cu sample, which does not
give a realistic SHC due to its low SHA and resistivity. At a concentration
of x =60% the alloy has the highest SHC. A very large SHA and
comparably low resistivity lead to a large SHC in comparison with the
rest of the alloys. This means at x = 60% a large spin current can be
generated with less dissipation, i.e. more energy efficient.

By using the ST-FMR technique, it is possible to extract information
about the effective damping of the FM layer concurrently. Fig. 4(a)
shows the effective damping of the Fe layer, which increases from pure
Cu to pure W. This increase in the effective damping results from spin
pumping, which is the transfer of spin current from the FM layer, orig-
inating from magnetization dynamics, into the adjacent heavy metal
layer [40-46]. This lost spin current leads to a faster relaxation of the
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oscillating magnetization and is thus measurable as enhanced damping
[42]. Typically, materials with large SHA also show large spin pumping
effects [42-46], and thus it is not surprising that both W-phases show
higher spin pumping enhancement than Cu [45].

However, not only spin pumping but also interface effects can affect
the damping as well as the SHA [47-51]. At the interface, the spin is not
conserved, therefore additional spin flip occurs and leads to spin
memory loss [48-50]. Furthermore, the current crossing the interface
depends on the effective spin mixing conductance, which represents the
efficiency of the spin angular momentum transferred across the HM/FM
interface [10,52-56]. The effective spin mixing conductance depends on
the spin current backflow, i.e. spin current flowing back into the FM,
which decreases the damping enhancement [57]. Since spin memory
loss and spin current backflow are determined by interface conditions
[58], they play a major role. The fluctuations in the presented damping
parameter in Fig. 4(a), could result from differences in the interface
condition, such as intermixing. An estimation of the efficiency, with that
the spin current is transferred across the interface, can be made by
calculating the effective spin mixing conductance g'*, g [32,59]:

My = AaM.frse (@etr.cowlre — Gefi.culFe) 4

N 8Hp

Here, the sample with the pure Cu layer on Fe is used as reference
sample, because Cu has only small spin-orbit coupling and spin pump-
ing effect, respectively [32]. It must be noted, that it thus only represents
an upper bound for the effective spin mixing conductance, which rea-
ches a maximum value of 24.5 4+ 5.9nm 2 for the pure W sample. Results
are presented in the inset of Fig. 4(a) together with the effective
damping parameter.

However, further consideration of the interface quality exceeds the
scope of this work. It is therefore appropriate to regard the here
measured SHA as an effective SHA, since we do not differentiate be-
tween bulk contributions of the HM and HM|FM interface contributions,
but the overall effectively measured charge to spin current conversion
efficiency.

For a practical spintronics device, the critical magnetization
switching current density is of utmost importance. It is given by [6,60]

. 2e Qefr 477.'M(,ﬁf
erit N - M e
Jerit N ( 03}-1) < 3 ) SIF (5)

The trend of the critical switching current density is mainly deter-
mined by the ratio of &£, as plotted in Fig. 4(b). Due to the very small

Osi’
SHA for the Cu-rich alloys, the critical switching current density be-
comes very large. For this reason, only the concentration-dependent
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Fig 3. (a) SHA 6sy and (b) SHC oy for various W-concentration in the Cu;go.xWy alloy. Note that the pure Cu sample (x = 0%) does not give a realistic SHC due to its
low SHA and resistivity and is thus omitted from this plot. The dashed lines serve as a guide-to-the-eye.
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Fig 4. For various tungsten concentration in the Cu;go.W, alloy (a) damping factor and effective spin mixing conductance (inset), (b) ratio of damping and SHA,
determining the critical switching current density for an in-plane magnetized material. Due to a very small SHA the lower concentrations have been omitted from this

plot. The dashed lines serve as a guide-to-the-eye.

behavior for x = 35% onwards are presented. Since the SHA is the
highest at x = 60%, the critical switching current density has the lowest
value at that concentration. At this optimal combination, the ratio of the
SHA and damping undergoes a reduction of a factor of four as compared
to the pure W sample. Considering that the trend of § being almost the

reverse of SHA, changes in the effective damping do not have a large
impact. The order of magnitude stays the same for the damping, whereas
the changes in SHA are more prominent.

To understand more about the importance of this ratio, we compare
our % to Ref. [32], where different metals on yttrium iron garnet were
investigated, and to Ref [61], where gold (Au) was alloyed with W at a
W-concentration of 7% on permalloy (Py) (AugsW7|Py). The values for

the effective damping a.r, the SHA sy, their ratio Z;"H‘; the resistivity p

and the ratio of SHA and p, i.e. SHC ogsy are presented in Table 1. For
each parameter, the most optimal one is presented in bold text, while the
least optimal is presented in italic.

For p-W on YIG, the comparably high SHA and low damping favor a
very low % Despite the CuyWgp|Fe sample has the largest effective

damping among the presented stacks it can be easily compensated with
an enhanced SHA, which leads to the high SHC of 3.68 + 0.68 x
10°Q~'m~!. Noting that for AugsW|Py the SHA might increase with a
thinner AugsW7 layer in Ref. [61], the charge resistivity would increase
at the same time. Therefore, even if reaching a better critical switching
current density, the SHC would decrease, i.e. pure spin current genera-
tion would be less energy efficient.

These comparisons emphasize the importance of a tradeoff of ma-
terial parameters. A higher resistivity usually benefits a large SHA,
which at the same time decreases j;. But for a more energy-efficient
spin current generation one has also to keep the SHC in mind, which
benefits from a lower resistivity.

4. Conclusion

In conclusion, we have investigated the SOT efficiency of copper-
tungsten alloys over a wide range of concentrations by means of ST-
FMR. A SHA of 0.20 + 0.02 was measured for a concentration combi-
nation of CugoWeo. This corresponds to an enhancement of 270% as
compared to pure W. With the simultaneously extracted information
about the damping of the FM layer, it was found that the ratio of
damping and SHA, which is proportional to the critical switching cur-
rent density for in-plane magnetization, can be reduced by a factor four
at a W-concentration of x = 60% compared to pure W. This makes
Cu4oWeo|Fe a promising candidate for energy efficient applications,

Table 1

Effective damping a.r, SHA gy, their ratio Zcrr

, the resistivity p and SHC ogy are
sH

presented for different HM|FM stacks. For each parameter, the most optimal one
is presented in bold, while the least optimal is presented in italic.

Material stack e (1072) Oy % p(1078Qm) o5 (10°Q 'm1)
SH
Cu|YIG [32] 0.2 0.003 0.54 6.3 0.51
B-W|YIG [32] 0.3 0.14 0.02 180 0.78
AugsW,|Py 0.8 010 008 57.0 1.75
[61]
CugoWeo|Fe 0.9 0.20 005 542 3.68

(this work)

such as spin Hall nano-oscillator or spin—orbit torque-driven memory
devices.
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