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Abstract

We studied spin Hall effect in W1goxTax with various Ta compositions for W-Ta alloy/CoFeB/MgO

heterostructures by means of spin Hall magnetoresistance (SMR). We synthesized W-Ta alloys with

both a-phase and -phase by controlling sputtering condition. We found that, in both a-phase and j3-

phase W-Ta alloys, the amplitude in SMR signals increases by alloying W with Ta at certain x. The

analysis based on the drift diffusion model reveals that the increase in SMR originates from an

enhancement of the spin Hall angles 6. Moreover, we observed the influence of anomalous Nernst

effect on SMR for the high resistive W-Ta/CoFeB systems.



Current-induced spin-orbit torque (SOT) originating from the spin-Hall effect (SHE) in heavy

metal/ferromagnet (HM/FM) systems has attracted attention due to their potential for application in

the efficient manipulation of magnetization of nano magnets in SOT magnetoresistive random access

memory (SOT-MRAM), skyrmion and domain wall devices. 16 Materials as well as HM/FM

interfaces with larger spin-orbit coupling have been attracting interest because they allow a larger

amount of spin current (Js) to be generated for manipulating the magnetization when the write charge

current (Jc) is passed through the HM layers. Magnitudes of the spin-Hall angle (6su = Js/Jc) have

been determined for various HMs by measuring the spin-Hall magnetoresistance (SMR) and spin

torque ferromagnetic resonance (ST-FMR) '7-2D and by other means. W in which the crystalline

structure is polycrystalline 415 (B-phase) or a mixture of B-phase and amorphous phase have large

magnitudes of Osy. I 1% 17> 18:2D) Due to the extensive efforts, the efficiency of present SOT operations,

that is, the absolute values of 6su (|&su|) becomes larger day by day, however, almost all HMs with

large magnitude of |Osu| have a very high resistivity (px«). For instance, 8-W has a relatively large

|6su| of approximately 0.3, however has very high resistive (pxx ~200-300 xQcm) 18 2D; |Osu| generally

reported for Pt and p-Ta is approximately 0.1, and B-Ta is also very high resistive (pxx =200 u€cm). -

12.21) The low |#su| and high px« lead to an undesirably large energy dissipation, delay in speed, and

large voltage drop during current flow in HMs. These features are not desirable for an application to

large scale integrations (LSIs). More recently, large magnitudes of |fsu| have also been observed in



transition metal compounds and topological insulators such as W-oxides *?, Cu-oxides, > and BiSb,
2 however, these materials have also very high px of 150 - 300 xQcmand ~9 X 10% xQcm, and ~
400 pLcm, respectively.

For solving these issues, increasing the intrinsic SHE by band engineering is very important. The
intrinsic spin Hall angle is given by

ooy = L2 =228 6y

where e is the charge of an electron, / is Dirac constant, o is transverse spin conductivity, oxy is
longitudinal charge conductivity. Recent ab initio electronic structure calculation 2 has suggested that
alloying W with Ta is particularly effective in increasing the absolute value of o4 | for both crystalline
structures of B-phase and a-phase.

Here, we report that experimental observation of the increase in SHE for Wigo-xTax alloys with both
B-phase and a-phase by investigating the SMR measurements. Because the resistivity of Wigo-xTax
slightly decreases with increasing Ta concentration in the case of B-phase Waigo-xTax We prepared here,
the observed increase in the magnitude of the |fsu| in the B-phase W1o0-xTax would be related to the
increase in an intrinsic SHE. %) Moreover, we show the influence of the sample heating on spin Hall
magnetoresistance especially for the high resistive HM/FM systems.

Film stacks Ta(0.5 nm)/W(¢# nm)/CozoFesoB2o(1.5 nm)/MgO(1.5 nm)/Ta(1.0 nm) (Fig. 1(a)) and

Ta(0.5 nm)/(W(0.32 nm)/Ta(y nm))./Coz0FesoB20o(1.5 nm)/MgO(1.5 nm)/Ta(1.0 nm) (y = 0.08, 0.16,



0.32, n: repetition number) (Fig. 1(b)) are deposited on a highly resistive Si substrate by rf magnetron

sputtering. Base pressure of the sputtering system is less than 1.5x10-7 Pa. We prepared the samples

with various W and W-Ta alloy film thicknesses for measurements of SMR between ~1.5 and ~7.0 nm.

For the preparation of the W-Ta alloys, we used artificial synthesized method ?® and W one monolayer

and less than one monolayer Ta were alternately grown at room temperature. The detailed HM

structures are W (1.5~7 nm) (Samples No. 1 and 5), (W(0.32 nm)/Ta(0.08)), (n=4~18) (Samples

No. 2 and 6), (W(0.32 nm)/Ta(0.16)), (n=3~15) (Samples No. 3 and 7) and (W(0.32 nm)/Ta(0.32)),

(n=2~11) (Samples No. 4 and 8). Ar gas pressure (Pa,) during deposition of the W and W-Ta between

the samples No. 1-4 (high-resistive-phase deposition condition) and 5-8 (low-resistive-phase

deposition condition) are changed to PYY /P8 =255 Pa/0.39 Pa and PAY/PX2 =0.39 Pa/0.13 Pa

for changing the resistivity of the W and W-Ta alloys. The easy axis of the CoFeB layer with 1.5 nm

thickness is confirmed to be in the film plane from vibrating sample magnetometer. We also confirmed

that the dead layer thickness is ~0 nm for the CoFeB layer in all samples annealed at 300°C. For all

films, the saturation magnetization (Ms) value of CooFesoBao is ~1500 emu/cm?. This value is nearly

consistent with the nominal CozoFesoB2o saturation magnetization. 27 After the deposition, the films

are patterned into a microscale Hall bar by photolithography and Ar ion milling. After ion milling,

immediately SiO» was deposited and lift-off. Finally, Ta (230 nm) electrodes are formed at the ends of

the channel and Hall probes by photolithography and lift-off processes. The processed wafers are



annealed at 300°C for an hour. Figures 1(c) and 1(d) are the schematic diagram of the devices and the

typical device photography, respectively. For the measurements of SMR, the current, which is less

than equal to 6 pA, is passed through the devices in the x-axis direction in Fig. 1(c) and external

magnetic field between -4 and +4 Tesla is applied to the both y- and z-axes directions by using the

Quantum Design, Physical Properties Measurement System at 305 K.

Figures 1(e) and 1(f) are the results of x-ray diffraction (XRD) measurements for the stacks with

thicknesses of W and W-Ta alloys: ¢t ~7 nm. A standard Cu anode x-ray tube operated at 45 kV

accelerating voltage and 200 mA filament current was used to generate x-rays. The magnitude of the

intensity for the out-of-plane XRD @- 24 diffraction patterns for the stacks deposited at high-resistive-

phase condition is less than half of those deposited at low-resistive-phase condition, and the peak

intensity for the stack with W deposited at high-resistive-phase condition is very small and broad in

the width as shown in Fig. 1(e). The observed broad out-of-plane XRD @ - 24 diffraction pattern for

W indicates the HM films deposited at high-resistive-phase condition contain an amorphous phase and

observed narrow peak patterns for W-Ta alloys are originated from a-phase (bcc) W-Ta (110). As

shown in Figs. 1(e) and 1(f), the peak position of 26 decreases with increasing Ta concentration x

monotonically in Wigo-xTax alloys. This indicates lattice constant of W-Ta increases with increase of

Ta concentration and artificial synthesized (W (0.32 nm)/Ta(y nm)) , multilayers form W-Ta alloys.

Therefore, from here, we call (W (0.32 nm)/Ta(y nm)) , multilayers (y = 0.08, 0.16, 0.32) WigoxTax (X



= 25, 33, 50 at. %) alloys, respectively, for the convenience. The inset of Fig. 1(e) shows the in-plane

XRD 26,—¢ diffraction pattern for the sample No.1 with high-resistive-phase W condition and ¢ =7

nm. The peak positions for the stacks are related to the B-phase W (200), (210) and (211) peak positions.

Therefore, the high-resistive-phase stacks would contain both amorphous and -phase W1go-xT ax.

Figures 2 (a) and 2(b) show the inverse of the device longitudinal resistance (1/Rxx) multiplied by a

geometrical factor (L/w), the sheet conductance, Gy = L/(WRxx) values are plotted as a function of the

HM layer thickness (t) for the sample No.1-4 prepared at high-resistive-phase condition and the sample

No.5-8 prepared at low-resistive-phase condition, respectively, where L = 205 pm and w = 5.8 um as

shown in Fig. 1(c). As shown in Fig. 2(a), there is no anomaly for the device with high-resistive W,

whereas there are phase transition from mixture of amorphous and B-phase to a-phase W-Ta for the

device with high-resistive W7sTazs, We7Tass and WseTaso alloys at the phase transition thickness: tr =

4.92, 3.37 and 2.74 nm, respectively. The ty is thinner for the stacks prepared at low Ar gas sputtering

process as shown in Fig. 2(b) (tr= 3.08, 2.65, 2.67 and 2.44 nm for W, W7sTazs, We7r Tazs and WsgTaso,

respectively). Therefore, we used the samples No. 1-4 for analyzing the data of SMR for estimating

the absolute values of & and spin diffusion length (1s) in the mixture of amorphous and B-phase

Wi00-xTax, and the samples No. 5-8 for estimating those in the a-phase Wigo-xTax alloys. The values

of the resistivity (ow-ta) for the mixture of amorphous and -phase Wigo-xTax alloys, a-phase Wigo-xTax

alloys are shown in inset in Fig. 2(a). The obtained value of the resistivity (pcores) for CozoFesoBao is



pcores = 139.9 udcm. The estimated resistivity values of B-phase W, a-phase W, and CoFeB are

consistent with previous reports. 17 1821

Figures 3(a) and 3(b) show the typical Rxx versus external magnetic field (H) measured at 305 K for

the devices with W (Sample No. 1) and for that with We7Tass alloys (Sample No. 3), respectively. As

shown in Figs. 3(a) and 3(b), the values of longitudinal resistance Rxx in the magnetic field directions

along z-axis: H, >0 T and H; < 0 T are nearly same (for example, Rxx (H; =4 T) ~ R (H:=-4T)),

however, the values of Ry in the magnetic field directions along y-axis: Hy >0 T and Hy <0 T are

different from each other for the both devices with W and We7;Tass alloys. For the devices with W, the

value of Ryx at Hy = 4 T is smaller than that at Hy = -4 T, and for the devices with W-Ta alloys, the

value of Ry at Hy = 4 T is larger than that at Hy = -4 T as shown in Figs. 3(a) and 3(b). These are

related to the anomalous Nernst voltage due to the thermal hot electron current flow from the film to

substrate. We will discuss the detail in later. In order to neglect the thermal effect to analyze the SMR,

we define the SMR by

SMR = ARyy/R¥ ° = [ARyy + AR%I/2RYC°, (@)
AR%x = Ryx(H, = —=1.6 T) — Ryx(H; = —1.6 T), 3
AR%y = Ryx(H, = +1.6 T) — Ryx(H, = +1.6 T), (4)

where RHZO is the longitudinal resistance at H = 0 T. Because we consider that the slight increase in

ARyy with increasing |H| above 1.6 T may originate from contribution of the Hanle magnetoresistance,

28,29) which causes an increase in Rxx ([Hz| > 1.6 T) with increasing |H| and enhancement of ARxx.

Therefore, we used the values of Rxx at |H| = 1.6 T, which is the saturation magnetic field value for

8



CoFeB in the magnetic hard-axis direction, for the estimation of SMR.

Next, we evaluated the dsy and s in the HM electrode for samples No. 1-4 and 5-8 by using SMR.
Figures 3(c) and 3(d) show the ARyyx/RE5° asafunction of tand t” =t - tr for samples No. 1-4 and
No. 5-8, respectively. The solid lines in Figs. 3(c) and 3(d) are the results fitted the measured data by
the following equations: 1721

= Ag tanh(t/2As) 1
SMR = ARxx/Rix 0“’6’521-17S 14¢ =[1- cosh(t/ﬂs)]' (%)

E = pV\;)—TatCOtFeB (6)
CoFeB

where tcores iS the thickness of the ferromagnetic layer of CoFeB. This applied SMR model is based
on the drift diffusion model, 3% therefore the estimated ¢ and the As are all effective values. The
magnitudes of |6u| and As of the W-Ta HM electrodes are successfully obtained.

Figures 4(a) and 4(b) show the results of the magnitudes of | su| and As as a function of the Ta
concentration (x) in Wigo-xTax. The values of fsy and As are -0.20, -0.21, -0.20, -0.19 and 1.05 nm,
1.09 nm, 0.81 nm, 0.63 nm, for the devices with B-phase W, WrsTazs, WerTass and WspTaso,
respectively. The values of fsy and As are -0.07, -0.10, -0.11, -0.10 and 0.45 nm, 0.49 nm, 0.50 nm,
0.43 nm, for the devices with a-phase W, WrsTazs, WerTass and WsgTaso, respectively. The values of
Osu and Js in W is consistent with the previous report. ) We found that the magnitude of |fsy| for the
devices with B-phase Wigo-xTax alloys has a maximum around X ~ 25 as shown in Fig. 4(a), even

though the resistivity of p-phase W1go-xTax alloys decreases with increasing Ta concentration as shown



in inset in Fig. 2 (a). Therefore, observed maximum around X ~ 25 for | #su| would be related to the
increase in intrinsic SHE as predicted by the theory. 25 Surprisingly, the magnitude of |fsy| for a-phase
Wi0o-xTax alloys is nearly same with that of B-phase Ta as shown in Fig. 4(a), and that for a-phase
Wio-xTax alloys has a maximum around X ~ 33, even though the resistivity values of a-phase
Wi00xTax alloys are about 13% (see inset of Fig. 2(a)) of that of B-phase Ta. 2 Our experimentally
obtained features of the fsy for B- and a-phases Wigo-xTax alloys shown in Fig. 4(a) are consistent with
the theoretical calculation 2 of o, for both B- and a-phases W, taking into account the rigid-band
model. We also find that the As shown in Fig. 4(b) for B-phase Wigo-xTax alloys suddenly decreases at
x>25, whereas that for a-phase Wioo-xTax alloys is nearly constant between 0 < x < 50. The value of
Js for B-phase WsoTaso alloy is nearly same with that of B-phase Ta. 622 The sudden change in /s for
B-phase W10o—xTax alloys might be related to the structural change from B-phase W structure (A15) to
B-phase Ta structure (tetragonal P42/mnm).

Finally, we would like to discuss the reason for the difference between the values of R« at magnetic
field Hy > 0 T and those at Hy < 0 T for the both devices with W and W-Ta alloys shown in Figs. 3(a)
and 3(b). Figure 5(a) shows AVyyx = IARyy = I(Rxx(H, = 4 T) — Ryx(H, = —4T)) asa function
of I (RE5 )2 for all samples we prepared (Samples No. 1-8), where I is the current values during the
measurements of SMR at 305 K. When 7 (R¥;°)2 = 0.024 Q?A, the values of AVyy monotonically

decrease and increase with increase of I (R¥x )2 for the devices with W HM and for those with W-Ta

10



alloy HM, respectively. When the I (RF5°)2 = 0.024 Q?A, that is, the resistance of the film Ryy is

large, a temperature gradient (-V T) should form between the film and substrate as shown in Figs. 5(b)

and 5(c). This induces the hot electron flow (-j,) from the film to the substrate. In this situation, when

Hy is applied and the magnetization of CoFeB is pointing along +y and -y, anomalous Nernst voltage

due to the thermal hot electron flow should be observed as shown in Figs. 5(b) and 5(c). This indicates

that in the case of the films with high resistive HM, the influence of anomalous Nernst voltage should

be considered for obtaining the correct values of fsy and As. There are other thermal effects, for

example, the longitudinal spin Seebeck effect * and spin-dependent Seebeck effect 3. Especially, the

device structure is a little bit resemble in the case of the longitudinal spin Seebeck effect. 32 However,

the spin Seebeck effect can be detected by means of the inverse spin hall effect (ISHE), so, voltage

contact connects directly with a heavy metal. In our case, voltage contact connects directly with

ferromagnetic metal (CoFeB). Moreover, in Ref. 31), for observing longitudinal spin Seebeck effect,

a ferromagnetic insulator was used in order to increase the ISHE signal. When ferromagnetic metal is

used (our case) as the ferromagnetic layer, the ISHE signal is suppressed significantly by short-circuit

currents in the ferromagnetic layer due to the electric conduction of ferromagnet and an anomalous

Nernst signal amplitude would increase largely. Therefore the main reason for the thermal effect we

observed would be related to the anomalous Nernst effect.

In order to secure the thermal effect in SMR, we prepare the devices changing the stacking order

11



between CoFeB and W or CoFeB and W-Ta and with same thickness of W and W-Ta as the devices
shown in Figs. 3 (a) and (b). Changing the stacking order from the devices (samples No. 1-8), the
thermal flow into the CoFeB would be increased because the heating source is W or W-Ta layers. As
a result, we observed increase in the asymmetry (AR%/ ) for Ry Vs H curves for H//y-axis direction.
This indicates the increase in thermal effect. Thus, we can get another evidence of the thermal effect
in SMR.

Figures 3(a), 3(b) and 4(a) show that the current flow direction of J¥é™St originating from the
anomalous Nernst voltage is different from each other between the devices with W HM and W-Ta HM

as shown in Figs. 5(b) and 5(c). When there is a temperature difference AT between a film and substrate,

the anomalous Nernst voltage is expressed as 3%

§ 1 A t
AVyx /AT poY: (6anS — OaNSF) — Py (Osu (OsuS — QSNSN)TStanh (Z—AS) Im [#Zsh(i)],

()

where 6,y is the anomalous Hall angle of CoFeB, 6,y is the anomalous Nernst angle of CoFeB,
Sg is the Seebeck coefficient of CoFeB, Ogy is the spin Nernst angle of HM layer, Sy is the Seebeck
coefficient of HM layer, S is the Seebeck coefficient of HM/CoFeB bilayers defined by S=(§Sg +
SN)/(1+%), and gg = 2pAsGyx, Where Gyx 1S the spin-mixing conductance of the HM/CoFeB
interface. There are three possibilities for the reason of the sign change in AVyy between the films
with W HM and W-Ta HM. The first is the case that the signs of Sg and Sy are different from each

other and the magnitude of Sy largely changes for the addition of Ta in W00 Tax/CoFeB. The second

12



is case that both the sy and second term in Eq. (7) are large and the sign of the imaginary part of spin-
mixing conductance: Im [#Zsh(%s)] changes for the addition of Ta in Wigo«Ta/CoFeB. The
third is the case that the mixing CoFeB with W-Ta HM is large and the sign of 8,y changes for this
mixing. As described in Ref. 33), because the signs of the imaginary part of spin-mixing conductance
for both W and Ta are negative, therefore, the case 2 would be not the reason for explaining our data.
As described before, the magnetic dead layers of CoFeB for all devices are nearly zero and the Ms is
nearly consistent with the nominal CoFeB saturation magnetization. Therefore, these indicate that the
third case is not the reason for explaining our data. Therefore, the first case would be more reasonable
reason for explaining our data. However, more experimental efforts would be necessary to conclude
the reason of the sign change in the anomalous Nernst voltage for addition of Ta in W1go-xTax/CoFeB.

In conclusions, we studied the detailed SMR measurements for WigxTax/CoFeB system and
experimentally found that the alloying of W100—xTax with both B-phase and a-phase structures increases
spin Hall angles, comparing with those of B-phase and a-phase W, respectively. This would be related
to the increase in intrinsic SHE. Moreover, we observed the influence of the anomalous Nernst voltage

on spin Hall magnetoresistance. In a high resistive HM/FM system, in order to obtain correct

magnitudes of sy and As, an influence of the sample heating should be taking into account.
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Figure captions

Fig. 1 Cross-section view of the sputtered film stacks for (a) W/CoFeB system and (b) W-Ta/CoFeB

system. (c) Schematic diagram and (d) a photograph of a prepared device. (e), (d) are results of the

out-of-plane x-ray diffraction (XRD) 6—28 diffraction patterns for the stacks with 7 nm thicknesses of

W and W-Ta alloys prepared by (e) high-resistive-Ar-pressure condition (Sample No. 1-4) and (d) low-

resistive-Ar-pressure condition (Sample No. 5-8). Inset of (e) is the in-plane XRD 26,—¢ diffraction

pattern for the stack with 7 nm thickness of W prepared by high-resistive-Ar-pressure condition

(Sample No. 1).

Fig. 2 Sheet conductance (Gx) as a function of W-Ta thickness (¢) for the devices prepared by (a) high-

resistive-Ar-pressure condition (Sample No. 1-4) and (b) low-resistive-Ar-pressure condition (Sample

No. 1). The solid lines in (a) and (b) are linear fits to the data. Inset in (a) is the resistivity (oy_74) of

Wioo—xTay HM as a function of Ta concentration x.

Fig. 3 Typical longitudinal resistance Ryx versus external magnetic field H oriented along the y axis

(‘red circles) and z axis (black circles) measured at 305 K for (a) the device with 2.5 nm W (Sample

No. 1) and for (b) the device with 2.4 nm Wg7Tass alloy (Sample No. 3). SMR ARy /RE5® plotted

against the HM layer thickness t for (c) Sample No. 1-4 with B-phase Wigo-xTax HM and (d) the SMR
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plotted against ¢” = ¢ - tt for Sample No. 5-6 with a-phase Wio-xTax HM. The solid lines show the

fitting results using drift diffusion model. ¥+ 2

Fig. 4 (a) Estimated magnitude of the Spin Hall angle |#s1| and (b) spin diffusion length As as a function

of Ta concentration x in the W1go-x Tax alloys for the devices with p-phase Wigo-xTax HM (black squares

and black triangles, respectively) and for those with a-phase Wigo-xTax HM (red squares and red

triangles, respectively). Black and red solid lines in (a), (b) are guides for the eyes.

Fig. 5 (a) Difference of the voltages AVyy = IARyxy between H =-4 T and 4 T as a function of |

(R ) 2 for all samples we prepared (Samples No. 1-8). (b), (c) are schematic diagrams for explaining

the reason of the AVyy by an anomalous Nernst voltage.
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