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The spin Hall effect originating from 5d heavy transition metal thin films such as Pt, Ta, and W is able
to generate efficient spin-orbit torques that can switch adjacent magnetic layers. This mechanism can
serve as an alternative to conventional spin-transfer torque for controlling next-generation magnetic
memories. Among all 5d transition metals, W in its resistive amorphous phase typically shows the
largest spin-orbit torque efficiency ~ 0.20-0.50. In contrast, its conductive and crystalline a phase
possesses a significantly smaller efficiency ~ 0.03 and no spin-orbit torque switching has yet been
realized using a-W thin films as the spin Hall source. In this communication, through a comprehensive
study of high quality W/CoFeB/MgO and the reversed MgO/CoFeB/W magnetic heterostructures, we
show that although amorphous-W has a greater spin-orbit torque efficiency, the spin Hall conductivity

of o-W ( =371x10° Q'm' ) is ~3.5 times larger than that of amorphous-W

o-W
o
SH

amorphous-W

(|o

=1.05x10° Q*m™ ). Moreover, we demonstrate spin-orbit torque driven magnetization

switching using a MgO/CoFeB/a-W heterostructure. Our findings suggest that the conductive and high
spin Hall conductivity a-W can be a potential candidate for future low power consumption spin-orbit

torque memory applications.
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When passing an electric current through heavy transition metals (HM) with strong spin-
orbit coupling, a transverse pure spin current can be produced due to spin-dependent scattering
events: this phenomenon is called the spin Hall effect (SHE)!**l. By placing a ferromagnetic
layer (FM) in contact with a HM layer, the pure spin current originating from the SHE can be
transmitted from the HM layer into the FM layer. The transmitted spin angular momentum can
then be transferred to the local magnetic moments in the FM layer and generate spin-orbit torque
(SOT) driven dynamics such as magnetization switching,!> & magnetic oscillation,”: & or
domain wall motion.[® 1% It has been previously shown that among pure 5d HMs, amorphous-
W (or also B-W) has the largest damping-like SOT efficiency or spin Hall ratio of ~ 0.20-
0.50.11%-241 However, while compared to other large SOT efficiency materials such as Pt-based

alloys!*> 161 or conductive topological insulators,i*”l amorphous-W is less favorable for

applications due to its high resistivity (™™™~ 200-300 uQ-cm) and, therefore, greater

power consumption to achieve current-induced SOT-driven magnetization switching.

Interestingly, the possibility of employing conductive and crystalline a-W (having about an

order of magnitude smaller resistivity, p“*' ~ 20-40 pQ-cm) for SOT applications has yet to

be explored, presumably due to its small reported SOT efficiency of ~ 0.03.[81 Nevertheless,
this magnitude of efficiency is not negligible and SOT switching in an a-W/FM heterostructure
should be achievable with suitable thin film stacks design and optimization. More importantly,
if the SOT switching in such heterostructures can be achieved, the highly-conductive nature of
crystalline a-W makes it a potential candidate for low-power-consumption spintronic device
applications.

To study the SOTs in W-based heterostructures systematically, we prepare two series
of samples on amorphous Si/SiO2 substrates using an ultra-high vacuum magnetron sputtering
deposition chamber: a normal structure W(tw)/Co2oFesoB20(1)/MgO(2)/Ta(2) and a reversed

structure  Ta(5)/Coz0Fes0B20(0.3)/MgO(2)/Coz0FesoB2o(1.2)/W(tw)/Ta(3) (numbers in the
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parenthesis are in nanometers) with t, varying (by 1nm) from 2 to 10 nm. Both series of

samples are post-annealed at 300 °C for 1 hour in a high-vacuum anneal chamber in order to
promote perpendicular magnetic anisotropy (PMA) of the CoFeB layers. Note that, in the
reversed structure, the amorphous and non-magnetic Ta(5)/CoFeB(0.3) bilayer is used as a

smooth oxygen-free underlayer before the growth of MgO.

It is known that thin W (t, <6 nm) layers used in the normal structure are typically

amorphous while thicker W (t,, > 6 nm) layers are usually crystalline (o-W)!™: 14, To confirm

whether the structure of W in our samples is consistent with previous works and that the W
films in our reversed structures show a similar structural phase transition with increasing
thickness, out-of-plane 6-26 X-ray diffraction (XRD) measurements are first performed (Figure

la and b). It is found that in the normal structure the thin W layers (t, <4 nm) are likely

amorphous while the thicker (tw > 4nm) W layers possess a crystalline a phase with a (110)
texture, which is fairly consistent with the trends previously reported. However, in the reversed
structure, the a-phase diffraction peaks can be observed for tw = 4 nm, which is in the relatively
thin regime compared to the normal structure case. To verify these findings we perform
transmission electron microscope (TEM) imaging of both structures with tw = 4 nm. The cross-
sectional TEM results show that all the deposited layers are uniform (Figure 1c and d). Also,
by fast fourier transform (FFT) analysis, the W(4) buffer layer is found to be amorphous for the
normal structure while polycrystalline for the reversed one, in agreement with the XRD results.
Note that the MgO layers in both structures are crystalline, which indicates that the
crystallization of the thin top W film in the reversed structure is likely promoted (I) by the
bottom MgO layer through a templating effect, which does not take place in the normal
structures, and (I1) by the fact that the W layer is not adjacent to the SiO> layer (like in the
normal structure), thus preventing any possible interfacial oxide formation. This allows the
deposition of a-W films in the thin regime. Nevertheless, polar magneto-optical Kerr effect
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measurements and anomalous Hall effect (AHE) measurements (both carried out at ambient
temperature) show that all the annealed normal and reversed heterostructures possess PMA.
Representative out-of-plane hysteresis loops of the W(4)/CoFeB(1.0)/MgO(2) and
MgO(2)/CoFeB(1.2)/W(4) samples obtained by AHE measurements are displayed in Figure 1e
and f, respectively. The reversed structure shows a sharper hysteresis loop than the normal
structure indicating a better crystallinity of both the CoFeB(1.2) layer and the o-W(4) layer in
the reversed structure(*®l,

After investigating their structural and magnetic properties, the samples are patterned
into micron-sized Hall-bar devices by photolithography and Ar ion-mill etching (Figure 2a and
2b). We perform current-induced hysteresis loop shift measurement!® on both series of
structures with various W thicknesses to estimate the thickness dependence of the damping-like

spin-orbit torque (DL-SOT) efficiency. In this type of measurement, we sweep the out-of-plane

magnetic field (H,) while applying a current along the x-direction (1,,) and an in-plane bias

field (H,) parallel to l4 (Figure 2a and 2b). Within the CoFeB layers, the effective field
originated from a Dzyaloshinskii-Moriya interaction (DMI) at the W/CoFeB or CoFeB/W
interfaces can be overcome by applying H, such that the chiral domain wall (DW) magnetic

moments will be realigned™ 1% 20211 ‘\When the applied current flows in the W layer, the SHE-

induced transverse spin current will generate a SOT acting on the realigned DW moments,

inducing an effective out-of-plane field (H*™) that causes the out-of-plane hysteresis loop to

shift along H, in a direction that depends on the applied current polarity. When |H,|>|H

DMI| !
the shifting effect of the hysteresis loop is maximized and the full strength of the SOT can be
detected™®. Therefore, the saturated DL-SOT efficiency can be estimated by measuring the

effective field under different applied currents with |H,|>|H,,, | Representative hysteresis loop

DMI

shifts are shown in Figure 2c and d for both sample structures and a linear relation between the



detected H" and the applied current are shown in Figure 2e and f. As expected from the

different structure stack symmetries, the SOT from the W layers acting on the adjacent CoFeB
magnetic DWs is opposite, leading to opposite slope and loop shift direction.
The saturated DL-SOT efficiency of these W-based heterostructures can be estimated

by[lg]

2e( 2 H e
SoL = _(_j M e ) (1)
h\rx J.

where M, is the saturation magnetization of the CoFeB layer (characterized by vibrating
sample magnetometer (VSM) to be M ~ 1220 emu/cm?®) and J, is the current density flowing
through the spin Hall material (W). However, the current density here cannot be directly
calculated by 1, /(WtW), with w=5 pumbeing the Hall-bar width, since the applied current

not only flows within the W layer but also within the CoFeB and the other buffer layers (in the

reversed structure). Therefore, a more accurate current density is calculated by
. =3[ Potws ! (Pot +Pute) ] Where 3y =1,/ (Wt,,) . t, and p, represent the thickness

and resistivity of the overall layers except for the W and the oxidized capping layers. Note that

the current only flows within the W and CoFeB layers in the normal structures, which means
that t; =t. s aNd O, = Peores = 200 puQ-cm . On the other hand, to estimate p, in the reversed
structures, we measure the resistance of a sample without a W layer, namely
Ta(5)/CoFeB(0.3)/MgO(2)/CoFeB(1.2)/Ta(3), and obtain p, =130 uQ-cm . Hence, the

formula to calculate the DL-SOT efficiency can be rewritten as
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By using the values mentioned above, the estimated DL-SOT efficiencies of both structures are

summarized in Figure 3a where a clear W-phase-dependent trend can be observed. For the
normal structure, t, <4 nm is mainly dominated by amorphous W and the DL-SOT efficiency

1 'w —

can reach as high as |§DL|zO.20, whereas within the 5 nm <t, <6 nm range the W layer
experiences a transition from amorphous W to crystalline a-W with intermediate |§DL| ~0.10,
while, finally, for t,, > 7 nmthe layer shows a pure a-W phase with |§DL| ~0.04 . However, for
the reversed structure, only the t, =2 nm sample shows a purely amorphous W phase with
|£o.|=0.14 , whereas all the t, >3 nm samples consist of polycrystalline a-W with

|§DL| <0.04. These results suggest that very thin o-W layers with decent crystallinity can be

readily achieved by depositing them in the reversed order, and the SOT-driven switching of an

adjacent FM layer should be feasible due to the non-negligible &, .
We further characterize the spin Hall conductivity of W by analyzing the relation

between |§DL| and the measured W layers resistivity ( p,, ). The spin Hall conductivity

|osu| =|éo1|/ pw can be extracted from the linear slope of &y, | vs. p,, plot if the observed
SHE is intrinsic in naturel?2-24l, Interestingly, there exists two linear regimes, which correspond

to

05| ~8.71x10° 'm for a-W-dominated samples and

oW 21.05x10° Q'm?
for amorphous-W-dominated samples (Figure 3b). The spin Hall conductivity extracted from
our a-W films is of the same order but greater in magnitude compared to a previous first-
principles study wherein oy, ~—1.4x10° Q™m™ was predicted for crystalline W%!. The fact

that a-W has a higher spin Hall conductivity than amorphous W suggests that it is possible to
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further increase |&;, | to > 0.20 by tuning the resistivity of a-W. Although beyond the scope of

the present study, possible approaches include doping of nitrogen[?®! or oxygen!*? 271 into a-W,

o-W

or tuning the gas pressure during sputter deposition[?®l. Also note that the o2 ‘value reported

here is already comparable to that of Pt, o, ~10° Q*'m™[22.23.29,

Furthermore, we demonstrate current-induced SOT-driven magnetization switching in
both normal and reversed film structures. To achieve SOT-driven switching, we apply current

pulses with 0.01 s<t 1s to generate the SHE and an external in-plane field (H,) to

puse <
overcome the DMI effective field. The current-induced magnetization switching results of the
W(4) devices for both the normal and reversed structures are shown in Figure 3c and d,
respectively. Note that W(4) is amorphous in the normal structure and crystalline (a-W) in the
reversed case. It has been shown in previous studies that amorphous or B-W-based normal
W/CoFeB/MgO structures can be switched by currents,[*> 18 while it has not been reported for
a-W-based heterostructures yet. Figure 3d shows that current-induced switching can be realized
utilizing the SHE from a a-W layer in a reversed structure. Since, in the latter case, a-W can be
deposited in the thin regime, the current density flowing in a-W films in the reversed structure
is higher than that in thicker a-W films deposited in the normal structure. In general, the higher
the current density, the smaller the critical switching current and, therefore, successful
magnetization switching could be achieved before the Hall-bar device is destroyed by applying
large currents. Note, in Figure 3c and d, that the opposite switching polarity of the CoFeB films
results from the different deposition order of the two heterostructures’ layers.

Moreover, since current-induced magnetization switching is a thermally-activated

process at these current pulse lengths, the switching current |, depends on the applied pulse

width, and can be expressed ast*"!



1 tpulse
I, =1, {1—X|n[r—oﬂ , ©)

where 1, is the zero-thermal critical switching current, A=U /KT is the thermal stability

factor (U is the energy barrier), and 1/ 7, (7, ~1ns) is the intrinsic attempt frequency®l. The
results of the W(4) devices for both structures are shown in Figure 3e and f. As displayed, linear

trends can be observed in the |, vs In(tpu,se/ro) plot. By performing linear fits of the switching
data, we estimate A~36.2 with |J ,|~1.54x10" A/m? for the normal structure device and

A~25.4 with |J|~6.63x10" A/m? for the reversed structure device. The lower thermal

stability factor indicates that MgO/CoFeB/a-W has a lower retention while compared to the
normal W/CoFeB/MgO structure, however further layer stack optimization should improve this
property.

To summarize, we verify through XRD measurements and TEM imaging that low-

resistive and crystalline a-W in the reversed structure MgO/CoFeB/W can be achieved in thin

regime (t, =4 nm) due to a templating effect from its buffer layers. Through current-induced

hysteresis loop shift measurements, we show that the estimated DL-SOT efficiency strongly
depends on the structural phase of W layer. Moreover, the phase-dependent spin Hall
conductivity of W is found to have two distinct regimes: ~3.71x10° Q'm™" and

o-W
Ogy

asaﬂ"’p“"“s'w‘ ~1.05x10° Q*m™. We further demonstrate current-induced DL-SOT switching

using normal-structure amorphous-W/CoFeB/MgO devices and, for the first time, in reversed-
structure MgO/CoFeB/a-W devices. Our discovery of low-resistive and polycrystalline a-W
thin films possessing high spin Hall conductivity and enabling current-induced DL-SOT
switching of an adjacent ferromagnet suggests that this HM material could be used as an
efficient SOT source for future spintronic applications with suitable thin film engineering.
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Experimental Section

The film stacks were deposited onto thermally-oxidized Si(001) substrates using a ultra-high
vacuum custom-built magnetron sputtering chamber with a base pressure of ~ 1x10° Torr. All
the films were deposited at ambient temperature in an Ar pressure of 3 mTorr using either DC
or RF magnetron sputtering, except for the Ta layers that were deposited using ion beam
sputtering using Kr gas. The film compositions were determined using Rutherford
backscattering spectrometry. Thermal post-annealing of all the films was carried out using an
anneal furnace with a base pressure of ~ 2x10° Torr at 300 °C for one hour with a 1 T magnetic
field applied in the direction perpendicular to the films’ surface. Magnetic properties were
measured by a homebuilt anomalous Hall voltage probe station and the magnetizations were
further characterized by a vibrating sample magnetometer (VSM). XRD 6-26 out-of-plane
measurements were performed at ambient temperature using a Bruker general area detector
diffraction system (GADDS) system. TEM images were obtained by a JOEL 2010F field-
emission transmission electron microscope (FE-TEM). Resistivities of all films were
characterized by four-point measurements. Micron-sized Hall-bar samples for spin-orbit torque
characterization and current-induced magnetization switching measurements were prepared by

standard photolithography, followed by an Ar ion-mill patterning process.
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Figure 1. 6-20 XRD data of a) the normal W(tw)/CoFeB(1)/MgO(2) and b) reversed

Ta(5)/CoFeB(0.3)/MgO(2)/CoFeB(1.2)/W(tw) structures. Cross-sectional TEM images of the c)

W(4)/CoFeB(1)/MgO(2) and d) Ta(5)/CoFeB(0.3)/MgO(2)/CoFeB(1.2)/W(4) magnetic

heterostructures. The subpanels represent the diffractograms obtained from the FFT analysis of

the W(4) layers. Representative AHE hysteresis loops of the e) W(4)/CoFeB(1)/MgO(2) and f)

Ta(5)/CoFeB(0.3)/Mg0O(2)/CoFeB(1.2)/W(4) samples measured at room temperature.

12



(a) fI\

(c)

N

Normal Structure | T —A I.= 1.5mA
v e =-13mA

'
A

o
" AA{;\~H:“(1.5mA)
V|

H =600 Oe

H (-1.3mA)

=
=
C
=
S
g
3,
>0
el
(5}
N
T
£
S
o
Z

2
400 300 -200 -100 O 100 200 300 400

HZ (OCe)
(e)
80— T T T T -
0 Normal Strucutre | @ H = 600 Oe
® H =-6000e
40
20
©
() 0
% ~ 20 ® _
A
404 d
60 -
-80

-1‘,5 »1‘0 -0‘5 0.0 0‘5 1‘0 1,‘5
I (mA)

(b)

(d)

(f)

w
=
c
=
g
2
<
L

= o
=
]
[
N
©
£
£
o)
z

CoFeB(1.2)
CoFeB(0.3)

Reversed Structure

H:" (1.5mA) £

7% B
pNin

ay —0— 1 =-13mA

A—1.= 1.5mA

P
£ '\ﬁ ? H" (-1.3mA)

H =500 0e

24— T T T
-80 60 -40 -20 O

20 40 60 80

H. (Oe)

Reversed Structure| @ H = 500 Oe
® H =-5000e

-1‘ 5 -1‘,0 -0‘,5 0.0

0!5 1 I0 1 I5

I (mA)

Figure 2. Schematic illustration of the anomalous Hall voltage measurements of a) the normal

and b) the reversed structures. Representative shifted out-of-plane hysteresis loops of the c)

W(4)/CoFeB(1)/Mg0O(2) and d) Ta(5)/CoFeB(0.3)/MgO(2)/CoFeB(1.2)/W(4) devices.

Current-induced effective field H™ of the e) W(4)/CoFeB(1)/MgO(2) device under

H, =600 Oe and the f) Ta(5)/CoFeB(0.3)/MgO(2)/CoFeB(1.2)/W(4) device under

H, =500 Oe.

13



(a) (b)

0.28 T T T T T T T T T 0.5 T T 7T T T T T T
—m— Normal Structure ;D Normal Structure
. —e—Reversed Structure | 04 /@ Reversed Structure
: ] 5]
020+ 1 S1ei153.71x10° (@'m™) -7
— 0.6 / 1 034 S L 4
' ; >
2 o12] @ = 2 W
— A A\, 1 W 024 ‘ -7 |
.\ —_— ; o
00g{ ™ - " ; s
. il %
0.041 e o8 W—pg—nm ’ g .8 [&™"Y|x1.05x10° (@'m™)
—e— \’ s - SH
0.00 Te—e 0.0 ). 4
———— T T i —— T
1 2 3 4 5 6 7 8 9 10 1 0 40 80 120 160 200 240 280 320 360 400
W thickness (nm) p,, (nQ-cm)

—_—
(g

~
—
o
—

2 —————r——r—— T 2 T . T T
I Normal Structure o Reversed Structure
2 )
= = .
Z 0 cgmgf?m 5 1 WI% 1
o 1
= (e} o S
@ b
= Io! o} ® Q, Q
T 0 i [8) =0 Q 1
> o g T \ i
(O] O ko]
N ¢ g . —— %
@ -1 = B
E £
2 H=300e 5 H_=100 Oe
2T r ———— Z 2 T ——
10 8 6 4 -2 0 2 4 6 8 10 15 12 9 6 3 0 3 6 9 12 15
| mA
pulse ) pulse ( )
(e) (f)
6 . T - - - 15— . . : ! -
Normal Structure B UP-to-DN 12] Reversed Structure B UP-to-DN 1
44 ® DN-to-UP - g @ DN-to-UP
2_\.-.“*\. 6—\\
—~ 3 i
= <
<éi 04 £ o 2
= o -3 -
- _2_—__——.-.__’___—— -6_/
94 i
-4 A~36.2 4 45 Ax254
[J_ 1~ 1.54x10"" A/m’ - lu,|~6.63x10" A/m®
-6 T T T T T U T — T .
14 16 18 20 22 24 14 16 18 20 22 24
In (toulselro) In (tpu‘se/ro)

Figure 3. The magnitude of the DL-SOT efficiency |§DL| vs a) W thickness and b) resistivity

of the normal (blue squares) and the reversed (red circles) structures. The dash lines in (b)
represent linear fits to the data. Representative current-induced switching results of the c)

W(4)/CoFeB(1)/MgO(2) and d) Ta(b)/CoFeB(0.3)/Mg0O(2)/CoFeB(1.2)/W(4) devices. The
14



black arrows represent the sweeping directions of the applied current pulses. The applied
current pulse width dependence of the switching currents for the e) W(4)/CoFeB(1)/MgO(2)
and f) Ta(5)/CoFeB(0.3)/MgO(2)/CoFeB(1.2)/W(4) devices. The solid lines represent linear
fits to the experimental data. DN-to-UP and UP-to-DN represent magnetization switching from

-z to +z and +z to —z, respectively.
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