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Abstract

Giant spin Hall effect (GSHE) in heavy metals can convert charge current into spin
current with a high efficiency characterized by spin Hall angle. In this report, we prepare a set of
multilayer systems of f-W/CoFeB/MgO/Ta with the different f-W thickness up to 18 nm. Using
a DC magneto-transport method and relying on the anomalous Hall effect of CoFeB, we
observed a large spin Hall angle of 63.5% in the bulk limit of f-W solid at room temperature and
a weak temperature dependence of spin Hall angle. Additionally, we also studied the crystal
structure, magnetization, magnetic anisotropy, electrical transport, spin diffusion and interfacial
spin current transmission in this exemplary GSHE system over a broad temperature range of 10

to 300 K, which would benefit fundamental studies and potential spintronics applications of S-W.
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Introduction

Moore’s law [1], which has governed semiconductor technology for decades, has been
increasingly challenged in recent years. Rather than relying on electron charge currents, spin
current based logic and memory devices are recognized as promising candidates for post-CMOS
electronics. One effective way to generate spin current is the giant spin Hall effect (GSHE) [2-8],
which is capable of converting charge current into spin current with a high efficiency (hence, the
adjective ‘giant’ is used). Spin current is given by J¢ = ©® X J., where /5 and /. denote spin and
charge current, respectively, and ® denotes the conversion efficiency, namely spin Hall angle
(SHA) [2,9]. Since the discovery of GSHE, the spintronics research and development community
are actively searching for solids with a large SHA [2,4,8,10-15].

The heavy metals or alloys with strong spin-orbit coupling tend to exhibit large SHAs
[4,11,16-18]. Among them, S-phase tungsten (5-W) is one of the most promising GSHE solids
[2,11,19-21]. While body-centered-cubic structure a-W with a moderate resistivity of 30~40 pQ-
cm exhibits a much smaller GSHE, A15 structure f-W with a high resistivity of 100~300 pQ-cm
exhibits a larger GSHE [11,14,22]. The SHA of B-W thin films has been reported to be up to 35%
~ 40% [11,14,23]. Incorporating a large concentration of oxygen into W thin film pushes the
SHA even higher to about 50% [10]. It remains an interesting question that what the SHA is in
thick or bulk B-W solid.

The purpose of this work is to study the GSHE and find out the maximum SHA in the
bulk limit of B-W. Using a delicate deposition and annealing process, we are able to maintain the
metastable f-phase of W layer in a multilayer structure of S-W/CoFeB/MgO/Ta with the
thickness of f-W that is doubled over what has been achieved in earlier studies [11]. After
thermal magnetic annealing under the z-axis field, we manage to achieve a robust perpendicular
magnetic anisotropy (PMA) in the ferromagnetic CoFeB. The CoFeB with PMA acts as an
anomalous Hall effect (AHE) sensor to probe the spin-transfer torque as a result of the GSHE-
induced spin current from the B-W film [5,6]. This method based on direct-current (DC)
electrical transport allows us to determine the lower bound value of SHA of B-W [15,24,25],
since it is assumed that 100% of the spin currents are transmitted into and absorbed by the
CoFeB layer across the 3-W/CoFeB interface. In reality, the interface spin transmission is less

than unity [15,24,25]. Taking the transmission probability into consideration enables us to
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determine the true SHA of our B-W samples. The maximum SHA is thus determined to be 65%,

which is the largest in an elemental heavy metal and alloys with strong spin-orbit coupling.

Sample Preparation and Characterization

We use a home-made high vacuum magnetron sputtering system to deposit a set of
multilayer samples on thermally oxidized silicon wafers. The base vacuum pressure is about
2.0 X 1078 Torr. The MgO is deposited using RF power under argon pressure of 1.2 mTorr, and
other layers are prepared using DC power under argon pressure of 2.2 mTorr. To maintain the -
W, we use only 3 Watt of DC sputtering power with a low deposition rate of ~0.2 A/s. Another
key point to achieve the thick B-W layer is step-by-step growth, i.e. 75s waiting window period
after 25 s growth. After deposition, we pattern the multilayer stacks into standard Hall bars (20
pm X% 55 pum) using photolithography and argon ion milling. Finally, we anneal the samples at

280°C for 1 min in a vacuum of ~1.0 X 10~° Torr under a z-axis magnetic field of 0.42 T.

All  of our samples have a layer sequence of substrate-Si/SiO2/f-
W(x)/CoFeB(1.0)/MgO(1.6)/Ta(1.0) (numbers represent the layer thickness in units of
nanometer). Each sample has a unique B-W layer thickness (x) which varies from 12 to 18 nm. If
not specified otherwise, our results are represented by a sample with x = 15 nm. Fig. 1(a) is an
illustration of the sample structure S-W/CoFeB/MgO and the Hall effect measurement

configuration within a Cartesian coordinate system (x)z).

To ensure the crystal phase and the quality of W layer, we characterize our samples using
x-ray diffraction (XRD), high resolution transmission electron microscopy (HRTEM), and
electrical transport measurement. Fig. 1(b) shows a 6-260 XRD pattern of a representative
annealed sample. The diffraction peaks, (200) and (210), confirm the f-W phase with an 415
type crystal structure [19,22]. According to the Bragg’s law, the lattice constant of our W film is
a =5.082 + 0.016 A, consistent with the theoretical value 5.050 A and other published results
[19,22]. Fig. 1(c) gives a HRTEM image of the cross-section of a representative annealed sample.

As shown in the enlarged image Fig. 1(d), the interplanar distance of the W layer is 2.3 A, which

is consistent with the B-W’s (210) plane’s interplanar distance d,;o = % = 2258 A
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[20,22]. Magnetron sputtering usually provides us with films in polycrystalline structure. From

the XRD pattern, the crystalline domain’s mean size 7 of the f-W layer is given by Scherrer

KA

equation [19,26]: T = WHMeing

where K is a dimensionless shape factor (typically K = 0.94),
A 1s the x-ray wavelength, FWHM is the full width at half maximum and 6 is the Bragg angle.
We estimate that the crystalline domain’s mean size 7, or grain size G, is 7.9 + 0.8 nm, which is

about half of the W thickness.

The resistivity of 15 nm-thick W film is 194.5 pQ-cm at 300 K according to the parallel

Rp_w*RcoFeB

resistance rule: R;pr = and pg_w = Rg_w th, where w, ¢, [ are the width, thickness

Rp_w+RcoFeB
and length of the S-W layer, respectively. Fig. 1(e) shows the resistivity as a function of
temperature from 10 K to 300 K. The temperature coefficient of resistivity of f-W is very small
in the whole temperature range. The residue resistivity pg is 196.4 pQ-cm, which is only within 1%
variation of the resistivity at 300 K. The weak temperature dependence is an indication that the
resistivity is mostly due to the extrinsic inelastic scatterings from spin-orbit coupling defects

[19,22].

Magnetism and Anomalous Hall Effect (AHE) of CoFeB with PMA

Next, we characterize the magnetic properties of the CoFeB layer using Vibrating Sample
Magnetometer (VSM) of Quantum Design PPMS®. Fig. 2(a) shows the magnetization (M)
hysteresis curves within the y-axis magnetic field of 2 T at 10 K and 300 K. By extrapolating the
high field magnetization towards zero field, we extract the spontaneous magnetization M(7) at
various temperature, as shown in the inset of Fig. 2(a). For our 1 nm-thick CoFeB film, M(7)
exhibits a linear temperature dependence as expected in a two-dimensional ferromagnet, rather
than following the Block’s 7%?-law of magnon excitations in three dimensional ferromagnets

[18,27,28]. It is noted that M is 1275 £ 37 emu/cm? at 10 K and 991 + 58 emu/cm? at 300 K.

We use the AHE of CoFeB as a sensor to detect the magnetization state. Fig. 2(b)
displays a series of Hall resistance hysteresis loops from 10 to 300 K under the z-axis magnetic
field. The nearly perfect square-like hysteresis loops reveal a robust PMA in the 1 nm-thick
CoFeB sandwiched between the MgO and the f-W layers. Since the AHE is given by p,, =
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RoH, + R;M, [29], the high and low Hall resistance state represent the spin up and spin down of
M., respectively. Fig. 2(c) exhibits a linear relationship between Hall resistance and temperature
over the entire temperature range of 10 to 300 K. This linearity is mainly due to the linear
temperature dependence of My 7). At 300 K, the anomalous Hall resistivity is 0.20 pQ-cm,
corresponding to an anomalous Hall angle of ~0.2%. The inset of Fig. 2(c) shows the Hall
resistance versus M,(7). Based on the linear fitting of the curve, the AHE coefficient for the 1

nm-thick CoFeB is Rg = 0.15 uQ-cm/T [30-32].

The sharp changes between these two states provide the nucleation fields of
magnetization switching, i.e., the coercive fields (H.). Fig. 2(d) shows H. over the entire
temperature range of 10 to 300 K. H is 5.0 = 0.2 mT at 300 K, increasing to 36 + 1 mT at 10 K.
The 7"*-dependence is consistent with the model of thermally activated nucleation process in
magnetic switching [25], i.e., Ho(T) = Ho(1 — A T/?), where H,, is the coercivity at 0 K and 4
is a constant related to the activation energy of domain wall motion. From Fig. 2(b), H, is

determined to be 39 £ 2 mT and 4 is 2.2 + 0.2 K2,
Spin Hall Angle of B-W

We use the macro-spin model to study GSHE and measure SHA [6,18,25]. In this model,
as illustrated in Fig. 1(a), an external field B, with a small angle J to the y-axis causes the
perpendicular magnetization vector M of CoFeB to rotate from 6 = 90" (z-axis) to 6 < 90",
Through GSHE, a charge current flowing in the B-W layer is converted into a spin current J,

which exerts spin-transfer torque on M and causes M to rotate further. The angular shift 8 of M

can be calculated from the AHE according to sinf = RZLX;), where Ry (0) and Ry (Bey:) are
H

the Hall resistance at zero field and a finite B,,;, respectively. Fig. 3(a) shows sin 6 as a function
of B,y under -4 mA and 4 mA charge current. In the absence of B,,;, sinf is 1 as M is
primarily controlled by the PMA. As B,,; increases, sin 8 approaches zero asymptotically as M

is driven toward the x-y plane, overcoming the PMA. In general, the direction of M is balanced
by three torques [6,11,18]: the torque resulting from the PMA (7, = —im X f?an, Ean being the
anisotropic “field”), the torque due to the external field (T, = —M X Eext), and the spin-

transfer torque from spin current (Tgr = e being the electron charge, M, and ¢ the

hJs
2eMt’



spontaneous magnetization and thickness of CoFeB, respectively). Under the equilibrium

condition T¢ppq; = Tst + Text + Tan = 0, one obtains the following relation:

s
2eMgt

+ Byt Sin(6 — &) — By, sinfcosd = 0 (1)

where 0 is the small angle (~2°) between the external field and the y-axis, keeping M in a
coherently rotational state. Fig. 3(a) is the experimental realization of Eq. (1). Under a constant

charge current but with opposite parities (+), there are corresponding Bey;, and By, _ to

maintain a constant sin 8. From Eq. (1), one obtains,

hJs

Bext+ - Bext_ = m (2)
Bansin26
Bext+ t Bexe_ = m ®

Using data in Fig. 3(a), we present in Fig. 3(b) the value of (Bexs, — Bey:_) as a function

of 1/sin(6 — &) for various charge currents 1-4 mA at 300 K. As expected, straights lines are

. h . . .
observed with slopes of W]st = 27¢r. Fig. 3(c) shows the spin-transfer torque 7g; as a function
N

of charge current in various temperatures 10-300 K. Figure 3(d) shows SHA, © = j—s, for the 15

nm-thick f-W in the temperature range from 10 K to 300 K. SHA is 50 + 2 % at 300 K and 49 +
2% at 10 K. SHA shows weak temperature dependence and the variance of SHA is about 3%
within 10 — 300 K. Similarly, we find that the SHA of the 18 nm-thick f-W is 57 + 2% at room
temperature, which is the largest observed SHA among similar GSHE systems [2,4,11,16,18].

Previously, SHA data was obtained in f-W thin film with the thickness up to 9 nm [11],
beyond which the metastable phase disintegrates. In the current study, we are able to double the
critical thickness up to 18 nm for f-W, as shown in Fig. 4. The finite size effect of SHA is
characterized by the spin-diffusion length A according to

o) _ 4 tg-w
o) 1 — sech (_Asf 4)



where @ (o) is the SHA in the bulk solid [11,33]. Combining the current and earlier SHA results
on the f-W/CoFeB/MgO/Ta system [11], we obtain the spin Hall angle @ (c0) = 56 + 3% and the
spin diffusion length A;r = 4.9 & 0.3 nm in bulk-limit -W solid.

In the context of other length scales, noting that the effective electron mean free length
Aerr = 0.45 nm [19], the crystal grain size G = 7.93 nm, and the -W thickness / = 18 nm, a
comparison is observed: t > G > Agr > Agpp. It is concluded that the finite layer thickness and

the crystal grain size are not the key constraints on the spin diffusion length and the electron

mean free length. The spin diffusion length A is about ten times larger than the mean free

length A,ff, indicating that the electron spin flips after an average of 11 elastic scatterings.

Interfacial Spin Current Transmission and Real Spin Hall Angle

In the above analysis, we have assumed the transmission of spin current is 100% at the /-
W/CoFeB interface. In reality, the interfacial transparency is less than unity. The loss in
transmission is partly due to the spin backflow at the abrupt interface, and partly caused by the
enhanced spin scattering from the interfacial region [15,25,34,35]. A semi-classical drift-
diffusion formalism has been developed to calculate the spin transmission probability Py, for
the f-W/Ferromagnet (FM) bilayer system [15,21,24,25],

tp_
26™ tanh<u>
Zﬂsf

L ©
Gﬁ’_W+2GTl COth(m)
S

Piran = Re

where Gg_y,, 1s the spin conductance of S-W defined as , G™ is the spin-mixing

conductance of the S-W/CoFeB interface, tgp is the thickness of f-W and Ags is the spin
diffusion length measured as 4.9 + 0.3 nm. It has been reported that the real part of the spin
mixing conductance of the f-W/CoFeB interface is (3.9 + 0.8) x 10** Q~'m~2 [21]. Using Eq.
(5), we calculate that P,,, = 88.1% for our thickest B-W sample (18 nm). Earlier published
studies have shown that P,,, ranges from 34 to 67% in Pt/FM systems [15]. The B-W/CoFeB

system has a much higher interfacial spin transmission probability due to the higher value of



¢t

Z . After taking P,,, into consideration, we determine that the real SHA is @ = 65 £+ 2% for
B-W

the 18 nm-thick B-W and is 64 = 3% for the bulk limit at 300 K.

Magnetic Anisotropic Properties of CoFeB

sin26

at various
sin(6-6)

Fig. 5(a) shows the value of (Bey;, + Bexe_) as a linear function of

temperatures 10-300 K. According to Eq. (3), the slopes of the straight lines provide the values
of the anisotropy field B,,, (T), which are presented in Fig. 5(b). B, (T) increases from 537 mT
at 300 K to 827 mT at 10 K, which is 22 times larger than the coercive field H. =37 mT at 10 K
(see Fig. 2(a)). This provides further evidence that the magnetic square-like hysteresis loops are

driven by domain nucleation processes [36].

Using the values of B,,, we determine the magnetic anisotropy energy constant, K.rf =
%BanMS within 10 to 300 K in Fig. 5(c). K.y increases from 2.7 X 10® erg/cm? at 300 K to

5.3 X 10° erg/cm?® at 10 K. K, 77 at 10 K is about two times larger than the one at 300 K. The
primary contribution to K.sf is the magnetic surface anisotropy responsible for the PMA in the

CoFeB layer. The magnetic surface anisotropy constant [18,37] is given by
Ky = t(Kop — Kp + 2M%) (6)

where Kj, is the bulk magneto-crystalline anisotropy constant. In the thickness region of about 1
nm, K, is much smaller than the other two terms in the parenthesis and can be neglected. Using
Eq. (6), we determine K at various temperatures 10-300 K, as shown in Fig. 5(d), specifically
K,(300K) = 0.88 erg/cm?and K,(10K) = 1.55 erg/cm? at both ends of the temperate range.
The MgO/CoFeB interface, rather than the f-W/CoFeB interface, plays a significant role in the
magnetic interfacial anisotropy, since comparable values of K5 have been reported in multilayer
systems that share the same CoFeB/MgO interface, but with different interface, e.g.,
X/CoFeB/MgO (X=Ta, W, Pt) [15,18,38]. Furthermore, the critical role of MgO in sustaining
PMA of CoFeB has been reported [39].



Conclusion

We have extended the critical thickness of metastable f-phase of W thin films to 18 nm
in the multilayer system of f-W/CoFeB/MgO/Ta. The crystal structure of f-W is confirmed
using XRD and HRTEM. We have investigated magnetic and magneto-transport properties of
this system, and particularly its giant spin Hall effect. Using the macro-spin model, we are able
to characterize the GSHE of thick f-W films and determine the bulk-limit spin Hall angle is 56 +
3%. We observe that the spin Hall angle doesn’t depend largely on temperature and the variance
within the whole temperature range is only about 3%. By taking into consideration the spin
transmission probability of 88.1%, we have uncovered the real spin Hall angle of 65 + 2 % for
the 18 nm-thick f-W. This is the largest value ever reported among all transitional metals and
alloys at room temperature, attesting the superior candidacy of f-W as an efficient source of spin

current generation from normal charge current.
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Figures and Captions
Fig. 1

a) A schematic view of the sample under transport measurement with y-axis charge current J.

under the external field Eext. M is the magnetization vector of the CoFeB layer with PMA.
b) 0-26 X-ray diffraction pattern confirming S-W phase.

c) and d) HRTEM image of the cross-section of the multilayer sample. The atomic interplanar

spacing is 2.3 A.

e) Resistivity of the f-W layer versus temperature.
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Fig. 2

a) Magnetization hysteresis loops at 10 and 300 K. The inset shows the linear temperature

dependence of the spontaneous magnetization of the 1 nm-thick CoFeB layer.

b) Anomalous Hall resistance under a perpendicular magnetic field along the z-axis in the
temperature range from 10 to 300 K. The high and low Hall resistance state correspond to the

spin-up and spin-down state of the CoFeB layer, respectively.

c) Hall resistance versus temperature. The inset shows the linear correlation between the Hall

resistance and magnetization.

d) The T 172 -temperature dependence of the coercivity of the CoFeB layer obtained from Fig. 2 b).
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Fig. 3

a) The value of sinf, determined from the anomalous Hall effect measurement, versus the
external field with the charge current of +4 mA (black) and -4 mA (red) at 300 K. & is the angle
of magnetization relative to the z-axis. At each specific sin), Bey;, and B,y _ correspond to the

positive and negative charge current, respectively.
b) The value of Boy;, — Bex:_ versus 1/sin(8 — &) with different charge currents at 300 K.
c) Spin-transfer torque versus charge current at different temperatures.

d) Spin Hall angle of 15 nm thick f-W versus temperature.
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Fig. 4

Spin Hall angle versus -W thickness, including previous data (green) and current data (black)

which has doubled the critical thickness from 9 nm to 18 nm.
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Fig. 5

sin26

a) The value of Beyy, + Bey,_ versus the value of -3 at different temperatures.

b) Magnetic anisotropy field B,, versus temperature.
¢) Magnetic anisotropy constant K, ¢ versus temperature.

d) Magnetic surface anisotropy constant Ks versus temperature.
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