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Giant Spin Hall Effect and Switching Induced by Spin-Transfer Torque in a
W/CoypFeyB,/MgO Structure with Perpendicular Magnetic Anisotropy
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We obtain robust perpendicular magnetic anisotropy in a -W/CoygFeyB,y/MgO structure without
the need of any insertion layer between W and CoyuyFesB,y. This is achieved within a broad
range of W thicknesses (3.0-9.0 nm), using a simple fabrication technique. We determine the spin Hall
angle (0.40) and spin-diffusion length for the bulk f form of tungsten with a large spin-orbit coupling. As a
result of the giant spin Hall effect in f-W and careful magnetic annealing, we significantly reduce the
critical current density for the spin-transfer-torque-induced magnetic switching in CoyyFe 0B,o. The
elemental -W is a superior candidate for magnetic memory and spin-logic applications.
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I. INTRODUCTION

Recently, the spin Hall effect (SHE) [1-3] has received
much attention. Particularly noteworthy is the phenomenon
of the giant spin Hall effect (GSHE) [4—13] in nonmagnetic
metals with strong spin-orbit coupling (SOC). Very large
spin Hall angles (®) have been discovered in solids ranging
from simple SOC solids of Pt (|®| = 0.08) [4-8], Ta (0.15)
[9], and W (0.30) [10,11] to topological insulators, Bi,Se;
(2.0-3.5)[12] and BiSbTe; (1.4—4.25) [13]. With a large O,
a metal can convert efficiently a longitudinal electrical
charge current (J ) to a transverse spin current (Jg), which
can be used to manipulate magnetization states in spin-
tronic devices [6,9,14]. GSHE brightens the prospect
of magnetic random-access memory (MRAM) and
spin-logic devices. One promising embodiment of
MRAM is to prepare an interface between a GSHE solid
and a ferromagnetic thin film (FM) with perpendicular
magnetic anisotropy (PMA), commonly referred to as
a free layer. The injected spin current from the GSHE
solid yields a spin-transfer torque (STT) inside the free
layer to effect magnetization switching [15,16]. The mag-
netic states representing the digital bits are sensed
by an integrated magnetic sensor, e.g., a magnetic
tunneling junction [9,17] or a giant magnetoresistive
element. The conjectured STT MRAM with PMA has
the advantages of low power consumption, high reliability
and durability, and data nonvolatility, over earlier gener-
ations of MRAM.

Among the limited number of GSHE solids uncovered so
far, tungsten in its highly resistive, metastable f phase is
fundamentally interesting for its large SOC, and potentially
useful in applications. Having the largest spin Hall angle
(0.3) among transition metals, its preparation is compatible
to modern semiconductor fabrication processes. However,
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structures of #-W and FM with PMA have not been
obtained. Although PMA can be enabled by inserting a
Hf layer into the bilayer, as in -W/Hf/Co4Fes 0By [10],
the Hf layer has the deleterious effects of lowering the
effective Hall angle and increasing fabrication complexity.
Furthermore, f-W itself is not well studied; for example,
the intrinsic spin Hall angle and spin-diffusion length in
bulk #-W remain undefined.

In this paper, we report the achievement of
P-W /CoypFeyoBog/MgO with robust PMA without the
need of any insertion layer. We successfully extend the
thickness of f-W to 9.0 nm in this structure, which allows
us to explore the variation of spin Hall angle over a broad
range of /-W thicknesses. As a result, we determine that the
bulk-limit spin Hall angle is 0.40 and the spin-diffusion
length is 3.5 nm for f-W. Both parameters are key to the
understanding of #-W in the context of GSHE, and to the
development of STT MRAM and spin logic incorporating
p-W and FM with PMA. The STT-induced switching
current for magnetization reversal is of the order of
10® A/cm?, 1 order of magnitude smaller than other similar
structures [9,10].

II. SAMPLE PREPARATION AND
CHARACTERIZATION

We prepare our layered structures (stacks) on thermally
oxidized Si wafers using a high-vacuum magnetron
sputtering system. The base pressure is less than 2 x
1078 Torr and the Ar sputtering pressure is ~2.2 mTorr.
For each sample, the whole stack is sequentially deposited
in the order of W/CoyyFeyB,y/MgO/Ta. The capping
layer, (1.0)Ta with thickness given in nanometers (nm), is
used to prevent oxidation of the active layers from
atmosphere. The dc sputtering power for CosgFey 0By is
kept at 10 W. The thickness of the CoyyFe 0B, layer is
always fixed at 1.0 nm, allowing CoyyFe, (B, to develop
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the PMA. For the formation of #-W, we apply a low dc
sputtering power of only 3 W intermittently to keep the
deposition rate below 0.02 nm/s. Multiple stacks are made
with W thickness in the range of the 2.5 to 9.0 nm. These
stacks are patterned using photolithography into standard
Hall bars for both Hall effect and resistivity measurements,
with the longitudinal dimensions of 20 x 55 ym? in area.
Finally, the stacks are annealed at 280°C for 1 min with
2 h of ramping up and 6 h of natural cooling in vacuum
(1 x 107 Torr) and magnetic field (0.45 T), which is
perpendicular to the stacks. We perform magneto-
transport measurements on these stacks using an electro-
magnet at room temperature. We use the Quantum Design
Physical Property Measurement System to measure the
saturated magnetization (M) of the stacks at room
temperature. M, for (1.0)CoyFesoB, in the stacks is
about 1100 emu/cm?. To confirm the phase of f-W, we
measure the sheet resistance (R) of the stacks
denoted by (1)W/(1.0)CoysoFesoBag/(1.6)MgO/(1.0)Ta.
Figure 1 shows the value of Ry as a function of W
thickness from 2.5 to 9.0 nm. The solid line is the best
fit to the data based on extracted resistivities of pyw =
210 pQcm and peo, re,,B,, ~ 80 p€2cm, according to the
relationship

Ry = (p_WpC04oFe4oBzo)/(p_W _’_/)C040F€40320>' (1)
t I Co49Fe4Bag t tCOAOFeAOBZO

Typical resistivities for the stable a-W phase and the
metastable f-W phase are below 40 uQcm and above
150 p€ cm, respectively. The high resistivity that we obtain
indicates that we have $-W in all samples presented here.
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FIG. 1. Sheet resistance (R) of (1)W/(1.0)CoyyFesoBog/

(1.6)MgO/(1.0)Ta (thickness in nanometers) multilayer stacks
as a function of W thickness 7 (2.5-9.0 nm). The solid line is the
best fit to the data based on extracted resistivities of pw ~
210 pQcm and peo, Fe,yB,, ~ 80 uLcm.

We also use x-ray diffraction to confirm the -W structure
in a film with thickness of 9 nm.

III. RESULTS AND DISCUSSIONS

The conditions for the magnetotransport measurement
are illustrated in Fig. 2(a). We send in a direct current along
the y axis of a Hall-bar sample, and measure the Hall
voltage along the x axis. We apply the external magnetic
field (B.y,) in the y-z plane with an angle f between the
field and y axis. The resulting magnetization vector (M)
is also in the y-z plane at an angle € from the y axis.
Figure 2(b) shows the anomalous Hall resistance (Ry) as a
function of magnetic field applied perpendicularly to the
sample plane (f = 90°) for a series of samples with varying
W thickness (3.0-9.0 nm), (#)W/(1.0)CoyoFesoByg/
(1.6)MgO/(1.0)Ta. The square hysteresis loops for
every sample reveal the attainment of PMA in the
W/CoyoFes0B,y without the need of an insertion layer
between W and CoyFes0B,y. The switching field, or
coercivity H,, ranges from 5 to 22 Oe.

The anomalous Hall effect provides a sensing mechanism
to measure the magnetization state of the Co4Fe4oB,q layer.
From here on, we investigate how this state responds to an
excitation current (/) in the W layer and B.,,. Figures 2(c)
and 2(d) show current-induced magnetic-switching behav-
ior of a representative sample, (7.0)W/(1.0)CoyoFe40Bo,
under a series of positive (# = 0°) or negative (f = 180°) in-
plane fields (B = 0.2, 0.4, 0.7, and 2.0 mT). The bistable
states of M (up and down) are accessible by cycling the
current in both directions through a critical value (/), under
either a positive or negative B, We define the critical
current (/-) as the average of the positive and negative
switching current. The values of switching current are
somewhat different for # = 0°and § = 180°. This difference
is due to the hysteretic nucleation process which is stochas-
tic. For (7.0)W/(1.0)CoyoFe40Bag, I ~ 2.8 mA for f = 0°
and 3.4 mA for § = 180°, yielding an average I~ ~ 3.1 mA.
Based on py ~ 210 pQ cmand peo, Fe,,B,, & 80 u€2cm, we
estimate that the critical current and the critical current
density in the W layer are I-(W)~2.3 mA and
Je(W) = 1.6 x 10° A/cm?, respectively, under an in-plane
field of 2.0 mT. In this particular sample, the current passing
through the W layer is 82.1% of the total current through
the stack (7.0)W/(1.0)CoyoFe4oBog. This critical current
density is about 1 order of magnitude smaller than those
obtained in other PMA structures: Ta/CoygFesBog
[9,18,19], Pt/Co [20], and W /Hf /CoyyFe4yB,g [10].

The current-induced magnetic switching in PMA struc-
tures is explained by the spin-transfer torque mechanism
due to the injected spin current density (Jg) from the SOC
solid with GSHE [20]. Under the measurement conditions
of Fig. 2(a), the equilibrium orientation (¢) of M in the
PMA CoyyFe40B,g layer is determined from the condition
that the net torque on M is zero [20], i.e.,
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(a) A schematic of W/CoyoFe40B,q bilayer in the Hall-bar configuration for magnetotransport measurement under an external

magnetic field (B.) and an excitation dc current (I). J is the charge current density in the W layer, and J is the SHE converted spin
current density into the CoyFe, (B, layer. (b) Anomalous Hall resistance versus cycling external magnetic field applied perpendicularly
to the stacks of ()W /(1.0)CoyoFesqBog/(1.6)MgO/(1.0)Ta (z: 3.0-9.0 nm). (¢),(d) Current-induced magnetic-switching curves in the
(7.0)W/(1.0)CoygFe49Bog/(1.6)MgO/(1.0)Ta sample, under either a positive (8 = 0°) (c) or a negative (f = 180°) (d) external field
B (0.2, 0.4, 0.7, 2.0 mT). From each switching curve, critical current (/) can be obtained as shown.

Tt = X - (%ST + %ext + ?an)
= 797 + Bey sin(0 — ) — B, sin@cos 0
=0, 2)

where 79 = (71/2eM,t)J g is the torque per unit moment,
and BY, is the perpendicular anisotropy field. This macro-
spin model predicts the current-induced magnetic switch-
ing, as shown in Figs. 2(c) and 2(d), at sufficient current
density (>J¢) or corresponding spin-transfer torque 73y per
unit moment.

In the coherent spin-rotation regime, Eq. (2) is also used
as a method to measure 73, hence, the converted spin
current density Jg from which the spin Hall angle can
be derived (® = J¢/J ) [20]. In Eq. (2), the angle (0) can
be obtained from the anomalous Hall resistance,
Ry /Ry = sin 0, where R is the maximum Hall resistance
when M is perpendicular to the sample plane. According to
Eq. (2), as B,y approaches zero or infinity, 6 reaches 0° or
90°, respectively. Under an intermediate B.,;, 6 is depen-
dent on T(S)T, By, and Bgn, as demonstrated in Fig. 3(a),
which shows how the Ry or sin@ varies as a function of
B, under a positive or a negative current of 2 mA. It can be

seen in Fig. 3(a) that, at an arbitrary sin @, there exist two
By values, B (0) and B_(6), corresponding to the positive
and negative current, respectively. From Eq. (2),

20 (+Js) + B, () sin(6 — ) — BY, sinfcos O =0, (3)
2:(—=Js) + B_(0) sin(0 — B) — B, sinfcos 0 = 0. (4)

By solving the simultaneous equations using a combination
of Eq. (3)+Eq. (4), one obtains,

[B..(0) — B_(0)] = —Atgy/ sin(6 — ). (5)
[B.(0) + B_(0)] = 2B, sinfcos 0/ sin(0 — ),  (6)

where A7dr = 120 (4+J5) — 19p(—Js) = 2221(]Jg|). The
experimental procedure implied in Fig. 3(a) generates
the quantities of B, (0), B_(0), and 6. Then, using
Eqgs. (5) and (6), one can calculate 79(|Jg|) and BY,.
Figure 3(b) shows [B,(f)— B_(0)] as a function of
1/ sin(@ — f), based on the data in Fig. 3(a). As predicted
by Eq. (5), linear relations are confirmed for various current
values, and the slope is AT(S)T for each supplied current.

034009-3



QIANG HAO AND GANG XIAO PHYS. REV. APPLIED 3, 034009 (2015)

1.0 e T T T 0.87 T
\\‘-., (a) - -2mA 20} 20mA
'-..‘ —~ 16
Y, = q5L 4
__osp % 052 5 &£ 14
= . %, B4(8) s 12
c sin(6) % @) 51 10
‘» 0.4+ 035 —
A -» PN
B_(6) &:,_
02 {017 Q 51 T
p=4
00 1 1 1 1 1 1 1 000 o 1
0 50 100 150 200 250 300 350 400 0 12 14
B . (mT)
1.0 . 15 7.2
300 K
0.8+ J 10 Py 148
° 1
~ 5¢ - 124 oS
~ 06 s 2 o 0 00 °* @ 9 o 8
£ E Ofeceocacana- Tord] mmmmmeee e 00 3
o ~, [ )
o o4y (LO)T: 1 = ° e 0 o e T o 3
OlTa 5 o ! g {24 2>
(1.6)Mg0 L
0.2 3.0 nm (1.0)CoygFerBs | 0l T %:5 ! las
(w %
00 1 1 1 1 1 _15 1 1 1 ? 1 1 1 _72
0.0 0.4 0.8 1.2 1.6 2.0 -6 -4 -2 0 2 4 6
Current (MmA) B . (mT)

FIG. 3. (a) Normalized Hall resistance (i.e., sind) as functions of nearly in-plane magnetic field B.,, (f = 4°) under a positive
or negative current (2 mA). 6 is the angle between the magnetization vector M and the y axis. B, (¢) and B_(6) are the magnetic
fields required to rotate the M to 6 corresponding to the positive and the negative current, respectively. (b) Linear relationships
between B, (6) — B_(0) and 1/sin(6 — ) under different excitation current (0.5-2 mA). The slope for each fitted straight line
is the net spin-transfer torque per unit moment, ArgT, between the positive and negative excitation current. (c) Spin-transfer torques
(r2;) per unit moment as functions of excitation currents for (#)W/(1.0)CooFe4Bao/(1.6)Mg0O/(1.0)Ta (¢: 3.0-9.0 nm). All
the torques are linear in current and vanish as current approaches zero. Thicker W generates more torque per unit of current.
(d) Magnetic-switching phase diagram of (7.0)W/(1.0)CoyoFe4oBog/(1.6)MgO/(1.0)Ta, in the parameter space of B, and critical
current (/) or critical current density (J). The arrows (1 or |) denote the directions of the M vector in various regions. [ is the net
current into the Hall bar, and J is the corresponding current density only in the W layer. The lines connecting the data are guides to
the eyes.

Using this method, we determine the spin-transfer torque

per unit moment 79 (|Jg|) versus current in our samples 0401 300 k )
with varying W thickness, as shown in Fig. 3(c). We also 0.35 o ]
determine that the anisotropy field BY, is 214 mT for the 0301 [ (1eMe0 .
sample used in Fig. 3(b). L o5 [ | (10COwFewB { ]
Based on data in Fig. 3(c), we calculate the spin Hall s o0l L ]
angle according to © = Jg/Jc = (2eMt/h) (/] ). £
Figure 4 shows the spin Hall angle as a function :/é). 0181 i
of W thickness () from 3.0 to 9.0 nm for the (r)W/ 010+ 1
(1.0)CoygFesoByo/(1.6)MgO/(1.0)Ta system with PMA. 005 e ok o ]
At 9.0 nm, the spin Hall angle is 0.35 4- 0.04. In the thinner 0.00 ) , , ) . , L ,

limit, the spin Hall angle decreases, as the W thickness o 1 2 3 4 5 6 7 8 9
becomes comparable to the spin-diffusion length (4,). Wihickness ¢ (nm)

The variation of the Hall angle versus W thickness allows
us to obtain @(co) = 0.40 +0.03 and A,y = 3.5+ 0.3 nm
in the bulk p-W film, according to [Js(7)/Js(o0)] =

FIG. 4. Spin Hall angles versus W thickness for (f)W/
(1.0)CoygFeq9Byy/(1.6)MgO/(1.0)Ta (z: 3.0-9.0 nm). The line
represents theoretical fitting to the data assuming a finite spin-

[©(1)/O(c0)] = 1 —sech(t/A,r) [21], which is used to fit
the data in Fig. 4. In comparison, ©(5.2nm) =0.33+£0.06
is obtained in W/CoyyFesB,yy/MgO with in-plane

diffusion length in the #-W film. For the bulk $-W film, spin Hall
angle is determined to be 0.40 = 0.03 and spin-diffusion length is
3.5+ 0.3 nm at room temperature.
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magnetic anisotropy [11], and effective ®(4 nm) = 0.34 £
0.05 in W/Hf/CoyyFe4B,y/MgO with Hf-induced PMA
[10]. Our determination of the bulk ®(c0) and 4 for -W
is beneficial to further theoretical understanding of this
important SOC solid and to the design of spintronic devices
by selecting appropriate f-W thickness. Moreover, PMA
can be achieved in W/CoyyFey0B,o/MgO without the need
of any insertion layer which reduces spin Hall angle [10].

As shown earlier in Fig. 2(c), with sufficient current
(i.e., spin-transfer torque), M of the CoyyFeynB,o layer
will undergo switching, which can also be described
by Eq. (2). Based on results in Fig. 2(c), we obtain the
magnetic-switching phase diagram, shown in Fig. 3(d),
for a representative sample (7.0)W/(1.0)CoyoFes0Bog/
(1.6)MgO (area 20 x 55 ym?). The critical switching
current density (J¢) in the W layer decreases rapidly
and linearly with increasing field (B.y,) up to a character-
istic field By ~ 1 mT, and at a slower rate when B,,; > B,.
As a comparison, By ~ 15 mT and 300 mT are measured
for two other PMA systems, (5.0)Ta/(0.6 nm)CoFe/
(1.8)MgO (area 1.2x15um?) [22] and (2.0)Pt/
(0.6)Co/AlO, (20 x 200 um?) [20], respectively. The
significantly lower B, obtained in our PMA system bodes
well for achieving reliable switching under a small external
field. In STT MRAM or spin-logic applications, a low
biasing field can be much more easily implemented than a
10-times larger field. It is noted that B, is of the magnitude
of the nucleation field in our system [see coercivity values
in Fig. 2(b)]. From Fig. 3(c), we obtain the lowest J ~
1.6 x 10° A/cm? at 2 mT, about 5 to 10 times smaller than
other PMA systems [9,10,18-20]. Our insight is that the
observed low critical current density is partly due to the
GSHE, and partly to the low coercivity in our samples,
which we developed through meticulous optimization of
magnetic thermal annealing.

IV. CONCLUSIONS

We observe GSHE in a -W /CoyoFe, 0B,o/MgO system
with perpendicular magnetic anisotropy. We determine that
the spin Hall angle is 0.40 £ 0.03 and spin-diffusion length
is 3.5+ 0.3 nm in bulk f-W film at room temperature.
It is the largest spin Hall angle among elemental solids
with a large spin-orbit coupling [4-11,23,24]. We
obtain the magnetic-switching phase diagram of the
PMA CoyyFey 0B,y driven by spin-transfer torque from
the #-W. Under an in-plane biasing field of only 2 mT, the
switching current density is about 1.6 x 10® A/cm?, which
is the lowest among other PMA systems with GSHE. We
demonstrate that, without the need of any tricks such as the
use of insertion layer, thick f-W films can be integrated
with the well-known CoygFey0B,, ferromagnetic film to
achieve a robust PMA. The large Hall angle and acquired
PMA makes -W an ideal candidate for STT MRAM and
spin-logic applications, with the added advantage of its

compatibility with modern semiconductor fabrication. We
also note that the long spin-diffusion length would require
somewhat thicker -W film to take full advantage of its
GSHE. A thicker film tends to increase the total current,
which, coupled with the high resistivity of the p-W film,
may require more power for magnetic switching.
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