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ABSTRACT

We studied the spin-Hall effect and perpendicular magnetic anisotropy in W/Hf multilayer/CoFeB/MgO and Wy, Ta,o/Hf multilayer/CoFeB/
MgO systems and compared them with those in the -W/CoFeB/MgO system. From the cross-sectional high-resolution transmission
electron microscopy images, (i) the amorphous structure of W/Hf and Wy, Ta,o/Hf multilayers, (ii) the flat interface between heavy metals
and CoFeB, and (iii) highly (100) texture of MgO (1.0 nm) on CoFeB were observed in those multilayer systems. A higher spin-Hall
effect and enhancement of perpendicular magnetic anisotropy in the W/Hf multilayer/CoFeB/MgO system can be achieved compared to the
p-W/CoFeB/MgO system. In addition, we found that the resistivity in amorphous W/Hf multilayers is low compared to that in f-W. These
results suggest that the artificially synthesized multilayer system is one of the avenues for realizing the heavy metal with a large spin-Hall

effect and low resistivity.

Published under license by AIP Publishing. https://doi.org/10.1063/5.0002642

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 effi-
cient manipulation of magnetization of nano-magnets in SOT magne-
toresistive random access memory (SOT-MRAM), skyrmions, and
domain wall devices.' '® For application to a large-scale integration,
the efficient SOT operation (high spin Hall angle |0sy|) in low resistiv-
ity (pxx) HM is necessary.”"s Materials and HM/FM interfaces with
larger spin-orbit coupling have been attracting interest because they
allow a larger amount of spin current (J) to be generated for manipu-
lating the magnetization when the write charge current (Jc) is passed
through the HM layers. Magnitudes of |0sy| = |Js/Jc| have been deter-
mined for various HMs by measuring the spin-Hall magnetoresistance

9-23

(SMR) and spin torque ferromagnetic resonance (ST-FMR)' and
by other means. W in which the crystalline structure is polycrystalline
A15 (B-phase) or a mixture of f-phase and amorphous phase has large
magnitudes of gy >'***** Due to the extensive efforts, the efficiency
of present SOT operations, that is, the absolute values of Osy (|0sy|),
becomes larger day by day; however, almost all HMs with a large mag-
nitude of |0sy| have a very high resistivity (py,). For instance, f-W has
a relatively large |0sy| of approximately 0.2-0.3 and, however, has very
high resistivity (py & 200-300 pQ cm); |Osy| generally reported for
p-Ta and amorphous Hf (a-Hf) is approximately 0.1, and f-Ta
and a-Hf also have very high resistivity (px =~ 200 and 400 pQ cm,
respectively).”'>*** The magnitude of |fsy| for both intrinsic
and extrinsic (side jump mechanism) terms is proportional to the
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magnitude of the p,, value (|0sy| ~ o5 P ), where agyy is the
spin Hall conductivity. Therefore, the increase in the magnitude of
asp would be important from the application point of view.

In this paper, we propose a HM with an artificially synthesized
amorphous W/Hf multilayer in which we observed a large magnitude
of oy and low p,, compared to those in f-W.

We prepared Ta(0.5)/W (tapm)/CoFeB(fcores)/MgO(1.0)/Ta(1),
Ta(0.5)/artificially synthesized (W(0.35)/Hf(0.35)), multilayer(ti;)/
CoFeB(tcopep)/MgO(1.0)/Ta(1) (n: repetition number), Ta(0.5)/
(W(0.7)/Hf(0.7)),, multilayer(¢yn;)/CoFeB(tcore)/MgO(1.0)/Ta(1), and
Ta(0.5)/(WgoTay(0.7)/Hf(0.7)),  multilayer(tin)/CoFeB(tcoren)/
MgO(1.0)/Ta(1) systems with various HM and CoFeB thicknesses
(tm and tcoren, respectively) on high resistive Si substrates, where
numbers in the parentheses indicate the nominal thickness in nm.
These systems with various fiy; values (=1.5-7.0 nm) are patterned
into the microscale Hall bar by photolithography and Ar ion milling.
The detailed fabrication process was described in the previous
paper."” The processed wafers were then annealed at 573 K in vac-
uum less than 1 x 10 *Pa for an hour. The inset in Fig. 1(e) shows
the schematic diagram of the devices and the typical device photo-
graph. The SHE in these devices with various tyy; values was mea-
sured at 305K by means of SMR. For the measurements of SMR,
the current, which is less than or equal to 5 uA, is passed through
the devices in the x-axis direction as shown in the inset in Fig. 1(e)
and an external magnetic field between —4 and +4 Tesla is
applied to both the y- and z-axis directions. Magnetic properties
were measured by using a vibrating sample magnetometer (VSM)
at 298 K.

Mgt
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(W/Hf) 4 (W-Ta/Hf) 4

Ta G Ta,,
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“Substrate

~ 0.003F
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- B-W
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—-W(0.7)/H(0.7)
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FIG. 1. Cross-sectional high-resolution transmission electron microscopy images
of (a) Ta(0.5)/W(7)/CoFeB(1.5)/MgO(1.0)/Ta(1), (b) Ta(0.5)/(W(0.7)/Hf(0.7))s multi-
layer/CoFeB(1.5)/MgO(1.0)/Ta(1), and (c) Ta(0.5)/(WgoTazo(0.7)/Hf(0.7))s multilayer/
CoFeB(1.5)/MgO(1.0)/Ta(1) systems, where numbers in the parentheses show the
nominal thickness in nm. (d) shows sheet conductance (G,,) as a function of HM
thickness (fv). The solid lines in (d) are linear fits to the data. (e) shows the esti-
mated resistivity (pxy) from the fits in (d).
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The film structures for all systems with ty, = 7 nm were investi-
gated by x-ray diffraction (XRD) and cross-sectional high-resolution
transmission electron microscopy (HR-TEM). Figures 1(a)-1(c) show
the typical HR-TEM images for Ta(0.5)/W(7)/CoFeB(1.5)/MgO(1.0)/
Ta(1), Ta(0.5)/(W(0.7)/Hf (0.7))s multilayer/CoFeB(1.5)/MgO(1.0)/
Ta(1), and Ta(0.5)/(WgTa,0(0.7)/Hf(0.7))s multilayer/CoFeB(1.5)/
MgO(1.0)/Ta(1) systems annealed at 573 K, respectively. The results
show that the W structure has polycrystalline A15 (f-phase) and all
artificially synthesized W/Hf and Wg,Ta,o/Hf multilayers have an
amorphous structure. For the Ta(0.5)/(W(0.7)/Hf(0.7))s multilayer/
CoFeB(1.5)/MgO(1.0)/Ta(1) system, we confirmed that the W/Hf
multilayer film has an amorphous structure even after annealing at
673 K. For the sputtering Ar gas pressure (P,,) for W in W/Hf and
Wi Tayo/Hf multilayers, we used two different conditions of Py, = 2.55 Pa
and P,, = 0.39 Pa, which are f3- and a-phase preparation conditions in
previous W deposition, respectively. In the W/Hf and Wg,Ta,o/Hf
multilayers we prepared here, there is no difference in the amorphous
structures of W/Hf and Wy, Ta,o/Hf multilayers for the different Py,
conditions. From the HR-TEM images, it is found that a flat interface
between HMs and CoFeB and highly (100) texture of MgO (1.0 nm)
on CoFeB were observed in the multilayer systems [Figs. 1(b) and
1(c)], whereas the rough interface between f;-W and CoFeB and not
clear texture of MgO (1.0 nm) on CoFeB were observed in the 5-W(7)/
CoFeB (1.5)/MgO(1.0) system [Fig. 1(a)]. The flat interface between
HMs and CoFeB and highly (100) texture of MgO (1.0 nm) on CoFeB
were also observed for the (W(0.7)/Hf(0.7))s/CoFeB/MgO/Ta system
annealed at 673 K.

Figure 1(d) shows the inverse of the device longitudinal resistance
(1/Ry) multiplied by a geometrical factor (L/w), and the sheet conduc-
tance, Gy, = L/(WRy), values are plotted as a function of the HM layer
thickness (fipy) in f-W, W(h)(0.35)/Hf(0.35), W(L)(0.35)/Hf(0.35),
W(0.7)/Hf(0.7), and WgTay,(0.7)/Hf(0.7) multilayer systems, where
L=205um and w= 5.8 um as shown in the inset of Fig. 1(e). W (h)
and W (L) are tungsten (W) films prepared at high (h) pressure (Px,
=2.55Pa) and low (L) pressure (P,,=0.39 Pa) conditions, respec-
tively. The Gy values are also nearly the same between artificially syn-
thesized W(h)(0.35)/Hf(0.35) and W(L)(0.35)/Hf(0.35) multilayers
prepared at Py, = 2.55 Pa and P, = 0.39 Pa as shown in Fig. 1(d). The
Pxx Values for all multilayer systems are also nearly the same for the
multilayers prepared at P, =2.55Pa and Pa,=0.39 Pa because of
having the same amorphous structure, and therefore, from here, we do
not distinguish between W(h) and W(L). Since the slope in Fig. 1(d) is
the inverse of the resistivity of HM (1/pyy), Fig. 1(d) shows that the
resistivity py, values for multilayer systems are smaller than that for
B-W. Figure 1(e) shows the resistivity p, values fitted by the least
squares method for all these systems. Thus, we found that the pyy
values in amorphous W/Hf and Wy, Ta,o/Hf multilayers are low com-
pared to that in f-W. Metastable polycrystalline -phase W has a
higher resistivity compared to amorphous W/Hf and Wg,Ta,o/Hf
multilayers. Note that the resistivity of the amorphous multilayers is
higher than that of stable o-phase W."”

Figure 2(a) shows the tcorep dependence of effective magnetic
anisotropy energy (Kut"). Kegr= Ky—Ms*/21p--2Ki/t" and £ = toopen
— tgeaa» Where K, is the bulk crystalline anisotropy, K; is the interfacial
anisotropy, (—Mg*/2p1) is the demagnetization, Mg is the saturation
magnetization, , is the permeability of vacuum, and #4c,q is the mag-
netic dead layer thickness. As shown in Fig. 2(b), since the x-axis
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FIG. 2. CoFeB thickness (tcores) dependence of (a) effective magnetic anisotropy
energy (Kerr t*) and (b) multiplication of saturation magnetization (Ms) and tcores for
Ta/W(7)/CoFeBi(tcores)MgO(1.0)/Ta(1), Ta/(W(0.7)/Hf(0.7))s multilayer/CoFeB(tcores)!
MgO(1.0)Ta(1), and Ta/(WsoTa(0.7)/Hf(0.7))s multilayer/CoFeBi(fcores)/MgO(1.0)/
Ta(1) systems.

intercept in Fig. 2(b) is nearly zero, we confirmed f4e,q = 0. Therefore,
Ker t* = Kegr tcopen- From the y-axis intercept in Fig. 2(a), it is found
that K; values are 0.92, 1.43, 1.47, and 1.28 [x 107> J/m?] for f-W,
W(0.35)/Hf(0.35), W(0.7)/Hf(0.7), and WgyTany(0.7)/Hf(0.7) multi-
layer systems, respectively. Thus, we found the enhancement of per-
pendicular magnetic anisotropy in artificially synthesized W/Hf and
WioTay/Hf multilayer/CoFeB/MgO systems compared to that in
f-W/CoFeB/MgO systems. In the cross-sectional HR-TEM images,
the flat interface between HM and CoFeB and highly (100) texture of
MgO (1.0nm) on CoFeB were observed in those amorphous multi-
layer systems as described before. Moreover, we confirmed that there
are no significant changes in K; values and t4e,qg = 0 behavior even for
all multilayers annealed at 673 K. The flat interface, highly MgO(100)
texture, and Hf interface”® would be the origin of K ¢ enhancement.
Figures 3(a) and 3(b) show the typical longitudinal resistance
(Ry) vs external magnetic field (H) measured at 305K for the devices
with amorphous W(0.7)/Hf(0.7) and amorphous WgTay(0.7)/
Hf(0.7) multilayers, respectively. As shown in Figs. 3(a) and 3(b), the
values of Ry in the magnetic field directions along the z-axis, H, > 0T

"‘16(2) O
9 3 ‘W(0.7)/Hf(0.7) (c) 305 K
=1
= 1.59.“}‘1//1 o] = 0.2
Talih o=
N
L5 Y Sprodons any ﬁ:x: -0.4F
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FIG. 3. Typical longitudinal resistance R,y vs external magnetic field H oriented
along the y axis (open symbols) and z axis (closed symbols) measured at 305K for
(a) the device with the W(0.7)/Hf(0.7) multilayer and for (b) the device with the
WiqTa(0.7)/Hf(0.7) multilayer. SMR ARxx/R%° plotted against the HM layer
thickness tiy for S-W and amorphous W/Hf multilayers and WgoTago/Hf multilayer
systems. The solid lines show the fitting results using Egs. (4) and (5).
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and H, < 0T, are nearly the same [for example, Ry, (H,=4T) ~ R
(H,= —4T)]; however, the values of R, in the magnetic field direc-
tions along the y-axis, H,>0T and Hy, <O0T,are different from each
other for both the devices with amorphous W(0.7)/Hf(0.7) and amor-
phous WyoTay(0.7)/Hf(0.7) multilayers. For the devices with amor-
phous W(0.7)/Hf(0.7) multilayers, the value of Ry, at H,=4T is
smaller than that at H,= —4T [Fig. 3(a)], and for the devices with
amorphous WgoTay(0.7)/Hf(0.7) multilayers, the value of R, at
H,=4T is larger than that at H, = —4T [Fig. 3(b)]. These are related
to the anomalous Nernst voltage (Viernst) due to the thermal hot elec-
tron current flow from the film to the high resistive Si substrate as
discussed in Ref. 17 and imply that the sign of Vyems is different
between W/Hf and WgoTa,o/Hf multilayer systems. The difference in
the Viernst sign for amorphous W/Hf and Wg,Ta,o/Hf multilayers is
the same as that for crystalline W and Wg,Tayo alloy systems.'”
Therefore, the current might mainly flow in the amorphous W and
amorphous WgoTa,, in W/Hf and WgyTa,o/Hf multilayer systems.

In order to neglect the thermal (anomalous Nernst) effect to ana-
lyze the SMR, we define the SMR by

SMR = ARxx/RIZ® =
ARy = Rxx(Hy = —1.6T)
ARy = Rxx(Hy = +1.6T)

[ARky + AR} ]/2R{K°, 1)
—Rxx(Hz = -16T),  (2)
— Ryx(Hz = +1.67T), (3)

where RILC is the longitudinal resistance at H=0 T. Because we con-
sider that the slight increase in ARxx with increasing |H| above 1.6 T
may originate from the contribution of the Hanle magnetoresis-
tance,”””" which causes an increase in Ryx (|Hz| > 1.6 T) with increas-
ing |H| and enhancement of ARxx, therefore, we used the values of
Rxx at |[H|=1.6T, which is the saturation magnetic field value for
CoFeB in the magnetic hard-axis direction, for the estimation of SMR.

Figure 3(c) shows ARXX/R%? 0 as a function of tyy for f-W,
W(0.35)/Hf(0.35), W(0.7)/Hf(0.7), and WgTay,(0.7)/Hf(0.7) multi-
layer systems. The solid lines in Fig. 3(c) are the results fitting the mea-
sured data using the following equations: '***

SMR = ARxx/RE®

- 62 ﬁtanh(tHM/Zﬂvs) _ 1 (4)
SH tHM 14+ é COSh(tHM/j.s) ’
¢= PrmECoFeB ’ (5)
PCoFestHM

where /g is the spin diffusion length and pcgpeg = 139.9 uQ cm and
pum are the resistivity determined by the fitting shown in Figs. 1(d)
and 1(e). As shown in Fig. 3(c), the thickness values at which the
maximum magnitude of ARxx/RIZ? for the fitted solid lines in the
amorphous W/Hf multilayer and WgoTa,/Hf multilayer systems are
thinner than those for -W systems. This indicates that the g values
in amorphous W/Hf multilayer systems are lower than those in f-W
systems. The applied SMR model is based on the drift diffusion
model,”” and therefore, the estimated Oy and the As are all effective
values. The magnitudes of |0sy| and Ag of the f-W and amorphous
W/Hf multilayer HM electrodes are successfully obtained.

Figures 4(a) and 4(b) show the results of the magnitudes of |0y,
osp> and g for f-W, amorphous W/Hf multilayers, and amorphous
WioTayo/Hf multilayers systems, respectively. The values of Ogy for
amorphous W/Hf multilayers and amorphous Wg,Ta,o/Hf multilayers
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FIG. 4. (a) Estimated magnitude of the spin Hall angle |0s| and spin Hall conduc-
tivity (osy) and (b) spin diffusion length for the S-W, amorphous W/Hf multilayer,
and amorphous WgqTage/Hf multilayer systems. Black and red solid lines in (a) and
(b) are given as guides to the eye.

are about —0.2 and —0.17. We found that the magnitude of |fsy]| for
amorphous W/Hf multilayers is nearly the same as that for f-W
(Osiz = —0.207). The value of Zs for amorphous W/Hf multilayers and
amorphous WgoTa,o/Hf multilayer is ~0.64 nm and lower than the
estimated value of -W (/s = 1.05nm). The values of fsy; and As in
B-W are consistent with the previous report.”” The decrease in As for
the amorphous W/Hf multilayer and the amorphous WgoTa,o/Hf
multilayer would be related to the increase in the interfacial scattering
of the multilayer system. Thus, we found that the magnitudes of |0y
and ogyy for the devices with amorphous W/Hf multilayers are nearly
the same and larger than those for f;-W, respectively, as shown in
Fig. 4(a), even though the resistivity of amorphous W/Hf multilayers
is smaller than that of f-W as shown in Fig. 1(e). This result suggests
that amorphous W has potential to have a large SHE and low resistiv-
ity compared to f-W. When the film thickness ratio between W and
Hf is optimized, further improvement in these characteristics might be
expected. We would continue our efforts to optimize the film thickness
ratio in the future.

Finally, we would like to discuss about whether post-annealing
causes any significant interdiffusion or not in the multilayer systems.
From the HR-TEM, it was difficult to conclude whether post-
annealing causes any significant interdiffusion or not because the
masses of the atoms are nearly the same between Hf and W (both
metals are HMs). Therefore, we try to measure low-angle x-ray
reflection for the as-deposited and 573 K annealed W(0.7)/Hf(0.7),
WsoTa(0.7)/Hf(0.7) and W(0.35)/Hf(0.35) multilayers (see the
supplementary material). The low-angle x-ray reflection patterns
show oscillations in the reflection intensity for both the as-deposited
and annealed samples. The intensity of the oscillations slightly
decreases for the (W(0.35)/Hf(0.35)),, multilayers. This might be
due to the interdiffusion between W and Hf layers. These oscillations
can be better explained by assuming multilayer films; however, these
patterns can also be explained when we assume perfect reflection
from the flat monolayer film with about 6 nm. Therefore, from
low-angle x-ray reflection patterns as well as HR-TEM, it would be
difficult to conclude whether interdiffusion between Hf and W has
occurred during annealing. This might be because W and Hf have
similar mases. As we wrote before, we confirmed that the sample has
(i) the amorphous structure of W/Hf multilayers, (ii) the flat inter-
face between heavy metals and CoFeB, and (iii) highly (100) texture

ARTICLE scitation.org/journal/apl

of MgO (1.0 nm) on CoFeB for even the W(0.7)/Hf(0.7) multilayer
sample annealed at 673 K. W is easy to crystallize when the thickness
of W is thicker than ~3 nm. Therefore, we would like to emphasize
that it is meaningful that amorphous W (a-W) with a large SHE
and low resistivity can be formed to a thick thickness region by the
insertion of amorphous Hf (a-Hf). Moreover, we confirmed that the
magnetic properties shown in Figs. 2(a) and 2(b) are almost the same
between the 573K annealed samples and the 673K annealed
samples. Therefore, we believe that post-annealing does not cause
significant interdiffusion.

In conclusion, by applying an artificially synthesized W/Hf multi-
layer/CoFeB/MgO system, a higher SHE and enhancement of Keg t*
can be achieved compared to the f-W/CoFeB/MgO system. In addi-
tion, the resistivity in the amorphous W/Hf multilayer is low com-
pared to that in f-W. This study suggests that the artificially
synthesized multilayer system is one of the avenues for realizing the
HMs with a large SHE and low resistivity.

See the supplementary material for the results of low-angle x-ray
reflection for the as-deposited and 573 K annealed W(0.7)/Hf(0.7),
WioTa,0(0.7)/Hf(0.7), and W(0.35)/Hf(0.35) multilayers.

We thank T. Miyazaki for the measurement of HR-TEM
images. This work was supported by the JST OPERA (No.
JPMJOP1611) and JSPS KAKENHI (No. 19H00844).
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