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A B S T R A C T

We report on the static and dynamic magnetic properties of W/CoFeB/Ta/CoFeB/MgO stacks, where the CoFeB
layer is split in two by a 0.3 nm-thick Ta “dusting” layer. A total CoFeB thickness between 1.2 and 2.4 nm is
studied. Perpendicular magnetic anisotropy is obtained for thickness below 1.8 nm even at the as-deposited
stacks, and it is enhanced after annealing. Saturation magnetization is 1520 (1440) kA/m before (after) an-
nealing, increased compared to non-split CoFeB layers. Ferromagnetic resonance measurements show that high
magnetic anisotropy energy may be achieved (effective anisotropy field 0.571 ± 0.003 T), combined to a
moderate Gilbert damping (0.030 ± 0.001). We argue that the above characteristics make the split-CoFeB
system advantageous for spintronics applications.

1. Introduction

Recently, W-based spin-Hall devices and magnetic tunnel junctions
(MTJs) have been the subject of several studies [1–4] due to their im-
portance for magnetic memory and logic applications. The principal
focus has been on the study of CoFeB/MgO/CoFeB stacks, the current
MTJ industry standard [5], grown on W underlayers. The emergence of
spin-orbit torque magnetic random access memory (SOT-MRAM) [6–9]
is driving much of this interest, as the high spin-orbit coupling coeffi-
cient of the β crystallographic phase of W [10]. A requirement for
implementing SOT-MRAM is the realization of a heavy-metal/ferro-
magnetic-metal bilayer for performing SOT-induced magnetization
switching. Additionally, W-based MTJs have shown superior thermal
stability than the ones grown on the standard Ta underlayer [11–14],
allowing for improving the performance of spin-transfer torque MRAMs
and magnetic field sensors.

Another requirement for SOT-MRAM applications is perpendicular
magnetic anisotropy (PMA) [5]. Although CoFeB/MgO bilayers readily
obtain PMA when grown onto Ta [5], this is not the case for W. Initial
studies showed that PMA can be obtained by inserting an intermediate
layer between W and CoFeB, e.g. Hf [15] or Ta [16]; however, these
elements have lower spin-orbit coupling than β-W. Recently, W/CoFeB/
MgO stacks with PMA have been obtained, although tedious processing
is required, including long annealing runs in applied magnetic field, or
rapid thermal annealing [2,3,11,17]. Furthermore, PMA is obtained in
split-CoFeB layers (two CoFeB layers separated by an intermediate
layer) [18–20], although in none of the reported cases the stacks were
grown on W. It should be noted that split-ferromagnetic layers using
heavy-metal spacers have been recently employed for creating synthetic
anti-ferromagnets (SAFs) having PMA; these concern CoFeB/Ta/CoFeB
[21] and Co/Ru/Co/Pt [22] stacks that take advantage of SOTs arising
at the top and bottom heavy-metal spacer interfaces for magnetization
switching. This approach is of technological importance since SAFs are

extensively employed as reference layers in MTJs; on the contrary, in
our approach the focus is to exploit the high SOTs at the W/split-CoFeB
interface.

In this work we study split CoFeB/Ta/CoFeB stacks grown directly
onto W. Ta is an efficient B getter, contributing to the crystallization of
the amorphous as-deposited CoFeB layer into the body-centered cubic
(0 0 1) structure of the MgO (0 0 1) layer, ultimately giving rise to high
interface anisotropy [23]. The samples studied in this work were
magnetron sputtered W (6 nm)/Co20Fe60B20 (t nm)/Ta (0.3 nm)/
Co20Fe60B20 (t nm)/MgO (2 nm) stacks; we have also studied split-
CoFeB stacks with a 0.6 nm thick Ta “dusting” layer; however, the
obtained results are less promising (see “Supplementary Material”).

2. Material and methods

Sample deposition was carried out in an ultra-high vacuum (base
pressure 1.5× 10−9 Torr) magnetron sputtering system (AJA ATC-
2200-V) in diode configuration.1 Commercially available Si (1 0 0)
substrates covered with an amorphous 500 nm thick thermal SiO2 were
used. Each magnetic multilayered film sample additionally had a 5 nm
thick AlOx capping layer to prevent oxygen diffusion through MgO and
into CoFeB. A direct current (radio frequency) power supply was used
for metal (oxide) deposition, at 1.5W/cm2 (10W/cm2) power density
and 3 mTorr Ar working pressure, leading to 0.018 nm/s (0.010 nm/s)
deposition rate. The substrate was rotated during deposition (80 re-
volutions per minute) for avoiding the emergence of any in-plane
magnetic anisotropy axes. After deposition the samples were annealed
for 1 h at 350 °C in an auxiliary vacuum chamber (pressure during
annealing better than 1·10−5 Torr). The ramp-up rate was controlled at
20 °C/min, while the films were allowed to cool down to room tem-
perature with the heating element turned off in high vacuum before
removal. We have previously shown [24,25] that W retains the desired
β-phase through the above mentioned annealing process.
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3. Results and discussion

3.1. Magnetostatic properties

Samples with t varying from 0.6 to 1.2 nm, equal to a total CoFeB
thickness (tT) from 1.2 to 2.4 nm, have been studied. The in-plane and
perpendicular magnetization values versus the applied magnetic field
have been recorded using vibrating sample magnetometry (VSM), and a
representative set of hysteresis loops, before and after annealing, is
shown in Fig. 1 (see “Supplementary Material” for the rest of the data).
The striking characteristic is that PMA is obtained even at the as-de-
posited samples, up to tT equal 1.6 nm. Upon annealing, the anisotropy
field Hk (defined as the hard-axis saturation field and measured at the
intersection of the in-plane and perpendicular to the plane loops) in-
creases, indicating a corresponding PMA energy increase. When tT
equals 2.0 nm, the easy magnetization axis lies in the plane of the
stacks, even after annealing. Thus, the PMA to in-plane magnetic ani-
sotropy (IMA) transition occurs between a CoFeB thickness of 1.6 and
2 nm. PMA is also obtained when a 0.6 nm thick Ta “dusting” layer is
used, for tT 1.2, 1.4, and 1.6 nm (see “Supplementary Material”);
however, saturation magnetization (MS) is significantly lower. Fur-
thermore, in our previous study [16] we have shown that samples with
no Ta addition, processed using the same experimental conditions, do
not show PMA at any CoFeB thickness. According to the literature, a
major contribution to PMA in this system comes from the CoFeB/MgO
interface [5]; particularly, the as-deposited amorphous CoFeB/MgO
stack coherently crystallizes to the bcc (0 0 1) crystal structure, re-
sulting in high CoFeB/MgO interface anisotropy and the observed PMA.
Thus, the PMA to IMA transition observed is a result of the prevalence
of the CoFeB layer shape anisotropy at higher thicknesses over the
CoFeB/MgO interface anisotropy.

The effective magnetic anisotropy energy (Keff) of the stacks is de-
termined using the relation:

= +K K K
teff V

S

T (1)

where KV is the volume anisotropy energy and KS is the MgO/CoFeB
interface anisotropy energy (one interface is considered) [26]. Keff is
negative (positive) for IMA (PMA) and is determined experimentally
from Keff=HkMs/2 [16]. Fig. 2a shows the plot of the product Keff·tT

versus tT. Dashed lines represent linear fits to the data (excluding the
points that correspond to 1.2 nm CoFeB thickness); the vertical axis
intercept equals to KS, whereas the slope gives KV. The obtained KS
values are 1.6 ± 0.1mJ/m2 as-deposited and 1.8 ± 0.3mJ/m2 after
annealing, comparable to the ones reported in the literature for CoFeB/
MgO stacks deposited on W [3,12] and Hf or Ta [18].

The saturation magnetic moment (mS) per surface area versus tT plot
(shown in Fig. 2b) allows for determining MS and the magnetic dead-
layer thickness (td); linear fits to the data yield MS from the slope and td
from the y-axis intercept. The obtained MS and td values are
1520 ± 169 kA/m and 0.72 ± 0.12 nm before annealing and
1440 ± 75 kA/m and 0.70 ± 0.09 nm after annealing, showing that
the MS and td remain relatively unchanged. It should be noted that this
trend is in contrast to previous reports on the annealing effect on the
magnetization of MgO/CoFeB/Ta stacks [27], where a clear increase of
MS after annealing at 350 °C is obtained. In addition, a wide scattering
of td values has been reported in previous studies, both for Ta/CoFeB/
MgO and W/CoFeB/MgO: some indicate the existence of a large td, up
to 0.7 nm after annealing in 350 °C [12,28] and others report negligible
td [29]. The above indicate the significant dependence of the magne-
tostatic properties of the stacks to their design.

In our previous study of W/Ta/CoFeB/MgO stacks, performed using
identical deposition conditions [16], when a 0.3 nm thick Ta layer was
used, td equaled 0.3 nm after annealing at 350 °C; however, in that case
PMA was obtained only up to 0.9 nm of CoFeB thickness. On the other
hand, when a 1 nm thick Ta layer was used, td equaled 0.7 nm after
annealing at 350 °C and PMA was obtained up to a CoFeB thickness of
1.4 nm. However, the W/Ta/CoFeB/MgO stack yield MS equal to
1200 kA/m, whereas the split-CoFeB stack has MS equal to 1440 kA/m.
This is a clear advantage of the split-CoFeB design compared to the W/
Ta/CoFeB/MgO design, as CoFeB layers with higher MS result in higher
spin-polarization in MTJs.

3.2. Dynamic magnetic properties

Broadband FMR spectroscopy measurements using a signal gen-
erator and a microwave diode detector were carried out on two split-
CoFeB stacks, annealed at 350 °C, with tT equal 1.4 and 2.0 nm (PMA
and IMA, respectively). For comparison purposes, annealed W/Ta/
CoFeB/MgO stacks were also measured (see “Supplementary

Fig. 1. Representative set of hysteresis loops before (top) and after (bottom) annealing for tT equal to 1.4 nm (a) and (b), 1.6 nm (c) and (d), and 2.0 nm (e) and (f).
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Material”), with CoFeB thickness of 1.4 and 1.8 nm (PMA and IMA,
respectively). To increase the ferromagnetic resonance sensitivity, the
external magnetic field was modulated and a lock-in detection scheme
was used, whereby FMR spectra were measured at fixed microwave
frequencies (in the range 2 GHz–45 GHz) under a swept external mag-
netic field.

To detect higher-order anisotropies and to address asymmetry in the
Landé-g factor, FMR measurements were performed in both the in-plane
and out-of-plane geometries. Fig. 3(a) shows illustrative FMR mea-
surements for out-of-plane fields for the 1.4 nm split CoFeB layer from
which we extract the frequency-dependent resonance field and the
linewidth ΔH. The solid red lines reflect the best-fit of the raw ab-
sorption data (unshaded markers) to a derivative Lorentzian absorption
line. Expressions for the in-plane (out-of-plane) frequency versus ap-
plied field dispersion are given by the Kittel equation [30]:

=f
g µ µ

h
H H H( ),B

eff
2 0

2

(2)

= +f
g µ

h
H H( ),B

eff (3)

for which f g H, , eff( )
( ) ( ) are the out-of-plane (in-plane) ferromag-

netic resonance frequency, Landé-g factor and effective anisotropy field,
respectively, h is the Planck constant and µ0 is the vacuum perme-
ability. The effective anisotropy field values in the Kittel equation are
dependent on the second- and fourth-order uniaxial anisotropy coeffi-
cients K2, K4: = +H K µ M M K µ M2 / 2 /eff S S S2 0 4 0 , and

=H K µ M M2 / ,eff S S2 0 whereby the fourth-order anisotropy presents
itself through the discrepancy in the estimated anisotropy field for in-

plane and out-of-plane FMR. Curve fitting of the resonance field versus
frequency graphs (shown in Fig. 3(b and c) yield the magnetic aniso-
tropy field and gyromagnetic ratio (g-factor) values, whereas fitting of
the linewidth versus frequency (Fig. 3(d)) yields the Gilbert damping
factor α. The Gilbert damping and inhomogeneous broadening of the
2.0 nm split CoFeB layer was extracted from linear fits to the frequency
range above 20 GHz, as the non-linear behavior below 20 GHz reflects
additional low-frequency losses leading to increases in the in-
homogeneous linewidth broadening [31,32]. We exclusively use the
out-of-plane measurements to estimate α to exclude two-magnon con-
tributions to the linewidth. The obtained values are listed in Table 1.

The 2.0 nm thick split-CoFeB layer (with IMA) has g factor (2.10)
close to the bulk Fe value (2.08) and even closer to the value of a 20 nm
thick single-crystalline Fe-rich CoFe alloy thin film (2.09) [33]. Fur-
thermore, the isotropic (perpendicular and in-plane) g factor suggests
that most of the orbital moment is quenched, typical of crystal lattices.
On the contrary, a marked anisotropy in the Landé-g factor is observed
for the split 1.4 nm thick PMA sample (2.22 perpendicular versus 1.94
in-plane), which has been previously understood in terms of a large out-
of-plane orbital moment [34]. Indeed, both 1.4 nm samples (split and
single layer) exhibit PMA and the corresponding g-factor asymmetry,
indicative of the enhanced out-of-plane orbital moment associated with
the broken symmetry at the surface and interfaces.

Gilbert damping shows an intense decrease as thickness increases (α
is 0.030 at the 1.4 nm thick split-CoFeB layer and 0.022 at the 2.0 nm
thick one), in agreement to a previous study of Ta/CoFeB/MgO stacks
[5], where α decreases from 0.027 to 0.010, as the CoFeB thickness
increases from 1.3 nm to 2.0 nm. It should be noted that the overall
higher α value reported here could be attributed to the presence of the

Fig. 2. (a) Dependence of keff·tCoFeB as a function of tT; dashed lines represent linear fits to the data. (b) Magnetic moment per surface area versus total CoFeB
thickness; solid lines represent linear fits to the data.
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Ta dusting layer. Additionally, the increased damping in the case of the
1.4 nm thick sample could be attributed to the enhanced spin relaxation
due to spin-orbit coupling. Also, an increase in damping has been re-
ported upon crystallization of the Ta/CoFeB/MgO stacks [35] – 1 nm
thick amorphous Co20Fe60B20 layer were found to have α equal to
0.014, whereas increases to 0.015 after annealing – suggesting a crys-
talline structure of our split-CoFeB layers.

Besides g-factor and damping, the effective magnetic anisotropy is
obtained from FMR measurements and reported here. A μ0Heff value of
0.57 T is obtained for the annealed split-CoFeB layer with 1.4 nm
thickness. A much lower value of 0.36 T is obtained for the annealed W/
Ta/CoFeB/MgO stack with equal thickness characterized during this
study (see Supplementary data). Furthermore, the values reported in
the literature for Ta/CoFeB/MgO layers of similar thicknesses are also
lower: 0.28 T is reported for a 1.3 nm thick layer in [5], whereas 0.43 T
is reported for a 1.3 nm thick one in [35]. With the exception of the
1.4 nm-thick split-CoFeB layer, all samples show >µ H µ Heff eff0 0 , sug-
gesting that the fourth-order anisotropy strength is negative

( K M2 / S4 < 0). Furthermore, this negative contribution tends to in-
crease with increasing thickness, reaching a maximum of
-0.136 T ± 0.008 T in the annealed W/Ta/CoFeB (2.0 nm)/MgO film.
This indicates that besides higher magnetization, the split-CoFeB design
allows also for obtaining higher magnetic anisotropy energy.

4. Conclusions

To summarize, we have studied the static and dynamic magnetic
properties of split-CoFeB layers grown on β-W. Split-CoFeB layers show
higher tendency to promote PMA, compared to W/Ta/CoFeB/MgO
stacks deposited under identical conditions; PMA is obtained even at
the as-deposited state and the PMA to IMA transition occurs at 1.7 nm
(1.8 nm) before (after) annealing. Also, saturation magnetization is
higher at the split-CoFeB layers (1440 kA/m), compared to non-split
ones (1200 kA/m). Gilbert damping was found to be higher in the case
of the split-CoFeB layers, although the obtained values are moderate
(0.030 at a 1.4 nm thick split-CoFeB layer) and they are combined to an

Fig. 3. (a) A sample of the measured ferromagnetic
resonance spectra of a 1.4 nm split CoFeB layer
showing the linear frequency dispersion for out-of-
plane applied fields; (b) Out-of-plane resonance field
versus frequency for a 1.4 nm and a 2.0 nm CoFeB
split layer, where the lines reflect fitting the Kittel
equation to the data (open markers); (c) Same as in
(b) for planar applied magnetic fields; and (d) out-of-
plane linewidth versus frequency for a 1.4 nm and a
2.0 nm thick CoFeB split layer.

Table 1
Magnetic properties obtained from FMR: effective magnetic anisotropy field, gyromagnetic ratio (g) obtained from perpendicular ( ) and in-plane ( ) measurements,
and Gilbert damping factor (α) of split-CoFeB and W/Ta/CoFeB/MgO stacks. Uncertainty in our best-fit parameters comprises the standard uncertainty from a least-
squares fit to the Kittel equation and uncertainty in the measured applied external field.

Sample µ Heff0 (T) µ Heff0 (T) g α

Split-CoFeB 1.4 nm 0.571 ± 0.003 0.546 ± 0.004 2.22 ± 0.03 ( )
1.94 ± 0.01 ( )

0.030 ± 0.001

Split-CoFeB 2.0 nm −0.165 ± 0.003 −0.085 ± 0.002 2.10 ± 0.02 ( )
2.10 ± 0.03 ( )

0.021 ± 0.002

CoFeB 1.4 nm 0.362 ± 0.004 0.410 ± 0.005 2.12 ± 0.02 ( )
2.00 ± 0.02 ( )

0.022 ± 0.002

CoFeB 1.8 nm −0.626 ± 0.003 −0.490 ± 0.005 2.03 ± 0.01 ( )
2.11 ± 0.02 ( )

0.032 ± 0.001
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effective magnetic anisotropy field of 0.571 T. In conclusion, CoFeB/
Ta/CoFeB split layers deposited onto β-W underlayers combine a high
effective magnetic anisotropy field and moderate Gilbert damping,
making those more promising for devices, compared to similarly pre-
pared continuous CoFeB layers. Drop-in values for the saturation
magnetization, dead layer thickness, magnetic anisotropy, Gilbert
damping, and spectroscopic-g factor are also provided. We believe that
this work can guide future device simulation and fabrication for
emerging spin-orbit-torque magnetic memory applications.

The Supplementary Material section includes additional VSM and
FMR measurements and analysis of samples, including additional
sample series.
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