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A B S T R A C T

Multi-layers of Co20Fe60B20 and Pt with large perpendicular magnetic anisotropies (PMA), comparable to those
obtained with the more widely utilized Ta/CoFeB/MgO heterostructures, are reported. CoFeB thickness of
approximately 0.8 nm is necessary to maximize PMA in Pt/CoFeB/Pt. Strong PMA can only be obtained upon
careful tuning of the material the CoFeB layer is deposited on. Specifically, a Pt layer thickness of at least 3 nm
is necessary to obtain PMA in CoFeB due to the emergence of (111) texture in thicker Pt films. The absence
of a magnetic dead layer at the interface between CoFeB and Pt (as opposed to an interface between CoFeB
and Ta) maximizes the amount of magnetic content per unit volume. Furthermore, this study investigates the
magnetic properties of multi-layer structures where four CoFeB layers are deposited between Pt and Pt/Ta/Pt
buffers. While the out-of-plane remanent magnetization of the structures is low, they present small nucleation
field down to 30Oe and large anisotropy energy in the range of 106 erg∕cc.
1. Introduction

The design and fabrication of thin-film heterostructures involving
various combinations of metallic, oxide and ferromagnetic layers to
achieve perpendicular magnetic anisotropy (PMA) has attracted a lot
of interest in the field of spintronics. Specifically, magnetic tunnel
junctions (MTJs) with PMA are of particular interest due to their high
thermal stability and low current requirement for switching of the
magnetization direction [1]. This magnetization switching is usually
ccomplished using spin-transfer torque (STT) or spin–orbit torque
SOT), depending on the materials in the heterostructure and the origin
f spin polarization.
Multiple studies have focused on the development of heterostruc-

ures using pure Co as the ferromagnetic (FM) material. Co is often
rown on textured Pt and capped with Pt (and/or Ta) non-magnetic
etal (NM) layers to form single (one NM/FM/NM repetition) and
ulti-layer (multiple NM/FM/NM repetitions) stacks that have strong
MA [2–4]. Further reduction of the current needed to drive magne-
ization switching along with enhanced thermal stability at reduced
imensions and increased magnetoresistance ratio in tunnel junctions
ave made CoFeB the preferred ferromagnetic layer rather than pure
o [1,5]. However, the use of different CoFeB compositions reported
in the literature makes a one-to-one comparison between these stud-
ies non-trivial [1,6–10]. Many of the reports involving CoFeB in the
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20:60:20 (at.%) composition utilize Ta and MgO as respectively the
bottom and top interfaces with the CoFeB layer [7,11–14]. However,
in the absence of MgO, using Ta as either the seed and capping layer
for the FM has proven to be detrimental to PMA [15,16]. Furthermore,
Ta is known to intermix with CoFeB, creating a magnetic dead layer
that lowers the overall magnetic fraction of the heterostructure [1,
11,17,18]. While not yet demonstrated, due to the Co content within
CoFeB, we hypothesize that growing it on textured Pt can provide the
interfacial properties needed to induce PMA in very thin films as it does
with Co.

In this work we investigate the static magnetic properties of
Co20Fe60B20 single and multi-layer structures where the FM material
(CoFeB in this case) is interfaced with Pt on both sides. The use
of heavy metals presenting large spin Hall angle (such as Pt) is of
interest when utilizing these structures for SOT applications. While,
in theory, depositing the same heavy metal on both sides of the FM
layer should cancel the spin–orbit torque efficiency, the differences in
the interfacial characteristics between the top and bottom interfaces
of the FM layer can result in an imbalance of torques, determining a
net spin–orbit torque in the FM layer [3]. However, to the best of our
knowledge, no study in the literature reports any consideration and/or
result regarding Pt/Co20Fe60B20/Pt structures. Here we aim to address
this gap and provide significant data regarding the PMA behavior of
vailable online 17 August 2022
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this specific system. Furthermore, we also report results about multi-
layer Co20Fe60B20 structures. This has not been done to date beyond
nvestigating simpler bilayer stacks as done by Kaidatzis et al. [18] and
heng et al. [19].

. Materials and methods

The films were deposited in a high vacuum magnetron sputtering
ystem (ATC Orion) from AJA International, Inc. under a base pressure
f at least 10−7 Torr on Si (100) substrates. All samples were sputtered
t room temperature at a pressure of 3mTorr while flowing Ar gas. No
ost-process annealing was performed. Heavy metals, being Ta and Pt,
ere sputtered using DC guns at powers of respectively 40W and 20W

(which correspond to power densities of 1.97W∕cm2 and 0.99W∕cm2),
yielding sputtering rates of 0.27 Å/s and 0.25 Å/s. The FM material,
Co20Fe60B20 (denoted as CoFeB throughout the paper), was deposited
using an RF gun at both 30W and 100W, yielding sputtering rates of
.043 Å/s and 0.25 Å/s.
Magnetic measurements were performed via a vibrating sample
agnetometry system (8600 Series VSM) from Lakeshore. All M vs. H
ysteresis loops were recorded at room temperature. X-ray diffraction
XRD) was performed on the Ta/Pt structures using a Rigaku SmartLab
-ray diffractometer.

. Results and discussion

.1. Ta/Pt underlayers for PMA in CoFeB single-layer structures

The magnetic properties of the FM layer depend on the structure,
rystallinity and thickness of the underlying Ta and Pt layers. Prior to
he deposition of the FM layer, the structure of the Ta/Pt underlayer
as investigated to determine the optimal thickness of Pt to be grown
ver the Ta seed layer. Reports from the literature indicate that Pt with
111) orientation is a suitable underlayer to obtain strong PMA in thin
o-containing (Co/Ni) films [15,20]. By starting with a 3 nm thick Ta
eed (as similarly done in other studies [2,3]), Ta/Pt bilayer films with
-5 nm of Pt were deposited and their structure was investigated using
RD. Fig. 1 shows the emerging of Pt (111) texture for Pt thicknesses of
nm or larger, indicating that Pt layers thinner than 3 nm do not posses
he required polycrystallinity. Note that the Pt (111) peak is found at an
ngle of about 39.6°, in close agreement with the Pt powder diffraction
attern 243678 from the Inorganic Crystal Structure Database (ICSD)
nd other studies from the literature involving the growth of PMA
tacks using Pt [15,20].
The impact of Pt structure on the magnetic properties of single-

ayer CoFeB systems was analyzed using M vs. H measurements of
oFeB films about 0.8 nm thick deposited on Ta (3 nm)/Pt (2-5 nm). The
tructure was always capped with Pt (5 nm) to avoid the oxidation of
he FM layer. While the stacks having 3-5 nm of Pt (as the underlayer)
ll show similar strong PMA behavior, the sample with the thinnest Pt
nderlayer (2 nm) shows a slanted out-of-plane (OOP) loop indicating
partial loss in PMA (refer to Figure S1 in the Supporting Information
or these OOP and IP magnetization loops). The structure having 5 nm
t underlayer provides a slightly higher remanence to saturation mag-
etization ratio, therefore this was selected as the optimal underlayer
hickness to work with. These results highlight the importance of an
ppropriate Pt underlayer thickness (and therefore texture) to achieve
trong PMA in Co20Fe60B20-based structures.

.2. Magnetic properties of CoFeB single-layer structures

A series of Ta (3 nm)/Pt (5 nm)/CoFeB (t)/Pt (5 nm) structures was
repared to study the effect of CoFeB thickness on anisotropy. The
hickness of the CoBeB layer (sputtered at 100W) was varied be-
ween 0.56 nm and 1.46 nm to capture both perpendicular magnetic
nisotropy (PMA) and in-plane magnetic anisotropy (IMA) behaviors.
2

Fig. 1. XRD for 2 theta angles between 37° and 42° for the Ta (3 nm)/Pt (t) structures
with t = 2, 3, 4, 5 nm.

Fig. 2a shows the saturation magnetization (Ms) measured for each
structure as a function of the FM layer thickness. The average Ms
was calculated to be 1230 emu∕cc. This value agrees with the results
from Ikeda et al. [1] and Cheng et al. [19], who report a saturation
magnetization of 1260 emu∕cc in the case of 1.3 nm thick CoFeB in a
Ta/CoFeB/MgO heterostructure, and 1230 emu∕cc for a double CoFeB
layer in the MgO/CoFeB (0.8 nm)/Ta/CoFeB (1.2 nm)/MgO heterostruc-
ture, respectively. Our results show that the Ms values are within 8%
of the calculated average for the different CoFeB thicknesses; Ms is
ot dependent on the thickness of CoFeB when bound by Pt on both
he top and bottom surfaces. Furthermore, as illustrated in Fig. 2b,
Ms⋅tCoFeB is linearly dependent on the thickness of the CoFeB layer and
the fitting line possesses an 𝑥-axis intercept that is equal to 0.03 nm. The
magnitude of this intercept indicates the thickness of the magnetic dead
layer at the interfaces between CoFeB and the top and bottom Pt layers.
Since this thickness is in the sub-angstrom range, it is concluded that
the 0.03 nm is within the range of error and that the magnetic dead
layer can be viewed as absent for the practical considerations of this
study.

Given the prevalence in the literature of Ta as the underlayer of
choice for CoFeB, Ta/CoFeB/Pt and Pt/CoFeB/Ta heterostructures were
deposited to observe the effects of both Pt and Ta at either of the
interfaces with the FM layer. In both cases PMA is lost and a significant
reduction in saturation magnetization is recorded (refer to Figure S2 in
the Supporting Information for more details). It is worth pointing out
that no literature study explicitly states the impracticality of interfacing
Co20Fe60B20 with both Pt and Ta. On the other hand, many studies
report that Ta represents a good underlayer choice for a single CoFeB
layer with the 20:60:20 composition when the top interface is MgO
(or alternatively HfO2) [1,7,11–14,16,21–23]. At the same time, Ta is
known to interdiffuse into CoFeB creating a magnetic dead layer of
non-negligible thickness (even up to 0.7 nm), which in turn decreases
the amount of magnetic content per unit volume, and, consequently,
the saturation magnetization of the stack [1,11,17,18].

Furthermore, the anisotropy energy density (Keff) was calculated for
each structure following the guidelines provided by Johnson et al. [24].
The thickness dependence of anisotropy energy densities for the de-
posited structures was analyzed by plotting Keff⋅tCoFeB as a function of
tCoFeB, the thickness of the CoFeB layer (Fig. 2c). For larger thicknesses,
the anisotropy energy is negative, indicating a preferential in-plane
anisotropy with magnetic moments aligned in the plane of the film. As
the thickness of CoFeB decreases, the anisotropy energy becomes less

negative until it reaches a maximum positive value, before starting to
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Table 1
Summary of Keff and Keff⋅tCoFeB values for some Co20Fe60B20-containing structures along with the results from our work.
Reference Bottom interface CoFeB Top interface Keff⋅tCoFeB (erg∕cm2) Keff (erg∕cc)

Kuswik et al. [5] Au (10-60 nm) 0.9 nm Au (2 nm) 7.50 × 10−5 8.33 × 102

Kaidatzis et al. [18] W (6 nm) 1.4 nm MgO (2 nm) 0.250 1.79 × 106

Liu et al. [11] Ta (5 nm) 1.1 nm MgO (1 nm)/Ta (1 nm) 0.320 2.91 × 106

Ikeda et al. [1] Ta (5 nm) 1.3 nm MgO (1 nm) 0.273 2.10 × 105

This work Pt (5 nm) 0.84 nm Pt (5 nm) 0.085 1.01 × 106
decrease again for smaller thicknesses. This maximum Keff⋅tCoFeB value
(0.085 erg∕cm2) occurs at an optimal FM layer thickness (0.84 nm) where
the heterostructure has the largest PMA energy density. The anisotropy
energy densities from other literature reports on heterostructures with
the same CoFeB composition are summarized in Table 1 along with
the results from this study. While the anisotropy energy density of the
Pt/CoFeB/Pt structure demonstrated here is three orders of magnitude
larger than that of Au/CoFeB/Au [5], it is comparable to the energy
densities of Ta/CoFeB/MgO heterostructures [1,5,11,18].

The volumetric and surface contributions to the anisotropy energy
density are extrapolated from the plot in Fig. 2c. By performing a linear
fit of the Keff⋅t values for thicknesses between 0.84 nm and 1.46 nm, a
slope of −4.81 × 106 erg∕cc and a 𝑦-axis intercept of 0.49 erg∕cm2 are
obtained. Given that 𝐾𝑒𝑓𝑓 = 𝐾𝑣 + 𝐾𝑠∕𝑡 and 𝐾𝑣 = 𝐾𝑏𝑢𝑙𝑘 − 𝐾𝑠ℎ𝑎𝑝𝑒, the
slope of the line 𝐾𝑒𝑓𝑓 𝑡 = 𝐾𝑣𝑡+𝐾𝑠 corresponds to the difference between
bulk and shape anisotropies, and the y-intercept is surface anisotropy.
For the Pt/CoFeB/Pt system, surface anisotropy is comparable to that
from literature works using Ta/MgO interfaces [1,18], while it is three
orders of magnitude larger than that reported for the Au/CoFeB/Au
heterostructure [5].

Fig. 3a and b illustrate respectively the OOP and IP magnetic
hysteresis loops for the structures having CoFeB thicknesses of 0.56 nm,
0.84 nm and 1.1 nm. As mentioned above, the largest PMA energy den-
sity is observed at a FM layer thickness of 0.84 nm and this is reflected
by an OOP loop with a high remanent to saturation magnetization ratio
of 0.74. A weaker PMA (𝑀𝑟∕𝑀𝑠 ratio of 0.16) is observed with a thin
oFeB layer (0.56 nm), whereas thicker CoFeB (1.1 nm) presents IMA
ith the easy axis lying in the plane of the film.
Furthermore, PMA structures with CoFeB thickness around the opti-
al value were deposited by sputtering the FM layer at a lower power
f 30W. As shown in the Keff⋅tCoFeB vs. tCoFeB plot from Fig. 2c, the
nisotropy energies for these structures follow the trend for those with
oFeB sputtered at 100W. Sputtering CoFeB at a lower power provides
he advantage of more precise thickness control. In fact, by lowering the
ower from 100W to 30W, the sputtering rate is drastically reduced and
herefore it is possible to sputter for longer times to consistently achieve
he desired sub-nanometer thicknesses. Fig. 3c shows the hysteresis
oops recorded in the case of 0.8 nm CoFeB sputtered at 30W. For this
ilm, strong PMA is still obtained, with a large remanent to saturation
agnetization ratio of 0.76. As seen from the magnetic hysteresis loops
n Fig. 3a and b (compared with those from Fig. 3c), there is no
isible difference between the two films deposited with different CoFeB
puttering powers. All the multi-layer structures discussed in the next
ection utilize 30W as the sputtering power for CoFeB.

.3. Magnetic properties of CoFeB multi-layer structures

Once the thickness of a single CoFeB layer was optimized to max-
mize PMA, multi-layer CoFeB structures were prepared by depositing
our 0.8 nm CoFeB layers separated by Pt buffers. In these multi-stack
structures, the thicknesses of the Ta/Pt seed and the Pt cap were
maintained equal to those utilized in the single FM layer study. As
illustrated in Fig. 4a, first the thickness of the Pt buffer between
each CoFeB layer in the stack was varied and M vs. H loops were
recorded (here just the OOP loops are shown). While using a thin Pt
layer of 1 nm does not result in PMA, PMA is observed for thicknesses
larger than 3 nm. It is important to note that PMA is present in these
3

structures even if the remanent magnetization is comparably low. In
fact, for all of these stacks the nucleation field (the magnetic field
corresponding to which magnetization begins to switch as a result of
domain nucleation) is smaller than 100Oe, reaching a minimum of
40Oe for thick Pt buffers of 8 nm. As multiple CoFeB layers are added
to the stack, the roughness at the interfaces between CoFeB and Pt may
increase, causing a reduction in surface anisotropy and therefore in
remanent magnetization. Furthermore, the structural characteristics of
the layers (roughness) are reported to influence the coupling between
the ferromagnetic layers [25]. For the system under study, a thicker Pt
buffer (>5 nm) is found to lower the nucleation field but at the same
time it also reduces the magnetic fraction in the heterostructure, so a
thinner Pt buffer that still guarantees good PMA is preferred (e.g. 3 nm).

In order to induce stronger PMA (and reduce the nucleation field),
a structure with Pt buffers of 3 nm was grown while subjecting the
substrate to an OOP field of about 140mT during deposition. As ex-
pected, this resulted in a decrease in nucleation field from 90Oe to
70Oe due to an induced magnetic anisotropy. Further reduction to
the nucleation field may be theoretically possible through smoother
interfaces, which could be achieved by sputtering at higher powers to
favor surface diffusion of Pt atoms impinging on the CoFeB. Therefore,
a new heterostructure was fabricated by growing the Pt buffers at
higher power (50W, as opposed to the normally used 20W). However,
as seen in Fig. 4b, this latter attempt resulted in an increased nucleation
field of 110Oe. Sputtering Pt at higher power may have caused the
roughness at the interfaces with CoFeB to increase, negatively affecting
surface anisotropy [26,27].

Given that Ta was used as a seed layer to promote polycrystallinity
in Pt (which is needed to obtain strong PMA in CoFeB films), multi-
layer CoFeB structures were deposited with Pt/Ta/Pt buffer layers
(rather than just Pt). Note that Ta was not deposited in direct contact
with the CoFeB layers because, as previously discussed, this would
result in a magnetic dead layer due to interdiffusion. As illustrated
in Fig. 4c, for these Pt/Ta/Pt buffers, the top Pt layer thickness was
maintained at 3 nm, while the thicknesses of the bottom Pt and Ta layers
were varied. It was found that these variations did not significantly
change the magnetic behavior of the multi-stacks, but a non-negligible
reduction in saturation magnetization was observed in the case of 1 nm
Pt. Importantly, these results demonstrate that, by utilizing Ta as an
underlayer for Pt within the buffers separating the CoFeB layers, the
nucleation field can be further lowered to 30Oe.

Fig. 5a illustrates the OOP and IP hysteresis loops for the multi-layer
structure using Pt (3 nm)/Ta (3 nm)/Pt (3 nm) as the buffer. While high
remanent magnetization is desired when designing devices that work at
low fields (for example in the case of magnetic actuation [28]), large
remanent magnetization is not a pre-condition for strong PMA. This
structure presents the largest anisotropy energy (Keff) among all multi-
layer structures that were fabricated and characterized in this study.
The calculated Keff is 1.06 × 106 erg∕cc, same as that for the optimal
single-layer structure (see Table 1). The bow tie shape of the OOP
hysteresis loop implies the presence of narrow magnetic domains with
oppositely oriented moments (in the OOP direction) in each of the
CoFeB layers. Due to the large thickness of the NM buffer layers, we
eliminate the possibility of strong antiferromagnetic RKKY coupling
between the magnetic layers and rather assume the behavior is due
to a prevalence of ferromagnetic dipolar coupling between the CoFeB
layers, a result similar to that illustrated by Maziewski et al. [29] for a
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Fig. 2. Magnetic characterization of Ta (3 nm)/Pt (5 nm)/CoFeB (t)/Pt (5 nm) with CoFeB sputtered at 100 W: (a) Saturation magnetization vs FM layer thickness, where the upper
and lower horizontal dashed lines correspond to the maximum and minimum values, which are within 8% of the average (center dashed line). (b) Estimation of magnetic dead
layer from the linear fit (dashed line) of the Ms⋅t vs t data. Inset shows that the x-intercept is positive but very small, indicating the presence of an extremely thin (negligible
for practical purposes) magnetic dead layer at the two CoFeB interfaces with Pt. (c) The Keff⋅t vs t plot illustrates the variation in effective anisotropy energy with the FM layer
hickness, identifying the optimal CoFeB thickness at around 0.8 nm. The data points for CoFeB sputtered at 30W follow the same trend.
Fig. 3. The OOP and IP magnetic hysteresis loops for heterostructures with a single CoFeB layer (sputtered at 100W) having thickness of 0.56, 0.84 and 1.1 nm are shown
espectively in (a) and (b). The PMA energy density is maximum for 0.84 nm CoFeB, while for the 1.1 nm thick CoFeB the anisotropy has switched to in-plane (IMA). The OOP and
IP loops for the structure with CoFeB sputtered at 30W and optimal thickness (0.8 nm) are plotted together in (c), highlighting the presence of PMA.
Fig. 4. Magnetic characterization of multi-layer heterostructures consisting of four CoFeB layers with: (a) Pt with varying thickness between CoFeB layers. Thicker Pt layers
how a reduction in the OOP nucleation field. (b) 3 nm Pt between CoFeB layers deposited under different sputtering powers and in the presence of an OOP magnetic field. (c)
t/Ta/Pt between each CoFeB layer. A low nucleation field of 30Oe is obtained when multi-layers of CoFeB are deposited on Pt/Ta/Pt. A schematic illustration of the deposited
eterostructures is shown in the insets of (a)–(c).
o multi-layer structure. As shown in Fig. 5b, we hypothesize that the
oments are pointing in the out-of-plane direction of the film. When
he OOP magnetic field is applied, the domain walls move to expand
he domains parallel to the field direction until the film saturates. In
he IP case, the moments present no IP component in the remanent
tate thus yielding a remanent magnetization equal to zero, while as the
agnetic field is applied, they slowly start to rotate and progressively
lign with the IP field direction saturating at a larger field of about
kOe. Magnetic force microscopy image presented in Figure S3 in the
upporting Information verifies the nanoscale OOP domains in the
emanent state of the multilayer CoFeB structure.

. Conclusions

The relationship between texture in Pt grown with different thick-
esses over Ta (3 nm) was investigated and it was found that Pt with
4

thickness of at least 3 nm is necessary to obtain polycrystalline Pt with
(111) texture. The presence of Pt texture is correlated to the magnetic
properties of the Co20Fe60B20 film deposited over it. When Pt (111)
texture is present, the single-layer CoFeB structure shows strong PMA
with large remanent to saturation magnetization ratio of up to 0.76.
For the first time it was shown that depositing CoFeB (specifically
with 20:60:20 at.% composition) between two layers of Pt can lead to
strong PMA behavior, while growing CoFeB with Ta on the opposite
interface leads to a total PMA loss (along with a drastic decrease in
saturation magnetization). The optimal CoFeB thickness in single FM
layer structures (Ta/Pt/CoFeB/Pt) was determined to be around 0.8 nm,
with anisotropy energy (Keff) comparable to reports for Ta/CoFeB/MgO
and orders of magnitude larger than for Au/CoFeB/Au.

Finally, multi-layer structures with four CoFeB layers separated by
Pt buffers were deposited. The magnetic hysteresis loops show that
thinner Pt buffers (1 nm) cause a total PMA loss, while thicker Pt yields
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Fig. 5. M vs. H hysteresis loops for the Ta (3 nm)/Pt (5 nm)/CoFeB (0.8 nm)/[Pt (3 nm)/Ta (3 nm)/Pt (3 nm)/CoFeB (0.8 nm)]x3/Pt (5 nm) structure. Both OOP and IP loops are shown
in (a). The moment orientations are illustrated in (b) and (c), for the OOP and IP loops respectively. While there are four ferromagnetic layers in the heterostructure, for simplicity
the moment directions are illustrated only for two adjacent FM layers (in gray) separated by the buffer (in white). The other two moment directions would follow the same pattern.
good PMA and lower nucleation fields (adjacent CoFeB layers experi-
ence ferromagnetic dipolar coupling with parallel alignment in the OOP
direction). By substituting the single material Pt buffers with trilayer
buffers made of Pt/Ta/Pt it was possible to decrease the nucleation
field down to 30Oe. These results fill a gap currently present in the
literature by showing that CoFeB with composition 20:60:20 can be
interfaced solely with Pt to obtain strong PMA. This study encourages
further exploration into material heterostructures that achieve PMA in
CoFeB while utilizing different interface materials other than the more
widely studied Ta and MgO.
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