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Abstract

Ferromagnetic CoFeB (CFB) and multiferroic BiFeO; (BFO) are both widely studied
materials for thin film device applications and are previously implemented in multilayer or bilayer
stacks. In this work, we demonstrate for the first time particle-in-matrix (PiM) films as a new CFB-
BFO nanocomposite form. Two PiM films were deposited under nitrogen and vacuum
atmospheres and compared against a more typical bilayer system. The different deposition
conditions lead to microstructure tuning of the PiM films, with the two displaying inverted
microstructures. The PiM films also displayed a large increase in the saturation magnetization
compared to the bilayer film and slightly enhanced antiferromagnetic-ferromagnetic exchange
coupling out-of-plane. All three films displayed ferroelectric properties, with the PiM film
deposited under a nitrogen atmosphere showing significant leakage. These CFB-BFO

nanocomposites present potential for future multiferroic device applications.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.
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Introduction

Novel multiferroic materials enable new applications in devices by combining both
ferromagnetic and ferroelectric properties into one structure, often allowing for stronger properties
than either single material by itself.!> Some applications of these materials include ferroelectric
random access memory (FeERAM) and ferroelectric spintronics, depending on which ferromagnetic
and ferroelectric material is selected.>!! One ferromagnetic material suited for these applications,
among others, is CoFeB (CFB). CFB is a soft ferromagnetic material commonly used in magnetic
tunnel junctions (MTJs) for magnetic memory and has a low magnetic damping for spintronic
applications.'>2* While CFB is not ferroelectric, it is metallic in nature and thus conducting,
allowing it to work as a charge-conducting layer.?! For its current applications, CFB is often grown
in multilayer stacks, usually with MgO, an insulator that acts as a tunnel barrier in MTJs.!516.22-24
Prior work has shown that BiFeO; (BFO) has emerged as an alternative in tunnel barrier
applications with the added bonus of being ferroelectric, allowing this material to work with CFB
in future multiferroic applications, particularly FeERAM.?5-3! While BFO does not provide nearly
an equivalent tunneling magnetoresistance as MgO (30% to 600%), studies of a CFB-BFO system
have not been considered.?>3? BFO introduces a ferroelectric phase, which MgO cannot due to its
insulating nature, allowing for potential regulation of the magnetic states through electric fields.
In addition, BFO is a perovskite and also known as one of the single-phase multiferroic materials,
also exhibiting weak antiferromagnetic properties.?>-?’-?8:30 The ferroelectric polarization occurs
due to Bi*? in the A site while the antiferromagnetic properties occurs from Fe?* in the B site of
the perovskite crystal structure.?” This provides an advantage for future nanocomposites made of
CFB-BFO in the form of antiferromagnetic-ferromagnetic exchange coupling, leading to increased

film coercivity when compared to just CFB or BFO alone.?*3> Work has also been done to examine
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BFO’s ability to work in spintronic devices, showing yet again that these two materials are
compatible in their future applications.3¢

Conventional designs for multiferroics rely on bilayers or multilayer stacks. The benefit of
this layered deposition method is the introduction of lateral interfaces between each of the
deposited layers. The in-plane strain introduced by the layers also allows for property tuning of
the film by affecting the growth of the next layer.3” However, this method requires the switching
between the two different material targets for each new layer to be deposited, increasing deposition
time and complexity, especially if done using pulsed laser deposition (PLD). The layered structures
are typically achieved through sputter deposition, which is well established for industry
applications due to its high throughput and deposition area coverage. Also due to the reliable nature
of the sputter deposition, most magnetoresistive devices are made with sputtering methods.’® As
an alternative, particle-in-matrix (PiM) nanocomposites, films with nanoparticles of one material

embedded within a matrix of another, are co-deposited through a one-step process. PiM films also

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

allow for tunable composition through adjustment of the deposition parameters, further leading to

tuned properties.3>% There is also an increase in material interfaces in PiM films due to the high
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surface area of the embedded nanoparticles. The amount of interaction between particles and the
matrix depends on the density of the two phases and the size of the nanoparticles, with smaller,
more densely spaced nanoparticles having more interactions.*!

In this work, three CFB-BFO nanocomposites thin films were deposited using PLD: two
PiM nanocomposites deposited under different atmospheres (one under a Nitrogen partial pressure,
the other under Vacuum), and a more conventional Bilayer film. The Bilayer film first had the
CFB layer deposited followed by the BFO layer. The schematics of these three films can be found

in Figures 1A1-A3, and detailed deposition methods can be found in the Experimental Section.
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Previous literature has not reported the deposition of CFB-BFO nanocomposites, allowing for this
to be a novel demonstration. Reference Pure CFB and Pure BFO films were also deposited and
can be found in Supplementary Figures S2-S4. After deposition, the material and structure of the
films were characterized with X-ray diffraction (XRD), transmission electron microscopy (TEM),
scanning transmission electron microscopy (STEM) and energy dispersive x-ray spectroscopy
(EDS). The magnetic hysteresis loops (M vs. H) and electrical hysteresis loops (P vs. E) of each
film were then measured to see how the microstructures differed and affected the properties of the

films, with the electrical measurement results located in the Supplementary Data.
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Results & Discussion

The crystalline phase and orientation of the two particle-in-matrix (PiM) films, deposited
under nitrogen and vacuum conditions, were characterized and compared to that of the Bilayer
film using x-ray diffraction (XRD), as seen in Figure 1B. Figures 1A1-1A3 show a schematic
drawing of each of the deposited films based on the microstructure seen in the transmission
electron microscopy (TEM) imaging the Figure 2 below. All three films displayed the CoFeB
(CFB) (220) orientation, showing that this is the preferred (220) texture for CFB growth. Indeed,
for the Nitrogen PiM film, the CFB (220) orientation is the only CFB phase, showing higher
growth orientations compared to the two other films with multiple CFB orientations. In the
Vacuum PiM film, the CFB (220) peak has a higher intensity over the other grown CFB
orientation, (020). The higher CFB phase purity in the Nitrogen PiM film may have resulted from
the nitrogen partial pressure atmosphere allowing the CFB plasma plume to fully develop,

influencing the growth’s kinetic energies. In vacuum, this effect is minimized, and the plasma

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

plume size is minimized leading to less optimum CFB growth.
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In the Bilayer film, deposited as a more conventional microstructure for direct

(cc)

microstructure and property comparison with the PiM films, multiple CFB phases occurred,
despite the deposition also being done under a nitrogen partial pressure. This would suggest that
CFB is not an optimal material to grow directly on STO with PLD, supported by the growth rate
of the material which is 1.33 x 10 nm/pulse, calculated from the Bilayer film’s growth. The
decrease in CFB phases seen in the PiM films suggests that the co-deposition with BiFeO; (BFO)
leads to preferential growth of CFB compared to direct growth of CFB by itself on STO. Due to
the metallic nature of CFB nature, it can be assumed that it would grow in an island growth mode,

further supported by the TEM results discussed in Figure 2, resulting in the multiple orientations
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seen in the XRD data.*? In these instances, co-deposition with another material allows for easier
growth of these films. For all three samples, pseudocubic BFO peaks were observed as shoulder
peaks on the STO substrate peaks, with no significant differences between the films, showing that
the BFO phase grew well in all the deposition conditions. Further analysis of the CFB and BFO
phases was performed through in-plane phi scans, shown in Supplementary Figure S1. Scans were
conducted in the CFB (/70) and STO (/10) orientations, with the STO scan potentially overlapping
the BFO phase due to their close lattice parameters, as seen in Figure 1. All of the phi scans show
the BFO phase with four-fold symmetry, indicating its pseudocubic crystal structure.?330 In all
three scans, the CFB phase has two wide peaks spanning the width of two STO phi scan peaks,

showing a weaker preference for in-plane symmetry than the out-of-plane orientation.
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Figure 1: Schematics for the A1) Nitrogen PiM, A2) Vacuum PiM, and A3) Bilayer films with labeling for the color coding of the
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schematics. B) XRD 6-20 of the three films.
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Further microstructural characterization of the films was performed through TEM,
scanning transmission electron microscopy (STEM), and energy-dispersive x-ray spectroscopy
(EDS) imaging, as shown in Figure 2. The Nitrogen PiM film (Figures 2A1-AS5) shows a film with
a preference for large BFO particle growth near the top of the film, though some smaller BFO
particles are distributed throughout the lower half of the film, showing that CFB formed as the
matrix in these films. This is most apparent from the STEM image and corresponding EDS map

in Figures 2A2 and 2A3. Despite the preference for BFO particle growth at the top of the film,
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Figure 2A3 shows significant yellow Bi below the substrate because this was the only film to show
Bi- diffusion into the STO substrate. A low-magnification TEM image of the film (Figure 2A4)
confirmed that the observed microstructure is uniform across the film and not limited to the area
selected for EDS analysis. In the TEM images, an amorphous glue layer is visible at the top of the
film, resulting from sample preparation for the TEM sample, but examination of the EDS map
shows that this is not part of the film. The higher-resolution image in Figure 2A5 indicated the
BFO phases through Moiré¢ patterns, suggesting a misalignment between the CFB and BFO phases
under these deposition conditions.

Regarding the Vacuum PiM film (Figures 2B1-B5), an inverted microstructure relative to
the Nitrogen PiM film was revealed. As shown in the STEM image and corresponding EDS map
in Figures 2B2 and 2B3, the larger BFO nanoparticles are more heavily distributed along the
substrate, with the smaller nanoparticles distributed in the upper half of the film, and with CFB
again forming the matrix. However, the overall distribution of BFO nanoparticles throughout the
film is more consistent, with some areas having nanoparticles stacked on top of each other. The
low-magnification TEM image (Figure 2B4) again shows that the microstructure stays consistent
throughout the imaged area. Brighter and darker contrast regions in this image were distributed to
preferential ion milling and not differences in material composition. To ensure this, in the STEM
image and corresponding EDS map, both a brighter and darker area were included and have a
consistent microstructure. Unlike the Nitrogen PiM film, the high-resolution image in Figure 2B5
showed a lack of Moiré patterns, suggesting improved alignment between the CFB and BFO
phases.

Finally, the Bilayer film (Figures 2C1-C5), where CFB was deposited first and BFO

second, the STEM and corresponding EDS map in Figures 2C2 and 2C3 reveal unexpected BFO
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diffusion through the CFB layer along the STO substrate. This was likely enabled by the
discontinuous nature of the CFB layer allowing for easier diffusion of the BFO phase. However,
the uniform thickness of the CFB Flayer supports some continuity of the CFB layer overall during
growth, such as similar surface energies during deposition. The low-magnification image (Figure
2C4) is used to support the consistency of this microstructure, especially the thin layer of BFO
below the CFB layer and the discontinuity of the CFB layer. The last high-resolution image in
Figure 2C5 shows BFO grows well both above and below the CFB layer. The CFB layer is
crystalline in the TEM images, which is also evidenced by its peaks in the XRD in Figure 1, but
this is not as apparent in the TEM image. This difference seen in the crystallinity could help explain
the broad peaks seen in the phi scans for the CFB phase in Supplementary Figure S1. In
Supplementary Figure S5 the O- and Fe- maps for all films are included, except B- as it is not
easily identifiable by EDS. The formation of the CFB matrix phase for the two PiM films suggests

that the co-deposition of the CFB and BFO phases results in better material composition, possibly

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

leading to better magnetic properties due to the increased ferromagnetic CFB phase.
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A EIEE

Nitrogen PiM

Vacuum PiM

Bilayer

Figure 2: A) The Nitrogen PiM Film, B) The Vacuum PiM Film, and C) The Bilayer Film. 1) Schematic drawing, 2) STEM image
for the corresponding EDS map, 3) EDS map showing Co-, Bi-, and Ti-, 4) Low-magnification TEM image of the film, 5) High-

resolution image showing the film interface.

Considering the potential magnetic properties in the films, magnetic hysteresis loops were
measured and are shown in Figure 3. These measurements were performed at both 300 K and 10
K for all three CFB-BFO nanocomposite films. Both PiM films displayed a large increase in
saturation magnetization compared to the Bilayer film. A table of the saturation magnetization and

coercive field for all films and each temperature can be found in Supplementary Table S2. This

11


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5ma01163a

Page 13 of 34 Materials Advances

View Article Online
DOI: 10.1039/D5MA01163A

includes the values for the Pure CFB and Pure BFO films. The saturation for the Pure CFB film is
significantly weaker than values traditionally seen in literature, which is a result of the suboptimal
CFB deposition seen during growth on STO through PLD, as explained in the XRD results in
Figure 1 here. Supplementary Figure S4 includes the hysteresis loops for pure BFO and CFB films
as reference. The PiM films also exhibited stronger out-of-plane (OP) saturation magnetization
compared to the in-plane (IP), while the Bilayer film had both orientations as equivalent. This
orientation preference in the PiM film is attributed to the microstructure allowing for more
anisotropy.*3

Observing the coercivity of the films, at 300 K, all films measured below 2 kOe, and in
most instances, the Bilayer film showed a larger coercivity than the PiM films. One exception is
seen in the inset in Figure 3A, with the OP orientation of the Vacuum PiM film. At 10 K, the
Bilayer film has the largest coercivity, as seen in the inset in Figure 3B. The reason for this effect

at 300 K is likely due to the microstructure of each film. In the Vacuum PiM film, the distribution

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

of CFB throughout the film thickness allows for enhancement of the OP magnetic response. In the
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Nitrogen PiM film, the large BFO nanoparticles near the top of the film act almost like the top
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BFO layer of the Bilayer film, minimizing the thickness of the CFB layer. However, the CFB
matrix still allows for growth in a three-dimensional manner, allowing for the film’s OP coercivity
to be larger than its IP coercivity, but not larger than that of the Bilayer film. The fact that both
PiM films show a preference for OP anisotropy over IP supports their increased anisotropy over
the Bilayer film. This increase in magnetic saturation could also be due to the improved growth of
the CFB phase and more ferromagnetic CFB in the overall film. Due to the Bilayer film having a
consistent IP and OP coercivity, it is safe to assume that the increase coercivity at 10 K is not due

to perpendicular magnetic anisotropy that can occur in other CFB stack systems.**
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Figure 3: Magnetic hysteresis (M vs. H) data showing both in-plane (IP) and out-of-plane (OP) orientations for all films at A)

300 K and B) 10 K, zero-field cooled.

Instead, exchange coupling between the antiferromagnetic BFO and ferromagnetic CFB
is expected for the nanocomposite films. To confirm this, magnetic hysteresis loops were
measured at 10 K after field cooling (FC) under +10, +20, and £30 kOe. These measurements
were performed on all three films in the OP direction with a more detailed explanation in the
Experimental Methods. The OP orientation was chosen for these measurements to highlight the
strength of the nanocomposite design as previous work performed with the co-deposited
nanocomposite design has shown a stronger exchange bias in the OP orientation.* The resulting
hysteresis loops of each measurement can be found in Supplementary Figure S6. Figure 4A
shows Hgg, the exchange bias field or the shift of the hysteresis loop along the magnetic field
axis, for each sample as an effect of the applied field during cooling. The corresponding values
are listed in Supplementary Table S3, along with the average coercive field (Hc¢) and the

saturation magnetization. The clear shift seen from the zero-field cooled (ZFC) to the FC states
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supports the presence of exchange coupling. Another clear indicator of exchange coupling is the
negative Hgg after positive FC and a positive Hgg after negative FC. At an applied cooling field
of £10 kOe the two PiM films have a larger Hgg than the Bilayer film suggesting that this
nanocomposite design enhanced the magnetic interface coupling due to increased surface area
between the antiferromagnetic BFO and ferromagnetic CFB. The asymmetry seen between the
positive and negative Hgg is attributed to incomplete spin relaxation. Measurements were
performed in an MPMS3, and were heated to 400 K between measurements which is insufficient
to fully demagnetize the BFO phase with a Néel temperature of ~640 K.?723! As explained in
the Experimental Methods, between each of the different sets of fields, the samples were heated
to above the Néel temperature.

Upon doing the field cooled measurements with the higher applied fields, the Bilayer
sample did not display the lowest Hgg. Instead, the Vacuum PiM film, on average, displayed the

lowest exchange bias. However, looking at the hysteresis loops in Supplementary Figure S6A-C

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

and the average saturation, graphed in Figure 4B and listed in Supplementary Table S3, the
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saturation magnetization of the sample further increased at the higher applied cooling fields. So,

(cc)

while the exchange bias decreased, the increased saturation of the sample still supports the
nanocomposite film experiencing greater AFM-FM exchange coupling than the Bilayer film, due
to increased interfaces between CFB and BFO. The Nitrogen PiM film does not experience this
secondary shift in the coercivity but continues to have a greater Hgg than the Bilayer film except
for at the -30 kOe applied cooling field measurement. Due to the Hgg values being 0.1 kOe apart
from each other, as seen in Supplementary Table S3, and the negative applied fields experiencing
incomplete spin relaxation, this effect can be assumed to be minor and that the Nitrogen PiM film

experiences overall greater exchange bias than the Bilayer film. As seen in Supplementary Figure
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S6D, magnetic moment versus temperature measurements (i.e., M vs. T curves) were also
conducted for these three films to determine if they showed a ferromagnetic response and if there
were any effects from the suspected oxygen defects in the BFO phase. Exact details of this
measurement can be found in the Experimental Methods, and the measurement temperature range
was 8-400 K. Oxygen vacancies in BFO, and materials like it, can weaken indirect exchange or
introduce frustrated or weakly interacting regions, particularly with the Fe-O-Fe bonds, as
previously reported.*® This vacancy-induced magnetic phase softening and spin-glass behavior can
be seen in Supplementary Figure S6D, supporting the growth of oxygen vacancies in the BFO
phase. It can also be seen that these three films’ responses follow a pattern based on their film
thickness, reported in Supplementary Data Table S1. The Vacuum PiM and Bilayer films with
comparable thickness have very similar responses in this graph, while the thicker Nitrogen PiM

has a stronger response at all temperatures.

A)O.4— T I I —e— Nitrogen PiM B)

—e— Vacuum PiM \ /

Bilayer

10 + —

Average Coercivity (kOe)

—e— Nitrogen

! —&— Vacuum
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-30 -20 I ,} 0 ' 0 10 20 30 *_150 *é() *;U 0 10 20 30
Applied Field (kOe) Applied Cooling Field (kOe)

Figure 4: A) Graph shown Hgg versus field applied during cooling. B) The average coercivity for the three films after the zero-

field cooled and applied field cooled measurements.
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Considering the possible ferroelectric properties of BFO, polarization-electric field (P vs.
E) loops, as shown in Supplementary Figure S7, were also measured for all three films. All three
films exhibited weak polarization, not fully saturated, likely not reaching ideal BFO behavior due
to deposition under vacuum or nitrogen atmosphere. The BFO phases in all three films are likely
oxygen deficient which leads to lower ferroelectric properties.3!#748 Despite this limitation,
sufficient ferroelectric BFO is present in each film to produce measurable ferroelectric hysteresis
loops. However, due to the discontinuous nature of the BFO phase, there is no clear path for
electrical travel through the CFB matrix, or between the BFO and Nb:STO substrate. The Nitrogen
PiM film, shown in Supplementary Figure S7A, has the worst ferroelectric properties due to the
most leakage occurring, and as seen in the Supplementary Figure S8, this trend continues until
measurement failure. All three films show leakage, and the Nitrogen PiM film is the worst. This
is believed to be due to the microstructure; because the majority of the BFO is congregating

towards the top of the film, there is little ferroelectric BFO in contact with either the bottom or top

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

electrode. The Vacuum PiM and Bilayer films show better responses, but still no true saturation.

Further deposition tuning could be done to minimize the presence of oxygen vacancies, but in the

Open Access Article. Published on 13 January 2026. Downloaded on 1/14/2026 2:43:57 AM.
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two co-deposited microstructures, this would lead to the oxidation and degradation of the CFB
phase.

Magnetic characterization indicates that the PiM nanocomposite design of CFB-BFO film
offers improved anisotropy when compared to a more traditional Bilayer system, though the
deposition parameters need to be carefully controlled to not compromise the ferroelectric
properties. Both PiM films showed an increased magnetic saturation at both room temperature and
low temperature, and at room temperature, the coercivities of the films were all comparable. The

PiM films also showed greater exchange coupling than the Bilayer film. These enhancements are
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attributed to the different microstructures seen in the PiM film, particularly with the BFO
nanoparticle arrangement throughout the film. These advantages are achieved through the one-
step co-deposition method used for PiM growth which resulted in better CFB growth when
compared to the Bilayer film using our PLD deposition parameters. Further tuning of the Bilayer
deposition parameters could improve this growth, but it would still lack the increased material
interfaces from the PiM microstructure. Most importantly, the microstructures of these composite
films suggest that this system is sensitive to deposition parameters, i.e., small changes in the
deposition parameters can lead to large microstructure changes and significantly affect the
properties. On the other hand, this is the first demonstration of co-growth of CFB and BFO based
nanocomposites.

Similar BFO-based nanocomposites explored previously include BFO-CoFe,O, (CFO),
BFO-MgO, and BFO-MgAl,04 (MAO) all having been deposited previously to take advantage of
BFO’s ferroelectric properties with other materials, with CFO being one of the most common
material materials for co-growth due to the capabilities of CFO-BFO films to form new two-phase
multiferroic  films.**>? Due to CFO already being a stronger ferromagnetic material,
antiferromagnetic-ferromagnetic exchange coupling could still occur in the CFO-BFO system.
Future investigation with this new CFB-BFO nanocomposite could include optimizing for the
ferroelectric properties or testing these materials for their potential in spintronic applications.
Further study on magnetic damping properties of the CFB-BFO nanocomposites could also be
beneficial for future ferroelectric spintronic applications. Another possible direction could be using
doped BFO such as BiFej;Mn,;0, which is antiferromagnetic with some internal ferromagnetic
domain, possibly allowing for improved coupling.>> Beyond BFO, other multiferroic materials,

especially those with stronger ferroelectric properties, such as BaFe; 9Ing ;0,9 and BaFe;, ,Al,O9,
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could be studied.’*> Unfortunately, these mentioned materials are ferromagnetic, losing out on

the AFM-FM exchange coupling present in the CFB-BFO nanocomposite.
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Conclusion

This work presents the first experimental demonstration of CoFeB (CFB)-BiFeO; (BFO)
particle-in-matrix (PiM) nanocomposites, which were compared against a more conventional
CFB-BFO Bilayer film. Two different PiM films were deposited under different deposition
conditions, resulting in inverted microstructures confirming that this material system is sensitive
to deposition parameters. The two PiM films showed increased magnetic saturation, and a stronger
exchange bias compared to the Bilayer film, showing the benefit of the PiM microstructure due to
the co-deposition of CFB and BFO and allowing for better growth of the CFB phase along with
increased material interfaces between CFB and BFO under the growth condition employed in the
PLD experiments. The comparison of magnetic properties between bilayer films and PiM is
hindered by the fact that the bilayer film was optimized for crystallinity instead of for its magnetic
properties. A more extensive study consisting of improving deposition parameters on a more
common substrate for CoFeB growth, such as Si, could allow for a fairer comparison, and better
potential future applications by allowing for easier device integration. Ferroelectric properties
were also observed in all films despite the obvious leakage due to oxygen deficient growth
conditions, with further work necessary for improving this property. The combined ferromagnetic
and ferroelectric properties suggest that this co-deposition of CFB-BFO PiM nanocomposites has
potential for multiple applications ranging from ferroelectric random access memory (FeERAM) to

ferroelectric spintronics.
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Experimental Methods

The BFO (BiFeOs;) targets were prepared from bismuth oxide (Bi,03) and iron oxide
(Fe,O3) powders, pressed into a 2 inch target, and sintered at 700°C for 10 hours. For the particle
in matrix (PiM) depositions, one target was cut into pie-pieces while the other was kept whole.
The CFB (CoFeB) target was mixed from Co, Fe, and B powders, and sintered using spark plasma
sintering (SPS) at 600°C for 10 minutes. This was kept whole as it was used as the base of the pie-
shaped target. The films were deposited using pulsed laser deposition (PLD) with a KrF excimer
laser (Lambda Physik, A=248 nm). The Nitrogen PiM film was deposited at 550°C, an atmosphere
of 50 mTorr N, a laser energy of 500 mJ, laser frequency of 5 Hz, and 5000 pulses. The Vacuum
PiM film was deposited at 600°C, a vacuum atmosphere (at least 3x10°¢ Torr or better), laser
energy of 450 mJ, laser frequency of 5 Hz, and 5000 pulses. The target used for the two PiM films
was a pie-shaped target with a CFB base and BFO pie-pieces on top. The ratio between materials

during the deposition was kept consistent at 50-50. The Bilayer film was deposited at 600°C,

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

atmosphere of 50 mTorr N, laser energy of 450 mlJ, laser frequency of 5 Hz, then a deposition
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pattern of 6000 pulses on the CFB target followed by 4000 pulses on the BFO target. All films

(cc)

were cooled to room temperature after deposition at 15°C/minute in the same atmosphere as the
deposition. All films were deposited on SrTiO; (STO) substrates for XRD, TEM, and magnetic
hysteresis measurements, and all films were deposited on Nb:STO substrates as the bottom
electrode for electrical hysteresis measurements.

Characterization to confirm the crystallinity, elemental, and microstructural qualities of the
thin film samples was done with an PANalytical Empyrean XRD with a Cu Ka radiation source
and a high-resolution Thermo Fisher Scientific TALOS 200x with TEM and STEM operated at

200 kV. With a FEI Titan™ G2 80-200 STEM with a Cs probe corrector and ChemiSTEM™
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technology (X-FEG™ and SuperX™ energy-dispersive X-ray spectroscopy (EDS) with four
windowless silicon drift detectors) also operated at 200 kV, STEM and EDS could be performed
on the samples. Sample preparation for all samples was done by hand by thinning the sample
through manual grinding and polishing. Dimpling and polishing made a thin area in the center of
the sample, and the sample preparation was completed with a Gatan PIPS II Model 695 ion miller.

Magnetic hysteresis measurements were completed with an MPMS Model 3 (Quantum
Design) with EverCool SQUID magnetometer in the user facility of the Birck Nanotechnology
Center at Purdue University see birck.research.purdue.edu . The magnetic moment versus applied
field measurement was completed at both 300 K and 10 K up to a field of +£50 kOe in both the in-
plane and out-of-plane direction. To test for antiferromagnetic-ferromagnetic exchange coupling,
the sample was cooled 10 K under an applied field of £10, +20, or £30 kOe. Between each field
set (10, 20, 30 kOe) the sample was heated to above the Néel temperature in a furnace and held
there for 30 minutes before cooling to fully relax the spins. In the MPMS 3, before each
measurement, the sample was heated to 400 K and kept there for 15 minutes to partially relax the
spins, then cooled to 10 K under the selected field. After reaching 10 K, the field was first brought
to zero before performing the out-of-plane =50 kOe hysteresis loop. The field was then brought
back to zero and the sample back to room temperature. The positive applied field was measured
before the negative applied field of the same strength, i.e., +10 kOe first, then -10 kOe, the sample
was only heated to 400 K between the positive and negative applied field of the same strength.
Corrections for the film thickness (emu/cm?) were done using the full film thickness and not based
only on the ferromagnetic CoFeB material thickness. Magnetic moment versus temperature
measurements were done after the exchange bias measurements, still in the MPMS 3. The samples

were heated to 400 K in the MPMS and held there for 30 minutes under zero applied field. They
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were then cooled to 8 K under zero applied field. The measurement field, 1000 Oe, was then
applied and the sample was heated up to 400 K while the ZFC data was collected. The sample was
then cooled back to 8 K under the same measurement field while collecting the FC data. The
samples were corrected for film thickness (emu/cm3) in the same manner as in the hysteresis loop,
then normalized based off of the minimum and maximum measured magnetic moment for each
sample.

Ferroelectric hysteresis loops were completed using the Radiant Technologies Precision
LC II Ferroelectric Tester. The bottom electrode was Nb:STO and the top electrode was sputtered
platinum with an area of 3x10~* cm?. The measurement was done with a period of 0.1 ms, and was
performed starting at zero, going to the positive drive voltage, back to zero, negative drive voltage,
and ending at zero. The measurements were performed in two locations on the samples from 0.1

V until failure in steps of 0.1 V.
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