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ABSTRACT

The five-layered (m = 5) BisTirooFe146Mngs501s Aurivillius material is a rare example of a single-phase room temperature
ferroelectric-ferrimagnetic multiferroic that shows promise for energy-efficient memory devices. Its ferrimagnetism is thought to derive
from the natural partitioning of magnetic ions to the central perovskite layer, engendered by chemically driven lattice strains, together with
ferromagnetic coupling via super-exchange mechanisms. Motivated by the expectation of an enhancement in magnetization with increased
magnetic ion content, this study examines systematic B-site substitutions with the aim of increasing (from the current level of 40%) the pro-
portion of magnetic ions within the structure. The solubility limits of magnetic cations in this structure and their influence on the superlattice
layering are investigated. The studies of Aurivillius phase films on c-sapphire with composition BisTixFeyMn,O13 (B6TFMO; x = 2.3-3.2,
y = 1.2-2.0, z = 0.3-0.9) demonstrated that above ~46% of B-site magnetic cations, the m = 5 structure first rearranges into a mixed-phase
material based on m = 5 and six-layered (m = 6) structures and eventually evolves into an m = 6 phase with 54% magnetic cations at the B-
site. It is demonstrated that higher-layered Aurivillius homologs can be synthesized using aliovalent substitution, without requiring epitaxial
growth or kinetically constrained methods. It is postulated that increasing the number of perovskite layers by forming the m = 6 struc-
ture facilitates the accommodation of additional magnetic cations at a lower average manganese oxidation state (+3.3) compared with an
equivalent m = 5 stoichiometry (+4.0). While the minor out-of-plane ferroelectric response decreases as expected with increasing structural
reorganization toward the m = 6 phase, the predominant in-plane piezoresponse remains unaffected by increased magnetic cation substitu-
tion. This work implies possibilities for enhanced magnetic properties in room temperature multiferroic materials, initiating the development
of technologically viable ultralow-power multiferroic memory devices.

© 2025 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(https://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0246803

I. INTRODUCTION the same period. This emphasizes the importance for the sector of
maintaining the energy-efficiency trajectory.
Data storage is a critical enabler to all aspects of modern life. It The  capability —of  ferroelectrics and  ferromag-

was estimated that in 2023, digital data storage stood at 64 zettabytes,
roughly doubling every two years.! Contemporary computer stor-

netic/ferrimagnetic materials to switch their order parameters
between two stable states makes them ideal candidates for use

£¥:G1:Gl G20z 1snbny 0

age technologies use either electric or magnetic polarization to store
single bits of information; a power-hungry technology that will
soon struggle to keep-up with the ever-increasing demands. Masanet
et al.” pointed out that in 2018, data centers used 205 TWh of
electricity, ~1% of global consumption. Interestingly, due to major
increases in energy efficiency, this was only a 6% increase on the
2010 figure, despite a 550% increase in digital data storage over

as state variables in data storage and computation. Materials
that exhibit both ferroelectric and ferromagnetic/ferrimagnetic
properties within a single phase are known as multiferroic materials.
Multiferroic technologies that simultaneously combine ferroelectric
and ferromagnetic/ferrimagnetic properties can use energy-efficient
electric fields for the reading and writing of data. (For the rest
of this paper, the term “multiferroic” will be used as a shorthand
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for “ferroelectric—ferrimagnetic multiferroic.”) Magnetoelectric
coupling refers to the induction of magnetization by an electric
field, or vice versa, and may arise directly in a single-phase material
when the switching of one order parameter (e.g., ferrimagnetic
polarization) induces a switching of the other order parameter (e.g.,
ferroelectric polarization). Devices based on electric-field control
of magnetism in magnetoelectric multiferroic architectures offer
the potential for ultralow switching energy (107™® J per switch) at
ultralow switching voltages (<100 mV). This represents a significant
reduction in energy consumption compared to spin-transfer
torque devices, which require high current densities to generate
magnetic fields and exhibit switching energies of ~10™" J per
switch.”" While artificial (composite) magnetoelectrics offer large
magnetoelectric coupling values [e.g., magnetoelectric susceptibility
~660 for Ni/Pb(Mgo.6sNbo.33)O03-PbTiO3]° and room temperature
applications,”” technologies based on single-phase multiferroics
offer advantages of intrinsic coupling of ferroic properties, reduced
interface issues, and simplified device architectures. The unique
potential of single-phase multiferroics lies in enabling multi-state
storage devices by leveraging simultaneous electroresistance and
magnetoresistance states. When electrons tunnel through an ultra-
thin multiferroic tunnel junction, this approach could, in-principle,
achieve an eightfold increase in data storage capacity per cell
relative to conventional binary switches.® No such commercial
devices exist, however, as the single-phase multiferroic materials
needed for this technology are extremely rare at room-temperature.
Moreover, enhancing the remanent magnetic moment at room
temperature is a critical requirement for developing technolog-
ically viable multiferroics suitable for ultralow-power memory
devices.”

The Aurivillius phase materials are well-established”” lay-
ered ferroelectrics, whose general formula is Bi,O2(Am-1BmO3m+1),
where “m” denotes the number of perovskite-type layers inter-
leaved between [BizOz]zJr fluorite layers.m'Il Ferroelectricity has
been shown to persist in exfoliated Aurivillius phase nano-flakes
and epitaxial thin films with thicknesses of only ~2 nm.'*"” This
natural superlattice structure offers a versatile framework for design-
ing single-phase multiferroic materials with potential applications
in energy-efficient data storage.'”'” They can incorporate magnetic
cations such as Fe, Mn, and Cr at their perovskite B-sites, facil-
itating magnetic super-exchange interactions."* ** The Mn- and
Fe-containing BigTiz99Fe;.46Mnos55018 (m = 5) (B6TFMO) Auriv-
illius phase system with 40% magnetic cations at the B-sites is a
rare example of a single-phase room temperature multiferroic, dis-
playing saturation magnetization (Ms) values of 215 emu/cm’ and
in-plane saturation polarization (Ps) values of >26 uC/cm.'”*
The dual substitution of Mn and Fe into the Bi;O2(Bim—1TimO3sm+1)
structures is key for achieving multiferroic behavior. Notably, fer-
romagnetism has only been observed in the Mn-only substituted
Bi;O2(Bim—-1TimO3sm+1) materials at temperatures below 55 K.”?
In Mn and Fe co-substituted BisTiz99Fei46Mngs501s, the pres-
ence of Mn promotes ferrimagnetic ordering, in contrast to the
negligible magnetization observed in the corresponding Fe-only
Bi; O3 (Bim-1TimO3m+1) analog.”* Atomic resolution electron micro-
scopy from previous studies’***’ has revealed a natural tendency
for magnetic cations, particularly Mn, to concentrate in the central
perovskite layer. Density functional theory (DFT) calculations”*’
show that this magnetic cation partitioning, coupled with the spin
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states of the magnetic cations, plays an important role in influencing
the magnetic exchange interactions and the resulting magnetization
values. Furthermore, BEFTFMO Aurivillius phase films synthesized
by both chemical solution and chemical vapor deposition (CVD)
demonstrate the reversible magnetoelectric switching at room tem-
perature necessary for practical energy-efficient magnetoelectric
device applications.'””’

For technologically competitive devices, a necessary require-
ment for multiferroic materials is the enhancement of the magnetic
properties by means of strongly interacting magnetic moments with
long-range spin ordering. Introducing a higher volume of mag-
netic ions to surpass the percolation threshold” is a well-known
strategy for enhancing long-range magnetic ordering and magne-
tization (see Sec. SI1 of the supplementary material). In addition,
computational studies on the Aurivillius phases by Birenbaum
et al.”’ have demonstrated that increasing the concentration of
magnetic jons raises the ferrimagnetic Curie temperature. Thus,
increasing the magnetic ion concentration at the B-site of the
B6TFMO structure beyond the current level of ~40% is a critical
factor in further improving its magnetic properties and data storage
device performance.

However, the Aurivillius phase structure is expected to have
a limit on the concentration of Fe and Mn it can accommodate.
One constraint stems from differences in cation radii: when coor-
dinated octahedrally by oxygen, Ti** has a radius of 0.605 A,
whereas both Fe’™ and Mn’" (in their high-spin states) have a
radii of 0.645 A.*® (NB: The high-spin state is favored for tran-
sition metals in Aurivillius phase structures due to structural and
electronic factors. These include the large size of bismuth result-
ing in weakened ligand fields, distortion in the coordination envi-
ronment due to neighboring layers, and incomplete hybridization
between metal d orbitals and ligand orbitals.””) Another limita-
tion arises because these cations have a nominal valence of 3+,
and they replace Ti*", which has a valence of 4+. Substituting
Ti** by Mn>*/Fe®* requires charge compensation, for which several
mechanisms can be postulated. One possibility for charge com-
pensation is through changes in the oxidation states (o.s.) of the
Mn or Fe cations.'””"’" Alternatively, exceeding the solubility limit
may lead to the segregation of impurity species or the formation
of secondary phases at grain boundaries or surfaces.”” ** Another
potential mechanism is ionic compensation through the introduc-
tion of ionic defects such as oxygen vacancies.”"”’® However, in
Aurivillius phase materials, the [Bizoz]“ layers are recognized for
their important role in space charge compensation and prevention
of oxygen vacancies, which in turn reduces leakage currents and
enhances fatigue resistance in ferroelectric random access memory
devices.”**

Given these considerations, to advance the development of
reproducible multiferroic materials with enhanced magnetic prop-
erties for low-power data storage devices, it is important to under-
stand how increasing the concentration of magnetic ions in m
= 5 Aurivillius phases affects the crystal structure. To investigate
this, we systematically varied the concentrations of the three B-site
atoms (Ti, Fe, and Mn) in the BETEMO system, BisTixFe;Mn, O3
(x =2.3-3.2, y = 1.2-2.0, z = 0.3-0.9). This approach enabled us to
determine the solubility limit of magnetic ion inclusion in the m = 5
Aurivillius phase structure and assess its impact on the superlat-
tice layering. We consider the above size and charge compensation
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mechanisms and demonstrate that structural reorganization into
higher m phases is a further option available to the versatile Aurivil-
lius phase structures to accommodate a greater magnetic ion fraction
while preserving in-plane ferroelectric properties. Furthermore, we
show that aliovalent substitution using transition metal cations,
through simple chemical solution deposition (CSD) processes, can
overcome thermodynamic challenges of synthesizing higher-layered
Aurivillius homologs without requiring epitaxial substrates or kinet-
ically limited growth processes. Although a comprehensive analysis
of phase purity (beyond the scope of the present article) is necessary
before reliable magnetometry studies can be conducted, it is antic-
ipated that increasing the magnetic cation content will enhance the
magnetic moment and multiferroic properties of the new Aurivillius
phase compositions.N‘z”‘lw“3 >

Il. EXPERIMENTAL METHODS

Chemical solution deposition (CSD) was used to fabricate
the BisTixFeyMn,O13 compositions as thin films'® (see Sec. SI2 of
the supplementary material). The average film thickness, as deter-
mined by transmission electron microscopy (TEM), was 89 nm
(standard deviation 33 nm across 265 measurement points). The
general formulas of the different series were as follows: series 1:
Bi6Ti3Fe1‘6_aMn0‘4+a013 (o. = 0, 0.1, 0.2, 0.3, and 0.4), series 2:
BisTis5-pFe1sMng3,3018 (B = 0, 0.1, 0.2, 0.3, 0.4, 0.5, and 0.6),
series 3: BigTiz2-yFe13+yMngo501s (y = 0, 0.1, 0.2, 0.3, 0.4, 0.5, and
0.6), and series 4: BigTixFeyMn,O5 (x = 2.3-2.8, y = 1.52-2.00,
z =0.68-0.75).

X-ray diffraction measurements (XRD) were performed using
a Philips X’pert PW3719 MPD diffractometer, Cu Ka radiation,
40 kV, 35 mA, and 20 range of 6°-40°. The m = 4 Aurivillius
phase was indexed from calculated XRD patterns generated using
the CrystalDiffract 7 software (CrystalMaker Software Ltd.) using
data from Hervoches et al’® The m = 5 Aurivillius phase was
indexed from calculated XRD patterns generated using the Crys-
talDiffract 7 software (CrystalMaker Software Ltd.) using data mod-
ified from Garcia-Guaderrama et al.”’ The m = 6 phase was indexed
from calculated XRD patterns generated using the CrystalDiffract
7 software (CrystalMaker Software Ltd.) using data modified from
Krzhizhanovskaya et al.’' CrystalDiffract® is a powder diffrac-
tion program for Mac and Windows, CrystalMaker Software Ltd.,
Oxford, England (www.crystalmaker.com). Refer to Sec. SI4.1 of
the supplementary material for further details. Atomistic structural
models of the modified m = 5 and m = 6 structures were generated
using VESTA.*

Atomic Force Microscopy (AFM) and Piezo-Force Microscopy
(PFM) measurements and ferroelectric lithography experiments
were performed using an MFP-3D™ Asylum Research instrument
(see Sec. SI2 of the supplementary material for details).

Scanning electron microscopy (SEM) was performed on a Zeiss
SUPRA 40 instrument, and the samples were treated with a 3-6 nm
thickness gold coating before measurement to prevent charging
during imaging. Lamella cross sections of the films were prepared
using a FEI DualBeam Helios NanoLab 600i Focused Ion Beam
instrument. High resolution transmission electron microscopy
(HR-TEM) was performed using a JEOL 2100 transmission electron
microscope, 200 kV, double tilt holder. Note that normally ~10%
error should be accounted for when calculating distances from TEM

pubs.aip.org/aip/aed

data due to the electron optics of the instrumentation. Composition
analysis was conducted using high-resolution scanning trans-
mission electron microscopy (STEM) and energy dispersive
x-ray spectroscopy (EDX) equipped with an X-Max 80 detec-
tor and the AZtec analysis software (Oxford Instruments,
Abingdon, UK).

lll. RESULTS

A. Structural investigations of B-site substitution
within the B6TFMO Aurivillius phases

1. XRD analysis

The concentrations of two of the three types of B-site cations
were systematically varied within the BETFMO series 1, 2, and 3,
while the third cation concentration was kept constant. XRD analysis
(Fig. SI1) of series 1 was overall consistent with an m = 5 Aurivil-
lius phase structure. In this section, we will examine what factors
influence deviations from this.

For series 1 [BigTisFej¢-aMng4+qO1s (¢ = 0, 0.1, 0.2, 0.3,
and 0.4)], the concentrations of Fe and Mn are varied, while Ti
concentration remains constant. In other words, the Ti:Mn/Fe sto-
ichiometric ratio of 3:2 does not change across series 1. This was
considered isovalent substitution since both Fe and Mn are nomi-
nally in the 3+ oxidation state (0.s.) in a neutral BeTFMO Aurivillius
stoichiometry. They also have similar ionic radii as noted above,”*
although it is acknowledged that the Jahn-Teller effect can tend to
elongate Mn®*Og octahedra.”” The XRD plots of sample series 1
shown in Fig. SI1 show that the peak positions, heights, and widths
correlate well with a computed XRD diffraction pattern for a refine-
ment of a reference m = 5 structure’’ shown in the supplementary
material, Sec. SI4.1, Fig. SI2. The reference pattern is computed
with an assumed 90% preferred crystallite (00/) orientation, a nom-
inal crystal size of 30 nm, and an isotropic strain of 0.1%, to
give a line breadth similar to that observed in the m = 5 phase
in Fig. SI1. The 30 nm crystallite size inferred from XRD analy-
sis is between 0.5 and 0.3 that of the observed crystallite thickness
in cross section TEM as shown in Figs. 1(c) and 1(e), an obser-
vation that is probably indicative that the crystallite coherence
due to structural disorder is significantly smaller than the film
thickness. As the concentration of Mn increases and Fe decreases,
there is only a slight shift (~0.4°) in 26 peak positions accompa-
nied by peak broadening. For example, the (0010) peak full width
half maximum (FWHM) is 0.45° for a = 0 and is 0.50° for a =
0.4 (Bi¢TizFe;6-aMno4+qO1s). This probably indicates increasing
structural disorder within the samples, such as the formation of
out-of-phase boundary (OPB) defects, which are common to the
Aurivillius structures.””*** ** Evidence for these is presented in
Sec. [I1 A 2.

The Aurivillius phase structure is highly anisotropic, and the
films show strongly preferred c-axis orientation, as is evidenced by
the majority of XRD peaks displaying (00]) reflections. The pseudo-
lattice parameter of the perovskite-type layer (a,’) in BETFMO
(3.89 A)* differs significantly from the lattice constant of sapphire
(a = 4.785 A), resulting in a +22.97% lattice mismatch. Conse-
quently, there is no epitaxial relationship with the substrate, and
the films grow without strain. The c-orientation arises naturally
from the inherent layering and anisotropy of the Aurivillius phase,
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FIG. 1. XRD analysis of (a) series 2 and (b) series 3. (c) TEM, (d) SEM, and (e) TEM images of the BigTizFesMng 40+ sample from series 1 confirm the layered and

plate-like Aurivillius phase m = 5 structure.

rather than from epitaxial effects. TEM images [Fig. 1(c)] of sam-
ples from series 1 confirm the layered m = 5 structure and ver-
ify the preferential growth of grains in directions normal to the
stacking axis (c-axis) of the layers. The grains crystallize with plate-
like morphology with in-plane grain size ranging from 10 nm to

2 pym [Fig. 1(d)]. Lamellar-type growth is commonly observed in
ceramic samples and the non-epitaxial films of Aurivillius phases,
characterized by anisotropic, plate-like crystals arranged in a lay-
ered structure.””"” This growth occurs due to the high grain growth
rate perpendicular to the c-axis, driven by the lower surface energy
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of the (001) planes.*® The crystallites overlap one another at grain
boundaries [Fig. 1(e)], meaning that thickness variation (typically 89
+ 33 nm) is observed across the samples, with rms roughness ranging
from 16 to 27 nm.

Although Li et al.”’ reported a slight increase in grain size in
Mn-substituted BisTizFe; O15, no clear effect on the morphology was
observed in this work with the substitution of Fe by Mn. The XRD
and TEM data illustrate that isovalent substitution of Fe by Mn in
series 1 does not lead to any structural rearrangements.

Series 2 [BigTiz ;—gFe1.sMng 3,015 (B = 0, 0.1, 0.2, 0.3, 0.4, 0.5,
and 0.6)] involves the substitution of Ti for Mn and is an example of
aliovalent substitution since Ti has a nominal valence of 4+, while
the Mn precursor used has a nominal valence of 3+, although it
can oxidize to 4+ under oxidizing conditions or reduce to 2+ under
reducing conditions.”’ For § = 0 and 0.1, there Ti** concentration
is increased, necessitating charge compensation through a reduc-
tion in the oxidation states of the Mn or Fe cations. Conversely, for
B = 0.3 to 0.6, Ti** concentration is decreased, requiring charge
compensation via an increase in the oxidation states of the Mn or
Fe cations. It is evident from the XRD analysis of series 2 [Fig. 1(a)]
that as the Ti content decreases and the Mn content increases, there
is a clear gradual shift in peak position away from a mixed m = 4
and m = 5 phase sample and toward a single m = 5 Aurivillius
phase. As P increases from 0 to 0.6, the 20 position of the
(008) reflection shifts from 13.6° to 14.4° and the position of the
(0010) reflection shifts from 17.6° to 18.0°, corresponding to the

@) & & 4

Log,,Intensity
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=

-
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expected positions for the (008) and (0010) for an m = 5 structure.
A similar trend in asymmetric peak shift on aliovalent substitu-
tion is observed in series 3 [BigTis2—yFe13+yMngsO1s (y = 0, 0.1,
0.2, 0.3, 0.4, 0.5, and 0.6), Fig. 1(b)], where the B-site concentra-
tion of Ti is decreased and the concentration of Fe is increased.
For example, as y increases from 0 to 0.6, the 20 position of the
(008) reflection moves from 13.4° to 14.5° and the position of the
(0010) reflection moves from 17.5° to 18.1°, corresponding to a pure
m =5 phase.

In series 4 [BiﬁTixFeyanOIS (x = 2.3-2.8, y = 1.52-2.00,
z = 0.68-0.75)], the concentration of Ti was further reduced. The
compositions were selected based on a compositional survey of 55
individual Aurivillius phase grains from a previous study of a mixed
m phase BETFMO sample.'” This series explores the aliovalent sub-
stitution of Ti by both Mn and Fe, allowing x, y, and z to vary
within the series. XRD data for series 4 are presented in Fig. 2(a),
while AFM images showing the surface morphology of composi-
tions BigTiz,éFelszno'GgOlg and Bi6Tiz,3Fe1,95Mno,70013 are shown
in Figs. 2(b) and 2(c), respectively.

As the Ti concentration decreases and Fe and Mn increase, the
XRD patterns [Fig. 2(a)] clearly demonstrate a shift from a pure
m =5 phase [in BisTizsFe;52Mno 63015 and BigTiz7Fe1.6:Mnge3O1s
(see the supplementary material, Sec. SI4 and Figs. SI2 and SI4)] to
a sample with a significant m = 6 presence. This transition is evident
as x decreases from 2.8 to 2.3, with the intensities of the (006), (008),
(0010), (0014), (0016), and (0018) reflections of the m = 5 phase

— BigTiz 3Fe200Mng 70018
—— BigTi3Feq.9sMng 75015
—— BigTiz4Fe1.62Mng 5015
(0022) — BigTiz sFeq77Mng 7301s
r —— BigTizsFeq.8,Mnges01s
] —— BigTiz6Fe172Mng 5015
: —— BigTiz7Feq6,MNg 5015
e BigTiz sFe1.50MngsO1s
! m=5
\ a
m=6
! % substrate
1 ® Cu Kﬁ

e = o - -
R ——

FIG. 2. (a) XRD analysis of series 4. AFM images of the surface morphology for compositions (b) Big Tiz 6Fe172MnggsO01s and (c) Big Tiz.3Feq.9sMng 7001 demonstrate how

grains crystallize with plate-like morphology.
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FIG. 3. Atomistic structures of one unit cell of Aurivillius phases. (a) m = 5 structure
and (b) m = 6 structure.

gradually diminishing [e.g., the intensity of the (006) reflection drops
from 38951 to 116 counts]. Concurrently, peaks associated with the
(008), (0010), (0012), (0016), (0018), and (0020) reflections of the
m = 6 phase begin to emerge, especially when the Ti concentration
falls below 2.5 at the B-site. Figure 3 shows the simulated atom-
istic structures of one unit cell for a five layered structure (based on
modified data from Garcia-Guaderrama et al.;*’ see S1.4.1) and a six
layered structure (based on modified data from Krzhizhanovskaya
et al;*! see S1.4.1). It is important to note that these structures were
not investigated with the aim of achieving complete crystal structure
refinements. The available XRD data are insufficient for a full struc-
tural analysis or an accurate characterization of octahedral tilting
and distortions. However, the simulated models serve the purpose
of estimating changes in the relative concentrations of the m = 5 and
m = 6 phases within the XRD patterns shown in Fig. 2(a).

The XRD patterns of BigTirsFe172MngesO1s, BigTizrsFerss
MngesO1s, BigTizsFer77Mno7301s, BisTizaFe192MnoesO1s, and
BigTiz3Fe1.9sMng 75018 align well with computed XRD diffraction
patterns refined for samples containing a mix of m =5and m = 6
structural phases, as detailed in the supplementary material, Sec.
SI4.2 and Figs. SI5 and SI6. Although small regions within the sam-
ples may exhibit random intergrowth of m = 5 and m = 6 blocks,
the XRD modeling confirms that these are primarily distinct phases,
not an m = 5.5 phase (c ~ 53 A) formed by recurring intergrowth
of m = 5 and m = 6 Aurivillius half-unit cells.”’ For instance, the
BigTiz3Fe1.9sMng 75013 sample is composed of 70% distinct m = 5
phase (c ~ 49 A) [Fig. 3(a)] and 30% distinct m = 6 phase (¢ ~ 57 A)
[Fig. 3(b)].

pubs.aip.org/aip/aed

The XRD pattern for BisTi3Fez20Mng 703, with the lowest Ti
content of the samples investigated, predominantly exhibits m = 6
characteristics, closely matching a simulated pattern for a refined
reference model, as discussed in Sec. SI4.1 and shown in Fig. SI3
of the supplementary material. A summary of the results from the
two-phase XRD modeling results is provided in Table I, show-
ing a clear trend toward the structural evolution of higher-layered
Aurivillius phases to accommodate increased magnetic cation
substitution.

The full width half maximum (FWHM) values of the XRD
peaks for the m = 5 phase increase as the Ti concentration decreases
across Series 4 (see Table I). While particle size effects could con-
tribute to peak broadening,” the consistent deposition method
applied throughout the series should limit significant variations in
film thickness and grain size. In addition, XRD pattern modeling
(see Sec. SI4 of the supplementary material) indicates that no sin-
gle crystallite size can fully account for the broadening observed
in all reflections, as the peaks widen independently of crystal size.
Increased structural stacking disorder, such as stacking faults, OPB
defects, and small regions of phases with different m values (evi-
dent in the TEM data in Fig. 4), almost certainly contributes to
the broadening of the XRD peaks,'””;l”_’; which is reflected in
the FWHM values. The increase in peak broadening for the m
= 5 phase implies a more disordered periodic structure as x val-
ues decrease. Furthermore, peak broadening for the m = 6 phase
is over twice that of the m = 5 reflections at the same 2 theta
value, indicating that the m = 6 phase is more defective than
the m = 5 phase.

The shift to the higher m = 6 Aurivillius phase is interesting,
given that access to larger layering periods is constrained by thermo-
dynamics. The difference in formation enthalpy between different
m-phases of similar composition is often too subtle to stabilize one
phase relative to another;*® therefore, it appears that the chemical
modifications are responsible for stabilizing the formation of the
higher m-Aurivillius phase.

2. Electron microscopy analysis

TEM analysis (Fig. 4) confirmed the increased structural rear-
rangement to m = 6 layered units as the Ti content within the
films decreases. The thickness of a unit cell along the growth (c)
axis of the Aurivillius structure can be estimated using the formula
¢/2=f+h, whereh=m"* p.f refers to the thickness of the [Bi202]2Jr
interlayer, which is estimated to be 4.08 A.5” The average thickness
of the perovskite blocks (p) is ~4.11 A, and m refers to the number
of perovskite blocks per half-unit cell of the Aurivillius phase struc-
ture.”” Thus, c is calculated to be 41.04 A for an m = 4 structure,
49.26 A for an m = 5 structure, and 57.48 A for an m = 6 structure.
This correlates well with the c-axis lattice parameters in the litera-

ture physically determined by x-ray and powder neutron diffraction
data 19,39,41,58

TEM imaging supports the XRD findings that the
BisTizgFe15:MnoesO1s composition is primarily structured as
the m = 5 phase, with a measured c-axis length of 4.6 + 0.1 nm,
which is within 10% instrumental error of the expected 4.9 nm
[Fig. 4(a)]. As the Ti content decreases, TEM images reveal an
increasing presence of mixed m = 5 and m = 6 phases. TEM imaging
of the BigTiz3Fe1.9sMng 75013 composition [Fig. 4(c)] corroborates
XRD observations [Fig. 2(a) and Table I], confirming a distinct
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TABLE I. Comparison of experimental XRD data in Fig. 2(a) with the predicted XRD patterns.

pubs.aip.org/aip/aed

Composition %agem=5 %agem=6 (0010) FWHMym=5(°) (0012) FWHMym =6 (°) c-axism=5 (A) c-axism =6 (A)
BisTiz_sFeLszMno,ﬁgOls 100 0 0.117 49.29
Bi6Ti2,7Fe1,62Mno,63018 100 0 0.121 e 49.29 e
BigTiz6Fe1.72Mng 63018 88 12 0.115 0.254 49.22 58.45
Bi6Ti2_5Fe1_8zMno_68013 87 13 0.124 0.227 49.08 58.05
BisTi2_5F61_77M1‘10,73018 82 18 0.123 0.270 49.11 58.09
Bi6Ti2,4Fe1,92Mno,63018 80 20 0.127 0.288 48.75 57.85
BigTiz3Fe1.95Mng 75018 70 30 0.136 0.270 48.55 57.50
Bi(,Ti2_3F62_00Mn0_70013 0 100 e 0.223 ce 57.67

- substrate

10 nm

~ S “"'\\.

L

\Q
- .
= . coatings

Sapphire substrate

FIG. 4. TEM images of representative Aurivillius phase thin film samples from series 4: (a) and (b) Big Tiz.sFe1.5:Mng 301 and (c) and (d) Big Tip 3Fe1.95Mng 750+s.
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m = 6 phase (c-axis length of 5.9 + 0.1 nm), accompanied by regions
of the m = 5 phases (c-axis length of 5.0 + 0.1 nm).

TEM analysis also demonstrates the local structural complexity,
highlighting stacking faults with sub-unit-cell intergrowths of vari-
ous m-layers. In Fig. 4(a), TEM imaging shows small regions of the
m = 4 Aurivillius phase within the BisTi>sFei5:MngesO1s sample,
where m = 5 and m = 4 intergrowths result in a c-axis length of
4.2 + 0.1 nm (within 10% instrumental error of the expected aver-
age c-axis value of 4.5 nm). Figure 4(b) reveals local regions in the
film with unit cell lengths matching the m = 6 Aurivillius structure
(5.7 £ 0.1 nm) and regions of m = 6 structures intergrown with
the m = 5 phase (5.3 + 0.1 nm). Similarly, Fig. 4(d) shows that for
the BigTiz6Fe1.72Mng68018 composition, local areas exhibit unit cell
lengths of 5.3 + 0.1 nm, indicative of stacking fault intergrowths of m
=5 (~4.9 nm) and m = 6 (~5.7 nm) layers. These stacking fault inter-
growths of different m phases are frequently accompanied by OPB
defects, which likely contribute to the peak broadening observed in
the XRD patterns.

EDX compositional analysis confirmed the chemical composi-
tion of the films and the successful co-substitution of Mn and Fe
into the Bi;O2(Bim-1TimO3m+1) Aurivillius phases (see Sec. SI6.3 of
the supplementary material). While determining the oxidation states
of Mn and Fe experimentally is important for elucidating the mag-
netic exchange interactions and mechanisms governing long-range
magnetic order in these materials, previous STEM-EELS studies
highlighted the challenges in accurately determining the Mn and
Fe cation oxidation states.”” These difficulties stem from the low
signal-to-noise ratio in the Fe and Mn L, ,-edges.

While an enhancement in magnetic moment is anticipated with
higher magnetic cation content, a thorough analysis is essential
to rule out contributions from trace magnetic impurities.'””"***
Establishing a defined confidence level for a material being single-
phase, with magnetization being intrinsic to the Aurivillius phase,
would require applying the methodology developed by Schmidt
et al.”> This procedure involves conducting measurements across
varying sample volumes and instrument resolutions, followed by
comprehensive full statistical analysis. However, such an in-depth
analysis is outside the scope of the present article.

B. Investigations of ferroelectric properties
at the nanoscale as a function of composition
and Aurivillius structure

Aurivillius phase materials are ferroelectrics in which the polar-
ization is predominantly along the a-axis, in-plane direction.'”"”
Since these films are predominantly c-axis oriented, most grains
have their crystallographic a-axis lying within the lateral plane of
the film. However, due to the absence of an epitaxial relationship
with the substrate and the isotropic random orientation of the plate-
like crystals, ferroelectricity is not expected to exhibit anisotropy
within the plane. We employed lateral piezoresponse force micro-
scopy (PFM) to confirm in-plane piezoelectricity for samples with
three different compositions: BisTizg0Fer52MngesO15 (56% Ti at
the B-site), BigTizs0Fe;77Mng 73018 (50% Ti at the B-site), and
BigTiz30Fe1.9sMng 75018 (46% Ti at the B-site). The films are natu-
rally self-polarized, and the amplitude of the piezoresponse in the
lateral direction can be clearly observed in the single frequency
(15 kHz) lateral PFM images in Fig. SI7 and lateral DART PFM

ARTICLE pubs.aip.org/aip/aed

images in Figs. 5(a) and 5(b). The regions of uniformly orien-
tated polarity and piezoresponse are represented by polar domains,
separated by domain walls. The experiments reveal an isotropic
random distribution of in-plane domains, with no evidence of uni-
axial in-plane ferroelectricity. Consistent with observations in other
Aurivillius phases, the isotropic domain wall energy appears to gov-
ern domain morphology, resulting in irregularly shaped domains
with curved walls.””"

The substitution of Fe and Mn into the structure and the
decrease in the Ti content does not seem to diminish the in-plane
piezoresponse; a clear, lateral piezoresponse is demonstrated for all
three compositions. This contrasts with the m = 6 BiyMnj375Ti225021
Aurivillius phase composition reported by Zurbuchen et al.”’
for which 62.5% Mn at the B-site enabled ferromagnetic
characteristics at 2 K, but this compromised the ferroelectric
properties, to the extent that a reliable ferroelectric response could
not be measured.

Aurivillius phases with m = odd and m = even exhibit different
out-of-plane ferroelectric properties. Ferroelectric Aurivillius phases
with m = even (e.g., m = 6) retain a mirror plane perpendicular
to the c-axis. This prohibits out-of-plane polarization. Meanwhile,
for ferroelectric Aurivillius phases with m = odd (e.g., m = 5),
retention of the mirror plane is not energetically favorable, and a
minor polarization is expected along the c-axis out-of-plane direc-
tion in conjunction with a major in-plane polarization.®’ It is thus
expected that as the m = 5 Aurivillius samples reorganize to accom-
modate more of the m = 6 phase, the polarization response along the
out-of-plane c-axis direction will decrease.

Vertical PFM studies were performed on representative sam-
ples to examine the local out-of-plane ferroelectric and piezore-
sponses as functions of composition and structure. Electromechan-
ical switching properties were probed locally by vertical switching
spectroscopy PFM (SS-PFM). The hysteresis loops’ phase and ampli-
tude as a function of applied electric field are shown in Figs.
SI8, 5(c), and 5(d). The local polarization switching data reveal
a 180° phase shift in the vertical direction across all three sam-
ples. However, the coercive field (calculated as the width of the
hysteresis loop divided by the sample thickness) increases with
higher magnetic cation content. In particular, it rises from 101.1
V//,tm for BigTizgoFe15:MngesO1s [56% Ti at the B-site, Figs. 5(¢c)
and S(d)], to 338.2 V/ym fOI' B16T12‘50F€1_77M110'73018 [50% Ti at
the B-site, Figs. SI8(c) and SI8(d)], and further to 469.7 V/um
for BigTir30Fe1.9sMng 75015 [46% Ti at the B-site, Figs. SI8(e) and
SI8(f)]. The vertical displacement amplitude as a function of the
applied DC bias for the samples with 56% and 50% Ti at the B-
site shows typical ferroelectric hysteresis loops, with piezoresponse
values of 6.4 pm/V for BisTizsoFe15:MnoesO1s [Fig. 5(c)] and 7.6
pm/V for BisTizs0Fe1.77Mng 73015 [Fig. SI8(c)]. However, the verti-
cal piezoresponse decreased to 3.6 pm/V for BigTi, 30Fe1.0sMng 75013
[50% Ti at the B-site, Fig. SI8(e)]. Furthermore, the hysteresis shape
is not concave for the BigTiz30Fe;.9sMng 75018 (46% Ti at the B-site)
composition, resembling characteristics of a lossy dielectric.” For
the Fe-containing BisBim-3Fem-3Ti303m+3 phases, it was previously
shown that the leakage current increased as m increased from 4 to
6. The BisTiz30Fe1.0sMng 75015 sample contains non-ferroelectric
secondary-phase impurities, comprising a volume fraction of 2.7
vol. % (see SI16.3 of the supplementary material for details on the
determination of this value). These impurities may contribute to
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FIG. 5. (a) PFM amplitude and (b) PFM phase images from DART PFM measurements in the lateral direction for Big Tiy.30Fe1.95Mng 75015 (46% Ti at the B-site). (c) and (d)
Vertical DART-PFM switching spectroscopy: (c) piezoresponse and (d) phase loops on the removal of an applied DC bias (+25 V) for BigTiz goFe152Mng 5015 (56% Ti at
the B-site). (e) and (f) Vertical PFM lithography data illustrating the reversibility of ferroelectric switching: (e) vertical PFM amplitude image and (f) vertical PFM phase image
for Big Tio.50Fe177Mng 73048 (50% Ti at the B-site). Initially, a 15 x 15 ymz region was poled with a +50 V DC bias. Subsequently, a 10 x 10 ymz region within the poled

area was reverse-poled using a —50 V DC bias.

domain wall pinning, the reduced polarization value, the increased
coercive field, and an altered hysteresis loop shape. Furthermore,
the presence of trace levels of secondary phase impurities would
complicate attempts to measure a magnetic signal intrinsic to the
main Aurivillius phase;”‘2”‘23‘33””’47 therefore, magnetic measure-
ments of the new compositions could not be reliably performed
in this work.

PFM bit-mapped voltage lithography (see SI2 of the
supplementary material) enables the modification of the film’s
ferroelectric polarization by applying a bias voltage. When the
applied electric field exceeds the local coercive field, it induces
a reversal of the ferroelectric polarization. These investigations
(Fig. SI9) confirm the trend that higher DC fields are required
for vertical domain switching as the B-site Ti concentration
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decreases and the presence of the m = 6 phases increases. Applying
a vertical DC bias of 50 V to specific regions on the thin film
surface during the “write” step resulted in ferroelectric polarization
reversal in both the BigTizg0Fe;.50MnosO1s (56% Ti at the B-site)
and BisTizs0Fe177Mng73018 (50% Ti at the B-site) samples, as
detected by the subsequent PFM scan during the “read” step
[Figs. SI9(a)-SI9(d)]. However, in the BigTiz30Fe195sMng75018
(46% Ti at the B-site) sample, a higher DC bias of 90 V was
necessary for vertical domain switching [Figs. SI9(e) and SI9(f)].
A closer examination of the vertical PFM lithography data (Fig.
SI10) reveals successful ferroelectric switching on smoother film
surfaces, as indicated by the formation of upward-oriented (yellow)
domains. Conversely, switching proved more challenging on
rougher surfaces, where some grains remained as downward-
oriented (purple) domains. Figures 5(e), 5(f), SI11, and SI12
demonstrate the reversibility of vertical ferroelectric switching.
Initially, specific regions of the films were poled using a positive
DC bias. Subsequently, smaller areas within the positively poled
regions were reverse-poled by applying an opposite, negative DC
bias. The successful demonstration of reversibility indicates the
ability to repeatedly write and erase ferroelectric domains with high
spatial resolution, a critical requirement for advanced memory and
logic devices.

IV. DISCUSSION

A. Structural adaptation of the Aurivillius system to
higher m phases to compensate for charge and size
variations during B-site substitution

Increasing the concentration of Mn and Fe in this work is moti-
vated by the desire to increase the magnetic ion fraction (>40%)
further beyond the percolation threshold”® and to thereby enhance
long-range magnetic ordering within the B6TFMO system. For
a BigTir3Fez00Mng 70013 composition, the magnetic ion content
would be 54% of B-site cations, which is 14% higher than the
BigTiz.99Fe1.46Mno55018 composition, which displays an Ms value
of 215 emu/cm’.”’ However, the direct substitution of the lower
valence Mn** and Fe* for Ti** results in an unbalanced stoichiom-
etry. Moreover, the substitution of Ti*" (0.605 A) by Fe** (0.645 A)
and Mn>* (0.645 A) also involves accommodation of larger ionic
radii, which could lead to distortion of the crystal structure. It is
clear from the XRD and TEM analyses in this work that below a
threshold of nominal 54% Ti** (46% magnetic cations), the m =5
structure rearranges into a mixed-phase material based on m = 5
and six-layered (m = 6) intergrowths and evolves into an m = 6
phase for the BisTi23Fe200Mng70O18 composition at 46% Ti*" (54%
magnetic cations). In Sec. SI6 of the supplementary material, we
explore the potential for alternative mechanisms that could compen-
sate for charge and size differences when incorporating increased
magnetic ion content within the BETFMO Aurivillius phase sys-
tem. From the argument in Sec. SI16.2 of the supplementary material,
we infer that the decrease in Ti** might be compensated in some
part by the oxidation of Mn>* to Mn**. However, previous work on
the Aurivillius phase structures demonstrated the difficulty in form-
ing phase pure structures with substantial amounts of Mn** on the
B-site. For example, McCabe and Greaves®’ reported unsuccessful
attempts to prepare Bi;Sr,Nb,MnO1; due to the inability to support
a significant Mn** content. Armstrong and Newnham observed that

ARTICLE pubs.aip.org/aip/aed

“substantial substitution” of B-site metals “is obtained for only a nar-
row size range of octahedral ions”: 0.58 A to 0.65 A.%" It is therefore
expected that there will be a limit to how much Mn** (octahedral
site ionic radius 0.53 A) can be accepted in the m = 5 B6TFMO
structure. While the precipitation of trace levels (2.7 vol. %) of sec-
ondary phases has been observed for the BigTiz3Fe195Mng75013
composition and may assist with compensating some charge/size
effects (see Sec. S16.3 of the supplementary material), overall, XRD
analysis (Fig. 2) and TEM imaging (Fig. 4) clearly demonstrate
that the m = 5 Aurivillius structure adapts to a higher m = 6 lay-
ered homolog to accommodate increased levels (>46%) of magnetic
cations.

Given that bismuth is used in excess during the synthesis, struc-
tural and compositional rearrangement from an m = 5 phase to an
m = 6 phase is permitted based on the concentrations of cations
available. To correlate the charge balancing requirements with the
compositions where structural adaptation occurs, we tabulate the
nominal B-site proportion of Ti, Fe, and Mn for the BEFTFMO sam-
ples from a spread of compositions with decreasing Ti concentration
in Table SI3 of the supplementary material. Next, we assume that
Ti has a +4 valence and Fe has a +3 valence, and we let Mn have
a valence of either +3 or +4. We then assume that the proportion
of Mn** present is proportional to the concentration necessary to
maintain a charge balanced m = 5 Aurivillius structure (see SI7 of the
supplementary material). Note that the displayed oxidation states
are theoretical values based on nominal, assumed phase-pure com-
positions and are not taken from experimental measurements. The
table is arranged in order of decreasing Ti concentration, and we
correlate the compositions with the observations (from XRD and
TEM data) of whether the sample shows an overall m = 5, m = 6,
or mixed m = 5/6 Aurivillius phase. Table SI3 of the supplementary
material follows the same trend as Table I and summarizes that the
appearance of the m = 6 phase (as observed in the XRD and TEM
analyses) follows a systematic trend with decreasing Ti concentra-
tion. More precisely, the structural rearrangement occurs when the
combined concentration of Fe and Mn at the B-site of the perovskite
units is above 46% (see Table SI3 of the supplementary material).
Furthermore, when the nominal concentration of Mn*" is greater
than 6.6%, meaning that the theoretical average oxidation state of
Mn in the m = 5 structure is larger than ~3.4, the appearance of
the m = 6 phase begins to occur. It appears that the cation radius
disparity restricts the maximum concentration of Mn** that can
be accommodated by the m = 5 structure, with a threshold Mn*t
solubility limit of between 6.6% and 8.0% (or 46%-48% magnetic
ion content at the B-site). We note that this is a similar average
oxidation state threshold to that previously observed in other Auriv-
illius phase systems by Zurbuchen et al. (Mn>**) and McCabe and
Greaves® (Mn>*").

With direct evidence from TEM and XRD analyses showing the
evolution of the m = 6 phase as the concentration of Ti decreases and
the levels of Fe and Mn increase, we next explore how the structural
rearrangement of the Aurivillius phase to higher m values accommo-
dates the increased Mn content. Theoretical scenarios are outlined in
Table I1. For example, consider the chemical composition of the m =
5 BigTiz30Fe200Mno7001s phase. When rearranged into the m = 6
structure, it assumes the composition Bi;Tiz76Fe240MnggsO21. In
Table IT, for the m = 5 phase (composition BigTis 30Fe2.00Mng 7001s),
the average oxidation state of Mn is calculated to be +4.00, assuming
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FIG. 6. Composition map demonstrating the m number for a spread of BETFMO
compositions where the Mn concentration is varied from 0.60 to 0.75.

oxidation states of +4 for Ti and +3 for Fe. When the same ratio of
Ti, Fe, and Mn cations is applied to the m = 6 structure (composi-
tion Bi;Tiy76Fe240Mnog4Oa1), the average oxidation state of Mn is
calculated to be +3.29. The value falls within the range reported for
stable Aurivillius phase compositions by Zurbuchen et a2 (Mn>**)
and McCabe and Greaves®® (Mn>*"). It is important to note that
while the relative proportions of the B-site atoms remain the same
for both arrangements (as shown in Table II), the proportion of
Mn** required to achieve charge-balanced stoichiometry is signif-
icantly lower for the m = 6 phase (4.06% Mn*) compared to the
m = 5 phase (14.00% Mn**). This explains how the formation of
the higher m = 6 Aurivillius phase allows for the accommodation
of a higher concentration of magnetic cations while maintaining
balanced stoichiometry.

We propose that the inability of the m = 5 Aurivillius struc-
ture to accommodate Mn** concentrations above 6.6% at the B-site
likely drives the structural rearrangement observed, leading to the
formation of a higher m-phase, as evidenced by XRD and TEM
analyses. This rearrangement, along with an increased number of
A-site cations, is posited to enhance the tolerance factor of the
perovskite unit (see Sec. SI8 of the supplementary material), as
shown in Table II. The structural adaptation to incorporate higher
magnetic cation content in the BF-TFMO Aurivillius phases is sum-
marized in the composition map in Fig. 6, where the Mn concen-
tration varies from 0.60 to 0.75, complementing the modeled XRD
data in Table I.

This observation of structural reorganization into a higher-
layered m = 6 Aurivillius phase to accommodate increased

APL Electronic Devices ARTICLE pubs.aip.org/aip/aed
TABLE II. Examples of stoichiometry/oxidation state calculations for m = 5 and m = 6 Aurivillius phases.
Mn(IV)% Tolerance
Composition Ti(IV) B-site (%) Fe(III) B-site (%) Mn B-site (%) Mn(IV)% of Mn  overall Mno.s. factor
BisTizA30Fez‘ooMnoA70018 m=>5 46 40 14 100 14.00 +4.00 0.85
Bi7Ti2'76Fez‘4()Mn0‘g4021 m=6 46 40 14 29 4.06 +3.29 0.87
Bi6Ti2,30Fe1‘95Mn0_75013 m=>5 46 39 15 93 13.95 +3.93 0.85
Bi7Ti2,76F€2,34Mn0,90021 m=6 46 39 15 26 3.90 +3.27 0.87
Fe B-Site Composition (x) magnetic fraction is particularly interesting. At large values of m,
1.25 1.50 1.75 2.00 the free energy of formation in Aurivillius phases becomes ther-
1S T maiues s A 075 modynamically degenerate, making the synthesis of higher layered
:;6 A Ti=2.30 ‘E (m > 5) homologs challenging. These phases are typically difficult
. Lme | 2 to achieve without the supportwqf epitaxial substrates or kinetically
ST 070 8 controlled growth conditions.”””** This work progresses previous
7 T e a A A £ studies by Sun et al.”>*" on nanoscale layer-stacking evolutions of
@ % disordered m = 4 and m = 5 phases and Deepak et al.”> of tun-
=13 ; 0.65 bl able structural changes from an m = 3 phase (Bi4Ti3O12) to an
\ T'=2\'80 Ti=370 Ti=\é 50 @ m = 4 phase (BisTizFeOi5) on the addition of Fe precursor dur-
Ti=3.00 290 : 0.60 s ing chemical vapor deposition growth. The preceding studies of
12 25 MDY 0 Deepak et al.”® revealed that the only way to accommodate an
Fe B-Site % increase in Fe and to maintain charge balance between differently

charged Fe’* and Ti** was to accommodate regions of the four-
layered Aurivillius structure, accompanied by OPB defects. As the
Fe concentration was increased further, there was an increase in
the random stacking of m = 4 layers between m = 3 layers and
an increase in c-axis lattice parameter from 32.274 to 40.727 A.
Work by Deepak et al.”> and the current work are examples of
charge mediated synthesis, which involves the exploitation of con-
stituents having similar coordination chemistry but different layer
charges to impose a particular layer order during crystallization of
a thin film and yield large electronically neutral structural units.
In the absence of bulk thermodynamic stability, utilization of the
layer-to-layer charge disparities between the [Bi,0,]** fluorite lay-
ers and atomic layers within the perovskite blocks has been shown
to stabilize Aurivillius phase homologs with larger values of m
(e.g, m = 7 Srs4BisTizOy4),°° in contrast to Ruddlesden-Popper
phases, which possess charge-neutral layers. The m = 7 Sr4Bis Ti7O24
phases were synthesized in the kinetic limit using pulsed laser
deposition on epitaxial [SrTiO3 (001)], LaAlO3 (001)., and SrRuO3
(001)/SrTiO3 (001) substrates.”® Alternatively, the work presented
in this contribution demonstrates that using transition metal
cations for aliovalent substitution in straightforward chemical
solution deposition processes can overcome thermodynamic chal-
lenges in synthesizing higher-layered Aurivillius homologs. This
approach has eliminated the need for epitaxial substrates or kinet-
ically limited growth processes for this Bi/Ti/Mn/Fe-based material
system.

V. CONCLUSIONS

Research highlights that a key requirement for technologically
viable multiferroics, suitable for ultralow-power memory devices, is
the enhancement of remanent magnetic moment at room temper-
ature.” To meet this demand, this study investigates the effect of
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increased magnetic ion substitution on the crystal structure of mul-
tiferroic Aurivillius phases, driven by the expectation that increased
magnetic ion content will improve magnetization. It provides a com-
prehensive understanding of the structural adaptations that occur
to accommodate charge and size disparities associated with higher
concentrations of magnetic cations in these materials. The initial
investigation focused on determining the solubility limit for mag-
netic Fe and Mn cations within the m = 5 Aurivillius phase structure.
The XRD and TEM analyses of BigTixFeyMn,O13 (x = 2.3-3.2,
y = 1.2-2.0, z = 0.3-0.9) compositions revealed that when the
Ti** content was lowered below 54%, a discernible transformation
occurs, leading to the formation of a mixed-phase sample consist-
ing of both the main m = 5 Aurivillius phase and the m = 6 phase.
The prevalence of the m = 6 phase within the m = 5 phase matrix
increased with decreasing Ti** content. Upon elevating the nominal
Mn** content to 14%, the m = 5 structure transforms into a single-
phase m = 6 structure, with each perovskite block now containing
nominal 4% Mn**. The transition to the higher-layered Aurivillius
homolog is interesting, especially considering the thermodynamic
constraints on expanding layering periods.’® It suggests that chemi-
cal modifications are pivotal in stabilizing the formation of the m = 6
Aurivillius phase. Furthermore, this study demonstrates how alio-
valent substitution can overcome these thermodynamic challenges,
enabling the synthesis of higher-layered Aurivillius homologs
without relying on epitaxial growth or kinetically constrained
methods.

This transition to the higher m = 6 phase reduces the relative
fraction of Mn** required for charge neutrality in the material (refer
to Table II). Consequently, the structure becomes more tolerant of
higher magnetic cation content. Correspondingly, the average calcu-
lated oxidation state for Mn also decreases, falling within the range
of values reported previously”*"’ for stable Aurivillius phase compo-
sitions. Moreover, the percolation fraction, which is crucial for long-
range magnetic ordering, also increases upon phase transformation.
For instance, in the m = 6 composition Bi; Tiz76Fe234Mng 99021, the
magnetic cation content reaches 54% of B-site cations, which is 14%
higher than the m = 5 multiferroic BisTiz99Fe146Mng 55018 com-
position that exhibits an Ms value of 215 emu/cm®.”’ Increasing
the magnetic cation content is envisaged to enhance the magnetic
moment and multiferroic properties of the new Aurivillius phase
compositions. However, a thorough phase purity analysis will be
necessary before reliable magnetometry studies can be performed
in future work. As expected from crystal symmetry, the minor out-
of-plane ferroelectric response diminishes with increasing structural
reorganization toward the m = 6 phase. Notably, the predominant
in-plane piezoresponse of these materials is unaffected by magnetic
cation substitution.

This study provides valuable insights into the limiting factors
that govern magnetic ion substitution at the B-site of Aurivillius
materials, which should be considered during the development of
new multiferroic materials. Although the films prepared in this study
were ~90 nm thick with an rms roughness value of ~20 nm, mak-
ing them unsuitable for immediate device integration, our previous
work with chemical vapor deposition (CVD) successfully demon-
strated the growth of 5 nm m = 5 Aurivillius phase films with
an rms roughness of ~1 nm.*” Future work employing CVD and
charge-mediated synthesis, which has proven effective for growing
epitaxial thin films of higher-layered homologs,”® offers a feasible

pubs.aip.org/aip/aed

path toward achieving thinner m = 6 films with comparable proper-
ties. This study, focusing on incorporating higher magnetic cation
content, highlights the potential for enhancing magnetic proper-
ties in room-temperature multiferroic materials, laying the founda-
tion for the development of technologically viable ultralow-power
memory devices.

SUPPLEMENTARY MATERIAL

See the supplementary material for details on contribu-
tions to long-range magnetic order in Aurivillius phase systems,
supplementary methods, supplementary XRD and PFM data, the
calculation of full width half maxima (FWHM) values for Auriv-
illius phases with decreased Ti concentrations, possible alternate
charge/size compensation mechanisms, the approximation of the
Mn oxidation state, and the calculation of the tolerance factor. Fur-
ther information on the x-ray diffraction (XRD) pattern simulations
of m =5, m = 6, and mixed m = 5/m = 6 Aurivillius phase structures
is included to support this study.
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