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Single-phase multiferroic materials are of considerable interest for future memory and
sensing applications. Thin films of Aurivillius phase Bi;TisFe;0,; and
BigTiz sFe; 50Mng 65015 (possessing 6 and 5 perovskite units per half-cell respectively) have
been prepared by chemical solution deposition on c¢-plane sapphire. Superconducting
quantum interference device magnetometry reveal Bi;TizFe;O,; to be antiferromagnetic (Ty
190K) and weakly ferromagnetic below 35K, however BigTi, gFe; s2Mng 6305 gives a distinct
room temperature in-plane ferromagnetic signature (M; = 0.74emu/g, uoH, = 7mT).
Microstructural analysis, coupled with the use of a statistical analysis of the data, allows us to
conclude that ferromagnetism does not originate from second phase inclusions, with a
confidence level of 99.5%. Piezoresponse force microscopy (PFM) demonstrates room
temperature ferroelectricity in both films, whereas PFM observations on
BigTiz gFe; 50Mng 65015 show Aurivillius grains undergo ferroelectric domain polarization
switching induced by an applied magnetic field. Here we show for the first time that
BigTip gFe; 50Mng 65015 thin films are both ferroelectric and ferromagnetic and, demonstrate
magnetic field induced switching of ferroelectric polarization in individual Aurivillius phase

grains at room temperature.
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I. Introduction

As the use of computers continues to expand rapidly there is increasingly a need for data
storage technologies with higher densities, non-volatility and lower power consumption.'
Single-phase, room temperature magnetoelectric multiferroic materials are of considerable
interest for such applications™>*> % "* However, materials that are magnetoelectric at room
temperature are very unusual’ (see Sidebar A.). The perovskite ferroelectric BiFeO3 exhibits
antiferromagnetic ordering at ambient temperature'® and its electric polarization has been
used to control antiferromagnetic ordering'""'* °, but there is no evidence as of yet that its
ferroelectric polarization can be switched by a magnetic field. There has, therefore, been an
intense search for room temperature magnetoelectric multiferroics within which the coupling

of ferroelectric and ferromagnetic polarisations might be demonstrated.
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Sidebar A. Multiferroics and Magnetoelectrics

Ferroelectric materials form a subset of the polar electrically polarizable materials for which
the electrical dipole moments within their structure can be switched between at least two
stable states (e.g. up and down) by an external electric field. Ferromagnets form a subset of
the magnetically polarizable materials (Sidebar D.). Materials which demonstrate both
ferroelectric and ferromagnetic properties within the same phase are known as multiferroic
materials.'® 1> 10 171819 A raonetoelectric coupling refers to the induction of magnetization
by an electric field, or vice versa, and may arise through direct coupling between magnetic
and electric polarizations in a single material, or indirectly via strain-mediated coupling in a
multi-phase material. 2% 2" 22232425 gych strain-mediated indirect magnetoelectric coupling
in composite materials can occur, for example, through a magnetostrictive strain (induced in
one phase by a change in applied magnetic field) coupling to a piezoelectrically-induced
polarization change in a second phase mechanically-coupled to the first. The SI unit of the
magnetoelectric coupling coefficient, a, is [sm™] which can be converted to the technical unit
[Vem'Oe™'] if the permittivity (¢) of the given material is known: [sm']=1.1x10"¢g[Vem
'0e™]. A magnetoelectric coupling coefficient of 5.90 Vem'Oe™” has been reported for
laminate complexes of lead zirconate titanate (PZT) and Terfenol-D (TbDyFe,) by straining
the magnetostrictive phase under a DC magnetic bias of 4.2 T,*® which induces stress on the
piezoelectric phase, generating an electric field in the piezoelectric phase. Magnetic force
microscopy  imaging of  (BiFeO3)o¢s-(CoFey04)935  nanostructured  composite
heterostructures®’, demonstrated two electrically-switchable perpendicular magnetic states at
ambient conditions for ferromagnetic CoFe,O4 nanopillars embedded in BiFeOs.

Additionally, the magnetoelectric coupling effect becomes controllable in a weak
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perpendicular magnetic field. Thin film heterostructures™ of CoFe-BaTiO; grown by
electron-beam evaporation exhibit giant magnetoelectric coupling coefficients (3 x 10 sm™)
at room temperature. Lahtinen et al. demonstrated that it is possible to precisely write and
erase regular ferromagnetic domain patterns and to control the motion of magnetic domain
walls in small electric fields over large areas in these composites by strain-mediated
correlations between ferromagnetic domain walls and ferroelastic domain boundaries.

Multiferroic coupling in a single phase material can occur when the switching of one
order parameter (e.g. ferromagnetic polarization) induces a switching of the other order
parameter (in this example ferroelectric polarization). Examples of single-phase
magnetoelectrics include: Cr,03 (<260 K)*°, CuO (<230 K)*, TbMnOs (<27 K)*!, NizB;0,31
(<64 K)*, DyMn,Os (<43 K)**. The synthesis of novel room temperature single-phase
magnetoelectric multiferroic materials is particularly appealing, not only because they have
two sets of interesting physical properties with 4 polarization states (positive and negative in
both electrical and magnetic polarizations), but also because the multiferroic coupling
interactions could lead to a range of potential applications. Such 4-state multiferroic materials
could potentially lead to a new generation of rapid, energy efficient magnetoelectric memory
devices that can be electrically written and magnetically read, storage of multiple bits per
memory element®, and magnetic field sensors where the ferromagnetic resonance could be
tuned electrically instead of magnetically.*"**

However, single-phase magnetoelectric multiferroics are rare, especially at room
temperature, due to the competing electronic requirements for ferroelectricity and
ferromagnetism (see Hillg). Hybridization between the cation and anion within the unit cell is
essential for stabilizing ferroelectric distortion; therefore the cation driving ferroelectricity
must formally be in the d° state. Conversely, d-orbital occupancy is a requirement for the

existence of magnetic ordering. Hill has suggested that the conditions for obtaining
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ferroelectricity and ferromagnetism in a single phase can potentially be met by incorporating
d” and d" cations into the same structure.

Sr3C02F240,;  demonstrates low-field magnetoelectric effects at room temperature,
however shows no polarization at zero magnetic field and therefore is not a bilinear
magnetoelectric.35 SrCo,Ti,FegOq9 does exhibit spontaneous polarization at zero magnetic
field (~25uCcm'2)5 and magnetic force microscopy investigations of this ceramic under
various electric fields (Eqc ~ -20 to +20 kv/cm) demonstrated electric-field control of
magnetism at room temperature in the absence of a magnetic field bias (converse
magnetoelectric effect) and decreases in magnetization of up to 6.3% on application of a
magnetic field of 46mT and Eg4 of 22 kv/cm. Recently, a newly-discovered single-phase
multiferroic, [Pb(Zry s3Ti9.47)O3]o.6-[Pb(FeosTag5)O03]0.4 has been shown to exhibit significant
(~60% change in polarization) magnetoelectric coupling at room temperature (~1 x 107 sm”
1%, demonstrating that with materials development and design, the development of room

temperature multiferroic materials can be achieved.
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The ferroelectric Aurivillius layer-structures®’, described by general formula Bi;Oa (4.
1BmOsm+1), are naturally 2-dimensionally nanostructured with large c-axis parameters, high

Curie temperatures (>600°C) and large in-plane spontaneous polarisations. The number of

©CoO~NOUTA,WNPE

10 ABO; perovskite units (m) per half-cell can be changed within the range 2 to 9, depending on
12 composition, and a wide variety of B-site cations with +3 to +5 oxidation states

38, 39, 40, 41
14 accommodated™ ™

. The system, discussed in greater detail in Sidebar B., offers the
potential for including substantial amounts of magnetic cations within a strongly ferroelectric

19 system, and hence the potential for the discovery of new room temperature multiferroics.
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Sidebar B. The Aurivillius family of ferroelectric oxides

Aurivillius®*’ bismuth-based compounds, sometimes referred to as the layered perovskites and
described by the general formula BiyOy(4m1BmOsm+1), represent an important class of
ferroelectric compounds. The materials are members of an homologous series of Bi-layered
oxides, where the structure is a naturally-layered nano-composite. The 2-dimensional nano-
structures have large c-axis lattice parameters, in the nanometer range, and consist of fluorite-
structured (Bi,0,)*" layers of thickness f (typically ~0.4nm) lying in the (001) plane
alternating with mABO; perovskite units in a sandwich type arrangement. The average
thickness of the perovskite-type block, 4, depends on the number of octahedral perovskite
units (m) in the block: 42 = pm where p is the average thickness of the perovskite-like units
(also typically ~0.4 nm).** (Note that this is only an approximation, as octahedral tilting, and
choice of A & B cations will change the average height of each perovskite unit.* ***°) The
value of m can be integer or fractional.'* Fractional values of m usually occur with “mixtures”
between a pure Aurivillius phase compound and a perovskite end member and are formed by
recurrent intergrowth of the perovskite blocks of two Aurivillius end-members, eg.
BaBigTi;0,7 (m = 3.5) is formed from (BisTi3012).75-(BaTiO3)02s.*" *’ The values of fand &
are related to the c cell parameter by f+ & = ¢/2 (Fig. B.1.).

The layered-structured Aurivillius phase materials are a particularly attractive class of
oxides as their structure allows the design and synthesis of new materials in thin film form
with interesting electrical and magnetic properties. Between the bismuth oxide layers, the
number of octahedral layers can be increased and a homologous series of compounds with the

general formula Biy+1Fen3Ti303mi (m = 4 to 9) has been realized by inserting bismuth
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ferrite units, BiFeOs, into 3-layered bismuth titanate, BisTi301,. In Fig. B.1.(a) 3 units of
BiFeO; have been inserted into BisTi30;, to form the 6-layered material, Bi; TizFeO,;.

1.* have pointed out that, as the number of

For this homologous series, Lomanova et a
perovskite-like layers increases, the cell ¢ parameter rises almost linearly, implying that the
perovskite-like units incorporated into the Aurivillius phase structure experience only slight
changes along the ¢ axis with increasing m. For this series, an average thicknesses of the
perovskite layers, p =4.11A and the fluorite layers, f=4.08A was estimated.*

The Fe distribution over the two non-equivalent octahedral B cation sites in the
perovskite block (identified as B(1) inside the block and B(2) for the octahedra on the outer
sides of the block adjacent to the Bi,O,” layers) has been investigated for the Bip:iFen.
3Ti303m:3 series.'* For m = 3.5 to 7, Fe" ions preferentially occupy the B(1) sites, however
the ordered distribution of ions over B(1) and B(2) sites decreases with the increase in the
perovskite-like block thickness. At m >7, the distribution of Fe’" and Ti*" ions of the
perovskite-type block tends to become more random and when the value of m increases up to
8-9, concentrations of ions at B(1) and B(2) sites equalize.14

On increasing the number of perovskite layers (m), the microstructural, magnetic and
physical properties of the materials can be altered significantly.”® The layered nature of these
materials also allows for the incorporation of significant amounts of magnetic ions with +3 to
+5 oxidation states™ within the mABO; perovskite units. In this way, the normally-
conflicting electronic structure requirements for ferroelectricity (unoccupied d orbitals, d°)
and ferromagnetism (partially filled d orbitals, ¢") in a single phase’ can potentially be
circumvented and the fabrication of single-phase magnetoelectric multiferroic materials could

conceivably be accommodated.
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Lomanova et al** explored ceramics with general formula Bip.;Fen3Ti3O3m+1, and
demonstrated the existence of structures with m from 4 to 9, including some with fractional
m. Weak room temperature ferromagnetism has been reported for m=4", and
antiferromagnetism (80 to 300K) for m=6>" and m=7"". Zurbuchen et al’* showed that the
manganese analogue of this system with m=6 was ferromagnetic below 55K, but not
ferroelectric. Ferroelectricity and ferromagnetism above room temperature was reported for
cobalt-substituted, 4-layered BisTizFepsCog 5015 ceramic> , with a small remanent

23,34, 54,55 P .
2752022 of BisTisFeqg sCog sO;5 ceramics and

magnetisation. Subsequent investigations
BisTisFey7Co0 305 films also demonstrated ferroelectric and ferromagnetic behavior at room
temperature. However, detailed phase analyses detected trace levels of CoFe,TixO4 second
phase inclusions, not observed by XRD, but which accounted for the observed magnetization.
Indeed, a remanent magnetisation of 7.8memu/g as observed by Mao et al.>® would
correspond to a trace CoFe,04 second (or impurity) phase level of only 0.03 wt.%, which
would be very hard to see by any microanalytical method. This observation clearly
demonstrates the difficulty of unambiguous assignment of magnetic effects to the parent
Aurivillius phase. Other work’® has reported ferroelectric and ferromagnetic behavior in thin
films of Bis 15sNdggsTizFepsCopsO1s. Compounds with higher values of m, such as
BisTisFe,O15 (B6TFO, m=5), provide a means for increasing the proportion of magnetic
cations. Weak ferromagnetic/antiferromagnetic behavior was reported in rare-earth and Co
doped B6TFO"** % ceramics and thin films, but none of the work presented phase
analyses at a level which would exclude the possibility that the ferromagnetic responses were
due to trace-level second phases.

In this study, thin films of Bi;TizFe;0,; (B7TFO) and BigTizsFe;50MngesOis
(B6TFMO) with 6 and 5 perovskite layers, respectively, were prepared by chemical solution

deposition on sapphire substrates in order to increase the content of magnetic cations within
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the Aurivillius structures Fig. B.1.(b). PFM indicates that both films are ferroelectric and
SQUID (superconducting quantum interference device magnetometry) magnetometry

investigations demonstrate the BOTFMO films are multiferroic at room temperature. Careful

©CoO~NOUTA,WNPE

10 microstructural analyses gives 99.5% confidence that the ferromagnetic responses originate
12 from the parent phase. PFM under magnetic fields has given direct evidence that the
14 ferroelectric and ferromagnetic order parameters within the BigTi, ¢Fe; 77Mng 6305 grains are
magnetoelectrically coupled. This material is therefore an exciting candidate for potential

19 use in multiferroic, magnetoelectric logic devices.
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I1. Experimental
Thin Film Synthesis: Solutions of Bi;Ti3Fe;0,; (m = 6; B7TFO) and BigTi,5Fe; 75Mng 75013
(m = 5; B6TFMO) were prepared by dissolving Bi(NO3);.5H,0 and Ti(OCH,CH,CH,CHj3)4
in lactic acid at room temperature. Fe(NO3);.9H,0 and Mn(CsH-0,);, as appropriate, were
dissolved separately in acetylacetone. When complete dissolution was achieved, the Fe** or
Fe’*/Mn®* solution was slowly dropped into the Bi**/Ti*" solution under constant stirring to
prepare 0.03 moldm™ solutions. For all solutions, 17.5 mol% excess bismuth*' was used to
compensate for evaporation of bismuth during the annealing process. The films were spin-
coated on c-plane sapphire substrates by a commercial spinner (spin coater KW-4A, Chemat
Technology) operating at 1000 rpm for 30 s. Residual organics were removed from the films
by baking on a calibrated hot plate at 300+£5°C for approximately 10 mins. Films were
annealed in ambient air for 1 hour in a conventional furnace at temperatures of 850°C. Final
thicknesses of ~100nm and ~200nm were obtained for B7TFO and B6TFMO, respectively,
as observed from cross-section HR-SEM measurements.

X-Ray Diffraction: XRD profiles were recorded at room temperature using a Philips
Xpert PW3719 MPD diffractometer, equipped with a Cu-Ka radiation source (40 kV and 35
mA) and a nickel filter on the incident beam over the range 5° <20 <37.5°. To estimate the
degree of c-axis orientation, the Lotgering factor®, £, was calculated using theoretical (hkl)
intensities of B7TFO and B6TFMO obtained from Crystallographica62 software.

Topography Mapping: HR-SEM images and EDX analysis spectra were obtained
using a FEI Quanta 630 High Resolution Scanning Electron Microscope with attached
Oxford X-Max 20 detector and Inca analysis software. A commercial atomic force
microscope (MFP-3D™, Asylum Research) in AC mode, equipped with Olympus AC160TS
silicon cantilevers (Al reflex coated, ~300 kHz resonant frequency), was used for topography

mapping of the films. Cross-sections of the films were prepared for micro-structural analysis
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using a FEI DualBeam Helios NanoLab 600i Focussed Ion Beam (FIB) (final thinning at 93
pA 30 kV, final polish 2 kV 28 pA). Samples were gold-coated to prevent charging. Micro-
structural analysis was performed on the B6TFMO films using HR-TEM (Jeol 2100
transmission electron microscope; 200 kV; double tilt holder) in conjunction with selected
area electron diffraction (SAED). Note that normally ~10% error should be accounted for
when calculating d-spacings from SAED due to electron optics of the instrumentation.
Elemental mapping using EDX (Oxford X-Max 80 detector and Inca analysis software) over
larger sample areas (3.99 umz to 1 mm?, medium spot size, x-ray generation area 10-30 nm in
diameter, 200 nm thickness) was performed using the HR-SEM and STEM mode at the FEI
Helios Nanolab. The EDX measurements were averaged over 6-7 single measurements each
containing up to 1100 frames. Hence the precision of the elemental ratios is based on the
standard deviation?' calculated, which ranges from 0.3% for Bi (heavy element) to 2.4 % for
the Mn and Fe ratios. This is comparable with literature under similar conditions.®
Piezoresponse Force Microscopy. Electromechanical responses of the films were
measured by PFM (see Sidebar C.) using an Asylum Research MEP-3D™ AFM in contact
mode, equipped with a HVA220 Amplifier for PFM using Single Frequency (drive frequency
of 20 kHz) and Dual AC Resonance Tracking Piezoresponse Force Microscopy (DART-
PFM)** modes. Vertical hysteresis loop measurements were obtained by switching
spectroscopy PFM (SS-PFM)® ® ysing a triangular step waveform (comprised of pulse DC
bias voltage (60-88 V) and an AC signal (5.5 V)). The waveform was cycled twice at a
frequency of 0.3 Hz with 68 AC steps per waveform. PFM imaging under a magnetic field
was performed using the VFM2-HV (Asylum Research High Voltage Variable Field Module
(Version 2)), where rotation of the rare earth magnet allowed the maximum magnetic field
intensity at the sample to be varied. In this module, the magnetic field lines are parallel along

the short axis of the PFM cantilever. All images were conducted at a scan angle of 90°,
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where motion along this axis is parallel to the magnetic field lines and repeat measurements
(~10 times) were performed to ensure imaging artifacts were not present. Olympus
AC240TM Electrilevers, Ti/Pt coated silicon cantilevers (Al reflex coated, 70 kHz resonant
frequency, ~320 kHz contact resonance frequency) were used for PFM imaging. Note that
these probes are conducting, but nonmagnetic. The Inverse Optical Lever Sensitivity of the
cantilevers was calibrated according to the MFP-3D Procedural Operation ‘Manualette’, the
system inherent background was determined using a non-piezoelectric silicon wafer and the

PFM was then calibrated using a-quartz as a reference sample.
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Sidebar C. Piezoelectric Force Microscopy applied to Ferroelectric Thin Films

Piezoresponse Force Microscopy (PFM) has emerged as a powerful technique for locally
probing nanoscale phenomena in piezoelectric and ferroelectric materials on the nanometer

50316.67’ 68, 69

PFM 1is based on the detection of a bias-induced piezoelectric surface
deformation.”” A conductive tip is brought into contact with a piezoelectric sample surface,
and the tip deflection resulting from the expansion or contraction of the sample due to the
applied bias is measured (Fig. C.1.(a)).

Out-of-plane polarization is measured by recording the tip-deflection signal at the
frequency of modulation. The relationship between the strain and the applied electric field in
piezoelectric materials is called the ‘converse piezoelectric effect’” and the vertical
displacement under voltage can be expressed as follows:

Az = k(ds3V + (Qs33/D)V?) (C.1)
where V' is the applied voltage, ¢ is the sample thickness, ds3 and (333 are the piezoelectric
and electrostrictive coefficients, respectively, and « is a constant of proportionality, placed in
the equation to indicate that the piezoelectric and electrostrictive coefficients measured using
PFM are not numerically identical with the coefficients measured using (for example) IEEE
(Institute of Electrical and Electronics Engineers) Standard methods on bulk specimens
because of effects such as electric field distortion and substrate clamping (on thin films). ds3
is the most important component of the piezoelectric tensor for a typical vertical PFM since it
couples directly into the vertical motion of the cantilever. The electrostrictive effect is
quadratic and does not depend on the sign of the electric field with respect to the specimen

polarization and causes only a constant effect, which is zero in the absence of an applied bias.

On application of the external voltage from the tip, Vip = Vi + Viccos(wt), driven at
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frequency well below that of the contact resonance of the cantilever, the local piezoelectric
response is detected as the first harmonic response of the tip deflection:

Az = d33V 4 + ds3sV.cos(owt +¢) (C.2)
where ¢, the phase of the electromechanical response of the surface, yields information on
the polarization direction below the tip. Both the magnitude and sign of the displacement can
be translated into images of local piezoresponse and polarization direction observed as
amplitude and phase micrographs, respectively (e.g. Figs. 6(b) and (c¢) in the main
document). When the polarization is parallel to the sample surface, the voltage applied to the
tip in the lateral PFM mode couples to an in-plane surface displacement via one of the
piezoelectric shear coefficients, which is translated into a torsional deflection of the
cantilever. Due to the small radius of the PFM tip, the applied electric field spreads within
the top layer of the sample resulting in rapidly decreasing field strength at larger sample
depths. A bottom-electrode ensures a well-defined electric field distribution and thereby
reproducible conditions for PFM imaging.”" In the absence of a conductive bottom electrode,
part of the electric field decays in the substrate, whereas with a bottom electrode the electric
field is fully applied to the film. Therefore, for thin film samples, a bottom electrode is more
advantageous for PFM measurements, while larger bias values are required to image
ferroelectric domains in the absence of a bottom electrode.”” As Soergel’' has explained,
there is no absolute need for a back electrode and PFM images have been recorded on films
of 10 nm thickness without a bottom electrode. However the stabilization of switched
domains is greatly facilitated when a bottom electrode is present.’”

The DART-PFM (Dual AC-Resonance Tracking-PFM) technique was developed by
Rodriguez et al.®* to overcome problems in electromechanical imaging of piezoelectric
materials with relatively small vertical piezoresponses. The method uses the cantilever

resonance frequency to boost the piezo signal in the vertical direction, while reducing
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crosstalk between changes in the sample-tip contact stiffness and the PFM signal by tracking
the resonance frequency based on amplitude detection feedback. The amplitude is measured
at one drive frequency below the resonance frequency and another above it. The error signal
allows changes in the resonance frequency to be tracked, thereby reducing the effects of
cross-talk between the PFM signal and changes in the sample-tip contact stiffness.

As well as local nanoscale imaging and polarization mapping, PFM spectroscopy
modes can locally generate hysteresis loops and thereby provide information on local
ferroelectric switching behaviour.®>°* ™ During acquisition of a hysteresis loop in switching
spectroscopy-PFM, the conducting PFM tip is fixed at a given location on the sample surface
and a triangle step bias waveform is applied as a function of time (Fig. C.1.(b)). The signal
has two components, a DC bias voltage which is stepped up and down on a saw-tooth profile,
plus an AC signal (at much higher frequency; refer to insets in Fig. C.1.(b)) which is used to
measure the displacement caused by the piezoelectric effect in the sample. The system
records the amplitude and phase of this displacement signal with the “Field On” followed by
the displacement signal with “Field Off”. Piezoelectric hysteresis loops are thus generated
with the ‘Field On’ and ‘Field Off’ (e.g. Figs. 7(a) to (d)) allowing characterization of
electromechanical and structural properties of a wide range of ferroelectric materials leading
to a better understanding of material functionality down to the nanoscale level. Note that the
electrostrictive term in equation C.1. above is zero in the "field off" condition. The response
in the "field on" state can also be affected by electrostatic interactions between the cantilever
and the back electrode, which can be mistakenly interpreted as being due to electrostriction,
and should thus be treated with caution.

In ferroelectric lithography, the external field is applied vertically to a ferroelectric
thin film using the PFM probe, allowing complex ferroelectric patterns to be ‘written’

without changing the surface topography. These patterns can be ‘read’ after the electric field
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is removed (e.g. Figs. 7(e) to (f)), demonstrating that polarization information can be stored
in the thin films and potentially encoded into rapid, energy efficient computer memory that
persists even when powered-off (non-volatile random access memory).

The VFM2-HV Variable Field Module™ allows simultaneous MFM and PFM under
high tip-sample voltage bias and can provide direct evidence of magnetoelectric coupling by
allowing simultaneous piezoelectric force microscopy and magnetic force microscopy to
locally image the coupled piezoelectric-magnetic switching. The VFM2-HV can apply static
magnetic fields up to £0.8 Tesla (~1G resolution), parallel to the sample plane, therefore
allows observation of the effects of applying high magnetic fields in-plane while performing
piezoresponse force microscopy experiments. It uses a unique design incorporating rare earth
magnets to produce the magnetic field. Because of this, there is no heating or drift as the
field changes, providing low-noise, high precision scanning probe measurements. Rotation
of the powerful rare earth magnet allows the maximum magnetic field intensity at the sample
to be varied (maximum field when rotated at 90°, field is turned off at 0 or 180°). Once a
field value is reached, the motor is turned off and the field is maintained without residual

heat, thermal drift, or mechanical vibration.
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SQUID Magnetometry: Room temperature magnetic measurements of the thin films
were carried out using a Quantum Design SQUID magnetometer (Quantum Design USA;

Model- MPMS XL5) under a maximum applied field of 5T (see Sidebar D. for a description

©CoO~NOUTA,WNPE

10 of the interpretation of SQUID magnetometer responses). Before measuring any sample an
12 appropriate demagnetization protocol was followed in order to remove any remanent

14 magnetization. The field was set to zero field from a higher field through an oscillating field
sequence. The superconducting coil of the SQUID was warmed up to room temperature to
19 remove any trapped flux. The diamagnetic contribution from the quartz substrate was

21 subtracted from the magnetic hysteresis loop measurements. The film weight was estimated
23 from sample area and film thickness measurements, combined with the X-ray density to be

25 1.02 x 10* g®.
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Sidebar D. Oxide Magnetism and SQUID Magnetometry

Plots of the magnetic susceptibility of typical paramagnetic, ferromagnetic and
antiferromagnetic materials as a function of temperature are strongly indicative of these
different types of magnetic structures, and examples are shown in figure D.1. The magnetic
susceptibility () is inversely proportional to temperature (T) for paramagnetic materials (Fig.
D.1.(a)). Ferromagnetic materials are paramagnetic above the Curie temperature (Tc).
However, below Tc the relation between y and T is complex (Green region in Fig. D.1.(b)).
In case of antiferromagnetic materials below the Neel temperature (Ty), which is recognized
by a sharp peak in the susceptibility curve (see Fig. D.1.(c)), the spontaneous magnetic
ordering opposes the natural tendency of the magnetic moments to align parallel to the
external applied field, which leads to a decrease in susceptibility as the temperature is
reduced further.

Measurement of magnetic susceptibilities with high sensitivity is possible with a SQUID
(Superconducting Quantum Interference Devices) magnetometer. An equivalent SQUID
circuit” is shown in Fig. D.2. A closed superconducting loop, which consists of a pickup coil
and input coil, is shown in the figure. A persistent current is generated in the superconducting
loop due to the magnetic flux field measured at the pickup coil. The two Josephson tunnel
junctions in SQUID which are shunted with resistors eliminate hysteresis in tunnel junction
current-voltage characteristics. The output voltage across the Josephson junction appears due
to the magnetic signal input at the pickup coil. The output voltage gradually changes due to
the change of magnetic field for the quantum interference in Josephson junctions. Later this

output signal is refined through modulation coil and converted to a magnetic moment.
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Different measurement protocols can be used. The ZFC (zero field cooled)-FC (field
cooled) curve is one widely used protocol to investigate the magnetic properties as a function

of temperature and bias field, and generally follows a particular procedure explained below:

©CoO~NOUTA,WNPE

11 1. The sample is cooled down from a high starting temperature (normally room
13 temperature) to low temperature (2-5K) without applying any magnetic field.

15 2. A small magnetic field (chosen from the linear region of hysteresis loop of respective
sample) is applied and maintained and response moment from the sample is measured
20 while the temperature is swept up to the starting point and down again with the same
22 cooling rate and data accusing rate.

24 3. Finally the field is removed and magnetization is measured with increasing

temperature from lowest temperature to the highest temperature.

30 Hence the final curve is made of three different parts: Zero Field Cooled (ZFC), Field
32 Cooled (FC) and remanence curves (Fig. D.3(a)). The point at which splitting between ZFC-
34 FC curves occurs gives the transition temperatures, for example Néel (Ty) or blocking (Tg)
temperatures, below which, the material is antiferromagnetic or ferromagnetic, and will give
39 small or large positive remanences respectively. Another important measurement is the (M-
41 H) measurement, where the magnetization (M) of the sample is measured as a function of
43 applied magnetic field (H) (Fig. D.3.(b)). For paramagnetic and diamagnetic materials, the
45 curves obtained are straight lines through the origin with positive and negative slopes
respectively. For other types of materials (ferromagnetic/ferrimagnetic/antiferromagnetic/
50 superparamagnetic, etc.) the M-H measurement is nonlinear, for example giving the

52 schematic hysteresis loop in figure D.3.(b)
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II1. Results and Discussion

(1) Structural and Compositional Analysis

Chemical solution deposition processes were used to make BiFeO; and BiMn,Fe,0;
doped BiyTi30; Aurivillius thin films on sapphire substrates. Two sols were formulated,
with the intention of producing materials with m=6. These possessed Ti:Fe:Mn ratios of
1:1:0 and 1:0.7:0.3 respectively. Considerable (17.5 mol %) excesses of Bi were used in both
cases to suppress pyrochlore formation*'. X-ray diffraction (XRD) (Fig. 1(a)) demonstrated
that both sols produced Aurivillius phase type thin films, with the film lattice parameters
being a=5.468, b =5.472 and ¢ = 57.554 A for the first sol, evidently producing an m=6 film
- Bi;Ti3Fe;0,; (B7TFO). The second gave a=5.497, b =5.415 and c = 49.280 A, clear
evidence for an m=5 film, from an average sol composition of BigTi, sFe; 7sMng 75013
(B6TFMO). (Note that as a considerable excess of Bi is included in the sol, the minor
changes in excess given by producing an m=5, rather than an m=6 film are not significant.)
All diffraction lines could be indexed either to the relevant Aurivillius phase patterns,
substrate peaks or CuKBlines from the strongest main phase peaks The thin films are
predominantly c-axis oriented with a Lotgering factors®', £; of 0.977 for B7TFO and 0.997 for
B6TFMO. The 5-layered structure for B6TFMO was confirmed by High Resolution
Transmission Electron Microscopy (HR-TEM) (Fig. 1(b)) and electron diffraction (Fig.
1(c)). Note that there are no detectable lines from spinel (or indeed any other) minor phases
visible in the XRD patterns of the films - the strongest (311) spinel reflections would be
expected at 20=35.4°. However, the noise level in any XRD scan places a limit on the
detectability on such minor phases and the method is intrinsically unable to detect trace levels
(typically 1-3 vol %, depending on the relative compositions of secondary and parent phases)

of strongly magnetic secondary phases which may affect the overall magnetization of the
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sample.54 Clearly, detailed microstructural assessment is required for any sample of this type
to exclude this as a possibility, and ideally to place a confidence level on that exclusion.
HR-SEM (high resolution scanning electron microscopy) images (Fig. 2) reveal the
characteristic plate-like grain morphologies expected from Aurivillius phase materials.
Multiple HR-SEM energy dispersive x-ray (EDX) surface scans (areas ranging from 900pum®
to lmmz) showed an average film composition of BigTi, gFe; s2Mng 6305, which is slightly
deficient in Fe and Mn relative to the sol. Neither a 2 hour HR-SEM-EDX area scan of a
26pum x22.6um area ( 120um3 volume), nor a STEM (scanning transmission electron
microscopy) EDX examination of a 30um long cross-section of thin film (1.2um’ volume)
produced any evidence of Fe-rich regions that might indicate possible evidence of low-level
minor phases. However, a 72 hour long HR-SEM-EDX data collection over a 1600um” area,
followed by subtraction of the Bi Lo from the Fe Ko and Mn Ka signals produced maps
which showed areas of excess Fe and Mn for the B7TFO and B6TFMO films (Figs
3(a),(b),(c)). These maps showed extremely small amounts (~0.01 vol %) of FeO, oxide
inclusions in B7TFO and slightly larger amounts (~0.1 vol%) of a Fe,Mn,O, phase in the
B6TFMO with Mn:Fe ratio of 1.13:1 and a size of ~350nm. HR-STEM-EDX examination of
the Fe,Mn,0, inclusions demonstrated a composition of Mng s3Feg470. HR-TEM/SAED
(selected area electron diffraction) (Fig. 3(e)) indicates a cubic structure with a lattice
parameter of 4.4A, that closely corresponds to that of a rock-salt-structure’®. Magnetite
(Fe;04) and Jacobsite (MnFe,0,) structures can be excluded since the measured Mn:Fe ratio
of 1.13:1 does not fit the compositions of these phases. Additionally, the space group Fd-3m
(227) for Magnetite and Jacobsite does not fit the electron diffraction pattern obtained for the
inclusions. The bixbyite phase (Mny.,xFe O3 where x = 0.4-0.6) can also be discounted as
the Ia-3 (206) spacegroup also demonstrates a different electron diffraction pattern from that

obtained. Neither the angles of the reflections nor the lattice parameters of Fd-3m (227) / la-
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3 (206) fit in any direction to the electron diffraction pattern of the inclusions. A composition
closely related to that of the inclusions, Mng s¢Fep 440 (Mangano Wiistite), has a cubic lattice
with the space group Fm-3m (225)"® 7. It should be noted that this rock-salt-structured
composition is non-ferromagnetic, and antiferromagnetic at low temperatures with a Néel
point of ~150K”". The electron diffraction pattern captured for the Mng s3Fe( 4,0 inclusions
fits simulations of this space group along the (110) direction perfectly’® assuming
micro/nano-twinning’ * causes reflections at half positions. This assumption is strengthened
by the observations in TEM dark field mode (Fig. 4). In this technique the unscattered or zero
order beam is excluded. Only electrons diffracted on crystal planes contribute to the formed
image. Fig. 4 shows clearly that different diffraction spots in the summary SAED (Fig. 4(a))
stem from different micro/nano-crystals. In particular three regions nearly parallel to the
substrate surface are discernible in different distances. Viewed from the substrate the bottom
part is most visible in Fig. 4(a), the top part in Fig. 4(e) and the interface in-between in Fig.
4(f). A second random twinning in horizontal direction is also observable within the inclusion
which is illuminated by the complimentary highlighting of different crystals in Figs 4(d) and
(®)-

Also visible in these surface HR-SEM-EDX maps were larger areas, similar in shape
to the Aurivillius grains, where the Fe content slightly exceeded the surrounding grains.
Detailed cross-sectional HR-TEM/SAED and HR-STEM-EDX examination of these grains
(Fig. 3(f),(g)) showed that they were m=5 Aurivillius-structured grains possessing a higher
Fe content than the average of the film composition determined by surface area HR-SEM-
EDX. A compositional survey by cross-section HR-STEM-EDX of 55 individual Aurivillius
grains within the B6TFMO sample, followed by normalization of the Ti:Fe:Mn ratios to give
5 octahedral B-site cations, showed a strong relationship between the Fe and Ti contents in

these grains, with the Mn content being less strongly dependent on the Ti B-site composition
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(Fig. 5(a)). The range of grain compositions (ranging from Ti:Fe:Mn = 3.38:1.14:0.48 to
2.18:2.16:0.66) is much greater than the observed precision of the EDX measurement
technique (0.3 to 2.4%) and spans both the average compositions determined from the sol and
the area EDX scan noted above. This graph helps to explain why a sol which was set-up to
deliver an m=6 structure could produce an m=5 structure without large amounts of second
phase appearing in the film. Mn is well-known for taking variable valency from 3-4 in
perovskite oxide materials®', and permitting non-stoichiometry to exist. As the Fe’* replaces
Ti*, it is suggested that Mn®" is progressively oxidized to Mn*", to maintain charge balance.
In this case, the proportion converted to the higher valence state is easily calculated and is
plotted in Fig. 5(b). It is interesting to note that, while the Fe and Ti B-site compositions are
strongly inter-dependent, the Mn composition within these grains does not vary
systematically with either, averaging around 0.63, and the maximum Fe content of the B-site,
at 1.77, occurs when all of the Mn®" is converted to Mn*". It is believed that this has

important consequences for the magnetic properties of the grains, as will be discussed below.

(2) Ferroelectric Characterization

. : 68,73, 82, 83, 84
Piezoresponse force microscopy (PFM)™ > *= %>

was used to investigate the local
electromechanical properties of the films at room temperature. Single frequency PFM
imaging experiments demonstrate that both sets of the films are piezoelectric at room
temperature, with higher piezoresponses in the lateral direction (25 pm/V for B7TFO & 19
pm/V for B6TFMO) compared with those measured in the vertical direction (3 pm/V for
B7TFO & 8 pm/V for B6eTFMO) (Fig. 6). As these films are preferentially c-axis oriented,
most of the grains have their crystallographic a-axis lying in the lateral plane of the film. The

major polarization vector for Aurivillius phase materials is along the a-axis® and as a result,

the single frequency lateral PFM images demonstrate greater piezoresponses than the single
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frequency vertical PFM images, which given the low piezoresponses, topography cross-talk
is likely also to be contributing to the images obtained. Since the films are comprised of
some g-axis oriented grains as well as c-axis oriented grains (Fig. 1(a)), a vertical PFM
response arises from a-axis oriented grains which are tilted out-of-plane and therefore are
accessible to probing by vertical PFM. There is a minor polarization along the c-axis for
Aurivillius phases with odd numbers of perovskite layers. Therefore, the difference between
lateral and vertical PFM responses for the B6TFMO (m = 5) films is less than that of the
B7TFO (m = 6) films. We employed the DART-PFM mode (Fig. 7) to intensify the imaging
of the weaker out-of-plane component and reduce effects of topography cross-talk.
Investigations of the local room temperature ferroelectric switching behavior in the films by
Vertical DART-PFM switching spectroscopy measurements in the absence of an applied DC
bias are presented for B7TFO in Fig. 8(a) and (b), and for B6TFMO in Fig. 8(c) and (d),
where 180° ferroelectric switching is clearly demonstrated for both types of film.
Ferroelectric polarization reversal over areas of the BOTFMO film could be achieved by
applying an applied voltage of up to 70V vertically to an area of the samples via the PFM tip
(in a “write” step). Given that the insulating substrate is 400um thick, this would correspond
to an average field of 0.17Vum'1 across the thin film, although the effects of non-uniform
field spreading from the tip imply that the field within the film will be considerably higher
than this. The written areas could be detected by a subsequent PFM scan (“read” step), as is
demonstrated in Fig. 8(e) and (f). Tests conducted over an 8 hour period demonstrated that

the films retained polarization for this period of time.

(3) SQUID Magnetometry Investigations
The magnetic behavior of the BOTFMO and B7TFO thin films were investigated using
SQUID magnetometry from 2 to 300K. A strong ferromagnetic signature was observed for
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the B6TFMO samples, as is evident from SQUID magnetization measurements as a function
of magnetic field (Fig. 9(a)) and temperature (Fig. 9(b)), whereas a clear antiferromagnetic
behavior was observed in case of B7TFO (Fig. 9(d)). The average sample thickness was
calculated after measuring at ~200 cross section points across the sample piece. Additionally
we take in to account that 2.44% area of the substrate was not covered by the Aurivillius
phase thin film due to pore formation, (inset figure Fig. 9(a)). Accordingly, the saturation
magnetization (Ms) measured for Aurivillius phase B6TFMO is calculated to be 0.74emu/gm
with remanent magnetization (M;) of 0.022 emu/g (0.18 emu/cm’) and coercivity (poHc) of
7mT at 300 K. The coercivity and remanence increase gradually as temperature decreases
(Table 9(c)). ZFC (zero field cooled) — FC (field cooled) measurements (Fig. 9(b)) were
performed to investigate the magnetization behavior of the B6TFMO sample as a function of
temperature. A relatively low field of 10 mT was applied for these measurements. The clear
split between the ZFC-FC curves demonstrates the ferromagnetic nature of the sample since
otherwise the ZFC-FC lines would normally coincide®® with each other. The non-substituted
compound, B7TFO (Bi;TisFe;0,;), demonstrates an antiferromagnetic Néel temperature at
190 K and a magnetic transition to weak ferromagnetism below 35K (Fig. 9(d)) in
accordance with earlier reportsso. The antiferromagnetic secondary phase Mny s3Feg 47,0
observed in BETFMO by HR-SEM is reported to have a Néel Temperature at ~150K”.
However there is no 150K magnetic transition detected in the measurement magnetization vs.
temperature measurement (MT) for B6TFMO. Rather, the ZFC-FC curves are well separated
below 350K which strengthens the evidence for BOTFMO being ferromagnetic, with a T¢
greater than 350K. Further it is observed that the FC curve of B6TFMO drops down at
190K and again increases sharply below 35K which is similar in nature with the MT behavior
of B7TFO (Fig. 9(d)). This non-monotonic behavior of the FC curve for BOTFMO can be
explained as follows. It is most likely that a significant part of the parent B6TFMO phase has
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been modified to become ferromagnetic, with the remainder being antiferromagnetic in the
same way as unmodified B6TFO *" "8 The variation of magnetization of BETFMO as a
function of temperature (Fig. 9(b)) is thus non-monotonic in nature due to the influence of a
proportion of grains behaving as would be expected from the unmodified parent
antiferromagnetic B6TFO phase87’ 8 1In the magnetic hysteresis loop measurement (Fig. 10),
the B6TFMO film shows a saturation magnetization (2.19emu/gm at 2 K temperature-5T
field) which is substantially higher than the unsubstituted B7TFO phase (0.2emu/gm at 5 K
temperature-5T field). For antiferromagnetic materials the remanence magnetization is
naturally near zero (ideally zero) as the opposite spins cancels out each other. The
observation of both high remanence and an increase of remanence and coercivity of
B6TFMO with decrease of temperature in B6TFMO strongly supports ferromagnetism in this

material.

(4) Evidence for Magnetoelectric Multiferroic Coupling in BeTFMO

Direct evidence of magnetoelectric multiferroic coupling was sought by performing
piezoresponse force microscopy under a variable magnetic field to locally image any coupled
piezoelectric-magnetic switching. Single frequency lateral PFM was performed on the
B6TFMO sample, as shown in Fig. 11(c) and (d). On application of an in-plane magnetic
field of +250 mT, which is above that of the coercive field of the B6TFMO sample (Fig.
9(c)), two situations, (i) the emergence of in-plane piezoelectric domains (blue and green
circles) and (ii) piezoelectric domain switching (red and orange circles) were observed by
means of in-plane PFM imaging (Fig. 11(e) and (f)). Vertical PFM in single frequency mode
was also performed in the same area; however the vertical response is much lower than the
in-plane response and mostly at noise level. This is because of the fundamental fact that most

of the polarization (and hence piezoresponse) in these highly-oriented Aurivillius grains lies
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in the plane of the sample. Occasionally some vertical response is observed, which is due to
the presence of some grains which have a significant out-of-plane orientation. There are no
obvious vertical PFM domains in the regions where domain evolution was observed in the
lateral PFM scans (green and blue circles). Since the torsional twist of the cantilever used for
PFM scanning is parallel to that of the magnetic field lines, piezoelectric domain formation
and polarization switching is solely induced by the external magnetic field and a coupling of
the electric and magnetic order parameters within the B6TFMO grains. Polarization reversal
due to the action of the imaging ac field is unlikely to occur at the imaging frequency.®
Induction of piezoelectric polarization reversal by application of a magnetic field in the
positive direction (+250 mT) was also observed by vertical PFM imaging of the out-of-plane
piezoresponses. Vertical DART PFM imaging (Fig. 12(e), (f)) indicated (via piezoelectric
signal phase inversion) areas of local ferroelectric domain switching / polarization reversal
due to the magnetic field. When a magnetic field of 250 mT was applied in the opposite
(negative) direction, additional areas exhibiting polarization inversion were obtained (Fig.
12(h),(i)). With the data obtained, it is not possible to distinguish between 180 and 90 degree
ferroelectric polarisation switching under the application of the magnetic field.
Magnetoelectric switching has been observed in both lateral (Fig. 11) and vertical (Fig. 12)
PFM experiments. Given that the orientations of the specific grains exhibiting the effects are
indeterminate, the details of the relative crystallographic orientation of ferroelectric and
magnetic polarisation directions will be the subject of further work. Ideally, we need single
crystal epitaxial films to do that, which will be grown by AVD (atomic vapour deposition).
The switching regions were approximately 250nm in size, clearly related to the Aurivillius
grains, of which they were a small fraction of the total number (average change in
polarization was 4% for Fig. 11 and 7% for Fig. 12°°) and widely dispersed throughout the

film. The mechanism by which the coupling occurs is not obvious from these experiments.
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Evans et al.*® put forward a strain-mediated coupling mechanism for their observations of
ferroelectric domain switching in [Pb(Zr 53Tio 47)O3]0.6-[Pb(FeosTag 5)O3]o.4 on application of
a magnetic field. This direct observation of the switching and formation of a ferroelectric
polarization induced by a change in magnetic field within a single phase is significant as it
provides strong evidence that within the BETFMO thin film sample there exists Aurivillius
phases at the nanoscale, where ferromagnetic-ferroelectric order parameters are coupled
within a single phase and are multiferroic at room-temperature. It is proposed that the
dispersion of the grains showing the multiferroic switching reflects the fact that these are the
grains with the highest levels of Fe/Mn present, probably with a composition at around
Bi¢Tiz ¢Fe; 77Mng 6305, for which the majority of the Mn will be present as Mn*". This
conclusion is supported by the magnetic susceptibility measurements, where a proportion of
the film is apparently ferromagnetic and a proportion antiferromagnetic, as in unmodified

B6TFO.

(5) Statistical Treatment of Microstructural Analysis

The appearance of ferromagnetism in our B6TFMO sample is intriguing. As described
above, we have conducted extremely detailed microstructural analysis and have seen very
small amounts (0.1%) of a Mny s3Feg 470 phase having the rock-salt structure, which is
antiferromagnetic <150K, but have detected no ferromagnetic phases. However, it is
impossible to be 100% certain that there are absolutely no ferromagnetic spinel grains (e.g.
Fe;04 (M, = 20emu/g, M = 90emu/g)’’; MnFe,04 (M; = 18emu/g, M, = 80emu/g)’?) in the
sample, which just did not happen to be seen in the microstructural surveys. In order to
check if the ferromagnetic response might be due to magnetic second (or impurity) phase
inclusions, we have performed a statistical analysis of the upper bound of the density of

magnetic inclusions, such as Fe;O4 spinel particles, that might be expected in the sample.
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A number of measurements were performed to search for possible inclusions in the sample,
and for each of them the scanned volume and the minimal detectable particle size was
recorded. This data is summarized in Table 1. The EDX surface scans have been recorded in
1024x886 pixels per map. For measurement 1 (area of 10,000 pm?) the detection limit for
inclusions is 1x1 pixel. For smaller areas the smallest detectable size increases to 2x2 and 3x3
pixels because the EDX interaction volume is mainly dependent on the beam energy, and
hence stays constant. Its size is independent of how finely the area is rastered. Recording an
average of 4.4 x10° counts over 72 hours improved the signal-to-noise-ratio (SNR) by a
factor of 67 compared to a standard scan with an average of 1 x 10° total counts. This was
one of the two key factors in the ability to record inclusions down to 0.01 vol%. The other
key factor was the subtraction of the background Fe that was bound to the main phase, hence
making the excess Fe visible (Figure 3 a-c). Based on the measurements performed, we can
exclude the possibility that grains of diameters between Snm and about Sum are responsible
for the observed remanence.

Let us assume that in measurement number k& a sample volume ¥ is scanned for
inclusions with a diameter larger than some minimal detectable diameter d, . If no inclusions
are found in this measurement, then we can conclude that the density of inclusions p, larger
than d, hasan upper bound given by p, < 5.3/F, with a confidence level of 99.5%. This
then allows us to put an upper limit on the volume fraction ¢, of expected magnetic
inclusions in the sample within a diameter interval [d;,d,_, ], whered,_, is the smallest

diameter detectable in a previous measurement with less resolution. We calculate ¢, under

the assumption that inclusions are spherical (cylindrical) for diameters less than the sample

thickness d; = 0.2pm and the corresponding values are given in Table 1. Based on this

analysis we are able to calculate an upper bound for the contributions of impurity inclusions
to the remanence magnetization M,. As we do not observe such magnetic inclusions, and
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therefore do not know their potential chemical properties, we assume as a worst case scenario
that their magnetic properties are comparable to Fe;O,, which is the strongest known
candidate impurity in the material system under consideration. We thus assume that
inclusions with diameters <5nm are not ferromagnetic, inclusions of diameters between 5
and 20nm contribute <10emu/g” to the remanence of the material and all other inclusions are
assumed to contribute ca 20emu/g, comparable with the bulk value for Fe3O4.94 Using these
upper estimates, we calculate an upper limit for the contribution from undetected impurity
inclusions to the remanence in our sample. This is done in the column denoted by M,.; in
Table 1. The maximum M, ; is M, s = 2.8memu/g. From this analysis we therefore finally
conclude that the contribution to the remanence from unobserved inclusions in the size range
below Sum is less than 2.8memu/g with a confidence level better than 99.5%. The details of
the analysis and the mathematics behind this analysis will be the subject of a separate
publication. It is particularly interesting that the B7TFO film showed no room temperature
ferromagnetic response, in spite of being made in a similar way to the B6TFMO film, and
possessing a slightly larger number of magnetic cations/unit volume (3.5 Fe ions/nm” for
B7TFO vs. 3.3 Fe/Mn ions/nm’ for a BETFMO grain with a composition

BisTiz ¢Fe; 77Mng63015). The Mn ions are clearly making a major contribution to the
ferromagnetic response in this material, and the fact that the multiferroic switchability is
confined to a small number of grains strongly suggests that it is those grains with the highest
Fe/Mn content that are responsible for the effect, and for these the manganese is probably
present as Mn*", which possesses 3 unpaired spins in its ty, d-orbitals, with no electrons in its
eg orbitals when coordinated in the perovskite geometry. By contrast, high-spin Fe**
possesses 2 unpaired electrons in its e, orbitals. The parent compound, B6TFO has been

59, 87, 88
d >0/,

reporte to be antiferromagnetic with a magnetic transition to weak ferromagnetism

below 65K.
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The mechanism involving ligand orbitals to facilitate coupling between metal
electrons is referred to as super-exchange. According to the Goodenough-Kanamori rule®,
super-exchange interactions are antiferromagnetic where virtual electron transfer is between
overlapping orbitals that are each half-filled. The adjacent metal ions couple with their spins
antiparallel, with equal numbers of the two arrangements so that there is no resultant
magnetization in the absence of a magnetic field. On the other hand, the Goodenough-
Kanamori rule predicts that super-exchange interactions are strong and ferromagnetic when
virtual electron transfer is from a half-filled orbital to an empty orbital. The electron spins of
each of the atoms couple strongly together to form a resultant unit cell magnetic moment in
an applied magnetic field which remains when the external field is removed. Hence, the
Goodenough-Kanamori rule® for superexchange between the half-filled e, orbitals of high-
spin Fe*" via the oxygen p-orbitals in the perovskite blocks is expected to give a strong
antiferromagnetic interaction and would explain the antiferromagnetic behavior we observed
in B7TFO (and reported in the literature for B6TFO). However, if we introduce Mn*" into
the structure, the e, orbital is always empty. In this case, the Goodenough-Kanamori rule
states that the super-exchange interaction via the oxygen p-orbitals to an empty e, orbital
should lead to ferromagnetism. Therefore a ferromagnetic interaction between the vacant
Mn*" e, orbital and the filled Fe’" e, orbital’ within the Aurivillius phase structure is likely

to cause the observed ferromagnetism in the manganese-substituted B6TFMO samples.

IV. Conclusions
In conclusion, thin film samples of the m=6 and m=5 Aurivillius compounds containing Fe
and Fe/Mn ions were grown on c-plane sapphire substrates by chemical solution deposition
displaying typical Aurivillius phase grain morphologies and with no spinel secondary phases

visible in the XRD patterns. PFM images demonstrate that the films are piezoelectric and
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ferroelectric at room temperature with the major polarization vector in the lateral plane of the
films. SQUID measurements demonstrated antiferromagnetism in B7TFO (Ty 190K), but
B6TFMO samples demonstrate in-plane ferromagnetic hysteresis between 2 to 300 K. A
thorough microstructural phase analysis performed on the BOTFMO thin films showed no
traces of ferromagnetic inclusions and a statistical analysis based on the volumes inspected
placed a confidence of 99.5% that the observed ferromagnetism was not coming from
unobserved ferromagnetic grains of spinel. Direct evidence for magnetic-field-induced
ferroelectric domain switching at the nanoscale in a single phase magnetoelectric has been
presented. The body of evidence reported here suggests that the higher Fe/Mn content grains
with a composition of around BigTi, ¢Fe; 77Mng 30,5 are single phase room temperature
magnetoelectric multiferroics. An explanation for the effect has been given based upon the
Goodenough-Kanamori rule for super-exchange and the Mn largely being present as Mn*".
As they stand, these materials have rather low ferromagnetic bulk magnetisation values, but
we have seen that the ferromagnetic component of the films is only a proportion of the whole,
and with further work they could be optimized to increase the total volume of ferromagnetic
phase, in which case they may find application to a wide range of new or improved devices
and potentially meet future industry requirements in high density memory applications. In
any case, we believe they provide important pointers for the future development of room
temperature ferroelectric/ferromagnetic multiferroics. Clearly, further work is now required
which will include the direct measurement of the compositions of the multi-ferroically
switchable grains and x-ray photoelectron spectroscopy to determine Mn oxidation states, as
well as the development of synthetic techniques to develop thin films in which all grains
possess a composition around BigTi» sFe; 77Mng 63015, for which it is expected that higher
remanent magnetizations will be achieved. Further work will also include the development

of films onto back electrodes which can be used for direct magnetodielectric measurements.
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List of Figures:
Fig. 1. (a) XRD patterns from B7TFO and B6TFMO thin films, (b) HR-TEM image and (c)
electron diffraction pattern of B6TFMO. Note that log(intensity) vs 20 is used here in the

XRD pattern to make-clear the weakest peaks relative to the strongest.

Fig. 2. Representative (a) AFM image of B7TFO thin films and (b) HR-SEM image of

B6TFMO thin films on c-plane sapphire.

Fig. 3. Compositional maps produced by extended period (72 hour) data collections from a
1600pm? sample area, followed by subtraction of the Bi Lot from the Fe Ko and Mn Ko
signals. These show a) regions of excess Fe in B7TFO b) regions of excess Fe in B6TFMO
and c) regions of excess Mn in B6TFMO. Note the one-to-one correspondence between the
small, bright (numbered) regions showing Fe in b) and Mn excesses in ¢). Note also the
larger pale areas in b) corresponding to areas where the Fe content slightly exceeds the
surrounding grains. d) Cross-sectional HR-TEM image and e) diffraction pattern taken from
a single Mng s3Feg 470 inclusion. f) Cross-sectional HR-TEM image and g) diffraction pattern

taken from a single higher-Fe content Aurivillius grain within B6TFMO.

Fig. 4. Dark field TEM analysis of a single Mng s3Fe( 470 inclusion. These show a) SAED
pattern b) — i) dark field images taken from the spots indicated in a), crystal direction

indicated in each image. The sapphire substrate is on the left side of the images.
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Fig. 5. a) Plot of the normalized B-site composition of Fe and Mn vs that for Ti, as
determined by cross-section HR-STEM-EDX from 55 Aurivillius grains within the BO TFMO
sample. b) Plot of the total B-site Mn composition and B-site Mn*" composition, calculated

to maintain charge balance, vs the B-site Fe composition.

Fig. 6. Representative (a) topography, (b) lateral single frequency PFM amplitude, (c) lateral
single frequency PFM phase, (d) vertical single frequency PFM amplitude and (e) vertical
single frequency PFM phase images of B7TFO thin films on c-plane sapphire and (f)
topography, (g) lateral single frequency PFM amplitude, (h) lateral single frequency PFM
phase, (i) vertical single frequency PFM amplitude and (j) vertical single frequency PFM

phase images of B6TFMO thin films on c-plane sapphire.

Fig. 7. Representative (a) topography, (b) vertical DART-PFM amplitude and (¢) vertical

DART-PFM phase images of B6TFMO thin films on c-plane sapphire.

Fig. 8. Vertical DART-PFM switching spectroscopy (a) phase and (b) piezoresponse loops
of B7TFO and (c¢) phase and (d) piezoresponse loops of B6TFMO thin films in the absence of
an applied DC bias. Images of B6TFMO on c-plane sapphire: (e) out-of-plane PFM phase
and (f) out-of-plane PFM amplitude after PFM lithography with an applied electric field of 70

V.

Fig. 9. (a) M vs. H and (b) M vs. T measurements (ZFC & FC) for B6TFMO on sapphire.
Inset image in (a) shows SEM image of sample with 2.44% pores (red arrows) (¢) Magnetic

parameters for B6TFMO thin film on sapphire. (d) M Vs T measurement for B7TFO.
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Fig. 10. The magnetic properties of B7TFO phase were investigated. Figure (a) shows the
magnetic hysteresis measured at 2K and the inset shows hysteresis after direct subtraction of

the diamagnetic substrate contribution. Figure (b) shows the zoomed hysteresis loop of

©CoO~NOUTA,WNPE

10 B6TFMO measured at different temperatures.

14 Fig. 11. Representative images of B6TFMO thin films: (a) topography, (¢) lateral PFM
16 amplitude and (e) lateral PFM phase under 0 mT (-1.9 Oe) H field and (b) topography, (d)

19 lateral PFM and (f) lateral PFM phase under +250 mT (+2501 Oe) H field.

23 Fig. 12. Representative images of B6TFMO thin films: (a) topography, (b) vertical PFM

25 amplitude and (c¢) vertical PFM phase under 0 mT (-0.9 Oe) H field,(d) topography, (e)
vertical PFM amplitude and (f) vertical PFM phase under +250 mT (+2501 Oe) H field and
30 (g) topography, (h) vertical PFM amplitude and (i) vertical PFM phase under -250 mT (-2501

32 Oe) H field.
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List of Figures - Sidebars:
Fig. A.1. The relationship between multiferroic and magnetoelectric materials. (Redrawn

from * ).

Fig. B.1. Projection (approximately down (101)) of half-unit cells of (a) Bi;TizFe;O,; and
(b) BigTizFe; ¢Mny¢O;s displaying the in-plane lattice directions (100) (dashed arrow) and
(110) (yellow plane). Drawn using Crystallographica v1.60d*> and Mercury 3.0 Crystal

Structure Visualization software”.
Fig. C.1. (a) Schematic representation of vertical PFM operation and (b) triangle step bias
waveform applied to the sample during switching-spectroscopy PFM hysteresis loop

acquisition.

Fig. D.1. Change in susceptibility () versus temperature (T) for different types of magnetic

materials

Fig. D.2. Equivalent circuit of the SQUID magnetometer

Fig. D.3. Typical Zero Field Cooled (ZFC) — Field Cooled (FC) — Remanence curve (a) and

magnetic hysteresis (MH) loop (b) measured in SQUID magnetometer
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List of Tables - Main Document

Table 1. Performed Volume Scans

©CoO~NOUTA,WNPE

10 Method k Volume V; smallest diameter dj & M, i

12 [um?] [nm] [memu/g]

16 Surface EDX | 1 2000 1000 (dg = 5um) | 0.010% 2.1

18 Surface EDX 2 450 350 0.006% 1.1

20 Surface EDX | 3 120 100 0.005% 1.0

23 Surface EDX | 4 28 60 0.001% 0.2

25 Surface EDX | 5 7.2 20 0.008% 1.7

28 TEM 6 0.08 2 0.028% 2.8
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Fig. 1. (a) XRD patterns from B7TFO and B6TFMO thin films, (b) HR-TEM image and (c) electron diffraction
pattern of B6TFMO. Note that log(intensity) vs 20 is used here in the XRD pattern to make-clear the
weakest peaks relative to the strongest.
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21 Fig. 2. Representative (a) AFM image of B7TFO thin films and (b) HR-SEM image of B6TFMO thin films on c-
22 plane sapphire.
23 127x51mm (300 x 300 DPI)
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Fig. 3. Compositional maps produced by extended period (72 hour) data collections from a 1600um? sample
area, followed by subtraction of the Bi La from the Fe Ka and Mn Ka signals. These show a) regions of
excess Fe in B7TFO b) regions of excess Fe in B6TFMO and c) regions of excess Mn in B6TFMO. Note the
one-to-one correspondence between the small, bright (numbered) regions showing Fe in b) and Mn excesses
in c). Note also the larger pale areas in b) corresponding to areas where the Fe content slightly exceeds the
surrounding grains. d) Cross-sectional HR-TEM image and e) diffraction pattern taken from a single
Mno.s3Feo.470 inclusion. f) Cross-sectional HR-TEM image and g) diffraction pattern taken from a single
higher-Fe content Aurivillius grain within B6TFMO.
266x209mm (300 x 300 DPI)
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40 Fig. 4. Dark field TEM analysis of a single Mng.s3Feo.470 inclusion. These show a) SAED pattern b) - i) dark
41 field images taken from the spots indicated in a), crystal direction indicated in each image. The sapphire
42 substrate is on the left side of the images.

43 184x184mm (300 x 300 DPI)
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Fig. 5. a) Plot of the normalized B-site composition of Fe and Mn vs that for Ti, as determined by cross-
section HR-STEM-EDX from 55 Aurivillius grains within the B6TFMO sample. b) Plot of the total B-site Mn
composition and B-site Mn** composition, calculated to maintain charge balance, vs the B-site Fe

composition.
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18 Fig. 6. Representative (a) topography, (b) lateral single frequency PFM amplitude, (c) lateral single

19 frequency PFM phase, (d) vertical single frequency PFM amplitude and (e) vertical single frequency PFM

20 phase images of B7TFO thin films on c-plane sapphire and (f) topography, (g) lateral single frequency PFM

amplitude, (h) lateral single frequency PFM phase, (i) vertical single frequency PFM amplitude and (j)
vertical single frequency PFM phase images of B6TFMO thin films on c-plane sapphire.

22 127x38mm (300 x 300 DPI)
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Fig. 7. Representative (a) topography, (b) lateral single frequency PFM amplitude, (c) lateral single
frequency PFM phase, (d) vertical single frequency PFM amplitude and (e) vertical single frequency PFM
phase images of B7TFO thin films on c-plane sapphire and (f) topography, (g) lateral single frequency PFM
amplitude, (h) lateral single frequency PFM phase, (i) vertical single frequency PFM amplitude and (j)
vertical single frequency PFM phase images of B6TFMO thin films on c-plane sapphire.
127x29mm (300 x 300 DPI)
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Fig. 8. Vertical DART-PFM switching spectroscopy (a) phase and (b) piezoresponse loops of B7TFO and (c)
phase and (d) piezoresponse loops of B6TFMO thin films in the absence of an applied DC bias. Images of
B6TFMO on c-plane sapphire: (e) out-of-plane PFM phase and (f) out-of-plane PFM amplitude after PFM

lithography with an applied electric field of 70 V.
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Fig. 9. (@) M vs. H and (b) M vs. T measurements (ZFC & FC) for B6TFMO on sapphire. Inset image in (a)

shows SEM image of sample with 2.44% pores (red arrows) (c) Magnetic parameters for B6TFMO thin film

on sapphire. (d) M Vs T measurement for B7TFO.
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Fig. 10. The magnetic properties of B7TFO phase were investigated. Figure (a) shows the magnetic
hysteresis measured at 2K and the inset shows hysteresis after direct subtraction of the diamagnetic
substrate contribution. Figure (b) shows the zoomed hysteresis loop of BETFMO measured at different
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Fig. 11. Representative images of B6TFMO thin films: (a) topography, (c) lateral PFM amplitude and (e)
lateral PFM phase under 0 mT (-1.9 Oe) H field and (b) topography, (d) lateral PFM and (f) lateral PFM
phase under +250 mT (+2501 Oe) H field.
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33 Fig. 12. Representative images of B6TFMO thin films: (a) topography, (b) vertical PFM amplitude and (c)
34 vertical PFM phase under 0 mT (-0.9 Oe) H field,(d) topography, (e) vertical PFM amplitude and (f) vertical
35 PFM phase under +250 mT (+2501 Oe) H field and (g) topography, (h) vertical PFM amplitude and (i)
36 vertical PFM phase under -250 mT (-2501 Oe) H field.
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Fig. A.1. The relationship between multiferroic and magnetoelectric materials. (Redrawn from Reference 23).
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38 Fig. B.1. Projection (approximately down (101)) of half-unit cells of (a) Bi;TisFe3021 and (b) Bistisrer.eMn0.6018
39 displaying the in-plane lattice directions (100) (dashed arrow) and (110) (vellow plane). Drawn using Crystallographica v1.60d (Reference 62) and Mercury 3.0 Crystal
40 Structure Visualization software (Reference 96).
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Fig. C.1. (a) Schematic representation of vertical PFM operation and (b) triangle step bias waveform applied
to the sample during switching-spectroscopy PFM hysteresis loop acquisition.
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25 Fig. D.1. Change in susceptibility (x) versus temperature (T) for different types of magnetic materials
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21 Fig. D.3. Typical Zero Field Cooled (ZFC) - Field Cooled (FC) - Remanence curve (a) and magnetic
22 hysteresis (MH) loop (b) measured in SQUID magnetometer
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Table 1. Performed Volume Scans

Method Volume V; smallest diameter dj e M,
[pm’] [nm] [memu/g]

Surface EDX 2000 1000 (do = 5pm) 0.010% 2.1
Surface EDX 450 350 0.006% 1.1
Surface EDX 120 100 0.005% 1.0
Surface EDX 28 60 0.001% 0.2
Surface EDX 7.2 20 0.008% 1.7
TEM 0.08 2 0.028% 2.8
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