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Study of the B-site ion behaviour in the multiferroic perovskite bismuth iron
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A simple, near-ambient pressure solid-state method was developed to nominally synthesize
BiFe( 5Cr 503. The procedure allowed the gram-scale production of multiferroic samples with
appreciable purity and large amounts of Cr incorporation that were suitable for systematic struc-
tural investigation by neutron, X-ray, and electron diffraction in tandem with physical characteriza-
tion of magnetic and ferroelectric properties. The rhombohedrally distorted perovskite phase was
assigned to the space group R3c by way of X-ray and neutron powder diffraction analysis. Through
a combination of magnetometry and muon spin relaxation, it is evident that there is magnetic order-
ing in the BFCO phase consistent with G-type antiferromagnetism and a Ty ~ 400 K. There is no
clear evidence for chemical ordering of Fe and Cr in the B-site of the perovskite structure and this
result is rationalized by density functional theory and bond valence simulations that show a low-
ered energy associated with a B-site disordered structure. We believe that our contribution of a
new, low-complexity method for the synthesis of BFO type samples, and dialogue about realising
certain types of ordering in oxide perovskite systems, will assist in the further development of

multiferroics for next-generation devices. Published by AIP Publishing.

https://doi.org/10.1063/1.5020305

I. INTRODUCTION

Materials that simultaneously exhibit both ferromagne-
tism and ferroelectricity attract a great deal of attention for
their applications in next-generation multifunctional devices.
Manipulation of the ordered states and the resulting proper-
ties of these “multiferroic” materials can theoretically be
used to execute valuable functions like magnetoelectric
memory storage and solid-state logic."

For a long time, bismuth ferrite (BiFeO3) has been the
flagship candidate for such advanced applications. Through
extensive investigation, BiFeO; has been verified as a multi-
ferroic material, exhibiting both ferroelectricity and G-type,
canted-antiferromagnetism at room temperature.” However,
researchers have also noted a number of hindrances to its
practical usage, such as low net magnetization, high leakage
currents,” processing dependent properties® and appreciable
difficulties with purity control in synthesis.*® The origin of
the multiferroicity in BiFeOs is attributed to the pairing of a
d cation in the A-site of its R3c, ABOQOj; perovskite structure
(e.g., Bi*") with a d" cation in the B-site (e.g., Fe>"). The
former is spontaneously polarisable, while the latter can be
involved in magnetic ordering.” In this spirit, researchers
have turned to identifying other perovskites that meet these
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prerequisites in the hope that they show better practical prop-
erties than BiFeOs.

To date, a variety of computational and experimental
studies have predicted other viable multiferroic perovskites.
One such promising candidate, bismuth iron chromium oxide
(Bi,FeCrOg, BFCO), was initially suggested by ab initio
studies.”® The predicted material had a “double-perovskite,”
B-site ordered structure with a space group symmetry of R3
(O-phase) in which the occupation of the B-site alternated
between Fe and Cr along the parent [111], (subscript p for
parent) pseudo-cubic direction, leading to ferrimagnetism
(net magnetization of 160 emu/cm?, ~18 Am?/kg) and ferro-
electricity (polarization 79.6 uC/cm?) in its ground state’®
and thus could potentially be more practically useful than
BiFeO5. Understandably, significant effort has since been
expended in experimentally realising this impressive result
in the hope that this magnetic and polar ordering persists at
room temperature.

By a range of experimental methods, syntheses of thin
films, powder and bulk samples of BFCO have been con-
ducted with varying degrees of success in sample purity and
observed properties. The reported room temperature proper-
ties span orders of magnitude, with measured saturation
magnetization from ~5-150 emu/cm® and remanent polar-
isation from ~0.445-53 ,uC/cm2 observed,g_12 all falling
short of the initial ab initio predictions. From the theoretical
study, the key to the finding of high magnetization in

Published by AIP Publishing.
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particular is the degree of B-site chemical ordering, i.e., hav-
ing a double-perovskite structure. However, across a broad
range of synthesis techniques, fully disordered structures
(space group R3c, D-phase),'? mostly ordered structures,'?
and mixed other orderings'® have been reported with full
ordering seemingly only attainable by artificial layering.'*
These variable synthesis results are reflected in the large
range in observed properties. Physically achieving the requi-
site fully B-site ordered structure is evidently quite difficult,
but experimentally verifying this order is also problematic.

A Fe/Cr, randomly disordered structure formally has
R3c space group symmetry, whereas a fully (or partially) Fe/
Cr ordered structure formally has only R3 space group sym-
metry. In diffraction experiments, the c-glide symmetry
operations of the former formally give rise to the systematic
extinction conditions F((hhl)g*) = [hhllg*, [Ihh]g* and
([Alh]g*) all =0 unless / is even. (The subscript R here refers
to the primitive, i.e., rhombohedral, setting of R3¢, while the
* symbol denotes a reciprocal space reflection.) Note that if
h=0 above then F(leg* = '/, [11-11,*%, lag* = '/, [-111],%,
and /br* = 1/2 [1-11],*) also =0 unless [ is even. Likewise,
note that if / =/ above then F([/l[]g* = 1/2 [111],*) also=0
unless / is even. Thus, all four (1A, 1/, 15)p* pseudo-cubic,
parent reflections are forbidden by R3c space group symme-
try. This explains why, to date, the most common method of
assessing Fe/Cr ordering has been the detection of the c-glide
breaking (1, 15, 14)p* pseudo-cubic parent reflection in
X-ray diffraction studies on thin films. The relative intensity
of this peak to the parent (1, 1, 1)p* reflection from sample
to sample has likewise been attributed to the variability of
the “degree of Fe/Cr ordering.”"?

Electron diffraction has its own limitations, chiefly the
difficulty in isolating the appropriate zone axis orientation
from a “single crystal” region of a polycrystalline sample (to
be outlined further in this report). Neutron powder diffrac-
tion, on the other hand, can provide excellent elemental con-
trast between Fe and Cr (the coherent neutron scattering
lengths for Fe =9.45 fm and for Cr =3.64 fm) as well as the
possibility of directly determining the magnetic structure.
Both are needed to pinpoint the B-site chemical and mag-
netic ordering behaviour. The main reason for not employing
neutron diffraction so far seems to be the apparent difficulty
in making sufficiently high purity, large quantity samples of
BFCO. To date, only a small number of powder samples
with a pure phase have been obtained. These required high
pressure synthesis methods'®'? which do not allow for sam-
ple production in large quantities. Reported attempts at solid
state syntheses of BFCO, which in theory can produce bulk
samples, seem to result in considerable amounts of undesired
impurity phases when performed at ambient pressure.'*'®

In this work, we successfully use a near-ambient pres-
sure environment to synthesize bulk BFCO ceramic samples
using a solid state reaction. The resultant BFCO samples
made with appreciable purity at the gram-scale have a rhom-
bohedral perovskite average structure. A systematic investi-
gation by neutron, X-ray, and electron diffraction in tandem
with magnetic and ferroelectric property determination is
conducted to elucidate the B-site behaviour. We couple these
results with computational methods to suggest why the
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double-perovskite structure and associated high magnetiza-
tion are so elusive in both synthesis and determination of
BFCO. We hope our commentary on the link between the
structure and observed magnetic properties in multiferroic
BFCO will assist in the further development of multiferroics
for next-generation devices.

Il. METHODS
A. Sample preparation

Dried powders of Bi,Oz (Alfa Aesar 99%), Fe,O;
(Sigma-Aldrich, >99%), and Cr,0O5; (Koch-light Laboratories,
99.999%) were mixed in ethanol using a planetary ball mill.
Teflon canisters containing the reactants, solvent, and yttria
stabilized zirconia balls (2—12 mm) were rotated at ~20 Hz
for 1024 h. The resulting sub-micron powders were dried
at 100 °C, ground using a mortar and pestle, and then cold
pressed into pellets (~0.7 g each) at ~63 MPa of pressure in
a 12mm stainless steel die. Quick fit glassware was fash-
ioned into a loose sealing quartz glass crucible [Fig. 1(a)] to
facilitate a near-but-above atmospheric pressure environ-
ment for the material fabrication. The samples, inside the
crucibles, were heat-treated in a muffle furnace to a temper-
ature of 860 °C, and then held for 30-60 min before quench-
ing the vessel to air.

B. Structure investigation

X-ray powder diffraction (XRPD) patterns were col-
lected on a PANalytical Empyrean diffractometer utilizing a
Cu target. Transmission Electron Diffraction (JEOL 2100F
FEGTM) patterns were collected on a finely ground sample
loaded onto a carbon-coated copper grid in an attempt to
observe evidence for Fe-Cr ordering. Neutron diffraction
data were initially collected on the high resolution powder
diffractometer “Echidna” (Australian Nuclear Science and
Technology Organization, wavelength 1.622 A) and later
measured on the Polaris time-of-flight neutron diffractometer
at ISIS (the UK’s spallation neutron and muon source). The
powdered sample was loaded into a silica glass capillary of
1.5mm inner diameter, and placed inside the Polaris
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FIG. 1. (a) Quartz crucible fashioned from quick-fit glassware. (b) XRPD pat-
tern of the BFCO sample with a rhombohedral phase indicated. Inset: low
angle region of the diffraction pattern with intensity plotted on a log scale,
showing the clear absence of the (15, 12, 12)p* peak (expected ~19.4°).
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instrument. A “low-background” double-skinned resistive
element furnace with vanadium-foil element and heatshields
and no outer vacuum jacket was used to heat the sample up
to a maximum temperature of 600 K. Diffraction patterns
suitable for Rietveld refinement (~4h of counting time)
were collected at room temperature and 500 K under zero
magnetic field. The raw data were focused and normalised
using the program Mantid'” and Rietveld refinement was
carried out using the program GSAS.'®!”

C. Physical property characterization

Magnetic susceptibility data were collected using a
Quantum Design magnetic property measurement system
(MPMS) with a 7T superconducting solenoid magnet. Zero-
field cooled (ZFC) and field cooled (FC) data were collected
in a 1T field. Magnetization as a function of field measure-
ments was also collected up to 7 T. An oven option was used
to obtain magnetization data up to 600K in a field of
0.0175T. A muon spin relaxation (uSR) experiment was
conducted using the ARGUS spectrometer of the RIKEN-
RAL Muon Facility, under zero field. Due to the small size
of the sample, the measurement was conducted in fly-past
mode where a 1 cm? silver foil packet containing the sample
was mounted on a helium flow cold-finger cryostat. The data
were collected using a double pulse mode, where each pulse
is separated by 324 ns and has a FWHM of 70 ns.

Electrical polarization on the local scale was measured
using piezoresponse force microscopy (PFM, Cypher,
Asylum Research). Pristine domains were imaged in Dual
AC Resonance Tracking mode using an Olympus AC240TM
probe as the cantilever with a contact force of ~100 nN and
a driving voltage of 0.3 V. Switching PFM spectra were
collected using an applied DC bias of =50 V.

D. Simulation

The final structures were validated in terms of their
global instability index (GII) using the SOFTBV bond
valence sum method.?*' Density Functional Theory (DFT)
calculations were performed using the full-potential linear-
ized augmented plane wave plus local orbital method as
implemented in the WIEN2k code®” using the PBE-GGA
exchange-correlation energy functional.”® To include the
effects due to the strong onsite electron-electron Coulomb
repulsion in the Fe and Cr d-bands, the GGA + U method
was also applied, using the Self-interaction Correction (SIC)
method,>* with the values of U and J adopted from Ref. 8.
The total energy was calculated for the antiferromagnetic
alignment of planes of Fe and Cr spins along the [111]
pseudo-cubic direction, in either the ordered or partially
disordered chemical cell based on the R3 space group, trans-
lated into the P1 space group for the purposes of the mag-
netic structure. The supercell thus contained 6 B-sites, and
30 atoms overall. The non-overlapping radial muffin tin sizes
(Rym) for the individual species were: Bi (2.3 a.u.), Fe (1.94
a.u.), Cr (1.94 a.u.), and O (1.67 a.u.). The calculations were
converged using an RyrKpaax value of 8, where Kyx
denotes the largest plane wave vector, and a k-point mesh
containing 64 points was used. The starting structure was
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adopted from the theoretical double-perovskite, using the
experimental lattice constants, and ionic relaxation of inter-
nal coordinates was performed to converge forces to <1
mRy/Bohr. A disordered variant of the structure was consid-
ered by interchanging one of the Fe and Cr sites, and com-
paring the properties with and without ionic relaxation.

lll. RESULTS AND DISCUSSION
A. Near-ambient pressure synthesis

In order to perform a comprehensive characterization of
the BFCO system, it is necessary to produce samples on the
gram-scale. The most straight forward way to do so is to use
solid-state synthetic methods. However, BFO based materi-
als have historically presented many challenges for the solid-
state synthesis approach, due to issues like the volatility of
Bi,0;,% differences in diffusion rates of reactants,’® reactant
purity driven deviations from a binary phase system,” and
the thermodynamic ease of formation of parasitic phases.**’
The influence of adding more elements (Cr) on the already
complex Bi,O3 and Fe,O3 system as noted in these referen-
ces unsurprisingly makes the synthesis of BFCO very chal-
lenging. In fact, the small amount of powder BFCO samples
reported to date were obtained using pressures of 4-6 GPa
during synthesis.'®'? To the best of our knowledge, this
paper is the first to propose this near-ambient pressure solid-
state method to produce high-purity, relatively large-scale
samples of bulk BFCO.

The success of our method hinged on the use of quartz
glass crucibles [Fig. 1(a)], made from modified quick-fit
glassware over traditional alumina crucibles. Alumina cruci-
bles are perhaps the most ubiquitously used vessel in the lit-
erature of solid-state syntheses to contain volatile reactants
like Bi,O3, but it was found that when attempting to make
BFCO, no perovskite phase could be formed, even when
burying a pellet inside extra unreacted powders. We believe
our quartz vessels have superior performance over alumina
due to the higher than ambient internal pressure afforded by
the tight quick-fit seal. Sintering in these quartz vessels for
short reaction times at an optimal temperature of 860 °C and
then performing a quick quenching to air resulted in the for-
mation of a dominant rhombohedrally distorted perovskite
phase that was verified by X-ray Powder Diffraction (XRPD)
[Fig. 1(b)].

Such a dominant phase could be indexed to a rhombohe-
dral structure inherited from the BiFeOj; parent phase, in
agreement with BFCO, synthesized under high pressure.'*'?
In addition, no c-glide breaking, (1, 15, 1/)p* pseudo-cubic
peaks were visible in the low 20, high d region of the XRPD
pattern [around 19.4° for Cu K,, see Fig. 1(b) (inset)] to indi-
cate that the sample possesses the ordered double-perovskite
structure (R3, O-phase). However, due to the extremely simi-
lar X-ray form factors of Fe and Cr, the dominant Bi form
factor, and the large Fe fluorescence, observation of such
reflections is incredibly difficult. For these reasons, conclu-
sions as regards the Fe/Cr chemical ordering of BFCO have
not been made based on XRPD data alone.

In Fig. 1(b), we also observe weak impurity signals,
with the intensity ratio of the main impurity peak to the main
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BFCO peak being 0.07. It is worth mentioning that by our
synthesis approach, several competitive factors would deter-
mine the identity of these impurities: the nature of the reduc-
ing environment caused by the seal restricting airflow,
temperature, and time. Depending on the synthesis condi-
tions, we do observe either oxide/s (e.g., Bi,O3 or Bi,Fe,Oq
and Cr,03) or metal impurities. Under optimal conditions, as
we presented in this manuscript, we only see metal Bi and
Cr,05 impurities.

B. Search for Fe/Cr chemical ordering

The theoretically predicted (R3, ar=15.47 A, g
=60.09°) fully Fe/Cr ordered, O-phase has the formula
Bi,FeCrOg and exhibits regularly alternating Fe and Cr along
the [111]Jg=[111]p pseudo-cubic parent direction [Fig.
2(a)]. By contrast, the R3c, Fe/Cr fully disordered, D-phase
has a stoichiometry Bi(Fe( sCr 5)O5 structure type with the
perovskite B-site ideally randomly occupied by Fe and Cr
[Fig. 2(b)]. The c-glides in the D-phase structure mean that
reflections of the type [hhl]g*, [[hh]r* and [hlh]g* (observed
at the (1-10)g = (—110), zone axis orientations) all have
zero intensity unless / is even. As discussed above, it also
means that all four (15, 1/, 1) p* pseudo-cubic, parent reflec-
tions (i.e., ag* =[100]g* =/, [—11 1],%, b* =[010]g* = '
[—111],%, cg*=[001]g* = L on 1-1],*, and ag*+bg*
+cer*=[111g* = l/2 [111],*) are forbidden by R3c space
group symmetry. In the O-phase structure, where the c-glides
are no longer present, these reflections are, of course, no lon-
ger forbidden. Detection of these intrinsically weak peaks in
XRPD is usually taken as proof of Fe/Cr ordering. While our
XRPD patterns show an apparent absence of these peaks,
their intrinsically weak nature means that they would be dif-
ficult to observe anyway. Selected area electron diffraction is
much more sensitive to weak features of reciprocal space
and was thus performed to search for further evidence of
order or disorder.

Given the rhombohedral (but very close to metrically
cubic) structures, it would be very difficult to distinguish a
(1-10)g = (—110),, zone axis in the electron diffraction pat-
tern (EPD) from the rhombohedrally distinct (001)g
= (110), zone axis for the disordered R3 structure [see, e.g.,
Fig. 2(c) where the EDP is indexed within experimental error
as a [1-10]g =[—-110], zone axis (in green) or as a [001]g
=[110], zone axis (in red)]. Note that the angle brackets in
the previous sentence are used to indicate the set of three, R3
or R3c symmetry equivalent, zone axis orientations in each
case. In the case of the former indexation, note the arrowed
(in green) rows of [hhl]g* satellite reflections should all be
missing if R3¢ were the correct space group symmetry. In
the partially, or fully, ordered R3 case, such reflections are in
general allowed. Of course, if the red indexing, correspond-
ing to an [001]g =(110), zone axis orientation is correct
then there would be no systematic extinction condition of the
F[hhllg* = 0 unless / even observed. We must stress that due
to the difficulty in identifying the actual zone axis, and in
ensuring that only a single crystal region is illuminated in any
particular grain during measurement, this observation does
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Net magnetization = Net magnetization
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FIG. 2. (a) R3 “O-phase” BFCO structure showing alternate Fe and Cr occu-
pation of the octahedral B-site along [111]p, with absence of the c-glide
operation indicated by the cross. Antiferromagnetic coupling of chemically
ordered planes leads to a net magnetization of ~18 Am?/kg. (b) Graphical
representation of the R3¢ “D-phase” BFCO structure showing random occu-
pation of the B-site and the presence of the c-glide. Antiferromagnetic
coupling of chemically disordered planes should lead to near zero net mag-
netization. (c) Electron diffraction pattern (EPD) collected along a typical
(1—-10), zone axis, of which there are six possible such zone axes. Three of
these six zone axes will look like what is shown above. The unique three for
distinguishing R3c from R3 are the (1—10)g = (—110), (primitive setting of
rhombohedral). The two crystallographically distinct, indexation choices
(i) (1-10)r =(—110), zone axis edp’s (green labelling) and (ii) (001)g
= (110), zone axis edp’s (red labelling) are given. The fact that the (hhl)g*
rows of reflections (dashed green lines) were always present suggests, but
not definitively proves, that the c-glide extinction is broken.

not definitively rule out the possibility of the completely
disordered R3c structure.

Given the specific difficulties in resolving scattering
factors and lattice parameters in this material using XRPD and
electron diffraction, the diffraction technique with the best
chance of detecting definitive evidence for the fully disordered,
O-phase is neutron powder diffraction. Neutron diffraction has
much greater potential for elemental resolution given that the
scattering lengths for Fe and Cr are significantly different
(Fe =9.45fm and Cr = 3.64 fm) and comparable in magnitude
to Bi (8.532fm)*° allowing the (100)g*/[111]g* peak arising
from full B-site ordering to be easily seen. An added bonus
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of using neutrons is that information on the magnetic struc-
ture of the material can also be gained. Room temperature
neutron powder diffraction, like XRPD, reveals a thombo-
hedral phase with lattice parameters a=>b=5.5574(2) A
and ¢ = 13.7444(5) A (refined in the hexagonal setting for
ease). Using the superior elemental scattering factor contrast
of this technique, impurities of Bi metal at ~9wt. % and
Cr,03 at ~5wt. % could be detected. The most interesting
feature of the neutron data is an additional signal that is
observed in the high d-spacing region of the pattern.
Rietveld refinement of a chemically disordered structure
in the R3c space group yields an excellent fit to the main
phase with the exception of a strong reflection at a d-spacing
of 4.53 A. This peak position is consistent with the previ-
ously mentioned (100)g*/[111]g* peak. To assess whether
this “forbidden” reflection (which was not seen in X-ray
diffraction) appears as a result of chemical or magnetic
ordering, two further refinements were carried out. The first
involved a chemically ordered cell in space group R3 and
produced an excellent fit (Ry,=1.67%) [Fig. 3(a)]. In this
model, the occupation of the Fe and Cr sites was allowed to
vary, though the chemical segregation remained almost com-
plete with the refined occupancy of site one being 0.807(7)
Cr/0.193(7) Fe and site two 0.95(1) Fe/0.05(1) Cr. It should
also be noted that refinement of these occupancies and the
identification the Cr,O3 impurity indicated that this sample
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space group with magnetic ordering.
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deviates from the nominal 1:1 B-site stoichiometry, and
so the chemical formula is estimated to be closer to
BiFe( 57Cr.430s.

The second refinement involved adding magnetic order-
ing to the chemically disordered R3c model [Fig. 3(b)]. In
this model, the d=4.53 A peak is caused by antiferromag-
netic or ferrimagnetic ordering of the Fe/Cr ions described by
a (14 1/ 1h)p propagation vector instead of chemical order-
ing. Again, an excellent fit (R,, = 1.67%) was obtained with
a refined magnetic moment of ~0.21 uB per Fe/Cr atom, rep-
resenting the moment obtained from the magnetic structure
refinement using a G-type antiferromagnetic model. This
refined moment value per ion is lower than that would be
obtained from a simple average of expected moments for
S =5/2 and S =3/2 ions, pointing towards a degree of frustra-
tion in our system. This is not unexpected based on the large
range of competing interactions one could have in a chemi-
cally random cell (discussed further in Sec. II1 C).

Based on the room temperature neutron data alone, it is
clearly impossible, statistically, to determine which of the
fully chemically ordered model with no magnetism [Fig.
3(a)] and the fully chemically disordered plus G-type antifer-
romagnetism model [Fig. 3(b)] is correct, or indeed whether
the true structure contains a degree of both chemical and
magnetic ordering. Any attempts to add a magnetic moment
into the chemically ordered structure resulted in an overesti-
mation of the d=4.53 A peak intensity unless the site occu-
pancies were allowed to refine in order to counteract this.
Since the peak of interest is visible only in the poorer resolu-
tion lower-angle detector banks of Polaris, it is not possible
to meaningfully refine both chemical order and magnetic
order parameters simultaneously.

In order to exclude the possibility of partial chemical
ordering and be more definitive in the assessment of the
structure being D-phase, assessing temperature dependent
magnetic and neutron data is necessary. Foreseeably, if the
peak is in fact entirely magnetic, when going above Ty this
signal should vanish in the neutron patterns as the magnetic
ordering is lost. The initial simulations® and one experimen-
tal bulk synthesis'? suggest a magnetic transition tempera-
ture below room temperature, but many other reports note
magnetization at and above room temperature with predicted
transitions at 450600 K.*"-*®

To this end, a Rietveld refinement was carried out using
data measured at 500K, a temperature which according to
the muon data (vide infra) lies above Ty. As can be seen
from (Fig. 4), the peak at 4.53 A has entirely disappeared at
this temperature and the data can be fitted with the chemi-
cally disordered R3¢ model (R, =1.74%). It is also interest-
ing to note that the peaks from the metallic Bi impurity have
also disappeared at this temperature. The melting point of Bi
is around 544 K, and given that the sample had initially been
heated to 600 K it seems entirely plausible that the metal had
melted and not yet recrystallised when the 500K dataset was
collected. The complete disappearance of the d=4.53 A
peak at 500K strongly implies that it is entirely magnetic in
origin and that the bulk sample is most likely D-phase
BFCO.
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FIG. 4. 500K neutron diffraction data and refinement, showing disappear-
ance of d =4.53 A peak and Bi phase peaks.

C. Correlating structure and properties

One of the critical properties of BFCO predicted in the
initial simulation’ was the extremely high magnetization.
This is closely associated with the assessment of ferrimag-
netic ordering arising from the O-phase underlying structure.
In order to shed further light on the structural variant of
BFCO made in this study and the associated type of magne-
tism, temperature and field dependent magnetization studies
and muon spectroscopy have been performed.

According to the Goodenough-Kanamori-Anderson
rules, we would expect antiferromagnetic superexchange
between Fe®"-O-Fe’"and Cr’™-O-Cr’" pairs in the disor-
dered BFCO structure, but ferromagnetic interactions
between Fe*"-O-Cr’ " pairs. Therefore, in a chemically ran-
dom cell, the majority of pairings between two ions will be
AFM in nature but some will be FM. If we consider the
~156° M-O-M bond angle we obtain from refinement which
would weaken FM interactions of Fe-O-Cr pairs somewhat,
and the AFM interactions between Fe and Cr thg orbitals,29 a
frustrated, but overall AFM structure is permitted. Indeed,
from refinement of the neutron data, we note magnetic peaks
associated with an AFM type magnetic structure but with
small refined moments that point towards magnetic frustra-
tion. This leads to a very complicated scenario for interpret-
ing temperature and field dependent magnetic behaviour
when there are competing local interactions.

Field dependent magnetic hysteresis loops at several
temperatures [Fig. 5(a)] show a predominantly linear
response with a small inner hysteresis. This magnetization
does not saturate even under the maximum applied field and
the highest observed magnetization at room temperature is
~0.8 Am%/kg (7T). The linear non-saturating response is
typical for an antiferromagnetic material with strong super-
exchange interactions and the small inner hysteresis is a
signature of a weak-ferromagnetic component that is com-
mon to many chromites and ferrites including «-Fe,05>°
and BiFe, ,Mn,05.>"*? The weak ferromagnetic signal is
commonly attributed to “spin canting” fostered by the
Dzyaloshinskii-Moriya™ interaction arising from the lack of
the inversion centre between each oxygen-metal bond, con-
nected with a distorted bond which is not 180 degrees due to
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octahedral tilting.** This feature appears to be intrinsic and
the signal barely changes with temperature. In fact, the full
curves show barely any changes in the temperature range
10-300 K, indicating that the majority phase is strongly
ordered at 300 K, well-beneath its Néel temperature Ty, and
any paramagnetic impurities (which would produce a M «
1/T dependency) have a negligible effect. The low saturation
magnetization observed does not match the expected long-
range ferrimagnetic response one would see in the O-phase.
In the O-phase, each Fe-Cr pair should produce ~2 uB
moments resulting in large magnetizations near 18 Am?/kg
in the ground state. Instead, the observed magnetization is
only ~1.0 Am?/kg under the highest field tested (7 T, 10K),
or 0.106 uB/Fe-Cr pair, which is more in line with expect-
ions for a more antiferromagnetic system.

The temperature dependent magnetization [Fig. 5(b)] of
this material is quite complex and at least partly complicated
by the fact that magnetic impurities are present. We can note
though that the field-cooled (FC) and the zero-field cooled
(ZFC) data diverge below room-temperature which strongly
indicates a Ty > 325K. The irreversible magnetization that
is evident in the difference between FC and the zero-field
cooled ZFC spectra of the sample may be explainable by the
proposed small levels of spin canting that also give rise to
the previously mentioned weak hysteresis in the M-H data.
Below 20K, we see a feature that is consistent with the pres-
ence of antiferromagnetic interactions [reciprocal of Fig.
5(b) can be extrapolated to the negative temperature axis,
not shown]. As noted earlier, in a chemically random cell
there are many options for local interactions, and we predict
frustrated antiferromagnetism. However, this feature is influ-
enced by the neighbouring broad feature at ~100 K. Other
ferrite systems of the type RFeQ5>~® exhibit similar features
which are attributed to spin reorientations and LaCoO;
exhibits complex spin transition in a similar region.”’
However, we are hesitant to ascribe this feature in the low
temperature data as such due to the sensitivity of the MPMS
technique to impurities. The >300K data should be less
influenced by impurities, given the Ty of Cr,O5, our main
magnetic impurity, is ~308 K.>® A separate set of magnetic
measurements [Fig. 5(c)] were conducted above room tem-
perature and show a slope change in the susceptibility at
approximately 400K that appears to indicate a magnetic
transition.

In general, the combination of these field and tempera-
ture dependent magnetization studies seems to support our
manufacturing of a D-phase sample with overall antiferro-
magnetic type behaviour up to room temperature, in contrast
with the calculated ferrimagnetic O-phase. However, magne-
tization measurements are a bulk technique, and the behav-
iour is attributable to the entire sample including impurities.
Muon Spin Relaxation (uSR) is a local probe, where the
muon samples a radius of a few nanometres through dipolar
coupling to internal magnetic moments, both nuclear and
electronic, associated with the sample. Muons can therefore
separate out the behaviour of different phases within the
sample.

Throughout the whole temperature range, the muon
spectra could be fit using a single exponential relaxation
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FIG. 5. (a) Field dependent magnetization of BECO samples at 10 (black), 150 (red), and 300 K (blue) shows hysteresis at zero field, magnified in an inset and
(b) temperature dependent magnetization under a 1 T applied field, zero field cooled (ZFC, open squares) and field cooled (FC, closed circles). (c¢) High temper-
ature field cooled magnetization data at 0.0175 T, indicating possible Ty at ~400 K.

G(r) =Ae™ + A, (1)
where A is the asymmetry associated with the sample, 4 is
the muon relaxation, and A, is the baseline that arises from
muons stopping in the sample holder or cryostat, which in
this case is 11.7% of them. Since the sample was small, the
fly-past setup was used. The small mass of the sample may
also lead to a situation where muons pass through the sample
and stop in the backing plate, which can increase the baseline
from the nominal value of 4%. However, it cannot be dis-
counted that the high baseline comes from muons stopping
in regions of the sample that contain cancelling fields or are
non-magnetic and so there would be no dephasing of the
muon polarization.

Figure 6 shows the results from the fits to the data from
100 to 460 K. There appears to be a maximum in A at the
lowest temperatures, which likely corresponds to a transition
in which electronic magnetic fluctuations freeze out. The
trend in A with respect to temperature reflects that observed
in the magnetization-temperature (M-T) data collected by a
magnetic property measurement system (MPMS), though the
low temperature peak is shifted to above 200 K. This transi-
tion might be a frequency dependent process, and the faster
speed of the Muon probe in comparison with MPMS
accounts for the shift. These fluctuation features are observed
below the minimum in the asymmetry, which could
indicate that there is a dynamic component transverse to the
z-direction. With the increase in temperature, A falls off as
the electronic fluctuations become faster. As mentioned,
there are no changes in the asymmetry until 300K, where

there is then a dramatic increase and recovery of a missing
fraction. A missing fraction occurs when the internal field at
the muon site is large enough that it dephases the muon
ensemble outside of the measureable time scale. In this case,
this would be 10 MHz or 0.08 T. This reduction in the asym-
metry along with a peak in 4 is typical for a magnetically
ordered system, where the fluctuations freeze out on the
experimental time scale. By 400K, the relaxing asymmetry
has almost flattened out but, temperatures above this could
not be reached due to limitations of the cryogenic equipment.
Since the relaxing asymmetry is flat below 300 K, this makes
the value a good estimate of T for fitting. When one
attempts to extract the dynamical exponent, @ [see Fig.
6(b)], using the equation

}v:D(l—1> ,
Tc

where D is a prexponent and @ is the dynamical exponent, the
value equates to 0.31(3), which is close to the value of 0.32,
the expected value for a 3D antiferromagnetic Heisenberg
system.

The fact that the muon relaxation at low temperatures is
not flat suggests that there is either a component of the
magnetization that is slowly fluctuating, or that the field dis-
tribution may be fairly broad. The relaxing asymmetry at the
lowest temperatures is almost 1/3 of that at high tempera-
tures; this is also expected as the magnetization in a pow-
dered sample will have a 1/3 + 1/3 + 1/3 directional average,
and so the data fit with the idea that the sample shows
bulk ferromagnetic or antiferromagnetic behaviour, as the

2
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dynamic exponent suggests. Combining the observations of
apparent magnetic transitions in the high temperature muon
relaxation, magnetization, and neutron diffraction data, we
conclude that BFCO is magnetically ordered at room temper-
ature, in a manner which is compatible with the D-phase
BFCO structure.

Note that this bulk BFCO ceramic sample is not very
dense, which limits the electric field that can be applied on
it. For completeness, the multiferroic nature of the sample
has also been assessed with piezoresponse force microscopy
(PFM). Distinguished from its morphology [Fig. 7(a)], both
the amplitude and phase images suggest the existence of
180° domains [Figs. 7(b) and 7(c)], which are electrical
field-switchable as shown in Figs. 7(d) and 7(e), presenting a
typical ferroelectric feature. The simultaneous existence of
the antiferromagnetic ordering and the ferroelectric polar
response suggests that this BFCO sample is multiferroic.

D. Rationalizing the result

From the combined experimental characterizations, we
have shown that our simple synthesis method results in a
multiferroic phase. This phase however is dissimilar to the
theoretical predictions in both structure and properties. In
this section, a theoretical study is presented to highlight pos-
sible reasons for this result.

Using the results from the room temperature neutron
powder pattern refinement, bond valence calculations were
performed on the ordered and disordered cells using the
SoftBV?>?!  software. Using the experimental lattice
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constants and the refined atomic positions, the global instabil-
ity index (GII) for the disordered cell was calculated to be
0.1346 valence units (v.u.), whereas the ordered cell produces
a GII of 0.1445 v.u. The bond valence sum calculations also
suggest that each ion is very comfortable with the expected
oxidation states Bi**, Fe*>*, Cr**, and O®~. As the GII is cor-
related with the total energy of the system, this indicates that
the disordered structure may have moderately lower energy,
however as the difference is relatively small, both structures
are viable.

To elucidate the energetic cost of converting the
ordered chemical cell to a partially disordered cell, DFT
calculations were performed on the ordered and partially
ordered cell containing one B-site defect (Fig. 8), of the 6
B-sites per cell. In both cases, the antiparallel alignment of
spins in neighbouring B sites (i.e., G-type order) was found
to be stable. Table I records the lattice parameters, ener-
gies, and magnetic moments for the fully ordered and par-
tially disordered structures. For the case of BFCO, the DFT
results indicate that the energy difference of the ordered
cell and the B-site defect is 0.09eV (GGA + U). The par-
tially disordered cell is found to be energetically favoured,
in qualitative agreement with the bond-valence model cal-
culations. However, the overall energy difference between
the fully ordered and disordered state is small. This indi-
cates that high-entropy chemically disordered versions of
this oxide will generally be favoured during quenching,
although it may be possible to achieve meta-stable local
chemical order under specific annealing conditions.
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FIG. 7. The surface morphology (a), amplitude (b) and phase (c) images of BFCO bulk ceramic samples characterized by PFM. (d) and (e) are amplitude and
phase switchable under an extrinsically applied electric field, in which the domain can be switched 180°, and the strain also varies correspondingly, presenting

features typical of the ferroelectric property.
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(a) O-phase
A=0eV

(b) Anti-site defect
A =-0.09 meV
° .

FIG. 8. (a) shows the ordered BFCO structure and (b) a BFCO structure
modified with an anti-site defect. GGA + U results give (b) 0.09 meV lower
energy.

The lattice parameters calculated in DFT are expanded
by 2.5% compared to the experiment. This is standard agree-
ment for the PBE-GGA method.>® On the other hand, the
calculated lattice constants differ by up to 20% compared to
the past calculation by Spaldin et al. Further investigation
reveals that the details depend on the degree to which the
cell shape is preserved during the relaxation, and where the
c:a ratio was allowed to vary. Where the c:a ratio was
allowed to vary freely, it was found that the chemically
ordered BFCO tends to collapse to very small ¢ parameters,
matching those in the earlier work. Although the ionic relax-
ation was performed in the lowest possible symmetry (P1),
the symmetry of the resulting configurations was tested to
determine if higher symmetries emerged after relaxation. For
both chemically ordered and disordered cells, it was found
that the system has three-fold symmetry. The chemically
ordered cell is very close to the ideal R3 symmetry within a
tolerance of 0.05 A. For the chemically disordered state, the
anti-site defect breaks symmetry locally to introduce a local
P3 structure. It should be noted that our calculation results
may slightly differ from previous reports as a consequence
of our differing set-up (e.g., unit cell) and our exchange-
correlation functional choice. This will not affect the overall
trend and conclusion we draw however.

TABLE I. Comparison of experimental and theoretical structures and the
resulting magnetic moments in BFCO.

DFT -
Experiment DFT-Ordered p-Disordered

Relative energy (eV) 0.0 —0.09 eV
Cell volume (A%) 367.62(3) 377.07 376.52
Lattice a (A) 5.5574(2) 5.604 5.601
Lattice ¢ (A) 13.7444(5) 13.863 13.856
Emergent symmetry R3c R3 P3
Magnetic moment Fe (ug) ~0.21 3.76 3.73-3.76
Magnetic moment Cr (ug) ~0.21 2.22 2.23-2.31

Net magnetic moment (1) N/A 6.00 2.00
per unit cell
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The ab-initio calculations also demonstrate that chemi-
cal disorder has a strong effect on the magnetic properties. In
the chemically ordered cell with the experimental lattice
constants, the magnetic moment on each of the Fe and Cr
ions was 3.76ug and —2.22 ug, respectively, within the
atomic spheres. For G-type magnetic ordering, as postulated
from the experiment, the total spin moment in the cell was
6.0 ug (which included interstitial regions) translated into
2.0 ug per Fe-Cr pair in agreement with past work.”® For the
partially chemically disordered cell, the magnetic moments
of the Fe and Cr ions were calculated at 3.73 ug and
—2.23 ug, respectively, but vary within about 0.02 ug
depending on the local disorder. With G-type magnetic
ordering, the resulting net moment in the partially disordered
cell becomes only 2.0 ug, giving an average of 0.67 ug per
Fe-Cr pair. Comparing the chemically ordered and partially
chemically disordered cells, a strong reduction in the net
moment is observed. This is the result of magnetic frustra-
tion between the minor and major spin sublattices caused by
switching iron and chromium between their ordered planes
on the B-sites. This can be intuitively understood because if
the G-type ordering is conserved, one Fe-Cr pair contributes
2.0 ug, whereas the neighbouring Cr-Fe pair contributes
—2.0 ug leading to cancelation. Thus although the partially
disordered cell only contains a single B-site defect, it already
demonstrates a 66% reduction in the moment. This reflects
the low moment we refine from our experimental neutron
data and further supports the notion that we have a chemi-
cally disordered, frustrated antiferromagnetic material. We
do acknowledge that the constraints on the supercell size pre-
vent exploring other large-scale random configurations in
DFT, meaning that it is impossible to rigorously construct
the fully disordered cell. On the other hand, past Monte
Carlo classical spin simulations have explored the effect
of large scale random chemical disorder indicating a high
population of anti-site defects in a ferrimagnet ultimately pro-
hibiting long-range ferrimagnetism, and giving almost zero
global magnetization, except for small local spin-canting
effects.*”

From these results, it seems reasonable that the difficulty
in synthesizing O-phase in the bulk is related to the low
energy associated with (partially) disordered BFCO struc-
tures. Evidently, obtaining chemical ordering in bulk sam-
ples of BFCO is experimentally difficult. Ordered (or
partially ordered) BFCO formation is reported in thin,*'
strained,** and artificially layered films** but not in bulk. It
is suspected that the strain developed in thin films allows for
deviations from the native bulk structure that changes the
energy landscape for chemical ordering. Additionally, deliv-
ery of reactants to the surface of a 2D substrate may help
both impose artificial chemical ordering and reduce parasitic
phase formation in a way bulk 3D solid state diffusion and
quenching cannot. The formation of parasitic phases ulti-
mately affects the stoichiometry and growth of the main
phase. To reduce these in the bulk synthesis, we presently
invoke quenching which, as mentioned earlier, is likely to
cause the formation of the more entropic disordered BFCO
phase. Different sintering conditions may lead to the devel-
opment of order, but to do so, the impurity levels need to be
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addressed lest they increase in fraction. Work is ongoing to
address this challenge.

IV. CONCLUSIONS

A rhombohedral multiferroic phase can be produced
from Bi,0O3, Fe,03, and Cr,0O5 at the gram-scale via a near-
ambient pressure solid-state reaction if a quartz crucible is
employed. The material is proven to be multiferroic at room
temperature through magnetic and electrical measurements.
Temperature dependent magnetometry and muon spin relax-
ation point to the main BFCO phase being magnetically
ordered up to ~400K. Investigation with neutron powder
diffraction at room temperature and 500K and subsequent
refinement support disordered chemical occupation of the B-
site with Fe and Cr resulting in antiferromagnetic ordering.
This is dissimilar to the initial theoretical predictions made
in the literature. Our assignment of a disordered structure is
rationalized based on ab initio calculations that place this
structure as lower in energy.
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