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Abstract

Perovskite systems with structurally different multiferroic end members are being extensively
investigated, because large phase-change magnetoelectric responses have been anticipated at
the morphotropic phase boundaries (MPBs) between polymorphic forms with differentiated ferroic
orderings. (1-x) YMnOs-x BiFeOs is one such system, for which two continuous perovskite solid
solutions with rhombohedral R3c and orthorhombic Pnma symmetries are present, and coexist
across a wide compositional range. This might be a discontinuous MPB between a non-polarand
a polar phase, at which the orthorhombic to rhombohedral transition may be electrically induced
with a distinctive magnetic signature. In order to explore this possibility, magnetic properties have
been characterized across the whole system, and relationships between perovskite crystal
structure and magnetism have been established. Distinctive evolutions within each solid solution
are revealed that define a region between x=0.6 and 0.9, where a non-polar orthorhombic

ferromagnetic phase coexists with a polar rhombohedral antiferromagnetic one at room

temperature.

Keywords: Single-Phase Multiferroic, Perovskite System, Morphotropic Phase Boundary, Magnefic

Properties, Magnetoelectric Effects



1. Introduction

Magnetoelectric multiferroics are compounds that show coexistence ofmagnetic and electric ferroic
orders [1,2]. They can presentcomparatively large magnetoelectric coefficients [2], and coupled
electrical and magnetic domains [3]. A range of related magnetoelectric devices have been
demonstrated or proposed, making use of the capability of controlling electric polarization with a
magnetic field, and conversely of magnetization with an electric one [4]. It is especially interesfing
the possibility of switching ferromagnetic domains with the electric field, which would enable a new
non-volatile random access memory that combine fast low-power electrical-wriing and non-
destructive magnetic-reading operations [5]. Other examples are electrically-tunable spintronics or

microwave devices [6,7], to name but a few.

There are two general groups of multiferroics depending on whether the ferroic orders develop
separately or not, usually referred to as type | and type Il multiferroics [8]. Most work has
concentrated on complex oxides, among which ABO3 perovskite compounds stand out. This is the
case of Bi-based perovskite oxides with site-by-site engineering for type | multiferroism. Rationale
is placing Bi**with a stereochemicallyactive electronic lone-pairatthe A-site, which induces strong
structural distortions and expectedly,yetnotalways, a ferroelectric polarization, and a magnetically
active cation like Mn3*or Fe3* atthe B-site [9]. Bestexample and one of the rare room temperature
multiferroics is BiFeOs [10,11]. This is a ferroelectric perovskite oxide with rhombohedral R3c
crystal structure [12], which also presents antiferromagnetic G-type spin ordering with a long-range
incommensurate cycloidal modulation [13]. The ferroelectric transition takes place at ~1103 K,
while magnetic ordering develops withinthe polarrhombohedral phase at ~643 K[11]. Spincanting
and weak ferromagnetism appear if the cycloid is destroyed, which can be achieved by reducing
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material system size below the characteristic length of the modulation (~62 nm) [14], by chemical
modification [15] or imposing an in-plane strain [16]. Magnetic and ferroelectric domains are
coupled [3], and electrically-driven deterministic reversal of the weak magnetization was recently

accomplished in BiFeOs epitaxial films [17].

Type II or spin-driven multiferroics are magnetic ferroelectrics, for which the spontaneous
polarization develops at a magnetic transition, usually involving rearrangements of complex
antiferromagnetic orderings in the presence of competing spin interactions [18]. First reported
compound was perovskite orthorhombic ToMnQOs, for which large magnetoelectric effects, basically
changes and even reorientation of polarization under high magnetic field, have been described at
low temperature [19]. This oxide is an example out of the series of REMnOs (RE: Rare Earth)
manganese oxides with perovskite orthorhombic structure, which are thermodynamically stable for
rare earth species with large ionic radius (from La down to Dy) [20]. A hexagonal phase is stable
for RE with small radius (from Ho down to Lu), yet perovskite ones can still be obtained at high
pressure [21]. This is also the case of YMnOs, whose hexagonal phase is also multiferroic, but of

type 1[22-25].

The metastable perovskite orthorhombic phase with Pnma symmetry has been obtained by
annealing at high pressure [21], mechanosynthesis in high energy planetary mills [26,27], or in thin
form under high epitaxial strain [28]. Perovskite YMnOs shows an incommensurate
antiferromagnetic order that develops at ~42 K. Improper ferroelectricity appears at a second

magnetic transition at 28 K that has associated a distinctive dielectric anomaly [29,30].

Currently, an increasing activity is being concentrated on perovskite binary systems involving
multiferroic end members. Attention initially focused on rhombohedral solid solutions based on
BiFeOs, aiming at either facilitating its preparation or improving properties, both electrical and

magnetic [15]. Extensive work has been done on BiFeO3-REFe O3 systems, for which a structural



evolution from the rhombohedral R3¢ phase to an orthorhombic Pnma one has been described
with RE substitution [31]. Large phase-change magnetoelectric responses have been anticipated,
associated with an electrically induced phase transition betweenthe Pnma and R3¢ polymorphic
phases with differentiated magnetic orderings [32]. This might be a morphotropic phase boundary
(MPB) between non-polar and polar phases, at which property enhancement by a polarization
extension mechanism is expected [33]. Nonetheless, and alternatively, it could be the ferroelectic
transition of BiFeO3 that has been shifted below room temperature by RE substitution. Note that
the high temperature paraelectric parent phase is also orthorhombic Pnma [11]. A MPB between
non-polar and polar phases has been described for the BiFeO3-BiMnO3-PbTiO3 ternary system

[34].

Analogous non-polar orthorhombic Pnma-polar rhombohedral R3¢ MPBs can be expected in
REMnOs-BiFeOs binary systems, though this possibility has been poorly investigated, most
probably due to difficulties in the synthesis and ceramic processing ofthe perovskite phases. An
appealing systemis (1-x) YMnOs-x BiFe O3 with multiferroic type Il and type [end members. Indeed,
a previous Rietveld study revealed the coexistence of orthorhombic Pnma and rhombohedral R3¢
polymorphs for perovskite phases with x between 0.8 and 0.9, and single rhombohedral phase for
x = 0.9 [35]. Magnetic properties have been recently reported, butonly for compositions between
x=0.9and 1 [36], Perovskite single-phase materials with x-values below 0.8 cannotbe obtained by
conventional solid state synthesis [37], which has prevented the complete characterization of the

binary system.

Recently, we succeeded in obtaining perovskite phases all across the YMnO3-BiFeOs system,
free of secondary phases, by mechanosynthesis, and carried out structural characterizations that
revealed the presence oftwo continuous perovskite solid solutions with orthorhombic Pnma and

rhombohedral R3c symmetries, which coexisted in a broad compositional interval [27]. Here,



magnetic properties are presented and discussed as a function of x. Distinctive and differentiated

evolutions across the two solid solutions are shown.

2. Materials and methods

Perovskite single-phase powdered samples of fourteen compositions across the whole (1-x)
YMnOs-x BiFeOs binary system, including x=0, 0.1, 0.2, 0.3, 0.4, 0.5, 0.6, 0.7, 0.8, 0.9, 0.925, 0.95,
0.975 and 1, were mechanosynthesized by highenergy planetary milling ofa stoichiometric mixture
of precursor oxides in tungsten carbide media. Details of mechanical treatments, and the required
parameters to attain the mechanosynthesis of the different perovskite compounds can be found
elsewhere [27]. Phases were controlled by X-ray powder diffraction (XRD) with a Bruker AXS D8
Advance diffractometer. Patterns were collected between 12° and 60° (28), with 28 increments of
0.05 and counting time of 0.2 s per step. The Cu-Ka doublet (A = 1.5418 A) was used in the
experiments. Nanocrystalline perovskite phases were obtained for all compositions, which showed
adistinctive evolutionfrom a pseudo-orthorhombicsymmetry to a pseudo-cubic one as x increased
[27]. Sample morphologywas monitored with a Philips XL 30 S-FEG scanning electron microscope,

and submicronsized agglomerates ofvery small particles with size between20and 25 nm resulted.

Perovskite phases with enhanced crystallinity were obtained by thermal treatment of the as-
mechanosynthesized samples. Phase stability under heating was an issue, and the maximum
temperature perovskite phases withstood before decomposing varied with composition. Values are
collected in Table 1, and ranged from 900 °C and 825 °C for x=0 and 0.925-0.975, respectively,
down to 550 °C for x=0.3-0.6. Not surprisingly, large differences in particle size resulted, which

spanned from 65-80 nm for materials with x between 0.2 and 0.7, still in the nanoscale, up to 0.5-



0.7 um for those with x between 0.9 and 1. Structural characterization by XRD sustained the
presence of three regions with increasing x: (i) Orthorhombic phases between x=0 and 0.4, (ii)
phase coexistence between orthorhombic and rhombohedral polymorphs between x=0.5 and 0.9,

and (i) rhombohedral phases for x > 0.9.

Polymorph fractions across the phase coexistence region were determined by a Rietveld
approach, for which new XRD data with a reduced step size 0f 0.02° (26) and improved statistics
were recorded between 20° and 90° (20). A mixture of orthorhombic Pnma and rhombohedral R3c
phases was used as structural model, and phase percentages along with the respective lattice
parameters of the two components were obtained as a function of x by Rietveld refinement of the

patterns with the JANA2006 software [38].

Finally, magnetic properties of all thermally treated perovskite phases were characterized by
SQUID magnetometry with a Quantum Design MPMS-XL5 apparatus. In a first step, magnetization
M was measured after zero field cooling, during a subsequent heating and cooling cycle between
2 and 380 K underan applied field H of 100 Oe, which provided the zero field cooling (ZFC) and
field cooling (FC) M/H ratio, or static susceptibility, as a function of temperature. Secondly, the low

temperature isothermal, non-linear magnetization was measured under high magnetic fields up to

50 kOe.

3. Results

Examples of Rietveld refinements of the XRD data are givenin Fig. 1. Results for x=0.3, 0.8 and

0.95 are shown that correspond to the orthorhombic Pnma single phase, phase coexistence, and
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Fig. 1. Rietveld analysis of XRD data for the (1-x) YMnOs-x BiFeO3 materials with (a) x=0.3
assuming an orthorhombic Pnma structural model, (b) x=0.8 assuming a mixed orthorhombic

Pnma and rhombohedral R3¢ model, and (c) x=0.95 assuming the rhombohedral R3¢ model.

Refined orthorhombic fractions are provided in Table 1.
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Table 1. Orthorhombic fraction (oF) and crystal lattice volume for the orthorhombic (Vo) and

rhombohedral (Vr) polymorphic phases, as obtained from the Rietveld analysis of XRD data for

the (1-x) YMnOs-x BiFeO3 materials. TT: Temperatures of the thermal treatments.

X 0 0.1 0.2 0.3 0.4 0.5 0.6

T (°C) | 900 700 600 550 550 550 550
oF 1 i i 1 i 0.925(6) | 0.88(2)

Vo (A% | 225.53(9) i i 224.9(2) - | 229.26(4) | 231.66(8)

Vr (A%) i i i - i 348.9(4) | 352.7(5)
X 0.7 0.8 0.9 0.925 0.9 0.975 1

T (°C) | 600 700 750 825 825 825 750
oF 0.85@) | 0.77(4) | 0.27(2) - 0 i i

Vo (R%) | 234.2(2) | 236.4(2) | 240.4(3) - i i :

Vr (A% | 355.909) | 365(2) | 368.4(3) - 371.002) i i

rhombohedral R3c single phase regions, respectively. Refinements for the remaining phase
coexistence materials are provided in the supplementary information. As a summary, obtained

polymorphic phase percentages and lattice cell volumes for the orthorhombic and rhombohedra

components as a function of x are presented in Table 1.

Magnetic characterizations revealed distinctive relationships between the perovskite crystal
structure and magnetism with differentiated properties for the orthorhombic and rhombohedral
phases, and across the phase coexistence region. Magnetic propertie s are thus presented and

preliminarily discussed separately for each of the three regions.

3.1. Orthorhombic phases (0 < x < 0.4)

Results on M/Hratio during ZFC/FC cycles are shown in Fig. 2(a) for the five orthorhombic phases.
Regarding YMnOs (x=0), both ZFC and FC curves showthe characteristic, sharp magnetic anomaly
at = 41 K associated with the antiferromagnetic ordering temperature Ty [26,29,39]. High field

magnetization at 5 K was highly linear up 50 kOe with no hysteresis, as shown in Fig. 2(b).
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YMnOs-x BiFeO3 materials.
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The ZFC curve for x=0.1 also shows a similarly sharp magnetic anomaly, but at ~ 28 K. This
suggests the shift of the Neel temperature towards low temperature after the substitution of
Bi3*/Fe3* for Y3*/Mn3* in the perovskite. Besides, significant irreversibility develops below this
temperature, so that the FC curve does not present the maximum in M/H, but this ratio keeps
increasing on further cooling down to 2 K. Irreversible behaviour is usually associated with the
occurrence of spin canting and weak ferromagnetism, which is also indicated by the appearance

of hysteresis in the high field magnetization (see insetin Fig. 2(b)).

Maxima in ZFC curves are also found for x=0.2, 0.3 and 0.4, yetbroadened. Theirpositions show
a distinctive evolution with x, so that it is further shifted down to 23 K for x=0.2, yet the trend is
reversed above this x-value and orthorhombic phases with x=0.3 and 0.4 presentthe M/H maxima

at 26 and 33 K, respectively.

Irreversibility is also found for phases with x >0.1 with increasing values of M/H ratio after field
cooling. Indeed, the FCmagnetization increases from ~0.0695 emumol-' Oe-1for x=0.1up to 0.104
emu mol! Oe-'for x=0.2 at 2 K, it seems to saturate for x=0.3, but steeply increases again up to
0.231 emu mol-' Oe-'for x=0.4. It is remarkable that irreversibility for these phases (x=0.2, 0.3 and
0.4) start above the maximain ZFC, and that temperature at which ZFC and FC curves split cleary
increases with x (see inset in Fig. 2(a)), so that it is ~65, 90 and 160 K for x=0.2, 0.3 and 0.4,

respectively.

An increasing canting and ferromagnetic component with x can be thus assumed in this first
region. This is confirmed by the hysteresis of the high field response at 5 K, shown in Fig. 2(b).
Both remnant magnetization M: and coercive field Hc steadily increase with x up to values of
0.041us per ABOs unit and 3.1 kOe, respectively, for x=0.4. Note that surfaces can also introduce
weak ferromagnetism in antiferromagnetic nanoparticles, associated with uncompensated spins at

the boundaries [14]. However, and even if nanostructured, particle size remains between 65 and
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80 nm in these phases and hardly changes with composition between x=0.2 and 0.4 (and actually
up to 0.7) Therefore, the described evolution is not a surface effect, but a true bulk one.
Determination of ordering temperatures for these phases is not straightforward, because
irreversibility starts well above the temperatures at which maxima in the derivative ofthe FC curves
occur. These maxima are commonly taken as the Curie temperature of a ferromagnet, and they
take place at 32, 34 and 40 K for x=0.2, 0.3 and 0.4, though irreversibility has started well above
the respective maxima. Temperatures atwhich irreversibility sets outare usually taken as ordering

ones when this occurs.

3.2. Phase coexistence (0.5 < x<0.9)

Results on the M/H ratio during ZFC/FC cycles are shown in Fig. 3(a) and 4(a) for the five
compositions placed at the phase coexistence region, which showed decreasing fractions of
orthorhombic phase as x increased. Corresponding high field magnetizations are given in Fig. 3(b)

and 4(b) at5 K.

ZFC/FC curves for x=0.5 and 0.6 with orthorhombic phase fractions of 0.925 and 0.88,
respectively, are givenin Fig. 3(a). M/H evolution during the ZFC/FC cycle for x=0.5 is qualitatively
analogous to that of x=0.4, also included for comparison. The ZFC curve shows the broad
maximum, further shifted up to 47 K. The temperature at which irreversibility starts is also shifted
towards high temperature, so that ZFC and FC curves splitat ~215 K for x=0.5. FC magnetization
at 2 K is highly enhanced up to a value of ~0.877 emu mol-' Oe-'. Hysteresis in the high field
response at5 K is similarly increased with Mrand H; values of 0.066us per ABO3 unit and 4.0 kOe,

respectively (see Fig. 3(b)).
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Fig. 3. (a) Temperature dependence ofthe ZFC (close symbols) and FC (open symbols) static
susceptibility, and (b) isothermal magnetization at 5 K for (1-x) YMnOs-x BiFeO3 materials with

x=0.5and 0.6 in the phase coexistence region. Results for the orthorhombic phase with x=0.4 are

included again to facilitate comparison with the previous figure.
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Roughly, all orthorhombic phases between x=0.2 and 0.5, either single-phase or the majority
polymorphic form, presenta consistent evolution with x at constant particle size, so thatthey show
a maximum in the ZFC curve at an increasing temperature. Irreversibility is progressively
enhanced, and starts at a temperature that also increases with x, with growing FC magnetization
at 2 K. This suggests canted antiferromagnetism with increasing ferromagnetic component,

confirmed by the hysteresis in the high field magnetization at 5 K.

The magnetic behavior is modified from x=0.6, evenifx=0.6, 0.7 and 0.8 still have orthorhombic
phase fractions above 0.75. Although maxima in ZFC are found for x=0.6 and 0.7, they take place
at strongly reduced temperatures of 8 and 5 K respectively, while no maximum is found for x=0.8.
This suggests the disappearance of the antiferromagnetic ordering. There is still irreversibility and
thus, ferromagnetism that starts at ~335 K for x=0.6, and above the measuring range for x=0.7 and
0.8. However, FC magnetization at 2 K highly decreases above x=0.5, so thatitis only ~0.075 emu
mol-! Oe-' for x=0.6. Besides, the FC curve on cooling crosses the ZFC, so that the FC M/H ratio

is below the ZFC one in a certain range of temperatures.

This behavioris also found for x=0.7 and 0.8 over different temperatures ranges, and suggests
the presence ofa ferromagnetic phase that becomes magnetized during ZFC, and maintains the
magnetization during subsequentFC (the ordering temperature is above the measuring range).
This might be an impurity below the sensitivity of the XRD technique, but also the orthorhombic
phase itself that is ferromagnetic for x = 0.6. Recall that irreversibility starts at ~335 K for x=0.6
and above the measuring range for x=0.7 and 0.8. Consistently, the high field magnetization at 5
K still shows significant hysteresis with M; values 0f 0.060 and 0.036us per ABOs3 unit, and with He
values of 7.3 and 8.4 kOe forx=0.6 and 0.7, respectively. However, no hysteresis is found for x=0.8

(see Fig. 4(b)).
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x=0.9 is the first composition with orthorhombic fraction below 0.5 and thus properties are
expected to be dominated by the rhombohedral phase. Indeed, its magnetic response is very
different. The ZFC curve shows a small magnetization that gradually increases with temperature
up to the maximum temperature reached. On the contrary, FC curve shows a distinctive increase
of M/H ratio on cooling, so thatan increasing irreversibility develops. High field magnetization at 5
Kis hysteresis free and highly linear, butfor a slight upturn at very high fields. We will discuss this
overallbehaviorinthe next sectionwhen addressing rhombohedral phases, butit strongly suggests

antiferromagnetism with an ordering temperature above the measuring range.

3.3. Rhombohedral phases (0.925<x<1)

Results on M/H ratio during ZFC/FC cycles are showninFig. 5(a) for the four rhombohedral phases.
Similarly to x=0.9 with rhombohedral fraction of 0.73, all ZFC curves show the gradual increase of
magnetization with temperature up to 380 K, suggesting the presence ofantiferromagnetic ordering
with a Neel temperature above the measuring range [40]. This is certainly the case for BiFeOs
(x=1), which presents G-type antiferromagnetic spin arrangement with a long-range
incommensurate cycloidal modulation that emerges at 643 K [11]. Differential thermal analysis
(DTA) shows a characteristic reversible thermal effect associated with the antiferromagnetic
transition, and analogous thermal effects have been reported for x=0.9, 0.925 and 0.95 at 499, 573
and 616 K, respectively [27]. Transition would then shift towards high temperature with increasing

X, and itis already above the current measuring range for x=0.9.

All rhombohedral phases are thus antiferromagnetic. Main compositional effectis magnetization
values that are significantly higher for x=0.925 and 0.95 at 380 K: 0.063 and 0.0102 emu mol-! Oe-
1, respectively, than for x=0.975 (0.0031 emu mol-* Oe-') and x=1 (0.0025 emu mol-! Oe-1). A value

0f 0.0034 emu mol-! Oe-! was found for x=0.9.
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Ireversibility is present for all composition, yetit starts at 380 K for x=0.925 and 0.95, and at
lowertemperatures for x=0.975 and 1. Much higher FC magnetizations were found for x=0.925 and
0.95 at 2 K: 0.074 and 0.011 emu mol-' Oe-!, than for x=0.975 (0.0032 emu mol-' Oe-") and x=1
(0.0028 emu mol-! Oe-"). Irreversibility for BiFeOs single crystals has been related to low
temperature spin-glass behavior, which also results in weak ferromagnetism below the freezing
temperature [41]. Indeed, note in Fig. 5(b) the non-negligible hysteresis in the high field response

of x=0.975and 1 at5 K.

Irreversibility for x=0.925 and 0.95 most probably has a different origin, for it already starts at the
beginning of the FC curve at 380 K, and significantly higher FC magnetizations develop. Spin
canting appears in BiFeO3 when the cycloid modulation is destroyed, an effect that can be induced
by chemical substitutions like in Bi1xAxFeOs with A=Ca, Sr, Ba and Pb [15]. Similar effects have
been described for the BiFeO3-BiMnO3-PbTiOs ternary [42], and could also happenin YMnOs-
BiFeOs. Note that the enhanced irreversibility for x=0.925 and 0.95 is accompanied by the
appearance of a new, distinctive ferromagnetic contribution that adds to that of the frozen spin-

glass at2 K.

4. Discussion

Coexistence of two continuous perovskite solid solutions with orthorhombic and rhombohedral
symmetry takes place overawide range of compositions inthe YMnOs-BiFe O3 binary system. This
might indicate the presence ofa non-polar/polar morphotropic phase boundary in the system, yet
ofa different nature to that of MPBs between polar rhombohedral and tetragonal phases described
in the perovskite Pb(Zr, Ti)O3, BiScO3-PbTiO3 or Bi12Na1/2TiO3-BaTiOs systems, and characterized

by converging lattice distortions on approaching the boundary, presence of intermediate bridging
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phases and narrow composttional coexistence regions [43-45]. Similarly-wide phase coexistence
has been anticipated by a first principles study of BiFeO3-BiCoOs, associated with two stable
continuous solid solutions of rhombohedral and tetragonal symmetries with very close energies
[46]. This case was referred to as “discontinuous” as compared with conventional “continuous”
MPBs because lattice distortions diverge on approaching the boundary. The same theoretica
investigation predicted large phase-change magnetoelectric responses, associated with an
electrically induced phase transition between the P4mm and R3c polymorphic phases with

differentiated magnetic orderings [46].

Large phase-change magnetoelectric responses have also been anticipated for BiFeO3-REFeO;
systems, associated in this case with an electrically induced phase transition between non-polar
Pnma and polar R3¢ phases [32]. Analogous effects might be obtained in the YMnQOs-BiFeOs
system if the two polymorphs had different magnetic orderings. Indeed, magnetic characterizations
have revealed distinctive and differentiated magnetic properties for the two polymorphic forms,

which also evolve within each solid solution.

Orthorhombic phases are presentin (1-x) YMnOs-x BiFe O3 from x=0up to x=0.9, as single phase
up to x=0.4 and as majority polymorphic form from x=0.5 up to x=0.8. Magnetic critical
temperatures: that is, positions of the maximum M/H ratio in ZFC (Tu?FC), of the maximum
derivative in FC (TwdFC/dT), and ofthe onsetofirreversibility (Tirev), are givenin Fig 6(a) as a function
of x. Three compositional intervals can be distinguished across the orthorhombic solid solution
regarding its magnetic response, and specifically the evolution of TwZFC. Note that x=0.9 has an
orthorhombic fraction of only 0.27 and thus, its magnetic response is dominated by the majority
rhombohedral phase, as indicated by TwZFC being the maximum temperature attained during
measurements. Firstinterval would comprise x=0 and 0.1 that show both close TwZFC, TydFCdT and
Tirev values that decrease with the substitution of Bid*/Fe3* for Y3*/Mn3*, Basically, this indicates a
reduction of the Neel temperature. The specific nature of the AFM ordering of YMnO3 (x=0) is
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controversial [30]. It has been described as a collinear incommensurate, sinusoidal spin
arrangement related to E-type antiferromagnetism (this configuration is obtained in the
commensurate case, i.e. when the spin sine wave vector q takes a value of 0.5) [39]. However,
improper ferroelectricity exists, which is not compatible with the incommensurate sine wave.
Alternatively, an also incommensurate, but non-collinear spiral configuration, analogous to that of
TbMnOs3 has been proposed [28]. This is compatible with ferroelectricity and indeed, an electrical
study of epitaxial films has shown polarization direction, and its rotation under magnetic fields to

be consistent with this arrangement [28].

The decrease ofthe Neel temperature could be anticipated from the reductionin the number of
Mn3-02—Mn3* bonds and thus, of antiferromagnetic superexchange interactions. Besides,
irreversibility develops as a result of the substitution, which suggests the appearance of spin
canting and of a weak ferromagnetic contribution. Difference between FC and ZFC curves at 2K
is giveninFig. 6(b) as a measurementof this irreversibility. The breaking ferromagnetic component
is most probably associated with the new double exchange Mn3*-02—Fe3* interactions. However,
a pure structural effect cannot be disregarded, for both substitutions are expected to have
significant effects in the perovskite distortion and thus, in bonding angles. Previous structural
characterization showed a decrease of the orthorhombic cell volume from x=0 up to 0.2 [27]. Note
that the latter composition can be seen as a transition one between this interval and the next ore.
Volume shrinkage was associated with the decrease of the Jahn-Teller distortion as a result of the
reducing number of Mn3+-02—Mn3* bonds. This offsets the expansion anticipated from the large

ionic radius of Bi3* (1.17 A) as compared with Y3+ (1.019 A).

Second interval would cover compositions x=0.3, 0.4 and 0.5. All TwZFC, TydFCAT and Tirey
increase with x, as well as the difference between TydC/dTand Tirrev (See Fig. 6(a)). As already said,
x=0.2 would be then an intermediate or transition composition between two magnetic regimes:
TwZFCdecreasesinrelationto x=0.1, but TwdFC¢/dTdoes notchange and Tirevincreases. Remarkably,
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irreversibility is boosted above x=0.3. (see Fig. 6(b)). Note that x=0.5 is the composition, for which
the number of Mn3+-02—Fe3 bonds and thus, of ferromagnetic interactions is maximized. High field
response at 5 K also reflects the change of behaviour, and the magnetization at 50 kOe that
continuously increased up to x=0.2, decreases above this x-value (see Fig. 6(b)). Structurally, x=0.3
is the composition at which the tendency of the orthorhombic cell volume with x changes, so that it
continuously increases from x=0.3 up to x=0.9 (see ref. 27 and results ofthe Rietveld refinements
in Table I). An evolution from E-type to A-type AFM ordering has been described for orthorhombic
REMnOs perovskites as the ionic radius of the rare earth increases, as a result of increasing
superexchange Mn-O-Mn bonding angles. Non-collinear spiral configurations appear in the
intermediate ionic radius range as a result of competing interactions. Actually, Y MnOs is thought o
be at the boundary between E-type and spiral configurations [28], and could presentone oranother
AFM ordering depending on boundary conditions (for instance an in-plane strain field in films) or
the concentration of pointdefects (basically Mn#*). The change of behaviorobservedatx=0.2 might
then reflect an evolution from E-type to a spiral configuration. This hypothesis, however, would
require neutron diffraction studies on highly crystalline samples, not currently available, to be

demonstrated.

Third interval would comprise compositions with x=0.6, 0.7 and 0.8 (and probably 0.9 though the
magnetic response ofthe minority orthorhombic phase cannot be isolated). A distinctive drop of
TwZFC is observed in this regiondownto 8 and 5 K, for x=0.6 and 0.7, while no maximum occurs
for x=0.8. This strongly suggests the disappearance of AFM in these orthorhombic phases, which
would be a consequence of the reduction of the number of antiferromagnetic superexchange
interactions. A ferromagnetic ordered state still develops, as indicated the presence ofirreversibility
that actually starts above room temperature for x=0.6, and above the measuring range for x=0.7

and 0.8 (and likely 0.9). Note the existence of distinctive ferromagnetic hysteresis loops at 5 K
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for x=0.6 and 0.7 (see Fig. 4(b)). Loop parameters as a function of composition are givenin Fig.
6(c). Remnant magnetization continuously increases across the orthorhombic phase up to 0.065us
per ABOs for x=0.5, above which it decreases. Coercive field keeps increasing until x=0.7 up to a
value of8.25 kOe. Residual competing antiferromagnetic interactions exist, and are most probably
responsible for the low temperature maxima in the ZFC curve for x=0.6 an 0.7 that would then be
associated with spin glass behavior. Composition x=0.8 is already a transition one with magnetic

response partially controlled by the rhombohedral phase.

Although general behavior across the orthorhombic field can be roughly understood from a
competitionbetween the decreasing antiferromagnetic superexchange Mn3+-02—Mn3*interactions,
and increasing ferromagnetic double exchange Mn3*-02—Fe3* ones, the possible presence of Mn#
and/or Fe2* and thus, of additional magnetic interactions, must be also considered. Actually Mn#
has been reckoned necessary to stabilize the metastable perovskite phase at ambient pressure
[39]. A Curie-Weiss analysis was carried out for all orthorhombic phases up to x=0.4, and resulis
are shown in Fig. 7. In the case of YMnQOs, an effective paramagnetic moment of 4.93us was
obtained, which suggests the absence or very low concentration of Mn4* (spin-only magnetic
moment of Mn3* is 4.90us). Situation changes after the substituion of Bi3*/Fe3* for Y3*/Mn3*, and
increasing deviations of the obtained effective paramagnetic moments from expected ones
(according to the spin-only magnetic moments of Mn3* and Fe3*: 4.90 and 5.92us, respectively)
are found. An experimental value 0f4.60 ps is obtained forx=0.1 (5.0 ps anticipated). This would
indicate a Mn#* fraction of 0.43 that seems too high, for A or B-site vacancies must occur at the
same time. Altemnatively, one can assume the simultaneous presence of Fe 2* (along with oxygen
vacancies), that would reduce the Mn#* fraction down to 0.32 for this composition in the unlikely
limit case (all Fe3* reduced to Fe2*). Similar arguments apply to all compositions up to x=0.4. Even

though obtained effective moments slightly depend on the high temperature interval considered for
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the C-W fit, and so do Mn#* fractions, its presence along with Fe2*is clearly indicated. This was

confirmed by XPS (see Supplementary information).

Rhombohedral phases are presentfrom x=0.5 up to x=1, as majority polymorphic form for x=0.9,
and as single phase from x=0.925 up to x=1. Two compositional intervals can be distinguished
across the rhombohedral solid solution regarding its magnetic response, and specifically the
magnetization values. These would be from x=0.9 (and most probably from below, for AFM
characteristics are presentin x=0.7 and 0.8, even though properties of the minor rhombohedra
phases cannotbe isolated) up to 0.95, and from x=0.975 up to x=1. All phases, atleastfrom x=0.9
ad up to x=1, are antiferromagnetic with a Neel temperature that is above the measuring range,
and that increases with x according to DTA results [27]. Main difference is magnetization, and the
temperature at which irreversibility starts that seem both higher in the first interval. This might be

associated with the spin cycloid characteristic of BiFeOs, which would be absent for x<0.95.
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Fig. 7. Curie-Weiss analysis of the static susceptibility for the orthorhombic single -phase (1-x)

YMnOs-x BiFeO3 materials.
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Nonetheless, the possible presence of magnetic impurities below the sensitivity of XRD must be
considered, forthis is a recurrent issue when BiFe O3 based materials are addressed [11]. This was
studied for x=0.925, which showed the highest magnetization and irreversibility levels (see Fig. 5).
A new set of samples thermally treated at increasing temperatures from 650 up to 900 °C were
characterized. This experiment was devised to reveal any possible secondary phase going
unnoticed in the sample thermally treated at 825 °C. However, no unreacted oxides or intermediae
phases were revealed insamples treated at 650 or 700 °C, nor decomposition products were found
for that treated at 900 °C. XRD patterns for all materials are giveninthe supplementary information.
Only noticeable effect was the peak width that clearly decreased as temperature was increased.
This is mostprobably an effect of crystal size, because particle size increase s from 65-80 nm for
the materials thermally treated at 650 and 700 °C, up to 0.5 um and above the micron for those
annealed at 825 and 900 °C, respectively. Note that peak spliting associated with the
rhombohedral distortion is only resolved for the two latter cases. This increase in crystal size has
significant effects on the magnetic properties, as shown in Fig. 8. Indeed, a distinctive increase of
magnetization takes place when the temperature ofthe thermal treatment is raised from 700 up to
825 °C, i.e. when particle size is increased out of the nanoscale. M/Hratio at 380 K is only 0.0065
emu mol-' Oe-'forthe sample treated at 700 °C, and 0.0636 emu mol-' Oe-" for that treated at 825
°C, further raised up to 0.3181 emu mol-' Oe! after the treatment at 900 °C. Ireversibility also
shows a similar increase with size, and a FC ratio 0f0.346 emu mol-! Oe-'is reached at2 K for the
latter sample. This is accompanied by a distinctive enhancement of the new ferromagnetic

contribution in the high field magnetization at 5 K, with Mrand Hc values of ~ 0.0028us and 55 Oe,

respectively.
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These results seem to rule out a role of magnetic impurities, and to uncoverinstead an effect of
crystal size on spin canting and the associated weak ferromagnetism for rhombohedral phases.
This spin canting would only take place for phases with x between x=0.9 and 0.95. Note that the
perovskite oxide with x=0.9 could not be treated above 750 °C before decomposing, so crystl
sizes beyond the nanoscale were not attained in this case. Note also that spin canting is not
observed for x=0.975, in spite of this composition having been thermally treated at 825 °C. This
suggests the cycloidal modulation of the G-type antiferromagnetic arrangement to be absent for

phases up to x=0.95, and present for x=0.975.

Magnetic characterizations have revealed polymorphic phases in coexistence across the system
to have differentiated properties. Mostinteresting interval might be from x=0.6 up to 0.9, for which
coexistence between nonpolar orthorhombic ferromagnetic phases and polar rhombohedral
antiferromagnetic ones, the latter then multiferroic, seem to occur at room temperature. Equal
phase percentages must be obtained for a composition between x=0.8 and 0.9, and strong
magnetoelectric responses can be expected from their interaction whether itis elastic, electrostatc
or magnetic [47]. However, studying coupling requires solving ceramic processing, challenging
because phases in this range decompose when heated above 550-750 °C. Electrical poling of
ceramics is also necessary, which might be notstraightforward either. Hopping conductivity is often
an issue in multiferroic oxides when different species and valence states are presentat the B-site,

as itis the case here. A specific study addressing both issues has recently been reported [48].

5. Conclusions

Two stable and continuous perovskite solid solutions with orthorhombic Pnma and rhombohedral

R3c symmetries are presentin the (1-x) YMnOs-x BiFeOs binary system, which coexistacross a
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wide compositional range that spans from x=0.5 up to 0.9, with varying percentages. The two
perovskite polymorphic forms show distinctive magnetic properties with differentiated evolutions
within each solid solution. For orthorhombic phases with x-values ranging from x=0 up to 0.9, three
compositional regions can be distinguished regarding their magnetic response. The
antiferromagnetic ordering of YMnO3 seems to be basically preserved up to x=0.1, though a
decrease ofthe Neel temperature and the appearance of irreversibility, indicating spin canting, are
found. For x=0.2 up to 0.5, a canted antiferromagnet still exists, but the ferromagnetic component
is gradually enhanced, at the same time ordering developsatincreasingly high temperatures. From
x=0.6, antiferromagnetic features were notobserved anymore, though the ferromagnetic behaviour
remains, and is already observed at room temperature. Relating rhombohedral phases present
from x=0.5 up to x=1, and as majority or single-phase from x = 0.9, antiferromagnetic ordering is
indicated for all compositions with Neel temperatures above 380 K. Spin canting and weak
ferromagnetismthat is enhanced by particle coarsening are observedforx-values between0.9and
0.95, but not for x=0.975 and x=1. Two compositional intervals exist then in the rhombohedrd
region, most probably associated with the destruction of the long range cycloidal modulation of
BiFeOs as x decreases. Overall, these results define a compositional region between x=0.6 and
0.9, where a non-polar orthorhombic ferromagnetic perovskite phase coexist atroom temperature
with a polar rhombohedral canted antiferromagnet. Large phase-change magnetoelectic
responses can then be expected, associated with the electrically induced phase transformation

between the two polymorphic phases.
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Supplementary data

Supplementary Rietveld analysis
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Figure S1. Rietveld analysis of XRD data for the rest of the (1-x) YMnOs-x BiFeO3 materials in the
phase coexistence region, assuming a mixed orthorhombic Pnma and rhombohedral R3¢ model.
Note the evolution from a majority orthorhombic phase to a majority rhombohedral one as x

increases. Refined orthorhombic fractions are provided in the article (Table 1).
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Supplementary XPS data
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Figure S2. XPS spectra for the (1-x) YMnOs-x BiFeO3 materials with x=0.2 and 0.4 (orthorhombic
region) in the energy intervals across the Mn 2p and Fe 2p lines. Note the presence of Mn#*and
Fe2* contributions, along with the Mn3* and Fe3* ones for both the 2p+2 and 2p32 signals. Satellite
Fe 2p lines are also indicated. A SPEC GmbH spectrometer with UHV system, equipped witha
PHOIBOS 150 9 MCD energy analyzer (SPECS Surface Nano Analysis GmbH, Berlin,
Germany), and an Al (1486.74 eV) monochromatic source with a power of200 W and a voltage

of 12 kV were used to carry out the analysis.
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Supplementary XRD data
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Fig. S3. XRD patterns for (1-x) YMnOs-x BiFeO3 materials with x=0.95 (rhombohedral region),
thermally treated at increasing temperatures. Note the absence of secondary phases for all
cases, and the increased crystallinity as temperature is raised, so that the rhombohedral

distortion is resolved after heating at 825 °C.
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