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Abstract: New AcFe(Mny sWo5)Os (A= Ca, Sr, Ba) double perovskite oxides have been
prepared by ceramic techniques. X-ray diffracti¥iRD) complemented with neutron
powder diffraction (NPD) indicate a structural axtan from monoclinic (space group
P2:/n) for A= Ca to cubic Em-3m) for A= Sr and finally to hexagonaP6/mmg for
A= Ba as the perovskite tolerance factor increagiéls the A* ionic size. The three
oxides present different tilting schemes of the Fa@ (Mn,W)Q octahedra. NPD data
also show evidence in all cases of a consideratiessie disordering, involving the
partial occupancy of Fe positions by Mn atoms, agd-versa. Magnetic susceptibility
data show magnetic transitions below 50 K charatdrby a strong irreversibility
between ZFC and FC susceptibility curves. The A a perovskite shows a G-type
magnetic structure, with weak ordered magnetic nmisndue to the mentioned antisite
disordering. Interesting magnetostrictive effecte abserved for the Sr perovskite
below 10 K.

Keywords: Double perovskite; tolerance factor; anti-site digsing; neutron
diffraction; SpFeMoQy



1. Introduction

Iron oxides with double perovskite structure hatteated a lot of attention since 1998,
when Kobayashi et dlpublished that the SfeMoQ; oxide was a ferromagnetic half-
metal with Curie temperature {~ 400 K, a saturation magnetizationdM 3.1pug at
low temperature and presented magnetoresistano®mt temperature (MR = 42 % at
4.2 K and MR = 10 % at 300 K both at 7 T fieldshisl paradigmatic compound has
been synthesized and studied on numerous occasiotis,the aim to optimize its
properties and make it useful for possible apgbcst In 1999 Kim et &. also
observed intergranular magnetoresistance at roompdwrature; finding values of MR =
6 % with an applied field of 1.5 T andd¥# 1.3ug, although these authors did not study
the cationic disorder. Garcia-Landa et® aynthesized the material by solid state
reaction, treating the starting oxides at high terapures in reducing flows, and
obtained M = 2.2 ug and MR = 3.9 % (applied field of 2 T and room temgture).
Later on, a Monte Carlo simulation stddjhowed the influence of the disorder between
Fe and Mo on the properties of the oxide; sincen themerous articles have been
published where the cationic disorder is relatedthie properties of the material.
Niebieskikwiat et af.obtained M = 2.7ug and T ~ 405 K. Other studies illustrated the
importance of the reduction step at high tempeeatarcurrent of 1% K/ Ar and
obtained a compound with 4 % of Fe atoms in Mo tpwss and M = 3.6 g °. Further
improvement§® yielded SsFeMoQ; with 2% of disorder, M= 3.75uz and T ~ 420

K. In a previous work we achieved an almost coneptetiered SFeMoQ; with Ms =
3.97ug, MR =45 % at 5 K foH =9 T and low-field MR = 6.5% at room temperature
forH=0.3T?

Beyond SgFeMo(Q;, other AFeB’Os double perovskites (A= alkali-earth ions; B'=
second or third-row transition metal) and derivesiwere describéd*2 Following this
investigation, we were attracted by the study oWehooxides of stoichiometry
AFe(Mny sB”05)0Os where A= Ca, Sr, Ba; B’= W, Mo, Te and Re. In theries of
compounds we are replacing half of the B’ atomsMby'*, in a trial to enhance the
magnetic interactions with the Fe sublattice. le thresent work we address the
preparation, structural and magnetic characteanadf the AFe(MmnysWy5)Os series.

We have successfully prepared these new phasesramic procedures; a preliminary



XRD study suggests that the A=Sr material is cy8ids. Fm-3n) whereas the Ca-
containing sample is monoclinic (S.B2/n) and the Ba-containing oxide is hexagonal
(S.G.P6s/mmq. This is in agreement with the evolution of tbketance factor when the

A ion radius varies from Ca to Ba.

Due to the similarity between the X-ray scatterfiagtors of Fe and Mn it is not
possible to obtain information on the distributiohboth cations between the two B-
sublattices; the knowledge of the possible anéi-gffect (Fe at Mn positions or
viceversa) is of paramount importance for the prietation of the magnetic properties.
This is particularly feasible from NPD data, giviye contrasting scattering lengths of
Fe and Mn, of opposite sign. Therefore, we havéopeed a careful structural study of
the three members of this family,Pe(Mny sWo.5)0s With A= Ca, Sr and Ba from NPD
data in order to confirm and refine the crystal&uires at RT and low temperature and to
study the eventual magnetic structures at low teatpe, in complement with

magnetization measurements.

Experimental Section

A Fe(Mny sWo 5)O6 (A= Ca, Sr, Ba) perovskites were synthesized lig state reaction
between A(N@). (A= Ca, Sr, Ba), F®; MnO, and WQ in the stoichiometric
proportions. The mixtures were ground and calciaetio00 °C for 24 h. Subsequently,
the products were treated at 1200 °C for 6 h xnédiwith several interval regrindings.
Finally the samples were calcined at 1300 °C foh1ihtil single AFe(MrnysWo.5)Os
phases were obtained. All the calcination stepsvearried out in alumina crucibles

and in air atmosphere.

The final materials were characterized by XRD fdrage identification and for
assessment of the phase purity using a Brucker ib@&aometer (40 kV, 30 mA),
controlled by a DIFFRACTPLUS software, in Bragg-Biano reflection geometry with
CuKa radiation § = 1.5418 A), between 10 and 6@ @egrees. NPD was also essential
to characterize the subtle structural features eamcg oxygen positions, octahedral
titing and Fe/Mn antisite disordering. For A= Smjgh-resolution patterns were
collected in the 3T2 diffractometer at the LLB indf, in Saclay (France), with =
1.2254 A, and low-temperature data at G4.1 instninfe = 2.4226 A) of the same



Institut. The RT patterns for A= Ca, Ba were cdibecat the D1A diffractometer of the
Institut Laue-Langevin, Grenoble, in the high-resion configuration with a neutron
wavelengthh = 1.91 A. The low-temperature measurements weriompeed at D1B
diffractometer withi. = 2.42 A. In all cases, about 2 g of the samplegeweontained in
vanadium cylinders. The NPD data were analyzedhieyRietveld methdd with the
FULLPROF prograrf. A pseudo-Voigt function was chosen to generatditte shape
of the diffraction peaks. In the final run, theléaling parameters were refined: scale
factor, background points, zero shift, half-widtseudo-Voigt corrected for asymmetry
parameters, unit-cell parameters, positional coatéis and isotropic displacement
factors for all the atoms. The coherent scattelemgths of Ca, Sr, Ba, Fe, Mn, W and
O were 4.70, 7.02, 5.07, 9.45, -3.73, 4.86, an@316, respectively.

dc magnetic susceptibility measurements were caroetl using a commercial
(Quantum Design) SQUID magnetometer in the temperatange from 2 K to 400 K
under a 0.1 T external magnetic field. The isott@rmagnetization curves were

obtained for magnetic fields going from -5 Tto5 T

Results and Discussion
Structural Characterization at Room temperature

The materials of the Ae(MnysWo5)Os (A= Ca, Sr, Ba) series were obtained as well-
crystallized polycrystalline samples of dark-brownolor. The XRD diagrams are
characteristic of perovskite-type structure (Figure showing different types of
superstructures and symmetries. No impurity phasese detected in the x-ray
diagrams. Figure 1 shows the Rietveld fits of XRidadconsidering the models derived

from NPD data described below.

CazFe(M n0_5W0_5)06

The fine details of the crystal structure of;B&(MnysWo5)Os Were refined from the
high resolution NPD data collected at 295 K. It wafined using the monoclinic space
group P2/n (#14). This symmetry has been typically obserwvedhost of the double
perovskites containing Ca at the A-sublatfi¢d The unit-cell parameters are related to



ao (ideal cubic perovskiteg, = 3.8 A) asa = v2a,, b = v2a,, ¢ =23, , B = 90°. This
space group considers two different crystallograppositions for the B and B’
octahedral cations in 8B Og, as well as 3 kinds of non-equivalent oxygen at¢dis
02 and 0O3), all in general positions. 8&and B’'Q; octahedra alternate along the three
directions of the structure, in such a way thahea®s; octahedron is linked to 6 B{O
octahedra, and vice-versa. The main componenteotistortion from the ideal cubic
perovskite structure corresponds to the tilt of B@ octahedra, of the typéaa’ in the
Glazer's nomenclature, in th€2/n space group. Table | contains the unit-cell
parameters, atomic positions, isotropic displacenfeetors, occupancy and reliability
factors of the refinement at 295 K. Table Il lishe interatomic distances and some
selected bond angles. An important anti-site effeas refined between the Fe at 2
sites and the Mn at 2b positions, considering Watas fully located atl2sites, since a

clear superstructure peak was observed at the X&terp at 8 = 19 °.

The final crystallographic formula after the refiment was
Ca(Fey.70(1Mno 30(1)24(F&.30(1MNo.20(1)Wo.5)2006. HOwever, there is some extent of long
range ordering between Fe and Mn, since Fe atom®m@ferentially located ata2
octahedra, what allows us to consider it as a doyddrovskite structure. A total
disordering would have required a refinement in Bimm space group where there
would be a single octahedral B site containing theee different metal atoms
distributed at random.

Figure 2.a displays the Rietveld plot illustratitige goodness of the fit between
observed and calculated NPD data at RT. In thet ngimel a view of the crystal
structure is shown, enhancing the rotation of thetaleedra (Fe,Mn)§ and
(Fe,MnW)Q in phase along the direction (001) of the pseudmcicell and in
antiphase along the directions (100) and (010)it Asexpected, there are three types of
Y (B-O-B’) bond angles. The average tilting angla ba estimated b§ = (180-W)/2, in
each crystal direction taking the value®9gt= 12.20 °0g = 13.75 ° an®c = 12.24 °. The
monoclinic angle is very close to 90°, which intisathat the cell has a strong pseudo-

orthorhombic character.

SroFe(MngsWo.5)Os



Figure 2.b shows the results of the refinements fneutron diffraction data for the A =
Sr sample. The XRD and NPD profiles shows a nurobareak odd-odd-odd or F-type
reflections such as 511 and 531, indicative of ongeof the Fe/Mn (NPD) and W
(XRD) cations, which double the unit-cell size. Tdiesence of any appreciable splitting
of the Bragg reflections in the XRD and NPD prdfilstrongly suggests that this
material is indeed cubic. The crystal structure wedged in the space group Fm-3m
with a = 7.8433(4) A, twice the unit-cell paramedéthe cubic perovskite aristotype.
Despite the experimental evidence of the absens&wftural distortion from the cubic
symmetry, the chance of a tetragonal distortion wassidered, and some trial
refinements in thé4/m space group were carried out. These attemptg tbefidata to
this model were unsatisfactory, since the tetraligynadex (c/a) was always almost 1
(a = b = ¢) with the refinement invariably suggegtan unrealistic distortion of the BO
octahedra. The above-mentioned peculiarities plegptesence of an almost null tilting
angle along the c direction (S.@/m in perovskites is characterized b’ tilting
system in the Glazer’s notation) confirms the atmsesf tetragonal distortion and the
cubic nature of the crystal structure. Figure 2hbvés the goodness of the Rietveld fit
for the A= Sr sample refined in the cubic modele Tight panel of Figure 2.b shows a
view of the cubic superstructure. Table | lists thain atomic parameters after the

refinement at RT, and Table Il the main interatothgtances and angles.

There is only one variable structural parameteth cubic structure, concerning the
oxygen at 24 (x,0, 0) sites, with x very close to Va4, relatedtih@® non-equivalent
octahedral sizes. In the final refinement cycless@ropic displacement parameters
were refined for the oxygen atoms, leading to allsmerease in the quality of the fit
with R, decreasing from 11.2% to 10.75%6, from 5.36 to 4.88 and &Rfrom 2.31% to
1.99%. The displacement parameters for this atqmeapto be flattened along the B-O-
B bond direction, as it is expected, with equivalisotropic displacement parameters of
1.52 K.

For the refinement of the anti-site disorder, theatdms were kept at theb &ites
(derived from the XRD analysis) and the mixed oemngy of Fe and Mn betweem 4
and 4 sites was refined from NPD data. An important eatd anti-site disorder was
found, implying that a considerable number of Faret are at Mn nominal positions

and vice-versa. The final refined stoichiometry cabe re-written as



SI’Z(FQ]G(]_Mn0_24(194a(FQ).24(1Mnolze(l)\No_s)4b05. In fact, if we analyze the
stoichiometry and the disorder, it seems that #mepde is acquiring the highest disorder
value admitted between Mn and Fe, since theside shows a 1:1 mixture of both

cations.

The expected bond-lengths values were calculatadsing the tabulated Shannon ionic
radii considering F&/Mn**/W°®" in a purely ionic model. The obtained values wee
O>4, = 2.017 A and <B-Oz = 1.993 A. From the analysis of the refined bosgths
from Table II, the octahedra seem to be underangtcompressive stress, since they
are considerably shorter than the calculated of@s. issue suggests the presence of a
strong covalence at most of the M-O bonds and stppbe Mn(IV) oxidation state
instead of Mn(Il) or Mn(lll). The calculated bondsthnces for these two possible
options were markedly higher: For Mn(lll): <B-@>= 2.045 A and <B-Oa = 2.0225

A and for Mn(Il): <B-O>,= 2.0894 A and <B-Os = 2.0706 A. Moreover, the absence
of oxygen vacancies, microscopically determinednfrthe refinement, supports the
presence of Mn(IV) instead of Mn(Il) or Mn(lll).

BayFe(Mng sWo.5)Os

The symmetry of the perovskite structure is strgrigfluenced by the difference in
sizes of the cations A and B. In the present cdse,A=Ba perovskite presents a
tolerance factor of t = 1.05, due to the bulky sf#a and, therefore, the system tends
to evolve to a hexagonal symmetry, in which parthefoctahedra happen to share faces
instead of vertices. The prototype of the hexagdisibrtion in perovskites is found in
one of the BaTi@polymorphs. It is a laminar structure whose ualt contains 6 layers
of BOg octahedra, so they are called 6H-type perovskitestructure contains dimeric
units of octahedra sharing faces, intersperseddmstvoctahedral layers with common
vertices to the dimers, and defined in the spacemP6;/mmc(No. 194). In double
perovskites, this arrangement contains 2 differeations in the B sublattice, in
octahedral positions with a 2: 1 ratio. Therefarés ideal for perovskites with formula
A3B,B’Oy, which naturally possess twice as many B catianB’acations. However, it
can also be adopted by double perovskites withioeld®: B'= 1: 1. In this case there is
an intrinsic disorder at least over the nominalifpms B', which contain 1/3 of the

octahedral atoms.



In the present case of ga&(Mn sWo5)Os, the structure was refined from NPD data at
room temperature in the hexagonal space gRépmme Z = 3, with a = 5.7408(1) A
and ¢ = 14.0538(3) A. In this space group theretameindependent positions for Ba
cations; Bal located ath20,0,1/4) and Ba2 atf41/3, 2/3, z) sites. There are two
different crystallographic positions for atoms ap@sition, with different multiplicity:
2a (0,0,0) and #(1/3, 2/3, z); and there are two types of oxygema in 6h (x, 2x, 1/4)
and 12k (x, 2x, z) positions.

Figure 2.c shows the Rietveld refinement plot dreright panel displays a view of the
hexagonal structure of Bae(MnsWos)0Oe. It is important to note that (Fe,MiDe
octahedra (where Fe or Mn are &tides) share faces through O1 oxygens; these slimer
are connected along the ¢ axis by a single octahatieet of (Mn,Fe,W)Os (at 22
sites). The degree of disorder between both kin@aoc&dnd 4 octahedra was refined,
assuming that some of the Mn atoms of theites could replace the Fe atoms af 2
sites, and vice-versa, constrained to the initialchiometry Fe:Mn = 1:0.5. W was
always kept at # sites. The final crystallographic stoichiometry swa
Bag(Fey.s0(1MNo.201)24(F&.70aMNo s5(1\Wo.75)4i09 after refining the structure at room
temperature. The bond lengths analysis shows dasitrend as that observed for the Sr
sample, were the presence of Mn(lV) instead of(theand (Ill) species is suggested.
The dimeric units show an average bond distanceS#5 A against 2.014 A obtained
for the vertex-sharing octahedra; the tabulatedcioadii for the cations aré'Fe’* =
0.645 A,V'Mn*" = 0.53 A and’'W® = 0.60 A. The expected bond distances were <B-
O>,,=2.022 A and <B-Oz = 1.9965 A. From these it seems plausible a hig#iend
Mn occupancies at the dimeric sites. A strong aavatontribution is suggested for
these bonds, manifested by the presence of a cesipeestress, as it was observed for

the Sr and Ca samples.

In the BOg dimers, the B ions are displaced from the centehe octahedra along
opposite directions, to give B-B distances of 2(84%A. The similar phenomenon was
observed in the ruthenium analogues and in straltyurelated oxides consisting of
MO, dimers®22 which may be caused by the electrostatic repulsfoM ions within
the MpOg dimer. The B-O bonds are distorted to accommodeedisplacement of B
ions: the B-O bond in the face-sharing octahededarger than those to the oxygens at
the top or bottom of the dimer. Moreover, the skirig of the 0O2-0O2 distances at the



common faces of the dimer contributes to the shgldf the B-B electrostatic
repulsion. From the analysis of this structure, goestion can come to mind: If there
are B-B repulsions, why the highly chargedVtoms occupy these sites, since it
seems energetically more favourable for the whygstesn that the less charged atoms
are located at those sites. However, the preseheedbelement at the dimers could
stabilize the displaced configuration, since i) tlseurrence of second-order Jahn Teller
distortion and ii) the formation of stronger andaker B-O bonds could reduce the
energy of this repulsive configuration, by removihg degeneracy of the bonds at the
B,Og dimer.

Low temperature evolution: Crystal structure and Magnetic behaviour

Figure 3 illustrates thg vs T curves for the & e(MnysWo50s (A= Ca (a), Sr (b), Ba
(c)). The three samples show similar behaviour$ wihall values of susceptibility at
low temperature, typically observed in chemicallgoddered systems. The zero field
cooled (ZFC) susceptibility shows a maximum belo® I8, symptomatic of the
establishment of long range magnetic ordering, wderthe field cooled (FC)
susceptibility reaches a plateau below this tempera This thermomagnetic
irreversibility between ZFC and FC curves, suggesatsting of the ordering magnetic
moments, or cluster glass-like behaviour. This djeace has been previously reported
in analogous double perovskites due to the competiof the different magnetic
interactions between the different magnetic catioviich hinders the establishment of

a long-range ordered magnetic arrangerfiént.

Moreover, these phases do not follow a Curie-Wkaigsseven near room temperature,
suggesting the presence of magnetic interactioen et RT. This issue could be
associated with the formation of magnetic nanomgiach in Fe(lll) at both octahedral
sites, where the magnetic interactions start ooyt markedly higher temperatures,
as it happens in LaFe®. The difference with that example is that hereekiension of
these regions probably does not allow a long ranggnetic ordering, at least until the
establishment of Fe-O-Mn interactions at lower terafures. The magnetizatiors
magnetic field cycles at 5 K (Fig. 3d) shows a mexgligible hysteresis, which indicates
the presence of weak ferromagnetic interactiong)gpes mediated by double exchange

between neighbouring Eeand Mrf* ions.



In order to study the microscopic origin of the metic behaviour we have collected
NPD patterns down to 2 K for the Ca and Sr samBesh perovskites maintain the
same crystal structure in the studied temperatange. Figure 4 shows the thermal
evolution of the neutron diffraction patterns fath oxides. The Ca specimen sample
shows a gradual growth of previously existent aitens, below 180 K approximately;
while the Sr sample does not show neither additipaaks nor reductions of symmetry
in the entire temperature range. However, somerasti@g peculiarities could be
highlighted for both oxides:

CEMW: Upon cooling, two tinny peaks a®2 33 ° (d = 4.45 A)and@=43°(d =
3.44 A) grow restrainedly in intensity as temperatdecreases; these peaks coincide
with some of the crystal structure reflections,d&splayed at Figures 4 and 5. Those
peaks suggest the development of a long-range eaatifiagnetic ordering. The
magnetic structure has been modeled as a G-typéeramihagnetic (AFM) cell,
characterized by a propagation vector k = [0 Oif]which the magnetic moments
located on the B sites are oriented almost partdl#hea-axis with a small component
along thec axis, while no component alofigwas observed (See the inset of Figure 5
and Figure 6). The spins are antiferromagneticadiypled to the six nearest neighbors
(disregarding, so far, the presence of randomlyitlised non-magnetic W ions). The
refinements were carried out with some constrajiven the great disorder and the very
low intensity of the magnetic reflections. By thway, we have refined the spins in both
sites with the same magnitude. As mentioned, tisene evidence of B-component of
the spins. Figure 7 shows the thermal evolutiothefunit-cell parameters, volume and

magnetic moment components for the sample.

The long range magnetic ordering is observed bel@w K. Figure 7.a shows the
second derivative curve of the magnetic susceftyilfih red) together with the unit-cell
volume thermal evolution. Two events marked withchl vertical lines are observed.
The first one is characterized by a slope changbeotinit-cell volume evolution at 175
K, coincident with the deviation from zero of thesseptibility derivative curve and the
start of the long-range magnetic ordering, as remmarked at Figure 5.a by the growth
of the mentioned reflections. The refined magnetaments have the main component

along thea axis while there is nb-component. The interaction alobgs more intense



than the other two ones, generating a greatertaesis to contraction, actually the
parameter remains almost unchanged from 175 t& Zmagnetrostrictive effect). The
second event occurs at 50 K. At this point thera 5% drop of the unit-cell volume.
This compression mainly occurs along thexis, which in fact is the only parameter
suffering a contraction at this temperature. Aftes axis compression, tlrecomponent
of the magnetic moment starts disappearing, to @iveull c-component at 2.4 K.
Finally, the most compressible parameter is #axis, where finally the whole
magnitude of the magnetic moment lies. The deangasate of thec-component is
almost the same as the increasing rate ofatbemponent below 50 K, which means

that the system is tending to asaxis-collinear arrangement of interacting spins.

Unfortunately, since our low temperature data atkected with a long wavelength, the
refinement of the oxygen positions in the complesnioclinic structure is not possible,
SO we are not able to obtain accurate informatiooutithe bond lengths and angles
across these singular events. Synchrotron X-rafyadifon and/or Neutron Powder
diffraction with shorter lambda would be very heipfo analyze the low-temperature

structural behavior of this sample.

SEMW: The low-temperature thermal evolution observedtfos sample from NPD
shows no evidence of long range magnetic orderihghe spins, even at 1.6 K.
However as it was pointed out previously, thera magnetic event occurring below 50
K at the susceptibility curve. This is charactediz®y an irreversibility between the FC
and ZFC curves, quite possibly mediated by thengtrstructural chemical disorder
between the B-site cations; the separation betwleeirC and ZFC curves resembles a
spin glass or cluster glass behavior. This kindedfavior has been related several times
to strongly disordered structures and the preseficeery small magnetic domains.
Although the magnetic order of the spins occury anlshort range, there is a plausible
coupling (as it was observed for the Ca samplejéen the magnetic interactions and

the crystal structure.

Figure 5 shows the Rietveld refinement of the ldwksnperature pattern, only
considering the crystal structure, and Figure ®ldigs the thermal evolution of several
parameters of the crystal structure. The unitaogllime shows a rare behavior below 20

K; in particular the unit-cell volume shows a négatthermal expansion between 10



and 1.6 K. This negative thermal expansion seenfie tassociated with the octahedral
volume of the 4 crystallographic site, which is occupied by 70%Fef and 30 % of
Mn. The octahedral volume remains almost invariablgl 20 K (see Figure 8); under
this temperature down to 10 K there is a markedimel drop, as discussed below.
Finally, below 10 K the octahedral volume starteréasing again, suggesting a
magnetostrictive effect, where the crystal struettgacts against magnetic frustration
by impeding the normal thermal contraction. At tloevest temperature (1.6 K) it
reaches almost the initial volume value observetDat. This octahedral volume effect
is related to an abrupt oxygen shift along 24e,Q},(positions, and suggests the
breathing modes of neighboring octahedra, theodtahedron contracting and thb 4
octahedron brusquely expanding (Fig. 8). This éffecnot well understood so far,
although a charge ordering or charge transfer nmesima between neighboring
octahedra could be invoked. In any case, this Ewgerature sudden contraction-
expansion of the octahedral volume had not beewiqusly described in perovskite
oxides and certainly deserves more attention utdizhe adequate high-resolution

techniques.
Conclusions

Three new double perovskites of formulg=&(Mny sWo 5)Os (A= Ca, Sr, Ba) have been
designed, synthesized and studied. X-ray diffractiXRD) complemented with
Neutron Powder diffraction (NPD) indicate a struatuevolution from monoclinic
(space groupgP2:/n) for A= Ca to cubic Fm-3n) for A= Sr and finally to hexagonal
(P6s/mmg for A= Ba as the perovskite tolerance factor éases with the & ionic
size. The three oxides present different tiltingpesnes of the FeQand (Mn,W)Q
octahedra and all of them show a cationic disogteater than 70 %. This disorder
generates very interesting magnetic and strucpn@erties. The three samples show
similar behaviors with small values of susceptibilat low temperature, typically
observed in chemically disordered systems and atéomperature magnetism ruled by
spin or cluster glass states. There is a markechetagstructural coupling for the Ca
sample and an irregular unit-cell volume evolutionthe Sr perovskite, finishing with
a negative thermal expansion between 10 and 1igesting magnetostrictive effects
tending to minimize magnetic frustration. It is gusing the great difference observed

in the low temperature evolution of the Sr and @agles and further experiments will



be necessary to map in a very precise way the goolof the bond lengths and angles
across the transitions and to understand the umagrpbhysical mechanism behind

these peculiar behaviors.
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Table I: Unit cell, positional and displacement parametershe compounds under study
in the monoclinicP2/n space group for CFMWEM-3mS.G. for SFMW andP6;/mmc
for BFMW from NPD at 295 K.

CFMW SFMW BFMW
S.G. P2/n Fm-3m P6y/mmc
a(A) 5.40873(16) 7.8434(3) 5.74084(9)
b(A) 5.47457(17) =a =a
c(A) 7.68234(25) =a 14.05383(3)
B(® 90.03(1) 90 y=120
Vol(A3) 227.477(12) 482.522(4) 401.120(13)
Ry (%) 9.28 10.7 11.5
Rup(%) 9.06 9.23 10.5
Rexp(%) 6.15 4.18 6.33
Rerace(%) 3.59 1.99 4.66
X2 2.17 4.88 2.74
A X 0.0079(5) Ya 0
y 0.0384(3) Yy 0
z 0.249(3) Ya Yy
Biso(A2) 1.65(6) 1.10(2) 0.44(9)
A2 X - - 1/3
y = - 2/3
Z - - 0.5934(2)
Biso(A2) - - 0.85(9)
B1 X Yo 0 0
y 0 0 0
z 0 0 0
Biso(A2) 0.5(3) 0.29(7) 0.81(9)
B2 x 0 0 1/3
y Yy 0 2/3
z 0 Ys 0.1487(2)
Biso(A2) 0.8(3) 0.57(8) 0.4(1)
01 x 0.291(1) 0.2506(4) 0.4831(1)
y 0.291(2) 0 0.9661(2)
z 0.035(1) 0 Yy
Biso(A2) 1.9(1) B = 75(1)x10 1.31(5)
B, = 75(1) x1¢'
Bas = 36(2) x10¢*
Bec = 1.518
02 x 0.296(1) - 0.1653(1)
y 0.292(2) - 0.3306(1)
z 0.457(1) - 0.4172(1)
Biso(A?) 1.1(1) 1.53(1) 0.98(4)
03 x 0.9253(3) - =
y 0.4817(3) - -
z 0.249(2) = >
Biso(A2) 1.47(6) -




Table Il: Main interatomic distances (A) and angles (°) ieta for the B polymorphs

at 295 K.

| CEMW | SFMW BFMW
A-O Polyhedron
A-O1 2.39(3) 12 x 2.7730(1) 6 x 2.8756 (7)
2.64(3)
2.65(3)
A-02 2.34(3) - 6 x 2.8677 (3)
2.63(3)
2.69(3)
A-03 2.468(3) - -
2.363(4)
<A-O> 2.8716
A-O Polyhedron
A-O1 - - 3 x 2.859(2)
A-02 - - 3x2.987(2)
3 x 2.874(1)
<A-O> - - 2.8988(5)
B-O Polyhedron
B-O1 2x1.979 (11) 6 x 1.966(4) 6 x 2.0140 (4)
B-02 2x 1.991(10) - -
B-O3 2x 1.973 (16) - -
<B-O> 1.9801 1.966 2.0140
01-B1-01 180 180 -
02-B1-02 180 90 89.04(4)
01-B1-02 91.2(4) 90 -
02-B1-03 88.6(2) - -
B’-O Polyhedron
B2-01 (x2) 2x 1.958(10) 6 x 1.956(4) 3x2.059 (2)
B2-02 (x2) 2x 1.970(10) - 3x1.910 (1)
B2-03 (x2) 2x 1.958(16) - -
<B2-O> 1.9619 1.956 1.9851 (7)
01-B2-01 180 180 77.50(8)
02-B2-02 180 90 98.47(7)
01-B2-02 90.0(5) 90 91.09(4)
02-B2-03 89.75(19) - -
B1-0O1-B2 155.6(5) 180 -
B2-01-B2 - - 87.44(17)
B1-02-B2 152.5(5) 180 173.71(10)
B1-03-B2 155.51(10) - -
Oa 12.20 =
6 13.75 -
Oc 12.24 =




Figure Captions

Figure 1. Rietveld plots of a) G&ke(MmnWos5Os b) SeFe(MnsWos)Og; C)
Ba,Fe(Mny sWy 5)Os from laboratory x-ray data with CyKadiation.

Figure 2: Observed (circles), calculated (full line) and éliffince (bottom) profile after
a refinement for the three studied samples frorh hegolution NPD at 295 K data. On

the right of the figures the crystal structure esgntations of each sample are detailed.

Figure 3: Thermal evolution of the magnetic susceptibilityeld cooling (black
markers) and zero field cooling (blue markers). irfset shows the derivative curve of
the susceptibility. For A = Ca (a), Sr (b) and Ba () Magnetizatiorvs magnetic field
isotherms (T =5 K) for For A = Ca (Red), Sr (Blaekd Ba (Blue).

Figure 4: Low temperature evolution Neutron powder diffranti®atterns collected for
the samples with A = Ca (Left) and Sr (Right).

Figure 5. Observed (circles), calculated (full line) anffetience (bottom) profiles after
the refinement from D1B NPD data at 2.4 K for thaldim sample and from G4.1-
NPD for the Sr-sample at 1.6 K. Inset: schematigragentation of the magnetic
structure for CaFe(MnysWo.5)Os .

Figure 6. schematic representation of the magnetic stradtur CaFe(Mny sWq 5)Og @)
along the b axis and b) the ¢ axis. The arrowsesstt the magnetic moments located
at the octahedral sites.

Figure 7: Thermal evolution of the a) Unit cell Volume (bkadots) and t/dT2 (red
line). b) Unit cell parameters: a, b and c. ¢) Thagnetic moment components
(Black markers) angl. (Red markers), Inset: Magnitude of the magnetienert. d)

Monoclinic Beta angle.

Figure 8 Thermal evolution of the a) Unit cell Volume (bkadots). b) Atomic oxygen
refined z coordinate c¢) B-O distance at tlaecdystallographic site. d) Octahedral site

Volume.
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