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Charge and spin order in Cay sBij.sFeQ;: Idle spins and frustration
in the charge-disproportionated state
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The perovskite CagsBipsFeO; undergoes a remarkable sequence of charge-disproportionation (CD) and
charge-transfer (CT) transitions on cooling due to competing electronic instabilities: Ca0‘5Bi3+0‘5Fe3'5+03 —
CagsBi*t) sFe’* o ¢;Fe* (3305 (CD phase) — CagsBi**,5Bi>(,5Fet0; (CT phase). The accompanying
changes in charge and spin ordering have been determined from neutron diffraction and physical property
measurements. The CT phase adopts a simple G-type antiferromagnetic structure of Fe** spins but the CD phase
adopts an unusual charge and magnetic arrangement in which Fe** spins are antiferromagnetically ordered but the
Fe*>* moments have no long-range order due to magnetic frustration and form a spin glass at low temperatures.
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I. INTRODUCTION

Materials in which structural, magnetic, and electronic
transitions are coupled enable the fundamental solid-state
physics of complex electronic orders to be investigated, and
may lead to the development of multifunctional devices. One
way to realize materials exhibiting coupled transitions is to
prepare materials with transition metals in unusually high
valence states via the use of strong oxidizing atmospheres.
These materials can undergo charge transitions in order to
relieve their electronic instabilities and these are typically
accompanied by drastic changes to the transport, magnetic,
and lattice properties [1].

Unusually high-valent transition-metal ions in ABOj;
perovskite-related oxides have been the subject of significant
attention due to the rich variety of physical properties they
can display [2-8]. These materials are of particular interest
as their inherent electronic instabilities are often relieved
via charge disproportionation (CD): on cooling CaFeO; and
CaCu3Fe40),, the B-site Fe** disproportionates to Fe** and
Fe’*, which are charge ordered in a rock-salt-type manner,
accompanied by a metal-insulator transition and a simul-
taneous transition to a ferrimagnetic state in CaCuszFe O,
[9-11]. In LaCu3FesO;, and BiNiOsz, on the other hand,
the electronic instability of the high-valent Fe3”>* and
Ni**, respectively, is relieved via intermetallic charge trans-
fer (CT): 4Fe3 73t 4+ 3Cu*T — 4Fe3t 4+ 3Cu®t and Bi*t +
Ni** — {Bi®" + 1Bi*" + Ni** [2,12,13]. In both materials
the CT is not only accompanied by significant changes to the
magnetic and transport properties but also by a significant
volume expansion on cooling below the CT transition temper-
ature, while the latter material also reflects the CD instability
of Bi*T : Bi*t — 1Bi’" + ;Bi** [2,12,13].

The perovskite Cag sBig sFeO3 has recently been reported to
contain unusually high-valent Fe3* and to undergo sequen-
tial charge transitions on cooling due to competing charge
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instabilities [14]. Magnetic and transport properties show
significant anomalies associated with the charge transitions.

At 250 K there is a first-order transition from
Cay sBi*t( sFe3270; to a CD state that can best be described
as Cag sBi* T sFe’t ¢7Fe* T 3303. Below approximately 200
K, intermetallic CT between A-site Bi and B-site Fe leads to
the formation of Cag sBi*T.5Bi’To.5Fe>t ;5. This transition
is coupled to a colossal volume expansion on cooling below
the transition temperature. Below this temperature, the CD
and CT phases coexist and the ratio between the two is highly
dependent on both the temperature and the cooling rate. The
oxidation states of iron and the charge compositions of all
three phases were confirmed by Mdssbauer spectroscopy.

In this study we present detailed analysis of the crystal
and magnetic structures of this material with neutron powder
diffraction data in order to determine the charge and spin orders
in the CD and CT phases. An unusual partial magnetic order
with “idle” Fe*>* spins is discovered in the CD phase.

II. EXPERIMENTAL

A polycrystalline sample of CagsBigsFeO; was obtained
from a solid-state reaction under high-pressure and high-
temperature conditions. Suitable stoichiometric amounts of
CaCQOs, Bi,03, and Fe, O3 were mixed and calcined at 650 °C
in air. The calcined powder was sealed in a Pt capsule with
KClOy as an in situ oxygen source, heated to 1100 °C under
5.3 GPa, and held for 30 min, followed by quenching to room
temperature. The pressure was slowly released to ambient
conditions after cooling. Finally, the obtained powder was
washed with distilled water in order to remove residual KCI
and KClOy4 and dried.

Laboratory x-ray powder diffraction data were collected
using a Bruker D8 diffractometer using Cu Ko radiation.
Neutron powder diffraction data were collected using the
GEM diffractometer at ISIS Neutron Source, United Kingdom,
from a sample contained within a vanadium can. Rietveld
refinements were performed using the GSAS suite of programs
[15]. Mossbauer spectroscopy measurements were carried
out in transmission geometry with a constant-acceleration
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FIG. 1. Zero-field and field-cooled magnetization data and resis-
tivity data collected as a function of temperature from Ca, 5Big sFeOs.

spectrometer using a 57 Co/Rhradiation source and were fitted
with Lorentzian functions. Magnetic properties were measured
with a commercial Quantum Design MPMS superconducting
quantum interference device magnetometer.

III. RESULTS

X-ray powder diffraction data confirmed the as-synthesised
Cay 5Big sFeO3 sample was single phase and crystallizes in the
Pnma structure previously reported [14]. Magnetization and
resistivity data collected as a function of temperature show two
anomalies consistent with successive CD and intermetallic CT
transitions (Fig. 1).

The structural model previously reported [space
group Pnma, a=>5.5122(6)A, b=77042(9)A, and
¢ = 5.4024(6) A, Fig. 2(a)] was successfully refined against
neutron powder diffraction data collected at 300 K to give
good calculated and observed fits [x2 = 4.906, Fig. 3(a)].
Details of the refined structure are given in the Supplemental
Material [16]. The A sites are randomly occupied by Bi and
Ca and the oxygen sites are fully occupied, confirming the
Ca’*sBi**(sFe®>* 03 composition. The lack of additional
magnetic reflections in the neutron powder diffraction data
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between 300 and 250 K is consistent with paramagnetic Fe,
as suggested by magnetization data for the high-temperature
state CagsBi*tosFe’3t0; and the single paramagnetic
signal observed in Mossbauer spectroscopy data collected at
300K [14].

Neutron powder diffraction data collected as a function
of temperature on cooling from 300 to 5 K in 10-K steps
showed the same structural transitions observed in previous
synchrotron powder diffraction data [14]. Both structural
transitions were accompanied by the appearance of additional
reflections in the neutron powder diffraction data [Figs. 3(b)
and 3(c)].

Reflections of the main phase at 240 K, be-
low the CD transition temperature, are consistent with
the charge disproportionation of CaysBi*tysFe33T0; to
CaosBi*tysFe’To67Fe* 1 (3305. The additional reflections
could be indexed on the basis of a magnetic cell corresponding
toal x 1 x 3 expansion of the nuclear cell. The best fit to the
data (x> = 2.914) was achieved with a layered arrangement
of charge and spins with the ¢ axis as the stacking direction
as shown in Fig. 2(b). Two out of every three Fe layers
are ordered antiferromagnetically within and between layers
with a moment of 3.02(2) ug per Fe center at 5 K. The
best fit to the data was achieved using a model in which
these spins are aligned along the b axis. The remaining Fe
layer does not contribute any magnetic scattering, consistent
with the paramagnetic component observed in the Mossbauer
spectroscopy data collected at this temperature [14].

This magnetic structure is compatible with the 2:1 ratio
of Fe3*:Fe*>* and provides evidence that the Fe cations are
charge ordered with two antiferromagnetically ordered Fe’*
layers for every one paramagnetic Fe*>* layer. An attempt
was made to refine a nuclear cell of the same dimensions as
the magnetic cell against the neutron powder diffraction data
to determine oxygen displacements associated with charge
ordering of Fe’* and Fe*>* but the resulting refinement was
not stable and did not result in an improvement of the fit to
the data. This is likely due to the fact that charge ordering is
accompanied by only very small modifications to the oxygen
positions. Observed, calculated, and difference plots are shown
in Fig. 3(b) and details of the refined structure are given in the
Supplemental Material [16].

As previously reported from synchrotron x-ray powder
diffraction data, data collected below ~200K result from
a mixture of the CD and CT phases [14]. Neutron powder
diffraction data collected below 200 K show additional

Ca, ;Bi;Bis,Fe™'0,

FIG. 2. Refined structures of the three phases of Ca, sBij sFeOs; showing the Fe spin orders in the two low-temperature phases.
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FIG. 3. Observed, calculated, and difference plot for the re-
finement of CaysBiysFeO; against neutron powder diffraction data
collected at: (a) 300 K. The red tick marks correspond to contri-
butions from the high-temperature phase CagsBi**osFe*>*03. The
unindexed featured marked with the asterisk is a contribution from
a trace of Fe,05; (<0.2% by weight). (b) 240 K. The upper set
of tick marks correspond to magnetic reflections and the lower to
nuclear reflections of the CD phase Cag sBi**( sFe*"¢;Fe* " 3;05.
The feature marked with the asterisk contains a small contribution
from the CT phase CagsBi**,sBi’t,sFe’t 05 (see Supplemental
Material) [16]. (¢) 5 K. From top to bottom the tick marks
correspond to magnetic and nuclear reflections of the CT phase
CasBi**(,5Bi* ¢25Fe*T 053 and magnetic and nuclear reflections of
the CD phase CaOAsBi3+0A5Fe3+0A67Fe4‘5+0A3303.

reflections compared to those at 240 K consistent with the
presence of the CT phase Cag sBi**(25Bi>*25sFe’T 3. These
reflections can be indexed on the basis of a magnetic cell with
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the same dimensions as the nuclear cell. No additional features
suggesting ordering of Bi3* and Bi>* were observed. The best
fit to the data collected at 5 K (x? = 4.203) was achieved with
a G-type antiferromagnetic arrangement of spins [4.29(2) up
at 5 K] pointing along the ¢ direction [Fig. 2 (c)]. Observed,
calculated, and difference plots are shown in Fig. 3(c) and
details of the refined structure are given in the Supplemental
Material [16].

Refined lattice parameters, unit-cell volume, phase frac-
tions, and magnetic moments refined against neutron powder
diffraction data collected as a function of temperature are given
in the Supplemental Material [16].

IV. DISCUSSION

The charge disproportionation and the ordering of Fe’*
and Fe*>* in the CD phase are unusual. CD transitions of
unusually high-valent Fe usually produce Fe** (d°) and Fe>*
(d5L2) as a result of ligand hole (L) localization due to strong
hybridization between low-lying Fe 3d and O 2p orbitals
[17,18]. Full charge disproportionation of Fe>* present in
CaysBigsFeO; at 250 K was expected to result in a 3:1 ratio
of Fe3+ and Fe5+ as observed in CeCusFe? 1,0, [4].

The 2:1 charge-disproportionated Fe’* and Fe*>* show
charge ordering (CO) as evidenced by the arrangement of
spins in the refined magnetic structure. This is in contrast to
CeCusFe? 1,0, which exhibits charge disproportionation
but not charge ordering [4]. One possible explanation for the
unusual CD and CO behavior exhibited by CagsBigsFeO3
can be reached by considering the possible symmetry
modifications involved in the adoption of a charge-ordered
structure. Other reported materials containing high-valent
Fe centers that show charge disproportionation do so either
to a charge-disordered state that is isosymmetric (e.g.,
CeCu3Fe3'5+4012) or to one of the parent structure’s maximal
subgroups in order to minimize the disruption caused by these
electronic changes [4,10,11,19].

The high-temperature structure of CagsBigsFeO; is a
simple GdFeOs-type perovskite (space group Pnma). Neither
it nor any of its maximal subgroups can accommodate a 3:1
arrangement of Fe>™ and Fe’>*. However, one of its maximal
isomorphic subgroups is a Pnma cell with an expansion of
a =a,b) =b, and ¢’ =3¢ (where a’, b', ¢’ and a, b, ¢ are
the unit-cell dimensions of the subgroup and its parent space
group, respectively) which can accommodate two symmetry-
independent iron sites in a 2:1 ratio and can be used to replicate
the charge-ordering pattern observed in the neutron powder
diffraction data. In CagsBipsFeO3;, CD and CO with a 2:1
arrangement of Fe’* and Fe*>* is thus adopted instead of
the 3:1 arrangement of Fe** and Fe’* in order to minimize
the lattice disruption. The presence of mixed-valent Fe*>+
explains why the CD transition at 250 K is not associated with a
significant change in the resistivity of Cay sBig sFeO; (Fig. 1).

In Ca()'sBi3+0‘5F63+0_67Fe4'5+0_3303, two-thirds of the B
sites are occupied by Fe3* which are coupled antiferromag-
netically to their nearest-neighbor Fe3* centers [Fig. 2(b)].
This implies that J;, the nearest-neighbor interaction between
adjacent high-spin d° Fe’* centers, is very large and antifer-
romagnetic as expected from simple Goodenough-Kanamori
rules applied to two adjacent high-spin d° Fe** centers
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[Fig. 4(b)] [20]. J,, the next-nearest-neighbor interaction
between Fe’t centers, is also strong and antiferromagnetic,
accounting for the pairs of centers on either side of a given
paramagnetic site being aligned antiparallel to each other. Such
a long-distance magnetic interaction is also present in other
oxide materials containing unusually high-valent Fe centers
and often induces nontrivial magnetic structures as a result of
competing magnetic interactions [10,21-23]. The arrangement
of Fe** spins around each Fe*>* site results in magnetic
frustration within the ac planes [Fig. 4(b)] regardless of the
sign of J3, the nearest-neighbor interaction between Fe’*
and Fe*>7 sites. Long-distance magnetic interactions are also
expected between Fe*>* spins along the b axis, which would
generate competing magnetic interaction in this direction.
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The magnetic structure adopted by the CD phase, in
which only some of the magnetic sites order, is similar to
that previously observed in materials such as Fe;Fg(H,0),
and MnFe,Fg(H,0), [24]. Fe3Fg(H,0O), contains a 2:1 ra-
tio of Fe’* :Fe’* on a triangular lattice and is mag-
netically frustrated. Consequently, at the magnetic transi-
tion temperature (Ty =~ 160K) only the Fe’* spins order
while the Fe?* are “idle” and remain paramagnetic down
to a second ordering temperature (7n ~40K) [24]. In
Cay sBi*To sFe* 6;Fe* 1 33053 the Fe*>* spins are similarly
idle and the two layers on either side are ordered antiparallel
to each other. The refined saturated magnetic moment of
3.02(2) up for this phase is slightly lower than expected for
high-spin d Fe** but higher than that of a mixed Fe3* /Fe3*
site such as those found in CeCus(Fe*o75Fe 0254012
[2.27(4) ug] [4]. This is not a surprising result given the
presence of magnetic frustration in this system.

Mossbauer data collected at 5 K do not contain any
paramagnetic component [14]. A field-cooled hysteresis loop
collected at 5 K from a rapidly cooled sample (in which the
CD phase is kinetically trapped) is offset from the origin
[Fig. 4(a)], indicating the freezing of the idle spins at a
temperature between 5 and 240 K and spin-glass behavior
from the Fe*>+ sites. Determination of the spin-glass freezing
temperature is challenging due to the contribution of the CT
phase Ca sBi*"(,5BiT(,sFe’* 05 to the magnetic data.

The CD phase Cag sBi** sFe*t(67Fe*31(.330; is unstable
with respect to intermetallic charge-transfer transition between
A-site Bi and B-site Fe at 200 K. The CT phase is a simple
perovskite oxide containing only high-spin d° Fe3*, isoelec-
tronic and isostructural to the orthoferrites (AFe3t O3, A = Ln,
Y) which typically adopt simple G-type antiferromagnetic
structures with saturated magnetic moments of approximately
~4.5—4.7 ug and very high ordering temperatures (Ty >
600K) [25,26]. CagsBi**(25Bi>To25Fe’ 05 shows similar
behavior with a simple G-type antiferromagnetic structure
with a saturated moment of 4.29(2) ug at 5 K [25].

In both the CD and CT phases, the refined moments
almost immediately reach the 5-K saturated value following
the charge transitions. It is therefore extremely likely that the
intrinsic 7y’s of the CD and CT phases are significantly higher
than 250 K as observed in LaCusFe; Oy, [2,27].

V. CONCLUSION

In conclusion, both of the sequential phase transitions in
Cag 5Bip sFeOs are coupled to magnetic ordering transitions.
The first transition due to charge disproportionation of Fe?+
to a 2:1 ratio of Fe’* and Fe*>* results in the adoption of
an unusual magnetic structure in which only the Fe3* spins
are magnetically ordered while the Fe*>* sites are frustrated
and remain paramagnetic with spin-glass behavior at low
temperature. The second, due to charge transfer between A-site
Bi and B-site Fe to form CagsBi’t2sBi’To25Fe®t0s, is
coupled to the adoption of G-type antiferromagnetic order.
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