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Spin order in the charge disproportionated phases of the A-site layer ordered triple
perovskite LaCa2Fe3O9
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The coupling between spins and charge disproportionation states has been investigated in the LaCa2Fe3O9

oxide with neutron powder diffraction. This A-site layer ordered triple perovskite LaCa2Fe3O9 undergoes
charge disproportionation on cooling and shows two different charge ordering patterns. At 230 K, Fe3.67+

disproportionates into a 2:1 ratio of Fe3+ : Fe5+, which order in a layered manner along the 〈010〉 direction
of the pseudocubic unit cell. At lower temperatures (T < 170 K), the charge ordering pattern changes to a layered
arrangement along the 〈111〉 direction. Neutron powder diffraction data show that in the intermediate temperature
range (170 K < T < 230 K) the spins order into a cycloidal structure on the ac plane for the Fe3+ cations while
the Fe5+ cations remain paramagnetic. For the lowest temperature range (2 K < T < 190 K), the spin structure
follows the charge ordering and evolves to a 〈111〉 layered magnetic structure.
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I. INTRODUCTION

Charge ordering is often observed in transition-metal oxide
systems with electronic instabilities of mixed-valence cations.
The Verwey transition of Fe3O4 with Fe2+/Fe3+ order is a
famous example and the phenomenon is evidenced by a drastic
change in transport properties [1–3]. Similar charge ordering
behaviors are observed in a few oxides containing unusually
high-valence cations due to charge disproportionation (CD)
of Fe4+. The perovskite CaFeO3 shows a metal-insulator
transition at 290 K due to CD of Fe4+ to Fe3+ and Fe5+ which
order in a rocksalt-type arrangement. The CD transition in
CaFeO3 changes the uniform Fe4+O6 octahedra to alternating
large Fe3+O6 and small Fe5+O6 octahedra; thus the charge
order is coupled with the lattice degree of freedom [4,5]. Other
examples of CD in Fe-containing perovskite-structure oxides
include rocksalt ordered Fe3+/Fe5+ in the A-site ordered
CaCu3Fe4O12 and checkerboard ordered Fe3+/Fe5+ in the B-
site layer ordered Ca2FeMnO6 [6,7]. The CD in high-valence
Fe has been rationalized as the localization of ligand holes
which are produced by strong hybridization of Fe d with O p

orbitals [8,9].
An important aspect of CD behavior concerns coupling of

the charge and spin degrees of freedom. In CaFeO3 a magnetic
transition occurs at 210 K, below the CD transition temper-
ature, and a helical magnetic structure of Fe3+/Fe5+ spins
is stabilized [5]. In the A-site ordered quadruple perovskite
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CaCu3Fe4O12, on the other hand, the magnetic transition
temperature is the same as the CD transition temperature, and
the Fe3+ and Fe5+ spins couple ferromagnetically below the
CD transition temperature giving rise to ferrimagnetism when
coupled with the Cu ions [10,11]. In the B-site layered double
perovskite Ca2FeMnO6, three-dimensional noncollinear mag-
netic order develops below 95 K, although the two-dimensional
CD of Fe4+ occurs at 200 K [7]. As can be observed, the cou-
pling between the charge and spins in the CD transition varies
significantly between oxides containing high-valence Fe ions.

Very recently we found that an A-site layered triple per-
ovskite LaCa2Fe3O9 shows CD from high-valence Fe3.67+ to
a 2:1 ratio of Fe3+ and Fe5+ [12]. Interestingly, the compound
shows two successive structural transitions due to different CD
ordering patterns. The first transition occurs at 230 K, where
the charge disproportionated 2:1 Fe3+ and Fe5+ are ordered in a
layered manner, along the 〈010〉 layer stacking direction of the
pseudocubic unit cell. Below the second transition at 170 K,
the charge disproportionated 2:1 Fe3+ and Fe5+ are ordered
along the 〈111〉direction of the pseudocubic unit cell. Magnetic
susceptibility data collected as a function of temperature show
that both transitions occur at the same temperatures as the mag-
netic anomalies [12]. The simple perovskite La1/3Ca2/3FeO3

with identical chemical composition to that of the present
LaCa2Fe3O9, but with random arrangement of the A-site La
and Ca ions, presents only one structural transition at 217 K to
a 2:1 Fe3+ and Fe5+ charge ordering pattern along the 〈111〉
direction of the pseudocubic perovskite unit cell, similar to the
one found at the lowest temperatures in the A-site layer ordered
analog [13]. The magnetic structures of the CD states have not
been determined.
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In this study, we analyzed the magnetic structures of this
layered compound which shows unusual CD behaviors. Using
neutron powder diffraction data, we have revealed that the two
charge ordering patterns result in different magnetic structures.
The magnetic structures of LaCa2Fe3O9 and La1/3Ca2/3FeO3

are compared to observe the effects of the cation ordering upon
the spin orders.

II. EXPERIMENT

The synthesis of LaCa2Fe3O9 and La1/3Ca2/3FeO3 was
carried out as reported previously [12,13]. Powder neutron
diffraction patterns from both samples were measured using the
time-of-flight neutron diffractometer WISH at the ISIS spalla-
tion source [14]. Data were collected every 50 K between 2 and
300 K and every 5 K in the 150 K < T < 250 K temperature
range on warming. All the data were normalized using the
MANTIDPLOT program [15]. Crystal and magnetic structures
were refined using the FULLPROF suite software package [16].
Symmetry analysis was performed with BASIRREPS within the
same software.

III. RESULTS AND DISCUSSION

Figure 1(a) shows the neutron diffraction patterns (bank 2)
as a function of temperature from 250 to 150 K collected using
the WISH diffractometer on warming. The evolution of two
different phases due to the successive transitions at 230 and
170 K reported in our previous study can clearly be seen and
the patterns are colored in red and blue, respectively [12].

Neutron diffraction data collected at 300 K were fitted
well using the structure reported previously [12]. It consists
of an a′ = a + b, b′ = 6c, c′ = −a + bPnma supercell model
(with |a| = |b| = |c| = ap being the lattice parameter of the
simple perovskite structure ≈3.8 Å), necessary to account for
the 2:1 layered A-site ordering between Ca and La and the
octahedral tilting. The refined occupancies for the La and Ca
are 0.67(1)/0.33 and 0.18(1)/0.82 for the different A sites,
in agreement with our synchrotron x-ray diffraction (SXRD)
results, thus confirming the A-site layered structure. The
structure is reported in Table 1 in the Supplemental Material
[17]. The absence of vacancies at any of the oxygen sites is
also confirmed by the neutron refinement.

The structural model accounts for all the observed reflec-
tions in data collected from LaCa2Fe3O9 at temperatures in the
range 240 K � T � 300 K. Figure 2, top, shows the long d-
spacing bank of the diffraction data at 240 K; other banks and R

factors are shown in the Supplemental Material (Fig. S1) [17].
Although additional superstructure diffraction peaks appear
below 230 K, the nuclear diffraction peaks originating from
the Pnma supercell fit well the essential diffraction maxima
and show a cell-volume decrease at 230 K and an increase at
190 K [Fig. 1(b)]. These temperature-dependent changes in the
crystal structure are consistent with those observed in SXRD
data in our previous study [12].

At least five additional diffraction maxima were clearly
observed when the sample was cooled below 230 K as shown
in Fig. 1(a). These features are not present in SXRD data
collected from LaCa2Fe3O9 in the temperature range 170 K <

T < 230 K, suggesting the origin of these peaks is likely

(a)

(b)

FIG. 1. (a) Thermal evolution of the NPD patterns between 150
and 250 K on warming. Magnetic Bragg reflections are marked with
arrows; the colored patterns show the transition temperatures observed
by magnetometry at 230 and 170 K (red and blue arrows, respectively).
(b) Temperature dependence of the lattice parameters and the volume
from NPD data of LaCa2Fe3O9 with both CD/magnetic transitions
marked by dashed lines. The transition temperatures appear at 190
and 235 K here. They differ from the previously reported 170 and
230 K values due to possible differences in warming rate or thermal
equilibration in the previous experiments.

magnetic [12]. Mössbauer spectroscopy data collected in this
temperature range show the presence of Fe3+ and Fe5+ in a 2:1
ratio and that the Fe3+ spins are magnetically ordered while
the Fe5+ spins remain paramagnetic. Therefore, an additional
magnetic model was included in the fit to the observed neutron
powder diffraction (NPD) in the range 190 K < T < 230 K.

All the additional magnetic reflections can be indexed with
the propagation vector k1 = [1/3 1/3 1/3] on a cubic ap ×
ap × ap cell, or with k1′ = [1/3 0 0] on the Pnma supercell
that allows for the layered ordering of La3+ and Ca2+ cations.
As mentioned earlier, our Mössbauer study shows that the
Fe5+ spins are not long range ordered (idle) in this temperature
range; thus the Fe3+ spins are ordered below the CD transition
temperature, whereas the Fe5+ spins remain paramagnetic. We
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FIG. 2. LaCa2Fe3O9 Rietveld refinement plots of neutron
powder-diffraction data collected on WISH@ISIS at 240, 210, and
1.5 K. The observed (red dots), calculated (black lines), and difference
(blue lines) patterns are shown. The allowed Bragg reflections (green
vertical lines) for nuclear (top) and magnetic (bottom) phases are
shown. Small asterisks mark magnetic diffraction from a secondary
CaFeO3 phase.

performed symmetry analysis [18]; irreducible representations
are reported in Table 2 in the Supplemental Material [17].
The best refined magnetic structure (Rmag = 2.9% for bank
2) consists of a spin cycloid with 120° rotation along the (100)
direction and a magnitude of 1.96(2) μB per Fe3+ as shown in
Fig. 3(a). The Fe3+ magnetic layers are antiferromagnetically
(AFM) coupled along the b axis and the spins are confined
to the ac plane. Spin-density wave–like solutions are also
plausible with R factors similar to the cycloid model and
cannot be distinguished with powder data; however, there are
no obvious reasons for the moments to take different values and
Mössbauer results support only one magnetic moment value
for the Fe3+; therefore the spin cycloid was preferred. Fe5+

spins were constrained to zero values since refined moments
were in the limit of detection (≈0.4 μB) and no significant
improvement of the R factors was observed; this is also in
accordance with Mössbauer data. After refinement of the
magnetic structure, it was analyzed with FINDSYM [19]; the
resulting magnetic space group is Pmc21. It is interesting that
both the charge ordering pattern and the magnetic structure
show two-dimensional features reflecting the A-site layered
crystal structure.

Neutron powder diffraction data collected below TN2 =
190 K, where the second structural transition due to the charge
ordering pattern change from the 〈010〉 to 〈111〉 direction
occurs, show additional reflections which increase in intensity
down to the lowest temperature measured (1.5 K). These
peaks were also assumed to be magnetic since our previous

(a)

(b)

Fe3+

Fe5+

Fe3+

Fe5+

Fe3+

Fe3+

(c)

FIG. 3. (a) Magnetic structure of LaCa2Fe3O9 in the intermediate
phase, 170 K < T < 240 K. Fe5+ spins remain idle while Fe3+ spins
order with a propagation vector k1′ = (1/3, 0, 0) on a Pnma cell
(only half of the cell is shown). (b) Low-temperature magnetic struc-
ture of LaCa2Fe3O9 (1.5 K < T < 200 K) and magnetic structure
of La1/3Ca2/3FeO3 (TN = 217 K). Both Fe3+ and Fe5+ order on a
triple layered antiferromagnetic structure with a propagation vector
k2′ = (0, 0, 1

2 ) on a
√

2ap × √
2ap × √

3ap hexagonal cell shown
with lines. Dashed lines show the 3

√
2ap × 3

√
2ap × 6ap supercell

needed to account for the CD 2:1 Fe3+ : Fe5+, layered A-site cation
ordering and octahedral tilting. (c) Magnetic moment as function of
temperature obtained from Rietveld refinement on LaCa2Fe3O9 and
the disordered La1/3Ca2/3FeO3.
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Mössbauer results indicated that both Fe3+ and Fe5+ spins are
magnetically ordered at these temperatures and no additional
reflections were observed in SXRD data. These reflections can
be indexed with a propagation vector k2 = [1/6 1/6 1/6] on
the ap × ap × ap cubic cell. To account for the charge ordering
pattern, the refinement was performed with an equivalent de-
scription in an a′′ = a − b, b′′ = b − c, c′′ = a + b + c, α =
β = 90◦, γ = 120◦ hexagonal cell with a propagation vector
k2′ = [0 0 1

2 ]. Symmetry analysis was performed (Supplemen-
tal Material, Table 4 [17]) and the best refined low-temperature
magnetic-structure model is shown in Fig. 3(b) (Rmag = 5.9%
for bank 2). The spins of the charge disproportionated Fe3+ and
Fe5+ ions, which adopt a 2:1 layered arrangement along the
〈111〉 direction of the pseudocubic unit cell, are also ordered
in a collinear way. The refined moments at 1.5 K are 3.0(1)
and 2.4(1) μB for Fe3+ and Fe5+, respectively. The spins of
Fe3+ and Fe5+ within each layer are ferromagnetically (FM)
ordered and this triple-layered spin structure is AFM stacked
along the same 〈111〉 direction. Because the spin direction of
every triple layer is opposite, no net magnetization is given with
this magnetic structure, which is consistent with the observed
magnetic susceptibility at low temperatures [12]. The magnetic
space group resulted in C2/m within a −a′′ − 2b′′, −a′′, 2c′′
monoclinic cell. Temperature dependencies of the magnetic
moments are shown in Fig. 3(c). An important point is that the
Fe3+/Fe5+ magnetic structure drastically changes when the
CD pattern changes.

As we reported previously, the A-site disordered analog
La1/3Ca2/3FeO3 shows the same charge ordering pattern along
the 〈111〉 direction below 217 K [13]. As shown in Fig. S2b
in the Supplemental Material [17], neutron powder diffraction
data collected at 1.5 K of this disordered analogue are similar
to those observed from LaCa2Fe3O9 and the data are well
accounted for using an identical magnetic structure (Rmag =
4.04% for bank 2). The refined moments at 1.5 K are 3.4(1)
and 2.4(1) μB for Fe3+ and Fe5+, respectively. Therefore,
the ground-state CD patterns and magnetic structures are the
same for the A-site layer ordered LaCa2Fe3O9 and the A-site
disordered La1/3Ca2/3FeO3. The results also imply that the
ground-state magnetic structures are primarily determined by
the arrangement of Fe3+ and Fe5+ ions and their magnetic in-
teractions, and are less influenced by the A-site order/disorder.

The unusual magnetic structure observed at intermediate
temperatures, where only Fe3+ spins are ordered while the

Fe5+ spins remain paramagnetic, is only stabilized in the
A-site layer ordered compound. Taking into account the charge
ordering pattern at the intermediate temperatures, which im-
plies a 2:1 order of Fe3+ : Fe5+ along the 〈010〉 direction, a
simple analysis with Goodenough-Kanamori-Anderson rules
(GKA) explains the unusual spin cycloid magnetic structure.
Considering the layered charge ordering pattern, the strongest
interaction along the b axis is AFM between Fe3+ and Fe3+
(half-filled eg orbitals) and frustrates the FM coupling to the
Fe5+ (empty eg orbitals) due to the magnetic periodicity along
this direction. A similar magnetic frustration has been recently
observed in the Ca0.5Bi0.5Fe3.5+O3 compound. This material
shows CD of Fe3.5+ to a 2:1 ratio of Fe3+:Fe4.5+ and the
magnetic order shows AFM coupling between Fe3+ spins and
idle Fe4.5+ spins [20].

In conclusion, we have determined the intermediate and
ground magnetic states in LaCa2Fe3O9 which are both coupled
to their respective CD patterns. The intermediate magnetic
state shows an unusual spin cycloid with AFM layers of 120◦
rotating spins of Fe3+ and idle Fe5+ spins. The ground state,
on the contrary, shows triple FM layers stacked AFM along the
〈111〉 direction. These magnetic structures are explained with
the magnetic interactions according to the GKA rule. The dis-
ordered La1/3Ca2/3Fe3O9 presents the same magnetic ground
state. The A-site order is responsible for the intermediate phase
since this is not observed in the disordered analog; however,
the ground state is very robust as the same magnetic structure
is observed in both ordered and disordered compounds.
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