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ABSTRACT: The crystal and magnetic structures of charge-dispropor-
tionated Ca2FeMnO6 were analyzed by neutron powder diffraction.
Ca2FeMnO6 is a layered double perovskite oxide with a two-dimensional
arrangement of Mn4+ and unusual high valence Fe4+ at room temperature.
When cooled, the compound shows charge disproportionation followed
by magnetic transition. Around 200 K, the Fe4+ shows the charge
disproportionation to Fe3+ and Fe5+, which are ordered in a checkerboard
pattern in the two-dimensional FeO6 octahedral layers. The magnetic
transition occurs at 95 K, which is much lower than the charge
disproportionation temperature. The magnetic structure is commensurate
but noncollinear, and the antiferromagnetic coupling of Fe3+ and Fe5+

spins in the FeO6 octahedral layers gives the ferrimagnetic moments. The
unique magnetic structure is described as a result of two-dimensional
localization of the ligand holes with effective spins.

■ INTRODUCTION

Many iron oxides contain Fe2+ and/or Fe3+ because these
oxidation states are very stable in octahedral and tetrahedral
oxygen coordinations. In the simple perovskite AFe4+O3 (A =
Ca2+, Sr2+, Ba2+) synthesized under strongly oxidizing
conditions, however, unusual high oxidation states of Fe like
Fe4+ can be stabilized.1−3 Since the energy levels of the 3d
orbitals in Fe4+ are rather low because of the reduced screening
effect of the core electrons, the low-lying Fe-3d orbitals strongly
hybridize with O-2p orbitals, and as a result, oxygen p holes
(ligand holes, L) are produced in the electronic structure of the
perovskites.4,5 These ligand holes are the reason that Fe4+,
which is expected to have t2g

3eg
1 electron configuration, does

not induce Jahn−Teller distortion like the isoelectronic Mn3+

does. The ligand holes are mobile at high temperatures, leading
to metallic conduction, but they often become unstable at low
temperatures.6,7 The instability of the high oxidation state of
Fe4+ is relieved by charge disproportionation (CD) from Fe4+

to Fe3+ and Fe5+. In the ground state, the ligand holes are
localized alternately at the Fe sites, and the CD transition
(2Fe4+ → Fe3+ + Fe5+) can be described as 2d5L → d5 + d5L2.
CaFeO3 shows this CD at 290 K, and the transition is

accompanied by a metal-to-insulator transition and an
orthorhombic-to-monoclinic structural transition.6−9 The
narrow conduction bands in CaFeO3 with a distorted

perovskite structure, unlike the wide conduction bands in
cubic SrFeO3, enhance the instability of ligand holes. Below the
CD transition temperature, the charge-disproportionated Fe3+

and Fe5+ ions at the B sites in the perovskite structure are
ordered in a rock-salt manner.10,11 Magnetic transition is
induced in the charge-disproportionated CaFe3+0.5Fe

5+
0.5O3.

Competing antiferromagnetic and ferromagnetic interactions
between the Fe spins in charge-disproportionated Ca-
Fe3+0.5Fe

5+
0.5O3 stabilize a helical magnetic structure below a

magnetic transition at 115 K.10 A similar CD transition at 210
K is observed in an A-site-ordered double perovskite
CaCu3Fe4O12 with Fe4+.12,13 At the CD transition, Ca-
Cu3Fe4O12 shows a metal-to-semiconductor transition and a
cubic (Im3̅)-to-cubic (Pn3 ̅) structural transition. The charge-
disproportionated Fe3+ and Fe5+ ions at the B sites are similarly
ordered in a rock-salt manner in the Pn3̅ cubic lattice below the
transition temperature. Interestingly, in CaCu3Fe4O12, the
magnetic transition occurs simultaneously with the CD
transition. Both charge-disproportionated B-site Fe3+ and Fe5+

spins couple antiferromagnetically with the A′-site Cu2+ spins,
leading to a ferrimagnetism with large magnetization (9.7 μB/
f.u.).14,15
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A new compound containing the unusual high valence state
Fe4+ was recently obtained by low-temperature topochemical
oxidation of the brownmillerite Ca2FeMnO5.

16,17 The com-
pound is a fully oxygenated double perovskite Ca2FeMnO6 with
a layered arrangement of Fe4+O6 and Mn4+O6 octahedra
(Figure 1) and is the first compound that has an isolated two-

dimensional layered arrangement of high valent Fe4+. The
crystal structure at room temperature has a 2a × √2a × √2a
unit cell (a represents a simple perovskite unit) with P21/c
space group. The unusual high valence state of Fe4+ in
Ca2FeMnO6 is clearly indicated by the single component with a
small isomer shift (IS) value of 0.02 mm/s in the Mössbauer
spectrum at room temperature (Figure 2a). Interestingly, the
compound was found to show CD at low temperatures.
As described above, charge-disproportionated Fe3+ and Fe5+

ions in the perovskite CaFeO3 and in the A-site-ordered double
perovskite CaCu3Fe4O12 are ordered in a rock-salt type manner,
making a three-dimensional alternating arrangement of large
Fe3+O6 and small Fe5+O6 octahedra. The alternating redis-
tribution of the ligand holes (2d5L → d5 + d5L2) makes the
Fe−O bonds alternately shorter and longer than the average in
the three-dimensional network.5,18 This raises the question of
what kind of ordered arrangement of the charge-disproportio-
nated Fe3+ and Fe5+ ions is stabilized in Ca2FeMnO6 with the
two-dimensional layers of Fe4+. While the Ruddlesden−Popper-
type layered oxide Sr2Fe

4+O4 does not show CD, Sr3Fe2O7,
which consists of double layers of Fe4+O6 octahedra, shows
strong evidence for CD.19 The CD structure in Sr3Fe2O7 is
expected to have a rock-salt-like alternating arrangement of
large Fe3+O6 and small Fe5+O6 octahedra within the double
layer, although the CD pattern was not clarified. Thus, CD in
the isolated single layer of the Fe4+O6 octahedra makes this
newly discovered layered perovskite Ca2FeMnO6 unique.
In this paper, we report our investigation of the CD and

magnetic transitions in Ca2FeMnO6. We describe our detailed
analysis of neutron and synchrotron X-ray powder diffraction
data revealing the ordered arrangement of the charge-
disproportionated Fe3+ and Fe5+ ions and an unusual

noncollinear magnetic structure. We also discuss the CD and
magnetic transition behaviors.

■ EXPERIMENTAL SECTION
A polycrystalline sample of Ca2FeMnO6 was obtained by oxidizing the
brownmillerite Ca2FeMnO5

20,21 topochemically with ozone at 200 °C
as described in a previous report.17 Details of the synthesis and the
crystal structure at room temperature are given in Supporting
Information. The crystal and magnetic structures at low temperatures
(2−300 K) were refined by synchrotron X-ray diffraction (SXRD) and
neutron diffraction (ND). The sample was packed into a glass capillary
that was rotated during the SXRD measurement at beamline BL02B2
in SPring-8, Japan. The diffraction data produced at a wavelength
0.775 Å were analyzed by the Rietveld method using the program
RIETAN-FP.22 The ND experiments with the time-of-flight method
for about 2.0 g of sample were performed at beamline WISH of ISIS at
RAL, U.K. The data were analyzed with the FullProf program.23

Magnetic properties were measured with a commercial Quantum
Design MPMS SQUID magnetometer. Temperature dependence of
the magnetic susceptibility was measured at 5−300 K in an external
magnetic field of 10 kOe. Field dependence of the magnetization was
determined by measurements under fields ranging from −50 to 50
kOe. The 57Fe Mössbauer spectra were also observed in transmission
geometry in combination with a constant-acceleration spectrometer
using 57Co/Rh as a radiation source. α-Fe was used as a control for
velocity calibration and isomer shift. The obtained spectra were fitted
by a least-squares method with Lorentzian functions.

■ RESULTS AND DISCUSSION
On cooling, a structural transition due to CD was observed in
the ND patterns. Looking at the ND patterns in detail, we
notice a small but definite increase in the diffraction intensity at

Figure 1. Crystal structure of the layered double perovskite
Ca2FeMnO6 (right) obtained by topochemical oxidation of the
brownmillerite CaFe2MnO5 (left) at a low temperature. Blue, brown,
purple, and red spheres represent Ca, Fe, Mn, and O ions, respectively.

Figure 2. Mössbauer spectra of Ca2FeMnO6 at (a) room temperature,
(b)150 K, and (c) 6 K. The dots are observed experimental data. The
spectrum at room temperature is fitted with Fe4+, and those at low
temperatures are fitted with Fe3+ (blue) and Fe5+ (red). The spectrum
at 6 K consists of magnetically ordered sextets of Fe3+ and Fe5+,
indicating the sample is in a magnetically ordered state.
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d = 5.3 Å below 200 K (inset of Figure 3). This peak can be
indexed as 010 and 001 of the 2a ×√2a ×√2a unit cell. Note

that, as will be explained later, the evolution of this ND peak
was not due to the magnetic transition. A corresponding change
in the SXRD patterns at the same diffraction position is not
evident. Since neutron diffraction is much more sensitive to
oxygen displacements than X-ray diffraction, the transition
seems to be mainly associated with small shifts of oxygen
atoms. The 010 and 001 ND peaks are indicative of a
superstructure modulation along the [110] direction of the
simple perovskite structure. When the oxygen atoms in the
FeO6 octahedral layers shift to make long and short Fe−O
bonds alternately, a checkerboard arrangement of the two
distinct FeO6 octahedra in the two-dimensional layers gives a
superstructure modulation along the [110] direction. Because
the Fe3+−O bonds are longer than the Fe5+−O bonds, the
development of this superstructure ND peak strongly indicates
that CD occurs in the FeO6 layers at the temperature below
200 K. The checkerboard-type Fe site CD model in the layered
double perovskite allows a 2a × √2a × √2a unit-cell crystal
structure with the P1 ̅ symmetry, but the observed ND intensity
from the superstructure was too weak to refine the modulated
structure precisely.
The Mössbauer spectrum obtained at 150 K (Figure 2b) also

shows CD from Fe4+ at high-temperature to Fe3+ and Fe5+

below 200 K. It is broader than the spectrum obtained at room
temperature and cannot be fitted with a single component. It is
reproduced well by two singlet components with almost equal
intensities (47.6% and 52.4%). Their ISs are 0.28 and −0.05
mm/s, which are typical for Fe3+ and Fe5+, respectively.8 We
therefore conclude that Fe4+ in Ca2FeMnO6 shows CD below
200 K and that the charge-disproportionated Fe3+ and Fe5+ are
ordered in a checkerboard-type manner in the two-dimensional
layers. Importantly, this CD transition is not accompanied by
the magnetic transition, and thus the high-temperature
paramagnetic Fe4+ changes to paramagnetic Fe3+ and Fe5+ at
the CD transition temperature. It should be pointed out that in
the temperature dependence of resistivity, no anomaly is seen
at the CD transition temperature. The resistivity at room
temperature is about 3.8 Ω·cm and increases with decreasing

temperature (Figure SI 3, Supporting Information). This
semiconducting behavior is in sharp contrast to the metal-to-
insulator transitions seen at the CD transition temperatures in
CaFeO3 and CaCu3Fe4O12, and may reflect the three-
dimensional nature of these materials in contrast to the layered
structure of Ca2FeMnO6.
Figure 4 shows the temperature dependence of magnetic

susceptibility. The observed magnetic susceptibility cannot be

fitted to a single Curie−Weiss law. A change of inverse
susceptibility slope can be seen around 180 K as we clearly see
in the temperature dependence of the derivative (Figure 4b),
which can indicate the CD transition at this temperature. The
temperature we see the anomaly is close to the CD transition
temperature suggested by NPD and Mössbauer results. A
magnetic transition occurs at about 95 K, where a discontinuity
of the magnetization is clearly observed. Note that this
magnetic transition temperature is much lower than the CD
transition temperature. The development of a few ND peaks
like 010, 110, and 210 is clearly evident below the magnetic
transition temperature, suggesting that those diffraction peaks
are due to magnetic order (Figure 3). The results are also
consistent with the previously reported Mössbauer spectrosco-
py result at 5 K, where two magnetically ordered sextet
components were observed (Figure 2c). The IS of each
spectrum component is 0.35 or −0.01 mm/s and the hyperfine
field is 43.4 or 27.4 T, which are typical values for Fe3+ or Fe5+,
respectively. In Ca2FeMnO6, therefore, the charge-dispropor-
tionated Fe3+ and Fe5+, which are checkerboard-type arranged
in the two-dimensional layers, are magnetically ordered below
95 K. The observed behavior (that with decreasing temperature
the magnetic transition follows the CD transition) is similar to
that observed in CaFeO3 (TCD = 290 K and Tmag = 115 K)7 but

Figure 3. Neutron diffraction patterns of Ca2FeMnO6 measured
between 300 and 2 K. The 010, 110, and 210 peaks are magnetic
reflections observed below 95 K. Inset shows an expanded view of the
diffraction patterns from 300 to 120 K around d = 5.3 Å.

Figure 4. Temperature dependence of (a) the magnetic susceptibility
measured under 10 kOe and (b) the inverse susceptibility in 100 Oe
and its derivative. The lines in the derivative are guides for eyes.
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differs from that of the simultaneous CD and magnetic
transitions seen in the A-site-ordered perovskite CaCu3Fe4O12
(TCD = Tmag = 210 K).18

The ground state magnetic structure of Ca2FeMnO6 was
analyzed with the ND data collected at 2 K. The observed
diffraction pattern is well reproduced by contributions from
both the layered double-perovskite crystal structure and the
magnetic structure of the Fe3+, Fe5+, and Mn4+ spins. Because
the number of major ND peaks due to charge-disproportio-
nated structural modulation (d = 5.3 Å) and magnetic ordering
(for example, d = 3.1, 4.3, and 5.3 Å) is small, unconstrained
analysis of the detailed crystal and magnetic structures is not
feasible. SXRD below both the CD and magnetic transition
temperatures is quite similar to that obtained at room
temperature, suggesting that the structural modulation due to
CD is not so significant. We thus refine the layered double-
perovskite crystal structure with the 2a × √2a × √2a unit-cell
(P21/c) but the magnetic moments at the Fe and Mn sites are
treated with P1̅ symmetry creating two inequivalent Fe (and
Mn) sites in a checkerboard arrangement. We also constrain
the magnetic moments of Fe3+, Fe5+, and Mn4+ in a ratio of
5:3:3 according to their nominal values.
Attempts to refine the magnetic structure with possible

collinear spin arrangement models were not successful, and the
observed magnetic ND peak intensities could not be
reproduced. Noncollinear spin structure models were then
introduced, and the final refinement result (Table 1), which
reproduces the observed diffraction pattern well, is shown in
Figure 5. The noncollinear spin structure model obtained is
illustrated in Figure 6. Because no other arrangement of the
magnetic moments reproduces the observed magnetic
intensities well, the result also confirms the checkerboard-
type arrangement of Fe3+ and Fe5+. All spins are on the (0 1 1)
plane and tilted 41.8° from the a axis. The spin direction is
close to one along the [111] axis of the unit cell. The
neighboring Mn4+ spins in the MnO6 octahedral layers couple
antiferromagnetically, so the Mn-spin sublattice does not
produce net magnetization. The Fe3+ and Fe5+ spins in the
FeO6 octahedral layers also couple antiferromagnetically,
producing a net ferrimagnetic order. For the interlayer
magnetic coupling, each Fe3+ or Fe5+ spin makes an angle of
83.5° with the nearest Mn spin. Because a 4a magnetic
superstructure peak (d ≈ 15 Å) was not evident in the observed

ND pattern, checkerboard-type CD layers align in an “in phase”
manner along the stacking direction; i.e., the cations align Fe3+-
Mn4+-Fe3+ and Fe5+-Mn4+-Fe5+ along the [100] axis.
The refined magnetic moments of Fe3+ (S = 5/2), Fe5+ (S =

3/2), and Mn4+ (S = 3/2) are, respectively, 3.36(5), 2.02(3),
and 2.02(3) μB, which are reasonably consistent with but
slightly smaller than the values expected from their valences
due to covalency effects or a small amount of antisite
occupations at the B site. The spontaneous magnetization
(along the [1−1−1] direction) calculated from the refined
moments in the ferrimagnetic spin structure is 0.67 μB/f.u.,
which agrees well with the value observed at 5 K of 0.5 μB/f.u.
(Figure 7).
From the results of the crystal and magnetic structure

analyses described above, we can deduce that the most
probable arrangement of Fe ion in the charge-disproportio-
nated Ca2FeMnO6 is a checkerboard-type arrangement of Fe

3+

and Fe5+ within the FeO6 octahedral layers and that there is in-
phase stacking of the charge states. The magnetic structure in
Ca2FeMnO6 is very different from those of the related
perovskite-structure oxides like CaFeO3 and SrFeO3, in which
helical magnetic structures are stabilized,10,24−28 and CaMnO3,
in which the G-type antiferromagnetic structure is stabilized.29

Table 1. Refined Crystal and Magnetic Structure Parameters Obtained from ND Data for Ca2FeMnO6 at 2 Ka

(a) Crystal Structureb

atom x y z B (Å2)

Ca 0.2539(8) 0.503(2) 0.531(2) 0.8(1)
Fe 0.0 0.0 0.0 0.7(1)
Mn 0.5 0.5 0.0 0.9(4)
O1 0.2493(7) 0.062(1) 0.492(1) 0.7(1)
O2 0.033(1) 0.711(2) 0.287(2) 1.6(2)
O3 0.536(1) 0.286(2) 0.715(2) 1.2(2)

(b) Magnetic Structure

spin x y z moment (μB)

Fe3+ at (0.0, 0.5, 0.0) 2.47(4) −1.6(2) −1.6(2) 3.32(5)
Fe5+ at (0.0, 0.0, 0.5) −1.48(3) 0.9(1) 0.9(1) 1.99(3)
Mn4+ at (0.5, 0.5, 0.0) 1.48(3) 0.9(1) 0.9(1) 1.99(3)
Mn4+ at (0.5, 0.0, 0.5) −1.48(3) −0.9(1) −0.9(1) 1.99(3)

aRWP = 5.46%. bSpace group: P21/c, a = 7.4951(4) Å, b = 5.2960(2) Å, c = 5.3174(3) Å, and β = 89.99(1)°. Small amounts of antisite occupations at
the Fe and Mn sites, 7.2(4)% and 14.6(2)%, respectively, were included in the refinement.

Figure 5. Result of the Rietveld refinement of the neutron diffraction
data for Ca2FeMnO6 at 2 K. The dots and solid line represent
observed and calculated patterns, respectively. The plot below the
diffraction patterns is the difference between the observed and
calculated intensities. Vertical marks below the profiles are Bragg
reflection positions. Marked peaks with an asterisk are typical magnetic
reflections.
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The nearest-neighbor magnetic interactions in Ca2FeMnO6
arise from near-linear Fe3+(d5)−O−Fe5+(d3), Fe3+(d5)−O−
Mn4+(d3), Fe5+(d3)−O−Mn4+(d3), and Mn4+(d3)−O−
Mn4+(d3) superexchange paths. According to the Kanamori−
Goodenough rules, 180° d3-O-d3 gives weak antiferromagnetic
interaction while d5-O-d3 gives moderate ferromagnetic
interaction.30−32 This classical rule predicts a collinear magnetic
structure where the Mn4+ spins are antiferromagnetically
ordered in the MnO6 layers, while the Fe3+ and Fe5+ spins in
the FeO6 layers are ferromagnetically ordered and the interlayer
Fe3+−Mn4+ and Fe5+−Mn4+ are ordered ferromagnetically and

antiferromagnetically, respectively. The observed magnetic
structure, however, apparently differs from the predicted one,
suggesting that in Ca2FeMnO6 more complicated interactions
play important roles in the magnetism. It is interesting to note
here that the charge disproportionation can be described as the
two-dimensional localization of ligand holes with effective spins.
As seen in the helical magnetic structure in CaFeO3, the ligand
hole spins can mediate longer-range magnetic interactions than
the nearest-neighbor one. Although the d3 (S = 3/2) spins in
the MnO6 octahedral layers are ordered antiferomagnetically
like those in CaMnO3, the ligand hole spins modulate the
interlayer magnetic coupling, leading to the noncollinear
magnetic structure. The magnetic transition temperature in
Ca2FeMnO6 is also comparable with the magnetic transition
temperature of CaFeO3 (∼115 K), suggesting that the essential
magnetism arises from the interactions involving the effective
spins of ligand holes. Therefore, the localization of the ligand
holes in the two-dimensional layers plays an important role in
the unique noncollinear magnetic structure of Ca2FeMnO6.

■ CONCLUSIONS
We have investigated the CD and magnetic transition behaviors
in the newly discovered layered double-perovskite Ca2FeMnO6
with a two-dimensional arrangement containing high valence
Fe4+ at room temperature. With decreasing temperature, the
CD transition from Fe4+ to Fe3+ and Fe5+ takes place around
200 K and magnetic transition occurs at 95 K, far below the CD
transition temperature. Detailed analysis of the low-temper-
ature ND patterns revealed that below 95 K the charge-
disproportionated Fe3+ and Fe5+ are ordered in a checkerboard
pattern in the two-dimensional FeO6 octahedral layers and the
checkerboard-type layers stack in an in-phase manner. The
ground state magnetic structure is a commensurate but
noncollinear one, where the neighboring spins in the FeO6
and MnO6 octahedral layers couple antiferromagnetically with
the interlayer tilts of 83.5° between the Fe and Mn spins. This
magnetic structure produces the ferrimagnetic moment in the
FeO6 octahedral layers, and the refined moment, 0.67 μB/f.u.
along the [1−1−1] direction, from the ND analysis agrees well
with the spontaneous magnetization observed in the magnet-
ization measurement (0.5 μB/f.u. at 5 K). Two-dimensional
localization of the ligand holes with effective spins plays an
important role in the noncollinear magnetic structure of
Ca2FeMnO6.
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