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A Perovskite Containing Quadrivalent Iron as a
Charge-Disproportionated Ferrimagnet**
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A large number of oxides containing Fe" and/or Fe™ are

known, whereas only a few, like (Sr,Ca)Fe'VO,!'! and
K,Fe"'0,, contain iron in higher oxidation states.! During
the course of our exploration of A-site-ordered perovskites
with the general formula AA';B,O,,, we successfully obtained
CaCu";Fe",0,, (CCFO), which is the first Fe'¥ oxide to be
discovered in almost three decades. CCFO has been found to
undergo an interesting phase transition to a charge-dispro-
portionated ferrimagnetic state at 210 K. This charge dispro-
portionation (CD) is of the CaFeO, (CFO) type (2Fe" —
Fe'' + Fe")P! and is accompanied by a structural transition
that leaves these aliovalent species ordered in the rock-salt
manner.'*”! The magnetic behavior of these two species is
strikingly different however: CCFO features a large sponta-
neous magnetization whereas CFO is an antiferromagnet with
a relatively low Néel temperature of 116 K.P!

CCFO forms in a solid-state reaction at pressures above
9 GPa and a temperature of around 1300 K. However, we
noticed during the characterization process that Fe' tends to
substitute at the A’ site and that the amount decreases as the
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applied pressure increases. The amount of impurities also
decreased in the same manner. The sample to be discussed
here was prepared at the highest available pressure of 15 GPa.
Synchrotron X-ray powder diffraction (SXRD) at room
temperature followed by a Rietveld refinement confirmed
the desired Ca/Cu-ordering in a cubic perovskite cell of 24, x
2ayx2ay (ay: simple perovskite cube; Figure 1a and Table 1).
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Figure 1. Crystal structures a) before and b) after the charge dispropor-
tionation. Ca gray, O blue, Cu red. c) SXRD pattern measured at 90 K
and the result of the Rietveld refinement. The dots and the solid line
represent the observed data and fitted pattern, respectively. The
vertical marks show the Bragg peaks of CCFO (upper) and CuO
(bottom). The bottom curve represents the difference between the
observed and calculated patterns. The inset shows an ED pattern for
the [110] incidence taken at 120 K.
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Table 1: Structure parameters refined from SXRD data collected at room
temperature and 90 K.

Atom Site g x y z 1000 U [A?]
Room temperature
Ca 2a @ 0 0 0 10.9(4)
Cu 6b 0.968(12)" 0 0.5 0.5 6.27(16)
Fel 6b 0.032(12)" 0 0.5 0.5 6.27(16)
Fe2 & 19 0.25 0.25 0.25 0.67(12)
o 24g 1H 0.30809(13) 0.17818(15) 0 7.6(2)
90 K

Ca 22 1H 0.5 0.5 0.5 11.5(5)
Cu  6d 0.9684 0.5 0 0 5.60(14)
Fel 6d 0.032¢ 0.5 0 0 5.60(14)
Fe2 4p 1M 0.25 0.25 0.25 1.60(12)
Fe3 4c 1M 0.75 0.75 0.75 1.60(12)™
(¢} 24p 18 0.5056(5)  0.67955(16) 0.80732(14) 9.1(3)

The space group is Im3 (no. 204) and Pn3 (no. 201) at room temperature and
90 K, respectively. The lattice constant a is 7.29546(3) and 7.26122(4) A at room
temperature and 90 K, respectively. The goodness of fit (S) and the R factors are
§=1.55,R,,=2.79%, and R, =2.41% at room temperature and S=1.84, R, =
2.96%, and R, =4.34% at 90 K. [a] Site occupancies g for Ca, Fe2, Fe3, and O
were fixed to be unity. [b] The following constraints were used for the 6b site:
g(Cu) +g(Fel) =1, U(Cu) = U(Fel). [c] Occupancies at the 6d site were fixed to
the values refined at room temperature. [d] The following constraint was used
for the 6d site: U(Cu) = U(Fel). [e] The following constraint was used for the 4b
and 4c sites: U(Fe2) = U(Fe3).

However, small amounts of CuO (ca. 1.8 wt %) and unidenti-
fied phases were still observed in the SXRD data. The amount
of Fe™ ions at the A’site (Fe™A") was estimated from the
structural analysis to be 3 atom % , which is consistent with the
Mossbauer spectroscopic estimation of about 4 atom %.
There was no indication of Cu™ or Cu'™ substitution at the
B site. The bond valence sums®® (BVS) for Cu and Fe (+2.43
and +3.77, respectively) are rather unusual and suggest a
considerable charge transfer between the CuO, and FeOy
units.”

The resistivity of a sintered pellet of CCFO (approx. 2 x
1072 Qcm) is essentially temperature-independent above
210 K, although it increases quickly below this temperature
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(Figure 2). This temperature increases slightly under
increasing magnetic field, thus suggesting a phase
transition to a more resistive and magnetic phase.
Indeed, a spontaneous magnetization was observed
(Figure 3a).It is interesting to compare two simple
magnetic models, one of which is ferromagnetic, Cu"-
(5=1/2,T);Fe'Y(5=2,T), and the other is ferrimagnetic,
Cu({);Fe(T),. The experimental saturation magnetiza-
tion of (M) of 9.7 pg per formula unit estimated as in
Figure 3b is closer to the ferrimagnetic moment of 13 pj
per formula unit rather than the ferromagnetic moment
of 19 pg per formula unit. Essentially the same ferri-
magnetic spin structure is known for CaCu;Mn,0,,.'"
Experimentally, the magnetization was found to
decrease as the amount of Fe™A’ increased, although
the transition temperature, T, did not change signifi-
cantly. It therefore appears that Fe™A’ disturbs the
magnetism strongly but only in a limited region. Both
the resistivity and the magnetization tend to level off or
even decrease at around 70 K, although the reason for
this is not yet clear.

Microscopic details were studied by Mossbauer
spectroscopy. The spectrum taken at room temperature
(Figure 4) consists of three superimposed components
in a 93:4:3 ratio, these are: i) a singlet with an isomer
shift (IS) of 0.15 mms™" relative to a-Fe, ii) a quadrupole
doublet with IS = 0.38 mms™" and a quadrupole splitting
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Figure 3. a) Temperature dependence of the dc magnetization divided

Figure 2. Temperature dependence of the electrical resistivity of a
sintered pellet between 5 and 300 K. The inset shows an enlargement
of the region around the transition temperature.
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by field (M/H) measured in an external magnetic field of 1 T on field
cooling (FC) and on heating after zero-field cooling (ZFC) between 5
and 300 K. b) M—H curves measured at various temperatures.

www.angewandte.org

Chemie

7033


http://www.angewandte.org

Communications

7034

iii t }

—~—— Absorption

Velocity / mm s™" —

Figure 4. Mdssbauer spectra taken at various temperatures. The dots
and the solid lines represent the observed spectra and the fittings,
respectively. The components at 4.2 K are: i'V: Fe' occupying the B-
site; ii: Fe'" substituting for Cu" at the A’ site; iii: a-Fe,O5 impurity;
": Fe"" at the B site; i¥: Fe" at the B site.

(AE) of 1.83 mms™, and iii) a magnetic sextuplet, which is
due to an a-Fe,O; impurity. We note here that this impurity
was not detected in the SXRD measurement, probably
because it was removed during the sedimentation step in
the sampling process. The IS of the first of these components,
which is the major Fe'V species at the Bsite (Fe'VB), is
considerably larger than those (approx. 0.07 mms™") reported
previously for CFO and SrFeO;,>""! thus indicating that its
real electronic state is slightly closer to Fe™'. This interpre-
tation is consistent with the charge transfer suggested from
the BVS calculation mentioned above. The second compo-
nent, which has an Fe-like IS, was assigned to Fe™A’. The
large quadrupole splitting of this component most likely
reflects the strong anisotropy of the square coordination, and
its amount is consistent with the SXRD result. A similar
Fe™A'’ species has also been observed for a related oxide of
CaMn,0,, doped with 'Fe for use as a Mossbauer spectro-
scopic probe and CaCu;Mn,_,Fe O,,.1>1!

The spectra below T are magnetically split. Furthermore,
as can be seen clearly in the spectrum recorded at 4.2 K, the
Fe'B component is divided into two subcomponents (i"' and
i) with very different hyperfine parameters but equal
intensities, thereby revealing the occurrence of a CD of the
CFO type. The IS values for Fe™ (i'"") and Fe" (i) at 4.2 K are
0.39 and 0.05 mms ™, respectively, and their magnetic hyper-
fine fields are 41.7 and 22.7 T, respectively. It is not yet clear
whether the transition at 210 K is first or second order in
nature, although it is clear that the magnetic ordering, the CD,
and the resistivity change occur concomitantly.

Structural studies on the low-temperature (LT) phase
using electron diffraction (ED) and SXRD revealed a rock-
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salt type ordering of Fe" and Fe, as can be seen from the

appearance of the (111) reflection in the inset to Figure 1c.
The lattice symmetry is lowered to Pn3 and there is a sudden
decrease in the lattice constant (see the Supporting Informa-
tion). The LT structure contains two kinds of B-sites (4b and
4c) arranged in the rock-salt manner, see Figure 1b. Accord-
ing to the SXRD analysis at 90 K, the Fe—O bonds are
1.970(3) and 1.893(3) A for Fe™ (Fe"™B) and Fe¥ (Fe'B),
respectively, as is also in the case for CFO"” (see the
Supporting Information). The BVSs of 3.51 and 4.33 for these
ions at 90 K also confirm the CD. In light of the above, the
aforementioned spin structure of Cu"(5=1/2,));Fe’V(5=2,T),
should therefore be written as Cu''(S=1/2,d),Fe(S=5/
2,1),Fe"¥(5=3/2,T),, although there is no difference in the
magnitude of the resulting magnetization between these.

The magnetism of the LT phase seems to be very different
from the antiferromagnetism of CFO. However, if we recall
that a pair of nearest neighboring Fe atoms orient their
moments away from each other in the helicoidal spin
structure of CFO by only around 45°1*!! these oxides
could be considered to be rather similar to each other. The
presence of Cu at an A'-site (Cu"A’) must produce a
perturbation that leads to the repression of the original spin
canting. This perturbation arises from the aforementioned
inter-site charge transfer, antiferromagnetic A'-B interac-
tions, and a change in the Fe—O—Fe bond lengths and bond
angles. We have assigned the lower value of the experimental
saturation magnetization compared with the calculated
ferrimagnetic moment to strong, but localized, disturbances
caused by Fe™A’. The electronic interactions through the
Fe™A'(S=5/2)-O—Fe"™/FeVB coupling should be drastically
different from those through Cu"A’(§=1/2)-O-Fe"/Fe¥B and
the lattice must be more or less distorted locally. The resulting
magnetic disturbances seem to be quite remarkable exper-
imentally.

In summary, we have succeeded in synthesizing a new
Fe-perovskite (CaCusFe;O;,) by means of high-pressure
synthesis. This oxide shows a CFO-type charge disproportio-
nation (2Fe" —Fe™ 4 Fe") at T.=210 K, which is accom-
panied by an electrical, magnetic, and structural change. The
magnetic structure is most probably Cu''(S=1/2,1),Fe"(S=5/
2,T),Fe"(5=3/2,T),. It is known that Fe'¥ has very low-lying 3d
levels and that the resulting covalent electronic state can be
expressed as Fe"'L, where L represents a ligand hole.!"" In the
present oxide, Cu" A’ competes with Fe'V B for the ligand holes
and the antiparallel A'-B spin arrangement in the LT phase
suppresses the conduction of holes.

Experimental Section
CaCO; (Rare metallic, 99.99 %), CuO (Rare metallic, 99.99 %), a-
Fe,0; (Rare metallic, 99.99 %) and KCIO, (Wako, 99 % ) were used.
Ca,Fe,O; was synthesized from a mixture of CaCO; and Fe,0; in
advance, then a 1:6:3 molar mixture of Ca,Fe,Os, CuO, and Fe,O; and
KClO, (23 wt %) as oxidizing agent were charged into a gold capsule
and heated at 1300 K and 15 GPa for 30 min in a Kawai-type high-
pressure apparatus. The powder samples for XRD, magnetic suscept-
ibility, and Mossbauer spectroscopy measurements were prepared by
washing the synthetic products with distilled water, ethanol, and
acetone in turn. The sample for electrical resistivity measurement was
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obtained by sintering the powder at 8 GPa and 1000 °C with KCIO, in
the capsule ends.

The resultant phases were identified by XRD using Cug,
radiation (Rigaku RINT 2500). Electron diffraction data were
collected between 120 K and room temperature using a JEOL
JEM-2010. apparatus. SXRD data were collected at room temper-
ature and 90 K with a large Debye-Scherrer camera installed at
BLO2B2 (SPring-8).'"! The wavelengths were 0.77699321 and
0.77739787 A for each run, respectively. The crystal structure was
refined with the Rietveld program RIETAN-2000."¥! Magnetic
measurements were performed using a SQUID Quantum Design
MPMS-XL magnetometer. Electrical resistivity was measured by the
standard four-probe method using a Quantum Design PPMS. The ¥’Fe
Maossbauer spectroscopy measurements were performed using a *’Co/
Rh y-ray source at certain fixed temperatures between 4.2 K and
room temperature. The velocity scale and the IS were determined
relative to a-Fe as reference material, and the resulting spectra were
least-squares-fitted using the Lorentzian function.
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