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The compounds of the title series have been prepared from citrate precursors under moderate pressure conditions
(P = 2 GPa) and 1000 �C in the presence of KClO4 as oxidizing agent. The crystal structures are cubic, space group
Im3 (No. 204); the unit cell parameters linearly vary from a = 7.3272(4) Å (R = La) to a = 7.2409(1) Å (R = Lu) at room
temperature. A neutron or synchrotron X-ray diffraction study of all the members of the series reveals an interesting
correlation between some structural parameters and the magnetic properties. The electron injection effect upon
replacement of Ca2þ with R3þ cations in the parent CaCu3Mn4O12 oxide leads to a substantial increment of the
ferrimagnetic Curie temperature (TC). An essential ingredient is supplied by the internal pressure of the R

3þ cations
upon a decrease in size along the rare-earth series, from La to Lu: the concomitant compression of the MnO6

octahedral units for the small rare earths provides progressively shorter Mn-O distances and improves the
overlapping between Mn and O orbitals, thereby promoting superexchange and enhancing TC by 50 K along
the series. This interaction is also reinforced by a ferromagnetic component that depends on the local distortion of the
MnO6 octahedra, which also increases along the series, constituting an additional factor, via intersite virtual charge
transfer t-e orbital hybridization, for the observed increment of TC.

Introduction

There are very few half-metallic ferromagnetic oxides that
can be used as magnetoresistive materials, the electrical con-
ductivity of which changes upon application of an external
magnetic field.1 Besides the most extensively studied hole-
dopedmanganese perovskites2,3 andother selectedoxides such
as the double perovskite Sr2FeMoO6

4,5 and the pyrochlore
Tl2Mn2O7 and derivatives,6-9 the choice has been expanded
upon the description of a good low-field magnetoresistive

response for the complex perovskite CaCu3Mn4O12,
10-13

exhibiting the required stability around room temperature
for technical applications. This oxide is, in fact, a spin-asym-
metric ferrimagnetic (TC = 355 K) semiconductor, where
Cu spins are antiferromagnetically coupled to Mn magnetic
moments and the existence of a spin-dependent gap implies a
thermally induced transport that is 100% polarized.12

The crystal structure of CaCu3Mn4O12 is a 4-fold super-
structure of perovskite ABO3, driven by the long-range
ordering of Ca and Cu at the A positions of the perovskite,
in a 2a0� 2a0� 2a0 cubic cell of Im3 symmetry (a0: unit cell of
the perovskite aristotype).14-17 Given the small size of Ca2þ

and Cu2þ cations, the MnO6 octahedra are strongly tilted
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(showing Mn-O-Mn angles of ∼141�), thus conforming a
highly irregular oxygen coordination environment around
Cu2þ, almost in a square-planar configuration, as required
for this Jahn-Teller cation. The synthesis of this material,
and that of other compounds of the A0A3B4O12 family, has
been described to require high-pressure conditions (7 GPa),
necessary to stabilize the small A cations in the 12-fold
positions of the perovskite. Recently, we have been able to
synthesize some new derivatives of CaCu3Mn4O12 at mod-
erate pressures of 2 GPa, starting with very reactive precur-
sors, obtained by wet-chemistry techniques.18

Ca2þ cations can be replaced by rare earths in the
RCu3Mn4O12 (R= rare earths) family. These compounds
must also be prepared under high-pressure conditions. In
their pioneering work, Bochu et al.19 first prepared the
RCu3Mn4O12 oxides by hydrothermal synthesis, finding that
a large amount of Mn3þ is located at Cu2þ sites; they found
TC’s ranging between 400 (R=Y) and 430 K (R=Th),
although a trend along the series was not described. For some
members of this series (R=La, Pr, Tb,Dy,Ho, Tm, andYb)
prepared at 2 GPa, we subsequently found that the conco-
mitant electron-doping effect dramatically affects the mag-
netic and transport properties.20-22 In the present work we
have synthesized, also at 2 GPa in a piston-cylinder press,
some new members of the family, for R=Nd, Sm, Eu, Gd,
Y, Er, and Lu, for which we describe magnetization and
magnetotransport data. The materials with nonabsorbing
rare earths have been studied by neutron powder diffraction,
whereas the absorbing materials for R=Sm, Eu, and Gd
were studied by synchrotronX-ray diffraction, allowing us to
determine the subtle structural features that are related to the
observed physical properties. In fact, the ferromagnetic TC

increases remarkably along the series, exceeding 400 K. A
metallic behavior in the entire temperature range is observed,
due to the electron injection effect. A global inspection of the
full series, from La to Lu, allowed us to unveil a remarkable
correlation between some features of the crystal structure and
the magnetism of these oxides.

Experimental Section

The elaboration of these materials required the previous
preparationof reactive precursor powdersby awet-chemistry
technique. Stoichiometric amounts of analytical grade R2O3

(R=Nd, Sm, Eu, Gd, Y, Er, Lu), Cu(NO3)2 3 3H2O, and
MnCO3were dissolved in citric acid. The solutionwas slowly
evaporated, leading to an organic resin, which was dried at
120 �C.The samplewas thenheatedat 600 �Cfor12h inorder
to eliminate all the organic materials and nitrates. The so-
formed precursor powders were thoroughly ground with
KClO4 and put into a gold capsule (8 mm diameter, 10 mm
length), sealed, and placed in a cylindrical graphite heater.
The reaction was carried out in a piston-cylinder press
(Rockland Research Co.), at a hydrostatic pressure of

2 GPa at 1000 �C for 60 min. Then the materials were
quenched to room temperature, and the pressure was subse-
quently released. The in-situ decomposition of KClO4 pro-
vides the highO2 pressure required to stabilizeMn4þ cations.
A fraction of the raw products, obtained as dense, homo-
geneous pellets, was partially ground to perform the structur-
al andmagnetic characterization; some as-grown pellets were
kept for magnetotransport measurements. The ground pro-
ductwas washed in a diluteHNO3 aqueous solution, in order
to dissolve KCl coming from the decomposition of KClO4

and to eliminate small amounts of unreacted CuO; then the
powder samples were dried in air at 150 �C for 1 h.
The characterization by XRD was performed using a

Bruker-AXS D8 diffractometer (40 kV, 30 mA), controlled
by DIFFRACTplus software, in Bragg-Brentano reflection
geometrywithCuKR radiation (λ=1.5418 Å). A secondary
graphite monochromator allowed the complete removal of
Cu Kβ radiation. The data were obtained between 10� and
100� 2θ in steps of 0.05�. Room-temperature high-resolution
NPDpatternsofRCu3Mn4O12 (R=Nd,Y,Er, andLu)were
collected at the D2B diffractometer of the Institut Laue-
Langevin, Grenoble, with a wavelength λ=1.594 Å. The
samples, weighing around 0.8 g, were contained in a vana-
dium holder, and a counting time of 4 h was required in the
high-flux mode for each pattern. For R=Sm, Eu, and Gd
high-resolution synchrotron X-ray diffraction patterns were
collected at the SpLine beamline at ESRF (Grenoble), with
λ= 0.8255 Å. The samples were contained in a borosilicate-
glass capillary; the data were collected at room temperature
between 6� and60� 2θ in steps of 0.01�with a counting timeof
5 s per step. The NPD and XRD patterns were analyzed by
the Rietveldmethod, using the FULLPROF program.23 The
line shape of the diffractionpeakswas generatedbyapseudo-
Voigt function, and the background refined to a fifth-degree
polynomial. No regions were excluded in the refinement. In
the final run the following parameters were refined: back-
ground coefficients, zero-point, half-width, pseudo-Voigt,
and asymmetry parameters for the peak shape; scale, posi-
tional, and occupancy factors for oxygens, thermal isotropic
factors for all the atoms, and unit-cell parameters.
The dc magnetic susceptibility was measured with a com-

mercial SQUID magnetometer on powdered samples in the
temperature range 5-650 K with an applied field of 0.1 T;
magnetization isothermswere recordedbetween-5andþ5T.
Transport and magnetotransport measurements were per-
formed by the conventional four-probe technique, under
magnetic fields up to 9 T in a PPMS system from Quantum
Design.

Results

Crystal Structure. The reaction products were identi-
fied as single-phase cubic perovskites by XRD. A repre-
sentative XRD diagram corresponding to LuCu3Mn4O12

is illustrated in Figure SI-1 (Supporting Information).
The pattern shows sharp, well-defined superstructure
reflections due to the 1:3 ordering of R and Cu cations.
No impurity phases were detected from either XRD or
NPD data. Identical diagrams were obtained for all the
samples. A neutron powder diffraction (NPD) (R=Nd,
Y, Er, and Lu) or synchrotron XRD (R=Sm, Eu, and
Gd) study was essential to investigate the structural
details of the R-substituted samples.
The NPD and synchrotron XRD patterns were refined

by the Rietveld method taking as starting model that
described for CaCu3Mn4O12, space group Im3, Z=2.
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Ratoms were placed at 2a (0,0,0) positions, Cu at 6b (0, 1/
2,1/2) positions, Mn at 8c (1/4,1/4,1/4), and O at 24g
(x,y,0) sites. Reasonable fits were obtained for this pre-
liminary model. As a second step, Mn atoms were intro-
duced at randomat 6b positions togetherwithCu, and the
complementary occupancy factors were refined, con-
strained to a full occupancy. For R=Nd a significant
amount [7.2(7)%] of Cu was found to be replaced byMn;
for the remaining rare earths the Mn content at 6b site is
considerably smaller (Table 1). The subsequent refine-
ment of the occupancy factor for the oxygen positions
gave no significant deviation from the full stoichiometry.
Taking into account the amount of Mn3þ localized at
Cu2þ positions (Table 1), the valence of Mn at the
octahedral sites spans between 3.67þ for R=Nd and
3.75þ for R = Sm, Eu, and Lu. As the materials are
ferrimagnetically ordered at room temperature (RT), the
magnetic structure was included as a second phase in the
final refinement for R=Nd, Y, Er, and Lu (NPD data);
we have modeled a perfect ferrimagnetic ordering between
the magnetic moments at 6b and 8c positions, directed
along the c axis; this model corresponds to a perfect
collinear arrangement of Cu and Mn spins. The ordered
magnetic moments at RT are also listed in Table 1, as well
as the relevant parameters after the refinement from NPD
and synchrotron XRD data. The quality of the fits is
displayed in Figures SI-2 and SI-3 (Supporting Informa-
tion) for neutron and synchrotron X-ray diffraction pat-
terns, respectively. Table SI-1 (Supporting Information)
contains the main bond distances and angles.

Magnetic Measurements. The dc magnetic susceptibil-
ity versus temperature data for RCu3Mn4O12 exhibit the
abrupt increase characteristic of a spontaneous ferro- or
ferrimagnetic ordering, as shown in Figure 1a. The mag-
netic data for CaCu3Mn4O12

10 are also included for the
sake of comparison. The inflection points in the suscept-
ibility indicate the ferromagnetic Curie temperatures
(TC), which increase remarkably for the different rare-
earth-substituted materials up to more than 400 K (see
Table SI-2 in the Supporting Information). As indicated

above, the study of the magnetic structures demonstrates
that Mn and Cu spins are coupled antiferromagnetically.
At low temperatures (<100 K), the rare-earth moment
plays an important role in the total magnetization for the
strongly paramagnetic rare earths, i.e., in the Er and Gd
perovskites. The rare-earth moment seems to become
antiferromagnetically coupled with the Mn sublattice,
and therefore the magnetization undergoes an important
decrease (Figure 1a). The magnetization versus magnetic
field plots are shown in Figure 1b. The saturation mag-
netization is reached for H<1 T, showing a behavior
characteristic of pure ferromagnets. For ErCu3Mn4O12

(inset of Figure 1b) we observe that the magnetization
data at 5 K reach smaller values than at 70 K. This is in
good agreement with the susceptibility curve in Figure 1a,
where a progressive decrease is observed below 70K. The
5 K isotherm shows a progressive increment of the
magnetization upon the external magnetic field; this can
be explained as a progressive turning over of the Er
magnetic moments from the orientation adopted in the
magnetic structure stable atH=0, where the Ermoments
are expected tobe antiferromagnetically coupled to theMn
moments.
For R = Er the susceptibility was measured up to

650K.AboveTC, the reciprocal susceptibility data (inset
of Figure 1a) show a progressive change of slope, which
diminishes as temperature increases. This behavior of
the reciprocal susceptibility is a typical feature of ferri-
magnetic compounds. The data nicely fit the formula

χ- 1 ¼ T2 - θ2

ðCA þCBÞT - 2λCACB
, which represents the reciprocal

susceptibility of the paramagnetic phase of a ferrimagnetic
compound,24 where A and B stand for the two sublattices
that experience antiferromagnetic coupling below the or-
dering temperature. The fit to the total paramagnetic range
(400-650 K) gives the CA = 12.2 and CB = 8.9 Curie
constants, from which we obtain the effective paramag-
netic moments of 9.92 μB/f.u. and 8.5 μB/f.u. for both A

Table 1. Unit-Cell, Positional, and Thermal Parameters and Ordered Magnetic Moments (and Reliability Factors) for RCu3Mn4O12 in the Cubic Im3 (No. 204) Space
Group, Z = 2, from NPD Data and Synchrotron XRD Data at 295 K

Nd Sm Eu Gd Y Er Lu

a (Å) 7.2930(3) 7.28483(2) 7.2803(1) 7.2744(1) 7.25600(8) 7.25188(9) 7.2409(1)
V (Å3) 387.90(3) 386.60(2) 385.879(9) 384.94(1) 382.023(7) 381.375(8) 379.641(9)
R 2a (0 0 0)
B (Å2) 0.70(12) 0.28(3) 0.45(2) 0.71(4) 0.66(6) 0.59(6) 0.08(4)
(Cu,Mn2) 6b (0 1/2 1/2)
B (Å2) 0.84(9) 0.61(4) 0.65(4) 0.85(5) 0.49(3) 0.52(4) 0.26(2)
focc(Cu) 0.928(7) 1.0(1) 0.99(7) 0.98(7) 0.973(6) 0.984(6) 0.992(6)
magn. mom. (μB) -0.8(4) -0.5(3) -0.8(3) -0.6(4)
Mn1 8c (1/4 1/4 1/4)
B (Å2) 1.09(7) 0.34(3) 0.47(3) 0.65(4) 0.55(3) 0.63(4) 0.25(2)
magn. mom. (μB) 1.3(2) 1.67(5) 1.73(5) 1.18(11)
O 24g (0 y z)
y 0.3019(7) 0.3032(8) 0.3023(7) 0.3013(6) 0.29864(14) 0.29877(16) 0.29727(18)
z 0.1807(7) 0.1818(9) 0.1817(7) 0.1806(6) 0.17874(14) 0.17928(15) 0.17655(18)
B (Å2) 1.09(4) 0.97(12) 1.28(11) 0.50(12) 0.52(2) 0.58(2) 0.25(1)

reliability factors
χ2 1.24 37.2 25.9 16.5 1.10 0.78 1.23
Rp (%) 7.90 8.95 7.78 4.59 3.57 3.14 1.61
Rwp (%) 9.91 12.1 10.0 6.40 4.68 4.06 2.04
RI (%) 9.77 7.66 7.73 2.50 4.56 4.12 1.50
Rmag (%) 8.80 6.57 7.05 10.8

(24) Kittel, C. Introduction to Solid State Physics; John Wiley: New York,
1993.
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(Cu2þ/Er3þ) and B (Mn3þ/4þ) sublattices, very close to the
expected of 10.0 μB/f.u. and 8.3 μB/f.u. obtained consider-
ing the standardvaluesofμpara=9.5, 1.73, 4.9, and 3.87μB
for Er3þ, Cu2þ, Mn3þ, and Mn4þ, respectively. The ob-
tained Weiss constant, θ= 407 K, is significantly close to
the Curie temperature and indicates the predominance of
ferromagnetic interactions in the system.

Magnetotransport Measurements. Figure 2 displays
the transport properties of RCu3Mn4O12 (R = Nd,
Eu, Gd, Er). The resistivity atH= 0 displays a metallic
behavior in the temperature range 2 < T < 400 K,
except for Gd, which shows a metal-insulator transi-
tion at around 260 K. It is worth mentioning that the
observed value for F(T=300K, H=0) = 6.3 � 10-4

Ω 3 cm for Er is considerably smaller than that of the
other members of the series, which can be correlated
with the structural features. The metallic behavior and
the low resistivity can be explained by the partial filling
of the eg Mn band of the Mn located at the B site.25 The
magnetoresistance of these compounds can be defined as

MR(H)=100 � [R(H) - R(0)]/R(0). Figure 3 illustrates
some selected isotherms for external applied fields -9<H
<9T.AmaximumnegativeMRof 20-25% is achieved at
5 K forH= 9 T; MR is still significant at RT for R=Nd
and Er, displaying values close to -5% forH= 9 T.

Discussion

The cubic, body-centered crystal structure of the RCu3-
Mn4O12 perovskites is represented in Figure 4, showing as a
main feature the significant tilting of the MnO6 octahedra,
which is a consequence of the small size of R3þ and Cu2þ

cations occupying theA positions. The variation of the a unit-
cell parameter versus the R3þ ionic radius26 is displayed in
Figure 5, including the remaining members of the series for
R3þ rare-earth cations21,22 as well as Ce4þ,27 Th4þ,28 and
Ca2þ,15 as a reference. There is a considerable increment of
this parameter with respect to that reported for CaCu3-
Mn4O12: from the chemical point of view, the presence of

Figure 2. Resistivity versus temperature plot for RCu3Mn4O12 (R =
Nd, Eu, Gd, Er).

Figure 1. (a) Temperature dependence of the dc magnetic susceptibility
for the RCu3Mn4O12 series. Inset shows the Er reciprocal susceptibility
curve fit. (b) Magnetization versus magnetic field isotherms at 5 K. The
inset illustrates the isotherms at different temperatures for the Er sample.

Figure 3. Magnetoresistance isotherms at 5 and 300K for R=Nd, Eu,
Gd, Er. MR is defined as 100 � [R(H) - R(0)]/R(0).

(25) S�anchez-Benı́tez, J.; Prieto, C.; de Andr�es, A.; Alonso, J. A.;
Martı́nez-Lope, M. J.; Casais, M. T. Phys. Rev. B 2004, 70, 24419.
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R3þ cations replacing Ca2þ in CaCu3Mn4O12 implies the
reduction of one Mn4þ cation to Mn3þ, giving rise to an
average nominal valence for Mn of 3.75þ, as mentioned
above. The possible presence of some oxygen vacancies per
formula unit was discarded by the neutron powder diffrac-
tion study for Nd, Y, Er, and Lu. In the case of Ce4þ and
Th4þ this electron injection effect is double, which is evident
in an additional expansion of the unit cell, as shown in
Figure 5.
At the B substructure of the perovskite, (Mn4þ, Mn3þ)

cations occupy the center of axially distorted octahedra with
six equalMn-Odistances.Figure6a shows the evolutionof the
Mn-Odistances (taken fromTable SI-1) completedwith those
corresponding to the remaining rare-earth compounds,21,22

Ce,27 Th,28 and Ca.15 The Mn-O distances progressively
increase along the R3þ series, as shown in the figure. Due to
the incorporation of larger Mn3þ cations in the Mn4þ

sublattice, the Mn-O bonds are significantly expanded with
respect to the parent CaCu3Mn4O12 perovskite (Mn-O:
1.915(1) Å15), as also illustrated in Figure 6a. R atoms are
coordinated to 12 oxygen atoms, with equal R-O distances.
Also, the R-O bond lengths (Figure 6b) linearly correlate
with the size of the rare-earth cation. On the other hand the
oxygen environment forCu2þ cations is highly irregular,with
eight rather long distances (Table SI-1) and an effective

coordination number of four, in a pseudosquare arrange-
ment. The Cu-O distances, represented in Figure 6c as a
function of the R3þ ionic radius, are virtually unchanged
along the series.
It is interesting to notice that the tilting angle of the MnO6

octahedra, quantified from the Mn-O-Mn angle, does not
significantly vary across the series, as illustrated in Figure 7.
This fact is in sharp contrast with the observed behavior in
most of the series of rare-earth perovskites of general formula
RMO3 (M = transition metals) where the reduction in the
tolerance factor induced by the contraction of the R3þ ionic
radius along the series (from La to Lu) is accommodated in
the perovskite structure by a concomitant increase in the
tilting angle of the MO6 octahedra, in order to optimize the
R-O distances.29-31 In the present case, the tilting of the
MnO6 octahedra is mainly determined by the presence of
three Cu2þ versus a single R3þ cation at the A0 positions;
therefore the Cu-O square-planar units strongly “lock” the
Mn-O-Mn angles of the full series. We will come back to
this point later on, as this fact will have serious implications
on the evolution of the magnetic behavior along the series.

Figure 4. View of the crystal structure ofRCu3Mn4O12. Corner-sharing
MnO6 octahedra are fairly tilted in the structure to optimize R-O and
Cu-O bond lengths; Cu atoms are bonded to four oxygens in a pseudo-
square-planar coordination.

Figure 5. Evolution of the a unit-cell parameter for the full RCu3-
Mn4O12 series with the ionic radius of R. The parameter for CaCu3-
Mn4O12 is given as a reference.15 The lines are guides to the eye.

Figure 6. Variation of (a) Mn-O distances, (b) R-O distances, and
(c) Cu-Odistances along the RCu3Mn4O12 series. The lines are guides to
the eye.

(29) Ol�es, A.; Kajzar, F.; Kucab, M.; Sikora, W. Magnetic Structures
Determined by Neutron Diffraction; Naukowe, P. W., Ed.; Krakov, Warsaw, 1976.
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J. B. Phys. Rev. B 1992, 46, 4414–4425.
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An interesting aspect that is worth examining is the
“packing index” in these oxides. This parameter can be
defined as the ratio of the sums of the atom volumes over
the unit-cell volume. The packing index gives an idea of the
space actually occupied by the atoms in a certain crystal
structure and thus describes the compactness of this struc-
ture. Figure 8a represents the packing index of the RCu3-
Mn4O12 oxides versus the ionic radii of the rare earths,
observing a linear relationship for the trivalent R3þ cations.
This indicates that the structure tends to be less compact
when the ionic radius increases, which is to say that the unit-
cell volume increases faster than the ionic radius. Notice that
the divalent and tetravalent cations are clearly outside this
trend. However, if we represent the variation of the packing
index versus theMn-Odistance (Figure 8b), we observe that
the packing factor reasonably scales with the Mn-O bond
lengths, including the Ca, Ce, and Th compounds: the com-
pactness of the structure is governed by the Mn-O bond

lengths; thus the structure is less packed for large Mn-O
distances. It is also interesting to compare the RCu3Mn4O12

oxides with the series of simple perovskites RMnO3.
32 In

RMnO3 the B position is occupied only by Mn3þ, in such a
way that the average Mn-O distance is longer than in the
RCu3Mn4O12 series. In Figure 8a we observe that the simple
RMnO3 perovskites present a significantly lower packing
index than the complex perovskites. The main difference is
that 75%of theA sites inRCu3Mn4O12 are occupied byCu

2þ

ions, which are able to form strongly covalent bonds to
oxygen atoms; this fact accounts for the higher compactness
of the structure. In conclusion, the degree of packing of these
systems mainly depends on the degree of covalence of the
chemical bonds: both Mn4þ-O and Cu2þ-O are fairly
covalent, accounting for a higher degree of global covalence
for RCu3Mn4O12.
The dc magnetic susceptibility versus temperature data for

RCu3Mn4O12 exhibit a spontaneous ferromagnetic ordering
for all the samples, withTC increasing remarkably up tomore
than 400 K, well above the reported Curie temperature of
the parent compound CaCu3Mn4O12 (TC=355 K).10 The
evolution ofTC along the series of rare-earth cations is shown
in Figure 9a. There is an overall increase of the Curie
temperature as the rare-earth size diminishes, from La to
Lu. Again, this is in sharp contrast with that observed in
many series of magnetic RMO3 perovskites, where a reduc-
tion in the size of R3þ is usually accompanied with a decrease
of the long-range ordering temperature (ferromagneticTC or
antiferromagneticTN), as illustrated for the series of RMnO3

antiferromagnetic perovskites, where TN varies from 130 K
(R=La) to 41K (R=Ho) (indeed there is a transition from

Figure 7. Mn-O-Mnangle, indicating the tiltingof theMnO6octahedra,
versus the R ionic radius. The line is a guide to the eye.

Figure 8. (a) Variation of the packing index of the RCu3Mn4O12 series
with theR ionic radius. Values for theRMnO3 series are given for the sake
of comparison calculated from ref 31. (b) Evolution of the compactness of
the structure along the series versus Mn-O bond lengths. The lines are
guides to the eye.

Figure 9. Evolution of the Curie temperature, TC, along the RCu3-
Mn4O12 series with the (a) ionic radius and (b) the Mn-O distance. The
lines are guides to the eye.

(32) Alonso, J. A.; Martı́nez-Lope, M. J.; Casais, M. T.; Fern�andez-Dı́az,
M. T. Inorg. Chem. 2000, 39, 917–923.



Article Inorganic Chemistry, Vol. 49, No. 12, 2010 5685

type-E to type-A ordering; TN for the phase of type E
ordering does not depend on the R size) or for the RFeO3

antiferromagnets, whereTN evolves from 750K (R=La) to
623 K (R= Lu). This is ascribed to the progressive increase
of the tilting angle as R3þ becomes smaller,29-31 bending
the superexchange Mn-O-Mn angle and impairing the
overlapping between Mn 3d and O 2p orbitals, thus weak-
ening the long-distance magnetic interactions.
The crystal structure of the complex perovskites RCu3-

Mn4O12 is odd in the sense that a reduction in the size of the
R3þ cations along the rare-earth series from La to Lu is not
accommodated by the perovskite through an increase of the
rotation angle of the MnO6 octahedra, since the tilting angle
is mainly determined by the CuO4 square-planar units placed
at the A positions of the perovskite. Nevertheless, it is also
observed that the cubic unit-cell parameter, a, progressively
shrinks as R3þ becomes smaller, scaling with the size of the
rare-earth cation. Since the rotation angle of the MnO6

octahedra is blocked by the CuO4 units, the reduction in size
of the RO12 coordination polyhedra (Figure 6b) is accom-
modated by a concomitant shrinking of theMnO6 octahedra
along the series, leading to the observed reduction in Mn-O
distances illustrated inFigure 6a.Webelieve that this gradual
compression effect of the Mn-O bonds is one of the clues to
understand the progressive increment of the Curie tempera-
tures along the RCu3Mn4O12 series. Figure 9b shows that
there is a linear relationship between the observed TC’s and
the lengths of the Mn-O bonds, confirming the hypothesis
that the magnetic interactions are mainly controlled by this
distance. In fact, the internal pressure or chemical pressure
produced by the diminution of R3þ cations is responsible for
the compression of theMn-O chemical bonds, thus improv-
ing the overlapping between 3d Mn and 2p O orbitals and
enhancing the superexchange mechanism and the strength of
the magnetic interactions between Mn magnetic moments.
As a final consideration, the O-Mn-O angles that define

the axial distortion of the MnO6 octahedra also change with
the R3þ ionic size, as shown in Figure 10. We define this
angular distortion as twice the deviation of the O-Mn-O
angle with respect to 90�. The effect of the chemical pressure
introducedas theR3þ size diminishes not only compresses the
Mn-O distances but also leads to a progressive angular
distortion of the MnO6 octahedra with respect to a ternary
axis along the [1 1 1] direction. This angular distortion may
also have an important influence on the magnetic coupling
between adjacent Mn atoms, reinforcing the ferromagnetism.
In compounds with Mn4þ, only containing half-filled t orbi-
tals, it is important to take into account a spin-spin interac-
tion term in addition to the superexchange interaction Jπ, fully
dependent on the Mn-O distances and Mn-O-Mn angles.
It has been shown that the hybridization between t and
e orbitals of adjacent sites is highly sensitive to the O-Mn-O
angle,33 a continuous reduction of which (i.e., an increment of
the octahedral distortion as observed in Figure 10) leads to a
progressive enhancement of the hybridization. In the case of
Mn4þ the t-e hybridization due to the local site distortion
introduces a virtual charge transfer to an empty e orbital,

which is ferromagnetic. The global FM superexchange inter-
action is thus reinforced as J= Jπþ Jσhb by a ferromagnetic
component Jσhb that depends on the local distortion, consti-
tuting an additional ingredient for the observed increment of
TC as the rare-earth size decreases along the R3þ series.

Conclusions

We have demonstrated that the electron injection effect
induced upon replacingCawith rare earths inCaCu3Mn4O12

gives rise to a substantial increment of theCurie temperature,
probably ascribed to the presence of Mn3þ at the octahedral
positions of the perovskite, carrying a larger magnetic mo-
ment than Mn4þ. This electron injection effect is constant
along the series (1 electron per formula).Howeverwe observe
an additional enhancement of TC as the R3þ size becomes
smaller, which we ascribe to the internal pressure implemen-
ted by the small rare-earth cations on the Mn-O bonds and
O-Mn-O angles. This overall scaling effect of the unit-cell
size and themicroscopic compression of theMnO6 octahedra
asR3þ diminishes promotes the orbital overlap and enhances
the long-range magnetic interactions; on the other hand, the
local-site distortion enables a virtual t-e charge transfer that
is ferromagnetic and increases along the series. The global
FM superexchange interaction is thus reinforced. Unlike
CaCu3Mn4O12, which needs to be prepared at very high
pressures of 7 GPa, RCu3Mn4O12 can be easily obtained
under moderate conditions (2 GPa) starting from very
reactive precursors in the presence of an oxidizing agent.
The easiness of their preparation, compared to the Ca parent
compound, and the improvement achieved in the properties
of interest, namely, theCurie temperature,make it possible to
propose these magnetoresistant materials as candidates for
practical applications in spintronic devices.
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Figure 10. Axial distortion of theMnO6 octahedra, defined as twice the
deviation of the O-Mn-O angle with respect to 90�, versus the R ionic
radius. The line is a guide to the eye.
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