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The two orthorhombic perovskites LaMn0.5Rh0.5O3 and LaCu0.5Rh0.5O3 have been characterized
using X-ray absorption near edge structure (XANES) measurements and powder synchrotron X-ray
and neutron diffraction. TheMn and Rh in LaMn0.5Rh0.5O3 are essentially trivalent and disordered
onto the same crystallographic site. The absence of an appreciable Jahn-Teller (JT) distortion of the
BO6 octahedra is a consequence of this disorder and large magnitude of the octahedral tilting.
XANES measurements show that the Rh in LaCu0.5Rh0.5O3 has a valence state of aroundþ3.5 as a
consequence of extensive charge delocalization between the Cu and Rh cations, that are also
disordered onto a single site. These two effects combine to further reduce the distortion of the
octahedra in LaCu0.5Rh0.5O3 relative to that of LaMn0.5Rh0.5O3.

Introduction

The perovskite structure is one of the most frequently
encountered structural types in solid-state chemistry.
Perovskite oxides have the general formula ABO3 where
the larger A-type cations are surrounded by 12 oxygen
anions in a cuboctahedral coordination and the smaller
B-type cations are surrounded by six oxygen anions in
octahedral arrangement. In the ideal case, the perovskites
are cubic in space group Pm3hm, although in many cases
cooperative tilting of the corner sharing BO6 octahedra
occurs in response to a size mismatch between the A- and
B-type cations. The family of perovskites can be extended
by chemical substitution at either cation site, and in recent
years there has been considerable interest in oxides that
contain two cations in the octahedral site,AB1-xB

0
xO3. In

the case where x = 0.5, cation ordering to form a three-
dimensional network of alternating BO6 and B0O6 octa-
hedra is often observed, although theB andB0 cations can
also adopt a disordered arrangement if their size and
oxidation state are similar. Much of the recent interest in
these oxides has been driven by their unusual magnetic
properties, especially in those oxides that contain both a
first row and a heavier, 4d or 5d, transition metal.
Despite the tendency for perovskites to exhibit symme-

try lowering by tilting, the bond distances within the
octahedra tend to remain relatively symmetric in the
absence of electronic effects. The most commonly en-
countered electronic distortions are the polar displace-
ments in oxides where the B-site cation has a d0 electronic
configuration such as in BaTiO3 or PbTi1-xZrxO3 or

Jahn-Teller type distortions where the B-site cation has
an appropriate electronic configuration, such as Mn3þ

(d4) orCu2þ (d9). Anisotropic occupancy of the eg orbitals
inMn3þ-containing perovskites can result in a long-range
orbital ordering, leading to an array of complex and often
fascinating phenomena. Incorporating a heavier transi-
tion metal, such as Ru1,2 or Ir3 into a manganese perov-
skite has been studied as a means to tune the properties of
such oxides. Studies of mixed Mn-Ru perovskites such
as SrMn0.5Ru0.5O3 have demonstrated a complex inter-
play between the orbital ordering, octahedral tilting, and
electron transfer between the Mn and Ru cations.4-6

The aim of the present paper is to describe the structure
and valence states of two mixed-metal perovskites
LaMn0.5Rh0.5O3 and LaCu0.5Rh0.5O3. Although the
structure of LaMn0.5Rh0.5O3 has been reported pre-
viously,7,8 only a conventional laboratory X-ray source
was used. In the present study, we have employed both
synchrotron X-ray (more sensitive to detect any cation
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ordering) and neutron powder diffraction (for the deter-
mination of precise bond distances) to study these two
compounds. Furthermore, the oxidation states of the
B-site cations in these two samples were determined, for
the first time, using XANES. These two oxides are found
to be isostructural without cation ordering, but with
differing formal oxidation states of the B-site cations.

Experimental Section

Polycrystalline samples of LaRhO3, LaMn0.5Rh0.5O3, La-

Cu0.5Rh0.5O3, and La2MgRhO6 (double formula is used to

indicate Mg/Rh ordering) were prepared by solid-state reaction

from stoichiometric mixtures of high-purity La2O3, Rh metal

and the appropriate metal oxide (Mn2O3, CuO, and MgO).

After mixing, the powders were placed in alumina crucibles and

calcined at 950 �Covernight before being heated at 1300 �C for 6

days with periodic regrinding of the mixture. The samples were

heated under an oxygen atmosphere to promote oxidation of the

Rh metal. The reactions were continued until powder X-ray

diffraction patterns, collected using a ShimadzuD6000 diffracto-

meter, no longer changed.

X-ray diffraction data were collected on the high resolution

Debye-Scherrer diffractometer at the Australian National

Beamline Facility (ANBF), Beamline 20B at the Photon Fac-

tory, Tsukuba, Japan.9 The samples were housed in 0.3 mm

diameter glass capillaries that were rotated during the measure-

ments. The data were recorded at room temperature over the

angular range 5� < 2θ < 85�, step size 0.01� using X-rays of

wavelength 0.80286 Å with two Fuji Image plates being used as

detector. Each image plate is 20 � 40 cm and covers 40� in 2θ.
The wavelength was calibrated using Si 640c as a standard.

Neutron powder diffraction data were measured using the high

resolution powder diffractometer Echidna10 at ANSTO’s

OPAL facility at Lucas Heights, Australia using neutrons of

wavelength 1.538 Å. For these measurements the samples were

contained in a cylindrical vanadium can. The structures were

refined using the program RIETICA,11 where the background

was estimated by interpolating between up to 40 selected points.

Rh L3,2-edge and Mn K-edge X-ray absorption spectra were

recorded, from powder samples dispersed on Kapton tape, in

fluorescence mode on beamline BL-16A1 at the National Syn-

chrotron Radiation Research Center (NSRRC) in Hsinchu,

Taiwan using a Lytle detector.12 Energy steps as small as 0.2

eV were employed near the absorption edges with a counting

time of 2 s per step. The spectra were normalized to the incident

photon current. The energy scale of the RhL3,2- andMnK-edge

spectrawas calibrated using the L2-edge of aMo foil andK-edge

of a Mn foil respectively. LaRhO3 and La2MgRhO6 were used

as the Rh3þ and Rh4þ standards. Data analysis was carried out

using the software package EXAFSPAK.13 First the BACK-

SUB program was used for background subtraction and nor-

malization, followed by least-squares refinement (DATFIT).

Cu K-edge X-ray absorption spectra were recorded in trans-

mission mode on beamline 12ID at the Australian Synchrotron

in Melbourne, Australia using a set of flow-through ion cham-

bers filled with N2. Energy steps of 0.25 eV were employed near

the edge while counting for 1 s per step. The energy scale was

calibrated by simultaneously measuring a Cu foil placed be-

tween two downstream ion chambers.

The magnetic measurements were carried out using a SQUID

magnetometer (QuantumDesign,MPMS-5S). The temperature

dependence of the magnetic susceptibilities was measured under

both zero-field-cooled (ZFC) and field-cooled (FC) conditions

in an applied field of 0.5 T over the temperature range 5-300K.

The temperature dependence of the resistivity was measured

using a DC four-probe technique with the same measurement

system (PPMSmodel). The sintered samples were cut into pieces

of approximately 3 � 5 mm. Four contacts were painted onto

the samples using carbon paste.

Results and Discussion

Neither the structure nor the oxidation state distribu-
tion in LaCu0.5Rh0.5O3 has been established previously.
Although two earlier studies of LaMn0.5Rh0.5O3

7,8 both
reported the structure to be orthorhombic without any
Mn-Rh long-range ordering, there was disagreement
over the oxidation states ofB-site cations in this sample.
Schnizer7 assumed that the Mn and Rh were present
as Mn2þ and Rh4þ based on the fact that no strong
JT distortion (expected from Mn3þ ions) was observed
in the structure. Using magnetic susceptibility mea-
surements Haque et al.8,14 suggested the oxidation
state distribution was actually Mn3þ-Rh3þ rather
than Mn2þ-Rh4þ. Recent magnetic studies by Sheets
et al.15 on LaMn0.5Rh0.5O3 thin films were interpreted
assuming a Mn2þ-Rh4þ distribution, although these
authors acknowledged that the observed ferromagnet-
ism could also arise from disorder of Mn3þ and Rh3þ

cations.

Figure 1. Normalized Rh L3-edge XANES spectra for members in the
series LaB0.5Rh0.5O3, and Rh3þ (LaRhO3) and Rh4þ (La2MgRhO6)
standards. The data have been offset vertically for clarity.
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To establish the valence states of the constituent cations
XANES data were collected. The normalized Rh L3

XANES spectra of LaCu0.5Rh0.5O3, LaMn0.5Rh0.5O3,
and Rh3þ (LaRhO3) and Rh4þ (La2MgRhO6) standards
are presented in Figure 1. The Rh L-edge absorption
spectra originate from dipole allowed transitions of the
Rh 2p core electrons into the unoccupied Rh 4d states
in the conduction band, which consist of the t2g and
eg orbitals in octahedral symmetry. The splitting of the
L-edge into L3 and L2 edges arises from spin-orbit
coupling (the Rh L2-edge spectra were also obtained,
and show similar features to those of the L3-edge). As
shown inFigure 1, the L3-edge spectrumof theRh4þ (4d5)
oxide La2MgRhO6 is characterized by a poorly resolved
doublet near 3005.4 and 3006.5 eV, reflecting transitions
into the t2g and eg states, respectively. Conversely, the L3

spectrum of the Rh3þ (4d6) standard LaRhO3 presents a
single peak near 3005.0 eV, due to completely filled t2g
orbitals (so that only transitions from the 2p3/2 core levels
to the eg states are possible).

16

As shown in Figure 1, the Rh L3-edge XANES spec-
trum of LaMn0.5Rh0.5O3 is very similar to that of LaR-
hO3, suggesting that the Rh is predominantly trivalent in
LaMn0.5Rh0.5O3. This is confirmed by quantitative ana-
lysis using a least-squares refinement program (DATFIT)
within the EXAFSPAK software package.13 Namely, the
L3-edge XANES spectrum from LaMn0.5Rh0.5O3 was
fitted with a linear combination of the two standards
(LaRhO3 and La2RhMgO6) over the energy range of
2980-3060 eV (Figure 2a), giving rise to an average Rh
oxidation state of 3.06. TheMnK-edge spectrumwas also
obtained from LaMn0.5Rh0.5O3 (not shown), and similar

to that of LaMn3þ0.5Ga0.5O3.
17 Based on both Rh L- and

Mn K-edge XANES data we propose the presence of a
Mn3þ-Rh3þ redox distribution in LaMn0.5Rh0.5O3.
The Rh L3-edge XANES spectrum for LaCu0.5Rh0.5O3

appears intermediate between the two extremes repre-
sented by LaRhO3 and La2MgRhO6 (Figure 1), suggest-
ing that some degree of electron transfer between the Rh
and Cu has occurred. Quantitative analysis of the Rh L3-
edge XANES spectra of LaCu0.5Rh0.5O3 was also under-
taken (Figure 2b). The fitting results suggest that the Rh
has an average valence of around 3.5. The Cu K-edge
spectrum was also examined. However in the absence of
suitable Cu2þ/Cu3þ standards, detailed analysis of the
observed Cu K-edge spectrum was not possible, but its
appearance is not inconsistent with the partial oxidation
of the Cu from 2þ to 3þ in LaCu0.5Rh0.5O3.

The synchrotron X-ray pattern confirmed that
LaMn0.5Rh0.5O3 is orthorhombic in space group Pbnm,
isostructural with LaRhO3

18 and LaMnO3
19, and we find

no evidence for long-range ordering of the Mn and Rh
cations. Ultimately, the structure was refined using pow-
der neutron diffraction data, the results of which are

Figure 2. Rh L3-edge XANES spectra of (a) LaMn0.5Rh0.5O3 and
(b) LaCu0.5Rh0.5O3, as well as the corresponding fit and the individual
Rh3þ (LaRhO3) and Rh4þ (La2MgRhO6) components.

Figure 3. Observed, calculated, and difference synchrotron X-ray (top)
and neutron (bottom) diffraction patterns for LaMn0.5Rh0.5O3 refined in
the orthorhombic space group Pbnm. The inset to the X-ray profile
highlights the quality of the data and fit to high angles.
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illustrated inFigure 3 and summarized inTable 1. In these
refinements, the displacement parameters of the Mn and
Rh were constrained to be equal. Refinement of the
oxygen occupancies did not lead to any significant devia-
tions from full occupancy, suggesting that any deviation
in oxygen stoichiometry is, at most, small. Very similar
refinement results were obtained using the synchrotron
X-ray diffraction data. We note that the refinements
using the neutron diffraction data resulted in unusually
low values for the displacement parameter of the Mn/Rh
site; we believe this is a consequence of the opposite
scattering lengths of Mn (-0.373 fm) and Rh (0.588
fm). The BO6 octahedra in LaMn0.5Rh0.5O3 are not
regular, rather two of the B-O distances are somewhat
longer than the other four (2� 2.048(4), 2� 2.024(1) and
2 � 1.986(4) Å). The distortion of octahedra can be
quantified using the expression Δd = (1/6)Σ[(dn-d)/d]2,
where d is the mean B-O distance and dn the individual
Mn(Rh)-O distance;19 Δd has a value of 1.9 � 10-4 for
the LaMn0.5Rh0.5O3 sample, which is roughly 1 order of
magnitude lower than that for LaMnO3 (33.1 x10-4)19

but 1 order of magnitude higher than that for LaRhO3

(0.25 � 10-4).18 Bond valence calculation, performed
using the refined B-O distances obtained from the
neutron diffraction data, resulted in values of 2.98 and
3.25 forMnandRh, respectively, in keepingwith both the
Mn and Rh being trivalent in LaMn0.5Rh0.5O3.
The distortion of the (Mn/Rh)O6 octahedra in

LaMn0.5Rh0.5O3 may be explained by analogy with the
situation in LaMnO3 where the d3x2-r2and d3y2-r2 orbi-
tals are ordered in an alternate staggered pattern in the a-b
plane.20 This leads to two long and two short Mn/Rh-O
bonds in the a-b plane with the Mn/Rh-O bonds along
the c-axis being intermediate between these. Previous

studies of LaMn1-xGaxO3
17 reported that doping of the

Mn site with Ga reduces the orbital ordering, ultimately
the sixMn/Ga-O bond distances become approximately
equal for x≈ 0.6. Although the bond length anisotropy in
LaMn0.5Rh0.5O3 is considerably less than that observed
in LaMnO3, the pattern of 2 long þ 2 short þ 2 medium
bonds is evident, suggesting that orbital ordering asso-
ciated with a cooperative JT distortion persists in this
oxide. We note that in oxides such as CaMn0.5Nb0.5O3

and CaMn0.5Sb0.5O3 the sixMn/B-O bond distances are
approximately equal and it has been proposed that tilting
of the octahedra inhibits a static JT distortion.6 The out-
of-phase tilt angle (j) around the [110] axis in LaMn0.5-
Rh0.5O3 at room temperature, estimated from the refined
atomic coordinates, is 13.8� and the in-phase angle (ψ)
around the z axis is 9.8�. These values are comparable to
those estimated from the reported coordinates for
CaMn0.5Nb0.5O3 (j = 13.5�, ψ = 10.3�) and CaMn0.5-
Sb0.5O3 (j = 13.8� and ψ = 10.3�).6

We have also investigated the structure of the analo-
gous Cu containing oxide LaCu0.5Rh0.5O3, which has not
been reported before. Although LaCuO3 can be prepared
only at high oxygen pressure,21 doped samples that also
contain Cu3þ, such as LaCu0.5Ni0.5O3, can be prepared
undermilder conditions,22 albeit in a heterogeneous state.
Figure 4 shows the synchrotron X-ray and neutron
powder diffraction patterns for LaCu0.5Rh0.5O3 obtained
at room temperature. Examination of the synchrotron
profile revealed well resolved splitting of the 110 reflec-
tion near 2θ = 16.5� indicative of orthorhombic (or
lower) symmetry, as well as superlattice reflections asso-
ciated with both in-phase and out-of-phase tilting of the
octahedra. On the basis of previous reports that La2Mg-
RhO6 and La2ZnRhO6

23 as well as La2CuIrO6
24 exhibit

cation ordering, a model based on a fully ordered cation
distribution in combination with a-bþa- tilting (space
group P21/n) was investigated. Refinement of this model
suggested that the monoclinic angle β was very close to
90� and the fit overestimated the intensity of a number of
theR-point superlattice reflections associated with cation
ordering. This problem was addressed by allowing for
antisite disorder of the Cu andRh cations and subsequent
refinements suggested a random distribution of these two
cations. Accordingly the data were then fitted to a model
in Pbnm where the Cu and Rh cations are fully dis-
ordered. As evident from Figure 4, this leads to an
acceptable fit of the synchrotron X-ray diffraction data.
To obtain a more precise description of the B-O bond

distances the structure of LaCu0.5Rh0.5O3 was refined
using powder neutron diffraction data, in the expectation
that such data will be more sensitive to displacement of
the oxygen atoms. The neutron data are less sensitive than
the X-ray data to the possibility of the ordering of the Cu

Table 1. Results of the Structural Refinements for LaMn0.5Rh0.5O3 and

LaCu0.5Rh0.5O3 Using Neutron Powder Diffraction Data; The B Site

Cations are at 0 0 0

LaMn0.5Rh0.5O3 LaCu0.5Rh0.5O3

a (Å) 5.5520(4) 5.5507(3)
b (Å) 5.5966(4) 5.6776(3)
c (Å) 7.8502(6) 7.8306(5)
V (Å3) 243.94(4) 246.74(4)
La x 0.5131(10) 0.5086(8)
La y 0.0407(7) 0.0498(4)
La z 1/4 1/4
La Biso 0.73(6) 1.07(5)
B/Rh Biso (Å

2) 0.00(3) 1.11(6)
O1 x 0.4116(10) 0.4095(9)
O1 y 0.4875(11) 0.4829(8)
O1 z 1/4 1/4
O1 Biso (Å

2) 0.70(13) 0.96(7)
O2 x 0.2845(7) 0.2954(6)
O2 y 0.2082(7) 0.2015(5)
O2 z -0.0388(6) -0.0475(4)
O2 Biso (Å

2) 0.96(9) 1.33(5)
B/Rh-O1 (Å) 2.024(1) 2.023(1)
B/Rh-O2 (Å) 1.986(4) 2.033(3)
B/Rh-O20 (Å) 2.048(4) 2.073(3)
B/Rh-O (av) 2.019 2.043
Rp (profile) (%) 7.58 7.95
Rwp (weighted profile) (%) 8.56 10.08

(20) Chatterji, T.; Ouladdiaf, B.; Mandal, P.; Bandyopadhyay, B.;
Ghosh, B. Phys. Rev. B 2002, 66, 054403.

(21) Demazeau, G.; Parent, C.; Pouchard, M.; Hagenmul, P. Mater.
Res. Bull. 1972, 7, 913–920.

(22) Odier, P.; Municken, M.; Crespin, M.; Dubois, F.; Mouron, P.;
Choisnet, J. J. Mater. Chem. 2002, 12, 1370–1373.

(23) Schinzer, C.; Demazeau, G. J. Mater. Sci. 1999, 34, 251–256.
(24) Anderson,M. T.; Greenwood, K. B.; Taylor, G. A.; Poeppelmeier,

K. R. Prog. Solid State Chem. 1993, 22, 197–233.
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and Rh cations. Refinement of the oxygen occupancies
suggests that these are fully occupied. The final results of
this refinement are summarized in Table 1. The refined
B-O distances are 2.023(1), 2.033(3), and 2.073(3) Å,
average 2.043 Å, demonstrating the presence of irregular
BO6 octahedra (Δd ≈ 1.1 � 10-4). The average B-O
distance in LaCu0.5Rh0.5O3 (2.043 Å) is similar to that
reported for LaRhO3 (2.053 Å) although the distortion of
BO6 octahedra is smaller in LaRhO3 (d≈ 0.25� 10-4).18

The bond valence sums for Cu in LaCu0.5Rh0.5O3, calcu-
lated using the refined B-O distances, is 2.61, suggesting
partial oxidation of Cu. The calculated value for the Rh,
3.05, is somewhat lower than expected from the XANES
measurements and possibly reflects some local disorder of
the oxygen anions.
A feature of the neutron profile of LaCu0.5Rh0.5O3 is

the diffuse intensity in the form of a modulated back-
ground, indicative of short-range correlations in the
displacements of some atoms. That this is more evident
in the neutron pattern than the X-ray diffraction data
suggests that there is some local disorder of the oxygen
anions. Such disorder may be induced by short-range order-
ing of the Rh and Cu cations. A similar effect was observed
in the disordered mixed perovskite CaNb0.5Mn0.5O3.

6

The profile for LaMn0.5Rh0.5O3 displayed a more regular
background.

It is well-known that large differences in ionic size and

oxidation state between the two B-site cations are two

main factors that favor cation ordering in AB0.5B’0.5O3

perovskites.24 Because the size difference between Cu2þ

(ionic radii of 0.73 Å) and Rh4þ (0.60 Å) is similar to that

between Cu3þ (0.54 Å) and Rh3þ (0.665 Å),25 the former

pair is more likely to be ordered. Both ordered and

disordered arrangements are observed in AB0.5B
0
0.5O3

perovskites when the difference in the oxidation state

between the B and B0 cations is two. Although rare,

disorder can also occur for greater charge differences as

exemplified by Sr2CuTaO5.5, which adopts the ideal

Pm3hm perovskite structure with the Cu2þ and Ta5þ

(ionic radii 0.64 Å) cations disordered onto a single site.

This symmetry requires that the six B-O distances all be

equal, that is, the Cu2þ cations cannot exhibit a static

Jahn-Teller distortion. In this case, it is thought that

the presence of a significant level of oxygen vacancies play

an important role in the stabilization of the cubic struc-

ture.26,27

Our structural studies show that the substitution of 50

mol % Cu for Rh in LaRhO3 results in the Cu occupying

the same site as the Rh cation, although it induces greater

distortion of the BO6 octahedra that may be a conse-

quence of a JT distortion indicative of a formally Cu2þ

cation. The CuO6 octahedra in the cation ordered perov-

skite Ba2CuUO6 shows large tetragonal distortion where

the two axial Cu-O(1) bond distances 2.400(2) Å are

0.404 Å longer than the four equatorial Cu-O(2) bond

distances 1.996(3) Å.28 Similar distortions are seen in

other ordered perovskites such as Sr2CuWO6 and Ba2-
CuWO6.

29 The bond distance anisotropy in LaCu0.5R-

h0.5O3 is approximately 10% of this, being about 0.05 Å.

There are few well-characterized oxides that contain both

Cu and Rh, one example being Sr3CuRhO6 that contains

an ordered Cu-Rh arrangement30 in which the Cu atoms

are essentially square planarwith four short (1.96-2.02 Å)

and two long (2.77 Å) distances. The Rh cations are

in a slightly distorted octahedral arrangement with an

average Rh-O distance of 2.011 Å,30 which is typical for

a Rh4þ oxide. There are a number of examples of Cu2þ

oxides existing in a regular octahedral environment. For

example, K€ohl and Reinen31 reported that the Cu-O

distances in the CuO6 octahedron of ordered hexagonal

perovskite Ba3CuSb2O9 were 2.065 and 2.080 Å, demon-

strating the absence of a static Jahn-Teller distortion,

although they suggested that a dynamic JT effect may be

present.

Figure 4. Observed, calculated, and difference synchrotron X-ray (top)
and neutron (bottom) diffraction patterns for LaCu0.5Rh0.5O3 refined in
Pbnm.The inset to the X-ray profile highlights the quality of the data and
fit to high angles.

(25) Shannon, R. D. Acta Crystallogr., Sect. A 1976, 32, 751–767.
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State Ionics 1998, 108, 337–341.
(28) Zhou, Q.; Kennedy, B. J. J. Phys. Chem. Solids 2007, 68, 1643–

1647.
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We suggest that the situation in LaCu0.5Rh0.5O3

is similar to that in CaMn0.5Ru0.5O3
32 where an ex-

tensive delocalization of charge occurs between the
Mn and Ru cations, so that the formal valency of the
Cu is close to 2.5, a Jahn-Teller like distortion of the
BO6 octahedra is evident albeit on a much reduced
scale compared to a “pure” Mn3þ system such as
LaMnO3.
The temperature dependence of the resistivity

of LaMn0.5Rh0.5O3 and LaCu0.5Rh0.5O3 is plotted in
Figure 5 and demonstrates the two oxides are semi-
conductors in the temperature range studied. In both
cases an increase in resistivity with decreasing tempera-
ture is observed, with the resistance exceeding the
maximum value that could be measured (R > 1 � 107

Ω) near 150 K for LaMn0.5Rh0.5O3 and 25 K for
LaCu0.5Rh0.5O3. An Arrenhius plot of log σ verses
inverse temperature for LaMn0.5Rh0.5O3 reveals linear
dependence indicative of a semiconductor with a low
activation energy of 0.21 eV. The conductivity of
LaCu0.5Rh0.5O3 was noticeably higher than that of
the analogous Mn oxide, suggesting electron delocali-
zation between the Cu and Rh cations. The Arrenhius
plot gave a lower activation energy, 0.055 eV, for
this complex. This is consistent with the observed
XANES results that suggest mixed valence in LaCu0.5-
Rh0.5O3.
Themagnetic properties of both compounds were also

examined. Measurements of the magnetization of
LaMn0.5Rh0.5O3 as a function of applied field and
temperature show this to be ferromagnetic with a Curie
Temperature Tc of 65(1) K in reasonable agreement with
72(1) K reported by Schinzer.7 Given the XANES
measurements demonstrate the presence of diamagnetic

Rh3þ, and the diffraction shows disorder of the Mn3þ

and Rh3þ cations the ferromagnetism presumably arises
through vibronic superexchange between Mn3þ-
O-Mn3þ interactions. LaCu0.5Rh0.5O3 is only very
weakly paramagnetic, Figure 6, and magnetic hysteresis
loops show no evidence for any long-range magnetic
interactions. Although the details of the magnetic struc-
ture of LaMn0.5Rh0.5O3 are still to be fully resolved, the
present work serves as a cautionary tale in assigning
valence states in strongly coupled systems on magnetic
data alone.

Conclusions

In summary, it has been established using XANES
measurements that both the Mn and Rh in LaMn0.5-
Rh0.5O3 are trivalent. The structure has been refined
from neutron diffraction data and the absence of an
appreciable JT distortion of the BO6 octahedra is a
consequence of the disorder of the Mn3þ and Rh3þ

cations onto the same site and large magnitude of the
octahedral tilting. XANES measurements also show
the Rh in LaCu0.5Rh0.5O3 with a valence state of
around þ3.5. The extensive delocalization of charge
occurring between the Cu and Rh cations increases the

Figure 5. Arrenhius plots of log σ verses inverse temperature for
LaMn0.5Rh0.5O3 and LaCu0.5Rh0.5O3. The solid lines are the linear fits
to data.

Figure 6. Inverse molar susceptibility for (a) LaMn0.5Rh0.5O3 and (b)
LaCu0.5Rh0.5O3. The line in LaMn0.5Rh0.5O3 represents the best fit to the
Curie-Weiss law in the paramagnetic region.

(32) Zhou, Q.; Kennedy, B. J.; Zhang, Z.; Jang, L.-Y.; Aitken, J. B.
Chem. Mater. 2009.
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formal valency of the Cu to close to 2.5, which reduces
the impact of a Jahn-Teller like distortion of the BO6

octahedra. The distortion of the octahedra in La-
Cu0.5Rh0.5O3 (Δd ≈ 1.1 � 10-4) is slightly smaller than
that seen in LaMn0.5Rh0.5O3 (Δd ≈ 1.9 � 10-4), but
much smaller than that in the “pure” Mn3þ system
LaMnO3 (Δd ≈ 33.1 � 10-4).
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