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RCrMnO5 (R = Sm, Eu, Gd, Tb, Ho, and Er) were synthesized
at high O2 pressures and 900–950 °C. Crystal structures were
refined by using powder X-ray diffraction (PXRD) and pow-
der neutron diffraction (PND) for Tb, Ho, and Er compounds
and PXRD for Sm, Eu and Gd compounds. All compounds
were isostructural with RMn2O5. By using the bond-valence
model we found that (Cr/Mn)4+ mainly occupy the octahedral
sites and (Cr/Mn)3+ occupy the pyramidal sites. Antisite dis-
order between octahedral and pyramidal sites was found in
the three samples analyzed by PND. From the values ob-
tained for the occupancies of Cr and Mn in the pyramidal
and octahedral sites and from the approximate average oxid-
ation states for each crystallographic site obtained by the
bond-valence calculations, an estimated ionic distribution

Introduction

Rare-earth (R) manganese oxides of RMn2O5 stoichio-
metry are known as multiferroic materials that exhibit
colossal magnetoelectric effects.[1] The ferroelectricity of
RMn2O5 arises from magnetic ordering, and the electric po-
larization P along the b axis of RMn2O5 changes simulta-
neously with the magnetic ordering. Thus, the physics of
RMn2O5 is controlled by the magnitudes of competing
magnetic interactions, whereas the interactions depend on
structural parameters and on the size of the R cation.[2–4]
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model was proposed. The μeff value for RCrMnO5 could be
explained by considering the contribution of all the paramag-
netic species and by using the ionic distribution model. No
magnetic long-range order was observed by PND in R = Er,
Ho, and Tb compounds. All the Curie–Weiss temperatures
obtained from the magnetic susceptibility were negative (θ
� 0), indicating antiferromagnetic correlations. For the com-
pounds with Eu and Sm, θ close to –200 K were obtained for
the Cr–Mn sublattice. The semiconducting properties could
be described by a variable range hopping mechanism associ-
ated with antisite disorder of Cr/Mn. No dielectric transitions
were observed in the electric permittivity in the measured
temperature range.

The interplay between ferroelectricity and magnetism in
these oxides suggests the appealing possibility of controlling
the polarization by the application of an external magnetic
field and vice versa, which would allow the design of new
devices for practical applications.

A disadvantage of these compounds is the low tempera-
ture at which magnetism and ferroelectricity appear. Most
of the RMn2O5 compounds are reported to undergo two
antiferromagnetic transitions at ca. 40 and ca. 20 K, and
two ferroelectric transitions at the same temperatures.[5]

This hinders their application at room temperature, so it is
necessary to search for new related oxides that could pres-
ent this behavior at higher temperatures.

The crystal structure of RMn2O5 is orthorhombic with
space group Pbam. It has two crystallographic sites for Mn
atoms, with different oxygen coordinations and oxidation
states. The Mn4+ cations are located at the 4f sites, octa-
hedrally coordinated (Mn4+O6), whereas Mn3+ cations
(Jahn–Teller ion) occupy the 4h sites and they are bonded
to five oxygen atoms (Mn3+O5), forming a distorted pyra-
mid.[6] The crystal contains infinite chains of edge-sharing
(Mn4+O6) octahedra, arranged along the c axis, and the
chains are linked by pairs of (Mn3+O5) corner-sharing pyra-
mids (Figure 1). The structure has four crystallographic dif-
ferent oxygen atoms, as shown in Figure 1 (a).
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Figure 1. View of the crystallographic structure of RMn2O5 along
the c axis. (a) A unit cell is shown highlighting the four crystallo-
graphically different O2–. Octahedra and pyramids correspond to
(Mn4+O6) and (Mn3+O5) polyhedra, respectively. There are infinite
chains of edge-sharing octahedra through O2 and O3 along the c
axis. The chains are linked by dimer units Mn3+

2O9 (linked through
O1) interconnected through O3 and O4 oxygen ions to form a
three-dimensional framework. (b) A larger portion of the crystal
structure of RMn2O5 is shown. The red spheres represent rare-
earth cations.[31]

With the aim of inducing new magnetic interactions in
the members of the RMn2O5 family, a large number of iso-
structural compounds have been previously reported;
among them, RFeMnO5 (R = Y, Tb, Dy, Ho, Er, and
Yb),[7–12] BiFexMn2–xO5,[13] YGaMnO5,[14] RCrGeO5 (R =
Nd-Er and Y),[15] NdMn1.5Ru0.5O5,[16] and RCrMnO5 (R =
Y and Dy).[17,18] The introduction of Fe3+ ions at the py-
ramidal sites (RFeMnO5) induced strong antiferromagnetic
interactions with Mn4+ at the octahedral sites, giving a fer-
rimagnetic behavior. In these compounds some anti-site dis-
order is observed, with approximately 7% of the 4f octahe-
dral site being occupied by Fe3+ cations and approximately
15% of the pyramidal 4h position containing Mn4+, de-
pending of the rare earth. When R ion is Bi3+, the units
BiO8 are strongly distorted with respect to those observed
in other RFeMnO5 compounds because of the presence of
an electronic lone pair on Bi3+.[7–13] The presence of non-
magnetic Ga and Ge in YGaMnO5

[14] and RCrGeO5,[15]

respectively, at the pyramidal sites simplifies the magnetic
interactions in this structure type. When Cr is introduced
into the structure (replacing half of the Mn), a significant
level of cationic disorder was found between both pyrami-
dal and octahedral sites.[17,18] Finally, by replacing half of
the Mn on the octahedral sites by Ru, metal–metal bonding
Ru–Ru appears within the chains of octahedra, wherein the
metal–metal bonding is established though edge-sharing oc-
tahedra.[16]

Table 1. Best synthesis conditions to obtain RCrMnO5 samples (R = Sm, Eu, Gd, Tb, Ho, and Er) and percentage of minority impurities.

O2 pressure [Bar] Temperature [°C] Time [h] RCrO3 [%] RCrO4 [%] R2Mn2O7 [%]

Sm 45 900 12 1.6 0.9 –
Eu 40 900 12 2.1 – –
Gd 42 950 12 1.9 – –
Tb 42 950 12 1.1 – –
Ho 42 900 12 1.1 1.2 –
Er 115 900 12 0.9 – 1.2
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In this contribution, we report on the preparation and
the structural, magnetic, and electrical characterization of
six new members of the RCrMnO5 family of compounds
(R = Sm, Gd, Eu, Tb, Ho, and Er). These oxides must
be prepared under moderate O2 pressure and the structural
characterization has been made by using powder X-ray dif-
fraction (PXRD) and powder neutron diffraction (PND);
the magnetic characterization was made by magnetic
susceptibility measurements and the electric characteriza-
tion was made by resistivity and permittivity measurements.
We also compared the structural parameters of these new
compounds with their isostructural compounds RMn2O5

and RFeMnO5, analyzing how the incorporation of Cr3+/4+

ions in the octahedral or pyramidal sites affect the different
bond lengths and angles.

Results and Discussion

Sample Preparation

The synthesis of RCrMnO5 requires moderate oxidizing
conditions to stabilize the Mn4+ and Cr4+ cations. In air
atmosphere and high temperatures the main synthesis prod-
ucts were the perovskite RMO3 for rare earth with ionic
radii larger than that of Ho3+ and R2M2O7 for rare earth
with ionic radii smaller than that of Dy3+ (where M = Cr
and/or Mn).

At higher pressures and at around 900 °C the competitive
phase RCrO4, containing Cr5+, was stabilized. At tempera-
tures above 950 °C and around 42 Bar a considerable
amount of competitive perovskite phase RCrO3 was stabi-
lized. When the rare earth was smaller than Er3+ a competi-
tive pyrochlore phase R2Mn2O7 was stabilized. For rare
earths with ionic radii smaller than Er3+, we could not ob-
tain the RCrMnO5 phase with purity greater than 70%,
having the pyrochlore phase as the main impurity. The con-
ditions of temperature, O2 pressure, and time of treatment
to obtain the purest possible RCrMnO5 phase are shown in
Table 1. The room temperature PXRD patterns for the six
samples RCrMnO5 (R = Sm, Eu, Gd, Tb, Ho, and Er) are
shown in Figure 2. The PXRD patterns for the six com-
pounds are very similar; they show high crystallinity and
high purity (� 97%). They can be indexed in an ortho-
rhombic unit cell, isostructural with the RMn2O5 phases.
Minor impurities of the competitive phases RCrO3, RCrO4,
or R2Mn2O7 were identified in some patterns.
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Figure 2. PXRD data for RCrMnO5 (R = Sm, Eu, Gd, Tb, Ho,
and Er). The star, cross, and circle indicate the most intense reflec-
tions of RCrO3, RCrO4, and R2Mn2O7 (minor impurities), respec-
tively.

Crystal Structure Refinement from Powder Neutron and
X-ray Diffraction at Room Temperature

Initially, we carried out a structural characterization for
the RCrMnO5 samples from PXRD data at room tempera-
ture. The structures were refined in the space group Pbam
(#55), taking as starting structural model the one of
DyCrMnO5.[18] R3+ cations and O2–(2) anions were placed
at 4g (x, y, 0) sites, Mn3+/4+ at 4f (0, 1/2, z) sites, Cr3+/4+

and O2–(3) at 4h (x, y 1/2) sites, O2–(1) at 4e (0, 0, z) sites
and O2–(4) at 8i (x, y, z) sites (Figure 1). These refinements
led to very accurate information being obtained regarding
the unit-cell parameters. The unit-cell parameters and vol-
ume are listed in Table 2. Figure 3 shows the evolution of
the unit-cell parameters as a function of R3+ ionic radii,
using the Shannon data for eightfold coordination.[19] An
increment of the unit-cell parameters was observed as the
ionic radii of the rare earth increased.

For the RCrMnO5 samples for which R is Tb, Ho, and
Er, we have performed a combined refinement of the crystal
structures from PND and PXRD data at room temperature.
For the samples with the high neutron absorbers Sm, Eu,
and Gd the crystal structures were refined by using only
PXRD data.

It is important to clarify that the refinement of the Mn/
Cr occupancy in the same crystallographic site could not be

Table 2. Unit-cell parameters and volume for RCrMnO5 samples at 300 and 3 K (R = Tb, Ho, and Er).

R a [Å] b [Å] c [Å] V [Å3]
T [K] 300 3 300 3 300 3 300 3

Sm 7.3908(4) – 8.5881(4) – 5.7212(3) – 363.15(4) –
Eu 7.3545(4) – 8.5694(4) – 5.7210(4) – 360.56(5) –
Gd 7.3183(5) – 8.5533(6) – 5.7198(3) – 358.05(5) –
Tb 7.2892(5) 7.2754 (2) 8.5349(5) 8.5342 (3) 5.7149(2) 5.7038(2) 355.55(4) 354.15 (2)
Ho 7.2286(5) 7.2016 (4) 8.4963(5) 8.4977 (5) 5.7095(4) 5.7045 (3) 350.66(3) 349.11 (4)
Er 7.2020(4) 7.1827 (4) 8.4679(4) 8.4636 (5) 5.7019(5) 5.6928(3) 347.74(5) 346.07 (3)
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Figure 3. Unit-cell parameters and volume variation for RCrMnO5

compounds as a function of eight-coordination R3+ ionic radii.

performed based on PXRD data because the X-ray scat-
tering factors for Cr3+/4+ and Mn3+/4+ ions are very similar.
However, these occupancies can be perfectly determined in
a very precise way by using PND because of the opposite
signs of the scattering lengths for Cr and Mn (3.635 fm and
–3.73 fm, respectively). The PND refinements significantly
improved when the antisite disorder present between Cr
and Mn in the octahedral and pyramidal sites was included.
Indeed, we found an important antisite disorder in the three
samples analyzed (Tb, Ho, and Er compounds) (Table 3) as
has been found for YCrMnO5

[17] and DyCrMnO5.[18]

Furthermore, refined composition can be obtained because
in the final refinement the partial occupancy of Cr/Mn at
4f and 4h sites was decoupled. As shown in Table 3, the
final refined compositions were somewhat different to those
of the nominal compositions, but the excellent agreement
between the theoretical and experimental patterns validate
these results (Figure 4).

The best results for the combined Rietveld refinement of
the room temperature PXRD and PND patterns for the
samples with Tb, Ho, and Er are shown in Figure 4. The
minor impurities (RCrO3,[20] RCrO4,[21] or R2Mn2O7

[22])
were included in the refinements as second or third crystal-
lographic phases. The amount of both impurities in each
RCrMnO5 sample could be estimated from the Rietveld re-
finement and these values are shown in Table 1.

The Cr/Mn ratio in the RCrMnO5 formula as a function
of R3+ ionic radii are shown in Figure 5. The Y and Dy
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Table 3. Structural parameters after the Rielveld refinement and final stoichiometries obtained.

R Sm Eu Gd Tb Ho Er
(PXRD) (PXRD) (PXRD) (PND) (PND) (PND)

T [K] 300 300 300 300 3 300 3 300 3
R 4 g (x, y, 0)
x 0.14086(2) 0.13996(2) 0.13918(2) 0.13824(2) 0.13841(2) 0.13817(2) 0.13449(2) 0.13886(2) 0.13703(4)
y 0.17287(2) 0.17222(2) 0.17186(2) 0.17088(2) 0.17085(2) 0.17264(2) 0.17554(2) 0.17015(2) 0.17072(3)
B [Å2] 0.166(2) 0.324(5) 0.180(4) 0.299(2) 0.193(2) 0.406(2) 0.435(2) 0.654(2) 0.581(4)

(Cr, Mn) 4f (0, 1/2, z)
z 0.26423(7) 0.26414(8) 0.26552(10) 0.26293(5) 0.26293(5) 0.26038(5) 0.26038(5) 0.26130(5) 0.26130(5)
B [Å2] 0.3 0.3 0.3 0.692(6) 0.3 0.693(6) 0.3 1.481(6) 0.3
Occup. [%] 0.60/0.40[a] 0.60/0.40[a] 0.60/0.40[a] 0.60(1)/ 0.40(1) 0.60(1)/ 0.40(1) 0.53(1)/ 0.47(1) 0.54(1)/0.46(1) 0.50(1)/0.51(1) 0.50(1)/0.50(1)

(Mn, Cr) 4h (x, y, 1/2)
x 0.40393(4) 0.40286(5) 0.40004(7) 0.40263(5) 0.40263(5) 0.40431(5) 0.40431(5) 0.40561(6) 0.40561(6)
y 0.35302(4) 0.35049(5) 0.35327(6) 0.35250(5) 0.35250(5) 0.34993(6) 0.34993(6) 0.35009(6) 0.35009(6)
B [Å2] 0.3 0.3 0.3 1.341(4) 0.3 1.023(7) 0.3 0.775(6) 0.3
Occup. [%] 0.63/0.37[a] 0.63/0.37[a] 0.63/0.37[a] 0.63(1)/ 0.37(1) 0.63(1)/ 0.37(1) 0.64(1)/ 0.36(1) 0.64(1)/0.36(1) 0.63(1)/0.37(1) 0.63(1)/0.37(1)

O1 4e (0, 0, z)
z 0.27664 0.27664 0.27664 0.27672(7) 0.27665(5) 0.27170(7) 0.26264(7) 0.27368(7) 0.27295(7)
B [Å2] 0.8 0.8 0.8 0.743(4) 0.876(4) 0.892(7) 1.215(7) 1.042(4) 0.620(6)

O2 4g (x, y, 0)
x 0.16566 0.16566 0.16566 0.16565(6) 0.16550(4) 0.16510(7) 0.16999(7) 0.16898(7) 0.16740(6)
y 0.44395 0.44395 0.44395 0.44375(4) 0.44450(3) 0.44259(6) 0.44440(9) 0.44240(5) 0.44290(4)
B [Å2] 0.8 0.8 0.8 0.502(4) 0.856(5) 0.679(7) 1.723(7) 0.149(5) 0.606(7)

O3 4h (x, y, 1/2)
x 0.15617 0.15617 0.15617 0.15606(6) 0.15535(4) 0.15407(7) 0.16464(7) 0.14856(7) 0.15272(6)
y 0.43202 0.43202 0.43202 0.43169(4) 0.43216(3) 0.42839(6) 0.42718(9) 0.42744(6) 0.43062(4)
B [Å2] 0.8 0.8 0.8 0.738(4) 0.726(4) 0.988(7) 1.420(7) 0.640(6) 0.531(7)

O4 8i (x, y, z)
x 0.39546 0.39546 0.39546 0.39546(3) 0.39587(2) 0.39227(4) 0.39010(7) 0.39218(4) 0.39227(3)
y 0.20884 0.20884 0.20884 0.20886(2) 0.20877(1) 0.20799(4) 0.20855(6) 0.20790(4) 0.20732(3)
z 0.24916 0.24916 0.24916 0.24916(6) 0.24875(4) 0.24766(7) 0.25390(9) 0.24614(8) 0.24818(6)
B [Å2] 0.8 0.8 0.8 0.566(4) 0.743(2) 0.724(6) 1.909(7) 0.649(7) 0.925(4)

Reliability factors
χ2 3.41 2.83 1.88 2.67 2.94 7.38 7.05 7.01 5.84
Rp [%] 8.99 8.64 7.82 1.92 10.9 8.68 2.79 9.87 12.5
Rwp [%] 12.7 11.5 10.7 2.50 10.1 12.6 3.73 14.1 12.3
Rexp [%] 6.89 6.82 7.78 1.53 5.90 4.64 1.41 5.33 5.14
RBragg [%] 6.14 5.54 4.58 5 6.27 5.69 8.42 4.94 5.66

Refined composition TbCr0.97Mn1.03O5 HoCr0.89Mn1.11O5 ErCr0.87Mn1.13O5

[a] PXRD patterns of the samples with R = Sm, Eu and Gd were refined using the Cr/Mn occupancies obtained for TbCrMnO5 from
PND.

values were obtained from previous reports.[17,18] The Cr/
Mn ratio (x/y ratio in Figure 5 for RCrxMnyO5) exhibits a
linear behavior, increasing with the R3+ size. As shown in
the inset of Figure 5, the amount of Cr in the structure
increases with R3+ radii and the opposite is found with Mn.
This indicates that the structure has an “ideal” R3+ ionic
radii for the formation of the samples with the nominal
composition (x/y = 1). When the R3+ ionic radii differ from
the “ideal” one, the structure starts to expel some Cr and
R3+ to form the impurities that are identified in the synthe-
sis (RCrO3 and RCrO4). The “ideal” R3+ ionic radius is a
little larger than the Tb3+ ionic radius. Unfortunately, for
samples in which R = Gd3+, Eu3+, and Sm3+ it was imposs-
ible to perform PND experiments to obtain the experimen-
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tal composition and verify that the “ideal” composition ex-
pected for these samples is reached. For simplicity, in the
rest of the article and in the figure captions, we will omit
this experimental stoichiometry and use the “ideal” one
RCrMnO5.

To obtain some insight into the distribution of the oxid-
ation states, we carried out a series of bond-valence calcula-
tions by using the Brown model.[23] This model gives a phe-
nomenological relationship between the formal valence of
a bond and the corresponding bond lengths. In perfect un-
strained structures, the bond-valence sum (BVS) rule states
that the valence (Vij) of the cation (anion) is equal to the
sum of the bond-valences (vij) around this cation (anion).
Bond-valences were calculated by means of the formula
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Figure 4. Combined refinement of the RCrMnO5 samples. Observed (dots), calculated (full line), and difference (bottom line) for PND
patterns after refinement of the crystal structure of TbCrMnO5, HoCrMnO5, and ErCrMnO5 at 300 K. The first series of tick marks
correspond to the Bragg reflections of the main RCrMnO5 phase in all cases. The second series of Bragg positions in TbCrMnO5

corresponds to the minor impurity TbCrO3 (1.1%). The second and third series of Bragg reflection in HoCrMnO5 and ErCrMnO5

correspond to the minor impurities HoCrO4 (1.2%), HoCrO3 (1.1%), ErCrO3 (0.9%), and Er2Mn2O7 (1.2 %), respectively. Inset: PXRD
patterns after the refinement of the crystal structure of TbCrMnO5, HoCrMnO5, and ErCrMnO5 at 300 K.

Figure 5. Cr/Mn ratio in the RCrxMnyO5 formula as a function of
R3+ ionic radii (R = Tb, Dy,[18] Y,[17] Ho, and Er). The dotted line
indicates the nominal composition ratio of the samples. Inset: Cr
and Mn variation in composition the RCrxMnyO5 formula as a
function of R3+ ionic radii (R = Tb, Dy,[18] Y,[17] Ho, and Er). The
dotted line indicates the nominal composition of the samples.

vij = exp[(Rij – dij)/0.37], where Rij is the bond-valence
parameter and dij is the anion–cation bond length. The val-
ence of the ion i (Vi) is then calculated as Σvij. Bond-valence
sums for all the ions in the RCrMnO5 samples are shown
in Table 4. In the case of sites occupied by Cr and Mn (oc-
tahedral and pyramidal), the informed valence is calculated
as the weighted average taking into account the occupancy
of each ion in each site.

Table 4. Valences determined from the bond-valence model for R,
M (octahedral site), M� (pyramidal site) and O.

Atom Sm Eu Gd Tb Ho Er

R 3.279 (7) 3.205 (7) 3.174 (7) 2.955 (7) 3.069 (9) 2.850 (9)
M 3.500 (7) 3.538 (7) 3.581 (7) 3.615 (7) 3.704 (9) 3.812 (9)
M� 3.122 (7) 3.147 (7) 3.192 (7) 3.221 (7) 3.076 (9) 3.146 (9)
O1 2.059 (9) 2.004 (9) 2.035 (8) 2.016 (4) 1.971 (6) 1.968 (4)
O2 1.885 (9) 1.868 (8) 1.848 (8) 1.824 (5) 1.904 (7) 1.808 (7)
O3 1.981 (8) 2.007 (8) 2.104 (8) 2.087 (5) 2.042 (6) 2.107 (6)
O4 1.989 (8) 2.006 (8) 1.980 (8) 1.947 (5) 2.010 (5) 1.962 (6)

The refinement of occupancies of the octahedral
(Mn,Cr)O6 and pyramidal (Mn,Cr)O5 sites showed that the
octahedral site (4f Wyckoff site) are slightly more occupied
by Cr than by Mn, whereas the pyramidal site (4h Wyckoff

Eur. J. Inorg. Chem. 2015, 4737–4749 © 2015 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim4741

site) is the opposite (more Mn than Cr) (Table 3). Similar
disorder was also observed in YCrMnO5

[17] and
DyCrMnO5.[18] The obtained valences shown in Table 4
suggest that Mn and Cr cations at the octahedral sites exhi-
bit, on average, a tetravalent oxidation state, (Cr, Mn)+4O6,
and the cations at the pyramidal sites display, on average,
a trivalent oxidation state, (Cr, Mn)+3O5. The latter is in
agreement with the fact that Mn3+ has a large preference
for the pyramidal sites because of the Jahn–Teller effect on
this cation. From now on, we will call M and M� the octa-
hedral sites [(Cr, Mn)+4] and the pyramidal sites [(Cr,
Mn)+3], respectively.

From the values obtained for the occupancy of Cr and
Mn in the pyramidal and octahedral sites (see Table 3) and
the approximate average oxidation states for each crystallo-
graphic site obtained by the bond-valence calculations (see
Table 4), the following estimated ion distribution models
can be proposed for the RCrMnO5 samples:

It is important to clarify that for samples in which R =
Sm, Eu, and Gd, the model obtained for TbCrMnO5 was
used, because no PND data could be obtained. We choose
the Tb composition for these three samples, because the
Tb3+ ionic radius is the most similar to that of Sm, Eu, and
Gd.

The crystal structure of RCrMnO5 is shown in Figure 1.
It contains infinite chains of edge-sharing (through the O2
and O3) octahedra M4+O6 running along the c axis. These
chains are linked by dimer units M�2O9 (linked through O1)
interconnected through the O3 and O4 oxygen atoms to
form a three-dimensional framework. The rare-earth cat-
ions are in the eightfold-oxygen-coordinated holes of the
network.
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As shown in Table 5, the (M4+O6) octahedral sites are
rather irregular, with three pairs of M–O distances (M–O2,
M–O3, and M–O4) that differ considerably. The average
distances for all the polyhedra are shown in Figure 6 as a
function of R3+ cation radii (blue triangles for RCrMnO5).
The �M–O� average distances in the octahedral sites do
not show an appreciable change with R3+ cation radii (Fig-
ure 6, b and Table 5). The (M4+O6) octahedra share their
opposite O2–O2 and O3–O3 edges to form chains along the
c axes (Figure 1). As shown in Table 5, the M–M separa-
tions via O2–O2 edge (S2) and via O3–O3 edge (S3) are not
equal. S2 is significantly longer than S3.

There are three different distances in the M�3+O5 pyrami-
dal sites: the apical M�–O3 distances and the equatorial dis-
tances M�–O1 (�2) and M�–O4 (�2) (Table 5). As in the
octahedral sites, �M�–O� average distances in the pyrami-
dal sites do not show an appreciable change with R3+ cation
radii (Figure 6, c and Table 5).

Rare-earth cations are surrounded by eight O2– and the
polyhedron formed approximates a square antiprism
R3+O8. The average �R–O� distance increases from Er to
Sm consistently with the increment of the R3+ ionic radii
(Figure 6, a and Table 5).

RCrMnO5 derives from the isostructural RMn2O5 oxides
containing one Mn3+ and one Mn4+ cation per formula,[6]

by replacing one Mn by one Cr. RCrMnO5 are isostructural
to RMn2O5 and RFeMnO5 oxides, as expected from the
comparable ionic radius for Cr3+ (0.615 Å in sixfold coordi-
nation), Mn3+ (HS) (0.645 and 0.580 Å in sixfold and five-
fold coordinations, respectively), Fe3+(HS) (0.645 Å in six-

Table 5. Main interatomic distances [Å] and selected angles [°] for RCrMnO5 samples (R = Sm, Eu, Gd, Tb, Ho, and Er) at room
temperature.

Sm (PXRD) Eu (PXRD) Gd (PXRD) Tb (PND) Ho (PND) Er (PND)

R3+O8
R–O1(x2) 2.40700(14) 2.39685(15) 2.3887(2) 2.3755 (19) 2.3567 (3) 2.3470 (2)
R–O2 2.33543(19) 2.3368(2) 2.3360(3) 2.3372 (3) 2.3023 (4) 2.3149 (4)
R–O2 2.43120(18) 2.42341(19) 2.4174(3) 2.4092 (3) 2.4165 (4) 2.3725 (4)
R–O4(x2) 2.38096(14) 2.37988(15) 2.3775(2) 2.3765 (2) 2.3372 (3) 2.3236 (4)
R–O4(x2) 2.52079(14) 2.51138(15) 2.5016(2) 2.4921 (2) 2.4874 (3) 2.4884 (4)
�R–O� 2.4230(14) 2.4171(15) 2.4111(4) 2.4043 (6) 2.3852 (4) 2.3757 (4)

(Cr, Mn)4+O6 (octahedra)
M–O2(x2) 2.0041(4) 2.0001(4) 2.0022(5) 1.9868 (19) 1.9675 (3) 1.9845 (2)
M–O3(x2) 1.8690(3) 1.8657(4) 1.8562(5) 1.8628 (19) 1.8659 (3) 1.8371 (3)
M–O4(x2) 1.95492(6) 1.95014(10) 1.94608(12) 1.9404 (13) 1.9324 (2) 1.9253 (2)
�M–O� 1.9427(6) 1.9386(5) 1.9348(6) 1.9300 (10) 1.9220 (3) 1.9156 (3)

(Mn, Cr)3+O5 (piramidal)
M�–O1(x2) 1.9316(3) 1.9459(4) 1.9352(4) 1.9280 (15) 1.9501 (3) 1.9330 (15)
M�–O3 1.9529(4) 1.9446(5) 1.9083(5) 1.9199 (3) 1.9273 (4) 1.9634 (4)
M�–O4(x2) 1.8966(3) 1.8808(3) 1.8942(4) 1.8873 (19) 1.8805 (3) 1.8849 (3)
�M�–O� 1.9219(4) 1.9196(3) 1.9134(5) 1.9101 (10) 1.9177 (3) 1.9198 (6)

M–M (via O2) 3.0236(7) 3.0229(7) 3.0385(9) 3.0051 (4) 2.9730 (5) 2.9792 (7)
M–M (via O3) 2.6979(7) 2.6992(7) 2.6832(9) 2.70958 (3) 2.7359 (5) 2.7215 (6)
M�–M� 2.8967(6) 2.9346(7) 2.9063(8) 2.89056 (3) 2.9010 (5) 2.8790 (6)

M�–O1–M� 97.15(3) 97.88(4) 97.34(4) 97.11 (6) 96.12 (11) 96.27 (6)
M–O2–M 97.94(3) 98.17(4) 98.71(4) 98.27 (8) 98.14 (11) 97.29 (10)
M–O3–M 92.40(3) 92.67(4) 92.57(5) 93.32 (8) 94.30 (12) 95.59 (12)
M–O3–M� 133.45(3) 133.38(3) 133.39(4) 132.99 (10) 132.28 (15) 131.36 (10)
M–O4–M� 123.55(2) 123.20(3) 123.75(4) 123.71 (7) 122.63 (11) 121.89 (12)
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Figure 6. Comparison of variation of bond lengths for RCrMnO5

(blue filled triangle): Y and Dy taken from refs.[17,18]; RMn2O5 (red
star): Tb, Ho, and Er taken from ref.[6], Dy taken from ref.[32], and
Y taken from ref.[14], and RFeMnO5 (open circles), R = Y, Tb, Dy,
Ho, and Er,[7–10] as a function of the eight-coordination ionic radii
of R3+. (a) Average bond length of the rare earth site �R–O� vs.
eight-coordination ionic radii of R3+. (b) Average bond length of
the octahedral site �M–O� vs. eight-coordination ionic radii of
R3+. (c) Average bond length of the pyramidal site �M�–O� vs.
eight-coordination ionic radii of R3+. (d) M–O3 Bond length in the
pyramidal site vs. eight-coordination ionic radii of R3+. Only the
samples with R = Er, Ho, Y, Dy, and Tb were included because for
the other samples (Sm, Eu and Gd) their analogous RMn2O5 (R
= Gd) or RFeMnO5 (R = Sm, Eu and Gd) do not exist.
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fold coordination), Mn4+(0.53 Å in sixfold coordination),
and Cr4+ (0.55 Å in sixfold coordination).[19] Some differ-
ence between these three families of compounds are found
when we analyze the bond lengths of (M4+O6), (M�3+O5),
and (R3+O8) polyhedra. In parts a–c of Figure 6 we show a
comparison of the average bond lengths (red stars for
RMn2O5 and empty circles for RFeMnO5).

The good agreement of the �R–O� distances bet-
ween the three families for each rare earth are seen in Fig-
ure 6 (a).

Considering (M4+O6) octahedra, as can be seen in Fig-
ure 6 (b), the changes in the average distances with ionic
radii of R3+ are not very significant; however, in all the
compounds analyzed the average bond lengths in
RCrMnO5 are longer than those in RMn2O5 and
RFeMnO5. This is probably related to the fact that in
RCrMnO5 more than half Mn4+ cations have been replaced
by the slightly larger Cr4+ cations in comparison with
RMn2O5 (where the site is completely occupied by Mn4+)[6]

and RFeMnO5 (where the site is about 95% occupied by
Mn4+ and 5 % by Fe3+, depending of the rare earth).[7–11]

Regarding the pyramids, (M�3+O5), in RCrMnO5 sam-
ples this site is about 65% occupied by Mn3+ and 35% by
Cr3+ (Table 3). In contrast, RMn2O5 is completely occupied
by Mn3+[6] and RFeMnO5 is mainly occupied by Fe3+ (ca.
85% by Fe3+ and 15 % by Mn3+, depending of the rare
earth).[7–11] The equatorial M�–O1 and M�–O4 bond
lengths in RCrMnO5 are similar to the corresponding Mn–
O distances in the (Mn3+O5) pyramids of the RMn2O5 com-
pounds[6] but are shorter than the corresponding Fe–O in
the (Fe3+O5) pyramids of the RFeMnO5.[7–11] Conversely,
as shown in Figure 6 (d), the apical M�–O3 bond lengths in
RFeMnO5 are shorter than those observed in RCrMnO5

and the latter are shorter than observed in RMn2O5. This
may be associated with the fact that approximately half of
the Jahn–Teller Mn3+ cations in RMn2O5 have been re-
placed by the non-Jahn–Teller Cr3+ cations in RCrMnO5

Figure 7. (a) Thermal evolution of the PND pattern for TbCrMnO5 collected with λ = 2.4229(2) Å. (b) Observed (dots), calculated (full
line), and difference (bottom line) for PND pattern after the refinement of the crystal structure of TbCrMnO5 at 3 K. The patterns
collected at 3 K could be refined without considering any magnetic cell. Inset (b) shows a view of the refined pattern in the low angle
region.
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(Table 3), favoring a decrease of the apical bond lengths in
the (M�3+O5) pyramidal sites. In RFeMnO5 this effect is
more noticeable because nearly all the Mn3+ cations in the
(M�3+O5) sites of RMn2O5 have been replaced by the non-
Jahn–Teller Fe3+ cations.[7–11]

Low-Temperature and Temperature Evolutions of Powder
Neutron Diffraction Patterns

PND patterns in the temperature range T = 3–300 K and
high-resolution patterns at 3 K were collected with the aim
of gaining information about the magnetic moments of the
arrangement of Mn, Cr, and R ions. The sequential PND
patterns (Figure 7, a) and the PND pattern at 3K (Figure 7,
b), obtained for TbCrMnO5 as an example, are illustrated;
as shown, the low-temperature patterns contain no extra
peaks or additional intensity at low Bragg angles that could
be attributed to the establishment of a long-range ordered
magnetic structure. The same was observed for samples in
which R is Ho and Er. All the patterns collected at 3K
could be perfectly refined by considering just the nuclear
crystal structure (Figure 7, b). This observation could be
explained if we assume that there is magnetic frustration
mainly due to the antisite disorder between Mn and Cr in
the pyramidal and octahedral sites and also due to the
mixed oxidation states of both Mn and Cr.

The thermal evolution of the unit-cell parameters of
RCrMnO5 (R = Tb, Ho, and Er) obtained from the sequen-
tial refinement of the PND data is shown in Figure S1 (see
the Supporting Information). The a unit-cell parameter of
the three samples increases with temperature and the b unit-
cell parameter of the three samples remains relatively con-
stant as temperature rises. The c unit-cell parameter of the
HoCrMnO5 sample increases below 50 K (this is not ob-
served in the other two samples). Figure S2 shows the ther-
mal evolution of the pyramidal site bond lengths of
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RCrMnO5 (R = Tb, Ho, and Er) obtained from the sequen-
tial refinement of the PND data. The increment of the c
unit-cell parameter in HoCrMnO5 is directly related to the
sharp increment in the M�–O3 distance in the pyramidal
site (Figure S2) as temperature decreases bellow 50 K.
Some thermal parameters change greatly when lowering
temperature; that is, the B value of O2 for the Er compound
increases four times (Table 3) when T is lowered to 4 K.
This might be indicating some space group change; how-
ever, with our PND data nothing clearly point towards a
modification of the space group or cell parameters. Low-
temperature synchrotron X-ray diffraction data could give
a definitive answer.

Magnetic Characterization

The isothermal magnetization curves for the RCrMnO5

samples are shown in Figure 8. The curves have been mea-
sured between –10 to 10 kOe at different temperatures; for
clarity, only the curves measured at 5, 30, and 140 K are
shown. Three characteristics can be mentioned: (1) at high
magnetic field, all the samples show a linear dependence of
M vs. H; (2) in the cases of Er, Ho, Tb, and Gd, the M (at
10 kOe) values are higher than those values measured for
Eu and Sm compounds. This is due to the large magnetic

Figure 8. Isothermal magnetization curves for RCrMnO5 (R = Er,
Ho, Tb, Gd, Eu, and Sm) samples at 5, 20, and 140 K (for clarity,
only these curves are shown).
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moment of the rare earth in the first group, (3) furthermore,
in this group of samples (Er, Ho, Tb, and Gd), a non-linear
behavior is observed at low magnetic fields and low tem-
peratures showing a weak ferromagnetic (WF) characteris-
tics. We point out two possibilities than can describe this
WF behavior. The first explanation can be that two canted
noncompensated antiferromagnetic (AFM) sublattices are
formed due to antisymmetric exchange as Dzyaloshinskii–
Moriya interaction, giving a small magnetic moment. This
resulting magnetic moment is easily saturated with the mag-
netic field and the linear behavior at low temperature and
higher fields can be due to the antiferromagnetic lattice re-
sponse. The second possibility is that the WF characteristic
observed stems from a spurious secondary ferro or ferri-
magnetic phase.

The magnetization curves taken at 5 kOe as a function
of temperature for the RCrMnO5 samples are shown in Fig-
ure 9. For the samples in which R is Er, Ho, Tb, and Gd,
higher magnetization values are observed than for those in
which R is Eu and Sm. This is due to the paramagnetism
of the Er3+, Ho3+, Tb3+ and Gd3+ cations. The small para-
magnetic contribution of Eu3+ and Sm3+ cations allow the
Cr-Mn sublattice magnetic response to be seen more easily.
Only for the SmCrMnO5 sample was a maximum in the
magnetic susceptibility curve at TN = 20 K detected, which
can be associated with an antiferromagnetic transition.

Figure 9. M vs. T for RCrMnO5 (R = Er, Ho, Tb, Gd, Eu, and
Sm) at 5 kOe. Note that the values of Eu and Sm are multiplied by
10. In each inset the corresponding inverse of the magnetic suscep-
tibility is shown. Open circles are the slope taken at high magnetic
field in the isothermal magnetic curves (magnetic susceptibility at
high magnetic field).
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To elucidate the origin of the WF characteristics ob-
served at low magnetic fields and low temperatures in Fig-
ure 8, the isothermal magnetization curves at high magnetic
fields have been adjusted with a linear dependence of M
vs. H. The obtained slope was called high magnetic field
susceptibility (χHF). In the insets of Figure 9 are plotted the
inverse of the magnetic susceptibility as a function of tem-
perature (black symbols) and this is compared with the tem-
perature dependence of χ–1

HF (open circles). In these insets
can be observed that for Er, Ho, Tb, and Gd samples the
open circles follow the paramagnetic behavior observed at
high temperature in the low temperature range (from 200
to 4 K) but for Eu and Sm samples the χHF data also de-
scribe the changes observed at low temperature. In all the
samples, the linear dependence at high temperature is
clearly observed and quantified according to the expected
Curie–Weiss law [χ = C/(T+θ)] for all the paramagnetic spe-
cies in the system (see insets of Figure 9). The negative θ
values indicate that important antiferromagnetic interac-
tions are present in the system. For Er, Ho, Tb, and Gd the
θ values are –18, –20, –31, and –18 K, whereas those for Eu
and Sm are –180 and –220 K, respectively. Note that two
different sets of θ values are obtained from the linear fit
with the Curie–Weiss law at high temperatures. This is rea-
sonable because the magnetic contribution of the rare earth
ion for Eu and Sm is weak and, consequently, the Cr-Mn
sublattice is dominant. For Er, Ho, Tb, and Gd, the impor-
tant contribution of the paramagnetic R3+ ion to the mag-
netic susceptibility masks the magnetism of the Cr-Mn sub-
lattice, giving θ values one order of magnitude less, describ-
ing principally the rare earth cation interactions. Similar re-
sults were reported for RMn2O5 samples.[6] In the
SmCrMnO5 sample, the difference between the numeric
value of θ and the antiferromagnetic transition temperature
(this transition at TN = 20 K is also observed in the χ–1

HF

data) is approximately |θ| ≈ 10TN, which can indicate some
degree of magnetic frustration in the system.

At low temperatures, between 100 and 200 K, a deviation
from the Curie–Weiss behavior is observed in the curves
measured at 5 kOe and this is clearly observed in the black
symbols shown in the insets of Figure 9. As mentioned
above, this deviation is not observed in the χ–1

HF (open
circles in inset of Figure 9). The temperature at which this
change occurs (T*) has a linear dependence with the size
of the rare earth ion. This deviation from the Curie–Weiss
behavior between 100 and 200 K was also observed in the
samples reported previously when R was Y[17] and Dy.[18]

Furthermore, ZFC-FC measurements at 100 Oe were per-
formed for the RCrMnO5 samples (see Figure S3) and the
temperatures at which the separation between FC and ZFC
curves start (TshiftFC–ZFC) match with the values of T*.
These temperatures are 127, 136, 150, 166, 174, and 183 K
for Er, Ho, Tb, Gd, Eu, and Sm, respectively. The linear
dependence of T* (or TshiftFC–ZFC) with the rare earth ionic
size is in agreement with the behavior of TN reported for
orthocromites (RCrO3) with perovskite structure, as shown
in Figure S4.[24] As can be seen in Table 1, in all the sam-
ples, an impurity with perovskite structure was detected (be-
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tween 1 and 2% depending on the rare earth) and this result
confirms that the impurity is RCrO3 (and not RMnO3). By
using PXRD it was impossible to differentiate between
RCrO3 and RMnO3 because of the similar scattering fac-
tors of Cr and Mn. It is for all these reasons that we con-
clude that the deviation from the Curie–Weiss law observed
at T* and the WF characteristics observed below this tem-
perature is due to a spurious magnetic phase RCrO3. The
magnetic contribution of this spurious phase (RCrO3) was
minimized by adjusting the isothermal magnetization
curves at high magnetic fields (obtaining the χHF) because
the linear dependence in that region is mainly due to the
paramagnetism of the RCrMnO5 phase (the majority
phase) and the contribution of the AFM minority RCrO3

phase is negligible.
The experimental μeff values as a function of the number

of f electrons of R3+ cations are shown in Figure 10. These
values (blue circles) are compared with those expected for
the ionic distribution model proposed above (continuous
line) for each sample. The effective magnetic moment can
be estimated as:

μeff
2 = μeff

2(R3+) + aμeff
2(Cr4+) + bμeff

2(Mn3+) +
cμeff

2(Cr3+) + dμeff
2(Mn4+) (1)

where a, b, c, and d are the cation site occupancies. As can
be seen in Figure 10, the μeff obtained from the experiments
are in very good agreement with the expected values for the
ionic distribution models proposed.

Figure 10. Expected and experimental effective magnetic moment
(μeff) as a function of the number of f electrons of R3+ for
RCrMnO5 (R = Er, Ho, Tb, Gd, Eu, and Sm) samples. The data
for DyCrMnO5 was taken from previously published work.[18]

In the case of EuCrMnO5, there is a paramagnetic van
Vleck contribution of Eu3+, which is well known and can
be subtracted from its molar magnetic susceptibility to ob-
tain the magnetic Cr-Mn sublattice contribution to the
magnetism of the system. The ground state 7F0 of Eu3+ is
nonmagnetic and the excited state 7F1 is close enough to
give comparable energy differences of approximately
300 cm–1 (ca. 430 K) and the second energy level (7F2) is
at approximately 900 cm–1 (ca. 1300 K).[25] Therefore, the
magnetic susceptibility becomes independent of tempera-
ture in a lower temperature range. The molar van Vleck
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magnetic susceptibility of Eu3+ ion is expressed by Equa-
tion (2)[26]

(2)

where y = 418/T. The same equation was used to subtract
the paramagnetic Eu3+ contribution in other com-
pounds.[27] Figure 11 shows the data obtained taking the
difference between the experimental magnetic susceptibility
of the EuCrMnO5 and the paramagnetic van Vleck suscep-
tibility of Eu3+. The Curie–Weiss fitting corresponding to
the Cr-Mn magnetic sublattice contribution gives an effec-
tive magnetic moment of 5.59 μB and a θ = –153 K. The
expected value for the ionic distribution model proposed
for EuCrMnO5 sample predicts 5.60 μB, which is in very
good agreement with the experimentally obtained value of
5.59 μB.

Figure 11. Magnetic susceptibility data obtained by taking the dif-
ference between the experimental magnetic susceptibility of
EuCrMnO5 and the paramagnetic van Vleck susceptibility of Eu3+

calculated according to Equation (2). Open triangles indicate the
slope taken at high magnetic field in the isothermal magnetic curves
(magnetic susceptibility at high magnetic field).

Electrical Characterization

Electrical resistivity (ρ) as a function of temperature for
the RCrMnO5 samples are shown in Figure 12. All samples
show that the resistivity increases when the temperature is
reduced, which is associated with semiconductor-like behav-
ior. Nevertheless, a plot of ln ρ vs. 1/T is not completely
linear as expected for semiconductor behavior. We tried al-
ternative models and the plot ln ρ vs. T–1/4 gives a linear
behavior (see inset in Figure 12). This temperature depen-
dence corresponds to a conduction mechanism associated
with disorder. The electronic carriers are hopping under a
variable and random potential between the cationic sites
(variable range hopping; VRH). The source of this disorder,
and consequently the variable potential along the sites, can
be due to the random occupancy of Cr and Mn in the crys-
tallographic sites.
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Figure 12. Electrical resistivity as a function of temperature for
RCrMnO5 (R = Er, Ho, Tb, Gd, Eu, and Sm) samples. In the inset,
the plot ln ρ vs. T–1/4 shows the linear behavior.

Electric permittivity (ε�) and the imaginary component
(ε��) as a function of temperature for RCrMnO5 samples
are plotted in a log-log scale in Figure 13. No transition or

Figure 13. Components of the complex electrical permittivity (ε�+
iε��) at 1 kHz vs. T for RCrMnO5 (R = Er, Ho, Tb, Gd, Eu, and
Sm) samples. Note that the plots are log-log.



www.eurjic.org FULL PAPER

anomalies are observed in the measured temperature range
on dielectric constant (ε�), which means that no dielectric
transitions are present in the studied temperature range.

Previous studies on the isostructural YMn4+-
(Mn1–xGax)3+O5

[28] showed that a ferroelectric phase (FE)
is associated with a commensurate magnetic (CM) phase
and it disappears for x = 0.12. This substitution affects the
Mn4+–Mn3+ exchange interaction. A comparison with the
RCrMnO5 series in this work, in which the antisite disorder
postulated from the PND Rietveld refinement analysis and
corroborated with the calculated effective magnetic moment
model, shows that around 40% of Mn3+ ions are replaced
by Cr3+ and 40% of Cr4+ is replaced by Mn4+. This could
be the reason why this cationic substitution inhibits any di-
electric transition. In the same sense, the ferroelectric transi-
tions observed in RMn2O5 are associated with magnetic or-
der transition. Neutron diffraction patterns at low tempera-
ture did not show any extra peaks or additional intensities
in low-angle reflections; consequently, long-range magnetic
order is not observed.

The parameter ε�� is associated with electrical conductiv-
ity (or loss) of the sample. Close to Te ≈ 40 K a shoulder is
observed on ε�� for R = Er, Ho, Tb, and Gd compounds,
which could indicate that near this temperature some pro-
cess related to conductivity of the samples happen. This
anomaly is clearer for ErCrMnO5. Furthermore, an extra
anomaly (a step) is detected below 10 K in this compound.
Extra studies, at low temperatures, should be necessary to
explore the possible magnetoelectric coupling.

Conclusions

RCrMnO5 (R = Sm, Eu, Gd, Tb, Ho, and Er) were syn-
thesized at moderate O2 pressures and 900–950 °C. The op-
timal conditions (temperature, O2 pressure, and heating
times) were established, which enabled a purity � 97% to
be achieved. Compounds with R smaller than Er could not
be synthesized with reasonable purity. Crystal structures
were refined by using combined Rietveld analysis of PXRD
and PND for Tb, Ho, and Er compounds and PXRD for
the high neutron absorbers Sm, Eu, and Gd. All com-
pounds were isostructural with RMn2O5 and an important
antisite disorder was found in the three samples analyzed
by PND. The “ideal” R3+ ionic radius for the nominal com-
position RCrMnO5 is a little larger than the Tb3+ ionic ra-
dius. Unfortunately, for samples in which R = Gd3+, Eu3+,
and Sm3+ it was impossible to perform PND experiments
to confirm the “ideal” composition expected for these sam-
ples. An extensive comparison was performed between the
structure of RCrMnO5 samples with the isostructural sam-
ples RMn2O5 and RFeMnO5. An ionic distribution model
was proposed by using the refined occupancies obtained by
PND and combined with the bond valence results. The μeff

for RCrMnO5 was very well described by considering this
ionic distribution model. Curie–Weiss temperatures were es-
timated close to θ = –200 K for the Cr-Mn sublattice, indi-
cating antiferromagnetic correlations. For practically all the
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samples a paramagnetic behavior was observed in the mag-
netic measurements in the temperature range analyzed. No
magnetic long-range order was observed by PND for R =
Er, Ho, and Tb compounds. Whereas, only in SmCrMnO5

was an antiferromagnetic transition in the magnetic suscep-
tibility experiment clearly detected at TN = 20 K. The dif-
ference between |θ| and TN indicates a magnetic frustration.
The isothermal magnetizations show that samples in the Er,
Ho, Tb, and Gd group present a weak ferromagnetic com-
ponent at low temperature, which was associated with the
WF RCrO3 impurity. The antisite disorder was also ex-
pressed in the semiconducting properties as a variable range
hopping temperature dependence. No dielectric transitions
were observed in the electric permittivity.

Experimental Section
General: RCrMnO5 (R = Sm, Gd, Eu, Tb, Ho, and Er) samples
were prepared in polycrystalline form by a wet chemical method.
A very reactive precursor was prepared starting from an aqueous
solution of the metal ions and citric acid. Stoichiometric amounts
of analytical grade R2O3 (except for TbCrMnO5, for which we used
Tb4O7), MnO, and Cr(NO3)3·9H2O were dissolved in citric acid
and some drops of concentrated HNO3, to facilitate the dissolution
of the rare-earth oxides. The citrate solution was slowly evaporated,
leading to an organic resin that contained a homogeneous distribu-
tion of the involved cations. This resin was dried at 120 °C and
then decomposed at 600 °C for 12 h in air, with the aim of eliminat-
ing the organic matter. This treatment produced homogeneous and
very reactive precursor materials that were finally treated in a high
O2 pressure furnace (VAS) at pressures between 45 and 120 Bar
and temperatures between 900 and 950 °C, depending on the rare
earth.

The PXRD patterns were recorded at room temperature with a
PANanalitycal X�Pert PRO diffractometer (in Bragg–Brentano
geometry with Cu-Kα radiation). For the structure refinements, the
PXRD data were collected in the angular range 5–120° in steps of
0.02° and with a collection time of 10 s/step. PND experiments
were carried out with a high-resolution powder diffractometer D2B
[λ = 1.59394(2) Å] and a high-flux diffractometer D20 [λ =
2.4229(2) Å] at the Institute Laüe-Langevin (ILL) in Grenoble
(France). To study the crystallographic and magnetic structure
PND patterns were collected for R = Tb, Ho, and Er at 300 and
4 K with the D2B instrument. The 2θ range was 8.0° to 160°, with
increments of 0.05°. The data collection time was approximately
3 h.

To study the crystallographic and magnetic structures and for the
analysis of thermal evolution, a set of PND patterns were collected
with the D20 diffractometer in the thermal interval T = 3–300 K.
A standard cryostat was used for the sequential collection. For
samples with R = Sm, Eu, and Gd we could not perform neutron
diffraction experiments because these lanthanides are high neu-
trons absorbers.

The refinements of crystal structures from PXRD and PND data
at 300 K were performed together by using the Rietveld method[29]

with the FULLPROF program[30] in the multipatterns mode. A
Thompson-Cox-Hastings pseudo-Voigt function was chosen to
generate the line shape of the diffraction peaks. The following pa-
rameters were refined: scale factor, background coefficients, zero-
shift, peak shape parameters, atomic positional, and thermal factor,
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unit-cell parameters and occupancies of the rare-earth and transi-
tion metal cations. We take special care for refinement of occupanc-
ies with PND data: First we assume that Mn occupy 100% of py-
ramidal sites and Cr 100% of octahedral sites and that the stoichio-
metry was Cr/Mn (1:1). We first allow Cr and Mn to exchange sites
fixing the relation Cr/Mn (1:1). In all this process thermal factors
were arbitrarily fixed to 1. After convergence, we fixed occupancies
and refined the isotropic thermal factors. After convergence, ther-
mal factors were fixed and occupancies were refined until conver-
gence. This process was repeated several times until the changes
were below the standard deviations. Finally we allowed stoichio-
metry to change by allowing the total amount of Mn and Cr to
change, but fixing the total occupancies of both sites (octahedral
and pyramidal) to 100 %.

The PND data obtained in the D20 instrument were refined by
using the Rietveld method with the FULLPROF program in the
sequential mode.

The magnetic measurements were performed with a commercial
Quantum Design MPMS-5S superconducting quantum inter-
ference device magnetometer (SQUID), on powdered samples, in
the 5–320 K temperature range and magnetic fields (H) up
to10 kOe. Isothermal magnetization (M) curves were obtained for
magnetic fields (H) going from –10 to 10 kOe at different tempera-
tures [T] between 5 K and 200 K. Magnetization data as a function
of temperature were collected at H = 5 kOe. Magnetic susceptibility
(χ) (calculated as M/H) vs. T and also M vs. T experiments were
performed under ZFC (zero field-cooled) and FC (field-cooled)
conditions at H = 100 Oe.

Electrical resistivity measurements of RCrMnO5 sintered bars were
made with a four-probe homemade equipment in the 100 � T
�300 K temperature range. It includes an HP6517A nanov-
oltmeter, a Keithley 6221 DC current source, and a Lakeshore 330
temperature controller. The electrical contacts were made by apply-
ing silver paint on gold electrodes.

Permittivity measurements were made with a homemade device.
The principal equipment was an Andeen Hagerling 2500A ultra
precision capacitance bridge. The capacitance and loss were mea-
sured with 1 kHz excitation. The device allowed measurements
from T = 4.2 K to room temperature. The samples were prepared
as a parallel plate capacitor and the electrical contacts were made
with silver paint.

Further details of the crystal structure investigations may be ob-
tained from Fachinformationszentrum Karlsruhe, 76344 Eggen-
stein-Leopoldshafen, Germany fax: +49-7247-808-259; E-mail:
crysdata@fiz-karlsruhe.de, on quoting the depository numbers
CSD-428974 (for GdCrMnO5, 300 K), -428973 (for EuCrMnO5,
300 K), -428972 (for SmCrMnO5, 300 K), -428971 (for
ErCr0.87Mn1.14O5, 3 K), -428970 (for ErCr0.87Mn1.14O5, 300 K),
-428969 (for HoCr0.89Mn1.10O5, 3 K), -428968 (for
HoCr0.89Mn1.10O5, 300 K), -428967 (for TbCr0.97Mn1.03O5, 3 K),
and -428966 (for TbCr0.97Mn1.03O5, 300 K).
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