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The title compounds have been prepared in powder form
by a citrate technique followed by a high oxygen pressure
(P 5 200 bar) treatment. The La and Pr compounds are de-
scribed for the first time. X-ray powder diffraction data are given,
as well as the results of the Rietveld analysis of the patterns. All
the phases are isostructural (space group Pbam), containing in
the crystal structure infinite chains of Mn41O6 octahedra sharing
edges, linked together by Mn31O5 and RO8 units. All the studied
compounds are electrical insulators. The thermal analysis of the
samples enabled us to determine the oxidation state of Mn,
which is slightly higher than expected, suggesting the presence of
some oxygen excess in the structure. ( 1997 Academic Press

INTRODUCTION

In the course of our current research on RMnO
3
(R"La,

Pr, Nd) perovskites we identified, after synthesis processes
at high oxygen pressures, minor impurity phases isostruc-
tural with YMn

2
O

5
(1). The lack of X-ray powder diffrac-

tion data (XRD) for RMn
2
O

5
(R"rare earths) and the

incomplete characterization of most of these interesting
phases led us to undertake a systematic study on its struc-
tural, electrical, and magnetic properties.

The RMn
2
O

5
family of oxides was first described by

Quezel-Ambrunaz et al. (2) and Bertaut et al. (3), who
prepared single-crystal phases from a Bi

2
O

3
flux for R"

rare earths, and gave the unit-cell parameters for the com-
plete series. The authors already recognized the extraordin-
ary flexibility of the structure concerning the substitutions
of both R and Mn atoms allowing, for instance, the prepara-
tion of RMnTiO

5
phases.

The crystal structure of the isomorphic series was solved
for HoMn

2
O

5
(2) and subsequently refined for other rare

earths: DyMn
2
O

5
(4), ErMn

2
O

5
, and TbMn

2
O

5
(5) and,

more recently, NdMn
2
O

5
(6). All these studies were per-

formed from single-crystal data. The structure is ortho-
1To whom correspondence should be addressed.
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rhombic and contains two kinds of crystallographic posi-
tions for Mn. Mn1 is hexacoordinated to oxygens forming
Mn1O

6
distorted octahedra. The coordination of Mn2 is

best described as slightly distorted tetragonal pyramidal.
From considerations relating the Mn—O distances and the
observed magnetic couplings, it can be assumed that Mn1
positions correspond to tetravalent Mn cations, whereas
Mn2 are occupied by Mn3` cations. In the global crystal
structure [Mn4`O

6
] octahedra form infinite chains parallel

to the c axis, linked through [Mn3`O
5
] units and bicapped

[RO
8
] antiprisms. The shortest metal—metal distance no-

ticed in this family is Mn1—Mn1"2.750(2) As in the Nd
compound. Important implications on the physical proper-
ties of these phases can be presumed from such short distan-
ces. The magnetic structures, studied for R"Nd (7), Dy (8),
Tb, and Er (5,7) from neutron diffraction data, are rather
complex and show amplitude modulation of the ordered
magnetic moments.

The aim of this paper is to describe the preparation of
polycristalline samples of RMn

2
O

5
for La and the lighter

rare earths (R"Pr, Nd, Sm, Eu), which can be only (for
R"La) or better (R" Pr...Eu) prepared under high oxy-
gen pressure. XRD data are given, as well as the result of the
Rietveld refinements of the crystal structures. The thermal
and electrical behaviors are also reported.

EXPERIMENTAL

RMn
2
O

5
(R"La, Pr, Nd, Sm, Eu) phases were obtained

as dark brown polycrystalline powders starting from pre-
cursors previously synthesized by a citrate technique.
Stoichiometric amounts of analytical grade R

2
O

3
and

Mn(NO
3
)
2
· 4H

2
O were solved in citric acid. The citrate

solutions were slowly evaporated and decomposed at tem-
peratures up to 600°C. All the organic materials were elimi-
nated in a subsequent treatment at 800°C in air. High
oxygen pressure treatments were performed in a Morris
Research furnace, HPS-3210. About 2 grams of the precur-
sor powders were contained in a gold can during the oxy-
genation processes. The samples were slowly heated up to
5
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1000° at a final oxygen pressure of 200 bar, and held at this
temperature for 12 h. The products were finally cooled, under
pressure, at 300°Ch~1 down to room temperature. Finally,
the oxygen pressure was slowly released. Parallel treatments
were also performed in air at temperatures up to 1000°C.

X-ray powder diffraction (XRD) patterns were collected
with CuKa radiation in a Siemens D-501 goniometer con-
trolled by a DACO-MP computer. For the structural refine-
ments the diagrams were recorded by step-scanning from 10
to 100° in 2h, in increments of 0.05° and a counting time of
4 s each step. The XRD patterns were analyzed by the
Rietveld (9) method, using the FULLPROF program (10),
a strongly modified version of the Young and Wiles code
(11). A pseudo-Voigt function was chosen to generate the
line shape of the diffraction peaks. No regions were ex-
cluded in the refinements. In the final run the following
parameters were refined: background coefficients, zero-
point, half-width, pseudo-Voigt, and asymmetry parameters
for the peak shape; scale factor, positional, and unit-cell
parameters. Isotropic thermal factors were set to 0.3 and
0.7 As 2 for metals and oxygens atoms, respectively, and an
overall thermal factor was also refined.

Thermal analysis was carried out in a Mettler TA3000
system equipped with a TC10 processor unit. Thermo-
gravimetric (TG) curves were obtained in a TG50 unit,
working at a heating rate of 10°C min~1, in a reducing
H

2
(5%)/N

2
(95%) flow of 0.3 lmin~1. About 30 mg of

sample were used in each experiment.
FIG 1. XRD patterns of PrMn
2
O

5
prepared by heating citrate precur-

sors either in air or under 200 bar O
2
at 1000°C. The star indicates the most

intense reflection of the competitive PrMnO
3

perovskite, identified as
a minor phase only after the treatment in air. The pattern of the pure
PrMn

2
O

5
phase is indexed in an orthorhombic unit cell with a"

7.5583(9), b"8.6481(9), c"5.7119(6) As .
RESULTS AND DISCUSSION

Preparation

The preparation of pure RMn
2
O

5
phases has shown to be

extremely favored by (i) the use of finely divided and homo-
geneous precursors and (ii) the final thermal treatment under
high oxygen pressure. The last condition is specially essential
in the preparation of LaMn

2
O

5
, which could not be obtained

at ambient pressure starting either from citrate precursors or
ceramic mixtures: the competitive LaMnO

3
perovskite and

MnO were always identified after all the thermal treatments
in air at different temperatures. The remaining RMn

2
O

5
oxides (R"Pr, Nd, Sm, Eu) could be prepared as major
phases, together with RMnO

3
as impurities, by heating in air

the citrate precursors (up to 1000°C), but single-phased prod-
ucts could be achieved only by subsequent annealing of the
samples at 1000°C under 200 bar of O

2
. Figure 1 shows the

XRD pattern for a PrMn
2
O

5
sample prepared either in air,

where the competitive PrMnO
3

phase is still present, or in
high oxygen pressure (200 bar), where a single-phased prod-
uct is obtained. This behavior can be understood since the
application of oxygen pressure favors the stabilization of the
high oxidation states of manganese, Mn3` and Mn4`.

Figure 2 shows the XRD patterns of RMn
2
O

5
(R"La,

Pr, Nd, Sm, Eu). They all correspond to pure phases that
FIG. 2. X-ray powder diffraction data for RMn
2
O

5
.
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can be indexed in an orthorhombic unit-cell isotypic to
YMn

2
O

5
(1), with no additional peaks which could indicate

the presence of superstructures or departure of the men-
tioned symmetry. The observed d-spacings and intensities
for the reflections in the 2h range between 10 and 60° are
listed in Table 1.

Crystal Structure Refinement

The crystal structure of the five compounds was refined
by profile analysis taking as starting structural model that
of NdMn

2
O

5
(6), in the space group Pbam (No. 55), Z" 4.

An example of the good agreement between the observed
and calculated profiles of the pattern is given in Fig. 3 for
LaMn

2
O

5
and PrMn

2
O

5
.

The refined unit-cell parameters are listed in Table 2, and
plotted in Fig. 4 versus the ionic radii of the rare-earth
cations (12). There is an almost linear variation of a, b, c, and
V, according to the well-known lanthanide contraction. It is
TABL
X-Ray Powder Diffract

R La Pr

hkl d
0"4

I/I
0

d
0"4

I/I
0

d

001 5.73 31 5,72 29 5
200 3.85 15
120 3.78 14 3.76 18 3
210 3.51 12
021 3.46 16 3.45 22 3
121 3.16 82 3.13 79 3
211 2.998 100 2.956 100 2
002 2.865 17 2.848 19 2
220
130 2.717 42 2.688 47 2
112 2.560 30 2.552 28 2
131 2.458 11 2.436 8 2
022 2.390 17 2.383 15 2
202 2.292 14 2.277 13 2
311 2.260 7 2.224 9
212 2.220 24 2.198 24 2
140 2.097 14 2.077 15 2
321 2.059 13 2.033 15 2
222 2.030 6 2.011 6
132
141 1.967 32 1.954 27 1
330 1.921 13 1.901 7 1
400 1.892 8 1
410 1.878 8 1.844 9 1
331 1.822 19 1.794 15 1
420 1.759 11
042 1.733 13 1.726 14 1
123 1.706 14 1.696 12 1
213 1.675 18 1.668 18 1
332 1.594 37 1.576 30 1
402
noteworthy that the observed cell parameters in our powder
patterns are significantly different from those reported in the
literature, from single crystal samples, included also in the
same Table 2. It is possible that the way of preparation of
these crystals (3, 6), involving a Bi

2
O

3
flux (3) or manganese

halides (6) could have led to small substitutional incorpora-
tion of strange atoms into the structure, thus modifying
slightly the size of the cell.

The final atomic coordinates after the refinement are
listed in Table 3. Final bonding distances and angles
are given in Table 4. A representation of the structure
is shown in Fig. 5. Mn1O

6
octahedra share edges via

O2 and O3 oxygens, to form infinite chains running along
the c axis. The chains are linked together by Mn2O

5
units, through O3 and O4 oxygens. In fact, Mn2O

5
pyramids share edges through common O1 oxygens
to form dymer units, Mn2

2
O

8
, as shown in Fig. 5. The

bigger R atoms are at the eightfold coordinated holes of the
network.
E 1
ion Data for RMn2O5

Nd Sm Eu

0"4
I/I

0
d
0"4

I/I
0

d
0"4

I/I
0

.71 27 5.69 20 5.69 19

.74 17 3.72 19 3.70 21

.44 25 3.43 15 3.40 14

.13 62 3.12 72 3.10 65

.944 100 2.932 100 2.909 100

.846 16 2.849 15 2.842 16
2.813 11 2.791 11

.680 32 2.676 35 2.657 40

.545 24 2.541 25 2.529 29

.423 7 2.420 7 2.404 7

.377 15 2.374 15 2.364 19

.272 10 2.264 12 2.255 13

.197 23 2.190 27 2.181 28

.072 12 2.063 11 2.055 12

.025 14 2.009 14 1.994 21

1.951 20 1.944 21
.949 19 1.941 20 1.934 18
.895 4 1.875 7 1.865 6
.886 6 1.859 7 1.847 8
.832 5 1.819 7 1.805 7
.790 10 1.780 15 1.773 13

1.715 14 1.710 12
.720 17 1.708 12 1.698 11
.695 10 1.694 13 1.685 14
.665 15 1.661 18 1.656 18
.569 19 1.566 18 1.560 20

1.558 18 1.550 19



FIG. 3. Observed (crosses), calculated (solid line), and difference (at the bottom) XRD profiles for (a) LaMn
2
O

5
and (b) PrMn

2
O

5
at 295 K. The tick

marks indicate the positions of the allowed Bragg reflections. For the sake of clarity only half of the experimental points are represented.
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The relatively high standard deviations of the oxygen
positions, associated to the small scattering factor of oxygen
in front of R and Mn atoms, and the limitations inherent to
powder diffraction, make it difficult to observe definite
trends in the individual metal-to-oxygen bond distances
(Table 4) along the compounds of the series. However, some
general remarks can be drawn. In the Mn1O

6
octahedra, the

two Mn1—O3 bonds are significantly shorter than the four
remaining Mn—O bonds. Similarly flattened octahedra have
also been observed in other Mn4`-containing structures,



TABLE 2
Unit-Cell Parameters and Volume for RMn2O5

R a (As ) b (As ) c (As ) V (As )3

La 7.6891(7) 8.7142(7) 5.7274(5) 383.76(9)
7.67a 8.66 5.72 381.26

Pr 7.5583(9) 8.6481(9) 5.7119(6) 373.4(1)
7.54a 8.66 5.70 372.19

Nd 7.5116(8) 8.6270(8) 5.7060(5) 369.76(9)
7.54a 8.63 5.70 370.90
7.471(1)b 8.588(2) 5.684(1) 364.7(1)

Sm 7.4332(7) 8.5872(7) 5.6956(5) 363.55(9)
7.41a 8.56 5.70 361.55

Eu 7.3986(8) 8.5666(9) 5.6925(6) 360.8(1)
7.37a 8.56 5.70 359.60

a From Ref. 3.
b From Ref. 6.

TABLE 3
Structural Parameters after the Rietveld Refinement of XRD Data

for RMn2O5 Oxides

Atom La Pr Nd Sm Eu

R x 0.1468(5) 0.1442(6) 0.1420(6) 0.1413(6) 0.1401(7)
y 0.1729(6) 0.1729(6) 0.1738(7) 0.1720(7) 0.1715(7)

Mn1 z 0.2636(18) 0.2601(20) 0.2603(19) 0.2640(21) 0.2625(22)

Mn2 x 0.4107(10) 0.4147(11) 0.4092(12) 0.4109(13) 0.4120(13)
y 0.3511(12) 0.3493(13) 0.3544(12) 0.3505(14) 0.3474(15)

O1 z 0.2848(64) 0.2894(69) 0.2879(69) 0.2988(70) 0.3074(72)

O2 x 0.1476(52) 0.1497(62) 0.1602(62) 0.1654(63) 0.1702(63)
y 0.4488(44) 0.4479(47) 0.4538(52) 0.4460(50) 0.4458(52)

O3 x 0.1496(54) 0.1523(63) 0.1529(65) 0.1468(75) 0.1418(80)
y 0.4366(37) 0.4416(42) 0.4319(43) 0.4307(46) 0.4374(47)

O4 x 0.4072(29) 0.4080(34) 0.4012(33) 0.4042(38) 0.3957(40)
y 0.2039(30) 0.2081(31) 0.2003(34) 0.2041(36) 0.2048(38)
z 0.2580(37) 0.2551(39) 0.2532(38) 0.2583(41) 0.2616(41)

s2 1.28 1.22 1.28 1.30 1.29
R

I
(%)a 6.49 6.73 6.61 8.23 8.71

Note. R and O2 atoms are at 4g (x, y, 0) positions; Mn1 at 4f (0, 1/2, z); Mn2
and O3 at 4h (x, y, 1/2); O1 at 4e (0, 0, z) and O4 at 8i (x,y, z) positions.

aBragg R
I
factor is given over 420 reflections.
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such as b-MnO
2

(rutile-type (13)), in which the octahedra
form infinite chains by edge sharing too. Mn2O

5
pyramids

also show very significantly different bond lengths: four
oxygen atoms (2O1#2O4) are in a square plane, with
Mn—O distances between 1.83 and 1.93 As , and the fifth
oxygen atom is in axial position at a longer distance from
Mn, between 2.04 and 2.14 As . In addition, looking at the
FIG 4. Unit-cell parameters and volume variation with the ionic radii of R.



FIG. 5. Projection of the RMn
2
O

5
structure, approximately along the c axis. Octahedra and tetragonal pyramids correspond to Mn1O

6
and Mn2O

5
units, respectively.
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average metal—oxygen distances within each coordination
polyhedron, we observe that both RO

8
and Mn2O

5
poly-

hedra have a tendency to decrease in size from La to Eu.
This is related to the lanthanide contraction which corres-
pondingly scales with the size of the unit cell.

The observed Mn1—Mn1 distances are extremely short,
in the range 2.70—2.75 As . They are much smaller than the
Mn—Mn contact in other comparable phases, such as
2.871 As in b-MnO

2
(13). It is evident the influence that such

structural features can have in the magnetic interactions
between manganese cations. The magnetic susceptibility
and the ordered magnetic structures will be studied in the
inmediate future.

Transport measurements show that all the studied
RMn

2
O

5
(R"La...Eu) phases are insulating, with resistivi-

ties higher than 108 ) cm. The variation of the electrical
resistance with temperature was not measured.
Thermal Analysis

The thermal behavior of RMn
2
O

5
in a reducing H

2
/N

2
flow is illustrated in Fig. 6 for R"La. The TG curve shows
two well-defined steps, starting at 275 and 650°C, respec-
tively (Table 5). The DTG curve shows that, in fact, the first
step is formed by two closely overlapping processes, with
DTG peaks at 460 and 500°C. After the first step a plateau is
observed, where a mixture of a bad-crystallized perovskite
phase and MnO can be identified by XRD. After the second
step, showing a DTG peak at 800°C, the reduction process
is completed to give a mixture of La

2
O

3
and MnO. A sim-

ilar behavior is observed in the thermograms of the remain-
ing RMn

2
O

5
phases, although a considerable shift of the

starting and DTG temperatures is observed depending of
the nature of R, as shown in Table 5. For the Sm and Eu
samples, the second step strongly overlaps with the first step



TABLE 4
Selected Interatomic Distances (As ) in RMn2O5

R La Pr Nd Sm Eu

Mn4`O
6

octahedra
Mn1—O2 (]2) 1.939(27) 1.921(31) 1.961(32) 1.996(32) 2.007(33)
Mn1—O3 (]2) 1.861(28) 1.858(32) 1.877(33) 1.828(37) 1.796(38)
Mn1—O4 (]2) 1.913(26) 1.931(27) 1.884(27) 1.896(31) 1.921(32)
SMn2—OT 1.904(27) 1.903(30) 1.907(31) 1.907(33) 1.908(34)

Mn3`O
5

tetragonal pyramid
Mn2—O1 (]2) 1.926(26) 1.893(28) 1.872(27) 1.848(27) 1.833(28)
Mn2—O3 2.143(41) 2.143(47) 2.043(49) 2.090(55) 2.147(58)
Mn2—O4 (]2) 1.894(25) 1.858(25) 1.936(27) 1.866(28) 1.831(29)
SMn2—OT 1.957(29) 1.929(30) 1.932(31) 1.904(33) 1.895(34)

R3`O
8

biccaped prism
R—O1 (]2) 2.477(25) 2.473(28) 2.466(27) 2.478(28) 2.497(29)
R—O2 2.417(39) 2.380(41) 2.420(45) 2.363(44) 2.366(45)
R—O2 2.498(40) 2.488(44) 2.403(46) 2.409(45) 2.380(46)
R—O4 (]2) 2.504(22) 2.490(25) 2.434(25) 2.464(26) 2.424(27)
R—O4 (]2) 2.596(23) 2.522(25) 2.558(26) 2.525(27) 2.568(28)
SR—OT 2.509(27) 2.480(30) 2.467(31) 2.463(31) 2.466(31)

Mn—Mn distances
Mn1—Mn1 2.716(15) 2.746(16) 2.734(16) 2.699(17) 2.716(18)
Mn2—Mn2 2.923(14) 2.903(15) 2.859(15) 2.879(16) 2.906(17)

FIG. 6. TG (solid line) and DTG (broken line) curves obtained in
a H

2
/N

2
flow for LaMn

2
O

5
.
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in such a way that only a global reduction process can be
distinguished.

In all these compounds, the total weight losses observed
after the reduction to MnO can be used to have an estimate
of the oxygen contents and, hence, of the oxidation state of
Mn in the departure samples. The total oxygen loss per
formula unit is, in all the cases, slightly higher than expected,
which suggests that the studied phases are better described
by the formula RMn

2
O

5`d , as indicated in Table 5. The
excess oxygen, d, is somewhat larger in the Sm and Eu
compounds.
TABLE 5
Starting and DTG Temperatures (°) of the Two Processes Observed

by Thermal Analysis of RMn2O5 under Reducing Conditions

1st process 2nd process

R Starts DTG Starts DTG Total O loss Formula

La 275 460, 500 650 800 1.56 LaMn
2
O

5.06
Pr 275 450, 520 600 660 1.56 PrMn

2
O

5.06
Nd 275 440, 525 580 660 1.57 NdMn

2
O

5.07
Sm 270 440, 540 — — 1.63 SmMn

2
O

5.13
Eu 260 a, 590 — — 1.62 EuMn

2
O

5.12

a Broad shoulder.
Note. The total weight loss after both processes is given in oxygen atoms

per formula, with an estimated error of $0.01. The determined composi-
tion of the departure phases is also included.
The global process observed during the total reduction of
the samples can be written as

RMn
2
O

5`d
H

2&&" 1/2R
2
O

3
#2MnO#(1.5#d)H

2
O.

The excess oxygen of the departure samples may be
incorporated in interstitial form into the structure.
The determination of the structural location of such small
amounts of interstitial oxygen atoms would require a
detailed neutron diffraction study. The average oxidation
state of Mn is in the range 3.56#(for R"La) to 3.63#(for
R"Sm).

CONCLUSIONS

Polycrystalline RMn
2
O

5
(R"La, Pr, Nd, Sm, Eu) sam-

ples have been prepared by thermal treatments under high
oxygen pressure, necessary to better stabilize manganese in
trivalent and tetravalent oxidation states. In the structure,
Mn3` and Mn4` occupy different crystallographic posi-
tions, a square pyramidal environment and octahedral
coordination, respectively. Thermal analysis in reducing
conditions allowed us to determine the mean oxidation
states for Mn, which are slightly higher than expected,
ranging between 3.56#and 3.63# for the La and Sm
compounds, respectively.
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