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Four members of a new series of oxides of nominal stoichio-
metry NdMn, ,Ru,Os5 (x = 0.1, 0.2, 0.4, 0.5) have been pre-
pared in polycrystalline form by wet-chemistry procedures
followed by thermal treatment at 1000 °C. NdMn,_,Ru,O5
materials are isostructural with NdMn,Os. Their crystal
structures have been refined from XRD data and, for the x =
0.5 oxide, from NPD data in the space group Pbam. The crys-
tal contains infinite chains of (Mn,Ru)**Og octahedra sharing
edges, linked together by dimeric (Mn)**O5 square pyrami-
dal units and NdOg polyhedra. There is a slight anti-site dis-

ordering effect, implying that some Ru cations are introduced
at the pyramidal positions. For x = 0.5, the crystallograph-
ic formula is Nd3+(Mn4+0.572(4)Ru4+0,428(4))oct(Mn3+0,964(8)'
Ru3+0‘036(8))pyr04'92(4). The abrupt contraction of the ¢ axis for
x = 0.5, together with the short (Mn,Ru)—(Mn,Ru) distances
(2.60 A) observed within the chains of octahedra suggest the
presence of Ru-Ru metal bonding for this composition. The
magnetic properties are characteristic of spin-glasses, as con-
firmed by ac susceptibility measurements.

Introduction

Complex manganese oxides RMn,Os (R =Y, Bi or rare-
earth cations) show a significant magnetoelectric effect.[!~#
The interplay between ferroelectricity and magnetism in the
RMn,0s5 oxides suggests the appealing possibility of con-
trolling the polarisation by the application of an external
magnetic field which would allow the design of new devices
for practical applications. A serious drawback of these
phases is the relatively low temperature at which this phen-
omenon occurs. The temperature of the ferroelectric transi-
tions in the RMn,Os compounds is rather low (30-40
K)B-71 and the realisation of the magnetoelectric effect in
these systems at higher temperatures remains a challenging
problem. Therefore, the search for new compounds suscep-
tible to show similar effects at higher temperatures is cer-
tainly attractive.

All the RMn,Os (R = La, Pr, Nd, Sm, Eu, Tb, Ho, Er)
oxides are isostructural (space group Pbam, Z = 4) and con-
tain two crystallographic sites for Mn atoms with different
oxygen coordination and oxidation states.®'% The struc-
ture contains infinite chains of Mn**Og4 octahedra sharing
edges, linked together by Mn3**Os and ROyg units. Mn** ions
are located at the 4f sites, octahedrally coordinated to oxy-
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gen atoms, whereas Mn>* ions occupy the 4/ sites and they
are bonded to five oxygen atoms, forming a distorted te-
tragonal pyramid.

With the aim of inducing new magnetic interactions in
the members of the RMn,O5 family, we designed and pre-
pared RFeMnOs (R =Y, Ho, Er),l''" 131 RCrMnOs (R =Y,
Dy)!'*131 and YGaMnOs!'®! oxides which are obtained by
replacing Mn** by Fe3*, Cr3* and Ga’*, respectively. The
introduction of Fe leads to important modifications in the
magnetic behaviour. RFeMnOs display a ferrimagnetic
magnetic structure below 7T = 165 K (R =Y, Er) or 153 K
(R = Ho). The magnetic moments of the Mn** and Fe3*
cations are antiferromagnetically coupled, lying along the ¢
direction.[''"131 When Cr is introduced, an important level
of cationic disorder was found between both metallic sites
(Mn and Cr). Although the magnetic susceptibility indi-
cates the onset of magnetic ordering below 7 = 85 K, low-
temperature NPD patterns do not exhibit any additional
magnetic contribution, confirming that long-range mag-
netic ordering is not fully established.'*!3! Finally, the pres-
ence of nonmagnetic Ga at the square pyramidal positions
dramatically simplifies the magnetic interactions in this
structural type, allowing the manifestation of ferromagnetic
interactions along the chains of MnOg octahedra which in
the parent compound YMn,Os are overcome by strong
antiferromagnetic Mn**—~O-Mn?>* interactions between the
octahedra and the pyramidal units giving rise to an overall
incommensurate magnetic structure along the ¢ axis.['%]

In this paper we report on the preparation of the novel
series of NdMn, ,Ru,Os5 (0 = x = 0.5) materials which are
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isostructural with the RMn,O5; compounds and are ob-
tained by substitution of Ru by Mn cations. Our aim was
to enhance the effects observed in the Fe-doped series, given
the larger spatial extension of the 4d Ru orbitals. These new
compounds have been synthesised by a soft-chemistry pro-
cedure followed by annealing in air and they have been
structurally characterised from XRD and NPD data. This
study is complete with macroscopic magnetic susceptibility
measurements.

Results

Synthesis

NdMn, ,Ru,Os5 (0 < x = 0.5) have been obtained by
thermal treatment in air and at ambient pressure. For x =
0.1, 0.2 and 0.4, they are perfectly pure phases. For the
product with x = 0.5, a quantity of about 3% of NdMnO;
perovskite remained present as indicated by XRD and NPD
analysis. Attempts to synthesise with Yttrium (Y) and other
rare earths (La, Tb, Dy, Ho, Er, Tm, Yb and Lu) instead
of Nd did not yield the RMn,Os crystal structure. With Y
and the small-sized cations of the rare earths (Tb, Dy, Ho,
Er, Tm, Yb and Lu) a segregation of RuO, and the pyro-
chlore-like R,Mn, Ru,O; phases was observed. For R =
La, a majority LaMnO; perovskite-like phase (perhaps par-
tially Ru-doped) is stabilised.

Crystal Structures

The XRD patterns of the NdMn,_,Ru,O5 (0 < x = 0.5)
compounds show well defined reflections corresponding to
orthorhombic unit cells, isostructural with RMn,Os, as dis-
played in Figure 1. Table 1 lists the unit cell parameters and
volume for NdMn,_Ru,Os (0 = x = 0.5) determined from
XRD data at room temperature and Figure 2 shows the
evolution of the unit cell parameters as a function of the
value of x. There is an initial expansion of the unit cell
parameters given the larger ionic size of Ru cations. It is
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Figure 1. XRD patterns of NdMn, Ru,Os. The x = 0.5 pattern is
indexed in an orthorhombic unit cell. Space group Pbam.
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noteworthy that the ¢ parameter suddenly decreases for x =
0.5, indicating a contraction of the chains of octahedra (this
will be discussed later on). The structures were defined in
the orthorhombic space group Pbam (No. 55). Nd atoms
are located at 4 g positions, (Mn,Ru)l atoms at 4f,
(Mn,Ru)2 atoms at 4/ and the four crystallographically in-
dependent oxygen atoms at 4e, 4 g, 4h and 8i positions. A
good fit between the observed and the calculated profiles
was obtained after the Rietveld refinement of the crystal
structures, as illustrated in Figure 3.

Table 1. Unit-cell parameters and volume for NdMn, Ru,Os de-
termined from XRD data at room temperature.

x a[A] b [A] c[A] v [A3]
0.0fal 7.5051(2) 8.6209(2) 5.7022(1) 368.93(3)
0.1 7.5093(8) 8.6321(8) 5.7166(6) 370.5(1)
0.2 7.521(1) 8.647(1) 5.727(1) 372.5(1)
0.4 7.549(1) 8.675(1) 5.7302(9) 375.2(1)
0.5 7.566(1) 8.691(1) 5.7153(7) 375.8(1)
[a] Taken from ref.!%!
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Figure 2. Unit cell parameter variation for NdMn, Ru,Os.

In spite of the minor NdMnO; impurity present in the
sample with x = 0.5, this material was selected for per-
forming a structural NPD study in order to probe the effect
of the Ru introduction into the NdMn,Os crystal structure
since it contains the maximum possible amount of Ru. Ru
atoms were initially considered to be distributed at random
at the 4f (octahedral) sites and then the possibility of anti-
site disordering (Ru at 4/ sites) was also explored. The Mn/
Ru occupancy factors were independently refined in both
sites which resulted in a slight departure from the initial
stoichiometry (Mn/Ru = 1.5:0.5). At the octahedral posi-
tions, 43% of Mn 4f positions are occupied by Ru cations
(Ru**) whereas 4% of Mn 4/ positions (pyramidal sites) are
occupied by Ru cations (probably Ru’*) as shown in
Table 2. The occupancy factors of oxygens were also re-
fined; O3 is slightly deficient while the others oxygen atoms
are stoichiometric. The refined structural formula is:

Nd3+(Mn4+0.572(4)Ru4+0.428(4))oct(Mn3+0.964(8)Ru3+0.036(8 ))pyro4.92(4)~

Eur. J. Inorg. Chem. 2010, 781-789
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Figure 3. Rietveld plots for NdMn, Ru,Os from XRD data.
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Table 2. Atomic coordinates and isotropic displacement factors for NdMn; sRu, sO5 from NPD data at 295 K. Space group Pbam, Z =
4. The z parameters for Mnl and Rul are taken from the XRD refinement.

Atom Site X y z B[A% Soce

Nd 4g 0.1441(6) 0.1721(5) 0.0 0.44(9) 1.0
Mnl 4f 0.0 0.5 0.2726(14) 0.3 0.572(4)
Rul 4f 0.0 0.5 0.2726(14) 0.3 0.428(4)
Mn2 4h 0.4142(12) 0.3542(9) 0.5 0.2(2) 0.964(8)
Ru2 4h 0.4142(12) 0.3542(9) 0.5 0.2(2) 0.036(8)
o1 4e 0.0 0.0 0.2708(14) 1.1(1) 1.0

02 4g 0.1601(9) 0.4492(6) 0.0 0.3(1) 1.0

03 4h 0.1590(11) 0.4342(6) 0.5 0.4(2) 0.92(2)
04 8i 0.4005(4) 0.2099(4) 0.2513(8) 0.27(8) 1.0
Discrepancy factors: R, = 4.45%, Ry, = 5.63%, Rexp = 3.99%, 72 = 1.99, Rpape = 7.28%.

It is worth underlining that the refinement of the mixed
occupancy factors of Ru and Mn over the same crystallo-
graphic site is very precise by neutron diffraction given the
opposite values of the scattering lengths for Ru (7.030 fm)
and Mn (-3.730 fm). For the same reason, and given the
Ru/Mn ratio found at the 4f positions, the average scat-
tering length of this site is rather weak and the error in the
determination of the corresponding atomic parameters and
displacement factor is huge. As a consequence, in the final
refinement, the positions for the 4f sites were fixed to those
determined by X-ray diffraction and the displacement fac-
tor was set to 0.3 A2,
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Table 2 lists the structural parameters together with the
unit-cell parameters refined from NPD at room temp. for
the compound with x = 0.5. Figure 4 (a) shows a good fit-
ting between calculated and observed profiles — the second
series of Bragg position markers corresponds to NdMnOs;.
Table 3 includes the mean interatomic distances and Table 4
gives some selected bond angles for this phase at room
temp.

A view of the crystallographic structure approximately
along the ¢ axis is displayed in Figure 5. There are two dif-
ferent oxygen environments for the cations that occupy the
4f and 4h sites. At the 4f site, the (Ru**, Mn*") cations
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Figure 4. (a) Observed (crosses), calculated (solid line) and differ-
ence (bottom line) NPD patterns at room temperature for
NdMn, sRu; 505 (D1A data). The second series of Bragg positions
corresponds to the minor impurity NdMnOs. (b) Comparison of
observed NPD data at room temperature and at low temperature
(D1B data).

Table 3. Selected interatomic distances [A] for x = 0.5 at room
temp. from NPD data.

NdOg bicapped prism

Nd-Ol1 (X2) 2.415(6)
Nd-02 2.412(7)
Nd-02 2.440(7)
Nd-0O4 (X2) 2.439(5)
Nd-0O4 (X2) 2.554(5)
<Nd-O> 2.458
(Mn,Ru)104 octahedron

(Mn,Ru)1-02 (X2) 2.025(4)
(Mn,Ru)1-03 (X2) 1.863(6)
(Mn,Ru)1-04 (X2) 1.978(3)
<(Mn-Ru)1-O> 1.955
Mn20j5 tetragonal pyramid

Mn2-O1 (X2) 1.936(9)
Mn2-03 2.054(12)
Mn2-0O4 (X2) 1.900(7)
<Mn-O> 1.945
Mn-Ru distances

(Mn,Ru)1-(Mn,Ru)1 2.6026(4)
(Mn,Ru)1-(Mn,Ru)1 3.1199(1)
Mn2-Mn2 2.849(12)

(M**) are inside the M**Qy distorted octahedra whereas at
the 44 site, the Mn3* ions form Mn>*Os distorted tetrago-
nal pyramids (containing just 4% of Ru atoms). The M**Oq
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Table 4. Selected bond angles [°]. M1 stands for (Mn,Ru)l.

02-M1-02 79.2(4)
02-M1-03 94.8(2), 172.9(5)
02-M1-04 85.7(3), 88.8(3)
03-M1-03 91.4(6)
03-M1-04 94.6(4), 90.3(4)
04-M1-04 172.9(4)
01-Mn2-0O1 85.3(6)
0O1-Mn2-03 95.4(6)
0O1-Mn2-0O4 86.4(4)
03-Mn2-04 99.9(5)
04-Mn2-04 97.0(4)
Mn2-O1-Mn2 94.7(7)
M1-02-M1 100.8(2)
M1-03-Ml1 88.6(2)
M1-03-Mn2 135.4(6)
M1-04-Mn2 122.8(5)

octahedra share edges via O2 and O3 in infinite chains
along the ¢ axis. The pyramids share edges to form dimeric
Mn,Os units linked through two O1 oxygens. The different
chains of octahedra are interconnected through the pyrami-
dal dimer units via O3 and O4.

view of the

Figure 5. A crystallographic ~ structure of
NdMn, sRu, 505, approximately along the ¢ axis. Octahedra and
tetragonal pyramids correspond to (Mn,Ru)**O4 and (Mn)>**Os
polyhedra. The octahedra share edges, forming infinite chains
along the ¢ axis. The pyramids form dimeric units linking together
the chains of octahedra. The spheres represent the Nd atoms.

The low temperature NPD patterns of NdMn; sRu0, 505
do not show any additional reflections that could suggest
the presence of long-range magnetic ordering, as illustrated
in part b of Figure 4 in which the patterns collected at room
temp. and 2 K in the D1B diffractometer are compared.

Magnetic Measurements

The dc susceptibility vs. temperature data for the phases
with x = 0.1, 0.2 and 0.5 are shown in Figures 6 and 7.
The curves are very similar to those exhibited by the parent
compound, NdMn,Os.[' A cusp in the FC susceptibility
curve suggests antiferromagnetic behaviour at low tempera-
tures. In NdMn,Os, this maximum (at 5 K) is related to the
transition to a modulated magnetic structure. In the present
case, the maxima are observed at higher temperatures as
listed in Table 5. The insets of Figures 6 and 7 show more

Eur. J. Inorg. Chem. 2010, 781-789
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details of the ZFC and FC curves for the samples with x =
0.1, 0.2 and 0.5. Both curves overlap at high temperatures
but diverge on decreasing the temperature below ca. 40 K.
The antiferromagnetic Néel temperatures can be obtained
from the maxima of the ZFC curves listed in Table 5. The
splitting of the ZFC and FC curves suggests the presence
of an irreversibility and is symptomatic of spin-glass-like
behaviour.
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Figure 6. Thermal evolution of the FC magnetic susceptibility
measured in a 1 kOe magnetic field for NdMn, Ru,Os. The insets
detail the ZFC and FC evolution for x = 0.1 and x = 0.2.
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Figure 7. ZFC and FC dc susceptibility for x = 0.5. The inset corre-
sponds to the reciprocal susceptibility and the Curie—Weiss fit.

Table 5. Magnetic parameters for NdMn;_ Ru,Os, from magnetic
susceptibility data. The Curie constant C is given in
emumol ' Oe ' K. The T was obtained from the maxima of the
ZFC curve.

X MaXZFC [K] TN [K] c gWeiss [K] Heft [”B/ fu] Heale
0.1 12.7 26.0 7.68(1)  —1462(6)  7.87(1) 7.16
02 96 332 7513) -128.51)  7.51(3) 7.11
0.5 15.7 40.0 5612)  -106.63(2) 6.68(2) 6.94
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The paramagnetic regime has been studied from the re-
ciprocal susceptibility plots, illustrated in the inset of Fig-
ure 7 for x = 0.5. In the temperature interval 120 K < T <
350 K, the reciprocal susceptibility increases linearly, reveal-
ing paramagnetic behaviour. A linear Curie—Weiss fit in this
region gives a  Curie constant of C =
5.61(2) emumol 'Oe ' K, a Weiss constant of Oweiss =
—-106.63(2) K (the negative Weiss constant is an indicative
of antiferromagnetic interactions in this compound) and an
effective moment of u. = 6.68(2) pup/fu. (6.85 pg/fu. for
the parent compound NdMn,Os). For the x = 0.1 and 0.2
compounds, the corresponding magnetic parameters are in-
cluded in Table 5. An estimation of the theoretical effective
magnetic moment can be gained by considering the expres-
sion ey = [naz+(tings+)® + Avnas(Uninas)” + s
(mn3+)? + MRuas (URua+)? + MRus+(URy3+)?]M. For x = 0.5,
g+ = 1.0, iyna+ = 0.572; nypsz+ = 0.964, ngyg+ = 0.428
and ngu3+ = 0.036 (the n values were determined by the
neutron diffraction study). We suppose that the Mn cations
are in a high spin (HS) state and Ru cations in a low spin
(LS) state and, therefore, pngsz+ = 3.6 U, nina+ = 3.87 Ug,
Uninz+ = 4.90 pp, ftrug+ = 2.83 pp and uryz+ = 1.73 pp. The
experimental result for the effective magnetic moment is in
reasonable agreement with the expected moment of 6.94 g/
fu. For x = 0.1 and 0.2, the expected paramagnetic mo-
ments included in Table 5 have been estimated from the
nominal stoichiometric coefficients, assuming that Ru** oc-
cupies the octahedral 4f sites.

The magnetization isotherms at 4 K (Figure 8) show the
almost linear behaviour characteristic of antiferromagnets.
There is only a very small curvature and a narrow hysteresis
cycle at very low applied magnetic fields for x = 0.5 as illus-
trated in the inset of Figure 8. This suggests a weak ferro-
magnetism effect or subtle canting of the magnetic mo-
ments.
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Figure 8. Isothermal magnetisation curves for NdMn, Ru,Os.
The inset shows the narrow hysteresis cycle for x = 0.5 between
—~1000 and 1000 Oe.

The glassy behaviour suggested by the divergence of the
FC and ZFC curves has been investigated in detail by ac
susceptibility for x = 0.5. The thermal evolution of the ac
susceptibility is shown in Figure 9 for temperatures ranging
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from 2 K to 100 K at different frequencies (f) varying from
1 to 10 kHz. y" and y'’ represent, respectively, the real (in
phase) and imaginary (out of phase) components of the
susceptibility. Both " and y'’ show a sharp increase below
60 K with a maximum at about 48 K; this temperature cor-
responds to the onset of long-range magnetic interactions,
slightly below the magnetic ordering temperature deter-
mined by the dc susceptibility measurements (7 = 40 K,
in Table 5). There is another peak at lower temperature with
a maximum at around 8-9 K. This second anomaly of the
x' curve is slightly frequency dependent. The signal of the
imaginary part of the curve is very weak and falls inside
the detection limit of the equipment so it is difficult to draw
conclusions from the frequency dependence of this part of
the ac susceptibility.
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Figure 9. Real and complex ac magnetic susceptibilities for
NdMn;, sRu, 5s05. The insets show the frequency dependence of the
maxima for the real component. The frequency varies from 1 kHz
(top) to 10 kHz (bottom).

Discussion

The products with nominal stoichiometry NdMn,_,-
Ru,Os derive from the parent NdMn,Os oxide (containing
one Mn*" and one Mn*" cation per formula) by partial
replacement of Mn by Ru cations. The structures of the
phases with 0 < x = 0.5 were refined from XRD data in
the orthorhombic space group Pbam (No. 55) and found to
be isostructural to NdMn,Os.['% Details of the structural
modification upon Ru doping were investigated from NPD
data in a sample of nominal composition NdMn, sRug 505,
taking advantage of the large contrast existing between the
scattering lengths of Ru and Mn. The first conclusion of

this study is that Ru cations preferentially occupy the 4f

octahedral positions randomly distributed with Mn** ions.
Only 4% of the pyramidal positions at 4/ are occupied by
Ru (probably Ru’*) cations. This is in contrast with that
786
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found in the Fe-substituted series RFeMnOs[!'!-13 where
Fe3* preferentially occupies the pyramidal positions. This
fact is probably a consequence of the propensity of Ru for
adopting a tetravalent oxidation state under the synthesis
conditions in air thus favouring its incorporation at the oc-
tahedral positions together with Mn** whereas, in the Fe-
substituted series, Fe** is stabilised with an ionic size suit-
able for occupying the square-planar pyramidal sites. How-
ever, in the case of the chromium-substituted series
RCrMnOs,['415] the relative easiness of oxidation of Cr to
the tetravalent state under moderate oxygen pressure ac-
counts for its incorporation at both octahedral and pyrami-
dal positions, giving rise to an extraordinary anti-site effect.

It is interesting to compare the crystal structures of
NdMn; sRu; 505 and NdMn,Os. For NdMn; sRug sO5 the
volume of the orthorhombic unit cell is larger than for
NdMn,Os, of 368.93 A ['% as expected from the difference
in ionic radii between Ru** (0.62 A) and Mn** (0.53 A) in
sixfold coordination. In NdMn,Os (and other RMn,Os
compounds) the Mn**O octahedra are fairly flattened with
two bonds significantly shorter than the remaining four
bonds, e.g. the Mn-O3 bond length is 1.870(5) A and the
average Mn1-O distance is 1.914 A1 This is also observed
in NdMn, sRuysO5s with (Mn,Ru)l-O3 distances of
1.863(6) A and an average value of 1.955 A. Very interest-
ingly, the substitution of Ru** by Mn** leads to an unequal
variation in the (Mn,Ru)l-(Mn,Ru)l distances compared
with the Mn—-Mn in-chain distance in NdMn,Os in such a
way that there are pairs or dimers of metals at extremely
short distances of 2.6026(4) A. This suggests the existence
of metal-metal bonding along the chains of octahedra,
probably occurring between pairs of Ru-Ru cations ran-
domly distributed along the chains. For the compound with
x = 0.5, the Mn**/Ru*" ratio is approximately unity which
would optimise this interaction even if Mn and Ru are tot-
ally disordered in the crystal. No superstructure peaks have
been observed either in the XRD or NPD patterns which
could indicate the presence of long-range Ru—Mn ordering.
However, the abrupt shrinkage of the ¢ unit-cell parameter
is also indicative of the establishment of Ru-Ru direct
bonds for this particular x = 0.5 composition. The men-
tioned short distance is comparable to that existing in other
compounds presenting Ru—Ru bonding such as the hexago-
nal 9R-BaRuOj; polytype of perovskite (2.55 A).'7) In this
example, the chains of RuOg octahedra share faces along
the ¢ axis whereas in the present case the (Mn,Ru)Og octa-
hedra share edges along c. Instead of a random distribution
of Mn and Ru atoms, we can think of a random distribu-
tion of Ru-Ru couples along ¢ leading to the formation of
Ru-Ru bonding wherever the Ru-Ru couples spontane-
ously occur as shown in Figure 10. The observed (Mn,Ru)-
1—(Mn,Ru)1 distance of 2.6026(4) A indeed corresponds to
the average distance between Mn—Mn and Ru—Ru pairs, so
it is reasonable to think that the local Ru—Ru bond lengths
are even shorter. For the compound with x <0.5 which
shows a much larger ¢ parameter, the occurrence of direct
Ru-Ru bonds is presumably less pronounced given the di-
lution of Ru** cations in the Mn** chains. This is the first
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time, to the best of our knowledge, that metal-metal bond-
ing has been identified within the chains of edge-sharing
octahedra in this structural type.

&

Figure 10. Schematic representation of the random distribution of
Ru-Ru pairs (dark bonded atoms) along the chains of (Mn,Ru)Oq
octahedra.

Regarding the tetragonal pyramids occupied mostly by
Mn3*, containing only 4% of Ru, we believe that Ru?*
would be more suitable for occupying this site. Since there
are no tabulated data for fivefold coordination, we can com-
pare the ijonic sizes of Ru** (0.68 A) with HS-Mn3*
(0.645A) in sixfold coordination.'¥! The pyramidal
Mn3*Ojs units are elongated since the axial Mn2-O3 bond
length is the largest [2.054(12) A], although this effect is less
pronounced than in NdMn,Os [2.076(7) A], given the small
content of non-Jahn-Teller Ru®* cations. With respect to
the oxygen coordination of Nd** cations, it can be de-
scribed as Nd3*Og bicapped prisms, with average <Nd-O>
distances of 2.458 A which is in good agreement with the
average <Nd-O> bonds lengths of 2.451 A observed in
NdMn,05.110!

The dc susceptibility measurements indicate a long-range
magnetic order with cusps in the FC susceptibility curves
in the 9-16 K range, suggesting antiferromagnetic interac-
tions in these compounds, as corroborated by the negative
Weiss temperatures. The magnetisation isotherms at 4 K
(Figure 8) show almost linear behaviour that also confirms
the preponderance of the antiferromagnetic interactions.
However, the observed splitting of the ZFC and FC curves
at low temperatures (Figures 6 and 7) indicates some kind
of spin-glass like behaviour. The ac susceptibility measure-
ments confirm this behaviour. Both parts of the suscep-
tibility (the real and the imaginary part) present two peaks:
the peak at higher temperatures is frequency independent
and corresponds to the long-range antiferromagnetic order-
ing, whereas the second peak at lower temperatures is fre-
quency dependent and approximately coincides with the
onset of the ZFC-FC divergence in the dc curves. On in-
creasing the frequency, the intensity of this maximum shifts
to higher temperatures and this behaviour is characteristic
of a spin-glass like state.["]
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A very common method for discerning if the material
presents spin-glass behaviour is using the following equa-
tion:

AT,

K=
T,Aln(f)

where T, is the maximum in the ' curve, fis the frequency
and A refers to differences between measurements at dif-
ferent frequencies.?”) For spin glasses, K is found to be of
the order of 0.01, approximately in between 0.005 and 0.2.
For NdMn, sRu, 505, K = 0.014 which is consistent with
the spin-glass category. The absence of long range magnetic
ordering confirmed by low-temperature neutron diffraction
is also compatible with the presence of a spin-glass state.

Although the random distribution of Ru** cations in the
chains of Mn**Q4 octahedra should account for the exis-
tence of competitive magnetic interactions and a large de-
gree of frustration in this compound, leading to the ob-
served spin-glass behaviour, it is important to notice that in
the magnetic structure of NdMn,Oj5 there already exists an
important degree of magnetic frustration. In the parent
compound, there are competitive interactions between the
clearly antiferromagnetic coupling in Mn3*(pyramids)-O—
Mn**(chains), the latter tending to form ferromagnetic di-
mers of Mn** spins along the chains (as happens in
BiMn,Os?!l) and the direct antiferromagnetic interactions
established across the Mn**—O-Mn** paths along the
chains, giving rise to an incommensurate helicoidal struc-
ture, modulated along the chain direction. The presence of
Ru-Ru dimers randomly distributed along the chains of oc-
tahedra seems to reinforce the global magnetic interactions
and reduce the frustration, leading to a significant increase
of Ty (Table 5). Presumably the coupling between the two
members of each Ru-Ru dimer is ferromagnetic, as sug-
gested by the global increase of the Weiss temperature (that
becomes less negative) upon Ru doping.

From this point of view, it is well known that some cubic
perovskites containing Ru** cations show ferromagnetic be-
haviour, such as the paradigmatic examples of the cubic Ba-
RuO; or SrRuO; perovskites.[*?! On the other hand, hexag-
onal 6H-BaRuOs5, containing dimers of Ru**Og face-shar-
ing octahedra separated by single RuOg corner sharing oc-
tahedra presents exchange-enhanced Pauli paramagnetism
due to a strong electron correlation effect.!?! In 6H-BaRu,_-
Mn O3 perovskites, the substitution of Mn for Ru cations
gives rise to the short-range magnetic ordering, due to the
disordered arrangement of Ru and Mn cations. The com-
pounds are weakly ferromagnetic in the x range 0.05-0.40,
with the maximal Curie temperature 7c = 175.2K at x =
0.10. They show a spin-glass-like magnetism at lower tem-
perature when x = 0.1.*! Also, heavily substituted SrMn;_-
Ru,O3; materials are ferromagnetic due to dominating ex-
change interactions between the Ru*' ions. Intermediate
substitution (0.6 = x = 0.7) leads to spin-glass behav-
iour,>! as observed in the present compound. The behav-
iour of other mixed Mn/Ru phases is also enlightening: the
crystal and magnetic structures of the (Nd; . Sr.)(Mn;_,-
Ru,)O; perovskites show an unusual long-range ferromag-
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netic state which can be called “statistical ferrimagnetism”
with antiferromagnetic coupling between Mn and Ru mag-
netic moments and ferromagnetic coupling in the Mn—Mn
and Ru—Ru pairs.*®! This is not exactly our case, since the
presence of the additional AFM couplings between the oc-
tahedral cations and Mn3* in pyramidal positions can im-
pose a global antiferromagnetic structure (as shown from
the linear M vs. H curves in Figure 8) but it gives some
clues about the probable coupling of the Ru dimers charac-
terising the NdMn; sRu, 505 oxide.

Conclusions

A new family of oxides has been obtained by replacing
Mn** by Ru** in the parent NdMn,Os compound. A NPD
study confirms that these oxides are isostructural with the
parent material (space group Pbham) and contain chains of
edge-linked (Mn,Ru)**Og octahedra connected by means of
dimeric groups of Mn**Os square pyramids. A unique fea-
ture of the x = 0.5 member is the occurrence of Ru-Ru
metal-metal bonding within the chains of octahedra as has
been frequently observed in many hexagonal ABO; poly-
types of perovskite (e.g. BaRuO;) where a metal-metal
bonding is established though the triangular faces of the
RuOg octahedra containing hexagonal stackings of face-
sharing octahedra. NdMn, sRu, 505 constitutes a unique
case where the metal-metal bonding is established though
edge-sharing octahedra. The Ru-Ru distances of
2.6026(4) A are slightly longer than those observed in Ba-
RuO;. In NdMn, sRug 505, only half of the octahedral po-
sition are occupied by Ru and the absence of superstructure
peaks in the XRD or NPD patterns indicates the absence
of long-range ordering of Mn/Ru along the chains. We pro-
pose a structural model where pairs of Ru**~Ru** cations
are randomly distributed along the chains together with
Mn** cations, with no coherence between adjacent unit
cells. The magnetic susceptibility plots show a divergence
between the ZFC and FC curves, suggesting spin-glass be-
haviour which is confirmed by ac susceptibility measure-
ments.

Experimental Section

Single-phase products of composition NdMn, ,Ru,Os (0 < x =
0.5) were obtained as very dark-brown polycrystalline powders
from a citrate technique derived from that described elsewhere for
the RMn,Oj5 oxides.?”! Stoichiometric amounts of analytical grade
Nd,0; and MnCOj; were dissolved in an aqueous citric acid solu-
tion with some droplets of HNO; and then RuO, was added. The
suspension was slowly evaporated leading to an organic resin which
was dried at 140 °C and slowly decomposed at 600 °C in air. All
the organic materials and nitrates were eliminated in a subsequent
treatment at 800 °C in air. By this method very reactive precursors
can be obtained. The precursor powders were then annealed at
1000 °C in air. It was not possible to synthesise single-phased mate-
rials with x > 0.5. In those cases we observed phase segregation of
the RuO, and NdMnO; oxides. Trials to stabilise other iso-
structural compounds with rare earths other than Nd (Y, La, Tb,
Dy, Ho, Er, Tm, Yb and Lu) were unsuccessful.
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The reaction products (0 < x = 0.5) were characterised by X-ray
diffraction (XRD) for phase identification and to asses phase pu-
rity. The characterisation was performed using a Bruker-axs D8
diffractometer (40 kV, 30 mA) in Bragg—Brentano reflection geom-
etry with Cu-K,, radiation (A = 1.5418 A). The XRD patterns were
analysed by the Rietveld method®®! by using the Fullprof pro-
gram.[?]

Neutron powder diffraction (NPD) diagrams were collected for the
x = 0.5 sample at the Institut Laue-Langevin, Grenoble (France).
The diftraction patterns were acquired on the D1A diffractometer
with 2 = 1.910 A at room temperature (295 K), in the angular range
10.0° < 26 < 150° with a 0.05° step and on the D1B diffractometer
with 4 = 2.520 A at 2K, in the angular range 10.0° < 20 < 80°.
The sample was contained in a vanadium cylinder, § mm in dia-
meter. The NPD patterns were also analysed by the Rietveld
method. A pseudo-Voigt function was considered to generate the
profile shape and the background was fitted to a fifth-degree poly-
nomial function. The coherent scattering lengths for Nd, Mn, Ru
and O were 7.690, —3.730, 7.030 and 5.803 fm, respectively. An ab-
sorption correction ur = 0.5, estimated for the diameter of the sam-
ple cylinder, was introduced.

The dc magnetic susceptibility was measured with a SQUID mag-
netometer from Quantum Design equipped with a 70 kOe super-
conducting magnet, in the temperature interval 4 < 7" < 400 K
in a 1 kOe magnetic field. An isothermal magnetisation curve was
obtained at 4 K for a magnetic field ranging from —50 to 50 kOe.

A PPMS device was used for carrying out ac magnetic suscep-
tibility measurements for temperatures form 2 K to 100 K. The fre-
quencies for the transversal oscillating magnetic field were 1, 2, 3,
4,5,6,7,8,9 and 10 kHz.
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