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Abstract. We report the preparation and the structural and morphological characterization of the per-
ovskite compound NdSroRuCus0,. The crystal structure of this material has been determined by a com-
bined high-resolution electron microscopy, selected area electron diffraction and high-resolution X-ray
powder diffraction study. The morphology of the samples has been monitored by a scanning electron mi-
croscope equipped with an energy dispersive spectrometer attachment by which the microanalysis of the
crystallites has been also performed. Finally, dc magnetic susceptibility measurements show that this com-
pound behaves like an enhanced paramagnetic metal with evidence of neither magnetic order and neither

superconducting one.

PACS. 61.66.-f Structure of specific crystalline solids — 61.10.Nz Single crystal and powder diffraction —
68.37.-d Microscopy of surfaces, interfaces, and thin films

1 Introduction

One of the most important developments associated with
the discovery of high temperature superconductivity in
the cuprates has been a rapid growth in our understand-
ing of related oxides. Oxides display all the ground states
of strongly correlated electron physics, from many-body
insulators to metals on the border of applicability of the
well-known Fermi liquid theory. The various forms of mag-
netism which also occur are linked to a host of interesting
properties such as colossal magnetoresistance and uncon-
ventional superconductivity. Recently, the class of ruthen-
ate materials has been the focus of considerable work be-
cause of their interesting magnetic and superconducting
properties. StRuQj is a band ferromagnet [1]; SroRuOy is
an exotic p-wave superconductor [2]; RuSraGdCuyOg [3]
exhibits a coexistence of bulk superconductivity and uni-
form magnetic ordering. In this hybrid ruthenate-cuprate
system both the Cu-O and Ru-O planes form very simi-
lar square-planar arrays, and the coexistence of supercon-
ductivity and long range magnetic order is intriguing [4].
However, in spite of extensive investigation a consistent
picture of the magnetic structure is still lacking [5,6].
Other compounds of the type RuSraRE;_,Ce,CusOqg
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and RuSroRECuy0g (hereafter named 1212 compounds),
with RE=Sm, Eu were synthesized in early 1995 [7] and
some of them exhibit the coexistence of superconductivity
and magnetic order [8,9].

The fact that materials closely linked both chemi-
cally and structurally may show largely different physical
properties may give a unique opportunity to tackle cor-
related electron physics with controlled material parame-
ters. Therefore, the synthesis of a wider group of materials
of the 1212 class can be considered a key objective, though
attempts to synthesize other than Gd, Eu RE-based 1212
rutheno-cuprate systems have not been so far success-
ful. Indeed, Tallon and co-workers [10] found that, be-
side RuSroGdCusOg, RuSroSmCuyOg could be also made,
though this phase represents only a small (~ 20%) fraction
of the whole sample. Tang et al. reported attempts to syn-
thesize NdSroRuCu, 0, but the presence of Nd ions in the
1212 structure was limited and a segregation of SrRuOg
phase was observed [11]. Bauernfeind et al. proposed that
the formation of the 1212 phase depends on the ionic
radius of rare-earth, and the fact that neodymium has
an ionic radius larger than the one of samarium and eu-
ropium, led to the formation of a mixture of perovskites of
unknown stoichiometry [7]. For completeness, it is worth
noticing that very recently a new rutheno-cuprate oxide
has been synthesized in which Gd is replaced by Y, and it



52 The European Physical Journal B

is found that a superconducting gap coexists with a fer-
romagnetic component at a microscopic level below the
temperature of the onset of superconductivity [12].

In this paper we report the preparation and the struc-
tural characterization of the Nd-based rutheno-cuprate
perovskite-type material. Crystal structure and morphol-
ogy of this microcrystalline material were obtained by
a study combining high-resolution X-ray powder diffrac-
tion, scanning electron microscopy (SEM), high-resolution
transmission electron microscopy (HRTEM) and selected
area electron diffraction (SAED) which provide clear-cut
evidences of the formation of this perovskite structure. Fi-
nally, in order to study the role played by Nd ions on mag-
netic properties of NdSroRuCu, 0O, we report the dc mag-
netic susceptibility of Nd-based 1212 compound as well
as the experimental results obtained for GdSroRuCusO,
material.

2 Experimental

Samples of NdSraRuCu20, and RuSraGdCup O, were ob-
tained by solid state reaction of a mixture of stoichiometric
powders of high purity RuO2, Nd2O3, Gd2 O3, CuO oxides
and strontium carbonate (SrCO3). The powders were de-
composed in alumina crucibles by heating at 5 °C/min
up to 960 °C and held at this temperature for 10 hours
in air and subsequently cooled to room temperature. This
step is crucial to produce the desired phase. These pow-
ders were ground and milled before reaction at 1000 °C
for 10 hours in flowing nitrogen. This step was necessary
to limit the formation of SrRuOj [7]. Finally, the pow-
ders were annealed with a procedure made by several cy-
cles of heating at temperatures ranging from 1050 °C to
1080 °C and subsequent cooling at room temperature in
pure oxygen atmosphere. The phases produced after each
step were routinely monitored by X-ray powder diffrac-
tion (XRPD). XRPD patterns were obtained on a Philips
PW-1700 diffractometer using Ni-filtered CuKa radiation.
Diffraction patterns were collected at room temperature
over the 260 range 5°-100° with a step size of 0.05° and
time per step of 20 seconds.

High-resolution X-ray powder diffraction data were re-
corded at room temperature in transmission geometry at
NSLS beamline X3B1, Brookhaven National Laboratory.
The sample was sealed in a 0.5 mm Lindemann capillary
and was spun during measurements in order to improve
randomization of the crystallites. The diffracted beam is
analyzed by a Ge(111) crystal placed before a Nal scintil-
lation counter. In this parallel beam configuration, the res-
olution is determined by the analyzer crystal instead of by
slits [13]. A 0.40174(2) A wavelength was selected in order
to minimize absorption. Data were collected from 1.000°
to 32.954° 20 using a step size of 0.002° and step time of
3 s and then normalized against monitor counts. Rietveld
refinement was performed using the program GSAS [14].
The peak profile was described by a pseudo Voigt func-
tion [15], in combination with a special function that ac-
counts for the asymmetry due to axial divergence [16].

10°

200

Intensity (counts)

1 I\ | | | )
10 5 10 15 20 25 30

28 (%)

Fig. 1. High resolution X-ray powder diffraction pattern of an
oxygen annealed sample of NdSroRuCuzOy together with the
best-fit Rietveld profile. Observed profile points are indicated
by (+), Bragg peak positions are marked as vertical bars, peaks
marked by stars are due to phase impurities.

Thermal analysis (TGA/DTA) was carried out on a
TA instrument (SDT2960 model) by keeping 10-15 mg
of sample under a constant flux of air and at 5 °C/min
heating rate up to 1000 °C. The morphology of the crys-
talline powders was analyzed by scanning electron mi-
croscopy on a Leica Stereoscan 420. This microscope was
equipped with an energy dispersive spectrometer (EDS)
attachment, by which elemental chemical analysis of se-
lected areas of the sample (<1 um?) was performed. High-
resolution transmission electron microscopic images and
selected area electron diffraction patterns were obtained
by a Jeol JEM 2000-EX instrument which allowed to
get a structural characterization of micro-crystallites. The
HRTEM microscope was equipped with a top-entry stage,
LaBg filament, and operating at 200 kV-acceleration volt-
age. All samples in form of powder were first dispersed
in n-heptane, then a drop of the suspension was put on a
“holey” carbon-coated Cu grid (200 mesh). Dc suscepti-
bility measurements were performed by means of an Ox-
ford Maglab Vibrating Sample Magnetometer (VSM). The
samples vibrate in a region where the magnetic field homo-
geneity is equal to one part per million. All measurements
were performed after sieving the materials and collecting
the fraction with size smaller than 5 pm.

3 Results and discussion

High resolution X-ray powder diffraction pattern of an
oxygen annealed sample of NdSroRuCupO, is shown in
Figure 1. Reflections marked by stars are due to small
amounts of extra-phase, not included in the Rietveld anal-
ysis. The diffraction pattern was successfully indexed as-
suming a cubic cell with lattice parameter a = 3.91 A, this
value was refined later to a = 3.90727(3) A by Rietveld
refinement in Pm3m space group.

The cubic symmetry, as unambiguously assessed in
the indexing procedure, requires the presence of disorder
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Table 1. Atomic parameters for NdSraRuCu20y resulted from
the Rietveld refinement, Pm3m a = 3.90727(3) A. R, =
0.1536, Rwp = 0.2060 , Rp2 = 0.090.

T y z Ui Occ.
Ru 0 0 0 0.0065(4)  0.33
Cu 0 0 0 0.0065(4) 0.67
Nd 05 0.5 0.5 0.0228(5) 0.33
Sr 0.5 0.5 05 0.0228(5) 0.67
O(1) 00 0 025 00532 1.00

between cation sites. This type of positional disorder af-
fects both perovskite A and B cation sites.

Various types of disorder were modelled by the
Rietveld refinement, best results were obtained assuming
that the perovskite A sites can be occupied either by Nd
or Sr cations and B sites by either Ru or Cu. No satisfac-
tory result was obtained allowing different substitutions.
In agreement with EDS measurements, good convergence
was achieved assuming a 1:2 ratio both between Nd:Sr and
Ru:Cu cations as listed in Table 1, where also the final re-
sults of Rietveld refinement are reported. In spite of the
small difference between ionic radii of Nd*t and Gd>*
(0.03 A) the structure of homologous rutheno-cuprates
show significant differences. In the first case a disordered
cubic perovskite structure is formed, while in the latter
case an ordered triple perovskite structure is obtained.
This is in agreement with results already reported in the
literature, where the formation of an ordered 1212 phase
seems strongly influenced on the size of the lanthanide.
Bauernfeind et al. [7] observed that lanthanide cations
with radius larger than Sm appear to prefer substitution
on Sr sites, while lanthanides smaller than Gd form prefer-
ably the ordered double perovskite Sra(LnRu)Og. More-
over, Nd ions show an higher tendency than Gd ions for
substitution on earth-alkaline ion sites as observed in rare-
earth cuprate superconductors [17].

On the other hand, the formation of an ordered
1212 phase with Pr has been recently reported [18]. This
suggests that also other factors besides lanthanide ion ra-
dius must be taken into account, as for example the ratio
between the radius of various cations.

The absence of contamination from both alumina cru-
cibles and other spurious elements is checked by EDS
analysis of a large area of the samples (200 x 200 pm?)
that shows only the presence of the elements of the
starting materials. Figure 2 shows a SEM micrograph
of NdSraRuCu»O,, which is constituted by aggregates of
crystallites of tens of microns. An inspection of these ag-
gregates at higher magnification shows that they are com-
posed by submicrometer particles of average size down to
0.5 pm. A quantitative EDS analysis performed on sev-
eral points of the sample confirms that these aggregates
are NdSroRuCu 0O, phase.

Although to a lesser extent, small regions with Nd defi-
ciency are also detected. These are associated with the for-
mation of strontium oxide, the amount of which is too low
to be revealed by XRD. Figure 3 shows a low magnification
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Fig. 2. SEM image of RuSraNdCu20,.
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Fig. 3. TEM micrograph showing a large aggregate of
NdSr2RuCuz20,. The inset shows a SAED pattern from the re-
gion A where a single microcrystal is oriented down to the [001]
direction. The main diffraction spots belong to (110) and (020)
planes, and weaker spots of (010) planes are also observable.
Region B shows another single particle which was studied by
HRTEM (see Fig. 4).

image of a more detailed morphological analysis of the par-
ticles forming the aggregates performed by TEM. Domains
with different extension of sintering between particles are
evident in these large areas. Moreover, the particles pro-
truding from large aggregates result mainly round-shaped
and with average size of 100-150 nm. These particles are
ideal for both SAED and HRTEM analyses. The inset of
Figure 3 shows a SAED pattern of the region A where a
single microcrystal is found. The particle is oriented down
to the [001] direction and the main diffraction spots are
measured at 1.92 A and 2.71 A corresponding respectively
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HRTEM

Fig. 4. image of a single microcrystal of
NdSraRuCu20,. The inset shows an enlarged view of the re-
gion A where lattice fringes 3.65 A apart from (100) planes
are visible. Region B is an enlightened part of the microcrystal
where regular lattice fringes of (100) planes are also found.

to (020) and (110) planes of a cubic unit cell of 1212-type
RuSrsNdCuyOg phase. Figure 4 shows a HRTEM image
(region B of Fig. 3), where lattice fringes 3.65 A apart are
found, and these could be assigned to (100) planes of a the
1212-type NdSroRuCuy0O, phase (see the inset of Fig. 4
which reports an enlargement view of the region A). Large
domains (200-300 A?) where the lattice fringes of (100)
planes extend regularly (see for instance the region B in
Fig. 4) are found in many particles and suggest that large
areas of the microcrystals have regular bulk structure. Be-
sides regular domains, there are also regions where lattice
fringes interrupt frequently which suggests that the par-
ticles have an irregular (stepped) morphology as well as
extended defects, such as stacking faults. Areas of indi-
vidual domains are also observed, particularly along the
border of the particles. These domains are much smaller
than those enlightened in region B.

Figures 5 and 6 present the temperature dependen-
cies of the dc susceptibility in a small external magnetic
field (1G), for RuSroGdCus0, and NdSroRuCuO, com-
pounds respectively.
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Fig. 5. dc magnetic susceptibility for RuSroGdCu20,.

0.00 50

100 150 200
T (K)

Fig. 6. dc magnetic susceptibility for NdSroRuCu20,. In the

inset is reported the inverse magnetic susceptibility as a func-

tion of the temperature.
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The main features observed in Figure 5 are (i) the de-
crease in the susceptibility below 30 K, (ii) the increase
of the same quantity for temperature below ~150 K. We
first discuss the decrease in the susceptibility for temper-
atures below 30 K. A similar decrease was observed in
other similar compound, namely in RuSraEuCusOg be-
low 32 K; in Eu; 4Ceq.gRuSroCusO1g_s below 32 K and in
Gdj.4Ceg.gRuSroCusO19—5 below 42 K. It has been argued
that this feature is due to the appearance of superconduc-
tivity, where the bulk Meissner phase is suppressed due
to granularity or spontaneous vortex phase [9]. We now
consider the increase of the susceptibility below ~150 K.
The sudden onset of the susceptibility indicates a ferro-
magnetic transition and this result is also supported by
an irreversible behavior in the M (H) loop. Nevertheless,
neutron powder-diffraction shows that below the magnetic
ordering temperature, this compound has a G-type anti-
ferromagnetic structure in which Ru moments are antipar-
allel in all three crystallographic directions. The ferromag-
netism in this compound, which is clearly indicated by the
susceptibility measurements as well as by hysteresis loops,
can be explained if the Ru moments are canted to give a
net moment perpendicular to the ¢ axis [20].
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On the contrary, the data presented in Figure 6 for
NdSroRuCu;0, sample indicate that there is no signa-
ture of both the magnetic and superconducting transi-
tion. Indeed, this compound exhibits a paramagnetic be-
havior well described in terms of Curie law below 150 K
(see the Inset in Fig. 6). For completeness, we notice that
the vertical scales in Figures 5 and 6 are different and
this corresponds to a low temperature susceptibility for
the NdSraRuCus0, about two order of magnitude larger
than the one for the GdSr,RuCuy;O, compound. Two
main reasons could be considered to explain the experi-
mental data. Firstly, the magnetic properties of this com-
pound are dominated by the paramagnetic Nd3 ions and
this fact could prevent the magnetic and superconducting
transitions. Secondly, the Cu/Ru site mixing as well as
between Nd and Sr, suggested by high resolution X-ray
powder diffraction and SAED data, further support the
absence of any ordered phase in the Nd-based compound.
Indeed, this intermixing of cations producing a disordered
network of CuQOy and RuOs planes strongly affects the
formation of an ordered magnetic structure and inhibits
the formation of Cooper pairs in the CuOs channel.

4 Summary

In conclusion, we have successfully prepared the per-
ovskite material NdSroRuCu,O, whose crystal struc-
ture and morphology are described by a combination of
HRTEM, SAED and SEM/EDS study augmented with
high-resolution X-ray powder diffraction analysis. A fair
description of the X-ray patterns has been achieved as-
suming that the main 1212 phase is cubic and the pres-
ence of disorder between cations. Besides, the dc mag-
netic susceptibility exhibits a Curie-Weiss-like behavior
with no signature of magnetic transition and neither su-
perconducting instability. The results presented here sug-
gest that the presence of a disordered network of CuO,
and RuO; planes strongly affects the formation of any
ordered phase.
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