
Introduction

RuSr2GdCu2O8 is the most studied member of the

ruthenocuprates, a class of superconducting materials

that were synthesized for the first time in 1995 [1]. The

compounds belonging to this class have very interest-

ing features, as superconductivity and magnetism co-

exist [1, 2] and the temperature at which the magnetic

ordering occurs, TM, is higher than the superconducting

transition, Tc. In particular, for RuSr2GdCu2O8 TM and

Tc are about 132 and 50 K, respectively.

Ru-1212, has an oxygen-deficient triple perov-

skitic structure similar to that of YBa2Cu3O7 (YBCO),

where Y is formally replaced by Gd, Ba by Sr and Cu in

the charge reservoir by Ru, so that the CuO chains are

substituted by RuO6 octahedra. Actually, the ground

state is considered to be antiferromagnetic with a ferro-

magnetic component in the ab plane due to the lack of

symmetry caused by the canting of the RuO6 octa-

hedra. Magnetism and superconductivity can coexist

because they are supposed to act in different layers,

namely the first one in the layer containing Ru, and the

second one in the Cu layer.

Such coexistence implies, moreover, that both

states develop in one thermodynamic phase, therefore a

strict spatial chemical and structural uniformity of the

samples is a key question for the study of such hybrid

system. Homogeneity and phase purity of Ru-1212 sam-

ples were confirmed by X-ray and neutron diffraction

studies even though a question of phase purity of

Ru-1212 samples has been arisen recently. Attention

was drawn to the fact that neither thermal neutrons nor

X-ray diffraction experiments can detect substitutions

between Ru and Cu without ambiguity due to the nearly

same cross sections and ionic radii of these elements.

The wide spread of structural data reported in lit-

erature (a=3.82–3.84; c=11.48–11.59 Å) [2–13] (and

the lack of suitable single crystal data) are indicative

either of an extended solid solubility, or cationic disor-

der, or a possible incorrect attribution of the structure

to the P4/mmm space group. Recently Martinelli et al.

[14] and Cimberle et al. [15] have observed the devel-

opment of an orthorhombic structure during the ho-

mogenization process.

An upper stability limit of the Ru-1212 phase at

1060°C has been moreover reported [9, 11], indicating

that the phase starts to decompose at this temperature

in oxygen which implies that the high temperature an-

nealing usually performed in the synthesis may lead to

a phase separation into FM and SC phases. Further-

more, Matveev et al. [9, 13, 16] recently reported that

RuO2 may be lost during the preparation or annealing

at high temperatures above 900°C.

It is generally accepted that the annealing treat-

ments have a homogenizing and an ordering effect

and do not affect the total oxygen content [3], unlike

for YBCO, where the oxygen content can be tuned

with important consequences on its critical tempera-
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ture [17]. As the thermal treatments in O2 lead to an

increase of the c cell parameter [18], and hence to

higher distance between the Ru layers, the magnetic

interaction should weaken as a consequence of the

annealings. For this reason we expect a different tem-

perature dependence of the cell parameters in the

as-prepared and annealed samples: a magnetostriction

effect should be visible in the cell parameters near TM,

as usually observed in ferromagnetic materials.

The aim of this work is to investigate the thermal

stability of Ru-1212 powders by TG-DTA-EGA anal-

ysis and relate the observed temperature dependence

of the cell parameters of as-prepared and long an-

nealed samples as well as the effects of the long ther-

mal treatment on their physical properties.

Experimental

Samples were prepared by a solid state reaction by mix-

ing RuO2, (Aldrich 3N) SrCO3, (Aldrich 4N5) Gd2O3

(Aldrich 3N) and CuO (Aldrich 4N+) powders, as previ-

ously reported [18, 19]. The preparation requires many

thermal treatments and annealings in different atmo-

spheres. Sample A (as-prepared sample) underwent the

thermal treatments in flowing O2 as reported in [18, 19];

subsequent annealing of the as-prepared samples in

flowing O2 at 1060°C for one week and one month re-

sulted in samples B and C, respectively.

All samples were characterized by the usual tech-

niques in our laboratory. The purity of the samples was

checked by room temperature X-ray diffraction using a

Philips PW 1830 diffractometer, by micro-Raman

spectroscopy using a Renishaw System 2000 Raman

imaging microscope, by standard optical micrographic

techniques, and SEM EDAX analysis. Density was de-

termined by optical inspection and Bethlehem balance.

The thermal behaviour of electrical resistivity was de-

termined by the standard four-point technique using

a 1 mA current. The temperature dependence of the

cell parameters was determined by low temperature

X-ray diffraction between 15 and 300 K in a Huber

Guinier diffractometer. Thermal decomposition data

(TG, DTA, EGA) in different atmospheres and partial

pressures of O2 were collected by means of a

Netzsch STA 408 thermal analyser equipped with a

Leybold evolved gas analyser (Inficon Quadrex 200).

Results and discussion

No traces of secondary phases were detected by room

temperature X-ray and micro-Raman analyses for any

of the samples. All peaks of the diffraction patterns

can be indexed on the basis of the generally accepted

tetragonal structure with the P4/mmm space group,

yielding the cell parameter values reported in Table 1.

It is possible to observe that, while the a-axis is

almost constant the c-axis first increases as a conse-

quence of the annealing and then remains constant. In

principle, this could be due to an increased oxygen

content as well as to a structural ordering caused by

the annealing process.

The DTA analyses performed in flowing O2 on

samples A, B and C are shown in Fig. 1 (TG data

omitted for clarity). Tonset and Tpeak are also indicated

in Fig. 1. Even though the sample purity was crystal-

lographically derived, it was further confirmed by the

STA-TG-DTA data. No appreciable presence of a

second early decomposing phase is in fact detectable

in the curves, moreover the characteristic tempera-

tures, Tonset and Tpeak, both change regularly as a func-

tion of the annealing time at 1060°C (indicating a suc-

cessful homogenization procedure and a safe anneal-

ing temperature). As expected, the more prolonged

annealing the higher the onset of the decomposition

temperature, indicating a more stable compound.

In agreement, the TG data (omitted in the figure)

show a similar temperature dependence, no presence

of second early decomposing phases and the same

(within the error limits) mass loss at the transition. TG

and DTA data of sample B, obtained at different P
O

2

,

are reported in Fig. 2.

Notice that in P
O

2

=1.01 bar (pure oxygen) the

sample mass is almost constant until about 1120°C,

where the sample mass begins to decrease. The mass

loss is over at 1138°C and the total change is about 1.2%

(about 1.4% in air P
O

2

=0.2 bar). Correspondingly, a
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Table 1 Cell parameters of samples A, B and C

Sample a/Å c/Å

A 3.840(0) 11.560(1)

B 3.838(0) 11.579(1)

C 3.838(0) 11.576(1)

Fig. 1 DTA analysis of samples A, B and C in flowing O2



major endothermic effect begins to show at 1120°C and

its maximum is reached at 1134°C.

Thus, the most characterizing aspects of Figs 1

and 2 can be summarized as follows:

• RuSr2GdCu2O8 samples are shown by different

techniques to be pure

• the amount of phase decomposition is sensitive to

the oxygen partial pressure

• the decomposition temperature increases with P
O

2

• the decomposition temperature increases with the

annealing time of the samples

No special gas evolution, except the carrier gas,

was observed by EGA during the thermal analysis.

According to Zhigadlo et al. [11], the Ru-1212

phase decomposition reaction in flowing O2 involves

RuSr2GdO6 and CuO:

RuSr2GdCu2O8→RuSr2GdO6+2CuO (1)

Nevertheless, it is interesting to observe that a

decomposition mechanism of RuSr2GdCu2O8 simply

leading to RuSr2GdO6 and CuO can not explain the

observed mass loss, as O2 is not released. Conversely

it should be noticed that at the decomposition temper-

ature of Ru-1212, cuprite (Cu2O) is a stable copper

oxide, too; for this reason it would be possible that the

product of the decomposition is Cu2O but the mass

loss would then be practically twice (about 2.3%)

than the one observed.

However, considering that the ruthenatic decom-

position product does not affect significantly the ac-

tivities in the Cu–O phase diagram [20–22], we note

that at P
O

2

=1 bar and at T~1130°C, CuO partly de-

composes to a liquid L2 whose XO is 0.39 [22] at the

eutectic Cu2O–CuO.

In O2, the mass loss in our sample (about 1.2%)

corresponds to an O2 mass loss of about 6% from the

total amount of CuO or, in other words, to the decom-

position of ~60% of the initial CuO; this evidence is

in accordance with the phase diagram. Thus, our data

indicate that it is reasonable that the decomposition

proceeds following the reaction (1), but that contem-

porarily a part of CuO decomposes into L2, releasing

O2, and giving rise to the following overall process:

RuSr2GdCu2O8→RuSr2GdO6+

+2(1–x)CuO+2xL2(CuOz composition)+

+x(1–z)O2 (2)

The fact that an appreciable mass loss is still de-

tected even after the end of the decomposition reac-

tion (the high temperature tail of the TG curve) can be

explained by the increasing amount of CuO turned in

L2 increasing temperature as reported in the Cu–O

phase diagram [22].

The temperature of the endothermic peak maxi-

mum shifts from 1140°C (P
O

2

=1.01 bar) to 1090°C in

air (P
O

2

=0.2 bar) and to an even lower value

(1060°C – data not shown) in argon. The greatest

mass variation at the decomposition occurs in argon,

viz. 1.67%. This is exactly what we expect from reac-

tion (2), in the sense that decreasing the oxygen par-

tial pressure decreases the stability of CuO.

The reaction mechanism proposed by [16] could

be possible in non homogeneous Ru-1212 due to the

loss of RuO2. Stability of ruthenium oxides can be very

low at moderate temperatures expecially for the phases

with higher oxygen content, i.e. RuO3 and RuO4, or in

humid or reducing environments [24–26]. Ruthenium

depletion would lead to a higher phase inhomogeneity,

lower crystallinity, lower decomposition temperature

and then lower thermal stability. We may here confirm,

by X-ray, TG-DTA, and micro-Raman analyses, that

prolonged annealing at temperatures up to 1060°C in

our samples resulted in a more stable product.

Thermal results suggest that the observed varia-

tion of the cell parameters can be ascribed to a struc-

tural reorganisation rather than changes in the oxygen

content. It is quite reasonable to expect that the differ-

ences between the structures of annealed and

unannealed samples would have some consequences

on their physical properties.

In Figs 3a and b the cell parameters as a function

of temperature are reported: in both cases the cell con-

stants slightly decrease as the temperature is reduced.

The c parameter of the as-prepared sample (A) dis-

plays a quite complex trend: it first decreases almost

linearly starting from high temperature and in the

proximity of TM it shows a local minimum at about

125 K. Sample B, on the other hand, shows a different

behaviour: c parameter behaves almost ideally with

the temperature resembling most of the metals (linear

decrease with temperature and flattening below LN2

temperatures). No hint of magnetostriction is detected

in agreement with the experimental data reported by

Mc Laughlin et al. [23] in a similar sample. Any devi-

ation from the ideal behaviour is not detected in the
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Fig. 2 DTA-TG analysis performed on sample B in air and

flowing O2 (TG corrected for instrumental drift)



trend of the parameter a both in annealed and

unannealed samples in accordance with the fact that

there is no variation of this parameter upon annealing.

A similar trend in many respects can be found in

the transport properties. In Fig. 4 we present the tem-

perature dependencies of the measured resistivities:

both samples exhibit a metal-like behaviour in the nor-

mal state and a small semiconducting upturn below

100 K with an onset to the superconducting state at

about 45 K. Although the transitions of the two sam-

ples begin at the same temperature, it is worth noting

that their width decreases with the annealing. A broad

double-step structure is noticeable in the transition re-

gion for sample A (∆Tc=23 K), while sample B dis-

plays a single sharp transition (∆Tc=15 K). The mea-

sured resistivity value decreases with the annealing as

does the magnitude of the upturn just before the super-

conducting transition, cf. Fig. 4.

It must be pointed out, however, that such varia-

tions in conductivity are not related to morphological ef-

fects: SEM analyses in fact show a very uniform struc-

ture for both A and B samples, grain growth is not ob-

served at all [27] and density is only slightly enhanced.

The double transition has to do with the extrinsic

character of a granular superconductor like HTSC

sintered ceramic and is indicative of an intra- and an

inter-granular coupling. The reported variations of

the electrical properties in the superconducting transi-

tion region of both the samples confirm the improving

and ordering effect of the annealing treatments per-

formed. The two resistivity curves exhibit, moreover,

different features even near TM: a slight decrease

(change of slope) in the resistivity curve is observed

in sample A behaviour, while sample B resistivity fol-

lows a linear trend in this region. The evidence of an

irregularity in the temperature dependence of resistiv-

ity near TM is easily detectable in ferromagnetic mate-

rials. Hence, the observed behaviour in the cell pa-

rameters and in the resistivity curves near TM can be

related to the variations of the magnetic properties of

the material due to annealing in O2.

As described before, a consequence of the anneal-

ing treatment is the increase of the c parameter; this

means that the mean distance between the Ru–O layers

raises and that the magnetic coupling strength between

Ru moments, belonging to different layers, weakens.

We interpret the observed behaviour of the c parameter

in sample A as an indication of magnetostriction that

manifests itself in the c direction because it is a conse-

quence of the magnetic coupling, taking place in this

direction. Considering that the distance between the

Ru–O layers increases upon annealing, the lack of visi-

bility of the irregularity in the trend of the cell parame-

ters of sample B can be explained in terms of weak-

ened magnetic coupling. This conclusion is corrobo-

rated by the results of the resistivity measurements vs.

T, performed on both samples. The decreased visibility

of the kink in the resistivity behaviour of the B sample

is a sign of the depressing effect that the annealing

treatments exert on the magnetic properties of the ma-

terial. As this trend matches with the described im-

provement of the superconductive properties, we are

confirmed of the idea that in Ru-1212 magnetic and

superconducting orders do not destroy each other but

influence each other.
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Fig. 3 Cell parameters of samples a – A and b – B as a func-

tion of temperature (lattice parameter c full triangles;

lattice parameter a open squares)

Fig. 4 Resistivity as a function of temperature



Conclusions

We studied the thermal properties of the magnetic su-

perconductor Ru-1212 through low temperature X-ray

diffraction and simultaneous DTA-TG measurements.

We observed the presence of a magnetostriction

effect in the samples not submitted to a long annealing

in flowing O2; this effect is not visible in the annealed

sample. From the results of the DTA-TG measure-

ments it is possible to conclude that the effect of the an-

nealing treatments is an increase in the total stability.

We can also state that it influences by enhanced order-

ing in agreement with the orthorhombic distorsion ear-

lier observed [14].

We conclude that the smoothing of the irregular-

ity at the magnetic transition in the temperature de-

pendence of the thermal expansion and in the electri-

cal resistivity in annealed samples is related to the

weakening of the magnetic coupling between the

Ru–O layers along the c direction.
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