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Abstract

Detailed X-ray diffraction studies on RuSr2Eu1.5Ce0.5Cu2O10�d (Eu–Ru-1222) magneto superconductor down to 13 K at close tem-
perature intervals revealed that with decreasing temperature, the c-parameter decreases linearly down to 100 K, following the relation
c = 28.412(1) + 2.5(1) · 10�4T and then becomes almost temperature independent on further lowering of temperature. Interestingly,
the linear decrease in the a-parameter is seen only up to 180 K. Below 180 K, the observed values of the a-parameters are more than
the value expected from the linear variation. This departure can be considered as development of strain in the system. Interestingly
enough, these temperatures coincide with the complex magnetic ordering (Tmag) of Ru in Ru-1222 system. This is the first report of
the observation of the onset of excess volume and also of the strain along the a-axis near the magnetic ordering temperature in
Ru-1222 superconductor, and indicates a coupling between the lattice and the magnetism in this system. Magnetization, magneto trans-
port and thermoelectric power measurements being carried out on the same sample are also reported. The results of low temperature
excess volume and the strain along a-axis of Ru-1222 compound are reportedly not seen in Ru-1212 (RuSr2GdCu2O8).
� 2006 Elsevier B.V. All rights reserved.
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1. Introduction

Rutheno-cuprates are a topic of discussion for over half
a decade by now due to their co-existing superconducting
and magnetic properties [1,2]. Both Ru-1222 and Ru-1212
phases are structurally related to the popularly known
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phase with Cu in the charge reservoir replaced by Ru such
that the Cu–O chain is replaced by a RuO2 sheet. In the
Ru-1222 structure furthermore, a three-layer fluorite-type
block instead of a single oxygen-free R (=rare earth ele-
ment) layer is inserted between the two CuO2 planes of
the Cu-1212 structure [3–5]. In both Ru-1222 and
Ru-1212 the magnetism is originated basically from RuO2

sheet or more precisely the RuO6 octahedras and supercon-
ductivity is supposed to reside in CuO2 planes. Ferromag-
netically (canted) ordered Ru spins at 5 K imposes an
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Fig. 1. v(T) behaviour for the RuSr2Eu1.5Ce0.5Cu2O10�d. The inset shows
the resistivity q(T) behaviour of the same compound in various applied
fields.
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internal field over the whole unit cell [2] and brings the com-
pound into spontaneous vortex phase (SVP) even in zero
external field [6]. This has been demonstrated experimen-
tally in Ru-1222 by optical magnetometry [7]. The key ques-
tions yet to be addressed in these systems are: (a) the
genuine co-existence of two order parameters (supercon-
ducting and magnetic), (b) the nature of magnetism of Ru
spins.

As far as genuine co-existence is concerned few doubts
are still cast related to phase separation [3,8,9] of the two
phenomenon. However majority of the data from scientific
community indicates towards genuine co-existence
[1,2,6,7,10–13]. At the same time, presently there seems no
clear picture of magnetism of Ru spins in these compounds
(Ru-1212/1222), and interestingly the most recent magneti-
zation results have caste some doubts on earlier studies
related to magnetism of Ru-1212 [13–15]. Also the so-called
anti-ferro/ferromagnetic transition at around 140 K is not
seen thermodynamically in heat capacity (CP) measure-
ments which reveal only a broad hump up to room temper-
ature spread over a range of around 150 K [15]. As far as
Ru-1222 is concerned, the main features are the same as
for both Ru-1212. The magnetic structure of Ru-1222 has
been studied by neutron powder diffraction [16]. Despite
the fact that host of physical-property measurements have
been carried out on Ru-1212 [2,4,8–15] and Ru-1222
[1,6,7,16–19], no final consensus so far seems to be in sight.
One of the important parameters affecting the transport
properties (electrical, thermal, magnetic, etc.) is the varia-
tion of lattice parameters of the compound. To understand
their temperature dependence its structure including lattice
constants need to be probed simultaneously in the pertinent
low temperature range. In this connection, it is worth men-
tioning that the Ru-1212 compound when probed using
neutron diffraction down to 35 K, surprisingly revealed no
change in the lattice constants in relation to the magnetic
ordering temperature (Tmag) of Ru. The variation (decrease)
of lattice parameters was smoothened down to 35 K [20].

Though the magnetic structure of Ru-spins in Ru-1212
and Ru-1222 seems similar, there are many finer differences.
For instance the spin-glass (SG) component is not seen in
the former but is present in later [21]. More interestingly
the lattice parameters did not respond to Tmag of Ru in
Ru-1212 [20]. Here in the present article we report the var-
iation of lattice parameters with temperature down to 13 K
for Eu–Ru-1222 system. We observed an onset of excess
volume and strain along the a-axis near the magnetic order-
ing temperature of Ru-1222 superconductor. This indicates

a possible coupling between the lattice and the magnetism in
this system. This interesting observation on Ru-1222 may
help in explaining the complicated and yet not well under-
stood magnetism of Ru in Ru-1222 compounds.

2. Experimental

The RuSr2Eu1.5Ce0.5Cu2O10�d (Eu–Ru-1222) sample was
synthesized through a solid-state reaction route from RuO2,
SrO2, Eu2O3, CeO2 and CuO. Calcinations were carried out
on the mixed powder at 1000, 1020, 1040 and 1060 �C each
for 24 h with intermediate grindings. The pressed bar-shaped
pellets were annealed in a flow of oxygen at 1075 �C for 40 h
and subsequently cooled slowly over a span of another 20 h
down to room temperature. X-ray diffraction (XRD) pat-
terns were obtained using CuKa radiation down to 10 K
with close temperature intervals. Magnetization measure-
ments were performed on a SQUID magnetometer (Cryo-
genic Ltd. model S600). Resistivity measurements under
applied magnetic fields of 0 to 6 T were made in the temper-
ature range of 5–300 K using a four-point-probe technique.
Thermoelectric power (TEP) measurements were carried out
by dc differential technique over a temperature range of
5–300 K, using a home made set up. Temperature gradient
of�1 K was maintained throughout the TEP measurements.

3. Results and discussion

The magnetic susceptibility v vs. temperature T behaviour
in the temperature range of 5–300 K for the Eu–Ru-1222
sample under applied field of 10 Oe, measured in both
zero-field-cooled (ZFC) and field-cooled (FC) modes for
Eu–Ru-1222 compound is exhibited in Fig. 1. The ZFC
and FC curves start branching at around 150 K with a sharp
upward turn around 100 K. This means that the magnetic
transition temperature of Eu–Ru-1222 is Tmag = 150 K.
The ZFC branch shows further a cusp at TFM/SG = 80 K,
then the superconducting transition temperature at Tc,v =
25 K and finally a diamagnetic transition at Td = 20 K.
Tc,v is seen as a step in FC transition, for more detailed
description, please see Refs. [1,3,18,19,22]. Generally speaking



Fig. 2. S(T) behaviour for the RuSr2Eu1.5Ce0.5Cu2O10�d.
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the v(T) behaviour of presently studied compound is similar
to that as reported earlier [1,7,18,19]. The isothermal magne-
tization as a function of magnetic field at 5 K may be viewed
as: M(H) = vH + rs(H), where vH is the linear contribution
from antiferromagnetic (Tmag) Ru spins and also from para-
magnetic Eu spins, and rs(H) represents the ferromagnetic
component (TFM/SG) of Ru. The appearance of the ferro-
magnetic component at low temperatures within antiferro-
magnetic/spin-glass Ru spins could happen due to a slight
canting of the spins, as seen from neutron diffraction for
Ru-1212 [10]. The overall magnetic behaviour of Eu–Ru-
1222 has been explained earlier by some of us and also others
[1,3,7,18,19,22]. In short, the Ru spins order antiferro-mag-
netically (AFM) at around 150 K with canted ferromagne-
tism (FM) below Tcusp = 85 K. Near Tcusp the compound
is known to exhibit the spin-glass (SG) behaviour due to
competing AFM and FM components [19].

Resistivity versus temperature (q(T)) plot with and with-
out magnetic field for the pristine Eu–Ru-1222 sample is
shown in upper inset of Fig. 1. This sample exhibits a slight
semiconducting behaviour down to 200 K and below that it
is metallic with a small positive slope (extended plot not
shown, for details please see Ref. [23]). Interestingly the
q(T) behavior is nearly constant just above the supercon-
ducting transition temperature onset ðT onset

c Þ. The com-
pound shows T onset

c of around say 33 K and T q¼0
c at 25 K.

The general q(T) behaviour is reminiscent of an underdoped
high-Tc cuprate system and is in general agreement with
other reports on RuSr2Eu1.5Ce0.5Cu2O10�d [1,7,18,19].
Under applied magnetic field though the T onset

c remains
nearly unchanged the T q¼0

c value goes down to 5 K under
applied magnetic field of 8 T. The rate of Tc decrement is
nearly 2.5 K/T. Estimated values of mean free path (l),
upper critical field (Hc2(0)) and Ginzburg–Landau coher-
ence length (n(0)) are 56 Å, 55 T and 24.5 Å respectively,
for details please see Ref. [23]. This means that the present
sample of RuSr2Eu1.5Ce0.5Cu2O10�d is in the clean limit.
Thermoelectric power versus temperature S(T) plot of the
compound is shown in Fig. 2. The room temperature value
of S i.e. S300 K is found to be around 24 lV/K. S passes
through a maximum at around 170 K, being denoted in
figure as TEP peak temperature. Detailed analysis of S(T)
is provided in Ref. [23].

The powder X-ray diffraction patterns of the
RuSr2Eu1.5Ce0.5Cu2O10�d were recorded at various tem-
peratures in the range 13–293 K, plot not shown. The room
temperature powder diffraction pattern of this compound
resembles that of other isostructural compounds reported
in the literature [24–26]. The entire pattern can be indexed
on the basis of a body centered tetragonal cell with space
group I4/mmm. Felner et al. [26] reported similar results
on RE1.5Ce0.5RuSr2Cu2O10 (RE = Eu, Gd). Rietveld
refinement of the structure was carried out with the model
used by Tamura et al. [24]. The program Fullprof [27] was
used for the structure refinement. Pseudo-voigt profile
function was chosen to model the individual Bragg profiles.
Background was fitted with a sixth order polynomial func-
tion. The isotropic thermal parameters of oxygen were
fixed to be 1.0 Å2.

The refinements at other temperatures were carried out
in a sequential manner, i.e., the final refined structural
parameters obtained at a particular temperature was used
as initial input parameters for the next lower temperature
and so on. Fig. 3 depicts the variation of the lattice param-
eters obtained using the Rietveld analysis of the XRD data.
As is evident from this figure, with decreasing temperature,
the c-parameter decreases linearly down to 100 K, follow-
ing the relation c = 28.412(1) + 2.5(1) · 10�4T and then
becomes almost temperature independent on further lower-
ing of temperature. Interestingly, the linear decrease in the
a-parameter is seen only up to 180 K. Below 180 K, the
observed values of the a-parameter are more than the value
expected from the linear variation. This departure can be
considered as development of strain in the system. A plot
of this strain, defined as (Da/a) · 100, with temperature is
shown in the inset to Fig. 3. The onset temperature is some-
where between 180 K and 160 K which is close to the first
magnetic ordering temperature (Tmag) (please see Fig. 1,
ZFC and FC branching temperature). The steep rise in
the strain below 100 K is due to the fact that, similar to c-
parameter, the a-parameter has become almost temperature
independent. Identical trend is also observed in the temper-
ature variation of the unit cell volume (see Fig. 4). The
excess volume (DV), calculated as the difference between
the observed value and the value predicted from the extrap-
olation of the linear variation (see Fig. 4), exhibits a temper-
ature variation identical to percentage a-strain. Further
details of the lattice parameter variations and ensuing strain
etc. will be published in a more detailed article [28].

It is clear that a-parameter is linear only down to Tmag,
which is the onset of the AFM ordering of Ru spins, whether



Fig. 3. Variation of a (solid circles) and c (open circles) parameters of
RuSr2Eu1.5Ce0.5Cu2O10 with temperature. The straight lines are fits to the
data points. The respective straight line equations are indicated by the
arrows. Inset depicts temperature variation of the percentage strain
developed along the a axis.

Fig. 4. Variation of unit cell volume with temperature. The straight line is
fit to the data points in the temperature range 80–293 K. Inset shows the
temperature variation of the excess volume (DV).
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c-parameter is linear down to 100 K, corresponding to the
evolution of canted FM component in the compound.
Another interesting fact is that though non-linearity in
a-parameter starts below say 150 K, its sharp deviation is
seen only below 100 K. This has given rise to steep change
in the strain, defined as (Da/a) · 100. It seems at Tmag, small
deviation of only a-parameter and not the c is due to the indi-
cation of 2D short range AFM ordering, which is in agree-
ment with Mossbauer spectroscopy results [29]. Both a and
c-parameters deviate sharply from their linear decrease with
temperature below 100 K. This temperature corresponds to
TFM/SG. It means the 3D steep rise is seen in strain/volume
below the setting of canted FM component within the
AFM structure.
4. Summary

In summary, detailed X-ray diffraction study on
RuSr2Eu1.5Ce0.5Cu2O10�d (Eu–Ru-1222) magneto super-
conductor down to 13 K, indicates the observation of an
onset of the excess volume and also of the strain along the
a-axis near the magnetic ordering temperature in Ru-1222
superconductor. There is possibility that the lattice and the
magnetism are coupled in this system.
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E. Brücher, R.K. Kremer, D.R. Noakes, C.E. Stronack, E.J. Asnaldo,
Phys. Rev. B 59 (1999) 14099.

[3] V.P.S. Awana, A.V. Narlikar (Eds.), Frontiers in Magnetic Materials,
Vol. 1, Springer-Verlag Publishing, Germany, 2005, p. 531.

[4] L. Bauernfeind, W. Widder, H.F. Braun, Physica C 254 (1995) 151.
[5] N. Sakai, T. Maeda, H. Yamauchi, S. Tanaka, Physica C 212 (1993)

75.
[6] E.B. Sonin, I. Felner, Phys. Rev. B 57 (1998) R14000.
[7] I. Felner, E.B. Sonin, T. Machi, N. Koshizuka, Physica C 341–348

(2000) 715.
[8] V.P.S. Awana, S. Ichihara, J. Nakamura, M. Karppinen, H.

Yamauchi, J. Yang, W.B. Yelon, W.J. James, S.K. Malik, J. Appl.
Phys. 91 (2002) 8501.

[9] C.W. Chu, Y.Y. Xue, S. Tsui, J. Cmaidalka, A.K. Heilman, B.
Lorenz, R.L. Meng, Physica C 335 (2000) 231.

[10] J.W. Lynn, B. Keimer, C. Ulrich, C. Bernhard, J.L. Tallon, Phys.
Rev. B 61 (2000) R14964.

[11] H. Takigawa, J. Akimitsu, H. Kawano-Furukawa, H. Yoshizawa, J.
Phys. Soc. Jpn. 70 (2001) 333.

[12] J.L. Tallon, C. Bernhard, M.E. Bowden, T.M. Soto, B. Walker, P.W.
Gilberd, M.R. Preseland, J.P. Attfield, A.C. McLaughlin, A.N. Fitch,
IEEE J. Appl. Supercond. 9 (1999) 1696.

[13] A. Butera, A. Fainstein, E. Winkler, J. Tallon, Phys. Rev. B 63 (2001)
054442.

[14] V.P.S. Awana, T. Kawashima, E. Takayama-Muromachi, Phys. Rev.
B 67 (2003) 172502.

[15] A. Fainstein, E. Winkler, A. Butera, J.L. Tallon, Phys. Rev. B 60
(1999) 12597.

[16] C.S. Knee, B.D. Rainford, M.T. Weller, J. Mater. Commun. 10
(2000) 2445.

[17] I. Zivkovic, Y. Hirai, B.H. Frazer, M. Prester, D. Drobac, D. Ariosa,
H. Berger, D. Pavuna, G. Margaritondo, I. Felner, M. Onillion, Phys.
Rev. B 65 (2001) 144420.

[18] V.P.S. Awana, S. Ichihara, J. Nakamura, M. Karppinen, H. Yamauchi,
Physica C 378–381 (2002) 249.



V.P.S. Awana et al. / Physica C 445–448 (2006) 97–101 101
[19] C.A. Cardoso, F.M. Araujo-Moreira, V.P.S. Awana, E. Takayama-
Muromachi, O.F. de Lima, H. Yamauchi, M. Karppinen, Phys. Rev.
B 67 (2003) 020407R.

[20] O. Chmaissem, J.D. Jorgensen, H. Shaked, P. Dollar, J.L. Tallon,
Phys. Rev. B 61 (2000) 6401.

[21] C.A. Cardoso, F.M. Araujo-Moreira, V.P.S. Awana, H. Kishan, E.
Takayama-Muromachi, O.F. de Lima, Physica C 405 (2004) 212.

[22] M.T. Escote, V.A. Meza, R.F. Jardim, L. Ben-Dor, M.S. Torikach-
vili, A.H. Lacerda, Phys. Rev. B 66 (2002) 144503.

[23] R. Lal, V.P.S. Awana, H. Kishan, Rajeev Rawat, V. Ganesan, A.V.
Narlikar, M. Peurla, R. Laiho, J. Phys. Cond. Matt. 18 (2006) 2563.
[24] M. Tamura, M. Sato, T. Den, J. Akimitsu, Physica C 303 (1998) 1.
[25] G.M. Kuz’micheva, A.S. Andreenko, I.E. Kostyleva, A. Zalevski, J.

Warchulska, Physica C 400 (2003) 7.
[26] I. Felner, U. Asaf, F. Ritter, P.W. Klamut, D. Dabrowski, Physcia C

364–365 (2001) 368.
[27] Rodriguez-Carvajal, FULLPROF: A rietveld refinement and pattern

matching analysis program, Laboratoire Leon Brillouin (CEA-
CNRS), France.

[28] R. Ranjan, R. Lal, V.P.S. Awana, H. Kishan, D. Pandey,
unpublished.

[29] I. Felner, U. Asaf, Physica C 292 (1997) 97.


	Anomalous lattice expansion of RuSr2Eu1.5Ce0.5Cu2O10- delta  (Ru-1222) magneto superconductor: A low temperature X-ray diffraction study
	Introduction
	Experimental
	Results and discussion
	Summary
	Acknowledgement
	References


