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Abstract

The EXAFS spectrum of two samples of RuSr,GdCu,Og prepared by means of slightly different procedures was measured in the tem-
perature range from 10 up to 300 K on the K-edge of Cu. Both the basal and the apical Cu-O distances are not influenced by the mag-
netic and the superconducting transitions. Moreover the temperature dependence of the Debye-Waller factors of the R(Cu—Opysq))
distance for both samples is in agreement with the Debye model for thermal disorder. On the contrary, 62(Cu703pml) shows a clear peak

around the magnetic transition. This effect is attributed to magnetoelastic coupling.

© 2007 Elsevier B.V. All rights reserved.
PACS: 61.10.Ht; 75.30.—m; 75.80.+q
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1. Introduction

Superconductivity and magnetism are usually consid-
ered mutually exclusive, at least according to the BCS the-
ory. However, the report of a magnetic transition (7y;) in
ruthenocuprates at a temperature well above the supercon-
ducting critical temperature (7¢), Twm/Tc ~ 3, [1] posed
new questions about the coexistence of superconductivity
and magnetism. Most of the research on ruthenocuprates
has been conducted on RuSr,GdCu,Og, which has
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Tc ~ 40K and Ty, ~ 135 K. This compound has the same
structure as YBCO, with Gd, Sr and Ru atoms replacing Y,
Ba and Cu of the Cu-O chains [2], as reported in Fig. 1.
The magnetic transition around 135 K is due to the order
of Ru ions moments. Muon spin resonance measurements
ensure that the magnetic ordering is indeed a property of
the whole system and not only of a parasitic phase. Magne-
tization measurements show a ferromagnetic order, whilst
neutron diffraction data give evidence of a predominant
antiferromagnetic coupling. A possible explanation for this
apparent discrepancy has been provided by Jorgensen et al.
[3]: the dominant order of the Ru lattice is antiferromag-
netic, with the easy axis oriented perpendicular to the
Ru-O layers; however the whole subsystem is slightly
canted resulting in a net ferromagnetic component along
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Fig. 1. The crystal structure of RuSr,GdCu,0Og, according to Ref. [2],
projected along two different directions. The green, yellow, blue, orange
and purple atoms are Ru, O, Sr, Cu and Gd, respectively. (For
interpretation of the references to color in this figure legend, the reader
is referred to the web version of this article.)

the ab-planes, that is observed by magnetization measure-
ments. Below 2.6 K, also the Gd ions order antiferromag-
netically, with the easy axis of the magnetization parallel
to the c-axis [4]. The debate is still open on the real spatial
coexistence of superconductivity and magnetism and on
the microscopic order of Ru magnetic moments (for a
review see Ref. [5]).

In the framework of the studies of the magnetic proper-
ties of RuSr,GdCu,0g, the occurrence of magnetoelastic
coupling has been suggested analysing the temperature
behavior of the real part of the Young’s modulus, E’ [6].
Indeed in the paramagnetic phase E’ decreases almost lin-
early with 7T, in agreement with the usual quasiharmonic
approximation of the lattice dynamics described by the
Debye model. However, around the ferromagnetic transi-
tion, E’ is affected by the onset of the magnetic order,
slightly decreasing from the expected Debye behavior
down to about 90 K, suggesting magnetoelastic coupling.

In the present paper, we will present EXAFS measure-
ments as a function of temperature on two samples of
RuSr,GdCu,0g prepared by means of two slightly different
procedures. Whilst no signature of the superconducting
transition has been found, a marked increase of the
Debye—Waller factors of the Cu—O bond-shell along the
apical direction has been detected around the magnetic
transition, indicating the occurrence of magnetoelastic
coupling.

2. Experimental details

The RuSr,GdCu,Og samples were prepared by two
slightly different methods reported in Refs. [7,8]. In
both procedures polycrystalline samples of composition
RuSr,GdCu,Og have been synthesized by solid state reac-
tion of high purity stoichiometric powders of RuO,,
Gd,03, CuO and SrCOj;. In the first method (sample
obtained by this procedure will be labelled as G in the fol-
lowing) the mixture was first calcined in air at 950 °C; then,
after grinding and die-pressing into pellets, it was treated in
flowing N, atmosphere at 1010 °C. This step resulted in the
formation of a mixture of the precursor materials
Sr,GdRuOg and Cu,O without formation of the impurity
phase SrRuO;. The mixture was then subjected to
eight successive sintering steps in flowing O», each one last-
ing 15h, at temperatures starting from 1030 °C up to
1085 °C. Each successive thermal treatment was performed
at a temperature 7 °C higher than the previous one. In the
second procedure [8] (sample obtained by this procedure
will be labelled as S in the following) stoichiometric
amounts of Gd,Os;, SrCO;3;, RuO, and CuO were ball
milled for 1h and then calcinated in a muffle furnace for
10 h at 960 °C in air. About 5 g of the obtained powders
have been pressed, by a uniaxial hydrostatic press, into a
5cm (length) x 1 cm (width) X 0.4 cm (thickness) bar and
then annealed in an horizontal furnace for 60 h in flowing
Ar (1 atm, 201/h) at 1020 °C. The bar underwent subse-
quently two oxygenation cycles of 10h and 60h at
1020 °C in a horizontal furnace in flowing O, (1 atm,
201/h). Between the two oxygenation processes the bar
was ground in an agate mortar and the powders were
mixed for 1h in a ball mill. X-ray diffraction pattern
revealed that the powders were single phase.

The RuSr,GdCu,Og powders were dispersed in a cellu-
lose matrix. Cu K-edge EXAFS data were recorded in
transmission geometry and in the temperature range
10-300 K at the beamline E4 at the HASYLAB synchro-
tron radiation source (Hamburg) using an helium flux
cryostat. The EXAFS oscillations y(k) were extracted from
the experimental data using standard procedures [9] and
were normalized using the Lengeler—Eisenberger [10]
method. Fig. 2 shows the ky(k) signals at different temper-
atures between 10 and 298 K. The k° weighted y(k) data
were Fourier transformed (FFT) in the k range between
2.75 and 17.48 A~'. The obtained Fourier transform shows
many correlation peaks up to R=06 A, as expected for an
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Fig. 2. k weighted EXAFS signals as a function of temperature for the G sample at (from bottom to top) 7'= 298, 250, 210, 150, 130, 100, 50 and 10 K.

ordered crystalline structure. The analysis was restricted to
the first shell FFT peak, corresponding to the superposi-
tion of the Cu-O neighbors contributions, by inverse Fou-
rier transforming (Fourier filtering) the data in the R range
1.05-2.12 A. The filtered data were fitted using the stan-
dard single scattering EXAFS formula and theoretical
amplitude and phase functions [11]. Two sub-shells were
required to fit the data: one corresponding to N(Cu—Oppical) =
1 oxygen apical atom in the unit cell and the other corre-
sponding to N(Cu—Op,s.) =4 oxygen basal atoms. This
two sub-shells fit has been possible due to the extension
of the data in the k range, to the windowing in the FFT
space, to the number of independent fitting parameters
and to the good signal-to-noise ratio. During the fit
process, the coordination numbers N(Cu—Ogpical) and
N(Cu—Oyys,) were fixed to the previous reported values.
In this way the uncertainty on the mean square relative dis-
placements of the bond lengths (or Debye—Waller factor),
o®, was reduced. The fitting parameters were o°(Cu—
Oupical) az(CufObasal) and the interatomic bond lengths
for the two sub-shells. The interatomic distances used as
starting points for the fit were the values obtained from
previous neutron diffraction measurements [2] at room
temperature: R(Cu-Opasgy) = 1.928 +0.001 A and R(Cu-
Oupical) = 2.187 £0.001 A. In Fig. 3 a typical example of
the fit quality is shown.

3. Results and discussion

The results on the temperature dependence of the basal
and apical Cu-O distances are shown in Fig. 4. In the G
sample, the Cu—O distances in the plane and along the api-
cal direction are constant within the experimental errors in

the whole temperature range, with R(Cu—Op,sy) = 1.920 &
0.005 A and R(Cu—Opgpica) = 2.215£0.005 A, in agree-
ment with the values reported by a combined high-
resolution electron microscopy and synchrotron X-ray
diffraction study [12]. Concerning the S sample, the basal
bond length may be considered constant within the exper-
imental errors with R(Cu—Opgea) = 1.918 + 0.005 A. The
apical Cu-O distance of the S sample shows an increase
at 300 K consistently with a previous neutron diffraction
study [2].

The temperature dependence of the Debye-Waller fac-
tors of the R(Cu—Oy,g,) distance for both samples is shown
in Fig. 5. Both of them increase with increasing tempera-
ture, as expected considering the thermal disorder. In order
to gain insight into the studied system, we considered that
the Debye—Waller factor is the sum of a temperature inde-
pendent static contribution, ¢2, and a temperature depen-
dent dynamic contribution, ¢, which can be expressed,
according to the Debye model, as an infinite series whose
first terms are [13]

s (1 T\ [P, «x
2
S Ly dx
> = Minln [4*(9]3) /0 pr—

where M is the mass of the diffuser atom and 0p, is the De-
bye temperature. The above formula shows that, once the
mass of the atoms is known, o7, is a function of the Debye
temperature alone. The best fit curves of the two Debye—
Waller factors are reported in Fig. 5. In the case of sample
G a good quality fit was obtained with 6p = 390 K, which
fairly agrees with the value deduced by specific heat mea-
surements [14] and Young’s modulus measurements [6],
and 62(Cu—Opysa1) = 0.0047 A% For sample S a lower
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Fig. 4. Temperature dependence of the basal (empty symbols) and apical (full symbols) Cu-O distances for the G (circles) and S (triangles) sample.

quality fit was obtained with 0p = 405 K and 62 (Cu—Oyysa1) =
0.0044 A2, One can note that there are no signatures of the
superconducting or of the magnetic transition.

In Fig. 6 the temperature dependence of the Debye—
Waller factor of the distance between Cu and the apical
oxygen is reported for both samples. A behavior clearly
different from that expected for thermal disorder is evi-
dent. Indeed, in both samples ¢° decreases with decreasing
T from 300 K to 150 K; on further cooling ¢ reaches a

maximum at ~140 K in sample G (~130 K in sample S)
and then decreases to very low values. Considering that
the temperature range in which the deviation of ¢* from
the Debye model is observed is that of the magnetic tran-
sition, we propose that this unusual behavior of ¢ is due
to magnetoelastic coupling. Indeed the apical oxygen is
chemically bound on one side to Cu and on the opposite
side to Ru (see Fig. 1), whose magnetic moments order
below Ty ~ 135 K. In a simple picture of magnetoelastic-
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Fig. 5. The temperature dependence of the Debye—Waller factors of the in plane Cu-O distances for the two samples of RuSr,GdCu,0Og (symbols) and the

best fit curves.

ity, when a magnetic field develops in a material, there are
both a volume and a shape variation of the sample due to
the dependence of the exchange integral and of the inter-
atomic distances on the magnetization. An abrupt change
of the interatomic distance and a divergent behavior of
the Debye—Waller factor for the nearest neighbor
Fe-N shell were clearly observed by EXAFS measure-
ments[15]on [Fe(4-amino-1,2,4-triazole);[CH3SOs], - 2H,0,
which presents a spin-crossover phase transition at
~280 K. The peak of the Debye-Waller factor has been
attributed to the very large difference between the low-
spin and the high-spin states. In the case of ruthenocup-

rates, neutron diffraction data give evidence of a predomi-
nant antiferromagnetic coupling with the easy axis
oriented perpendicular to the Ru—-O layers. On the average,
the sample size should not vary at Ty, as alternate
expansions and contractions of the Ru—O,pica distances
due to magnetoelastic coupling are expected. However a
peak in the Debye-Waller factor around 7T); can be
understood as due to the occurrence of different Ru-Oppical
interatomic distances, which in turn gives rise to different
Cu—Oypicar bond lengths. The lack of signatures of the
magnetic phase transition in the Debye-Waller factor of
the Cu-Opy,s, distance is consistent with the fact that
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Fig. 6. The temperature dependence of Debye-Waller factor of the distance between Cu and the apical oxygen for the two RuSr,GdCu,Og samples.

the Ru magnetic moments are mainly aligned along the ¢-
axis.

Previous neutron diffraction experiments detected an
unexpected and anomalous structural change at the mag-
netic transition [2]. Indeed whilst the mean Cu-O and
Ru-O distances had a regular behavior as a function of
T, the Cu—Cu distance and the CuO, buckling angle exhib-
ited two distinct linear responses above and below Ty. The
authors of Ref. [2] suggested hybridization of the Ru and
Cu electronic states as responsible for this behavior.

A last remark concerns the extremely low values of
az(Cuanpical) at temperatures much lower than Ty; for
both samples of ruthenocuprates. A similar effect has been

observed in maganites below the ferromagnetic transition,
where fits to a correlated Debye model require an unphys-
ical, negative static distortion [16]. The decrease of the dis-
tortions at Tc were attributed to a charge localization
mechanism due to Jahn-teller effect [16]. In ruthenocup-
rates poor information is available about possible Jahn—
Teller effect, even if some authors [17] suggested it could
be present.

4. Conclusions

Previous neutron diffraction measurements on RuSr,-
GdCu,0g reported an anomalous structural change at the
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magnetic transition of the Cu—Cu distance and the CuO,
buckling angle. In the present paper we report a study of
the local structure of RuSr,GdCu,0g measured by means
of EXAFS in the temperature range from 10 up to
300 K. Neither the basal nor the apical Cu-O distances
are influenced by the magnetic and the superconducting
transitions, and ¢*(Cu—Oyp,s) is well described by the
Debye model for thermal disorder. However the Debye—
Waller factor of the Cu—O,picai bond shows a behavior
clearly different from that expected for thermal disorder.
Indeed, ¢ decreases with decreasing T from 300 K to
150 K; on further cooling ¢” reaches a maximum at
~130-140 K and then decreases to very low values. This
peak is attributed to magnetoelastic coupling.
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