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Optical conductivity and infrared-active phonons in RuSr2GdCu2O8
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The reflection spectra of polycrystalline RuSr2GdCu2O8 are reported in the frequency range 25–5000 cm21

and temperatures between 10 and 300 K. The material exhibits a metallic behavior over the whole temperature
range. No superconductivity related features were detected in the low frequency infrared response despite the
observed zero resistance belowTc532 K. A rather low reflection level at frequencies above 800 cm21

suggests a strongly overdamped free charge carrier response. Six of the sevenA2u phonon modes, predicted by
group theoretical analysis, were observed experimentally and assigned to the definitec-axis eigenmodes by a
comparison of the experimental frequencies with the results of lattice dynamical calculations. One of the CuO2

plane-oxygen related modes exhibits pronounced anomalous softening upon decreasing temperature in the
normal state.
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I. INTRODUCTION

Hybrid ruthenate-cuprate RuSr2GdCu2O8 ~Ru1212! has
attracted considerable attention since the coexistence o
perconductivity and ferromagnetism has been reported
this compound.1 More recent experimental studies ha
pointed, however, towards antiferromagnetic ordering of
atoms below TM'132 K.2 Up to now there is no clear un
derstanding on the interaction of competing antiferrom
netic, ferromagnetic, and superconducting order parame
in Ru1212.

In this paper we report the results of an infrared reflec
ity study of layered Ru1212. The aim of this investigation
twofold: to obtain information on the charge carrier dyna
ics in the normal and superconducting states and to study
odd-parity infrared-active phonons. To our knowledge, no
of these material properties have been reported so far
Ru1212.

II. SAMPLES AND EXPERIMENTAL

RuSr2GdCu2O8 samples were prepared by thoroughly r
acting the mixture of RuO2,SrCO3,Gd2O3, and CuO, with
the cation composition of Ru:Sr:Gd:Cu5 1:2:1:2, following
steps reported previously.3,4 All samples were long-time an
nealed at 1330 K. The structure was determined by pow
x-ray diffraction ~XRD! with a Rigaku DMAX-IIIB diffrac-
tometer. The peak profile analysis was performed using
Rietveld refinement program Rietan.5 Al2O3 powders were
used to calibrate the instrumental linewidth. No size bro
ening could be identified within a resolution 500 Å, whic
excludes the existence of the nanostructures involving
placements of heavy cations. Typical Rietveld refinem
plot for Ru1212 is shown in Fig. 1. As it is seen, XRD da
could be simulated within the tetragonalP4/mbm(D4h

5 )
space group, in accord with recent neutron power diffract
results.6 No impurity phases were found within the detecti
limit of about 1%.
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The grain morphology and cation stoichiometry we
measured using a JEOL JSM 6400 electron scanning mi
probe with an attached energy dispersive spectrom
~EDS!. The average grain size was 1 –5mm. The local
Ru/Cu ratio was determined by EDS line-scan over a to
length of about 10 mm. No deviation larger than 10% w
detected inside Ru1212 grains with a space resolution
1 mm.

The temperature dependence of resistivity~Fig. 2! was
measured by the standard four-lead technique with a Lin
Research Model LR-700 Bridge. The sample clearly sho
zero resistance below the critical temperatureTc532 K.
The overall temperature dependence of resistivity is v
similar to that reported recently by Bernhardet al.,3 but the
absolute values of resistivity are lower by a factor of 2.

Near-normal incidence reflectivity measurements w
performed on a polished to optical quality dense Ru12
pellet with a Bomem-DA8 Fourier spectrometer in the fr
quency range 25–4500 cm21. The same sample afte
evaporation of Au on it was used as a reference. This w

FIG. 1. Rietveld refinement plot for RuSr2GdCu2O8. The points
are experimental XRD data and the solid curve represents ca
lated profile for the tetragonalP4/mbm (D4h

5 ) space group.
9709 ©2000 The American Physical Society
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one accounts, at least partly, for the surface irregularit
which might lead to the progressive decrease of spec
reflection with increasing frequency. As mentioned, the
erage size of the crystallites within the pellet did not exce
few mm. This implies that in the frequency range belo
4500 cm21 the grain size effect of diffuse scattering shou
be minimal. Samples were mounted on the cold finger o
He-flow cryostat for temperature measurements and the
perature was controlled with an accuracy of 0.1 K.

III. TEMPERATURE DEPENDENT INFRARED
REFLECTIVITY

The reflection spectra of Ru1212 in the temperature ra
10–300 K are shown in Fig. 3. All spectra show metallic lo
frequency response: the reflectivity decreases rather ste
with increasing frequency up to aboutv* '750 cm21. At

FIG. 2. Temperature dependent resistivity of RuSr2GdCu2O8.
The sample exhibits zero resistance belowTc532 K.

FIG. 3. Infrared reflectivity spectra of RuSr2GdCu2O8 for tem-
peratures~from top to bottom! 10, 45, 90, 160, and 300 K.
s,
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higher frequencies the reflectivity decreases much slow
forming the plasma-like edge. As to the temperature dep
dence of reflectivity, it increases upon sample cooling do
to T'60 K and exhibits very weak changes at lower te
peratures.

It is known that the anisotropic nature of conducting co
per oxides complicates the interpretation of the optical sp
tra taken from polycrystalline samples. This is applicable
Ru1212 as its structure is very similar to that of the w
known RBa2Cu3O7 ~RBCO! superconductors. Both mater
als contain double CuO2 planes around the rare earth ionR.
The only structural difference is that linear CuO chains
RBCO are replaced by RuO2 planar layers in Ru1212.6–8

Therefore, both compounds are expected to exhibit sim
anisotropy of their physical properties. The comparison
the experimental infrared reflectivity results obtained
polycrystalline materials with data from epitaxial thin film
or single crystals proves that the metallic response of
anisotropic ceramic sample is largely due to the conduc
CuO2 planes, while the sharper structures superimposed
the background correspond the out-of-planec-axis phonon
excitations~see, e.g., Ref. 9 and references cited therein!.

The optical reflection measurements are widely known
an efficient tool for monitoring the carriers dynamics n
only in the normal, but also in the superconducting state.10,11

Generally, the range of excess reflectivity~and, correspond-
ingly, reduced conductivity! at low frequencies is a signatur
for a superconductivity belowTc . For ceramic samples on
might expect to observe experimentally an increase of
reflectivity in the pseudogap region by as much
0.1–0.2.12,13,14,15As it is seen from Fig. 3, the reflectivity o
RuSr2GdCu2O8 is practically unaffected by entering the s
perconducting state and there are no features which c
indicate the appearance of a superconducting condensat
low Tc . The absence of these features could be viewed a
experimental evidence for only weak~below the detection
limit ! modification of the dielectric function of Ru1212 upo
entering the superconducting state and might indicate
the c-axis Josephson plasma frequency~see, e.g., Ref. 16!
lies below the lowest frequency assessable in this exp
ment. These facts place the material under investigation
a particular group of high temperature superconductors. L
reflectivity level in RuSr2GdCu2O8 as compared to the ma
terials listed above at frequencies above 800 cm21 suggests
that the free carries are strongly overdamped.

IV. INFRARED-ACTIVE PHONONS: EXPERIMENTAL
RESULTS AND LATTICE DYNAMICAL CALCULATIONS

Group theoretical analysis of the vibrational spectrum
Ru1212 within P4/mbm space group based on the si
symmetries6 predicts the following zone-center optica
modes: Raman activeGR56A1g12B1g14B2g110Eg ; in-
frared activeG IR57A2u(z)114Eu(x,y); where symbols in
the brackets denote infrared activity~or polarization! of the
modes. There is also a number of modes, which are nei
Raman nor infrared active~silent modes!: 4A2g14A1u
15B1u1B2u .

As already mentioned, due to the metallic in-plane
sponse of Ru1212 the observed phonon modes correspo
the out-of-planec-axis phonons. Six of the sevenA2u lines
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predicted by group theoretical analysis could be identified
the conductivity spectra~Fig. 4!, which were obtained from
by Kramers-Kronig transform of the reflectivity. Fitting th
room temperature spectrum by a superposition of Lorentz
profiles gives the following transverse optical mo
frequencies:17 98, 131, 189, 317, 530, and 655 cm21. The
assignment of the observed vibrations to the lattice eig
modes becomes straightforward from the comparison of t
frequencies with the predictions of lattice dynamical calc
lations~Fig. 5!. The latter were performed in the framewo
of a shell model, shown to provide reliable results for t
broad range of copper oxides, including RBCO-ty
materials.18 The P4/mbm space group and Ru1212 lattic
parameters ofa50.54249 nm andc51.15626 nm6 were
used in the calculations.

In Fig. 5 all sevenc-axis infrared active modes of Ru121
are shown schematically. Unlike Raman-active vibratio
each infrared eigenmode involves displacement of ato
from several crystallographically nonequivalent sets. The
oms with the largest displacements in a given mode
marked by arrows in Fig. 5. As it is seen, the three infrar
active modes with the lowest frequencies involve primar
~in the order of frequency increase! the vibrations of Cu, Gd,
and Ru, respectively~the upper row of Fig. 5!. The four
other modes at higher wavenumbers are due largely to
displacements of oxygen: there are two plane oxygen vib
tions ~middle row in Fig. 5!, chain oxygen mode, and th
highest frequency apex oxygen vibration. One of the pla
oxygen modes~at 268 cm21), predicted to have vanishin
oscillator strength, was not identified in the experimen
spectra. The other plane oxygen vibration possesses the
est oscillator strength~i.e., the largest LO-TO splitting o
more than 130 cm21) among thec-polarized modes, simi-
larly to the case of RBCO. The frequencies of the Cu and
vibrations are close to those in RBCO materials.9 The high-
est frequencyc-axis infrared mode of Ru1212 at 655 cm21,

FIG. 4. Low frequency part of the conductivity o
RuSr2GdCu2O8 for temperatures~from top to bottom! 10, 25, 45,
90, 160, and 300 K.
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however, is shifted considerably towards higher wave nu
bers compared to GdBCO (563 cm21) due to the unprec-
edent short apical Cu-O bond length@2.18 Å in Ru1212 and
2.34 Å in GdBCO~Ref. 19!# and higher valence of ruthe
nium ions (15) compared to chain Cu~about 12.5) in
RBCO compounds.

An intriguing experimental observation, which mak
Ru1212 similar to the underdoped RBCO super-
conductors,20–23 is the pronounced anomalous temperatu
dependence of the frequency of the plane oxygen mod
the normal state~Fig. 6!. It softens from about 317 cm21 at
room temperature down to 300 cm21 at T545 K ~above
Tc). The mode does not narrow upon cooling over the wh
temperature range; instead, it slightly broadens. This co
be either a signature of a pseudogap developing in the

FIG. 5. Shell model calculatedc-axis A2u eigenmodes of
RuSr2GdCu2O8. Only half of the elemental cell is shown. Theore
ical and experimental transverse-longitudinal mode frequencies
listed next to each mode in cm21.

FIG. 6. Temperature dependence of the position~solid points!
and the linewidth~open points! of the plane oxygenc-axis mode.
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mal state of Ru1212 or, as it was recently shown by mean
highly accurate ellipsometric measurements and model
culations for underdoped YBCO, local field renormalizati
effects due to onset of inter- and intrabilayer Joseph
coupling.22,24

V. CONCLUSION

Optical reflection measurements were used to access
carrier dynamics andc-axis phonon excitations in Ru1212
Despite the fact that RuSr2GdCu2O8 exhibits zero resistanc
below Tc532 K, no superconductivity-related features
the low frequency infrared response were found. A poss
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reason is rather low~compared to other oxide superconduc
ors with similar critical temperaturesTc) c-axis Josephson
plasma frequency. The observedA2u infrared-active phonon
modes of Ru1212 are assigned to specific lattice eigenmo
based on the comparison with the results of lattice dynam
shell model calculation.
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dona, Solid State Commun.112, 365 ~1999!.

23C. Bernhard, D. Munzar, A. Golnik, C.T. Lin, A. Wittlin, J. Hum
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