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Oxygen isotope effects on the critical and Curie temperatures and Raman modes
in the ferromagnetic superconductor RuSr2GdCu2O8
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The effect of oxygen isotopic substitution on transition temperatureTc , the Curie temperatureTM , and
Raman modes is investigated in the ferromagnetic superconductor RuSr2GdCu2O8. A large positive oxygen
isotope effect,aTc

51.6, is observed in the zero resistanceTc value for as-prepared samples but a much smaller
valueaTc

50.1260.04 is found in the trueTc , where the superconductivity order parameter is established as
signified by the rapid rise indr/dT. Such a value is in keeping with other underdoped high-Tc superconductor
cuprates. A rather small (aFM'0.02) oxygen isotope effect is observed in the ferromagnetic transition. Raman
modes for this material are identified by inspection of the spectra with progressive18O exchange, cation
substitution, and structural considerations.@S0163-1829~99!51018-7#
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The observation of an isotope effect in the transition te
peratureTc was pivotal in inferring the phonon-mediate
nature of the pairing interaction in classical BC
superconductors.1 The isotope effect is quantified in terms
an exponent,a52d ln Tc /d ln m, where m is the isotopic
mass. Ignoring coulomb effects, the BCS theory predict
value ofa50.5. This value was observed in Pb and Sn a
deviations from it in transition metals have been accoun
for by including the coulomb interaction.2 In high-Tc super-
conductors~HTS’s!, the oxygen isotope effect is the easie
and most frequently studied. Because the potentially relev
phonon modes are dominated by oxygen motion a pa
isotope effect may then be discussed:aO

52d ln Tc /d ln mO. The value ofaO @and alsoaCu ~Ref. 3!#
shows a very strong dependence on hole concentrationp for
underdopedHTS cuprates,4 which has been interpreted i
terms of the role of the normal-state pseudogap in depres
Tc in spite of a ratherp-independent superconducting ener
gap D0 .5 A more fundamental parameter then isaD

52d ln D0 /d ln mO. The stronglyp-dependent value ofaO
can be understood in terms of a more or less constant v
of aD and the rapidly growing pseudogap energyEg in the
underdoped region. The situation for overdoped sample
less clear and under current investigation. The nature of
isotope effect in HTS’s places restrictions on any theory
the underlying mechanisms and is a central effect wh
must be accounted for.

The rutheno-cuprate RuSr2GdCu2O8 possesses the re
markable property of superconductivity (Tc;46 K) micro-
scopically coexisting with ferromagnetism (TM;132 K).6

Muon spin-relaxation measurements6 reveal a spatially ho-
mogeneous ferromagnetic order parameter and a spon
ous field at the muon site of 720 G. Superconductivity~SC!
survives because~i! the Ru moments probably align in th
PRB 590163-1829/99/59~18!/11679~4!/$15.00
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a-b plane so that there is no pair breaking in the Cu2

layer,6 and ~ii ! exchange coupling between the SC carrie
and the Ru moments is weak.7 Observation of the oxygen
isotope effects in the superconducting (aTc

) and ferromag-

netic (aFM) transitions and in the Raman spectra
RuSr2GdCu2O8 are important steps towards characterizi
this remarkable material and understanding the similari
and differences between this system and other HTS cupra

Here, using magnetometry, resistivity, ac susceptibil
and Raman spectroscopy, we assign Raman modes an
amine the isotope effect in the superconducting and fe
magnetic transitions in RuSr2GdCu2O8. Comparison is made
with other HTS cuprates and with the recently-reported8,9

large isotope effect in the ferromagnetic transition in t
manganite La12xCaxMnO3.

RuSr2GdCu2O8 ~Ru-1212! samples were synthesized b
solid-state reaction of stoichiometric powders of RuO2,
SrCO3, Gd2O3, and CuO. These were milled, calcined
960 °C in air then reacted as pellets at 1010 °C in flow
nitrogen, then at 1050 °C, 1055 °C, 1060 °C, and 1065 °C
flowing oxygen. Each reaction was for 10 h and, betwe
each, the samples were remilled and pelletized. After
final sinter the samples were furnace cooled to 200 °C
flowing oxygen. These haveTc(R50)519 K and are re-
ferred to as samples A. A further set of samples was
nealed for 7 days at 1060 °C in flowing oxygen, then slo
cooled. For these,Tc(R50) moved up to 35 K. They are
referred to as samples B. All samples were confirmed to
single phase by x-ray diffraction~XRD!.

Initially it was anticipated that the Ru-1212 structu
would be that of an oxygen-deficient tripled perovskite, i.
similar to GdBa2Cu3O7 ~equivalently CuBa2GdCu2O7! but
with Ru replacing the chain Cu, and with both the intracha
and interchain oxygen sites occupied. However electron
R11 679 ©1999 The American Physical Society
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fraction studies on samples B have shown the presenc
weak superlattice reflections indicating a superlattice
A2a3A2b that is not present in samplesA.6 No superlattice
is observed in the@001# direction. Synchrotron XRD Ri-
etveld refinements6 reveal two additional features:~i! a large
off-site in-plane displacement~0.43 Å! of the oxygens in the
RuO2 layer resulting in a rotation of the RuO6 octahedra, as
is observed in SrRuO3 ~Ref. 10! and in the~Nb, Ta!-1212
compounds~Nb, Ta!Sr2RCu2O8, where R is a rare-earth
element;11 and ~ii ! a smaller off-site in-plane displaceme
~0.12 Å! of the apical oxygen resulting in a tilting of both th
CuO5 square pyramids and the RuO6 octahedra. The ordering
of either of these rotations or tilts could result in the o
served superlattices. The key feature from the point of v
of Raman spectra is that the rotation of the RuO6 octahedra
lifts the inversion symmetry of the oxygens in the RuO2
plane, thus rendering modes involving vibration of this ox
gen Raman active. The structure is shown in Fig. 1 a
single polyhedral string which avoids the question of sup
structural order which has yet to be determined.

Oxygen isotope exchange was achieved by parallel p
cessing two pieces cut from the same sintered polycrysta
pellet. Sample spaces were evacuated and then charged
16O or 18O at room temperature and the samples anneale
1 atm at 810 °C. Several~up to seven! exchanges were car
ried out to achieve a high degree of exchange. Both sam

FIG. 1. The structure of RuSr2GdCu2O8 showing the twist in the
RuO6 octahedra and the tilt in all polyhedra due to the displacem
of the apical oxygen. The three oxygen sites are annotated.
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were slow cooled to 200 °C, the original intention being
achieve full oxygenation. In fact, annealing samples
higher temperatures and in lower oxygen partial pressu
has negligible effect on oxygen stoichiometry which rema
fixed at 860.02. Additionally, while such annealing influ
ences the granularity and henceTc(R50) value, it has no
effect on the onset of superconductivity seen in the deri
tive dr/dT, which we will use to define the isotope effec
Hence, there is no influence on the measured isotope e
due to the negligible changes in oxygen stoichiomet
Moreover,Tc and mass remained the same for the norm
oxygen reference sample to within60.2 K and60.0001 g,
respectively, on each exchange cycle and cooling.

Temperature-dependent, zero-field-cooled susceptib
data were obtained using an EG&G 4500 vibrating sam
magnetometer with an applied field of 5 Oe. Raman spe
were obtained using the 514.52 nm line of an Ar1 laser and
a Jobin-Yvon U1000 monochromator fitted with a CCD d
tector. The incident light was vertically polarized and t
detected light unpolarized.

Raman spectra obtained for samples with pure16O, 59%,
76%, and 84%18O are shown in Fig. 2. The degree of e
change was determined by relative mass change after the18O
exchange. The peak positions were determined by fitt
Lorentzian line shapes in all cases, although some asym
try is evident in the 260, 440, and 650 cm21 modes. The
mode at 153 cm21 is assigned to purelyc-axis Cu vibrations
on the basis of this assignment in Y-124, Y-123, and Bi- a
Tl-based cuprates at the same frequency.12 Consistent with
this interpretation this mode does not shift with oxygen is
tope exchange.~The series of small features around the 1
cm21 mode are experimental artifacts and do not corresp
to cation modes.! The relative shifts of the remaining fou
higher frequency modes are collated in Table I. They
compared with the variation expected for harmonic mass
pendence~solid line! in the inset to Fig. 2. All four modes
are clearly associated with pure oxygen vibrations.

From the structure in Fig. 1 there are three distinct oxyg
sites: the O~1! apical oxygens, O~2! oxygens in the CuO2
plane, and O~3! oxygens in the RuO2 plane. As noted, the

nt

FIG. 2. Raman spectra for Ru-1212 samples with 0, 59%, 76
and 84% 18O exchange. The inset shows the relative frequen
shifts of the oxygen modes. Solid line: expected harmonic dep
dence; squares 260 cm21 mode; open circles 315 cm21; down tri-
angle 440 cm21; open diamonds 650 cm21.



RAPID COMMUNICATIONS

PRB 59 R11 681OXYGEN ISOTOPE EFFECTS ON THE CRITICAL AND . . .
TABLE I. Raman mode positions and shifts with progressive18O exchange in RuSr2GdCu2O8.

16O 59% 18O % shift 76%18O % shift 84%18O % shift

153 153 nil 153 nil 153 nil
259.2 247.9 24.36 246.3 24.98 245.2 25.35
316.6 303.8 24.04 301.6 24.74 299.0 25.52
437.1 420.1 23.89 417.8 24.42 415.4 24.94
651.5 627.3 23.71 624.1 24.21 619.8 24.89
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inversion symmetry of the O~3! oxygens in the RuO2 layer is
lifted by the octahedral rotations, and modes involving th
oxygens should therefore be Raman active. By conside
c-axis oxygen vibration at the remaining two sites, thr
modes are apparent: O~1!, and in-phase and out-of-phase v
bration of O~2!. The most intense Raman peaks in cupra
are associated withc-axis vibrations so it seems reasonab
even without polarized spectra, to attribute these three mo
to three of the four peaks. The 652 cm21 peak is assigned to
O~1! motion, as the highest-frequency oxygen modes
Y-123 and Y-124, and Tl-based cuprates are all associ
with the apical oxygen.12 The modes at 440 and 315 cm21

are attributed to in- and out-of-phase motion of O~2! oxygens
in the CuO2 plane. Such modes have similar frequencies
Y-123, Y-124, Tl-1212, and Tl-2212~in-phase mode only!.12

We believe that the remaining 260 cm21 mode is associated
with O~3! in the RuO2 layer. To be more confident of thes
assignments and to identify the eigenvector of the O~3!
mode, it is probably necessary to identify the structural ba
of the observed superstructures. However, we note that t
is a Raman-active phonon mode at 250 cm21 in SrRuO3
~Ref. 13! that corresponds to this O~3! assignment. More
rigorous Raman investigation, including an identification
the lower frequency cation modes and temperature de
dence of the spectrum14 and the effect of cation substitution
is continuing.

Figure 3 shows the temperature-dependent ac suscep
ity in the neighborhood ofTc for samples A and B as well a
nearTM just for sample A. Unexchanged samples are sho
by the solid curves and18O exchanged samples by th
dashed curves. The degree of exchange was 84% for sa

FIG. 3. ac susceptibility for unexchanged~solid curves! and
84% 18O exchanged~dashed curves! Ru-1212 samples in the neigh
borhood ofTc andTC : sample A~84% 18O!, sample B~82% 18O!.
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A while for sample B it was 82%. In the former case there
a very large reversible downward isotopic shift inTc of 3.2
K in the 18O exchanged sample givingaTc

511.6, while for

sample B,Tc is shiftedup by 0.59 K giving a negative iso-
tope coefficient,aO520.16. The ferromagnetic transition i
either case is only weakly affected withDTM'0.35 K giving
aFM52d ln TM /d ln mO'0.02. This represents a very sma
effect compared with the recently-reported isotope effec
TM for La12xCaxMnO3. Values ofaFM up to 0.85 have been
observed by Zhaoet al.8 for x ranging from 0.1 to 0.2 while,
for x.0.2 where the ferromagnetic phase becomes meta
Franck et al.9 found thataFM values fall abruptly to 0.38
then decrease rather more slowly towards 0.11 with incre
ing x. These effects have been interpreted in terms of str
coupling of the carriers to Jahn-Teller~JT! lattice
distortions.7 In SrRuO3, where the JT effect is weak, no sig
nificant isotope effect was observed7 as in the present case
The small shift inTM reported here for Ru-1212 was con
firmed in vibrating-sample-magnetometer~VSM! measure-
ments on the same samples.

Tc values obtained from the ac susceptibility measu
ments on polycrystalline ceramics do not represent the o
temperature for a SC order parameter but rather the temp
ture at which screening currents flow across grain bounda
around the bulk sample. Nonetheless it is interesting tha
large reproducible oxygen isotope effect is found for the
tablishment of phase coherence across grain boundaries
obtain a clearer picture by examining the isotope depende
of the resistivity.

The inset to Fig. 4 shows theT dependence of the resis

FIG. 4. TheT dependence of the resistivity derivativesdr/dT
for the unexchanged~solid curve! and 84% exchanged~dashed
curve! Ru-1212 samples A and B. Inset: resistivity of unexchang
samples A and B.
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tivity for samples A and B. There is a small downward kin
at TM similar to that observed in SrRuO3 and, at higher tem-
perature~280 K!, the knee inr(T) is consistent with the
opening of the pseudogap observed in other underdo
HTS cuprates.15 This complements and confirms the the
mopower data which indicates Ru-1212 is strongly und
doped with a hole concentration ofp'0.07.6 The behavior
of the resistivity atTc is more easily seen in the derivativ
dr/dT plotted in the main body of Fig. 4. At 46 K th
derivative rises rapidly but does not fall to zero until t
zero-field percolation temperatureTc(R50)'19 K in
sample A or'35 K in sample B. A large isotopic shift in
Tc(R50) is seen for sample A similar to that seen in the
susceptibility and a similarly smaller value for sample B.
either case the onset temperature wheredr/dT rises rapidly
occurs at the same temperature, 46 K. Heat capa
measurements16 on these samples confirm the onset of bu
superconductivity at 46 K with a jump ing[Cp /T of about
0.35 mJ/g at. K2. While small, this value is again typical o
similarly underdoped HTS cuprates.17 The isotope shift in
the leading edge of the resistive onset shown in Fig. 4
0.6660.2 K for sample A and 0.4260.2 K for sample B,
giving coefficientsaTc

50.14 and 0.09, respectively. The di
ference between these values is probably not significan
our measurements and, because there is no reason to ex
difference, we conclude a valueaTc

50.1260.04. Such
smaller values are more in keeping with other underdo
cuprates. For example, YBa2Cu4O8, which is less under-
doped, hasa50.076.5 We recall that our measurements a
not influenced by oxygen stoichiometry variations which
have found to be negligible.

The usual approach in determining isotope shiftedTc val-
ues is to carry out magnetometry measurements of the in
granular diamagnetism. However in the present case
granularity is extremely fine, much smaller than the appar
grain size seen in scanning electron microscopy~0.5 mm for
sample A and 5–10mm for sample B!. As a consequence th
r-
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apparent volume susceptibility due to granular screening
rents is less than 0.5% of the total atT50. We are unable to
determine with any reliability an isotopic shift in the onset
granular diamagnetism and therefore rely solely on the re
tive onset in the present work. This granularity may in p
be due to pair breaking from local misorientations of t
spontaneous field at defects, twin boundaries, and subg
boundaries, as well as the larger-scale grain boundaries

As noted, a large isotope effect for underdoped cupra
can be discussed5 in terms of the presence of the norma
state pseudogap which competes with superconductiv
strongly reducingTc , the condensation energy, and the s
perfluid density. Quite generally,Tc is given by the tempera
ture at which the pseudogap energyEg5D(T). A variety of
experiments indicate that, with progressive underdopi
D05D(T50) remains more or less constant whileEg rises
rapidly towardsD0 . As it does soTc is reduced to zero. An
isotope effect inTc may arise from an isotope effect inD0 or
in Eg . NMR Knight shift studies indicate that, at least in th
case of Y-124, there is no significant oxygen isotope effec
the pseudogap.5 Consequently it would seem that the isoto
effect is in the pairing interaction only. Either way, th
model shows thataTc

diverges asEg→D0 , i.e., asTc→0

with underdoping. The value ofaTc
50.1260.04 for Ru-

1212 with Tc546 K compared with, e.g.,aTc
50.076 for

Y-124 with Tc581 K, is entirely to be expected within thi
model.

In conclusion, we have assigned Raman modes
RuSr2GdCu2O8 and observed a large positive oxygen isoto
effect, aTc

51.6, in the zero resistanceTc value for as-

prepared samples. We observed a much smaller valueaTc

50.1260.04 in the trueTc where the SC order parameter
first established as signified by the rapid rise indr/dT. Such
a value is in keeping with other underdoped HTS cuprates
small (aFM'0.02), if significant, oxygen isotope effect wa
observed in the ferromagnetic transition.
. C.

r,

C

d

n-

d

s.
1J. Bardeen, Phys. Rev.79, 167 ~1950!.
2H. Ibach and H. Lu¨th, Solid State Physics~Springer, Berlin,

1995!, p. 245.
3J. P. Franck, inPhysical Properties of High Temperature Supe

conductors IV, edited by D. M. Ginsberg~World Scientific, Sin-
gapore, 1994!, p. 189.

4D. E. Morris, A. P. B. Sinha, V. Kirikar, and A. V. Inyushkin
Physica C298, 203 ~1998!.

5G. W. M. Williams, J. L. Tallon, J. W. Quilty, H. J. Trodahl, an
N. E. Flower, Phys. Rev. Lett.80, 377 ~1998!.

6J. L. Tallon, C. Bernhard, M. E. Bowden, T. M. Stoto, B. G
Walker, P. W. Gilberd, J. P. Attfield, A. C. McLaughlin, and A
N. Fitch, Nature~London! ~to be published!; C. Bernhard, J. L.
Tallon, Ch. Niedermayer, Th. Blasius, A. Golnik, E. Bru¨cher, R.
K. Kremer, D. R. Noakes, C. E. Stronach, and E. J. Ansal
cond-mat/9901084, Phys. Rev. B~to be published 1 June 1999!.

7R. Weht, A. B. Shick, and W. E. Pickett~unpublished!.
8Guo-meng Zhao, K. Conder, H. Keller, and K. A. Mu¨ller, Nature
,

~London! 381, 676 ~1996!.
9J. P. Franck, I. Isaac, Weimen Chen, J. Chrzanowski, and J

Irwin, Phys. Rev. B58, 5189~1998!.
10B. J. Kennedy and B. A. Hunter, Phys. Rev. B58, 653 ~1998!.
11M. Vybornov, W. Perthold, H. Michor, T. Holubar, G. Hilsche

P. Rogl, P. Fischer, and M. Divis, Phys. Rev. B52, 1389~1995!.
12G. Burns, M. K. Crawford, F. H. Dacol, and N. Herron, Physica

170, 80 ~1990!.
13D. Kirillov, Y. Suzuki, L. Antognazza, K. Char, I. Bozovic, an

T. H. Geballe, Phys. Rev. B51, 12 825~1995!.
14V. Hadjiev, A. Fainstain, P. Etchegoin, H. J. Trodahl, C. Ber

hard, M. Cardona, and J. L. Tallon, Phys. Status Solidi B211,
R5 ~1999!.

15T. Watanabe, T. Fujii, and A. Matsuda, Phys. Rev. Lett.79, 2113
~1997!.

16J. L. Tallon, J. W. Loram, G. V. M. Williams, and C. Bernhar
~unpublished!.

17J. W. Loram, K. A. Mizra, J. R. Cooper, and W. Y. Liang, Phy
Rev. Lett.71, 1740~1993!.


