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Tuning of the ferromagnetic and superconducting transitions by tin-doping in RuSr2GdCu2O8
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Solid solutions Ru12xSnxSr2GdCu2O8 with nominal compositionsx50 – 0.4 have been prepared, although
some secondary phases are also present. Powder x-ray diffraction and physical measurements show that Sn41

substitutes only at the Ru sites in this layered material. Sn-doping suppresses the ferromagnetic moment in the
ruthenate layers, and the Curie temperature decreases from 138 K in the undoped material to 78 K forx
50.4. This enhances the conductivity of the CuO2 planes and the onset of superconductivity increases from 36
K at x50 to 48 K atx50.2, but falls thereafter. This may reflect the increase in hole transfer to the CuO2

planes and the reduction of ferromagnetic order within the ruthenate layers.@S0163-1829~99!04746-3#
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The 1212-type layered cuprate RuSr2GdCu2O8 ~Refs. 1
and 2! has recently been found to display coexisting fer
magnetism and superconductivity.3–5 Samples typically have
a Curie transition atTM5132 K and bulk superconductivity
belowTC50 – 46 K. A variety of physical measurements,
particular zero-field muon spin rotation experiments,5 have
demonstrated that the material is microscopically unifo
with no evidence for spatial phase separation of superc
ducting and magnetic regions. Superconductivity is ass
ated with the copper oxide planes, while the ruthenium ox
slab behaves like SrRuO3,

6,7 which is an itinerant electron
ferromagnet belowTM5165 K, rather than Sr2RuO4, which
is a p-wave superconductor withTC'1 K.8,9 A coexistence
of superconductivity and weak ferromagnetism~canted anti-
ferromagnetism! was previously found in the related 122
type materials RuSr2R1.4Ce0.6Cu2O102d (R5Gd or Eu!.10

RuSr2GdCu2O8 is found to be oxygen stoichiometric, an
the doping of the copper oxide planes necessary to ind
superconductivity arises from overlap of the minority sp
Ru:t2g and the Cu:3dx22y2 bands. The distribution of hole
between the two bands may thus be written in terms of
erage oxidation states as Ru522pSr2Gd~Cu21p)2O8. Trans-
port measurements suggest that the copper oxide plane
underdoped withp'0.1 holes per Cu atom,3 although a
much higher estimate ofp'0.4 obtains from bond valenc
summations based on the refined crystal structure,4 which is
consistent with the properties of the Ru oxide layer. T
contradiction suggests that a large proportion of the hole
the copper oxide layers are trapped or strongly scattering
the ferromagnetic Ru moments. To investigate the cha
distribution in RuSr2GdCu2O8 further, we have attempted t
substitute Ru by diamagnetic Sn41, which is of a similar size
and charge. Here we report preliminary results for sample
nominal composition Ru12xSnxSr2GdCu2O8 (x
50,0.1,0.2,0.3,0.4) which have characterized by pow
x-ray diffraction, superconducting quantum interference
vice ~SQUID! magnetometry, and resistivity measuremen

Ceramic samples of the above compositions were p
pared by the solid-state reaction of stoichiometric powder
RuO2, SnO2, SrCO3, Gd2O3, and CuO. These were groun
and die pressed into pellets before preliminary reaction in
at 1000 °C for 3 days. The samples were reground, re
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leted, and heated at 1050 °C in flowing oxygen for a furth
3 days and, finally, slow cooled to room temperature.

Powder x-ray diffraction patterns were recorded at ro
temperature using CuKa radiation~Fig. 1!. Changes in the
peak positions of the tetragonal RuSr2GdCu2O8-type phase
indicate solid solution formation, but small amounts of t
secondary perovskite phases SrSnO3 and SrRuO3 were also
seen. The contributions from all three phases were fitted
the x-ray data, using the previously reported model
RuSr2GdCu2O8 which uses a split site for the oxygen atom
in the RuO2 planes to model rotations of RuO6 octahedra
around thec axis.4 ~These rotations result from the mismatc
of the in-plane Ru-O and Cu-O bonds and have a cohere
length that is too small to lead to an observable superst
ture in the x-ray diffraction experiment, although this is se
by electron diffraction.4! The results in Table I show tha
substitution of Sn into RuSr2GdCu2O8 increases thea cell
parameter whilec decreases, although there is no significa
change in the cell volume. Refinement of the internal co

FIG. 1. Powder x-ray diffraction patterns fo
Ru12xSnxSr2GdCu2O8 solid solutions of nominalx50 – 0.4 with
the most intense peaks from the SrRuO3(3) and SrSnO3(s) sec-
ondary phases marked.
14 605 ©1999 The American Physical Society
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TABLE I. Tetragonal cell constants and volume,a, c, andV; the remanent momentsmR , coercive fields
HCO, and saturated moments per Ru atommRu, at 10 K; and 250 K resistivities of Ru12xSnxSr2GdCu2O8

samples with nominalx values as shown.

x a ~Å! c ~Å! V ~Å3! mR (mB) HCO ~Oe! mRu (mB)
r250 K

~mV cm!

0 3.8387~1! 11.5620~4! 170.37~1! 0.115~7! 330~1! 0.91~1! 4.3~1!

0.1 3.8359~1! 11.5609~6! 170.11~1! 0.096~11! 255~1! 0.77~3! 4.5~2!

0.2 3.8375~1! 11.5575~6! 170.21~1! 0.067~2! 230~1! 0.48~2! 2.0~1!

0.3 3.8379~1! 11.5552~6! 170.21~1! 0.044~1! 160~1! 0.43~5! 2.3~2!

0.4 3.8396~1! 11.5525~6! 170.31~1! 0.030~1! 120~1! 0.30~7! 3.4~1!
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dinates shows an increase in the in-plane Ru-O distance
a concomitant decrease in the Ru-O-Ru angle~Fig. 2!. This
is consistent with substitution of Sn at the Ru sites, as S41

is slightly larger than Ru41/Ru51. No significant trends in
the other Ru-O or Cu-O bond lengths were found.

The magnetizations of the five powdere
Ru12xSnxSr2GdCu2O8 samples~Fig. 3! were measured on
Quantum Design SQUID magnetometer. Samples were
field cooled and measured from 10 to 300 K in an appl
field of 1 kOe. A broadening of the magnetic transition an
reduction in the Curie temperatureTM with increasing Sn
substitution is clearly seen in these data, and the value
TM ~estimated from the minima indM/dT) are plotted
against nominalx in Fig. 4. No Meissner effect is observe
below Tc for these powdered samples as the small nega
magnetization resulting from intragranular supercurrents
swamped by the positive contributions from the ferroma
netic Ru and paramagnetic Gd moments.

Magnetic hysteresis loops recorded at 10 K with the fi
swept between650 kOe confirm the ferromagnetic order
all the samples; a typical loop is shown in Fig. 5. A ve
small hysteresis was observed for each sample, and the
ercive fields and remanent moments are displayed in Tab
these both decrease rapidly withx. Both the ferromagnetic
Ru momentmRu and paramagnetic Gd momentsmGd contrib-
ute to the overall magnetization. The saturated Ru mom
was estimated by fitting the total magnetic moment in
rangeH525– 50 kOe with the function

FIG. 2. Changes in thexy-plane Ru-O bond length and Ru-O-R
angle with nominal Sn content in Ru12xSnxSr2GdCu2O8 solid solu-
tions.
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m~H !5mGdF~H !1~12x!mRu,

whereF(H) is the Brillouin function for theS57/2 Gd31

spins. The estimated Ru moment decreases rapidly withx as
shown in Table I.

The resistivities of sintered polycrystalline bars~approxi-
mate dimensions 434312 mm3) were measured between 1
and 300 K using the standard four-probe ac technique~Fig.
6!. Broad superconducting transitions are observed in all
Ru12xSnxSr2GdCu2O8 samples, although the zero-resistan
point lies below the lowest measured temperature for so
samples. The onsetTc ~defined by the temperature of th
resistivity maximum! is plotted againstx in Fig. 3. All five
samples are semiconducting (dr/dT,0) aboveTc ; how-
ever, thex50.2 sample changes to metallic (dr/dT.0) be-
havior above 220 K. This sample has the highestTc and the
lowest normal-state resistivity~Table I!.

The systematic changes in the crystallographic, magne
and resistive properties of the Ru12xSnxSr2GdCu2O8 samples
show that Sn is progressively replacing Ru in the prima
phase. The observation of a superconducting transition e
in thex50.4 sample demonstrates that no significant Sn s
stitution occurs at the Cu sites, as the superconductivity
this material5 and other cuprates is sensitive to very sm
levels of such diamagnetic dopants. The presence of the
ondary phase SrSnO3 indicates that the actual levels of S
substitution are lower than the nominal proportions quot

FIG. 3. Magnetization/field data for the Ru12xSnxSr2GdCu2O8

solid solutions.
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However, SrSnO3 is diamagnetic and nonconducting, and t
ferromagnetic conducting perovskite SrRuO3 is present at
,3% levels in all the doped samples, so that the bulk ph
cal measurements reported here reflect the properties o
majority Ru12xSnxSr2GdCu2O8 phases.

Sn41 is diamagnetic and does not contribute electro
states close to the Fermi level in the Ru12xSnxSr2GdCu2O8
solid solutions. This disrupts the itinerant electron ferrom
netism of the RuO2 planes, leading to a rapid decrea
in TM from 138 to 78 K atx50.4. The substitution also
affects the electronic properties of the CuO2 planes.
The hole distribution may now be writte
(Ru522p)12xSnxSr2Gd(Cu21p1x(0.52p))2O8, showing that
the hole concentration in the CuO2 planes increases with S
dopingx if the intrinsic doping levelp remains constant. This
is consistent with the initial trend in the resistivity data f
x50 – 0.2, asTc increases and the normal-state resistiv
decreases and becomes more metallic in character. How
the subsequent fall inTc for x50.3 and 0.4 is not as ex
pected for overdoped materials, as the normal-state resi
ities should become more metal-like, whereas the obse

FIG. 4. Variation of the Curie temperatureTM and the onset
superconducting critical temperatureTc with nominal Sn content in
Ru12xSnxSr2GdCu2O8 solid solutions.

FIG. 5. Magnetic hysteresis loop for Ru0.8Sn0.2Sr2GdCu2O8 at
10 K. The inset shows the small hysteresis.
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variations~Fig. 6! show a return to semiconducting behavio
This may reflect the presence of increasing amounts of n
conducting SrSnO3 within these polyphasic sintered ceram
samples. These results are in contrast to previous subs
tions of 10% Y at the Gd site, which changeTM andTc by
,5 K and of 3% Zn for Cu, which suppresses supercond
tivity, but leavesTM unchanged.5

The coexistence of ferromagnetism and superconducti
in RuSr2GdCu2O8 has previously been attributed to the m
menta of the Cooper pairs in the CuO2 planes and the ferro
magnetic moments in the RuO2 planes both being parallel to
the xy plane.3,5 However, the relatively lowTc and the dis-
parity between the apparent hole concentration inferred fr
transport measurements and that estimated by bond val
summations suggested some hole trapping or scatterin
the normal state and pair breaking within the supercond
ing state of the CuO2 planes is caused by the ferroma
netism. This could result from slight canting of the momen
due to disorder of the rotations and tilts of the RuO6 octahe-
dra or the presence of out-of-plane spin waves. This view
supported by the increases in conductivity and supercond
tivity with initial Sn doping as the ferromagnetic Ru mome
decreases.

In conclusion, this study shows that Sn can be substitu
for Ru in the ferromagnetic superconductor RuSr2GdCu2O8,
enabling the Curie temperature to be reduced from 138 to
K, while the onset of the superconducting transition initia
increases from 36 to 48 K. The latter change may reflect
increase in the hole doping of the CuO2 planes, the suppres
sion of the ferromagnetism, or both of these factors. T
ability of Sn substitution to tune both electronic transitio
over large temperature ranges and the use of119Sn as an
NMR and Mösshauer nucleus will enable the unique coe
istence of high-temperature ferromagnetism and superc
ductivity in this system to be investigated further, aft
phase-pure Ru12xSnxSr2GdCu2O8 solid solutions have been
prepared.

We thank EPSRC for the provision of research Grant N
GR/M59976 and S. Rycroft for help with resistivity mea
surements.

FIG. 6. Resistivity data for polycrystalline
Ru12xSnxSr2GdCu2O8 solid solutions.
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