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Towards universal magnetization curves in the superconducting state of RuSr2GdCu2O8
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The reported dc magnetization measurements on the magnetic (TM;130 K) superconductor (Tc;30 K)
RuSr2GdCu2O8 ~Ru-1212Gd! reveal a variety of behaviors belowTc . The fact that, for magnetometers which
require sample motion during the measurements, artifacts can arise in the measured magnetic moment, when
the movement of the sample is done in an inhomogeneous field, complicates even more the analysis of the
existing data. In order to avoid the generation of artifacts, we did measurements on a stationary Ru-1212Gd
sample employing a homemade magnetometer. The measured curves showed none of the suspicious ‘‘symp-
toms’’ present in the curves measured with a magnetometer employing sample movement, and if verified by
measurements on stationary samples by other groups, a universal behavior in the superconducting state of
Ru-1212Gd could be revealed by the dc magnetization measurements. Our considerations support the existence
of bulk superconductivity for Ru-1212Gd.
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I. INTRODUCTION

The ruthenium cuprates of the general chemical formu
RuSr2(R)Cu2O8 ~1212 type! and RuSr2(R11xCe12x)Cu2O8

~1222 type!, whereR5Sm, Eu, and Gd, synthesized in 199
~Ref. 1–3! have attracted a lot of attention because, as w
shown for the first time by Bauernfeind,2,4 in these com-
pounds superconductivity arises in a state in which magn
order is already developed. The difference between the
perconducting transition temperatureTc and the magnetic
transition temperatureTM is of the order of 100 K. This is in
contrast to what is known for other magnetic supercondu
ors like the molybdenum sulfides5,6 and selenides,7,8 the
rhodium borides,9,10 and the borocarbides,11,12 whereTc and
TM are close, with the magnetic transition appearing usu
below the superconducting one.

A large number of investigations was undertaken in
attempt to determine the type of superconductivity and m
netic ordering and whether the two phenomena coexist o
microscopic scale. Magnetic studies include muon spin ro
tion experiments,13 electron paramagnetic resonance~EPR!
experiments,14 neutron powder diffraction~NPD!,15–17 and
NMR investigations18 as well as dc magnetization and a
susceptibility measurements.19–22 Some of the findings con
tradict each other@e.g., NPD~Refs. 16 and 17! and NMR
~Ref. 18! investigations# and still there is no agreement o
the type of magnetic ordering in the ruthenium cuprat
Nevertheless, it seems to be widely accepted that magne
represents a bulk property of these compounds.

Whether superconductivity as well represents a bulk pr
erty of the ruthenium cuprates has been investigated by
specific heat and dc magnetization measurements. Neve
less, concentrating on RuSr2GdCu2O8 ~Ru-1212Gd!, the
subject of the present paper, interpretation of the spec
0163-1829/2003/68~14!/144518~5!/$20.00 68 1445
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heat data is rather difficult, since the existing reports23,24 are
contradictive concerning the magnetic field dependence
the specific heat peaks belowTc .

Much more complicated is the interpretation of the
magnetization data. In principle, field expulsion shown in
field-cooled dc magnetization measurement, correspond
to a bulk Meissner effect, is generally considered as the
indicator for bulk superconductivity. However, a variety
behaviors have been reported for Ru-1212Gd below its
perconducting transition temperatureTc ~see, for example,
Refs. 25–28!, leaving the question of bulk superconductivi
for this compound open. Nevertheless, it has been shown29,30

that Ru-1212Gd is sensitive to field inhomogeneities in
superconducting magnet of the superconducting quantum
terference device~SQUID! magnetometer, which affect th
SQUID response as the sample is moved in the magnet
ing the measurements and can create artifacts in the m
sured magnetic moment. In order to eliminate possible a
facts, we did measurements on a stationary Ru-1212
sample. We suggest that, if similar measurements are d
by other groups also, universal dc magnetization curves
dicating bulk superconductivity for Ru-1212Gd could be o
tained.

II. EXPERIMENT

Details about the sample preparation and characteriza
in terms of x-ray powder diffraction can be found in o
previous work.25 Here we note only that all our sample
belong to the same batch, meaning that they were prep
and heat treated together.

Two SQUID magnetometers were employed for the
magnetization measurements. One of them was a com
cial ~Cryogenic Consultants Ltd. S600! rf-SQUID magneto-
©2003 The American Physical Society18-1
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meter, which allows measurements in the temperature ra
1.6 K<T<300 K in magnetic fields26 T<B<6 T. This
magnetometer necessitates the movement of the sa
through a pickup coil system~second-order gradiometer! for
the measurements. The SQUID response to this moveme
fitted using the ideal response for a point dipole of const
magnetic moment and the sample’s magnetic moment a
temperature of the measurement is calculated. In the foll
ing, this magnetometer will be denoted as MSM~moving
sample magnetometer!.

The second magnetometer was a homemade system
ploying a niobium rf-SQUID of the type SHE 330~SHE Co.,
San Diego!. With this system we did measurements in t
temperature range 4.5 K<T<150 K. The cryostat is
equipped with a superconducting solenoid, made from Nb
based wire, that was used for measurements in magn
fields up to 100 G. In this second magnetometer the sam
is kept stationary during the measurements and what is a
ally measured, using a flux counter from SHE Co., is the fl
change through the pickup coil system, which can be tra
formed to the corresponding change of the magnetic mom
of the sample during the measurement. Thus, measurem
of absolute values of the magnetic moment require a re
ence point. In our case, since Ru-1212Gd is in a param
netic state above the magnetic transition temperatureTM
;130 K, we assumed that the magnetic moment of
sampleM is zero at 150 K. In the following this secon
magnetometer will be denoted as SSM~stationary sample
magnetometer!. This magnetometer has been used for sev
studies in the past.31–33A similar system is described in de
tail by Vandervoortet al.34

Two types of measurements were done with the SSM.
the zero-field-cooled~ZFC! measurements the sample w
cooled from above 150 K to the lowest temperature in z
~set value! magnetic field; then the magnetic field was a
plied and the measurements were taken during warm-up.
the field-cooled ~FC! measurements the samples we
agained cooled from above 150 K, but in the desired m
netic field. The FC measurements were taken also du
warm-up, since exchange He gas was required to cool
sample to the lowest temperature, which made tempera
controlling for measurements on cooling difficult.

III. RESULTS AND DISCUSSION

A. Magnetism and superconductivity of our
RuSr2GdCu2O8 samples

1. Magnetism

In Fig. 1, M (T) and M (B) measurements for our Ru
1212Gd samples are shown. A magnetic transition is obvi
at TM;133 K with significant hysteresis between the ZF
and FC branches of theM (T) measurement starting at th
temperature. Hysteresis loops indicative of a ferromagn
component in the magnetic behavior of the samples are
vealed in theM (B) measurements. The loops become wid
as the measuring temperature decreases, with the rema
moment reaching;0.1mB per formula unit at low tem-
peartures. In view of the contradicting reports cited in Se
it is difficult to propose an origin for the observed propertie
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The behavior observed for our samples, though, is the typ
one observed in similar measurements by many other gro
For comparison,M (T) and M (B) measurements on Ru
1212Gd samples can also be found, for example, in Refs
and 17.

2. Superconductivity

Typical resistance and ac susceptibility measureme
for our samples can be found in our previous works.25,29

A comparison with other published ac susceptibil
measurements,15,27,35,36which, like in our case, are usuall
done with the sample stationary in the pickup coil syste
and resistivity measurements13,23,24,27,35shows that the super
conducting properties of our samples are the usual ones
‘‘good quality’’ Ru-1212Gd samples (Tc,onset550 K, Tc(R
50)5Tc530 K).

B. dc magnetization measurements using a MSM

As described above, our samples show the typical m
netic and superconducting, in terms of resistance and ac
ceptibility measurements, behavior that all ‘‘good qualit
Ru-1212Gd samples show and thus could be considere
universal. On the other hand, the superconducting beha
of the Ru-1212Gd samples in terms of dc magnetizat
measurements is far from universal. The measurements
did on our samples with the MSM have shown belowTc
features similar to many of the different behaviors repor
by other research groups.26–28 Nevertheless, we have
shown29,30 that the measuring procedure in a MSM can c
ate artifacts in the measured magnetic moment belowTc ,
when magnetic field inhomogeneities are present over
distance that the sample is moved during the measurem
As was shown by Libbrechtet al.,37 the form that these arti-
facts will have for a superconducting sample will be det
mined by the shape of the field profile, which in turn det
mines the field change that the sample will experience du

FIG. 1. High-field magnetic hysteresis loops for Ru-1212G
taken with the MSM. The field was changed between26 and 6 T
but for clarity only the lower-field part is shown. Insets: In th
lower right side, magnetic moment measurements as a functio
temperature are shown. In the upper left side, the remanent m
netic moment as determined by hysteresis loops at different t
peratures is given.
8-2
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FIG. 2. ~a! Volume susceptibility calculated from ZFC dc magnetization measurements on Ru-1212Gd taken with the SSM. In
low-temperature part of the FC curve measured in a field of 1 G.~b! Volume susceptibility calculated from FC dc magnetization measu
ments on the same sample. Since in this set of measurements the high density of points makes it difficult to distinguish between th
symbols, we should note that the higher the field, the lower the measured susceptibility. Only the curve measured in a set field of 2
slightly higher values ofxV compared to that measured in 1 G.
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its movement. Thus, the differences in the reported dc m
netization of Ru-1212Gd belowTc could be the result of
different field profiles during the measurements and not
different superconducting properties.

The above discussion indicates that dc magnetiza
measurements on stationary Ru-1212Gd samples are
quired to clarify the superconducting properties of this co
pound. Such measurements could reveal a universal su
conducting behavior for Ru-1212Gd in terms of
magnetization also. We will present dc magnetization m
surements on a stationary Ru-1212Gd sample in the
section. Nevertheless, the establishment of a universal
havior requires that our measurements be verified by m
surements on stationary ‘‘good quality’’ Ru-1212Gd samp
done by other research groups.

C. Measurements on a stationary RuSr2GdCu2O8 sample

We have already presented preliminary measurement
a stationary Ru-1212Gd sample in Fig. 8~b! of Ref. 29. Nev-
ertheless, those measurements were confined to only
field value and were also noncalibrated as far as both
magnetic moment and temperature are concerned. Here,
brated measurements in several magnetic fields will be
cussed. These measurements, done with the SSM, are s
in Fig. 2. In this figure we chose to show the volume susc
tibility in SI units so that estimations of the superconducti
volume of the sample can be made. For the calculation
used a value of the densityr56.7 g/cm3, estimated using
the lattice parameters measured previously.25 The suscepti-
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bility of the spherical sample was corrected for geome
demagnetization using the demagnetization factorN51/3.

1. No suspicious ‘‘symptoms’’

We have observed that the measurements taken with
MSM show several suspicious ‘‘symptoms,’’ when artifac
are present. These will be discussed in detail in a sepa
article.38 Here, as an example, we mention the nonreversa
the features observed in the superconducting state of
1212Gd by a field reversal, as we have shown in Ref.
This point was independently verified by Cimberleet al.39 In
their case,39 clear dips in both ZFC and FC curves, indicativ
of bulk superconductivity in Ru-1212Gd, were not revers
by the application of a negative field. The authors attribu
the nonreversal of the ZFC dips to effects related with
remanent field in the superconducting magnet, but provi
no explanation for the nonreversal of the dips in the
curves. Nevertheless, they state clearly that at the super
ducting transition their SQUID magnetometer, also a MS
indicates a worsening of the quality of the measurem
through the regression factor and the answer function
tends to lose its symmetry.

Contrary to the measurements with the MSM, no sus
cious ‘‘symptoms’’ were observed for the measurement w
the SSM. Going back to the previous example, in Fig. 3
can be seen that the ZFC and FC measurements taken
opposite field directions are almost ‘‘symmetric’’ with re
spect to zero. The small differences can be attributed to
quite identical field values in the superconducting magne
FIG. 3. ~a! ZFC dc magnetic
moment of Ru-1212Gd in 2 G and
22 G. ~b! FC dc magnetic mo-
ment of the same sample in 1 G
and 21 G. All measurements
were taken with the SSM.
8-3
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THOMAS P. PAPAGEORGIOUet al. PHYSICAL REVIEW B 68, 144518 ~2003!
the SSM for the positive and negative directions during
measurements. The absence of any peculiar ‘‘sympto
from the measurements taken with the SSM underlines
validity of these measurements.

2. Question of bulk superconductivity forRuSr2GdCu2O8

From the above discussion, it is obvious that the meas
ments on stationary samples are probably the most trust
thy for a discussion whether Ru-1212Gd is a bulk superc
ductor or not. The ZFC measurements of Fig. 2~a! show that
at low fields more than 60% of the sample is shielded fr
the magnetic field. This alone, however, cannot be con
ered as an indication for bulk superconductivity. Although
would be very difficult to create the observed shielding s
nal by a superconducting impurity in a concentration non
tectable with x-ray diffraction, surface superconductiv
could not be excluded.

The signature of bulk superconductivity is the Meissn
effect which, if present, appears in the FC curves as a m
netization decrease consistent with field expulsion from
sample. Such a magnetization decrease does not appe
the measurements of Fig. 2~b!, but neither is the paramag
netic contribution from the Gd moments apparent in the lo
field measurements; it is obvious only in the 100-G measu
ment. Instead, a shallower slope of the susceptibility
observed belowTc , indicating a competition between th
field expulsion due to superconductivity and the contrib
tions from the Gd and Ru moments. This is more clearly s
in the inset of Fig. 2~a!. In order to estimate the contributio
from the superconducting part of the sample we have s
tracted from the data the Gd paramagnetic contribution.
suming noninteracting Gd moments, we have calculated t
contribution to the measured susceptibility using the B
louin function.40 For Gd we used the data in tables 31.2 a
31.3 of Ref. 40. The result of this procedure for the measu
ment in a field of 0.5 G is shown in Fig. 4. The Ru cont
bution at low temperatures corresponds to the ferromagn
component and varies slowly as a function of temperatu
The variation is small compared to that due to the Gd. Th
assuming a constant Ru contribution at low temperature
can be easily seen in Fig. 4 that its subtraction~from the data
where the Gd contribution is already subtracted! will lead to

FIG. 4. Volume susceptibility of Ru-1212Gd~solid circles! after
the Gd paramagnetic contribution~dashed line! was subtracted from
the measured FC curve in a field of 0.5 G~open circles!.
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a diamagnetic signal indicative of field expulsion from abo
20% of the sample’s volume.

Although field expulsion from 20% of the sample’s vo
ume represents an indication of bulk superconductivity
rises the question of coexistence of superconductivity
magnetism on a microscopic scale. Muon spin rotat
experiments,13 for example, indicate that the magnetic pha
in Ru-1212Gd is homogeneous and accounts for at least
of the sample volume. Although this is a lower limit,13 one
could propose a phase separation model where bulk ma
tism coexists with bulk superconductivity in Ru-1212Gd, n
on a microscopic scale, but rather in different areas of
sample. There are several reasons, though, which could
the FC superconducting contribution to the magnetizat
low despite superconductivity in the full sample volum
Bernhard et al.26 report for polycrystalline Ru-1212Gd
samples a grain size between 2 and 10mm, while Chu
et al.41 estimate an unusually large penetration depth
about 50mm. Grains, or clusters of grains, with size small
than the penetration depth will not expel the magnetic fi
in a FC process and a reduced diamagnetic signal will
recorded. Thus, the reduced FC superconducting contribu
can be the result of grain size effects while magnetism
superconductivity coexist on a microscopic scale. Furth
more, a Meissner state is not the only superconducting s
which could be considered for Ru-1212Gd. In a magne
superconductor, if the internal field exceeds the first criti
field Hc1, then this will be accommodated in the sample
the form of vortices~spontaneous vortex phase!.42,43A vortex
phase will result in a reduced diamagnetic signal compa
to a Meissner state, but it is a bulk superconducting s
which could coexist with magnetism also on a microsco
scale.

Indications that Ru-1212Gd is a bulk superconductor c
be found also in the measurements taken with the MSM
Ref. 29 it can be seen that artifacts related to the movem
of the sample in a nonhomogeneous field dominate the l
temperature part of the FC curves. We expect that, if surf
superconductivity was present, then the Gd contributi
from the interior of the grains, would dominate the behav
of the sample at low temperatures. On the other hand, a
superconducting state, possibly in the form of weakly pinn
vortices, as is indicated by the narrow hysteresis loops be
Tc ,4,30 is much more sensitive to field inhomogeneitie
which will affect the measured magnetic moment.

IV. SUMMARY

Whereas resistivity and ac susceptibility measureme
reveal a universal superconducting behavior for good qua
Ru-1212Gd samples, this is not the case with the dc mag
tization measurements. The reported SQUID measurem
in the superconducting state of Ru-1212Gd reveal a var
of behaviors, leaving the question of bulk superconductiv
for this compound open. Based on the observed29 sensitivity
of Ru-1212Gd to magnetic field inhomogeneities, when it
moved in the superconducting magnet of the SQUID mag
tometer during the measurements, we suggest that the
ported different behaviors can be the result of different fi
8-4
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TOWARDS UNIVERSAL MAGNETIZATION CURVES IN . . . PHYSICAL REVIEW B68, 144518 ~2003!
profiles in the superconducting magnet and not of differ
superconducting properties. In order to avoid the artifa
arising from moving the sample in an inhomogeneous fie
we did measurements on a stationary Ru-1212Gd sam
employing a homemade SQUID magnetometer. Our d
showed none of the suspicious ‘‘symptoms’’ that measu
ments with a magnetometer employing sample movem
show when artifacts are present~e.g., no reversal of the fea
tures observed in the superconducting state of Ru-1212G
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