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Superconducting RuSr2GdCu2O8 studied by SQUID magnetometry
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For polycrystalline RuSr2GdCu2O8 ~Ru-1212!, distinct peaks have been reported in dc magnetization in the
superconducting state of the sample. Sr2GdRuO6 ~Sr-2116!, the precursor for the preparation of Ru-1212,
shows similar peaks in the same temperature regime. Based on measurements performed on both bulk and
powdered samples of Ru-1212 and Sr-2116, we exclude the possibility that the observed behavior of the
magnetization of Ru-1212 is due to Sr-2116 impurities. The effect is related to the superconductivity of
Ru-1212, but it is not an intrinsic property of this compound. We provide evidence that the observation of
magnetization peaks in the superconducting state of Ru-1212 is due to flux motion generated by the movement
of the sample in an inhomogeneous field, during the measurement in the superconducting quantum interference
device~SQUID! magnetometer. We propose several tests that help to decide whether the features observed in
a SQUID magnetization measurement of Ru-1212 represent a property of the compound or not.

DOI: 10.1103/PhysRevB.66.104509 PACS number~s!: 74.72.2h, 74.25.Ha, 75.50.2y
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I. INTRODUCTION

Most of the known high-temperature superconduct
~HTSC’s! have a common feature: a layered structure, wh
the existence of CuO2 layers seemed to be essential for t
observation of superconductivity, at least until recently.1 Al-
though there is no complete theory explaining the superc
ductivity of these cuprates, the CuO2 layers are believed to
be responsible for conductivity and superconductivity, wh
interspersed layers, either insulating or weakly metallic,
as charge reservoirs donating carriers to the CuO2 planes.
Thus, the cuprates can be viewed as a stacking of super
ducting sheets~consisting of the CuO2 layers! coupled by
Josephson interaction.

It is interesting to investigate how the properties of
HTSC system, like YBa2Cu3O61x ~YBCO!, would be af-
fected, if the coupling between the superconducting shee
changed, with the introduction of a metallic block. An effo
to follow this idea made by Bauernfeind2 led to the discovery
of RuSr2GdCu2O8 ~Ru-1212!,3,4 where the~Ba,O!-~Cu,O!-
~Ba,O! charge reservoir of YBCO is substituted by
SrRuO3-like block. SrRuO3 is a pseudocubic perovskite an
a metallic itinerant ferromagnet withTCurie;160 K.5

The Tc of Ru-1212 depends strongly on the preparat
conditions6 and there are reports for nonsuperconduct
samples7 as well as for samples, in which the onset of sup
conductivity reaches 50 K~Refs. 2 and 8! or even higher for
Ru/Cu substitutions.9 In any case, it is low compared to tha
of YBCO, presumably because of the underdoped chara
of the CuO2 planes. Powder neutron diffraction studies10–12

showed that the Ru~and Gd! moments in this compound
order antiferromagnetically at;135(2.5) K. In more detail,
a canted arrangement of the moments is indicated by hy
esis loops in dc magnetization versus magnetic fi
measurements,12,13 which reveal a ferromagnetic compone
in the compound’s magnetic properties~weak ferromag-
netism!. The fact that Ru-1212 is magnetic is not surprisi
0163-1829/2002/66~10!/104509~9!/$20.00 66 1045
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in view of the properties of SrRuO3 mentioned above, bu
makes the family of Ru-1212 compounds,14–16 together with
RuSr2(R0.7Ce0.3)2Cu2O10,17–20 where R5Eu, Gd ~Ru-
1222!, the only family of HTSC compounds, where supe
conductivity arises in a state, in which magnetic order
already developed.

There is some skepticism, especially whether superc
ductivity is a bulk property of Ru-1212 or even an intrins
property of this compound at all. Xueet al.21 report the ab-
sence of a Meissner state for Ru-1212, while Chuet al.22

suggest the existence of a cryptosuperconducting structu
this compound. On the other hand, heat capacity,23 together
with muon spin rotation13 and electron spin resonanc
experiments24 indicate that bulk superconductivity and ma
netism in Ru-1212 coexist on a microscopic scale.

The skepticism, whether Ru-1212 is a bulk superco
ductor or not, is enhanced by the controversial results on
field cooled dc magnetization of Ru-1212 and related co
pounds published by different groups. The field expuls
shown in such a measurement, corresponding to a b
Meissner effect, is generally considered as the key indica
for bulk superconductivity. Nevertheless, some publish
data include an increase of the magnetization at the temp
ture where intergranular coupling has been establish9

sometimes followed by a decrease of the magnetization
lower temperatures, which leads to the appearance of a p
in the magnetization versus temperature plots.25 Klamut
et al.26 have tentatively attributed these features to a cha
of the magnetic ordering of the Ru sublattice upon enter
the superconducting state or to an anomalous flux lattice
havior. Artini et al.27 and Bauernfeind2 report a rather ‘‘re-
versed’’ effect, where a decrease of the magnetization is
served first, attributed to a Meissner behavior, followed by
increase of the magnetization at lower temperatures. Ar
et al.27 attribute the poor visibility of the Meissner state
the existence of a spontaneous vortex state proposed
Bernhardet al.8 or to a phase lock of an aggregation of sm
©2002 The American Physical Society09-1
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Josephson-coupled superconducting grains or domains
posed by Chenet al.19 The field-cooled curve of Klamu
et al.,26 with an increase of the magnetization just belowTc ,
followed by a plateau at low temperatures, is also remin
cent of a ‘‘reversed’’ effect compared to the field-cool
curves published by Bernhardet al.,8 which show a decreas
of the magnetization just belowTc and a plateau at low
temperatures, considered as evidence for the existence
bulk Meissner state in Ru-1212.

In their paper, Artiniet al.27 recognize that the complexit
of the magnetic signal of Ru-1212, which consists of con
butions from the Gd paramagnetic spin lattice, the Ru s
lattice, and the diamagnetic signal due to superconductiv
can drastically affect the quality of a superconducting qu
tum interference device~SQUID! magnetization measure
ment, if this is done in a nonuniform field. Indeed, the d
ferent behaviors of the field-cooled dc magnetization of R
1212 described above are reminiscent of features reporte
McElfresh et al.28 for an YBCO film measured in differen
~measured! field profiles. These features, though, the spec
characteristics of which depended on the profile of the m
suring field, did not represent intrinsic properties of t
sample. They did arise from the fact that the magnetiza
of the sample was changing, because of the nonuniform fi
during a measurement at fixed temperature, while the a
rithms used by the magnetometer’s software to calculate

FIG. 1. The low-temperature behavior of~a! the imaginary and
~b! the real parts of the ac susceptibility of our Ru-1212 sample
different field amplitudes.
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magnetization assume that this does not happen. It is
purpose of this paper to investigate whether Ru-1212 sh
a similar sensitivity to field inhomogeneities, which cou
give rise to experimental artifacts, during a SQUID dc ma
netization measurement.

II. EXPERIMENT

A. Sample preparation and characterization

Polycrystalline samples of Ru-1212 were prepared f
lowing a two-step procedure proposed by Bauernfe
et al.2,4 First, Sr2GdRuO6 ~Sr-2116! was prepared from sto
ichiometric quantities of RuO2, Gd2O3, and SrCO3. The
mixed powders were ground, calcined at 950 °C in air,
ground, milled, pressed into pellets, and fired for 16 h
1250 °C in air. In a second step, the obtained Sr-2116
mixed with CuO and the mixture was ground, mille
pressed into pellets, and fired for 120 h at 1060 °C in flow
oxygen.

A Seifert XRD 3000 P diffractometer was used for th
sample characterization. The powder diffraction data w
recorded for 40 sec at each 2u in steps of 0.01° from 5° to
75°. A weak peak indicative of SrRuO3 trace impurities was
detected in the pattern of the sample.

B. Measurements

Resistance measurements were performed with a stan
four-probe ac technique~at 22.2 Hz! on bar-shaped piece
cut from the pellets using silver paint contacts.

ac susceptibility measurements were done with a ho
made susceptometer using a standard lock-in techniqu
22.2 Hz with different field amplitudes.

dc magnetization measurements were done with a c
mercial SQUID magnetometer~Cryogenic Consultants Ltd
S600! in the temperature range 7 K<T<200 K and mag-
netic fieldsB,10 mT. In order to overcome the problem o
remanent fields, we used paramagnetic samples with h
magnetic moments in low fields~e.g., PrCu6) as field sen-
sors. The magnet power supply was disconnected and
external current source~Knick DC-Current-Calibrator J152!
was used to apply the appropriate current for the cancella
of the remanent field according to the signal from the pa
magnetic sample. Complete cancellation is difficult to
achieved, but after this procedure, values for the magn
moment of the paramagnetic samples close to the resolu
of our SQUID (5310210 A m2) were recorded at 7 K. Com
paring this signal with that at the same temperature in a fi
of 92.9 mT we estimate a remanent field of 1.5mT. The low
fields of Figs. 2 and 3 were also determined by a compari
of the paramagnetic sample’s signal at 7 K with that at the
same temperature in a field of 92.9 mT. Nevertheless, s
our measurements indicate that field inhomogeneties w
present, the given field values should be considered as
mates. For this reason, when a comparison between mea
ments in a certain field was necessary, the samples w
measured one after the other, before any change of the
was undertaken.
r
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III. RESULTS AND DISCUSSION

A. Superconductivity and magnetism of our Ru-1212 sample

Figures 1 and 2 show the ac susceptibility and resistiv
as well as the zero-field-cooled~ZFC! and field-cooled~FC!
dc magnetization curves of our Ru-1212 sample. A magn
transition is observed, as expected,10–12 at 135 K. The hys-
teresis between the ZFC and FC branches of the dc ma
tization probably arises from the canting of the antiferrom
netically ordered Ru moments.7 Increased canting of the R
moments due to the presence of the external magnetic
in the FC process leads to higher values of the magnetiza
compared to the ZFC branch. The resistance of the sam
which has a metallic behavior at high temperatures, show
cusp in the temperature range of the magnetic transition.
onset of superconductivity is at 50 K, while the resistan
becomes zero at 30 K. At this temperature, the intergran
coupling is established and a clear diamagnetic respons
observed in the real part of the ac susceptibility with t
corresponding loss peaks in the imaginary part. Typical
shielding due to intergranular coupling, the transition wide
and shifts to lower temperatures, as the ac field amplitud
increased.29

Distinct anomalies of the dc magnetization are obser
for our Ru-1212 sample as it enters the superconduc
state. The curves presented in Fig. 2 show a clear increa
25 K and a peak at a temperature of 18 K, below which
magnetization decrease indicative of field expulsion due
superconductivity begins. Klamutet al.26 were, to the best of
our knowledge, first to report similar features. Their sam
had a higherTc of 35 K and the peak was observed above
K under the condition of zero-field cooling. The origin o
these peaks is still unclear. A comparison of Fig. 1 with
shows that the onset of the peaks (;25 K) is close to the
temperature, where intergranular coupling has been es
lished. Thus, the increase of the magnetization happens w

FIG. 2. dc magnetization of our Ru-1212 sample measured
field of 0.25 mT. The magnetic momentM is normalized to the
value of the magnetic momentMsat corresponding to complete flu
expulsion from the sample. Inset: resistance of the same sa
normalized to the room-temperature value.
10450
,

ic

e-
-

ld
on
le,
a

he
e
ar
is

r
s
is

d
g
at

a
o

e
5

b-
en

shielding currents start to flow between the grains. This f
was also observed by Klamutet al.26

Figure 3 shows the behavior of the low temperature R
1212 magnetization peak in different magnetic fields. T
position of the peak (;18 K) does not change significantl
with magnetic field up to 3.6 mT. Above this field value, th
feature is washed out and the Gd paramagnetic contribu
seems to dominate at low temperatures. In these higher fi
the Gd contribution becomes more significant also at hig
temperatures, in the normal state of the sample.

In the following, we will investigate the origin of thes
features. We will examine first, though, whether the obser
behavior of the Ru-1212 magnetization at low temperatu
is not related to impurities.

B. Can the peaks be due to Sr2GdRuO6 trace impurities?

The dc magnetization of Sr-2116 is shown in Fig. 4. S
2116 can appear as an impurity phase in the Ru-1212 ma
and, in cases like ours, is used as a precursor for the pr
ration of Ru-1212.2,4,13 The sample was prepared as d
scribed in the first step of the Ru-1212 preparation. In
x-ray pattern traces of the original Gd2O3 powder were still
present. The specific features of the Sr-2116 magnetiza
were presented and analyzed in our previous work25 and will
not be discussed here. It is interesting to note that Sr-2

a

le

FIG. 3. Low-temperature field-cooled dc magnetization of t
Ru-1212 sample of Fig. 2 in different magnetic fields. The ‘‘0’’ fie
is the tiny remanent field, which was achived using the PrC6

sample as a field sensor, following the method described in Sec
9-3
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shows a magnetization peak around 18 K, i.e., in the te
perature range, where the peaks for Ru-1212 are observ

In Fig. 4~a!, measurements on bulk samples of Ru-12
and Sr-2116 are shown. The results for Ru-1212 presente
Fig. 4~a! and those in the previous figures are on two diff
ent pieces of Ru-1212 coming from the same pellet. All
necessary quantities for a comparison between the two c
pounds are given in the figure caption: the height of
peaks in units of magnetic moment and the masses of
samples. Although our x-ray data put an upper limit of ab
0.3 mg to possible Sr-2116 impurities in our Ru-12
sample, which represents a concentration of about 3%~reso-
lution of the instrument!, it is obvious that;9 mg, or 88%,
of Sr-2116 impurities would be needed to quantitatively e
plain the magnetization peak of the Ru-1212 sample as a
ing due to Sr-2116.

Similar argumentation was used in our previous work25 to
exclude the possibility that the peaks observed for Ru-1
are due to Sr-2116 impurities. The fact, though, that poss
Sr-2116 grains are enclosed in a magnetic Ru-1212 ma
was not taken into account. We do not expect that the m
netism of Ru-1212 would affect the behavior of Sr-2116 s
nificantly when the sample is cooled in a small applied fi

FIG. 4. ~a! Field-cooled dc magnetization of bulk Ru-121
~open squares! and Sr-2116~open circles!. The size of the peak for
Ru-1212 in units of magnetic moment was 6.231028 A m2 and the
mass of the sample was 10.12 mg. For Sr-2116 the size of the
was 931028 A m2 and the mass of the sample was 14.14 mg.~b!
The same after the two samples presented in~a! were powdered.
The measuring field was 0.25 mT in all cases.
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of 0.25 mT, like in the case presented in Fig. 4. Assumin
homogeneous Ru-1212 matrix and using the magnetiza
M at 25 K for the bulk Ru-1212 sample from Fig. 4~a!, we
estimate a contribution to the magnetic field from the R
1212 compoundB5m0M50.2 mT, which could not en-
hance the magnetism of small amounts of Sr-2116, not
ible in x-ray powder diffraction patterns, distributed in th
Ru-1212 matrix to the level of the Ru-1212 peaks.

We have already discussed25 how parameters, which ca
be affected during the preparation of Sr-2116, like oxyg
content, Ru deficiencies, or Cu doping~this could take place
for example during the preparation of Ru-1212 by add
CuO to Sr-2116!, could enhance the magnetism of Sr-21
and then smaller amounts of this compound would be ne
sary to produce the peaks measured for Ru-1212. Indeed
Sr-2116 peaks we found previously25 were more pronounced
compared to those of Fig. 4. These points make the ab
quantitative comparison somewhat uncertain. However
none of the cases we studied,25 did we find a peak for Sr-
2116-like compounds, which could explain the Ru-12
peak, assuming an impurity level consistent with our x-r
data.

In order to further investigate whether the magnetizat
anomalies in the superconducting state of Ru-1212 are du
Sr-2116 impurities or not, we powdered the samples of R
1212 and Sr-2116 of Fig. 4~a! and remeasured their magn
tization. The powders were embeded in GE varnish for
measurements. The result is shown in Fig. 4~b!. The pow-
dered Ru-1212 sample has a completely different behavio
low temperatures. The peak has disappeared together
the magnetization decrease indicative of field expulsion
to superconductivity. This behavior can be attributed to gr
size of the order of the penetration depth or to the quasi-t
dimensional character of the superconducting regions9 which
prevents intragrain flux expulsion to occur. On the oth
hand, the properties of Sr-2116 remain unchanged after p
dering. Thus, if the Ru-1212 peak were due to Sr-2116
purities, we expect it to still be present in the powder
sample.

A further argument is that the position of the Ru-12
peaks is not fixed for all samples and seems to follow
temperature, at which intergranular coupling is establish
In another case, where the Ru-1212 magnetization pe
have been observed,26 the sample had a higherTc of 35 K
compared to ours and the peak was observed above 25 K
this case it would be very difficult to attribute the observ
peak to Sr-2116 impurities, not only quantitatively, like
our case, but also as far as the peak temperature is
cerned.

The above analysis indicates that the magnetization pe
observed in the superconducting state of Ru-1212 are rel
to the superconductivity of this compound. In the followin
we will show, though, that they are not an intrinsic prope
of this compound, but arise from the movement of t
sample in a nonhomogeneous field during the measurem
with the SQUID magnetometer. Nevertheless, we begin
discussing a model for the explanation of these peaks,as if
they represented an intrinsic property of the compound. This
discussion will ~i! help us illustrate clearly the danger o

ak
9-4
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SUPERCONDUCTING RuSr2GdCu2O8 STUDIED BY . . . PHYSICAL REVIEW B 66, 104509 ~2002!
developing impressive, but invalid, explanations, when
careful check of the SQUID magnetization of Ru-1212 h
not been done and~ii ! serve as the starting point for th
proposal and evaluation of several tests by which the vali
of the magnetization features calculated by the SQUI
software for Ru-1212~or any other superconductor! can be
investigated.

C. Possible„but not real… origin of the Ru-1212
magnetization peaks

Recently, the occurrence of the paramagnetic Meiss
effect ~PME! has been predicted for superconductors, wh
they are cooled in a field belowTc , from the self-consisten
solution of the Ginzburg-Landau equations.30 The physical
picture behind this model is as follows30: when a vortex is
present inside a superconductor, the current around it fl
in a direction to screen the vortex field from entering t
bulk of the sample. In a magnetic field, additional surfa
current flows in order to prevent the field from entering t
interior of the superconductor. These two currents flow
opposite directions and contribute with different signs to
superconductor’s magnetizationM. The current around the
vortices gives a positive~paramagnetic! contribution, while
the surface current gives a negative~diamagnetic! contribu-
tion. The resulting value ofM can be negative or positiv
depending on the value of the magnetic field. The PM
arises, then, from the imbalance between the two scree
currents. This physical picture can explain the magnetiza
peaks observed for our Ru-1212 samples as the result o
competition between the screening currents around the
tices, which dominates at temperatures close toTc , and the
surface current, the diamagnetic contribution of which sta
to dominate at lower temperatures.

The model predicts the existence of vortex states w
different vorticities, each of which exists in a certain range
magnetic fields. Some of these states are paramagnetic
some diamagnetic. Equilibrium transitions between them
not allow the observation of the PME. On the other hand
metastable states exist, introduced by vortex pinning, the
servation of the PME is possible. In order to investigate t
feature of the model, we did FC dc magnetization measu
ments using different cooling rates. The result is shown
Fig. 5. The slow cooling measurement, which showed
peak, was done by cooling the sample from 200 K with
cooling rate of about 0.2 K/min below 40 K. The cooling ra
was controlled by taking the measurements during cooldo
~similar to the procedure followed for the curves of Fig.!
with a step of 0.2 K from 40 to 7 K. The curve was reme
sured during warm-up and no hysteresis was observed.
fast cooling measurement was done by cooling the sam
directly from 200 K to 7 K within 2 h. The measurement
were taken during warm-up. The difference between the
curves is obvious below the peak position of the slow co
ing measurement. The fast cooling measurement was
peated under the same cooling conditions. Now the meas
ments were not taken immediately after reaching 7 K,
after the sample was left at 7 K for 24 h. This second mea
surement, as shown in Fig. 5, was identical with the first o
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under fast cooling conditions. After this second fast cooli
measurement, the slow cooling measurement was also
peated and it gave the same result as the first slow coo
measurement. The observed dependence of the meas
magnetization on the cooling rate is in accordance with
model’s prediction that the observation of the PME is a s
nal of metastability. At this point we should note that cons
erations similar to those developed here were recently u
to introduce the PME in MgB2.31 There the peak position
where the curves measured under different cooling ra
merge, was identified as the irreversibility temperature c
nected with the vortex pinning that introduces metastabil

According to Zharkov,30 the appearance of the PME
determined by the size parameterA5(R/k)(2pH/F0)1/2,
where R is the diameter of the sample,k the Ginzburg-
Landau parameter,H the magnetic field, andF0 the flux
quantum. ForA51, for example, no PME is expected,30

while for A53 the appearance of the PME is allowed.30 The
dependence of the PME appearance on the parameterA can
explain why intergranular coupling has to be established,
fore the PME is observed. First of all, for samples with gra
size of the order of the penetration depth or smaller,
establishment of intergranular coupling is the only possibi
for the creation of the surface current, which creates the
magnetic contribution toM. On the other hand, for sample
with grain size bigger than the penetration depth, if this s
gives a value ofA not consistent with the appearance of t
PME, then the effect will not be observed before intergran
lar coupling is established. So intergranular coupling chan
the characteristic size of the sample and can lead fromA
values not consistent with the appearance of the PME
values consistent with it.

In the study of MgB2, Horvat et al.31 recognize that the
appearance of the PME in the ZFC data is difficult to und
stand. They consider this a feature, which distinguishes
PME reported for MgB2 from the PME in the conventiona
or high-temperature superconductors. For Ru-1212 the

FIG. 5. FC dc magnetization of bulk Ru-1212 using two diffe
ent cooling rates. The solid and open squares represent the
measurements under slow cooling conditions, while the solid
open circles the two measurements under fast cooling condit
~see text!. For clarity several data points have been deliberat
omitted below the peak position. The measuring field was 1 mT
9-5
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PAPAGEORGIOU, BRAUN, AND HERRMANNSDO¨ RFER PHYSICAL REVIEW B66, 104509 ~2002!
pearance of the PME in the ZFC curve~see ZFC data in Fig
2! can be understood if one keeps in mind that Ru-1212
magnetic superconductor and, even when it is cooled in z
magnetic field, it will react to its own magnetism. An ind
cation for this is given by the measurement in ‘‘0’’ fiel
presented in Fig. 3, although the existence of a tiny reman
field cannot be avoided. Since within the framework of t
model presented a vortex state is necessary for the obs
tion of the PME, the observation of the magnetization pe
in this curve also can be considered indicative of the e
tence of the spontaneous vortex phase in Ru-1212, as
been already discussed for the Ruthenium-cuprates.8,32

D. Real origin of the Ru-1212 magnetization peaks

In Sec. III C we proposed a model for the explanation
the dc magnetization measurements on our Ru-1212 sam
which practically explains all the experimental observatio
Within this model, the observed features in the magnetiza
of our Ru-1212 sample were explained as arising from
competition of a paramagnetic contribution from the curre
around the vortices and a diamagnetic contribution from
surface current. If this is the case, we expect that a reve
of the field should lead to a reversal of the observed featu
In Fig. 6, we show the slow cooling measurement of Fig. 5
a field of 21 mT. While the paramagnetic signal observ
above 30 K is reversed as expected, the peak is obse
again but it has not been reversed by the inversion of
field. This fact indicates that the mechanism proposed in S
III C for the explanation of the magnetization peaks obser
in the superconducting state of Ru-1212 is not the appro
ate one.

In order to further investigate the validity of our assum
tions in Sec. III C, we have tested the reproducibility of o
measurements after the superconducting magnet of the m
netometer was cycled in the following way: 0 T→6 T→
26 T→0 T→0.05 mT. The FC measurement after th
cycle is shown in Fig. 7. It is obvious that the effect h
reversed sign compared to Fig. 2. Now a decrease of
magnetization is observed belowTc followed by a rapid in-
crease of the magnetization at lower temperatures.

FIG. 6. The FC dc magnetization measurement of Fig. 5 w
inversed field direction.
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The result presented in Fig. 6 is similar to an observat
made by Bluntet al.,33 when they investigated the origin o
‘‘paramagnetic’’ moments in the superconducting state
(Tl0.5V0.5)Sr2(Ca0.8Y0.2)Cu2Oy . On the other hand, the re
sult of Fig. 7 is reminiscent of effects reported by McElfre
et al.28 for an YBCO thin film, where field profiles symmet
ric with respect to a set value of the magnetic field crea
magnetization features with reversed signs in the superc
ducting state of the sample. We note that the cycling of
magnet to high fields, before the measurement of Fig. 7
very likely to have changed the profile of the field compar
to that of measurements presented in previous figures.28

In both cases reported above, the authors28,33 have inter-
preted their observations as artifacts arising from the mo
ment of the sample in a nonhomogeneous field during
measurement with the SQUID magnetometer. The problem
as follows: For many of the commercially available magn
tometers the measurement requires the motion of the sam
through a pickup coil system. These coils are wound in
second-derivative configuration, where the two outer det
tion loops, located at a distanceA from the center of the
magnetometer’s magnet, are wound oppositely to the
central loops located at the center of the magnet. During
measurement, the movement of the sample through
pickup coils induces currents in the detection loops, whi
through an inductanceL, create magnetic flux in the SQUID
circuit, resulting in an output voltageV, which depends on
the position of the samplez. This signalV(z) is fitted by the
SQUID’s software for the determination of the sample
magnetic moment. Nearly all analysis methods of theV(z)
signal make two significant assumptions for the magne
moment of the sample:~a! that it is approximated by a mag
netic dipole moment and~b! that the sign and value of thi
moment do not change during the measurement. A super
ducting sample, though, will follow a minor hysteresis loo
during the measurement, when the magnetometer’s fiel
not homogeneous. Libbrechtet al.,34 using the Bean
model,35 have shown that, depending on the sample prop
ties and the level of field inhomogeneity, it is even possi
that the sample’s magnetization will change sign and ev

h FIG. 7. FC dc magnetization measurement of our Ru-12
sample in a field of 0.05 mT after the cycle 0 T→6 T→26 T
→0 T→0.05 mT.
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SUPERCONDUCTING RuSr2GdCu2O8 STUDIED BY . . . PHYSICAL REVIEW B 66, 104509 ~2002!
FIG. 8. ~a! FC dc magnetization measurement of the moving Ru-1212 sample, where the peak like feature at low temperatures is
The measurement was done in a nominal field of 0.25 mT.~b! The output voltage of the SQUID circuit with stationary sample in the sa
field. Characteristic temperatures given at certain time points are derived from a thermometer located in the flowing He gas a few ce
away from the sample and should be considered as a guide to the eye. The data are corrected for the voltage vs time drift of th
setup. Inset: the low-temperature part of the FC measurement.
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tually reach its original value with reversed sign at the end
the scan in a nonhomogeneous field. Such problems crea
spurious signals in the dc magnetization of superconduc
materials have been discussed in the past by sev
authors.28,33,34,36,37

The above analysis motivated us to investigate whe
Ru-1212, in its superconducting state, shows a similar se
tivity to field inhomogenieties, which could create artifacts
its measured magnetization. We worked in the followi
way: another cycle of the magnet from high magnetic fie
to zero and finally to 0.25 mT was done. After this cycle t
peak in the FC dc magnetization data reappeared, as sh
in Fig. 8~a!. After this measurement and without changi
the field, we placed the sample in the center of the pick
coil system and recorded the output voltage of the SQU
circuit as the sample was cooled from 200 K without movi
it. With this type of measurements absolute values of
magnetization cannot be calculated; however, the recor
signal is proportional to changes of the sample’s magnet
tion. The result is shown in Fig. 8~b!. No peak like feature is
observed at low temperatures in this measurement. On
decrease of the magnetization indicative of field expulsion
the sample is entering the superconducting state is obse
In the same figure we have also included the ZFC meas
ment for our sample. Again, no peak like feature of the m
netization at low temperatures is observed. The meas
ments presented in Fig. 8 clearly illustrate that the peak
features of the dc magnetization observed in the super
ducting state of Ru-1212 are an experimental artifact aris
from the movement of the sample in an inhomogeneous fi
during the measurement in the SQUID magnetometer.

In view of the observed sensitivity of the Ru-1212 me
sured magnetization to field inhomogenieties and since
have no evidence that a field reversal, similar to that for
measurements presented in Fig. 6, or cycling of the mag
similar to that before the measurements presented in Fig
affects the field profile of the superconducting magnet i
systematic way, we consider measurements similar to th
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in Fig. 8~b! as the most reliable test, which helps to deci
whether the observed features in a SQUID magnetiza
measurement of Ru-1212~or any other superconductor! rep-
resent a true property of the compound or not.

E. Some remarks for Sr-2116

The field profile of the SQUID’s superconducting magn
can affect the measured magnetization not only of superc
ducting samples~like Ru-1212! but also of any sample show
ing hysteresis in its magnetization. This sets the validity
the reported magnetization peak for Sr-2116 under ques
~see Sec. III B and Ref. 25!. Thus, we tested Sr-2116 a
introduced above. In Fig. 9~a! we show a FC measurement o
a Sr-2116 sample in a negative field of20.25 mT and in Fig.
9~b! a FC measurement of the SQUID setup’s output volta
in a field of 0.25 mT. The peak, which has been attributed
a response of the paramagnetic Gd moments to the ant
romagnetic ordering of the Ru moments at about 35 K,25 is
reversed in the negative field and is also obvious in in
measurement without moving the sample. These meas
ments show that the reported25 magnetization peak for Sr
2116 represents a true property of the material.

IV. CONCLUDING REMARKS

In summary, we have investigated the origin
‘‘paramagnetic’’-like features~see Figs. 2 and 7! in the su-
perconducting state of Ru-1212. We have shown that th
features, with high probability, are experimental artifac
arising from the movement of the sample in an inhomo
neous field during the measurement with the SQUID mag
tometer. In view of the observed sensitivity of the Ru-12
measured properties to the field profile of the supercond
ing magnet, we have proposed and evaluated several t
which can help to decide whether the observed features
SQUID magnetization measurement of Ru-1212 is an int
sic property of the compound or not, with the most reliab
9-7
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PAPAGEORGIOU, BRAUN, AND HERRMANNSDO¨ RFER PHYSICAL REVIEW B66, 104509 ~2002!
FIG. 9. ~a! FC dc magnetization measurement of the moving Sr-2116 sample in a field of20.25 mT. ~b! The output voltage of the
SQUID circuit with stationary sample in a field of 0.25 mT. Characteristic temperatures given at certain time points are derived
thermometer located in the flowing He gas a few centimeters away from the sample and should be considered as a guide to the ey
are corrected for the voltage vs. time drift of the SQUID setup. Inset: the low-temperature part of the FC measurement.
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one being the recording of the SQUID circuit’s output vo
age as the sample is cooled or warmed up in the magn
meter without being moved. We consider these tests as
eral tests, which can be used for the evaluation of the dat
any superconducting sample.

Our work shows, that any ‘‘paramagnetic’’-like features
the superconducting state of Ru-1212, which could easily
related to some response of the Gd moments in this c
pound and considered as an indication for the lack o
Meissner state for Ru-1212, have to be evaluated caref
On the other hand, features indicative of the existence of
Meissner state for this compound have also to be inve
gated carefully. Our work together with the measurements
McElfresh et al.28 indicates that any measure
‘‘paramagnetic’’-like features can easily be turned
‘‘diamagnetic’’-like features, which could be mistaken as
indication of the existence of a bulk Meissner state for R
1212, by a reversal of the field profile with respect to the
value of the magnetic field. The FC measurement on a
tionary sample presented in Fig. 8~b! indicates that the
Meissner state indeed exists for Ru-1212. Nevertheless, s
lar measurements, where the calculation of the absolute
ues of the magnetization will be possible for an estimation
G

ys

.
ns

.
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the superconducting volume of the sample, are necessa
order to clarify this issue.

Both here and in our previous work25 we have shown tha
Sr-2116 can also be a good candidate for the explanatio
any ‘‘peculiar’’ features in the low-temperature properties
Ru-1212 like dc magnetization and specific heat. Since
Ru-1212 compounds with other lanthanides in the place
Gd have recently been reported,14–16,38we note that there is
a whole series of Sr-2116 compounds also with other
thanides in the place of Gd, which are magnetic at
temperatures.39–44 Some of these Sr-2116 compounds dop
with Cu, like Sr2YRu12xCuxO6 @but not Sr2GdRu12xCuxO6
~Ref. 25!# are also reported superconducting with aTc simi-
lar to those of the Ru-1212 compounds.45–49Careful studies,
similar to those in our previous work25 and in Sec. III B, are
necessary to exclude the possibility, that trace impuritie
Sr-2116 compounds are responsible for the properties a
uted to the Ru-1212 phase.
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