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For polycrystalline RuSGdCuy,0g (Ru-1213, distinct peaks have been reported in dc magnetization in the
superconducting state of the sample, &tRuQ (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.
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. INTRODUCTION in view of the properties of SrRuOmentioned above, but
makes the family of Ru-1212 compounts®together with
Most of the known high-temperature superconductorRuSe(R,-Ce, 5),Cl,050,"2° where R=Eu, Gd (Ru-
(HTSC’s) have a common feature: a layered structure, wherg 229, the only family of HTSC compounds, where super-
the existence of Cuplayers seemed to be essential for theconductivity arises in a state, in which magnetic order is
observation of superconductivity, at least until recehiy- already developed.
though there is no complete theory explaining the supercon- There is some skepticism, especially whether supercon-
ductivity of these cuprates, the Cyayers are believed to ductivity is a bulk property of Ru-1212 or even an intrinsic
be responsible for conductivity and superconductivity, whileproperty of this compound at all. Xuet al?! report the ab-
interspersed layers, either insulating or weakly metallic, ackence of a Meissner state for Ru-1212, while Gital??
as charge reservoirs donating carriers to the Cpl@nes.  suggest the existence of a cryptosuperconducting structure in
Thus, the cuprates can be viewed as a stacking of supercothis compound. On the other hand, heat cap&citpgether
ducting sheetgconsisting of the Cu@layers coupled by  with muon spin rotatioff and electron spin resonance

Josephson interaction. experiment&' indicate that bulk superconductivity and mag-
It is interesting to investigate how the properties of anetism in Ru-1212 coexist on a microscopic scale.
HTSC system, like YBgCu;Og,, (YBCO), would be af- The skepticism, whether Ru-1212 is a bulk supercon-

fected, if the coupling between the superconducting sheets @uctor or not, is enhanced by the controversial results on the
changed, with the introduction of a metallic block. An effort field cooled dc magnetization of Ru-1212 and related com-
to follow this idea made by Bauernfeifitid to the discovery pounds published by different groups. The field expulsion
of RuS,GdCWwOg (Ru-1212,** where the(Ba,0-(Cu,0-  shown in such a measurement, corresponding to a bulk
(Ba,0 charge reservoir of YBCO is substituted by a Meissner effect, is generally considered as the key indicator
SrRuG-like block. SrRuQ@ is a pseudocubic perovskite and for bulk superconductivity. Nevertheless, some published
a metallic itinerant ferromagnet withg, e~ 160 K.° data include an increase of the magnetization at the tempera-
The T, of Ru-1212 depends strongly on the preparationture where intergranular coupling has been established,
condition§ and there are reports for nonsuperconductingsometimes followed by a decrease of the magnetization at
sample$ as well as for samples, in which the onset of super{ower temperatures, which leads to the appearance of a peak
conductivity reaches 50 KRefs. 2 and Bor even higher for in the magnetization versus temperature pfotKlamut
Ru/Cu substitution$.In any case, it is low compared to that et al?® have tentatively attributed these features to a change
of YBCO, presumably because of the underdoped characterf the magnetic ordering of the Ru sublattice upon entering
of the CuQ planes. Powder neutron diffraction studfe$?  the superconducting state or to an anomalous flux lattice be-
showed that the Rgand Gd moments in this compound havior. Artini et al?” and Bauernfeintreport a rather “re-
order antiferromagnetically at 135(2.5) K. In more detail, versed” effect, where a decrease of the magnetization is ob-
a canted arrangement of the moments is indicated by hysteserved first, attributed to a Meissner behavior, followed by an
esis loops in dc magnetization versus magnetic fieldncrease of the magnetization at lower temperatures. Artini
measurement$:*3which reveal a ferromagnetic component et al?’ attribute the poor visibility of the Meissner state to
in the compound’s magnetic propertiéaeak ferromag- the existence of a spontaneous vortex state proposed by
netism. The fact that Ru-1212 is magnetic is not surprisingBernhardet al® or to a phase lock of an aggregation of small
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Josephson-coupled superconducting grains or domains praiagnetization assume that this does not happen. It is the
posed by Cheret al!® The field-cooled curve of Klamut purpose of this paper to investigate whether Ru-1212 shows
et al,?® with an increase of the magnetization just bel®w a similar sensitivity to field inhomogeneities, which could
followed by a plateau at low temperatures, is also reminisgive rise to experimental artifacts, during a SQUID dc mag-
cent of a “reversed” effect compared to the field-cooled netization measurement.

curves published by Bernhasd al.® which show a decrease

of the magnetization just below. and a plateau at low

temperatures, considered as evidence for the existence of a Il. EXPERIMENT

bulk Meissner state in Ru-1212.

In their paper, Artiniet al? recognize that the complexity
of the magnetic signal of Ru-1212, which consists of contri- Polycrystalline samples of Ru-1212 were prepared fol-
butions from the Gd paramagnetic spin lattice, the Ru spidowing a two-step procedure proposed by Bauernfeind
lattice, and the diamagnetic signal due to superconductivityet al* First, SkGdRuQ; (Sr-2116 was prepared from sto-
can drastically affect the quality of a superconducting quanichiometric quantities of RuQ Gd,0;, and SrCQ. The
tum interference devicéSQUID) magnetization measure- mixed powders were ground, calcined at 950°C in air, re-
ment, if this is done in a nonuniform field. Indeed, the dif- ground, milled, pressed into pellets, and fired for 16 h at
ferent behaviors of the field-cooled dc magnetization of Ru-1250°C in air. In a second step, the obtained Sr-2116 was
1212 described above are reminiscent of features reported byixed with CuO and the mixture was ground, milled,
McElfresh et al?® for an YBCO film measured in different pressed into pellets, and fired for 120 h at 1060 °C in flowing
(measureffield profiles. These features, though, the specificoxygen.
characteristics of which depended on the profile of the mea- A Seifert XRD 3000 P diffractometer was used for the
suring field, did not represent intrinsic properties of thesample characterization. The powder diffraction data were
sample. They did arise from the fact that the magnetizatiomecorded for 40 sec at eact¥ 2n steps of 0.01° from 5° to
of the sample was changing, because of the nonuniform field;5°. A weak peak indicative of SrRyQrace impurities was
during a measurement at fixed temperature, while the algadetected in the pattern of the sample.
rithms used by the magnetometer’s software to calculate the

A. Sample preparation and characterization

.25 T T T T T T T T T B. Measurements
a; Resistance measurements were performed with a standard
) 0-020 17 four-probe ac techniquéat 22.2 Hz on bar-shaped pieces
x cut from the pellets using silver paint contacts.
C 0015 s .
S ac susceptibility measurements were done with a home-
. | made susceptometer using a standard lock-in technique at
L 0010 22.2 Hz with different field amplitudes.
S, 0.005 F dc magnetization measurements were done with a com-
o mercial SQUID magnetometéCryogenic Consultants Ltd.
= £ 0.000 S600 in the temperature range 7<KT=200 K and mag-
netic fieldsB<10 mT. In order to overcome the problem of
-0.005 remanent fields, we used paramagnetic samples with high
magnetic moments in low fieldg.g., PrCy) as field sen-
0.02 sors. The magnet power supply was disconnected and an
external current sourcégknick DC-Current-Calibrator J152
o 000 was used to apply the appropriate current for the cancellation
x= of the remanent field according to the signal from the para-
% -0.02 magnetic sample. Complete cancellation is difficult to be
. i achieved, but after this procedure, values for the magnetic
Q 004l moment of the paramagnetic samples close to the resolution
®©, of our SQUID (5x 10~ 1° Am?) were recorded at 7 K. Com-
& -0.06 [ paring this signal with that at the same temperature in a field
- ?é“ [ of 92.9 mT we estimate a remanent field of k5. The low
-0.08 [ fields of Figs. 2 and 3 were also determined by a comparison
i of the paramagnetic sample’s signal7aK with that at the
-0.10

same temperature in a field of 92.9 mT. Nevertheless, since
our measurements indicate that field inhomogeneties were
T [K] present, the given field values should be considered as esti-
mates. For this reason, when a comparison between measure-
FIG. 1. The low-temperature behavior @) the imaginary and ments in a certain field was necessary, the samples were
(b) the real parts of the ac susceptibility of our Ru-1212 sample formeasured one after the other, before any change of the field
different field amplitudes. was undertaken.
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FIG. 2. dc magnetization of our Ru-1212 sample measured in a 0'40 T
field of 0.25 mT. The magnetic momeM is normalized to the 0.02 0‘25 mT T
value of the magnetic momeMg_; corresponding to complete flux 00l F 0.08 mT ]
expulsion from the sample. Inset: resistance of the same sampl R A 0 mT 1
normalized to the room-temperature value. 0.00 | -
-0.01 [ .
Ill. RESULTS AND DISCUSSION -
-0.02 I .
A. Superconductivity and magnetism of our Ru-1212 sample . L1
0 80 90 100

Figures 1 and 2 show the ac susceptibility and resistivity,
as well as the zero-field-coolédFC) and field-cooled FC) T [K]

dc magnetization curves of our Ru-1212 sample. A magnetic ] o
FIG. 3. Low-temperature field-cooled dc magnetization of the

transition is observed, as expect@d!?at 135 K. The hys- orarte e S
teresis between the ZFC and FC branches of the dc magﬂg_u-lZlZ sample of Fig. 2 in different magnetic fields. The “0” field

L . . . IS the tiny remanent field, which was achived using the RrCu
t|z§t|on probably arises from the canting of th? antlferromag-sample as a field sensor, following the method described in Sec. Il.
netically ordered Ru momenfdncreased canting of the Ru

moments due to the presence of the external magnetic fielghie|ging currents start to flow between the grains. This fact
in the FC process leads to higher values of the magnetizatiofas also observed by Klamet al2®

compared to the ZFC branch. The resistance of the sample, Figure 3 shows the behavior of the low temperature Ru-
which has a metallic behavior at high temperatures, shows @512 magnetization peak in different magnetic fields. The
cusp in the temperature range of the magnetic transition. Thﬁosition of the peak-£ 18 K) does not change significantly
onset of superconductivity is at 50 K, while the resistancgyith magnetic field up to 3.6 mT. Above this field value, the
becomes zero at 30 K. At this temperature, the intergranulaatyre is washed out and the Gd paramagnetic contribution
coupling is established and a clear diamagnetic response igems to dominate at low temperatures. In these higher fields
observed in the real part of the ac susceptibility with theyhe Gd contribution becomes more significant also at higher
corresponding loss peaks in the imaginary part. Typical fortemperatures, in the normal state of the sample.

shielding due to intergranular coupling, the transition widens | the following, we will investigate the origin of these
and shifts to lower temperatures, as the ac field amplitude igaryres. We will examine first, though, whether the observed

; 9
mcre_as_e&. ) o behavior of the Ru-1212 magnetization at low temperatures
Distinct anomalies of the dc magnetization are observegs ot related to impurities.

for our Ru-1212 sample as it enters the superconducting
state. The curves presented in Fig. 2 show a clear increase at
25 K and a peak at a temperature of 18 K, below which a
magnetization decrease indicative of field expulsion due to The dc magnetization of Sr-2116 is shown in Fig. 4. Sr-
superconductivity begins. Klamet al?® were, to the best of 2116 can appear as an impurity phase in the Ru-1212 matrix
our knowledge, first to report similar features. Their sampleand, in cases like ours, is used as a precursor for the prepa-
had a highefT . of 35 K and the peak was observed above 25ration of Ru-121243 The sample was prepared as de-

K under the condition of zero-field cooling. The origin of scribed in the first step of the Ru-1212 preparation. In the
these peaks is still unclear. A comparison of Fig. 1 with 2x-ray pattern traces of the original &d; powder were still
shows that the onset of the peaks 25 K) is close to the present. The specific features of the Sr-2116 magnetization
temperature, where intergranular coupling has been estakvere presented and analyzed in our previous Waakd will
lished. Thus, the increase of the magnetization happens whemt be discussed here. It is interesting to note that Sr-2116

B. Can the peaks be due to SIGARuUOg trace impurities?
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0.030 T T T of 0.25 mT, like in the case presented in Fig. 4. Assuming a
r a homogeneous Ru-1212 matrix and using the magnetization
0.025 ] M at 25 K for the bulk Ru-1212 sample from Figa% we
0.020 I estimate a contribution to the magnetic field from the Ru-
' 1212 compoundB= uoM=0.2 mT, which could not en-
0.015 hance the magnetism of small amounts of Sr-2116, not vis-
ible in x-ray powder diffraction patterns, distributed in the
0.010 Ru-1212 matrix to the level of the Ru-1212 peaks.
We have already discuss@cow parameters, which can
0.005 be affected during the preparation of Sr-2116, like oxygen
O content, Ru deficiencies, or Cu dopiftpis could take place
S 0.000 for example during the preparation of Ru-1212 by adding
e CuO to Sr-211§ could enhance the magnetism of Sr-2116
@ 0030 ' ' ' and then smaller amounts of this compound would be neces-
S o0z b_ sary to produce the peaks measured for Ru-1212. Indeed, the
' Sr-2116 peaks we found previou&lyvere more pronounced
0.020 powders compared to those of Fig. 4. These points make the above
R quantitative comparison somewhat uncertain. However, in
0.015 none of the cases we studi€tdid we find a peak for Sr-
L 2116-like compounds, which could explain the Ru-1212
0.010 peak, assuming an impurity level consistent with our x-ray
data.
0.005 In order to further investigate whether the magnetization
anomalies in the superconducting state of Ru-1212 are due to
0.000 Sr-2116 impurities or not, we powdered the samples of Ru-
50 100 150 200 1212 and Sr-2116 of Fig.(d) and remeasured their magne-
T [K] tization. The powders were embeded in GE varnish for the

measurements. The result is shown in Fig)4The pow-

FIG. 4. () Field-cooled dc magnetization of bulk Ru-1212 dered Ru-1212 sample has a completely different behavior at

(open squaresand Sr-2116open circles The size of the peak for 10W temperatures. The peak has disappeared together with
Ru-1212 in units of magnetic moment was 820 8 Am? and the  the magnetization decrease indicative of field expulsion due
mass of the sample was 10.12 mg. For Sr-2116 the size of the pedR Superconductivity. This behavior can be attributed to grain
was 9x 10"8 Am? and the mass of the sample was 14.14 (wy.  Size of the order of the penetration depth or to the quasi-two-
The same after the two samples presentedainwere powdered. dimensional character of the superconducting rediarmch
The measuring field was 0.25 mT in all cases. prevents intragrain flux expulsion to occur. On the other
hand, the properties of Sr-2116 remain unchanged after pow-
shows a magnetization peak around 18 K, i.e., in the temdering. Thus, if the Ru-1212 peak were due to Sr-2116 im-
perature range, where the peaks for Ru-1212 are observedpurities, we expect it to still be present in the powdered
In Fig. 4@, measurements on bulk samples of Ru-1212sample.
and Sr-2116 are shown. The results for Ru-1212 presented in A further argument is that the position of the Ru-1212
Fig. 4@ and those in the previous figures are on two differ-peaks is not fixed for all samples and seems to follow the
ent pieces of Ru-1212 coming from the same pellet. All thetemperature, at which intergranular coupling is established.
necessary quantities for a comparison between the two contih another case, where the Ru-1212 magnetization peaks
pounds are given in the figure caption: the height of thehave been observéfithe sample had a highdr, of 35 K
peaks in units of magnetic moment and the masses of theompared to ours and the peak was observed above 25 K. In
samples. Although our x-ray data put an upper limit of abouthis case it would be very difficult to attribute the observed
0.3 mg to possible Sr-2116 impurities in our Ru-1212peak to Sr-2116 impurities, not only quantitatively, like in
sample, which represents a concentration of about{r@®o- our case, but also as far as the peak temperature is con-
lution of the instrument it is obvious that~9 mg, or 88%, cerned.
of Sr-2116 impurities would be needed to quantitatively ex- The above analysis indicates that the magnetization peaks
plain the magnetization peak of the Ru-1212 sample as arisbserved in the superconducting state of Ru-1212 are related
ing due to Sr-2116. to the superconductivity of this compound. In the following
Similar argumentation was used in our previous otk  we will show, though, that they are not an intrinsic property
exclude the possibility that the peaks observed for Ru-121®f this compound, but arise from the movement of the
are due to Sr-2116 impurities. The fact, though, that possiblsample in a nonhomogeneous field during the measurement
Sr-2116 grains are enclosed in a magnetic Ru-1212 matriwith the SQUID magnetometer. Nevertheless, we begin by
was not taken into account. We do not expect that the magdiscussing a model for the explanation of these pea&sf
netism of Ru-1212 would affect the behavior of Sr-2116 sig-they represented an intrinsic property of the compourids
nificantly when the sample is cooled in a small applied fielddiscussion will (i) help us illustrate clearly the danger of
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developing impressive, but invalid, explanations, when a  00%
careful check of the SQUID magnetization of Ru-1212 has I
not been done andi) serve as the starting point for the
proposal and evaluation of several tests by which the validity =~ 0085
of the magnetization features calculated by the SQUID's— I

0.090

0.080

software for Ru-1212Zor any other superconducjocan be 53
investigated. GEJ 0.075
E 0.070
C. Possible(but not real) origin of the Ru-1212 0.065

magnetization peaks

0.060

Recently, the occurrence of the paramagnetic Meissnel

effect (PME) has been predicted for superconductors, when %9 —— —— —— s 30 a0
they are cooled in a field beloW,, from the self-consistent TIK]

solution of the Ginzburg-Landau equatiofisThe physical

picture behind this model is as follows when a vortex is FIG. 5. FC dc magnetization of bulk Ru-1212 using two differ-

present inside a superconductor, the current around it flowsnt cooling rates. The solid and open squares represent the two
in a direction to screen the vortex field from entering themeasurements under slow cooling conditions, while the solid and
bulk of the sample. In a magnetic field, additional surfaceopen circles the two measurements under fast cooling conditions
current flows in order to prevent the field from entering the(see text For clarity several data points have been deliberately
interior of the superconductor. These two currents flow inomitted below the peak position. The measuring field was 1 mT.
opposite directions and contribute with different signs to the
superconductor’s magnetizatio. The current around the under fast cooling conditions. After this second fast cooling
vortices gives a positivéparamagnetjccontribution, while ~ measurement, the slow cooling measurement was also re-
the surface current gives a negatiighamagnetit contribu-  peated and it gave the same result as the first slow cooling
tion. The resulting value oM can be negative or positive measurement. The observed dependence of the measured
depending on the value of the magnetic field. The PMEMagnetization on the cooling rate is in accordance with the
arises, then, from the imbalance between the two screeningodel’s prediction that the observation of the PME is a sig-
currents. This physical picture can explain the magnetizatiomal of metastability. At this point we should note that consid-
peaks observed for our Ru-1212 samples as the result of tiefations similar to those developed here were recently used
competition between the screening currents around the vote introduce the PME in MgB3! There the peak position,
tices, which dominates at temperatures clos& tpand the Wwhere the curves measured under different cooling rates
surface current, the diamagnetic contribution of which startgnerge, was identified as the irreversibility temperature con-
to dominate at lower temperatures. nected with the vortex pinning that introduces metastability.
The model predicts the existence of vortex states with According to Zharkov) the appearance of the PME is
different vorticities, each of which exists in a certain range ofdetermined by the size parametér=(R/«)(27H/®)*?,
magnetic fields. Some of these states are paramagnetic amdiere R is the diameter of the sample; the Ginzburg-
some diamagnetic. Equilibrium transitions between them ddandau parameteld the magnetic field, andb, the flux
not allow the observation of the PME. On the other hand, ifquantum. ForA=1, for example, no PME is expectdd,
metastable states exist, introduced by vortex pinning, the obwhile for A=3 the appearance of the PME is allow&d.he
servation of the PME is possible. In order to investigate thislependence of the PME appearance on the parariatan
feature of the model, we did FC dc magnetization measureexplain why intergranular coupling has to be established, be-
ments using different cooling rates. The result is shown irfore the PME is observed. First of all, for samples with grain
Fig. 5. The slow cooling measurement, which showed thesize of the order of the penetration depth or smaller, the
peak, was done by cooling the sample from 200 K with aestablishment of intergranular coupling is the only possibility
cooling rate of about 0.2 K/min below 40 K. The cooling rate for the creation of the surface current, which creates the dia-
was controlled by taking the measurements during cooldowmagnetic contribution td1. On the other hand, for samples
(similar to the procedure followed for the curves of Fig. 3 with grain size bigger than the penetration depth, if this size
with a step of 0.2 K from 40 to 7 K. The curve was remea-gives a value ofA not consistent with the appearance of the
sured during warm-up and no hysteresis was observed. THeME, then the effect will not be observed before intergranu-
fast cooling measurement was done by cooling the samplr coupling is established. So intergranular coupling changes
directly from 200 K b 7 K within 2 h. The measurements the characteristic size of the sample and can lead ffom
were taken during warm-up. The difference between the twovalues not consistent with the appearance of the PME to
curves is obvious below the peak position of the slow cool-values consistent with it.
ing measurement. The fast cooling measurement was re- In the study of MgB, Horvatet al®! recognize that the
peated under the same cooling conditions. Now the measureppearance of the PME in the ZFC data is difficult to under-
ments were not taken immediately after reaching 7 K, bustand. They consider this a feature, which distinguishes the
after the sample was left & K for 24 h. This second mea- PME reported for MgB from the PME in the conventional
surement, as shown in Fig. 5, was identical with the first oner high-temperature superconductors. For Ru-1212 the ap-
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FIG. 6. The FC dc magnetization measurement of Fig. 5 with  FIG. 7. FC dc magnetization measurement of our Ru-1212

inversed field direction. sample in a field of 0.05 mT after the cycle 056 T——6 T
—0 T—0.05 mT.

pearance of the PME in the ZFC cur(eee ZFC data in Fig. o o )
2) can be understood if one keeps in mind that Ru-1212 is a The result presented in Fig. 6 is similar to an observation
magnetic superconductor and, even when it is cooled in zerg1ade by Bluntet al,* when they investigated the origin of
magnetic field, it will react to its own magnetism. An indi- “Paramagnetic’ moments in the superconducting state of
cation for this is given by the measurement in “0” field (TlosVo.5)SR(CagY02)ClO,. On the other hand, the re-
presented in Fig. 3, although the existence of a tiny remanerult of Fig. 7 is reminiscent of effects reported by McElfresh
field cannot be avoided. Since within the framework of theet al*® for an YBCO thin film, where field profiles symmet-
model presented a vortex state is necessary for the obsen¢ With respect to a set value of the magnetic field created
tion of the PME, the observation of the magnetization peakNagnetization features with reversed signs in the supercon-
in this curve also can be considered indicative of the exisducting state of the sample. We note that the cycling of the
tence of the spontaneous vortex phase in Ru-1212, as h&agnet to high fields, before the measurement of Fig. 7, is

been already discussed for the Ruthenium-cupfates. very likely to have changed the profile of the field compared
to that of measurements presented in previous figtires.

In both cases reported above, the autffotshave inter-
preted their observations as artifacts arising from the move-

In Sec. Il C we proposed a model for the explanation ofment of the sample in a nonhomogeneous field during the
the dc magnetization measurements on our Ru-1212 samplgeasurement with the SQUID magnetometer. The problem is
which practically explains all the experimental observationsas follows: For many of the commercially available magne-
Within this model, the observed features in the magnetizatiofometers the measurement requires the motion of the sample
of our Ru-1212 sample were explained as arising from thehrough a pickup coil system. These coils are wound in a
competition of a paramagnetic contribution from the currentssecond-derivative configuration, where the two outer detec-
around the vortices and a diamagnetic contribution from theion loops, located at a distand® from the center of the
surface current. If this is the case, we expect that a reversahagnetometer’s magnet, are wound oppositely to the two
of the field should lead to a reversal of the observed featuregentral loops located at the center of the magnet. During the
In Fig. 6, we show the slow cooling measurement of Fig. 5 inmeasurement, the movement of the sample through the
a field of —1 mT. While the paramagnetic signal observedpickup coils induces currents in the detection loops, which,
above 30 K is reversed as expected, the peak is observedrough an inductanck, create magnetic flux in the SQUID
again but it has not been reversed by the inversion of theircuit, resulting in an output voltag¥, which depends on
field. This fact indicates that the mechanism proposed in Seghe position of the sample This signalV(z) is fitted by the
Il C for the explanation of the magnetization peaks observe&QUID’s software for the determination of the sample’s
in the superconducting state of Ru-1212 is not the approprimagnetic moment. Nearly all analysis methods of W{g)
ate one. signal make two significant assumptions for the magnetic

In order to further investigate the validity of our assump-moment of the sampléa) that it is approximated by a mag-
tions in Sec. Il C, we have tested the reproducibility of ournetic dipole moment antb) that the sign and value of this
measurements after the superconducting magnet of the magroment do not change during the measurement. A supercon-
netometer was cycled in the following way: 016 T—  ducting sample, though, will follow a minor hysteresis loop
—6 T—0 T—0.05 mT. The FC measurement after thisduring the measurement, when the magnetometer’s field is
cycle is shown in Fig. 7. It is obvious that the effect hasnot homogeneous. Libbrechet al.3* using the Bean
reversed sign compared to Fig. 2. Now a decrease of thmodel®® have shown that, depending on the sample proper-
magnetization is observed beloly followed by a rapid in-  ties and the level of field inhomogeneity, it is even possible
crease of the magnetization at lower temperatures. that the sample’s magnetization will change sign and even-

D. Real origin of the Ru-1212 magnetization peaks
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FIG. 8. (a) FC dc magnetization measurement of the moving Ru-1212 sample, where the peak like feature at low temperatures is obvious.
The measurement was done in a nominal field of 0.25 @TThe output voltage of the SQUID circuit with stationary sample in the same
field. Characteristic temperatures given at certain time points are derived from a thermometer located in the flowing He gas a few centimeters
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 the SQUID

setup. Inset: the low-temperature part of the FC measurement.

tually reach its original value with reversed sign at the end oin Fig. 8b) as the most reliable test, which helps to decide
the scan in a nonhomogeneous field. Such problems creativghether the observed features in a SQUID magnetization
spurious signals in the dc magnetization of superconductingheasurement of Ru-121®r any other superconducjaep-
materials have been discussed in the past by severatsent a true property of the compound or not.
authorsz.8’33'34’36'37

The above analysis motivated us to investigate whether
Ru-1212, in its superconducting state, shows a similar sensi-
tivity to field inhomogenieties, which could create artifacts in ~ The field profile of the SQUID’s superconducting magnet
its measured magnetization. We worked in the followingcan affect the measured magnetization not only of supercon-
way: another cycle of the magnet from high magnetic fieldsducting sampleflike Ru-1213 but also of any sample show-
to zero and finally to 0.25 mT was done. After this cycle theing hysteresis in its magnetization. This sets the validity of
peak in the FC dc magnetization data reappeared, as showhe reported magnetization peak for Sr-2116 under question
in Fig. 8a). After this measurement and without changing (see Sec. Il B and Ref. 25Thus, we tested Sr-2116 as
the field, we placed the sample in the center of the pickupntroduced above. In Fig.(8) we show a FC measurement of
coil system and recorded the output voltage of the SQUIDR Sr-2116 sample in a negative field-00.25 mT and in Fig.
circuit as the sample was cooled from 200 K without moving9(b) a FC measurement of the SQUID setup’s output voltage
it. With this type of measurements absolute values of thdn a field of 0.25 mT. The peak, which has been attributed to
magnetization cannot be calculated; however, the recorded response of the paramagnetic Gd moments to the antifer-
signal is proportional to changes of the sample’s magnetizaomagnetic ordering of the Ru moments at about 3% is,
tion. The result is shown in Fig.(8). No peak like feature is reversed in the negative field and is also obvious in in the
observed at low temperatures in this measurement. Only @easurement without moving the sample. These measure-
decrease of the magnetization indicative of field expulsion agients show that the reporédmagnetization peak for Sr-
the sample is entering the superconducting state is observedl16 represents a true property of the material.
In the same figure we have also included the ZFC measure-
ment for our sample. Again, no peak like feature of the mag-
netization at low temperatures is observed. The measure-
ments presented in Fig. 8 clearly illustrate that the peak like In summary, we have investigated the origin of
features of the dc magnetization observed in the supercoriparamagnetic’-like featuregsee Figs. 2 and)7in the su-
ducting state of Ru-1212 are an experimental artifact arisingperconducting state of Ru-1212. We have shown that these
from the movement of the sample in an inhomogeneous fielfeatures, with high probability, are experimental artifacts
during the measurement in the SQUID magnetometer. arising from the movement of the sample in an inhomoge-

In view of the observed sensitivity of the Ru-1212 mea-neous field during the measurement with the SQUID magne-
sured magnetization to field inhomogenieties and since wéometer. In view of the observed sensitivity of the Ru-1212
have no evidence that a field reversal, similar to that for theneasured properties to the field profile of the superconduct-
measurements presented in Fig. 6, or cycling of the magneing magnet, we have proposed and evaluated several tests,
similar to that before the measurements presented in Fig. Tyhich can help to decide whether the observed features in a
affects the field profile of the superconducting magnet in &SQUID magnetization measurement of Ru-1212 is an intrin-
systematic way, we consider measurements similar to thossic property of the compound or not, with the most reliable

E. Some remarks for Sr-2116

IV. CONCLUDING REMARKS
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FIG. 9. (@) FC dc magnetization measurement of the moving Sr-2116 sample in a field.@5 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 from a
thermometer located in the flowing He gas a few centimeters 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 the SQUID setup. Inset: the low-temperature part of the FC measurement.

one being the recording of the SQUID circuit’s output volt- the superconducting volume of the sample, are necessary, in
age as the sample is cooled or warmed up in the magnet@rder to clarify this issue.
meter without being moved. We consider these tests as gen- Both here and in our previous wdrkwe have shown that
eral tests, which can be used for the evaluation of the data o8r-2116 can also be a good candidate for the explanation of
any superconducting sample. any “peculiar” features in the low-temperature properties of
Our work shows, that any “paramagnetic”-like features in Ru-1212 like dc magnetization and specific heat. Since new
the superconducting state of Ru-1212, which could easily b&u-1212 compounds with other lanthanides in the place of
related to some response of the Gd moments in this conzd have recently been report&d1®*8we note that there is
pound and considered as an indication for the lack of a whole series of Sr-2116 compounds also with other lan-
Meissner state for Ru-1212, have to be evaluated carefullfhanides in the place of Gd, which are magnetic at low
On the other hand, features indicative of the existence of theemperatured®~#4Some of these Sr-2116 compounds doped
Meissner state for this compound have also to be investiwith Cu, like SpYRu;_,Cu,Og [but not S;GdRy, _,Cu,Og
gated carefully. Our work together with the measurements ofRef. 23] are also reported superconducting witfi asimi-
McElfresh etal?® indicates that any measured lar to those of the Ru-1212 compourfds*® Careful studies,
“paramagnetic’-like features can easily be turned tosimilar to those in our previous watkand in Sec. Ill B, are
“diamagnetic”-like features, which could be mistaken as annecessary to exclude the possibility, that trace impurities of
indication of the existence of a bulk Meissner state for Ru-Sr-2116 compounds are responsible for the properties attrib-
1212, by a reversal of the field profile with respect to the seuted to the Ru-1212 phase.
value of the magnetic field. The FC measurement on a sta-
tionary sample presented in Fig(b® indicates that the
Meissner state indeed exists for Ru-1212. Nevertheless, simi-
lar measurements, where the calculation of the absolute val- We would like to thank Dr. Alexander Schindler for useful
ues of the magnetization will be possible for an estimation ofdiscussions.
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