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Towards universal magnetization curves in the superconducting state of RuSGdCu,0g
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The reported dc magnetization measurements on the magfgfie 130 K) superconductorT~ 30 K)
RuSKrGdCuwOg (Ru-1212Gd reveal a variety of behaviors belol . 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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. INTRODUCTION heat data is rather difficult, since the existing repdrtéare
contradictive concerning the magnetic field dependence of

The ruthenium cuprates of the general chemical formulaghe specific heat peaks beloly .
RuSK(R)Cu,0g (1212 type and RuSs(Ry+,Ce ) ClOg Much more complicated is the interpretation of the dc
(1222 type, whereR=Sm, Eu, and Gd, synthesized in 1995 magnetization data. In principle, field expulsion shown in a
(Ref. 1-3 have attracted a lot of attention because, as waf€ld-cooled dc magnetization measurement, corresponding
shown for the first time by Bauernfeifd,in these com- to a bulk Meissner effect, is generally considered as the key
pounds superconductivity arises in a state in which magnetigrdicator for bulk superconductivity. However, a variety of
order is already developed. The difference between the sipehaviors have been reported for Ru-1212Gd below its su-
perconducting transition temperatufe and the magnetic Perconducting transition temperatufe (see, for example,
transition temperaturg,, is of the order of 100 K. This isin €S- 2528 leaving the question of bulk superconduFﬁctﬁlewty
contrast to what is known for other magnetic superconduct]for this compounc_i open..l\.leverth.elesg,, it has beer).s wn
ors like the molybdenum sulfid®® and selenide&? the that Ru-1212Gd is sensitive to field inhomogeneities in the
rhodium boride€:2% and the borocarbidéd2whereT. and  SuPerconducting magnet of the superconducting quantum in-

’ ’ C - .

Ty are close, with the magnetic transition appearing usuam}erference devic¢SQUID) magnetometer, V.Vh'Ch affect the
below the superconducting one. SQUID response as the sample is moved in the magnet dur-

A large number of investigations was undertaken in aring the measurements and can create artifacts in the mea-

attempt to determine the type of superconductivity and mag§“red magnetic moment. In order to eliminate possible arti-

netic ordering and whether the two phenomena coexist on Qcts, we did measurements on a stationary Ru-1212Gd

microscopic scale. Magnetic studies include muon spin rotaﬁample‘ We suggest that, if similar measurements are done

tion experiments? electron paramagnetic resonan(P y ot_her groups also, univgr.sal dc magnetization curves in-
experingenté“ neutron powo?er diffrgctior(NPD 15_r(17 ar?j dicating bulk superconductivity for Ru-1212Gd could be ob-

NMR investigation® as well as dc magnetization and ac tained.

susceptibility measurement:?2 Some of the findings con-

tradict each othefe.g., NPD(Refs. 16 and 1)7and NMR

(Ref. 18 investigation$ and still there is no agreement on

the type of magnetic ordering in the ruthenium cuprates. Details about the sample preparation and characterization

Nevertheless, it seems to be widely accepted that magnetisim terms of x-ray powder diffraction can be found in our

represents a bulk property of these compounds. previous work?® Here we note only that all our samples
Whether superconductivity as well represents a bulk propbelong to the same batch, meaning that they were prepared

erty of the ruthenium cuprates has been investigated by botand heat treated together.

specific heat and dc magnetization measurements. Neverthe- Two SQUID magnetometers were employed for the dc

less, concentrating on RuBdCyOg; (Ru-1212Gg, the  magnetization measurements. One of them was a commer-

subject of the present paper, interpretation of the specificial (Cryogenic Consultants Ltd. S6P€-SQUID magneto-
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meter, which allows measurements in the temperature range
1.6 K=T=<300 K in magnetic fields—=6 T<B=<6 T. This
magnetometer necessitates the movement of the sample®=
through a pickup coil systertsecond-order gradiomejeior
the measurements. The SQUID response to this movement is
fitted using the ideal response for a point dipole of constant
magnetic moment and the sample’s magnetic moment at the
temperature of the measurement is calculated. In the follow- ™
ing, this magnetometer will be denoted as MSMoving
sample magnetomeer

The second magnetometer was a homemade system em-
ploying a niobium rf-SQUID of the type SHE 338HE Co.,
San Dieg9. With this system we did measurements in the
temperature range 4.5KT<150 K. The cryostat is B[T]
equipped with a superconducting solenoid, made from NbTi- FIG. 1. High-field magnetic hysteresis loops for Ru-1212Gd
based wire, that was used for measurements in magnetiaken with the MSM. The field was changed betweeé and 6 T
fields up to 100 G. In this second magnetometer the sampleut for clarity only the lower-field part is shown. Insets: In the
is kept stationary during the measurements and what is actlewer right side, magnetic moment measurements as a function of
ally measured, using a flux counter from SHE Co., is the fluxemperature are shown. In the upper left side, the remanent mag-
change through the pickup coil system, which can be transhetic mom_ent_ as determined by hysteresis loops at different tem-
formed to the corresponding change of the magnetic momereratures is given.
of the sample during the measurement. Thus, measurements
of absolute values of the magnetic moment require a referfhe behavior observed for our samples, though, is the typical
ence point. In our case, since Ru-1212Gd is in a paramagne observed in similar measurements by many other groups.
netic state above the magnetic transition temperalyje For comparisonM(T) and M(B) measurements on Ru-
~130 K, we assumed that the magnetic moment of thel212Gd samples can also be found, for example, in Refs. 13
sampleM is zero at 150 K. In the following this second and 17.
magnetometer will be denoted as SSbtationary sample
magnetometer This magnetometer has been used for several

. . _33 . . . . .
studies in the past™’A similar system is described in de- Typical resistance and ac susceptibility measurements

: 34

tail by Vandervfoortet al d ith th for our samples can be found in our previous works.
Two types of measurements were done with the SSM. FOR - oo mparison  with other published ac susceptibility

the zero-field-cooledZFC) measurements the sample Was aasurement®:27:3536which. like in our case. are usually

cooled from above 150 K to the lowest temperature in Zergy,ne \yith the sample stationary in the pickup coil system,
(set value magnetic field; then the magnetic field was ap- 5nd resistivity measuremeft€32427:3%hows that the super-

plied and the measurements were taken during warm-up. I:Qf'onducting properties of our samples are the usual ones for

the field-cooled (FC) measurements the samples were. ood quality” Ru-1212Gd samples —50 K. T.(R
agained cooled from above 150 K, but in the desired mag—zgo):-lg :38 K) PIESTE onset Tl
c .

netic field. The FC measurements were taken also during
warm-up, since exchange He gas was required to cool the o _
sample to the lowest temperature, which made temperature B. dc magnetization measurements using a MSM

controlling for measurements on cooling difficult. As described above, our samples show the typical mag-
netic and superconducting, in terms of resistance and ac sus-

/ formula un

M [

-1.0 -0.5 0.0 0.5 1.0

2. Superconductivity

IIl. RESULTS AND DISCUSSION

A. Magnetism and superconductivity of our
RuSr,GdCu,0g samples

1. Magnetism

ceptibility measurements, behavior that all “good quality”
Ru-1212Gd samples show and thus could be considered as
universal. On the other hand, the superconducting behavior
of the Ru-1212Gd samples in terms of dc magnetization

measurements is far from universal. The measurements we
In Fig. 1, M(T) and M(B) measurements for our Ru- did on our samples with the MSM have shown beldw
1212Gd samples are shown. A magnetic transition is obvioufeatures similar to many of the different behaviors reported
at Ty~ 133 K with significant hysteresis between the ZFCby other research group®?® Nevertheless, we have
and FC branches of thil(T) measurement starting at this showrf>*that the measuring procedure in a MSM can cre-
temperature. Hysteresis loops indicative of a ferromagnetiate artifacts in the measured magnetic moment béelgw
component in the magnetic behavior of the samples are revhen magnetic field inhomogeneities are present over the
vealed in theM (B) measurements. The loops become widerdistance that the sample is moved during the measurements.
as the measuring temperature decreases, with the remanekg was shown by Libbrectdt al,*” the form that these arti-
moment reaching~0.1ug per formula unit at low tem- facts will have for a superconducting sample will be deter-
peartures. In view of the contradicting reports cited in Sec. Imined by the shape of the field profile, which in turn deter-
it is difficult to propose an origin for the observed properties.mines the field change that the sample will experience during
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FIG. 2. (a) Volume susceptibility calculated from ZFC dc magnetization measurements on Ru-1212Gd taken with the SSM. Inset: the
low-temperature part of the FC curve measured in a field of tbzVolume susceptibility calculated from FC dc magnetization measure-
ments on the same sample. Since in this set of measurements the high density of points makes it difficult to distinguish between the different
symbols, we should note that the higher the field, the lower the measured susceptibility. Only the curve measured in a set field of 2 G shows
slightly higher values ofy,, compared to that measured in 1 G.

its movement. Thus, the differences in the reported dc magpility of the spherical sample was corrected for geometric
netization of Ru-1212Gd below. could be the result of demagnetization using the demagnetization fablerl/3.
different field profiles during the measurements and not of

different supercolnductlng prop_erUes. o 1. No suspicious “symptoms”

The above discussion indicates that dc magnetization .
quired to clarify the superconducting properties of this comMSM show several suspicious “symptoms,” when artifacts
pound. Such measurements could reveal a universal suped€ present. These will be discussed in detail in a separate
conducting behavior for Ru-1212Gd in terms of dc article3 Here, as an example, we mention the nonreversal of
magnetization also. We will present dc magnetization meathe features observed in the superconducting state of Ru-
surements on a stationary Ru-1212Gd sample in the next212Gd by a field reversal, as we have shown in Ref. 29.
section. Nevertheless, the establishment of a universal bd-Nis pomtglvas independently verified by Cimbeeleal™ In -
havior requires that our measurements be verified by medheir case’’ clear dips in both ZFC and FC curves, indicative

done by other research groups. by the application of a negative field. The authors attributed

the nonreversal of the ZFC dips to effects related with the
remanent field in the superconducting magnet, but provided
no explanation for the nonreversal of the dips in the FC
We have already presented preliminary measurements arurves. Nevertheless, they state clearly that at the supercon-
a stationary Ru-1212Gd sample in FigbBof Ref. 29. Nev-  ducting transition their SQUID magnetometer, also a MSM,
ertheless, those measurements were confined to only omedicates a worsening of the quality of the measurement
field value and were also noncalibrated as far as both théhrough the regression factor and the answer function that
magnetic moment and temperature are concerned. Here, calends to lose its symmetry.
brated measurements in several magnetic fields will be dis- Contrary to the measurements with the MSM, no suspi-
cussed. These measurements, done with the SSM, are showious “symptoms” were observed for the measurement with
in Fig. 2. In this figure we chose to show the volume suscepthe SSM. Going back to the previous example, in Fig. 3 it
tibility in SI units so that estimations of the superconductingcan be seen that the ZFC and FC measurements taken with
volume of the sample can be made. For the calculation wepposite field directions are almost “symmetric” with re-
used a value of the densify=6.7 g/cn?, estimated using spect to zero. The small differences can be attributed to not
the lattice parameters measured previo@Iyhe suscepti- quite identical field values in the superconducting magnet of

C. Measurements on a stationary RuSyGdCu,0g sample
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E moment of Ru-1212Gchi2 G and
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were taken with the SSM.
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0.4 ' - - ; - a diamagnetic signal indicative of field expulsion from about
XF\u-1212Gd 3
e 20% of the sample’s volume.

Although field expulsion from 20% of the sample’s vol-
ume represents an indication of bulk superconductivity, it
rises the question of coexistence of superconductivity and
magnetism on a microscopic scale. Muon spin rotation
experiments? for example, indicate that the magnetic phase
in Ru-1212Gd is homogeneous and accounts for at least 80%
of the sample volume. Although this is a lower lifittone

i could propose a phase separation model where bulk magne-
25 50 75 100 125 150 tism coexists with bulk superconductivity in Ru-1212Gd, not
T K] on a microscopic scale, but rather in different areas of the

FIG. 4. Volume susceptibility of Ru-1212Gdolid circles after ~ Sample. There are several reasons, though, which could keep
the Gd paramagnetic contributiédashed lingwas subtracted from the FC superconducting contribution to the magnetization
the measured FC curve in a field of 0.5(Gpen circles low despite superconductivity in the full sample volume.

Bernhard et al®® report for polycrystalline Ru-1212Gd

the SSM for the positive and negative directions during theSamples a grain size between 2 and @, while Chu

41 : -
measurements. The absence of any peculiar “symptomset al’™ estimate an unusually large penetration depth of

from the measurements taken with the SSM underlines th bout S0m. Gra!ns, or clustgrs of grains, with size smal_ler
validity of these measurements. an the penetration depth will not expel the magnetic field

in a FC process and a reduced diamagnetic signal will be
recorded. Thus, the reduced FC superconducting contribution
2. Question of bulk superconductivity foRuSr,GdCu,Og can be the result of grain size effects while magnetism and

From the above discussion, it is obvious that the measureiUperconductivity coexist on a microscopic scale. Further-
ments on stationary samples are probably the most trustwof00re, & Meissner state is not the only superconducting state
thy for a discussion whether Ru-1212Gd is a bulk superconWhich could be considered for Ru-1212Gd. In a magnetic
ductor or not. The ZFC measurements of Figa) Zhow that s_uperconductor, |_f tht_e internal field exceed_s the first crmqal
at low fields more than 60% of the sample is shielded fronfi€ld He:, then this will be accommodated in the sample in
the magnetic field. This alone, however, cannot be considthe form of vorticegspontaneous vortex phasé“*A vortex
ered as an indication for bulk superconductivity. Although itPhase will result in a reduced diamagnetic signal compared
would be very difficult to create the observed shielding sig-l0 @ Meissner state, but it is a bulk superconducting state
nal by a superconducting impurity in a concentration nondeWwhich could coexist with magnetism also on a microscopic

tectable with x-ray diffraction, surface superconductivity Scale. _
could not be excluded. Indications that Ru-1212Gd is a bulk superconductor can

The signature of bulk superconductivity is the MeissnerP€ found also in the measurements taken with the MSM. In
effect which, if present, appears in the FC curves as a mag?€f- 29 it can be seen that artifacts related to the movement

netization decrease consistent with field expulsion from th@f the sample in a nonhomogeneous field dominate the low-
sample. Such a magnetization decrease does not appeartﬁ{nperature p_a_rt of the FC curves. We expect that, |f_surface
the measurements of Fig(i, but neither is the paramag- supercon_duct!wty was prgsent, then thg Gd contrlbutlpn,
netic contribution from the Gd moments apparent in the low-from the interior of the grains, would dominate the behavior
field measurements; it is obvious only in the 100-G measureof the sample.at low temperatures. On the other hand, a bulk
ment. Instead, a shallower slope of the susceptibility isSUPerconducting state, possibly in the form of weakly pinned
observed belowT,, indicating a competition between the VO”;%SSJ as is indicated by the narrow hysteresis loops below
field expulsion due to superconductivity and the contribu-Tc, IS much more sensitive to field inhomogeneities,
tions from the Gd and Ru moments. This is more clearly seeM/hich will affect the measured magnetic moment.

in the inset of Fig. 2a). In order to estimate the contribution
from the superconducting part of the sample we have sub-
tracted from the data the Gd paramagnetic contribution. As-
suming noninteracting Gd moments, we have calculated their Whereas resistivity and ac susceptibility measurements
contribution to the measured susceptibility using the Bril-reveal a universal superconducting behavior for good quality
louin function?® For Gd we used the data in tables 31.2 andRu-1212Gd samples, this is not the case with the dc magne-
31.3 of Ref. 40. The result of this procedure for the measuretization measurements. The reported SQUID measurements
ment in a field of 0.5 G is shown in Fig. 4. The Ru contri- in the superconducting state of Ru-1212Gd reveal a variety
bution at low temperatures corresponds to the ferromagnetiaf behaviors, leaving the question of bulk superconductivity
component and varies slowly as a function of temperaturefor this compound open. Based on the obsefvsdnsitivity

The variation is small compared to that due to the Gd. Thuspf Ru-1212Gd to magnetic field inhomogeneities, when it is
assuming a constant Ru contribution at low temperatures, imoved in the superconducting magnet of the SQUID magne-
can be easily seen in Fig. 4 that its subtractipom the data tometer during the measurements, we suggest that the re-
where the Gd contribution is already subtragtedll lead to  ported different behaviors can be the result of different field
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IV. SUMMARY
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profiles in the superconducting magnet and not of different field reversal This underlines the validity of our measure-
superconducting properties. In order to avoid the artifactsnents. To the best of our knowledge, this is the first time that
arising from moving the sample in an inhomogeneous fieldmeasurements on stationary Ru-1212Gd samples were pre-
we did measurements on a stationary Ru-1212Gd sampkented. Verification of our measurements by measurements
employing a homemade SQUID magnetometer. Our datan stationary good quality samples from other groups could
showed none of the suspicious “symptoms” that measurereveal a universal behavior in the superconducting state of
ments with a magnetometer employing sample movemeriRu-1212Gd in terms of dc magnetization measurements also.
show when artifacts are presgetg., no reversal of the fea- Our considerations support the existence of bulk supercon-
tures observed in the superconducting state of Ru-1212Gd juctivity for Ru-1212Gd.

*Corresponding author: Thomas.Papageo@uni-bayreuth.de Onellion, Phys. Rev. 85, 144420(2002.
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