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ABSTRACT X-ray diffraction, resistivity, magnetization measurements were carried out for the
ferromagnetic superconductor EuSraRuCuz0g. The temperature dependence of resistivity shows that
this compound is an under—doped superconductor with 7275t =35K T.(p=0)=10K. The magnetization
data shows that this compound exhibits the ferromagnetic transition at 7.=130.2K.
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1. Introduction

The problem of coexistence of superconductivity (SC) and ferromagnetism (FM) has attracted
considerable attention since the original works of Ginzburg!!! and Matthias et all?. It was shown
that singlet SC and FM are mutually exclusive and the SC can also be strongly suppressed by
magnetic impurities. The competition between FM and SC were observed in the ternary com-
pounds HoMogSs, HoMogSes and ErRhyB,.3] But true microscopic coexistence was found only
over a narrow temperature region when FM sets in and modifies itself to a spiral or domain-like
structure.

The copper-ruthenium oxide GdSr,RuCu20g has been reported to display uniformly coex-

isting ferromagnetism and superconductivity below 46K!45! however, some experimental studies
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have pointed towards antiferromagnetic order of Ru atoms below Ty ~132K.Up to now, there
is no clear understanding on the interaction of competing antiferromagnetic, ferromagnetic, and
superconducting order parameters in GdSryRuCuzOs.

In this paper, we report the study on superconductivity and magnetic properties of
EuSr,RuCu;0g where nonmagnetic Eu has replaced magnetic Gd. The merit of EuSroRuCu;0s

is that the magnetic behavior of the ruthenate lattice is not hidden by the magnetism from Gd

[moment of 7.94uB and ordering temperature of 2.5K[4]].

2. Experimental Methods

EuSrzRuCu,0g sample was prepared by thoroughly reacting the mixture of EuyQ3, SrCOs,
RuO; and CuO, with the cation composition of Eu:Sr:Ru:Cu=1:2:1:2. These powders were high—
grade purity (99.9%). The mixture was milled, decomposed at 960 C in air for 24 hours. It was
then ground milled, and die—pressed into pellets. The first sintering step took place in a flowing
N, atmosphere at 1010 C. This step results in the forming of a mixture of the precursor material
SroEuRu06 and Cu,0 and is directed towards minimizing the formation of SrRuQO3. The material
was then reground and was sintered in a flowing O for 4 days at 1060 C. Finally the sample
was cooled slowly to room temperature in a flowing Oz atmosphere.

The temperature dependence of resistivity was measured by the standard four-lead technique.
The magnetization measurements on solid ceramic pieces in the range of 2~300K were performed
in a commercial (Quantum Design) superconducting quantum interference device magnetometer
(SQUID). The magnetization was measured by two different procedure: (1) the sample was zero-
field—cooled(ZFC) to 2K, a field was applied and magnetization was measured as s function of

temperature, (2) the sample was field—cooled (FC) from above 300K to 2K.

3. Results and Discussion

Fig.1 shows that EuSroRuCu,Os sample is of a single phase and has a tetragonal structure
with the space-group P4/mmm. The TEM and EDX experimental show that there is no impurity
such as SrRuOs in the sample. The lattice parameters a (0.3841nm) and ¢ (1.1566nm) were

obtained from the X-ray diffraction pattern.
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Fig.1 XRD pattern for EuSrsRuCuz0s sam- Fig.2 Temperature dependence of resistivity

ple for EuSr2RuCu20g sample
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It can be seen from Fig.2 that the resistivity increases slowly with decreasing of temperature

as semiconducting behavior abeve 130K. However, at near 130K, there is a small decrease of
resistivity, which may be due to the ferromagnetic transition at this temperature as discussed as
following. This behavior is similar to that in SrRuQOs, for which there is also a small decrease
of resistivity at Curie temperature (Tc=165K)[6]. After this small decrease, resistivity increases
again up to the maximum value at about 35K. And then an abrupt decrease of resitivity and
zero resistivity was observed at 10K. This result showes that the sample is a superconductor with
Tomst=35K, T.(p=0)=10K. The shape of p(T) shown in Fig.2 is characteristic of an underdoped
cuprate.
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Fig.3 Temperature dependence of molar sus-
ceptibility x(T), measured in 0.001T in
ZFC and FC processes, respectively, for

Fig.4 Temperature dependence of molar sus-
ceptibility x(T), measured in 0.5T in

FC process for the same sample. In-

EuSr2RuCu;0g sample "~ set : The temperature dependence of

reciprocal susceptibility, the solid line
shows the fit of Eq.(1) in the text for
EuSr2RuCuy0g sample

The x(T) curve (in Fig.3) measured with ZFC process exhibits a decrease of at about 35K,
and a magnetic anomalous peak at about 130K. The former is due to the appearance of super-
conductivity below 35K, as shown in Fig.2. A similar decrease was observed at 32K in
Eu; 4Cep gRuSr,Cuz040_4"8), at 42K in Gd; 4Ce gRuSryCuy049_58, and 45K in
GdSraRuCuy05!%19, It has been argued that this feature is due to the appearance of supercon-
ductivity, where the bulk Meissner phase is suppressed because the small negative magnetization
resulting from intragranular supercurrents is swamped by the positive contribution from the ferro-
magnetic Ru. The latter anomalous peak is related to the ferromagnetic transition at near 130K.
This ferromagnetic transition is also evident from the sudden onset of a magnetic susceptibility at
about 130K as shown in the x(T) curve measured at 10G with FC process. If the ferromagnetic
transition 7 is defined as the temperature at which dy/dT, measured in a field of 10G with FC
process, has the maximum value, T. (~130.2K) was obtained from the x(T) curve. The third
feature in Fig.3 is that there is a significant difference between the susceptibilities measured with

FC and ZFC processes. This is the characteristic of ferromagnet.
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The magnetic susceptibility measured in a field of 0.5T (Fig.4) is similar to that measured in
a field of 0.001T. Because there are Eu®* ions in the compound, the susceptibility should contain
the Van Vleck susceptibility Xvv!'!] due to the mixing of J=0, J=1 and J=2 level plus the thermal
population of higher multiplets. The total susceptibility can be given by
Xtotal = ,_,—,—C_LE + Xo + Xvv 1
where C is the Curie constant, 8 is the paramagnetic Curie temperature, o is the temperature
independent susceptibility. The inset of Fig.4 shows the temperature dependence of the reciprocal
magnetic susceptibility measured at 0.5T with FC process for the same sample. The fit of Eq.(1)
is represented by the solid line in the inset of Fig.4. It is clear that x(T) in paramagnetic region
can be described by the modified Curie-Weiss law and Van Vleck susceptibility term of Eu®t ions.
From this fitting, we can conclude the Curie temperature §=137.5K, and temperature independence
susceptibility xo=1.37x10"3emu/mol.
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Fig.5 Isothermal magnetization loops at 5K (a) and 40K (b)

The M-H curves in Fig.5 show small hysteresis in the low—field region, and the hysteresis
becomes larger with decreasing temperature. It is expected that this hysteresis results from the
motibn of the ferromagnetic domain walls, since the sample was measured in a ferromagnetic state
below T.. And the increase of magnetization by external magnetic field in higher field at low

temperature indicates that this compound is an itinerant—electron ferromagnet, which is similar to
SrRu03'2l.

4. Conclusion

EuSr,RuCu,0g compound which has the similar structure to that of Y-123 exhibits ferro-
magnetism below 130.2K, and becomes superconducting below 10K.
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