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Upper critical field of the magnetic superconductor RuGd1.4Ce0.6Sr2Cu2O10Àd
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We performed measurements of magnetic susceptibility, electrical resistivity, and magnetoresistance in mag-
netic fields of up to 18 T in the magnetic superconductor RuGd1.4Ce0.6Sr2Cu2O102d synthesized in oxygen
pressures up to 95 atm. The magnetic-susceptibility data show the occurrence of an antiferromagnetic state
belowTN;175 K, followed by the development of a weak ferromagnetic state nearTM;100 K, and followed
further by the onset of superconductivity~SC! at Tc;42 K. The electrical resistivity as a function of tempera-
ture shows an evolution from nonmetal-to-SC behavior in samples prepared in a flux of O2 to a well defined
metal-like behavior in samples prepared under 95 atm pressure of O2. The electron-phonon coupling constant
was calculated from transport data to bel tr;0.17, a value comparable with other cuprates, indicating weak
electron-phonon coupling in these ruthenates. The values of the upper critical fieldHc2 for the O2 high-
pressure treated samples were obtained from the magnetoresistivity data yieldingHc2

ab(0);39 T, and the
out-of-plane superconducting coherence lengthjc(0);28 Å. Based on the similarities between these ruthen-
ates and the superconductor YBa2Cu3O72d , we estimatedHc2

c (0);8 T andjab(0);140 Å. We used these
parameters to discuss the coexistence of long-range magnetic order and superconductivity on a microscopic
scale on these materials.

DOI: 10.1103/PhysRevB.66.144503 PACS number~s!: 74.72.2h, 74.25.Ha, 74.62.2c
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I. INTRODUCTION

In light of the recent observation of superconductivity
moderately high temperatures, much attention has been
voted to the superconducting properties of t
M (R12xCex)2Sr2Cu2O102d (M21222;M5Ru, Nb, and Ta;
R5Gd, Eu! phase.1,2 The Ru-1222 phase crystallizes in
tetragonal structure, space groupI4/mmm, and it evolves
from the Y-123R Ba2Cu3O72d structure by substitution of a
fluorite-type layer (R12xCex)2O2 for the R layer in the 123-
type compound. The hole doping of the CuO2 planes results
in metallic behavior and superconductivity~SC! at low tem-
peratures when properly oxidized.1,2 It is remarkable that SC
occurs in spite of the onset of weak ferromagnetism~wFM!
of the Ru sublattice, at a temperature much higher than
superconducting transition temperatureTc . More recently,
Felner and co-authors3 have suggested that thes
two phenomena coexist over a wide range of tempe
tures in compounds with stoichiometry close
Ru(R12xCex)2Sr2Cu2O102d (R5Gd and Eu;x;0.25). They
found that weak ferromagnetism wFM develops belowTM
;180 K and 120 K for Gd and Eu compounds, and that
values ofTc were 42 K and 32 K, respectively. This kind o
coexistence is a fundamental problem that has been stu
both experimentally and theoretically since the early 19604

Further evidence that the magnetic ordering is associ
with the Ru sublattice and not with the rare earth is provid
0163-1829/2002/66~14!/144503~6!/$20.00 66 1445
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by the Ru-NMR and Cu-NMR~nuclear-magnetic-resonance!
data on the related compound RuSr2YCu2O82d , which has a
Tc;45 K andTM;150 K. 5 When investigating the coex
istence of magnetism and superconductivity in these
based materials, a few points must be taken into consi
ation. The first point concerns the homogeneity of these s
solutions. Although a number of studies addressing the ph
composition of these Ru-based materials is limited, a disc
sion of whether both the SC and the wFM arise from t
same crystallographic phase, and that they coexist on a
croscopic scale is in order. One of the first systematic stud
on these materials have showed that both phases, the
1222 and the Ru-1212, RuSr2RCu2O82d (R5Sm, Eu, and
Gd!, were stable and resulted in nearly single-phase ma
als after being properly synthesized.2 More recently, neutron
powder-diffraction analysis of RuSr2GdCu2O82d suggested
that these materials are comprised of two different doma
of orientation of the RuO6 octahedra, and that the degree
ordering depends on the annealing conditions of the samp6

Results of high-resolution transmission electron microsco
~HRTEM! suggest that the typical extent of the domains is
the 50–200 Å range.7 The second point concerns the bu
properties of both the superconducting and the we
ferromagnetic phases. It is important that to characte
these two phenomena as coexisting, not only supercon
tivity but also magnetism should develop over a large sc
Although not distinguishing between the two-types of Ru6
©2002 The American Physical Society03-1
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orientation domains, results of scanning tunneling spect
copy in RuEu1.5Ce0.5Sr2Cu2O102d , combined with macro-
scopic measurements of magnetization and electrical re
tivity, suggest that the SC and wFM are both bulk effe
intrinsic to the phase.3 A similar conclusion was also foun
for the Ru-1212 compounds from specific-heat8 and magne-
tization data.9 However, the magnetization data of the R
1222 phase reveal that the Ru sublattice generates an int
field of a few hundreds oersteds in the material below
magnetic ordering temperatureTM .3 Such an internal field,
higher than the lower thermodynamic critical fieldHc1, was
suggested to be responsible for the appearance of a sp
neous vortex phase in the compound.10 Indeed, it has also
been observed that such vortex configuration is prese
even under an external field as high as 50 Oe. This obse
tion suggests that full Meissner response is difficult to
observed in these materials and that granularity effects,
sulting from a mixture of SC and wFM phases, should
absent.3

In this work we describe our investigation of the sup
conducting RuGd1.4Ce0.6Sr2Cu2O102d compound synthe-
sized through a sol-gel route and annealed in oxygen p
sures as high as 95 atm. Our measurements of magnetiza
electrical resistance, and magnetoresistance in applied m
netic fields of 18 T enabled us to determine several par
eters of this compound including the temperature dep
dence of Hc2 , Hc2(0), and estimates of the anisotropi
superconducting coherence lengths of these ruthenates.

II. EXPERIMENTAL PROCEDURE

Polycrystalline samples with nominal compositio
RuGd1.4Ce0.6Sr2Cu2O102d ~Ru-1222! were prepared by the
sol-gel method.11 The stoichiometric cationic nitrates and
the case of ruthenium, the chloride, were dissolved in d
tilled water using a magnetic stirrer. Upon complete disso
tion, citric acid in twice the number of total cation moles w
added to the solution followed by the same number of mo
of ethylene glycol. The solution was then carefully conce
trated to;30% of its original volume, transferred to a c
ramic crucible, and evaporated to dryness near 80 °C, a
which the crucible was heated stepwise to 800 °C. The s
black powder residue was then ground, transferred to a
ramic boat, and subjected to two heat treatments in O2 flow:
~1! at 1000 °C for 12 h, followed by pelletizing; and~2! at
1050 °C for 20 h. Samples subjected to these heat treatm
are termed the as-prepared ASP samples. A few pieces o
ASP sample were subjected to an additional heat treatme
800 °C under O2 pressure of 95 atm for 24 h. These samp
are referred to as 95-atm samples. Finally, some paralle
ped bars of the 95-atm samples were subjected to the s
heat treatment performed at 800 °C and under O2 pressure of
95 atm for an additional 24 h. These samples are referre
as 95-atm-2X. Further details of the apparatus used for p
paring samples under high O2 pressure can be foun
elsewhere.12 The phases were identified by means of pow
x-ray diffractometry ~XRD! using Cu Ka radiation on a
Bruker D8 advanced diffractometer. The lattice parame
were obtained from the corrected peak positions, using M
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as an internal standard. The XRD spectra for all samp
could be indexed according to a tetragonal structure w
space groupI4/mmm and lattice parametersa53.835
60.005 Å andc528.5660.04 Å, in agreement with previ
ous data.1,2 Magnetic-susceptibility measurements we
made utilizing a quantum design squid magnetometer. Ze
field-cooled ~ZFC! and field-cooled~FC! curves were ob-
tained from 5 to 300 K in applied magnetic fields of 7
Four-wire electrical resistance measurements, in the t
perature range 2<T<300 K, at 18 T, were performed at th
National High Magnetic Field Laboratory—Los Alamos F
cility utilizing a commercial Linear Research~Model LR-
700! ac resistance bridge operating at a frequency of 16
For these measurements, copper electrical leads were
tached to Ag film contact pads on parallelepiped-sha
samples using Ag epoxy.

III. RESULTS AND DISCUSSION

The ZFC and FC magnetic-susceptibility (x) data atH
550 Oe as a function of temperature, for the as-prepa
and high O2 pressure treated samples are shown in Fig
These specimens were all derived from the same orig
batch of the material. Thex vs T data show both the onset o
wFM nearTM;100 K and the onset of SC atTc;30 K. The
value ofTM is ;7 K higher for the ASP specimen, whilex
vs T curves for the 95-atm and 95-atm-2X samples are simi-
lar down to about 70 K. Below this temperature, the ZFC a
FC branches for the three samples split. The ZFCx vs T data
below 30 K show a diamagnetic contribution due to S
which is absent in the FC data. It is worth mentioning th
the diamagnetic signal in the ZFC data is offset by the po
tive contribution of the wFM tox. The ZFC and the FC data
betweenTc andTM are quite different, and a detailed stud
of this region is in progress. The shape of the curves be
Tc is similar for the three samples. The values ofx for the
ASP sample are slightly higher than the values for the h
O2 pressure treated samples by about 70 emu/g Oe, whic

FIG. 1. Curves of magnetic susceptibilityx as a function of
temperature taken atH550 Oe in three specimens o
RuGd1.4Ce0.6Sr2Cu2O102d : ASP, annealed at 95 atm of O2 for 24 h
once ~95 atm! at 800 °C, and twice (95-atm-2X). Both ZFC and
FC data were taken. The inset shows the anomalies at;175 K,
which can be associated with the onset of antiferromagnetic or
ing within the RuO2 planes.
3-2
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essentially the value of the difference inx of the FC values.
The wFM phase originates from an ordered antiferrom
netic state, which develops belowTN;175 K.3 The onset of
the AF order is accompanied by subtle changes inx vs T, as
indicated in the inset of Fig. 1.

In order to explore further the features observed in
magnetic-susceptibility data, we performed measuremen
electrical resistivity as a function of temperature in the sa
samples of Fig. 1. The temperature dependence of the e
trical resistivityr(T) for the specimens with the three diffe
ent treatments is shown in Fig. 2. Ther(T) data indicate two
important features as the sample is heat treated under
pressure of O2: ~1! an evolution from nonmetallic to metalli
behavior; and~2! an appreciable decrease in the magnitu
of r(T). The changes driven by oxygen treatment are m
rored in the magnitude ofr(T5300 K), which decrease
from ;600 mV cm for the ASP sample to;130 mV cm
for the 95-atm specimen. Ultimately,r(T5300 K) reaches a
value as low as;7 mV cm for the 95-atm-2X sample. The
value of r(T) at 80 K of ca. 3.5 mV cm for the latter is
nearly twice as small as that by Chen and co-author13

namely, ca. 6 mV cm found in compounds with the sam
stoichiometry but subjected to heat treatments under 50
of O2.

Changes in the onset of superconductivity are also
served in our samples withTc assuming values near 18 K, 4
K, and 42 K for ASP, 95 atm, and 95-atm-2X, respectively. It
is clearly seen that the transitions take place over a w
temperature range. Such a broad superconducting trans
width, as large as 15 K, is frequently observed not only
these Ru-based compounds but also in both Nb and Ta
morphic materials.1,2 It has been argued that broad transiti
widths would be mainly associated with cation disorde1

This is an important point because one could speculate
larger transition widths could be related to the competit
between SC and wFM. However, larger transition wid
have been also observed in Nb- and Ta-based compo
which are not magnetic, supporting the conjecture that
broad transitions are intrinsic to compounds with cation d
order.

The evolution of nonmetallic to metallic behavior as t

FIG. 2. Temperature dependence of the electrical resistivity
three RuGd1.4Ce0.6Sr2Cu2O102d samples. The righty axis exhibits
the r(T) data of the ASP. The lefty axis stands for the ones an
nealed at 95 atm of O2 at 800 °C for 24 h once~95 atm! and twice
(95-atm-2X).
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samples are treated in higher O2 pressure for a longer time i
accompanied by:~1! a progressive increase of the slop
dr(T)/dT; and 2! a sharper transitions to the SC state, bo
of which can be associated with a reduction of the cat
disorder upon oxygenation. The oxygenation process u
mately produces a metal-like material in whichr(T)5r0
1AT, as for example in the sample 95-atm-2X aboveTc ,
wherer052.2 mV cm andA51.7231025V cm K21. As-
suming that the linear dependence onT is caused by
electron-phonon (e-p) scattering, thee-p coupling constant
l tr can be estimated from the slopeA by utilizing the
expression14

l tr5
\vp

2

8p2kB

r~T!2r0

T
5

\vp
2

8p2kB

A, ~1!

wherekB is the Boltzmann constant,\vp is the plasma en-
ergy expressed in eV, andA is expressed inmV cm K21.

Assuming that the London penetration depthlL of our
samples is ca. 1mm,9,15 similar to that obtained for Ru-1212
compounds, the plasma frequency can then be calcul
from vp5c/lL , where c is the speed of light, yielding
\vp;0.2 eV, in excellent agreement with values of\vp
found in several cuprates.14 We are now ready to determin
l tr from the linearity of ourr(T) data for the 95-atm-2X
sample by using Eq.~1!. The result isl tr;0.17. This value
of l tr is close to the values 0.1 and 0.3 calculated
La1.85Sr0.15CuO42d ~LSCO! and YBa2Cu3O72d ,
respectively,14 and it suggests that the electron-phonon co
pling in the Ru-based compounds is weak. The value ofl tr
should be similar for the samples with the other two h
treatments as well. However, our analysis cannot be
tended to the samples that do not show a linear behaviorr
vs T.

Back to the 95-atm-2X sample, ther(T) data do not ex-
hibit any sign of saturation up to 300 K, as shown in Fig.
suggesting that the mean free pathl is much longer than the
interatomic spacing within the unit cell below this temper
ture. An estimate of the lower limit of the mean free pathl at
temperatures in whichr(T) is linear in temperature can b
obtained from the expression@Ref. 14#

l 5
4.9531024vF

~\vp!2r
, ~2!

where vF is the Fermi velocity, assumed here to be 2
3107 cm/s,16,17 andr is given inmV cm. The value ofl at
300 K from Eq.~2! was found to be;58 Å, which is over
30 times larger then the typical Cu-O bond length of;1.9 Å
in these materials. This estimate ofl (300 K) is also similar
to the one of;56 Å found in LSCO and comparable t
other high-Tc cuprates.14 In light of the evolution ofr vs T,
from being almost temperature independent aboveTM for the
95-atm sample, to developing a metal-like slope for t
95-atm-2X sample, we have also estimatedl at 300 K by
using Eq.~2! for the sample at 95 atm. Our estimate ofl
;3 Å strongly suggests that the mean free path at high t
peratures is comparable to either the typical Cu-O bo

r
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length (;1.9 Å) or the in-plane lattice parametera
;3.8 Å. This result has indicated that the saturation ofr vs
T occurs whenl >a, a feature observed in the 95-at
sample, as shown in Fig. 2. Thus, combining the result
estimates ofl from the linearity ofr vs T curves, we infer
that increasing O2 pressure results in a significant increase
l in this series. This is consistent with a systematic decre
of the cation disorder upon oxygenation, but also with
increasing volume fraction of the metallic phase. Finally
careful inspection of the data in Fig. 2 for both high-press
annealed samples also indicates a slight drop inr(T) just
belowTM (;100 K), which is probably due to the suppre
sion of the spin-flip scattering below the onset of wFM o
dering.

In order to probe the effect of the magnetic field on t
superconducting properties of these Ru compounds, we
ried out magnetoresistivity measurements in fields up to
T. We shall start this discussion by describing the behavio
the curves ofr(T) in magnetic fields taken in the 95-atm-2X
sample, as shown in Fig. 3. It is important to notice that
foot that develops asr approaches zero, whenH50 T, can
be due to the remnant field of the superconducting mag
which is not homogeneous and of the order of 0.01 T in
instrumentation. This kind of behavior is frequently observ
in granular superconductors and can account for the bro
ening of the SC transition at lowH and close to the zero
resistance state.18 In addition, as shown by Tokunaga an
co-authors,5 it is possible that the broadening of the SC tra
sition could be due to the presence and motion of s
induced vortices. They found that a broad resistive transi
in RuSr2YCu2O8, a material with no magnetic rare-ear
ions, was correlated with the occurrence of the developm
of a spontaneous moment within RuO2 planes.

Increasing field results in appreciable changes in
shape of ther(T) curves in the superconducting state. As t
magnetic field increases, the superconducting transition
comes broader near the onset of SC, and sharper nea
zero resistance state, as observed in other gran
cuprates.19 It is important to notice that the zero-resistan
state is preserved below 6 K even for the highest magneti
field of 18 T used in this experiment, which attests for t
high quality of the high O2 pressure material obtained.

As an approach to determine theHc2 vs T phase diagram

FIG. 3. Temperature dependence of the electrical resistivity
der applied magnetic fields up to 18 T for th
RuGd1.4Ce0.6Sr2Cu2O102d compound heat treated in 95 atm of O2

for 48 h (95-atm-2X).
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electrical resistivity measurements at constant applied m
netic fields were performed. In Fig. 3, a collection of su
data is presented. We fully understand that due to the w
fluctuation regime belowTc , this approach only represen
the upper limit in determiningHc2 values. With this in con-
sideration, we assumed the same onset of SC for all fie
(;42 K) and extracted (Hc2 ,T) pairs from the 50% drops in
electrical resistance. The results are displayed in Fig. 4
the 95-atm-2X sample. At high magnetic fields, the uppe
critical-field phase diagram of Fig. 4 shows a linear increa
of Hc2. This behavior can be attributed to the progress
narrowing of the resistive transition~see data of Fig. 3!,
which tends to increaseTc(H). The slope of the upper criti-
cal field at high fields was found to be21.13 T/K. At lower
fields, the resistive data exhibit an upward curvature dev
oping from a linear slope of20.38 T/K nearTc;36 K. This
positive curvature is reminiscent of other cuprates~Ref. 20!,
albeit inconsistent with the linear behavior ofHc2 expected
for both Ginzburg-Landau and BCS theories close toTc .
The orbital critical field extrapolated toT50 K from the
linear slope at high fields can be estimated by using
Werthamer, Helfand, and Hohenberg21 ~WHH! formula
Hc2(0)520.7(dHc2 /dT)Tc , with dHc2 /dT521.13 and
Tc539 K, yieldingHc2(0);31 T. The same procedure ap
plied to the slope at low fields yields toHc2(0);9.6 T.
However, previous analysis in several cuprates have
shown the concave downward behavior that is expected
Hc2 on the basis of the WHH formalism. Therefore, an e
trapolation from the fitting procedure of theHc2 vs T data to
the phenomenological relation Hc2(T)5Hc2(0)@1
2(T/Tc)

2#a is more appropriate and consistent with t
Ginzburg-Landau theory.22 By doing this, we have obtained
Tc;39 K, a51.860.2, andHc2(0);39 T. Values ofa, in
the 1.5–2.0 range, are frequently observed in other highTc
materials.22 Also, this magnitude ofHc2(0);39 T is slightly
higher than that obtained via the WHH formalism but in lin
with the values for other high-Tc materials with similar
Tc’s.22 According to the relationHc2(0)5F0/2pj0

2, where
F0 is the quantum of magnetic flux andHc2(0);39 T, this
corresponds to a superconducting coherence lengthj0

- FIG. 4. Temperature dependence of the upper critical field of
magnetic superconductor RuGd1.4Ce0.6Sr2Cu2O102d . The com-
pound was heat treated in 95 atm of O2 for 48 h (95-atm-2X). The
dashed line corrresponds to a fit to the phenomenological rela
Hc2(T)5Hc2(0)@12(T/Tc)

2#a. The high- and low-field slopes
dHc2 /dT are also shown in solid lines.
3-4
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;28 Å, which is one order of magnitude larger than t
typical Cu-O bond length and comparable to thec-axis lat-
tice parameter of these Ru compounds.

In light of the anisotropic nature of this magnetic supe
conductor and the high-field procedure to estimatej0, it is
reasonable to expect that the value ofHc2 reflects the upper
critical field parallel to thea-b plane. By assuming the rela
tionship betweenHc2 andj for anisotropic superconductor
Hc2

ab(T)5F0/2pjc
2(T), we findjc(0);28 Å, which reflects

mainly the CuO2 out-of-plane superconducting coheren
length. Such a superconducting coherence length along tc
direction is found to be four times the value ofjc(0);7 Å
for La1.85Sr0.15CuO42d with a Tc of ;38 K ~Ref. 22! and
about eight times larger than that ofjc(0);3.4 Å for the
electron-doped compound Nd1.85Ce0.15CuO42d with Tc
;25 K.23 Once we have obtainedjc(0);28 Å for the
RuGd1.4Ce0.6Sr2Cu2O102d compound, it is tempting to esti
mate the in-plane coherence lengthjab(0). Let usassume
that the anisotropy factorg (5Hc2

ab/Hc2
c .jab /jc) of Ru-

based compounds has an upper limit given by ca. 5 of
YBa2Cu3O72d compound. In fact, it is expected that th
RuGd1.4Ce0.6Sr2Cu2O102d compound would have anisotrop
slightly smaller than 5, as suggested elsewhere.1,2 Thus, as-
suming g5Hc2

ab/Hc2
c ;5, one finds Hc2

c (0);8 T and
jab(0);140 Å. The estimated value ofHc2

c (0) is compa-
rable to the;9.6-T value found from the slope of th
(dHc2 /dT) behavior at lower magnetic fields, thus lendin
credence to the assumptions made in our analysis. The
mated in-plane coherence length ofjab(0);140 Å corre-
sponds to over 30 times the spacing between adjacent
ducting CuO2 planes.

The value ofjab(0);140 Å is important for the discus
sion involving the microscopic scale in which the SC and
wFM can coexist in these ruthenates.7,15,24 The results of
HRTEM in Ru-1212 of Ref. 7 indicated two different region
or domains with typical dimensions 50<d<200 Å in which
different orientations of the RuO6 octahedra are observed. I
principle, these two regions may be related to two differ
phases within grains: one superconducting and another
nonsuperconducting and magnetic, suggesting an intim
mixture of both phases. Thus, assuming that our estimat
jab(0);140 Å is related to the superconducting phase, t
result indicates that superconductivity is limited spatially in
length scale similar tod. Such a coexistence of SC and wF
phases in a submicron length scale resembles the behavi
granular superconductors, and is consistent with several
perimental results of these Ru-based compounds.6,24,25 On
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the other hand, recent magnetization measurements in
1222 indicated that at least two magnetic phases coe
within grains of polycrystalline samples, suggesting a ph
separation in these compounds.24 Indeed, it was argued tha
both phases manifest themselves in a submicron length s
and would coexist with a superconducting phase. Again,
estimate ofjab(0);140 Å provides a natural length sca
for such a coexistence.

Concluding, we have prepared high-quality samples of
magnetic superconductor RuGd1.4Ce0.6Sr2Cu2O102d through
a sol-gel precursor route. The samples with best super
ducting and normal-state properties were heat treated u
O2 pressure of 95 atm. The temperature dependence o
magnetic susceptibility showed the development of an a
ferromagnetic ordering of the Ru sublattice atTN ;175 K,
which is followed by the onset of weak ferromagnetism n
TM;100 K. Further decrease in temperature revealed
onset of superconductivity atTc;42 K. Measurements o
the electrical resistivity as a function of temperature dem
strate the importance of the heat treatment in high pressu
O2 upon the macroscopic properties of these compoun
From the temperature dependence of magnetoresistivity d
we have estimated the upper limit of the upper critical fie
along the CuO2 planesHc2

ab(0);39 T and the out-of-plane
coherence lengthjc(0);28 Å. Based on the crystallo
graphic similarities between these Ru-based compounds
the superconductor YBa2Cu3O72d , we estimatedHc2

c (0)
;8 T andjab(0);140 Å. From these values we were ab
to discuss the length scale over which superconductivity
magnetism can coexist in these Ru-based compounds.
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