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Magnetic interactions and electronic states in superconducting
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We measured polycrystalline samples of SrRuO3 and both superconducting and nonsuperconducting~hydro-
gen loaded! ruthenocuprates–Eu1.5Ce0.5RuSr2Cu2O102x ~Ru-1222!–samples using ac susceptibility, Ru 3p
x-ray photoemission and Ru 2p x-ray-absorption measurements. The superconducting-and metallic-
ruthenocuprate samples exhibit significant ferromagnetic fluctuations above the highest magnetic ordering
temperature. The~Ru 3p! core level of the SrRuO3, and superconducting ruthenocuprate samples indicate that
the ~Ru! layers are metallic.
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Recent advances in ruthenate and ruthenocuprate ma
als have increased interest in the relation between magn
order and superconductivity in perovskite oxides.1,2 Refer-
ences 1 and 2 emphasized, in different ways, the significa
of ferromagnetic or antiferromagnetic fluctuations
Sr2RuO4. Both references note that the~Ru! is in the 41
valence state and use this valence as part of their argum
The common issues here are the presence and nature of
netic fluctuations, and the effects of valence on magnetic
superconducting properties. For the ruthenocuprates3–18

there is no consensus yet as to the nature of magnetic
ordered state~s! compatible with superconductivity.12,15–18

There are two main families of ruthenocuprates that h
been studied. For ~Eu, Gd!Sr2RuCu2O82d ~Ru-1212!
samples, the Curie-Weiss temperature is positive
below the magnetic ordering temperature (TM), suggesting
both ferromagnetic and antiferromagnetic fluctuations
this system.16 Reference 19 calculated th
~Eu, Gd!Sr2RuCu2O82d system, concluded that the RuO2
layers are metallic, that the induced moment on the Cu2
layers is;0.01mB , and argued that one explanation for c
existence of ferromagnetism and superconductivity is
Fulde-Farrel-Larkin-Ovchinnikov20,21 model. In addition,
there is a Ru-1222 family of materials that also includ
superconductors. We concentrate on the Ru-1222 mate
in this report. For both families of materials, two of the k
questions concern~1! the nature of magnetic fluctuation
and ~2! whether the RuO2 layers are metallic.

In this paper, we provide answers to these two questio
Our data lead to the following conclusions.

~i! In contrast to SrRuO3 ~and also Ru-1212 samples!, the
superconducting ruthenocuprate samples~Ru-1222 family!
exhibit ferromagnetic fluctuations well above the high
magnetic ordering temperature;

~ii ! The (RuO2) layers of the superconducting ruthenoc
prate are themselves metallic at all temperatures, as are
CuO2 layers.
0163-1829/2002/65~5!/054417~6!/$20.00 65 0544
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We found that there was no change in the unoccup
electronic states across the magnetic phase transition,
any indication in Ru 2p magnetic dichroism measuremen
of long-range ferromagnetic order.

Polycrystalline samples of SrRuO3 and
Eu1.5Ce0.5Sr2RuCu2O102d were prepared by a solid-state r
action of CeO2, Eu2O3, Ru, and SrCO3. Precursor powders
were ground, pressed and then fired at 1000 °C for 24 h
air. The material was then reground, pressed, and fired
atm of O2, at 1050 °C, for 72 h. We added additional oxyg
to a piece of the as-prepared ruthenocuprate sample by p
ing, it in a swagelok, adding liquid oxygen, sealing th
swagelok, and annealing at;300 °C for 24 h. We added
hydrogen by placing a piece of the as-prepared rutheno
prate sample in a hydrogen-filled vessel, heating to;280 °C,
and cooling back to room temperature over a period of
minutes. We characterized the samples using x-ray diffr
tion and superconducting quantum interference device m
netometry. The measurements reported here include ac
ceptibility, x-ray photoemission, and x-ray absorption. T
ac susceptibility measurements were taken with a CryoBI
ac susceptometer and used two frequencies, 28.4 and
Hz, a 0:7-Oe amplitude ac magnetic field for the lower te
perature measurements, and a 20-Oe ac magnetic field fo
high-temperature~paramagnetic! measurements. By properl
calibrating the ac susceptometer, we were able to expres
data in absolute susceptibility units. X-ray photoemiss
spectroscopy measurements were performed with a Sci
ESCA 300 electron energy analyzer and an Al rotating an
photon source. X-ray-absorption and magnetic circular
chroism measurements were performed at the Wisco
Synchrotron Radiation Center~SRC! using the Canadian
Double Crystal Monochromator and SRC-owned XMC
chamber. The double-crystal monochromator beamline u
InSb~111! crystals and the incoming photon flux was mon
©2002 The American Physical Society17-1
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tored using an in-line nitrogen ionization chamber. The
strumental energy resolution of the monochromator was;1
eV.

Figure 1 shows low-field susceptibility data; magnetiz
tion data on these samples were previously reported.3 As
illustrated in Fig. 1~a!, SrRuO3, the susceptibility line shape
in a zero applied dc field is as expected for an itinerant
romagnet. The superconducting ruthenocuprate exhibits t
main responses in susceptibility, magnetic responses atTM1
;120 K andTM2;90 K and, from the inset, DC magnetiza
tion data showing a superconducting phase transition at;30
K. The magnetization data showing superconductiv
for as-prepared ruthenocuprates but no diamagne
superconducting-response for hydrogen-loaded ruthen
prates were reported previously.3 Neither magnetic respons
exhibits a line shape consistent with a simple ferromagn

FIG. 1. ~a! ac susceptibility data for SrRuO3 ~SRO!, supercon-
ducting ruthenocuprate~SC!, and nonsuperconducting~hydrogen-
loaded! ruthenocuprate~H! samples. The ac frequency was 23 H
and the ac magnetic field 0.7 Oe. The vertical axis showsxM in
units of ~emu/mol Oe!, and the horizontal axis shows the tempe
ture in K. Inset: dc magnetization vs temperature for supercond
ing ~closed square! and hydrogen-loaded~open square! ruthenocu-
prates. ~b! Inverse susceptibility data for SrRuO3 ~SRO!,
superconducting ruthenocuprate~SC!, and nonsuperconductin
~hydrogen-loaded! ruthenocuprate~H! samples. Inset: inverse sus
ceptibility in the temperature range 77–300 K. The vertical a
shows 1/(x2x0) in units of @emu/mol Oe#21, and the horizontal
axis shows the temperature in K. The ac frequency was 28.1 Hz
the ac magnetic field 20 Oe. The data were taken in tempera
steps of;0.1 K, so the data look like solid lines.
05441
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transition. The nonsuperconducting, hydrogen-loaded sam
exhibits two visible magnetic responses atTM1;180 K and
TM2;90 K; neither line shape is consistent with a simp
ferromagnetic response. There is no universal agreemen
the literature of the origins of transitions atTM1 and TM2 .
Some of us have suggested that the transitions correspo
changes in the magnetization vector within the RuO2 planes.3

As Fig. 1~b! illustrates, the superconducting~metallic! ru-
thenocuprate exhibits a Curie-Weiss temperature~Q! of
;165 K, well above theTM;122 K. A positive Curie-Weiss
temperature indicates ferromagnetic fluctuations, whileQ
.TM indicates fluctuations and correlations beyond
mean-field approximation. By contrast, both nonsuperc
ducting samples exhibitQ that is, within the experimenta
error of 62 K, equal toTM ~157 K for SrRuO3, 180 K for
hydrogen-loaded ruthenocuprate!; the mean-field approxima
tion applies to these samples.

The data of Fig. 1~b! fit very well to a sum of Curie-Weiss
plus constant~Pauli! susceptibility. Using such a fit, we find
that the effective moment per~Ru! for SrRuO3 is 2.68
60.01 Bohr magnetons, similar to earlier reports22–24 of
2.6–2.8 Bohr magnetons. For the superconducting ruthe
cuprate Ru-1222, the moment is 3.4660.05 Bohr magne-
tons, slightly higher than the 3.14 Bohr magnetons repor
for the RuSr2~Eu, Gd!Cu2O8 material.16 For the nonsupercon
ducting ruthenocuprate, the moment is 2.9660.05 Bohr
magnetons. The superconducting ruthenocuprate valu
higher than that expected for purely localized Ru~51! in the
4d35s0 configuration.25 For SrRuO3 in the 4d45s0 configu-
ration, the moment expected would be 0 (S52,L52,J5uL
2Su50), 4mB ~L quenched,J5S52, high spin! or 2mB ~L
quenched,J5S51, low spin!. None of these correspond
to the measured moment, as expected for an itine
ferromagnet.

We have measured the ac susceptibility for the samp
using ac frequencies from 23 to 800 Hz. We find sm
changes in the susceptibility with frequency, but no drama
changes that would, for example, be consistent with cla
spin glass behavior.

It is noteworthy to compare the ratio of magnetic mome
obtained from paramagnetic data to the saturation mom
obtained in the ferromagnetic state. Using the results in
literature for the saturation moment,3,4,24,26 the ratio is 2.7
60.3 for SrRuO3, 5.160.5 for the superconducting rutheno
cuprate, and 3.060.5 for the nonsuperconducting ruthenoc
prate. Using the Rhodes-Wohlfarth criterion,27,28 the ratio in-
dicates that the magnetization is due primarily to itinera
moments, rather than moments localized to one atomic
for all samples.

It is important to note that these very low-field results f
the Curie-Weiss temperature and the paramagnetic effec
magnetic moment differ from results obtained using hi
magnetic fields. We have confirmed the published data us
high magnetic fields, and attribute the difference to t
greater response found when using very low applied m
netic fields.

Figure 2 shows Ru 3p core level data on both SrRuO3 and
superconducting ruthenocuprate samples. We fit the dat
three different estimates of the background. It is notewor
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MAGNETIC INTERACTIONS AND ELECTRONIC STATES . . . PHYSICAL REVIEW B 65 054417
that for the same background, we find~within experimental
error! the same asymmetry parameter for the supercond
ing ruthenocuprate and the SrRuO3 data. Using a
Doniach-Sunjic29 analysis, we obtain an asymmetry para
eter a50.2560.04. A value ofa significantly above zero
indicates that the environment around the core photohol
metallic; our data indicate that the RuO2 planes are almos
equally metallic in terms of their electronic response. T
value ofa is the same between 80 and 300 K, the tempe
ture range over which we obtained data.

Figure 3 illustrates x-ray-absorption data across the Rup
L2 andL3 edges on all four samples. The data in this figu
provide information on the unoccupied~Ru! electronic
states. Comparison of all data indicate, within the exp
mental error, that there are no differences in the Ru 2p L2
andL3 whiteline features~when the peak heights are norma
ized to unity! and the leading edge locations between 33 a
300 K, the temperature range over which we obtained d
The inflection points on the rising edge are taken as the le
ing edge. Figure 3~a! illustrates the entire x-ray-absorptio
spectra for all four samples. Figure 3~b! illustrates theL2 and
L3 edges. Both edges are shown together to emphasize
the energy separation between theL2 and L3 edges is, as
expected, the same for all samples. The two metallic
thenocuprate samples exhibit a leading edge at 1.060.3 eV
higher photon energy than SrRuO3 or the hydrogen-loaded
ruthenocuprate; the latter two exhibit the same leading ed
This is consistent with earlier reports30 that metallic
Eu1.5Ce0.5Sr2RuCu2O102d ruthenocuprates exhibit a dom
nant~51! valence while the hydrogen-loaded ruthenocupr
exhibits a dominant~41! valence. Figure 3~c! illustrates the
energy-level diagram obtained from the data of Figs. 3~a!
and 3~b!. Note the 1.0-eV shift of the occupied~bothL3 and
L2! Ru 2p states between metallic ruthenocuprate a

FIG. 2. Ru 3p core-level photoemission spectra of superco
ducting ruthenocuprate samples~top and middle spectra are th
same data on the ruthenocuprate! and SrRuO3 ~bottom!. We provide
two copies of the same ruthenocuprate spectrum, with and with
fitting, for ease of view by the reader. Also shown are Donia
Sunjic line-shape fits. We include three fits:~1! Fit to a binding
energy of 476 eV~dotted line of the ruthenocuprate samples!, which
also yields an excellent fit to the background of the entire doub
~2! Fit based on a constant background and fit to the binding en
emphasized by an arrow~↓! ~solid lines!. ~3! Fit based on a back
ground proportional to the electron binding energy~short dotted
lines of both spectra!.
05441
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hydrogen-loaded ruthenocuprate samples. Note that
samples with dominant 51 valence exhibit two main
transitions,31,32 while the 41 dominant valence samples ex
hibit one main transition at both edges. We performed m
netic circular dichroism measurements on superconduc
~both as-prepared and oxygen annealed! and nonsupercon
ducting ruthenocuprates at low temperatures~33 K! and
found no dichroism signal across the~Ru 2p! edge. Given
the experimental uncertainty, this places an upper limit
possible dichroism signal~absorption intensity difference
acrossL3 edge between opposite magnetization directio!
of 2%.

To interpret our x-ray-absorption spectroscopy~XAS!
data, we have calculated spectra by placing a Ru ion ins
an oxygen octahedra and adding eight additional alkali ato
~Rb!, which leads to a RuO6Rb8 cluster. The Ru~41! valence
state corresponds to ad4 occupancy, while Ru~51! corre-
sponds to ad3 occupancy. The results are in good agreem
with experiment and are presented in Fig. 4. The neutral
ionized clusters yield Ru 41 and Ru 51 oxidation states
with formal oxygen and alkali charges of22 and 14, re-
spectively. The geometries of these clusters were relaxed
each charge state using NRLMOL which is an all-electr
density-functional-based method.33,34 The Perdew-Burke-
Ernzenhof generalized gradient approximation was used
the energy functional.35 Once the electronic and atomic de
grees of freedom were fully relaxed, theL2 and L3 spectra
were simulated by calculating a dipole-weighted joint de
sity of states between the fully occupied Ru(2p) manifold
and the unoccupied states which includes part of the Ru(d)
manifold. This is given by

J~E!5S i jx^C i uxuC j&
2F~l i2l j2E!,

with C i an occupied Ru(2p) wave function,C j an unoccu-
pied wave function, andF(l i2l j2E) a Gaussian-
broadening function. The sum overx represents the thre
spatial dipole operators~x, y, z!. The broadening paramete
chosen to match the widths of the Ru~15! data.

Calculations have been performed with and without
spin-orbit operator. The primary effect of the spin-orbit co
pling operator is to split the Ru 2p states into a quasidouble
and a quasiquartet. The calculated splitting is 121.4 eV
reasonable agreement with the experimental splitting of
L2 andL3 peaks~125 eV!. In addition, the quasidoublet an
quasiquartet structures exhibit an exchange splitting of
proximately 0.25 eV. This splitting is small compared to t
eg2t2g crystal field splitting of the Ru(4d) states which is
observed to be 1.0–4.0 eV and is dependent on geom
charge state and moment.

Figure 4~a! shows the calculated XAS spectra fo
Ru~15!. The Ru~15! structure has the majority-spint2g
states fully occupied and the resulting geometry hasOh sym-
metry. With respect to the occupied majority spint2g states,
the unoccupied majority spineg states are 2.4 eV higher in
energy, and the unoccupied minority-spint2g and eg states
are 1.1 and 2.4 eV higher, respectively. Thus a two-pea
structure for the 2p-4d excitations is observed for Ru~51!.
Best agreement between theory and experiment is obta
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Y. HIRAI et al. PHYSICAL REVIEW B 65 054417
FIG. 3. Ru 2p x-ray-absorption spectra for as-prepared Ru-12
~ASP!, nonsuperconducting~hydrogen loaded! Ru-1222 ~H!,
oxygen-annealed Ru-1222~O!, and SrRuO3 ~SRO!, including ~a!
full spectra across both the Ru 2p1/2 and Ru 2p3/2 edges;~b! ex-
panded view of both edgesL3 ~closed symbols! andL2 ~open sym-
bols!, aligned by the difference in photon energy between the ed
and ~c! energy-level diagram arising from data of~a! and ~b!. The
Ru 2p x-ray-absorption spectra were taken with 0.25-eV ene
steps. The energy resolution of the monochromator was;1 eV.
The as-prepared and oxygen-annealed ruthenocuprate sam
exhibit a 2.3-eV splitting of the unoccupied electronic states tha
not present for SrRuO3 or the hydrogen-loaded ruthenocupra
samples.
05441
when a broadening of 2.7-eV is included in the theoreti
spectra. The 2.7-eV broadening is reasonable; it is clos
the combined effect of instrumentation and lifetime broad
ing of the Ru 2p core hole.36 There are two disparities be
tween theory and experiment. One is that in Fig. 4~a!, the
lower photon energy feature is more pronounced, while
Figs. 3~a! and 3~b!, the higher photon energy feature
slightly more intense. The other is that the experimen
splitting in the ruthenocuprate data of 2.3 eV is larger th
the splitting of 1.3 eV (52.4 eV21.1 eV) in our calculation.
Our calculation is thus in qualitative, but not quantitativ
agreement with experiment.

Figure 4~b! shows the calculated XAS spectra fo
Ru~41!. For Ru~14! an additional majority spin 4d electron
is occupied which breaks theOh symmetry and causes add
tional splittings~a combination of Jahn-Teller distortions an
exchange splittings! of the Ru(4d) manifold. The effect is to
smear out the 4d energies leading to the single-peaked stru
ture shown in the figure. The same broadening, 2.7 eV
included in Fig. 4~b! to obtain the best agreement betwe
theory and experiment. We also calculated the spin-reso
density of states for both Ru~51! and Ru~41! to confirm that
the unoccupied electrons associated with the joint densit
states are indeed due to the unoccupied Ru(4d) manifold.
We found that the unoccupied electronic states immedia
above the chemical potential are overwhelmingly spin m
nority, while between 1.0 and 5.0 eV above the chemi
potential there is substantial contribution from both sp
majority and minority states.

Figure 2 indicates that the RuO2 layers for superconduct
ing ruthenocuprates are metallic, as predicted in Ref. 19 T
implies that there are metallic layers possessing long-ra
magnetic order (RuO2) and superconductivity (CuOz) for
the superconducting ruthenocuprates. As noted in Ref.
having both the magnetic and superconducting layers me
lic places severe restrictions on how superconductivity a
magnetic order can coexist. In particular, when we consi
Ref. 16 we note that the~Eu, Gd!Sr2RuCu2O82d samples ex-
hibit a Curie-Weiss temperature~Q!: 0,Q,TM , while the
present samples exhibit 0,TM,Q. These results indicate
that superconductivity can coexist with different magne
fluctuations and relative contribution of ferromagnetic a
antiferromagnetic parts of the ordering.

References 16 and 32 argued that, f
~Eu, Gd!Sr2RuCu2O82d samples, the~Ru! valence is a
mixed 41 and 51 valent system. The present work do
not rule out some admixture of 41 and 51 valences, the
results merely indicate that for the present superconduc
ruthenocuprate samples, the dominant~Ru! valence is 51.
It is also noteworthy that the isostructural compou
Eu1.5Ce0.5Sr2NbCu2O102d is ~a! superconducting, and~b! ex-
hibits no long-range magnetic order.37–39 As Cava has
noted,40 the Nb layer is expected to be insulating for the
superconducting samples. For these samples, Nb is expe
to be in the 51 valence state. The SrRuO3 and Sr2RuO4
reference compounds possesses Ru in the 41 valence state.
The first is an itinerant ferromagnet, without superconduc
ity, while the second is a low-temperature~0.7 K! supercon-
ductor. The Ru,Nb system exhibits superconductivity
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MAGNETIC INTERACTIONS AND ELECTRONIC STATES . . . PHYSICAL REVIEW B 65 054417
both metallic and insulating~RuO2 or NbO2! layers. Chang-
ing the Ru or Nb layers from insulating to metallic has ve
little effect on superconductivity, but of course removing c
riers from the CuO2 layers can destroy superconductivi
~Fig. 1!. These results are consistent with earlier sugg
tions9,19 that the CuO2 and RuO2 layers are almost com
pletely decoupled.

Figure 3 indicates a difference in valence among the
compounds we report on. Further, the dominantly 51 com-
pounds exhibit two peaks in the unoccupied density of sta
while the 41 compounds exhibit one peak. This is explain
theoretically by the results shown in Fig. 4. One unexpec
result is a negative one: we measure no change in the
unoccupied density of states across the magnetic orde
transition~s!. This is in marked contrast with other magnet
systems, for which changes have been reported.41

Another surprising result concerns the nature of the m
netic moments in the ruthenocuprates. For SrRuO3 and both
superconducting and nonsuperconducting~hydrogen-loaded!
ruthenocuprates~Ru-1222,! the Rhodes-Wohlfarth criterion
indicates that the magnetism is carried mostly by itiner
moments—that is, moments not localized to one atomic s
Such a result is quite surprising for the nonsuperconduc
ruthenocuprates~Ru-1222,! for which dc resistivity measure
ments indicate a nonmetallic ground state. Previously p
lished O 1s XAS data13 indicated that there is an oxyge
pre-edge feature for SrRuO3 and the superconducting ru
thenocuprate, as expected for metallic oxides, but no s
feature for the hydrogen-loaded ruthenocuprate. The Os
XAS data indicated that in the hydrogen-loaded rutheno
prate samples, the carriers nearest the chemical pote
have little or no oxygen character. We speculate that in
hydrogen-loaded ruthenocuprates, as with the hydrog
loaded isostructural Nb compound,37 transport is via hop-
ping. The ratio of 2.760.3 for SrRuO3 is consistent with the
identification of SrRuO3 as an itinerant ferromagnetic mate
rial.

In summary, our data indicate that for the superconduct
ruthenocuprate samples reported, the RuO2 layers are metal-
lic and exhibit ferromagnetic fluctuations above the high
magnetic ordering temperature. Superconductivity coex
with such fluctuations and bulk superconducting phase
herence coexists with metallic magnetically ordered int
layers. Ru is predominantly in the 51 valence state for su
perconducting ruthenocuprates, although some 41 valence
cannot be ruled out. The unoccupied electronic states
significantly different for superconducting and nonsuperc
ducting Ru compounds, and have been successfully mod
by cluster calculations. The calculations show a differen
between the Ru~41! and Ru~51! spin-resolved densities o
states. In the Ru~51! sample, the splitting of the 4d manifold
05441
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is due entirely to the majority-spineg states and minority-
spin t2g andeg states. Because the exchange splitting of
majority and minority spineg states is small, a two-pea
structure emerges. In contrast, for Ru~41!, a combination of
Jahn-Teller distortions and exchange splittings smears
the 4d manifold, leading to the appearance of a single-pe
structure.
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rael USA Foundation BSF~1998!, Fonds National Suisse d
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FIG. 4. ~a! Theoretical Ru 2p x-ray-absorption spectra for
Ru 51 cluster.~b! Theoretical Ru 2p x-ray-absorption spectra for
Ru 41 cluster. The horizontal axis is the photon energy in eV, wh
the vertical axis is dipole-weighted joint density of states.
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