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Abstract. We report on X-ray photoemission of core levels, valence band studies using angle-integrated
photoemission, and magnetization measurements of ruthenocuprate and SrRuO3 polycrystalline samples.
The data indicate that the RuO2 planes are the source of the energetics of the magnetic ordering. We also
find that adding hydrogen leads to changes in the many-body response on both the CuO2 and EuO planes.

PACS. 74.72.Jt Other cuprates – 74.70.-b Superconducting materials (excluding high-Tc compounds) –
74.25.Ha Magnetic properties – 75.50.-y Studies of specific magnetic materials

Introduction

In the past few years, several reports of ruthenocuprate
samples indicate a new way to investigate the competition
and possible coexistence of ferromagnetism and supercon-
ductivity [1–8]. One fundamental reason for such studies
is that superconductivity leads to a macroscopic coherent
quantum state. If the material has ferromagnetic layers in-
terspersed between superconducting layers, how can phase
coherence of the superconducting state be maintained be-
tween the layers?

The ruthenocuprate samples include CuO2 and RuO2

planes in the unit cell. There is some evidence that the
RuO2 layers participate in some type of long range mag-
netic order [2–5]. It is widely believed, but so far with-
out conclusive evidence, that the CuO2 planes are the
source of the superconductivity. Because there are RuO2

planes and planes containing rare earth nuclei between
each CuO2 planes, this is an excellent model system to in-
vestigate the relationship between superconductivity and
ferromagnetism.

Our main result is that the RuO2 planes do indeed
seem the source of the energetics involved in the mag-
netic phase transition. The main electronic states, near
the chemical potential, that are involved in the magnetic
phase transition are predominantly oxygen in origin. For
metallic ruthenocuprates, the other planes in the unit cell
resemble cuprate and insulating rare earth and alkaline
earth planes, consistent with the charge reservoir idea in
the cuprates. However, for hydrogen loaded samples, we
find that both the CuO2 and EuO planes exhibit a dif-
ferent many-body response – and this response changes
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across the magnetic phase transition. After presenting the
data to substantiate these points, we suggest a consistent
picture of the interactions involved. At the same time, it is
important to note that we do not have definitive evidence
on how the change from metallic to insulating (hydrogen
loaded) ruthenocuprates affects the magnetic properties.

Experimental

Polycrystalline samples of SrRuO3, Eu1.5Ce0.5Sr2RuCu2

O10−δ (Eu-2212) and EuSr2RuCu2O8−δ (Eu-1212) were
prepared by solid state reaction of CeO2, Eu2O3, Ru, and
SrCO3. Precursor powders were ground, pressed and then
fired at 1000 ◦C for 24 hours in air. The material was then
reground, pressed and fired in 1atm of O2, at 1050 ◦C,
for 72 hours. Hydrogen-loaded Eu1.5Ce0.5Sr2RuCu2O10−δ
(Eu-2212+H) samples were prepared by annealing the
samples in a fixed volume of several atmospheres of hy-
drogen [3,4]. The samples were made in two laboratories
and extensively characterized using XRD, AC susceptibil-
ity, DC magnetization, and resistivity [1–9]. Eu-2212 sam-
ples were verified to be superconducting with transition
temperature ∼39 K by diamagnetic response and by zero
resistivity. These samples are also weak ferromagnets, as
confirmed by both SQUID magnetometry and AC suscep-
tibility, and have a Curie temperature of approximately
120 K. Eu-1212 samples do not exhibit superconductivity,
but appear to show ferromagnetic behavior with a Curie
temperature of about 150 K. Eu-2212+H samples exhibit
some type of long-range magnetic order with an ordering
temperature of approximately 180 K. All data presented
have been carefully and repeatedly reproduced. Further



178 The European Physical Journal B

details are reported elsewhere [9]. X-ray Photoemission
Spectroscopy (XPS) measurements were performed with
a Scienta ESCA 300 electron energy analyzer and an Al
rotating anode photon source.

Results

We performed extensive X-ray photoemission spec-
troscopy measurements, using an AlKα source of
1486.6 eV photons, which included measurements from
the chemical potential to a binding energy of 1180 eV.
We present data in the following order: Eu3d region; Sr3d
region; Sr3p and Ru3d region; Ru3p region; Cu2p region;
binding energy of 10–100 eV region; valence band.

Eu3d region

Previous authors have reported on studying the Eu3d core
level in both metallic and insulating environments [10,11]
and on the Eu response to another layer that orders
magnetically [12]. As illustrated in Figure 1, between
1110–1180 eV binding energy, there is a single doublet,
due to the Eu3d state, for the Eu-2212 (upper) and Eu-
1212 (bottom) samples. The doublet is at the same bind-
ing energy for both samples, and both the binding energy
and spectral intensity are almost independent of temper-
ature. The data indicate that (Eu) is in the (+3) valence
state; note the absence of a feature at ∼1124 eV binding
energy [13]. The superconducting sample exhibits a small
multiplet structure at ∼1142 eV binding energy. The over-
all lineshape is an excellent match to the calculated multi-
plet structure of trivalent Eu having a (3d4f6) configura-
tion [14] and to EuF3, EuCl3 and Eu2O3 compounds [13].
The Eu-1212 ruthenocuprate exhibits a similar spectrum,
except that the multiplet structure at ∼1142 eV is not
clearly observed.

By contrast, for the Eu-2212+H sample (middle), the
Eu is again in the (+3) valence state. The multiplet
structure is markedly different from that of the metal-
lic ruthenocuprates, but is virtually identical to the (+3)
valence part of EuPd2P2 and EuSi [11]. As reference [11]
discussed, the multiplet of EuPd2P2 and EuSi arises from
the many-body response in the photoemission final state
to the core photohole. The multiplet structure we observe
for the Eu-2212+H sample is quite different from the insu-
lating Eu compounds reported in reference [10]. We return
to this point below.

Ru3p region

As Figure 2 illustrates, between 455–495 eV binding en-
ergy, there is a single doublet, due to the Ru3p state,
for the Eu-2212 (upper), Eu-1212 (middle) and SrRuO3

(bottom) samples. The spectra for the metallic samples is
normalized with the (small) background subtracted. The
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Fig. 1. Angle-integrated photoemission spectra taken us-
ing photon energy of 1486.6 eV. Spectra at room tempera-
ture (closed square) and 80 K (cross) illustrated. Top: Super-
conducting ruthenocuprate (Eu-2212); Middle: Eu-2212+H;
Bottom: Magnetic ruthenocuprate (Eu-1212). Eu3d core level
visible.

binding energies and peak intensities are temperature in-
dependent for all three metallic samples. Both metallic
ruthenocuprate samples exhibit a binding energy ∼0.6 eV
higher than the SrRuO3.

Cu2p region

Figure 3 illustrates X-ray photoemission data taken across
the Cu2p core level region, including (top) the Eu-2212
ruthenocuprate, (middle) the Eu-2212+H, and (bottom)
the Eu-2212. Several points emerge directly from the data
as illustrated in Table 1.

Sr3d region

Figure 4 illustrates the binding energy range of 127–
138 eV, which includes the Sr3d core level. The Eu-
1212 (upper), Eu-2212 (second), Eu-2212+H (third)
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Table 1. Summary of figure three analysis, including data taken at 300 K and at 80 K. All notation follows reference [20].
Es − Em (eV) is the difference in satellite (s) and main peak (m) binding energy for the Cu2p3/2 state. (Is/Im) is the ratio of
satellite to main peak integrated intensity. These are both measured quantities. (Ucd) is the repulsive interaction between the
2p core hole and the 3d hole of the 3d9 configuration, (T ) the d-ligand hybridization, and (∆) the charge transfer energy, all
calculated using the Anderson Hamiltonian model following references [20] and [26].

Material Temp. Es − Em (eV) Is/Im Ucd (eV) T (eV) ∆ (eV)

Eu-2212 300 K 9.0 0.33 7.8 2.3 0.4
80 K 9.0 0.33 7.8 2.3 0.4

Eu-1212 300 K 9.0 0.43 7.8 2.3 0.4
80 K 9.0 0.43 7.8 2.3 0.4

Eu-2212 + H 300 K 4.6 2.2 4.8 1.2 [0.4–1.0]
80 K 6.1 2.1 6.0 1.5 [0.4–1.0]

YBa2Cu3Ox (Ref. [20]) 8.8 0.33 7.8 2.5 0.4
CuO (Ref. [20]) 8.9 0.45 8.4 2.4 1.0
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Fig. 2. Angle-integrated photoemission spectra taken using
photon energy of 1486.6 eV. Spectra at room temperature
(closed square) and 80 K (cross) illustrated. Top: Eu-2212;
Middle: Eu-1212; Bottom: SrRuO3. Ru3p core level visible.

and SrRuO3 (lowest) spectra are presented. The SrRuO3,
Eu-1212, and Eu-2212 samples all exhibit a single Sr3d
doublet; neither the intensity nor the binding energy shift
with temperature. The ruthenocuprate samples exhibit
a ∼ 0.6 eV shift, to higher binding energy, of the doublet
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Fig. 3. Angle-integrated photoemission spectra taken using
photon energy of 1486.6 eV. Spectra at room temperature
(cross) and 80 K (diamond) illustrated. Top: Eu-2212; Middle:
Eu-2212+H; Bottom: Eu-1212. Cu2p core levels and satellites
visible.

compared to SrRuO3. The Eu-2212+H sample exhibits a
shift of ∼1.8 eV, to higher binding energy, of the doublet
compared to the SrRuO3.



180 The European Physical Journal B

16

14

12

10

8

6

4

2

0

N
or

m
al

iz
ed

 In
te

ns
ity

 [a
.u

.]

138 136 134 132 130 128

Binding Energy [eV]

Eu-1212

Eu-2212

Eu-2212+H

SrRuO3

Fig. 4. Angle-integrated photoemission spectra taken using
photon energy of 1486.6 eV. Spectra at room temperature
(closed square) and 80 K (cross) illustrated. Top: Eu-2212; Sec-
ond: Eu-2212+H; Third: Eu-1212; Bottom: SrRuO3. Sr3d core
level visible.

Sr3p, Ru3d, Eu4p region

Figure 5 illustrates the binding energy range of
260–296 eV, which includes the Sr3p, Ru3d and Eu4p core
levels. Spectra include the Eu-1212 (top), Eu-2212 (sec-
ond), ruthenocuprates, and SrRuO3 (bottom). References
[15–18] report Ru3d data [15] and interpret such data
[16–18]. Our SrRuO3 data are consistent with earlier re-
ports; both a well screened and an unscreened final state
doublet are visible. The well screened Ru3d doublet is at
281.0 eV and 285.2 eV, while the unscreened doublet is
at 282.8 eV and 287.0 eV. Within the experimental er-
ror of ±0.2 eV, these results are identical to those of ref-
erence [15], Figure 11. By contrast, the ruthenocuprate
samples exhibit predominantly only the unscreened dou-
blet. As reference [15] discusses, as the screened state be-
comes less likely, the transfer energy integral and the one
electron bandwidth decrease. The data of Figure 5 indi-
cate that the ruthenocuprate samples possess a more nar-
row bandwidth than does SrRuO3. In addition, note that
there is a shift of ∼1.0 eV of the Ru3d core levels for the
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Fig. 5. Angle-integrated photoemission spectra taken using
photon energy of 1486.6 eV. Spectra at room temperature
(closed square) and 80 K (cross) illustrated. Top: Eu-2212;
Middle: Eu-1212; Bottom: SrRuO3. Sr3p, Ru3d and Eu4p core
levels visible.

ruthenocuprates compared to SrRuO3. This compares to
a shift of ∼0.6 eV for the Ru3p core levels, indicating a
difference in the chemical potential of the ruthenocuprates
compared to SrRuO3.

Similarly, the Sr3p core levels for SrRuO3 appear at
binding energies identical to those reported earlier in ref-
erence [15]. Also, note that there is a small shift of the
Sr3p core levels for the ruthenocuprate samples compared
to SrRuO3.

Cu3p region

Figure 6 illustrates the binding energy region from 70–
90 eV for the three ruthenocuprate samples, including:
Top: Eu-2212; Middle: Eu-2212+H; Bottom: Eu-2212.
Cu3p core levels visible. Notice that the Cu3p peak ap-
pears at the same binding energy for all three, con-
sistent with the Cu2p data of Figure 3. The metallic
ruthenocuprate samples exhibit the same lineshape as re-
ported previously by numerous investigators. However,
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Fig. 6. Angle-integrated photoemission spectra taken us-
ing photon energy of 1486.6 eV. Spectra at room tempera-
ture (closed square) and 80 K (cross) illustrated. Top: Eu-
2212; Middle: Eu-2212+H; Bottom: Eu-1212. Cu3p core levels
visible.

the hydrogen loaded ruthenocuprate sample exhibits a
high binding energy satellite. This satellite has not been
previously reported for Cu-containing compounds, and we
tentatively assign it to a many-body response of the CuO2

plane when we add hydrogen.

Valence band region

Figure 7a illustrates valence band spectra taken with
1486.6 eV photon energy, which favors Ru-d cross-section
compared to O-p. The SrRuO3 sample exhibits an energy-
resolution limited feature at the chemical potential, and
three main valence band features between 4–7.5 eV bind-
ing energy. The Eu-2212 ruthenocuprate samples ex-
hibit significant differences compared to SrRuO3 and to
earlier work on cuprate samples [19–25]. None of the
ruthenocuprate samples exhibit an strong spectral feature
near the chemical potential. We reproduced this difference
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Fig. 7. (a) Angle-integrated photoemission spectra taken us-
ing photon energy of 1486.6 eV. Spectra at room temperature
(closed square) and 80 K (cross) illustrated. Top: Eu-2212; Sec-
ond: Eu-2212+H; Third: Eu-1212; Bottom: SrRuO3. Valence
band features visible. (b) Expanded view of valence band re-
gion for Eu-2212+H sample.

10 times on several samples. Instead, there is a suppression
of spectral intensity within ∼2 eV of the chemical poten-
tial. The metallic ruthenocuprates exhibit a strong feature
at ∼3 eV binding energy that is absent for SrRuO3. There
are at least two other features in the valence band between
5–7.5 eV binding energy.

There are also significant differences between the
metallic and Eu-2212+H ruthenocuprates. The spectral
intensity between 0-2 eV is reduced by at least a factor
of (×3) for the Eu-2212+H samples. We have displayed
the data of Figure 7a with the same vertical scale. All
valence band features for the Eu-2212+H samples are at-
tenuated. In Figure 7b, we illustrated an expanded view
of the Eu-2212+H valence band. While the Eu-2212+H
valence band exhibits peaks in the density of states, it
is worth emphasizing that the Eu-2212+H valence band
does not resemble that of insulating cuprate samples, even
when the same photon energy was used.

It is, however, important to note that the metallic
and Eu-2212+H ruthenocuprates exhibit the same lead-
ing edge. We find no indication in the data of Fig-
ure 7a that there is a rigid shift of the leading edge
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for the Eu-2212+H sample, as would be expected if there
was an insulating bandgap. Instead, the leading edge
behavior of all ruthenocuprate samples exhibit a loss of
spectral intensity; this loss of intensity is reminiscent of
a pseudogap such as has been reported for other lower
dimensional materials [26–28].

Magnetic/superconducting properties

In this report, we have concentrated on the photoemission
and electronic structure analysis of the ruthenocuprates.
However, we present in Figure 8 a summary of our mag-
netic and superconducting measurements. The data of
Figure 8 were measured in the zero field cooled pro-
cess. Figure 8a illustrates the magnetization versus tem-
perature of a Eu-1212 ruthenocuprate sample. The inset
of Figure 8a illustrates the analogous measurement on
SrRuO3. Both Figure 8a and the inset were measured at
50 Oe. Note that the magnetization per mole for SrRuO3 is
∼(×30) larger than for Eu-1212. In addition, the SrRuO3

exhibits a Curie temperature of ∼160 K while Eu-1212
exhibits a phase transition (ferromagnetic response) at
∼150 K (based on the maximum of the first derivative
of magnetization versus temperature).

Figure 8b illustrates the magnetization versus tem-
perature for a Eu-2212 ruthenocuprate sample in three
circumstances: as-prepared; after hydrogen loading; after
annealing in oxygen to remove the hydrogen. The inset
illustrates the first derivative of the magnetization versus
temperature curve for the as-prepared (ASP) sample. We
note, as mentioned in the experimental section, that we
deliberately loaded the samples with much more hydrogen
than necessary to destroy the superconductivity. The ASP
sample exhibits a phase transition at ∼88 K (see inset).
Also, as highlighted in the inset by an arrow (↓), there is
a smaller change at ∼122 K, which is a magnetic ordering
of the Ru atom sublattice [2–5] The transition at 88 K
is lower than the sample in Figure 8a, which contains no
Ce. The ASP sample was measured in a 50 Oe field. The
magnetization/mole/emu has a maximum of ∼3, which
means that the magnetization per mole has a maximum
of ∼150 emu/mole. This is a factor of ∼(×5) larger than
the ruthenocuprate sample of Figure 8a. It is particularly
important to note the diamagnetic (superconducting) re-
sponse of the ASP sample. The second derivative becomes
negative at ∼65 K, and the magnetization itself becomes
negative below 48 K. These data are most naturally in-
terpreted as macroscopic superconductivity occurring at
48 K, and a competition between superconductivity and
the other phase transition becoming evident at ∼65 K.

When hydrogen is loaded into the sample, the phase
transition temperature shift to ∼180 K, higher that any
metallic ruthenocuprate, or SrRuO3. The data for the Eu-
2212+H sample were taken at 35 Oe, so the maximum
magnetization per mole is ∼210 emu/mole. Note that the
magnetization remains positive for all temperatures mea-
sured, down to 5 K. The maximum magnetization per
mole for the Eu-2212+H samples is higher than for the

(a)

(b)

Fig. 8. (a) Magnetization per mole versus temperature for
Eu-1212 sample, taken under zero field cooled conditions, with
nominal (50 Oe) field. Inset: Analogous data for SrRuO3 under
same conditions. (b) Magnetization per mole per Oe versus
temperature for Eu-2212 (closed square), Eu-2212+H (closed
triangles), and regenerated E u-2212+H (×) samples. Inset:
First derivative of Eu-2212 data in (b), with arrow highlighting
change at ∼122 K.

ASP sample, and ∼(×8) higher than the ruthenocuprate
in Figure 8a.

We then took the Eu-2212+H sample and annealed it
in oxygen at one atmosphere pressure (500 ◦C, 24 hours)
to remove as much hydrogen as possible. We almost com-
pletely restored the original ASP sample properties. The
phase transition temperature shifted back to ∼90 K, and
the shape of the magnetization versus temperature is
quite similar to the ASP sample: the temperature where
(dM/dT ) becomes negative is also ∼90 K. We did not
remove quite all the hydrogen, since the magnetization
never becomes negative. Also, surprisingly, the magneti-
zation/mole for the regenerated sample is virtually identi-
cal to that of the Eu-2212+H sample, although the phase
transition temperature is much lower.
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Discussion and conclusions

It is increasingly evident that the ruthenocuprates dif-
fer, chemically, electronically and magnetically, from ei-
ther the ruthenate or cuprate parent compounds. We first
discuss the effects of temperature, then the effects of stoi-
chiometry on electronic properties, and finally the change
of magnetic properties with stoichiometry. It is worth not-
ing, at the beginning, the effects of adding hydrogen to
the cuprates [29] or the ruthenates [30]. For the ruthen-
ates, it seems that little hydrogen is incorporated. For the
cuprates, the reports vary. Some report hydride forma-
tion, but there are also reports, such as reference [29],
where the hydrogen appears not to form hydrides. The
authors of reference [29] conclude that the hydrogen has
two dominant effects. First, a magnetically ordered state
forms, with a Néel temperature of 320 K; the exact nature
of the magnetically ordered state was not elucidated. Sec-
ond, the hydrogen acts to reduce the carrier concentration,
in a manner similar to removing oxygen. There is a critical
amount of hydrogen in YBa2Cu3O7Hx: superconductivity
disappears at x ∼ 0.2, and some type of magnetic order
appears above x ∼ 0.5.

Let us first consider the changes with temperature.
In an earlier report [31], we noted that the O1s X-ray
photoemission data of SrRuO3 and both superconduct-
ing and non-superconducting ruthenocuprates exhibit no
shift of the O1s pre-edge feature in XPS at a bind-
ing energy of ∼528.5 eV. However, all exhibit a large
shift with temperature of the feature at ∼532 eV. The
shift is larger (∼2.1 eV) for the ruthenocuprates than for
SrRuO3 (∼1.1 eV). For the Eu-2212+H ruthenocuprates,
the higher binding energy O1s feature shifts less (∼0.5 eV)
with temperature. So there is a large shift of the occu-
pied O1s features for the metallic samples, and a smaller
change for the Eu-2212+H samples. By comparison, there
is no shift with temperature for the cuprate samples in
the same temperature range. In the cuprates, the peak at
∼532 eV can change for polycrystalline samples if there
is a change of oxygen content. This means we cannot ex-
clude a change in oxygen content accompanying adding
hydrogen.

This shift of the higher binding energy O1s features for
the metallic ruthenocuprate, or ruthenate, samples is the
only change with temperature for the metallic samples.
However, for the Eu-2212+H samples, as Table 2 illus-
trates, there are changes in the Cu2p and Eu3dp multiplet
structure with temperature. In view of the changes in Ta-
ble 2, it is tempting to ascribe the shifts with temperature
to some rigid chemical shift. However, this is not the cause,
since the Sr3p and Sr3d spectra for Eu-2212+H samples
exhibit no shift with temperature. The data indicate that
the multiplet is changing due to the ferromagnetic phase
transition. This indicates that the unoccupied electronic
states just above the chemical potential are affected by the
ferromagnetic phase transition. We considered the pos-
sibility that there was a valence (charge) fluctuation at
80 K. We measured the Eu Mössbauer, but detected no
change between 300 K and 80 K. Combined with the pho-
toemission (Fig. 1), this means that the change in the mul-

Table 2. Variation of core level features with temperature,
between 300 K and 80 K, for the Eu-2212+H samples.

Core level Variation with temperature
Eu3d Shift of relative intensity of multiplet members
Cu2p Intensity and binding energy of satellites

Table 3. Screening of core level(s), and valence, com-
pared to SrRuO3. For (Eu) and (Cu), the superconducting
ruthenocuprate is the reference compound.

Element WFM&SC WFM WFM&SC+H
Eu same same same
Cu same same same

Ru3p +(0.6-1.0 eV) +(0.6-1.0 eV) +5 eV
Sr +0.5-0.6 eV +0.5-0.6 eV +1.6 eV

tiplet structure with temperature is not due to any valence
fluctuation. The shift of the Ru3d core level with temper-
ature, along with the shift of the O1s, indicates that this
shift is due to the ferromagnetic phase transition.

There is one additional important consideration for
these data: screening. SrRuO3 exhibits metallic behavior;
let us compare to this and the metallic cuprate benchmark
compounds. At first, the results, summarized in Table 3,
seem contradictory. Of the two planes that are nominally
metallic, CuO2 and RuO2, the CuO2 plane exhibits Cu2p
and Cu3p core levels at virtually identical binding energies
for all three ruthenocuprate members; the core level val-
ues are the same as both metallic and insulating cuprates.
By contrast, the Ru core levels are affected by adding or
removing hydrogen. Similarly, of the two nominally insu-
lating planes, EuO and SrO, the (Eu) core levels are not
changed by adding or removing hydrogen, while the (Sr)
core levels are affected. At the same time, note that the
EuO and CuO2 planes exhibit marked changes in their
many-body response when hydrogen is added or removed.
Further, for the Eu-2212+H samples, the EuO and CuO2

plane many-body responses change with temperature, as
do the Ru core levels.

We draw the reader’s attention to the shift of the (Ru)
core levels for the metallic ruthenocuprate samples com-
pared to SrRuO3. Previous work by some of us (IF, IN) [7],
using X-ray absorption, indicate that (Ru) in the metallic
ruthenocuprate is pentavalent, while in SrRuO3 (Ru) is
tetravalent. The shift in (Ru) core levels listed in Table 3
is consistent with this difference in valence.

There remains in this picture one important experi-
mental result: the effect of temperature for the Eu-2212+H
ruthenocuprate samples. The Sr core levels do not change
with temperature, while the Ru core levels and both the
Eu and Cu multiplets do change. This indicates that
the RuO2 layers are directly involved in the energetics
of the ferromagnetic phase transition. Further, the data
indicate that the ferromagnetic phase transition affects
electronic states of both Eu and Cu origin; the moment
may be dominantly due to Ru, but the effect of the fer-
romagnetic phase transition extends to both Eu and Cu
states. We speculate that the indirect effect on the EuO
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and CuO2 planes is via the internal magnetic field associ-
ated with the ferromagnetic state. Since the same changes
are not observed for the metallic ruthenocuprates across
the same ferromagnetic phase transition, we conclude that
in the metallic ruthenocuprates, the mobile carriers screen
out any effect of the ferromagnetic phase transition on
the CuO2 or EuO planes. Because the O1s features shift
across the phase transition for both the metallic and Eu-
2212+H ruthenocuprates, we conclude that the oxygen or-
bitals are directly involved in the phase transition. Since
the oxygen states shift for both metallic and Eu-2212+H
ruthenocuprates, while the ruthenium states shift only for
the Eu-2212+H samples, we conclude that the mobile car-
riers, present for the metallic samples, are dominantly oxy-
gen in nature. We infer that the nature of the ferromag-
netic coupling is qualitatively different for the metallic
and Eu-2212+H ruthenocuprates, with the coupling di-
rectly involving itinerant carriers for the metallic samples
but only involving the localized Ru moments for the Eu-
2212+H samples.

In summary, our results indicate that electronic states,
dominantly oxygen, on the RuO2 planes are directly in-
volved in the energetics of the magnetic phase transi-
tion. The phase transition affects the core level mul-
tiplets on both the EuO and CuO2 planes indirectly
for the Eu-2212+H samples, probably due to the dif-
ference in screening between Eu-2212+H and hydrogen-
free ruthenocuprates. The magnetic moment per volume
changes markedly with hydrogen loading, indicating that
both itinerant carriers and localized moments affect the
magnetization properties. These data provide no further
insight into why the magnetic ordering temperature in-
creases for Eu-2212+H samples; this point has been dis-
cussed in other reports [1–9]. The data indicate that there
are both Eu and Cu electronic states near the chemical
potential; they affect the Eu and Cu core level multiplets
but appear not to play a major role in the energetics of
the magnetic phase transition.
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