RAPID COMMUNICATIONS

PHYSICAL REVIEW B 80, 140414(R) (2009)

Element-specific probe of Ru magnetism and local structure in RuSr,Eu; sCej sCu,04,
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Element-specific x-ray magnetic circular dichroism measurements at the Ru L3 absorption edge are used to
search for the presence of a net Ru ferromagnetic moment in the superconducting state of
RuSr,Eu; 5Ce( sCuy,O;p. A net moment of 0.21ug/Ru is observed in zero applied field. Together with a
homogeneous Ru local structure probed by x-ray absorption fine-structure measurements, the results unequivo-
cally demonstrate the coexistence of a ferromagnetic component in the magnetically ordered RuO, planes with

superconductivity in the CuO, planes.
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Rutheno-cuprate layered structures RuSr,RECu,0g (Ru-
1212) and RuSr,RE,Cu,0,y (Ru-1222) (RE=rare earth)
have generated significant interest due to the reported pres-
ence in the ground state of concomitant long-range magnetic
ordering (Ty=100-150 K) and high-temperature supercon-
ductivity (7,=20-50 K) in alternating RuO, and CuO,
planes, respectively. In particular, the possibility of magnetic
ordering of the weak ferromagnetic (W-FM),! or
ferromagnetic,” type as originally reported based on bulk
magnetization measurements, generated additional excite-
ment albeit with some skepticism. This is because the dipolar
and exchange fields generated by a FM or W-FM RuO, layer
in proximity to the CuO, layers could act as pair breakers or
prevent singlet-pair formation altogether (Ty;>T.), e.g., due
to induced splitting of spin-up and spin-down conduction
bands. Density functional theory’ mitigated some of these
concerns by showing that these dipolar and exchange fields
are weak enough in Ru-1212 that singlet pairing can still
occur in the CuO, layers, albeit with a modulated SC order
parameter the nature of which depends on whether the Ru
magnetization is parallel or perpendicular to the RuO, layers.

More recently, efforts have been devoted to the under-
standing of phase purity, lattice distortions and the true na-
ture of magnetic ordering in Ru-1212 and Ru-1222
structures.*~8 Phase purity, in particular ruling out the pres-
ence of magnetic impurities with similar ordering tempera-
ture [such as SrRuO; (SRO)], is important in order to sup-
port assertions of microscopic uniform coexistence of
magnetism and superconductivity. Lattice distortions such as
rotations of RuOg octahedra can affect the magnetic structure
through spin-orbit coupling (e.g., Dzyaloshinsky-Moriya
interactions®!?), antisymmetric exchange interactions, or
single-ion anisotropy. As per the magnetic structure, both
neutron diffraction and x-ray resonant magnetic scattering
(XRMS) measurements have now determined that the mag-
netic ordering in zero applied field is of the antiferromag-
netic (AFM) G type in the Ru-1212 phase (Ru moments
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antiparallel in all three crystallographic directions). How-
ever, the presence of a FM component within this magnetic
structure, as originally implied from magnetization' and
NMR (Ref. 11) data, was observed in only one!? but no
other>® neutron-diffraction measurements, which set an up-
per limit of 0.1-0.3 up/Ru for such FM component. Further-
more, a representation analysis® concludes that a net in-plane
FM component must be present, albeit compensated due to
alternation of moment direction along the ¢ axis. Inconsis-
tencies remain as per the exact orientation of the Ru mo-
ments in the G type AFM phase, with neutrons indicating
c-axis alignment>® and XRMS (Ref. 8) indicating alignment
along the (102) direction. The current understanding of the
magnetic structure of Ru-1222 compounds is even more con-
troversial. Recent neutron-diffraction work by Lynn et al.'3
on RuSr,Eu; ,Ce( 3Cu,0,, failed to detect any magnetic or-
dering associated with the rutheno-cuprate structure. Addi-
tionally, small-angle neutron-scattering measurements did
not observe any signature of a FM component, and some
limited magnetic scattering present in this system was attrib-
uted to impurity scattering. In contrast, Mclaughlin et al.’
observed clear magnetic scattering in their neutron-
diffraction measurements on RuSr,Y sCe,;Cu,O, indicat-
ing antiferromagnetic alignment of Ru spins (Ru moments
along the ¢ axis). The neutron data, however, could not be
modeled with a simple G-type AFM structure and arguments
were put forward in favor of both FM and AFM Ru-Ru cou-
pling being simultaneously present along the c-axis.” Neu-
tron diffraction failed to observe a net FM component in
Ru-1222 compounds, an upper limit of ~0.3ugz/Ru set by
the experimental sensitivity.

To reconcile the recent neutron and x-ray scattering mea-
surements with the observation of a FM component in mag-
netization and NMR data, it is therefore of critical impor-
tance to determine if a zero-field FM component of
magnetization is present in the Ru sublattice and whether this
magnetism is intrinsic to the rutheno-cuprate crystal structure
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as opposed to being associated with impurity phases. To this
end, we undertook an x-ray magnetic circular dichroism
(XMCD) and x-ray absorption fine-structure (XAFS) study
of the local magnetic and chemical structure of Ru ions in
RuSr,Eu; 5Ce sCu,04 powder samples. XMCD arises from
the breaking of time-reversal symmetry associated with the
presence of a (net) FM component of magnetization and
hence it is ideally suited for probing the existence of such
component in rutheno-cuprates (detection limit =~0.01uz/Ru
ion). Unlike magnetometry, the resonant nature of XMCD
yields element-specific magnetization so it can be used to
probe the Ru magnetization independently from other contri-
butions. In fact, paramagnetic contributions from RE ions
dominate the background intensity at the lattice (nuclear)
Bragg-peak positions in neutron-scattering experiments lim-
iting the sensitivity for detection of a FM component to
~0.3uz/Ru ion.%” As per structural homogeneity, XAFS is
ideally suited for detection of nanosized impurity phases
which may be present but go undetected in diffraction mea-
surements, due to finite-size broadening or high degree of
structural disorder. XAFS probes the local structure even in
the absence of long-range order and hence can provide a
conclusive answer on the question of local structure homo-
geneity. Specifically, the need to rule out the presence of
SRO FM impurities was pointed out early on® and this need
exacerbated with the detection of SRO impurities in some'3
but not other’ neutron measurements.

Ceramic samples of Ru-1222 were prepared by mixing
prescribed amounts of Eu,03, CeO,, SrCO;, CuO, and Ru
(powder), pressed into pellet form, and preheated to 950 °C
for one day, regrained, and sintered under oxygen at
1050 °C for two days then furnace cooled.!*!* X-ray dif-
fraction measurements of as-grown samples could not detect
the presence of impurity phases and magnetization measure-
ments were used to determine magnetic (Ty;=125 K) and
superconducting (T,=21 K) transition temperatures.'* SRO
powder reference samples were prepared as described in Ref.
15. XAFS measurements at the Ru K edge (21.117 keV)
were carried out at undulator beamline 4-ID-D of the Ad-
vanced Photon Source. Powder samples were mounted on
the cold finger of a closed-cycle refrigerator for low-
temperature measurements using a transmission geometry.
XMCD measurements at the Ru L; edge (2.838 keV) were
carried out at undulator beamline 4-ID-C of the Advanced
Photon Source. Measurements were done in polarization
switching mode with data also taken for opposite directions
of applied magnetic field to check for experimental artifacts.
XMCD was collected using total electron yield and fluores-
cence yield simultaneously. Powder samples were mounted
on the variable-temperature insert of a superconducting mag-
net for low-temperature measurements down to 5 K in mag-
netic fields up to 4 T applied along the incident wave vector
of circularly polarized (CP) photons. Neither beamline deliv-
ers CP radiation at the Ru L, edge (2.967 keV) preventing
the application of sum rules analysis.

Figure 1(a), main panel, shows the field dependence of
integrated Ru L; XMCD intensity in the Ru-1222 sample at
5 K (data points) together with superconducting quantum
interference device (SQUID) magnetization data on the same
sample (lines). The lower-right inset shows raw XMCD data
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FIG. 1. (Color online) (a) Main panel: magnetic moment per
formula unit for Ru-1222 from SQUID magnetometry and (scaled)
Ru XMCD data at 5 K (see text). Lower inset: raw XMCD data at
5 K for =0 and =4 T fields. Upper inset: SQUID data for SRO and
Ru-1222 samples at 5 K. (b) Main panel: SQUID and (scaled)
XMCD data for Ru-1222 at 4 T. Inset: SQUID data for Ru-1222
and SRO at 4T.

at 5 K for opposite field directions (0 and 4 T) showing
reversal of the XMCD signal upon reversal of the magneti-
zation direction, as expected. The XMCD signal arises from
the magnetic ordering of Ru 4d electrons probed by the reso-
nant 2p—4d electric-dipole transition. A clear nonzero
XMCD signal (FM component) is observed at zero applied
field, about 1/5 of its value at 4 T. Since the lack of L,-edge
data prevents the application of sum rules to determine the
size of the magnetic moments, we used SRO as a reference
in order to estimate the magnitude of the FM component in
zero-field. SQUID magnetization data on SRO powders
(emu/gr) can readily be converted to up/Ru since Ru domi-
nates the magnetization in SRO. By measuring SQUID and
XMCD on SRO an arbitrary conversion factor is obtained to
place the XMCD data on an absolute magnetization scale.
Applying the same conversion factor to the XMCD data of
Ru-1222 we obtain very good agreement with its SQUID
data [see field and temperature dependence in the main pan-
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els of Figs. 1(a) and 1(b)], indicating that the Ru FM com-
ponent dominates the SQUID magnetization data over para-
magnetic (rare-earth) contributions and that the nominally
different valence state of Ru in SRO (Ru**) versus Ru-1222
(Ref. 16) (Ru***) still results in similar Ru XMCD inte-
grated intensity in both samples for a given Ru magnetic
moment. This normalization procedure results in a zero-field
Ru FM component of 0.21 £0.03u5. Note that this magni-
tude is below the detection limit of neutron-diffraction
experiments.”!3 Additionally, the magnetization is clearly not
saturated at 4 T so an ordered FM component of 1.1uz/Ru at
4 T is consistent with the 1.5(3)uz/Ru local moment found
in neutron-diffraction measurements’ and indicative of a low
spin state (g=2, S=1/2) for Ru’* ions.

After establishing by XMCD that a significant zero-field
FM component is present in the Ru sublattice, we used
XAFS measurements in order to demonstrate that this com-
ponent is associated with the Ru-1222 structure and not with
impurity phases. Of particular interest is to determine if SRO
impurities are present, due to the similarity in magnetic or-
dering temperature with Ru-1222 [Fig. 1(b)]. The crystal
structures of Ru-1222 and SRO are shown in Fig. 2. Al-
though coordination numbers and interatomic distances
within the first two coordination shells about Ru atoms are
quite similar (Ru-O and Ru-Sr) their local structures are eas-
ily distinguishable by XAFS through the different Ru-Ru co-
ordination in the third shell (4 versus 6) and most impor-
tantly, through Ru-Cu photoelectron scattering (and related
collinear Ru-O(2)-Cu multiple scattering) along the ¢ axis in
the fourth coordination shell of the /4/mmm structure of the
rutheno-cuprate.'®> A comparison of experimental Fourier-
transformed Ru K-edge XAFS data for Ru-1222 and SRO at
T=20 K is shown in the inset of Fig. 3, clearly manifesting
these differences in local structure at the higher coordination
distances. Quantitative analysis of Ru-1222 XAFS data was
carried out using FEFF 6.0 theoretical standards,'” the scat-
tering amplitudes and phases computed using an 8 A-sized
cluster with lattice parameters and atomic positions from
Lynn et al.'® Possible rotations of RuOg octahedra about the
¢ axis were neglected as these result in a ~0.05 A splitting
between in-plane Ru-O(1) and out-of-plane Ru-O(2) dis-
tances, a splitting unresolved with the spatial resolution of
our XAFS measurement (77/2ky,=0.12 A,  where
kpax=13 A~!is the largest photoelectron wave number). The
radial pair distribution function involving Ru and neighbor-
ing atoms within the R=[1.3,4.0] A region of real space
was fitted by including single and multiple-scattering contri-
butions to the XAFS signal. The Fourier transform uses data
in the k=[2,13] A~' range, resulting in 20 independent
points in the fitted range.'® The 12 fitted parameters included
distances and bond disorder for Ru-O, Ru-Sr, Ru-Ru, and
Ru-Cu single and multiple-scattering paths, as well as an
overall correction to the theoretical origin of photoelectron
energy (E, shift) and an amplitude reduction factor to com-
pensate for unaccounted excitations of passive electrons in
the theoretical calculation of x-ray absorption.'” The data
were successfully modeled using the known crystal structure
(misfit in R space of 2%) with all fitted distances within
0.05 A of their nominal values. Values for mean-squared
bond disorder are in the range of 0.002—0.005 A2 for Ru-O,
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FIG. 2. (Color online) Crystal structure of Ru-1222 (a) and
SrRuO; (b).

Ru-Sr, and Ru-Cu distances, while a larger disorder of
0.012 A? for in-plane Ru-Ru distances is likely a result of
unaccounted buckling in Ru-O(1)-Ru scattering paths arising
from rotations of RuOg octahedra about the ¢ axis.'® Fit re-
sults are shown in the main panel of Fig. 3. In order to
determine if SRO impurities are present in our Ru-1222
sample, we next fitted the data with a linear combination of
Ru-1222 and SRO local structures. Since the information
content is limited, the structural parameters for SRO were
independently determined by fitting the experimental SRO
XAFS data, then set in the mixed-phase fits. The fitted frac-
tional content of SRO phase was 2 * 5%, with the fractional
misfit (5%) larger than that of the single-phase fit. While this
is not inconsistent with the 7% SRO impurity content re-
ported in neutron-diffraction experiments,'? it clearly shows
that the local structure of Ru ions is predominately homoge-
neous (>93%) and consistent with the crystal structure of
the Ru-1222 phase. In a similar fashion we can also rule out
the presence of significant Sr,RuO, impurities. We note that
our XAFS measurements cannot distinguish between Ru-
1222 and Ru-1212 local structures as these are nearly iden-
tical (all distances within 0.01 A).

140414-3



SOUZA-NETO et al.

2.5 . T

) @ Ru-1222
2'0__ fitting
1.5

1.0-
0.5
0.01
-0.5-
1.5-
-2.0-
25

0 1 2
R (A)

2 @ Ru-1222] |
2 J —— SrRuO,

FT (k%) (A®)

FIG. 3. (Color online) Main panel: Magnitude (large symbols)
and real part (small symbols) of complex Fourier transform of
XAFS data, together with their respective fits (lines), for Ru-1222 at
T=20 K. Inset: Magnitude of complex Fourier transform of XAFS
data for Ru-1222 and SrRuO;.

In summary, XMCD measurements unequivocally show
the presence of a significant zero-field FM component
(0.21up/Ru) associated with Ru ions in the Ru-1222 phase
(this component is at least ten times larger than expected for
a 2% SRO impurity phase =~0.017ug/Ru). While the
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magnetically- ordered state in zero field is predominately of
the antiferromagnetic type as determined by neutron
diffraction,’ the presence of significant canting or uncompen-
sated Ru spins results in a sizable zero-field FM component
in the RuO, planes. The magnitude of this FM component is
below the detection limit of neutron-diffraction measure-
ments, explaining why direct observation was previously not
possible in Ru-1222. Our measurements on powders cannot
determine the crystallographic orientation of this FM com-
ponent and the future availability of single crystals should
help determine the final details of magnetic ordering. Both
the magnitude and orientation of the Ru FM component are
important in determining the nature of the spatial modulation
in the SC order parameter of Ru-1222.3 Together with the
XAFS finding of an homogeneous local structure at the
atomic scale (>>93%), the results imply by necessity coexist-
ence of superconductivity and weak ferromagnetism in this
hybrid ruthenocuprate structure.
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