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Electronic structure of SrRu;_.Mn,O; studied by photoemission and x-ray absorption
spectroscopy
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In order to investigate the change in the electronic structure with Mn doping of SrRu;_,Mn O3 (SRMO), we
have performed soft x-ray synchrotron photoemission spectroscopy (PES) and x-ray absorption spectroscopy
(XAS). In the soft x-ray PES spectra, the sharp peak structure near the Fermi level (Eg), which was clearly
observed in SrRuO;, was suppressed accompanied with Mn doping in SRMO. In the Mn 2p XAS and
Mn 2p-3d resonant PES spectra, we have confirmed the existence of Mn** ions with the electron doping to
Mn 3d e, states and Mn 3d partial density of state never have finite intensity at Ex in SRMO. These results
suggest that the metal-insulator transition of SRMO with Mn doping is originated from the charge transfer
from the itinerant Ru 4d t,, bands to the localized Mn 3d e, orbitals.
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Perovskite-type transition-metal oxides (TMOs) have at-
tracted much attention because of their unique physical phe-
nomena such as colossal magnetoresistance, percolation,
phase separation, etc., resulting from the strongly correlated
d-band electrons and hybridization between the transition-
metal d bands and O 2p bands.!? The ruthenates, as a class
of TMOs exhibit a wide variety of physical properties de-
rived from the itinerant-localized duality of Ru 4d electrons.
SrRuO; (SRO) is known well to be an itinerant ferromag-
netic metal (FM) with the Curie temperature of around 160
K. The substitution of 3d-metal ions for the Ru ions causes
the localization of d electrons, electronic disorders, and
charge transfer between the Ru ions and 3d-metal ions. Cor-
relations among these phenomena result in the various physi-
cal properties such as metal-insulator and magnetic transi-
tions in 3d-doped SrRu,_ M O3 (M=Ti, Cr, Mn, Fe, etc.)
system.>~4

The one of the most striking compounds in the system is
Mn-doped SrRu;_,Mn,O; (SRMO).”"'# The other end of
SRMO compounds, StMnO; (SMO) is an antiferromagnetic
(AF) insulator, which is originated from localized Mn 3d t,,
electrons since SMO has only Mn** ions which have no
Mn 3d e, electrons. Many investigations for unusual physi-
cal properties in the intermediate compositions of SRMO
system have been reported.””'* Cao et al.” reported on single-
crystalline samples of SRMO that the Mn doping suppresses
the itinerant ferromagnetic phase, and then induces a new
insulating phase above the critical point x,=0.39. For x>x,,
the temperature variations in the magnetic susceptibility sug-
gest the appearance of AF order in the insulating phase. On
the other hand, Sahu et al.® reported on the polycrystalline
samples that the ferromagnetic state is still stable up to x
=0.5. They also mentioned the charge transfer between Ru
and Mn ions from the results of x-ray absorption spectros-
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copy (XAS). Recently, Yokoyama et al.® found using powder
neutron-diffraction measurements that the itinerant ferro-
magnetic order in SRO changes into the AF order with
nearly localized d electrons in the intermediate Mn-
concentration range between x=0.4 and 0.6. Kolesnik et al.'?
states the existence of spin-glass phase between the
ferromagnetic-to-antiferromagnetic transition. Thus, basi-
cally the physical properties of SRMO have been understood
as itinerant FM in the low Mn-doping region, and as AF
insulators in the high Mn-doping region. However, the de-
tailed behaviors near the transition compositions are still
controversial and the mechanism of the transitions is not
clear.

In order to clarify the origin of complicated physical
properties in Mn-substituted SRO, it is important to under-
stand the electronic structure of SRMO. In particular, obser-
vation of change in the element-selective electronic structure
accompanied with Mn substitution for Ru in SRMO provides
us with direct information on hybridization and charge trans-
fer between Ru and Mn ions. XAS and resonant photoemis-
sion spectroscopy (PES) are very powerful techniques to ob-
serve such element-selective electronic structure of solids. In
this work, we perform the soft x-ray synchrotron PES and
XAS to elucidate the origin of the metal-insulator transition
of SRMO with Mn doping.

Polycrystalline SRMO samples were prepared by conven-
tional solid-state reaction methods® with the starting materi-
als of SrCOj3, RuO,, and MnO. The samples with stoichio-
metric compositions were first calcined at 750 °C for 4 h
and shaped into pellets. They were then sintered at 1300 °C
for 24 h in the ambient atmosphere. In order to avoid con-
tamination of impurity phases, we iterated the sintering pro-
cess tenfold. All the SRMO samples were confirmed to con-
sist of a single phase within the experimental accuracy by
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FIG. 1. (a) Mn-concentration dependence of resistivity (at 300
and 90 K) and magnetization at 5 K of SrRu;_Mn,O;. (b) Resis-
tivity in a logarithmic scale as a function of T~"# of SrRu;_,Mn,O5
(x=0.3, 0.4, and 0.5). In case a three-dimensional variable-range
hopping conduction, the temperature dependence of the resistivity
can be described with the formula p(T)=p, exp(Ty/T)"*.

x-ray powder-diffraction measurements. Electrical resistivity
and magnetization were measured by the four-probe method
and a superconducting quantum interference device magne-
tometer, respectively.

PES and Mn L-edge XAS study were carried out using
the high-resolution PES apparatus at beamline BL17SU of
SPring-8 (Ref. 15) and Ru L-edge XAS experiments were
performed at BL-11B of Photon Factory, KEK. All measure-
ments were performed at room temperature. The clean sur-
face of the samples was obtained by fractured in situ. XAS
spectra were obtained with total electron yield mode by mea-
suring the sample drain current. The total-energy resolution
of PES and Mn L-edge XAS measurements was set to 200
meV, and that of Ru L-edge XAS measurements was 1.5 eV.

The Mn-concentration dependence of magnetic and trans-
port properties are shown in Fig. 1. The magnetization has
decreased rapidly by the Mn substitution and ferromagnetism
seems to have disappeared in the vicinity of x~0.3. The
temperature dependence of the resistivity shows that the
variable-range hopping (VRH) conduction becomes pre-
dominant over the metallic conduction with increasing Mn
substitution.!! The disappearance of the itinerant-electron
ferromagnetism and the appearance of the AF order were
observed in the neutron-diffraction measurements on x
=0.4.° From these transport and magnetic results, the tran-
sition from the band metal conduction to the VRH conduc-
tion was found to be corresponding to the transition from the
itinerant-electron ferromagnetism to the AF order.

Figure 2 shows Mn L-edge and Ru L-edge XAS spectra
of SRMO. With increasing Mn doping, the main peaks for
both Mn L-edge and Ru L-edge XAS spectra shift to a higher
energy and new shoulder structures appear at the lower-
energy side. The spectral changes are very similar to those in
the previous report.® Compared with the spectral shape of the
Mn L-edge XAS spectra for La;_ Sr,MnO; (LSMO) with the
intermediate composition'®!” and MnO, (Ref. 17) as a refer-
ence of Mn**, it is found that Mn>* and Mn** ions are domi-
nant in the Mn-poor region and the Mn-rich region of
SRMO, respectively, in spite of the homovalent doping. In
the Mn-poor region, since only a small part of the majority
Ru** ions give electrons to the minority Mn** ions, it is
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FIG. 2. (Color online) (a) MnL; XAS spectra of

SrRu;_ Mn,O3. XAS spectra LaMnO5; and MnO, taken from Ref.
17 are also shown as references of Mn>* and Mn**, respectively. In
order to consider only the spectral shapes and the relative energy
shift, the both reference spectra are shown with shift of 2.8 eV to
lower photon energy. (b) RulL, and RuL; XAS spectra of
SrRu;_ Mn,O3. (c) Mn-concentration dependence of the peak posi-
tion of Ru L, and Ru L; XAS spectra of SrRu;_Mn,0O5. (d) Mn-
concentration dependence of the splitting width and the intensity
ratio between 7,, and e, components in RuL, XAS spectra of
SrRu;_ Mn,Os.

observed in the XAS spectra that the Mn** ions are dominant
and Ru** ions remains. On the other hand, in the Mn-rich
region, the minority Ru** ions give electrons to only a small
part of the majority Mn** ions and dominant Mn** and Ru’*
ions are observed in the XAS spectra. In short, these XAS
results indicate that charge redistribution from Ru**-Mn** to
Ru’*-Mn** occurs in SRMO.®

It is difficult to estimate Mn valency quantitatively for the
intermediate composition of SRMO because of the compli-
cated multiplet structures in Mn** L- and Mn** L-edge XAS
spectra. On the other hand, concerning Ru L-edge XAS spec-
tra, the quantitative estimation of Ru valency from the de-
tailed analysis of RulL-edge XAS spectra on
La,_,Sr,Cu;_,Ru, O, 5 have been reported.'® According to
this report, the main peak position and the intensity ratio
between the doubled-peak structures derived from Ru 4d 1,,
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FIG. 3. (Color online) (a) Valence-band PES spectra of
SrRu;_,Mn,O; taken at the photon energy of 867 eV. (b) Near-Ep
spectra divided by Fermi-Dirac functions convolved with the ex-
perimental resolution and thermal broadening estimated by the gold
spectra at the same experiments.

and e, orbitals in Ru L-edge XAS spectra are proportional
well to the Ru valency and therefore these are useful as in-
dicators for the Ru valency. Figures 2(c) and 2(d) show ana-
Iytical results on Ru L-edge XAS spectra of SRMO. If the
Ru and Mn ions are ordered alternately in SRMO, that
charge redistribution from Ru**-Mn** to Ru>*-Mn** is com-
pleted at x=0.5 and the Ru valency keep Ru’* in the Mn-rich
region. Therefore, the systematic change in Ru valency in the
whole range of Mn concentrations suggests that the Ru and
Mn ions are placed at random in SRMO.

In order to clarify the change in the density of states
(DOS) accompanied with the charge redistribution in SRMO,
we have performed PES measurements. Figure 3 shows
valence-band PES spectra of SRMO taken at the photon en-
ergy of 867 eV. The photoionization cross section of O 2p,
Mn 3d, and Ru 4d orbitals in 867 eV are about 0.1, 1, and
10, respectively.!® Therefore the valence-band spectra taken
at 867 eV are mostly contributed from the Ru 4d orbital at
least for the Ru-rich region of SRMO samples. Ru 4d-O 2p
hybridized bands at around 6 eV does not show any signifi-
cant change for all compositions of SRMO, suggesting that
SRMO samples keep the perovskite structure without serious
distortions by Mn substitution. Ru 4d-derived bands near the
Fermi level (Ep) split into two states, just below Ep and at
around 1.5 eV. In the SRO spectrum, strong spectral intensity
of the states just below Ep is observed, reflecting the high
conductivity of SRO. In contrast, the intensity of the states
just below Ef is suppressed in the spectra of SRMO accom-

PHYSICAL REVIEW B 81, 245127 (2010)

panied with the substitution of Mn for Ru. This intensity
change at E can be more emphasized by dividing the spectra
by Fermi-Dirac function as shown in Fig. 3(b). The reduction
in the spectral intensity at Ex is most drastically in between
SRMO with x=0.15 and 0.3, probably corresponding to the
metal-insulator transition around x=0.3 observed by the
transport measurements.” However, even SRMO with x
=0.4, which shows the insulating properties in resistivity,
finite DOS remains at Eg. Since the finite DOS in SRMO
with x=0.4 is also observed in highly bulk-sensitive hard
x-ray PES measurements,” this is not a surface problem.
This suggests the possibility of electronic phase separation
between isolated metallic islands and spread-insulating
regions.”!

In contrast to the strong intensity suppression at Ex with
Mn doping, the spectral weight of the states around 1.5 eV
does not increase in the spectra of SRMO system with be-
tween x=0 and x=0.4. In bandwidth control system perov-
skite ruthenium oxides Ca,;_,Sr,RuO; (CSRO), the spectral
weight transfer from coherent states to incoherent states have
been observed with increasing the correlation strength.?? The
difference between SRMO and CSRO system suggests that
the origin of the reduced DOS at Er in SRMO with Mn
doping is not the increase in correlation strength with nar-
rowing the Ru 4d bands but reduction in itinerant Ru 4d car-
riers with trapping the Ru 4d electrons in other sites.

The contribution of Mn 3d counterpart can be extracted
from the valence band by using Mn 2p-3d resonant PES
technique. Resonant PES spectra of SRMO samples are
shown in Fig. 4. The photon energies for the on-resonance
condition are determined from the peak position of Mn L;
x-ray absorption edge at each samples as shown in Fig. 2(a).
The off-resonance condition is fixed at 635 eV. Differences
between the on-resonance and off-resonance spectra as sum-
marized in Fig. 4(e) correspond to Mn 3d partial DOS of
SRMO. In comparison with the resonant PES spectra of
LSMO,? the structures around 2 eV and near Ep are as-
signed to Mn 3d t,, and Mn 3d e, states, respectively. The
intensity of Mn 3d e, states is proportional to the amount of
the Mn** valence state.® The increase in Mn 3d e, states
with increasing Ru ions, hence, strongly indicates the charge
transfer from Ru 4d to Mn 3d in SRMO, and is good agree-
ment with the XAS results in Fig. 2.

In addition, from the detailed analysis of resonant PES
spectra in the near-Eg region, we find that Mn 3d partial
DOS never have finite intensity at Ep in all composition of
SRMO, in contrast to the Ru 4d-derived states [see Fig.
4(e)]. These results suggest that the transferred Mn 3d e,
electrons from the Ru 4d t,, bands are localized and do not
contribute to conductivity of SRMO.

The summarized diagrams of the electronic structure of
SRMO obtained from all results of PES, XAS, and resonant
PES are shown in Fig. 5. In the end compounds SRO and
SMO, transition-metal ions exist in the form of Ru** (4d t‘z‘g)
and Mn** (3d tgg), respectively. From the results of PES
spectra, Ru 4d t,, bands of SRO split into coherent (itiner-
ant) and incoherent (localized) components while all
Mn 3d 1,, electrons in SMO is expected to be localized.
When these compounds are mixed as SRMO, charge transfer
occurs from the Ru 44 itinerant bands to Mn 3d orbitals. The
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FIG. 4. (Color online) Mn 2p-3d resonant PES spectra of
SrRu;_ Mn,O; with (a) x=0.15, (b) x=0.4, (c) x=0.6, and (d) x
=0.8. On-resonance spectra were measured at the photon energy of
Mn L absorption edge indicated by straight lines in Fig. 2(a). Off-
resonance spectra were measured at 635 eV. (e) Comparison of
Mn 3d partial DOS with different composition taken by subtraction
of the off-resonance spectra from the on-resonance spectra in (a)—
(d). All spectra are normalized by the intensity of distinctive
Mn 3d t,,-derived peaks around 2 eV.

transferred Mn 3d electrons get into Mn 3d e, orbitals and
are localized. The appearance of inhomogeneous localized
states with Mn doping is consistent with the VRH conduc-
tion near the metal-insulator transition of SRMO. Altogether,
it is concluded that the suggested origin of metal-insulator
transition of SRMO with Mn doping is the charge transfer
from the itinerant Ru 4d 1,, bands to the localized Mn 3d e,
orbitals, and consequently the interrupt of the itinerancy of
Ru 4d electrons by localized Mn 3d states.

In conclusion, we have carried out the PES and XAS
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FIG. 5. Schematic diagrams of the electronic structure for (a)
mother compounds SrRuO; and SrMnO;, and (b) mixed com-
pounds SrRu;_Mn, O;.

measurements for revealing the change in the electronic
structure with Mn doping of SRMO. In the soft x-ray PES
spectra, the sharp peak structure near Eg, which is clearly
observed in SRO, is strongly suppressed accompanied with
Mn doping in SRMO. In the Mn 2p XAS and Mn 2p-3d
resonant PES spectra, we confirm the existence of Mn3* ions
with the electron doping to Mn 3d e, states and Mn 3d par-
tial DOS never have finite intensity at Er in SRMO. These
results suggest that the metal-insulator transition of SRMO
with Mn doping is originated from the charge transfer from
the itinerant Ru 4d 1,, bands to the localized Mn 3d e, or-
bitals.
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