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The electronic structures of SrMn1−x Rux O3 (0  x  1) have been investigated by employing soft x-ray
absorption spectroscopy (XAS) and soft x-ray magnetic circular dichroism (XMCD). Both Mn and Ru ions
are nearly tetravalent (Mn4+ , Ru4+ ) for the end members of x = 0 (SrMnO3 ) and x = 1 (SrRuO3 ). In the
Ru-dilute concentration (x ∼ 0.2), Ru ions are pentavalent (Ru5+ ), which transform neighboring Mn ions into
the trivalent Mn3+ states via electron charge transfer. In the intermediate substitution regime, Mn and Ru ions are
in the inhomogeneously mixed-valent states (Mn3 − Mn4+ and Ru4 − Ru5+ ). Finite Mn 2p XMCD signals are
observed for x > 0, in agreement with the ferromagnetic, spin-glass, cluster-glass ground states depending on x.
The unoccupied Mn 3d and Ru 4d states, determined from the measured O 1s XAS spectra and the calculated
density of states, support these findings.
DOI: 10.1103/PhysRevB.91.075113
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I. INTRODUCTION

SrRuO3 is a unique ferromagnetic (FM) metallic oxide
among 4d transition-metal (T M) perovskite oxides with a
Curie temperature TC of ∼ 160 K [1,2]. The noninteger value
of the measured saturation magnetic moment of 1.6 μB/Ru
in SrRuO3 was considered to reflect the itinerant ferromagnetism [3] explained by the Stoner theory [4]. But this idea has
not been confirmed fully by experiment. The substitution of 3d
T M ions for Ru ions causes many intriguing properties, such
as metal-insulator (MI) transition, FM-paramagnetic (PM)
transition, FM-antiferromagnetic (AFM) transition, and enhanced magnetoresistance [5–12]. Mn-doped SrRu1−y Mny O3
exhibits the diverse magnetic states and interesting physical
phenomena, such as FM, spin-glass (SG) and/or cluster-glass
(CG), AFM, and mixed-valent behavior [5–7,10–12]. SrMnO3
(y = 1) is a G-type AFM insulator with the Néel temperature
TN of ∼ 233 K [12]. The study of SrRu1−y Mny O3 (0 
y < 0.6) single crystals [7] has shown that, with increasing
y, the Mn substitution drives the system from the itinerant
FM state at y = 0 (SrRuO3 ) through a quantum critical point
(QCP) at y = 0.39 to the AFM insulating state. In contrast,
the contradictory findings [6] and a more complex phase
diagram [11,12] were reported for polycrystalline samples of
SrRu1−y Mny O3 .
The investigation of the electronic structures of
SrRu1−y Mny O3 is very important to resolve these controversial issues because the magnetic ground states are determined
by their electronic structures. In SrRu1−y Mny O3 , electrons
are considered to transfer from Ru4+ to Mn4+ ions. If this
scenario is correct, then the valence states of Mn and Ru
ions are expected to change via charge transfer to convert
Mn4+ (3d 3 ) into Mn3+ (3d 4 ) and Ru4+ (4d 4 ) into Ru5+ (4d 3 ).
This conceptual model was supported partially by the Ru
and Mn L (2p)-edge x-ray absorption spectroscopy (XAS)
experiment for the Ru-rich regime [6] and by the Mn NMR
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experiment for SrRu0.9 Mn0.1 O3 [10]. But, this scenario has
not been confirmed experimentally for the whole substitution
range. Therefore, a systematic and careful study is required
for the electronic structures of SrRu1−y Mny O3 . Despite quite
extensive studies on SrRuO3 [6,7,13–17], however, only a
few works have been reported for the electronic structures of
SrRu1−y Mny O3 so far [6,11,17]. Sahu et al. [6] performed
Mn 2p and Ru 2p XAS experiment on SrRu1−y Mny O3
to find the tendency of the charge transfer from Ru4+ to
Mn4+ ions. Zhang et al. [11] performed x-ray photoemission
spectroscopy (XPS) experiment for the Mn 2p and Ru 3d
core levels of SrRu1−y Mny O3 to suggest the mixed-valence
nature of Mn3+ /Mn4+ and Ru4+ /Ru5+ redox pairs. Horiba
et al. [17] performed Mn 2p and Ru 2p XAS as well as
valence-band photoemission spectroscopy (PES) experiment
on SrRu1−y Mny O3 by using Mn 2p−3d resonance. They
extracted the Mn 3d partial density of states (PDOS) near
the Fermi level (EF ) and concluded that the charge transfer
occurred from the itinerant Ru 4d t2g bands to the localized
Mn 3d eg orbitals.
In this paper, we have investigated the electronic and
magnetic structures of SrMn1−x Rux O3 by employing Mn
2p and Ru 3p XAS and x-ray magnetic circular dichroism
(XMCD), for which the soft x-ray synchrotron radiation was
used as the excitation photon source. XAS is known to be a
powerful experimental tool for studying electronic structures
of solids [18–20], which can determine the valence and spin
states of T M ions. XMCD is a good experimental tool for
determining the spin configurations of T M ions and the
spin and orbital components of the element-specific local
magnetic moments in solids [21,22]. We have also performed
the O 1s XAS measurements on SrMn1−x Rux O3 to extract the
unoccupied PDOSs, which are compared with the calculated
PDOSs of SrMn0.5 Ru0.5 O3 .
II. EXPERIMENTAL AND COMPUTATIONAL DETAILS

Polycrystalline SrMn1−x Rux O3 perovskite samples are
prepared using a two-step synthesis method, as described
075113-1
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in Ref. [12]. X-ray diffraction (XRD) measurements show
that these samples have the single-phase perovskite structure.
XAS and XMCD experiments were performed at the 2A
elliptically polarized undulator (EPU) beamline of the Pohang
Light Source (PLS). Samples were cleaned in situ by repeated
scraping with a diamond file. The chamber pressure was better
than 3 × 10−10 Torr. XAS and XMCD spectra were obtained
by using the total electron yield mode, and XMCD spectra
were obtained under the magnetic field of H ∼ 0.6 T. The
total resolution for XAS and XMCD was set at ∼ 100 meV at
hν ∼ 600 eV. All the spectra were normalized to the incident
photon flux.
We have obtained PDOSs of SrMn0.5 Ru0.5 O3 by performing the density-functional theory (DFT) band calculations
incorporating the Coulomb correlations (U ) of Mn and Ru
d electrons (DFT + U scheme). For the band calculation, we
have employed the full-potential linearized augmented plane
wave (FLAPW) band method implemented in the Wien2k
package [23]. For the treatment of the exchange-correlation
potential, the generalized gradient approximation (GGA) has
been used.

Mn valency increases [25]. It is clearly seen that the main
peak (peak B) at high Ru concentrations (x  0.5) is located
at a lower hν than that (peak A) at low Ru concentrations
(x  0.2). The peak positions for x  0.2 are close to those
of tetravalent MnO2 while those for x  0.5 are very close
to those of trivalent Mn2 O3 , indicating that v(Mn)≈ 4 for
x  0.2 and v(Mn) ≈ 3 for x  0.5. This trend indicates that
the valence states of Mn ions change with x in SrMn1−x Rux O3
[6,17–19,27,28].
A more detailed comparison is made in Fig. 1(b), showing
that the peak position stays the same between 0  x  0.2,
shifts abruptly to a lower energy from x = 0.2 to x = 0.5,
and then stays the same between 0.5  x  0.8. In addition,
the peak positions for x  0.2 agree very well with that of
MnO2 while those for x  0.5 agree very well with that of
Mn2 O3 . The less pronounced pre-edge peak (hν ≈ 640 eV)
in SrMnO3 , as compared to MnO2 , is expected to reflect
the stronger covalent bonding character in SrMnO3 than in
MnO2 [29], which results in the broader multiplet structures
in SrMnO3 than in MnO2 .
In Fig. 1(c), we have compared the XAS spectrum of
x = 0.8 with those of Mn2 O3 and the weighted sum of those of
Mn2 O3 (Mn3+ ) and MnO2 (Mn4+ ) with Mn3+ : Mn4+ =80%:
20%. Both comparisons show reasonably good agreement,
with a slightly better agreement with the weighted sum than
with Mn2 O3 . These two comparisons at the top provide
evidence that the average Mn valency v(Mn) for x  0.5
to be v(Mn) ≈ 3 − 3.2 within the experimental uncertainty.
At the bottom of Fig. 1(c), we have compared the XAS
spectrum of x = 0 (SrMnO3 ) with that of MnO2 , which shows
good agreement in the peak positions except for the weaker
pre-edge feature in SrMnO3 than in MnO2 . Hence Fig. 1

III. RESULTS AND DISCUSSION

Figure 1(a) shows the Mn 2p (L-edge) XAS spectra of
SrMn1−x Rux O3 for 0  x  0.8, measured at T = 80 K.
As reference materials, the spectra of a formally tetravalent
MnO2 (Mn4+ : 3d 3 ) [24–26] and a formally trivalent Mn2 O3
(Mn3+ : 3d 4 ) [24] are also shown together. L3 (2p3/2 ) and L2
(2p1/2 ) represent the spin-orbit-split peaks due to the spin-orbit
coupling of the 2p core hole. It is well known that the Mn
2p XAS peak positions shift toward higher energies as the
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FIG. 1. (Color online) (a) Mn 2p XAS spectra of SrMn1−x Rux O3 (0  x  0.8) in stack, obtained at T = 80 K. (b) Similarly as in (a),
where some of them are superposed to each other. (c) Comparison of the Mn 2p XAS spectrum of x = 0 (SrMnO3 ) with that of MnO2 (Mn4+ )
(bottom). The Mn 2p XAS spectrum of x = 0.8 is compared with that of Mn2 O3 (Mn3+ ) as well as with the weighted sum of Mn2 O3 (Mn3+ )
and MnO2 (Mn4+ ).
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FIG. 2. (Color online) (a) Ru 3p XAS spectra of SrMn1−x Rux O3 (0  x  0.8) in stack, obtained at T = 80 K. (b) Similarly as in (a), where
two nearby x data are superposed to each other. (c) Comparison of the Ru 3p XAS spectra of x = 1 (SrRuO3 ) and x = 0.1 (SrMn0.9 Ru0.1 O3 )
with those of reference materials, such as RuCl3 (Ru3+ ), RuO2 (Ru4+ ) and Sr2 YRuO6 (Ru5+ ).

(SrRuO3 ) and x = 0.1 (SrMn0.9 Ru0.1 O3 ) match very well with
those of RuO2 (Ru4+ ) and Sr2 YRuO6 (Ru5+ ), respectively [see
Fig. 2(c)]. Hence Fig. 2 reveals that the valence states of Ru
ions are nearly tetravalent (Ru4+ ) for x  0.8 and become
nearly pentavalent (≈Ru5+ ) for x  0.5.
The findings of Figs. 1 and 2 are summarized in Fig. 3,
where the measured values of v(Mn) and v(Ru) are plotted
as blue and red dots. The dotted lines represent the estimated
values of v(Mn) and v(Ru) by assuming the charge transfer
between Mn and Ru. From Figs. 1 and 2, we have found
v(Ru) ≈ 5 for x  0.5 and v(Mn) ≈ 3 for x  0.5. So, for

SrMn1-xRuxO3

5
Average Valency

provides evidence that, in SrMn1−x Rux O3 , v(Mn) decreases
from v(Mn) ≈ 4 in the Ru-dilute regime (x  0.2) to v(Mn) ≈
3 − 3.2 in the Ru-rich regime (x  0.5). Namely, Mn ions are
inhomogeneously mixed-valent for x > 0 in SrMn1−x Rux O3 .
This finding implies that most Mn ions around Ru ions are
trivalent (Mn3+ ).
The finding of the different valence states of Mn ions with
x in SrMn1−x Rux O3 suggests that the valence states of Ru
ions should also vary with x. In order to determine the valence
states of Ru ions experimentally, we have measured the Ru
3p (M-edge) XAS spectra of SrMn1−x Rux O3 . Figure 2 shows
the Ru 3p XAS spectra of SrMn1−x Rux O3 for 0.1  x  1,
measured at T = 80 K. M3 and M2 denote the spin-orbit-split
3p3/2 (M3 ) and 3p1/2 (M2 ) peaks. The line shapes of the Ru
3p XAS spectra are less structured than those of the Mn 2p
XAS spectra, reflecting the much weaker Coulomb interaction
between Ru 4d electrons than that between Mn 3d electrons. In
other words, Ru 4d electrons have the more itinerant character
than Mn 3d electrons.
Figures 2(a) and 2(b) show that both the peak positions and
the line shapes of the Ru 3p XAS spectra are almost identical
from x = 1 to x = 0.8, indicating that v(Ru) is almost the same
for x = 1 and x = 0.8. Then, as x decreases from x = 0.8 to
x = 0.5, the peaks become broader and shift toward the higher
energies slightly, and stay unchanged with decreasing x from
x = 0.5 to x = 0.1. This trend indicates the emergence of an
extra peak at the high-energy side of the main peak for x 
0.5, probably due to the Ru5+ valence states. This assignment
is confirmed by the comparison to the reference materials
having the different Ru valencies, such as RuCl3 , RuO2 , and
Sr2 YRuO6 for Ru3+ , Ru4+ , and Ru5+ , respectively, as shown
in Fig. 2(c). As in the 2p XAS of 3d T M ions, the Ru 3p XAS
peaks shift to the higher hν’s as the Ru valency increases.
Indeed, both the peak positions and the peak widths of x = 1
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FIG. 3. (Color online) Plots of the average valencies of Mn
and Ru ions in SrMn1−x Rux O3 for 0  x  1. Dots represent the
experimental values, determined from the measured Mn 2p and Ru
3p XAS spectra. The dotted lines represent the values for the valence
states of Mn (red) and Ru (blue), expected for the charge transfer
between Mn and Ru.
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FIG. 4. (a) Mn 2p XMCD spectra and (b) Ru 3p XMCD spectra
of SrMn1−x Rux O3 (0  x  1), obtained at T = 80 K.
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x  0.5, v(Mn) is estimated by assuming v(Ru) = 5, and
for x  0.5, v(Ru) is estimated by assuming v(Mn) = 3.
For both cases, the charge transfer from Ru to Mn has been
assumed. In the Ru-dilute limit (x ∼ 0.2), Ru ions become
pentavalent (Ru5+ ), which then transform neighboring Mn4+
ions to the Mn3+ ions via the electron transfer from Ru4+
to Mn4+ . But, the measured Mn 2p XAS spectrum in the
Ru-dilute limit appears to be nearly tetravalent (Mn4+ ) with
only a weak hint of the Mn3+ component because of the
large contribution from Mn4+ . Similarly, in the Mn-dilute
limit, most of Mn ions are trivalent (Mn3+ ) and neighboring
Ru ions will become locally pentavalent (Ru5 +). But the
measured Ru 3p XAS spectrum reveals only a weak hint
of the Ru5+ component. In the intermediate regime, Mn and
Ru ions become inhomogeneously mixed-valent, having the
configurations of Mn3 − Mn4+ (x < 0.5) and Ru4 − Ru5+
(x > 0.5), respectively. This figure shows that the average
valencies of Mn and Ru ions determined from the XAS data
agree well with the expected charge transfer scenario from Ru
to Mn within the experimental uncertainty.
It should be pointed out that there are some discrepancies
between the present work and that by Horiba et al. [17].
Namely, the line shape of our Mn 2p XAS spectrum for x =
0.2 is different from that in Ref. [17] slightly. Further, the trends
in the peak shift of Mn 2p XAS and Ru 3p XAS are different
from those of Mn 2p XAS and Ru 2p XAS in Ref. [17]. At
the moment, we do not know the origin of such differences
between our data and those in Ref. [17]. We note that the data
in Ref. [17] were obtained from fracture whereas our data were
obtained from the repeated scraping in situ. All of our samples
are stoichiometric and are characterized very well, as described
in Ref. [12], and we did very careful measurement. We scraped
the samples many times and checked the reproducibility of all
the data. Note that our Mn 2p XAS data for x = 0, x = 0.1,
and x = 0.2 are very similar to one another, which seems
to support the validity of our data for x = 0, 0.1, 0.2. One
possibility could be the impurity MnO2 cluster, which was
in the grain boundaries of a polycrystalline sample and then
exposed in some fractures. In order to resolve this issue, however, a very careful measurement for the well-characterized
single crystalline samples of SrMn1−x Rux O3 would be
desirable.
Figures 4(a) and 4(b) show Mn 2p and Ru 3p XMCD
spectra of SrMn1−x Rux O3 , measured at T = 80 K, respectively. The Ru 3p XMCD signals are finite only for x = 1
(SrRuO3 ), and negligible for x  0.8. This trend is consistent
with the FM ground state for x = 1 [see Fig. 5(c)]. On the other
hand, the finite Mn 2p XMCD signals are observed for x > 0
in SrMn1−x Rux O3 with the maximum intensity for x = 0.5.
According to the bulk phase diagram of SrMn1−x Rux O3
in Fig. 5(c), x = 0.5 is on the border of the AFM and
paramagnetic (PM)/spin glass (SG) state while x = 0.8 is
in the PM state at T = 80 K. Hence the observed finite Mn
2p XMCD signals seem to reflect the existence of the local
short-range magnetic orderings in x = 0.5 and x = 0.8 due
to the presence of the applied external magnetic field. The
consistency between the measured XMCD signals and the
magnetic phase diagram of SrMn1−x Rux O3 is shown more
clearly in Fig. 5.
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FIG. 5. (Color online) (a) Plots of the center positions of the Ru
M3 (3p3/2 ) peaks of SrMn1−x Rux O3 , together with those of reference
materials, such as RuCl3 (Ru3+ ), RuO2 (Ru4+ ), and Sr2 YRuO6
(Ru5+ ). (b) Peak-to-peak intensity plots of the Mn 2p and Ru 3p
XMCD signals of SrMn1−x Rux O3 , as a function of x. These are
normalized to the corresponding XAS signals. (c) Magnetic phase
diagram of SrMn1−x Rux O3 as a function of x [from Ref. [12]]. T and
O denote the tetragonal and orthorhombic structures, respectively.
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Figure 5(a) plots the center positions of the Ru M3 (3p3/2 )
peaks of SrMn1−x Rux O3 versus x, together with those of
reference materials, such as RuCl3 (Ru3+ ), RuO2 (Ru4+ ),
and Sr2 YRuO6 (Ru5+ ). This plot reveals that, in the Rudilute concentration (x  0.2), the Ru M3 peak position is
very similar to that of Sr2 YRuO6 (Ru5+ ) while it becomes
essentially the same as that of RuO2 (Ru4+ ) in the Ru-rich
concentration (x  0.8). The valence states of Ru ions are
nearly tetravalent (Ru4+ ) for x = 1 (SrRuO3 ) and they become
Ru4+ − Ru5+ mixed-valent as Ru ions are substituted by Mn
ions. In the Ru-dilute limit, most of Ru ions are pentavalent
(Ru5+ ).
Figures 5(b) and 5(c) show the peak-to-peak intensity plots
of the Mn 2p and Ru 3p XMCD signals and the bulk magnetic
phase diagram, respectively, of SrMn1−x Rux O3 as a function
of x. The former intensities were determined from Fig. 4 and
the latter phase diagram was made based on the results of
Ref. [12]. This figure reveals that the trends observed in Mn
2p and Ru 3p XMCD are in agreement with the corresponding
magnetic states of SrMn1−x Rux O3 , as explained below. The
finite Ru 3p XMCD signals in x = 1 (SrRuO3 ) in Fig. 5(b)
supports its FM ground state, shown in Fig. 5(c). The finite Mn
2p XMCD signals for x = 0.5 and x = 0.8 in Fig. 5(b) also
agree with the magnetic phase diagram of SrMn1−x Rux O3 in
Fig. 5(c), considering the possible local short-range magnetic
orderings in the SG and PM states due to the applied external
magnetic field.
In order to check the unoccupied electronic states of Mn and
Ru ions, we compare the O 1s XAS spectra of SrMn1−x Rux O3
in Fig. 6. The O 1s XAS spectra of T M oxides represent
the unoccupied T M 3d and 4s/4p states, as well as the
other conduction-band states via the hybridization with the
unoccupied O 2p states [30]. Therefore, we assign the peaks
in O 1s XAS similarly as in other T M oxides [31]. Our O 1s
XAS spectrum of bulk SrRuO3 exhibits sharper peaks than that
of SrRuO3 film [14] with similar overall features. The lowestenergy peaks in SrMn1−x Rux O3 are due to the unoccupied
Mn 3d states or the Ru 4d states. As labeled in Fig. 6(a), the

peaks at hν ∼ 535 eV are identified as the unoccupied Sr 4d
states [29], and the peaks at hν ∼ 540 − 545 eV are assigned
to the unoccupied Mn 4sp and Ru 5sp states.
We have found that Mn ions are tetravalent in SrMnO3 (see
3
Fig. 1) having the Mn4+ (3d 3 : t2g
↑) configuration. Hence,
the lowest-energy peak in the O 1s XAS of SrMnO3 (x = 0)
corresponds to the unoccupied Mn eg ↑ band, superposed with
the unoccupied Mn t2g ↓ states [see Fig. 6(b)]. This assignment
agrees with that of Ref. [32], but different from that of Ref. [33]
slightly. On the other hand, for SrRuO3 (x = 1) having Ru4+
3
1
ions (4d 4 : t2g
↑ t2g
↓), EF lies in the partially filled t2g ↓ bands,
resulting in the metallic ground state. Therefore the lowestenergy peak in the O 1s XAS of SrRuO3 (x = 1) corresponds
to the partially unoccupied Ru t2g band. The AFM ground state
for x = 0.5 [see Fig. 5(c)] has the occupied configuration of
3
3
Mn3+ (3d 4 : t2g
↑ eg1 ↑) and Ru5+ (4d 3 : t2g
↓), and so the
low-energy unoccupied states are Ru t2g ↑, Mn eg ↑, and Mn
t2g ↓ states. According to these O 1s XAS spectra, the crystal
field energy (10Dq) is 10Dq ∼ 2 eV for Mn 3d orbitals and
10Dq ∼ 3 eV for Ru 4d orbitals in SrMn1−x Rux O3 .
In order to analyze the XMCD and O 1s XAS spectra
of SrMn1−x Rux O3 microscopically, we have investigated the
electronic structures of Sr2 MnRuO6 theoretically. In Fig. 7 are
presented the calculated PDOSs, obtained for the c-type AFM
phase of Sr2 MnRuO6 in the orthorhombic structure [34] by employing the DFT + U band calculation. In fact, the electronic
structures of Sr2 MnRuO6 were calculated before [34,35]. But,
the previous band structure calculations [34,35] did not take
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FIG. 6. (Color online) (a) O 1s XAS spectra of SrMn1−x Rux O3
(0  x  1), obtained at T = 300 K. (b) Enlarged O 1s XAS spectra
of (a).
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FIG. 7. (Color online) The calculated PDOSs of Sr2 MnRuO6
obtained in the DFT + U scheme, where U = 5 eV and U = 3 eV
were adopted for Mn 3d and Ru 4d electrons, respectively.
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into account the correct crystal or magnetic structure properly.
Moreover, the effects of U of the Mn and Ru d electrons
were not included either. In the c-type AFM structure, the spin
directions of Mn and Ru ions are parallel along the c direction
but antiparallel in the ab plane. Figure 7 shows the following
features. (i) The Mn 3d band has the high-spin state, while
the Ru 4d band has the low-spin state. (ii) The Ru t2g spin-up
and spin-down bands are rather sharp and separated far apart,
and so the unoccupied Ru t2g band is located away from EF
in contrast to metallic SrRuO3 . (iii) The Mn eg spin-up band
is widely spread over EF so as to produce a shoulder in the
low-hν side of the unoccupied Mn 3d band. Therefore, the
overall features of the unoccupied PDOSs in Fig. 7 are very
consistent with those of the O 1s XAS spectrum for x = 0.5
in Fig. 6.

Ru5+ , which then transform the neighboring Mn4+ ions to
Mn3+ ions via the expected electron charge transfer from Ru4+
to Mn4+ . Finite Mn 2p XMCD signals are observed for x > 0
in SrMn1−x Rux O3 with the maximum intensity for x = 0.5.
On the other hand, except for x = 1 (SrRuO3 ), the Ru 3p
XMCD signals are almost negligible for x  0.8. This trend
is consistent with the FM ground state for x  0.8 and the CG
and/or SG ground states For 0.5  x  0.7. The unoccupied
Mn 3d and Ru 4d states have been determined from the
measured O 1s XAS spectra and the calculated PDOSs, which
are found to support these findings. The calculated PDOSs for
the ordered SrMn0.5 Ru0.5 O3 , obtained in the DFT + U band
method, show that the Mn 3d band has the high-spin state,
while the Ru 4d band has the low-spin state.
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