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We have carried out soft x-ray photoemission experiments on itinerant ferromagnet Sr;_,(LagsK¢s),RuO3
to investigate how the electronic state varies with doping concentration. The Ru 4d-derived coherent part of the
valence spectra develops significantly with increasing x for x < 0.3, which can be explained by the suppression of
the ferromagnetic exchange splitting. With further increasing x, this development is overwhelmed by the spectral
weight transfer from the coherent to the incoherent parts due to the electron correlation. The enhancement of the
electron correlation effect with doping is also confirmed by the Ru 3d core-level spectra as the suppression of
the well-screened peak. In contrast to the remarkable variation of the Ru 4d spectral intensity as a function
of x, the valence spectra hardly depend on temperature and do not show any noticeable change across the
magnetic transition temperatures, indicating that the temperature dependence of the exchange splitting cannot be
explained by a simple Stoner picture. We compare the present photoemission results with those for isostructural
Sr;_,A,RuO; (A = La and Ca) and discuss the origin of the difference in the magnetic property between these

doped compounds.
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I. INTRODUCTION

Ruthenium-based oxides exhibit a variety of interesting
properties, such as quantum criticality [1,2], non-Fermi-liquid
behavior [3], and current-induced insulator-metal transition
[4]. The electron correlation among Ru 4d electrons in these
oxides has been considered to be weak compared to their
strongly correlated 3d counterparts. Nevertheless, the above
intriguing properties demonstrate that electron correlation of
the Ru 4d electrons plays crucial roles.

SrRuOs crystallizes into a GaFeOs-type orthorhombically
distorted perovskite structure and shows a ferromagnetic (FM)
order below Tc = 160 K with a saturation moment close
to 1 pup per formula unit [5,6]. The ordered FM moment
is considered to be mainly ascribed to the itinerant Ru 4d
electrons because the Ru 4d-derived components in the pho-
toemission (PES) spectra are approximately reproduced by
calculations based on a standard density functional theory
(DFT) [7]. However, localized characteristics of the Ru 4d
electrons have also been pointed out by following experimen-
tal results. The electrical resistivity exceeds the loffe-Regel
limit for conventional metals at high temperatures, indicative
of a very small mean-free path comparable to the lattice
constants [8—10]. Optical spectroscopy has revealed that the
charge dynamics deviates from the Fermi-liquid description
[11,12]. The Rhodes-Wohlfarth parameter, the ratio of a
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paramagnetic moment and a FM ordered moment, is relatively
close to the localized-moment limit [13]. Moreover, the PES
spectra exhibit a weak but noticeable incoherent component
originating from the electron correlation [14,15], which has
been reproduced by the combined calculation of DFT and
dynamical mean-field theory (DMFT) [16]. Based on these
results, the Ru 4d electrons in SrRuO3 seem to have a dual
nature; i.e., they have both itinerant and localized characteris-
tics.

The electron correlation in SrRuQO;3 can be further en-
hanced by chemical substitution. In fact, metal-insulator
transitions have been observed in several Ru site-substituted
compounds SrRu;_,M,03 (M = Mn, Ti, Cr, etc.) [17-22].
Substituting Ca or La for Sr cannot induce an insulating
phase but similarly enhances the electron correlation [14,23],
yielding fascinating magnetic and electronic properties. In
Sr;_,Ca,RuO;, the FM order is monotonically suppressed
upon doping Ca and disappears above a critical concentra-
tion of about x ~ 0.8 [24]. Nuclear magnetic resonance and
thermodynamic investigations have revealed the presence of
non-Fermi-liquid behavior induced by FM quantum critical
fluctuations around the critical concentration [25-27]. Muon-
spin-relaxation (uSR) experiments demonstrated that a phase
separation between FM and nonmagnetic regions occurs at
around the critical concentration [28,29]. In this uSR study,
it was discussed that this phase separation is associated with
the characteristics of a first-order quantum phase transition, by
which the quantum critical fluctuations seem to be suppressed
to some extent. Substituting La for Sr similarly suppresses
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the FM order but leads to different magnetic and electronic
states [30,31]. Ac susceptibility and wSR experiments for
Sri_yLa,RuO; have shown that T decreases more rapidly
with x, and the FM ordered state changes into a cluster-glass
state [32,33]. The development of electron correlation with
La concentration was confirmed by PES experiments [23]. In
contrast to Ca-doped SrRuQOs, there does not exist any promi-
nent feature related to the FM quantum critical fluctuations
in the low-temperature specific heat [32]. Therefore, the FM
quantum critical point of La-doped SrRuOj is considered to
be smeared and blurred by the development of the cluster-
glass state.

The abovementioned difference between Ca- and La-doped
SrRuO; seems to be related to the carrier doping effect
by doping La: no carrier doping is expected for Ca-doped
SrRuO; in terms of the number of valence electrons, but
doping La induces an electron doping. In order to confirm
this conjecture, recently we have synthesized another mixed
compound Sr_,(Lay5Kgs),RuOs [34] and carried out mag-
netic and thermal experiments [35]. The total number of
valence electrons of La 5Ky 5 is equivalent to that for Ca, and
therefore, no carrier doping is expected for Lag K¢ s-doped
SrRuO;. It was found that the FM order is suppressed as a
function of x and disappears at around the critical concentra-
tion x = 0.5. The FM ordered state changes to a cluster-glass
state, before reaching the critical concentration, and no promi-
nent feature ascribed to the FM quantum critical fluctuations
was observed in specific heat as in La-doped SrRuOs. There-
fore, there still exists a qualitative difference concerning the
electronic and magnetic properties around the critical concen-
tration between Ca- and Lag 5Ky s-doped SrRuQO3, which is
considered to be due to the difference in the Ru 4d electronic
state. In this study, we have performed PES experiments using
bulk-sensitive soft x rays [36,37] on Lay 5K 5-doped StRuOj3
in order to understand the origin of the abovementioned differ-
ence between Sri_,A,RuQO3 (A = Ca, La, and Lag 5K 5) from
the perspective of the Ru 4d electronic state.

II. EXPERIMENTAL DETAILS

Polycrystalline samples of Srj_,(LagsKqs)RuO3; were
synthesized by a conventional solid-state reaction method.
The details of sample preparation are described in Ref. [35].
The PES and x-ray absorption spectroscopy (XAS) were car-
ried out at the soft x-ray undulator beamline BL23SU [38]
in SPring-8. Various photon energies in the soft x-ray range
(hv =500 to 1100 eV) were used. The energy distribution
of photoelectrons was measured using a Gammadata-Scienta
SES2002 analyzer. The total energy resolutions were approxi-
mately 60 meV for 500-eV photons and 175 meV for 1100-eV
photons. The binding energy of the PES spectra was calibrated
with respect to the Fermi edge (Eg) of an evaporated gold
film. Clean sample surfaces were prepared by fracturing in situ
just before the measurements. The sample temperature was
controlled by a liquid helium flow cryostat and maintained at
25 K except for the temperature-dependence measurements.
The base pressure of the main chamber was kept better than
1.2x1078 Pa at 25 K and was temporarily increased up to
around 5x 1078 Pa in the temperature-dependence measure-
ments.

III. RESULTS

Figure 1(a) shows the PES spectra of the Ru 3d core-
level for Sri_,(Lags5Kos):RuO3. The Ru 3ds;; peak clearly
consists of two components as indicated by the arrows. They
are referred to as well-screened and poorly screened peaks
and transitions to different final states, and the positions of
these peaks are identified by the minima in the second deriva-
tives of the spectra (not shown). According to the calculation
based on the DMFT, the well-screened peak originates from
the screening of a core hole by itinerant quasiparticles on
the Fermi surface, and its intensity decreases with de-
creasing the quasiparticle weight Z, defined by Z=! =1 —
dReX(w)/dw, where X(w) is the self-energy due to the elec-
tron correlation effect [39]. As seen in Fig. 1(a), there is
a spectral weight transfer from the well-screened peak to
the poorly screened peak induced by doping La and K, re-
flecting an enhancement of the electron correlation in the
doped samples. A similar spectral weight transfer has been
reported for Ca-doped SrRuO; [14]. One may consider that
the suppression of the well-screened peak is a consequence
of the disorder effect induced by doping La and K. In or-
der to confirm how the spectra are affected by the disorder
effect, we display the spectra of the Sr 3p3/» core-level in
Fig. 1(b), which is located in the vicinity of the Ru 3d core-
level; the peak width does not increase upon doping. The
inset of Fig. 1(b) plots the residual resistivity ratio RRR =
p(300 K)/p(4.2 K), where p(300 K) and p(4.2 K) are the val-
ues of resistivity measured at 300 and 4.2 K, respectively [35].
As seen in this inset, the RRR value, which is one metric of the
disorder, does not exhibit a systematic change as a function of
x for x > 0.1. These results show that the suppression of the
well-screened peak with doping is not caused by the disorder
effect. For a quantitative evaluation, we show the relative frac-
tion of the poorly screened peak intensity Zyoor /(Iwet + Zpoor)
in Fig. 1(c), where Lo and Iy are the spectral intensities at
the peak positions of poorly screened and well-screened com-
ponents. As shown in Fig. 1(c), the spectral weight transfer
proceeds monotonically as a function of x.

In Fig. 2(a), we show the valence spectra of
Sri_,(LagsKp5),RuO3 measured at 25 K and v = 700 eV.
At this temperature, the samples for x < 0.3 and for x = 0.4
are in the ferromagnetic and weakly disordered ferromagnetic
states [35]. In contrast, the valence spectrum for x = 0.5 was
measured in a paramagnetic phase since the ferromagnetic
order of Sr;_,(LagsKps),RuOj3 is fully suppressed for this
doping concentration. These differences, however, do not
complicate the interpretation of the valence spectra because
the PES spectra exhibit almost no temperature dependence
as shown later in this article. In this soft x-ray range, the
Ru 4d, O 2p, and La 5d orbitals have relatively large PES
cross sections, but the intensities for other orbitals, such
as Ru 5s, Sr 5s, and La 6s, are negligibly weak [40]. The
valence spectrum for x = 0 is essentially the same as the
spectra in previous PES studies in the soft x-ray range
[14,15,23]. The PES spectra shown in Fig. 2(a) are mainly
dominated by the Ru 4d and O 2p orbital components. For
comparison, we carried out band structure calculations for
SrRuO; as well as LaRuQj3, assuming paramagnetic states.
These calculations are based on a full potential version of a
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FIG. 1. (a) Ru 3d core-level photoemission spectra of

Sri_¢(Lag 5K 5)sRuOs. (b) Sr 3p;/, core-level spectra. The inset
shows the residual resistivity ratio RRR = p(300 K)/p(4.2 K) as a
function of x [35]. (c) The relative fraction of the poorly screened
peak intensity Lyoor/ (el + Zpoor) as a function of x together with
the dc magnetization measured at 15 K under a magnetic field of
B =0.5T][35].
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FIG. 2. (a) Valence band spectra of Sr_,(LagsK¢s),RuO3; mea-
sured at 25 K and hv =700 eV. The positions of coherent and
incoherent parts are indicated by arrows. (b) Calculated partial den-
sity of states for SrRuO; and LaRuO;.

Dirac-type linearized augmented plane-wave method within a
local density approximation [41], and the experimental lattice
constants for SrRuO; were used in both calculations [42].
Figure 2(b) shows the calculated partial density of states for
the Ru 4d and O 2p components for SrRuO3 and the La 5d
component for LaRuOs. The calculation for LaRuOj3 can
be used as a reference point for the argument of the La 5d
electronic state in Sr;_,(LagsKys5)RuQj3; this calculation
thus employs the lattice constants of SrRuO; because the
lattice constants for Sri_,(LagsKgs),RuO; are relatively
close to those for SrRuOj; for small x values. The calculated
La 54 and La 6s (not shown) states are almost empty,
reflecting a nearly trivalent character of La atoms. According
to the calculation for SrRuOsj, the experimental spectral
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intensity extending from Ef to around 2 eV mainly originates
from the Ru 4d orbital, and the spectral intensity from 2 to
10 eV is attributed to the O 2p orbital. The contribution of
the La 5d orbital for the PES spectrum is thought to be much
smaller than the contributions of the Ru 4d and O 2p orbitals.
This is because the number of La 5d electrons is expected to
be small and, in fact, is estimated to be 0.33 for formula units
of LaRuO3 in the above calculation.

It has been suggested by previous PES studies for SrRuO3
that the spectral weight just below Ef is the coherent part,
and the broad spectral intensity at around 1.2 eV is attributed
to the incoherent part [7,14,15,23]. This incoherent part has
been reproduced by the DMFT calculation [16]; the Coulomb
interaction parameter U in the Hamiltonian of this DMFT
calculation was set to be U = 3 eV. On the other hand, ac-
cording to the detailed PES study by Grebinskij et al., the
spectral weight at 1.2 eV for StRuO3; may partially be due
to the finite admixture of O 2p and the asymmetric shape
of the coherent Ru 4d component [7]. This indicates that the
electron correlation effect in StRuOs is not so strong. One can
see that the spectral shape of Ru 4d shows a nonmonotonic
change as a function of x. We consider that this evolution of
the spectral shape by doping La and K is not caused by the
change of the on-site Coulomb interaction but by the changes
in the magnitude of the hybridization effect and/or the band
structure since the the strength of the on-site Coulomb inter-
action should be determined mostly by the atomic potential of
an Ru atom. The coherent part of SrRuO; becomes sharper
with increasing x for x < 0.3. This behavior is considered
to be ascribed to the suppression of the exchange splitting
between the majority and minority spin bands because such
a development of the density of states near Er has been repro-
duced by DFT calculations [14]. In Fig. 1(c), we also display
the low-temperature dc magnetization under a magnetic field
of B=0.5 T, which can be regarded as a good measure
of the strength of the exchange splitting [35]. According to
the data shown in Fig. 1(c), the exchange splitting decreases
monotonically with doping. Meanwhile, the intensity of the
coherent part starts to decrease with increasing x for x > 0.3
and is transferred to the incoherent part. In this concentration
region, the abovementioned effect of the suppression of the
exchange splitting seems to be overwhelmed by the renor-
malization factor Z = (1 — dReX(w)/dw)~! caused by the
electron correlation, which suppresses the coherent part. The
data shown Fig. 1(c) indicate that both the exchange splitting
and the electron correlation effect change monotonically with
doping. Therefore, the nonmonotonic change of the valence
band spectra should be due to complex interplay between the
renormalization factor and the suppression of the exchange
splitting. Here, we would like to stress that the development
of the incoherent part is unlikely to be caused by the disorder
effect induced by doping La and K, because, as we mentioned
before, RRR does not show a systematic dependence on x
for x > 0.1 [inset of Fig. 1(b)]. Note that the observed vari-
ation of the Ru 4d spectral shape is consistent not only with
the Ru 3d core-level spectra but also with the specific heat
results [35], in which the electronic specific heat coefficient
increases with x, since both the suppression of the exchange
splitting and the development of electron correlation enhance
the density of states at Er. Moreover, the energy position
of the incoherent component observed for x > 0.4 is nearly
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FIG. 3. (a) The x-ray absorption spectrum and the positions
of the employed photon energies in the resonance PES for
Sr;_,(LapsKo5),RuO;3, with x = 0.4. (b) Valence band spectra near
the La 3ds/, core absorption edge for x = 0.4. These spectra were
normalized by the spectral intensity around Egr. The inset displays
the on- and off-resonance spectra for x = 0.2 where the on-resonance
spectrum is measured at the peak energy of the La 3ds;,, XAS spec-
trum (not shown).

the same as the energy positions for other correlated Ru
oxides, such as CaRuOs, Sr;_,Ca,RuOs;, and Sr;_,La,RuO;3
[14,23,43].

One may consider that the observed spectral change of
Ru 4d components is partially due to the La 5d spectral
intensity. In order to check this, we have carried out La 3d-
edge-resonance PES experiments, by which the La 5d spectral
weight can be selectively enhanced [44]. There are two pro-
cesses in the La 3d-edge-resonance PES:

3d'°4 054" + hv — 3d'04 054" + e, 1)
3d'%4f%5d" 4+ hv — 3d°4f'5d"
— 3d"04 054" 4 e, )

where e~ represents a photoelectron. These processes are
known as the (1) direct and (2) Auger processes. They have
the same initial and final states, and therefore, the La 5d
contribution can be resonantly enhanced. Figure 3(a) shows
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the La 3ds,» XAS spectrum for Sri_,(Lag 5Kg5),RuO3, with
x = 0.4, and the positions of the employed photon energies in
the resonant PES, which are indicated by arrows. In Fig. 3(b),
we display the valence spectra near the La 3ds/, core absorp-
tion edge for x = 0.4. We found that the spectral weight from
2 to 7 eV for x = 0.4 is enhanced with approaching the peak
energy in the XAS spectrum, suggesting that the La 5d states
mainly hybridize with the O 2p states. In contrast, the spectral
weight from Ep to 2 eV does not exhibit any enhancement.
The inset of Fig. 3(b) shows the on- and off-resonance spectra
for x = 0.2. This result confirms that the energy distribution
of the La 5d state of Sr;_,(LagsKos),RuO3 hardly depends
on the value of x. Hence, the observed spectral shape evolution
for Ru 4d in Fig. 2(a) as a function of x is not influence by the
La 5d states. Note that the presence of the La 5d contribution
indicates that the electronic state of Sri_,(LagsKgs).RuO3;
deviates from a simple ionic picture and the calculated result
for LaRuO; in Fig. 2(b) to some extent, in which the La
atoms are nearly trivalent and the La 5d states are almost
empty. One possible explanation for this discrepancy is that in
Sri_,(Lag 5Ko.5)RuO;3 the hybridization between O 2p and
La 5d is much more enhanced compared to the calculation
for LaRuOj3 by the local crystallographic disorder around La
atoms, and as a result the O 2p bands partially acquire a La
5d-orbital character. The similar deviation from the simple
ionic picture was also reported in our previous PES and mag-
netization experiments for La-doped SrRuOs; [23,35].

The PES spectra in the present study are expected to
mainly reflect the bulk electronic states because of the use
of bulk-sensitive soft x-ray photons. However, our previous
PES experiments for La-doped SrRuO; have shown that the
electronic state in the surface region is markedly different
from that of the bulk region [23]. Here, in order to investigate
the bulk electronic state, we subtract the surface state by
following the procedure given in Ref. [14]. The PES spectra
are assumed to consist of bulk and surface components as
follows:

I(E) = Lurtace (E)(1 — e™*) + Ly (E)e ™/, 3)

where Iyrface and Iy represent the spectral intensities of the
bulk and surface regions, respectively. d and A are the thick-
ness of the surface layer and the photoelectron mean-free path.
We have used the A values of 10 and 19 A for hv = 500 and
1100 eV, which are obtained from the semiempirical expres-
sions for the mean-free path [45]. One can extract the Iy face
and Iy from the PES spectra measured at two different pho-
ton energies. Figures 4(a) and 4(b) show the PES spectra of
Sri_,(Lag 5Ky 5)cRuO3 measured at hzv = 500 and 1100 eV,
where the O 2p contributions are subtracted by fitting them
by multiple Gaussians, and therefore, these spectra consist
only of Ru 44 orbitals. The spectra measured at ~v = 500 are
convoluted with a Gaussian to eliminate the energy resolution
difference between v = 500 and 1100 eV. The surface thick-
ness is tentatively assumed to be 6 10%, which is comparable
to the dimension of the unit cell [35]. Figures 4(c) and 4(d)
show the obtained bulk and surface spectra for LagsKgs-
doped SrRuO;. One can recognize that the incoherent part
(~1.2 eV) is markedly enhanced in the surface region. The
simplest explanation is that the surface atoms have fewer near-
est neighbors, and therefore, the surface Ru 4d states are less
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FIG. 4. (a) and (b) The Ru 4d spectral weights extracted from
PES spectra at hv = 500 and 1100 eV, where the O 2p components
are subtracted. These spectra are normalized by the area of each
spectrum. (c) and (d) The bulk and surface contributions obtained
by using Eq. (3). (e) Comparison of the bulk contributions for x = 0,
0.3, and 0.5, where these spectra are normalized by intensity around
Ef and are smoothed by a Gaussian function whose width is narrower
than the energy resolution.

hybridized. The sharpening and enhancement of the coherent
part for x = 0.3 seen in Fig. 2(a) become less noticeable in
Fig. 4(c). However, as seen in Fig. 4(e), where we overlay the
bulk spectra, the bulk spectra also show the sharpening of the
coherent part at x = 0.3, suggesting that the aforementioned
arguments about the results for Fig. 2(a) are applicable for the
bulk electronic state of Sr;_,(LagsKg5),RuOs3. To confirm
the robustness of the above analysis against the estimation er-
ror in d, we have performed the same analyses using different
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FIG. 5. Temperature dependence of the valence band spectra for
Sr;_,(LapsKos5),RuO; measured at ~v = 700 eV. These spectra are
broadened by a Gaussian function whose width is smaller than the
energy resolution to improve the statistics.

values of d and shown that the shapes of bulk spectra do not
exhibit any noticeable change for the d value range of 6-12 A
(not shown).

Next, we have investigated the temperature dependence of
the valence spectra to study how the electronic state changes
across the magnetic transition temperature. Figure 5 displays
the PES spectra for x < 0.3 measured at 25 and 200 K. The
ferromagnetic ordering temperatures for x = 0, 0.2, and 0.3
were reported as 161, 120, and 82 K, respectively [35]. As
shown in Fig. 5, we did not observe any noticeable tem-
perature dependence of the spectra. We also measured the
temperature dependence of the PES spectra for x = 0.4 and
0.5 and confirmed that their PES spectra also hardly depend
on temperature (not shown).

IV. DISCUSSION

In this study, we have revealed that the Ru 4d electronic
state for Sri_,(Lag sKo.5),RuO3; markedly evolves as a func-
tion of x. The observed development of the coherent part
in the valence spectra with x for x < 0.3 can naturally be
explained by the suppression of the exchange splitting as

described in the previous section. On the other hand, the va-
lence spectra for x > 0.3 and Ru 3d core-level spectra clearly
indicate a development of the electron correlation effect. Sim-
ilar developments of the electron correlation have also been
confirmed in Ca- and La-doped SrRuO; by PES experiments
[14,23]. However, as described in the Introduction, these
doped systems Sr;_,A,RuO3 (A = Ca, La, and Lag sKg s) ex-
hibit different magnetic properties. In this section, we discuss
the possible origin of this difference in terms of the Ru 4d
electronic state.

First, we compare the magnetic and electronic properties
between La- and Lag 5K s-doped StRuO3. Their FM ordering
temperatures are suppressed by doping in both cases, and
the FM ordered states are replaced by cluster-glass states
before reaching the critical concentration, at which the mag-
netic ordering temperature drops to zero [32,35]. According
to the ac magnetic susceptibility measurements, the magnetic
ordering process of the cluster-glass states as a function of
temperature is no longer a well-defined second-order phase
transition but rather a gradual spin freezing. This provides an
explanation for the absence of the prominent enhancement
in the low-temperature specific heat due to quantum critical
fluctuations in these systems. It is natural to consider that the
emergence of the cluster-glass states is related to disorder in-
duced by doped ions and that the FM droplets are stabilized at
nanosized Sr-rich regions. Note that unit-cell volumes for La-
and Laj 5K s-doped SrRuOj3 are almost identical for a given
dopant concentration [35], indicating that both the compounds
have very similar local heterogeneity of Sr atom distribution.

Despite the above similarity between La- and LagsKqs-
doped SrRuOs;, there is a quantitative difference in their
magnetic and electronic properties as follows. The FM or-
dered state of La-doped SrRuOj; changes to the cluster-glass
state already at x = 0.3, whereas for Laj 5K¢ 5-doped StRuOs,
a higher x value (x > 0.45) is required to induce the cluster-
glass ordering [32,35]. Therefore, the magnetic ordered state
for La-doped SrRuO; seems to be more sensitive to the
local heterogeneity compared to LagsKgs-doped SrRuOs.
Figure 6 shows the comparison between the valence spec-
trum of Srys5(LagsKgs)osRuO3 and that for SrgsLagsRuOs
cited from our previous work [23]. As seen in this figure,
the incoherent part for La-doped SrRuQj; is more developed
than that for Lag 5Ky s-doped SrRuOs, suggesting a stronger
electron correlation and localized character of the Ru 44 elec-
trons in the former compound. One possible explanation for
the abovementioned difference in the magnetic properties is
that the evolution toward the cluster-glass state is partially
stimulated by the electron correlation effect among Ru 4d
electrons.

In Sr;_,Ca,RuQO3, an evolution of FM quantum critical
fluctuations at around the critical concentration has been ob-
served by various experimental probes [25-27]. Moreover,
1SR studies confirmed the occurrence of a phase separation
between FM ordered and paramagnetic volumes around the
critical concentration, which seems to be associated with the
first-order quantum phase transition [28,29]. These results
demonstrate that the FM transitions for Ca-doped SrRuO;
keep the characteristics of well-defined first- or second-
order phase transitions up to the critical concentration range
and that the FM ordered state is less affected by the local
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FIG. 6. Comparison of the valence band spectra between
Sri_,(Lag 5Ky 5),RuO; and Sry_,La,RuO3 with x = 0.5 at 25 K and
hv = 700 eV. The latter spectrum is taken from Ref. [23].

heterogeneity. If the abovementioned conjecture about the re-
lation between the emergence of the cluster-glass state and the
electron correlation effect is valid, the electron correlation for
Ca-doped SrRuOj; should be weaker compared to that for La-
and La sK¢ s-doped SrRuO;. The previous PES experiments
in the soft x-ray range for Sr;_,Ca,RuO; have observed a
weak but well-resolved peak due to the coherent part in the
valence spectra for x = 0.6 [14], whereas a peak structure is
not discernible in Sr;_,A,RuO3; (A = La and LagsKqs) for
x = 0.5 as shown in Fig. 6 despite the smaller x value and
the better energy resolutions of the latter PES experiments.
This feature indicates the weaker effect of the renormalization
factor Z = (1 — dReX(w)/dw)~" in Ca-doped SrRuO3 and is
consistent with our above conjecture.

Finally, we discuss the physical implications of
the temperature-independent valence spectra for Srj_,
(LagsKps)RuOs3. X-ray magnetic circular dichroism
measurements performed for SrRuO; have shown that
the orbital moments are quenched, and the FM order is
mainly caused by spin moments [46,47]. Hence, to reproduce
the ordered moment size of ~1 upg [5,6], a large amount
of exchange splitting between majority and minority bands
is required, and in fact, its energy scale is estimated to be

around 0.5 eV by DFT calculations [48]. The observed
dramatic development of the coherent part in the valence
spectra with x for x < 0.3 is naturally explained by the
suppression of this exchange splitting in StRuQOj3. Therefore,
the absence of the temperature dependence of the valence
spectra across the FM transitions for Sr;_,(Lag 5K s),RuO3
is quite remarkable and is indicative of the breakdown of
a simple Stoner picture, in which the exchange splitting
disappears above the Curie temperature. This puzzling
result is consistent with angle-resolved PES and optical
spectroscopy studies for SrRuOj;, which suggest that the
exchange splitting persists above the Curie temperature and
the long-range FM order is destroyed in the paramagnetic
phase by the spatial and temporal fluctuations of the exchange
splitting [49,50]. Presence of the residual exchange splitting
in the paramagnetic phase is reproduced by the DFT+DMFT
calculation [16].

V. CONCLUSION

We have studied how the electronic state of
Sri_x(Lag 5Kg.5),RuO3 evolves with doping concentration via
soft x-ray PES experiments. The Ru 4d-derived component
in the PES spectra markedly changes with increasing x.
The coherent part develops with x for x < 0.3 due to the
ferromagnetic exchange splitting being suppressed. On the
other hand, the intensity of the coherent part decreases
with further increasing the dopant concentration, reflecting
that the effect of the suppression of the exchange splitting
is overwhelmed by the renormalization factor caused by
electron correlations for x > 0.3. The results of the Ru 3d
core-level PES further support this interpretation. In contrast
to this x variation of the Ru 4d valence spectra, we did not
observe any noticeable temperature dependence of the spectra
across the magnetic transition temperatures, indicating that
the temperature dependence of the exchange splitting does not
follow the prediction of the simple Stoner picture. These PES
results concerning the Ru 4d electronic state are compared
with those for isostructural Ca- and La-doped SrRuOj;, and
we discuss the origin of the different magnetic properties
between these doped compounds.
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