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Photoemission and DMFT study of electronic correlations in SrMoO3: Effects of Hund’s rule
coupling and possible plasmonic sideband
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We investigate the electronic structure of a perovskite-type Pauli paramagnet SrMoO3 (t2g
2) thin film using hard

x-ray photoemission spectroscopy and compare the results to realistic calculations that combine density functional
theory within the local-density approximation (LDA) with dynamical mean-field theory (DMFT). Despite the
clear signature of electron correlations in the electronic specific heat, the narrowing of the quasiparticle bands
is not observed in the photoemission spectrum. This is explained in terms of the characteristic effect of Hund’s
rule coupling for partially filled t2g bands, which induces strong quasiparticle renormalization already for values
of Hubbard interaction which are smaller than the bandwidth. This interpretation is supported by DMFT model
calculations including Hund’s rule coupling, which show a renormalization of low-energy quasiparticles without
affecting the overall bandwidth. The photoemission spectra show additional spectral weight around −2.5 eV that
is not present in the LDA+DMFT results, pointing to a source of correlations that is not present in our calculations
that include only on-site interactions. We interpret this weight as a plasmon satellite, which is supported by the
measured core-level spectra that all show satellites at this energy.
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I. INTRODUCTION

Electron correlations in transition-metal oxides (TMOs)
have been the subject of extensive studies in recent decades [1].
Photoemission spectroscopy has made major contributions to
a better understanding of electron correlation effects in those
materials. The perovskite metallic compound SrVO3 has been
extensively studied as a prototypical correlated system with the
t2g

1 configuration and no magnetism [2,3]. The bulk spectrum
of the V 3d bands of this compound was obtained by using
soft x-ray (SX) photoemission spectroscopy, and it was found
[4] that the width of the low-energy peak in the measured
density of states (quasiparticle bandwidth) W ∗ is reduced
to about half of that found in the band-structure calculation
Wb, that is Wb/W ∗ ∼ 2. This is consistent with specific-heat
measurements, which suggest m∗/mb = γ /γb ∼ 2, where γ is
the experimental specific heat coefficient, γb is the theoretical
specific heat coefficient obtained from the band-structure
calculations, m∗ is the effective mass of the quasiparticle, and
mb is the bare band mass [5]. The photoemission spectra also
displayed a clear lower Hubbard band at a binding energy
∼−1.5 eV. Such a photoemission signal with well-separated

*wadati@ap.t.u-tokyo.ac.jp; http://www.geocities.jp/qxbqd097/
index2.htm

Hubbard bands and a narrow quasiparticle peak has become
an icon of correlated electron materials.

Surprisingly, the situation in TMOs with more than one
d electron, and more extended orbitals (as found in the 4d

transition-metal oxides), has been found to be quite different.
Among such systems, SrRuO3 (t2g

4) has attracted particular
interest due to its metallicity and ferromagnetism with TC ∼
160 K [6]. Takizawa et al. [7] obtained a bulk Ru 4d spectrum
of SrRuO3 through SX photoemission studies of in situ pre-
pared thin films, and found that the bandwidths obtained from
the experimental bulk spectrum agree with those found in the
band-structure calculation, that is, Wb/W ∗ ∼ 1. This result,
however, does not match with m∗/mb = γ /γb ∼ 4 found from
specific heat measurements [8,9]. At this point however, it is
important to emphasize that W ∗ denotes (here and in all the
following) the width of the low-energy part of the spectral
function as obtained from angle-integrated photoemission.
Only a detailed study of quasiparticle dispersions and lifetimes
from angle-resolved photoemission can resolve which part of
this low-energy density of states is indeed associated with
coherent quasiparticles, and which part is actually associated
with more incoherent excitations.

In another t2g
4 system Sr2RuO4, which is a layered

superconductor [10], the situation is quite similar to SrRuO3 in
the sense that Wb/W ∗ ∼ 1 but m∗/mb = γ /γb ∼ 4 [10–12].
These facts are summarized in Table I. The absence of
pronounced Hubbard bands in the photoemission spectra of

1098-0121/2014/90(20)/205131(8) 205131-1 ©2014 American Physical Society

http://dx.doi.org/10.1103/PhysRevB.90.205131


H. WADATI et al. PHYSICAL REVIEW B 90, 205131 (2014)

TABLE I. Effects of electron correlation in transition-metal
oxides. The values of γ , γ /γb (=m∗/mb), and Wb/W ∗ are given.
The values without reference numbers are from this work.

γ γ /γb

(mJ/K2 mol) (=m∗/mb) Wb/W ∗

SrVO3 (t2g
1) 8.182a ∼2a ∼2b

SrRuO3 (t2g
4) 36.3c ∼ 4c ∼1d

Sr2RuO4 (t2g
4) 39e ∼4f ∼1g

SrMoO3 (t2g
2) 7.9h ∼2 ∼1

aReference [5].
bReference [4].
cReference [9].
dReference [7].
eReference [10].
fReference [11].
gReference [12].
hReference [19].

ruthenates led some of the researchers in the field to adopt the
extreme view that electronic correlations are altogether absent
or negligible in SrRuO3 and CaRuO3 compounds [13], which
however, is incompatible with the measured enhancement
of specific heat. Takizawa et al. [7] instead proposed that
despite the absence of the Hubbard bands in the spectrum,
only the states in the vicinity of the Fermi level (EF ) are
to be thought of as originating from the genuinely coherent
renormalized quasiparticle band, whereas the rest of the signal
originates from the shorter lived states with bare dispersion.
Very recently, theoretical studies within dynamical mean-field
theory (DMFT) have indeed shown that Hund’s rule coupling
can (depending on the atomic occupancy) reduce the coherence
energy scale already at moderate interaction strength [14,15]
and that when this is the case, the Hubbard bands cannot be
unambiguously resolved from an angle-integrated spectrum
[16].

In the present work we reconsider these ideas and approach
the problematics from two sides.

In the first purely theoretical part of the paper we report the
correlated density of states (DOS) for a three-orbital problem
with semicircular DOS for different strengths of the Hund’s
rule coupling and show explicitly how the Hubbard bands are
being pulled in as the Hund’s rule coupling strength increases.
For physical values of Hund’s rule coupling, most of the
spectral weight is redistributed within the low-energy peak
instead of being shifted to the Hubbard satellites as is the case
in oxides with just an electron, such as SrVO3. Similar results
have been discussed earlier for iron-based superconductors
[16].

In the second part of the paper we experimentally and
theoretically study the correlated DOS of another perovskite-
type 4d oxide SrMoO3. Molybdates are particle-hole analogs
of ruthenates as far as the occupancy of the t2g shell is
concerned: in SrMoO3 (4d2) the t2g band is occupied by
two electrons, and in SrRuO3 (low-spin 4d4) the t2g band is
occupied by two holes. An advantage of SrMoO3 is that it is a
Pauli paramagnetic metal [17] and is therefore free from effects
of proximity to magnetic instabilities that have been discussed

for ruthenates [18]. Nagai et al. [19] reported that SrMoO3

single crystals grown in ultralow oxygen pressure have a
resistivity as low as 5.1 μ� cm at 300 K. Recently Radetinac
et al. [20] reported the fabrication of high-quality SrMoO3

thin films using argon gas in the pulsed laser deposition (PLD)
process. In this study we fabricated the same type of thin
film which has atomic-level flatness at the surface (with a
root-mean-square roughness of 0.2 nm [20]) and performed
hard x-ray (HX) photoemission spectroscopy measurements.
By applying bulk-sensitive HX photoemission spectroscopy
to the atomically flat surface, we succeeded in obtaining the
spectrum of bulk Mo 4d bands. Similarly to the case of
SrRuO3, the 4d peak in the photoemission does not appear
to be narrowed with respect to the result of the LDA (i.e.,
W ∗ ∼ Wb), despite the renormalized specific heat coefficient.
Unlike in SrRuO3, a pronounced shoulder at −2 eV is seen in
our data.

We also performed realistic LDA+DMFT calculations of
SrMoO3. The low-energy part of the spectra is renormalized,
consistent with the specific heat measurements, yet the overall
band is not significantly narrowed. The additional spectral
weight found experimentally at ∼−2 eV is however not present
in our theoretical results. The failure of our theory to account
for this weight points to electronic correlations that are not
included in our approach. One possible explanation is that
the −2 eV weight is a plasmonic satellite that originates in
long range Coulomb interactions which are disregarded in our
treatment. The satellites are seen in the measured core-level
spectra, too. We note that SrMoO3 is unique among transition
metal oxides in the sense that it has a sizable gap with no
LDA DOS in the −2 to −3.5 eV range, which is perhaps
why these plasmonic effects are more seen here than they
would be in another compound where they would overlap
with the, e.g., oxygen states. We also note that extensions of the
DMFT to include long range interactions have been developed,
see, e.g., Refs. [21,22] and that it would be highly desirable
to attempt to calculate the photoemission signal in SrMoO3

properly incorporating the effects of long range interaction.
The paper is structured as follows. In Sec. II A we describe

some details of the theoretical work, and in Sec. II B we
describe the experimental procedure. Section III contains
DMFT results for a model system that shows explicitly how
Hubbard bands are pulled in by the Hund’s rule coupling,
which supports our interpretation of the experimental spectra.
In Secs. IV A and IV B we report the photoemission results and
compare them to what is found in the band-structure LDA and
LDA+DMFT calculations. In Sec. IV C we give LDA+DMFT
self-energies and discuss LDA+DMFT results in more details.
Section V contains discussion of our results and conclusion.

II. DESCRIPTION OF THEORETICAL AND
EXPERIMENTAL APPROACH

A. Theory

The DMFT model calculations and realistic LDA+DMFT
calculations were done in the framework described in Refs.
[23,24]. The DMFT model calculations were done using a
semicircular density of states, with a full rotationally invariant
Kanamori local interaction Hamiltonian.
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For the realistic calculations, the band structure of SrMoO3

was calculated using the linearized augmented plane wave
method implemented in the WIEN2K package [25]. Bulk
SrMoO3 has an orthorhombic crystal structure below 150 K,
a tetragonal one between 150 and 250 K, and cubic structure
at temperatures above 250 K [26]. The degree of distortions
away from cubic symmetry in this compound is small, and we
found that the band structure of the compound is not influenced
by distortions significantly. The results which we report below
are for the cubic perovskite structure with the lattice constant
a = 3.976 Å [26]. A full rotationally invariant interaction
with Kanamori parameters U = 3.0 eV and J = 0.3 eV has
been used [27]. Using these parameters, the calculated mass
enhancement is ∼2, consistent with experiment. The analytical
continuations of the data to real frequencies were performed
using the stochastic maximum entropy method [28].

B. Experiment

The SrMoO3 thin film was grown in the (001) direction
on a GdScO3 (110) substrate [(a = 5.482 Å, b = 5.742 Å, and
c = 7.926 Å for the orthorhombic lattice (ā = 3.967 Å for a
pseudocubic lattice definition)] by the PLD method. Since
the lattice constant of the cubic SrMoO3 is 3.976 Å [26], a
lattice mismatch between substrate and film is only −0.2%.
The thickness of the thin film was about 70 nm. The details of
the fabrication were described in Ref. [20].

HX photoemission measurements were carried out at
BL-47XU of SPring-8. No surface cleaning was performed
before the measurements. The HX photoemission spectra were
recorded using a Scienta R-4000 electron energy analyzer with
a total energy resolution of 300 meV at the photon energy of
7.94 keV. We also performed SX photoemission measurements
at Photon Factory BL-2C to obtain the information about
surface states. The SX photoemission spectra were recorded
using a Scienta SES-2002 electron energy analyzer with a total
energy resolution of 300 meV at the photon energy of 780 eV.
The position of EF was determined by measuring the spectra
of gold which was in electrical contact with the sample. All
the spectra were measured at room temperature.

III. MODEL DMFT RESULTS

To set the basis, it is convenient to start from the results
of de’Medici et al. [14,15] who calculated the quasiparticle
weight Z in t2g systems by including the effects of Hund’s
rule coupling J . The results for t2g

1 and t2g
2 are reproduced

in Fig. 1, where U is the on-site Coulomb interaction and D

is the half bandwidth. There is a marked difference between
the t2g

1 and t2g
2 systems. In the case of the t2g

1 system, a
nonzero J increases Z, whereas in the case of the t2g

2, t2g
4

systems a nonzero J rather decreases Z (except in the regime
of large U/W ). This means that in the latter case even a small
value of U/W � 1 can lead to a suppressed Z at small energy
scales. Materials that show strong correlations that originate
from the Hund’s coupling have been dubbed Hund’s metals
[29]. Because in a Hund’s metal, so small values of U/W

are sufficient to suppress Z, the high energy scales cannot be
separated from the small energy scales in a clear way.

FIG. 1. (Color online) Quasiparticle weight Z as a function of
U/D for N = 1, 2 electrons in three orbitals reproduced from
Ref. [14]. The gray arrows indicate the influence of an increasing
Hund’s rule coupling J/U . Assuming J/U = 0.1, materials of
interest to this study are positioned in the figure according to the
measured specific heat enhancement. SrRuO3, plotted in N = 2, is
actually a d4 occupancy and one should note that there is not an
electron-hole symmetry for a t2g DOS.

We calculated the momentum-integrated spectral function
(DOS) for a three-orbital model with semicircular noninter-
acting DOS and a filling of two electrons per site, for several
ratios of J/U = 0.0,0.05,0.1,0.15,0.2 (with J/U = 0.15
being close to the physical values for the transition-metal
oxides). In order to ensure a fair comparison between these
different cases, we adjusted U so that the low frequency mass
renormalization remains the same: m∗/m = Z−1 = 4.

The calculated DOS are shown in Fig. 2. At J/U = 0, for
sizable correlations to occur, the interaction strength must be
tuned quite close to the Mott transition (which occurs for
U/D ≈ 5.5). The resulting spectra are akin to the spectra
of metals close to a Mott insulator, displaying pronounced
Hubbard bands and a narrow quasiparticle peak, implying a
clear separation of high and low energy scales.
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FIG. 2. (Color online) The DMFT DOS for a t2g three-orbital
model with semicircular noninteracting DOS occupied by two
electrons per atom. Several values of J/U were used and U is adjusted
so that the quasiparticle renormalization is close to Z = 1/4. Inset:
Close-up on quasiparticle peak for J/U = 0, 0.15. For J/U = 0.15,
also the Padé data are shown for comparison. Other curves are
obtained using maximum entropy analytical continuation.

205131-3



H. WADATI et al. PHYSICAL REVIEW B 90, 205131 (2014)

As J/U is increased, two effects occur [14,15]. First, as
the correlations due to J develop, a smaller value of U is
sufficient to reach the same degree of renormalization. Second,
the effective atomic interaction for a transfer of electron [30],
given by E(N + 1) + E(N − 1) − 2E(N ) that is equal to U −
3J for a t2g atom away from half-filling, is diminished even
more with increasing J/U , thus the Hubbard bands are pulled
in by the Hund’s rule coupling J .

This is reflected in the spectra by the diminishing of the
peak-to-peak distance between the Hubbard bands (4.7, 3.7,
2.7, 2.1 in units of D for increasing J/U = 0.0, . . . ,0.15,
respectively—while the lower Hubbard band is essentially
indistinguishable for J/U = 0.2). For J/U = 0 the peak is
clearly separated from the atomic features and has a weight
about 0.25, compatible with Z = 0.25. As J/U is increased,
the coherent and incoherent excitations are not separated that
clearly anymore. At J/U = 0.15, the lower Hubbard band
starts to overlap with the quasiparticle band and remains visible
only as a mild shoulder. The upper Hubbard band, however,
remains visible. The high-energy and the low-energy scales
are not separated, the incoherent spectral weight is transferred
to energies which overlap with the quasiparticle band and
therefore influence its shape. The quasiparticle peak appears
broader and obtains an asymmetric shape. In the inset we replot
the DOS on a narrower frequency range. The quasiparticle
peak at J/U = 0.15 has a markedly different shape from
that of the J/U = 0 case, whose shape resembles that of
the narrowed noninteracting (semicircular) DOS. Next to the
stochastic maximum entropy analytical continuation we show
also the data obtained by the Padé approximants. The broad-
ened quasiparticle peak with asymmetric shape and shoulder
features at −0.2 eV is seen from both analytical continuations
for J/U = 0.15. These features might be characteristic of
Hund’s metals and deserve further exploration.

In Fig. 3 we show the self-energies for J/U = 0 and
J/U = 0.15. The real part of the self-energies exhibit sim-
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FIG. 3. (Color online) The DMFT self-energies for the t2g three-
orbital model for J/U = 0 and J/U = 0.15. Analytical continua-
tions using Padé approximants and the maximum entropy method
are shown. The J/U = 0 results are shifted vertically for easier
comparison between the two data sets. Top inset: Close-up to low
frequencies. Bottom inset: Imaginary part of self-energies.

ilar low frequency slope, which corresponds to the same
quasiparticle residue Z, but in other aspects the data for
J/U = 0.15 differ substantially from the data at vanishing
Hund’s coupling strength. The J/U = 0 real part of the
self-energy follows a quasilinear dependence up to a high
energy scale followed by an abrupt feature indicating the onset
of the Hubbard band. Conversely, for J/U = 0.15 the real part
of the self-energy is linear only up to a small frequency scale.
At higher frequencies a relatively mild frequency dependence
is seen, which indicates a weaker overall band narrowing.
Except on approaching the Hubbard bands, the magnitude
of Im� (bottom inset) for J/U = 0.15 is larger, indicating
correlations that develop due to the Hund’s rule coupling
despite a significantly smaller value of U . The genuine
coherent, but strongly renormalized part, is thus actually
limited to the low frequency scales (�0.1D for the present
data), whereas at higher frequency scales a larger dispersion,
but with much shorter lifetime is recovered.

Interesting further insight into the particular behavior of
self-energies for Hund’s metals is obtained by considering
the Kramers-Kronig relations. Taking the following simple
form: Im� = −Aω2 up to a cutoff ωc, and Im� = 0 for
|ω| > ωc, we obtain from Kramers-Kronig relations: Re� =
−2ωcAω + · · · . The slope of Re� which determines the
quasiparticle renormalization increases both with ωc and A. At
a fixed quasiparticle renormalization, this relation also shows
that the cutoff frequency (which has the meaning of the energy
of the kink) and the curvature are related. For vanishing Hund’s
rule coupling, the curvature of Im� is small but persists up
to a larger cutoff. For physical values of J , the curvature is
larger, but it holds only up to a small frequency scale. This
explains why in Hund’s metals, like ruthenates, the kinks are
often found (see, e.g., [31] and references therein) at small
energy scales.

IV. PHOTOEMISSION AND LDA+DMFT
RESULTS ON SrMoO3

We now turn to SrMoO3, a metal with two electrons in
conduction band that is therefore a possible realization of
model results discussed above.

Below we first report photoemission results and later the
comparison to the realistic LDA+DMFT calculations.

A. Photoemission results

Figure 4 shows the core-level photoemission spectra of the
SrMoO3 thin film. The O 1s spectrum [Fig. 4(a)] shows that
the “contamination” signal on the higher binding-energy side is
weak. The Sr 3d spectrum [Fig. 4(b)] has only one component
at 3d5/2 and 3d3/2. These two results demonstrate that our
photoemission spectra are free from surface degradation or
contamination and represent the bulk electronic properties of
the SrMoO3 thin film. The Mo 3d spectrum [Fig. 4(c)] has two
structures at −229.3 and −232.5 eV, almost the same as those
of MoO2 (Mo4+) [32], representing the bulk Mo4+ states. This
core level was also measured at 780 eV in the SX region,
and two structures were observed at −233.3 and −236.4 eV,
almost the same as those of MoO3 (Mo6+) [32]. It also has
some weak Mo4+ signal at −229.3 eV. These results mean
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FIG. 4. (Color online) Core-level photoemission spectra of the
SrMoO3 thin film. (a) O 1s. (b) Sr 3d . (c) Mo 3d . The Mo 3d

spectra were measured by both HX and SX, plotted together with the
reference spectra of MoO2 and MoO3 [32]. (d) All the core levels
plotted as a function of relative energy to the main peak.

that our thin film had Mo4+ in bulk and the surface states were
dominated by Mo6+. Since Mo6+ has no 4d electrons, such
surface oxidized states do not affect the Mo 4d band which
will appear in subsequent figures.

There is also some additional intensity in all the core levels,
that is, at −532.5 eV in O 1s [Fig. 4(a)], at −138 eV in
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FIG. 5. (Color online) Electronic structure of SrMoO3 near the
Fermi level. (a) Valence-band photoemission spectrum of a SrMoO3

thin film. The dashed line shows the estimated tail of the O 2p

band. (b) The DOS of SrMoO3 obtained from LDA band-structure
calculations.

Sr 3d [Fig. 4(b)], and at −235 eV in Mo 3d [Fig. 4(c)].
We plotted these three core levels as a function of relative
energy to the main peak in Fig. 4(d). One can see the intensity
around −2 eV in all the core levels, which points to a common
origin. As we discuss in more detail later, we believe that these
structures are due to plasmon satellite. The energy of ∼2 eV
coincides closely with the plasma frequency reported in the
measurements of reflectivity [33].

Figure 5(a) shows the valence-band photoemission spec-
trum of the SrMoO3 thin film. By comparing the photoemis-
sion spectrum with the DOS deduced from the LDA [Fig. 5(b)],
one can see that the Mo 4d band is located near EF , and the O
2p band is located on the higher-energy side (from −4 to
−10 eV). The dashed line in Fig. 5(a) shows the tail of
the O 2p band extended towards the Mo 4d band. One can
also clearly see the Mo 4d band crossing EF and that the
photoemission signal is described well by the LDA DOS, as
further documented in Fig. 6.

B. Comparison of photoemission to LDA and LDA+DMFT

Figure 6(a) shows the bulk d orbital component obtained by
subtracting the oxygen contribution [dashed line in Fig. 5(a)]
from the photoemission signal. This photoemission DOS
is compared to the results from the LDA band-structure
calculation for SrMoO3 as well as to the t2g DOS from the
LDA+DMFT calculation, which includes the effects of corre-
lation. For the sake of comparison, results for SrVO3 are also
shown in Fig. 6(b), where the experimental spectrum is taken
from Ref. [4]. The calculated DOS has been broadened with a
Gaussian of 0.3 eV (FWHM: a full width at half maximum) and
an energy-dependent Lorentzian (FWHM = 0.2|E − EF | eV)
[34] to account for the instrumental resolution and the lifetime
broadening of the photohole, respectively. The theoretical data
were multiplied by the Fermi function. Bare theoretical data
are presented in Sec. IV C.

The first observation is that the experimental photoemission
is distinct from the LDA results, which is a signature of
electronic correlations. In the case of SrVO3, these manifest in
a well-known way: the quasiparticle band is narrowed and
a split-off lower Hubbard band is seen. These results are
reproduced very well by the LDA+DMFT.
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In the case of SrMoO3, the electronic correlations manifest
in a different way. The observed photoemission does not show
band narrowing. Rather, the quasiparticle band appears to be
widened and develops a hump at energy −2.5 eV.

Interestingly, in the LDA+DMFT results, although part
of the spectral weight extends to frequencies below −2 eV
due to the large imaginary part of the self-energy found in
this energy range (reported below), the pronounced hump
found experimentally at ∼−2.5 eV is not found. This leads
us to propose that the hump is not a Hubbard band. Note
also that the hump occurs at an energy which is separated
more from the Fermi energy than the Hubbard band in
SrVO3, whereas the interaction parameters are expected to be
smaller for 4d elements than for 3d elements due to the more
extended orbitals of the former. This is also consistent with
the comparison made in Ref. [13] between the photoemission
spectra and first-principles calculations of 4d TMOs CaRuO3

and SrRuO3 vs 3d TMOs.
What is then the origin of the hump? Whereas more work

will be needed to clarify this conclusively, we believe the
most natural explanation is that it is a plasmon satellite. The
plasma edge in the optical experiments [33] is indeed at
about 2 eV, and we stress again that the satellite structures
are seen also in all the core levels. Influence of plasmons
in core-level photoemission spectra was observed in simple
metals like Mg [35,36] and conducting oxides like NaxWO3

[37] and K0.3MoO3 [38]. In correlated materials the influence
of plasmons on photoemission is discussed less often. We note
that the plasma frequencies are about 2 eV, which means that
they often overlap with the Hubbard band and that therefore
4d oxides that do not show pronounced Hubbard bands
might be promising materials to investigate plasmons further.
Molybdates, that have a gap in the LDA spectrum between −3
and −2 eV, are particularly promising in this respect.

C. LDA+DMFT DOS and self-energies

For SrVO3 the values of interaction U = 4.5 eV and
J/U = 0.15 were used in the calculation. Note that the
calculations performed here involve only the t2g states. Hence
these values of the interaction parameters should be understood
as low-energy values taking into account the screening from all
other bands. Starting from the same ratio of atomic interaction
parameters Jatom/Uatom the screened values of J/U can be ex-
pected to be higher in 3d oxides, because the screening which
is stronger in 3d oxides due to the proximity of the oxygen
states affects more U than the J which is related to higher
orders of the multipole expansion of the Coulomb interaction.

In the top panels of Fig. 7 the LDA+DMFT DOS are
compared to the LDA DOS for SrMoO3 (data shown left) and
SrVO3 (right). In the case of SrVO3, U/W ∼ 2 > 1, leading
to a split-off lower Hubbard band. In contrast, for SrMoO3 one
has U/W � 1, hence the high energy features are merged with
the quasiparticle band. More pronounced difference as well as
a precursor of the Hubbard band at about 1.5 eV are actually
found on the positive frequency side which is not accessible
to photoemission experiments.

In the middle panels of Fig. 7 we display the real part of the
real-frequency self-energy �(ω), and in the bottom panels its
imaginary part. For SrMoO3, on the negative energy side, the
self-energy deviates from the linear behavior at about −0.5 eV
(kink, signaled by an arrow). At larger binding energy, it levels
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FIG. 7. (Color online) Top panels: LDA and LDA+DMFT DOS
for SrMoO3 (left) and SrVO3 (right). Medium panels: Real parts of
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Departure from this behavior is indicated by arrows, associated with
kinks in the dispersion of electronic excitations. Bottom panels:
Imaginary parts of the self-energy, with corresponding quadratic fit
to the low-energy (Fermi liquid) behavior.
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SrVO3. For SrMoO3 also the data for unphysically large U = 5 eV
are shown.

off to a frequency-independent behavior, recovering the bare
LDA dispersion, although with significant broadening (as clear
from Im�, shown in the lower panel). In contrast, for SrVO3

the imaginary part of the self-energy displays a weak polelike
structure, signaling the Hubbard band, and a related feature
with positive slope in the real part of the self-energy in the
same energy range.

The magnitude of Im� is found to be comparable at
small frequencies (note that the data are described well by
a parabola with similar curvature for both materials). At
higher frequencies ∼1 eV, on the other hand, the magnitude
of Im� in SrMoO3 becomes relatively smaller, which is
another manifestation of the fact that the electronic correlations
originate from the Hund’s rule induced multiplet splitting
which become unimportant at frequencies above J .

As the fate of the lower Hubbard band in SrMoO3 is
important for the interpretation of our experimental results, we
tuned the interaction values also to larger values. For SrMoO3

one needs to increase U to U = 5 eV (keeping J = 0.3 eV)
for the split-off lower Hubbard band to start showing up.
This value is unphysically large for a screened t2g interaction
associated with a transition-metal oxide of the 4d series. The
data are displayed in Fig. 8, next to the data for SrMoO3 and
SrVO3 at physical interaction strengths. The scale is adjusted
so that the satellites are most visible. The data at U ∼ 5 eV
would describe the experimental photoemission but the mass
enhancement is larger ∼2.6, which is inconsistent with the
specific heat measurements.

V. CONCLUSION

We have studied the electronic structures of a SrMoO3 thin
film by HX photoemission spectroscopy. From the Mo 3d core
level, we found that the valence of Mo is indeed 4+ in the bulk.
The valence-band spectrum clearly showed the Mo 4d band
crossing EF .

The obtained bulk Mo 4d spectra do not appear to be
narrower than the ones calculated from band theory within

the LDA approximation which is at odds with the measured
electronic specific-heat coefficient that is about twice larger
than the band value. The spectra show an additional spectral
weight at −2 eV.

We performed theoretical model calculations within DMFT.
In the presence of Hund’s rule coupling these exhibit renor-
malizations followed by kinks that occur at a small energy.
At energies above the kink energy, the bare dispersions
are recovered, which reconciles absence of overall band
narrowing with the specific heat enhancement. Taking these
results together suggest that only the low energy part of the
SrMoO3 spectra near EF comes from genuinely coherent
quasiparticle states. Such a behavior was also observed in
SrRuO3.

We also performed realistic LDA+DMFT calculations of
SrMoO3. Interestingly, these did not account for the broad
hump at ∼−2.5 eV observed in the photoemission spectrum.
The relatively high-binding energy of this feature, as well as
the discrepancy with LDA+DMFT suggest that this hump is
not a lower Hubbard band. We suggest that it is a plasmon
satellite and propose that molybdates might be an interesting
material to investigate the physics of plasmons in correlated
materials further.

Future studies using angle-resolved photoemission are
especially desirable. Indeed, it should then be possible to
distinguish between the truly coherent part of the low-energy
spectrum corresponding to quasiparticles with a reduced ve-
locity, and the higher energy excitations which both contribute
to the observed angle-integrated photoemission signal within
∼−1 eV of the Fermi level. Furthermore, our theoretical
calculations predict a kink in the electronic dispersion at
about −0.5 eV, signaling the crossover between these two
types of excitations. As recently discussed in Ref. [39] for
Sr2RuO4, these abrupt changes of the electronic dispersion
on the negative—as well as on the positive—energy side of
the spectrum may lead to observable signatures in optical
spectroscopy. Angle-resolved photoemission study will also
be helpful in discriminating if the −2 eV hump is indeed a
plasmon, as we propose here.
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