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We use angle-resolved photoemission to map the Fermi surface and quasiparticle dispersion of
bulk-like thin films of SrMoO3 grown by pulsed laser deposition. The electronic self-energy deduced
from our data reveals weak to moderate correlations in SrMoO3, consistent with our observation of
well-defined electronic states over the entire occupied band width. We further introduce spectral
function calculations that combine dynamical mean-field theory with an unfolding procedure of den-
sity functional calculations and demonstrate good agreement of this approach with our experiments.

SrMoO3 stands out among perovskite transition metal
oxides because of its exceptionally low room-temperature
resistivity of ≈ 5.1 µΩ cm, only about three times that
of copper [1]. This remarkably high conductivity has
sparked an interest into possible applications of SrMoO3

in microwave electronics, as plasmonic devices or as elec-
trodes in oxide heterostructures [2–8]. The high con-
ductivity of SrMoO3 is particularly remarkable when
placed in the context of other 4d perovskite transition
metal oxides. The Mo4+ ion in SrMoO3 has nominally
2 electrons in the 4d t2g shell and is thus particle-hole
symmetric to the 4d4 configuration of the Ru4+ ion in
SrRuO3, although of course the full electronic structure
of these two materials is not related by this symme-
try. Yet, SrRuO3 has a room-temperature resistivity
of ≈ 200 µΩ cm, approximately 40 times higher than
SrMoO3 [9]. Density functional theory plus dynamical
mean field theory (DFT+DMFT) calculations further
found that the resisitvity of SrRuO3 at elevated temper-
ature is dominated by electron-electron interactions [10].
Together, this suggests unusually weak electronic correla-
tions in SrMoO3, consistent with its low Sommerfeld co-
efficient of γ ≈ 7.9 mJ/(mol K2) [1, 11–14] as compared
to γ ≈ 30 mJ/(mol K2) for SrRuO3 [9]. However, to date,
little is known from experiment about the electronic self-
energy and quasiparticle effective mass of SrMoO3.

The growth of bulk single crystals of SrMoO3 proved
exceptionally difficult because the Mo4+ oxidation state
is only stable under strongly reducing conditions [1, 15].
Nagai et al. reported that at the melting point of SrMoO3

of ≈ 2000 K, oxygen pressures no higher than 10−22 mbar
are required to suppress the more stable SrMoO4 phase
and stabilize the Mo4+ ion of SrMoO3 [1]. Many studies
thus focused on powder samples or epitaxial thin films
which can be stabilized at significantly lower temper-

atures where requirements on the oxygen partial pres-
sure are more relaxed [16, 17]. High-quality epitaxial
thin films of SrMoO3 have been successfully grown by
pulsed-laser deposition (PLD) on SrTiO3 and GdScO3

substrates, with the most conductive ones reaching a
room-temperature resistivity of 20 µΩ cm [18]. Recently,
thin films with similar resistivity were also obtained by
molecular beam epitaxy on KTaO3 substrates with an
SrTiO3 buffer layer and were characterized by soft X-ray
angle-resolved photoelectron spectroscopy (ARPES) [19].

Neutron diffraction on polycrystalline SrMoO3 sam-
ples revealed two structural phase transitions. At room
temperature, bulk SrMoO3 is an ideal cubic Pm3̄m per-
ovskite. When the temperature is lowered, it first tran-
sitions to a tetragonal I4/mcm phase below ≈ 250 K
and then to an orthorhombic Imma ground state below
≈ 150 K [20]. The nominal valence Mo4+ has been con-
firmed by X-ray photoelectron spectroscopy (XPS) [13]
and is consistent with Hall-effect data [13, 17] showing
close to the expected 2 electrons per molybdenum site.
To date, no signs of superconductivity or magnetic order-
ing were detected in SrMoO3 [11, 21] although a recent
theoretical study suggests proximity to an antiferromag-
netic state at very low temperatures [22].

Here, we present a comprehensive ARPES data set
on SrMoO3 thin films grown on GdScO3 substrates.
We reveal the effect of orthorhombic distortions on the
electronic structure and quantitatively analyze the elec-
tronic self energy of SrMoO3. We further show that a
DFT+DMFT calculation provides an accurate descrip-
tion of our data.

We prepared highly crystalline epitaxial thin films
of SrMoO3, both by sputter deposition at the Univer-
sity of Geneva and by PLD at the Swiss Light Source
(SLS) [24]. In order to access the full three-dimensional
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FIG. 1. Characterization of the SrMoO3 thin films. a) XRD θ−2θ scan around the pseudo-cubic (001) Bragg reflection (black)
and the corresponding fit (red), performed with the InteractiveXRDFit software [23]. b) Reciprocal-space map around the (1̄03)
GdScO3 peak, shown on a logarithmic color scale. The vertical dashed line serves as a guide to the eye. c) HAADF-STEM
image of a SrMoO3 film with a 5-unit-cell SrTiO3 buffer layer. In high angle annular dark field (HAADF) mode, also known
as Z-contrast, the contrast of every atomic column is roughly proportional to the atomic number Z squared. The data in (b)
and (c) were acquired on the same film whereas the XRD profile in (a) was obtained on a SrMoO3 film without SrTiO3 buffer
layer.

electronic structure, we performed the ARPES measure-
ments shown in the main text with synchrotron radiation
at the SLS. In the following, we therefore focus on the
PLD-grown films. Additional ARPES data on sputtered
films is shown in Ref. [24] and supplementary information
section IV. The PLD films were grown on orthorhombic
GdScO3 substrates in vacuum (p ≈ 10−7 mbar), so as to
avoid the formation of the fully oxidized SrMoO4 phase.
The samples were transferred to the SIS ULTRA end
station using either a vacuum suitcase or an ultra-high
vacuum transfer system. ARPES experiments at SLS
were performed at a temperature of ≈ 10 K with circu-
larly polarized light and photon energies ranging from 40
to 200 eV. The energy resolution of the ARPES experi-
ments changed with photon energy and was in the range
of 20−40 meV for the data shown in the main text. Some
of the films were grown on top of a SrTiO3 buffer layer
of 5−10 unit cells (u.c.). While we found that the buffer
promotes layer-by-layer growth during the early stages
of the deposition, no significant difference was observed
in films of 10 or more unit cells either by ARPES, x-
ray diffraction (XRD) or reflection high-energy electron
diffraction (RHEED). The best results were obtained for
substrate temperatures between 800 and 900◦C, as mea-
sured by a pyrometer. Electron microscopy measure-
ments were carried out in a JEOL ARM200cF equipped
with a Ceoss aberration corrector and a Gatan Quantum
energy filter. Specimens were prepared by conventional
methods: mechanical grinding and Ar ion milling.

Density functional theory (DFT) calculations were per-
formed with the Vienna Ab initio Simulation Package

(VASP) [25–27], with the exchange-correlation functional
of Perdew, Burke, and Ernzerhof [28]. The DFT calcu-
lations use a dense 41 × 41 × 41 k-point mesh for the
cubic unit cell (same density for the orthorhombic cell)
to avoid k-point discretization issues.

Dynamical mean field theory (DMFT) calculations are
performed using solid dmft [29] software, which utilizes
the TRIQS/DFTTools software package [30, 31]. For
these calculations, we construct a realistic low-energy
Hamiltonian containing only the three Mo t2g like states
around the Fermi level using maximally localized Wan-
nier functions as implemented in wannier90 [32]. The
effective impurity problem within the DMFT cycle is
solved with the numerically exact real frequency fork ten-
sor product state (FTPS) solver [33]. The calculations
were well converged down to a bath discretization broad-
ening η = 0.1 eV without showing finite size effects in
the real time Green function. We add a local Coulomb
interaction in the form of the Hubbard-Kanamori Hamil-
tonian including all spin-flip and pair-hopping terms [34]
with parameters U = 3.40 eV and J = 0.33 eV, close to
the values obtained from cRPA calculations in Ref. [22].

The structural quality of the samples was characterized
both by in-situ RHEED and by ex-situ XRD. The XRD
scan in Fig. 1 (a) shows a SrMoO3 peak with pronounced
finite-thickness oscillations, which attest to the high crys-
talline coherence of the film. By fitting the experimen-
tal data we extract a film thickness d ≈ 50 nm and a
pseudo-cubic out-of-plane lattice constant cpc = 4.030±
0.002 Å [23]. The vertical alignment of film and substrate
peaks in the reciprocal-space map in Fig. 1 (b) demon-
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FIG. 2. Salient electronic structure of bulk-like SrMoO3 films. a, b) Experimental Fermi-surface maps measured at the
center and boundary of the three-dimensional Brillouin zone, using circularly-polarized photons with energy 76 eV and 51 eV,
respectively. c, d) DFT Fermi surface of cubic Pm3̄m SrMoO3. The gray spherical surfaces represent the nearly free-electron
photoelectron final states for the photon energies used in (a,b). e) Energy-momentum measured in the second Brillouin zone
with a photon energy of 86 eV to probe the XΓX line. f) Stack of MDCs extracted from the data in (e).

strates that the SrMoO3 thin films are fully strained to
the GdScO3 substrates, as confirmed by high resolution
scanning electron microscopy (STEM) images such as
the one in Fig. 1(c). Our SrMoO3 thin films are thus
orthorhombic, which implies the presence of octahedral
tilts and therefore a doubling of the c-axis. Hence we
deduce an orthorhombic unit cell with lattice parameters
(ao, bo, co) ≡ (

√
2apc,

√
2bpc, 2cpc) = (5.49, 5.75, 8.06) Å,

where (ao, bo) are the in-plane lattice parameters of the
GdScO3 substrate at room temperature.

Resistivity measurements were performed in a Phys-
ical Property Measurement System (PPMS), following
the standard van der Pauw procedure [35, 36] with plat-
inum contacts deposited at the four corners of the sam-
ples. Our films display metallic behavior at all tem-
peratures, with a room-temperature resistivity between
60 and 70 µΩ cm and a residual-resistivity ratio (RRR)
of ≈ 1.5. The resistivity of our samples is compara-
ble to previously reported data from SrMoO3 thin films
grown by PLD [37, 38], although the best-quality films
reported in the literature are about 2 − 3 times more
conductive [18, 19, 39]. The resistivity of all films closely
follows the Fermi liquid form ρ(T ) = ρ0 + AT 2, with
A = 3.8(1) · 10−10 Ω cm/K2 up to ≈ 100 K. Further de-

tails regarding the growth and characterization can be
found in the Supplementary Information.

Figure 2 illustrates the overall electronic structure of
bulk SrMoO3 in the pseudo-cubic Brillouin zone contain-
ing one Mo site. The Fermi surface in panel (a) – mea-
sured at a photon energy corresponding to the bulk Γ
point – shows a circular electron pocket centered at Γ
and two orthogonal sets of straight contours tangential
to it. Assuming a cubic symmetry of the dominant ionic
potential terms, this implies a bulk Fermi surface with
3 interpenetrating orthogonal cylinders, in good agree-
ment with the DFT calculation for cubic SrMoO3 shown
in (c,d). Changing the photon energy to probe the elec-
tronic structure near the boundary of the pseudo-cubic
Brillouin zone, we thus expect a single, circular Fermi
surface contour centered at the Z point. This is directly
confirmed in Fig. 2 b). A quantitative comparison of
experimental and theoretical Fermi surface contours as
well as a Fermi surface in the kz-plane (k[100]−k[001]) are
shown in Supplementary Information.

The 3 quasi-2D Fermi surface sheets of SrMoO3 can
readily be identified with the 3 t2g orbitals, which each
disperse strongly along 2 cubic axes and weakly along the
third one. The hybridization gaps at the intersection of
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FIG. 3. a,b) Band dispersion for the ideal simple-cubic unit cell and the experimental orthorhombic unit cell, respectively. The
light blue box highlights the momentum space region of the ARPES data shown in (d,e). c) Sketch of the first Brillouin zone
for a simple-cubic lattice (black) and for an orthorhombic supercell of the same lattice (red). d) ARPES energy-momentum cut
at hν = 60 eV, probing the electronic structure close to the ZR high-symmetry line. The DFT simple-cubic band dispersion
along ZR is overlaid in black. e) Same data with the DFT band dispersion obtained for the relaxed experimental orthorhombic
unit cell in red. The thickness of the lines represents the unfolded spectral weights.

the 3 cylindrical Fermi surface sheets appear to be small
and cannot be resolved directly in our experiment. The
energy-momentum cut along the XΓX high-symmetry di-
rection shown in Fig. 2 e) confirms the electron-like na-
ture of the Fermi surface cylinders. Remarkably, the
quasiparticle band can be traced over the entire occu-
pied band width of ≈ 1.2 eV. This is in stark contrast to
other transition metal oxides such as ruthenates where
electronic states remain well-defined and coherent near
the Fermi surface only.

In Figure 3 we discuss the modification of the elec-
tronic structure of SrMoO3 due to the orthorhombic dis-
tortions. Our X-ray diffraction measurements imply an
orthorhombic primitive unit cell with 4 Mo ions. Hence,
we expect 12 bands derived form the Mo t2g manifold.
To a first approximation, these bands can be described
by back-folding the simple cubic electronic structure into
the orthorhombic Brillouin zone. This effect is clearly
visible in the DFT bands for the two unit cells shown
in Fig. 3(a,b). The backfolding is also evident in the
ARPES data in Fig. 3(d,e) in the form of a parabolic
band with a minimum at the pseudo-cubic R-point, just
as it is expected from the folding of Z onto R. The weight

of this band, however, is far lower than that of the main
band at Z. This is not a matrix-element effect but reflects
the small Fourier component of the orthorhombic ionic
potential leading to a low initial state spectral weight
of the back-folded band [40]. We calculate the spectral
weight within DFT by ’unfolding’ the orthorhombic unit
cell bands into the primitive cubic unit cell, projecting
the orthorhombic wave functions onto the cubic wave
functions (red dots in Fig. 3 e)) [41, 42]. This shows that
spectral weights are expected to be highly concentrated
on a single band with minimum at Z, fully consistent
with our experiments. We note that the DFT calcula-
tion predicts small hybridization gaps between the main
and back-folded bands. These gaps are comparable to
the impurity scattering in our films and can thus not be
resolved in our experiment.

For a quantitative discussion of our ARPES data, it is
important to consider more subtle modifications of the
band structure. The orthorhombic distortion splits the
dxy orbital from the dxz and dyz orbitals and changes
bond-angles and thus the hopping integrals. This leads
to a significant lifting of degeneracies. For instance at
the pseudocubic Z-point, we find 4 occupied bands split
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by ≈ 250 meV (Fig. 3 e)), which is not negligible in
comparison with electronic self-energies. This highlights
the importance of a careful treatment of structural dis-
tortions for a discussion of correlation effects in SrMoO3

and related distorted perovskites.

Obtaining precise atomic positions in oxide thin films
from experiment is a daunting task. For our electronic
structure calculations we thus use the experimental unit
cell parameters and determine the full structure by re-
laxing the ionic coordinates within DFT. As shown in
Ref. [22] the structural properties of SrMoO3 are highly
sensitive to correlation effects. We take this into account
by performing the structural relaxation within DFT+U
with U = 3 eV and J = 0.7 eV. Using non-magnetic
calculations performed with VASP, this results in struc-
tural parameters for bulk SMO close to the ones obtained
with full DFT+DMFT calculations [22]. We note that a
realistic uncertainty of the tilt angle of the MoO6 octa-
hedra of ±1◦ corresponds to a change in bare band width
of ≈ 40 meV or roughly 1%. This is negligible for the
below discussion of electronic self-energies.

We now proceed to estimate electronic self-energies by
taking the principal DFT band εDFT(k) where the spec-
tral weight is concentrated as a reference for the bare
band. The experimental quasiparticle dispersion εQP(k)
is obtained by fitting energy and momentum distribution
curves (EDCs and MDCs) with Lorentzians and taking
their peak positions. Assuming that the imaginary part
Σ′′ is constant over the width of the quasiparticle peak
and neglecting low-weight bands over the range of in-
terest, the real part of the self-energy is obtained from
Σ′(ε) = εQP(k) − εDFT(k). Σ′ derived in this way is
shown in Fig. 4(a) and is in good agreement with our

DFT+DMFT calculation performed with U = 3.40 eV
and J = 0.33 eV for the relaxed atomic positions in
the experimental unit cell [43]. We first note that Σ′

is nearly linear over an energy range of several hundred
meV. This is in good agreement with our DMFT calcula-
tions and distinguishes SrMoO3 clearly from strongly cor-
related systems such as ruthenates where the self-energy
shows a much more pronounced curvature and kink-like
features [44, 45]. The structural distortions in our epi-
taxial SrMoO3 films break the cubic symmetry and cause
a splitting in the self-energy for the dxy and dxz/yz or-
bitals evident in our DMFT calculations. However, this
splitting is small and can be neglected for a discussion of
the physical properties of SrMoO3.

At low energy, we obtain a renormalization factor

λ ≡ −dΣ′(ε)
dε

∣∣
ε=0
≈ 0.7 from experiment, corresponding

to a quasiparticle residue Z = 1/(1 + λ) ≈ 0.6 in good
agreement with Z = 0.58 obtained from our DMFT cal-
culations. Using the experimental mass enhancement
m∗/mb = Z−1 and the bare density of states from our
DFT calculations, we estimate an electronic specific heat
coefficient γARPES ≈ 7.8 mJ/(mol K2), in excellent agree-
ment with direct measurements of γ ≈ 7.9 mJ/(mol K2)
in SrMoO3 single crystals [1, 11–13]. This suggests
that our experimental electronic structure data and self-
energies are representative of bulk SrMoO3.

In Figure 4(b,c) we show a direct comparison of our
ARPES data with DFT+DMFT spectral functions that
incorporate the effect of structural distortions. To do so,
we write the DMFT spectral function as a linear combi-
nation of all bands with weights obtained from the un-
folding of the DFT bands. We further add a frequency
independent broadening of Σ′′ = −0.25 eV to the DMFT
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self-energy to simulate the effect of impurity scattering in
ARPES. Overlaying the experimental quasiparticle posi-
tions (red dots in Fig. 4(b,c)) on this theoretical spec-
tral function shows an excellent overall agreement for
the dispersion of the principal band. This is also evi-
dent in the comparison of experimental and theoretical
EDCs in Fig. 4(c). We note, that our valence band spec-
tra (supplementary information, section III) show signif-
icant high-energy spectral weight forming a broad peak
near −2.5 eV. A similar feature was detected previously
in hard x-ray photoemission measurements and was inter-
preted as a plasmon satellite [13]. The theoretical analy-
sis of this peak is beyond the scope of our work, because
we only treat low energy states within the DMFT study
presented here. However, this peak was also not observed
in GW+DMFT studies which should incorporate the nec-
essary energy scales and underlying physics [46–48].

The remarkably good overall agreement of our ARPES
data and DFT+DMFT calculations establishes the basic
electronic structure of SrMoO3 and demonstrates that
SrMoO3 is a highly coherent metallic oxide with weak to
moderate electronic correlations. We note that this is a
non-trivial finding, especially when placed in the broader
context of other oxides of the 4d transition-metal series.
Indeed, the bare band width of SrMoO3 of ≈ 3.7 eV (in
the cubic room-temperature structure) is comparable to
that of the Ruddelsden-Popper series of ruthenates. Fur-
thermore, the Mo4+ and Ru4+ ions have a particle-hole
symmetric configuration and very similar values of the
Hubbard-Kanamori interaction parameters U ' 3.4 eV
and J ' 0.33 eV. Yet, the strength of correlations as
measured by the quasiparticle residue Z is markedly dif-
ferent for molybdates and ruthenates. The present work
establishes Z = mb/m

∗ ≈ 0.6 for SrMoO3, roughly a fac-
tor of 2 above Z ≈ 0.27 for SrRuO3 (as estimated from
specific heat measurements [9, 10]) and approximately
3 times larger than the quasiparticle residue for the xy
orbital in Sr2RuO4 [44, 45, 49].

This observation highlights the importance of more
subtle aspects of the bare band structure than just the
bandwidth in controlling the strength of correlations. In-
deed, in the ruthenate series, the Fermi level is close
to a van Hove singularity and this low-energy feature
leads to an enhancement of correlation effects, as demon-
strated in both theoretical and experimental studies of
Sr2RuO4 [45, 49]. This is primarily a consequence of
the band filling and is not related to the dimensional-
ity. In the quasi two-dimensional molybdate Sr2MoO4,
the xy-derived band is not close to a van Hove singu-
larity, in contrast to its ruthenate analogue, and indeed
a recent DMFT study predicts a much lower effective
mass enhancement, comparable to that found here for
SrMoO3 [14].

Together with the reduced correlations in SrMoO3, we
find an extended coherence scale. This manifests itself in
the highly linear real part of the self-energy and the ab-

sence of a marked crossover from strongly renormalized
low-energy quasiparticles to weakly renormalized inco-
herent high-energy excitations which is typical for corre-
lated metals [44, 45, 50, 51]. Consistent with the behavior
of the self-energy, the Fermi liquid regime in the resistiv-
ity of SrMoO3 extends to comparatively high temper-
atures [1, 24]. This suggests weak electron-phonon cou-
pling in SrMoO3, as it can also be deduced from the good
agreement of the ARPES self-energy with our DMFT cal-
culations that do not include electron-phonon coupling.
The remarkable transport properties of clean SrMoO3

are thus likely dominated by the electron-electron inter-
actions quantified in our work. Understanding transport
in SrMoO3 quantitatively on this basis remains an inter-
esting challenge for theory.

In conclusion, we presented a comprehensive ARPES
data set from epitaxial SrMoO3 thin films grown by PLD.
We show that the ARPES data are in good agreement
with DFT+DMFT calculations that incorporate the ef-
fect of structural distortions. Our work demonstrates
that SrMoO3 is a weakly correlated metal with highly
coherent electronic states over a large energy range.
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T. Koretsune, J. Ibañez-Azpiroz, H. Lee, J.-M. Lihm,
D. Marchand, A. Marrazzo, Y. Mokrousov, J. I. Mustafa,
Y. Nohara, Y. Nomura, L. Paulatto, S. Poncé, T. Pon-
weiser, J. Qiao, F. Thöle, S. S. Tsirkin, M. Wierzbowska,
N. Marzari, D. Vanderbilt, I. Souza, A. A. Mostofi, and
J. R. Yates, Journal of Physics: Condensed Matter 32,
165902 (2020).

[33] D. Bauernfeind, M. Zingl, R. Triebl, M. Aichhorn, and
H. G. Evertz, Phys. Rev. X 7, 031013 (2017).

[34] L. Vaugier, H. Jiang, and S. Biermann, Physical Review
B 86, 165105 (2012).

[35] L. Van der Pauw, Philips Technical Review 20, 220
(1958).

[36] National Institute of Standards and Technology, Resis-
tivity and Hall measurements (2021).

[37] H. Wang, D. Cui, Y. Zhou, Z. Chen, F. Chen, T. Zhao,
H. Lu, G. Yang, M. Xu, Y. Lan, X. Chen, H. Qian, and
F. Liu, Journal of Crystal Growth 226, 261 (2001).

[38] I. C. Lekshmi, A. Gayen, and M. Hegde, Materials Re-
search Bulletin 40, 93 (2005).

[39] A. Radetinac, J. Zimmermann, K. Hoyer, H. Zhang,
P. Komissinskiy, and L. Alff, Journal of Applied Physics
119, 055302 (2016).

[40] J. Voit, L. Perfetti, F. Zwick, H. Berger, G. Margari-
tondo, G. Grüner, H. Höchst, and M. Grioni, Science
290, 501 (2000).

[41] W. Ku, T. Berlijn, and C.-C. Lee, Phys. Rev. Lett. 104,
216401 (2010).

[42] V. Popescu and A. Zunger, Phys. Rev. B 85, 085201
(2012).

[43] Note that U and J here refer to the interaction parame-
ters of the Kanamori Hamiltonian and differ from U and
J used in DFT+U.

[44] J. Mravlje, M. Aichhorn, T. Miyake, K. Haule,
G. Kotliar, and A. Georges, Phys. Rev. Lett. 106, 096401
(2011).

[45] A. Tamai, M. Zingl, E. Rozbicki, E. Cappelli, S. Riccò,
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