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We present the results of a photon energy and polarization dependent angle-resolved photoemission spec-
troscopy (ARPES) study on high quality, epitaxial StNbOj; thin films prepared in situ by pulsed laser deposition
(PLD). We show that the Fermi surface is composed of three bands mainly due to t,, orbitals of Nb 4d, in analogy
with the 3d-based perovskite systems. The bulk band dispersion for the conduction and valence states obtained
by density functional theory (DFT) is generally consistent with the ARPES data. The small discrepancy in the
bandwidth close to the Fermi level seems to result from the interplay of correlation effects and the presence of
vacancies. The ARPES results are complemented by soft x-ray photoemission spectroscopy measurements in
order to provide indications on the chemical states and the stoichiometry of the material.

DOI: 10.1103/PhysRevMaterials.4.025006

I. INTRODUCTION

The perovskites include large families of oxide compounds
with the chemical formula ABOj3;, A and B denoting two
different cations, and a cubic lattice structure often affected
by slightly distorted lower-symmetry variants [1]. For the
materials hosting transition metal (TM) ions, the interplay
of the electronic charge, spin and orbital degrees of freedom
gives rise to a large variety of collective phenomena, such
as colossal magnetoresistance, multiferroic effects, magne-
tocaloric behavior or superconductivity, hence bearing a huge
potential impact on several technology applications [2-5]. In
this framework, the behavior of perovskite oxides hosting
4d TM ions is expected to be quite different with respect
to similar and more extensively studied 3d compounds. The
more extended 4d electronic states imply increased hybridiza-
tion with the surrounding oxygen ions and weaker on-site
Coulomb interaction, therefore promoting a stronger metallic
character and reduced electronic correlations, resulting in
higher electrical conductivity. In particular, the recent inter-
est in the early 4d TM perovskite SINbO3; (SNO, Nb 44!
configuration) is motivated by the large charge carrier density
providing metallic-like behavior as well as the visible-light
photocatalytic properties [6—10]. The understanding of these
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properties relies mostly on theoretical descriptions of the SNO
electronic structure [11-16].

In this work, we present experimental data from in
situ angle-resolved photoemission spectroscopy (ARPES) of
SrNbO; epitaxial thin films. ARPES is a direct probe of the
electronic band structure and many-body interactions [17],
hence we provide the first accurate experimental overview
of the band structure for the StNbO; perovskite. Previous
ARPES measurements on similar compounds were performed
only for the quasi-1D metallic StNbO34; phase and the
ferroelectric insulator STINbO3 5 [18-21]. Conventional x-ray
photoelectron spectroscopy for SNO is also scarcely reported
[22,23], which can be due to the difficulty in fabricating high-
quality thin films and the requirement of clean and ordered
surfaces. However, photoemission spectroscopy has signifi-
cantly contributed to the understanding of similar perovskite
oxides such as SrVO; (isoelectronic d'! occupancy) [24-27]
and SrtMoO; (Mo 4d? configuration) [28]. We find that our
results for STINbO3; from surface-sensitive ARPES and bulk
band structure density functional theory (DFT) calculations
are largely consistent, but a noteworthy large difference arises
for the electron bands crossing the Fermi energy. In fact,
the ARPES bandwidth is definitively smaller with respect to
the theoretical results. Such a mass renormalisation might be
related to the correlation effects and the presence of vacan-
cies. We also performed core-level and valence states soft
x-ray photoelectron spectroscopy (PES) in order to provide
indications on the chemical states and the stoichiometry, and
we found that the SNO thin films have a slight oxygen
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and strontium deficiency which does not modify significantly
the band structure. This demonstrates the robustness of both
electronic and structural properties of this material.

II. SETUP

The SrNbOj; thin films (thickness about 15 nm) were
grown by pulsed laser deposition (PLD) at the APE-IOM
laboratory (NFFA facility) on DyScO; (110) single-crystal
substrates kept at 700 °C growth temperature while the O,
background pressure of the PLD system was 10~* mbar.
The structural and morphological characterisation has been
performed in situ through scanning tunneling microscopy
(STM) and low-energy electron diffraction (LEED), and ex
situ by x-ray diffraction (XRD) and atomic force microscopy
(AFM). For these growth condition, the films exhibit compres-
sive in-plane strain due to perfect matching with the lattice
constant of the substrate, whose in-plane lattice parameter is
3.96 A (Fig. S1[29]), while the out-of-plane lattice parameter
is 4.09 A (Fig. S2 [29]). The temperature dependence of
electrical resistivity (Fig. S5 [29]) is fully consistent with the
values reported in Ref. [9] for StNbO; films fabricated on
LaAlOj; insulating substrates and similar growth conditions.
In both cases (our work and Ref. [9]), the larger values with
respect to Ref. [6] are ascribed to the strain induced by
the substrate.

ARPES (hv = 30-80 eV) and soft x-ray (hv = 650 eV)
PES were performed in-situ at the APE beamline of the
Elettra Synchrotron Radiation source [30]. For ARPES mea-
surements, the samples were maintained at 100 K, while for
soft x-ray PES the samples were kept at room temperature.
The overall spectral resolution for ARPES and soft x-ray PES
measurements was 60 meV and 0.5 eV, respectively.

The DFT calculations were performed with QUANTUM
ESPRESSO code [31,32] using the generalized gradient ap-
proximation in the parametrization of Perdew, Burke, and
Ernzerhof [33]. The electron-ion interaction was treated with
the projector augmented-wave pseudopotentials [34] from the
pslibrary [35], while the wave functions were expanded in
a plane-wave basis of 80 Ry. We used the pseudocubic unit
cell and adapted the value of lattice constant from experiment
a=3.99 A. The Brillouin zone (BZ) sampling was performed
following the Monkhorst-Pack scheme using a 16 x 16 x 16
k-point grid, increased to 30 x 30 x 30 for density of states
(DOS) calculations. Further details about experimental and
theoretical features are reported in Ref. [29].

III. RESULTS AND DISCUSSION

Figure 1 shows the SNO band structure along high-
symmetry directions measured by ARPES and compared with
the results of DFT calculations (the band structure calculated
along full high-symmetry path is presented in Ref. [29]).
The SNO pseudocubic lattice structure and the corresponding
Brillouin zone (BZ) are shown in Figs. 1(a) and 1(b), while the
experimental geometry is sketched in Fig. 1(c). The spectra
acquired at normal emission with hv = 40 eV photon energy
correspond to bands along the I'-X direction [Figs. 1(d) and
1(e)], while the bands along X-M direction were detected at
the photon energy hv = 70 eV [Figs. 1(f) and 1(g)]. In order

to probe the orbital symmetry of the electronic states, the mea-
surements were performed using linearly polarized radiation
oriented both parallel (“w-pol”’) and perpendicular (“o-pol”)
to the plane defined by the incidence x-ray beam direction and
the analyzer axis. The band structure calculations for the I'-X
and X-M high-symmetry directions are shown in Figs. 1(h)
and 1(i). The overlap of the calculations to the measurements
allows for an immediate comparison.

For the bands probed along X-M direction with o-
polarized light [Fig. 1(g)], the two features located at about
5 eV binding energy and at k = +0.81 A~ identify unam-
biguously the X-M high-symmetry axis, which is also con-
firmed by the very intense dove-shaped band located between
5 and 6 eV in case of m-polarized light. The appearance of
these features along the Brillouin zone for several photon
energies indicates weak dispersion. Their flatness corresponds
to a high electronic mass, consistently with the indication of
the DFT calculations that the band structure in the range 4—
8 eV is mostly related to oxygen 2p orbitals. These orbitals are
known to be highly localized, which manifests in an almost
flat band structure. On the other hand, the intensity of the
bands crossing the Fermi energy along the I'-X direction is
quite weak, thus they have been reported separately [Figs. 1(k)
and 1(1)]. There are two bands that contribute to the density of
states close to the Fermi level: a light parabolic one centered
at I', and a heavy band visible along the I'-X direction. The
lack of intensity at k = 0 caused by & polarisation as well the
strong suppression of the heavy band when the polarization
is switched to o are a typical signature of a d,, orbital
character, consistent with the 4d character. Such features have
been extensively reported in ARPES studies of 3d based
oxide perovskites [25,36,37]. We have no evidence of spectral
features indicative of electron-phonon interaction neither the
occurrence of a polaron regime. In the first case, the binding
energy position of the related kink structure ranges between
30 and 60 meV for SrTiO3 [38] and SrVOs; [39], respectively,
hence the energy resolution adopted in our measurements
(about 50-60 meV) might have hindered its detection. On
the other hand, the metallic character of the SrNbOs thin
films prevents from the formation of polaronic replica of the
metallic bands. This topic would probably require specific
investigations through, for example, careful hole doping of the
thin films in order to reduce the carrier density.

The DFT calculations for the bulk electronic structure
[Figs. 1(h) and 1(i)] are similar to previous theoretical results
[11,13,14,16,40] and resemble closely the band structure of
the isoelectronic and isostructural SrVOs [25,26]. It can be
easily noticed that all the major features of the ARPES valence
bands are described correctly. In particular, the consistency
with the ARPES results is also favoured by the scarce sensitiv-
ity of the SrNbO; properties to the strain induced by the sub-
strate [40]. We emphasize that no electronic correlations were
taken into account in the simulations of the band structures
in Figs. 1(h) and 1(i); although we have performed additional
calculations that include Hubbard corrections [41], they do not
agree well with the experimental data, suggesting that more
advanced techniques describing electron correlation dynamics
would be necessary to fully capture the interactions in the
SNO. Our calculations indicated that the bands with binding
energy within 4-8 eV mainly belong to 2p orbitals of O, while
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FIG. 1. [(a) and (b)] Perovskite pseudo-cubic unit cell in the direct and reciprocal space. (c¢) Sketch of the experimental geometry for
ARPES measurements. The linear polarization 7 (o) of the incident radiation is oriented in the horizontal (vertical) plane defined by the
incidence direction and the analyser axis. [(d)—(g)] ARPES results as a function of light polarization of the SNO valence bands along high-
symmetry directions I'-X (hv =40 eV) and X-M (hv =70 eV) for both linear polarisations. These results are compared with the DFT
calculations of the band structure for these specific directions. The calculations are separately shown in [(h) and (i)]; (j) integrated density of
states for hv = 70 eV, with the detail of the occupied states close to the Fermi energy. The dispersion of these states along I'-X is reported as
a function of linear 7w and o polarization in (k) and (1), respectively. In the latter, the parabolic fitting (dashed line) of the energy-momentum
dispersion for the light conduction band crossing the Fermi energy is shown.

the Nb 4d states dominate in the Fermi edge region. The inte- results with the contour slices of the calculated Fermi surface
grated density of states [Fig. 1(j)] obtained from the ARPES Figs. 2(f)-2(h) indicates that photon energies of ~70 and
spectrum of Fig. 1(f) shows clearly the occupied states close ~80 eV correspond to k, close to the I'(002) point of the
to the Fermi energy, confirming the metallic state of SNO. The Brillouin zone. The inner potential value Vo = 15 eV adopted
linear extrapolation of the valence band edge to zero intensity for the experimental results was obtained through matching
provides a gap energy of about 2.8 eV between the valence  the measurements to the numerical calculations. As this is the
and the filled conduction states. This gap is much larger than first ARPES investigation on StNbO3 we cannot compare this
the visible-light absorption energy (~1.8—1.9 eV) observed value to previous results, however it is consistent with those
in ultraviolet-visible absorbance spectra [7,9], in agreement  reported in the literature for the isostructural and isoelectronic
with the previous indications that this spectral feature is not SrVOj; perovskite oxide, ranging from Vy = 10-11 eV [42]
related to interband transitions between those states, and that to 17-18 eV [25,27,39]. The heavy bands reach the Fermi
the plasmon resonance mechanism proposed in Ref. [9] in  level at ~0.3 A~! along the X-M direction [see Fig. 1(b)],
order to explain the role of SNO in the photocatalytic process while the circular Fermi contour located in the center of the
should originate from the electronic excitation of the electrons spectra, showing electronlike dispersion, can be assigned to
in the filled conduction states. the light spherical bands. The band structure close to the

The shape of the Fermi surface probed over the second ~ X-M-R plane, where only the cylindrical sheet is present,
Brillouin zone through varying the photon energy, shown in ~ was probed with 60 eV photon energy. The finite, blurred
Figs. 2(a)-2(d), is consistent with the calculated bulk elec- density of state outside the circle is likely due to k, broadening
tronic structure Fig. 2(e) made of three bands of t,, character: which, being related to the electron inelastic mean free path
two spherically shaped surfaces centered at I point and one  Apvrp ~ 6 A, corresponds to few tenths of the Brillouin
sheet formed by three cylinders inter-penetrating at the center ~ zone [43—45]. On the basis of the experimental results for
of the Brillouin zone. The good agreement of the experimental the Fermi surface, we have estimated the number density of
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FIG. 2. Photon energy scan probing the k, dispersion of the Fermi surface (a) Sketch of the Brillouin regions spanned by ARPES
measurements. The green arcs highlight the reciprocal space positions accessible for each photon energy and mark the corresponding k,
values determined using Vy = 15 eV. [(b)-(d)] experimental (k,, k,) slices of the Fermi surface as a function of the photon energy. (e) 3D
rendering of the Fermi surface in the reciprocal space as determined by the DFT bulk calculations. [(f)—(h)] Contour plots of the Fermi surface
for the same regions probed in the experiment. The shape of these curves is consistent with the experimental results.

carriers as n ~ 10*2 cm™3 (~0.6 e~ per unit cell volume).
This value was obtained through the formula n = Vg / (473),
Vr being the volume enclosed by the Fermi surface and
assuming that all the three sheets forming the conduction band
have an electronlike character. Such a large carrier density,
fully consistent with transport results already reported in the
literature [6,9,10] confirms the metallic character of SNO as
expected for stoichiometry close to 1:1:3 composition. How-
ever, the parabolic fitting of the energy-momentum dispersion
for the light conduction band, shown in Fig. 1(1), provides the
effective electron mass myypr = 0.46m, which is markedly
different from the calculated value mjjer = 0.31m,. Such a
difference implies a renormalisation mass factor of about 1.5
for the electrons in this band. Thus electron correlation seem
to play a role in StNbO3, although the atomic radius of 4d
transition metal ions is expected to weaken the Coulomb
interaction. This result agrees with Fermi liquid behavior
suggested in Ref. [6] through the study of SNO electrical
conductivity. We provide here a more direct evidence of this
behavior, however the assessment of the roles of Hubbard
(U) and Hund (J) interactions calls for more advanced first-
principles theoretical frameworks. [15,16]

Despite the overall good agreement between experimental
and theoretical results, for the ARPES spectra along the
I'-X direction we observe some dispersion in the deeper
region of the valence band centered at I' (i.e., around 8 eV
binding energy) which does not have any counterparts in the
calculated bands. This difference might come from (minor)
defects of the material. Given the well-known difficulty to

fabricate SNO thin films with precise 1:1:3 stoichiometry,
the additional states in the experimental data can be assigned
to vacancies in the lattice whose presence affect the band
structures. Interestingly, previous theoretical studies suggest
that vacancies might introduce additional states close to the
Fermi energy, reducing the energy gap [11,13]. Thus the
control of these defects might be an interesting alternative to
tailor the properties of SNO thin films and nanostructures for
technological applications [13,14,16].

In order to elucidate this point, we have performed soft
x-ray photoelectron spectroscopy of the Nb 3d core levels and
the valence states. The results are shown in Fig. 3. Despite
the moderate spectral resolution of these measurements
(~0.5 eV), the broad intensity distribution on the low binding
energy side of the Nb 3d core-level spectrum [Fig. 3(a)]
indicates the presence of multiple chemical states for the Nb
ions. This result is confirmed by fitting the spectrum with
a Shirley profile for the background and several doublets
consisting of Voigt function line shapes with spin-orbit
splitting energy 2.75 eV and statistical (3:2) branching
ratio. According to Refs. [46—49], the most intense doublet
[BE(3ds5/2) = 207.8 eV] concerns the Nb>* state, while the
spectral terms at BE(3ds/,) = 206.1 and 205.0 eV correspond
to the Nb** and Nb>* states, respectively. The Nb** state is
related to stoichiometric SNO, while the Nb?** one is likely
due to oxygen vacancies leaving the Nb ions in a reduced
state. On the other side, the spectral contribution (S) at higher
BE(3ds/;) = 209 eV can be hardly related to valence states
larger than Nb>* (44°). This feature could be merged into the
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FIG. 3. Soft x-ray PES spectra measured for hv = 670 eV and
normal emission geometry. (a) Nb 3d core-level spectra with the
spectral contributions provided by the fitting analysis performed us-
ing coupled Voigt functions and a Shirley profile for the background.
All the doublets were constrained to the same spin-orbit interval of
2.75 eV and statistical (3:2) branching ratio. The chemical states
of the Nb 3d terms are indicated in the legend. (b) Experimental
and theoretical density of states. The total DOS and the projected
density of states were gaussian-convoluted to match the experimental
spectrum. The part of calculated DOS corresponding to conduction
states is shifted in energy to replicate correctly the position of the
peaks in the experimental spectrum.

Nb>* term through adopting an asymmetric Doniach-Sunjic
profile typical of conductive materials, in agreement with the
metallic behavior of this compound. In alternative, the feature
might be a plasmon satellite, however the relative energy
distance from the Nb 5% and 4 spectral terms (1.2 and 2.9 eV,
respectively) is quite different from the plasmon energy of
about 1.8 eV reported for this material [9,10]. Our results
for the Nb 3d core-level spectrum resemble closely the ones
achieved probing SrMoO; perovskite thin films by soft/hard
x-ray PES, for which the surface was largely populated by
Mo ions with chemical state Mo®*t (4d°) while the electronic
structure of the bulk was dominated by the Mo** (4d?) state
[28]. In our case, the depletion of the Nb valence states
from 4% (4d") to 5% (4d°) might have been induced by the
presence of Sr vacancies in order to maintain the charge
neutrality of the material, although we cannot exclude that
some amount of the Nb,Os secondary phase was formed at the

surface. Because our soft x-ray PES results cannot distinguish
unambiguously among these contributions, a clear assessment
about the origin of the Nb>* state and of the satellite feature
will deserve further measurements able to distinguish among
surface and bulk, such as angle-dependent and/or hard
x-ray photoemission spectroscopy (HAXPES). However, the
significant intensity near the Fermi energy in the spectrum for
the density of states (DOS) shown in Fig. 3(b) confirms the
metallic character of the SNO film. The spectrum is largely
consistent with the theoretical DOS profile obtained summing
the angular-momentum projected density of states (PDOS) for
each element. The PDOS states have been weighted for the
respective photoionization cross section [50] and broadened
by a gaussian profile in order to match the experimental
resolution. The occupied states close to E are mostly formed
by Nb 4d states, while the O 2p states span most of the DOS
in the BE region between 4 and 11 eV. These states are largely
overlapped to the Nb 4p states located between 6 and 11 eV.
The good agreement with the experiment suggests that the
presence of Sr or O vacancies seems to affect only slightly
the band structure probed through ARPES. In particular, the
presence of Nb ions with empty 4d states should not affect the
band structure probed around the Fermi energy. The largest
effects are therefore expected for the higher BE region of the
DOS dominated by Nb 4p and O 2p states, consistently with
the ARPES results of Fig. 1 showing the larger deviation from
the bulk electronic structure in the high BE region. Thus the
band structure of these SNO epitaxial films show a substantial
robustness against the presence of defects related to oxygen
and/or strontium deficiency.

IV. CONCLUSIONS

In conclusion, we here report the first overview of the
electronic band structure for STNbO; through angle-resolved
photoemission spectroscopy. The bulk DFT calculations well
reproduce the valence band dispersions observed as a function
of photon energy and polarization. In particular, the Fermi
surface has been found to have a cylindrical shape which
originates from ty, 4d orbitals of Nb, as predicted by DFT
calculations. The carrier density extracted from the volume
enclosed by the Fermi surface well agrees with typical values
reported for perovskites, however the bandwidth reduction
and the consequent heavier effective mass shown by the
ARPES spectra with respect to DFT calculations suggest the
relevance of dynamical correlations and vacancies.
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