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Correlation-driven insulating behaviour in
double perovskite ruthenate thin films
A2DyRuO6 (A = Ba, Sr)

Jay Singh and Sahil Dani *

The structural, optical and electronic properties of double perovskite ruthenate thin films, specifically

A2DyRuO6 (where A = Ba, Sr), have been thoroughly examined using various analytical methods. These

methods include X-ray diffraction (XRD), UV-Vis spectroscopy, X-ray photoelectron spectroscopy (XPS),

ultraviolet photoelectron spectroscopy (UPS), and X-ray absorption spectroscopy (XAS). XRD analysis of

the films’ structure shows the formation of highly crystalline, single-phase thin films with a preferred c-

axis orientation. Furthermore, a contraction in the lattice and an increase in octahedral distortion are

observed, which is attributed to the substitution of the larger Ba2+ ion with the smaller Sr2+ ion. Using

UV-visible diffuse reflectance spectroscopy and the Kubelka–Munk method to analyze the results, we

found that Ba2DyRuO6 and Sr2DyRuO6 have wide band gaps and behave like insulators, with optical

band gaps of about 3.66 eV and 4.16 eV, respectively. XPS studies show that most of the ruthenium is in

the Ru5+ oxidation state, with a small amount in the Ru4+ state. This suggests that there are mixed

valence states that are probably caused by oxygen vacancies or local distortions. XAS measurements at

the O K-edge show the unoccupied electronic states, and strong hybridization between Ru 4d and O 2p

orbitals is shown by a clear pre-edge feature. Complementary UPS measurements investigate the occu-

pied states, and the integrated UPS–XAS analysis demonstrates a distinct reduction of spectral weight at

the Fermi level, thereby validating the insulating ground state in both compounds. The spectral features,

such as the creation of lower and upper Hubbard bands, show that the insulating behavior is caused by

electron–electron correlations in the Ru 4d manifold. Even though the structure changes when the

A-site is replaced, both systems still show strong Mott–Hubbard insulating properties that are driven by

correlation. This puts them close to the metal–insulator transition regime.

1. Introduction

Transition metal oxides (TMOs) have been, and continue to be,
a paradigm for the realization of novel quantum phenomena,
where the interplay between charge, spin, orbital, and lattice
degrees of freedom is subtle.1–3 Specifically, the interplay
between electron itineracy and electron–electron interaction
leads to a variety of ground states, such as high-temperature
superconductivity, colossal magnetoresistance, multiferroism,
Mott insulating states, etc.4–6 Among the aforementioned quan-
tum phenomena, the Mott insulating state is at the heart of
modern condensed matter physics because it violates the
conventional band theory description of solids. In fact, accord-
ing to band theory, partially filled energy bands in solids are
expected to lead to metallic conductivity, whereas in Mott

insulators, the presence of strong on-site Coulomb interaction
leads to the localization of electrons in spite of the presence of
partially filled energy bands, thereby exhibiting insulating
behavior. Understanding and controlling such correlation-
driven states remains one of the foremost challenges in modern
materials physics.7,8

Ruthenium-based oxides are an interesting class of correlated
materials because the Ru 4d orbitals are intermediate in spatial
extension.7,9–11 In comparison to the 3d-based systems, the Ru
4d orbitals are more spatially extended, and hence the band-
width (W) is larger and the Coulomb repulsion (U) is generally
smaller. However, in the right structure, the interplay between
the two can yield a correlated insulating state. The ratio between
the two energy scales depends sensitively on the crystal structure
and the bond angles and lengths. Therefore, ruthenates are a
suitable system in which the interplay between moderate elec-
tronic correlations and structural effects can be investigated.

Among complex oxides, the double perovskite A2BB0O6 has
received much attention due to its structural flexibility and
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tunability.12,13 In this perovskite structure, two different
cations, B and B0, are located at alternating positions in the
octahedral site, allowing the tailoring of the electronic and
magnetic interactions.14,15 The ordering of the structure, toler-
ance factor, and tilting of the octahedra are known to affect the
electronic bandwidth and orbital overlap, thus controlling the
level of correlation. In particular, if a 4d transition metal
element, such as Ru, replaces a cation at the B-site, a variety
of correlated electron states are possible.16–20

In the present study, we have chosen the double perovskite
ruthenates A2DyRuO6, in which Ru occupies one of the octahe-
dral sites and Dy occupies the other. By choosing Ba and Sr at
the A site, we have the opportunity to study the influence of
small changes in the lattice parameters and the octahedral
distortion on the electronic structure. The difference in the
ionic radii of Ba2+ and Sr2+ will result in a difference in the
tolerance factor, thus changing the Ru–O–Ru bond angle and
the bandwidth of the Ru 4d states. This will affect the strength
of the electron–electron correlation and potentially the magni-
tude of the insulating gap. To understand the nature of the
insulating state in these materials, there is a need for direct
experimental access to the occupied as well as the unoccupied
electronic states. XAS is used to study the unoccupied density of
states. It is a powerful tool to study the hybridizations and the
oxidation states of the relevant orbitals. In the case of Ru-based
oxides, the relevant XAS edges are very sensitive to the degree of
Ru 4d and O 2p hybridizations, which is very important for the
determination of the bandwidth and the correlation strength.21–23

Complementary to the information provided by XAS, XPS and
UPS can be employed to gain insight into the occupied states. In
XPS, the deeper core levels as well as the valence states can be
analyzed to obtain information about the elemental composition
and the chemical states. UPS, with its increased surface sensitivity
and the capability to analyze the band structure with higher
energy resolution near the Fermi level, can be employed to obtain
information about the valence band structure and the existence
or nonexistence of states at the Fermi level.

One of the most important features characterizing Mott–
Hubbard insulators is the splitting of the d-band of the
transition metal, giving way to the formation of the lower
and upper Hubbard bands due to the strong interaction between
electrons.24–26 In this regard, it is possible to study this phenom-
enon by using spectroscopy, observing the presence of well-
defined features in the occupied and unoccupied density of
states, separated by a band gap due to the interaction effects.
The spectral weight distribution and energy separation between
these features can be directly examined through combined
photoemission and absorption measurements. In this way, it is
possible to estimate the band gap by aligning the occupied and
unoccupied density of states, thereby establishing the origin of
the band gap.27–30

The reported work is an extension of our previously pub-
lished article based on the experimental and theoretical studies
of the structural and magnetic properties of thin films of double
perovskite ruthenates: Ba2DyRuO6 (BRDO) and Sr2DyRuO6

(SDRO).9 This study seeks to answer the following fundamental

questions: (i) what is the nature of the valence and conduction
band states in the A2DyRuO6 thin films? (ii) Is the insulating
state related to conventional band-structure effects or to strong
correlations between electrons? (iii) How does the replacement
of Ba with Sr influence the strength of correlations and electronic
structure? Our systematic analysis of XAS, XPS, and UPS results
reveals that BDRO and SDRO exhibit a highly stable Mott–
Hubbard type insulating ground state at room temperature.
The Ru 4d and O 2p orbital hybridization effect is very significant
in determining the electronic configuration, but at the same
time, the Coulomb interaction between the Ru 4d orbitals is very
vital in creating the observed gap. The substitution of A-site
cations subtly affects structural parameters and bandwidth, but
the insulating character is well preserved in these compounds.

2. Experimental details

A 247 nm KrF excimer laser with flux E2 J cm�2 and a
repetition rate of 6 Hz was employed in the pulsed laser
deposition method to deposit BDRO and SDRO thin films of
B100 nm thickness on an SrTiO3 (STO) (100) substrate main-
tained at 750 1C. The partial pressure of oxygen was maintained
at 0.1 and 0.2 mbar during the deposition of BDRO and SDRO
thin films, respectively. Then, the thin films were cooled to
room temperature while maintaining the partial pressure of the
gases at the same values and a cooling rate of 2 1C min�1. The
target–substrate distance was maintained at 4.5 and 4.1 cm
during the deposition of BDRO and SDRO thin films, respec-
tively. The X-ray diffraction pattern of the deposited com-
pounds was recorded using a PANalytical X’Pert Pro X-ray
diffractometer in order to investigate the structural phase of
the compounds synthesized in the present investigation. The
UV-visible spectra of the compounds synthesized in the present
investigation were recorded using an Analytik Jena Specord 250
PLUS spectrophotometer in IIT Ropar. XPS measurements were
made using an X-ray source of Al Ka (1486.6 eV) and an
Omicron energy analyzer (EA-125, Germany), and XPS measure-
ments were performed on the beamline BL-01, Indus-2, RRCAT,
Indore, India. The Ru M2,3 edge of the compounds synthesized
in the present investigation was recorded using X-ray absorp-
tion spectroscopy in TEY mode. Before recording XAS and XPS
spectra, the compound pellets were subjected to plasma treat-
ment to generate fresh surfaces.

3. Results and discussion
3.1. Structural analysis

We used a PANalytical X’Pert Pro diffractometer to perform
high-resolution X-ray diffraction (XRD) measurements on the
A2DyRuO6 (A = Ba, Sr) thin films to determine their purity and
crystallinity. The y–2y scans show that both BDRO and SDRO
thin films grow in a single phase with a strong (004) reflection
(as shown in Fig. 1). This means that the c-axis growth is very
well oriented on the SrTiO3 (STO) substrate. The lack of
secondary impurity peaks within the instrument’s detection
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limit demonstrates the films’ high structural quality, which is
necessary for accurate spectroscopic studies of intrinsic elec-
tronic properties. The bulk structural parameters of BDRO
indicate a cubic lattice (a = b = c = 8.3604 Å),31 while the lattice
parameters of the monoclinic lattice of SDRO are a E 5.778 Å, b
E 5.794 Å, c E 8.184 Å, and b E 90.181.32 In the thin film, the
out-of-plane lattice parameter is found to be approximately
equal to the bulk lattice parameter c, which is approximately
equal to 8.374 Å for BDRO and 8.217 Å for SDRO. This shows
that the essential framework of the double perovskite lattice
remains the same.

A comparison of the (004) peaks indicates that the most
intense peak is slightly shifted to higher 2y values in SDRO (at
441) compared to BDRO (at 431). Bragg’s law states that the shift
of the peaks to higher 2y values is due to the reduction of the
out-of-plane lattice spacing. This is supported by the smaller
lattice parameter observed in SDRO (c E 8.217 Å) compared to
BDRO (c E 8.374 Å). The reduction of the lattice parameter can
be understood by considering the smaller ionic radius of Sr2+

(132 pm) compared to Ba2+ (149 pm), resulting in a reduction of
the unit cell volume and an increase in octahedral tilting.

Although the main focus of the present work is on the
electronic structure at the core level and the valence states, as
investigated through XPS, UPS, and XAS, the structural analysis
assumes a significant supporting role. In fact, the small differ-
ence between the lattice parameters of BDRO and SDRO
structures has a direct bearing on the Ru–O–Ru bond angles
and the Ru–O bond lengths, thereby affecting the electronic
bandwidth (W) of the Ru 4d states. In fact, the Mott–Hubbard
insulator nature arises from the interplay between the on-site
Coulomb interaction (U) and the bandwidth. The change in the
lattice dimension in SDRO is also expected to change the extent
of Ru 4d and O 2p hybridization, which is then reflected
through the spectral weight change observed through the XPS
and XAS measurements. Thus, the XRD results not only con-
firm the structural quality and phase purity of the thin films
but also provide a structural basis for the correlation-driven
electronic behavior observed in spectroscopic measurements.

3.2. Ultraviolet-visible spectrometer

The optical absorption characteristics and the nature of the
electronic transition of the BDRO and SDRO thin films were
examined using UV-visible diffuse reflectance spectroscopy,
which is essential for understanding their optoelectronic inte-
gration potential. To determine the electronic structure, the
reflectance data were converted to the corresponding absorp-
tion coefficient using the widely accepted Kubelka–Munk (K–M)
radiative transfer equation,33 which is given by the expression:
F(R) = (1 � R)2/2R, where R is the absolute reflectance.

This is particularly effective in thin film and powder sam-
ples, where the scattering effects of the material are taken into
consideration. As shown in Fig. 2, the relationship between
the absorption coefficient and the incident photon energy (hn)
was modelled using the relation given by (F(R)�hn)n = B(hn �
Eg), where B is the material-dependent constant and Eg is the
optical band gap. As per the literature, Ru-based double
perovskites exhibit a direct allowed transition, where n = 2 is
considered.34 The optical band gap (Eg) values were deter-
mined by extrapolating the linear region of the (F(R)�hn)2 vs. hn
plots to the energy axis, where the K–M function is essentially
zero. The Eg value was determined to be 3.66 eV for the BDRO
thin film and 4.16 eV for the SDRO thin film. This high Eg

value is a definitive indicator of the insulating nature of the
compounds. With regard to condensed matter physics, if the
band gap is above 3.0 eV, the material is considered to be a
wide band gap insulator or semiconductor material, where the
valence band is fully occupied and the conduction band is
empty at room temperature.

The observed wide band gap is in excellent agreement with
the results of similar double perovskite structures that have
been reported in the literature, which have high electrical
resistivity and optical transparency in the visible spectrum. It
is interesting to note that there is an increase in the gap from
3.66 eV in BDRO to 4.16 eV in SDRO, which can be attributed to
a strong modulation of the electronic states due to the ionic
radii and electronegativities of the B-site cations. Moreover, the

Fig. 1 y–2y XRD patterns of BDRO and SDRO thin films deposited on STO substrates, revealing their single-phase nature with highly c-axis-oriented
(004) reflections. The peak of the SDRO thin film shifts to higher 2y values compared to the peak of the BDRO thin film, reflecting a reduced lattice
parameter due to lattice contraction in Sr-substituted films.
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steepness of the absorption edge in Fig. 2(a) also suggests a
high quality of the films with few defects in the gap.

3.3. X-Ray photoelectron spectroscopy (XPS)

The X-ray photoelectron spectroscopy (XPS) spectra shown in
Fig. 3(a–d) give detailed information about the Ru and O ion
states and their electronic environment in the double perovs-
kite thin films BDRO and SDRO. Panels (a) and (b) in the upper
part of the figure show the Ru core-level XPS spectra, whereas

the O 1s XPS spectra are shown in the lower part of the figure in
panels (c) and (d) for BDRO and SDRO, respectively. The black
line indicates the XPS spectrum, whereas the red line shows the
overall envelope of the XPS spectrum after deconvolution.
Additionally, the colored lines show the individual components
of the XPS spectrum. The x-axis represents the binding energy,
whereas the y-axis represents the intensity.

Fig. 3(a) and (b) show the Ru core-level XPS spectra of BDRO
and SDRO compounds in the binding energy range of about

Fig. 3 XPS spectra of (a) and (b) Ru core-level and (c) and (d) O 1s for BDRO and SDRO thin films with fitted components. The spectra reveal dominant
Ru5+ with minor Ru4+ states and contributions from lattice and defect-related oxygen.

Fig. 2 Kubelka–Munk plots derived from UV-visible diffuse reflectance spectra of (a) BDRO and (b) SDRO thin films, illustrating direct allowed optical
transitions.
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276–292 eV. As seen, the Ru XPS spectrum has several features
corresponding to the different Ru oxidation states. From the
XPS spectrum, two main Ru oxidation states are seen in both
compounds: Ru5+ and Ru4+. From the Ru XPS spectrum of the
BDRO thin film, the main peak at a binding energy of about
281.9 eV corresponds to the Ru5+ state, which is the expected
Ru valence state in the stoichiometric double perovskite struc-
ture. This is attributed to the charge neutrality of the com-
pound BDRO, in which Ba is present in the form of Ba2+, Dy is
present in the form of Dy3+, and oxygen is present in the form of
O2�. The presence of Ru5+ also confirms that the Ru ion is
present in the octahedral B-site of the perovskite structure in
the RuO6 coordination geometry. Apart from the peak of Ru5+,
there is also a peak present at B280.5 eV, which is related to
the presence of Ru4+ ions in the compound. The presence of the
peak related to Ru4+ ions confirms that there is some contribu-
tion of reduced Ru ions in the compound, which might be
present during the thin film deposition process.

Fig. 3(b) shows that the SDRO thin film also behaves in a
similar manner. In addition, it can also be noted from the Ru
core level spectrum that there are two states of oxidation
present at the same time. In this case, it is evident that the
Ru5+ ion is responsible for the main peak present at 281.3 eV.
This indicates that the Ru ion is in its expected +5 valence state.
There is a slight drop in binding energy compared to BDRO due
to the change in the environment of the Ru ion. This is due to
the fact that the crystal parameters of the materials have
changed due to the replacement of Ba2+ with Sr2+ in the
perovskite structure. Besides Ru5+, a small peak appearing
around B280.3 eV corresponds to the Ru4+ state. The presence
of Ru4+ confirms that there is a partial reduction of Ru5+. This
reduction may result from the presence of oxygen vacancies.
The presence of Ru5+ and Ru4+ states confirms that there are
mixed valence states, a common occurrence in metal oxides.

The quantitative analysis of the deconvoluted Ru core-level
XPS spectra further provides insight into the relative concen-
tration of Ru5+ and Ru4+ oxidation states in the BDRO and
SDRO thin films. The integrated peak area analysis reveals that
the relative percentage of Ru5+ is higher in the BDRO sample
compared to the SDRO sample, whereas the contribution from
Ru4+ is comparatively enhanced in SDRO. The obtained quan-
titative values are summarized in Table 1. The comparatively
reduced Ru5+ concentration in SDRO can be attributed to the
increased structural distortion associated with its monoclinic
crystal structure. The monoclinic distortion modifies the local
RuO6 octahedral environment, resulting in enhanced lattice
strain and a higher tendency for oxygen deficiency, thereby

promoting the partial reduction of Ru5+ and Ru4+. This obser-
vation is consistent with the comparatively larger oxygen
vacancy concentration estimated from the O 1s spectra of
SDRO. Therefore, the quantitative XPS analysis confirms that
the crystal symmetry and local structural distortion strongly
influence the Ru valence distribution in these double perovs-
kite ruthenate thin films.

The presence of Ru5+ and Ru4+ states in both compounds
indicates that mixed valence states are present in the film.
However, the intensity of Ru5+ is higher than that of Ru4+, which
again supports that Ru is in the +5 state and is in accordance
with the charge neutrality requirement for the double perovskite
structure. The difference in the binding energies for Ru in BDRO
and SDRO again indicates that substitution at the A-site affects
the Ru ions. Fig. 3(c) and (d) display the O 1s XPS spectra of
BDRO and SDRO, respectively. The O 1s XPS peak is normally
composed of various peaks due to different kinds of oxygen
environments in the material. For both compounds, three peaks
are identified corresponding to lattice oxygen, defect-related
species, and surface-adsorbed oxygen or hydroxyl groups. For
the BDRO thin film (Fig. 3(c)), it is found that the peak with the
highest intensity in the range of B531–532 eV is due to lattice
oxygen (O2�) bonded with metal ions in the perovskite structure.
These oxygen ions form RuO6 octahedrons, which are building
blocks of the double perovskite crystal lattice. A second peak is
found with slightly lower binding energy in the range of B529–
530 eV. This is due to oxygen ions bonded with Ru ions, which is
due to strong hybridization of Ru 4d and O 2p orbitals. A third
peak with higher binding energy in the range of B533–534 eV is
due to surface oxygen species such as hydroxyl groups, adsorbed
oxygen molecules, or oxygen vacancy states.

As shown in the O 1s spectrum of SDRO in Fig. 3(d), a very
similar spectral profile is observed, proving that the funda-
mental coordination of the oxygen environment does not
change after the substitution of Ba by Sr. The contribution of
the lattice oxygen environment dominates the spectrum, prov-
ing that the structure of the films maintains the perovskite
oxide environment. However, the relative intensity of the higher
binding energy component appears to be somewhat enhanced,
compared to that of BDRO, and this may be associated with the
presence of adsorbed species or oxygen vacancy defects. This
may be explained by the structural distortions that are expected
for the Sr-based structure, as a result of the substitution of Sr2+

for Ba2+, a smaller ion. The oxygen vacancy concentration was
estimated from the ratio of the integrated area of the defect-
related O 1s peak to the total O 1s peak area obtained from the
fitted XPS spectra. Using this approach, the oxygen vacancy
ratio was determined to be approximately 13% for the BDRO
compound and 15.6% for the SDRO compound, indicating a
comparatively higher oxygen-defect concentration in the SDRO
sample.

A comparison of the XPS spectra of BDRO and SDRO
indicates that the compounds have similar chemical character-
istics to Ru predominantly in the +5 oxidation state. However,
the presence of Ru4+ states in both compounds indicates that
the compounds have mixed valence character. The mixed

Table 1 Gaussian parameters, including peak positions, FWHM, and area,
of the BDRO and SDRO compounds obtained from XPS spectra

Compound

Position (eV) FWHM (eV) Area (eV)

Ru5+ Ru4+ Ru5+ Ru4+ Ru5+ Ru4+

BDRO 281.3 280.4 1.29 0.855 1.7 1.3
SDRO 281.4 280.3 1.10 1.4 0.8 3.8
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valence character in the compounds may be due to the presence
of oxygen vacancies. The small shift in the binding energy of
the Ru5+ state in the compound BDRO at 281.9 eV and in the
compound SDRO at 281.3 eV indicates that the substitution at
the A-site changes the electronic environment of the Ru ions.
The O 1s spectra indicate the presence of lattice oxygen, defect-
related oxygen, and surface oxygen. The presence of more
defect-related oxygen in the compound SDRO indicates that
the substitution at the Sr site in the compound SDRO intro-
duces additional lattice distortions and oxygen vacancy sites.

3.4. X-Ray absorption spectroscopy (XAS)

Fig. 4 displays the O K-edge XAS spectra of the double per-
ovskite compounds BDRO and SDRO. The O K-edge XAS spectra
are useful for studying the transition of O 1s core-level electrons
to unoccupied states of the O 2p orbitals, as well as the
hybridization of these states with the Ru 4d orbitals. Therefore,
the spectra are useful for studying the unoccupied density of
states and the hybridization of the Ru and O orbitals.

As seen in the spectra, the intensity of the XAS spectra is
shown as a function of the photon energy. The spectra of BDRO
and SDRO are shown in Fig. 4(a) and (b), respectively. The
spectra of both compounds are similar, showing that the funda-
mental nature of the compounds’ electronic structure is pre-
served. However, differences in the spectra are useful for
studying the effects of A-site substitution on Ru–O hybridization.

Fig. 4(a) shows the O K-edge XAS spectrum of the BDRO
compound, which exhibits a sharp and intense absorption peak
at 532.3 eV. This is due to the pre-edge feature in the O K-edge
XAS spectrum. The peak is due to the hybridization between O
2p and unoccupied Ru 4d states, particularly for t2g states in
RuO6 octahedra. The pre-edge feature is commonly observed in
transition metal oxide compounds due to the covalent inter-
action between O 2p and transition metal ions (Ru). The
intensity of this peak is quite high, and it is attributed to Ru
4d and O 2p orbital hybridization. This is an important factor
in determining the electronic states in compounds. The feature
following the pre-edge is the broader feature in the region of

540–555 eV, which is related to the O 1s - hybridized O 2p and
Ru 4d eg levels, along with the Dy 5d levels. This is the
conduction band feature of the material, which is related to
the hybridization of the material. The gradual reduction in the
absorption feature is related to the distribution of the unoccu-
pied density of states related to the O and Ru ions.

Fig. 4(b) displays the O K-edge XAS spectrum of the SDRO
compound. It can be noted that, similar to BDRO, the O K-edge
XAS spectrum of SDRO displays a strong pre-edge peak at
approximately 532.4 eV. This peak corresponds to the transition
of the O 1s to O 2p hybridized Ru 4d states. The almost identical
energy of the pre-edge peak in both compounds confirms that
the local electronic environment of the Ru–O octahedral struc-
ture is maintained with the substitution of Ba with Sr. It can,
however, be noted that there are some differences in the
intensity of the spectral features of both compounds. The pre-
edge peak of the SDRO compound appears sharper with a slight
shift in energy compared to the BDRO compound. This shift in
energy can be due to structural changes arising from the sub-
stitution of Ba2+ with the smaller Sr2+ ion. This substitution
causes lattice contraction due to the smaller ionic radius of Sr
compared to Ba, which affects the electronic states and hybridi-
zation in the RuO6 octahedral network.

The structural changes also affect the Ru–O bond length and
Ru–O–Dy bond angle, which in turn affect the overlap of Ru 4d
and O 2p orbitals. Therefore, it is expected that the strength of
hybridization and the character of unoccupied orbitals are
slightly modified in SDRO compared to BDRO. In addition, in
the higher energy range of 540–555 eV, it is found that the SDRO
spectrum also contains a broad absorption band similar to that
in BDRO. In this range of energy, transitions are allowed to the
hybrid orbitals containing O 2p, Ru 4d eg, and Dy 5d orbitals.
Therefore, it is evident that this broad feature in the spectrum is
due to extended hybridization in the perovskite structure.

3.5. Combined spectra

To determine the electronic structure of the BDRO and SDRO
systems, the valence and conduction bands of the two

Fig. 4 Normalized O K-edge XAS spectra of (a) BDRO and (b) SDRO samples. The pre-edge peaks located at approximately 532.3 eV and 532.4 eV,
respectively, correspond to the transitions from O 1s to the hybridized states of O 2p with transition metal d-orbitals. The broad features at higher
energies represent transitions to higher-lying metal s, p, and O p states.
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compounds were combined in relation to the Fermi level. In
order to form a plot that would contain information regarding
both valence and conduction bands (O K-edge), the binding
energy was plotted along the horizontal axis, while normalized
intensity was plotted along the vertical axis (Fig. 5(a) and (b)).
The valence band was acquired using ultraviolet photoelectron
spectroscopy (UPS), which involves the study of the occupied
states below the Fermi level.7,35 The conduction band, on the
other hand, is attained using XAS. The alignment of the spectra
confirms that there is a suppression of states around EF, proving
that both compounds are insulators. The inset in the spectra
shows the band edge region, from where the band gap of both
compounds is estimated to be around B2.96 eV for BDRO and
B2.64 eV for SDRO.

Another feature of the spectra is the presence of correlation-
induced states, which are characteristic of strongly interacting
electron systems. For the BDRO sample, the occupied states
located around 5.7 eV are attributed to the lower Hubbard band
(LHB), while the unoccupied states appearing near 3.7 eV in the
conduction band region correspond to the upper Hubbard band
(UHB). The observed electronic features are associated with the
crystal-field-split t2g and eg states of the Ru (4d) manifold.
Similarly, for the SDRO compound, the LHB is observed around
2.8 eV, whereas the UHB is located near 3.96 eV in the conduc-
tion band region, originating from the crystal-field-split Ru (4d)
t2g and eg electronic states.

From the energy separation between the LHB and UHB, the
on-site Coulomb interaction was estimated to be U E 9.4 eV for
BDRO and U E 6.7 eV for SDRO, which is consistent with the
values obtained from our reported DFT calculations.9 The
bandwidth for the Ru 4d-derived states is estimated to be in
the range of 5–6 eV. This gives us an estimate of U/W E 1.7 for
BDRO and 1.34 for SDRO. The U/W ratio for both compounds
exceeds unity, indicating the presence of strong electron corre-
lation and confirming their Mott insulating nature.

This indicates that both BDRO and SDRO are not normal
band insulators but rather correlated insulators that lie close to
the Mott transition boundary. This is because even with

moderate levels of electron–electron interaction, there is always
the formation of a gap with assistance from structural ele-
ments. The replacement of Ba with Sr, which is smaller in size,
results in lattice contraction, thereby increasing the degree of
distortion in the octahedra, which is equivalent to reducing the
bandwidth W, moving closer to the Mott insulator. This is
indicated by the reduced band gap in SDRO.

Importantly, the coexistence of Hubbard band features with
a U/W ratio 4 1 indicates that these compounds lie in a regime
analogous to ruthenates near the metal–insulator transition,
where electronic correlations and lattice effects cooperatively
stabilize an insulating phase. The absence of a coherent
quasiparticle peak at EF, together with the clear LHB–UHB
separation, strongly supports the classification of these materi-
als as correlation-driven insulators in proximity to a Mott
transition, rather than simple band insulators.

4. Conclusion

To summarize, in this study, we have successfully demon-
strated the synthesis and comprehensive electronic charac-
terization of high-quality, single-phase double perovskite
ruthenate thin films, namely BDRO and SDRO, grown on
SrTiO3(100) substrates. From structural characterization
using X-ray diffraction techniques, highly c-axis-oriented
growth is confirmed, where lattice contraction is systemically
achieved by replacing the larger Ba2+ (149 pm) with the
smaller Sr2+ (132 pm) cation. More specifically, there is a
decrease in the lattice parameter in the out-of-plane direction
from 8.374 Å in BDRO to 8.217 Å in SDRO. The optical
characterization of both materials using UV-visible diffuse
reflectance spectroscopy classified both materials as having
wide bandgap insulator properties with optical bandgap (Eg)
values of 3.66 eV for BDRO, whereas that of SDRO was
significantly modulated at 4.16 eV. Furthermore, using XPS,
it was confirmed that ruthenium is predominantly in the +5
oxidation state, with characteristic peaks at B281.9 eV in

Fig. 5 Experimental density of states (DOS) for (a) BDRO and (b) SDRO determined by UPS and O K-edge XAS. The data show a clear energy gap
centered at the Fermi level (EF = 0), identifying both compounds as Mott insulators. Insets illustrate the band gap estimation (Eg), showing a narrowing of
the gap from 2.96 eV in BDRO to 2.64 eV in SDRO.
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BDRO and B281.3 eV in SDRO. The presence of a minor Ru4+

component also indicates possible minor oxygen deficiencies
or structural distortions associated with the thin film growth
process. O K-edge XAS measurements confirmed strong cova-
lency between Ru 4d states and O 2p states, as indicated by a
strong pre-edge feature at B532.3–532.4 eV. Most notably,
UPS–XAS analysis confirmed the suppression of spectral
weight at the Fermi level (EF) with estimated electronic gap
values of B2.96 eV for BDRO and B2.64 eV for SDRO. The
lower Hubbard band (LHB) is identified at B�5.7 eV for
BDRO and B�2.8 eV for SDRO, while the upper Hubbard
band (UHB) features appear around B3.7 eV and B3.96 eV,
respectively. From these features, the on-site Coulomb inter-
action was estimated to be U E 9.4 eV for BDRO and U E 6.7
eV for SDRO, with an estimated bandwidth of W E 5–6 eV.
The U/W values of B1.74 for BDRO and 1.34 for SDRO clearly
indicate that these ruthenates exhibit Mott-insulating beha-
vior: the electron–electron interactions, mediated by struc-
tural distortions, give rise to a robust Mott–Hubbard-type
insulating state. The above results clearly indicate the robust-
ness of the correlated state in complex oxide thin films and lay
the basis for the integration of such materials in the emerging
class of oxide electronics.
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