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BaBiO3 (BBO) is well known as the parent material for the high-Tc superconducting compounds Ba1−xKxBiO3

and BaPb1−xBixO3. In its pristine state, BBO is a charge-ordered (CO) insulator, resulting from a static breathing
distortion of the BiO6 octahedra with alternating long and short bond lengths. Recently, it has been reported
that the CO state is suppressed for BBO films grown on SrTiO3 (STO) below a thickness of approximately
4 nm, possibly resulting in a metallic phase. While we do confirm structural modifications in our BBO/Nb:STO
samples in this thickness range by Raman spectroscopy and electron diffraction, in situ photoemission evidences
that these changes are accompanied by a Bi deficit and that the films remain insulating. We hence conclude
that, in line with previous findings for the BBO/STO interface, the thickness-controlled suppression of the CO
state is not purely driven by the two-dimensional confinement but rather originates from modifications of the
composition and structure inherent to the epitaxial growth of BBO on SrTiO3(001).

DOI: 10.1103/PhysRevB.99.245308

I. INTRODUCTION

Confinement of perovskite oxide materials to thin films
of only a few unit cell thicknesses is a unique way to alter
the electronic and magnetic properties without changing the
chemical composition. Intriguing examples of phase transi-
tions in oxides upon reducing the film thickness are the metal-
to-insulator transitions in vanadates, nickelates, and iridates
and the change from a ferromagnetic to an antiferromagnetic
state in ultrathin manganite films [1–5]. The trigger of such
phenomena is commonly found in the modification of the
complex interplay between the various degrees of freedom
in transition metal oxides, induced by changes of, e.g., the
number of nearest neighbors, the orbital order, or the magnetic
coupling, by electronic reconstruction due to a polar dis-
continuity or subtle structural and chemical modifications at
heterointerfaces. A particular interesting example of a
thickness-dependent phase transition in oxides has recently
been reported for thin films of the distorted perovskite bis-
muthate BaBiO3 (BBO) deposited on SrTiO3 (STO) sub-
strates since here the confinement is claimed to lead not to
an insulating—as is usually observed—but to a metallic phase
[6].

BBO is the parent compound of the high-Tc supercon-
ductors BaxK1−xBiO3 and BaPb1−xBixO3, which exhibit re-
markably high critical temperatures of up to 30 K [7–10].
In its pristine bulk state the material is insulating due to
the formation of charge order (CO) on the BiO6 octahedral
network of the crystal. Structurally, this CO manifests itself in
an enlargement of the perovskitelike unit cell of BBO with
a static breathing distortion of alternating compressed and
expanded BiO6 octahedra with Bi-O bond lengths of 2.11 and
2.29 Å, respectively. In addition, the unit cell of the room-
temperature phase exhibits a monoclinic distortion stemming
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from a tilting of the octahedra with respect to the pseudocubic
principal axes [11].

A matter of long-standing and active debate is the valence
state of the Bi cations at the two structurally distinct Bi
lattice sites in the CO state. In an ionic picture, the nominal va-
lence state of Bi4+ in BBO is often assumed to disproportion-
ate into Bi3+ and Bi5+ [12,13]. Photoelectron spectroscopy
experiments, however, resolve only one distinct spectral line,
which is often ascribed to a pure Bi3+ state [14,15]. While it
is not clear whether photoemission can properly distinguish
between Bi3+ and Bi5+ [15–18], recent theoretical studies
suggest a valency of approximately Bi3+ at both inequivalent
Bi sites in the CO phase [19]. In this case, charge neutrality
is maintained through condensation of a surplus hole pair
in hybridized Bi 6s-O 2p-derived molecularlike states in the
ligand shell of the collapsed octahedra.

Since the static breathing distortion is linked to the CO, the
structural symmetry of the BBO lattice is a footprint of the
electronic charge order in the crystal. Kim et al. report, in a
comprehensive study on epitaxial BBO on STO based on Ra-
man spectroscopy and x-ray diffraction, that upon decreasing
the film thickness to a critical value of 4–5 nm the structural
symmetry of the BBO lattice is converted from the distorted
perovskite to a cubic single-perovskite Pm3m phase [6]. The
authors suggest that this structural phase transition arises from
a suppression of the CO and the associated breathing distor-
tion below a certain BBO film thickness. Consequently, it is
speculated that with the breakdown of the charge order, BBO
thin films in fact become metallic below a critical thickness
[6]. However, direct experimental evidence for metallic states
is lacking so far.

For this reason and in order to elucidate the physical origin
of the reported structural modifications and to investigate the
possible presence of a thickness-controlled insulator-to-metal
transition in BBO, we carried out a complementary spectro-
scopic study of film-thickness-dependent modifications in our
BBO thin-film samples.
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FIG. 1. (a) Raman response at a wavelength λ = 633 nm of BBO films grown on Nb:STO(001) substrates with thicknesses dBBO ranging
from 0.4 to 17.5 nm. (b) Relative intensity (left axis) and width (right axis) of the Raman response of the breathing phonon mode at about
565 cm−1 dependent on the BBO film thickness. Both quantities indicate the presence of a dead layer, not hosting the breathing phonon, below
a critical thickness of 3 nm. (c) Model of the heterostructure with a layer of thickness dc at the interface, which does not contribute to the Raman
response of the film. (d) Evolution of the low-energy electron diffraction pattern of the samples dependent on the BBO thickness. For the 0.4-
and 1-nm-thick samples a (1 × 1) symmetry of the surface lattice is observed, while thicker films exhibit a characteristic R45◦(3

√
2 × √

2)
reconstruction. In the upper-left corner of each image the kinetic energy of the electrons is denoted.

II. EXPERIMENTAL DETAILS

To this end, we prepared a series of BBO films with
thicknesses dBBO ranging from 0.4 to 17.5 nm on TiO2-
terminated Nb:STO(001) substrates by pulsed laser deposition
(PLD) from a stoichiometric, polycrystalline BaBiO3 target.
Before each sample growth, the target surface area was sanded
and underwent a cleaning ablation with a fixed number of
laser pulses to ensure defined and reproducible deposition
conditions. All samples were grown in an oxygen background
pressure of pO2 = 8 × 10−2 mbar, at a substrate temperature
of TS = 560 ◦C, a laser fluency of FL = 1.1 J cm−2, and a
laser repetition rate of 1 Hz. As shown in Appendix A, we
found that a good structural order and the correct cation sto-
ichiometry of the deposited BBO are particularly sensitive to
the oxygen growth pressure, which hence has to be optimized
carefully. Further details on the growth and bulk structure of
the films can be found in Ref. [20].

The Raman spectroscopy measurements were performed
with a confocal Raman spectrometer setup at an excitation
wavelength of λ = 633 nm. The photoemission [x-ray photo-
electron spectroscopy (XPS)] measurements have been con-
ducted with a monochromatized Al Kα x-ray source in normal
electron emission geometry.

III. RESULTS AND DISCUSSION

A. Raman spectroscopy and electron diffraction

To connect our study to the results of Kim et al. in
Ref. [6], Raman spectroscopy measurements were performed

on BBO films of various thicknesses. The spectra are plotted
in Fig. 1(a). The most prominent feature of the Raman spec-
trum at an energy shift of about 565 cm−1 is associated with
the excitation of a breathing-mode phonon as is known for
BBO single crystals [cf. inset in Fig. 1(a)] [21].

Indeed, the breathing phonon dominates the Raman spectra
for dBBO � 6 nm, indicating the same lattice symmetry as for
BBO single crystals in this thickness range. With decreasing
film thickness, the intensity of the breathing mode declines
continuously and for the thinnest films the spectra resem-
ble that of an STO crystal [22]. A quantitative account of
the intensity of the phonon excitation is obtained by fitting the
spectra with Lorentzian profiles as shown in Appendix B. The
resulting values Iph, given by the total area of the Lorentzian,
as well as the full widths at half-maximum (FWHM) of the
peaks are plotted in Fig. 1(b) dependent on the film thickness.

The data can be explained by a model for the sample
as shown in Fig. 1(c). The film contributes to the Raman
response only beyond a critical thickness dc, assuming that the
interfacial layers may be structurally modified and therefore
do not exhibit the BiO6 breathing mode. Taking into account
that the contributions from buried layers are exponentially
damped, one obtains for Iph the expression

Iph ∝
∫ dBBO

dc

e−2α(dBBO−l ) dl ∝ 1 − e−2α(dBBO−dc ), (1)

where α denotes the absorption coefficient for the employed
laser light. This function is plotted as the dashed line in
Fig. 1(b).
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FIG. 2. (a) O 1s, (b) Ba 4d , and (c) Bi 4 f spectra of BBO/Nb:STO samples with different film thicknesses dBBO. (d) Comparison of the
Bi 4 f7/2 line shape of BBO films with dBBO = 1, 2, and 17.5 nm. *The binding energy is corrected for charging as described in Appendix C.

Obviously, the strength of the phonon excitation declines
continuously with decreasing dBBO until it vanishes at and be-
low a critical thickness dc ≈ 3 nm. This absence of a steplike
suppression of the breathing-mode intensity—as previously
observed and associated with a structural first-order transition
of the entire BBO film when dBBO reaches a critical value—
is the most important result of our Raman measurements.
The gradual disappearance of the breathing phonon mode
is accompanied by a broadening of the Raman excitation
as indicated by the blue squares in Fig. 1(b). The width of
the response increases from about 29 cm−1 for the 17.5-nm
sample to 63 cm−1 at dBBO = 3 nm, reflecting an increasing
localization of the phonon with the shrinking of the lattice
volume [23,24].

A complementary confirmation of the structural modifica-
tions in the thin-film limit of our samples is obtained by low-
energy electron diffraction. Figure 1(d) depicts the diffraction
patterns of each sample, recorded in situ after film deposition
at the kinetic electron energies indicated in each image.

The BBO films with thicknesses from 17.5 to 3 nm all
exhibit an R45◦(3

√
2 × √

2) pattern as is typically observed
for the surface of BBO films [20]. For dBBO = 2 nm the
same reconstruction is also present, but the diffraction spots
are strongly blurred, pointing towards a reduction of the
size of the coherent surface lattice domains. Upon further
decreasing dBBO to 1 nm, the diffraction intensity widely
vanishes, supporting the above results of an altered lattice
structure from Raman spectroscopy. A very sharp (1 × 1) pat-
tern with respect to the STO surface unit cell becomes visible
at dBBO = 0.4 nm. This pattern either stems indeed from a
quadratic symmetry of the surface lattice of the films or, more
likely, originates from electrons probing the underlying STO
substrate through the thin or even incomplete film layer.

As clarified in our preceding study [20] by means of
transmission electron microscopy, a structurally distinct in-
terfacial layer of about 2-nm thickness relieves the mismatch
strain between the substrate and the film at the interfaces
of BBO/STO heterostructures [20]. Beyond this, the film
structure accords with that of bulk perovskitelike BBO. As
shown here, these structurally different interfacial film layers
are also present when the deposition process is stopped within
the growth of the first 2 nm of the film. Hence, we suggest that

the suppression of the phonon mode at dBBO � 2 nm has to be
traced back to the lattice modifications at the interface. The
interfacial lattice, due to its disturbed structure, does not host
the breathing phonon and consequently does not contribute
to the BBO Raman response, as is assumed in our model
above, explaining the observed critical thickness behavior for
the excitation of the breathing phonon.

B. Core-level photoemission

In order to correlate the structural modifications with the
electronic structure of the BBO films, we employ in situ
photoemission. To this end, the samples were transferred to
an XPS analysis chamber under ultrahigh vacuum conditions.
Figures 2(a)–2(c) show a comparison of the O 1s, Ba 4d ,
and Bi 4 f core-level spectra for the different BBO film thick-
nesses. All depicted spectra are measured in normal emission
geometry and are normalized to the same integral intensity.

As detailed in Appendix C, we observe a static charging
of the samples during irradiation with x-ray photons which
is favored by the specific band alignment at the interface
of BBO and Nb:STO. As a consequence, a straightforward
determination of the position of the chemical potential of
the samples by XPS is not possible. In order to compare the
spectra of different samples, the binding energy scale for each
measurement is calibrated by fixing the position of the O 1s
core-level line to a value of 528.8 eV (see Appendix C for
details).

A weak shoulder is visible on the high-binding-energy side
of the O 1s core level. Since this feature is more pronounced in
more surface sensitive measurement geometries, i.e., at higher
emission angles (not shown), it is assigned to surface contam-
inations from the residual gas. Note that the broadening of the
O 1s line for dBBO < 6 nm likely stems from a superposition
of differing spectral contributions from the substrate, the
interface film layer, and the overlying undisturbed bulk-like
BBO film.

The Ba 4d core level of the samples with dBBO > 6 nm
in Fig. 2(b) resembles the single spin-orbit split doublet
expected for pristine BBO, indicating that Ba occupies solely
the A lattice site of the perovskite phase of BBO [18]. Upon
reducing the film thickness below 6 nm, the peak maximum
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shifts gradually to lower binding energies by up to 380 meV.
Simultaneously, the core level broadens substantially, from an
FWHM of 0.95 eV for dBBO = 17.5 nm to 1.71 eV, when
reducing dBBO to 0.4 nm. With the only stable oxidation state
of Ba being Ba2+, the observed changes are likely associated
with a distorted or inhomogeneous local environment of the
Ba cations in the thinnest films, presumably reflecting the
layerwise modifications of the structure in the interfacial
layers of the BBO/Nb:STO heterostructure [20].

Pronounced changes are also detected in the Bi 4 f spectra
depicted in Fig. 2(c). For film thicknesses �4 nm the core-
level doublet is virtually thickness independent and agrees
with the line shape observed for BBO single crystals [18].
For these samples, exemplarily shown in Fig. 2(d), which
compares the sample with dBBO = 17.5 nm to those with film
thicknesses of 2.0 and 1.0 nm, the Bi 4 f lines exhibit an
asymmetry toward higher binding energies that is character-
istic for the BBO bulk phase. The asymmetric shape has been
associated in the literature with an energy loss originating
from interband transitions across the CO band gap or low-
energy plasmon excitations [18,25,26]. For the thinnest films,
with dBBO � 2 nm, the asymmetry is not present [cf. Fig. 2(d)]
and the Bi 4 f core level is shifted to higher binding energies,
highlighting the distinction of the thin BBO samples from the
thicker films with regard to the electronic properties.

The spectrum of the dBBO = 0.4 nm sample in Fig. 2(c)
exhibits a small additional doublet line shifted by about 2.6 eV
toward lower binding energies with respect to the main line.
This additional spectral weight increases with the time of x-
ray irradiation, indicating an instability of the atomic bonds in
bismuthate films with thicknesses in the range of one unit cell.
Due to the size of the energetic shift, we tentatively assign it
to elemental Bi generated from a photon-induced conversion
of oxidized Bi [17].

Besides the noticeable changes in the shape of the core-
level spectra, also the elemental composition of the samples
exhibits a significant thickness dependence. A relative mea-
sure for the cation stoichiometry of the samples is obtained
from the ratio of the spectral intensities of the Ba 4d and Bi
4 f core levels [red-shaded areas in Fig. 3(a)] after subtraction
of the secondary electron background (blue-shaded areas).
The ratio is calibrated to an absolute value for the cation
off-stoichiometry of the thin films x based on the formula
Ba1+xBi1−xOy by means of a reference measurement of Ba
4d and Bi 4 f on the stoichiometric BBO target material, for
which x = 0 is assumed. The upper panel in Fig. 3(b) shows
the resulting values of x dependent on the film thickness,
while the lower panel displays the binding energy position of
the Bi 4 f7/2 line extracted from Fig. 2(c).

Apparently, while the cation stoichiometry of the thick-
est films is close to x = 0, for dBBO < 6 nm the samples
exhibit a lower Bi-to-Ba ratio, with an increase of x up to
0.3 for the sample with dBBO = 0.4 nm. In parallel to this
off-stoichiometry, the binding energy of the Bi 4 f7/2 core level
shifts towards higher values.

As Ba is bound to its oxidation state Ba2+, additional holes
have to be compensated in Ba-rich films with dBBO < 6 nm
to maintain charge neutrality. This could be achieved through
an adjustment of the oxygen stoichiometry y, i.e., oxygen
vacancies, or by lifting the oxidative state of the multivalent

in
te

ns
ity

 (a
rb

. u
ni

ts
)

164 160 156
binding energy* (eV)

94 92 90 88 86

x 3

XPS Al K

Bi 4f

Ba 4d

core level intensity
inelastic background

0.3
0.2
0.1
0.0

ca
tio

n 
of

f-
st

oi
ch

io
m

et
ry
x Bi-excess

Ba-excess

0.6

0.4

0.2

0.0 energy
shift

from
 reference* (eV)

151050
Ba1+xBi1-xOy thickness (nm)

158.2

158.0

157.8

157.6

bi
nd

in
g

en
er

gy
* 

(e
V

)

Bi 4f7/2 reference
157.67 eV

(a)

(b)

FIG. 3. (a) Evaluation of the integrated intensities of the Bi 4 f
and Ba 4d core levels for determination of the cation stoichiometry.
(b) Upper graph: Cation off-stoichiometry x dependent on the film
thickness. x is obtained by a calibration of the ratio of the Bi 4 f and
Ba 4d core-level area intensities to that of a reference measurement
on the stoichiometric BBO target material (x = 0). Experimental
uncertainties are indicated by error bars. Lower graph: Binding
energy of Bi 4 f (left axis) and energy shift relative to the reference
position (right axis) dependent on the film thickness. Dotted lines are
guides for the eye. *The binding energy is corrected for charging as
described in Appendix C.

element Bi towards Bi5+. The latter scenario was suggested
by Itoh et al. to take place in Bi-deficient bulk crystal samples
of BBO [27]. In this fully ionic picture, the increase in x
is expected to result in a concomitant increase in spectral
weight in the Bi core-level spectra associated with Bi5+,
similarly to what is observed in many doped 3d transition
metal oxide systems [28–30]. However, such changes in the
Bi valence are not detected in the present measurements, since
only a single Bi doublet is observed for all samples. Still,
as mentioned before, the binding energy split between the
spectral components of different oxidation states of Bi might
just be too small to be resolved [17,18].

Alternatively, the notion of integer oxidation numbers may
not be a meaningful concept at all due to the rather covalent
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nature of the Bi-O bond. In this case, the smaller number of
electrons on the Bi-O sublattice with increasing x could just
result in a rigid shift of the Bi 4 f core level to higher binding
energies, as observed here.

A conceivable cause for the deviation of the thin-film
composition could be a modification of the target stoichiom-
etry during PLD growth. To exclude such effects, the target
area used was ablated for cleaning before the actual film
deposition with a multiple of the laser pulses (i.e., >400
pulses) as used to grow the thin films (20 pulses =̂ 1 nm).
As an additional cross-check, two 1-nm-thick films were
grown in direct succession with ablation from the same target
spot and another 400 laser pulses in between. Indeed, the
small change in x of about 0.05 is measured for these two
samples, pointing towards a change in the target stoichiometry
during growth. However, the absolute difference is too small
to explain the differences in �x > 0.3 between the 0.4-nm-
and the >6-nm-thick films, ruling out a target degradation
scenario as the main reason for the strong deviations of the
cation stoichiometry in ultrathin BBO.

A similar stoichiometric alteration of the initially deposited
layers towards a bismuth deficit was observed before in
molecular beam epitaxy of BBO films on MgO substrates
[31]. In a consecutive study, the same authors found that
the sticking coefficient of Bi increases significantly when a
layer of Ba has previously been deposited underneath [32].
The alteration of the cation stoichiometry observed in our
experiments thus likely is caused by general thermodynamics,
closely related to the volatility of bismuth, rather than being
of specific PLD process-related origin. It is speculated that
the tendency of reevaporation of Bi during the initial growth
is related to the weak stability of the crystalline bonding
environment of Bi, as also reflected in the irradiation-induced
changes in the Bi 4 f core-level line of the dBBO = 0.4 nm
sample mentioned above.

C. Valence band photoemission

To answer the question whether an insulator-to-metal tran-
sition occurs when the film thickness is decreased below the
critical value we also measured valence band spectra by XPS
dependent on the BBO film thickness [see Fig. 4(a)]. Again,
the relative binding energy scale is calibrated as described in
Appendix C. We remark that the spectra of the samples with
dBBO < 6 nm are a superposition of the valence band spectra
of the film and the STO substrate, which is the main origin of
the changes in the spectral shape at binding energies higher
than 2 eV with decreasing film thickness.

The valence band of the thick films resembles that of
bulk BBO [15,18,33], where the tail of a characteristic step-
like feature at the valence band edge touches the chemical
potential. However, no Fermi edge is visible, signaling the
semiconducting nature of the material. When the BBO film
thickness is decreased to dBBO < 3 nm, the steplike feature
vanishes. This is also manifest in Fig. 4(b), which shows
the decomposition of the valence band spectrum of the sample
with dBBO = 1 nm into the valence band spectrum of a bare
Nb:STO substrate (dotted blue line) and that of a 10-nm-thick
BBO film (dotted green line). Apparently, the states forming
the steplike feature [arrow in Fig. 4(b)] are not occupied in
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FIG. 4. (a) XPS valence band spectra of samples with different
BBO thicknesses. The transition from the STO-dominated valence
band for thin films to the BBO valence band at larger film thicknesses
is illustrated. (b) Exemplary decomposition of the valence band of
the 1-nm-thick BBO sample into the valence band spectra of a
bare Nb:STO substrate and a 10-nm-thick BBO film. The typical
steplike valence band onset (arrow) is missing for samples with
dBBO < 3 nm. *The binding energy is corrected for charging as
described in Appendix C.

the samples with dBBO < 3 nm, possibly due to the reduced
number of valence electrons in the Bi-deficient system, or in
fact not present in the electronic structure of the structurally
modified lattice. Consequently, it can be ruled out that the
absence of the CO phase in the thin-film limit is accompanied
by a closing of the CO band gap, as suggested by the authors
of Ref. [6]. In other words, the BBO films do not turn metallic
in the thin-film limit.

IV. CONCLUSION

We have presented an investigation of the structural and
spectroscopic properties of BBO thin films dependent on their
thickness. In accordance with Ref. [6], Raman spectroscopy
and low-energy electron diffraction point towards a structural
alteration of the BBO lattice in the thin-film limit below a
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(a) (b) (c)

FIG. 5. Properties of BBO thin films deposited in different oxygen background pressures between pO2 = 2 × 10−2 mbar and pO2 = 2 ×
10−1 mbar. (a) ω-2θ scans around the BBO(002) diffraction peak. (b) Corresponding rocking curves of the BBO(002) peak. (c) Cation off-
stoichiometry x evaluated in the same way as in Fig. 3.

thickness of dBBO = 3 nm. However, no evidence is found
for a spontaneous structural transition, but rather a gradual
vanishing of the BBO bulk phonon Raman response with
decreasing film thickness is observed. The film volume below
a thickness of 3 nm does not contribute to the Raman signal.
Such a dead layer is in line with the initial growth of a
film lattice that is structurally different from that of bulk
BBO, persists at the interface also during ongoing deposition,
and eventually forms the interfacial layer in the BBO/STO
heterostructure as reported in Ref. [20]. Employing XPS, it
is deduced that the structural modifications are attended by
a distinct Bi deficit in the initially formed film layers. The
connected thickness-dependent differences in the local lattice
environments of the Ba and Bi cations entail pronounced
changes in the Bi 4 f and Ba 4d core-level spectra. Accord-
ingly, the valence states of the samples with dBBO < 3 nm are
also modified in comparison to those of thicker BBO films.
All investigated films remain insulating.

In summary, the interpretation of a thickness-controlled
vanishing of the BiO6 breathing phonon as a breakdown of the
CO state, caused solely by the reduction of the dimensionality,
falls short for our BaBiO3 thin films. Our measurements rather
demonstrate that the epitaxy-related interfacial modifications,
including an altered stoichiometry in proximity to the in-
terface, underlie the film-thickness-dependent modifications
observed in the BBO/STO system. Our results emphasize the
importance of a comprehensive review of structure, chemical
composition, and electronic properties when evaluating the
origin of thickness-dependent phenomena in oxide thin films.
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APPENDIX A: OPTIMIZATION OF THE OXYGEN
BACKGROUND PRESSURE FOR BaBiO3 GROWTH

In order to obtain the most favorable conditions for the de-
position of BBO thin films in the present study, we performed
a systematic empirical optimization of the three growth pa-
rameters TS , pO2 , and FL. To this end, three individual sets
of BBO thin-film samples were prepared. In each sample set
one particular growth parameter was varied, while the other
two parameters were kept at a fixed value. The samples were
examined by x-ray diffraction, and the cation stoichiometry
was determined by means of XPS in analogy to Fig. 3.

Figure 5 exemplarily shows the data used to determine
the oxygen growth pressure. Figure 5(a) depicts ω-2θ scans
around the BBO(002) diffraction peak (pseudocubic notation)
for films with thicknesses in the range of 16–19 nm, grown
at oxygen pressures of pO2 = 2 × 10−2 to 2 × 10−1 mbar, at
TS = 560 ◦C, and FL = 1.1 J cm−2. Apparently, indicated by
the nicely visible thickness fringes, a well-ordered epitaxial
BBO film is obtained for all growth pressures above pO2 =
2 × 10−2 mbar. In contrast, the lack of thickness fringes
for the sample deposited at pO2 = 2 × 10−2 mbar already
signals a worsening of the lattice order for too low oxygen
background pressures.

Epitaxial BBO thin films commonly consist of individual
crystallites that are slightly tilted with respect to each other.
This mosaic structure is essentially related to the density
of dislocations and other defects in the lattice and can be
probed by so-called rocking scans of the film Bragg peaks.
The FWHM of the diffraction peaks in such rocking scans
serves as a relative measure for the defect density of the
films. Figure 5(b) depicts the rocking curves of the BBO(002)
reflexes of the present sample set in Fig. 5(a). Apparently, the
rocking curves exhibit a significant dependence on the oxygen
growth pressure, with the narrowest peak being observed for
the pO2 = 8 × 10−2 mbar sample.

The main reason for the growth pressure dependence of
the defect density is found when analyzing the stoichiom-
etry of the films. As deducible from Fig. 5(c), the cation
off-stoichiometry x of the samples also exhibits a strong
dependence on the oxygen growth pressure and is minimal
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for pO2 = 8 × 10−2 mbar. A deviation from the nominal 1:1
ratio of Ba and Bi in the films obviously increases the defect
density and misorientation of crystallites in the BBO film.

Strong dependencies of the cation stoichiometry of the
deposited material on the growth pressure are a commonly
observed phenomenon for PLD of multicomponent oxides
at deposition pressures above 10−2 mbar [34–36]. While at
lower pressures the plasma plume expands virtually freely in
the vacuum chamber, in the pressure regime above 10−2 mbar
collisions with the background gas become important. These
interactions depend on the mass and scattering cross sections
of the particular plume species and often result in modifica-
tions of the stoichiometry of the material condensing on the
substrate surface. Additionally, the concurrent thermalization
of the species in the plasma plume at higher pressures reduces
possible resputtering of deposited material from the substrate,
which often affects the film composition at lower growth
pressures.

Conclusively, on the basis of the results in Figs. 5(b) and
5(c), a pressure of pO2 = 8 × 10−2 mbar was chosen for the
preparation of the thin films in this study.

APPENDIX B: ANALYSIS OF THE BREATHING PHONON
RAMAN RESPONSE

The Raman response of the breathing phonon of the
thickness series of BaBiO3/Nb:SrTiO3 samples is evaluated
quantitatively by fitting the breathing phonon excitation at
565 cm−1. The spectrum of the sample with a thickness of
0.4 nm [blue line in Fig. 1(a)] shows no indications of phonon
excitations from the BBO film but closely resembles the
Raman response of an STO crystal. STO in its ideal cubic
room-temperature phase is expected to have no first-order
Raman active modes. The spectral contributions below about
400 cm−1 and above about 650 cm−1, constituting the STO
response, are due to second-order Raman scattering processes
[22]. The peak of the BBO breathing mode occurs at the
minimum in between and is separated from the background
intensity by subtracting the spectrum for the 0.4-nm-thick
sample from each spectrum of the samples with higher BBO
thicknesses. This procedure is, in particular, necessary to
properly evaluate the spectral form of the rather weak breath-
ing phonon response of BBO films with dBBO = 3 and 4 nm.
As can be seen from the tail regions in Figs. 6(b)–6(f), the
subtraction in fact slightly overcorrects the contributions from
the substrate to the spectra but otherwise results in phonon
peak shapes which can be reasonably evaluated also for
samples with dBBO � 4 nm.

Eventually, the spectra in Figs. 6(b)–6(f) were fitted over
the energy range between 465 and 650 cm−1 by Lorentzian
lines. The obtained values for the absolute area of the
Lorentzians and their FWHM dependent on the BBO film
thickness are displayed in Fig. 1(b).

APPENDIX C: BAND ALIGNMENT AT THE
BaBiO3/Nb:SrTiO3 INTERFACE

Figure 7(a) compares, shown by colored lines, the O 1s
core-level spectra of a BBO film grown on Nb:STO, measured
with an Al Kα x-ray tube at four emission currents, i.e., x-ray
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FIG. 6. (a) Background-subtracted Raman spectra of the breath-
ing phonon excitation for different film thicknesses. (b–f)
Lorentzian fits of the breathing phonon response of samples with
dBBO � 3 nm. Each ordinate scaling is normalized to the intensity
of the peak maximum.

intensities. While for a fixed x-ray intensity the kinetic energy
position of the core level is stable during irradiation, it shifts
to lower kinetic energies with increasing x-ray intensity due
to a retardation of the photoelectrons as a result of sample
charging. Obviously, the charge being emitted through the
photoemission process is not fully replenished by ground-
ing the substrate back. The Nb:STO substrate itself, as an
n-doped crystal with metallic conduction, provides a good
electrical contact to the sample holder. BBO, on the other
hand, is expected to be intrinsically insulating. Nevertheless,
the kinetic energy positions of the film core-level lines exhibit
only minor variations between BBO/Nb:STO samples with
different BBO thicknesses (not shown). This points towards
some residual conductivity in the BBO films, possibly related
to defect states, and rules out the limited film conductivity as
a decisive factor for the observed charging. We thus are led
to conclude that impeded transport of electrons between the
Nb:STO substrate and the BBO film across the interface is
responsible for the charging. As explained in the following,
the reason can be found in the particular arrangement of the
electronic bands at the interface.
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FIG. 7. (a) O 1s core-level spectra of a BBO film on Nb:STO dependent on the emission current of the Al Kα x-ray tube. (b) Decomposition
of the valence band of a sample with a 4-nm-thick BBO film. (c) Band alignment at the BaBiO3/Nb:SrTiO3 interface as derived from (b).
(d) Upward band bending towards the interface in the Nb:STO substrate, hampering electron transfer across the interface into the film.

We determine the band alignment at the heterointerface
based on valence band photoemission, as illustrated exem-
plarily for the BBO/Nb:STO sample with dBBO = 4 nm in
Fig. 7(b). This film thickness is small enough that the valence
band spectrum, measured with Al Kα radiation, is a superpo-
sition of spectra originating from both the substrate and the
BBO overlayer. The spectrum is decomposed into the two
contributions by fitting a sum of two reference spectra of the
valence bands of BBO and Nb:STO. The latter is measured
on a bare Nb:STO substrate and is plotted in the inset in
Fig. 7(b). As a reference for the film valence band the XPS
data for a 10-nm-thick BBO film is used. The fit allows for
both a scaling in intensity and a shift in kinetic energy of the
reference spectra. The orange line in Fig. 7(b) indicates the
Fermi edge of a Au reference to point out the position of
the chemical potential (without charging).

Indicated by the gray lines in Fig. 7(b), the decomposition
of the spectrum of the heterostructure yields a relative band
offset of 0.24 eV, given by the energy difference between
the leading O 2p–derived valence band edges of BBO and
Nb:STO. With this result and taking into account the band
gaps of BBO (EBBO

g = 0.5 eV [37]) and STO (ESTO
g = 3.3 eV

[38]), the band diagram of the heterointerface in Fig. 7(c) can
be deduced. The position of the Fermi energy in the system
cannot be determined directly due to the unknown size of
the charging potential. However, in Fig. 7(b) no Fermi cutoff
is discernible at the characteristic steplike onset of the BBO
valence band, which constitutes the lower edge of the CO
band gap of BBO, and also no indications of occupied states in
the CO band gap itself. Hence, we conclude that the chemical
potential is located somewhere inside the blue-shaded band
gap region of BBO in Fig. 7(c). The green areas in Fig. 7(c)
accordingly mark the unoccupied states.

From the band scheme in Fig. 7(c) we infer that the
chemical potential in the interfacial substrate layers of
the BBO/Nb:STO heterostructure is located 1.4–1.9 eV below
the conduction band in comparison to the Nb:STO bulk. Thus,
in the vicinity of the interface the bands of Nb:STO are
bent upwards, as schematically shown in Fig. 7(d), forming
a Schottky-like potential barrier in the substrate. This barrier,
with an energetic height of 1.4–1.9 eV, restricts a direct
electron transport from the grounded back of the substrate to
the probed sample surface and provides a viable explanation
for the charging during photoemission measurements.

Due to the relatively sharp line shape of the O 1s core
level, which is almost independent of the film thickness [cf.
Fig. 2(a)], it is utilized as a reference for calibration of a
relative binding energy scale for XPS measurements of differ-
ent BBO/Nb:STO samples. Accordingly, the binding energy
of all photoemission measurements on the BBO/Nb:STO
samples (marked by an asterisk) reported in this publication
are calibrated by aligning the respective O 1s lines to a
fixed reference value. This procedure allows us to directly
compare XPS spectra of the various BBO/Nb:STO samples
with each other on a common energy scale, independent of
the energy shift caused by the irradiation-induced charging.
As a reference energy we utilized the peak maximum of the
O 1s core level of a BBO film deposited on a Nb:STO(001)
substrate with an 8-unit-cell-thick metallic SrRuO3 (SRO)
buffer layer [gray-shaded spectrum in Fig. 7(a)]. By intro-
ducing the SRO layer into the heterostructure, charging of
the BBO films during x-ray irradiation is readily avoided
and the chemical potential of the films is pinned in close
proximity to the steplike valence band onset in the CO band
gap [39].
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