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Thin films of transition metal oxides open up a gateway to nanoscale elec-
tronic devices beyond silicon characterized by novel electronic functionalities.
While such films are commonly prepared in an oxygen atmosphere, they are
typically considered to be ideally terminated with the stoichiometric composi-
tion. Using the prototypical correlated metal SrVO; as an example, it is dem-
onstrated that this idealized description overlooks an essential ingredient:
oxygen adsorbing at the surface apical sites. The oxygen adatoms, which

are present even if the films are kept in an ultrahigh vacuum environment
and not explicitly exposed to air, are shown to severely affect the intrinsic
electronic structure of a transition metal oxide film. Their presence leads to
the formation of an electronically dead surface layer but also alters the band
filling and the electron correlations in the thin films. These findings highlight
that it is important to take into account surface apical oxygen or—mutatis
mutandis—the specific oxygen configuration imposed by a capping layer

to predict the behavior of ultrathin films of transition metal oxides near the

the states of a Mott insulator and a cor-
related metal as an on-off switch, which
can be far more effective and robust than
merely manipulating the carrier density
as is done in conventional semiconductor
devices.[*]

To realize these novel devices and, in
particular, to miniaturize them, TMOs
need to be prepared in the form of thin
films, which, among many other advan-
tages, allows unstable phases of bulk
materials to be synthesized and strain
to be tuned. In addition, the film thick-
ness itself can be exploited as a tuning
parameter in navigating the electronic
properties of TMOs through their phase
diagrams. For instance, a Mott metal-
insulator transition can be triggered in
many correlated oxides when the 2D limit

single unit-cell limit.

1. Introduction

The extraordinary electronic properties of transition metal
oxides (TMOs) have made them promising candidates for next-
generation electronic device and memory structures.’? One
prominent example is the metal-insulator transition in corre-
lated oxides, which may be exploited to form a new class of elec-
tronic devices—referred to as Mottronics.># A Mott transistor,
for example, employs the electronic phase transition between

is approached. A benchmark material
is SrVO;,78l the research object of this
study. Other examples include CaVOs3,!®!

LaNiO;,”! StRu0;,°12 and SrIr0;.1!
While these ultrathin films are very sensitive to any modi-
fication of their surfaces, they are typically described as slabs
with the ideal bulk stoichiometry throughout and an abrupt
surface,*3 leading to surface cations with a lower coordina-
tion. However, if the transition metal ion has a tendency to oxi-
dize further from its bulk oxidation state, the truncated surface
may host adsorption sites that attract additional oxygen to restore
the bulk ligand coordination for the transition metal ions in the
surface layer. Indeed, oxygen adsorption has been observed
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on various TMO-surfaces such as perovskite SrvVO;l*1l

LassCa3;sMnO;, "% Sr1r03,[7 LaTiO;, and LaVOs (see Section 6)
surfaces, rutile VO,, ¥ and corundum V,0,"2! surfaces, even
in an ultrahigh vacuum environment. However, the impact of
the surface apical oxygen on the electronic structures of the thin
films has been rarely discussed in the previous publications.

To investigate this impact, we use the prototypical correlated
metal StVO; (SVO),122731 a material which is attractive as highly
conductive bottom electrode and transparent conductor(32-34
as well as a promising channel material for the realization
of a Mott transistor.’®) We show that an overoxidized surface
is inevitably present after the growth and persists in ultra-
high vacuum. By means of in situ photoelectron spectroscopy
combined with realistic electronic structure calculations we
demonstrate that the overoxidized surface severely affects the
electronic and atomic structures of the ultrathin TMO film.
We show that the apical oxygen not only leads to the formation
of regions of an electronically and magnetically dead layer at
the surface but also alters the band filling and the electronic
correlations of the thin films, rendering the conventional con-
sideration of a simple stoichiometric slab invalid. In more gen-
eral terms, our results showcase the importance of the oxygen
configuration at the surface of transition metal oxide thin
films. With the oxygen configuration being not only affected by
apical oxygen but also by potential—in particular nonepitaxial
and nonisostructural—capping layers, our findings are highly
relevant to the design and operation of integrated TMO-based
devices with an active layer thickness approaching the unit cell
regime, such as the emerging Mott transistors.

2. Surface Overoxidation of Thick SrVO; Films

The nominal 3d! occupancy of V in SrV**O; poses a challenge
for the sample preparation, because the most stable vanadium
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valence, which corresponds to a noble gas configuration, is not
V** but V° * making SVO films prone to overoxidation. This
becomes apparent in Figure 1a, where X-ray photoelectron spec-
troscopy (XPS) was employed to record the V 2p;, core level
spectra of an epitaxial 75 uc thick SVO film grown by pulsed
laser deposition (PLD) with a nominal VO, surface termina-
tion. For the sample exposed to air prior to the XPS measure-
ment the spectrum (labeled “ex situ”) is dominated by a strong
peak around a binding energy of 518 eV that is assigned to V> *
ions by comparison to reference data of different vanadium
oxide compounds.*®! However, even for films analyzed imme-
diately after the PLD growth without an exposure to air, pen-
tavalent vanadium is detected,™ as is seen from the in situ
spectra in Figure la. The spectra were recorded at different
electron emission angles O to check whether this V°* signal
originates from the SVO film surface. The V° * component is
stronger at higher 0, that is, in more surface sensitive measure-
ment geometries, which suggests that the over oxidation occurs
near the SVO surface. For a quantitative account, the angle-
dependence of the relative V°* content I(V° *)/[I(V* H)+I(V°> )]
was fitted (see Figure 1b) within a microscopic model taking
into account the relative V> * content in each VO, layer of the
film and the depth-dependent damping of the photoelectrons
(see Section S3, Supporting Information for details). We found
that the V> * component stems almost exclusively from the top-
most layer while the subsurface layers only contribute to the
V#* component.

Complementary structural information is provided by low-
energy electron diffraction (LEED). The in situ observed dif-
fraction pattern of a thick film in Figure 1c exhibits a v/2x~/2
R(45°) reconstruction. The associated reciprocal and direct
space surface unit cells are marked in the pattern and in the
structural model of the surface by dashed green and black
squares for the cubic perovskite and the reconstruction, respec-
tively. The same surface reconstruction was reported in the
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Figure 1. a) V 2p;), spectra of a 75 uc thick SVO film exposed to air (ex situ) are dominated by a strong V> * signal evidencing the oxidation of the SVO
film. XPS on in vacuo (in situ) handled SVO films at different electron emission angles ¥ detects a V° * signal that emanates from the surface, even
without exposure to air. b) Model fit of the angle-dependent relative V> * content I (V> %) /[I(V4*)+I(V>*)]. The best match is achieved with a d' occupancy
throughout the film except for a single dead layer at the very surface with d° occupancy. c) Top: The LEED pattern of a thick SVO film exhibits a +/2 x /2
R(45°) surface reconstruction consistent with the ordered adsorption of oxygen ions at apical sites as detected in an STM study."™ Bottom: Structural
model of the SVO film surface decorated with apical oxygen. d) Structural model of the SVO film showing the additional oxygen ions draining electrons
from the film surface.
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literature for similarly grown SVO films,/™*] and a recent
scanning tunneling microscopy (STM) study by Okada et al.["’]
identifies adsorbed oxygen ions as its microscopic origin. They
find that additional oxygen ions occupy half of the apical sites
above the surface vanadium ions, thereby closing every other
VOq octahedron. The oxygen presumably adsorbs during the
growth of the samples which is performed in an oxygen back-
ground atmosphere. This microscopic picture is consistent
with the over oxidation of the topmost VO, layer inferred from
the modeling in Figure 1b since every excess oxygen ion drains
two electrons from the V 3d band and thereby (nominally)
generates two V° * ions, as sketched in the structural model in
Figure 1d.'”! Therefore, we conclude that a complete electroni-
cally dead (d%) surface layer forms on a thick SVO film termi-
nated with an apical oxygen induced superstructure while the
rest of the film remains virtually unaffected. This happens
even when the SVO film is exclusively handled in an ultrahigh
vacuum environment. We note that the apical oxygen is chem-
isorbed and can only be removed by prolonged annealing at
high temperatures.

3. Evolution of Apical Oxygen Coverage with Film
Thickness

With the surface overoxidation essentially only affecting the
valence of the topmost SVO layer, it can be mostly neglected
for the physical properties of a thick SVO film. When the
SVO film thickness is reduced to only a few unit cells, the
adsorbed oxygen ions may, however, have strong bearing on
the electronic properties of the films. In the next step, we thus
investigate ultrathin SVO films of 2 to 6 uc thicknesses—that
is, across the Mott metal-insulator transition that occurs at a
critical thickness of 3 uc (see Section S1, Supporting Informa-
tion)—in situ immediately after their growth. Figure 2a depicts
the corresponding XPS V 2p;, spectra together with that of
the 75 uc thick film, normalized to the integral V 2p spectral
weight. The spectra exhibit a systematic trend: The intensity
of the V°> * component increases with the film thickness and
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saturates above 6 uc SVO. To back up the observation in the
V 2p spectra, we present the corresponding LEED patterns in
Figure 2b, where the +/2 x+/2 R(45°) reconstruction ascribed to
apical oxygen adsorption is present on all samples. However,
compared to the 1 x 1 spots, the fractional order reflections
(marked by the arrows) lose their intensity with decreasing
film thickness. This becomes apparent in Figure 2c¢ in which
the intensity of the LEED pattern is analyzed along the dotted
line in Figure 2b. With the line profile normalized to the peak
intensity of the 1 x 1 reflection, the V2 x+/2 R(45°) spots clearly
weaken with decreasing SVO thickness, indicating a declining
surface coverage with adsorbed oxygen, consistent with the
trend revealed by XPS for the V> * component in Figure 1la.
Note that the intensity changes in the diffraction pattern do not
permit a quantitative estimate of the total amount of adsorbed
oxygen, as LEED detects only the ordered apical atoms incor-
porated in the superstructure and is not sensitive to oxygen
adatoms randomly occupying the remaining apical sites. None-
theless, since the apparent trend detected in the LEED patterns
mirrors that observed in the V 2p;;, spectra, we arrive at the
conclusion that the coverage of adsorbed apical oxygen and
hence the fraction of V> * ions gradually reduce with decreasing
SVO film thickness.

We speculate that the dependence of the surface apical
oxygen coverage on the film thickness is related to the impact
which the additional oxygen has on the average number of V
3d electrons in the ultrathin films. A full coverage with surface
apical oxygen in an ordered v/2 x+/2 R(45°) arrangement—that
is, every second apical site is occupied by oxygen—removes one
V 3d electron per surface unit cell. A thick film provides a large
reservoir of 3d electrons and therefore the average change of
the vanadium valence is negligible. When the film thickness
decreases at constant coverage, the relative share of the V> *ions
generated by the surface apical oxygen increases. For instance,
at 2 uc film thickness half of the vanadium ions would be ren-
dered from tetra- to pentavalent at full coverage with surface
apical oxygen in an ordered v/2 x+/2 R(45°) arrangement. This
may not be energetically favorable, as a result a lower coverage
might develop.

(o
( ) (1x1)
" reflection
(V2x\2) (V2x\2)
reflection reflection

intensity (arb. units)

ky (arb. units)

Figure 2. a) V 2p;), spectra of SVO films with thicknesses across the dimensional crossover show the V3* signal decreasing for thinner films. b) Cor-
responding LEED patterns where the diffraction pattern of the cubic perovskite unit cell is marked by dashed squares. The +/2 x~/2 R(45°) surface
reconstruction (see spot highlighted by arrows) is present on every sample. c) Intensity of LEED spots along the line profile indicated in (b). The line
profiles are symmetrized with respect to the (1x1) reflection. At smaller SVO thicknesses the reflections assigned to the surface reconstruction lose

intensity with respect to the diffraction pattern of the cubic perovskite.
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(d) spectra with apical O (e) quantized states
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Figure 3. a) Sketch of the calculated 6 uc heterostructure. b) Crystal field splitting A of the vanadium t,, orbitals from DFT. With an apical oxygen
(black dot) there are two inequivalent vanadium sites “V1” and “V2"” per layer, without they are equivalent and denoted by “V”. The corresponding local
orbital energy levels are illustrated in the two insets. The crystal field splitting of “V1” in the two topmost layers is a direct result of the apical oxygen.
At the surface layer the crystal field splitting for “V1” is 1 eV which is outside the drawn energy range. c,d) Layer(i)-resolved DMFT spectral functions
Aj(@) for 6 uc SVO c) without and d) with apical oxygen. e) Quantized states along the k, direction (k, = 0) in the structures with and without apical
oxygen (lines are obtained from parabolic fits to the second derivative of the shown intensity map). f) Orbital composition of the different vanadium

n
sites as the percentage of the xy occupation n,,= " 2

via N = (1= 1) /2. x Tz Ty,
4, Effect of the Surface Overoxidation—Theory

With the adsorbed oxygen draining electrons from the SVO
films, we can expect their intrinsic low-energy electronic prop-
erties to be strongly modified with respect to fictitious bulk-like
films with an ideal abrupt surface. To address this question, we
perform realistic electronic structure calculations for 6 uc SVO
on a STO substrate, using density functional theory (DFT) plus
dynamical mean field theory (DMFT) with DFT structural relax-
ation. For computational details see the Experimental Section,
and Section S5, Supporting Information for films of different
thicknesses across the metal-insulator transition. Without
apical oxygen, the surface layer shows a DFT crystal-field split-
ting of the V 3d shell between the (in-plane) xy-orbital and the
(degenerate) xz/yz orbitals of A = Ey, ), — E,, = —155meV, see
curve “V” in Figure 3b. This splitting results from two com-
peting effects: i) the topmost vanadium atoms lack an apical
oxygen to form a complete octahedron, which for an ideal cut-
off octahedron would yield a value of A = —370 meV;

ii) the latter is slightly compensated by the structural relaxa-
tion as well as by the tensile strain imposed by the STO sub-
strate which enhances the distance of the xy orbital lobes to
the in-plane oxygens.’”] Accordingly, for the subsurface layers,
where all oxygen octahedra are complete, A is positive as seen
in Figure 3b. Toward the STO substrate this effect is largely
compensated by the (out-of-plane) lattice mismatch between
SVO and STO.

Next, many-body effects are included using DMFT. Without
apical oxygen, the spectral functions in Figure 3c are metallic
for all layers, with the three-peak structure, consisting of lower

Adv. Electron. Mater. 2022, 8, 2101006 2101006 (4 Of9)

for the layers from top to bottom. The proportion of the xz/yz orbital can be obtained

Hubbard band, quasiparticle peak (with some fine structure),
and upper Hubbard band, being prototypical for a correlated
metal such as (bulk) SVO. All vanadium sites can be described
with a nominal d! configuration (i.e., V7). However, because of
the layer-dependent crystal field splitting A the orbital compo-
sitions differ vastly, see Figure 3f.

We now turn to the system with apical oxygen, where we
consider the idealized experimental +2x+/2 cell with 50%
apical oxygen coverage. There are two inequivalent vanadium
sites per layer, with and without apical oxygen, denoted “V1”
and “V2”, respectively (see Figure 3a). The crystal field split-
ting for “V2” is similar to the case without oxygen in Figure 3b.
The splitting for vanadium ions “V1”, however, is dramatically
changed, even inverted, near the surface.

In all, apical oxygen-induced changes in the crystal and elec-
tronic structure are confined to the uppermost two layers, see
the DMFT spectral functions in Figure 3d (cf., also Section S5,
Supporting Information for calculations on films of different
thicknesses). Whereas the third to sixth layer are practically
identical to the case without apical oxygen in Figure 3c, the
top layer shows dramatic qualitative changes: it is insulating
and contains only pentavalent vanadium with a d occupation
ny,, =0, that is, no occupied states below the Fermi level at
0 eV (see Figure 3d, top row). The apical oxygen drains one
electron from each of the two vanadium sites in the top layer,
whereas the subsurface layers are again close to a V** con-
figuration except for the V1 site of the second layer which has
ny, = 0.8. With the apical oxygen draining all electrons from the
surface layer, it becomes a dead (insulating) layer. The other
layers then essentially behave as the film without apical oxygen

© 2021 The Authors. Advanced Electronic Materials published by Wiley-VCH GmbH
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Figure 4. Effect of the surface overoxidation on the electronic structure of a 6 uc SVO film. The angle-integrated V 2p a) and 3d b) spectra, normal-
ized to integration time, change notably between the states with and without apical oxygen coverage which signals a pronounced shift in the average
V valence/V 3d occupation. c) The angle-resolved V 3d spectra for a film without (left) and with (right) apical oxygen hardly differ indicating a barely
changing band filling in the metallic domains. d) The d occupations estimated by different methods indicate that the d occupation is homogeneous
for the clean surface while domains with different d occupation form when apical oxygen adsorbs as sketched in (e).

but with one layer—the dead one—Iless. Because of the confine-
ment to five layers (six without apical oxygen), quantum well
states as shown in Figure 3e develop.]

5. Effect of the Surface
Overoxidation—Experiment

To investigate experimentally the effect of the apical oxygen on
the electronic structure, a 6 uc SVO/STO film was probed by
soft X-ray photoelectron spectroscopy with the degree of surface
overoxidation being varied in a controlled manner. These meas-
urements were performed with synchrotron radiation for two
reasons. First, due to the tunability of the synchrotron light, core
levels and valence band can be probed at the same photoelec-
tron kinetic energy and thus the same probing depth. We chose
low photoelectron kinetic energies around 105 eV, at which the
inelastic mean free path of the photoelectrons amounts to only
3.5 A, ensuring a high sensitivity to the topmost SVO layers
(see Section S3, Supporting Information for the estimate of the
inelastic mean free path). Second, with the intense hard X-ray
beam available at a third generation synchrotron the apical
oxygen can be effectively removed through photon-induced des-
orption,*® thereby restoring a clean surface (see Experimental
Section). Using these tactics, we have investigated the sample
in two states: i) the state immediately after the PLD growth,
which is characterized by additional apical oxygen adsorbing
on the VO,-terminated surface during the growth in an oxygen
background pressure and which remains intact through an
ultrahigh vacuum transfer to the synchrotron, and ii) the state

Adv. Electron. Mater. 2022, 8, 2101006 2101006 (5 of 9)

after removal of the apical oxygen by irradiation of hard X-rays.
The corresponding V 2p spectra of the two states are presented
in Figure 4a, where the presence and removal of apical oxygen
for the states before (blue) and after (red) the hard X-ray expo-
sure is confirmed by the pronounced and nearly quenched V> *
components, respectively, at 518 eV binding energy.

To quantify the effect of the apical oxygen on the electronic
structure, we determine the V 3d occupations in both states
using three different methods. First, from a decomposition of
the V 2p;, spectral weight into the V** and V°* contributions
we obtain and indicate in Figure 4d what we call the average d
occupation in the probed volume, that is, the equivalent d occu-
pation of a homogeneous SVO film. Based on the absence of a
V5 * component in the V 2ps), spectra, the d occupation of the
film without apical oxygen is readily identified as d'. When the
surface is decorated with apical oxygen we find that the average
d occupation is lowered to d*%® (see Section S4 and Figure S5a,
Supporting Information for details).

An independent estimate of the average d occupation can be
obtained from the total (angle-integrated) V 3d weights for the
two states, normalized to integration time. The corresponding
spectra are depicted in Figure 4b. The V 3d valence states span
the first 2 eV below the Fermi level and display the charac-
teristic line shape of a strongly correlated metal, featuring an
incoherent lower Hubbard band (LHB) at about 1.5 eV and a
metallic quasiparticle (QP) state at the Fermi level.?2 We find
that the overall V 3d weight drops by 33% when the clean
surface is compared to that with apical oxygen, in line with
the 32% decrease in the average d occupation inferred from
the V 2p spectra (see Section S4 and Figure S5b, Supporting

© 2021 The Authors. Advanced Electronic Materials published by Wiley-VCH GmbH
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Information for details). Note that the presence or absence of
apical oxygen not only affects the total intensity but also the line
shape of the angle-integrated V 3d spectrum.

Yet another way of probing the V 3d band filling utilizes the
determination of the Luttinger k-space volume enclosed by the
Fermi surface. For this purpose, we evaluate the momentum-
dependent band structure recorded by angle-resolved photo-
emission spectroscopy (ARPES). Figure 4c shows band maps
measured along the Brillouin zone cut sketched in the inset
for the states with and without apical oxygen. Assuming a 6 uc
homogeneous SVO film, we derive the average d band fillings
from the observed Fermi wavevectors and the known sym-
metry and shape of the Fermi surface to be d**' and d*% for the
states without and with apical oxygen, respectively, the values
of which are also included in the table in Figure 4d for com-
parison (see Section S4 and Figure S5c—e, Supporting Informa-
tion for details).

For the sample state of a clean surface, the table in Figure 4d
shows that all three methods yield the same result, namely,
essentially a d! occupation as expected from the nominal elec-
tron configuration of vanadium in stoichiometric SrVO; (see
top sketch in Figure 4e). In contrast, the resulting d occupa-
tions differ noticeably for the state with apical oxygen: while
we observe larger than 30% reductions in the d occupations
inferred from the angle-integrated V 3d and V 2p spectra, the
Luttinger volume derived from the angle-resolved V 3d meas-
urements decreases by a much smaller amount of only 16%
upon the addition of surface apical oxygen. In general, such a
discrepancy is indicative of an electronic phase separation into
metallic and insulating regions on mesoscopic or microscopic
length scales, as also observed for SrTiO5.13% This is because the
band filling extracted from ARPES mapping is only susceptible
to the metallic domains (as insulating regions do not contribute
to the Fermi surface), whereas the angle-integrated V 3d and
V 2p spectra average the band filling over both insulating and
metallic domains and are insensitive to the spatial distribution
of the d electrons.

In light of this phase separation scenario, we consider the
coexistence of insulating d° and metallic d' - domains for the
sample state with apical oxygen in line with the experimental
results summarized in Figure 1 and the theoretical findings for
the layer-resolved orbital occupations (see Figure 3d). We model
the SVO film by an inhomogeneous phase separation where
laterally scattered d° domains are confined to the topmost layer
and embedded in a homogeneous metallic matrix of band
filling d' = that extends 6 uc in depth, as shown in the bottom
sketch of Figure 4e. We vary x and the surface coverage of the
d® domains to yield the V> */V** ratio and Luttinger volume that
are consistent with the corresponding measured V 2p spectrum
and ARPES band map. Note that, while modeling the V 2p core
level intensity, we take into account the exponential damping
of the photoelectrons from subsurface layers. We reproduce
the experimental results for the 6 uc SVO film in the state
with apical oxygen with a d88 * 00> band filling for its metallic
regions and (3517)% of its surface turned into a d° dead layer.
It should be noted that the probing depth of our photoemission
experiments amounts to about 10.5 A (three times the photo-
electron inelastic mean free path given above), and sets a limit
on the depth sensitivity of the angle-integrated measurements,
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and hence the above estimates are most relevant to the three
topmost SVO layers.

Our findings of apical oxygen altering the electronic struc-
ture are at variance with the interpretation put forward by
Backes et al.l*l of their synchrotron-based ARPES results on
SVO films. They observe strong changes in the spectral line
shape as a function of UV irradiation and attribute them to
beam-induced oxygen vacancies forming in the SVO lattice.
This interpretation is incompatible with our data, where the
X-ray induced nearly 50% increase of V 3d spectral weight
(Figure 4b) is accompanied by a massive V 2p spectral weight
transfer from the V> * to the V#* component (Figure 4a), rather
than any noticeable further reduction of V (from V** to V3 ¥)
expected for oxygen vacancy formation. Note that their samples
showing the large changes in spectral weight were transferred
in air and then annealed in vacuum to recover a clean surface.
We suspect that the annealing process did not remove all the
excess surface oxygen, which then desorbed under the intense
UV light, as reported in this work. Despite the different inter-
pretations we observe essentially the same dependence of the
V 3d spectral function on radiation dose.

6. Discussion

Viewed together, our theoretical and experimental results pro-
vide a detailed picture of the adsorption of oxygen at the apical
sites of SVO films and its impact on their electronic properties.
The DMFT calculations consider the limiting case where every
second vanadium in the film surface is decorated with an apical
oxygen. They show that at this coverage the 3d shell of the V
atoms in the topmost layer is completely depleted while the d!
occupation of all layers beneath remains virtually unaffected.
For the 75 uc thick SVO film, whose apical oxygen coverage
matches the supposition of the DMFT calculations, the forma-
tion of a complete d° layer at the surface is indeed observed
experimentally in our depth-dependent XPS measurements.

We also find a d° phase forming in the surface layer of the
6 uc SVO film when decorated with apical oxygen. However,
it does not cover the entire surface. We observe additionally a
slight electron depopulation of the metallic regions driven by
the presence of apical oxygen. The latter observation is elu-
sive to our calculations which assume a full coverage of apical
oxygen in an ordered v2x+/2 R(45°) arrangement. Here it is
interesting to note that the fractional order LEED reflections in
Figure 2c are weaker for the 6 uc SVO film than for the 75 uc
one, suggesting that, unlike the much thicker film where the
coverage of the /2x~/2 R(45°) reconstruction is more com-
plete, the surface of the 6 uc SVO film should have regions
covered by apical oxygen ions that do not follow the same long
range order as well as regions covered by less apical oxygen.
There, the local lattice distortion and thus the crystal field split-
ting may be reduced and favor light p doping of the film instead
of complete depletion of the d band of the surface layer.

Beside the change in the d occupation, we also observe that
the V 3d spectral shape begins to evolve upon the desorption
of apical oxygen. With the V 3d weight exclusively originating
from the metallic domains, this indicates a variation in their
electronic properties. In particular, the apparent increase in
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Figure 5. a) Ti 2p spectra of =40 uc thick LaTiO; films and b) V 2p spectra of =10 uc thick LaVOj; films. The pronounced Ti**, V4*, and V° * signal

components in the uncapped films reveal the presence of apical oxygen at
LaAlO; capping layer.

the ratio of the LHB and QP weights may signal increased
correlations in the absence of apical oxygen, which might be
partly explained by the d occupation being driven closer to an
integer filling. Furthermore, the topmost layer of the SVO film
can exhibit enhanced correlations due to reduced coordination
numbers?** and thus a different QP to LHB ratio from the
bulk. The presence of d° domains in the topmost layers of the
film with adsorbed oxygen will suppress this surface contribu-
tion and alter the V 3d spectral function. Alternatively, defects
in the topmost layer may lead to enhanced scattering and hence
broadening of the QP feature. When d° domains develop with
the adsorption of apical oxygen, surface defects are shielded by
the dead layer, scattering becomes less important, and the V 3d
lineshape will feature a sharper QP peak.

We have demonstrated that the presence of apical oxygen has
strong bearing on the electronic properties of ultrathin SVO
films in terms of the layer-dependent crystal-field splitting, d
occupation, number of quantum well states, and orbital com-
position. In addition, we observe electronic phase separation,
in both lateral and vertical directions, into metallic and insu-
lating domains. Since the apical oxygen is present also on SVO
films only handled in ultrahigh vacuum and changes the elec-
tronic structure in the same thickness range in which also the
transition from a correlated metal into a Mott insulating phase
occurs (see ref. [8] and Section S1, Supporting Information), it
is a natural step to link these two phenomena. While we can
safely assert that the metal-insulator transition is influenced in
many ways by surface chemical effects and that a description
within a simple Mott—Hubbard type scenario falls short, a full
understanding of the complex interplay between the thickness-
dependent electronic transition and the adsorption of apical
oxygen requires further studies and is beyond the scope of the
present work.

In view of the fact that TMO thin films are often grown on
the TiO, terminated SrTiO; surface which results in a BO, ter-
minated thin film, apical oxygen is a widespread phenomenon
for ultrathin TMO films.[*15"] Figure 5a exemplarily illustrates
that the presented scenario is also observed in LaTiO;* and
LaVO;* thin films. While stoichiometric LaTiO; and LaVOs
films would be identified by Ti?* and V3 * valence states, signals
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the surface. The surface overoxidation is prevented by adding an epitaxial

characteristic of Ti** and V** and V> * valence states are seen
in bare LaTiO; and LaVO; films. As for the SVO, these signals
decrease with the electron emission angle, which confirms that
they are induced by surface overoxidation. Oxygen adatoms
are likely to also show up at the surface of other nonperovskite
crystal structures at which the metal-oxygen ligand octahedron
is broken.[8-21l

In realistic devices the transition metal oxide thin films will
be covered by a protective capping layer which will influence
the apical oxygen on the surface. The exact effect depends on
the structural characteristics as well as on the deposition pro-
cess of the capping layer. An epitaxial, isostructural capping
layer deposited right after the transition metal oxide growth
will, for example, restore the stoichiometry of the bulk and sta-
bilize the pristine bulk valence states also at the surface. This
is demonstrated in Figure 5 for the LaVO; and LaTiO; material
systems. The Ti**, V**, and V> * signal components, indicative
of surface overoxidation, are quenched in the films passivated
by an epitaxial, isostructural capping layer. In contrast, apical
oxygen can still be present at the surface if an amorphous cap-
ping layer is deposited after the transition metal oxide film has
been cooled down to room temperature. From the effect of the
apical oxygen one can generalize that it is crucial to consider
the specific oxygen configuration at the surfaces/interfaces of
ultrathin transition metal oxide films for their realistic descrip-
tion by theory.

7. Conclusion

Using the example of SVO we demonstrated that apical oxygen,
which inevitably decorates the surface of a TMO film even in an
ultrahigh vacuum environment, may severely alter the intrinsic
electronic structure in a multitude of ways. The apical oxygen
can lead to the formation of an electronically and magnetically
dead layer with a d° occupation at the surface and can further-
more change the strength of electronic correlations, the scat-
tering and the band filling in the metallic layers. These findings
illustrate that the detailed oxygen configuration at the surface,
including surface apical oxygen but also potential capping
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ADVANCED
SCIENCE NEWS

ADVANCED
ELECTRONIC

www.advancedsciencenews.com

layers, has to be considered for a microscopic understanding
of transition metal oxide thin films in experiment and theory.
It is, in particular, essential for the design and operation of
nanoscale devices.

8. Experimental Section

The SVO thin films were deposited by PLD on the TiOp-terminated (001)
surfaces of STO substrates, which were prepared following ref. [43].
Every substrate was checked by atomic force microscopy before growth
and exhibited an atomically flat surface with terrace steps of single unit
cell height. The SVO films were fabricated in a high vacuum (oxygen
background pressure <1 x 107 mbar) at a substrate temperature of
650 °C by ablation from a polycrystalline SrVOs 4, pellet employing a KrF
excimer laser at a laser fluence of 0.50 ] cm~2 and a pulse repetition rate
of 10 Hz. The target-substrate distance amounted to 54 mm. The growth
of the SVO films was monitored by reflection high-energy electron
diffraction. The high sample quality was confirmed by X-ray diffraction
and electric transport measurements (see Section S1, Supporting
Information).

The XPS data shown in Figures 1 and 2 was recorded with a
monochromatized Al K, laboratory source and an Omicron EA-125
analyzer. The photoemission experiments presented in Figure 4 were
conducted at the two-color beamline 109 at Diamond Light Source.
The samples were oriented with LEED before the photoemission
measurements at the synchrotron. The V 3d and V 2p spectra were
probed with linearly polarized soft X-rays at a photon energy of 105 and
610 eV, respectively. An intense hard X-ray beam at 3 keV photon energy
focused onto the same spot as the soft X-ray beam!*l was used to desorb
the apical oxygen. The spot size of both X-ray beams is =30 pm x 50 um.
The spectra were acquired with a EW4000 photoelectron analyzer (VG
Scienta, Uppsala, Sweden) equipped with a wide angle acceptance lens
(acceptance angle parallel to analyzer slit 60°, perpendicular to analyzer
slit 0.3°). An inelastic mean free path of 3.5 and 18 A was used to model
the V 2p spectra measured at a photoelectron kinetic energy of 105 and
970 eV, respectively.

In DFT the heterostructures were prepared with n layers SrVO; on
top of five layers SrTiO; oriented in the (001)-direction where the final
termination of the surface SrVOj; layer is VO,. The structure without
apical oxygen was set up with the constrained in-plane lattice constant
of bulk SrTiO; (a=b=asr0,) while the structure with apical oxygen
was implemented as a v/2x+/2 supercell (a=b=\/§asmo}) with every
other surface vanadium being connected to an additional apical oxygen
atom. Above the film, a sufficiently large vacuum layer of roughly 20 A
was added in (001)-direction. The atomic positions of the SrTiO; layer
furthest away from the surface SrVO; were kept fixed, all other atomic
positions were completely relaxed using VASP. 8 The full-electron
DFT calculation of these structures were then performed with WIEN2k, !
where the consistency of the internal forces between the two codes were
verified. All DFT calculations employed the PBE exchange-correlation
potential.®*] The down-folding to a localized Hamiltonian was done
with the Wien2Wannierl®¥ interface to Wannier90.°"l Here, a projection
purely onto the t,, orbitals of the n (2n) inequivalent vanadium sites of
the structures without (with) apical oxygen was performed. The resulting
Hamiltonian was then supplemented with a layer-independent SU(2)-
symmetric Kanamori interaction U = U, = 525 eV, J =075 eV, V =
Uinter = U — 2J = 3.75 eV. These values were chosen to deviate slightly
from the more typical bulk SrVO; values in literaturel? (U =5 eV, J =
0.75 eV, V = 3.5 eV) to mimic slightly smaller screening effects in the
quasi-2D structure.? The DMFT calculations were performed at room
temperature (8 =40 eV™'; T =290 K) with a continuous-time quantum
Monte Carlo solver, employing a orbital-diagonal hybridization function,
using w2dynamics.3l To obtain the spectral functions on the real
frequency axis, the resulting Green's functions on the Matsubara axis
were analytically continued using the maximum entropy method34%
implemented in ana_cont.®l
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