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Tuning electronic reconstructions at the cuprate-manganite interface
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The electronic properties of CaCuO,/Lag7Sr;3MnO3; (LSMO) superlattices are determined by the electronic
structure of the structural units and in particular their interfaces. The electronic structure of LSMO is governed
by a metal-insulator transition, which is controlled by the thickness of the units and the sample temperature,
resulting in a systematic downward band shift for metallic samples (i.e., thick LSMO units, low temperature).
We present a systematic study of the changes in the valence-band structure and screening features in Mn 2p
and Cu 2p core-level spectra. The results show that hybridization of Cu 3d orbitals with out-of-plane O 2p
orbitals can be systematically tuned by controlling the band alignment at the interface via the metal-to-insulator
transition of the LSMO units. This opens a new route to rational design of functional interfaces and control of

orbital reconstructions.
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I. INTRODUCTION

A large variety of phases with a wide spectrum of proper-
ties are observed in transition-metal oxides. Charge transfer
and magnetic interactions between metal ions are sensitive
to the occupation of d orbitals and their interaction with the
ligand atoms [1]. Therefore, changes in the magnetic order,
electron density, ligand position, and chemical bonding at the
interfaces (IFs) of oxide heterostructures can result in elec-
tronic reconstruction phenomena. Particularly oxygen plays a
key role in determining surface [2,3] and interface [4-6] elec-
tronic structure in transition-metal oxide heterostructures. The
observation of high-T¢ superconductivity [7,8] at the IF of in-
sulating cuprates, the magnetic coupling between cuprates and
manganites [9], and oxygen redistribution at the IF between
infinite-layer cuprates and strontium titanate [10] are but a
few examples of such IF phenomena involving cuprates. For
a rational design of heterostructures with engineered physical
properties the control of orbital reconstructions at IFs is of
crucial importance.

An interesting model system for the study of orbital re-
constructions at oxide IFs are superlattices (SLs) comprised
of the infinite-layer cuprate CaCuQO, (CCO) and optimally
doped Lay7S1r93MnO3 (LSMO) [11]. In CCO, layers of Cu
in fourfold planar oxygen coordination are separated by bare
Ca atoms. This structural simplicity makes data interpreta-
tion less ambiguous compared to other infinite-layer cuprates
[12-14]. LSMO has attracted a notable interest over the
past decades due to phenomena such as colossal magnetore-
sistance [15,16], tunneling magnetoresistance [17,18], half
metallicity [19], and a metal-insulator transition (MIT) above

“Corresponding author: christoph.schlueter@desy.de

2475-9953/2019/3(9)/094406(10)

094406-1

room temperature (RT). In thin films preferential 3d eg(z2 —
r?) occupation at the IF to the substrate may lead to a
suppression of the double exchange mechanism and the for-
mation of a “dead-layer” region with suppressed conductivity
[20]. Consequently, in mixed manganite multilayers a rich
variety of electronic phases can be stabilized as a function of
the thickness of individual blocks and the temperature [21].
Nevertheless, the origin of the dead-layer formation in LSMO
thin films is still under debate [22]. Possible mechanisms
likely playing a role are substrate-induced strain and structural
distortions [23,24], chemical impurities and vacancies [25], as
well as intermixing at the IF [26].

In the case of a CCO/LSMO superlattice two alternating
atomic stacking sequences occur at the IFs [see Figs. 1(a) and
1(b)]: a CuO,-(La, Sr)O IF (type A) and a Ca-MnO, IF (type
B). The latter has the possibility to accommodate additional
oxygen in the IF Ca plane, leading to CaO, with0 < x < 1 as
indicated in Fig. 1(b).

In analogy to the purely ionic mechanism proposed at the
IF TiO;,-SrO-AlO,-La0 in the LaAlO3/StTiO3 (STO) system
[27], also for the CCO/LSMO structure a diverging built-in
electrostatic potential is expected. Being confined in the Mn
sublattice the mobile charges can only partially screen the
diverging potential [28]. Therefore, screening by cation inter-
mixing at the IF may occur. However, an oxygen redistribution
process in the alkaline-earth metal IF planes is more likely
since this process was reported for the structurally similar
case of CCO/STO SLs [29]. Growth in strongly oxidizing
conditions (SOCs) further favors incorporation of oxygen ions
in the Ca plane of type-B IFs [8]. This additional oxygen
would be apical for Mn and Cu at both sides of the IF [see
Fig. 1(b)].

The amount of hybridized oxygen sites at the IF can
strongly alter the overall electronic properties of an interface.

©2019 American Physical Society
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FIG. 1. The structure at CaCuO,/Laj7Sry3MnO; interfaces is
defined by the matching oxygen sublattices. Depending on the termi-
nation of the individual blocks there are two possible configurations:
(a) a CuO,-(La, Sr)O interface (type A) and (b) a Ca-MnO; interface
(type B). In the second case, additional oxygen can be incorporated in
the Ca planes. This leads to a Ca,-MnO, IF with additional bridging
oxygen between the two structural units.

In CCO/STO heterostructures the oxygen pressure during the
growth process influences the amount of oxygen incorporated
at the IFs [8,13,14,29]. In the CCO/STO system, SLs pre-
pared under SOC are superconducting with a T¢ of up to
50 K [14]. In the CCO/LSMO system, SLs prepared under
SOCs show a suppression of the MIT [11]. The exact role
of oxygen uptake is still not completely understood. X-ray
absorption spectroscopy (XAS) and x-ray linear dichroism
(XLD) measurements indicate charge localization at IF and
hybridization of Cu 3d,:_,> and Mn 3d._,> orbitals via IF O
2p states. Furthermore, despite the dramatic changes in the
transport properties of LSMO at its MIT, a systematic study
for these SLs with different LSMO thickness and sample
temperature is lacking. Here we attempt to fill this gap by
using photoelectron spectroscopy to monitor the electronic
structure of both the cuprate and the manganite units for a
series of LSMO thicknesses with strong variations in their
electronic properties.

Conventional photoelectron spectroscopy of buried IFs in
oxide SLs is hindered by the small escape depth of the
photoelectrons. It is well known that photoelectrons excited
by photons in the hard x-ray range can give access to the
electronic structure of buried IFs [4,30]. The combination of
valence-state contributions from all structural units renders
the direct interpretation of the valence-band (VB) features
ambiguous, particularly for a multielement system. On the
other hand, 2p spectra of transition-metal compounds (e.g.,
Ni, Mn, Cu) [31] display screening features activated in
response to the core hole formation in the photoemission
process. These screening channels are highly sensitive to the
valence electronic structure in their surroundings and thereby
offer an elegant probe in case a direct VB observation is not
feasible. It was previously shown that Cu 2p spectra reflect
the dimensionality in the CuO4 plaquettes [32] and react most
sensitively to metal-ligand charge transfer and hybridization
[33]. Recently it was shown how Mn 2p spectra reflect hy-
bridization strength, metallicity, and magnetic properties [22].
Hard x-ray photoelectron spectroscopy (HAXPES) is there-
fore the technique of choice for the study of the electronic
structure of buried IFs.

In this paper we study a set of CCO/LSMO SLs with
CCO thickness fixed at three monolayers (MLs). The LSMO
thickness is varied systematically through the range where
the MIT is expected for thin films. We provide evidence of
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FIG. 2. The relative intensity contribution to the total signal
measured by HAXPES (blue line) as a function of the depth in the
sample. The red line shows the expected probing depth. The boxes
show schematic sketches of the four different CCO, /LSMO,, SLs:
nxm=3x4,3x9,3x11,and3 x 17.

extra apical oxygen entering the IFs resulting in an increased
coordination number of the interfacial Cu atoms. Moreover,
the electronic properties of these SLs can be tuned through the
MIT by varying the temperature as well as the LSMO thick-
ness. We demonstrate the influence of modified electronic
structure in the LSMO units on screening effects observed in
Cu 2p and Mn 2p HAXPES core-level spectra and provide
complementary data by XAS and XLD. Our data reveal a
systematic variation of the band alignment and the Cu 3d-O
2p orbital hybridization at the IF.

II. EXPERIMENTAL DETAILS

CCO/LSMO SLs were grown on A-site-terminated
NdGaOs; (110) (NGO) substrates by pulsed laser deposition.
Here we study a sequence of CCO, /LSMO,, SLs with n =
3 and m=4, 9, 11, and 17. The respective numbers of
CCO/STO bilayers, N, was chosen to be N = 20, 16, 15,
and 12 to obtain a comparable SL thickness well above the
HAXPES probing depth. The buildup of the SLs is depicted
schematically in Fig. 2. SLs were grown in SOCs using 1 mbar
of oxygen containing 12% ozone and subsequently quenched
to RT in 1 bar of oxygen. The detailed growth procedure
was described previously [11]. One n x m = 3 x 4 SL was
prepared in moderately oxidizing conditions (MOCs) with an
oxygen pressure lower than 0.1 mbar, which is the oxygen
partial pressure normally used to grow optimally doped man-
ganites [34]. This SL will be referred to as 3 x 4.

X-ray reflectivity, XAS/XLD, and HAXPES experiments
were performed at beam line 109 of Diamond Light Source,
Ltd. (Didcot, United Kingdom), where both soft- (110-
2000 eV) and hard (2.1-18 keV) x-rays, delivered by APPLE
II (HU60) and in-vacuum (U27) undulators, respectively, are
both available at the experimental end station with a base
pressure below 3 x 1071 mbar.

The x-ray reflectivity was recorded in a m-scattering ge-
ometry by an in-vacuum photodiode at a photon energy of
2.5 keV. Cu Ls-edge XAS/XLD was performed at 60 K with
linear horizontal and vertical polarized photons of the soft x-
ray branch. Samples were fixed at an incident angle of 15°. All
scans were collected in a total electron yield mode and were
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normalized to the incident photon flux. HAXPES spectra were
measured at a photon energy of 5.95 keV using an EW4000
electron analyzer with an acceptance angle of £30° (Sci-
entaOmicron, Uppsala, Sweden) pointing in the polarization
direction of the photon beam. We employed a Si(333) channel
cut crystal to reduce the energy band pass of the photon beam.
The overall experimental resolution is estimated to be 80 meV.
The overall energy stability was better than =10 meV in
24 h. Photoelectron intensity was maximized by conducting
HAXPES measurements at a grazing incident angle of ~1°
leaving the sample in near normal emission geometry. The
energy scale of each spectrum was calibrated against a Au
Fermi level. Unless stated differently all HAXPES spectra are
presented after subtraction of a Shirley-type background and
subsequent normalization to their total intensity.

The significance of using HAXPES is illustrated in Fig. 2.
The contribution I to the total measured intensity / by mate-
rial below a depth d is described by a Lambert-Beer equation
I =1y x e Here, 0 is the emission angle, which in our
case was ~90°. The inealastic mean free path A is estimated
for valence electrons excited by 5.95 keV photons [35]. The
blue line in Fig. 2 shows the relative intensity contribution
as a function of depth. The red line marks the probing depth
(31) where 95% of the total intensity originates. The probing
depths are 250 A and 223 A for CCO and LSMO, respectively.
For higher-binding-energy (lower-kinetic-energy) electrons
such as those originating from a Cu 2p core level, these values
reduce only slightly to 218 and 193 A, respectively. In Fig. 2
the blue curve is underlain by a schematic of the structures
of the SLs to underline the necessity of employing HAXPES
to access the buried cuprate blocks and to gather signal from
buried interfaces.

III. RESULTS

A. Structural characterization

Figure 3(a) shows x-ray reflectivity measured for 2.5 keV
photons for the 3 x 4 SL with 20 repetitions. To model the
reflectivity, the thickness and roughness of each layer were
allowed to vary freely. Additionally, the electron density of
the CCO layer was varied between CaCuO, and a nominal
CaCuO; and an adsorbate layer was added to the surface
of the SL. The mean values of the roughness and thickness
obtained from the model are summarized in Table I. The real
and imaginary parts of the scattering-length density (SLD) of
the model are visualized in Fig. 3(b). Figure 3(c) shows the
thickness of the individual blocks in units of MLs as obtained
from the fit. It can be seen that the fit yields preferentially
integer and half-integer numbers of MLs. The calculated IF
roughness of ~2-3 A clearly demonstrates the formation of
sharp CCO/LSMO IFs and confirms our previous results
obtained from scanning transmission electron microscopy
(STEM) on similar samples [11]. The best agreement with
the data was found for a CCO layer with increased density
corresponding to a nominal stoichiometry of CaCuO, g5. This
increase in electron density of the CCO layers is interpreted
as first evidence in support of the concept of oxygen uptake at
the CCO/LSMO IF.
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FIG. 3. Reflectivity of a 3 x 4 SL with 20 CCO/LSMO bilayer
(BL) repetitions: (a) experimental data and calculated reflectivity,
(b) real and imaginary part of the SLD for the model used in
the calculation, and (c) thickness in MLs of the individual CCO
and LSMO blocks as a function of distance from the substrate in
CCO/LSMO BLs.

B. Uptake of apical oxygen

Figure 4(a) shows the Cu L-edge XAS spectra with the
electric field vector E of the incident photon beam parallel
to the ¢ and a/b axes of the SLs for the 3 x 4 and 3 x 4x% SLs.
The peak observed at 932.8 eV corresponds to a transition
from the Cu 2p level to the hybridized Cu 3d—-O 2p antibond-
ing state and is thus sensitive to the presence of oxygen ligands
in the photon polarization direction [9]. For the SLs to remain

TABLE 1. Summary of the average roughness and thickness
obtained from the model refinement of the reflectivity measurements
displayed in Fig. 3.

o (A) d (A) d (ML)
LSMO 2.0+ 0.64 19.3 £2.06 4.82 £0.52
CcCco 29+05 94+16 2.9440.54
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FIG. 4. (a) Normalized Cu L;-edge XAS spectra measured in a
total electron yield mode at 60 K with E ||c and E|la/b for the 3 x 4
and 3 x 4% SLs confirms uptake of oxygen for SOCs and (b) x-ray
linear dichroism spectra measured at 60 K for SLs of various LSMO
thicknesses.

stoichiometric, the top and bottom IFs of each CCO layer need
to be of the different configurations depicted in Fig. 1. This
leads to one single apical oxygen atom at the type-A IF per
three CCO unit cells. From the coordination number of Cu the
XAS peak at 932.8 eV is thus expected to yield an intensity
ratio of 1:6 between the measurements with E||c and E||a, b.
This ratio is indeed observed for the 3 x 4% SL, which was
prepared in MOCs. For the SOCs 3 x 4 SL the intensity ratio
increases to 0.45, which is close to the value of 0.33 expected
for an additional apical oxygen atom incorporated per unit cell
at the type-B IF. Here we would like to point out that a ratio of
1 as observed for similar interfaces [9] can only be observed
when all Cu atoms of the cuprate unit were fully octahedrally
coordinated.

The XAS data therefore support a scenario in which addi-
tional oxygen is incorporated at the CCO/LSMO IFs which is
apical to Cu, for the SLs prepared under SOCs. This uptake
of oxygen is also suggested by the x-ray reflectivity analysis
in Fig. 3 on the 3 x 4 SL, where the oxygen content in
the CCO is found to be 33% higher than the bulk value,
i.e., CaCuQ, 45 instead of CaCuO,. The amount of bridging
oxygen is expected to be constant for all SOC samples due to
the identical growth conditions. First-principles total energy
calculations of the IF structure of CCO on STO [36] show
that, when the CCO is two unit cells or thinner, the polar
electrostatic instability in the CCO layer may give rise to
a chain-type structure, where the oxygen at the type-A IF
moves from the Cu plane to the adjacent Ca plane. Such a
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FIG. 5. Ca2p HAXPES spectra of the MOCs (open squares) and
SOCs (solid circles) 3 x 4 SLs at 60 K. The best fit with two spin-
orbit split doublets is shown with a red continuous line. The change
in line shape is indicative of an oxygen incorporation at the interface.

reconstruction would transform the Cu at the IF from being
fivefold oxygen coordinated to a fourfold coordination in a
vertical plane, resulting in a high Cu L-edge XAS intensity
ratio between the out-of-plane (E||¢) and in-plane (E|a, b)
polarizations contrary to the data presented above.

In Fig. 4(b) the XLD observed for the 3 x 4, 3 x 9, and
3 x 11 SLs is shown together with that of the 3 x 4% SL. The
XLD is the difference between the XAS in- and out-of-plane
components, XASg 4, — XASg|. and gives information of
the occupancy of the Cu 3d orbitals. The observed XLD signal
increases systematically with increasing LSMO thickness.
This may be due to (i) a diffusion-limited oxygen uptake
process or (ii) a change in the Cu 3d-O 2p hybridization.
Further discussion in favor of Cu 3d—O 2p hybridization is
given in conjunction with the Cu 2p HAXPES spectra (see
Fig. 11).

The oxidation of the CCO interfaces under SOCs is fur-
ther supported by comparison of Ca 2p HAXPES spectra
shown in Fig. 5 for the 3 x 4% and 3 x 4 SLs. The spin-
orbit split 2p3,, and 2p;,, doublet has an asymmetric peak
shape. Spectra were modeled with two doublets of a mixed
Gaussian-Lorentzian line shape. Analysis shows an increase
of the higher-binding-energy component, which corresponds
to Ca in a higher oxidation state, as a more oxidizing growth
condition is applied. Consistent with the formation of extra
oxygen apical to the copper, the SOC is expected to give rise
to Ca with a planar oxygen coordination at the type-B IF. In
a previous study [29] we have also reported additional Ca 2p
components on the high-binding-energy side for CCO/STO
SLs prepared in SOCs.

The data presented so far give evidence of the uptake of
additional oxygen in the SOC samples. Our recent publication
[11] was able to show by Mn L-edge absorption spectra an
increase of out-of-plane covalency by bonding to Cu orbitals
via IF oxygen. The intensity ratio of Cu L-edge XAS parallel
and perpendicular to the sample surface is supporting the idea
that the additional oxygen is confined to the IF region. We
note that the ratios perfectly agree with the ones expected for
an overoxidized interface. The planar oxygen in the interfacial
Ca plane is hence a bridging oxygen between Cu and Mn.
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FIG. 6. Resistivity as a function of temperature in semilogarith-
mic scale for CCO;/LSMO,, SLs grown in SOC: m = 17 (black
squares), m = 11 (red circles), m = 9 (green triangles), and m = 4
(blue diamonds). The linear scale plot of the data of the SLs with
m = 17 and m = 11 is reported in the inset.

C. Changes in the LSMO blocks as a function
of thickness and temperature

Resistivity versus temperature is reported in Fig. 6. The
3 x 17 SLs show a MIT above RT, where the system goes
from a paramagnetic insulating phase to a ferromagnetic
metallic phase. For the SLs with a thinner LSMO block of
11 MLs the MIT reduces rapidly to 255 K, as can be observed
in the inset of Fig. 6. As previously reported [25], below the
MIT the transport mechanism is well described by a variable
range hopping model, while above the MIT the transport
mechanism is well described by a polaronic activated mech-
anism. In the 3 x 11 SL possible charge localization effects
give rise to the minimum observed in the resistivity curve re-
ported in the inset of Fig. 6. When the LSMO is only nine MLs
thick the SL goes from a paramagnetic to a semiconducting
phase. The 3 x 4 SL shows a semiconducting behavior in the
whole accessible temperature range. The transport properties
of the SLs depend therefore strongly on the LSMO thickness.
These transport measurements agree well with our previous
reports [11] and data for LSMO thin films [34].

Further relevant information on the electronic structure is
obtained from the VB photoelectron spectra. To identify the
Mn 3d-related features we measured VB spectra at different
excitation energies—off and on the Mn 2p to 3d resonance
(not shown). We observe a strong enhancement of spectral
weight close to the Fermi level, which could be identified as
the Mn 3d 1, and e, states based on the previous resonant
photoemission studies on LSMO thin films [37]. The corre-
sponding features are present in the VB HAXPES spectra
measured with 5.95 keV photon energy at 60 K shown in
Fig. 7. The spectra appear to be dominated by the spectral
features of LSMO. The maximum around 6 eV corresponds
to O 2p and the signature of the Mn 3d 1, and e, states
is clearly visible between O and 3 eV. Comparison of the
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FIG. 7. HAXPES spectra of the valence-band region for a se-
quence of CCO/LSMO SLs at 60 K. The samples are 3 x 17 (black),
3 x 11 (red), 3 x 9 (green), and 3 x 4 (blue). The inset shows in
detail the spectral region 1.6 to —0.2 eV binding energy where an
increase in spectral weight is visible close to the Fermi level. The
arrows indicate the increase in LSMO layer thickness. For better
comparability spectra are normalized to the total intensity.

different SLs shows a relative shift of spectral weight from
Iy, states to the e, states for SLs with thicker LSMO blocks,
i.e., for more-conducting samples.

Figure 8(a) shows Mn 2p HAXPES spectra recorded at
60 K. The main peak at 641 eV exhibits a shoulder at the
low-binding-energy side which is weaker for SLs with thinner
LSMO blocks and disappears completely for the 3 x 4 SL.
Figure 8(b) shows the temperature dependence for the two
extreme SLs (3 x 4 and 3 x 17). No influence of temperature
is observed for the 3 x 4 SL, while for the 3 x 17 SL the
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FIG. 8. Mn 2p spectra for (a) a sequence of different n/m ratios
where the thickness of the LSMO block is increased step by step at
60 K and (b) a comparison for measurements at RT and 60 K for the
two extreme SLs, 3 x 4 and 3 x 17. The “well-screened” satellite
can be clearly identified in the metallic SLs.
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FIG. 9. Mn 3s HAXPES spectra measured at 60 K for different
LSMO thickness in comparison with an optimally doped LSMO
reference sample. The individual components are shown on the
bottom of the figure for the 3 x 4% SL. The inset depicts the Mn
mixed-valence state associated with the exchange splitting.

shoulder is significantly weaker in RT measurements. It is
well known for LSMO thin films that Mn 2p core levels
show a “well-screened” state at their lower-binding-energy
side in HAXPES spectra. This feature is understood as a
result of screening by hybridized states between the transition-
metal 3d states and a coherent metallic band close to Er
[38]. It was shown experimentally that the strength of this
screening feature correlates with doping level and hence trans-
port properties of LSMO thin films [25,38]. The suppression
of the well-screened state indicates a weaker Mn3d-O2p
hybridization in the less-conducting samples with a thinner
LSMO unit.

Figure 9 represents Mn 3s HAXPES spectra measured
at 60 K for the various SLs. The two main peaks A and
B are associated with the high- and low-spin final states,
respectively, resulting from the well-established exchange
interaction between the 3s core hole and the 3d electrons.
The magnitude of the 3s exchange splitting reflects the local
magnetic moment and hence the valence states of the Mn [39].
Using the linear dependence of the valence on the 3s splitting
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FIG. 10. (a) HAXPES core-level spectra of Sr 3d, Cu 3s, and La
4d at 60 K for selected SLs. LSMO core-level spectra show a shift as
a function of LSMO thickness. The energy scale of each spectrum
was calibrated against a Au Fermi level. (b) The band alignment
estimated from the core-level spectra depicted above as a function
of LSMO layer thickness.

reported in Ref. [40] we estimate the Mn valence gradually
decreases for SLs with thicker LSMO blocks from 3.86 for
the 3 x 4 SL to 3.36 in an optimally doped, thick LSMO film.
We also observed additional components C and D, on the
high-binding-energy side which are most pronounced in the
SLs with thinner LSMO blocks. Similar features have been
reported in the literature for other manganese compounds
[41,42]. To identify the exact origin of these weak features
for the SLs will require further study and is beyond the scope
of this publication.

Finally, in Fig. 10 (a) we show the core-level HAXPES
spectra of Sr 3d, Cu 3s, and La 4d for the 3 x 4 and 3 x 17
SLs at 60 K. An energy shift of ~250 meV of the LSMO
core levels with the LSMO thickness is clearly visible, while
no corresponding shift is detected for the CCO core levels.
From the relative peak shifts we estimate the band alignment
between the CCO and LSMO blocks as shown schematically
in Fig. 10(b) by following the procedure described in the
literature for other oxides [43,44]. Here the energy shift of
the LSMO bands is represented by a change in the energy
separation between the Er and the leading edge of the LSMO
f, band. Figure 10(b) thus shows a clear downwards shift of
the LSMO bands relative to the CCO bands in the SLs with
thicker LSMO units, suggesting that electronic states close to
the Fermi level are gradually filled by more localized electrons
towards thicker LSMO blocks.
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FIG. 11. Comparison of Cu 2p spectra measured at 5.95 keV for (a) the 3 x 4 and 3 x 4« SLs and (b) the 3 x 17 SL at RT (red lines) and
60 K (black lines). Comparison of (c) the Cu 2p spectra at RT and (d) the spectra at 60 K for the 3 x 4 (blue line), the 3 x 4« (red line), and
the 3 x 17 (black line) SLs. AE indicates the energy separation and I/, is the intensity ratio between main peak and satellite. Additionally,
the screening components A, B, and C are shown. The arrows indicate the change going from the 3 x 4 SOC to the 3 x 4% MOC, and 3 x 17

SLs.

D. Changes in the CCO blocks: Cu 2p
screening and hybridization

In Fig. 11 we compare the Cu 2p HAXPES spectra for the
3 x 4%,3 x 4,and 3 x 17 SLs at RT and 60 K. The remaining
SLs exhibit intermediate spectral features and are omitted
from the figure for clarity. The four figure panels are orga-
nized to manifest the temperature dependence in Figs. 11(a)
and 11(b) for the two LSMO thicknesses and the LSMO
thickness dependence in Figs. 11(c) and 11(d) at RT and 60 K.

The Cu 2p3/, component in Fig. 11 shows a strong asym-
metric main peak at 933 eV and a satellite about 8 eV higher
in binding energy. These features have been well studied
experimentally and theoretically in the framework of super-
conducting cuprates [32,45,46]. The main peak is identified as
a2 p53d 107, final state, where L refers to a ligand hole, while
the satellite is associated with a poorly screened 2p°3d° final
state; i.e., the hole occupies the Cu 3d orbital.

The Cu 2p3,, spectra of the 3 x 4 and 3 x 4x SLs show
significant differences [Fig. 11(a)]. For the 3 x 4% SL the
energy position of the 3d° satellite shifts towards lower
binding energy. The 3d'°L main peak shifts towards higher
binding energy and has a different line shape. These spectral
differences are attributed to different oxidation conditions
(MOCs vs SOCs), which is expected to modify the oxygen
coordination at the IF. However, spectra measured at 60 K and
RT show no detectable differences. By contrast, clear changes
between RT and 60 K are observed for SLs that show clear
spectral changes in the LSMO units such as the 3 x 17 SL
in Fig. 11(b). There is a noticeable binding energy shift of the
satellite accompanied by a shift of the spectral weight. Similar
changes to the line shape, e.g., a shift of the 3d° satellite
to lower binding energies, are also observed as functions of

LSMO thickness in Figs. 11(c) and 11(d) with the energy shift
of the satellite being more pronounced at 60 K.

Previously, the fine structure of 2p core-level spectra was
investigated theoretically by Bocquet and Fujimori [33] for
divalent and trivalent 3d transition-metal compounds. Their
comprehensive study shows that the energy separation AE
between the main peak and the satellite, and the intensity
ratio Is/Iy of the two components, are a direct measure
of the ligand-2p to metal-3d hybridization (or hopping en-
ergy) T, the ligand-to-metal charge transfer energy A, and
the interaction between the localized 3d electrons, U. At
stronger hybridization T, for example, satellites were found
to be weaker (smaller I5/I),) and shifted in binding energy
(larger AE).

For a quantitative analysis of the Cu 2p line shape as a
function of temperature and LSMO thickness, we estimate
the intensities Is and I); from the integral of the satellite and
the main peak and AE from the centers of mass of the two
components. In Fig. 12 we plot thus obtained Is/I); versus
AE values for all the SLs at RT and 60 K together with
the values predicted by theory for Cu’* with U = 6 and
7 eV and A =1 eV [33]. Data points in the Is/Ij-AE plot
scatter along a sloped line parallel to the constant A and
U direction. This suggests that the evolution of the Cu 2p
spectrum is associated mainly with the variation of the Cu-
ligand hybridization strength 7. As expected for the 3 x 4x
SL grown in MOCs, the hybridization strength 7 is weaker
by ~0.2 eV with respect to the 3 x 4 SL. The remaining
SLs show a systematic dependence of T on the temperature
(a reduction of 0.15-0.2 eV from RT to 60 K) and LSMO
thickness, both indicating a stronger hybridization for the less
metallic samples.
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FIG. 12. Is/Iy ratio plotted versus AE shows a linear relation-
ship. Solid black squares show the results for spectra measured at
60 K, open red squares for RT spectra. Additionally we show the
theoretical values taken from Bocquet and Fujimori [33]. Closed
circles correspond to U =7 eV and A =1 eV, blue triangles to
U =6¢eV and A =1 eV. The values for Cu 3d—O 2p hybridization
strength 7 are given next to the symbols.

The 2p°3d'°L main peak is composed of several com-
ponents. In agreement with theoretical work [45,47] we
employed a multipeak deconvolution procedure, using three
components (A, B, and C) with Gaussian-Lorentzian line
shape to extract the peak positions and intensities. The peak
positions and widths were obtained by fitting the sum of all
measured spectra and were used to constrain the fits of the
individual spectra within the boundaries of the experimental
resolution.

After the photoemission process, the core hole can be
located in the 2p orbitals directly surrounding the Cu site
(local screening, B and C) or on more distant 2p orbitals
surrounding a neighboring Cu atom (nonlocal screening, A)
[46,48]. The feature A increases with thickness of the LSMO
block at the expense of components B. The changes in C are
only minor. The gradual increase of the nonlocal screening
channel A is interpreted as a signature of the decreased charge
localization at the IF as observed in the XAS/XLD spectra.
The stronger nonlocal contribution reflects the decrease of
electrons occupying the hybridized 3d,_,» orbitals in favor
of occupation of more localized in-plane orbitals in the more-
conducting SLs. Accordingly, when moving through the MIT
into the metallic regime a transfer of spectral weight from
the locally screened component B to the nonlocally screened
component A is observed [Fig. 11(b)].

IV. DISCUSSION

Structural characterization confirms the formation of sharp
IFs observed in previous STEM results [11]. The combination
of Cu and Mn L-edge XAS/XLD and Ca 2p spectra supports

(a CCO , LSMO (b) CCO LSMO
E, | -250 mev
e
Mn 3d
Cu 3d | *2¢
Cu3d-02p —
Hybridised
B O 2p
E

FIG. 13. A schematic diagram of the energy levels at the IF
between the CCO (blue) and LSMO (green). (a) Nonmetallic SLs
(i.e., thin LSMO blocks or above MIT) and (b) metallic SLs (i.e.,
thick LSMO blocks or below MIT). Due to the band shift of the
LSMO the energy overlap between the Cu 3d and O 2p orbitals
decreases.

the incorporation of oxygen at the IF. The LSMO units in
CCO/LSMO SLs exhibit a MIT as a function of sample
temperature and LSMO thickness. Transport measurements
(Fig. 6) confirm that SLs with thicker LSMO blocks are more
metallic at lower temperature. Consistent results were found
in VB, Mn 3s, and Mn 2p HAXPES spectra (Figs. 7-9). The
Mn 3d e, orbitals are increasingly populated as the LSMO
thickness rises, resulting in a reduced Mn valence and more
metallic behavior. Notably, we observed a downwards band
shift in the LSMO bands relative to CCO for SLs below
the MIT. This thickness and temperature dependence of the
LSMO electronic properties is similar to that of LSMO thin
films exhibiting an insulating state driven by the formation of
a “dead layer” at the IF to the substrate. Similar results were
presented by Adamo et al. for different manganite SLs [21].

Corresponding changes in the spectral features of CCO (Cu
2p HAXPES and Cu L3-edge XAS) appear to be driven by
the different electronic structures of LSMO above and below
the MIT. The absence of temperature dependence of the Cu
2p HAXPES spectra for the 3 x 4 SL [cf. Fig. 11(a)] that
does not exhibit MIT testifies that the effect of temperature
on the CCO blocks itself is minimal. Since the CCO layer
thickness and growth conditions are the same for all SOC SLs,
no modifications in the electronic structure would be expected
that would explain the observed modifications. Therefore, the
electronic structure of the CCO unit is modified by electronic
reconstructions via bridging oxygen at the IF and interaction
with the LSMO units.

The evolution of the Cu 2p spectra with temperature and
LSMO thickness is associated mainly with the variation of the
Cu 3d-0 2p hybridization strength 7' (cf. Fig. 12). Namely,
we observe a decreased hybridization strength for SLs below
the MIT, which is also supported by the systematic increase of
XLD signal for thicker LSMO blocks as shown in Fig. 4(b).
A possible interpretation for the change of the hybridization
strength 7' can be derived from the band alignment between
CCO and LSMO blocks (Fig. 10). The energy levels of the
VB at the CCO/LSMO IF are shown schematically in Fig. 13.
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For an insulating SL (e.g., 3 x 4 or 3 x 17 at 300 K), the Mn
3d bands are partially filled, resulting in an upwards band
shift of LSMO. Energy overlap of the interfacial O 2p and
Cu 3d orbitals allows for strong Cu 3d—O 2p hybridization
(i.e., T =2.5 eV for 3 x4 SL) as shown in Fig. 13(a). In
the conducting SLs (e.g., 3 x 17 at 60 K), the Mn 3d bands
are more populated, resulting in a downwards band shift of
LSMO. Consequently, the energy overlap of the interfacial O
2p and Cu 3d orbitals decreases, resulting in weaker Cu 3d—O
2p hybridization (i.e., T = 2.15 eV for 3 x 17 SL at 60 K) as
shown in Fig. 13(b).

V. CONCLUSION

The growth conditions of CCO/LSMO SLs result in dis-
tinct IFs: (i) an IF involving a bare Ca layer for MOC SLs and
(i1) an IF involving Ca with planar oxygen coordination for
the SOC SLs. The oxygen in the Ca plane is apical to the Cu
and a bridging oxygen between Cu and Mn, and is hybridized
with the 3d,>_,- orbitals of the transition metals.

The electronic structure in the manganite undergoes a MIT
as a function of temperature and LSMO thickness. The tran-
sition is characterized by a gradual filling of Mn 3d-derived
states which results in a downwards band shift for the more
metallic SLs, and the emergence of the well-screened state in
the Mn 2p HAXPES spectra. Furthermore, the Mn valence
is decreased towards the value of optimally doped LSMO.

The change in valence state is mainly driven by the thickness
of the LSMO and is interpreted in analogy to the dead-layer
formation well known for LSMO thin films and SLs.

Systematic changes in the Cu L3-edge XAS/XLD and
Cu 2p HAXPES core-level spectra and their screening
features were observed. The spectra give evidence of a
decreased Cu 3d-O 2p hybridization for conductive SLs
below the MIT of the LSMO blocks. The lower hybridiza-
tion strength is interpreted as a result of a decreased energy
overlap of interfacial O 2p orbitals with the Cu 3d orbitals
in the CCO blocks. The increase of the nonlocal screening
channel in the Cu 2p 3d'’L main peak is indicative of
an increased population of more localized in-plane Cu 3d
orbitals.

Our experiments show that orbital reconstructions at
cuprate-manganite IFs can be efficiently tuned via the band
alignment of the constituent blocks. The possibility to control
the orbital hybridization at cuprate-manganite IFs is opening
new routes towards the rational design of oxide heterostruc-
tures with engineered functional properties.
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