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Abstract

The unique functionalities present at surfaces and interfaces of complex oxides have attracted
intense research in the past decade. Yet, the fundamental mechanisms underpinning
functionality are often elusive, especially in doped manganites, limiting their implementation
in functional electronic devices such as memristors and spin valves. Here, we present a local
probe-based study on mixed-terminated LasgCassMnO3; (LCMO) films, and reveal surface
metallicity in a thin-film grown by pulsed laser deposition. Using first-principles density
functional theory calculations with Hubbard correction that are more accurate to capture
effects of correlation in these systems, we show that for Ca-segregated (001) LCMO surfaces
the (La,Ca)O-site terminated surfaces are half-metallic due to delocalized Mn-d states
populating the Fermi Level, whereas the MnO;-site terminated surfaces exhibit a half-
metallic or insulating character depending on the type of surface reconstruction.
Computations not only explain the current measurements, but also explain other recent
surface measurements on LCMO thin-films, leading to a coherent picture of how the crucial
link between surface segregation and Jahn-Teller couplings in the manganese oxides tune the
surface electronic/magnetic structure, thereby pointing to the fine control of transport and

magnetism at the conductive oxide surface independent of the bulk.
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Introduction

The unique functionalities at complex oxide surfaces and interfaces, ranging from
ferromagnetic domain walls in an antiferromagnetic material,' to conduction at the interface
between two band insulators,” has received significant attention in light of potential
applications as next-generation electronic and memory devices.” However, the fundamental
mechanisms underpinning the unique functionality are often elusive and are vigorously
debated. This is especially true of the manganese oxides (manganites),” which display a rich
tapestry of phases as a result of interplay between their chemistry and spin, charge, lattice and
orbital degrees of freedom® with strong electronic correlations, that make both experimental
decoupling of distinct mechanisms, as well as computational ab-initio modelling, extremely
challenging. Moreover, epitaxial thin-films, which serve as a test-bed for experimentation,
introduce additional complications such as s‘[rain,7 off—s‘coichiome‘u‘y,8 surface cation
segregation,”'! changes to octahedral rotations'? and Jahn-Teller (JT) coupling" that have
resulted in a distinct lack of agreement in the published literature on the impact of substrates

and thickness on electronic properties of the manganites.”'*"

Although nanoscale complex oxides, including manganites, have been studied
intensely for the past two decades, the unique functionalities that make them attractive have
not resulted in commercial functional nanoelectronic devices to date, partly as a result of
irreproducibility of behaviors (in addition to the need for integration on semiconducting
substrates). Unlike traditional semiconductors which can be designed and optimized
macroscopically through chemical doping, manganites are characterized by electronic
correlations'® combined with strong electron-phonon coupling. This highly localized nature
of the electrons necessitates measurements of chemical, physical and electronic properties at
the smallest (i.e., atomic) lengths scales to extricate the relevant structure-property relations.

Moreover, the coupling between the various order parameters and chemical and structural



degrees of freedom (e.g., oxygen vacancy ordering'’'®

) complicate interpretation of
experimental results from bulk measurements. Local probes provide a strong alternative that
can potentially decouple these effects, but to date, the surfaces of manganite films have not

been well studied at atomic length scales, given the difficulty in sample preparation.'®?’

Though some atomic scale studies involving fracture of perovskite films exist,*
comparatively little is known about surface electronic structures of these materials. Wei et.

> used scanning tunneling microscopy (STM) of Lag-CaosMnO; films and observed

al.
characteristic peaks in the dI/dV spectrum that were assigned to a half-metallic behavior in
the ferromagnetic phase at low temperature, although the termination of the films were not
stated and atomic resolution was not achieved. Using an in-situ approach, Fuchigami et. al.*°
prepared LCMO films and showed that metallic behavior on the B-site (MnO,) termination
could be observed, which was argued to be due to the Mn d-states crossing the Fermi level,
but the underlying reason behind what drives the Mn d-states across the Fermi level is
unclear. Moreover, little is known about the A-site ((La,Ca)O) termination. While Ca
segregation might be expected, the level of Ca segregation®® in these films is unknown. This
is a critical parameter as an increase in Ca doping at the surface modulates the JT distortions
as well as the valency of the Mn atoms near the surface, that are fundamental to stabilizing
long-ranged magnetic order as well as driving the metal-insulator transition in the
manganites, thereby influencing the electronic/magnetic properties. If this influence is local,
then a modulated Ca segregation across the film, might additionally suggest a modulated
electronic/magnetic profile. Progress in this field requires improved experimental data on
surface chemical composition, atomic level Scanning Tunneling Spectroscopy (STS) as a
function of termination, and modelling the electronic structure of reconstructed surfaces as a

function of composition — something which has thus far been lacking, both in terms of

available first principles theory, as well as in-situ imaging and electron spectroscopy



measurements of the film surface. Almost all of the theoretical studies involve model
Hamiltonians' and are not material/chemistry/structure specific, and thus are of limited use
to make specific predictions of material properties, which is a requirement for the
development and integration of manganites (and indeed, complex oxides in general) in

functional electronic devices such as non-volatile memories, spin valves, and transistors.

It has been known for decades that the transport and magnetic properties of the mixed
valence manganites with structure R; x\R’xMnOs (R is a rare earth, R’ = Ca, Sr, Ba... ) depend
heavily on the structural distortions of the idealized unit cell, and in particular, the existence
of Jahn-Teller distortions.>”” >’ In the case of Mn’* (e.g., for LaMnO3), a t,'e, arrangement
is expected, but since only 2/3 of the Mn-O bonds can be covalent, by the Jahn-Teller
theorem™ the system lifts degeneracy by undergoing a JT distortion such that the basal plane
oxygen atoms are shifted from their (idealized) positions.” Such a distortion is termed a Q,-
type JT distortion and alters the Mn-O bond length; the other types are Q; (a ‘breathing’
mode) and Qs3, where the apical oxygen atoms are displaced perpendicular to the basal plan,
while oxygen atoms on the basal plane move towards the Mn ion.”® Unsurprisingly, the
changes in Mn-O-Mn bond lengths affect not only the ferromagnetic coupling, but also the
metallicity (or lack thereof). Previously, density functional theory calculations have
suggested that, for example, the insulating nature of LaMnOj is strictly due to the occurrence

of the Q,-type JT distortion.”® Moreover, the directions of the Mn(e,) orbitals strongly impact

16,27,28 31,32

the magnetic exchange.”’” Thus, it is apparent, from both theory and experiment,” "~ that
the types of JT distortions present are critical for determining the transport and magnetic

properties of the doped manganites.

The key to understanding these systems, therefore, is to obtain more accurate, local
(atomic) chemical and structural information, including the details of the termination, surface
reconstruction and the level of segregation of the divalent cation, combined with spatially
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resolved studies of functional properties (e.g., electronic structure), and then using the
structure and chemical information as inputs to the appropriate first-principles model that can
shed light on the physics behind the functionality. Such a level of detail has not been captured
by direct experiment and first principles theory before for surfaces of complex oxides; yet

these are precisely the studies that are required.

In this article, using a synergistic combination of pulsed laser deposition growth, in-
situ STM imaging, and first-principles density functional theory (DFT) calculations, we
discuss the origin of surface metallic states and insulating behavior’® of the 4-site and B-site
terminated Las;gCazsMnO; (LCMO) surfaces, respectively. STM and conductive atomic
force microscopy (c-AFM) measurements in ultra-high vacuum (UHV) confirm that the
surface is metallic for both A-site and B-site terminations for the epitaxially grown films. For
the A4-site terminated surface, we show that the ferromagnetic order of spins and delocalized
Mn-d states which populate the Fermi energy lead to half-metallic surface states.
Interestingly, on the other hand, the B-site terminated surface has antiferromagnetic order due
to the Ca segregation in the topmost layers of the surface. While the 1x1 B-site terminated
surface is metallic, the (V2xV2)R45° structure is insulating. On the surface, the reduced filling
of Mn-d orbitals due to 50% Ca segregation, along with Coulombic repulsion between the O-
p and Mn-d states due to Oxygen adatoms, localizes the Mn-d orbitals below the Fermi
energy, thereby opening up a sizeable band gap (0.8 eV). Our results provide a crucial link

between the magnetic order, JT distortion and Ca segregation at LCMO surfaces.
Experimental

LCMO films of 25 unit cell thickness were deposited via pulsed laser deposition at
20mTorr oxygen pressure on etched (001) SrTiO; substrates, imparting a tensile strain of

~1.2% to the film. Extensive characterization of the surface terminations and growth



conditions are reported elsewhere.”® After deposition, the film is cooled rapidly and
transferred to an SPM chamber at a base pressure <2.10™" Torr for imaging, without
exposure of the sample to air. Imaging was achieved via mechanically cut Pt/Ir tips on an
Omicron VT-STM/AFM. All STM measurements were carried out at room temperature with
Vip = -2V, imaging the empty states in constant-current mode. Typical current setpoints were

in the range of 40-100pA.

All calculations are based on density functional theory (DFT) with the Perdew-Burke-
Ernzerhof (PBE) parameterization of the generalized gradient approximation34 (GGA),
employing the projector-augmented-plane-wave (PAW) method™, as implemented in the
Vienna Ab initio Simulation Package3 637 (VASP 5.2). To account for the effect of electronic
correlations in these systems, we employed Hubbard U parameter on Mn-d states in our
calculations using the rotationally invariant scheme of Durdev et.al.*® in which the on-site
Coulomb interaction (U) and parameter J are combined into a single parameter U (= U-J).
The U for Mn-d states was chosen to be 3.9 eV which accurately describes the formation
enthalpies of binary and ternary oxides/manganites®. We considered a V2x\2x2 supercell
containing 20 atoms that can accommodate all the possible rotations of the MnOg octahedra
for bulk (La, Ca)MnOj; for bulk LCMO. The surface geometries are constructed using the
symmetric slab model and by multiplying twice the bulk unit cell along a,b and c-axis and the
periodic slab images were separated by 15 A thick vacuum region to avoid spurious
Coulombic interactions. Structural optimizations were achieved by allowing the atoms in the
unit cell to relax until the Hellmann-Feynman forces on each atomic site were below 5
meV/A, while simultaneously achieving a total energy convergence of le® eV. This

convergence was obtained with a 2x2x1 Monkhorst-Pack® special k-point grid.



Results and Discussion

The large scale STM scan of the LCMO (nominal composition, Las;sCassMnQOs3) film
is shown in Figure 1(a) and indicates large islands and a mound-like structure. The height
distribution is shown in Figure 1(c) and indicates that the islands form roughly half-unit cell
step heights suggesting a mixed terminated film with one termination more dominant, in
agreement with angle-resolved x-ray photoemission spectroscopy (AR-XPS) reported
elsewhere.” Note that a line profile along the islands (marked ‘1° in Fig. 1(a)), and shown in
Figure 1(d) again displays half unit-cell step heights. An expanded STM view of the surface
is shown in Figure 1(b) illustrates that two distinct reconstructions are present. The islands
exhibits a (V2x\2)R45° structure, which we identify as the (La,Ca)O-site termination, while
the (1x1) structure is the MnO»-site termination (FFTs inset). As explained in ref.”, the films
studied here have a Ca segregation of ~50% at the top two unit cells (closest to the surface).
Figure 1(e,f) further illustrates the atomic arrangements at the (1x1) and (\/2x\/2)R45° surface

for both 4-site ((La,Ca)O) and B-site (MnQO,) termination.

To study the surface electronic properties, we turned to scanning tunneling
spectroscopy (STS) measurements. Note that STS measurements across a grid of points could
not be achieved on our samples due to instability of the tip-sample junction, probably as a
result of pickup of oxygen at positive bias.*' As a result, point spectroscopy mode was
utilized and the tip was cleaned via bias pulsing between measurements. The I-V curves from
the STS measurement from the areas marked with green and blue circles in Figure 2(a) are
shown in Figure 2(b) and are remarkably similar in that both display a clear metallic
spectrum, i.e., both terminations show no measurable gap. This result was further confirmed
with a local I-V curve taken on the same film via a conductive atomic force microscope tip,
plotted in Figure 2(c). Clearly, the non-zero slope through the zero bias point is indicative of
surface metallicity in our LCMO films. Note that room temperature macroscopic DC
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transport measurements on our films show semiconducting behavior as reported elsewhere.**
The metallic behavior of the surface was repeatable cross samples grown at different oxygen
partial pressures, and has in fact been reported (by c-AFM measurement) previously.43 The
purpose of this work is to explore the surface metallicity in the context of the surface
reconstructions present as well as the chemical composition of the surface layers, which are

different to the bulk.

To understand the origin of the metallicity, we performed first-principles DFT
calculations for both 4 and B-site terminated surfaces. The calculations are performed for
slabs with (001) surface, which contains an alternating sequence of MnQ,/(La,Ca)O/MnO; ...
up to nine layers along the c-axis. We have used symmetrical slabs to avoid the formation of
dipole moments, with both the sides having similar terminations e.g. (La,Ca)O for A-site
terminated slab or MnQO, for B-site terminated slab. Further, both types of surface
reconstructions, 1) 1x1 lattice pattern and 2) (\/2><\/2)R45° were considered for both (4 and
B) types of terminations to compare with experimental results (schematic in Fig. 1(e,f)).
Before discussing the calculated electronic band structure and the density of states for A/B-
site terminated surfaces, let us first revise the electronic structure of bulk LCMO. Ca doped
LaMnOs; exhibits a rich phase diagram in terms of both electronic and magnetic properties
depending on the Ca concentration.”>** For intermediate concentrations, 0.3<x<0.5 of Ca in
La(1.1Ca,MnOs3, a phase transition from a high-temperature paramagnetic insulating phase to
a low-temperature ferromagnetic (FM) metallic state is observed. Our ground-state (0K) DFT
calculations for bulk LCMO (in supplementary®) also find ferromagnetically ordered
metallic phase at 37.5% Ca concentration and antiferromagnetically ordered insulating phase
above 50% concentration of Ca. Thus for ~37.5% Ca doping in the slabs studied here, we
considered both the antiferromagnetic (AFM) and ferromagnetic structures for the 4/B-site

terminated surface to determine the low temperature ground state. The dopant segregation in



. . . .11
the manganite-based perovskite oxide surfaces has been observed earlier''

and particularly
for the films studied here, we expect 50% of Ca concentration in the top layers of the

surface.* Thus, our model considers 50% of Ca in the topmost layer for the B-site terminated

surface maintaining overall 37.5% Ca concentration in the LCMO slab.

We begin by exploring the charge density distribution for both A-site terminated (i.e.,
(La,CaO)-terminated (1x1) and (V2xV2)R45° surfaces in Figure 3. The total density maps
demonstrates the zig-zag like atomic arrangement corresponding to the orthorhombic
structure, inter and intra-planar bonding between Mn-O and La-O along with the absence of
charge transfer between the Ca and O atoms. For the (1x1) surface, we observe that the La
and Ca atoms in the surface layer are visibly perturbed indicating significant surface
reconstruction. The inter-planar separation between the topmost (La,Ca) layer and MnO,
plane underneath is reduced. Due to a missing MnO, sub-lattice on the top, and Q, type JT
distortions (shown in Fig. 3 (e)), in which the basal plane oxygen atoms are alternately

displaced towards and away from the central Mn atom, the ferromagnetic order is stabilized.

Meanwhile, the total charge density distribution for the B-site terminated surface is
shown in Figure 4. In the case of B-site terminated (1x1) surface, the MnOg octahedra are
half-open due to the missing oxygen atoms at the apical site. In the (\/2><\/2)R45° surface,
only half of the octahedrons are open, hence the surface cannot fully relax. Instead, a Qs type
JT distortion sets in, as shown in Fig. 4 (e). In bulk, such a mode would cause increased
Coulombic repulsion between the Mn-e, and the O-p orbitals. At present the resolution of the
STM imaging precludes our ability to directly observe the presence of these distortions
(phonon modes) at the surface; however, future studies may open the potential to explore this
avenue.*® However, we may proceed on the basis of the electronic structure measured by STS

for comparison with the DFT simulations.



The calculated electronic band structure and projected density of states with the
projections over La, Ca, Mn and O atoms for 4-site (La,Ca) terminated surface are shown in
Figure 5(a,b), for the 1x1 lattice pattern and (\/2><\/2)R45° surface reconstructions, and for B-
site (MnQO,) terminated surface in Fig. 5(c,d) for the 1x1 surface and (\/2><\/2)R45° surface
reconstruction. As bulk LCMO is a half-metal with ferromagnetic ordering at ~37.5% Ca
concentration, similarly, here we observe half-metallic surface states for both the 1x1 and
(N2x\2)R45° surfaces with ferromagnetic ordering for the A-site terminated surface. Note
that the AFM solutions for these two surfaces are observed to be higher in energy compared
to the FM ordering. Our results thus confirm the experimental fact that A-site terminated
LCMO surfaces are metallic irrespective of the type of surface reconstruction. In the bulk, the
condensation of a Q2 mode leads to a delocalization of the Mn-eg sub-band, making the
system metallic (supplementary Figure 8145). But on the surface, there is significant mixing
between the e, and t,, manifold due to the incommensurability between the periodicity
imposed by the reconstruction and the wavelength corresponding to the Q2 mode. As a
consequence of the mixing, all of the Mn-d orbitals are delocalized and populate the Fermi
level leading to metallic nature of A-site terminated surface. The incommensurability is
higher for the (V2x\2)R45° reconstructed surface, and hence it shows increased mixing as
well as a decreased dispersion of the bands, but exhibits metallic behavior overall. Both the
1x1 lattice pattern and (V2x\2)R45° surface reconstruction show similar electronic density of
states indicating that the missing oxygen atoms at the surface only affect the number of
valence electrons forming metal-oxygen bands. The JT distortion observed in the bulk is also
preserved in the surface all the way up to the top-most surface layer, because there are
surface Mn-atoms with a complete octahedral environment, as in the bulk. The metallicity at

these levels of high doping leads to stabilizing a FM phase as per the Stoner criteria due to an
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increase in the density-of-states at the Fermi-level and is consistent with the bulk phase-

diagram.

For the B-site (MnQ;) terminated surface, we obtain results that differ starkly from the
A-site results. The MnO, terminated 1x1 surface resembles half-open MnOg octahedra with
missing apical Oxygen atoms, which are needed to complete the octahedron (refer Figure
1(f)). By placing an oxygen adatom on every other half-open MnOg octahedra one constructs
(N2x\2)R45° surface. Notably, the AFM order competes with the FM ordering with
increasing Ca concentration in the top layer, and is found to be more stable in the case of
50% Ca segregation in the top layers as observed in experiments. The calculated electronic
band structure, for both types of surfaces considered, is shown in Figure 5(c,d). Interestingly,
we find that while the 1x1 surface with AFM ordering is metallic, the AFM ordered
(N2x\2)R45° surface is insulating with a band gap of ~0.8 eV. Furthermore, the bands are
significantly less dispersive than those obtained for the A-terminated slabs, indicating
significant scatter due to distortions. The tunable metallicity by a surface oxygen overlayer
has been earlier confirmed experimentally by Fuchigami et. al.,”® and our calculations agree
with these experimental findings, and explain the origin of this gap opening. The calculated
AFM band structure (Figure 5(d)) shows that the delocalized Mn-d orbital is localized
through the Coulombic repulsion with the O-p, orbital and forms the valence band maximum.
Thus as a consequence of Ca segregation, there is a reduction in the electron count on
adjacent Mn-atoms, and thus the AFM ordered B-site terminated V2xV2R45° surface is
insulating. It should be noted that FM ordered \2x\2R45° surface is, however, metallic due

to the exchange interaction. The contrast between the two termination is most interesting,
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considering that the main difference between the A/B-site terminated (N2x\2)R45° surfaces
in our model is the presence/absence of the A-site atoms (i.e. La/Ca) on the topmost layer.
The orbital projected density of states shows that the Fermi level in case of a 1x1 surface is
again populated by the delocalized Mn-d states and leads to a metallic behavior. In the case
of (V2x\2)R45° surface, on the other hand, the adsorbed oxygen atom and the absence of A-
site atoms play an important role in governing the local electronic structure and leads to
insulating behavior. It is worthy to mention that the DFT results mentioned here can
reproduce not only our own experimental data, but also data from previous work®, as well as
the bulk properties* of this system, which suggests that the Hubbard correction factor used

here is indeed appropriate.
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Conclusions

The results reported here suggest the possibility for tunable half-metallic surfaces in
the manganites, which opens pathways for optimizing devices such as spin valves.*’*®
Moreover, this research, along with our previous work on this system® and those of others,””
'2 shows that surface segregation of divalent cations in the doped manganese oxides cannot
be neglected when determining the functional properties of the surface (or interface, in the
case of oxide heterostructures). Recent density functional theory calculations on prototypical
perovskite ferroelectrics by Saidi et al.*’ show considerable effects of ionic reconstructions at
polar surfaces on the ferroelectric (and electroresistive™’) properties. Given that manganites
such as LCMO and La;SryMnO; are commonly used as bottom electrodes in ferroelectric
oxide heterostructures, this study provides a pathway towards control over the interface
properties, which can then directly impact the functional property of the grown ferroelectric
layer. For example, it has been known that termination dependencies in these heterostructures
can give rise to substantial changes in magnitude (and even suppression) of polarization,'*
as well dramatically altering the tunneling electroresistance in ferroelectric tunnel junctions.”
Also, given the propensity for use of manganites in tunnel junctions,™ these studies confirm
the necessity to appropriately characterizing the interface/surface™ (including the level of
segregation) in order to correctly model their properties. These studies confirm the structure-
property relations at the atomic scale on the surface of the most commonly studied
manganite, LCMO, with in-situ STM measurements and appropriate first principles theory,
and suggest routes towards surface electronic control by optimizing dopant segregation
levels. Specifically, the tunable metallicity and magnetic order depending on the surface

reconstruction and composition offer useful control over the device properties in

nanoelectronic and spintronic applications.
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Figure Captions

Figure 1: (a) Large scale STM topography of the surface of the LCMO film. (b) Atomically
resolved image of the surface, showing two distinct terminations and two different
reconstructions. Fast Fourier Transform (FFT) images of the white boxed regions in (b), inset
highlights the two different lattice structures. Scale bar in inset, 4nm™ (c) Height distribution
showing half unit cells intervals. (d) Line profile of segment ‘1’ in (a), confirming half-unit
cell steps. Schematic view of (1x1) and (\/2x\/2)R45° surfaces for (e) (La,Ca)O and (f) MnO,
termination. Black lines highlight the unit cell for each type of surface. Green atoms are
La/Ca, red atoms are oxygen, and purple atoms are Mn.

Figure 2: (a) STM topography of area where STS was performed. (b) I-V spectra taken at
points indicated by the blue and green circles in (a), corresponding to the two distinct
terminations. (c¢) I-V taken by an AFM tip on the same film, showing metallic behavior.

Figure 3: Total electron density distribution for A-site terminated LCMO (001) 1x1 surface
with a)top and b)side view. For the \2x\2R45° surface, ¢) shows top and d) shows the side
view of the surface. The electron density of the isosurface corresponds to the value of 0.039
¢/A*. The isosurface sections are shown in blue, while the La, Ca, Mn, and O atoms are
shown in green, blue, magenta and red, respectively.

Figure 4: Total electron density distribution for B-site terminated LCMO (001) 1x1 surface
with a:top and b)side view. For the (¥2xV2)R45° surface, ¢) shows top and d) shows the side
view of the surface. The electron density of the isosurface corresponds to the value of 0.039
e/A3. The isosurface sections are shown in blue, while the La, Ca, Mn, and O atoms are
shown in green, blue, magenta and red, respectively.

Figure 5: Electronic band structure and orbital projected density of states (PDOS)
corresponding to 4-site (La,Ca, O) terminated Lag ¢;5Cag37sMnQO3 (001) (a) 1x1 and (b)
(\/2X\/2)R45° surface, and to B-site (MnQO;) terminated Lag 65Cag 375sMn0O3 (001) (¢) 1x1 and
(d) (V2x\2)R45° surface. The Mn-e,, Mn-ty, and O-p states contributing to the valence band
maximum and the conduction band minimum are shown in red, green and blue color,
respectively. In the PDOS, only the states contributing to the spin up channel are shown for
clarity.
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