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Compensation Mechanisms and Functionality
of Transition Metal Oxide Surfaces and
Interfaces: A Density Functional Theory Study

Rossitza Pentcheva, Narasimham Mulakaluri,
Wolfgang Moritz, Warren E. Pickett,
Hans-Georg Kleinhenz and Matthias Scheffler

Abstract The valence discontinuity at transition metal oxide surfaces and interfaces
can lead to properties and functionality that are not observed in the respective bulk
phases. In this contribution we give insight from density functional theory calcu-
lations on the emergence of conductivity and magnetism at the interfaces between
(nonmagnetic or antiferromagnetic) insulators like LaTiO3 and SrTiO3 as well as
LaAlO3 and SrTiO3, and investigate systematically the influence of water adsorp-
tion on the surface properties of Fe304. Additionally we present benchmarks for
the performance of the full-potential linearized augmented plane wave method as
implemented in the WIEN2k-code on HLRBI and HLRBII.

1 Introduction

The surfaces and interfaces of transition metal oxides represent a natural disruption
of the bulk charge neutrality and a multitude of unexpected properties have been ob-
served that differ substantially from the ones of the corresponding bulk materials. In
order to understand naturally occurring phenomena as well as to selectively manipu-
late materials’ properties like conductivity, magnetism and reactivity for technolog-
ical applications, it is essential to gain a microscopic knowledge of the mechanisms
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of charge accommodation and the resulting structural and electronic relaxations at
oxide surfaces and interfaces.

In the first part of the project, we have systematically investigated the surface
termination of Fe304(001) and have found that a hitherto ignored bulk termination
containing oxygen and octahedral iron is stabilized [1, 2]. A Jahn-Teller distortion
was identified as the origin of the observed (+/2 x +/2) R45°-reconstruction. Exper-
imental evidence is given by scanning tunneling microscopy [3] as well as x-ray
and low electron energy diffraction (XRD and LEED) measurements and quantita-
tive analysis [1, 4]. The interaction of water with a mineral surface can be used as
a probe of the surface reactivity and is a fundamental process both in nature and
technology. In Sect. 4.1 we are studying how the adsorption of water influences the
surface reconstruction, stability and properties of Fe304(001).

Recently, the conductivity measured at the interfaces between the Mott insulator
LaTiO3 (LTO) and the band insulator SrTiO3 (STO) but also between the two simple
band insulators LaAlO3 (LAO) and STO [5, 6] has fueled intensive research both on
the theoretical and experimental side. In Sect. 4.2 we show how the charge mismatch
at these interfaces together with electronic correlations can lead to the stabilization
of novel charge, orbital and magnetically ordered phases [7, §8].

Prior to presenting the scientific results, we briefly describe the method in Sect. 2
and discuss the performance of WIEN2k-code on HLRBI and HLRBII in Sect. 3.

2 Method

Density functional theory (DFT) is a powerful tool to study the physical proper-
ties of crystals and surfaces. However, the high accuracy goes hand in hand with
a high numerical demand, thus restricting DFT calculations to system sizes of the
order of 10 atoms and 1000 electrons. Transition metal oxide surfaces and inter-
faces represent a particularly challenging task due to their complex structure, strong
relaxations and surface reconstructions, the treatment of 3d electrons, the localized
orbitals of oxygen and magnetism. The method we have chosen is the full-potential
augmented plane waves (FP-LAPW) method in the WIEN2k-implementation [9]. As
an all-electron method with atom-centered basis functions around the nuclei with a
well defined angular momentum and plane waves in the interstitial region it is par-
ticularly suitable for the questions of interest. In order to investigate charge ordering
phenomena at oxide surfaces and interface and to explore the role of electronic cor-
relations, the LDA+U method in the fully localized limit [10] is used.

As generally known, DFT is a (p = 0 Pa, T = 0 K) method. Combining DFT
with thermodynamics allows us to extend the predictive power of DFT to finite tem-
peratures and pressures in the atmosphere. In the previous project period we have
applied the ab initio thermodynamics formalism [11, 12] to investigate the influence
of the oxygen pressure and temperature on the surface termination of Fe304(001).
In the current project we extend the phase diagram to account for the presence of
hydrogen and water in the atmosphere. The lowest energy configuration of a surface
in thermodynamic equilibrium with a humid environment with partial pressure po,,
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PH,0 and temperature 7' minimizes the surface energy, y (T, p), which depends on
the Gibbs free energy of the surface and the chemical potentials of the constituents:

1
v(T,p)= ﬂ[ %2‘;%4(001) — Npeire(T, p) — Nouo(T, p) — Nu,oun,o(T, p)].

(D

Applying the line of argument stated in Ref. [12] we can substitute the terms

in (1) by quantities accessible to DFT-calculations. As mentioned above to solve

the all-electron Kohn-Sham equations we use the full-potential augmented plane

waves (FP-LAPW) method in the WIEN2k-implementation [9] and the generalized

gradient approximation (GGA) in the parameterization of Perdew, Burke and Ernz-
ernhof [13].

3 Performance of WIEN2k on HLRBI and HLRBII

The fine grain parallel version of the WIEN2k-code was ported to and optimized
for the Hitachi-SR8000 in collaboration with the Leibniz Rechenzentrum (LRZ).
A detailed report of the optimization steps and the extensive benchmarks on SR8000
and IBM Regatta (RZ Garching) is given in Ref. [2].

The migration to the HLRBII SGI-Altix 4700 was completed in the last two years
again in close collaboration with the LRZ. Currently both the fine grain parallel
version (MPI) and the k-point parallelization scheme are used in the production.
A hardware description of the HLRBI and HLRBII is given in Table 1. Here, we
have done detailed benchmarks of the performance on HLRBII (second stage) and
have compared these to previous ones on the HLRBI.

We have used two systems for the benchmarks: A 0.5 ML A-termination of
Fe304(001) containing 70 atoms in the unit cell to compare with previous bench-
marks on HLRBI. Here the cutoff for the plane wave basis set was set to E.,; =
19 Ry which corresponds to a matrix size of 15000. The second benchmark case is
a typical system used currently to study the water adsorption on Fe304(001). With
its 130 atoms and 1050 electrons per unit cell, it corresponds to the biggest systems
currently under consideration. The adsorption of water on the Fe304(001)-surface
represents a computational challenge—due to the short O-H-bond the muffin tin

Table 1 Hardware Description of HLRBI (Hitachi’s SR8000) and HLRBII (SGI Altix 4700—
second stage) and performance of lapwl

Hitachi SR8000 SGI Altix 4700
Clock rate 0.375 GHZ 1.6 GHZ
Peak/core 1.5 GFlop/s 6.4 GFlop/s
Memory BW/core 0.5 GBytes/s 2.12 GBytes/s
Performance of diag per core (8 cores) 0.450 GFlops/s 1.87 GFlop/s

Percent of peak performance 30 28(38-BW)
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Fig. 1 Left panel: Comparison of running times for the different parts of lapwl (hamilt, hns
and diag) for N, = 15000 as a function of Ncpy on Hitachi SR-8000 and SGI Altix 4700.
Right panel: Running times of lapwl for different matrix sizes on 8 cores on HLRBII
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Fig. 2 Left panel: Performance of 1apwl per core as a function of Ncpy. Right panel: Speedup
on HLRBI (N4, = 15000) and HLRBII (N,,,,; = 15000 and 30600)

radii of oxygen (and hydrogen) have to be substantially reduced. The consequence
is that a much higher cutoff parameter for the wave functions and potential is needed
in order to achieve the same accuracy as for the clean Fe304(001)-surface. This
leads to a matrix dimension of N,,,; = 30600.

The results of the benchmarks are displayed in Figs. 1, 2 and Table 1. The most
time-consuming step in WIEN2k is 1lapwl where approximately 80-90% of the
computational time is spent. As can be seen from Fig. 1 (right panel), the latter
scales exponentially with the size of the matrix. Generally, the computational time
in lapwl is reduced by a factor of 4-5 on HLRBII compared to HLRBI. To a
large extent this can be attributed to the change of core clock rate (375 MHz vs
1600 MHz). 1apwl contains the set up of the Hamiltonian (subroutine hamilt),
its non-spherical part (subroutine hns) and the diagonalization (subroutine diag).
Reprogramming of the MPI parallelization in the last version (07.03) of WIEN2k
led to a substantial reduction of the computational time of hns from up to 30%
on HLRBI to approx. 10% in the current version on HLRBII. On Hitachi SR-8000
lapwl showed an acceptable scaling up to 8 CPUs (one node) which however
breaks down when using more than one node (cf. Fig. 2). The scaling behavior of
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the fine grain parallel version on HLRBII is much better and preserves a nearly
linear behavior beyond 8 CPUs, especially for large system sizes of Ny, = 30600.

As can be seen from Table 1 the peak performance per core of HLRBII is four
times higher than Hitachi’s SR8000. We find that the effective performance of diag
is about 30% of the peak performance on both HLRBI and II, which is an excellent
value for this type of code. We have experienced that the memory bandwidth has
influence on the performance of the major routines of 1apwl. Partitions with low
density blades (2 cores per memory path) show a further performance improvement
of 25% compared to the high density blades (4 cores per memory path) given in
Table 1. The performance on the low density blades is 2.4 Gflop/s per core or 38%
of peak performance.

4 Scientific Results

4.1 Adsorption of Water on Fe304(001)

The interaction of water with a mineral surface is a fundamental process both in
nature and technology (e.g. catalysis) and a first step in understanding surface reac-
tivity. Magnetite plays an important role in the adsorption and reduction of heavy
metal ions (Cr, As) and other contaminants [14, 15]. These processes typically take
place in aqueous solutions. Therefore, it is important to understand how water ad-
sorption influences the stability and properties of the Fe304(001)-surface.

Magnetite crystallizes in the inverse spinel structure, where in [001]-direction
B-layers, containing oxygen and octahedral iron, alternate with A-layers with tetra-
hedral iron. Starting from the modified B-layer, found to be most stable on the clean
surface [1] and shown in Fig. 3(a) as well as an A-layer termination where every
second tetrahedral iron is missing (0.5 A-layer), we have varied the degree of hy-
droxylation of the surface. These calculations are computationally very involved,
because due to the short OH-bond length the muffin tin of hydrogen is very small
(RN =0.6 a.u., RO, = 1.1 a.u.), and this requires a very high plane wave cutoff to
obtain good convergence (currently E¥/ =25 Ry). Because surface relaxations in-
volve deeper layers and to avoid spurious interaction between the surface layers we
are using a slab containing seven B-layers and 10-12 A of vacuum to separate the
surfaces in z-direction. On the average, the considered systems contain 130 atoms
and 1050 electrons which results in matrix sizes of 30600. On 8 CPUs the compu-
tational time for the setup and diagonalization of the Hamiltonian matrix (Lapwl)
is 6553 s/core (on 8 cores). In spin-polarized calculations 1apwl is performed for
both spin directions separately and we use 4 kj;-points for the integration in the
irreducible part of the Brillouin zone (IBZ). The full geometry optimization of each
system requires on the average 10 geometry steps and for each geometry step ap-
proximately 20—40 iterations are needed to reach convergence of the energy and
electron density.

One aspect that we want to resolve is the mode of adsorption of water: molecular
versus dissociative. Therefore we are also studying different adsorption mechanisms
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Fig. 3 Models of the Fe304(001)-surface (a) clean surface showing the Jahn-Teller distorted
B-layer termination; (b) and (c) B-layer termination covered by one or two H>O molecules per
unit cell; (d) a fully hydroxylated B-layer termination

of a single water molecule as well as two H>O molecules in the surface unit cell.
Some adsorbate geometries are shown in Fig. 3(b) and (c). Preliminary results in-
dicate that molecular adsorption (Fig. 3(b)) is more favorable for low coverages but
already for two water molecules per surface cell the two mechanisms have close
energies. To compare the stability of the different configurations, the surface phase
diagram of the clean Fe304(001)-surface [1] is extended to account for both the
O, and H,O partial pressure. We find that a completely hydroxylated B-layer with
OH-groups on top of octahedral iron and all surface oxygen being substituted by
OH-groups, shown in Fig. 3(d), is the most stable configuration at water rich con-
ditions. The results of the structural optimization reveal that the adsorption of water
tends to suppress and even lift up the (v/2 x v/2) R45°-reconstruction observed on
the clean surface. Preliminary LEED measurements performed in parallel to the cal-
culations support this interesting prediction. The geometries obtained from DFT are
currently used as a starting point for a quantitative LEED-analysis as already done
for the clean surface [4].

4.2 Charge Accommodation at Digital Perovskite Superlattices

The fabrication of perovskite superlattices with an atomic control of the number of
layers of each material was recently demonstrated using pulsed laser deposition [5].
This achievement of today’s growth techniques has invigorated intensive research.
The reason is that the interfaces, that are generated, show novel properties that do
not exist in the parent compounds. Examples are the two-dimensional electron gas
(2DEG) measured at the interfaces between the Mott insulator LaTiO3 (LTO) and
the band insulator SrTiO3 (STO) [5], but also between the two simple band insu-
lators LaAlO3 (LAO) and STO [6]. Perovskites possess a natural charge modula-
tion in the [001]-direction, e.g. in LTO positively charged (LaO)™ layers alternate
with negatively charged (TiO»)™, while in STO both the SrO and TiO-layers are
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Fig. 4 (a) Side view of a (LTO);/STOs superlattice; (b) charge distribution of the 3d states in
the interface TiO,-layer, showing a charge and orbitally ordered checkerboard arrangement of
Ti* and Ti*t; (c) layer resolved density of states showing the Ti 3d states across the interface for
arelaxed (LTO);/STOs superlattice (from Ref. [8])

neutral. Thus the interface (IF) between these two insulators represents a simple re-
alization of a polar discontinuity and poses the question of how charge mismatch
is accommodated and whether insulating behavior can be preserved. In the other
system, LAO/STO, both the A and B sublattice cations in the perovskite structure
change across the interface giving rise to two different types of interfaces: an n-type
between a LaO and a TiO;-layer, that was found conducting with a high electron
mobility and a p-type between a SrO and an AlO;-layer that showed insulating
behavior despite the charge mismatch [6].

In order to investigate the compensation mechanism using the material specific
insight from first principles and in particular to explore the role of electronic corre-
lations, we have performed DFT calculations including a Coulomb repulsion U [10]
for a variety of LTO,/STO,, and LAO,/STO,, superlattices. Here, we have varied
the number of layers (n, m) of each material. These systems contain so far up to 100
atoms and 800 electrons (N,,,; = 14500). The computational time of lapwl per
CPU (on 8 CPUs) per k-point is 2800 s. We note that all cases are spin-polarized
and that at least 6 k;;-points are used in the IBZ.

Figure 4(a) shows a side view of a LTO{/STO5. Our LDA+U calculations [8]
predict that the charge mismatch at this interface is accommodated by a charge dis-
proportionation: A charge and orbitally ordered IF-layer is found with Ti** and
Ti** ordered in a checkerboard manner (see Fig. 4(b)). At the Ti3* -sites the dyy-
orbital is occupied. While the system is insulating for the structure with bulk posi-
tions of the atoms, lattice relaxations lead to the experimentally observed conducting
behavior. A similar compensation mechanism is found also for the n-type interface
of LAO and STO [7]. Although both LAO and STO are nonmagnetic and LTO is
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an antiferromagnet of G-type, a new magnetic phase emerges at the IF with diluted
Ti*-spins that have a slight preference to antiferromagnetic coupling (with a larger
periodicity than LTO bulk) [7, 8]. Brinkman et al. recently found first experimental
indications for localized magnetic moments at the n-type LAO/STO IF [16] support-
ing our prediction. Since these superlattices are strained due to the lattice mismatch
between the bulk compounds, we are currently investigating the effect of interlayer
relaxations on the properties of the interface.

At the p-type LAO/STO interface (AlO>-layer next to a SrO-layer at the inter-
face) we have investigated two compensation mechanisms: (i) at a structurally ideal
interface, as suggested by the initial results of Ohtomo and Hwang [6], insulating
behavior can only be obtained by a charge disproportionation on the oxygen sub-
lattice with a charge and magnetically ordered O P, hole localized at a quarter of
the oxygens in the AlO;-layer [7]; (ii) oxygen vacancies, suggested in several more
recent experimental studies (e.g. [17]), are a natural way to compensate the excess
hole at the interface. We have studied vacancies in the AlO;- and SrO-layer and find
that in both cases the Fermi level lies in a dip of the density of states.

These results show that in materials with multivalent ions charge disproportiona-
tion offers an additional, correlation driven compensation mechanism, unanticipated
e.g. in polar semiconductor interfaces.
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