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Oxides of transition and inner transition metals show a variety of
technologically important functional properties. Among these
properties include ferroelectricity' and magnetism,? colossal mag-
netoresistance,” and high temperature superconductivity,* with
transport character ranging from insulating to semiconducting to
metallic. Furthermore, these properties are extremely sensitive to
perturbations from chemistry, structural defects, strain, and many
other effects, which, in turn, provides the materials scientist a
number of routes by which to engineer new functionalities in this
class of materials.> While even simple binary oxide systems ex-
hibit a broad diversity of properties, it is the ternary systems that
have received the most attention in recent years. In particular,
materials possessing the perovskite structure [with chemical for-
mula ABO; (Fig. 1)] have been observed to exhibit an incredible
variety of functionality and phenomena.

This paper introduces two sets of five Surface Science Spectra
comparison data records: (1). Single crystal perovskites analyzed
using X-ray photoelectron spectroscopy, which include SrTiO;
(001), YA103 (110), LaAlO3 (001), (LaAlO3)03(Sr2TaA106)O7
(001), and NdGaOj3 (110); (2) Single crystal rare-earth scandate
perovskites analyzed using X-ray photoelectron spectroscopy,
which include PrScO; (110), NdScO; (110), GdScO; (110),
TbScO; (110), and DyScOj3 (110). Although there are many inter-
esting aspects of the perovskites and rare-earth scandate perov-
skites, this very brief introduction will touch on their use as
substrates for epitaxial growth, and the electronic effects of these
materials on the lanthanide metal 3d photoelectron spectra. Other
work relating to lanthanide-based materials has appeared previ-
ously in Surface Science Spectra.’®

The perovskite structure generally involves a larger metal cat-
ion, A, together with a smaller metal cation B (Fig. 1).” The ideal
symmetry of a perovskite is cubic. The relative size of the two cat-
ions is crucial for stability of the cubic structure and variations in
ionic radius of either the A or B cation or both can lead to crystal
distortion affecting not only the overall crystal structure but also
the electronic structure and properties as well. This makes perov-
skites an interesting class of materials not only for their functional
properties, but also as substrates for epitaxial growth.
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FiG. 1. Perovskite (ABO3) structure.

TaBLE I. Crystal ionic radii (Ref. 12).

A B
Ton Radius (nm) Ton Radius (nm)
St 0.132 AP 0.0675
Y3+ 0.104 N 0.0885
La** 0.1172 Ti?* 0.081
Pt 0.113 Ga>" 0.076
Nd**+ 0.1123 Ta*" 0.072
Gd*+ 0.1078

b+ 0.1063

Dy*" 0.1052
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FiG. 2. (a) La 3d photoelectron spectra of LaAlO3 (001) and (LaAlO3) 3(SroTaAlOg)o 7 (001). (b) Nd 3d photoelectron spectra of NdGaO; (110) and NdScO;

(110).

Advances in thin film epitaxy, particularly pulsed laser deposi-
tion, RF magnetron sputtering, and molecular beam epitaxy, have
enabled researchers to carefully tune material properties using epi-
taxial strain, either induced by compositional variation or by sub-
strate variation taking advantage of lattice mismatch. Such
approaches have provided an opportunity for researchers growing
perovskite thin films or making use of single crystal perovskites
as substrates for epitaxial growth to apply large biaxial strains (as

much as several percent in some cases) to nanoscale films of vari-
ous materials, which would lead to cracks in bulk materials under
similar values of hydrostatic strain.® In order to gain an increased
understanding of the surfaces and heterointerfaces of perovskite-
based materials, a variety of commercially available bulk single
crystalline substrates commonly used for epitaxial growth were
chosen in this study, which span a range of crystal ionic radii of A
and B (Table I).
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FiG. 3. 3d photoelectron spectra of LaAlO3 (001), PrScO; (110), NdScO3 (110), GdScOs5 (110), TbScO3 (110), and DyScO5 (110).
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TaBLE II. Electron configuration (Ref. 13).

Element Electron configuration
La [Xe]6s25d!

Pr [Xel6s4f>

Nd [Xel6s24f*

Gd [Xe]6s24f75d!

Tb [Xe]6s%4f”

Dy [Xe]6s%4f"°

The photoelectron spectra of the Al, Sc, Ti, Ga, Sr, and Y spe-
cies present in the series of perovskite-based materials investi-
gated in this study appear for the most part typical for their +3
state and will not be discussed in detail here. The much more
interesting spectra in terms peak-shape complexity are those of
the rare-earth elements La, Pr, Nd, Gd, Tb, and Dy present in this
series of materials and, in particular, the 3d lines of these ele-
ments. The La 3d photoelectron spectra of LaAlO; (001) and
(LaAlO3)3(Sr,TaAlOg)p 7 (001) in Fig. 2(a) and the Nd 3d photo-
electron spectra of NdGaOs5 (110) and NdScOj3 (110) in Fig. 2(b)
each show a double-peak structure characteristic for their respec-
tive sesquioxide, La,O3 and Nd,O5.>'° The 3d doublets are quite
distinct for LaAlO5; and (LaAlOs3)g3(Sr,TaAlOg)y 7 and less dis-
tinct for NdGaO5; and NdScOs;. For the two lanthanum com-
pounds, the lower binding energy component has nearly the same
intensity as the higher binding energy component, whereas for the
two Nd compounds, it is the higher binding energy component
that dominates. When the ligand is changed, for example, to fluo-
rine, such as in LaFs3, it is the lower binding energy component
of the La 3d line that dominates, with the higher binding
energy component having diminished intensity as compared to
LaAlO; and (LaAlO3)5(SroTaAlOg)y7."" This indicates the
lanthanide-series metal and the ligand anion play key roles in
determining the 3d peak shape for this class of materials.

The structure of the 3d lines of the lanthanide series com-
pounds can be explained by a core-hole screening mechanism
known as valence-mixing relaxation. During the creation of the
core hole, there is a strong coulombic perturbation attracting
localized 4f electrons. This causes a relaxation of the 4f charge
distribution through hybridization of the 4f electrons with valence
(conduction) states in order to screen the core hole.®® For La, Pr,
and Nd, each of the states represent either the bonding or the anti-
bonding final state configuration of the metal ion (e.g., for
LaAlOj; and (LaAlO3)g 5(Sr;TaAlOg)g 7, the higher binding energy
line represents the 4% bonding state and the lower binding
energy line is the 4flg aﬁlti-bonding state, where c represents the
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3d core hole.) It is this charge transfer between the metal and
ligand that causes the intensity ratios of the double-peak structure
to vary by metal and ligand.

The degree of electron interaction varies with the lanthanide
element and significantly alters the structure of the 3d spectra as
evidenced in Fig. 3. For LaAlO;, the charge-transfer effect is
weak, which results in clearly defined doublets for in the 3d lines.
For PrScO; and NdScOs, the charge-transfer effect is strong and
the doublet becomes much less clearly defined. This is due in part
to an increase in unpaired 4f electrons as these orbitals begin to
fill. For GdScO3, TbScO3, and DyScOs3, the double-peak structure
disappears and the line shape can be explained based on a
decrease in the number of unpaired 4f electrons as these orbitals
are further filled (Table II).

This work was carried out in the Frederick Seitz Materials
Research Laboratory Central Research Facilities, University of
Hllinois. E.B. and L.W.M. acknowledge support from the National
Science Foundation under grants DMR 1124696 and DMR 1451219.
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