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Investigation of local distortion effects on X-ray
absorption of ferroelectric perovskites from first
principles simulations†

Pedram Abbasi, David P. Fenning and Tod A. Pascal *

Understanding the role of ferroelectric polarization in modulating

the electronic and structural properties of crystals is critical for

advancing these materials for overcoming various technological

and scientific challenges. However, due to difficulties in perform-

ing experimental methods with the required resolution, or in inter-

preting the results of methods therein, the nanoscale morphology

and response of these surfaces to external electric fields has not

been properly elaborated. In this work we investigate the effect of

ferroelectric polarization and local distortions in a BaTiO3 perovs-

kite, using two widely used computational approaches which treat

the many-body nature of X-ray excitations using different philos-

ophies, namely the many-body, delta-self-consistent-field

determinant (mb-ΔSCF) and the Bethe–Salpeter equation (BSE)

approaches. We show that in agreement with our experiments,

both approaches consistently predict higher excitations of the

main peak in the O–K edge for the surface with upward polariz-

ation. However, the mb-ΔSCF approach mostly fails to capture the

L2,3 separations at the Ti–L edge, due to the absence of spin–orbit

coupling in Kohn–Sham density functional theory (KS-DFT) at the

generalized gradient approximation level. On the other hand, and

most promising, we show that application of the GW/BSE approach

successfully reproduces the experimental XAS, both the relative

peak intensities as well as the L2,3 separations at the Ti–L edges

upon ferroelectric switching. Thus simulated XAS is shown to be a

powerful method for capturing the nanoscale structure of

complex materials, and we underscore the need for many-body

perturbation approaches, with explicit consideration of core-hole

and multiplet effects, for capturing the essential physics in these

systems.

Introduction

Utilization of ferroelectrics in a wide range of electronic and
energy conversion devices during the past decades has spurred
ever extensive research on the structural and electronic pro-
perties of this class of materials.1,2 A wide range of ferroelec-
trics belong to the perovskite family, with a general structure
of ABO3, where significant and controlled modulation of the
bulk and surface properties, upon polarization switching, has
been observed.3,4 This includes the reversible change in
surface structure and electronic charge density, relevant to
applications ranging from sensors and non-volatile
memories.5,6 The chemistry of ferroelectric perovskites mainly
consist of titanates (ATiO3) in which the A site is a cation such
as Pb,2 Sr,7 Ba,8 Ca9 or Li.7 Here, ferroelectricity originates
from the displacement of Ti4+ cations from their centro-
symmetric positions to two meta-stable configurations, with
positive and negative polarizations.10 It is now well established
that this effect originates from Ti–O bonding and orbital
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hybridization, and that a deep understanding of electronic
structure is necessary to elucidate the effect of polarization
switching in ABO3 perovskites.

9,11

To date, various spectroscopic methods have been devel-
oped to probe the role of polarization on the overall properties
of ferroelectrics, in both solid state and molecular
systems.12–19 Among them, X-ray absorption spectroscopy
(XAS) is a unique and powerful tool that is capable of probing
the electronic structure of selected elements with high sensi-
tivity to the local structure and short-range interactions, criti-
cal for understanding the effect of ferroelectric polarization on
surface local electronic structure and chemistry. XAS funda-
mentally relies on excitations of core electrons to unoccupied
valence states i.e., transition metal 2p and 3d orbitals, corres-
ponding to O–K and Ti–L edges respectively.20 Specifically, O–
K (1s → 2p) excitations has been widely studied, both experi-
mentally and computationally, to shed light on surface and
interface originating properties of ferroelectrics, such as
surface charge density and relaxation.20–22 However there is
still a lack of understanding on the direct role of polarization
switching (and the associated changes in dipole moment) on
the O–K edge fine structure. Ti–L edge transitions (2p → 3d)
involve even more complex physics, including interatomic
spin–orbit coupling and strong multiplet effects.20,23,24 This
has made polarization switching studies at the Ti–L edge more
challenging.

For a comprehensive understanding of quantum-chemical
methods on X-ray absorption and their relevance to different
systems, we refer to recent reviews.25,26 We here summarize
efficient computational approaches for simulating the XAS of
complex material systems, such as the perovskites considered
here. These range from band structure multiplet
approaches,25,27 time-dependent density-functional theory
(TDDFT),28,29 multiple-scattering,30–32 and application of the
Bethe–Salpeter equation (BSE) in second-order perturbation
theory approaches.25,33 In general, these methods can be
classified into two categories, based on how the XAS final
states are modelled: (i) single-particle and (ii) many-body
approaches.26,34

In single-particle excitation approaches, the excited electron
and its corresponding hole are treated as independent par-
ticles, (sometimes modelled as impurities),26,34 the system’s
electron density is equilibrated in its final (core-excited) state
and the XAS spectrum generated by calculating transition
matrix probabilities from the overlap of the initial (ground)
and final states. The most widely used method is based on
constrained-occupancy delta-self-consistent-field (ΔSCF) DFT,
in which transition amplitudes are calculated based on a fixed
core-hole potential. Based on this general approach, various
computational schemes have been developed, which mostly
differ in whether or not the X-ray photo-electron is included in
the final state, as in the so-called excited-electron and core-
hole (XCH) or full core-hole (FCH) approaches, respectively.34

One can of course go beyond single-particle interactions
and solve the electron–hole interactions within many-body per-
turbation theory. Here, the final state is assumed to be a super-

position of effective e–h pairs. One way of accomplishing this
is by solving the Bethe–Salpeter Equation (BSE) equation,
which includes quasi-particle energies of the core hole and the
excited photoelectron, together with the interaction between
them.23,35 Since capturing the effect of lattice distortion at the
atomic scale in transition metals and perovskite crystals
involves multiple, many-electron effects, methods based on
many-body interactions are thought critical in accurately cap-
turing the physics of the experimental system. However, this
has not been comprehensively explored.

In this work, we seek to answer two equally important ques-
tions about the surface and electronic structure of polarized
BaTiO3 slabs. First, we investigate the role of polarization
switching in modulating the surface electronic states, using
both experiments and first principles based simulated XAS at
the O–K and Ti–L edges, on upward and downward polarized,
epitaxially grown (001) thin films. Secondly, we benchmark the
performance of two approaches for including many-body
physics in the XAS: a many-body ΔSCF determinant approach,
and a hybrid GW/BSE approach based on many-body pertur-
bation theory. These are herein denoted the determinant and
BSE approaches, respectively. By benchmarking against experi-
mental data,36 we show that while both approaches accurately
predict the effect of ferroelectric modulation on the main
edges and fine structures at the O–K edge, i.e., low energy t2g
peaks, the consideration of multiplet and spin–orbit coupling
effects is critical for accurately capturing the physics, and is
necessary to model 2p → 3d transitions associated with Ti–L
edges.

Results

Fig. 1a shows the TiO6 octahedron in the BaTiO3 tetragonal
structure, with a Ti atom at the center and 6 O atoms on each
corner. In titanate perovskites, the crystal ligand field on the
Ti-3d electrons creates low energy and high energy sub-bands,
known as t2g and eg, as shown in Fig. 1b.22 Direct hybridization
between the Ti-3d and O-2p electrons in the TiO6 octahedron
leads to the formation of dz2 and dx2−y2 orbitals (corresponding
to eg peaks), while their in-plane hybridization leads to dxy, dxz
or dyz orbitals (attributed to t2g states).

37,38 Fig. 1c and e shows
the surface-sensitive experimental Ti–L and O–K XAS of
BaTiO3 thin films, collected by synchrotron X-ray scanning tun-
neling microscopy (SX-STM).39–41 Tunneling of photo-excited
electrons to the STM tip in the near-field mode allows us to
capture surface polarization switching effects with high sensi-
tivity. Analysis of the resulting spectra shows that the Ti–L XAS
is characterized by two pairs of peaks, at 456.4 eV and 458.53
eV and at 461.93 eV and 464.06 eV, associated with t2g and eg
orbitals at the L3 and L2 states respectively. Corresponding t2g
and eg fine structure features at the O–K are observed at 529.65
V and 532.1 eV. Overall, we find that switching the polarization
from downward to upward leads to a reproducible and promi-
nent increase in the peak intensity ratios of the t2g and eg
states denoted as (P+/P+). Specifically, we find that the relative
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intensity of the t2g and eg peaks in upward and downward
polarized surfaces confirms is most sensitive at the Ti–L2 edge
(Fig. 1c and d), in agreement with previous reports showing a
high sensitivity of the low energy fine structures of Ti–L and
O–K to lattice distortion.38

Fig. 2 presents the simulated O–K edge XAS spectra of
BaTiO3, based on the multi-determinant ΔSCF approach. A
schematic describing the excitation of core electrons to valence
band empty states, with the associated, many-body, first and
second order valence excitations is shown in the schematic in
Fig. 2a. Here the excitation order ( f a) denotes the number of
e–h pairs considered for simulating the determinant spectrum
(i.e., f 2 represents two sets of e–h pairs). The effect of the total
number of empty orbitals in valence band (n × m) is also con-

sidered, where m is the number of occupied orbitals in the
ground state. Ideally to resemble a many-body effect one
should consider a complete picture of valence excitations and
multi-scattering effects (i.e., f a excitation orders), however
recent experience has shown that for early transition metal
oxides, spectra converges at a low valence excitation order.34

We verified this in the current context by first calculating the
determinant spectrums for O–K excitations with different
number of empty orbitals in valence band, and found that we
achieved convergence in the spectra (up to 20 eV above the
adsorption edge) at n = 3. We also investigated the effect of the
excitation order, by considering single ( f 1), and double e–h
pairs ( f 2). This also showed that converged was achieved with
second order excitation (Fig. 2c). The determinant spectrum,

Fig. 1 (a) Schematic TiO6 octahedron within the BaTiO3 tetragonal structure, with a Ti+ cation in upward (blue) and downward (red) polarization
states (b) possible hybridized orbitals between Ti-d and O-p states with dz2 and dx2−y2 on eg and dxy, dxz or dyz orbitals on t2g states. Experimental XAS
spectra and corresponding intensity ratios on each peak in upward vs. downward positions on (c and d) Ti–L and (e and f) O–K edges of epitaxial
BaTiO3.

Fig. 2 Excitation principles within many-body perturbation model. (a) Schematic of possible excitations from conduction band to valence band
with first and second excitation order. (b) The effect of number of empty orbitals in valence band and (c) excitation order on determinant final spec-
trum. (d) Initial (ground) state, one body excited state and determinant spectrum.
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based on double e–h pairs, mainly affected higher energy
peaks, and had no appreciable effect on the main eg and t2g
fine structures.34

As a figure of merit, we also calculated the spectrum using
the initial state approximation, which amounts to a projected
density of states (pDOS) calculation. We compare this to the
single-particle final-state spectrum and the spectrum based on
determinant approach at the O–K edge in Fig. 1d. This shows
conclusively that the multi-determinant approach is necessary
to accurately capture the physics in these systems. Notably, in
Fig. 2d, we calculate a red shift of ∼7 eV when comparing the
pDOS to the multi-determinant spectrum, with the former
completely missing the critical t2g and eg features. Further, the
single-particle XAS approach fails to capture the main low
energy t2g fine structure and to reproduce the experimental t2g/
eg ratio. By contrast, the many-body determinant approach
substantially improves the intensity of the main t2g peak, com-
pared with experiments.

We further investigated the effect of local ferroelectric
polarization on both the Ti–L and O–K edge spectra, simulated
using the converged ( f 2 and n = 3) determinant approach,
with polarized slab models (Fig. 3). To fully elucidate the sig-
nature of local polarization on the electronic structure of the
slab, we investigated two degrees of local distortion of Ti from
its centrosymmetric position, namely P1 and P2, corresponding
to polarizations of ∼18 µC cm−2 and ∼32 µC cm−2, respectively
[see ESI for more details†]. The resulting O–K edge XAS spectra

shows the characteristic t2g and eg peaks at 529.3 eV and 532.0
eV, and an increase in the peak intensity when switching the
polarization from downward (P−) to upward (P+) in line with
our experimental findings. Indeed, we find that the P+/P− ratio
(denoted on each peak in italics) for both the t2g and eg peaks
intensifies with increasing distortion (i.e., going from P1 to P2),
confirming that the peak modulations do indeed originated
from local polarization.

Next, we investigated the performance of the determinant
approach in capturing Ti–L edge excitations on our polarized
slab models. As can be seen in Fig. 3d and e, we are only able
to reproduce the pair of peaks at 456.3 eV and 458.4 eV, associ-
ated with low energy L3 states of BaTiO3. In other words, the
multi-determinant approach fails to capture the L2 peaks, due
to problems in properly describing the crystal-field effect, and
specifically the lack of consideration of the splitting of the d
states due to multiplet effects.42 Moreover, for the L3 peaks, we
find that the relative t2g/eg ratio of ∼1.9 is reversed compared
with the experimental value of ∼0.55. However, while the
determinant approach fails to capture any L2 peaks, we find
that it is still capable capturing some essential physics in
these systems. Namely, we calculate a P+/P− >1 at both the L3
t2g and eg peaks, which further intensifies when increasing the
extent of polarization from P1 to P2, consistent with our experi-
mental findings.

It is well appreciated that the simulated XAS spectrum of
complex materials, including transition-metal oxides, can be

Fig. 3 Excitations based on many-body, determinant ΔSCF approach. (a) schematic of BaTiO3 polarized slabs with upward and downward polariz-
ations (b and c) O–K edge with t2g and eg peaks labeled with P1 and P2 polarization extent (d and e) Ti–L edge with t2g and eg peaks labeled with P1

and P2 polarization extent. Relative peak intensities between upward and downward polarized models (P+/P−) is noted on each peak.
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significantly improved by inclusion of more complex e–h pair
screening and exciton-binding physics. We quantify this in the
current context by presenting the O–K and Ti–L edge spectra,
based on the many-body GW/BSE approach in Fig. 4. We find
that the corresponding O–K spectra, presented in Fig. 4b and
c, shows a significant increase on the intensity of low energy
t2g peak compared with determinant approach, and more in
line with our experimental data. Moreover, the effect of polariz-
ation switching is also more apparent using the BSE approach,
as demonstrated by the sharp increase in intensity for the
poled-up surface compared with poled down surface.
Increasing the distortion and polarization from P1 to P2 leads
to a larger difference on the intensity of t2g peak between
poled up and poled down, again confirming that the change
in electronic structure originates from polarization switching.
The characteristic t2g and eg peaks under P1 polarization are
observed at 529.2 eV and 532.2 eV while a higher level of dis-
tortion due to increased polarization (i.e., P2 vs. P1) blue shifts
the position of eg peak ∼1 eV, while we find that the line shape
of the higher energy peaks are further modulated, which can
be attributed to the presence of multi-scattering effects.

The simulated XAS at the Ti–L edge using the BSE approach
is shown in Fig. 4d and e. Here, and in contrast to the multi-
determinant ΔSCF approach, we find a total of four sharp
peaks: at 456.3 eV, 458.5 eV attributed to L3 and at 461.8 eV
and 463.9 eV attributed to the L2 t2g and eg states, respectively.
In addition to capturing both L2 features, we find that the BSE

approach better represents the t2g/eg ratio for the L2 and L3
peaks, compared to the experiments. We also find that increas-
ing the polarization, from P1 to P2, leads to the most pro-
nounced effect on the t2g peak of Ti–L spectra, also in better
agreement with experiments compared to the multi determi-
nant ΔSCF approach. Thus, the significantly improved physics
in BSE, which captures the spin–orbit coupling effect, pro-
duces a much-improved XAS spectrum.

Conclusion

In this work we investigated the effect of lattice distortion and
polarization switching on the X-ray absorption at the Ti–L and
O–K edges of a ferroelectric BaTiO3 film, experimentally and
computationally using two advanced approaches. We find that
the multi-determinant computational approach improves on
the more widely used single-particle electron–hole method,
and leads to a better t2g/eg ratio at the O–K edge, while repro-
ducing the higher intensity excitations for poled up surface
observed in experiments. This approach fails however to repro-
duce the observed L2,3 separation, due to the lack of spin–orbit
coupling at the Ti–L edge. In comparison, the many-body BSE
approach better captures both the near edge fine structures at
the O–K edge and reproduces the L2,3 separation and the t2g/eg
ratios observed experimentally. Thus, the inclusion of both
spin–orbit coupling and the superior electron–hole screening

Fig. 4 Excitations based on BSE approach. (a) schematic of BaTiO3 polarized slabs with upward and downward polarizations (b and c) O–K edge
with t2g and eg peaks labeled with P1 and P2 polarization extent (d and e) Ti–L edge with t2g and eg peaks labeled with P1 and P2 polarization extent.
Relative peak intensities between upward and downward polarized models (P+/P−) is noted on each peak in italic.
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and photoexcitation dynamics in BSE is critical from simulat-
ing the XAS in this class of materials and also in other systems
with strong spin-coupling effects i.e. 4d and 5d transition
metals. Accessing and quantifying the performance of first
principle spectroscopic methods, tailored toward specific
physical models, is necessary for future studies aimed at using
these approaches as independent and complementary probes
for studying the structural and electronic properties of these
complex systems.
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