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Quantitative analysis of spatially resolved valence electron energy-loss spectra shows strong physical
property contrasts for %5 and near %13 grain boundaries in Fe-doped SrTiOj;, resulting in London
dispersion interaction energies of 14 to 50 mJ/m? between the adjacent grains. The determination of
local physical properties of grain boundary cores and the appreciable contribution of long-range
London dispersion to interface energies provides new information on formation and control of interfaces

in materials.
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The performance of electronic, optical, and electro-
optical devices depends strongly on the properties of the
materials of which they are made [1-5]. Often these
materials are polycrystalline with properties determined
predominantly by the grain boundaries (GBs) [5], exhib-
iting disordered boundary cores or even amorphous inter-
granular films. Compared to the adjacent bulk material,
GBs often have different chemical compositions and
atomic and electronic structures [6—10]. These variations
strongly influence the macroscopic materials properties
and are responsible for the range of different behaviors in,
for instance, functional ceramics. Therefore, a detailed
understanding of the atomic and electronic structures of
interfaces and, hence, a control over their influence on the
overall materials properties is essential for the design of
new devices. The study of interfaces in polycrystalline
ceramics has heretofore focused on the atomic structure
and relative composition changes at the interface, and has
relied on a broad characterization of structured grain
boundaries as one extreme and intergranular films as
the other. We examine interfacial physical property var-
iations across atomically structured grain boundaries and
show that atomically structured grain boundaries exhibit
local physical properties which distinguish them from
bulk phases. It will be shown that these property gradients
represent the fundamental basis for appreciable dispersion
interactions at the investigated grain boundaries.

We demonstrate that optical properties of atomically
structured GBs can be significantly altered locally by
structural and chemical changes in the nanometer or
subnanometer regime. Interfacial electronic structure
data, represented as the local optical properties arising
from valence to conduction band transitions, are analyzed
and discussed for a 3 =5 (310) 8 = 36.87° GB and a
near 3 = 13 (510) 6 = 23.6° GB in Fe-doped SrTiO;.
The tilt angle of the near %13 boundary (n213) is off by
1° from an exact X = 13 misorientation (i.e., 0 =
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22.62°), resulting in a core of 0.6 to 0.9 nm width per-
pendicular to the interface plane [7]. High resolution
transmission electron microscopy (HRTEM) micro-
graphs taken from both grain boundary structures are
shown in Fig. 1. With the electron beam parallel to the
(100) direction in bulk SrTiO;, both GBs show atomically
structured interfaces. The %5 grain boundary [Fig. 1(a)]
consists of structural units with a short periodicity along
the interface plane [7-11]. The nX13 GB [Fig. 1(b)] is
abrupt with different facets appearing to each side of the
boundary plane and a larger structural periodicity length
[7]. Although the electronic structure of these grain
boundaries has been investigated previously [12,13], no
comments concerning local changes of optical properties
and electron densities are reported. For an analysis of the
interfacial electronic structure, spatially resolved valence
electron energy-loss spectroscopy (VEELS) data are
compared to data obtained from the bulk SrTiO; grains.
One hundred single spectra were acquired for energy
losses up to 90 eV within line scans across the grain
boundaries with lengths varying between 12.5 and
40 nm, corresponding to a spatial separation of adjacent

FIG. . HRTEM images of (a) the 35 (310) and (b) the near
313 (510) grain boundaries in SrTiOj.
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spectra between 0.125 and 0.4 nm. The experimental
spectra were corrected for detector dark currents and
channel-to-channel gain variations [14]. Multiple scatter-
ing effects in the spectra were corrected and the zero-loss
peak, fitted by an asymmetrical PearsonVII function
[12,15], was removed using Fourier log deconvolution.
The resulting single-scattering energy-loss function
ELF(E) is proportional to Im[—1/e(E)], where E is the
measured energy loss and e(E) is the complex dielectric
function [15]. Details for the VEELS acquisitions and
analysis are published elsewhere [12,15]. The bulk ELF
was scaled through application of the index sum rule [16],
using n = 2.37 for the index of refraction in bulk SrTiOs,
as determined by spectroscopic ellipsometry [17]. Once
the quantitative single-scattering ELFs were determined,
the Kramers-Kronig relation shown in Eq. (1) was ap-
plied to determine Re[—1/&(E)] [16]:

Re(@) =1- %P ﬁ) ” Im(%)EQL_IEZd(E’).
(D

Using this Kramers-Kronig analysis, the complex dielec-
tric function &(E) is extracted as a function of energy and
position. Hence, any of the conjugate optical properties
can quantitatively be determined locally for every posi-
tion covered by the acquired VEELS line scan.

Figure 2 shows the quantitative index of refraction n as
a function of relative distance to the grain boundary
cores. Inside the grains, the index of refraction has values
of 2.3 to 2.5, which is comparable to the bulk value. When
approaching the boundary cores, the index decreases to
values of 1.56 * 0.05 and 1.29 = 0.05 for the 35 and the
n213 interfaces, respectively [18]. Both data sets show
asymmetric changes across the boundary cores, which is
attributed to spatial drift during data acquisition. Changes
in optical properties within the grain boundary cores are
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FIG. 2. Local index of refraction across the 25 and the n213
grain boundaries. The dashed line marks a value of n = 2.37
for bulk SrTiO; [14]. Error bars are *0.05.

correlated with changes in the physical density of the
materials, the materials high frequency electronic struc-
ture, and the polarizability. For these grain boundaries,
the mass density of the 35 GB core goes down to 39% of
the bulk density within roughly =1 nm, while the density
at the n2 13 boundary reduces to 21% of the bulk density
of SrTiO5 within about =2 nm.

To determine the number of valence electrons which
have undergone interband transitions, the oscillator
strength or f-sum rule was applied for energies up to
90 eV [15],

N(E) = —10 [ " By (E)dE )

2m2h%e? o

The resulting valence electron densities, reported in units
of e /nm?, are plotted as a function of transition energy
in Fig. 3 for bulk SrTiO; in comparison to the %5 and
n213 grain boundary cores. The electron density drops
from 558 = 7e~ /nm?, as seen for bulk SrTiO;, to a value
of 428 = 7e¢~/ nm?3 present at the %5 GB, each evaluated
at 90 eV. At n313, the valence electron density is further
reduced to 234 = 7¢~ /nm>. At the n213 GB, the electron
density reduction in the boundary cores is associated with
the reduced physical density caused by oxygen vacancy
formation [10,12,19], which is supported by HRTEM
results revealing oxygen vacancies in the core structures
of the 3 = 3 grain boundaries in SrTiOz [20] and BaTiO5
[6]. However, prior structural studies were not quantita-
tive in absolute terms and report relative changes in
structure as opposed to density and absolute (volumetric)
concentrations. In this study it was possible to directly
measure local valence electron densities at GBs quantita-
tively in the subnanometer regime.

The significant decrease in the local index of refraction
and valence electron density in the grain boundary core
compared to the bulk demonstrate the presence of strong
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FIG. 3. Valence electron density for bulk SrTiOs, as well as
the %5 and the nX13 grain boundary layers. Error bars are
+7e” /nm’.
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optical property gradients (see Figs. 2 and 3). Because of
the presence of these gradients, which are the fundamen-
tal basis of the long-range London dispersion interaction
[16], it is germane to address the magnitude of the London
dispersion forces (Fpgngon) and interaction energies
(EYondon) to determine their role in interface formation
and energy. The nonretarded Hamaker constant, AR,
determines the magnitude of the London dispersion
forces between the two adjacent grains (material 1) sepa-
rated by the grain boundary core (material 2) of width L,
in the nonretarded limit of small interlayer thickness:

- 12'77-l‘2ELondon' (3)

Full spectral Hamaker constants and London dispersion
energies shown in Table I were determined based on this
three-layer model applying first principles quantum elec-
trodynamic Lifshitz theory [21,22] to the VEELS data
[16]. The positive value of AYR constants reveals the
existence of attractive London dispersion forces across
the grain boundaries with the boundary core serving as
an interfacial layer of a unique material between the
grains. The limiting values for the Hamaker constant
are a maximum for a vacuum interlayer and zero if the
interfacial layer were indistinguishable from the bulk.
Since the optical contrast for the n213 GB is bigger
than that of X5, its London dispersion force is larger.

The nX13 GB exhibits a larger London dispersion
interaction than that reported for grain boundaries with
intergranular films in, e.g., SizN, ceramics [23]. Other
comparative examples are colloidal SiO, particles, which
exhibit smaller dispersion forces than observed here. The
grain boundary London dispersion interactions reported
here are appreciable, and, therefore, play an important
role in the energetics of GB formation.

For more complex grain boundary structures the usual
three-layer model for the dispersion interaction is no
longer suitable since properties vary continuously across
the GBs. Therefore, we established a new multilayer

NR _ _ 3 _
AR = —67L° Frondon =

TABLE L ANR

model for calculating retarded Hamaker coefficients for
graded interfaces based on the approach of Podgornik
et al. [24]). The Lifshitz formalism with a full spectral
approach for retarded Hamaker constants (AY,,) is ap-
plied, considering the transit time of the electromagnetic
fluctuations arising from the finite speed of light [16].
Thus, we can more realistically model the %5 and n%13
StTiO; grain boundary structures using the maximal core
width perpendicular to the boundary plane of 0.6 [10] and
0.9 nm [7], respectively. A region adjacent to the bound-
ary core was chosen, in which a double-quadratic gradient
of the complex optical properties serves as a continuous
transition between the bulk and the boundary core, with a
thickness of dy = 0.195 nm, corresponding to a Ti-O
bond length in SrTiOs. Local properties were scaled on
the basis of a double-quadratic function as sketched in the
right column in Table I. This ensures a continuous scaling
of the dielectric function and its first derivative when
approaching the GB core from either of the two adjacent
grains. Resulting Hamaker coefficient and London dis-
persion interaction energies for the given core thickness
are listed underneath. London dispersion interaction en-
ergies are 169 and 119 mJ/m? for the three-layer and the
multilayer models, respectively, if the boundary core is
essentially vacuum. These energies are appreciable and of
the order of 10% of surface energies for SrTiO; [25]. The
graded-interface model leads to only a small reduction in
the calculated magnitude of the London dispersion inter-
action at the investigated SrTiO; grain boundaries. The
important role of the dispersion interaction in grain
boundary formation and the final equilibrium GB struc-
ture can be seen from the large changes in the dispersion
energy comparing the free surface and the grain bound-
ary. Forming the n3 13 GB regains about 69 mJ/m? (i.e.,
58%) of London dispersion energy in the GB structure
(compared to 119 mJ/m?). The 35 GB regains about
105 mJ/m?, corresponding to about 88% of the London
dispersion energy of the free surfaces.

Calculated nonretarded (AYR) and retarded (A%,;) Hamaker constants for the abrupt gradient and double-quadratic

gradient models, respectively. d; is the gradient thickness. Retarded Hamaker coefficients are evaluated for a central layer thickness
of L =0.9 (nX13) and L = 0.6 nm (X5). Dispersion energies are evaluated setting L equal to dj. Relative errors are 3%.

Abrupt gradient

Double-quadratic gradient

Interface L
- -
AI]\12R1 (zJ)) Efondon (mJ miz) Alﬁz] z)) EYondon (mJ miz)

SrTiOs|vac|SrTiOs 243.9 169 171.2 119
do = 0.195 nm (L = 0.9 nm)

SrTiO3|nX13|SrTiOs 105.5 73 72.5 50
dg = 0.195 nm (L = 0.9 nm)

SrTiO5|25|SrTiO; 35.0 24 20.7 14
dg = 0.195 nm (L = 0.6 nm)

Si0,|vac|SiO, 68.2 66 50.3 49
dy = 0.165 nm
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Although London dispersion energies of 1424 mJ/m?
and 5073 mJ/m? for the two investigated grain bounda-
ries are small, they represent appreciable amounts of
roughly 4%—-10% of the total grain boundary energies.
Dispersion forces have usually been considered in multi-
phase systems. Here we show that a GB can be considered
as just such a multiphase system through changes in
materials properties on the atomic level. Dispersion forces
present at low-energy grain boundaries contribute to the
interface energies and are directly and quantitatively
measurable by spatially resolved VEELS experiments.
Theoretical calculations so far do not account for long-
range London dispersion interactions, caused by the ex-
change of virtual photons between the two crystals across
the grain boundary cores. It is, however, surprising that
these effects appreciably contribute by up to 10% to the
GB energy, which to date was thought to be determined
by interatomic bonding only.

Previous studies did not address quantitative changes
in the physical properties of the core, even though these
can drive structural changes. Grain boundary formation
is the result of numerous interactions, such as chemical
composition, bonding interactions, electrostatic inter-
actions, London dispersion, and dipolar interactions,
i.e., Keesom and Debye. The thermodynamics and ki-
netics of GB formation are dependent on all of these
interactions. Many times, if close to an equilibrium struc-
ture, dispersion forces can play a dominant role, whereas
in the formation process chemical interactions may ini-
tially have dominated. It is therefore essential to quanti-
tatively consider all of the fundamental interactions at
play. Our quantitative determination of the spatially re-
solved complex optical properties and valence electron
densities for these boundaries represents new information
not previously available for these important microstruc-
tural features. In addition, the presence and role of long-
range London dispersion interactions at atomically struc-
tured grain boundaries or interfaces have not been pre-
viously demonstrated. The current results show that the
London dispersion energies represent an appreciable con-
tribution of up to 10% to the total grain boundary energy.
Their role in determining the final microstructure and
properties of grain boundaries in functional materials is
now accessible for future studies. The determination of
quantitative physical properties and interfacial electronic
structure of grain boundaries at high spatial resolution go
beyond previous interface studies that focused on atomic
structural or compositional observations of interfaces. A
combination of this technique with well established
routes for atomic structure and composition analyses
gives a deeper fundamental understanding of formation
processes, how certain grain boundary structures and
microstructures are established, and how to optimize
these to produce novel functional materials with desirable
properties and performance.
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