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multiple-scattering analysis of spatially resolved electron-energy-loss spectra
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Grain boundaries in oxide materials such as electroceramics, ferroelectrics, an. lsigherconductors are
known to dominate their overall bulk properties. The critical first step in a fundamental understanting of
they control the properties of the material is a determination of the atomic structure of the boundary. While this
determination has traditionally been performed by transmission-electron microscopy, the images that are gen-
erated are only a two-dimensional projection of the atomic columns in the grain-boundary core. In addition, as
the images are least sensitive to light elements, such as oxygen, the complete three-dimensional boundary
structure is particularly difficult to determine. Employing electron-energy-loss spectroscopy in a scanning
transmission-electron microscope, it is possible to obtain an oxgetige spectrum that contains information
on the three-dimensional electronic structure of the boundary. Using the multiple-scattering methodology,
originally developed for x-ray absorption near-edge structure, this can be directly related to the local three-
dimensional atomic structure. Contained in the spectrum is therefore all of the information needed to investi-
gate the atomic scale structure-property relationships at grain boundaries. The application of the technique is
demonstrated here for the 2B301] symmetric tilt boundary in SrTi@Q [S0163-18208)03538-3

[. INTRODUCTION image. Such a determination method therefore does not nec-
essarily produce a unique solution for the boundary structure,
Oxide materials are currently being developed for suchas there is no way of knowing if the actual structure is in-
diverse electronic devices as varistors,high-T.  cluded in the initial set of test structures. This is obviously
superconductorsand ferroelectrics.An intrinsic feature of not the optimum method to approach the analysis of un-
all the oxides involved in these developments is the overknown boundary structures.
whelming tendency for defects to form during processing. Of The alternative to phase contrast imagingZisontrast
the defects that can form, such as lattice vacancies, dislocgnaging in the STEM. Although the&-contrast technique
tions, stacking faults, second phases, and grain boundaries gjenerates an image that is essentially incoherent in n&tfire,
is grain boundaries that usually _domlnate the overaII_macro_fhereby avoiding much of the simulation needed for phase
scopic performance of the material. The reason for this domiz ) irac imaging, direct interpretation of image intensity in

hance is that grain poundaries inherentl_y. cqntain. a concenyp, region of defects can be difficillue to strain effecjs
tration of defects far in excess of the equilibrium distribution Hence. to obtain the full three-dimensional atomic structure
in the bulk of the materidl. This excess of defects results in : . . - ) g

at the boundary, simulations are still required. Additionally,

the boundary having a different atomic arrangement to th . ) . o . .
bulk and consequently, different properties. Hence, althoug ere is no information present in either of the imaging tech-
! ' Qi_ques concerning changes in chemical composition or elec-

grain boundaries are an atomic scale phenomenon and ac-"". i th ,
count for a small fraction of the material, they can have falfonic structure in the boundary cofthe Z-contrast image

reaching effects on the bulk scale properties and can contr1@Y indicate a change in composition through an intensity
the technological application of the matefal. change, but thg chemlcal_ _species cannot be identified
In light of the dominating influence of grain boundaries Subtle changes in composition and electronic structure that
on the properties of oxides, it is not surprising that they argnay have a strong impact on the structure-property relation-
the subject of an intense research effort. As the properties @hips cannot be uniquely identified by an image and are
the boundary are known to be a function of the atomic structherefore impossible to consider in theoretical calculations,
ture, the usual approach to analyzing the structure-propertgs the number of possible permutations for a given boundary
relationships is through transmission-electron microscopynake computation times excessive. To be able to fully un-
(TEM). Utilizing phase contrast imaging in TENRefs. 6  derstand the effect of a grain boundary it is therefore impera-
and 7 or Z-contrast imaging in scanning transmission-tive to increase the experimental data from the boundary.
electron microscopySTEM),® the atomic structure of the Electron-energy-loss spectroscofBELS) is a technique
boundary can be determined. However, the inherent limitathat allows atomic scale fluctuations in composition and lo-
tion to both of these techniques is that an image simply proeal electronic structure to be accurately quantifieivhen
vides a two-dimensional projection of the crystal structureperformed in conjunction withZ-contrast imaging in the
For phase contrast imaging, the determination of the threeSTEM it is possible to obtain these spectra with atomic spa-
dimensional structure involves simulating the image for atial resolution? Using the image as a map, spectra can be
variety of test structures and accepting the best fit to th@btained from specified locations in the boundary plane. The
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total amount of experimental information that is now avail-
able is therefore increased to include a two-dimensional pro-
jection of the atomic structuréfrom the image an atomic
resolution map of composition fluctuations that can be cor-
related with a location in the imagérom the intensity of
characteristic core-loss edgesand an atomic resolution
measurement of the electronic structure that can also be cor-
related with a location in the imagéom the fine structure
of the core edges

One methodology for combining all of this experimental
information into a single structural model is through
multiple-scattering analysi$ of the energy-loss spectrum.
Although multiple-scattering theory was originally devel-
oped for the analysis of x-ray absorption spectra, its applica-
tion to EELS is straightforward!® (only the method of ex-
citation has changed from an x ray to an electrdfultiple-
scattering calculations model the density of unoccupied

states by considering the scattering of the photoelectron cre- Scatterng atoms

ated during the excitation process, from neighboring atoms. L =11+ exp(id1) + 12 + exp(id2) + 13

The many paths that may be taken by a photoelectron alter Constructive interference occurs for L = n,

the matrix elements for a particular transition due to con- (@) Destructive interference occurs for L = (n+1/2)A

structive or destructive interference that occurs between the
outgoing and returning photoelectron watfig. 1). Inef- [T
fect, the resultant energy-loss spectrum may be described as
a simple absorption edge of hydrogenic form, due to an iso- F

lated atom, with intensity modulations due to the atomic
structure of the solidFig. 1), i.e., the absorptiom(E) is 2 L
given by £
= L
a(E)=ao(B)| 1+ 2 xn(E>}, (D) o J ;
N L 1
where ao(E) is the atomic absorption and,(E) is the 500 550 600 650
multiple-scattering signal of order (n>1) that contains all (b) Energy (6V)

the structural informatiof® Since this description of the un-
occupied density of states is based on a real space cluster of FIG. 1. (a) Multiple-scattering calculations model the density of
atoms, several unigue opportunities are presented in thisnoccupied states by considering the scattering of the excited pho-
analysis. A lack of symmetry does not seriously affect thetoelectron from neighboring atoms. The resultant energy-loss spec-
calculation, making it ideal for the study of low-symmetry trum may be described as a simple absorption edge of hydrogenic
defects, such as grain boundaries. The effects of dopant &@rm, due to an isolated atom, with intensity modulations due to the
oms may be simply investigated by substituting atom typegtomic structure of the solich).
within the cluster and recalculating the scattering. Multiple-
scattering therefore allows spectral changes to be directly
interpreted in terms of structural changes. As we have a start- The experimental results presented here were obtained on
ing structural model for grain boundaries in tAecontrast the VG HB501 UX dedicated STEM at Oak Ridge National
image, with this analysis we can incorporate the third dimeniLaboratory. This instrument operates at an accelerating po-
sion and the compositional information by simulating thetential of 100 kV and has an optimum spot siggobe di-
observed experimental energy-loss spectrum. ametey of 0.22 nm full width at half maximunfFWHM) on

In this paper we discuss the application of this techniquehe surface of the specimen. Images are formed by scanning
to determine the three-dimensional atomic structure of a 25the probe over the specimen and displaying the integrated
[001] symmetric tilt grain boundary in SrTiOThe choice of  intensity of electrons scattered into the various detectors on a
SrTiO; for this initial analysis was made for practical reasonsTV screen scanning at the same réfeg. 2). The Z-contrast
(bicrystals of SrTiQ containing a single grain boundary can imaging method makes use of the electrons scattered to high
be purchased and because it represents an “ideal” perov- angles(75—-150 mraji® By collecting the high-angle scatter-
skite structure. Many of the oxide materials being developedng over a large angular range, the major transverse coherent
for the applications listed above are based on perovskitegffects in the image are removed and the image can be con-
Hence, this framework to determine the three-dimensionasidered as a simple convolution between the probe intensity
grain-boundary structure and interpret the structure-propertgrofile and a specimen object functfofi (Fig. 2). For scat-
relationships on the atomic scale should be equally applitering to high angles, the object function is localized at the
cable to the highF; and ferroelectric materials. atom coreg~0.01 nm and the scattering intensity approxi-

1. EXPERIMENTAL RESULTS
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FIG. 2. (a) Schematic of the operation of the scanning transmission-electron micro$gajeM). (b) The Z-contrast image and
electron-energy-loss spectrum can be considered to be a convolution of the probe intensity profile with an object function that represents the
scattering cross section into the detector.

mates to theZ? dependence of the Rutherford scatteringFourier filtering is used here to remove high-frequency noise
cross section. For crystalline materials in zone-axis orientaand enable the boundary structure to be viewed more easily.
tions, if the probe size is smaller than the atomic column As can be seen from Fig. 2, tiZecontrast image does not
spacing, atomic columns can be illuminated individually andinterfere with the low-angle scattering that can be used for
an atomic resolution map of the specimen generated. EELS. Therefore, using the image as a map, the probe can be

This result also holds for thicker specimens, where dy-stopped in defined locations in the structure for acquisition of
namical diffraction is manifested as a columnar channelingpectra®!’ In the case of the SrTipboundary analyzed
effect, thus preserving the spatial resolution and th® “ here, concerns over electron beam induced damage caused
contrast in the imag&-'2 However, it must be noted that the experiment to be performed in a slightly different man-
there are residual coherent effects within the atomic columnaer. With the probe scanning continuously in a line parallel
that can slightly modify the intensity of the image. Theseto the grain boundar¢~4 nm in length, this line is stepped
effects become pronounced at grain boundaries where strain single unit-cell intervals across the boundary. The spectra
effects can result in the boundary appearing either bright oobtained therefore have single unit-cell resolution perpen-
dark. In the analysis described in this paper, no attempt iglicular to the boundary plane, but contain the integrated
made to interpret the intensity in ticontrast image from electronic structure parallel to the boundary plane. This ac-
atom columns at the boundary. THecontrast image is sim- quisition method avoids potential problems in interpreting
ply used as a structural image to determine the position othe spectra due to beam damdtgeensure that interpretation
the probe during acquisition of the energy-loss spectrumwas not subject to damage, two spectra were acquired in
The initial boundary structural model is determined by ap-each position and companedVhile not generating a result
plying crystal chemistry principles to this structural imagerepresenting the optimum in spatial resolution, this method
(see later. A raw and Fourier filtere@-contrast image of the does not affect the analysis of the three-dimensional structure
25°[001] tilt grain boundary in SrTi@is shown in Fig. 3.  of the grain-boundary plangsee later.
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FIG. 3. () Raw Z-contrast image antb) Fourier filtered image of the 29001] symmetric tilt grain boundary in SrTiQ(c) Titanium
L, r-edge spectra from the bulk and the boundary pléaeOxygenK-edge spectra from the bulk and the boundary plane. The feature at 529
eV in the oxygerK-edge spectrum from the bulk is afterglow in the CCD and not a real feature.

The spectrometer used for the EELS analysis is based amined in the spectrum acquisitidh.This sensitivity is an
the magnetic prism desidh.The dispersion at the exit slit of essential part of the experiment as, although the current den-
the spectrometer is enhanced by two quadrupoles and praity in the probe is high enough to cause beam induced dam-
jected onto a yttrium aluminum garnet scintillator that is op-age, the overall current is loy~10 pA). Hence, with this
tically coupled to a charge-coupled devigeef. 18 (Fig. 2.  detection system, problems with counting statistics and
This approach allows single electron sensitivity to be at-specimen drift can be overcome withs s integration times
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TABLE |. Ratio integrated intensities in the main features of the experimental oX¢gatge spectra from the bulk and grain boundary.

Peak

Ratio (GB/bulk)  0.85+0.03 1.02:0.04 0.94-0.04 0.96:0.04 0.96:0.03 0.92:0.05 1.03-0.06 0.95-0.05 1.0%0.05

for each spectrum. The resolution of the spectra obtainedeighbors. Additionally, the contribution to the valence from
with this system is~0.8 eV for core losses. Although this each of the neighbors should be as uniform as possible, i.e.,
resolution is much poorer than the expected 0.2 eV energthe contributions to the formal valence state of an atom are
spread of the cold field emission source, it is sufficient forshared equally between the nearest neighbors. These ideas
analysis of the near-edge structure. The reason for the defjave been further developed by Altermatt and Bré&#tIn
radation of resolution is that large apertures are used in thia systematic study of crystal structures they find that the
analysis. Large apertures increase the signal levels and alsontribution of a single bond to the formal valence state of
ensure that the measured spectra are free from errors inducdee atoms involved follows the empirical relationship
from diffraction effects and possible coherence effects in the
energy loss everff S=exfd (rij—ro)/B], 2

The two edges accessible in the study of SiTa®e the
titanium L, 3 edge and the oxygeK edge. Spectra obtained
from the bulk material and the boundary plane are shown in
Fig. 3. Although spectra were obtained in unit cell steps
across the boundary, for the analysis of the three-
dimensional structure of the boundary plane we only need to
know by how much the boundary spectrum changes relative
to the bulk spectrum. In this regard, Table | shows the ratio
between the intensities of main features in the oxy#en
edge spectrum in the bulk and at the boundary. The intensi-
ties of the peaks are determined by fitting Gaussian functions £
to each peak. Gaussian functions are chosen to model the 3
intensities as the large apertures used in the experiment resul
in a broadening of the spectral features from the expected
Lorentzian shape. Figure 4 shows the comparison betweer
the experimental spectra and the Gaussians used to model th
features. It can be seen that there are significant changes ir
the intensities of some of the peaks at the boundary. In ad- :
dition to the result from the oxygel edge, it can be seen 525 530 535 540 545 550 555
that the titaniuni_ , ; edge changes very little at the boundary Energy (eV)
with respect to the bulk with the onset, total intensity, and
branching ratio being essentially unchandéey. 3). How-
ever, it can be seen that there is a slight decrease in the pea
labeled 2,4. These peaks result from a crystal-field splitting
and indicate a change in the symmetry of the Ti-O environ-
ment at the boundary.

L Ly s M e M R B B B B B B B

(arb. units)

Boundary

Ill. DISCUSSION OF RESULTS

A. Development of a structural model for the boundary

Counts (arb. units)

The aim of the analysis described in this paper is to de-
velop a means of determining the complete three-
dimensional structure of a grain boundary without having to
resort to complex theoretical calculations. Hence, what is
required in the initial stages is a simple means of verifying
that the number of atoms and approximate structure of the
boundary is correct. One means to do this is through com-
bined distance least-squares and bond-valence sum analysi
of the Z-contrast image. This distance-valence least-squares
analysis(DVLS) is based on a concept that was originally
proposed by Paulin@l. In Pauling’s rules for crystal chemis- FIG. 4. Comparison of the experimental spectra from the bulk
try, it is assumed that the formal valence state of a givera) and boundaryb) with the sum of the Gaussian functions used to
atom is composed of contributions from all the nearestkstimate the intensities of each peak.

530 535 540 545 550 555
(b) Energy (eV)
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FIG. 5. (a) Schematic of the boundary structure determined fromZtitentrast image(b) DVLS minimized structure.

wherer;; is the bond-lengtht, is an equilibrium value for analysis therefore does not interpret the intensities inZthe
each atom pair, anB is a constant=0.37). While this re-  contrast image from the boundary core and avoids problems
lationship is determined only for perfect crystal structuresassociated with residual coherent effects in the image. Imme-
there is every reason to believe that the same basic principleBately obvious from the schematic are positions where two
will apply for grain boundariesWe know that the structure strontium columns appear too close together; like ion repul-
exists as we have an image, and if the same elements as®n should preclude such a structure. However, we know
involved it is reasonable to assume their bonding will bethat theZ-contrast detector does provide an incoherent trans-
similar) It is therefore possible to utilize this very simple verse image and an atomic column must therefore exist in
pair potential between two atoms to check if the atoms in a&ach of those positions. This problem can be overcome if
proposed boundary structure are in a reasonabléhese atomic columns are assumed to be reconstructed. A
environment? If the valence is too high, the bond length is 2X 1 reconstruction, i.e., each column is half occupied,
too short and vice versa. Furthermore, the equilibration ofivoids any problems with like ion repulsion and maintains
the bonds to the nearest neighbors using the distance leasie ion separation close to the bulk value. This 2 recon-
squares aspect of this formulation effectively forms a verystruction has been shown to be valid by previous multiple
basic energy minimization of the structure. Although such ascattering analysts and the structure on which DVLS analy-
minimization is by no means as accurateadsinitio calcu-  sis is performed therefore includes these reconstructed
lations, a benefit of this simple approach is that it requiresatomic columns.

minimal computation capacity and within the err¢rs10%), Figure 8b) shows a schematic structure of the boundary
can verify that the number of atoms and their positions in thefter DVLS minimization. Once again, the aim in performing
structure are physically reasonable. this minimization is to ensure that the atoms in the proposed

Figure 5a) shows the starting schematic of the 2601] structure have a reasonable electronic environrheaience
tilt boundary shown in Fig. 3. The atom species are identifiecand that the forces on any one atom in the structure are not
using the image intensities in the bulk of the gré&m2 nm  excessive. It therefore incorporates the fact that the experi-
from the boundaryand traced into the boundary core. This mental Z-contrast image is subject to errors in locating the
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TABLE II. DVLS parameters before and after minimization of the structure in Fig. 4.

Valence Valence
Before minimization After minimization

Element No. of atoms High Low Average Std. Dev. High Low Average Std. Dev.

Sr 54 3.04 1.08 2.09 0.296 219 179 2.05 0.088
Ti 38 6.14 348 4.06 0.528 432 3.75 4.04 0.126
(@) 129 519 0.72 2.03 0.390 233 179 2.03 0.093

positions of atom$~0.02 nm) and that the oxygen positions lation and the experimental bulk spectrum is also shown.
are not known from the image. To perform the minimization,Here a 1 eVbroadening is added to the theoretical calcula-
a formal valence state of the elements involved must be agion to allow direct comparison with the experimental data.
sumed. Oxygeri—2) and strontium(+2) are known to only In analyzing the oxygeiK-edge, it is convenient to break
exist in one formal valence state. The same is not true fothe spectrum up into two sections. The first section, involv-
titanium, where several valence states can ekls?, +3, ing the first 5-10 eV above the threshold, has been previ-
+4). However, we know from the titaniurh, ;-edge spec- ously identified as resulting from hybridization between the
trum at the boundary that there is very little change in theoxygen 2 and transition-meta(Ti) 3d levels?’?® As de-
titaniumL , s-edge spectrum. Changes in valence state shoulsicribed by de Grooét al,? the perovskite structure repre-
be manifested as a change in the edge onset, integrated edggnts the prototype for a tight-binding description of the
intensity, and branching ratio. Additionally, as the fine struc-TiOS‘ cluster. Here, the crystal-field splitting results itp@
ture of the oxygerK edge is not radically changed, the co- states that are essentially purebonding and &, states that
ordination should also be extensively the same as the bullare purec bonding (these features are mirrored in the tita-
Therefore, in the minimization it is assumed that titanium atnium L, yedge spectruin The strongero interaction in-

the boundary is in the same4 formal valence state as the creases the dispersion of thg band with the net result,
titanium in the bulk. Table Il shows the bond-valence paramwhich is reproduced in the experimental spectrum, being that
eters before and after the minimization of the structure takeghe tZg band (peaka,) appears more intense and narrower
place. The resulting structutand for that matter the starting than thee, band(peaka,). In the theoretical spectrum, the
structure is essentially charge neutral, making it possible tojntensity and shape of peal is well reproduced, but peak
now go on to use more sophisticated simulation codes if, is absent. The reason for its absence is rooted in the
desired. However, we are now in a position where we cafnultiple-scattering method used to simulate the spectrum.
use the three-dimensional structure from any pOSitiOﬂ in thq’he muffin-tin potentia|s are Spherica”y Symmetric and
boundary as a starting model to simulate the energy-loss

spectrum with multiple-scattering analysis. R e e ——

B. Analysis of the bulk spectrum

To understand the effect that the boundary atomic struc-
ture has on the electronic structure and therefore the energy-
loss spectrum, it is first necessary to understand the fine
structure of the oxygeK-edge spectrum obtained from bulk
SrTiOs. In this paper, the multiple-scattering analysis is per-
formed using the FEFF7 cod&s.These codes use the
overlapping-atom prescription of Matthe®&2o model the
atomic potential within the muffin-tin approximation. From
the resulting potential, scattering phase shifts and matrix el-
ements are calculated. Core hole effects are included using
the (Z+1)* approximatioh® where * denotes the excited
atom. For the purposes of these calculations, the atomic clus-
ters are divided into shells of atoms where a single shell is
composed of atoms that lie between two radii about the ex-
cited site. For the spectra presented here, the calculations
were found to converge when the clusters include all atoms
up to the eighth sheli6.173 A from the excited atomIn
these calculations, the order of scattering included in the 55 530
spectra is controlled simply by placing an upper limit on the
number of scattering events that are allowed. Figure 6 shows
the simulation for the oxygeK-edge from bulk SrTiQ ob- FIG. 6. Multiple scattering simulation of the oxygefredge
tained using a cluster up to the eighth shell and including alkpectrum from bulk SrTi@ The simulation is broadened by 1 eV
orders of scattering. A comparison of the theoretical calcufor comparison with the experimental spectrum.

bulk cluster

1 eV broadened

Counts (arb. uints)

experimental
bulk spectrum

P Y U NV ST AU NS AN Y

535 540 545 550 555
Energy (eV)
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TABLE lll. The cluster compositions of the distinct oxygen atoms in the boundary plane compared to the bulk cluster.

Average Full

Cluster 1 2 3 4 5 6 7 8 9 10 11 cluster  Cluster
Degeneracy  x1 X2 X6 x1 X2 x1 x1 x3 x1 X2 x1
Shell 1 2 Ti 2 Ti 2 Ti 2 Ti 2 Ti 2 Ti 2 Ti 2 Ti 2 Ti 1Ti 1Ti 1.90 Ti 2 Ti
Shell 2 4Sr 4Sr 4Sr 4Sr 4Sr 4Sr 4Sr 4Sr 4Sr 4Sr 4Sr 4.00 Sr 4 Sr
8 0 8 0 30 80 80 8 0O 8 0 70 70 60 60 7520 8 O
Shell 3 6 O 6 O 50 50 50 50 4 0 6 O 6 O 50 6 O 533 0O 6 O
Shell 4 8 Ti 7 Ti 8 Ti 7T 7 Ti 8 Ti 7 Ti 7 Ti 8 Ti 7T 7 Ti 7.43 Ti 8 Ti
Shell 5 8 Sr 8 Sr 8 Sr 8Sr 8Sr 6 Sr 6 Sr 8 Sr 6 Sr 8Sr 8Sr 7.71¢Sr 8 Sr
150 140 150 140 130 140 140 140 160 160 140 14570 16 O
Shell 6 120 120 110 120 120 120 120 120 120 120 90 11570 12 O
Shell 7 10Ti 10Ti 10 Ti 10 Ti 9Ti 10Ti 10Ti 10Ti 10 Ti 10 Ti 7 Ti 9.76 Ti 10 Ti
Shell 8 8 Sr 8 Sr 8 Sr 8Sr 8Sr 86¢r 7 Sr 8 Sr 8 Sr 8Sr 8Sr 796 Sr 8 Sr

150 160 160 160 160 160 150 160 150 160 160 1580 16 O

therefore do not include théd symmetry of the interaction the structure of the spectrum is modified by the more com-
between the oxygenfand titanium &l orbitals and are not plicated composition of the material, i.e., more than one
self-consistentit may be that the lack of self-consistency is metal-oxygen interaction. Using the resonance argurifent,
the dominating effect here, as the crystal-field splitting haghe remaining main peaks in the oxyderdge spectrum can
been reproduced in rutile using muffin-tin potentials in abe assigned to the following interactions: pdakresults
self-consistent Korringa-Kohn-Rastoker calculatfon Al- from intrashell scattering in the first shell of oxygen neigh-
though the crystal-field splitting may in some cases be reprobors, pealc originates from single scattering from the shell
duced by the second part of these simulations, the symmetigontaining the second-nearest oxygen neighbors, anddyeak
of the reflected photoelectron wave, this is not the case hereriginates from single scattering from the shell containing
This may be due to the overlap of the peaks lab&ledb,, the first-nearest oxygen neighbors. The other peaks in the
andbz which mask the disperseg}, (a,) peak in the simu- spectrum arise either from multiple-scattering events in
lated spectrum. However, peak is accurately reproduced higher shellsf; andd,) or involve Sr atoms in the multiple-

in the calculations and interpretation of the effect of the Tiscattering pathl{z andds).

nearest neighbors on the oxygen at the grain boundary will
focus on the analysis of this peak.

The second part of the spectrum concerns the range
10-30 eV above threshold. In this regime, band structure With this analysis of the bulk spectrum in place, we are
calculations show that oxygerpZstates are hybridized with now in a position to interpret the spectral changes that occur
the weakly structured metallics$ band?® As such, the in-  at the grain boundary. In particular, peakjives information
tensity modulations that occur in this energy range are noon the coordination to the Ti nearest neighbors and peaks
the result of transitions to bound states, but rather from inb;_3, ¢, andd;_; give an accurate and detailed analysis of
terference effects resulting from multiple scattering of thethe first and second-nearest oxygen neighbors. By comparing
excited photoelectron from neighboring atoms. As this isthe experimental spectra from the bulk and boundaable
precisely the scattering that the FEFF7 codes are designed kp the main changes occurring at the boundary seems to be
calculate, it is not surprising that the theoretical spectrundecreases in peaks, b;, b,, ¢, andd,. A simple interpre-
reproduces these features accurately. It is also worthwhil&ation of this result suggests that atoms in the grain boundary
restating that such multiple-scattering effects are very sensplane have a reduced symmetry and reduced number of first-
tive to the structure of the material. Hence, the scattering irand second-nearest oxygen neighbors, i.e., a decrease in the
this regime can give an accurate measure of changes in thmckscattered intensity is caused simply by a decrease in the
atomic structure that occur at grain boundaries. number of backscattering?0 ions. We can investigate this

The backscattering of excited photoelectrons from variougoncept further using atomic clusters for the oxygen atoms at
ions in transition metal oxides has been studiedthe boundary determined from the model shown in Fi@).5
extensively’>=% In particular, it has been found that?O In this structure 11 distinct oxygen sites can be identified
ions are strong backscatterers and the main peaks in the spélabeled in Fig. 8)]. The first eight coordination shells from
trum can be assigned to resonance effects between the etkese oxygen atoms and the first eight shells from the bulk
cited atom and the oxygen cageshells that surround i€®  structure are shown in Table lil. It can be seen from these
Although these ideas were primarily developed for binaryclusters that the oxygen atoms at the boundary have essen-
transition-metal oxides, such as NiO, MnO, BjCetc., the tially the same environment as the oxygen atoms in the bulk
analysis is still applicable to SrTiO However, in this case except for the occasional atom missing from various shells

C. Analysis of the boundary spectrum
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FIG. 7. Spectra obtained from the boundary clusters described

. " A, FIG. 8. Compari f the simulated b i
in Table 1l from positions labeled in Fig. 4. parison of the simulated bulk spectrum with the

integrated boundary spectrum.

(this missing atom is an “effective” vacancy, i.e., it is the
result of the misorientation angle and reconstruction of thghe peaks in the two theoretical spectra compared to the ex-
boundary plane and is not a “real” lattice vacancit must ~ perimental spectra. The result shows quantitative agreement
be noted that there is some scatter in the position of thavith the experimentthere is some discrepancy in the peak
atoms in various shells is due to the fact that the DVLSlabeledds, but this peak is barely above the background
minimization performed is not a complete energy minimiza-noise in the experimental spectra and at the edge of the fitted
tion and only has a~10% accuracy. However, this factor energy range, and therefore expected to be subject to a large
does not affect the analysis in great detail as the scatter in tHefron and indicates that the structure used for these simula-
atom positions simply broadens the spectral featies, tions reproduces the observed near-edge structure at the
there is no longer a single defined distance for scatteringoundary. It should be noted that improved statistics for
paths from a given shell To remove the effects of peak peaksd would greatly enhance the accuracy in determining
broadening, caused by a lack of energy minimization, théhe grain-boundary structure by allowing the nearest-
following simulations will use the atom positions from the neighbor distance to be quantified in a similar manner to
bulk cluster with the number of atoms in each shell given byextended x-ray-absorption fine structdfe.
the clusters in Table lIl. The multiple-scattering result determined above gives an
Figure 7 shows the multiple scattering calculations for theextra degree of confidence in the three-dimensional structure
distinct oxygen atoms in the boundary core identified inof the boundary. The image itself is only a two-dimensional
Table Ill. Again the calculations were found to converge forprojection of the structure, and although we use crystal
a cluster up to the eighth shell and all orders of scatteringhemistry principles to create our model, the bond-valence
were included in the calculations. The structures of the indifotential is relatively inaccurate. Now, however, having re-
vidual spectra are consistent with the interpretation used foproduced the experimental changes in the spectra with our
the bulk spectrum concerning the origin of the spectral feasimulations, we can now more accurately identify the struc-
tures. The experimental oxygdfredge spectrum shown in tural changes that occur at the grain boundary relative to the
Fig. 3 was acquired with the probe being continually scannedpulk. The decrease in peak is caused by the grain bound-
parallel to the boundary plane and therefore contains the irary distorting the linear Ti-O bonds in the bulk perovskite
tegrated contributions from all of the oxygen sites listed instructure. The crystal-field splitting, peaks and a,, no
Table Ill. Figure 8 shows the multiple-scattering spectrumlonger represents the pure* and o* character as in the
that results from summing all the contributions of the distinctbulk, and results in the enhancement of paakvith respect
oxygen sites in the boundary plane. Comparing this spectrurid peaka, (as seen experimentallyAlthough peala, is not
to the multiple-scattering simulation from the bulk, it can beobserved in the simulations, the decrease in peais in-
seen that the experimental changes that are seen at thiative of a distortion of the linear Ti-O chains in the struc-
boundary are reproduced. These changes can be quantifiedtire and is quantitatively consistent with the experimental
a similar manner to the experimental spectra by fitting Gausebservations. This feature is also reproduced in the experi-
sians to the peaks. Table IV shows the relative intensities afnental titaniumL-edge spectra. The decrease in pebks
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TABLE IV. Ratio integrated intensities in the main features of the simulated oxifgedge spectra from the bulk and grain boundary.
The experimental values are given in parentheses.

Peak
a; a, b, b, bs c d; d, d;
Ratio MS
(GB/bulk) 0.84 0.93 0.95 0.94 0.91 1.03 0.93 1.09
(Rc‘salg?bulk) 0.85+0.03 1.02-0.04 0.94-r0.04 0.96:0.04 0.96:0.03 0.92-0.05 1.03-0.06 0.95-0.05 1.01:0.05

b,, ¢, andd, clearly represent a decrease in the number ofontain an excess of positively charged cati$hé’in these
oxygen backscatterers in each of the shells giving rise to thealculations, surfaces are considered to be perfect sinks and
feature, i.e., the first- and second-nearest oxygen neighborgources for vacancies, with the compositional variation aris-
This decrease in backscatterers is caused by the bounddfg from the difference in the energetics of forming a cation
misorientation and indicates that although the overall strucor anion vacancy. As a grain boundary forms when two sur-
ture is charge neutral, there are local fluctuations in the numfaces meet, the reconstruction of the grain boundary into the
ber of atoms relative to the bulk, i.e., the “effective” vacan- lowest-energy configuration should therefore primarily in-
cies mentioned earlier. volve the cationgthe observation of partially occupied Sr
columns in theZ-contrast image may be evidence for jhis
Continuing this argument further, this formation mechanism
for grain boundaries should result in the boundary plane hav-
The atomic clusters around the oxygen atoms in theéng a positive chargéas has been observed experimentally in
boundary now allow us to infer the structure-property rela-I-V measurementsand electron holograpfAyperformed on
tionships. Each of these clusters is missing atoms from variuindoped SrTi@ grain boundarigs The observation here of
ous shells surrounding the central oxygen atom, which willoxygen vacancies in the boundary plane is certainly consis-
lead to a local change in the charge distribution for this ionictent with this idea. However, it should be noted that previous
material. However, before moving on to discuss the charge dheoretical interpretation of the electrical properties of grain
the boundary and its effect on the properties, it is worthwhileboundaries often considers them to be perfect sources and
to review the origin of these vacancies. In the previous secsinks for vacancies, although this is not always observed
tion we defined the missing atoms as “effective” vacancies.experimentally’? This study indicates that the vacancies at
(The term “effective” vacancy could equivalently be termed the boundary are an intrinsic aspect of the reconstruction and
an “effective” reduction in coordination at the grain bound- misorientation angle. Hence, while we assume that the sur-
ary. However, the individual clusters at the grain boundaryfaces of the grains are perfect sources and sinks, the forma-
indicate that the “effective” missing atoms do not occur in tion of the grain boundary by two surfaces meeting locks
the same positions for the entire boundary plane and hendbese vacancies in place.
the term vacancy may be more appropriaféhe reason for In the commercially available SrTiObicrystals used in
this definition is that they are not atomic vacancies in thethis study, both the bulk material and the grain boundaries
sense that the term is used in the bulk. For the bulk materialyere found to be practically insulators at room
an atomic vacancy is defined as a lattice position that can argmperaturd® This implies that the material is free from the
should be occupied by a particular atom type. In this case, appresence of impurities that would dope the material either
of the available lattice sites in the boundary are occupiedn-type or p-type depending on whether donor or acceptor
The “effective” vacancies arise because the boundary reimpurities dominatedno trace of impurities were found ei-
construction and misorientation angle does not allow atomsher in the bulk or segregated to the boundary by EELS or
to exist at certain positions. Hence, compared to an equivanergy dispersive x-ray spectroscaplor such a material,
lent site in the bulk, the local environment of the atoms in thewhere carriers induced by cation doping are negligible, the
boundary plane is devoid of a certain number of atoms.  charge carrier concentration is dominated by oxygen vacan-
In the average boundary cluster shown in Table Ill, it cancies and is obviously dependent on environmental conditions
be seen that the reconstruction leads to strontium, titaniungsuch as temperature and oxygen presgimereasing tem-
and oxygen vacancies. While electrically, cation vacancieperature and decreasing oxygen pressure leads to an increase
will compensate anion vacancies and vice versa, if we sunmn the number of vacancies and therefore an increase in the
up the number of vacancies in the boundary cluster, there isumber of charge carriersAlthough each vacancy acts as a
a clear excess of oxygen vacancies in the boundary plandgonor, contributing two electrons to the conduction band, the
(the same effect is observed when considering clustereverall conduction mechanism is a mixture of electronic and
around Sr and Ti atoms in the boundary plar#his is con- ionic (through the motion of the oxygen ion vacangiekhe
sistent with the changes seen in the oxy$eadge and tita- results presented here are consistent with this idea for con-
nium L-edge spectra obtained from the boundary and disduction except that the oxygen vacancies in the grain bound-
cussed in the previous sections. The observation of oxygeary plane are immobile. This means that, unless there are
vacancies at the boundary may not be surprising as thermeegregated acceptor cations at the boundary, the boundary
dynamics predicts that the surfaces of ionic materials shoulglane will always be positively charged and act as a barrier

D. Structure-property relationships at the boundary
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to the movement of oxygen ion vacancigy reducing the IV. CONCLUSIONS

number of sites for ion migration and an electrostatic repul- Multiple-scattering analysis of electron-energy-loss spec-
sion of the positively charged vacandiesid a potential well  tra is a powerful tool to analyze the structure of grain bound-
for electrons(the positively charged barrier will lead to a aries and defects. The information present in the spatially
negative space charge regjon resolved energy-loss spectrum provides a level of character-

boundaries, commercial applications involving semiconduct/ation can be correlated to provide detailed three-

ing oxides usually deliberately dope the material with eitherdimensional structure  determinations from which  the
9 y y dop structure-property relationships at the boundary can be elu-

donor or acceptor ions to increase the conductffty’  ijated. By using this technique to investigate the 1]
However, the same principle should always hold; the boundsymmetric tilt grain boundary in SrTiQit has been possible
ary charge is an intrinsic function of the atomic structure ofto quantify the number of “effective” oxygen, strontium,
the boundary (it is known from studies of metal- and titanium vacancies at the boundary induced through the

semiconductor interfaces that the formation of a SchottkyMisorientation angle and boundary reconstruction. There is
barrier is a function of the interface structte Initial re- found to be an excess concentration of oxygen vacancies that

sults suggest that acceptor doped @nboundaries have induces a net positive charge at the boundary. While this

h : h . ,g{large is small and has a minimal effect on the conductivity
the same atomic structure as the undoped boundaries, Wil ihe houndary relative to the bulk in the undoped material,

the acceptor ions simply replacing titanium in the boundarythe results highlight how preferentially segregating acceptor
core>? Using the boundary cluster in Table IlI, it can be seendopants at the boundary can greatly affect the electrical prop-
that only a 10% substitution of M is necessary to com- erties of the boundary. Such measurements indicate that the
pensate for the excess of “effective” oxygen vacancies anclectronic properties of grain boundaries in oxide materials
cause the boundary to be negatively charged. Any increasiepend very sensitively on the composmon'and atomic struc-
above this level will quickly lead to a very large potential ture of the boundary plane. These techniques are equally

barri ith velv ch d bound q ...__applicable to other oxide materials such as ferroelectrics and
arrier (with a negatively charged boundary and positivey, 1 " syperconductors, and may be used to help elucidate

space charge regiprbeing formed at the boundary, as hashe structure-property relationships of defects in these mate-
been observed experimentally by electron hologra3iur-  rials on the atomic scale.
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