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T h i s  rcport describes the findings from Be DOE funded research project for Lbl: 
budget pcriod 9/16/00-9/15/03. This budget p h o d  extended the original program, which 
ran for 4 years' from September 1996-2000, generated 14 publications (and numerous 
confercncc proceedings) in the areas of fuildamental atomic scale analysis of interfaces in 
oxides [ 1-81, the development of advanced transmission electron microscopy tcchiliques 
[9-121, and thin film growth processes [13,14]. la addition, 18 invited presentations at 
research institutions and international conferences and 19 conhibutcd presentations at 
international conferences were made that feature rcscarch funded by this original DOE 
grant. Thc grant supported 3 postdoctoral research jssociates at various times during the 
grant period (Professor Susanne Sterner ,  currently at UC-Santa Barbara; Professor Gerd 
Duscher, currently at N e d  Carolina State University: Dr Yan Xin, currently a Research 
Associate Professor at Florida State University). 

The ctlcrent funding cycle has rcsulted in 16 journal publications [15-30] and 
numerous conference proczcdings following the same lines of research as in the initial 
program h d  featuring various aspects of oxide cenmics, and MgB?. In addition, 18 
inl'ited presentations and 20 contributed presentations featwing this DOE supported 
research have been 'made at international conferences and rescmh btitutions. This 
cycle of the grant supported 5 graduate students and 1 postdoctoral research associate ar 
\wio\is rimes during the two years (Professor Yam0 Ito, currently at Nonhem Illinois 
Uniucrsity; Dr Robert F. Klie, currently 3 Goldhaber Distiuguished Fellow at 
Rronkhavcn National Lab; Dr James P. Buban, new a JSPS Pellow at the University of 
Tokyo; Dr, Yuanyuan Lei, now a postdoctoral fellow at Argonne National Laboratory; 
Dr, Ilke Arslan, now a postdoctoral fellow at Cambridge Uoivcrsily; iuid W .  Juan-Carlos 
Idrobo wlio is a current graduate student). 

One of the main areas of research in the last two years in this program has been t h C  
properties of p j n  boundariw in pcrovskite and fluorite stnrctured materials. In the case 
of che perovskites, this research followed the development of the atomk resolution 
tcchniques in the first 4 years of funding with an investigation oftha vacancy dynamics at 
g a i n  boundaries. A5 an example of this work, here we briefly describe the structure, 
coinposition and bonding characreristics of a n b d l l y  undoped W' [OOI] tilt grain- 
hounday in SrTiO,. Room temperature and in-situ heatmg experiments show that there 
a scgrcgation of oxygen vacancies to the grain boundary that is increased at elevatcd 
tampcrahues and is independent of the cation arrsngcment. ?'his is illustrated in fipre 1, 
where images at room temperature and 450OC indicate the cation arrangement at the 
boundary is unchanged ( o m  of the developments in this program has been the stability of 
the niicroscope cavironment needed to obtain atomic resolution even at high 
temperahire). The corresponding EEL spectra from the grain boundary show a shift to 
1crui.r cnrrgy of the Ti L-edge and a reduced intensity and loss of fine-structure in thc 
oxygen K-edge. This indicatu that the Ti valence is decreasing to compensate for the 
decreasjn c oxygen concentration. These measurements. indicate that the widely observed 
c l m m n i c  properties of grain boundaries in perovskites may be due to an cxccss of 
crxygcn vacancies Uiar segregate in closc proximity (a 1 unit cell) to the boundary core. 

Shnihr experimental studis have been performed on fluorite structured p i n  
boundaries. In this case, the aim was to verify whether similar ~ttuctural and 
compositional effects occurred in this dWerent type of oxide system, or whether the 
prcvious obscrvatiom were limited to only perovskites. ' In particular, the smdy addressed 
thc concept of p d a l  occupancy, oxygen vacancy segregation, and cation valence change 
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at the grain boundary. The atomic scale structure, composition. and chemistry of grain 
boundaries in two fluorite structured ceramic materials were characterized by a 
combination of Z-contrast imaging and electron energy-loss spectroscopy (EELS) that 
will be the theme of this coming proposal. Ln the case of a symmetric 24' [ool] ti1t 
bicrystal of Ytlria-Stabilized-Zirconia (Y$Z), a shift in the zirconium M-edge onset and 8 
change id the ynrium and zirconium M-edge ratios at the boundary indicate an increase in 
&.he number of electrons m the boundary plane (Figure 2). A dcclailed stt~dy of the 
slructure and composition indicated that this is caused by an incrcasc in h e  number of 
oxygen vacancies in the grain boundary core that is paxtiatly compensated by yttrium 
segregation. In ii similar manner to the perovskitc gain boundaries, partial occupancy 
was found to feature predominantly at this boundary. Coupled with the study of thk 
"jdcal" fluorite grain boundmy, studies of grain boundaries in tm industrial 
polycrystalline Gd-doped Ceria ceramics revealed simila changes io vacancy/dopant 
pratiles, indicating that thee effects may be generic to b ! h  boundaries in fluorite 
materials; as they have been observed to be in perovskite materials. 
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Figure 1: Z-conlmst images o f  rhc SrTiO3 gmin boundnay at mom teinperrturc and at 450'C. The blue 
rirclcs arc Ti iiom nnd h e  empty circles partially occupied Sr calumns. A1 morn temperature, 
Sr abms are white cinles and at 450°C thcy are red circles. Tbe corresponding EELS s p s t r d  
show J shif? in Ti edge position and decrease in oxygen Kedge intcnsiry and Fine-slructwc. 
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Figure I :  Z-conmsr irnagc of B symrnctric 24" [OOI] tilt p i n  bauddlvy in YSZ and spectrum from the 
hulk and bmin boundary. shewing a shiR of -lev in Zr M ~ J  edge. The core structure is dark 
(duc to strain) but the slmeture can be ascertained dircctly fmm thc imagc. o x y ~ c n  K - d p  
spcctra (not shown) confirm thc result from Lhe Zr take ghi& 

Another focus of the research has been the study of atomic scale effects in MgBz. The 
discovery of superconductivity at 39K in MgBz that was revealed to the world in January 
2001 pscscntcd many new and exciting possibilities to the field of superconductivity. As 
with many new discoveries, it was hard in the early stages of research to define exactly 
the materials issues related to defects and interfaces in these materials. However, one o f  
thc intriguing issues that was identified early on, was the effect of oxygen impurities in 
the stnicture. Analysis of the structures by &contrast imaging and EELS revealed that 
nngc of oxidc interface phases can be induced (and rhese appear to occur readily in the 
bulk material and thin films)- M a ,  BO, and MgE,O,. Given the enhanced properties 
that are seen in thhi frlm Mg& through alloying with oxygen, these early results 
suggested that some of these phases may be use l l  for improving the fundamental 
superconducting propcrtics of the material. 

Fudher analysis of samples produced by different growth methods indicared h a t  in 
addition to grain boundary oxide phases, -20-100 nm sized precipitates are formed by 
ordered substitution of oxygen atoms onto the boron sub-lattice, while the basic bulk 
MgB2 crystal structure and orientation is preserved (Figure 3). The periodicity of the 
oxygen ordering is dictated by the oxygen concentration in the precipitates and the 
majoiity of the oxygen ordering occuts in the (010) plane, The improvement of 
superconducting properties associated with samples that exhibit large qwtit ics of ~ Z S C  

prccipitatcs indicatcs that that thc oxidc pmcipitatcs may act as flux pinning centen;, 
imp-ovhg the critical cutrrnt density and the superconducting transition behavior. '~XS 
is the subject of continuing research in the current fbnding period. 
More recent work on MgBz bas focused on understanding the location and symmetry 

of the charge camers in the material. In this case, the aim was to provide a fundamcntal 
understanding of the bulk material, so that the effects of dopins on charge concentration 
COI& be investigated in the elcctron microscope, It is important to note hcre that due to 
the small gain size (-loom) and evert smaller precipitate she (-lorn), electron 
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. microscopy is the only means to address these issues fhm individual features. Figure 4 
shows the results of the analysis that was performed. In particular, two different crystal 
orientations, [ 1 XO] and [OOl J with respect to the incident electron beam direction, were 
studied and it was found that sibmificant changes in the near-edge fine-structure of &e B 
K-edge o c c w d .  Density functional theory (DFT) suggests that the pre-peak of the B K- 
edge core loss is composed of a mixture of pxu and pz hole states, and the results that were 
ohtained showed that these conbibutions can be distinguished experimentally only with 
an experimental energy resolution better. than 0.5 eV. For conventional TEMSTEM 
iiistruments with an energy resolution of -1.0 e\/ the pre-peak still con~ains valuable 
information about the local charge carrier concentration that can be probed by core-loss 
EELS. However, to obtain the information on tbe charge carries, considerable analysis 
must be performed in considering the scattering momentum transfer for different crystal 
orientations to sepmte pxy and pz components from the experimental spectra. The 
results that were obtained highlight the power of EELS to probe the local clcctrbnk 
structure of advanced materials and also the improvements that can be achieved with the 
ntwt generation of microscopes. These microscopes will therefore lead the way in 
developing the capability to obtain spectra and the news mcthnds for interpreting the 
fine-structure in thc s p ~ ~ t r u m  

Figlire 3: 2-contrast irnagc and multi-slice airnulatim showing lhal evtv s a w d  boron column shows an 
incrrbscd intensity caused by oxygm substitution. Bomb K-edge and Oxygen K-edge spwm 
confirni the intensity distribution (noto: UIC spatial raolutim had to be depded to provide 
enough signal for the spccua, which is why h e  dark column shows ~II oxygen signal). 
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Figure 4: Expcrirntntnl spectra obtained With the IBOL 2010F in W o  orientnlions. The changcs in thc 
prc-edge peak. contain connibudonr fium pV and A ohitalr. In thc spectrum from h e  VG 
STEM, tlrese two peaks can bo clcarly obscrvd ifi the p r d g e .  The specm fbm thc JEOL can 
be deconvoluted into P . ~  and pr components in gaad agrement with the Dm cdculs~ons. 
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