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The electron energy-loss near-edge structBteNES) at the oxygerK-edge has been investigated in a range
of yttria-stabilized zirconidYSZ) materials. The electronic structure of the three polymorphs of purg Zn@
of the doped YSZ structure close to the 33 mol %% composition have been calculated using a full-potential
linear muffin-tin orbital methodNFP-LMTO) as well as a pseudopotential based technique. Calculations of
the ELNES dipole transition matrix elements in the framework of the NFP-LMTO scheme and inclusion of
core hole screening within Slater’s transition state theory enable the ELNES to be computed. Good agreement
between the experimental and calculated ELNES is obtained for pure monoclinic #m® agreement is less
good with the ideal tetragonal and cubic structures. This is because the inclusion of defects is essential in the
calculation of the YSZ ELNES. If the model used contains ordered defects such as vacancies and metal Y
planes, agreement between the calculated and experimeitatdges is significantly improved. The calcula-
tions show how the five different O environments of¥50, are connected with the features observed in the
experimental spectra and demonstrate clearly the power of using ELNES to probe the stabilization mechanism
in doped metal oxides.

[. INTRODUCTION trality, assuming formal ionic charges, one O vacancy must
be created for each pair of dopant cations. The presence of O
Yttria-stabilized zirconia(YSZ) has been the subject of vacancies in YSZ reduces the average cation coordination
many experimental and theoretical studies due to the conmumber from 8, as in pure or c-ZrO,, to a value between 7
mercial applications of zirconia-based materialsySZ is  and 8 depending on the dopant concentration. Though the
formed by the addition of ¥O5; to ZrO, and results in the exact nature of the atomic displacements in YSZ remains
stabilization of the tetragonal or cubic phase depending omnclear, one can suppose that the relaxation of the ions away
the molar fraction of ¥Os. While Y,O; is probably the most from their regular lattice sites results in local coordination
widely used, stabilization using other binary oxides such agnvironments that are similar to those foundnrzrO,. Re-
CaO, MgO, and LgO; is also possible. cent x-ray and neutron diffraction experiments suggest that
Pure ZrQ exhibits three well-defined polymorphs at am- the YSZc phase contains “locally ordered regions of vacan-
bient pressure: the monoclinic) phase which is stable up cies and dopants®’It was reported that at lowx(0.15)
to about 1170 °C, the tetragon@l phase which is stable up concentrations of YO, there are regions-15-20 A in size
to 2370°C, and, finally, the cubic) phase that exists up to which contain(i) isolated O vacancies arid) O vacancies
the melting point of 2680°C. It has been reported that arranged in pairs on nearest-neighbor anion sites iflth#
phase transforms to an orthorhombic structure at higHluorite direction, with the cation site located between them
pressuré.The Z#** ion in m-ZrO, is found in seven fold co occupied by a Z* ion.> The O vacancies cause the tetrag-
ordination with the @ ions, while in thet phase the Zr"  onal lattice distortions observed clearlyxat 0.09. Goff and
ion is located in distorted eight fold coordination environ- co-workers suggested that another type of defect cluster
ments. The high-temperatucgphase has the fluorite (CagF formed as thex increases: th@l11] vacancy pairs pack to-
structure with each metal ion in regular eightfold coordina-gether as in the 3l ,0;, structural motif to form aggregates
tion sites with all of the Zr-O bonds of equal length. whose size and number increase slightly witfrhe number
Yttria has a large solid solubility range in Zg@nd hence of the isolated vacancies also increases witlt is thought
can be used to stabilize both thendc phases. It is inter- that these isolated vacancy atomic clusters become mobile at
esting to note that thée—m transformation temperature of T>1000 K, resulting in a rise of the ionic conductivity of
(Zr0;)1-x(Y,03), decreases significantly with increase in YSZ. Since the anion-deficient YSZ crystal structure, with
Y,0; contentx. In practice, thet and ¢ phases can be re- its dependence on dopant concentration and temperature, has
tained for an indefinite time in a metastable state at lona complex nature, a confirmation of the above interpretation
temperature over the composition range0(02<x<<0.09, from further experiments and theoretical modeling is desir-
and ¢,0.04<x<0.4). For x>0.4, ZrY,O4,, an ordered able.
rhombohedral phase, is reported to fétm. To date, no full quantitative description of the stabiliza-
In YSZ the trivalent dopant cations3Y substitute for tion mechanism of YSZ has been reported. Extended x-ray
some of the Zt* ions and, in order to maintain charge neu- absorption fine structur€EXAFS) can distinguish between
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the host and dopant cations, allowing the individual coordi-
nation polyhedra to be probed. However, EXAFS studies
published to date are somewhat contradictory: several studies
have concluded that an Y ion is nearest neighbbi¥) to the
vacancy(for example, Ref. Bwhile others have reported that
yttrium occupies next-nearest neighll®&NN) cation sites. 30 mol % Y,0,: 0-YSZ
These inconsistencies are partly due to experiments being
performed on samples with different dopant concentrations
leading to different displacements of the regular fluorite lat-
tice sites near to the vacancies.

Electron-energy-loss spectroscaiBELS), via analysis of
the energy-loss near-edge struct(E&eNES), has developed
into a powerful technique for the investigation of the unoc-
cupied electronic states of crystals. This is especially true 3 mol % Y,05: t-YSZ
when the technique is carried out in a modern analytical
electron microscope as this enables information to be ob- T 1
tained with high spatial resolution. ELNES results when the 2 % s,
energetic incoming electron excites a core level electron into ps
an empty state above the Fermi lev&l]. Analysis of the , , ‘ , , ,
energy lost by the fast electron provides information about 0 5 0 15 20 2 30

. . . Relative energy (eV)

the unoccupied density of stat80S). Due to the localized
nature of the excitation process and the fact that a dipole FIG. 1. The experimental &-edge ELNES fronm-ZrO, and
selection rule is active, the DOS information is both site andySZ samples.
symmetry projected. Hence it is possible to compare directly
the experimental ELNES data with the results of density Il. EXPERIMENT

functional theory calculations. This approach has been used This section provides a brief summary of the experimental
in the past by many authors utilizing a number of differentmethod. The zirconia and YSZ materials were supplied by
reciprocal-space*®and real-spacé band structure methods. MEL Chemicals. Samples were initially characterized using
The calculation is complicated by the core hole produceghowder x-ray diffraction to check phase purity and by elec-
during the excitation process. This influences the ELNESron microscopy to measure grain size, the Y/Zr composition
spectrum by distorting the local DOS in the vicinity of the ratio, and homogeneity.
excited atom and means that the correspondance between theThe ELNES investigations were carried out using a 100
calculated angular-momentum-projected DOS and ELNE%V VG HB5 dedicated scanning transmission electron mi-
intensity is not exact. There are a few models that attempt téroscope(STEM) with post-specimen lenses and equipped
take this core hole effect into account. The most widely usedvith a GATAN 666 PEELS spectrometer. A convergence
is theZz+1 approximatior?,2 where the core hole is simu- semi angle of 11 mrad was used, giving a probe diameter of
lated as an increase in the effective nuclear charge at thel nm and a probe current of 0.2 nA. The collection
excited site. Another model, used recently by Lie andsemi-angle used was 12.5 mrad. A background of the form
co-workers® proposes omission of one of the core shell AE™" was removed from the ®-edge spectra, the low-loss
electrons and the corresponding addition of one electron tspectrum was to used to deconvolute the plural scattering,
the valence band. It has been shown recently that use @nd the spectra were then sharpened by deconvoluting the
Slater's transition-state approximation results in improveddetector point spread functidn.The spectra from a number
agreement between the theoretical and experimental EEL&ains of material were checked for consistency and then
threshold energy* Within this model half of a core hole is summed. Hence the data are averaged over a range of orien-
retained in order to account for the screening effects that artations.
absent in the one electron approximation. In the present pa- The processed ELNES spectra forZrO,, 3 mol %(-),
per, we investigate the use of thekdedge ELNES to probe 10mol%(c-), and 30 mol %¢-) Y,03-ZrO, are displayed
the electronic structure of YSZ and attempt to calculate, within Fig. 1. For comparison purposes the energy of the first
Slater’s transition-state theory, the observed ELNES using peakp; in each spectrum has been set to zero energy. Two
structural model that includes both dopant atoms and an @eaksp, and p, are clearly observed in the energy region
vacancy. close to the threshold energy of the edge. It is clear that the
The paper is organized as follows. In Sec. Il we describedepth of the minimum between these two peaks changes as
briefly the experimental methods used. The theoretical techthe Y,0O5 concentration increases. Specifically, the minimum
niques have been described in detail elsewMened Sec. Il is much deeper in thespecimen than in eithen- or c-YSZ.
includes our theoretical results for the relaxation and bandhere is also a shift of the second pgakto higher energy
structure of pure Zr@and YSZ. In Sec. IV we discuss the as the %03 concentration increases. The next minimum in
results of our calculated ®-edge ELNES of the defective the ELNES(around 8 eV is noticably wider in puren-ZrO,
and defect-free zirconias and compare these with our ELNE$an in any of the YSZ specimens. Farther from the threshold
measurements. In conclusion, we summarize the ability o&nother pair of peaks is observed in the energy region be-
our model to interpret the experimental data. tween 8 and 15 eV. Although the splitting between these

10 mol % Y,0,: ¢-YSZ

Intensity (arb. units)

T Monodlinic ZrQ,
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peaks is not well resolved in pure ZgQt is in thet sample. B. Pure zirconia

As the dopant concentration increases further the second Severalab initio calculations have been published re-
peak p, in this energy region becomes dominant and thecently for bulk phases of pure ZgA3%?%%~29n studying the
splitting becomes progressively more difficult to resolve. Instructural stability, the main theoretical efforts have been
the high-energy regionH>15 eV), a very weak featurps conce_ntrate_d on obtaining the accurate zero temperature DFT
is observed irm-ZrO, andt-YSZ but it appears to be absent €nergies within the local density and/or generalized gradient
in the cubic specimens. A pair of weak pegksandp- are approximation. The energy vs volume curves calculated re-

observed between 20 and 25 eV arYSZ. As the dopant cently give a reasonable agreemésie, for example, Ref.

. . . 19) with experimental results.
concentration decreases the first gemoves up in energy The sequence of ZrOstructural transformationsn—st

and closer tq-. The pg feature is still present itrYSZ but —.c, with temperature may be determined by comparing the

K-edge ELNES spectra for YSZ are in agreement with prehas one degree of freedom, its unit cell volume, tiphase

vious measurements. has two additional degrees: the ax@h ratio and the sym-
metry breaking displacement of O atom%, The displace-
ments of O atoms lead to half of the Zr-O bonds becoming

IIl. BAND STRUCTURE CALCULATIONS stronger and the other half weaker compared with the bonds
_ in ideal c phase. By calculating th&/a unit cell deformation
A. Computational methods and atomics displacements in thephase Janséhand Jo-

24 . .
In order to model pure ZrQand the defect YSZ system, _mard et al“” showed that structure is unstable against the

we have used a combination of two first-principles densit;} o " .
functional theory(DFT) methods in the local density ap- of this instability barrier depends strongly on the volume and

o F o ith latti the exchange-correlation potential used. A complete analysis
proximation. For energy minimization with respect to lattice ;¢ 1o Zr0, c—t transition in terms of the Landau theory has

constants and local atomic displacement we employ th@een done by Fabris and co-work8r&ho used the polariz-
plane-wave, pseudopotential-based free energy moleculaible self-consistent tight-binding mod@l.1t has been
dymanics(FEMD) techniqué'’ It is generally accepted that showrf”?° that thec—t transformation is displacive of the
this is the most efficient scheme for precise calculation okecond order and is driven by the softening of ¥ie pho-
total energy and force. The plane-wave method is less effecon mode. As for them—t transition, no microscopic
tive for electronic structure calculations where one looks formechanism for its initiation has been proposed up to now.
the fine detail in reciprocal space. Moreover the details of th&ome interesting theoretical predictions concerning the sur-
core wave functions are lost. Therefore, for the calculation oface energies and relaxation ofand m-ZrO, have been
the densities of states and dipole matrix elemdgis. (1)  made recently®

below] we use the atomic positions generated by the FEMD Calculation of the three ambient-pressure phases of ZrO
in an all-electron linear muffin-tin orbitalNFP-LMTO)  as the testing benchmark is a starting point of our study. We
method!® The latter also employs an analytic force theorem Use both the NFP-LMTO meth&tiwithin the LDA and the

As we will demonstrate, the structure generated by FEMD ig EMD techniqué’” to relax the volume and atom positions.
also in equilibrium with respect to the LMTO forces. In fact '€ structure parameters of Zs@alculated by us together
as we shall see, for structural energy differences the twd/Ith the experimental data by Howaed al™ are collected
methods are in almost perfect agreement. The computation%ﬂ Table 1. All data are given in terms of the 12-atom unit
details of the NEP-LMTO method used for band StructureceII to make a comparison more transparent. There is excel-

lculati f Z10h b d bed ioudh?d lent agreement between theory and the experimental data.
caiculation of pure _r@ ave been aescribed previousty. Small differencies exist between the FEMD results and the
Let us outline briefly some details of the FEMD calcula-

. . ; . previous pseudopotential calculatiéhswithin the same
tions. The Troullier-Martins pseudopotentisre used for framework. These are due to using our numerical scheme to

O, Zr, and Y atoms. For Zr and Y, pseudopotentials argit the equation of staf8 instead of the Murnaghan equation
constructed for the semicores4nd 4p atomic states rather of state fitting.

than the 5 and 5 valence states. A rather high cutoff en-  The correct hierarchE™<E!<EF® in the energy vs vol-
ergy of 75 Ry for the plane-wave representation of Kohn-yme of different ambient-pressure Zr@hases is repro-
Sham orbitals was used and integration over the Brillouinduced. In particular, the NFP-LMTO method gives energy
zone(BZ) was performed using the special Monkhorst-Packdifferencies ~ AE~'=0.049 eV/ZrQ and AES™™M
mesh. =0.105 eV/ZrQ while the FEMD code shows values
The simplified approacfi to ELNES within the pseudo- (.046 eV/zrQ and 0.102 eV/ZrQ, respectively. These data
potential band structure technique neglects the energy depegre in good agreement with experimental vafigbat are
dence of the matrix elements, Significantly reStriCting its abil-derived from entha|py differencies at Corresponding phase

ity to interpret the experimental data in the case of YSZtransition temperatures: AU '=0.057 eV/ZrQ and
Conversely, all-electron DFT methods are easily extended t@ yc-m=0.12eVv/zrG.

calculate one-electron dipole matrix elements exaCthy.

Furthermore, one can partly account for many-electron ef- C. Simplified model of the defect structure of YSZ
fects within Slater’s transition-state thedfyA further ben-
efit of the all-electron NFP-LMTO methd@is that the core
states are allowed to relax when solving the Kohn-Sham To investigate the nature of O vacancies in cubic YSZ, we
DFT equations self-consistently. perform calculations by the FEMD method on an 11-atom

1. Relaxation
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TABLE |. Calculated equilibrium lattice parameters of thet, Ozr
and m phases of Zr@ referred to the 12-atom unit cell compared a) ZI’2Y207 oY
with the experimental data given in Ref. 29. Hefedenotes the ®0
internal degree of freedom fZrO,, B is the angle of then cell, Non-relaxed geometry [] Vacancy

andx, y, z are the fractional coordinates of the three nonequivalent

sites in them phase. D O
O/ o
Expt. NFP-LMTO FEMD J ®04 0-5

c-ZrO, a(A) 5.088 4.995 5.078
t-ZrO, a(A) 5.048 5.009 5.030
cla 1.026 1.014 1.038

dlc 0.057 0.051 0.066

m-ZrO, a(A) 5.149 4.982 5.126
b/a 1.012 1.036 1.009

cla 1.032 1.057 1.048

B 99.23 98.57 99.20

Xzr 0.275 0.274 0.274

Yz 0.040 0.040 0.041

Zz: 0.208 0.212 0.210

Xo-1 0.070 0.069 0.069

Yo_1 0.332 0.339 0.338

Zo-1 0.345 0.338 0.348

Xo—2 0.450 0.448 0.449

Vo2 0.757 0.753 0.760

Z0-» 0.479 0.478 0.481

supercell of seven O atoms, two Zr atoms, and two Y atoms,
obtained by removing a single atom from the O sublattice of
c-ZrO, and substituting two Zr atoms by two Y atoms. This
Zr,Y ,0; cell, shown in Fig. 2a), contains two formula units

of ZrO, and one formula unit of YO3 and corresponds to a
composition of 33 mol %Y¥O;. Note that our nonrelaxed
cell exhibits an artificial layered cation structure having pure
Zr z=0 andz=1 planes whereas the=; plane contains Y
atoms only. We allow the internal coordinates to relax while
keeping the lattice parameter at the experimental bulk value
of (Zr0,)0AY203)03, Namely, 5.2 A. The number of the

Monkhorst-Packk points required to get an accurate relax-
ation within the FEMD method was investigated. The special
2X2X2 Monkhorst-Pack grid in the Brillouin zone is ad-
equate for both the total energy and atomic displacements.
The atomic relaxation can be described with reference to
the position of the Zr atom at the origin of the cell in Fig.
2(a), as shown in Fig. ®). This illustrates the rather com-
plex distortions that reduce the fcc symmetry of the metal
sublattice. The calculated fractional coordinates of the re-
laxed atom positions relative to the Zr atom at the origin, are  F|G. 2. Model of the ZY,0;, cell (a) with nonrelaxed geom-
listed in Table Il. In this description, the Zr-2 ions relax etry and(b) after relaxation. Two Zr atoms and two Y atoms form
along[110] and the Y-1 and Y-2 ions relax along the direc- the nearest-neighbor shell to the vacancy. The five different types of
tions close td010] and[100], respectively. The anion sub- O atoms, corresponding to the fractional coordinates given in Table
lattice relaxation is also illustrated in Fig(l® and shows I, are indicated. The plan views shown (o) represent the views
how the O atoms columns shift with respect to each otherlong the[001] and[010] directions.
along[001]. These distortions are similar to the O displace-
ments oft-ZrO,. The O-O distances along the vacancy-freecept O-2 depend slightly on the distance from the vacancy
O columns show minor changes with respect to the nonresite, with an average value of 0.187 A. In the vacancy-
laxed geometry while the O column with a defect has acontaining column, the O atom on the O-2 site moves down-
double O-O distance. The particular displacements of the @vard with a displacement of 0.98 A. This is probably indica-
atoms in the perfect columns alof@01] (i.e., all sites ex- tive of the high mobility of vacancies along the O columns.
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TABLE Il. Calculated fractional coordinates in the,Xt,O, cell
after relaxation. i —— Unrelaxed Zr,¥,0,
10| ’ll| Al — Relaxed Zr,Y,0,
i PR A
Site X y z \ 7 AWV L Oxygen
zr1 0 0 0 P . —
zr-2 0.554 0.554 0 ol . DAY
Y-1 0.013 0.541 0.501 - ' T ‘ '
Y-2 0.541 0.013 0.501 g il "
0-1 0.277 0.782 0.291 2 o p
, = Zirconium
O-1 0.782 0.277 0.291 B '
0-2 0.277 0.277 0.062 8 - W
0-3 0.782 0.782 0.222 I D s SO s O VA Vi et
0-4 0.277 0.782 0.808 ' ' ' ‘ ‘ '
o-4' 0.782 0.277 0.808 w0l
O-5 0.782 0.782 0.734
Yttrium
Referring to Fig. 2b), we see that the O-2 atom in the col- . A _ AN
umn containing the vacancy lies a little above the0 -6 -4 -2 0 2 4 6 8
plane. This asymmetric arrangement is dictated by the fixed Energy: E-E, (V)

Zr positions at constant volume and introduces a double well £ 3 Total site-projected DOS for 2¥,0, before and after
into the potential energy surface, a symmetry-equivalentgjaxation.E, is the top of valence band.
structure being that with the O-2 atom the same distance ’

ﬁglow tT)eZbT Otﬁl"’t‘r;e ;ﬁer aIIIOW|?g all Othi; atoms ,;0 r:el"l"x' relaxation in YSZ. Whereas in the unrelaxed model there are
Is probable that further relaxations would occur If the at'midgap states, these are practically eliminated by relaxation

tice constants were also allowed to relax. Note that aftegls also found by Stappet al 22 |1 our relaxed model these
relaxation each Zr ion is sevenfold coordinated by 0XydeN e reduced to Conduction" band tails. We do not know

ions as inm-ZrO,. whether these tails would also be removed by further relax-

After p;ergorming the relaxation of the £Y,0; cell by g the Jattice constants in our model cell. These matters are
means of the FEMD method, the relaxed coordinates werggimnortance in understanding the origin of color centers as

used in a furt.her energy minimization using the total energy, o as predicting whether ZrOmay beself-dopedby the
and forces with the NFP-LMTO method. Changes in atomicintoduction of acceptor levels at vacancies.
positions calculated in this way were smaller than 0.2% of ' 1ha total and site- and Mulliken-projected DOS of

the lattice parameter. Zr,Y,0, after relaxation are derived from the energy bands.
The major features of the DOS can be summarized as fol-
lows. The upper valence band has a width of 6 eV and is
It is well known that the LDA calculations underesti- formed mainly by the P states of the five types of O atoms
mate® the fundamental band gap of Zs@vhereas the ex- while the 3 states of Zr and Y contribute to the DOS peak
perimental gaps derived from vacuum ultraviolet spectro-at around—5 eV. There is good agreement between the oc-
scopic measurements might be too high, with an uncertaintgupied O valence band of the defective Zr@btained in our
of about 1 eV. The observed minimum band gaps,¢fand  calculations with the experimental valence-band photoemis-
m phases reported by Frenehal®? are 6.7—-7.08 eV, 5.78— sion spectra of Frencét al3? who report, for thec phase, a
6.62 eV, and 5.83-7.09 eV, respectively, while EELS givesoroad O-2p band which extends from 0 to
band gaps of 4.6, 4.2, and 4.2 @éf 16 for c-YSZ, t-YSZ, —7 eV binding energy. The conduction-band DOS of
andm-ZrO,, respectively. It should be noted that the experi-Zr,Y ,0; is mainly composed of cation-projectéedstates in
mentalt andc samples compared were single or polycrystal-the range 2—-10 eV. Above 11 eV, most of the significant
line stabilized materials containing different,®; concen-  structure in the DOS comes from the anion-projecfed
trations. Previous band structure calculations within the LDAstates.
found a direct band gap in cubic Z5Gn the range 3.3-4.1 The three panels of Fig. 4 compare the unoccupied O total
eV 232526 01 pure ZrQ, our NFP-LMTO DOS calculations DOS in pure ¢c-ZrO,, unrelaxed Z5Y,0,, and relaxed
give a band gap of 3.45 eV fa-ZrO, and a slightly larger  Zr,Y,0;. The O DOS of Z3Y,0; before relaxation shows
gap of 3.6 eV form-ZrO,. The discrepancy with experiment the first pronounced peak at1.5 eV, just above the top of
with respect to the trend can be attributed to the fact thathe valence band, , and the second peak at3 eV. These
measurements far andt structures were on samples stabi- two peaks, which lie in the fundamental band gap of pure
lized by Y,0;. In YSZ the direct band gap has been esti-c-ZrO,, are separated by the gap of 0.8 eV associated with
mated at around 5.2-5.8 eV from absorption and photolumithe e,-t,; DOS splitting in the ideat structure. However,
nescence spectroscopyvhile an apparent reduction due to the relaxed geometry produces the O DOS which is similar
an absorption tail has also been reportéd. to the corresponding DOS of pueeZrO,, cleaning the DOS
Comparing the site-projected DOS of unrelaxed and rein the fundamental band gap between 0 and 2 eV and sup-
laxed ZpY,0; in Fig. 3, we see the importance of atomic pressing the DOS between 5.5 and 6.5 eV. I5YZ0; there

2. Density of states and band gap
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The most important consequence of the dipole approxi-
cubic ZrO, mation is that selection rules require that the final states must
] have angular momentumint 1 if the core state has angular
momentuml. As Muller et al® have pointed out, expression
(1) resembles a local DOS, like a Mulliken projection onto
basis functions with certain angular momentum centered at a
particular atomic site. Hence, the Mulliken-projected DOS
can be used as a rather crude approach to identify peak
positions'**in the ELNES, but prediction of the peak inten-
sities requires the inclusion of matrix elements.

We calculate the ELNES at the ani¢hedge including
the dipole matrix elements with the LMTO methttiin or-
der to allow a direct comparison of the calculated ELNES
shape with experiment a broadening mechanism must be ap-
2r,Y,O; after relaxation plied to take into account the initial- and final-state lifetime
broadening as well as the instrumental resolution. The
Lorentzian linewidthl'(E)=T";+T'; is used wherd’; is the
width of the initial core states obtained from atomic d¥ta.
The Lorentzian linewidth for the final statds; has the

04

02 -

0.0

Zr,Y,0,before| | relaxation

DOS (states/eV/atom)

02 -

0.0

0 form®14
E-E, (eV)
FIG. 4. The DOS of the O site in perfectZrO, (top panel as 73 _ [E-E,\2
well as the O DOS of ZY,0; cell with nonrelaxedmiddle panel Iy= 128 ~P\E,—E, 2
and relaxedbottom panel geometry. The average O DOS of the Y
five types of O atoms in 2k ,0; is plotted. HereE,, is the plasmon energy which can be obtained from

] ) ) ] ~ the low-loss region of the energy-loss spectrum, wi|e
are five different types of O site, each of which exhibits a_ g is the width of the occupied part of the bands, which is
different DOS. In Fig. 4 we show the total DOS over all O gefined here as the energy between the bottom of the O
sites but for ELNES purposes it is necessary to calculate thgang £, and the top of the valence barf, . This assump-

spectrum of each type of site. tion, i.e., EQ.(2), has been tested successfully for anion
K-edge ELNES in transition-metal nitrides and carbitfes.
IV. ELNES The theoretical spectra are finally convoluted with a 0.5 eV

full width at half maximum(FWHM) Gaussian to account
for the instrumental resolution.

In EELS the intensity, or cross section, is measured as a |f several types of excited atom are present in a unit cell,
function of the energy los€ in the inelastic scattering the matrix elements from each different site must be aligned
caused by excitation of an initial core state with eneggy to take account of the binding energy appropriate to the site
and eigenfunctiorp.(r). The final band states with energies and then combined as a weighted sum.
€ni= €.+ E and eigenfunctiong,i(r) which are involved in A short comment on how to calculate the threshold en-

the EELS process can be calculatginitio within the one- ~ €rgy Eqn within DFT should be made here. If the core-level
electron approximation. Using Fermi's golden filend  energyec(qc) is linear in the number of electrorg, occu-
therefore assuming the first Born approximation for scatterPying the core state, then according to Slater's transition-
ing, one can define the EELS cross seciom atomic units ~ State theory? Eiq=—ec(dc) |q-32. When the self-

as follows: consistent all-electron LDA calculation within Slater’s
transition state theory is performed, allowing core-level re-
laxation, it giveskEy, as the Fermi energy relative to the core
level with half of a core hole. Such an approach, which has
, ) , been applied already by Paxton and co-workets the
whereW, is the energy of the incoming electron beam, andyansition-metal nitrides and carbides, is used here to calcu-
the dipole approximatios'd"" ~1+(iq-r) is used further to  |ate absolute values of the R-edge threshold energies in
calculate the matrix elements. Note that after making thezrQ,.
dipole approximation the theories of ELNES and x-ray ab-
sorption near-edge structu(XANES) lead to similar ex-
pressions. Introducing a coordinate system such thatis

parallel to the incident beam direction, the appropriate linear The absolute energies of the Kbedge threshold calcu-
combination ofx, y, andz components of the dipole matrix lated within Slater’s transition-state theory for pureand
elements must be evaluated in the case of an anisotropieZrO, are 535.2 eV and 535.5 eV, respectively. There are
single crystal. If the experimental data are averaged ovetwo nonequivalent sites im-ZrO,. O-1 has a calculated
many crystal orientations, as here for YSZ, the average valuthreshold of 535.8 eV and O-Il has a threshold of 535.5 eV.
of the x, y, andz components of the matrix elements is the These latter values fom-ZrO, compared with our experi-
appropriate linear combination to be calculated. mental EELSE,;, of 533.3:0.26 eV show that Slater's

A. Formalism

1 .
U(E)MWOZ |<'J’nﬁ|elq‘r|¢c>|25(E+Ec_EnIZ)r 1)
n,k

B. Pure zirconia
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Zr0, O K-edge ---- Experiment O K-edge ELNES in Zr,Y,0,
— Theory
0-5
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_______________________ / Experiment: 30 mol % Y,0,
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FIG. 5. OxygerK-edge ELNES fom, t (3 mol %Y,03-Zr0O,), FIG. 6. Calculated OK-edge ELNES for each O site in
andc (10 mol % Y,05-ZrO,) compared with calculation for pure, Zr,Y,0;. The weighted mean is compared with the experimental
defect-free ZrQ in each phase. result for the 30 mol %Y¥03-ZrO, sample.

ticular, this observed minimum is wider in time phase than
in the other specimens. The depth and shape of this mini-
um are in fair agreement with our calculationrimZrO,
ut show gradually worsening agreement from the thec
phase. The discrepancies in tbendt phases between the
experimental and calculated ELNES shapes emphasize the
need to include the dopants and vacancies in the model struc-

perfectm, t, andc structures of Zr@ with the experimental ture._H_owever, a “S¢f“' result_ of our calculations is the good

ELNES from the corresponding stabilized structures. Thepre_dlctlon of the different d'St"’T”C.eS betwepq and P2,

3% and 10% YO, samples were chosen as closest to th(_:yvhlclj therefore suggests that this is a parameter which char-

puret- andc-ZrO,, respectively. The energy of the first peak acterizes the YSZ structure.

p; has been defined as zero, and the experimental and cal-

culated shapes have been aligned and intensity matched at C.Ysz

this energy. In the calculation fon-ZrO,, a weighted sum of The predicted (K-edge ELNES shapes from the five dif-

O K-edge ELNES for both types of O sites has been madgerent O sites of ZiY,0; after relaxation are shown in Fig.

taking into account the threshold shift of 0.3 eV. 6 along with their weighted mean and thekGedge from the
Taking m-Zr0, first, the calculation is done for the same measured ELNES of the 30 mol %®,-ZrO, sample. The

structure as the material measured. There is excellent agrega|culated shifts of the core level have been included. Good

ment with the peak positions up to 10 eV. Beyond that, theagreement is obtained between the calculated weighted aver-

DFT calculation becomes unreliable. FBZI’OZ, the main age and the experimenta' Shape in the |ow_energy region_

discrep_ancy betwgen the predicted and observed shapes istRe positions of the main peals and p, are reproduced

the region of the first two low-energy peags andp,. The  eyen though individual shapes from the five nonequivalent

predicted dip is much bigger and the width pf is much  sjtes differ markedly. The noticeable discrepancy in the

smaller than observed. The agreement ¢aZrO, is even E|NES spectrum in the higher-binding-energy region

worse in this energy region and the features above 5 eV ar@0—15 eV can be attributed to the simplicity of our ordered

transition-state theory overbinds this core energy-+# eV.
An overbinding of 4 eV for th&-edgeE,,, has been obtained
recently applying the same approach to the transition met
carbides and nitride¥. Note that the one-electron approxi-
mation underbinds the core levels, giving, for example,
486.0 eV in the case ah-ZrO,.

Figure 5 compares the calculatedkedge shape for the

not well predicted. N _ tetragonal model for YSZ.
These findings are perhaps not surprising, as each unit of
Y ,0O5 replaces two Zr atoms with Y atoms and introduces a V. CONCLUSIONS

vacancy on the O sublattice. In the 3 mol€q( and

10 mol % (c-)Y,03-ZrO, specimens used to measure the The reported features of the experimental shapes of the O
ELNES, the presence of the dopant fills up the ELNES pseuK-edge ELNES depend on the crystal structures and the
dogap between the;, and p, peaks and causes a gradual Y,O3; composition and provide us with further information to
shift of the p, peak to higher energy. The next minimum improve our understanding of YSZ.

(5 eV<E<S8 eV) also changes with the concentration of Ab initio calculations were performed to obtain the O
dopant and, consequently, with the crystallography. In parK-edge ELNES in pure and yttria-stabilized zirconia. The
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benefits and limitations of this theoretical approach havealistic ab initio calculations of YSZ using larger unit cells.
been discussed. Good agreement between calculated a@dirrently, calculations for (96x)-atom supercells of
measured ELNES data was obtained for por&rO, with  (ZrO,)35_5,(Y,03), are in progress.
respect to the number of maxima, the intensity ratios, and In studying YSZ we have demonstrated that relaxation of
energy positions of the peaks. Poor agreement between tliefects plays an important role. Our calculations relate the
experimental ELNES from 3 mol% and 10 mol%Q;-  detailed changes in the relaxed structure to the experimen-
ZrO, and the calculated shapes for pareand c-ZrO,, re-  tally observed ELNES shapes and their variation wif©Y
spectively, is attributed to the absence of defects in the unitontent. The combination of ELNES with detailed theoreti-
cells of the pure materials. cal modelling shows great potential for the characterization
A comparison of the experimental anighedge ELNES  of doped metal oxides.
in 30 mol%Y,03-ZrO, with the calculated shape from
a vacancy-containing 11-atom cell, which models
33 mol % Y,03-Zr0,, yields very satisfactory results for the
positions of the two main peaks. The discrepancy in the This work has been supported by the EPSRC under Grant
range 11-17 eV of binding energy is presumably due to théNos. L66963 and L66908, the European Science Foundation
simplicity of our defect-ordered crystal cell. The reported STRUC PSIK Network, MEL Chemicals, and Johnson Mat-
findings suggest it will be worthwhile to carry out more re- they.
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