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Disorder in GdTi,Oy is investigated by near-edge x-ray-absorption fine strutNEEXAFS) and x-ray
photoelectron spectroscog¥PS). NEXAFS shows Ti* ions occupy octahedral sites with a tetragonal distor-
tion induced by vacant oxygen sites. @ XPS spectra obtained with a charge neutralization system from
Gd,Ti,04(100 and the GdTi,O; pyrochlore used by Cheet al. [Phys. Rev. Lett.88, 105901(2002], both
yielded a single peak, unlike the previous result on the latter that found two peaks. The current results give no
evidence for an anisotropic distribution of Ti and O. The extra features reported in the aforementioned com-
munication resulted from charging effects and incomplete surface cleaning. Thus, a result confirming the direct
observation of simultaneous cation-anion antisite disordering and lending credence to the split vacancy model
has been clarified.
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Pyrochlore materials are potentially useful for a range offor a single-phase compound. To obtain XPS spectra, €hen
technological applications? In particular, their use in solid al.*112 Ar*-sputtered the surface, which removes contami-
oxide fuel cells and as host matrices for actinide wastes areants but can preferentially deplete lighter elements from the
receiving increasing attention because of the recent discowsurface region and induce defects/disorder. Although anneal-
eries showing that the isovalent substitution of Zr for Ti in ing under an oxygen partial pressure recovers the full oxygen
Gd,Ti,O; results in a four to five orders-of-magnitude in- stoichiometry and surface order in pyrochlore materials, the
crease in the oxygen ion conductivity at 875 K and in resis-O 1s XPS feature has been shown to be insensitive to sput-
tance to energetic particle irradiatidf The mechanisms re- tering and subsequent annealfig.
sponsible for the large increase in these properties have beenIn light of the XPS results from Refs. 11 and 12, the
investigated by several experimental and theoreticahature of disorder in Gdi,0; pyrochlore has been re-
methods$46-10These studies show that the increase in theexamined using a multi-technique approach investigating the
ionic conductivity in pyrochlore is most likely due to the Ti 2p and O & of Gd,Ti,0,(100) by site-specific near-edge
increased oxygen vacancies at thef 4%e as a result of x-ray-absorption fine structut®EXAFS) and XPS, as well
cation and anion disordering, which are responsible for theas XPS of the same Gli,O; (and other pyrochlore compo-
increased ionic conductivify>8° The increased radiation sitiong employed in Refs. 11 and 12. NEXAFS involves
tolerance is attributed to the ease of rearrangement and relectronic transitions originating from a selected atomic core
laxation of Gd, Zr, and O ions/defects within the crystallevel to unoccupied electronic states, which permits the de-
structure, which inhibits amorphization by causing thetermination of site-specific unoccupied electronic structure
irradiation-induced defects to relax and form cation antisiteand site symmetry by use of linearly polarized x r&ys.
defects and anion Frenkel defeétdowever, there is limited Laboratory XPS is used to provide information pertaining to
direct evidence for the presence of cation antisite disorder ithe occupied electronic density of states from both pyro-
a highly ordered pyrochlore structure. chlore materials that can be compared to the results from

Recently, Chenet all1? reported on the disorder in Refs. 11 and 12. The NEXAFS herein have about the same
Gdy(Ti;,Zry),0; pyrochlores measured by laboratory x-ray surface sensitivity as the XPS measurements.
photoelectron spectroscogXPS), and the results provided Single crystals of G4Ti,O,; were grown by the floating
direct evidence that cation antisite disorder occurs simultazone technique using an infrared image furnecehe pyro-
neously with anion disorder. A key piece of information in chlore structure of the G@i,O; single crystal was con-
these studies is the s IXPS spectra for Gdi,0O;, which  firmed by x-ray diffraction(XRD) and a series of pole figure
exhibits a broad feature with two components centered ameasurements. Part of the crystal was powdered to measure
binding energiesBES) of ~526 and 531 eV. These compo- the bulk lattice parametefa=1.01857 nm and confirmed
nent peaks were attributed to oxygen ions coordinated solelihe absence of secondary or minor phdééghe GdTi,O;
to G, or to both Gd* and T#* ions, respectively. The BE single crystal was cut and polished to obtai(lL@0) surface
difference of~5 eV between the two oxygen species is largeto better than 1°. The preparation and characterization of
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FIG. 1. (Color) Partial unit cell structure of Gdi,O; pyro-
chlore. Gd* occupies the eight-coordinate (A6d) sites with six w55 as0 a5 530 540 550
48f and two & oxygen anions forming a distorted cube, whereas Photon energy (eV)

Ti** occupies six-coordinate BL6c) sites, which lie adjacent to the
vacant & anion sites, forming a distorted octahedron with oxygen FIG. 2. Normal incidencg#=0°)Ti 2p and O 5 NEXAFS
anions from 48 sites. Each oxygen anion in thef48nd & sitesis  spectra from Ti(110 (rutile), Gd,Ti,O(100), SrTiO5(100), and
tetrahedrally coordinated to two-of-each Gdind T, and four — Gd,Oj.
G cations, respectivelyRefs. 3, 7, and 10-32The experimen-
tal geometry of Ggli,07(100) relative to the electric field vector —states,(2ps, 1,9 *d*p®, where(2ps, 1) denotes a hole in
(E) of the linearly polarized x rays is indicat¢Ref. 16. the 203/, Or 2py, state. The,, andeg result from transitions
to the final states(2pz/) ~'d(2t,y)'p® and (2ps,) ~d(3ey) *p®,
the GgTi,O; pyrochlore used from Refs. 11 and 12 hasrespectively. The energy separation betwegrande, (crys-
been describeth:*>'> Pyrochlores in general exhibit tal field spliting, 10 Dg is ~2.2,~2.3, and~2.4 eV for
A,B,060’ (Fd3m) stoichiometry and are a derivative of fluo- Ti0,,Gd,Ti,0;, and SrTiQ, respectively. Comparison of
rite structure, but with two cations and one-eighth fewer anTi 2p NEXAFS from GgTi,O,,TiO,, and SrTiQ shows
ions. The unit cell contains 8 formula units and 4 nonequivathat Ti is tetravalent and occupies sites of §mmetry in
lent sites. Fixing the origin at the B cation as in Fig. 1, theGd,Ti,O;. The g, states, which consist af,2 and d,z.2 or-
atoms A, B, O and Ooccupy 16@,16c,48f, and & sites, bitals, are directed toward ligand anions and are sensitive to
respectively?.’10-12 deviations from Ti @ symmetry. Consequently, the splitting
Single crystals of TiQ(110),SrTiO;(100, and G4gO;  of g, states intal,2 andd,e.2 for Gd,Ti,O is similar to Ti0,
powder were utilized as NEXAFS references. Site-specificand is dissimilar to SrTiQin which Ti has perfect Qsite
Ti 2p and O 5 NEXAFS were measured at Beamline 9.3.2 symmetry. This confirms that Ti occupies sites with distorted
of the Advanced Light SourcALS) at LBNL.!® Figure 1 O, symmetry in GdTi,O,. The energy separation between
shows the experimental geometry relative to the electric fieldhed,. andd,e.,» orbitals of thee, states is 1.0 and 1.2 eV for
vector (E) of the x rays. Bulk-sensitive total fluorescence Gd,Ti,O, and TiO,, respectively. This is a measure of the
yield (TFY) NEXAFS signal was collected with a photodi- degree of distortion from pure (Gsite symmetry and the Ti
ode for several incidence angles. Spectra were corrected faites in GdTi,O; are slightly less distorted than in TJO
the photon flux and then normalized to the edge jumps. The The O I transitions identified at,, ande, in the NEX-
photon-energy was calibrated to the Tiga(t,,) absorption  AFS spectra of Fig. 2 for TiQ Gd,Ti,O;, and SrTiQ result
at 457.9 eV and O 4 pre-edge transition at 530.8 eV from from transitions to the final statesd@t,,)*(1s)™p° and
SrTiO5(100). Resolution was 125 meV at 530 eV. XPS spec-3d(3ey)*(1s)p®, respectively, wheréls)™* denotes a hole
tra were measured using a monochromatized Quantum 20GA the O Is shell. The 10 Dq is 2.8, 2.7, and 2.5 eV for
spectrometer with a charge neutralization system. CleamiO,,Gd,Ti,O;, and SrTiQ, respectively. The difference be-
and stoichiometric surfaces of &id,0,(100) were prepared tween the crystal field splitting observed in the T and
by 2 keV Ar-sputtering followed by annealing in O 1s NEXAFS arises from the non-symmetric splitting of
2x10°% Torr of O, at 875 K. The GglTi,0, pyrochlores the €, States intad,2 andd,2 2 states which introduces com-
from Refs. 11 and 12 were prepared in the same mannglications in determining the 10 Dq from the Ti NEXAFS.
without the oxygen anneal. This is substantiated by the close agreement of the 10 Dq
The normal incidence(6=0°) NEXAFS spectra of observed in Ti p and O 5 NEXAFS for SrTiQ; in which
TiO,(110) (rutile), Gd,Ti,04(100), SrTiO;(100), and GgO,;  Ti** is in perfect Q) site symmetry. Comparison of the G 1
are shown in Fig. 2. The assignments of fiand O 5  NEXAFS from GgTi,0O; to TiO,,SrTiO;, and GdO3; sug-
NEXAFS features are made based on a symmetrygests that the oxygen ions coordinated to*Galso contrib-
determined molecular orbital model obtained using the lineatte to the intensity in the vicinity og, states derived from
combination of atomic orbital method for the octahedralthe TiO; octahedron for G4Ti,O-.
(TiOg)®~ ion cluster in TiQ.!® Spin-orbit interaction splits The normal incidence(#=0°) NEXAFS spectra of
the Ti 2p into 2pss(Ls) and 2,(L,) states separated by Gd,TiO,(100), whereE of the x rays is parallel to tha axis
~5.4eV. The L;, transitions for TiQ,Gd,Ti,O, and (Ella) are compared in Fig. 3 to the spectra measured at
SrTiO; predominantly result from transitions to the final grazing incidence6=75°) whereE is nearly parallel to the
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FIG. 4. Ti2p and Ok XPS spectra collected from
Gd,Ti,04(100 [spectraa-0] and the GgTi,O; pyrochlore used in
Refs. 11 and 12spectrad-e)]. Spectrga) was recorded after heavy
Ar*-sputtering followed by annealing undex2.0%Torr of O, at
875 K, whereas specti®-c) were recorded after light- and heavy-
Ar*-sputtering, respectively, prior to annealing in. @pectrad-e)

. . were obtained from Gdi,0; after light Ar‘-sputtering and as-
¢ axis (Ellc). The Ti2p and O 5 NEXAFS measured at received, respectively. The Gs §pectrum(d) was normalized to the

6=0° and #=75° predominantly probe unoccupied orbitals jyiensity of the corresponding spectruhy. This same normaliza-
of Ti and O inx(y) andz directions, respectively. No eVi- tjon was employed for Ti spectrutd). Spectrae) were normalized
dence for an anisotropic distribution of Ti and O sites wasysing the same scaling factor relative to ©spectrum(d).
found. However, the intensities for the transitionsfpand
ey states in both Ti @ and O 5 NEXAFS are significantly  reveal a single peak at 529.6 eV with a full width at half
reduced for theEllc geometry compared to thElla. The  maximum(FWHM) of ~1.5 eV regardless of Arsputtering
intensity reduction for the transitions tg, states is also time or if the pyrochlore has been annealed under &
larger than for thee; states in the Ti @ NEXAFS. Asimilar  though there is a slight decrease in spectral intensity before
intensity reduction is observed for the transition to the,? annealing. The O4 spectrum(e) from the as-received
state relative to thd,. state within thee states. The decrease Gd,Ti,0; sample shows the clear signature of C surface con-
in spectral intensity foEllc compared to thé&lla geometry  tamination at~531 eV prior to sputtering. After light sput-
reflects weaker covalence betweeridd) and Qpp,) along  tering, the high BE component is almost fully removed, re-
the c axis with an elongated Ti-O distance providing addi- sulting in a single, narrow Oslpeak in spectrunid). The
tional support for a tetragonal distortion of the FiGctahe- observed O 4 feature at 529.6 eV for the G&i,O; materi-
dron in G4Ti,0; as in TiQ,” The g, states, which are di- als is similar to that observed for TiG® These results agree
rectly projected toward oxygen anions, split into lowerwith previous XPS and NEXAFS studies of TiQurfaces
energyd,2 and higher energgl,.., states unlike thé,, states.  that indicate oxygen is preferentially sputtered while Ti at the
The vacant & oxygen sites located adjacent to the JiO surface is reducetf.
octahedron provide unoccupied density that also contributes The results of this investigation, employing site-specific-
to the intensities of the transitions to thg ande, states®  NEXAFS and XPS to obtain corroborative information from
The large intensity for the transitions tg, ande, states for  two independent Gd'i,0; pyrochlores, including the same
Ella compared to th&llc geometry suggests vacard 8xy-  material used in the previous studies, contrast to the earlier
gen sites are located in theb plane adjacent to TiQocta-  results reported by Cheet all'*?for Gd,Ti,O;. The fore-
hedra in GdTi,O; which induces the tetragonal distortion. most difference between the results of the investigations is
Figure 4 shows the Ti2and O k XPS spectra recorded associated with the OsIXPS spectra from the two pyro-
from Gd,Ti,0,(100 at different Ai-sputtering-times along chlore materials examined in the current study that both yield
with spectra after annealing undep,@s well as the spectra a single, narrow peak at 529.6 eV withl.5 eV FWHM
from the corresponding G@i,O; material employed in characteristic of Ti-O in Ggli,O,;, whereas the previous
Refs. 11 and 12 as-received and after light Aputtering. study yielded broad Oslfeatures. The O4 XPS spectra
The Ti XPS spectra from G@li,O,(100 show significant from the current study are also consistent with the corre-
differences related to the duration of *Asputtering. The sponding NEXAFS spectra from GTi,0,(100). Thus, the
spectra before annealing show that*Tis being reduced and O 1s XPS spectra reported by Chen al'*'? consisting of
give evidence for the preferential removal of oxygen froma broad peak(>4 eV) composed of two components
the surface. The spectrum after*Asputtering and annealing (~526 eV and 531 eV BEassigned to oxygen ions coordi-
in 2x 10°° Torr of O, at 875 K, shows characteristics ofTi  nated solely to G# and to both G&" and Ti** ions can be
indicating recovery of the fully stoichiometric surface. All of attributed to experimental complications difficult to discern
the O s XPS spectra collecteflexcept for spectrunie)] when working with pyrochlores. The current results also ra-

FIG. 3. Comparison of the norm&b=0°) to grazing incidence
(6=75°)Ti 2p3;, and O B NEXAFS from GgTi,0,(100). The ¢
=0° polarization has the electric field vectd) of the x rays par-
allel to thea axis (Ella), whereas for)=75°, E is nearly parallel to
the c axis (Ellc).
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tionalize why the components of the @ XPS features of The site-specific NEXAFS show that “fi ions in
Refs. 11 and 12 do not reflect the statistical distribution 0fGd,Ti,O; occupy sites of @ symmetry with a tetragonal
oxygen sites as cross-sectional effects should be minimal arféistortion, which is induced by the vacana ®xygen sites
this is clearly not the case. Finally, the single peak foundocated in theab plane adjacent to Tipoctahedra. Com-
throughout in the current investigation reconciles the previPined with the O  XPS spectra that show a single narrow
ously observed 5 eV Oslchemical shift, which is somewhat Peak characteristic of pristine Ti-O, as well as representative
large for similar metal-oxygen species in a single-phase mal! 2P XPS, spectra in both Qﬂf|2Q7(lOO) and in the exact .
terial. same GgT|2f07 p()j/rfochlore used in R(cajfs. 1b1 and 1f2, no %w-
- e : lence was found for an anisotropic distribution of Ti and O

fi ;—t?:nd,lasruc éetp;]a;r;c;efsr c;':nthghrggtugfl?%\?: ;rlth;:itsjgi?;rlrl;] Ve‘gites. The XPS and NEXAFS results are consistent for both

9 ' y . Ti and O, and do not identify two distinct oxygen species

: . . gcorresponding to unique oxygen sites. The current results
effects and surface cleanliness during the previous XPS megyiqe strong evidence that the observations of two differ-

surements. This has been confirmeq by direct comparison Qf; oxygen sites in Gdi,0, by XPS with an O & BE dif-
XPS spectra that were meagured in the same spectromeq%rrence of~5 eV by Cheret aill12stem from experimental
utilizing a charge neutral|zat|0r_1 system to negate Charg'n%omplications arising from sample charging and surface
effects and by careful observation of the surface contamingg|eanliness. Therefore, the @d,0, XPS results from Chen
tion levels. The O § spectra in Refs. 11 and 12 e_xh|b|ted et all-12that provided direct evidence supporting the obser-
peaks at BEs of~526 and 531 eV that were shifted by aion of simultaneous cation antisite disordering - anion dis-
charging and from surface hydrocarbon contamination, reg qering and lent partial support to the validity of the split

spectively. It is also interesting to note the surface preparayacancy model in pyrochlore materials have been clarified.
tion methodology used in the studies of Refs. 11 and 12

might be thought to have resulted in non-stoichiometric or This work was supported by the Nevada DOE EPSCoR
disordered G4lli,O,; surfaces exhibiting broadened @ 1 State-National Laboratory Partnership under Grant No. DE-
XPS features. However, based on knowledge from previousG02-01ER45898; U.S. Dept. of Energ9p OE) Offices of
studies on pyrochloré$and the current work concerning the BES and BER and the EMSL User Facility at PNNL under
O 1s XPS spectra recorded after #Asputtering prior to an- Contract No. DE-AC06-76RL0O-1830; DOE Office of BES,
nealing, the resultant Oslcore level feature should not be Divisions of Materials Sciences for ALS operations and
appreciable broadengdee Fig. 4. Lastly, the information Chemical Sciences, Geosciences, and Biosciences, both un-
provided by the NEXAFS spectra is in complete agreementler Contract No. DE-AC03-76SF00098 at LBNL; an EPSRC
with results of the XPS and the use of the TFY detectiongrant at the University of Warwick, U.K.; the DOE Office of
mode for the NEXAFS measurements completely avoidBES Grant No. FG02-97ER45656 at the University of

charging complications. Michigan.
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