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Surface structure of Y,05(9.5 mol %)-stabilized ZrO,(001) determined by high-resolution
medium-energy ion scattering
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The surface structure of single crystalline 2¢@?2) stabilized with Y,05(9.5 mol %)YSZ) was determined
by high-resolution medium-energy ion scatterifdElS). The clean X 1 surface was prepared by a chemical
treatment followed by annealing at 600 °C i, @mosphere (X 10 ° Torr). The ion channeling combined
with the blocking effect using 80-keV Heions showed that the surface is strongly reconstructed and takes the
form of a rumpled ZfY)O plane, where the O atoms are located on the center of the square of(fle Zr
sublattice. The positions of the top layer O andYZratoms measured from the underlying(Zy plane are
displaced toward the vacuum side by 0+10.04 and 0.04%0.02 A, respectively, compared with the bulk
interplanar distance. Analysis by the impact collision ion scattering spectroscopy using 1.8-keride
supported the above surface structure and suggested that about 10% of the top layer O sites are vacant. The
present MEIS analysis also revealed the fact that the thermal vibration amplitude of the top [&eatdms
is strongly enhanced more than twice the bulk thermal vibration amplitude estimated from the simple Debye
model. Such a low Debye temperature of the top surface is responsible for the strongly reconstructed surface
structure with considerable O vacancies.
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Y ,045(7—20 mol %)-stabilized ZrQ(YSZ) takes a cubic toroidal electrostatic analyzéESA) with an excellent en-
CaFy-type structure with lattice constant of 5.14—5.17A. ergy resolution ofAE/E=9X 10 *, which gives a mono-
Upon applications, YSZ is one of the most important supelayer depth resolutio™® For more surface sensitive analy-
rionic conductors for oxygen sensors and solid oxide fueBis, we employed the coaxial impact collision ion scattering
cells, due to its high oxygen-ion conductivity at elevating Spectroscopy(CAICISS) using a time-of-flight technique.
temperatured? In addition, the fine-grained YSZ polycrys- The former determines precisely the positions of the recon-
talline ceramics have a superplastic nature and the nanocrystructed top layer atoms and the latter gives the information
tallite powders are typically used as the starting matérial.  about the atomic species of the top layer and the approximate
spite of the vast technological relevance of YSZ, there hav@tomic configuration of near surface regions. In order to sup-
been very few studies of the surface properti@sin par-  press the charge-up effect, the sample was heated to 150 °C
ticular, the fundamental issue concerning the structure of th@uring the RHEED and ion scattering experiments.
clean YSZ surface is entirely unknown. A preliminary analysis by CAICISS suggested that the top

In the present work, we prepared the cleanl surface layer is comprised of O atoms, which were not located on the
of YSZ(001) and determined the reconstructed surfacedulklike position. The detail of the CAICISS analysis will be
structure by  high-resolution  medium-energy  ion described later. Considering a symmetric nature and vacant
scattering (MEIS). The mirror-finished single-crystal space, it is expected that the top layer O atoms take the
Y ,03(9.5 mol %)-stabilized Zrgi001) with a size of 10 Position on the center of the square of the second lay@f)Zr
X 10X 1 mn? was purchased from Shinkosha Corporation.plane(see Fig. 1 In order to confirm such an atomic con-
The elemental composition is Zr,YO,_y» (x=0.1735) figuration, the blocking effect using medium-energy He ions
and 4.3% of the O sites is vacant in order to fulfill iS available. So, we fixed the incident direction parallel to the
charge neutrality® The surface was cleaned in a [101] axis and performed the angular scan in (&0 plane
H,0,(1)+H,S0,(1) for 5 min and then chemically etched for the scattering direction. Figure 2 shows a typical MEIS
with a solution of NHF(40%,139 §+HF(47%,30¢) for 30 Spectrum for 80-keV He ions incident along thg101] axis
sec. The sample was immediately introduced into an ultraand backscattered to tH@801] direction. The surface peak
high vacuum chamber (210 *°Torr) and then annealed at includes the scattering components from the second and
600 °C for 30 min in Q atmosphere (X10 °Torr). The fourth ZnY) layers. The best fit was obtained by varying
Auger electron spectroscopy and low-energy ion scattering appropriately the normalized scattering yield from the fourth
glancing incidence showed no surface contaminations sudayer Zr(Y) and the relative stopping powé®/S;,S;: Zie-
as C. The reflective high-energy electron diffractiongler’s stopping powéf) and normalized straggling
(RHEED) using a 30-keV electron beam gave a sharpll [(Q/Qg)? Qg: Bohr straggling values. Judging from our
pattern accompanied by clear Kikuchi lines. It indicates adata of surface peak analysis for Sr{@21), Rbl(001), and
good quality of the surface crystallinity and the bulklike NiSi,/Si(111),'>7** the S/S, and (Q/Qg)? values range
structure of the ZIY) sublattice. In the medium-energy ion from 1.2 to 2.0 and from 0.25 to 0.35. Such a large stopping
scattering(MEIS) analysis, an 80-keV Hebeam was used power is ascribed to the fact that the detected ions passed
and the energies of backscattered ions were analyzed bythrough lattice atoms with small impact parameters in chan-
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FIG. 1. Top and side views of Y3201 with (a) bulklike FIG. 2. Observedopen circles and best-fitted(solid curve
Zr(Y)O, and(b) rumpled Z(Y)O face. Open and full circles denote e spectra for 80-keV He ions incident along thé101] axis

O and ZrY) atoms, respectively and an open square overlapping & 4 . cattered to tHe&01] direction. Thin solid and dashed
full circle indicates that a top layer O atom is located above a fourth
curves correspond to deconvoluted spectra from Zr and Y atoms,

layer Zi(Y) atom. respectively. The best fit was obtained assuming that the stopping
power was 1.3 times the Ziegler's one and the normalized strag-
neling and blocking geometries. Thus the scattering yieldyling was 0.3.

from the fourth layer ZfY) normalized by that from the sec-

ond layer ZfY) was estimated to be 0.35. The normalizedthe second layer Z¥) plane at a height of 0.110.04 A
scattering yields from deeper layefs=6) are negligibly  from the second layer Z¥) plane. Such an atomic configu-
small (less than 0.01 Such a large scattering component ration corresponds to a so-called rumpled¥20 face'? No
from the fourth layer ZtY), in spite of the double alignment  significant blocking dip was observed for the angular scan in
condition, suggests strongly enhanced thermal vibration anthe (110 plane for the scattering component from both the
plitudes and surface relaxation of the second layeiYZr second and fourth layer &) atoms. It indicates that the top
atoms. The angular scan spectra for the scattering yieldgyer O atoms do not form a bulklike O sublattice.

from the second, fourth, and deeper laye(YZratoms are We determine the relaxation of the surface2ratoms
shown in Fig. 83). The angular dips seen at the exit angle ofpy the angular scan around t§é01] axis in the (010
71.4(71.9° for the scattering components from the fourth plane'? Figure 3b) shows the angular scan spectra for
and deeper layers correspond just to fB1] blocking di-  80-keV He" ions incident along thgl01] axis and backscat-

rection(see Fig. 4. Other angular dips were also observed attered to around thg101] direction in the(010) plane. Two
62.5-0.3° and 63.30.3° for the scattering components plocking dips are seen around 44.5 and 45.0 ° for the scatter-
from the fourth and deeper &f) layers, respectively. The ing components from the fourth and deeper layer& Zat-
latter reflects the[201] blocking effect for the Hé ions  oms, respectively. From the angular shift of 88.3°, the
backscattered from the &) atoms in the depth more than second layer ZiIY) atoms are expanded toward the vacuum
the sixth ZfY) layer. The former indicates the blocking by side by 0.045:0.02 A compared to the bulk interplanar dis-
the top layer O atoms for the He ions backscattered from théance of 2.57 A(Zr-Zr or O-O planes; see Fig.)4lf one
fourth layer ZfY) atoms. Here, a narrow energy window takes the fourth layer Z¥) plane as the basis, the surface
was set for the scattering component from the fourth layerelaxation and rumpling of the Z)O face are determined
Zr(Y) atoms, excluding the scattering components from théo be +3.0+1.0% and+ 2.5+ 2.0%, respectively. Here, the
deeper layers. As expected, this angular dip indicates that thaus sign in the relaxation means the displacement toward
top layer O atoms are located on the center of the square dfie vacuum side and the plus sign in the rumpling indicates
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FIG. 3. Polar scan spectra for 80-keV Himns incident along thg101] axis and backscattered to various directions in(0t0) plane.
Open and full circles and open triangles denote the scattering components from the second, fourth, and deepdiYlpyespZctively.
Each scattering component means the scattering yield divided by the differential scattering cross section. Solid, dotted, and dashed curves

were obtained by polynomial fittinga) Polar scan around tHe201] and[BOT] axes.(b) Polar scan around tf[&OT] axis.

the displacement of O atoms toward the vacuum side relativéhe assumption that about 10% of the top layer O sites are
to that of ZfY) atoms. vacant leads to better agreement.

We confirmed the rumpled 2Y)O face by CAICISS con- Recently, Hermal? reported that Ce@001) with a
sidering the ratios of the scattering yield from O to that fromCaF,-type lattice has the (% 1) bulk-equivalent surface, ter-
Zr(Y) atoms. Figure 5 shows the CAICISS spectrum forminated with 0.5 monolayer O atoms. Such a bulklike sur-
1.8-keV He' ions incident along thE001] axis and backscat- face terminated with O atoms cannot explain both the angu-
tered to 180°. The large background is originated from thdar dip around 62.5° and the ratios of the number ofYZr
scattering components from the deeper layeréf Zr The atoms to that of O atoms in tH601] CAICIS_S spectrum, as
background was fitted by an appropriate polynomial. Table mentioned above. The reason why such difference occurs is
lists the ratios of the number of &) atoms to that of O
atoms seen for thpd01], [101], and[111] incidence. Calcu- TABLE |. Ratios of number of O atoms to that of &) atoms
lations were also performed assuming the bulklikéYZ©, seen for the[OOl],. [101], qnd [111] incidence. Calculations were
(O: top and rumpled ZfY)O surface. In the case of the performed assuming bqu_Ilke )0, (Zr and O, top and rumpled
[101] incidence, the close encount@ritting) probabilitieéS _Zr(Y)O surfaces. Values in paren_theses are calculated ones assum-
for the third layer O atoms are enhanced to 1.17 and 1.05579 that 10% of the top layer O sites are vacant.
respectively, by the focusing effect owing to the second layer
Zr(Y) and the top layer O atoms. The uncertainties are pro-

O/zr:  OlZr: bulklike O/zr: bulklike  O/Zr:

nounced for thg101] and[111] incidence, because the O Incidence observed (21, top) (©, top rumpled
peak appears around the background maximum in the former [001]  2.4+0.3 212 212 3(2.6)
case and the background intensity relative to they Zisur- [101]] 3.7+0.4 2/1 2/1 3.53.9
face peak intensity is large in the latter case. Apparently, [111] 1.8+04 1/1 2/0 (1)

overall agreement is obtained for the rumpledYZ0 face.
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FIG. 5. CAICISS spectrum for 1.8-keV Hencident along the
Z: [001] [001] axis and backscattered to 180°. The dashed curve denotes an
appropriate polynomial fitted to the background originating prima-

(010) Plane rily from backscattering from deeper layers(¥Zy atoms.

X: [100]

the square of the nonreconstructed¥2rsublattice. The po-
sitions of the top layer O and &) atoms are displaced
toward the vacuum side by 0.£10.04 and 0.04%0.02 A,
respectively, compared with the bulk interplanar distance.
The CAICISS analysis using 1.8-keV Heons supports the
above surface structure and also suggests that about 10% of
the top layer O sites are vacant. The present MEIS analysis

has also revealed the fact that the thermal vibration ampli-

hot clear bUt. we must note that in the heavily doped YSZ, the, e of the top layer Zl) atoms is strongly enhanced more

Zr atoms neighboring to an O vacancy are displaced from thg,,, wice the bulk thermal vibration amplitude estimated

ideal fluorite lattice and significant distortion is induced. from the simple Debye model. Such a low Debye tempera-
In summary, the surface structure 0bG5(9.5mol%)- e of the top surface is ascribed to the strongly recon-

stabilized ZrQ(001) was determined by high-resolution g\,cted surface structure with considerable O vacancies.
MEIS. The clean X1 surface was prepared by chemical

etching in the buffered NiF-HF solution followed by an- The authors would like to thank Dr. M. Asari for useful
nealing at 600°C for 30 min in © atmosphere (1 comments in setting up the CAICISS system. Experimental
X 10 °Torr). The surface takes the form of a rumpled assistance of their colleagues, T. Okazawa and Y. Taki, is
Zr(Y)O plane, where the O atoms are located on the center @reatly acknowledged.

O zry) @ o

FIG. 4. Side view of the rumpled surface seen from 00|
axis. 80-keV Hé ions are incident along thgl01] axis and back-
scattered to various directions in tf@L0 plane.
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