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First-principles characterization of a heteroceramic interface: ZrO,(001) deposited
on an a-Al,05(1102) substrate

A. Christenseh
Department of Chemistry and Biochemistry, Box 951569, University of California, Los Angeles, California 90095-1569
and Center for Atomic-scale Materials Physics (CAMP), Department of Physics, Technical University of Denmark, Bygning 307,
DK-2800 Lyngby, Denmark

Emily A. Cartef
Department of Chemistry and Biochemistry, Box 951569, University of California, Los Angeles, California 90095-1569
(Received 27 December 1999

We have studied an alumina/zirconia interface using the all-electron projector augmented wave formalism
within density functional theory. We present the electronic, structural, and energetic properties of the
Zr02(001)/a-AI203(1T02) interface as well as of the free Al 203(1T02) and ZrQ(001) surfaces. We find
that the generalized gradient correction significantly lowers the oxide surface energies, compared to values
obtained by the local density approximation. The monoclinic-tetragonal transition ig(@®) thin films is
discussed as well as strain effects involved in the interface formation. The stoichiometric alumina/zirconia
interface is found to be weakly bonded, regardless of the film thickness, and tlge()m())/a-AI203(lT02)
interface has a rather epitaxial character, due to a low lattice mismatet486. The impact of such weak
interactions on ceramic coating stability is discussed.

[. INTRODUCTION structures to meet engineering requirements. The search for
design principles has hitherto been rather phenomenological;
Characterization of the properties of crystalline interfaceshis is a consequence of the structural and chemical complex-
between metals and ceramics, as well as heterogeneous ity of the TBC/bond coat/metal structures, together with the
terfaces between two ceramics, is of both fundamentalack of nondestructive experimental probesifositu atomic
interest—Ilittle is understood about the atomic level interac-scale characterization of buried interfaces, let alone oxide
tions at such interfacés-and practical interest—these are surfaces.
the interfaces present in so-called thermal barrier coatings Atomistic modeling offers microscopic insight into other-
(TBC’s). These coatings are used to protect gas turbine enyvise inaccessible aspects of complex interface structures.
gine components found in both aircraft and stationary powefPUr group currently has a concerted effort to characterize,
plants. The protective coatings allow fuel combustion to pavithin ideal model interfaces, the interactions between dif-

carried out at the highest possible operating temperaturieTe€nt materials where they meet. In this paper, we focus on
(maximizing fuel efﬁCienC)/.z Current TBC's fail after a se- the ZrQ/a-AIZO3 interface, which is relevant at the TBC/

quence of heating and cooling cycfes. b_ond coat inter_fag:e, when the Ni-AI-Cr-Y bond_ coat is oxi-
Zirconia-based materials are often chosen for TBC's, dudized. Also, this interface determines mechanical and ther-
to their high melting temperature, low thermal conductivity, &l Pproperties of technologically important ZrAl,0;
similar coefficient of thermal expansion to that of the Ni COMPpositesa-alumina is thought to form at the TBC/bond
superalloy used to construct the engine parts, and excellefPat junction, but other forms of AD; may form (like
corrosion and thermal shock resistafiéeThe main draw-  ¥-Al20s). However, sincar-Al,Os is the most stable phase
back of pure zirconia is the tetragonal-monoclinic phasednd other AJO; phases have a more complex, mostly ill-
transformation induced by thermal cycling. This transition isCharacterized bulk structure, we restrict ourselves to study
accompanied by a volume expangidiof ~4%, which gen- ~ @-Al203 only. . o L
erates cracks and eventually de-adhesion of the TBC. The We have also examined the A);/Ni interaction,
tetragonal-monoclinic transition is suppressed by adding cuwhere we learn that AD; may be responsible for the spal-
bic oxides in small amounts~8.5%) to zirconi&:® Still,  lation that occurs. We have also studied the Zi0i(111)
TBC'’s are prone to thermal cycling fatigue, due to unequamterfgcéB‘ to understand on an atomistic level why the bond
thermal expansion of the metal and the TBC, which cause§0at is necessary at all between the TBC and a Ni-rich su-
the TBC to spall as a result of thermally induced stredseseralloy. We also previously studied the bulk and surface
Another contributing mechanism to the spallation is oxida-Phases of all Zr@ phases: Here, we concluded that the
tion of the TBC/metal interface. The spallation problem ist-ZrO,(111) and then-ZrO,(111) surfaces are most stable.
often reduced by placing a bond coat in between the TBChis had implications for the tetragonal-monoclinic transi-
and the metal, but under real life operating conditions, thé¢ion in ZrO, nanoparticles. Recently Stapper and
bond coat is oxidized?'! Therefore, a lot of effoft® has  co-workers® modeled defects in bulk yttria-stabilized ZrO
been put into refining and optimizing TBC/bond coat/metal(YSZ) using the local-density approximatiginDA) in an
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96-atom unit cell and obtained insight into localized elec-used, all withr,=2.0a, and\ =6. All atomic pseudopartial
tronic states in the material. waves for the PAW-projector construction are generated at
Many experiments of Zr@and YSZ film growth on an the atomic eigenvalue for the corresponding angular momen-
a-Al,05 substrate have been reported. This epitaxial systertum channel. The auxiliary pseudowave for thedzzhannel
is also used as a substrate for ceramic higlsuperconduct- s placed at the atomic vacuum level. No Zr semicore states
ors, where the zirconia film acts as a chemical bufferare treated as valence in our calculation. A very accurate
layer’®=®*  On the @-Al,04(1102)  substrate, description of the energetics in a pure Zr metal crystal re-
m-Zr0,(001)*%° and YSZ001)'%1%1” have been observed quires inclusion of the (44p) core states, which are rather
to grow. However, at high oxygen presstirer substrate extended and overlap slightly with $#p) core states at
temperaturé€ beyond 950°C, YSZ(111}-Al,04(1102) ne_ighboring Zr ions. However, in ZeD Zr atoms only have
growth was detected. On thea-AI203(llEO) and O ions as nearest ngghbor; and consequently theszZig%
a-Al,05(0001) substrates, YS@0D) growth was states can only hybridize Wlth_ O states. In Zr@ll O reso-
observed®?° For fast deposition rates, Moulzait al?! ob- ~ "ances are well separated in energy from the ZAd)

— resonancé$ and therefore the O-Zr@4p) hybridization is
servedm-Zr0,(001)/a-Al,03(1012) growth. However, for \equ Thys we expect the frozen-core approximation, which
slow deposition rates, they observed

_ underlies the PAW implementation used in the present paper,
C-ZrO,(001)/a-Al,05(1012) growth for up to 400 A ZrQ g e accurate for ZrQ even if theZr(4s,4p) states are
films (vide infra). Scanlanet al?* studied growth of dense treated as core states. We will deal with this in more detail
ZrO,/Al,05 nanolaminate structures. The,8l; layers were  g|sewheré3
amorphous, whereas the ZrQayers were polycrystalline. Al calculations we present in this paper, including atomic
For thick ZrQ, films, polycrystallinem-ZrO,(111) growth  reference data for the PAW setup, were performed within a
was observed. However, for thin Zs@ilms, polycrystalline generalized gradient approximati6@GA) for exchange and
t-ZrO,(111) growth took place. Although the &D; con-  correlation. More precisely, the nonspin polarized local den-
fines the ZrQ such that the tetragonal-monoclinic transfor- sity approximation(LDA) functional, as parametrized by
mation is suppressed, it remains to be shown that the corRerdew and Zungéf is used in conjunction with gradient
finedt-ZrO, layers are stable upon thermal cycling. corrections for exchange, as proposed by Béfkand gra-
This paper is organized as follows: In Sec. II, we discusglient corrections for correlation, as proposed by Perifew.
the calculational details of our paper. In Sec. Ill, we discusg-or our slab calculationgsurfaces and interfacksve use a
the structure and electronic properties of the bulk phasegx2X1 grid for sampling the Brillouin-zone integrals, cor-
a-Al,0O5 and ZrQ. Then, in Sec. IV B, we present results responding to a reciprocal space sampling density of
for the clean oxide surfaces and then for the alumina/zirconia-0.6 A~ . For bulka-Al,0; and c¢-ZrQ reference and test
interface, which is the main concern of this paper. In Sec. Vcalculations, we use the sarkgoint sampling density, cor-
we relate our calculated results to experiments, and finally imesponding to a & 2 2 grid. This k-point sampling density
Sec. VI, we draw conclusions from our paper. is the standard choice for insulating systems asOAl
ZrO,, and the surfaces and interfaces of these ceramics.
Separated surface calculatiofis determine interface cohe-
sion) are performed in the same unit cells as the interface
In this paper, we study the Zg@a-Al,O5 interface using calculations to enhance error cancellation for the residual
the all-electron projector augmented wafRAW) method,  k-point sampling error. All slab and bulk calculations we
which was proposed by Bihi? for solving the Kohn-Sham present in this paper are performed spin restricted, which is
equations within density-functional thedfy (DFT). The exact for simple oxides like AD; and ZrG, since the elec-
PAW formalism has the numerical advantages of pseudopdfons in these systems are spin-paired completely.
tential techniques while retaining the physics of all-electron  The kinetic-energy cutoff for the plane-wave basis is cho-
methods. This relatively new technique has proven very acsen to be 30 Ry408 eV), corresponding to a convergence of
curate in comparison with otheab initio methodé®2>2°  absolute total energies to within 0.2 eV/atébut where en-
within the DFT framework. ergy differences are essentially convergekhe pseudoden-
sity is represented on a grid corresponding to twice the
kinetic-energy cutoff of the electronic wave functions. In all
our calculations, six empty bands are included, to improve
The key element in the PAW formalism is the set of pro-the convergence rate of the eigenstates in the band-gap re-
jection operators that establish the transformation betweegion.
the physical all-electron wave-function Hilbert space and the To interpret the electronic spectra, the atom-projected
pseudowave-function Hilbert space, where electronic statedensity-of-state¢$DOS) is generated by projecting the Kohn-
are represented conveniently in a plane-wave basis. Th&ham wave functions onto spherical harmonics inside
PAW projection operators used in this paper were generatespheres centered on ions. These spheres have the same radii
as described by Bfthl.2® For Al, one projector is used for for each species in all our calculations: r(Zrl.60 A,
each of thes, p, andd channels, with pseudowave form r(Al)=1.30 A, and r(0)=0.81 A. This corresponds to
parametergsee Bla@hP® for detaily r,=1.8a, and\=6.  weakly overlappingbut not space-filling spheres for both
For O, one projector is used for each of th@ndp channels, oxides. These radii correspond to the covalent radius multi-
with r,=1.0a5 andA=6. For Zr, one projector for each of plied by a factor of 1.1053, which is the ratio between the
thesandp channels and two projectors for tHehannels are radii of space filling to touching spheres in an fcc crystal;

1. COMPUTATIONAL ASPECTS

A. Electronic structure
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this is a standardized choice in the PAW code. For chargd
distribution analysis, ionic charges are calculated by integra; (a) (b)
tion inside spheres of the atom-projected DOS. This ap- ‘
proach for projecting/partitioning collective quantities as
charge and energy in a solid is not absolute and only differ-
ences are indicative for changes in the local chemistry. Fo
visual convenience, a Gaussian broadening 6= 0.5 eV is

b, :

N
[001];‘ ..........

performed for all DOS spectra displayed in this paper. 001
i i i fo10] fo10]
B. lonic and electronic relaxation 1001 100l
1. Structural quenching O—[1120] ®@—=[1101

[1101] 1201

lons are relaxed to the equilibrium configuration in the
slab unit cells using 2nd order damped molecular dynamicq
in the Car-ParrinelldCP) framework®! i.e., ionic and elec-
tronic degrees of freedom are relaxed simultaneously using
fictitious Lagrangian(with a viscosity term added to the
equation of motion for quenchingThe friction term is adap-
tive, i.e., the viscosity coefficient is decreased as the groung
state is approached, so that the system does not get stug (¢)
close to the minimum; variable friction also ensures that the
entire frequency spectrum is being damped efficiently. The
Car-Parrinello equations of motion are integrated by the Ver- FIG. 1. Unit cells for bulk ZrQ anda-Al,0;. Oxygen ions are
let aIgorithn?Z with a time step of 7 a.u= 0.17 fs. The small apd dark.. Catiqns are.larger and brigta. m-ZrO.2 with
quench time for our slab systems is in the range 0.1-1.2 pgonventional axis assignmertise., 5>90°), (b) t-ZrO, with the
including the initial descent of the electronic wave functionstétragonal distortion along901]. (c) and(d) The conventional hex-
to the Born-Oppenheimer surface. lons are relaxed to a préigonala-Al;O; unit cell viewed from two angles along the (02
cision of 10 meV per unit cell. Miller plar_les(seen as horizgntal Ii_nes_in the figure _from t_hese view
Apart from periodic boundary conditions on the unit cell, angles. Since only one unit cell is displayed) might give the
no symmetry or constraints are imposed on the electronif@!se Impression Of_ large mtersptlals n t_he _crys_tal—_thls disappears,
density and ionic motion. The unit celliattice constants and Nen the unit cell is repeated in all periodic directions.
cell angleg for interface structures considered are not re- . o )
laxed, but fixed to the values derived from the fully relaxedMionic ground state corresponding to the initial ion posi-
bulk unit cell of our substrate-Al,Os, described in Sec. Il tions). Mass renormalization of the ions is applied, to com-
Including relaxation of slab unit cells parallel to the surface/Pensate for the artificial electronic dfdgn the ions within
interface is undesirable when the structures are intended the Car-Parrinello formalism. The PAW CP cétievas run
represent bulk terminations. Further, unit-cell relaxationin Parallel on 2, 4, 8, and 16 nodes on IBM SP2 platforms.
based on the quantum-mechanical stress thetrismssoci-
ated with calculational proble_ms, like _artificial Pulay ll. BULK PHASES OF a-Al,O; AND ZrO ,
stressed? (For our bulk calculations, we circumvent these
problems by fitting a smooth envelope to the total energies The purpose of this section is to introduce the bulk phases
corresponding to a series of lattice constantherefore, in  of «-Al,O; and ZrG as well as testing our PAW method
Sec. IV B, relaxed energies and structures refer to structurezetup. Readers not interested in this may skip directly to Sec.
where only intracell ionic coordinates are relaxed to theirlV. In Figs. 1(@—1(b), we show the two low-pressure and

AP

equilibrium values. low-temperature polymorphs of Zg3® The most stable
low-temperature structure, shown in Fig.(d), has mono-
2. Finite temperature molecular dynamics clinic symmetry P2,/c) with sevenfold cation coordina-

We have performed finite temperature molecular dynaml?on’ and 'alternatiljg threefold and fourfold anion coordina-
ics to investigate the thermal stability of some of thefion. At intermediate temperatures (1180-2370°C), the
quenched interface structures. The initial ionic temperature$table phase has tetragonal symmet®4{/nmq) with
are chosen to b&= 1600 K within a canonical distribution. €ightfold cation coordination angistorted tetrahedral an-
The system is kept at this temperature using a ‘Nosén coordination[Fig. 1(b)]. This polymorph can be made
thermosta® with a frequency of 10.0 THz. A low electronic stable at room temperature in _the presence of certain dopants,
friction is used to maintain the electronic system close to thé&-g-, Up t0 a few percent cubic oxides such a®©y From
Born-Oppenheimer potential-energy surface. We use thé370°C to the melting temperature (2600°C), the stable
simulation temperatur@=1600 K because it is well above phase is fluorite, which has full cubic symmetryn{Bm)
the temperature for the bulkn(—t)-ZrO, transition tem- and also eightfold cation coordination and tetrahedral anion
perature(1450 K) and further this temperature is relevant to coordination. The difference between the cubic and tetrago-
the environment inside a combustion engine. nal structure is the small alternating distortion of the O-atom

The trajectory lengths are 1.4 ps, with a time step of 0.4 f£olumns along the # axes[directed along[001] in Fig.
(after the electronic wave functions are relaxed to their fer-1(b)], together with a small elongation of the unit cell along
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o Alla-ALOy)
U
. 4
S S
< 2 (@) q T g (b) S z 100 FIG. 2. Bulk density-of-states_ of valence elec-
o, trons fora-Al,03 andt-ZrO,, projected onto an-
= ions and cations and resolved into angular mo-
EC‘: 0(t-210,) - menta. The energy zero is chosen to be in the
G o[ O-ALO) 5 ] 5 0 middle of the single-particle band gap. To en-
=77 [ f::i’: hance clarity in the figure, p-character DOS is
?t [ ==~y plotted towards the left-hand side, wheregs
=10 h ] [ 1-10 d-character DOS is plotted to the right-hand side.
[ |
20 (C) i? 4 f(d) % 4 -20
2.0 0.0 2.0 2.0 0.0 2.0

DOS [electrons/eV]

the [001] direction. We will not focus on the cubic modifi- ion positions generated by @278, 0.044, 0.208
cation in this paper because it is metastable at low temper&1(0.073, 0.342, 0.338 and 020.449, 0.759, 0.481from
tures. For many purposes, the tetragonal phase may be cosymmetry groug2, /c. This compares well with the experi-
sidered a perturbation of the cubic phase, due to thénental structur® obtained by neutron powder diffraction at
smallness of the tetragonal distortion distinguishing it from295 K aq=5.1505 A, by=5.2116 A, ¢,=5.3137 A, and
the cubic phase. Throughout this paper, the lettetsandm ~ £=99.230°,  with  ion  positions  generated by
refer to zirconia’s cubic, tetragonal, and monoclinic phasesZ(0.2754,0.0395,0.203301(0.0700, 0.3317, 0.344,7and

respectively. The bulk phases of Zf(ave been studied 02(0.4496, 0.7569, 0.479From symmetry groupP2,/c.
quite extensively theoretically, using DET Likewise, the calculated lattice constants ®rAl,O3 (g,

techniqueg?27:38:39.14.40 130 Hartree-FockHF) method®®  =4.813 A andc,=13.131 A) agree well with the experi-
tight-binding technique&“3as well as semiempirical atom- mentally determined,=4.76 A andc,=13.00 A In this
istic modelg*244 case all ionic degrees of freedofimcluding the lattice con-

In Fig. 1(c)—1(d), we show two views of the stable low- stant3 are relaxedconsistent with space grouR3c). For
pressure and low-temperature polymorph o@d, which  the internal cell coordinateseferenced to the hexagonal cell
has the corundum structure. This phase has rhombohedrgj space groufR3c*’) we obtainz=0.3531 for Al in Wy-
symmetry R3c) and is conventionally referred to as ckoff position 12 andx=0.3079 for O in Wyckoff position
a-Al,03. In this structure, Al has sixfold coordination, 18e. The corresponding experimental valtfeare z=0.352
whereas the O ions are tetrahedrally coordinated. Figuregndx=0.306. The good agreement with experiment for the
1(c)-1(d) shows one single conventional hexagonal unit cell,bulk structures lends confidence to the predictions we make
rotated so that the view is along certain characteristic cryspelow for thin films of ZrQ and a-Al,Os, albeit within the
talline directions, parallel to the (_1);12) Miller planes. The constraint that large length scale changes in structure will be
complete view ofa-Al,0; along the directions in Figs. excluded due to the necessary imposition of periodic bound-
1(c)—(d) is obtained by repeating the unit cell along periodicary conditions within a tractably sized unit cell.
directions[making the crystal look denser than in Figdi. .
a-Al,O; will act as the substrate in our paper, therefore we A The bulk a-Al,05 and ZrO, electronic structure
consider only this polymorph. To facilitate the discussion of the electronic structure of

With the calculational setup described in Sec. Il, the bulkithe surfaces and interfaces ®fAl,0; and ZrG, we briefly
structures of Zr@ and a-Al,O; are well reproduced. We review the main characteristics of the bulk electronic struc-
obtain the lattice constaal=5.071 A forc-ZrO,, in excel-  ture of a-Al,0; andt-ZrO, (as representative of the ZsO
lent agreement with the experimental valag=5.07 A*®  phase In Fig. 2, we show the one-electron energy-resolved
The tetragonal distortion of the oxygen ions is found to bevalence DOS projected onto anions/cations and resolved into
|dz/z|=0.044, in slightly better agreement with the experi- angular momenta for botk-Al,O; and t-ZrO,. For both
mental value [dz/z| = 0.065 aiT = 1523 K°) than the corre-  oxides in this figure, the energy zero is chosen to be the
sponding valugdz/z|~0.03(Refs. 14,27 obtained using the middle of the band gap.

LDA for exchange-correlation effects. The discrepancy be- The classical picture of these two oxides assumes a com-
tween theory all =0 and experiment af =1523 K here is  plete charge transfer of valence electrons from metal to oxy-
primarily due to thermal volume expansion, whereby the tegen, thereby obtaining a closed Qu)2shell. The O ~ anion
tragonal distortion of the oxygen ionfdz/z| increases with charge state is stabilized by the Madelung potential created
temperature. For the monoclinic phase, we obtaiy by the charge transfer. From this point of view, the electronic
=5.14 A, by=5.25 A, ¢y=5.27 A, and3=99.43°, with  structure of these oxides is similar to that of compressed
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noble gase®® As expected from the classical picture, the Our PAW calculations suggest that the structural energy
occupied anion valence DOS is larger than the cation valencdifference AE' °=E'—E® betweent-ZrO, and c-ZrO, is
DOS, but the cation DOS is significantly larger than zero,—0.038 eV/ion, in favor oft-ZrO,, in agreement with the
reflecting the fact that the charge transfer is incomplete. Thexperimental phase ordering. The fact that the PAW method
band structures of AD; and ZrG, share some characteris- iS an all-electron formalism allows direct decomposition of
tics: the lowest band in the valence region is derived fronthe structural energies into native DFT components:

the O(%) state and is centered around 20 eV below the

valence-band maximum. This band has a weak dispersion, AE'™°=AEjieict AEiecrostaic™ A Eexchange correlation

with a bandwidth around 1-2 eV, indicating the @f2lec- 1)
trons are very localized. The valence band is derived from-: ; t-c _ ; t—c _

the O(2p) state and shows a larger dispersion than thneqihcl).sgmyé?/l?iin, A;'&'XE 0.912 eViion,  ABetectostai

O(2s) band, indicating significant delocalization. Both the o ¢—t) transition is driven by electrostatics. Given
O(2s) and O(2) bands are broader for fDs than for 5 the one-electron kinetic-energy and classical electro-
ZrO,. The conduction bands are derived from the emptysiatic terms cancel each other nearly exactly, a major part of
cation valence states, with the bottom of the conductionpe net stabilization of-ZrO, is derived from the nonclassi-
bands being mainly-like for Al,O3 and mainlyd-like for  cal exchange-correlation term. This is not surprising, since
Zr0,. the (c—t) transition has character of an anion-cation bond
Generally, covalent interactions are visible in the DOSstretching, where correlation is expected to play an important
spectrum as a simultaneous down and up shift of occupiegble. For thet-ZrO, and m-ZrO,, our PAW calculations
and unoccupied states, respectively, and mixing of electronigsuggest that the structural energy differena&™ ¢ is
states of the interacting elements. Conduction-band valence-0.063 eV/ion, in favor ofn-ZrO,, also in agreement with
band interactions give rise to stabilizing covalent effects forthe experimental observed phase ordering. Decomposing this
these oxides, the nature of which is revealed in the catiostructural energy into native DFT components gives

t—c _ H
exchange correlation 0.025 eV/|on,

pro_jections of 'ghe O(R) derived band. These covalent inter- AEEi]rTetticz —0.733 eV/i0n=AEg};cttrostatic: 0.370 eV/ion, and
actions, considered alone, increase the intrinsic singlea EQErgangecorrelation:0'300 eV/ion, so that thet{~m) tran-

particle band gap in these oxides. Valence-valence interagstion is driven by kinetic-energy lowering. This is under-
tions between the oxygens are mainly nonbonding andiandable because thie-¢ m) transition is accompanied by a
dispersive, because the valence states are compl_etely f'”egi?gnificant volume expansion of 4%, and the kinetic-energy
these tend to decrease the band gap by pushing up thgrm is stabilizing when expanding a soliirther electron
valence-band maximum. AD; has a larger intrinsic ionicity delocalization. The experimental valG& for AE™t is
and band gap, due to a larger intrinsic separation of the_g 02 ev/ion, so that the structural energy difference be-
Al(3s) and G2p) resonances in the ionic crystal leading t0 ayeenm-zro, andt-zr0, is overestimated somewhat. This
more complete charge transfer for Q. _ is a consequence of the GGA for exchange-correlation ef-
Comparing Figs. @) and 2b) suggests that ZrOis more  facts, and this effect has also been noted previously for,ZrO
covalent than AIO,, due.to the relatively larger weight of by Jomardet al*° For this physical quantity, the LDA seems
the valence bands on Zr ions compared to Al ions. Thus Zr ig, give a resul* in better agreement with experiments:
likely to be more Z(ll)-like, which is consistent with the fact A gm-t— _ g 026 eV/ion. The apparent overestimation of
that it is typlcally easy to strip Z((@ electrons off the Zr  Agm-t g 5 consequence of using a GGA, not the omission
atoms, while the ionization potential for the Zd}electrons o 7y semicore states from the valence; we tested this issue,
is considerably highef? _ _ using the pseudopotential code VASWienna ab initio
Although it is not formally correct to associate the eigen-gimulation program® Here we find that the structural en-
value band gap in DFT with the experimental optical b&hd, ergy AE™t obtained with a GGARef. 55 is decreased by
comparison is frequently made. Generally, the calculat.ed €04 when including the Zr(g) semicore states. Generally
genvalue band gaps are smaller than the corresponding ey, Zr0O,, we expect the effect of Zr semicore states to be

perimental optical band gaps for the LDA and GGA. For|egs than the sensitivity of which particular GGA parametri-
m-ZrO,, the calculateddirecy band gap is 3.6 eV, to be ,440n is applied?

compared with the experimental optical band gap around 5
eV.>! For a-Al,0;, the calculated band gaplirect is 5.8
eV, considerably lower than the accepted experimental valut/- SURFACES AND INTERFACES OF a-Al;05 AND ZrO,

of 8.7 eV In Sec. IVA we start by investigating the geometrical
aspects of forming an interface betweerAl,O5 and ZrG
crystals from a very general point of view. This investigation
attracts our attention to two particular surfacesaef\l,O;

Since the energy differences between competing,ZrOand ZrG, which should form a stable interface from an elas-
bulk phases are relatively small, and the corresponding unticity point of view. This particular choice of surfaces is also
cells have different shapes, we increased the kinetic-energsupported by experiments. Then in Sec. IV B we investigate
cutoff to 55 Ry(749 e\) for the plane-wave basis, to achieve the properties of these particular ceramic surfaces, we dis-
absolute convergence of total energies reported in this secussm-t phase stability in Zr@ films in Sec. IV C and fi-
tion. This is feasible, because the bulk unit cells are muchally in Secs. IV D—IV H, we analyze the interface formed
smaller than the interface unit cells in Sec. IV B. by these ceramic surfaces.

B. Origin of phase stability in ZrO,
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TABLE I. Best matching unit cells, according to the misfit mea-

%‘ / sureu defined in Eq(2), of differenta-Al,05 andc-ZrO, surfaces
/ A1 ; + A2 R § / ureu aet in Eq(2) I a-AlxUs > SU

(restricted to surface areas less than 50).A

AL,0, zro, Interface Faces Unit-cell  Misfit Experiments

FIG. 3. Sketch of a surface unit cell of-Al,O; with areaA; aAlp0y 20, area(R) (i)

and a surface unit cell of ZrQwith areaA,. Both unit cells may be 1102 001 24.4 0.037 Refs. 16 and 17
multiples of a primitive surface unit cell, so that they contain sev- 0001 001 392 0.095 Ref. 20
eral equivalent lattice pointd) is the overlap area between the ' ’ '

. 0001 110 39.2 0.042

cells when overlaid. _
1120 110 35.7 0.017
A. Interface geometry 1120 110 35.7 0.028

We are considering the situation where Zn® deposited
on top of a crystallinex-Al,O5 surface. The structural pos- | )
sibilities for constructing a ZrQ a-Al,0, interface are im- Unit cell is orthogonal, and manageably small, 4.76 A
mense. First, there is the choice of which stable crystal surX 5-13 A. The corresponding directions of the interface ba-
face of each ceramic to match against each other and ho@is vectors arg 1120] and [1101]. Experimentally, the
each should be oriented relative to each other. Then there @owth direction of deposited YSZ has been observed as
the question about termination and stoichiometry of both the-Al,05(1102)||YSZ(001)'*” at medium temperatures
ZrO, and ALO; sides of the interface. Finally, there is the (<820°C). (YSZ has a quasicubic structure, with roughly
issue of how the Zr@and ALO; crystals will lock-in to  the same lattice constant @sZrO,(001), but no information
each other. The latter generally requires atomistic simulaen the interface unit-cell size is availabl&Ve focus on the

tions. Nature allows for aperiodicity at the interface, but ourz,o,(001)||a-Al,05(1102) interface in the present paper.

computational method relies on periodic boundary condl-.l.he (112) surface is often referred to as tRelane in the

tions, so it is necessary to enforce some degree of mterfaqe:
coherency, which translates into a choice of a unit cell for the' erature. . . ,
. J . : . . When searching for the most stable interface matching of
interface. Of course, if the unit cell is sufficiently large, an . X L
T C two crystalline materials, it is generally not enough to con-
aperiodic interface can be modeled, but this is currently far . ; N : ;
sider the unit-cell combination with lowest strain. The

out of reach ofab initio methods. Educated guesses are nec: . . . ,
chemical component of interface cohesive energy, defined as

essary herg. The key objective is the mqtchlng of lattice Vecﬁpe remainder after the elastic part has subtracted, may be
tors in the interface plane of each ceramic, so that the overa]

strain is small. when the interface is formed. Man relateOlrather irregular for different interface cell combinations, be-
' . X ' y cause of atomic level corrugation and bonding. The possibil-
approaches may be used to achieve this, but we will apply

. . S A . ﬁy of competition exists and may result in a medium-strained
rather simple geometrical principle, which is illustrated in interface being more stable than a low-strained interface
Fig. 3. Some surface unit cell of ZgQuith areaA, is forced 9 ‘

into coherency with a substrate{Al,O;) surface unit cell We have studied the Zgda-Al,0; interface using a slab

with aread,. By overlaying these unit cells, as indicated on geometry and the unit-cell match corresponding to the first

. . . entry in Table I. We choose the-Al,O; substrate to be
the right-hand side of Fig. 3, we calculate the overlap area . , —
Q. We then define a misfji. as 10.5 A thick, corresponding to three Al ,05(1102) layers.

This substrate thickness is usually enough to emulate a bulk
ceramic surface, both with regard to electronic structure and
2Q) ionic relaxation effectd? We will validate this assertion in
rEI A A, (2 secs. IVD, IVE, and IV G.
A side view of the interface structures studied in our pa-
The measurg: is positive definite and quantifies the relative Per is shown in Figs. @-4(c). Each ZrG(001) overlayer is
average length scale misfand not area mismatthetween —approximately 3 A thick. Our geometry corresponds physi-
two unit cells, which is seen by first-order expansion in thecally to an infinite array of Zrg/ a-Al,; 05 thin-film couples,
shape difference between two unit cells. In Table | we showvith vacuum between them. We use 10 A vacuum in be-
the best matching unit-cell pairs, according to theivalue, tween the thin-film couples, which is usually enough to en-
for cells with area less than 502A For simplicity and to  sure negligible coupling between the thin-film couptésn-
compare with experiments, we use the&rO, lattice in this  less a large dipole is present at the interface.
scanning process. Because the lattice constants of the ZrO Figure 4 also displays the crystal termination of each
polymorphs differ by only a few percent, the matches inceramic that we use in our paper. FarAl,03(1102)
Table | also apply to the other ZgOpolymorphs as well. the choice indicated in this figure is quite natural in that
However, one has to take into account all inequivalent latticet follows the layering appearance of the crystal, when
directions that correspond to each high-symmetry directiorthe view direction is parallel to the surface. The layering
in c-ZrO,. We exclude some very elongated unit cells,sequence in this surface termination is
which are rather unrealistic as interface unit cells. As seefO-Al-O-Al-O|O-Al-O-Al-O] . ... This results in a com-

from this table, the-ZrO,(001)|| a- Al ,05(1102) combina-  Pact surface, see Fig(d) [note that the unit cell shown in
tion has an acceptably low misfit of 4%. Moreover, this Fig. 1(d) does not encapsulate the Al,05(1120) crystal-
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TABLE Il. DFT-GGA surface energies fof-AI203(1T02) and
t-Zr0,(001) (ions relaxed; equilibrium bulk lattice constants

(a) (b) (©

Surface energy (mJ/m

T4
oy
| S

: 3 Layers a-Al,04(1102) t-ZrO,(001)
[ﬁ%]—[nol] [?1%]—[1101] [?1%]»[1101] 1 675
d vV v—v r 2 757
(d) (e) U] 3 1055 803
4 1014 785

B. The cleana-Al 203(1T02) and ZrO,(001) surfaces

In Table II we show the surface energies of

a-Al,05(1102) andt-ZrO,(001) after an ionic relaxation is
performed. Allowing for ionic relaxation, &-ZrO, slab

. . transforms into &-ZrO, slab by a barrierless transition, even
interface structure&)—(c). Oxygen ions are drawn small and dark, when the unit-cell dimensions are frozen. Eor the

Al ions medium sized and light gray, Zr ions largest and brightest, . . . .
In (a)—(c), the ALO5 substrate has three layers, corresponding to a{['erZ(OO]') surface, the tetragonal distortion is oriented

thickness of 10.5 A. The directional arrows (@—(c) refer to the a;:ong tf;e surface normalzf_as sgen ;]n FI@)AINhIQh rEdblfces
a-Al,0; substrate lattice. One Zgoverlayer corresponds to ap- the surface energy significan §"T e _resu ts |_n Table 1l
proximately 2.9 A.(a) One layer zrQ deposited(b) two layers refer to the case where the surface unit-cell lattice vectors are

ZrO, deposited(c) three layers Zr@ deposited(d)—(f) ZrO,(001) fixed to their rgspective bL_JIk value. Thg surface energy con-
surface slabs for the, t, andm phase of ZrQ, each with three Verges fast with slab thickness, as is also the case for

layers.(d) c-ZrO,; if ions are relaxedg-ZrO,(001) transforms into ~ transition-metal surfaces. A nearsightedness principle is also
t-Zr0,(001). () t-Zr0,, ions relaxed(f) m-ZrO,, ions relaxed. valid for these ceramic surfaces, as discussed by Christensen
and Carte* due to the localized and inert nature of the
electronic structure. In Table Il we observe an oscillation in
the surface energy fdrZrO,, apparently depending on the
line substrate displayed in Fig.].4The lowest-energy sur- t-ZrO, slabs being odd layered/even layered. This may be
faces tend to be compact, also for ionic materfalBlacing  related to the fact that odd-layered crystallin@rO,(001)

the (1102) cleavage plane at any other altitude will result inslabs have symmetrp4m2, whereas even-layered crystal-
more broken anion-cation bonds. In a study of thelinet-ZrO,(001) slabs have symmet®mmn When form-

a-Al,04(1102) surface using the self-consistent field dis-N9 the ZrQ/Al;Os onto ALOs, ZrO, becomes slightly
crete variational metho@SCF-DV), Guo et al%® considered strained to gcpommodate the 4% mismatch. In Sec. IV F we
alternative cleavage planes than the one implied in Fig.rett‘/\r/g :)obg:alrsvleszuo?r.amatic loweririgy more than a factor of
1(d)—all were found to have significantly higher cleavagez) of the surface energy df ZrO,(001) when applying the

energy. Further, our chosen surface termination is stoichio-GGA instead of the LDA. The latter yields a surface energy
metric. '

o . ) of 1577 mJ/m, (Ref. 14 similar to predictions from peri-

a -le—?iﬁ termination <r31fc-Zr02((?Or1) IS _r;cr)(r)e %%tiatable.ithe odic Hartree-Fock calculations of a .su_rface energy of

yering sequence  for  c-ZrO,(001) S 1530 my/rh for a three layer slaBf A similar effect has
Zr | 20{2r[20/2r|20 . .. viewed from the angle in Fig. pheen found by applying the GGA to the Ti110) and
4(d), where half the oxygen ions reside behind the front oxy-gn0,(110) surfaced®®° In contrast, Gucet al,® using the
gen ions.(Zr ions at unit-cell boundaries should only be scF-pv embedded cluster method farAl,O; surfaces,
counted oncg.Letting thec-Zr0,(001) relax perpendicular found only very small changes by applying a GGA,; for the
to. the surface transf_orms_ the structu_re int&ro,(001), . AIZO3(1T02) surface they found a surface energy of
with the tetragonal distortion perpendicular to the surfacepgsng mi/m (ions unrelaxey which is in quantitative dis-
which is seen in Fig. @). This ionic relaxation lowers the a5reement with our all-electron calculations, which yield
energy significantfi* and splits the oxygen layers so that the 1702 mJ/r for a three layer slab with unrelaxed ions. One
oxygen ions becomes associated to a Zr plane. It is thereforgight speculate that the source of the discrepancies are the
natural to view the stacking sequence  aspoundary conditions introduced by the embedding method
|O-Zr-0|O-Zr-QO-Zr-0| ... whereby the layers become used by these authors. Manassidis and Giliatudied five
stoichiometric. It is important to layer-associate the oxygerlow index a-Al,0; surfaces with the LDA and the pseudo-
ions in accordance with the tetragonal distortion, so that oxypotential formalism and found relaxed surface energies in the
gen ions can relax inwards on both sides of the slab, otherange 1400—-2550 mJ/Anfurther supporting the trend of the
wise the surface energy of the structure increases signifiGGA dramatically lowering the surface energies of oxides.
cantly. In this way, the Zrg001) surface becomes Hartree-Fock calculatiofi$ also yield very large values of
semiterminated with oxygen, stoichiometric and nonpolarsurface energies for relaxed low indexAl,O; surfaces, of
Polar ceramic surfaces are notoriously unstable. order 5000 mJ/rh

FIG. 4. Lowest-energy structures Zg@Ol)/a-AI203(1T02)
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0.0 - & r 1 0.0

< FIG. 5. The valence DOS for
surface anions compared to bulk
., anions. (a) a-Al,04(1102) and

madi 1T s (b) t-Zr0O,(001) (unstrained unit

cell). In each graph box, the solid
line shows a surface anion and the
dashed line is a corresponding

I bulk anion. The bulk anion DOS
—-;‘;:"'? "“’*"»\__,F_d'/ is plotted to the left.
-20.0 - . . F 4 -20.0

Energy [eV]

2.00 0.00 200 2.00 0.00 2.00

DOS [electrons/eV]

In conclusion, a tendency for smaller surface energiesnentally, thint-ZrO, films have been stabilized in dense
when using the GGA instead of the LDA is clear. Compari-sandwich structures with amorphous alumih&or the bulk
son with experiments suggest that the GGA results are closgt—m) transition an orientational relationship exfStde-
to reality than LDA or Hartree-Fock results for surface en-tween crystalline directions in the,) phases. This rela-
ergies; the surface free energies of typical metal oxides falionship implies that the-ZrO,(001) transforms into the
in range 300-900 mJ/fP* Virtually all ab initio calcula-  m-zr0,(001) surface. Our previous wdfksuggests that the
tions refer toT=0 K, so an entropy correction of order syrface energy for the-ZrO,(001) surface is-200 mJ/m
0.4 mJ/nf must be included for a proper comparisBrhut  higher than fort-Zr0,(001). Since the bulkt(—m) trans-
still the GGA results are closer to reality than LDA results formation energy obtained in our calculations is
for surface energies. This is not particularly surprising, since— .06 eV/ion, a back-of-the-envelope estimate suggests that
it is well known that both the LDA and the HF methods will only a few layers ot-ZrO,(001) may be stable at low tem-
overestimate the_energy to break bo_nds. Since the energy Beratures. However, thm phase is not rigorously distin-
form a surface involves exactly this procefisulk bond  gyishable from the phase for very thin films; establishing
breaking, it is to be expected that the GGA would improve the characteristic sevenfold Zr-cation coordination requires
greatly_ upon the overestimates from the other two thepriesat least three Zrg{001) layers. On the other hand, the pin-
In Figs. Sa) and §b) we show the DOS of surface anions ning provided by the substrate might increase the absolute
(solid lineg for a-Al,03(1102) andt-ZrO,(001), respec- stability regime oft-ZrO,(001) at low temperatures, due to
tively, compared to a corresponding bulk anion in each oxidehe significant volume increase of 4% for the bulk
(dashed lings The DOS fort-ZrO,(001) corresponds to the t-—m-ZrO, transition.
unstrained unit cell. The surface ions are relaxed in both Table Il shows the transformation energy, normalized per
cases. For both oxides, a surface band narrowing is visibleinit area, between isolatedZrO,(001) andm-ZrO,(001)
due to decreased coordination, and localization of electroniglabs for different numbers of ZgQayers. The unit cell is
charge as for covalent surfaces. A corresponding upshift ofixed to the dimensions given by the lock-in to the
all electronic states at the surface due to the decreased syj- a|,0,(1102) substrate, which corresponds te-d% lat-
face Madelung potential is also clear. Further, the charactefice mismatch, as discussed in Sec. IV A. In all three cases,
istic Zr(d) features in tha-ZrO, valence band is smoothed the sjab structure relaxes to a structure appearing like the
at the surface, indicating again the decreased coordination M-Zr0,(001); see Fig. Gupper row and compare to the
the surface, which decreases the crystal-field splittings of thgyk unit cell in Fig. 1a). Thus thet-ZrO,(001) slabs, see
bands[compare to Fig. @) which shows that the-ZrO,  Fig. 6 (lower row), are only locally stable. Strictly speaking,

valence-band character has strongdir¢haractey. as mentioned above, it only makes sense to talk about the
C. The monoclinic-tetragonal phase transition in thin TABLE Ill. Energy gain per unit area byt{>m) transformation
ZrO ,(00D films for ultrathin ZrG,(001) slabs.
Since the stable low-temperature phase of zirconia is

m-ZrO,, t-ZrO, slabs will eventually transform into 210, layers t—m energy (mJ/f)

m-ZrO, at low temperatures, if the slabs are sufficiently 1 21

thick. An interesting question is if there exists an ultrathin- 2 55

film regime, wheret-ZrO, is actually more stable than the 3 96

correspondingn-ZrO, thin film at low temperatures. Experi-




16 976 A. CHRISTENSEN AND EMILY A. CARTER PRB 62

@ ol (b) T (©) V v mimic plasma spraying or another process leading to granu-
! lar microstructure, but is not meant to represent an atomic
growth mechanism, like vapor deposition. Such processes
are next to impossible to simulate on thlke initio level, due
to the long-time scales involved in diffusion, but also the
additional complexity introduced by needing to consider
chemical potentials, which may give rise to nonstoichiom-
— ; etry in the interface region.
(d) wow e f In Fig. 4 we show the lowest-energy quenched interface
. structures we find for one, two, and three deposited,ZrO
overlayers, juxtaposed with a three-lay@0l) slab of each
ZrO, phaseg, t, andm. These ZrQ overlayers are deposited
onto a three-layetr-Al,05(1102) substrate, corresponding
to a thickness of 10.5 A, which emulates the macroscopic
a-Al,04(1102) substrate. We will return to the issue of fi-
nite substrate thickness later.

O R T 1

0101 1ol ¥
[100] [100]

[o01]

| % g
{0101 o] ¥ ¥
[100] (100!

FIG. 6. The incompleté-ZrO,— m-ZrO, transition in 4% com- . ; .
pressed thin Zrg{001) slabs. Oxygen ions are small and dark The interface structure with two ZgOoverlayers[Fig.

whereas Zr ions are larger and brighter. In all ca&®s(f) the 4(b)] seems to have the Zgverlayers translated W_'th re-

surface lattice vectors are pinned to theAl ,05(1102) substrate  SPECt to the AIO; substrate. However, the two AD;(1102)

with the lock-in discussed in Sec. IV Aa)—(c) One-, two-, and  Surface anions in the unit cell are symmetry equivalent, so

three_|ayer ZrQ(OOl) slabs after the incomp|eta_2r02 that the ZrQ film haS Slmp|y been IOCked into the SUbStl’ate

—m-Zr0O, transition. (d)—(f) Comparison for one, two, and three at a different, but equivalent point. B

layers oft-ZrO,(001), which correspond t_o Ioc_:al minima in the The general impression is that tle Al,05(1102) sub-

total energy(a)—(c) should be compared with Fig(d). strate maintains its crystallinity more than the Zr&layers,
which appears more glassy. This is especially the case for the

monoclinic structure for 3 or more |ayers of Zj’,CbUt from anion lattice on the ZrQSide of the interface. AlSO, the Zr
Fig. 6 it seems that the one- and two-layer Zf@1) slabs layers close to the interface buckle more than Zr layers far-
transform into a precursor ofi-ZrO,(001). The transition is  ther from the interface as seen in FigébMand 4c). The fact
incomplete, though, as revealed by the coordination arounthat the ZrQ adlayers seem to become most perturbed from
the middle layer cations in Fig.(€), which have anion- crystallinity is understandable considering the fact thatZrO
cation bond lengths 0f1.98, 2.04, 2.04, 2.08, 2.20, 2.38, is forced into registry with the substrate and further that bulk
2.39 A and (1.98, 2.02, 2.04, 2.06, 2.20, 2.38, 248,  a-Al,03 has a stiffness twice that of bulk ZsO

respectively. There are two sets of bond lengths, because the We performed molecular-dynamics = sequences Tat
symmetry is broken and the two middle cations are inequiva= 1600 K for the interface structures with one- and two- lay-
lent. The correspondingn-ZrO, bulk anion-cation bond ered ZrQ films to explore the stability of the quenched
lengths are2.06, 2.06, 2.14, 2.16, 2.16, 2.22, 2% This  structures. In both cases, at high temperatures, there are
incomplete transition is mainly related to the fact that wecation-cation interactions at the interface, between cations
froze the surface lattice vectors to those in registry with theclosest to the interface. When we requench the structures, the
a—AI203(1T02) substrate. Despite this confinement, theganon-catmn mteracuqn d|sappea}rs for the monolayer,ZrO
t-ZrO, slabs transform into a structure close neZrO,. film, because the Zr dives back into the Zr@im and we

Furthermore, this transition is in accord with the directionreObt_ain the origingl Iow-temperaturg str_ucture._Howevef, for
relation established by Bansil and Hef®er, i.e the bilayered Zr@film, the cation-cation interaction remains

t-Zr0O,(001)||m-Zr0,(001), as is apparent when comparing stable after requench. We show this structure in Fig),7
; ; along with the structure we obtain by just depositing a two-
Fig. 6 and Figs. (a) and 1b). ; . -
layered ZrQ film and quenching the structure in Figay—
ultrathin ZrG, films is strain induced, because the strainingthls struc’gure corrgsponds to a local minimum n the total
btain lock-in with the-Al — b energy. Figure (b) is 0.09 eV/unit cell lower in energy than
necessary to obtain lock-in with the-Al,05(1102) sub- 75 The shortest Alizr distances across the interface
strate actually corresponds to a 3% voludereaseof the for the structures in Fig. 7 are 3.03 A and 2.85 A for Figs.

t-Zr0, crystal, whereas the —m-ZrO, transition is accom- 7(a) and 7b), respectively. For comparison, the smallest
panied by_a 4% volumencrease Thus, if anything, the bulk cation-cation bond lengths a@(Zr-Zr)=3.34 A in
a-Al,053(1102) substrate should inhibit the»m transition,  m-zrO, andd(Al-Al) =2.68 A in a-Al,Os. The simple av-
and yet we observe it to occur. erage of these bulk values i(Al-Zr) =3.01, relatively
close to most values in Table 1V, but 0.16 A longer than for
the interface structure displayed in Figby. [In Table IV, 2a
) ) ~and 2b refers to Figs.(& and 7b), respectivelyl We also

In this section we address the structural properties in th@ee that this recoordination of the Zr ion closest to the inter-
interface region of Zrg(001)/a-Al,05(1102). ZrG, in the  face generally induces some distortion in the anion lattice in
c phase is deposited onto A); as thin films and the struc- the three-layer Zr@film. We will discuss how this affects
ture is subsequently relaxed. This procedure is meant tthe electronic density of states in Sec. IV H.

It is unlikely that thet-—m-ZrO, transition we find in

D. Interface structure
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(a) (b) ZrO, film, where soméscreenejlcation-cation interaction is
‘ found, adding stability to this structuteOne ALO;-side
E}é/}‘ : oxygen ion is unsaturate@does not coordinate with a Zr
Y - ion), partly due to a Zr-layer buckling normal to the inter-
b \7"7\ [ face, but also an intrinsic symmetry mismatch for the inter-
~% . face combination Zrg{001)|| a-Al,05(1102); although the
299 ‘ 3 crystalline length scales fit very well, the anion-cation align-
i ] i ) ment across the interface is not ideal. Such a situation of
i S o S interface structural frustration is also expected for other het-

erogeneous interfaces. This nonideal alignment of anion-
FIG. 7. Two minima for a-Al,05(1102) + two layers cation pairs across the interface partly explains the weak

Zr0,(001). Oxygen ions are drawn small and dark, Al ions Zrog(001)||a'A|203(1102) cohesion, discussed in the next
medium-sized and light gray, Zr ions largest and brightestis section.
obtained by deposition af-ZrO, and just quenching the structure.
(b) is obtained by heatinga) to T=1600 K and requenching the E. Interface cohesion
structure.(b) is identical to Fig. 4b). (b) is 0.09 eV/unit cell more . . .
stable thar(a). The shortest Al-Zr distances across the interface for In this sec_:tlon we focus on _the energet_lc aspect_s of j[he
the structures irta) are 3.03 A and 2.85 A iib). For comparison, ZrO, /Al;04 'n,terface' The main quantity is the adiabatic
the smallest bulk cation/cation bond lengths ad¢zr-zry ~ Work of adhesionV>0:
=3.34 A inm-2rO, andd(Al-Al) =2.68 A in a-Al,0;.

? ( ) 2 W=Eai,0,% Ez0,~ Ezro,||a1,0, )

where Eai,0,:Ezro,; and Ezro,1a1,0, refer to the total ener-

-4y f\ij}

i

It is clear from Figs. 4a)—4(c), compared to Fig. @l)—
e e 9% of e i, st 15, a0 210, s
?ormed?/'li')able \% éhows the ionic bond Ienéjthas in the inter-EZfo?HA'Z03 refers to the total energy of the relaxed interface

face region, divided according to whether the bonds gratructure. Generally, the mechanical work needed to separate
across or mostly parallel to the interface, i.e., within the surdn interface is larger than the adiabatic work of adheibn

faces of each oxide forming the interface. No systematicdue to d_|ss_|pat|ve Processes, as discussed by Fififius
trend is apparent with the variation in number of Zi@yers. our predictions may be consndered as rough lower bour_1ds for
Bonds across the interface are typically close to the shortegt1e work of adhesion obtained by any clc_eavage experiment.
value in the bulk crystdlL.88 A for a-Al,O,, 2.06 and 2.09 " Table V.we show the calculated adiabatic work of ad-
for (m,t)-ZrO,, respectively. Parallel to the interface, a hesion W for a-Al,05(1102) with various numbers of
range of bond lengths is observed. On the@ side, these ZrO,(001) layers deposited and the interface subsequently
ranges are mostly delimited by the bulk valuds88 and relaxed. In Eq(3), Ezo, refers to the energy of the isolated,
1.99 A), whereas on the ZrOside, bond lengths are shorter relaxed ZrQ(001) slabs subject to treameperiodic bound-
than the smallest bulk values. Comparing results for a,ZrOary conditions as in the interface calculation that produces
monolayer deposited onto three and four layers ofEzo,al0, i.e., in the incomplete monoclinic phase, as dis-

a-Al,05(1102), respectively, suggests that also interfacecussed in Sec. -1V C. It is important to subtract this quantity
structural properties are well converged with respect to subfrom Ez a0, @nd not the energy of am-Zr0,(001) slab
strate thickness at three layers of alumina. with bulk m-ZrO, lattice constants, because then the value
Figure 4b)—4(c) shows that botha-Al,05(1102) and obtained forW contains a bulk plastic component, which
ZrO,(001) have four anion-cation bonds between each layediverges with increasing numbers of Zr@wyers deposited.
per unit cell in the bulk part. However, there are only threeMoreover, this bulk strain component is unrelated to the lo-
anion-cation bonds across interfaj@xcept for the bilayer cal cohesive properties of the interfaper se which we

TABLE IV. Bond lengths (A) in the Zr@/Al 2Og,(lTOZ) interface regior]. | = indicates a range of bond
lengths are present.

Direction of bonds with respect to interface

Ceramic layers in slab Across Parallel

Al,O; ZrO, Al-O Zr-O Al-Zr Al-O Zr-O
3 1 191 2.12 3.02,3.09 [1.83-2.00 [1.94-2.10
3 2d& 1.88,1.94 2.07 3.03,3.08 [1.82-2.00 [1.98-2.10
3 28 1.86,1.87 2.13 2.85,4.19 [1.84-2.02 [2.01-2.09
3 3 1.85,1.87 2.09 2.98,3.05 [1.85-2.02 [1.96-2.09
4 1 1.90,1.91 2.12 3.01,3.11 [1.83-2.00 [1.94-2.09

&Two layers of ZrQ, with structure corresponding to Fig(aJ. See Sec. IV D for more details.
Two layers of ZrQ, with structure corresponding to Fig(bj. See Sec. IV D for more details.
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TABLE V. DFT-GGA adiabatic adhesion energi¥g for the
ZrO,(001)/a-Al,05(1102) interface.

Number of oxide layers W
Al,O4 Zro, (mJ/n?)
3 1 1142
3 o 1201
3 P 1256
3 3 1189
4 1 1143

&Two layers of ZrQ, with structure corresponding to Fig(aJ. See
Sec. IV D for more details.
Two layers of ZrQ@, with structure corresponding to Fig(bj. See
Sec. IV D for more detalils.

want to characterize. Of course, this means in principle tha
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TABLE VI. Effect of straining thet-ZrO, films parallel to the
surface from the square surface unit celf€5.07 A), correspond-
ing to cubic bulk, to accommodate the Al,05(1102) substrate
with a rectangular surface unit cell 4.76x%.13 A.

Absolute slab dilation

Layers Strain energy along[001] direction
t-ZrO, (mJ/nt) (A)

1 11 0.03

2 124 0.12

3 323 0.08

4 488 0.11

0z10,]|A1,0, MAY reflect a propensity to form an intermediate

phase(chemically mixed at the interface.
Using oy_70.=800 mJ/M and oo, =1000 mJ/M
t 2 2U3

one has to subtract an accommodation energy for the, Zrol@pproximate asymptotic values in Table) ligives

adlayers from our value ofV to obtain an “experimental”

aZrOZHA,203~+600 mJ/m. It would be slightly more cor-

value. This accommodation energy will represent dislocarect to use Om-z0, IN EQ. (4), since even very thin

tions and other defects possibly created on the,Zi0e on
intermediate length scales.
It is seen thaWV has values~1200 mJ/m and that there

Zr0,(001) films transform to a monoclinic structure, as is
discussed in Sec. IV C. This quantity is not readily available
from our calculations, due to the strained state of these films

is no systematic variation with the number of layers—inynen constrained to the substrate lattice vectors as in our

other words, the chemistry of the Zy0Al,O5 is rather local

calculation, but a previous study of ZzGurface$* within

and defined by the ZrQlayer closest to the interface. This is the | DA for exchange-correlation effects suggests that the
not obviousa priori, due to the long-ranged electrostatic gyrface energy fom-zr0,(001) is~200 mJ/m higher than
interactions present in ionic materials. It is also clear, COMy.7r0,(001). Whatever specific value is used foy,o, the
paring the results for one Ia@r of Zg@eposited onto three sign and magnitude a7 a1 0. does not change. grhis is

2 2¥3

and_ four Iay(_ars Olr-Al,05(1102), respect|yely, that ener- also in accordance with the two-component phase diatfram
getic properties are very well converged with respect to sub-

strate thickness. Counting three anion-cation bonds acrody £r02/Al20s, which shows that this system only displays
; : . ntropy-driven mixing.

the interface per unit cell gives an average bond energy of

0.6 eV/bond, i.e., in the weak chemical bonding regime. For

comparison, the corresponding cleavage energies for the

bulk oxides are 0.63 eV/bond and 0.79 eV/bond for

t-Zr0,(001) anda-Al,04(1102), respectively(relaxation ited ZrO, film and the influence of strain on cohesion and
effects includeyl so that ZrQ/Al,O; bonds are slightly structure. In Table VI we show the energy required to strain
weaker than the constituent bulk oxide bonds. This fact ighin t-ZrO, films from the natural square lattice with the

also expressed quantitatively, normalized by interface aregylk lattice constantiy=5.07 A to thea-Al,04(1102) co-
in the interface tensiowrzo,||a1,0,! herent substrate cell with dimensions 4.768.13 A, see
Sec. IV A. lons are allowed to relax in both cases with the
(4) lattice constants fixed. The dilations perpendicular to the sur-
face, measured from outermost anion to outermost anion on
each side of the slab, are given in Table VI. Some even-odd
oscillation with number of layers is present, which can be
related to the fact that even- and odd-layetedrO,(001)

slabs have different symmetriz4m2 andPmmnfor even-
5) and odd-layered slabs, respectivégubsequent layers are
not translational copies of each other, but related by a 90°
screw or inversion operation The strain energy for
-Zr0,(001) slabs forced into registry with the substrate is
xpected to be significantly larger, due to the large volume

F. Interface strain

In this section we address the issue of strain in the depos-

0210,||A1,0,= O ALO, T Tzi0,~ W,

which follows from Eq.(3) by using the definition of the
surface-interface tension for a given structufeom its total
energyE; :

Ei =0, + EiBUIk referenc?

In this equatiorEB! "*renceis tota| energy of the structuiie

embedded in its appropriate reference bulk environment. O

course, this definition is only unique for stoichiometric andexpansion accompanying the¢m) transition. Despite the

crystalline structures. The sign and magnituderg,ja,0,  compressive strain providing a driving force against the (
tells whether the interface bonds are stronger than the intet-, ) transition, the(incomplete m phase is energetically

nal bonds in each ceramic, so that6z.0,a,0,<a,0,  preferred over thé phase, as discussed in Sec. IV C.
+0z0, corresponds to weakly coupled interfaces, and The magnitude of the strain energy in Zr@ms forced

0z210,||A1,0,<0 strongly coupled interfaces. A very negative into registry with thea-Al,05(1102) substrate, compared to
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TABLE VII. Charge transferelectrons/atomprojected onto atoms in the Zg@nd ALOj; layers at the interface.

Layers of ZrQ on Al,03(1102)

1 2& 20 3
o -0.01 —0.02 —0.03 0.00
@) 0.00 0.00 -0.02 -0.01
Interface ZrQ layer Zr 0.03 0.00 —-0.04 —0.02
Zr —-0.07 —0.08 -0.17 —0.05
O 0.05 0.04 0.06 0.06
O 0.05 0.06 0.05 0.06
Interface plane
@) 0.00 0.00 -0.01 —0.02
@) 0.00 0.00 -0.01 0.02
Al —0.06 —0.07 -0.07 —0.03
Al —0.05 —0.04 -0.02 —0.02
Interface AbO; layer (0] 0.01 0.01 0.02 0.02
O 0.00 0.00 0.01 0.01
Al 0.01 0.00 0.03 0.02
Al 0.00 0.00 0.02 0.03
O —0.01 —0.01 —0.01 —0.01
o -0.01 -0.01 0.00 0.00

aTwo layers of ZrQ, with structure corresponding to Fig(aJ. See Sec. IV D for more details.
Two layers of ZrQ, with structure corresponding to Fig(}. See Sec. IV D for more details.

the interface adhesion energy, suggests that only partial reg¢r0,(001). Juxtaposed are the DOS for the corresponding

istry at the ZrQ(001)/a-Ales(1T02) interface is likely to isolated a-Al,05(1102) and ZrQ(001) surface slabs for
be present at the real interface. This further suggests thabmparison. The spectra for the interface structure and the

dislocations may play a role in interface de-adhesion. respective surface slabs are shifted, so that the DOS, pro-
o jected onto ions on the vacuum sides of the interface slab, is
G. Charge distribution coincident with the DOS projected onto ions on the vacuum

In Table VII we display for each ion the approximate sides of the corresponding surface slabs—in other words, the
charge transfer upon interface formation, as function of théPectra are aligned according to ions far from the physical
number of deposited ngayers_ In other WordS, from the |nterface, so that shifts in the DOS can be read off F|g 8.
charge on each ion in the interface region, we subtract the Figure 8 shows thatr-Al,O; fixes the valence-band
charge on the corresponding surface ion in the respectiv@aximum whereas Zrodefines the conduction-band mini-
isolated oxide surface. These charges are obtained by spatial
integration inside spheres around each ion, as discussed i | - ALO, 4> —— ALOHZIO, |
Sec. Il A. These spheres are not strictly space dividing, 00 - 2 100
therefore charge conservation is not ensured, however som |
error cancellation is obtained when taking differences.
Therefore we take these charge differences as a qualitativy
indicator of the charge transfer on forming the interface.

Generally, this interface formation is accompanied by al-
most no charge transfer. This is not surprising, because eac

~10.0 - | © ~100

Energy [

oxide in our calculation is stoichiometric so that each ion . |
remains mostly in its conventional charge state, due to oxy- _sg0 >‘ ~20.0
gens large electron affinity. However, a minor trend is appar- " 1
ent: the cations closest to the interface on each side loses L ]

50.0 0.0 50.0

small amount of charge, which is partly donated to the first
oxygen atoms on the ZrOside of the interface. The magni-
tude of charge redistribution within ions seems rather sensi-
:If:/ee itc?ntg3&?3322??&2%3?;?3;{%&rs butis confined to FIG. 8. Energy-resolved total density-of-states before and after
) the interface is formedRight) Total electronic valence density-of-

states for an interface structure with three layeral 2Og,(lTOZ) +
three layers Zre(001). (Left) Total electronic valence density-of-

Figure 8 displays the total valence DOS for the interfacestates for isolated surface slabs with three layeral,O5(1102)
structure with three layers-Al,05(1102)+ three layers and three layers-ZrO,(001), respectively.

DOS [electrons/eV]

H. Density-of-states at the interface
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FIG. 9. In each graplfa)—(d), the right-hand
side of each graph shows the density-of-states
projected onto an interface ion, whereas the left-
5 hand side of each graph shows the density-of-
T Zr(zr0O,) ] states projected onto the corresponding surface
ion for the isolated «-Al,05(1102) and
Zr0,(001) slabs. Thus, comparing left-hand and
right-hand sides of each gragh)—(d) gives an
impression of the change in the energy-resolved
density-of-states when forming the interface from
isolated oxide surfaces. The surface ion density

of states for ZrQ(001) is taken from the most
wl ; | premszzmmmmii 1 20 stable pseudomonoclinic Zx01) slab shown
(c) (d) in Fig. 6(c).

2.0 0.0 2.0 20 0.0 2.0

0(zr0,)

Energy [eV]

DOS [electrons/eV]

mum in the interface structure. Therefore the interface strucinteraction is visible, mediated through Zr to interface oxy-
ture has a smaller band-gap than either bulk materiagien ions on the AlO; side—this is because the /5 va-
a-Al,03 or ZrO,. In a macroscopic structure, this band-gaplence band lies higher than the Zr@alence band and the
narrowing will be confined to the physical interface region. It ZrO, conduction band lies lower than the,&8; conduction
appears in Fig. &right) that the ALOs-derived conduction band.
band has disappeared for the interface—this is due to the fact Figure 10 shows the DOS projected onto anions and cat-
that only 6 empty bands are included in all our calculationsjons at the interface and farther from the interface. Thus, Fig.
and for the interface structure these 6 empty bands will only10 represents a primitive DOS profile across the interface
represent the Zr@derived conduction band on the ZrO region. The reference “bulk” ions are situated in approxi-
side. More unoccupied bands must be included for themately in the middle of each oxide in the interface structure.
Al,O5-derived conduction band to appear. This, howeverMore specifically, they have the following distances from the
has no effect on the occupied valence bands on either side ofterface(distance from the nearest surface given in paren-
the interface. theses Al: 4.6 A (5.2 A), O (ALLO; side: 4.2 A (5.6 A);
Figure 9 displays the DOS projected onto representativ@r: 4.2 A (4.0 A), O (ZrQ side: 3.3 A (4.8 A). The DOS
interface ions on each side of the interface, compared to thig extracted from the largest calculation, three layers
DOS for the corresponding isolated surface ions. The intery,_a|,0,(1102)+ three layers Zrg(001).
face DOS is derived from the three layersAl,05(1102)
+ three layers Zrg(001) structure, while the surface DOS
is from the corresponding isolated surface slabs. We apply
same spectrum alignment procedure as in Fig. 8. Both iso- 00 (a) (b) =@ |- )
lated surface slabs are oxygen terminated, therefore the sui 5 , . o
face anions of both oxides experience significant stabilizing :
Madelung potential shifts, when the interface is formed.
These Madelung shifts make a significant contribution to the~ 200 P ] - ]
cohesion, due to the relatively epitaxial character of the in-2 ™ Al Al Zr Zr
terface, see Fig.(@—4(c) (in the same way as the Madelung :
potential is the main stabilizing component in ionic bond- 00 | @yg o e (h) |
ing). The Madelung shift is slightly larger for anions on the s v A ==
ZrO, side, monitoring the O(®)-derived states. This follows -100 [ ) i
from simple steric considerations, because the anions on thi
Al,O5 side go from threefold to fourfold coordination on 200 [ == =
forming the interface, whereas the anions on the /Zsde
goes from twofold to threefold coordination by the interface
formation, which is a larger relative change. In other words, DOS [electrons/eV]
trends in Madelung potential shifts are related to the relative . Density-of-state{DOS) profile across the interface,

compactness of-Al,03(1102) versus Zre(001). This is  projected onto both anions and cations close and farther from the
also supported by the fact that valence-band width on th@hysical interface(a),(b),(e), and(f) are ions on the AlO; side of
ZrO, interface anion is broadened more than the valencethe interface, whereas),(d),(g), and(h) are ions on the Zr@side
band width on the AIO; anion, when the interface is of the interface(a), (€) and(d), (h) corresponds to ions far from the
formed. A weakly covalent conduction-band-valence-bandnterface. See the text for details.

<< ALO, << >> 710, >>

7
A

7%
\J’

7

Energy [eV

0.0 2.0 0.0 2.0
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2.0 0.0 2.0

o= | K FIG. 11. Electronic density-of-states for inter-
< 4 face cations in the two structures displayed in
] Fig. 7, each with three layers-Al ,05(1102) +
two layers ZrQ(001). Each graph above com-
pares corresponding ions from Figs(a)” and
7(b). (a) The density-of-states projected onto in-
terface Al ions.(b) The density-of-states pro-
jected onto interface Zr ions. In both graphs, the
legend(2a) refers to the structure in Fig(d and
;’> | > legend (2b) refers to the structure in Fig.(h).

Energy [eV]

1
o
|
L
o

The interface in Fig. (b) is 0.09 eV/unit cell
more stable than that in Fig(d).

0.5 0.0 0.5

DOS [electrons/eV]

On the ZrQ side, the characteristid features of the va- lized. An energetic order-of-magnitude argument suggests
lence band are smoothened for the ions with direct interfacgnat it is unlikely thec-ZrO,(001) a-AI203(10T2) should

conta_lct. On the AZD3_ si_de, the DOS features for the inter- be absolutely stable ovem-ZrOz(OOl)/a-AI203(10T2).
ff':lce lons are more similar to bl_J”,( #Ds. _The ZrQ, CO“‘?UC' Taking the €— m)-ZrO, potential transformation energy re-
tion band around-2 eV has a visible tail on the ADs side,  |oase to be~0.06 eV/ion translates to 90 mJfnper A
which decays away as one moves furthermtg t@e"‘!\s'de' thickness in a Zr@ film. Comparing this to the order of
The average penetration depth for this tail is 2.0 A, as depaqnityde ofdifferencesin surface and interface energies
termined from the integrated \_/ve|ght in the 'On_prOJeCtedleaves it unlikely thatc-ZrO,-films up to 400 A thick on
DOS spectrum. No band bc_endlng e_ffec_ts are _V'S'ble'_ Thes?v-AI203 should be globally stable at low temperatures. This
would mainly appear as uniform shifts in the |on-pr01ectedCorresponds to~36 000 mJ/rh releasable bulk energy, of
DOFS. specltrlaa icts the DOS proiected onto interf ALZ which a small amount can be used to compensate for an
__rigure epicts the projected onto Intertace Al-2rqayoraple interface coordination. Thus, we believe the de-
ions for the two interface structures displayed in Fig. 7 W'thposited c-Zr0,(001) films ultimately transform into
two layers ZrQ(001) er93|ted. The structure |n_F|q.bY -Zr0O,(001) upon thermal cycling. Likewise, the nanolami-
has some Al-Zr c_oord|nat|on at the mterfacel, as IS appare atet-ZrO, amorphous AIO; structures studied by Scanlan
in Table IV and Fig. ), whereas Al-Zr coordination is 1ess o 22 5 likely to be kinetically stabilized. The polycrys-

prominent in the Str‘?Ct”re n Fig.(@. Figure 11 suggests talline nature of the nanolaminates may serve to stabilize
some covalent Al-Zr interaction between the,B% valence- g, crystallites of t-ZrO,, as we have suggested
band projection on Al and the Zgronduction band projec- previously**

tion on Zr for the interfacgFig. 7(b)]. This interaction seems '
to increase the local band gap. Conversely, anOAl

conduction-band Zr@valence-band interaction is not appar- V1. CONCLUSIONS

ent for the coordinating Al-Zr pair in Fig.(). We have studied the Zrp001)|a-Al,05(1102)
interface using the all-electron PAW formalism and a GGA
V. DISCUSSION functional for exchange-correlation effects. We characterize

_ ) ) this interface as weakly coupled, but relatively epitaxial,
Our calculations show thaih-ZrO,(001) is energetically gue to the small lattice-constant mismatch between

favored overt-Zr0,(001) on t.hea—AI1%O3(1102) substrate.  7r0,(001)|| a-Al,04(1102). Three out of four anion-cation
This is consistent with experimen$!® On thea-Al,05(10  ponds, which are broken when forming each of the

12) substrate, Moulzolet al*" also observedn-ZrO,(001)  4-Al,04(1102) and ZrQ(001) surfaces, are reestablished

growth.  However, for slow deposition rates on oy the ZrQ(001) | a-Al,05(1102) interface is formed.
a-Al,04(1012), they observedc-ZrO,(001) to grow in  Rather interestingly, we find that a stabilizigcreenep
films up to 400 A thick. This is an intriguing observation, cation-cation interaction across the interface is possible,
because our electronic structure calculations show that buljhere the Al-Zr distance across the interface is 0.15 A
c-ZrO, can undergo a barrierless transformation to quasishorter than the average cation-cation distances for these ox-
t-ZrO, at low temperaturesvenif the unit cell is frozen to  jdes. This could be due to interactions of the remaining! Zr
the dimensions of bulk-ZrO,; this leaves open the possi- electrons with empty sp states on the Al cations. It is ques-
bility that c-ZrO,(001)/a-Al,05(1012) is entropy stabi- tionable whether this slightly counterintuitive feature will be
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reproduced by semiempirical model potentials currentlyportant to heat up and requench the relaxed interface to make
available for modeling ionic materials. The covalent effectssure that the system has not been caught in an energetically
at this interface are found to be relatively weak, though. Thaunfavorable local minimum.
calculated adiabatic work of adhesion-s1200 mJ/m, and The low adhesion energy is probably due to the fact that
this value is roughly independent of the number of depositedhese surfaces of ZrOand ALO; relax to obtain approxi-
Zr0O,(001) layers. In other words, the interface chemistry ismate coordinative saturation and therefore the lack of dan-
local for this interface, whereas the elastic misfit energy degling bonds on these surfaces minimizes the interaction they
pends on the thickness of the deposited £@D1) film. The have between them. This suggests that the role of th@Al
weakness of the alumina-zirconia interface is consistent witlin the nanolaminate coatings is simply to act as a physical
the observed deadhesion of the Ni-Al-Cr-Y bond coat/ZrO barrier to growth of the Zr@layer and that there is no true
interface upon oxidation of the bond coat to produce a thirchemical bonding between these layers. Further, this weak
layer of Al,Os. interaction has important implications for thermal barrier
Thin tetragonal Zr(001) films are predicted to undergo coatings. When the bond coat oxidizes, it is known that
an incomplete monoclinic transition, even when subjected té#\l,O; forms and that the lifetime of the TBC is tied to the
compressive strain. ZeD001) with three layers are seen to oxidation kinetics of the bond co&f:*’~"° A microscopic
have the characteristic sevenfold cation coordination and akxplanation, based on our findings above, is now available;
ternating threefold and fourfold anion coordination for thethere is a weak interaction between Zr@nd ALO;, and
middle layer; this is not possible for one- and two-layeredthus ZrG deadheres when this interface is formed. In other
Zr0,(001) films, but characteristic monoclinic precursor work,'> we have determined that &Ds-Ni interfaces are
structures are found in these cases. We find it unlikely thagélso quite weakly adhered, suggesting spallation occurs at
the incomplete tetragonal monoclinic transition is strain any interface in the TBC where 4D; is present.
induced, due to the fact that the strain is compressive and With our ab initio calculations, insight into the local
that the tetragonal> monoclinic transition accompanied by bonding and structure for the ZyAl, O3 interface has been
a 4% volume increase. We find that Zr@dhesion onto the obtained. Still, many physical properties of interfaces are

a-Al,04(1102) surface is not sufficient to suppress the te-governed by long-ranged effects, such as domain structures,
tragonal— monoclinic transition, even as it induces signifi- O by events occuring on long-time scales, such as ionic dif-
cant compressive strain in the Zy@verlayer, due to the fu3|on_. This requires very large atomistic en_sembles or very
larger specific volume of the monoclinic Zs@hase. Iong-tlm_e trajec_to_r!es to model, Whlch are mtra(_:table vv_|th

We investigate the effect of finite ADs-substrate thick- convennona_bb initio mqlgcula_r—dynamlcs_ S|mula§|ons. T_hls
ness and find that in most respects, for electronic structure &4/t eémphasis on combiningp initio techniques with multi-
well as for structural aspects, a film thickness-e10 A js ~ Scale modeling and Monte Carlo schemes, and/or developing
sufficient to emulate the infinite AD; substrate, as long as transferable seml_emplrlcal interatomic potentials beyond
the surface lattice vectors of AD; are kept fixed to prevent Shell-model potentials.
artificial substrate creep parallel to the surface.

We find that GGA, compared to LDA, for exchange- ACKNOWLEDGMENTS
correlation effects within density-functional theory signifi-  \ve are very grateful to Peter E. Rlol for use of his
cantly lower the surface energies for both,@ and ZrQ,  cp-PAW code and many useful and inspiring discussions, as
which bring their values closer to those implied by experi-yel| as advice on the PAW-Car-Parrinello method. Further
ments. Conversely, we fl!’ld that GGA functionals overestiye wish to thank Niranjan Govind, Stuart C. Watson, and
mate structural energy differences between bulk phases @mjly A. A. Jarvis for useful comments. We acknowledge
ZrQ,, although the phase stability ordering is correct. also computing time granted on the parallel IBM SP2 plat-

The study of complex structures like the foyms at the Maui High-Performance Computing Center
ZrO,|| a-Al,05(1102) interface illustrates the importance of (MHPCC) and the Office of Academic Computing, UCLA.
annealing via molecular-dynamics simulations. Many com-This work was supported by the Air Force Office of Scien-
peting, locally stable, interface structures exist, and it is im+ific ResearchGrant No. F49620-96-1-0064

*Email address: asbjorn@chem.ucla.edu SF.H. Stott, D.J. de Wet, and R. Taylor, MRS Bull)(10), 46
"Email address: eac@chem.ucla.edu (1994.
1A. Christensen, E.A.A. Jarvis, and E.A. Carter,Ghemical Dy- 7Y H. Sohn, R.R. Biederman, and R.D. Sisson, Jr., J. Mater. Eng.
namics in Extreme Environmentsdited by R.A. Dressler and Perform.3, 55 (1994.
C. Ng, Advanced Series in Physical Chemist@orld Scien- 8R. Taylor, J.R. Brandon, and P. Morrell, Surf. Coat. TechB6).

tific, Singapore, 2000 141(1992.

2p.J. Wortman, B.A. Nagaraj, and E.C. Duderstadt, Mater. Sci. “A-E. Hughes, inScience of Ceramic Interfaces, kdited by J.
Eng., A121, 433(1989. Nowotny (Elsevier, Amsterdam, 1994

3S.M. Meier, D.K. Gupta, and K.D. Sheffler, J. Miner. Metal ““W. Lih, E. Chang, B.C. Wu, and C.H. Chao, Oxid. M&6, 221
Mater Soc.43, 50 (1997). (19910.

4E. Ryshkewitch and D.W. RichersoBxide Ceramic¢Academic ~ “-R.A. Miller, J. Am. Ceram. Soc67, 517 (1984).
Press, Orlando, 1985 12E A.A. Jarvis, A. Christensen, and E.A. Cartanpublished

5S. MusikantWhat Every Engineer Should Know About Ceramics®A. Christensen and E.A. Carter, J. Chem. Pligsbe published
(Marcel Dekker, New York, 1991 14A. Christensen and E.A. Carter, Phys. Revs® 8050(1998.



PRB 62

FIRST-PRINCIPLES CHARACTERIZATION OF A. ..

16 983

15G. Stapper, M. Bernasconi, N. Nicoloso, and M. Parrinello, Phys**M.W. Finnis, A.T. Paxton, M. Methfessel, and M. van Schilf-

Rev. B59, 797 (1999.

16x.D. Wu, R.E. Muenchausen, N.S. Nogar, A. Pique, R. Edwards
B. Wilkens, T.S. Ravi, D.M. Hwang, and C.Y. Chen, Appl.
Phys. Lett.58, 304 (1992.

G, Garcia, J. Casado, J. Llibre, A. Figueras, S. Schamm, D
Dorignac, and Ch. GrigisProceedings of the Thirteenth Inter-
national Conference on Chemical Vapor Deposition (CVD XIII)
edited by T.M. Besmann, M.D. Allendorf, McD. Robinson, and
R.K. Ulrich, Electrochemical Societ§Pennington, NJ, 1996.
699-705.

8 F. Chen, P.F. Chen, L. Li, S.L. Li, X.N. Jing, S.J. Pan, and Y.H.
Guo, Appl. Phys. Lett61, 2412(1992.

9F. Konushi, T. Doi, H. Matsunaga, Y. Kakihara, M. Koba, K.
Awane, and |. Nakamura, Mater. Res. Soc. Symp. P56¢c259
(1986.

20M.G. Cain and F.F. Lange, J. Mater. R8s.674 (1994

21s.C. Moulzolf, Y. Yu, D.J. Frankel, and R.J. Lad, J. Vac. Sci.
Technol. A15, 1211(1997).

22C.M. Scanlan, M. Gajdardziska-Josifovska, and C.R. Aita, Appl.
Phys. Lett.64, 3548(1994).

23p E. Blachl, Phys. Rev. B50, 17 953(1994.

24p. Hohenberg and W. Kohn, Phys. R&\36, B864 (1964); W.
Kohn and L. Sham, Phys. Ret40 A1133(1965.

25N.A.W. Holzwarth, G.E. Matthews, R.B. Dunning, A.R. Tackett,
and Y. Zeng, Phys. Rev. B5, 2005(1997.

26G. Kresse and D. Joubert, Phys. Rev5® 1758(1999.

2TH.J.F. Jansen, Phys. Rev.4B, 7267 (1991).

283.p. Perdew and A. Zunger, Phys. Rev2® 5048(1981).

29A.D. Becke, J. Chem. Phy86, 2155(1992.

303.P. Perdew, Phys. Rev. 3, 8822(1986.

81R. Car and M. Parrinello, Phys. Rev. Lebb, 2471(1985.

32, Verlet, Phys. Rev159, 98 (1967).

330.H. Nielsen and R.M. Martin, Phys. Rev.3, 3780(1985; 32,
3792(1985.

34s. Froyen and M.L. Cohen, J. Phys. 19, 2623 (1986); D.
Vanderbilt, Phys. Rev. Letg9, 1456(1987.

35S, Nose J. Chem. Phys81, 511 (1984.

36R.W.G. Wyckoff, Crystal Structures2nd ed.(Interscience Pub-
lishers, New York, 19683 Vols. 1 and 2.

37H.J.F. Jansen and J.A. Gardner, Physica B &80, 10 (1989.

38R.H. French, S.J. Glass, F.S. Ohuchi, Y.-N. Xu, and W.Y. Ching,
Phys. Rev. B49, 5133(1994.

39B. Kralik, E.K. Chang, and S.G. Louie, Phys. Rev.58, 7027
(1998.

gaarde, Phys. Rev. Le#1, 5149(1998.

4M. Wilson, U. Schonberger, and M.W. Finnis, Phys. Re\68
9147 (1996.

45C.J. Howard, R.J. Hill, and B.E. Reichert, Acta Crystallogr., Sect.

~ B: Struct. Sci.44, 116(1988.

46G. Teufer, Acta Crystallogrl5, 1187 (1962.

#International Tables for Crystallographyedited by T. Hahn
(Kluwer Academic, Boston, 1996Vol. A.

48M.W. Finnis, J. Phys.: Condens. Matt@r5811(1996.

49C. E. Moore Atomic Energy Level8NVashington, U.S. GPO, DC,

1958, Vols. 1-3.

R.O. Jones and O. Gunnarsson, Rev. Mod. P68%s689 (1989.

5IM.M. Abou Sekkina, Indian J. Phys., B2A, 244 (1978; R.S.
Sokolova, Sov. J. Appl. Phyd1, 454 (1974.

52R.H. French, J. Am. Ceram. SO£3, 477 (1990.

53R. Stevenszirconia and Zirconia Ceramic$Magnesium Elek-
tron Ltd., London, 1986

54G. Kresse and J. Hafner, Phys. Rev4B 558(1993; 49, 14 251
(1994; G. Kresse and J. Furthitier, Comput. Mater. Sci6, 15
(1996; G. Kresse and J. Furthiiter, Phys. Rev. B55, 11 169
(1996.

5J.P. Perdew, irElectronic Structure of Soligdsedited by P. Zi-
esche and H. EschrigAkademie-Verlag, Berlin, 1991 p.11;
J.P. Perdew, J.A. Chevary, S.H. Vosko, K.A. Jackson, M.R.
Pederson, D.J. Singh, and C. Fiolhais, Phys. Revi6B6671
(1992.

563. Guo, D.E. Ellis, and D.J. Lam, Phys. Rev4B 13 647(1992.

57V.E. Henrich and P.A. CoxThe Surface Science of Metal Oxides
(Cambridge University Press, Cambridge, 1994

58R. Orlando, C. Pisani, E. Ruiz, and P. Sautet, Surf. 3¢5 482
(1992.

593. Goniakowski, J.M. Holender, L.N. IKantorovich, M.J. Gillan,
and J. White, Phys. Rev. B3, 957 (1996.

603.p. Bates, G. Kresse, and M.J. Gillan, Surf. 385, 386(1997).

61|, Manassidis and M.J. Gillan, J. Am. Ceram. Sad, 335
(1994.

62)\1. Causa, R. Dovesi, C. Pisani, and C. Roetti, Surf. 3t§ 259
(1989.

83C.T. Campbell, Surf. Sci. Ref27, 1 (1997.

54A. Tsoga and P. Nikolopoulos, J. Mater. S8l, 5409(1996.

%G K. Bansil and A.H. Heuer, Acta MetalR0, 1281 (1972; 22,
409 (1974.

%6G.R. Fisher, L.I. Manfredo, R.N. McNally, and R.C. Doman, J.
Mater. Sci.16, 3447(1970.

57W. Lih, E. Chang, C.H. Chao, and M.L. Tsai, Oxid. M8&8, 99

50

49G. Jomard, T. Petit, A. Pasturel, L. Magand, G. Kresse, and J. (1992.

Hafner, Phys. Rev. B9, 4044(1999.

58\M.W. Brumm and H.J. Grabke, Corros. S8B, 1677(1992.

4IR. Orlando, C. Pisani, C. Roetti, and E. Stefanovich, Phys. Rev. BT K. Gupta, J.H. Bectold, R.C. Kuznicki, L.H. Cadoff, and B.R.

45, 592 (1992.
42E V. Stefanovich, A.L. Shluger, and C.R.A. Catlow, Phys. Rev. B
49, 11 560(1994.

Rossing, J. Mater. Sci.2, 2421(1977.
0S5 M. Meier and D.K. Gupta, J. Eng. Gas Turbines Pow&6,
250(19949.



