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Adhesion of ultrathin ZrO ,(111) films on Ni (111) from first principles
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We have studied the ZgDL11)/Ni(111) interface using the ultrasoft pseudopotential formalism
within density functional theory. We find that Zg(11) adheres relatively strongly at the
monolayer level but thicker ceramic films interact weakly with the Ni-substrate. We argue that the
cohesion changes character from dominantly image charge interactions for thick ceramic films to
more covalent for monolayer Zg0L11) films. We provide an analysis of energetic, structural and
electronic aspects of the ZyNi interface as a function of the thickness of the oxide layer. We also
address the role of the exchange-correlation density functional parameterization for modeling the
oxide and metal/oxide interface and discuss the sensitivity of the supercell approximation for
metal/oxide interface properties. @001 American Institute of Physics.
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I. INTRODUCTION conia and interface segregation of other species, activated at
high temperatures. The spallation problem is often reduced
Characterization of the properties of crystalline inter-by placing a bond coat in between the TBC and the metal,
faces between metals and ceramics is of fundamentdjut under real life operating conditions, the bond coat is
interest—little is understood about the atomic level interacoxidized as welt%! Therefore, a lot of effoft® has been put
tions at such interfacks-and of practical interest—such in- into refining and optimizing TBC/bond coat/metal structures
terfaces are present in so-called thermal barrier coating® meet engineering requirements. The search for design
(TBC’s). These coatings are used to protect gas turbine erprinciples has hitherto been rather phenomenological; this is
gine components found in both aircraft and stationary powea consequence of the structural and chemical complexity of
plants. The protective coatings allow fuel combustion to bethe TBC/bond coat/metal structures, together with the lack of
carried out at the highest possible operating temperaturaondestructive experimental probes forsitu atomic scale
(maximizing fuel efficiency.? Unfortunately, current TBC’s characterization of buried interfaces, let alone oxide surfaces.
fail after a sequence of heating and cooling cyéles. Our motivation for the paper is to understand at an atomistic
Zirconia-based materials are often chosen for TBC’sJevel why one cannot simply deposit YSZ on Ni as a coating.
due to their high melting points, low thermal conductivity, Understanding this aspect provides a fundamental basis for
similar coefficient of thermal expansion to that of Ni super-optimizing bond coat properties. Furthermore, an atomistic
alloys used to construct the engine parts, and excellent resitevel characterization of the zirconia/nickel interface system
tance to corrosion and thermal shdckThe main drawback s also useful in other technological contexts, e.g., at anodes
of pure zirconia is the tetragonal-monoclinic phase transforfor solid oxide fuel celld?17
mation at 1180 °C, which is traversed at the desired operat- Atomistic modeling offers microscopic insight into oth-
ing conditions. This transition is accompanied by a volumeerwise inaccessible aspects of complex interface structures.
expansiof’ of ~4%, which generates cracks and eventuallyOur group currently has a concerted effort to characterize,
de-adhesion of the TBC. The tetragonal-monoclinic transiwithin ideal model interfaces, the interactions between dif-
tion is suppressed by adding cubic oxides in small amountferent materials where they meet. Parallel to the present
(~8.5% to zirconia®® Still, TBC’s are prone to thermal work, we also studied the Zrda-Al,O5 interface*® which
cycling fatigue, due to slightly unequal thermal expansion ofis relevant to the TBC/bond coat interface, when the bond
the metal and the TBC, which causes the TBC to spall withircoat is oxidized. Also, this interface determines mechanical
the projected lifetime of the engine, as a result of thermally-and thermal properties of technologically important
induced stresse’s.Other contributing mechanisms to the ZrO,/Al,O; composites. We have also examined the
spallation are oxidation of the TBC/metal interface, en-Al,O4/Ni interaction!® where we learn that AD; may be
hanced by the relatively high oxygen anion mobility in zir- responsible for the spallation that occurs. We also previously
studied the bulk and surfaces of all low pressure ZrO
AElectronic mail: asbjorn@chem.ucla.edy phaseg? Here, we concluded that theZrO,(111) and the

YElectronic mail: eac@chem.ucla.edu m-ZrOz(Tll) surfaces are most stable. This has implications
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for the tetragonal-monoclinic transition in ZgQhanopar- One Zr pseudopotential,3referr.ed to ag Hereafter, is
ticles, explaining why the tetragonal structure is preferengenerated in the neutrals54d*® configuration(which is the
tially stabilized in small particles. LSDA/GGA atomic ground stajevith 4 electrons treated as

This paper is organized as follows: In Sec. II, we discus¥/alence. The outermost pseudoization radius,is 1.62 A.
the calculational details of our work and in Sec. 11D we The local part of the pseudopotential is defined as described
present test calculations with our set of input parameters forbove, withro;=1.27 A. Thes, p, andd angular channels
bulk ZrO, and Ni. In Sec. I, we start by discussing geo- were each augmented with two projectors generated at dif-
metrical aspects of interface modelifgec. 1ll A) and then ferent reference energies. It is well-known that Zr has semi-
we proceed with our results on structural featut&ec. core states, which influence the chemistry under certain cir-
I B), energetic aspectSec. 11l O, and electronic structure cumstances. For the isolated Zr atom, tlse4p states reside
(Sec. Il D) of the ZrQ,/Ni interface. Finally, in Sec. IV, we around 50 and 30 eV, respectively, below the atomic vacuum
draw conclusions from our work. level. Here we investigate this issue for ZrQusing an al-
ternative Zr pseudopotential, referred to as, frereafter,
which includes the Z#dp) electrons explicitly, so that this
Il. CALCULATIONAL DETAILS pseudopotential has 10 electrons treated as valence. It is gen-
erated with the same parameters as, &Axcept that thep
We study the Zre(111)/Ni(111) interface by means of channel is now augmented with an extra projector, generated
the ultrasoft pseudopotential formalién?® within spin-  at 34 eV below the atomic vacuum. Partial core correction
polarized density functional theor§SDFT),%4=2 using the  has been included in both Zr pseudopotentials.
local spin densitLSDA) and generalized gradietGGA) Traditionally, it has been a problem to generate tractable
approximations for exchange and correlation effétfShe  oxygen pseudopotentials, due to the deppeXel; this situ-
Kohn—Sham one-electron eigenstates are expanded in aion has improved considerably with the introduction of ul-
plane wave basis subjected to periodic boundary conditionsrasoft pseudopotentiaf although still halogen and chalco-
All calculations are performed using theb initio total- gen elements often determine the necessary kinetic energy
energy and molecular-dynamics programsp (ViennaAb  cutoff E‘(’:”Jt in the plane wave basis expansion in most prac-
initio Simulation Program (Refs. 28-31 version 4.4 on tical situations. One soft O pseudopotential, referred to,as O

both SGI Origin2000 and IBM/SP2 platforms. hereafter, is generated in the neutraf2p* configuration
(which is also the LSDA/GGA and experimental atomic
A. The pseudopotentials ground statewith six electrons treated as valence. The out-

We used the ultrasoft pseudopotentials contained in da@hrmOSt pcsjeudizati_o rll _ragiufs “ga: 1.0d0 A .-Lh% Iogal part .Or]:
tabase of th&asp code distribution, version 4.4. The Ni, Zr, the pseudopotential is defined as described above, gt

and O pseudopotentials used in our study are of the nonlocal, 0.54 A. Thes and p angular channels were each aug-

separable Kleinman—Bylander forth,generated using a mented with two projectors generated at different reference
RRKJ schem®3to ensure optimally soft pseudopotentials, energies. We also consider a harder O pseudopotential, gen-

at a given transferability level. The local part of the pseudo-erate‘j with a shghtly more conservative chc_nce of param-
potentials are taken as the all-electron potentiafscreened eters, supposedly increasing the transferability. We refer to

with respect to the valence electromaitside a suitably cho- “}'S harder O dp'seugopotent;:i;ﬁ o ﬂf].e following. rllt 'S
sen radiug . from the nuclei and matched smoothlyraj. also generated In the neutr p” configuration with six

to a zeroth order Bessel function, which is feasible to repre_e_lectrons treated as valence, but with an outermost pseudiza-

sent in a plane wave basis. Corresponding pseudopotenti pn radiusr ps=0.82 A. The local part qf the pseudopatential
sets for Ni, Zr, and O exist in the database for both a LSDA'® taken as thel channel pseudopotentigenerated from the

and a GGA parameterization of the exchange-correlati0|"rInbound @3d) resonanck As with q thesapdp angular
density functional. The LSDA parameterization used is thaf:h"‘“.qneIS were each augmented W't.h two projectors generated
of Perdew and ZungéF,based on the Monte Carlo results of &t different reference energies. Neithgrrr Q; has a par-
Ceperley and Aldet® the GGA parameterization used is that tial core correction added.
of Perdewet al®”*® (conventionally labeled PW91 The .
._B,, Electronic structure

same parameters for each of the elements, as summarized
below, were used for generating the pseudopotential sets cor- In this section we summarize the algorithms and settings
responding to the LSDA and the GGA. for determining the electronic ground state, represented by

The Ni pseudopotential is generated in the neutrathe Kohn—Sham one-electron eigenset. The total energies of
4s'3d® configuration (which is the LSDA/GGA atomic relaxed structures are evaluated within collinear spin-density
ground statewith 10 electrons treated as valence. The out-functional theory. Noncollinear effects are not expected to be
ermost pseudization radius figs=1.29 A (inside which the important for the Zr@/Ni interface system, since the mag-
all-electron wave functions are smoothenethe local part netism in Ni is well-reproduced with collinear, spin-
of the pseudopotential is defined as described above, witholarized DFT and Zr@is of course nonmagnetic.
roc=0.89 A. Thes, p, andd angular channels were each For surface and interface calculations, a periodic super-
augmented with two projectors generated at different refereell approach is used and the Brillouin zone integrals are
ence energies. Partial core correction has been included erformed on a 3% 1 Monkhost—Pack grid® this corre-
the Ni pseudopotential. sponds to a sampling spacingg;= \Ag,/3=0.34 A1,
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which is empirically sufficient to represent dispersion fea-data (the pseudopotentiglsand the multiatom calculations
tures ofd-band metals, like NiAgz is the area of the surface/ (based on pseudopotentinlsave corresponding approxima-
interface Brillouin zone. This sampling corresponds to 5tions for the exchange-correlation functional. In other words,
k-points in the irreducible wedge of the Brillouin zone. Z2rO we do not use, e.g., a pseudopotential set, generated with the
phases are insulating at low pressures and therefore BrillouibSDA, in a multiatom calculation with a GGA exchange-
zone integrals are fairly well converged already at a sameorrelation functional for the electron density; this would
pling density~0.6 A~1. To further enhance error cancella- constitute an ill-defined approximatidh.Further, we note
tion with respect to Brillouin zone integral sampling, inter- that self-consistent solutions to the Kohn—Sham equations
face calculations and reference surface/bulk calculatitms were found for each density functional parameterization; i.e.,
determine, e.g., the surface and cohesive eneagy per- GGA energies were not evaluated merely as a post-SCF-
formed in unit cells with similar lattice vectors parallel to the correction to the LSDA self-consistent solution.

interface and identical Monkhost—Pack grid indid8x 3)

parallel to the interface. The electronic Fermi surface is

broadened according to the scheme of Methfessel an@. lonic relaxation

Paxton,” using the first-order approximation to the step- The supercell approach is used: surfaces are modeled as

Iﬂzg::gz igoéhzz(;%p:)t'gg_n%rg%eéi JVE?C;V '?éze?fletziesrﬁ?'thin slabs, separated by vacuum. Interfaces are modeled as

surface effects for most-metals®®* All eneprgies reported junctions between Ni and ZgOslabs, separated by vacuum

R . opposite the junction. This models ZyGayers deposited on

in this paper are extrgpqlated analyﬂcé‘flmy? o=0. an infinite Ni substrate. We refer to Sec. Il A for a more
The necessary kinetic energy cuto,;, of the plane  oahqrate description our structural model of the interface.

¥vave_ basis, in whlghdthe '?thn._Slhzm one_-elg%tro?] WaV§4ns are relaxed in all our interface and surface calculations
unctions are expanded, is effectively determined by the 0Xyg, ey equilibrium positions. Surface calculations are per-
gen pseudopotential in our case. In the ultrasoft pseudop

tential formalism, a secondary kinetic energy cut&f?
comes into playEZ;? specifies the kinetic energy cutoff of
the augmentation wave functiofig;} entering the augmen-
tation density-matrix basis

Yormed to assess the effects of forming the interface. No
symmetry constraints are imposed on ionic relaxation, apart
from the periodic boundary conditions inherent in the super-
cell formalism. The unit cell was not relaxed in interface
calculations: it was considered pinned transversally by the
()= K PV T* (T Ni(111)-substrate. The lattice constant of the (Nil)-
Q”(j) MG = S S(r), @ substrate was fixed to that of the predicted equilibrium bulk
where{¢;} are the set of atomic ultrasoft pseudowave func-value, corresponding to the actual exchange-correlation func-
tions of the pseudoatom corresponding to the pseudopotetional (LSDA or GGA) used; these values are discussed in
tial. Energy calculations using pseudopotentia@re per-  Sec. II D.
formed at E‘Q’Jt,Egﬂt =(270, 554 eV, whereas energy lons are relaxed using a conjugate gradient algorithm,
calculations involving the pseudopotential, Qvere per- until ionic forces are below-0.05 eV/A. Only the Ni-layer
formed at €Y, E29=(396, 928 eV. These choices of closest to the interface is allowed to relédkis applies to all
(Eﬁt,Egﬂ?) results for both pseudopotentials &d Q, in a  interface calculations with both 3 and 4 layers of Ni sub-
convergence of the absolute total energies of about 0.1 e\&tratg. The Ni-layers below are kept fixed to their crystalline
O-atom, whereas total energjfferencesare well converged bulk structure; this is done to avoid interaction of the inter-
within the accuracy of the calculation. face with the free Ni surface on the other side of the Ni-slab
Generally speaking, the electronic density has Fouriewia long-ranged displacement fields. We natgostiori that
components up toﬂmaxCE‘é‘ﬁt,Eﬁﬂf). For practical purposes, residual force components in lower Ni-layers are typically of
when choosing grids for the soft electronic pseudodensityprder 0.1 eV/A or less anyway, which is comparable to the
one may lower this bound to*3naxE%,,E219, without in-  convergence criterion for ionic minimization.
ducing considerable aliasing errors on high Fourier compo- Determination of the equilibrium interface structures are
nents. We used this approach in our calculations. One pradone in three steps for efficient usage for computational re-
tical indicator of aliasing errors is the ionic force drift during sources:
the self-consistent cycles, which was below the convergence (1) First, a rough structural minimization is performed.
level (~0.05 eV/A), set for terminating structural optimiza- An initial guess of the interface structure is relaxed at a 25%

tion cycles. A variant of a residual minimization and direct lower planewave cutoffE™ =203 eV. We only performed

cut

iterative subspace rotation meth@@MM-DIIS) (Refs. 30, interface calculations using the soft oxygen pseudopotential
31, 41 is used for finding electronic eigenstates iteratively.O,; see Sec. Il A. In practice, one finds that with pseudopo-
Twenty extra bands péepoint are included in all calcula- tential calculations the equilibrium structure is well con-
tions, due to the metallic character of Ni and to accelerate theerged at a somewhat lower valueB, than necessary for
iterative minimization. the energy. A localized real-space representéfiai the

Our interface calculations primarily focus on the GGA pseudopotentials summarized in Sec. Il A is used; matrix el-
for exchange-correlation effects(using the PW91 ements of the nonlocal pseudopotential operator are evalu-
functionaf”%9 although some corresponding calculations areated much faster in real space for large systems, but this
made using the LSDAusing the PZ parameterizatioh We  procedure is slightly inaccurate with realistic parameter set-
emphasize that in all our calculations, the atomic referencéings. Further, the rough minimization calculations are per-
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formed spin-paired. This is justified in light of the weak TABLE I. Cubic lattice constanta,, structural energy differencest and
magnetism in Ni. With these bold settings the systems arglagnetic momentg for fcc and bece Ni. Magnetic moments are for the
. . ’ erromagnetic solution in each case.

relaxed, using 50—150 ionic steps, so that forces~ade05

eV/A. XC ar® ak® AE(bcc—fcg u'  pbee
(2) Second, the systems are relaxed further using more  Method functional  (A) (eV/INi) (spin/Ni)

accurate settmgs..The planewave cutoﬁ_c is raisecEf US-PP(This work  LSDA 344 2.73 0.108 063 043

=270 eV, as mentioned in Sec. Il A. Matrix elements of theys.pp(this work ~ GGA 353 2.81 0.100 0.63 062

nonlocal pseudopotential operator are evaluated rigorously iRLAPW? GGA 353 2.80 0.10 0.60 0.52

reciprocal space. The calculations are still performed spinLMTO-ASAZ LSDA 344 273 0.04

paired, since we find that the spin-structure coupling is rathefMTO-ASA™ ~~ GGA 353 -
Experiment 352 - 0.61

negligible in the Zr@/Ni interface system; this is not unex-
pected, due to the weak magnetism of Ni. With these set®Reference 48.
tings, the systems are further relaxed, using typically lesgReference 49.
than 5 ionic steps, until forces are converged belo@05  Reference 76.
eVI/A.

(3) Finally, for the structure relaxed following these two Fe and Co. They also compare very well with experiment
steps, the total energy and density of states are evaluateghg with results obtained by all-electron DFT-based
using settings above, except that the calculation is performeghethod<£84°
spin-polarized. Forces are also evaluated, and it is confirmed The |attice constants obtained using the LSDA are 3%
that the structural minimization is converged, the forces besmaller than those obtained with the GGA, the latter agree-
ing less than~0.10 eV/A. The same procedure is used injng very closely with the experimental value. This is in
calculations for reference surfaces of (Nil) and  gccordance with  the trend  established in the
ZrO,(111). literature384950-52The (hcc—fcg structural energy differ-

In all interface cases, an electrostatic dipoleence and corresponding magnetizations are insensitive to the
correctio?**°is applied(a posterior) perpendicular to the choice of exchange-correlation functional, except for the fer-
interface. This is done to compensate for the computationalymagnetic bee electronic structure, where the magnetization
artifact of electrostatic coupling between supercells, througf@,sing the LSDA is significantly lower than the value ob-
the vacuum region, which may give rise to artificial polar- tained with the GGA; again we emphasize that pseudopoten-
ization effects(ideally, the vacuum region should be infi- tja| generation and our valence calculations had identical ap-
nite). In our cases, no symmetry conditions in the structureroximations for the exchange-correlation effects.
prevent the formation of a dipole perpendicular to the inter-  \we also tested our Zr and O pseudopotential setup for
face, e.g., by charge transfer across the interface. Howevehe low-pressure polymorphs of ZO Recently, Jomard
in all cases, we find very small dipole energy corrections, okt 5153 surveyed the bulk properties of the best-known ZrO
order 9 mJ/m or less. Finally, we stress that ionic relax- polymorphs and we obtain very similar results. These tests
ations in all cases are performed using forces correspondingre also in good agreement with our earlier LDA restflts,
to the total energy density functional used; i.e., we do nopptained with a Troullier—Martins pseudopotential ¥eall
evaluate the GGA energies by stafion) calculations of the  gegrees of freedom are relaxed, i.e., unit cell size and shape,
structure obtained by ionic relaxation using forces derivedys well as intracell coordinates, consistent with the symmetry
from the LSDA density functional; this would be a bad ;¢ .4 phase otZrO,: Fm3m; t-ZrO,: P4,/nmc and

approximatiorf” considering the differences in predicted m-ZrO,: P2, /c). All calculational unit cells have 4 formula

equilibrium bond lengths, as will be discussed in Secs. I Dunits (although smaller unit cells for- andt-ZrO, may be
and Il B.

chosen, containing only 1 and 2 formula units, respectjvely
This enhancek-point error cancellation, because our unit
cell choices have maximum coincidence between,4v@ly-
morphs. We use a4x4 Monkhorst—Pack grid for all

In this section we report a test of the pseudopotentialrO, bulk calculations, corresponding to a sampling spacing
setup for bulk ZrQ and Ni. To assure complete convergenceof kg,=3Vg,/4~0.3 AL,
of bulk properties with respect to Brillouin zone sampling, In Table I, we show the predicted lattice constants of
we use a 1% 13X 13 Monkhorst—Pack grid for the Ni bulk each ZrQ phase. The table shows that generally the GGA
calculations in theminimal unit cells for fcc and bcdcon-  overestimates the volume of ZyQbut this overestimation is
taining one atom eaghcorresponding to a sampling spacing uniform, so that shapegattice constantatios, intracell co-
of kgz=3Vgz/13~0.22 A1, whereVg; is the volume Bril-  ordinates, etg.are in excellent agreement with experiment.
louin zone. Apart from this, we have used same calculationalhe LSDA yields the correct volume, if Zr-semicore states
parameters as outlined in Sec. Il B. are included in the valence, otherwise the LSDA has a ten-

In Table | we show equilibrium lattice constants, struc-dency to underestimate lattice constants; the LSDA performs
tural energy differences, and magnetic moments for bulk NiJess well than the GGA with respect to shapes, even if Zr-
as obtained from our pseudopotential calculations. These resemicore states are included in the valence, but still the
sults are in agreement with those in a recent stliwesti-  agreement with experiment is satisfactory. The most impor-
gating the transferability of ultrasoft pseudopotentials for Ni,tant effect of Zr-semicore states in Zr@& a uniform rescal-

D. The bulk phases of ZrO , and Ni
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TABLE II. Calculated lattice constantg,b,9 (A) at T=0 K for cubic (c), tetragonalt), and monocliniqm)
ZrO,. All unit cells are the conventional fluorite and distorted fluorite cells containing 4 formula dgits.is
the tetragonal distortion of O-columns iRZrO, and B is the angle betweerg(c) in m-ZrO,.

c-ZrO, t-ZrO, m-ZrO,
Pseudopotentidls  a a cla dolc a b/a cla B
Zr, (e} 5.034 5.037 1.012 0.040 5.080 1.023 1.027  99.30°
LSDA Zr, (oN 5.046 5.050 1.011 0.036 5.096 1.024 1.025 99.40°
Zry, Oy 5.082 5.086 1.013 0.040 5.136 1.020 1.029 99.43°
Zr, O 5.118 5.120 1.020 0.047 5.186 1.014 1.031 99.70°
GGA Zr, Oy 5.127 5133 1.026 0.049 5.205 1.012 1.030 99.88°
Zr, Oy 5.164 5.167 1.025 0.051 5.235 1.012 1.034 99.64°
Experiment 5085 5.05% 1.02% 0.049 5149 1.012 1.032 99.23°

%0, and Q, are soft and hard O pseudopotentials, respectivelya@d Zy, are pseudopotentials without and
with Zr(4p) semicore states in the valence, respectively.

PReference 77, extrapolated T6=0 K using Ref. 79.

‘Reference 78, extrapolated To=0 K.

‘YReference 79, extrapolated T6=0 K using the anisotropic thermal expansion coefficiepts(1.03, 0.14,
1.47 107 5/K from Ref. 80.

ing of volumes. Comparing results for pseudopotential seing the soft O pseudopotential (O Overall these error can-

(Zr;,Q) with set (Z,0y) reveals marginal differences, i.e., cellations make the combination (Z0,) best suited for the
O(soft) is just as transferable as (ard for the oxide. The  GGA from a structural point of view.

only systematic effect is a marginal lattice contraction, less |, Taple IV we show the structural energy differences

than 0.4%. The only systematic structural effect of Zr-¢o- 7,0, polymorphs. Generally the GGA overcorrects the

semicore states in the valence is a uniform lattice expansiopgp ynderestimation of experimental structural energy dif-
of order 1% this brings the LSDA into very good agreementt, onces. This was also noted in our previous work on the

with experiment, but worsens the GGA overestimation of — . .
P Zr0,(001)/a-Al,05(1102) interface’® using the so-called

volume. izatidh55:56 of th ith |
Table Il shows that anion intracell coordinates are no-~ B Parameterizati of the GGA. As with structura

ticeably improved going from the LSDA to the GGA, properties, we fi.nd that |@9ft) is just as transferable as
whereas cation intracell coordinates are excellent in botfPn(hard for relative energetics. _ _

cases. The residual errors in intracell coordinates, compared Our results in Table II-IV quantify the importance of
to experiment, do not improve upon including Zr-semicoreZr-semicore states for Zgjpseudopotential set (£rO)) vs
states, nor do they depend on which O-pseudopotential (dZr,Q)], in comparison with other approximatior(e.g.,

or Q)) is used. We note that with respect to lattice constantsthe exchange-correlation functional and the pseudopotential
there is a fortunate error cancellation between on the ongnsatz For the LSDA, it reduces the slight tendency to un-
hand, the GGA volume overestimation, and on the othergerestimate volume and provides moderate improvements in
omitting Zr-semicore states and, to a much lesser extent, ustructural energy differences; in conjunction with the GGA,

TABLE lll. Calculated intracell coordinate@vith cell axes as the coordinate basas T=0 K, for structural generators @fi-ZrO, in the conventional unit
cell with 4 formula units. No ions occupy any special Wyckoff positions.

Zr ot o2

Pseudopotentidts X y z X y z X y z

Zr o] 0.2776 0.0421 0.2097 0.0781 0.3509 0.3288 0.4467 0.7596 0.4833
LSDA Zrn, Oy 0.2782 0.0423 0.2091 0.0793 0.3533 0.3270 0.4464 0.7598 0.4843

Zr, Oy 0.2783 0.0419 0.2095 0.0755 0.3461 0.3338 0.4472 0.7586 0.48

Zr o] 0.2766 0.0432 0.2094 0.0714 0.3380 0.3396 0.4489 0.7584 0.4797
GGA Zn Oy 0.2771 0.0437 0.2090 0.0703 0.3361 0.3414 0.4490 0.7580 0.4801

Zr, Oy 0.2768 0.0429 0.2097 0.0690 0.3334 0.3449 0.4501 0.7573 0.4783

Experimen’t 0.2754 0.0395 0.2083 0.0700 0.3317 0.3447 0.4496 0.7569 0.4792

20, and Q, are soft and hard O pseudopotentials, respectivelyadd Zy, are pseudopotentials without and with(Zs) semicore states in the valence,
respectively.
PReference 7%at 295 K).
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TABLE IV. Structural energy difference@neV/formula unii for the ZrQ, polymorphs.

E¢-210,_ 1210, El-2r0,_ gm-Zr0,
Pseudopotentials LSDA GGA E%p  Hartree—Fock LSDA GGA Expg
Zr, O 39 75 40 105
Zr, (oM 28 63 57 199 41 109 63
zr, Oy 36 80 47 107

aReference 81.
PReference 82.

it amplifies the disagreement with experiment, although it isview is concerned with the detailed chemical and physical
formally a better approximation. The effect of Zr-semicorestructure of the interface. The crystalline aspect is relatively
states in ZrQ@ is comparable to the sensitivity of exchange- simple to approach: one may write down a variety of simple
correlation functional- and pseudopotential-parameterizatiomodeld®°that provide qualified guesses as to which faces of
(cf. Jomardet al >3 for analysis of property sensitivity to par- unequal crystals match well to one another. Obviously, the
ticular GGA functional parameterizationsThis conclusion outcomes of such simple models need critical evaluation. For
is in partial disagreement with the claims of Jomatdal®®  instance, one may match arbitrary crystal faces arbitrarily
and Stappeet al®’ (the latter authors only considered the well to each other, if one assumes sufficiently large unit cells
LDA, though) that inclusion of Zr-semicore states in the va- for both crystal surfaces comprising the interface. Similarly,
lence is paramount for a reliable description of ZrCAt  excellent matchings for rather exotic Miller indices are pro-
variance with Jomaret al,>® we draw the overall conclu- duced for large interface unit cells.

sion that GGA presents no significant improvement com-  In this study, we will apply a simple geometric model to
pared to the LSDA with respect to Zgulk phases; none- survey the geometric aspect of matching £r0 a fcc Ni
theless we prefer the GGA for the interface situation, whichsubstrate. The model is illustrated in Fig. 1: some surface
represents a more inhomogeneous chemical environmentnit cell of ZrO, with areaA, is forced into registry with a
here we expect GGA to perform better, similarly to adsorp-substrate Nicc) surface unit cell, with areA;. By overlay-

tion energies, which are improved markedly with the GGAing these unit cells, as indicated on the right-hand side of
over the LSDA®® Furthermore, generally oxide surface en- Fig. 1, we calculate the overlap ar€n We then define a
ergies seem to be predicted more realistically using thenisfit u as
GGA, whereas the LSDA seems to overestimate this prop- 20
erty for oxides>® In the rest of this paper, we will put em- w=1- )
phasis on the GGA for exchange-correlation, although we At Ay
will also present a few interface results obtained with theThe measurg: is positive definite and quantifies the relative
LSDA for comparison. As the pseudopotential pair\ (i)  average length scale misfand not area mismatgietween
has the(unjustly) added advantage of reducing the GGA ten-two unit cells, which is seen by first order expansion in the
dency to overestimate volume and further performs equallghape difference between two unit cells. In Table V we show
well with respect to energetics, we use (&) in the rest of  the best matching unit cell pairs, according to theivalue,

this paper. This is of importance indirectly, since the GGAfor cells with areas less than50 A%. We exclude some very
does not overestimate volume for Ni, and would conse- elongated unit cells, which are rather unrealistic as interface
quently create artificial strain/strain release at the ;KD  ynit cells.

interface if the volume of Zr@was incorrectly represented.

2

TABLE V. Best matching supercells, according to the misfit meagure

IIl. THE ¢-ZrO,(111)/Ni(111) INTERFACE defined in Eq(2), of different Ni andc-ZrO, surfaceqrestricted to surface

A. Structural models for the ZrO  ,/Ni(111) interface supercell areass50 A?).

Heterogeneous interface modeling has a crystalline and Crystal faces Supercell Misfit

an atomistic aspect. The crystalline component is about Ni ¢-Zr0, area (A?) u
matching lattice constants in two directions. The atomistic 1o 100 12 0.026
100 110 37 0.029
100 111 43 0.035
) 110 110 17 0.026
/ 110 100 26 0.007

/ + A

A 2 110 100 26 0.029
110 111 35 0.053
Ni Zro, Interface 110 111 44 0.016
111 111 37 0.051
FIG. 1. Sketch of a surface unit cell of Ni with aréda and a surface unit 111 111 48 0.032
cell of ZrO, with areaA, . Both unit cells may be multiples of the primitive 111 100 53 0.045
surface unit cell, so that they contain several equivalent lattice pdnis. 111 110 59 0.035

the overlap area between the cells when overlaid.
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We are interested in the adhesion of Zrd@®posited on a Ni(111) 17 x77 ¢-Zr0 ,(111) 13x73
Ni-rich substrate. Given that the actual thermal barrier coat-
ing consists of zirconia doped with a few percent of a cubic
oxide in order to stabilize cubitc) and tetragonalt) ZrO,
over the entire temperature range of interest, we focus here
on lattice matchings foc-ZrO, for simplicity (t-ZrO, will )
have essentially the same lattice misfit as the cubic phase in
the lateral directions The most abundant surface of fcc met- ®-Ni Q - 7r
als is the(111) facet, therefore we concentrate on matchings -
involving Ni(111), although the Zr@Ni system offers sev-
eral other(geometrically very well-matched combinations -
involving other facets, e.gc-ZrO,(100/Ni(110), as seen in  FiG. 2. Top view of the first layer of N111) andc-ZrO,(111). The match-
Table V. Experimentally, it is often observed that an inter-ing unit cells are gray toned.
face is preferred energetically between the most stable sur-
faces. Therefore the Zg0111)/Ni(111) facet combination is

likely to be relevant, as each facet is most stable for eitheNi(lll) andc-ZrO,(111) is sketched in Fig. 2. They corre-
materiaIiWe have actually previgusly proposg&dthat spond to Nj11l) \7x\7 and c-ZrO,(111) 3% 3 in
m-ZrO,(111) is most stable. Buf111] and [111] are terms of primitive surface unit cells. The interface unit cell
equivalent by symmetry foc- andt-ZrO,.] axes are 6.86.6 A.

Intuitively, one may speculate that more open surfaces \We note that this cell choice does not rigorously support
would form stronger interfaces, as there are more “danglingphase transitions tt ZrO, or m-ZrO,; this would require a
bonds” available to form strong covalent bonds across amsurface unit cell double this size. In Sec. 11 B, we will see
interface. However, the equilibrium state is determined bythat the ZrQ overlayers undergo a partial “local” phase
the interface tension, transition tom-ZrO,, despite the constraint imposed by the
3) periodic boundary conditions. Which phase Zr&@tains(lo-

cally) is less important for the local interface cohesion per se;
wherew, g is the work of adhesion between facét@andB  the energy associated with oxygen ions performing the te-
with surface tensiong g, and oq g, respectively. As more tragonal distortion is of order 40 meV/oxygen, compared to
open surfaces notoriously have higher surface tensions, it isiterface metal—oxygen bonds0.5 eV, as we will discuss
the relative strength of interface vs bulk bonds that is deciin Sec. Ill C. On a macroscopic scale, however, Zpbase
sive for whether the interface is preferred between open ofransitions(induced by thermal cyclingare of paramount
compact surfaces. This competition between terms if8g. importance for the work of adhesion, as they lead to stress
may be explored in a simple continuum model for the prob-puild-up, defect formation, and finally spallation of ZrO
lem, which is linear in coordination changes. If we denoteQur calculations are restricted to ideal interfaces.
the coordinatiorz of ions in the most compact surface and in The atomistic features of heterogeneous interfaces are
the bulk asz® andz®, respectively, and introduce the excessmore complex than the lattice matching aspect discussed
opennesg = (z°—2)/(z°— 2% >0 of a surface face.e., the  above. The stoichiometry of the interface depends, in addi-
relative openness of a surface facet, compared to the mogbn to the energetics, on the actual chemical potentials

= O (surface)
O (sub surface)

OAB= 0olaT 0o~ WalB,

compact surface facetwe obtain cluding those of impuritiesas well as kinetic limitations.
0 0 We limit this study to the case of stoichiometric Zr@epos-
w w . : o .
TaB(Xa Xp) = 05+ Xa| TG a— % +xg| 05— % ’ ited on Ni111), because it is currently computationally pro-
hibitive to realistically model off-stoichiometric effects by

@ first principles calculations. This poses a restriction on the
where the superscript 0 refers to quantities pertaining to mostomparison of our results with real-life Ni/ZgQOnterfaces,
compact facetsA and B of each material. In deriving this where either excess Zr or O might be present during film
equation, it is assumed that the interface coordination is progrowth, e.g., via vapor deposition, as it is well known that
portional to+/(za—2z,)(z3— zg), i.e., the geometric average Partial pressures can have significant influence on the inter-
of the “missing” surface coordination. Equatio@) indi-  face atomic morphology. The surface termination ofti41)
cates that the interface is more stable between less-compdgtquite unambiguous and well establishe€ZrO,(111) has
surfaces, if &5 ,<wQ g and/or 270z <wQg. This confirms ~ a stacking sequence like |0|Zr|0|O|Zr|O|OJZr|Q)- - - [this
the statement above that it is the relative strength of interfacglso pertains tot-ZrO,(111), but here the O-layers are
versus bulk bonds for either material that is decisive forrumpled; form-ZrO,(111) and m-ZrO,(111), the stacking
whether an open or compact surface facet of either materiahay also be considered to be |0|Zr|0|0O|zr|O|O|zr|O]- - -,
will be present at a stable interface. Of course, the estimatkut all layers are rather rumpled; see figures in Christensen
of Eq. (4) is a very crude one. and Carte?®]. Therefore, it is most natural to consider a

We have chosen the-ZrO,(111)/Ni(111) combination  ZrO,(111) layer as0|Zr|O|, which we will do for the rest of
in Table V, with the smallefand computationally manage- this paper. A schematic top view of this layer is shown in
able unit cell. A mismatch of 5% still makes epitaxial Fig. 2.
growth possible. A top view of these surface unit cells of  The structural models used for extended interfaces fall
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(a) (b) (c)

111 "?AL ; 111 U
o b
- K | oy,
- 0‘ 7 y, 0‘ ~‘ ﬁ, Q' _ Al X 4
>— 101 AR >—= 101y PLIEHR
011 011 KERNERT

FIG. 3. Side view of onéa), two (b), and thredc) layers of ZrGQ(111) adsorbed onto a Nil1) substrate in the N111)\7 X \/7 interface unit cell. All ions,
except the two lowest NL11) layers(away from the interfadeare relaxed. Ni ions are gray and small; Zr ions are white and large; O ions are dark and small.
The directional arrows refer to the substrate.

into two main categories: cluster and slab models. While\7x 7 interface unit cell. All ions, except the two lowest
cluster models may support very accurate quantum chemic®i(111) layers(away from the interfageare relaxed to their
calculations, they suffer from edge effects. Unfortunately,equilibrium positions. We wish to emphasize that local
convergence of many electronic properties with cluster sizeninima exist on the interface configuration potential energy
is rather slow so that intractably large clusters are necessagurface(PES. We started the ionic relaxation with the ce-
to get a realistic representation of the extended interfacaamic layer translated by different, arbitrary vectors parallel
Slab models on the other hand enforce some periodicity ito the substrate, and in some cases, the ionic relaxation found
the interface plane, so that edge atoms have a more realisticlocal minimum; this represents an added difficulty in the
environment. Slab models also reproduce dispersion of elestudy of complex interface structures. We only present re-
tronic states, being infinite parallel to the surface. As a drawsults corresponding to the most stable equilibrium interface
back, the enforced periodicity may induce artificial strain.found. The interface structure does not appear to be very
The strain may systematically be reduced by enlarging thelependent on the thickness of the ceramic layer. This sug-
interface unit cell, but quickly the calculations become com-gests that the interface structure may be explored in larger
putationally intractable. detail by a local model, involving only ions in the vicinity of
We use the supercell approach, where slabs are repeat#tk interface. However, indirect elastic effects may come into
perpendicular to the interface and separated by vacuum, i.elay for thicker ceramic layers.
the physical interface is modeled by a sequence like The Zro,(111) overlayers maintain a
-+ + |Ni|ZrO,JvacuuniNi|ZrO,vacuuniNi - -- . The vacuum  ---|O|Zr|O|O|Zr|O|O|Zr|O|- - - type stacking, which offers the
region is 10 A thick, which is empirically sufficient to ensure lowest electrostatic energy, but appears somewhat glassy.
vanishing wave function overlap across the vacuum refflon; The slab with 3 layers of Zrg111) [Fig. 3(c)] has trans-
long-ranged electrostatic coupling across the vacuum regioformed partially tom-ZrO,, as seen from the characteristic
is compensated by means of an electrostatic dipolsevenfold coordination of cations and alternating three and
correction?**> The Ni-segment must be thick enough thatfourfold coordination of anions in the middle of the ceramic
Ni-surface/interface coupling through the Ni-segment is negfilm. This is not surprisingm-ZrO, being the most stable
ligible, to model an infinite Ni-substrate. We use a three-
layer Ni(111) slab and we justify in Secs. Il B and Il C that
this is sufficient to reliably model an infinite Ni-substrate. TABLE VI. Typical coordination across the interface in the Ni(14T)

For high symmetry epitaxial interfaces, like (41@0) X A7 interfgce unit ceII..Ion superscripts rgfer'to the coordination number
IIMgO(loO),Gl the vacuum region may sometimes be omitted.across the interface. _Thls qualitative coordination pattern is independent of
; . the number of ceramic layers.

However, the symmetry of Zr{0111)/Ni(111) is too low for
this. Our primary motivation for this study was to model Abundance/unit cell lon —  Neighbots) Comments
TBC's, where the thermal insulating ceramic is deposited

Viewed from ZrG side

onto the substrate metal. Therefore we let th€llM) sub- 2 7zt . Ni
strate unit cell determine the interface lattice constant, which 1 Z¥ - Ni, Ni one short, one longer bond
is held fixed to the theoretical value for bulk Korrespond- 2 o — Ni tilted on-top
ing to the particular exchange-correlation functional ysed 1 O — Ni,Ni,Ni pseudo hollow site
Viewed from Ni side

B. Interface structure 2 N2 —  zr

. . . 3 Ni** — O

In Fig. 3 we show a side view of 1, 2, and 3 layers of 2 N2 zZr0

ZrO,(111) adsorbed onto a {ill) substrate in the N111)

Downloaded 17 Feb 2010 to 192.38.67.112. Redistribution subject to AIP license or copyright; see http://jcp.aip.org/jcp/copyright.jsp



5824 J. Chem. Phys., Vol. 114, No. 13, 1 April 2001

TABLE VII. Adiabatic works of adhesioerrOZHNi(mJ/rT?), average bond
lengths(A) across the interface in the Ni(11dF x /7 interface unit cell,
sorted according to bond typésee Table V), and average dilatioiiA)
(along the interface normebdf the topmost Ni111) layer, when ZrQ layers
are adsorbed, together with the standard deviation in the dilation.

A. Christensen and E. A. Carter

(long) bonds. Per/7 X \7 unit cell, two Zr ions each coor-
dinate with one Ni atom, while another Zr ion coordinates
with two Ni atoms across the interface.

In Table VII we display the average bond lengths across

the interface according to bond type and model parameters.

N;%DI;;Z;*SS 13 23 33 14 13 The interface bond lengths are converged to an asymptotic
XC-functional GGA GGA GGA GGA Lspa value already at 2 layers of ZgOInterface bond lengths for
. a single layer of Zr@ are much shorter, indicating that a
V\\,’V"rk of adhesion 011 1308 995 1960 2749 SiNGle ceramic layer bonds strongest to the metal substrate.
2o As usual, the interface bonds are predicted to be longer when
Bond lengths for bond type: using the GGA compared to the LSDA; the ratio corresponds
Zr:* Nii 266 293 288 266 259  gpproximately to that seen for bulk ZsQattice constants in
érlﬂ ":‘l'l Ni i-g‘; ggg g-gi i-gg i;g Table II. The table shows that Ni—Zr interface bond lengths
O° _ Ni, Ni, Ni 190 208 202 191 185 are 2.7-2.9 A(Wlth!n the GQ@. The average b_ond length
for bulk metallic Ni and Zr is 2.76 A, suggesting that the
Interface Ni layer corrugation Ni—Zr interaction at the interface is weak, but present. Com-
Average dilation 0.051  0.030 0.032 0054 0.030 paring the results for 3 and 4 layer Ni substrates in Table VI
Standard deviation 0.15 011 0.12 0.5 0.13

suggests that the interface structure is fairly converged with
respect to substrate thickness; in other words, the 3-layer Ni
slab is a reasonable model for the infinite Ni substrate from a
polymorph. However, the ceramic film is not able to trans-structural point of view. We note that the results in Table VII
form completely tom-ZrO,, due to the constraints imposed are slightly influenced by the constraints imposed on the
by the periodic boundary conditions, which create geometrigower Ni-substrate layers. This most likely corresponds to a
frustration. Another indirect driving force forc(~m)-ZrO,  small rescaling of the rumpling in the Ni-interface plane.
transition is the tensile stress associated wrErO,(111) Figures 3a)—3(c) illustrates that the onefold interface
being expanded by 5%, imposed by the periodic boundargnjons(labeled @ in Table Vi) drag out Ni atoms slightly
conditions. Since the volume @h-ZrO, is 7% larger than  from the Ni-substrate. Adsorbed oxygen in related situations
C-ZrO, (at T=0 K), the transformation reduces the misfit in paye heen observed to pull metal substrate atoms outwards.
the ceramic Iayer to less _than the 5% shown for thepq, PAA001)/PA100), a surface corrugation of PO of
C-ZrO,(111)INi(111) match in Table V. A crude estimate ger 0.26-0.51 A was observed by tensor LEED anaf§sis.
indicates an actual compressive strain of order 2% in theq yeconstructed O/QLO0), LEED indicates vertical relax-
ceramic overlayer due to the pseutdeZrO, structure that is ations of order 0.10 &% For F&001)-(1x 1)O [which may be
formed. Thus, this interface reduces the strain by Convertin%onsidered as a monolayer of FeO ontd@84)], a smaller

5% tensile stress to 2% compressive strain via conversion OJutward relaxation of 0.01 A for the first clean('BGl) layer

.CUb'C 0 mqnochmc ZrQ. Whether this WOUIQ occur at-an pas deduced by Auger spectroscopy and medium-energy ion
interface with less tensile stress, modeled within a supercel s
Scattering® In Table VII, we show the structural perturba-

IS an open question. At thgz moment, this is beyond our €OMiion of the Ni111 substrate by forming the interface. The
putational means to consider.

S . . dilation of the topmost NiL11) is referenced to the unrelaxed
The coordination pattern of ions closest to the mterfaceb Ik terminatior{keeping in mind that th f laxai
plane is quite similar for either 1, 2, or 3 layers of ZrO ulk termination keeping In mind that the surtace refaxation

adsorbed. There are typically 9 interface bonds per unit celf.or Ni(111) is minuté®]. The standard deviation in the posi-

This is detailed in Table VI. This table shows which kind of 101 distribution of interface Ni atoms gives a quantitative
neighbors an ion typically has on the opposite site of theestimate of the ceramlc-!nQchd corrugation of the Ni sub-
interface. The Ni—O bonds are the most important: surfac§tate. The standard deviation is larger than the average po-
anions on the Zr@side touch the NiL11) surface in hollow  Sition along the interface normal, because 2 interface Ni at-
sites and on-top sites in the ratio 1/2. One might speculat@Ms in the supercell are dragged rather far out of the
that it is energetically preferred to maximize the number ofSubstrate(0.17-0.32 A, whereas the remaining 5 interface
anions being in hollow sites, as the hollow site is preferred\i atoms in the supercell are repelled weakly by the ceramic
over the on-top site by~1 eV/oxygen (Ref. 62 for (by around 0.04 A Table VIl also supports the picture that
O/Ni(111) (neutral oxygen atomsHowever, due to the in- @ single layer bonds strongliand perturbs the substrate
trinsic length scale misfit, the interface must accept som@osd, whereas the bonding loosens and saturates for two or
less favorable Ni—-O bonds to obtain some favorable Ni—Omore ceramic layers. The fact that the LSDA predicts 40%
bonds. less dilation than the GGA is strikingompared to previous

The slab with 2 layers of ZrQ[Fig. 3(b)] deviates a differences in lattice constants of order R%ut possibly
little from the pattern; the hollow site anion sits rather asym-may be attributed to the relative smallness of the dilation,
metrically, so that this configuration is in between a bridgecompared to the magnitude of bond lengths. Again we no-
and hollow site situation. This is most likely an indirect ef- tice, by comparing the results for 3 and 4 layer Ni substrate
fect induced by the upper ZgOlayer. Zr ions coordinate in Table VII that results are well converged with respect to
weakly with Ni atoms via what may be considered as diffusesubstrate thickness.

Downloaded 17 Feb 2010 to 192.38.67.112. Redistribution subject to AIP license or copyright; see http://jcp.aip.org/jcp/copyright.jsp



J. Chem. Phys., Vol. 114, No. 13, 1 April 2001 Adhesion of ZrO,(111) films on Ni(111) 5825

C. Interface cohesion Wzro,ini that is important for the mechanical properties of

In this section we focus on the energetic aspects of théhe interface. The energy difference/fo, ini—Uzro,ini) is
ZrO,(111)/Ni(11)) interface. The main quantity is the adia- dissipated after the interface separation.

batic work of adhesiONVZrOZHNi>O, In Table VII we show adiabatic work of adhesion
Wzr0, INi » calculated as discussed above. It is seen that the
EOIINi+(EBI|\ZrO _Egro i) bonding of a single ceramic layer is relatively strong, of
W ni= A 2 . (5)  order 2000 mJ/f using the GGA. The bonding is signifi-
2

cantly decreased, when the thickness of the ceramic layer is
increased. This is in accordance with the trend in interface

where Eq i and Egjzo, refer to the total energies of the pond lengths discussed in Sec. Il B. The asymptotic level
relaxed, isolated Ni and ZrOfilms, respectively, and (corresponding to a useful TBGs less than 1000 mJ/m
Ezo,ini refers to the total energy of the relaxed interfaceExtrapolating VQrOZHNi to a macroscopically thick ceramic
structure A is the interface area of the unit cell ahdis the  film (N=<) using the two parameter form,
number of ceramic layers. Generally, the mechanical work
wg}nghHNi needed to physically separate an interface is larger
than the adiabatic work of adhesiwhOZHNi due to dissipa-
tive processes, as discussed by Fiffhishus our predictions i
may be considered as lower bounds for the work of adhesio%
obtained by any cleavage experiment. w o

In Eq. (5), we use values foEz0, corresponding iso-  ZrO,(001)/a-Al,05(1102) interface, wherw?rozmbos was
lated ZrGQ films stretched slightlytransversally to accom-  essentially converged &=1. Results in Table VII are ob-
modate the Ni substrate, corresponding to thélNl) /7  tained by subtracting energies of structures in similar unit
X7l Cc-Zr0,(111) V3% /3 match(but allowing the ce- cells, to achieve maximum error cancellation with respect to
ramic film to relax fully perpendicular to the interfgcéVve  k-point sampling. Interslab dipole corrections are applied to
use this convention, because otherwiggo,ni contains a all results also, but the magnitude of the dipole interaction
bulk elastic component, which diverges with increasingenergy was found to be very small in all cases, of order 9
numbers of ZrQ layers(N) deposited. This bulk strain com- M3/t for the vacuum layer thickne$$0 A) applied in our
ponent is unrelated to the local cohesive properties of th&alculations. We note from Table VIl that the cohesive en-

interface per se, which we want to characterize. The converrgies are fairly converged with respect to substrate thick-
tion of usingEq o, for the stretched state is also sensibleness, so that they are much less sensitive to substrate thick-

ess than the ceramic film thickness; this is probably due to
fglte fact that the screening is more efficient in the Ni metal
ubstrate than in the ceramic.

Our observation that a single ceramic layer bonds
defect energy should tend to cancel bEtW&ﬂzroz and strongly, whereas the bonding is wgakened for many cergmic

. . L : layers is a mirror of the trend noticed for metals deposited

Ezro,ini in EQ. (5), if a realistic interface model is used. onto ceramics; many metals are predicted to wet, but then
Likewise the strain energy component, induced by the neegy| up for mo’re than one monolayer deposﬁ%ﬂ?ﬁ’gi.e.,
of PBC in our calculations, cancels betweBg zo, and  growing in a Stranski—Krastanov fashion. Note that the trend
Ezio,ini IN EQ. (5) when the ZrQ is in the strained state, S0 that the ceramic favors interceramic bonds when the thick-
that this energydifference B z0,—Ezio,ini is realistically — ness of the ceramic layer is increased is opposite of that

predicted, even though the model system$Zr®, and e€xpected from the simplest image charge interaction
ZrO, INi both are in a strained state. This error cancellationmodel?” which states that the major contribution to metal—
lessens the severity of the epitaxial assumption inherent fogeramic bonding is the electrostatic attraction between the
the PBC. This cancellation principle may also be applied toceramic and itdoppositely-chargedimage in the metal: a
differencesin structural aspects, induced by interface forma-thicker ceramic layer would produce a larg@ppositely
tion, although the argument is somewhat weaker in this recharged electrostatic image in the metal and thus bond
spect. stronger. The reason the image charge model breaks down is
It is possible to conceive a second adiabatic work ofthat the cohesion changes chara¢bercomes more covalent

adheSioerOZHNi , Which covers processes on all time Sca|es,f0r very thin qu films. We will discuss this in more detail
in Sec. llID.

As expected, the LSDA value fchrOZHNi is signifi-
cantly larger than the corresponding GGA value. Interest-
ingly, it is 37% larger, whereas the cohesive energies for
bulk ZrQ, and Ni are “only” 10%—-20% larger with the
where ZrQ(«) symbolizes a complete structural equilib- LSDA compared to the GGA. This shows that differences
rium of the isolated Zr@ film. Then, generally, the follow- between the LSDA and GGA predictions are nonhomoge-
ing inequality will hold:quozHNi<er02”Ni<w?,%’2h”Ni. Itis  neous.

N—1
N ] 1 0
Wzi0, ini=Wzro, Nt (Wzro, ini ~ Wzro, ini) eXp—— @)

vesw°z°,02 =745 mJ/m and\ = 1.2 layers. The decay of
Qroz i With N is slower than for our recent study of the

for the following reason: the real life interface has defects o
the ZrO,-side to release stresses; these crystal defects pers
long after the physical separation of the interface, on a timé
scale of the separation process. Therefore the, Zn@stal

Eoinit Eoizroy=) ~ Ezro, ini
Uzro, INi = A , (6)
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Averaging the cohesive energy obtained with the GGATABLE VIil. Reference valence charge and magnetic monfesing the
over interface bonds gives an average bond strength of O.?G.A) for isolated Zr(111) and N111) films (3 layers each as obtained
. . . y integrating atom-projected electronic DOS within spheres around each
eV/bond for a single ceramic layer, decreasing to 0.2 eV, ucleus €= 1.372 A1, —1.630 A, and o=1.210 A). The ZrO-films are
bond for an infinitely thick ceramic layer. The correspondingin the uniformly expanded state, to accommodate the N lattice con-
LSDA value is 0.68 eV/bond for a single ceramic layer. stant.
These values are based on 9 interface bonds per unit cell, i.e7;

both the short Ni—O and diffuse Ni—Zr bonds are counted on

Charge(electrons/ion  Magnetic moment gg/ion)

an equal footing. Ni 9.52 0.71
The fact that the Zr@Ni interface is weakly bonded — BUK g 2'32 g
also emerges from the interface tension, 8j, '
_ Ni 9.36 0.68
o = ooNiT O —-W . 8
210, INi= T0INi T 001120, WZzr0, INi () Surface  Zr 579 o
For a nonstoichiometric interface, E¢8) would involve o 6.29 0

chemical potentials as well. The sign and magnitude of
0210, INi tells whether the interface bonds are stronger than

the internal bonds in each ceramic, so thatdo,ni  lead to increased interface cohesion. Further, the ceramic
<oonit 0ozro, corresponds to weakly coupled interfaces,system releases the tensile stress by transformation to a
and o0, <O to strongly coupled interfaces. A very nega- Pseudom-ZrO, phase. In other recent wotRwe found that
tive 070, ni May reflect a propensity to form an intermediate thin ¢-ZrO,(001) films transformed tan-ZrO,(001), even

. . : . without an imposed strain in the ceramic layer.
phasechemically mixed at the interface. The Ni andrans- hatZ i
versally stretched ZrQ films have asymptotic surface ten- One may also speculate t rOo(111)1-2r0,(111)

sions of 1900 and 650 mJAnrespectively(using the GGA offers better steric possibilities for matching (NL1), as
density functional implying oo, i~ 1800 mJ/m for an compared tom—ZrOz(lll)/mj_Zr_Oz(111) 3 but that th|.s is
2 suppressed because an artificial PBC induced strain domi-

infinitely thick ceramic film; the sign and magnitude of nates energetically. This cannot be excludggtiori, but we

7210, 1ni dO€S MOt c.:hange for ? smgle.ceram|c lagtée sur- _ note that either Zr@polymorph has a similaf111) stacking
face energy of a single ceramic layer is larger than for ath'd%equence ...|0jzr|0]---, and the surface anion lattice

ceramic film. These values are consistent with the |Im|tedf0rms a(distorted hexagonal structure in all cases, to mini-

body of experir;lental data available. Duh and CHlend  i¢ clectrostatic repulsion. This fact renders the latter pos-
also Wanget al.’* found no interphase formatidimterfacial sibility less likely

reaction) between Ni and Zr@Qunder clean conditions, con-
sistent  with oz0,ni>0.  Tsoga, Naoumidis, and

Nikolopoulos? found no(macroscopitwettability of Ni on
YSZ in sessile drop experiments and observed a contact We carry out an electronic density of statd30S)

angle ofg= 117°. The Young equation for the contact angleanalysis by integrating the occupied, atom-projected DOS,
of @ relates the surface tension and adhesive work for thisbtained by projecting electronic states onto spherical har-

D. Density of states at the interface

case as monics inside spheres, centered at each ionic site. We use the
Somi—Tzo.mi Waro I radii ry=1.372 A,_rZrz 1.630 A, andro=1.210 A._Simi-
cog §) = : O INt_ 2o N 1 9) larly, local electronic spectrdé.g., local DO$properties are
00zr0, 00/zr0, obtained by projecting electronic Bloch states onto spherical

This points to an even smaller value of ordes 350 harmonics centered inside the same spheres. These radii cor-
P 1O, INi responds to volume-conservingi.e., space-filling and

mJ/nt (using our extrapolated GGA value fer z,0,= 650 weakly-overlappiny spheres at the equilibrium lattice con-
mJ/nt). This is easily rationalized, because their experimenktants for Nifcc) andc-ZrO,. For ZrO,, an additional con-
used YSZ as opposed to the stoichiometric, pseudocrystastraint is necessary to fix the ratig/rz,. The most obvious

line ZrQ, in our calculations. Furthermore, our results applychoice is to determine this from their respective ionic radii,
to an ideal interface with 100% contact area. The results ofe., r/r,=1.30/0.84. However, this leads to a valuergf

Duh and Chieff indicate that a contact area of 30%—70% iSinside the pseudization radius for Zr; therefore we isgt
more common in the Ni/YSZ interface system. Therefore the— rgg and determine o from the volume conserving require-
situation is fully rationalized by accordingly scaling down ment for c-ZrO, at the equilibrium lattice constant. For
our ideal value ofwzo, i - c-Zr0O, at the equilibrium lattice constant for the GGA, this
One may worry that the weak interface bonding we findyields 2.80 and 6.48 valence electrons per Zr-ion and O-ion,
is an artifact due to the strain induced by the periodic boundrespectively. It would be misleading to choose these radii so
ary conditions, imposed for methodological reasons in ouas to reproduce the nominal cationic/anionic electronic
calculation. However, since the strain is primarily tensile,charges(0/8 electrons, respectivelysince this implies 5,
this would act oppositely; a bond stretching in the ceramic=0. This procedure is nonunique and the results depend
layer is more likely to induce an interface bond strengthensomewhat on choice of sphere radii, in that chargesimal)
ing. Therefore we find it unlikely that an imaginary calcula- regions of space, where spheres overlap, are counted twice,
tion without imposed periodic boundary conditions would whereas “interstitial” charge is not counted at all. The pro-

Downloaded 17 Feb 2010 to 192.38.67.112. Redistribution subject to AIP license or copyright; see http://jcp.aip.org/jcp/copyright.jsp



J. Chem. Phys., Vol. 114, No. 13, 1 April 2001 Adhesion of ZrO,(111) films on Ni(111) 5827

TABLE IX. Layer-averaged, angular-momentum-resolved DOS, local band center, and local band width for Ni
atoms(using the GGA for the interface configuration with 3 layers ZiQ11) deposited onto 3 layers(41L1).

See text for further details. Numbers are obtained by projecting electronic states onto atomic sphergs with
=1.372 A. The energy zero point is set to the Fermi level. Tatit 4, 8, 13 refer to weighted averages, i.e.,

to the quantities obtained from DOS moments after angular momenta were summed out.

Occupied valence
Ni DOS (electrons/Nj Local band centefeV) Local band width(eV)
|
type S p d Total S p d Total S p d Total

Interface 0.52 052 8.44 948 -524 -381 -206 —-231 273 295 136 176
Bulk 053 056 842 951 -537 -340 -220 -242 173 152 123 148
Surface 053 044 839 936-436 —-291 -191 -208 189 168 1.05 1.27

cedure does not strictly conserve charge, generally speakin@.15 electrons; this is mainly a vacuum spill-out effect. We
For instance, the charge in volume-filling spheres fdifc¢d) also find that the magnetic moment decreases @.g/3\i,

is 9.52 electrons as opposed to the nominal 10 electrongoing from Ni bulk to the surface Ni11).

Similarly, for c-ZrO, (at the equilibrium lattice constant In Table IX we have resolved the electronic DQSing
only 15.75 electrons/ZrQ compared to the nominal 16 the GGA for the three Ni substrate layers, which are
electrons/ZrQ, are recovered by charge integration oversurface-, bulk-, and interfacelike, respectively, to elucidate
spheres with the chosen radii. However, trends and charggifferences in chemical environments. The table shows the
differences are predicted more robustly when using a consisingular-momentum-resolved DO$.j, local band center
tent set of projection sphere radii. No unambiguous methodc) and local band widthw), which are generated conven-
exists for attributing electronic properties to particular atomstionally from the first moments of the Ni local Doﬁh
although some schemes, like Mulliken population analysis,:ffpean(E)dé, er being the Fermi energy aridthe angu-
have certain advantages. lar momentum quantum numbers. Explicitig-=p}/pg,

In Table VIII we show absolute sphere charge and po-and L \/L_—LZ/L The anaular-momentum-
larization for isolated NiL11) and ZrG(111) obtained with w==\(pz~(p1)")/po. ' anguiar H
averaged quantities are formed similarly, usipg==p, .

this choice of sphere radii. The Zdilms have
! ! P ! ; v 'I&hese entries are labeled “Total” in Table IX. The layer

pseudomonoclinic structures, as discussed in Sec. IlIB, an ) ,
are in the(transversally stretched state, to accommodate the@VErages displayed are tabulated as simple averages over cor-

Ni(111) lattice constant. In Table VIII, “bulk” refers to the responding ion-proj_ected quanti_ties. qut noticeable is that
middle film layer, which empirically has electronic proper- the bottom of the Ni valence region attains mpreharacter,

ties very similar to the bulkfor materials like Ni and zrgy. ~ PY interaction with the Zr@ O(2p) valence band. Also, the
The Zr ions labeled as “surface” in Table VIl do not pro- interface band width is larger than the bulk value, indicating

trude from the surface, but reside approximately 0.7 A belowfovalent Ni-O interactions. _
the surface terminating anions. The surface ions lose 0.1— Figure 4 shows the local DOS of the interface structure,
where the graphs are arranged along the interface normal,

to provide a spatial profile: ceramic surface ceramic bulk
<<< Zr0, | Ni>>> — interface— Ni bulk — Ni surface. The energy zero is
o z o z o NN N chosen at the Fermi level. The lowest feature on the oxygen
‘ e ‘ ions, 17—-19 eV below the Fermi level, is the narro2€)-
3 b9 19 e kK 9 M derived band with a band width around 1-2 eV, indicating
0 : 0 the Q2s) electrons are very localized. The ceramic valence
7 band is derived from the @p) states and shows a larger

dispersion than the @s) band, indicating significant delo-

calization. The ceramic conduction bands are derived from
-10 the cation Z4d) valence states, with the bottom of the con-

duction bands being mainig-like. The valence region of Ni

is dominated by thal-band, the top of which is cut by the
7 Fermi level. The bottom of the bulk Ni valence band has
0 2 ‘ S ‘ ‘ s-character.

DOS [states/ion/eV] Interface anions are noticeably perturbed by the forma-

tion of the interface: @s,2p) features are shifted down. This
FIG. 4. Electronic density of states profile, averaged over ionic layers par: @s,2p)

allel to the interface, for the interface structure in Figc)3vith 3 substrate 1S ‘_jue to the image potential set u_p b_y the Ni substrate,
layers N{111), and 3 layers Zrg(111). The energy zero is at the Fermi Which screens the Madelung potential imposed by the ce-
level. (a) “Surfacelike” O(111), from the 3rd ceramic layetb),(c) “Bulk- ramic. The image charge interaction is most likely the major

like” Zr and O from the 2nd ceramic layefd),(e) Interface Zr and O, from : : : :
the 1st ceramic layer(f) Interface Ni, from the 1st substrate laydg) component of the cohesion for this trllayer film. ThéZ@

Bulklike Ni, from the 2nd substrate layefh) “Surfacelike” Ni(111), from SFateS are split up in two peaks; these correspond to two
the 3rd substrate layer. different kinds of oxygen (& O®, see Table VI found at

Energy [eV]

1
-
o

-20
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TABLE X. Layer-averaged valence char@gectrons/ionand magnetic momenijug/ion) (using the GGA for

the interface configuration with 3 layers ZsQ211) deposited onto 3 layers ({iL1). Layers are numbered in
ascending order away from the interface. For induced charge/magnetic moment, the reference state is either
corresponding ions in the isolated film or bulk ions.

. Absolute Inducedvs film) Induced(vs bulk)

Ceramic or metal  lon

layer type Charge Moment Charge Moment Charge Moment
o 6.43 0.00 0.00 0.00 0.00 0.00

2 (bulk) Zr 2.88 0.00 -0.01 0.00 -0.01 0.00
e} 6.42 0.00 0.00 0.00 0.00 0.00
o 6.41 0.00 —-0.02 0.00 —-0.02 0.00

1 (interface Zr 2.81 —-0.04 0.01 —0.04 —0.08 —-0.04
e} 6.42 0.04 0.13 0.04 0.00 0.04

Interface
1 (interface Ni 9.48 0.56 0.12 -0.12 —0.04 —0.16
2 (bulk) Ni 9.51 0.67 -0.01 —0.04 —-0.01 —0.04

the interface. The hollow site oxygen {)0is associated with layers further from the interface, supporting the point that the
the lowest energy peak. Somdike DOS is induced in the overall interface chemistry is local.
lower Ni valence region by interaction with the ceramic ~ In Table XI, we have resolved the DOS layer averages
O(2p)-band. The interface Zr ions are less perturbed by théor the metallic/ceramic interface layers into particular ions.
presence of the interface; the valence band projections on Ve use same convention for calculating induced chéilye
indicate they are coordinated to the interface oxygens. Metalr bulk reference staeas explained for Table X. Again the
induced gap stated1IGS) are visible on both the surface O rows are ordered according to ionic position along the inter-
and Zr, but are barely present in the lower ceramic layersface normal. The charge on Ni ions drops the closer they are
The Fermi level aligns to the middle of the oxide gap. to the interface plane, supporting the point that Ni donates
In Table X we show charge and magnetic moment pessome charge to interface oxygens. Interestingly, the magnetic
ion, averaged over distinct layers. Table rows are orderednoment on Ni ions increases, the closer they are to the in-
along the interface normal, so that the table provides a spati&rface plane, in contrast to the decrease in magnetic moment
profile. All data in this table are generated from the interfaceapproaching the free Ni surface. This seems to correlate with
configuration with 3 layers ZrQdeposited onto a 3-layer Ni the induced magnetic moment on interface oxygen, however.
substrate, shown in Fig(@. The four rightmost columns of The interlayer resolution of charges reveal that(Z) and
Table X display induced charges and magnetic moment. “InZr'(1) donate a little to Nf(1) and Nf(1) (see Table VI
duced” means that we have subtracted the charge or mag-
netic moment of the corresponding layers in either the iso-
lated 3-layer ZrQ or Ni films (or in the bulk from the  TABLE XI. Valence charggelectrons/ioh and magnetic momentug/ion

charge or magnetic moment of the interface structure. Thes‘éz'Si][!g thet_GGA_rt‘:]S%'Vled O”tozigelrﬁ‘;ecions ir_‘ttze “”t“ Cg“lfor the&”{;’face
- . . . . configuration wi ayers Zr eposited onto 3 layers .
two distinct comparisons gives an idea of the impact thqnduced charge and magnetic moment have same meaning as in Table X

interface formation has on both surface and bulk electronigsee text for further detailsRow order is according to position along inter-

properties_ face normal. lon type classification superscripts follow Table VI; ion num-
Compared to isolated films. the most noticeable Chang@ers in parentheses label the frequency of a given type in the interface

. . . . ’ . .~ region per supercell.

is that interface ions regain charge on interface formation

which previously spilled out into the vacuum. It appears

some bonding charge in the interface region is drawn from

Absolute Inducedyvs film) Induced(vs bulk

lon

upper part of the first ceramic layésoth O and Zyr and the 'ype  Charge Moment Charge Moment Charge Moment
first Ni layer and placed at the interface oxygen lafhich Zr1(1) 285 -0.03 005 -0.03 -004 -0.03
regains its bulk charge completglyThe induced charges do ;:28 g';g :8'32 :8'81 :8'82 :g'icl) :8'82
not add up to zero, due to the vacuum region, neglect of theol(l) 6.40 0.02 011 0.02 —002 0.02
interstitial region, and sphere overlap, as pointed out above.o1() 6.41 0.02 011 002 -0.02 0.02
The interface formation results in an even further depletion 0%(1) 6.46 0.08 0.17 0.08 0.04 0.08
of the magnetic moment on the Ni-surfagghich already Interface

has less magnetic moment than the Ni buln the other i1y 939 0.61 002 -007 -013 -0.11
hand, a small aligned magnetic moment is induced in the nitb(2)  9.43 0.56 007 -012 -0.09 -0.16
interface oxygen layer. Interestingly, an antialigned magnetic Ni*°(3) ~ 9.51 0.62 015 -0.06 -0.01 -0.10
moment is also induced in the cations in the first ceramic Nfgl) 9.47 0.56 011 -012 -005 -0.16
layer, showing that they participate covalently in the inter- Z:Z((zl)) g:gi 8:2‘31 8:13 :8:12 _%%32 :gjg
face bonding as well. Apart from this, Table X shows the \ja5) 954 0.49 018 —019 0.02 —0.23

interface formation has a minute effect on substrate/ceramie
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1 layer ZrO, 3 layers ZrO,

FIG. 5. Atom-projected DOS for interface anions, for 1
4 -10 and 3 layers of Zr@ adsorbed, respectivelgee Table
] VI for interface ion classification The energy zero
point is at the Fermi level for each interface structure.

Energy [eV]

DOS [states/ion/eV]

for ion labeling and that Nt°(3) donates a little to &2);  jections from the bulk @p) valence band. The weighted
the hollow site oxygen €{1) receives a slight amount of average one-electron potential for the interface oxygen layer
charge. So there is some internal charge redistribution in this about the same for 1 and 3 layers of Zr&dsorbed, re-
vicinity of the interface, but no significant net transfer to or spectively. For the Zr@monolayer, the &2s) are higher
across the interface. This view is supported by the fact thathan for 3 layers: this is associated with a charge redistribu-
the interslab dipole interaction energy is minute, as pointedion in the interface oxygen layer. This is clearly revealed in
out in Sec. Il C. Calculations for other metal/ceramic sys-Table X, which shows that charge associated with i©
tems has also suggested very little charge transfer across ticreased by~0.11 electrons, whereas the charge associated
interface®®73-7° O! ions is decreased with0.08 electrons.

In Fig. 5 we show the atom-projected density of states In Fig. 6 we compare the atom-projected density of
for interface oxygen ions for the case of 1 and 3 layers oftates averaged over all interface Ni and oxygen ions for one
ZrO, adsorbed, respectively. The splitting of th€26) peaks ~ and three layers of ZrDadsorbed, respectively. The figure
between ® and G type ions(see Table VI for interface ion shows that the local Ni band width at the interface is in-
classification increases markedly for 1 layer vs 3 layers of creased for one layer, indicating increased covalency; it also
Zr0,: the @ ions for 1 layer of ZrQ are subjected to a Shows a stronger ®2p) peak for the Zr@ monolayer in the
deeper image potential from the Ni substrate; thegD lower Nivalence band. Allin all, this supports the view that
peaks track the electrostatic potential experienced by the afor thick ceramic films the bonding is image-charge-driven,
ions, loosely speaking. The stronger electrostatic stabilizawith interface anions being mostly ceramic like: the ceramic
tion of O° ions causes the Y2p) states to fall below the prefers internal bonding. For monolayer Zr@ms, some
ceramic @2p) valence band and localiz&f. the narrow anions change character from ceramic to adsorbatelike and
peak. The interaction with the Ni substrate becomes morgform localized bonds with the Ni substrate, causing an over-
adsorbatelike. The Dions still participate in the @p) va-  all more covalent interface cohesion.
lence band, as is visible from the strong weight th@p)
yalence bar_ld has on_these ions. F(_)r 3 layers ofz_Zra)I IV. CONCLUSIONS
interface anions are still ceramiclike, i.e., have dominant pro-

We have used the ultrasoft pseudopotential DFT formal-
_ S ism to study the Ni(111)7X \7lic-ZrO,(111)y/3% 3
TABLE XII. Comparison of chargeelectrons/ion on individual interface e 5| interface in detail, as a model thermal barrier coating
oxygen iongfor ion type classification superscrlpts, see Tabljefdrland (TBC) system The lattice constant mismatch is nominally
3 layers of ZrQ(111) adsorbed, respectively. Also shown is the average s i A
charge of all interface Ni atoms. 5%, but the tensile stress is released somewhat by an incom-
pletec—m-ZrO,(111) phase transition in the ceramic layer.

tL?p”e '{‘tl‘:;:fez:gyge” Charqs'gc;;‘:;‘szﬁr‘g Our main finding is that Zr{111) adheres relatively
strongly at the monolayer level, but thicker ceramic films
oY(1) 6.32 6.40 interact weakly with the Ni-substrate. This reveals at least
O;(Z) 6.33 6.41 one reason why pure Zgds inadequate as a TBC, since the
o) 6.57 6.46 thick films needed as a thermal shield will be only weakly
Ni (layer average 052 9.48 adhered, leading to easy spallation. A 2(011) monolayer

is predicted to have an ideal work of adhesion of 2000
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> . . .
Q2 FIG. 6. Atom-projected DOS for interface Ni and O
> 10| T 1 _10 ions, averaged over their layers, for 1 and 3 layers of
g ZrO, adsorbed, respectivelgee Table VI for interface
c ion classification The energy zero point is at the Fermi
w level for each interface structure.

20 Pk I

20 f 3 layers ZrO, 20

—— 1 layer ZrO,
0 2 0 2

DOS [states/ion/eV]

(2750 mJ/in? using the GGA (LSDA) for exchange- Nisurface. A very slight magnetic moment is induced by Ni
correlation effects. We extrapolate the ideal work of adhe-on the ZrQ interface ions, spin-parallel for anions and spin
sion for an infinitely thick ZrQ layer to 750 mJ/fy with antiparallel for the cations. Our investigation has been lim-
ceramic—ceramic bonds strengthened at the expense of tited to stoichiometric Zr@deposited on NIL11) for compu-
metal—ceramic bonds, when the ceramic layer grows. tational reasons. In the future it would be interesting to ad-
This trend is opposite to what is expected from the sim-dress off-stoichiometric effects at the Ni/Zrinterface by
plest image charge interaction mo@élyhich states that the first principles calculations.
major contribution to metal—ceramic bonding is the electro-  We have demonstrated that a 3-layefINil) slab is an
static attraction between the ceramic and (bppositely- adequate model for the infinite (4il1) substrate, both from
charged image in the metal; a thicker ceramic layer would a structural and energetical point of view. The most severe
produce a largefoppositely-chargedelectrostatic image and  limitation in our study is the imposition of periodic boundary
thus bond stronger. This counterintuitive finding is due to theconditions (PBC’s). We have argued that the influence of
nature of interface bonding, which depends on the thicknesBBC’s tend to cancel out in energetic and structuaiiéier-
of the ceramic film. For thick ceramic films, the bonding is encesinduced by interface formation. Using a significantly
image-charge-driven, with interface anions being mostly celarger interface unit cell to lessen the effects of PBC’s is not
ramiclike, whereas for monolayer Zydilms, some anions feasible presently, using Kohn—Sham DFT methods. We find
change character from ceramic to adsorbatelike and form losensitivity on initial structure and translation of the deposited
calized bonds with the Ni substrate, causing a more covalerdrO, film, so that several local minima exist on the interface
interface cohesion. It will be quite a challenge in the futurepotential energy surface. This complicates modeling of het-
to construct a model potential metal—ceramic interaction reerogeneous metal—ceramic interfaces.
producing this effectfor the right reason To test the sensitivity of various approximations in DFT,
The Ni(111)7 X \7llc-ZrO,(111)y3% /3 interface  we explored the bulk phases of Ni and zrGConcerning the
unit cell has 9 bonds, 5 short Ni-O and 4 diffuse Ni—Zr exchange-correlation density functional parameterization
bonds. The O contact sites on thgNil) substrate are three- (LSDA/GGA), the situation is somewhat unfortunate from a
fold hollow and on-top, in the ratio 1:2. We attribute this to structural point of view: the LSDA predicts a perfect volume
a geometric frustration, caused by the unequal point groufor ZrO,, but underestimates the volume for Ni. On the other
symmetry and lattice constants of (Mil) and hand, the GGA overestimates the volume for Zr(bhut
m-ZrO,(111). We find a significant rumpling of Ni sub- yields a perfect volume for Ni. Relative structures and intra-
strate, caused by the adhesion of the Zfm. The ZrO, cell features in the Zr® polymorphs are better described
film attains a quasi monoclinic structure. The average bondising the GGA. Energetically, the LSDA underestimates
energy is 0.52(0.68 eV/bond for a single ceramic layer, structural energy differences between ZrQ@olymorphs,
using GGA(LSDA) decreasing to 0.2 eV/bond for an infi- whereas the GGA overestimates them.
nitely thick ceramic layer, using the GGA. We find no sig- Zr semicore states are necessary in some contexts to de-
nificant charge transfer across the interface, but some rediscribe the chemistry of Zr appropriately. Although including
tribution in the interface region. Also, our results show aZr semicore states is formally less of an approximation, the
depression of the magnetic moment at the interface Ni atimportance of Zr semicore states for Zr@3 an open ques-
oms, further below the magnetic moment depression at théon. We find that the main effect of Zr semicore states is to
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