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Equilibrium and adhesion of Nb/sapphire: The effect of oxygen partial pressure
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We derive a formula, useful for first-principles calculations, which relates the free energy of an oxide/metal
interface to the free energies of surfaces and the work of separation of the interface. We distinguish the latter
mechanicalguantity from thethermodynamiavork of adhesion, and we describe explicitly how both may be
calculated. Our formulas for interfacial and surface energies are cast in terms of quantities which can be
calculated or looked up in tables, and include as additional parameters the ambient temperature and partial
pressure of oxygeRo,. From total-energy calculations for the Nb(114)Al,0O5 (000)) interface, free Nb and
Al;0; surfaces, we obtain firstly numerical estimates of the works of separation, which are indeperiignt of
We then obtain surface energies, interfacial energies, and the equilibrium work of adhesion as a function of
Po..

2

I. INTRODUCTION match of less than 2%, allowing the preparation of a nearly
coherent interface(using molecular beam epitaky the

Oxide-metal interfaces continue to be studied intensivelyatomic structure of which has been studied by high resolu-
because of the many ways in which they are of commercialion transmission electron microscogiRTEM) and ana-
and scientific importance. Applications range from thelyzed in detaif®—3* This interface was the subject of first-
nanoscale in microelectronics packaging to the macroscalgrinciples calculations which used periodic boundary
engineering of thermal barrier coatings or the formation ofconditions, making the reasonable assumption that the effect
protective scales. The science of these interfaces has beefmisfit dislocation can be neglectéd.>’ Our recent work®
addressed in volumes of conference papers and revigws. analyzed the nature of the bonding in detail by calculating
There are also reviews in the literattiPethat specifically Mulliken populations and bond orders, concluding that the
address the theoretical questions about the nature of tHeonding across the interface is strongly ionic. The work of
bonding at these interfaces, such as what determines the sigeparationV;,, of the interface was calculated, and found to
preference of metal atoms on the oxide surface; whether thiee very high: of order 10 J if when niobium was bonded to
bonding can be thought of as predominantly covalent or methe oxygen-terminated AD; surface. Lower energy path-
tallic and how to quantify these concepts; whether a simplavays for the cleavage of this interface would be within the
classical image model can be used to interpret the bondindyb metal or the oxide itself. Two other interfaces were stud-
what is the strength of adhesion of metal to oxide. The basiged corresponding to the two other possible terminations of
for answering these questions is to have reliable calculationisulk Al,O5 (0001); namely the stoichiometric, aluminum ter-
of the electronic structure and total energy of particular surmination (one layer of aluminumand the aluminum-rich
faces and interfaces. Such calculations came of age over thermination (two layers of aluminum HRTEM could not
past ten years or so with the use of first-principles methodddistinguish between the stoichiometric termination and the
These mainly apply density-functional thedFT) and the  oxygen termination; however, evidence from electron-
local-density approximatiofLDA),”® which are the basis of energy-loss spectroscoPy(EELS) favored the oxygen ter-
the calculations we shall report here. Hartree-Fock calculamination.
tions are also feasible and have been applied effectively to We point out here that as far as we know the question of
the Ag/MgO interfacé, although they tend to be more ex- which termination is more stable has not yet been addressed
pensive than DFT for larger systems. Since the reviews citedn all the theoretical work which has been published so far on
there have been numerous applications of DFT to studwny oxide-metal interfaces. The structural predictions have
bonding in the initial stages of deposition of metal on oxide,been confined to the question of the relative displacement of
with cluster or multilayer geometries, notably on Mg?!  the crystals, parallel and perpendicular to the interface, and
but to a lesser extent on more complex oxides such athe local relaxations of atoms at the interface, as well as the
TiO,,%2 MgAl,0,,2® and a-Al ,04.247%7 energy needed to separate the crystillg,. This has been

The bonding of Nb tox-Al,O5 has long been a subject done for interfaces with different terminations or local sto-
for experimental work, because besides its relevance to ele@zhiometry; all calculations were carried out with atoms at
tronic components it offers practical advantages for sampleest (T=0 K) and minima in the total energy were located as
preparation: the two materials bond strorfflianomalously  a function of atomic positions. However, the question as to
strongly according to a recent stifdy do not react chemi- whether the oxygen-terminated or the aluminum-terminated
cally and have similar coefficients of thermal expansion. Ininterface is more stable was not discussed. There are special
the orientation NEL11)/Al,O5 (0002 there is a lattice mis- difficulties associated with calculating the absolute interface
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energy for non-stoichiometric interfaces, a problem that wagT P). The stoichiometric composition of tha oxide is
first .adstgressed in a first-principles manner by Chetty andy o . We obtain the definitions of interfacial quantities by
Martin.” These authors dealt with a part of the general probyeferring to the contents of a periodically repeated supercell
lem, which is to formulate the total energy asoaal quan-  of areaS parallel to the interfaces which it may contain. All
tity; it can therefore be used in the definition of thermody-gyiensjve thermodynamic quantities in the following will re-
namic excesses. A second important part of the problemye 5 the contents of such a supercell. The interfacial energy

which they did not treat, is to bring the chemical potentialSper ynit area, counting the two interfaces within each super-
of the components into the formalism. These aspects of thgg|| s given by*

problem were married in Ref. 26. It is now well known that

the question of which termination is stable can only be an- Yint=[Gint(T,P) = Nama(T,P) = Nouo(T,P)
swered with respect to the chemical potentials of the species
in the environment with which the interfaces are in equilib- —Npug(T,P)]/2S, 1)

rum, which is normally charactenzgt_:i by temperature andwhereGint is the Gibbs energy of the contents of a supercell
partial pressure of oxygeli,and the difficulty of relating the - ; .
" : . e : containing two interfaceg, ug, andug are the chemical
guantities accessible to a first principles calculation to thesé .
; : -potentials of the three components, aigd, Nz, andNg are
parameters may have been a reason for leaving this questi s
e numbers of atoms of the three components within the

to one side. r§upercell. The denominatoiS2ccurs because there are two

The main purpose of our present paper is to show how | nterfaces in the supercell, as required by periodic boundar
fact we are already able to make predictions of the stabilit)) P ' q yp y

of different interfaces when they differ not only in structure conditions. Chemical potentials here are per atom rather than

but also in composition. With certain simplifying assump- Egg r:lolti’e\r’\r':;%h r\:\éonL]JilgsbeStZii;f léglsggnc;eggogréocvhm;cm'
tions we show how this can now be done with litte moreeithzr the metag or the 6xige is absent from tﬁe supercell
effort than the calculations which need to be done to calcui— which cases we recover expressions for the surf§ce en,er-
late the work of separation, and we present first results f0|nies of the oxid and the n?etaly respectivel
the Nb/ALO; interface. The ingredients of the theory are the¥ €¥ao B, €SP Y,
works of adhesion and surface energies. For these we draw _

- . =[G T,P)—N T,P)—N T,P)]/2S,
upon the results reported briefly in Ref. 52 supplemented by  7A° [GsolT,P) = Narta(T,P) = Noro(T.P)] 7
some further calculations to discuss the case of oxygen on
the Nb surface. The basic theory is outlined in Sec. Il. We ye=[Gsg(T,P)— Ngug(T,P)]/2S. &)

derive the equations for a generd},O, oxide in contact
with a metalB; it would be a short step to generalize them ¢ guantitiesGs o and Ggg are the Gibbs energies of
still further to an interface between arbitrary compounds. Esg|aps of oxide and of metal, with free surfaces separated in
Sentlggly the same thermodynamics was applied by Wanghejr respective supercells by an adequate thickness of
et al”® in calculations of the surface energy of oxides with vacuum. We have assumed in K@) that the metal surface
d|fferen.t terminations, over a range of chemical potentials ofg cjean: this will suffice for a calculation of the energy of the
oxygen; our theory makes the further connection to the teMperfacediscussed below. However, we can easily consider
perature and in particular thgressureof oxygen, which are o example adding a monolayer of oxygen to the metal sur-
thg paramete_rs directly under the control of the eXperimentyce in the calculation 0Gsg(T,P). Since there is no sepa-
talist. A ggtalled study of the AD; surface is reported a6 oxide phase, the number of oxygen atoms in the system,
elsewhere. , __Np, now resides on the metal surface. The contribution
The plan of the rest of the paper is as follows. Sections_ Nouo(T,P) must be subtracted in the calculation of the
IlI-V cover aspects of our total energy calculations V"éh'Chcorresponding surface energy just as in the calculation of the
were not dealt with, or dealt with only briefly, in our papér. jniertace energy. We shall in fact make this calculation of an
In Sec. lll our method of total-energy calculation is summa-«qyidized” Nb surface in the course of obtaining the work

rized. Ip Sec. IV we _describe the atomic relaxatipasallel ¢ separation of an interface by a pathway which leaves oxy-
to the interfaces which are generally not commented uporn,an on the exposed metal surface.

Although this structural aspect is not central to the thrust of 1o motivation for calculatingy;,; is as follows. An in-
n .

our paper, it turned out that lateral relaxations also have g tace petween two crystals requires five parameters for its
strong part to play in determining the interplanar relaxationgy,¢roscopic specification, for example three to specify the
and energies reported previously, and we therefore descrifg)ative crystallographic orientation of the materials and two
them for completeness. In Sec. V we describe and commenj,o e 1o specify the orientation of the interface. We note in
on the_ resqlts for the W'ork'of separathn on different planeﬁ)assing that a free surface in contact with vapor or liquid
and vylth d|ff_erent terminations of the mterfgce. Our calcu-omy requires two parameters to specify its crystallographic
lated mterfamal free energies are presented in Sec. VI and Wkrientation. There is always a large set of hypothetical inter-
conclude in Sec. VII. faces that have the same five macroscopic parameters but
which differ in their atomic structure and local stoichiom-
etry. The member of this set which minimizesg,; for given
chemical potentials is the equilibrium interface. So provided
we know the chemical potentials of the components, we
Let us consider the interface between m&alnd an ox- could in principle predict the atomistic structure of the equi-
ide of metalA in equilibrium at temperature and pressurelibrium interface, including its local stoichiometry, by evalu-

Il. PRINCIPLES OF CALCULATING INTERFACIAL AND
SURFACE ENERGIES
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ating v;,; for each member of the set. In practice, of course,jn chemical equilibrium(which we denote by superfigq),

we can only calculate;,, for a small subset of the entire set, an equation similar to Eq6) defines thevork of adhesion

and rely on our experience and intuition, together with ex-

perimental information, to ensure that we have not omitted W= Yant ¥a'— vk, (7)

an important structure. Prior to the present work we and . | .

others have calculated total energies for a number of structNiS i the quantity of relevance to contact angles and wet-

tures at 0 K, in which the atomic positions are relaxed byting for example, and unlik&Vs., it is not obtainable by a

energy minimization. The equations to be derived belowSimpPle comparison of three total energies. _

show how to go the two important steps further, namely to Calzculatlons 0fWsep, for Nb/AI;O5 were reported in our

correct the 0 K information to finite temperature and to take pape? and these have been extended here, as described in

account of local stoichiometry. the fqllowmg se-ctlonsWSep is pro_bak_)Iy more re]evant than
The relationship between local stoichiometry apg is W,4 in formulating a fracture criterion, V\_/hen mte_rnal sur-

well known in thermodynamics as the Gibbs adsorptionface$ are forme_q vyh|ch are not in gqumbrlum, but in order to

equation, in which local stoichiometry is measured in termdPredict the equilibrium structure of interfaces we also need to

of excessed”; of one or more components labeledour b€ able to evaluate Eqel)—(3). _

final version of Eq.(1) will be in terms of the excess of  We now introduce the quantityxo, the Gibbs energy per

oxygen at the interface with respect to the metaper unit formula _unlt of bulkA,,0O, in equilibrium with metalA and

surface area, which is defined as oxygen in vapor form,

/ gao(T,P)=mua(T,P)+nuc(T,P), (8)
2s. (4)

n
Foz ( No_ - NA

m so that
This choice of componeritis arbitrary; we could equally Gao=(N,/m) 9
well work in terms ofl" 5, because they are related through o= (Na/MGao
is the Gibbs energy of a stoichiometric cell containiNg
atoms ofA. Inserting Eqs(8) and (4) into Eq. (2) gives the

We note three further points in connection with excesse gurface energy of the oxide in a form which makes the effect

Firstly, each further component in the system would intro-C the €xcess oxygen explicit,
duce another excess, each excess being referred to the same — (Gem Ga)/2S—T (10)
designated component. Secondly, a stoichiometric interface Ya0=(Gspo~ Gao) oKto-

is by definition one for which all the excesses vanish. Fi- Consider now how to go about calculating the two surface
nally, since one of the phases is the pure mBtahere can energies from Eqs(3) and (10), which we will eventually

be no excess of the met8l In particular, ifB were in fact . ) ) . .
also Al, thereby reducing the number of components to twof:omb'ne WithWsey in Eg. (6) to give usyiy. The Gibbs

the interface could not be described as having an excess of?ergy of all slabs can be calculatedTat 0 K and P=0

or Al. For more discussion of the thermodynamics of exces Olrl? first prlnctlpl_eT; |tth|s_1uét_;rt1)e total energy. Lfthe slabts ?f
quantities the reader is referred to Ref. 40. ulk pure material, their GIbbs energy can be corrected 1o

A difficulty up to now has been to calculate the chemicalt€mperaturel by using experimental specific heat data. On

potentials involved in these equations and, more specificall;i,he other hand, when the slabs are separated in the supercell

to relate them to given experimental conditions. In the fol-0Y @ layer Qf vacuum to represent free_ surfa(_:e_s, there is no

lowing we show how Eq(1) can be reformulated to relate such experimental data and the correction to fiitould be

yi o the partial pressure of oxyge®, done by calculating the phonon spectrum and using the
int 3

. . ) . guasiharmonic approximation for the free energy. This has
First we define thevork of separation We,, of the inter-  paan qone previously for classical ionic models by Taylor

face. It does not refer to chemical equilibrium states anqmd co-worker4! in order to obtain the temperature depen-

therefore does not involve chemical potentials of the separaigance of their surface energy, but we have not yet made the
components: equivalent calculation with ouab initio code. For a metal

_ _ _ _ slab (Ag), the quasiharmonic free energy basedabninitio
Wsep=(Gsaot Gse™ Gin)/25=7a0™ 78~ Yint- (6) phonor? frequgncies was recently cagllé/ulated by Xie and

For brevity we do not explicitly indicate the temperature co—workers‘fz_ In the case of the pure metal slab, the chemical
and pressure dependence of all the terms unless it needs to Peténtialug is the Gibbs energy per atom of a bulk slab. The
emphasized. An important point to note about this quantity,SUfface energy oB is therefore obta}lned.from the results of
which makes it relatively straightforward to calculate, is thattWo supercell total energy calculations in the standard way.
the separate slabs of metal and oxide have exactly the sanlé€ main present issue, which is less familiar in the context
composition as the two slabs which are joined to form arPf total energy calculat|0ns,_|s how to _Calculate the 5|gn_|f|-
interface. This would not in general be the case if these slapg@nt term due to the chemical potential of oxygen, which
and the interface were in equilibrium with a given environ- must be included when the surface of the oxide is nonsto-
ment (constantu;), because one would expect for exampleichiometric 'o#0). _ o
some loss or gain of surface oxygen or metal from the oxide The chemical potential of oxygen is well described in
to the vapor phase when the surfaces are created. If the iferms of its partial pressurBo, by the standard ideal gas
terface as well as the exposed surfaces are the ones which aepression

mro+ nFA|=O. (5)
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ho= M%““ %leog(POZIPO). (12) TABLE 1. Thermod.ynamic. data usgd for calculating the depen-
dence of surface and interfacial energies on oxygen partial pressure.
The pressure represents the dissociation pressure of the oxide at

In Eq. (12), xd is the oxygen chemical potential in its stan-
d. (11, po Y9 P 1500 K. PP is one standard atmosphere.

dard statéSTP at T°=298.15 K,P°=1 at. Chemists would
setuQ to zero by definition, but we cannot do that since our

: . -AlL,O NbO
zero of energy is already defined as the energy of separated a2
ions and electrons dt=0 K. On the other hand, the energy AG° (kJ/mo)? —1582.3 —391.9
of oxygen molecules is not something we want to calculatelog;o(Po,/P°) —36.8 -27.3

since there are well-known problems in using density-

functional theory for this system. Fortunately, we can cir-"Reference 51.

cumvent the problem by using a thermodynamic cycle. From

the deflnlng equation for the standard Gibbs energy of forSimilarly, the maximum physically meaningful value B,

matlonAGAOv is defined by the lowest standard Gibbs energy of formation
of a metalB oxide AG,,

Jao=Mua+nud+AGRo, (12)

2
we obtain the troublesome oxygen chemical potential at STP log( PoaX/PO)— ,—AGBO, (16)
in terms ofg%, andAGS,. The quantitiegg%, and w3 are KT
things we can calculate accurately, and we can look upwhere the first oxide to form would have the stoichiometry
AGS, in tables of thermodynamic data. Once we have thisB,, O, . The thermodynamic data used here are summarized
value, it could be used in principle for calculations in anyin Table I.
material containing oxygen. Since, however, the numerical
value ofg,(iO is strongly dependent on which pseudopotential  |j|. METHOD OF TOTAL-ENERGY CALCULATION
is used,uoO obtained by this procedure should only be used if

the same pseudopotentials are used throughout, otherwise jt FOr the interface calculations we use the total-energy
must be recalculated. plane-wave pseudopotential method based on Lanczos di-

: ; . lization of the Kohn-Sham density mafixthe super-
Insertmg,u% from Eq.(12) into Eq.(11) and Eq.(11) into agona
Eq. (10) gives us our final expression for the surface energyCeII has the form of a rhombohedral prism and in the sto-
chiometric slab it contains 45 atoms: 14 Al, 21 O, and 10

o I
of the oxide: Nb atoms(see Fig. 1 By stripping off the outer plane of Al

N from each interface we obtain an interface which is O termi-
¥a0=| Gspo(T,P)— —Ang(T,P)) / 25 nated with an O excesS,S=+ 1.5 atoms per surface unit
m cell. By adding the surface plane of Al atoms to the neutral
interface we make an oxygen poor interface, with the nega-
To(gao~Mua—AGRo)/N—Toz kTlog(Po, /P?) tive O excesd'oS=—1.5. The total energy of the contents
(13  of a supercell is minimized with respect to the atomic coor-
dinates by the quasi-Newton method with Hessian updated
from which we obtain the final expression for the interfacialusing the Broyden-Fletcher-Goldfarb-ShandBFGS
energy by substituting Eq13) into Eq. (6),

Yint=vs(T,P)— sep(T P)
Na
+| Gspo(T,P)— Fng(T,P) 2S

'o(gRo—Mua—AGRo)/N
—TozkTlog(Po,/PP). (14)

The quantitieg)%, and 1% entering the third line of E(14)
are well described by =0 K quantities which we calculate.
It can be verified that correcting them to standard state has a
negligible effect on the surface energy.
The minimum physically meaningful value é‘foz, which

we denoth“O‘Zi“, is set by the condition that Po, < szi” the
oxide would spontaneously decompose into metal and oxy-
gen. Neglecting the small variation in solid energies with
temperature by comparison WimGgo this condition is

.\‘*;:/ §°5°

./.

w/

FIG. 1. Side view of the Nb(111)/AD5(0001) interface, show-

injp0 __
log(PG,"/P°) AG (19 ing labeling of the layers.
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method. The pseudopotential for Nb was of Troullier- L
Martins form?* with s andd nonlocality. The pseudopoten- T
tial for O was of optimized fornf> with an s nonlocality.

The pseudopotential for Al was of Gonze t§pwith s non-
locality.

All calculations were made with twhk points in the irre-
ducible wedge of the Brillouin zone, and with a plane-wave
cutoff of 40 Ry. The effect of increasing the plane-wave
cutoff from 40 to 60 Ry was to redudd/s, by 3.3% for the
Nb/Al interface, which we take as a satisfactory indication of
the basis-set convergence. For the neutral 45-atom interface
we have made test calculations with &ixpoints which re-
sults in a decrease of total energy by about 4 mRy and very
small (<102 nm) changes of relaxed positions of atoms
compared with twok-point calculations. The effect of in-
creasing thek-point sampling from two points to nine is to
changeW;,, by less than 1%.

By doubling the original unit cell in the-y plane we
obtained a 180 atom cell, with which we recalculated the
wave functions at the gamma point with the previously re-
laxed atomic coordinates. The gamma point wave functions
in this cell were used for Mulliken population analysis which : .
was made by projecting the optimized wave functions onto CLe
the pseudoatomic orbita)#;,) (i labels site,a labels orbit-
als) according to the procedure suggested in Ref. 47. The FIG. 2. Plane view of thg000) surface of neutral alumina

“spillage” of each occupied orbitaly was less than 1.5%. showing the lateral relaxation within the topmost O plane. The ro-
tation and expansion of the O triangle below the surface Al atom is
indicated by arrows.

IV. RELAXATION OF THE INTERFACE

The slab with which the NIL11)/Al,O; (000 interface fect most stro_ngly, Wh_ich is qyite surprising, since the inter-
was modeled is shown in Fig. 1. The interlayer relaxation ofplanar relaxa_uon in this case IS much less th_an that qf the Al
the interface has been reported previodélgnd we refer to 'aye.f for .Wh'Ch the Nb subst|tuFes. There is experimental
that paper for results. Here we mention a feature that has ngpnf'rmat'%'_ of the effect, obtained by smallfangle x-ray
previously been discussed, namely the relaxations parallel tglffrac_tlon, in the case of thé(Al) surface. |n°thIS case the
the interface, which we refer to as in-plane relaxations. It ha&Xperimental results air, =4.5% ande, =6.7°, coTpared
been found that to make a calculation of the interlayer relax/Vith our calculated results afr, =3.2% anda;=3.1°. The
ation of the alumina surface one needs to take into accourgdréement is only qualitative.
the in-plane relaxations of the oxygen atothisyhich were
neglected in some earlier wofk.The present results show V. WORK OF SEPARATION
that in-plane relaxation of the oxygen ions is a general fea-
ture of the structure near the interface. The geometry of these All our resullts for the calculated work of separat®fe,
relaxations is described by two parameters; the rotation Of different interfaces and cleavage planes are shown in
and the bond length extensiait of the equilateral triangle T2ble Ill. The column of “unrelaxed” results refers to val-
of oxygen atoms in a plane, illustrated in Fig. 2. The rotationU€S obtained by assuming bulk unrelaxed atomic positions
and dilation of this equilateral triangle does not break an)POth at the interface and for the free surfaces. The interplanar

symmetry, preserving for example the threefold axis abou?pacin_g between O and Nb across t_he interface in this case
the center of the triangle concerned. was simply taken as the bulk spacing between O and Al

The calculated values af and 8r are shown in Table II Planes. The results in the “relaxed” column are calculated

for the terminating and second layer oxygen plaftssioted with atomic positions relaxed both before and after cleavage.
by subscripts 1 and)2in five cases. The first two cases, . , .
labeled N(b)/A(O) and N(b)/A(Al) are the O- and Al- TABLE II. In-plane relaxation of O- and Al-terminated inter-
terminated bulk Nb/AIO; interfaces. Cases three and fourfaces and surfaces of alumina.and &r correspond to the angle of
are pure alumina Surfacges Iabel&(b) andA(Al) to indi- rotation and bond-length increase of O triangles; surface and sub-
cate that they are oxygen and aluminum terminated, respets:’EJ rface layers are indicated by the subscripts.
tively. Case five, labeletli(m)/A(O) is a Nb monolayer on

an oxygen-terminated alumina surface. One can see that the

N(b)/A(0) N(b)/A(Al) A(O) A(Al) N(m)/A(O)

in-plane relaxation is a feature of all the systems studieda, 4.1 4.2 4.1 3.1 8.4
From the evidence of the first two layers, the rotation of Oq, 0.1 0.2 0.5 0.2 0.4
triangles and the increase of the O-O bond lengths appears 8, 4.2 4.3 4.3 3.2 8.4
be localized near the surface of the alumina. The Nb monogy, 0.2 0.2 0.2 0.5 0.6

layer on the O-terminated surface of alumina shows this ef
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TABLE Ill. Wqedin J/n?) for both unrelaxed and relaxed struc- 0T 1o ol 7
tures. Jb-0 R
| s

Interface Cleavage plane Unrel. Rel. ) 3 _A(AD
N(b)/N(b) ...Nb-Nb-Nb / Nb-Nb-Nb . .. 49 4.2 ﬁ“;lo E:::igj‘::ﬂ\&?) Wsep
A(Al)/ A(AI) ...Al-O-Al / AI-O-Al. .. 7.0 3.9 Z Spmrmmee NOYALACAL ]
A(Al)/A(O) ...A-AI-O / AI-AI-O. .. 13.3 127 = ! NO-AGD
N(m)/A(O) Nb / O-Al-Al... 109 108 S0 T o

) Nb/AI-A(AD) _ 2=
N(b)/A(O) ...Nb-Nb-Nb / O-Al-Al-O. .. 9.3 938 & 5Fao ’/,/‘ i
N(b)/A(Al) ...Nb-Nb-Nb / AI-O-Al-Al... 42 27 5 e ".’ Nb/AAD
N(b)/Nb-A(Al)  ...Nb-Nb-Nb/Nb-O-Al-Al ... 4.0 38 e
N(b)/Al-A(Al) ...Nb-Nb-Nb / AI-AI-O.. .. 44 28 @ | Wyq
N(b)-O/Al-A(Al) ...Nb-Nb-O / AI-AI-O.... 73 49 5 \ 7

50 -0 0
0.
The effect of relaxations oW, naturally depends on the log (Po, /P)
interface. It is most pronounced when an Al-terminated FIG. 3. (a) Surface energies as a function of oxygen partial
Al,O5 surface is exposed, because of the large relaxation of S g ygen p

thi ; hich | it f b b ressure at 1500 Kb) Works of separatioWs,, (see Table IIl.
IS SLirzace, which “lowers ',S surlace e_nergy y a Ou{)c) Interfacial energies(d) Work of adhesionwW,y4, obtained by
1.5Jm <. On the other hand, if the relaxation of theer-

: . subtracting equilibrium interfacial energy from equilibrium surface
facedominates the energy balance in &g).then the relaxed  gnergies. The region to the left between the vertical lines corre-
value ofWsecan even be larger than the unrelaxed value, agponds to the possible equilibrium states of the interface.

in the case of cleavage between Nb and O afNfig)/A(O)

interface. that Mulliken charges do not have absolute significance,
The lowest value oW, 2.7Jm?, is found for the since they depend on the choice of basis set, but they are
cleavage of bulk Nb from the stoichiometric Al-terminated nevertheless a useful indicator of trends in ionicity or cova-
alumina. The highest values are found for the cleavage ofency. The interfaces in Table Il are labeled by their oxygen
bulk Nb from the O-terminated alumina surface. Indeed weexcesses, to highlight certain trends with the stoichiometry of
can deduce from Table 1l that this interface would be un-the interface. Bulk oxygen carries a Mulliken charge of
likely to separate between Nb and O planes, but would prefer 1 and for the oxygen plane nearest the interface this value
to separate inside the Nb, leaving a monolayer of Nb on thgs reduced to-0.99, —0.93, and—0.86 in turn as the excess
surface, or even between O and Al, leaving a monolayer of Qf oxygen at the interface is increased from negative to posi-
on the Nb surface. . _ tive. The change is rather modest, indicating that oxygen
The highest valudrelaxed of all in Table I is for the  does not readily alter its valence state. The charge on the
cleavage of pure AD; between O and Al planes. Experi- interfacial oxygen is provided by the terminating layer of Al
mentally, -Al,03 does not cleave on the basal plane at all,in the case of Al termination, or in the case of the oxygen

but its lowest-energy cleavage on this plane would clearly bgerminated interface the electrons are provided mainly by the
between Al planes. This is what one expects on the basis gfrst two layers of Nb.

charge neutrality arguments, because by cleaving between Al
planes two identical, neutral surfaces are created. On the
other hand, by cleaving between O and Al, different surfaces
are created which, in order to be neutral, require the oxygen
or aluminum at the surface to be in an unfavorable valence Five surface energies are shown in Fige)3&s a function
state, hence this is a final state of especially high energy. of POz' Thex axis is appropriate to a temperature of 1500 K;
The above interpretations are supported by the Mullikeng gptain the results at temperatufehe numbers on the
populations shown in Table 1V for the three interfaces be-yis should be multiplied by 1500/ The O-rich oS
tween bulk Nb and AlO;. We make the usual caveat here =1.5) and O-poor {oS=—1.5) alumina surfaces have
negative and positive slopes, respectively, while the stoichio-
TABLE IV. Mulliken charges for atoms near the interface as ametric AlLO; and pure NK111) surface energies are con-
function of the excess of O. The notation for atomic planes is as i”stant, and by chance nearly equal. The most negatively slop-

VI. INTERFACIAL FREE ENERGY AND OXYGEN
PRESSURE

Fig. 1. ing surface energy we have plotted here refers to the Nb
s 15 0 15 surfac_e with an attached monolgye_r of oxygen. It beconjt_as
o ) ) negative at an oxygen pressure inside the regime of stability
Nb2 0.27 0.37 -0.13 of NbO.
NbL/AlL 0.77 0.73 0.36 The interfacial free energy from Edl) is shown as a
o1 —~0.86 —0.93 missing function of Py, in Fig. 3(c) for three interfaces, O rich, sto-
Al2 1.49 1.50 0.15 ichiometric, and O-poorl{oS=1.5,0;,-1.5). To generate the
Al3 1.52 1.51 0.95 interfacial free energies one has to subtract the work of sepa-
02 ~1.00 ~1.00 ~0.99 ration shown for convenience in Fig(t8, from the sum of

the equilibrium surface energies of the two corresponding
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free surfaces. With increasingo, the O-rich interface be- ergies as a function of oxygen partial pressure and tempera-

comes increasingly stable, the Al-rich interface less stabldUré- An approximation we make here is in omitting the
and the free energy of the stoichiometric interface remainéémperature dependence of the solid-state free energy, but
constant, exactly parallel to the behavior of the free surfacedVe include thekTlog(P,,/P% term which describes the
The interfaces can only be in thermodynamic equilibrium intemperature dependence of the oxygen chemical potential;
the range of oxygen pressure which is indicated on the figthis is also the term which describes the dependence of all
ure. At 1500 K this range is as given in Table I; at values ofthe interfacial and surface free energies on oxygen pressure.
Po, above this range, the Nb would oxidize to NbO, and|t is clear how a more accurate calculation could be made by
below it the alumina would decompose. implementing the quasiharmonic approximation to correct
The work of adhesiorat a givenPo2 can also be esti- solid surface free energies, and it will probably become a

mated from the results on this graph using H‘) The free routine matter to include such a correction in future work.
surface and interface energies should be those with loweéinother approximation is made by considering only a small
free energy at the given 0Xygen pressure, and these can §@t of pOSSIble interface and surface CompOSItlonS which we

read off from Figs. 8) and 3c). The result is plotted in Fig. think are representative. Nevertheless, despite the present
3(d). simplifications, some clear results have emerged.

Of the free surfaces of AD;, the stoichiometric one, ter-
minated by a single layer of Al, is the most stable over the
VII. DISCUSSION AND CONCLUSIONS whole range of oxygen partial pressure up to over one atmo-
o sphere. It may be that a treatment of the temperature depen-
We have made a careful distinction between a work ofjence of the energy of the slabs could modify the upper and
separation, a mechanically defined quantity, and a work Ofower hounds on pressure somewhat. Correction of the LDA
adhesion, a thermodynamic quantity, focusing on how to gQyror is also likely to lower surface energies by 10-201%
about calculating these quantities within an atomistic modelg Batyrev, (Ref. 49]. For example, work of Sini8 with
We particularly consider the interface between a metal and|assical potentials indicates that the surface energies of Al-
an oxide, since it is of practical importance and since oXygeRarminated AJO, can be reduced by up to 0.2—0.3 J%at
is a troublesome component for which to calculate the;s0g_2000 K. We expect an oxygen-terminated surface to
chemical potential, a key quantity in interfacial energies. Ape staple at a pressure not too far from atmospheric, but we
useful practical equation for the free energy of an interfac&annot unfortunately be more quantitative in the prediction at
involving oxygen has been derived, namely E@), which  hjs stage. At very low oxygen pressures it is also reasonable
gets around the previous difficulty by using a thermody-ih 4t the experimentally observed Al-rick/81x /31) struc-
namic cycle to express the result in terms of quantities whichy ¢ js staple; we cannot model a supercell of the size needed
can be readily calculated, namely the total energies of slabgy .5|cylate this. Instead we modeled a much simpler Al-rich
and quantities which can be obtained from tables, namely thfﬁterface, which is predicted to become the most stable one

standard Gibbs energy of formation of the oxide and th ust aboveP™" where ALO. decomposes. Since the experi-
Gibbs energies of the bulk materials relative to tHeir0 K % O ] bOs P o P
values. mental 31x31 is a very Alrich surface I{oS

To illustrate and apply the method we have made a num= —7.5 in the present Qo_tatimnthe slop_e of its surface en-
ber of first-principles calculations for Nb11)/Al,O, (0001  ©rdy versus log(Po,/P") is correspondingly very steep and
interfaces, oxygen rich, oxygen poor, and stoichiometric, angbositive, and it must intersect all the other surface energies
for several surfaces. We fully relax the atomic positions injust aboveP“O‘Z'“.
supercells using a plane wave, pseudopotential methodology. The Nb free surface should obviously become unstable
The relaxations are significant, and in all cases they involvyith respect to some adsorption of oxygen whew,

in-plane as well as interlayer reI_axatlons of the oxygen ions._ PIa% the pressure at which NbO begins to form. The
Results on the work of separation of these interfaces were = ©2

given in a papéf recently, and we have extended them toparticular con_figuration and concentfation _of an oxygen
include the possibility of a cleavage of the O-terminated in-Monolayer which we have calculated is not likely to be the
terface which leaves the Nb coated with oxygen. This turn®Ptimum configuration of the first oxygen-covered (1)
out indeed to be a lower-energy mode of separatior?urface: but it does become more stable than the free surface
(4.93n72) than the alternative which leaves an oxygen-richat pressures somewhat abdeg™ [Fig. 3(a)].
Al O, surface behind (9.8 J1¥), because the favorable de- A significant new result is the theoretical analysis of the
gree of ionicity of oxygen is thereby preserved as it is in boththermodynamicstability of the O-terminated interface, the
bulk alumina and its stoichiometric surface. Considering fur-strong bonding of which we discussed above. No interface is
ther the strongly bound O-terminated Nb@% interface, it thermodynamically stable above theery low) oxygen pres-
turns out that the hypothetical processes (Df cleavage sure at which NbO forms, but over most of the range below
within bulk Nb (4.2J3m?), or (i) leaving a monolayer of this the O-terminated interface is less stable than the Al-
Nb on the oxide surface (3.8Jm), or even(iii) cleavage terminated onéFig. 3(c)], despite its strong bonding. In fact
within bulk Al,O; (3.9Jm 2) are all marginally of lower at the very lowest pressure of oxygen, as would pertain in the
energy than the cleavage which takes oxygen with the niopresence of pure aluminum, our prediction is of an Al-
bium. enriched interface. The experimental indications from EELS
By combining the results of our calculations with thermo- (Ref. 39 show no evidence for Al-Nb bonding, and suggest
dynamic data we obtain surface energies and interfacial errather the existence of the O-terminated interface. According
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to our analysis this could only be marginally in thermody-  Although the formalism has been developed for describ-
namic equilibrium if the oxygen pressure is being “buff- ing metal-oxide bonding, there are obvious applications to
ered” by Nb/NbO and lies close t@?}z""x, which does not systems in which water or other substances may contaminate
seem unreasonable. surfaces or interfaces. The comparison of the energetics of
We have not included in our comparison interfaces with anterfaces with differing amounts of segregation follows the
different macroscopic orientation such as thgNIif)/Al,0;  same lines. The application of the present formalism using a
(0001) interface®® Although this interface is believed to be thermodynamic cycle to avoid the most difficult calculations
thermodynamically more stable than the (Wbl)/Al,O;  may be fruitful in other situations in the field of interface
(000 interface, the kinetic barrier to changing the macro-chemistry.
scopic orientation is presumably much greater than the bar-
riers to changing the local interface structure.
The present work shows how vibrational entropy may be
included with nonstoichiometry in the calculation of interfa-

cial free energy. The formalism included the contribution of We thank J. Hutter for technical help with the calcula-

point defects if these are regularly arranged at the interfacqrc{ns. This work has been supported by the UK Engineering
such as the oxygen vacancies treated here. Another asPeflg Physical Sciences Research Council under Grants No
arises if the nonstoichiometry is in the form of a high con- '

centration of randomly distributed point defects. In this caseGR/L08380 and No. GR/M01753, and by the European

an ensemble of interfaces would have to be calculated. If thgommunmes HCM Netwqu “Electronic Structure Calcula-
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