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First-principles calculations are performed on the stablal,O; and metastable-Al,O; phases to under-
stand the stability and bonding of the flexible alumina surfaces.(00® and (O(ﬁ) surfaces ofk-Al,O5 are
investigated and compared &6 Al,05(0001). A needed extension of the original formulation of the Tasker’s
rule for the stability of low-symmetry ion-crystal surfaces is found. Also, use of extended Pauling’s rules
makes the results applicable to other metastable alumina phases. The most stable terminaﬁﬁm)qbfocﬁ)
is found to be in the middle of an Al layer, similarly te-Al,O5(0001). This surface is shown to be nonpolar,
even though a Tasker point-charge description implies a polar classification. The asymmetry in atomic and
electronic structures introduced by the tetrahedrally coordinated Al)(ihs is found to have important
consequences for the surface properties. The bulk cation-vacancy lines caused by’ theak®l the
K(OOl)/(O(ﬁ) surfaces more open thar{0001), thus allowing a huge inward relaxation 117%) atx(001),
making this surface O terminated. The charge asymmetry in buld,0; causes an excess of electrons at
K(OOT), yielding a one-dimensional metallic surface state. Also, the presence af Ale near-surface layer
is found to be destabilizing.
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[. INTRODUCTION mentally, investigations on metastable aluminas are ham-
pered by metastability, poor crystallinity, difficulty in obtain-
Aluminum oxide or alumina (AIO;) is a highly studied ing pure-phase samples, and possible surface-energy
metal oxide. It is a scientifically puzzling ceramic with a stabilization. At the same time, theoretical investigations are
wide range of applications and a large amount of structuramade difficult by the need for a high accuracy to describe the
freedom, with phase transitions between many differensmall energy differences occurring between the many and
structures(a, vy, 7, 6, 8, , x,...) occurring at relatively —often very similar structural possibiliti€s. Simple semi-
high temperaturel Properties such as high hardness, goodempirical methods have shown to be inadeqdatehich
mechanical, thermal, and chemical resistances, high electrimakes first-principles methods at the quantum-mechanical
cal resistivity, useful optical properties, fine particle size,level invaluable tools. However, relatively complex atomic
high surface area, and catalytic surface activity make thstructureSmake the first-principles methods computationally
different alumina phases highly useful as, e.g., coatings, sulslemanding, putting limits on the applicability of such meth-
strates, catalysts, catalyst carriers, adsorbents, and soft abrads for metastable aluminas.
sives; for instance, the stabte phase(sapphire or corun- Because of this, there is still a lack of uncontroversial
dum) in electronics, they phase in catalysis, and thephase  structural information on the metastable aluminas, which
in wear-resistant coatings on cemented-carbide cuttingenders accurate theoretical studies on their properties hard
tools?3 to perform. For instance, several metastable aluminas, in-
Despite a large amount of efforts at understanding theluding the technologically importang and » phases, are
properties of the alumina phases, many questions still remaireported to have a disordered Al-sublattice structure, while
unanswered, especially at the fundamental atomistic levefor others even the form of the crystal unit cell is
including their crystal structures, their stability and bondingcontroversial: Also, the presence of hydrogen in the bulk
nature, and their phase transformation mechanisms. In pastructure has not been unequivocally ruled out for all phases,
ticular, a good theoretical description and understanding ofor instance, fory-Al,O; a large number of contradictory
the stability properties, considering the fascinating structurafesults has been publishéd.
flexibility, is desirable. Also, an understanding of surface However, the presence of tetrahedrally coordinated Al at-
properties such as atomic and electronic structures anams (Al") in the structure appears to be common to all or to
chemical activity is of high interest, particularly in view of most of the metastable phaseas opposed to the stabie
the technological importance of the alumina surfaces. phase, which has only octahedrally coordinated Al atoms
To date, the most studied phase 0f,®@4 is the stablex  (Al°). Also, the bonding in all the alumina phases appears to
phase. This is presumably due to the stability and the leske predominantly ionic. Thus, first-principles investigations
complex structure of this phase, as compared to the metan one well-characterized metastable phase can provide gen-
stable aluminas. In spite of their technological relevance, @ral insights into the implications of Alfor the crystal sta-
fundamental understanding of the properties and the stabilithility and the nature of the ionic bonding of metastable alu-
of the metastable aluminas is still largely lacking. Experi-minas. To this end, it is important to analyze the applicability

0163-1829/2003/61.9)/19541218)/$20.00 67 195412-1 ©2003 The American Physical Society



C. RUBERTO, Y. YOURDSHAHYAN, AND B. I. LUNDQVIST PHYSICAL REVIEW B67, 195412 (2003

on the low-symmetry metastable aluminas of intuitive rulesduced, in terms of Tasker’s rule, and the method used by us
for ion-crystal bulk and surface stability, like Pauling’s and for the surface-energy calculations is presented. Section Il
Tasker's rules, respectively. In particular, to what extent doegpresents the results from our calculations. First, the results
the idealized point-charge ionic model implicit in these for- for the a-Al,05(0001) surface are presented and discussed.
mulations apply to more complex and low-symmetry ionicA good agreement is found with the results from previous
structures? investigations. Then, the results for tkeAl,03(001) and

The «-Al,0O; phase, with its recently determined bulk (001) surfaces are presented and discussed. The questions of
atomic structur&,’~°provides an excellent prototype system surface cleavage termination, polarity, relaxation effects, and
for such a study, sincé) it has an ordered structure, making €lectronic structure are addressed. The results obtained from
the first-principles methods computationally viakie) it has  the first-principles calculations are analyzed in terms of ex-
a moderate amount of Al allowing a study of the structural tended Pauling’s and Tasker's rules. The applicability of
and bonding effects of the Albut at the same time keeping these rules for low-symmetry ionic crystals such as meta-
sufficient structural similarity withe-Al,O4 to permit com-  Stable aluminas in general is discussed. Finally, the results
parisons; andiii) it lacks mirror symmetry, allowing a study are summarized in Sec. IV.
of the effects of crystal asymmetry on stability and structure
properties of highly ionic crystals.

In the present work, the atomic and electronic structures Il. BACKGROUND
of the a-Al;03(0001) surface and of the-Al,03(001) and A. Computational method

(001) surfaces that can be obtained from cleavage of the

bulk structure are investigated with the first-principles calcu- Thde catlcutl_a t||obns acljreDg_crerfordmed wihg(t)h(e plﬁnle_-wgve-
lations based on the density-functional theof®FT),° pseudoporentia-base CODACAPO o0 (paralielize

which has shown its validity in a number of technologically over bothk points and electronic bani® Exchange and

relevant svstemt In a recent papd? we had discussed the correlation are treated with the PW91 generalized-gradient
y L Paper, we '~ approximation(GGA).?° [For the a-Al,05(0001) surface
structure and stability of these peculiar and complex |on|cL
[

- P ; he local-density approximatiofLDA)?! is also used.The
K-Al,04 surfa_ces. Here,_ the aim is to present in more deta ohn-Sham (KS) wave functions are expanded in plane-
the computational details, all numerical results, and SOME .ve basis sets, up to a given cutoff value for their kinetic

more detailed backgound and analysis. energy, and Vanderbilt ultrasoft pseudopotentials are used to
The (001 and (00) surfaces ofc-Al,O; are chosen be- gescribe the electron-ion interactioffs. [For the
cause of their structural 5|m|Iar_|ty Wlth_ the much-studled a-Al,05(0001) LDA calculations, norm-conserving pseudo-
basal plane ofr-Al;,03, (0001). This permits comparisons to potentials(NCPP are used?] The Brillouin zone is sampled
be made to understand the role of the bulk-structu_%féﬂ with the Monkhorst-Pack schemi&Slab geometry and peri-
surface properties and stability. Al§®@01] and/or[001] are  odic boundary conditions are used in the calculations. The
the favored growth directions of chemical-vapor depositechotential discontinuity thus arising from the lack of crystal-
(CVD) «-Al,O4 in cutting-tool coatings® The study of inversion symmetry in thec-Al,O; surface calculations is
these surfaces is thus also a first step towards a fundamentadrrected for with the method of BengtssorThe atomic
understanding of the properties of these coatings and of theslaxations are performed with the modified velocity-Verlet
mechanisms behind the complex CVD growth process. algorithm described in Ref. 5, with varying time steps. For
Further, it has been reported that ultrathin alumina filmsall slabs considered, the relaxations are performed until the
on Al(111) and Ry0001) surfaces adopt axk-Al,0; remaining forces on each atom aw0.03 eV/A. From the
structuret* Thin alumina films are important in, e.g., hetero- calculated electron densities, local densities of StatBOS)
geneous catalysidand electronics. In particular, they have are obtained by projecting the calculated KS wavefunctions
been proposed to be used as tunnel barriers in magnetoresaf- the considered energy on the atomic orbitals centered
tive random access memdfy/Such applications give further around each atom in the crystal structure. The generated
motivation to an understanding of the Al,O5 surfaces. pseudopotentials are tested, showing very good transferabili-
We note finally that, considering the fact that #leeAl,O;  ties compared to all-electron valuésith errors in the meV
surface has been reported to react readily with wdtef;  regime.?°

fecting its surface reactivit}f a study on UHV k-Al,O, The lattice parameters and energy difference for bulk
surfaces yields valuable insights for studying such effects a&-Al,O; and x-Al,O3 obtained with the pseudopotentials
metastable-alumina surfaces as well. generated by ugTable ) using both the PW91 GGA and the

This paper is organized as follows. In Sec. Il, the back-LDA show in both cases the pseudopotentials to be very
ground to our study is provided. First, the computationalaccurate. Further, the well-known tendency of the LDA to
method used is presented. Thereafter, the bulk structures of overbind is noticed, with lattice parameters1% smaller
andk aluminas are described, followed by an introduction tothan the experimental values for both phases. On the other
the empirical ion-stability rules of Pauling and a discussionhand, the PW91 GGA yields values slightly higher 1%)
of their relevance for the alumina bulk structures. Extensionshan the experimental ones. Also, our calculated energy dif-
to Pauling’s original formulations, important for the analysisference between bulk- and «-Al,O5; compares very well
of our results, are discussed. Then, the question of surfaagith the experimental value of Yokokawa and KlepBas
termination and surface stability of ionic crystals is intro- well as with the calculated one of Wolverton and Héss.
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TABLE I. Our calculated lattice parameters and energy difference of dault,0O; and«-Al,05 at 0 K from LDA and PW91-GGA DFT,
compared with the experimental values at room temperaRifg and with the all-electron full-potentidFLAPW) and the pseudopotential
(vAasp code DFT calculations of Wolverton and HaéRef. 6). The experimental lattice parameters f61Al,O5 are also extrapolated to 0 K
for comparison with the calculated values using the thermal expansion coefficients of Ref. 27.

Our calculationg0 K) ExperimentgRT) Other calculationg0 K) (Ref. 6
Bulk a-Al,0O4 (LDA) (Ref. 28 (GGA) (Ref. 29 FLAPW (LDA) VASP (GGA)
a(A) 5.091 5.185 5.128 5.071 5.161
¢ (deg 55.330 55.125 55.280 55.450 55.270

Our calculationg0 K) ExperimentgRT) Experimentgextrapolated to 0 K
Bulk x-Al,0; (LDA) (Ref. 5 (GGA) (Ref. 27 (Ref. 8 (from Ref. 27 (from Ref. 8
aA) 4.8041 4.875 4.83%3) 4.84372) 4831 4.840
b (A) 8.2543 8.378 8.3109) 8.330@3) 8.300 8.321
cA) 8.8785 9.018 8.9363) 8.95474) 8.923 8.945

Our calculationg0 K) ExperimentsRT) Other calculationg0 K) (Ref. 6
Bulk energy difference (GGA) (LDA) (Ref. 30 VASP (GGA) VASP (LDA)
SE(k—a) (eV) 0.09 0.15 0.16 0.08 0.21

For the calculations on the-Al,05(0001) surface, tests with O in an almost close-packed stackilggAB for « and

yield a good convergence for a vacuum thicknésg.
=c,/2 (wherec, is the height of thex-Al,O; hexagonal
unit cell), a plane-wave cutofg =600 eV E.,=900 eV
in the LDA+NCPP calculations and a 2<2X1 k-point
sampling of the Brillouin zone. For the-Al ,03(001)/(00])

surfaces, good convergence is reached Wwith=c, (where
c, is the height of the orthorhombig-Al,O5 unit cell),

E..~—400 eV, and a (2X 1 k-point sampling.

B. Alumina bulk structures

ABAC for «) and Al in the resulting interstitial sites.

In a-Al,O3 (rhombohedral unit cell, space groig3c),
all Al layers consist of hexagonally arranged atoms, occupy-
ing 2/3 of the available octahedral sitdgg. 1).2%%!In each
layer the Al ions arrange themselves in one of the three types
of hexagonal networks, which differ in the position of the
vacant octahedral sites( 8, or y in Fig. 1). By denoting a
layer of octahedral sites between a douhB oxygen layer
with the stacking lette€, the a-Al,O5 structure can be de-
scribed by the stacking sequenée®BcPAc’Bc*AcPBc”
along [0001], where capital(smal) letters denote oxygen

The bulk - and k-Al,O5 structures are both composed (aluminum layers and the vacancy position in each Al layer

of alternating O and Al planes, perpendicular to thexis
(the [0001] and[001] directions ina and «, respectively,

Oxygen

[1100]
layer X

is denoted by the greek superscriptDue to the electro-
static repulsion arising from the face sharing of Al octahedra

[1210]
4

[0110]
P

® Aluminum

O Oxygen

v N [1100]

[1210] Q Oxygen @ Aluminum Al vacancy

FIG. 1. Bulk structure ofx-Al,O5. Left: A slice of the structure, one Al-polyhedron thick, showing the stacking sequence[8odi
(“grey” O atoms are behind the “white” ones in the same layehe Al coordination octahedra are drawn with solid lines. Right: The first
two layers of O with Al ions above; vacant Al sites are marked with open small circles; the hexdgiguala) unit cell is shown;a, B,
and y mark the three different Al sites present in the atomic layera-@&l,0;.
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AlT

@ Aluminum

FIG. 3. The two different Al coordinations present it and
k-Al,O5: octahedral (A?) and tetrahedral (A).

FIG. 2. Notation of the cation positions allowed by R@a2, 5065 | the mixed layers, there are two different types of
symmetry ofx-Al,O3 between two O layers iA and B stackings. [100] zigzag lines, one composed of onIyTA'imd the other

Roman letters denote stacking letter and Greek subscripts deno

o} : -
the three different ion positions allowed for a given stacking Ietter..o(? only Al”. These two lines are homogeneously distributed

Note that, due to th€®na2,; symmetry, the positions are pairwise in the layer and alternate along10]. Due to their Coordﬂa-

related within each layer. The in-plane unit cell is marked with solidtion, the A" atoms are strongly displaced towards [061]

lines. (From Ref. 5. direction. Also, the O atoms in each layer are separated along
[001], due to the Al-sublattice anisotropy.

in neighboring layersgsee the discussion of Pauling's rulesin ~ We note here that, in contrast to-Al,O3, the k-Al,O3

Sec. 110, the Al atoms in each layer are slightly displaced structure lacks mirror symmetry through tk@01) plane,

from each other, forming two separate sublayers. All Al lay-making the two(001) and (00) surfaces inequivalent. This
ers are thus equivalent to each other, apart from an in-plang due to the presence of Aln the structure, together with

displacement of the Al hexagons of one®Adite in subse-  the fact that their vertices all point towards ff@91] direc-
guent layers. tion.

On the other hand, ik-Al,O5 (orthorhombic unit cell,
space grougPna2,), 3/4 of the Al ions in the unit cell are .
Al® and 1/4 is AT (Refs. 5,7—9 Using a similar notation as C. Pauling's rules
for a-Al,0O,, introduced in Ref. 5 and reproduced in Fig. 2, Based on his experience of structure determination, Paul-
the structure of «x-Al,O; can be described as ing put forward his by now classic rules on ion-crystal sta-
Acgb,Bc,c,Ab,csCh,b,, where the subscripts now de- bility in 19293 The rules summarize efficiently and intu-
note the occupied cation positions in each Al layer. Due tdtively the effects of electrostatics and quantum repulsion on
the mixture of different Al coordinations in the structure ionic-structure stability.
(Fig. 3, there are two different types of Al layers, which  In the case of the alumina structures, rules no(REf.
alternate alond001] (see Fig. 4 (i) “octahedral,” com-  34), 2 (Ref. 35, and 3(Ref. 39 are the relevant ones. Rule
posed of only AP, and (i) “mixed” composed of equal no. 1** deals with the issue of the coordination number of the
amounts of Al and AP. In the octahedral Al layers, the Al Al cation. Pauling himself concluded that for A, the Al
ions are arranged in closely lying pairs[d00] zigzag lines cations can occur in both octahedral and tetrahedral coordi-
slightly separated alon@01], leaving vacancy lines in these nations, his cation-to-anion radius ratio being 0.41. However,

5
................. XA I,

[001] - o) Oxygf.:n Oxygen \‘\[210] @ Octahedral Al
[310] * Aluminum layer ;310] () 08§ Terrahdsal Al
[100]

FIG. 4. Bulk structure ofc-Al,O5. Left: A slice of the structure, one Al-polyhedron thick, showing the stacking sequence [@@hg
(“grey” O atoms are behind the “white” ones in the same layahe Al coordination polyhedra are drawn with solid lines. Right: The first
two O layers of the unit cell, with Al overlayers. The in-plane unit cell is shown with solid lifgsam Ref. 5. The crystallographic
directions have been corrected, compared to Ref. 5.
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use of radius values based on larger structure databasdson. In particular, it has only one face in common with one
yields that octahedral coordination is favored. Use of theof the two neighboring Al layers. In the-Al,O5 structure,
“crystal radius” values of Shannofsee Table | in Ref. 37 the vacancy lines in the octahedral layers are located right
yields ratios of 0.42—0.43 for Aland 0.54—0.56 for A,  beneath the Al lines in the next layer, thus avoiding face
where the variations depend on the coordination number ofharing with the Al. In the octahedral Al layer above the
the nearest-neighbor O ion. Indeed, this is confirmed by thélT, on the other hand, the two Allines are positioned
fact that the stabler-Al,O; phase has only A, while the above the Al, which does not imply face sharing thanks to
metastable alumina phases are all known or supposed to hattee presence of screening O ions in between the two Al lay-
varying amounts of Al in their structures[25% in ers. Therefore, the-Al,O; structure, although it does not
k-Al,03,% 50% in 6-Al,05,% and(25-37.5% in the spinel  fulfill rule no. 1, can still be expected to be rather stable,
aluminas -, z-, and 5-Al,05)°]. thanks to rule no. 3, which is probably the reason for its high
Rule no. 2(Ref. 35 describes how the cations should be transition temperature ta-Al,0;, at ~1000°C.
distributed in the structure and, in fact, it is exactly fulfilled It is interesting to note that the same stabilizing interplay
in the case ofa-Al,03. Our work on-Al,0O5 has shown, between Pauling’s first and third rules seems to be at work in
however, that its applicability is more limited in the case of other metastable aluminas as well. For example, both the
metastable aluminas. For example, it was not possible tknown 6-Al,O5 structure and the proposed cubic spinel
reproduce the calculated relative stability of the 60 structurastructures ofy-, %-, and §-Al,O; (as long as only ideal
candidates for bulk-Al,O5 (Ref. 5 on the basis of this rule  spinel sites are occupigdll have the Al arranged in such a
alone. Also, the compliance of the obtained lowest-energwvay that Al face sharing is avoided.
candidate to this rule is limited. The presence of Alin the bulk structures thus creates
The second rule can, however, be put in a more usefulelatively large vacancy regions in the Al layers, close to the
form by using the extension suggested by Brostral 2° As bottom triangles of the neighboring Atetrahedra, making

in Pauling’s formulation, the ionicity/; of an atomj is still  these metastable-alumina structures more open than
given by the sum of the bond strengthsbetween it and its  a-Al,05;. As shown in Sec. Il B, this has very important
nearest-neighbor atons consequences for their surface stability and structure.
V= 2 Sjj - 1) D. Tasker’s rule
I

According to Brown, however, the bond strength is definedquestion of the chemical composition of the surface termina-
as tion. The electrostatic interactions in ionic compounds have a
in the stable bulk structure, introduces significant effects in
' 2) the overall stability of the now semi-infinite crystal. On the
which follows semiempirical and quantum-mechanicaleffect and categorized the ionic surfaces into three groups.
argumenté® The parameters, and B are fitted to known The first two groups describe the “nonpolar” surfaces, in
=0.37 is a universal constanwhile r;; is the distance be- crystal has no dipole moment perpendicular to the surface.
tween atoms andj. In this way, the effect of varying cation- This can arise either if each atomic layer is electrically neu-
the weaker the bond strengthihus allowing distortions of and cations are arranged in a symmetrical way in the repeat
the ion coordination polyhedra. This should obviously beunit (“Tasker type 2”). For example, Na€100 belongs to
that of k-Al,O5. In Sec. llIB, we show that Brown’s rule amounts of cations and anions that have the same charge
yields atomic ionicities for bulke-Al,O5 that are very close magnitude (1 and— 1, respectively The a-Al,05(0001)
nition of bond strength should thus yield a very good esti-only anions or cations. However, the ion distribution along
mate of the actual amount of electrons donated by a cation {@001] is such that there exists a repeat unit that has no net
ment. reality, charge is distributed over the region around the ionic
Interestingly enough, rule no. @®Ref. 39 is rather badly core, but as long as a symmetric environment such as the one
sharing between the Al coordination polyhedra cannot be&easonable. According to Tasker, nonpolar surfaces are
avoided. Apparently, a tetrahedral coordination is more destable. Therefore, he predicts that the clean unreconstructed
more important than rule no)3As soon as Al are present, layer*?
however, face sharing can be avoided, simply due to the fact The third of Tasker’'s groups of ionic surfaces comprises

The creation of a surface in an ionic crystal raises the
long-range nature. Thus, the created surface, a major defect
basis of a simple point-charge model, Takenalyzed this

structural data(for Al-O bonds ro=1.651 A, while B which each repeat unit used to build up the semi-infinite
anion distances is taken into accodifie larger the distance, tral (“Tasker type 1), or, if this is not the case, if the anions
very important in such a distorted structural environment asype 1, since each Na@l00 atomic layer consists of equal
to those obtained from our DFT calculations. Brown’s defi-surface, on the other hand, is built up of alternating layers of
its nearest-neighbor anions in a distorted structural environdipole momen{see Fig. 3 making this a type-2 surface. In
fulfilled in a-Al,O5. Due to the fact that all Al are R, face  in a-Al,O; is considered, the point-charge approximation is
stabilizing than the presence of face sharifgde no. 1 is  «a-Al,03(0001) surface should be terminated by half an Al
that a tetrahedron has fewer faces to share than an octahie “polar” surfaces’® Here, the repeat unit has a dipole
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Unrelaxed: 0001] Relaxed:

[
. A e | i o
fil —0—0—0— O8N | A 85w 024
g8 (0.85 A) +3.2% (0.88 A)
=0 Al Al (049 A) Al Al -45% (0.27 A)
(0.85 A) +20% (1.02 A)
0 0 0 (0.85 A) 0 ° ° +4.8% (0.89 A)
N Al 049 A) g—A ~71% (0.46 A)
(0.85 A) +1.3% (0.86 A)
& 2 i o (0.85 A) 9 0 AT 0 -0.8% (0.84 A)
Al (0.49 A) & +3.0% (0.51 A)
o0 S —o—0—o0—08d oo ""* i
Xygen Aluminum (0.85 A) Al +0.2% (0.85 A)

FIG. 5. Nonpolar surface structure of unreconstrucateél,05(0001), before and after relaxation, according to our DFT-GGA calcu-
lations. The atomic layers perpendicular[@001] are shown, together with interlayer distances. The relaxation magnitude is given in
percentage. The nonpolar repeat unit for building the surface is shown.

moment perpendicular to the surface. This can arise for es- In a slab calculation, in which the slab composition is
sentially two reasons. Either the charges on the ionic layerstoichiometric, this separation energy corresponds to the sum
are different from what is needed for a zero dipole momentpf the surface energies of the two slab surfaces. It can be
such as in NaQl11), where filled close-packed layers com- obtained as

posed of exclusively anions or cations alternate aldrig],

or there is a symmetrical charge distribution between the

atomic layers of the repeat uriut the interlayer distances [001] @ o Interlayer
are not symmetrical around the middle plane of the repeal tAI(H)* 77777777777777777777777777 \9 77777777777777777777 :’1’ sé‘;"gs
unit. This is the case fat-Al,05(001) and (00). As shown ) o
in Fig. 6, the two repeat unitslue to the lower symmetry of 1A Al B —— B ©.09 A)—
x-Al,O3, only every second Al layer is equivalent, yielding 30(11)—> 085 4) g
two different repeat unijsthat most resemble the(0001) 20(11):: ©064) | 2
repeat unit should give polar surfaces, since the interlayer 900 0248y | &
Al-O distances are unsymmetrical. 2alj= ©784) | g
Thus, none of the conceivable terminations that can be E TAKL> (0.79 A)——%
obtained from a001) cleavage of thec-Al,0O5 bulk struc- § 30(H 0534 | |7
ture is nonpolar. This raises the question on whether this § 20(1)-»- (0.05 A)

. . . 8 10(1)> 0.06 A) &
surface actually exists, since, according to Tasker, polar sur i =
faces are electrostatically unstable, having a surface energ §2A1(11)-> (1.08 A) =
that divgrge_s with increasing thickne;s of the atomic slab. As g ;1) -»] (0.09 &) 7%
sh_own in Fig. 6, there are ten possible cleavage surface ter 3 3001 ©ssh) | &
minations. In Sec. Il B, the results from our calculations on & 20(11) | 006k | E
all of these terminations are reported and put in the contexi  jo1)—=> 0.22 A) g
of Tasker’s rule. 2AI(1)-= (0.78 &)

TAIT) > 0.79 ) |
E. Surface-energy calculations 30()e N Y e ©0.53 &)
Our DFT calculations employ a “slab geometry;” the sur- 38?2::: Eg:gg ﬁg

face is described by a supercell composed of a thin film of
the crystal(the “slab”) and a surrounding vacuum region.
The slab is composed of a moderate amount of structurabjh
umts (or “repeat units’). Inlorder to compare the stability of pair in the layers is denoted by the position notation of Fig. 2. To
different surfaces or_of different _termlna_tlons of a Surface’the right, the two repeat units most resembling the repeat unit of the
the “surface energy” is often considered, i.e., the energy coshonpolara-Al,0,(0001) surface are marked. To the left, all the ten
of producing the surface from an infinite crystal. However, innonequivalen(001) cleavage planes of the-Al,0; structure are
reality, it is more realistic to talk of a “cleavage energy,” or shown and labeled. Note that, due to fh@a2, symmetry of the
separation energy &, thatis, the amount of energy needed «-Al,0, structure, each atomic layaris symmetry related to layer

to cleave the infinite crystal and separate the two resultingi+ 2 (Ref. 5, making cleavage at layerequivalent to cleavage at
half infinite crystals from each other. layern+2.

FIG. 6. Bulk structure of one&-Al,O3; unit cell, schematically
own by the stacking of atomic layers alof@1]. Each atomic
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TABLE Il. Calculated surface enerdy, for the unrelaxed non- Table Il shows our results for the unrelaxed
polar a-Al;03(0001) surface as a function of the number of repeatqy-Al,05(0001) surface, using both LDA and GGA. Up to
units n in the slab, using the method described in Sect. Il E. Forten repeat unit§each consisting of one oxygen layeare
each value o, Ec is the calculated total energy of the whole considered. Oscillations from QSE are visible and in the
supercellEy, is the bglk binqling energy of one repeat unit obtained range of =0.02 J/n? for the surface energy. The surface
from Eq. (4), andE; is obtained from Eqs(3) and(5). energy is well converged fon=4, implying that without
relaxation effects, a three-layer slab is sufficient for obtain-

LDA: ing two independent slab surfaces. For the relaxed surface,
Ece Ep Es on the other handp=5 is needed for convergence, due to
n (ev) ev) (InP) the long-ranged surface relaxations.
3 —4273.1512 Our results for the unrelaxed-Al,03(001) and (001
4 —5700.7333 —1427.5821 3.9707 surfaces, using the GGA, also show good convergenég, of
5 —7128.3179 —1427.5846 3.9748 and Egp at n=4, where, however, each repeat unit is now
6 — 8555.8992 —1427.5813 3.9680 composed of two oxygen layers. For the relaxation of the
7 —0083.4772 —1427.5780 3.9598 (001 surface, good convergence is still maintainednat
8 —11411.0608 —1427.5836 3.9760 =4, whilen=5 is needed for the (0Q1surface, which un-
9 —12838.6435 —1427.5827 3.9730 dergoes a much deeper relaxation. QSE oscillations of about
10 —14 266.2226 —1427.5791 3.9596 +0.02 J/nm for the separation energy can be seen in the
Average:  —1427.5816 3.9696 calculated values.
GGA:
= Ey E, Il. RESULTS AND DISCUSSIONS
n ev) (ev) (IInr?) A. a-Al,05(0001)
3 —4933.5961 For at least the last 15 years, the unreconstructed clean
4 —6581.0976 —1647.5015 3.5790 a-Al,03(0001) surface has been the subject of theoretical
5 —8228.6033 —1647.5057 3.5858 studies. However, only recently, a clear and consistent de-
6 —9876.1082 —1647.5049 3.5842 scription has emerged, thanks also to the contribution of ex-
7 —11523.6125 —1647.5043 3.5827 periments. It is now known that there are large and deep
8 —13171.1131 —1647.5006 3.5723 relaxation effects of the surface and that calculations need
9 — 14 818.6230 —1647.5099 3.6022 thick slabs to account for this. The first thick-slab first-
10 —16 466.1234 —1647.5004 3.5678 principles calculation oi0001) was performed by Verdozzi
Average:  —1647.5042 3.5827 et al*®in 1999 on slabs of 9 and 18 repeat units using DFT-

LDA. Significant relaxations were found to occur as far as in
eight repeat units into the bulk. The large inward relaxation
Ece= Ecer(N) —NEy, (3)  found for the surface Al layer<87.4%) is attributed to the
3 high ionicity and small radius of the Al ion,*® together
whereE(n) is the calculated total energy of a slab with  with the fact that the open structure @Al ,O5 (with vacan-
repeat units anét, is the bulk binding energy of one repeat cies directly beneath the surface Al ions, see Figalbws a
unit. large inward relaxation while conserving nearest-neighbor
The bulk energyE, can be obtained from a separate bulk bond lengths! The energy gain of the relaxation is calcu-
calculation of the crystal. However, such an approach hagted to be 0.13 eV/A=2.08 J/n? (Ref. 48. Also, for the
been shown to yield a separation energy that diverges witdnrelaxed surface, this and previous tight-binding
increasing slab thickne$$: Therefore, we choose here the calculation§* report the presence of an Al surface state in the
more consistent approach of calculating the bulk binding enband-gap region. The relaxation drives this state up in energy
ergy a&® towards the bottom of the conduction band.
The nature of the surface termination has also been stud-
Ep=Ecei(n) —Ecei(n—1). (4 jed theoretically. As discussed in Sec. Il D, Tasker’s rule pre-
dicts that the most stable surface is terminated by half an Al
layer. Results of the first-principles calculations on the clean

At sufficiently largen, this value converges, apart from os-
cillations arising from quantum-size effedt®SB,*"**° thus . ; S
J a Qs surface agree with thi€:5° Further, recent investigations on

ensuring the convergence Bfg,, o . ; )
9 g ep . the stability of the surface in an environment of varying oxy-

I the two slab surfaces are equivalent, as Ingen pressure show this termination to be very stable even at
-Al,05(0001), the surface enerdy, can then be obtained °. . _
a-Al20s( ) sy 85 I high O partial pressure=>’

as In order to assess the accuracy of our method, as well as
Es=Esed2. (5)  for subsequent comparison to theAl,05(001)/(00]) sys-
o tem, we perform new LDA and GGA calculations on the
For nonequivalent surfaces, askpAl,03(001)/(00)), only  clean nonpolar-Al,05(0001) surface and compare our re-
EsepCan be extracted. sults to the previously published ones. In addition, we per-
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TABLE Ill. The relaxation of the outermost atomic layers of the However, while there is a good agreement between the LDA
unreconstructed nonpolar-Al,03(0001) surface, as obtained from and the GGA for the value of the energy gain of relaxation, a
our DF'I_'-LDA and DET—GGA calculations on a slab with nine re- significant difference is observed for tHe, values. This
peat units(see also Fig. b raises a question on the accuracy of the functionals for the
description of the alumina surfaces. In reality, the strong
electron-density variations occurring in a surface region call
(%) R) (%) R for the truly nonlocal density dependence of the exchange-
correlation effects to be accounted for beyond the both local

LDA GGA

gl:g ;83557 ;g‘g;g _+835'25 ;g'gg (LDA) and semilocalGGA) approximation§?“6° Since the
X : : ' surface energy compares a situation with a surface to one
2::3' ;gg:g ;g:iég ;‘113:; Igﬁiéz without it, the calculated LDA and GGE; values should be
oAl e 0046 va8 0041 correcte_d for by accounting for the truly nonlocal _exchange-
: : ' ' correlation effects. Very recently, one such correction scheme
2::@' ;g'g ;88?? II; 18'8?? has been proposed farAl,03(0001), in which a correction
AN _0:5 _0:004 _0:8 _0:007 term |560addeda posteriorito the calculated LDA and GGA
AlAl £330 0015 430 0015 value_s. Th_e lower part of Table IV shows the result of
Al-O 04 0,004 _07 _ 0.006 applying this correction term on oug va_lues. As can be
O-Al 0.6 +0.005 o +0.002 ;e::t,' the LDA and GGA values are now in very good agree-
Al-Al —-04 —0.002 -0.3 —0.001 .
Al_O ‘o8 £ 0.006 Y +0.004 The observed discrepancy between the LDA and the GGA

thus arises from the need to include truly nonlocal effects in

exchange and correlation when dealing with surfaces. How-

form a comparison between the accuracies of the LDA an§Ve While these effects are important when calculaligg

the GGA for thea-Al,04(0001) surface. they are not significant when dealing with tlifferences
Table 11l shows our calculated surface relaxation. A veryPetween thes values of similar surfaces. The nonlocal ef-

good agreement between the LDA and the GGA results iéects should be very similar for similar surfaces and thus
observed, with the largest difference, 0.015 A, occurring forcancel out when looking at energy differences between simi-
the top interlayer distance. Also, our nine-layer calculationdar surfaces. Thus, calculations of the energy gain from sur-
agree well with the previous LDA results of Verdoztial 48 face relaxation and comparisons of the stability of different
on an eighteen-layer slalop-layer relaxations of-87.4%, surface terminations of the same crystal should yield accu-
+3.1%, —41.7%, and+18.9%, as well as with the more rate results. In addition, we have checked that our calculated
recent ones obtained with thesp code by Siegebt al®®  LDOS for a-Al,04(0001) is not affected by the choice of
using both the LDA and the GGA-83%, +3%, —46%, and  functional. No significant difference in form is found be-
+19%) and by Gomest al>° using the GGA—86%, +4%,  tween our calculated LDA and GGA LDOS, showing that
—48%, and+21%). Use of the LDA is thus sufficient for our analysis of the surface electronic structure is not affected
surface calculations ow-Al,O3. Also, as already pointed by the choice of functional.
out by Vel’dOZZiet al.,48 a nine-layel’ Slab iS found SuffiCient Figure 7 shows the surface LDOS, before and after relax-
for a good description of the relaxation effects. _ ation, obtained from our DFT-GGA calculations. For the un-

Table IV lists our calculated surface energi&sshowing  re|axed surfacFig. 7(a)], a partly filled surface statsSS),
again a good agreement with the result of Verdoetzal. can be seen just above the Fermi eneligy, of Al 3s+p,

and O 2, character. After relaxatiofFig. 7(b)], this SS is

‘ TABLE!)\I/'.SUS?Ce energég;ttggonpdmgr;'éoé(Aoooll) fL:r pushed up into the conduction band. This agrees with the
ace, as obtained from our BFI-LDA an ) caieualions. \, avious tight-binding results of Godet al5! and the DFT-

The values for both unrelaxed and relaxed surfaces are shown, iﬁA Its of Verdozziet al*® A dina t leul
well as the energy gain of relaxation. The latter is compared to th results ot verdozziet al. ccording 1o our caicula-

value of the DFT-LDA calculation of Verdozeit al. (Ref. 48. Also  1ONS, the peak of this SS at the unrelaxed surface lies 2.8 eV
shown are the values obtained by correcting our LDA and GGaunder the bottom of the conduction band. In order to get a
values with the correction term of Mattsson and Jenni&ef. 60.  picture of the nature of this SS, we plot in Fi§ja real-space

All values are in J/rh three-dimensional picture of the total density of states at the
Fermi energy. A clear dangling-bond character of the SS can
Unrelaxed Relaxed Gain  be seen, mainly localized on the surface Al atom but lying
also on the surface O atoms.

é%': ?::,-.%ZB 11'%2 Zl'g?é The calpulated DFT-GGA chargg density can be inte-
Verdozziet al. (Ref. 43 (LDA) 208 grated to yield ameasure of the ionicity of_ the surfaqe atoms.
i ' i We perform this with the approach used in Ref. 5, in which
LDA + correction 4.25 2.22 2.03 the supercell is divided into Voronoi cella generalization of
GGA+ correction 4.21 2.23 1.98 Wigner-Seitz cellsaround each atom, such that a pairit

the supercell belongs to the Voronoi cell around aioiin
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FIG. 7. Calculated local density of statdDOS) from DFT-GGA on the unrelaxe) and relaxedb) «-Al,03(0001) surfaces. The
LDOS for the O and Al atoms in the top four surface lay@epeat unitsare shown, projected onto atons@ndp valence orbitals. The
pictures in the upper right corners show the LDOS for only the surface Al atom, projected onto vajgrecel p, orbitals.

for all atomsj#i, whereb; is the ionic radius of aton,
taken from the “crystal radii” tabulated by ShanndhAs
pointed out in Ref. 5, this approach yields atomic charge

Ir— Ry <|r_Rj|

=

b; b;

FIG. 8. (Color onling Real-space picture of the density of states
at the Fermi energy(summed over allk) for the unrelaxed
a-Al,05(0001) surface, calculated from DFT-GGA. Large balls are

O atoms and small ones are Al atoms.

that are in good agreement with other theoretical
estimate$-®2for bulk a-Al,0;.

Such a calculation yields that before relaxation, the sur-
face Al atom has a net atomic charge-vR.67, that is, an
excess of~0.1 electrons compared to the value obtained for
bulk Al atom (~+2.78), while the O atoms in the two
surface layers have as a whole lost approximately the same
amount. This is presumably due to the fact that breaking the
ionic Al-O bonds when creating the surface restores the
electrons that were donated by the Al atoms, through these
bonds, to the neighboring O atoms back to the Al atoms.
Therefore, charge is restored to the surface Al ion, which has
lost half of its nearest-neighbor O atoms, while charge is
removed from the surface O ions, which have lost one of
their nearest-neighbor Al atoms. This is reflected in our cal-
culations by the presence of a partly filled SS band of
dangling-bond character on the surface Al atoms and by the
surface O valence bands crossiBg, thus leaving empty
states at the top of these barjéfgs. 7a) and §.

According to Brown’s rule, Eq(2) (using our calculated
DFT-GGA Al-0O bulk distances each of the Al-O bonds
broken in the crystal cleavage “contains” 0.40 electrons.
However, it can be expected that charge redistributions take
place through the remaining surface Al-O bonds, striving to
restore the bulk ionicity of the surface ions and thus reduce
the charge excegsleficit) of the surface AO) ions.

After relaxation, our calculated atomic charges show that
the bulk ionicity is restored, which is consistent with
our results of a bulklike LDOS for the relaxed surface

[Fig. 7(b)].
B. k-Al,05(001) and (001)

The previous results oa- Al,O; show the validity of our
method for the description of the structure and bonding of
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TABLE V. Calculated DFT-GGAE,, values for all possible other metastable aluminas as well. Therefore, given the gen-
surface terminations ok-Al,03(001)/(00]) (Fig. 6), before and eral applicability of Pauling’s rules, there are good reasons to
after relaxation. The first two relaxed values correspond to onlyexpect that this surface-ﬁlinstability is a common feature
relaxing the(001) and the (00} surfaces of the slab, respectively. of metastable aluminas.

The third value is obtained by subtracting the two energy gains of This applicability of Pauling’s rules also gives clues on
these two relaxations from the unrelaxed value. Ehag, values  the stability of other surface geometries than those obtained
obtained from our DFT-GGA calculations a-Al,03(0001) are by bulk-structure cleavage, conceivable, e.g., during a

included for comparison. crystal-growth process. Structures having surface Al ions di-

rectly above second-layer Al ions would be less favorable

Termination Unrelaxed Relaxed due to Pauling’s third rule. Also, change of the surface O
Esed J/nP) Esed J/NT) layer in such a way that it creates additional A4 the sec-

— ond Al layer can be expected to be unfavorable due to Paul-

Only (00D only (007) Total  ings first rule. In cases with surface ions having a choice of

several different positions that all satisfy Pauling’s rules, it

1’3'5')) ;'g 2‘5 2'2 j'g can be e_xpected _that thesg ions will pr.efer sites .that maxi-
1001) 7'4 6.7 6'2 5'5 mize t_helr mgtual m—plan(_e d|stanc_es. This they do in order to
: : : : minimize their electrostatic repulsion energy, a result that has
1AI(Ir) 9.5 75 75 55 also been found by Jennison and Bogic&ia their study
20() 8.5 7.6 8.1 72 of thin Al,O5 layers. We notice, however, that the ten cleav-
20(1I1) 9.7 8.1 8.9 73 age terminations considered by us above automatically sat-
2AI(1) 12.0 11.7 9.5 92 isfy most of these requirementsince they are directly de-
2AI(IT) 11.5 11.3 9.8 96 rived from the bulk structupeand should therefore be the
3a() 136 106 133 103 first-choice candidates for theAI203(001)/(0(ﬁ) surface
30(11) 14.4 11.5 13.8 10.9 geometry.
a-Al,04(0001) 7.2 3.2 The relaxation of thec-Al,03(001) and (00) surfaces

obtained for the 1Al) termination is described in Fig. 9 and
Table VI. The asymmetry of the-Al,O5 bulk structure is

alumina surfaces. Regarding theAl,O5(001) and (00)  evident in these relaxations. While €01), there is a re-
surfaces, the first question to address is the nature of th@arkably large 117% contraction of surface Al-O interlayer
surface termination. distance, yielding an O termination, at (QOthere is “only”

As discussed in Sec. IID, none of the Al,05(001)/ a 74% contraction. In both the cases, the strong inward re-
(001) surface terminations that can be obtained from daxation can be understood in the same way as for
cleavage of thex-Al,0; bulk structure is nonpolar, in a-Al;03(0001); the strong electrostatic attraction between
Tasker’s definition. Therefore, we calculate Ek%pvahje for Al and O and the loss of coordination of the surface Al pulls
all the ten possible cleavage terminations, shown in Fig. 6the Al ion towards the O layer. The open crystal structure
The results are given in Table V. After relaxation of both theallows a large relaxation while keeping the bond lengths
(001) and (009 faces of the slab for all ten terminations, the INtaCt” The structure inc-Al, 0z is even more open than in
lowestE,value is found for termination 1All). This is one a-Al;0;, however, due to the vacancy _Ilnes in the second
of the two terminations with cleavage plane in the middle ofsurface layer. Therefore, the surface Al ions can relax more

an Al layer and thus most resemblant to the nonpolafdeeply into these lines, still without noticeably altering their
a-Al,05(0001). As opposed to the other termination similarAl—© bond Ieng_ths. : . .

to a-Al,05(0001), LAll), LAI(I) has no AT in its imme- The geo_metrl_cal details of these atomic rela_lxatlons hav_e
diate subsurface layetsee Fig. 6. This shows a lower sta- been described in Ref. 12. Here, we comment in more detail

bility for Al T near the surface, compared to°Allndeed, the on the obtained strong difference in relaxation between the
other terminations having Alnear the surface also show an m’o faces. Ast desfcr;tk:])ed’&l? Retf' 1|2 th'i dllfferface IS du:aj to
instability of these Al units; during relaxation the surface O € asymmetry of the Al units lying below the secon
(Al) atoms that lie directly on top of second-layer &D) surface-oxygen layer. While g001), th? Al ions directly
atoms undergo significant lateral displacements. Thisin beneath the second-layer Al-vacancy lines ar ahd thus

stability disappears, however, when a new layer of Al is put . ) —

above these terminations. This result can be understood frofiward relaxation of the surface Al ions, at (Q0these Al

Pauling’s rules. As discussed in Sec. Il C, thd ahits are in  1ons are inverted Al (see Fig. 9. These atoms sit in top

the bulk stabilized by the presence of vacancy lines in th@0sitions above the underlying O atoms and are thus less

neighboring octahedral Al layers. Removal of these octahe@ble to relax into the bulk{indeed, the A? (b,) directly

dral layers exposes the inherent instability of Ah Al,O,  beneath the surface Al dD02) relax 0.04 A into the bulk,

structures, as expressed by Pauling’s first rule and demonvhile the Al (cp) directly beneath the surface Al of (0P1

strated by the stability of the phase. remain still(see Table VI.] As a consequence, they cause a
As discussed in Sec. Il C, the same stabilizing interplayhigher electrostatic repulsion on the surface Al ions, which

between Pauling’s first and third rules seems to be at work itherefore do not relax as fully as in the case of {681
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FIG. 9. Relaxation of the 1Al) x-Al,05(001) and (O(ﬁ) surfaces, according to our DFT-GGA calculations. A slice of the atomic
structure is shown, one coordination-polyhedron thick. “Shaded” O atoms lie behind “open” ones in the same layer. Solid lines show the Al
coordination polyhedra. The major atomic movements during the relaxation are shown by the arrows.

surface. This causes the surface O ions to move outwards, tancy region in these structures as well. Thus, large vacancy
an attempt to further lower the electrostatic energy of theegions are present in a number of different metastable alu-
system. This outwards motion affects oxygen layers deepina structures. In all cases, these are caused indirectly by
into the bulk, starting a “cascade” of small outwards O re-the presence of Alin the structures. Therefore, it is plau-
laxations of about 0.01 A at least as deep as ten O layers intgiple to assume that the strong surface relaxation predicted
the bulk, which is the largest amount of relaxed layers confor «-Al,0; is a common feature of metastable aluminas, in
sidered in our calculgtion;. Indeed, even aftgr relaxation ofyhich AT are present.

ten O layers, there still exists a potential gradient alday] In this context, it is interesting to notice that a presence of

in_the unrelaxed region_ of the _sIe(Eig. 10, implying th"’.lt abnormally coordinated Al iongquasioctahedral and qua-
this outwards O relaxation continues even deeper. ESt'matesﬁtrihedra} has been observed by Zhou and Snyder in bulk-
of this gradient yield, however, that it decays #10% for  ,ctyre studies of spinel aluminsHowever, Zhou and
each new relaxed repeat unit that is added to the slab, Sho"%nyder suggest that this is in effect caused by the high sur-

ing that the relaxation will eventually decay to zero, if (306 areq of these phases and that these ions are in reality
enough atomic layers are considergife have also checked displaced Al lying in the surface region. It has been re-

that this gradient is not a mere effect of #2891 surface not 40 that the majority of the new surfaces created during

having been relaxed in these calculations: a gradient is sti he dehydroxylation of aluminum hydroxides to spinel alu-
present in slabs with thicker unrelaxed regions as well as in g,in4 phases ar€11) surfaces® which have the same layer-
slab in which all the atomic positions &bth the surfaces by-layer Al/O close-packed, structure ag-Al,05(001)/

have been set to their respective relaxed valudf&e thus . :

note that what at first appears to be only a subtle structura{lol0 1).t_Our results .Shct)‘r’]v’ mdeeld,.;[hat fvery strong '“V.Vard A{

feature(the direction of the Al in the second surface layer relaxations occur in he proximity of vacancy regions a
close-packed surfaces and thus support the above picture.

can, in fact, have a crucial and long-ranging effect on the : L
surface stability and structure of a highly ionic crystal such We thus find that the most favorable surface termination

as k-Al,Os. This stresses the importance of using largefor x-Al,05(001)/(00]) is the one resembling that for the
enough cells when examining structural defects in aluminagonpolara-Al,05(0001) surface. However, due to the un-
and other highly ionic crystals. symmetrical Al-O interlayer distances, all surface termina-
The openness of th&-Al,O; structure is common to tions of k- Al,O5 should be polar, according to Tasker’s defi-
other metastable alumina phases. As discussed in Sec. Il @ition (see Sec. Il D Yet, our calculatedEse, values for the
the presence of Alin the bulk allows several metastable 1Al(l) termination show no sign of divergence, as the slab
alumina structuresk, 6, vy, 8, ) to avoid face sharing be- thicknessn is increased, which would be the case if the ob-
tween the Al coordination polyhedra, a fact that contributedained surfaces were unstable. In Ref. 12 we show that in
to their structural stability according to Pauling’s third rule. reality the 1Al[l) termination for«-Al,O; is nonpolar, by
Thus, large vacancy regions, similar to those present i@nalyzing the calculated charge density in the slab and by
«-Al,03, can be expected to be present in these other phas@®plying Brown’s definition of bond strengfq. (2)] on the
as well. Indeed, thé phase has even wider vacancy lines in «-Al205 bulk structure. In the following, we repeat that
its structure than-Al,05.28 Also, recent first-principles cal- analysis in more detail. _
culations show that the cation vacancies in the ideal cubic- Table VII shows the net atomic charges calculated from
spinel structures of-, 7-, and 8-Al, O, lie preferably on the  OUr D.FT—G'GA charge densities with the Voronoi approach
octahedral site&® Removal of any A? in the octahedral described in Sec. lll A. The charges of the surface atoms at

cation layer of the ideal spinel structure creates a large vahe unrelaxed and relaxed Al,05(001) and (00_1 surfaces
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TABLE VI. Relaxation data for the 1Al) x-Al,05(001) and

K-A|203(00T) surfaces, as obtained from our DFT-GGA calcula-
tions (see also Fig. 6

PHYSICAL REVIEW B67, 195412 (2003

~o LTI

stoall LT

Interlayer distancegA)

Atomic displacement

Bulk Relaxed Change A)

(001) surface:

Al(b,)-O(A,) 053 —040 -0.93 Al(b,) —0.92
O(A,)-O(A,) 005 010 +0.05 0@,  +0.02
O(A,)-O(A,) 006 021 +015 0@,  —0.03
O(Ap-Al(bg) 107 073 -034 0@z  —0.18
Al(bD)-Al(bY) 009 008 —0.01 Al(by) +0.16
Al(b® -0, 0.85 089 +0.04 Al(bY) +017
O(C,)-O(Cp) 0.06 020 +014 OC,)  +0.12
O(Cp)-0O(C,) 023 014 —-0.09 OC,  —0.02
O(C,)-Al(b9) 077 088 +011 OC,  +0.07
Al(b9)-Al(cf) 079 072 -0.07 AI(b)) —0.04
Al(cp)-O(Ag) 053 056 +0.03 Al(cgy)  +0.03
O(Az)-O(A,) 005 006 +001 O@,  *0.00
O(A,)-O(A,) 0.06 002 -0.04 0@, —001
O(A)-Al(c)) 107 110 +003 O@,)  +0.03
<=*+0.02 <=*+0.01
(OOT) surface:

Al(cp)-O(B,) 077 020 —057 Allcgy)  —0.39
O(Bp)-O(B, 023 048 +025 OB,  +0.19
o(,-0(®B, 006 -005 -011 O@,  —0.06
OB, -Al(c®) 085 094 +0.09 OB, +0.05
Al(c)-Al(c) 0.09 -0.07 -0.16 Al(c}) —0.05

(0] (0]
Al(c9)-O(A,) 107 122 +015 Al(c))  +0.11
O(A,)-O(A,) 006 001 -0.05 O@,) —0.04
O(A,)-O(Az) 0.05 -0.06 —011 0@,  +0.02
O(Ap)-Al(cy) 053 066 +0.13 0@,z  +0.13
Al(cp)-Al(b) 079 080 +0.01 Al(cp)  +0.00
Al(b9)-0O(C,) 077 077 =*0.00 Al(bY) —0.01
0(C,)-0O(Cp) 023 021 -002 OC,  *0.00
O(Cp-0O(C,) 006 005 —0.01 OC,  +0.02
O(C,)-Al(b% 085 088 +003 OC,  +0.03
<+0.03 Al: 0——0.01

O: +0.01—0.02

are compared to the charges of the corresponding atoms

2 ~ ~_” A
I\l\"\\/\"‘ C AR T

2% 5 10 15 20 25 30 35 40

z(A)

FIG. 10. (Color online Plot of thexy-averaged total potential,
as a function ofz, in the largest slab considered by us for the
relaxation of thex-Al,05(001) surface. The shaded region to the
right shows the part of the slab kept fixed at bulk coordinates during
the relaxation. The coordinate runs along the[001] direction.
Solid line: total potential in the relaxed slab. Dashed line: difference
between the total potential in the relaxed slab and the total potential
in bulk k-Al,O3. The positions of the O and Al atoms are marked
with the lines in the upper part of the figure. The arrow indicates the
potential gradient still left in the unrelaxed part of the slab after
relaxation.

respectively® The Al" transfers 0.69 electrons to the O layer
above and 2.22 electrons to the O layer below. The large
difference is due to the tetrahedral coordination, with only
one Al-O bond to the layer above and three bonds to the
layer below(see Fig. 11 The AP transfers 1.83 electrons to
the layer above and 0.99 electrons to the layer below. Here
the difference is due to the distortion of the octahedron, with
a larger Al-0 distance to the O layer below.

Now, cleavage of the bulke-Al,O5 structure involves
breaking of AlI-O bonds. It is then expected that the charge
donated by the Al ions to the neighboring O ions through
these bonds is restored to the Al ions, which then redistribute
it to their remaining nearest-neighbor O atoms. Figure 11
shows schematically what happens when creating the JLAI

surfaces: 0.69 electrons are lost by the resulting_][(}ﬂlr-
face and “given back” to th¢001) surface, while 0.99 elec-

the bulk. Use of the valence-sum rul&q. (1)] on bulk trons are transferred frorf®01) to (001). The result is that
k-Al,05, with Brown’s bond-strength definitiofEq. (2)]  after crystal cleavage there is an excess of 0.30 electrons per
and the bulk Al-O bond lengths obtained from our DFT- Al atom at the (00) surface and a deficit of the same
GGA calculations, yields bulk ionicities for the Al, andc;  amount at(001), compared to the bulk situation. This is in-
atoms of+2.91 and+2.82, respectively, which are in sur- deed the same amount of charge transfer obtained by sum-
prisingly good agreement with the DFT values. Thereforeming up the DFT atomic chargésee Table VI).
Brown’s bond strength should be a good measure of the ac- As stated in Sec. Il D, a Tasker-polar surface is unstable,
tual amount of charge donated by an Al ion in the bulk todue to the presence of a non-vanishing dipole moment per-
each of its neighboring O ions. This amount of charge dependicular to the structural repeat unit used to build up the
pends on the Al-O distance; the larger the distance, theurface. Thus, a polar surface could be stabilized by transfer-
weaker the bond and consequently the smaller the charging charge between the two surfaces of a slab in such a way
transfer. that the destabilizing dipole moment is compensated by an
We can then calculate how much charge is transferre@qually large but opposite dipole. Such an analysis has been
from the Al ions to the bulk O layer above and below, performed by a number of authors, most notably by

195412-12



SURFACE PROPERTIES OF METASTABLE ALUMINA . .

PHYSICAL REVIEW B 67, 195412 (2003

TABLE VII. Net charges(in units of electron chargdor the atoms in the surface layer #fAl,05(001)

and (ocﬁ;, as obtained from our calculated DFT-GGA charge densities. The values for the atoms in the
x-Al,05 bulk environment as well as at the unrelaxedR) and relaxedR) surfaces are givefRefs. 64, 65

Surface: x-Al,0,5(001) k-Al,0,(001)
Atom: (6] Al Al (6]
A0 @Ap @A) @) sm | (D (B) Bp (B Sum
Bulk -192 -187 -190 +2.89 -280|+278 —-180 -179 -1.93 —-2.74
UR —1.84 —142 -213 +2.87 -—-252|+262 —-190 -222 -—1.58 —3.08
R —-180 —1.68 —1.88 +2.88 —248|+274 —1.88 —2.05 —178 —2.97 (Ref. 65)

Harding®” who allows an arbitrary number of atomic layers the slab would be quite difficult, considering the wide band
in the repeat unit, at arbitrary positions and with arbitrarygap of the material. Here it arises as a natural consequence of
charges. In his description, the dipole compensation ishe intrinsic charge asymmetry of bulk-Al,O;. In other

achieved by replacing the atomic plane on one side of thevords, Tasker’s rule is too simple a tool to describe the sur-
slab, having chargq;, by a plane having chargeq, and by

placing a new plane with charge {lo)q, at the other side

of the slab. Assigning arbitrary charggsand coordinates;

to each atomic plang the condition of dipole neutralization

of such a slab yields then, according to Harding,

N
a=1+2

i=1

ar
q.a’

face stability of low-symmetry crystals such a&sAl,Os.

Only by going beyond his ideal, fully ionic, and point-charge

assumptions, is it possible to properly analyze the system.
Figure 12 shows the calculated LDOS for the atomic lay-

ers near thec-Al,05(001) and (00) surfaces, before and
after relaxation. Before relaxation, there are an Al SS at the
Fermi energyEr and a crossing oEg by the O valence
band, at both surfaces. This is similar to the unrelaxed
a-Al,05(0001) surfacdsee Sec. Ill A. However, as shown

Where-N is the-number of atomic planes in the repeat Unitabove’ at the(_A|203(001) Surface’ there is a deficit of elec-
anda is the height of the repeat unit.

Insertion of our DFT-GGA bulk interlayer distancésg. ) .
6) and of the charges of each atom obtained from our prreharge. Thus, _aftc_er_relaxahon, _the (Qosurfac_e is not able
GGA bulk charge density yields that a charge transfer of 0.640 restore full ionicity and retains a partly filled SS at the

electrons is needed per unit cell, that is, per two Al atoms,

neutralize the polarity of thec-AI203(001)/(O(ﬁ) surface

system.

The fact that the charge transfers obtained from our DF‘I,Ea
calculations and from Harding’s formula agree implies that

in reality, this K-AI203(001)/(0(ﬁ) surface termination is

tronic charge, while ak—AIZOS(OOT)_there is an excess of

tosurface. The&001) surface, on the other hand, retains a partly

empty O valence band. These surface states are thus neces-
sary to accomodate the charge transfer.

We now analyze in more detail the electronic transfers
king place during the creation of the 1Al x-Al,O5 sur-
faces. As can be seen from Table VII, the electron deficit at
the (001) surface is mainly localized around theA) atoms

nonpolar More importantly, this shows that the charge trans-g¢ also, although to a smaller degree, around th& O

fer needed to stabilize the surface is provided for in a naturahioms. These are the nearest-neighbor O atoms to tieg Al
way. Obtaining it through an actual flow of charge throughatom, which has been removed in the creation of ()

1AKD)
cleavage - -
plane

O A=+030el
\I/l.ss l. [001]
/]/ Al%2.78
.......... A1T+2891
2226, /N m 2
L O A=-030el

surface. This agrees with our analysis above; the breaking of
the Al cs;— O bonds has deprived these O atoms of the elec-
trons donated to them by the &, atoms. The QA4 atoms

are especially affected by this, having two &} atoms as
nearest neighbors, while the @, atoms have only one
nearest-neighbor At; atom. At the same time, before relax-
ation, the surface @\, atoms have an excess of electrons.
This is due to the breaking of the bond between thebAl

atom and the (B, atoms at the (Oﬁﬂsurface. The charge

restored to the Ab, atom after breaking of this bond is

redistributed to the remaining nearest-neighbor O atoms: the

FIG. 11. A schematic picture of the charge transfer taking placdwo A, and oneA, atoms at the001) surface.

when breaking the Al-O bonds during the creation of the(DAl

Thus, before relaxation, the atomic charges are a direct

termination of k-Al,05(001)/(00). The Al ionicities are those Cconsequence of the Al-O bond breaking. After relaxation,
calculated from our DFT-GGA bulk charge densiffable VII),
while the electron amount in each group of Al-O bonds is given bytween the surface O atoms. In particular, nature strives to
summing up the corresponding values of Brown’s bond strengtiiestore the bulk ionicity of the @, atoms, which have kept

[Eq. (2)].

we see(Table VII) that the charges tend to redistribute be-

the atomic environment of the bulk. Charge is transferred
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FIG. 12. Calculated local density of stai@®OS) from DFT-GGA, projected onto atomiandp orbitals, for the O and Al atoms in the
four (one outermost layers of the relaxédnrelaxed «-Al,03(001) (a) and (003 (b) surfaces at the 1All) termination.
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FIG. 13. Calculated local density of stat@é9OS) from DFT-GGA, projected onto atomig,, andp, orbitals, for each of the Al and O

atoms in the outermost layer of the unrelaxed and relax&d,03(001) (a) and (ocﬁ) (b) surfaces at the 1All) termination. Each of the
different surface atoms is denoted by the position notation of Fig. 2.
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from OA, to the strongly “undercharged” @ ;. The partial 8
LDOS of Fig. 13 shows that this corresponds to the suppres-
sion of a partially-filled SS at @\, and the elimination of
emptyp,, states at Az . After relaxation, the electron defi-
cit at OAz and A, corresponds to empty, states at these
atoms.

At (001) we see, in analogy t01), an electron deficit at
the OB, atom, which has lost its nearest-neighbor )
atom, and an electron excess at th8pand OB, atoms,
which receive the electrons left by the broken bonds between
Al ¢z and the OA; and OA, atoms at thg001) surface.
However, here also an excess of electrons at thefdtom
is found. This is due to the overall excess of 0.30 electrons

per Al atom at the (Oﬁﬂsurface. Similar to what happens at

the (001) surface, relaxation of the (0QIsurface strives to
restore the bulk ionicity of the surface atoms by transfering
charge away from the “overcharged” region around the O
Bg, Al cg, and OB, atoms. However, the overall excess of
electrons at the surface makes this redistribution incomplete,
leaving an excess of electrons in the region surrounding the
surface Alcg atoms. This can be seen more clearly in Fig.
13. The relaxation succeeds in filling the empty states at the
top of the OB,, valence band but fails in completely elimi- RN AR IR IR IR N
nating the partially filled surface states at the other surface ERRERERRE ERRRRY R EREEE EEEE| SEEERERS —

atoms. After relaxation, the (0QIsurface is thus left with a R REih REEEEE EERPEEERES SEEEEE SRR -
partially filled surface-state band, of predominarglgndp, U I U I i
character, that is mainly localized around thecplatoms but
also, to a smaller extent, around the nearest-neighbBr; O -
and OB, atoms. sassazsassons

Figure 14 shows the band structure calculated for a % ““““ = e

k-Al,03 slab with both(001) and (O(ﬁ) surfaces relaxed.

The surface state at (OP1crossing the Fermi enerdye, is

clearly visible. Furthermore, the surface state has a paraboli- -20
clike form in the[100] direction, that is, along the zigzag %
line of the surface Al atoms, and is almost flat aldi0d.0],
that is, in the direction normal to the surface Al lines. The
effective mass of the electrons aloh$00] is calculated to 11 1 1y 11

be ~1.4m,, wherem, is the electron mass, at the Fermi 22 O (0,(1)]( . ;2’0) a7 00
energy(due to a misprint, this value was erroneously given oy

as 0.14n in Ref. 12. This indicates a rather good disper-  FiG. 14. Calculated band structure from DFT-GGA for a slab
sion of the surface state, implying a relatively good mobility ¢ x-Al,O5 with relaxed (001 and (003 surfaces at the 1Al)
along[100] for these surface electrons. termination. Thek-point values are given relative to the two-
In Fig. 15, the calculated Kohn-Sham wave function cor-dimensional Brillouin zone. Energies are relative to the Fermi
responding to this surface state, kgt, is plotted in real energyEe.
space. The state is clearly localized mainly on the surface Al o ] ) )
atoms. The smaller localization around the nearest-neighbor Finally, it is interesting to notice that metallic surface
O atoms is also evident. However, the picture shows clearlptates also appear when cleaving theAl,O; crystal
that there is no coupling between the O and the Al electronirough(002) planes other than the one that yields the (LA
in this state. termination. In fact, forall the ten possible cleavage termi-
Thus, this surface state has the character of a ondlations(Fig. 6), our calculated LDOS's shouafter relax-
dimensional electron gas localized on the surfiekd0)] zig- ation a metallic.surface state cgntered around surface Al
zag line of Al atoms. Such a peculiar low-dimensional elec-2toms on one side and a crossing of the O valence band
tron gas can be expected to have very interestingdCrossEr on the other side. Apparently, the charge asymme-
experimental as well as theoretical, properties. Investigation8y along[001] in «-Al,O3; manifests itself independently of
are currently being conducted to further understand thes&e choice of001) cleavage plane. This confirms the picture
propertie$? of the metallic surface state af-Al,05(001)/(001) being a

E-Ep(eV)

10k -

15k _
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features of the surface stability and bonding of this relatively
complex and highly ionic crystal. In particular, a one-

dimensional metallic surface state at theAl,05(001) sur-

face is predicted to be present. If manufacturable, it can pro-
vide an important testing ground for theories on low-
dimensional systems and exhibit technologically interesting
properties connected with adsorption and catalysis. An ex-
perimental study of this one-dimensional electron gas is thus
highly desirable. In separate papers, its robustness and
Luttinger-liquid characteristics are explorgd.

Generally, the limitations of point-charge models for de-
scribing low-symmetry complex ionic crystals are discussed.
It is necessary to augment such descriptions, such as Tasker’s
rule, with more extended models that include more of the
guantum-mechanical treatment. The present study shows that

the energetically most favorable Al,05(001)/(00]) cleav-
age surface termination is, in reality, nonpolar, despite the
fact that a direct use of Tasker’s rule yields a clear polar
classification. In this context, we show that Brown’s valence-
sum rule(an extension of Pauling’s second ruis an excel-
lent tool for studying the charge distribution in low-
symmetric ionic crystals, yielding results that are in good
quantitative agreement with those obtained from the first-
principles DFT calculations.

In the field of metastable aluminas, important understand-
ing is gained regarding the stability of their surfaces. The
present results, generalizable through Pauling’s rules, can be
used to better understand the surface and bulk structures of
the elusive metastable aluminas. In particular, we find strong
relaxation effects whenever open-structured surfaces are ex-
posed. In the presently studied system, th&\l,05(001)
surface is predicted to undergo a huge inward relaxation,
with a 117% contraction of the top Al-0O interlayer distance,
at UHV conditions yielding an O termination after relaxation
[in contrast to thea-Al,05(0001) surfacg This result is
understood in terms of simple electrostatic arguments, based
on the fact that the presence of tetrahedrally coordinated Al
atoms (A[) in the bulk structure creates large vacancy re-
gions in the structure because of Pauling’s third rule. The
result is thus generalizable to other metastable alumina
phases. For example, our result confirms the explanation pro-

FIG. 15. (CO|OI’ online Real-space picture of the density of posed by Zhou and Snyd;érfor the observed presence of
states corresponding to the surface state of the relaxedpnormally coordinated Al ions in bulk-structure studies of
k-Al,05(001) surface ak=Kkg, calculated from DFT-GGA. Large  the spinel-structured aluminas,( 7, and ).
balls are O atc_>ms a_nd _small ones are Al atoms. O_nly one unit cell Further, we show that, again because of the openness of
(drawn with thin white lines of the «-Al,0; surface is shown. the structure, long-ranging electrostatic effects have crucial

natural consequence of the charge asymmetry in bulkmportance for the surface structure and stability of highly
x-Al,O3 (Which in turn arises from the low symmetry of the ionic crystals such ag-Al,O;. At the x-Al,05(001) sur-
x-Al,O3 bulk structure together with its high ionicity and its face, we find that the strong inward relaxation of the top Al
large band gap, which prevents screenifiie surface me- |ayer[observed at th€001) surfacg is strongly hindered by
tallicity is thus not caused by the particular choice of cleav-the presence of Alunits in the third surface layer. Thus,
age plane. there is only a 74% contraction of the top Al-O interlayer

distance at (OO leaving an Al termination. This stresses
the importance of using large enough cells when calculating

This study of the surface atomic and electronic structureffects arising from structural defects in aluminas and other
of the metastablec phase of alumina reveals unexpectedhighly ionic crystals.

IV. CONCLUSIONS
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Also, we find that the Al, when exposed in a near- of the surfaces is the actual growth direction of CVD
surface region, become unstable with respect 0, Al fact  «-Al,0s.

in agreement with Pauling’s rules and thus also generalizable
to metastable aluminas. ACKNOWLEDGMENTS
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