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Structure of the a-Cr,05 (0001 surface: An ab initio total-energy study
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The structure of the basal plane of thephase of C5O5 has been investigated using periodigc initio
Hartree-Fock theory. The Cr-terminated surface, which is nonpolar but is charged, is found to be stable.
However, a large-scale relaxation of the surface layer away from the ideal bulk-terminated structure has been
found. The top layer Gt ions move inward toward the second-layet Qons by nearly 50% of their original
interlayer spacing. This results in a slight lowering of the Cr ionicity in the surface layer, but no large-scale
changes in bond character have been found. We therefore propose that the mechanism behind this dramatic
reconstruction is purely electrostatic in orig[i50163-18206)01943-1

I. INTRODUCTION sible surfaces shows many similarities in their structiig.
1). Hence, although the thin-film system may turn out to be
The study of transition-metal-oxide surfaces is of funda-the y (111) surface, theoretical studies of thae(0001) sur-
mental importance to the field of surface science, but hagace, which is amenable to the use of periodic boundary con-
until recently, been neglected by the majority of workers inditions, can still play an invaluable role in helping to eluci-
the field. The reasons for this are twofold; first, experimentadate the surface properties of the,Or;-Cr(110) system, as
studies have been hampered by the fact that it is very hard toell as being an important study of a bulk oxide surface.
produce well-ordered surfaces from bulk oxide crystals. In  Use of periodic unrestricted Hartree-Fod{HF) theory
addition, these crystals are often insulators which inhibits thdnas recently been shown to be very successful in dealing
use of standard electron-based experimental probes, althoughth crystalline systems which contain many open shell ions,
progress has been made in this direction. and in dealing with the spin-dependent ground-state proper-
Progress has been made of late in the use of model oxidées of such systents?® For many of these properties, the
systems consisting of well ordered thin-film oxide layersuse of UHF theory has given results comparable to, or better
grown epitaxially on metallic supports. The metallic supportthan, the more usual choice of density-functional theory, or
of such systems allows the use of electron-based techniquespnperiodic embedded cluster studies. The study of
provided the film thickness is relatively small. One surfacetransition-metal compounds is further complicated, since
that has been the subject of a number of studies is thin-filnthey show a variety of electronic effects ranging from being
Cr,03 grown on Cf110.27% However, the structure of this strong charge transfer insulatofsematite -Fe,O3 (Ref.
film is not clear, although on the basis of high-resolution11) through to metalliclike behavior at the opposite end of
electron-energy-loss spectroscopy on@k films grown on  the first transition period. Eskolaitex(Cr,03) is somewhat
NiAI (110, a tentative assignment of the surface as the intermediate between these two extremes, so that borderline
phase has been mati@he y phase is a disordered phase in characteristics can be expected in its electronic behavior,
which the tetrahedral and octahedral holes in the oxygen lamaking this a potentially rich field of investigation. How-
tice have fractional occupanéywhile the « phase is a well-  ever, like hematite, eskolaite shares a simplifying feature in
ordered bulk crystal showing a corundum structure. Thighat no orbital degeneracy or related Jahn-THleffects are
consists of an hcp array of © ions with the metal ions expected to be shown by its metal ions. We have therefore
occupying two-thirds of the octahedral interstices in the orbegun our study of this interesting, and important system by
dered array. The surface unit cells of the(000) and attempting to find the stable, lowest-energy structure of the
y-(111) surfaces are very similar, and hence it is impossiblex-Cr,03 (000) surface usingab initio total energy calcu-
to separate them on the basis of the observed low-enerdgtions within the spin unrestricted Hartree-Fock formalism.
electron-diffraction patterns, although thephase results in

a closer match with the gxperi_mer_nally observ_ed _Iattice pa- Il. METHODOLOGY
rameters, leading to the identification of the thin film as the
a-Cr,05 (0007 surface in the original study. All calculations were performed withrYSTAL95 (Ref. 8

The use of periodic boundary conditions in theoreticalcodes based on the use of the periaglicinitio LCAO (lin-
calculations makes studies of the disordefed.11) surface  ear combination of atomic orbitgldHartree-Fock method,
impractical. However, a detailed examination of the two poswith the option of an unrestricted treatment of the spin-
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(d)

FIG. 1. Possible surface terminations@fand y Cr,05;. (a) a
phase terminated by a € bilayer. (b) The stable(0007) surface

14 067

TABLE |. Summary of results for bulle-Cr,05.

Value This study Previous theoffRef. 13 Experiment
a 5.04 A (+1.8% 5.05 A 4.95 A
Co 13.72 A(+1.1% 13.735 A 13.566 A

at the all-electron level were used throughout. The basis sets
used were taken from a previous study of bulCr,0,.13

The oxygen basis set, denoted as 8-41,'Gwas based on

an earlier study of AJO5,'° with the exponents of thesp
shell and polarization function reoptimized to minimize the
energy of crystalline GGO5;. Chromium was represented by
an 8-6-411 G contraction with twd-type 41 G shells varia-
tionally optimized to an isolated &f ion. The exponents of
the S5sp and 4d shell of Cr were refined by a minimization of
the crystal energy of GO as in the case of the oxygen
functions. The relative charges on atoms and the bond over-
lap populations were calculated using a Mulliken partition of
the charge density. This is a somewhat arbitrary choice, since
there is no uniqgue method of performing the partition of the
charge density. However, the choice of a given scheme is
still extremely useful in comparing the results of calculations
performed using similar basis séfs.

In CRYSTAL the convergence of the real-space summa-
tions of the Coulomb and exchange contributions to the Fock
matrix are controlled by five overlap criterid {-T5). The
control of these approximations is described in detall
elsewheré. The values used in this study were 19
107°, 1077, and 10 3 which result in a numerical error in
the binding energy of order 1 and/or 0.01 m Hartree in rela-
tive energies of different structures.

The validity of these values was tested by application of
the method to a calculation of the bulk lattice parameters for
a-Cr,03, which has the corundum structure of space group
R3c with hexagonal close-packd@00]) layers of O atoms
and two-thirds of the octahedral interstices in between filled
by Cr atoms. Below the N& temperature of between 32 and
42 °C (according to sample purity the stable phase is
antiferromagneti¢/ and consists of alternating planes of Cr
ions in the c direction which are antiferromagnetically
coupled'®® The results of these calculations are displayed
in Table | along with the corresponding experimental values,
and the results from the earlier study. As can be seen, the
lattice parameters are correctly reproduced to better than a
2% error. The energy difference between the antiferromag-
netic and ferromagnetic crystal at the relaxed geometries in
this study is found to 0.03 eV, which agrees reasonably well
with the experimental Na temperature. Consequently, we
can have confidence in the methodology and parameters used

terminated by a single layer of €F. This is the surface optimized in this investigation.

in this study.(c) The y phase withall possible C#* sites occupied
for clarity. (d) A possible termination of the (111 surface. Note
the similarities in local structure between this diagram a&bd
above.

dependent wave functions in open-shell systériis is

Ill. RESULTS

The surface was studied using an infinite two-dimensional
slab geometry. The unit cell consists of aX1) surface,
and a block of material six layers thick. The surface was

necessary to obtain spin-polarized eigenfunctions of the Focterminated by a layer of Gf, giving a slab geometry of
Hamiltonian, since the Gf ion contains three unpaired Cr3*-3x02% Cr*-CrP*-3x0? -Cr3*. This geometry is
electrons. The radial factors of atomic orbitals are expresseshown schematically in Fig. 2. A surface terminated by a
as linear combinations of Gaussian-type functions. Basis setngle layer of chromium ions is chosen, since this gives rise
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== FIG. 3. Possible terminations of the £0¥; slab. (a) Termina-

tion by a single C#* layer. This geometry is the stable ground-state
FIG. 2. A schematic side view of the optimized Qr; structure  ¢onfiguration.(b) Termination by a C}* bilayer. (c) Termination
showing the large relaxation between the first and second layers qu an O~ layer. The constraint of charge neutrality forces the unit
the crystal. cell to contain four C#* ions and six G~ ions. Note that geometry
(a) gives rise to a nonpolar unit cell, while terminatioii® and(c)

are polar in character, with the arrows showing the dipole moment.
to a nonpolar slab geometry, and has been found as the stable

termination in earlier studies ofa alumina and «

chromia®®*! Other possible terminations of the slab can bephases is virtually identicahll differences<0.02 A) but the

produced by a cyclic permutation of the individual layers of AEM phase has an energy lower by 0.02 eV, and is hence the

the unit cell(Fig. 3. As shown in the figure, stoichiometric staple ground-state structure. The results of this full optimi-

slabs, which are required due to the constraint of chargeation are displayed in Table Il. Throughout the optimization

neutrality, all display a nonzero dipole moment across themprocedure, the charge of the central®Crions was moni-

and hence are unstable surface geometries. tored. For all optimizations, the charge varies by less than
In the initial states of geometry optimization, only the

Cr __lons were a”OWed to move, Wlth_ their direction of TABLE Il. Summary of results for the geometry optimization of
motion being constrained to be perpendicular to the surfaced_clrzo3 (0001 in the antiferromagnetic phase.is taken to be

This produces a very large relaxation of approximately 50%,erpendicular to the surface, ards an in-plane displacemen.

in the first-to-second-layefCr* to O%") distance. How- and g refer to spin-up and -down electrons respectively. The over-
ever, such effects are not unexpected. The topmost Al |ap population is a measure of the degree of covalency contained in
layer of the(0002) surface ofa-Al ,05 has also been found an interatomic bond.

to undergo a similar large relaxatiéh? while large relax-
ations of the(0001) chromia surface have previously been Parameter Value
predicted on the basis of ionic modelifigHaving found an

approximate geometry, the second-layer Qons were then Craz ~0423 A
allowed to move vertically as well. This additional degree of O AZ _ +0.03 A
freedom results in litle change in the optimum structure,C Ax (fractiona) —0.02
although a slight displacement of the?Oions is observed. Cr-O (bulk) 1925 A
This is to be expected, since the oxygen ions, due to thei¢'-O (surface 1786 A
large size, are virtually close packed in the ideal crystal, an@r totale™ population-bulk 21.701
hence a large vertical displacement gives rise to unaccep®r totale™ population-surface 21.889
ably large Coulombic repulsion between the second and fiftler «—8 bulk 3.02
layers of the slab. Finally, the oxygen ions were also allowedr -8 surface 3.01

to move parallel to the surface plane, but maintaining thecr a-8 0.017
symmetry of the surface system. The sequence was ther-O bond overlap-bulk 0.029
cycled, until a self-consistent solution was found in which allCr-O bond overlap-surface 0.041
four structural parameters were simultaneously optimizedsurface energyunrelaxed 9.3J m 2
The ferromagnetic and antiferromagnetiéFM) phases  sSurface energyrelaxed 3.13m2

were independently optimized. The geometry of the two
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0.01 of an electron from the expected bulk value, and hencéer to the surfacéreplacing CF* by Cr?*). This would also
we can be confident that the results show convergence witlead to a lowering of the in-plane repulsive interactions.

respect to slab thickness. However, this effect would also lead to a change in the bond-
ing of the surface layer, and should give rise to a partial
IV. DISCUSSION AND CONCLUSIONS covalent character in the Cr-O bond system. Examination of

- . the results presented in Table Il does indeed show that the
Although nonpolar surfaces of tranS|t|on—metaI_—OX|de SUr-syrface Cr ions carry slightly less charge than the bulk ions

faces are expected to be stable, crystal faces which terminage. 9 188~ /ion). However, the bond overlap populatiofes
in a charged layer of ions can expected to be less stable thaReasure of the covalent character of bonding between atoms
those in which the surface is terminated by a charge neutralyos that both the Cr-O bonds in the bulk and in the surface
sheet. This arises from the high Coulomb energy associategte effectively ionic in character. There is a slight increase in
which each layer ofunshieldegl point charges. Hence we he hond overlap population at the surface, but this value is
can expect that such surfaces should undergo relatively largg;| effectively zero. Hence we can conclude that the surface

relaxations in an effort to decrease the net charge of thgyns are still CF* in nature, with three unpaired electrons
surface plane. This type of relaxation should give rise t0 dynich still reside in thed shell of the atom.

!arge decrease i.n the surface energy arising from a decrease The formation of the surface and the associated relax-
in the Coulombic repulsion energy of each charged layergiions of the surface layers does indeed lead to a slight re-
due to an increased shielding of charged objects. distribution of charge. The surface Cr ions become slightly
This mechanism is demonstrated by the current study ag,ore diffuse, shifting charge into the outdrshell of the
shown in Table II. The l{tjzlk—term|nated surface has a venyit valence basis set. Again, this is to be expected, since in
high surface energf9 J m" <), arising from a high Coulom-  his manner the Cr ion can further lower its energy. How-
bic interaction term. As the topmost charged laf€r°")  oyer, the effect is very small being of the order of @0%er
relaxes inward towards the bulk, the Coulombic interactiong,iface Cr ion.
decreases dramatically, as does the surface energy, until a Consequently, we can conclude that the hexagie01)
minimum value of 3 Jm? is reached. This value is still ¢yc0 of a-Cr,03 is stable, but undergoes a dramatic recon-
somewhat high, but it should be remembered thal®®)  gyyction of the outermost & layer in which the ions move
is not the th_ermodynamlcally stable surface a)fCr_ZO_g. inward by nearly 50% of their original interlayer spacing.
Studies of dispersed powdereg-Cr,05 by transmission  This does not greatly perturb the Cr-O bond systéhe
electron microscop¥ have shown that the most stable sur- Cr-O bond length drops by 7.2%which remains ionic in
face configuration is the (02} surface, which is the subject nature. The driving force behind this large-scale movement

on an ongoing study in this laboratofy. of the surface plane is purely electrostatic in origin, since no
However, other effects could also occur at the surface oghange in the character of the Cr-O bond is observed.

this material. Chromium, like all transition metals, can exist
in a variety of oxidation states. As well as lowering the Cou-
lomb energy by relaxation and increased shielding, the sys-
tem could also lower its energy by lowering the charge trans- C. R. acknowledges financial support by BNFL.
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