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Surface structure of MgO (001): Ab initio versus shell model
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We have performed first-principles calculations on quasicubic MgO clusters for sizes up to 64 atoms. The
results of these calculations have been used to determine a generalized environmentally dependent shell model
(EDSM). In addition to reproducing the results from the first-principles calculations we suggest that the
resulting EDSM parameters are more physical and more transferable than previous parametrizations based on
bulk properties. First, we show that the force-constant matrix derived from the EDSM leads to an efficient
approach to preconditioning. A full geometrical optimization of the quasicubic 64-atom MgO cluster is ac-
complished with a total of four first-principles force evaluations which is significantly less than what is
required from a conjugate-gradient algorithm. Second, we use the shell-model parameters to study the relax-
ation and rumpling of an infinit€001) surface. The agreement between the EDSM and recent medium-energy
scattering results is excellent and is significantly better than the agreement between conventional shell-model
results and experiment. We show that these improvements are due to a more accurate accounting of the
appropriate atomic polarizabilities: not only are these insensitively determined by previous methods, but also
those for surface atoms are quite different from their counterparts for bulk af8E®63-1827)00624-3

I. INTRODUCTION than a decade. However, the conclusions have been contro-
versial. Shell-model calculatiort8;*? first-principles calcu-
MgO is an ionic crystal with the NaCl structure. There lation within the Hartree-FockHF) approximatiorﬁ“a local
exist a number oéb initio density functional calculatiohs®  density approximatiofLDA) pseudo-potential calculatids,
of bulk MgO which successfully predict ground state prop-a tight-binding calculation® dynamic low-energy electron
erties such as lattice spacing. Tt@®1) surface of MgO has diffraction (LEED) studies?>~?°and a reflection high-energy
an equal number of Mg and O atoms. This surface is thelectron diffraction(RHEED) analysi® indicated a relax-
simplest and most stable, and forms without reconstructiomation of no more thant3% of the bulk atomic spacing.
The properties of such a surface have been studied botbespite all these consistent reports, an impact collision ion
theoretically '8 and experimentally®~3! scattering spectroscop§fCISS study’’ reported a—15%
This paper deals with the geometric structure of the sur{inward) relaxation. There has been even more debate over
face. Madeluntf pointed out that the perpendicular displace-the magnitude of rumpling. To account for the anomalous
ment of the aniong, and that of the cationg. can be sig- enhancement of Kikuchi patterns of RHEED in their obser-
nificantly different for an ionic crystal. The difference vations, Murataet al. reported 6% rumpling in the first layer
between the displacementg— z; is called the surface rum- for a UHV-cleaved surface when heated to 573 K and cooled
pling, while the mean movement of the surface layerdown?®-3C Dynamic LEED studies of air-cleaved/vacuum-
3(z,+z,) is called the surface relaxation. Normally both areannealed surfaces by Welton-Cook and Bethdeported
expressed in percentages of the bulk nearest neighbor dienly a 2% rumpling. Careful LEED studies of air-cleaved/
tancea. Rumpling is the result of the difference in the po- vacuum-annealed, UHV-cleaved, UHV-cleaved/annealed
larizabilities of the atomic species at the surface. The reasosurfaces by Uranet al. showed no rumpling regardless of
can be pictured as follows. As rigid ions, the Mg cations andsurface preparatioff. Recently, Blancharet al. reported a
the O anions experience the same Coulomb attraction fromumpling of (5+2.5)%2° The previously mentioned
the bulk layers. The Mg cations are not polarizable, for theHartree-Fock calculatidfi predicted a rumpling of 1%,
ten electrons are tightly bound by theelBuclear charge. while the tight-binding calculatidfi reported a first layer
The O anions are polarizable, for the outer electrons areumpling of 2.4% and the local density approximation
more loosely bound to their nuclei. This difference in polar-(LDA) pseudopotential calculatibh gave a rumpling of
izability results in different nuclear movement for the two 1.7%. Shell-model calculations gave more diverse values for
atomic species. One therefore expects the magnitude of susurface rumpling. Welton-Cook and PruttBmised four dif-
face rumpling to be very sensitive to the internal polarizabil-ferent inputs and found four different top layer rumplings
ities of the surface atomic species. ranging from— 1.32% to 8.66%. Martin and Bitzemployed
Knowledge of the geometric structure is a necessary pret2 different inputs and their results for the top layer rum-
requisite for the understanding of other properties. Consepling varied from —6-6%. The work by de Wette
quently, the surface structure of Mg001) has been studied et al? predicted a rumpling of about 2.4%.
extensively both experimentally and theoretically for more In an effort to clarify the MgO(001) surface structure,

0163-1829/97/584)/1645610)/$10.00 55 16 456 © 1997 The American Physical Society



55 SURFACE STRUCTURE OF Mg@®@O01): Ab initio. . . 16 457
both experimentdt and theoretical investigations were initi- Il. METHOD

ated at Rutgers; preliminary joint work has appearethis

paper will describe the results of our theoretical work, usingcal

both first-principles and shell-model approaches. We CONihitio method has been described elsewliewill be pre-

ductedab initio gglc_ulations. for a quas.icubic cluster of 64 sented very briefly. The shell model will be presented in
atoms. The equilibrium positions for this cluster was found.yetail.

We introduce a generalized version of the classical shell
model, the environmental dependent shell mgg&SM), to
account for the different environments of the surfaces, edges, o ;
and corners. Its parameters were fitted todbenitio results The ab initio calculations are based on the Hohenberg-
from the cluster. The structure for the infinite surface wad<onn-Sham LDA(Ref. 36 with full electron potentials. We
solved with the resulting parameters for the EDSM. Our re-S0!Ve the Kohn-Sham equations,
sults are consistent with the most recent experimental results > -
from medium-energy ion scatterifig. higi(r)=N¢i(r) ()

The basic assumption of our approach is that, although thself-consistently, where the Perdew-Zurijexpression for
forces on the various nuclei are somewhat different in theéhe exchange-correlation potential is used in the single par-
64-atom cluster from what they are in a semi-infinite crystalticle Kohn-Sham Hamiltoniarh. The solution of (1) is
the polarizabilities and force constants that produce thesachieved by expanding the single particle eigenfunctions
forces are very local. This statement comes with the provisay(r) in a finite set of basis functions, diagonalizing the re-
that differing local environments are properly accounted forsulting matrix equation, and iterating to self-consistency.
An accomplishment of this work is to allow through the These basis functions include a linear combination of atomic
EDSM for different shell constants for different local envi- orbitals(the radial parts of each expanded in a sum of Gauss-
ronments, and to determine theab initio. A still larger ians, plus a number of bare Gaussians times appropriate
cluster would in addition allow us to account for the depen-angu|al’ functions. From the self-consistent eigenfunctions
dences of the shell parameters not only on local environthe total energ)E is evaluated as a function of nuclear po-
ment, but also on the environment of nearest neighbors, nexgition, using the Perdew-Zunger expression for the
nearest neighbors, etc., a step that is deferred to subsequépichange-correlation enerdy.The deta|ls4 of the calcula-
work. Fortunately it is the common experience that in sucrional procedure can be found elsewheté!
highly ionic materials, the shell parameters do fall off rapidly ~ The force on a nucleus &, may be calculated by nu-
with respect to range, so that the environmental dependendgerically differentiating the energy curve
of the falloff becomes less important. In addition, we have
several indirect consistency checks. The first deals with our E —_ E )
worst case: our cluster has only eight atoms with bulk envi- iR,
ronments; the environments of the nearest neighbors of thes? ) o
bulk atoms in the cluster are not the same as for the sem@lthough we routinely calculate it directly through
infinite crystal, there being too many nearest neighbors with - - . -
surface environments. Nevertheless, as discussed in Sec. E :_f ZV(RV_r)p(F)dFJrE' Z,Z,(R,—R,)
1B we get semiquantitatively correct results even for pure g (R,—1)3 ||:§M— R,
bulk properties. The effect of the bulk errors back on the .
surface properties should be even smaller. Such an expecta- AP (r) - -
tion is confirmed by a previous all-electron calculatiban -2 {f B [h=X\iJ¢i(r)dr+c.c.|, ©)
this material, where it was found a substantial increase in the ' IR,
number of bulk atoms gave essentially no change in the prewvhere Z, is the nuclear charge of thesth nucleus,
diction for the surface rumpling. Fi'naIIy, we cite. our previ- p(N)=3i|wi(r)|2, and the derivativawf(F)/&ﬁy in the last
ous work on MgO cluster¥; which included studies of the g, mmation indicates the derivative with respect to the ex-
effect of cluster size for clusters as large as 125 atoms.  pjicit nuclear position dependence of the basis®$4.The

In Sec. Il we discuss the first-principles based methods,ciysion of this last summation, which vanishes for an exact
used and introduce our EDSM. In Sec. Il we use the EDSMq|tion of (1), assures that3) has the same variational ac-
as a technical aid in thab |n_|t|o geometrical opt.|rr.1|.zat|on of curacy ag2), when a finite local basis set is used. Through-
the 64-atom cluster, reducing the numberadf initio force 5t this paper, we will refer to forces calculated fré@) as

calculations to an order of magnitude less than would bene He|iman-Feynman forces, with the understanding that
needed using a standard conjugate-gradient method. The {his |ast summation or Pulay correctf8mas been included.
nal EDSM parameters are then used to calculate the rum-

pling and relaxation of the infinit¢001) surface. We also
show physically what the important factors influencing the
magnitude of the rumpling are and why previous shell-model Shell models have been widely used for equilibrium and
calculations have obtained rather random predictions for thislynamic properties of the bulk and surfaces of ionic
quantity. The values we obtained are in excellent agreementystalst®-134142The shell model we are going to describe
with the recent direct measurements by medium-energy iohas the same structure as model E in Sangster’s thdskt
scattering’* has been generalized so that its parameters can depend on the

In this section, we describe the principles of ailr initio
culations and the details of the shell model. Sinceadur

A. First-principles calculations

14

B. Environmentally dependent shell model(EDSM)
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TABLE I. Shell-model parameters.

AT Twice the longitudinal force constant between Mg
and O shell

B*~ Twice the transverse force constant between Mg
and O shell

A~ Twice the longitudinal force constant between O shell
and O shell

B™~ Twice the transverse force constant between O shell
and O shell

4 Absolute value of the Mg or O ionic charge

X O-core charge

Y O-shell chargeX+Y=-2

a Bulk atomic spacing between nearest neighbors

k Spring constant between O shell and O core

G Breathing constant of the O shell

local environment of the atom in question, in particular,
whether it is a bulk atom, a surface atom, an edge atom, or
corner atom. A simple description of this model for MgO
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The number of independent shell-model constants in the
listin Table lis 9, sinceX+Y+Z=0. However we usa to
scale the units for the others. In particular, we take all the
force constantd™ ~, B*~, A~~, B, andk to be mea-
sured in units o&?%/2a and the various charges to be in units
of e, so that neithea nor e will ever appear in the equations.
The value fora is 3.98 a.u. or 2.106 A. In addition, the static
equilibrium condition requires that,Uy,=0, thus giving
the constraint

B* +2B - (6)

wherea), is the Madelung constaity,, =1.7476. Because of
thea scaling and the above constraint, the number of degrees
of freedom for the shell model is effectively only 7.

We define electrical and mechanical polarizabilitteand
B, respectively, such that is the unit cell dipole moment
produced by a unit electric field anél is the distance the

2 2
—sayls,

follows. In a MgO crystal, a magnesium atom loses aboubxygen nucleus movegelative to Mg in response to the
two electrons to the oxygen, so the remaining electrons argame unit field. We find tha® is a more useful quantity in
tightly bound. Therefore, a magnesium cation can be taken tgiscussion of surface rumpling than the related mechanical
move rigidly with no internal polarization. On the other polarizabilityd defined de Wettet al2? It will be useful to
hand, the outer electrons of an oxygen ion are loosely boundjivide « and 8 into “rigid-ion” and “relaxation” pieces

and the electron clouds can be deformed by electric fields
and mechanical compression. Less physically, the oxygen
anion can be considered as a combination of a rigid core and
a negatively charged shell. The interaction between the shell B= B9+ g 7)
and the core is assumed to be harmonic and is characterize

. . 3 . rgd rgd H H H ividoi
by a spring constant. The electrical and mechanical polari here " ang p™" are the contributions in the rigid-ion

z- PP . .
abilities are mathematically related to the shell charge angPproximation in which the nUCIGUi and |tsrlxelectrons are as-
med to translate uniformly, ane™ and g™ account for

the spring constant, so that the essence of the approximati ; ; .
is rather that the polarizabilities can be completely character"® subsequ_e_nt |r_1ternal relaxation of the atomic electrons and
ized by a small number of parameters. Intershell interaction8uclar_position(in the shell model only the nucleus can
are represented by longitudinal and transverse force cod€/@X- These quantities depend on frequensy here we
stants. An oxygen atom interacts quantum mechanically with€Strict ourselves to the cases=0 and w=c, where the
nearest neighbor magnesium atoms and next-nearest neigftter i taken 0 meamwpnonoi< @ <Egqp/fi; we label these
bor oxygen atoms. So we have O-Mg and O-O intershelfVO Cases rlxby subscripting the various quantities, e.g.,
interactions. Another important parameter is the shell breath@o, B-, Bz , etc. Within the shell model these polarizabil-
ing constant. Shell breathing, which will be discussed mordty components are given by

later in this section, is unique for materials like MgO, which

a:argd+ a,rlx,

is not a perfectly ionic crystal. This shell model that we use argdzz_z rIx:X_Z
is described in detail elsewhete!?for convenience we list ° R' % k'
all the parameters with their definitions in Table I.

To make the definition of the first four parameters more wd_ % ix_ X
specific, IetUpai,(|F|) be the assumed exponential potential ° R’ 0k’
energy function for the relative motion between the pair of
shells specified by the- or — superscripts, and Ie?gq be the rgd_ Y(X+Y) rx _ _ ﬁ
equilibrium value off, so thatr .,—a for nearest neighbors - R+k = 7 R+k’
and rqq= \J2a for second neighbors. Then, setting and
r, to be the components ar parallel and perpendicular to L x_ L (8)

*  R+Kk * R+k

Feq, respectively, we define

The quantityR in the above equations is dependent on local

environment even within the traditional shell model. Specifi-

cally, for a bulk oxygen it is given bR=A""+2B" . For

a surface oxygen it depends in addition on whether the dis-
placement is perpendicular or parallel to the surface; in the
former case one haB=3A*~+2B*~, while in the latter

(72Upair(r)

=2 ’?Zupail(r)
Jrf

A

and
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R=A""+3B" . In our generalized EDSM, the quantities amountAR, the energy increases by an amog®AR?, in
X, Y, andk also depend on local environment, and on dis-addition to the energy change arising from the change in

placement direction in the surface case.
The elastic constants;y;, €y, andcy,, which deter-

distance between the oxygen shell and neighboring ones. The
above relationship defings. The change of the interaction

mine the long wavelength behavior of the bulk acousticbetween the oxygen atom and a neighboring magnesium or
phonons, and the low and high frequency dielectric constantsxygen is the same as if the oxygen atom were moved closer
and frequencies of bulk optical phonons at long wavelengthto its neighbor by an amouR. A simple shell movement

are given below in terms of the bulk shell-model parametersbrings the shells closer to some neighboring atoms and fur-

The elastic constants afe

Ci=3(ATT+ATT+B )= y—(3C—3}ay) Z%, (9

C1=3(A” " —5B* —2B* ")~ y+(3C—2ay) Z%
(10
Ciu=3(2BT " +A " +3B )+(3C-iay) Z% (11

where C is the Ilattice sum C=2j’(qiqj/e2)(azi“j)/
ri=1.0462 and

(AT H22A )2
YT 2(G+3AT +12A )"

The frequency dependent dielectric constapts given by

12

dma,

e,=1

oS I @alda,’ 13

where ¢, is the polarizability of the bulk unit cell defined

earlier, measured in units of the unit cell voluma®2Here
we are only concerned witk, and e, defined, respectively,

ther from some others. A shell breathifexpansion or con-
traction brings the shell closer to or further from all its
neighboring atoms by the same amount. This is how the
noncentral force is generated in the shell model.

In traditional treatments, the parameters are usually all
obtained by fitting bulk phonon dispersion curves. In the
fitting process, one usually constrains the shell model to gen-
erate the elastic constants, the high and low frequency dielec-
tric constants, and the transverse and longitudinal optical fre-
quencies, which are the long wavelengtiero wave vector
phonon properties, and varies the remaining parameters to fit
to the phonon frequencies at other wavelengths. The above
procedure is equivalent to putting six more constraints on the
fit. In other words, one has only one degree of freedom to
vary in the fit to the bulk phonon frequencies at nonzero
wave vector. A model as simple as this has been successful
in obtaining reasonable fits. Nevertheless, as discussed in
detail later, the parameters determined from bulk phonon fits
do not work well for surface geometric structure.

IIl. CALCULATION AND RESULTS

for the low and high frequency limits defined earlier, denoted ~Our theoretical work involved three steps. Firal, initio

by =0 andw=0 in Eq. (13). The zero wave vector lon-
gitudinal and transverse optical phonon frequeneagsand
w7 are given, respectively, by the frequencies at whigh
ande,® vanish:

2_K_l+(87T/3)a’o- 14
LT 1+ (87/3)as )’ (149
and
[1—(47/3) g
2_ K 0
T U 1-(4n3)a. )’ (19

where k 1=k 1+R"! and u is the reduced mass of an
Mg-O pair, the values ok andR to be used being the bulk

ones. The ratio of Eq.14) to (15) is just g/ €., as required
by the Lyddane-Sachs-Teller relation.
The shell breathing constaf® is introduced for a mate-

rial like MgO, which is not perfectly ionic. A simple shell

model without shell breathing is one with an infin@e With
Egs. (6), (10), and (11), it is easy to show that;,=Cy,
(Cauchy relatioh if G is infinite, or in other words, ify is

calculations were made on a finite neutral 64-atom cluster of
MgO, and the equilibrium positions and force constants for
small displacements from equilibrium determined. Second,
the above data were used to determine the parameters of a
generalized EDSM, which has been described in the previous
section. Third, our generalized EDSM was solved for the
structure of the infinitg001) surface. Such a procedure has
the advantage of providing, in addition to the rumpling and
relaxation of the planar surface in equilibrium, all the data
necessary to determine in future work the surface phonon
dispersions for this surfac®.It represents the firsab initio
determination of the shell-model parameters that we are
aware of.

A. Ab initio equilibrium positions for a 64-atom cluster

Here we present the results of calculations of the equilib-
rium positions of a 64-atom cluster, ax41xX4 quasicube
with T4 symmetry. The equilibrium was found with the help
of the shell model. We started with a configuration of the
cluster in which the atomic spacings were 4.0 a.u. for all the
nearest neighbors. We conducted a first-principles calcula-

zero. Indeed, in any central force model the Cauchy relatiotion on the cluster in this configuration and got the force on
holds. For perfect ionic crystals like alkali halides, the each atom. Then, we fitted the EDSM to these forces, allow-
Cauchy relation is well satisfied. However, the strong viola-ing the parametely to vary from the values of Sangster
tion of the Cauchy relation for MgO implies some covalencedepending on whether one was dealing with a bulk, surface,
and noncentral interaction. A shell model for MgO must in-edge, or corner oxygen ion; the tensor charactek afas
troduce something new to simulate covalent interaction andccounted for by allowing it to take a different value for the
hence to generate a noncentral force. Shell breathing irdisplacement corresponding to each oxygen degree of free-
creases the intraatomic energy of the oxygen atom, as well abbm labeled 7-12 in Table Il. The EDSM was used to cal-
affecting the intershell interaction. If the shell breathes by arculate the force-constant matrix of the cluster, and new equi-
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TABLE II. The force constants and equilibrium positions for the 12 independent degrees of freedom for
nuclear motion(labeled bya). The force constants, and constrained equilibrium position§’ are related
through the quadratic expression for the enegyx,) =A,(x,—x%)%+C,, where thex,’s represent Car-
tesian components of an atom’s nuclear position as indicated in column three of the tatié®Jlaee the
approximate equilibrium values of the,’s. The quantityxS® is what the exact equilibrium value, for atom
a would be if all the nuclear displacements corresponding to the other degrees of freedom were constrained
to remain at their approximate equilibrium values. The origin is taken in the original center of the cluster.
Atomic unitsz=m=e=1 are used.

@ Atom Displacement A, Yot X358

1 bulk Mg (Xq,X1,X1) 1.208 1.939 1.931
2 surface Mg (X2,—X2,%39) 2.638 1.895 1.896
3 surface Mg (x3°, — x3°,X3) 0.713 5.897 5.888
4 edge Mg (X4,%2 %) 1.517 5.753 5.750
5 edge Mg (X3 x5,%39) 1.520 1.944 1.930
6 corner Mg e, — Xg,Xg) 0.924 5.522 5.533
7 bulk O (X7, —X7,X7) 0.860 1.945 1.953
8 surface O (Xg,Xg,X59) 2.867 1.896 1.902
9 surface O (x3°,x8%,Xo) 0.582 5.899 5.902
10 edge O (X120, —X39,X10) 1.221 5.818 5.844
11 edge O (X3S, —x11,%X29) 1.607 1.881 1.869
12 corner O K12,X12,X12) 0.660 5.657 5.668

librium positions were predicted by using these forcelent to obtaining 12 force constants and 12 equilibrium
constants in conjunction with the Hellman-Feynman forcegoints for 12 energy curves. The agreement betweefRue
from theab initio calculation. This process was repeated anday correctedl Hellman-Feynman forces and the forces ob-
after only four iterations, we got a configuration within tained by differentiating the energy curves was carefully
which all theab initio forces of the cluster were sufficiently checked. The force constants and equilibrium positigffs

small that the interatomic distances were estimated to be agye shown in Table Il for each degree of freedom labeled by
curate to about 0.01 a.u. If more standard methods such

the conjugate gradient had been used to optimize the geom- We note that the point® is what the equilibrium point

etry, it would have taken a minimum of two calculations per r an independent displacement of dear f freedom
degree of freedom and more probably five calculations pep0 a epence splacement of degree ot iree

e would be if all the other degrees of freedom were fixed at
degree of freedom, for a total of minimally 24 and more 9 e

probably 60 calculations. Our geometric optimization with their — original —approximate — equilibrium  positions
just four calculations indicates the remarkable power of thd 3+ @); each force constar, is also the one appropriate
EDSM method as a technical aid & initio minimizations.  for this constrained motion. Thus we have obtained the

The equilibrium positions are illustrated in Fig. 1, and in adiagonal elements of the force matrix and not the whole ma-
different notation in the final column of Table I, where they trix. Nevertheless the 24 pieces of diverse datg, (and
are labeledk®®. X9 comprise more than adequate information with which
In our case we also needed to obtain accuedienitio  to fit the 18 free shell parameters, as described below in
force constants in order to develop ai initio fitted EDSM,  Sec. Ill B. The data or® also verify that the accuracy of the
discussed in Sec. Il1B below. To this end, the energies of 24pproximate equilibrium distancékst column in Table )
more configurations of the cluster were evaluated. In eacks generally about 0.01 a.u.
configuration, one nucleus was moved a small distdnoe Referring to Fig. 1, we see that for the relaxed 64-atom
the order of 0.04 a.u.from its equilibrium position in a cluster the spacing between the inner Mg and O atoms is
certain direction, with the equivalent nuclei moving equiva-contracted. The spacing between the bulklike Mg and bulk-
lent amounts so as to keep tfig symmetry. We had 12 |ike O is 3.88 a.u., which is about 2.5% smaller than the
independent degrees of freedom for the atomic displacemg-O spacing in the real bulk. This is a consequence of the
ments. For each degree of freedom, we made both a forwarslirface stress which tends to round and contract a finite
and a backward displacement. Therefore, for each degree ghape, an effect that prevents us from making a direct esti-
freedom, we had energies at three poinfs, x2, andx2®,  mate of the relaxation of an infinite surface from the cluster
with the central poinx2® close to the minimum. Note this results. However the calculation of the rumpling of the sur-
notation is meant to imply that the vector coordinate of afacelike atoms when calculated with respect to the bulklike
point is to be obtained by substituting one of the three valuestoms just below them does not suffer from this difficulty.
above for thex,, into the appropriate entry in the “displace- The approximate equilibrium values in the last column of
ment” column of Table Il. By parabolic fit, we obtained the Table Il give a surface-magnesium to bulk-oxygen spacing
force constanf, and the constrained equilibrium poirf®  x3°-x3°=3.935. This result is corrected by adding the
for each degree of freedom. The above procedure is equivamountx3®—x3°=0.009 a.u., by which the magnesium atom
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FIG. 1. The equilibrium positions of the 64-atom cluster. The
larger circles represent O atoms, and the smaller circles represent
Mg atoms. The plane shown i@ is the surface, and the plane in
(b) is the plane right below. The letter8(S,E,C) in the figure
represent bulk, surface, edge, and corner, respectively. The numbers
between pairs of atoms are the calculated atomic spacings in a.u.

moves in finding its true constrained equilibrium position,
for a resultant spacing of 3.944 a.u. Since the major part of
the surface-magnesium atom’s force constant comes from
the oxygen atom directly below it, there should not be a
significant change in this spacing from 3.944 a.u., when the FIG. 2. The contour plots of the electronic density for the unre-
rest of the cluster is allowed to relax. Likewise, it would be laxed cubic 64-atom cluster. The atomic spacings are 4.0 a.u. The

double counting to suppose that this spacing should be calwo plots, _respectively, show t_he intersection. of the equi_density
culated as<§e— Xge_ Repeating this little calculation for the surfaces with the surface atomic plane and with the atomic plane

. . . below it. Atomic sites are labeled wit,S,E,C for bulk, surface,
surface-oxygen to bulk-magnesium spacing gives

ae ae_ L ; _ edge, and corner atoms, respectively. The atoms with the larger
X9 _Xl _ngzg for the initial es.tlr.nate. This is correct_ed by sizes are oxygen atoms. The lowest density contour corresponds to
addingxg —xg = —0.003 a.u., giving a resultanF spacing of 4 gensity of 0.001 a.u. and the density corresponding to each sub-
3.968 a.u. The rumpling of the cluster is thereforesequent contour increases by a factor 8f.2

(3.968- 3.944)/3.986- 0.6%.

cause of the more diffuse wave functions and reduced gaps
between occupied and unoccupied states that occur near the
surface-®~81%-2\oreover the cubic symmetry is broken at

In this subsection, we will present our first-principles de-the surface so that the polarizability’s tensor nature must be
termination of the EDSM parameters. In the EDSM fit, dif- accounted for. These expectations were translated to the shell
ferent parameters were varied differently for physical reamodel by allowing the paramete¥s Y, andk to be depen-
sons. The shell chargéquivalently the core chargend  dent on local environment, and by taking the tensor nature of
spring constant were allowed to depend on the local environk into account. To avoid great complication, however, the
ment, that is, they could take different values for the bulk,nearest and second nearest neighbor parameters were not al-
surface, edge and corner atoms. As we show in Sec. Il D thipwed to vary according to environment. These parameters
surface structure is very sensitive m@x and a{)'x. Quantum are related to the overlap of real charge densities of the near-
mechanically we expect the polarizabilities of regions at theest and second nearest atoms. From the plots in Fig. 2 we see
surface to be different from similar regions in the bulk, be-that the charge densities in the regions between the atoms are

B. Shell-model fit
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not appreciably different in different environments. The shell TABLE lll. Parameters obtained for our shell model. These are
breathing parameter, which was introduced to allow thdisted in the right three columns for the bulk and surface environ-
Cauchy relation to be violated, was not varied in the fittingments and displacement directions. A blank entry means that its
process. Given the tetrahedral deformations made on thealue was constrained to equal that to its left. The parameters for
cluster, the force constants obtained are unrelatexjtoIn Sangster's model are listed in column two; these do not vary with
other words, the force constants and equilibrium positions d§nvironment or displacement Q'reCF'O“&andf are in units ofe,

not contain any information about the shell breathing conWhile the other quantities are in units ef/2a”.

stantG, so that the fit is insensitive t&. We tried several

values ofG and made a fit at each fixed value. We found that” 2 ameter Sangster Bulk Surfate  Surface
the results were not overly sensitive to a reasonable variatiop 1.92 1.74 1.73

in G either. Therefore we simply adopted the choicey —2.96 ~1.76 ~1.99

G=339.8 as determined by Sang8lein all our further 1.04 0.018 0.266

work. So all in all there were 18 shell parameters obtaineg, 70.69 30.88 33.23 167.1
from the fit to theab initio calculation: & values for dis- p+- 30.81 27.07

placements 7—-12 in Table II, fodrvalues and fou¥ values pg+- —411 ~377

for each of the four environmentbulk, surface, edge, and ,2- 0.288  —0.448

cornel, plus the two intershell force constamksand B for B2~ —0.088 0.143

O-Mg interactions, and two for O-O interactions. G
The objective of the EDSM fit is to reproduce the force
constants and equilibrium points obtained from first prin-

C|ples: To do so, we used th? she_II model to calculate th?14) and(15) are sensitive only to the fulk’s. Or by inver-
energies of the same 25 configurations that had been calcyjy gne suspects that it is not possible to obtain reasonable
latedab initio (se_e Sec. lllA and compared the two sets (_)f_ values for the internal or relaxation polarizabilities by fits to
results. By varying the shell-model parameters, we miniy, . shonon spectra. This is compounded by the second im-
mized the objective function portant feature of Table IV, which is that the surface values

339.8 339.8

12 2 of the static internal or relaxation polarizabilities differ by
> D IEL(X)—El-[ELX)—ESII2.  (16) large factors from their bulk counterparts. .
a=1i=1 One may also use our EDSM to predict bulk properties.

Bear in mind, however that there are only four oxygen ions
in our cluster with bulklike environments, so that such pre-
dictions should be expected to be only qualitative. The seven
bulk properties are shown compared with their experimental

£33 £ rofors 1o th fth p i h ”values in Table V. The agreement is generally satisfactory
Of X,". Eo reters to the energy of the configuration where a except possibly foke,, and €. The quantity actually deter-

atoms are at the positions implied by thextgs. The quan-  mineq directly in the latter case iso, which according to
tities x,, andx;, are the additional  12=24 points at which  Tgpje |V is accurate to better than 15%. However the
we madeab initio calculations. The unprime@’s refer to  yajye is such that the denominator in E4) for e, is small,
the ab initio calculation, while the primed ones refer to the gq that errors iny get magnified by a significant factor
shell model. o _when calculatings,. In the case ok.., on the other hand, it

~ The above procedure produced predictions for equilibis ,  jiself that differs from the experimental value by
rium position that were generally more accurate than 0.1%_ 350, We suspect that this is due to a lack of variational
when compared with theb initio ones; the surface to bulk freedom in the shell model itself: the nature of all distortions
distances crucial to th_e _rumpllng calculation were even acyf the electronic charge cloud is parametrized by a single
curate to 0.001 a.u. Slmllarly,othe force constants were gery,mber, the shell chargé. In the traditional shell models,
erally more accurate than 15% when compared withabe , s fitted directly to experimental data, typically at the cost
initio ones, although the force constant f_or pu_shmg a Mgyt an implausibly large magnitude for, which leads to
edge atom towards the O corner had twice this error. The,mg of the static relaxation polarizabilities being in error by
resulting EDSM parameters for the bulk and surface environz, rqer of magnitude or more. It is actually a tribute to the

ments are tabulated _in Table Ill. As part of our internal pro-ghall model that when fitted with a procedure such as ours
cedure, we also obtained shell constanandZ for the edge \yhich is sensitive to small components of the static polariz-

and corner environments, as well as valuek éfr each of  gpjjities, that the dynamic ones come outvea| as they do.
the oxygen motion directions 7—-12 in Table Il and these arginally, one should reiterate that the issuecef vs c44 has
available elsewher®. not been handled in an ideal fashion because of the inability

The bulk and surface polarizabilities are tabulated ingf o tetrahedral cluster to reproduce shearing distortions.
Table IV. One sees that the full static bulk polarizabilities

ag and By are not much different from those of Sangster’s
model. However the much smaller internal or relaxation po-
larizabilities a{)'x and ,88* sometimes differ from Sangster's  The procedure for the shell-model solution is fully de-
by orders of magnitude. This shows simply that these muclscribed in the work by de Wettet al!? From their shell
smaller polarizability components do not have much of ai€model, we reproduced their results for the M@g@®1) sur-

effect on the phonon frequencies, which according to Eqsface with our ten-layer relaxation program, which was later

Here, as in the caption of Table E,(x) is the energy of the
configuration where the displacement from equilibrium cor-
responding to each degree of freed@ast column of Table
II) is null except thewth, which has the argumentinstead

C. Shell-model solution to the infinite surface
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TABLE IV. Polarizabilities in the present work and in Sangster's model. &iseare in units of 2% and
the B’s are in units of 2%e. The blank entries for Sangster's model represent values that have been
constrained by the model to be equal to the bulk entry to their left.

Quantity Work Bulk Surface. Surface||
Ao Sangster 0.095 0.114 0.095
Ao present 0.063 0.136 0.028
g Sangster 0.178 0.528 0.164
ag present 0.155 0.501 0.140
Bo Sangster 0.070 0.253 0.063
Bo present 0.088 0.281 0.079
al* X 107 Sangster 1.53

al* X 107 present 108 0.213 0.042
BIXx 10 Sangster 1.47

BYx 1P present 0.06 0.800 0.159

modified to include shell breathing. We then used our shelbulk positions and unpolarized internally. Let the electric
parameters from Table Il to calculate the rumpling and refield from these bulk ions at the position of a surface-oxygen
laxation, finding a rumpling of 0.5% with the surface-oxygenion beE,. Then the outward movement of oxygen nucleus
atoms outward relative the surface-magnesium atoms and &#* is given by
outward relaxation of 0.6% for the first layer. For the second
layer, we found a rumpling of 0.1% and no relaxation. The i grixp 1

. G . : 7= By Epuk- (17
main conclusion is that the relaxation and rumpling are very

small and occur to a large degree only in the first layer. By actual calculation this internal relaxation component is
the largest contributor to the rumpling in both our calculation
D. How the surface polarizabilities affect rumpling and Sangster's modé.8% and 2.2%, respectivglyand Eq.
(17) gives good rough estimates for these numbers.
The above does not however give the whole qualitative
picture of what happens, becausg,, also gives the oxygen
ion an internal dipole momem™ given by

It is not surprising that the amount of rumpling is sensi-
tive to the static electrical and mechanical polarizabilities.
Here we give a more complete discussion of which compo!
nents it is sensitive to and how this sensitivity arises.

As we discussed in Sec. IIB, these polarizabilities each
have two components: a large rigid ion component and a p™= @ Epuik. (18)
much smaller component representing the internal or relax-
ation polarizability (see Table . The important point to which can interact with field gradients to produce rigid-ion
notice here is that the Madelung field from the bulk on amotion. The principal effective field gradient at an O surface
surface unit cell is not the uniform field for which the polar- ion comes from the Mg ions in the surface layer. This gra-
izabilities were defined, but is rather staggered, and thus pralient is 4-5 times stronger than the gradient of the Madelung
vides little tendency for the rigid-ion motion of the cation field from the ions in the bulk, and favors an outward rigid-
relative to the anion. Said another way, the large rigid-ionion movement of the surface O ionf course there is a
components of the polarizabilities essentially cancel out ofield gradient of comparable magnitude from the surface O
the rumpling problem, allowing the much smaller internalatoms, but the force it produces on another O dipole is ex-
polar|zab|l|t|e5a”x and ng to come to the fore. actly canceled by the force of their electric field on the other

To see how things go, let us suppose that, except for th® monopole—said another way, the surface O atoms do not
single atomic layer at the surface, all atoms are held in theigxert perpendicular forces on each otkigy symmetry]. If

z is the perpendicular distance outward from the plane made

TABLE V. Comparison among the phonon properties from ourPy the surface magnesium ions, then for smathe field

shell model and those from experiment. The unitdey, cy,, and  from the surface Mg takes the fori&=E’z along a line

Cyzis 102 dyn cni 2, and the unit forwr and w,_ is 10 cm™ 2. extending perpendicularly outward from an oxygen site,

whereE’ is a constant. If the rigid-ion motion due to this
Experiment Present field is dominant, then the force balance is between the in-

ward direct interaction of the ionic chargeZ with the field

Cn 2.89 2.85 and the outward interaction of the induced dip@l8) with

C12 0.88 0.66 the field gradient. Thus we have—@)E’'z+E'p™=0

Caa 1.55 1.16 which gives upon substitution of E€L8)

w7 12.3 11.9

o 22.0 21.2 7= alEpui/Z. (19)

€ 9.86 6.52

€. 2.96 2.03 This gives a rigid-ion contribution to the rumpling which

should be added to the relaxation contributid¥) above.
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TABLE VI. Comparison of the relaxation and rumpling between various theoretical studies. Positive
(negative values of the relaxation refer to the expansioontraction between the first-layer and the second-
layer atoms. Positivénegative values of rumpling refer to outwar@ward) displacement of the surface-O
atoms with respect to the surface Mg atoms. Both quantities are in percentages of the bulk atomic spacing

(2.106 A.
Technique Authds) Relaxation Rumpling
Shell model Welton-Cook and PruttgRef. 10 0—0.9% —1.32—8.66 %
Martin and Bilz (Ref. 1) 0—3% —6-6%
Lewis and Catlow(Ref. 13 —0.7% 11%
de Wetteet al. (Ref. 12 —0.6% 2.4%
Present workSangstef 0.4% 3.8%
Present work 0.6% 0.5%
Tight binding LaFemina and Dukgref. 16 —1.4% 2.4%
LDA pseudopotential Pugh and GillaRef. 15 0.7% 1.7%
Hartree Fock Causat al. (Ref. 19 0% 0.9%
LDA full potential Present work(LDA) 0.6%

8Using Sangster’s shell-model E.
®Using our shell model with parameters fittedab initio calculation.
Ab initio calculations on the 64-atom cluster.

For Sangster's model the exact rigid-ion contribution washere, as this may be sufficiently different from the edge en-
calculated to be 1.6%, which is much too large becaus&ironment modeled here to warrant the extra complexity.
a[)'x is much too large in that model. For our EDSM, the This would involve a repeating the calculations and fittings
rigid-ion contribution was— 0.3%; in this casezg"‘ was very On a larger cluster. This would be desirable in any case to
small, so this mechanisifi9) was not the operative one. increase the number of bulk atoms and thus to improve the
accuracy of the bulk parameters. Armed with this apparatus
one should be able to tackle a wide variety of surface struc-
tural problems which involve combinations of these environ-

Results from our theoretical work indicate very small re-ments, and thus to transfer the simplicity of the shell model
laxation and rumpling. This is in good agreement with theto situations that are difficult to study usimdp initio meth-
recent measurements of Zhat al,>* who also find very ods. Of course, one could not hope that environments that
small deviations from a bulk truncated surfdeeumpling of are completely different, for example, the presence of an
(0.5+1.0)% and relaxation of£ 1.0+ 1.0)%). A discussion adsorbed metal atom, could be described without additional
of other relevant experimental wdrk3® has been recently ab initio calculation. We suspect that even in this case, how-
given by Zhouet al®! With respect to theory, our results, ever, our model might be useful in obtaining the self-
together with those of others, are tabulated in Table VI forconsistent positions of the substrate atoms not in immediate
comparison. Generally thab initio theoretical calculations contact. The model should also be useful for surface vibra-
predict rumplings and relaxations that are reasonably smaltional structure calculations of the type performed in Ref. 42

The various shell-model calculations have on the otheusing the simple shell model.
hand produced what appear to be random numbers for the
rumpling and relaxation. In retrospect this is just what one
would expect. Except for our EDSM, the shell-model param- V. CONCLUSION
eters were fitted to bulk properties which were sensitive We conductedab initio calculations on quasicubic clus-
mainly to the total polarizabilities, and not to the internal orters of 64 atoms witk001} faces. We obtained a rumpling of
relaxation polarizabilities, which are tiny fractions of the to- 0.6% for the surface O and Mg atoms on those faces with
tal. Furthermore, even if a shell fit happened to get a roughlgnvironments like those which these atoms would have on
correct value for one of these small polarizabilities, it wouldthe semi-infinite(001) surface. A generalized shell model
be the polarizability of a bulk atom. As we have seen, thelEDSM) was fitted to the first-principles results. The model
internal polarizabilities of the surface atoms, which are thewas then solved for the semi-infinite surface, giving a surface
controlling factors in the size of the rumpling, are quite dif- relaxation of 0.6% and a surface rumpling of 0.5% with the
ferent from those of the bulk atoms. Our EDSM circum- surface-oxygen atoms moving outward with respect to
vented these difficulties byi) introducing shell parameters surface-magnesium atoms. These are consistent with other
that depended on local environment and displacement dire&b initio calculations predicting small values for these quan-
tion and(ii) fitting directly to individual nuclear movements. tities (see Table VI and also the recent stud?’éd;)y medium-

The method should be widely applicable to all environ-energy ion scattering, which also gave small rumpling and
ments involving combinations of bulk, surface, edges, andelaxation.
corners, and should be useful in discussing steps and kinks We have introduced the EDSM by generalizing the tradi-
on surfaces. A slight generalization to include the environtional shell model to include effects of local environment,
ment of a single-layer step edge would probably be usefuand have come to some understanding of the strengths and

IV. DISCUSSION
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weaknesses of these models. We showed why the traditional ACKNOWLEDGMENTS
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