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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 infinite~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 atoms.@S0163-1829~97!00624-3#
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I. INTRODUCTION

MgO is an ionic crystal with the NaCl structure. The
exist a number ofab initio density functional calculations1–4

of bulk MgO which successfully predict ground state pro
erties such as lattice spacing. The~001! surface of MgO has
an equal number of Mg and O atoms. This surface is
simplest and most stable, and forms without reconstruct
The properties of such a surface have been studied
theoretically5–18 and experimentally.19–31

This paper deals with the geometric structure of the s
face. Madelung32 pointed out that the perpendicular displac
ment of the anionsza and that of the cationszc can be sig-
nificantly different for an ionic crystal. The differenc
between the displacementsza2zc is called the surface rum
pling, while the mean movement of the surface lay
1
2(za1zc) is called the surface relaxation. Normally both a
expressed in percentages of the bulk nearest neighbor
tancea. Rumpling is the result of the difference in the p
larizabilities of the atomic species at the surface. The rea
can be pictured as follows. As rigid ions, the Mg cations a
the O anions experience the same Coulomb attraction f
the bulk layers. The Mg cations are not polarizable, for
ten electrons are tightly bound by the 12e nuclear charge.
The O anions are polarizable, for the outer electrons
more loosely bound to their nuclei. This difference in pola
izability results in different nuclear movement for the tw
atomic species. One therefore expects the magnitude of
face rumpling to be very sensitive to the internal polarizab
ities of the surface atomic species.

Knowledge of the geometric structure is a necessary
requisite for the understanding of other properties. Con
quently, the surface structure of MgO~001! has been studied
extensively both experimentally and theoretically for mo
550163-1829/97/55~24!/16456~10!/$10.00
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than a decade. However, the conclusions have been co
versial. Shell-model calculations,10–13 first-principles calcu-
lation within the Hartree-Fock~HF! approximation,14 a local
density approximation~LDA ! pseudo-potential calculation,15

a tight-binding calculation,16 dynamic low-energy electron
diffraction ~LEED! studies,22–25and a reflection high-energ
electron diffraction~RHEED! analysis26 indicated a relax-
ation of no more than63% of the bulk atomic spacing
Despite all these consistent reports, an impact collision
scattering spectroscopy~ICISS! study27 reported a215%
~inward! relaxation. There has been even more debate o
the magnitude of rumpling. To account for the anomalo
enhancement of Kikuchi patterns of RHEED in their obs
vations, Murataet al. reported 6% rumpling in the first laye
for a UHV-cleaved surface when heated to 573 K and coo
down.28–30 Dynamic LEED studies of air-cleaved/vacuum
annealed surfaces by Welton-Cook and Berndt23 reported
only a 2% rumpling. Careful LEED studies of air-cleave
vacuum-annealed, UHV-cleaved, UHV-cleaved/annea
surfaces by Uranoet al. showed no rumpling regardless o
surface preparation.24 Recently, Blanchardet al. reported a
rumpling of (562.5)%.25 The previously mentioned
Hartree-Fock calculation14 predicted a rumpling of 1%,
while the tight-binding calculation16 reported a first layer
rumpling of 2.4% and the local density approximatio
~LDA ! pseudopotential calculation15 gave a rumpling of
1.7%. Shell-model calculations gave more diverse values
surface rumpling. Welton-Cook and Prutton10 used four dif-
ferent inputs and found four different top layer rumplin
ranging from21.32% to 8.66%. Martin and Bilz11 employed
12 different inputs and their results for the top layer ru
pling varied from 26–6 %. The work by de Wette
et al.12 predicted a rumpling of about 2.4%.

In an effort to clarify the MgO~001! surface structure,
16 456 © 1997 The American Physical Society
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both experimental31 and theoretical investigations were init
ated at Rutgers; preliminary joint work has appeared.33 This
paper will describe the results of our theoretical work, us
both first-principles and shell-model approaches. We c
ductedab initio calculations for a quasicubic cluster of 6
atoms. The equilibrium positions for this cluster was foun
We introduce a generalized version of the classical s
model, the environmental dependent shell model~EDSM!, to
account for the different environments of the surfaces, ed
and corners. Its parameters were fitted to theab initio results
from the cluster. The structure for the infinite surface w
solved with the resulting parameters for the EDSM. Our
sults are consistent with the most recent experimental res
from medium-energy ion scattering.31

The basic assumption of our approach is that, although
forces on the various nuclei are somewhat different in
64-atom cluster from what they are in a semi-infinite crys
the polarizabilities and force constants that produce th
forces are very local. This statement comes with the prov
that differing local environments are properly accounted f
An accomplishment of this work is to allow through th
EDSM for different shell constants for different local env
ronments, and to determine themab initio. A still larger
cluster would in addition allow us to account for the depe
dences of the shell parameters not only on local envir
ment, but also on the environment of nearest neighbors, n
nearest neighbors, etc., a step that is deferred to subseq
work. Fortunately it is the common experience that in su
highly ionic materials, the shell parameters do fall off rapid
with respect to range, so that the environmental depende
of the falloff becomes less important. In addition, we ha
several indirect consistency checks. The first deals with
worst case: our cluster has only eight atoms with bulk en
ronments; the environments of the nearest neighbors of t
bulk atoms in the cluster are not the same as for the se
infinite crystal, there being too many nearest neighbors w
surface environments. Nevertheless, as discussed in
III B we get semiquantitatively correct results even for pu
bulk properties. The effect of the bulk errors back on t
surface properties should be even smaller. Such an exp
tion is confirmed by a previous all-electron calculation14 on
this material, where it was found a substantial increase in
number of bulk atoms gave essentially no change in the
diction for the surface rumpling. Finally, we cite our prev
ous work on MgO clusters,34 which included studies of the
effect of cluster size for clusters as large as 125 atoms.

In Sec. II we discuss the first-principles based meth
used and introduce our EDSM. In Sec. III we use the EDS
as a technical aid in theab initio geometrical optimization of
the 64-atom cluster, reducing the number ofab initio force
calculations to an order of magnitude less than would
needed using a standard conjugate-gradient method. Th
nal EDSM parameters are then used to calculate the r
pling and relaxation of the infinite~001! surface. We also
show physically what the important factors influencing t
magnitude of the rumpling are and why previous shell-mo
calculations have obtained rather random predictions for
quantity. The values we obtained are in excellent agreem
with the recent direct measurements by medium-energy
scattering.31
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II. METHOD

In this section, we describe the principles of ourab initio
calculations and the details of the shell model. Since ourab
initio method has been described elsewhere,35 it will be pre-
sented very briefly. The shell model will be presented
detail.

A. First-principles calculations

The ab initio calculations are based on the Hohenbe
Kohn-Sham LDA~Ref. 36! with full electron potentials. We
solve the Kohn-Sham equations,

hc i~rW !5l ic i~rW ! , ~1!

self-consistently, where the Perdew-Zunger37 expression for
the exchange-correlation potential is used in the single p
ticle Kohn-Sham Hamiltonianh. The solution of ~1! is
achieved by expanding the single particle eigenfunctio
c i(rW) in a finite set of basis functions, diagonalizing the r
sulting matrix equation, and iterating to self-consisten
These basis functions include a linear combination of ato
orbitals~the radial parts of each expanded in a sum of Gau
ians!, plus a number of bare Gaussians times appropr
angular functions. From the self-consistent eigenfunctio
the total energyE is evaluated as a function of nuclear p
sition, using the Perdew-Zunger expression for t
exchange-correlation energy.37 The details of the calcula
tional procedure can be found elsewhere.35,34

The force on a nucleus atRW n may be calculated by nu
merically differentiating the energy curve

FW n52
]E

]RW n

, ~2!

although we routinely calculate it directly through38

FW n52E Zn~RW n2rW !

~RW n2rW !3
r~rW !drW1( 8

m

ZmZn~RW n2RW m!

uRW m2RW nu3

2(
i

F E ]c i* ~rW !

]RW n

@h2l i #c i~rW !drW1c.c.G , ~3!

where Zm is the nuclear charge of themth nucleus,
r(rW)5( i uc i(rW)u2, and the derivative]c i* (rW)/]RW n in the last
summation indicates the derivative with respect to the
plicit nuclear position dependence of the basis set.39,40 The
inclusion of this last summation, which vanishes for an ex
solution of ~1!, assures that~3! has the same variational ac
curacy as~2!, when a finite local basis set is used. Throug
out this paper, we will refer to forces calculated from~3! as
the Hellman-Feynman forces, with the understanding t
this last summation or Pulay correction40 has been included

B. Environmentally dependent shell model„EDSM…

Shell models have been widely used for equilibrium a
dynamic properties of the bulk and surfaces of ion
crystals.10–13,41,42The shell model we are going to describ
has the same structure as model E in Sangster’s work,41 but
has been generalized so that its parameters can depend o
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local environment of the atom in question, in particul
whether it is a bulk atom, a surface atom, an edge atom,
corner atom. A simple description of this model for Mg
follows. In a MgO crystal, a magnesium atom loses ab
two electrons to the oxygen, so the remaining electrons
tightly bound. Therefore, a magnesium cation can be take
move rigidly with no internal polarization. On the othe
hand, the outer electrons of an oxygen ion are loosely bou
and the electron clouds can be deformed by electric fie
and mechanical compression. Less physically, the oxy
anion can be considered as a combination of a rigid core
a negatively charged shell. The interaction between the s
and the core is assumed to be harmonic and is characte
by a spring constant. The electrical and mechanical pola
abilities are mathematically related to the shell charge
the spring constant, so that the essence of the approxima
is rather that the polarizabilities can be completely charac
ized by a small number of parameters. Intershell interacti
are represented by longitudinal and transverse force c
stants. An oxygen atom interacts quantum mechanically w
nearest neighbor magnesium atoms and next-nearest n
bor oxygen atoms. So we have O-Mg and O-O intersh
interactions. Another important parameter is the shell bre
ing constant. Shell breathing, which will be discussed m
later in this section, is unique for materials like MgO, whi
is not a perfectly ionic crystal. This shell model that we u
is described in detail elsewhere;41,12 for convenience we list
all the parameters with their definitions in Table I.

To make the definition of the first four parameters mo
specific, letUpair(urWu) be the assumed exponential potent
energy function for the relative motion between the pair
shells specified by the1 or2 superscripts, and letrWeq be the
equilibrium value ofrW, so thatr eq5a for nearest neighbors
and r eq5A2a for second neighbors. Then, settingr i and
r' to be the components orrW parallel and perpendicular t
rWeq, respectively, we define

A52
]2Upair~r !

]r i
2 U

rW5rWeq

52
]2Upair~r !

]r 2 U
r5req

, ~4!

and

TABLE I. Shell-model parameters.

A12 Twice the longitudinal force constant between Mg
and O shell

B12 Twice the transverse force constant between Mg
and O shell

A22 Twice the longitudinal force constant between O sh
and O shell

B22 Twice the transverse force constant between O sh
and O shell

Z Absolute value of the Mg or O ionic charge
X O-core charge
Y O-shell charge,X1Y52Z
a Bulk atomic spacing between nearest neighbors
k Spring constant between O shell and O core
G Breathing constant of the O shell
,
a
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B52
]2Upair~r !

]r'
2 U

rW5rWeq

52
1

r eq

]Upair~r !

]r U
r5req

. ~5!

The number of independent shell-model constants in
list in Table I is 9, sinceX1Y1Z[0. However we usea to
scale the units for the others. In particular, we take all
force constantsA12, B12, A22, B22, andk to be mea-
sured in units ofe2/2a3 and the various charges to be in un
of e, so that neithera nore will ever appear in the equations
The value fora is 3.98 a.u. or 2.106 Å. In addition, the stat
equilibrium condition requires that]aU total50, thus giving
the constraint38

B1212B2252 2
3aMZ

2 , ~6!

whereaM is the Madelung constantaM51.7476. Because o
thea scaling and the above constraint, the number of degr
of freedom for the shell model is effectively only 7.

We define electrical and mechanical polarizabilitiesa and
b, respectively, such thata is the unit cell dipole momen
produced by a unit electric field andb is the distance the
oxygen nucleus moves~relative to Mg! in response to the
same unit field. We find thatb is a more useful quantity in
discussion of surface rumpling than the related mechan
polarizabilityd defined de Wetteet al.12 It will be useful to
divide a andb into ‘‘rigid-ion’’ and ‘‘relaxation’’ pieces

a5a rgd1a rlx,

b5b rgd1b rlx, ~7!

where a rgd and b rgd are the contributions in the rigid-ion
approximation in which the nucleus and its electrons are
sumed to translate uniformly, anda rlx andb rlx account for
the subsequent internal relaxation of the atomic electrons
nuclear position~in the shell model only the nucleus ca
relax!. These quantities depend on frequencyv; here we
restrict ourselves to the casesv50 andv5`, where the
latter is taken to meanvphonon!v!Egap/\; we label these
two cases by subscripting the various quantities, e
a0 , b` , b`

rlx , etc. Within the shell model these polarizab
ity components are given by

a0
rgd5

Z2

R
, a0

rlx5
X2

k
,

b0
rgd52

Z

R
, b0

rlx5
X

k
,

a`
rgd5

Y~X1Y!

R1k
, a`

rlx52
XY

R1k
,

b`
rgd5

Y

R1k
, b`

rlx52
Y

R1k
. ~8!

The quantityR in the above equations is dependent on lo
environment even within the traditional shell model. Spec
cally, for a bulk oxygen it is given byR5A1212B12. For
a surface oxygen it depends in addition on whether the
placement is perpendicular or parallel to the surface; in
former case one hasR5 1

2A
1212B12, while in the latter

l

l
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R5A121 3
2B

12. In our generalized EDSM, the quantitie
X, Y, andk also depend on local environment, and on d
placement direction in the surface case.

The elastic constants,c11, c12, and c44, which deter-
mine the long wavelength behavior of the bulk acous
phonons, and the low and high frequency dielectric consta
and frequencies of bulk optical phonons at long waveleng
are given below in terms of the bulk shell-model paramete
The elastic constants are38

c115
1
2 ~A121A221B22!2g2~3C2 1

3aM ! Z2, ~9!

c125
1
4 ~A2225B2222B12!2g1~ 3

2C2 5
6aM ! Z2,

~10!

c445
1
4 ~2B121A2213B22!1~ 3

2C2 1
6aM ! Z2, ~11!

where C is the lattice sum C5( j8(qiqj /e
2)(azi j

4 )/
r i j
551.0462 and

g5
~A1212A2A22!2

2~G13A12112A22!
. ~12!

The frequency dependent dielectric constantev is given by

ev511
4pav

12~4p/3!av
, ~13!

whereav is the polarizability of the bulk unit cell define
earlier, measured in units of the unit cell volume 2a3. Here
we are only concerned withe0 ande` defined, respectively
for the low and high frequency limits defined earlier, deno
by v50 andv5` in Eq. ~13!. The zero wave vector lon
gitudinal and transverse optical phonon frequenciesvL and
vT are given, respectively, by the frequencies at whichev

andev
21 vanish:

vL
25

k

mF 11~8p/3!a0

11~8p/3!a`
G , ~14!

and

vT
25

k

mF 12~4p/3!a0

12~4p/3!a`
G , ~15!

where k215k211R21 and m is the reduced mass of a
Mg-O pair, the values ofk andR to be used being the bul
ones. The ratio of Eq.~14! to ~15! is just e0 /e` as required
by the Lyddane-Sachs-Teller relation.

The shell breathing constantG is introduced for a mate
rial like MgO, which is not perfectly ionic. A simple she
model without shell breathing is one with an infiniteG. With
Eqs. ~6!, ~10!, and ~11!, it is easy to show thatc125c44
~Cauchy relation!, if G is infinite, or in other words, ifg is
zero. Indeed, in any central force model the Cauchy rela
holds. For perfect ionic crystals like alkali halides, t
Cauchy relation is well satisfied. However, the strong vio
tion of the Cauchy relation for MgO implies some covalen
and noncentral interaction. A shell model for MgO must
troduce something new to simulate covalent interaction
hence to generate a noncentral force. Shell breathing
creases the intraatomic energy of the oxygen atom, as we
affecting the intershell interaction. If the shell breathes by
-

c
ts
h,
s.

d

n

-

-
d
n-
as
n

amountDR, the energy increases by an amount1
2GDR2, in

addition to the energy change arising from the change
distance between the oxygen shell and neighboring ones.
above relationship definesG. The change of the interactio
between the oxygen atom and a neighboring magnesium
oxygen is the same as if the oxygen atom were moved clo
to its neighbor by an amountDR. A simple shell movement
brings the shells closer to some neighboring atoms and
ther from some others. A shell breathing~expansion or con-
traction! brings the shell closer to or further from all it
neighboring atoms by the same amount. This is how
noncentral force is generated in the shell model.

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

III. CALCULATION AND RESULTS

Our theoretical work involved three steps. First,ab initio
calculations were made on a finite neutral 64-atom cluste
MgO, and the equilibrium positions and force constants
small displacements from equilibrium determined. Seco
the above data were used to determine the parameters
generalized EDSM, which has been described in the prev
section. Third, our generalized EDSM was solved for t
structure of the infinite~001! surface. Such a procedure ha
the advantage of providing, in addition to the rumpling a
relaxation of the planar surface in equilibrium, all the da
necessary to determine in future work the surface pho
dispersions for this surface.42 It represents the firstab initio
determination of the shell-model parameters that we
aware of.

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

Here we present the results of calculations of the equi
rium positions of a 64-atom cluster, a 43434 quasicube
with Td symmetry. The equilibrium was found with the he
of the shell model. We started with a configuration of t
cluster in which the atomic spacings were 4.0 a.u. for all
nearest neighbors. We conducted a first-principles calc
tion on the cluster in this configuration and got the force
each atom. Then, we fitted the EDSM to these forces, allo
ing the parameterY to vary from the values of Sangste
depending on whether one was dealing with a bulk, surfa
edge, or corner oxygen ion; the tensor character ofk was
accounted for by allowing it to take a different value for th
displacement corresponding to each oxygen degree of f
dom labeled 7–12 in Table II. The EDSM was used to c
culate the force-constant matrix of the cluster, and new eq
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TABLE II. The force constants and equilibrium positions for the 12 independent degrees of freedo
nuclear motion~labeled bya). The force constantsAa and constrained equilibrium positionsxa

ce are related
through the quadratic expression for the energyEa(xa)5Aa(xa2xa

ce)21Ca , where thexa’s represent Car-
tesian components of an atom’s nuclear position as indicated in column three of the table. Thexa

ae’s are the
approximate equilibrium values of thexa’s. The quantityxa

ce is what the exact equilibrium valuexa for atom
a would be if all the nuclear displacements corresponding to the other degrees of freedom were cons
to remain at their approximate equilibrium values. The origin is taken in the original center of the cl
Atomic units\5m5e51 are used.

a Atom Displacement Aa xa
ce xa

ae

1 bulk Mg (x1 ,x1 ,x1) 1.208 1.939 1.931
2 surface Mg (x2 ,2x2 ,x3

ae) 2.638 1.895 1.896
3 surface Mg (x2

ae,2x2
ae,x3) 0.713 5.897 5.888

4 edge Mg (x4 ,x5
ae,x4) 1.517 5.753 5.750

5 edge Mg (x4
ae,x5 ,x4

ae) 1.520 1.944 1.930
6 corner Mg (x6 ,2x6 ,x6) 0.924 5.522 5.533
7 bulk O (x7 ,2x7 ,x7) 0.860 1.945 1.953
8 surface O (x8 ,x8 ,x9

ae) 2.867 1.896 1.902
9 surface O (x8

ae,x8
ae,x9) 0.582 5.899 5.902

10 edge O (x10,2x11
ae ,x10) 1.221 5.818 5.844

11 edge O (x10
ae ,2x11,x10

ae) 1.607 1.881 1.869
12 corner O (x12,x12,x12) 0.660 5.657 5.668
ce
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librium positions were predicted by using these for
constants in conjunction with the Hellman-Feynman forc
from theab initio calculation. This process was repeated a
after only four iterations, we got a configuration with
which all theab initio forces of the cluster were sufficientl
small that the interatomic distances were estimated to be
curate to about 0.01 a.u. If more standard methods suc
the conjugate gradient had been used to optimize the ge
etry, it would have taken a minimum of two calculations p
degree of freedom and more probably five calculations
degree of freedom, for a total of minimally 24 and mo
probably 60 calculations. Our geometric optimization w
just four calculations indicates the remarkable power of
EDSM method as a technical aid toab initio minimizations.
The equilibrium positions are illustrated in Fig. 1, and in
different notation in the final column of Table II, where the
are labeledxa

ae.
In our case we also needed to obtain accurateab initio

force constants in order to develop anab initio fitted EDSM,
discussed in Sec. III B below. To this end, the energies of
more configurations of the cluster were evaluated. In e
configuration, one nucleus was moved a small distance~on
the order of 0.04 a.u.! from its equilibrium position in a
certain direction, with the equivalent nuclei moving equiv
lent amounts so as to keep theTd symmetry. We had 12
independent degrees of freedom for the atomic displa
ments. For each degree of freedom, we made both a forw
and a backward displacement. Therefore, for each degre
freedom, we had energies at three points,xa

1 , xa
2 , andxa

ae,
with the central pointxa

ae close to the minimum. Note this
notation is meant to imply that the vector coordinate o
point is to be obtained by substituting one of the three val
above for thexa into the appropriate entry in the ‘‘displace
ment’’ column of Table II. By parabolic fit, we obtained th
force constantAa and the constrained equilibrium pointxa

ce

for each degree of freedom. The above procedure is equ
s
d

c-
as
m-
r
r

e

4
h

-

e-
rd
of

s

a-

lent to obtaining 12 force constants and 12 equilibriu
points for 12 energy curves. The agreement between the~Pu-
lay corrected! Hellman-Feynman forces and the forces o
tained by differentiating the energy curves was carefu
checked. The force constants and equilibrium positionsxa

ce

are shown in Table II for each degree of freedom labeled
a.

We note that the pointxa
ce is what the equilibrium point

for an independent displacement of degree of freedoma
would be if all the other degrees of freedom were fixed
their original approximate equilibrium positionsxb

ae

(bÞa); each force constantAa is also the one appropriat
for this constrained motion. Thus we have obtained
diagonal elements of the force matrix and not the whole m
trix. Nevertheless the 24 pieces of diverse data (Aa and
xa
ce) comprise more than adequate information with whi
to fit the 18 free shell parameters, as described below
Sec. III B. The data onxa

ce also verify that the accuracy of th
approximate equilibrium distances~last column in Table II!
is generally about 0.01 a.u.

Referring to Fig. 1, we see that for the relaxed 64-at
cluster the spacing between the inner Mg and O atom
contracted. The spacing between the bulklike Mg and bu
like O is 3.88 a.u., which is about 2.5% smaller than t
Mg-O spacing in the real bulk. This is a consequence of
surface stress which tends to round and contract a fi
shape, an effect that prevents us from making a direct e
mate of the relaxation of an infinite surface from the clus
results. However the calculation of the rumpling of the s
facelike atoms when calculated with respect to the bulkl
atoms just below them does not suffer from this difficult
The approximate equilibrium values in the last column
Table II give a surface-magnesium to bulk-oxygen spac
x3
ae2x7

ae53.935. This result is corrected by adding th
amountx3

ce2x3
ae50.009 a.u., by which the magnesium ato
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moves in finding its true constrained equilibrium positio
for a resultant spacing of 3.944 a.u. Since the major par
the surface-magnesium atom’s force constant comes f
the oxygen atom directly below it, there should not be
significant change in this spacing from 3.944 a.u., when
rest of the cluster is allowed to relax. Likewise, it would
double counting to suppose that this spacing should be
culated asx3

ce2x3
ce. Repeating this little calculation for th

surface-oxygen to bulk-magnesium spacing giv
x9
ae2x1

ae53.971 for the initial estimate. This is corrected b
addingx9

ce2x9
ae520.003 a.u., giving a resultant spacing

3.968 a.u. The rumpling of the cluster is therefo
(3.96823.944)/3.98050.6%.

B. Shell-model fit

In this subsection, we will present our first-principles d
termination of the EDSM parameters. In the EDSM fit, d
ferent parameters were varied differently for physical r
sons. The shell charge~equivalently the core charge! and
spring constant were allowed to depend on the local envir
ment, that is, they could take different values for the bu
surface, edge and corner atoms. As we show in Sec. IIID
surface structure is very sensitive tob0

rlx anda0
rlx . Quantum

mechanically we expect the polarizabilities of regions at
surface to be different from similar regions in the bulk, b

FIG. 1. The equilibrium positions of the 64-atom cluster. T
larger circles represent O atoms, and the smaller circles repre
Mg atoms. The plane shown in~a! is the surface, and the plane i
~b! is the plane right below. The letters (B,S,E,C) in the figure
represent bulk, surface, edge, and corner, respectively. The num
between pairs of atoms are the calculated atomic spacings in a
,
of
m
a
e

l-

s

-

-

n-
,
e

e
-

cause of the more diffuse wave functions and reduced g
between occupied and unoccupied states that occur nea
surface.1,5–8,19–21Moreover the cubic symmetry is broken
the surface so that the polarizability’s tensor nature mus
accounted for. These expectations were translated to the
model by allowing the parametersX, Y, andk to be depen-
dent on local environment, and by taking the tensor natur
k into account. To avoid great complication, however, t
nearest and second nearest neighbor parameters were n
lowed to vary according to environment. These parame
are related to the overlap of real charge densities of the n
est and second nearest atoms. From the plots in Fig. 2 we
that the charge densities in the regions between the atom

ent

ers
.

FIG. 2. The contour plots of the electronic density for the un
laxed cubic 64-atom cluster. The atomic spacings are 4.0 a.u.
two plots, respectively, show the intersection of the equiden
surfaces with the surface atomic plane and with the atomic pl
below it. Atomic sites are labeled withB,S,E,C for bulk, surface,
edge, and corner atoms, respectively. The atoms with the la
sizes are oxygen atoms. The lowest density contour correspon
a density of 0.001 a.u. and the density corresponding to each
sequent contour increases by a factor of 21/2.
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not appreciably different in different environments. The sh
breathing parameter, which was introduced to allow
Cauchy relation to be violated, was not varied in the fitti
process. Given the tetrahedral deformations made on
cluster, the force constants obtained are unrelated toc44. In
other words, the force constants and equilibrium positions
not contain any information about the shell breathing c
stantG, so that the fit is insensitive toG. We tried several
values ofG and made a fit at each fixed value. We found th
the results were not overly sensitive to a reasonable varia
in G either. Therefore we simply adopted the choi
G5339.8 as determined by Sangster41 in all our further
work. So all in all there were 18 shell parameters obtain
from the fit to theab initio calculation: 6k values for dis-
placements 7–12 in Table II, fourZ values and fourY values
for each of the four environments~bulk, surface, edge, an
corner!, plus the two intershell force constantsA andB for
O-Mg interactions, and two for O-O interactions.

The objective of the EDSM fit is to reproduce the for
constants and equilibrium points obtained from first pr
ciples. To do so, we used the shell model to calculate
energies of the same 25 configurations that had been ca
latedab initio ~see Sec. III A! and compared the two sets o
results. By varying the shell-model parameters, we m
mized the objective function

(
a51

12

(
i51

2

$@Ea~xa
i !2E0#2@Ea8 ~xa

i !2E08#%2. ~16!

Here, as in the caption of Table II,Ea(x) is the energy of the
configuration where the displacement from equilibrium c
responding to each degree of freedom~last column of Table
II ! is null except theath, which has the argumentx instead
of xa

ae. E0 refers to the energy of the configuration where
atoms are at the positions implied by the 12xa

ae’s. The quan-
tities xa

1 andxa
2 are the additional 2312524 points at which

we madeab initio calculations. The unprimedE’s refer to
the ab initio calculation, while the primed ones refer to th
shell model.

The above procedure produced predictions for equi
rium position that were generally more accurate than 0.
when compared with theab initio ones; the surface to bul
distances crucial to the rumpling calculation were even
curate to 0.001 a.u. Similarly, the force constants were g
erally more accurate than 15% when compared with theab
initio ones, although the force constant for pushing a
edge atom towards the O corner had twice this error. T
resulting EDSM parameters for the bulk and surface envir
ments are tabulated in Table III. As part of our internal p
cedure, we also obtained shell constantsY andZ for the edge
and corner environments, as well as values ofk for each of
the oxygen motion directions 7–12 in Table II and these
available elsewhere.43

The bulk and surface polarizabilities are tabulated
Table IV. One sees that the full static bulk polarizabiliti
a0 andb0 are not much different from those of Sangste
model. However the much smaller internal or relaxation p
larizabilitiesa0

rlx andb0
rlx sometimes differ from Sangster’

by orders of magnitude. This shows simply that these m
smaller polarizability components do not have much of
effect on the phonon frequencies, which according to E
ll
e

he

o
-

t
n

d

-
e
u-

i-

-

l

-

-
n-

g
e
-
-

e

-

h
n
s.

~14! and~15! are sensitive only to the fulla ’s. Or by inver-
sion one suspects that it is not possible to obtain reason
values for the internal or relaxation polarizabilities by fits
bulk phonon spectra. This is compounded by the second
portant feature of Table IV, which is that the surface valu
of the static internal or relaxation polarizabilities differ b
large factors from their bulk counterparts.

One may also use our EDSM to predict bulk properti
Bear in mind, however that there are only four oxygen io
in our cluster with bulklike environments, so that such p
dictions should be expected to be only qualitative. The se
bulk properties are shown compared with their experimen
values in Table V. The agreement is generally satisfact
except possibly fore` and e0. The quantity actually deter
mined directly in the latter case isa0, which according to
Table IV is accurate to better than 15%. However thea0
value is such that the denominator in Eq.~13! for e0 is small,
so that errors ina0 get magnified by a significant facto
when calculatinge0. In the case ofe` , on the other hand, it
is a` itself that differs from the experimental value b
;35%. We suspect that this is due to a lack of variatio
freedom in the shell model itself: the nature of all distortio
of the electronic charge cloud is parametrized by a sin
number, the shell chargeY. In the traditional shell models
a` is fitted directly to experimental data, typically at the co
of an implausibly large magnitude forY, which leads to
some of the static relaxation polarizabilities being in error
an order of magnitude or more. It is actually a tribute to t
shell model that when fitted with a procedure such as o
which is sensitive to small components of the static pola
abilities, that the dynamic ones come out aswell as they do.
Finally, one should reiterate that the issue ofc12 vs c44 has
not been handled in an ideal fashion because of the inab
of our tetrahedral cluster to reproduce shearing distortion

C. Shell-model solution to the infinite surface

The procedure for the shell-model solution is fully d
scribed in the work by de Wetteet al.12 From their shell
model, we reproduced their results for the MgO~001! sur-
face with our ten-layer relaxation program, which was la

TABLE III. Parameters obtained for our shell model. These
listed in the right three columns for the bulk and surface envir
ments and displacement directions. A blank entry means tha
value was constrained to equal that to its left. The parameters
Sangster’s model are listed in column two; these do not vary w
environment or displacement direction.Y andZ are in units ofe,
while the other quantities are in units ofe2/2a3.

Parameter Sangster Bulk Surface' Surfacei

Z 1.92 1.74 1.73
Y 22.96 21.76 21.99
X 1.04 0.018 0.266
k 70.69 30.88 33.23 167.1
A12 30.81 27.07
B12 24.11 23.77
A22 0.288 20.448
B22 20.088 0.143
G 339.8 339.8
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TABLE IV. Polarizabilities in the present work and in Sangster’s model. Thea ’s are in units of 2a3 and
the b ’s are in units of 2a3/e. The blank entries for Sangster’s model represent values that have
constrained by the model to be equal to the bulk entry to their left.

Quantity Work Bulk Surface' Surfacei

a` Sangster 0.095 0.114 0.095
a` present 0.063 0.136 0.028
a0 Sangster 0.178 0.528 0.164
a0 present 0.155 0.501 0.140
b0 Sangster 0.070 0.253 0.063
b0 present 0.088 0.281 0.079
a0
rlx3102 Sangster 1.53

a0
rlx3102 present 1023 0.213 0.042

b0
rlx3102 Sangster 1.47

b0
rlx3102 present 0.06 0.800 0.159
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modified to include shell breathing. We then used our sh
parameters from Table II to calculate the rumpling and
laxation, finding a rumpling of 0.5% with the surface-oxyg
atoms outward relative the surface-magnesium atoms an
outward relaxation of 0.6% for the first layer. For the seco
layer, we found a rumpling of 0.1% and no relaxation. T
main conclusion is that the relaxation and rumpling are v
small and occur to a large degree only in the first layer.

D. How the surface polarizabilities affect rumpling

It is not surprising that the amount of rumpling is sen
tive to the static electrical and mechanical polarizabiliti
Here we give a more complete discussion of which com
nents it is sensitive to and how this sensitivity arises.

As we discussed in Sec. II B, these polarizabilities ea
have two components: a large rigid ion component an
much smaller component representing the internal or re
ation polarizability ~see Table II!. The important point to
notice here is that the Madelung field from the bulk on
surface unit cell is not the uniform field for which the pola
izabilities were defined, but is rather staggered, and thus
vides little tendency for the rigid-ion motion of the catio
relative to the anion. Said another way, the large rigid-
components of the polarizabilities essentially cancel out
the rumpling problem, allowing the much smaller intern
polarizabilitiesa0

rlx andb0
rlx to come to the fore.

To see how things go, let us suppose that, except for
single atomic layer at the surface, all atoms are held in th

TABLE V. Comparison among the phonon properties from o
shell model and those from experiment. The unit forc11, c12, and
c44 is 10

12 dyn cm22, and the unit forvT andvL is 10
13 cm21.

Experiment Present

c11 2.89 2.85
c12 0.88 0.66
c44 1.55 1.16
vT 12.3 11.9
vL 22.0 21.2
e0 9.86 6.52
e` 2.96 2.03
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bulk positions and unpolarized internally. Let the elect
field from these bulk ions at the position of a surface-oxyg
ion beEbulk . Then the outward movement of oxygen nucle
zrlx is given by

zrlx5b0
rlxEbulk . ~17!

By actual calculation this internal relaxation component
the largest contributor to the rumpling in both our calculati
and Sangster’s model~0.8% and 2.2%, respectively!, and Eq.
~17! gives good rough estimates for these numbers.

The above does not however give the whole qualitat
picture of what happens, becauseEbulk also gives the oxygen
ion an internal dipole momentprlx given by

prlx5a0
rlxEbulk , ~18!

which can interact with field gradients to produce rigid-io
motion. The principal effective field gradient at an O surfa
ion comes from the Mg ions in the surface layer. This g
dient is 4–5 times stronger than the gradient of the Madel
field from the ions in the bulk, and favors an outward rigi
ion movement of the surface O ions.@Of course there is a
field gradient of comparable magnitude from the surface
atoms, but the force it produces on another O dipole is
actly canceled by the force of their electric field on the oth
O monopole—said another way, the surface O atoms do
exert perpendicular forces on each other~by symmetry!#. If
z is the perpendicular distance outward from the plane m
by the surface magnesium ions, then for smallz the field
from the surface Mg takes the formE5E8z along a line
extending perpendicularly outward from an oxygen si
whereE8 is a constant. If the rigid-ion motion due to th
field is dominant, then the force balance is between the
ward direct interaction of the ionic charge2Z with the field
and the outward interaction of the induced dipole~18! with
the field gradient. Thus we have (2Z)E8z1E8prlx50,
which gives upon substitution of Eq.~18!

z5a0
rlxEbulk /Z. ~19!

This gives a rigid-ion contribution to the rumpling whic
should be added to the relaxation contribution~17! above.

r
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TABLE VI. Comparison of the relaxation and rumpling between various theoretical studies. Po
~negative! values of the relaxation refer to the expansion~contraction! between the first-layer and the secon
layer atoms. Positive~negative! values of rumpling refer to outward~inward! displacement of the surface-O
atoms with respect to the surface Mg atoms. Both quantities are in percentages of the bulk atomic
~2.106 Å!.

Technique Author~s! Relaxation Rumpling

Shell model Welton-Cook and Prutton~Ref. 10! 0–20.9 % 21.32–28.66 %
Martin and Bilz ~Ref. 11! 0–23% 26–6 %
Lewis and Catlow~Ref. 13! 20.7% 11%
de Wetteet al. ~Ref. 12! 20.6% 2.4%
Present work~Sangster!a 0.4% 3.8%

Present workb 0.6% 0.5%
Tight binding LaFemina and Duke~Ref. 16! 21.4% 2.4%
LDA pseudopotential Pugh and Gillan~Ref. 15! 0.7% 1.7%
Hartree Fock Causaet al. ~Ref. 14! 0% 0.9%
LDA full potential Present workc ~LDA ! 0.6%

aUsing Sangster’s shell-model E.
bUsing our shell model with parameters fitted toab initio calculation.
cAb initio calculations on the 64-atom cluster.
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For Sangster’s model the exact rigid-ion contribution w
calculated to be 1.6%, which is much too large beca
a0
rlx is much too large in that model. For our EDSM, th

rigid-ion contribution was20.3%; in this casea0
rlx was very

small, so this mechanism~19! was not the operative one.

IV. DISCUSSION

Results from our theoretical work indicate very small r
laxation and rumpling. This is in good agreement with t
recent measurements of Zhouet al.,31 who also find very
small deviations from a bulk truncated surface@a rumpling of
(0.561.0)% and relaxation of (21.061.0)%#. A discussion
of other relevant experimental work19–30 has been recently
given by Zhouet al.31 With respect to theory, our results
together with those of others, are tabulated in Table VI
comparison. Generally theab initio theoretical calculations
predict rumplings and relaxations that are reasonably sm

The various shell-model calculations have on the ot
hand produced what appear to be random numbers for
rumpling and relaxation. In retrospect this is just what o
would expect. Except for our EDSM, the shell-model para
eters were fitted to bulk properties which were sensit
mainly to the total polarizabilities, and not to the internal
relaxation polarizabilities, which are tiny fractions of the t
tal. Furthermore, even if a shell fit happened to get a roug
correct value for one of these small polarizabilities, it wou
be the polarizability of a bulk atom. As we have seen,
internal polarizabilities of the surface atoms, which are
controlling factors in the size of the rumpling, are quite d
ferent from those of the bulk atoms. Our EDSM circum
vented these difficulties by~i! introducing shell parameter
that depended on local environment and displacement d
tion and~ii ! fitting directly to individual nuclear movements

The method should be widely applicable to all enviro
ments involving combinations of bulk, surface, edges, a
corners, and should be useful in discussing steps and k
on surfaces. A slight generalization to include the enviro
ment of a single-layer step edge would probably be us
s
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here, as this may be sufficiently different from the edge
vironment modeled here to warrant the extra complex
This would involve a repeating the calculations and fittin
on a larger cluster. This would be desirable in any case
increase the number of bulk atoms and thus to improve
accuracy of the bulk parameters. Armed with this appara
one should be able to tackle a wide variety of surface str
tural problems which involve combinations of these enviro
ments, and thus to transfer the simplicity of the shell mo
to situations that are difficult to study usingab initio meth-
ods. Of course, one could not hope that environments
are completely different, for example, the presence of
adsorbed metal atom, could be described without additio
ab initio calculation. We suspect that even in this case, ho
ever, our model might be useful in obtaining the se
consistent positions of the substrate atoms not in immed
contact. The model should also be useful for surface vib
tional structure calculations of the type performed in Ref.
using the simple shell model.

V. CONCLUSION

We conductedab initio calculations on quasicubic clus
ters of 64 atoms with$001% faces. We obtained a rumpling o
0.6% for the surface O and Mg atoms on those faces w
environments like those which these atoms would have
the semi-infinite~001! surface. A generalized shell mode
~EDSM! was fitted to the first-principles results. The mod
was then solved for the semi-infinite surface, giving a surfa
relaxation of 0.6% and a surface rumpling of 0.5% with t
surface-oxygen atoms moving outward with respect
surface-magnesium atoms. These are consistent with o
ab initio calculations predicting small values for these qua
tities ~see Table VI! and also the recent studies31 by medium-
energy ion scattering, which also gave small rumpling a
relaxation.

We have introduced the EDSM by generalizing the tra
tional shell model to include effects of local environmen
and have come to some understanding of the strengths
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weaknesses of these models. We showed why the traditi
shell-model approach of fitting bulk properties has had
random success in predicting surface structural parame
We have also invented a different technical use of the s
model as a tool in performingab initio calculations, which
allowed the equilibrium positions of the atoms in a lar
cluster to be determinedab initio with just three or four
repetitions of theab initio calculation.
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