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Abstract

The structures of pure and Ca-segregated MgO (001) surfaces have been studied using first-principles density-
functional theory. The relaxation and rumpling for the pure surface are found to be 0.48% and 1.62%, respectively.
Ca segregation significantly modifies the surface structure. The surface-segregated Ca atoms protrude outwards owing
to the size mismatch between Ca and Mg. Consequently, their nearest neighbor oxygen atoms are pulled up. The
value of the protrusion of Ca atoms is strongly dependent on the Ca coverage of the surface. © 1999 Published by

Elsevier Science B.V. All rights reserved.
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1. Introduction

The MgO (001) surface is widely used as a
substrate for the epitaxial growth of superconduc-
tors and metals [ 1-3]. The structure and morphol-
ogy of the surface play a critical role in the growth
of thin films. It is therefore important to under-
stand the details of the surface structure for the
growth of high quality thin films. Extensive studies
have been carried out on the pure MgO (001)
surface both experimentally and theoretically [4—
9]. However, a consistent picture for describing
the surface structure has not yet been produced.
It is known that low concentration of impurities
that segregate to the surface can change the struc-
ture of the surface, and thus affect the growth of
thin films. MgO is a material that is extremely
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difficult to purify. It always contains a small
amount of impurities (in the parts per million
range) such as Al, Ca, C and Fe. Among these
impurities, Ca often segregates to grain boundaries
and surfaces [10,11]. Very recently, the effects of
Ca segregation on the MgO (001) surface have
been studied using time-of-flight impact-collision
ion scattering  spectroscopy  (IOF-ICISS),
Rutherford backscattering spectroscopy [12], and
grazing-incidence X-ray scattering (GIXS) [13].
These studies showed that Ca atoms substitute for
Mg atoms at the topmost layer, and protrude
outwards owing to the size mismatch between Ca
and Mg. However, the value measured by GIXS,
0.63 A, is much larger than that measured by IOF-
ICISS, 0.4 A. It is reported that the coverage of
Ca on the surface of the sample measured by IOF-
ICISS is about 20%, while it is about 50% for the
sample measured by GIXS. Thus, it is reasonable
to speculate that the structure of the Ca-segregated
surface is dependent on the coverage of Ca.
However, so far, there are neither systematic exper-
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imental studies nor first-principles calculations on
the Ca-segregated surface. Only one empirical
potential calculation has been carried out by Masri
et al. [14]. The purpose of this paper is to investi-
gate the structure of the pure MgO (001) surface,
the effect of Ca segregation on the surface and the
dependence of the surface structure on the cover-
age of Ca using first-principles density-functional
theory.

2. Method

In our calculations, we use density-functional
theory with the exchange-correlation potential
treated in the generalized gradient approximation
(GGA) [15]. The atomic cores are represented by
nonlocal, norm-conserving pseudopotentials in a
separable form [16]. The Ca pseudopotential
includes the 3p states as valence eclectrons. We
relax the surface structures by a periodic slab
geometry. Each slab contains 11 layers and a (001)
surface on each side of the slab. The vacuum
region between such slabs has a thickness of about
17A. To optimize the structure, atoms are relaxed
along the calculated forces until the remaining
forces are all within 0.1 eV A~!. The wave func-
tions were expanded in a plane wave basis set with
an energy cutoff of 600eV and the integration
over the Brillouin zone was performed using three
special k points chosen according to the
Monkhorst-Pack scheme [17]. We calculated the
lattice constant for a perfect MgO crystal and the
structure of a pure MgO (001) surface using both
GGA and local density approximation (LDA)
[18]. Consistent results were obtained. The calcu-
lated value of the lattice parameter, a,=4.20 A, is
satisfactorily close to the experimental value of
421 A.

3. Results

We first calculated the structure of the pure
MgO (001) surface. The terms rumpling and relax-
ation are commonly used to describe the structure
of metal oxide surfaces. For a pure surface, the
perpendicular displacement of anions Z, and that

Fig. 1. Structure of the perfect MgO (001) surface showing the
1x1,V2xV2and 2 x2 cells.

of the cations Z, can be significantly different. The
difference between the displacements Z,—Z, is
called the surface rumpling, whereas the mean
movement of the surface layer (Z,+ Z,)/2 is called
the surface relaxation. Normally both are
described in percentages of the bulk nearest-neigh-
bor spacing. Our fully relaxed slab shows a very
slight rumpling of the surface, with oxygen ions
displacing outwards by 0.022 A and magnesium
ions displacing inward by 0.012 A with respect to
the unrelaxed surface. Such displacements occur
only at the topmost layer. The values of rumpling
and relaxation were calculated to be 1.62 and
0.48%, respectively.

Calculations were then performed on the
Ca-segregated MgO (001) surfaces with three cov-
erages of Ca. Ca atoms are considered to substitute
for Mg atoms in the top layer. We use three
different cell sizes on the surface to represent the
coverages of Ca, as shown in Fig. 1. The large
circles indicate oxygen atoms and the small ones
magnesium atoms. If we substitute Mg with Ca
only at the center of these cells, the three cells
corresponding to 1 x1, \/Ex\/i and 2 x2 have
100, 50 and 25% coverages of Ca. Because, the
calculations are very time consuming, we did not
calculate beyond the 25% coverage. Our calcula-
tions showed that the segregated Ca not only
modifies the topmost layer, but also affects several
layers underneath. For each unit cell, sections



Y. Yan et al. | Surface Science 442 (1999) 251-255 253

OO e Dy

2176 2.687 1973 2687
o O o O O O
2.099 2.069 2105  2.069
O (o] O o o o
2.086 2.094 2.077 2.094
o O o O O
2.087 2.096 2085 2096
O o O o o} o
2,098 2.099 2097 2099

@0 O o PO O O

Fig. 2. Atomic positions on (a) (100) section and (b) (110)
section of the relaxed V2 x V/2 structure with 50% coverage of
Ca. The dotted lines indicate the position of the unrelaxed sur-
face. The vertical inter-distances are given in A.

indicated by dotted lines cover all inequivalent
sites. Thus, the relaxation below the surface can
be described by giving the atomic position in these
sections.

Fig. 2 shows the atomic positions on both the
(100) and (010) sections for the relaxed V2 x V2
structure with 50% coverage of Ca. Ca atoms are
indicated by broken circles. It is seen that Ca
protrudes outwards by 0.547 A and its neighboring
O on the surface is consequently pulled out by
0.046 A with respect to the unrelaxed surface, as
indicated by dotted lines in Fig. 2. The neighboring
Mg on the top layer is pushed inwards by 0.163 A.
The effect of Ca-induced relaxation extends further
into the crystal; rearrangements are seen within
four layers.

The vertical displacements of atoms of the first
two layers of the \fo\fZ surface structure with
50% coverage of Ca were measured by Robach
et al. using GIXS [13]. Comparison of their mea-

Table 1

sured and our calculated results is shown in
Table 1. It is seen that the calculated values for
the protrusion of Ca, 0.547 A, and the displace-
ment of Mg, —0.163 A, are slightly smaller than
the measured values, 0.634+0.03 and —0.066+
0.14 A, respectively. This difference is probably
caused by procedure used to fit the data: the O
atoms in the surface and all atoms below the
second layer were fixed, which is inconsistent with
our calculation. Our relaxed structure (Fig.?2)
clearly shows that O atoms in the top layer are
pulled outwards by 0.046 A, and the relaxation
extends into the bulk for four layers. If we renor-
malize the calculated displacements by adding the
displacement of O in the top layer, 0.046 A, the
calculated displacements (the forth row in Table 1)
for atoms in the top layer agree very well with the
experimental data.

Fig. 3 shows the (100) and (110) sections of the
relaxed 2 x 2 surface structure with 25% coverage
of Ca. It is seen that the relaxed structure differs
from that of the surface with 50% coverage of Ca,
as follows. The Ca-induced relaxation extends into
the crystal for only three layers. The protrusion of
Ca, 0477 A, 1s much smaller than for the
V2xV2 structure with 50% coverage of Ca.
Oxygen atoms are pulled outwards by 0.073 A
with respect to the unrelaxed surface, slightly
smaller than for the \/Ex \/§ structure. The first
nearest neighbor Mg in the top layer is pushed
inwards by 0.058 A, while the second nearest
neighbor Mg is pushed inwards by 0.009 A. Souda
et al. [12] have measured the structure of the MgO
(001) surface with 20% coverage of Ca. The mea-
sured value for the Ca protrusion, 0.440.01 A, is
only slightly smaller than our calculated value of
0.477 A, consistent with the slightly reduced cover-
age of Ca in the experiment.

Comparison of measured and calculated vertical displacements of atoms at the first two layers of the V/2 x /2 structure with 50%
coverage of Ca. The numbers labeling the atoms are the same as those used in Ref. [13]

1:Ca 2:Mg 3:0 4.0 5:Mg 6:Mg 7:0 8:0
exp 0.63+0.03 —0..066+0.14 fixed fixed 0.20+0.03 —0.42+0.18 —0.42+0.32 0.42+0.12
cal. 0.547 —0.163 0.046 0.046 —0.030 —0.030 —0.036 —0.042
renorm. 0.593 —0.117 0.0 0.0 0.016 0.016 0.010 0.004
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Fig. 3. Atomic positions on (a) (100) section and (b) (110) section of the relaxed 2 x 2 structure with 25% coverage of Ca. The dotted

lines indicate the position of the unrelaxed surface.

To strengthen our conclusion that the
Ca-segregated surface structure is dependent on
the coverage of Ca, we calculated the surface
structure with another coverage of Ca. Fig. 4
shows the atomic positions on the (010) section
for the relaxed 1 x 1 structure with 100% coverage
of Ca. As we expected, owing to the higher Ca
coverage, the Ca-induced relaxation extends into
the crystal for more than five layers. Ca protrudes
outwards by only 0.244 A, but O in the top layer
is pulled outwards by 0.071 A with respect to the
unrelaxed surface as indicated by dotted lines in
Fig. 4. This again clearly shows that the surface
structure is dependent on the coverage of Ca. It
should be noted that, below the second layer, both
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Fig. 4. Atomic positions on (010) section the relaxed 1 x 1 struc-
ture with 100% coverage of Ca. The dotted lines indicate the
position of the unrelaxed surface.

anions and cations are forced to move inwards.
This distortion would require a large amount of
energy. We therefore expect that the MgO (001)
surface with 100% coverage of Ca would never
occur experimentally.

4. Conclusions

The density-functional calculations show that
the pure MgO (001) surface has a rumpling of
1.62% and a relaxation of 0.48%. Ca segregation
significantly roughens the surface. The relaxation
induced by Ca segregation propagates further into
the bulk crystal. The surface structure is strongly
dependent on the coverage of Ca.

Acknowledgements

The work was supported in part by the Division
of Materials Science, U.S. Department of Energy,
under contract DE-AC05-960R22464 with
Lockheed Martin Energy Research Corporation,
by an appointment to the Postdoctoral Research
Program administered jointly by ORNL and
ORISE, and by NSF grant DMR-9803768.



Y. Yan et al. | Surface Science 442 (1999) 251-255 255

References

[1]1 Y.C. Lee, P. Tong, P.A. Montano, Surf. Sci. 181 (1987)
559.

[2] P. Guenard, G. Renaud, B. Villette, Physica B 221
(1996) 205.

[3]1 C. Li, R. Wu, A.J. Freeman, C.L. Fu, Phys. Rev. B 48
(1993) 8317.

[4] P.A. Maksym, Surf. Sci. 149 (1985) 157.

[5] D.L. Blanchard, D.L. Lessor, J.P. LaFemina, D.R. Baer,
W.K. Ford, T. Guo, J. Vac. Sci. Technol. A 9 (1991) 1814.

[6]J.P. LaFemina, C.B. Duke, J. Vac. Sci. Technol. A 9
(1991) 1847.

[7]1 S. Pugh, M.J. Gillan, Surf. Sci. 320 (1994) 331.

[8] J. Goniakowski, C. Noguera, Surf. Sci. 323 (1995) 129.

[91Y. Li, D.C. Langreth, M.R. Pederson, Phys. Rev. B 55
(1997) 16456.

[10] R.C. McCune, P. Wynblatt, J. Am. Ceram. Soc. 66
(1983) 111.

[111Y. Yan, M.F. Chisholm, G. Duscher, A. Maiti,
S.J. Pennycook, S.T. Pantelides, Phys. Rev. Lett. 81
(1998) 3675.

[12] R. Souda, Y. Hwang, T. Aizawa, W. Hayami, K. Oyoshi,
S. Hishita, Surf. Sci. 387 (1997) 136.

[13] O. Robach, G. Renaud, A. Barbier, Surf. Sci. 401 (1998)
227.

[14] P. Masri, P.W. Tasker, J.P. Hoare, J.H. Harding, Surf. Sci.
173 (1986) 439.

[15] J.P. Perdew, Y. Wang, Phys. Rev. B 45 (1992) 13 244.

[16] L. Kleinmann, D.M. Bylander, Phys. Rev. Lett. 48
(1982) 1425.

[17] H.J. Monkhorst, J.D. Pack, Phys. Rev. B 13 (1976)
5188.

[18] J.P. Perdew, A. Zunger, Phys. Rev. B 23 (1981) 5048.



