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Abstract

Density functional theory and a plane-wave basis pseudopotential technique
are applied to calculate the bulk and the (0001) surface properties of
hexagonal-close-packed (hcp) beryllium and magnesium. The calculations
were performed with two forms of the exchange—correlation functional. The
bulk properties of the two metals calculated within the generalized gradient
approximation (GGA) are closer to the measured ones than the local density
approximation (LDA) results are. The GGA also provides results for lattice
relaxations, work functions, and surface energies which are in a better
agreement with experimental values than the LDA results are. The changes
of surface energy and work function with slab thickness varying between 3 and
13 atomic layers were considered. Quantum-size effects did not influence the
calculated work function and surface energies significantly.

1. Introduction

First-principles calculations allow one to study different complex systems of many atoms.
But even for relatively simple and well-known systems, there are still some interesting
questions remaining open. One such question concerns the proper description of the exchange—
correlation interaction. It is generally assumed that the local density approximation (LDA)
describes the properties of bulk metals and the clean metal surfaces well. However, there are
quite a few situations where LDA leads to inaccurate results. For example, it is well known that
LDA overestimates the bonding strength and the bulk modulus in some metals (e.g. aluminium,
transition metals). These deficiencies can normally be remedied by employing the generalized
gradient approximation (GGA) to the exchange—correlation functional instead of the LDA. In
this paper we present the results of a systematic and comparative study of the bulk and surface
properties of hcp Mg and Be performed within the LDA and the GGA. We are interested in
the extent to which the GGA improves the calculated structural and binding properties of the
two metals over the LDA results.

Beryllium and magnesium crystals have the same hcp structure but differ in the extent
of the contraction of their c/a ratio with respect to the ideal one. They are characterized by
closed ns? shells, and have the same valency, but there are no p electrons in Be. They differ
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also in some other electronic properties: Mg is almost free-electron-like whereas Be, although
in general metallic, shows a low density of states at the Fermi energy, and thus exhibits some
features of covalent-like bonding. This covalent-like character of the bonding has also been
revealed at the Be(1010) surface by recent calculations of surface core-level shifts (SCLSs) [1].
On the other hand, the SCLS at Be(0001) changes very little with relaxation [2, 3], suggesting
a free-electron-like character of the bonding at this surface. This was also confirmed by the
recent attempt to explain the outward relaxation of the topmost layers observed at Be(0001)
and Mg(0001) surfaces as resulting from the accumulation/depletion of the electron charge due
to the long-range Friedel oscillations [4]. In this paper we provide the results of more extensive
calculations for these metals. The convergence of the electronic characteristics of surfaces—
work function and surface energy—was examined for (0001) metal surfaces represented by
slabs of thickness up to 13 atomic layers.

The method and computational details are briefly discussed in section 2. Section 3 presents
the results and a discussion, and section 4 summarizes the conclusions.

2. Method

The calculations reported in this work were performed with the thi9%6md program package [5]
based on density functional theory (DFT) and the plane-wave-basis pseudopotential method.
The exchange—correlation energy was calculated within the LDA using the Perdew—Zunger
parametrization [6, 7]. For the GGA calculations the Perdew—Wang form [8] was employed.
To represent the electron—ion interaction, fully separable non-local pseudopotentials [9] were
applied, taking into account the correction for non-linear exchange—correlation interaction
between the core and the valence electrons. The electronic wave functions were expanded in a
plane-wave basis set with a kinetic energy cut-off equal to 30 Ryd. The k-space integration was
performed according to the Monkhorst—Pack scheme [10]. For the bulk crystal calculations,
150 special k-points in the irreducible wedge of the Brillouin zone (BZ) were used, while in
the surface calculations 42 k-points were used. The quality of integration was improved by
using the Fermi surface smearing of 0.1 eV.

In calculating the surface properties of the hcp (0001)-oriented metals, a supercell
geometry was applied. The crystal surface was represented by slabs consisting of several
atomic layers separated by vacuum regions. Every atomic layer was represented by a single
atom. The thicknesses of both crystal and vacuum regions were chosen large enough to avoid
interaction between the surfaces of neighbouring slabs. Good convergence in the calculated
total energies was obtained for slabs eleven atomic layers thick for both elements (19 A for
Be and 28 A for Mg) and a vacuum region thickness of about 10 A for Be and 18 A for Mg.
To account for the lattice relaxations, the positions of atoms in the three topmost layers (on
one side of the slab) were optimized until the sum of the forces on each atom was smaller
than 0.01 mRyd Bohr~!. The artificial electric field arising on the other side of the slab was
compensated by the dipole correction [11].

3. Results

3.1. Bulk properties

In the calculations of the bulk properties of the hcp crystals, the crystals were modelled by
hexagonal supercells containing two atoms. Table 1 presents results for the equilibrium bulk
binding properties calculated by minimization of the total energy for two approximations
applied to the exchange—correlation energy functional. Zero-point vibrations were not taken
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into account. To obtain the minimum-energy lattice parameters, the total energies were
calculated for different pairs of @ and c¢/a. These energies were then fitted to the 2D cubic
polynomial

Ex,y)=co+cix+cry+ C3x2 + C4y2 +csxy + c6x2y + C7)cy2 + c8x3 + C9y3 (1)

where x denotes the lattice constant a, y denotes the c/a ratio, and the ¢; are parameters to
be determined from the fit. Using this energy expression, the minimum energy was found
for the values of a and c/a given in table 1. The results obtained agree very well with the
experimental data. For beryllium the lattice constanta = 2.231 A calculated within the LDA is
lower by 2.6% than the measured value. Similarly, for Mg the calculated LDA lattice constant
a = 3.127 A is underestimated by 2.6%. This underestimation of the lattice constant by the
LDA is greatly reduced by applying the GGA for both Be and Mg. It is also seen that the two
approximations give a contracted ¢/a ratio for Mg and a slightly expanded c/a for Be. The
cohesive energy and the bulk modulus corresponding to these structures are also presented in
table 1. The cohesive energy was calculated as a difference between the total energy per atom
in a bulk crystal and the total energy of a free atom. The latter was determined for a single
atom in a cubic cell of box length about 10 A that was big enough to avoid interactions with
atoms from the neighbouring cells, using the I" point for the k-space integration and with the
energy cut-off equal to 20 Ryd. Though one usually performs the total-energy calculation of a

Table 1. Calculated physical properties of hcp beryllium and magnesium crystals at 0 K.

Latti tant .
-atice constant— cohesive energy  Bulk modulus

Reference aA) c¢/a (eV) (GPa)
Be

This work, LDA 2.23 1.573  4.20 128
This work, GGA 2.26 1.570  3.74 115
Other calculations, LDA? 2.25 1.586 3.60 131
LDAP 2.23 1.566  4.35 135.6
LDAC 2.23 1.580 4.08 140
Other calculations, GGA®  2.25 1.570  3.65 120
Experiment? 2.29 1.567 3.33 110
Mg

This work, LDA 3.13 1.616 1.78 40.2
This work, GGA 3.18 1.615 1.50 35.5
Other calculations, LDA® 3.16 1.610 1.64 35.0
LDAf 3.12 1.616 — 384
LDA2 3.16 1.590 1.76 39.0
LDAR 318 1.623 — 37.7
Other calculations, GGA# 3.20 1.660 1.42 30.0
Experiment? 3.21 1.624 151 354

@ Reference [27].
b Reference [28].
¢ Reference [29].
d Reference [30].
¢ Reference [31].
f Reference [22].
& Reference [32].
h Reference [23].
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free atom with the cut-off energy the same as in the bulk calculation, in this case convergence
tests showed that the total-energy change on increasing the cut-off from 15 Ryd to 20 Ryd was
less than 0.02 eV for both metals and approximations, so the latter one yields well-converged
results. The LDA overestimates the cohesive energy for Be and Mg compared to experiment.
The use of the GGA reduces its values for both metals. The agreement between calculated
and experimental values of the cohesive energy could be further improved by considering the
spin polarization of the free atom. The atomic spin-polarization correction which lowers the
cohesive energy was not taken into account in this work. The bulk modulus was calculated by
fitting the energy versus volume curve to the Murnaghan equation of state [12]. The values
calculated within the LDA are larger by 16% (Be) and 13% (Mg) than the measured ones.
The GGA reduces the bulk modulus for both metals and brings it into very good agreement
with the experimental data. So the improvement of the results for the bulk binding properties
caused by the application of the GGA is clearly visible. The calculated lattice parameters of
table 1 were used as input parameters for surface calculations.

3.2. Surface properties

The calculations performed for eleven-layer-thick Be and Mg films led to well-converged
results for surface lattice relaxations for both metals. Table 2 compares the calculated relax-
ations of the three topmost layers with the experimental data. In reference [4] the observed
relaxation pattern was explained on the basis of the analysis of the calculated electron-charge-
density distribution perpendicular to the surface. It was found that the Friedel oscillations in
the surface electron-density distribution in the direction perpendicular to the metal surface are
responsible for the electrostatic forces making the topmost atomic layers repel one another.
The same mechanism is valid in the case of both Be(0001) and Mg(0001) surfaces, indicating
free-electron-like character of the bonding [4].

Table 2. Multilayer relaxations A;; = (d;; —d)/d of surface layers i and j (in % of the interlayer
spacing d in the bulk) for the (0001) surfaces of Be and Mg.

Surface Adyy  Adry Adiy  Reference

Be(0001)  2.74 1.18 0.77 LDA
3.17 1.15 0.65 GGA
58 02 0.2 Experiment (300 K)*
3.1 1.4 0.9 Experiment (100 K)°
2.4 Experiment (0 K)©

Mg(0001) 1.13 0.31 0.21 LDA
2.04 1.13 0.72 GGA
1.9 0.8 —04 Experiment (100 K)d
1.7 Experiment (0 K)?

@ Reference [33].
b Reference [34].
¢ Reference [35].
d Reference [36].

In order to extract the well-converged values of the electronic surface characteristics
corresponding to semi-infinite samples, the evolutions of the work function and surface energy
with increasing slab thickness were examined. In the calculations the slab thickness varied
from three to thirteen atomic layers and the three topmost metal layers were allowed to relax.

The work function was calculated from the standard expression

O = Vye — Er @)
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where V,, is the electrostatic potential in the vacuum region and Er is the Fermi energy
of the slab. For both exchange—correlation energy approximations applied, the work-function
changes were calculated for relaxed and unrelaxed surfaces. The variation of the work function
with slab thickness for Be(0001) and Mg(0001) is presented in figures 1 and 2. Since there
were actually no differences between the results for relaxed and unrelaxed surfaces, only the
former are displayed in the figures. As is seen for beryllium, the LDA and GGA work functions
differ systematically by about —0.25 eV. The work functions increase by about 0.1 eV (LDA)
and 0.06 eV (GGA) for slab thickness increasing from three to five monolayers, then converge
to 5.57 eV (LDA) and 5.36 eV (GGA). The uncertainty range in the convergence of the work
function for slabs thicker than five atomic layers is smaller than 0.04 eV. For the Mg(0001)
surface (figure 2) the work function experiences the same kinds of change for both LDA and
GGA with increasing slab thickness: for thin slabs the work function decreases by about 0.1 eV,
reaches a shallow minimum of 3.86 eV (LDA) and 3.72 eV (GGA) for slab thicknesses of 7—8
monolayers and saturates at the thickness of 10-12 layers. The uncertainty in the determination
of @, for slabs thicker than six atomic layers, is smaller than 0.03 eV. The GGA rigidly shifts
the LDA work functions downward by about 0.15 eV. They converge to the values of 3.88 eV
(LDA) and 3.74 eV (GGA). The convergence of the work-function values could be improved
even further by applying, instead of equation (2), a classical definition of the work function
using the electrostatic potential step at the surface and the Fermi energy determined for a bulk
crystal [13] instead of that for a film. The latter definition allows one to eliminate the influence
of the quantum-size effect (QSE). The QSE, however, appears to be very small for Be(0001)
and Mg(0001) slabs as discussed below.
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Figure 1. Variation of the calculated work function of
Be(0001) with slab thickness.

Figure 2. Variation of the calculated work function of
Mg(0001) with slab thickness.

Table 3 compares the calculated work functions for eleven-monolayer-thick (0001)-
oriented slabs with experimental data and results of previous calculations. The calculated
LDA work function of the Be(0001) surface, similarly to in previous LDA calculations [14],
is about 0.5 eV higher than the measured value. The GGA value is shifted down to closer
to the measured one [15]. The difference (0.26 eV) is not big and moreover the authors of
the experimental paper stated that the actual work function should be slightly higher. In the
case of Mg(0001) the LDA work function is a little closer to the measured value [16] than that
provided by the GGA, but both are within 0.08 eV of the experimental one.
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Table 3. Calculated work functions and surface energies of the (0001) surfaces of Be and Mg
compared with other calculations and experimental results.

Surface ® (eV) o (eV/atom) Reference

Be(0001)  5.57 0.54 This work, LDA
5.36 0.46 This work, GGA
5.542 0.522 Other calculations, LDA
5.1° 0.31¢ Experiment

Mg(0001)  3.88 0.35 This work, LDA
3.76 0.30 This work, GGA
3.699  0.337°,0319"  Other calculations, LDA
3.84¢8 0.28" Experiment

@ Reference [14].
b Reference [15].
¢ Reference [21].
d Reference [37).
¢ Reference [22].
f Reference [23].
& Reference [16].

The reduced GGA work functions, relative to the LDA ones, reflect the lower electron
charge density due to the increased volume of the GGA unit cell for the two metals. The average
electron densities for the bulk Be crystal are equal to 0.0392 electron Bohr—3 (LDA) and 0.0377
electron Bohr—> (GGA) whereas for the bulk Mg they amount to 0.0138 electron Bohr—3 (LDA)
and 0.01315 electron Bohr—3 (GGA). They should also correspond to a diminished surface
dipole moment of the electron-density distribution. Figures 3 and 4 display the electron-
density-difference contours at the relaxed Be(0001) and Mg(0001) surfaces, respectively. The
lines represent the difference between the average valence electron charge density in the bulk
crystal and the electron-charge-density distribution in the surface region.

For both metals a spreading of the electronic charge in the surface region can be noticed.
In the case of Be the electron-density contours calculated within the GGA show bigger changes
between the constant-density lines than those calculated within the LDA. This is in contrast to
the case for the Mg(0001) surface where the LDA leads to bigger changes in the charge-density
distribution than the GGA.

Another important surface quantity is the surface energy o, which for an n-layer slab is
usually determined from the relation

1
o(n) = 5(Ey —nEp) 3

where E, is the total energy per unit cell of the n-layer slab and Ej is the total energy per
layer of an infinite bulk crystal. The factor 1/2 accounts for the two surfaces of the slab. For
a sufficiently large number of layers, o (n) calculated from (3) should converge to the surface
energy of a semi-infinite sample. However, it was pointed out [17] that surface energy will
diverge with slab thickness because the total energy Ep calculated for a bulk system is not
exactly equal the slope of the slab energy versusn [17,18]. In order to achieve stable, convergent
results for surface energies, some other methods were suggested [17-19] which modify the
original equation (3). In one of the modifications [18], the surface energy is calculated from
the formula

.1 o full
o(n) = lim 5 E,— —E,, 4
n—o00 ng
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LDA

Figure 3. The charge-density distribution near the relaxed Be(0001) surface cut along the (1010)
plane. The atomic configuration commensurate with the optimized positions calculated in the
LDA is also shown. Electron-density-difference distributions are shown relative to the average
electron density in the bulk expressed as a percentage of the latter. Darker grey is used to indicate
regions with smaller charge density while lighter shades represent regions with charge density
above average. For the density distribution, only charge of the valence electron is shown; therefore
the circular regions of lowest charge density observed at the sides represent atom positions cut by
the chart plane.

where E ,{ o s the total energy of the bulk supercell of n 5 atoms with the vacuum region filled
with atoms. For this approach, in our calculations we used ng = n + 7, with n ranging from
three up to thirteen.

A different method of avoiding the divergence problem was suggested by Boettger [17].
For a sufficiently thick slab, the total binding energy Ep can be extracted from the linear
dependence of E, on Ep that is obtained from the inversion of equation (3). By making a
linear fit to the total energy of the slab as a function of n, and calculating its slope, one gets
the value of Ep which can in turn be used to calculate the surface energy of a particular slab
from equation (3).

The variations of the surface energy versus the slab thickness of the relaxed (0001)
surfaces of Be and Mg calculated using different approaches are presented in figures 5 and 6,
respectively. Interestingly, in the case of the Mg(0001) surface (figure 6) the surface energy
calculated from the original expression (3) converges very well, whereas for the Be(0001), as
for other metal surfaces [17-20], it diverges linearly with increasing slab thickness (figure 5).
At this stage, the reason for this unusual behaviour for the Mg(0001) surface is not clear to us
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LDA

Figure 4. As figure 3, but for the Mg(0001) surface.

and is currently being investigated.
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Figure 5. Calculated surface energies for Be(0001) as
functions of slab thickness. The surface energy was
calculated according to: (@) equation (3); (A) equation
(4); (M) linear regression.
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Figure 6. Calculated surface energies for Mg(0001) as
functions of slab thickness. The surface energy was
calculated according to: (@) equation (3); (A) equation
(4); (M) linear regression.

For Be(0001) the calculated surface energy shows the same character of changes with slab
thickness for the LDA as for the GGA. Similarly, as for the work function, the GGA rigidly
shifts the LDA surface energy downward, by 0.8 eV/atom for Be(0001) and 0.05 eV/atom for
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Mg(0001). Results obtained with equation (4) and with the help of linear regression differ
only slightly, and for thicker slabs the calculated surface energy actually does not change with
the slab thickness. The calculated surface energy of Be(0001) corresponding to semi-infinite
samples is equal to 0.54 eV/atom (LDA) and 0.46 eV/atom (GGA). These values are higher
than the experimental surface energy of 0.31 eV/atom [21], though the agreement of the GGA
result is much improved.

In contrast to the case for the Be(0001) surface, for the Mg(0001) surface the curves
representing the variation of the surface energy versus slab thickness calculated according to
equations (3) and (4), and from equation (3) with Ep determined from the linear regression,
are very alike (figure 6) and do not undergo significant changes. The surface energy converges
to 0.35 eV/atom (LDA) and 0.30 eV/atom (GGA), which can be considered as corresponding
to values for semi-infinite samples. In view of the experimental uncertainties, these results
agree very well with the measured value of 0.28 eV/atom [21]. Again the GGA surface energy
is superior compared with LDA results from this and previous calculations [22,23] (table 3).

The variations of the surface energy as well as of the work function versus the slab
thickness that are displayed in figures 1, 2 and figures 5, 6 have a rather smooth character, thus
showing the very small influence of the quantum-size effect [24] which should be manifested
in oscillations of surface quantities as a function of the varying thickness of the slab. The
QSE that results from the size-dependent quantization of the electron states in the direction
perpendicular to the surface being different from that for the bulk was confirmed also for
crystalline Al(111), Al(110), and Mg(0001) slabs [17,20,25,26]. The work-function variations
reported in reference [25] for the ideal Mg(0001) surface, and ascribed to the QSE, are of
similar magnitude (~0.1 eV) to those reported in this work, and are smaller than those for
Al surfaces [17,20]. This smaller amplitude for lower-density metals is in agreement with
the prediction of the theory [24]. On the other hand, for Be(0001) and Mg(0001), the work-
function and surface energy variations do not show any regular period of oscillations, which
for the jellium is predicted [24] to be an integral multiple of half of the Fermi wavelength of
the given metal. In the crystalline calculations the thickness of the slab can change only by
integral numbers of layers, so the oscillations could be eliminated by incoherent changes of
the thickness. Also, the oscillatory character of the lattice relaxation of extension/contraction
type [4] could contribute to the reduction of the QSE oscillations at the surfaces considered.

4. Summary

We have performed extensive first-principles calculations of the structural and electronic
properties for the bulk and the clean (0001) surfaces of Be and Mg. For both metals the
lattice constants, bulk moduli, and cohesive energies calculated within the GGA are superior
to the LDA results and show better agreement with experiment. The first three interlayer
spacings were found to expand. The magnitudes of the relaxations of the topmost layers
calculated with the LDA are underestimated compared with measurements. Good agreement
was found between measured relaxations and those calculated with the GGA for both metal
surfaces, although the latter are still bigger than the experimental ones. As for the surface
energy and work function, GGA calculations provide values which are in better agreement
with experimental results than the LDA ones.

The variations of the work function and surface energy with slab thickness were examined.
For slabs thicker than five atomic layers the changes in the work function are within 0.04 eV
for Mg(0001) and 0.03 eV for Be(0001), showing no oscillatory character which could be
attributed to QSE. The well-converged results obtained for the surface energy are in very good
agreement with the measured values.
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