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MgO(001) surface phonons from ab initio calculations

Vladimir Shpakov,"? Anders Gotte,! Micael Baudin,! Tom Woo,? and Kersti Hermansson

1

Materials Chemistry, The Angstrém Laboratory, Uppsala University, Box 538, S-751 21 Uppsala, Sweden
2Department of Chemistry, University of Western Ontario, London, Ontario, Canada N6A 5B7
(Received 10 June 2005; published 23 November 2005)

An ab initio study of the surface phonons in high-symmetry points of the Brillouin zone has been performed
for the clean MgO(001) surface in the framework of the density functional theory (DFT) using plane waves and
a lattice-dynamical treatment with a supercell approach. It is found that a calculation of the surface phonon
modes using the DFT is a competitive approach compared to earlier shell-model calculations in the literature.
The strongly localized phonon modes can be calculated with a reasonable accuracy using thin slab systems and

a modest plane-wave cutoff.
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I. INTRODUCTION

The ab initio investigation of phonons on defective and
nondefective oxide surfaces is of current interest in hetero-
geneous catalysis. Many commercially important catalytic
surface reactions take place at an elevated temperature,
where the adsorbate-surface interactions are influenced by
the substrate’s surface vibrations. It is known that the local-
ized surface vibrations are very sensitive to the presence of
adsorbates.> Conversely, the adsorption at the different sur-
face sites depends on the characteristics of the low-frequency
vibrations of the adsorbate molecules,” where couplings with
low-frequency substrate phonons will affect these vibrations.
Moreover, some surface phonons will give rise to rather dis-
torted transient surface structures, which should lead to al-
tered adsorbate-surface interactions compared to those of a
static, relaxed structure. In summary, it is clear that the sur-
face phonons play a complex and crucial role in the context
of molecule-surface interactions and molecular reactions on
surfaces, but the detailed mechanisms for this interplay are
not known. Accurate knowledge about the clean-surface
phonons and about the viable methods to compute these is an
important step towards a more complete surface character-
ization of the dynamical effects on the molecule-surface in-
teractions.

Ab initio calculations based on density functional theory
(DFT) nowadays represent a mature and computationally
feasible approach to investigating properties of condensed
bulk matter and the method sometimes constitutes a viable
(or even superior) alternative to classical force-field simula-
tions using, for example, the shell model® for the metal ox-
ides. The present paper deals with surfaces and describes
ab initio calculations of the lattice dynamics (LD) of the
MgO(001) surface. A characterization of the phonon modes
is given and their surface localization is discussed.

A number of theoretical ab initio investigations of surface
electronic structure,® surface relaxation,’ defect energetics,8
and water adsorption®!'! on MgO surfaces have been pub-
lished. Successful ab initio studies of the lattice dynamics of
bulk MgO have been performed using density-functional
perturbation  theory!>  (DFPT) and frozen-phonon
calculations.® As far as the surface dynamics of MgO is con-
cerned, shell-model simulation results were presented de-
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cades ago for the unrelaxed'? and the relaxed'* (001) surface.
The shell model parameters used in Refs. 13 and 14 repro-
duce the experimental bulk dispersion curves well.* More
recently, the “environmentally dependent” set of shell-model
(EDSM) parameters was proposed,® based on ab initio MgO
cluster relaxation calculations. This set was employed in Ref.
15 for the interpretation of the experimental phonon density
of states (DOS) for MgO nanocrystals as measured by the
neutron scattering technique,'®!” but no description of the
surface phonons was presented.

This paper is organized as follows. Section II gives a short
outline of the theory and thereafter the computational details
and the testing of some aspects of these theories are pre-
sented. In Sec. III we give the main results and a comparison
with experimental data. The paper ends with a short sum-
mary.

II. METHOD
A. Analytical background

The electronic structure calculations for the MgO(001)
surface have been performed here for a system consisting of
identical thin slabs repeated periodically in the direction per-
pendicular to the slab surfaces. In such a model, neighboring
slabs have to be separated by a vacuum gap of sufficient
thickness to exclude interaction. Under such conditions, the
dynamics of a single slab and of the periodic slab system are
essentially the same.

In the traditional frozen-phonon scheme, the dynamical
matrix of the system is determined by displacing an atom «,
and all its periodic images, from their equilibrium positions
by the amount

1 -
Uiej= T7==Va expligRi}, (1)
VM,

where / denotes the /th primitive cell, 13, is the corresponding
translation vector, M, the mass of atom «, and Vaj is the jth
component of the phonon polarization vector in a given ¢
point of surface Brillouin zone. All other atoms are at their
equilibrium positions. The ith component of the harmonic
force acting on any atom S in the Oth primitive cell is
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— .
Fogi=- > M g D;{(Ba,q)V . (2)

aj

where a dynamical matrix element D;; is a sum defined as

1 -
D;{(Ba.q) = \M=M; ¢;/(0B.lc)expligR}  (3)
Mym,

and ¢;(08,la) is a force constant matrix element. By choos-
ing the appropriate displacement patterns, each with a wave
vector ¢, the dynamical matrix D(Ba,q) can be determined
for different ¢ points in the surface Brillouin zone (for a
detailed description, see Ref. 18). This procedure requires
that the atomic displacements in the supercell fulfill the fol-
lowing condition:

exp{igR.} =1, 4)

where R, is any translation vector of the supercell. If (4) is
fulfilled, the displacements (1) will be periodic with the pe-
riod of the supercell.

It is not always convenient to consider many different
supercells. Instead we can use a big enough supercell and
only consider the I" point. Equation (2) applied to the ana-
lytical part of the dynamical matrix of the supercell,
Dseeereell( By g=0), becomes

FOBi =— E \/ﬁﬁ Df;lper"ell(,@a,c7= 0) Vw7 (5)
aj

where we have the same atomic displacements in the super-
cell and its periodically repeated images. For those ¢ points
which satisfy condition (4) above we can write

Dyj(Ba.g) = X D" "(Bay,g = O)expligR}  (6)
1

where [ denotes the various cells within the supercell and «;
is the periodic image of atom « in cell I. Equation (6) can be
deduced from condition (4), the fact that the supercell trans-

lation vectors R; are some combinations of the primitive cell

translation vectors R;, and the definition of the dynamical
matrix (3). The dynamical matrix in (6) can then be used in
the calculation of the phonon frequencies and polarization
vectors in the standard way,' by solving

wzvﬁ’i = 2 Dij(:[))a’cj)vaj (7)
aj

which gives 3n eigenvalues w® and the corresponding 3n
eigenvectors V,; in any g point.

This simple procedure yields the exact dynamical solution
for a finite number of Brillouin zone points of the primitive
cell, namely those points which have wave vectors which are
commensurate with the reciprocal lattice vectors of the su-
percell. We have used this method to calculate the phonons
in selected surface Brillouin zone points of MgO(001).

Note that, according to formulas (5) and (6), only the
displacements of atoms within the primitive cell are required.
The use of symmetry can further decrease the number of
displacements needed.?’ Equations (5) and (6) are related to
the force constant-based ab initio procedure employed in
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FIG. 1. A schematic picture of the MgO(001) surface in the xy
plane. (a) The 2 X2 supercell in real space, with the primitive cell
marked. (b) The Brillouin zone in reciprocal space, with the eight
reciprocal points (four of them unique) investigated.

Ref. 20 for diamond and graphite, which can be seen if the
primitive cell is placed in the middle of the supercell and Eq.
(6) is extrapolated to any g value.

Compared to the traditional frozen-phonon scheme, the
advantage of this technique is that only a very small set of
calculations within the given supercell is sufficient to deter-
mine the dynamical matrix. The main limitation of the ap-
proach lies in the size of the supercell.

B. Computational details

All energy and force calculations were performed within
the density-functional framework?' with the gradient-
corrected PBE functional,?? in combination with the two-
electron and six-electron norm-conserving pseudopotentials
of the Goedecker type?® for Mg and O, respectively. The
plane-wave-based CPMD code?* was used.

Bulk calculations were performed with a supercell con-
structed from 2 X 2 X 2 crystallographic unit cells, containing
64 ions. The MgO(001) surface calculations were done with
two different slab systems: one four-layer system and one
eight-layer system, both containing eight Mg and eight O
ions in each layer. The simulation boxes were repeated in
three dimensions. In both cases, the surfaces were separated
by a vacuum gap with the same thickness as the oxide slab.
The supercell dimensions were thus 8.42 X 8.42X 16.84 A3
for the thin slab system and 8.42 X 8.42X 33.68 A for the
thick slab system.

The supercell and the surface Brillouin zone are shown in
Fig. 1. The size of the supercell allows us to investigate the
vibrational modes at four unique points of the Brillouin zone,
including the high-symmetry points (I',X,M). The Brillouin
zone integrations for the electronic system in the supercell
were carried out using only the I" point. To ensure satisfac-
tory frequency convergence a larger real-space mesh than the
CPMD default value was used for the fast fourier transform
(FFT) calculations. The LD calculations for the bulk and for
the thin slab were performed using three different plane-
wave cutoff values (100, 120, and 140 Ry) to investigate the
phonon frequency convergence with respect to cutoff. The
frequencies calculated for the bulk with 140 and 120 Ry cut-
offs differed by less than 1%, and the same or still better
convergence was observed in the slab calculations. Between
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TABLE I. Phonon frequencies (in THz) calculated at the high-
symmetry points compared with the experimental I', X, M, for MgO
bulk, compared with the experimental data and published calcula-
tions using density-functional perturbation theory.

DFPT? Expt.® Our results

I' TO 11.72 12.23 11.58
X TA 8.62 8.96 8.77
X LA 12.59 12.65 12.59
X TO 13.37 13.29 13.52
X LO 16.55 16.61 17.1

L TA 8.20 8.64 8.18
L LA 16.40 16.4

L TO 10.71 11.05 10.74
L1LO 17.07 17.55

#Reference 12.
PReferences 4 and 26.

140 and 100 Ry, the frequencies of the strongly localized
surface phonons S, S4, and S5 (see later) differed by only
2-3 %. The results discussed below were calculated using
the following cutoffs: 140 Ry for the bulk, 140 Ry for the
thin slab, and 100 Ry for the thick slab.

As a test of the accuracy of the strategy employed, we
performed geometry optimizations of the MgO molecule and
of bulk MgO. The optimization for the isolated MgO mol-
ecule gave a bond length of 1.75 A and a Mg— O harmonic
stretching frequency of 770 cm™!, which agree well with the
experimental values 1.75 A and 756 cm™' (Ref. 25). For
bulk MgO, the optimized lattice constant was 4.225 A. This
is also close to the experimental value of 4.21 A. All calcu-
lations presented in this paper used the experimental bulk
cell parameter.
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The results of the ab initio LD calculations for bulk MgO
at the highest plane-wave cutoff are presented in Table I for
the high-symmetry points in the Brillouin zone and com-
pared with results from the DFPT calculation of Schiitt
et al'?> (LDA calculations with the norm-conserving
Troullier-Martins pseudopotentials) and also with the experi-
mental data of Sangster et al.* and Jasperse et al. 2° Table 1
shows the overall agreement of our results with the available
optical and neutron scattering data. Our results lie within
4-6 % of the experimental frequencies. These results give
confidence that the method used here has a high predictive
power, also when applied to experimentally unknown fea-
tures of MgO surface phonons.

III. RESULTS AND DISCUSSION
A. Phonon description

For diatomic ionic crystals like MgO, there exist six pho-
non branches, namely one longitudinal-optical (LO), one
longitudinal-acoustical (LA), two transverse-optical (TO),
and two transverse-acoustical (TA), which give rise to rather
broad DOS peaks with maxima as indicated by the vertical
dotted lines in Figs. 2 and 3. In lattice-dynamical slab calcu-
lations, surface modes appear in quasidegenerate pairs,
where one member is localized at one surface and the other
member at the other surface. In Ref. 13, a labeling conven-
tion for different types of surface modes was proposed,
where modes were assigned a label S;(i=1,2,...,8). We
have adopted the same notation as in Ref. 13.

The phonon modes in the slab systems were analyzed
using the local frequency spectrum (LFS) function,?’ which
was calculated for all atoms in the slab using the available
eigenvalues and eigenvectors of the dynamical matrix
[Eq. (7)], according to the formula

TABLE II. Calculated frequencies (in THz) for MgO(001) slab surface modes S-S at high-symmetry
points I', X, and M for the thin (four layers) and thick (eight layers) slab systems. Results from experiment
and from shell-model calculations are shown for comparison.

Shell model® Thin slab Thick slab Expt.

r S5 10.9 11.49-11.62 10.86 10.5<, 10.94

S, 14.62-15.11 14.8-14.95  ~15b¢ 15.75¢f
X S5 17.48 16.82 15.77

S 9.25 9.37 9.34

Sy 9.76 9.02 9.40

S5 8.44 7.63 7.76

S 7.90

S, 6.94 7.26 7.24 73
M s; 8.32 8.38

S 8.16 7.48 7.41

4Reference 14.
PReference 16.
‘Reference 17.
dReference 29.
®Reference 28.
fReference 31.
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1 -
Z(@)=7= 2 [Vl dlw—wp). (®)
3Nmodes k
In Eq. (8), ‘7&,,{|2 is the sum of the squares of the polar-

ization vector components for atom a in mode k, N is the
number of atoms in the supercell, and the sum is calculated
over all 192 (384) modes for the thin (thick) slab. The LFS
function provides a quantitative measure of the contributions
of a particular atom to the vibrations in a given frequency
region, averaged over the x, y, and z directions. For the thin
slab system, the LFS function was first averaged over the
two outermost oxide layers (one on each side) and then over
the two internal layers. The difference between these aver-
aged LFS functions for the surface and the internal layers,
ie.

AZ(w) = Zsurface(w) - Zimerior(w) s (9)

is presented in Fig. 2. A large positive value for the differ-
ence function AZ(w) pinpoints the existence of a surface
phonon. For the thick slab, averaging was performed over
the two outermost layers (one on each side) and also over the
two second outermost layers (one on each side), and over the
four internal layers. The resulting difference functions are
presented in the upper and lower parts, respectively, of Fig.
3. Moreover, a careful analysis of each phonon mode in
terms of its polarization vectors allowed us to characterize
each surface phonon according to the definitions in Ref. 13.
In the following, these phonon modes are discussed.

1. Thin slab model

The values of the calculated frequencies at the high-
symmetry points for the thin slab are presented in Table II.
For the thin (001) slab, going from left to right in Fig. 2, we
have, at first, in the low-energy part of the spectrum, some
modes which have large surface contributions, but which are
not located at the high-symmetry points in the two-
dimensional Brillouin zone. These phonons, at approxi-
mately 5.5 and 8.5 THz (R;, R,, and R;), are located at
I'M/2. In Ry, and R,, the magnesium atoms vibrate perpen-
dicularly to the surface, in R; the Mg atom vibrations are
parallel to the surface. The next peak is marked S, because it

0.4 r Sl Ss

, Lot P i
0 5 10 15 20
o (THz)

FIG. 2. AZ(w) as defined in Eq. (9), calculated for the thin slab
system. The dotted lines refer to the bulk calculations.
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corresponds to the X point of the §; phonon branch. This
peak is a truly localized phonon in our slab system and con-
sists of a shear-horizontal (SH) Mg vibration, polarized per-
pendicular to the plane formed by the surface normal and the
wave vector, i.e., both the propagation direction and the ionic
displacements lie in the xy plane. The next peak shows an-
other S| phonon; this one corresponds to the M point of the
S, phonon branch, where the Mg atoms vibrate in the z di-
rection. The next phonon with a large surface contribution is
S{, where the oxygen atoms vibrate in the z direction; this
phonon is also located at the M point. Above the frequency
of the bulk TA peak (dotted line), we observe an S, surface
phonon at the X point, with the O atoms vibrating in the z
direction. The next peak is related to the S5 phonon at the X
point, with O atom vibrations of the SH type. The split peaks
at 11.5 THz and 14.8 THz are connected to the S, S5, and S,
phonons at the I point; these modes have their origins in the
TO and LO bulk bands. The comparatively large splitting for
these phonons is due to the small thickness of this slab.
For the thin slab in Fig. 2 some of the peaks are seen to be
lower (less surface localized) than others. This is, for ex-
ample, true for the S, peak (at ~15 THz) and the S, peak (at
~7.6 THz), where the Mg atoms vibrate in the z direction,
and for the S; phonon (at ~15.8 THz), where the O atoms
vibrate in the xy plane and in the same direction as the wave
vector; the latter two are observed at the X point. Most of the
surface modes for the thin slab in Fig. 2, but not all, remain
as surface modes when the slab is made thicker. This is
shown in Fig. 3 and will be discussed in more detail below.

2. Thick slab model

The calculations with the thick slab (Fig. 3) show that the
the S, and S; phonons at the X point and the S; and S|
phonons at the M point change very little as the thickness
increases. They remain surface localized modes and their
frequencies change very little. The frequencies of the S, and
S5 phonons at the I point move to slightly lower values and
the splitting of the S,, S5 phonon pair disappears. The S,
mode at the I point moves to a slightly higher frequency for

0.6

04

0.2

second surface layer R,

0 w—"—y—’\ﬂf'\/\’\[vl\r
-0.2 : 1 : 1 E
0 5 10 15
o (THz)

L1

0

FIG. 3. AZ(w) for the thick slab system. Upper plot: the surface
region is considered to be the outermost layer on each side. Lower
plot: the surface region is considered to be the second outermost
layer on each side.
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our thicker slab calculation, and some small splitting remains
for the S, mode. The frequency of the longitudinal S5 phonon
decreases when the slab is made thicker. The so-called mac-
roscopic phonons (S;,S],S5) (see, for example, Ref. 13 for a
definition of macroscopic and microscopic modes), and the
microscopic S4,Ss5 modes at the I" point are strongly local-
ized in the first surface layer, as is clearly seen from a com-
parison of the two graphs in Fig. 3. However, the peaks
originating from the S,, S5, and S3 microscopic surface pho-
non modes at the X point are seen to have significant inten-
sity at both in the lower and upper graphs in Fig. 3, implying
that their vibrations are distributed over two surface layers.
The analysis of the eigenvector components for the S, pho-
non mode reveals a comparatively large contribution from
the internal layers, which suggests that the S, surface phonon
has considerable contributions from bulk atoms, and is there-
fore not a truly localized surface mode.

3. Comparison with shell-model results

In Table II our calculated frequencies are compared with
literature values from shell-model calculations for a relaxed
MgO(100) slab.'* Overall, the results are in reasonable
agreement. It is not our intention to attempt to claim that the
DFT lattice-dynamical results are superior to the shell-model
results; the present investigation simply provides an alterna-
tive and parameter-free route to calculating surface phonon
frequencies for MgO(100). _

One can note the following: (i) At the X point, the thick-
slab DFT frequencies and the shell-model frequencies lie

within about +10% from each other, (ii) at the I point we
find a mode (S,) which is not present in the shell-model
analysis, and (iii) in the shell-model investigation, the S|
mode is assigned to the X point and not to the M point, as we
find here. In the next section, our DFT-derived frequencies
are compared with experimental results.

B. Comparison with experiment

Our results can be compared with the inelastic neutron
scattering experiments of Rieder and Horl for nanocrystals in
Refs. 16 and 17. Their plots of the surface minus bulk excess
DOS show four peaks (some of them quite broad), centered
around 7, 10.5, 15, and 19 THz, respectively. The positions
of our macroscopic TA surface phonons S;,S],S; are in ex-
cellent agreement with their first peak (see Table II). Our
S4,S5 pair at the X point lies about 1 THz below the second
experimental peak maximum. Such a discrepancy does not
necessarily imply a large disagreement, since our calcula-
tions were made in the harmonic approximation, while the
neutron measurements were performed at 800 K. Recent MD
simulations of ours at 300 K, using the same supercell as in
the present LD study, shifts the 9.5 THz peak from the LD
calculation to 10 THz. These and other details of the MD
simulations will be published elsewhere.

The high-frequency mode at ~19 THz (a Fuchs-Kliever
mode) observed in the inelastic neutron scattering measure-
ments has also been observed in several electron energy loss
spectroscopy (EELS) and high resolution electron energy
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loss spectroscopy (HREELS) experiments for single-crystal
MgO(100) surfaces.?®3° Recent HREELS measurements of
thin and ultrathin MgO(100) films grown on Ag(100) also
showed this phonon peak.3! The Fuchs-Kliever mode is not
observed in our calculations. Wassermann and Rieder'> have
argued that the presence of the two high-frequency peaks is
related to the finite size of the crystals used in the experi-
ments and therefore cannot be reproduced by two-
dimensional infinite slab calculations.

The situation for the neutron-scattering-determined peak
at 15 THz is controversial. This peak coincides with the pho-
non peak measured at 15.75 THz at the I" point in the EELS
experiment?® for a single crystal with the sample cleaved in
ultrahigh vacuum. In Ref. 28 the peak was assigned to an S,
mode. Our related S, phonon frequency at the I' point lies
slightly lower. It so happens that our frequency for the S;
phonon, calculated for the thick slab, coincides with the ex-
perimental peak of Ref. 28. The situation is further compli-
cated by the fact that some other EELS (HREELS) experi-
ments reported in the literature for cleaved MgO single
crystals®®3% do not report any mode at 15—16 THz.

Concerning the discrepancies among the various experi-
ments, they appear to be small as far as the macroscopic
surface phonons (S;,S5],S;) are concerned. In contrast, the
microscopic surface modes (all the other S; modes) display
discrepancies depending on the sample preparation method.
So, for example, the only microscopic surface mode ob-
served by Cox and Williams?* was the S, (Lucas mode) at
10.9 THz in measurements carried out for an air-cleaved
single crystal. When a secondary electron gun was used to
prevent charging-up, no microscopic phonon was detected.*
We suggest that the EELS results?®? with the successful
observation of the macroscopic acoustic phonons (S;,5],S;)
and microscopic Sy, S5 phonons at the I" point may be related
to a strong localization of these modes to the first surface
layer. The observation of the less surface-localized S,,Ss
phonons (at the X point) may be easier to detect in the less
surface-sensitive neutron experiments.

IV. SUMMARY AND CONCLUDING REMARKS

In summary, we have performed ab initio lattice dynamics
calculations of the surface phonons of MgO(001). Our cal-
culated frequencies are in reasonable agreement with avail-
able experimental data. Our results also show that strongly
localized phonon modes, which should be the most important
for the absorbate dynamics, can be calculated with reason-
able accuracy using thin slab systems and a modest plane-
wave cutoff.

We want to point out that DFT lattice-dynamical calcula-
tions do not necessarily out-perform force-field-based calcu-
lations in the general case, or even give results in closer
agreement with experiment, since force-field-based methods
can make use of larger systems and thus more g points, and,
moreover, the force field can be tailored to perform well for
the particular system under study, and even for the particular
property under study. However, ab initio or DFT lattice-
dynamical calculations are interesting because they can be
used as an essentially parameter-free tool to derive surface
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phonon properties, so that different systems can be treated on
an equal (and quite high-level) footing. It is possible that in
the future surface phonon frequencies obtained from
ab initio calculations will provide valuable additional refer-
ence data for the determination of force-field parameters for
classical surface simulations, because such parameters can-
not be deduced unambiguously from fitting to bulk disper-
sion curves,* nor by fitting to surface relaxation data.’

DFT calculations for ionic bulk matter constitutes a ma-
ture field of computational condensed-matter theory. The
present work shows that also surface phonon mode calcula-
tions using DFT give quite promising results, even for mod-
erately sized surface systems. In future work, it will therefore
be both feasible and interesting to explore larger and thicker
computational cells, which will yield more information about
the thickness dependence of the surface modes and will al-
low the exploration of more modes (dispersion curves) and

PHYSICAL REVIEW B 72, 195427 (2005)

more g points on the dispersion curves. It will also be im-
portant to further explore the possibilities and limitations of
the DFT method itself and assess the sensitivity of the cal-
culated surface lattice-dynamical data to the choice of func-
tional and pseudopotential.
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