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First principles calculation of the energy and structure
of two solid surface phases on Ir{100}
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Abstract

The structure and energetics of the hexagonal reconstruction of Ir{100} have been determined with first principles density
functional theory calculations based on the local-density approximation with the generalised-gradient correction. The results
reproduced the experimentally determined surface buckling and show the presence of some lateral displacement of the reconstructed
(1×5) phase with respect to the ideal hexagonal close packed structure. The (1×5) phase is found to be 0.06 eV/(1×1 area) more
stable than the (1×1) phase. The reconstruction is analysed by examining surface bonding. © 1998 Elsevier Science B.V. All
rights reserved.
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1. Introduction such as CO, NO, H2, O2 and C2H4 drives a phase
transition for Pt{100} from the initial hex phase
to the (1×1) phase [2]. A non-linear growth lawAll clean surfaces of Ir{100}, Pt{100} and
for this transition [3] has been demonstrated to beAu{100} reconstruct to give a corrugated hexago-
a key factor in explaining the oscillatory kineticsnal overlayer on top of the square face-centred-
observed on Pt{100} for the NO+CO [4],cubic (fcc) substrate. The details and periodicities
CO+O2 [5] and NO+H2 [6 ] reactions. The liftingof these so-called hex reconstructions are different
of the reconstruction and the ability to prepare ain each case; Ir{100} forms a relatively simple
clean metastable (1×1) surface have been used in(1×5) structure, while Pt{100} and Au{100} dis-
the first calorimetric measurement of the energyplay more complex superperiodic patterns [1].
difference between the two surface phases [7,8].The reconstruction can be removed through the
The reconstructed hex phase is aboutinteraction with strongly chemisorbed species on
0.12 eV/(1×1 area) more stable than the metasta-the surface. For example, the adsorption of gases
ble (1×1) phase. This result contrasts with the
result of an ab initio calculation performed using
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−0.03±0.05 eV/(1×1 area), i.e. the hex recon- They concluded that ‘‘no unique quantity (energy,
or stress, e.g.) can be invoked as a general drivingstruction is not quite favoured over the bulk-

terminated (1×1) phase. It should be noted that force of surface reconstruction for metals’’.
Experimental measurements of the energythis calculation for Pt uses structural data from a

low energy electron diffraction (LEED) structure difference between reconstructed and unre-
constructed phases, as in the case of Pt{100} [7],for Ir{100}-(1×5) [10], and no further atomic

relaxation was allowed. This could explain why provide a benchmark and also pose a stimulating
challenge to theoretical studies of surface recon-the theoretical result deviates from experiment;

also, entropic effects could play an important role struction. In particular, it is important to assess
the ability of state-of-the-art ab initio calculationsin the stabilisation of the lower symmetry hex

phase even though the temperature is low. to reproduce the experimental result, with an
improved understanding of the physics underlyingTwo possible top-to-second-layer registries are

possible on Ir{100}: in the ‘‘two-bridge model’’ the transition. In the present paper we performed
total energy calculations for the (1×1) and (1×5)two of the six atoms in the (1×5) unit cell occupy

precise bridge positions while in the ‘‘centre-top phases of the Ir{100} surface. The equilibrium
structures and the total energies of the unre-model’’ one atom takes a precise atop and another

a precise hollow site. LEED experiments showed constructed and reconstructed Ir{100} surfaces
were calculated. The results show that the calcula-that the ‘‘two-bridge model’’ is favoured [1,10,11].

Since the metastable Ir{100}-(1×1) and the stable tions do reproduce the experimentally observed
structure and the reconstruction energy is thenIr{100}-(1×5) structures can each be routinely

prepared by controlling experimental conditions, estimated from the difference between the surface
energies of the two phases.the dynamics of the reconstruction process has

also been studied with LEED [12]. Owing to the
higher density of surface atoms in the final hexago-
nal-like closed-packed phase than in the initial 2. Calculation
(1×1) phase, the existence of steps on the surface
is inevitable. On the other hand, the average Total energy pseudopotential calculations were

performed within the framework of local densitydistance between the steps was believed to be of
the order of, or larger than, 100 Å, because no functional theory (DFT). We use a basis set con-

sisting of plane waves and periodic boundarybeam splitting or broadening caused by steps was
observed in the LEED pattern. The activation conditions to model the surface of a periodically

repeated slab in a supercell. Ab initio pseudo-energy for the (1×1) to (1×5) transition was
determined to be 0.88 eV. potentials in fully separable Kleinman–Bylander

form [15] were generated by an improved kinetic-There have been some efforts towards under-
standing the driving mechanism of the reconstruc- energy-filter optimisation scheme [16 ]. The 5d and

6s states of Ir were treated as valence states. Thetion. The hex reconstruction has been modelled in
terms of surface tensile stress relief [9], the driving exchange and correlation are described with either

the Ceperly–Alder parameterisation of local-den-force being attributed to the tensile excess stress
of the unreconstructed surfaces [9,13]. The (1×5) sity approximation (LDA) [17], or with the

Perdew–Wang form of the generalised gradientreconstruction could remove this surface stress,
which originates from the d charge depletion from approximation (GGA) [18]. Two different imple-

mentations were used in finding the ground statethe surface layer. This point of view was later
re-examined by Filippetti and Fiorentini [14]. They of the Kohn–Sham hamiltonian: an all-bands con-

jugated-gradient direct minimisation, as imple-argued that, while part of the surface stress pre-
sented in the (1×1) phase is relieved by forming mented in the parallel code CETEP [19], and a

recently developed extension to metallic systems,a more dense top layer, new stress is also generated
in the reconstructed (1×5) phase, owing to mis- called ensemble-DFT [20]. The ensemble-DFT

implementation has better converged total energiesmatch between the surface layer and the substrate.
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and especially Hellmann–Feynman forces when- amounting to ~6.5 % of the bulk value. This
contraction is somewhat larger than the reportedever metals are involved. However, in its present

(vector) form of coding, memory requirements experimental value (~3.6 % [24]) and the theoreti-
cal result (3.8 %) calculated by Filippetti andprevent its use for the large scale calculations

needed for transition metal systems, where parallel Fiorentini [14]. We checked our calculation with
an increased number of layers and more dense k-computing is needed. In the present study, we

performed ensemble-DFT calculations on sparse point sample. The results are listed together with
the five-layer calculation in Table 1, where all thek-point meshes and reduced plane wave cutoff to

obtain relaxed structures that are then refined with results are based on the calculation from a (1×1)
surface unit cell. All results are well convergedCETEP using fine k-point meshes and a proper

cutoff energy. with respect to the k-point sampling; the finite-size
effects related to the thickness of the slab are alsoFor the energetics calculations we use a plane

wave cutoff of 500 eV; LDA yields a lattice con- negligible. The slab with five layers of Ir atoms
and relaxation limited to the first layer comparesstant of 3.814 Å and a bulk modulus of 4.59 Mbar

while GGA gives 3.832 Å and 3.76 Mbar, respec- well with the results from the seven-layer slab with
relaxation in the first two layers. It should betively, for the same pseudopotential. These results

agree well with the experimental value for the noted from the seven-layer calculation that the
change in the second-layer spacing is negligible.lattice constant (3.834 Å [21]) and for the bulk

modulus (3.55 Mbar [22]), giving us confidence in This explains why the relaxation results of the
outermost layer of the five-layer slab agrees sothe accuracy of the pseudopotential. The GGA

provides slightly better structural results; in general well with the results from the seven-layer slab.
it is expected to be more accurate in the description
of the energetics of solid surfaces. 3.2. Ir{100}-(1×5) reconstruction

A five-layer slab with inversion symmetry with
respect to the centre of the supercell has been used We first assessed the relative stability of the two

possible registries of the (1×5) reconstruction, i.e.in the study of reconstruction. The Brillouin zone
of the (1×5) surface unit cell is sampled with a the ‘‘two-bridge model’’ and the ‘‘centre-top

model’’, on the (1×1) underlying lattice. Our(10×2) Monkhorst–Pack mesh [23]; time-reversal
symmetry reduced these to 10 inequivalent k- results show that the ‘‘centre-top’’ registry is less

stable than the ‘‘two-bridge’’ registry, bypoints. In the (1×1) cell, an equivalent sampling
is given by a (10×10) mesh, that is reduced by 0.07 eV/(1×1 area) with LDA. This is consistent

with the experimentally determined structuresymmetries to 15 special k-points. When calculat-
ing surface energy difference, the surface energy of [1,10,11] and also agrees qualitatively with the

previous calculation [14].the (1×1) phase and the energy of bulk Ir are
calculated using cell and k-point sampling that is Furthermore, with a (1×5) surface unit cell and

the (10×2) k-points mesh, we calculated the sur-equivalent to the (10×2) Monkhorst–Pack mesh
in the (1×5) surface unit cell. LDA and GGA face energies of the (1×1) phase and the recon-

structed (1×5) phase to be 1.59 eV/(1×1 area)calculations were self-consistently performed with
their corresponding lattice constants. and 1.60 eV/(1×1 area), respectively, using LDA.

The calculated surface energy is slightly higher
than the value (1.57 eV/(1×1 area))) calculated
with the (1×1) unit cell. Introducing the general-3. Results and discussion
ised gradient correction lowers these surface ener-
gies to 1.38 eV/(1×1 area) and 1.31 eV/(1×13.1. Ir{100}-(1×1) relaxation
area), respectively. The experimental surface
energy reported for polycrystalline Ir isWith a five-layer slab and (1×1) surface unit

cell, allowing the outermost layer to relax leads to 1.38 eV/(1×1 area) [25].
The calculated surface energy difference betweena contraction in the first interlayer distance,
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Table 1
The LDA relaxed Ir{100}-(1×1) structure and surface energies. The number of k points refer to the irreducible wedge of the (1×1)
cell, where (8×8), (10×10) and (12×12) Monkhost–Pack meshes have been used, sb and s are the surface energies of bulk-
terminated and relaxed structures, d12, d23 and d the first, second and bulk interlayer distances, respectively

No. of layers No. of k points sb [eV/(1×1 area)] Relaxed structure

(d12−d)/d (%) (d23−d)/d (%) s [eV/(1×1 area)]

5 10 1.719 −6.75 n/a 1.605
15 1.691 −6.85 n/a 1.574

7 10 1.719 −6.73 −0.03 1.614
15 1.683 −6.77 0.00 1.579
21 1.671 −6.56 −0.00 1.583

the (1×1) phase and the reconstructed (1×5) with LDA differ from the result of Filippetti and
Fiorentini, who reported a surface energy differ-phase is −0.01 eV/(1×1 area) with LDA, while

GGA gives a value of 0.06 eV/(1×1 area). ence of 0.14 eV/(1×1 area) [4]. When a supercell
approach is used, extra care needs to be taken inApparently, the (1×5) reconstructed structure is

not favoured within the LDA approximation. controlling the relative and absolute convergence
of the total energies with respect to k-point sam-However our GGA results do give a lower surface

energy for the (1×5) reconstructed phase, indicat- pling. By using the same unit supercell and the
same sampling to calculate the energy differencesing that the (1×5) phase with the ‘‘two-bridge’’

registry is thermodynamically more stable. The between different phases, we are able to reach full
k-point convergence much faster than if we hadrelaxed structure for the (1×5) reconstruction is

shown in Fig. 1 and a comparison with the experi- used different cells, or different samplings, for the
total energies. In the latter case, in fact, absolutementally determined structure is listed in Table 2.

As we can see from Table 2, the final relaxed k-point convergence would be required for each
phase. Therefore, we used the same surface unitstructure for the two-bridge geometry is in excel-

lent agreement with the LEED structure. In addi- cell with the same k-point set in calculating the
surface energies of the (1×1) phase and the recon-tion we notice that there are some lateral

displacements from the ideal hexagonal closed structed (1×5) phase and the total energy of a
bulk atom, a point perhaps not previouslypacking (d1, d2).

The reconstructed (1×5) phase is geometrically recognised.
Using the calculated surface energy implies thatcorrugated and this will effectively increase its

surface area in comparison with a flat surface. The the source of the extra atom to form the (1×5)
reconstructed phase is the bulk. In reality, the‘‘actual’’ surface area, as measured by connecting

the atomic centres in the reconstructed phase, is surface is full of kinks and steps, and these will
form the primary source of the Ir atoms forup to 1% larger than the area projected onto the

(1×1) mesh. (The smearing of the charge density incorporation to form the (1×5) phase. The
energy cost to form (1×5) phase from theseat the surface somewhat reduces the surface rough-

ening below that of the atomic geometry.) This sources will be lower than that to form it from the
bulk. To illustrate this point, we calculated thewill effectively decrease the surface energy of the

(1×5) phase. If the increase in surface area due adsorption energy of Ir on the Ir{100}-(1×1) at
0.25 monolayer coverage (i.e. with a (2×2) surfaceto corrugation is taken into account, the LDA

reconstruction energy becomes weakly positive, i.e. unit cell ). We found that incorporating such an Ir
adatom (as opposed to a bulk atom) into thefavouring the reconstructed phase, and the GGA

value is increased from 0.06 to 0.08 eV. surface layer to form a hex-like (1×5) structure
will lead to an energy gain of 0.80 eV per atomThe calculated energy difference between the

two phases is small. In fact, the present results (LDA). The existence of steps and kinks (adatom-
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Fig. 1. Schematic view of Ir{100}-(1×5) reconstruction. The side view gives the definition of the parameters.

like) on the surface will effectively increase the for the surface atoms. The charge is then relocated
to the area between first-layer atoms and betweenreconstruction energy, although not as much as to

incorporate an isolated adatom. first- and second-layer atoms. The latter effect can
be seen on close examination of data in Fig. 2,
showing the logarithmic total valence charge densi-3.3. Discussion
ties for the relaxed Ir{100}-(1×1) phase. The
backbonds of the surface atoms are strengthenedWhen a surface is created, the electrons respond

to the loss of atoms above the surface atomic and the bond length becomes shorter; this redistri-
bution of electronic charge leads to a contractionlayer, producing a charge redistribution, so that

the charge distribution near the surface becomes of the distance between the first and second layer.
Indeed, the contraction is almost universal fordifferent from that in the bulk. Much of the bond

charge moves from above the surface into the edge transition metals [26 ]. This is also what we have
found here for the unreconstructed (1×1) phase.of the solid as a result of the missing neighbours

Table 2
Calculated and experimental structure parameters for the ‘‘two-bridge model’’ of (1×5) reconstruction

d12 (Å) DZ1 (Å) DZ2 (Å) d1 (Å) d1 (Å)

Present study 1.966 0.467 0.198 0.050 0.025
Ref. [10] 1.975 0.50 0.22 n/a n/a
Ref. [11] 2.02±0.05 0.48±0.02 0.14±0.02 n/a n/a
Ref. [1] 2.2±0.1 0.2±0.02 0.06±0.02 n/a n/a
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the (1×5) reconstructed phase, the surface atoms
are in very different sites with respect to the
substrate. In the (1×5) unit cell, two of the six
atoms sit precisely in the bridge sites. Two of them
are near the fourfold hollow sites and the other
two are near the atop sites. The average bond
length between surface atoms is about 2% shorter
than that for the (1×1) surface, although, among
the six pairs, two bonds are stretched slightly
(<0.2%). As to the surface-to-substrate bond, the
decrease in bond length is to be expected, because
the atoms moved from high coordination sites in
the (1×1) phase to low coordination sites in the
reconstructed (1×5) phase.

4. Summary

The hex reconstruction of the Ir{100} surfaceFig. 2. Logarithmic total valence charge density of the Ir{100}-
has been studied with a first principles density(1×1) surface. Cut along 010� direction.
functional calculation. The results support the
‘‘two-bridge’’ registry structure as the most stable,
and the relaxed structure is in good agreementCompetition exists for the electronic charge

redistribution between the interlayer space and the with the structure determined by LEED I–V analy-
sis. The calculation shows that the reconstructedspace among surface atoms. If the charge mainly

goes to the interlayer space, the contraction in the phase is 0.06 eV/(1×1 area) lower in energy than
the (1×1) phase.first-layer spacing would be the dominant feature.

On the other hand, electronic charge accumulating
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