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A periodic DFT total energy calculation has been performed to investigate the crystal morphology of the
FeZn13 surfaces by using slab model. The effects of the slab thickness, the vacuum width between slabs, and
the surface relaxation on surface energy have been tested. The results show that the vacuum width of 6 Å
and the slab thickness of 23.5 Å are enough to obtain meaningful results. Relaxation effect on the surface
structure is small. The order of the morphological importance predicted at the DFT level is

s200d. s020d. s110d. s001d. s111̄d. s201̄d. s201d. s111d. We also present comparisons of the crystal mor-
phology predicted by the BFDH, attachment energy and surface energy method at empirical and DFT level.
The calculated surface energy anisotropies are then applied to the determination of the equilibrium shape of
FeZn13.
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I. INTRODUCTION

The generation of zinc and zinc alloy coatings on steel is
one of the most important processing techniques used to pro-
tect steel components exposed to corrosive environments.
Typical processing methods used in producing zinc coatings
include hot-dip galvanizing, thermal spraying and electro-
deposition. Recently, a considerable amount of research has
occurred on the hot-dip galvanizing process and on new
types of zinc coatings because of new applications in the
automotive and building industries.1 The galvanized struc-
ture is usually made of Zn-Fe intermetallic alloy layers,
which are composed of zeta, delta, gamma1 and gamma
phases.1 The most widely accepted iron-zinc equilibrium
phase diagram presented by Kubachewski and Massalski2

shows that the outermost phase of zinc coatings is the zeta
szd phase, FeZn13. The zeta phase layer is capable of growing
epitaxially on the substrate alphasad iron at an extremely
high rate,3 and may exert significant influence on the follow-
ing phase growth. In the field of crystal growth, one of the
central problems of interest is the prediction of crystal mor-
phology from the internal crystal structure. Consequently, the
understanding of the morphology of the FeZn13 phase is of
great important to predict and control microstructures of gal-
vanized coatings. As the precise nature of the FeZn13 mor-
phology is not known there is a clear need to gain an under-
standing of that at the atomic level.

An initial approach of morphological prediction was
based solely on the lattice-plane spacings of different crystal
faces.4 The growth rate of the face is inversely proportional
to its interplanar spacing. Donnay and Harker5 refined this
approach by developing rules that related the crystal symme-
try to the possible growth planes. This method is an approxi-
mation based on geometrical considerations. Later, the at-
tachment energy method6 and the surface energy method7

were proposed to predict crystal morphology. Various em-
pirical techniques based on interatomic potentials have been
used to calculate attachment energy and surface energy.
These calculations highly depend on the quality of the inter-
atomic potentials; moreover it is difficult to adjust an inter-

atomic potential functional form and parameters which are
able to incorporate both a covalent and an ionic character for
the bonds existing in the real systems in order to obtain a
genuine realistic description. However, an alternative ap-
proach, first-principles techniques, which have no fitting pa-
rameters and are transferable in various local bonding envi-
ronments, can eliminate these drawbacks as the interatomic
potentials are directly computed from the electronic struc-
ture.

This work is a part of our research on zinc coatings by
using computer simulation.8–10 Here we perform periodic
density functional theory(DFT) total energy calculations to
study the morphology of the FeZn13 surfaces by using the
slab model. Particular emphasis is placed on the technical
aspects of the calculations. These include the slab thickness,
the vacuum width between slabs, the surface relaxation and
the comparison of DFT results with empirical method calcu-
lations. Then we investigate the morphology of several low-
index FeZn13 surfaces. Finally the equilibrium shape of
FeZn13 is found using the Wulff construction.

II. COMPUTATIONAL METHOD

A. Computational details

Our calculations performed in this study within the frame-
work of DFT were done using the Viennaab initio simula-
tion package VASP and the ultrasoft pseudopotential data-
base contained therein.11–14The interaction between ions and
electrons is described by fully nonlocal optimized ultrasoft
pseudopotentials similar to those introduced by
Vanderbilt.15,16 These pseudopotentials allow a smaller basis
set for a given accuracy. The residual minimization
technique13,14 is used to calculate the electronic ground state.
The relaxation of different atomic configures is based on a
conjugate-gradient(CG) minimization11 of the total energy.
The generalized gradient approximation(GGA) proposed by
Perdew and Wang,17,18 named PW91, is employed. The
k-points are obtained from the Monkhost-Pack scheme.

The degree of total energy convergence depends on the
plane-wave cutoff and the density ofk-point sampling within
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the Brillouin zone. We have investigated these by undertak-
ing a number of calculations for one-layer slab with different
values for these parameters. When the kinetic energy cutoff
is changed from 400 eV to 500 eV, the total energy is con-
verged to within 0.01 eV at a grid of 43431. With the
energy cutoff of 400 eV, changing thek-point grids from 4
3431 to 53531 gave a change in the total energy of less
than 0.003 eV. Therefore, a cutoff energy of 400 eV and a
grid of 43431 have been used for the following calcula-
tions.

To model the FeZn13 surface at periodic boundary condi-
tions, a slab of finite thickness perpendicular to the surface
but infinite extension in the other two directions is used.
Slabs are separated from repeated replicas by a certain
vacuum width. The thickness of the slabs is usually ex-
pressed in terms of a number of layers, where one layer is
defined as the depth of one unit cell that contains 2 iron and
26 zinc atoms. These slab surfaces were obtained by cleaving
FeZn13 crystal whose structure was first reported by Brown19

and then refined by others.20–22 Bulk FeZn13 has a mono-
clinic unit cell and contains an iron atom and a zinc atom
surrounded by 12 zinc atoms as the vertices of slightly dis-
torted icosahedron, shown in Fig. 1. The lattice parameters of
the FeZn13 crystal are as follows:a=10.862 Å,b=7.608 Å,
c=5.061 Å,a=g=90°, b=100.52°.

B. Methods of morphology prediction

Three methods may be used to predict the external mor-
phology of crystalline materials from the internal crystal
structure: the Brevais-Friedel-Donnay-Harker(BFDH)
method, the attachment energy method and the surface en-
ergy method. The BFDH method is a geometrical calculation
that uses the crystal lattice and symmetry to generate a list of
possible growth faces and their relative growth rates.4,5 From
this, crystal morphology can be deduced. The method is an
approximation, and does not account for the energetics of the
system.

The attachment energy method can predict the shape of
the crystal more accurately because it takes the energetics of

the system into account. The attachment energyEatt is com-
puted as:23

Eatt = Elatt − Eslice, s1d

whereElatt is the lattice energy of the crystal, andEslice en-
ergy released on the formation of a growth slice of thickness
dhkl. The growth rate of the crystal face is proportional to its
attachment energy. That is, faces with the lowest attachment
energies are the lowest growing, and, therefore, have the
most morphological importance. The morphology derived by
this methodology is known as the growth morphology since
it is based on the idea of layers attaching themselves to a
growing crystal.

Another method to crystal morphology is via the surface
energy. The surface energy is calculated from the difference
in energy of the surface ions to those in the bulk per unit
surface area:

Esurf = sEslab− nEbulkd/A, s2d

whereEsurf is the surface energy,Eslab is the total energy per
repeated slab supercell,Ebulk is the energy per unit cell in the
bulk, n is the number of unit cells, andA is the total surface
area per repeated unit. For a crystal in equilibrium with its
surroundings, the surface energy must be minimal for a given
volume. Hence the morphological importance of a face is
inversely proportional to the surface energy.24 The mor-
phology derived in this way is termed the equilibrium
morphology.

According to above knowledge of three methods, the rela-
tive growth rateR is defined as:

R= Xshkld/Xsh8k8l8d, s3d

whereXshkld andXsh8k8l8d stand for center-to-face distance
D, attachment energyEatt or surface energyEsurf for the faces
of Miller indexesshkld andsh8k8l8d, respectively. Thus, faces
with the lowest relative growth rate have the most morpho-
logical importance.

In this work, our main purpose is to perform periodic
density functional theory total energy calculations to study
the morphology of the FeZn13 surfaces by using slab model.
For comparison, we also list the crystal morphology pre-
dicted by the BFDH, attachment energy and surface energy
method at empirical level using the Cerius2 software.25

III. RESULTS AND DISCUSSION

A. Bulk properties of FeZn13

In order to benchmark the accuracy of the method for our
surface calculations, we carried out initial tests on the bulk
FeZn13 system. The full relaxation of the structure was per-
formed to allow the ionic configurations, cell shape and vol-
ume to change. We compared relaxed lattice parameters and
atomic fractional coordinates for FeZn13 unit cell with ex-
perimental results in Table I. It is found that the calculated
results are in good agreement with experimental values.
These comparisons confirm that our computational param-
eters are reasonably satisfactory.

FIG. 1. The unit cell of FeZn13 compound derived from Refs.
19–22. Light spheres are zincs and dark spheres are irons.
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B. Convergence tests for slab surface supercells

Here the surface energy method is applied to measure the
stability of the surfaces. As a compromise between compu-
tational efficiency and accuracy, only the(110) surface is
considered as an example for these tests. To ensure that the
results of the calculation accurately represent an isolated sur-
face, we have tested the convergence of vacuum width and
slab thickness.

Figure 2 presents the variation of surface energy as a
function of vacuum width for slab thicknesses of 2 and 3
layers. With increasing vacuum width, the evolution pattern
of surface energy for slab thicknesses of 2 and 3 layers is
very similar. The vacuum width has a marked effect on the
surface energy for vacuum widths smaller than 2.0 Å, but a
small effect for vacuum widths larger than 2.0 Å. The differ-
ences in the surface energy of slab thicknesses of 2 and 3
layers are very small for vacuum widths larger than 2.0 Å.
This shows that slab thicknesses of 2 and 3 layers have a
small effect on their surface energy. Therefore, the vacuum
width of 6 Å is enough to obtain meaningful results. In all
subsequent calculations, vacuum widths of 10.0 Å are used.

We performed two kinds of relaxation ways: to relax ions
only; to relax both ions and cell shape. All the ions in slab
unit cell are allowed to relax. The selection of one-layer slab
(2 Fe and 26 Zn atoms), as shown in Fig. 3, in relaxation
calculations was balanced against computational cost. Table
II compares the relaxed lattice parameters with unrelaxed
ones for the slab surface of one-layer thickness. It is seen that
the calculated values for the lattice parameters are in agree-
ment with unrelaxed results. This shows that relaxation of
the slab surface has a small effect on the crystal structure. We
compared relaxed atomic fractional coordinates for slab face
of one-layer thickness with unrelaxed results in Table III.
The relaxed atomic fractional coordinates under two kinds of
relaxation ways change very small, compared with unrelaxed
values. This agrees with the observation that the relaxation of
high symmetry surfaces in relatively close-packed metallic
systems is small.26 Thus only ions were allowed to relax in
the following relaxation calculations.

Figure 4 displays the evolution of surface energy with the
increment of slab thickness under unrelaxation and relax-
ation. The calculated results show that the slab thickness has
a small effect on the surface energy at first, but convergence
to the infinite limit is rapid. This observation is inconsistent
with previous studies on the TiO2 surface.27 Considering the
relaxation effects, the variation trend of the surface energy
with increment of slab thickness is similar to the unrelaxed
results after four-layer slabs. Since the relaxation calcula-

TABLE I. Comparison of relaxed lattice parameterssÅd and
atomic fractional coordinates for FeZn13 unit cell with experimental
results.

DFT relaxation Experimenta

a b c a b c

10.817 7.530 5.164 10.862 7.608 5.061

u v w u v w

Fe 0.000 0.000 0.500 0.000 0.000 0.500

Zn 0.000 0.000 0.000 0.000 0.000 0.000

Zn 0.615 0.000 0.290 0.611 0.000 0.292

Zn 0.223 0.000 0.069 0.220 0.000 0.073

Zn 0.076 0.293 0.834 0.077 0.292 0.835

Zn 0.175 0.181 0.552 0.176 0.178 0.545

aReferences 19 and 20.

FIG. 2. The variation of surface energy as a function of vacuum
width for slab thicknesses of 2 and 3 layers.

FIG. 3. The FeZn13 (110) surface of one-layer slab. Light
spheres are zincs and dark spheres are irons.

TABLE II. Comparison of relaxed lattice parameters with unre-
laxed results for one-layer slab surface.

asÅd bsÅd csÅd

Unrelaxed 5.061 13.261 14.821

Relaxed 5.327 13.409 15.243
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tions are very time-consuming, and the goal of the present
study is to establish trends in crystal morphology, we do not
explicitly consider the effects of atomic relaxation on the
surfaces in the subsequent calculations. From the above dis-
cussion, we regard four-layer slabs(8 iron and 104 zinc at-
oms) as the minimum thickness(about 23.5 Å) needed to
obtain meaningful results.

C. Morphological prediction and comparison with empirical
method calculations

The external morphology of crystalline materials from the
internal crystal structure can be predicted by using three
methods. The BFDH method is based on geometrical consid-
erations. The attachment energy and surface energy method
are via the attachment and surface energy, respectively.
These energies can be obtained by using various empirical
techniques based on interatomic potentials orab initio
method. In this section, we systematically compare the crys-
tal morphology the of FeZn13 system predicted by using

TABLE III. Comparison of atomic fractional coordinates under relaxation of both ions and cell shape or only ions with unrelaxed results
for one-layer slab surface.

Atom Unrelax results Relax ions and cell shaps Relax ions only

u v w Du Dv Dw Du Dv Dw

Fe 0.6186 0.0000 0.8077 0.0057 −0.0074 0.0233 0.0061 −0.0051 0.0108

Fe 0.6186 0.5000 0.8077 0.0058 −0.0073 0.0232 0.0061 −0.0052 0.0110

Zn 0.1186 0.0000 0.8077 0.0137 0.0021 −0.0094 0.0108 0.0015 −0.0071

Zn 0.1186 0.5000 0.8077 0.0137 0.0021 −0.0094 0.0108 0.0015 −0.0071

Zn 0.4619 0.7420 0.6451 0.0082 −0.0085 −0.0076 0.0054 −0.0058 −0.0063

Zn 0.7753 0.2581 0.9704 0.0174 0.0096 −0.0103 0.0167 0.0073 −0.0078

Zn 0.4619 0.2420 0.6451 0.0082 −0.0089 −0.0076 0.0058 −0.0065 −0.0068

Zn 0.7753 0.7581 0.9704 0.0184 0.0093 −0.0102 0.0169 0.0077 −0.0078

Zn 0.1626 0.1456 0.8995 −0.0138 0.0023 −0.0049 −0.0116 0.0017 −0.0029

Zn 0.0745 0.8544 0.7160 0.0075 0.0052 −0.0084 0.0062 0.0035 −0.0065

Zn 0.1626 0.6456 0.8995 −0.0082 −0.0014 0.0097 −0.0066 −0.0010 0.0087

Zn 0.0745 0.3544 0.7160 0.0178 −0.0032 −0.0106 0.0180 −0.0023 −0.0086

Zn 0.9049 0.9528 0.9620 −0.0139 0.0041 −0.0046 −0.0112 0.0019 −0.0027

Zn 0.2552 0.8506 0.8976 0.0071 0.0038 −0.0076 0.0060 0.0034 −0.0069

Zn 0.3322 0.0473 0.6534 −0.0075 −0.0028 0.0112 −0.0068 −0.0014 0.0087

Zn 0.9819 0.1494 0.7178 0.0187 −0.0036 −0.0104 0.0178 −0.0021 −0.0081

Zn 0.9049 0.4528 0.9620 −0.0152 0.0059 0.0148 −0.0101 0.0045 0.0123

Zn 0.2552 0.3506 0.8976 −0.0113 0.0079 −0.0057 −0.0105 0.0058 −0.0032

Zn 0.3322 0.5473 0.6534 −0.0066 −0.0065 −0.0086 −0.0057 −0.0038 −0.0064

Zn 0.9819 0.6494 0.7178 −0.0078 −0.0082 0.0123 −0.0054 −0.0057 0.0097

Zn 0.6169 0.0569 0.9557 −0.0124 0.0062 0.0159 −0.0106 0.0035 0.0111

Zn 0.5733 0.8234 0.8086 −0.0107 0.0091 −0.0078 −0.0091 0.0062 −0.0032

Zn 0.6203 0.9432 0.6597 −0.0064 −0.0077 −0.0087 −0.0050 −0.0032 −0.0056

Zn 0.6638 0.1767 0.8069 −0.0072 −0.0087 0.0117 −0.0057 −0.0061 0.0098

Zn 0.6169 0.5569 0.9557 0.0042 −0.0054 −0.0037 0.0001 −0.0036 0.0009

Zn 0.5733 0.3234 0.8086 −0.0158 0.0063 0.0075 −0.0130 0.0035 0.0061

Zn 0.6203 0.4432 0.6597 0.0031 −0.0067 −0.0023 0.0004 −0.0033 0.0007

Zn 0.6638 0.6767 0.8069 −0.0162 0.0066 0.0078 −0.0130 0.0036 0.0063

FIG. 4. The evolution of surface energy with increasing slab
thickness.
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these methods. The faces which are likely to appear in the
morphology need to be determined first so that the following
calculations can be performed on them. The BFDH method
was used to create several low Miller index surfaces of
FeZn13 studied here. The calculated results are given in Table
IV.

The order of morphological importance predicted by the
BFDH method is:

s110d . s200d . s001d . s111̄d . s201̄d . s020d

. s111d . s201d.

It is found that the(110), (200), and(001) surfaces have the
most morphological importance. At the empirical level, the
attachment energy method has predicted the following order-
ing of the morphological importance:

s110d . s001d . s200d . s111̄d . s201̄d . s020d

. s111d . s201d.

The prediction that most stable three surfaces are(110),
(001), and(200) agrees with that by the BFDH method, but
the relative sequence found for(001) and (200) disagrees
with the BFDH predictions. The surface energy method
based on the empirical level has determined the order of the
surface stability:

s001d . s110d . s200d . s201̄d . s111̄d . s020d

. s201d . s111d.

The results also show that the(001), (110), and (200) sur-
faces have the most morphological importance. From the cal-
culated results, we find that all the BEDH method, the at-
tachment energy and surface energy method based on the
empirical level have predicted that the(001), (110), and
(200) surfaces have the most morphological importance, but
the relative sequence found for(001), (110), and (200) is
different at three methods.

At the DFT level, the attachment energy method has pre-
dicted the following ordering of the morphological impor-
tance:

s200d . s020d . s110d . s001d . s111̄d . s201̄d

. s201d . s111d.

The surface energy method based on the DFT level has de-
termined the order of the surface stability:

s200d . s020d . s110d . s001d . s111̄d . s201̄d

. s201d . s111d.

The results show that the attachment energy and surface en-
ergy method based on the DFT level have presented the same
order of the morphological importance for eight low-index
surfaces of FeZn13 system, and the(200), (020), and (110)
are most stable three surfaces.

Although the order of the morphological importance pre-
dicted at DFT level are different from that at the empirical
technique, they both present that the(200) and (110) are
more stable surfaces. The BFDH method also draws the
same conclusion. Compared with DFT, various empirical
techniques based on interatomic potentials highly depend on
the quality of the interatomic potentials, but they can be ap-
plied to larger crystals and especially geological specimens.
The BFDH method is an approximation, and takes no ac-
count of the details structure or energetics of a crystal. The
stronger the bonding effects in the crystal, the less accurate
the method becomes. In many cases, however, one can get
good approximations, and the method is always useful for
identifying important faces in the growth process. The crys-
tal morphology derived by the attachment energy method is
the growth morphology. For larger systems, the growth mor-
phology has been found to best reproduce the experimental
results. The attachment energy model assumes that the sur-
face is a perfect termination of the bulk and that no surfaces
relaxation takes place. The surface energy method can be
used to predict the equilibrium morphology. The equilibrium

TABLE IV. Calculated center-to-face distancesDsÅd by using the BFDH method, attachment energies
EattskJ/mold and surface energiesEsurfsJ/m2d by using force field energy and DFT method, and relative
growth ratessRd for different Miller index shkld five-layer slab faces of FeZn13.

shkld BFDH method Attachment energy method Surface energy method

Force field DFT Force field DFT

D R Eatt R Eatt/104 R Esurf R Esurf R

(110) 16.138 1.000 −27.527 1.000 −5.775 1.004 −0.0347 1.038 1.038 1.414

(001) 20.097 1.245 −31.812 1.156 −5.780 1.005 −0.0327 1.000 1.103 1.501

(200) 18.728 1.160 −32.319 1.174 −5.751 1.000 −0.0354 1.085 0.735 1.000

s201̄d 24.843 1.539 −41.923 1.523 −5.819 1.012 −0.0356 1.092 1.580 2.151

s111̄d 24.405 1.512 −41.452 1.506 −5.816 1.011 −0.0358 1.096 1.552 2.113

(111) 27.075 1.678 −46.391 1.685 −5.846 1.017 −0.0366 1.121 1.925 2.621

(020) 26.288 1.629 −44.573 1.619 −5.771 1.003 −0.0359 1.100 0.742 1.010

(201) 29.867 1.851 −49.523 1.799 −5.828 1.013 −0.0360 1.102 1.691 2.303

PERIODIC DENSITY FUNCTIONAL THEORY STUDY OF… PHYSICAL REVIEW B 70, 165419(2004)

165419-5



morphology has been found to agree well with small experi-
mentally grown crystals less than a micron in diameter.28,29

D. Equilibrium crystal shape

The equilibrium crystal shape can be obtained by mini-
mizing the total surface free energy for a fixed crystal
volume.30 At T=0 K, the equilibrium crystal shape is com-
pletely determined by the anisotropy of the surface energy.31

Hence, in the case of weak anisotropy, the equilibrium crys-
tal shape is a sphere, while in the case of strong anisotropy it
may be a complicated polyhedron.

The equilibrium crystal shape may be determined by the
Wulff construction,32 which assumes a complete knowledge
of the orientation dependence of the surface energy. Accord-
ing to the procedure of the Wulff construction, a polar plot of
surface energy is made. A vector whose length is equal to the
surface energy in this orientation is chosen and then a plane
perpendicular to the vector is drawn, passing through the tip
of the vector. The inner envelope of all these planes gives the
equilibrium shape of a crystallite under ideal conditions.
Crystal planes that are part of this construction are thermo-
dynamically stable.

The experimental measurement of equilibrium crystal
shapes is difficult because it is not reach true equilibrium,
moreover, it has not been possible to make the measurement
for a wide range of materials. First-principles method can be
used to predict the orientation dependence of the surface en-
ergy and to determine theT=0 K, the equilibrium crystal
shape. In order to evaluate the energies of metal surfaces as
a function of orientation, Wei and Chou31 have proposed a
cluster expansion of the total energy based on a limited num-
ber of low-index surface energies obtained from first-
principles calculations. In the present application of the
Wulff construction for these FeZn13 surfaces, we have used
the surface energies calculated from DFT and also from a
cluster expansion of the total energy.

In a cluster expansion one expresses the total energy of a
given crystal as linear combination of one-site, two-site, and
higher interatomic potentials.33 For transition metal surfaces,
a cluster expansion of the total energy needs only to include
pairwise interactions to describe the higher-index surfaces
with reasonable accuracy.31 We therefore use the following
expansion of the surface energy34,35

Esurfshkld < o
s

Ns

nsshkldVs
s2d, s4d

wherensshkld is the number of broken pair-bonds in thesth
coordination-shell for a surface of indexshkld, Vs

s2d the pair
potentials of thesth shell, andNs the number of coordination
shells included in the expansion. In Table V, we compare the
surface energies of several high-index surfaces obtained by
the cluster expansion with the corresponding DFT results.
Here we usedNs=3 which was found to yield sufficiently
converged surface energies for most high-index surfaces of
transition metals.31,34 It can be seen from Table V that the
surface energies for several surfaces from the cluster expan-
sion are in agreement with DFT results. The neglect of three-

body and higher interactions is expected to play a role only
for early transition metals. When many coordination shells
are considered in the pair-potential expansion, as in the
present case, some of the neglectedN-body terms are “renor-
malized” into the effective pair interactions and the accuracy
becomes acceptable also for early transition metals.31,34

In principle, the Wulff plot should be determined by the
surface energy at all possible orientations. We have informa-
tion of the orientation dependence of the surface energy for
eight principle orientations only. This restriction is probably
not a serious problem since for most of the generic models.36

The equilibrium shape for FeZn13 is shown in Fig. 5. Equi-
librium crystal shapes of FeZn13 constructed with surface
energies calculated from DFT and from a cluster expansion
of the total energy are both complicated polyhedrons. This

TABLE V. The surface energiessJ/m2d of several high-index
surfaces calculated using the DFT method and the cluster
expansion.

Method (200) s201d s111d (020) (201)

DFT 0.735 1.580 1.552 0.742 1.691

Cluster expansion 0.746 1.632 1.594 0.761 1.745

FIG. 5. Equilibrium crystal shapes of FeZn13 constructed with
surface energies calculated from DFT(a) and from a cluster expan-
sion of the total energy(b).
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shows that FeZn13 exhibits a stronger anisotropy. Although
the surface energies for the eight surfaces from DFT are in
agreement with the cluster expansion results, the equilibrium
crystal shape from these two approached is a little different.
In Fig. 5(b), {110} facets appear on the equilibrium crystal
shape, yet Fig. 5(a) does not expose the{110} facet. This is
because surface energies of(200) and (020) surfaces from
the cluster expansion are somewhat larger than that from
DFT.

IV. CONCLUSIONS

In this study, we have performed periodic DFT total en-
ergy calculations to investigate the morphology of the
FeZn13 surfaces by using slab model. The effects of the slab

thickness, the vacuum width between slabs and the surface
relaxation on surface energy have been tested. The results
show that as long as the vacuum width is 6 Å or more, the
influence of vacuum width on surface energy is small. An
approximately 23.5 Å thick slab is enough to obtain mean-
ingful results. Relaxation of the slab surface has a small ef-
fect on surface structure. The order of the morphological
importance predicted at the DFT level is

s200d. s020d. s110d. s001d. s111̄d. s201̄d. s201d. s111d.
We also present comparisons of the crystal morphology pre-
dicted by the BFDH, attachment energy and surface energy
method at empirical and DFT level. The calculated surface
energy anisotropies are then applied to the determination of
the equilibrium shape of FeZn13.
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