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Abstract The structure, stability and electronic proper-
ties of heteroatomic AB dimers, ABC trimers and ABCD
tetramers (A, B, C, D=Al Fe, Zr, Ce, and
A # B # C # D) have been systematically investigated
by using a hybrid density functional B3LYP approach. All
possible isomers for both trimers and tetramer are included
in this work. The most stable geometry for trimers is found
to be scalene triangle structure, and AlFeZrCe tetramer has
a tetrahedral geometry as the ground state. The calculated
spectroscopic constants are in good agreement with the
available experimental and other theoretical results. The
binding energy, HOMO-LUMO gap, excess charge, dipole
moment and possible dissociation channels are also pre-
sented and discussed.

Keywords Cluster - Heteroatomic dimers,
trimers and tetramer - Density functional theory -
Electronic properties - Structure and stability

1 Introduction

The research field of cluster chemistry has exhibited a rapid
development in both experiments and theory in the past
two decades, because its has become of great interesting in
many areas of science, such as material science, surface
chemistry, chemical properties, thermal stability and
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astrophysics. Clusters are on the border that separates
molecules from liquids and solids [1, 2]. From atoms and
molecules to liquids or solids, the evolution of structural
and electronic properties of solid state is understood with
the help of the studies of small clusters. Small clusters or
nanoparticles exhibit properties that are often quite dif-
ferent from those in the bulk phase and change drastically
with increasing cluster size. While a considerable amount
of work has been conducted to study the structure and
properties of unitary and binary clusters, no much attention
has been paid to the study of properties of ternary and
quaternary clusters. This is particularly surprising as dilute
impurities are known to change the properties of bulk
materials significantly. In small clusters, one or more
dopant atoms amount to a large concentration change, and
thus the properties of heteroatomic clusters are expected to
be substantially influenced due to the presence of impuri-
ties. Therefore, determining geometrical and electronic
properties of heteroatomic clusters is worthwhile.
Recently, the Al, clusters containing from two to sixty
atoms have been generated and characterized with different
experimental techniques [3-8]. Experiments have been also
performed in order to obtain the ionization potentials and
the electron affinities for a large number of Al aggregates
[3-8]. Previous theoretical literature on Al clusters is rich.
The electronic structure of aluminum clusters has been
studied systematically by ab initio theory [9-17]. The
electronic structure of small aluminum clusters containing
less than seven atoms is found to be consistent with alu-
minum being monovalent, while for larger clusters it
behaves as a trivalent species. This behavior is rooted in
the electronic structure of the aluminum atom itself. It has a
3s%3p' electronic configuration with an energy gap of
approximately 5 eV separating the 3s* and 3p' shell. The
physics of magnetic transition metal (TM) clusters is still

@ Springer



652

Theor Chem Acc (2010) 127:651-659

an intriguing and challenging topic from both an experi-
mental and a theoretical point of view. The electronic
structure of small transition metal clusters (TMCs) has
been studied with great interest. In particular, the properties
of iron nanoclusters have been extensively investigated
both in experiment [18-26] and in theory [27-38]. Inves-
tigations into Fe, clusters reveal their strong size-depen-
dent properties, which can be attributed to change in
geometrical structures as number of atoms n increases.
Zirconium atom, which is one of transition metal, has an
electronic configuration of 4d*5s>. Zr is used in the nuclear
industry for cladding fuel elements, because of its low
absorption cross-section for neutrons and strong resistance
to corrosion by many common acids, alkalis and sea water.
Therefore, this metal, which is used as an alloying agent in
steel and for making surgical appliances, is utilized
extensively by the chemical industry where corrosive
agents are employed. The resonant two-photo-ionization
spectroscopy of Zr, dimer [39] was investigated experi-
mentally with laser ablation and jet-cooled molecular
beam. Zhao et al. [40] and Wang et al. [41] measured the
geometries and magnetisms of Zr, (n = 2-16) and Zr,
(n = 2-8), respectively, using density functional theory.
Additionally, lanthanide chemistry, which has been
neglected for a long time, has undergone tremendous
growth in recent years. It is now well known that the
valence electronic structures of most lanthanide elements
differ in their atomic forms from those of the correspond-
ing bulk metal. The elemental Ce possesses a 4f5d'6s>
configuration. The vertical ionization potentials (VIPs) of
Ce,—Ce;7 cluster were measured by photo-ionization mass
spectrometry [42]. Recently, Cao et al. [43, 44] using
CASSCF/MRCI method and Shen et al. [45] employing
experiment have conducted further research on Ce,. What
is more, studies on bimetallic clusters have received great
attention owing to their chemical and physical properties,
which can be tuned by varying the composition, atomic
ordering and size of the clusters [46]. [ron aluminides are
an important class of intermetallic compounds with high
oxidation and corrosion resistance, low density and inter-
esting magnetic properties. According to the Al-Fe phase
diagram, the bulk alloys form ordered Fe;Al and FeAl
compounds, which are ferromagnetic and non-magnetic,
respectively. Recently, Reddy et al. [47] investigated the
electronic structures and magnetism in (FeAl), (n < 6)
clusters and found that the most stable structure of small
clusters is dominated by a core of Fe,, atoms surrounded by
the Al atoms. Ouyang et al. [48] have investigated the
geometries, binding energy and multiplicity of Al,Fe,,
(n + m < 4) using first-principles density functional cal-
culations. Yin et al. [49] studied the electronic and mag-
netic properties of bimetallic Fe,Al, clusters with
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m+n<5 by BPWI1/6-311++G(2d, 2p) method.
Recently, Zhao et al. [50] determined the geometries and
magnetism of Zr,Fe (n =2-13) using ab initio
calculations.

Motivated by the above discussion, in this article, we
choose the aluminum, iron, zirconium and cerium atom,
which constitute a potential bulk amorphous forming sys-
tem, and investigated the evolution of heteroatomic cluster
properties with the size of the system. The structure, sta-
bility and electronic properties of heteroatomic AB dimers,
ABC trimers and ABCD tetramers (A, B, C, D = Al, Fe,
Zr, Ce and A # B # C # D) have been systematic
investigated by density function theory. The calculated
results are compared with the available experimental and
other theoretical results.

2 Computational method

All the density functional calculations reported here
implemented in the Gaussian 03 suite of programs [51].
As the experimental results for Al,, Fe,, Zr, and Ce,
dimers are available [45, 52-57], we calculated the
spectroscopic parameters (binding energies, bond distance
and vibrational frequency) of these dimers using various
exchange—correction functionals. The exchange—correla-
tion functionals we employed include BLYP, B3LYP,
BP86, B3P86, BPW91, B3PW91, BPBE, PBEPBE,
PBEIPBE and TPSS. Table 1 lists the calculated spec-
troscopic parameters of Al,, Fe,, Zr, and Ce, dimers
together with experimental results. In Table 2, we also
present the calculated total energies (a.u.) for Fe, dimer
and Fe monomer at each spin state with different DFT
methods because of the large variation in binding ener-
gies from 1.10 to 4.39 eV. By comparing the present
calculations with experimental results [45, 52-57], we
find that the results obtained from B3LYP level are the
closest to experimental data. Thus, we chose B3LYP in
our calculation. In addition, we calculated the spin state
of the lowest-energy structures for Al,, Fe,, Zr, and
Ce, monomer with B3LYP method, the corresponding
spin state is °] [, ° e ?A, and P34, respectively. The
B3LYP functional [58-60] is a combination of Becke’s
three-parameter hybrid exchange functional [59] and the
Lee-Yang-Parr [59] correlation functional. Such an
approach has proven to be a reliable tool studying of
structure and stability.

The basis set used for Al is a standard Gaussian basis set
6-311+4G (2d, 2p) that represents 6-311G set augmented
with diffuse functions (4+), two functions of type d on
heavy atoms and two polarization functions of type p on
hydrogen. As for transition metal Fe and Zr, the Lan12DZ
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Fe
1

F62
1

Table 2 The calculated total energies (a.u.) for Fe, dimer and Fe monomer at each spin state with different DFT methods

Method
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—122.8471246
—122.932127

—122.9772498
—123.2994551
—122.9870214
—122.9868561
—122.9658025
—122.9060587
—122.9125236
—122.8740773

—123.1854516
—123.2541143
—123.3066144
—123.6225928
—123.3106681
—123.2961136
—123.2942791
—123.227282

—123.2142551
—123.1907936

—123.3274428
—123.3588882
—123.4389096
—123.7173647
—123.4094922
—123.3907126
—123.3854825
—123.3134312
—123.3017452
—123.3132687

—123.1845041
—123.3438674
—123.2932463
—123.696994

—123.2632044
—123.3690321
—123.373062

—123.1484437
—123.2534284

—246.7009062
—246.764676

—246.9289787
—247.478479

—246.9194562
—246.8218402
—246.8724371
—246.7684267
—246.6440334
—246.6696791

—246.7238105
—246.7589944
—246.95094

—246.6834424
—246.7078125
—246.9117383
—247.4235233
—246.8972187
—246.7602837
—246.8495093
—246.743497

—246.570561

—246.6380359

—246.6592962
—246.6267492
—246.8871171
—247.3401798
—246.8525263
—246.6735128
—246.8045806
—246.7168793
—246.4711087
—246.5847408

—246.6069596
—246.5919363
—246.7716229
—247.3023664
—246.7916061
—246.6348072
—246.7065496
—246.5303398
—246.420229

—246.503541

BLYP

B3LYP
BP86

—123.5936894

—247.4735289
—246.938403

B3P86

BPWI1

—123.2659378
—122.9913393
—123.1378804

—123.17245
—123.0722142

—246.8124677
—246.8909309

—246.78704

B3PW91
BPBE

PBEPBE

—123.2819485
—123.1592516

—246.6261191
—246.6776788

PBEIPBE
TPSS

The basis sets for Fe are Lanl2DZ

basis set [61] of double-{ quality was employed. The
effective core potentials are used, and mass-velocity and
Darwin relativistic effects are incorporated in Lanl2DZ.
For Ce atom, we choose the small core relativistic effective
core potential (RECP) developed by Huelsen et al. [62]
namely, ECP46MWB, and both the RECP and basis sets
for Ce can be found at the Web site of Stuttgart group [63].

In our calculations, to avoid trapping at local minima of
the potential energy surface, different initial geometry of
heteroatomic AB dimers, ABC trimers and ABCD tetra-
mers (A,B,C,D = Al,Fe,Zr,Ceand A # B # C # D)
are considered. The stability of optimized geometries was
reassured accurately by computing the harmonic vibra-
tional frequency calculation (no negative frequency). In
addition, for each isomer, various possible spin multipli-
cities are considered until the total energy increases with
increasing S. The calculated binding energy per atom for
the most stable cluster is defined as

E(A) + E(B) — E(AB)

Ep = > (1)
g, - EA) +EB) + f(c) — E(ABC) 2)
g, _ E(A) +EB) + E(C)4+ E(D) — E(ABCD) )

where E(A), E(B), E(C) and E(D) are the energies of the
isolated atoms A, B, C and D, respectively, and E(AB),
E(ABC) and E(ABCD) represent the energies of the cor-
responding stable geometry of AB dimers, ABC trimers
and ABCD tetramer, respectively.

3 Results and discussions
3.1 Geometry optimization

We have searched for possible isomers on heteroatomic
AB dimers, ABC trimers and ABCD tetramer (A, B, C,
D = Al Fe, Zr, Ce and A # B # C # D), as shown in
Fig. 1, according to their composition, the number of
atoms, spin multiplicity, symmetry and relative energy.
Table 3 presents the ground state symmetry, state, spin
multiplicity, bond length, as well as harmonic vibrational
frequencies for AB, ABC and ABCD clusters. Our calcu-
lated binding energy and the energy gap between the
highest occupied molecular orbital (HOMO) and the lowest
unoccupied molecular orbital (LUMO) are listed in
Table 4. The calculated excess charge (in units of electron
charge) on atoms and dipole moment (in Debye) are shown
in Table 5. We also calculated the possible dissociation
channels and the corresponding dissociation energies,
which are presented in Table 6. To assess the accuracy of
our calculations, some available experimental and



Theor Chem Acc (2010) 127:651-659

655

Fig. 1 Low-energy isomers for —9 9 9 9 09 —J9
Al-Fe-Zr—Ce clusters at the
B3LYP level; red, blue, green AlFe AlZr AlCe FeZr FeCe ZrCe
and yellow color balls represent )
aluminum, iron, zirconium and
cerium atoms, respectively. The . — S [V I S | . B |
texts under the structure are
relative energies (in eV) with AlFeZr AlFeZr-1, 1.01eV AlFeZr-2, 1.31eV  AlFeZr-3, 1.34eV
respect to those of the 8, Cuy 4, Coy 2, Coy
corresponding lowest-energy )
isomers, spin multiplicity and /‘
symmetry, respectively & X J )9 —90—9 9 > J
AlFeCe AlFeCe-1, 0.68eV AlFeCe-2, 0.81eV  AlFeCe-3, 1.14eV
8, Cooy 4,Coy 2, Coy
¥
9 [ S S d—9—0 P
FeZrCe FeZrCe-1, 0.45eV FeZrCe-2, 0.51eV FeZrCe-3, 1.78eV
3, Coy 3, Coy 5, Coy
_J
| P9 &I N
AlZrCe AlZrCe-1,0.75eV ~ AlZrCe-2,0.87eV  AlZrCe-3, 2.31eV
2,Coy 2, Coy 8, Coy
M\ — Gl ot > —9
Jé / & /
— / / / / /
2 P @9 3
AlFeZrCe AlFeZrCe-1, 0.22eV  AlFeZrCe-2, 0.31eV AlFeZrCe-3, 0.47eV
4,C 6, C, 6, C,
@ I I @ 9 —0—3—D @& I P I IO
AlFeZrCe-4, 1.72¢eV, AlFeZrCe-5, 1.83eV,  AlFeZrCe-6, 1.88¢V, AlFeZrCe-7, 1.92¢eV,
6’ COOV 69 CDOV 67 COOV 2’ CDOV
@09 &9 I I I OI9—9D
AlFeZrCe-8, 1.94eV,  AlFeZrCe-9, 2.05eV,  AlFeZrCe-10,2.87¢V, AlFeZrCe-11,2.87¢V,
2, Coy 6, Coy 4, Coy 6, Coy
@ I 9009 OV DI 990D

AlFeZrCe-12, 2.93¢V,

6’ CCOV

6, Cooy

AlFeZrCe-13, 2.98¢V,

2, Cay

AlFeZrCe-14, 3.27eV, AlFeZrCe-15, 3.27¢V,

47 C(X)V

1

theoretical values for the considered clusters are also
included in Table 3.

3.1.1 Dimers

For these six dimers (AlFe, AlZr, AlCe, FeZr, FeCe and
ZrCe), no experimental studies are available for them. Our
investigations indicate that the ground state of AlFe is at
spin multiplicity 4 (*S_~") with bond length 2.4544 A and
vibrational frequency 283.2 cm™', which are in excellent

agreement with values of 2.4538 A and 2859 cm™
reported by Ouyang et al. [64]. Compared with other cal-
culations (2.41 and 2.42 A) performed by Reddy et al. [47]
and Yin et al. [49], respectively, our calculated bond length
is slightly overestimate. The results (2.50 A, 280.1 ecm™)
obtained by previous studies [48] are also reasonable
consistent with our results. For AlZr dimer, the calculated
spectroscopic constants (A, 2.6506 A, 291.7 cm™') are in
excellent agreement with the available theoretical values
[64] (Aﬁ, 2.6505 A, 291.4 crnfl). Among the six dimers,
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Table 3 Symmetries, state, spin multiplicity, bond length (in A) and harmonic vibrational frequencies (in cm™') of the lowest-energy structures
of Al-Fe-Zr—Ce clusters

Str. Sym Sta. S RA]—Fe RAl—Zr RA]—Ce RFE—Zr RF&—Ce Rzr,ce Frequencies

AlFe Cy 7' 4 24544 283.2

AlZr Cooy A° 6 2.6506 291.7

AlCe Cooy A 6 2.8271 258.8

FeZr Coov A 3 2.3969 180.7

FeCe Coov A 3 2.4120 186.4

ZrCe Coov A 3 24589 2745

AlFeZr Cs 2A 2 26068  2.7697 2.3444 158.0, 175.5, 259.9
AlFeCe C, ZAY 2 25620 2.7958 2.5546 169.7, 177.5, 271.7
FeZrCe C, 3AY 3 2.8988  2.7836 25599  107.4, 140.7, 266.8
AlZrCe C, A 4 2.8596  2.8460 2.6299  150.0, 180.4, 269.4
AlFeZrCe  C, °A 6 25791 27670 29697 27759  2.8261 2.6709  107.7, 122.4, 155.1, 183.1, 190.9, 275.3

Ref. [64] 2.4538 A, 285.9 cm™'; 2.6505 A, 291.4 cm™', Ref. [47] 2.41 A, Ref. [49] 2.42 A, Ref. [48] 2.50 A, 280.1 cm™"

Table 4 Calculated binding energy (in eV/atom), HOMO, LUMO energies (in Hartrees) and HOMO-LUMO gap (E,) energies (in eV) of the
lowest-energy structures of Al-Fe—Zr—Ce clusters

Clusters Eg/atom HOMO(x) LUMO(2) Ey() HOMO(p) LUMO(p) Ey(B)

AlFe 1.0892 —0.1794 —0.0761 —2.8109 —0.1709 —0.0744 —2.6273
AlZr 0.8660 ~0.1534 —0.0618 —2.4907 —0.2814 —0.0937 ~5.1073
AlCe 0.9086 —0.1479 —0.0766 —1.9396 —0.2837 —0.0839 —5.4377
FeZr 1.0882 —0.1424 —0.0694 —1.9875 —0.1705 —0.0849 —2.3290
FeCe 0.9330 —0.1287 —0.0790 —1.3549 —0.1551 —0.0724 22512
ZrCe 1.5379 —0.1369 —0.0759 —1.6599 —0.1497 —0.0746 —2.0436
AlFeZr 1.5234 —0.1626 —0.0781 —2.2986 —0.1767 —0.0982 —2.1366
AlFeCe 1.4169 —0.1462 —0.0940 —1.4221 —0.1534 —0.0887 —1.7609
FeZrCe 1.7436 —0.1316 —0.0769 —1.4887 —0.1393 —0.0794 —1.6297
AlZrCe 1.7077 —0.1550 —0.0981 —1.5478 ~0.1562 —0.0936 —1.7043
AlFeZrCe 1.9527 —0.1530 —0.0981 —1.4931 —0.1549 —0.0935 —1.6702

Table 5 Calculated excess charge (in units of electron charge) on atoms and dipole moments (in Debye) of Al-Fe—Zr—Ce clusters

Clusters q (AD q (Fe) q (Zr) q (Ce) P Ky U Jz

AlFe 0.1318 —0.1318 0.0000 0.0000 0.3499 0.3499
AlZr —0.0077 0.0077 0.0000 0.0000 22574 2.2574
AlCe 0.0752 —0.0752 0.0000 0.0000 1.9056 1.9056
FeZr 0.0499 —0.0499 0.0000 0.0000 0.7747 0.7747
FeCe —0.2144 0.2144 0.0000 0.0000 3.0736 3.0736
ZrCe —0.1975 0.1975 0.0000 0.0000 1.5433 1.5433
AlFeZr 0.0312 —0.2383 0.2072 —1.0974 2.5395 0.0000 2.7664
AlFeCe 0.0391 —0.2232 0.1841 —1.2101 3.3495 0.0000 3.5614
FeZrCe —0.1308 —0.1483 0.2791 0.2175 2.0217 0.0000 2.0334
AlZrCe —0.0027 —0.0992 0.1019 —1.8298 1.9262 0.0000 2.6568
AlFeZrCe 0.0401 —0.2969 —0.0201 0.2769 —1.7241 —1.6233 —1.7760 2.9600

as can be seen in Table 3, the present calculated values for  corresponding vibrational frequency is the lowest. It is
bond length are all in range of 2.3969-2.8271 A. It is interesting that the ground state of AB (A, B = Fe, Zr, Ce,
notable that the bond length of FeZr is the shortest, and the A # B) is at spin multiplicity of 3 (A%), and the bond
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Table 6 Dissociation data of the lowest-energy structures of Al-Fe—
Zr—Ce clusters: the possible dissociation channels and corresponding
dissociation energies are in eV

Clusters  Dissociation channel Dissociation
energy
AlFe AlFe — Al + Fe —2.1784
AlZr AlZr — Al + Zr —1.7320
AlCe AlCe — Al + Ce —1.8171
FeZr FeZr — Fe + Zr —2.1763
FeCe FeCe — Fe + Ce —1.8660
ZrCe ZrCe — Zr + Ce —3.0758
AlFeZr  AlFeZr — AlFe + Zr —2.3919%*
FeZr + Al —2.3939
AlZr + Fe —2.8385
Al + Fe + Zr —4.5703
AlFeCe  AlFeCe — AlFe + Ce —2.0724%
FeCe + Al —2.3847
AlCe + Fe —2.4337
Al + Fe + Ce —4.2508
FeZrCe  FeZrCe — ZrCe + Fe —2.1549%
FeZr + Ce —3.0544
FeCe + Zr —3.3647
Fe + Zr + Ce —5.2307
AlZrCe  AlZrCe — ZrCe + Al —2.0472%
AlCe + Zr —3.3059
AlZr + Ce —3.3910
Al + Zr + Ce —5.1230
AlFeZrCe AlFeZrCe — AlFe + ZrCe —2.5565%
FeZrCe + Al —2.5801
AlZrCe + Fe —2.6878
AlFeZr 4+ Ce —3.2405
AlFeCe + Zr —3.5600
AlCe + FeZr —3.8173
AlZr + FeCe —4.2128
ZrCe 4 Al + Fe —4.7349
AlFe 4 Zr + Ce —5.6324
FeZr + Al 4+ Ce —5.6345
FeCe + Al + Zr —5.9448
AlCe + Fe + Zr —5.9937
AlZr + Fe + Ce —6.0788

Al + Fe + Zr + Ce —7.8108

The asterisked rows represent the favorable dissociation for the cor-
responding clusters

distance of FeX (X = Al, Zr, Ce) is smaller than the other
AB (A # B) dimers consisting of Al, Zr and Ce atom. For
the homoatomic dimers, as shown in Table 1, the bond
distances (2.153, 2.302 A) of Fe, and Zr, dimers are
shorter than others (Al,:2.761, Ce,:2.578 A), that may be
the reason why the FeZr dimer has the shortest bond length
in all binary dimers. We also find that the bond distances of

FeX (X = Al, Zr, Ce) and ZrX (X = Al, Fe, Ce) hetero-
atomic dimers are longer than the corresponding Fe, and
Zr, homoatomic dimers; however, the bond distance of
AlX and CeX (X = Fe, Zr) dimers is smaller than Al, and
Ce, dimers. The above discussion may be result from the A
and B atoms which possess different electronic
configuration.

3.1.2 Trimers

For these species, as well as the heteroatomic dimers dis-
cussed above, all the calculated results (bond lengths and
vibrational frequencies) are given in Table 3. We have not
found experimental data for these heteronuclear species in
literature. Data for these clusters were indeed quite limited.
Our investigations indicate that the lowest-energy geome-
try of AlFeZr, AlFeCe, AlZrCe and FeZrCe heteroatomic
trimers is the scalene triangle with C; symmetry. Addi-
tionally, we also tried the linear geometry. However, the
energies of them are higher than those of triangle struc-
tures. There are three possible isomer structures for each
trimer. Take AlFeZr trimer for example, the linear geo-
metry with C,,, asymmetry has three isomer structures:
Al-Fe—Zr, Fe—Zr—Al and Zr-Al-Fe. Figure 1 shows that
Al atom occupying a central position is lower by 0.30 or
0.33 eV than that of Zr or Fe atom taking a central position,
respectively. We also find that there is a similar tendency
for another AlFe-contained cluster (AlFeCe), and the cor-
responding spin multiplicity and stability for linear struc-
tures are the same as those of AlFeZr. From Fig. 1, it is
concluded that the linear Fe-containing species (A-Fe—C),
in which Fe atom occupying a central position, have the
worst stability compared with the other structures. Fur-
thermore, the calculated values from the present work
indicate that the bond lengths (A-B, B-C and A-C) of
ZrCe-containing trimers are longer than those of dimers.

3.1.3 Tetramer

There are a large number of possible isomers for AlFeZrCe
tetramer, and the initial trial geometries considered for the
tetramer are tetrahedron, rhombus and line structures. The
corresponding various structures are presented in Fig. 1.
We also tried the Y-planar structure, but it was found that
this structure is not stable. Our calculated results indicate
that AlFeZrCe tetramer has three-dimensional geometry
(Cy) as the energetically most favorable with the spin
multiplicity of six. The corresponding spectroscopic con-
stants of the energetically preferred state are given in
Table 3, and our result for vibration is 275.3 cm™! as the
maximum amplitude. It can be observed from Fig. 1 that the
planar structures (AlFeZrCe-1, AlFeZrCe-2 and AlFeZr
Ce-3) with C; symmetry are more stable than the linear
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isomers. Those planar structures are only higher by 0.22,
0.31 and 0.47 eV than the ground-state structure (Al-
FeZrCe), respectively. We also find that the Al-Zr-Fe—Ce
linear structure of tetramer (AlFeZrCe-15) has the worst
stability due to the highest relative energy (3.27 eV) com-
pared with the ground state of tetramer, i.e. tetrahedron.
Furthermore, the bond lengths (Al-Fe, Al-Zr, Al-Ce,
Fe—Zr, Fe—Ce and Zr—Ce) for AlFeZrCe tetramer are sys-
tematically more elongated compared with those of corre-
sponding dimers, which may be explained by the significant
change in the geometry of cluster.

3.2 Energetics of clusters

The binding energy, the HOMO, the LUMO and HOMO-
LUMO gap of the heteroatomic clusters considered are
computed in this work, which are given in Table 4. It can
be seen that the binding energies (Eg in eV/atom) of ZrCe
dimer and FeZrCe trimer are larger than those of the other
dimers and trimers, respectively. Furthermore, we notice
that the binding energy Eg (1.9527 eV) of AlFeZrCe tet-
ramer is the biggest among all the clusters, and the
increasing binding energy indicates that the formation of
clusters is favorable process. The position of HOMO,
LUMO and the HOMO-LUMO gap bear important from a
spectroscopic point of view. The most striking feature is
that the calculated HOMO-LUMO energy gaps of dimers
are relatively bigger than those of the trimers and tetramer.
Another feature is that the gaps of o states are relatively
smaller than those of f states, except AlFe and AlFeZr
clusters.

The calculated excess charge and dipole moments of
clusters are given in Table 5. Because of their special
symmetry, all the clusters experience charge separations
among the atoms, resulting in non-zero dipole moments.
The charge transfer between the constituents of a com-
pound is determined by the electronegative of constituents.
The bigger electronegative is, the stronger electron attrac-
tion is, so the atom usually gets more valence electrons.
The electronegatives of Al, Fe, Zr and Ce are 1.61, 1.83,
1.33 and 1.12, respectively. According to natural popula-
tion analysis, for Al-containing dimers, it is can be seen
from Table 5 that the charge transfers from Al to Fe and Ce
atom, respectively, and Al gets charge 0.0077e from Zr
atom. The present calculations indicate that AlFe and AlZr
dimers are agreement with the above rule. However, Ce is
negative (—0.0752¢) for AlCe, this may be the reason for
the special electronic structure (4f15d16s2) of Ce atom. For
AlFe-containing trimers, Fe atom gets charge total 0.2383e
(0.2232e) from Al and Zr (Ce) atoms, respectively, because
of the bigger electronegative compared with Al, Zr and Ce
atom. We also found that the charge transfers from Ce to
the other two atoms (Fe and Zr, Al and Zr) for the ZrCe-
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containing trimers due to the smallest electronegative
among them. For AlFeZrCe tetramer, the charge on Al is
more negative than that on Zr atom. The calculated values
indicate that Fe and Zr atoms get total 0.3170e from Al and
Ce atoms. We note that all the clusters bear a net dipole
moment, as expected, ranging from 0.3499 to 3.5614
Debye.

3.3 Cluster stability

To give more insight into the stability of the Al-Fe—Zr—Ce
heteroatomic microcluster, we could investigate the dis-
sociation process of cluster. In the present work, we con-
sidered all possible dissociation channels. The possible
dissociation channels and the corresponding dissociation
energy are presented in Table 6. All the dissociation
energies are negative, as should be. In all the case, the
energetically lowest fragmentation channel corresponds to
the loss of a single atom, except for AlFeZrCe tetramer.
Our investigations indicate that AlFeZrCe cluster prefers to
break into AlFe and ZrCe dimers. There are four dissoci-
ation channels for each trimer. Table 6 clearly indicates
that AlFe-containing and ZrCe-containing trimers favor
dissociation via the channel AlFe (ZrCe)-containing tri-
mer — AlFe (ZrCe) + C, consistent with the fact that
AlFe and ZrCe have a large binding energy (1.0892 and
1.5379 eV, respectively) among the dimers. This may be
the reason why AlFeZrCe tetramer would like to break into
AlFe and ZrCe dimers instead of to the loss of a single
atom.

4 Conclusions

The equilibrium structure, energetics and stabilities of
heteroatomic AB dimers, ABC trimers and ABCD tetramer
(A,B,C,D = Al Fe,Zr,Ceand A # B # C # D) have
been studied using a hybrid density functional method
B3LYP. According to the present investigations, the most
stable structure of ABC trimers is found to be scalene tri-
angle structure, and AlFeZrCe tetramer has a tetrahedral
geometry as ground state. The calculated spectroscopic
constants are in good agreement with the available experi-
mental and the other theoretical results. It can be seen that
the binding energies of ZrCe dimer and FeZrCe trimer are
larger than those of the other dimers and trimers, and the
binding energy (1.9527 eV) of AlFeZrCe tetramer is the
biggest among all the clusters. The HOMO-LUMO energy
gaps of o states are relatively smaller than those of f3 states,
except AlFe and AlFeZr clusters. The excess charge and
dipole moment of clusters are also presented and discussed.
It can be seen that the above results are reasonable, which
are access to the properties of the bulks. The results of the
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dissociation energies indicate that the clusters are priority
to the loss of a single atom except AlFeZrCe species which
prefers to break into AlFe and ZrCe dimers, and AlFe
(ZrCe)-bearing trimers favor to fragment consist of AlFe
(ZrCe) dimer first.
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