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Abstract

We have investigated the structures and energies of a GasAss cluster using
full-potential linear-muffin-tin-orbital molecular-dynamics calculations. 27
stable structures were obtained for a GasAss cluster, including all the structures
considered by others. More importantly, we found a new ground state, a two-
capped cube, the energy of which is lower than that of the others. Furthermore,
we found that the two-capped cube structure presented semiconductor-like
properties through the calculation of the density of states.

1. Introduction

It is obvious that the study of clusters is important for understanding the nature of transitional
forms between atoms and bulk. Recently, the structure of small clusters has been a subject
of great interest in both experimental and theoretical studies [1,2]. Among the mixed
clusters, GaAs clusters have been the focus of particularly many investigations due to their
importance in constructing fast microelectronic devices [3]. Experimentally, laser vaporization
followed by supersonic expansion was used to produce clusters of GaAs and their positive and
negative ions [4—6]. On the other hand, theoretical studies of larger mixed clusters have been
comparatively limited due to the computational difficulties associated with the structural as
well as permutational variations resulting from the presence of more than one element. Only
a few studies of small GaAs clusters have been reported, recently [7-11].

Recently, we used full-potential linear-muffin-tin-orbital molecular-dynamics (FP-LMTO
MD) calculations to study the structures and energies of the small clusters GasAsy, Ge, and
Si, (n up to 60) [12—-17]. This method was verified as being an accurate method for studying
the semiconductor cluster structures. Because some different ground-state structures were
suggested by others for a GasAss cluster, we find it even more important to go on to study the
structures and energies of a GasAss cluster using the FP-LMTO MD method. For a GasAss
cluster, Lou et al [7] came up with two structures using the Dmol method whose energies
were comparatively low, a tetracapped trigonal prism (TTP) structure which is considered as
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the lowest-energy structure and a tetracapped octahedral structure. Andreoni [8] considered
three structures using the cp method. Vasiliev et al [10] studied the absorption spectra of two
GasAss clusters using a time-dependent density-functional formalism within the local density
approximation. Yi [11] considered one structure using the cp method, a cube-based structure,
which is considered as the most stable structure.

In this paper, we present 27 stable structures of a GasAss cluster. The ground-state
structure that we obtained is a two-capped cube structure.

2. Method

The FP-LMTO method [18-21] is a self-consistent implementation of the Kohn—Sham
equations in the local density approximation [22]. In this method, space is divided into
two parts: non-overlapping muffin-tin (MT) spheres centred at the nuclei and the remaining
interstitial region. LMTOs are augmented Hankel functions, and are augmented inside the MT
spheres, but not in the interstitial region [23-25]. In LMTO method, one thing that we must
do is to calculate the interstitial-potential matrix elements:

Vi = [covin was .

where [ is the interstitial region, V; is the interstitial potential, i and j are abbreviations for vL
and V' L’, respectively, ¢; isaLMTO envelope function centred at site v with angular momentum
L and L is an abbreviation for the angular-momentum quantum numbers (I, m). In different
methods, we handle VI; in different ways. In the FP-LMTO method for clusters, Methfessel
et al [20,21] used non-overlapping MT spheres. They retained non-spherical potential terms
inside the MT spheres, but expanded the interstitial potential V;(x) in a different set of atom-
centred Hankel functions. In order to obtain the interstitial-potential matrix elements, we
need an accurate representation, valid in the interstitial region, of the product of two Hankel
functions centred at the same or at different sites. That is, we require an expansion of the form

¢id; = Cxu(x) ©)
k

where i and j are abbreviations for vL and v'L’, respectively, ¢; is a LMTO envelope function
centred at site v with angular momentum L, L is an abbreviation for the angular-momentum
quantum numbers (/, m), k is an abbreviation for (vLa), the index o runs over different
locations, x are functions of the charge density Hankel function set and C;’ are expansion
coefficients. The interstitial-potential matrix element Vi§ then reduces to a linear combination
of integrals of the functions y; times the interstitial potential. Because the interstitial potential
itself is also expanded in functions of the y; type, the desired interstitial integral has now been
expressed as a linear combination of integrals of products of pairs of Hankel functions; i.e., the
three-centre integral has been reduced to a sum of two-centre integrals. Because the products
are smooth functions, the coefficients in equation (2) above can be adjusted until the best fit of
the values and slopes of the right-hand side to the values and slopes of the products is obtained
for all spheres simultaneously by a tabulation technique applied to the surfaces of the spheres.
In the cluster method, the expansion is first calculated for two atoms arranged along the z-
axis and the coefficients are tabulated as functions of the interatomic distance. For general
geometry, the expansion is obtained by rotating the tabulated fit using the rotation matrices of
the spherical harmonics. The tabulated fit is obtained by direct numerical integration and can
be made as accurate as desired [19]. The force expression for the FP-LMTO method can be
obtained using the Harris energy function [18, 19]. During the optimization of one structure,
no restriction is imposed. Starting with one geometric configuration, we set up one time step.
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Table 1. The relative energy (eV) for the structures of the GasAss cluster with respect to that of
the most stable structure al, which was set to 0 eV. (The total energy of al is —564 684.756 eV.)

Structure  al a2 a3 a4
Energy 0.000 1.282 2.598 2.719
Structure a5 a6 bl b2
Energy 2.880 3.894 1.752 1.944
Structure b3 cl c2 c3

Energy 2454  0.193 0485 0936

Structure ¢4 ¢S c6 c7
Energy 0947 1.683 2.181 2.874
Structure  c8 c9 dl d2
Energy 3771 6.160 1.750 1.752
Structure  d3 d4 ds dé

Energy  1.861 2422 0717 3.059

Structure  d7 el e2
Energy 3445 3.033 3.135

In each time step, the eigenvalue problem is solved exactly and the output density is admixed
with the input density in the usual way. The nuclei are then moved according to the forces
using the Verlet algorithm. We then decompose the mixed density, move each partial density
along with its atom and re-overlap at the new geometry. After many iterations, the maximum
of the forces is less than 0.001 au, and the total energy stays nicely constant because the system
stays close to self-consistency (so the nearly zero forces agree with the energy minima). The
process is stopped when the self-consistency condition is met.

3. Results and discussion

The permutational possibilities of arranging ten atoms to form a mixed cluster are numerous.
In order to systematize the search for the equilibrium structure of the GasAss cluster, possible
initial configurations must be defined as seeds. Because of the similarities between GasAss
and Gey clusters, the search began by defining possible geometries using the geometries
previously optimized for Gejo [17] and GasAss clusters considered by others [7-11].

The 27 stable structures of the Gas Ass cluster that we obtained are shown in figure 1. Their
energies are shown in table 1, and the coordinates of the 14 stable structures, the energies of
which are lower than those of the others, are shown in table 2. Their energy diagram is shown
in figure 2.

The equilibrium structures of the GasAss cluster that we obtained can be classified into five
groups according to structural resemblance: the two-capped cube structure (al—a6), the two-
capped antitetragonal prism (b1-b3), the four-capped octahedrons (c1—c9), the four-capped
trigonal prisms (d1-d7) and the three-capped pentagonal bipyramids (el—e2).

The first structures of the GasAss cluster are the two-capped cube structures (al-a6). al
is a minimum-energy structure, which is the most stable among these 27 stable structures. a2
is considered by Andreoni [8] and found to be 1.282 eV less stable than al. The structure a3 is
considered as the most stable by Yi [11], but we find that the energy of a3 is 1.598 eV less stable
than al. a4 and a5 are found to be 2.719 eV and 2.880 eV less stable than al, respectively. a6
is the least stable among the six structures, and it is found to be 3.894 eV less stable than al.

The second structures are the two-capped antitetragonal prisms (b1-b3) and we also
considered the two-capped severely distorted cube structure. bl is the most stable among



36

@//&\\g@

Figure 1. Geometries of 27 stable structures of the GasAss cluster. The grey (white) circles are
the Ga (As) atoms.

the three structures and found to be 1.752 eV less stable than al. b2 and b3 are found to be
0.192 and 0.702 eV less stable than bl. Moreover, from our molecular-dynamics calculations
we find that the two-capped cube structure is easy to form for a GasAss cluster, because several
different types of initial structure all transform to the two-capped cube structure.



Study of the stable structures of the GasAss cluster using the FP-LMTO MD method 37

Figure 1. (Continued)

The third structures are the four-capped octahedrons (c1-c9). cl is the most stable among
the nine structures and found to be only 0.193 eV less stable than al. cl, the TO structure, was
also considered by Lou et al [7] and they found a couple of different atomic arrangements
with similar energies for this type of structure. From our calculations, we also find structures
of this type—such as c2 and c3—whose energy is comparatively low among those of the 27
structures. c2 and c3 are found to be 0.292 and 0.743 eV less stable than c1. ¢3 was also
considered by Andreoni [8]. c4 and ¢S5 are found to be 0.754 and 1.490 eV less stable than c1.
Structure c6 is formed by a three-capped pentagonal bipyramid undergoing further distortion
and found to be 1.988 eV less stable than cl. ¢7 and c8 are found to be 2.681 and 3.578 eV
less stable than cl. Structure c9 is the least stable among the 27 structures and found to be
6.160 eV less stable than al.

The fourth structures are the four-capped trigonal prisms (d1-d7). dl is the most stable
among the seven structures and was also considered by Lou et al [7] (as a TTP structure) and by
Andreoni [8]. d2 and d4 are found to be 0.002 and 0.672 eV less stable than d1. Structure d3 is
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Figure 2. The energy diagram of the GasAss cluster; the y-axis represents the relative energy (eV)
with respect to that of the lowest-energy structure and the x-axis represents a catalogue of GsAs
clusters.

formed by a three-capped pentagonal bipyramid undergoing further distortion and found to be
0.111 eV less stable than d1. d5 and d6 are found to be 0.717 and 1.309 eV less stable than d1.
d7 is the least stable among the seven structures and found to be 1.695 eV less stable than d1.



Study of the stable structures of the GasAss cluster using the FP-LMTO MD method 39

Table 2. The coordinates for the fourteen structures which were the most stable ones among the
27 structures of the GsAs cluster.

Structure  Atom type  x (au) y (au) z (au)
al 1(As) 1.98713 —2.25474 3.40011
2(As) 2.53913 246480 3.12472
3(Ga) —2.37986  1.89953  2.33409
4(As) —2.58505 —2.82783 223746
5(Ga) 3.04670 —2.90228 —1.93490
6(As) 220595 261159 —1.75833
7(As) —2.62338 2.81115 —2.39983
8(Ga) —1.61971 —1.78257 —2.199 04
9(Ga) 6.09044 —0.08487 0.49854
10(Ga) 0.21149 6.84247 —3.45982
a2 1(As) —3.23603 —0.47405 —0.21604
2(Ga) 2.21131 1.73775 —0.55340
3(As) 0.80359 —3.11536 —0.13436
4(As) —3.64451 1.03092 —4.76501
5(As) 0.81195 257392 —5.31673
6(As) 293884 —1.71172 —4.29153
7(Ga) —0.26696  1.13296  3.604 58
8(Ga) —2.07946  4.63849 —1.37286
9(Ga) —0.60558 —1.62518 —8.29769
10(Ga) —1.85567 —4.26395 —4.11940
bl 1(As) —3.34038 —1.00737 —0.456 00
2(As) 2.54259 238823 —0.45371
3(As) 1.31557 —2.28045 0.42618
4(As) —3.08199 0.50312 —4.93731
5(As) 1.10844 292061 —4.93579
6(Ga) 1.18524 —2.05304 —5.29495
7(Ga) —0.97005 1.67740 3.20001
8(Ga) —2.43952  4.22633 —1.30035
9(Ga) 5.25539 —1.21336 —2.76339
10(Ga) —1.57696 —5.15864 —2.76379
b2 1(Ga) —2.03325 4.39448 —0.33301
2(As) —2.39901 —0.68627 —2.21465
3(Ga) —1.49706 —4.41405 1.19055
4(As) —0.41279 0.32845 2.87168
5(As) 1.08518 241171 —3.79409
6(Ga) 1.08777 —2.43420 —5.27964
7(As) 2.59442 —2.65588 —0.72104
8(As) 2.80592 328431 0.58534
9(Ga) —522518 046178 1.69565
10(Ga) 442201 —0.69529 3.26734
cl 1(As) 247076 —2.39228 —0.18887
2(As) 3.57700 2.38088 —0.12927
3(As) —3.57661 2.38144 —0.12778
4(As) —2.47291 —2.39164 —0.19066
5(Ga) 0.00092 —0.11755 —4.48671
6(Ga) 0.00038 1.65568  3.34707
7(Ga) —4.29729 —0.40564 4.09018

8(As) —0.00061 4.20089 —2.58373
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Table 2. (Continued)

Structure  Atom type  x (au) y (au) z (au)
9(Ga) 0.00037 —4.86897 —3.82702
10(Ga) 429817 —0.40492 4.08973
c2 1(As) 271027 —2.52109 —0.03217
2(As) 271027  2.52109 —0.03217
3(As) —2.71024  2.52097 —0.03183
4(As) —2.71024 —2.52097 —0.03183
5(As) —0.00021  0.00000 —3.80734
6(Ga) 0.00033  0.00001  4.00774
7(Ga) —4.88560 —0.00001 3.52170
8(Ga) —0.00043  4.88550 —3.55425
9(Ga) —0.00043 —4.88550 —3.55425
10(Ga) 4.88630 0.00000 3.52130
c3 1(Ga) 2.66462 —3.30396  0.07059
2(As) 2.54778  2.83955 0.02224
3(Ga) —2.66192 3.30536 0.07084
4(As) —2.54580 —2.83901 0.02426
5(As) 0.00012 —0.00020 —3.27900
6(Ga) —0.00229 —0.00587  4.49537
7(As) —4.31705 0.13191  3.10606
8(Ga) —0.34466 4.92046 —3.81655
9(Ga) 0.34530 —4.92064 —3.81661
10(As) 431398 —0.12793  3.10826
c4 1(As) 0.82973 —3.45212 —1.48961
2(As) 0.82952  3.45223 —1.48978
3(As) —3.46361 244762 0.49166
4(As) —3.46351 —2.44767 0.49171
5(As) 1.24083 —0.00001 —4.75724
6(Ga) 0.53811 0.00014  2.52137
7(Ga) —3.77030 0.00002 5.12789
8(Ga) —3.94763 —0.00011 —3.93626
9(Ga) 5.48048 —0.00031  4.064 68
10(Ga) 439277  0.00021 —0.799 65
c5 1(As) —2.67031 —3.08189 0.13301
2(As) —2.67031 3.08190 0.13301
3(Ga) 2.38719 —3.53747 —0.23490
4(Ga) 2.38719  3.53747 —0.23490
5(As) —0.32006 0.00000 3.13289
6(Ga) —5.32632  0.00000 3.62830
7(Ga) 475132  0.00000 2.33434
8(As) 2.95590 0.00000 —3.54425
9(As) —1.71157  0.00000 —3.47975
10(Ga) —6.61839  0.00000 —1.81152
c6 1(As) —3.68377 0.70524 —0.00031
2(As) 420984 4.68738  0.00005
3(As) 3.17006 —2.58547  0.00018
4(Ga) —1.52782 —5.03360 —0.00001
5(Ga) 0.00489  3.15483 —0.00017
6(Ga) —0.74313 —1.33356 3.38537
7(Ga) —0.74274 —1.33379 —3.38554




Study of the stable structures of the GasAss cluster using the FP-LMTO MD method 41

Table 2. (Continued)

Structure  Atom type  x (au) y (au) z (au)
8(As) 373483  1.04240 3.26497
9(As) 373519  1.04226 —3.26473
10(Ga) 7.79498 —0.71068  0.00019
di 1(As) —3.12485 —0.45666 —0.06668
2(Ga) 1.72321 298406 —0.43357
3(As) 1.16670 —2.93421 —0.06621
4(As) —3.06011 0.31820 —4.80669
5(As) 1.33342  2.31000 —5.25761
6(As) 1.80579 —2.49082 —4.80643
7(Ga) 0.38393  0.66554 3.45026
8(Ga) —2.68119 4.42737 —2.08227
9(Ga) 5.17474 —0.10854 —2.08235
10(Ga) —2.70035 —4.67827 —3.15722
d2 1(As) —3.09594 0.00005 0.39410
2(Ga) 0.82201  3.72557 —0.18042
3(Ga) 0.82225 —3.72532 —0.18054
4(As) —2.39106 —0.00051 —4.57144
5(As) 1.94064 2.39360 —4.72319
6(As) 1.94063 —2.39380 —4.72350
7(As) 1.09125 0.00007 2.60262
8(Ga) —3.45508 4.55391 —2.46122
9(Ga) 0.66310 0.00075 —9.15809
10(Ga) —3.45510 —4.55427 —2.46040
d3 1(Ga) 0.16356  0.99436  2.19442
2(As) 395767 —1.20047 0.47249
3(As) —3.52941 —4.12811 —1.51664
4(As) —4.17533 —0.34856  1.38541
5(As) 0.95255 5.40246 0.82960
6(As) 2.38323  2.15172 —2.55240
7(Ga) —1.87330 —0.30366 —3.30671
8(Ga) 0.02216 —4.48712 1.751 66
9(Ga) 537154 3.19253 2.44674
10(Ga) —3.24199 3.99426 —1.60150
d4 1(Ga) 2.37220 —2.74397 2.07651
2(As) 432570 1.50412 2.66676
3(Ga) 0.00011  3.06525 1.95684
4(As) —4.327 30 1.50653  2.66777
5(Ga) —2.37455 —2.74040 2.07705
6(As) 2.39788 —3.57403 —2.59483
7(Ga) 3.03988 1.02320 —1.86166
8(As) 0.00130 4.47920 —2.54081
9(Ga) —3.03939 1.02572 —1.86115
10(As) —2.39403 —3.57132 —-2.59310

The final structures are the three-capped pentagonal bipyramids (e1—e2). Their energies
are comparatively high among those of the 27 stable structures: 3.033 and 3.135 eV less stable
than al, respectively. This is different from the case for a GayAs, cluster, whose ground-state
structure is a capped pentagonal bipyramid.
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Figure 3. The electronic density of states for the al structure in figure 1. The density of states
shows a gap of 1.17 eV.

These stable structures that we obtained include all the structures considered by others.
Furthermore, we obtained another ground-state structure: a two-capped cube structure (al).
As regards structure d1, the TTP structure considered as the most stable structure by Lou et al
[7], we find that its energy is 1.750 eV less stable than al. We find that the energy of structure
cl, the TO structure considered by Lou et al [7], is very low—only 0.193 eV less stable than
al. According to [8], structures a2 and d1 are quasidegenerate and structure c3 is found to be
1.2 eV less stable than a2 and d1. But we find that a2 is 0.468 eV more stable than d1 and
that c3 is 0.346 eV more stable than a2. a3 was considered as the most stable structure by
Yi [11], but we find that structure a3 is 2.598 eV less stable than al. Moreover, we also find
that structure d5 is analogous to the GasAss cluster proposed by Vasiliev et al [10], but we
find that d5 is 0.717 eV less stable than d1.

Furthermore, we also calculated the density of states of the structure al. Figure 3 shows
the calculated density of electronic states, where the DOS is plotted as a function of the energy.
The density of states shows a gap of 1.17 eV, presenting semiconductor-like properties. In
plotting the DOS for the structure al, each discrete energy level is broadened by a Gaussian
with full width at half-maximum (FWHM) given by 0.05 eV.

4. Conclusions

Using the FP-LMTO MD method, we performed calculations on the structures and energies
of the GasAss cluster. We obtained 27 stable structures of the cluster. Among these, the
two-capped cube structure (al) is the most stable structure and the four-capped octahedron
(c9) is the least stable. Through the calculation of the density of states of the al structure, we
found that it presented semiconductor-like properties.
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