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A systematic ab initio comparative study of the (hyper)polarizabilities of selected III—V stoichiometric
semiconductor clusters has been carried out. Our investigation focuses on the ground state structures of the
dimers and on two dissimilar trimer configurations of aluminum, gallium, indium phosphide and arsenide.
The basis set effect on both the polarizabilities and hyperpolarizabilities of the studied systems has been
explicitly taken into account relying on the augmented correlation consistent aug-cc-pVnZ (n = D, T, Q, and
5) basis sets series. In addition, a rough estimation of the effects of the relativistic effects on the investigated
properties is provided by extension of the study to include calculations performed with relativistic electron
core potentials (or pseudopotentials). Electron correlation effects have been estimated utilizing methods of
increasing predictive reliability, e.g., the Mgller—Plesset many body perturbation theory and the couple cluster
approach. Our results reveal that in the considered semiconductor species the Group III elements (Al, Ga, In)
play a vital role on the values of their relative (hyper)polarizability. At all levels of theory employed the most
hyperpolarizable clusters are the indium derivatives while the aluminum arsenide clusters also exhibit high,
comparable hyperpolarizabilities. The less hyperpolarizable species are those composed of gallium and this
is associated with the strong influence of the nuclear charge on the valence electrons of Ga due to the poor
shielding that is provided by the semicore d electrons. In addition, the analysis of the electronic structure and
the hyperpolarizability magnitudes reveals that clusters, in which their bonding is characterized by strong
electron transfer from the electropositive to the electronegative atoms, are less hyperpolarizable than species
in which the corresponding electron transfer is weaker. Lastly, from the methodological point of view our
results point out that the hyperpolarizabilities of those species converge when an augmented triple-¢ quality
basis set is used and, also, that the second order Mgller—Plesset approximation (MP2) overestimates
considerably their second hyperpolarizabilities with respect to the highest level of coupled cluster theory
applied in this study (CCSD(T)).

ground in the development and design of novel cluster based
NLO materials.

The desire to understand the undergoing transformation in
the properties of materials as their size increases and wide range
of technological applications of semiconductors due to their
unique electronic properties has triggered an explosion of
theoretical and experimental studies. The investigations include
clusters and low-dimensional fragments of a vast assortment
of semiconductor materials.!> Consequently, a substantial frac-
tion of the reported experimental®~!? and theoretical!! ! studies
has been devoted to their electronic properties. Among them
are the following: ionization potentials electron affinities, their
spectroscopic properties including the photoelectron spectra, or
properties related to the response of those species to the
interaction with light or an external electric field such as their
optical absorption, or their linear and nonlinear optical proper-
ties. Especially, their nonlinear optical properties®* >* are
considered of great technological merit since it is believed that
low-dimensional semiconductor materials may offer a new
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The last perspective has motivated a considerable number of
attempts to study and predict the microscopic linear and
nonlinear optical properties, as they reflect on their molecular
(hyper)polarizabilities.” 3> Not surprisingly, a significant amount
of the previous cluster studies focus on the size effect on those
microscopic properties since the size of the cluster plays a vital
role on their response to the external electric field. However,
there is another factor that should also be taken into account,
and this is the cluster composition. In this area, only two
systematic studies have investigated both factors within the
TDHF framework. The first study was published by Korabath
and Karna et al.,’*® who investigated the dipole polarizabilities
and first hyperpolarizabilities of Ga,N,, Ga,P,, and Ga,As,
clusters within the TDHF framework, and the second by Lan
et al.,’! who explored the first hyperpolarizabilities of GazAss,
Ga3Sb3, IH3P3, IH3AS3, and In;Sbg

In this work we report a systematic ab initio comparative
study of the dipole polarizabilities and the second hyperpolar-
izabilities of clusters composed by selected III—V elements.
These species have attracted considerable attention due to their
interesting structural, optical, and spectroscopic properties.>™3!
Our aim is to provide an accurate picture of how these properties
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evolve when one component of a given cluster is changed. The
considered clusters are composed of Al, Ga, and In elements
combined with P and As in a stoichiometric fashion. All of these
systems have been the subjects of previous experimental®~!
and theoretical studies!!~2%73! with respect to their structural,
electronic, and spectroscopic properties. Although there are
(hyper)polarizability values available for a few of those
species,”?® no systematic study on their linear and nonlinear
microscopic polarizabilities has been reported for the entire
series.

Our investigation started by exploring the ground state
structures of the ALP,, AlL,As,, Ga,P,, Ga,As,, In,P,, and In,As,
dimers. For all the dimers, the lowest energy configurations are
represented by a rhomboidal shape of Dy, symmetry ('A;)!' "7
where the electropositive atoms (Al, Ga, In) are located on the
long diagonal and the electronegative atoms (P, As) on the short
one. The small size of these systems allows us to study explicitly
basis set and electron correlation contributions that are expected
to play a central role on the reliable prediction of their
microscopic (hyper)polarizabilities. In addition, their similar
geometric configurations and common bonding characteristics
are expected to make the comparison between their (hyper)po-
lazibilities a quite straightforward task. Next, we extended the
comparative study to the trimers of these species. For the trimers
the ground state configurations vary as we move down the
periodic table. For instance, the ground state structure of Al;P;
according to most of the previous studies'®* adopts a planar
configuration of D3, symmetry characterized by alternating
Al—P bonding. The same holds for the ground state structure
of Al3As;.!'7 In striking contrast, the established ground state
structures of GazAs;'7> and In3As;'¢ are represented by three-
dimensional configurations of C, symmetry. It has been shown?”?
that the microscopic features such as the cluster’s shape and
bonding may affect dramatically the (hyper)polarizabilities of
a given cluster; hence, any rational comparison between the
(hyper)polarizabilities of clusters composed by different ele-
ments should definitely involve species which possess similar
structural and bonding patterns. Thus, to obtain a global picture
that will include also possible bonding and structural effects
on the properties of interest, we considered in our study both
of the trimer isomers which are competing for the X;Y3 ground
states since they are characterized by totally dissimilar bonding
and shapes.

Theory Applied and Computational Details

The electronic dipole (hyper)polarizabilities, in their static
form, can be defined by the Taylor series expansion®® of the
perturbed energy of an atom (or molecule) in the presence of a
weak uniform external static electric field:

1 1

E=E—uF,— %P oy = eBup, FuF pFy —

1
ﬁ‘yaﬂ}/éFﬂFﬂF}/Fb + ces (1)

E’ is the energy of the atomic (or molecular) system in the
presence of the static electric field (F), E° is its energy in the
absence of the field, u, corresponds to the permanent dipole
moment of the system, Qg is the static dipole polarizability
tensor, and Bus, and yqp,s are the first and second dipole
hyperpolarizabilities, respectively. Greek subscripts denote
tensor components and can be equal to x, y, and z and each
repeated subscript implies summation over x, y, and z.

The components of each tensor of eq 1 can be computed by
applying carefully chosen static weak electric fields relying on
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the finite field technique (FF).3* Since in the version of the FF
technique we use here® the key quantity is the field-dependent
energy of the cluster, the obtained solutions are consistent
regardless if the methods we consider satisfy or not the
Hellmann—Feynman theorem (such as the Hartree—Fock (HF)
and the Mgller—Plesset (MP) many body perturbation theory
respectively). Once the Cartesian components of each tensor
are obtained the mean (or average) static dipole polarizability
(Q), the anisotropy (Aa) of the polarizability tensor, and the
scalar component of the second hyperpolarizability tensor y can
be computed. Those quantities are related to the experiment and
in terms of the Cartesian components are defined as:
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The simplest level of theory that uses the FF technique in
this work is the Hartree—Fock approximation where the field-
induced relaxation of the orbitals is taken into account through
the self-consistent field (SCF). Then electron correlation®~38
is included via the framework of the Mgller—Plesset many body
perturbation theory and its various orders such as the second
order MP (MP2) and the fourth order MP including single,
double, triple, and quadruple substitutions (MP4(SDTQ) here-
after MP4), singles and doubles coupled-cluster (CCSD), and
at the highest level CCSD(T), which includes an estimate of
connected triple excitations via a perturbational treatment. All
the aforementioned calculations were carried out with the
GAUSSIAN 98 suite of programs.*

One of the central elements in the computation of reliable
(hyper)polarizability values is the basis set choice. In the present
work which involves a comparative study of systems consisting
of different elements this issue becomes more important and
somewhat more complex since basis sets of similar type should
be considered in order to obtain a reliable estimation of the
relative magnitudes of these properties over all the cluster
species. In addition, in systems built up from heavy elements
one should use relativistic pseudopotential basis sets (PP) to
obtain an estimation of the magnitude of those effects on the
properties of interest. What is more, for systems where light
and heavy elements coexist, the utilization of mixed basis sets
consisting of all electron basis sets for the light atoms and
relativistic pseudopotential basis sets (PP) for the heavy ones
cannot be avoided. This may cause considerable problems in
the evaluation of the possible (hyper)polarizability differences,
since it may not be clear whether they are a subject of the
different linear or nonlinear response of each cluster to the
electric field or, simply, are caused by the various types of basis
sets (all electron or PP) used for each molecule. For this reason,
we performed a careful basis set study to test the performance,
especially of mixed basis sets in the calculation of the dipole
polarizabilities and the second dipole hyperpolarizabilities of
those species.

The basis sets we used are of the all electron type (all
electrons of an atom are explicitly described by Gaussian basis
functions) and of the small core pseudopotential (PP) or electron
core potential type (a small number of core electrons are
approximated by a relativistic effective potential). Though the
small core PPs are more computationally expensive, nevertheless



13664 J. Phys. Chem. A, Vol. 112, No. 51, 2008

P, As

Al:Asy:2.2942
GapAs; 23007
InpAsy :2.3359

AL-P:2.5157
Ga-P :2.5045
In-P :2.7574

Ga-As :2.6195
In-As :2.8437

P, As

Figure 1. MP2/cc-pVTZ optimized bond lengths of M,X; clusters (M
= Al, Ga In, X = P, As).

they do not suffer from overestimations of valence electron
correlation energies* and/or insufficient Pauli repulsion between
valence and core electrons,*’ which are expected to affect
valence properties such as the (hyper)polarizabilities.

Following the above rationale, for Al,P,, we used only the
aug-cc-pVDZ,* aug-cc-pVTZ,* and aug-cc-pVQZ™* all electron
basis sets. In the cases of Al,As,, Ga,P,, and In,P, we assessed
the performance of the following mixed basis set series:
Al,As;—all electron aug-cc-pVDZ(D,T,Q)Z for Al and small
core pseudopotential aug-cc-pV(D,T,Q)Z-PP for As; Ga,P,—all
electron aug-cc-pVDZ(D,T,Q)Z for P and small core pseudo-
potential aug-cc-pV(D,T,Q)Z-PP for Ga; In,P,—all electron aug-
cc-pVDZ(D,T,Q)Z for P and small core pseudopotential aug-
cc-pV(D,T,Q)Z-PP for In. Lastly, for In,As, we used only
relativistic small core pseudopotential basis sets. It is important
to note that the augmented PPs have been used previously in
(hyper)polarizability computations on different atomic and
molecular systems. For instance, Jansik et al.* and Cundari et
al.*¢ showed that ECPs provide similar results as the all electron
basis sets as long as comparable valence basis sets are used.
Finally, it should be noted that all (hyper)polarizability values
discussed in this work are in atomic units.

Results and Discussion

Figure 1 illustrates the optimized geometries of the dimer
ground states at the MP2/cc-pVTZ level of theory. Table 1 lists
the SCF values of the mean polarizabilities, the polarizability
anisotropies, and the mean second hyperpolarizabilities of all
dimers predicted by using the basis set of double, triple, and
quadruple & quality. It should be stressed that the reliability of
the FF approach used in this work has been tested for ALLP, at
the HF level. The obtained mean (hyper)polarizabilities for this
cluster obtained from our FF approach are as follows: Quyg-ccp-
vz = 148.24 and Qug-cep-vrz = 148.40, Vuyg-cep-vpz = 132 x
10%, and Puyg.cepvrz 144 x 10°. These values are in very good
agreement with analytic calculations*’ which yield Olaug-cep-VDZ
= 148243, daug-ccp-VTZ = 148397, 77aug-ccp-VDZ = 132.68 x 103,
and Vg cepypz = 143.68 x 10°.

For the AIP dimer our best polarizability and polarizability
anisotropy HF level values, predicted with the aug-cc-pVQZ
basis set, amount to 148.54 and 102.30, respectively. These
values are in good agreement with our previous SCF calcula-
tion? with the 6-314+G(3df) basis set at the B3LYP/6-31+G(d)
equilibrium geometry, which yielded values of 151.05 and
107.47 €* 0y B, ! for the mean polarizability and the polariz-
ability anisotropy, respectively. As has been mentioned in that
paper, geometry optimizations at the MP2 level of theory yield
slightly more compact cluster structures than those obtained by
using the B3LYP functional and this reflects on the magnitude
of their polarizability. The effect of the cluster geometry on
the polarizability values is more pronounced in the case of the
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GaAs dimer. In this case a previously reported polarizability
value? obtained with the aug-cc-pVTZ-PP basis set at the
B3LYP optimized geometries amounts to 159.91 e o> B, ™,
which is about 4.5 e’0? E, ! larger than in the present case
(155.42 €% ay® By 7).

Basis Set Effect. The effect of the basis set enhancement on
the (hyper)polarizabilities of the cluster dimers is similar to the
trend that has been observed in previous studies on Al,P,?%%
and Ga,As,?° clusters. The best polarizability and polarizability
anisotropy values which were predicted with the aug-cc-pVQZ
basis sets (all electron or PP) are in very close proximity (<1%
differences) to those obtained with the smallest aug-cc-pVDZ
basis set. However, this is not the case for the second
hyperpolarizability which, in principle, depends considerably
on the higher angular momentum basis functions. Overall, for
all the dimers the increase of the basis set size leads to higher
values for both the mean polarizability and the second hyper-
polarizability. As expected, the largest improvement of the
hyperpolarizability values is observed for the transition from
the aug-cc-pVDZ to aug-cc-pVTZ basis set while the use of
the very large aug-cc-pVQZ set changes less considerably the
(hyper)polarizability values compared to those obtained with
the aug-cc-pVTZ set. Table 2 presents the convergence of all
the hyperpolarizability components of Al,P, and Ga,As, with
respect to the basis set used at the HF level. As expected the
additional diffuse d and especially the f Gaussian type functions
(GTF) that are included in the triple-C basis set affect mostly
the ¥, (perpendicular to the cluster plan), y,,,, (perpendicular
to the P—P and As—As bonds), and y,.,, components. On the
s- and p-GTF, converge fast with the basis set size. For both
Yxeoe and Yy, the aug-cc-pVTZ set yields about 23% larger
values than aug-cc-pVDZ while the improvement for y,.. is
only 3%. Interestingly the g GTFs of aug-cc-pVQZ seems to
be important fOr ¥, Yxuy, and ¥y, since the obtained values
with this basis set component are about 9%, 8%, and 6% larger
than those calculated with the aug-cc-pVTZ basis set. Neverthe-
less, the effect of the g functions does not reflect considerably
on the mean hyperpolarizability since the latter quantity is
dominated by the ..., component, which is not affected by GTFs
of that type. In addition, for both ALL,P, and Ga,As, we used
the aug-cc-pV5Z basis set in order to check the contribution of
the & GTFs on the hyperpolarizabilities of those systems. As is
seen in Table 2 no significant improvement is observed at the
HF level. Concerning the performance of the PP basis sets
compared to their all electron versions our results show that, at
the HF level, these two basis set classes operate in a quiet similar
manner. For Al,As, the predicted polarizability values using
the all electron basis sets are very close to the ones calculated
with the basis set constructed by an all electron set for Al and
a PP set for the electronegative As. The obtained mean
polarizabilities with the latter basis sets are about 0.5% larger
than the ones predicted with their all electron counterparts. The
opposite trend is revealed in the cases of Ga,P, and Ga,As,.
For these clusters the PP basis sets yield about 1.1—1.7% smaller
polarizabilities than the corresponding all electron set values.
The same trend is observed for the second hyperpolarizabilities;
however, in this case the differences are larger than what has
been observed for the dipole polarizabilities. For instance, the
largest PP basis sets predict 2% larger hyperpolarizabilities for
Al,As; and about 4—5% smaller mean hyperpolarizabilities for
Ga,P; and Ga,As,. In all these cases the differences are so small
that it is not easy to identify with absolute certainty whether
they are caused by the different description of the valence



Electric Dipole (Hyper)polarizabilities

J. Phys. Chem. A, Vol. 112, No. 51, 2008

13665

TABLE 1: Basis Set Dependence of the Mean Dipole Polarizability (a/e* a)* E, "), the Polarizability Anisotropy (Aa/e* a)?
E, 1), and the Mean Dipole Hyperpolarizability (y/e* a)* E, %) of the Dimers: ALLP,, AL As,, Ga,P;, GaAs,, In,P,, and InyAs, at
the HF Level of Theory

basis set description o Ao y x 10> % increase of y
ALP, aug-cc-pVDZ [6s 5p 3d/5s 4p 2d] 148.24  104.83 132
aug-cc-pVTZ [6s 5p 3d 2f/6s S5p 3d 2f] 148.40 102.19 144 (+9.1)
aug-cc-pVQZ [7s 6p 4d 3f 2g/7s 6p 4d 3f 2g] 148.50  102.20 146 (+1.4)
ALAs,  aug-cc-pVDZ [6s 5p 3d/ 6s 5p 3d] 162.50 113.35 154
aug-cc-pVTZ [6s 5p 3d 2f/7s 6p 4d 2f] 162.63  110.20 167 (+8.4)
aug-cc-pVQZ [7s 6p 4d 3f 2g/8s 7p 6d 3f 2g] 162.59  109.92 169 (+1.2)
aug-cc-pVDZ-PP  [6s 5p 3d/ECP1IOMDF + 5s 4p 3d] 163.26  114.98 158
aug-cc-pVTZ-PP  [6s 5p 3d 2f/ECP10MDF + 6s 5p 4d 2f] 163.25 112.19 170 (+7.6)
aug-cc-pVQZ-PP  [7s 6p 4d 3f 2g/ECP10MDF + 7s 6p 5d 3f 2g] 163.19 111.88 171 (+0.6)
Ga,P,  aug-cc-pVDZ [6s 5p 3d/5s 4p 2d] 140.69  109.96 111
aug-cc-pVTZ [7s 6p 4d 2f/6s S5p 3d 2f] 141.46  108.44 119 (+7.2)
aug-cc-pVQZ [8s 7p 4d 3f 2g/7s 6p 4d 3f 2g] 141.55 108.51 122 (+2.5)
aug-cc-pVDZ-PP  [ECP10OMDF +5s 4p 3d/5s 4p 2d] 138.76  109.76 107
aug-cc-pVTZ-PP  [ECP1IOMDF +6s 5p 4d 2{/6s 5p 3d 2f] 139.09  108.27 114 (+6.5)
aug-cc-pVQZ-PP  [ECP1OMDF +7s 6p 4d 3f 2g/7s 6p 4d 3f 2g] 139.18  108.18 116 (+1.8)
Ga,As, aug-cc-pVDZ [6s 5p 3d/6s 5p 3d] 156.30  119.08 129
aug-cc-pVTZ [7s 6p 4d 2f /7s 6p 4d 2f] 157.13  117.10 138 (+7.0)
aug-cc-pVQZ [8s 7p 4d 3f 2g/8s Tp 6d 3f 2g] 157.06  116.88 141 (+2.2)
aug-cc-pVDZ-PP  [ECP10MDF +5s 4p 3d/ECP10MDF + 5s 4p 3d] 15521 11991 127
aug-cc-pVTZ-PP  [ECP1OMDF +6s 5p 4d 2{/ECP10MDF +6s 5p 4d 2f] 15542 11831 135 (+6.3)
aug-cc-pVQZ-PP  [ECP1OMDF +7s 6p 4d 3f 2g/ ECP10MDF +7s 6p 5d 3f 2g]  155.35 117.89 137 (+1.5)
In,P, aug-cc-pVDZ-PP  [ECP28MDF + 5s 4p 3d/5s 4p 2d] 171.92  150.90 154
aug-cc-pVTZ-PP  [ECP28MDF + 6s 5p 3d 2f/6s 5p 3d 2f] 17237  149.35 169 (+9.7)
aug-cc-pVQZ-PP  [ECP28MDF + 7s 7p 5d 3f 2g/7s 6p 4d 3f 2g] 172.49 149.01 170 (+0.6)
InAs,  aug-cc-pVDZ-PP  [ECP28MDF +5s 4p 3d/ECP10MDF + 5s 4p 3d] 189.06  155.35 181
aug-cc-pVTZ-PP  [ECP28MDF + 6s 5p 3d/ECP10MDF + 6s 5p 4d 2f] 188.75 157.53 196 (+8.3)
aug-cc-pVQZ-PP  [ECP28MDF +7s 7p 5d 3f 2g/ ECP10MDF +7s 6p 5d 3f 2g]  188.98  154.59 198 (+1.0)

TABLE 2: Basis Set Dependence of the Independent
Components of the Hyperpolarizability Tensor y,s,s (¢* ay*
E, %) of ALLP, and Ga,As,, at the HF Level of Theory?

Yoxxe Vyyyy zzz Yoy Vv Ve y % 10°

ALP, aug-cc-pVDZ 474 364 3622 13.0 462 500 1329
aug-cc-pVTZ 58.3 435 3747 16.1 493 563  144.0
aug-cc-pvVQZ 63.6 46.2 371.1 174 49.1 578 1458
aug-cc-pV5Z* 63.7 46.2 371.8 174 49.0 57.7 146.0

Ga,As, aug-cc-pVDZ 435 412 349.1 12.6 433 49.1 128.7
aug-cc-pVTZ 54.6 473 360.7 15.5 449 544 1385
aug-cc-pVQZ 58.1 50.8 3602 16.5 456 556 1409
aug-cc-pV5Z? 58.7 51.2 359.6 16.7 455 556 141.0

Ga,As, aug-cc-pVDZ-PP 452 43.6 338.0 13.4 428 483 127.1
aug-cc-pVTZ-PP 53.8 495 3473 157 444 524 1351
aug-cc-pVQZ-PP 57.2 523 3474 16.6 44.6 533 1372
aug-cc-pV5Z-PP¢ 582 52.6 3469 16.8 445 534 1374

“Al: [8s Tp 5d 4f 3g 2h]. P: [1s 6p 5d 4f 3g 2h]. " Ga, As:
[ECP10OMDF++9s 8p 6d 4f 3g 2h]. ¢ Ga, As: [ECP1IOMDF+8s 7p 6d
4f 3g 2h]. ¢ The clusters are placed on the yz plane with the Al and
Ga atoms on the z axis. All values are divided by 10°.

electrons that each basis set provides or by the treatment of the
relativistic effects that the electron core potential (ECP) of the
PP basis sets furnishes. However, it would be very reasonable
for one to allege that the observed differences could be related
to the latter effect provided that the finite basis sets used predict
properties close to the HF limit. Without a significant risk this
can be claimed for the dipole polarizabilities of the clusters since
it is very well-known (and our results verify it) that they
converge faster than the second hyperpolarizabilities with the
basis set size. Hence, judging from the predicted dipole
polarizabilities of Ga,P, and Al,As,, there are strong indications
that for the III—IV cluster family, the relativistic core on the
electropositive Ga atoms provides negative contributions toward
the dipole polarizabilities whereas the analogue effects from
the electronegative As atoms give a positive contribution. The
same trend seems to be established for the second hyperpolar-
izabilities. Interestingly, for Ga,As, the PP basis sets predict

systematically lower (hyper)polarizability values than their all
electron analogues and this could be related to the stronger effect
of the PP core of gallium than that of As. Indeed, the HF level
polarizability calculation employed with the all electron aug-
cc-pVQZ for Ga and the PP version for As yields slightly larger
(hyper)polarizability values (@ = 158.68, y = 143 x 10%) than
the all electron basis set. On the other hand, calculations
performed with the all electron aug-cc-pVQZ basis set for As
and the PP set for Ga yield considerably smaller values (0 =
154.73, ¥ = 134 x 10%) than those obtained by using the all
electron set.

Electron Correlation Effects. Table 3 provides a comparison
between the (hyper)polarizabilities of Al,As, and Ga,P, calcu-
lated at the post HF levels of theory we considered in this study
using the all electron aug-cc-pVDZ and PP atomic basis sets
for As and Ga combined with the all electron aug-cc-pVDZ for
Al and P. A careful analysis of the obtained (hyper)polarizability
values reveals that the trends that are observed at the HF level
hold for all correlated methods. More specifically, for Al,As,
all the post-HF methods yield larger (hyper)polarizabilities when
a PP basis set is used. As has been observed at the HF level the
observed differences are not larger than 0.6% for the mean
polarizabilities of Al,As, while for the mean second hyperpo-
larizabilities they amount to less than 2.2% differences. Also,
in accord with the HF results for Ga,P, the predicted (hyper)-
polarizabilities using the PP approach are smaller than the ones
predicted with all electron basis sets and observed differences
are somewhat larger than in the case of Al,As, (about 1.2% for
the mean polarizability and less than 3.5% for the second
hyperpolarizability).

Table 4 lists the (hyper)polarizabilities of all dimers at the
HF, MP2, MP4, CCSD, and CCSD(T) levels of theory. An
evaluation for the predictive capability of the aug-cc-pVDZ basis
set at the post HF levels of theory employed in this study,
especially for the second hyperpolarizability, has been carried
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TABLE 3: Electron Correlation Effects on the Mean Dipole Polarizability (6/e* a,®> E, '), the Polarizability Anisotropy (Ao/e?
ay> E; 1), and the Mean Dipole Hyperpolarizability (y/e* ay* E, %) of ALAs, and Ga,P, with All Electron and Pseudopotential

Basis Sets”

a Aoy x 10° a Aoy x 10°

AlLAs, Al: [6s5p3d]  MP2 167.04  131.66 205 ALAs,  AlL:[6s5p3d] MP2 167.96  133.70 210
As: [6s5p3d] MP4 165.10  130.14 194 As: ECP+[5s4p3d] MP4 166.00 131.95 198

CCSD 161.75  123.49 165 CCSD 162.57 125.16 169

CCSD(T) 163.61  127.53 180 CCSD(T) 164.46 129.21 183

GaP,  Ga: [6s5p3d] MP2 145.06  125.95 144 GaP,  Ga: ECP+[5s4p3d] MP2 143.14  125.44 139
P: [5s4p2d]  MP4 143.93  126.26 139 P: [5s4p2d] MP4 14223 126.01 134

CCSD 141.34 12091 120 CCSD 139.72  120.68 117

CCSD(T) 142.89  124.20 130 CCSD(T) 14124  123.95 126

@ All hyperpolarizability values are divided by 10°.

TABLE 4: Electron Correlation Effects on the Mean Dipole Polarizability (6/e* a,> E;, '), the Polarizability Anisotropy (Ao/e?

ay*> E; 1), and the Mean Dipole Hyperpolarizability (y/e* a)* E, %) of ALAs, and Ga,P, with the aug-cc-pVDZ Basis Set

(Electron and Pseudopotential Basis Sets)*

Oy Oy Oz a Ao Vo Yy Ve Yooy Ywz o Yo VX 10°
ALP, HF 105.59 121.63  217.51 148.24  104.83 47 36 359 13 46 50 132
aug-cc-pVDZ MP2 103.87 121.25  233.84  152.99 122.21 55 51 470 16 63 66 173
MP4 101.59 120.19  231.16  150.98 121.34 53 49 445 15 59 63 165
CCSD 100.65 119.19  223.74  147.86 114.95 48 43 378 14 51 54 141
CCSD(T) 101.06 119.76  228.42  149.75 119.12 51 47 411 15 56 59 153
AbLAs, HF 112.32 138.65 236.52 162.50  113.35 54 44 419 15 52 59 154
aug-cc-pVDZ MP2 110.72 136.90 25351 167.04  131.66 63 64 557 18 73 80 205
MP4 108.48 136.47 25034  165.10 130.14 61 61 524 18 69 76 194
CCSD 107.38 13538 242.47 161.75 123.49 55 54 442 16 58 64 165
CCSD(T) 107.85 13591 247.08 163.61 127.53 58 58 480 17 64 71 180
Ga,P, HF 94.29 11473 213.04  140.69 109.96 37 32 300 10 39 43 111
aug-cc-pVDZ MP2 92.54 11458  228.06  145.06 125.95 43 48 381 13 55 56 144
MP4 90.76 114.01 227.03 143.93 126.26 42 47 364 13 53 55 139
CCSD 90.08 113.10  220.85 141.34 12091 38 41 313 11 46 47 120
CCSD(T) 90.41 113.67 224.60 142.89 124.20 41 45 337 12 51 51 130
GaAs, HF 99.49 133.42 23271 155.21 119.91 45 44 335 13 43 48 127
aug-cc-pVDZ-PP  MP2 97.56 131.51 249.10  159.39 137.74 51 67 434 17 64 65 169
MP4 96.06 131.95 248.01 158.67 137.56 50 65 413 16 62 63 162
CCSD 95.44 130.96 24131 15590  131.75 46 57 354 15 53 54 140
CCSD(T) 95.74 13148 245.01 157.41 134.99 48 62 379 16 58 59 151
In,P, HF 111.59 13236 271.80 171.92 150.90 49 47 415 14 59 56 154
aug-cc-pVDZ-PP  MP2 108.89 132.8 297.46  179.72 177.82 55 73 495 18 88 74 197
MP4 107.01 13224 29931 179.52 181.01 54 73 476 18 89 74 193
CCSD 106.35 130.98  289.55 175.62 172.21 50 64 410 16 78 65 168
CCSD(T) 106.78 131.88  296.50  178.39 178.50 52 70 433 18 86 70 181
In,As, HF 120.47 153.79 29199  188.75 157.53 62 57 489 18 63 67 181
aug-cc-pVDZ-PP  MP2 117.27 151.25  317.68 19540  185.77 68 91 611 22 95 89 237
MP4 115.53 151.95 318.4l1 195.30  187.34 67 89 584 22 95 88 230
CCSD 114.84  150.66  308.23 191.24  178.20 62 77 498 20 81 76 198
CCSD(T) 115.23 151.49  314.64 193.79 183.98 65 85 531 22 90 83 214

@ All hyperpolarizability values are divided by 10°.

out earlier for ALL,P,2?° and Ga,As,.?>?° For instance, for AL,P,
it has been shown that at MP2 and CCSD(T) levels of theory
the aug-cc-pVDZ = [6s5p3d/5s4p2d] basis set yields (hyper)-
polarizability values that are very close to those obtained with
a larger optimized for this purpose [5s4p3d2{/5s4p3d2f] basis
set applied in this study.?®

Figure 2 summarizes the overall dependence of the mean
(hyper)polarizabilities and the polarizability anisotropies pre-
dicted using the post-HF methods with respect to the SCF
approximation. The less sensitive property to the electron
correlation effects is the mean dipole polarizability whereas the
mean dipole hyperpolarizabilities are considerably more sensi-
tive. The apparent relative insensitivity of the mean polariz-
abilities of all dimers is caused by the different extent of the
electron correlation effects on each component of the polariz-
ability tensor. The strong electron correlation effect on each
polarizability component reflects on the polarizability anisotro-
pies which also appear to be significantly sensitive to the method

used. As shown in Figure 3a, for Al,P, and In,As, which provide
a representative picture of all studied dimers, all post HF
methods yield negative electron corrections for the perpendicular
and parallel P—P and As—As bonds, components (0., and @y,
respectively) whereas the electron correlation effect for the a.,
component (across the long diagonal) is large and positive
ranging from 6% to 8% at the CCSD(T) level. Lastly, worth
mentioning is the overestimation of both the longitudinal o,
and a,, components at the MP2 level, with respect to the
CCSD(T) approximation.

For the second hyperpolarizability the CCSD(T) computa-
tions, employed with the aug-cc-pVDZ basis set, predict that
the electron correlation corrected mean hyperpolarizability
values for all ground state dimers lie between 15% and 20%
above the corresponding SCF values. Again, notable is the
overestimation of the dynamic electron correlation effect as
predicted by the MP2 method. Among the principal hyperpo-
larizability components the largest corrections are obtained for
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Figure 2. Post-HF increase of the mean dipole (hyper)polarizabilities
and polarizability anisotropy of all studied dimers at MP2, MP4, CCSD,
and CCSD(T) levels of theory employed with the aug-cc-pVDZ basis
set.

T T T T T T T T
14 el
(a) | o a © L Y o --®-q
12 4
JALP. In_As
o 104 72 F i1
2 s &
£ .
o A
Q 64 7
= A &
O 4 -
* e
g {e A %
O 24 . |
= | . °
o
= 0o L) F
o 1s © o
X 240 o 0 o 9
) o
il u]
o o O p 0
T T 1 ’1\ T T T T T
SEE8E 8gQR€E
= =2 0 a 2 =22 L A
Q2 8 o 8
O O
1 1 I I I I ] T
(b) w- .
1 B M @ Ml O R
50 - =
O
404 O [o)] o
[}
: (o}
wa
a o
S {4 o 3 .
— %
Q ‘. A
= : % 0
,_.o 204 e = . il
e 1o LT R o A
10 o N e
L X ©
0- = o ]
ALP, In As,
Ll Ll T "l\ T T
s aE g&
= = 8 9: = =
O

CCSD T
CCSD(T) 7

Figure 3. Increase of the axial components of the polarizability (a)
and hyperpolarizability (b) tensors of Al,P, and In,As, dimers at MP2,
MP4, CCSD, and CCSD(T) levels of theory employed with the aug-
cc-pVDZ basis set with respect to the HF predicted values.

the v,,,, which at the CCSD(T) level are 30% to 48% larger
than the corresponding SCF values (Figure 3b).* On the other
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Figure 4. Comparison of the mean dipole (hyper)polarizabilities of
MyX; M = Al Ga, In and X = P, As) at HF, MP2, MP4, CCSD, and
CCSD(T) levels of theory with the aug-cc-pVDZ basis set.

hand, the obtained correction for the longitudinal ... component
is considerably smaller. Interestingly, by comparing the six
independent hyperpolarizability components of Al,P, and In,As,
it is revealed that the differences between the MP4-SDTQ and
CCSD(T) values are caused mainly by the y..,. component while
the others are in relative good agreement. This shows that in
all cases the interplay among the mean hyperpolarizability values
calculated at the different levels of electron correlation is
cordingly, the correction obtained for the mean hyperpolariz-
ability follows the corresponding correction for the longitudinal
Yz at all employed levels of theory. Lastly, it should be stressed
that the absolute values of the observed electron correlation
corrections also depend on the basis set used. However, relying
on previous experience for the III—V clusters®~% we believe
that the general trends observed with the correlation consistent
aug-cc-pVDZ basis set will not change dramatically if one
utilizes sets of different sizes and construction.

Property Evolution. A comparison of the mean polarizabili-
ties and second hyperpolarizabilities of all the studied dimers
at the various levels of theory employed in this study is
illustrated in Figure 4, panels a and b. The most (hyper)polar-
izable dimer at all levels of theory is In,As,, while surprisingly,
the one that exhibits the smallest (hyper)polarizabilities is Ga,P,.
Interestingly, the ALP, ground state cluster is almost as
hyperpolarizable as the GaAs dimer, despite the fact that Ga,As;
is evidently more polarizable. The trend predicted at the HF
level of theory with the aug-cc-pVDZ basis set properties holds
for all basis sets employed for both the mean dipole polariz-
abilities and the hyperpolarizabilities, All the HF, MP4, CCSD,
and CCSD(T) methods employed with the aug-cc-pVDZ basis
set provide a consistent order of the mean dipole (hyper)polar-
izabilities @ and y of the studied dimers:

o =In,As,>In,P,>Al,As,>Ga,As,>Al,P,>Ga,P,
y =In,As,>In,P, = Al,As,>Al,P, = Ga,As,>Ga,P,

It is important to point out that the second order MP theory
level provides the same ordering as the rest of the methods we
employed only for @, whereas in the case of ¥ the MP2 level
predicts that Al,As; is slightly more hyperpolarizable than In,P,.
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Figure 5. Schematic representation of (hyper)polarizability evolution
of the M,X, clusters (M = Al, Ga In, X = P, As) at the CCSD(T)/
aug-cc-pVDZ level of theory.

Interestingly, regardless of the method used the observed
property ordering does not match the number of electrons of
each cluster. For instance, Al,As; (46e) is more (hyper)polar-
izable than Ga,As, (64e).

A schematic representation of the (hyper)polarizability evolu-
tion for the dimer ground states as one moves down to the third
and the fifth row of the periodic table is presented in Figure 5.
It is clear that the replacement of the phosphorus with arsenic
increases consistently the (hyper)polarizabilities of the dimers.
The predicted increase at the CCSD(T)/aug-cc-pVDZ level of
theory for the mean polarizability amounts to 8.6—10% while
for the mean hyperpolarizability this increase varies between
15% and 18%. The largest increase of the polarizability
anisotropy is observed on going from Ga,P, to Ga,As; (8.7%)
and the smallest between In,P, and In,As, (3.1%). The obtained
trend predicted for the replacement of the phosphorus with
arsenic atoms correlates qualitatively with the increasing number
of electrons of the clusters and with the enlargement of the size
of the electronegative atom (atomic radius of P (rp) < atomic
radius of As (ra)).* Also, there is a very interesting correlation
associated with the decrease of the electronegativity difference
between the electropositive and the electronegative atoms of
the studied clusters. More specifically, the spectroscopic elec-
tronegativity differences™ Aypec converted to Pauling scaling
between [Al, Ga, In] and P are 0.640, 0.497, and 0.597 while
the corresponding electronegativity differences between [Al, Ga,
In] and As are 0.598, 0.455, and 0.555, respectively. In all cases
the differences for the arsenic derivatives are smaller than the
corresponding differences for the phosphorus clusters.

As we advance to the heavier group III elements both the
polarizabilities and second hyperpolarizabilities decrease from
Al to Ga, whereas their substantial increase is observed between
Ga and In. The previously revealed qualitative correlation
between the (hyper)polararizability increase and the increasing
number of electrons of the clusters holds only for Al-In and
Ga-In replacements. Also, the correlation between the decrease
in the atomic electronegativity differences is valid only in the
case of Al and In (Aygpec[Al-P(As)] = 0.640, (0.598); Ayspec(Al-
P(As)) = 0.597, (0.555)]. The only correlation that holds
throughout the entire group III is the one that involves the size
of the electropositive atoms (or their atomic polarizabilities).*’
Indeed, Ga is slightly smaller than Al, and In is much larger

Karamanis et al.

TABLE 5: HF and MP2 Values of the Mean Dipole
Polarizability (a/e? ay* E, '), the Polarizability Anisotropy
(Aa/e? ay? E, ), and the Mean Dipole Hyperpolarizability
(yle* ay* E, %) of the Trimers of This Study

a Ao y x 10°
Al3P3-Djy;, HF 178.15 79.48 75
aug-cc-pVTZ MP2 189.49 91.15 94
aug-cc-pVTZ MP2 209.64 105.02 112
G3.3P3—D3,, HF 172.18 79.79 72
aug-cc-pVTZ MP2 182.19 91.36 91
aug-cc-pVTZ MP2 203.79 105.35 118
In;P3-Dsy, HF 211.03 101.09 110
aug-cc-pVTZ-PP MP2 225.19 114.19 143
aug-cc-pVTZ-PP MP2 248.21 127.86 176
Al3P3-C; HF 204.31 98.95 172
aug-cc-pVTZ MP2 212.39 113.17 225
Al;As; HF 223.21 103.33 194
aug-cc-pVTZ MP2 230.42 118.74 258
GazP5-C; HF 192.60 98.67 134
aug-cc-pVTZ MP2 198.29 110.90 179
GazAss-C, HF 209.05 103.40 154
aug-cc-pVTZ-PP MP2 214.10 116.40 199
In3P3-C; HF 231.28 126.96 198
aug-cc-pVTZ-PP MP2 239.14 145.49 247
In3As;-Cy HF 252.33 134.19 229
aug-cc-pVTZ-PP MP2 259.07 152.75 287

than both Ga and Al. This points out that the reason which
explains the smaller size of the Ga atoms compared to Al atoms
could be related to the observed (hyper)polarizability decrease
from Al to Ga. It is well-known that the atomic radius of
Ga(3d'%24p') is slightly smaller than the Al(3s?p') atomic radius,
despite its larger number of electrons. This is caused by the
insufficient shielding that the 3d' electrons provide to the 4s%p’
valence electrons of Ga. As a result of this the valence electrons
of Ga experience a larger attraction from the nuclear charge
than the electrons of Al Considering that the (hyper)-
polarizabilities are valence related properties and as has been
demonstrated in the case of Al,P, are affected by the electrons
of the electropositive Al atoms, the described peculiarity of the
Ga atoms can explain qualitatively the smaller (hyper)polariz-
abilities of both Ga,P, and Ga,As, compared to Al,P, and
AlAs, clusters.

Table 5 summarizes the computed (hyper)polarizabilities of
the trimers considered in this work at the HF and MP2 level of
theory employed with the aug-cc-pVTZ basis set. Figure 6
displays the structural data optimized at the MP2/cc-pVTZ level
of theory for the two different configurations that represent the
trimers. At this level, both the D;, and C; configuration
correspond to true minima characterized by all real harmonic
vibrational frequencies.’>? Figure 7a sums up the relative
magnitudes of the mean dipole (hyper)polarizabilities of all
studied species. As expected, the trimers are more polarizable
than their corresponding dimers. Also, the C, configurations
exhibit larger polarizabilities than their planar isomers of Dj,
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Figure 6. MP2/cc-pVTZ optimized average bond lengths of M;X;
clusters (M = Al, Ga In, X = P, As).

symmetry. This picture changes dramatically for the mean
second hyperpolarizabilities. In this case the less hyperpolar-
izable species are the planar Dj, clusters. This is in perfect
agreement with a recent study by Karamanis and Leszczynski®®
on the (hyper)polarizabilities of selected AIP clusters of different
bonding and shapes. According to that study, Al,P, clusters
which are characterized by large charge transfer™ from the
electropositive Al atom to the electronegative P exhibit signifi-
cantly smaller hyperpolarizabilities than clusters in which the
charge transfer is smaller. Our present results reveal that this
trend holds for all the clusters since as it is shown in Figure 7¢
that the charge transfer that is estimated by the natural atomic
charges on each atom of the studied clusters is larger in the
case of the D3, trimers than for their C; isomers and their dimer
counterparts.

The predicted trends for both the polarizability and hyper-
polarizability in the case of the trimers of C; symmetry are
identical with the tendencies observed for the dimers. This can
be associated to a similar bonding pattern that characterizes both
the D, and C; clusters. For instance, for Al3As;-C; the atomic
electron configurations of the three Al(3s’p') atoms are
Al(1)[core]3s!833p%%6 Al(2)[core]3s!#3p%*, and Al(3)[core]-
3s!783p%80 (for the As(4s**p?) atoms the electronic configura-
tions are as follow: As(1)[core]4s'774p>3 and As(2,3) [core]-
4s'734p331), A similar picture holds for Al,As, in which the 3s
orbitals of the two Al atoms show comparable populations
(Al[core]3s'833p%%) with the Al atoms of Al;As;-C,. On the
other hand, in the case of Al;As; the atomic natural electron
configuration of the three Al(3s’p!) in the cluster is
[core]3s913p%23 while the natural electron configuration of
As(4s?p?) is represented by [core]3s'7'3p>®3. It is evident that
the population of the valence 3s orbitals of Al in the case of
the C; isomers is smaller than that in the case of its Dy,
counterpart.
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Figure 7. (a, b) Comparison of the mean dipole (hyper)polarizabilities
of M,X, M3X3-D3h and M}X}-Cg (M = A], Ga, Inand X = P, AS) at
the HF/aug-cc-pVTZ level of theory. (c) Schematic representation of
the natural atomic charge evolution computed at the MP2(full)/aug-
cc-pVDZ level of theory.

Conclusions

We have performed a systematic ab initio comparative
investigation on the (hyper)polarizabilities of selected 11—V
semiconductor clusters. For the MP2/cc-pVTZ level optimized
ground state structures of the dimer species our best HF results
for the mean dipole polarizability, the polarizability anisotropy,
and the mean second hyperpolarizability obtained with the aug-
cc-pVQZ basis set are as follows:

ae®a,”E,~"): ALP,=148.50, Al,As,=163.19, Ga,P,=139.18,
Ga,As, = 155.35, In,P,=172.49, In,As, = 188.98
Aa (¢’ a) B, "): ALP,=102.20, Al,As,=111.88, Ga,P,=108.18,
Ga,As, =117.89, In,P, = 149.01, In,As, = 154.59
7 a," E, ) ALP,=146x 10°, AL As, =171 x 10°,
Ga,P,=116x 10°, Ga,As, = 137 x 10°, In,P, = 170 x 10°,
InyAs, =198 x 10°

These values provide estimations of the (hyper)polarizabilities
near the HF limit. Electron correlation is very important for
the hyperpolarizabilities of those species since CCSD(T)
calculations with the aug-cc-pVDZ basis set predict that the
hyperpolarizabilities are at least 15—20% larger than those
predicted at the HF level. The analysis of the magnitudes of
the hyperpolarizabilities reveals that they are governed by the
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type of electropositive atom. All methods used predict that the
most hyperpolarizable clusters are the indium derivatives
whereas the less (hyper)polarizable species are composed by
gallium. Also, our results demonstrate how the bonding
characteristics of all the investigated clusters play a vital role
in their relative hyperpolarizabilities. Accordingly, clusters that
are characterized by significant electron transfer from the
electropositive atoms to the electronegative ones are less
hyperpolarizable than species in which the electron transfer is
smaller.
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