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Structural and electronic properties of Ge-Te clusters
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The atomic and electronic structures of IV-VI semiconductor clusterd&€én+m=<10) are investigated
using a real-space higher-order finite-differemateinitio pseudopotential method. Langevin molecular dynam-
ics coupled to a simulated annealing procedure allows us to find the geometries of ground-state and low-energy
structures fon=m andn=mx= 1. The binding energies, energy gaps, dipole moments, static polarizabilities,
and vibrational frequencies are calculated. The results are compared with available experimental data and
existing calculations on group 1V, llI-V, and 1I-VI semiconductor clusters. The polarizabilities of the clusters
considered are found to be very close to the bulk value with a nonmonotonic variation as a function of the
cluster size. Most of the lowest-energy structures have lower symmetries and larger energy gaps compared to
other isomers, indicating a higher stability of distorted, G, clusters, reminiscent of the Peierls distortions
observed in the solid and liquid phases of GeTe.
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[. INTRODUCTION appeared at the melting temperature and disappeared upon
going to higher temperaturésThis fascinating behavior ob-
Being an intermediate state of matter between free atomserved in bulk and liquid GeTe certainly raises the question
and bulk solids, atomic clusters, with their reduced dimen-whether similar phenomena can be observed inTEg
sionality and large surface-to-volume ratio, have uniqueclusters.
structural and electronic propertieéThe strong size depen- The goal of this paper is to predict and investigate the
dence of these properties potentially makes it possible tatomic and electronic structures of small clusters in this im-
fine-tune them for particular applications. As such, studiegportant IV-VI semiconductor and to make comparisons with
aimed at understanding the underlying physics of atomi@vailable experimental data and existing calculations for
clusters as a function of size are both fundamentally anather semiconductor clusters. So far, the only existing calcu-
technologically important. Most of the studies on small semiation on GgTe,, clusters® includes up to four atoms and
conductor clusters have so far been focused on group I\addresses the low-energy structures and the associated dipole
[1I-V, and II-VI clusters. Recently small clusters of the pro- moments. While we agree with the findings of this study in
totype IV-VI semiconductor GeTe have attracted experimengeneral, we find a lower energy distorted structure for
tal interest® The measured static polarizabilities were ob-GeTe. In addition, we consider clusters up to ten atoms and
served to be strongly temperature dependent for certain sizesalculate various other properties such as static polarizabil-
It was suggested that this strong temperature dependendees, binding energies, and vibrational frequencies. Our cal-
might be linked to the structural instabilities observed in bulkculations show that Gé@e,, clusters in general adopt lower-
GeTe. These observations combined with the limited inforsymmetry structures compared to group 1V, lll-V, and II-VI
mation available from experimental studies provide a strongemiconductor clusters. The widening of the gap from the
motivation for a theoretical study of GBe,, clusters. highest occupied molecular orbitdHOMO) to the lowest
GeTe is a rather interesting material based on the exisinoccupied molecular orbitdLUMO) upon going to lower-
tence of structural phase transitions both the crystalline  symmetry structures is usually accompanied by a gain in
and liquid states. It has long been known that bulk GeTeelectronic energy, similar to the Peierls distortions observed
undergoes a structural phase transition near 700 K from & the liquid and solid phases of GeTe. This behavior is fur-
high-temperatureB1 rocksalt phase to a lower-symmetry ther investigated for the case of ge, using vibrational
low-temperatureA7 rhombohedral phaseThis transition is  frequencies. The low symmetry observed in the ground-state
due to a three-dimensional Peierls distorfiom which a  structures of many G@e,, clusters gives rise to rather large
lower-symmetry structure with a gap at the Fermi level isdipole moments, suggesting a large ionic contribution to the
energetically favored over a metallic high-symmetry struc-finite-temperature static polarizabilities. In contrast with the
ture with a half-filledp band’ Recently, theoretical and ex- group IV, IlI-V, and 1I-VI clusters, where the polarizabilities
perimental evidence were presented for a similar Peierls disapproach the bulk value from abowecreasing as the clus-
tortion in the liquid phase of GeTe right above the meltingter size increasegsthe polarizabilities of Ggle,, clusters do
temperature near 1000 %A combination ofab initio mo-  not have a strong size dependence and are scattered around
lecular dynamics simulations with neutron scattering experithe bulk value. While some of the calculated polarizabilities
ments showed that a high degree of alternating chemical oare in good agreement with the experimental measurements,
der, reminiscent of the low-temperatuk& crystalline phase, there still remain puzzling discrepancies between theoretical
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values(at T=0 K) and the significantly small values mea- studies indeed coincided with results from LMD simulations.
sured at 38 K and some anomalously large values measured The polarizability calculations for Gée,, clusters were

at 300 K. carried out using a finite-field methdd?° This method is
particularly convenient in real-space calculations of confined
systems, as the potential due to an external electric Feld
can simply be added to the Kohn-Sham Hamiltonian as

Our calculations were performed entirely in real space A
using the higher-order finite-differencab initio pseudo- —h°V
potential method! We used Troullier-Martins psedo- 2m

potential$? in nonlocal fornt® generated from reference con- , , , .
figurations of 424p24d® (with core radii r.=2.6,r, where the effective potential4 contains the usual ionic,

=25 r.4=28au) and §5p*5d° (r..=2.6,r P Hartree, and exchange correlation terms, @n@r) and e,
—2.4 ry=3.2 au) for Ge and Te respectivecli/. For Te sca-d'e the one-electron eigenfunctions and eigenvalues, respec-
lar relativistic pseudopotentials were constructed using noniVely. The above equation is solved with infinitesimal exter-

linear core correction¥. The calculations were performed N@l electric fieldssF; pointing along all three Cartesian di-
within the local density approximatiofLDA) using the rections, and the total ener@ydifferences obtained allow us

Ceperley-Alder exchange-correlation functioffaln order o find the dipole momentg; and the polarizability tensor

to check the sensitivity of the results to the form of the @ij from
exchange-correlation functional, some small cluster calcula-

tions were repeated using a generalized gradient approxima-

tion (GGA) functional’® In the real-space higher-order
finite-difference method, the Kohn-Sham equations were_, , , ,
solved on a three-dimensional Cartesian grid of uniform grig>"ce the value measured in experiments is the average po-
spacingh=0.5 a.u. Convergence tests were carried out by@"1zability (@) =3 tr(a;)) = (@t ayy+ a;)/3, it is enough

reducingh down to 0.25 a.u in some cases. The clusters wer&? calculate only the diagonal componerys of the polariz-

placed in a spherical domain, outside which the wave func@Pllity tensor. The magnitude of the infinitesimal fied
hosen as 16 a.u. For this value of the electric field,

tions were required to vanish. The radius of each sphere wa¥as chosen as tric Tie
chosen so that the outermost atom was at least 7 a.u. aw§§/e polarizabilities calculf'ited from second-or_der finite differ-
from the boundary. For polarizability calculations, the radius€ces of the total energies and first-order differences of the
of the sphere was increased, since the results are rather sé&fiole moments fall within 1% of each other.
sitive to the tails of the wave functions. In this case, the
atoms were at least 12 a.u. away from the sphere boundary. [ll. RESULTS AND DISCUSSION

To find the ground-state atomic structures of, G, clus-
ters, we used Langevin molecular dynamitsD) coupled
to a simulated annealing proceddfeThe simulations were The calculated geometries for lowest energy structures of
started from a random atomic configuration at 2800 K, and>e,Te,, clusters are shown in the Fig. 1. The dimer bond
the temperature was reduced in steps of 500 K to final valutength is calculated to be 2.32 ét a grid spacindn of 0.25
of 300 K. At each temperature the clusters were equilibrate@.u), in agreement with recent calculations ofiBzs, Rubio,
for 90—100 time steps. Each time step was chosen to be 7 fand Martins(BRM).*® The calculated dipole for the dimer,
During LMD simulations, we used a friction coefficient 5 0.97 debyeD), is also in good agreement with BRM’s cal-
X 10~* a.u. After 300 K, the clusters were quenched to zercculated value of 0.98 D and experimental value of 1.06
temperature, and the ground-state atomic configurations were 0.07 D** As discussed by BRM, the dipole moment is
determined by the initially scaled variable-metric minimiza- very sensitive to the bond lengths; e.g., while the calculated
tion scheme of Broyden, Fletcher, Goldfarb, and Shdfino. bond length at the grid spacing bf=0.5 a.u. is less than 1%
For a binary cluster such as Ge-Te, the choice of the initiasmaller (2.30 A), the calculated dipole moment is 0.9 D.
atomic configuration plays an important role in finding the Also, the underestimation of the bond length with the LDA is
energetically favorable structures. At the start of the LMD consistent with our calculated dipole moment being slightly
simulations, we typically placed the Ge and Te atoms at ransmaller than the experimental value. When the calculations
dom positions around each other at distances of 1-1.3 timexe performed with a GGA functional, the dimer bond length
the dimer bond length. In spite of the randomness, samplinincreases, as expected, to 2.37 A, with a corresponding in-
the full phase space in a finite amount of time may not alcrease in the calculated dipole moment to 1.14 D.
ways be possible. In order to investigate a large portion of Both clusters withn+m=3 atoms, Ggle and GeTg
the phase space, we started our LMD simulations from sevhave a buckledC,, structure, as shown in Fig. 1. The struc-
eral random Ge-Te atomic configurations by interchangindgure and dipole moment for G&e agree very well with re-
various atoms and using chemical intuition. In addition, wesults of BRM: The interatomic distance in the equilateral
considered several other, usually high-symmetry, structuresiangle geometry of this cluster is found to be 2.53 A in this
from other semiconductor clusters as our starting point fostudy, while BRM find a value of 2.52 A, and the calculated
straightforward structural minimization without LMD simu- dipole moments are 0.28 D and 0.31 D, respectively. These
lations. In certain cases, the structures obtained from suckalues are in good agreement with the experimentally mea-

IIl. COMPUTATIONAL METHODS
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A. Structural properties
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) o ° atoms flip at nonzero temperatures back and forth between
Q@_O \% \5‘» two symmetric configurations with opposite dipole moments,
resulting in an average zero dipole moment.
For the equilibrium geometry of G&e, we obtained a
deformed tetrahedron wit@,, geometry as shown in Fig. 1.

This structure, for Ggle, can be viewed as a distorted
(buckled version of the planar rhombus wifb,;, symmetry,

iy which has consistently been found as the lowest-energy
g structure for group IMsuch as Siand Geg) (Refs. 1,17,19
(% and 22, group llI-IV (Ga,As,) (Refs. 19 and 28 and group

s II-VI (such as CsSe and CdS,) (Refs. 24 and 2bsemi-
Gejl'ep Gegler Gejles conductor clusters. In this IV-VI semiconductor, the higher-
symmetryD,y, rhombus is~0.4 eV higher in energy than
the buckledC,, structure. The symmetry of our lowest-
‘*‘«6- energy structure as well as the bond lengths agree quite well
l'/(/‘i."‘\;g"\ with the calculations of BRM: Our calculated Ge-Ge, Ge-Te,
‘4‘—\;. and Te-Te bond lengths are 3.07 A, 2.53 A, and 3.90 A,
while BRM’s values are 3.03 A, 2.57 A, and 3.87 A, respec-
tively. Our calculated dipole moment for this geometry is
0.14 D, while BRM find a value of 0.06 D. These values,
which as mentioned before are very sensitive to small
changes in bond lengths, are in fair agreement with the ef-
fective dipole moment of 0.23 D obtained from experiment.
The equilibrium structures for clusters witht m=5 are
also shown in Fig. 1. In general, we observe relatively low-
symmetry structures, particularly for Te-rich clusters. For ex-
ample, for five-atom clusters GBe, and GgTe;, the sym-
metries of the lowest-energy structures are found t&Chge
FIG. 1. Calculated ground-state geometries ofTeg clusters. ~and Cyy,, respectively. Similarly for the seven-atom cluster
The small shaded and large open circles represent Ge and Te atorfs&; T€; the symmetry is onlyC,;,, while GegTe, possesses
respectively. Distances are given in A. no symmetry at all. The loss of symmetry results in most of
these structures having large dipole moments reaching values
sured effective dipole moment of 0.8D.032 but not with ~ as large as 1.8 D to 2.0 D for GEe; and GgTe;, respec-
the permanent dipole moment estimates from a classicdively. The buckled rhombus geometry of e, is observed
analysis. The effect of the GGA is to increase the Ge-Teo be a common structural motif in most of these clusters. In
bond lengths to 2.72 A, while the Ge-Ge bond length in-general, the structures for GRe,, clusters assume different
creases to 2.55 A. For Gejeon the other hand, our calcu- and lower-symmetry structures with respect to their group
lated lowest-energy structure @f,, symmetry and a finite IV, lll-V, and II-VI counterparts. Even in cases where the
dipole moment of 0.99 D is not in agreement with thestructures look similasuch as Ggle, and GgTe,) the
BRM'’s result of a linear moleculel{..;, symmetry with a  1V-VI cluster always assumes a slightly distorted version of
vanishing dipole moment. Our calculated lowest-enetgy  the corresponding group IV or IlI-V semiconductor. One
structure is lower in energy than a local minimum linearsimilarity between these IV-VI and II-VI clusters investi-
structure by 0.25 eV. In order to eliminate possible sources ofjated earlier seems to be the peripheral distribution of the
discrepancy, we calculated the structural energy differenceshalcogenide atom Te. We believe this is a direct result of the
using the same pseudopotential parameters of BRM. StillCoulombic repulsions between the Te atoms, as put forward
the buckled structure was lower in ener@pout 0.3 eV this to explain the similar structural property of 3 and
time) than a linear molecule. The experimental observatiorCd,Se, clusters’*
that GeTe clusters seem to have no permanent dipole mo-
ments suggests that this molecule is probably linear. There-
fore, we also examined whether the GGA could change the
relative energy ordering of the two structures of GeTée The binding energies and HOMO-LUMO energy gaps for
found that the GGA actually favors the buckled structureGe,Te,, clusters are shown in Fig. 2. The binding energies
over the linear one more than the LDA, with the calculatedare observed to be generally increasing fren3.3 eV for
GGA energy difference increasing to 0.56 eV. Hence, ouiGeTe to~4.1 eV for GgTes. The local maxima in the bind-
finding of the lowest-energy structure with,, symmetry ing energies occurring for G&e,, Ge;Te;, and GgTe; sug-
could be due to experimental conditiofiénetic limitationg  gest that these clusters are relatively more stable than clus-
somehow sampling the slightly higher-energy linear mol-ters of nearby compositions. The relative higher stability of
ecule. Another possibility is that the experiment might bethese clusters is also evident when the HOMO-LUMO gaps
sampling buckled Gelemolecules in which the apex Ge in the same figure are taken into consideration. It should be

GeTe Gegl'e GeTep

Gegle,

Gefley

B. Electronic properties
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FIG. 2. Binding energies and HOMO-LUMO gaps of 3e,, = 12}
clusters. %‘ 10 P4
noted that since the LDA is most likely to underestimate the A8 { A 1
energy gap, these HOMO-LUMO gap values should not be 6 )
taken as the gaps to be compared with future experimental 4
work. Generally speaking, structures of higher stability tend £
to have higher HOMO-LUMO gapgalthough this is not a 21
strict rule and can certainly be violated in many systera —_—
obvious exception to this general observation comes from Number of Ge and Te atoms
clusters of two and three atoms. In going from the dimer to
the trimer, the HOMO-LUMO gaps drop consideralglyy FIG. 3. Polarizabilitiese of Ge,Te,, clusters. The upper panel

1.5-2 eV, while the binding energies increase slightly by shows only the theoretical values scattered with small fluctua-
~0.1-0.3 eV. Considering clusters with the same total numtions arounday,,,=5.85 A%, shown by the dotted horizontal line.
ber of atoms, the higher the Ge content, the more stable thEhe lower panel showgon an extended vertical scalboth theo-
structure is, as observed clearly for clusters of five, six, andetical and experimenta(Ref. 3 polarizabilites measured at
seven atoms. When the calculations are performed using theozzie=38 and 300 K.
GGA functional, we find, as expected, that both the HOMO-
LUMO gaps and binding energies drop compared to theienergy data on Fig. 2 shows that the lowest polarizabilities in
LDA values by~0.2-0.4 eV. this size regime are obtained for the two most stable clusters
Figure 3 shows the theoretical TEO K) and (GeTe, and GgTe;) with the largest HOMO-LUMO en-
experimental (at To,z= 300 and 38 K polarizabilities « ergy gaps.
plotted as a function of the cluster size foi- m=10 atoms. The calculated polarizabilities T&E0 K) for a few
Compared to group IV, IlI-V, and II-VI semiconductor clus- Gg,Te,, clusters agree quite well with the experimental po-
ters, the variation of calculated in this size regime with larizabilities within the error bars of the experiment, such as
cluster size is significantly reduced. For example, the smallGe;Te,, Ge,Tes, and GgTe,. However, for the rest of the
est and largest calculated polarizabilities per atom for thelusters considered, the agreement with experiment is not
clusters considered are 5.37 AGeTe,) and 6.03 &  very good. Interestingly, for G&e; and GeTe,, theoretical
(Ge, Te,)—respectively, i.e., a maximum variation of values have a better agreement with the experimental mea-
0.66 A%. This is in contrast to $i Ge,(n<10), GaAs,,  surements al =300 K than aff ,,,,&= 38 K. In fact, in
(n+m=10; n=m, n=m=1), and C¢Se, (n<5) clusters, all the clusters for which the agreement between experiment
where the corresponding variations are 2, & A3, 1.8 A3, and theory is not good, the theoretical results are lower than
and 1.6 &, respectively®?*?Another difference of the cal- the experimentall ,,,,=300 K results, which means that
culated polarizabilities for these IV-VI clusters in compari- finite-temperature calculations of the polarizabfiityand
son to other semiconductor clusters is the lack of a monoionic contributions due to large dipole momérit® can
tonic variation ofe as a function of the cluster size. In the make the agreement between theory and experiment at
group 1V, 1lI-V, and 1I-VI semiconductor clusters investi- Tnozze=300 K better. However, polarizabilities measured at
gated so far, the calculated polarizabilities decrease quit€nyzze=38 K, which are 2.41.6 A/atom for GgTe; and
monotonically as the cluster size increases, approaching tHée,Te,, and 2.5-0.3 A%/atom for GgTe, are much too
bulk limit from above. This bulk limita,,,,, which is calcu- small compared to the theoretical values scattered with small
lated within the dielectric sphere modelis 5.85 & for  fluctuations near,,. In addition to the smaller clusters
GeTe. The calculated values of GgTe,, clusters, as shown considered here, the measuredt T~ 38 K for some of
in Fig. 3, are scattered with small fluctuations aroung. the larger ones, such as [Ge;, GegTe;, GeTe;, GeTey,
Examination of Fig. 3 along with the energy gap and bindingGe;Teg, and GeTey, are similarly too small(around 3—
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4 A3/atom), which poses a very puzzling question as to how

such smalk values can be obtained for a significant number O=O=O
of Ge,Te,, clusters. The only exception to this observation is

GeTe;, for which the theoretical value at 38 K is within the GeTey GeTey
experimental error bars, and the measureat 300 K seems (sz) (Dooh)

much too large to be accounted for in terms of dipole mo-
ment contributions or temperature effects. Another slightly
puzzling issue is the variation of the polarizability for Ge-

and Te-rich clusters—namely, the measusiedalues for Ge-

rich clusters are higher than those for Te-rich clusters— O’=Q=‘O
whereas the calculations show just the opposite effiect

agreement with the general observation that HOMO-LUMO Gesle

gaps for Ge-rich clusters are larger than those of Te-rich Geyle (Dooh)

ones. In short, while the calculations presented here are in (C2 )

agreement with some experimental data and some aspects of v

the experimental findingsuch as calculation of large dipole

moments suggesting the experimentally observed strong

temperature dependence ®f, the actual small magnitudes %

of low-temperature polarizabilities and some anomalously

large high-temperature polarizabilities still remain a mystery. Gejley GeAT
As stated in the previous section, the calculated ground- (C2v) ©2l2

state structures of G&e, clusters have lower symmetries (D2h)

compared to other semiconductor clusters. At a given com-

position, the potential energy surfaces of, B, clusters
possess local minima corresponding to higher-symmetry
structures. The symmetry breaking for the global minimum
is accompanied by a considerable gain in electronic energy

and (usually a widening of the HOMO-LUMO gap, remi-

niscent of the Peierls distortion observed in solid and liquid Gegles Gejles

GeTe. This general observation is illustrated by considering (Clh) (D3h)

the particular clusters GeJeGe, Te, GeTe,, and GgTe; in

Fig. 4. For the case of trimers GgTland GgTe, the struc- FIG. 4. Geometries and symmetries of ground state structures

tures with buckledC,, symmetry are lower in energy than (left column in comparison to some higher-energy isom@ight
the linear structures db..;, symmetry by 0.25 eV and 2.15 column of GeTe, GeTe, GgTe,, and GgTe; clusters.

eV, respectively. For the tetramer ge,, the structure of
lower C,, symmetry is energetically more favorable than
planar structure oD,, symmetry by 0.4 eV. Similarly, for

aphonon softening observed in the bulkL to A7 phase
transition® A complete determination of the vibrational fre-

th i the C i fruct h quencies for all ground-state and local minima clusters is a
e pentamer Gde;, the C,, symmetry structure has a major task; hence, we considered only one prototype ex-

lower energy than a structure Bfs, symmetry by O_'45 ev. ample(from Fig. 4 to calculate its vibrational frequencies in
Except for GeTg, the lower-energy structures in Fig. 4 also i, high- and low-symmetry structures: namely,,G® in
have larger HOMO-LUMO gaps compared to more symmetine planar D,,) and buckled C,,) geometries. In order to
ric higher-energy structures. For example, the lineagT8e gptain the vibrational frequencies, we calculated the dynami-
has an almost vanishing gap, while the bucklegTeenas a  cal matrixD;, ;4 given by the second-order derivative of the
gap of 1 eV. In GgTe, and GegTe;, the increase in the gaps total energyE or the first-order derivative of the forces with
in going from the high- to low-symmetry structures are 0.75respect to ionic displacements as

eV and 1.3 eV, respectively. The only exception to this gen-

eral observation comes from the linear versus buckled struc- 1 ¢°E 1 oF

tures of GeTg. While we consistentlywith respect to the Dia,iﬁzﬁi JRIRE - m JRE’ ©)
LDA versus the GGA, different pseudopotential, redubed e !

etc) find the buckled GeTelower in energy than the linear whereR" andF{" represent the displacement of and the force
one, the linear GeTehas a surprisingly large HOMO- on atomi in the « direction. Diagonalization oD, ;; gives
LUMO gap of 2.5 eV, which is larger than that of the buck- the vibrational frequencies and the corresponding
led structure by~1.1 eV. eigenmode$?

The relative stability of lower-symmetry structures in  The results for the six vibrational frequencies of,&&
Ge,Te,, clusters can also be expected to manifest itself in thén the two structures are summarized in Table |, and Fig. 5
vibrational frequencies of particular modes for the high- andshows the relevant eigenmodes for thg, planar structure.
low-symmetry structures. In fact, one of the possible explain general, the modes become softer in going from@hg
nations for the strong temperature dependence of polarizabistructure to theD,,, structure, but major softenings are ob-
ities of certain GgTe,, cluster$® is based on some kind of served in the two mode&, and B3, of the D,;, structure,
an ionic instability in analogy with the transverse optical which are at 92 cm! and 80 cm'!, respectively. The corre-
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TABLE |. Vibrational frequenciegin cm™ 1) and corresponding
normal modes for the plandd,, and buckledC,, structures of
GeTe,.

Dan Co
Mode Frequency Mode Frequency

Ba, 80 B, 175

Ag 92 A 198 A B

B 192 B 204 € 3¢
3g 2

Aq 234 A 275

Bou 242 B, 224

B1, 246 A, 288
sponding modes in th€,, structure A; and B; from the
compatibility relationy are more than twice these values, at

175 cm ! and 192 cm?, respectively. Not surprisingly,

these modes correspond to into- and out-of-plaBg,) A, 32u By,
and in-plane out-of-phase pairing\{) motions of the Ge o o
and Te atoms. While the vibrational frequency for Bg, FIG. 5. The vibrational modes of GEe; in its planar structure

mode is still real—hence the planBr,, structure is stable of D,,, symmetry. The smal!er shaded and Iarger open circles rep-
with respect to Ge and Te atoms moving along the'esent Ge and Te, respectively. The and — signs for theBg,
+ z-directions—the mode is very soft compared to the cor-mode represent the perpendicular motions of Te and Ge atoms in

respondingd; mode in the buckled structure. This indicates and out of the plane.

the tendency of the plan&r,; structure to distort to a lower-  of ground-state and low-energy isomer structures, dipole mo-
symmetry structure, in which the distortions of Ge and Tements, binding energies, HOMO-LUMO gaps, static polariz-
atoms, as suggested by tBg, eigenmodes, are indeed as abilities, and vibrational frequencies, were calculated. While
those observed in the buckl€}, structure. This is an inter- the calculated polarizabilities agree well for some of the
esting manifestation of Peierls distortion observed in boticlusters with experimental data, most of the experimental
solid and liquid phases of GeTe in its metastable clustevalues afT,,,=38 K remain much too small compared to
phase. In addition, in going from tHe,,, to the C,, struc- the theoretical values. Furthermore, while some of the large
tures, the Ge-Ge interatomic distance decreases @yt A,  polarizabilities measured at 300 K can be explained through
while the Te-Te distance increases slightly. These relaxationgnic contributions due to large dipole moments and tem-
do indeed correspond to the other soft modg)(of theD,,  perature effects, some polarizabilites remain anomalously
structure at 92 cm'. These observations suggest that furthedarge with respect to theoretical values. Our calculations
examinations of the vibrational frequencies and modes ishow that GgTe, clusters tend to adopt low-symmetry
low- and high-symmetry structures will be very instructional structures with large dipole moments when compared with
and could be useful in understanding the strong temperatuigroup 1V, IlI-V, and [I-VI semiconductor clusters. Examina-
dependence of polarizabilities for particular sizes of Teg, ~ tion of binding energies, HOMO-LUMO gaps, and vibra-
clusters. tional frequencies for ground-state and higher-symmetry
structures of selected clusters indicates that this tendency can
be attributed to Peierls distortions, which are also observed
in the solid and liquid phases of GeTe. This fascinating be-

In summary, we have performed a detailed investigatiorhavior of GgTe,, clusters for larger sizes as well as the un-
of structural and electronic properties of small, &g, (n resolved discrepancies regarding the polarizabilities mea-
+m=10) clusters in real space using an initio pseudopo- sured at T,,,,=38 and 300 K suggests that further
tential total energy method and Langevin molecular dynamtheoretical and experimental studies are necessary to achieve
ics coupled to a simulated annealing procedure. Varioua better understanding of the rich physics and chemistry of
properties of these group IV-VI clusters, such as geometriethese 1V-VI semiconductor clusters.

IV. SUMMARY
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