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Structural and electronic properties of Ge-Te clusters

Ramkumar Natarajan
Department of Civil and Materials Engineering, University of Illinois at Chicago, Chicago, Illinois 60607, USA

Serdar Öğüt
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The atomic and electronic structures of IV-VI semiconductor clusters GenTem(n1m<10) are investigated
using a real-space higher-order finite-differenceab initio 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 forn5m andn5m61. 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 IV, III-V, and II-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 GenTem clusters, reminiscent of the Peierls distortions
observed in the solid and liquid phases of GeTe.

DOI: 10.1103/PhysRevB.67.235326 PACS number~s!: 61.46.1w, 36.40.Cg
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I. INTRODUCTION

Being an intermediate state of matter between free at
and bulk solids, atomic clusters, with their reduced dim
sionality and large surface-to-volume ratio, have uniq
structural and electronic properties.1,2 The strong size depen
dence of these properties potentially makes it possible
fine-tune them for particular applications. As such, stud
aimed at understanding the underlying physics of ato
clusters as a function of size are both fundamentally
technologically important. Most of the studies on small sem
conductor clusters have so far been focused on group
III-V, and II-VI clusters. Recently small clusters of the pr
totype IV-VI semiconductor GeTe have attracted experim
tal interest.3,4 The measured static polarizabilities were o
served to be strongly temperature dependent for certain s
It was suggested that this strong temperature depend
might be linked to the structural instabilities observed in b
GeTe. These observations combined with the limited inf
mation available from experimental studies provide a stro
motivation for a theoretical study of GenTem clusters.

GeTe is a rather interesting material based on the e
tence of structural phase transitions inboth the crystalline
and liquid states. It has long been known that bulk Ge
undergoes a structural phase transition near 700 K fro
high-temperatureB1 rocksalt phase to a lower-symmet
low-temperatureA7 rhombohedral phase.5 This transition is
due to a three-dimensional Peierls distortion,6 in which a
lower-symmetry structure with a gap at the Fermi level
energetically favored over a metallic high-symmetry stru
ture with a half-filledp band.7 Recently, theoretical and ex
perimental evidence were presented for a similar Peierls
tortion in the liquid phase of GeTe right above the melti
temperature near 1000 K.8 A combination ofab initio mo-
lecular dynamics simulations with neutron scattering exp
ments showed that a high degree of alternating chemica
der, reminiscent of the low-temperatureA7 crystalline phase
0163-1829/2003/67~23!/235326~7!/$20.00 67 2353
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appeared at the melting temperature and disappeared
going to higher temperatures.9 This fascinating behavior ob
served in bulk and liquid GeTe certainly raises the quest
whether similar phenomena can be observed in GenTem
clusters.

The goal of this paper is to predict and investigate
atomic and electronic structures of small clusters in this
portant IV-VI semiconductor and to make comparisons w
available experimental data and existing calculations
other semiconductor clusters. So far, the only existing ca
lation on GenTem clusters10 includes up to four atoms an
addresses the low-energy structures and the associated d
moments. While we agree with the findings of this study
general, we find a lower energy distorted structure
GeTe2. In addition, we consider clusters up to ten atoms a
calculate various other properties such as static polariza
ities, binding energies, and vibrational frequencies. Our c
culations show that GenTem clusters in general adopt lower
symmetry structures compared to group IV, III-V, and II-V
semiconductor clusters. The widening of the gap from
highest occupied molecular orbital~HOMO! to the lowest
unoccupied molecular orbital~LUMO! upon going to lower-
symmetry structures is usually accompanied by a gain
electronic energy, similar to the Peierls distortions obser
in the liquid and solid phases of GeTe. This behavior is f
ther investigated for the case of Ge2Te2 using vibrational
frequencies. The low symmetry observed in the ground-s
structures of many GenTem clusters gives rise to rather larg
dipole moments, suggesting a large ionic contribution to
finite-temperature static polarizabilities. In contrast with t
group IV, III-V, and II-VI clusters, where the polarizabilitie
approach the bulk value from above~decreasing as the clus
ter size increases!, the polarizabilities of GenTem clusters do
not have a strong size dependence and are scattered a
the bulk value. While some of the calculated polarizabiliti
are in good agreement with the experimental measureme
there still remain puzzling discrepancies between theoret
©2003 The American Physical Society26-1
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values~at T50 K) and the significantly small values me
sured at 38 K and some anomalously large values meas
at 300 K.

II. COMPUTATIONAL METHODS

Our calculations were performed entirely in real spa
using the higher-order finite-differenceab initio pseudo-
potential method.11 We used Troullier-Martins psedo
potentials12 in nonlocal form13 generated from reference con
figurations of 4s24p24d0 ~with core radii r cs52.6, r cp
52.5, r cd52.8 a.u.) and 5s25p45d0 (r cs52.6, r cp
52.4, r cd53.2 a.u.) for Ge and Te, respectively. For Te, s
lar relativistic pseudopotentials were constructed using n
linear core corrections.14 The calculations were performe
within the local density approximation~LDA ! using the
Ceperley-Alder exchange-correlation functional.15 In order
to check the sensitivity of the results to the form of t
exchange-correlation functional, some small cluster calc
tions were repeated using a generalized gradient approx
tion ~GGA! functional.16 In the real-space higher-orde
finite-difference method, the Kohn-Sham equations w
solved on a three-dimensional Cartesian grid of uniform g
spacingh50.5 a.u. Convergence tests were carried out
reducingh down to 0.25 a.u in some cases. The clusters w
placed in a spherical domain, outside which the wave fu
tions were required to vanish. The radius of each sphere
chosen so that the outermost atom was at least 7 a.u. a
from the boundary. For polarizability calculations, the rad
of the sphere was increased, since the results are rather
sitive to the tails of the wave functions. In this case, t
atoms were at least 12 a.u. away from the sphere bound

To find the ground-state atomic structures of GenTem clus-
ters, we used Langevin molecular dynamics~LMD ! coupled
to a simulated annealing procedure.17 The simulations were
started from a random atomic configuration at 2800 K, a
the temperature was reduced in steps of 500 K to final va
of 300 K. At each temperature the clusters were equilibra
for 90–100 time steps. Each time step was chosen to be
During LMD simulations, we used a friction coefficient
31024 a.u. After 300 K, the clusters were quenched to z
temperature, and the ground-state atomic configurations w
determined by the initially scaled variable-metric minimiz
tion scheme of Broyden, Fletcher, Goldfarb, and Shann18

For a binary cluster such as Ge-Te, the choice of the in
atomic configuration plays an important role in finding t
energetically favorable structures. At the start of the LM
simulations, we typically placed the Ge and Te atoms at r
dom positions around each other at distances of 1–1.3 ti
the dimer bond length. In spite of the randomness, samp
the full phase space in a finite amount of time may not
ways be possible. In order to investigate a large portion
the phase space, we started our LMD simulations from s
eral random Ge-Te atomic configurations by interchang
various atoms and using chemical intuition. In addition,
considered several other, usually high-symmetry, structu
from other semiconductor clusters as our starting point
straightforward structural minimization without LMD simu
lations. In certain cases, the structures obtained from s
23532
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studies indeed coincided with results from LMD simulation
The polarizability calculations for GenTem clusters were

carried out using a finite-field method.19,20 This method is
particularly convenient in real-space calculations of confin
systems, as the potential due to an external electric fielF
can simply be added to the Kohn-Sham Hamiltonian as

S 2\2¹2

2m
1veff~r !2eF•r Dfn~r !5enfn~r !, ~1!

where the effective potentialveff contains the usual ionic
Hartree, and exchange correlation terms, andcn(r ) and en
are the one-electron eigenfunctions and eigenvalues, res
tively. The above equation is solved with infinitesimal exte
nal electric fieldsdFi pointing along all three Cartesian d
rections, and the total energyE differences obtained allow u
to find the dipole momentsm i and the polarizability tenso
a i j from

a i j 5
]m i~F !

]F j
52

]2E~F !

]Fi]F j
, i , j 5x,y,z. ~2!

Since the value measured in experiments is the average
larizability ^a&5 1

3 tr(a i j )5(axx1ayy1azz)/3, it is enough
to calculate only the diagonal componentsa i i of the polariz-
ability tensor. The magnitude of the infinitesimal fielddF
was chosen as 1023 a.u. For this value of the electric field
the polarizabilities calculated from second-order finite diffe
ences of the total energies and first-order differences of
dipole moments fall within 1% of each other.

III. RESULTS AND DISCUSSION

A. Structural properties

The calculated geometries for lowest energy structure
GenTem clusters are shown in the Fig. 1. The dimer bo
length is calculated to be 2.32 Å~at a grid spacingh of 0.25
a.u.!, in agreement with recent calculations of Ba`lbas, Rubio,
and Martins~BRM!.10 The calculated dipole for the dime
0.97 debye~D!, is also in good agreement with BRM’s ca
culated value of 0.98 D and experimental value of 1.
60.07 D.21 As discussed by BRM, the dipole moment
very sensitive to the bond lengths; e.g., while the calcula
bond length at the grid spacing ofh50.5 a.u. is less than 1%
smaller ~2.30 Å!, the calculated dipole moment is 0.9 D
Also, the underestimation of the bond length with the LDA
consistent with our calculated dipole moment being sligh
smaller than the experimental value. When the calculati
are performed with a GGA functional, the dimer bond leng
increases, as expected, to 2.37 Å, with a corresponding
crease in the calculated dipole moment to 1.14 D.

Both clusters withn1m53 atoms, Ge2Te and GeTe2,
have a buckledC2v structure, as shown in Fig. 1. The stru
ture and dipole moment for Ge2Te agree very well with re-
sults of BRM: The interatomic distance in the equilate
triangle geometry of this cluster is found to be 2.53 Å in th
study, while BRM find a value of 2.52 Å, and the calculat
dipole moments are 0.28 D and 0.31 D, respectively. Th
values are in good agreement with the experimentally m
6-2
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STRUCTURAL AND ELECTRONIC PROPERTIES OF Ge- . . . PHYSICAL REVIEW B67, 235326 ~2003!
sured effective dipole moment of 0.3160.03,3 but not with
the permanent dipole moment estimates from a class
analysis. The effect of the GGA is to increase the Ge
bond lengths to 2.72 Å, while the Ge-Ge bond length
creases to 2.55 Å. For GeTe2, on the other hand, our calcu
lated lowest-energy structure ofC2v symmetry and a finite
dipole moment of 0.99 D is not in agreement with t
BRM’s result of a linear molecule (D`h symmetry! with a
vanishing dipole moment. Our calculated lowest-energyC2v
structure is lower in energy than a local minimum line
structure by 0.25 eV. In order to eliminate possible source
discrepancy, we calculated the structural energy differen
using the same pseudopotential parameters of BRM. S
the buckled structure was lower in energy~about 0.3 eV this
time! than a linear molecule. The experimental observat
that GeTe2 clusters seem to have no permanent dipole m
ments suggests that this molecule is probably linear. Th
fore, we also examined whether the GGA could change
relative energy ordering of the two structures of GeTe2. We
found that the GGA actually favors the buckled structu
over the linear one more than the LDA, with the calculat
GGA energy difference increasing to 0.56 eV. Hence,
finding of the lowest-energy structure withC2v symmetry
could be due to experimental conditions~kinetic limitations!
somehow sampling the slightly higher-energy linear m
ecule. Another possibility is that the experiment might
sampling buckled GeTe2 molecules in which the apex G

FIG. 1. Calculated ground-state geometries of GenTem clusters.
The small shaded and large open circles represent Ge and Te a
respectively. Distances are given in Å.
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atoms flip at nonzero temperatures back and forth betw
two symmetric configurations with opposite dipole momen
resulting in an average zero dipole moment.

For the equilibrium geometry of Ge2Te2 we obtained a
deformed tetrahedron withC2v geometry as shown in Fig. 1
This structure, for Ge2Te2 can be viewed as a distorte
~buckled! version of the planar rhombus withD2h symmetry,
which has consistently been found as the lowest-ene
structure for group IV~such as Si4 and Ge4) ~Refs. 1,17,19
and 22!, group III-IV (Ga2As2) ~Refs. 19 and 23!, and group
II-VI ~such as Cd2Se2 and Cd2S2) ~Refs. 24 and 25! semi-
conductor clusters. In this IV-VI semiconductor, the highe
symmetryD2h rhombus is;0.4 eV higher in energy than
the buckledC2v structure. The symmetry of our lowes
energy structure as well as the bond lengths agree quite
with the calculations of BRM: Our calculated Ge-Ge, Ge-T
and Te-Te bond lengths are 3.07 Å, 2.53 Å, and 3.90
while BRM’s values are 3.03 Å, 2.57 Å, and 3.87 Å, respe
tively. Our calculated dipole moment for this geometry
0.14 D, while BRM find a value of 0.06 D. These value
which as mentioned before are very sensitive to sm
changes in bond lengths, are in fair agreement with the
fective dipole moment of 0.23 D obtained from experime

The equilibrium structures for clusters withn1m>5 are
also shown in Fig. 1. In general, we observe relatively lo
symmetry structures, particularly for Te-rich clusters. For e
ample, for five-atom clusters Ge3Te2 and Ge2Te3, the sym-
metries of the lowest-energy structures are found to beC2v
and C1h , respectively. Similarly for the seven-atom clust
Ge4Te3 the symmetry is onlyC1h , while Ge3Te4 possesses
no symmetry at all. The loss of symmetry results in most
these structures having large dipole moments reaching va
as large as 1.8 D to 2.0 D for Ge4Te3 and Ge3Te3, respec-
tively. The buckled rhombus geometry of Ge2Te2 is observed
to be a common structural motif in most of these clusters
general, the structures for GenTem clusters assume differen
and lower-symmetry structures with respect to their gro
IV, III-V, and II-VI counterparts. Even in cases where th
structures look similar~such as Ge3Te2 and Ge4Te4) the
IV-VI cluster always assumes a slightly distorted version
the corresponding group IV or III-V semiconductor. On
similarity between these IV-VI and II-VI clusters invest
gated earlier seems to be the peripheral distribution of
chalcogenide atom Te. We believe this is a direct result of
Coulombic repulsions between the Te atoms, as put forw
to explain the similar structural property of CdnSn and
CdnSen clusters.24

B. Electronic properties

The binding energies and HOMO-LUMO energy gaps
GenTem clusters are shown in Fig. 2. The binding energ
are observed to be generally increasing from;3.3 eV for
GeTe to;4.1 eV for Ge5Te5. The local maxima in the bind-
ing energies occurring for Ge3Te2 , Ge3Te3, and Ge4Te3 sug-
gest that these clusters are relatively more stable than c
ters of nearby compositions. The relative higher stability
these clusters is also evident when the HOMO-LUMO ga
in the same figure are taken into consideration. It should

ms,
6-3



th
b
n
n

o
t

y
m
t
n
t

O
e

-

a
th

f

-
ri-
no
e
i-
u
t

in

s in
ters

o-
as

not

ea-

ent
han
t

t at
at

all
s

l
-
.

t

RAMKUMAR NATARAJAN AND SERDAR ÖĞÜT PHYSICAL REVIEW B 67, 235326 ~2003!
noted that since the LDA is most likely to underestimate
energy gap, these HOMO-LUMO gap values should not
taken as the gaps to be compared with future experime
work. Generally speaking, structures of higher stability te
to have higher HOMO-LUMO gaps~although this is not a
strict rule and can certainly be violated in many systems!. An
obvious exception to this general observation comes fr
clusters of two and three atoms. In going from the dimer
the trimer, the HOMO-LUMO gaps drop considerably~by
1.5–2 eV!, while the binding energies increase slightly b
;0.1–0.3 eV. Considering clusters with the same total nu
ber of atoms, the higher the Ge content, the more stable
structure is, as observed clearly for clusters of five, six, a
seven atoms. When the calculations are performed using
GGA functional, we find, as expected, that both the HOM
LUMO gaps and binding energies drop compared to th
LDA values by;0.2–0.4 eV.

Figure 3 shows the theoretical (T50 K) and
experimental3 ~at Tnozzle5300 and 38 K! polarizabilitiesa
plotted as a function of the cluster size forn1m<10 atoms.
Compared to group IV, III-V, and II-VI semiconductor clus
ters, the variation of calculateda in this size regime with
cluster size is significantly reduced. For example, the sm
est and largest calculated polarizabilities per atom for
clusters considered are 5.37 Å3 (Ge3Te2) and 6.03 Å3

(Ge4Te4)—respectively, i.e., a maximum variation o
0.66 Å3. This is in contrast to Sin , Gen(n<10), GanAsm
(n1m<10; n5m, n5m61), and CdnSen (n<5) clusters,
where the corresponding variations are 2 Å3, 2 Å3, 1.8 Å3,
and 1.6 Å3, respectively.19,24,26Another difference of the cal
culated polarizabilities for these IV-VI clusters in compa
son to other semiconductor clusters is the lack of a mo
tonic variation ofa as a function of the cluster size. In th
group IV, III-V, and II-VI semiconductor clusters invest
gated so far, the calculated polarizabilities decrease q
monotonically as the cluster size increases, approaching
bulk limit from above. This bulk limitabulk , which is calcu-
lated within the dielectric sphere model,3 is 5.85 Å3 for
GeTe. The calculateda values of GenTem clusters, as shown
in Fig. 3, are scattered with small fluctuations aroundabulk .
Examination of Fig. 3 along with the energy gap and bind

FIG. 2. Binding energies and HOMO-LUMO gaps of GenTem

clusters.
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energy data on Fig. 2 shows that the lowest polarizabilitie
this size regime are obtained for the two most stable clus
(Ge3Te2 and Ge4Te3) with the largest HOMO-LUMO en-
ergy gaps.

The calculated polarizabilities (T50 K) for a few
GenTem clusters agree quite well with the experimental p
larizabilities within the error bars of the experiment, such
Ge3Te2 , Ge2Te3, and Ge2Te4. However, for the rest of the
clusters considered, the agreement with experiment is
very good. Interestingly, for Ge3Te3 and Ge2Te4, theoretical
values have a better agreement with the experimental m
surements atTnozzle5300 K than atTnozzle538 K. In fact, in
all the clusters for which the agreement between experim
and theory is not good, the theoretical results are lower t
the experimentalTnozzle5300 K results, which means tha
finite-temperature calculations of the polarizability27 and
ionic contributions due to large dipole moments19,26 can
make the agreement between theory and experimen
Tnozzle5300 K better. However, polarizabilities measured
Tnozzle538 K, which are 2.461.6 Å3/atom for Ge3Te3 and
Ge2Te4, and 2.560.3 Å3/atom for Ge4Te4 are much too
small compared to the theoretical values scattered with sm
fluctuations nearabulk . In addition to the smaller cluster
considered here, the measureda at Tnozzle538 K for some of
the larger ones, such as Ge4Te6 , Ge5Te6 , Ge6Te6 , Ge5Te7 ,
Ge7Te8, and Ge7Te9, are similarly too small~around 3–

FIG. 3. Polarizabilitiesa of GenTem clusters. The upper pane
shows only the theoreticala values scattered with small fluctua
tions aroundabulk55.85 Å3, shown by the dotted horizontal line
The lower panel shows~on an extended vertical scale! both theo-
retical and experimental~Ref. 3! polarizabilities measured a
Tnozzle538 and 300 K.
6-4
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STRUCTURAL AND ELECTRONIC PROPERTIES OF Ge- . . . PHYSICAL REVIEW B67, 235326 ~2003!
4 Å3/atom), which poses a very puzzling question as to h
such smalla values can be obtained for a significant numb
of GenTem clusters. The only exception to this observation
Ge5Te5, for which the theoretical value at 38 K is within th
experimental error bars, and the measureda at 300 K seems
much too large to be accounted for in terms of dipole m
ment contributions or temperature effects. Another sligh
puzzling issue is the variation of the polarizability for G
and Te-rich clusters—namely, the measureda values for Ge-
rich clusters are higher than those for Te-rich cluster
whereas the calculations show just the opposite effect~in
agreement with the general observation that HOMO-LUM
gaps for Ge-rich clusters are larger than those of Te-
ones!. In short, while the calculations presented here are
agreement with some experimental data and some aspec
the experimental findings~such as calculation of large dipol
moments suggesting the experimentally observed str
temperature dependence ofa), the actual small magnitude
of low-temperature polarizabilities and some anomalou
large high-temperature polarizabilities still remain a myste

As stated in the previous section, the calculated grou
state structures of GenTem clusters have lower symmetrie
compared to other semiconductor clusters. At a given co
position, the potential energy surfaces of GenTem clusters
possess local minima corresponding to higher-symm
structures. The symmetry breaking for the global minimu
is accompanied by a considerable gain in electronic ene
and ~usually! a widening of the HOMO-LUMO gap, remi
niscent of the Peierls distortion observed in solid and liq
GeTe. This general observation is illustrated by consider
the particular clusters GeTe2 , Ge2Te, Ge2Te2, and Ge2Te3 in
Fig. 4. For the case of trimers GeTe2 and Ge2Te, the struc-
tures with buckledC2v symmetry are lower in energy tha
the linear structures ofD`h symmetry by 0.25 eV and 2.1
eV, respectively. For the tetramer Ge2Te2, the structure of
lower C2v symmetry is energetically more favorable than
planar structure ofD2h symmetry by 0.4 eV. Similarly, for
the pentamer Ge2Te3, the C1h symmetry structure has
lower energy than a structure ofD3h symmetry by 0.45 eV.
Except for GeTe2, the lower-energy structures in Fig. 4 als
have larger HOMO-LUMO gaps compared to more symm
ric higher-energy structures. For example, the linear Ge2Te
has an almost vanishing gap, while the buckled Ge2Te has a
gap of 1 eV. In Ge2Te2 and Ge2Te3, the increase in the gap
in going from the high- to low-symmetry structures are 0.
eV and 1.3 eV, respectively. The only exception to this g
eral observation comes from the linear versus buckled st
tures of GeTe2. While we consistently~with respect to the
LDA versus the GGA, different pseudopotential, reducedh,
etc.! find the buckled GeTe2 lower in energy than the linea
one, the linear GeTe2 has a surprisingly large HOMO
LUMO gap of 2.5 eV, which is larger than that of the buc
led structure by;1.1 eV.

The relative stability of lower-symmetry structures
GenTem clusters can also be expected to manifest itself in
vibrational frequencies of particular modes for the high- a
low-symmetry structures. In fact, one of the possible exp
nations for the strong temperature dependence of polariz
ities of certain GenTem clusters3,28 is based on some kind o
an ionic instability in analogy with the transverse optic
23532
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phonon softening observed in the bulkB1 to A7 phase
transition.5 A complete determination of the vibrational fre
quencies for all ground-state and local minima clusters i
major task; hence, we considered only one prototype
ample~from Fig. 4! to calculate its vibrational frequencies i
the high- and low-symmetry structures: namely, Ge2Te2 in
the planar (D2h) and buckled (C2v) geometries. In order to
obtain the vibrational frequencies, we calculated the dyna
cal matrixDia, j b given by the second-order derivative of th
total energyE or the first-order derivative of the forces wit
respect to ionic displacements as

Dia, j b5
1

mi

]2E

]Ri
a]Rj

b
52

1

mi

]Fi
a

]Rj
b

, ~3!

whereRi
a andFi

a represent the displacement of and the for
on atomi in thea direction. Diagonalization ofDia, j b gives
the vibrational frequencies and the correspond
eigenmodes.29

The results for the six vibrational frequencies of Ge2Te2
in the two structures are summarized in Table I, and Fig
shows the relevant eigenmodes for theD2h planar structure.
In general, the modes become softer in going from theC2v
structure to theD2h structure, but major softenings are o
served in the two modesAg and B3u of the D2h structure,
which are at 92 cm21 and 80 cm21, respectively. The corre

FIG. 4. Geometries and symmetries of ground state struct
~left column! in comparison to some higher-energy isomers~right
column! of GeTe2 , Ge2Te, Ge2Te2, and Ge2Te3 clusters.
6-5
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sponding modes in theC2v structure (A1 and B1 from the
compatibility relations! are more than twice these values,
175 cm21 and 192 cm21, respectively. Not surprisingly
these modes correspond to into- and out-of-plane (B3u)
and in-plane out-of-phase pairing (Ag) motions of the Ge
and Te atoms. While the vibrational frequency for theB3u
mode is still real—hence the planarD2h structure is stable
with respect to Ge and Te atoms moving along
6z-directions—the mode is very soft compared to the c
respondingB1 mode in the buckled structure. This indicat
the tendency of the planarD2h structure to distort to a lower
symmetry structure, in which the distortions of Ge and
atoms, as suggested by theB3u eigenmodes, are indeed a
those observed in the buckledC2v structure. This is an inter
esting manifestation of Peierls distortion observed in b
solid and liquid phases of GeTe in its metastable clus
phase. In addition, in going from theD2h to the C2v struc-
tures, the Ge-Ge interatomic distance decreases by;0.4 Å,
while the Te-Te distance increases slightly. These relaxat
do indeed correspond to the other soft mode (Ag) of theD2h
structure at 92 cm21. These observations suggest that furth
examinations of the vibrational frequencies and modes
low- and high-symmetry structures will be very instruction
and could be useful in understanding the strong tempera
dependence of polarizabilities for particular sizes of GenTem
clusters.

IV. SUMMARY

In summary, we have performed a detailed investigat
of structural and electronic properties of small GenTem (n
1m<10) clusters in real space using anab initio pseudopo-
tential total energy method and Langevin molecular dyna
ics coupled to a simulated annealing procedure. Vari
properties of these group IV-VI clusters, such as geomet

TABLE I. Vibrational frequencies~in cm21) and corresponding
normal modes for the planarD2h and buckledC2v structures of
Ge2Te2.

D2h C2v

Mode Frequency Mode Frequency

B3u 80 B1 175
Ag 92 A1 198
B3g 192 B2 204
Ag 234 A1 275
B2u 242 B2 224
B1u 246 A1 288
y

rd

23532
t

e
-

e

h
r

ns

r
in
l
re

n

-
s
s

of ground-state and low-energy isomer structures, dipole m
ments, binding energies, HOMO-LUMO gaps, static polar
abilities, and vibrational frequencies, were calculated. Wh
the calculated polarizabilities agree well for some of t
clusters with experimental data, most of the experimen
values atTnozzle538 K remain much too small compared
the theoretical values. Furthermore, while some of the la
polarizabilities measured at 300 K can be explained thro
ionic contributions due to large dipole moments and te
perature effects, some polarizabilites remain anomalou
large with respect to theoretical values. Our calculatio
show that GenTem clusters tend to adopt low-symmetr
structures with large dipole moments when compared w
group IV, III-V, and II-VI semiconductor clusters. Examina
tion of binding energies, HOMO-LUMO gaps, and vibr
tional frequencies for ground-state and higher-symme
structures of selected clusters indicates that this tendency
be attributed to Peierls distortions, which are also obser
in the solid and liquid phases of GeTe. This fascinating
havior of GenTem clusters for larger sizes as well as the u
resolved discrepancies regarding the polarizabilities m
sured at Tnozzle538 and 300 K suggests that furthe
theoretical and experimental studies are necessary to ach
a better understanding of the rich physics and chemistry
these IV-VI semiconductor clusters.

FIG. 5. The vibrational modes of Ge2Te2 in its planar structure
of D2h symmetry. The smaller shaded and larger open circles
resent Ge and Te, respectively. The1 and 2 signs for theB3u

mode represent the perpendicular motions of Te and Ge atom
and out of the plane.
os.
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