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Structural relaxation in Si and Ge nanocrystallites: Influence on the electronic
and optical properties

H.-Ch. Weissker, J. Furthmu¨ller, and F. Bechstedt
Institut für Festkörpertheorie und Theoretische Optik, Friedrich-Schiller-Universita¨t, Max-Wien-Platz 1, D-07743 Jena, Germany

~Received 12 November 2002; published 10 June 2003!

A complex atomic relaxation pattern for hydrogen-saturated Ge and Si nanocrystallites with diameters
between 10 and 25 Å has been found by means ofab initio calculations. While the bonds at the center of the
nanocrystals expand beyond their length in the corresponding bulk material, the bonds near the surface are
shortened. The average bond lengths decrease. The atoms at the surface facets move inward, those at the edges
and corners outward, leaving the volume of the crystallite almost unchanged. As a consequence of the struc-
tural relaxation, the pair excitation energies increase as compared to the values for the respective ideal struc-
tures, and they do so stronger for Ge than for Si. The main effect on the overall absorption spectra is an upward
shift of the different spectral features. Most important for Ge crystallites is the change of the energetic ordering
of the electronic states close to the HOMO-LUMO~highest occupied molecular orbital–lowest unoccupied
molecular orbital! gap, leading their radiative lifetimes to decrease by orders of magnitude.

DOI: 10.1103/PhysRevB.67.245304 PACS number~s!: 73.22.2f, 61.46.1w, 78.67.2n
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I. INTRODUCTION

Si and Ge nanostructures are in the focus of both fun
mental and applied research because of their potentia
Si-based optoelectronics. Effects due to spatial quantiza
promise to overcome the limitations of the indirect-gap se
conductors for photoelectronic applications. In fact, even
tical gain has been achieved in Si nanocrystals.1

Nanostructured Ge and Si systems can be fabricated
many different methods, leading to a number of substanti
different systems. Very small, nearly spherical Ge nanoc
tals ~NC’s! have been created, e.g., by rf cosputtering of
and SiO2 with diameters down to 0.9 nm,2 as colloidal
NC’s,3 or by ion implantation in SiC and subseque
annealing.4 The nanocrystalline material retains its tetrah
dral coordination down to very small sizes,3 albeit possibly
with modifications like stacking faults and faceting of th
surfaces or interfaces.4 Thus, in view of the experimenta
situation, spherical NC’s are very interesting systems.

The NC’s in question belong to the intermediate s
range. While they are larger than quasimolecular clust
they are not yet as large as to be treatable as small por
of bulk material with a separate consideration of their s
faces. It is reasonable to assume a bulklike tetrahedral s
ture inside the crystallites at least starting from some m
mum size, since in the limit of large diameters the bu
situation must be reproduced.5 However, the actual shape o
a NC and the exact atomic positions remain open questi
The shape will be determined by thermodynamic as wel
by kinetic effects, depending on the preparation condition6

While the concept of the Wulff construction7 derives the
equilibrium shape of crystallites from surface energies, i
only applicable in the limit of macroscopic, or at least m
soscopic, volume. Kinetic aspects cannot be treated usi
ground-state theory. However, a ground-state theory for
total energy allowsab initio structure optimization. Unfortu-
nately, such structural optimization can be carried out o
for tiny NC’s consisting of a small number of atoms~cf.,
0163-1829/2003/67~24!/245304~7!/$20.00 67 2453
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e.g., Refs. 8–11!. Consequently, the theoretical investigatio
of NC’s usually starts from model structures. Taking these
little fragments of bulk material, the question arises as
how these structures relax as compared to the initial id
geometries. Moreover, in view of possible applications it
of utmost importance to know how the relaxation influenc
the electronic and optical properties.

Several entirely different methods exist to investigate
relaxation behavior of NC’s and quantum dots.12 The
analytical13 and the numerical14 continuum approaches mak
use of the assumption that the quantum dots are reason
well represented by macroscopic concepts like stress
strain fields. Obviously, the small structures containing a f
hundred atoms will not be amenable to such approaches
atomistic theory has to be used instead~see Ref. 12 and
references therein!.

The majority of the theoretical treatments are based
quasispherical NC’s. These structures are taken as input
the calculation of electronic and optical properties witho
taking relaxation into account,16,15using empirical and semi
empirical methods to relax the structures before
electronic-structure calculations,17 or relaxing only the atoms
near the NC surface byab initio relaxation.11

In view of the system size, anab initio method is needed
to account for the possible structural relaxation effects in
NC’s. In the present paper we applyab initio relaxation for
all crystallite atoms. We calculate the fully relaxed structu
of NC’s of up to 363 atoms which corresponds to a diame
of 25 Å. We investigate the relaxation pattern in detail, co
sidering, in particular, the surface facets and edges. In o
to quantify the influence of the relaxation effects we comp
the electronic and optical properties to those obtained for
ideal structures.

II. MODEL AND METHODS

The calculations are performed within density-function
theory~DFT! in local-density approximation~LDA !. We em-
ploy the VASP program package18 and non-norm-conserving
©2003 The American Physical Society04-1



to
Th
m

.
en
v
ix
u

in
o
e
ll
3
y
C
uc

th
th

ey
th
er
th
co
o
o
re
s

,
is
-
ix
b
la

gt
uc

th
u
hu
e
ll
or
oc
d

a
it
O

he

the
nts
for

ac-
he
ar-
t of

ed-

r-
ural
be

nds
rage
s a
dy
i-H

d in
the
bulk
ge
bulk
po-
s

he
tion
t
lso

ls:
he

ri-

H.-CH. WEISSKER, J. FURTHMU¨ LLER, AND F. BECHSTEDT PHYSICAL REVIEW B67, 245304 ~2003!
pseudopotentials.19 A supercell approach is taken in order
use the plane-wave expansion of the eigenfunctions.
electron-electron interaction is described within the para
etrization of Perdew and Zunger.20 Nonlinear core correc-
tions are taken into account.21 The method yields cubic bulk
lattice constants ofa055.647 Å for Ge and 5.404 Å for Si
The optical properties are calculated within the independ
particle approximation. The projector-augmented wa
~PAW! method22 is used to calculate the transition matr
elements. This approach gives reliable spectra for b
crystals23 as well as for NC’s.16

We construct NC’s by starting from one atom and add
its nearest neighbors, thereby assuming the tetrahedral c
dination of the respective cubic bulk material. Successiv
adding the nearest neighbors of the surface atoms she
shell we obtain NC’s ofN55, 17, 41, 83, 147, 239, and 36
atoms. The remaining dangling bonds are saturated b
atoms. TherebyN denotes the number of atoms in the N
disregarding the hydrogen atoms. This or similar constr
tion procedures have been applied by different groups.11,15,16

The point group of the resulting NC’s isTd , i.e., inversion is
the only missing point-symmetry operation compared to
initial bulk material. This is advantageous with respect to
numerical effort. We use a 23232 Monkhorst-Packk-point
mesh which results in onek point in the irreducible part of
the Brillouin zone. Inspection of the NC’s reveals that th
are not precisely spherical but exhibit small facets at
surface. Basically, their shape is a cube with cut-off corn
in such a way that triangular faces arise which connect
midpoints of the rectangles that touch at the respective
ner. They have six rectangular faces corresponding t
^001& orientation as well as eight faces corresponding t
^111& orientation. However, the construction procedure
sults in two different situations, alternating with an increa
ing number of shells. Either the six$001% faces are quadratic
in which case the$111% facets are of the same size. This
the case for the NC’s ofN 5 17, 83, 239, etc. atoms. Alter
natively, for the NC’s ofN541, 148, 363, etc. atoms, the s
$001% faces are rectangular with edge lengths differing
one atom. In these cases, two different kinds of triangu
$111% facets arise. Even in the first case of equal edge len
of the $111% facets, they are inequivalent due to the constr
tion procedure.

We use the supercell method with simple-cubic cells,
size of which corresponds to 216, 512, or 1000 atoms of b
material, depending on the size of the NC in question. T
for Ge we use edge lengths of 16.9, 22.6, and 28.2 Å. Ke
ing the Td symmetry, ionic relaxation is carried out for a
atoms in the NC’s. It is expected to yield valid results f
changes of bond lengths and bond angles, since this pr
dure does reasonably describe the bulk elastic properties
spite the neglect of temperature effects.

In order to describe electronic pair excitations we use
occupation constraint. To model the electron-hole pair w
the lowest excitation energy, we place a hole in the HOM
~highest occupied molecular orbital! and an electron in the
LUMO ~lowest unoccupied molecular orbital! state of the
crystallite. In the spirit of aD-self-consistent-field method
(DSCF),24,25 the difference between the total energy of t
24530
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excited system and the total energy of the ground state is
excitation energy of the electron-hole pair, which accou
for the Coulombic electron-hole interaction as well as
self-energy effects.

The same occupation constraint is used in order to
count for the structural effects of a pair excitation. For t
excited electronic configuration, the ionic relaxation is c
ried out once more. The resulting geometry represents tha
the excited NC. The pair excitation energies of the excit
state geometry are calculated by means of theDSCF method
for the excited structure without ionic relaxation. The diffe
ence between the two excitation energies yields the struct
contribution to the luminescence Stokes shift which will
presented elsewhere.26

III. STRUCTURE OF RELAXED NANOCRYSTALLITES

A. Bond lengths

The geometry does not change significantly. The bo
are only shortened or stretched, respectively. The ave
bond lengths of the relaxed NC’s are shown in Fig. 1 a
function of the NC diameter. Throughout the paper, we stu
the Ge-Ge and Si-Si bonds but disregard the Ge-H and S
bonds of the hydrogen saturation. The diameter indicate
Fig. 1 is that of a perfect sphere with the same volume as
model structure, where each atom has been assigned its
volume a0

3/8. For the ground-state geometry, the avera
bond lengths are consistently shorter than the respective
values. Similar contraction effects have been observed in
rous silicon.27 A very recent theoretical molecular-dynamic
study5 agrees roughly with our findings with respect to t
averages. However, under oxygen exposure this contrac
turns into an expansion.27 The effect is obviously dependen
on the surface saturation. Annealing of porous silicon a
leads to nanostructured Si with shortened bonds.28 It has

FIG. 1. Interatomic distances in the Ge~triangles! and in the Si
~circles! NC’s. Filled symbols: ground-state results, empty symbo
results of the relaxation with one electron-hole pair present. T
numbers of Ge~Si! atoms in the crystallites are indicated. The ho
zontal lines indicate the calculated bulk interatomic distances.
4-2
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been explained as a consequence of the surface stress.27 The
effect is much stronger in the Ge than in the Si NC’s. Wh
the average Si interatomic distances have already rea
their bulk limit for NC’s with diameters of about 20 Å, th
bond-length reduction is still substantial~0.35%! for Ge
NC’s of the same size.

For the excited-state geometry calculated with
electron-hole pair in the crystallite, the situation is mo
complex. The picture suggests that there might be two m
tually counteracting effects on the bond lengths in Fig.
The first one is the general bond-length reduction as for
ground state. The second, however, is a tendency of incr
ing bond lengths with electronic excitation, increasing w
decreasing NC size. For the Ge NC’s, this leads to a con
tent picture. For Si, however, the results with respect to
excitation effect are not so uniform. This might be partly d
to the stronger bonds in Si as compared to Ge. Moreover
symmetry of the LUMO state in the Si NC’s is different fro
that of the Ge NC’s, reflecting the strong contributions fro
theX points of the bulk Si band structure. Thus the symme
of the lowest pair excitation and hence its effect on the str
tural relaxation is different in Ge and Si NC’s. Special ca
has to be taken in the discussion of the results for the sm
est NC’s of 5 and 17 atoms. These represent molecule
structures rather than NC’s and might be governed by c
pletely different mechanisms5 which can change their sym
metry entirely.29

In order to obtain a more detailed understanding of
geometrical relaxation in the NC’s, in Fig. 2 we plot th
individual bond lengths against their distance from the cen
of the NC. In this way we obtain a bond-length distributio
similar to the strain-field representation of continuum theo
The bond-length distribution of the NC’s is much more co
plex than can be represented by the average values of F
In general, the bond lengths are longest near the center o

FIG. 2. Individual bond lengths in the NC’s plotted against t
distance from the center. Asterisks: 41-atom NC’s; triangles:
atom NC’s; circles: 239-atom NC’s. The linear fits are given
solid ~41!, dashed~83!, and dot-dashed~239! lines. The horizontal
lines are the calculated bulk interatomic distances.
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NC, while they decrease further away from the center. S
prisingly, the bonds at the center are longer than the res
tive bulk interatomic distances, i.e., there is an expansion
the material inside the NC. Near the surface of the NC’s,
bonds are shorter than the respective bulk lengths. While
latter compression might be caused by surface-tension-
effects, the expansion at the center cannot. For oxidized
particles, Hofmeisteret al.30 find an expansion for smal
sizes, while for larger particles they report a contraction. I
thus conceivable that the overall situation is a combination
the surface-stress-like effect which induces contracti
while there is another effect which causes the expansio
the center and, when the surface stress is reduced, e.g
oxidation, the expansion of the whole NC. This is corrob
rated by the fact that many groups have found strong in
ences of the surface saturation on the NC properties.27,31–33

The straight lines in Fig. 2 are linear fits of the respect
data. However, two remarks are in order. First, due to
symmetry of the NC’s, each of the data points in Fig.
represents many bonds of the same length. No attempt
been made to show this multiplicity in the figure. Secon
even though we use a linear fit, we do not claim that
dependence is in fact linear. We merely demonstrate the g
eral trend. The slope of the lines decreases with increa
NC size. However, the results show that the bulk limit~zero
slope at the bulk bond lengths! has not even nearly bee
reached for even the largest Si crystallites. That means
the apparent convergence towards the bulk interatomic
tance of the larger Si NC’s of Fig. 1 is an effect of th
averaging procedure rather than real convergence.

To investigate the difference in the relaxation behavior
Si and Ge NC’s one can compare the relative bond leng
d/dbulk . For the two largest crystallites we find that while th
expansion in the center is slightly stronger for Si than for G
the bond-length reduction towards the surfaces is more
nounced for Ge. This explains the behavior of the aver
bond lengths in Fig. 1.

For the excited-state relaxed systems, the situation is
very different. The slope of the decrease of the bond leng
with increasing radial distance becomes steeper. Howe
the general effects found for the ground-state geometries
not changed. We note that the discussion of only the aver
bond lengths can be misleading. For instance, the 41-atom
NC which does not show any change in the average b
length with the excitation exhibits changes in the individu
bond lengths comparable to the changes in the other NC

B. Surface shape

The rectangular facets of the largest NC of the pres
work consist of 20 atoms. In general, the atoms along
edges and at the corners move outward~though not neces-
sarily radially! with respect to the ideal positions, where
the atoms on the surface facets move inward or, for the la
NC’s, move hardly at all. The relaxation thus increases
deviations from the spherical shape which indicates that
face stress alone cannot be responsible for the surface r
ation. The displacements are shown in Fig. 3~a! where a
schematic view of the 239-atom Ge NC is presented.
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The atomic relaxation is accompanied by a change of
electrostatic energy. In Fig. 3~b! the difference between th
total electron densities for the ideal and the relaxed NC’
plotted. Electron transfer takes place from the gray to
black areas. It can be seen that the largest changes take
at the surface, and, especially, along the edges of the fa

The conclusion that electrostatic forces play some role
the surface relaxation, in particular the inward relaxation
the facets, is supported by analogies to free surfaces. Inw
relaxation effects have been found for both Ge and
(111):H-231 surfaces35,34 and for many low-index surface

FIG. 3. ~a! Schematic view of the NC of 239 Ge atoms. Th
direction of the displacement during the relaxation is indicated
shown in the legend.~b! Difference of the electron densities befo
and after the relaxation. Electron transfer takes place from the
~negative difference! to the black~positive difference! regions.
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of metals, e.g., the W~100! surface.36 By analogy to
H-saturated surfaces35 it is conceivable that a charge transf
towards the H atoms in the Ge-H and Si-H bonds cause
repulsion between the now positively charged Ge or Si
oms, thus contributing to the outward relaxation of the ed
and corner atoms.

IV. INFLUENCE OF STRUCTURAL RELAXATION
ON ELECTRONIC AND OPTICAL PROPERTIES

A. Lowest pair excitation energies

The effect of the structural relaxation on the lowest p
excitation energies is shown in Fig. 4. The pair excitati
energies shift to higher energies when the ionic relaxatio
taken into consideration. They do so stronger for Ge than
Si. This is probably connected to the lesser overall reduc
of the average bond lengths in Si~cf. Fig. 1!. As the wave
functions spread over the entire crystallite~see below! it is
very likely that they experience such an average effect. It
been shown elsewhere37 that the band gap of Ge NC’s in
creases with increasing hydrostatic pressure, i.e., with sh

s

ey

FIG. 4. Pair excitation energies of Ge~a! and Si~b! NC’s for the
ideal ~empty symbols! and the relaxed~filled circles! geometries.
to
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ob-
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the

d-
at
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n

FIG. 5. Plots of the electronic states close
the HOMO-LUMO gap for the ideal~upper pan-
els! and the relaxed~lower panels! Ge crystallite
of 83 atoms (d515.2 Å). The notationv123

means that the highest three valence states
degenerate and therefore represented by their
erage. Partly transparent isosurfaces of the pr
ability density are shown. The resulting shape h
been sectioned along the midplane through
NC and is viewed from thez direction. Thus, be-
sides the contour plot of the values in the mi
plane, the parts of the distribution below th
plane are also shown. A triply degenerate sta
c224

rel for the relaxed crystallite has not bee
shown.
4-4
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STRUCTURAL RELAXATION IN Si AND Ge . . . PHYSICAL REVIEW B 67, 245304 ~2003!
ened bonds, which is consistent with the above interpr
tion. However, test calculations showed that this is not
case for Si where an increase of hydrostatic pressure ca
an increase in the gap energy, cf. Ref. 37. Thus the incre
in the pair excitation energies for the Si NC’s cannot
explained simply by the average reduction of the bo
lengths.

The atomic relaxation influences the energetic ordering
the single-electron states. Since the photoluminescence~PL!
properties are determined by the lowest few optical tran
tions, it is particularly interesting to investigate the electro
states in the energy region of the HOMO and the LUM
states. We consider the corresponding one-particle w
functions of the 83-atom Ge NC. Their respective probabi
densities are plotted in Fig. 5~a! for the ideal geometry and in
Fig. 5~b! for the relaxed NC. We have shown elsewher16

that the HOMO-LUMO transitions of the unrelaxed Ge NC
are forbidden. However, just above the HOMO-LUMO ga
there are very strong optical transitions. In the 83-atom
NC they correspond to a transition between the statesv426

ideal

andc1
ideal with oscillator strength 0.22 and between the sta

v426
ideal andc2

ideal with a value of 0.38. The notation means th
the statev426

ideal is triply degenerate~without spin! and com-
prises the fourth-, fifth-, and sixth-highest valence states.
cordingly, c1

ideal is the ~nondegenerate! lowest unoccupied
state. In addition, each state is doubly degenerate becau
the spin.

For the relaxed NC, the energetic ordering is chang
While the electronic states are not, strictly speaking,
same as for the unrelaxed system, at least some of t
change only very little. Comparison shows that the trip
degenerate second-highest statev426

ideal of the unrelaxed sys
tem becomes the HOMO statev123

relaxedof the relaxed system
thereby remaining almost unchanged. Moreover, the for
second-lowest unoccupied statec2

ideal becomes, with slight
modifications, the LUMO statec1

relaxed. We mention that
there is a statec224

relaxed~not shown! which is not among those
shown for the ideal system.

Thus we have shown that a proper account of the st
tural relaxation is indispensable in order to calculate the
tical properties near the HOMO-LUMO gap correctly. Whi
this has been illustrated for the 83-atom Ge crystallite,

TABLE I. Degeneracies of the lowest unoccupied and the hi
est occupied states for the ideal and the relaxed Ge NC geome
The notation 3,3 — 1,3,1 means that the two highest occupied s
are threefold degenerate, whereas the first empty state is nond
erate, etc.

Number of Ge atoms Unrelaxed Relaxed

5 3,3 — 1,3,1 3,3 — 1,1,3
17 3,3 — 1,3,1 3,3 — 1,3,1
41 3,3 — 1,1,3 3,3 — 1,3,1
83 3,3 — 1,1,3 3,3 — 1,3,1
147 3,3 — 1,3,1 3,3 — 1,3,1
239 3,3 — 1,1,3 3,3 — 1,3,1
363 3,3 — 1,1,3 3,3 — 1,3,1
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situation for the other Ge NC’s is very similar. In Table I w
indicate how the degeneracies of the electronic states aro
the gap differ for the relaxed and the ideal structure. In c
trast to the ideal geometries, strong HOMO-LUMO tran
tions have been found for all the relaxed Ge NC’s. We m
tion that test calculations treating a really nonspherical
NC of somewhat arbitrary symmetry have reproduced
strong transitions at the HOMO-LUMO gap.

In view of the oscillator strengths~not shown! it can be
stated that the qualitative difference between Ge and Si N
found for the ideal structures16 is not changed by the struc
tural relaxation. Si NC’s retain their long tail of extreme
weak optical transitions below the onset of appreciable
sorption. Hence it does not make much of a difference wh
of them is lowest. Consequently, the analysis of their or
has not been carried out as for the Ge crystallites.

B. Radiative lifetimes and absorption spectra

The strong HOMO-LUMO transitions in the relaxed G
NC’s reduce the radiative lifetimes drastically compared
those of the ideal structures. This effect is shown in Fig.
The lifetimest for the ideal and the ground-state relax
geometries have been calculated using an expression w
assumes completely thermalized distributions of the exc
electrons and holes.38 Consequently, due to the occupatio
the lifetimes~or their inverse, the radiative transition prob
abilities! are governed by the lowest few transitions. For G
NC’s this manifests an extreme influence of the structu
relaxation on the lifetimes, changing them by more than t
orders of magnitude. For all the larger NC’s, beginning w
the 41-atom NC, this result is consistent.

For Si NC’s, on the other hand, the result is not as u
form. In contrast to Ge, Si NC’s have no single strong tra
sitions of particular importance. Therefore we did not
tempt to identify individual transitions before and after t
relaxation. However, also here substantial changes are fo
Figure 6~b! shows that they are smaller than for the Ge cr

-
es.
tes
en-

FIG. 6. Radiative lifetimes of Ge~a! and Si~b! crystallites. The
values for the relaxed NC’s are shown as filled, those for the id
geometries as empty circles. The refractive indexneff of the nano-
crystalline material remains unspecified. Room temperature is
sumed.
4-5
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tallites. Moreover, the lifetimes are not always reduced as
the Ge crystallites. In general, apart from the smallest c
tallites of only a few atoms, the radiative lifetimes of the
NC’s are much larger than those of the Ge crystallites. T
is in agreement with the trend of measurements of the ra
tive lifetimes for Si12xGex alloy NC’s.39,40

The effects of the structural relaxation on the absorpt
spectra are demonstrated in Fig. 7. We present the imagi
part of the dielectric function for both Ge and Si NC’s. Whi
there is some shift and possibly a redistribution of oscilla
strengths between the results for the relaxed and the i
structure, the overall appearance of the spectra does
change strongly. Comparing the spectra and the excita

FIG. 7. Imaginary part of the dielectric function of the Ge~a!
and Si~b! NC’s. The number of atoms in each NC is as indicat
Results for the relaxed NC’s are shown as solid, for the ideal
ometries as dashed lines. For better visibility, the spectra have
scaled16 such as to represent the respective filling factor in the
percell corresponding to 1000 bulk atoms.
lo

.

U.
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energies of Fig. 4 it can be seen that the onset of the abs
tion ~corresponding to the excitation energies! shifts stronger
than some of the high-energy features. This might expl
why the absorption spectra for unrelaxed Ge NC’s in Ref.
in particular the broad high-energy features related to
bulk E1 andE2 critical point energies, agree quite well wit
experiment, even though in the present work we find a s
stantial influence of the relaxation on the lowest transit
energies. There is no substantial difference in the effect
the ionic relaxation on the absorption spectrum of Si and
NC’s.

V. CONCLUSION

Using anab initio method we have investigated the lattic
relaxation and its effects on the electronic and optical pr
erties of H-saturated, nearly spherical nanocrystals w
small surface facets. The average bond length decrease
compared to the respective bulk material. The interior of
crystallites undergoes an expansion, the bond lengths
the center are larger than those in the respective bulk m
rial. However, towards the surface the bond lengths decre
below the bulk bond length. The atoms on the facets beh
differently from those along their edges. Electronic exci
tion does not change these findings qualitatively. The rel
ation pattern at the surfaces is complex. The edges and
corners of the small surface facets move outward, while
atoms on the facets move inward as compared to the i
structure.

Depending on the desired quantity and, of course, also
the system, the proper consideration of structural relaxa
can be extremely important, as it is for the radiative lif
times. The energetic order of the electronic states has b
found to change in the Ge crystallites, making the ve
strong transitions above the HOMO-LUMO transition of th
ideal structures the lowest ones. This reduces the radia
lifetimes of the Ge NC’s drastically as compared to the ide
structure result. The optical-absorption spectra are ma
shifted to higher energies by the effects of the lattice rel
ation.
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