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Nakhmanson, Drabold, and Moussddhys. Rev. B66, 087201(2002], preceding paper criticized the
model of the present authdB. Finkemeier and W. von Niessen, Phys. Revw3d235204(2001) ] which was
used for an explanation of the Boson peakai8i. NDM criticized the generation of the model and the
potential used by us. The low-frequency vibrational density of sg{ed of a-Si are reinvestigated with the
help of an improved structural model using the modified Stillinger-Weber potential. The previously described
deviation from the Deby@? behavior is shown to be an artifact caused by an unrealistic high defect concen-
tration. Nevertheless the improved model, which possesses a strongly decreased number of defects, still shows
the existence of additional low-frequency modes compared to the crystal, which could be part of an explanation
of the boson peak arising already in the harmonic approximation.
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In the preceding comment on our recently publishedfrequency part of the VDOS depend on the quality of the
paper! which deals with the origin of the boson pealaisSi, ~ model structure, in the sense of resemblance to experimental
Nakhmanson, Drabold, and Mouss&4NDM) criticize that ~ results fora-Si. _ _
the properties of our model differ in some important points There is a second point to be mentioned. We wanted to
from experimental findings. Thus it would not be possible toStudy as far as possible with the same model electronic and
draw any conclusions from our calculations about the natur@n©non properties aa-Si.>" This is why we were reluctant
of low-frequency vibrations in real samples afSi. The W useé modified potentials, which might have given a bias
criticism of our original model consists of four main objec- into one or the other direction, and thus stayed with the origi-
tions: (i) the model is an electronic conductdii) traces of nal SW potential. The electronic density of states as well as

!l ; : . the localized or extended nature of the eigenstates of our
crystallinity are still present in the structurési) the width original model were investigated earlier by Knief, von Nies-

of the bond-angle distribution is too large, affe) the num- g "ang KoslowsKi. They found that there is no gap in the
ber of coordination defects are too large. Here the pdiiits density of states but a mobility gap, which is the experimen-
and(iv) are strongly connected, since an overcoordination ofg| finding. The states in the region of the Fermi level are
undercoordination results in a deviation from tetrahedron gefcalized for the less disordered structures, leading to the
ometry and thus in a broadening of the bond-angle distribuconclusion that these models in fact dot possess metallic
tion. The reason for the defects of our model is according t@lectronic properties. Only the model with an unrealistic high
NDM an improper implementation of the bond-switching al- amount of disorder has to be labeled an electronic conductor.
gorithm of Wooten, Winer, and Weait& (WWW) and the  There the gap region is filled up with states to such a degree
use of the original Stillinger-WebdSW) potential® that the states are delocalized.

In this reply, we present some calculations to show that The more disordered structures of our models do not dis-
the primary message of our paper holds: already in the haplay traces of crystallinity. This criticism of NDM is most
monic approximation and with a reasonable modehe8i  likely based on the work of Wooten and Weairaho were
extra low-frequency vibrations, compared to the crystal, apdetecting_ an imperfgct amorphization of models relaxed with
pear. We are aware of the deficencies of our models as thdfie Keating potential when they used a number of bond
are pointed out by NDM. In particular, we agree with pointSSW|tChes comparable to the ones in our models. But since we

(i) and(iv), but we want to give the reason for adopting Ourrelax our models further into a local minimum of the

model and we wish to comment on the other considerationStilinger-Weber potential, we observe a considerable further

below isplacement of the atomic positions. To assure this behavior,

We want to clarify at the outset that our implementationwe were tracking several structural values, such as the aver-

of the algorithms for constructing the models was aimed t029€ atomic displacements and energies during the relaxation

ds th lizati f structural si i iouslv d process. Also, the detailed investigations of the local geomet-
wards the realization of structural SIzes not previously d€yi. yisiortions and their distribution within the structure were

scribed n the literature. Only these_ large mod_els d.'d allow Ullone. Together with the fact that the SW potential was origi-
to examine the low-frequency region of the vibrational den-5)1y designed to describe the fluid state of silicon as well,
sity of stategVDOS). In this framework, we concentrated on there is no serious danger of a return to the crystalline struc-
developing efficient and computationally cheap proceduresyre, bearing in mind that we perform the relaxation at zero
which consequently required to make some compromises ifemperature.

the agreement achieved with experimentally determined |et us discuss how it is possible to achieve an improve-
structural properties. Nevertheless the criticism of NDM hasment of the structural properties of our model. We subse-
to be taken seriously and we are pleased that they gave us theently discuss the implications on the validity of the state-
opportunity to examine how strong our findings on the low-ments of our original paper.
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There are two obvious approaches to improve the struc- 1%
tural properties of our model. The first one consists in imple-
menting a Metropolis Monte Carlo algorithm to perform a 80
simulated annealing of the network. This is strongly de-
manded by NDM and what is normally done in the standard. , ]
WWW bond-switching algorithmi:* The problem connected
with this procedure for our own studies is the immense com-%
putational cost that would severely limit the size of possible
structures. To give an impression what kind of impact the
simulated annealing has on the vibrational properties of the 207
model, we show the VDOS of our “wrong” implementation
of the WWW algorithm along with a “correct” implementa- 0
tion by Feldman, Allen, and Bickhahin Fig. 2(b). Both use °
the original SW potential. The difference is seen to be quite
small up to about 500 cnt. FIG. 1. RDF for different models c&-Si: bold line represents

The other approach towards an improvement of the modenSW model.c,=0.23; long dashed line represents SW modgl,
is to replace the SW potential by a more sophisticated nevi 0-15; dotted line represents SW modg{=0.20.
empirical potential such as the environment-dependent inter-
atomic potentialEDIP) (Refs. 9,10 or a “modified” version A view on the overall VDOS leads to similiar conclusions
of the SW potentialmSW).!! The use of the EDIP potential [Fig. 2(c)]. Again we find the closest correspondence be-
would imply a numerical approximation in calculating the tween the results for the mSW model and the SW model with
force-constant matrix, because of the unavailability of anc,=0.2. The shape of the VDOS and the relative heights of
analytic form of the second derivative. Thus we believe thathe tranverse-acoustic and transverse-optical peaks substan-
the use of the mSW potential is more convenient, when dealiate this statement, while the absolute positions of the peaks
ing with the vibrational properties. Moreover, it was showndiffer. This is especially true for the transverse-optical peak,
that the use of the mSW potential leads to structures with ashere the mSW model is in much better agreement with
good reproduction of experimental findings. In Figa)2we  experiment? This does not come as a surprise bearing in
compare the VDOS for crystalline silicon obtained with themind that the mSW potential was fitted to reproduce the
help of the SW and the mSW potential, respectively. Hereirexperimental VDOS o&-Si. The changes in the tranverse-
the mSW potential shows a better agreement with the experacoustic region are more subtle, the peak is somewhat broad-
mentally obtained spectruff. ened and shifted towards higher frequency for the mSW

Consequently we perform investigations on the low-model. Since a broadening and a high-frequency shift tend to
frequency vibrations of-Si in analogy with our previous compensate each other if one focuses on the low-frequency
paper, but employing the mSW potential. Whenever we referange, it is not obvious from this figure, how the low-
to the structures of our previously published paper, we calfrequency vibrations are influenced by the change of poten-
them SW models, whereas the new structures are labelda@l. We will return to this question later.
mSW models. We can also report on some investigations on the elec-

In contrast to our former studies we restrict our calcula-tronic properties of our mSW mod#.The experimentally
tions with the use of the mSW potential to a single value ofobserved widths of the valence and conducting bands are
a bond-switching parameter @f,=0.23. This is sufficient well reproduced. There is no gap between these bands in the
for a detailed comparison with our previous results. A varia-electronic density of states. This filling of the gap is caused
tion of the bond-switching parameter was only done at smalby the defects present in the structure; it is in agreement with
system sizes of 4096 atoms. This was done to find the valuexperiment. Yet the mSW model is no electronic conductor,
of ¢, giving the best overall reproduction of experimental since a mobility gap in the region of the Fermi level is
results. The system size of the mSW model is 64 000 atompresent. Here the localization at the bottom of the conducting
as before. band is found to be stronger than at the top of the valence

The radial distribution functiodRDF) is presented in Fig. band. The absolute value of the width of the mobility gap is
1. The RDF of our mSW model resembles the RDF of thein a better agreement with experiment than it was found for
SW model withc,=0.20, although there are some importantthe original SW model.
improvements to note. First of all the third neighbor peak, a With respect to the RDF, VDOS, and electronic properties
feature typical for the amorphous state, has almost totallyve can establish a perceptible though not dramatic improve-
vanished in the mSW model. Second, the small peak to thenent when switching from the SW to the mSW potential.
left of the second neighbor peak, a well-known artifact con-This changes when one focuses on the two main shortcom-
nected directly to the SW potential, has become a shoulder dfigs of the original SW model: the coordination defects and
the second neighbor peak if one uses the mSW potentiathe bond-angle distribution. In Table | we list the percentages
And last, there is now a true gap between the first and secoraf coordination defects of the mSW model along with the
neighbor peak of the RDF, which is not true for the SWvalues found for the SW models of our previous work. If we
model. We can state a very good agreement of the RDF aiigain compare to the SW model with=0.2, we can state a
the mSW model with the experimental curt’e® dramatic decrease of coordination defects for the mSW

R)R*/R
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0.01 TABLE I. Percentage of coordination numbers found for the
a) mSW model withc,=0.23 and the SW models with varying bond-
0.008 switching parameters,, .

mSW SW

0.006 - ch= 0.23 0.1 0.15 0.2 0.25

two-fold [%] 0.1 0.1 0.2
three-fold[%] 4.4 0.3 1.0 1.4 2.2
four-fold [%] 92.2 97.5 90.5 82.1 71.7
five-fold [%] 3.3 2.2 8.3 16.1 254
six-fold [%] 0.2 0.3 0.5

0.004 -

g(w) (arb. units)

0.002 -

Average coordination 3.99 402 408 415 424

0.003

(4.02.

Similar conclusions apply to the average bond angle that
is listed in Table Il along with the standard deviation of the
bond-angle distribution. Again the mSW model with an av-
erage bond angle of 108.9° comes closer to the ideal tetra-
hedron angle than the SW model with=0.15. But more
important, also the standard deviation of the bond-angle dis-
tribution for the mSW model is with a value of 12.7°, even
smaller than the findings for the SW model with=0.15.

When we compare the results of our mSW model with the
0.003 experimental values for the defect concentrdtidf (0.1

o —1.0%) and for the width of the bond-angle distributidn

; \ ; (9.6—10.4°), we have to admit that there is still some dis-
0.002 - crepancy. The presumably best current computer models for

: | a-Si (Ref. 19 possess structural properties that are in these
terms much closer to experiment. Therefore these models are
more realistic than our mSW model, which lacks the step of
a thermal annealing procedure as a sacrifice for an access to
~ large structural models.
0 100 200 300 400 500 600 700 Nevertheless we believe that our calculations are justified.

frequency  (em™) We achieve a good agreement with experiment regarding the

RDF and the VDOS and many of the shortcomings of our
old SW model are removed. Now let us see, if we can draw
line represents SW potentialb) a-Si, models with 4096 atoms; S°M€ conclusions from these tendencies on the effects in the

solid line represents “correct” implementation of the WWW algo- Iow-frequency range of the \2/DOS.

rithm with the use of the SW potentiérom Ref. 8§; dotted line In Fig. 3, we plotg(w)/w” versus frequency, where
represents SW model witty,=0.15. (c) a-Si, models with 64 000 g(w)_ is the VDOS. In this figure the frequency range is
atoms; bold line represents mSW modg/=0.23; dotted line rep- restricted tow<<300 cm 1. We also do not show any results
resents SW modelg,=0.20; solid line represents experimental for frequencies smaller tham=10 cm ', because the cal-
VDOS of a-Si (from Ref. 12. The two calculations involve 64000 culatedg(w) becomes unreliable for such small valde=or
atoms up to 80 cm! and are continued to higher frequencies with @ comparison the curve for the mSW model is accompanied
13 824 atoms. by the curves for the SW models and the SW crystal. There

is an obvious similarity in the graphs for the mSW model
model. Before we had 1.4% of threefold and 16.1% of five-

fold coordinated atoms, now we have 4.4% of threefold and
On.ly .3'3% of fivefold coordinated def.eCtS' In agreement Wlt.hbond-angle distributiorv,4 for the mSW model withc,=0.23
existing _Ilterature the mSW po_te_ntlal favors un_dercoordl—and the SW models with varying bond-switching parameters

nated Si atoms whereas the original SW potential strongly
favors overcoordination to a degree, which is regarded as msSwW SW
unrealistic. Looking at the overall defect concentration the, _

0.002 -

g(w) (arb. units)

0.001

°)

g(w) (arb. units)

0.001

FIG. 2. Vibrational density of stateg(w) for several models.
(a) Crystalline silicon; solid line represents mSW potential; dotted

TABLE II. Average bond angle and standard deviation of the

. n 0.23 0.1 0.15 0.2 0.25
mSW model resembles more closely the SW model wijth
=0.15 than the one witks,,=0.20. An average coordination ¢ 108.9° 109.1° 108.6° 108.0° 107.4°
number of 3.99 is obtained for the mSW model, which¢, 12.7° 9.8° 13.3° 15.9° 18.3°

comes close to the results for the SW model witf=0.1
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25x107 . realistic RDF and overall VDOS, but possesses an unrealistic
1 high concentration of coordination defects. As the low-
frequency VDOS is highly dependent on the defect concen-
tration, it is clear that the peak i(w)/®? is an artifact of
N the model. Still it remains valid that we have shown that a
20x107 4/ X peak ing(w)/w? can be caused alone by disorder in the form
1 \ of local geometric distortions without any anharmonic ef-
fects, albeit with an unrealistically high defect concentration.
Our previous paper clearly stated the existence of two
phenomena that can be observed in the graph(ef)/w?
versusw as the disorder is tuned to higher values. Besides
the peak ing(w)/w? there is a general increase in the num-
ber of low-frequency modes, indicated by an upward shift of
the plateau ing(w)/w? compared to the crystalline curve,
which is parallel to the frequency axis. This effect was al-
ready found for our least disordered model with=0.10.
For the latter model we calculate a defect concentration of
2.5%, which is a value not too far from experimental find-
ings and in the range of the best models available at present.
Since there is a strong dependence of the low-frequency
VDOS on the coordination defect concentration, we expect
that a model that on one hand is relaxed by simulated an-
nealing and thus poor in coordination defects and on the
other hand large enough to examine the low-frequency range
0 100 1260 300 of the VDOS, would presumably show an upward move of
frequency w (cm™) the plateau ing(w)/w? similar to the results for our SW
FIG. 3. Low-frequency part of(w)/w? versuse for the mSW quel with C“ZO.'lO' It is then very likely that a.'?‘rge real-
model and the SW models farSi with a varying degree of disor- istic but harmonic mOdel O,a'S' POSSEsSes add't'onal, low-
der. Bold, mSW modet,,=0.23; solid, c-Si; dashed-dotted, SW frequency moc_Jes W'thOUtd'SObey'ng the Debﬁabehawor.
model ¢,=0.1; long dashed, SW mode,=0.15: dashed, Sw 10 Summarize, among our previously described effects of
modelc,=0.2; dotted, SW modet,=0.25. disorder on the low-frequency VDOS, the bumpgifw)/ w?
is presumably an artifact of the too high defect concentration
and the SW model witle, = 0.15. The height of the plateau of our models, whereas the increase of the low-frequency

: : VDOS is likely to be observed also in more realistic large
in /w? is somewhat reduced for the mSW compared to . . i .
g(w)fw b odels ofa-Si. Thus the main thought of our previous article

the SW model. Bearing in mind the resemblance of these w100 ts: Already in the h ) imati .
models regarding the defect concentration, it is evident tha €TSIStS: Aréady in theé harmonic approximation an increase

the latter plays a dominant role for the density of low- of the Iow-frequenc_y_ VDOS over the crystalline va!ue is ob-
frequency vibrations. The type of defect does not seem t(§erved. These addltlo_nal states are only due to disorder and
have much influence, noticing that for the mSW model threeNOt due to anharmonic effects. They could be a part of an
fold coordination and for the SW model fivefold coordina- explanation of the boson peak.
tion is the prominent defect-type. This independence of the
vibrational properties on the defect-type was also found pre-
viously by the author,and holds as long as a potential with ~ We thank Simone Knief for the calculation of the elec-
a natural cutoff of interaction is used. tronic properties of our models. F.F. would like to thank the
Which consequences do these findings have for the valid®eutsche Forschungsgemeinschaft for financial support. Part
ity of our previously published results on the origin of the of this work was also supported by the Fonds der Chemis-
boson peak ina-Si? Our SW model withc,=0.20 has a chen Industrie.

15x107 4
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