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Low-temperature anomalous specific heat without tunneling modes:
A simulation for a-Si with voids
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Using empirical potential molecular dynamics we compute dynamical matrix eigenvalues and eigenvectors
for a 4096 atom model of amorphous silicon and a set of models with voids of different sizes based on it. This
information is then employed to study the localization properties of the low-energy vibrational states, calculate
the specific hea€(T), and examine the low-temperature properties of our models usually attributed to the
presence of tunneling states in amorphous silicon. The results of our calculatio® Fprand “excess
specific-heat bulge” in theC(T)/T2 vs T graph for voidless aSi appear to be in good agreement with
experiment; moreover, our investigation shows that the presence of localized low-energy excitations in the
vibrational spectrum of our modelsith voidsstrongly manifests itself as a sharp pealCifir)/ T° dependence
at T<3 K. To our knowledge this is the first numerical simulation that provides adequate agreement with
experiment for the very-low-temperature properties of specific heat in disordered sygtdinghe limits of
harmonic approximation.

I. INTRODUCTION with the Wooten, Winer, and Weaire bond-switching

algorithn? as a base for building a family of models with
The main goal of the computational project presented bevoids. The length of the side of a cubic supercell for this
low was to construct a set of realistic models for devicemodel is approximately 43 A. As our first step we optimize
quality a-Si (a-Si:H) material, containing nanovoids in the the geometry of the basic model which results only in minor

structure, and to explore the vibrational properties of theseeyork rearrangements; this relaxed geometry is then used
models, especially the localization patterns of the low-energy, ., ,cing all of the following models with voids. To cut
states that emerge after introducing a void into the silicon

continuous random networfCRN). Modern computational out a vqid we pick an arbitrary a'gom in th? network anq
facilities allow us to study models of up to several hundredd®moVve it as well as the consecutive spherical shells of its
of atoms withab initio methods and thousands of atoms if €ighbors. We find that our results do not depend much on
we switch to empirical techniques, which is especially help-which atom we select for this procedure.

ful for realistic large scale modeling of amorphous materials. By applying this procedure we have built three models
We can perform simulated quenching and annealing fowith voids of different diameters: a 4091 atom model with a
these models, looking for their most energetically favorable‘small void” (only one atom and four of its nearest neigh-
geometry, then we can calculate the dynamical matrices fabors removefl— a void of approximatei 5 A in diameter, a
our systems and diagonalize them exactly, receiving theit069 atom “medium void” model with a 10-A void, and
eigenvalues together with the conjugate eigenvectors. Thes®08 atom “large void” model with a 15-A void. We re-
data give us the ability to construct the vibrational density offrained from building models with even larger voids to pre-
states(VDOS) for a given model as well as to look at the vent possible interaction of a void with its own “ghost”
localization properties of individual eigenstates of its dy-images in the neighboring periodically translated supercells.
namical matrix. The calculation of specific heat can be seen Every model with voids was then quenched to minimize

as a natural extension of these techniques because we canlg forces acting on atoms in the network. The atomic forces
it with a little effort once we have obtained the VDOS infor- must be small for the application of the harmonic approxi-

maltlog forlfhe} tr::pdel. t the details of q ation for the total energy of the system, which is required
nt ei: 0 hIS papfrwe plnres:)n de elal 34%9%ur rtno ®or the dynamical matrix calculation. After the dynamical
construction scheme for a largased on a atom - matrix calculation for every model mentioned above, the ei-

Lnodeb famil;; of %o%elsr:‘ora-Si Withl voifds and we intro—_ .genvalue and eigenvector data were used to produce VDOS
uce a set o met ods .t at we employ for geometry'optlml—and inverse participation rafidIPR) graphs for the model,
zation, dynamical matrix, and specific-heat calculations. |

Tcalculate its specific heat, and visualize the spatial

tS_ec. I”I we OL'.SCUSS dthe re_?_ultrs] Oft ?ur tcr:]alculz;nolns of \{:jbra-l calization/delocalization characteristics of some of its vi-
lonal properties and Specific nheat for the MOoaeIS CONSIOere ,iiqn | modeqthe ones which behavior we found most
and finally, in Sec. IV, we summarize our findings about theinteresting

influence of localized low-energy vibrational modes on the For geometry optimization of the modelsimulated

thermodynamical properties of amorphous silicon. quenching and dynamical matrix calculation we employ a
molecular dynamics code “Estrelle,” developed by the au-
thors of this paper. The code is built around an empirical
environment-dependent interatomic potentEDIP), which
We use the Djordjevic, Thorpe, and Wooten 4096 atorrhas been recently introduced by Bazant and KaxirAsn
modef for a-Si (referred to hereafter as DTWonstructed general, this potential inherits the well-established

II. MODEL CONSTRUCTION AND COMPUTATIONAL
PROCEDURES

0163-1829/2000/68)/53765)/$15.00 PRB 61 5376 ©2000 The American Physical Society



PRB 61

Stillinger-Webef format for two- and three-body interac-
tions, but now these interaction terms depend on the loca
atomic environment through an effective coordination pa-
rameter. Our testing results for EDIP and its performance in
comparison to our previouab initio calculation8 are de-
scribed elsewher?.

The force tolerance threshold in simulated quenching o
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mode of our MD program is set to be 0.01 eV/A for all its -
applications we discuss here. The dynamical matrix for anys
given model is computed by displacing every atom in the § 2
cell by 0.03 A in three orthogonal directions and calculating g
the forces on all the atoms in the syst&htor a system of = '°[
thousands of atoms the dynamical matrix is very large
which, under normal circumstances, causes problems in stor
ing it on disk or in computer memory. Fortunately the dy- 7
namical matrix is also very sparse, because in most cases tr , [ W
displacement of a single atom generates significant force:
only on its closest neighbors but not in the whole supercell.
We extensively exploit this localization of dynamical matri-
ces in our calculations, discarding terms smaller than
10% eV A=? a.m.u’?, which is a good compromise be-
tween accuracy and compactness of the output. Once th
sparse dynamical matrix for the system is obtained we ex-:
actly diagonalize the whole matrix and to obtain all of the
eigenvalues and eigenvectors. Again, for the same reasons i;
already mentioned above, we do not write out all of the £ 1
eigenvectorghowever, we do keep all their IPR’but rather
only those that exhibit properties we look for, such(8s
small energy/eigenvalugess than 200 cmt) and (ii) rela-

tively high IPR, showing that the vibrational mode we are g 1. |ow-energy VDOS and IPR snapshots for a 4096 atom

dealing with is localized. . DTW model without voids(upper left set of panelsa 4091 atom
To create VDOS graphs we employ a Gaussian represe@mall void model(upper righi, a 4069 atom medium void model

tation for (E—E;), whereE;, i=1, ... N are the eigenval-  (lower left), and a 4008 atom large void modéwer righ.

ues of the dynamical matrix arfd=3N_;,ms- The width of

broadening is 20 cm' for the full scale graphs and investigation we use a more simple approach, fittingo

O.'l cm for thg close-ups of the Iow-?nergy region. The provide a smooth transition between the low-energy para-
vibrational activity colormaps for the “low-energy, high c?olic tail and the rest of VDOS
S .

IPR” modes are prepared in same way that has been alrea
described in Sec. Il of Ref. 8: the set of individual atomic
IPRs is computed and then every atom is assigned a certain
color according to its displacement from the equilibrium po-
sition.

It is relatively easy to obtairC(T) dependence for the
model if the VDOS information for it is availabfé,
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Ill. DISCUSSION OF RESULTS

A. Vibrational properties and localization

We begin this section by presenting the results of our
calculations of the low-energy regioiigor VDOS and IPR
for all the four models introduced above, shown in Fig. 1.
For the sake of simplicity we do not present the colormaps
for vibrational modes for the 4096 atom family of models in
this paper; however, a set of colormaps for the most interest-
where VDOSg(E) is normalized to unity. Nevertheless one ing localized excitations in these models is available for
thing should be treated with caution: the model VDOS onedownload over the World Wide WeH.
usually has is relevant for a system fifite size (i.e., our From Fig. 1 we can see that the large models de®i
supercell. Vibrational excitations with wavelengths longer (both with and without voidsexhibit quite a complicated
than the size of the supercell cannot be excited in this modalibrational behavior, much more complex than that of
and are consequently missing in its VDOS data. In order tamaller 216 atom based families of models, which we have
receive the precise values faZ(T) one should correct studied befor&® The most important difference here is that
VDOS for theinfinite size of the system. In our case it is the a-Si modelwithout voidshas two localized low-energy
done in the following fashion: all the delocalizédcousti¢  modes that are associated with strained regions of silicon
vibrational modes of energy less than 20 Cnare cut out  network: we have checked bond lengths and bond angles for
and substituted by a weak parabolic taf? in the routine to  the atoms in these regions and found that the modes gener-
compute the VDOS. Parameter can be obtained from a ally localize on atoms with bond angles deviating from the
calculation of the elastic constants of the md#leut in this  perfect tetrahedral angle by more than 30°.
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L ‘\\ FIG. 2. Left panel: the low-
temperatureC(T)/T® dependence
- for the DTW models with and
TED without voids. The experimental
T o curve for vitreous silica is taken
10 ] ] from Ref. 18. Right panel: the
2 ] curves for a 4091 atom small void
& model before and after clipping of
e the lowest-energy localized mode
© eigenvalue. A curve for the model
without voids is also shown for
\ reference.
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Consequently, now we have two typespbfonon trapsn  t0 17.97 cm*. Finally in the “large void” model modes at
our models with voids — the voids themselves and straine¢ 34 and 6.10 cm' are of void type and all the others,
regions of the network. Keeping this in mind we can attempiincluding a strongly localized mode at 10.28 ch exhibit
to introduce a rough. classification of the localized |°W'mixed-type behavior. Wepeculatethat the network strain
energy modes according to the type of phonon trap they fall g geometrical peculiarities of any given model play a more

into. First, we can see a significant number of vibrational; : : g
o ! . important role in shaping the energy and type distribution of
modes in our models with voids that generally show the, P ping oy yp

same kind of localization properties that we have reporte |ts_localized vibrational modes than the actual size of the
8 ! . . Q/md — at least for the models with voids of comparable
earlier” they are exponentially localized with the center of _.
localization positioned to the side of the void. We classifys'zes' as we have here.
these excitations as void-type modes. Second, the modes we
might attribute to thestrained network region phonon trap
type in models with voids exhibit a different kind of behav-
ior in comparison to the voidless model. These modes do not In this section we present our results for the calculations
localize exactlyon the strained regions in the supercell; in- of specific heatC(T) for the family of 4096 atom models.
stead they form a string extended between one of theséhe overall temperature dependence for specific heat for all
strained regions and the voitiThe possible explanation of of our models is in good agreement with Dulong and Petit's
this behavior is that these modes can be regarded as a sup&w at high temperatures and Debye’s law at low tempera-
position of void-type modes and the localized excitations intures; our calculation also produces approximately the cor-
the model without voids. In our classification we call themrect Debye temperature f@-Si. For the room temperature
mixed-type modes. We have to stress once again that th&00 K) we receive practically the same value for specific
classification we propose is only approximate and is baselieat for all of our models: 19.7 J¥mol™*.
mostly on the colormap§.e., picture$ we get for our mod- In the left panel of Fig. 2 the&C(T)/T® low-temperature
els not on rigorous mathematical arguments. We must als@ependence for our models is presented. The most striking
add that all the low-energy modes that appear localized ifieature in this graph is the presence of sharp peaks at
our finite models will be pseudolocalized in an infinite T<3 K in the curves for the modelsontaining voids The
samplet® model without voidsdoes nothave this peak, although it
We must admit that in our current investigation we weredoes demonstrate the presence of the well-known excess
not able to find any simple connection between the size o$pecific-heat bulge, the position and height of which are in
the void and the energy and type of resulting localizedqualitative agreement with experiméhas well as with re-
modes. Our data show that for different models with voidscent computational results of Feldman, Allen, and
modes of different types dominate in the low-energy regionBickham?® All of our models with voids also have the ex-
In the “small void” model a mode with the highest IPR at cess specific-heat bulges at approximately the same position,
10.58 cm! is of void type, but the succeeding three modesbut comparing to the low-temperature peaks their intensities
with high IPR at 14.43, 18.25, and 20.97 cmare of are about an order of magnitude smaller. We were not able to
strongly pronounced mixed type. In the “medium void” find any experimental data for specific-heat measurements in
model, to the contrary, all three low-energy localized modesa-Si at temperatures below 2 K, but in order to make some
at 5.89, 6.12, and 8.13 cm are of mixed type. The mode general comparison to experiment for these new low-
with strong void-type behavior is also present but it is shiftedtemperature features we obtdimhich should be generic for

B. Specific heat
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any disordered system containing vojds/e provide the ex- ence of defects, voids, and strained regjauisthis material

perimental curve for vitreous sili¢ain our graph. should be carried out. The works of Lat al®*?°or Coeck
Unlike the previous void size vs energy situation, we canand Laermarfs for amorphous silicon can be regarded as the

find a clear connection between the presence of low-energglosest examples here.

localized modes in vibrational spectrum of the model and the

height (or even absengef the low-temperature peak in its IV. CONCLUSIONS

C(T)/T2 graph. For the small void model we have a local-

ized mode at 1.19 cit (here and below, see Fig) - the We have studied vibrational and thermodynamical prop-

lowest energy at which we can see localized excitations in al';r‘rtIes of_a 4096 atom DTW mpdel for amorphous S|I|cqn and
the family of models with voids based on it, employing a

our models — and the highest peak@(T)/T® dependence. . . ) . ;
The large void model has its lowest energy localized eXCita_Bazant-Kaxwas environment-dependent interatomic potential

. ) . - “and an empirical molecular dynamics technique. We have
tion at 2.34 cm~ and the peak of smaller height comparing . ;
. : . found that the models with voids posses a complex spectrum
to the previous model. The medium void model has two ; o ;
: : _ of localized low-energy excitations that can tmghly di-
localized states but only at approximately 6 tmand a vided into tWo QrouDs void and mixed-tvoe modes
peak that is even less pronounced than in case of the first two group yp

; : . — according to their localization patterns. Our calculations
models. Finally the model without voids has no localized ; ) . .

: - show that there is no simple connection between the size of
states with energy lower than 11 ¢h and no low-

temperature peak whatsoever the void and the energy and type of its localized modes. It is

. . : L . most probable that not only the size of the void but also its
In order to investigate this connection in more detail we

; . . local geometrical environment as well as strain distribution
have performed a simple numerical experiment, whose re:-

. X ) ) n the neighboring regions of the network play a paramount
f#étziafnigfﬁna'tnfq%”g:%t f?c?;etlhoef gi'gér?\'/:xjeeZae\ﬁocr“g]%edrole in shaping the low-energy vibrational spectrum of the
small%/oid model a.nd recalculated itsgVDOS a@(T) re- system. We have constructed specific-h€4Tr) plots for

L . 3 our models, which appear to be in good agreement with ex-
ceiving no low-temperature peak in the(T)/T° graph,

L L . . : periment. We have also plotted out our mode®(T)/T3
much like in the situation with the model without voids. In dependences for the low-temperature region, which seem to

?r?bru?eplﬂngtig?esnecg%sfu;;tlsov‘\)/rtoevnlseeg:l?#eg(hs eﬁl)degc;i ifwo e in adequate agreement with experimental and other com-
P P Iputational results forT>3 K (the excess specific-heat

3
C(T)/T* dependence for the model to the presence of loca bulge and predict interesting features, undoubtedly con-

1 - ~ —_ _1 i i i i — . . . B . .
!zed low energydE %j b6 Cr.sz )wpra}:mnal e?cnatlons nected with vibrational properties of voids present in the
N our case produced by voids — In ItS spectrum. system, at lower temperatures. We must stress that our re-

i Finally we mulfr: notﬁ trf:at_the Io;:r?hz?d V|brat|onal exCIta'sults are correct for model materials withuaiform distribu-
lons we see, aithough having rather low energies, e tion of voids ofone and the same sizerhich is of course

tunneling stz_ﬂe%? \.NhiCh are nonr_\armonic _by hature and C"?m'impossible to produce in real material. Nevertheless, by em-
not be obtameq in the harmonic appro>§|mat|on calculatlon loying our model data we can predict that in real material
We do ?Ot clalr?hthat the whole tﬁnnelltr_]g statei thgorytrll he localized low-energy vibrational states, connected to
incorrect, we rather propose an aftérnative. mechanism %ids of different sizes, will fill out a band which will alter

explains the same experimental data. It seems &t Lhe parabolic VDOS tail properties at small energies and

n:etcha(rz)lsmtht_hatt crea}_tes atdczltlonal ldenSIty of vllbrar_long onsequently manifest itself by changing the specific-heat
states (be this tunneling states or low-energy localized o 1y, 13 japendence.

“void” vibrations in porous materialsat very low energies
will produce the same effect on low-temperature specific-
heat behavior. In order to find out which mechanism of the
two mentioned abovectually worksin real material, an ex- This work was supported by NSF under Grant Nos. DMR
perimental investigation of low-temperature thermal proper96-04921 and DMR 96-18789. We thank Professor Normand
ties andsimultaneouslygeometrical quality(i.e., the pres- Mousseau for many helpful discussions.
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