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Molecular-dynamics investigations of conformational fluctuations
and low-energy vibrational excitations ina-Si:H

P. A. Fedders
Department of Physics, Washington University, St. Louis, Missouri 63130

D. A. Drabold
Department of Physics and Astronomy, Condensed Matter and Surface Science Program, Ohio University, Athens, Ohio 45701-2979
(Received 27 July 1995; revised manuscript received 16 October)1995

First-principles molecular-dynamics simulations on modela@i:H and a-Si reveal the existence of a
quasicontinuous manifold of nearly degenerate and conformationally distinct metastable minima which are
accessible to each other at moderate simulation temperatures in the microcanonical ensemble. Other low-
energy excitations were also observed: elastic modes with anomalously low frequencies, which are somewhat
local, though they involve a significant fraction of the atoms constituting supercell models. We investigate
these phenomena via molecular dynamics and relate them to previous work on glassy solids and on liquids.

In the course of studying-Si:H with molecular-dynamics surface are thought to be a common property of amorphous
(MD) simulations, we have observed that the supercellsnaterials including glasses and polym&is. this paper we
never return to the same metastabde equilibrium) state show that at least a subset of them are mutually thermally
when quenched. The differences are always small and thaccessible and we investigate the temperature and time de-
topology does not change but the effects are much great@endence of the accessibility. The energy differences be-
than the uncertainties in the program. This has led us to atween the different minima can be arbitrarily small and the
investigation of the so-called “equilibrium state” which is energy barrier to push the system directly from one minima
really a large manifold of very nearly degenerate metastabléo another is much greater than the energy barrier that the
states, some of which are mutually thermally accessible. Theystem evolves over in a much more circuitous path via ther-
present work is directly relevant to a large corpus of apparmal evolution. The above description is, of course, a part of
ently disparate earlier work. In the introductory paragraphghe lore of “two-level systems{TLS’s).* The low tempera-
we remind the reader of this work and attempt to put it in theture behavior of noncrystalline materials is known to exhibit
context of the present paper. interesting and sometimes universal behavior. The most fa-

As a relatively simple physical model to motivate our mous example is the linear specific heat of maparticu-
findings, consider as we havsmall clusters of six atoms of larly defectivé amorphous solids fof —0 and the related
Si. Here there are very few energy miniri@e discovered and theoretically ubiquitous “two level systems.” The TLS'’s
four inequivalent minima for ). If one watches an anima- provide a highly successful phenomenological understanding
tion of such a cluster, freely vibrating at a high enough tem-of the low temperature specific heat, acoustic attenuation,
perature, it is easy to see that the system gets “stuck” near and dielectric measurements of many glassy/amorphous sys-
given energy minimum for some length of tinfessentially tems. However, detailed atomic descriptions of TLS’s have
executing rather large oscillations about that local energyeen a rarity. This work identifies such TLS's in theoretical
minimum), then escapes to a region of configuration spaceimulations ofa-Si:H, and a detailed atomic description in
nearer another minimum and large, sloppy oscillations perthis case is possible.
sist for some length of time about that minimum, and so on. This paper will also report on the related subject of low
Naturally, if a rapid quench is performed from a point in the frequency harmonic modes we have observed in several
thermal simulation where the cluster is oscillating about amodels ofa-Si anda-Si:H. A key set of concepts relevant to
particular minimum, then it is likely that the result of the low-energy lattice excitations are embodied in the “floppy
quench will be that the system will fall into that particular mode” concept advanced by Phillipand Thorpé. The idea
local minimum. In essence this paper is a detailed applicais that underconstrained networks of covalent amorphous
tion of these concepts to an enormously more complex syssemiconductors possess some zero-energy modes. In general
tem with a high-dimensional phase spaaSi:H. A number these are nontrivial and nonlocal modes involving correlated
of important conclusions result. motions of large numbers of atoms. It is now rather clear that

For the case of the amorphous network there is an enothe floppy mode picture is essentially correct. For example,
mous number of statescaling likeN!e®N, whereN is the inelastic neutron scattering measurements on compound
number of atoms ana>0).2 We will demonstrate that since chalcogenide glasses have shown rigid-floppy transitions, in
virtually no bonds are ideal or unstrained, one can subtlyagreement with the constraint-counting theory when weak
alter the system by straining some of the bonds more andihedral angle forces are includé8in the usual analysis of
some of the bonds less although many atoms have to H#oppy modes, one considers global quanti@gerage con-
adjusted in order to keep the energy change small. The encstraint number Naturally, it also seems possible that “local”
mous number of multiple minima on the potential energyfloppy modes might arise from locally defective, effectively
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underconstrained, or strained regions in a globally overconand 10 H atoms Two of the H atoms are passivating iso-
strained network. As Thorpe has pointed out, one can vieviated dangling bonds and the other eight were introduced in
the current constraint-counting formulation of floppy modesorder to remove highly strained regions from the supercell.
as being effectively a mean-field thedtyhis work includes ~ These eight are passivating dangling bonds in two groups of
salient local dynamical correlations. In this paper, we will clustered H. As a consequence of this procedure, this model
show that something akin to floppy modes occurs in superb@s no electronic defects or incorrectly coordinated atoms.
cells of a-Si:H which are clearly overconstrained. We note On the other hand, from the floppy mode perspective, the Si
that from a dynamical point of view, the H-terminated Si&oms with H neighbors lack the full connectivity of the
lacks the full quaternary connectivity of the network and"€Work, and may be expected to participate in low-energy
might be implicated in low-energy “floppy” excitations. excitations. As a test of m(_)del dependence and finite size
Several years ago, Stillinger and Wel@W) proposed effects, we also briefly studied a 216-atom WWW cell with
their “inherent structure’(IS) theory? primarily as a tool to " H atoms and a 240-atom defect-free cell including hydro-

investigate the statistical mechanics of the liquid state. S jen and found qualitatively similar results on comparable
noted that a given conformation of a system in thermal equi- "' scales. Some care must be taken to ensure that the su-
librium could be associated with another conformation, a |0_percells are St?‘b'e with respect to real topological changes
cal minimum of the system energy functional. By cleverly and the formatlon of.defects.

exploiting this, the statistical mechanics of the problem could To quantify these ideas, we allowed a supercell to evolve
be mapped into an alternative form connected with the eneft & predetermined average temperatmigrocanonical en-
getics and multiplicity of the IS—the minimum energy con- semblg for several ps. A time step of 0.2 fs was employed.

figurations. SW performed extensive calculations of the IS OIP ftrr:o?|tc;ally, wg tc;}reated .?jlsnapshor: %r Leplicallof t.he Sé/stem
various model liquids. We have essentially repeated this aps at time and then rapidly quenched the replica in order to
proach, but fo-Si:H and using first-principles forcé8We determine the metastable minimum nearest the thermally dis-

have performed microcanonical thermal simulations on mod'gurbed state. We define two autocorrelation functions for the

els of a-Si:H at temperatures much below the melting pointensemble as
or recrystallization point and find that quenches performed at
different points in the thermal trajectory yield spatially in-
equivalent but nearly energetically degenerate structures. Nand
ively, one would expect that thermally induced spatial distor-
tions would be insufficient to lead to a distinct conformation. Ar(ty,t)=Cilri(ty) —ri(ty)1?/N)Y2, 2)
However, the prime message of this paper is that these dis-
tortions do indeed lead to distinct confirmations. Of coursén Eq. (1) the indexi runs over the nearest-neighbor pairs of
these distinct metastable conformations are not topologicallgtoms where; is the distance separating a pair adds the
different (for example, the number of dangling bonds is in- number of such pairs in the supercell. In EB) the indexi
variant and the composition of nearest-neighbor pairs is notuns over all bond angles defined by triads wherés the
altered. At present, we do not know whether the effects webond angle formed by one such triad. In this supercell all Si
report here depend qualitatively on the form of interatomicatoms are clearly fourfold coordinated and all H atoms are
potential employed. clearly onefold coordinated so that there is no ambiguity in
In effect, we provide atomistic evidence for “conforma- the definition of a nearest-neighbor pair or triad. The times
tion fluctuations.” One can view these shifts between nearlyt; andt, refer to the quenched configurations. In a crystal-
degenerate energy minima as exceedingly low-energy ankne supercell bothA # andAr are zero for all pairs of times.
topologically complex excitations of the amorphous network.These auto correlation functions provide a good measure of
Naturally, we interpret the energy minima as the “®dar  how long it takes the system to alter its individual bond
multi-) level systems” invoked to explain the anomalies in lengths and bond angles. For short time differences both cor-
the low temperature specific heat of amorphous solids. Ofelation functions will approach zero and for long enough
course the proper low temperature dynamics of the systerimes they will approach a constant plus a fluctuating term
must be described quantum mechanically; we show that atue to finite size effects.
room temperature some conformational transitions are easily First, we look in some detail at a MD run at an average
accessible. An early hint that something like this could occutemperature off =600 K. This run is typical of our results
can be seen in our earlier wotk,which showed that for for temperatures greater than 100 K. A number of other tem-
room temperature thermal simulations of a relaxed version operatures were studied and will be described below, but these
the 216-atoma-Si model of Wooten, Weaire, and Winer further runs are not explored in as much detail. It should be
(WWW),*? there were what we termed “geometrical defect noted that the repeated quenches employed in calculating the
fluctuations:” that is, the number of dangling or floating two-time autocorrelation functions are very computer inten-
bonds was time dependefivith the number of floating sive.
bonds ranging between 0 and 10 for a 216-atom).célthile Table | displays the autocorrelation functiods (tq,t,)
we do not see topological variations in our distinct minima,and A 6(t,t,) for a number of time intervals that are mul-
our earlier work implies that the effects of thermal distor-tiples of 0.2 ps. It turns out that dt=600 K this is a long
tions for an amorphous environment is not so trivial as oneenough time interval so that the results from one entry in the
might naturally expect. table are not correlated with the results from another entry.
We have extensively studied a model ®a8Si:H we pro- Notice the rather extreme changesA® and Ar from one
posed earliet? and designated SiH61.18ince it has 61 Si entry in the table to the next. These variations, typically a

AO(ty,t2) = ([ 6(t1) — 6;(t2) J/N) (1)
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TABLE I. Autocorrelation functionsA 6(t,,t,) for time pairst, 3 : | T ‘ — ;
andt, measured in picoseconds. L 4
(@) a i
A6(ty,t;) (deg SN
tl t2 r /z( \\ B
L // '\\ —
0 0.2 0.4 0.6 0.8 1.0 e \E/a ]
0 1.09 1.76 1.13 0.98 1.59 g - / 1
0.2 2.72 0.88 1.99 2,57 SR 7 -
0.4 2.76 0.85 0.68 s : / .
0.6 2.03 2.60 > / .
0.8 0.66 = |
100 Ar(tq,t,) (A) —
ty t, 7
0 0.2 0.4 0.6 0.8 1.0 1
0 0.38 0.64 0.39 0.36 0.57 ‘ N P !
0.2 0.87 0.42 0.65 0.83 . 0.6 0.7 0.8
0.4 0.89 0.34 0.27 TIME (ps)
0.6 0.66 0.84
10 T T T T ‘ T T ‘ T ‘ T T T
0.8 0.26 i
) @/Q\
factor of 2, are of course due to the finite supercell size. It 0.8 ! \\
appears that one would have to have a supercell with orders~ / \
of magnitude more atoms in it in order to obtain uniform 3 / \
5086

values. We see that the rms bond angle changes betweer; .
equilibrium states from one quench to another are about & L
1°—2° with corresponding changes up to 0.01 A in bond < i
lengths. These are small changes but much greater than the&s 0.4 |
numerical noise in the program. The numerical noise is less g i
than 0.0001 A for lengths, 0.0005° for bond angles, and — -
0.001 eV for the total energy. We further note that the equi- o2l
librium states are virtually identical in their average proper- i
ties. A typical bond angle average for an equilibrium state is L
109.17° with a rms dispersion of 9.02°. From one quench to
any other this average changes by at most 0.04° and the 04 05 0.6 07
dispersion by 0.03°. Typical changes are about one-half of TIME (ps)

this. Changes in average bond lengths are virtually nonexist-

ent and the maximum change in total energy from one equi- FIG. 1. Autocorrelation function af 6(t ,t,) andAr(t;,t,) for
librium state to another is 0.044 eV and again the typicak,=0.4 ps andT, varying from 0.4 to 0.7 ps. The temperature is
change is about half of that. In temperature units, this is am=600 K. Note that the correlations decay away on a time scale of
energy of about 500 K or 7.2 K per atom. Thus these stategbout 0.2 ps. The large fluctuations for times longer than 0.5 ps are
are exceedingly close to each other on the average. This mugte to finite size effects. The lines are merely a guide to the eye.

be true for our results to be believable, since existing experi; . " of hed derived f i h
ments show that the macroscopic propertiea-&i:H do not continuum® of quenched states derived from difierent ther-
: mally induced distortions. It appears that even for very small

change on a time scale short O_f months except, of course, Bt finite times, the autocorrelation function does not go to
temperatures whgre .the mattlanallbecomes unstable or wh ro; rather it seems to linearly approach t-as0. Conse-
an external ageritike intense light is applied to the sample. q,enily, even for very short times, the system does not return
We need a finer mesh in time in order to obtain the tem-yactly to its initial quenched configuration. This suggests
poral decay to the correlations. This is shown in Fig®) 1 that there is a quasicontinuous manifold of “equilibrium
and Xb) whereA6(t,t;) andAr(ty,t;) are plotted fort;  states,” even in our small supercell models. One might have
fixed at 0.4 ps witft, varying up to 0.7 ps. From this we can guessed that there would be a “critical” time at which the
see that correlations in bond lengths and angles decay awaystem “escaped” to another metastable minimum, but this
on a time scale of about 0.2 ps at this temperature. For timi evidentlynot the case. Also note that the changesAin
differences greater than 0.2 psf and Ar are independent andA @ are related in a surprisingly linear fashion. Evidently
of the time difference except for the fluctuations due to finitechanges in bond angles necessitate similar changes in bond
size effects. As noted earlier, this time is independent of temlengths. The behavior exhibited in Fig. 1 has also been ob-
perature for temperatures greater than about 100 K. Inspeserved at other values ¢of and another temperature. How-
tion of Fig. 1 suggests that there is for practical purposes aver, in these cases not as many points were obtained.

T
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FIG. 2. Average values oA 4(t,t+At) and Ar(t,t+At) for
At=0.2 ps vs temperature. One can see the characteristic tempera-
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ture of about 50 K. The lines are merely a guide to the eye.

While changes between the energies of the various equi-
librium states are miniscule, the barriers between these states
are more substantial. The barrier heights in going linearly
from one equilibrium state to another vary between 0.16 eV
and 0.19 eV. This is much greater than variation in the equi-
librium state energies. However, in a microcanonical thermal
simulation the system takes a much more convoluted and
lower barrier energy path in going between equilibrium
states. This is shown in Figs(& and Zb) where the tem-
perature dependence of the effect is shown. At each tempera-
ture we have taken an average andA 6 for a number of
pairs of quenches differing by times of 0.2 ps. At tempera-
tures above a few hundred degreA®, andAr are indepen-

correlation functions are virtually indistinguishable. Thus the
characteristic temperature is only one-tenth of the direct en-
ergy barrier.

Next we briefly discuss the number of atoms involved in
the rearrangement process and the dynamics of the process
itself. In short, the paths of the atoms in phase space are very
complicated and defy any simple description. Between two
times that are substantially different, it is rare that any bond
angles change by greater than 10°. However, perhaps 30
bond angles change by several degrees. This is about 10% of
the total number of bond angles, which is 366. A given H
atom is considerably more likely to change its bond angle
than a Si atom. However, the bond angle distribution is still
dominated by the much more numerous Si atoms. Further, in
comparing pairs of equilibrium states, about 50% of the spe-
cific bond angles that change by several degrees are the same
but 50% are different.

To verify that finite size effects were not important, a
limited number of quenches were performed on a defect-free
supercell of 240 Si and H atoms as well as a 216-atom
WWW supercell. Since we performed much fewer runs, the
noise was much greater in this case. However, the results on
the larger sample were consistent with our results on the
71-atom sample.

As an additional means of characterizing the low-lying
excitations of the system, we have computed the vibrational
spectrum and vibrational eigenvectors, both in the 71-atom
a-Si:H model and in a relaxed version of the 216-atom
WWW model. Details of the procedure can be found in Ref.
14. We find low frequency modesvith an energy near 50
cm™Y) that are quite complex; the conjugate eigenvectors
are somewhat extended, though there is significant additional
weight on certain defects in the network. In a crystal, modes

FIG. 3. Lowest energy harmonic mode for relaxed 216-atom
WWW supercell. Arrows decorating the atomic positions are nor-

dent of temperature except for the fluctuations due to finiténal mode eigenvectors. The mode is most localized on the fourfold
size effects. From the figure one can estimate a characteristifg near the top of the figure. This mode has a frequency of about
temperature of roughly 50 K. That is, the rearrangementé cm™?, significantly lower than acoustic modes in a crystalline
slows down appreciably at temperatures lower than 50 K. Asupercell of the same dimensions. Atoms which appear to be under-
temperatures greater than a few hundred degrees, the autmordinated are artifacts of the periodic boundary conditions.
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at this frequency would be simple acoustic modes. A trueng a fourfold ring, and all the atoms exhibit strong bond
“floppy” mode would have zero frequency. Since the inter- angle distortions. In earler work, both Biswa$ al!® and
actions are of moderately long range and involve many-bodyve16 have noted that both strain and topological defects are
interactions it is unrealistic to expect true zero frequencyery active at the highest frequencies. Here we show that
modes. We note that the observed energies of these anontefects are also manifested at the lowest frequencies.

lous modega few meV, or thermal energieare significantly In conclusion, we have demonstrated the existence of a
smaller when compared to the lowest frequency crystallinerery large number of virtually degenerate energy minima in
phonon modes in a supercell of the same volume. The mode®mputer-simulate@-Si:H and have partially analyzed the

in question are not well localized, though there is noticeablyenergetics of transitions between these minima. These
more weight on atoms in the vicinity of defects. It seemsminima appear to be the states associated with two-level sys-
possible that the modes are local, although a proof of thisems. Further, we have demonstrated the existence of very
would require a supercell that is much larger than the onebw frequency nonacoustic modes that are very similar to
which we used. Earlier work suggests that localization in-floppy modes discussed in the literature.

creases with increasing cell size, since then modes cannot

interact with themselves. The modes we find are much more

complex than the collective tetrahedral modes suggested for This work was partially supported by NSF Grants Nos.
a-Gel’ In Fig. 3 we illustrate this by decorating the atomic DMR 93-05344 and DMR-93-22412, and from the Ohio Su-
positions of the WWW cell with the vibrational eigenvectors percomputer Center Grant No. PHS-218. We are grateful to
for the lowest frequencynontrivial) mode. The four largest Professor Ron Cappelletti for many helpful conversations,
components of the eigenvector are on four elements comprignd Mark Cobb for assistance in producing Fig. 3.
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