Simulation of two-level tunneling states and floppy modes in silica glass
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ABSTRACT

We present the results of a computational study of
the low-energy dynamics of silica glass. Molecular dy-
namics simulation results show that parts of the glass
structure can undergo large cooperative reorientations
of Si0,4 tetrahedra. These motions involve reorienta-
tions of about 30 tetrahedra with an energy barrier of
about 0.06 eV. We relate these motions to the pres-
ence of double-well potentials which give rise to two-
level tunneling states, thereby providing the mechanism
for the anomalous low-temperature thermal properties
of glasses. In addition to studying the flexibility of silica
glass in terms of the large tetrahedral rearrangements,
we also address the flexibility of silica glass in terms of
its ability to sustain Rigid Unit Modes, or modes that
propagate without distortion of Si0O4 tetrahedra. We
find that silica glass is surprisingly similar to its cor-
responding crystalline phases in its ability to support
RUMs. We relate this similarity is related to the struc-
tural similarity of silica glass and its crystalline phase
over short length scales.
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1 Introduction

The study of silica glass attracted a lot of atten-
tion in the past decades. Silica glass is technologically
and geologically important and is one of the principal
network glass-forming systems. A special attention has
been paid recently to the study of low-energy dynam-
ics of silica glass, including two-level tunneling states,
Rigid Unit Modes, Boson peak and other features. We
present the results of computational study of silica glass
dynamics, in relation with the issue of existence of two-
level tunneling states and low-w floppy modes in silica
glass.

We start this paper with the description of the method
to produce defect-free models of silica glass. We then
proceed to addressing the issue of presence of double-
well potentials in silica glass structure. According to
the main assumption of the phenomenological theory [1]
which explains anomalous thermal properties of glasses
at low temperature [2], double-well potentials exist in

the glass structure acting at certain objects (atoms or
groups of atoms). Tunneling in the double-well poten-
tials gives rise to two-level tunneling states in the en-
ergy spectrum. The contribution of the latter to the
low-energy dynamics results in aforementioned anoma-
lous thermal properties that are not seen in crystalline
solids, including the linear behaviour of heat capacity
with temperature and other interesting features. How-
ever, i1t has been difficult to pinpoint double-well po-
tentials in glasses which led to the growth of literature
doubting their existence. Using the MDS technique, we
demonstrate that silica glass structure is able to sup-
port large-amplitude atomic jumps of up to 0.8A. The
jumps are seen as collective rearrangements of several
tens of connected S104 tetrahedra. We relate this mo-
tion to the presence of double-well potentials, envisaged
in [1], in the structure of silica glass. Finally, we address
the ability of silica glass structure to sustain Rigid Unit
Modes (RUMs), or modes that can propagate in the
structure without distortions of SiQ4 tetrahedra. We
find that silica glass is very similar to its crystalline
phase in its ability to support RUMs and relate this
similarity to the structural similatiry of silica glass and
G-cristobalite over short length scale.

2 Silica glass configurations

Silica glass, one of the principal network glass-forming
systems is well descibed as the continuous random net-
work of vertex-connected 5104 tetrahedra. In computer
simulations, the use of periodic boundary conditions im-
pose tight constraints on the formation of the network,
and many “liquid quench” algorithms suffer from dif-
ficulties in produced models that are completely free
of defects. Our approach to generate models of silica
glass for this work is to start with defect-free mod-
els of amorphous silicon which have periodic bound-
ary conditions. These structures, kindly provided to
us by Prof. Thorpe, were generated by randomizing the
ideal diamond structure with further relaxing it to the
lowest metastable state to get the configuration which
correlation functions fit the experimental data [3]. To
convert these configurations to silica we inserted oxy-
gen atoms in the middle of each pair of silicon atoms,
to create a network of vertex-connected SiO4 tetrahe-



dra. Our prototype silica glass structures were then re-
laxed using the molecular dynamics simulation method
DLPOLY [4], in particular to allow the linear Si-O-Si
bonds to relax to the usual bent state. In the molec-
ular dynamics simulations, both to relax the structure
and then to perform subsequent analysis calculations,
we used the Tsuneyuki interatomic potential [5]. Using
this procedure, we derived a number of silica glass struc-
tures with different topology, with and without four-
membered rings of tetrahedra, and containing 216, 512
and 4096 SiO4 tetrahedra each. The calculated radial
distribution functions and structure factors were found
to be in a very good agreement with experiments (see

[6], [7] for more detail).

3 Large tetrahedral reorientations in
silica glass structures

It was proposed in [1] that atomic motions in double-
well potentials in silica glass involve rigid rotations or
displacements of Si04 tetrahedra. We naturally assumed
that the corresponding displacements of atoms in these
types of motions significantly exceed those caused by the
thermal vibrations around equilibrium positions at low
temperature. To select those atoms which may partici-
pate in motion in double-well potentials, we constructed
the distribution of average square displacements of all
atoms. Using the data from molecular dynamics simula-
tion production runs at low temperature, we calculated
o = (|r|*) —| (x) |* for each atom, where r is the position
of the atom within the sample, and formed the proba-
bility distribution function P(s). For the atoms with
the largest values of o from two different simulations we
show the time dependence of their coordinates z, y, z in
Figure 1.

The event seen in Figure la involves the atom jump-
ing between one metastable position to another, and
then subsequently jumping back to the original posi-
tion. Similar changes in coordinates are found for other
atoms involved in this event with large values of . On
the other hand, the event shown in Figure 1b from a
different simulation run has the atom jumping from one
position to another but without the atom subsequently
returning to its original position. The largest value of
atomic displacements in the observed events is typically
around 1 A. Events which involve more frequent jumps
between equilibrium positions can be observed in the
simulation runs of the structures of larger size, a point
to which we return later. Using various techniques (see
[6],[7]), we established that the number of SiO4 tetra-
hedra participating in one jump is around 30. In Figure
2 we show the superposition of the group of tetrahedra
before and after the jump. Animations of the molec-
ular dynamics simulations showing sudden tetrahedral
rearrangements of silica glass structure are available at
http://www.esc.cam.ac.uk/movies.
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Figure 1: Time dependence of atomic coordinates z, y, z
(in orthogonal A units) showing an atom undergoing a
large jump involving a movement of about 0.8 A and
subsequent jump back (a) and atom in a different simu-
lation run which oscillates around the new equilibrium
after the jump (b).

Figure 2: Snapshot images of the tetrahedra partici-
pating in the jump events indicated in Figure 1. The
figure shows superimposed snapshots of the local con-
figuration captured before and after the jump event in
order to highlight the large-amplitude reorientational
motions. Animations of the jump events, showing
whole tetrahedra reorientations, can be viewed from
http://www.esc.cam.ac.uk/movies.



We estimated the parameters of the double-well po-
tentials basing on the MD results, giving the an energy
barrier of 0.06 £+ 0.02 eV and the energy difference be-
tween the potential minimais less than 0.01 eV (see [6],
[7]). We found that as the system evolves through the
cooperative small-amplitude oscillations of the tetrahe-
dra, it finds the path in the phase space with the energy
barrier small enough (around 0.06 eV in our measure-
ment) to allow it to jump in another potential minimum
with little energy cost and thus to avoid crossing barrier
separating equilibrium states which would be inaccessi-
bly high otherwise. Of course, for quantum tunneling it
will be possible for jump events to sample more of the
energy barriers than the one determined by this path in
phase space.

Simulation of larger structures (512 and 4096 tetra-
hedra) shows that the jump events become more fre-
quent and uncorrelated with each other. This can make
a noticeable contribution to the low-energy dynamics of
silica glass, particularly if quantum effects are incorpo-
rated in the simulation. The development of path inte-
gral molecular dynamics simulation technique to simu-
late the low-energy dynamics of silica glass is currently
undergoing.

We note that pressure-induced transformations have
been studied recently in silica glass and have been re-
lated to the double-well potentials [8]. By analyzing the
atomic trajectories from MD simulation, we see that
large atomic jumps may disappear in a certain region
of the sample as external pressure increases and new
jumps start to take place in the regions where no jumps
were seen before applying the pressure. This study will
be carried in more detail in the futire, including the re-
sponse of double-well potentials to decompression.

4 Rigid Unit Modes in silica glass

In addition to two-level tunneling states, we also ad-
dress the ability of silica glass to support Rigid Unit
Modes (RUMs), or modes that can propagate without
510, tetrahedra having to distort. In studying the low-
energy vibrational modes of silica glass, it is assumed
that any low-energy distortion of a silicate structure
will have a minimal deformation of the constituent Si0O4
tetrahedra [9], since these units are fairly stiff and any
significant deformation will be accompanied by high-
frequency modes. Whether an infinite framework of
corner-linked SiO4 tetrahedra can vibrate without the
tetrahedra distorting is actually a very subtle issue. The
vibrational modes that do not involve distortions of the
interatomic bonds are usually referred as “floppy modes”
in the context of network glasses [10] or Rigid Unit
Modes in the context of crystalline framework structures
[11]. The usual approach to analysing the flexbility of
a structure is to use the procedure of “Maxwell count-

ing”. In an atomic system, such as the chalcogenide
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Figure 3: Density of states, g(w), calculated using our
split-atom method, for (a) F-cristobalite and (b) silica
glass. The values of the frequencies have been scaled
against the maximum frequency in this figure.

glasses,; it is taken that each atom has 3 degrees of free-
dom, and each bond gives one constraint to the system.
The number of RUMs/floppy modes is equal to the dif-
ference between the number of degrees of freedom and
the number of constraints [10]. The Maxwell counting
procedure gives an interesting result when applied to sil-
ica. For a network of vertex-connected tetrahedra the
total number of degrees of freedom equals the total num-
ber of constraints, so that the structure of silica, both
amorphous and crystalline, is neither floppy nor over-
constrained, but balanced between the two extremes
(see [6],[7]). Thus one cannot easily predict whether
the floppy modes can exist in silica glass.

We have recently developed this approach in detailed
application of the RUM model to framework crystalline
stuctures of silicates, originally in an attempt to deter-
mine the ways in which the crystal structure of a frame-
work silicate can distort in order to allow a displacive
phase transition to occur [11]. The RUM approach has
turned out to be more of more general use than the
initial search for mechanisms of displacive phase tran-
sitions, and has encompassed phenomena such as neg-
ative thermal expansion [12] and zeolite activity [13],
as well as providing more detailed quantitative insights
into the thermodynamic properties of phase transitions
[14]. In crystalline silicates, it was often found that
the RUMs lie on special planes of wave vectors, deter-
mined by the symmetry [11]. There are no correspond-
ing sheets of wave vectors in silica glass, so the same
type of search method will not be appropriate. Instead
we use a density-of-states search method for the deter-
mination of the RUM flexibility of silica glass.

We have calculated g(w) for our silica glass configu-
rations, and the results are given in 3. There the g(w)



for silica glass is compared with g(w) of S-cristobalite.
The similarity of g(w) for the two systems for w — 0 is
striking — in fact, one can view the overall form of g(w) of
silica glass simply as a lower-resolution version of g(w) of
F-cristobalite. This comparison implies that silica glass
has the same RUM flexibility as S-cristobalite, which is
actually an astonishing result given that the RUM flex-
ibility of (-cristobalite had previously been intepreted
as being due to the effects of the high symmetry of its
crystal structure [11]. The calculated participation ratio
indicates that the low-w RUM-like vibrations involve all
tetrahedra in the glass, and are not localised to partic-
ularly flexible segments of the glass structure.

The same RUM flexibility of silica glass and S-cristobalite

can give an insight into their structural similarities. As
was shown in [15], [16], over short length scales there
are strong similarities between the structures of amor-
phous silica and the crystalline trydimite and cristo-
balite phases of silica. Using Reverse Monte Carlo mod-
elling, these similarities were found to extend over the
length scale 0-10 A [16]. Common RUM flexibility,
which includes the flexibility of the rings of connected
S104 tetrahedra, gives the possibility for the glass struc-
ture to employ structural elements of its high-temperature
crystalline phase in producing a disordered yet fully
linked network. Thus the structural similarities between
the silica glass and its high temperature crystalline phase
may be related to the inherent RUM flexibility of these
structures. This point has been discussed in detail by
Keen and Dove [16].
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