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Structural Relaxation in Vitreous Silica
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The temperature dependence of the inelastic neutron-scattering intensity from vitreous silica has been
studied between 50 and 300 K down to frequencies of 150 GHz. Above 500 GHz one finds essentially
harmonic behavior. Low-frequency anharmonic behavior can be described by a relaxational model using
parameters determined from ultrasonic measurements. The dynamic structure factor shows that relaxa-
tion involves coupled rotational jumps of Si04 tetrahedra, with a jump width of the atoms smaller than
0.8 A. These results support the hypothesis of a common origin of low-temperature glass anomalies.

PACS numbers: 63.50.+x, 62.80.+f, 78.30.Ly

Although low-frequency excitations in glasses have
been studied extensively over the last few years' their
nature remains a puzzle. In addition to sound waves,
common to both glasses and crystals, glasses appear to
contain three different kinds of "excess" excitations.
First, infrared, Raman, thermal, ' and inelastic-
neutron studies show a density of harmonic modes in

the range 200 GHz to 1 THz over and above the sound-
wave (Debye) contribution. Both heat-capacity and
quantitative inelastic-neutron measurements in vitreous
silica, for example, give a density of states up to 8 times
larger than the Debye value calculated from the mea-
sured sound velocities (up to 500 GHz). The neutron
experiment also identifies the local motion involved in

these excess modes as harmonic libration of coupled
Si04 tetrahedra.

Second, both Raman and, less clearly, infrared
measurements below room temperature show a relaxa-
tional or quasielastic contribution to the excitation spec-
trum, reminiscent of states seen in acoustic studies' of
thermally activated relaxation processes in a range of
glasses. However, attempts to link optical and acoustic
measurements by the description of relaxation with a
model based on symmetric double-well potentials have
not been successful in matching both the temperature
and frequency dependences of the quasielastic contribu-
tions.

The third group of additional excitations comprises the
tunneling or two-level states' studied in a wide range of
glasses between 10 mK and 1 K. Results of thermal,
acoustic, and electrical measurements have been success-
fully interpreted and related by theory although in most
cases the microscopic nature of tunneling states is as yet

unknown.
The lack of any microscopic picture of low-frequency

excitations has meant that no convincing synthesis of
these three classes of phenomena has been possible, and
each has usually been studied separately. In this Letter
we report a study of quasielastic neutron scattering in
vitreous silica which allows us to develop a picture of the
microscopic motion involved in relaxation similar to that
carried through previously for excess harmonic modes.
Analysis of the results using a distribution of asymmetric
double-well potentials allows a consistent interpretation
of all relaxation phenomena.

The measurements were done on two cold-neutron
time-of-flight spectrometers, the IN6 at the Institut
Laue-Langevin at Grenoble and the SV5 at the reactor
DIDO at Jiilich. The IN6 with its intensity and good
resolution was used to study the temperature dependence
of the inelastic scattering. Since the IN6 measurements
were restricted in momentum transfer Q to values below
2.6 A ', the measurements at room temperature were
extended to 4.2 A ' on the SV5 at Jiilich adapted to
measure relatively high Q values with good resolution
(FWHM 0.2 meV=50 GHz). The difficulty of these
measurements is the determination of a small inelastic-
scattering contribution very close to the elastic line
where counting rates are 2 to 3 orders of magnitude
higher. Therefore one has to subtract both the empty-
container background and the tail of the elastic line
determined separately in a long vanadium run. On the
SV5 these two contributions together were twice as high
as the signal itself, so that long measuring times (20 d)
were required.

The static structure factor is plotted as a function of Q
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FIG. 1. Momentum-transfer dependence of neutron-scat-
tering intensities: (a) elastic, (b) inelastic at 220 GHz (from
150 to 290 GHz), and (c) at 1 THz (from 0.7 to 1.3 THz).
The line in (b) is a fit to the points in (c).
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in Fig. 1(a) to show the excellent agreement between
measurements made on the two spectrometers. A com-
bination of IN6 and SV5 measurements of the dynamic
structure factor, calibrated against the elastic intensity
to give absolute values, is shown in Figs. 1(b) and 1(c)
at 220 GHz and 1 THz, respectively. Within experimen-
tal error the dynamical structure factor is the same for
all frequencies, so that the measured intensity can be
characterized by a single parameter M which is taken as
the difference between counting rates at 2.6 and 0.6 A
at a given temperature and frequency, effectively sub-
tracting the Q-independent multiple-scattering back-
ground from the data.

AI is plotted in Figs. 2(a) and 2(b) for two frequencies
against the product of the Bose factor fa (essentially
proportional to temperature in this regime) and the
Debye-Wailer factor e derived from the temperature
dependence of the elastic intensity at 2.6 A '. At 700
GHz the intensity varies linearly with temperature, as
expected for harmonic vibrations, and is in quantitative
agreement with the density of states derived from the
heat capacity. In contrast, at 220 GHz the intensity
varies approximately quadratically below 150 K, and at
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room temperature is larger by a factor of 3 than that cal-
culated for harmonic vibrations with use of the density of
states derived from the heat capacity. At low tempera-
tures M approaches the expected harmonic value. The
excess intensity, the difference between the solid and
dashed curves in Fig. 2(b), decreases with increasing
measuring frequency, and is undetectable above 600
GHz at room temperature or below.

Quantitative analysis is based on a classical treatment
of the asymmetric double-well potential, shown in Fig. 3.
The coherent neutron cross section is given by
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FIG. 2. Temperature dependence of inelastic neutron-
scattering intensities at (a) 700 GHz, and (b) 220 GHz (see
text). The dashed line in (b) denotes the harmonic contribu-
tion. (c) The temperature dependence of the Raman scatter-
ing at 5 cm ' (upper curve) and 10 cm ' (300 GHz), togeth-
er with a fit derived from ultrasonic data (see text).

where k; and kf are the initial and final neutron wave vectors, Q =kf —k;, b~ is the coherent scattering length of atom j,
and rj(t) is the position vector of atom j at time t. The sum is over all pairs ij and the brackets denote a thermal aver-
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age. In the model, an atom j can jump between positions Ri+djtq and RJ —dit2, where RJ is the average position vec-

tor and dj the jump vector. The thermal average in Eq. (1) can be calculated from the dynamics of the double well.
After our summing over atom pairs, Fourier transforming in time, and integrating over double-well potentials, the in-

elastic (quasielastic) cross section is given by

d2~ 1 kf sech' I"'(Q)g(a, r)dadr,
dndm z k " " ]+~ z 2kgT

(2)

2

I ' (Q) = pibie 'e 'sin(Q dl/2) (3)

where e ' is the Debye-Wailer factor for atom j and
the sum is over all atoms in the relaxing entity. One im-

portant feature arising from the sech factor in Eq. (2) is
that the quasielastic scattering increases in magnitude
with increasing temperature, in agreement with experi-
ment but not predicted by the symmetric-well model,
where the Lorentzian emerges with its full weight from
the elastic line as temperature increases. A related point
has been made in connection with modeling of the tem-
perature dependence of the acoustic attenuation. '0

Equation (2) is identical in form to the equivalent cal-

where the relaxation rate z ' is given by the sum of the

jump rates I 1 and I 2 (Fig. 3), g(A, r) is the distribution
function per unit volume for asymmetry 6 and relaxation
time r normalized to the total number of relaxation
states, and

culation for Raman scattering ' except for the replace-
ment of It'i (Q) by a factor proportional to the polariza-
bility. Both Raman and neutron quasielastic-scattering
intensities should therefore have the same frequency and
temperature dependences if both arise from relaxation.
This is an example of a more general result that follows
from the interpretation of both Raman and inelastic
neutron scattering" as space and time Fourier trans-
forms of correlation functions which in the limit of low Q
are equivalent when both arise from the same physical
process. The similarity between the temperature and
frequency dependence of quasielastic Raman and neu-
tron intensities, shown in Figs. 2(b) and 2(c), therefore
provides strong experimental evidence for a common ori-
gin.

Relaxation contributions to ultrasonic and infrared ab-
sorption, analyzed for the same model, give results which
contain an additional factor of t0 T in the classical lim-
its, so that the ultrasonic absorption, for example, is

given by'

a =, 2, sech g(a, r)dade, (4)
pv kaT" " I+to r 2kaT

where y is the acoustic coupling constant, p is the density, and v is the velocity of sound.
The relationship between d2o/do dto and a implicit in Eqs. (2) and (4) cannot be tested directly because acoustic

and neutron experiments are made in nonoverlapping frequency ranges. However, by our choosing a distribution of
barriers (together with a uniform distribution for 6) to
fit a, the ultrasonic data'o'2 can be scaled in frequency
for comparison with neutron and Raman data. The dis-
tribution of relaxation times is obtained by use of the
classical formula for an asymmetric double well,
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FIG. 3. Asymmetric double-minimum potential. Inset:

Model of coupled rotational motion of five tetrahedra as a pos-
sible configuration coordinate.

where ro is given by ultrasonic data ' as approximately
10 '3 s. The calculated curves are shown as the solid
lines in Figs. 2(b) and 2(c), respectively, showing that
the asymmetric-well model for structural relaxation gives
an accurate description of acoustic, Raman, and neu-
tron data with a common distribution function g(h„r).
(The available far-infrared data are not sufficiently com-
plete for detailed analysis, although in contrast to the
symmetric case the asymmetric model gives the observed
temperature dependence. )

The total number of relaxation states can be obtained
if I~' (Q) in Eq. (3) can be evaluated quantitatively.
Because I ' (Q) is the same at 220 GHz as at 1 THz,
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where harmonic modes dominate, the dynamic structure
factor can be calculated with the same five-tetrahedra
unit, shown in the inset in Fig. 3, that was used in a pre-
vious publication to calculate the dynamic structure
factor of harmonic modes. Only if the jump distance d
of the central oxygen atoms is less than about 0.8 A
are the two structure factors identical over the complete
range of Q probed in this experiment. We therefore con-
clude that relaxation involves coupled Si04 tetrahedra
jumping through a distance of approximately 0.5 A, a
value consistent with computer simulations of Si02 net-
works. '

With use of this value of d, the observed neutron in-

tensity gives a number density of 6x 10 m 3 (about
0.01 state per atom) if the asymmetry is taken to be
evenly distributed up to half the barrier height with bar-
rier distribution derived from the ultrasonic loss data
with an average barrier of 570 K and a width of 410 K.
In fact the fit is insensitive to the precise form of barrier
distribution, and the solid curve giving an identical fit to
the Raman data was calculated using a distribution with

no low barrier cutoff. ' With this number density the ul-

trasonic data at 26 GHz give a coupling constant of 1

eV, within a factor of 2 of that measured for tunneling
states, ' the only available estimate for the strength of
the phonon coupling to two-well potentials.

In summary, all four probes of structural relaxation
(quasielastic neutron and Raman scattering, and acous-
tic and infrared absorptions) can be consistently and
convincingly explained in vitreous silica on the basis of
classical activated relaxation processes. The neutron
data give direct experimental evidence that relaxation
can be described as rotation of coupled Si04 tetrahedra
through distances of about 0.5 A, motion similar to that
involved in low-frequency harmonic vibrations and found
in calculations of low-frequency modes of Si02 clus-
ters. '2 These results lend support to a common interpre-
tation of all three groups of low-frequency excitations
found in glasses, 's although the link between relaxation

and tunneling states is not yet finally established. Final-

ly, it should be pointed out that Si02 is an ideal material
for this study of relaxation processes because the basic
tetrahedron structural unit preserves its integrity in the
glass with a characteristic structure factor, and also be-
cause relaxation associated with the glass transition tem-
perature occurs at much higher temperatures than the
quasielastic scattering studied here. Similar clear-cut re-
sults are unlikely to be found in other glasses.
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