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Triple-axis inelastic-neutron-scattering measurements have been carried out on the ionic glass material
Ca0.4K 0.6~NO3) 1.4. Our measurements of the temperature dependence of the position of the main elastic
diffraction peak in the liquid give a linear coefficient of thermal expansion of~2.360.2)31024, which is
markedly greater than the value of 1.231024 from density measurements. This shows that the expansion is
accompanied by structural rearrangements. The Debye-Waller factor, as determined from the temperature
dependence of the intensity of the main elastic diffraction peak, shows an anomaly at the calorimetric glass
transition temperature,Tg 5 335 K, but the anomaly at the critical temperatureTc predicted by mode-coupling
theory is not seen. In contrast, the change in the effective root-mean-square displacement,^r 2&T

eff2^r 2&300
eff

deduced from theQ dependence of the temperature variation of the quasielastic scattering over a wide range
of wave vectorQ from 2 to 4 Å21, shows a break of slope at a temperature that can be identified asTc , but
there is no anomaly atTg . Our results giveTc 5 3686 5 K. The inelastic scattering for constantQ scans at
frequenciesn 5 v/2p < 0.5 THz deviates from harmonic-phonon-like behavior at temperatures aboveTg .
This can be identified as a fast relaxation orb process, as predicted by mode-coupling theory. Such a deviation
is not observed at higher frequencies. In the present work, we establish theQ and n dependences of theb
process.@S0163-1829~96!01230-1#

I. INTRODUCTION

An approach to the glass-transition problem arose when
mode-coupling theory~MCT! provided a framework that al-
lows one to calculate the evolution of time correlations from
a nonlinear microscopic equation of motion~for a review,
see Ref. 1!. MCT of atomic supercooled simple liquids pre-
dicts the existence of a dynamic instability at some tempera-
tureTc above the glass transition temperatureTg . There are
two relaxation steps, identified as primary ora relaxation
and secondary orb relaxation. In MCT,Tc is identified by
the divergence of the characteristic relaxation times of the
a process on cooling, so that only theb process is activated
belowTc . Thea andb relaxations are governed by different
scaling frequencies, with thea process involving the lower
frequency. The MCT predictions are formulated in terms of
the density-correlation functionFQ(t) and its decay with
time. Neutron scattering is a powerful technique to test the
predictions of mode-coupling theory, because the scattering
functionS(Q,v) determined by the neutron-scattering mea-
surements is closely related to the Fourier transform of
FQ~t!.

Ca0.4K 0.6~NO3) 1.4 ~CKN! has for many years been a
model system for studies of the glass transition. It is a re-
markably stable ionic glass system, which is characterized by

non-Arhennius behavior of the viscosity.2 The first neutron-
scattering studies of the dynamics at the glass transition were
performed by Mezei and co-workers3–5 on CKN using neu-
tron spin-echo and time-of-flight spectroscopy. Their results
are compatible with the predictions of mode-coupling theory
and give strong indications of the existence of a critical tem-
peratureTc at approximately 30° above the glass-transition
temperatureTg 5 335 K. Moreover, the measurements show
the existence of two relaxation processes with two scaling
frequencies.4 In the equilibrium liquid state, the line shape of
thea relaxation in thev domain has been also established.6

The measurements reported in the present paper are at fre-
quencies too high to observe thea relaxation directly, but
they are sensitive tob relaxation.

A prerequisite for the applicability of MCT is a smooth
temperature dependence of the static structure factorS(Q),
so as to ensure that the glass-transition anomalies are of a
purely dynamical nature and do not stem from any structural
transition.1 It has been shown in our previous neutron-
diffraction measurements of the structure factorS(Q) that
there is indeed a continuous change of the main peak inten-
sity with no sudden jump or discontinuity at any
temperature.7 In the present work we extend the investigation
of this material with detailed measurements of the elastic
structure factorS(Q,v50! and of the inelastic scattering
S(Q,v).
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The specific predictions of mode-coupling theory regard-
ing the Debye-Waller factor and the dynamic structure factor
were a motivation for us to carry out the experiments de-
scribed in the present paper. Previous work observed the
dynamic behavior only atQ5Qo , whereQo is the peak of
the structure factor.3,4 With the technique of neutron triple-
axis spectrometry we investigate different physical regions
than in the earlier work on CKN and for several values of
Q.3–7 Specifically, constant-energy and constant-Q scans
were used to obtain accurate measurements of the tempera-
ture dependence of the elastic scatteringS(Q,v50! for the
range 0.3,Q,4 Å21 and of the inelastic scattering
S(Q,v) for frequencies between 0.2 and 1.8 THz and values
of Q between 0.5 and 3.0 Å21.

In Sec. II of this paper we give theoretical predictions for
theQ andT dependence of the Debye-Waller factor. In Sec.
III we present experimental details, and in Sec. IV describe
data forS(Q,v50! and for the inelastic scattering. Section
V contains conclusions.

II. DEBYE-WALLER FACTOR

In the glass phase the neutron-scattering spectrum con-
sists of an elastic lineS(Q,v50! corresponding to the solid
structure and an inelastic contributionS(Q,v) related to the
fast motion of the atoms around their equilibrium position.
Under such circumstances one can define the Debye-Waller
factor as~neglected the slight expansion of the structure with
temperature!

S~Q,v50!5e22WSo~Q,v50! ~1!

whereSo(Q,v) refers toT50 K. In the simplest approxi-
mation

e22W5exp@2Q2^r 2&/3#, ~2!

whereQ is the scattering vector and^r 2& is the mean-square
displacement of an atom from its average position. In the
supercooled liquid phase the elastic structure factor
S(Q,v50! is, strictly speaking, zero~onset of thea relax-
ation!, but this process is slow enough so that we can main-
tain the above definition of the Debye-Waller factor by re-
placingv 5 0 by a conditionuvu , D, whereD is window
determined by a conveniently chosen instrumental resolution
function. This means that̂r 2& is averaged over times of
order of the reciprocal of the frequency instrumental resolu-
tion function; in the present experiment the resolution is of
order 0.1 THz, so the averaging time is of order 10211 s.
From previous results3–6 we know that thea relaxation is
confined to times longer than this for the temperatures stud-
ied in this work, while theb relaxation occurs at shorter
times.

Harmonic phonon theory predicts that^r 2& will be di-
rectly proportional to the temperature at temperatures where
the zero-point motion does not dominate the vibrations. This
condition is satisfied at and above room temperature for
CKN. If there is a change in theb relaxation at certain tem-
peratures this will be reflected in anomalies in the tempera-
ture dependence of the Debye-Waller factor. In particular, it

has been predicted from mode-coupling theory1 that the
Debye-Waller factor will contain a term proportional to
(Tc- T)

1/2 for Tg ,T, T c .
The Debye-Waller factor is determined from the variation

of the elastic scatteringS(Q,v50! with temperature. By
analogy with crystalline solids, where the temperature de-
pendence of the height of the Bragg peaks determines the
Debye-Waller factor, we determine the Debye-Waller factor
for CKN from the intensity of the quasielastic peak.

Since^r 2& is different for all atomic species in the sample,
the effective^r 2& in Eq. ~2! is an average over these indi-
vidual terms with weight factor which in general vary with
Q. Thus we should expect deviations in theQ dependence of
the Debye-Waller factor from the simpleQ2 law.

III. EXPERIMENT

Nitrate glasses were prepared from commercially avail-
able reagent-grade nitrates, 99.99% KNO3 and 99.99%
Ca~NO3) 2 4H2O. Melting was carried out in a furnace un-
der vacuum, and all other operations were carried out in a
glove box with an argon atmosphere. The raw materials were
dried before weighing to get precise atomic proportions.

The dried raw materials were mixed together in appropri-
ate proportions and placed in a sealed glass tube. After the
temperature was raised to 473 K, the nitrates mixture started
to melt. The temperature was then raised in steps of 50, 30,
30, 30, and 40 K, at about hourly intervals, after visible
water emission had ceased. At 583 K the mixture became a
clear yellowish liquid. The melt was then heated up to 653 K
when it became extremely clear. To remove any remaining
water, the sample was evacuated under 1025 torr and then
was flushed by N2 gas for a few hours. The melt was poured
into an aluminum slab container with dimensions
0.53537 cm3 for the neutron experiment. The perimeter of
the sample container then was masked by boron nitride to
give an area of 4 cm high by 6 cm wide. Differential thermal
analysis determined the glass-transition temperatureTg to be
335 K. The procedure for making the glass sample was de-
scribed in detail in a previous paper.7

The inelastic-neutron-scattering experiment was per-
formed with the DUALSPEC triple-axis spectrometer at the
NRU reactor at the Chalk River Laboratories of AECL.
Si~113! and Ge~113! were used as the monochromator and
analyzer, respectively. The scattered neutron energy was
fixed at 3.52 THz. Sapphire and pyrolitic graphite filters
were placed in the incident and scattered beams, respec-
tively, to suppress higher-order neutrons. The resolution at
the elastic position was 0.105-THz full width at half maxi-
mum ~FWHM!. The sample was mounted in a furnace in a
helium atmosphere. During the measurements the sample
was kept in symmetric transmission. The transmission of the
sample at normal incidence was 85%. Including both ab-
sorbtion and scattering effects, the total scattering is about
10%. No correction for multiple scattering was made in our
data evaluation procedure. Measurements were carried out at
temperatures between 300 and 573 K, with the sample in
either a glass, a supercooled liquid, or a normal liquid state.
The scattering from Ca0.4K 0.6~NO3) 1.4 is almost entirely co-
herent (scoh 5 35.5 b ands inc 5 0.85 b!.

In addition to the measurements of the scattering from
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CKN plus the sample holder, we also measured the scatter-
ing from an empty sample holder at two temperatures, 300
and 573 K. Accurate determination ofS(Q,v50! was not
possible where there are powder peaks from the aluminum
sample container atQ values of 2.7 and 3.1 Å21. To correct
for the effect of rotating the large flat sample in an inhomog-
enous flux distribution, beam profiles were determined~by
measuring the scattering from a thin polythene rod as it was
translated across the incident beam at the sample position!
for six values of the monochromator scattering angle 2um ,
covering the range employed for the measurements. As well
as the beam profile correction, corrections were made for
absorbtion and for the scattering from the empty sample
holder.

IV. RESULTS AND DISCUSSIONS

A. Elastic scatteringS„Q,v50…

The elastic structure factorS(Q,v50! of CKN is shown
in Fig. 1, at temperatures of 300, 340, 426, and 573 K, when
the system is a glass, a supercooled liquid, a supercooled
liquid, and a liquid, respectively. The spectra show features
typical of a noncrystalline material, which are generally
similar for the glass, supercooled liquid, and liquid phases,
but there are systematic changes with temperature.

There are three peaks inS(Q,v50!. The first small peak
at about 0.8 Å21 corresponds to the nearest cation to cation
~or anion to anion! distance, which is the characteristic dy-
namic length scale of the melt. This peak position does not
change with temperature since the strong electrostatic forces
tend to stabilize the distance. The second peak at 1.88
Å 21 ~at room temperature! is the main peak of the structure
factor. The third peak is at 2.8 Å21. Due to the complexity
of our glass system~with the NO3 group as a single anion
and two cations!, the latter two peaks do not simply corre-
spond to single ionic-pair separation distances but to a com-
bination of several distances between several ionic pairs, i.e.,
each peak has contributions from several ionic pairs. With
increasing temperature, the positions of the latter two peaks
shift to lowerQ, and their intensities decrease markedly.

The three-peaked pattern of Fig. 1 is also found7 in the
static structure factorS(Q) as measured by neutron diffrac-
tion atl 5 1.5 Å . Comparisons ofS(Q) measured7 using a
high-resolution powder diffractometer and ourS(Q,v50!
measured using a triple-axis spectrometer are shown in Figs.
2~a! and 2~b! for temperatures of 300 and 573 K, respec-
tively. For each temperature, the elastic-scattering data are
normalized to give the same height at the main peak as the
neutron-diffraction data. Note that there are marked differ-
ences betweenS(Q) and S(Q,v50! at high Q and high
temperatures, showing the considerable inelastic contribution
to S(Q) in this region.

In this section, we concentrate on the temperature varia-
tion of the main peak ofS(Q,v50!. To quantify its behav-
ior, this peak was fitted with a Gaussian function

Speak~Q,v50,T!5Ae@2~Q2Qo!2/2G2# ~3!

for values ofQ within about 0.15 Å21 of Qo , whereQo is
the position of the main peak. Equation~3! includes the tem-
perature dependence ofS(Q,v,T) explicitly. For much of
this paper such explicit inclusion is not necessary, and the
function is just written asS(Q,v). The fitted parameters are
the peak height (A), the peak position (Qo), and the width
(G). In all cases, the top of the main peak is fitted reasonably
well with such a Gaussian function, as is illustrated in Fig. 3
for temperatures of 320, 350, 370, and 390 K.

Figure 4 shows that the peak position varies linearly with
temperature aboveTg 5 335 K. Open circles show the data
obtained by heating the sample from room temperature, and
open squares show the data obtained by cooling the sample
from T5573 K. The heating data extend to 390 K, where
crystallization commenced. There is no significant difference
between the heating and cooling data. From the refractive
index data of Rao, Helphrey, and Angell,8 the density mea-
surements of Dietzel and Poegel9 and from a previous

FIG. 1. The elastic scattering intensityS(Q,v50) for
Ca0.4K 0.6~NO3) 1.4 at temperatures of 300, 340, 426, and 573 K,
when the system is in glassy, supercooled liquid, supercooled liq-
uid, and liquid states, respectively. FIG. 2. Comparisons of the static structure factorS(Q) ~open

circles! measured using a high-resolution powder diffractometer
~HRPD! ~Ref. 7!, and the elastic structure factor
S(Q,v50)/~open squares! measured using a triple-axis spectrom-
eter ~TAS! for temperatures of 300 K~a! and 573 K~b!.
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neutron-diffraction experiment,7 the linear thermal-
expansion coefficients are 1.1731024, 1.2831024, and
~1.7960.12)31024, respectively. Our present results give a
value of ~2.3 60.2)31024, which is larger than from the
other measurements.

The difference between the thermal expansions observed
in S(Q) andS(Q,v50! is explained by the presence of an
inelastic component inS(Q). It can be quantitatively evalu-
ated by taking into account the observed temperature depen-
dence of the Debye-Waller factor. In fact using the Gaussian
linewidth parameterG @cf. Eq. ~3!# as determined, together
with a flat background in Ref. 7 (G. 0.2 Å21) and the
temperature variation of̂r 2&eff as given below in Fig. 7, we
obtain a difference of 0.531024/K for the linear thermal-
expansion coefficient forS(Q,v50! andS(Q), respectively,
in agreement with measured value.

TheQ2 background shifts the apparent peak position to
higherQ at higher temperature, thus reducing the apparent
variation of the peak position with temperature. The neutron-
scattering measurements give larger coefficients of thermal
expansion than the density measurements. This indicates that
there is structural rearrangement as the temperature changes.
There is no indication of a change of slope atTc in Fig. 4,
but there is some indication of a change atTg . This effect
has been seen in thermal-expansion data previously,8 where a
smaller expansion coefficient 0.3331024 was observed in
the glass.

We analyzed the Debye-Waller factor characterizing the
T andQ dependences of the elastic-quasielastic central line
~within the energy resolution, the line is still elastic!. Figure
5 shows the temperature dependence of the peak height of
S(Q,v50!. There is a linear variation forT.Tg , with de-
partures at lower temperatures. Following the discussion
given in Sec. II, the plot in Fig. 5 is to be interpreted as a plot
of the temperature dependence of the Debye-Waller factor.
By plotting the peak height rather than the intensity at fixed
Q, thermal-expansion effects are allowed for. There is a
change in slope atTg followed by the extra decrease of the
elastic intensity above this temperature. The extra decrease
aboveTg can be identified with the onset of theb relaxation
process, as predicted by mode-coupling theory, though the
results do not show the square-root behavior atTg, T,Tc
as theory predicts,1 and there is no anomaly atTc .

We have determined the Debye-Waller factor at other val-
ues ofQ from the measured temperature dependence of the
elastic scatteringS(Q,v50!. Normalizing the scattering to
its value at 300 K and using Eq.~2!, we expect that

lnF S~Q,v50,T!

S~Q,v50,T5300 K!G52Q2@^r 2&T2^r 2&300#/3.

~4!

FIG. 3. Gaussian fits of the elastic main peak intensities at 320,
350, 370, and 390 K. From such fits the peak height and peak
position were obtained for each temperature.

FIG. 4. The temperature dependence of the position of the main
peak inS(Q,v50) obtained from Gaussian fitting. The peak posi-
tion varies linearly with increasing temperature aboveTg5335 K.
The data give a coefficient of linear thermal expansion of
2.331024. There is no change of slope atTc , but there is some
indication of a change atTg with a lower coefficient of thermal
expansion in the glasseous state.

FIG. 5. The temperature dependence of the height of the main
peak ofS(Q,v50!. There is a linear variation forT.Tg , with
departures at lower temperatures. In contrast to the predictions of
mode-coupling theory~Ref. 1!, the data do not show a variation
with temperature of the form (Tc2T)1/2 betweenTg andTc , and
show no anomaly at the critical temperatureTc as inferred in a
previous work.
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Figure 6 shows ln@S(Q,v50,T)/S(Q,v50,T5300 K!#
plotted againstQ2 for some typical temperatures over the
range ofQ from 0.5 to 4 Å21. We found that a mean square
displacement̂ r 2& can only be defined forQ>2 Å21 that is
beyond the peak of the structure factor. The slope, which
gives a measure of̂r 2&T

eff2^r 2&300
eff , is now primarily deter-

mined by larger values ofQ than was the case for the fits to
the height of the main peak. Here the notation eff or effective
means that we only use a value ofQ larger than 2 Å21, and
not for all the range ofQ values. The bump around 3 Å22 in
the data points in Fig. 6 is primarily due to the shift of the
position of the peak of the structure factor.

Figure 7 shows the effective root-mean-square displace-
ment ^r 2&T

eff2^r 2&300
eff obtained from fits to data like those

shown in Fig. 6. TheT dependence of the effective root-
mean-square displacement suggests a discontinuity of slope
at temperatureTc with no anomaly atTg , in contrast to the
results shown in Fig. 5, where there is a change in slope at
Tg but none atTc . The accuracy of our data, as also illus-
trated by the scatter of the points in Fig. 6~e.g., the straight
line fitted in the temperature range 310–370 K deviates from
the defined value of 0 at 300 K! is not quite sufficient for
making a definitive statement. Nevertheless, it is tempting to
identify Tc with the critical temperature of the dynamic
phase transition predicted by mode-coupling theory.1 This
suggests a way for a possible direct observation of the mode-
coupling critical temperature. In previous work3–5 this tem-
perature could only be identified tentatively by fitting data
with two scaling functions assuminga priori the existence of
Tc .

If we fit the data shown in Fig. 7 to two linear functions,
we find thatTc 5 3686 5 K. Earlier neutron time-of-flight
and spin-echo measurements3–5have given similar values for
Tc , 3686 5 and 3706 5 K, respectively. Contrary to the
predictions of mode-coupling theory,1 the results do not
show a variation of the Debye-Waller factor with tempera-
ture of the form (Tc2T) 1/2 betweenTg andTc .

B. Inelastic scattering for constantQ

In order to analyze the temperature behavior ofS(Q,v)
for n > 0.2 THz, we consider the local vibrations of atoms
in a liquid or glass as ‘‘phononlike’’ motionsSph(Q,v). For
the long-wavelength acoustic single-phonon scattering
process10 in the incoherent approximation,

Sph~Q,v,T!5
scoh

4p

Q2

2M̄v
e~2Q2^r2&/3!S~Q!z~v!nB~v,T!,

~5!

where^r 2& andM̄ are the average effective atomic displace-
ment and atomic mass, respectively,nB(v,T) is the Bose
occupation number, andz(v) is the density of states. As
mentioned in Sec. II, the term̂r 2& in Eq. ~5! can be approxi-
mated as 3cT, where c is a constant. IfQ2^r 2&/3 is not small
compared to 1, there will be a substantial multiphonon con-
tribution, but in the limitsQ→0 and 2W→0, the mul-
tiphonon processes become negligible.

We studied the scattering at low frequency to see if this
reflects the transitions atTg and Tc . In this region,
nB(v,T) and z(v) can be approximated bykBT/\v and
v2. The single-phonon scattering then becomes

Sph~Q,v,T!}S~Q!Q2T, ~6!

The low-frequency phonon intensity is thus directly propor-
tional to the temperature. We remove the Bose factor from
the observed scattering in order to determine the quantity
Sn(Q,v,T) defined by

Sn~Q,v,T!5
Sph~Q,v,T!

nB~v,T!
nB~v,300 K!;Q2S~Q!. ~7!

Sn(Q,v,T) is thus proportional toQ2S(Q). Any tempera-
ture and frequency dependency ofSn(Q,v,T), beyond
higher-order effects such as the Debye-Waller factor and

FIG. 6. ln@S(Q,v50,T)/S(Q,v50,T5300 K!# plotted against
Q2 in the range ofQ from 0.5 to 4 Å21. The plots are fitted to a
linear function passing through the origin forQ> 2 Å21. The slope
gives the change in the effective root-mean-square displacement,
^r 2&T

eff2^r 2&300
eff .

FIG. 7. The change in the effective root-mean-square displace-
ment, ^r 2&T

eff-^r 2&300
eff , as a function of temperature. There is a dis-

continuity in slope atTc with no anomaly atTg . This gives a value
of 36865 K for the critical temperatureTc .

6296 54KARTINI, COLLINS, COLLIER, MEZEI, AND SVENSSON



normal anharmonicity, reflects a fundamental physical
change as the temperature is varied.

Sn(Q,v,T) is shown in the range of frequencies from 0.2
to 1.8 THz for constantQ values of 0.8, 1.5, 1.8, and 2.5
Å21, in Figs. 8~a! and 8~b!, at T5300 and 523 K, respec-
tively. The major difference between these two plots is the
extra intensity at low frequency forT5523 K. At higher
temperatures, the structurala relaxation induces a broaden-
ing of the central quasielastic line. Previous higher resolution
time-of-flight measurements atQ5Qo ~Refs. 4 and 6! have
shown that this line broadening remains small compared
with our resolution width~0.105 THz! over the whole tem-
perature range of the present study. For example, it only
amounts to 0.03 THz FWHM at 573 K. In fact we made
measurements of the quasielastic scattering over the range
from 20.16 to 0.16 THz over the whole range of tempera-
tures and saw no broadening.

To search for possible physical changes near the glass
transition in CKN, we determined the frequency and tem-
perature dependences of the quantitySn(Q,v,T) for Q val-
ues of 0.8, 1.1, 1.5, 1.8, and 2.5 Å21. The results show an
extra inelastic intensity at temperatures aboveTg for fre-
quencies smaller than 0.6 THz, but not for higher frequen-
cies. Similar effects have been shown by the previous time-
of-flight results at the main peak of the structure factor
Qo5 1.8 Å21 in CKN4 with extra intensity for temperatures
aboveTg in the frequency range below 0.5 THz.

As we noted above,Sn(Q,v,T) is independent of tem-
perature for harmonic phonon scattering. At frequencies be-
low 0.6 THz, Sn(Q,v,T) deviates from temperature-
independent-behavior for temperatures aboveTg . This
indicates the onset of a dynamical process at, or very near,
the glass-transition temperature, in a frequency range acces-
sible to our measurements. As discussed above, this devia-
tion from the normal phononlike intensity is not caused by
broadening of the quasielastic line. The extra intensity must

arise from some process that comes into effect for tempera-
tures aboveTg at frequencies that are near the low-frequency
end of our present measurements but are still much higher
than the characteristic frequency ofa relaxation.10 The extra
intensity aboveTg implies the extra decrease of the Debye-
Waller factor aboveTg, as described in Sec. IV A. We iden-
tify this extra intensity with theb-relaxation process as pre-
dicted by mode-coupling theory.1

It is interesting to examine the frequency dependence of
the extra inelastic intensity. This is shown in Fig. 9 forQ
values 0.8, 1.5, and 1.8 Å21 over the range of frequency
from 0.2 to 0.8 THz. The intensity was determined by sub-
tracting the temperature-independent intensity forT,Tg
from the linearly fitted intensity at 350 K, then normalizing
them to theS(Q,0) at temperature 300 K. It is clear that the

FIG. 8. ~a! Room-temperature
inelastic constantQ scans atQ
values of 0.8, 1.5, 1.8, and 2.5
Å21. There is an increase of inten-
sity Sn(Q,v,T! with increasing
Q, and the data are well described
by linear fits ~solid lines!. ~b!
ConstantQ scans forT5 523 K
for Q values of 0.8, 1.5, 1.8, and
2.5 Å21.

FIG. 9. The frequency dependence of the extra intensity
S8(Q,v,T) at temperature 350 K forQ values at 0.8, 1.5, and 1.8
Å21. The data were normalized to the elastic structure factor
S(Q,0), at 300 K.
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extra intensity decreases markedly with increasing frequency
from 0.2 to 0.5 THz, and is absent at higher frequencies. The
b relaxation is characterized by the same energy for all the
Q values we studied. This is an interesting finding for the
coherent scattering. TheQ independence of theb process
has also been observed in the incoherent scattering@e.g., in
orthoterphenyl~Ref. 11!#.

We investigated theQ dependence of theb process, since
previous work has been confined to the value ofQ corre-
sponding to the peak of the structure factor. To determine the
Q dependence of the extra intensity at low frequencies,
S8(Q,v,T), we use a functional form

Sn~Q,v,T!5H a~Q,v!1S8~Q,v,T!, T.Tg ,

a~Q,v!, T,Tg ,
~8!

where a(Q,v) is the temperature-independent part of
Sn(Q,v,T). The values ofS8(Q,v,T) for n50.2 THz are
plotted in Fig. 10~a!. For comparison,S(Q) ~Ref. 7! and
S(Q,v50! at 360 K are also shown. The general form of
S8(Q,v,T) is clearly similar to that ofS(Q), as predicted by
theory.3 This form is not the same as would be anticipated
for acoustic harmonic-phonon scattering, where a behavior
like Q2S(Q) would be expected@Eq. ~7!#.

We find empirically10 that

S8~Q,v,T!'b~Q,v!S~Q!~T2Tg!, ~9!

whereb(Q,v) reflects the relative amplitude of theb pro-
cess. The quantityb(Q,v) can be obtained via Eq.~9! from
the data shown in Fig. 10~a! at n50.2 THz. The results are
given in Fig. 10~b!. They are consistent with a minimum in
the region of the peak of the structure factor as predicted by
mode coupling theory.1,10

C. Dynamic structure factor at constantv

In this section we present measurements of the low-
frequency inelastic scattering in the glass and liquid states at
constant frequency n5v/2p. Figure 11 compares
S(Q,v50) with S(Q,v) for the range ofQ from 0.5 to 3
Å 21 at frequencies of 0.4, 0.8, and 1.6 THz and tempera-
tures of 300 and 573 K. It is clear that the peak correspond-
ing to the dominant peak of the elastic structure factor is
missing in the inelastic scattering. A remnant of this peak is
only apparent at the lowest frequency, 0.4 THz. A similar
effect has also been observed in vitreous silica.12 The inelas-
tic scattering at 573 K for a frequency of 0.4 THz is rather
flat for Q.1.8 Å21. It does not decrease at largeQ like
S(Q,v50), and like one would expect if one were observ-
ing the tail of a broadened quasielastic component.13

Figure 12 shows the inelastic scattering at 0.4 THz, and
compares it withQ2S(Q) and withQ2S(Q,v50! for tem-
peratures of 300 and 573 K. The data are normalized to give
the same height at the main peak. AtQ values above the
main peak, the results forn 5 0.4 THz followQ2S(Q), but
at smaller Q values they are much greater than the
Q2S(Q) dependence expected for harmonic acoustic
phonons. We hypothesize that this extra scattering corre-
sponds to the well-known excess density of low-energy
modes in amorphous materials. It is believed that these
modes are localized with an extent of a few-nearest-neighbor
distances.

V. CONCLUSION

Our experimental results show that the position of the
main peak of the elastic scatteringS(Q,v50) shifts to

FIG. 10. ~a! Triangles show theQ dependence of the magnitude
of the extra scattering intensityS8(Q,v,T) at temperature 360 K
andn 5 0.2 THz. For comparison,S(Q) ~dashed line! ~Ref. 7! and
S(Q,v50! ~solid line! at 360 K are also shown.~b! The values of
b(Q,v) obtained via Eq.~9! from the data shown in~a!.

FIG. 11. ~a! The inelastic harmonic phononlike scattering at
frequencies of 0.4, 0.8, and 1.6 THz in the glassy state~300 K!. For
comparison, the elastic scatteringS(Q,v50) at 300 K in arbitrary
units is also shown~solid line!. ~b! The inelastic scattering at fre-
quencies of 0.4, 0.8, and 1.6 THz in the liquid state~573 K!. For
comparison, the elastic scatteringS(Q,0) at 573 K in arbitrary units
is also shown~solid line!.
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lower Q linearly with increasing temperature in the liquid
state~T.Tg). There is evidence for a lower coefficient of
expansion in the glass state~Fig. 4!. Our measured coeffi-
cient of linear thermal expansion in the liquid state is
2.331024, which is larger than the values from the refrac-
tive index,8 from the density,9 and from neutron-diffraction
data,7 which are 1.1731024, 1.2831024, and 1.7931024,
respectively. That the neutron-scattering measurements give
a larger coefficient of thermal expansion than density mea-
surements is an indication that there are structural rearrange-
ments as the temperature changes. The difference in the
value of the coefficient of thermal expansion given by
S(Q,v50! andS(Q) can be explained by the inelastic con-
tribution toS(Q), which varies asQ2T, and shifts the main
peak of S(Q) to higher Q at higher temperature.S(Q)
clearly reflects the equal-time correlations, i.e., the instanta-
neous density pattern, better thanS(Q,v50! does.

The height of the main peak of the elastic scattering
S(Q,v50) shows an anomaly atTg . As can be seen in Fig.
5, there is a change of slope atTg . The steeper decrease
aboveTg is attributed to the onset of a fast relaxation orb
process, as predicted by mode-coupling theory, but there is
no indication of the anomaly at a critical temperature
Tc.Tg expected from mode-coupling theory . In contrast to
the predictions of mode-coupling theory,1 the elastic main
peak intensity does not vary with temperature betweenTg
andTc like (Tc - T)

1/2; rather it varies linearly throughout
this region and above.

A signature of the expected critical behavior is, however,
obtained from theQ dependence of the Debye-Waller factor
over the range ofQ from ; 2 to 4 Å21, while the behavior
is more complicated below 2 Å21. The data in Fig. 6 show
that ln@S(Q,v50,T)/S(Q,v50,T5300 K!# varies linearly
with Q2, for Q> 2 Å21, the slope giving a measure of the
change in the effective root-mean-square displacement,
^r 2&T

eff2^r 2&300
eff , as depicted in Fig. 7. The temperature de-

pendence of the effective root-mean-square displacement
breaks at a critical temperatureTc , but not at a glass transi-
tion temperatureTg .

The result obtained in Fig. 7 is in contrast to the results
for the main peak inS(Q,v50!, that shows the discontinuity
atTg ~Fig. 5!. It remains to be understood why the quantities
plotted in Figs. 5 and 7 show anomalous behaviors at differ-
ent temperatures, one atTg and the other atTc . At different
Q values, different averages of the mean-square displace-
ment of the different atomic species determine the Debye-
Waller factor. At relatively highQ, the interference contri-
bution to the structure factor tends go to zero, and the
observed effective mean-square displacement becomes sim-
ply averaged over all atoms. So one might argue that the
intrinsic microscopic dynamics is best characterized by the
high-Q limit of the Debye-Waller factor compared to the one
measured at the peak of the structure factor.

The behavior shown in Fig. 7 is the first direct observa-
tion, to our knowledge, of a potential signature of a critical
temperatureTc aboveTg , as predicted by MCT theories. In
previous work Tc could only be assessed by assuming
a priori the validity of some MCT predictions~e.g., scal-
ing!. Our result is model-independent evidence hinting at the
existence ofTc . The temperatureTc can be considered as a

signature of some kind of a phase transition, between two
phases with different microscopic dynamics. We obtain a
critical temperature of 3686 5 K from our data. This value
is in good agreement with values of the critical temperature
obtained for CKN from earlier neutron spin-echo3 ~3706 5
K! and time-of-flight4 ~3686 5 K! measurements atQ. 1.7
Å 21 , and from ultrasound measurements~375 6 5 K! at
Q50 obtained by Fuchs, Go¨tze, and Latz.14

After removing the temperature dependence of the scat-
tering arising from thermal population effects by dividing by
the Bose factor, one obtains the quantitySn(Q,v,T) which
is temperature independent for harmonic phonon scattering.
Such temperature-independent behavior is essentially what
we observe for frequencies larger than 0.5 THz. However, at
lower frequencies there is an excess intensity proportional to
(T2Tg) that we believe arises from the fast relaxation or
b process. The onset of the increase in the inelastic intensity
at low frequencies for temperatures aboveTg may be re-
garded as a microscopic dynamic signature ofTg arising
from the increased motion and the increase of the mobility of
the ions aboveTg .

15 Theb relaxation is characterized by the
same energy dependence of severalQ values we studied
~Fig. 9!. A similar behavior in the frequency region from 0.2
to 0.7 THz has been observed in polymer glasses,16,17where
the excess intensity is referred to as a boson peak.

The extra intensity at low frequency,S8(Q,v,T), has a
shape almost the same as that ofS(Q). Using a functional
form with an excess scattering proportional to the structure
factor, Eq.~9!, the quantityb(Q,v), which reflects the am-
plitude of theb process, displays a minimum in the region of
the peak ofS(Q) @Fig. 10~b!#. This form has been predicted
within the context of some phenomenological interpretations
of the b process as corresponding to a kind of subgroup
motion.1 The remarkable similarity of theQ dependence of
S8(Q,v,T) to that ofS(Q) is very strong evidence in favor
of the interpretation of the character of theb process as a

FIG. 12. The inelastic scattering at 0.4 THz~triangles! com-
pared withQ2S(Q) ~dotted line! ~Ref. 7!, andQ2S(Q,v50! ~solid
line! at 300 K ~a! and 573 K~b!. The data are normalized to give
the same height at the main peak.
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relaxation of the overall atomic short-range structure.1

TheQ dependence of the inelastic phononlike scattering
at constant frequency shows some interesting features. As
shown in Fig. 11, a remnant of the main peak of the elastic
structure factor is still present at 0.4 THz , but not at higher
frequencies. Figure 12 shows that the scattering at low fre-
quency, 0.4 THz, followsQ2S(Q) behavior forQ values
above the main peak, but not at smallerQ values. The excess
intensity at smallerQ values probably corresponds to the
excess density of low-energy modes~of localized nature!
characteristic of amorphous materials.

In this paper we have presented the results of a rather
broad study of the neutron scattering by the ionic glass CKN.
The work shows the value of such extensive studies for re-
vealing the complex variety of features that glasses can dis-
play. By having available neutron-scattering results for both
S(Q) ~from our previous studies presented elsewhere7! and
S(Q,v50) one obtains a much more complete picture of the
static behavior of both the liquid and glass states. Our work
on CKN has extended the knowledge of the behavior of glass
materials at temperatures near and above the glass-transition
temperature to reveal several puzzling features that are in
need of explanation and additional experimental exploration.
These include the different behavior of the Debye-Waller

factor at different values ofQ, the appearance aboveTg of
an extra scattering intensity scaling withS(Q) below a
threshold frequency of about 0.5 THz, and the presence of
excess inelastic phonon intensity at lowQ. Several aspects
of the behavior of CKN revealed by our study support the
predictions of mode-coupling theory, while others show se-
rious shortcomings of this theory. Much more work, both
experimental and theoretical, needs to be done before we can
claim a fundamental understanding of glass-forming sys-
tems, and of what happens atTg andTc in particular. The
present work has shown additional ways in which it will
undoubtedly be valuable to proceed in studying other glass-
forming systems, as well as indicating several promising
ways in which the study of CKN should be extended.
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