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Neutron Spin-Echo Study of Dynamic Correlations near the Liquid-Glass Transition
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Neutron spin-echo measurements have been performed on the ionic system Ca04Kp6(NO3)~4 around
the glass transition temperature To, in order to determine the time dependence of the density correlation
function pq(r), which plays a central role in recent theories. Above To the results reveal that pq(t) con-
tains two distinct "slow" components, the slower of which (a) has a stretched exponential form
exp[ —(r/r)~], (b) shows a slowing down as T approaches To which scales with the Stokes-Einstein
diffusion constant, and (c) tends to become the nonergodic fraction of the structure factor at To

PACS numbers: 64.70.—p

Considerable progress has recently been made in the
understanding of the fundamental nature of the liquid-
glass transition. ' Theories considering nonlinear densi-
ty fluctuations in a simple compressible high-density
liquid were able to predict a transition from an ergodic
to a nonergodic state, which shows many qualitative
features observed in liquid-glass transitions in real sys-
tems. The quantity of central interest for the description
of phenomena related to the transition is the density-
density correlation function pq(t), where q is the wave
number and t the time. The nonergodic glass phase is
characterized by a finite value of pq(r) at t ee, in

quite the same way as has been proposed for spin-
glasses. In the ergodic state on the liquid side of the
transition pq(r) relaxes to zero in a finite time. More
generally, since the glass transition is widely considered
as a transition of dynamic origin, the entire nature of the
phenomenon is expected to be revealed in depth by the
behavior of this correlation function pq (t ). Indeed,
theoretically predicted general properties of pq(t) have
been analyzed by now in great detail. On the experi-
mental side, neutron spin-echo (NSE) spectroscopy al-
lows the direct observation of the so-called intermediate
scattering function S(q, t) which is nearly identical to
pq(r) for coherent scattering. [Actually S(q, t) corre-
sponds to the density correlation function weighted by
the neutron-scattering amplitudes of the nuclei. ] The
NSE method proved to be particularly successful in our
studying the dynamics in spin-glasses, in particular, in

identifying a tendency towards nonergodicity and in re-
vealing the unusual nonexponential time dependence in
the spin relaxation. This latter feature of the relaxation
in random systems also received considerable attention in
recent years' "and glasses as random systems are also
of primary interest in this respect.

With these motivations in mind, we have performed
NSE experiments in order to explore the behavior of the

density correlation function pq(r ) in the vicinity of
the glass transition in a typical glass-forming system
Can 4Kp 6(NO3) ~ 4 at q values close to the first peak in
the structure factor S(q), a q range which is expected to
play the dominant role in the transition mechanism.

We had to choose for this study a glass-former system
which has very little tendency to crystallization above
the phenomenological glass temperature Tg, since
neutron-scattering scans last for several hours. At the
same time we wanted to avoid network glasses, which are
systems very far from simple model liquids consid-
ered in theories. Our choice, the mixed ionic glass
Can 4Kp s(NO3) & 4, is a very stable glass, which has been
extensively studied and characterized by bulk measure-
ments. ' ' The transition temperature To, defined as
the temperature where the viscosity appears to diverge, is
about 50'C, and Tg=60'C. The material is easily ob-
tained by heating of the mixture of components to
-400 C for about 12 h. ' As it is strongly hygroscopic,
the experiments have been performed in a vacuum fur-
nace. We have verified in a series of separate x-ray tests
that no detectable crystallization occurs on the time
scale and temperature cycling involved in the neutron ex-
periments.

The measurements have been performed with the
IN11 NSE spectrometer ' at Institut Laue-Langevin
(ILL) in Grenoble. The incoming neutron beam had an
average wavelength of 5.2 A with a FWHM spread of
18%. Therefore we actually probed the intermediate
scattering function S(q, t) averaged over a q range of
18% FWHM, with a center of gravity of 1.7 A ', close
to the first maximum in the liquid structure factor
S(q):S(q, r =0). Theories pr—edict little q dependence
in the behavior of the normalized quantity
s(q, r ) =S(q, r)/S(q), which is directly measured in
NSE. More precisely, in the actual experiment most of
the high-energy (hco & 4 meV) phononlike contributions
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to S(q) were not detected because of the limited band-
width of the neutron-detection assembly. These contri-
butions are expected to be small and slowly varying with
temperature in any case, and with much of them outside
the detection band, they will be considered as negligible.
Thus in this experiment we are basically concerned with
processes slow compared with the Enskog atomic-
collision time, which is expected to be of the order of
10

—14

The NSE spectra obtained at various temperatures are
shown in Fig. 1. We started at room temperature with a
sample kept at this temperature for about a week before
the experiment. The room-temperature spectrum (open
circles) consists of a component with 5% of the total in-
tensity, which relaxes to zero on a time scale shorter
than 4x10 " s, the lower edge of our time window.
(As mentioned above, some of this contribution could be
phononlike. ) The remaining 95% of the structure factor
is long lived and it actually corresponds to the arrested
glass structure. This is the t ~ limit nonergodic frac-
tion of 5(q). On heating of the sample up to 73'C, i.e.,
well above To, this spectrum did not change appreciably.
On further gradual heating some crystallization became
apparent at 110'C; thus the other spectra in Fig. 1 were
obtained on cooling from low-viscosity liquid state at
230 C directly to the temperature of the measurement
(indicated in the figure in degrees centigrade) with a rate
of I 'C/min. Between two of these scans the sample was
kept at 230'C for about half an hour, and subsequently
no crystallization occurred during the measurements at
the temperatures indicated, including 110 C. Thus the
tendency for crystallization showed a hysteresis.

The spectra in Fig. 1 show a dramatic slowing down of
the relaxation of the structure factor with decreasing
temperature. It is reasonable to compare this slowing

down to the decrease of the Stokes-Einstein diffusion
constant D =kT/6trt)R, where tl is the viscosity (known
from Ref. 13) and R is the unknown eff'ective radius of
the diftusing object. Indeed, replotting the data in Fig. 1

(with the exception of those at room temperature) as a
function of a scaled time t/r, where r is proportional to
I/O, we obtain a unique curve f(t/r) as shown in Fig. 2.
This common curve can be reproduced by a stretched ex-
ponential (the so-called Kohlrausch law):

~(q, t) =f(t/r) =Ae

where P=0.58 and A =0.84. This value of A means
that there is a component to s(q, t ) with a 16% weight,
which relaxes faster than the 4x10 "-s lower limit of
observation. Furthermore, tentatively identifying i with
the characteristic diffusion time at our wave number, i.e.,

' =Dq =kTq 2/6trt)R,

we find R =0.75 A. ', which is reasonably close to atom-
ic radii.

It has to be stressed, however, that the excellent fit of
all data by Eqs. (1) and (2), as clearly apparent on Figs.
1 and 2, might also be partially accidental. Forgetting
about this common fit for all temperatures we can at
least state in any case that (a) the slowing down scales
with the diff'usion coefficient (i.e., r ~D ) between
140'C and 196'C (limits included); (b) the line shape
is a stretched exponential with p=0.6 between 149'C
and 172'C; and (c) the amplitude of the observed slowly
relaxing component is about 0.8-0.85 between 111 C
and 140'C. (Note that the averaging over the 18%
neutron-wavelength band used in the experiment could
not modify the relaxation line shapes beyond a fraction
of the size of the points in the figures. )

Let us examine these findings in view of recent
theories. ' (In doing this we have to keep in mind,
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FIG. 1. The time-dependent dynamic structure factor of the
Ca04K06(NO3)14 ionic glass system at various temperatures,
as directly observed by NSE spectroscopy (q=1.7 A '). The
open circles are room-temperature data; for the other spectra
the temperature is indicated in degrees celsius. The solid lines
represent Eqs. (I) and (2) evaluated for the given tempera-
tures with parameters obtained by fitting of the scaled plot in
Fig. 2, as described in the text.
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FIG. 2. The same data as in Fig. 1 plotted against the
scaled time variable t/r, where r was calculated from Eq. (2).
The solid line represents Eq. (1) with the best choice of param-
eters A, P, and the position of the t/r =1 point on the abscissa.
Overlapping data points have only been plotted for one of the
temperatures.
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however, that these theories have not been worked out as
yet for real glasses of complex composition and therefore
we can only expect qualitative agreements. ) Maybe the
most fundamental theoretical prediction is the two-stage
relaxation of the density correlation function pq (t )
—s(q, t) above Tp

(a) A slower ("quasielastic") component with a relax-
ation rate proportional to the diff'usion constant and with
a temperature-independent amplitude fq. This com-
ponent becomes arrested at the critical point Tp, where
the viscosity diverges (D vanishes) and therefore it be-
comes the nonergodic fraction of the structure factor,
with fq being the value of the nonergodicity parameter

fq at Tp (Belo.w Tp, fq increases towards unity. ) fq is

not a universal parameter of the theory. The simplest
models give fq =0.5, although somewhat higher values
were also obtained. '

(b) A faster relaxing "scaling' contribution with a
weight of 1 fq and po—wer-law behavior (t/t, ),where
the characteristic frequency co, =t, ' goes to zero in a
critical fashion as T approaches Tp.

Our results provide experimental evidence for the ex-
istence of these two components. Our estimate for

fq =0.84 is substantially higher than the theoretical
values obtained in simplified models. At room tempera-
ture we have fq —0.95 (or somewhat higher, if phonon-
like scattering was not fully negligible). The initial sta-
bility of the spectra on heating is also understandable.
The density is believed to be the control parameter,
which drives the transition and determines the dynamics.
Thus with the room-temperature structure frozen in

below 110'C, where crystallization started, the main
feature of the dynamics, the value of the nonergodicity
parameter fq, also remained at its room-temperature
value. (In addition, this observation confirms the negli-
gible role of phononlike scattering in the temperature
dependence of the spectra, as assumed above. )

The simplest mode-coupling approximation predicted
an exponential decay (Lorentzian energy line shape) for
the quasielastic component we have analyzed. This be-
havior has also been experimentally established in liquid
metals, ' in contrast to the present case. It is encourag-
ing that in more recent, refined numerical computations
a roughly stretched-exponential line shape has been ob-
tained, although with P=0.8. It is furthermore well
known that many bulk relaxation phenomena in various
glasses could be well described by the Kohlrausch law
with P values between 0 and l. [Fo" example, macro-
scopic mechanical relaxation data in Cap 4Kp6(NO3)] 4

at 172 C can be described by a Kohlrausch law with
P=0.8. This is dift'erent from the value P=0.6 that we
find for the relaxation of pq(t), but we do not expect any
simple relation between the two experiments. ]

It is interesting to observe that the simplest model ex-
planation of nonexponential relaxation dynamics, i.e., the

assumption of a constant distribution of Arrhenius ac-

tivation barriers F(E),

s(q, t) ~ Jt F(E)exp( —t/zpe t" )dE, (3)

does not work in this case. Fquation (3) has been found
to describe both the time and the temperature depen-
dence in a variety of relaxation phenomena, including
spin-glasses above the freezing temperature Tf. Trying
to fit our present data, however, we would have to as-
sume unrealistically small values (—10 ' s) for zp By.
arbitrarily replacing the Arrhenius law zpexp(E/kT) in

Eq. (3) by the Vogel-Fulcher law zpexp[E/k(T —T*)]
(where T* is a constant) we could bring zp close to the
correct 10 ' -s range, but the fit would not work with a
single barrier distribution F(E) for several temperatures.
Thus, we conclude that we have to do with a more com-
plicated case of nonexponential relaxation than the sim-

ple fixed- energy-landscape model of Eq. (3). This
means that strong interactions between subsequent relax-
ational states have to be assumed, such as in the
correlated-states scheme of Ref. 10, or the hierarchically
constrained relaxation hypothesis introduced in Ref. 11.
Such complex mechanisms are, of course, naturally built
in (and eventually hidden) in the ab initio calculations of
the detailed, explicit theories. ' ' It is worth mention-
ing that Eq. (3) also breaks down in spin-glasses in the
vicinity of Tf.

Beyond providing evidence for its existence with a rel-
ative weight of about 16%, i.e., less than the conjectured
50%, our data give little information on the faster ("scal-
ing") contribution to pq(t). Numerical calculations indi-

cated that it should occur on a time scale of 100—1000
times the Enskog collision time (—10 ' s), unless we

are very close to a sharp transition. The present experi-
ment also indicates that it is situated between —2
X 10 ' s (i.e., the cutoft' energy of the detection system)
and the 4x10 "-s edge of our experimental window.
This range can be explored by a neutron spectrometer of
lesser resolution than NSE.

To conclude, we have to stress the complexity of the
behavior of real glasses in contrast to the simplified mod-
els in the calculations performed so far. For example,
the viscosity of our sample material can be well

parametrized' in terms of the empirical Vogel-Fulcher
law rt=(5.8X 10 P)exp[670/(T —327)], where T is the
temperature in kelvins. In contrast, the mode-coupling
theories predict a power law q ~ (T —Tp) ' with
a=1.8. In the temperature range 130 C-180 C this
law can roughly describe g—however, with an unreason-
able value to Tp=120 C. On the other hand, a power
law with a=4.2 gives a reasonable fit from 100 C up-
ward, with Tp

—90 C this time. Thus a more probing
comparison to theory of the present results would cer-
tainly require a better understanding of the behavior of
the viscosity.

In sum, we have experimentally established in the ion-
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ic glass Cap 4Kp6(NO3) & 4 that above the glass transition
temperature T~ the dynamic behavior of the density-
density correlation function pq(t) reveals two distinct re-
laxation steps. One of them occurs in the time interval
2x10 ' -4x10 " s, and the other at longer times.
This latter, slower process has a stretched-exponential
time dependence with P=0.6 and it shows a dramatic
slowing down as T approaches To. The slowing down
scales with the Stokes-Einstein diA'usion constant and
thus it tends to become at Tp the nonergodic (arrested)
part of the structure factor fq =pq(t ~). This relaxa-
tion step accounts for about 84%%uo of pq(t =0), independ-
ently of the temperature, which implies that at the tran-
sition temperature the structure factor only becomes par-
tially arrested. These findings are in qualitative agree-
ment with predictions of most recent nonlinear theories.

Our results call for two obvious extensions of the
present experiments: (a) a study of the faster-relaxing
component of pq(t) in the 10 ' —10 "-s time domain,
and (b) investigation of the q dependence of the observed
behavior. We plan to continue our work in these direc-
tions.
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