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We report high-resolution x-ray scattering results on the relaxation behavior of a glass-forming inter-
calate, HNOj;-graphite. Isothermal annealing following a shallow quench is found to proceed via a se-
quence of discrete metastable states with modulated structures and appears to be a cooperative process.
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Quenched structural disorder represents an important
class of nonequilibrium dynamical systems.! In many
cases, such as molecular glasses,? random spin systems, >
and their ferroelectric analogs,* competing interactions
are responsible for kinetically limited disordered phases.
Glass formation, structural relaxation, and annealing are
well-known examples of physical processes governed by
kinetics, and although such phenomena are ubiquitous
they are still quite poorly understood.® One would like
to know, for example, what is the nature of local correla-
tions and what mechanisms control a system’s evolution
towards the equilibrium state. The relationship between
structural disorder and relaxation dynamics in spin-
glasses® is also a topic of current interest in trying to un-
derstand the role of competing interactions in a more
general sense.

While the ensemble-average behavior of nonequilibri-
um systems has been studied intensively there is little in-
formation as yet on the /ocal structural correlations and
their behavior during the progression to macroscopic
long-range order. Real-time x-ray diffuse scattering
offers a powerful experimental probe into this question,
permitting one to follow the detailed kinetics of none-
quilibrium states over length scales from atomic dimen-
sions to several microns. Such high-resolution measure-
ments have only recently been made possible by new de-
velopments in the techniques of time-resolved x-ray
scattering.”® In particular, the use of multichannel x-
ray detectors coupled with very-high-brightness syn-
chrotron x-ray beams has opened up a wide spectrum of
nonequilibrium processes to experimental study.

This Letter reports the results of quenching and an-
nealing experiments on a molecular intercalation com-
pound, HNOj;-graphite, which undergoes a first-order
freezing transition at 7, = 252 K. The experiments re-
veal dramatically different structural kinetics depending
on whether the quench temperature 7T, is above or below
a certain point 7, which we associate with a glass transi-
tion. The case where Ty, < T, < T, is particularly in-
teresting: We are able to follow in real time the process
of annealing and have found that the associated kinetics
are characterized by the appearance of a series of
discrete metastable states which lead ultimately to the
equilibrium crystalline structure. The microscopic na-

ture of these states and their time dependence is the
main focus of the work reported here.

The use of molecular intercalates for these experi-
ments is motivated by earlier structural studies®'? show-
ing that the molecular arrangement is determined by
competing intermolecular forces.'' Specifically, the
low-temperature, equilibrium structure is dictated by
commensurability with the corrugation potential of the
graphite host. High stages'? of intercalation favor the
commensurate structure as the interlayer forces are
weakened relative to the corrugation interaction. For
this reason we chose to work with stage-4 HNOjs-gra-
phite, which has been reported to have a commensurate-
ly ordered equilibrium structure® with a relatively large
in-plane unit cell (9aox12ao) and weak three-dimen-
sional interlayer correlation. '°

The first indication of nonequilibrium effects in the or-
dering of HNOjs-graphite was given by the rotating-
anode x-ray scattering data in Fig. 1(a) showing the
temperature dependence of the peak x-ray intensity mea-
sured at a reciprocal-lattice vector where a peak would
appear in the fully ordered state. The x-ray intensity
was measured during heating after the sample had first
been cooled through the freezing transition at a
moderately fast rate (—~1 K/min). In this type of mea-
surement one would normally expect the intensity to be
constant for T <T,, (apart from the usual Debye-
Waller thermal factor) and to exhibit a sharp drop at the
melting point. What we see instead in Fig. 1(a) is not a
sharp drop, but rather an upturn in intensity which on-
sets == 14 K prior to melting.

The upturn in Fig. 1(a) is found to depend on both the
heating rate and the thermal history of the sample. For
example, if the sample is cooled very slowly through T,
(0.1 K/min) only a discontinuous drop in the intensity
is observed on subsequent heating. An additional clue is
the existence of weak additional peaks [see Fig. 1(b)] in
the “unannealed” diffraction pattern of samples cooled
moderately fast (but not rapidly quenched). These addi-
tional features are not present when the samples are
cooled very slowly through the freezing transition. Note
also that the position of the peak (B) plotted in Fig. 1(a)
shifts during heating and does not correspond exactly to
the commensurate value.
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FIG. 1. X-ray scattering data on a single-crystal sample of
stage-4 HNOjs-graphite that had been cooled below the freez-
ing transition at a rate of ~1 Kmin ™', (a) Premelting behav-
ior of ordering peak; data taken on heating slowly (~0.2
Kmin ™"). Closed circles, peak intensity; open circles, wave
vector of peak. (b) Segment of in-plane x-ray scattering con-
tour map at 7=200 K. G is the (100) graphite peak and F, L,
and M are examples of additional features associated with
nonequilibrium structure. The ordering peak referred to in (a)
is labeled B. The other labeled peaks are given by the equilib-
rium structure of the intercalant as described in Ref. 9.

All of these pieces of evidence point to a kinetic mech-
anism as the origin of the premelting anomaly shown in
Fig. 1. Specifically, the ordering process is quite sluggish
so that crystallographic order is not fully established un-
less the cooling rate is extremely slow. On heating, the
partially ordered arrangement begins to anneal (i.e., be-
come more ordered) at T, = 238 K, whereupon the x-ray
intensity increases. Thus, even moderately slow rates of
cooling can lead to frozen-in disorder.'® In this case T,
would represent a glass transition temperature'* below
which the frozen-in disorder represents an effectively
stable nonequilibrium state.

The intriguing behavior depicted in Figs. 1(a) and
1(b) motivated us to carry out a systematic study of the
kinetics of the first-order freezing transition in stage-4
HNOs;-graphite. Using a position-sensitive linear x-ray
detector (resolution 1.5%10 7% A~! FWHM), a small
(+0.02 A™") region of reciprocal space was explored
simultaneously in order to monitor the time-dependent
structure factor associated with the ordering.!> Data
were accumulated within a S-sec integration time taking
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FIG. 2. Time-resolved x-ray scattering data for quenched
stage-4 HNOj;-graphite. (a) Shallow quench, T,=240 K,
showing annealing behavior. The accumulation time was 5 sec
and a typical peak intensity is ~10* counts; (b) deep quench,
T,=102 K, showing glassy structure. Accumulation time was
1 sec, giving ~ 150 counts at the peak. Intervals shown refer
to time after quenching. The region of reciprocal space around
peak A [see Fig. 1(b)] is shown in each case.

168 170 172

advantage of the high flux available from the eight-pole
wiggler beam line at Stanford Synchrotron Radiation
Laboratory.

The following results refer to the time-evolution of the
structure factor for two different depths of quench,
T,=T,—12 K (shallow quench) and T, =T, —150 K
(deep quench). Quenching was performed by blowing
cooled N, gas over the samples held in a Displex cryo-
stat. Prior to the quench the sample temperature was
260+ 0.2 K. A small differential thermocouple was used
to monitor the sample temperature during and after
quenching; the interval required to reach the quench
temperature was less than 0.5 sec in both cases.

Figure 2(a) shows a time-resolved sequence of x-ray
data for a shallow quench. A cut was made through re-
ciprocal space at the (07) point, g=1.7 A ™! [through
peak A in Fig. 1(b)]. Immediately after the quench the
scattering profile is quite broad (6x10 7> A~! FWHM)
and appears to consist of several overlapping peaks. As
isothermal annealing takes place (at T,) the profile nar-
rows and its mean position tends toward higher wave
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vector. We have checked carefully that no deintercala-
tion or restaging occurs during these measurements. The
most striking aspect of the data is the long interval that
elapses before anything resembling a sharp commensu-
rate peak appears (c.f. data at 785 sec after the quench).
Another general feature which stands out is that the pro-
gression towards ordering is not smooth and continuous
but takes place in a series of discrete steps (see also Fig.
3). Between jumps, the line shape and position remain
relatively constant. We stress that these diffraction
peaks correspond to nonequilibrium structure which has
no counterpart in the equilibrium phase: Stage-4
HNOg;-graphite is accurately commensurate over the
whole temperature range below freezing.® It appears,
therefore, that the structure passes through a series of
long-lived metastable states as equilibrium is ap-
proached. This is the most important finding of these
studies.

What can we say about the nature of the metastable
states? Since the detector can sample only a limited por-
tion of reciprocal space in a single run, and only along a
single axis at present, a detailed picture of the metasta-
ble structure is not yet possibile. However, there are
some interesting general observations that one can make:
First, there is the trend during annealing towards in-
creasing wave vector, as noted above. Second, the peaks
are substantially broader than the resolution width
throughout the whole sequence of evolution shown in
Fig. 2(a). This immediately implies that the structural
ordering associated with the metastable states is not long
ranged but extends over only a few hundred A. We will
refer to this as “intermediate-range ordering.”

One can speculate as to the form of the metastable
structures and most likely they consist of domains ap-
proximately 100-500 A in size, of commensurately or-
dered molecules separated by domain walls, or discom-
mensurations.!! This picture is supported by the pres-
ence of poorly resolved shoulder or split peaks [see Fig.
1(b)], and is also consistent with the shift of the peak po-
sition to longer wave vectors as would be given by a de-
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FIG. 3. Time dependence of x-ray data from Fig. 2. Closed
circles, intensity of strongest diffraction feature after shallow
quench; diamonds, intensity after deep quench; open circles,
FWHM of most intense peak after shallow quench.
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creasing density of light domain walls [see also, Fig.
1(a)l. Note that peak splitting and asymmetries on the
order of #/500 A ' are consistent with typical length
scales associated with discommensurations. It is also of
interest to note that the quasielastic neutron scattering
studies'® of stage-2 HNO;-graphite (which has an equi-
librium incommensurate phase prior to melting) have
shown a strong dependence of molecular librations on
the discommensuration density.

Further clues as to the nature of the intermediate-
range ordering and its time dependence are seen in Fig.
3. Note the overall tendency of the peak intensity to in-
crease with time, together with a complementary trend
of decreasing peak width. It is important, however, to
notice that these trends are not monotonic and can even
be retrograde: For example, the peak width (a measure
of the inverse correlation length) shows oscillations (see
Fig. 3) before finally turning down towards the resolu-
tion limit at very long times. We believe this unexpected
behavior is related intimately to the dynamics of anneal-
ing, as will be discussed in more detail below.

In contrast to the annealing effects following a shallow
quench (T, > T,), a deep quench produces a frozen-in
disorder. This is illustrated in Fig. 2(b); the data show
no obvious change in the structure factor from 1 sec
after quenching to at least 375 sec. The relaxation after
a deep quench is characterize by a very slow (~log?) in-
crease in peak intensity (see Fig. 3) reminiscent of a
glass. The broad Lorentzian structure factor [see Fig.
2(b)] indicates that the intermediate-range order of the
deep-quenched state has a distribution of wave vectors
associated with it. At the level of our resolution the dis-
tribution seems to be continuous, indicating that the
glassy phase is a superposition of many local configura-
tions with similar wave vectors.

We turn now to a discussion of these results in the
context of how a disordered dynamical system ap-
proaches equilibrium. Very little is known about this
question from a statistical mechanical viewpoint, al-
though it has been speculated that the dynamics is con-
trolled by a multidimensional free-energy surface with
many hills and valleys.>'” In a deep quench many local
minima would be occupied simultaneously. Our x-ray
data support this type of mechanism. During the process
of annealing the evolution seen in Fig. 2(a) might be de-
scribed in terms of a local restructuring of the disordered
system to a configuration favored by a particular local
minimum. The system then proceeds to “explore” the
free-energy surface in an attempt to find the lowest-
energy configuration. Taking a typical value for the
dwell time, ~102 sec, and a characteristic attempt fre-
quency of 10'* Hz, we estimate that the rms “rough-
ness” of the free-energy surface is approximately 0.6 eV.
This large value reflects the collective nature of the
molecular motions involved in the annealing process.

Interestingly, the peak widths are relatively sharp
(FWHM $6x107% A™") during annealing, which im-
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plies that there are large (X 500 A) highly correlated re-
gions within the sample. Moreover, dramatic changes in
intensity and peak width (see Fig. 3) show the annealing
to be a cooperative process such that the whole system
transforms from one metastable state to another. This is
somewhat surprising given that the x-ray beam il-
luminates an area of at least 1 mm2. We conclude from
these observations that the network of compact domains
(of average size 2500 A) is correlated dynamically such
that, during a transformation, information about the
metastable configuration propagates throughout the
whole network.

If the picture of a free-energy hyperspace is relevant
here, it is not surprising that a system distributed over
different sets of local minima at different times would ex-
hibit a highly irregular time dependence of peak widths
and intensities. We note also that each time the system
is quenched the details of the peak shapes and time inter-
vals between jumps are different but follow the same
generic behavior as we have described, for the same
depths of quench. This is what one would expect if local
minima of very similar depths were controlling the an-
nealing dynamics, which could also explain why a jump
occurs when two overlapping intensities become approxi-
mately equal. Furthermore, the idea of the progression
from one metastable state to another being a cooperative
process is consistent with our observation that a unique
temperature T, exists below which the relaxation is ex-
tremely slow.

There are many unanswered questions relating to the
behavior described above. However, high-resolution
measurements have identified some important features of
the dynamics of quenched structural disorder which
should be taken into account in future theoretical work.
In summary, we find that the annealing process proceeds
via a sequence of discrete metastable states. The process
seems to be a cooperative one involving long-range corre-
lations but not necessarily long-range structural order.
In this respect the analogy with spin-glasses appears to
be quite interesting and would be worthwhile to explore
in detail.
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