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Dispersive motional relaxation of19F nuclei in the superionic conductorb-PbF2, lightly doped with
monovalent K1 ions, is studied by nuclear magnetic resonance. A microscopic model of the spatially nonuni-
form motion of19F nuclei in this disordered system, correctly predicts a wide range of observations. The model
predicts the form of the nonexponential decay of the magnetization in the rotating frame and its change when
the doping level is varied, the scaling of the decays with temperature and rotating field for a given doping level,
and the observed departures from simple relaxation theory.@S0163-1829~96!01446-4#

I. INTRODUCTION

Relaxation in disordered systems has attracted consider-
able interest in recent years mainly as a consequence of some
universal features that appear to be associated with the phe-
nomenon. Unlike homogeneous crystalline solids and simple
liquids, motional relaxation in disordered solids and variety
of supercooled liquids is frequently nonexponential. In many
cases, which include glassy systems, amorphous polymers,
and orientationally disordered crystals, relaxation processes
have been found to exhibit stretched exponential behavior
over a considerable range. Stretched exponential time depen-
dence of the relaxation of form exp@2~t/u!b# with 0<b<1,
introduced by Kohlrausch1,2 to describe mechanical creep in
glassy fibers, has been found to be at least as ubiquitous and
probably even more so than purely exponential relaxation.3

Even though recent dielectric measurements in glass-forming
supercooled liquids4,5 indicate that Kohlrausch relaxation
only prevails at relatively low frequencies, or correspond-
ingly long times, it was found to still provide a satisfactory
description for more than two decades of variation in fre-
quency.

Another characteristic feature often found in the relax-
ation of disordered systems is non-Arrhenius temperature de-
pendence whereby correlation times in glass-forming sys-
tems, for example, exhibit an apparent activation energy
which is not constant but rather increases at low
temperatures.4 Moreover these peculiarities in the relaxation
are often accompanied by an anomaly in the specific heat.5

Although some of these effects can be qualitatively un-
derstood in a simplistic way by assuming an heuristic prob-
ability distribution of correlation times which leads to disper-
sive relaxation, this approach does not shed light on the
microscopic origin of the processes nor on its more general
aspects. Thus, microscopic models of dispersive relaxation in
real systems seem quite attractive.

From the point of view of NMR measurements, the supe-
rionic conductor PbF2,

7,8 doped with small amounts of KF
constitutes a model system which displays dispersive relax-
ation of a type which appears to be amenable to microscopic
modeling. The motion of fluorine spins which emerges from

such a model is predicted to be very fast but highly localized
around the dopant ions at low temperatures. At higher tem-
peratures, an increasingly larger number of spins around the
dopant ions become mobile on the NMR time scale until fast
motion prevails throughout the system. It is interesting to
notice that this picture is to some extent reminiscent of the
conditions prevailing in the glass transformation range of
supercooled liquids. According to mode coupling theory,9–11

as the temperatures is lowered, translational degrees of free-
dom get frozen in until the particles get arrested in the cages
formed by other neighboring particles and the motion be-
comes localized. From a theoretical point of view, a glass
transition, defined as occurring at a temperature where a
structural correlation time becomes infinite, has been pre-
dicted to take place via a nonlinear feedback mechanism of
density fluctuations.

In Sec. II of this paper we present19F rotating frame
nuclear spin-lattice relaxation~RFNSLR! measurements in
theb phase of PbF2 doped with small amounts of KF. In Sec.
III a microscopic model of dispersive relaxation which sat-
isfactorily accounts for the experimental results is presented.
In Sec. IV generalizations of the model and their possible
applicability to more general processes are discussed.

II. EXPERIMENTAL

The data presented here include temperature and rotating
field dependences of spin-lattice relaxation rates and decays
in the rotating frame inb-PbF2, single crystals with two
different concentrations of K1. Sample A contained 0.054
mole % KF whereas the concentration of KF in sample B
was 0.0088 mole %. The rotating magnetic fields strengths
employed were 0.68, 1.3, 1.89, and 2.5 mT and a 1.498 T
static magnetic field, corresponding to a 60 MHz Larmor
frequency for fluorine was applied along@100#.

Figure 1 shows a typical nonexponential decay of the19F
magnetization in the rotating frame for a radio-frequency
field of amplitudeB150.68 mT atT5198 K in sample A.
Even though a rotating frame spin-lattice relaxation time
cannot be defined in the usual way from data such as those of
Fig. 1, it is still useful to introduce a characteristic timeT̄1r .
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This permits a more concise description of the temperature
and rotating field dependences of the relaxation rates also
providing an adequate parameter to display the scaling of the
decays. Although other choices are possible, it is convenient
for the present case to defineT̄1r as the slope of a straight
line fit of the initial decay, shown by the dashed line of Fig.
1. In order to avoid any ambiguity in comparing experimen-
tal and theoretical values ofT̄1r defined by this procedure,
the points in the calculated decays joined by the dashed line
of Fig. 1 were chosen at the same times as the ones em-
ployed for the experimental data.

Figure 2~a! shows the scaling behavior of the decays in
sample A for various temperatures in the range 178 K,T
,253 K and for all four rotating field amplitudes, when plot-
ted as a function of reduced time (t/T̄1r)

0.63. Figure 2~b!
shows similar decays for sample B exhibiting an analogous
scaling when plotted as a function of (t/T̄1r)

0.70. In Fig. 3,
the temperature dependence ofT̄1r for sample A is shown at
two different values ofB1, whereas Fig. 4 shows the tem-
perature dependence ofT̄1r in sample A and sample B at a
single value ofB1.

Figure 5 shows theB1 dependence ofT̄1r in sample A for
a typical temperatureT5208 K on the low-temperature side
of the minima of Fig. 3.

III. MICROSCOPIC MODEL

The fluoriteb phase of PbF2 displays high anionic mobil-
ity reaching values typical of molten electrolytes at tempera-
tures in the vicinity of 700 K. Moreover sufficient mobility
to cause motional narrowing of the NMR line can be frozen
in PbF2, even at temperature as low as 200 K, by the addi-
tion of small amounts of monovalent12 ~K1, Na1! or trivalent
ions13 such as Eu31.

RFNSLR in pure PbF2, at temperatures in the motionally
narrowed line regime~330 K,T,520 K!, appears to be well
described, within the framework of the Bloembergen-

Purcell-Pound~BPP! theory,8,14 with a single fluorine jump
rate. In contrast, for PbF2:K

1 in a lower temperature range
~160 K,T,400 K! but still corresponding to an equivalent
motional regime, this description is no longer possible and
dispersive relaxation with a distribution of jump rates ap-
pears to prevail. The experimental data of Fig. 3 resemble
the theoretical predictions of the BPP theory with a single
jump rate. However, the asymptotes on both sides of the
minima have different slopes corresponding to apparent ac-
tivation energies of 0.18 eV/ion on the high-temperature side
and of 0.24 eV/ion on the low-temperature side. This may be

FIG. 1. Decay of the rotating frame magnetization in
b-PbF2:K

1 ~sample A! for B150.68 mT andT5198 K. The solid
line was calculated atT5197 K with the two adjustable parameters
used in all calculations: the fluoride vacancy prefactor
tv`58.5310214 s and its activation energyEv50.185 eV/ion. The
slope of the dashed line givesT̄1r .

FIG. 2. Scaling plots of the decays of the magnetization in the
rotating frame. The data, represented by different symbols, corre-
spond to four values ofB1 and various temperatures in the range
178 K,T,253 K. The solid lines are theoretical fits whereas the
dot-dashed lines represent stretched exponentials exp@2(t/T̄1r)

b#
and the dashed lines represent the functions exp@2(t/0.8T̄1r)

b#. ~a!
~top!: scaling plot for sample A~0.054 mole % KF! as a function of
reduced time (t/T̄1r)

b with b50.63. ~b! ~bottom!: scaling plot for
sample B ~0.0088 mole % KF! as a function of reduced time
(t/T̄1r)

b with b50.70.
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interpreted as a non-Arrhenius behavior whereby the appar-
ent activation energy becomes larger at low temperatures.
Furthermore, the rotating field dependence shown in Fig. 5
yields T̄1r}B 1

1.78 instead of a quadratic dependence.
NMR probes the relaxation of19F magnetic moments

caused by mobile defects, which in the present case, are fluo-
ride vacancies created by doping with monovalent alkaline
ions which substitute15 for divalent Pb21. For this type of
disorder, the probability distribution of19F residence times
tF can be modeled. Consider a single K

1 ion substituting for
Pb21 at the center of a sphere of radiusR containing many
fluorine nuclei and letr be the radial distance from the K1

ion to a charge-compensating fluoride vacancy~Fv!. Neglect-
ing thermally induced defects in the temperature range of the
experiment, the motion of fluorine nuclei can be assumed to
be controlled by the spatially nonuniform probability distri-
bution of fluoride vacancies. At low temperatures, and be-
cause of the Coulomb attraction binding K1:Fv pairs, fluo-
ride vacancies can be found with significant probability only
for small values ofr and fluorine motion only takes place in
the vicinity of the doping ions. As the temperature increases
and K1:Fv pairs dissociate, a larger fraction of fluorines be-
come mobile.

Denoting byP(r ,T)4pr 2dr the probability of finding a
fluoride vacancy within a spherical shell of radius betweenr
and r1dr and bynF4pr 2dr the number of fluorine nuclei
within the same volume, the jump rate 1/tF of a fluorine can
be related to the jump rate 1/tv of the vacancy by

1/tF5@P~r ,T!/nF#~1/tv!, ~1!

wherenF53.77831022 cm23 is the number of fluorines per
unit volume. Furthermore, the fluoride vacancy motion
within the sphere of radiusR is assumed to be characterized
by a single residence time with anArrheniusdependence on
temperaturetv5tv` exp(Ev/kT).

For the proposed model of bound K1:Fv pairs, the prob-
ability densityP(r ,T) can be written as

FIG. 3. Experimental~h! and theoretical~1! values ofT̄1r as a
function of inverse temperature in sample A forB150.68 mT.
Theoretical values were obtained from the calculated decays using
the same procedure shown by the dashed line of Fig. 1. Experimen-
tal ~s! and theoretical~3! values ofT̄1r are also shown forB152.5
mT. The slopes of the high-temperature asymptotes are 0.18 eV/ion
whereas the low-temperature slopes are 0.24 eV/ion.

FIG. 4. Experimental~h! and theoretical~1! values ofT̄1r as a
function of inverse temperature forB150.68 mT in sample A. Ex-
perimental~s! and theoretical~3! values ofT̄1r are also shown for
sample B.

FIG. 5. T̄1r as a function of@B1#
g with g51.78 for sample A at

T5208 K. Experimental values~s!. Theoretical values~h!.
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P~r ,T!5e2F/kTY E
Va

e2F/kTdV, ~2!

whereF(r ,T) is the potential energy of a fluoride vacancy at
a distancer from a K1 dopant and the integral extends over
the volumeVa of spherical shell of influence, of outer radius
R and inner radiusb, surrounding a single K1 dopant ion.
Hereb denotes the distance of closest approach between the
fluoride vacancy and the K1 ion.

The Coulomb attraction between the effective positive
charge of a fluoride vacancy and the effective negative
charge of a monovalent dopant ion is shielded by the ionic
atmosphere. For the relatively low concentration of mobile
defects in our samples, the net effect can be described by a
simple Debye-Hu¨ckel16,12 potential:

F~r ,T!52@elb/~11lb!#~q2/er !e2lr , ~3!

wherel5(6q2/ekTR3)1/2, q is the electronic charge,e>30
is the large static dielectric constant of this superionic
conductor,17 R is the radius of a sphere containing a single
dopant ion andb52.58 Å is the distance of closest approach
between the fluoride vacancy and the K1 ion for the fluorite
structure ofb-PbF2.

We further assume that each19F is relaxed directly by the
fluctuating dipolar fields of neighboring mobile nuclei and
that spin diffusion within a sphere of influence is slow com-

pared with direct RFNSLR rates. For a19F spin at a distance
r from the center of a sphere of influence, the rotating frame
relaxation rate 1/T1r predicted by the BPP theory is then
given by7

1/T1r5WtF~r ,T!/@114v1
2tF

2~r ,T!#, ~4!

wherev15gFB1 , gF52.51663108 T21 s21 denotes the gy-
romagnetic ratio of fluorine nuclei andW50.4431010 s22 is
approximately equal to the rigid lattice contribution to the
second moment.

The time evolution of the magnetization parallel toBW 1
~alongz!, can be obtained from Eq.~4! by adding the con-
tributions from all nuclei within the sphere of radiusR con-
taining a single dopant ion. However, given the disorder in-
troduced by the random nature of the doping process, the
radiusR must be regarded as a random variable with a prob-
ability densityQ(R) to be determined. Since the substitution
of sites by a given average concentration of dopantsnd can
be expected to follow a binomial distribution, the probability
that a sphere of radiusR contains a single dopant ion can be
calculated. Moreover if the sphere of radiusR contains many
Pb21 sites with very small K1 occupation probability, as in
the present case, the binomial distribution becomes, to a very
good approximation, a Poisson distribution. The probability
that a sphere containing a single K1 ion has a radius between
R andR1dR, is then given by

Q~R!dR54pR2nde
2nd~4/3!pR3dRY S E

b

`

4pr2nde
2nd~4/3!pr3dr D . ~5!

The final time evolution of the overall rotating frame
magnetizationMz(t), averaged over the Poisson distribution
Q(R), can be obtained from Eqs.~1!–~5!:

Mz~ t !/Mz~0!5E
b

`

Q~R!H @~3/4p!~R32b3!21#

3E
b

R

e2t/T1r4pr 2drJ dR. ~6!

Various comparisons between the predictions of Eq.~6!
and the experimental data are shown in Figs. 1–4 where the
only two adjustable parameters weretv`58.5310214 s, cor-
responding to typical phonon frequencies, andEv50.185
eV/ion. The average number of dopants per unit volumend
was obtained from the known concentrations of samples A
and B and is better represented by an average radius
R̄5[3/(4pnd)]

1/3. For sample A,R̄A530.4 Å, while for
sample B,R̄B555.3 Å.

Figure 1 shows a typical theoretical decay obtained by a
numerical integration of Eq.~6! for T5197 K andB150.68
mT in sample A. Figures 2~a! and 2~b! show theoretical de-
cays withb50.63~sample A! andb50.70~sample B! which
also exhibit the scaling behavior with respect to temperature
and rotating field amplitude found experimentally. Figure
2~b! shows that the value ofb which yields a straight line

actually becomes closer to one as the degree of disorder is
reduced. These results suggest that, for the range of time
which is experimentally accessible, the experimental decays
and the theoretical ones appear to be well described by a
stretched exponential function exp@2(t/T̄1r)

b# shown as a
straight line in Fig. 2. The agreement in the actual slopes
could have been improved by definingT̄1r , slightly differ-
ently, as the time corresponding to a decay of the magneti-
zation to 1/e of its initial values. As suggested by the func-
tion exp@2(t/0.8T̄1r)

b# shown in Fig. 2, this would amount
to a value ofT̄1r approximately 20% higher than the value
resulting from the procedure of Fig. 1. It should be pointed
out that the very short-time region of the experimental de-
cays is affected by known transient effects18 and a compari-
son with theory is therefore not possible there. It is also
worth emphasizing that, unlike true stretched exponentials,
the calculated decays have finite initial slopes and decay
slower in this short-time region than the stretched exponen-
tial functions which fit the long-time regime~see Fig. 7 be-
low!.

Figures 3 and 4 show calculated values ofT̄1r where each
point is obtained by first computing the decay from Eq.~6!
and subsequently determining the time constantT̄1r by the
procedure outlined in Fig. 1 using points chosen at the same
times as in the experimental decays. This procedure was also
used to obtain the theoretical values ofT̄1r shown in Fig. 5
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for various values of the rotating field strength at a fixed
temperature.

The model yields the correct values of the exponentb for
two different values of the concentration of dopants and ac-
counts for the observed scaling with temperature andB1
~Fig. 2!. The model also quantitatively explains the shift in
the temperature dependence ofT̄1r with concentration~Fig.
4! as well as the observed departures from simple relaxation
theory ~Figs. 3 and 5!. Given the agreement between this
wide range of data and the predictions of Eq.~6!, using only
the two standard parameters of relaxation theory, we con-
clude that a fairly complete microscopic description of dis-
persive motional relaxation caused by this type of mild dis-
order is possible.

IV. DISCUSSION

Although strictly speaking, the model described in Sec. III
only applies to a slightly disordered ionic crystal which ex-
hibits dispersive relaxation, the nature of the motion result-
ing from the breaking of K1:Fv pairs simulates some of the
characteristics which may prevail in real systems in the glass
transformation region. It seems therefore worthwhile to ex-
plore the consequences of this qualitative analogy by survey-
ing the predictions of the model for a wide range of variation
of the external parameters.

From the value of temperature and rotating magnetic field
strengthB1m at the minima of the theoretical curves in Fig.
3, one can calculate the temperature dependence of an aver-
age correlation timetF51/gFB1m , in a way similar to the
procedure employed in dielectric relaxation measurements
and well beyond the range of experimentally accessibleT̄1r
values.

Figure 6 shows theoretical values of 1/tF for samples
with various values ofR̄ as a function of inverse tempera-
ture. As in dielectric measurements in many glassy systems,4

non-Arrhenius behavior with an apparent activation energy
which increases at low temperatures is apparent in Fig. 6.
Moreover the crossover from the high-temperature regime,
with a single activation energy of 0.185 eV/ion, to the low-
temperature region where a departure from Arrhenius behav-
ior occurs, depends upon the concentration of defects. As the
number of defects, represented in the model by K1 ions in-
creases, the crossover temperature also increases. For values
of R̄ smaller than 10 Å, the crossover temperature begins to
decrease with an increasing number of defects.

Another aspect which deserves attention concerns the
range of validity of the stretched exponential decay predicted
by the model and whether a universal exponentb, indepen-
dent of temperature andB1 is actually predicted for a given
concentration of defects. The inset of Fig. 7 shows a plot of
the theoretical decay obtained from Eq.~6! at T5188 K and
RA530.4 Å together with a stretched exponential function
with b50.64. It is apparent that for approximately two de-
cades in time the agreement is very good, as it is in this
long-time region the agreement between the experimental
data and the calculated decays shown in Fig. 2. For short
times the calculated decay begins to deviate from a stretched
exponential. This behavior is also observed in the imaginary
part E9 of the dielectric susceptibility in various glass
formers4,6 where, after approximately two decades of fre-
quency increase from the maximum ofE9, the decays begin
to deviate from the prediction of a stretched exponential, but
appearing instead to become slower in the frequency domain.
We conclude that the present model predicts a stretched ex-
ponential decay for approximately the same range of long
times or low frequencies where it appears to be valid in real
systems.

Although Figs. 2~a! and 2~b! suggest a universal exponent
b independent of temperature andB1, a more stringent test

FIG. 6. Characteristic correlation rates 1/tF, calculated from the
value ofB1 at the minima ofT̄1r , as a function of inverse tempera-
ture for ~3! R̄510 Å, ~h! R̄530.4 Å, ~1! R̄555.3 Å, ~d! R̄5210
Å, and ~l! R̄51000 Å. The arrows indicate the position of the
peaks in the specific heatCv .

FIG. 7. The calculated stretching exponentb as a function of the
characteristic correlation timet̄F for sample A~R̄530.4 Å!. Inset:
~d! theoretical decay as a function of the logarithm of reduced time
for R̄530.4 Å, T5188 K, andT̄1r51.67 ms.~2! Stretched expo-
nential exp@2(t/T̄1r)

b# with b50.64.
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involving a much wider range of correlation times appears to
be desirable. Figure 7 shows the variation of the stretching
exponent in samples A for decays spanning seven decades in
the correlation time. The values ofb were found to be well
defined on the low-temperature side of theT̄1r minima and
completely independent ofB1. Close to a minimum and on
the high-temperature side, the calculated decays could no
longer be represented by a stretched exponential.

Confirming the results of Fig. 2 in the accessible range of
RFNSLR measurements, the calculated stretching exponents
of Fig. 7 obtained from the present model, can be seen to
exhibit a negligible variation in this range. However when
large changes in the correlation time are involved, a small
decrease with decreasing temperature becomes apparent.

The model also enables one to readily calculate the con-
tribution to the specific heatCv resulting from the dissocia-
tion process of K1Fv pairs. From Eqs.~2! and~3!, the energy

EF5E
b

R

Fe2F/kT4pr 2drY E
b

R

e2F/kT4pr 2dr, ~7!

can be calculated and the contribution to the specific heat at
constant volumeCv5(]EF/]T)v , computed numerically.
The result exhibits peaks inCv at temperatures which de-
pend upon the concentration of defects as indicated by the
arrows in Fig. 6. For sample A, withR̄530.4 Å, a peak value
of 48 cal/K mole~K1! with a half width of 50 K was ob-
tained. Thus, the model predicts a thermal anomaly whose
origin resides in a change from localized motion to one in
which a large fraction of atoms become mobile.

Given the central role played in the present model by
motion spatially localized around defects and the dissocia-
tion of K1:Fv pairs, it is interesting to display directly the
spatial and temperature dependence of the correlation time
tF(r ,T) given by Eqs.~1!–~3!. Figure 8 shows calculated
values oftF(r ,T) for b<r<R, whereb52.58 Å denotes the
distance of closest approach andR530.4 Å is the radius of
the sphere of influence characteristic of sample A. The con-
dition 2v1tF(r ,T)51 for a minimum ofT1r of Eq. ~4!, is
represented by the horizontal line for one of the experimental
values ofB15v1/gF50.68 mT. On the NMR time scale
defined by a characteristic timeW21/2;1025 s, Fig. 8 clearly
depicts the localization of motion which takes place at low
temperatures and is the origin of dispersive relaxation in the
present model. At these low temperatures only the first shells
of fluorine nuclei around the dopant ion can be seen to re-
main mobile but with a motion which may be quite fast on
the NMR time scale.

The calculated values of Fig. 8 also permit us to establish
limits for the validity of the negligible spin-diffusion ap-
proximation implicit in Eq.~4!. Denoting bydtdif the spin-
diffusion time for a distancedr , the condition of negligible
spin diffusion would requiredtdif.dT1r , wheredT1r repre-
sents the corresponding variation inT1r @Eq. ~4!# at a given
temperature and radial distancer . ForAdtdif5dr /AD, where
D denotes the spin-diffusion constant,19 and dr5a
5(2/A3)b, wherea is the nearest-neighbor fluorine-fluorine
distance, one obtains the following conditions for negligible
spin diffusion atx5r /b:

dtF /dx,Wb2/2)v1
2D, for 2v1tF@1, ~8!

dtF /dx,2Wb2tF
2/)D, for 2v1tF!1. ~9!

The shaded areas in Fig. 8 represent approximate regions
where, either Eqs.~8! or ~9!, are violated forD;10213

cm2/s. It is clear from Fig. 8 that, on the low-temperature
side of the minimum and for temperatures not lower than
approximately 165 K, the condition for direct relaxation with
negligible spin diffusion is satisfied approximately for all
fluorines beyond the first shell around the impurity. This
temperature region, as well as the corresponding temperature
regions for other values ofB1, exhibit stretched exponential
behavior, over a considerable range, with a stretching expo-
nent accurately predicted by the model, as shown in Fig. 2.

As the temperature is raised above 220 K in Fig. 8, an
increasingly larger number of fluorine shells become affected
by spin diffusion which is expected to influence initially the
long-time behavior of the decays. The suppression of mag-
netization gradients by spin diffusion tends to establish a
uniform spin temperature and is expected to lead, progres-
sively, to exponential decays. This is actually observed ex-
perimentally at the minima and on their high-temperature
side. Nevertheless the experimental values ofT̄1r in this re-
gion, as defined by the procedure outlined in Fig. 1, are still
in agreement with the predictions of the model.

V. CONCLUSIONS

The microscopic model of dispersive motional relaxation
introduced in Sec. III quantitatively explains a wide range of

FIG. 8. Correlation timestF within a sphere of influence of
radiusR̄530.4 Å as a function of temperature and radial distance.
The horizontal dashed line corresponds to the condition
2gFB1tF51 for B150.68 mT. Theshaded areas correspond to
approximate regions where the negligible spin diffusion condition is
violated.
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RFNSLR data in the superionic conductor PbF2:K
1 with

only two standard parameters. It yields the correct decays of
the magnetization in the rotating frame for two different val-
ues of the concentration of dopants. The model also accounts
for the observed scaling with temperature andB1 of the de-
cays, it quantitatively explains the shift in the temperature
dependence ofT̄1r as the concentration of dopants is varied
and the departures from simple relaxation theory. Thus, the
non-Arrhenius behavior and the rotating field dependence of
T̄1r are also explained. Moreover, given the portrait of the
motion emerging from the model, which mimics some of the
characteristics believed to prevail in the glass transformation

region of real systems, it also suggests how other predictions
such as stretched exponential relaxation over a considerable
range, a characteristic non-Arrhenius behavior, and a thermal
anomaly, may originate in the peculiar dispersive nature of
the motion.
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