
PHYSICAL REVIEW B VOLUME 43, NUMBER 4 1 FEBRUARY 1991

Structural Huctuations in glass-forming liquids: Mossbauer spectroscopy on iron in glycerol
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Mossbauer absorption spectra of ' Fe + dissolved in a glycerol-water mixture have been mea-
sured over a wide temperature range (80—275 K). In the supercooled liquid state the shapes of the
spectra depend strongly on temperature. The Mossbauer spectra can be fit with jump diffusion with
a Cole-Davidson distribution of Auctuation times. The results are in agreement with those obtained
from dielectric and ultrasonic volume relaxations, proving that the a relaxation of viscous liquids is
responsible for the line broadening of the spectra. From the temperature dependence of the in-

tegrated area of the Mossbauer spectrum a second dynamic process is inferred. Its activation ener-

gy of 31.4 kJ/mol is typical for the P relaxation.

INTRODUCTION

A supercooled liquid is obtained by rapid cooling of
the liquid through the equilibrium freezing temperature,
thereby avoiding nucleation into a crystal. The viscosity
in this state increases drastically with decreasing temper-
ature. A pronounced deviation from the Arrhenius law

lreoxp(E/k~T) is found for the viscosity (and other
transport coefficients). ' A description of the tempera-
ture dependence which is valid over many orders of mag-
nitude in g is given by the Vogel-Fulcher-Tammann-
Hesse (VFTH) equation

'9='9oexp[E/k~( T To)j—
or the expression

rl=rloexp(To/T ) .

A glass is formed when the viscosity approaches such
large values that the liquid behaves like a solid. The
"glass transition" is usually defined to occur at the tem-
perature T where the viscosity reaches 10' Poise. Al-
though appearing like a thermodynamic phase transition
the glass transition may be a purely kinetic process. The
glass is in a nonequilibrium state and its properties de-
pend on its thermal history.

The dynamic properties of supercooled liquids and
glasses have been investigated by various experimental
methods. In particular, measurements of the dielectric
relaxation ' and ultrasonic viscoelastic relaxa-
tion' '' ' provide detailed information about the time
scales of the motions involved. The presence of a very
broad absorption band extending over several decades in
frequency is a fundamental property of viscous liquids.
Actually such a band arises from two different processes,
usually referred to as the a and P relaxations.

The a relaxation is the dominant process in the super-
cooled liquid. The temperature dependence of the peak
position co of the a band coincides with the one found
for the viscosity; the a process governs the viscous Aow
of the supercooled liquid, and cooperative rearrange-
ments of large clusters of atoms and molecules are in-
volved. The P band is found at a higher frequency than
the 0. band and is much weaker near Tg Usually it
cannot be resolved from the a relaxation in the super-
cooled liquid state and thus is mainly studied in the glass
region. The peak position co~ follows the Arrhenius law,
but the f3 relaxation times also show a broad distribution.
The P process is presumably due to local movements of
clusters of a few atoms.

Several investigations of supercooled liquids using
Mossbauer spectroscopy have been performed. ' The
absorption spectra that were obtained with Fe ions dis-
solved in the samples all exhibit the same qualitative
features: broad diffusional lines are observed, the widths
of which increase with increasing temperature, accom-
panied by a drastic apparent loss of integrated area of the
spectra. The detailed interpretations, though, differ from
author to author. The spectra were variously explained
by continuous diffusion, ' superpositions of continuous
and single mode jump diffusion, ' and combinations of
diffusion and bound modes.

The relaxation properties of supercooled liquids and
glasses described above suggest a different interpretation.
According to the Auctuation-dissipation theorem the
Mossbauer nucleus in the viscous liquid should be sensi-
tive to Auctuations that correspond to the o; relaxation
found in dielectric and ultrasonic experiments. The pres-
ence of a broad spectrum of relaxation times implies that
the usual treatment of the Mossbauer spectra of super-
cooled liquids in terms of a few Lorentzian lines is inap-
propriate.
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Thus we decided to revisit the Mossbauer effect in gly-
cerol, a substance for which a large amount of comple-
mentary information from other investigations is avail-
able. The velocity window for the Mossbauer spectra was
extended up to +60 mm/s in order to follow the broaden-
ing of the line over a significant temperature range. For
the interpretation of the spectra we introduce a simple
jump diffusion model with distributed Auctuation times
consistent with the results obtained from relaxation ex-
periments.

A DIFFUSION MODEL WITH
DISTRIBUTED JUMP TIMES

In the high-temperature limit the transient response of
a glass-forming liquid to an electrical or mechanical per-
turbation is exponential in time and is described by the
conventional Debye relaxation. In contrast, the super-
cooled viscous liquid shows markedly nonexponential
time dependence. The relaxation function P„(t) can gen-
erally be formulated with a weight distribution g (r) of ex-
ponential relaxations:

—Im(1+ico[r, j[I—h(k)]] )
S(k, co) = (6)

(ii) The ffuctuation times are distributed for the
different steps of each atom. Then both p(t) and p'(t)
take the form of distributions of exponentials as given in
Eq. (3) with g(r) from Eq. (4). After performing the
Fourier transform and inserting into Eq. (5) we arrive at
the expression

The energy and momentum transfers are given by Ace

and Ak, respectively. The Fourier transform of the prob-
ability p(t) to stay at a given lattice site is p(co) and the
Fourier transform of the time derivative p'(t) is denoted
by p'(co). The Fourier transform of the probability h(r)
to surmount a distance r when jumping is given by h (k).
We now introduce the Cole-Davidson distribution ac-
cording to Eq. (4) and distinguish two different cases. (i)
The probability p (t) is taken as e ' ' with a distinct ffuc-
tuation time ~ for every atom. We then assume a distri-
bution of jump processes with the weight function g(~)
given by Eq. (4) and obtain

P„(t)=J g(~)e ' 'd(lnr) . (3) S(k, co)

In order to model the distribution of relaxation times
various expressions have been introduced for the function
g(r). Their properties are discussed by Macdonald. ~7

For the present study we use the Cole-Davidson distribu-
tion, allowing us to compare our data with results from
dielectric relaxation and ultrasonic volume relaxation ex-
periments previously analyzed in terms of this distribu-
tion. '

Davidson and Cole showed that their dielectric relaxa-
tion data on glycerol were in agreement with the follow-
ing distribution function:

—Im(1+i cow, ) ~[1 h(k) ] jvr—co

1 —2Re(1+icor, ) ~h(k)+(I+co r, ) ~h (k)

Small jump distances cause a narrower line than large
ones. While in case (i) the line narrows without changing
its overall shape, in case (ii) both the width and shape of
the line are influenced by the jump distance r. For large
jump distances (~r~ ~sr/~k~=043 A for Fe) h(k) ap-
proaches 0. Then both Eqs. (6) and (7) lead to the expres-
sion

Slnp7T

+C
7 (VC

—Im(1+i cow, )
S(k, co)= (8)

0, (4)

S(k, co)= +c.c.p(~)
I+p'(co)h (k)

(5)

This distribution function increases monotonically from
small times to a maximum time ~, . The parameter
P (0 &P & 1) determines the width of the distribution. A
Lorentzian corresponds to P=1, i.e., to a single relaxa-
tion time. The distribution broadens with decreasing P.
The Cole-Davidson distribution gives good agreement
with relaxation data for a large number of glass-forming
liquids including glycerol-water mixtures (unless the wa-
ter content exceeds 30%%uo mole fraction' ).

We now calculate the Mossbauer spectrum for a simple
jump diffusion model including a distribution of jump
times according to Eq. (4). Let an atom rest at a given
site for a time ~ before jumping to another position in a
time ~&, with ~, ((~. We assume no correlations between
one jump and the next. The incoherent scattering law
S(k, co) can be calculated following the formalism given
by Singwi and Sjolander:

Using the thin-absorber approximation, the Mossbauer
transmission spectrum T(co) can be calculated by convo-
luting the absorption Ao(co) in the absence of motion
with the incoherent scattering law S(ko, co),

T(co)=1—Ao(co)eS(ko, co) . (9)

Here, ~ko~ =2m /A, , wavelength A, =0.86 A for Fe radia-
tion.

EXPERIMENTAL

In the preparation of the samples, FeC12 was dissolved
in water. Small amounts of hydrochloric acid were added
to adjust the pH to 1.8 to prevent oxidation of the iron in
the sample. Dry glycerol was added. The mixture was
stirred for ten days at 70 C to ensure homogeneity of the
samples. Three glycerol-water solutions (water content
6.5 wt%%uo=26. 2%%uo mole fraction) were prepared differing
in the iron content. Sample 2 was made from Fe-
enriched ferrous chloride to contain 0.84 mg/cm Fe.
Sample B was also made from Fe-enriched FeC12 but
contained one-tenth as much Fe. Sample C contained
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the same amount of Fe as sample B and the same total
amount of iron as sample A. The solutions were encap-
sulated in air-tight sample holders and stored at 250 K
until used. For the Mossbauer measurement a bath cryo-
stat was employed which kept the temperature constant
within +0.5 K. The samples were cooled to 80 K at a
rate of approximately 40 K/h. Subsequently, series of
Mossbauer spectra were collected in appropriate temper-
ature intervals. The experiments were done with a Co
Rh source mounted on an electromechanical driving sys-
tern capable of source velocities as high as +500 mm/s in
a sinusoidal mode. The transmitted gamma-quanta were
detected by a xenon-filled proportional counter. The data
were stored in a multichannel analyzer in 2048 channels.
Pulse-height spectra of the transmitted intensity were
taken to determine the recoilless fraction.

RESULTS

To avoid large thickness corrections in the determina-
tion of the areas of the Mossbauer spectra, we took sam-
ples B and C for the experiments at temperatures below
240 K. The velocity window of the spectrometer was set
to +8 mm/s. The absorption areas were obtained from
the spectra and corrected for the thickness effect accord-
ing to the method of Lang. Only minor corrections
were necessary. The areas were set proportional to the
Lamb-Mossbauer factor f =exp( —ko(x )). To obtain
an absolute scaling, the mean-squared displacements were
extrapolated to 0 K. The pedestal at 0 K was subtracted
from the (x ) values. From the pedestal the iron con-

tent was calculated. Agreement within 2% to the known
amount of iron in the sample shows the reliability of this
scaling procedure which has often been used for the
determination of (x ) values from protein samples. '
The temperature dependence of the (x ) values is
displayed in Fsg. 1.

Mossbauer absorption spectra of sample 2 were mea-
sured between 250 and 275 K. A velocity window of +60
mm/s was suitable for these temperatures. Some of the
spectra are shown in Fig. 2. We performed least-squares
fits using the Cole-Davidson function according to Eqs.
(8) and (9). The quadrupole splitting is obscured by the
strong diffusional broadening between 265 and 275 K.
Therefore, we extrapolated this parameter from the tem-
perature dependence observed at the lower temperatures.
The Mossbauer absorption in the absence of diffusional
motion Ao(co) was taken as a Lorentzian of width 0.4
mm/s (FWHM) in accord with the low-temperature spec-
tra of samples B and C. The convolution integral was
evaluated numerically. In a first step, the spectra at six
different temperatures were fitted according to the Cole-
Davidson function [Eq. (8)], treating the line area A, lim-
iting time ~„and the distribution width parameter P as
free parameters. The results are given in Table I. Good
agreement between theory and experimental data was ob-
tained. From dielectric relaxation" and viscoelastic re-
laxation experiments' a fairly constant P parameter is
expected between 220 and 270 K, increasing up to a value
of 1 at higher temperatures. This parameter can be
determined precisely only with measurements over
several orders of magnitude in time (or energy). Unfor-
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FICx. 1. Mean-squared displacements, (x'), for Fe~+ in glycerol-water as a function of temperature. Crosses (x): satnple B,
crosses (+): sample C. Triangles: sample A, (x') was determined from the area of the narrow Lorentzian of a two-Lorentzian fit;
squares: sample A, (x') was determined from the sum of the areas of a two-Lorentzian fit; circles: sample A, (x ) was determined
from the area of the Cole-Davidson function with f3=0.28 [Eqs. (8) and (9)].
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TABLE I. Average relaxation times r,„=/3r, and P parameters obtained from the Mossbauer spectra
on glycerol.

250
255
260
265
270
275

0.65
0.48
0.33
0.26
0.20
0.34

~,„(ns)
(P var. )

34.5
16.2
6.5
2.8
1.1
0.79

~„(ns)
(/) =0.28)

30.2
13.3
6.0
2.9
1.4
0.69

r,„(ns)
(/3= 0.32)

31.0
14.0
6.5
3.1

1.5
0.76

tunately, Mossbauer spectroscopy supplies information
only in a narrow energy window. As a consequence the /3

values from the fits scatter considerably. For our fits we
use a constant parameter /3=0. 28, which is the average of
the four higher temperatures. The /3 values found for 250
and 255 K were excluded because they are markedly
larger than the other four values and are suspect for two
reasons: (i) the absorption is largest; distortions of the

J.000

0.9ZO—

lines are expected. (ii) The jumping distance is expected
to be smallest the assumption of large jumping distances
and thus Eq. (8) may be invalid. In addition to /3=0. 28
we also fit our spectra with /3=0. 32 which is the value re-
ported from ultrasonic volume relaxation. ' Table I
shows that the average relaxation times r,„=/3r, are not
very dependent on the choice of /3. From the areas ob-
tained with the Cole-Davidson function we calculated
mean-squared displacements. They are shown in Fig. 1

together with (x ) values from fits to a sum of two
Lorentzians with different widths. The data from sample
A were normalized to the low-temperature data (samples
8 and C) so as to account for the different amounts of
57F
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DISCUSSION AND CONCLUSIONS

Figures 1 and 2 display the typical temperature depen-
dence of Mossbauer spectra from supercooled liquids.
Above a certain temperature, a drastic apparent loss of
area occurs in a narrow energy window. In addition, a
strong diffusional broadening of the Mossbauer line is ob-
served. The model applied to the spectra has to explain
both of these features.

We first consider the line shapes. Figure 2 shows that
the observed lines are well described by a diffusion model
with distributed jump times. The average fluctuation
times obtained from the fits of the Mossbauer spectra are
compared with relaxation times from dielectric and ul-
trasonic volume relaxation in Fig. 3. The dielectric relax-
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FIG. 2. Mossbauer spectra from Fe + in glycerol-water (sam-
ple 2). From top to bottom: T= 220, 260, 265, 270, and 275 K.
The solid lines are obtained from least-squares fits of a Cole-
Davidson distribution with P=0.28 [Eqs. (8) and (9)]. See the
text for details.
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FICy. 3. Arrhenius plot of the average relaxation and Auctua-
tion times, ~„. Squares: dielectric relaxation (Ref. 10), circles:
ultrasonic volume relaxation (Refs. 10 and 12), crosses:
Mossbauer spectroscopy (see Table I, /3=0. 28).
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ation data' are interpolated to the water content of our
samples (26.2% mole fraction). From these data and the
ratio rd /r, of the dielectric and volume average relaxa-
tion times, ' volume relaxation times have also been cal-
culated. A good agreement between volume —or
structural —relaxation and Mossbauer effect relaxation
times is found. The motion of the Mossbauer nuclei is
thus closely coupled to the structural relaxation process.
The dielectric times are larger by roughly a factor of 2.
Assuming the structural relaxation to be the rate-
determining step for the dielectric relaxation, the dielec-
tric response is expected to be slower. ' An Arrhenius fit
to the Mossbauer data in Fig. 3, shown as a solid line,
yields an activation energy E=88 kJ/mol and a preex-
ponential factor A =—10 s '. These values are charac-
teristic for the a relaxation above T and imply that in-
stead of the Arrhenius law a relation of the form of Eq.
(I) or Eq. (2) should be used.

From the mean-squared displacements displayed in
Fig. 1, one can distinguish two regions with distinctly
different temperature dependences. Up to 200 K the
(x ) values exhibit the linear dependence typical of har-
monic solids. These data were obtained from samples B
and C. While the content of Fe in the two samples is
similar, the total amount of iron differs by about a factor
of 20. Nevertheless, in both cases the same slope of
7.1X10 A /K occurs. Thus the thermal motions in
the glycerol-water mixture are not very sensitive to small
amounts of impurities. Above 200 K the mean-squared
displacements significantly deviate from the linear tem-
perature dependence as additional motions are thermally
activated. While for samples 8 and C the (x ) values
were calculated from the experimental spectral areas,
those for sample A have been determined from the areas
obtained from the fits. The (x ) values computed with
the Cole-Davidson function are much lower than those of
the Lorentzian fit, because the Cole-Davidson distribu-
tion is very broad and has more area away from the
center of the spectrum. It is reasonable to assume that
the harmonic thermal vibrations observed in the low-
temperature region are also present at higher tempera-
tures. If our jump model described the diffusional
motions completely, the mean-squared displacements ob-
tained from the fits would coincide with the extrapolation
of the low-temperature behavior. Figure 1 shows, howev-
er, a small deviation. The deviation can be explained by
assuming a second class of motions with higher frequen-
cies. We calculated (x ) values by subtracting the con-
tribution from the harmonic solid-state vibrations, i.e.,
the (x, ) values represented by the dashed line in Fig. 1.
Figure 4 shows an Arrhenius plot from which an activa-
tion energy of 31.4 kJ/mol is determined, a reasonable
value for the /3 relaxation or secondary relaxation. Ac-
cording to Johari, ' the /3 process should have an Ar-
rhenius energy similar to the processes seen at high tem-
peratures, where the viscosity of the liquid is several cen-
tipoises. Around 150 'C an Arrhenius energy of 32
kJ/mol has been reported for glycerol. The f3 relaxa-
tion does not show up in the Mossbauer spectrum at
lower temperatures, where it should produce quasielastic
lines in the window of observation, because of the very
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FICx. 4. Arrhenius plot of (xp), the contribution from the /3

process to the mean-squared displacements. Solid line: Least-
squares fit to the data, the point at 250 K was excluded because
the effective absorber thickness was too large.
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small area associated with this process. For example, the
extrapolation of the Arrhenius plot to 200 K gives a con-
tribution of the /3 process to the mean-squared displace-
ment (xp) of only 5X10 A .

The present study shows that Fe nuclei dissolved in
supercooled liquids probe fluctuations corresponding to
the well-known relaxation properties of these substances.
Mossbauer experiments are performed on a linear energy
scale. So a large velocity window is needed in order to
discover the broad distribution in relaxation times. The
Mossbauer effect has an intrinsic energy resolution I that
is determined by the lifetime r~ of the excited nuclear
level. If the Mossbauer nucleus is subject to motions with
characteristic times less than ~&, the energy transfer is
too small to be resolved against the intrinsic line shape of
the sample in the absence of motion. If we deal with
broad distributions of fluctuation times, the low-
frequency part can still be covered in the narrow line,
while high-frequency tails of the distribution already es-
cape from the energy window. We actually observe such
a behavior. Above 200 K there is a clear decrease in area
in addition to the decrease due to thermal vibrations. Up
to 250 K, however, the contribution of this distribution is
too small to be extracted unambiguously. At tempera-
tures between 250 and 275 K the dominant part of the
distribution is well resolved in the velocity window.
Above 275 K spectra are too dificult to measure because
of the small intensities of the lines.

Similarities between glass-forming liquids and proteins
have been stressed in recent papers. In proteins,
too, broad distributions of relaxation times are observed.
Mossbauer spectra from proteins exhibit line broadenings
that resemble those found in glycerol. ' A paper discuss-
ing the glasslike behavior of proteins as seen by
Mossbauer spectroscopy has been submitted.
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