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Mossbauer study of Brownian motion of FeSnOs particles in
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The effects of Brownian motion of small particles of FeSn03 in liquid-crystal EBBA on 14.4-

keV Fe and 23.8-keV Sn Mossbauer, spectra in the temperature range 300 —360 K are re-
ported. Mossbauer spectral lines begin to broaden a few degrees below the solid nematic
phase-transition temperature, In the nematic range and in the isotropic liquid region, except
very close to the nematic isotropic phase-transition temperature, .the line broadening
(4E —I ) is linearly proportional to T/q. There is an anomalous change in the line broadening
at and near the nematic isotropic phase-transition temperature. The area under resonance
sharply decreases at the solid nematic phase transition. In the nematic and in the isotropic
region, line broadening is associated with decrease in recoilless fraction,

I. INTRODUCTION

Since the early publication of a paper by Singwi and
Sjolander' who, using the Van Hove correlation
function, derived an explicit relation between the
recoilless fraction f, the linewidth AE, and the
dynamics of atomic motion in gases, liquids, and
solids, several attempts have been made to investi-
gate the diffusion broadening of Mossbauer lines in
crystalline solids and in liquids. These experiments
can be grouped into three categories, namely: (i)
study of atomic diffusion in crystalline solids, (ii)
study of atomic diffusion in liquids, and (iii) study
of Brownian motion of suspended particles in liquids.
Janot has critically reviewed the published literature
on the effect of atomic diffusion in crystalline solids
on Mossbauer line shape. These papers refer to the
effect of diffusion of Mossbauer probe atoms as an
impurity in the lattice, 4' self-diffusion of Mossbauer
probe atoms in the lattice, the effect of anisotropic
diffusion, the effect of diffusion of interstitial
atoms in a lattice in which the Mossbauer probe
atoms are at rest at normal lattice sites, ' "etc.
These experiments have established the superiority of
the Mossbauer technique in studying diffusion and

.mass transport in crystalline solids over the
macroscopic-tracer technique.

The earliest experiments on atomic diffusion in
liquids were done by Bunbury et al. '4 and Craig and
Sutin. ' In these experiments, they essentially con-
sidered the effect of continuous diffusion of the
Mossbauer probe on the nuclear y-ray resonance
linewidth. They showed that, in accordance with the
prediction of Singwi and Sjolander, line broadening
was invariably proportional to T/q, where T is the
absolute temperature and q is the viscosity coefficient

of the liquid. Recently Ruby et al. ' "carried out a
series of experiments on the Mossbauer effect in fer-
rous ions and tetravalent tin ions dissolved in aque-
ous solutions, glasses, and supercooled liquids.
These experiments not only clarified the apparently
anomalous results reported by Dezsi et al. ' and by
Nozik and Kaplan, ' but also brought out the fact
that as the glasses are heated above the glass transi-
tion, the mean-square displacement of the Mossbauer
probe atoms increases considerably, causing an in-
crease in the linewidth and a decrease in the area
under the resonance and in the quadrupole splitting.
The decrease in the quadrupole interaction associated
with the diffusive broadening, suggested the possibili-
ty of the relaxation of the electric-field gradient
(EFG). Dattagupta'0 analyzed this problem in its
various aspects. He considered a situation in which
the Mossbauer probe, during the process of diffusion,
jumps from one site to another at a certain rate and
at the end of each jump sees a different EFG direc-
tion. The atomic diffusion and the relaxation of the
EFG direction would both cause broadening of the
two lines of the quadrupole pattern. However, as the
rate of diffusion increases, the relaxation of the EFG
will give rise to a shift of the lines towards the center
of the pattern. In a later paper, Dattagupta ' con-
sidered a more general situation in which he investi-
gated the effect of the correlated translational and ro-
tational diffusion of the Mossbauer probe, the latter
causing a change in the EFG. Recent experiments of
Ruby, Zabransky, and Flinn' show that rotational
diffusion is not ever likely to be observed by quadru-
polar relaxation. In all these experiments, the effect
of atomic diffusion on the line shape and the area
under the resonance has been considered.

Arguing that the laws of particle diffusion in.;
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suspension (Brownian motion) in a liquid are the
same as those of atomic and molecular diffusion,
Bonchev et al. "investigated the effect of Brownian
motion of suspended particles on the Mossbauer line
shape. Unlike atomic diffusion, one is concerned
here with the diffusion of a large particle in a liquid.
Bonchev et al. found that under certain conditions
line broadening varied linearly with T, whereas under
certain other conditions they found that the line
broadening is proportional to T' . Bhide et al. dis-
cussed the effect of atomic and molecular translation
and particle diffusion on the Mossbauer line shape.
They showed that the line shape and the line
broadening are dependent upon the value of the
characteristic time P ' = m/67rqa and the value of
a = K2D/p, where K is the y-ray wave vector, D is
the diffusion coefficient, and m and a are the mass
and the radius of the diffusing particle, respectively.
They showed that when we have o. « 1, thereby
satisfying the space-resolution condition and

p ' « r, where r is the lifetime of the nucleus in
the excited state, the Mossbauer line is a Lorentzian
with a width equal to 2fE2D, in accordance with the
prediction of Singwi and Sjolander. When o. & 1 and

P ' —r, the Mossbauer line is again a Lorentzian
with a width less than that predicted by Singwi and
Sjolander. However, when u ) 1, the line is no
longer a Lorentzian, but is a Gaussian with a width
proportional to T' . Recently, Gunther and Wilcox
generalized the approach to take into consideration
the effect of the rotation of the particles. The rota-
tional diffusion is shown to cause a change in the
translational velocity.

Comparatively few studies have been reported
on the effect of the Brownian motion of suspended
particles in a liquid on Mossbauer spectra. In this pa-
per we report our studies on the effect of the Browni-
an motion of small particles of FeSn03 in liquid-
crystal EBBA on both Fe and "Sn Mossbauer
lines. Since liquid crystals are mesophases in
between a crystalline solid and an isotropic liquid, the
viscosity of liquid crystals varies over a wide range
within a relatively small temperature range. Further,
at the isotropic nematic phase transition, orienta-
tional order sets in; this is associated with anisotropic
effects. Liquid crystals therefore constitute a good
medium for investigating the effect of (i) Brownian
motion over a considerably broad range of p ', (ii)
the onset of orientational order, and (iii) the phase
transitions solid nematic and nematic isotropic
liquid, etc. , on Mossbauer spectra. We find that both
' Fe and "Sn Mossbauer lines begin to broaden a
few degrees below the solid nematic phase-
transition temperature. In the nematic phase, except
for a small temperature interval below the nematic
isotropic phase transition, the line broadening is pro-
portional to T/rt In the isotropic phase . also the line
broadening is proportional to T/rt but with a dif-

ferent slope. The resonance area is sharply reduced
at the solid nematic phase-transition temperature.
In both the nematic and the isotropic phases, line
broadening is associated with a decrease in recoilless
fraction. It is desirable to clarify the difference
between the above experiments and those of Detjen
and Uhrich. ' They observed "Fe Mossbauer line
broadening for iron-bearing probe molecules, 1, 1'-

diacetyl-ferrocene (DAF), in a glassy liquid crystal
above the glass-transition temperature when the
liquid crystal was aligned so that the y-ray beam was
either along the molecular axis or perpendicular to
the molecular axis. They observed that the line
broadening was different in the two cases, showing
anisotropy of diffusion in a supercooled liquid crystal.

II. EXPERIMENTAL

The liquid crystal chosen for this investigation was
N-(p-ethoxy-benzylidene )-p'-butylaniline (EBBA)
which has the following phase transitions:

309.5 K 350.5 K

Solid nematic isotropic liquid.

Liquid-crystal samples were obtained from E. Merck.
Composite particles of FeSn03 (preparation described
in Ref. 23 earlier) enriched to about 85 at.% '"Sn
were suspended in the isotropic phase of liquid-
crystal EBBA. The compound FeSn03 was ground in
an agate mortar and was introduced in the isotropic
liquid at 350 K. The mixture was centrifuged to re-
move heavier particles. The suspension was allowed
to stay for three days. Only the upper part of the
sample was injected into a hermetically sealed disk-
shaped absorber cell. Care must be taken to prevent
contamination of the sample with moisture. The ab-
sorber temperature could be varied from 273 to 400
K. The temperature of the sample could be main-
tained at the desired value to within +0.5 K. On ad-
dition of FeSn03 particles to the liquid crystal, the
phase-transition temperatures were slightly altered.
The new phase transitions were

308.5 K 347.5 K
Solid nematic isotropic liquid.

The EBBA coefficient of viscosity was measured
using a rotational viscometer model rheostat-2 (VEB
MLW, Frujgerate - Werk, Medingen). The tempera-
ture of the sample was varied using a water-
circulation thermostat model U - 10 (VEB MLW,
Frujgerate - Werk, Medingen) and. could be con-
trolled to within 0.2 K. The coefficient of viscosity
was determined by measuring the shear stress and
shear strain. Figure 2 shows the variation of the
viscosity coefficient with temperature. The
differential-scanning-calorimetry (DSC) thermogram
of the EBBA phase transitions is also shown in the
same figure. Notably, the higher-temperature isotro-
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pic phase has a characteristically higher viscosity than
the nematic mesophase at the near lower tempera-
ture. This is because the mesophase is readily and
highly ordered in the direction of flow, thus increas-
ing the flow rate. The nematic isotropic phase
transition and the visual clarity of the sample occur at
a temperature just below the temperature at which
viscosity is maximum.

Mossbauer experiments were performed employing
a standard constant-acceleration spectrometer based
on an electromechanical feedback system. The data
were stored in a 1024-channel ND 100 multichannel
analyzer which was operated in a multichannel scaling
mode. The spectra were fitted to rnachine-computed
Lorentzians using the least-squares fitting method
and an IBM 360/44 computer. The area under the
resonance, the isomer shift, and the linewidth were
determined from the computer-fitted spectra. The
sources used in these studies were Co in a Pd ma-
trix and" Sn in a CaSn03 matrix.

III. RESULTS AND DISCUSSIONS

Some of the representative Fe and "Sn
Mossbauer spectra at various temperatures are shown
in Figs. 1(a) and 1(b). These spectra could be well

fitted to machine-computed Lorentzians. In the solid
phase, the spectra in terms of isomer shift and qua-
drupole splitting correspond closely to those obtained
with pure FeSn03 compressed powder. In the nemat-
ic and isotropic liquid phases, the isomer shift and
quadrupole splitting remained unaltered but in these
phases the y-ray resonance lines broadened consider-
ably. This shows that there is no chemical reaction
between the suspended particles and the liquid-crystal
matrix.

In Figs. 2(a) and 2(b) we plot the diffusive line
broadening as a function of temperature for 14.4-keV
"Fe and 23.8-keV " Sn Mossbauer spectra, respec-
tively. In the solid phase, the linewidth is sensibly
constant. The line begins to broaden 2 —3'K below
the solid nematic phase-transition temperature. In
the nematic phase, the line'broadens further. How-
ever, jn both Fe and "Sn Mossbauer lines, the
broadening 4E—I does not vary linearly with tem-
perature T. As the nematic isotropic phase transi-
tion is approached, the line broadening decreases,
reaches a minimum, and then increases with further
increase in temperature, Notably, the higher-
temperature isotropic phase has a lower line broaden-
ing than the nematic phase at the near lower tem-
perature. As in the case of viscosity variation with
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FIG. 1. (a) Fe Mossbauer spectra of FeSn03 particles in EBBA at various temperatures; Pd: Co source. (b) Sn
Mossbauer spectra of FeSn03 particles in EBBA at various temperatures; CaSn03. " Sn source.
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temperature, the nematic - isotropic phase transition
and the associated visual clarity of the sample occur
close to the temperature at which the line broadening
is minimum. These changes in the line broadening at
and close to the nematic isotropic phase transition,
are obviously due to the onset of molecular orienta-
tional order at the phase transition. This change is
partly due to the viscosity change occurring at the
phase transition owing to the ordering effect of the
liquid crystal and partly due to the effect of ordering
itself on the diffusion of FeSn03 particles along the
y-ray wave vector. In order to identify the relative
roles played by these two factors, we plot, in Figs.
3(a) and 3(b), the variation of the line broadening
hE —I' as a function of T/rt. We find that in the
nematic range, the line broadening hE —I is propor-
tional to T/rt. The line broadening dE I' versu—s
temperature curve deviates from linearity at and near
both the solid nematic and nematic isotropic
transition temperatures. In the isotropic range, the
line broadening hE —I' is again proportional to T/q
but it varies more steeply in the isotropic phase than
in the nematic phase.

From the slope of AE —I' vs T/rt in the nematic
range, we calculated the diameter of the diffusing
particles. From Mossbauer data for "Fe and "Sn in
the nematic range, we find that the particle diameter
is nearly 1.0 + 0.2 p,m. Using the slope of b,E—I vs
T/rl in the isotropic phase we find that the particle
diameter is 0.55 + 0.2 p,m. For the sake of compari-
son, we examined the particles with a Philips EM 200
transmission-electron microscope. From the electron
micrographs we found that the particle size varied
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FIG. 3. (a) Variation of 57Fe Mossbauer line broadening
hE —I with T/q. (b) Variation of Sn Mossbauer line

broadening hE —I with T(q.

between 0.4 and 0.8 p, m. In order to elucidate the
difference in particle size as determined from the
data in the nematic and in the isotropic liquid phases,
we plot the variation of D = (hE —T)/2tK2 with
1000/T in Fig. 4. The temperature dependence of
the diffusion is roughly Arrhenius-like. However,
the activation energy is different in the nematic (0.58
eV) and in the isotropic liquid phase (0.87 eV), as it
is greater in the isotropic liquid phase. The higher
activation energy in the isotropic liquid is understand-
able in the long-chain organic compound EBBA.

Quantitatively it is difficult at this stage to com-
ment on the discrepancy in particle size as deter-
mined from the nematic and the isotropic phase data,
and the electron micrograph data. These differences
may be due to several possible reasons. - First, the
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FIG. 2. (a) Variation of Fe Mossbauer line broadening
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D = (b E F)/2AK with 1000/T for —s7Fe Mossbauer spectra.

(b) Variation of the diffusion coefficient D = (AE —I )/2AK

with 1000/T for Sn Mossbauer spectra.
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particles are not of uniform size. Second, in the
nematic phase the viscosity coefficient is anisotropic
and it is not rigorously correct to use the value of q
determined using a viscometer to compute the line
broadening. Detailed investigations on aligned
nematic liquid crystals, using accurately measured
and uniformly sized particles, made by employing a
newly developed cryochemical technique, are under
progress.

Assuming that the line broadening is given by
AE —I = 2 hE'D we find that
(AE I ) ]]9s /(/tE I ) $'7F should be independent of
temperature and should be equal to K]]9s /E57F, In

Fig. 2(c) we plot (hE —I') ]]9s /(AE —I')
57F as a func-

tion of temperature. We find that although this ratio
is independent of temperature, it is equal to 2.35 as
against the expected value of 2.67.

Significantly, the quadrupole interaction is seen to
be independent of temperature over the temperature
range studied. This indicates that quadrupole relaxa-
tion has relatively a little role to play in line broaden-
ing.

Simultaneously, with the broadening of the
Mossbauer lines, we observed a reduction in the area
under resonance and thus in the f factor. In Fig. 5
we plot the log of the area under resonance as a
function of temperature. In the solid phase log A de-
creases with temperature in much the same way as in
any other solid. A decrease in log A with tempera-
ture faster for "Sn Mossbauer lines than for "Fe
Mossbauer lines is indeed expected. At the solid
nematic phase-transition temperature, log A decreases
rather abruptly and considerably, the decrease being
much greater for "9Sn than for ' Fe Mossbauer lines.
It is significant to note that there is no such abrupt
change in the broadening of the Mossbauer lines
across this phase transition. In both the nematic and
isotropic phases, -the line broadening is associated
with a corresponding decrease in the area under the
resonance.

Unlike atomic and molecular diffusion, we are con-
cerned here with the diffusion of a relatively large
particle. The f factor in this situation is contributed
by a product of two factors, f] and f2, the factor f]
arising out of the mean-square displacement (XL) of
the Mossbauer nucleus within the particle relative to
the center of mass of the particle. The factor f2
arises out of the mean-square displacement of the
center of mass (particle as a whole) (XP) of the parti-
cle. Over the temperature range studied (Xl.) is not
expected to change considerably and indeed the ef-
fects of phase change and diffusion broadening are
reflected iri the f factor through the changes in (Xp2).
At the solid nematic phase-transition temperature,
we observed a large change in the f factor without a
corresponding change in the line broadening. The
decrease in the area under the resonance at the
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FIG. 5. Plot of log A as a function of temperature for (a)
Fe and (b) "Sn Mossbauer spectra.

phase-transition temperature is obviously due to the
softening of the host matrix. Ruby, Zabransky, and
Flinn" observed a large change in the f factor at the
glass-transition temperature Tg as the glass
transformed into a supercooled liquid. They have at-
tributed this change in the f factor to the possibility
of some of the continuum modes below T, going soft
above T, and reappearing at lower frequencies. Lack-
ing knowledge of the dynamical behavior of a large
particle in a liquid-crystal matrix, it is difficult to ex-
plain quantitatively the observed change in the
present case. Ho~ever, it is certain that the decrease
in the f factor at the phase transition is essentially
due to the softening of the lattice.

In the nematic and isotropic liquid phases, the de-
crease in the area under the resonance can be corre-
lated satisfactorily with the diffusion broadening.
Indeed it can be shown that log A will decrease
linearly with T with a slope equal to Kpr/6vrqa&',
where Kp is the Boltzmann constant. It is obvious
that log A vs T will be a faster falling function in the
case of" Sn than in that of 7Fe. Extending these
arguments one can show that log A will vary linearly
with the line broadening AE —I'. Jenson and Ruby
et a!."have shown such a relationship between the f
factor and the line broadening.
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