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1. Phys.: Condens. Matter 3 (1991) 3109-3124. Printed in the UK 
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Mossbauer spectroscopy 
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Denmark 
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Abstrscl. By means of Mosbauer speclmscopy we have studied the dynamics of nano- 
sized panicla when these are dispersed in decalin in the form of a crystalline matrix 
or as a supercooled liquid. In h e  case of a crystalline matrix the parricles perform 
Brownian willations a1 temperatures dose 10 lhe melting p i n t  of lhe decalin. In the 
case of a supercooled liquid ordinary Rrownian molion is otsewed. 

1. Introduction 

The sensitivity of the line shape of the Mossbauer spectrum on atomic diffusion was 
predicted in 1%0 by Singwi and Sjolander [l]. Since then Mossbauer spectroscopy 
has proven to be a valuable tool in the study of atomic diffusion in solids [2] and for 
the study of molecular motion in liquids [3]. The method has also successfully been 
applied in the study of Brownian motion 141 and protein dynamics [5,6]. 

The mean lifetime of the decaying nucleus ( T ~  = 141 11s for 57Fe) is a char- 
acteristic time of the Mossbauer experiment; motions with correlation times on this 
timescale (10-7-10-9 s) may influence the line shape of the spectrum [5,7]. If the 
correlation times are much shorter, only the area of the spectrum will be affected 
[5,7]. The area of the Mossbauer spectrum is proportional to the fraction (f) of 
absorption events that take place without recoil of the nucleus. This fraction can be 
expressed in terms of the mean-square displacement (z?) of the nucleus [7]: 

where IC = 2 r / X  is the wavenumber and X (= 0.086 nm for 57Fe) is the wavelength 
of the -{-ray. 

The Brownian motion of particles suspended in a viscous liquid has a timescale 
such that the motion may influence the line shape of the Mossbauer absorption line. 
Theory predicts a mere broadening of the absorption line proportional to the diffu- 
sion constant of the particles in the liquid [1]. This has been found experimentally 
in several cases, for instance for 165 8, magnetite particles in glycerol [8 ] ,  for 100 8, 
magnetite particles in a diester carrier [9], and for 650 8, SnO, particles in glyc- 
erol [lo]. Discrepancies with the picture that diffusion just causes a broadening of 
the absorption line without altering the brentzian line shape, have also been re- 
ported [4.11,12]. The experimental work in this field has been reviewed by Bhide er 
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ai [4], who also elaborate further on the theory of how Brownian motion influences 
the Mossbauer spectrum. 

In the study of the dynamics of proteins [SI and other biological systems [6,13], 
it has been found that the line shape of the spectrum changes with temperature. 
Above a certain temperature the spectrum appears to be a sum of narrow and broad 
Lorcntzians [5,6]. This is typical of diffusive motion restricted in space [3], and 
the results are generally interpreted in terms of a model of overdamped harmonic 
oscillators in Brownian motion-called Brownian oscillations 1141. 

The co-existence of narrow and broad components in the Mijssbauer spectrum, 
induczd by the dynamics of the nuclei, has also been reported for other systems. In a 
study of the motion of nano-sized particles caged in a polymeric nctwork, Plachinda 
and co-workers [15,16] observed this effect, and Hayashi ef ai 1171 reported similar 
findings in a study of loosely packed sinters of copper and silver powders, applying 
19'Au Mossbauer spectroscopy. 

Recently Parak et a/ 1181 have repeatcd one of the classical experiments in the 
study of atomic diffusion, namely the srudy of 5'Fe(il) diffusion in glycerol. Contrary 
to earlier measurements [19-211 thcy found tha t  in order to explain the variation of 
line shape with temperature one needs more than  one Lorentzian. They pointed out 
that ,  as seen by Mossbauer spectroscopy, the atomic motion of 5'Fe(lI) in a glycerol 
glass seems to be very similar to motion of the iron atoms in myoglobia molecules. 

In this paper we report on investigations of the motion of iron particles when 
these are dispersed in a crystalline matrix or a supercooled liquid. In the case of a 
crystalline matrix the changes of the Mossbauer spectrum induced by particle motion 
are very similar to those reported for biological systems and for polymeric-bound 
particles. These Mossbauer spectra are analysed by using the model of Brownian 
oscillations. In the case of a supercooled liquid a broadening of the absorption lines, 
with no changes of the Lorentzian line shapes, is observed. This is interpreted as 
being caused by particle diffusion, and we therefore analyse the spectra on the bask 
of the model by Sin& and Sjolander Ill. 

P V Hendriksen et a1 

2. Theory 

Thc absorption cross section, u , ( w ) ,  for a -(-quantum with energy E = hw can be 
written as the time and space Fourier transform of the time-dependent self-correlation 
function, G,(r.t) [1,3,22] 

The self-correlation function, Gs(+, t). expresses the dynamics of the absorbing 
nuclci. In the classical limit G $ ( r , t )  is the probability of finding the nucleus at the 
position T if it was at the origo at f = 0. u0 k the resonancc absorption cross section, 
T~ is the mean lifetime of the excited state, k is the wavevector of the y-ray and lido 
is the energy of the excited nuclear state. lnserting the self-correlation function for 
a given mode of motion into equation (2), and folding the resulting cross section for 
y-ray absorption with the encrgy profile of [he -,-ray emitted from the sourcc, yields 
the Mossbauer spectrum. 
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21. Brownian oscillations 

'RI explain the characteristic changes in the Mossbauer spectrum of proteins a model 
of Brownian motion in a harmonic potential has bccn suggcstcd [6,23]. The motion 
is 'driven' by the random force F ( t ) ,  and the particle is further acted upon by a 
harmonic force ( -mn2r)  and by a frictional force (-mpi). The equation of motion 
becomes 

mi: + mpi  + mn2r = F(  t )  (3) 

where mR2 is the harmonic force constant, p is the frictional force constant and m 
the mass of the particle. This type of motion has both an oscillatoty and a diffusive 
nature. The correlation function of the motion is known in the overdamped case 
(p > n), and the Mossbauer spectrum can in this limit be written [13] 

where r = 1 / ~ ~  is the natural line width (in units of s-I), and a = n 2 / p  is 
the ratio between the harmonic force and the damping. ( z k )  is the mean-square 
displacement of the nuclei caused by the Brownian oscillations. I f  the exponential 
e x p ( - k ? ( z & ) e - " ' )  is expanded in a power series the Mossbauer spectrum can be 
expressed as an infinite sum of Lorentzians [13,21], 

The first Lorentzian in the  expansion (71  = 0)  has the natural line width (r). The 
action of the Brownian oscillations is to shift the area from this component to the 
quasi-elastic broader components. The weight of each of the broad components is 
given by the factor ( k * ( ~ & ) ) ~ / n ! .  

The lattice vibrations (v) within the particles will also contribute to the total mean- 
square displacement of the nuclei. Assuming the lattice vibrations to be uncorrelated 
with the Brownian oscillations the total mean-square displacement will be 

(zi,) = (zh) + (z:). (6) 

3. Experimental procedure 

The investigated samples were prepared by thermal decomposition of iron pentacar- 
bony1 in decalin in the presence of surfactants (oleic acid or Sarkosyl-0). This process 
is described in detail elsewhere [24-261. The process results in the formation of a 
stable suspension of amorphous iron-carbon particles containing about 25 at% carbon 
[27-291. The mean particle size can be controlled by, e.g., the choice of surfactant 
[U,%]. The particles have a very narrow size distribution [25,28,29], which makes 
this a good model system for experimental studies of the fundamental properties of 
small particles. Previous studies of particle dynamics in ferrofluids [8,9] have been 
faced with the problem of very broad particle size distributions. 
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One sample (A) was frozen in liquid nitrogen immediately after the preparation, 
and was kept under liquid nitrogen until the time of measurement. Another sample 
(B) was exposed to air for about one month. This resulted in evaporation of the 
decalin and oxidation of the particles. The oxidized particles were then re-suspended 
in decalin, and cooled to liquid nitrogen temperature. 

Mbssbauer investigations have been performed by using a constant-acceleration 
spectrometer with a 50 mCi source of 57Co in rhodium. The spectrometer was cali- 
brated with a 125 pm or-iron foil at room temperature. Isomer shifts are given rela- 
tive to the centroid of this spectrum. Measurements at 12 K were performed with the 
samples attached to the cold finger of a closed-cycle He refrigerator. Measurements 
between 80 and 295 K were made with the samples mounted in a liquid-nitrogen 
cryostat. The temperature was controlled with a stability better than f0.5 K. The 
temperature was measured with a copper-constantan thermocouple. Mossbauer spec- 
tra have been obtained in velocity intervals of *12 mm s-’, f24 mm s-’, and in a 
few cases up to f80 mm s-l. 

In order to characterize the state of  the carrier medium the samples were inves- 
tigated by x-ray diffraction and differential thermal analysis (DTA). Care was taken 
that the thermal history of the sample was the same no matter which technique was 
applied. 

Particle sizes have been determined from electron micrographs (Phillips EM 430) 
and by Mossbauer spectroscopy 1291. 

Measurements on WO samples (A and B) are presented in the following. Key 
features of these are presented in table 1. 

Tnblr 1. Composilion and particle size of [he samples 

Sample Panicles Mean size ( d )  Standard Suriaclanl 
devialion 

A Fe-C 3.3 nm 0.3 nm Oleic acid 
B Iron oxide 6.8 nm 0.7 nm Sarkosyl-0 

4. Results 

4. I. Sample A 

Figure 1 shows the 12 K spectrum of samplc A The spectrum is a superposition of a 
magnetically split component with very broad lines ((6’) = 27 T) and a quadrupole 
doublet. The magnetically split component has previously [27,29] bcen identified 
as amorphous Fe,-,C, with I i~ 25% [29]. The quadrupole doublet ( A &  = 
2.4 mm s-l and 6 = 1.24 mm s-I at 12 K) is due to Fe(l1) in the high-spin 
state. Such a component is typical for samples prepared by thermal decomposition 
of  iron pentacarbonyl [24], and is probably due to left-overs of an intermediate iron- 
surfactant complex. 

When measured at temperatures above 130 K the Mossbauer spectra show no 
magnetic splitting (see figure 2).  This is due to fast superparamagnetic relaxation [29]. 
As the Fe-C particles are ferromagnetic the relaxation can be suppressed by applying 
a magnetic field. This was demonstrated in [29], and the mean magnetic moment of 
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Figure 1. M h b a u e r  spectrum of sample A o b  
mined at 12 K. 

Figure 2. Mksbauer spectra o l  3.3 nm amorphous 
iron-carbn particles in decalin (Sample A). The 
spcelra were obrained in order of increasing !em- 
perature, llie decalin k i n g  cryslallinc during this 
series. The lull curves in tlie figure are best-fir 
curves, where the fitting has been made in accor- 
dance wilh rlie model of Brownian Oscillations. 

the particles was estimated lrom the dependence of the induced hyperfine field on the 
applied magnetic field [30]. Assuming that the magneric moment of the iron atoms 
in the particles is like that of an amorphous iron-carbon film with the same carbon 
content, and that the density of the particles is like that of Fe,C, a mean particle size 
of 3.3 nm was estimated. This is in good agreement with the particle size estimated 
from electron micrographs [29]. 

All measurements to be discussed for sample A have becn performed at tem- 
peratures above the blocking temperature-the temperature above which the super- 
paramagnetic relaxation is so fast that the magnetic hyperfine splitting has collapsed. 
Therefore we can rule out magnetic relaxation effects as a cause of line broadening. 

The Mossbauer spectra, shown in figure 2, were obtained in order of increasing 
temperature. The dominating component in the spectra is a broad singlet (6 = 
0.40 mm s-l at 130 K) arising from the amorphous iron-carbon phase. The Fe(I1) 
doublet (AEa = 2.37 mm s-’, 6 = 1.13 mm s- l )  holds at 130 K about 20% 
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of the area. Spectra obtained at temperatures between 130 K and 180 K do not 
differ very much, but as the temperature is increased above 180 K one observes the 
appearence of a broad component in the spectrum. The width and relative area of 
this component increases with increasing temperature. The full  curves in the spectra 
are best-fit curves, where the spectra have been fitted with an Fe(1I) doublet, a single 
Lorentzian line having a line width equal to the minimum observed under the whole 
series (160 K) and a series of broader Lorentzians as given by (5). (Only the first five 
lines of the expansion have been included in the fitting routine.) The relative line 
widths and intensities have been constrained to fulfill the relations given in (5). The 
line widths of the broad components expressed in terms of the parameter h a  and 
the relative area of the narrow Lorentzian (A,/A), inferred from the best-fit curves 
within the model of Brownian oscillations, are shown in figure 3. Figure 4 shows the 
variation of the area of the unbroadened peak ( A , )  and the variation of the total 
area (A = A, + A,(,,, + Abroad) of the Mossbauer spectrum with temperature. 

.-. e: 40 

20 
s 

185 195 205 

T (K) . .  
Figure 3. (a) The fraction of Ihe lotal area (AolA,  A = A F ~ ( ~ , )  i Ao + Abluad) found 
in the unbroadened elaslic peak of sample A nie areas ot the different mmponenu are 
waluated from the mmputer Re. (b) The line broadcning or sample A expressed by the 
parameler ho. The expression ho is equal to the difference in line widlh between the 
unbroadened line and the 81~1 of the broad mmponena. lhe full curve is a guide to 
the eye. Open and full symbols indicate ilia1 the corresponding spectra were obtained 
in velocity intervals of *I 2 mm s-’ and 5 2 4  mm s-’, mpcctivcly. 

In the fitting of the high-temperature spectra the isomer shift and the quadrupole 
splitting of the Fe(I1) doublet have been constrained to follow an extrapolated low- 
temperature behaviour (where ‘low temperature’ is the temperature interval in which 
no broad components are observed). As no a priori assumptions can be made con- 
cerning the area ratio of the Fe(1I) and the metallic component, this ratio has not 
been constrained in the fitting of the high-temperature spectra. The relative area of 
the Fe(I1) doublet decreases with increasing temperature from about 15% at 180 K 
to about 5% at 205 K 

4.2. Sample B 
Thc Mossbauer spectrum of sample B obtained at 12 K is shown in figure 5. The 
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Figure 4 The natural logarithm of the area of the 
Mossbauer spectrum, relative to the area a1 1W K, 
plotted versus temperature for sample k The trian- 
gles are the areas of the unbroadened mmponent 
and the squares are the tola1 a m %  The straight 
line is a best41 line in the low-temperature region. 
Open and solid symbols indicate that the mrre- 
sponding spectra were obtained in velocity intewal~ 
of &I2 mm 5-' and i Z 4  mm r', respectively. 

Figure 5. 
mined at 12 K. 

Mkbauer  spectrum of sample B o b  

spectrum is magnetically split and has quite broad lines indicating a disordered struc- 
ture. The mean hyperfine field is approximately 48 S which is close to that reported 
for amorphous Fe,O, [31,32]. 

The particle size distribution obtained from clectron micrographs of the sample 
is shown in figure 6. The mean particle size is estimated to be 6.8 nm. 

L A !  
10 r 

0 -- 
0 1 2 3 4 5 L  

Diameter (nm) 

Figure 6. Particle size distribution of sample B ertimated from electron micrographs. 

When measured at higher temperatures the magnetic hyperfine splitting collapses 
due to fast superparamagnetic relaxation (figure 7) .  Contrarily to in the case of 
sample A, the relaxation cannot be suppressed by application of an external magnetic 
field. This implies that the particles have a " r y  small, or no, resulting magnetic 
moment. 

In figures 7 and 8 are shown Mossbauer spectra obtained at various temperatures 
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Velocity (mmo-') 

Flgum 7. Mossbauer spectra of 6.8 nm iron oxide 
panicles in decalin (sample E). The spectra have 
teen oblained in order of increasing temperature 
The decalin h crystalline during this serin. "he 
full C U N ~  are best-ht curves within lhe model of 
Brownian oyillations. 

T=184 K 

-24 -16 -8 0 8 16 24 

Velocity (mms-') 

Figure 8. Mossbauer spectra of 6.8 nm iron oxide 
panicles in decalin (sample B). I h e  spectra have 
teen oblained in order 01 decreasing lemperalurc. 
Prior to the first measurement the samples have 
teen healed to a tempemure above the melting 
point 01 lhe carrier medium. "he decalin is a su- 
percooled liquid during this serics. The full culyes 
are tesr-81 culves with one quadrupole doublel. 

in order of increasing and decreasing temperaturc, respectively. Thc spectra consist 
of an Fe(II1) doublet with a quadrupole splitting of 0.98 mm s-' and an isomer shift 
of 0.44 mm s- '  (at 122 K). In between the two series of measurements the sample 
has been heated to a temperature well above its melting point. Clearly the thermal 
history of the sample influences the Mijssbauer spectra. 

In figure 7 one sees the same tendency as in figure 5 namely that above a certain 
temperature (188 K) a broad component appears in the spectrum. The width and 
the relative area of this component increases with temperature. The full cuwes in 
figure 7 arc best-fit curves using the model of Brownian oscillations-that is, fitting 
the spectra with a series of doublets with intensities and widths constrained to fulfil 
equation (5). (Only the first five doublets of the expansion have been included.) The 
difference in line width between consecutive Lorentzians ( h a )  as well as the relative 
area of the narrow Lorentzian (A,/(A, f Abroad)) determined from these fits are 
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T (K) 

Figure 9. (a) I h e  fraction of the total area (Ao/(Ao+A,,,,)) Iound in the unbroadened 
elastic peak in the heating series of sample B. (b) ?he line widths 01 the broad Lareneians 
expressed by the parameter hm 01 the  healing selies of sample B. The full curve is a 
guide to the eye. 

- z . o }  

-3.0 
70 90 110 IM 150 170 190 210 

1 (K) 

Figure 10. The natural logarithm 01 the area of the Mossbauer spectrum, relative IO the 
area at Bo K, plotted versus temperature lor sample B. I h e  squares and stars are the 
mtal areas obtained in the heating and cooling series. respectively. The lull curve is a 
best-fit straight line in the lowtemperature region. 

shown in figure 9. The variations of the total area of the Mossbauer spectrum with 
temperature are shown in figure 10 for both the heating and the cooling series. 

The observed broadening in figures 2 and 7 cannot be explained as ordinaly 
diffusion broadening. Both narrow and broad camponents are necessary to account 
for the change in line shape, as illustrated in figure 11 which shows a best-fit curve 
with only one quadrupole doublet (a) and the fit that results from fitting with the 
Brownian oscillator model @). Clearly the one-doublet fit is inadequate. Figure 11 
also shows the components of the fit in the Brownian oscillator model. 

In figure 8, where spectra have beeen obtained in order of decreasing temperature, 
the picture is quite different. Here a strong broadening of the doublet is observed. 
?he full curves are best-fit curves, where the fitting has been mad:: with only one 
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Figure 11. Comparisons of &I-fil N W ~ S .  of the Mossbauer speclrum of sample B at 
203 K with one quadrupole double! (a) and with Ihe Brownian mdiator model @). 
The components of the 81 are also shown. 

doublet with hrentzian line shapes, and clearly this gives quite adequate fits. Thii 
is in agreement with the SingwiSjolander theory of how Brownian motion influences 
the Mossbauer spectrum [l]. When the sample is cooled to 184 K the spectrum 
becomes identical to the spectrum obtained at the same temperature in the 'heating 
series'. This hysteresis is fully reproducible, and the explanation for the occurrence 
of hysteresis is that in the 'cooling series' the decalin is a supercooled liquid, whereas 
in the 'heating series' it is crystalline. This has been confirmed both by DTA measure- 
ments and by x-ray diffraction. The DTA measurement5 show a melting peak at 7.04 K 
when the sample has been cooled to 80 K before the start of the experiment, but no 
exothermic process is observed when the sample is only cooled to 170 K before the 
experiment (see figure 12) indicating that the decalin is a supercooled liquid in the 
latter case. The DebyeScherrer x-ray pictures have sharp rings when the picture is 
taken at a sample temperature of 80 K, and no such sharp rings when the sample is 
heated to temperatures above the melting point of decalin, showing that the decalin 
is indeed crystalline at low temperatures. 

5. Discussion 

In both samples the natural logarithm of the area was found to decrease linearly 
with temperature in the low-temperature limit. This is what is expected for lattice 
vibrations when these are modelled with a Debye or an Einstein model [33]. The 
equivalent Debye temperatures (e,) extracted from the slope of the lines in figures 4 
and 10 are 170 -f 15 K and 275 i 50 K for the samples A and B, respectively. 

The value for sample A is very low compared with, for example, the value for 
metallic iron (OD = 470 K for n-iron [34]). This low equivalent Debye temperature 
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Feure 12. Resulls of DTA on a decalin-based Ierrofluid. Prior lo the measurement of 
the upper cuwe Ihe sample was cooled to 170 K and prior lo Ihe measurement of the 
lower cuwe the sample was cooled to 80 K. The NWCS show the temperature difkrence 
between the sample and a refercnce. versus reference lemperalurc. when the sample and 
reference are healed a1 a mnslanl rdle. 

indicates that the mean-square displacement of the nuclei increases faster with tem- 
perature in these small iron-carbon particles than in bulk a-iron. This is probably 
an effect of the very small size of the particles, i.e. due to fast particle vibrations. 
Such an effect is well known from numerous studies of ultrafine particles [17,34-36]. 
Another mechanism that might also lead to a lowering of the recoilless fraction in 
ultrafine particles, as compared to the bulk, is the existence of special vibrational 
surface modes [35,37]. 

The equivalent Debye temperature value for sample B is quite close to reported 
values for maghemite (e, = 225 K [NI). Hence, finite-size effects seem not to 
influence the area variation at low temperatures for these larger particles. 

For both samples a rapid decrease of the resonant area is observed in the temper- 
ature region where the broad lines appear in the spectrum. The model of Brownian 
oscillations shifts the area from the elastic peak to the broader quasi-elastic lines. 
This shift of area is indeed observed (figures 3 and 9), but also an overall loss is 
seen, which cannot be explained by the Erownian oscillator model. The loss of area 
could be due to very broad components lying outside the investigated velocity interval. 
’k examine whether this is the case, we performed measurements in larger velocity 
intervals. Figure 13 shows Mossbauer spectra of sample E obtained in the velocity 
ranges 130 mm s - l  and i ts0 mm s-l. The fitting parameters are the same, within 
uncertanties, in the W O  cases, Le. the lost area is not regained by increasing the 
velocity window up to f80  mm s- l .  

The ‘lost area’ can be expressed in terms of a n  equivalent mean-square dis- 
placement. We therefore have to modify the expression for the total mean-square 
displacement given in the section 2. If  we assume that the mode of motion leading 
to this extra mean-square displacement is uncorrelated with the low-temperature n- 
brations and the Brownian oscillations, then the total mean-square displacement can 
be witten as [SI 

where (z,”) is the mean-square displacement of the low-temperature vibrations (inter- 
nal lattice vibrations and/or particle oscillations), (zgo) the mean-square displacement 



3120 P V Hendriksen et al 

4 0  

30 

n 2 20 
% 

1 0  

00 

2.0 

h 

% 
’L 1.c 

o c  

Sample A 

J 
Sample B a k  

173 180 165 1M 195 2W 205 2 -90 -60 -30 0 30 60 90 

Velocity (mms-‘) 
(K) 

Figure U. Mdrsbauer spenra cf sample B. Figure 14. Meanquare  displacemenls oi the dii. 
at 205 K, obtained in velocity intervals of ierenl modes of rnolion in sample A and sample B. 
130 mm s-I and 180 mm s-l. The full curves l l i e  lriangies are the mean-square displacements in 
are test-fit curves uilhin the model of Brownian the Brownian oscillations. and the squares are the 
Oscillations. nccessaly extra ampliludes needed to explain the 

w e d  loss of area, The full curves are guides 
to lhe eye. Open and full symbols indicate that 
the corresponding spectra were obtained in wloc- 
ity intervals of f l Z  mm s-’ and i.24 mm s-‘, 
respectively. 

of the Brownian oscillations and (z?J the extra vibrational amplitude added to ex- 
plain the loss of area. The area in the narrow absorption line is proportional to 
exp( -k2 (z~ t ) ) .  The Brownian oscillations shift the area from the narrow absorp- 
tion line to broader Lorentzians, but as these still lie within the velocity range of 
observation the total area of the Mossbauer spectrum is given by 

A,, K exp(-P(z:)) e x p ( - k 2 ( r i c ) ) .  (8) 

In figure 14 the area variation of the spectra in figures 2 and 7 are expressed in terms 
of mean-square displacements. 

The area of the spectra in the ‘cooling series’ of sample B (cf figure 8) are also 
considerably lower than expected from the extrapolated low-temperature behaviour 
(see figure 4). This loss of area has also been reported in other studies of particle 
diffusion [U]. 

When the decalin is crystalline (sample A and B, heating series) the changes 
in line shape are well expressed in the model of Brownian oscillations. The two 
parameters determining the line shape in the model are h a ,  which is the difference 
in line width between consecutive Lorentzians in the expansion, and kC’(r$), which 
determines the relative area of the components. The temperature dependence of 
these parameters are shown in figures 3, 9 and 14. 
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The motional behaviour of the particles in a crystalline decalin matrix changes at 
a certain temperature (sample k. 180 K, sample B 190 K). Below these temperatures 
the particles may perform fast oscillations which, especially for sample 4 result in 
a rapid decrease of the area of the Mossbauer spectrum with temperature. Above 
these temperatures the particle motion is well described as Brownian oscillations. 
As the temperature is increased the Brownian oscillations become more and more 
dominating. The model accounts well for the line shape at all temperatures, but does 
not account for the observed loss of area. 

The particles are coated with a monolayer of surfactant molecules, and the parti- 
cles may be viewed as being mounted in the surrounding matrix with these ‘molecular 
springs’. The motional behaviour of the particles depends on the characteristics of 
the coupling of the surfactant molecules to the matrix, and on the characteristics of 
the surfactant molecules themselves. The outermost molecular layer of the decalin 
matrix interacts with the surfactant molecules, and this layer may change its elastic 
properties, or even pre-melt, at tempcraturcs below the bulk melting p i n t .  The fact 
that the change in the particle motion and the loss of area comparcd to the ex- 
trapolated low-temperature behaviour takes place somewhat below the melting point 
of the carrier medium supports this suggestion. At temperatures slightly below the 
melting point the thermal energy may be sulficient to break some of the weak bonds 
between the surfactant and matrix. This weakening of the bonding to the matrix Will 
lead to an increase in the mean-square displacement of the particles, causing a loss 
of area compared with an extrapolated low-temperature behaviour. Such a mecha- 
nism can therefore explain the enhanced vibrational amplitude at these tempcratures 
(expressed by 

One nice feature of the interpretation of the spectra in terms of the model of 
Brownian oscillations is that the observed features of co-existing narrow and broad 
lines and the increasing line width and weight of the broad components can bc repro- 
duced within this model. Only one correlation function is needed. One could argue 
that this might not be the case-the broad componcnts could arise from diffusing 
particles and the narrow one from particles that are not allowcd to diffuse. How- 
ever, this would require a very broad distribution of diffusion constants, which seem 
unlikely due to the very narrow particle size distribution. Furthermore, we have Seen 
no indication of particle clustering in the electron micrographs of the samples. 

The dynamics of the colloidal system dcscribed in this work are, as seen by 
Mossbauer spectroscopy, very similar to what have becn found for three otherwise 
quite different systems, namely for proteins [S. 61, for ultrafine particles in a polymeric 
network 115,161, and for ions in a glycerol glass [18]. The similarity of the dynamics 
in the three latter systems have been ascribcd to the common macromolecular nature 
of the systems [15]. The molecules (or molecular segments) in each of these systems 
are interacting via weak forces due to hydrogcn bonds or van der Waals bonds. The 
particles in the system investigated in this work interact with the surrounding crystal 
in a similar way, Le. via weak forces between the surl’actant molccules and the dccalin 
matrix. Thus it seems that the weak bonds bcrwcen the molecules (or segments of 
molecules) is the common factor rcsponsible for the similar dynamics or all these 
systems. 

When the decalin is a supercooled liquid (sample B, cooling series) the tem- 
perature dependence of the line broadening (A) is found to be well described by 
an Arrhenius law (see figure 15). This reflects the temperature dcpendcnce of the 
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diffusion constant, as these two quantities are proportional 111: 

P V Hendriksen er al 

A = 2 h k 2 D .  (9) 

The activation energy is found to be 0.4f0.04 eV. In a study of the particle dynamics 
in a suspension ol 10 nm magnetite particles in a diester carrier Winkler a ai [9] 
also found an  Arrhenius-like temperature dependence of the line broadening (with 
an activation energy of 0.6 eV). 

IOOOfl (1 /K)  

Ftgure IS. Arrhenius pi01 of lhe relalive line hroiidening olsewed iii the moling series 
of sample B. Lw h the observed line widlh and 1. Ihe minimum line width observed in 
the whole series. The full line is the bus1 fit of a stmiphl line to the data pints. 

When the decalin is a supercooled liquid thc line shape of the Mossbauer spectrum 
and the temperature dependence of the line width are in accordancc w,ith the theory 
of Singwi and Sjolander of how Brownian motion should inlluence the Mossbauer 
spectrum. 

6. Conclusions 

Ultrafine particles embcdded in an  organic crystalline matrix pcrrorm bound diffusive 
motion on a timescale in which the Mossbducr effect is sensitive, when the system is 
heated to temperatures close to the melting point of the matrix material. 

The motion gives rise to very broad components in the Mossbauer spectrum, 
supcrimposed on the narrow elastic absorption line. This finding is very similar to 
what has been observed in studies of protcin dynamics, and thc spectral shape can be 
well accounted for by applying thc modcl of overdampcd harmonic oscillators, well 
known from the studies of protein dynamics [S, GJ. The motion of the nuclei are, as 
examined by Mossbauer spectroscopy, very similar in  these otherwise very differcnt 
systems. 

The onset of the Brownian oscillations takes place at temperatures somewhat 
(zz 15 K) below the melting temperature of the crystalline matrix, which indicates 
that the binding of thc particles to the matrix softens in this temperature regime. 
This could be due  to a ‘pre-melting’ in the immediate vicinity of the particles. 
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When the medium surrounding the particles is a supercooled liquid, a Lorentzian 
broadening of the absorption lines is observed in accordance with the theory of Singwi 
and Sjolander of how Brownian movement influences the Mossbaucr spectrum. We 
would like to stress that the agreement between experiment and theory in this study 
is found in a very well-defined system in the sense that the particle size distribution 
is very narrow, and that magnetic relaxation effects do not contribute to the observed 
line broadening. 
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