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Abstract--A soil of Attica (Greece) has been studied by M6ssbauer spectroscopy and magnetization 
measurements in order to ascertain the nature and form of iron oxides present in it. The room tempera- 
ture spectra consist of a paramagnetic doublet and a small magnetic sextet. At liquid nitrogen tempera- 
ture the magnetic component increases considerably at the cost of the paramagnetic component. 
This behavior is typical of superparamagnetism exhibited by ultrafine magnetic particles. From the 
values of hyperfine parameters extracted by computer fits of the spectra, the particles can be identified 
mainly as a-Fe203. The theory of superparamagnetism, in conjunction with M6ssbauer and magnetiza- 
tion data, is discussed in detail. Application of this theory to the data for the clay fraction of the soil 
leads to the conclusion that the oxide particles have a size distribution with a mean particle diameter 
of 131 A and a width of 14 A. 

INTRODUCTION 
IRON compounds have been investigated exten- 
sively in conjunction with their role in soil chemis- 
try and soil physics. Iron oxides are found in the 
soil as aggregates in various mixtures with man- 
ganese, aluminum and silicon oxides or as coatings 
attached to the surface of clay minerals mainly 
and to the sand and silt minerals to a smaller extent. 

M~ssbauer spectroscopy has proved to be a 
valuable technique in providing information about 
the structural and chemical aspects of the presence 
of iron and its compounds. Applications to miner- 
alogy have been reviewed by Maddock (1972) 
and by Hertzenberg (1970). An important factor 
in the interpretation of M6ssbauer spectra of 
iron compounds in soil is the particle size of 
these compounds. It has been shown by Kfindig 
et al. (1966) and by McNab et al. (1968) that for 
magnetic iron compounds with a particle diameter 
in the range of 100-500 A M6ssbauer spectra at 
room temperature exhibit typical nonmagnetic 
features. In a recent survey study of specimens of 
clay separates from various parts of the world, 
Yassoglou et al. (unpublished data) found only a 
few cases of magnetic iron oxides which displayed 
prominent magnetic M6ssbauer spectra at room 
temperature, while at liquid nitrogen temperature 
most of the samples showed magnetic spectra. 

Recent M6ssbauer studies of ancient Greek 
pottery by Gangas et al. (1971) showed the possi- 

*Also, University of Ioannina, Greece. 
?Also, Faculty of Agriculture, Athens, Greece. 

bility of classification of wares by information 
obtained from such spectra. One criterion for this 
classification was the ratio of the magnetic to the 
nonmagnetic component of the spectra of the 
fired clay. In order to exploit further this technique 
and understand better the connection between 
the particle size of iron oxides in soil and the 
corresponding M6ssbauer spectra, it became clear 
that an extensive study of such systems was 
necessary. 

This paper gives the results of a study of iron 
compounds present in soil materials collected from 
a site near Athens. The same area has been used 
as a source of clay by Attic potters since ancient 
times. It has been found that the ratio of the mag- 
netic to the nonmagnetic component of the 
M6ssbauer spectrum varies with temperature and 
particle size in a manner consistent with super- 
paramagnetic behavior. This result explains the 
absence of prominent magnetic hyperfine splitting 
from most of the room temperature spectra of 
minerals containing iron oxides. Furthermore, from 
an analysis of the variation of this ratio with 
temperature, the particle size distribution has 
been obtained. 

THEORY 

The usefulness of M6ssbauer spectroscopy in 
the study of iron in clay materials rests on the in- 
formation obtained on the electronic state and the 
symmetry at the site of i ron  ions as well as the 
magnetic state of the material under investigation. 
This information is obtained from parameters, 
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extracted from the MSssbauer spectrum, which 
depend on hyperfine interactions; i.e. the interac- 
tions between the electrons and the nucleus of the 
iron ion. The theory describing these interactions 
in general and their connection with MSssbauer 
spectroscopy in particular is well known and has 
been reviewed by several authors. (e.g. Wertheim, 
1964). 

We shall summarize in this section the salient 
features and discuss the relevant theoretical 
background. 

The MSssbauer pattern which arises from an 
iron ion in a given lattice site may have one of the 
following three forms: (a) A single line in the case 
of  an iron ion in a paramagnetic material at a site 
of cubic symmetry;  (b) a doublet under the same 
conditions as above but with a site symmetry lower 
than cubic; and (c) a six-line pattern when the 
nuclear levels are split by a hyperfine magnetic 
field. 

We shall elaborate further on the conditions 
required for case (c) since they are of direct interest 
for the present  investigation. Fo r  the observation 
of a magnetic hyperfine pattern, a net magnetic 
field must be present  at the nucleus over a time 
interval of the order  of the nuclear Larmor preces- 
sion time. This condition is satisfied in the case of  
magnetic materials where a spontaneous mag- 
netization leads to a n  average magnetic field dif- 
ferent from zero during the nuclear precession 
time. This field is closely proportional to the 
average magnetization in a magnetic domain. 

Hyperfine magnetic patterns are also observ- 
able in paramagnetic materials when the relaxation 
time for flipping of  the magnetic moment between 
different spin-states is long compared to a nuclear 
lifetime and the Larmor  precession time (Blume 
and TjSn, 1968). 

A third case of immediate interest is that of an 
assembly of single domain fine particles of a 
magnetic material. The magnetic properties of 
such an assembly have been reviewed by Jacobs 
and Bean (1963). These systems exhibit para- 
magnetic behavior, i.e. absence of hysteresis and 
remanence magnetization, but with a magnetic 
moment which may be as large as that of l0  s atoms 
coupled ferromagnetically. Such a behavior, 
known as superparamagnetism, is mainly due to a 
process of magnetization reversal and has been 

*In what follows, the term "superparamagnetic" will 
be used for the description of the paramagnetic com- 
ponent, which is due to the fast flipping of the magnetiza- 
tion vector. 

examined theoretically by Ndel (1962) and Brown 
(1959). The basic result of this theory is that the 
probabili ty for magnetization reversal for a particle 
of  volume v at temperature T is proportional to: 

I = a f e x p  (--Cv/kT) (I) 
T 

where ~- is the relaxation time and C is the aniso- 
tropy constant. The geometrical factor a gives 
the number of  different easy directions between 
which the magnetization vector can flip. The 
factor f is the Larmor  frequency of the magnetiza- 
tion vector in a coercive field Hc defined by: 

Hc = C/Mo (2) 

where Mo is the magnetization of the material. 
The properties of antiferromagnetic fine particles 

have been examined by Ndel (1962). He concludes 
that  such a fine particle may possess a permanent 
magnetic moment due to incomplete cancellation 
of  the magnetic sublattices. The susceptibili ty of 
such particles consists of two parts, one due to 
superparamagnetism and the second due to the 
ordinary antfferromagnetic part. A t  low tempera- 
tures and for very fine particles the first contribution 
may completely mask the second. The relaxation 
time for magnetization reversal is expected to 
follow a relation similar to equation (1) although 
it is argued by Ndel  that surface rather than 
volume anisotropy may play a significant role. 

On the basis of  this theory t h e  observation of 
magnetic hyperfine splitting in MSssbauer spectra 
of  an assembly of  fine particles depends on the 
value of  the relaxation time which is determined 
by the particle size. Fo r  r much longer than the 
Larmor  precession time, the usual six-line pattern 
of  the ferromagnetic material is expected to appear. 
The application of  MSssbauer spectroscopy to 
superparamagnetism has been reviewed by Collins 
et  al. (1967). Typical  results in finely divided 
particles of ~-Fe20, ,  prepared under conditions 
in which the size could be controlled, have been 
obtained by KiJndig et al. (1966). A similar study 
on fine particles of Fe304 has been reported by 
McNab  et al. (1968). In both cases the results 
have been interpreted by the theory of super- 
paramagnetism. When a distribution of particle 
size is present, the spectrum will contain both a 
paramagnetic part and a hyperfine magnetic 
splitting component.  As the temperature is 
lowered, the magnetic component will increase at 
the expense of  the paramagnetic* component, as 
more particles have relaxation times long enough 
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to observe magnetic hyperfine splitting. The ratio 
of the superparamagnetic part to the total area of 
the spectrum can be related to the particle size 
distribution by the following considerations: 

We observe first that the factor Cy in the 
exponent of equation (1) is the energy barrier for 
flipping of the magnetization between two easy 
directions. As shown below, MiSssbauer measure- 
ments can lead only to a distribution of the values 
of the product Cv, so that an independent estimate 
of at least one parameter  of the size distribution, 
e.g. the median value v,,,, must be available in order 
to calculate the anisotropy constant, and vice 
versa. Moreover  the origin of anisotropy may be 
other than volume anisotropy, e.g. surface or  shape 
anisotropy. Fo r  these reasons the anisotropy 
energy E = Cv is considered as a more appropriate 
variable for the description of the particle distribu- 
tion. In the following we give a brief account of the 
theory of superparamagnetism based on the con- 
cept of the anisotropy energy. 

Let  P(E) be the probabili ty density for the 
particles with anisotropy energy E. Then the frac- 
tion of particles with energies lower than E is: 

F (e  < E) : Jo P(e) de (3) 

with the condition 

f o P(E) de = 1. (4) 

The function F(r  < E) can be related to the ratio 
of the superparamagnetic to total area of the 
Mts sbaue r  spectrum at a given temperature by 
determining the value of E which defines the 
transition from superparamagnetic to ferro- 
magnetic behavior. I f  we assume that this occurs 
when: 

~ = r  (5) 

where ~0 is the Larmor  precession period of the 
nucleus, we obtain from equation (1): 

E = k T l n  (r (6) 

With this relation we obtain from equation (3) 
T 

F(e  < E) = Jo P(e) de : f0 g ( ' )  d t =  R(T) (7) 

where R(T) is the observed ratio and g(t) is 
related to P(E) by the transformation: 

g(t) = kin  (,rr (~-0af) }. (8) 
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Equation (7) also gives: 

dR g(T) = ~ .  (9) 

Thus from the observed ratio R (T) it is possible to 
derive the distribution function g and with equa- 
tion (8) to determine the function P. I f  a specific 
functional form is assumed, e.g. a Lorentzian 
distribution, the parameters defining it can be 
determined by fitting the experimental ratio R (T). 

The above derivation was based on the assump- 
tion that there is a sharp transition from super- 
paramagnetic to ferromagnetic behavior so that 
the particles with e < E will show a quadrupole 
doublet  while those with E > E will show a six 
line Mrssbauer  spectrum. It is known, however, 
from several studies of M~3ssbauer relaxation 
effects that when r -  r0, complex intermediate 
spectra are observed starting with an asymmetric 
broadening of the lines of the quadrupole doublet 
(Btume and TjiSn, 1968). Due to the volume dis- 
tribution, however, only a small number of particles 
have �9 - % and at each temperature T the relaxa- 
tion component of the spectrum is not discernible. 

Superparamagnetic behavior can also be de- 
tected with bulk magnetization measurements. 
In this case, as indicated earlier, the system 
behaves like a paramagnet and for an assembly of 
particles with volume distribution P(v), the 
magnetic moment per g o- produced by an external 
field is: 

o-=os f o V L ~ - - ~ - ) P ( v ) d v / f ~  oP(v)dv (10) 

where tr, is the saturation magnetic moment per 
gram of the specimen, L (x) is the Langevin func- 
tion and M0 the magnetization of the pure com- 
pound; i.e. the magnetic moment of a particle of 
volume v is/x = vMo. In this expression it has been 
assumed that the interaction between the particles 
is small. Thus, bulk magnetization data can also be 
used to obtain the particle size distribution. In this 
case the remanent magnetic moment as a function 
of temperature gives the fraction of particles for 
which the relaxation time is longer than the 
observation time. Here,  however, the observation 
time is of the order of seconds so that the cor- 
responding ratio R(T) will be shifted to lower 
temperatures.  

M E T H O D O L O G Y  

The studied soil sample was collected from the C 
horizon of red Mediterranean (rhodoxeralf) soil 
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profile located in Amarousion,  a suburb of Athens, 
Greece,  and developed on Quaternary alluvial 
deposits. 

The sample was dispersed with sodium hexa- 
metaphosphate and the clay and silt fractions were 
separated from the sand by wet sieving and 
centrifugation according to Jackson (1968). 

F ree  iron oxides were removed from the sample 
by dithionite dissolution. Oxide and structural 
ferric and ferrous iron were determined according 
to Roth et  al. (1968) using a Perkin-Elmer  303 
Atomic Absorpt ion Spectrophotometer.  X-ray 
diffraction diagrams were obtained from oriented 
clay films with C u K a  and F e K a  radiations using 
a Philips Norelco unit. Diffraction patterns were 
also taken by a Debye-Scher re r  camera at room 
and at liquid nitrogen temperatures. 

Mrssbauer  spectra of 150mg samples (~-0.1 
mg/cm z Fe  ~r) were obtained with a conventional 
constant acceleration spectrometer at tempera- 
tures between 77~ and room temperature 
(295~ 

Since the Mrssbauer  spectra of the bulk soil, the 
silt and the clay fractions contained contributions 
from both the free iron oxides and the iron located 
in the structure of the minerals, spectra were also 
obtained from the deferrated clay samples. Thus, 
the contribution to the resonance absorption by  the 
iron - 5 7  nuclei in the free oxide phase in the clay 
was determined by subtracting the absorption of 
the deferrated sample from that of the non-defer- 
rated sample. 

Analysis  of all Mrssbauer  spectra was performed 
with a least squares fitting program, which allowed 
for the superposition of two magnetic hyperfine 
splitting and two quadrupole splitting patterns. 

Finally, measurements of the magnetic moment 
of the deferrated and non-deferrated clay samples 
were made by a vibrating sample magnetometer 
P A R  155. 

RESULTS AND DISCUSSION 

The chemical data in Table 1 show that iron is 
present in the sample in significant amounts both 
as "free" iron oxides and as a constituent of the 
structure of  other minerals. The largest part  of the 
element is in the ferric state, while a smaller portion 
as ferrous iron is found in the structure of the clay 
and silt minerals. The predominance of  the ferric 
state is anticipated due to the oxidative environ- 
ment of the sampled soil horizon. The Mg 2+ 
saturated and glycerol-solvated clay samples 
showed X-ray diffraction maxima at 7-1, 10.07, 
11.1 A and a weakly resolved maximum at 14.5 A. 

Table 1. Structural and "free" iron content 
of the studied soil fractions 

Chemical analysis 

Structural "Free" Total 

Fe 2+ Fe a+ Fe 3+ Fe 
Sample % % % % 

Bulk 0.9 2.3 4-7 7.9 
Silt 0.8 1.0 3-2 5.0 
Clay 1.8 2.7 8.6 13-1 

On K saturation and heating to 110~176 the 
14-5 A peak disappeared and the 10 A peak was 
enhanced. At  550~ the 7-1 A peak disappeared 
and only the 10 and 11 A peaks remained i n t h e  
diagram. 

The above data indicate that the clay fraction 
consists mainly of  illite, some kaolinite and 
vermiculite, and interstratified systems of i l l i te- 
chlorite and possibly vermiculite. There is no evid- 
ence of X-ray detectable crystalline iron oxides 
in the diagrams and in the films which were 
obtained at room and at liquid nitrogen tempera- 
tures. Mrssbauer  spectra of the bulk soil, silt and 
the clay fractions are shown in Fig. 1 for room and 
liquid nitrogen temperatures. Their  structure 
consists generally of a six line magnetic hyperfine 
splitting component arising from the superposition 
of the line patterns labeled as $1 and $2 and one 
quadrupole doublet labeled as D. In the case of the 
silt fraction, a second quadrupole doublet with 
higher splitting than the first is apparent, indicating 
the presence of ferrous iron in the asymmetrical 
octahedral site of mica minerals (Yassoglou et al. ,  
1972). 

The most interesting features shown by the 
spectra of Fig. 1 are: (a) For  a given fraction, a n  
increase in the relative magnitude of  the magnetic 
to the nonmagnetic component when the tempera- 
ture is lowered from 295 to 77~ This increase is 
especially pronounced in the clay fraction. (b) At  a 
fixed temperature an increase in absorption from 
the silt to the clay fraction of the soil. This increase 
indicates a corresponding increase in iron content. 

The enrichment in iron is confirmed by the chemi- 
cal data of Table 1. All  these data show an approxi- 
mately threefold increase in iron between the silt 
and clay fractions. Moreover,  the content of "free" 
iron in the samples (which is removable by the 
dithionite treatment) is presumably present in the 
form of free oxides and increases by a factor 
greater than two from the silt to the clay fractions. 
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Fig. l. Mrssbauer spectra of the bulk soil, the silt and clay fractions at room and liquid nitrogen 
temperature. The solid lines have been calculated with the parameters of Table 2. 

The existence of free oxides is already shown by 
the six-line components (S] and $2). The structural 
iron is expected to contribute only to the quad- 
rupole doublet D since the relaxation time should 
be large due to strong spin-spin interactions. In 
fact paramagnetic hyperfine splitting has not been 
observed so far in clay minerals. 

These results, in conjunction with the absence 
of  X-ray lines characteristic of iron oxides in the 
clay fraction, lead to the conclusion that iron oxides 
are present in the form of fine particles and are 
therefore expected to show superparamagnetic 
behavior. I f  this is the case, the increase of the 
magnetic component at the expense of  the quad- 
rupole doublet, as the temperature is lowered, can 
be attributed to an increase in the relaxation time 
as outlined in Section 2. Computer  fits of the spec- 
tra are shown by the solid line in Fig. 1. The room 
temperature spectra were fitted with a superposi- 
tion of one quadrupole doublet D and one magnetic 
sextet S. The magnetic part of the low temperature  
spectra shows clear asymmetry which could be 
explained as a result of  the decrease of the hyper- 
fine field with particle size. This decrease would 
lead to a distribution of hyperfine fields correspond- 
ing to the particle volume distribution. In the analy- 
sis of the spectra this has been taken roughly 
into account by assuming two values of the hyper- 
fine field and correspondingly two magnetic com- 
ponents $1 and S~ An  alternative explanation of  
the asymmetry would be that it is due to the 
presence of t w o  oxide species with different 
hyperfine fields. 

The results of  this analysis are summarized in 

Table 2 which lists the parameters for each com- 
ponent of the spectrum at room and liquid nitrogen 
temperatures. F o r  comparison, the parameters for 
bulk and fine particles of c~- Fe203 taken from 
KLinding et al. (1966) are also included. I t  is 
noted that the values of the effective magnetic 
field for component $1 in the silt sample lies 
between the values for bulk and 180 ~, particles 
of t~-Fe203. The corresponding value for the 
clay sample is lower than the value for 180fi, 
particles. This variation is consistent with the inter- 
p re ta t ion  that the hyperfine field decreases as the 
particle size decreases and implies that the clay 
sample contains particles of size smaller t h a n  
180 A. Further  evidence for this conclusion will 
be discussed later. On the other hand the quadru- 
pole splitting for $1 agrees in magnitude and sign 
with the value for 180 A of ~- Fe203 particles. 
Moreover,  the quadrupole splitting of  the central 
component  i n  the clay sample agrees with the 
results of Kiindig et al. (1966). I t  may be con- 
cluded that the iron is present predominantly in 
the form of fine particles of c~-Fe203. 

The second magnetic component Sz has con- 
siderably lower effective field and larger line 
width than those of sextet S~. This component 
may be attributed to the presence of a second oxide 
species. The parameters  of Table 2 agree with those 
found by Deszi  et al. (1967) fo r /3 -FeOOH.  This 
identification is supported also by the variation of 
the magnetic field with temperature for the com- 
ponent $2 of the clay fraction which was studied in 
greater detail as discussed below. An  alternative 
interpretation for S~ is that it arises from a distribu- 
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Table 2. M6ssbauer parameters of the studied soil fractions 

Sample 

Magnetic field Quadrupole splitting Isomer shift 
Characterization (kg) (mm/sec) (mm/sec) 

of lines* 295~ 77~ 295~ 77~ 295~ 77~ 

Bulk 
Soil 

Silt 

Clay 

a-FezO.~ 
Bulk (c) 
a-Fe20:~ 
180 A(c) 

D 0-62---0.01 0.70• 0-17• 0.26_+0.01 
S~ 495_+2 527• 1 --0.16_+0.01 --0.16• 0-23• 0-27• 
$2 490 • 2 --0-34 • 0.07 0.28 _+ 0-02 
D 0'68_+0'03 0.84• 0-15• 0"265-----0.02 
$1 508_+2 530• --0.20_+0.03 --0"16_+0"03 0'18_+0.02 0.27• 
$2 490 _+ 2 0-34 --+ 0-04 0.25 • 0.02 
D 0.62_+0-03 0.64--+0-06 0.16• 0.25_+0.02 
S, 492.4_+2 523--+2 --0.16_+0.03 --0"17_+0-03 0.18-+0.02 0"28• 
$2 488-+2 --0-23• 0-29_+ 0.02 
S~ 518--+6 542• --0"21• 0"35• 0-205• 

S~ 503_+6 527_+6 --0.22_+0.23 --0'195_+0'03 0.195--+0.03 

*D-paramagnetic ferric doublet, S~-first magnetic sextet, with the larger Her f S 2 -  second magnetic sextet 
with the lower H~ff. 

(b) With respect to Pd (Co 5r) source. 
(c) Data were taken from Kiindig et  al. (1966). 

tion of magnetic fields in a-Fe203 particles due to 
the observed decrease of the magnetic field with 
particle size. This alternate is less likely, however, 
since the two components become quite distinct at 
temperatures between 77~ and room temperature. 

The clay fraction was further studied in detail in 
order to obtain the particle size distribution. For 
this purpose it is necessary to determine the 
contribution to the M6ssbauer spectrum of iron 
ions that are included in the structure of the 
minerals, predominantly in octahedral positions. 
The spectrum at room temperature of the defer- 
rated clay sample* from which oxides have been 
removed is shown in Fig. 2. The ferric doublet has 
the same hyperfine parameters as those of the 
doublet of the non-deferrated clay sample, but 
displays a smaller absorption. The small peak at 
positive velocities corresponds to a ferrous 
doublet which probably resulted from the reduction 
of the structural ferric iron during the deferration 
treatment. The parameters of this doublet corres- 
pond to iron in the symmetrical octahedral site 
which is the most accessible to oxidation-reduction 
(Yassoglou e t  a l . ,  1972). 

The quadrupole doublet in the clay sample can 
be considered as a superposition of the com- 
ponent due to superparamagnetic fine particles and 
that due to the paramagnetic structural iron. Thus, 
by measuring the deferrated (NFO) and non- 
deferrated clay samples at various temperatures 

*This sample will be designated in what follows by the 
symbol NFO. 

I 0 0  

9 9  

9 8  

"~ 9 7  

I 0 0  
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4 -  
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~ 9s 
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x x 

L iquid nitrogen temperature 

I I I L I I 
6 4 2 0 - 2  - 4  

V e l o c i t y ,  m m / s e c  

I 
- 6  

Fig. 2. The M6ssbauer spectra of a sample obtained from 
the clay fraction after chemical treatment which removes 

the free oxides (sample NFO). 

it is possible to determine the superparamagnetic 
component. The results from measurements at 
five different temperatures are given in Table 3. 
Columns 2 and 3 give the absorption areas of the 
magnetic ($1 and S~) and nonmagnetic D com- 
ponents of the clay sample and column 4 gives the 
absorption area of sample NFO.  These values 
resulted from computer fits of M6ssbauer spectra 
and are corrected for background. The super- 
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Table 3. Mrssbauer absorption area of clay fraction 

157 

1 
Temperature 

(~ 

2 3 4 5 6 
Magnetic Paramagnetic oxides Total 

oxides Total Structural Free oxides 

7 
Superparamagnetic 

ratio 
(%) 

295 1-8• 8.8• 3.6• 5"2 7.0 
263 6.4• 7-4• 3.6• 3"8 9.2 
236 7.1• 7-4• 4-8• 2'6 9'6 
200 7"1• 7.0• 5.1• 1"9 9-1 
144 8'3• 6.8• 5.9• 0'9 9-2 
77 3"3• 6.0• 5.7• 0'4 8.6 

75+7 
42 + 10 
27+3 
21+2 
10• 
4+0.4 

paramagnetic component, calculated as the differ- 
ence of columns 3 and 4, is listed in column 5 and 
the total area is listed in column 6. Finally the 
values of the ratio R (T), of superparamagnetic to 
to total area, are presented in column 7 and are 
plotted by crosses (x) in Fig. 3. The two magnetic 
components S~ and $2 are considered as having 
the same value of the anisotropy constant C. 

Equations (7 and 8) show that the derivative of 
R (T) determines the function g which is directly 
related to the size distribution function P. In order 
to make the analysis more specific we shall assume 
a Lorentzian form for g, as this form is suggested 
by the experimental values of R (T) :  

(AT)Mr ( l l )  
g(t) = (T-- T,n)z+ (AT) 2 

P a r t i c l e  d ia. ,  
I00 125 144 

I I I 

P a r t i c l e  vo lume x I(D~Scm 3 
0.5 I'0 1"5 

I 0 0  I I I 

, \y ~" 0'3 

o / /  , 
�9 .,z 60 t 
e == 

i t l  
I , I I I 

I00 200 300 400 

Temp, ~  

Fig. 3. (a) The ratio R(T) of superparamagnetie to total 
area of the part of Mrssbauer spectrum due to free oxides. 
(b) The distribution function of particle size. Both curves 

are calculated from equations (12 and 15)(see text). 

o r  

1 1 (11) g(x) -- ~r(Ar) x2+ 1 

where x = (T-- Tm/AT) and l/Tr) is the normaliz- 
ing factor. Then: 

g(T)=-~ltan I / T - - T m ] + I -  ~ ]  ~ = l t a n - l x + l .  (12) 

The fit of the expression of equation (12) to the 
experimental values of the ratio R (T) gives for 
T,, and AT the values 265 and 41~ respectively. 
The functions R(T)  and g(T) calculated with 
these parameters are plotted also in Fig. 3, which 
shows that R(T)  is in good agreement with the 
experimental values. This agreement justifies the 
choice of the distribution shape. 

The probability distribution of the anisotropy 
energy may now be determined from equation (8). 
The Larmor precession period for the excited state 
of Fe ~r is r0 = 2.5 • 10 -8 sec. In a-Fe203, with the 
magnetization lying on a plane perpendicular to the 
trigonal axis, there are three equivalent easy direc- 
tions of magnetization, therefore a = 2. Also the 
anisotropy energy density may be written K cos 
3so where so is the angle measured from an easy 
direction. Then the energy barrier between two 
directions is 2 K, so that C = 2 K in equation (1). 
The value of K has been determined by Kiindig 
et al. (1966). The average of two independently 
calculated values is K = (4-4• 1-1) • 104 erg cm -3. 
The value of f may be estimated from equation (2): 

2 K  
f =  Moo (neff~B/h) (13) 

With M0 = 2n,n~Bp NA/A, where nen is the number 
of Bohr magnetons tz~ per Fe ion, h Planck's 
constant, t9 the density, A the molecular weight 
and Na Avogadro's number, we obtain 

f =  KA/pNah. (14) 
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With the appropriate values for Fe2Oa, f = 7"7 • I0 a 
K and from equation (6) we obtain: 

E =  kin (r0 c~f) = 3"9 • erg 10--16 OK-1 

and using equation (11) the anisotropy energy dis- 
tribution is: 

P(E)  = 1 (AE) 
7r (E--Era) 2+ (AE) z (15) 

with 

E m =  1"04 • 10 -13 erg and AE = 0.16 • 10-1Zerg. 

The corresponding volume distribution is ob- 
tained using the relation E = 2 Kv in the case of 
volume anisotropy. This gives v,, = 1.17• 10 -18 
cm 3 and Av = 0.18 • 10 - '8 cm 3. Assuming spherical 
particles, the equivalent average diameter is d,, 
= 131 A. This result agrees with the fact that the 
Mrssbauer  spectra of the studied fraction are  very 
similar to the spectrum of the sample with particles 
of size 135 ,~ i n t h e  work of Kiindig et al. (1966) 
(Fig. 3 of that paper). 

Thus, we may conclude that the particle size 
distribution determined in this way is consistent 
with the required value of the anisotropy energy~ 
and the value of  the anisotropy constant. 

A question which mer i ts  some discussion is the 
decrease of the hyperfine field with decreasing 
particle size. The hyperfine field is expected to be 
proportional to the spontaneous magnetization of 
the sublattice to which the ion belongs. The varia- 
tion of the spontaneous magnetization with particle 
size has been studied by Abeledo and Selwood 
(1961) in nickel-si l ica gel preparations with 
particle sizes between 30 and 85 A. They found a 
reduction of the Curie point to about 92 per cent 
of the bulk value. This reduction would lead to a 
corresponding decrease in the spontaneous mag- 
net izat ion with respect to the bulk material 
which would be most pronounced near the Curie 
point. This effect explains, at least qualitatively, the 
decrease in hyperfine field with particle size. 

The measurements of the magnetic moment of 
the clay and N F O  samples are presented in Fig.  4. 
The variation o f  magnetic moment versus magnetic 
field for N F O ,  which contains only structural iron, 
is given by curve (b) and is typical of a para- 
magnetic material. The magnetic moment versus 
H of the clay sample, given b y  curve (a), contains 
the contribution of both the structural iron and the 
free oxides. The much faster saturation behavior 
is characteristic of superparamagnetic particles 

o.25 (a) " 

Clay 
0 '20  w w 

~{~ w x W It ~ 

:d 0.15 

6 
O'JO 

0.05 ( b )  

2 4 6 8 

H, kg 

Fig. 4. Magnetic moment versus magnetic field for the 
clay fraction and sample NFO: (a) Clay sample. (b) 
Sample NFO. The solid line in (a) has been calculated 
assuming superparamagnetic behavior for the free oxides 
and paramagnetic behavior for the iron in the lattice 

(see text). 

(Collins et al., 1967). Superparamagnetic behavior 
is expected in the magnetization measurements at 
room temperature since for the average anisotropy 
energy E m =  1"04 • l0 -1~ erg determined pre- 
previously, equation (1) gives a relaxation time 
r = 2 • l0 -8 sec, much shorter than the observation 
time which is of the order of seconds. 

A fit of the results for the magnetic moment of 
the clay fraction (curve (a) in Fig. 4) c a n  be ob- 
tained by using equation (10) and the distribution 
of  particle sizes obtained above for the super- 
paramagnetic i ron  oxides, plus the paramagnetic 
contribution of  the iron in the lattice (curve (b) in 
Fig. 4). We introduce as parameters the magnetiza- 
tion M0 of the ~-Fe2Oa and the saturation magnetic 
moment per g (rs of the specimen. The best fit 
to the experimental results is obtained with the 
values: 

Mo = 81.5 e.m.u, cm -3 

o-s = 9.6 • l0 -3 e.m.u, g-1. 

The value of the magnetization may be compared 
with the values obtained previously for fine 
particles ofa-Fe2Oz by Bando et aL (1955). 

CONCLUSIONS 
The principal results of this investigation are 

the following: 
(a) Iron oxides  are present in the  clay fraction o f  a 
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soil sample obtained from the location of Amarous- 
sion (Athens) in the form of small particles of 
a-FezO3, predominantly exhibiting superpara- 
magnetic behavior. 
(b) An analysis of the temperature dependence of 
the ratio of the superparamagnetic to the total 
area of MSssbauer spectra gives the distribution 
of anisotropy energy and particle size. Assuming a 
Lorentzian form for the distribution, the median 
volume and dispersion were determined as v,,, 
= 1"17 • 10 -18cm 3 (dia. dm= 131 A) and Av 
= 0"18 • 10 -18 cm 3 (Ad = 14 fi~) respectively. 
(c) Magnetization measurements agree with and 
confirm the M6ssbauer results. The average mag- 
netic moment per particle is found to be 1-0 • 104 
/~B and the magnetization 81.5 e.m.u, cm -3. 

On the basis of these results we may conclude 
that: 
(i) Superparamagnetism is responsible for the fact 
that magnetic hyperfine splitting does not appear 
in most cases of M6ssbauer spectra obtained at 
room temperature with clay fractions of various 
soils (Yassoglou et al., unpublished results). 
(ii) Most of the free iron oxides in the C horizon 
of the rhodoxeralf soil of Attica, Greece, is in the 
form of ultra fine particles of hematite (a-Fe20,). 
(iii) The derived particle size distribution is rather 
narrow in comparison with the distributions found 
for small particles prepared in the laboratory 
(Kiindig et al., 1966; McNab et al., 1968). This 
narrow distribution may be attributed to natural 
processes during the development of the soil. 
(iv) The particle size distribution can possibly lead 
to characterization of soil and pottery wares. 

Finally, the results of this investigation point 
out the need of further study of the nature and 
dynamics of the evolution of these small size iron 
oxide particles in the soil. Some new facts may be 
found which will contribute to the understanding 
of the conflicting data on the role of iron oxides in 
the development of soil structure. 
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R 6 s u m 6 - U n  sol d'Attique (Grace) a 6t6 &udi6 par spectroscopie M6ssbauer et par des mesures de 
magn6tisation afin de prgciser la nature et la forme des oxydes de fer qu'il contient. Les spectres 
temp6rature ambiante consistent en un doublet paramagn6tique et un petit sextuplet magn6tique. A la 
tempgrature de l'azote liquide, le composant magn6tique augmente consid6rablement aux d6pens du 
composant paramagngtique. Ce comportement est typique du superparamagngtisme que montrent 
les particules magn6tiques ultra-fines. Grace aux valeurs des param&tres hyperflns calcul6s ~ partir 
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des spectres par des ajustements ~ l'ordinateur les particules peuvent 6tre identifi6es comme 6tant 
principalement du a-Fe~Oa. La th6orie du superparamagn6tisme est discut6e en dgtail conjointement 
aux donn6es Mi3ssbauer et de la magngtisation. L'application de cette th6orie aux donn6es obtenues 
pour la fraction argileuse du sol conduit ~t la conclusion que les particules d'oxyde ont une distribution 
de taille caract6ris6e par un diam~tre particulaire moyen de 131 A et une largeur de 14 A. 

Kurzrefera t -Ein  Boden aus Attika (Griechenland) wurde mit Hilfe von M/Sssbauer-Spektroskopie 
und Magnetisierungsmessung untersucht, um Natur und Ausbildung der darin enthaltenen Eisenoxide 
zu bestimmen. Die bei Raumtemperatur ermittelten Spektren bestehen aus einer paramagnetischen 
Dublette und einem kteinen magnetischen Sextett. Bei tier Temperatur fliissigen Stickstoffs nimmt die 
magnetische Komponente auf Kosten der paramagnetischen betr~ichtlich zu. Dieses Verhalten ist 
typisch fiir Superparamagnetismus, wie ihn ultrafeine magnetische Teilchen zeigen. Aus den Hyper- 
feinstrukturparametern, die durch Computerauswertung der Spektren erhalten wurden, ergibt sich, 
dal3 die Teilchen als a-Fe20~ anzusprechen sind. Die Theorie des Superparamagnetismus wird in 
Verbindung mit den MSssbauer- und Magnetisierungsdaten in ihren Einzelheiten diskutiert. Die 
Anwendung dieser Theorie auf die an der Tonfraktion des Bodens erhaltenen Ergebnisse fiihrt zu der 
Schlufifolgerung, daf~ die Oxidteilchen eine GrSBenverteilung besitzen, die durch einen mittleren 
Teilchendurchmesser on 131 A und eine Dicke yon 14 A gekennzeichnet ist. 

P e 3 m M e -  I'[ocpe~ICTBOM crleKTpOCKOIIHH Mecc6ayepa H H3MepeHHII HaMarHH~IeHHOCTH H3y~aeTcs 
3eMJIHCTa$I Macca H3 ATTHKa (FpeLIH~I) ~JIfI onpe]leyleHH~l xapaxTepa H dpopM HpHcyTCTByIOmHX B 
Hel~ OKHCeI~ )KeJ1e3a. CnerTp Mecc6ayepa rlpH KOMHaTHOI~ TeM_rlepaType COCTOHT H3 IIapaMarHHTROrO 
~y6neTa H He~OYlbIHOrO MaFHHTHOFO cercTeTa. IIpH TeMHepaType ~H~KOrO a30Ta MaFHHTHblI~ 
KOMIIOHeHT 3Ha~IHTeJ/bHO nOBbimaeTc~ 3a c~IeT napaMarHHTHOrO KOMHOHeHTa. ~TO noBe~enHe 
gB.rlgeTCff THHOBbIM ~Ylfl cyHepnapaMarHeTn3Ma, npogun~eMoro CBepX MaJIBIMH MarHHTHblMH 
�9 IaCTHLIaMH. 1-[O ~aHHBIM, H3BYlC~IeHHI, IM DBM ~IaCTHIIFI MO~KHO H~eHTH~)HI~HpOBaTB r~a~HbIM 
ofpa30M I~ax ~-FezOa. 1-I02Ipo6Ho lt3y~laeTC~l TeopHs cynepMarHeTH3Ma B CB~I3H C Mecc6ayepoM 
H ]IaHHbIMH HaMarHHRttBaHH~I. rIpHMeHeHHe 3TOl~ TeOpHIt IIO OTttOIHeHHIO K ]IaltItbIM nO {~pa~IIIlltM 
rYlHHB! B 3eMne Be~eT K 3al(yno~leHHlO, ~TO ~laCTrlIIbI OXHCH pacnpe~eflenbi no paaMepy co cpe,~HHM 
~HaMeTpoM "mCTHt~I 131 /~, mHpHnOit 14 /~. 
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