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Abstract-The effect of heating synthetic microcrystalline goethite at 60°, 80°, and 105°C was studied by 
X-ray powder diffraction, electron microscopy, weight-loss measurements, and Mössbauer spectroscopy, 
Heating led to no detectable changes in the unit-cell parameters or crystallite size (210, 150, and 170 A 
in the [020], [110], and [120] directions, respectively), however, some ofthe X-ray diffraction lines were 
broadened due to an increase in microstrain in these crystaJlographic directions. The superferromagnetic 
transition temperature increased from 43° to 46°, 53°, and 54°C after heating to 60°, 80°, and 105°C, 
respectively, showing that the desorption ofwater from the surfaces led to an enhanced magnetic coupling 
among the crystallites. 
Key Words-Crystallite size, Goethite, Microstrain, Mössbauer spectroscopy, Thermal treatment, X-ray 
powder diffraction. 

INTRODUCTION 

The consensus of most studies of the thermal prop­
erties of natural and synthetic goethite (a-FeOOH) is 
that goethite is stable and unaffected by heating under 
various experimental conditions at temperatures below 
- 100°C. Heating to temperatures above - 100DC has 
generally been used for the determination ofthe amount 
of adsorbed water (Schulze and Schwertmann, 1984). 
Fey and Dixon (1981), however, reported that heating 
a sam pIe of pure goethite at 110°C in air or in vacuo 
resulted in an increase of the crystallite size, as deter­
mined from the broadening of the X-ray powder dif­
fraction profile, and proposed that the observed changes 
were caused by a decrease in the amount of adsorbed 
water. 

M0rup et al, (1983) concluded from Mössbauer 
spectroscopy studies of two sampies of synthetic mi­
crocrystalline goethite that the spectra of the sam pIes 
could not be explained by anormal superparamagnetic 
behavior. Therefore, an attempt was made to explain 
the results on the basis of a model in which the mag­
netic coupling among the crystallites was taken into 
account. Such a system in which the magnetic coupling 
between neighboring microcrystals is significant and 
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hinders superparamagnetic relaxation was described as 
"superferromagnetic" below the ordering temperature, 
T p' The same term was used by Rancourt and Daniels 
(1984). Between Tp and the Curie or Neel temperature 
the system is superparamagnetic. M0rup et al. (1983) 
found that the Mössbauer results for the synthetic goe­
thite sampIes could be explained by such a model of 
superferromagnetism. Inasmuch as the magnetic in­
teraction among the crystallites depends on the dis­
tance between neighboring crystallites, it is likely that 
the crystallites will be more strongly magnetically cou­
pled if water molecules are removed from the space 
between them by heating of the sampIe. Thus, Möss­
bauer spectroscopy appears to be a useful means of 
studying the effect of heating on microcrystalline goe­
thite, The present work investigated the effect ofheat­
ing on a sam pIe of pure microcrystalline goethite be­
tween 40° and - 100De. 

MATERIALS AND METHODS 

Materials 

Synthetic goethite was grown from a partially neu­
tralized iron nitrate solution having an initial pH of 
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Figure 1. Electron micrograph of synthetic goethite sam pie 
IB. 

1.7, as described by M0fup et al. (1983). Weighed 
amounts ofthis material (sampie 1), dried at 40°C, were 
heated in air in open containers at 60° (sampie lA) and 
80°C (sampie IB) for six days and at 105°C (sampie 
1 C) for four days. During the heating at 60°, 80°, and 
105°C the sampies lost 3.7,5.0, and 3.8% weight, re­
spectively. The temperatures and the duration of the 
heating were arbitrarily chosen to cover the tempera­
ture range between 40° and - 100°C; weight losses do 
not represent equilibrium losses. 

A natural sampie ofwell-crystallized goethite having 
crystallite sizes > 10,000 A, except along the [111] di­
rection (- 3000 A) was studied as a reference. This 
sampie contains impurities of <0.16% Si and <3000 
ppm Al. 

Transmission electron microscopy 

Electron micrographs were obtained using a Jeol JEM 
100B instrument operated at 80 kV. The sampies were 
ultrasonically dispersed in water before the micro­
graphs were obtained. 

X-ray powder diffraction 

X-ray powder diffraction (XRD) studies were per­
formed on side-filled sampies using a Philips PW 1050 
goniometer equipped with variable slit, a graphite dif­
fracted-beam monochromator, and CuKal.2 radiation. 
A complete XRD pattern was obtained by line scan­
ning. Important groups of diffraction lines were then 
chosen for profile analysis and recorded by step scan~ 
ning using increments of 0.10% and a fixed counting 
time of 40 s/step. The CuKa2 contribution was re­
moved from each measured profile using the Rachinger 
method (Klug and Alexander, 1974). The natural goe­
thite sampie was used to determine the broadening of 
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Figure 2. X-ray powder diffraction patterns of goethite. Up­
per diagram: natural sampie. Lower diagram: sampie I. Weak 
diffraction at about 37.8°28 is due to elemental Al from bot­
tom of sam pie holder (CuKal.2 radiation). 

the diffraction profile due to the finite experimental 
resolution. 

Mössbauer spectroscopy 

Mössbauer spectra were obtained at temperatures 
between 10 and -375 K (-150°C) using a constant 
acceleration Mössbauer spectrometer with a 50-mCi 
source of 57CO in Rh. The spectrometer was calibrated 
by use of a 12.5-llm foil of a-Fe at room temperature. 
The Perspex (PMMA) absorber holders were sealed 
using epoxy resin, because it was found that sealing 
prevented irreversible changes in the sampies during 
measurements at temperatures above the drying tem­
peratures. 

RESULTS 

Electron micrographs 

An electron micrograph of sampie IB is shown in 
Figure 1. The electron micrographs showed no signif­
icant changes upon heating ofthe sampie. The sampies 
exhibited extensive aggregation, and measurements of 
a few isolated particles gave dimensions of 100-200 
A. An electron micrograph of sampie 1 was published 
earlier (M0rup et al., 1983). 
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Figure 3. Williamson-Hall diagram of synthetic goethite 
(sampie 1). 

X-ray powder diffraction 

Phase analysis. No phases other than goethite were 
detected in the XRD pattern ofthe sampIes (Figure 2). 
Unit-cell parameters are discussed below. The en­
hanced intensities ofthe 020, 040, and 060 refiections 
of the natural sampIe are likely due to preferred ori­
entation. 

Profile analysis Jor crystallite size and microstrain. 
Standard methods for analyzing combined size-strain 
broadening were difficult to apply to the present syn­
thetic sampIes because of the absence of refiections of 
multiple orders and because of overlap of many lines, 
the latter leading to inaccuracies in the background 
determination (Klug and Alexander, 1974). In the pres­
ent study of combined size-strain broadening the line 
profiles were analyzed by two approaches: 

The first approach was to determine the full width 
at half maximum (FWHM), B (corrected for experi­
mental broadening), for several refiections. In Figure 
3 the resuIts for sam pIe 1 are displayed by means of a 
WiIIiamson-Hall diagram, in which B cos 8 is plotted 
as a function of sin 8, 8 being the Bragg angle. For an 
isotropie sampIe, the plot will give a straight line from 
which the crystallite size and the microstrain can be 
calculated (WiIIiamson and Hall, 1953). The diagram 
shows a large scatter of points suggesting a marked 
anisotropy in crystallite size and microstrain. Thus, it 
was not possible to separate the size and strain con­
tributions to line broadening using the WiIIiamson­
Hall method. 

The second approach used the single-line method of 
analysis recently developed by Langford (1978), Keij­
ser et al. (1982), and Delhez et al. (1982). The single­
line analysis is based on the assumption that the size-

Table 1. Crystallite size (D) and microstrain (e) (relative 
units) of synthetic goethite estimated from a single-line Voigt 
analysis ofthe 020, 110, and 120 refiections. 

020 110 120 

SampIe D(A) e x 103 D(A) ex 103 D(A) eX 101 

1 2101 02 150 6.0 170 7.1 
lA 200 0 150 7.5 170 7.8 
1B 220 0 150 10. 170 8.5 
lC 200 0 140 11. 170 7.8 

1 Estimated standard deviation is 10 A. 
2 Values given to the last significant figure. 

broadened profile is described by a Cauchy function 
and the microstrain-broadened profile bya Gauss func­
tion. The observed diffraction profile is a convolu­
tion ofthese two functions, a so-called Voigt function. 
The breadth ofthe Cauchy and Gaussian components 
can be found from the ratio ofthe FWHM ofthe broad­
ened profile to its integral breadth. This ratio is called 
the form factor of the Voigt function, and it ranges 
from 0.637 for a pure Cauchy function to 0.939 for a 
pure Gauss function. The crystallite size, D (A), and 
the degree of microstrain, e (relative units), can then 
be calculated from the usual relations: 

D = A/(Becos 8) 

e = Bd(4 tan 8), 

(1) 

(2) 

where Be and BG are the breadth on the 28 scale (in 
radians) ofthe Cauchy and Gaussian components, re­
spectively, 8 is the Bragg angle, and X is the X-ray 
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Figure 4. Polar diagram ofthe crystallite size ofthe synthetic 
goethites in the (001) plane. Arrows indicate the directions 
normal to the lattice planes with given Miller indices. DOIO = 
dimension in [010] direction. DIOO = dimension in [100] di-
rection. 
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Table 2. Unit-cell dimensions of goethite. 

Sampie a(A.) b(A.) c(Ä) v (A') 

Natural 4.602 (1)1 9.958 (l) 3.022 (1) 138.49 (3) 

Synthetic 
1 4.608 (9) 9.956 (9) 3.027 (4) 138.9 (3) 
lA 4.603 (9) 9.953 (9) 3.026 (4) 138.7 (3) 
1B 4.601 (9) 9.953 (9) 3.026 (4) 138.6 (3) 
lC 4.606 (9) 9.957 (9) 3.026 (4) 138.8 (3) 

1 The uncertainties, given in parenthesis, are the standard 
deviations of the least squares fit. 

wavelength. The Scherrer constant was set to unity in 
fue present work. 

Table 1 shows the crystallite size and the degree of 
microstrain obtained from the single-line Voigt anal­
ysis ofthe 020, 110, and 120 reflections, the only ones 
suitable in the present study. An anisotropy in both 
size and degree of microstrain can be seen, in ac­
cord with the Williamson-Hall plot (Figure 3). For 
a given crystallographic direction the crystallite size 
was practically independent ofthe heat treatment. The 
degree of microstrain along the b axis (020 reflection) 
was below the detection limit and independent of the 
heat treatment, whereas for the two other directions 
the degree of microstrain generally increased with the 
heating temperature. For the direction normal to the 
(120) planes, however, a decrease in microstrain was 
found following heating at the highest temperature. 

The range of the form factors for the 020, 110, and 
120 reflections was between 0.64 and 0.77 showing that 
the broadening ofthese lines was mainly due to change 
of crystallite size. Assuming that line broadening due 
to crystallite size was predominant for all reflections, 
the diffraction profiles were fitted to pure Cauchy func­
tions. Figure 4 is apolar diagram of crystallite size 
estimated in this way along different directions in the 
(001) plane. The size is about 100 A along the a axis 
and 200 A along the b axis. No size determination 
along the c axis was possible. Four different diffraction 
vectors making angles of about 30° with the c axis gave 
crystallite sizes in the range 100-200 A. 
Unit-cell parameters. The orthorhombic unit-cell pa­
rameters (space group Pbnm) ofthe sampies were cal­
culated by a least squares fit to the 2fJ positions of the 
diffraction lines (Table 2). The positions of the XRD 
lines were first corrected for small shifts caused by the 
slightly asymmetric diffraction profile (Reynolds, 1968; 
Trunz, 1976; Schulze, 1984). The 120 line shifted 
0.03°2fJ, but all other lines shifted by no more than 
0.01°2fJ. For the natural sampie, allIine positions were 
used in the calculation of unit-cell parameters; how­
ever, for the synthetic sampies fewer line positions were 
used because ofuncertainties in the fitting oftheir po­
sitions, due to overlapping diffraction lines. These un­
certainties in part explain the greater standard devia-
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Figure 5. Mössbauer spectra ofthe sampies of synthetic goe­
thite at 298 K. 

tions ofthe unit-cell parameters found for the synthetic 
sampies. 

Mössbauer spectroscopy 

Differences in the Mössbauer spectra of the heated 
synthetic sampies were most clearly revealed by com­
paring the spectra taken at temperatures slightly below 
the transition temperature, Tp , at which the six-line 
pattern collapsed into a doublet. For sam pie 1, T p = 
316 K (M0rup et al., 1983). Figure 5 shows the spectra 
obtained at 298 K (25°C). All spectra showed a line 
broadening typical ofmicrocrystalline goethite (Murad 
and Schwertmann, 1983; M0rup et al.. 1983 and ref­
erences therein). With increasing heating temperature 
of the synthetic sampies the magnetic hyperfine split­
ting in the spectra became better resolved, and the 
average hyperfine field increased. In the temperature 
range 310-330 K the magnetic splitting ofthe spectra 
collapsed into a quadrupole doublet. Spectra ofthe four 
synthetic sampies obtained at 319 K (46°C) (Figure 6) 
show that at this temperature the magnetic splitting 
collapsed for sampies land 1 A. The spectra of sampies 
IB and IC show a quadrupole doublet superimposed 
on a broad magnetic component. The asymmetry of 
the doublets in Figure 6 is presumably due to relaxation 
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Figure 6. Mössbauer spectra ofthe sam pies of synthetic goe­
thite at 319 K. 

effects and will be discussed elsewhere. The Neel tem­
perature ofwell-crystallized goethite is about 393.5 K 
(Woude and Dekker, 1966; M0rup etal., 1983). There­
fore, the collapse ofthe magnetic splitting in the present 
spectra at less than 330 K must have been due to fast 
superparamagnetic relaxation. 

The distributions in magnetic hyperfine fields ofthe 
magnetically split spectra were calculated using the 
computer program developed by Wivel and M0rup 
(1981); the average hyperfine fields of these distribu­
tions were also calculated. The distributions obtained 
from the spectra of sampies 1 and IB at 298 Kare 
shown in Figure 7, in which the peaks at about 3.0 T 
indicate the presence of paramagnetic components in 
the spectra. 

As in previous studies (M0rup et al., 1983 and ref­
erences therein) of microcrystalline goethite, the av­
erage hyperfine fields were found to be substantially 
smaller than the bulk value, except at very low tem­
peratures where they approached the bulk value. 

DISCUSSION 

Unit-cell parameters 

The unit-cell parameters of the natural sam pie (Ta­
ble 2) are elose to those published by Sampson (1969) 

o 10 20 30 40 50 

B (Tesla) 
Figure 7. Magnetic hyperfine field distributions of synthetic 
goethites (sampies 1 and IB) at 298 K. 

and Harrison et al. (1975), showing that this sampie 
is weIl crystallized and thus weIl suited as a reference 
in the studies ofthe properties ofthe synthetic sampies. 
Within the limits of uncertainty tbe unit-ceU param­
eters for the four synthetic sampIes were identical and 
very elose to those ofthe natural sampie showing that: 
(1) the synthetic sampies consisted of crystalline goe­
thite partieles, and (2) heating of synthetic microcrys­
talline goethite at temperatures up to 105°C did not 
change the unit-cell parameters. The latter finding is 
in accordance with the results ofFey and Dixon (1981), 
who found no change in the unit-cell parameters of a 
synthetic goethite after heating a sampie to 110°e. 
Schulze (1984) reported unit-cell parameters for syn­
thetic, unsubstituted goethites similar to those found 
in the present study. 
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Crystallite size and microstrain 

As shown by the data in Table 1 the crystallites did 
not change size on heating. The data points in Figure 
4 along the directions normal to the (110) and (120) 
planes may indicate shrinking of the crystallites fol­
lowing heating, but this apparent shrinking was most 
likely due to our neglect of the increased strain con­
tribution to line broadening in the data analysis. Con­
trary to the presentresults, Fey and Dixon (1981) found 
that heating their sampIe to 110°C resulted in a nar­
rowing of the XRD lines, which they interpreted as 
being due to an increase of the crystallite size. Their 
results, however, mayaIso be explained by an anni­
hilation of microstrain in the crystallites at tempera­
tures above -100°C. 

Table 1 shows a negligible amount of microstrain 
along the b axis, whereas along directions normal to 
the (110) and (120) planes a considerable amount of 
microstrain was noted. Furthermore, the different mag­
nitude of changes in the value of microstrain given by 
the 110 and 120 reflections also suggests that the mi­
crostrain mainly was along the a axis. This finding is 
in accord with the defect crystal model proposed by 
Schulze (1984), who suggested that bonding along the 
a axis is less rigid compared to the band c axes because 
of preferential hydrogen bonding in the a direction. 
Consequently, the crystallites may accommodate mi­
crostrain more easily along the a axis. Microstrain of 
similar order of magnitude as found in the present 
study was reported by Gonez-Villacieros et al. (1984) 
in sampIes ofmaghemite (,-Fe20 3). 

As suggested by the XRD profile analysis, the crys­
tallites had dimensions of - 200 A in the longest and 
-100 A in the shortest direetions. These dimensions 
are comparable with the dimensions observed in TEM 
indicating that each partiele is a single crystallite. 

Magnetic properties 

Superjerromagnetism. The Mössbauer results were 
analyzed on the basis of the model for superferro­
magnetism developed earlier (M0rup, 1983; M0rup et 
al., 1983). Thus, the magnetic anisotropy energy was 
assumed to be negligible compared to the magnetic 
interaetion energy, and the interaction energy between 
two crystallites i and j, E;j' was assumed to be of the 
form: 

(3) 

where K", is the coupling constant for the magnetic 
coupling between the crystallites, which may have con­
tributions from both magnetic dipolar interaction and 
exchange interaction between pairs of atoms at the 
interface between two neighboring erystallites, and 
MiT) and M;(T) are the sublattiee magnetization vec­
tors of the crystallites i and j, respectively, at the ab­
solute temperature, T. According to this model, the 
normalized hyperfine field (i.e., the average hyperfine 

field divided by the bulk hyperfine field obtained at the 
same temperature) follows the function b(T), which is 
derived from the expression (M0rup et al., 1983): 

b(T) = L{3Tp[Bo(T)]2b(T)l. 
T Bo(Tp ) f (4) 

Here L{ } is the Langevin function, T p is the temper­
ature at which the magnetic splitting collapses, and 
Bo(T) is the bulk magnetic hyperfine field of goethite. 
The temperature T p is given by (M0rup, 1983; M0rup 
et al., 1983): 

(5) 

where Mo(T) is the sublattice magnetization of bulk 
sampIes and k is Boltzmann's constant. 

The Mössbauer results for all four synthetic sampIes 
can be explained on the basis of the superferromagne­
tism model. The value of Tp , obtained from the fits, 
are 43° (316), 46° (319), 53° (326), and 54°C (327 K) 
for sampIes 1, lA, IB, and lC, respectively. Figure 8 
shows the normalized hyperfine fields, b(T) as a func­
tion oftemperature for sampIes 1 and IB, and the best 
fits with the model for superferromagnetism. In the 
theoretical model, the influence of magnetie anisotropy 
and crystallite size on the magnetic properties of the 
sam pIes were neglected, and the magnetic coupling 
among the crystallites was assumed to be the only im­
portant parameter. Changes in crystallite size and mag­
netie anisotropy, however, could also have changed the 
value ofTp derived from the fits ofthe type shown in 
Figure 8. Although a change in erystallite volume upon 
heating might have been expected, the XRD profile 
analysis indieated no change in the crystallite size. 

M0rup et al. (1982) showed that the surface contri­
bution to the magnetic anisotropy energy constant in 
microcrystals of Fe, Co, Ni, and Fe30 4 may change 
when molecules are adsorbed or desorbed. Therefore, 
the release of water from the surface of goethite crys­
tallites during heating might have changed the mag­
netie anisotropy energy constant. The mierostrain in­
duced by the heating might also have changed the 
magnetic anisotropy energy constant. The fits of the 
average hyperfine field with the model for superfer­
romagnetism (Figure 8) indicate, however, that the 
magnetic interaction energy was much larger than the 
magnetic anisotropy energy. Therefore, the increase in 
T p with increasing heating temperature was most likely 
due to an enhanced magnetic interaction among the 
crystallites. The weight loss on heating, due to the loss 
of adsorbed water, also suggests that the crystallites 
were in eloser proximity after heating. The weight loss 
corresponds to an average desorption of one or two 
layers of water from the surface of the crystallites. 

Magnetic dipolar interaction. The magnetic dipolar in­
teraction between two perfect antiferromagnetic crys­
tals is negligible; however, a microcrystal of an anti-
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ferromagnetic material with N magnetic atoms is 
expected to possess a magnetic moment proportional 
to a factor ofthe order of (Sz)N 'h, where S is the spin 
ofthe atoms (Neei, 1961). The magnetic moment, /-L, 

can be expressed as: 

(6) 

where z is the number of iron atoms in the unit cell 
(=4 in goethite) and V is the volume of the unit cello 
The magnetic dipole interaction energy is of the order 
of: 

where /-Lo is the vacuum permeability and r is the dis­
tance between two crystallites, which, according to the 
electron micrographs is of the order of 100 A (center 
to center). Thus, assuming that the magnetic coupling 
is solely due to magnetic dipolar interactions, from Eqs. 
(3) and (7): 

(8) 

Using the numerical values for the present goethite 
sampies in Eq. (5), Tp "" 0.2 K, i.e. , Tp is smaller than 
the experimental value by more than two orders of 
magnitude. Therefore, the magnetic dipole interaction 
seems not to be able to explain the Mössbauer results; 
however, inasmuch as the uncompensated magnetic 
dipoles in antiferromagnetic microcrystals should be 
located mainly at the surface (Neei, 1961), the effective 
value ofr may be smaller than assumed above, thereby 
leading to a larger value of Km. Thus, the magnetic 
dipolar interaction may not be negligible. 

Exchange coupling. The exchange coupling between 
two crystallites cannot be calculated direct1y because 
it depends critically on the overlap of the electronic 
wave functions of surface atoms belonging to the two 
crystallites. Instead, for the present data, the average 
exchange-coupling constant was calculated from the 
experimental value of T p, assuming that the exchange 
coupling was predominant. Thus, Eq. (3) was rewritten 
as: 

E = -" 2JiiS'S L I J' (9) 
ij 

where Jij is the exchange coupling constant for the 
interaction between two atoms, and the summation 
is taken over all interacting pairs of atoms belonging 
to the two neighboring crystallites. Because only a rough 
estimate ofthe average value ofthe magnetic coupling 
constant was required, Eq. (9) was rewritten as: 

(10) 

where N, is the number of interacting pairs of atoms 
and J was the average coupling constant. N, was as­
sumed to be equal to the number of iron atoms in the 
surface layer. Using this model: 

T = 2JNs (Sz) 2 
p 3k (11) 

On the basis ofthe electron micrographs and the XRD 
results N. was estimated to be -1500. Because Tp "" 

47°C (320 K), from Eq. (11), J/k "" 0.1 K. 
This average exchange coupling constant is of the 

same order of magnitude as those found in compounds 
with Curie or Neel temperatures of the order of 1-10 
K. Magnetic transition temperatures ofthis magnitude 
are not unusual in, for ex am pie, hydrated iron salts, in 
which the iron atoms are separated by water molecules. 
Thus, the present results for goethite may be explained 
byan exchange coupling among surface atoms in neigh­
boring crystallites through a thin layer of water mol­
ecules. Because the surfaces were presumably not per­
fectly smooth, the values of Jii presumably varied 
substantially for the individual pairs ofatoms, and the 
main contribution to the magnetic interaction among 
the crystallites probably arose from a small number of 
"exchange bridges" between the crystallites. 

CONCLUSIONS 

On the basis ofXRD and TEM analyses the synthetic 
goethite sampies used in this study were found to con­
sist of crystalline goethite particles having crystallite 
dimensions of about 100-200 A. No change in the 
crystallite size was detected after heating, showing that 
the crystallites did not sinter on heating. Using three 
reflections to estimate the combined strain-crystallite 
size broadening effect on the XRD lines, the micro­
strain in the crystalJites was found to be different along 
different crystallographic directions and the value of 
the microstrain changed along so me directions after 
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the heat treatment. The Mössbauer results support a 
superferromagnetism model for the magnetically in­
teracting crystallites and indicate an increased mag­
netic coupling among the microcrystals after heating, 
presumably because of desorption of water from the 
space between neighboring crystallites. The predomi­
nant contribution to the magnetic coupling was prob­
ably due to exchange interaction between surface atoms 
belonging to neighboring crystallites. The present study 
shows the necessity of specifying the drying procedure 
used in studies of iron oxide materials, as this proce­
dure significantly infiuences the physical properties of 
the final product. 
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