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Abstract. The lepidocrocite (7-FeOOH) to maghemite 
(7-FezO3), and the maghemite to hematite (c~-F%O3) 
transition temperatures have been monitored by TGA 
and DSC measurements for four initial y-FeOOH sam- 
pies with different particle sizes. The transition tempera- 
ture of 7-FeOOH to 7-Fe203 and the size of the resulting 
particles were not affected by the particle size of the 
parent lepidocrocite. In contrast, the ~-F%O3 to e-Fe203 
transition temperature seems to depend on the amount 
of excess water molecules present in the parent lepido- 
crocite, Thirteen products obtained by heating for one 
hour at selected temperatures, were considered. Powder 
X-ray diffraction was used to qualify their composition 
and to determine their mean crystallite diameters. Trans- 
mission electron micrographs revealed the particle mor- 
phology. The M6ssbauer spectra at 80 K and room tem- 
perature of the mixed and pure decomposition products 
generally had to be analyzed with a distribution of hy- 
perfine fields and, where appropriate, with an additional 
quadrupole-splitting distribution. The M6ssbauer spec- 
tra at variable temperature between 4.2 and 400 K of 
two single-phase 7-Fe203 samples with extremely small 
particles show the effect of superparamagnetism over 
a very broad temperature range. Only at the lowest tem- 
peratures (T_< 55 K), two distributed components were 
resolved from the magnetically split spectra, In the exter- 
nal-field spectra the Am~=0 transitions have not van- 
ished. This effect is an intrinsic property of the maghe- 
mite particles, indicating a strong spin canting with re- 
spect to the applied-field direction. The spectra are suc- 
cessfully reproduced using a bidimensional-distribution 
approach in which both the canting angle and the mag- 
netic hyperfine field vary within certain intervals. The 
observed distributions are ascribed to the defect struc- 
ture of the maghemites (unordered vacancy distribution 
on B-sites, large surface-to-bulk ratio, presence of OH- 
groups). An important new finding is the correlation 
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between the magnitude of the hyperfine field and the 
average canting angle for A-site ferric ions, whereas the 
B-site spins show a more uniform canting. The 
M6ssbauer parameters of the two hematite samples with 
MCDlo~ values of respectively 61.0 and 26.5 nm display 
a temperature variation which is very similar to that 
of small-particle hematites obtained from thermal de- 
composition of goethite. However, for a given MCD 
the Morin transition temperature for the latter samples 
is about 30 K lower. This has tentatively been ascribed 
to the different mechanisms of formation, presumably 
resulting in slightly larger lattice parameters for the he- 
matite particles formed from goethite, thus shifting the 
Morin transition to lower temperatures. 

Introduction 

As part of an on-going comprehensive research project 
concerning the determination of structural and magnetic 
properties of soil-related iron oxides and oxyhydroxides 
by means of S7Fe M6ssbauer spectroscopy, the thermal 
decomposition of single-phase, but poorly crystalline le- 
pidocrocite, 7-FeOOH, has been investigated. In particu- 
lar, this study was aimed to elucidate the correlation, 
if any does exists, between the characteristics of the re- 
sulting products on the one hand, and the crystallinity 
of the parent lepidocrocite on the other hand. 

It is well known that ;~-FeOOH, upon heating in air 
up to 300 ~ C, decomposes into maghemite, 7-FeaO3, 
which has a cation-deficient spinel structure. The ferric 
ions are distributed among the octahedral (B sites) 
and tetrahedral sites (A sites) of the spinel lattice. In 
most cases it is found that the vacancies occupy octa- 
hedral sites only (e.g. Haneda and Morrish 1977a; 
Greaves 1983), leading to the structural formula 
(Fe)[Fes/3D1/3]O4, in which () and [ ] represent A and 
B sites respectively, and [] stands for a vacancy. How- 
ever, there is some indication (Annersten and Hafner 
1973; Ramdani et al. 1987) that part of the vacancies 
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could be on A sites as well, at least for those maghemites 
prepared by oxidation of  magnetite (Fe304). 

At higher temperatures (T~350  ~ C), 7-Fe203 trans- 
forms into hematite, e-F%O3. As discussed by Feit- 
knecht and Mannweiler (1967), this phase transition, 
when it concerns small-particle maghemite (5.0 nm, 
which is the typical size for the samples obtained in 
the present study - see below), appears to be a chain 
mechanism in which some 50-100 neighbouring 7-Fe203 
crystallites participate and are finally transformed into 
one large hematite particle. For large 7-F%O3 particles, 
the transition process evolves in a different manner. Re- 
cently, Sidhu (1988) studied the transformation of  mag- 
hemite with particle diameter (according to electron mi- 
croscopy) of  approximately 100 nm. At 500 ~ C, the V- 
to c~-Fe203 transition (GAT) is completed within 2 h, 
with no significant alteration of the particle size. For 
temperatures between 320 and 450 ~ C, the transforma- 
tion is very slow, and only 10% of the reaction was 
found to be completed in one week. 

It is obvious that the proposed mechanism of hema- 
tite formation starting from small-particle maghemite, 
is different from the formation of  hematite by dehydra- 
tion of  goethite e-FeOOH, and another main objective 
of  the present work was to find out whether the 
M6ssbauer parameters for a-FezO3 samples obtained by 
heating 7-FeOOH, show some distinctive features as 
compared to those previously measured for samples pro- 
duced from e-FeOOH (De Grave et al. 1988). 

The thermal decomposition of  synthetic lepidocrocite 
has been studied before using, in addition to more con- 
ventional techniques such as electron and X-ray diffrac- 
tion (Takada et al. 1964), 57Fe M6ssbauer spectroscopy 
(Subrt et al. 1981). A detailed quantitative interpretation 
of  the M6ssbauer spectra of  the decomposition products 
of  lepidocrocite has, however, not  been attempted. In 
the present paper, we report the M6ssbauer spectra at 
80 K and RT and their numerical analysis, primarily 
in terms of  hyperfine-field distributions, for a number 
of compounds obtained by heating four different 
7-FeOOH samples at three to four different tempera- 
tures. Two single-phase maghemites and two hematites 
of  different crystallinity were subsequently selected for 
a more profound study of  their hyperfine parameters 
as a function of  temperature between 4.2 and 400 K. 
In order to determine the precise cation distribution in 
the maghemite and to study to some extent the magnetic 
structure, data were additionally collected at 4.2 K in 
longitudinally applied magnetic fields of  different 
strength. 

Experimental 

The preparation (from an aqueous Fe(II) sulfate solution at 45 ~ C), 
the morphological characteristics and the M6ssbauer spectra of 
the four parent lepidocrocite samples considered in this work, have 
been described in an earlier report (De Grave et al. 1986). Through- 
out the present paper, we will use the labels L65, L86, L121 and 
L147, the first one referring to sample P23 in (De Grave et al. 
1986), to indicate the different lepidocrocites. The digits refer to 
the specific surface area SA in m2/g as obtained from BET mea- 

surements. The mean crystallite diameters (MCD) along the b axis, 
estimated from the X-ray diffraction (XRD) line broadening, are 
respectively 44.0, 5.5, 6.0, and 3.0 nm and the excess of structural 
water molecules, expressed in number of H20 molecules for each 
y-FeOOH molecule, are respectively 0.07, 0.04, 0.10 and 0.02. 

The thermal decomposition of the 7-FeOOH samples and the 
GAT were monitored by means of TGA and DSC measurements 
with a Dupont TGA-951 and DSC-910 set-up. The heating rate 
was 2 ~ C/rain. Samples were subsequently heated in air for one 
hour in an electrical furnace at selected temperatures in the range 
250 to 600 ~ C. The products obtained, labelled by the original lepi- 
docrocite number followed by the heating temperature in ~ were 
further characterized by TEM and XRD. The diffraction patterns 
were recorded digitally with a resolution of 1/30 ~ (20) per channel 
and afterwards computer fitted to a sum of Lorentzians or pseudo- 
Lorentzians, two for each reflection in order to account for the 
Kcq and Kc~ 2 radiation. In this way, the positions and broadenings 
of the relevant reflection lines could be determined with a relative 
accuracy of 0.01 o. 

Variable-temperature M6ssbauer spectra (MS) of the decompo- 
sition products were collected with a time-mode spectrometer using 
a constant acceleration drive and a triangular reference signal. The 
absorbers contained an amount of material, mixed with very pure 
carbon, sugar or boron nitride, corresponding to 10 mg Fe/cm 2. 
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Fig. l. (a) TGA, (b) DTGA and (c) DSC curves for lepidocrocite 
L86, showing the successive y-FeOOH~7-Fe203 and 7-Fe203~ 
ct-Fe203 transitions upon heating the sample at a rate of 2 ~ C/min 
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Table 1. Mean crystallite diameter MCDhk I in nm along the (hkt) 
lattice directions, estimated from the XRD line broadenings, for 
the ~- and 7-Fe203 phases in the decomposition products of the 
lepidocrocite samples. The obtained products are indicated by the 
original lepidocrocite label followed by the heating temperature 
in ~ 

Sample 7-FezO3 ~-Fe203 

(220) (400) (333)(511) (104) (110) (300) 

L65-337 7.0 11.0 5.5 20.5 u 35.0 
L65~422 - - - 37.0 42.5 50.5 
L65-546 - - - 61.0 72.5 71.0 
L86-327 2.5 5.5 2.0 - - - 
L86~,88 - - - 22.5 34.5 31.5 
L86-547 - - - 26.5 38.5 38.0 
L121-303 2.0 4.5 3.0 - - - 
L121-376 u u u 26.0 38.5 34.0 
L121-560 - - 39.5 44.5 67.5 
L147-311 2.0 4.0 2.0 - 
L147-380 2.0 5.0 2.5 4.0 u 8.0 
L147-420 2.0 6.0 4.0 11.5 u 11.0 
L147-606 - - - 29.5 34.0 35.5 

u: reflections insufficiently resolved 

The zero-field spectra were fitted either with a model-independent 
distribution of hyperfine fields based on the method of Wivel and 
Morup (1981), or with one or two Lorentzian-shaped sextets. A 
model based on the simultaneous distribution of the intrinsic hy- 
perfine field and the canting angle (de Bakker et al. 1990a), has 
been applied to interpret the external-field spectra of two selected 
maghemite samples and provided an adequate reproduction of the 
experimental line shape. 

Results and Discussion 

Characterization of the Samples 

Figure 1 presents typical T G A  and DSC curves for lepi- 
docrocite L86. These are typical for all four 7-FeOOH 
samples. The loss of  weight, starting at about  200~ 
(see Fig. 1 a) marks  the 7-FeOOH to 7-F%O3 transition 
around 250 ~ C, which is an endotherrnic reaction as evi- 
denced by the min imum in the DSC curve. This transi- 
tion is not  affected by the degree of  crystallinity of  the 
starting lepidocrocite. Small variations of  5 ~ C between 
the four lepidocrocite samples for this transition temper- 
ature are within the experimental accuracy. The value 
found in this work is in reasonable agreement with most  
literature data (Bernal et al. 1957; Wolska and Baszynski 
1986). 

The max imum in the DSC curve around approxi- 
mately 450 ~ C (averaged over the four specimens) is the 
7-Fe203 to c~-F%O3 transition (GAT). The four investi- 
gated samples have a G A T  at respectively 435, 450, 400 
and 485 ~ C, with an estimated error of  5 ~ C. This varia- 
tion in transition temperature  is correlated with the 
amount  of  excess H 2 0  molecules found for the original 
lepidocrocites: the smaller this amount  the higher the 
GAT-tempera ture  seems to be. In contrast,  Feitknecht 

and Mannweiler (1967) and Sidhu (1988) found the 
GAT-tempera ture  to increase with increasing amount  
of  residual C1--ions or with a small substitution of posi- 
tive cations for Fe 3 +-ions in the maghemite  lattice. Fur- 
thermore the results of  Farell (1972) indicate that  the 
GAT-tempera ture  decreases with increasing surface 
area. Such an unequivocal relation is not found for the 
present samples. Therefore, it is reasonable to state that 
the incorporat ion of O H - - i o n s  in the maghemite  lattice 
as a result of  the excess water molecules in the parent  
lepidocrocite, has a marked infuence on the GAT,  the 
defect structure favouring a lowering of  the transition 
temperature by enhancing the t ransformation process. 

Sidhu (1988) reported the G A T  exotherm for maghe- 
mite particles with dimensions of  the order of  100 nm 
to occur around 550 ~ C. The higher heating rate applied 
by the author, i.e. 10 ~ C/rain, cannot  account for the 
large difference with the present result (for a heating 
rate of  20 ~ C, we found the temperature reading corre- 
sponding to the G A T  exotherm to increase by not more 
than 50 ~ C). As will be indicated below, the particle size 
of  the maghemites dealt with in this paper,  is smaller 
than 10 nm, and this poor  crystallinity explains the ob- 
served, low average G A T  temperature (Feitknecht and 
Mannweiler 1967; Farell 1972), whereas the amount  of  
residual O H - - i o n s  account for the scatter on the GAT-  
temperatures for the four investigated samples. 

A total of  13 heated samples have been obtained for 
this investigation. They are listed Table 1, together with 
the qualitative composit ions as derived f rom the X R D  
patterns, some of which are shown in Fig. 2. Since the 
variation in heating temperature for a given lepidocro- 
cite sample is rather limited, it is not possible to define 
the phase boundaries for the 7 and e modifications of  
ferric oxide within a reasonable uncertainty margin. 

Figure 2 clearly shows that  the diffraction peaks of  
~-Fe/O3 are much narrower than those for 7-Fe203, in- 
dicating a higher degree of crystallinity for the former. 
Table 1 lists the values of  the M C D  along certain crystal- 
lographic directions. They were estimated f rom the full 
width at half maximum (FWHM)  of  the corresponding 
diffraction lines using the Scherrer formula with K - - 0 . 9  
(Klug and Alexander 1974). The results for maghemite 
are found to be consistent with those of  Berkowitz et al. 
(1968), who heated lepidocrocite up to 400 ~ C and ob- 
tained 7-Fe203 particle sizes of  less than 10 nm. Further, 
the considerable difference in crystallite size between the 
parent  maghemite  and hematite is consistent with the 
aforementioned chain mechanism for the G A T  as sug- 
gested by Feitknecht and Mannweiler (1967). This mech- 
anism also explains the observation that there is no cor- 
relation between the size of  the maghemite particles and 
the size of  the hematite particles produced f rom them. 
As for the y-FeOOH to ~-F%O3 transition, the dimen- 
sions of  the initial particles seem to remain unaltered 
for the L86, L121, and L147 starting materials. How- 
ever, for L65, which has a much larger MCDo2o value 
(44.0 nm) as compared  to the three former lepidocrocites 
(3.0-6.0 nm), the initial particles seem to have been split 
into several smaller ones upon transforming to maghe- 
mite. 
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Fig. 2. X-ray diffraction patterns of some selected decompo- 
sition products. Relevant diffraction lines for maghemite (M) 
and hematite (H) are indicated. 

Additional information concerning the samples' mor- 
phology was obtained from transmission electron micro- 
graphs (TEM). The average particle diameters for the 
four, single-phase hematite specimens L86-547, L147- 
606, L121-560 and L65-546 were estimated from the 
TEM's as 22, 37, 88 and 52 nm respectively and are 
in fair agreement with the data derived from the XRD 
line broadenings (see Table 1). The particles are almost 
spherically shaped and do not exhibit any macropores, 
in contrast to hematite prepared by thermal decomposi- 
tion of goethite (Rendon etal. 1983; Verbeeck etal. 
1986). The TEM for the maghemite sample shows a rela- 
tively large particle. Close inspection, however, shows 
a conglomerate of a large number of very small, needle- 
shaped crystallites. Takada et al. (1964) concluded from 
X-ray and electron diffraction experiments on maghe- 
mite crystallites (obtained from plate-like lepidocrocite 
by dehydroxylation) that the small 7-Fe203 crystallites 
with an average diameter of about 6.0 nm link together 
to form highly oriented aggregates whose shape resem- 
bles the morphology of the original lepidocrocite crystal- 
lites. This mechanism causes a strong magnetic interac- 
tion between the particles' ferrimagnetic moments (Ber- 
kowitz et al. 1968; Morrish and Clark 1974), which in 
turn leads to an enhanced hyperfine-field distribution 
interval, as evidenced by the large asymmetric broaden- 

ing of the M6ssbauer absorption lines at intermediate 
temperatures (Morup 1983; Tamura and Hayashi 1988). 

M6ssbauer Spectroscopy 

Some typical MSssbauer spectra obtained at RT and 
at 80 K are presented in Fig. 3 for the three distinct 
decomposition stages, i.e. single-phase 7-Fe203 (3a), a 
mixture of T-F%Oa and e-Fe203 (3 b and 3c), and single- 
phase c~-Fe2Oa (3 d). The spectra have been described 
by a model-independent magnetic hyperfine field distribu- 
tion (MHFD) and, where necessary, an additional quad- 
rupole splitting distribution (QSD). The calculated line 
shapes (full lines) and the derived probability distribu- 
tion profiles P(Hh0 of the M H F D  are shown in Fig. 3 
as well. The hyperfine parameters for the sextet compo- 
nents of the investigated decomposition products are 
listed in Table 2. For comparison, literature data for 
pure and well crystallized hermatite (Verbeeck et al. 
1986) and for acicular maghemite particles with a length 
of 800 nm and a 6 to 1 shape ratio (Haneda and Morrish 
1977b) have been included in the table. Note that for 
the latter one, the listed values of Hhf and 5 are averages 
of the respective A- and B-site parameters. As indicated 
in Table 2, not all the involved spectra required a data 
analysis in terms of a MHFD:  the hematite spectra, 
in particular those at 80 K, are observed to exhibit negli- 
gible asymmetric line broadening, and a more conven- 
tional fitting procedure was found to yield an acceptable 
goodness-of-fit. The distributed doublet component, ob- 
served at RT only for the samples L86-327, L121-303, 
L147-311, L147-380, and L147-420, has an isomer shift 
of 0.32 + 0.01 mm/s against metallic iron and an average 
quadrupole splitting of 0.76+0.02 ram/s, and is due to 
superparamagnetic maghemite particles. 

Whereas in some instances the simultaneous presence 
of both c~ and 7 modifications of Fe203 is obvious from 
the spectra at 80 K and/or at RT (e.g. sample L147-420 
at RT, Fig. 3 b and Table 2), this is not generally the 
case. A few examples will illustrate this. According to 
its XRD pattern (see Fig. 2), sample L65-337 contains 
a minor amount of hematite, probably of the order of 
10%. However, neither the shape of the M6ssbauer spec- 
tra and the derived M H F D  histograms at 80 K or at 
RT (Fig. 3 c), nor the iterated hyperfine parameters (Ta- 
ble 2), provide any indication of the presence of hema- 
tite. A similar observation holds for co- and 7-Fe203 mix- 
tures at the other end of the compositional range, e.g. 
L121-376 (see Fig. 2, bottom pattern) which contains 
a small amount of the 7 modification. The M6ssbauer 
data, however, suggest a pure hematite compound with 
a rather high crystallinity since its spectrum at 80 K, 
with 2eq = 0.38 ram/s, is not composed of a weakly-ferro- 
magnetic (WF) and an antiferromagnetic (AF) contribu- 
tion, as is the case for less crystalline hematites (De 
Grave et al. 1983). 

In conclusion, mixtures of hematite and maghemite, 
such as those resulting from the decomposition of lepi- 
docrocite, are not readily characterized by means of 
M6ssbauer spectroscopy at temperatures in the range 
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Fig. 3. M6ssbauer spectra at RT and 80 K of a pure maghemite (a), a mixture of maghemite and hematite (b)(c) and a pure hematite 
(d). The corresponding magnetic hyperfine-field distributions are given as well 

Table 2. Average hyperfine field IZIhf, field 
of maximum probability H~f, quadrupole 
shift 2eQ and isomer shift 6 versus metal- 
lic iron of the hyperfine-field distributions 
fitted to the spectra at 80 K and at RT of 
the decomposition products of lepidocro- 
cite, and identification (ID) (h = hematite, 
m = maghemite) suggested by these data. 
For comparison, literature data for single- 
phase, well crystalline hematite and mag- 
hemite are indicated as well (single-sextet 
fits) 

Sample 80 K RT ID 

I~thf Hhmr 2 ee 6 i2Ihf Hh~ 2 eQ 6 
(kOe) (kOe) (mm/s) (ram/s) (kOe) (kOe) (mm/s) (ram/s) 

~-Fe203 542 0.35 0.47 518 -0.21 0.37 
7-Fe203 517 ~0.0 0.40 500 ~0.0 0.32 
L65-337 507 517 0.03 0.45 419 468 0.01 0.32 m 
L65-422" 539 0.30 0.48 516 518 -0.21 0.36 h 
L65-546' 540 0.36 0.47 516 518 -0.21 0.37 h 
L86-327 470 493 0.01 0.44 269 346 0.00 0.33 m 
L86-488 530 533 0.31 0.49 505 513 -0.21 0.36 h 
L86-547" 538 0.33 0.47 505 510 0.21 0.36 h 
L121-303 479 498 0.01 0.44 274 368 --0.00 0.30 m 
L121-376 529 533 0.38 0.49 510 514 --0.21 0.37 h 
L121-560" 540 0.34 0.48 515 516 -0.21 0.36 h 
L147-311 446 492 -0.01 0.44 226 318 0.01 0.36 m 
L147-380 466 487 -0.01 0.44 245 346 --0.01 0.31 m 
L147-420"* 494 526 -0.03 0.47 276 351 --0.03 0.31 m + h  

494 499 -0.20 0.36 
L147-606 539 0.34 0.48 507 511 -0.21 0.36 h 

* 80 K spectra fitted with a single sextet 
** RT spectrum fitted with two magnetic hyperfine field distributions 

80 to 300 K, in par t icular  when  one of  the const i tuents  
is present  in m i n o r  concent ra t ions .  

M6ssbauer spectroscopy on two selected maghemite sam- 
ples. The two single-phase maghemi te  samples L121-303 
and  L147 311 were selected for a s tudy of the tempera-  
ture dependence  of  the M6ssbaue r  effect. Prel iminary,  
bu t  substant ia l ly  incomple te  results have been included 

in an  earlier repor t  of  this l abora tory  (de Bakker  et al. 
1990b). A collect ion of  spectra with the cor responding  
M H F D  profiles is presented in Fig. 4 and  refers to sam- 
ple L121-303.  The results are listed in Table 3. A super- 
imposed QSD (tentat ively chosen to be in the range 0.0 
to 1.5 mm/s)  was found  to be required for L121-303 
at T > 1 6 0  K and  for L147-311 at T>_130 K. The aver- 
age quadrupo le  spli t t ing was calculated to be wi thin  
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Table 3. Temperature dependence of the hyperfine parameters of 
maghemite sample L121-303. Average hyperfine field IZIhf, field 
of maximum probability H~f, distribution half-width all, quadru- 
pole shift 2eQ, isomer shift 6 versus metallic iron and the relative 
area (RA) of the magnetic hyperfine-field distributions 

L121-303 

T Site tzIhf Hh ~} cH 2eQ c5 RA 
(K) (kOe) (kOe) (kOe) (ram/s) (ram/s) (%) 

4.2 A 486 494 16 --0.04 0.37 28 
B 517 520 11 --0.01 0.46 72 

12 A 484 500 20 --0.04 0.36 27 
B 515 520 13 --0.00 0.46 73 

30 A 486 501 21 -0.03 0.36 37 
B 514 518 13 -0.01 0.46 63 

55 A 475 480 20 -0.08 0.38 39 
B 510 510 12 --0.01 0.44 61 

80 A+B 478 498 36 0.01 0.44 100 
100 A+B 470 494 40 -0.00 0.43 100 
130 A+B 447 489 53 -0.00 0.41 100 
160 A+B 397 469 99 -0.00 0.39 97 
190 A+B 356 451 113 -0.00 0.38 95 
220 A§ 327 429 120 -0.02 0.35 91 
250 A+B 296 297 123 -0.01 0.33 86 
280 A+B 283 359 123 -0.01 0.32 80 
310 A§ 273 345 122 -0.01 0.31 75 
340 A+B 266 342 121 -0.01 0.28 71 
370 A§ 260 345 120 -0.00 0.27 67 
400 A+B 256 335 119 -0.00 0.26 65 

: k121 -  303  - 80  K 

9 8  i . . . . . .  
1 

lOo ' ' ' 

i L121 - 303 - 150K  L121 -303  -160K  

- -VELOCITY  (mm, ,g ]  ~ - -  Hh f  { kOe )  

Fig. 4. M6ssbauer spectra of maghemite L121-303 at some selected 
temperatures. The full line is the calculated spectrum. The corre- 
sponding magnetic hyperfine-field distributions are given as well 

0.77 + 0.01 mm/s  and seems not to be affected by tem- 
perature. The isomer shift of  the doublet  component  
was found to coincide with the value iterated for the 
M H F D  to within 0.01 mm/s,  which is within the experi- 
mental  error limits. The relative contr ibution of  the QSD 
component  to the total spectrum gradually increases 
with increasing temperature  f rom 3% at 160 K to 35% 
at 400 K for L121-303 and f rom approximately  5% at 
130 K to 95% at 400 K for L147-311. These figures, 
however, are not  very accurate due to the strong overlap 
with low-field magnetic components .  

The central doublet  component  observed in the re- 
ported spectra of  both  maghemites,  is due to superpara-  
magnetic y-Fe203 particles. An impurity phase was not 
detected with M6ssbauer  spectroscopy nor  with X-ray 
diffraction, and the presence of  an amorphous  iron oxide 
is ruled out by the relatively high heating temperature.  
From extrapolat ion of  the linear par t  o f  the curve repre- 
senting the relative doublet  area as a function of  the 
measuring temperature,  the blocking temperature  TB 
could be derived as the intersection with the 0% doublet  
fraction line. TB for the present maghemite  systems is 
estimated to be 1 6 0 K  and 130 K for L121-303 and 
L147-311 respectively, which is in reasonable agreement 
with the results obtained by Picone et al. (1982) and 
by Coey and Khalafal la  (1972) for maghemites  with av- 
erage particle sizes of  less than 10 nm. 

From the shape of  the M6ssbauer  spectra (Figs. 4, 
5), it is clear that  even at low temperatures Hhf exhibits 
a broad range of  values, reflecting a wide distribution 
in particle size with a very low average volume. For 

such a small-particle system, intra-particle collective 
magnetic excitations (Morup and Topsoe 1976) and 
inter-particle magnetic interactions (Morup  1983) caused 
by the clustering of  the y-Fe203 crystallites, indeed re- 
duce the Hhf of  an individual particle by an amount  
depending on its volume and on the temperature.  For 
a real sample at a given temperature  below the blocking 
temperature,  fields anywhere between zero and the maxi- 
m u m  value at that temperature can theoretically be ex- 
pected. These field-reducing effects, however, are not 
important  at 4.2 K since the derived theoretical expres- 
sions predict a zero field reduction at zero Kelvin. Hence, 
the observed remaining, but relatively narrow M H F D  
at 4.2 K must  be due to other phenomena.  In this re- 
spect, a characteristic feature of  the involved 7-F%Oa 
compounds  is the large surface area, meaning that  a 
considerable fraction of  the iron species somehow must  
be affected by the surface. Due to e.g. missing exchange 
paths (Batis-Landoulsi and Vergnon 1983), the hyperfine 
field near the surface is generally smaller than the bulk 
value. Such reduction has been demonstrated frequently 
for various Fe oxides using a variety of  surface-sensitive 
techniques based on the M6ssbauer  effect (Haneda and 
Morrish 1977b; Ochi et al. 1981; Brett and G r a h a m  
1986). 

Other effects which likely contribute to the distribu- 
tive nature of  the M6ssbauer  spectra at very low temper- 
atures include the change in strength and asymmetry  
of the quadrupole interaction in going f rom the inner 
part  o f  the particles towards their surface (De Grave  
et al. 1986), the presence of  O H -  groups (Morrish and 
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Clark 1974) and the unordered distribution of vacancies 
on the B sublattice (Haneda and Morrish 1977a). This 
latter feature causes a distribution on the A-site super- 
transferred hyperfine field which for spinel ferrites 
ranges between 0 and ~40 kOe depending on the 
number of nearest-neighbour Feg + ions (Vandenberghe 
and De Grave 1989). 

As mentioned in the Introduction, the ferric ions in 
maghemite are situated on two, crystallographically dif- 
ferent lattice sites, and therefore two distinct Zeeman 
patterns are to be expected. Due to the small differences 
in hyperfine parameters and to the distribution of these 
parameters, the two components could only be resolved 
from the spectra taken at the lowest temperatures (T < 
55 K). The obtained relevant A- and B-site hyperfine 
parameters for sample L121-303 are listed in Table 3 
and are in line with what is generally observed for spinel 
ferrites (Vandenberghe and De Grave 1989), including 
well crystalline y-FezO3 (Pollard and Morrish 1987). The 
A-site hyperfine field distribution seems to be consistent- 
ly broader than the B-site one, which could be explained 
by the above mentioned supertransfer mechanism. How- 
ever, it cannot be excluded that this effect originates 
from the overestimation of the A-site low-field contribu- 
tions due to the residual overlap with the B-site pattern. 

Although the low-temperature spectra are adequately 
described by two independent MHFDs, each with rea- 
sonable hyperfine parameter values, the calculated rela- 
tive areas SA and SB (see Table 3) are not always accept- 
able on the basis of structural considerations: because 
maghemite is a spinel with 1/3 of its normally occupied 
octahedral sites replaced by vacancies, the expected 
values for SA and SB are 37.5% and 62.5% respectively. 

At high temperatures (T>80 K), only one single 
MHFD can be adjusted and hence the evaluated param- 
eters are averages for A and B sites. The experimental 
line shape of the high-temperature spectra is quite rea- 
sonably reproduced, but, the high probabilities obtained 
for hyperfine fields Hhf_< 200 kOe are believed to be un- 
realistic for reasons mentioned earlier. Further, the outer 
absorption lines at intermediate temperatures are clearly 
asymmetric, which is not accounted for in the calculated 
spectrum. Other shortcomings of the fitting model may 
be noticed and it is believed that most of these are a 
consequence of approximating two MHFD's, with un- 
equal isomer shifts, by a single one. Nevertheless, it is 
obvious that for both maghemites the hyperfine field 
distributions are extremely broad and the coexistence 
of sextet and doublet components persists over a very 
extensive temperature region. These features are to some 
extent in disagreement with the theoretical considera- 
tions of Morup (1983) which predict the suppression 
of superparamagnetic relaxation for strongly interacting 
magnetic particles, and also with the M6ssbauer experi- 
ments of Koch et al. (1986) on small-particle goethites 
and of Jing et al. (1990) on nanocrystalline hematite 
which do seem to satisfy, at least qualitatively, Morup's 
theory. This different behaviour of the various iron ox- 
ides and oxyhydroxides remains unexplained at the mo- 
ment. 

A selection of external-field spectra (4.2 K) is shown 

100' 

96 

92 

88 

kOe 

100 

98 

~ 94 

100 I 

55  kOe 

100 

98 

96 

94 

-12  -10  - 8  - 6  - 4  - 2  0 2 4 6 8 10 12 

- - v  ( m m / s )  

Fig. 5. M6ssbauer spectra of maghemite L147-311 collected at 
4.2 K without external field and in fields of different strengths 
as indicated. The zero-field spectrum is analysed with the conven- 
tional hyperfine-field distribution, whilst the external-field spectra 
are analysed according to the bidimensional distribution method. 
The full lines represent the calculated subspectra and their sum 

in Fig. 5 for L147-311. Since maghemite is ferrimagnet- 
ic, the magnetic moment at the octahedral sites being 
the largest, the external field Hex t adds to the A-site 
hyperfine fields and subtracts from the B-site fields, so 
that the difference between the average effective fields 
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Table 4. Hyperfine parameters obtained 
from the bidimensional distribution fit of 
the spectra of the two maghemite samples, 
collected in external fields of different 
strength. Average hyperfine field IZIhf, field 
of maximum probability H~f, one-dimen- 
sional distribution half-widths cr n and a0, 
average and maximum canting angle t7 
and 0 m, quadrupole shift 2eQ, isomer shift 
5 versus metallic iron and relative area 
(RA) of both subspectra. Hbf and H~f are 
the upper and lower hyperfine-field limits. 
All spectra have been collected at 4.2 K, 
except L121-303 in a field of 60 kOe, for 
which the absorber temperature was 10 K 

L121-303 

I-[ex t Hbf H~f t~Ihf Hh~ an 0 0 r~ ao 2eQ ~5 RA 
(kOe) (kOe) (kOe) (kOe) (kOe) (o) (o) (~ (mm/s) (mm/s) (%) 

0 A 430 515 486 494 16 . . . .  0.04 0.37 28 
B 480 540 517 520 11 . . . .  0.01 0.46 72 

60 A 460 535 504 509 14 41 35 20 -0.07 0.38 39 
B 465 545 519 525 15 138 142 t7 0.01 0.48 61 

84 A 430 525 501 510 16 41 40 22 -0.05 0.38 41 
B 460 535 515 522 13 142 146 18 0.01 0.48 59 

L147-311 

0 A 430 510 480 489 J6 . . . .  0.02 0.41 36 
B 490 540 515 516 10 . . . .  0.0t 0.47 64 

40 A 460 540 492 503 18 46 58 22 --0.05 0.36 43 
B 465 550 518 523 18 134 137 17 --0.04 0.51 57 

55 A 435 525 498 510 18 46 51 19 --0.05 0.39 40 
B 465 540 516 524 15 134 136 t6 -0.00 0.47 60 

86 A 425 525 493 504 19 45 45 20 -0.05 0.40 41 
B 450 530 510 516 14 136 143 19 --0.00 0.48 59 

H~ff felt by the tetrahedral  and octahedral  ferric ions 
becomes considerably larger. Further, if  the magnetic 
structure were collinear, as in well crystallized maghe- 
mite, the Am~-=0 absorpt ion lines (i.e. lines 2 and 5) 
should be absent. This is clearly not the case for these 
poorly crystalline maghemites.  

The presence of  the Am1=0 transitions in the exter- 
nal-field spectra of  small-particle maghemite  is well doc- 
umented. Coey (1971, 1987) and Coey and Khalafal la  
(I 972), who studied samples with average particle diame- 
ter o f  5.0-7.5 nm, proposed that  the effect is due to a 
r andom canting of  the surface spins. Morrish et al. 
(1976) and Pollard and Morrish (1987) measured the 
spectra in fields of  5T for samples with a grain size of  
at least one order of  magnitude larger and observed a 
much smaller effect. From the relative areas of  the mid- 
dle lines, they evaluated the average spin canting angle, 
which turned out to be the same for A and B sites and 
ranged between 13 and 30 degrees depending on the par-  
ticle size. More recently, Pollard (1990) repeated his ear- 
lier measurements,  however in stronger external fields 
(9T) and with extremely high counting statistics. He ar- 
gued that  the middle lines earlier assigned to A-site cant- 
ing actually are due to an impurity hematite phase, 
which is antiferromagnetic at low temperatures and 
hence whose line positions and intensities are not  drasti- 
cally affected by magnetic fields of  moderate  strength. 
The presence of  hematite could indeed be detected in 
the X R D  patterns. The author  concluded that  the A-site 
spins are aligned completely ant iparalM to the field di- 
rection, whereas the B-site spins are canted by an 
amount  decreasing slightly with increasing field strength. 

As for the present 7-FezO3 samples, no indication 
whatsoever could be found for the presence of  any signif- 
icant amount  of  e-Fe203. As reported in detail in an 
earlier paper  (de Bakker  et al. 1990b), the analysis of  
the applied-field spectra on the basis of  two hyperfine- 

field distributions or on the basis of  two broadened com- 
ponents,  each with a distribution of  the canting-angle, 
did not yield reasonable fitting results. On the contrary,  
the use of  a simultaneous distribution of  the intrinsic 
hyperfine field Hhf and the angle 0 between Hhf and 
Hext (de Bakker et al. 1990a) for both  A and B sites, 
showed a major  improvement  of  the goodness-of-fit. As 
seen f rom Fig. 5, the experimental line shapes are 
remarkably well reproduced by the calculations (full 
lines). T h e  adjusted parameter  values were observed to 
depend slightly on the specified lower and upper  limits 
of  the field range, (H~f, H~f), especially for the lower 
ttex t values. Many  different field intervals, each contain- 
ing 15 increments, were tried out. In all cases, the angle 
distribution varied f rom 0 ~ to 90 ~ for the A-site subspec- 
tra and f rom 180 ~ to 90 ~ for the B-site ones, each in 
steps of  six degrees. The width of  the elementary sextet 
contributions was fixed at 0.38 mm/s.  The final results 
as summarized in Table 4, were selected on the basis 
of  three criteria: the goodness-of-fit, the smoothness of  
the obtained bidimensional distributions and the evalu- 
ated value of  the area ratio of  the two components ,  
which we wanted to be as close as possible to the ideal 
37:63 ratio, the M6ssbauer  fractions for both  sites ap- 
proaching unity at 4.2 K (Vandenberghe and De Grave  
1989). The consistent overestimation of  this ratio (see 
Table 4) might be fortuitous and within the error limits 
of  the data analyses. It could, however, indicate a higher- 
than-ideal vacancy concentration on B sites as was re- 
cently pointed out by Goss (1988) and this would be 
consistent with the presence of  residual hydroxyl groups 
in the spinel lattice as observed f rom IR  spectroscopy 
(Wolska and Baszynski 1986). In any case, according 
to these results it seems very unlikely that  a significant 
amount  of  vacancies is present on the tetrahedral sublat- 
rice. 

The fluctuations of  the hyperfine-field values for a 
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Fig, 6. The bidimensional distribution pro- 
files for both sites obtained from the 4.2 K 
spectrum of maghemite L147-311 in an ex- 
ternal field of 86 kOe (top). The integrated 
one-dimensional hyperfine-field and canting- 
angle distribution profiles for both A- and 
B-sites (bottom) are given as well 

given sample in different applied fields (see Table 4) re- 
flect the inaccuracy of  the calculations. Taking into ac- 
count this error, both the average and maximum-proba- 
bility fields of  L147-311, which has the smallest particle 
size, are smaller than those for L121-303. The observed 
difference (5 +_ 3 kOe) is in line with the difference be- 
tween the present results and the average hyperfine-field 
values obtained for particles of  350 x 35 x 35 nm 3, i.e. 
514 kOe and 533 kOe for A and B sites respectively (Pol- 
lard and Morrish 1987). In general, the distribution of  
fields is broader for A sites than for B sites which is 
consistent with the results obtained for the spectra col- 
lected without applied field. The same tendency is ob- 
served for the distribution of canting angles. The average 
canting is somewhat more pronounced for the smaller 
L147-311 maghemite and is apparently not affected by 
the strength of  the applied field. 

The bidimensional (Hhf, 0) distribution and the corre- 
sponding integrated one-dimensional distribution pro- 
files for both A- and B-sites of  sample L147 311 in an 
external field of  86 kOe are presented in Fig. 6. In gener- 
al, the Hhe distributions derived from the in-field spectra 
are in fair agreement with those obtained from the zero- 
field spectra. For each considered field value between 
the limits of  the field range, the corresponding average 
canting angles were calculated as well. The results are 

shown in Fig. 7 and refer to the highest applied fields. 
Similar dependences were evaluated for the 60 (55) kOe 
runs, but  due to the poorer  separation of  the A- and 
B-site patterns, there is more scatter in the data and 
it is uncertain whether the apparent differences with the 
curves in Fig. 7 are realistic. 

An important  conclusion from Fig. 7 is that the aver- 
age canting angle for the B-site spins is more or less 
uniform, whereas for the A sites a correlation with the 
hyperfine field is obvious: smaller field values are asso- 
ciated with a more pronounced average canting. This 
correlation could be related to the presence of  structural 
defects such as the nearest-neighbour vacancy concen- 
tration on B-sites (which has a more pronounced effect 
on the A-site hyperfine fields than on the B-site ones) 
and of  O H -  groups in the anion lattice, missing ex- 
change paths in the surface layers. However, the ques- 
tion then arises why similar effects do not occur for 
the B-site spins. At the moment,  a straightforward an- 
swer to this question cannot  be given. Nevertheless, the 
observed features suggest a very complicated and highly 
disordered spin structure for these nanocrystalline 
maghemites. 

Finally, it should be mentioned that the average cant- 
ing angles from the adjusted bidimensional distribution 
are in remarkable agreement with the results of  Morrish 
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Fig. 7. Calculated average canting angle versus hyperfine feld for 
A- and B-sites obtained from the spectra of both maghemite sam- 
ples collected in the highest applied fields 

Table 5. Hyperfine parameter data obtained from the temperature 
dependence of the various M6ssbauer parameters for the two he- 
matite samples. The subscripts AF and WF refer to the antiferro- 
magnetic and weakly ferromagnetic contributions to the total spec- 
trum. Hbe,m(0) is the saturation value for the magnetic hyperfine 
field of the low-temperature antiferromagnetic phase. Je is the anti- 
ferromagnetic inter-sublattice exchange interaction. 2eQ,AV(0 ) and 
2Q,wv(0) are the saturation values of the quadrupole shift, 6i the 
intrinsic isomer shift, relative to metallic iron, 0M is the characteris- 
tic M6ssbauer temperature appearing in the Debye approximation 
for the temperature dependence of the isomer shift, TM is the Morin 
transition temperature and RAwF(0) the relative spectral area of 
the weakly-ferromagnetic component at zero Kelvin 

L65-546 L86-547 

Hhf.AV(0 ) (kOe) 541.0 (9) 539.0 (6) 
Je (K) 28 (2) 32 (3) 2/3Q,AF(0 ) (mm/s) 0.36 (1) 0.35 (1) 
2eQ,wv(0) (mm/s) -0.21 (2) -0.21 (2) 
5~ (mm/s) 0.610 (5) 0.613 (5) 
0ra (K) 500 (10) 529 (10) 
T~ (K) 245 (5) 215 (5) 
RAwF(0) 0.00 0.13 

The figures between brackets are three times the standard devia- 
tions 

et al. (1976) for surface-enriched y-Fe203 (particle di- 
mensions exceeding 100 nm). For  the surface spins, these 
authors indicate canting angles with respect to the exter- 
nal field of  58 ~ and 133 ~ for A and B sites respectively. 
This conclusion was later confirmed by Okada  et al. 
(1983) using emission M6ssbauer  spectroscopy of  57Co 
adsorbed on 7-Fe203 particles with similar particle sizes, 
These authors further suggest that  the spins in the core 
par t  of  the grains are completely aligned. As for the 
present maghemites,  the obtained results imply that  
canting occurs throughout  the whole particle and this 
feature can be explained by the much smaller size of  
the involved crystallites. 

MSssbauer  spectroscopy on two selected hemat i te  sam- 
ples. The two hematite samples selected for the subse- 

280. 

260. 

240. 
t 
220. 

200. 

I80. 

160. 

_ ~ +  o 

I I I I I I _ _  

O. 10. 20. 30. 40. 
- -  D,~lv [lO'3nm "1) 

Fig. 8. A collection of previously published Morin transition tem- 
peratures Tu for different hematite samples as a function of the 
inverse of the average particle diameter D~v obtained from XRD 
measurements or TEM photographs (u) Al-substituted hematite 
obtained by decomposition of aluminous goethites (De Grave et al. 
1988), (,) hematites obtained by heating an unsubstituted goethite 
at different temperatures (u et al. 1986), (II,) natural hema- 
tite (sample H3) from the region of Elba (De Grave and Vanden- 
berghe 1990), (o) present results for hematites obtained by heating 
lepidocrocites above 500 ~ C and hematites prepared from metal 
hydrous oxid sols (+) and afterwards heated at 300 ~ C (o) (Amin 
and Arajs 1987). These latter T~ values have to be corrected in 
order to be comparable with the definition of Tu as given in this 
work. The corrected value yields a data point (x),  which is more 
in line with the present results 

quent par t  of  this study were L65-546 and L86-547. 
Spectra were taken at ascending temperatures between 
80 and 400 K in steps of  10-20 ~ They were analyzed 
as described in De Grave  and Vandenberghe (1990), ex- 
cept for temperatures exceeding RT for which a narrow 
hyperfine-field distribution was considered in order to 
account for the distribution in particle sizes. The relevant 
quantities obtained f rom the data analyses are listed in 
Table 5 and are in line with previously reported results 
for natural  and synthetic hematites with and without 
substitution. The saturation values Hhf, A v (0) of  the hy- 
perfine field for the antiferromagnetic state were ob- 
tained by least-squares fitting or the expression: 

Hlaf (T) k2T2 ( T ~ )  
Hhf (0) 1-- 1.59 10-3.  (2Je) ~ <0.5 (l) 

which originates f rom Kubo ' s  spin-wave theory for mag- 
netic ions coupled antiferromagnetically to six nearest 
neighbours (Kubo 1952). The parameter  Je in (1) is the 
exchange integral quantifying the strength of  the interac- 
tion between two magnetic ions. The values as indicated 
in Table 5 may  be somewhat  overestimated due to an 
additional temperature  dependence of  Hhf,A v arising 
f rom the thermally activated collective excitations of  the 
particles' magnetic moments  (Morup and Topsoe 1976). 
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Since the presently obtained data are very similar to 
those reported earlier for other hematite samples (De 
Grave et al. 1988), there is no need to discuss them in 
detail. The only parameter which deserves some atten- 
tion here, is the Morin-transition temperature, TM, as 
usual defined as the temperature at which the AF contri- 
bution to the total spectrum is reduced to one half of 
its saturation value. Figure 8 contains a selection of pre- 
viously published TM values for hematites. The data are 
plotted against the inverse of the average particle dimen- 
sions obtained either from XRD line broadening (MCD) 
or from TEM. The results of Amin and Arajs (1987), 
however, cannot be compared directly with those of the 
other ~-Fe203 samples since they refer to the lower limit 
of the temperature region in which the spin reorientation 
evolves. For one case, for which the magnetization ver- 
sus temperature curves are shown in detail in their paper, 
one can derive the value of TM as defined in the way 
indicated above. This yields a data point (x in Fig. 8) 
which is more in line with the results for the natural 
compound (filled diamond) and for the samples ob- 
tained from maghemites (filled circles). 

Figure 8 clearly demonstrates that the Morin transi- 
tion in hematite to some extent depends on the history 
of the sample. The samples prepared from goethite ex- 
hibit the lowest TM values. This is not due to the macro- 
pores since their presence is reflected in the magnitude 
of the MCD. Moreover, the pores have vanished after 
annealing at the highest temperature (900 ~ C - left-most 
triangle in Fig. 8), but TM still does not exceed 230 K, 
which is significantly lower than for the smaller L65-546 
particles. For a given MCD value, TM for the hematites 
obtained from ~-FeOOH is on the average 30 ~ lower 
than for the ones obtained from y-FeOOH. It is not 
believed that this could be an effect of a lower concentra- 
tion of hydroxyl groups in the latter samples since their 
temperature of formation was much lower. 

It is very likely that the shift between the Morin- 
transition temperatures for the two hematite groups is 
directly related to the different mechanism of formation 
of the particles. These mechanisms have been described 
by Feitknecht and Mannweiler (1967) for 7-Fe203-+ 
c~-Fe/O3 and by Feitknecht and Michaelis (1962) for 
e-FeOOH~-Fe203.  More recently, Watari et al. (1979, 
1982) have demonstrated that the dehydroxylation reac- 
tion from goethite produces aggregates of well-oriented 
twin-related hematite crystals, separated by regularly 
spaced walls of voids. Such a mosaic structure is not 
expected to occur during the growth from maghemite 
crystals. 

In this respect, the observed features as displayed in 
Fig. 8 can be explained as follows. The different struc- 
ture of the e-FezO3 crystals is suggested to imply slighty 
different lattice parameters. It is well known that the 
Morin transition is extremely sensitive to changes in the 
lattice parameters. This has been established by the high- 
pressure M6ssbauer work of Vaughan and Drickamer 
(1967) and of Bruzzone and Ingalls (1983), who both 
found a significant increase in T~ with increasing pres- 
sure, i.e. with decreasing inter-atomic distances (Lewis 
and Drickamer 1966). According to the results of Nin- 

inger and Schroeer (1978), a minute lattice dilatation 
of 0.03% causes TM to drop by approximately 20 K. 
Muench et al. (1985) measured the temperature variation 
of the magnetization for spherical hematite particles with 
varying diameter d and derived an emphirical correlation 
between T~ on the one hand, and the relative lattice 
dilatation e and particle size d on the other hand. From 
this, it can be deduced that the downward shift ATM 
can be approximated by: 

ATM=600~+ 1.3 103/d 

with d in nm and g in %. The upper solid line in Fig. 8 
has a slope of 1.35 103 Knm. In order to explain the 
average drop of 30 K of the other group of hematites 
(broken curve), a change in the dilatation of 0.05% with 
respect to the present hematites has to be concluded. 
Unfortunately, the available XRD equipment was not 
sufficiently precise to measure line shifts corresponding 
to such a small effect. 

Conclusions 

A detailed quantitative M6ssbauer investigation of the 
decomposition products of four synthetic, poorly crys- 
talline lepidocrocite samples has been attempted. Deter- 
mination of the lepidocrocite to maghemite, and of the 
maghemite to hematite transition temperatures has been 
achieved by TGA and DSC measurements. The transi- 
tion from lepidocrocite to maghemite was not affected 
by the particle size of the parent lepidocrocite. In con- 
trast, the maghemite to hematite transition temperature 
showed a remarkable dependence upon the amount of 
excess water molecules present in the parent lepidocro- 
cite. It is believed that the substitution of OH- groups 
in the maghemite anionic lattice enhance this transition. 
XRD measurements were used to obtain information 
on the composition of the decomposition products and 
their mean crystallite diameters. TEM photographs re- 
vealed the morphology of the samples. The M6ssbauer 
spectra of the mixed and pure decomposition products 
generally had to be analyzed with a distribution of hy- 
per fine fields and, where appropriate, with an additional 
quadrupole-splitting distribution. When one of the con- 
stituents of the hematite-maghemite mixtures was pres- 
ent in minor quantities, it could not be detected by the 
M6ssbauer effect technique. 

The M6ssbauer spectra at variable temperature of 
two single-phase 7-Fe203 samples with extremely small 
particle sizes show the effect of superparamagnetism 
over a very broad temperature range. None of the aver- 
age A- and B-site hyperfine parameters determined from 
fitting a single hyperfine-field distribution to the spectra, 
exhibit any unexpected temperature behaviour. Only at 
the lowest temperatures (T < 55 K), two distributed com- 
ponents were resolved from the spectra. Their relative 
areas, however, are not in good agreement with the ex- 
pectations on the basis of the presumed cation distribu- 
tion. In the external-field spectra the Am~ =0 transitions 
have not vanished, even for field strengths of up to 
86 kOe. This effect is an intrinsic property of the maghe- 
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mite particles, indicating a s t rong spin cant ing with re- 
spect to the applied-field direction. The spectra could 
no t  be analyzed with two single sextet componen t s  nor  
with a hyperfine-field or  cant ing-angle  distribution. The 
external-field spectra were successfully reproduced  using 
a bidimensional-dis t r ibut ion app roach  and acceptable 
values for  the M t s s b a u e r  parameters  were derived f rom 
the dis tr ibut ion profiles. The observed distr ibutions are 
discussed and ascribed to the defect s t ructure o f  the 
maghemites  (unordered  vacancy  dis tr ibut ion on B-sites, 
large surface- to-bulk ratio,  presence o f  O H -  groups).  
A n  impor t an t  new finding is the correla t ion between 
the magni tude  o f  the hyperf ine field and the average 
cant ing angle for  A-site ferric ions, whereas the B-site 
spins show a more  un i fo rm canting.  

The  M6ssbauer  parameters  o f  the two hemati te  sam- 
ples with M C D I o ,  values o f  respectively 61.0 and  
26.5 nm display a tempera ture  var ia t ion  which is very 
similar to tha t  o f  small-particle hemati tes obta ined  f rom 
thermal  decompos i t ion  o f  goethite. However ,  for  a given 
M C D  the Mor in  t ransi t ion tempera ture  for  the latter 
samples is about  30 K lower. This has tentatively been 
ascribed to the different mechanisms o f  format ion ,  pre- 
sumably  resulting in slightly larger lattice parameters  
for  the hemati te  particles fo rmed  f rom goethite, thus 
shifting the Mor in  transi t ion to lower temperatures.  
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