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The hematite phase, which is formed in the process of synthesizing ferri-diopsides with iron contents 
exceeding the solubility limit, has been studied by “Fe Mossbauer spectroscopy at variable tempera- 
tures between 80 and 900 K, in both ascending and descending sequences. The temperature variations 
of the hypertine parameters were derived and interpreted. The Morin-transition temperature was found 
to be unusually high, i.e.. x3.50 K, and possible explanations for this feature are discussed. Q 1991 
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1. Introduction 

In the course of a systematic study of 
the temperature dependence of the various 
Mossbauer parameters of synthetic ferri- 
diopsides, it was observed that for relatively 
high Fe concentrations in the unfired mix- 
tures of CaMgSi,O, (diopside) and a-Fe,O, 
(hematite), the obtained product after sin- 
tering at 1170°C consists of a mixture of 
ferri-diopside and hematite, the contribu- 
tion of the latter becoming more and more 
important as the starting Fe content in- 
creases. This limited solubility of a-Fe,O, 
in CaMgSi,O, has been reported before by 
Huckenholz et al. (1). In analyzing the vari- 
able-temperature Mossbauer spectra of 
these fired diopside/hematite compounds, it 
was surprisingly established that the hema- 
tite phase possesses an unusually high 
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Morin transition (MT) temperature, and it 
was therefore decided that the hematite 
phase must be studied in some detail in the 
temperature range between 80 and 900 K. 

The Morin transition (2) concerns a flip of 
the spin direction from the [ 11 I] axis at low 
temperatures to the (111) plane at high tem- 
peratures and is found to occur at Thl = 
265 K for pure, single-crystal hematite (3). 
Below TM, the magnetic ordering is antifer- 
romagnetic (AF state). Above Thl, the spins 
are slightly canted with respect to one an- 
other. As a result, a small spontaneous mag- 
netic moment perpendicular to [ll l] is 
formed and the ordering is called weakly 
ferromagnetic (WF state). The MT is readily 
observed by Mossbauer spectroscopy (MS) 
through the change by a factor of = - 2 in 
the quadrupole shift co of the Zeeman pat- 
terns (4). This change is due to the well- 
known relation between co and the angle 8 
between the direction of the magnetic hy- 
perfine field H,,t (which is opposite to the 
spin direction) and the principal axis of the 
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electric field gradient (EFG) (5). The latter 
one coincides with the [I 111 axis. The MT 
is further associated with a sudden drop of 
=8 kOe in the magnitude of Hhf in going 
from low to high T (4). 

The MT is known to shift drastically to- 
ward lower T values as a result of lattice 
defects (e.g., poor crystallinity and small 
particle dimensions) or most types of ionic 
substitutions. Simultaneously, the transi- 
tion is spread out over a more or less broad 
temperature range AT, in which AF and 
WF states coexist, and in many cases this 
coexistence persists down to the lowest 
temperatures. In contrast, some 4d ele- 
ments (e.g., Rh and Ru) are observed to 
increase TM when they substitute for Fe. 
The same effect seems to occur in the case 
of Si (6, 7); however, the experimental evi- 
dence thereof has hitherto been less con- 
vincing. The results of the present study 
irrefutably show that the MT temperature 
of the investigated a-Fe,03 phase exceeds 
room temperature (RT), and, considering 
the nature of the sample, a plausible expla- 
nation for this finding seems to be the pres- 
ence of Si in the hematite lattice. However, 
as will be discussed hereafter, another 
mechanism can explain the observation as 
well. 

2. Experimental 

The sample referred to as FD40 in this 
work was prepared by heating a mixture of 
100 wt% diopside with 40 wt% hematite at 
1170°C under atmospheric conditions (8). 
The resulting product shows a yellow color- 
ation. It was characterized by powder X-ray 
diffraction (XRD) and scanning electron mi- 
croscopy @EM) with energy-dispersive 
analysis of X-rays (EDAX). “Fe Mossbauer 
spectra at variable temperatures between 80 
and 900 K were collected on a time-mode 
spectrometer with constant acceleration 
drive and a triangular reference signal. The 
source matrix was Rh. The absorbers con- 

sisted of the powdered sample mixed with 
very pure carbon or boron nitride and uni- 
formly spread out over the support. Spectra 
were usually run until an off-resonance 
count rate of at least lo6 was reached. The 
total number of channels was 1024 (un- 
folded). The velocity scale was calibrated 
interferrometrically and the velocity incre- 
ment per channel was approximately 0.045 
mm/set. All isomer shift values quoted 
hereafter are referenced with respect to me- 
tallic iron. 

The temperature of the absorber in the 
range 80-400 K was varied using a commer- 
cial cryostat/furnace combination. The indi- 
cated temperature was commonly stable to 
within 0.2 K. Temperatures between 300 
and 900 K were obtained in a commercial 
Mossbauer furnace with similar tempera- 
ture stability. Temperature scans were done 
in both ascending and descending se- 
quences. The obtained Mossbauer spectra 
were analyzed by least-squares fitting of 
symmetrical, Lorentzian-shaped sextets 
and doublets to the experimental data. 
When necessary, additional restrictions 
were imposed and are mentioned in the next 
section. 

3. Results 

The XRD pattern clearly shows the pres- 
ence of hematite in conjunction with a py- 
roxene phase and all observed diffraction 
lines could be ascribed to either of these 
two compounds. The (104) reflection of the 
cr-Fe,O, phase, which is well separated from 
any other XRD line, was found to be slightly 
broader than that for well-crystallized natu- 
ral hematite, indicating a mean crystallite 
diameter of ~500 nm. The corresponding d 
value of 0.2707 nm is in good agreement with 
the results for bulk hematites (7). 

The SEM images do not allow one to dis- 
tinguish visually the hematite grains from 
the diopside ones on the basis of morpholog- 
ical characteristics. The particles have an 
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ovoid shape with dimensions of the order of 
1 pm. The large-area elemental analysis by 
EDAX is consistent with the known compo- 
sition of the starting mixture. A large num- 
ber of grains were scanned individually and 
at different locations (in the middle and at 
the edge of the particle) by narrow-beam 
EDAX with a cross section of -20 X 20 
nm2. For some of the spectra, the Fe peak 
was significantly intensified as compared to 
the other peaks, indicating that a hematite 
phase was prominent at the involved loca- 
tion. However, in all these cases the re- 
maining amounts of Mg, Si, and Ca which 
would explain the respective signals are 
much too high to be assigned completely to 
species incorporated into the u+Fe,O, 
phase, considering the limited solubility of 
divalent and tetravalent cations in the hema- 
tite lattice. In other words, it was found 
impossible to isolate in the SEM-EDAX ob- 
servations the hematite phase from the diop- 
side one and hence to determine its chemical 
composition. 

Mossbauer spectra at some selected tem- 
peratures are reproduced in Fig. 1. They 
consist of a superposition of Zeeman sextets 
and quadrupole doublets. The latter ones, 
with total relative area of approximately 
50%, arise from ferric and ferrous iron spe- 
cies incorporated in the diopside lattice and 
are of no importance for the present discus- 
sion. The interpretation of these diopside 
components will be described in detail in a 
forthcoming paper. In addition to the hema- 
tite sextet(s), there is definitely a second 
magnetic phase present which could be 
identified from its spectra as magnetite, 
Fe,O, . Due to its small fraction, it could not 
be detected in the XRD pattern. Neverthe- 
less, its presence might have important con- 
sequences for the magnetization behavior of 
the sample as reported by Noller and Knoll 
(9) since its magnetic moment at RT 
amounts to 90 emu/g as compared to 0.4 
emu/g for a-Fe,O, (10). 

The Mossbauer spectra of pure, single- 

phase Fe,O, at temperatures below TN = 
870 K consist of two subspectra, arising re- 
spectively from iron in tetrahedral (A sites) 
and octahedral (B sites) coordinations in the 
spine1 lattice. At higher temperatures, the 
spectrum appears as a broadened singlet, 
but is actually composed of a singlet from 
A-site iron and a quadrupole doublet with 
splitting ~0.15 mm/set from B-site iron 
(II). 

Because of the small contribution of the 
magnetite component (~5% of the total 
spectral area) and its strong overlap with the 
more intense hematite and diopside sub- 
spectra, it could not be resolved consis- 
tently. Therefore, in fitting the spectra the 
magnetite Mossbauer parameters, except 
the width I, were fixed at their values re- 
cently determined by Persoons (II) for a 
pure Fe,O, sample at many different tem- 
peratures up to 900 K. This procedure might 
not be entirely correct, but, as seen from 
the solid lines in Fig. 1, the evaluated line 
shapes match the experimental ones very 
closely. Moreover, if the magnetite parame- 
ters were forced to have different, but still 
reasonable, values, the goodness-of-fit of 
the numerical decomposition did not change 
markedly and the hyperhne parameters of 
the other spectral components were not af- 
fected significantly. It should be noted that 
for T 2 700 K, the magnetite sextets have 
collapsed into a broad singlet (see Fig. le). 
The shift of TN to a lower temperature could 
be due to Ca*+ and/or Mg2+ substitutions. 
Both ions are known to substitute to some 
extent into the magnetite lattice (12,13) and, 
since they are both nonmagnetic, they lower 
the order-disorder transition temperature. 
Another reasonable explanation is that the 
magnetite precipitates would have small di- 
mensions so that the large surface area and 
other defects would lower TN. The particles 
could even become superparamagnetic at 
temperatures below TN. A combination of 
several of these features is not unlikely as 
well. 
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FIG. 1. Mbssbauer spectra at some selected temperatures of the sample produced by heating adiopside/ 
hematite mixture at 1170°C: (a) 80, (b) 300, (c) 380, (d) 480, (e) 800 K. The full lines represent the 
resolved components (hematite, magnetite, and ferri-diopside) and their sum fitted to the experimental 
data points. The spectra at 300 and 380 K clearly indicate the coexistence of AF and WF spin states 
in the hematite phase. The shaded profile in(e) represents the collapsed magnetite component. Spectrum 
(f) was obtained at 175 K after annealing the sample at 900 K, indicating the absence of a WF component 
in the hematite contribution. 

In a certain temperature interval, the he- 
matite component clearly consists of two 
subspectra with temperature-dependent rel- 
ative areas RA. This is clearly illustrated by 
the 300 and 380 K spectra in Fig. 1 for which 
the second and the sixth lines are visibly 
splitted. The two contributions are found 
to coexist down to 80 K, whereas for T 2 

460 K, only one Fe,O, subspectrum can be 
resolved. The temperature variations of the 
evaluated Mossbauer data (relative areas, 
isomer shifts 6, assumed to be the same for 
the two components, quadrupole shifts 2&o, 
and hyperflne fields H,,) for the measure- 
ments performed at ascending temperatures 
are summarized in Fig. 2. Their values are 
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FIG. 2. Temperature variation of the Mossbauer parameters of the hematite phase as measured with 
ascending temperatures for the as-prepared sample (open symbols); (a) the spectral areas RA relative 
to total hematite; (b) the isomer shifts 6 with calculated dependence shown in full line; (c)the quadrupole 
shifts 2~~; and (d) the magnetic hyperfine fields. Squares refer to AF spin state and triangles to WF 
spin states. Both states are assumed to have the same 6. Also shown (filled symbols) are the RA values 
for the descending and a subsequent ascending temperature scan. Full lines in (a) and (c) are meant as 
a guide for the eye. The dimensions of the symbols do not reflect the errors on the measured quantities. 

characteristic for the AF and WF spin states 
in hematite, and the coexistence of these 
two states at temperatures below a certain 
upper limit is believed to be typical for 
poorly crystalline and/or substituted hema- 
tites (14). For the present case, poor crys- 
tallinity can be ruled out on the basis of 
the XRD data. Further, it can be concluded 
from the rather small line widths (0.30 mm/ 
set or less for the outer absorption lines at 
all temperatures up to 900 K) that the degree 

of substitution by Ca2+, Mg*+, or Si4+ must 
be low, say below 5 at.%. Indeed, men- 
tioned cations are all nonmagnetic and 
hence would cause considerable line broad- 
ening when they substitute for Fe. 

The MT temperature, T,., (the subscript 
a refers to the ascending-temperature se- 
quence), as usual defined as the temperature 
at which the RA of the AF component is 
reduced to one-half of its low-temperature 
saturation value, RA,,(O), is found to be 
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345 * 5 K. The width AT,,, of the transition 
region amounts to -220 K and is extremely 
broad compared to previously studied he- 
matites showing similar Mossbauer features 
(see, e.g., (14) and references therein). 

After being heated at 900 K and subse- 
quently cooled down slowly to RT, the sam- 
ple was again measured at 300 K. The Moss- 
bauer parameters were found to be very 
close to those obtained from the previous 
300 K run, except for RA for which a sig- 
nificant change was observed. In order to 
study this effect more closely, the sample 
was brought at 460 K, i.e., above the origi- 
nal MT temperature, and spectra were col- 
lected at variable descending temperatures. 
The results for RA are indicated in Fig. 2a as 
well. The changes for the other parameters 
were insignificant and therefore not shown 
in the drawings. The MT was determined as 
T M,d = 354 & 5 K and the width as AT,,, = 
160 K, which is still very broad. As seen 
from Fig. 2a, no WF spin state is present for 
T 5 260 K, in contrast to the first series of 
runs for which RA,, at low temperatures 
saturated at 16% of the total hematite 
fraction. 

Finally, a third temperature scan was 
done, this time in the range loo-420 K with 
ascending temperatures. All Mossbauer pa- 
rameters, also RA, were found to be exactly 
in line with the results obtained from the 
spectra recorded in the descending-temper- 
ature scan. From this finding, it can be con- 
cluded that the behavior as displayed in Fig. 
2a is not due to a hysteresis effect, but rather 
to structural changes (smaller defect con- 
centration and more homogeneous compo- 
sition) as a result of the sample having been 
heated in vacuum at high temperature and 
subsequently being cooled down gradually 
in the Mossbauer furnace. One such change 
is the enrichment of the magnetite phase 
from -5% of total iron to -7.5% at the ex- 
pense of the hematite fraction. At this point, 
it should be mentioned that annealing the 
sample for 16 hr at 1000°C did not result 

in any further changes of the Mossbauer 
parameters at 300 K. 

The temperature variation of 6 (Fig. 2b) 
was interpreted following the suggestion of 
Pound and Rebka (15), writing 6 as a sum of 
the constant intrinsic isomer shift, 6,) and 
the second-order Doppler shift which is 
caused by the nonzero mean square velocity 
of the Mossbauer nuclei, and hence depends 
on T. Using the Debije model for the lattice 
vibrations (5), one obtains a mathematical 
expression for 6(T) with two parameters, 
i.e., 6r and the characteristic Mossbauer 
temperature 0,. The full-line curve in Fig. 
2b is the adjusted variation yielding 6, = 
0.609 mm/set and 0, = 450 K. For the 
combined second and third scans, 6, = 
0.604 mm/set and 0, = 480 K were found. 
All experimental 6 values were reproduced 
by the calculations to within 0.005 mm/set. 
The values for 6, are in good agreement with 
earlier results (0.610 ? 0.005 mm/set) (7), 
whereas 0, for the as-prepared sample is 
slightly out of the range 480-520 K, cov- 
ering most previously determined values for 
different synthetic and natural hematites. 
However, it is believed that this deviation 
bears little, if any, significance. 

As explained in an earlier report (14), the 
variations of the AF and WF quadrupole 
shifts 2ao with increasing temperature (see 
Fig. 2c) reflect the gradual changes of the 
respective spin orientations relative to the 
trigonal axis. The constant value of 0.42 
mm/set observed for the AF phase below 
~250 K implies that at these low tempera- 
tures the AF spins remain locked along the 
[ 1111 axis. In the same temperature range, 
the WF spins are pulled toward the trigonal 
axis as T decreases. For the as-prepared 
sample at 80 K, the angle is ~60” instead of 
90” as found for the WF state in single-crys- 
tal hematite. Approximately the same cant- 
ing angle is observed for the WF spins in the 
annealed sample at the lower temperature 
limit of their appearance in the spectra, i.e., 
at ~260 K. 
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FIG. 3. (a) The low-temperature magnetic hyperline field of the AF spin state plotted as a function of 
TZ. The straight line is the adjusted variation based on spin-wave theory. (b) The logarithm of the 
reduced magnetic hypertine field h(T) of the high-temperature WF spin state plotted against the 
logarithm of (1 - T/TN). The full line is the adjusted linear variation yielding the critical parameters 
D and /3. 

The low-temperature variation of the 
magnetic hyperfine fields can be explained 
on the basis of the expression for the sublat- 
tice magnetization, ms(T), derived from 
spin-wave theory by Kubo (16) for an ideal 
two-sublattice antiferromagnet with six 
nearest-neighbor superexchange paths, 
each with interaction strength J, : 

m,(T) = 1 - 1.59 x 1O-3 (kT/2J,)*. (1) 

Since the reduced hyperline field, h(T) = 
&(T)IH&O), for Fe3 + is to a good approxi- 
mation proportional to m&C), Hhf should 
vary linearly with T2. As shown in Fig. 3a, 
this was found to be the case for the AF 
fraction at temperatures below -260 K (at 
higher T there is an additional variation due 
to the gradual rotation of the spins away 
from the [I 111 axis), yielding Hht(0) = 
541.0 + 0.5 kOe and ./, = 35 K for the as- 
prepared sample, and H&O) = 544.0 ? 0.5 
kOe and J, = 33 K for the annealed sample. 
It is worth mentioning that the presently 
obtained results for J, are in reasonable 
agreement with the value J, = 32 K recently 

reported by de Bakker et al. (17) for an 
cr-Fe,O, sample produced by thermal de- 
composition of y-FeOOH at 820 K. 

For the high-temperature WF phase, the 
reduced magnetic hyperfine field was inter- 
preted using the relation 

h(T) = D(1 - T/TN)@, (2) 

which is based on the well-known one-third- 
power law (p = 0.33) for the temperature 
variation of the sublattice magnetization for 
T approaching TN. D and /3 are the so-called 
critical parameters. According to van der 
Woude (4), for well-crystallized single- 
phase a-Fez03, Eq. (2) can be applied 
throughout the entire temperature interval 
between TM and TN. Assuming the WF satu- 
ration field to be 8 kOe less than the AF 
saturation field (4, 18), and adjusting Eq. (2) 
to the present experimental data in succes- 
sively broader T intervals, all with upper 
limit 900 K, an acceptable agreement (i.e., 
all calculated field values to within 1 kOe 
equal to the experimental values) was found 
for T 2 520 K. The results are shown in Fig. 
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3b in which In@(T)) is plotted against 
In (1 - TIT,). The straight line represents 
the fit yielding D = 1.11, /3 = 0.30, and TN 
= 941 K. The evaluated D and p parameters 
are in excellent agreement with experimen- 
tal (4) and theoretical (29, 20) literature 
data, whereas TN is somewhat lower as com- 
pared to the value measured for pure hema- 
tite by MS, i.e., 956 K (4, 22). The smaller 
TN would be consistent with the replace- 
ment of a minor amount of iron by nonmag- 
netic ions. From the molecular-field theory 
of antiferromagnetism (see, e.g., (22)), it is 
estimated that a substitution of 1.5 at.% is 
sufficient to explain the observed shift in 
T N- 

Finally, it should be mentioned that a sec- 
ond sample, with about three times less 
a-Fe20, in the unfired mixture, has been 
measured as well. Like FD40, the sintered 
material contains a hematite phase; how- 
ever, its Mossbauer spectrum accounts for 
only = 10% of the total spectrum and hence 
its parameters are less accurately deter- 
mined. Nevertheless, there can be no doubt 
that for this hematite too the MT takes place 
at a temperature considerably above that for 
a pure, single-crystal sample. The larger AF 
contribution at RT as compared to FD40 
(respectively 70 and 60% of total hematite 
fraction) even suggests that TM is slightly 
higher than that of FD40. 

4. Discussion 

Obviously, the most remarkable and in- 
teresting aspect of this study concerns the 
Morin transition, more precisely the high- 
temperature TM at which it occurs, and the 
extremely broad temperature interval A TM 
in which it evolves. At present, only two 
factors are known to exist which cause a 
shift of the MT to higher T values, i.e., re- 
placement of part of the iron by certain other 
elements and high pressures. 

To the best of the authors’ knowledge, 

no relevant information with respect to the 
magnetic properties of CaZ+- or Mg2+-con- 
taining a-Fe,O, has ever been reported. 
However, it is believed that these cations 
would lower the MT temperature for the 
following reason. When divalent cations 
substitute for Fe3+, vacancies or hydroxyl 
groups have to be introduced in the anionic 
sublattice in order to maintain charge neu- 
trality. In general, the presence of sufficient 
amounts of defects or OH- increases the 
local lattice spacings (23,24), i.e., produces 
a so-called negative pressure, and hence de- 
presses TM (25). In contrast, when Si4+ ions 
are incorporated into the hematite lattice, 
then Fe’+ ions in the viscinity of these sili- 
cons will be formed, and, as discussed in our 
previous paper on natural hematites, this 
feature could have a tremendous effect on 
the MT, of the same order of but opposite 
to Ti doping, in which case a concentration 
of 0.3 mole% Ti causes the MT to be de- 
pressed to below 12 K (26). To date, how- 
ever, no quantitative data for well-defined 
Si-containing a-Fe,O, are available to sup- 
port the above suggestion. 

A second possible explanation for the 
high TM is dictated by the fact that no iso- 
lated hematite phases could be detected by 
the narrow-beam EDAX analyses. This 
could mean that the hematite grains are 
completely surrounded by the diopside ma- 
trix. If this were so, the mismatch between 
the thermal volume expansion of diopside 
and hematite (21, 27) could result in a high 
positive pressure built up on the latter dur- 
ing cooling down of the material. According 
to the high-pressure Mossbauer work of 
Bruzzone and Ingalls (28), a pressure of 60 
to 70 kbar could explain the measured TM 
value. However, for such high pressures a 
shift in the lattice spacings of -0.8% as com- 
pared to a-Fe,O, at 1 atm would be ex- 
pected (29), and this was not observed. 
Therefore, this second interpretation seems 
to be less likely than that one based on the 
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incorporation of Si into the hematite lattice. 
However, further experimental work is 
needed to rule it out with certainty. 
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