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Abstract A natural sample of aegirine, ideally NaFe-
Si2O6, has been studied by transmission Mössbauer spec-
troscopy in the range 4.2±480 K. At selected tempera-
tures, a longitudinal external field of 60 kOe was applied
to the absorber. The sample was observed to order mag-
netically at 11�1 K. The paramagnetic Mössbauer spectra
(MS) show the presence of �10% Fe2+ in the M1 sites of
the clinopyroxene structure. These MS have been decom-
posed into four quadrupole doublets: two minor ones for
Fe2+ on M1 sites, a dominant one due to Fe3+ on M1 sites,
and a second ferric component, with a contribution of
�3% and attributable to the tetrahedral sites. Two possi-
bilities concerning the origin of the two distinct Fe2+ (M1)
doublets are discussed. They are respectively based on in-
ter-valence charge transfer and on the existence of distinct
Fe2+ orbital configurations at the two M1 sites. Neither of
the two models could be firmly excluded. The asymmetry
parameter h of the electric field gradient at the Fe3+ (M1)
sites is close to 1.0 and the quadrupole splitting within
0.34�0.01 mm/s at all temperatures. The MS at 4.2 K
shows an asymmetric hyperfine-field distribution for
Fe3+, with a maximum-probability field of 468 kOe. The
maximum-probability field for Fe2+ is found to be
220 kOe. The shape of the applied-field MS at 4.2 K im-
plies a static antiferromagnetic ordering and was success-
fully interpreted by a bidimensional distribution of the
magnitude and orientation of the hyperfine field. Finally,
the temperature variations of the respective centre shifts
and quadrupole splittings could be explained on the basis
of existing theoretical models.

Introduction

Aegirine, NaFeSi2O6. belongs to the group of clinopyrox-
enes, the Na+ cations occupying the M2 positions with
eight-fold oxygen co-ordination, and the Fe3+ cations
the octahedral M1 positions. As usual, natural samples
show compositions which deviate from the ideal one,
and for instance can be classified as members of the sol-
id-solution series aegirine/hedenbergite (CaFeSi2O6), or
aegirine/diopside (CaMgSi2O6). There is some controver-
sy in the literature with respect to the nomenclature of the
minerals belonging to this class of clinopyroxenes. Tröger
(1952) and Deer et al. (1978) proposed to use the name
aegirine for those members containing more than 0.75 fer-
ric ions per formula unit. Other pyroxene specialists
(Cameron and Papike 1980; Langer K, personal commu-
nication 1997) prefer the name acmite. Following the re-
commendations of the Subcommittee on Pyroxenes of the
International Mineralogical Association (Morimoto
1988), aegirine will be used in this paper.

A number of Mössbauer studies on Fe-bearing clino-
pyroxenes have been reported in the past decades.
Dollase and Gustafson (1982) examined the Mössbauer
spectra (MS) recorded at 77 K and room temperature
(RT) for a number of mixed series. The MS for the series
(NaFeSi2O6) ± (CaFeSi2O6) consist of a predominant
Fe3+ doublet with quadrupole splitting DEQ at RT increas-
ing from 0.29 mm/s for the Na end-member, to 0.46 mm/s
for the 20Na±80Ca composition. With increasing Ca con-
tent, this doublet was found to become more and more
asymmetrically broadened. In addition, two weaker Fe2+

doublets were resolved and attributed to two distinct M1
sites. A remarkable finding was that with the increase in
temperature the population of one of the Fe2+ sites grows
at the expense of the other one. For this observation, as
well as for the existence of two sites, a clear-cut explana-
tion could not be found. Amthauer (1982) and Amthauer
and Rossman (1984) found similar spectral features for a
natural, Ca- and Fe2+-containing aegirine. These authors in-
terpreted the temperature variations of the two doublet ar-
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eas as being the result of a thermally activated electron ex-
change between Fe2+ and Fe3+ on adjacent M1 sites. The
slightly asymmetric broadening of their Fe3+ doublet re-
portedly indicates the appearance of relaxation effects.

Baum et al. (1988) measured a magnetically split MS
for a synthetic aegirine at 2 K. They obtained a hyperfine
field Hhf of 461 kOe, however with a tremendous broad-
ening of the Lorentzian lines. In contrast, for a natural
sample at 2 K de Oliveira et al. (1988) adjusted three sex-
tet components with Hhf values in the range 424±462 kOe,
all with reasonably narrow line widths.

The present work concerns a detailed study of a natural
aegirine and has been undertaken in an attempt to contrib-
ute to a better insight in the Mössbauer behaviour of this
mineral.

Experimental

The sample of unknown origin was provided by the Geological Mu-
seum of the University of Gent. The powder X-ray diffraction pat-
tern shows, in addition to the reflections of aegirine (JCPDS file
18-1222), a few fairly weak diffraction lines which could not be
identified. However, it was made sure that these reflections do not
originate from an iron-bearing amphibole or oxide. The most intense
(�3% relative to the most intense aegirine reflection) of these un-
wanted reflections was found at a d-spacing of �0.33 nm and could
therefore be due to quartz. As the amount of impurity phase is very
small, it will not significantly affect the chemical and, more impor-
tantly, the Mössbauer results.

The elemental composition of the sample, as determined by en-
ergy-dispersive X-ray analysis, can be written as:

Na1.06Ca0.06Mg0.04Fe1.01Al0.06Si1.91O6,

however, due to the presence of the impurity phase, this composition
is only approximately correct as far as the aegirine phase is con-
cerned. MS were collected at temperatures in the range 4.2±
480 K, in steps of 20 K on average, with a conventional, constant-
acceleration drive and triangular reference signal. The absorber
had a thickness of approximately 10 mgFe/cm2 and was oriented
at the magic angle (»54ë) with respect to the g-ray beam in order
to avoid texture-induced asymmetry in doublets' line intensities
(Nagy 1978). Counts were accumulated in 1024 channels and all
spectra were run until an off-resonance count rate of at least 106

counts/channel (unfolded spectrum) was reached. At selected tem-
peratures an external magnetic field of 60 kOe was applied parallel
to the incident g-ray beam. The velocity scale of the spectrometers
was calibrated using the MS of standard absorbers (a-Fe or a-
Fe2O3). The velocity increment per channel was �0.045 mm/s
(magnetically split MS) or �0.015 mm/s (paramagnetic MS). The
magnetic order-disorder transition temperature was determined by
measuring the temperature variation of the transmission of g-rays
through the absorber with the source at zero velocity, the so-called
thermal-scan method (Chambaere and De Grave 1984), and found to
be 11�1 K, which is within the range found earlier for both synthetic
(Baum et al. 1988; Ballet et al. 1989) and natural (de Oliveira et al.
1988; Ballet et al. 1989) aegirines.

Results and spectral analyses

Paramagnetic MS

Example paramagnetic MS at a few selected temperatures
are shown in Fig. 1. Inspired by the shape of the high-

temperature observations, all spectra have initially been
fitted as a superposition of one ferric doublet (D1 in
Fig. 1) and two weak ferrous doublets (D2, D3), all with
Lorentzian line shapes. The latter two were assumed to be
symmetrical, while the predominant Fe3+ component was
found to possess an asymmetry Rq»0.93 over the entire
temperature range. According to some authors (Amthauer
and Rossman 1984), the asymmetry of D1 is due to relax-
ation effects. It is indeed well established that these ef-
fects may induce asymmetrical doublets, however this
feature is mostly restricted to a relatively narrow temper-
ature range above the ordering temperature (Wickman
and Wertheim 1968), while in the present case the asym-
metry persists up to 480 K, and most likely higher. There-
fore, it is not believed that the Fe3+ line shape reflects the
presence of relaxation phenomena.

In a next stage, the present authors succeeded in fitting
four symmetrical doublets to the observed MS, three of
which yielded similar parameter values to those of D1,
D2, and D3. The fourth component, D4, with fractional
area of 0.03�0.01, is characterised by hyperfine parame-
ters which could indicate a ferric state in a tetrahedral
co-ordination, viz., d=0.17 mm/s and DEQ=0.17 mm/s,
both at RT, although this latter value is considerably
smaller than the quadrupole splittings commonly found
for the Fe3+ in a number of clinopyroxenes (Akasaka
1983). The obtained goodness-of-fit values of these
four-doublet fits were consistently lower by 10±20% than
for the three-doublet fits. As seen from Fig. 1, in which
the full lines represent the four doublets and their addition
as fitted to the experimental data, the seemingly asymmet-
ric peak depth of the major component is excellently re-
produced by the introduction of the fourth doublet. For
these reasons, a four-doublet model is preferred against
the three-doublet one.

The Mössbauer parameters of the four doublets at
some selected temperatures are listed in Table 1. On the
basis of these values and of literature data (Annersten
and Nyambok 1978), D1, D2, and D3 are attributable to
the M1 sites. The line widths for D1 and D2 are close
to 0.30 mm/s at all temperatures, while D3 exhibits a con-
siderable line broadening, from 0.4 mm/s at 30 K up to
over 1.0 mm/s at 480 K. Due to the complete overlap of
D4 by D1, the line width for the former had to be con-
strained in order to arrive at consistently varying param-
eter values for this tetrahedral site. The value of the in-
strumental width (0.25 mm/s) was chosen. The observed
variations, with temperature, in the fractional area of the
D2 and D3 components, the line broadening of D3, and
the unusually steep temperature dependence of its d value,
are all in line with the observations of Amthauer and
Rossman (1984) who attributed these phenomena to ther-
mally activated electron hopping.

Paramagnetic MS in an applied field

Mössbauer spectra at 80 K and 277 K in an applied field
of 60 kOe are reproduced in Fig. 2. The line shape of this
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kind of MS is largely determined by the asymmetry pa-
rameter h of the electric field gradient (EFG) (Collins
and Travis 1967). It is obvious that at the higher T this
line shape displays better resolved features than at 80 K.
This is a consequence of the field reduction due to spin
polarisation. The magnitude of this reduction is propor-
tional to the magnetic susceptibility (Johnson 1967), and
hence increases with decreasing temperature. In case of
Fe3+, which has isotropic magnetic properties, only one
field-reducing parameter, Hred, has to be considered. For
Fe2+ species in a non-cubic environment, however, the
field reduction is anisotropic and its magnitude thus de-

pends on the crystallographic direction. It is then required
to introduce three values, commonly denoted HIX, HIY,
HIZ (Varret 1976a) in which X, Y, and Z refer to the prin-
cipal-axes frame of the EFG. In the present study, due to
the weak contributions of the ferrous doublets, this aniso-
tropy was ignored and only the isotropic quantity Hred was
considered.

The applied-field MS (AFMS) have been computer
analysed by diagonalization of the complete hyperfine-in-
teraction Hamiltonian (HIH), however with several con-
straints. Due to the lack of sufficient fine-structure at
80 K, only one ferric (D1) and one ferrous (D23) compo-
nent have been considered, both with adjustable d, DEQ, h
and Hred. The obtained results for d and DEQ of Fe3+ were
found to be in excellent agreement with the zero-field da-
ta. The value for h(Fe3+) is high, viz., 0.8, but unprecise
and imposing h(Fe3+)=1.0 produced an equally good fit.

Fig. 1 Mössbauer spectra of aegirine at selected temperatures as in-
dicated. The spectra have been decomposed into four quadrupole
doublets (D1, D2, D3, D4) as shown by the full lines

Table 1 The relevant Mössbauer parameters at selected temperatures of the four doublets fitted to the spectra of aegirine. Centre shift d
(relative to a-Fe) and quadrupole splitting DEQ are in mm/s. S is the fractional doublet area

T(K) D1: Fe3+ (M1) D2: Fe2+ (M1) D3: Fe2+ (M1) D4: Fe3+ (T)

d DEQ S d DEQ S d DEQ S d DEQ S

30 0.504 0.34 0.85 1.28 3.07 0.08 1.30 2.26 0.03 0.32 0.18 0.04
80 0.500 0.35 0.85 1.27 3.07 0.07 1.27 2.27 0.04 0.29 0.16 0.04

200 0.450 0.34 0.85 1.22 2.97 0.06 1.22 1.96 0.05 0.24 0.17 0.04
298 0.384 0.34 0.87 1.14 2.77 0.05 1.08 1.87 0.05 0.17 0.17 0.03
400 0.335 0.33 0.86 1.09 2.57 0.03 1.00 1.73 0.08 0.11 0.15 0.03
480 0.285 0.33 0.85 1.04 2.34 0.02 0.95 1.29 0.10 0.10 0.10 0.03

Error 0.005 0.01 0.02 0.02 0.03 0.01 0.02 0.03 0.01 0.02 0.03 0.01
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As a result of this high h and of the low resolution, the
sign of the principal EFG component, Vzz, has remained
undetermined. The field reductions were found to be very
high, »�50 kOe.

The AFMS at 277 K was fitted with four components.
The values of d and DEQ for D2, D3 and D4, as well as
their fractional areas S, were forced to be equal to those
derived from the zero-field MS recorded at 275 K. In
spite of this rather severe constraints, the observed line
shape is reasonably well reproduced by the calculated
one (see Fig. 2, full lines), with some minor deviations.
The fitted d and DEQ values for D1 are equal, within
the experimental error limits, to the zero-field data. The
h value for the ferric M1 site is again high (0.85 for the
fit shown in Fig. 2) and therefore the sign of Vzz could
not be determined. Due to their weak intensities and
strong overlap, it is obvious that the Vzz signs for the three
other components have also remained undetermined. The

field reduction for Fe3+ (M1) was fitted to be �18 kOe,
which is not unreasonably high. A simple calculation
leads to a reduction of �30% of the external-field value
at 277 K, which is indeed in good agreement with the ad-
justed value. This estimation was based on the formula
(Johnson 1967):

Hred=�Hext[cmHhf(0)/Ng�BS]

with Hext=60 kOe, cm the molar susceptibility, Hhf(0) the
saturation hyperfine field (see next section) and Ng�BS the
theoretically expected saturation magnetisation. cm may
be estimated using the well-known Curie-Weiss law for
paramagnets:

cm=Cm/(T�Qp),

Cm being the Curie constant and Qp the paramagnetic Cu-
rie temperature. These quantities were taken as
4.4 Kcm3mol�1 and �39 K respectively, as determined
by Baum et al. (1988) for pure synthetic aegirine NaFe-
Si2O6.

A major conclusion derived from these paramagnetic
AFMS concerns the large magnitude of the asymmetry
parameter at the Fe3+(M1) sites. This finding implies that
the geometry of these sites is strongly deformed from ax-
ial symmetry.

Fig. 2 Mössbauer spectra of aegirine at 80 K and 277 K with the ab-
sorber subjected to an external magnetic field of 60 kOe applied par-
allel to the incident g-ray beam

Fig. 3 Mössbauer spectrum of aegirine at 4.2 K. The spectrum has
been fitted as a superposition of an Fe2+ and an Fe3+ hyperfine-field
distribution (full lines). The resulting probability distributions are
shown on the right, the one referring to Fe3+ being decomposed into
six Gaussians (full lines)
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Magnetically split MS

The MS recorded at 4.2 K is depicted in Fig. 3 and is typ-
ical for a very broad distribution of hyperfine fields. It
was interpreted as a superposition of two model-indepen-
dent magnetic hyperfine-field distributions (MHFD), one
for Fe3+ and one for Fe2+. It was found impossible to con-
sider four components as in the case of the paramagnetic
MS. This means that the obtained quantities for Fe3+ will
refer to the M1 sites, while those for Fe2+ will be average
values for the two M1 sites dealt with earlier.

The computer program used for the fit was an adapted
version of the nowadays routinely and widely used ap-
proach for the calculation of the MHFD from MS of ferric
species (Vandenberghe et al. 1994). The field range for
Fe3+ was between 0 and 600 kOe in steps of 10 kOe.
The adjustable parameters were d, a linear correlation be-
tween quadrupole shift, 2 eQ, and the field value, and the
width of the elementary Lorentzian sextet. The linear cor-
relation was required to account for the remaining slightly
asymmetric peak depths of corresponding absorptions
(see Fig. 3, lines 1 and 6, lines 2 and 5) otherwise. The
distributed Fe2+ component was obtained from the com-
plete HIH, the strength of the quadrupole interaction be-
ing comparable to that of the magnetic dipole interaction.

The field interval was [190±250] kOe, with steps of
10 kOe. Again, d, a linear correlation between DEQ and
Hhf and the line width were iterated. The other hyperfine
parameters appearing in the HIH have been fixed at h=0
and q=80ë. The latter quantity is the angle between the
EFG's principal axis and the direction of the hyperfine
field, and was chosen as such because that value was
found for the M1 sites in hedenbergites (Van Alboom
1994). It has, however, very little effect on the relevant
parameters obtained from the iteration. Finally, the rela-
tive spectral areas S were also adjustable.

Some results of the fitting procedure are listed in Ta-
ble 2. It is clear that the Fe2+ parameters again are less
precisely determined, especially the slope CQ, H of the lin-
ear DEQ�Hhf relation and S. The low value for the latter is
therefore undoubtedly an artefact. The slope CQ, H of the
Fe3+ component is significant and means that the quadru-
pole shift decreases with increasing field strength. This is
consistent with the results of de Oliveira et al. (1988),
who fitted their 2 K MS by a superposition of three dis-
crete sextets. Their results clearly show a negative corre-
lation of 2 eQ with Hhf. As mentioned in the previous sec-
tion, the paramagnetic MS revealed a narrow line width
for Fe3+ (M1), viz., £0.30 mm/s. This implies that the
fluctuations of its quadrupole splitting DEQ are minor
and hence that the 2 eQ distribution, reflected in the mag-
netic Fe3+ component, is due to static fluctuations of the
above defined angle q. It should be noted at this point that
Baum et al. (1988) found from their 5 K spectrum of syn-
thetic NaFeSi2O6 a zero quadrupole shift, in line with the
present result for the Fe3+ (M1) site. The authors ex-
plained this observation as being a result of a geometrical
change of this site on cooling down below the transition
temperature. It is more likely, however, that the zero val-
ue reflects a distribution of the angle q, the quadrupole
shift being related to the quadrupole splitting by the
well-known expression 2 eQ=1/2 DEQ (3 cos2 q�1). For a
random q the angle-dependent term equals zero.

The calculated Hhf distribution profiles are reproduced
in the right part of Fig. 3. The one referring to Fe3+ is
clearly multimodal and could be described by a superpo-
sition of six Gaussian curves (see full lines in Fig. 3). The
weakest one, centred around 23 kOe, is certainly unreal
and the second one at 122 kOe may be doubted as well.

Fig. 4 Mössbauer spectrum of aegirine at 4.2 K with the absorber
subjected to an external, longitudinal field of 60 kOe. The spectrum
has been analysed with a two-parameter distribution with the hyper-
fine field Hhf ranging between 0 and 600 kOe, and its orientation f
with respect to the external field ranging between 0ë and 180ë. The
middle part presents a perspective view of the obtained (Hhf, f) dis-
tribution. The right part shows the integrated angle distribution

Table 2 Results of the hyperfine-field distribution fit of the 4.2 K,
zero-field MS [2 eQ.m (in mm/s) is the Fe3+ quadrupole shift and
DEQ, m (in mm/s) the Fe2+ quadrupole splitting, both corresponding
to the maximum-probability hyperfine field Hhf, m (in kOe), and
CQ, H (in mm/s.kOe) are the slopes of the linear correlations between
the field and the quadrupole shift or splitting]

Pattern d 2 eQ.m DEQ, m Hhf, m CQ, H S

Fe3+ 0.48 0.03 467 �0.0005 0.95
Fe2+ 1.27 3.10 220 0.0014 0.05
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These artefacts are the result of the fitting procedure not
being valid for small field values (Le Ca�r et al. 1984).
The four remaining maxima have positions at 198, 287,
376, and 468 kOe. It is tempting to ascribe these more
or less distinct fields qualitatively to different nearest-
neighbour cation configurations, and consequently differ-
ent magnetic-exchange interaction strengths, for the probe
Fe nuclei. At reduced temperatures of T/TN»0.4, as for
this aegirine sample at 4.2 K, such differences may lead
to considerably different Hhf values (Sawatzky et al.
1969). At lower T/TN values, these field values are expect-
ed to be spread-out over less broad intervals. It is interest-
ing to note in this respect that the three distinct sextets
used by de Oliveira et al. (1988) to describe their MS re-
corded at T/TN»0.13 have fields of 462, 445, and 422 kOe
respectively. This is qualitatively in line with the forego-
ing reasoning. Considering the rather complicated compo-
sition of the investigated sample, no attempts have been
undertaken to relate the calculated relative areas of the
five Gaussian profiles to the probabilities of the various
nearest-neighbour arrangements for a Fe3+ (M1) site.

The AFMS recorded at 4.2 K is shown in Fig. 4. Apart
from the smaller overall splitting, the shape of this spec-
trum is similar to that of the zero-field MS, implying that
a field strength of 60 kOe is too low to affect the spin
structure, which is therefore antiferromagnetic, in agree-
ment with earlier magnetisation measurements (Baum et
al. 1988; de Oliveira et al. 1988; Ballet et al. 1989). This
further means that both the magnitude of the effective hy-
perfine field, Heff, which is the vectorial composition of
the external field, and the hyperfine field, and its direction
f with respect to the external field, are distributed. Hence,
this spectrum cannot be fitted properly using the above
mentioned MHFD routine.

The two-parameter distribution procedure described by
de Bakker et al. (1990) was applied to interpret the line
shape of the AFMS. For the sake of simplicity and to keep
computing times within reasonable limits, only one com-
ponent was considered with a Hhf range of [0±600] kOe at
steps of 15 kOe. The angle f varied between 0ë and 180ë
in steps of 18ë. In addition to d, a linear (2 eQ, Hhf) corre-
lation was iterated as well. The calculated spectrum is
shown in Fig. 4 (full line) and reproduces the observed
line shape reasonably well, despite the omission of the
Fe2+ contribution. A three-dimensional view of the (Hhf,
f) distribution is presented in the middle part of Fig. 4.
It is clear that the multimodal shape of the MHFD as ob-
tained from the zero-field MS is reflected in the two-di-
mensional distribution. The different maxima in the latter,
however, are less resolved, which is in part due to the
broader step used to divide the total field range. The max-
imum-probability hyperfine field Hhf, m was calculated to
be 438�5 kOe and is significantly lower than the value
derived from the zero-field MS (see Table 2). It is not be-
lieved that this discrepancy is an artefact of the fitting
procedure, since good agreement between the two differ-
ently determined Hhf, m values was found for other antifer-
romagnetic powders, i.e., goethite (de Bakker et al. 1990)
and lepidocrocite (De Grave et al. 1992). A possible rea-

son could be that the temperature at which the AFMS was
recorded, was slightly higher than that for the zero-field
measurement. Considering the low NØel temperature of
the compound, a raise of 0.5 K can explain the lower field
value.

The drawing on the right in Fig. 4 represents the distri-
bution probabilities for the various f values each integrat-
ed over the entire Hhf range. The shape of this histogram
approaches that of a random distribution and the calculat-
ed value of the maximum-probability angle, viz., 89�,
confirms the suggestion of a random orientation of the
spins with respect to the applied-field direction. Finally,
the values for d, 2 eQ, m, and CQ, H were iterated as
0.49 mm/s, 0.00 mm/s, and �0.0005 mm/s.kOe respec-
tively, all in excellent agreement with the corresponding
data presented in Table 2. This finding supports the earlier
discussion concerning the discrepancy between the two
Hhf, m values.

Discussion

Temperature dependence of the centre shifts

The observed centre shifts for the four Fe sites are plotted
as a function of T in Fig. 5. As usual, these variations have
been interpreted on the basis of the expression (Heberle
1971):

d(T)=dI+dSOD(T). (1)

The intrinsic isomer shift dI is weakly dependent upon
T as a result of the thermal expansion of the lattice. How-
ever, the effect of this dependence is noticeable only at
temperatures exceeding the range considered in this study
(De Grave and Van Alboom 1991), and therefore dI was
treated as a constant. The second-order Doppler shift dSOD
and its T dependence are determined by the lattice-vibra-

Fig. 5 Temperature variations of the centre shifts d for the four dou-
blets D1 (n), D2 (l), D3 (à), and D4 (D) fitted to the paramagnetic
spectra of aegirine. The full lines are the calculated variations as-
suming the Debye model for the lattice vibrations of the iron nuclei
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tional spectrum and can be consistently calculated using
the Debye approximation for this latter spectrum (De
Grave and Van Alboom 1991). Such a calculation produc-
es a value for the so-called characteristic Mössbauer or
lattice temperature, QM. The method was found to give
consistent results for Fe3+ (M1) and D2-Fe2+ (M1), with
QM=540 K, dI=0.64 mm/s and QM=380 K, dI=1.38 mm/s
respectively, yielding the full lines (Fig. 5) for the theoret-
ical variations with T. The values for QM are in excellent
agreement with the range of values that are typical for fer-
ric and ferrous ions in six-fold oxygen co-ordinations for
a large variety of synthetic and natural compounds (De
Grave and Van Alboom 1991). The Mössbauer fractions
f3 and f2 at 80 K, calculated from these QM values, are
0.93 and 0.89 for Fe3+ (M1) and D2-Fe2+ (M1) respective-
ly. At 480 K, both have decreased to 0.79 and 0.63 re-
spectively.

For Fe3+ (T) it was found that QM=380 K, which is un-
acceptably low since it is experienced that in a given com-
pound the co-ordination has but a small, sometimes insig-
nificant, effect on the magnitude of this quantity. The rea-
son for this shortcoming is the not so precise determina-
tion of the d values as a result of the doublet D4 being to-
tally overlapped by the dominant D1 component. As ar-
gued by De Grave and Van Alboom (1991), consistent re-
sults from the d(T) curves can only be expected if a large
number of very accurate experimental data are available.

As seen in Fig. 5, the variation of d with T for the sec-
ond Fe2+ site is much steeper than for the other Fe sites. In
fact, expression (1) cannot reproduce the experimental
curve with any positive value for QM. The full line
through the data points was calculated by tentatively in-
troducing in (1) an additional term, linearly varying with
T, and assuming QM=380 K. The slope of the linear term
was found to be »2.10±4 mm/s.K, i.e., one order of magni-
tude larger than the suggested linear variation due to the
thermal expansion of the lattice (De Grave and Van Al-
boom 1991). The origin of this additional strong temper-
ature dependence will be discussed in the third section of
this Discussion.

Knowing at this stage the magnitudes of the Fe2+ and
Fe3+ f fractions at any given temperature, the approximate
composition of the sample can be indicated as:

Na1.06Ca0.06Mg0.04Fe2�
0:11Fe3�

0:90Al0.06Si1.91O6.

According to the earlier mentioned interpretation of
the doublet MS, approximately 0.03 Fe3+ cations per for-
mula unit occupy tetrahedral sites. It is likely that also the
Al species substitute for Si, and hence the number of oc-
cupied Si sites in the above chemical formula totals close
to the ideal value of two. However, the cation sum is un-
reasonably high, viz., 4.14 against the ideal value of 4.00.
This finding is consistent with the detection in the XRD
pattern of a small amount of an impurity phase. Whether
or not this phase contains any iron could not be concluded
from the present Mössbauer analyses. Therefore, it could
be suggested that doublet D4 perhaps arises from ferric
ions in an unidentified impurity. This doublet was intro-
duced to avoid the need to consider an asymmetric Fe3+

(M1) component which cannot by justified on the basis
of relaxation or texture effects. As mentioned earlier,
the seemingly asymmetric ferric doublet has been ob-
served in other aegirine samples in which presumably
no impurity phase was present (Amthauer and Rossman
1984). Therefore, it seems more plausible to assign D4
to the Si sites, although its quadrupole splitting is unusu-
ally small for this type of co-ordination.

Temperature variations of the quadrupole splittings

These variations are reproduced in Fig. 6 for the four dis-
tinct Fe sites. They are weak for both Fe3+ species and,
when representing by a straight line, the slope is found
to be »�4.10�4 mm/s.K. This is a typical value and com-
monly ascribed to the expansion of the lattice with increas-
ing T. The resulting longer inter-ionic distances give rise
to a weakening of the quadrupole interactions. The extrap-
olated, zero-Kelvin values of 0.35 mm/s and 0.17 mm/s
for Fe3+ (M1) and Fe3+ (T) respectively, are rather small,
indicating that the distortions of the respective co-ordina-
tions from their ideal symmetry are not considerable.

The interpretation of DEQ(T) for Fe2+-D2 was based on
the point-charge model described earlier by Van Alboom
et al. (1993) and successfully applied by these authors to
orthopyroxenes, and more recently to riebeckite (De
Grave and Van Alboom 1996). However, in the present
case the theoretical treatment can only be carried out
semi-quantitatively for a number of reasons, the most im-
portant ones being: (i) the effective ionic charges in aeg-
irine have, as far as could be traced, not been determined
so far; (ii) the Fe2+ species are impurities and, having a
larger ionic radius than Fe3+, the local geometry of their
M1 site is likely to be different from that valid for pure
aegirine, in which the M1 coordination incorporates

Fig. 6 Temperature variations of the quadrupole splittings DEQ for
the four doublets D1 (n), D2 (l), D3 (à), and D4 (D) resolved from
the paramagnetic spectra of aegirine. The full lines for D1 and D4
(Fe3+) are the least-squares fitted straight lines. The upper curve rep-
resents the calculated variation for Fe2+ (M1) assuming a rhombic
case 2 point symmetry for the M1 co-ordination
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Fe3+ exclusively; (iii) optical spectra for aegirine are not
available so that the energy positions of the Eg electronic
levels with respect to the T2 g ground state are unknown.

Considering the crystallographic data reported by
Cameron et al. (1973) for pure, synthetic aegirine, the
rhombic case 2 symmetry (Varret 1976b) seems to be a
reasonable approximation for the real local symmetry of
the M1 site. The calculations were therefore performed
emanating from that approximation which, mathematical-
ly, can be treated as a perturbation on the octahedral point
symmetry. Hence, the general expression of the crystal-
field Hamiltonian in the point-charge model reduces to
a less complicated form which in terms of Stevens' oper-
ators Oij, can be written as:

Hr 2=B4(O40�5 O44)+B20O20+B22O22. (2)

The resulting 5D orbital energy-level scheme for the
Fe2+ (M1) species is represented in Fig. 7, and, as is gen-
erally known, the magnitude of the valence contribution
to the ferrous EFG at any given temperature is determined
by the Boltzmann populations of the five orbital states at
that temperature. The crystal-field splitting, Doct=120 B4,
was chosen to be 8900 cm�1 which is close to the value
found for hedenbergite (Van Alboom 1994). Considering
the unavoidably approximate character of the theoretical
treatment, the spin-orbit coupling was not taken into ac-
count. This simplification should not have any substantial
implication for most of the other quantities incorporated
in the model. Finally, the lattice contribution to the

EFG was obtained from a lattice summation over a sphere
with a large enough radius to produce convergence.

Under the above specified conditions and approxima-
tions, the coefficients B20 and B22 were found to be
�145 cm�1 and �265 cm�1 respectively, yielding for the
energy positions of the four excited 5D levels respectively
590, 2170, 8970, and 10780, all in cm�1 and with respect
to the ground state. The presently determined energy gaps
for the first two excited states are broader as compared to
other pyroxene materials (Van Alboom et al. 1993; Van
Alboom 1994). This finding might point at a stronger dis-
tortion of the Fe2+-containing M1 sites in aegirine. The
calculated temperature variation of the quadrupole split-
ting is plotted as a full line in Fig. 6, and reproduces the
experimental curve reasonably well. The quadrupole-cou-
pling constant DE0 was fitted as 3.47 mm/s from which
the covalence factor, usually symbolised as a2

cov; is calcu-
lated to be 0.92. The lattice contribution was found to be
�0.36 mm/s. The remarkable agreement of this latter val-
ue with the observed Fe3+ (M1) quadrupole splitting is be-
lieved to be merely fortuitous. Finally, the asymmetry pa-
rameter h of the total EFG was calculated at any given
temperature. The values came out small (0.12 at 80 K),
but are underestimated as a result of neglecting the
spin-orbit coupling.

The experimental DEQ(T) curve for Fe2+-D3 exhibits
significant scatter and unreal, sudden changes in the local
slope. No further attempts have been undertaken to relate
this observed dependence to structural characteristics of
the mineral. Considering the nature of this doublet (see
next section), this would present little physical meaning
after all. It is interesting to note, though, that the splittings
of this doublet are consistently and considerably smaller
than those derived for the other Fe2+ site, although both
have the M1 co-ordination.

Nature of the Fe2+-D3 component

As mentioned in the introduction, Amthauer and Rossman
(1984) interpreted their observations concerning the
Mössbauer parameters of the two Fe2+ doublets in terms
of a thermally activated electron-hopping process involv-
ing pairs of Fe2+�Fe3+ cations on adjacent M1 sites. This
would indeed account for the otherwise unexplainable
lowering of d of doublet D3 as T increases, and for the in-
crease of its fractional contribution S at the expense of
that of doublet D2. If this phenomenon indeed takes
place, one might raise the question why a comparable de-
crease in the S value of the Fe3+ (M1) doublet is not ob-
served. Referring to Table 1, this latter S value remains
more or less constant, whereas one would expect to find
a small but statistically significant lowering on going to
higher temperatures. However, this reasoning is incorrect
since it does not take into account that the Mössbauer
fraction f2 of the Fe2+ species is smaller than that of the
Fe3+ species (f3), the differences becoming more pro-
nounced at higher T. Considering the area fractions Si
(i=D1,..., D4) obtained at 80 K (see Table 1), and the

Fig. 7 Orbital energy-level scheme for the 5D term of Fe2+ situated
in a M1 site (octahedral co-ordination, B4ñ0) with a rhombic case 2
point symmetry. The case B20á0 corresponds to a tetragonal com-
pression
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Mössbauer fractions f2 and f3 as specified earlier, and as-
suming hypothetically that no changes in the valence
states of any of the Fe species occur, then one expects
at 480 K to observe Si values of 0.87, 0.06, 0,03, and
0.04 for D1 to D4 respectively. The data of Table 1 hence
show that possibly �0.03 of each of the Fe3+ (M1) and
Fe2+ (M1) sites per formula unit, have been converted
to the earlier denoted Fe2+ (M1)-D3 species on going
from 80 K to 480 K. Considering the estimated area er-
rors, this number of 0.03 cations might appear as being
of little significance, but, it is nonetheless in line with
the suggestion of an electron-exchange process on a time
scale comparable to or smaller than that for the g-absorp-
tion process. Consequently, the hyperfine interactions ex-
perienced by the Mössbauer effect are time-averaged in-
teractions, thus yielding hyperfine-parameter values in
between those of the static Fe3+ (M1) and Fe2+ (M1) spe-
cies. The apparent valence of the exchanging pairs of Fe
ions, and hence their observed hyperfine parameters, de-
pend on the relaxation rate of the hopping process, and
it is conceivable that for a given sample this rate fluctu-
ates due to variations in next-nearest neighbour cation
configurations and compositional heterogeneities, the
more so at higher temperatures at which there is a higher
degree of delocalization of electrons. This would explain
the observed increase of the line width of the correspond-
ing doublet with increasing T, in this case from 0.41 mm/s
at 30 K to 1.05 mm/s at 480 K.

Further consideration of the various assumptions on
which the qualitative model of thermally activated elec-
tron exchange is based, suggests that this model is not en-
tirely satisfactory in the case of aegirine. At temperatures
as low as 30 K the exchange process is thought to be fro-
zen-in. Yet, the Fe2+ ions occupy two distinct M1 sites
characterised by nearly equal centre shifts, but with a dif-
ference of »0.8 mm/s in their quadrupole splittings. This
implies that at low temperatures the orbital configuration
states of the respective ferrous species are significantly
distinct due to, e.g., different distortions of the M1 co-or-
dination, the less distorted site giving rise to the outer fer-
rous doublet. The proposed electron-exchange process as
observed from the MS at higher temperatures would then
involve one Fe3+ (M1) site and two different Fe2+ (M1)
sites simultaneously, which is difficult to conceive.

An alternative explanation of the observed temperature
variation of the Mössbauer parameters may be that part of
the ferrous ions flip from one configuration to the other as
the temperature changes. This phenomenon in similar
clinopyroxenes has been considered earlier by Dollase
and Gustafson (1982) and these authors suggested that
the existence of two (or a multitude of) possible electronic
configurations might result from different short-range
chemical environments of the iron species. They further
theorised that the temperature at which a given probe
Fe2+ ion changes its orbital state depends on the sum of
all its atomic interactions with neighbouring species, so
that the population of the least distorted state increases
gradually with increasing temperature. This would imply
that the range of different high-temperature orbital con-

figurations broadens with temperature, and also could ex-
plain the appearance of an additional temperature depen-
dence of the measured average centre shift, which is sen-
sitive to the chemical bond of the probe Fe2+ to its envi-
ronment.

In summary, two distinct mechanisms seem to be able
to explain the multiple ferrous doublets associated with
the same crystallographic sites in this studied aegirine
sample. Both of them raise some questions which should
trigger further experimental endeavours. The first model
would require a rather unusual path for the transfer of
charge between one Fe3+ (M1) and one Fe2+ (M1) on
the one hand, and a second distinct Fe2+ (M1) on the other
hand. Concerning the second model, it remains unclear
why the occurrence of distinct electronic configurations
for Fe2+ in the same crystallographic site, and the gradual
thermally induced transformation between them, seems to
be restricted to Ca�Na clinopyroxenes (Dollase and
Gustafson 1982).

Magnetic hyperfine-field distributions

As indicated in a previous section, the appearance of the
low-temperature (4.2 K) MS of the investigated aegirine
mineral suggests a broad distribution in hyperfine fields
and the spectral shape could satisfactorily be reproduced
as such. The principal source of this distribution was at-
tributed to fluctuations in the chemical and structural en-
vironment of the probe iron nuclei. In second order, the
non-unique angle between the field direction and the
EFG principal axis also contributes to the broadening of
the line shape. The presence of compositional and/or
structural heterogeneities has two implications on the
magnetic hyperfine fields. First, it gives rise to fluctua-
tions in the saturation hyperfine field and in the magnetic
exchange interactions. These latter fluctuations produce
considerable field distributions, the more so at more ele-
vated reduced temperatures T/TN (De Grave et al. 1988).

Secondly, the aforementioned fluctuations may result
in a range of transition temperatures TN at which three-di-
mensional magnetic ordering starts to develop according
to the Mössbauer observation. The consequence of this
is that at T=4.2 K (or any other temperature in the mag-
netically ordered state) the reduced temperature T/TN,
and hence the magnitude of the hyperfine field, are spread
out over a finite range of continuously varying values.
This feature seems to be relevant in the case of aegirine.
Baum et al. (1988) report a MS recorded for a synthetic
single-crystal of NaFeSi2O6 at 10 K. The spectrum clearly
consists of a part that is magnetically ordered and a part
that is not. Hence, the sample obviously has no unique
transition temperature TN. A similar superposition was ob-
served by Ballet et al. (1989), also for a synthetic sample.

Baum et al. (1988) further claimed that the slightly
asymmetric line broadening of their magnetic subspec-
trum at 10 K was due to relaxation effects. Solid evidence
to corroborate this suggestion was not given in their pa-
per. There are two capital arguments that such effects play
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an insignificant role with respect to the line shape of the
MS shown in Fig. 3. First, this line shape is well repro-
duced on the basis of static hyperfine fields, which means
that the peak velocities of each given sextet component
are a linear function of the magnitude of the correspond-
ing hyperfine-field value. Such a linear relation is not ap-
plicable in case of relaxation MS (Wegener 1965, 1975)
and hence, these spectra cannot be described in a manner
as used in this work.

Secondly, the response of the magnetic structure of the
investigated aegirine sample to the application of an ex-
ternal magnetic field (Fig. 4) is typical for a powder ex-
hibiting a static antiferromagnetic ordering (De Grave et
al. 1992). In case of spin relaxation the external field will
affect the relaxation rate which is expected to be reflected
in the MS in a way depending on the nature of the relax-
ation mechanism, but certainly different from what is ob-
served in the applied-field MS presented in this paper.

Conclusions

Two important structural implications have emerged from
this detailed set of measurements and their analyses: (i)
the possible presence of a small amount of Fe3+ in the
Si sites, thus explaining the asymmetric peak depths of
the ferric component and ruling-out the (unlikely) sugges-
tion of the presence of relaxation effects at high temper-
atures; (ii) the confirmation of the occurrence of Fe2+

on two distinct M1 sites and the gradual, thermally in-
duced change in the populations of these sites; two differ-
ent models to explain this feature have been discussed,
viz., intervalence charge transfer and the formation in
the structure of two predominant orbital configurations
for the Fe2+ species, the first configuration being favoured
at low temperatures, the second one at higher tempera-
tures.

The interpretation of the temperature variations of the
Fe3+ (M1) and Fe2+ (M1) centre shifts has again con-
firmed that in a given lattice, the Mössbauer fraction for
ferrous ions is smaller than that for ferric ions. The calcu-
lated lattice temperatures QM are consistent with the val-
ues reported earlier for a number of different silicates.
The observed quadrupole splittings indicate that the M1
polyhedra containing Fe3+ cations are only slightly dis-
torted, in contrast to those containing Fe2+.

At 4.2 K the sample studied is magnetically ordered.
The shape of the external-field spectrum at that tempera-
ture is consistent with a static antiferromagnetic spin
structure. The importance at 4.2 K of relaxation effects
was concluded to be insignificant. Both the Fe2+ and
Fe3+ hyperfine fields extend over a broad range of values,
with maximum-probability fields of 467 kOe and
220 kOe respectively. The field distributions are thought
to be due to spatial fluctuations in the chemical composi-
tions of the near-neighbour shells of the probe iron nuclei.
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