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Abstract. The Mossbauer spectra of  ilvaite
CaFeZ*Fe®*[Si,0,/0O/OH] and their temperature de-
pendence between 298 K and 455K can be satisfactorily
least-squares fitted by a superposition of the resonances
for Fe**(84), Fe®*(8d) and Fe?*(4c¢). The relative areas
under the three resonances are nearly equal and vary
only weakly with temperature. No additional reso-
nances or line broadenings have to be introduced, if we
assume that the hyperfine interactions of Fe?*(8d) and
Fe*+(84d) fluctuate between their values due to electron
hopping between the iron ions at the 84 sites. Hopping
can be assumed to occur homogeneously among nearly
equivalent sites. The fluctuation rate is described by an
Arrhenius law with a pre-exponent of about 9 x 108s~1!
and an activation energy of 0.11¢V indicating non-
adiabatic hopping. In addition to the intersite hopping
process, the strong decrease of the quadrupole splitting
and the isomer shift of Fe?*(8d) between 298K and
360K suggests the occurrence of intrinsic charge delo-
calization from Fe?*(8d) which does not involve the
neighbouring Fe?**+(84) ions.

Introduction

The mineral ilvaite, is a sorosilicate with the or-
thorhombic space group Pbnm (Belov and Mokeeva
1954; Beran and Bittner 1974; Haga and Takeuchi
1976). The Ca®* ions occupy the positions 4¢ of that
space group and are coordinated by six O*~ and one
(OH)". Iron occupies two distinct crystallographic po-
sitions, (i) the fourfold position 4c¢ with symmetry m
and (ii) the eightfold position 84 with the symmetry L
Both sites are nearly octahedrally coordinated: 4c by
six 0%~ and 84 by five O*~ and one (OH) . According
to the chemical formula the Fe?*:Fe®" ratio is equal
to 2:1. The existence of two Fe?*- and one Fe’*-
quadrupole interaction patterns of nearly equal inten-
sity in the room temperature Mdssbauer spectra shows
that (i) the 4c-position is completely occupied by Fe**,
and (ii) the 8d-position is randomly filled by Fe?* and
Fe3* (Herzenberg and Riley 1969). Recent high ac-
curacy X-ray diffraction studies by Finger et al. (1982)
infer rather a monoclinic structure for many ilvaites.
These slight deviations from orthorhombic symmetry
will, however, be of no relevance for the following dis-
cussion.

The crystal structure of ilvaite can be described as a
framework of infinite edge-sharing double chains of
Fe(84)O,0OH-octahedra connected by Si,O,-groups
and running parallel to the e-axis. The sixfold coordi-
nated interstices of the framework are occupied by
Fe?*(4¢) and the sevenfold coordinated interstices by
Ca. A portion of the crystal structure of ilvaite is
shown in Figure 1.

Similarly as in magnetite, Fe,O,, where extended
electron delocalization is known to occur above
~120K (Bauminger et al. 1961), in ilvaite Fe?* and
Fe** are found to occupy the same crystallographic
position in more or less random distribution. In ad-
dition, the Fe®>* —Fe3*-distances in the double chain
are relatively short, i.e. 283, 301, and 303 pm (Beran
and Bittner 1974) and therefore electron delocalization
like the one observed in magnetite is expected. Indeed
evidence for a mixed valence state of iron due to elec-
tron delocalization was reported in several studies,
which all agree on an averaged hyperfine interaction of
the Fe-atoms at the 8d-sites above ~400K. However,
there are some discrepancies between the different in-
vestigations concerning the formation of this mixed va-
lent state of iron at the 8d sites, which result from a
different evaluation and interpretation of the
Mbossbauer spectra taken at temperatures up to 400 K.
According to Gerard and Grandjean (1971), Grandjean
and Gerard (1975) and Heilmann et al. (1977) there is
an unusual strong decrease of the quadrupole splitting
and the isomer shift of Fe?* at the 84 sites with tem-
perature whereas the parameters of Fe®>™ at the 84 sites
remain constant or even seem to increase between
350K and 400K, leading to a collapse of both subpat-
terns above 400K. In contrast to these papers Nolet
and Burns (1978, 1979) report two doublets with quad-
rupole splittings and isomer shifts intermediate to those
of Fe?* and Fe*™ in 8d to occur in addition to the
doublets of Fe?*(4c), Fe?*(8d) and Fe®**(8d) even in
the liquid nitrogen spectra of ilvaite, which they assign
to Fe?™ »Fe®" charge transfer parallel and perpendic-
ular to the double octahedron chain, respectively. The
intensities of these “intermediate”, in part asymmetric,
doublets are found to increase with temperature at the
cost of the intensities of the doublets of Fe?* and Fe®*
in 84 and no anomalous shifts of the peaks are ob-
served. This is interpreted as a depopulation with tem-
perature of certain electronic levels associated with



Fig. 1. Portion of the crystal structure of ilvaite modified
from Belov and Mokeeva (1954), showing edge-sharing rib-
bons of 8d-sites running parallel to ¢

“quenched” valences accompanied by a simultaneous
population of new delocalized levels associated with
“intermediate” valences. Amthauer and Evans (1978)
and Evans and Amthauer (1980) also report the occur-
rence of an additional broad resonant absorption pat-
tern in the room and high temperature Mossbauer
spectra of ilvaite up to 400 K which they assign to elec-
tron transfer between localized Fe?* and Fe’* centers.
However, the intensity of this subpattern does not in-
crease with temperature and the formation of only one
8d-doublet with averaged hyperfine interaction above
400K is refered to a similar collapse of the Fe®*- and
Fe3*+-subpatterns as reported by Gerard and Grand-
jean (1971) and Heilmann et al. (1977). A Mossbauer
study by Yamanaka and Takeuchi (1979) on different
ilvaites performed between 300 and 4 K does not report
any spectral features due to electron delocalization at
all.

In all these studies the spectra were evaluated as-
suming Lorentzian line shape of the resonant absorp-
tion patterns. This may be justified if the electron ex-
change is much faster than nuclear Larmor precession
or much slower than the mean life time of the excited
57Fe nuclear level. It cannot be adequate for exchange
rates ranging from the order of magnitude of the in-
verse mean life time (~107s7!) of the excited *"Fe nu-
cleus up to frequencies corresponding to the involved
hyperfine interactions (108-101°s~1). Therefore strong
relaxation effects such as line broadening, deviations
from Lorentzian shape, and line shifts have to be ex-
pected. No attempt was reported to fit the data using a
relaxation model appropriate for relaxation rates com-
parable to hyperfine splitting. Thus the discrepancies
between the different papers on the Mossbauer spectra
of ilvaite may be caused by the simplified fitting pro-
cedures, used to evaluate the data in the former investi-
gations.

Therefore, the aim of the present paper is (i) an
analysis of the temperature dependent Mossbauer spec-
tra of ilvaite in the transition region using a relaxation
model and (ii) a critical discussion of the former results.
Hlvaite is a suitable sample to test such a fitting model
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because of the relatively good resolution of the spectra
and because only one crystallographic site is involved
in the electron exchange. For this purpose a new data
set was collected between 295 and S00K.

Experimental Methods

The Mossbauer spectra were recorded with a 1024 mul-
tichannel analyzer using a constant acceleration elec-
tromechanical drive system with a symmetric triangular
wave form. Two mirror symmetric spectra, each 512
channels, were recorded simultaneously. For all the ex-
periments a *’Co/Rh source was used, which was kept
at room temperature. The absorber thickness was
4mgFe/cm?. The absorber was heated in a vacuum fur-
nace evacuated to pressures less than 107°torr. The
temperature was kept constant within +1 degree. More
details of our standard Mossbauer technique are re-
ported in Amthauer et al. (1976). The sample is from
Seriphos, Greece. Its chemical formula as determined
by electron microprobe analysis can be given as

Cao.9sMno.oz3Fef.;4Fe?.J53A1(3).165 [Si; 4,0,/O(OH)].

Relaxation Model and Results

The experimental spectra recorded between 298 K and
455K are shown in Figures 2a and 2b. Their principle
features are the same as described previously (e.g.
Evans and Amthauer 1980). The room temperature
spectra can be described by three quadrupole doublet
patterns of nearly equal intensities for Fe?*(8d),
Fe**(8d) and Fe?’*(4c). Above about 400K the
Fe?*(8d) and Fe®"(8d) patterns are collapsed to a sin-
gle doublet. In the intermediate temperature range line
shifting and broadening is especially visible in the
Doppler velocity interval between +1.0 and +2.0mm/s.
Just this feature gave reason to introduce additional
resonances in previous fitting attempts. In the following
treatment we shall demonstrate that this is unnecessary
if fluctuations of the hyperfine interactions are taken
into account.

We now give a brief description of the relaxation
model used and also derive the analytical solution since
some erroneous formulae were reported in the litera-
ture (Gerard and Grandjean 1975). We assume that the
electronic state of any iron ion located in a 84 site fluc-
tuates stochastically between that of Fe®™ and Fe?*
due to electron hopping. Thus both isomer shift and
quadrupole interaction fluctuate simultaneously be-
tween the characteristic values for Fe** and Fe?*. The
fluctuations shall occur independently of each other.
The time elapsing between successive jumps shall be
long compared to the characteristic period of lattice vi-
brations. Following the concepts given e.g. by Blume
(1968) for the description of Mdssbauer spectra in the
presence of stochastic hyperfine fluctuation, we can give
a simple solution for the present problem.

Neglecting some constant prefactors, the resonance
absorption cross section ¢ for unpolarized gamma ra-
diation with frequency w in a polycrystalline absorber
is given by

¢(QJ)~ —Im Z pndmgm’e[G]me" - (1)
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The matrix elements of the Green’s function superoper-
ator G are given by

[G~ 1]m,en, = {(CO + lr/z) 5mem;5nn’ - I:H(n):lmem;2 5nn'
S —iA(1=D,) 6y (1-28,,0} )

m,, m, denote excited and ground state nuclear angular
momentum quantum numbers, n labels the atomic
states (here: n=1+«>Fe?*(8d), n=2«Fe**(84d)), I' the
minimum experimental linewidth, 4 is the transition
probability per s between atomic states n, the relative
populations of which are given by p,, 6,,, is the Kron-
ecker symbol, i the imaginary unity.

H(n) is the hyperfine Hamiltonian for the nucleus of
an atom in state n:

H(m)=3¢’q,0[0; —3I"1+S5, (3)

yv?

(e is electronic charge, @ is the nuclear quadrupole mo-
ment, I, and I are nuclear angular momentum oper-
ators, g, is the zz-component of an axially assumed
¢lectric field gradient, S, is the isomer shift). With H(n)
being diagonal in nuclear variables (as in equation (3))
one obtains m,=m, in equations (1) and (2). The in-
tensities of the spectral components are given by the
matrix elements of the nuclear current operator j:

Dy, = 2, SJJ ¥ Img) Sl jlmc . (4)
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Fig. 2a and b. Méssbauer spectra of
>7Fe in ilvaite taken at temperatures
between 298 K and 455 K. The solid
line represents a least squares fit to the
experimental data assuming three
doublets for Fe?*(4c), Fe?*(84) and
Fe?*(8d), respectively, and considering
charge fluctuation between Fe?* and
Fe®* in 8d by an appropriate
relaxation model
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Expression (2) can be easily inverted and we yield an
analytical solution for (1):
N(F/2+/1)A“(W_P132_P281)B
A%+ B>
+(F/2+/1)A'—(w—1918’z—pZSE)B’
A/2+B12

P(w)

)

with

A =(w—e No—e,)—T/2(I/2+ 1),
A'=(w—eNw—2e)—T/2(T/2+ 1),

B =(I2+3)w—T/2(e;+&,)—Ap1&,+Pr8),
B =(I'2+ ) o —I'[2(¢] +85) — A(p, &1 + P, €5),
g, =S, +1/4e’q,Q,

&) =S1—1/4ezq1Q,

g, =5,+1/4e*q,0,

g, =S,—1/4e*q,Q.

Indeed expression (5) may also be easily obtained by
appropriately adopting the well-known expressions
given by Wickmann (1966) for a flipping of the mag-
netic hyperfine interaction.

For zero relaxation rate 1 we get two quadrupole
doublets with Lorentzian lines of width I, relative in-
tensities p; and p,, isomer shifts S, and S,, and quad-
rupole splittings 1/2e*q,Q and 1/2e®q,Q, respectively.
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Fig. 3. Isomer shifts relative to a >"Co/Rh-source (add 0,114
mm/s for o iron standard) of Fe?* in 4c¢ (open circles), Fe?*
in 84 (solid circles), and Fe®* (crosses) in ilvaite as function
of temperature assuming electronic relaxation between Fe?*
and Fe** in 84
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Fig. 4. Quadrupole splittings of Fe** in 4c¢ (open circles),
Fe* in 84 (solid circles), and Fe3* in 84 (crosses) in ilvaite
as function of temperature assuming electronic relaxation be-
tween Fe?* and Fe®*' in 84

For increasing A one obtains broadened lines with shift-
ed positions. Finally for i3> e, —e,|, |¢; —&,| one sharp
doublet with line positions p,&, +p,¢, and p, & +p,¢&,
is retained.

For the least-squares fit of the experimental data we
used expression (5) for the spectral contribution of
Fe?*(8d) and Fe**(8d). For Fe?*(4c) which was as-
sumed not to be involved in the relaxation process an
independent doublet was added. The minimum experi-
mental linewidth I' was constrained for all the doublets
to 0.22 mmy/s. (This width was found in the limit of slow
relaxation for all doublets.)

The solid lines in Figures 2a and 2b represent the
fits thus obtained. Reasonable fits can only be achieved
if one assumes that ¢, and g,, i.e. the electric field gra-
dients for Fe?*(84) and Fe®*(8d) have equal sign.

The relative areas of the spectral contributions for
Fe?*(84d), Fe**(84) and Fe®’*(4c) are 0.35, 0.38 (ie.
p;~p,~0.5) and 0.27 at 298 K. They change smoothly
to 0.34, 0.36 and 0.30 at 455K. In view of possible (but
neglected) slight differences in the recoilfree-absorbed
fraction of resonant radiation for the different sites the
thus obtained Fe?*/Fe®* ratio is consistent with the
result of the microprobe analysis. The variations of the
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Fig. 5. Relaxation rate A as function of inverse temperature in
ilvaite

isomer shifts S and quadrupole splittings 1/2e*qQ for
the three iron sites with temperature are shown in Fig-
ures 3 and 4. In Figure 5 we have plotted the fitted
relaxation rate 1 logarithmically against inverse tem-
perature. A straight line can be fitted to these data, i.e.

A=) e EkeT (6)

giving an activation energy E=0.11+0.01¢eV for the
hyperfine fluctuations due to hopping. The pre-ex-
ponent A, is (9.04+0.5) x 10851,

Discussion

Three sets of hyperfine interactions, for Fe?*(8d),
Fe**(84) and Fe**(4¢), turned out to be sufficient in
our evaluations, if the hyperfine interactions for
Fe?*(8d) and Fe®**(8d) are allowed to fluctuate be-
tween their values as it should be expected for electron
hopping occuring between these sites. The relative in-
tensities of the resonances for the three electronic con-
figurations are only weakly temperature dependent
which can be explained by a slightly different tempera-
ture dependence of the recoilfree fractions. In contrast
to the fits reported by Nolet and Burns (1979) using
five doublets with apparent severe differences in the
areas of the high velocity and low velocity lines of each
doublet, we kept the corresponding areas equal. No ad-
ditional resonances with temperature dependent inten-
sities and hyperfine parameters and also no line
broadenings except those which are caused by relax-
ation had to be introduced to yield satisfactory fits (32
<3) to the data (typical number of counts ca. 3
x 10%/channel). Although a narrow distribution of re-
laxation rates could improve fit quality near room
temperature (see central part of spectra near ca.
+1.5mm/s) we restricted our analysis to a single relax-
ation rate. In contrast, the qualitative description of the
spectra of FeZnTi spinels with electron exchange be-
tween octahedral Fe*™ and Fe3* required wide distri-
butions of relaxation rates of the order of magnitude of
the hyperfine splitting yielding “continuous™ absorp-
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tions to account for the broad ill-defined lines (Lot-
gering and van Diepen 1977). In these spinels a strong
perturbation of the electron delocalization due to vary-
ing next nearest cation neighbours, chemical inhomo-
geneities, defects of the crystal structure, etc. has to be
expected.

The question concerning a distribution of relaxation
rates may be related to the stoichiometry and the im-
purity content of the natural ilvaite crystals thus caus-
ing differences in the spectra of different specimens. Mi-
croprobe analysis showed the contents of ions such as
Mn?*, Mg?*, AI*+ substituting for Fe>* and Fe** to
be relatively small in our sample and therefore the ac-
ceptance of one distinct relaxation rate is justified es-
pecially with regard to the fact that electron exchange
takes place between Fe?* and Fe®™ ions in one crystal-
lographic site of the ilvaite structure.

The isomer shifts S(Fe®*,8d) and S(Fe®*,4c) (see
Fig. 3) show a weak decrease with increasing tempera-
ture as expected from the variation of the second-order
Doppler shift. Also the slight decrease with increasing
temperature of the quadrupole splittings (Fig. 4) for
these sites is typical of a valence contribution domi-
nated electric field gradient with a temperature depen-
dence determined by the Boltzmann population of the
orbital states split by the crystal field. The relatively
high values of quadrupole splitting and isomer shift for
Fe’+(8d) are both indicative that the actual d-electron
configuration is not 34> but rather 3d°** yielding an
increased s-electron shielding by the 3d electrons. The
sign of quadrupole interaction for Fe®*(84) and
Fe?*(8d) had to be assumed to be the same. This may
occur if also for Fe**(84d) the valence contribution to
the electric field gradient is considerably larger than the
ligand contribution. This again supports a higher d oc-
cupancy than 34> for Fe’*(8d). Note that previous
evaluation attempts neglecting relaxation (Heilmann et
al. 1977, Evans and Amthauer 1980) had the inevitable
result that both isomer shift and quadrupole splitting
for Fe®*(8d) were slightly increasing on approaching
400K from below. Our data show that Fe**(84) is in-
volved in the electron hopping with Fe?*(8d), but that
no additional change of electron configuration of
Fe3*(8d) occurs with temperature.

In contrast both isomer shift and quadrupole split-
ting for Fe?*(8d) reveal a relatively strong decrease be-
tween room temperature and ca. 360 K. At still higher
temperatures the variation of these quantities is again
flat and their values indicate an intermediate electronic
configuration between divalent and trivalent. We inter-
pret this behaviour with an intrinsic delocalization of d
electron density from Fe?*(8d). This delocalization oc-
curs in addition to the intersite electron hopping be-
tween Fe?*(8d) and Fe®*(8d). The charge delocalized
from Fe?*(8d) does not occupy another localized state
and rather can be thought to be transfered to band-like
states, a view, which is also supported by previous pres-
sure data (Evans and Amthauer 1980). Fe?*(84) be-
comes more trivalent in character by this process,
whereas Fe>*(8d) remains unchanged.

The anomalous variation for the quadrupole inter-
action of Fe?*(84d) has been previously described quali-
tatively by Grandjean and Gerard (1975) assuming a
fast fluctuation (~10'2s~1) of the Fe®>*(8d) hyperfine

interactions with those of a “trivalent” state. This “tri-
valent” state is generated at the former Fe?*(84d) site
due to charge delocalization. The thereby delocalized
charge of Fe?*(84d) is not transfered to Fe®*(8d) neigh-
bours which stay unaffected by this fluctuation process.
This model is in principle identical to our view of the
intrinsic delocalization. It should, however, not be con-
fused with the intersite electron hopping which was ne-
glected by those authors.

The hyperfine fluctuation due to intersite electron
hopping occurs at a far slower time scale (107-10%s~1,
see Fig. 5) and thus makes necessary the data evalua-
tion using the explicit relaxational line shape given in
Equation 5. Nota bene, the analysis showed that all
Fe?*(8d) and Fe®*(84d) ions are involved in the relax-
ation process with nearly constant occupation. This
gives strong evidence that the hopping occurs homo-
geneously among nearly equivalent sites along the 8d
chains. The fitted activation energy E=0.11¢V of the
Arrhenius law describing the temperature dependence
of the fluctuation of the hyperfine interactions is mark-
edly smaller than one quarter of the optical absorp-
tion energy maximum £E,=0.38¢V assigned to
Fe?™ —»Fe* charge transfer recorded on ilvaite (Am-
thauer and Rossman 1984). JE,, would be the maxi-
mum possible value for the activation of hopping due
to the small polaron mechanism, if charge transfer oc-
curs between neighbouring parabolic potential wells
(Austin and Mott 1969). The comparatively low acti-
vation energy evaluated from the Mdossbauer spectra
may arise from deviations of parabolic potential shape
and overlap effects.

The reported activation energy from the conduc-
tivity on similar ilvaite samples are 0.24¢eV and 0.15¢V
(Gerard and Grandjean 1975; Heilman ct al. 1977) and
thus are higher than the activation energy of 0.11eV
from our Mossbauer data. This may be caused by com-
positional differences and also by the fact that these dc
data are not based on measurements on single crystal-
line material. Preliminary data from a single crystal of
the presently studied ilvaite show a strongly anisotropic
conductivity behaviour with highest conductivity along
the c-axis parallel to the 84 double chains. Careful
measurements of the temperature dependence are under
progress.

The pre-exponent of the Arrhenius law in Equation
6, 1,=9x 108s~! indicates that the electron hopping
occurs “non-adiabatically”. This means that the chance
for an electron hop is small during a typical optical
phonon fluctuation period (a pre-condition we had al-
ready introduced for the relaxation treatment). A, is
basically determined by the square of an overlap in-
tegral I=I,e *® between neighbouring iron ions,
R~3A being the nearest neighbours distance of these
ions and «~! a typical fall-off distance of the wave
function. According to Austin and Mott (1969) A, is
slightly temperature dependent:

n I?
o=£ﬁ~ (7
h /E k,T

From our data one thus estimates I to be only about
0.15meV which is mainly caused by the smallness of
the involved exponential.
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