
INTRODUCTION

The minerals of the lazulite group are basic hydroxo-phos-
phates with the general chemical composition M2+M2

3+

(PO4)2(OH)2. They crystallize in the monoclinic space group P21/c
with two formula units per unit cell (Lindberg and Christ 1959),
and comprise, besides the name-giving lazulite with M2+M2

3+=
Mg2+Al2

3+, the end-members scorzalite with M2+M2
3+ = Fe2+Al2

3+,
barbosalite with M2+M2

3+ =Fe2+Fe2
3+, and hentschelite (Sieber et

al. 1987) with M2+M2
3+ = Cu2+Fe2

3+. A complete solid-solution
series has been established between lazulite and scorzalite
(Schmid-Beurmann et al. 1999) but not among the other end-
members. The crystal structure of lazulite, scorzalite, and
barbosalite was first solved correctly by Lindberg and Christ
(1959). However, those authors did not refine the atomic co-
ordinates and did not give the the positions of the H-atoms, but
that information has been supplied by more-recent structure
determinations on lazulite (Giuseppetti and Tadini 1983) and
on barbosalite (Redhammer et al. 2000). The structure consists
of OH-corner-sharing M3+-octahedra forming chains parallel
to the crystallographic c-axis. Every second pair of M3+-octa-
hedra of two adjacent chains is linked to each other by an M2+-
octahedron along the b-axis in such a way that each
M2+-octahedron shares faces with two M3+-octahedra. In addi-
tion, the M3+-octahedral chains are linked by nearly regular
phosphate tetrahedra having one of their pseudo 4–-axis oriented
along the crystallographic b-axis.

Spectroscopic investigations cover studies by optical

(Amthauer and Rossman 1984) and Mössbauer spectroscopy
(Mattievich et al. 1979; Amthauer and Rossman 1984; Rouzies
and Millet 1993; Millet et al. 1995; Schmid-Beurmann et al.
1999; Redhammer et al. 2000). All Mössbauer spectra reveal
two distinct doublets corresponding to high-spin Fe2+ and Fe3+,
respectively. In spite of the rather short Fe-Fe distance of 2.832
Å in barbosalite at room temperature (Redhammer et al. 2000),
the Mössbauer spectra up to 400 K do not give any indication
for valence delocalization. On the other hand, the dark-green
to opaque color suggests the existence of an intervalence tran-
sition so that barbosalite belongs to the class 1 of mixed va-
lence compounds (Hush 1967). The low-temperature (80 K)
quadrupole splitting of the Fe2+ is very large, with 4.04 mm/s
in Fe-bearing lazulite (sign not determined, Amthauer and
Rossman 1984) and with about –3.80 mm/s in barbosalite
(Mattievich et al. 1979; Redhammer et al. 2000) where the nega-
tive sign in the latter case has been inferred from the magneti-
cally split spectrum resulting from the magnetic ordering below
the Neel temperature of 160 K. This negative sign is unex-
pected in so far as the first coordination sphere of Fe2+ resembles
a trigonally elongated octahedron. Consequently, the degen-
eracy of the t2g-like spin-down orbitals is lifted in such a way
that the eg-like orbitals are below the nondegenerate a1g orbital.
Such a splitting pattern, however, should lead to a positive sign
for the quadrupole splitting as detected, e.g., in another three-
iron cluster with linear arrangement (Paulsen et al. 1994). It is
then not clear if the origin of the negative sign of the quadru-
pole splitting in barbosalite is caused by some specific geo-
metrical arrangement of the higher coordination spheres or by
the magnetic interaction of Fe2+ with the neighboring Fe3+-ions.* E-mail: michael.grodzicki@sbg.ac.at
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ABSTRACT

The Fe end-members scorzalite [Fe2+Al2
3+(PO4)2(OH)2] and barbosalite [Fe2+Fe2

3+(PO4)2(OH)2] of
the lazulite series have been investigated by Mössbauer and diffuse reflectance spectroscopy, and by
electronic structure calculations in the local spin density approximation. The measured quadrupole
splitting (DEQ = –3.99 mm/s) in scorzalite is in quantitative agreement with the calculated value
(DEQ = –3.90 mm/s), as well as its temperature dependence. The optical spectrum of barbosalite can
be resolved into three peaks at 8985 cm–1, 10980 cm–1, and 14110 cm–1. These positions correlate
well with the two calculated spin-allowed d-d transitions at 8824 cm–1 and 11477 cm–1, and with an
intervalence charge transfer transition at about 14200 cm–1. The calculated low-temperature mag-
netic structure of barbosalite is characterized by a strong antiferromagnetic coupling (J = –84.6
cm–1) within the octahedral Fe3+-chains, whereas a weak antiferromagnetic coupling within the
trioctahedral subunit cannot be considered as conclusive. The analysis of the charge and spin densi-
ties reveals that more than 90% of the covalent part of the iron-ligand bonds arises from the Fe(4s,4p)-
electrons. Clusters of at least 95 atoms are required to reproduce the available experimental data
with quantitative accuracy.
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To arrive at a more detailed understanding of the electronic
and magnetic structure of the Fe-bearing lazulites, a combined
theoretical and experimental study is presented in this work.
On the theoretical side, electronic structure calculations were
performed in the local spin density approximation (LSDA) on
clusters of varying size, geometry, and composition. Experi-
mentally, diffuse reflectance spectra of scorzalite and
barbosalite have been recorded that also help to assess the reli-
ability of the theoretical approach. In addition, Mössbauer spec-
tra have been measured in an external field of 7T on scorzalite
to explore if the sign of the Fe2+ quadrupole doublet remains
negative when the neighbouring Fe3+-ions are absent.

EXPERIMENTAL AND THEORETICAL METHODS

Mössbauer spectra on a synthetic scorzalite sample (Schmid-
Beurmann et al. 1999) were recorded using a conventional spec-
trometer in the constant acceleration mode. Isomer shifts are
given relative to a-Fe at room temperature. The spectra ob-
tained at low fields (20 mT) were measured in a helium-bath
cryostat (Oxford Instruments MD 306) equipped with a pair of
circular permanent magnets. For the high-field spectra, a cry-
ostat with a superconducting magnet was used (Oxford Instru-
ments Spectromag 4000). Whereas the low-field spectra were
analyzed by least-square fits using Lorentzian line shape with-
out imposing any restrictions, the spectra measured in high
magnetic fields were simulated on the basis of the spin-Hamil-
tonian approximation for paramagnetic Fe centers (Schünemann
and Winkler 2000). This procedure includes an averaging over
all orientations of the randomly oriented paramagnetic Fe sites
as the measurements were performed on powder samples. In
order to keep the number of parameters small, the reference
frames for the electronic g-tensor, the hyperfine coupling ten-
sor A, and the electric field gradient tensor have been taken as
collinear.

The diffuse reflectance spectra of the synthetic scorzalite
sample (Schmid-Beurmann et al. 1999) and of a powder sample
of the natural barbosalite from Bull Moose Mine, South Da-
kota U.S.A. (Redhammer et al. 2000), were measured at room
temperature on a Perkin-Elmer Lambda 19 spectrometer. A
stepscan of 60 nm per minute was used in the range between
30 000 and 5000 cm–1 (333 to 2000 nm), and the NIR-sensivity
was set on 6. Absorption was measured using the FR-mode
based on the Kubelka-Munk relation (Kubelka and Munk 1931;
Kortüm and Oelkrug 1966) with teflon as the white reference
standard. Because of strong absorption in barbosalite (dark-
green color) the sample was diluted with LiF not absorbing in
the measured range. Peak positions, half widths, and intensi-
ties of the bands were obtained by the PEAKFIT software
(Jandel Corporation). The asymmetric baseline caused by Fe3+-
O charge-transfer transitions was fitted by the descending part
of the function sigmoid, and the line shapes of the absorption
bands were assumed to be Gaussians.

The calculations have been performed in local spin density
approximation (LSDA) by the spin-polarized, self-consistent
charge (SCC-)Xa method (Grodzicki 1980, 1985). However,
the Xa-potential (with a = 0.7) was only used for the evalua-
tion of the two- and three-center integrals, whereas the one-
center integrals are derived from all-electron (relativistic)

atomic Dirac-Fock calculations. Furthermore, the core elec-
trons enter the two- and three-center integrals via a
pseudopotential also derived from relativistic atomic calcula-
tions. The method is hence ab initio in the sense that it does not
contain any adjustable parameter. The valence basis set con-
sists of 2s-, 2p-orbitals for O and F; 3s-, 3p-orbitals for Mg, Al,
and P; and 3d-, 4s-, 4p-orbitals for Fe.

Within the framework of the LSDA, ionization and excita-
tion energies are usually calculated by the transition-state pro-
cedure (Slater 1974). In most cases, this calculation leads to a
uniform shift of all orbital energies so that energy differences
are affected only to a minor extent. Accordingly, d-d excitation
energies are determined as the respective orbital energy differ-
ences whereas intervalence charge transfer (IVCT) excitations
are computed alternatively as transition-state energies and as
total energy differences, respectively. The (isotropic)
Heisenberg coupling constant J occurring in the Heisenberg
Hamiltonian:

H J S SAB A B= -2
r r (1)

which describes the coupling between two localized spins at
sites A and B, is calculated on the basis of the broken symme-
try formalism (Noodleman 1981) according to

J
E S E S

S S
= - -

-
( ) ( )max min

max min
2 2 (2)

where E(S) is the total energy for the spin state S. Positive val-
ues of J correspond to parallel or “ferromagnetic”, negative
values to antiparallel or antiferromagnetic coupling of the two
spins

Æ
S

A
and

Æ
S

B
.

The measured quadrupole splitting DEQ is related to the com-
ponents |Vzz| |Vyy| |Vxx| of the electric field gradient (efg)
tensor in its principal axes system by

DEQ = (1/2) eoQVzz (1 + h2 / 3)1/2 (3)

where eo denotes the (positive) elementary charge, and the
asymmetry parameter h = (Vxx – Vyy)/Vzz, describing the devia-
tion of the efg from axial symmetry, can take values between 0
and 1. The size of the nuclear quadrupole moment Q of the
first excited state of 57Fe is assumed to be between 0.15 and
0.17 barn (Ray and Das 1977; Lauer et al. 1979; Dufek et al.
1995; Blaha et al. 2000). Experimentally determined isomer
shift differences Dd of the same Mössbauer nucleus in differ-
ent chemical environments A and B are related to the corre-
sponding differences of the electron densities r(0) at the
Mössbauer nuclei:

Dd = dA – dB = a[rA(0) – rB(0)] (4)

The isomer shift calibration constant a for 57Fe covers val-
ues in the range of (–0.25 ± 0.03) ao

3 mm/s, according to results
from nonempirical electronic structure calculations (Duff 1974;
Nieuwpoort et al. 1978; Akai et al. 1986; van der Heyden et al.
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1987; Zhang et al. 1987; Eriksson and Svane 1989; Jansen et
al. 1992).

The calculation of the efg-tensor and of the electron den-
sity at the nucleus within the framework of a valence-electron-
only electronic structure calculation has been described in detail
previously (Grodzicki et al. 1987; Grodzicki and Amthauer
2000). With respect to a basis set of atomic orbitals, the efg
tensor can be decomposed into three different contributions,
viz., the valence contribution arising from the anisotropy of
the valence shell of Fe, the covalence contribution describing
the anisotropy of the bonding electrons between Fe and the
surrounding ligands, and the ligand contribution arising from
the ion cores and the valence electrons of the ligands. The po-
larization of the core electrons of the Fe atom is accounted for
by the Sternheimer shielding function g(r), which has been
derived from atomic self-consistent first-order perturbation
calculations (Lauer et al. 1979). In the principal axes system of
the efg-tensor, the efg Vzz is simply the sum of the valence-, cova-
lence-, and ligand-contributions, and the usually dominating va-
lence contribution is roughly proportional to the anisotropies

Dnd = nx
2

–y
2 + nxy – nz

2 – (nxz + nyz)/2 (5)

Dnp = (nx + ny)/2 – nz (6)

of the Fe(3d)-shell and Fe(4p)-shell occupations ni of the i-th
orbital, respectively. Whereas it follows immediately that the
anisotropy of the Fe(3d)-shell dominates the efg for high-spin
Fe2+, it is often assumed that for high-spin Fe3+ the ligand con-
tribution should be the largest. However, several calculations
have demonstrated that the valence contribution generally domi-
nates even when the anisotropy should vanish according to crys-
tal-field theory (Keutel et al. 1999; Grodzicki et al. 2000;
Grodzicki et al. 2001).

The central problem in calculating r(0) is that, on one side,
the amplitudes jis(0) of the s-orbitals at the Mössbauer atom
require a very high degree of accuracy whereas on the other
side, the core orbitals are not included in a valence-electron-
only method. For this reason, the amplitudes jis(0) of both the
core and valence s-orbitals at the origin are determined for the
free ion by highly accurate, fully numerical (i.e., basis-set free)
relativistic atomic calculations for a certain number of valence
shell configurations. In case of 57Fe, these configurations are
4sn 3dm with n = 0,1,2 and m = 4,5,6,7 (except for 4s2 3d7).
From these eleven values, an interpolation formula is derived
as a function of the valence shell occupation numbers ns and nd

for each atomic core and valence s-orbital of Fe:

4 0 2 2pj i
rel ( ) = + + + + +a a n a n a n a n n a nio is d id d iss s isd s d idd d

   (7)

It should be emphasized that the valence orbitals of the
Mössbauer atom are included in this procedure because the size
of the basis set entering the cluster calculation is usually not
suffcient, especially for large systems.

RESULTS AND DISCUSSION I: SCORZALITE

The Mössbauer spectra of scorzalite recorded at 4.2 K in
fields of (a) 20 mT, (b) 7 T perpendicular, and (c) 7 T parallel

to the g-beam are shown in Figure 1. In the field of 20 mT, a
doublet with an isomer shift d = 1.25 mm/s (relative to a-Fe)
and a quadrupole splitting DEQ = 3.99 ± 0.02 mm/s, character-
istic for high-spin (S=2) Fe2+ is observed. These values are in
close agreement with previous low-temperature measurements
on an Fe-bearing lazulite (Amthauer and Rossman 1984). The
application of large external fields induces a magnetic hyper-
fine splitting that has been simulated successfully by a spin
Hamiltonian formalism (Schünemann and Winkler 2000) with
the parameters listed in Table 1. The analysis yields a positive
zero field splitting D = 4 cm–1 and a nonvanishing rhombicity
of E/D = 0.2 ± 0.1. The asymmetry parameter has been deter-
mined as h = 0.6 ± 0.2, and the sign of the quadrupole splitting

FIGURE 1. Mössbauer spectra of scorzalite at 4.2 K in fields of (a)
20 mT, (b) 7 T perpendicular, and (c) 7 T parallel to the g-beam. The
solid line in (a) is a Lorentzian fit yielding an isomer shift d = 1.25(2)
mm/s, a quadrupole splitting DEQ = 3.99(2) mm/s, and a line width G =
0.32(2) mm/s. The solid lines in (b) and (c) represent spin Hamiltonian
simulations with the parameter set of Table 1.
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is negative so that the sign of DEQ is invariant with regard to
the occupation of the M3+-octahedra with Al or Fe3+, respec-
tively. These results are confirmed by measurements taken at
200 K (Fig. 2). At this temperature, all fine structure levels are
equally populated and fast relaxation among them causes a
quasidiamagnetic spectrum to be observed. The shape of the
spectrum in a field of 7 T (Fig. 2b) again proves the negative
sign of the electric field gradient. The spin-Hamiltonian simu-
lation of the spectrum at 200 K with the parameters derived
from the field-dependent data at 4.2 K reproduces the asym-
metry and the overall shape of the magnetic pattern, but not
the details of the magnetic splitting. The misfit between simu-
lated and experimental data may indicate that due to spin-spin
interactions, the spins of the Fe sites are not in the fast relax-
ation limit (i.e., relaxation rate >> 107s–1) of Mössbauer spec-
troscopy even at T = 200 K.

The diffuse reflectance spectrum of scorzalite exhibits a
broad asymmetric band between 5000 and 20000 cm–1 (Fig.
3a), and is almost identical with the optical absorption spec-
trum of a natural lazulite with 0.19 Fe atoms per formula unit
(apfu) (Amthauer and Rossman 1984). At least two absorption
lines are necessary to model this broad band; however, the best
results are obtained assuming three Gaussian-shaped absorp-
tion lines centered at 14870 cm–1, 12120 cm–1, and 10490 cm–1.
With regard to the differences in intensities and half widths,
the latter two bands are assigned to spin allowed d-d transi-
tions of Fe2+, whereas the most intense band at 14870 cm–1 with
a half width of about 5000 cm–1 is interpreted as an IVCT tran-
sition between Fe2+ and Fe3+ arising from about 0.05 apfu Fe3+

content of the synthetic scorzalite sample (Schmid-Beurmann
et al. 1999). A weak band at 22890 cm–1 arises from a spin-
forbidden d-d transition to the (4A1, 4Eg) states of Fe3+ (Amthauer
and Rossman 1984).

The first series of cluster molecular-orbital-(MO-)calcula-
tions on scorzalite investigates the dependence of the available
spectroscopic data on the cluster size. As a complete refined
geometrical structure of scorzalite itself is not yet available,
these calculations are based on the fractional coordinates of
lazulite (Giuseppetti and Tadini 1983) combined with the re-
cently determined lattice parameters of scorzalite (Schmid-
Beurmann et al. 1999). The local environment of Fe2+

corresponds approximately to a trigonally elongated octahe-
dron so that the following analysis conveniently uses the trigo-
nal representation of the d-orbitals:

t zg2
0 2= (8)

t g2

2
3

1
2

± ± ±= d pm (9)

eg
± ± ±= ±1

3
2
3

d p (10)

with d d p+ - += - = =x y xy xz2 2 , , and p - = yz .  In a trigo-
nally elongated octahedral environment, the t2g-like orbitals split
according to ligand field theory in such a way that the degener-
ate t±

2g-doublet is below the t0
2g-orbital. From the MO-calcula-

tion, this splitting pattern is also obtained for the two smallest
clusters FeO6

10– and Fe(OH)6
4–, respectively, comprising just the

first coordination sphere of Fe2+. The spin-down t±
2g-orbitals are

slightly split by 16 and 42 meV, respectively, whereas the t0
2g-

orbital is about 95 meV higher in energy. The occupied spin-
down Fe(3d)-orbital exhibits predominantly dx2–y2-character with
some admixture of dxz, dyz and dxy. Consequently, the calculated

TABLE 1. Hyperfine parameters of high-spin Fe2+ (S = 2) in scorzalite for T = 4.2K, as obtained from the spin Hamiltonian simulations*
d (mm/s) DEQ (mm/s) G(mm/s) h D(cm–1) E/D Aii/gNmN (T)
 1.25(2) –3.99(2) 0.27(3) 0.6(2) 4(1) 0.2(1) –9.7(1.5), –8.4(1.5), –5.4(2.0)
*  d = isomer shift, DEQ = quadrupole splitting, G = line width, h = asymmetry parameter, D = zero-field splitting, E/D = rhombicity, Aii = diagonal
elements of the hyperfine coupling tensor.

FIGURE 2. Mössbauer spectra of scorzalite at 200 K in fields of (a)
20 mT perpendicular and (b) 7 T parallel to the g-beam. The solid line
in (a) is a Lorentzian fit yielding an isomer shift d = 1.20(2) mm/s, a
quadrupole splitting DEQ = 3.63(2) mm/s, and a line width G = 0.32(2)
mm/s. The solid line in (b) represents a spin Hamiltonian simulation
with the parameter set of Table 1, except d, DEQ, G that were taken
from the Lorentzian fit of (a).
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quadrupole splitting is positive in both cases with 2.73 mm/s
(h = 0.79) and 3.33 mm/s (h = 0.09), respectively (cf., Table 2).

Adding next the two face-sharing Al-octahedra with the ter-
minal oxygen atom replaced by fluorine in order to keep the
total cluster charge small, yields a completely different picture
for the resulting 21 atom-containing cluster [Fe(OH)6(AlF3)2]4–.
The quadrupole splitting is now negative with –4.15 mm/s (h
= 0.42) — in almost quantitative agreement with experiment,
and the t0

2g-orbital becomes the occupied spin-down Fe(3d)-or-
bital. Hence, it is the positive ligand field of the two Al atoms
that stabilizes the t0

2g relative to the t±
2g orbitals. However, fur-

ther increasing the cluster size reveals this result as fortuitous,
namely, adding the four phosphate tetrahedra bounded to the
oxygen atoms of the first coordination sphere, again reverses
the sign of the quadrupole splitting. Expanding the cluster up
to 87 atoms does not change the situation, although the increase
of the asymmetry parameter from 0.36 to 0.77 (Table 2) indi-
cates a tendency that the direction of the efg will change. This
happens, actually, for the cluster with 95 atoms and the com-
position FeAl2O8(OH)4-P4O6(OH)6-P6Al6O8Mg4F30. This clus-
ter provides the proper description of the environment of the
central Fe within a sphere of 5.25 Å in the sense that all cations
are included up to this distance and that all anions are correctly
represented as oxygen atoms. This finding resembles the re-
sults of recent calculations on fayalite where the correct envi-
ronment of Fe within a sphere of 5.2 Å was required to obtain
the proper orientation of the efg (Lottermoser et al. 2002). In-
creasing the cluster size stepwise up to 147 atoms does not
lead to any appreciable change in the d-d-excitation energies
and the efg (Table 2) so that a cluster of 95 atoms appears to be
size convergent with respect to the calculated spectroscopic
data. Moreover, whereas the 95 atom cluster is highly compact
in the sense that within a sphere of 6.42 Å only four non-hy-
drogen atoms have been omitted, this compactness is lost for
the larger clusters. Finally, because the exact structural data of
scorzalite itself are not known, additional calculations have been
carried out for comparison: (1) by combining the fractional co-
ordinates of lazulite (Giuseppetti and Tadini 1983) with the
lattice parameters of barbosalite (Redhammer et al. 2000), de-

noted as cluster 95B in Table 2; (2) by combining the lattice
parameters of scorzalite (Schmid-Beurmann et al. 1999) with
the fractional coordinates of barbosalite (cluster 95C); and (3)
by the structural data of barbosalite itself (cluster 95D). Al-
though the quadrupole splitting shows only minor variations,
the asymmetry parameter and the d-d-excitation energies vary
considerably so that a conclusive comparison between the mea-
sured and calculated spectroscopic data is somewhat limited
under this aspect.

Despite these uncertainties, the theoretical results are in sat-
isfactory agreement with the available experimental data. The
quadrupole splitting of –3.90 mm/s for the 95 atom cluster (as-
suming a nuclear quadrupole moment of 0.16 barn for Fe) is
close to the measured value of –3.99 mm/s at 4.2 K, and the
two largest calculated d-d excitation energies in the range from
10147 cm–1 to 10921 cm–1 and from 12687 cm–1 to 13131 cm–1,
respectively, (Table 2) compare well with the two measured
absorption peaks at 10490 cm–1 and 12120 cm–1 (Fig. 3a), hav-
ing in mind that d-d excitation energies are usually overesti-
mated by about 10–20% in the LSDA. The measured asymmetry
parameter h = 0.6 ± 0.2 is somewhat larger than the calculated
one, but is still in the range of h-values as a function of cluster
size and structural variations displayed in Table 2.

Decomposition of the efg into its various contributions as

TABLE 2. Calculated d-d excitation energies in cm–1 and quadru-
pole splittings DEQ (in mm/s with h in brackets) for
scorzalite clusters of various size

Atoms t+
2g* t–

2g* e +
g e–

g DEQ (h)
7 129 726 8259 10066 +2.73(0.79)
13 339 807 9106 10856 +3.33(0.09)
21 629 911 10429 12348 –4.15(0.42)
45 113 589 9380 13405 +3.12(0.36)
51 234 508 10195 12445 +3.76(0.44)
67 387 702 10380 12937 +3.84(0.56)
87 581 1000 10485 13526 +3.67(0.77)
95 419 863 10921 13131 –3.90(0.42)
105 395 952 10276 13010 –3.81(0.44)
117 427 976 10147 12816 –3.77(0.37)
129 436 968 10324 12687 –3.80(0.29)
139 419 976 10243 12776 –3.77(0.31)
147 387 920 10380 13058 –3.84(0.47)
95B 403 928 8038 11192 –3.88(0.61)
95C 597 1170 11006 14716 –3.71(0.82)
95D 581 1008 8920 11606 –3.81(0.66)
Exp – – 10490 12120 –3.99(0.6)
*  Ordering for clusters with negative quadrupole splitting; for those with
positive quadrupole splitting the ordering is t –

2g, t 0
2g.

FIGURE 3. Diffuse reflectance spectra of (a) scorzalite and (b)
barbosalite. The resolution into the intervalence charge transfer (IVCT)
band (full line) and the two spin-allowed d-d transitions broken line)
is displayed in the insert.
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described above shows that the efg arises almost exclusively
from the 3d-shell anisotropy Dnd (–3.86 mm/s) while the other
contributions are nearly negligible, viz., –0.10 mm/s arising
from the 4p-shell anisotropy, –0.09 mm/s from the covalence,
and +0.15 mm/s from the ligand contribution. Moreover, within
the 3d-shell, neither the spin-up electrons (Dnd = 0.008) nor the
covalent admixtures of the four formally empty spin-down or-
bitals (Dnd = –0.022) contribute significantly so that the 3d-
shell anisotropy is virtually identical with the (negative of the)
occupation number of the occupied spin-down t0

2g-orbital. Ac-
cordingly, the large quadrupole splitting does not necessarily
indicate very ionic Fe-O bonds. To the contrary, the average
value 0.205e of the Fe-O overlap population is even larger than
that of the A-site in vivianite (average value = 0.186e; Grodzicki
and Amthauer 2000) that exhibits a quadrupole splitting of only
2.59 mm/s.

The temperature dependence of the efg can be simulated
easily, provided that this dependence arises predominantly from
thermal population of the low-lying unoccupied molecular or-
bitals. The thermal occupation of these orbitals at temperature
T can be related to the corresponding orbital energy differences
de according to exp(–de/kBT) with the Boltzmann constant kB.
As can be seen from the fourth column of Table 3, the rela-
tively small splitting between the highest occupied and the low-
est unoccupied molecular orbitals in the range between 387
and 436 cm–1, obtained for clusters with at least 95 atoms (sec-
ond column in Table 2), yields a pronounced calculated tem-
perature dependence of the quadrupole splitting in quantitative
agreement with the corresponding measurements on lazulite
and scorzalite (second and third column of Table 3).

RESULTS AND DISCUSSION II: BARBOSALITE

The diffuse reflectance spectrum of barbosalite is charac-
terized by an absorption edge at 36360 cm–1 and a broad asym-
metric band between 5000 and 20000 cm–1 (Fig. 3b). As with
scorzalite, the best results are obtained assuming three
Gaussian-shaped absorption lines centered at 14110 cm–1, 10980
cm–1, and 8985 cm–1. Again, the latter two bands are assigned
to spin allowed d-d transitions of Fe2+, whereas the most in-
tense band at 14110 cm–1 with a half width of more than 3000
cm–1 arises from the IVCT transition between Fe2+ and Fe3+.
These values for barbosalite are somewhat smaller than those
for scorzalite and the lazulite with 0.19 Fe apfu content
(Amthauer and Rossman 1984) because the Fe octahedra in
barbosalite are slightly expanded. These changes are also ap-
parent in the calculations yielding a reduction of about 1500

cm–1 for the highest d-d transition energy in going from the
scorzalite to the barbosalite structure (clusters 95 and 95D, re-
spectively, in Table 2). Two weak bands at 22517 cm–1 and
25075 cm–1 arise from spin-forbidden Fe3+ d-d transitions.

The cluster MO-calculations for barbosalite are based on
the recently refined structural data (Redhammer et al. 2000)
and are restricted to the 95 atom cluster as the most compact
model for the environment of the Fe2+. In the first step, the
mode of spin coupling between Fe2+ and Fe3+ within the tri-
octahedral subunit has been determined as weakly antiferro-
magnetic with a coupling constant J = –18 cm–1. However, for
the following reasons, this result cannot be considered as con-
clusive. First, SCC-Xa generally favors antiferromagnetic (af)
coupling compared with a ferromagnetic (fm) one (Antony et
al. 1997). Second, for the antiferromagnetic case the calcula-
tion yields a small admixture of the lowest empty (minority
spin) d-orbital of Fe3+ to the highest occupied (majority spin)
d-orbital of Fe2+ which is not present in the case of the ferro-
magnetic spin alignment. Third, removing this admixture by
replacing Fe2+ with Mg, yields hyperfine parameters for Fe3+

that are almost identical with the ferromagnetic case. Altogether,
it cannot be excluded that this admixture may be an artifact of
the calculation. For this reason, the spectroscopic data have
been calculated for both spin arrangements. The d-d transition
energies are obtained as 9180 cm–1 and 11840 cm–1 (af), and as
8824 cm–1 and 11477 cm–1 (fm), both pairs of energies being
close to the measured ones. The energy of the IVCT transition
with respect to the ferromagnetic spin arrangement can be de-
rived alternatively from the total energy difference between
the ground state and the excited state, where the spin-down d-
electron is transferred from the Fe2+ to the Fe3+, or from the
orbital energy difference of a transition state calculation where
only one half of the spin-down d-electron is transferred to the
lowest spin-down d-orbital of the Fe3+. The first procedure yields
an IVCT energy of 14100 cm–1, in perfect agreement with the
experimental value of 14110 cm–1, whereas the result of the
transition-state calculation, displayed in Figure 4, is only in-
significantly larger at 14324 cm–1.

The (relativistic) electronic charge densities at the Fe nu-
clei are calculated as 15072.58 ao

–3 at Fe3+ and as 15069.78 ao
–3

at Fe2+ for the fm spin arrangement. The resulting charge-den-
sity difference of 2.80 ao

–3 is predominantly due to the change
in the 3s density with 2.62 ao

–3 whereas the other contributions
are about an order-of-magnitude smaller, viz., 0.46 ao

–3 (4s),
–0.45 ao

–3 (2s), and 0.17 ao
–3 (1s). Assuming a calibration con-

stant of –0.25 ao
3 mm/s, the calculated isomer shift difference

between the Fe2+ and the Fe3+ is 0.70 mm/s (0.59 mm/s for the
af spin arrangement) close to the measured 0.66 mm/s at 80 K
(Redhammer et al. 2000). The calculated ferrous and ferric qua-
drupole splittings are –3.79 mm/s (h= 0.87) and –0.58 mm/s
(h= 0.99), respectively, for the antiferromagnetic and –3.81
mm/s (h= 0.90) and +0.37 mm/s (h= 0.75), respectively, for
the ferromagnetic case. These results are again in excellent
agreement with the experimental values of –3.798 mm/s and
0.273 mm/s (sign not determined) measured at T = 80 K
(Redhammer et al. 2000). Decomposing the efg into its va-
lence, covalence and ligand contributions yields results for the
Fe2+ that are almost identical with those in scorzalite whereas

TABLE 3. Temperature dependence of the quadrupole splitting DEQ

(in mm/s) for Fe2+ in lazulite (laz), scorzalite (sco), and
barbosalite (bar)

T(K) laz(exp)* sco(exp) sco(cal)† bar(exp)‡ bar(cal)†
4.2–80 (–)4.04(1) –3.99(2)† –3.90 –3.798(15) –3.81
150 – – –3.80 –3.748(15) –3.79
200 – –3.63(2)† –3.62 (–)3.689(1) –3.73
295–300 (–)3.32(1) (–)3.22(1)§ –3.21 (–)3.513(1) –3.45
400 (–)2.95(1) – –2.69 – –3.05
* Amthauer and Rossman 1984.
† This work.
‡ Redhammer et al. 2000.
§ Schmid-Beurmann et al. 1999.
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for Fe3+, the valence contribution is smallest (+0.01 mm/s), as
expected according to ligand field theory, but now the cova-
lence contribution (+0.24 mm/s) is twice as large as the efg
arising from the ligands (+0.12 mm/s). Hence, even in this case
of a nearly spherical Fe(3d)-shell a point-charge approxima-
tion for the efg does not give the correct picture.

Altogether, the only significant deviation between measured
and calculated spectroscopic data occurs in the asymmetry pa-
rameter h derived as 0.25 for the Fe2+ site from the low-tem-
perature magnetic spectrum (Redhammer et al. 2000). In
particular, compared with scorzalite, the measured h for
barbosalite is smaller whereas the calculated h for barbosalite
is larger indicating a more distorted environment of the Fe2+

site. Such an increased distortion is also reflected in the larger
splitting of the spin-down t2g-manifold that amounts to 613 cm–1

and 1024 cm–1 with respect to the t0
2g-orbital. Accordingly, the

calculated temperature dependence of the quadrupole splitting
is less pronounced than in scorzalite (last column of Table 3)

in agreement with the experimental results also given in Table
3. This apparent discrepancy between the experimentally de-
rived h and the degree of distortion can be removed by taking
into account that, in a powder spectrum without external field,
the asymmetry parameter h and the angles q and j between the
efg and the internal magnetic field are not independent of each
other (Mattievich et al. 1979). From the correlation diagram
between these three parameters, displayed in Figure 5, it can
be seen that the combination (q,j) = (88 , 55. 5) yields an h-
value of 0.59 that is virtually identical with the measured h in
scorzalite and is much closer to the calculated h for barbosalite.

With regard to the thermodynamic properties, an examina-
tion of the bonding modes of Fe will be instructive. The calcu-
lated effective charges for Fe of +0.60 (Fe2+) and +0.99 (Fe3+),
as well as those for the oxygen atoms between –0.35 and –0.44
exhibit substantial deviations from the formal oxidation states
of +2, +3, and –2, respectively, and indicate considerable co-
valent character. The occupation of the valence shells of iron,
viz., Fe2+(4s0.63 4p0.53 3d6.24) and Fe3+(4s0.70 4p0.75 3d5.56), reveal,
however, that this covalent character is mainly due to the 4s-
and 4p-electrons whereas the 3d-shell occupation numbers are
only moderately increased. Correspondingly, the 3d spin den-
sities of 3.72 (Fe2+) and 4.36 (Fe3+) are not too far from the
free-ion values of 4 and 5, respectively. In addition, the de-
composition of the Fe-O overlap populations into the contri-
butions from the 4s–, 4p–, 3d – and 3dØ–orbitals reveals that
the covalent part of the Fe-O bonds is almost exclusively de-
termined by the 4s- and 4p-electrons (Table 4). The 3d -elec-
trons yield a small antibonding (negative) contribution
corresponding to the fact that both the bonding and the
antibonding spin-up linear combinations of the Fe(3d )- and
the O(2p )-orbitals are occupied. Accordingly, the effective
contribution of the 3d-electrons to the bond is at least an order
of magnitude smaller compared with the 4s,4p-electrons, and
the stronger covalency of the Fe3+-O bonds arises solely from
the smaller Fe3+-O distances. Analogous results have been ob-
tained for iron in chlorite (Lougear et al. 2000), vivianite

FIGURE 4. Energy diagram for the spin-down 3d molecular orbitals
of (a) Fe2+ and (b) Fe3+ in barbosalite as obtained from the transition-
state calculation. The lowest d-orbital at each site contains one half of
an electron, and the orbital energy difference of 14324 cm–1 corresponds
to the IVCT energy. The numbers in brackets denote the Fe(3d)
percentage contribution of Fe2+ (first number) and Fe3+ (second number)
to the respective molecular orbital.

FIGURE 5. Variation of the asymmetry parameter h as a function
of the angles (q,j) between the efg and the internal magnetic field for
the ferrous site in barbosalite.



GRODZICKI ET AL.: Fe-BEARING LAZULITES488

(Grodzicki and Amthauer 2000), and epidote (Grodzicki et al.
2001). Consequently, although the covalent contribution may
constitute a relatively small part of the total Fe-O bond energy,
these results suggest that, e.g., a discussion of ligand-field sta-
bilization energies solely in terms of the d electrons requires
careful justification.

Finally, the isotropic magnetic coupling constant J between
two adjacent Fe3+-octahedra within a chain has been determined.
Employing a cluster with 158 atoms, modelling the surround-
ing of a ferric double octahedron, an antiferromagnetic cou-
pling of –84.6 cm–1 or 122 K is obtained which is rather strong
for a pair of hydroxo-bridged Fe3+s. Although the calculated
coupling constant for an isolated pair of Fe3+-octahedra cannot
directly be compared with the measured Neel temperature be-
tween 160 K and 173 K (Redhammer et al. 2000), it is in the
correct order of magnitude and thus appears reasonable.
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TABLE 4. Decomposition of the overlap population of the iron oxy-
gen bonds in barbosalite

d (Å) Total 4s + 4p 3d 3dØ
Fe2+-O3 2.068 0.231 0.220 –0.019 0.030
Fe2+-O5 2.149 0.172 0.167 –0.016 0.021
Fe2+-OH 2.123 0.175 0.166 –0.018 0.027
Fe3+-O1 1.934 0.335 0.296 –0.027 0.066
Fe3+-O3,5* 2.056 0.221 0.208 –0.027 0.040
Fe3+-OH* 2.073 0.204 0.184 –0.024 0.044
* Averaged values.
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