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An X-band electron paramagnetic resonance study of Fe-doped Bi4Ge3O12 crystals at 90 K is reported. From
the angular dependence of the observed resonance lines, the spectra have been attributed to Fe31 ions in
the tetrahedral Ge41 site. A numerical fit of the spin-Hamiltonian parameters has been carried out,
giving gi52.01560.001, g'52.00360.005, b2

0521.03060.001 cm21, b4
05~1062!31024 cm21, and

b4
45~2360618!31024 cm21, where the absolute signs for thebn

m parameters are obtained from measure-
ments at 5 K. The negative value for the ‘‘cubic’’ zero-field splitting parameter (b 4

455a/2) is a striking result
although it can be understood within the framework of the crystal-field theory.@S0163-1829~96!03442-X#

I. INTRODUCTION

Single crystals of Bi4Ge3O12 ~the 2:3 stoichiometry of bis-
muth germanates! have found practical applications as scin-
tillators for detection of high-energy photons and particles.1

Also, they have attracted considerable attention owing to
their potential as a solid-state laser host2 and their applica-
tions in nonlinear optical devices.3,4 Recently, holographic
gratings have been optically induced in undoped samples,4 as
well as in samples doped with Cr~Ref. 5!, Co ~Ref. 6!, Fe
~Ref. 7! or Mn ~Ref. 7!.

The presence of impurities in Bi4Ge3O12 ~BGO! crystals
is believed to play a fundamental role on these applications.
On the one hand, the usefulness of BGO as a scintillator is
limited by a decrease of the luminescence output induced by
the photons or particles to be measured.8,9 Although the mi-
croscopic origin of this effect is still unclear, it has been
attributed to small traces of residual impurities.10,11 In fact, a
severe decrease of the luminescence output has been ob-
served in crystals containing Fe, Mn, and other cationic
impurities.12,13 It should be here remarked that iron is a par-
ticularly relevant impurity as it is commonly found in nomi-
nally pure BGO crystals.14 On the other hand, for optoelec-
tronic applications, transition-metal-doped samples have
been found to exhibit both photochromic and photorefractive
effect.5–7 Moreover, doped samples present an enhanced
photorefractive response with respect to undoped ones, the
enhancement factor being about 30 for the Fe- and Mn-
doped samples.7 Both phenomena, luminescence decrease,
and enhanced photorefractive response, have been related to
changes in the oxidation state of the impurities, which would
act as charge traps.6,11 However, their electron or hole trap-
ping character is not yet established.

In order to clarify the role of transition-metal impurities in
BGO and to optimize the above-mentioned applications, a
study of the position of doping ions in the host as well as
their charge state is relevant. Taking into account the crystal
structure of Bi4Ge3O12 ~see Sec. II! the metal impurities are
expected to enter in a cationic site: the octahedral Bi31

and/or the tetrahedral Ge41 site. It is well known that elec-
tron paramagnetic resonance~EPR! is a suitable technique
for the study of magnetic impurities at low concentration
levels in diamagnetic hosts. This technique has been very
useful to determine the location and charge state of several
3d ions in BGO. So, manganese15,16 and cobalt17 have been
detected in the Bi site as Mn21 and Co21, respectively,
whereas chromium has been identified both with valence 41
in the Ge site18 and 31 in the Bi site.19

However, in spite of the role that iron plays on the physi-
cal properties of BGO, no definite research on the oxidation
state and structural position of this ion in BGO single crys-
tals has been reported to date. It has however been assumed
in the literature that iron occupies solely the Bi sites.14

In this work, the EPR spectrum of Fe31 ions in Fe-doped
BGO single crystals has been observed at RT, 90, and 5 K.
From the angular dependence of the EPR spectrum at 90 K it
has been ascertained, in contrast to the assumption made in
the literature,14 that Fe31 ions substitute for Ge41 @hereafter
named the Fe31 ~Ge! center#. Moreover, a detailed analysis
of the EPR spectrum of the Fe31~Ge! center has been carried
out and the parameters of the appropriate spin Hamiltonian
~SH! of tetragonal symmetry have been completely deter-
mined.

From a basic point of view, the present investigation must
be of interest to spectroscopists since relatively few EPR
studies of Fe31 in fourfold coordination exist in the litera-
ture. This is specially true for oxides, where in most cases
Fe31 ions appear in sixfold coordination. Even more inter-
estingly, the SH parameters of the Fe31~Ge! center in BGO
take unusually large values and the cubic zero-field splitting
parametera has been determined to be negative. Among the
vast amount of EPR data for6S-state ions~mainly Fe31 and
Mn21!, negative values fora ~whenever the SH is expressed
in the appropriate cubic axes system! have been reported in
very few cases.20–22 Furthermore, the possible reasons for
these unusual values of the SH parameters are discussed. We
have found that Newman’s superposition model23 does not
allow us to account satisfactorily for the SH parameters of
this center. Nevertheless, it has been possible to account for
the negative sign ofa by means of an approach to the mi-
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croscopic origin of the SH of6S-state ions22,24–26 recently
developed within the framework of the crystal-field~CF!
theory.

II. CRYSTAL STRUCTURE
AND EXPERIMENTAL METHODS

The crystal structure of Bi4Ge3O12 belongs to the cubic
space groupI 4̄3d, with four molecules per unit cell. In this
structure,27–29 known as eulytite, each Bi31 ion is coordi-
nated by six oxygen ions arranged in a strongly distorted
octahedron withC3 trigonal symmetry, as shown in Fig. 1~a!.
The threefold axis is along â111& direction of the cubic cell.

Each Ge41 ion ~Fig. 1! is surrounded by four oxygen ions
arranged in a tetrahedron slightly compressed along one of
its fourfold rotary inversion axes. The distortion axis coin-
cides with a^100& direction of the crystal lattice. The oxy-
gens are located at a distanceR151.739 Å subtending an
angleu1558.06° with the distortion axis. The next-nearest
neighbors of Ge are also oxygens. They are arranged in an-
other tetrahedron strongly elongated along the same axis,
with R253.509 Å andu2523.50°. This environment yields
local S4 symmetry at the Ge41 site. For eacĥ100& crystal
direction there are two different orientations of the Ge41 site
which are distinguished by a rotation1a or 2a ~a515.6°!
of the nearest oxygen tetrahedron around the common dis-
tortion axis@Fig. 1~b!#.

Single crystals of BGO have been grown in our laboratory
by the Czochralski technique using Merck starting powders.
Iron doping was achieved by adding Fe2O3 to the melt. The
pulling direction was chosen along the^100& direction. De-
tails of the growth procedure are given elsewhere.30 The
blocks were oriented by means of x-ray-diffraction analysis.
Samples 2 mm32 mm38 mm size were cut with their large
faces perpendicular tô100& and ^110& directions.

A Bruker ESP300 E X-band spectrometer with field
modulation of 100 kHz was used to record the EPR spectra.
The temperature of the sample was controlled by means of a
Bruker 4121 variable temperature unit or a continuous flow
liquid-helium cryostat~Oxford Instruments ESR 900! for
measurements at 90 or 5 K, respectively. Accurate values of
the resonance magnetic fields and microwave frequencies
were measured with a nuclear magnetic resonance~NMR!
gaussmeter~Bruker ER 035 M! and a frequency meter
~Hewlett-Packard 5342A!, respectively. The crystals were
mounted on a rotating sample holder for measurements of
the angular variation of the EPR spectra.

III. EXPERIMENTAL RESULTS
AND IMPURITY LOCATION

The EPR spectrum of Fe-doped BGO samples, can be
detected from room temperature down to 5 K. Figure 2
shows the EPR spectra recorded at 90 K, with the magnetic
field H directed alonĝ100& and ^110& directions. For these
special orientations, several lines collapse giving rise to a
spectrum simpler than for an arbitrary orientation. The first
derivative lines have peak-to-peak linewidths ranging from
50 to 170 G at 90 K. No hyperfine structure was observed
even at 5 K. Lines corresponding to various defects were
detected, although a complete study of the angular variation
has been carried out only for the more intense lines which

FIG. 1. ~a! Partial scheme of the Bi4Ge3O12 structure. The en-
vironment of Ge41 is shown with the four nearest-neighbor oxygens
at distanceR1 and angleu1 as well as the four next-nearest-neighbor
oxygens with coordinatesR2 andu2. The sixfold environment for
one of the Bi31 ions is also shown~see text!. ~b! Projection along
the @001# direction ~distortion axis! of the nearest oxygen tetrahe-
dron around Ge41 showing the rotation anglea.

FIG. 2. EPR spectra of Fe-doped Bi4Ge3O12 measured at 90 K
with the magnetic field along thê100& and^110& crystal directions.
Lines marked by arrows are associated to defects not studied here.
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correspond to the center described here. The angular varia-
tion of the EPR spectrum for that center has been measured
at 90 K forH lying in $100% and $110% planes. The experi-
mental resonance fields have been plotted with open circles
in Fig. 3. The observed strong angular dependence as well as
the presence of loops for some lines reveal a high-spin sys-
tem with a large zero-field splitting. These features, the ab-
sence of hyperfine structure and the fact that the spectrum is
detected even at room temperature indicate that it is due to
Fe31 ions ~3d5, 6S5/2!.

The angular dependence of the spectrum agrees with a
defect having axial symmetry along the^100& crystal direc-
tions. As only the Ge41 site has the distortion axis along
these directions~S4 symmetry!, we are led to propose that
Fe31 substitutes for Ge41 ions @Fe31~Ge! center#. This result
is somewhat surprising since Fe31 would be expected to sub-
stitute for Bi31, as they have the same charge state. In fact, it
has been assumed in the literature14 that Fe31 enters the Bi31

site. Moreover, this is the site occupied by all EPR-studied
trivalent impurities reported to date in Bi4Ge3O12 doped with
Gd, Er, Nd, and Cr~Refs. 31–33, 19!. However, Fe31 has
been found by EPR to substitute for Ge41 in Bi12GeO20,

34

and for Si41 in Bi12SiO20.
35

The resonance line positions depend on the magnetic-field
orientation~u, w! with respect to the defect principal axes
(X,Y,Z). TheZ axis is chosen along thê100& fourfold sym-

metry axis, whereasX andY are rotated an anglea8 with
respect to the crystallographiĉ100& axes. It should be re-
marked that the anglea8 is expected to be close to the rota-
tion anglea of the first-neighbor oxygen tetrahedron@Fig.
1~b!# because these ions are the main responsible for the
crystal field at the impurity site. The Fe31 ~Ge! model gives
rise to six magnetically unequivalent centers for an arbitrary
magnetic-field orientation as consequence of the six different
orientations of the Ge site in the unit cell~see Sec. II!. This
allows us to explain the angular variation of the lines~Fig. 3!
in the following way. When the magnetic field is along the
@001# direction, we observe the spectra for two groups of
centers. On the one side, there is a set of two centers with
their distortion axisZ along that direction~u50°!, havingX
andY axes rotated by anglesa8 and2a8 aroundZ, respec-
tively ~denoted C in Fig. 3!. On the other side, the two sets
which have theirZ axis along@100# and @010# directions
~denoted A and B, respectively! are perpendicular to the
magnetic field~u590°!. Each center belonging to set A or B
has itsX andY axes rotated an angle1a8 or2a8 around the
commonZ axis. Thus, forHi@001#, defects with6a8 are
equivalent and only two groups of lines~parallel and perpen-
dicular! are observed in the spectrum. However, when the
magnetic field is rotated in the~010! plane towards the@100#
direction, the four perpendicular centers are no longer
equivalent. Two of them~set B, withZi@010#! remain per-
pendicular toH, but are magnetically unequivalent as thew
angle takes a different value becausea8 has different sign.
This gives rise to the observed small splitting in the lines
around 7300 G in Fig. 3. Thisa8 splitting is also observed in
Fig. 3 for lines labeled BA23 near 14 300 and 16 500 G
whenHi@110#.

IV. ANALYSIS OF THE EPR SPECTRUM

The appropriate spin Hamiltonian to analyze the EPR
spectrum of a Fe31 ion ~S55/2!, occupying a cubic site axi-
ally distorted along a tetragonal axis~local symmetriesD4,
C4v, D2d, D4h, C4, S4 or C4h! is

36

Ĥ5gibHZŜZ1g'b~HXŜX1HYŜY!1
1

3
b2
0Ô2

0

1
1

60
~b4

0Ô4
01b4

4Ô4
4!, ~1!

where the first two terms account for the Zeeman interaction.
The fine structure is expressed by means of Stevens operator
equivalentsÔ n

m.37 The b n
m are parameters to be determined

from experiment and are commonly named fine structure or
zero-field splitting~ZFS! parameters. The axes of the coor-
dinate system for the spin Hamiltonian are chosen coincident
with the X,Y,Z axes of each defect. With this choice the
b 4

24Ô 4
24 term in the spin Hamiltonian vanishes.36,38

The value forgi can be accurately obtained from the ex-
pression for the11/2↔21/2 transition37 ~near 3300 G!
whenH is directed along one tetragonal^100& axis. In this
case the resonance field isH res5hn/gib, thus giving
gi52.015.

As shown by Geschwind,39 the anglea8 can be directly
obtained from the position of the turning points in the angu-
lar variation of the lines corresponding to the two defects

FIG. 3. Angular variation of the EPR spectrum at 90 K withH
lying in planes$100% and$110%. Open circles show the experimental
resonance positions, while the calculated ones are plotted with
lines. Continuous~dashed! lines correspond to transitions of high
~low! probability. Resonances arising from centers with theZ axis
along @100#, @010#, and @001# directions are labeled A, B, and C,
respectively. Transitions are labeled with the numbers of the
two levels involved. Numbers 1 to 6 correspond to statesu25/2&,
u15/2&, . . . ,u11/2&, respectively, in the low-field limit.
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whoseZ axis remains perpendicular to the magnetic field.
This is our case for the lines showing a small splitting near
7300 G when the magnetic field lies in a$100% plane~labeled
B34 in Fig. 3!, although for many orientations these lines
appear unresolved. A decomposition of these lines has been
carried out by a deconvolution method and the results are
shown in Figs. 3 and 4. In this way, a first estimation yields
a8.15° or 30°, each choice giving opposite sign forb4

4.
However, as in the BGO structurea515.6° we choose the
first value fora8, which would indicate that the defect prin-
cipal axes are scarcely rotated around theZ axis with respect
to the GeO4

42 tetrahedron in the perfect lattice.
From those initial values forgi anda8 the fitting of the

SH parameters to the angular-variation data was carried out
by numerical diagonalization of the energy matrix expressed
in the uS,MS& basis, whereS55/2. The values to fit are the
experimental line positions corresponding to defects whoseZ
axis forms 0°, 45° and 90° with the magnetic field, as well as
the splitting between the lines corresponding to the two de-
fects at angles6a8 @lines B34 in~010! and BA23 in~11̄0!
planes in Fig. 3#. A grid method was used to obtain the
best-fit values for the SH parameters. If an isotropicg matrix

is assumed, a misfit appears between calculated and mea-
sured values foru590°. This could only be avoided consid-
ering an anisotropicg matrix, as reported for Fe31 in some
few cases.40,41The best fit is obtained fora851461° and the
parameters given in Table I. The resonance fields calculated
with these parameters are represented as continuous and
dashed lines in Figs. 3 and 4, which show the good agree-
ment obtained between the experimental and predicted reso-
nance fields. This result ensures the validity of the above
spin Hamiltonian and confirms the proposed location of Fe at
the Ge site. Moreover it indicates that the iron center main-
tains theS4 symmetry of the Ge site.

It is interesting to point out the fact that the resonance
fields for transition B34 in Fig. 4 are higher for the magnetic
field along thê 100& than along thê110& directions. In the
calculations this can only be achieved by taking the same
relative sign for the ZFS parametersb2

0 andb4
4 in the chosen

system (XYZ). On the other hand, it must be noted that the
fitting provides only absolute values for the parameters to-
gether with the relative signs of theb n

m parameters. In order
to obtain the absolute signs of these parameters~given in
Table I!, we have carried out measurements at 5 K. After
considering the energy-level scheme, the absolute sign of the
zero-field splitting parameters was determined from the rela-
tive intensities of transitions at 300 and 5 K, andb2

0 was
found to be negative.

The zero-field splitting is usually described by means of
the parametersD, a, andF. Their values in the present case
are also included in Table I because the discussion in the
next section will also be carried out in terms of these param-
eters. The parameters for other defects of Fe31 tetrahedrally
coordinated by oxygen in several hosts have been included in
the table for the sake of comparison.

V. DISCUSSION

First, we point out the striking values for the obtained SH
parameters as compared with those for tetrahedrally coordi-
nated Fe31 in other compounds~see Table I!. In particular,
the parametersD, F, and a take unusually large values,
which are unexpected if one considers the nearly regular ar-
rangement of the four oxygens around the Ge site~see Sec.
II !. A very remarkable feature is the negative sign fora. To
our knowledge, all the previously reported values ofa for
tetrahedrally coordinated Fe31 are positive if one takes the
(XYZ) reference system as in this work. In what follows,
possible reasons for these unusual values will be discussed.

FIG. 4. Detailed view of the line B34 in the$100% angular varia-
tion of Fig. 3. Experimental resonance fields have been decomposed
into two lines ~open squares! corresponding to defects which re-
main perpendicular toH and are rotated anglesa8 and2a8. Open
circles stand for experimental results where the decomposition
could not be carried out reliably. Continuous lines show the calcu-
lated resonance fields with the parameters given in Table I.

TABLE I. Best-fit values of the SH parameters for Fe31 in Bi4Ge3O12 at 90 K. The ZFS parameters~in units of 1024 cm21! are expressed

in two commonly used notations. The relation between the two notations isD5b 2
0, a5

2
5b4

4, F53b4
02

3
5 b4

4. Values for other defects of
Fe31 tetrahedrally coordinated by oxygen in several hosts are also included. Parentheses indicate errors in the last digits.

Material gi g' b 2
05D b4

0 b4
4 F a a8 ~deg! a ~deg! Reference

Bi4Ge3O12 2.015~1! 2.003~5! 210300~10! 10 ~2! 2360~18! 247 ~16! 2144~7! 14 ~1! 15.6 This work
Bi12GeO20 2.003~2! 2.003~2! 0 24.5 122.5 0 49~5! 0 0 34
Y3Ga5O12 2.0047~5! 2.0047~5! 2880~6! 18 155 238~5! 62~4! 16.5 15.8 39
Lu3Ga5O12 2.003~1! 2.003~1! 21131~5! 17 163 247~5! 65~5! 16 15.2 42
Y3Al5O12 2.004~1! 2.004~1! 21028~5! 1 188 2110~5! 75~5! 16 17.9 42
Lu3Al5O12 2.004~1! 2.004~1! 21249~5! 7 210 2104~5! 84~5! 16.5 16.5 42
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A. Charge compensation

The large values for the ZFS parameters could be related
to local charge compensation. In fact, charge compensation
must occur due to the substitution of Fe31 for Ge41. This can
be reasonably achieved by oxygen vacanciesVo . A first-
neighbor oxygen vacancy would account for the large value
of the parameterD ~or b2

0!, which is comparable to those
measured for Fe31-Vo centers in perovskites.

43 However, this
cannot happen in our case since one of the defect axes should
then point along the iron-vacancy direction which disagrees
with the determined defect axes. Charge compensation could
also result from some cationic mechanism. For example,
Bi51 substituting for the tetravalent cation as proposed for
Bi12SiO20:Fe

31.35 However, this should not produce an im-
portant effect at the impurity site because the nearest Ge41

site along theZ axis is far away~10.513 Å!. Alternatively, a
monovalent cation at an interstitial position would compen-
sate the charge and could account for the largeD value if it
is close to iron along theZ axis. However, this possibility
can also be ruled out because it would lower the local sym-
metry of the center fromS4 to C2 and then additional terms
would be required in the spin Hamiltonian to fit the spectra.
Therefore, we conclude that charge compensation must be
nonlocal in any case. This implies that the values for the ZFS
parameters result primarily from the arrangement of the oxy-
gen ions around iron.

B. Superposition model analysis of ZFS parameters

Information about the local environment of impurity ions
is frequently obtained by means of Newman’s superposition
model ~SM!.23 This model was originally proposed to ex-
press the parametersBnm of the crystal-field~CF! as a sum of
independent axial contributions coming from the nearest-
neighbor ions~usually named ligands!. In the model, each
parameterBnm is written as

Bnm5(
i
B̄n~R0!SR0

Ri
D TnKnm~u i ,w i !, ~2!

whereRi , ui , wi are the polar coordinates of ligandi referred
to the central ion in the defect axes system, andKnm(u i ,w i)
are the coordination factors.B̄n(R0) are intrinsic parameters
giving the contribution to the crystal field for a specific
ligand at distanceR0 and Tn express the potential depen-
dence of this contribution in the neighborhood ofR0.

The model was later extended to analyze the ZFS param-
etersb n

m of 6S-state ions and it has been used to obtain in-
formation about the crystalline local environment of such
ions. The expressions for theseb n

m parameters are formally
identical to Eq.~2! but the values of the intrinsic parameters
b̄n(R0) and exponentstn are very different from those ap-
propriate to theBnm parameters~typically t2;8, t4;14 for
3d5 ions with oxygen ligands!.

We have attempted to analyze our ZFS parameters with
the SM in order to explain their values and to estimate the
lattice relaxation of the first oxygen shell around the impu-
rity. First of all, a direct estimation of the relaxed angleu1
~Fig. 1! can be made from the experimental value of the ratio
b 4
0/b 4

4. This is because, in the case ofS4 or D2d symmetries,

the expression for this ratio given by the SM depends neither
on the intrinsic parameters nor on the distancesR1. In our
defect axes system, we obtain

b4
0

b4
4 5

35 cos4u1230 cos2u113

235 sin4u1
. ~3!

This equation gives two solutions foru1 which in our case
are either.30 or 70°. This is to say, that the SM expressions
for the fourth-order parameters point to very strong relax-
ations of the oxygen tetrahedron, either elongated or com-
pressed, which are difficult to believe. It is to be noted that
Eq. ~3! also gives unreasonable values ofu1 for tetrahedrally
coordinated Fe31 in garnets.

Now, the second-order parameterb2
0 is analyzed with the

appropriate SM expression:

b2
052b̄2~R0!SR0

R1
D t2~3 cos2u121!. ~4!

To this end, assuming the lattice values forR1 ~1.739 Å!, we
have first used the set of intrinsic parameters~b̄2520.2058
cm21 for R051.8 Å and t256! obtained from tetrahedrally
coordinated Fe31 in garnets,24 which seem adequate to our
case. However, this set gives the unreasonable resultu1.0°.
Then we have tried the commonly used valuesb̄2520.412
cm21 atR052.101 Å andt258 given by Siegel and Mu¨ller44

for octahedrally coordinated Fe31. The calculation yields
u1.49°, which is a reasonable value, although it implies a
strong relaxation~elongation! from the lattice value~58.06°!
and is very far from the values foru1 derived from the
fourth-order parameters.

C. Crystal-field theory analysis of ZFS parameters

In view of the inconsistent results provided by the super-
position model, we have attempted to explain the sign and
value of the ZFS parameters within the framework of a
crystal-field approach in which the ZFS parameters arise as a
consequence of the combined effect of the crystal-field and
spin-orbit interactions. The dependence of the ZFS param-
etersb n

m on the CF parametersBnm has been recently eluci-
dated for a 3d5 ion by Yu and Rudowicz.26 These authors
found that eachb n

m parameter depends on allBnm param-
eters. The ‘‘cubic’’ ZFS parametera has two contributions
a5ac1at . The componentac comes from the cubic crystal
fieldDq and is always positive. Whereasat , the contribution
due to the low-symmetry field components~tetragonal in this
case!, depends onB20 andDq similarly to F. Theat contri-
bution for tetrahedral Fe31 in garnets25 has been found to be
positive and as large as theac contribution, explaining satis-
factorily the magnitude and positive sign fora in those crys-
tals.

In order to explain the negative sign of our experimental
a value, theat contribution should in this case be negative
and larger thanac . We can estimateat from our experimen-
tal F value taking into account that the crystal-field theory
predicts the ratioat/F to be nearly insensitive to all CF pa-
rameters and to range from20.2 to20.5 for usual values of
the CF parameters.26 From our experimentalF value, the
cited range predictsat values between250 and212331024

cm21. If we take forac the value obtained from the purely

54 12 919ELECTRON PARAMAGNETIC RESONANCE OF . . .



cubic spectrum of tetrahedral Fe31 in Bi12GeO20
~ac[a54931024 cm21!,34 we obtain values fora between
21 and27431024 cm21. It is to say, the crystal-field theory
allows us to explain the negative sign ofa. The experimental
ratio at/F would beat/F5(a2ac)/F520.7860.08, using
theac value cited above. The fact that this ratio lies outside
the predicted range may be due to unusually large values of
the CF parameters, expected also from the large values ob-
tained forD andF. Also, one must bear in mind that the CF
theory does not consider the role of covalency overlap and
relativistic effects. Moreover, for tetrahedral environments it

has been pointed out the importance of odd-parity field com-
ponents which mix the ground configuration 3d5 with the
excited configurations of odd parity.22 It follows that more
theoretical work is needed to fully explain our experimental
data.
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