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The ligand-field spectra of garnets bearing Fe3’ exclusively at the octahedral as well as at the octahedral 
and tetrahedral sites have been studied at energies between 8000 and 30 000 cm-t. The absorption bands 
up to 28 000 cm-’ have been assigned by comparison of experimental and calculated transition energies 
obtained by a complete solution of the dS energy matrices. The Racah parameters of Fe3’ in both 
positions have been reinterpreted using a constant C/B ratio evaluated from the gaseous Fe3+ ion. It was 
found that the octahedral B parameters are always larger than the tetrzhedral ones. The results are 
consistent with isomer shifts of “Fe and the observed structural features in oxide garnets. 

Introduction 

During the past few years, the problem of 
the cation distribution in crystal structures of 
chemically complex garnets has been studied 
in considerable detail. The analysis of the 
Mossbauer spectrum of 57Fe in garnets (1-5) 
has permitted an unambiguous, precise 
determination of the occupancies of ferric 
and ferrous iron at the eight-, six-, and four- 
fold coordinated sites. The ligand-field spec- 
tra of natural and synthetic garnets have also 
been studied independently (6-12). Here, 
however, different assignments of the 
absorption bands of Fe3’ in the tetrahedral 
and octahedral sites in the range 20 700 
to 27 000 cm-’ are reported (Table I). In 
the case of silicate garnets, for example, 
Moore and White (9) assigned the absorp- 
tion band at 21 758 cm-’ in grossular 
Ca3(Al, Fe3f)2Si3012 (sample Gr-74) to the 
transition 6A1 + 4A1, :E of tetrahedral 
Fe3+, whereas Manning (8) assigned the 
band at 23 900 and 24 400 cm-’ to that 
transition in andradite Ca3Fe3+Si30r2. On 
the other hand, the maximum at 24 500 cm-’ 

in yttrium iron garnet (YIG) was interpreted 
by Vien et al. (12) as the transition to the 4E, 
level of octahedral Fe”. Moore and White 
(9) reported this transition to be at 
27 040 cm-’ in grossular (sample Gr-74). 
While the energies of these levels are expec- 
ted to be A-independent (cf. Table IVa, b), 
such apparent shifts would imply a wide 
range of the interelectronic repulsion 
parameter in the garnet structure. Hence 
values of 650 cm-’ (12) and 800 cm-’ (IO), 
respectively, are reported for B(tet), while 
the given B(oct) values vary between 
460 cm-’ (12) and 700 cm-’ (10). Surpris- 
ingly, B(oct) is always found to be smaller 
than B(tet) (cf. Table I) from these 
references, indicating an apparently less 
covalent Fe-O bond in the tetrahedron 
compared to that of the octahedron. The 
ligand-field parameter A (act) is calculated 
between 12 000 and 13 000 cm-‘, whereas 
A(tet) varies between 5550 and 6700 cm-’ 
(cf. Table I). 
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In this paper a consistent reinterpreta- 
tion of the ligand-field spectra of Fe3’ in 
garnets is presented, based on our own 
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LIGAND-FIELD SPECTRUM OF Fe3+ 331 

measurements of the absorption spectra of 
nine oxide garnets with known cation dis- 
tributions obtained from Mijssbauer spectra. 
It will be shown that all absorption bands 
between 10 000 and 30 000 cm-’ can be 
assigned unambiguously, applying a constant 
C/B ratio of -5.0, taken from the gaseous 
ion, in the d5 Tanabe-Sugano matrices (13). 
The ligand-field parameters B(oct), B(tet), 
A (act), and A (tet), obtained by this method 
from the optical spectra, are in good 
agreement with those of other transition 
metal ions in garnets (14, 15). 

Miissbauer spectra as well as ligand-field 
spectra yield information on the chemical 
bonding of iron at the structural sites. An 
interesting question is the relationship 
between the isomer shift of “Fe and the 
Racah parameter B of Fe. Some correlated 
data based on the new assignment of the 
bands will be discussed. 

Crystal Structure of Garnet 

Garnets are of the general formula 
c3a2d3012, where the symbols of the cations 
c(Ca,Mg,Mn2+,Fe2+,Y,Dy), a(A1, Cr, Ga, 
Ti, Fe3’), and d(Si, Ti, Al, Ga, Fe3’) refer to 
the point positions of the space group la3d. 
The structure consists of a framework of 
three different coordination polyhedra 
around the cations c, a, and d: c OS triangular 
dodecahedra, a06 octahedra, and d0, 
tetrahedra (Fig. 1). For more detailed 
information about the crystal chemistry of 
garnets the reader is referred to review arti- 
cles of Geller (16) and Novak and Gibbs 
(17). 

Experimental 

The garnets of our study, their chemical 
compositions, cell edges, colors, and origins 
are listed in Table II. The Mijssbauer spectra 
were studied at constant acceleration in con- 
junction with a multichannel analyzer (1024 
channels) using a source of 57Co/Pd. The 

FIG. 1. Portion of the garnet structure after Novak 
and Gibbs (I 7). 

absorber density was 5-7 mg Fe/cm2. The 
velocity wave form was symmetric tri- 
angular. The two simultaneously obtained 
spectra were fitted independently assuming 
Lorentzian lines, and the average values of 
the two fits were taken as final values. More 
details are given in (5). The ligand-field 
spectra of our finely powdered samples were 
recorded between 8000 and 30 000 cm-’ by 
diffuse reflectance spectroscopy using a 
PMQ II spectrophotometer with infrasil 
optics. Carefully dried MgO was used as 
reference material. The low-temperature 
experiments were performed with a re- 
frigerator cryostat in conjunction with a 
special remission sphere. 

Results 

The ligand-field spectra of the Ca garnets 
between 8000 and 28 000 cm-’ at 295 and 
5°K are shown in Fig. 2a. The spectra exhibit 
several weak absorption bands; their resolu- 
tion is improved at low temperatures. This 
can be observed, for example, in the two 
spectra of andradite Ca3Fe2Si30i2, where 
the absorption maximum at about 
27 000 cm-’ is clearly visible at 5°K. For this 
reason the spectra of the Ca-free Y-bearing 
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TABLE II 

CHEMICAL COMPOSITIONS, CELL EDGES, AND COLORS OF 
THE SAMPLES STUDIED 

Cell edge 
No.” Garnet AE Color 

la 
lb 
2 
3 
4 
5 
6 
7 
8 

Y&5012 12.386 Olive-green 
Y&5012 12.374 Olive-green 
Y3Fe2.2Gadh2 12.327 Greenish-yellow 
Y3FeA14012 12.095 Yellow 
Y3FeGaA13012 12.148 Grey-yellow 
YCa2Fe2Zr2AQ2 12.618 Yellow-brown 
Ca3Zr2SiFe2012 12.610 Yellow-brown 
Ca3Fe2Si3012 12.061 Yellow 
(Mg, FeMAl, Fe)2 11.533 Red-violet 

Si3012 

a la, 2, 3,4, 5: Moulin (35). lb, Housley and Grant (36). 6, 7: 
Huggins er al. (21). 8: Natural andradite (topazolite) from Val 
Malenco, Italy; the precise formula is 
Ca2.~&~.&ro.oo~Tio.oo~A10.0~Si~.02~~2 (Amthauer (33)). 9: 
Natural pyrope from ZGblitz, Saxony; the precise chemical formula 
is Mg2.0~Cao.3~Mno.o~Fe2+o.61A1180Cro.loTio.~~O~~. 

samples are presented in Fig. 2b only at 5°K. 
They show the same features as the Ca 
garnets with some minor shifts of the 
maxima. The observed positions of the bands 
and their assignment to the corresponding 
transitions in the energy-level scheme of a 
3d5 ion in octahedral and tetrahedral coor- 
dination (cf. Fig. 3) are reported in Table III. 
The ligand-field energies were calculated by 
the energy equations of Fe3+ given in Tables 
IVa and b. The fit was done using the 
Tanabe-Sugano matrices on the basis of the 
following parameters: 

B. (free ion) = 930 cm-l; 

Co/B0 - 5.0; A/B(oct) = 20; 

A/B(tet) = 12. 

The B values were taken from the 
6A1 + ZE, 4A1, and :E transitions. The 
ligand-field parameter A of both positions 
was calculated from the iT2 band. The 
energy-level scheme in Fig. 3 was drawn 
using the experimental parameters A (act), 

A(tet), B(oct), and B(tet). The choice of 
these parameters, based on the free ion 
spectra, as well as the fitting procedure of the 
experimental and calculated energies differs 
somewhat from the usual arguments and is 
discussed in a special paper (18). 

Typical values for the isomer shifts and 
quadrupole splittings AEo of Fe3+ in garnets 
are listed in Table V. This table contains our 
own data as well as those of other investiga- 
tors needed for the interpretation of the 
spectra. A typical spectrum of a garnet 
bearing Fe3+ at the octahedral and tetra- 
hedral positions is shown in Fig. 4. Inter- 
pretation and assignment of this kind of 
spectrum are presented in detail in (5) and 
are in agreement with the studies in (19-21). 
The isomer shifts of the octahedral as well 
as of the tetrahedral Fe3+ reveal small but 
distinct variations within the different 
garnets. The quadrupole splittings are inde- 
pendent of the temperature but show 
interesting dependences on crystal chemical 
parameters. 
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TABLE III 

OBSERVED ENERGIES OF THE ABSORPTION MAXIMA OF Fe3’ IN GARNETS 

No. Garnet 
Absorption maxima 

(cm-‘) 

la, bY3Fe5012 

lb 

2 Y3Fe2.2Ga2.&12 

2 
3 Y3FeA14012 

3 

3 

4 Y3FeGaA13012 

4 

5 YCa2Zr2Fe2A1012 

5 
6 Ca3Zr2Fe2SiO12 

6 

7 Ca3Fe2Si3012 

7 

5 10800 14700 16200 19800 20700 22500 - - - 
16 700 21300 

295 10500 14300 16400 19500 20800 22400 - - - 
21400 

5 10600 14500 16300 19500 20700 - - - - 
21200 

295 10400 14 300 16 000 19 000 21000 - - - - 
5 10600 14500 15700 19500 20700 23 000 24 100 24500 - 

16 400 21200 
80 11000 14500 16000 19600 20800 - 24200 24500 - 

16 500 21300 
295 10600 14000 16000 19200 20700 22900 - 24400 - 

21200 
5 10400 14 500 15 800 19 500 20700 23 000 23 600 24400 - 

16 500 21200 
295 10500 14000 16 100 19200 20700 22800 - 24400 - 

21200 
5 11300 14700 16600 19400 20700 22700 24100 24400 

21000 
295 11300 - 16500 - 20900 22500 - 24500 - 

5 11200 14800 16300 19500 21000 22500 24 100 24500 - 
11 200 14800 16700 19700 21 100 22 700 24 200 24700 - 

80 16500 
16 800 

5 11700 15500 - - - 22700 - - 26 200 
23 000 27 000 

295 11600 - - - - 22 700 - - - 
23 000 

Discussion 

Interpretation of the Ligand-Field Spectra 

The observed absorption bands in Figs. 
2a and b of Fe3+ in the octahedral and 
tetrahedral sites of the garnet structure 
are due to electronic transitions from the 
ground state 6A1 to the excited states 
:‘,I’,, :T2, 4A1 :E, iT2, “&, and iTl (cf. Fig. 3). 
these transitions are spin-forbidden and 
hence of relatively low intensity. It should be 
mentioned that the lack of inversion at the 
tetrahedral sites relaxes the parity rule and 
results in higher intensities of the tetrahedral 
absorption bands. Nevertheless, the 
assignment of the absorption maxima due to 

tetrahedral Fe3+ is more complicated, 
because no good samples bearing only 
tetrahedral Fe3+ are available, whose 
synthesis seems to be very difficult. Addi- 
tionally the ligand absorption in the near uv 
is increased, if tetrahedral Fe3+ is present in 
the garnet. The assignment of the bands is 
based on the following arguments: 

1. Assignment of the A-Independent Levels 
of Octahedral Fe3+ 

The Mijssbauer spectrum of andradite 
Ca3Fe2Si30i2 clearly shows that Fe3+ occu- 
pies mainly the octahedral positions. In 
agreement with this result the ligand-field 
spectrum can be assigned on the basis of 
octahedral Fe3+. The main feature of the 
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YCa2Zr2Fe2A1012 

15) 

L- ( 
0 10 12 1L 16 18 20 22 2L 26 28 

a 
- J ~10-3[cm-~I 

FIG. 2a. Ligand-field spectra of the Ca-bearing garnets at 5 and 295°K. 

optical absorption spectrum is an intense and 
narrow peak at 22 700 cm-’ with a broader 
shoulder at the high-energy side. The small 
half-width and the splitting of about 
250 cm-’ indicate that this absorption has to 
be assigned to a transition to the A- 
independent levels 4A lg, :E, (22,23), whose 
energy degeneration is somewhat increased 
by second-order spin-orbit coupling and 

symmetry effects. The ‘A rg, 4A1,, and :Eg 
levels have the same electronic configura- 
tion, i.e., t:e’, and transitions between these 
states are characterized by a very small half- 
width (24). The same behavior of the 4Alg, 
tEz levels is also often observed in Mn*’ 
compounds (25,26), where the narrow line is 
assigned to the 6A1, + :E,, the broader to the 
6A1, *‘Al, transition (25, 26). 



LIGAND-FIELD SPECTRUM OF Fe3’ 335 

FIG. 2b. Ligand-field spectra of Y-bearing garnets at 5°K. 

From the energy E of the 4A~,, zEg levels 
the interelectronic repulsion parameter of 
the octahedral Fe3+ B(oct) can be calculated 
using the equation of Tanabe and Sugano 
(13): 

E(4A &E,)=lOB+5C=35B. 

Assuming E = 22 700 cm-’ and C/B = 5, 
B(oct) is found to be 649 cm-‘. Knowing 
B(oct), one can calculate the energy of the 
second d -independent level ;fE, according 
to the formula of (13): 

E(;tE,) = 17B + 5C = 42B. 

With C/B = 5 an energy of 27 258 cm-’ is 
evaluated. An absorption band with a rela- 
tively small half-width is indeed observed at 
27 000 cm-’ in the absorption spectrum of 
the andradite Ca3Fe&O12 and can be 
assigned to the ZE, level. From this energy B 
is evaluated to be 643 cm-‘. Thus a value of 
650 f 10 cm-r of B(oct) of Fe3’ in garnets 
seems to be reasonable. Single-crystal 
absorption. spectra of the natural garnets 
spessartine Mr$Al, Fe3+)$Si3012, grossular 
Ca3(Al,Fe3’)&012, and pyrope Mg3- 

3+ . (Al, Fe )&13012 (8, 9,33) confirm this 
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30 

25 

20 

15 

10 

5 

E x 10 [cm '1 

IT,, 

FIG. 3. Energy-level diagram of octahedral and tetrahedral Fe3+ in garnets. 

assignment; they reveal the A -independent 
transitions to be at 22 700-23 300 cm-’ 
C4A rg, $?Z,) and at 27 000-27 200 cm-’ 
(&,), from which a B(oct) value of 650+ 
10 cm-’ results. The experimental error of 
B(oct) depends mainly on the exact deter- 
mination of the band maximum, which is 
found to be *50cmP1. Additionally, the 
splitting of the 4A Ip, :E, level is not con- 
sidered, and frequently the average value of 
energy for these levels is used for the cal- 
culation of B. 

The Fe-bearing Y garnets contain Fe3+ in 
both the octahedral and tetrahedral posi- 

tions, as is obvious from the Mijssbauer 
spectra (Fig. 4). For that reason the assign- 
ment of the ligand-field bands is more 
complicated. Because the interatomic dis- 
tances and also the octahedral isomer shifts 
exhibit no abrupt change going from the Ca 
garnets to the Y garnets, only small shifts of 
the octahedral absorption maxima are 
expected. By analogy with the andradite 
spectrum (Fig. 2a) the band between 22 600 
and 23 000 cm-’ in the Y -garnet spectra is 
likely to be the transition ‘Alg -+ 4A1,, %E, 
of octahedral Fe3’, which also yields a B 
value of 650* 10 cm-‘. 
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TABLE V 

ISOMER SHIFTS 8 AND QUADRUPOLE SPLIVINGS AEQ OF Fe3' IN DIFFERENT GARNETS AT 
ROOM TEMPERATURE 

No. Garnet 
w4” WY AE&)b A&& I(o)’ IW’ 

(mm/set) (mm/set) (mm/set) (mm/set) W) (%) Ref. 

8 (Mg, Fe)&+4 Fe)&% 
8 (Mn, FeMAl, F&%012 
8 Cas(A1, Fe)zSisOIz 
7 CasFe2SisO12 
7 Y3FeGaA1sO12 
2 Y3Fez.zGa2.8012 
3 YJ=&012 
3 YJ%-4012 
1 Y&%012 
5 YCa2Zr2Fe2A1012 
6 CasZr2Fe2Si0r2 
6 Ca3Fe2Til.42Sit.58012 
6 NaCa2SbzFe3012 
6 Na3Te2Fe3012 

0.34 - 0.32 *d - 8.1 - 

0.37 0.35 - 43.6 - (5) 
0.39 0.58 - 21.2 - Lf) 
0.41 0.56 100.0 * - - 
0.39 0.10 0.38 0.95 61.5 385 * 
0.39 0.12 0.39 0.93 59.8 40.2 * 
0.41 0.10 0.35 0.97 55.0 45.0 (20) 
0.42 0.14 0.42 0.97 - - (20) 
0.39 0.16 0.48 1.02 - - (29) 
- 0.17 - 1.09 - 100.0 * 
- 0.18 - 1.05 - 100.0 

0.40 0.20 0.75 1.15 43.1 56.9 A 
- 0.22 - 0.81 - 100.0 (34) 
- 0.23 - 0.51 - 100.0 (34) 

a Referred to Q -iron at room temperature. 
b AEo =$eQV,,[l +(J/3)2]“2. - 
’ Percentage of total absorption regarding corrections for different recoil free fractions according to (5) 
d Asterisk denotes this work. 

0.10 - --,Fe%t Fe3+oct 

1 I I I 1 I 1 I I 
-L -2 0 2 1, 

MM/SEC 

FIG. 4. Mossbauer spectra of 57Fe in YsA14FeO12 at 295°K. 
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2. Assignment of the :Tl, and tT2, Levels of 
Octahedral Fe3+ 

The assignment of the two lowest-energy 
absorption bands in the spectrum of 
andradite Ca3Fe3+ 2Si3012 is in agreement 
with most of the previous studies. The 
maxima at about 10 600 and 14 600 cm-l in 
the spectra of the YFe garnets are due to the 
transitions 6A1, -+ zT1, and + zTTg of 
octahedral Fe3+. The ligand-field parameter 
A (act) can be calculated from the 2T2, level 
at 14 600 cm-’ to be 15 300 cm-’ assuming 
B(oct) =650 cm-’ (Table IIIa). The same 
transitions are measured at 11 300 and 
15 000 (sh) cm-’ in the YCa garnets and at 
11600 and 15 500 (sh) cm-’ in andradite. 
According to the Tanabe-Sugano diagrams 
the energies of the two low-energy levels 
decrease with increasing ligand-field 
parameter A, e.g., decreasing octahedral 
cation-anion distance. Crystal structure 
refinements show that these distances are 
1.937 A in YAG, 1.995 A in YGG, 2.019 A 
in YIG (27), and 2.024 A in andradite (17). 
According to these results and assuming that 
the ligand-field parameter A decreases with 
increasing cation-anion distance, the zT1, 
and tTzg levels would have the greatest 
energy in andradite. These two low-energy 
absorption bands of octahedral Fe3+ can also 
be observed even in the spectra of the garnets 
Ca3Zr2SiFe20i2 and YCa2Fe2Zr2A101z, 
whose Mossbauer spectra reveal only the 
characteristic doublet of tetrahedral Fe3’. 
This shows that the optical absorption spec- 
tra are very sensitive for small amounts of 
Fe3+ in a certain position of the garnet struc- 
ture, although it should be mentioned that 
the Kubelka-Munk function reveals big 
differences at high values of reflectance. 

3. Assignment of the zTzg and iT1, Levels of 
Octahedral Fe3+ 

The 6A1, + ~Tz, transition is calculated 
to have an energy of about 24 700 cm-i 
assuming C/B = 5 and the energy equation 

of Table IV. The energy of this level is also 
nearly independent of the ligand-field 
strength, and the 4bTzg level has the same 
electronic configuration as the ground state, 
i.e., t&et. This should again result in a small 
half-width of the corresponding absorption 
band. At energies between 24 000 and 
25 000 cm-’ an absorption maximum is 
observed at about 24 500 cm-‘, which is 
assigned to the zTzg level. The 6A1,, + zT1, 
transition is calculated to have an energy of 
more than 30 000 cm-‘. An absorption band 
corresponding to that transition could not 
be resolved in our spectra because of the 
strongly increasing ligand absorption in the 
near UV. 

4. Assignment of the A-Independent Levels 
of Tetrahedral Fe 3c 

The narrow and intense band, which in 
most of our samples is also split into two 
maxima at about 20 700 and 21300 cm-‘, 
should be interpreted as the transition to the 
first A-independent level 4Al, :E of tetra- 
hedral Fe3+. The splitting must be somewhat 
greater than the octahedral one of 250 cm-’ 
and can be due to two effects: (i) Lohr (26) 
has pointed out that the influence of 
covalency may lift the degeneracy of the two 
levels 4A1 and ZE; (ii) the considerable dis- 
tortion of the tetrahedron causes an addi- 
tional splitting of the tetrahedral levels. In 
garnets, the distortion of the tetrahedron is 
greater than that of the octahedron. As 
shown by structure refinements, the bond 
angle opposite the shared edge of the tetra- 
hedron (ideally 109”25’) varies between 
98 96” in YIG (27) and 102.64” in andradite 
Ca3Fe2Si3012 (I 7), whereas the octahedral 
bond angle (ideally 90.000) opposite the 
shared edge varies between 83.62” in YIG 
(27) and 91.12“ in andradite (17). This 
difference in distortion is also reflected by the 
quadrupole splitting of 57Fe, which is twice as 
large for tetrahedral as for octahedral Fe3+ 
(cf. Table IV). Because of this large splitting 
the evaluation of B(tet) is very problematic. 
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Assuming an average energy of 
2 1000 cm-‘, B(tet) is calculated to be 
600 cm-‘, i.e., lower than B(oct). In 
agreement with this result the isomer shift of 
tetrahedral Fe3+ is lower than the octahedral 
one (cf. Table V). This will be discussed in 
more detail in the next section. With B(tet) = 
600 cm-’ the second A -independent level 
4 bEg is calculated to have an energy of 
25 200 cm-‘, but no absorption band 
can be observed at that energy, because of 
the poor resolution of the spectra at these 
energies. 

In the case of octahedral Fe3’ we have 
evaluated B(oct) from the sharp peak at 
22 700 cm-’ , i.e., the tEp level (25,26), and 
not from the average energy of both levels. If 
we calculate B(tet) from the first of the two 
levels at 20 700 cm-’ , we get a value of about 
590 cm-’ for B(tet). This results in an energy 
of 24 780 cm-r for the :E level, which may 
be assigned to the maximum at about 
24 500 cm-‘, assuming a small shift to lower 
energies. If we calculate B(tet) from the 
second of the two 4 Al, :E levels at about 
21300 cm-‘, we get a value of 610 cm-’ for 
B(tet) and a value of 25 620 cm-’ for the :E 
level. A small band is observed at 
26 200 cm-’ in the absorption spectrum of 
andradite Ca3Fe2Si3012. This could be the 
transition 6A r + ;fE of tetrahedral Fe3’. But 
this assignment requires an unreasonably 
large difference between the calculated and 
observed energies of the ZE level. Regarding 
the great variations of the tetrahedral isomer 
shift a change of B(tet) can be expected, 
resulting in a shift of the absorption bands. 
Unfortunately, the first independent level 
cannot be observed in our silicate garnet 
sample. 

Thus, the evaluation of B(tet) has a very 
large error and the high-energy levels of 
tetrahedral Fe3+ cannot be assigned unam- 
biguously. From our present data the 
“average” value of B(tet), 600 cm-‘, seems 
to be the most reasonable. 

5. Assignments of the iT1 and tT2 Levels of 
Tetrahedral Fe3+ 

The two low-energy transitions 6A l -+ :T, 
and 6A1 -+ tT2 are found at about 16 200 
and 19 600 cm-’ in the Y garnets. A (tet) was 
calculated from the iT2 level to be 
7200 cm-‘. The band at 16 200 cm-’ is dis- 
tinctly split in most cases by 600-800 cm-’ 
(Fig. 2b), as a result of the large tetrahedral 
site distortion discussed above. 

6. Assignment of the iT2 Level of Tetra- 
hedral Fe3+ 

The assignment of the 4T2 level is as 
uncertain as that of the second A-indepen- 
dent level :E. Assuming B(tet) = 600 cm-‘, 
an energy of about 22 800 cm-’ is calcu- 
lated for the ‘,T2 level. If B(tet)=610 
cm-‘, zT2 has an energy of 23 219cm-‘. 
The corresponding absorption bands 
would be hidden by the intense 
transition 6A 1K -+ 4A lg, tEg of octahedral 
Fe3+. 

7. Comparison of the Ligand-Field 
Parameters of Different Transition Metal Ions 
in Garnets 

The ligand-field parameters A (act), A (tet), 
and B(oct) of the Fe3+ ion should be 
comparable with those of other transition 
metal ions such as V3’ and Cr3+ in an oxygen 
coordination. In Table VI the ligand-field 
parameters of these transition metal ions in 
garnets are listed, and they show that the 
ligand-field parameters of the Fe3’ are in 
good agreement with the values of the other 
ions. This confirms that our band assignment 
of the optical spectra of the Fe3’-bearing 
spectra is reasonable. The ratio of the tetra- 
hedral to the octahedral ligand-field 
parameter is 0.47, which differs somewhat 
from the ideal value of 0.44, assuming 
in this case the same distances for the 
Fe-O bonds in the octahedron and the 
tetrahedron. 
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LIGAND-FIELD STRENGTH A AND RACAH PARAMETERS B(oct) AND B(tet) OF V3+, Cr", AND Fe3' IN 
GARNETS 

Ion Garnet A(o) A(t) r” B(o) B(t) fi(o? fi(tjb Ref.’ 

V3+ 
Cr” 
Cr3’ 
Cr3+ 
Cr” 
Fe”’ 
Fe’+ 

17 000 8500 0.5 600 - 0.67 - (14 
16400 - - 600 - 0.65 - (1-f) 
16150 - - 625 - 0.68 - (15) 
16260 - - 645 - 0.70 - (33) 
17570 - 652 - 0.71 - (33) 
15 200 7200 0.47 650 600 0.70 0.65 * 
14300 - - 650 - 0.70 * - 

u r = A (oct)/A (tet). 
’ /3 = B(compIex)/B(gaseous ion). 
’ Asterisk denotes this work. 
’ Idealized formula of the natural mineral uvarowite. 
’ Idealized formula of the natural mineral pyrope. 

Racah Parameters B and Isomer Shifts of 
Fe’+ in Garnets 

In most of the previous investigations 
B(oct) of Fe’+ is found to be smaller than 
B(tet) of Fe” in oxide garnets (cf. Table I), 
whereas the evaluation of our data leads to 
the conclusion that B(oct) is larger than 
B(tet) (cf. Table IVa, b) in agreement with 
the behavior of other transition metal ions in 
oxides. For example, Reinen (30) reported 
B(tet) of Ni*+ in the tetrahedral sites of ZnO 
to be 805 cm-’ , whereas B(oct) of Ni*+ in the 
octahedral positions of MgO is found to be 
865 cm-‘. According to Jorgenson (28), B 
decreases with increasing radial expansion of 
the d-electron functions of the cation, 
caused, at least in part, by cation-anion 
orbital overlap. This overlap is expected to 
be stronger in the tetrahedron because of the 
smaller tetrahedral cation-anion distance in 
oxide garnets. This distance is 1.866 A in 
YIG (27), whereas the octahedral distance is 
2.019 A in andradite (17). According to this 
model B(tet) should be smaller than B(oct). 

One of the most important Mossbauer 
parameters for the discussion of chemical 
bonding is the isomer shift S, which is about 

twice as large for the octahedral as for the 
tetrahedral Fe3+ (Table V). These 
differences are well understood on the basis 
of different coordination numbers and usu- 
ally different cation-anion distances result- 
ing in an increased s-electron density at the 
tetrahedral positions. 

Correlating ligand-field and Mossbauer 
parameters, one can conclude the following. 
The isomer shift 6 depends mainly on varia- 
tions of the s-electron density at the nucleus, 
whereas B reflects changes of the d-electron 
functions. In the MO-bonding model the s 
electrons, especially 4s, form u bonds with 
one of the ligand p orbitals, which are stron- 
gly influenced by cation-anion distances. 
Thus, the isomer shift is very sensitive to 
variations in the (T bonding. Nevertheless, a 
radial expansion of the 3d orbitals causes a 
diminished shielding effect of the d electrons 
and thus an increase of the s electron density 
at the nucleus. Thus, a decrease of B is in 
agreement with a decrease of the isomer 
shift. The smaller B(tet) and G(tet) values 
with respect to the octahedral values are also 
in good agreement with these considerations. 

Also within the different garnets, the iso- 
mer shifts of iron in both positions show 
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small but distinct differences. The increase of 
the isomer shift (decrease of the electron 
charge density at the nucleus) of the octa- 
hedral Fe3+ from w-ape Me 
(Al, Fe3+)$i30i2 (S = 0.34 mm/set) to the 
Y and Ca garnets (S = 0.40-0.41 mm/set) 
can be explained by the increasing iron- 
oxygen distance a-0 (pyrope a-0 = 
1.886 A, andradite a-0 = 2.024 A (17)), 
resulting in a decrease of the s-electron 
density at the iron nucleus. 

The same effect can be observed for the 
tetrahedral isomer shift. For example, within 
the YAG-YIG solid solutions the increase of 
the tetrahedral cation-anion distance d-0 is 
found to be 1.761 A in YAG and 1.866 A in 
YIG, G(tet) is determined to be 0.10 mm/set 
in Y3A14Fe0i2 and 0.17 mm/set in 
Y3Fe50i2 (29). The cation substitution AlFe 
leads to an expansion of the garnet structure, 
which causes a decrease of the bonding orbi- 
tal overlap and thus the electron density at 
the nucleus. On the other hand the 
differences between the tetrahedral isomer 
shifts G(tet) of the Y and Ca garnets cannot 
be explained by geometrical considerations 
alone, because the d-0 distances of the Ca 
garnets (d-0 = 1.645-1.643 A (17)) are 
smaller than those of the Y garnets (d-0 = 
1.761-1.866 A (27)), whereas the shifts are 
greater. This increase can possibly be 
explained by contrapolarization effects 
(30,31), which are also confirmed by 
increasing A values from andradite 
Ca3FezSi30i2 (A = 14 300 cm-‘) to Y3(Fe3+, 
Me3t)S012 (A = 15 200* 100 cm-‘). Tetra- 
hedra and octahedra share corners in the 
garnet structure. The substitution of a tri- 
valent cation (Fe, Al) by a tetravalent cation 
(Zr, Ti) or a hexavalent cation (Te) in the 
octahedral sites is accompanied by a 
decrease of the s-electron density at the Fe 
nucleus at the tetrahedral site. Thus S(tet) is 
found to be O.lO-O.l6mm/sec in Y(Al)G, 
0.19 mm/set in Ca3ZrzFezSi0i2 and 
0.23 mm/set in Na3Te2Fe30i2. It should 
also be noted, that the magnetic hyperfine 

fields at the d sites show similar varia- 
tions. 

The systematic variations of 6 (act) as well 
as G(tet) within the different garnets cannot 
be detected in the case of B(oct) and B(tet) 
evaluated from our remission spectra. Vari- 
ations, if any, may be observed in the case of 
B(tet), as is indicated by the great differences 
of S(tet), for example, between the Y garnets 
and the silicate garnets. But the tetrahedral 
bands are not well resolved in our andradite 
spectrum. Manning reports a decrease of 
B (act) from andradite Ca3Fe2Si30i2 
(B(oct) = 593 cm-’ (7)) to spessartine 
Mn3(Al, Fe3+)$!$i30i2 (B(oct) = 500 cm-’ 
(7)), using the energy differenceAE = 7B of 
the two A-independent levels, but his cal- 
culation of B(oct) requires changing C/B 
ratios (5.65 in spessartine and 7.35 in 
andradite). This implies that the ligand oxy- 
gen has different influence on the inter- 
electronic repulsion parameters B and C. On 
the other hand B. and C, of the free ion 
should be decreased in a complex in the same 
way, resulting in constant C/B ratios (18). 

Finally, it should be mentioned that the 
octahedral and tetrahedral quadrupole 
splittings A& also reveal distinct variations, 
which are not always in agreement with the 
geometrical site distortions as determined 
from X-ray diffraction crystal structure 
refinements, but are strongly influenced by 
overlap distortion effects as in the case of 
silicate garnets (32). 
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