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DIFFUSE REFLECTANCE SPECTRA OF Al SUBSTITUTED GOETHITE:

A LIGAND FIELD APPROACH

ANDREAS C. SCHEINOST,!" DARRELL G. SCHULZE,! AND UDO SCHWERTMANN?2

! Agronomy Department, Purdue University, West Lafayette, Indiana 47907
2 Lehrstuhl Fiir Bodenkunde, TU Miinchen, 85350 Freising, ER.G.

Abstract—Previous investigations of goethite revealed a substantial variation of color and diffuse reflec-
tance spectra (DRS) in the extended visible range (350-2200 nm). To better understand the causes of this
variability and to assess the potential of DRS as a mineralogical tool, we investigated the DRS of pure
and Al-substituted goethite, a-Fe,_,ALOOH with x from O to 0.33, and mean crystal lengths (MCL) from
170 to 1800 nm. The strongly overlapping ligand field bands were extracted by fitting the single-electron
transitions SA, — *T}, %A, = *T,, °A, - (‘E; *A)), and °A, — “E(*D) as functions of the ligand field
splitting energy, 10 Dq, and the interelectronic repulsion parameters, Racah-B and -C. With x increasing
from 0 to 0.33, °A, — °T, decreased from 10,590 to 10,150 cm™ (944 to 958 nm), and °A, — *T,
decreased from 15,310 to 14,880 cm™! (653 to 672 nm), while 10 Dq increased from 15,770 to 16,220
cm~!. From the change of 10 Dq we calculated a decrease of the Fe-(O,0H) distances from 202.0 to
200.9 pm (—0.5%). This decrease is smaller than the average decrease of all (Al,Fe)-(O,0H) distances
(—1.8%) calculated from the change of the unit-cell lengths (UCL). That is, there remains a substantial
difference in size between the larger Fe- and the smaller Al-occupied octahedra in the solid solution
which may indicate the existence of diaspore clusters within the goethite structure. The increasing strain
in the crystal structure due to the size mismatch and limited contractibility of the oxygen cage around
Fe may be the primary reason for Al substitution being restricted to x < 0.33. The bands °A; — (“E; *A))
and A, — “E(*D) did not shift, indicating a constant covalency of the Fe-(O,0H) bonds with B = 628
cm™! and C = 5.5B. Whereas variation of band energies could be explained in terms of the Fe-(O,0H)
ligand field, the variation of color and band intensities was mainly determined by crystal size. Although
our study confirmed the potential of DRS for mineralogical investigations, there is still a gap between
the fundamental theory and the explanation of some spectral features.

Key Words—Band Decomposition, Bond Distances, Diffuse Reflectance Spectroscopy, Goethite, Ligand

Field Splitting, Racah-Parameters.

INTRODUCTION

Iron (hydr)oxides show absorption bands at ultra-
violet (UV) to near infrared (IR) wavelengths which
are caused by electronic transitions within the incom-
pletely filled, 3d° shell of Fe(IIl) (Burns, 1993). The
energy splitting within the 3d shell is created by the
ligand field of six O or OH anions in octahedral sym-
metry. As the structures of all Fe (hydr)oxides are
comprised of these Fe(O,0H), octahedra, their spectra
show the same bands. Differences between the spectra
of iron oxide minerals occur, however, because of the
different linkages of the octahedra (Manceau and
Combes, 1988). Distortions of the octahedra alter the
Fe-(0,0H) distances and lower the symmetry, factors
which in turn alter the ligand field and shift band po-
sitions (Burns, 1993). Differences in the Fe-to-Fe dis-
tances, on the other hand, have an influence on the
magnetic coupling of electron spins at neighboring Fe
centers which may modify the intensity of bands
(Sherman and Waite, 1985).

Because of the sensitivity to these differences, re-
flectance spectra were used to infer the Fe (hydr)oxide
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mineralogy of samples on very different scales, rang-
ing from the remote sensing of the surfaces of Earth,
Mars and other planets (Singer, 1982; Buckingham
and Sommer, 1983; Morris et al., 1997; Bishop and
Murad, 1996) to occlusions in kaolinite particles (Mal-
engreau et al., 1994). Recent work showed, however,
that the band positions vary substantially within min-
erals, leading to strongly overlapping band regions be-
tween the Fe (hydr)oxide minerals (Scheinost et al.,
1998). This study showed that most Fe (hydr)oxide
minerals may be discriminated in monomineralic mix-
tures, but only hematite and magnetite can be unequiv-
ocally discriminated when soils contain several Fe
(hydr)oxides.

The variability of band positions within Fe
(hydr)oxide minerals, which often hinders the unique
assignment of minerals from reflectance spectra, may
reveal, on the other hand, useful information on the
crystal structure. Buckingham and Sommer (1983)
found that the A, — *T, transition of goethite, a clear-
ly resolved band in the near IR, was shifted to lower
energy when Al was incorporated in the goethite struc-
ture. They explained the shift by the decrease of the
UCL towards that of the pure Al end-member dia-
spore, and a subsequent decrease of the Fe-(O,0H)
distances which, in turn, would increase 10 Dq. Morris
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Table 1. Synthesis procedures and extent of Al substitution of the goethite series.

Series Source of Fe and Al Base TrC Time/d x/mol mol~!
28 Fe(NO,),, AI(NO;); 0.35-0.40 M KOH 70 14 0-0.17
31 Fe(NO,);, AI(NO,), 0.3 M KOH 70 14 0-0.10
34 Fe(NO,),, AICL, 0.3 M KOH 70 14 0-0.08
35 Fe(NO,);, AlCIL, 0.3 M KOH 25 1310 0-0.17
38 FeCl;, AICI, 0.3 M KOH 25 1310 0.33
53 Fe(NO,),, AICL, 0.3 M KOH 50 44 0-0.13
58 Fe(NOy),, AICI, 0.3 M KOH 35 459 0-0.12
39 Fe(NO,), 0.7 M KOH 4-70 6-68 0
54/0 Fe(NO,),; 0.3 M KOH 70 111 0

et al. (1992) confirmed this by a linear relation be-
tween °A; — “T, and the inverse fifth-power of UCL,
of hematite. The intercepts and slopes of the regression
equations varied, however, between different synthesis
series.

Kosmas ef al. (1986) found a blue shift of the main
absorption edge in the visible region, determined by
the second derivative minimum, when the Al substi-
tution of synthetic goethite increased (r = 0.99). De-
spite this blue shift, the Munsell hue was shifted to-
wards red (r = 0.82). From multiple regression anal-
ysis, they concluded that part of the red shift was
caused by decreasing MCL. Malengreau et al. (1996)
confirmed the blue shift of the main absorption edge,
assigned to the electron pair transition (EPT), (A, +
SA)) — (*T, + *T,), but were not able to establish a
quantitative relationship between band shift and x of
natural goethite samples.

Thus, Al substitution was observed to shift the two
main features of the goethite spectra, the absorption
edge in the visible region, and the relatively isolated
band in the near IR region. Experimental transmission
spectra of hematite single crystals and thin films (Ma-
rusak et al., 1980), ligand field calculations (Orgel,
1952; Lever, 1984), and molecular orbital calculations
(Tossell and Vaughan, 1974; Sherman, 1985; Sherman
and Waite, 1985) revealed, however, at least six 3d
transitions between 250-950 nm, in addition to charge
transfer bands in the UV (Burns, 1993). In contrast to
transmission spectra of oriented crystals, DRS bands
are broader due to random orientation of crystallo-
graphic axes and scattering effects of the powder sam-
ples, leading to strongly overlapping and merging
bands. Derivative spectroscopy was, therefore, not
suited for resolving the positions of more than three
ligand-field bands in the UV-VIS region (Kosmas et
al., 1984; Malengreau et al., 1994). The decomposi-
tion of the spectra by a nonlinear fit of Gaussian dis-
tributions may allow all bands to be determined (Sun-
shine et al., 1990). A preliminary investigation
showed, however, that several combinations of Gaus-
sians produced similar fits of the spectra, i.e., there
was no unique solution. Therefore, the purpose of this
study was (1) to achieve a more reliable decomposi-

tion by fitting band positions as functions of 10 Dq,
Racah-B, and Racah-C, (2) to investigate the influence
of Al substitution on band positions, (3) to infer the
effect of Al substitution on the ligand field around
Fe(1I), and (4) to investigate whether the influence of
Al substitution on the ligand field or particle size ef-
fects contribute to the observed color changes. Bene-
fits of this research are expected to be two-fold, first,
in providing a better understanding of the a-
Fe,_,AlLLOOH structure, and second, in developing a
better understanding of the variability of DRS of soils.
Although our study included only synthetic goethites,
the results should be applicable to spectra from soils
because of the ubiquity of goethite and the widespread
occurrence of Al substitution (x = 0.20) in this mineral
(Fitzpatrick and Schwertmann, 1982; Carlson, 1995;
Cornell and Schwertmann, 1996).

MATERIALS AND METHODS
Goethite samples

Goethites from seven synthesis series contained var-
iable amounts of Al (determined wet-chemically) sub-
stituted in the goethite structure as verified by the de-
crease of UCL (Table 1). Data for series 28 and 31 are
published in Schulze (1984), data for series 34 and 38
are in Schulze and Schwertmann (1984), and data for
series 35 are in Schulze and Schwertmann (1987). Se-
ries 53 and 58 were synthesized similar to series 34
and 35 (Schwertmann and Craciun, unpublished). The
samples cover the range of possible Al substitution
with 0= x =0.33. The unsubstituted series 39, synthe-
sized at temperatures between 4-60°C (Schwertmann
et al., 1985), and sample 54/0 (Schwertmann et al.,
1989) provided MCLs between 170—-1800 nm (Table
1). Thus, we were able to investigate crystal-size ef-
fects independently from Al substitution. The purity of
all samples was checked with X-ray diffraction (XRD)
and, with respect to hematite impurities, by more sen-
sitive diffuse reflectance spectroscopy (Scheinost et
al., 1998). The MCLs were determined using a JEOL
2000 FX high resolution transmission electron micro-
scope operated at 200 kV. Samples were ultrasonically
dispersed in distilled water. A drop of the suspension
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was placed on a carbon-coated copper grid and al-
lowed to air dry. Magnification was adjusted between
12,000-120,000 depending on crystal size. Crystallo-
graphic c-dimensions of at least 50 crystals per sample
were averaged to MCL.

Spectral measurements and color calculations

DRS were measured with a Lambda 19 spectropho-
tometer (Perkin Elmer) equipped with a Spectralon-
coated integrating sphere 15 cm in diameter (Lab-
sphere). Spectra were recorded from 300 to 2200 nm
in 1 nm steps, with a scan speed of 240 nm min~.
Absolute reflectance was calculated using a Spectralon
standard with known reflectance. The undiluted pow-
der samples were filled in Plexiglas holders 51 mm in
diameter and 1 mm in depth and measured without
cover glasses.

The visible portion of the spectra was used {o cal-
culate the X, Y, and Z tristimulus values (Wyszecki
and Stiles, 1982). These were converted into polar co-
ordinates of three color spaces: (1) hue, chroma, and
value of the Munsell system (Fernandez and Schulze,
1987), (2) hue, chroma, and lightness (equivalent to
value) of the CIE-L*a*b* system (Melville and Atkin-
son, 1985), and (3) the dominant wavelength (equiv-
alent to hue), the excitation purity (equivalent to chro-
ma), and the lightness of the basic, non-uniform chro-
maticity system (Bedidi et al., 1992). Because the ob-
served trends of color were identical in all three
systems, results are shown for the Munsell system
only.

Spectral decomposition
The DRS were decomposed using Gaussians

E-EY
= L) X 4 In2)
FWHH,

n

1og[R(E)] = 3, — h; X exp

i=1

ey

where R is the reflectance; E is the energy in wave-
number [cm™'], A, is the height of the i absorption
band, E; is the mean energy [cm™'] of the ith band,
and FWHH, is the full width at half height of the ith
band [cm™!]. Log reflectance was chosen because of a
narrower distribution of the band heights as compared
to the Kubelka-Munk remission function. In the latter,
the height of the lower-energy bands is drastically re-
duced because of the reciprocal relation between re-
mission and reflectance. Thus, the squared-difference
minimization procedure necessarily results in much
less precise band estimates for the low-energy bands
which are, however, critical for determining 10 Dq
(see below). The best fit in terms of (1) the smallest
deviation between the fitted and the measured spectra,
(2) parameter estimates with the lowest asymptotic
standard deviations, and (3) conclusiveness within the
ligand field theory, was achieved with six Gaussians.

Clays and Clay Minerals

The energies, E,, of four sextet-quartet-transitions were
fit as functions of 10 Dq, B and C (Lever, 1984):

E(°A, = “T,) = —10 Dq + 10B + 6C
~26B2/10 Dq
E(°A, - *T,) = =10 Dq + 18B + 6C
— 38B°/10 Dq
ECA, — (“E; *A))) = 10B + 5C
E(SA, - “E(*D)) = 17B + 5C. 2)

The decomposition was performed using the SAS
command language and the Marquardt nonlinear re-
gression method (SAS Institute Inc., 1988). The single
electron transitions correspond with bands 1, 2, 5, and
6 in Figure 1. Two additional bands, 3 and 4, were
necessary to fit the high step at ~19,000 cm~!. They
could not be assigned to any of the one-electron tran-
sitions. Both were within =2000 cm™! of 2 X E(°A,
— 4T,), and therefore fulfilled the criterion for the EPT
(Sherman and Waite, 1985). Because of the lack of
ligand field equations for these two bands, their band
energies were fit independently. When B and C of the
single electron transitions were fit as free parameters,
they were (1) highly correlated (r >0.99) resulting in
meaningless values, and (2) the small hump visible in
the spectra of higher substituted goethites at the po-
sition of A, — (*E;*A,) (~23,500 cm', see Figure 1)
was not properly fit. By an iterative-optimization pro-
cedure, we found that all spectra could be well de-
scribed with fixed B = 628 cm™! and C = 5.5B =
3454 cm™!. The remaining 15 parameters (10 Dq, en-
ergy of band 3 and 4, heights and widths of all bands)
were fit without constraints using the spectral range
from 8500 to 28,500 cm~!.

RESULTS AND DISCUSSION

Influence of Al substitution on band positions and
intensities

The reflectance spectra of the unsubstituted and the
Al goethites are similar to those reported earlier (Sher-
man et al., 1982; Singer, 1982; Townsend, 1987) with
some obvious changes with increasing Al (Figure 2).
The most significant is the shift of °’A; — “T, to lower
energy which was observed earlier for goethite and for
hematite (Buckingham and Sommer, 1983; Morris et
al., 1992). The %A, — *T, and the EPT, bands increas-
ingly overlap, and the EPT region changes from a
rounded curve to a relatively straight step. The EPT
region ends in a pronounced band at the lower end.
Neither location nor intensity of the OH overtone and
OH combination bands at energies lower than 8500
cm™! changes markedly (OH in Figure 2).

For Al-substituted hematite, Morris et al. (1992) de-
duced the shift of °’A; — “T, from an increase of 10
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UCL, and UCL, follow closely the corresponding Ve-
gard lines (hypothetical straight lines between the
UCLs of unsubstituted goethite and those of diaspore).
The larger deviation between the observed UCL, and
the Vegard line was explained by an average increase
of the H-bond lengths due to structural disorder
(Schulze and Schwertmann, 1984).

The UCLs derived from XRD constitute average
values of a large number of unit cells, each consisting
of 12 octahedra. Theoretically, the smaller UCLs of
Al-substituted goethite may be realized in two differ-
ent ways: (1) Average a large number of the smaller
Al(O,0H)¢ octahedra and the larger Fe(O,0H)4 octa-
hedra, i.e., the octahedra still have the same sizes as

Scheinost, Schulze and Schwertmann
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in the end-members goethite and diaspore. The linkage
of octahedra with such different sizes should give rise
to substantial distortions, which could probably be re-
duced by the formation of AIOOH clusters within the
FeOOH structure. (2) Evenly reduce the oxygen dis-
tances in the lattice, which would mean, however, that
the oxygen cage is too large for AI(III), and too small
for Fe(IIl).

Case (1) would lower the symmetry of the ligand
field around Fe(IIl) and should cause a splitting of
bands which was not observed. Case (2), on the other
hand, would explain the observed increase of 10 Dq
because

o(r*)
Re. oom

with the Fe-(O,0H) distance, Rg..o0n) the radial dis-
tance of the 3d orbitals from the nucleus, r, and Q
summarizing the potential of the Argon core (Lever,
1984). The validity of this equation derived from li-
gand field theory was confirmed recently by molecular
orbital calculations of the optical spectra of fayalite
(Krasovska et al., 1997). A necessary requirement for
the application of Equation (3), a constant degree of
covalency, is fulfilled (see below). Therefore, we used
Equation (3) to calculate the reduction of Ry, o o from
10 Dq. Starting from the data for pure goethite: 10 Dq
= 15,770 cm™', r = 64.5 pm, and R, oo = 202 pm
(Forsyth et al., 1968), a Q of 0.30644 X 10° cm™! can
be derived. For x = 0.33 and 10 Dq = 16,220 cm™*
(Figure 4, top), a Rp.oom of 200.9 pm results. That
is, Ree.oom is reduced by 1.1 pm (—0.5%) according
to the band shifts of the reflectance spectra.

In contrast, a linear interpolation between the
Rre.0om Of goethite (202 pm) and that of diaspore
(191 pm, Hill, 1979) would give a reduction by 3.7
pm (—1.8%) for x = 0.33 (and consequently a much
higher 10 Dq labeled as ‘“‘calculated” in Figure 4).
This result suggests that the Fe(O,0H), octahedra are
contracted compared to the unsubstituted goethite,
but are still larger than the Al(O,0OH)¢ octahedra.
Consequently, the decrease of the unit-cell with in-
creasing x is due to an intermediate-size octahedron
between the two cases described above. This result,
in combination with the absence of any band splitting
which would indicate a decrease in symmetry of the
Fe(O,0H), ligand field, can be explained by cluster-
ing of Al(O,0OH), octahedra above the statistical av-
erage, in agreement with the conclusions from a pre-
vious Rietveld study (Hazemann et al, 1991). Both
the size of mismatch between diaspore clusters and
the goethite structure, and the limited contractibility
of the oxygen cage around Fe, could explain the ob-
served miscibility gap between goethite and diaspore.

The energy of °A, = (*E;*A)) and °A, — *E(*D) does
not depend on 10 Dq. Using the fixed values of B =
628 cm~! and C = 5.5B = 3454 cm™! (see Materials

10 Dg = (3)
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and Methods) resulted in constant positions of A, —
(‘E;*A,) at 23,550 cm™' and of A, — *E(“D) at 27,950
cm™! in line with the observed spectral features. The
invariance of B and C suggests that the covalency of
the Fe-(O,0H) bonds is not influenced by the Al sub-
stitution.

The ligand field parameters at x = 0 are close to
those determined by Sherman and Waite (1985), 10
Dq = 15,320 cm™!, B = 590 ¢cm~!, and C = 3490
cm™!, although these authors derived the band posi-
tions from absorption spectra or from reflectance spec-
tra transformed by the Kubelka-Munk equation. Thus,
the different approaches to derive band positions may
produce systematic shifts of band positions, but do not
influence the derived ligand field parameters.

A spectral feature not predicted by ligand field theory
but derived from molecular orbital calculations is the
electron pair transition, (°A; + °A; — (‘T, + “T),
caused by the magnetic coupling of neighboring Fe(III)
centers (Schugar et al., 1970; Sherman and Waite,
1985). Whereas the unsubstituted goethite spectra can
be satisfactorily fit with one EPT at about 20,200 cm~,
the spectra of Al goethite require the fit of two bands,
above and below the single EPT (Figure 1). Attempts
to rearrange the band assignment, e.g., by adding SA,
— “Ty(*D) to be able to assign A, — (“E;*A)) to the
energetically higher of the two EPTs, did not give con-
clusive results. The likely decrease of the symmetry by
increasing Al substitution could possibly split the EPT.
Then, however, we would expect the distance between
EPT, and EPT, to increase with increasing Al, which
does not happen (Figure 5). The shift of EPT to higher
energy when x increases is in line with the results of
Kosmas et al. (1986). As the EPT is based on the %A,
— *T, transition, a shift to lower energy would be more
consistent. Thus, neither the band splitting nor the shift
to higher energy with increasing x corroborates the as-
signment as (double) EPT. As we cannot offer alterna-

20000 15000

Energy

10000 5000  /cm’

Figure 6. DRS of representative, unsubstituted goethite
samples with different mean crystal lengths (MCLs).

tive assignments, the name EPT is still used in the fol-
lowing for band 3 and 4.

The variability of the band positions of the unsub-
stituted goethites is partly determined by the variabil-
ity of the UCLs (compare Figure 4, top and bottom)
which, in turn, are functions of the temperature during
crystal growth (Schwertmann ez al., 1985). In addition
to these band shifts, unsubstituted goethites show a
variation in band intensities and widths. Goethites with
a lower reflectance have better separated bands of A,
— “T,, °A; = *T, and EPT, than samples with a higher
reflectance (Figure 6). The overall reflectance of the
spectra seems to increase with increasing crystal
length. This is confirmed by four bands showing in-
creasing intensities when the crystal size decreases
(Figure 7). A discussion is given below.

Influence of Al substitution and crystal size on color

Highly-substituted goethites are redder than goe-
thites with low x (Figure 8). The correlation between
hue and x is, however, small (r = —0.51) because of
the large scattering of the unsubstituted goethites. The
red shift with increasing x is opposite to the blue shift
of the main absorption edge, represented by EPT, and
EPT, (Figure 5). Thus, there are two reasons why Al
substitution itself can not be the basic cause for the
variation in hue.

Golden (1978), Winter (1979) and Schwertmann
(1991) reported a reddening and darkening when crys-
tal size decreased or surface area increased. This is in
line with the parabolic decrease of value and hue for
MCL <800 nm (Figure 9). Hue and value are closely
related (r = 0.82). An increase of absorbance with
decreasing particle size has been generally observed
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for strongly absorbing materials (Wendlandt and
Hecht, 1966), and it is in line with Mie scattering oc-
curring when the mean diameter of particles is close
to the wavelength of the incident light (Mie, 1908;
Brockes, 1964; Hapke, 1981; Mustard and Hays,
1997). While the Mie scattering is able to explain the
dark shift, there is no easy explanation for the red
shift. To investigate the effect of changing reflectance
without any changes in band positions, we performed
simple manipulations of a typical goethite spectra and
calculated the color coordinates. Both a linear decrease
of the spectra (R(E) — R(E) - a) and a multiplicative
decrease (R(E) —» R(E) X b, b < 1) to simulate in-
creasing absorption resulted in a shift toward yellow
and, thus, opposite to the effect observed on experi-
mental spectra. Using a simplified model from Hapke
(1981), Bedidi and Cervelle (1993) found strong,
wavelength-dependent oscillations of the absorption
and the diffusion efficiency of spherical particles near
200 nm in diameter, whereas both efficiencies were
lower and almost wavelength-independent for larger
and smaller particles. Due to the sensitivity of color
on minute changes of the reflectance curve, this pro-
cess may lead to the observed changes in color.
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CONCLUSIONS

Spectral and color variations of synthetic goethites
were explained by two factors, variation of Fe-(O,0H)
distances induced by Al substitution, and variation of
crystal size induced by crystal growth temperature or
Al substitution. Thus, the smoother shape of the DRS
of natural goethite samples (not shown) suggests a
broader distribution of Al substitution and crystal size
within single samples as compared to the synthetic
samples.

. Band positions of the spin-forbidden transitions of
Fe(IIl) were reliably extracted from DRS by including
the respective ligand field terms into the nonlinear fit-
ting procedure. Due to the improved decomposition
method, changes in the Fe-(O,0H) distances of ~0.2
pm could be detected. This is one order of magnitude
below the sensitivity limit of Extended X-ray Absorp-
tion Fine Structure (EXAFS) spectroscopy (Sayers and
Bunker, 1988). Thus, DRS may favorably complement
EXAFS studies of transition metal compounds, al-
though it is restricted to information on the first shell
(metal-oxygen interaction) (Marco de Lucas et al,
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1995). In spite of the long history of trying to explain
d-d transition spectra, starting with the basic work of
Bethe (1929), unexplained spectral features still exist.
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