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h i g h l i g h t s
< We studied electronic and structural properties of bulk goethite and Al-rich goethite.
< The goethite is well described with the GGA þ U level using the Ueff ¼ 6 eV value.
< The Al-rich goethite model has different magnetic structures with similar energies.
< The isomorphic substitution of Fe by Al atom in goethite results in a lattice contraction.
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a b s t r a c t

The electronic and structural properties of bulk goethite and Al-rich goethite were studied on the basis of
spin-polarized DFT at the LDA þ U and GGA(PW91) þ U levels. Firstly, the periodic model of bulk goethite
was optimized varying the value of Ueff. Considering all the results obtained we can conclude that the
bulk goethite described at the GGA þ U level with Ueff ¼ 6 eV gives us the better agreement with different
physical properties. The results of magnetic moments of Fe ions, the DOS analysis and the Bader atomic
charges identify goethite as an antiferromagnetic Fe(III) compound. For Al-rich goethite the GGA þ U
(Ueff ¼ 6 eV) approach was used. The isomorphous substitution of one Fe ion with Al ion produces the
reduction of the cell parameters with respect to the bulk goethite. Regarding the magnetic ordering, it
was observed that Fe atoms surrounding the Al atom must have the same spin projection, i.e., spin-up or
-down. The charge density was changed with the addition of Al ion, producing a depletion where the ion
is located and some electron redistribution in the zone of the oxygen atoms surrounding the Al ion. This
behavior produces some small magnetization in these O ions.

� 2012 Elsevier B.V. All rights reserved.
1. Introduction

Goethite (a-FeOOH) is one of the most important iron minerals
found in soils and sediments. It crystallizes in the orthorhombic
systemwith a space group that was recently changed from Pbnm to
Pnma according to the International Tables of Crystallography [1]. The
geometrical structure of goethite has a hexagonally close packed
array of O atoms slightly distorted with the Fe atoms occupying
two-thirds of the octahedral sites. It has two independent O atoms;
one is surrounded by three Fe atoms whereas the other one is
protonated and surrounded by two Fe atoms. Below the Néel
temperature (130 � 2 �C), goethite is an antiferromagnetic (AFM)
insulator, i.e., it will show this behavior at ambient temperature [2].
The goethite is a highly reactivemineral and plays an important role
in environmental processes due to its strong affinity toward
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different contaminants. This reactivity is directly associated with
the surface structure and the composition of the mineral particles.
The most stable surface structures of goethite are (110) and (210)
[82]. The nature and properties of this oxy-hydroxide are also
relevant in geochemistry, mineralogy and in planetary science
because goethite was identified on the surface of Mars [3]. Over the
past 20 years many much experimental efforts using different
techniques have been performed on bulk goethite to describe its
structural, magnetic and electronic properties. These studies
comprise from natural minerals to synthesized samples and, in the
more recent experiments, goethite was exposed to high pressures
and temperatures [4e6]. Moreover, goethite is a component in new
nanocomposite materials for magnetic applications [7].

Usually, natural a-FeOOH has incorporations of different foreign
elements; for example, soil goethites may contain substantial
amounts of Al (up to 33 mol%) by the substitution of Fe3þ ion in the
octahedral sites. It is commonly assumed that the Al incorporation
into the goethite crystal takes place through an isomorphous ionic
substitution of Fe yielding strain in the goethite structure [8e10].
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Fig. 1. Optimized unit cell of goethite with GGA þ U (Ueff ¼ 6). Red, green and gray
balls correspond to O, Fe and H atoms, respectively. The a, b and c unit cell vectors have
been indicated. Distances between atoms are expressed in Armstrongs (Å). (For
interpretation of the references to color in this figure legend, the reader is referred to
the web version of this article.)
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This strain could be associated with the presence of shorter AleO
bonds, producing the decrease of at least one of the unit cell
parameters of goethite [10e13]. The axis along a-vector is the most
sensitive parameter due to the presence of excess structural OH
related to Al-substitution [14,15]. On the other hand, the substitu-
tion of a paramagnetic ion (Fe3þ) for a diamagnetic ion (Al3þ)
modifies the magnetic interactions and thereby lowers the Néel
temperature. About 12 mol% Al-substitution is sufficient to lower
the Néel temperature of goethite below ambient temperature [16].
The doping of this hydroxide with Mg or B has been considered in
relation to adsorptive properties [17,18].

The presence of Al in goethite structures was discovered seventy
years ago. Subsequently, several authors have confirmed the fact that
natural goethites rarely exist in pure state. Recent experimental
studies showed that the Alegoethites are rarely formed with Al
contents higher than 20mol% [19]. These results and others found in
literature reflect the dependency on the experimental synthesis
conditions to obtain the desired Al content for the goethite structure.

From the theoretical point of view, a few works about structural,
magnetic and electronic properties of goethite can be found in the
open literature, including related oxides and oxy-hydroxides such as
diaspore (a-AlOOH), boehmite (g-AlOOH), hematite (a-Fe2O3), etc.
[20e25]. Specifically, goethite was modeled with two different
approacheswithin the framework of DFT (Density Functional Theory),
using a cluster model of the surface as well as a periodic slab [26e33].

It is well known that the DFT within the standard local density
approximation (LDA) or the generalized gradient approximation
(GGA) for the exchange and correlation functionals fails to predict
the proper electronic ground state of magnetic materials with
strong electronic correlations of the d and f valence electrons in
transition and lanthanide metal atoms [23,24,34,35]. In many cases
these functionals describe an insulating compound as a conductor
one, at the LDA level, or with a too small band gap, at the GGA level,
indicating their erroneous metallic or semiconductor behaviors,
respectively [23,36]. Many different methods have been proposed
to overcome this limitation of standard DFT approaches. One of
them is to add an effective on-site repulsion term (U) of
a Coulombic-type to the LDA Hamiltonian. However, the term may
vary for the same element in different polymorphs, and needs to be
adjusted for each structure under investigation. The value of U is
a matter of debate because the correct value is strongly influenced
by the better approach of the calculated observables in comparison
with the experimental values. Cococcioni et al. [37,38] developed
a linear response approach which was employed by other authors
for different oxides [32,39e42]. However, it was observed that the
value obtained by this procedure does not provide in some cases
the correct U in order to have a well fit of experimental observables
[36]. Besides, some authors found that the appropriated U value
does not predict simultaneously the structural and electronic
properties [43e45]. Furthermore, its value also changes for the
exchange and correlation approaches and for the type of functional
used. For example in ceria oxides, different U values were recom-
mended for GGA using PBE [43] and PW91 [44] functional.

This work has two objectives. First, to make a systematically
study of several physical properties of bulk goethite by performing
DFT calculations with the inclusion of an effective on-site repulsion
term, and afterwards, to extend this methodology to the case of
bulk goethite doped with Al, where besides to structural, magnetic
and electronic properties, some relevant vibrational properties
were considered.

2. Computational details

All the calculations described in this paper have been performed
on the basis of spin-polarized DFT using the Vienna Ab-Initio
Simulation Package (VASP) [46e48]. Plane wave basis sets were
used to solve the KohneSham equations. The electroneion inter-
actions were described by the projector-augmented wave method
(PAW). The PAW technique is a frozen core all-electronmethod that
uses the exact shape of the valence wave functions instead of
pseudo-wave functions [49,50]. The following valence electron
configurations were employed for the PAW pseudopotentials: d7s1

for Fe atoms, s2p4 for O atoms, s1 for H atoms and s2p1 for Al atom.
Two different approximations to treat exchange and correlation

were applied: (i) the LDA þ U and (ii) GGA þ U, following the
approach of Dudarev for different values of U [51]. Both methods
require specification of an on-site exchange interaction parameter J
and an on-site Coulomb interaction parameter U. However in the
mostwidely used implementationemployed in thepublishedworks,
the results depend only on the difference between these values, i.e.,
the effective U (Ueff). The implementation of the DFT þ U approach
within VASP was carefully described elsewhere [45]. The GGA elec-
tron exchange and correlation effects were described using the Per-
dew and Wang functional (PW91) [52,53]. Taking into account that
LDA þ U and GGA þ U could yield multiple metastable states corre-
sponding to different occupations of Fe 3d states, a set of test calcu-
lations were performed with the procedure described by Meredig
et al. [54]which isbasedon theLiechtensteinet al. approach [55]. The
resulting geometrical parameters for goethite andAl-doped goethite
do not change and the total energy values show only a slight differ-
ence with respect to the Dudarev approach (about 0.02 eV cell�1).

As the orthorhombic primitive cell of goethite contains four
FeOOH formula units (see Fig. 1), considerable computational
effort is required to obtain reasonable results concerning the
crystalline, electronic, and magnetic structures of bulk goethite.
The cutoff energy of 450 eV was determined taking into account
the converged results of the energies with respect to basis set
size. The Brillouin zone was performed on a grid of 4 � 2 � 6
MonkhorstePack special k-points.

In this study, two different methods of structural relaxation
were used for bulk goethite. Though the atomic positions of all



4.20

4.25

4.30

4.35

4.40

4.45

4.50

4.55

4.60

4.65

4.70

0 2 4 6 8
U
eff

 (eV)

a
 
(
Å

)

GGA+U
LDA+U
GGA+U (H)
LDA+U (H)
exp.

9.2

9.3

9.4

9.5

9.6

9.7

9.8

9.9

10.0

10.1

0 2 4 6 8
U
eff

 (eV)

b
 
(
Å

)

GGA+U
LDA+U
GGA+U (H)
LDA+U (H)
 exp.

2.70

2.75

2.80

2.85

2.90

2.95

3.00

3.05

3.10

0 2 4 6 8
U
eff

 (eV)

c
 (

Å
)

GGA+U
LDA+U
GGA+U (H)
LDA+U (H)
exp.

a

b

c

Fig. 2. Dependence of a, b and c lattice parameters of FeOOH on Ueff value. For each Ueff

value, two types of optimizations were performed: one considering a free optimization
and the second one for Homothetic (H) optimization. Experimental values for the
lattice parameters found in the literature are depicted by dotted lines.

S.A. Fuente et al. / Materials Chemistry and Physics 137 (2013) 1012e10201014
atoms were allowed to relax in both methods, in the first one the
three cell parameters were independently modified, whereas in the
second one these parameters are simultaneously modified in
a linear relationship (Homothetic relaxation, named H). In both
methods, the incompleteness of the plane wave basis set with
respect to the volume changes (Pulay stress) was minimized with
an increase of 30% of the cutoff energy found initially for the bulk
goethite. Optimized parameters were found when the forces on
atoms were smaller than 0.01 eV Å�1.

The bulk modulus was determined by fitting the volume vs.
energy relationship with the BircheMurnaghan equation of states.
The local electronic density of states (LDOS) have been calculated
with a higher k-point mesh of 4 � 2 � 6, and the band gap values
were extracted from these results. The numerical calculation of the
second derivatives of the potential energy surface within the
harmonic approach provided the vibrational frequencies and cor-
responding normal modes. A geometrical displacement of 0.02 Å
was used for all vibrational calculations.

3. Results and discussion

3.1. Bulk goethite

In almost all published papers, the exchange and correlation
functionals reported were described by GGA, but further authors
found for other oxides the importance to describe the geometrical
parameters with the LDA approximation [36]. For this reason and in
order to have a wider approximation to this system, the bulk
goethite was tested with both LDA þ U and GGA þ U methods,
changing the Ueff values from 0 to 7 eV.

Although the bulk goethite is an antiferromagnetic material
below the Néel temperature, different possibilities for the magnetic
configurations arrangement were tested: a nonmagnetic phase
(non-spin polarized configuration), a ferromagnetic phase, and
three antiferromagnetic phases, changing the localization of up and
down spin projections of Fe atoms within the cell. In this way we
found that for both functionals the most stable magnetic phase was
that of the AFM arrangement, which corresponds to the situation
where each Fe atom is surrounded by other two Fe atoms with
opposite magnetic moments along the b-vector axis. These results
are in agreement with experiments [2] and with previous calcula-
tions reported by other authors using the functional form of Per-
dew, Burke and Enzerhof (PBE) [32].

In Fig. 2, the optimized cell parameters a, b and c are displayed as
a function of Ueff in the range 0e7 eV. For comparison, several
experimental values found in the literature were included as dotted
horizontal lines. A decreasing trend is observed for bothDFT levels. At
the LDAþU level, the cell parameter values are always lower than the
corresponding experimental data (nearly 2e3% lower). On the other
hand, at the GGAþU level, the parameters are slightly overestimated
for low Ueff values and they are very close to the experimental values
for large Ueff. Regarding the methodology used for the geometry
optimization, it does not have a significant effect on the lattice
parameters. The internal FeeO and FeeOH (OH is the oxygen atom
linkedwithahydrogenatom)distances showslightmodificationwith
different Ueff values. The distances have a negligible variation from
Ueff¼ 3 to 7 eV; in case of LDAþU, the FeeOand FeeOHdistances are
1.94 Å and 2.04 Å, whereas for GGA þ U they are 1.97 Å and 2.11 Å,
respectively. We notice that the obtained values are similar to the
experimental ones (FeeO: 1.89 and 1.95 Å and for FeeOH: 2.09 and
2.12 Å, in Refs. [56,57], respectively). In case of standard GGA and LDA
these distances decrease up to 0.06 Å and 0.13 Å, respectively. Notice
that the geometrical parameters are increasing function of the Ueff
parameter, as it was observed in other calculations; nevertheless, for
Ueff greater than 3 it shows a smooth decreasing behavior.
The results of this decreasing behavior can be rationalize
considering that for both LDA þ U and GGA þ U the Fe atoms
acquire a more ionic character than in the case of standard LDA and
GGA (see later comments), producing a smaller cell volume. As
comparison, the FeeO distances in FeO, about 2.17 Å, are larger than
in Fe2O3, about 2.06 Å. This point was carefully tested for some Ueff
values using the PBE functional. The resulting lattice parameters
follow the same trend that was observed using PW91 method.
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In Fig. 3(a) the results of the bulk moduli for bulk goethite
performed at LDA þ U and GGAþ U levels are shown. Experimental
values of bulk modulus are scarcely found in open literature and
they are very dispersed in the range from 111 to 140 GPa [5,6]. At
the standard LDA level (with Ueff ¼ 0 eV), an extremely high value
was obtained, compatible with the small cell parameters predicted
in this case. When the Ueff is not zero, the bulk modulus values are
smaller and close to the experimental ones, but they do not show
a clear tendency. The results corresponding to GGA þ U present
a different behavior. For the standard GGA þ U, the bulk modulus is
much lower than the corresponding value obtained with LDA.
Introducing a non zero Ueff, the bulk modulus increase with a lineal
trend between the experimental data. A recent theoretical work of
goethite using PBE functional and ultrasoft pseudopotentials
showed that the bulk modulus value obtained with GGA þ U
(Ueff ¼ 5.2 eV) reproduced the lower experimental value [32], but
all the cell parameters were higher than our results.

Taking into account the results for the geometrical parameters
and bulk moduli above commented, we can infer that using
GGA þ U with Ueff ¼ 6.0 eV a reasonable representation of elastic
properties at the equilibrium is obtained. We notice that, previ-
ously, Rollmann et al. [23] performed a detailed description of the
geometric and electronic properties of hematite with a Ueff value of
4 eV. Kubicki et al. [58] used the same Ueff value for the goethite
structure, focusing their interest on thermodynamic properties. On
the other hand, Russell et al. [32] found, with a self-consistent
method, a Ueff value of 5.2 eV for goethite, which is higher than
the value for hematite and nearest to our value.

Other physical parameters related with the electronic and
magnetic properties of bulk goethite were calculated to investigate
their dependencewithUeff. In Fig. 3(b) and (c) the results of the band
gaps andmagneticmoments for bulk goethite performed at LDAþU
and GGA þ U levels are shown, respectively. The band gap for bulk
goethite is the lowest energy transition from the top of the valence
band, mainly formed by O(2p), to the bottom of the conduction band



Fig. 5. Al-rich goethite geometries obtained with GGA þ U (Ueff ¼ 6 eV). Blue ball
corresponds to Al atom. Distances between atoms are expressed in Armstrongs (Å).
(For interpretation of the references to color in this figure legend, the reader is referred
to the web version of this article.)
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containingmostly Fe(3d) and this conditionmust bewell represented
in any theoretical approach. In order to determine this parameter for
each optimized structure, the DOS projected onto Fe(3d) and O(2p)
atomic orbitals were calculated. From Fig. 3(b) we notice that as the
on-site Coulomb interaction increases, the band gap prediction is
greatly improved. This behavior was corroborated at both LDA þ U
and GGA þ U levels. The values obtained at GGA þ U level are higher
than the corresponding at LDA þ U. To our knowledge, two experi-
mental results for the goethite band gap are available in the range of
2.1e2.5 eV [59,60]. Regarding the results of Fig. 3(c) corresponding to
the localmagneticmoments on Fe atoms,weobserve that at standard
LDA level the magnetic moment is close to 1 mB, while with the
inclusionof the on-site repulsion term, its value increases up to 4.5mB.
At standard GGA level, the magnetic moment on Fe ions is clearly
higher (3.6 mB) than that obtained at standard LDA level. The local
magneticmoments on Fe atoms also increasewith the addition of the
on-site repulsion term, reaching values up to 4.5 mB. In the published
literature there is only one experimental result of the Fe magnetic
moment, with a value of 3.80 mB for fine-particle goethite [61].

Therefore, and from this analysis, can infer that using GGA þ U
with Ueff ¼ 6.0 eV we have also a reasonable representation of both
the electronic and magnetic properties of bulk goethite.

In Fig. 4(a) the LDOS calculated at LDA þ U level with Ueff ¼ 0 eV
(standard LDA) and Ueff ¼ 6 eV are plotted, while in Fig. 4(b), we
have the corresponding LDOS at GGA þ U level. The standard LDA
results showa strongmixing between themajority (or spin-up) and
minority (or spin down) Fe(3d) states near the Fermi level, with
a portion of majority states above and a contribution of minority
states below this level. The observation of a peak below the Fermi
level corresponding to the minority Fe(3d) can be associated with
the existence of Fe(II) ions. The distribution of electronic states at
the standard LDA level is spread, while the distribution becomes
much localized when the on-site repulsion term is included. At the
LDA þ U level with Ueff ¼ 6 eV, the top of valence band is composed
predominantly by O(2p) states and the bottom of the conduction
band is mainly formed by the unoccupied minority Fe(3d) states.
Moreover, the majority Fe(3d) states are completely occupied,
which is consistent with the Fe(III) oxidation state. The distribution
of states is more localized at the standard GGA level than at the
standard LDA, with the majority Fe(3d) states mainly occupied
below the Fermi level and the minority Fe(3d) states mainly
unoccupied above this level; nevertheless the predicted band gap is
badly represented. At the GGA þ U level with Ueff ¼ 6 eV, the
majority and minority Fe(3d) states are pushed at lower and higher
energy values, respectively, and the energy difference between the
highest occupied orbital (O(2p) states) and the lowest unoccupied
orbital (minority Fe(3d) states) is increased. Consequently, the
goethite electronic structure has clearly Fe(III) ions.

Local atomic charges have been calculated with the atoms-in-
molecules-analysis due to Bader [62] using a fast algorithm
developed by Henkelman et al. [63,64]. At the same Ueff, the atomic
charges are higher for GGA þ U than for LDA þ U level. As the Ueff
values increase, the atomic charges for all the atoms increase
monotonously. This behavior is more pronounced from Ueff ¼ 3 eV
toUeff¼ 5 eV; for larger values of Ueff Bader charges are only slightly
modified, reaching values near to 2.0 e for the Fe atoms. From these
results, together with the magnetic moments on Fe ions and the
DOS analysis, we can conclude that the inclusion of the on-site
repulsion term to the KohneSham Hamiltonian (Ueff) is essential
to identify bulk goethite like a Fe(III) compound.

3.2. Bulk Al-rich goethite

As it was above mentioned, Al-rich goethite may present
a substitution of up to 33 mol% of Fe sites. The influence of Al on
Mössbauer spectrum of substituted goethite was firstly observed
forty years ago [65]. Since that time, some other experiments with
Al-doped goethitewere performed. J. Fleisch et al. [16] found that in
goethite with a 12 mol% of Al-substitution the Néel temperature
decreases below the room temperature, while for an Al-substitu-
tion higher than 15% this parameter shows a non-linear variation
with Al content. In a subsequent work themagnetic ordering of two
bulk Al-rich goethites with different crystal sizes and crystallinities
was experimentally investigated by E. Murad and L.H. Bowen [66].
These authors found that the Néel temperature was different
depending on the local composition inhomogeneities at an atomic
scale of the Alegoethites, giving different magnetic configurations.
It was shown that the samples with poor crystallinity must be
cooled down to significantly lower temperatures to attain
a complete magnetic order. In another work [67] it was evidenced
that the presence of Al atoms in fine goethite particles causes an



Table 1
Lattice parameters (in Å), bulk moduli (in GPa) and cell volume (V, in Å3) for bulk Ale
goethite obtained with GGA(PW91) þ U with Ueff ¼ 6 eV. The magnetic configura-
tions are indicated by the spin projection of Fe atoms in the unit cell. Different unit
cell parameters from experiments were included for comparison.

Al structure eMol%
Al

Magnetic
configuration

a b c Bulk
modulus

V

AlIea Al/Fe(Y)/Fe([)/Fe(Y) 4.556 9.881 2.990 136 134.6
AlIeb Al/Fe([)/Fe(Y)/Fe([) 4.556 9.880 2.989 140 134.6
AlIIea Fe([)/Al/Fe([)/Fe(Y) 4.557 9.881 2.990 136 134.7
AlIIeb Fe(Y)/Al/Fe(Y)/Fe([) 4.557 9.882 2.990 141 134.7
AlIIIea Fe([)/Fe(Y)/Al/Fe(Y) 4.557 9.881 2.990 135 134.6
AlIIIeb Fe(Y)/Fe([)/Al/Fe([) 4.556 9.880 2.989 137 134.6
AlIVea Fe([)/Fe(Y)/Fe([)/Al 4.563 9.879 2.990 133 134.8
AlIVeb Fe(Y)/Fe([)/Fe(Y)/Al 4.566 9.874 2.991 134 134.9
25% e

theoretical [67]
Antiferromagnetic 4.591 9.948 3.017 137.8

25% e Vegard’s law
[67]

4.577 9.820 2.986 134.3

17.3 [64] 4.638 9.866 2.997
20.0 [63] 4.593 9.848 2.990
24.4 [65] 4.619 9.827 2.983
24.9 [11] 4.622 9.882 2.978
26.1 [62] 4.560 9.830 2.977

The position of Al atom is marked with bold font.
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imbalance of Fe magnetism, which results in particles with a net
ferrimagnetic moment. The complexity of the magnetic configu-
ration on Al-rich goethites was clearly evidenced in these
experiments.

Taking into account the experimental data, we decided to make
an isomorphous replacement of one Fe atom by one Al atom in the
unit cell giving an Al-substitution of 25%. The lattice parameters
previously obtained with GGA þ U (Ueff ¼ 6 eV) for bulk goethite
were used as a starting point in the optimization of the unit cells of
Al-doped goethite. Due to the complexity of the magnetic struc-
tures on Al-rich goethites, two situations for the magnetic ordering
were considered, i.e., an antiferromagnetic phase (like bulk
goethite) and amagnetic orderingwhere the spin projections of the
Fe atoms were unconstrained. Our results indicated that the anti-
ferromagnetic phase is 3 eV less stable than the second situation.
Thus, all the results showed here correspond to the last magnetic
phase.

In order to study in more detail the different geometrical
arrangements and inherent magnetic configurations the Al-posi-
tion was changed within the unit cell. The resulting geometrical
position was named as I, II, III and IV according to replacement of
a Fe atom in the unit cell by an Al atom (see Fig. 5). For each Al-
position, different initial magnetic configurations for the three
remaining Fe atoms were evaluated, changing the position of up
and down local spin projections within the cell. The resulting most
stable magnetic arrangements of Fe atoms were those with the
same spin projection for the two Fe atoms surrounding the Al atom.
The metal atoms are arranged in chains along the c-vector axis,
each unit of the chain being constituted by two adjacent
octahedrons.

The lattice parameters, bulk moduli and cell volumes of these
situations are summarized in Table 1. As it is expected, the
isomorphic substitution of Fe by Al in bulk goethite results in
a lattice contraction due to the smaller radius of A13þ ion with
respect to Fe3þ ion (w0.1 Å). The contractions are of almost 0.05 Å,
0.07 Å and 0.04 Å for a, b and c cell parameters, respectively, and
they are between the experimental data [68e71]. The lattice
parameters obtained from the experiments are greatly dispersed,
because they are strongly dependent on the Al amount incorpo-
rated into the goethite structure and the synthesis conditions
[11,72]. The b and c parameters decrease linearly with the
Al-substitution, but not the a-parameter. This behavior can be
associated with the strong link present in the bec plane through
a shared edge between two octahedra of the chain, while the
neighboring chains along the a-vector interact only through shared
apical oxygen and hydrogen bonds. It is notable that the OH
concentration is highly dependent of experimental conditions
during crystal growth. From Vegard’s law, which assumes that
a linear relationship exists between the size of the unit cell of the
binary oxide and those of pure goethite and pure diaspore [8], it is
possible to obtain experimentally the predicted lattice parameters
at 25 mol% Al. However, some experimental data showed that the
atomic parameters did not obey the Vegard’s law for solid solutions
with Al amount higher than 20%, specially the a-parameter [8,72].

In particular, our cell parameter values are in agreement with
different experimental data summarized in Table 1 at nearly 25 mol
% Al. Looking at the experimental results of Ref. [8], which are the
closest to the 25% substitution, our results are in very good agree-
ment with only discrepancies of �0.07, 0.00 and þ0.01 Å, for a,
b and c parameters, respectively. The higher difference was of 1.4%
for the first of them, which becomes the most altered parameter by
the experimental conditions. Comparing with respect to Vegard’s
values the higher difference was of 0.6%. In our model, the Al atoms
are distant one each other by 2.99 Å, forming an Al chain in the c
direction. EXAFS results indicated that Al atoms tend to cluster
along the single octahedral chains [72].

Recently, a DFT study using a periodic model for bulk Ale
goethite was performed [19]. In that publication, two models of
Al substituted goethite with a clustered arrangement of Al atoms
within the goethite structure were considered. These models with
8 and 25 mol% of Al predicted better the unit cell parameters than
an isolated Al arrangement. The isolated Al arrangement contains
the Al atoms at a longer distance (6.73 Å) than the Al-clustered
arrangement (3.15 Å). The last case is similar to our model.

From the DOS analysis, we obtained a band gap value of 2.0 eV
for all themagnetic configurations presented in Table 1. Besides, the
bulk modulus is predicted to be around 137 GPa. To our knowledge,
no experimental values were previously reported for these prop-
erties. Fig. 6 shows the calculated LDOS for Al-rich goethite. It is
possible to observe that the electron DOS distributions of Fe and O
atoms are similar to that obtained for goethite. The valence states of
Al atom are practically absent for energies below the Fermi level,
indicating that this atom exhibits an A13þ ionic character.

The values of the magnetic moments on Fe atoms are main-
tained with respect to the pure goethite, but some O atoms,



Fig. 7. Charge density difference between goethite and Al-rich goethite obtained with
GGA þ U (Ueff ¼ 6 eV). Gray and red isosurfaces correspond to the depleted and the
gained electronic charge, respectively. (For interpretation of the references to color in
this figure legend, the reader is referred to the web version of this article.)

Table 2
Harmonic vibrational frequencies (in cm�1) for bulk goethite and bulk Alegoethite
obtained with GGA(PW91) þ Ueff ¼ 6 eV.

n (OeH) d (OeH) in aeb
plane

d (OeH) out aeb
plane

n (FeeO)

Goethite 3027
e3000

1099e1023 1001e998 635
941

Alegoethite 2980
e2953a

1153 (AleOH) 1068 (AleOH) 659 (Al
eO)

2977
e2895b

1129 (FeeOH) 1014 (FeeOH) 629 (Fe
eO)

Goethite Exp.
[4,73,74]

3170
e3085

890 795 640e620

a OeH group linked to Al and Fe atoms.
b OeH group linked to two Fe atoms.
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especially those which are directly bonded to an Al atom, have
a slight magnetization (w0.1 mB). The atomic Bader charges indicate
that both Al and Fe ions have þ3 oxidation state. The oxygen atoms
surrounding the Al ions have an additional negative charge with
respect to the pure goethite (O: �1.60 e and OH: �1.83 e). This fact
can be observed in the spatial distribution of the charge density
difference between goethite and Al-rich goethite (see Fig. 7). The
zone surrounding the Al ion undergoes a depletion of electronic
charge, while the zones surrounding the O ions directly linked with
it present both a reduction and an increment of electronic charge.
In these cases, the gained electron charge is slightly higher than
that lost one and, this fact can be associated with the appearance of
a net magnetization on these ions.

As an estimation of energy cost to create our Alegoethite system
with respect to the pure goethite, we considered the energy
balance for the substitution of a Fe atom of the goethite by an Al
atom, as expressed in equation (1):

Goethite þ Al atom / Alegoethite þ Fe atom

E ¼
�
EAlegoethite þ EFe atom

�
�
�
Egoethite � EAl atom

�
(1)

This energy difference accounts for the affinity of goethite system
towards the exchange of one Fe atom by one Al atom. Regarding the
electronic configurations for the isolated atoms Fe and Al used in
equation (1), they correspond to Fe d7s1 and Al s2p1, respectively.
The computed E value is�3.56 eV, indicating that the reaction is an
exothermic process. Estimated zero-point energy corrections do
not alter these energy affinity results. This result indicates an
important affinity to obtain the Alegoethites, as it was found in the
open literature [8,11].

3.3. Vibrational frequencies

Moreover, a comparative study of the vibrational frequencies of
bulk goethite and Al-doped goethite was performed. Only the
vibrational modes which can be compared with experimental data
were presented in Table 2. Our results predict for bulk goethite
a band in the range of 3027e3000 cm�1 containing the stretching
frequencies of the four bulk hydroxyls, which vibrate in different
coupled or uncoupled modes. Other band appears at 1099e
1023 cm�1 due to the OeH bending vibrations in the aeb plane,
while the OeH bending out of the plane are at 1001e998 cm�1 and
941 cm�1. A frequency obtained at 635 cm�1 corresponds to the
FeeO stretching. Experimental FTIR results for pure goethite are
scarce, nevertheless, the FTIR spectra of goethite contain four main
features that could be related to our calculations: an intense band
in the range of 3170e3085 cm�1 corresponding to the OeH
stretching, four peaks at about 890 cm�1 and 795 cm�1 due to
the OH bending vibrations in and out of the aeb plane, respec-
tively, and a band in the range of 640e620 cm�1 corresponding to
the FeeO stretching vibrations [4,73,74]. These assignments were
made considering that the experimental spectra are not largely
distorted by temperature dependent effects, as is it usually
assumed in the literature [31,75e77]. It is outstanding that P.
Cambier [78] found that the decreasing OeH stretching frequen-
cies and the increasing OeH bending frequencies can be related
with a crystalline order and the cell parameters. It is reasonable to
consider that the OH band displacements correspond to an
enhancement of the H-bond strength [79]. Mainly, the H-bond
strength changes due to the decreasing a-parameter. These results
explain our lower OeH stretching frequency and our higher OeH
bending frequencies with respect to the experimental data
previously mentioned, due to the lower a-parameter in our bulk
goethite model.

When the goethite is doped with Al the unit cell parameters are
contracted and this fact produces changes in bond distances and
angles, modifying the frequency positions in comparison with
pure goethite. Indeed, the symmetry of the unit cell is broken and
more features appear in the spectrum, due particularly to the
stretching and bending modes of the hydroxyl linked with Fe and
Al ions. The positions of the hydroxyl stretching bands are in the
ranges of 2980e2953 cm�1 for the OeH groups bonded to Al and
Fe and of 2977e2895 cm�1 for the OeH bonded to two Fe atoms.
The frequencies for the OeH bending in the plane are located at
1153 (AleOH) and 1129 (FeeOH) cm�1, while those for the OeH
bending out of the plane are at 1068 (AleOH) and 1014 (Fee
OH) cm�1. Finally, the frequencies for the MeeO stretching
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modes appear at 659 cm�1 for Me ¼ Al and at 629 cm�1 for
Me ¼ Fe. Summarizing, the OeH stretching bands are located at
lower frequency values than in pure goethite, while the OeH
bending and MeeO stretching modes are located at higher
frequency values. Besides, the MeeO stretching frequencies also
increase their values.

Experimentally, the presence of Al in bulk goethite produces
analogous shifts in IR bands together with the broadening of the
spectral peaks due to the different atomic environments [80]. Stiers
and Schwertmann [81] also reported shifts in the OeH bending
band to higher frequencies with increasing substitution of Mn3þ or
Al3þ for Fe3þ in goethite. Subsequently, a similar behavior was
observed when the pure goethite was exposed under different
pressures [73]. These interesting results indicate that pressure
induces changes and a reorientation of the hydroxyl bonding,
modifying its bending vibration. The OeH bending out of the plane
is the most altered signal with the external pressure. The shift of
hydroxyl bending bands is due to the non-linear hydrogen bond, e
FeeOeH.OeFe, with respect to the oxygeneoxygen axis. The
reason of this bending is the larger repulsion between the hydrogen
ion and the neighboring cationic ions [73] due to the smaller H-ion
distances. Indeed, in our bulk goethite the nearest neighboring Fe
ions are at 2.64 Å and 2.98 Å, while the H-ion distances in bulk Al-
rich goethite are 2.53 Å and 2.92 Å with respect to Fe and Al ions,
respectively. The H-bonding has a length of 1.69 Å and 1.67 Å for
goethite and Alegoethite, respectively. Finally, an increase in the
FeeO stretching frequency could be the main evidence for Al/Fe
substitutions [78].

The above performed calculations help us to ensure that the
bulk goethite and Al-doped goethite are well descripted. As it was
previously mentioned by Illas et al. [36], the election of an optimal
Ueff parameter considering a large set of experimental data is an
efficient way to study complex systems within the DFT þ U
formalism. From the presented results, we could generate
different surfaces of goethite and Al-doped goethite with the
certainty that the model will reproduce the chemical reactivity of
these systems.

4. Conclusions

The theoretical study of bulk goethite performed in this work,
with a careful consideration of the correlation effects due to the
more localized 3d-electrons of Fe, shows that the GGA þ Umethod
of DFT describes more adequately than the LDA þ U one the
structural and electronic properties of this oxide. The use of
Ueff ¼ 6 eV is the better choice regarding properties such as lattice
constants, bulk moduli, density of states, magnetic moments and
atomic charges. The calculation of magnetic moments of Fe ions,
the DOS analysis and the Bader atomic charges identifies the
goethite, in agreement with experiments, as an antiferromagnetic
Fe(III) compound. The subsequent extension of this approach to Al-
rich goethite using a model where 25% of Fe was substituted shows
that four magnetic orderings can be found, all of themwith similar
energies. In these orderings the Fe atoms surrounding the Al atom
must have the same spin projection, i.e., spin-up or -down. The unit
cell parameters of the Al-doped goethite are in complete agree-
ment with the experimental result for similar Al content. The
isomorphic substitution of Fe by Al in goethite results in a lattice
contraction due to the smaller radius of A13þ ion with respect to
Fe3þ ion. This Al-rich goethite model presents the Al ions forming
a chain along the c-vector axis. Local charge redistribution is
observed surrounding each Al ion, where the O atoms exhibit small
additional negative charges with respect to the pure goethite. This
feature could change the adsorption capability of the Alegoethite
surfaces.
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