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Using density-functional theory, we investigate the stability, structural, magnetic, and electronic properties
of the iron oxyhydroxide polymorphs ��-, �-, �-, and hp���-FeOOH� under hydrostatic pressure. At ambient
conditions goethite ��� is the lowest energy phase, consistent with recent calorimetric measurements. Around
6–7 GPa we predict a transformation to the high-pressure hp��� phase. This structural transformation is
followed by a high-spin to low-spin transition at 7.7 GPa, at much lower pressure than for other currently
discussed iron-bearing minerals. While in the ground state the Fe3+ ions are coupled antiferromagnetically, at
high pressures a strong competition to a ferromagnetic alignment is found in hp���-FeOOH. Concerning the
electronic properties, including an on-site Coulomb repulsion parameter U �LDA /GGA+U method� improves
the size of the zero-pressure band gaps substantially but shifts the spin transition to higher pressure �56.5 GPa�.
The predicted spin crossover is associated with a blueshift of 0.4 eV.
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I. INTRODUCTION

The iron oxyhydroxides �FeOOH� play an important role
in nature and technology. They are common minerals in
aquifers, sediments, and in the Earth’s crust. In the soil they
act as natural regulators of concentration and dissolution of
nutrients or pollutants such as heavy metals1,2 and arsenic
complexes,3 thus finding application in the treatment of con-
taminated water. FeOOH belongs to the group of XOOH
minerals �X=Fe, Al, Mn, Co, and Cr�, which crystallize in
five canonical oxyhydroxide structures: diaspore, boehmite,
akaganeite, guyanaite, and grimaldiite, named after the main
representative. The iron oxyhydroxides have been identified
crystallographically in the structures of diaspore as goethite
���,4 of boehmite as lepidocrocite ���,5 as akaganeite ���,6
and of guyanaite as the high-pressure �hp���� form.7

The FeOOH structures consist of corner-linked bands
�single or double� of FeO3�OH�3 octahedra. The linkage of
these bands results in different framework structures as
shown in Fig. 1 �see also Table I�. In the � phase the double
bands of edge-sharing octahedra form 2�1 channels while
in �-FeOOH the arrangement of double bands results in
2�2 channels, which are stabilized in nature by a variable
amount of molecules such as H2O and ions such as OH−,
Cl−, F−, or NO3

−. In �-FeOOH �lepidocrocite�, the double
bands along the c axis form zigzag layers, that are connected
to each other via hydrogen bonds �OH¯O�. The iron ions
are surrounded by three nonequivalent oxygen atoms as a
result of the zigzag sheets. The hp��� phase is isostructural to
InOOH and the only structure composed of corner sharing
single bands of octahedra. This results in a dense 1�1 ar-
rangement along the c axis with interstitial hydrogen.

The polymorphs often have high surface areas and high
adsorption affinities for aqueous solutes. Therefore, subtle
changes in surface chemical environments in terms of tem-
perature, humidity, impurity ions, and crystallization rates
can have an important influence on the observed mineral
assemblages in low-temperature environments. Their mag-
netic properties are sensitive to soil redox conditions and

solution compositions.8 Thus, the oxyhydroxide minerals can
potentially serve as sensitive recorders of climate history,
providing insights into crucial questions concerning the evo-
lution of the Earth’s atmosphere on geologic timescales.9

Despite the importance of this system in the Earth sci-
ences, there is only one previous theoretical study on the
relative stability of the FeOOH polymorphs at zero pressure
based on DFT calculations using pseudopotentials.10 An un-
expected finding is that the hp��� phase was predicted to be
the most stable polymorph at ambient conditions. The dis-
crepancy to recent calorimetric measurements11,12 has moti-
vated us to revisit this problem employing an all-electron
DFT method. Moreover, the high-pressure behavior of hy-
drous Fe-bearing minerals is important for understanding the
processes in the Earth’s crust and upper mantle. In this re-
spect FeOOH can be regarded as a model system for achiev-
ing a better understanding of the role of hydrogen bonding at
high pressures.13,14 Hence, a main goal of this study is to
explore the pressure dependence of the FeOOH polymorphs.

The theoretical description of iron-bearing minerals rep-
resents a challenge for first-principles methods due to their
complex structure, the localized 3d orbitals of Fe, and the
influence of correlation effects. Therefore, one aspect of this
study is to examine how the level of treatment of electronic
correlations influences the energetic, structural, and elec-
tronic properties.

In this paper we present a detailed study of the energetic
stability of the polymorphs ��-, �-, �-, and hp���-FeOOH� at
ambient conditions and under pressure. Moreover, we deter-
mine the equation of state and compare the bulk moduli and
equilibrium volumes to available experimental data. The fo-
cus of the present study lies on pressure-induced structural
and spin transitions. We predict that the � phase �goethite�
transforms at approximately 6–7 GPa to hp���-FeOOH. Fur-
thermore, a collapse from a high-spin �HS� to a low-spin
�LS� state is found for the hp��� phase. The transition takes
place at considerably lower pressures than in
magnesiowüstite15,16 or silicate perovskites,17,18 which are
currently in the center of discussion of spin-crossover phe-
nomena.
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In the following �Sec. II� we discuss briefly the calcula-
tional details. In Sec. III we compare the calculated relative
energetic stability of the polymorphs to calorimetric
measurements.11 The equation of state of the polymorphs is
determined in Sec. IV together with theoretical evidence for
a transition from the �- to the hp��� phase between 5.9 and 7
GPa. We reexamine previous experimental data and find in-
dications for such a phase transition. In Sec. V we describe
the structural changes under pressure. The pressure-induced
magnetic and spin transition in hp���-FeOOH is discussed in
Sec. VI and related to the electronic properties in Sec. VII.
The results are summarized in Sec. VIII.

II. CALCULATIONAL DETAILS

The DFT calculations were performed with the full-
potential all-electron linear augmented plane-wave method
in the WIEN2K implementation.19 The generalized gradient

approximation �GGA� �Ref. 20� of the exchange and corre-
lation potential was used. Because electronic correlations
play an important role in transition-metal oxides, we have
explored their influence beyond GGA by including an on-site
Coulomb repulsion parameter U within the GGA+U
approach.21 While U values obtained from constrained local-
density approximation tend to be higher �7–8 eV�,22 a recent
study of Fe2+ in magnesiowüstite determined U parameters
between 5 and 6 eV from linear-response theory.16 The au-
thors reported also a pressure dependence of the U parameter
but the absolute U value changes by less than 1 eV for a
volume reduction of 30%. Therefore, in order to compare
total energies as a function of pressure, we have used a con-
sistent value of U=5 eV and J=1 eV on the Fe ions
throughout the calculations, similar to other studies on iron
oxides.23,24 Due to the small muffin-tin �MT� radius of hy-
drogen �RMT�Fe�=1.9 bohr, RMT�O�=1.0 bohr, and
RMT�H�=0.6 bohr�, a high energy cutoff of 36 Ry was cho-
sen in order to achieve an accuracy of total energies of 1
mRy. For the integration in reciprocal space 48, 21, 84, and
32 k points were used in the irreducible part of the Brillouin
zone for the �-, �-, �-, and hp��� phase, respectively. Inside
the MTs the wave functions were expanded in spherical har-
monics with angular momenta up to lmax

wf =10. Nonspherical
contributions to the electron density and potential up to
lmax
pot. =6 were used within the MT and a cutoff of 196 Ry in

the interstitial.
Information on the structural and magnetic parameters is

given in Table I. An optimization of the internal parameters
under hydrostatic pressure was performed both within GGA
and GGA+U.

III. ENERGETIC STABILITY OF THE FeOOH
POLYMORPHS

DFT calculations were carried out for the different poly-
morphs both for a ferromagnetic �FM� and an antiferromag-
netic �AFM� coupling of the Fe ions. For all systems, except
for the hp��� phase at high pressures, the AFM case is the
ground state in agreement with experiment.25 The energy
volume, E�V�, as well as the enthalpy pressure, �H�p�, rela-
tions of the polymorphs are presented in Fig. 2.

TABLE I. Experimental data on the �magnetic� structure of the different polymorphs showing the lattice parameters, volume, space group
�SG�, Wykoff letter, and multiplicity of the ions �site�. The formula units per unit cell � f.u.

u.c. � correspond to the size of the simulation cell,
except for �-FeOOH, where only 2 f.u. remain in the reduced cell. Additionally, the type of octahedral arrangement and channels in the
respective structures is given as well as the Néel temperature and orientation of the spins along the crystallographic axes.

Phase

Lattice parameter

SG Site f.u.
u.c. Octahedra arrangements

TN spin
�K�

a
�Å�

b
�Å�

c
�Å�

V
�Å�

Goethite ��� 9.95 3.01 4.62 138.37 Pnma 4c 4 Double bands, 2�1 tunnels 400�b

Akaganeite ��� 10.48 10.48 3.02 332.02 I 4
m 8h 8 Double bands, 1�1 and 2�2 tunnels 270�c

Lepidocrocite ��� 3.07 12.52 3.87 148.91 Cmcm 4a 4 Zigzag layers 77�c

hp��� a 4.94 4.43 2.99 65.5 1 Pmn21 2a 2 Single bands, 1�1 tunnels 470�c

aReference 7.

FIG. 1. �Color online� The structures of the FeOOH polymorphs
represented in terms of FeO3�OH�3 octahedra where the hydrogen
atoms �in light blue/gray� reside in the 2�1, 2�2, and 1�1 chan-
nels of �a� �-FeOOH �goethite�, �b� �-FeOOH �akaganeite�, and �c�
hp���-FeOOH, respectively, or between the zigzag sheets of �d�
�-FeOOH �lepidocrocite�
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The relative stabilities of the different phases with respect
to the � phase at zero pressure are displayed in Table II. Our
results reveal that goethite is the most favorable phase at
ambient conditions both within GGA and GGA+U. Within
GGA the � phase is followed in stability by the hp��� �0.07
eV/f.u.�, �- �0.11 eV/f.u.�, and � phase �0.37 eV/f.u.�, which
is the least stable one. A similar trend is obtained within
GGA+U: hp���-FeOOH is 0.05 eV/f.u. less favorable than
the � phase, followed by the � phase �0.25 eV/f.u.�.

These results agree with calorimetric measurements11

which found energy differences with respect to the most
stable � phase of �E�=0.08 eV / f.u. and �E�

=0.14 eV / f.u. �data for the hp��� phase were not reported in
this study�. These relative stabilities indicate that the frame-
work structure is more favorable than the layered one.

IV. EQUATION OF STATE: EVIDENCE FOR A PHASE
TRANSITION

The equation of state is obtained through a third order
Birch-Murnaghan �BM� fit.27 To identify possible phase tran-
sitions, we have determined the enthalpy H=E+ pV, where
the pressure is obtained as an energy derivative with respect
to the volume p=− dE

dV from the third-order BM fit. In Figs.
2�b� and 2�d� we have plotted the enthalpy difference with
respect to the � phase ��H=Hphase−H��. While goethite is
stable at ambient conditions, for negative pressures akaga-

neite becomes more favorable. At high pressures, our calcu-
lations predict that goethite transforms into the hp��� phase.
The transition pressure is 7 GPa within GGA and slightly
lower within GGA+U �5.9 GPa�. Furthermore, a spin tran-
sition from a high-spin to a low-spin state is found which
occurs within GGA at 7.7 GPa and within GGA+U at 56.5
GPa. The respective transition pressures are also listed in
Table III.

Table II contains the equilibrium volume V0, the bulk
modulus B0, and its pressure derivative B0� for each phase.
Experimentally determined volumes are also listed. Bulk
moduli are available so far only for the � �Refs. 13 and 26�
and the hp��� phase.13 In the following we will discuss the
properties of the FeOOH polymorphs and also reexamine
previous experimental findings in the context of the pre-
dicted phase and spin transitions.

A. Equilibrium volume

Generally, both GGA and GGA+U overestimate the equi-
librium volume. For goethite, the GGA /GGA+U values are
2.7%/4.3% larger than the V0 determined by Szytula et al.4

On the other hand, there is much better agreement to the data
reported in a more recent synchrotron x-ray diffraction
�XRD� study by Nagai et al.26�1.1%/2.8%�. A recent DFT
study28 of goethite obtained similar results �1.1%/5.1% larger
than the ones reported by Szytula et al.4� while the values

FIG. 2. �Color online� Energy as a function of volume and enthalpy-pressure relation �H�p� for the different polymorphs within GGA
�left panels� and GGA+U �right panels�. The total energy at the equilibrium volume, V0, of the most stable � phase is set to zero. �H�p�
�0 indicates phases that are more stable than the �-phase �or hp���AFM,HS in the inset in �d�� for a given pressure.
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obtained by Kubicki et al.29 coincide with the experimental
data of Szytula et al.4 both within GGA and GGA+U.

The theoretical equilibrium volume for the hp��� phase is
33.8 Å3 �GGA� and 34.5 Å3 �GGA+U� again larger than

the experimental one �33.15	0.5 Å3�.13 We find that the
predicted pressure-induced spin transition invokes a substan-
tial volume reduction of 14.5%/8.1% within GGA /GGA
+U to V0

FM,LS=28.9 /31.7 Å3.

B. Compressibility

Concerning the bulk moduli, there is an excellent agree-
ment between the GGA+U value for goethite �108.8 GPa�
and the experimental bulk modulus determined by Nagai et
al.26 in the range 0–11 GPa �108.5 GPa�. GGA tends to un-
derestimate the bulk modulus �B0

GGA=90.6 GPa�. Similar
values were found by Russell et al.28 We observe a strong
dependence of the experimental B0 on the pressure range
used in the fit. For example, Nagai et al.26 obtained 111 GPa
using XRD data for 0–24.5 GPa. A substantially higher value
of 140.3	3.7 GPa was obtained by Gleason et al.13 who
applied a BM fit on XRD data in the pressure range 0–29.4

TABLE II. Relative stability of the polymorphs ��E=Ephase−E�,min� with respect to the most stable phase
��� calculated within GGA and GGA+U. The results for the equilibrium volume, bulk modulus, and B0� of
the different polymorphs are compared to available experimental data.

Phase Method
�E

� eV
f.u. �

V0

� Å3

f.u. �
B0

�GPa� B0�

� GGA 0.00 35.5 90.6 5.8

GGA+U 0.00 36.1 108.8 5.9

Experimenta 34.6

Experimentb �0–11.0 GPa� 108.5 4

Experimentb �0–24.5 GPa� 35.1 111 4

Experimentc �0–29.4 GPa� 34.7 140.3 4.6

� GGA 0.11 42.6 76.4 2.1

GGA+U 0.18 42.6 194.7 1.4

Experimentd 41.5

� GGA 0.37 35.7 107.1 0.7

GGA+U 0.25 36.8 158.9 4.6

Experimente 37.0

AFM coupling

hpHS GGA 0.07 33.8 104.0 5.6

GGA+U 0.05 34.5 123.2 5.7

hpLS GGA+U 0.76 32.0 152.7 4.6

FM coupling

hpHS GGA+U 0.22 34.9 124.3 5.9

hpLS GGA 0.28 28.9 187.0 6.0

GGA+U 0.83 31.7 135.1 5.9

hp Experimentf 32.7

Experimentc 33.2 158 4

aReference 4.
bReference 26.
cReference 13.
dReference 6.
eReference 5.
fReference 7.

TABLE III. Respective transition pressures within GGA and
GGA+U for the phase transformation from �- to hp���-FeOOH as
well as the spin crossover in the hp��� phase from a HS, AFM to an
LS, FM state.

Method

Phase transition �→hp���
�GPa�

Spin crossover
hp���→hp���

�GPa�

HS, AFM HS, AFM HS, AFM LS, FM

GGA 7 7.7

GGA+U 5.9 56.5
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GPa. This value even exceeds the one for the isostructural
diaspore �134.4	1.4 GPa �Ref. 30� and 143.7 GPa �Ref.
31��, that has a substantially smaller volume and is thus ex-
pected to have a higher B0 than goethite. We believe that this
variation in the experimental bulk moduli with the pressure
interval used in the BM fit is rather related to the phase
transformation predicted here from the �- to the hp��� phase
at 6–7 GPa.

For the hp��� phase the bulk moduli are higher than for
�-FeOOH: 104 GPa/123 GPa for the HS AFM state within
GGA /GGA+U, respectively. The transition to a low-spin
state leads to a further increase in B0. The value determined
by Gleason et al.13 �158	5 GPa� is in agreement to the LS
state with AFM coupling of the iron spins �152 GPa�.

C. Volume-pressure dependence

Further indications for the predicted phase transition can
be found in the volume versus pressure dependence pre-
sented in Fig. 3. In fact, the V�p� data of Nagai et al.,26

which are also plotted in Fig. 3, exhibit a kink at around
10–11 GPa accompanied by a discontinuous broadening of
diffraction peaks. Similar features were observed also by
Gleason et al.13 above 8 GPa. Although these features were
associated with a solidification of the pressure medium, they
may be related to a beginning phase transformation.

V. PRESSURE DEPENDENCE OF THE BOND LENGTHS

In this section we discuss how the bond lengths change
under pressure. In goethite there are two different types of
oxygen atoms shared between the octahedra: O2 is part of
the hydroxyl group in Fe-O2-H while O1 supplies the hydro-
gen bridge in Fe-O1¯H. In Fig. 4�a�, the different bond
distances in goethite, namely, the Fe-O�1,2�, O�1,2�-H, and
Fe-H obtained from GGA are plotted as a function of pres-
sure. Bond shortening is observed as a result of compression
in all cases but the strongest effect occurs for the hydrogen-

bridge distance �O1¯H�. This indicates that bulk compres-
sion takes place through contraction of the channels rather
than the FeO6 octahedra. A similar observation was made in
the XRD study of Nagai et al.,26 who found for a 7% volume
reduction only 3% contraction of the FeO6 octahedra.

Due to the different bonds of oxygen to H, there are four
distinct Fe-O distances. Their pressure dependence from
DFT and experiment is plotted in Fig. 4�b�. The bond lengths
at 0 GPa range from 1.9 Å �Fe-O1� to 2.15 Å �Fe-O2�. We
find that the longer Fe-O2 bonds decrease more rapidly than
the Fe-O1 bonds with increasing pressure. The DFT-GGA
bond lengths are in good agreement with the ones derived
from XRD data26 up to 9 GPa, which are also shown in Fig.
4�b�.

OH bond-length variation with pressure

Because H is a weak x-ray scatterer, it is difficult to locate
the H atoms from XRD experiments. DFT calculations can
provide here useful information on the OH bonds. Fig. 5
presents the variation in the OH bond lengths for the differ-
ent polymorphs with pressure obtained within GGA. As dis-
cussed above, for �-FeOOH the hydrogen bridge shows the
strongest variation with pressure while the bond length of the
hydroxyl group remains nearly constant ��1.0 Å�. This
trend is also observed for the hp��� phase, which is the only
polymorph, where a symmetrization of O2-H¯O1 occurs
above 40 GPa. Williams and Guenther14 measured infrared
�IR� spectra of goethite up to 24 GPa and found that a double
peak feature at �900 cm−1 turns into a single peak at 9.8
GPa. Here, the hydrogen reaches a position equidistant to the

FIG. 3. �Color online� Volume as a function of pressure within
GGA �filled circles� and GGA+U �open circles�. For comparison,
the experimental data of Nagai et al. �Ref. 26� �black squares� is
added and shows very good agreement with the GGA results.

FIG. 4. �Color online� �a� Bond lengths in �-FeOOH as a func-
tion of pressure within GGA. �b� Pressure dependence of the Fe-O
bonds in �-FeOOH within GGA: the filled symbols denote the dif-
ferent Fe-O1 bonds, the open symbols the different Fe-O2 bonds.
Additionally, the bond lengths up to 9 GPa obtained by Nagai et al.
�Ref. 26� from XRD measurements �black stars�.
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three Fe ions as in the hp��� phase. This feature may be
related to the predicted phase transition.

In akaganeite, the oxygen-hydrogen distances remain
nearly constant with pressure. This is also true for the O-H
bond length in the layered �-FeOOH of �1.2 Å, somewhat
longer than the typical length in a hydroxyl group. On the
other hand, the O¯H bridge is reduced from 3.1 Å at am-
bient conditions to 2.9 Å at 15 GPa.

VI. MAGNETIC PROPERTIES AND PRESSURE-INDUCED
SPIN CROSSOVER

The orientation of the spins with respect to the crystallo-
graphic axes are specified in Table I �last column�. As men-

tioned previously, we have investigated both ferromagnetic
and antiferromagnetic coupling of the Fe ions. For the latter
case we have adopted the experimentally suggested magnetic
structure.25 This magnetic order is determined by two main
interactions �following the scheme of Coey32�: �i� a strong
AFM coupling of Fe in corner sharing octahedra with an
Fe-O-Fe bond angle close to 120° and �ii� a weak AFM
coupling for edge-sharing octahedra �i.e., within the double
bands� with a Fe-O-Fe bond angles close to 90°.

Table IV shows the magnetic moments of Fe ions in the
different phases as well as the energy difference between the
FM and AFM coupling ��E=EFM−EAFM� at the experimen-
tal volume. At zero pressure the AFM order is clearly the
ground state for all phases ��E
0�, in agreement with ex-
perimental observations.25 A stronger competition between
the AFM and FM coupling is found only for lepidocrocite:
�E�=0.07 eV compared to �E�=0.42 eV. This finding is
consistent with the much lower Néel temperature for the �
phase �TN=77 K� than for the � phase �TN=400 K�.

For all phases except for �-FeOOH we observe a HS-LS
transition in the FM case within GGA. We find that in the
AFM state the magnetic moments at Vexp are higher
�3.61 �B� than in the FM state �3.39 �B� and remain in a
HS configuration under pressure with only a small reduction.
The magnetic moments within GGA+U �4.14 �B� are larger
compared to GGA. This is related to a reduced occupation in
the minority-spin channel, as will be discussed in the next
section. For goethite iron remains in HS state within the
studied pressure range.

On the other hand, in the hp��� phase there is a transition
from AFM coupled Fe ions in high-spin state to a FM cou-
pling with a low-spin configuration and a magnetic moment
of 0.97 �B. Within GGA the spin transition takes place at
7.7 GPa �see Fig. 2�b� dashed line� while within GGA+U

FIG. 5. �Color online� Variation in the hydroxyl bonds �O-H�
and the hydroxyl bridges �O¯H� for the different phases. The
length of the hydrogen-bridge bond exhibits the strongest variation
with pressure. In the case of hp���-FeOOH, a symmetrization of the
OH bonds is observed above 40 GPa.

TABLE IV. Magnetic and electronic properties of the polymorphs. �E denotes the energy difference between the FM and AFM order in
GGA ��E=EFM−EAFM�. Additionally, the magnetic moments as well as the calculated and experimental band gaps �Ref. 25� of all phases
within GGA and GGA+U are displayed both for the experimental volume and the respective minimum volume, i.e., at maximum pressure.
�m=metallic�.

�E
� eV

f.u. �

Magnetic moments,
M

��B�

Band gaps,
�g

phase

�eV�

@Vexp @Vexp @Vmin @Vexp @Vmin

Expt.
�Ref. 25�

GGA GGA GGA+U GGA GGA+U GGA GGA+U GGA GGA+U @p=0

� FM 0.42 3.39 4.21 0.85 0.95 m 1.47 m 2.84

AFM 3.61 4.13 3.41 4.10 0.27 2.21 0.15 2.04 2.10

� FM 0.55 2.87 4.21 0.86 0.96 m 1.43 m 1.79

AFM 3.58 4.12 3.21 4.05 0.57 2.44 0.12 1.43 2.12

� FM 0.07 3.72 4.21 3.20 3.24 m 1.61 m m

AFM 3.85 4.18 2.79 4.01 m 1.69 m m 2.06

hpHS FM 4.22 4.18 1.6 0.24

AFM 3.57 4.13 3.88 0.28 2.07 1.00 1.94

hpLS FM 0.21 0.88/0.84 0.99 0.86 0.93 m 2.40 m 2.46

AFM 1.02/0.96 0.84 0.93/0.90 1.90 m 1.30
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the HS state collapses to the LS state at a much higher pres-
sure of 56.5 GPa �inset in Fig. 2�d� dashed line�. The E�V�
relation within GGA+U �Fig. 2�c�� reveals for Fe in the
low-spin state a strong competition between the ferromag-
netic and the antiferromagnetic coupling in hp���-FeOOH.

We note that no intermediate spin states were obtained in
FeOOH. Such have recently been reported for ferrous iron
�Fe2+� in lower mantle �post�perovskites.33,34

VII. ELECTRONIC PROPERTIES

A. Band gaps

The density of states �DOS� of the different phases were
calculated at the experimental volume as well as under pres-
sure. The DOS of the most stable polymorph goethite at the
experimental volume within GGA �Fig. 6�a�� shows the sen-
sitive influence of the magnetic coupling on the electronic
properties: for FM order the system is metallic while the
AFM ground state shows insulating character. However,
GGA ��g

�,GGA=0.27 eV� substantially underestimates the
experimental band gap of 2.1–2.5 eV.25,35 Including correla-
tion effects within GGA+U �see Fig. 6�b�� improves the size
of the band gap to �g

�,GGA+U=2.08 eV in close agreement
with the experimental value. Additionally, the type of band-
gap changes from a Mott-Hubbard type �GGA� between
empty and occupied Fe 3d states to a charge-transfer type
�GGA+U�, separating the occupied O 2p from unoccupied
Fe 3d states. Analogous behavior was obtained for
�-Fe2O3.24,36

The electronic properties of the other polymorphs given in
Table IV show similar trends. While all FM coupled phases
are metallic within GGA �except for ��, the AFM coupled
systems have nonzero band gaps �except for lepidocrocite�,
which are strongly underestimated compared to experiment.
At high pressures, the small band gaps are further reduced to
a pseudogap �� and �� or the system becomes metallic

�hp���� within GGA. GGA+U reduces the hybridization be-
tween Fe 3d and O 2p bands and leads to a charge-transfer
type of band gap with band widths in close agreement to the
experimental values.

B. Pressure-induced spin transition in hp(�)-FeOOH

The DOS of hp���-FeOOH with antiferromagnetically
coupled Fe in high-spin state obtained within GGA+U at the
respective phase and spin transition pressures of 5.9 and 56.5
GPa is presented in Figs. 7�a� and 7�b�. At 56.5 GPa the
valence band is approximately 1.5 eV broader than at 6 GPa.
Additionally, the hybridization between Fe 3d and O 2p
states is substantially increased. For the HS state all Fe 3d
orbitals in the majority-spin channel are occupied, the ones
in the minority-spin channel are empty. A substantial rear-
rangement takes place with the spin transition �Fig. 7�c��:
two electrons now occupy t2g states in the minority-spin
channel while the eg orbitals are empty for both spin direc-
tions. As a result, the lower Hubbard band is narrowed by
approximately 1 eV and there is a blueshift of the band gap
from 2.07 eV �AFM, HS� to 2.50 eV �FM, LS� at 56.5 GPa.
A similar effect was reported, e.g., in �Mg,Fe�SiO3.18 The
change in orbital occupation is visualized also in Fig. 8
which shows the spin-density distributions of Fe3+ at the spin
transition pressure �GGA+U�. While in the HS state �Fig.
8�a�� all Fe 3d orbitals are singly occupied leading to a
spherical spin-density distribution, the LS state �Fig. 8�b��

FIG. 6. �Color online� DOS of �-FeOOH at Vexp. The left panel
shows the GGA results for the FM �dashed line� and AFM coupling
�solid line, gray area�, the right one the GGA+U results for AFM.
Vexp corresponds to pressures of 2 GPa within GGA and 4 GPa
within GGA+U, respectively.

FIG. 7. DOS of hp���-FeOOH illustrating the spin transition
associated with a change in magnetic order obtained within GGA
+U: �a� hp���-FeOOH �AFM, HS� at the phase transition pressure
of 5.9 GPa; at 56.5 GPa the spin crossover takes place in
hp���-FeOOH from �b� an AFM, HS state to �c� an FM, LS state.

a) HS, AFM b) LS, FM

FIG. 8. �Color online� Spin-density distribution of
hp���-FeOOH at 56.5 GPa for Fe3+ in �a� HS, AFM and �b� LS, FM
state. Fe is octahedrally coordinated by oxygen �light blue/gray�;
the hydrogen positions are not shown.
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exhibits a clear t2g character with lobes pointing to the faces
of the surrounding oxygen octahedron.

VIII. SUMMARY

In summary, we present a comprehensive DFT study of
the bulk properties of the FeOOH polymorphs goethite ���,
akaganeite ���, lepidocrocite ���, and the hp��� phase at am-
bient conditions and under hydrostatic pressure. We find that
at zero-pressure goethite is the lowest energy phase. Akaga-
neite becomes favorable only upon volume expansion, which
suggests that it is stabilized at ambient conditions by addi-
tional ions in its channels. At ambient conditions the � phase
is followed in stability by the hp���-, �-, and � phases. The
energetic relations among the phases show that the frame-
work structures ��, hp���, and �� are more favorable than the
layered one ��� and are in agreement with the trends ob-
tained from calorimetric measurements of Laberty and
Navrotsky.11 Thus, overall, the observed occurrences of these
phases in the field are consistent with the calculated cohesive
energies and do not appear to be governed primarily by ki-
netics or surface effects.

A pressure-induced transition from the �- to the hp���
phase is predicted at 6–7 GPa. This finding is supported by
previous IR data by Ref. 14. Furthermore, Ref. 37 reported
the synthesis the hp���-phase samples at pressures of 8 GPa,
similar to the predicted transition pressure. Voigt and Will38

determined the boundary line between �- and hp���-FeOOH
in the range between 6 and 7.5 GPa at temperatures above
573 K. This is confirmed by recent XRD measurements13

pointing also at a slow conversion from �- to hp���-FeOOH
above 5 GPa and below 573 K. Further studies will be nec-
essary to shed more light on this transition.

Furthermore, the structure influences not only the stability
but also the compressibility. Due to its large 2�2 channels,
akaganeite is most compressible. For goethite the bulk
modulus obtained within GGA+U �108.8 GPa� is in very
good agreement with the value obtained from XRD experi-

ments �108.5 GPa�.26 The bulk modulus of the hp��� phase is
significantly higher �152.7 GPa for HS AFM�, again in good
agreement with very recent experimental data �158 GPa�.13

We are not aware of any previous results in the literature for
the other FeOOH phases.

The pressure dependence of the bond lengths for the �
phase is in good agreement with experiment.26 The O¯H
bridge of the �- and hp��� phase shows the strongest change
with pressure indicating that compression takes place by
contracting the channels. For the hp��� phase a symmetriza-
tion of the O-H bonds occurs beyond 40 GPa.

While GGA shows a closer agreement to experiment con-
cerning the equilibrium volume as well as the pressure de-
pendence of the volume and bond lengths, GGA+U provides
a better description of the bulk moduli and improves consid-
erably the band gaps. Under ambient conditions all phases
are coupled antiferromagnetically and insulating. For the
hp��� phase we find a HS-LS transition at 7.7 GPa within
GGA. Because GGA+U tends to stabilize the HS state, this
transition is shifted to 56.5 GPa. Still these pressures are
significantly lower than the values reported, e.g., for iron-
bearing perovskites or magnesiowüstite and may suggest that
the presence of OH− in the coordination shell of Fe3+ facili-
tates the HS-LS transition. One possible explanation may be
the symmetry breaking caused by having both OH− and O2−

in the coordination polyhedron. If this is a general phenom-
enon, it may indicate an unanticipated connection between
water content and the spin-transition pressure in the Earth’s
mantle. We hope that the results presented here will inspire
new experiments to explore the phase transition and possible
spin crossover in FeOOH and to determine the bulk moduli
of the FeOOH polymorphs.
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