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Theoretical investigation of bonding in diaspore
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Abstract: The bulk modulus of diaspore, a-AIOOH, has been obtained from density functional theory based
calculations. The value obtained, B = 148 GPa, is consistent with that previously obtained from elastic constant
measurements, but in strong disagreement with values derived from high pressure x-ray diffraction experiments.
A Mulliken bond population analysis of the electronic structure implies that the Al-O bonds are significantly
covalent, in contrast to findings based on an earlier x-ray diffraction study. On compression, the main change is

the increase in the hydrogen-bond strength.

Key-words: diaspore, AIOOH, high pressure, density functional theory.

1 Introduction

The stability field and the physical properties of di-
aspore, a-AlOOH, are of interest, as this phase may
play arole as a source of H,O in subducting slabs
and its properties are required for petrogenetic
modelling of some reactions in the CASH- and
MASH-system. From a crystallographic perspec-
tive, diaspore is an interesting model system to
study hydrogen bonds of intermediate strength as
its structure is comparatively small and simple. a-
AlOOH crystallizes in space group Pbnm with Z=4.
The structure can be described in terms of a slightly
distorted hexagonally close packed arrangement of
oxygens, with Al-atoms occupying some of the oc-
tahedral interstices (Table 1). The nonlinear hydro-
gen bond, -Al-O(2)-H...O(1)-Al-, is known to be of
intermediate strength, as the O-H stretching fre-
quency has a value of about 3000 cm-! (Ryskin,
1974).

Due to its petrological importance, the stability
of diaspore as a function of pressure and tempera-
ture has been investigated extensively (e.g. Pawley
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et al. (1996); Holland et al. (1996); Fockenberg et
al. (1996) and references therein). However, exper-
imentally determined values for the bulk modulus,
B, differ significantly. A value B = 230 GPa has
been obtained from energy dispersive x-ray diffrac-
tion experiments (Xu et al., 1994). Mao et al.
(1994) obtained a bulk modulus of B = 167.5 GPa.
Fasshauer ef al. (1998) use a value of B = 134 GPa.
An earlier study came to the conclusion that B is
even lower and gave B = 85 GPa (Ruoff & Vander-
borgh, 1991). The elastic, Cij and thermoelastic, Tii’
constants have also been determined (Haussiihl,
1993). The c;; are given in Table 2. The bulk modu-
lus calculated from the elastic constants at room
temperature is 147 GPa. An extrapolation of the ex-
perimental ¢; to 0 K gives B = 152 GPa. Clearly,
there is a need to clarify the value of B.

The electron density distribution at ambient
conditions has been determined by x-ray diffrac-
tion (Hill, 1979). However, features in the resultant
deformation maps are difficult to analyze due to the
presence of many local maxima and minima. No
significant charge accumulation between the Al-
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atoms and the neighboring O(1) and O(2) atoms
was detected, and it was therefore concluded that
the bonding is primarily ionic. From a conventional
crystal chemical viewpoint, this is surprising as the
Pauling electronegativities of Al and O differ by
2.0, which is usually taken as an indication that an
Al-O bond is appreciably covalent in character.

In addition to further constraints on B and a rein-
vestigation of the charge distribution, what has been
missing up to now is a comprehensive discussion of
pressure-induced structural changes and their ef-
fects on the nature of the interatomic bonds. This
would help interpret the conflicting results concern-
ing the elastic properties, clarify the influence of the
hydrogen bond on structural properties and would
be of general relevance for an understanding of
properties of the many isotypic structures. Such a
study is best done with a parameter-free atomistic
model, as from such a model the elastic constants,
compression behavior, bond population and pres-
sure-induced structural changes can be obtained si-
multaneously. Such model calculations, which we
present here, are therefore ideally suited to comple-
ment the existing experimental data.

For crystals, most quantum mechanical calcula-
tions are currently based on density functional the-
ory (DFT) (Hohenberg & Kohn, 1964; Kohn &
Sham, 1965; Parr & Yang, 1989; Kryachko & Lu-
dena, 1990; Jones & Gunnarsson, 1989). While
DFT itself is exact (Hohenberg & Kohn, 1964),
practical calculations require an approximation for
the treatment of the exchange and correlation ener-
gies. Here we use the ‘generalized gradient approx-
imation’, in the form suggested by Perdew, Burke
and Ernzerhof, GGA-PBE (Perdew et al., 1996).
Results based on GGA calculations are generally in
better agreement with experiment than those ob-
tained with the local density approximation, LDA
(Leung et al., 1991; Hammer et al., 1993; Gonia-
kowski et al., 1996; Hamann, 1996). The study of
structures with large unit cells or low symmetries
requires a computationally efficient approach. Cur-
rently, computational schemes in which the charge
density and electronic wavefunctions are expanded
in a basis set of plane waves are often used. Howev-
er, as it is impractical to consider tightly bound core
electrons explicitly when using a plane-wave basis
set, pseudopotentials have to be introduced to mim-
ic the screening of the Coulomb potential of the nu-
cleus by the core electrons. A number of ap-
proaches for the construction of pseudopotentials
have been presented in the literature (Bachelet ef
al., 1982; Kleinman & Bylander, 1982). The state-
of-the-art are the efficient ‘ultrasoft’ pseudopoten-

tials, which require a comparatively small number
of plane waves (Vanderbilt, 1990; Kresse & Haf-
ner, 1994).

While a DFT-based plane-wave/ultrasoft pseu-
dopotential approach is therefore well-suited to
study complex crystal structures, this efficient
computational scheme lacks one appealing proper-
ty of models based on localized basis sets, namely
the possibility to express the computed charge den-
sity in terms of the familiar atomic orbitals and
compute partial charges and bond populations, as is
commonly done in quantum chemistry. It is gener-
ally acknowledged that such a ‘Mulliken analysis’
only yields semi-quantitative information, as the
underlying crystal chemical concepts do not corre-
spond to quantum mechanical observables. How-
ever, the relative magnitude of bond populations
and changes due to variations of the structural pa-
rameters, for example induced by increasing pres-
sure, can be monitored. To obtain the same infor-
mation available from computations based on a lo-
calized basis set, while maintaining the efficiency
and flexibility of a plane wave calculation, a recent-
ly developed method to project the computed elec-
tron density on a localized basis set (Sanchez-Por-
tal et al., 1996) can be used.

While the bulk modulus, B, and its pressure de-
rivative B' can be obtained in a rather straightfor-
ward manner in DFT-calculations by fitting an
equation of state to unit cell volumes obtained as a
function of pressure, the computation of elastic
constants is more involved. The most elegant meth-
od is based on “linear response” (perturbation-)
theory. However, this method has not yet been de-
veloped for ultrasoft pseudopotentials. What is
used here instead is an approach based on the impo-
sition of strain patterns on a structure and the com-
putation of the resultant stress tensor. This then al-
lows, via Hooke’s law, the derivation of elastic con-
stants for complex, low symmetry structures with
an affordable computational effort.

2 Computational details

The quantum mechanical calculations performed
here are based on density functional theory, DFT,
and the PBE-version of the GGA. Ultrasoft pseudo-
potentials were used with a maximum cutoff ener-
gy of the plane waves of 380 eV. In addition to the
cutoff energy, only one further parameter deter-
mines the quality of the calculations, namely the
density of points with which the Brillouin zone is
sampled. The wave vectors for the sampling points
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were chosen according to the scheme proposed by
Monkhorst & Pack (1976). Here, we use a sam-
pling of reciprocal space such that distances be-
tween grid points are about 0.05 A Full geometry
optimization calculations were performed, i.e. all
structural parameters not constrained by the space
group symmetry were relaxed. After the final self-
consistency cycle, the remaining forces on the at-
oms were less than 0.02 eV/A, and the remaining
stress was less than 0.1 GPa. The present calcula-
tions are restricted to the athermal limit, in which
temperature effects and zero-point motions are ne-
glected. For all calculations we used academic and
commercial versions of the CASTEP program,
which has been described elsewhere (Payne et al.,
1992; MSI, 1998; Milman et al., 2000). The imple-
mentation of the population analysis is that of Se-
gall et al. (1996). The elastic constants calculations
were performed by imposing strains on the relaxed
structures with subsequent optimization of all inter-
nal parameters. In the present case, three strain pat-
terns are required to obtain all elastic constants.
The magnitude of the applied distortion is varied
over a small range (up to a relative change of 0.2%

Table 1. Structural parameters of diaspore at 0 and 50 GPa.
The experimentally determined fractional coordinates are
from Busing & Levy (1958), the lattice parameter have
been taken from Fockenberg et al. (1996). o is the
H-O(2)-0(1) angle. ! exp. data from Ruoff & Vanderborgh
(1991); Xu et al. (1994); Mao et al. (1994). 2 exp. data as
cited by Fasshauer et al. (1998). ? theoretical data from
equation of state, 4 theoretical data from strain calculations.
The errors associated with the theoretical bulk moduli are
derived from the fit of the equation of state to the P-V data
and from the uncertainties of the theoretical elastic con-
stants.

exp. theo. theo.
0 GPa 50 GPa

a[A] 4.3995(6) 4.377 4.017
b[A] 9.427(2) 9.341 8.812
c[A] 2.8442(5) 2.816 2.638
Al(x) 0.0451(8) 0.0462 0.0327
Al(y) 0.8554(3) 0.8558 0.8627
O1(x) 0.7120(5) 0.7112 0.7101
Ol(y) 0.1989(2) 0.1988 0.1978
02(x) 0.1970(5) 0.1954 02198
02(y) 0.0532(2) 0.0544 0.0510
H (x) 0.4095(9) 0.4128 0.4601
H(y) 0.0876(4) 0.0907 0.0994
O-H[A] 0.990(4) 1.009 1.055
al°] 12.1 114 9.5
B[GPa] 85 -230 147(2)3, 149(6)* 360*
B’ 5.82 4.5(1)

of the lattice parameters or cell angles) for each of the
strain patterns. The stress tensors are then computed
for each distorted structure, and assuming the linear
relationship of Hooke’s law, the elastic constants re-
lating the applied strain to the resultant stress are ob-
tained. On a conventional workstation, the computa-
tion of the equation of state and the elastic constants
can be achieved within a few days.

3 Results
3.1 Ambient pressure

In an earlier study (Winkler et al., 1995), we have al-
ready shown that GGA-DFT calculations correctly
reproduce the internal structural parameters. At that
time, however, a full geometry relaxation was com-
putationally too costly. Due to improvements in the
computational approach, and the availability of fast-
er workstations, full geometry optimizations of
structures with a few tens of atoms are now straight-
forward. The results of such a full geometry optimi-
zation are shown in Table 1 and Table 3. There is
good agreement between the calculated and experi-
mentally determined structural parameters, and the
model reproduces the small distortion of the AlOg-
octahedra well. The electronic structure was inter-
preted by using a Mulliken population analysis. The
corresponding results are given in Table 3 and 4. The
projection on a minimal basis set was successful as
the ‘spilling parameter’, which describes the quality
of the projection, was less than 1%. The results ob-
tained for the ambient pressure structure are com-
pared to those given by Hill (1979). The “experi-
mental” data have been obtained from an x-ray dif-

Table 2. Elastic constants of diaspore. The experimental
293 K values have been extrapolated to 0 K using the 7}; of
Haussiihl (1993). The errors associated with the computed
elastic constants and bulk moduli are derived from the fits
relating the imposed strains to the computed stresses.

theo. exp. exp. diff theo.

0GPa at293K atOK 50 GPa
ch 237(8) 250.7 259.5 9% 595
Cyy 347(3) 336.8 3506 -1% 687
C33 400(2) 3942 405.8 2% 663
[ 73(20) 66.7 712 +2% 243
[ 46(15) 41.7 40.2 +15% |179
Cy3 103(1) 953 99.2  +4% 242
Cay 129(2) 127.1 131.6 2% 203
Css 124(1) 96.9 101.1 +23% | 183
Ceo 128(1) 116.2 122.0 +5% 248
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fraction study in which the refinement included pa-
rameters for the core- and valence shell population
and an additional parameter for the expansion or con-
traction of the valence shell density relative to that of
a reference state. Obviously, with one exception, the
theoretical data are in good agreement with the ex-
perimentally determined ones. The difference is for
the charge of the O(2), which Hill (1979) found to be
only about half of that of the O(1). The O(2) is bound
to three Al-atoms and one H-atom, while the O(1) at-
om is only bound to three Al-atoms. Here, the Mulli-
ken analysis yields only a slightly smaller net charge
for the O(2) than for the O(1), similar to the results of
a calculation based on ‘extended Hiickel molecular
orbital’ approach (Hill, 1979).

In contrast to the interpretation of the experi-
mental deformation density (Hill, 1979) we find
that some of the Al-O bonds have a rather large
bond population and hence have an appreciably co-
valent character. This is the case for those Al-O
bonds where the z-coordinate of the aluminum and
oxygen atom differ. In diaspore, all atoms occupy
positions with z either 0.25 or 0.75. While the
bonds between atoms with equal z are only weakly
populated, those between atoms with different z are
appreciably covalent (Tab. 3).

As has been mentioned above, the experimen-
tally determined values for the bulk modulus are in
poor agreement with each other. From DFT calcu-
lations, the bulk modulus is usually obtained from
P-V data, similar to the approach used in x-ray
compression experiments. This will be discussed
below. An alternative method is to compute the
bulk modulus from the elastic constants (Nye,
1985). Hence we have computed the elastic con-
stants according to the method of imposed strains
as described above. These values describe the elas-

Table 3. Bond populations (in electrons) and bond dis-
tances, ry;, in diaspore at 0 and 50 GPa. The experimental
data are those given by Hill (1979). All atoms in diaspore
are located at either z = V4 or =% . The primed atoms have
a z equal to the Al atom to which they are bound.

tic properties of the ground state structure in the
athermal limit. The corresponding experimental
data (Haussiihl, 1993) have been determined at am-
bient conditions. We have therefore used the ob-
served thermoelastic constants, le, defined as
T,;=dlog c;/dT (€))]
to extrapolate the experimental c;;to 0 K. The 7};van-
ish as the temperature approaches 0 K and so the ex-
trapolated c; only approximate the O K values. The er-
ror introduced by the extrapolation is, however, insig-
nificant with respect to the limited accuracy of the
current approach. The results obtained here, given in
Table 2, generally agree with the experimental data to
within 10%, but c¢,; and css are overestimated by 15
and 23%, respectively. The origin of these discrepan-
cies is unknown. The relatively large errors associat-
ed with ¢, and ¢, are due to the use of more than one
strain pattern in their derivation. These errors could
be decreased by increasing the convergence parame-
ters of the calculations, and by using smaller steps
during the variation of the magnitude of the imposed
strain patterns, but this would be computationally ex-
pensive without providing more insight. As css corre-
sponds to a volume-conserving distortion the bulk
modulus B = 149(7) GPa computed from the o is still
in very good agreement with the experimental data
obtained from the elastic constants.

Table 4. Theoretical and experimentally determined (Hill,
1979) partial atomic charges in diaspore, AIOOH. The first
set of theoretical values are those derived from a plane
wave/ultrasoft pseudopotential DFT study, with a subse-
quent projection on a minimal basis set at 0 GPa. The val-
ues given in the second line of each atom correspond to val-
ues obtained for a pressure of 50 GPa. The experimental
values have been obtained from an x-ray diffraction study
in which the refinement included parameters for the core-
and valence shell population and an additional parameter
for the expansion or contraction of the valence shell density
relative to that of a reference state. The results listed under
EHMO are from an ‘extended Hiickel molecular orbital’
calculation (Hill, 1979).

atoms i, j exp. 0 GPa 50 GPa
ry [A] r; [A] bond |r, [A] bond
pop. pop.
0(2)-H 0.9886(8) [1.009 058 [1.055 054
O(1)-H 1.6961(8) [1.660 0.14 |1.327 028
Al-O(1)x2 [1.8520(6) |1.835 0.76 |1.758 0.68
Al-0(1))  [1.8595(9) [1.848 033 [1.750 031
Al-0(2)x2 [1.9734(6) [1.951 049 |1.829 056
Al-02) [1.9821(10) |1.969 021 [1.821 024

S p total charge exp. EHMO

Al 048 081 129 +1.71 +1.47(26) +2.09
041 080 121 +1.79

o(l) 1.84 527 711 -1.11 -1.08(16) -1.45
1.82 528 7.1 -1.11

O(2) 182 516 699 -099 -0.59(13) -1.13
1.80 522 7.02 -1.02

H 0.62 000 0.62 +0.38 +0.20(5) +0.39
0.66 0.00 0.66 +0.34
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Fig. 1. Calculated pressure-volume relationship of diaspore.

The line is a fit with a 3rd-order Birch-Murnaghan equation
of state with the fit parameters shown in the figure.

3.2 Pressure dependence

For an analysis of pressure-induced changes of the
bonds beyond what is presently possible with ex-
perimental methods, we relaxed the structure under
applied pressures of up to 50 GPa. The computed
volume-pressure relationship is shown in Fig. 1.
From a 3rd-order Birch-Murnaghan equation of
state fitted to the compression data we obtained B =
147(2) GPa and B' = 4.5(1). The errors associated
with these values are those from the least-square fit
to the eight P-V data points. The first value is in
very good agreement with the data derived from the
experimentally determined and theoretically ob-
tained elastic constants. All experimental studies
and the results obtained here agree in that the a-axis
is the most compressible in diaspore. At zero pres-
sure, the c-axis is stiffest according to the computed
and experimentally determined elastic constants.
This changes on increasing pressure, as the com-
puted pressure-induced changes of the lattice con-
stants imply that at high pressures the b-axis be-
comes stiffer than the c-axis (Table 1).

From our calculations, we derive a smooth de-
crease of the H...O(1) distance from 1.66 Ato1.33
A over the pressure interval from 0 to 50 GPa. The
O(1)-O(2)-H angle decreases smoothly from 11.4°
at 0 GPa to 9.5° at 50 GPa. Concomitantloy, the
0O(2)-H distance increases slightly by 0.05 A, im-
plying a pressure-induced strengthening of the
H...O(1) hydrogen bond (Fig. 2). This is also obvi-
ous from the two-fold increase in the bond popula-
tion of the hydrogen bond (Table 3). The changes in
the bond population as a function of bond distances
are shown in Fig. 3, which clearly shows that the
change in the population of the H...O(1) bond is the

1.6
1.4

1.2

1.0 geeeo—— =TT

Distance [A]

0 10 20 30 40 50

Pressure [GPal

Fig. 2. Pressure-induced changes in the O(2)-H distance
(open circles) and the H...O(1) distance (open squares).
This behavior implies a pressure-induced strengthening of
the H...O(1) hydrogen bond.
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Fig. 3. Calculated dependence of the bond population of
bonds in diaspore as a function of bond length. The open
symbols indicate the O-H (open circle) and H...O (open
square) bonds. The line is a guide to the eye, indicating that
the change of the population of both the O-H and the H...O
bond can be described with a single function. The filled sym-
bols represent the Al-O(1) bond (filled circle), the Al(1”)
bond (filled triangle), the Al-O(2) bond (filled squares) and
the Al-O(2’) bond (filled diamond). Primed oxygen atoms
have the same z-coordinate as the Al-atom to which they are
bound. The bond distances were varied by applying pressure
to the structure. Clearly, the bond population of the Al-O
bonds is not a simple function of distance.

largest change we observe. The pressure-induced
changes of the bond populations also clearly indi-
cate that the Al-O bonds in diaspore are rather dif-
ferent (Table 3). While for individual bonds there is
a clear dependence of the bond population on the
bond distance, there is no correlation between the
pressure-induced change of the bond lengths and
changes of the bond populations of different Al-O
bonds. The origin of the different behaviour of the
Al-O(1) bonds with respect to the Al-O(2) bonds is
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probably a direct consequence of the increasing
strength of the hydrogen bonds. As the H...O(1)
bond gets stronger on compression, increasingly
more charge is transferred from the A1-O(1) bonds
to the H...O(1) bond, causing a decrease of the
Al-O(1) bond population as the bonds get shorter.

4 Discussion

The consistency between experimentally deter-
mined elastic constants, elastic constants obtained
theoretically and the bulk modulus obtained from
theoretical P-V data indicates that the most reliable
value for the bulk modulus of diaspore is B ~ 148
GPa, with an error of a few percent. The calcula-
tions predict a B' = 4.5(1), which, based on the reli-
ability of the other computed data, we judge to be
more reliable than the value B’ = 5.8 used earlier
(Fasshauer et al., 1998). Hence, phase equilibria
calculated from internally consistent databases re-
lying on the earlier values obtained from x-ray dif-
fraction experiments should be reevaluated.

The Mulliken population analysis of the ground
state structure indicates that some of the Al-O
bonds have an appreciable amount of covalent
character, in agreement with conventional crystal
chemical concepts. That the deformation map ob-
tained experimentally did not show a charge accu-
mulation between these atoms is probably due to
experimental problems, such as extinction or the
limited resolution of the experimental data set. Al-
so, the suspiciously small partial charge found ex-
perimentally on the O(2) atom seems to be unreli-
able, and the value obtained here is very likely
more consistent with the other partial charges.

Most pressure-induced changes to the inter-
atomic bonds seem to be related to the increase in
the strength of the hydrogen-bond on compression.
The current calculations of the pressure-induced
changes in the O-H...O group imply that as the
strength of the H...O interaction increases, the
strength of the O-H bond decreases, which would
imply that there is a continuous decrease of the O-H
stretching frequency. In goethite, a-FeOOH, which
is isostructural to diaspore, Williams & Guenther
(1996) observed two stretching vibrations, one
which decreased in frequency over the pressure in-
terval of 0 —25 GPa, while the other increased. This
peculiar behavior was thought to be due to the in-
fluence of “cation-hydrogen repulsive interac-
tions”. However, the quality of the spectra obtained
in the OH-stretching region was rather poor. The
current calculations imply that at least for diaspore

the compression mechanism is much simpler. This
could be verified by rather straightforward high-
pressure infrared spectroscopic experiments. For
this, it would be preferable to use appropriately cut
single crystals, as this would probably lead to spec-
tra of higher quality (Winkler et al., 1989).

From a more general perspective, we believe
that the present study has shown that quantum me-
chanical models can be used to check inconsistent
experimental data. The recently developed popula-
tion analysis of plane-wave results has been ap-
plied here successfully to a low-symmetry crystal
structure. As the model is parameter-free and can
be applied to structures with up to a hundred atoms
without incurring excessive computational costs
we expect that this approach will become increas-
ingly used to understand the compression mecha-
nisms of minerals.
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