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Abstract

Density functional theory calculations have been used to study the pressure-induced changes of

the hydrogen bond of Fe-free orthozoisite and clinozoisiteand the concomitant shifts of the OH-

stretching frequencies. Two independent parameter-free lattice dynamical calculations have been

employed. One was based on a plane wave basis set in conjunction with norm-conserving pseu-

dopotentials and a density functional perturbation theoryapproach, while the other used a localised

basis set and a finite displacement algorithm for the latticedynamical calculations. Both models

confirm the unusually large pressure-induced red-shift found experimentally (-33.89 cm−1/GPa) in

orthozoisite, while the pressure-induced shifts in clinozoisite are much smaller (-5 - -9 cm−1/GPa).

The atomistic model calculations show that in orthozoisitethe nearly linear O-H· · ·O arrangement

is compressed by about 8% on a pressure increase to 10 GPa, while concomitantly the O-H distance

is significantly elongated (at 10 GPa by 2.5% ). In clinozoisite, the O-H· · ·O arrangement is kinked

(6 OHO = 166◦) at ambient conditions and remains kinked at high pressures, while the O-H distances

is elongated by 0.5% at 10 GPa only. The current calculationsconfirm that correlations between the

distances and dynamics of hydrogen bonds, which have been established at ambient conditions, can-

not be used to infer hydrogen positions at high pressures.

Keywords: A. Zoisite; B. High pressure; C. Hydrogen bond; D. lattice dynamics.

1 Introduction

Hydrogen bonds are important structural features in a very large number of minerals, and accordingly

have been studied extensively (see e.g. references in Farmer [1974], Rossman [1988], Libowitzky

[1999]). The large volume of data available on both static structural aspects, derived from diffrac-

tion experiments, and of dynamic aspects, generally obtained from infrared spectroscopy, has allowed

to establish consistent correlations between the atomic arrangement of atoms in a hydrogen bond and

its spectroscopic signature. A review of earlier work and a new derivation of such correlations has been

presented by Libowitzky [1999]. These correlations are thought to provide a key to the understanding

of hydrogen bonds in those systems in which the positions of the hydrogen atoms cannot be determined

directly, but for which IR spectroscopy, with which the dynamics of ppm levels of hydrogen bonds can

be measured, has been employed to obtain the stretching and bending frequencies. This was a major ad-
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vance in the understanding of the incorporation of hydrogeninto nominally anhydrous minerals (NAM),

which are thought to provide a reservoir of hydrogen in the deep Earth.

In the past, the interpretation of IR spectra was generally phenomenological, i.e. the band assign-

ments were based on comparisons to other structures. This isgenerally unproblematic for the identifi-

cation of hydrogen bonds, for which, in silicates, the stretching and bending vibrations are usually well

separated from the vibrations of the other structural building blocks. This approach, however, does not

allow to unravel details of the atomic arrangement when several hydrogen bonds are present or when

the environment is unusual. A step beyond the ’fingerprint’ method is the use of lattice dynamical

calculations based on an empirical description of the interatomic interactions. Such lattice dynamical

calculations based on potential models give qualitativelycorrect results, but their predictive power is

rather limited. Recently, parameter-free model calculations, based on density functional perturbation

theory, DFPT, or finite displacements algorithms, have beenshown to be very accurate and reliable, and

can provide insight into structure-property relations notavailable otherwise. Therefore, it is now possi-

ble to use such approaches to clarify unusual observations and interpret spectra more rigorously. Here

we present a density functional based study on zoisite, withthe aim of deepening our understanding of

the hydrogen bond in this system.

Zoisite, Ca2Al 2(Al 1−pFep)[O|OH|Si2O7|SiO4], is the orthorhombic (space group Pnma) iron-poor

end-member of the epidote group. Its physical properties have been studied extensively, and have re-

cently been reviewed, together with comparisons to other epidote group minerals [Liebscher and Franz,

2004]. One structural feature which has attracted attention in the past is the single symmetrically in-

dependent hydrogen-bond of intermediate strength with an OH stretching frequency ofν(OH) ≈ 3150

cm−1 at ambient pressure. This hydrogen bond has been studied extensively, mainly by vibrational spec-

troscopy. A review of these studies has recently been presented by Liebscher [2004]. The influence of

pressure on the OH valence vibration in zoisite has been studied up to 11.6 GPa by infrared spectroscopy

[Winkler et al., 1989]. In that study, it was found thatν(OH) shifts linearly to lower wave numbers,

where the shift was found to be -33.9 cm−1/GPa. Qualitatively, this is the expected behaviour, as on

compression the hydrogen bond is shortened, leading to a lengthening and weakening of the O-H bond,

with a concomittant decrease ofν(OH). However, a comparison to pressure-induced frequencyshifts of

OH bonds observed in other minerals, as will be discussed in the following, suggests that the shift in

zoisite is anomalously large.
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In structurally related clinozoisite a later study Bradbury and Williams [2003] found a pressure in-

duced shift of only -5.1(9) cm−1/GPa. Bradbury and Williams [2003] discuss possible origins of the

difference of the pressure-induced behaviour of the hydrogen bond of clinozoisite and zoisite. They note

that in zoisite the hydrogen bond at ambient condition is stronger (ν(OH)zoi = 3170 cm−1, ν(OH)clino

= 3351 cm−1) shorter and straighter, and that this may be the origin of the rather different pressure

behaviour. While the compressibilities reported for zoisite and clinozoisite scatter significantly (see

summary in [Gottschalk, 2004]), a combination of experimental data and results of ab initio calculations

now clearly shows that clinozoisite (bulk modulus B≈ 142 GPa) is less compressible than zoisite (B≈

129 GPa). It is, however, not obvious why this difference in the complressibility should lead to such a

significant change in the pressure-dependence of the frequency of the OH-stretching vibration.

A comparison with pressure-induced shifts in other minerals also suggests that the findings for ortho-

zoiste are unusual. For brucite, Mg(OH)2, the pressure-induced red-shift of the OH-stretching vibration

is -0.6 cm−1/GPa [Kruger et al., 1989], while isostructural portlandite, Ca(OH)2, shows a shift of -2.1 -

-3.5 cm−1/GPa [Kruger et al., 1989, Shinoda et al., 2000]. In katoite,ν(OH) remains constant at about

3660 cm−1 up to pressures of about 5 GPa. There are also examples where the OH-stretching frequency

shifts to higher energies with increasing pressure. For example, in nominally anhydrous coesite, SiO2,

hydrogen can be incorporated through the hydrogarnet substitution and pressure-induced blue shifts of

≈ 7 cm−1/GPa have been observed [Koch-Müller et al., 2003]. In chloritoids, the two symmetrically

distinct hydrogen bonds behave very differently, as the high energy one displays a pressure-induced blue

shift of≈ 5 cm−1/GPa while the second O-H stretch, corresponding to a hydrogen bond of intermediate

strength (ν(OH)chloro ≈ 2990 cm−1) shifts to lower energies by -11 cm−1/GPa [Koch-Müller et al., 2002].

Nearly all hydrogen stretching frequencies in serpentine minerals shift to higher wavenumbers (by about

1 - 10 cm−1/GPa) [Auzende et al., 2004]. In topaz the pressure-inducedshift is to higher energies, by

0.6(3) cm−1/GPa [Bradbury and Williams, 2003]. From this summary it is clear, that the observed shift

in orthozoisite is anomalously large.

An elucidation of the pressure-induced structural changesof the hydrogen bond system in structures

as complex as zoisite by high pressure diffraction experiments was not possible at the time of the first

experiments, and even today a high pressure study at 10 GPa would probably not result in the localisation

of the hydrogen atom. At ambient pressure, it is generally straightforward to characterize hydrogen-

bonds by single crystal x-ray diffraction or by neutron diffraction studies. Even at ambient pressure,
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the use of powder x-ray diffraction for the localisation of hydrogen atoms in low symmetry compounds

usually requires advanced refinement techniques. In high pressure experiments the resolution is generally

much more limited and the signal-to-noise ratio is significantly decreased in comparison to experiments

at ambient pressure. For complex structures, diffractograms obtained by high-pressure powder x-ray

diffraction are therefore of insufficient quality to obtainthe hydrogen positions by Rietveld refinement.

Powder neutron diffraction at high pressures is generally performed on high flux, medium resolution

diffractometers. This has been sufficient to obtain hydrogen positions in high symmetry compounds

such as garnets [Lager et al., 2005] or compounds with small unit cells, such as brucite [Parise et al.,

1994]. However, a high pressure powder neutron diffractionstudy of a low symmetry, large unit cell

compound like zoisite would very likely not give reliable hydrogen positions. While at least in principle,

high-pressure single crystal neutron diffraction studieswould allow to determine the hydrogen positions

(e.g. using neutron Laue diffraction [McIntyre, GJ and Mélési, L and Guthrie, M and Tulk, C A and

Xu, J and Parise, JB, 2005]), such studies are in their infancy. Hence, while there are some studies of

the detailled atomic arrangement of hydrogen bonds at high pressure in structures with small unit cells

and/or high symmetry, only very little data is available forcomplex silicates, and hence reliable atomistic

model calculations can provide new data.

Quantum mechanical atomistic models have been used extensively in the past to study the compres-

sion behaviour of inorganic compounds (see Winkler [2004] and Tse [2004] and references therein).

Currently, most parameter-free atomistic model calculations of inorganic crystalline compounds are

based on density functional theory [Winkler, 1999]. Density functional theory has been shown to re-

liably be able to reproduce, and, as it is a parameter-free approach, predict the compression behaviour

and hydrogen bonding [Milman and Winkler, 2001]. Clearly, there are limitiations to this approach due

to the necessary approximations for the exchange and correlation interaction. Further inaccuracies are

introduced due to implementation-dependent aspects, suchas the use of pseudopotentials. In addition,

in studies addressing the structure and dynamics of hydrogen bonds, additional problems my arise. Hy-

drogen is a very light particle and hence the anharmonic contribution in the lattice dynamics is often

relatively large [Szalay et al., 2002, Pascale et al., 2004,Tosoni et al., 2005]. Also, in dynamical studies,

it may be necessary to go beyond a classical description of the hydrogen nucleus, e.g. by path integral

methods [Gillan, 1988]. However, for most silicates, DFT calculations in the athermal limit will provide

reliable predictions with sufficient accuracy to allow us todeepen our understanding of the investigated
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process on an atomistic level.

Specifically, developments in the last decade now allow the extension of DFT-based calculations to

obtain the lattice dynamics at high pressures. Several methods have been developed for the calculation

of vibrational frequencies of solids. In the ’finite displacement approach’ the dynamical matrix for the

supercell is found by imposing small displacements of one atom at a time, and calculating the forces

exerted on all atoms. This allows to obtain the dynamical matrix. In a system with symmetry, the sym-

metry elements may used to deduce related force constants, thus minimizing the number of simulations

that need to be performed. One major limitation of this method is that periodic boundary conditions do

not permit a dipole in the unit cell, as this would necessitate a non-periodic potential. At the zone centre,

longitudinal optic (LO) phonons in polar materials producesuch a dipole, and thus are not correctly

calculated; they are instead found to be degenerate with transverse optic (TO) modes. One significant

advantage of the finite displacement method is that it can be employed in conjunction with all approaches

with which energies and forces can be computed. This allows its use with very accurate methods, such as

all electron full-potential linearized augmented plane wave methods, or with other methods employing

a localized basis set, such as implemented in the SIESTA code, which has been used here. Further-

more, in plane wave / pseudopotential methods it can be used with computationally efficient ultrasoft

pseudopotentials. Finally, the treatment of metallic systems is unproblematic.

The DFPT-approach (see Baroni et al. [2001], Refson et al. [2006] and references therein) has the

advantage that it can be used to compute vibrational frequencies at any given point in reciprocal space

with a computational effort similar to that required for a calculation at theΓ- point, i.e. in the long

wavelength limit. It can also be used to obtain the LO/TO splitting. There are some complexities in the

implementation, so that the use of computationally efficient ultrasoft pseudopotentials is currently not

yet available in CASTEP. Instead we have used norm-conserving pseudopotentials. This implies very

high cut-offs for the kinetic energy (on the order of 700 eV) to achieve numerical convergence, which

makes these calculations costly. In contrast to the finite displacement method, the application of DFPT

to metals with partially occupied bands requires special care. We have recently compared the results of

lattice dynamical calculations based on these two different approaches with one DFT implementation

for diaspore, and, as expected, the results of these two approaches are very similar [Friedrich et al.,

2006]. In the following, we confirm that the different approaches also lead to very similar results for

implementations using very different basis sets and for rather complex structures. This then allows us
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to confidently interpret the high pressure infrared spectrum of zoisite, and to understand the pressure-

induced structural changes of the hydrogen bond.

Another very interesting feature in the lattice dynamics ofzoisite, which has been discussed contro-

versially, is the origin of a band at around 2200 cm−1 in the infrared spectrum. The discussion regarding

the origin of this band has been summarized by Liebscher [2004]. It has been debated whether this

band is a fundamental OH-stretching vibration of a very strong hydrogen bond, or a combination or an

overtone. From deuteration experiments it is clear that this band involves a hydrogen displacement.

The present theoretical lattice dynamical study of zoisitetherefore is aimed at confirming the ex-

perimentally observed large red-shift of the OH-valence vibration with parameter-free atomistic model

calculations and to provide insight into the structural changes responsible for this behaviour.

2 Computational details

Density functional theory calculations have been used previously to discuss the relative stability of iron-

free clinozoisite and orthozoisite [Winkler et al., 2001] and their compressibilities. The present calcula-

tions go significantly beyond that work, as here two independent implementations of a density functional

theory-based model have been used, and, secondly, the lattice dynamics of the structures have been in-

vestigated.

All SIESTA [Soler et al., 2002] calculations have been performed within the framework of non-local

density functional theory using the generalized gradient approximation of Perdew, Burke and Ernzerhof

[Perdew et al., 1996]. Here the core electrons and nuclei arerepresented by non-local pseudopotentials

of the Kleinmann-Bylander form, and the construction was performed according to the modified scheme

of Troullier and Martins [1991] with inclusion of relativistic effects. A small core pseudopotential was

generated for calcium with a valence configuration of3p6 4s2, with partial core corrections also being

included for this element.

The valence electron wavefunction is expanded as a linear combination of strictly localized pseudo-

atomic orbitals (i.e. these are numerical tabulations of the solutions of the pseudized atomic problem

within a confinement potential). The confinement radii were chosen such that the energy of each orbital

was increased by 0.005 Ry. In the present work, the soft confinement scheme of Junquera et al. [2001]

has been employed to avoid the discontinuity in the basis function first derivative at the radial cutoff.
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Here the parameters of the soft-confinement potential are 50Ry for the prefactor and the radius at which

the potential begins to be applied was set to 0.8 times the orbital radius. The basis set employed was of

triple-ζ plus double polarization (TZ2P) quality for all elements. The split-norm value that determines

the division of the orbital into different "ζ" was set at 0.25, except for hydrogen where the higher value

of 0.5 was employed based on previous observations that thisyields superior results due to the greater

degree of variation in the effective spatial extent of hydrogen with charge state. Similarly, it was found

that a modified treatment of the polarisation functions for Al and Si was advantageous. The radii for the

two 3d orbitals were fixed at 5 and 6 Bohr in both cases, while the softconfinement potential was in-

creased to 100 Ry and the inner radius set to 0 Bohr. The evaluation of Hartree and exchange-correlation

potentials was conducted on an auxiliary basis set consisting of a uniform real-space grid truncated by

an equivalent kinetic energy cutoff for which a value of 250 Ry was found to be sufficiently precise.

For the Brillouin zone integration, a Monkhorst-Pack mesh [Monkhorst and Pack, 1976] was utilized

based on a consistent real space truncation radius of 12 Å [Moreno and Soler, 1992]. This corresponds

to mesh sizes of 3x5x3 and 2x5x3 for clinozoisite and orthozoisite, respectively. Minimisations of all

structures were performed using conjugate gradients with an atomic force tolerance of 0.01 eV/Å and

a pressure convergence criterion for unit cell optimisation of 200 bar. Once optimised, the phonons for

both polymorphs were computed by central finite differencing of the analytic first derivatives with a

displacement of 0.04 Bohr. Similarly the Born effective charge tensors for all atoms were determined

by using the same finite difference procedure with respect tothe polarisation computed using the Berry

phase approach [King-Smith and Vanderbilt, 1993].

The second set of DFT calculations used the pseudopotential/plane-wave method [Payne et al., 1992]

and density-functional perturbation theory (DFPT) [Baroni et al., 2001, Gonze, 1997, Refson et al., 2006]

to calculate the vibrational spectrum. The plane-wave basis set is unbiassed (as it is not atom-centred)

and does not suffer from the problem of basis-set superposition error (BSSE) unlike atom-centred basis

sets. It also makes converged results straightforward to obtain in practice as the convergence is con-

trolled by a single adjustable parameter. However these advantages can only be fully realised if the error

introduced by the pseudopotential approximation is small.In this study we used norm-conserving pseu-

dopotentials generated using the optimised method of Rappeet al. [1990] as implemented in the OPIUM

code (http://www.sourceforce.net). This allows pseudopotentials to be tuned for accuracy and quantita-

tively assessed for transferrability. The set of pseudopotentials used are generated using configurations
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from the Bennett and Rappe library, and when tested in simpleoxides yield lattice parameters whithin

around 0.25calculations. As with the SIESTA calculations it was necessary to treat the Ca3s and3p

states as explicit valence electrons with a "small-core" pseudopotential.

All pseudopotentials were generated using the PBE XC functional [Perdew et al., 1996] to allow

fully consistent treatment of the core and valence electrons. Fuchs et al. [1998] showed that inconsistent

calculations with an LDA treatment of core electrons and GGAvalence electrons led to lattice param-

eters and bond lengths typically closer to the LDA than the GGA result. This explains why the earlier

calculations [Winkler et al., 2001] yielded shorter bond lengths than experiment.

Geometry optimization and lattice dynamics calculations were performed using the CASTEP code

[Segall et al., 2002, Clark et al., 2005, Refson et al., 2006]. A plane-wave cutoff of 700 eV was used,

and Brillouin-Zone integrals were performed using a 1x3x2 Monkhort-Pack grid (Monkhorst and Pack,

1976). The PBE (Perdew et al, 1996) XC functional was used consistently for pseudopotential generation

and plane-wave calculations. Concurrent geometry optimization of unit cell and internal co-ordinates

was performed so that forces were converged to 0.005 ev/A andstress residial to 0.005 GPa. Experience

shows that a high degree of force convergence is necessary for accurate lattice dynamics calculations.

Dynamical matrices were calculated using DFPT in the harmonic approximation and diagonalised to

yield frequencies, eigenvectors, and Born effective charges. This is sufficient information to also allow

the calculation of infrared absorption coefficients.

3 Results

The lattice parameters obtained in the present study are compared to experimental results in Tab.1 and 2

for orthozoisite and clinozoisite, respectively. For orthozoisite, the values obtained from the two model

calculations are in very good agreement with each other as they differ by less than 0.5%. The agreement

with experiment is in the expected range, i.e. there is a slight overestimation by about 1% for each lattice

parameter. For clinozoisite, we have calculated the structure with SIESTA only, and again we obtain a

slight overestimation of the lattice parameters with respect to the epxerimental values of about 1%. The

main difference between the current plane wave-based calculations and an earlier study [Winkler et al.,

2001] is the use of norm-conserving pseudopotentials in thepresent study, while ultrasoft pseudopoten-

tials generated with the LDA were used before. This leads to minor changes in the structural parameters.
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For example, experimentally it is found that three Si-O distances in the coordination tetrahedra of Si(2)

have approximately the same length (1.62 Å), while the fourth Si-O distance is significantly shorter (1.58

Å). Here and in the following, the labelling of Dollase [1968] has been employed. In the older study, the

distortion was reproduced, but the bonds were systematically ≈0.03 Å too short. In the present study,

the distortion is again well reproduced, but the Si-O distances are now systematically≈0.018 Å too

long. The SIESTA calculations also reproduce the distortion of the tetrahedra, here the overestimation

is ≈0.025 Å. Other unusual details of the structure are equally well described. The unusual 97◦ O-Si-O

bond in the Si(3)-coordination polyhedra [Dollase, 1968] has an angle of 96◦ in the relaxed structure

obtained from the SIESTA calculation and 97◦ from the CASTEP calculation.

zoisite
00 GPa 10 GPa

exp [Dollase, 1968] pw + nc psp TZP pw + nc psp TZP
a [Å] 16.212(8) 16.387 16.408 16.1380 16.1460
b [Å] 5.559(6) 5.623 5.608 5.4795 5.4721
c [Å] 10.036(4) 10.147 10.087 9.8336 9.7998
V [Å3] 904.47 935.04 928.16 869.57 865.84
ρ g/cm3 3.337 3.228 3.252 3.471 3.486
d(OH) Å 0.986(2) 0.993 1.002 1.013 1.022
population – 0.59 – 0.57 –
d(H· · ·O) Å 1.757(2) 1.802 1.735 1.565 1.522
population – 0.11 – 0.17 –
d(OH· · ·O) [Å] 2.742(2) 2.792 2.735 2.578 2.543
6 (O-H-O) [◦] 176.4(2) 174.46 175.86 177.403 177.23
OH-stretch region [cm−1] 3100 - 3150 3041 - 3064 3133-3167 2674-2721 2772-2816
OH-bending region [cm−1] 1101 1139-1144 1200 1236-1242

Table 1: Structural parameters for the hydrogen bond are from a low-temperature neutron diffraction
study [Smith et al., 1987]. X-ray data from Comodi and Zanazzi [1997] and Smith et al. [1987] give a
significantly different O-H-O angle of≈ 169◦.

A more detailed analysis of the hydrogen environment for orthozoisite is given in Table 1. At 0

GPa the two models give an OH distance of≈ 0.997 Å, they agree within each other to better than 1%.

They are in good agreement with the single crystal neutron diffraction results of Smith et al. [1987], who

obtainedd(OH) = 0.986(2) Å. The OH distance obtained by x-ray diffraction by Dollase [1968] (d(OH)

= 1.25 Å) is improbable. The calculated O-O distance in both models agrees with the experimental

values to within 1%, which differ by about 0.008 Å between different refinements [Smith et al., 1987,

Comodi and Zanazzi, 1997, Dollase, 1968]. There are some small differences between the results of the

two models regarding the hydrogen bond length, but they are both in good agreement with experiment. A
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clinozoisite
exp [Kvik et al., 1988] TZP

00 GPa 00 GPa 10 GPa
a [Å] 8.893(2) 8.9709 8.7854
b [Å] 5.630(3) 5.6397 5.5095
c [Å] 10.150(2) 10.1958 9.9312
β [◦] 115.36(1) 115.26 115.03
V [Å3] 459.21 466.51 435.56
ρ g/cm3 3.280 3.235 3.464
d(OH) [Å] 0.9753 0.9940 0.9988
d(H· · ·O) [Å] 1.964(1) 1.873 1.699
d(OH· · ·O) [Å] 2.922(1) 2.850 2.679
6 (O-H-O) [◦] 166.9(1) 166.77 165.89
ν(OH) [cm−1] 3327 3319, 3328 3224, 3242

Table 2: Comparison of experimental data from neutron diffraction experiments at 15 K [Kvik et al.,
1988] and results from calculations using the SIESTA program.

comparison of the computed O-H-O angle to experiment is interesting, as there is a significant difference

between the results of the neutron diffraction study [Smithet al., 1987], where the O-H-O angle was

determined to be 176.4◦, while the x-ray studies consistently give a much lower value of≈ 161-169◦

[Dollase, 1968, Comodi and Zanazzi, 1997, Smith et al., 1987]. Clearly, the present calculations support

the findings derived from the neutron diffraction experiment. In summary, this analysis confirms the

results of Milman and Winkler [2001], who have shown that quantum mechanical models such as those

used here give a realistic description of the hydrogen bond systems, which is often superior to that

obtained from than x-ray studies.

This point of view is strengthened by a comparison of the structural data for clinozoisite, where the

O-H distances derived from single crystal x-ray data sets [Dollase, 1968, Comodi and Zanazzi, 1997]

are unrealistic. In the x-ray structure refinement of Comodiand Zanazzi [1997],d(OH) = 0.683 Å,

d(OH· · ·O)= 2.892 Å and an O-H-O angle = 163.4◦, Dollase [1968] reportsd(OH)= 0.769 Å and

d(OH···O)= 2.89 Å. Neutron diffraction data [Kvik et al., 1988] again provide a more reliable benchmark.

The calculations agree well with the experimentally determined OH-distance and the O-H-O angle. The

hydrogen bond length, however, is underestimated in the model by about 4.5% and the OH· · ·O distance

is too short by 2.5%. However, it is worthwhile to note that inthe structure derived from the neutron

diffraction data the hydrogen position is not as well definedas the other structural parameters, similar

to the neutron diffraction results for orthozoisite. The atomic displacement parameters for hydrogen

are two- to three-times larger than those of the other atoms.Also, the sample studied contained an
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appreciable amount of iron, which very likely will influencethe hydrogen position. In absolute terms,

the differences between experiment and theory are small andthis again strengthens the argument that

approaches such as those used here can be used to investigatehydrogen bonds in complex structures.

The comparison of the calculated OH-stretching frequencies at ambient conditions to experimental

values (Table 1 and 2) shows that the wave numbers are reproduced to within≈ 80 cm−1. For ortho-

zoisite, the average frequency ofν(OH) differs by approximately 100 cm−1 between the two models at

ambient pressure, as it is≈ 3050 cm−1 for the plane wave calculation and 3150−1 for the SIESTA-

based model. The experimental value forν(OH) is 3100 - 3150 cm−1. As has been mentioned above,

the SIESTA calculations have not been corrected for LO/TO-splitting. Also, no corrections for anhar-

monicity have been applied in either calculation. From an experimentalists point of view, 80 cm−1 is

a very significant difference. However, in relative terms, this is a difference of only 2.5%, which is

about the same accuracy one observes for low frequency phonons [Refson et al., 2006, Dubinin et al.,

2004]. Similarly, for clinozoisite the computed OH-stretching frequencies are in very good agreement

with the experimentally determined one (Tab. 2). Clearly, the near perfect agreement is fortuitous, as no

corrections have been applied to the values obtained from the model. DFT-based calculations are known

to reliably describe the compression behaviour of silicates, and as the accuracy of DFPT calculations

at high pressures will be the same as at ambient pressure, thefindings described until now allow us to

predict the high pressure behaviour of the hydrogen bond, for which no structural data is available.

For orthozoisite, both models predict that the OH bond will be stretched by 2% if the pressure is

increased to 10 GPa. Concomitantly, the hydrogen bond decreases by 15% in the CASTEP calculations

and by 12% in the SIESTA calculations. The values for the H···O distances at 10 GPa agree to within 3%

between the two models. At 10 GPa, the results differ also by 100 cm−1 between the two models, i.e. the

difference is about as large as it has been for the ambient pressure calculation. The pressure induced

shift is in both models the same, namely -35 cm−1/GPa. This is in excellent agreement with the one

experimental value reported for orthozoisite, namely -33.9 cm−1 [Winkler et al., 1989]. For clinozoisite,

the model predicts a shift of -9 cm−1/GPa. This is higher than the experimentally determined value of

-5.1(9) cm−1/GPa [Bradbury and Williams, 2003]. However, at 10 GPa the difference in the computed

and experimentally determined pressure-dependence wouldresult in an overestimation of the stretching

frequency of only 40 cm−1, which is a small value, given the numerous sources of error.For example,

the magnitude of the shift is pressure dependent, and in the experimental study [Bradbury and Williams,
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2003] the range over which the data were fitted was 16 GPa. A reanalysis of the experimental data to

10 GPa yields a slightly larger shift of about 6 cm−1/GPa. The current calculations refer to a iron-free

end-member composition, while the experiment was performed with an iron-containing sample, and as

the iron contents seems to influence the hydrogen position, this likely will contribute to the differences

between model calculations and experiments. Also, at high pressures, the bands become very broad, and

that leads to difficulties in defining the background and peakpositions. However, one can confidently

conclude that despite these small discrepancies between the models and the models and experiment the

calculations clearly confirm that the hydrogen bond in orthozoisite is anomalous in that the pressure-

induced shift of the stretching frequency is at least three times larger than in clinozoisite and about 6 -7

times large than the shift generally observed for pressure-induced shifts.

Band assignments in the past have generally been based on phenomenological approaches and crys-

tal chemical reasoning. It has generally been assumed that bands can be associated to be dominated by

motions of distinct entities, such as ’asymmetric SiO4 stretching’ and the like. The current calculations

yield the dynamical matrices and hence the complete eigenvectors are available. A symmetry analysis

is hence straightforward and the irreducible representation of a specific mode can easily be determined.

However, in the case of low symmetry compounds with hundredsof modes this is not really helpful.

The results of lattice dynamical calculations are then bestanalysed by a straightforward visualisation of

the modes by viewers such as the commercial ’Material Studio’ software or the public domain software

GDIS [Fleming and Rohl, 2005]. Such visualisations are instructive, as they generally show that the

simplified view of characterising modes according to their presumed ’molecular’ or ’coordination poly-

hedra’ character are not really describing the dynamics well. In the case of clinozoisite, for example, the

OH-stretching vibrations can be easily identified. The next8 phonons in the frequency range of 1107 -

1028 cm−1 can be reasonably well described as asymmetric SiO4-stretches and (at 1074 and 1064 cm−1)

OH-bending. Below this frequency, it is not obvious that any’molecular’ vibration dominates the dis-

tortion patterns. For example, at 934 cm−1 there is a mode which clearly involves the hydrogen atoms,

but also all SiO4-tetrahedra are distorted significantly.

On increasing pressure the OH-bending vibrations in clinozoisite shift from 1074 and 1064 cm−1 to

1132 and 1123 cm−1. This shift of nearly 6 cm−1/GPa is of opposite sign as the shift of the OH-stretching

vibration. For orthozoisite, the OH-bending vibrations are calculated to have energies of 1139 - 1144

cm−1 (SIESTA) or 1101 cm−1 (CASTEP). On pressure increase, both models calculations predict a blue
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shift of 9.8 cm−1/GPa. So, also for the OH-bend there is an appreciably largershift in orthozoisite than

in clinozoisite.

In clinozoisite, the ’SiO4-stretching frequencies’ at wave numbers> 1000 cm−1 show a pressure

induced blue shift of about 5 cm−1/GPa. This is in good agreement with the experimental findings

of Bradbury and Williams [2003], who obtain values of 3.6(8)and 4.5(8) cm−1/GPa. In orthozoisite,

the CASTEP calculations give a blue shift of about 4 cm−1/GPa. Hence, these modes seem to behave

similarly in ortho- and clinozoisite with respect to their pressure-dependence.

4 Discussion

We have used two rather different implementations of density functional theory based models, where one

is based on a ’conventional’ plane wave / pseudopotential approach, while the second uses a technique

which has, due to the use of a local basis set, other advantages and limitations. In addition, the lattice

dynamical calculations were based on different approaches, namely a DFPT approach for the calculations

using a plane wave basis set and a finite displacement algorithm in the SIESTA calculations. This has led,

as was expected, to some discrepancies in the absolute values for the structural and physical properties,

but it is gratifying to see that the predicted magnitudes of changes are very close.

Based on the two independent parameter-free atomistic models, the present study has unambiguously

confirmed that the hydrogen bond in orthozoisite is ’anomalous’ in the sense that the pressure-induced

red-shift is about six or seven times as large as the red-shifts observed in other silicates. This conclusion

is strengthened by the results for clinozoisite, which givea much smaller (by a factor of at least three)

shift, although the latter is nearly twice as large as the experimental value.

The current study allows to correlate the pressure-inducedshift quantitatively to changes in the ge-

ometry of the hydrogen bonds. It is now clear that the nearly linear hydrogen bond in orthozoisite

remains linear on compression, while the kinked arrangement in clinozoisite remains kinked on pressure

increase. Both experimentally [Kvik et al., 1988] and from our model calculations it is found that at am-

bient conditions the hydrogen bond in clinozoisite is bend by more than 30◦ (angle(OH· · ·O)≈ 167◦) and

it seems from the model calculations that this deviation from linearity tends to increase with increasing

pressure, although here further calculations are requiredto confirm this trend. Hence, the calculations

presented here imply that the interpretation of the origin of the large half width of the OH stretching

14



vibration in clinozoisite is likely not as straightforwardas proposed by Bradbury and Williams [2003],

who take the hydrogen bond in clinozoisite to be ’almost linear’ and ’straightforwardly compacting’. In

fact their method of analysis seems to be much more applicable to orthozoisite instead.

There has been a long-standing discussion on whether or not there is a second hydrogen bond in

orthozoisite. This was first suggested by Langer and Lattard[1980], based on an unusual band at 2170

cm−1, wich was assigned to the OH-stretching vibration of a shorthydrogen bond. In a neutron diffrac-

tion study there was ’no diffraction evidence of a second proton position’ [Smith et al., 1987], although

the authors cautioned that that may be due to the resolution of their experiment. More recently Liebscher

et al. [2002] interpreted the band at 2170 cm−1 as an overtone of the bending vibration of a second,

bifurcated hydrogen bond between O(10)-H· · ·O(2). In the high pressure study of Winkler et al. [1989]

it was shown, that the pressure-induced shift of the 2170 cm−1 band was rather large (≈ 19 cm−1/GPa).

Liebscher et al. [2002] dispute the assignment of Winkler etal. [1989], who proposed that this band is

an overtone of the bending vibration of the O(10)-H· · ·O(4) hydrogen bridge. Their argument is that one

would expect the overtone to be at 1950 - 2000 cm−1 and that Winkler et al. [1989] did not discuss why

this band is absent in the structurally related clinozoisite. Liebscher et al. [2002] state that polarized sin-

gle crystal spectra would help resolving the controversy. These have been measured by Winkler [1988]

and seem to indicate, that the 2170 cm−1 band is due to the same dipole as the ’conventional’ stretching

motion, i.e. by the O(10)-H group.

As the current calculations do not allow a straightforward computation of two-phonon processes,

an unambiguous clarification of the origin of the 2170 cm−1 is not possible. However, the current cal-

culations clearly show that the bending motion of the hydrogen bridge between the O(10)-H· · ·O(4),

for which there is unambiguous evidence from diffraction, has an energy of about 1140 cm−1. Hence,

neglecting any corrections for anharmonicity, the first overtone would be at 2280 cm−1. Anharmonic

corrections would likely lead to a decrease of the frequencyof the overtone with respect to a doubling

of the fundamental frequency, and hence the model calculations are consistent with the assignment of

Winkler et al. [1989]. A second argument for the assignment by Winkler et al. [1989] is that here we

compute a shift of about 9 cm−1, and hence the second overtone would, again neglecting any second

order effects, shift by twice that value. This is in near perfect agreement with the observed value of

(≈ 19 cm−1/GPa) [Winkler et al., 1989]. As the observed shift is so large, it is unlikely that this band

results from a combination of an OH-bending motion with a high-frequency phonon involving the SiO4-
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tetrahedra, as the pressure-induced shift of the latter is generally found to be too small to lead to such a

large resultant shift. So, from the available evidence, it seems that the most straightforward explanation

which rests only on well-established structural data is an assignment of the 2170 cm−1 band to the over-

tone of the OH-bending vibration. There is no straightforward answer to the question why this vibration

does not occur in clinozoisite. However, absorption cross-sections are very sensitive to structural details

and hence this may be the cause of the absence of the 2170 cm−1 band in clinozoisite. One approach

to clarify the assignement would be by quantum mechanical molecular dynamics. However, such cal-

culations are computationally demanding, and while the algorithms are well established, a simulation

with a reasonably sized supercell for an appreciable time iscurrently still a grand challenge project. A

second method, which we are currently pursuing, is to compute the NMR spectrum and compare it to

experiment.

More generally, the current study demonstrates the accuracy with which the dynamics of hydrogen

bonds can be investigated, even if corrections for anharmonicity are neglected. It is well established

that these are important in studies relying on an optimal agreement with experimental values, but for the

study of relative values, such as pressure-induced shifts,a straightforward approach seems to suffice.

The present study also confirms the earlier finding [Friedrich et al., 2006] that it is not advisable to

use the correlations between structural parameters and lattice dynamics established at ambient pressure

to infer atomic positions from IR data at high pressures. These correlations are very well established at

ambient pressure (see e.g. Libowitzky [1999] and references therein). However, fig. 1 shows that there

is a linear change of the OH-stretching frequency as a function of the pressure-induced shortening of the

distanced(H···O), and not, as the correlation would predict, and exponential decrease. The results shown

here and those obtained by Friedrich et al. [2006] imply thatany derivation of structural parameters from

infrared data based on the correlations derived at ambient pressure to would lead to systematically too

short O· · ·H and O-H· · ·O distances. However, further calculations on hydrogen bonds of different

strengths are required to finalize this conclusion. Such calculations are currently in progress.
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