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The evolution up to 65 GPa of pressure of structural, elastitvibrational properties of the katoite hydrogarnetATs(OH); 2,

are investigated with aab initio simulation performed at the B3LYP level of theory, by usitigedectron basis sets with the
CRYSTAL periodic program. The high-symmetig3d phase of katoite, stable at ambient conditions, is showe testabilized,

as pressure increases, by interactions involving hydragmnms and their neighbors which weaken the hydrogen bomditvgork

of the structure. The corresponding thermodynamical bilityais revealed by anomalous deviations from regulawitits elastic
constants and by numerous imaginary phonon frequencie®, b GPa. Interestingly, as pressure is further increabedea
50 GPa, thda3d structure is shown to become stable again (all positive phdrequencies and regular elastic constants).
However, present calculations suggest that, above aboGPEsand up to at least 65 GPa, a phaseddl symmetry (a non-
centrosymmetric subgroup ®&3d) becomes more stable than the8d one, being characterized by strengthened hydroger
bonds. At low-pressures (between about 5 GPa and 15 GPh)phases show some instabilities (more sol#8d than for
la3d), thus suggesting either the existence of a third phase ossile phase transition of second order.

1 Introduction nets11-13-21Hydrogrossular can be represented by the genera
formula CaAl»(SiOy)3_x(OH)sx; when O< x < 1.5itis called

In the last decades, a lot of attention has been devoted to thgbschite and when.% < x < 3 it is called katoite!® At low
understanding of the incorporation of hydrogeninto noffyna  temperature, there is complete solid solubility of the twid-e
anhydrous minerals (NAM) because of the remarkable effecinembers (grossular and silicon-free katoite; see Figuoe 4 f
it has on their technological and geophysical propertiésn  graphical representation of the structure of the two sysjem
particular, NAMs are of great geological interest in thayth  Hydrogarnets are known to be stable over the whole Earth’,
may potentially introduce large amount of “water” in the®ar mantle pressure randenatural hydrogarnets equilibrated at
mantle thus significantly modifying its elastic propertfe$® 180 km depth have been characteri?8¢h what follows, ka-
In this respect, garnets are among the most interesting-candoite will be used as a shortcut for silicon-free katoite.eTh
dates as possible hydrogen storage media for the Earth’s mapharacterization of the structural and mechanical prigzeof
tle, given their abundance and stabiftfy*2 katoite under pressure is crucial for discussing its péesite

The hydrogarnet substitution (SjG~ O4H4) in grossu-  as a major “water” reservoir in the Earth’s mantle. This swe
lar has received special attention in that it representsfan etigation has some implications of even broader generat-inte
fective mechanism for including hydrogen into silicate-gar est as itimplies the full characterization of the evolutimer
pressure of hydrogen bonding in such a NAM that, as we are

@ Dipartimento di Chimica and Centre of Excellence Nanogtred! Inter- going to recall in a moment, is rather controversial, indeed
faces and Surfaces (NIS), Universita di Torino, via Gil#jdT-10125 Torino, ’ ’

Ltaly. E-mail: alessandro.erba@unito.it Two distinct compression mechanisms are possible for gar-
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ments (an X-ray diffraction study up to 8 GPa by Lageal.
in 2002 and a neutron powder diffraction study up to 10 GPe /
by Lageret al. in 2005) showed that the compression is essen )
tially driven by bond shortening rather than bond bendih¢f
Three theoretical studies also confirmed this picttré®:2°

A couple of major issues about the compressional behavic
of katoite still remain unclear and require further anaysibe
understood: i) the evolution of hydrogen bonding.(of the
related O-H and O--H distances) with pressure and ii) the
nature of a possible phase transition of katoite under press
which, till now, has only been suggested to occur, at abou
5 GPa. In the next paragraphs we will summarize the mait.

findings about these two open points. Fig. 1 (color online) Graphical representation of a portion of the

As anticipated above, the description of the pressure destrycture of (left panel) grossular € »(SiOs)3 and (right panel)
pendence of hydrogen bonding in katoite is quite controkatoite CaAlo(OH)p». Octahedral, Al@, and tetrahedral, Sigfor
versial. If experimental and theoretical studies all agyae grossular and (OH)for katoite, subunits are highlighted with light
the shortening of the O-H length with pressure, thus sug- blue and red dashed lines, respectively. Oxygens in rédosg in
gesting stronger hydrogen bonding interactions in thecstru green, aluminums in yellow, hydrogens in blue. Calcium at@me
ture 11:15-18.20thjs js no more so for the OH bond length. ~ not shown.

In this case, indeed, the first neutron diffraction studyggma

and Von Dreele, 1996) reported a significant shorteningatf th

bond under pressure (with a contraction rate of about 0.01g0ould be the shortening of the inter-tetrahedral-Hi distance
AIGPa up to 9 GPa) that seemed to be contradictory witvith respect to the intra-tetrahedral one. A further actura
the picture of strengthening hydrogen bond#igyhereastwo ~ determination of the positions of the hydrogens was require
theoretical studies, performed with a pure density-fuortl- ~ to corroborate the proposed model. In their neutron diffrac
theory (DFT) approach with pseudopotentials, reportetién t tion study of 2005, up to 10 GPa, however, they could not find
year 2000 a slightly increasing bond length from ambient consuch a crossing between inter- and intra-tetrahedraHtdis-
ditions (0.96,&) up to 100 GPa (0_99?\)_ 1116 These findings ~tances, inter- remaining larger than intra- in the wholepuoee
stimulated Lager and co-workers to re-analyze their neutrorange:® A couple of theoretical studies (Nobes al.* and
diffraction data in 2002 by critically discussing the desed ~ Pascaleet al.2%) could describe such a crossing (occurring at
resolution of their previous study above 2-3 GPa and by tak8 GPa and 15 GPa, respectively) but were not able to detec*
ing into account thermal motion effects; they concluded thaany undoubtable sign of the occurrence of a phase transition
the apparent shortening of the-®l bond could be explained In this study, we apply accuraéd initio simulations to the

in terms of an increasing thermal amplitude of hydrogen mo4investigation of katoite under pressure, up to 65 GPa. The
tion under increasing pressure. According to a simple gdin evolution with pressure of a number of different properties
model, they proposed a constant value of O30 the entire  such as structural, elastic and vibrational, is evaluatedl a
pressure range exploréd A new and more accurate neutron discussed synergically. From the combined analysis okthes
diffraction study performed in 2005 up to 10 GPa, however,properties, the behavior of the-® bond length on compres-
confirmed the @-H bond length shortening even if with a re- sion is further characterized and strong evidences for the ¢
duced rate with respect to the older offeThe authors still  currence of a phase transition of katoite under pressure are
discussed a possible explanation in terms of thermal motioneported.

but admitted that the reason for an increasing mobility of hy A global hybrid functional, namely B3LYP>2* is used
drogen under pressure was not clear. A pressure-dependent combination with all-electron atom-centered basis ,sets
positional disorder was also suggested as an alternatpla-ex which is known to accurately describe hydrogen bonding, s
nation. efficiently implemented into the periodicR®sSTAL14 pro-

In their X-ray diffraction study (2002), Lagest al. sug-  gram?2>26 The description of the hydrogens is of course cru-
gested a possible phase transition of katoite from its higheial for this system whose primitive cell contains 48 hydyog
symmetryla3d space group to its43d non-centrosymmetric atoms out of a total of 116 ones. In this respect, the preser t
subgroup at about 5 GP4.They proposed that H-H re-  computational approach is expected to significantly improv
pulsion due to the compression of the inter-tetrahedralti  the description with respect to previous computationalists
distance might destabilize the original structure andedtive ~ where pure DFT functionals (much more affected by the sel’
phase transition. The order parameter of such a transitiomteraction error) were used in combination with pseudepot

X-._  Grossular g Katoite
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tials 11.16 with respect to lattice parameters:

The structure of the paper is as follows: in Section 2,
the main computational techniques and parameters used for o — 10E 1 3 OE (1)
the calculations to be reported are illustrated, in paldicu Y, dsj V k; oay Bi»

as regards the evaluation of the pressure-volume relation,

pressure-dependent elastic tensor, equation-of-steteilara- ~ with € second-rank symmetric pure strain tensor anck =

tion phonon frequencies; in Section 3, the evolution witser X, Y,z In the expression abova;; are elements of 233 ma-

sure of structural, elastic and vibrational properties atbke trix, A, where Cartesian components of the three lattice vec

are investigated and its stability discussed; conclusames torsaj, a andag are inserted by rows andis the cell volume.

drawn in Section 4. When a distortion is applied to the cell, the lattice pararset
transform asa{j = ZE:l(éjk + &jk)aik, wheredj is the Kro-
necker delta. By adding an external hydrostatic “pre-stres

2 Computational Methodology and Setup al'® = Pd; to ajj and by inverting equation (1), one gets the
expression for the constrained gradients

The QrYsTAL14 program has been used for all the calcula-

tions reported in this stud$? The B3LYP one-electron Hamil- oH _JE FPV(ATY); )

tonian is used, which contains a hybrid Hartree-Fock/Ognsi daij  Oajj e

Functional exchange-correlation term. All-electron atom ] ) ) )

centered Gaussian-type-function (GTF) basis sets ar@ediop With '_[hg |.nclu5|on of a hydrostatic pressure, thgsfunctmn t

Oxygen, aluminum, calcium and hydrogen atoms are deP® minimized becomes the enthally=E +PV.*> Letus

scribed by a 8-411Gl), 8-611G¢), 8-6511Gd) and 31Gp) stress that_, at variance with _the.EOS approach (to be bru_e..;'

contraction of primitive GTFs, respectively. desc_rlbed in Section 2.3), which is _based on thermodyndmica

As implemented in the EYSTAL program, infinite considerations, the enthalpy considered in constanspres

Coulomb and exchange sums are truncated according to fyPtimizations does not.corr_espor)d to the t_rue functionaiest

thresholds (here set to 7 7 7 7 18)A sub-lattice is defined ,bUt rather to an approximation Of,'t’ asthe mte_rnal eneegyt

with a shrinking factor of 3 for sampling the reciprocal spac 1St corresponds to the mechanical electronic-nuclearggne

which implies 4 points in the irreducible Brillouin zone whe without any statistical-mechanical contribution.

katoite is in thela3d or 143d space groups (they become 14

without any symmetry). Numerical integration techniquess a 2.2 Elastic Tensor Calculation

used for the evaluation of the DFT exchange-correlation con

T\r/:gl:]ﬂ(;:]) (ffetgg:]bggeagsﬁvazg lsneltfr-]c?oi\i(sstz\l{-f?eslgr()ss CFare simply dgfinedl as _secpnd energy densiFy derivatives wit'i

) = respect to pairs of infinitesimal Eulerian strains:

step of the calculation is governed by a threshold on enefrgy o

1019 hartree. 1/ 9%
Equilibrium and strained configurations are optimized by Cij = Vo (05--05 )

use of analytical energy gradients calculated with resfmect 0 175/ =0

both atomic coordinates and unit-cell parameters or atomian automated scheme for the calculation of the elastic ten

coordinates only, respectivefy=2° A quasi-Newtonian tech-  sor has been implemented in the¥sTAL program36:37 that

nique is used, combined with the Broyden-Fletcher-Golwfar has been generalized also to low-dimensionality 1D and 22

Shanno (BFGS) algorithm for Hessian updatiffg®® Con-  systems38 Applications of this scheme cover a wide range of

vergence is checked on both gradient components and nynaterials3”:39-4°

clear displacements; the corresponding tolerances orrtii When a finite pre-stressP' is applied in the form of a hy-

mean square are chosen to be 10 times more severe than ti@static pressur, within the frame of finite Eulerian strain,
default values for simple optimizations: 0.00003 a.u. anthe elastic stiffness constants becoffie®®

0.00012 a.u., respectively.

If any finite pre-stress is absent, second-order elastistaois

3)

Bijw =Ciju +52)(2<5j5m — &1 Ojk — Gkl ) , (4)
2.1 Pressure-constrained Structure Optimization ) ) ) ) o
provided that/ in equation (3) is replaced by the equilibrium
A fully analytical scheme, based on the stress tensor, id usevolumeV (P) at pressur®. A fully automated implementation
for optimizing the crystal volume under a given externabpre inthe CRYSTAL program of the calculation of the stiffness ten-
sure3* The stress tensar is a symmetric second-rank tensor sorB (and ofS= B~1, the compliance tensor) under pressurc
that can be computed in terms of analytical energy gradientbas recently been presentetf? A two-index representation

This journal is © The Royal Society of Chemistry [year] Journal Name, 2010, [vol], 1-11 |3
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of the elastic stiffness tensor is obtaindj; — By,) by ex-  displacements: 5871

ploiting Voigt's notation, according to whichu=1,...,6 (1

=xx 2=yy, 3=2z 4 =yz 5 =xz 6 = xy).53 This tensor, WEL = Ha?i,bj with HO. . — 9%E 5)
in general, exhibits 21 independent elements that redu8e to albi ™ /MaM, bl ol )

(i.e. Bp1, Bi2 andByy) for crystals with cubic symmetry, as .

in the case of katoite. A number of elastic properties (suctwhere atoms andb (with atomic masseMa andMy) in the
as bulk modulus, shear modulus, Young modulus, Poisson’geference cellp, are displaced along theth and j-th Carte-
ratio, etc.) can be deduced from the elastic constzhts. sian directions, respectively.

For the elastic constant calculation, four strained comfigu ~ In CRYSTAL, first derivatives of the total energy per cell
tions are considered for each independent strain, with aim  (Vai = JE/dU,i) With respect to atomic displacements from
sionless strain amplitude of 0.00ie( 0.1 %). Larger strain the equilibrium configuratios?® are computed analytically,
amplitudes (about 1%, as generally adopted in these sjudiewhereas second derivatives numerically, using a two-ffoint
have been tested but result in a wrong description of the elagnula:
ticity of such a soft system where the numerical derivatives 9%E
really need to be evaluated in tlhe— 0 limit. Numerical in-
stabilities appear just for strain amplitudes below 0.02%% f
this system.

 Vai( %9, Upj = +T) — Vai (#°9, Upj = —T0)
duaidubj - 2U N

whereT = 0.003A, a value 10 - 50 times smaller than that
used in other solid state prograrfis’
2.3 Equation of State Determination

An alternative approach for computing the bulk modulus and3  Results and Discussion
the P —V relation of a crystalline material is via so-called )
Equations of State (EOS). “Cold” EOSs are energy—volum«s‘g'1 Pressure-Volume Relation
(or pressure-volume) analytical relations which desctit® | et us consider first the pressure-volume relatiohadt ka-
behavior of a solid under compression and expansioh-80  tojte. At variance with previous theoretical studi&$®20
K (that is the case of standaad initio SimulationS) and are where theP-V relation was determined by f|tt|ng energy-
quite used in solid state physics and geophysfcs. volume data to the third-order Birch-Murnaghan equatién-o
Energy-volume data are numerically fitted to the analyticalstate, in this study pressure-constrained structure @gsim
E(V) functional form of the EOS. Fror® = —JE/dV, the  tions are performed. The procedure presented by¥aind
P-V connection is established. The explicit dependence of theriefly recalled in Section 2.1 has been followed which igfre
bulk modulus on volume (or pressure frét/), is then given  of any possible interpolation/extrapolation issue. A ltata
by K(V) = V42E/dV2. Within this approach, zero-point mo- 21 pressures have been considered, up to 60 GPa; for eazh
tion effects are generally neglected which are expected-to r of them, thela3d cubic structure of katoite has been opti-
duce computed bulk moduli and increase computed equilibmized by relaxing the lattice parameter and the atomic co
rium volumes>® ordinates. The correspondifV relation, as computed at
A number of universal EOS have been proposed s@3LYP level, is given in Figure 2, along with some experi-
far.5457-62 All of them are phenomenological and can be- mental determinations: Olijnykt al.}* performed an X-ray
have quite differently from each other as regards extrapoladiffraction experiment in 1991 up to 42 GPa (full circles),
tion at high pressure. Comprehensive reviews and compat-ager and Von Dreef® a neutron diffraction study in 1996
isons of different EOSs are available in the literatf®®’  up to 9 GPa (empty circles), Laget al.1” an X-ray diffrac-
Four EOSs are currently implemented in theYGTAL14 pro-  tion study in 2002 up to 8 GPa (empty squares) and Lager
gram (the full EOS calculation is activated by a single key-al.18 a neutron diffraction study in 2005 up to 10 GPa (full
word):®! the original third-order Murnaghan®, the third-  squares).
order Birch's?®>% the logarithmic Poirier-Tarantola%’ and Our computed data are found to agree better with the firs:
the exponential Vinet'$° experimental determination by Olijnydt al, where a wide
pressure range was explored, than with more recent determ-
nations where smaller pressure ranges have been considere!
As a cross-check, we also computed By relation with a
Harmonic vibration frequencies at thepoint (.e. at the cen-  standard EOS approach by interpolating energy-volume de.a
ter of the first Brillouin zone in reciprocal space) are oidal  in the whole range [0 GPa - 65 GPa], with the four expressions
from the diagonalization of the mass-weighted Hessian mamentioned in Section 2.3: the agreement with our analytica:
trix of the second energy derivatives with respect to atomicstress tensor approach is remarkable in all cases, refigbtn

2.4 Phonon Frequency Evaluation

4| Journal Name, 2010, [vol] 1-11 This journal is © The Royal Society of Chemistry [year]
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Fig. 2 Pressure-volume relation of katoite. The theoreticallteas 956 | ‘ , ‘ ‘ ‘ .

obtained at B3LYP level with the analytical stress tensqragch 0 10 20 30 40 50 60
presented in Section 2.1, is reported as continuous line. P (GPa)

Experimental data are from Olijnyd¢ al.1# (full circles), Lager and

Von Dreelée!® (empty circles), Lageet al.1” (empty squares) and Fig. 3 Selected interatomic distanceslaBd katoite, connected to
Lageret al.1® (full squares). the hydrogen bonding pattern of the structure, as a funation

pressure, as computed in the present study (continuols).liGee

text and Figure 1 for the definition of the distances. In theasp
accuracy of both implementations in th&®@STAL program,  Panel, experimental determinations by Lageal.'® are also
which are based on radically different approaches. We willeported for comparison.
discuss the determination of the bulk modulus of katoite in
Section 3.3.

In 2004, Pascalet al.2° discussed in theiab initio study 3.2 Structural Characterization

that no evidences of a pressure-induced phase transitlaz in
toite can be found simply by starting from the8d phase and ~ AS regards their structural modifications under pressuuee, a
performing geometry optimizations by removing symmetty, a minosilicate garnets are generally characterized by aicert
this level of theory. This is essentially due to the fact that ~ degree of bond bending via corner-sharing polyhedral rota-
clear configurations corresponding to minima on the paaénti  tion.'#?% Despite early evidences for a similar mechanisr
energy-hypersurface (PEH) in th&3d symmetry still consti- also for katoite!® it is now well-established from both exper-
tute zero-gradient critical points of tiL PEH thus prevent- imental and theoretical studies that a bond shortening ezech
ing for further structural optimization. In order to overge  NiSM is occurring during compression in katotfe!®8.2%or
this numerical prob|em and reach lower energy nuclear Conthis reason, we restrict our attention on the descriptioﬂnef
figurations, one should run an optimization of @istructure  evolution under pressure of bond lengths and interatorsic di
starting from a non-optimized geometry. Due to the high com{ances rather than of bond angles (that have been careéully d
putational cost and arbitrariness in the selection of tagieg ~ SCribed in a previous stud§ where the same computational
configuration of such an optimization, we decided, instead@Pproach has been used).
to perform phonon frequency calculations on the optimized In Figure 3 we report, as a function of pressure up to 65
cubic structure. With this procedure, non-equilibriumfign  GPa, several interatomic distances which are of interest ‘n
urations are explicitly explored as atoms are displacethfro the description of hydrogen bonding in katoite. In the lower
their optimized positions. Lower energy nuclear configura-panel, the @-H bond lengthdo_R) is reported. In the upper
tions could then be reached (see Section 3.3 for more detailspanel, two H--H distances are shown: the intra-tetrahedral

This journal is © The Royal Society of Chemistry [year] Journal Name, 2010, [vol], 1-11 |5
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one, H2--H3 in Figure 1, ¢{7",), and the inter-tetrahedral 450 F
one, H1--H2 in Figure 1, ¢*,). Three O--H distances
are also reported: one inter-tetrahedral,- OH1 in Figure
1, (@er), and two intra-tetrahedral, ®3H2 in Figure 1, 350
(diba,), and O2--H2 in Figure 1, ¢0). In the upper panel,
experimental structural determinations from neutronradf
tion measurements are also reported for compart§on.

As anticipated in the introduction, several experimental
and theoretical studies agree on the shortening of thelD
lengths with pressure (see upper panel of Figur&'3dp-18.20
On the contrary, experimental and previous theoretical-stu
ies largely disagree on the description of the evolutioneund 100
pressure of thelo_y bond length. On the one hand, neutron 50
diffraction experiments seem to suggest a strong shoigexfin
the O—H bond as pressure increases up to about 10 8%; 0
on the other hand, a couple of theoretical studies by Nebes
al.1116reported an almost constant, slightly increasihg,
up to 100 GPa.

In this study we find something significantly different from
both previous suggestions and, as we will discuss in what fol ~ 100
lows, consistent with other structural and thermodynamica ~ y
evidences of a phase transition under pressure. From inspe e o
tion of the lower panel of Figure 3, indeed, it can be seen how E
hybrid ab initio simulations predict thélo_y bond length of
thela3d phase to shorten almost linearly from 0.96at am-
bient pressure to 0.95& at about 18 GPa. In this pressure
range,do_n decreases but with a slower rate with respect to 2% |
the overall cell compression thus suggesting the develapme : : ; !
of hydrogen bonds. Above 18 GPa, the-B bond length i300 e i ‘ ‘
increases regularly, according to a picture where hydroge = L 30 40 = = e
bonds have become strong enough to prevail over the struc- Fishy
tural compression imposed by pressure. Fig. 4 Evolution with pressure of (upper panel)

A possible phase transition under pressure of katoite, aéymmetry-independent elastic stiffness constants aridrbatiulus
about 5 GPa, has been suggested by Lager and co-workersand (lower panel) soft phonon wave-numbers of katoite caimstd
their X-ray diffraction study in 2002. The authors suggdste in thela3d space group. In the upper panel, the continuous line
mechanism of the transition according to which the incregsi represent the bulk modulus obtained from the third-order
inter-tetrahedral H-H repulsion with pressure would desta- lv_lurnaghar) EOS. Vertical dashed lines define pressure ranges
bilize the structure. In this respect, a crossingifjiél, and ~ discussed in the text.
dit"a could be expected as pressure increaéés.their neu-

tron diffraction study in 2005, however, Lager and co-woske . _ C :
y g ﬁj‘?ﬁl, supports the model according to which interactions of

400 -

I\ from EOS (Mlérnaghan) : Bl

%)
=3
(=]

v and K (GPa)
S
(=] n
S &

B
=
I
o

200

1100

were unable to find such a crossing up to 10 GPa (see the : . : o
ydrogen atoms with their neighbors may play a significant

data as reported in the upper panel of Figure 3; full circle role in the structural adaptation of katoite under pressife
and squares}® As regards the H-H distances (upper panel ) . . ) .
q s} 9 (upper p shall now discuss the elastic and vibrational behavior ef ka

of Figure 3), we find that at zero pressure the inter-tetredded > . ) L
toite under pressure. As we will see in the next section, its

distance is longer than the intra-tetrahedral one. Witheias- lasti 4 oh h o derpins th steh
ing pressuregi€!, shortens more quickly thadff"2, until it elastic and phonon characterization underpins the existe!
phase transition.

becomes smaller at about 18 GPa. After this first crossingf,i
d,‘j‘?_‘j‘,’_' becomes practically constant (even slightly increasing)
while dﬁ?ﬁ"’h keeps shortening. As a consequence, a second 3 Looking for the Phase Transition
crossing occurs at about 34 GPa.

So far, the concomitance, at 18 GPa, of the change in bdn Section 3.1, we have discussed how, starting from ai3e
havior of thedo_H bond length and the crossing«iﬂ?_t,‘?{4 and phase of katoite, the existence of a pressure-induced phace

6| Journal Name, 2010, [vol] 1-11 This journal is © The Royal Society of Chemistry [year]
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transition could not be predicted S|mp|y by performing stan Table 1 |SOtOpiC shiftsAv of the nine unstable vibration modes of

dard geometry optimizations in which symmetry has beeHa3g7katCii§e atP 1=618 GPa whert‘Ca is substituted fot°Ca, %Al

switched off. More sophisticated computational technique fF “*Al: O for 0 and D for H. The imaginary frequencies of the

are then necessary in order to investigate other physioal pr Zor:?g;;ggztiﬁ;tier?ergsggls;fp?éss%rr]fgt?:negr?g;r)]g with the

erties somehow more sensitive to the phase transition. &t wh '

follows we will discuss how elastic constants and phonon fre

quencies can effectively come to the rescue in this respect.
Following the procedure described in Section 2.2, the elas-

tic stiffness tensoB of 1a3d katoite has been fully character-

irrep # v(em?d) Av (cm™)
44Ca ZUAI lﬁo D

ized at 18 different pressures from 0 up to 65 GPa. The three Eg 5 }1 '133; 8? 82 2; ii;
symmetry-independent elastic stiffness constaBits(empty Blu '5 :167.4 0'0 0‘0 1'4 37‘4
; ianal u . . . . .
circles), B12> (empty triangles) and,4 (empty squares), are Fay 6.8 11636 05 09 15 397

reported in the upper panel of Figure 4. The corresponding

bulk modulusK = (B11+ 2B12)/3, is reported at each pres- Elg 131; 'ﬁ?g gi 88 ii ggé
sure (full circles) and compared with that obtained by fitin Eg 14'15 !113.6 0'1 0'7 1'2 26.2
energy-volume data to the third-order Murnaghan EOS (thick FU 16-18 :81 6 0'4 0‘2 2'0 13‘1
id line). [ [ f the figured. f h I- 1u ) oy : : : '
solid line). From inspection of the figured. from the ana Fag 19-21 i33.8 00 00 04 85

ysis of the elastic response of katoite when constrainelden t
la3d space group), the explored pressure range can be sub-
divided into five regions (marked with vertical dashed lines

i) from O to 6 GPa, the three elastic constants vary regularly
with pressure, the elastic bulk modulus is also regular @d ¢ The continuity of the vibration frequencies on volume has
incides with the one obtained from the EOS; ii) from 6 to 16 been determined by computing scalar products of the corre-
GPa, theB1; andBa4 constants display small irregularities and sponding normal modes. Nine normal modes give imaginarv
the elastic bulk modulus only slightly deviates from its EOSfrequencies at least for one of the considered pressunes, th
counterpart; iii) from 16 to 25 GPa, we notice the dramaticindicating that theéa3d phase is not a proper minimum of the
softening of théB,, constant, the strengthening of tAg con-  lattice potential energy surface; the corresponding wana-n
stant and the corresponding strong deviations from reijylar bers are shown in the lower panel of Figure 4 as a function o
of the elastic bulk modulus, pointing to some unusual strucpressure. From their analysis, one can see howatBedphase,

tural behavior that could be due to the imposed symmetry; ivitable at very low pressures, becomes more and more unstable
from 25 to 40 GPa, théa3d structure still shows deviations as pressure increases up to about 18 GPa where the maximu:»
from regularity of the three elastic constants and of thé bul number of imaginary frequencies is fourigt(all nine modes
modulus, though to a lower extent with respect to the pres/iou give imaginary frequencies at that pressure). As pressure i
range; v) above 40 GPa, the three elastic constants show a nifurther increased, most of the unstable normal modes comz
regularity, the elastic bulk modulus becomes regular aglath  rapidly back to positive phonon frequencies: above 25 GP:
almost coincides with the EOS one. So far, we notice that thenly two of them are still imaginary. Also these two modes
unusual elastic behavior of tha3d structure occurs in a pres- are progressively coming back to the stability domain which
sure range wherd]{'®f, was shown to become shorter than they eventually rich above 55 GPa of pressure. This picture
dii"a (see Figure 3). This pressure range also includes theheds light on the analysis of the elastic response disgusc=
minimum in thedo_y bond length. above.

Let us now analyze the evolution with pressure of phonon |f the hypothesis of an increasing repulsion between hydro-
frequencies of théa3d phase of katoite, which have been gen atoms and their neighbors that destabilize$aBé struc-
computed at nine different compressions between 0 and atyre as a function of pressure is true, then these nine unst:c
most 70 GPa. At each compression, the 348 phonon freple modes (for a total of 21 imaginary frequencies) should ke
quencies of katoite are computed, following the procedurgound to be dominated by the motions of the hydrogens. Ir:
described in Section 2.4, whose symmetry properties can bgrder to characterize such modes, we have performed an isu-

described in terms of the following partition of the redueib topjc shift analysis aP = 18 GPa (where they all give imag-
representation built on the basis of the Cartesian coot@ina inary frequencies)_ Once the Hessian matrix has been con -

of the atoms in the cell: puted, isotopic frequency shifts can be easily evaluateal; a
most zero computational cost, by changing the atomic masses
Mtotal = 6A1g® TAgg® 13Eg® 21F19® 2029 D 7TA1y @ in equation (5). Four different isotopic substitutions @aeen
8Asy B 15E, B 24F1, P 23, . (6)  explored:**Ca for*°Ca,2°Al for 27Al, 180 for 160 and D for

This journal is © The Royal Society of Chemistry [year] Journal Name, 2010, [voll, 1-11 |7
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Table 2 Selected elastic stiffness constants of katoite, compaseal
function of pressure in theltriclinic space group. The
corresponding elastic bulk modull§sis also reported and compared
with that obtained for théa3d phase from the Murnaghan EOS,
Keos All data are in GPa.

table, it can be seen how, within the numerical noise of the
calculations, the computed elastic constants essensiadiy a
cubic character in the whole pressure rangg: =~ By, =~ Bs3
andBi» =~ Bi3 =~ By3. This is particularly interesting in the

16 < P < 27 range because can be considered as a strorg¢
evidence of the cubic character of the new phase. The bul'
modulusKk computed from the elastic constants is always very
close toKgps while this was not the case for the elastic bulk

6 155 155 155 50 59 59 o1 90 modulus of thda3d phase (see again Figure 4 in that pressure

16 204 204 204 89 89 89 127 125 r{jug)gvee);all from the analysis of the shape of the com-
18 236 237 239 90 92 94 139 132 : Y P

2 oam als 2l w0 S s o 1w PUCISASEIrsionay ool com
27 261 261 261 120 120 120 166 162 These findings seem to corroborate the propdgéd non-

28 43122 jgg jgg ;?é ;?é ;?é ;gi ;gg centrosymmetric subgroup td3d for the new phase, as sug-
gested by Lageet al. in 200217 As a final verification, we
explicitly explore the behavior of thist3d phase under com-
pression; the last part of this section will be devoted to the

) ] _ presentation of the corresponding structural, elasticvétme-
H. The computed shiftAv are reported in Table 1 showing tjonal properties which essentially confirm its stabilityoze
that Ca, Al and O atoms are scarcely involved in the collectiv 15 gpa.

atomic motions of these nine modes. On the contrary, they are In Figure 5, the same structural, elastic and vibrationa!

significant_ly af_fected by the substitution of deuteriu_mlfgr— roperties that we previously presented in Figures 3 and 2
drogen, with difference as !arge as 26 %, thus conﬂrm_mg th_ or thela3d phase, are reported for thé3d phase of katoite
hydrogen atoms play a major role in such a structural inktabi as a function of pressure. Let us, first, discuss its thermo-

ity. dynamical stability by analyzing the evolution under press

of its elastic and phonon properties. In the lowest panel or
3.4 An Insight into the New Phase the figure, for each of the six considered pressures, thd-sma

est vibration frequencies are report€dWe can clearly ob-
From the analysis of the evolution with pressure of elasticc ~ serve that: i) aP = 0, thel43d phase is stable; ii) at vari-
stants and phonon frequencies of tla@d phase of katoite, ance with the high-symmeta3d phase, above 15 GPa all
clear evidences of a pressure-induced phase transitiom hathe vibration frequencies are positive thus confirming the s
been discussed in the previous section. In order to charadility of the 143d phase (in particular in the 16 GRaP <
terize the new phase, we perform an analysis of the symmetrg5 GPa range where tha3d phase showed the maximum in-
features of the elastic stiffness ten&yrintroduced in Section  stability); iii) unexpectedly, in the 0 GPa P < 15 GPa pres-
2.2. To do so, we comput® at several pressures, by com- sure range, three imaginary frequencies (ud&2 cnt?) are
pletely removing the symmetry of katoiteg. by imposing found which suggest a residual instability of t%8d phase
the P1 space group). Depending on the particular symmetryin the low-pressure regime. The analysis of its elastic re-
of the lattice, indeed, the elastic tensor exhibits spesifim-  sponse confirms this picture: above 15 GPa of pressure, .
metry features. For a cubic lattice, three independentielas three symmetry-independent elastic stiffness constdts (
constants are found{; = By, = Bss, B2 = Biz=Byzand By andByy) vary regularly with pressure, providing a linear
B4s4 = Bss = Bgg), the others being null by symmetry. For elastic bulk modulus rather close to the EOS determination
a triclinic crystal, all elements are independent and ndne oAt low pressures, these elastic constants show significant d
them is constrained to be zero by symmetry. viations,B1; andBy4 softening andB;, strengthening.

Selected elastic constants of katoite, as computed as a func In the two upper panels of Figure 5, the main interatomic
tion of pressure in the tricliniP1 space group, are reported in distances related to the description of hydrogen bondikgin
Table 2. The corresponding bulk modulkiss also reported toite are reported. It is clearly seen that, above 15 GPagbne
and compared with that obtained for tte8d phase from the the two symmetry-independedy_y bond lengths regularly
Murnaghan EOSKgps Many elastic constants are not re- increases with pressure, suggesting a systematic stemgth
ported in the table; note that all the constants that would béng of the hydrogen bonds in the structure; the other one Is
zero by symmetry in cubic lattices are found to be numeri-almost independent of pressure. In the low-pressure regim.c
cally zero in the triclinic calculation. From inspectiontbe  these G-H bonds show clear deviations from regularity which

P Bi1 B Bsz Bio Biz Bz K Keos

2 127 128 131 46 47 46 74 75

8| Journal Name, 2010, [vol] 1-11 This journal is © The Royal Society of Chemistry [year]
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Fig. 5 Structural, elastic and vibrational properties of th&d

60

phase of katoite as a function of pressure. See captiongtods 3

and 4 for details. In the lowest panel, the smallest vibratio
frequencies are reported for each considered pressure.

can be related to the simultaneous variation of the Hgis—
tances. Within this model (selected composition &A&d

symmetry), we could propose that destabilizing interanstio
In the

arise from the short H-H inter-tetrahedral distance.

143d phase,dl'®!, never becomes shorter thatf'3,

but

-13711.2
137116 | ]
-13712.0 | Ta3d .

_ 143d ——

<

T 137124 .

m

-13712.8

-13713.2

-13713.6 : ' : : : '
0 100 20 30 40 50 60 70
P (GPa)

Fig. 6 (color online) Pressure dependence of the total energy per
primitive cell ofla3d (black line) and 43d (red line) katoite.

proximately 15 GPa (as Figure 6 confirms). At low-pressure<
(below approximately 5 GPa), the high-symméd®a@d phase

is the most stable while in the intermediate 5 GP® < 15

GPa pressure range both of them are found to be unstab'a
(143d more so thana3d). In that pressure range, our calcula-
tions seem to suggest either the existence of a third differe
phase or the possible coexistence of both phases, accooding
a second-order transition.

4 Conclusions

The behavior of the katoite hydrogarnet g8& (OH)1o, under
pressures up to 65 GPa, has been investigated theoretgally
means ofb initio simulations, performed at the B3LYP level
of theory, using all-electron Gaussian-type orbital basis
and the @YSTAL program. Many of the controversial aspects
related to the evolution of hydrogen bonding with pressark a
a possible pressure-induced phase transition have béen rar
nalized.

The response to external pressure of its structural, elasti
and vibrational phonon properties is fully characterized b
combining together many complex algorithms which demanr
high performance computational resources for a system cor -
taining 116 atoms per primitive celf The presented results
show a different degree of sensitivity to pressure-induked
modynamic instability of different computed quantitiesierh
can prove extremely useful for further characterizatiohs o
phase transitions of hydrogarnets: phonon frequencielas-
tic constants> structural features> equation-of-state.

shows a significant shortening at about 6 GPa (upper panel The high-symmetrya3d phase of katoite, stable at ambi-
of the figure). Thd43d phase of katoite is then found to be ent conditions and up to about 5 GPa, is found to be destak:

thermodynamically more stable than tte3d one above ap-

lized under increasing pressure and hydrogen atoms ard four:

This journal is © The Royal Society of Chemistry [year]
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to play a major role in this structural instability. The max- 14 H. Olijnyk, E. Paris, C. Geiger, and G. Lager, J. Geophys

imum instability is observed in the 16 GRaP < 25 GPa Res.: Solid Earti®6, 14313 (1991).
range where many phonon frequencies are imaginary and elags G. A. Lager and R. B. Von Dreele, Am. Miner8lL, 1097
tic moduli show large irregularities. Remarkably, as puess (1996).

is further increased above 50 GPa, th&d structure is shown 16 R. Nobes, E. Akhmatskaya, V. Milman, B. Winkler, and
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