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Abstract

In this contribution the theoretical and computational aspects related to the determinations of the (i)
interface structure, (ii) adhesionergy and (iii) interfacial energy & system composed ko
crystalline phases in epitaxial relationshape discussedpecifically, we describe the possible 2D
lattice coincidences between two phases in epitaxial relationship, as aklbathe possiblénitial
interface configurationswhich generatavhen different surface terminationsf the phases put in
contact are taken into accoufihen, in order to elucidate these theoretical aspecthawestudied

the following epitaxiesin natural systems{110}-diamond (C)/{101}forsterite (M@SiOs) and

{001} -aragonite (CaCgy/{ 101}-zabuyelite (LiCQOs); the optimized interface structs and their
adhesion energiesere determined atb initio level. For the diamond/forsterite system a very low

value of the adhesion energy was estimategﬂg‘,’(loj): 0.367 J/M, suggesting a low probability to

have epitaxy between {11@}iamond and {101jorsterite. A higher adhesion energy was instead

found for the aragonite/zabuyelite systehﬁ%’ﬁ;(m: 0.595 J/m, which reveals a strong affinity

between the { 01}-zabuyelite and {001jaragonite.


mailto:marco.bruno@unito.it

1. Introduction

Crystalline interfaces attie most common microstructures. They determine chemical and physical
properties of devices for applications in mechanics, electronics, medicine, in material chemistry for
designing and engineering of composite materials. To produce high quality materialg theevi
desired properties was a big incentivethie research on surface and interface i@atynamics as
exposed irtwo well-documented and exhaustive bedly Suton and Balufft and Bollmar? in a

review on stress andstrain in epitaxy>* andin a paperfacing the item from distorical point of

view.®> The finalization to industrial applications obscured initially the reach of the fundamental
studies in fields \were the interfaces cannot be neglected. It is not the scope of this paper to quote
the huge nmber of reviews and research papeassit is nowadays evident that an understanding of
surface and interface properties is essential to deepen our knowledge in a variety of pure and
appliedresearchesSome &amples are(i) the selection of adtives as crystal habit modifief/s’ (ii)

the size dependent rerties of associations of roéirming minerals in relation to the conditions

of their formatior?® (iii) the kinetics of reaction at interfacE$jv) the precipitation of minerals in
natural gueous environments as ¢ayers modifying the properties of the minewadter interface,
passivatingsignificantlythe surface of the underlying mineralsddetermining the composition of
surface watett'?(v) the formation of human bones and4siones(vi) the adsorption of DNA on
minerals surfaces(vii) the development of nacres platelets of oystsrd (viii) the ordered
crystallization of micro and narghases on substrates?® There is a potential ofchievements

from the cross pollination between applications and natural exampies.formation of the
interfaces fascinated mineralogists as RUyevhose systematicobservations established the
crystallographic and crystal chemical constraints of epitiélgwever it was soon clear that the
macroscopic bcrystals produced in laboratories, which were in relation apparently violating
Royer’s deductions, form by complex mechanisif$® It became then clear the need of powerful
techniques for the analysis of the interfaces, e.g<ea&® as well as theoretical and computational
modeling.

This work is a contribution to the characterization of epitaxial interfaces. When, at the
interface where epitaxy occurs, the misfit between 2D lattice is low, interfaces relax with negligible
in plane stress anddhesionenergy can be calculated without the need of considering interface
dislocationsWe are interested to natural systems and todhé&ibution that crystal growth theory
can give to unravel questions such as: can olj\iMg, Fe}»SiOs, nucleate on some diamond faces
in condition of negative affinityor can Li be absorbed in growth sectors of some carborate?
valid contribution to thesétems can only come by the coupling of the laboratory and field
observations with the calculations of adhesion and interface eridigg,in this contributionwe
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focus our attention on thiéheoretical anccomputational aspectelatedto the determinations of
these thermodynamic quantities gnat them in relation witlieal casesSpecifically, he first part

of the papeconcerns the individuation of tltifferent2D lattice coincidences between two phases
in epitaxial relationship, as well as the initigtructures of the interface (i.e., interface
configurations) generating when the two phases are put in comteetsecond part, instead, is
devoted tahe study of the following epitaxie§t 10} -diamond(C)/{101} -forsterite(Mg.SiOs) and
{001} -aragonite(CaCQ)/{ 101}-zabuyelite(Li2CQs); the optimized interface structures and their
adhesion energies were determined at quamh@chanical levelby using the B3LYP
Hamiltoniart®?! and Gaussin type basis set$Ve choose these two systems for the following
reasons: (ijheyare interesting cases of study for elucidatimgtheoretical aspects discussed in the
first part of this paper; (iip thoroughknowledge of their structurahd thermodynamic properties
is fundamental to understand the genesis of the olivine inclusions in diamond abdithef Li to
modify the morphology otalcite/aragonite crystals growing in aqueous soluffidh at the best of

our knowledge, this is the first time that they were studiedb aitio level.

2. Lattice coincidences and interface structures

2.1. How many 2D lattice coincidences?

A condition for observing epitaxy between two crystalline phases A and B, is a good 2D lattice
coincidence at the A/B interfacdowever it is important to stress here théais is a “necessary but

not sufficientconditior’. Indeed, th&knowledgeof the adhesion eneydetween the phases A and

B is the fundamentalrequirementto evaluatethe probability to obewne epitaxial relationships
between two phase®ithout this thermodynamic quantity, tiealy geometricaldescription ofthe

2D lattice coincidencdoes not allow t@haracterize imetailthe epitaxial phenomenoActually, a

good 2D lattice coincidence at the A/B interface is nothing else than the geometrical implication of
a physical property, i.e. a good adhesion between the two epitaxial phases.

Before facing the problem of the determination of the adhesion energy, it is impdaant
examine in depthhow many 2D lattice coincidencesn be foundat the interface between two
phaseslong withtheir differencesin order toperformthis analysis, weonsider two hypothetical
phases (named A and B in the following)epitaxial relationshigFig. 1). Let’s suppose that at the
A/B interface it is possible to individuatke following2D primitive (one atom per celbectangular
lattices: (i) for the phase A (red lattice):=a16, h = 8,g= 90°; (ii) for the phase B (blue lattice): a
= 20, h = 10,g= 90°.In this casehe parametric misttresult to beda1 = 4 (25% anddy1 = 2
(25%). We havdabdedthis epitaxialcoincidencewith the number 1région 1,blue area in Figl).



Now, it is interesting to analyzthe variation ofthe parametric misfit when these 2D

lattices are increasdad size that iswhen 2D supercellsare consideredThe following cases can

arise:

(i)

(ii)

(iii)

(iv)

A (2x2)-supercellfor both phases is takento account(region 2,pink area in Fig1l).
Then, for the phase ke parameters are; = 32, » = 16; for the phase Bza& 40, b =

20; the misfits ar@la = 8 (25%) anddw2 = 4 (25%). We have the same parametric misfit
(25%) observed for theegion 1 as well asn equahumber of atom§.e., 4 atoms in both
(2x2)-supercells)

(3x3)- and (x2)-supercel for phases A and B, respectively, are considered (region 2,
pink area in Figl). In this casethe cell parameters for phase A ase=ad8 and b= 24,
whereas for the phase B they ase&0 and b= 20, the same of case .(interestingly, the
same percentage variation is observed for the 2D cell paramegargd> = 8 (25%) and

d2 = 4 (25%).But, with respect to case (ihe number of atom#volvedis different: the
(3x3)-supercelbf A has 9 atoms, whereas theZ)-supercell of Bhasonly 4 atoms.

(4x4)- and (¥*3)-supercel for phases A and B, respectively, are considered (region 3,
yellow area in Figl). The cell parameters of A are a 64 and b= 32, while those of B

are @ = 60 and b = 30. With respect to the cases (i) and (ii), the parametisfit is
reduced, havinglas = 4 (~ 7%) anddsz = 2 (~ 7%), whereas the discrepancy between the
number of atoms in the two supercells is increased, with 16 atoms irxdhes(percell of

A and 9 atoms in the €3)-supercell of B.

(5%5)- and (44)-supercel for phases A and Bespectively, are considered (region 4,.Fig
1). In this casea perfect parametric coinciden@a4(= dws = 0) between the two 2D lattices

is observed with a» = 80 and b = 40; this is the case of a free strain systdime
discrepancy between the number of atoms in the two supercells is further increased, with
25 atoms in the (5xEupercell of A and 16 atoms in the (4>stipercell of B.

For the sake of siplicity, we have only discussele epitaxes describablevith (nxn)-supercells

butit is licit alsoto use (mxnpsupercells, where mn. As an examplg1x4) and (1x3jsupercells

for phases A and Bespectively, carbe considered. For such a cage cell parameters of the

phase

misfits

A aresa= 16 and b= 32, and those of the phaseaBa: = 20 and b= 30. The parametric
result to beal = 4 (25%) anddhz = 2 (~ 7%) and the number of atoms in the (1xdhd

(1x3)supercellss 4 and 3, respectively.

According to theterminology universally accepte@oncerning epitaxywhen the lattice

constants of phasésand Bmatch, that isvhen (1x1)A 1 (1x1)B, the interface is saidoherent

when a relatiorsuch as (mxnpA * (kxs)B exists, with mn, k and sintegers (and the lengths
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supecells parameterare not toolong on the lattice length scale), the interfaceasmmensurate
otherwise it isncommensurate

We have only discussed rectangular (or squared) 2D meshes, but oblique 2Ddathidds
be alsotaken into account. Avariance with the rectangular case,js more unlikely to have
epitaxial coincidences describable with large oblique supercells.isTaisdent by observing Fig.
1b, where in addition to the lattice parameters a aritidbangle g must bealso consideredor
describing the latticeoincidence.Indeed,also with a small angular mismatchto havea good
coincidencébetween the arsaf the 2D lattices (red and blue in Fig. Han be difficulf due to the
divergence of the lattices parameters wimeneasing the size of the supercells.

The purpose of the example just discussed is to draw attention to the different casms that
arise when studying epitaxial phenomefar real systems, where the 2D cell parameisganever
natural numbers, thebservablecases are more complexd less distinctyut always ascribable to
the ones previously describeds an example of real case, we consider the epitdegtified
betweena-quartz (SiQ; S.G.P3:2) and wiherite (BaCQ; S.G.Pmcr).?2Bittarello etal.?? observed
heterogeneous nucleation of {0Ow®jitherite lamellae onto three different forms of a-quartz: the

prism {10.0} along with the rhombohedra {10.2} and {01.2%e witherite lamellae are epitaxially
oriented along the [100], [001] and [2] of a-quartz. By taking into accounts the 3D cell

parameters used by Bittarello etZlit is possible to identifghe 2D lattice coincidences reported in
Table 1 for the {10.0jquartz/{001}witherite epitaxy. The same epitaal relationshipcan be
describedby means oftwo different combinations olsupercellshaving the same orientatiothe
first one (n. 1, Table 1)is given by the(1x2)- and (&1)-supercells for a-quartzand witherite,
respectively;ithe secondne (n. 2, Tabledl), instead by the (42)- and (6<1)-supercellsin both
cases the parametric misfit is low (Table 1), but a different amount of nmfitecluded in the
supercellsAs a matter of factoy supposing one atom perx)-cell for both the phasasvolved
for the case n.We have aratomic ratioof 2/1 (i.e., sincehere are 2 atoms in the (1x&ll of a-
quartz and 1 atom in the (1x&¢ll of witherite), whereasfor the case n.,2the atomic ratids
greater {4/6 = 2.3. The only wayto individuatethe most probable epitaxial coincidence (i.e., the
structure of the interfacey to calculatethe adhesion energy (dhe correspondingnterfacial
energy) between the two phasder each 2D latticedlower the adhesion energy, lowehe
probability to observehat reticular meshUnfortunately,a large 2D lattice requiresto managea
system made biiundreds or thousands of atoms, tivemhe majority of the cases the simulation
approach is not feasible due to a prohibitive computational effort.
An interestingcomputationalvork concerning the use of supercells with increasing size for

determining the adhesion energy, wasformedby Irving et al?® Theystudied the (111Ag/(110)
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GaAs interface (i.e., a monolayer of Ag in epitaxy on a GaAs substrate)performing DFT
calculations andetermiring that the adhesion energy calculated for different sizes of supercells can
be very similain some cases ancry different in other oned~urthermore, they observed thhe
choice of the computational unit cell has effects on both the atomic structure andcthatedl
adhesion energy, sinces#rainis generatednto the metallic layer (i.e., monolayer of Ag) in the
Ag(111)/GaAs(110) sysin. The extent of the effects is dependent not only on the magnitude but
also on the type dheinduced strain (i.e, tensile and compressive stramthe monolayer of Ag)
Therefore, this worloutlines once moréhe importanceof analyzingdifferent canputational unit

cells when studying epitaxial phenomena.

Table 1. Some epitaxial lattice coincidences between witherite and a-quartz when witherite

lamellae are perpendicular to the {10.0} faces and to the [001] axis of a-quartz.

n. Vectors of the 2D cell ~ Vectors of the 2D cell

misfit (%
of a-quartz(A) of whiterite(A) (0)
<100>=4.9134 [100] =5.3126 8.1
1
2x<100> =9.8320 [110] =10.3614 54
7x<100> = 34.3938 6x[100] = 31.8756 -7.9
2
2x<100> =9.8320 [110] =10.3614 54
a b
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Figure 1. A schematic dramg of some2D lattice coincidences thaan be foundor a generic A/B
interface.



2.2. How many interface structures?

There is a furtheargument to discuss when the epitacgurs betweenhemically and structurally
complex phases The crystal faces, (hKl)and (h’k’1’)® (Fig. 2a), that are put in contact for
generating the composed slab A/B/A, can show a huge number of initial surface configcations
surface terminationsyvith the terminitial, we mean the surface termation obtained by cutting the
bulk structure without performing the optimization of the surface struchsreie demonstrated in
two recent paperd? finding these configurations a very difficult task that requires a careful
analysis ofboth structure and symmetry of the surfate.these papers all of the possiloéial
surface configurations cfomecrystal faces of pyrope (M4§l2SizO12) and MgAl2O4 spinel were
determined as an examplet8 and52 different surface terminations were identified for the (100)
face ofpyrope andMigAlO4spinel respectively

As concerns the interfacehis means that when a composed slab is formed by two crystal
faces (hkl)* and (h’k’1’)® showing m and n surface terminations, respectively, the number of
possible initial interfaceconfigurations to take into accounts ns<n. In practice, this makes
difficult, or impossible in some cases, the determination of‘thest stable” interface structure
namely tlat showingthe highest adhesion enerdgdeed,in some casethe number of structural
optimizations to performauld become extremely high ameénce not practicable.

A possible strategy to reduce drastically the number of initial interface configwradion
analyze is here proposed and is based on our findings on the stability of the crystal surfaces.
Recently, different crystal faces of calcite (CagQhalite (NaCl), gypsum (CaSQH.0O) and
hydroxyapatite (CfPQ)3(OH)) were studiedin our researchgroup by means of quantum
mechanical and empirical calculatioi$e surface energy of all of them were calculated at OK, by
considering different surface terminations in contact with the vactton.each face, it was
observed thatraong all theconsideredsurfaceterminationsghe most stable one resulted to be that
respecting the bulk symmetof the crystalThen, as stated in the paper by Brid#o... the bulk
crystal symmetry has to be necessacbnsidered to achieve the setinsistency of the surface
termination the symmetry group of a surfaterminationmust be a subgroup of the symmetry of
the bulk crystal viewed along the normal to the surfatae same concept was also expressed
means of the Curie’s symmetry principle?” as follows “the symmetry group of a crystal face in its
mother phase is given by the maximal common subgroup of the symmetry group of the bulk crystal
and of the symmetry group of the mother phase the crystal/vacuum system, only the symmetry
group of the crystal bulk can impose constraints on the symmetry group of the face. Then,
according to the Curieds principle the face
the crystal bulk projected along the normal to the surface

C
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We can extend these results to ¢thse of thénterface between two cryslale phases A and
B, that is:the symmetry group of a crystal interface is given by the maximal common subgroup of
the symmetry group of the slals A and B Otherwise statedthe most probable interface
configuration should be that preserving thighestnumber of symmetry elements common
betweerthe two slabs A and .B

3. Computational details

To investigate thenterfacestructurebetween two phases in epitaxialationship a 2D periodic
slab mode® and theab initio CRYSTALO9 codé*3! were adoptedThe calculations were
performed by using the B3LYP Hamiltoni&t?! which provided accurate results for the surface
properties of the minerals considered in present work? Further computational details (e.g.,
basis setthresholds controlling the accuracy of the calculadicare reported in the Supporting
Information.

A composed slalfA/B/A; Fig. 2a), made bythe phases A and Blab A and B in the
following), was generated in the following way: (i) the sl@ and Bof a given thickness &ve
made by cutting the respectivebulk structure parallel to thehkl planes of interestand using the
same2D cell parameterdescribingthe epitaxy (ii) the slabB wasplacedin between two slabs;A
(i) then, thecomposedslab geometry (atomic coordinates and 2D cell parameters) was optimized
by considering all the atoms free to moVle composed slab A/B/A was generapedservinghe
center of inversion or a mirrgrlane parallel to the facand ensuring the vanishing tfe dipole
moment perpendicular to the slathe CRYSTALQ9 output files, listinghe optimized fractional
coordinates and optimized 2D cell parameters of dbmposedslabs, are freely available at

http://mabruno.weebly.com/download

The calculatios were done by consideringomposedslabs witha thicknesssufficient to obtain an
accurate description of thaterfaces. The slab thickness is considered appropriate when the bulk

like properties are reproduced at the centre of the slarsiB.

The specific adhesionenergy,b(ﬁ’kﬁ,(h.k.,,) (J/n?), is the“energygained once theboundary

interfaceis formed it reads:
_ E(2A)+E(B)- E(2A+B) (1)

A/B
b(hkl)/(h'k'l ) S



http://mabruno.weebly.com/download

whereE(2A+ B), E(2A) and E(B) are thestatic energies(at OK) of the optimizedslab A/B/A
(Fig. 2a) slab A/lvacuum/A (Fig. 2b) and slab B (Fig. 2m@spectively, an& is the area of the

surface unit cell.

The specificinterfacial energy,g(ﬁ’kﬁ,(h.k.,.) (J/n?), is the“excess energyresulting from the

energy balance described by the Dupré’s relation:
/B — A/B
(hkhy /(b1 — Ylhky +\g(?1'k'l‘) - b(hkl)/(h'k'l') (2)

where g(Ath and g(?].k.l.) are the specific surface energ@she qkl) and 6 6 K fdadeddelimiting the

slabs A and Brespectively. These “energies to be spéhare calculated through the wé&hown

equation:

géhkl) :w; i=A,B (3)

where Ex(i) is the energy of the bulk of theth phase and the factor ofi@ the denominator

accounts for the upper and lower surfackthe slab model.

(hkd)”

(h'kT?

E(A+B) E(A) E(B)

Figure 2. Schema fobuilding andperforming the calculation on a compostab A/B/A.

4. Diamond/forsterite epitaxy
4.1. Why to study this epitaxy
The determination of the crystallographic orientation of the oliv{ines a solid solution between

the two end members forsterite, MgOs, and fayalite, F&i0s; S.G.Pbnn) included in diamond is
9



of paramount importance in diamond studiéswas suggested that an epitd relationship
between thénclusion and its host would represent a robust pobsfngenesig®>*® we use the term
“syngenesis” in its restrictive meaning given by Nestola et af’ the syngenesis is the simultaneous
growth of the inclusion and host, which canprecipitate from the same medium.

In a recent worK the crystallographiorientations o#7 olivines incorporated in 21 diamonds from
Udachnaya kimberlite (Siberia) were analyzed, and at varianite the previous findings of
Mitchell and Giardin£® no preferentiabrientation was observed between olivine and diamond. On
this basis, a protagnetic origin washypothesized for these olivinethat is pre-existing olivines
warepassively incorporated into growing diamand

A fundamental contribution to the debate about syngenesis or protogenebes aatained
by the determination of the adhesion endrgtween olivine and diamond@hetheoreticalepitaxial
relationships between these two phases are numdratithe most interesting amorthem are
reported in Table 2, whethe 2D lattice coincidences aabsolisted. From a computational point of
view, we werenot able to perform the calculations only for the 3idiamond/{010; -olivine
epitaxy The study othis epitaxy requires theonstructiorof a slab composed by a huge number of
atoms(i.e., a large 2D dke of 340 A% whose geometry optimization is nwtorkable with the
resources of calculus actually at our disposition (i.e., a cluster with 400 CPU).

In this paper we only report and discuss the epitaxy between {did6jond and {01} -
forsterite. The other interfaces will be the subject of a future publicationhich a detailed
comparisorbetween their structures and adhesion energies will be Moreover, since the most
common olivinesn diamond are richer in magnesium thanrioni (i.e., forsterite ~ 92%) arto
further simplify the systermodel, we performed the calculations bwly considering a pure
forsterite.A positivepeculiarity of this interface is the existence of only one possible configuration
which is due to the fat that both (110) face of diamond and (101) of forsterite display a unique
surface terminatiaf?®

It is important to remember that,\zariance with the (100) and (111) faces, the (110)adne
diamonddoes not undergo any reconstruction. Indeed, a simple relaxation of the first two atomic
layers is sufficient to create abonded ‘zig-zag’ chain over the surface, with distances and angles
very close to the values of the reconstructed (BPXiYPandey aconstruction)diamond surface
(see De La Pierre et #for further details and reference3hen, tte simple relaxed configuration
of the (110) face saturates the fourth dangling bond of surface carbons, with a stabilization effect.
For this reason wedve only considerenh this workan unreconstructed (110) face; a reconstructed
(110) face was never observédirthermoreDe La Pierre et a have studied ab initio level the

reconstructed and unreconstructed (100) and (111) faces, and the unreconstructed (1df0) face
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diamond the structures and surface energies were determined and compared with Eievnitics
calculations carried out with different methodologies. Thhry have shown that the structural
properties and surface energies for the tlomstal facesobtained with the same basis sets and
functional of the present work, are in good agreement with previous pure DFT studies. For this
reason we believe that theasis sets and functional (B3LYP) adopted to study the {110)
diamond/(101¥orsterite interface are able to describe in a reliable way the electronic distribution,
the structural properties and the energy of the system.

In order toverify the criterion oftonvergence on the thickness of the slal{giamond)and
B (forsterite) four composed slabs wecensideredTable 3) (i) a composed slab formed byslice
of forsterite (Fo) with thickness equal tod# (dh beingthe spacingbetween two successivikl
planes)placed between two slices of diamond (D) having a thickness dificlgshortened in the
following as1D/2Fo/1D); (ii) 2D/2Fo/2D; (iii) 3D/2Fo/3D; (iv) 1D/3Fo/1D.

Table 2. 2D lattice coincidences between diamond and forstexntd aragoniteand zabuyeliteThe
bulk lattice constants of diamond, forsterite, aragonite and zabuyelitakaefrom Hom et al:3°
Merli et al.?! de Villiers*? and Effenberger and Zemafit\We also reporfD(%)| = |(area forsterite
— area diamond)/area forsterit€)00, to stress the area variation between the 2D cells.

faces a (A b (A) a’b (°) area (&) |D(%)|
diamond {001} [110]=5.05 2x[110]=10.10 90  51.01 4.9
forsterite {001}  [100]=4.76  [010]=10.22 90  48.65 '
diamond {001} [110]=5.05 2x[110]=10.10 90  51.01 16.7
forsterite {100}  [001]=5.99 [010]=10.22 90  61.22 '
diamond {110} 2x[101]=10.10 2x[010]=7.14 90  72.11 78
forsterite {101} [010]=10.22 [101]=7.65 90  78.18 '
diamond {111} [101]=5.05 2x[011]=10.10 60  44.17 92
forsterite {001}  [100]=4.76  [110]=11.27 65  48.62 '
diamond {111} 3x[101]=15.155x[011]=25.24 60  331.16 31
forsterite {010} 2x[101]=15.30 2x[102]=25.78 60 341.60
aragonite {001} [100]=4.96 [010]=7.97 90 39.53 49
zabuyelite {001}  [010]=4.97 [100]=8.36 90 4155 '
aragonite {001}  [100]=4.96 [010]=7.97 9 3953

zabuyelite { 101}  [010]=4.97 [101]=8.05 90 40.01
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Table 3. Optimized 2D cell parameters, adhesion and interfacial energies fof{ld@g-
diamond/{101}orsteriteand {001}aragonite/{l 01}-zabuyeliteepitaxes. The interfacial energies
are calculatedhrougheq. (2) and thdollowing surface energy valueg;,,= 5.046 g5, = 1.696

o0y = 0.612 andgrz;, | = 0.280J/nT.

slab  atoms a(A) bR ab () area(R) Bl (/M) Gy (/NP
{110} -diamond{101} -forsterite

1D/2Fo/1D 152 7.8436 10.0253 90.00 78.63 0.974 5.768

2D/2Fo/2D 216 7.5510 10.014 90.06 75.62 0.378 6.364

3D/2Fo/3D 280 7.4210 10.0444 90.09 74.54 0.367 6.375

1D/3Fo/1D 180 7.8634 10.1196 90.11 79.57 1.070 5.672
{001} -aragonite{ 1 01}-zabuyelite

6Za/6Ar/6Za 204 4.9635 8.1060 90.11  40.23 0.595 0.297

4.2. Structure and energy of the {110}-diamond/{101}-forsterite interface

The optimized cell parameters thfe different composed slabs are listed in Téhlevhereaghe
relaxed structure of th@D/2Fo/3D slakis reportedn Fig. 3. A detailed structural analysis of the
interface is out of the scope of this work, therefore only a qualitatideshortdescription is given
in the following. People interested &m indepth structural analysisancarry out it by using the
CRYSTALO9 output file reporting the optimized atomic coordinates.

A strong structural modification at the diamond/forsterite interfa@dservedFig. 3). The
(110) surface of diamond a very compact one and undergaesdight structural relaxation when in
contact with the vacuurf.But when this surface is put in contact with the forstefi@l) an
evident geometry modificatioexhibits with a strongroughnes®f theC layeradjacent to forsterite.

In order b give an ideafor the C layer in contact with vacuuidz (i.e., thedifference between the z
coordinates of the C atanin the same layers 0.0038 A, whereas for the layer in contact with
forsteriteDz reache$.1966 A.In a similar way the (101) slab of forsterite is considerahffected

by the presence of the diamomdclear evidence of this phenomenon is the strong distortion of the
SiOy4 tetrahedrain proximity of the diamond (Fig. 3a)As a consequence of this structural
arrangemet at the interface, the formation of two-@ bonds, whose lengths are 1.626d 1.438

A, is observed.

It is worth notingthat, despite all of these structural modifications, the extreme rigidity of
the (110) surface of diamond and thateworthy difference of chemical composition between the
two phases, do not allow to obtamn{110}-diamond/{101}forsterite interface with @ompact
structure.Instead, a veryppeninterface structure is generated, as it results particularly evident by
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observing Fig. 3bSuch structural incompatibility between these two phasesratea very low

D/Fo

adhesion energy;; .0y = 0.367 J/im (Table 3)and, accordinglya very high interfacial energy

Oi1h/00y = 6.375J/n7. It is interesting to observe tha#t);(;,,, corresponds te5% of the highest

possible value of adhesion energy for this interface, th& 742 J/n?, which is obtained by

consideringgy1q7u0,= 0 in €q. (2).

To test the reliability of such values, werified the convergenceriterion by performing
the calculations on systems with different thickneasparticular, the adhesion energy for these
systems was calculateBy analyzing thedatalisted in Table 3one observes that the adhesion
energy rapidly converges to a value of the order of Z02nt, when the thickness of the diamond
slabis increased and that &drsteriteis kept fixed.Then, a diamond slab having a thickness of
2xd110(2D) seemgo besufficientfor verifying the criteriorof convergence.

Later on, we carried out the calculatiamsa 1D/3Fo/1Dcomposed slabl'he correspondg value

of the adhesion energig 1.070 J/m, which is only~10% higher than that obtained for the
1D/2Fo/1D slabTherefore, aithis levelof numericalprecision obtainedby usingnot particularly

rich all-Gaussianbasis sef that can be considered a good compromise between accuracy and
computing costs, weelievethat our estimate of adhesion energyeliable.Indeed, richer basis

sets could modify our values of the same order of magnitude obsentbd fdd/3Fo/1Dcomposed

slab.
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Figure 3. {110}-diamond/{101}forsterite interface viewed alorthe <010> (a) and <101> (b)
directionsof forsterite Spacingdiio of diamond andlio1 of forsterite are also showhlg, Si, O and
C are blue, pink, red and green, respectively.

Unfortunately, we are not able to compare our estimate of adhesserngy with previous
ones, since this is the first time, at the best of our knowledge, that similar calculzdom been
performed on diamond/forsterite syste@n the other handt is interesting tdoriefly discussthe
meaning ofsucha high value of theinterfacial energy6.375J/n¥), in particular when compared
the surface energy values of the (110) and (101) faces of diaf@®4dbJ/n?) and forsteritg1.696
JIn?), respectivelyAccording to the classical nucleation theaal,the moe the adhesion energy is
high, all the morethe heterogeneous nucleatioha 3D phaséi.e., the formation 08D nuclei of a
phase A above a phase iBfavored with respect to the homogeneous. im¢éhe specific casave
obtaineda very low adhesion energstiggesting a very low probability to observe epitaxy between
{110}-diamond and {101Jorsterite.This is in agreemenwith the experimental observations that
never reportedsuch an epitaxy. However, further energy calculations on other types of
diamond/forsterite epitgx (see Table 2Jnust be performed fodiscussing in more detail the

reciprocal orientations between diamond #reincluded olivine.

5. Aragonite/zabuyelite epitaxy

5.1. Why to study this epitaxy

Aragonite (S.GPmcn) is one of the twaommory occurring polymorphs of calcium carbonate
(CaCQ) (the other one is calcite) found in geological ammogical systems, whereas zabuyeiite
a very uncommon monoclinic carbonate {CiOs; S.G.C2/¢) discovered in the Zabuye Salt Lake
(Tibet), where it occurs as small crystals {2 um) embedded in halite (NaCl; see Anderson et
al..**and references therein).

The influence oti on the growth morphology of calcium carbonate crystals (calcite) is well
known and was discussed for the first time by Rajam and fAamad Nefyodov# who foundthe
appearance of the {0001} pinacoid in addition to the cleavage rhombohedron in calstsscry
growing from aqueous solution in the presemf Li. The stabilization of thkinked {0001} form
was explained in terms of random adsorption of Li that slows down the growth rate of the surface.
Recent studies on calcite growth from aqueous solutiottse presence of variable concentrations

of Li and on the growth morphology of00; crystals (zabuyelité}“° proved that, in the presence
of Li, the character of the {0001} and {B} forms of calcite changes respectively from kinked
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and stepped to flat. This behavior was explained in terms of epitaxial agreement between calcite and
zabuyelite. Actually, the presence of very high concentratiohs iato the solution (approximately
Li/Ca molar ratio higher than 14, ionic strength higher than 3, and very high supersaturation with
respect to calcitejletermineshoth the modification of the character of some forms of calcite as
previously stated, and the growth of a secondary calciutvonate phase (aragonite). Aragonite
crystals obtainednderthese conditions show a psetitgxagonal morphology due to the repeated
twinning on the 110 plane.
A transition between calcite with modified morphology and aragonite occurs, depending on the
Li/Ca ratio in solution: as the concentrationLofin the solution increases, the morphology of
calcite turns from the cleavage rhombohedron to a flat pseexiagonal shape dominated by the
pinacoid. When the cation ratio exceeds the critical value of Mewaphase (aragonitéprms
Details about the experimental and theoretical study of the relationships between aragonite and
zabuyelite will be discussed in a forthcoming paper.

Two interesting epitaxies can beundfor the zabuyelite/aragonite system (TablghZ\ving
both asmall surface area of theommon2D mesh.In the following we only discuss the epitaxy
between {001}aragonite and {01}-zabuyelite. The other one will be reported ifoethcoming
paper, in which the experimental observations will be coupled with a detailed computational study
of all the interface structures and adhesion energe®. possible initial configurationsan be
recognized for the {00kpragonite/{1 01}-zabuyelite interfagesince the(001) face ofaragonite
display two surfaceprofiles (i.e., Ca and COs terminategl. This is the consequence of thalk
structureof aragonite which consists of alternating layers of Ca andz;@@s stackedilong the
[001] axis; for a more detailed discussion of the main faces of the aragonite see the lpyaper
Massaro et al® and Aquilano et al! For the sake of simplicity we onhanalyze the interface
formed by the C@terminated (001) face of aragonites well aoonly a composed slab (Table 3)
formed by a slice of aragonite (Ar) with thickness equal tdo@>placed betweemwo slices of

zabuyelite (Za) having a thickness ofd, (6Za/6Ar/6Z3, wasconsidered

5.2. Structure and energy of the {001}-aragonite/{ 1 01}-zabuyelite interface
The optimized cell parameters of the slab are listed in Table 3, whereas the relaxed structure is
reported in Fig. 4As for the diamond/forsterite system, a detailed structural analysis can be
performed by downloading the CRYSTALQ9 output file.

At variance withthe diamond/forsterite casepranor structural modification of the interface

is observed (Fig. 4)with only the two layers in contact thaésult to be affected bg visible
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geometry relaxationin particular, he CQ groups of the zabuyelitadjacentto the aragoniteare
considerably tilted with respect to their position in the bulk (i.e., at the center cfiabeof
zabuyelite)andin the layerexposed to theacuum.lnstead,a more rigid behavioof the aragonite
layer next to zabuyelite is observed: the:@@ups arenly slightly tilted with respect to the bulk.
Then, it is evident thahe zabuyelite isble to adjust its own1(01) surface structur® generate a

good structural continuity with the (001) face of aragonlieis structural compatibilitys also

highlighted by a high value of the adhesion enettf, ' ,,, = 0.595 J/mi (Table 3). It followsa

al Ar

Toav00y = 0-297 J/M, which is almost equal tdhat of the surface

low interfacial energyalue A

energy of the € 01) face ofzabuyelite( g5, = 0280 J/nf). The adhesion energy; .

(109/(003
corresponds t67% ofits highest possible value for this interfa@892 J/M), unveiling a very
different behavior with respect to the one of the diamond/forsterite inteBates for thelatter,
there arenot previous computational estimates of such thermodynamic quantities related to the
{001} -aragonite/{1 01}-zabuyelite interface.

A so high adhesion energy suggests a strong predisposition ¢fltb&}-zabuyelite to
arrange abovdhe{001}-aragoniteor vice versa.An adsorption is to be expectezlentually
followed by anabsorptionof Li.COs during the growth of aragonite in agqueous soluiiorthe
presence of Liin analogy with theexperimentalfinding by Pastero etl*’ and Pastero and
Aquiland®® wherea 2D epitaxial growth mechanism between calcitezaiiyelitewas described.
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Figure 4. {001}-aragonite/{l 01}-zabuyelite interface viewed along th&0@> (a) and 910> (b)
directions of aragonite. Thao1Spacingof aragonite andi;,, of zabuyelite are also show@a, Li,

O and C are blugale bluered and green, respectively.

6. Conclusions

This work is subdivided in two parts: (i) the first omewhichwe describe howo determire all of

the possible 2D lattice coincidences between two phases in epitaxial relationship, asthell as
initial interface structures whiciregeneratd by considering different surface terminations; (ii) the
secondong where the structure and energetic of the {td@mond/{101}forsterite and {001}
aragonite/{1 01}-zabuyelite interfaces are determined by meanaboinitio quantummechanical
simudations.In particular, in this paper wieave highlighted the difficulties encountered when the
study of the epitaxy is faced at computational |ewfficulties that are mainly due to the
occurrenceof the numerou&D lattice coincidences and surface terminations of the phases involved
in the epitay.

We can summarize our results as follow:
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() The epitaxy between two phases can be describaddans of2D supercells having very
different surface arszand, as a consequence, different atomic density at the interface. The
only way toestablish the most probable 2D lattice of coincidence is to calculate the adhesion
energy for all of the possible casbfggher he adhesion energy value, highiee probability to
observe the correspondi@@ coincidencdattice.

(i)  When studying chemicalland structurally complex phas@s epitaxal relationship the
number of the initial interface structures to consider can be enormous. From a computational
point of view, this could make difficult the determination of the most stable interface structure
(i.e. the interface with the highest adhesion eney)extending our previous studies on the
symmetry of the crystal surfaces, weggest thathe most probable interface configuration
should be that preserving the highest number of symmetry elemesgsmnmon between the
two slabsforming the composed on# this work hypothesis is correct, the number of initial

interface configurations to evaluate should decrease significantly.

(i) The structure of the {116¥iamond/{101}forsterite and {001Jaragonite/{l 01}-zabuyelite
interfaceswas determined by means alb initio calculations.The adhesion and interfacial

energies for the two systems wetlgo evaluatedFor the diamond/forsterite system a very

low value of the adhesion energy wastimated, 571050, = 0.367 J/M, suggesting a low

probability to have epitaxy between {1td}amond and {101jforsterite.A higher adhesion

energy was founthsteadfor the aragonite/zabuyelite syste 21213?;(003: 0.595 J/m, which

reveas a strong affinity between thelp1}-zabuyelite and {001jragonite.

(iv) We donotclaim that thevalues of the adhesion and interfacial energies reported in this paper
could be definitive. When dealing with these thermodynamic quantities at quantum
mechanical levela rigorous work of assessment of the accuracy of the calculations must be
performed. In particular, various Gausstgpe basis sets and several formulations far t
exchangecorrelation functional within the Density Functional Theory (DFT) should be
evaluated but the size of the systems studied in the present work presentsa detailed
analysis Neverthelessthe order of magnitude of thealues we obtained angery usefulto

interpretthe experimentabbservatios.
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Synopsis

The theoretical andcomputational aspectsoncerning the epitaxy adiscussd in a detailed way.
The structure and adhesion energy of the {*d@jmond/{101}forsterite and {001Jaragonite/{l
01}-zabuyelite interfaces were determined by mearabafitio calculations.
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