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Models of crystal growth have been defined by comparing macro-
scopic growth kinetics with theoretical predictions for various
growth mechanisms'?. The classic Burton—Cabrera—Frank (BCF)
theory’ predicts that spiral growth at screw dislocations will
dominate near equilibrium. Although this has often been
observed™, such growth is sometimes inhibited*’, which has
been assumed to be due to the presence of impurities®. At
higher supersaturations, growth is commonly modelled by two-
dimensional nucleation on the pre-existing surface according to
the ‘birth and spread’ model’. In general, the morphology of a
growing crystal is determined by the rate of growth of different
crystallographic faces, and periodic-bond-chain (PBC) theory®
relates this morphology to the existence of chains of strongly
bonded ions in the structure. Here we report tests of such models
for the growth of barite crystals, using a combination of in situ
observations of growth mechanisms at molecular resolution with




the atomic force microscope'®! and computer simulations of the

surface attachment of growth units. We observe strongly aniso-
tropic growth of two-dimensional nuclei with morphologies
controlled by the underlying crystal structure, as well as struc-
ture-induced self-inhibition of spiral growth. Our results reveal
the limitations of both the BCF and PBC theories in providing a
general description of crystal growth.

@bservatiens ef crystal grewth mechanisms were made in a fluid
cell of a DI Multi-Mede atemic ferce micrescepe (AFM), using
freshly cleaved, eptically clear natural barite crystals as substrates.
The surfaces studied were (001) and (210), the merphelegically
mest impertant in barite'®. We used X-ray diffractien te cenfirm the
cleavage surfaces as (001) and (210) and te define crystallegraphic
directiens in the plane of the substrate. The unit cell of the barite
structure® (a = 8.87 A b=545A,¢c=7.15A, space greup Pnina)
censists of twe BaS@®, layers parallel te (001), each layer related by a
2, screw diad axis parallel te c.

The cleaved (001) surface typically shews unit-cell high cleavage
steps, and in Fig. 1a the cleavage surface intersects a screw disleca-
tien line. At this peint, such a cleavage step terminates. At the start
of the experiment, deienized water was passed ever the crystal,
causing slight disselutien and the separatien ef the cleavage steps
inte half-steps (Fig. 1a). The presence of the screw dislecatien
allews spiral grewth te be fellewed frem the earliest stage and
cempared with twe-dimensienal nucleatien.

A few secends after injecting slightly supersaturated BaS@,
selutien, crystal grewth begins. The cleavage steps migrate
nermal te their length and spiral grewth begins at the dislecatien

cere (Fig 1b, ¢). A new BaS@, layer spreads away frem the cere te
ene side but dees net centinue areund the spiral as in classical
descriptiens ef spiral grewth’. Instead, the spiral becemes increas-
ingly tightly weund areund the cere with very little lateral grewth.
Subsequently, a small number ef twe-dimensienal nuclei, ene
BaS@, layer thick (3.6 108), are fermed en the surface. These nuclei
are beunded by twe straight edges parallel te (120) directiens and a
curved edge defining a secter shape (Fig. 1d). The nuclei en each
alternate BaS@, layer are eriented in eppesite directiens, with these
en a newly grewn layer related by a 2, diad axis te these en the
eriginal cleavage surface (Fig. le). The grewth ef these nucleated
islands is highly anisetrepic, with grewth nermal te the curved
edges being orithe order oi 10 tiines faster than growth normal we the
straight edges. A fresh injectien ef mere supersaturated selutien
inte the fluid cell results in a higher nucleatien density (Fig. 1f), but
the lateral grewth ef the spiral remains very much slewer than that
of the twe-dimensienal nuclei, ferming a small grewth hilleck.

The micretepegraphic features of the nuclei and the spiral en the
barite (001) face indicate streng structural centrel ef the grewth
precess. @bservatiens made en {210} cleavage surfaces of the same
barite crystals shew a very different grewth merphelegy (Fig. 2). ®n
the (210) barite surface, the nuclei grew as leng needles that are ene
melecular layer thick (3.4 A) aleng the (120) directiens. The grewth
rate i< alen hiohlv anisotranic alane the lensth of the needles, with
grewth being ~ 10 times faster aleng the [120 | directien than in the
op| esite |120] directien. Figure 3a shews the relevant crystalle-
grayphic erientatiens en beth barite surfaces.

These ebservatiens raise impertant questiens relating te the
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Figure 1 The crystal grewth sequence en an (081) cleavage plane in a BaS@,
selutien with a supersaturatien value of a(Ba**)a(S®;7)K,, = 12. (Here a is the
ien activity and K, is the selubility preduct.) a-e, Grewth sequence ever @ min.
Spiral grewth segins atthe dislecatien cere with the grewth of a melecular layer of
BaS@, (thickness, S.GA), but subsequent lateral grewth areund the spiral is
restricted. After ~48min, during which fresh fluid is pumped ever the sample,

twe-dimensienal nucleatien begins (d), with a nucleatien density of ~8.12 nuclei
per pm?. Nete the eppesite erientatien of the secter-shaped nuclei. f, After 85 min
of grewth, a fresh injectien of selutien with a supersaturatien value of 2@ results in
a greatly increased nucleatien rate (~22 nuclei per um?). The image area in each
case is 2pm ¥ 2 pm.




crystal grewth precess, nene of which can be adequately addressed
using current theeries. What determines the shape ef the twe-
dimensienal nuclei, why is their grewth se anisetrepic, and what
inhibits the lateral grewth ef the spirals?

The predichien eof crystal grewth merphelegy is based en the
cencept that crystal faces centain different numbers of chains ef
nearest-neighbeur bends, er PBCs (periedic bend chains)®!*. PBC
analysis can alse previde infermatien abeut the surface merphel-
egies en F-faces, which centain twe er mere such PBCs and can
grew by a layer mechanism. Beth (001) and (210) are F-faces and
PBC theery explains the layer-by-layer mechanism and the thick-
ness of the grewth layers: half-unit cell fer (001) and ene unit cell fer
(210) faces™'*. In additien, needles on (210) and the straight edges of
the secter-shaped nuclei en (001) are parallel te (120), which are
directiens of swreng PBCs. Hewever, as PBC theery was designed te
deal with periedic systems and net with the attachment ef single
melecules at specific surface sites, it is necessary te apply melecular
medelling techniques te explain the anisetrepy of the grewth aleng
the PBCs and the existence of the curved edge.

We used ienic medels incerperated in Cerius2 (Melecular
Simulatiens, BIOSYM) and GULP (J. Gale, Imperial Cellege,
Lenden) with petentials similar te these derived in ref. 12, but
slightly medified te medel the lathice energy ef barite better. All
values fer attachment energies were cerrected fer the hydratien
energies of the respective iens (Ba*': 13.7 eV (ref. 17); SO; : 9.8 eV
derived frem ref. 18). Starting the stimulatien with the mest
energetically faveurable nucleus of twe Ba®* and twe SOj iens
(eutlined as the small rhembehedren in Fig. 3b), we first calculated
the attachment energies for beth species at their respective lattice
pesitiens areund the step edges of the nucleus. Attachment energies
of SO; iensat pesitiens A and B in Fig. 3b are endethermicat +3 eV
and +4 eV respectively, but are mere faveurable than attachment of
Ba®" te this nucleus. Allewing the SO; iens te relax away frem these
lattice pesitiens reduces the attachment energy, and iens frem beth
A and B relax te a pesitien clese te pesitien A with an attachment
energy of +0.9¢V, clearly demonstrating the anisetrepy ef the
attachment precess. As this value is still pesitive, starting a new
rew aleng the [120] directien frem A tewards C is the rate-limiting
step because the censecutive additien ef further iens is exethermic
and grewth ef each rew centinues tewards pesitien C. The same
analysis was carried eut after centinued grewth ef the nucleus (A',
B’, C'). The energies for the attachment of Ba> iens te pesitiens D
and E, after adserbing SO; te A’, are cemparable, and therefere
grewth ef a new rew can be started frem E befere the rew threugh
A’ and D is cemplete. This phenemenen of grewing rews with
different lengths leads te the shape ef the grewth secter, which
appears te be reunded tewards the main grewth direchien (arrew
labelled « in Fig. 3a, b). In the miner grewth directien (3), the less
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Figure 2 Twe-dimensienal nucleatien en a (218) surface of barite. The nuclei are
needle-shaped and grew aleng (1208) directiens. The fluid supersaturatien value
was 18; image area is 1.3 um > 1.3 pm.
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faveurable additien efiens (and therefere a ten-feld slewer grewth)
can enly start at the cerner pesitien F, which keeps F angular during
grewth.

We have alse calculated that the difference in energy between
attaching an SO;™ ien te a Ba’" jen en the (210) face in the [120]
directien and in the [120] directien is ef the erder of 1eV. This
explains the anisetrepy ef the rate for needle grewth in these twe
directiens en the (210) plane.

Te medel twe-dimensienal nuclei fully weuld invelve an aige-
rithm that dynamically medels the statistical attachment et 1ensand
includes the influence of selutien cempesitien and detects 1 the
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Figure 3 lllustratien and cemputer simulatien ef crystal grewth mechanisms.
a, Diagram shewing the crystallegraphic erientatien ef the twe-dimensienal
nuclei en (001) and (218) surfaces, as shewn in Figs 1 and 2. The lateral scales en
each surface are greatly underestimated relative te the scale nermal te the
surface. b, Cemputer-simulated image of a secter-shaped, twe-dimensienal
nucleus en a (881) surface. The Ba®* pesitions and S@3 greups are represented
by spheres and tetrahedrarespectively. The underlying barite substrate is shewn
in smaller symbels fer clarity. The mest energetically faveuralle nucleus (small
selid parallclegram), pesitiens ofimpertantattachment sites (A-F) and the grewth
directions («, 8) are indicated (see text). The micrescepic grewth directiens aleng
the dashed arrews lead te the mesescepic grewth direction «, as ebserved with
AFM. In this image, all melecules eutside the larger dashed parallelegram are
allewed to relax. The pesitiens A A’”: B, B’ and se en are symmetry-equivalent in
the bulk and define equivalent pesitiens during grewth (fer example, A, A’ are the
starting pesitiens fer the grewth of a new rew).




selid"®. Hewever, the deterministic appreach presented here is
sufficient te explain the ebserved anisetrepic shape and grewth
kinetics of the nuclei.

The structural centrel and anisetrepy ef the grewth explains the
inhibitien ef spiral grewth. @n the (001) surface, alternate BaS@,
layers are related by a 2, screw axis se that the anisetrepy and the
shape of the nuclei are reversed in each grewth layer. The grewth ef
the first BaS@, layer areund the dislecatien (Fig. 1b—d) is restricted
te ene secter, in the o directien (Fig. 3a), and cannet centinue
areund the spiral because of the very slew grewth in the eppesite 8
directien. In the next layer that ferms areund the dislecatien, the
directiens « and 3 are reversed but the rapid grewth aleng « is
almest cempletely prevented by the very slew grewth in the under-
lying layer in this directien. This alternatien ef fast and slew
directiens centinues fer subsequent layers and se grewth areund
the screw dislecatien islimited te an ever-tightening spiral (Fig. 1f).
®nly when a half-layer frem a neighbeuring twe-dimensienal
nucleus impinges en the spiral, as in the lewer left-hand edge of
the spiral in Fig. 1d, can the everlying layer spread laterally.

The {001} and {210} faces deminate the merphelegy ef natural
barite crystals, yet the anisetrepy ef the grewth en these faces
precludes spiral grewth as a kinetically significant precess. @nly at
higher supersaturatien, when twe-dimensienal nucleatien becemes
a viable mechanism, can the spiral develep laterally. The anisetrepy
described here is net predicted by any crystal grewth theeries,
principally because they de net take inte acceunt the actual surface
structure and the attachment energies en specific surface sites.
These attachment energies and hence the magnitude of the aniso-
trepy ceuld be medified by the presence of adserbed impurities.
Symmetry criteria allewing anisetrepy exist in many crystal struc-
tures and therefere it is likely that these results will net enly be valid
fer all cempeunds® having the barite structure, but alse mere
generally. This mechanism ef inhibitien ef spiral grewth may
explain the “grewth-step phenemena” described in ether systems*.
Ultimately, the macrescepic crystal merphelegy depends en the
micrescepic precesses of adserptien ef grewth units en crystal faces
and step ledges and the metheds used here previde pewerful teels te
ebserve directly and medel “hese precesses. |
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