Nanoscale growth of solids crystallising from
multicomponent aqueous solutions
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Abstract

The eftect of foreign’ ions on the growth of pure crystals from aqueous solution is an important topic addressed by
both crystal growth, mineral and surface sciences. However, many aspects of the role played by those ions remain
unclear. @ur atomic force microscope (AFM) observations of the propagation of monomolecular steps of crystals in
solid solution—aqueous solution (SS-AS) systems show that step velocities are determined by the surface structure of the
underlying layer, so that each new growth layer exerts a decisive influence on subsequent layers. Moreover, we show
that our observations cannot be completely explained by present crystal growth models based on either the pinning of
elementary step motion by impurities or changes in free energy by incorporation of different cations into the lattice. A
‘surface strain relaxation” model is proposed to explain the experimental observations. @ur results, apart from providing
an alternative explanation for the development of “dead zones”, can shed light on poorly understood phenomena such
as the development of compositional zoning in crystals.
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the propagation of monomolecular steps on crystal
surfaces has been one of the main goals of crystal
growth theories [1-3]. While the step growth ki-
netics of pure stoichiometric solids growing from
simple aqueous solutions is relatively well under-
stood, the interpretation and prediction of step
kinetics of solids with chemical variability (i.e. solid
solutions) from multicomponent solutions still



pose fundamental problems. The traditional ex-
planations of the effect of ‘foreign’ ions or mole-
cules in a crystallising solution have been to treat
them as impurities which disrupt the normal
growth behaviour of a pure crystal. These impuri-
ties are assumed to slow growth by adsorption and
pinning step edges, thus hindering step advance-
ment [4-10], or alternatively may be isomorphically
incorporated into the structure of the crystal, in-
creasing the solubility and again reducing step ve-
locity [11-13].

We have made measurements of the step ve-
locity of monolayer growth steps in a wide range
of solid solution—aqueous solution (SS-AS) sys-
tems (Table 1) from in situ experiments in a fluid
cell of a Digital Instruments Multimode AFM
working in contact mode. We demonstrate in this
paper that the growth rate of each monolayer
strongly depends on the characteristics of the
previous layer, and that the changes in the surface
properties of the crystal can retard or even com-
pletely inhibit further growth, even when the
aqueous solution is still supersaturated with re-
spect to all possible solid solution compositions.
This inhibition occurs by mechanisms which are
fundamentally different from those mentioned
above (step pinning or impurity incorporation).

Table 1

AFM grewth experiments carried eut in different SS AS systems

2. Experimental

Experiments were carried out at 25 *C. Freshly
cleaved, optically clear natural {1 @14} calcite and
(001) barite surfaces were used as substrates.
These substrates were the pure end-members of the
solid solutions investigated. Areas chosen for in-
vestigation were those where the cleaved substrate
surfaces showed unit-cell-high cleavage steps.
Aqueous solutions with the compositions shown in
Table 1 were passed over the substrates to promote
step growth. The activity coethcients for the dif-
ferent chemical species were modelled using a nu-
merical code developed by the authors and also
using PHREEQC [14]. To avoid solution/sample
equilibrium a flow of solution was maintained by
injecting fresh solution at intervals of about 1 min
between each AFM scan. The step velocities of
each growth layer were determined from time se-
quences of AFM images.

3. Results

A representative example of the observed solid
solution growth behaviour is given by the growth
sequence in Fig. 1. Fig. la shows a calcite {1014}

System Substrate

Supersaturation

[M] (mmel/1)® Rate of the first

(Mn,Ca)C®;-H,® Calcite {1014}

(Sr,Ca)C®;-H,® Calcite {1014}

(Ba,St)S@,-H,® Barite (00 1)

Ba(S0,,CO;)-H,0 Barite (00 1)

with respect te step®

the endmember

(substrate)?
[Mn] = 001 >
[Mn] = 0.02 >
[Mn] = 0.85 B
[St] = 0.2 >
[St] = 0.4 >
[St] = 1.6 >
[St] = 0.7 >
[St] = 40 >
[C®;] = 0.5 >

? Bearcite and By are defined as €(Ca®*)a(C®2)/Kooie and a(Ba’*)e(S®27)/Ky,ie respectively. (Here « is the ien activity and
Keage = 1075 and Ky = 107°% are the selubility preducts.) Grewth selutiens were prepared by mixing Na, C®;, CaCly, MnCl,,
BaCl,, Sr(N@®;), aqueeus selutiens. In erder te maintain a censtant supersaturatien value with respect te pure calcite the Ca cen-
centratiens in the selutiens were adjusted ranging in value frem 0.2 te 0.350 numel/l.

b1 is the tetal cencentratien of the ien in the aqueeus selutien.

> =faster than pure phase; < = slewer than pure phase. Step velecities were measured as a functien ef M activity (where M = Sr?*,

Mn?*, or C@®3).
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Fig. 1. Grewth sequence en calcite {1014} face frem selution of cempesition CaClh = 0.245 mmel/l, St(N®;), = 0.4 mmel/l,
Na,C®; = 0.3 mmel/l. (a) Calcite surface in water shewing etch pits. (b) Advancement ef Sr-rich calcite layers. (c and d) further
advancement of the new grewth layers. The cemparisen of picture (a) and (d) reveals the phenemenen eof repreductien of the eriginal
surface micretepegraphy. The tepegraphic cress-sectiens (line r r’) drawn en the right side shew the relatiens between eriginal and
newly-fermed layers. (¢) The measured step velecities for (44 1), on different substrates generated during grewth, clearly demenstrates
the inhibiting rele of the new fermed substrate en the step advancement. The measurements of the velecities were taken in the steps
peinted by arrews in (c) and (d). The lengths of the segments are prepertienal te the advancement velecity eof the steps.

cleavage surface in deionised water (first passed
over the crystal to clean the surface of attached
particles). As well as monomolecular cleavage
steps, 3.1 A in height, the surface has typical
rhombohedral dissolution etch pits, also defined
by monomolecular steps, and parallel to (441)
directions [15]. In calcite, opposite directions of
advancement for a given step are not equivalent
([441],, [481], (positive steps) and [441]_, [481]_
(negative steps) according to the notation used by
Staudt et al. [16]). Whereas steps with the same
subscript are symmetrically related by means of a
c-glide, no symmetry operation relates the positive
steps to negative ones. This non-equivalence of
growth steps determines growth and dissolution
rates (positive steps migrate faster than negative
steps [15]).

After injecting solutions containing Sr (see
Table 1), the advancement of these monomolecu-
lar steps leads to growth of the layers and results in
filling the etch pits. This new material will have a

composition given by the general formula
Sr,Ca;_,COs;, This first layer (layer 1) advances on
the original calcite surfaces with significantly
higher velocity (~9 nm/s) than in the case of pure
calcite growth (step velocity ~5 nm/s), despite the
fact that the supersaturation with respect to pure
calcite was the same in all experiments (f = 5).
In contrast, when the next growth layer (layer 2)
reaches surfaces underlain by layer 1, such as the
filled-in etch pits, the steps reduce their velocities to
~5 nm/s. When the subsequent growth layer (layer
3) reaches areas underlain by layers 1 and 2, its
advancement is strongly retarded, the step edges
become scalloped and the growth process virtually
stops (Fig. 1d). The strong inhibiting effect exerted
by the newly formed substrate on the subsequent
step advancement results in the reproduction of the
original calcite microtopography (compare picture
la with 1d and schemes). The effectiveness of
the process depends on the strontium content:
the higher the Sr’* concentration in solution, the



stronger is the reduction of step rates and clearer is
the reproduction of the original microtopography.

The behaviour described above is even more
clearly demonstrated in the case of the formation of
Sr,Ba;_,SO, solid solution on pure barite (001)
substrates. Fig. 2a shows a (001) cleavage surface
of barite. Some seconds after injecting a supersat-
urated solution (see Table 1), a great number of
two-dimensional nuclei are formed on the surface
(Fig. 2a). As growth proceeds, neighbouring nuclei
come into contact and coalesce (Fig. 2b and c),
forming a whole new layer after a short time (15
min). This newly formed surface not only prevents
further step advancement over it, but also the for-
mation of new two-dimensional nuclei on it and the
whole growth process seems to stop, despite the
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fact that the supersaturation of the solution is high
with respect to all solid solution compositions. This
phenomenon again results in a virtually exact re-
production of the pre-existing microtopography.
The control exerted by each layer on the growth
rate of subsequent layers as well as on the nucle-
ation on these new layers is quite a general
phenomenon and has been observed in all the SS—
AS systems studied. The retardation of the step
velocity for each subsequent layer has been sys-
tematically examined as a function of aqueous
solution concentration, together with calculations
of the supersaturation of the aqueous solution
with respect to the whole solid solution, using
methods described by Astilleros et al. [17]. All the
results indicate that the growth of the first mono-

Step growing on
original surface

Step growing on substrate
ariginated by first layer

ORIGINAL 1
SUBSTRATE

Fig. 2. AFM images and schemes of the crystal grewth precess of (Ba,Sr)S®, en a barite (0 8 1) cleavage plane. Schemes belew a d are
vertical sectiens shewing the pregress of the grewth precess. Twe-dimensienal nuclei are fermed en the eriginal substrate (a). As
grewth preceeds, neighbeuring nuclei ceme inte centact and cealesce (b and c), ferming a whele new layer (d). This layer inhibits the
develepment of new 2D nuclei en its surface. As a censequence, the eriginal tepegraphy is exactly repreduced. (¢) The step velecities

measured on the eriginal and the newly-fermed layers.



layer on the original substrate produces a new
surface with modified properties, most likely due
to compositional differences with respect to the
initial surface and the resultant lattice misfits.

4. Discussion

Our measurements of step velocities cannot be
satisfactorily explained by classical impurity
growth models. According to such models the
retardation of step velocity by foreign ions is
explained in terms of either: (i) the adsorption of
foreign ions on step-edges or terraces (step-pinning
model), or (i) their incorporation in the bulk
of the growing crystal (impurity incorporation
model). In the step-pinning model, the impurity
adsorption hinders the step advancement and, as a
consequence, its velocity decreases. Under certain
conditions, a complete blocking of growth steps
can lead to a “dead zone™ [4-6], a regime where no
growth is observed. In such a situation, charac-
teristic step velocities of the pure system can only
be reached again by an increase in supersaturation
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(Fig. 3a) or the propagation of macrosteps {(bun-
ches of monolayer steps) [18]. The incorporation
model takes into account the bonding interactions
of foreign ions with the neighbouring growth units
[11,12]. Therefore, certain amounts of such ions
can be incorporated into the growing crystal dur-
ing step advancement. According to this model, if
the attachment energy is lower than the bond en-
ergy between adjacent growth units, the incorpo-
ration of impurities will involve an increase in the
solubility of the crystal and a decrease of the ef-
fective supersaturation of the growth solution.
Consequently, as in the step-pinning model, the
velocity of the steps must decrease (Fig. 3a).
Examination of our step velocity data and
AFM images show two essential differences with
respect to the classical impurity models. First: in
contrast to such impurity models, for a given su-
persaturation and foreign ion concentration, there
is no unique value for the rate of step advancement
(Fig. 3b) and second, the presence of foreign ions
does not necessarily inhibit the development of the
first layer. On the contrary, it may speed up the
step advancement and can even induce a transition
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Fig. 3. (a) The dependence of step velecity en supersaturatien fer different impurity cencentratiens (/) accerding te the twe standard
crystal grewth impurity medels. Neither medel can explain eur ebservatiens and measurements. (b) @ur experiments shew that the
velecity of the steps for a specific supersaturatien value and impurity cencentratien (peints in (a) and (b)), de net have a unique value.
Moercever, there is a cumulative effect: the advancement velecity is higher for the first layer and slewer for the last enes.



in the growth mechanism [19]. It is worth noting
that the general acceptance of the classical impu-
rity models is based on macroscopic measure-
ments. However, bulk experiments cannot provide
a precise description of the retardation of ele-
mentary steps during growth and consequently can
miss the nanoscopic phenomena described above.
An accurate picture of processes taking place at
the crystal-solution interface needs nanometric
techniques such as AFM.

The growth behaviour of the first monolayer on
the original surface can be explained by consider-
ing the relationship between the composition of a
multicomponent aqueous solution and the com-
position of the growing solid solution phase i.e.,
the thermodynamics of SS-AS systems [20,21].
Contrary to arguments expressed in impurity in-
corporation models, the growth behaviour of a
crystal is not only determined by the thermody-
namic properties of the growing phase, but mainly
by the composition of the aqueous solution. Fur-
thermore, it does net follow that an increase in
solubility of the solid phase due to the incorpora-
tion of foreign ions, results in a decrease of the
effective supersaturation of the growth solution.
For SS-AS systems, supersaturation cannot be
expressed by a unique value, but is a function of
the composition of both solid and aqueous phases
(see Fig. 4, [17]). In fact, an aqueous solution can
be undersaturated with respect to a pure phase and
supersaturated with respect to a more soluble solid
solution. This argument is applicable to all SS-AS
systems independently of their thermodynamic
properties [21,22]. Therefore, given a certain su-
persaturation of the aqueous solution with respect
to the pure solid, the presence of foreign ions re-
sults in: (a) an increase in supersaturation with
respect to the rest of the solid solution composi-
tions and (b) a maximum supersaturation that
never corresponds to a solid with pure composi-
tion (endmember). This may explain the increase
in growth rate of the first new monolayer.

A new model for the layer by layer growth of
solid solutions needs to take into account that the
formation of a solid solution always involves
strain due to the different ionic radii and hence
bond lengths of the substituted cations [23]. Sub-
sequent relaxation of the strain perpendicular to
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Fig. 4. The figure shews a hypethetical supersaturatien func-
tien for a selid selutien with a general fermula B,C,_.A, cer-
respending te an agqueeus selutien with a given cempesitien.
The abscissa represents the melar fractien ef the cempenent
BA in the selid. As can be ebserved, for this particular case the
aqueeus selutien is undersaturated with respect te selids with a
melar fractien belew Tgs = 0.3 and supersaturated for the rest
of the selid selutien (calculated using the methed ef Astilleres
et al. [17]).

the layer will introduce local variations in the bond
lengths and hence a local departure from the ideal
nanotopography of the surface of the layer. Within
this first layer the distribution of the ‘foreign’ ca-
tions may be random. In the next layer the dis-
tribution of foreign cations will depend on the
structure of the previous layer i.e. controlled by
interactions between the ions. The effect of this
control is to decrease the step advancement rate
and eventually, the suppression of both step ad-
vancement and two-dimensional nucleation.

The fact that growth eventually stops at a ‘bur-
ied’ step edge, reproducing the original topography
(template effect) also suggests a dimensional dif-
ference, caused by changes in lattice parameters
due to the formation of a mixed layer, between the
new layers and the original steps, resulting in a
‘sub-nano step’ at the original step edges. More-
over, the diffusion processes of the growth units on
the surfaces and the steps towards the kink sites
will probably be affected by dimensional differences
within the layers. These differences will both affect
the layer-by-layer growth and the nucleation and
growth of two-dimensional islands.

The factor controlling these phenomena is the
strain normal to the growth layer, which depends
on the cation size difference and the degree of



substitution. These are not independent and are
related through thermodynamics of the solid so-
lution and the aqueous solutions, respectively.

S. Conclusions

The main conclusion that can be drawn from our
observations is that blocking of crystal growth is a
far more complicated phenomenon than predicted
from current impurity models. The main reason for
such complexity is the fact that growing surfaces
play an important role on the whole growth pro-
cesses. Moreover, the generation of lattice mis-
match between the growing and underlying layers
can cause a deviation of the chemical distribution
coefficient from the equilibrium value [23] and the
subsequent development of compositional zoning.
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