/

| Ao f
Polytypic growth spirals on B

, #

i / M‘i*r ' a grain boundary .

/ S ; n-C,g/158
,_4"_.’:;,“ e - e wrenen
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Two different habits of gypsum (Ca$®.,0)
crystal

5,5 cm - Zaragoza Aragon, Spain 14 cm - Naica Mine
Chihuahua, Mexico

platy -{010}

Dino Aquilano

[001] prismatic habit
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Gypsum,greenby copper — 4 cm Xxl3s,egnica, Lower Slesia, Poland

Acicular habit,high nucleation frequency (number of crystals cfs?!)

‘W/t# one observes in this case a 3o /u’g/z
nucleation f:eguen.c# ?

Dino Aquilano
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mm{ewmam@z(m&wm&a&m{wg«amﬂm

weny biy ( n ocze) 7
(J.M. Garcia Ruiz et al. 2007) //

Dino Aquilano
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DTPMP
phosphonate

Copolymer
SR3

50um

Why the growth shapesof gypsum crystals vary so much according to the
growth parameters?

e.g. adsorption/ absorption of impurities ( the role of the solvent...)

Dino Aquilano
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Logical path:
first of all, the basic language

——— equilibrium (+ adsorption)

= kinetics mechanisms face by face (+adsorption)

—= growth habit

Dino Aquilano
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Some basic instruments
of the
Crystal Growth language

Dino Aquilano
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A simple crystal is needed formodelling both equilibrium and kinetics of crystals
The KOSSEL’ s crystal

homopolar, simple cubic
Separation work between

. lst
|

2nd 3rd

nearest neighbours
> Yy Y2

/ 7 W

Y3

W,=> W, >y,

W3
@ /2

gﬁ.‘:’n.ﬁ' = ;";_ Hjl
3/ !
2 =72 W,

& —%!,-"fk I'gi
hhh__“‘t

Dino Aquilano
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# When an atom enters a kink, there is @&ansition in the potential energy,
the difference between final and initial stage beix — 3¢, (1 wecghbiours)

potential energy in the vapour ........... e=0
inthe Kink ..o, £=—-3Y,

# This Is equivalent to say that the

separation work for an atom in a kink is ........ (lot wecgtiboans)

Pk = 3¢

Dino Aquilano 9
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specific surface energyfa{hkl} form - Y,

within the Born-Stern approximation — Kossel's crystal ( jior veigitbouns )

WlOO
Ao YIOO -~ 22@
~ - 100
7 _ | ho
_______ ’ 2n2a2
T %
2a
110
W
Ao sep
- Yiio - =
2n(n —l)go |
|- 2[n(n—Daxa2]
- = ~ - gD
\ W . V2a’

then:
Yiio0 © Y100

the simplest
way to
demonstrate
the

anisotropy of
the specific
surface
energy of
crystals

Dino Aquilano 10
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[1vw]
specific edge energy p[%i}i _ " separation
2

the work to be spent in order to
generate a unit length of a new steguvw]
on a given{hkl} face

;, e SEE—— [ (. .

The calculation is made in analogy with the
Born-Stern definition

Dino Aquilano 11
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...once again the most simple example : thi€ossel’s crystal

Ploot} = 2 = %
' Aol = e
\\ \‘\ >
(hkl) |~
p [wvw] >0

» also thespecific edge energy reflects theanisotropy of a crystal surface
. p[{:‘ii}] > ( represents the condition for [uvw]edge - step stability

Dino Aquilano
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vapour <
/ non purc

Crystal —  solution solvent

Equilibrium crystal — mother phase

foreign adsorption

—
. foreign adsorption

__— pure —» autoadsorption

T~ non pure —» autoadsorption +

foreign adsorption

The system can be described exactly
through the statistical thermodynamics
only
for monoatomic ideal crystal

and
monoatomic ideal vapour

<

two cases

Dino Aquilano
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Two cases

. -

o0 vapour

o crystal

o0 vapour

n-sized (finite) crystal

'

”’ yapour — ”v crystal

Dino Aquilano

14




Master Sevilla 2010

Equilibrium
co vVapour o oo Ccrystal

Hv

P

¢, — KT In
(2nm)>2(kT)*2 h-?

WLeow ™ €coo0 — KT In [ (kT)’ (hv)?]

+ My = Moo

at equilibrium

I

Poo= 2nm)¥2(kTY2v3exp |- (€, —€coo ) / KT |

Dino Aquilano
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where

(gv — & C,00 ) = Pcwo

represents the mean evaporation work
of the infinite crystal

: 1

the equilibrium of an co crystal only depends

on the pressure P« of its own vapour

Dino Aquilano
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Equilibrium
n —sized crystal {=) oo vapour

g number of atoms on the surface

&y potential energy in the vapour

mean evaporation work
(Pc,oo / of the n-sized crystal

(Den

— &5 potential energy on the
crystal surface

— &y T 80900 potential energy in the
bulk of crystal

Dino Aquilano
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Pen = (Bv-&cn) is the mean evaporation work of the

n-sized crystal (Pen < Peo)

~_

pn — (2nm)3f2(kT)-1f2 V3 cXp [- (8‘, — & c.n ) / kT ]

> Pn # Po

Dino Aquilano
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AP = PU—Heq= KT In (pn/Pec) = Qe Pepn

that 1s the master equation for equilibrium
of a finite crystal phase

it follows that:
- aninfinite crystal is in equilibrium with its
saturated vapour

o - afinite crystal is in equilibrium with its
supersaturatedvapour

Dino Aquilano
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vapore
Badh =0
solido
.
(S
v
=]
=]
o1
o
p-
(S
Il
=]
=
o1
o

Aquilano
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*The shape of crystals ( 3D — 2D) at equilibrium Is
the most inner convex polyhedron

S, %
h;
4 S
[0 ‘
Y A—— > Vi Vi Tk An
A = = — ... = constant =
h; h; hy 20)
Wulff’' s theorem
atomic scale <« »  macroscopic scale
( ¢ bonds Y, p energies )

Dino Aquilano 21
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A ' i :
\ ; N B £ 3 \ SRR

'

©

'®e®
E— i 0 |

4

Dino Aquilano
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The strong bonds between
equilibrium and kinetics

Il

The main roles played by the
equilibrium quantities
surface (y) and edge (p ) specific energies
In the crystal growth phenomena

Dino Aquilano
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& 3D nucleation frequency ( hetero-/ homogeneous)

- £Q% Langmuir adsorption

J3p=Ks3p exp
(kT)? (In B)? Ay =KT a2In(1-0,4)

Dino Aquilano
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perfect

Growth
rate of a
flat face

|

R mononuclear ~ J2D

-fa2 p2
J2p = Kjp exp

~ 1/3
Rpolynuclear ~ J2D

(KT)2np

imperfect

Rsniral= Vtrain xh/ Yo where Y& r* =

v

fa,p

(kT) In B

Dino Aquilano
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Thegrowth mechanisms of the

different kindsof crystal faces

Dino Aquilano
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L 3y

Values for W, = 4kT

R K ( gold crystal near the
) d fw melting point)
K £ K _ﬂ.--"
S-fuce — K - face The kink position is
il 7 s Unlque
jj: ... one half filled and one
- half empty...
ad oy H |
Type of | Separation | Coverage degree | Exchange frequency
surface site | work 0; g1
adsurface W 0.0003 3.06x10 [
A1egee 2y, 0.0180 3.02x107
kink 3y, 172 1.54x107
Podpe 4y 0.9820 5.55x10°
W syrface 51]11 0.9997 1.03x10 4

Dino Aquilano
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The growth rate of akinked (K) face 1
AN dn ﬂ_ dn ' o dN _dn (d”d;)m
dt dtv dt dt dt dn
dt in
F - face
d,
T/— iny / dd = ( %t)out = exp [_Aﬂ]
ad, q d -
lf : ' %f L kT
W
K K then anN = dn H |:l— exp(_A‘uﬂ
K - face dt dt kT

S - face —

ad;

ad

B

ing

in

the net flow depends:
on the incoming flow of particles,
on temperature and
on the supersaturation

calculating thencoming flow......

Dino Aquilano
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4 Evaluating the flow incoming on a face ( Knudsen problem)
- a mono-atomic gas
- a hole of size a

remembering that Ap = p.q O,

: P dn ) 15
—w — a° 2mmkT
7 l} ( )P
+
¢ a supersaturated vapour =——=> Ay =KkT In P | = kT In Peg a4
peq peg
conse _ (4
quently  1- exp (- AWKkT)
P
4 summing up : S [ a? 2nmKkT) 12 Ap
dt dt p

the normal growth rate for a K face reads:

R¢ = d, @ (2mmkT) 12x g = b, x o

Dino Aquilano
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The growth rate of &at (F) face:

a) - perfect face
b) - defective faCe(crossed by screw dislocations)

Dino Aquilano 30
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- ‘

||= MJ i

Ap=0 r

(infinitesimal)

* the step can be filled and hence

stops growingunless AW > &€ makes
stable the adsorbed sites on the ledg

**  the step advances and stops at the
end of its face new steps are needed

2D nucleation

Dino Aquilano

31




Master Sevilla 2010

2D nuclei can form on a perfect face

o either randomly,
» or repeatedly , at the outcrop of an edge dislocatn

1um

SR T R RN

-

Dino Aquilano 32
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A A J
dJ
dB f 11]
Ty
|
]
* t
0 th
s
p=5 [ I
/ t
1.250 1.515 1.945 B
[ ]
v=17.5 P
v=10
0 1.25 126  1.518 1.528  1.948 1.958 B

 Thenucleation frequency( 3D — 2D)
e and itsderivative

as a function of theurface energyy
and of thesupersaturation 3

Dino Aquilano 33
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From the screw dislocations to the growth spirals

'

A

A
A
A***&w

AN
0

\
%

\

'
'
Q

WA

0 VAR RERTRT A RN AN )
0"."""""

K
,*mv
W

\
)
)
)

)

(X

O/l

(33 SESSERREY
00 lI!lI.\,.o!!II!I
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The activation energy for spiral growth reduces to zero

once the length of the exposed ledge of the screvgldcation
reaches the size
of the 2D nucleus compatible with the bulk supersatuation

( the exposed ledges generally fulfil this conditign

e exposed ledgé critical length)

AG spiral « the activation energy for step
AG* 2D — nucleation advancement is a function of the
length of the exposed ledge

*  Miers : moving steps (1903-1904)

* Heck : spirals on paraffin crystals ( 1937)
* Burgers : screw dislocation (1939)

* Griffin : spirals on beryl (1951)

Dino Aquilano

BCF (1951) . spiral growth theory
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To each of these
processes
corresponds an
activation
energy of
different
magnitude

The events leading to
crystal growth:
diffusion in the
volume, on the

surface, along the
step, to the kink with
Integration;
desolvation;
desorption

ENERGY ==

WoEADS

Y

rw""”siwm «- (1}

i

T

{it)

Dino Aquilano 36
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Spiral : the growth parameters ( surface diffusion model)

Capture areas X

9
Xs _DsTs

Yo= I oo =pallp,

— the normal rate of the spiral

B Rsp = h X(Virain Yo

step height h

Diffusion ( bulk, surface, ledges)
Kink density of the steps

Supersaturation Ap

Transport phenomena ( out of the boundary layer)

Interface phenomena ( relaxation time for desolvation....)

Dino Aquilano
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When the surface diffusion cannot be neglected
( vapour and solution growth)

BCF model for surface diffusion (1951)

Evaluating the advancement rate of apiral step train:

. first, the velocity of asingle stephas to be evaluated

. secondly, the role played by the step equidistancefyhas to
be considered, since determines the spiralope”

Dino Aquilano

38




Master Sevilla
(001) fa

| —

ce Biotite 3T ‘

R o= e .

Kl dygoand dhgo -
(evaporation)

&

%

q ot al Moy
.".' b S

¢ n-C; H- . from hexane

A
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The spirals ( both for growth and dissolution) reval, better than the 2D nuclei:

- the symmetry of the surfaceon which the spiral develops

- theinner structure of the crystal involved in the exposed ledge at the outcrop of
the screw dislocation

(001)a-amylase (001)a-amylase two polytypes in the
same individual...

Dino Aquilano 40
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Predicting
the equilibriumand growth morphology
of crystals

Dino Aquilano 41
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The energy aspect of the
Hartman —Perdok method (1955)

o sliceswith thickness d,,, fulfilling the extinction rules
. the slice energy Egiice

. the attachment energy E.:

. the constancy property

v

Eik = Bt + Egjce

half dy, slice PBC

for a given crystal:

when Eslice Eatt 1

R i = Eq (hKI)

Dino Aquilano

42




Master Sevilla 2010

* Predicting the equilibriunshape of gypsum

Il

e Searching for the “ lowest surface energy” face prefile

1l

the approaches to be followed
|

The method of the systematic — cuts (GDIS-
Fleming & Rohl, 2005)

¢ Surface profiles are obtained irrespective of
the face character

¢ The only constraints on the profiles are the
electroneutrality and the annihilitation of the
dipole moment

¢ The number of possible profiles (for a given
face) is higher than that obtained through the
HP method

Dino Aquilano 43
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Thesurface energy ¥ — erg cm?) of areal crystal is
affected by thésurface relaxation”

Calcite (0001) face
relaxed

[ Y e T L ® PSS )
g Tw o Ta
N e o e s - ¢ - ¢
. St ok fgr ek
® & ®
-6 66 o 69 -t d ot eeF
- ® ® ®
Bl B B e 6 C O 696 O
Y= 1654 s 5% sn 4 e S
— [ Coml =gy (¥ [ [T e [t e~y :
® ® ® ® ® ® ® ) ® ® y 849
T N = = = P B O e
® ®
c (00.1) d
-t i
e [
® ®
(T e = L = = - e
P . @ Gt g, et e
0. ® o. ®
TER She wme e g T e (AR
® ® © ® ® ® ® ® _
p— 1654 Co€ ¢ oo ot e 96 BC OO y— 711
® ® ® ® ® Y ® ®
Cnl  Cml Gl =P -6 iy OO iy
® ® ® ® 'S ® ®
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[ [ ] ® ®
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The equilibriumshape of calcite
at the temperature of zero Kelvin

deal surfaces relaxed surfaces

{0001}

Consequences: 1) - new faces for adsorption of solvent amdpurities )

2) —the 3D nucleation frequency dramatically changes
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GYPSUM
projected along the[001] direction

i

e
1

g.;; R'~ i

<
4

SO
#
I Jo;j‘
A b
Figure 1. (a) Gypsum structure projected along the [001] direction. Figure 2. (a) Gypsum structure projected along the [001] direction.
The [001], PBC allows one to draw the surface profiles of the {010}, The [001], PBC allows one to draw the surface profiles of the {010},
and {120}, F-forms and of the {100}, S-form. (b) The development and { 120}, F-forms and of the {100}, S-form. (b) The development of
of the [001], PBC showing the strong Ca—0(SO,’ ") bonds between the [001], PBC showing the hydrogen bonds (O,—H: - - O(SO42_))
the polar [001] chains. between the polar [001] chains.

Dino Aquilano 46
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Gesso Faccia (120)

543 erg cm2 579 erg cm2

Dino Aquilano
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Gesso: energie specifiche di superficiéerg cm?)

Form Growth Upnc anc AU]{ USCM RSCM AIJ'R
{hkl} mode unrelaxed relaxed (%) unrelaxed relaxed (%)
463 432 -6.69
(a) 463 432 -0.69 796 ? 503 -36.80

1010} F
(b) 1123 965 -14.07 752 -5.52
1123 065 -14.07
712 543 -23.73
579 -18.68
(a) 735 561 -23.67 763 621 -18.61

{120} F
(b) 763 621 -18.61 822 ? 561 -31.75
694 -15.57
888 702 -26.49

Dino Aquilano
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(a) The unrelaxed profiles of the faces (120) and (010) of gypsum built

by the PBC method. Both faces show F character. The repeatable
thickness of the (010) face corresponds to one half of the [010]

vector, owing to the systematic extinction rules.

(b) The simplest way to draw the stepped profiles of the faces (140)
and (160). The (140) profile is made by alternating the minimum
repeatable segments |[2 0]| and |[100] senf3] of the faces (120)

and (010), respectively. The segments, for the (160) profile, become

|75[2 0]] and 2%|[100] senf3], respectively.

Dino Aquilano
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The composition of stepped {1k0} surface profiles for even k
values. Arrows indicate the length of the segments
representing the elementary A, (in blue) and A, (in red)
areas. Dotted lines stay for the areas related to the {1k0}

forms.
e gye guide
750 | * Herring-Hartman formula
<4 SC method
700F o o ¢ optimal unrelaxed values
o o L PBC method
650+ o ]
¢ 600 & .
L(b]
® e G
g G g T g |
= 3 "
9" 500 y b 1
450+ iy 3
+~ 432
409 3 4 5 6 7 8 {010}
k values

3 X
X ExX €
3 X

b
pis

b
X EX &

2 Txux

s
N
N

CH CX X CX o
3 XD AT XKD
I XTI AN

b g = i o BN
TRE R

THRIRD XKD K
&

RS
R
K e D
T M Ky
X e R
TR R K
R R R

Surface energy of the S faces (1k0) of gypsum
crystal. Triangles shows the surface energy
calculated from initial surface profiles obtained
by the methods PBC and SC. Diamond are the
optimal energies of the unrelaxed surface
structure.
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thickneess

Deviation from bulk ideal position

4.29

4 sublayer 1

P sublayer 2 b

©  mean layers thickness
————— spline for eye guide

4281 b
1
1
L)
1
L
427 i
i1
v
!
‘,
1
426 g B
‘.‘ 4
Y
\ = P Al
\ Rd [N
S P [ U Ny W
425 he e 3 ) SO 4 b »
- O
>
4.24 7
| | | | |
1 2 3 4 5 7 8
number of sub-layer
-e--Ca
—e-H
B g
0
O
0O mean
— spline
L 2 - ]
002+ ]
004 -
006 ]
"
-0.08 | | | | | | | |
1 2 i 4 5 9 10 11

number of layer

Deviation, from the bulk distance, between
equivalent Ca layers measured along the
perpendicular to the (120) surface.

Surface (120) obtained with the SC
method. Variation, in direction t*,,,
the positions (A) of the atomic sub-
layers from the ideal positions in the
bulk. The lines are a guide for the eye.

of
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{122}
PBC cuts

{011}

{130}
{140}
{170}
{180}

{100}

{111}

Un-relaxed growth
morphology

{120}

{120}

synthesis

{011}

{180}
{140}

{100}

{111}
{122}

{140}

systematic cuts

{011}

{120} 1

— {111}

Equilibrium morphology

Relaxed growth
morphology

Dino Aquilano
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A model of the'best” surface profilesf the

{1k0} forms of gypsum

L X 1 L EX EX EX O /Xy X

4 X3 % PR R AV A
LX EX Xy LexEXEX Y e %
A XT KT R K] KD KT R 3%/ [
XEXEX X T  TexexXe wxX ¢/ [
PR PR Y ' X3 R | s
xexexox o o orexexe /ey [
ORI KD KD K] ORI RD K W oy
XexXexXexa  TEREx X o 10K
P T 4 %3
KExexoxo  rixe Xl X Ex
IXT XTI XD K| KR 1P
RExXEXex g Texy ey T Ex
X IK D KT X3 % %P
NEREXT XY ey [XEx
NN Goo Py I
» \dm b ¢ o P e

Calculating the surface energyof
{130}, {140}, {150}, {160}, {170} and {180} ...

Dino Aquilano
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The surface energy value ¥, ) we need when working
In the system crystal / solution

from easy measurements_l from molecular dynamics

Yas= Yx T Ys— Badh )

where

Y« = Yx (T=0k) — XS

from ab initio calculation or
from semi-empirical potential

Dino Aquilano
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Morphodrome showing the change

{100} - {100}+{111}

of crystal habit of KCI crystals
with supersaturation (o= (3-1)

impurity (Pb?*ion) concentration

and
\\ I
(v :‘-‘-T s \ .
(%} (C) ' 3 ‘.
- 1 \ .
l " RS 111
1 "'1' \\ : .
3.0 6.0 ¢t ! \ .
\ 1 .
| 1 o
Ii "'l \x : \\\
c .
2.9 5.0 : f--'III'T -.‘ . | .
2 N
: @ \ B 111> 100 N
L
. = \
2.0 4.0 | \-\ .
. ) \ . .
i \ .
! * 111+ 100 =
5 I LY .
1.5 -3.0 s i \ ~.
I \ ‘.\ .
D .:. k'\ s
— \ \\ -.\\
1.0 2.0 | L \ e
! LS
\ NS.WANIN @
L \ 5
0.5 1.0 @ @ I“ \\\ |
100 I 100> 111 N
0 0 LY L N o e~ .
pure 100 200 400 500 800 1000 2000
Pk concentration (ppm)
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Change of character....

The {0003} form of calcite shows a K character
When growing in pure aqueous solution
its surface profile is very rough being strongly different from the flat
one of the adjacent rhombohedron faces.

21°

|

20°

|

20°

17°

P |
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. . Guest crystal: .
Host crystal: calcite zabuyelite Parametric obliquity

= (1)

form {0001} form §0013 misfit %

2D cell vectors [[210] |= 0.864 | [100] [=0.8359 +3.3 0
and length (nm) | [010] | = 0.4989 | [010]] = 0.4972 +0.34
layer
dogos = 02843 dgo2 = 02812 + 1.1
thickness (nm)

Table 1. Lattice coincidencesat the {00.1} CaCO3/ {003 Li,CO,interface

zabuyelite [110] view

zab
111

calcite [010] view

zabuyelite [010] view
B05-C000- 505 00@ ®06-0g déz‘;’
e 2 T
,/Ooo E@@ 90 C)OQ GOQ X
oeg oéo o\@g O@o/ SE'S;
\/ o
OOO ooo OOO OOQ

calcuTe [010] view
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Il {0001}
] {0118}
[ {1014}

Dino Aquilano
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Calcite §{10.4} form zabuyelite {111} form misfit % obliquity
2D cell vectors 1/3 | [42-1]1]=0.811 |[0-11]| = 0.79436 +2.09
o
and length (nm) | [020] | = 0.99792 | [-110]|= 0.97266 +2.6 #
layer
dioq = 0.3043 dq; = 0.30311 +0.39

thickness (nm)

Adsorption through 1D or 2D epitaxies transformsn
absorption when the lattice coincidences between host and
guest crystals concerns théhickness of the epitaxial layers

as well

Dino Aquilano
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! 100um

SEM and AFM images show that a
kinked face ( in pure aqueous
solution) transforms in a face
growing through layer by layer
mechanism in the presence of an
iImpurity

[Hm]

[176 nm] 187 nm

Dino Aquilano
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| BULK I (hkl ) FACE

! STRUCTURE
Equilibrium - —  impurities Transpgrt
interface A

ngrﬂig?‘ﬁh”; Character of
crystal the face
Bulk and/or
F S K

Stable Profile

Un-Stable Profile

surface diffusion

2D Nucleation

And/or
Spiral Growth

.
"""
. G
“““
.* .,
* L

.*

Super-
Saturation

PR
.
.
.
.
.*
%4 .,

.®

‘e
.
.
.
‘e
.,

.
3
e

.
.
.
.....
L *
.....
. .
LJSeY

GROWTH

Equilibrium and kinetics of crystal faces

MORPHOLOGY

AND HABIT
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Crystal Growth Groupp — Unciverscty of Torine
(DSHP )

» Crystallization and morphology (equilibrium and growth) of Gypsum from
solution, in pure medium and in the presence of apolymers and
phosphonates.

« Crystallization of NaCl, KCI, KI , from agueous solution in the presence of
Inorganic and organic impurities (ad-sorption, ab-sorptionand 2D epitaxy)

« Nano-cristallization of Ba, Sr, Ca - carbonatedrom solution and gel

« Predicting equilibrium and growth shapes of crystals ekibiting dipolar
surfaces: NaCl, CaCQ;, ZnO,( ab initio calculation and semi-empirical potentials )
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