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Mean-field theory of habit change phenomenon during crystal growth
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A description of a growth morphology diagraimorphodrom of a two-dimensional crystal growing without
impurities that shows a possibility of habit change is presented. By taking into account an additional channel
of incorporation of growth units into kink sites by edge diffusion, a detailed analysis of the structures and
growth rates of a two-dimensional island ori(®1) surface of a Kossel crystal is performed. The change in
habit from the squarelike shape near equilibrium to the diamondlike one at higher supersaturation conditions is
predicted based on a consideration of growth rates.
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[. INTRODUCTION smoothening effect of thgl10] step structure with regard to
a series process via step site was quantitatively described in
In general, how do crystals grow? What are their shapdref. 14. A direct comparison of both th#&10] and[100] (see

formation laws and conditions? What are the key parameter8ef. 15 step structure growth rate permits a quantitative
controlling the growth rate along a specific crystallographicevaluation of the HC effecta preliminary report on this
direction? These are questions of particular importance ngtubject was presented in the ICCG-13, Kybto, .
only for the crystal growth expert researcher but also for the !N the present paper, the self-consistent mean-field theory
occasional snowflakes observer. Among the most ChalIengir;gvformu|""ted to describe the habit change during growth of a

tasks of the physics of complex systems is understanding tH¥ o-dimensional crystal without impurities. A detail_ed analy-
sequence of bifurcations, which is generic for a specific sysSIS of the structures and growth rates of the two-dimensional

tem driven far from equilibrium, and following how a mac- 1land is performed, taking into account an additional two-
roscopic system possessing a great number of degrees %t]ep_chgnnel of incorporation of growth units into kink sites
freedom reduces to a few key variables that play a decisivBY diffusion of adatoms on the edge of the step. The change
role in a spatio-temporal evolution system. This paper deal¥) habit from the squarelike shape near equilibrium to the
with one of the most long-standing problems of diamondlike one at higher supersaturations is predicted
crystallophysics—the habit change during crystal growth. Pased on consideration of growth rates.

The habit change of crystals during growth has been stud-

ied for many years. A huge amount of experimental data has Il. MODEL DESCRIPTION
been collected that demonstrate the change of habit during ) ] ) }
growth from one polyhedral shape to anotheze, e.g., Ref. To illustrate the concept, we consider a two-dimensional

1). Attempts to explain the habit chang®lC) of crystals island on the(001) surface of the Kossel crystal. Our treat-
during growth have been made since the early 195@¢. 2 ment W|II_ be based on the recently dlsc_over_ed klngtlc
based on a selective impurity efféetr changes in the nature _smoothem_ng effect that is dqe to the edge-diffusion-assisted
of growth surfaces such as surface rougheflioganges due  incorporation of growth units into the stef.lt would

to dipolar solvents, etc., to name just a few. However, no be quite instructive briefly to present details of elementary
quantitative theory was suggested until now for the habigtructures of the[100] and [110] steps. In our model
change feature. A quite promising semiquantitative approacff the [110] step, which has been introduced in Ref. 14,
has been proposed recefittglating the HC feature with the We describe the step in terms of densities of “shifts"with
specific regimes of the vicinal surface/step evolution. r jumps (=1) and elementary straight segmef&SS n,

The problem of vicinal surface evolution during crystal [Ssee Fig. 18]: I's+no=1, wherel's=X/_n, is the total
growth has been addressed recently by many researchefgimber of shifts of all heights. The symmetry of the
The roughening transition was shoi to be a generic [110] step suggests the following relation betweeynand
feature of the far-from-equilibrium quasi-one-dimensionalnr:n,=(1—n0)2n5_1 for any positiver, and allows for a
array of growing steps. The effect of edge diffusion duringdescription of thg110] step with only one variable, e.g., the
vicinal surface growth was shown to be responsible for theotal density of shiftsI's. Negative shifts and, therefore,
meandering instabilites caused by either the $fepr  overhangs are not included in the step structure. However,
kink-* edge-barrier controlling mechanism. The kinetic overhangs of height 1 are allowed for a transitional state
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FIG. 1. (3 [110] step structure is described in terms of densities ~ [l<[7__[ = 1=
per unit site of shifts of singlé+1) and multiple ¢-r) positive € b = NN

height and elementary straight segmeBSS. (b) [100] step struc-
ture is described in terms of densities per unit site of adatoms, FIG. 2. (a) Elementary direct and series processes that explicitly
vacancies, single positiver1) and negative—1) shifts, and ESS. changd110] step structure. There is an additional channel of incor-
Overhangs are excluded from the step structure for @] and  poration by series process if the length of a straight segment adja-
[110] steps. The left-hand sides of the steps are one atomic layerent to a shift is short(b) Elementary direct processes that explic-
higher than the right-hand sides. itly change the structure of tH&00] step.(c) Elementary processes

of motion of growth units along the edge of the step that explicitly
during the incorporation of atoms into the shifts. Such a dechange the structure of ti¢00] step. The upper side of the steps
scription of a[110] step implies that the average length of a corresponds to the lower terrace.
straight segment is not very large and has been justified in. _
Ref. 14. Therefore, we restrict our model Fo=1 for the  Sites into those on the shafef length 2 and long straight
[110] step. segments of the step, since the number of positions on the

In the treatment of thg100] step, we go beyond our pre- terrace sites, from which atoms can be incorporated into step

vious model developed in Ref. 15 and describe[#ta0] step ~ Sites, is different for these casgsee Fig. 28)]. By combin-

in terms of densities per unit lattice, of adatoms,n, of N9 these two phases into a two-step process, we obtain an
vacancies ', of shifts, andn, of ESS, wherd .+ no=1, as expression for the net flux from the terrace to shifts via step
we assume that the total length of the step is kept constarir-sts in the following form:

during growth[see Fig. b)]. Hereafter, “shifts” of larger

2 2
height and, consequently, overhangs are forbidden in our Jnet :ngl“;( 2l's + Mo )(a_ T's ) )
treatment of thg100] step. Since a very rougH00] step TS5 B3\ Tohort  Tiong Bang)
cannot be represented accurately in terms of shifts, adato _ _
and vacancies, we limit the applicability of our model tg\fmere Tenor™ Tr-stF 27ses/ BBz, Tlong™ 7T-St

+7ses/BiBe, Tr.s=v texp(AGl/ksT) is the relaxation

<1 i . :
I'y=: for the[100] step Pme going from the terrace to the step, antk.g

A detailed description of elementary processes that '~ T . . . .
change the structures of th&00] and[110] steps has been ~— 7 ?Xp(AGS/kBD is the relaxation time going from the
given in Refs. 15 and 14, respectively. The first and secongt€P Site to a shift. - .
neighbors’ bonds¢; and ,, and the activation barriers for The general equation descrlbmg_the nonequilibrium struc-
adatom formationA G, vacancy formationA G/, diffusion  ure Of the[110] step has the following form:

of adatom along the edge of the stégG!, and adsorption d

I
from a terrace into a kinkAG/, are now taken into account. dts =30, s~ I, 3
Il [110] STEP whereJ%5 and J5%, s are given by Eqs(1) and(2), respec-

tively. At the steady state, i.edl’s/dt=0, by making use of
From the detailed balance argument, the net flux due tehe relationI's+ny=1, Eq.(3) thus becomes
the direct process from terrace to shift along [th#&0] step

net

J1.g is given by :

r
{275F5+ ')’I(l_rs)}{ a(l—rs)z— B—S] — al“ﬁ
2

F3 2
N : (a— :32”0)’ (1) +B2(1-T)*=0, (4)

TsT BiB5Tr-s Is
- S . .

where y,= 7r.g/ Tiong and ys= 7r.g/ Tshorr Figure 3a) gives
where 71.g= vflexp(AGl/kBT) is the relaxation time going several examples of the density of shifts of {i4.0] step.
from terrace to shift3,=exp(2p /kgT), i=1,2; vis the fre-  Densities of shifts are calculated by exact solution of (4.
quency factorkg is the Boltzmann constant; is the tem-  for the simple case oAG;ﬂz %AGE. This relation has been
perature;a= 1+ o is the saturation ratio; anda is a super- discussed, for instance, in Ref. 17 and may correspond to a
saturation near the step. situation when a large growth unit is hydrated on the terrace

The first phase of the two-step process is the exchange aites adjacent to the solution. It is required to relinquish

atoms between a terrace and the step site neighboring a shifivice as many solvent molecules in the direct process as in
The second phase is the exchange between the step and #ach phase of the series process. Calculations are performed
shifts by the edge diffusion of adatoms. We classify the steffor the following strengths of nearest- and next-nearest-
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a b where 7,=v"18;, §;=expAG]/kgT), andj=a,v,sk. The
Lo LOJ number of shifts along the step can only be changed by the
e D3| = creation and the annihilation of an adatom and a vacancy. If
& 0.8 _qf 08 only direct processegerms outside bracketare considered
§06< 3D2 3506 , . and the densities of adatoms and vacancies are assumed
; ) \\sm_ ; . § equal and related to the density of shiftsraas:nvz%l“ﬁ,
8 'a D3 /&/ $p3 Eq. (5) becomes equivalent to that suggested by van der
504 504 / 72 8 .
A e p | 8 Z 0 Eerdent® However, it has been demonstrated both
02 02 — T spi| analytically*® and numericall}® that adatoms and vacancies
o 1 2 3 4 o 1 2 3 4 are not just “two consecutive shifts of opposite signs” but
In(1+0) In(1+0) essential elements of a step having their own kinetic behav-

ior. Therefore, two more equations should be added to de-

FIG. 3. Dependences of densities of shifts alpi0] and[100]  g.ihe the Kinetics of adatoms and vacancies on[ 1199

steps upon supersaturatiém) in the absenceA(G§=oo, D lines

and presenceA(G;r:AG;, SD lines) of a series process. Lines step:
numbered 1, 2, and 3 correspondA6G)/ksT=0, 1, and 10, re- 2 2
spectively. Calculations are performed for the following strengths %_ No . an, n al’sno 2n,Ng 6)
of nearest- and next-nearest-neighbor bonds; /kgT=2 and dt ﬂ?,B%TU Biﬂgﬂ, Zﬁiﬁng Biﬁng'
¢,k T= 3. (a) Density of shifts along thE110] step calculated for
a simple case oAG!=3AG| decreases with an increase ®fin dn an? N M2, 2an,n

a a a

the absence of a series process making the step rougher, indepen- —_2 _— — + —
dent of the height of the activation barrier for direct incorporation. dt — BiBsTa PBiBiTa 2BiBoTc  BiBoTk
Belowl‘s<% the curve loses physical meaning. In the presence of a
series process, the density of shifts may decrease or increase with
an increase ofr. (b) Density of shifts along th¢100] step calcu-
lated for a simple case cfG.=3AG]=3AG! always increases
with an increase ofr. The presence of a series process suppresses€rms in parentheses in Eq$5) and (7) account for
roughening up to high values of (SDlines). Abovel'=1, curves  the motion of growth units along the edge of the step.
lose physical meaning. When deriving Egs(6) and (7), we treat the configuration
“I',I'_T T _"as two neighboring adatoms, not a vacancy
neighbor bondsip, /keT=2 and ¢,/kgT=3%. The D line  Neighbored by two shifts;F_I' . I'_I' " as an adatom sur- )
shows that in the absence of a two-step incorporation proce unded by”two Sﬁ"fts’ not two“ne|ghbor|ng vacancies, ?‘”d
(AG;fzoo), the[110] step roughens rapidly with an increase T(.F[(Fffno and *nol'_I',T'_" as ;mdat()jatomh.?agr:jbormgss
of supersaturation. On the other hand, the presence of a h'm sne,dnot a vaca;gc;(/jsurr]rourt\he ybabs"l'tl tfan an '
ries processAG;(:AG;) has a great influence on the kinet- IS Procedure 1s justied when e probability for vacancy

: d f th&110 h b both annihilation is much lower than that for an adatom diffusion
Irgiginangtsrr%(ggtrﬁ dl?rir:géglrt v%/tﬁte;s tseagncffgm ﬁgﬁ%rﬂﬁesm or a_nnihilation. This seems_to_be _the_case if the activation
Taking into account the attachr,nent of adatoms and thé fort_)arrler for a vacancy annlh!latlon 's higher that that for an

. . . ) adatom annihilation or motion along the edge of the step,
mation of one-dimensional clusters on the straight segmen

t@.g., during growth from the solution. Consequently, pro-
&f the [110]. stepthcould enharllce :Edlfo] sttep_ rﬁtughness.t cesses involving edge diffusion only change the number of
owever, since the average length of a straight segment gy, o “chitts~and ESS in our model.

small under the kinetic smqothgning growth mechanism, this The governing system of Eqé)—(7) describes the time
WOUId only lead to a negh_glble Increase 14710] step veloc- evolution of the[100] step structure. We should emphasize
ity, as we have already discussed in Ref. 14. that this set of equations, having an appearance quite similar
to the analogous “reaction-type” kinetic balance equations

IV. [100] STEP (see, e.g., Ref. 20nevertheless was derived from the “first-
principles” consideration by performing the correct summa-
tion of elementary probabilites within a mean-field
approactt* Moreover, the systeni5)—(7) provides a quite
Eorrect asymptotic description of both near-equilibriLi0]
step growth kinetic€ and the thermodynamic-equilibrium
staté® (for more details, see Ref. 15

2 2 2.2 3
4ny  Tsna 3ng  I'shona  T'shg

Ts 275 247 Ts B17s)

)

Combining elementary dire¢see Fig. 2b)] and edge dif-
fusion [see Fig. Zc)] processes that change thEQ| step
structure, we write a governing equation that describes th
structure of thg100] step in terms of the density of shifts:

2 2
E&: ae — Na an N No At the steady state, i.e., when all the elements of the step
2 dt  B2B3r. BuBira PBiBiT, B3Br, are in kinetic balance, the system of E¢S)—(7) becomes
algebraic as the following condition should holdny/dt
2n2 T2n, T2n3 TIqon, T'nd =dn,/dt=dn,/dt=0. Figure 3b) gives several examples
—|—+ + - , of the density of shifts on thigl00] step. Densities calculated
Ts 27 PaTs Ts B17s

by numerical solution of Eq$5)—(7) at the steady state for a
(5)  simple case oAG!=3AG}[=%AG], which corresponds to
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the case used f¢d10] step analysis, are shown. Calculations 2.0
are performed for the following strengths of nearest- and SD3
next-nearest-neighbor bondsi,/kgT=2 and ¢,/kgT ] 11 <>
=1. D lines show that in the absence of edge diffusion
(AGl=oo), the[100] step roughens rapidly with an increase
of supersaturation. In the presence of edge diﬁusiMBI
=AG;), roughening of th¢100] step during growth can be

suppressed up to high supersaturations as seen 8bm

)Hbo

V100/V110

SD1
lines. na ()
I
V. GROWTH RATES 4 D
Analysis of governing equations shows tHaf0] step ln(1+0')
structure kinetics can be reversed from roughening to _ N
smoothening during growth. Thus th&10] step will remain FIG. 4. Ratio of growth velocities\() of [100] and[110] steps

well-defined up to high supersaturations and, therefore, wilRS 2 flllnCtiﬁrm of SlTJPersat_Ufation calculated for a simple case of
not necessarily tend to disappear from the shape of a twaGa=3AGy=3AG,. Horizontal lines atVige/V130=1V2 and
dimensional island or crystal. In fact, if tf@00] step starts V00! V110=V2 define regions of square, mixed, and diamond hab-
to roughen during growth while th¢110] step remains its. In the absence of a series proc%GQZw, D I|r_1es), no habflt
smooth, the two-dimensional island or crystal may experichange occurs. Only in the presence of a series prock&s (
ence a change of habit from a squarelike shape to a diamong-2Ga. SDlines) does a diamond shape appear at high activation
like one. In order to determine the relative presenclef] — Parmiers. Lines numbered 1, 2, and 3 corresponti@/kgT=0, 1,
and[110] steps in the shape of a two-dimensional island Orand 10, respectively. Calculations are performed for the following

crystal, we need to consider the rates of advance of thesgrengths of nearlest- and next-nearest-neighbor bonds/keT

el when GSUTag the GOV 316 Of 1 (100 i never grows fastr than ) i for the e
meant b p,a kin)ll<%r “half-crvstal” site is a position o.n a ste of direct processes only. And the fact that the velocities of
: It Dy o y P P the[100] and[110] steps are equal indicates a circular shape
in which the addition of an atom or the removal of an adatom f a two-dimensional island that corresponds to a conven-
changes the number of atoms in the bulk crystal by 1 buEi)onal kinetic roughening under an adhesive growth mecha-

does not“ qhange Fhe step" structu_re. _Obwously, the kink I?ﬂsm. In contract to that, in the case of both direct and series
then a “single-shift—-ESS” combination. Calculating the

growth rate only at these sites may be justified for the- processes there is a crossover in growth rates. This implies a

shift model if the number of adatoms and vacancies is mucﬁhange of habit of a two-dimensional island from a square-

smaller than that of kink sites. This, however, would lead tolt')ke[irl]g]pitzognqrgglogs?tﬁiﬂs(;? ;g'iﬁ%@ﬂtﬁ Oré?n?c}g?da
a great underestimation of the growth rate for tha-shift y bS. P P

: . selected strength of the nearest- and second-nearest-neighbor
model of the{110] step. Therefore, in our analysis we shall bonds depends strongly on the height of the activation barri-

recovering two nearest-neighbor bonds. Thus, for exampl
the direct incorporation process of the creation of an adatom
that can further move along the edge of the step is exclude
from the growth rate. The following approximate expression
is then used to estimate the growth ratefor both the[100]
and[110] steps:

ill be determined only by the presence of edge diffusion
nd will not depend on the height of the barrier. On the other
hand, the structure of tHd.00] step is mainly determined by
the presence of edge diffusion for any height of the activa-
tion barriers. This means that higher activation barriers will
cause a habit change to occur at lower supersaturations.
(8)  There also exists an asymptotic threshold supersaturation,
below which a habit change does not occur.

Ve o T
BiBss, "

where
VI. MORPHODROM

Fer=ls(1-T) ©) On the basis of the developed theory, one may quantita-
tively describe three basic growth habits of the two-
is the effective density of kinks along a step that is deterdimensional island. As is well known, the shape of a crystal
mined by the step structure as well as the growth mechanisnis defined by the most slowly growing surfaghis is true for
The rates are calculated either for the whole range of suboth two- and three-dimensional crystal as well as for the
persaturations under study or up to the limits of the respectwo-dimensional island The island shape will be predomi-
tive step model applicability, i.el’s<3 for the [100] step  nantly squarelike when the rate of tit00] step advance is
andI'¢=3 for the [110] step. As is seen from Fig. 4, the slower than that of thd110] step by a factor ofv2 or

Ok
(14T =X +1
Js
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more: Vioo/V110< 12 (see region | in Fig. # When the and[110] steps on th€001) surface of the Kossel crystal. By
[100] step advances at about the same rate as dog41be employing physically transparent key variables, we have
step V100/V115~1), the two-dimensional island will have a succeeded in formulating simple self-consistent mean-field-
“mixed” habit (regions lla and Ilb in Fig. # If, on the type equations governing system evolution. On the basis of
contrary, thg 100] step advances faster than fi40] step by  the developed approach, three basic growth habits are de-
a factor ofv2 or more,Vi00/V1150>Vv2, the two-dimensional scribed of the two-dimensional island. This explains the
island will have a predominantly diamondlike shape, as ischange in habit of a two-dimensional island without impuri-
shown in Fig. 4(region Ill). Thus, Fig. 4 clearly demon- ties from the shape bounded p}00] steps at equilibrium to
strates that when the activation barriers for elementary proene bounded by110] steps at higher supersaturations. The
cesses are high in the presence of edge diffusion, there isdemonstrated habit change of two-dimensional islands and
change in habit of a two-dimensional island during growthcrystals is a direct effect of introducing edge diffusion into
without impurities. This is in contrast with the conclusions of the models fof100] and[110] step kinetics.
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