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Molecular Mechanisms of Crystallization and Defect Formation
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Using the atomic force microscope (AFM) in situ during the crystallization of the protein apoferritin,
we show that for this system the kink density along the steps is an equilibrium property that, multiplied
by the frequency of molecular attachment, fully determines the propagation of growth steps. The in-
termolecular bond energy is 3.2kBT . Point defects are nonequilibrial and are caused by incorporation
of impurity molecules, and replicate in subsequent layers due to the strain they cause. Using single-
molecule manipulation with the AFM tip, the defects can be healed to restore the regular lattice.

PACS numbers: 81.10.Aj, 61.16.Ch, 61.72.Ji, 87.15.Nn
Crystallization, which underlies water freezing in clouds
and oceans, magma solidification in the Earth’s interior,
growth of semiconductor boulles and epitaxial layers, and
various other natural and technological processes, occur
by ordered addition of atoms or molecules. Recently, phe-
nomena related to the formation of surface structures and
growth of epitaxial layers under ultrahigh vacuum [1,2] or
during crystallization of proteins have been monitored with
resolution approaching the size of the species that build the
crystal.

For studies of the molecular mechanisms of crystal
growth from supersaturated environments, we chose crys-
tallization of apoferritin [3]. Apoferritin molecules are
quasispherical and crystallize in a face-centered cubic (fcc)
lattice [3]. Octahedral �111� faces dominate the crystal
habit. Growth from solution purified by gel filtration [4]
occurs by spreading of layers generated by surface nucle-
ation similar to other proteins [5–7]. In our experiments,
the crystals grew [4] on a glass substrate at 23.0 6 0.3 ±C
in the atomic-force microscopy (AFM) fluid cell. Tapping-
mode AFM images of the crystal surface were collected
in situ during the growth. The scanning parameters were
adjusted such that continuous imaging affected neither
the surface structure, nor the process dynamics. For fur-
ther evidence, see the discussion of Fig. 2 below. Su-
persaturation s, defined as chemical potential difference
Dm (in kBT units) between solution and crystal, was
determined from the actual and equilibrium solution con-
centrations, C and Ce: s � Dm�kBT � ln�C�Ce�. This
Ce � 23 6 3 mg�cm3 � 3.2 3 1013 molecules�cm3 was
determined as C at which long steps stopped moving
before retreating at C , Ce.

The structures of a (111) crystal face and of a growth
step are shown in Fig. 1. In Fig. 1(a) and in all other
images the periodicity within a molecular row is 13 nm
and the layer thickness is 10.5 nm, in agreement with the
x-ray structure [3].

Solute molecules attach to the crystal predominantly at
kinks along a step [8]. Hence, the kink density is a fun-
damental variable that characterizes the ability of the crys-
0031-9007�00�85(2)�353(4)$15.00 ©
tal to incorporate solute molecules [9,10]. From images
similar to Fig. 1(a), we determine the kink density along
a step by counting the molecules between two kinks, nk

[11]. The distributions of nk for three supersaturations that
include near equilibrium and a very high value are shown
in Fig. 1(b). They are nearly identical, and we conclude

FIG. 1 (color). Steps and kinks. (a) Growth step at supersatu-
ration s � 1.1. Dark green: lower layer; yellow: advancing up-
per layer. Examples of adsorbed clusters and defects of types I,
II, and III are marked. (b)–(d) Distribution of molecules be-
tween kinks on steps located .0.5 mm apart, obtained from im-
ages similar to (a) at the three supersaturations indicated in the
plots, the mean values of the distributions for each case are also
shown. (e) Same as (b), with steps as close as 7–10 molecules
(0.1 0.3 mm) apart.
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that kinks are not created by nucleation of molecular rows
along a step. Hence, the equilibrium value of kink den-
sity 1�nk is determined by the balance of molecular in-
teractions and thermal fluctuations in the top crystal layer
[1,12,13]. The average nk depends on the energy needed
to create a kink w as [9]

nk �
1
2 exp�w�kBT � 1 1 . (1)

From the value of nk in Figs. 1(b)–1(d), w � 1.6kBT ,
somewhat lower than w for Si(001) [14]. If we assume
first-neighbor interactions only, we can evaluate the inter-
molecular bond energy, f. When a molecule is moved
from within the step on a (111) face of a fcc crystal to a lo-
cation at the step, 4 kinks are created, 7 bonds are broken,
and 5 are formed [8]. Then, w � f�2 and f � 3.2kBT .
Some of the protein-protein interactions, e.g., electrostatic,
may have a range longer than the molecular dimension
[15]. Accounting for second and third neighbor contribu-
tions to w, f must be lowered by at most 10% [16].

Figure 1(e) shows the distribution of nk along steps
spaced about 10 molecules (0.13 mm) apart, as opposed
to 0.5 to 1 mm in Figs. 1(b)–1(d). The kink density and
step meandering are lower. This indicates step-step repul-
sion [17], which may come from the entropy loss of closely
spaced steps [11,18], or overlapping of the relaxation elas-
tic fields of neighboring step edges [19,20].

During step motion, segments deviating from the dense
�110� crystallographic directions rush forward because of
their higher kink density [9] and taper off. Thus, step
motion is determined by the kink density along the dense
directions.

The kinetics of incorporation are reflected by the flux of
molecules into a growth site. To monitor these fast incor-
poration events, we disabled the slow scanning axis of the
AFM [1]. The advance of a step site is shown in Fig. 2(a).
Figure 2(b) shows that the chosen scanning parameters en-
sured that step propagation was not affected by scanning
over the same line for 	3 min. Although the solution is
supersaturated, the time trace in Fig. 2(a) reveals not only
25 arrivals to but also 22 departures of molecules from
the monitored site, evidencing the selectivity of the crys-
tal growth process. The residence times t between these
events fall into t # 1 s or t . 5 s. In Fig. 2(a) we have
6 events of the second type and 19 events of the first. Their
ratio is roughly equal to the kink density along the step,
suggesting that the long-time events may be attachments/
detachments to/from a kink, while the short ones may be
sightings of molecules at the step edge.

Since we do not see the neighboring sites on the step, we
cannot distinguish between events due to molecular diffu-
sion along the step or to exchange with either the terrace
between the steps or the adjacent solution. For this, we
calculated the time correlation function of the step posi-
tion x (in molecular size units) as 
�x�t 1 Dt� 2 x�t��2�Dt ,
with averaging over the respective Dt, and plotted it in
Fig. 2(c) as a function of Dt. Theoretical analyses of
the exchange of the steps with the medium at equilibrium
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FIG. 2 (color). Incorporation of molecules into steps at s �
1.1. (a) Pseudoimage recorded with the Y scan axis disabled
at time � 0 [1,12] shows displacement of one step site. Red
contour traces step position. Arrows indicate attachment and
detachment events; for details, see text. Appearance of 1

2 mole-
cule attachments at times .80 s, highlighted in green, is due to
events at a neighboring site that enter image due to scanner drift.
(b) Surface scan immediately after (a); arrow indicates location
of monitoring in (a). (c) Time correlation curve corresponding
to the trace in (a); inset: logarithmic plot.

[13,21] predict that if diffusion along the step edge dom-
inates the advance of the step site, the cross correlation
should follow Dt1�4 dependence [13,21]. We found no
theory dealing with supersaturated conditions. However,
motion of a site on the step edge is similar to Brownian
motion [21]. For Brownian diffusion, the coefficient relat-
ing 
�x�t 1 Dt� 2 x�t��2�Dt and Dt1�2 may vary, but the
exponent 1

2 of Dt does not depend on the presence or ab-
sence of concentration/chemical potential gradients [22].
Hence, we use only the exponents of Dt stemming from
the data in Fig. 2(c) for further discussion.

The data in Figs. 2(c) do not fit a single exponential.
The deviation from 1

4 at times longer than 20 s allows us
to conclude that the trace in Fig. 2(a) likely reflects ex-
change of molecules between the step and interstep ter-
races or the adjacent solution [12,17,21]. Hence, from the
net attachment of 3 molecules for 162 s and the probability
of viewing a kink of 1�nk � 1�3.5, we get f � 0.065 s21,
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or one molecule per 15 s. Thus, even at the relatively high
s � 1.1, incorporation of molecules into the crystal is ex-
tremely slow and occurs over macroscopic time scales.

Incorporation of molecules into growth sites results in
step propagation. The step velocities averaged over image
collection times of 	40 50 s are shown in Fig. 3. The
first four data sets fit well the proportionality

y � bVCe�C�Ce 2 1� , (2)

where V is the crystal volume per molecule. For the fcc
apoferritin crystals with a lattice constant a � 18.4 nm
[3], V �

1
4a3 � 1.56 3 10218 cm3. The averaged step

kinetic coefficient, or the macroscopic kinetic constant of
growth from Eq. (2), is b � 6 3 1024 cm�s. This is
comparable to values of other, faster growing proteins, in-
dicating that the low net molecular attachment flux and
step velocities of this protein are due to the low solu-
tion concentration, reflected in the molecular density ra-
tio between the solution and crystal, VCe � 5 3 1025.
From Fig. 3, the average step velocity at �C�Ce 2 1� � 2,
s � 1.1, is y � 0.26 nm�s. The product a�1�nk�f deter-
mined at the same conditions should equal this step veloc-
ity. Substituting, we get 0.24 nm�s. The closeness of the
predicted and actual values indicates that: (i) incorporation
into the monitored site in Fig. 2(a) was not affected by the
continuous scanning; (ii) kink density along the dense crys-
tallographic directions and net frequency of attachment to
a kink are the fundamental variables that fully determine
the step propagation during crystal growth.

Figure 1(a) shows the presence of clusters and three
kinds of surface point defects: trivacancy with a cluster,
trivacancy, and vacancy. These point defects are typi-
cal for the �111� apoferritin faces, and we label them, re-
spectively, types I, II, and III. In Fig. 4, we monitor the

FIG. 3. Step velocities determined by comparing step positions
within 44–47 s, plotted as a function of concentration supersat-
uration �C 2 Ce�C21

e . The data scatter reflects the stochastic
nature of crystal growth at the molecular level. Solid line cor-
responds to shown step kinetic coefficient.
interactions between two advancing steps and these sur-
face features. Figure 4(a) shows two clusters adsorbed on
the lower terrace, identified in another study as apoferritin
dimers shaped as two bound monomer spheres [23], and
present in the growth solution at about 5% of the dry pro-
tein mass [4]. The dimers occupy three, rather than two,
monomer lattice sites likely due to noncrystallographic
contacts between the monomers within a dimer.

The lower terrace also contains a type I and a type III
defect. The type I defect locally retards the approaching
step and eventually a channel with the defect at the far end
is formed; Fig. 4(b). This channel does not close until a
certain critical number of molecules in the steps forming
the channel, n�, is reached. For this and other series of
images at s � 1.6, the value of n� that occurred most fre-
quently was 4. At s � 1.1 the most frequently occurring
n� increased to 6, i.e., n� roughly scales with 1�s. This
appears to suggest that the short steps are retained because
of the excess energy associated with the unsaturated bonds
of the terminal molecule. However, substituting the n�’s in
the discrete Gibbs-Thomson relation Dm � f�n� [24,25]
and using the above f, we get Dm values about half of the
actual ones. This suggests that the elastic strain introduced
by the impurity cluster may also affect the behavior of the
steps around the cluster.

Steps longer than n� are not hindered by the capillary
and elastic barriers and move to close the channel in
Fig. 4(c). However, the elastic field does not allow
molecules to attach on top of the type I defect, and a
type II defect is created in the next layer, Figs. 4(c)–4(e).
Cluster C2 is pushed away by the step. The type III defect
next to it in Fig. 4(a), after some configurational variations
in Figs. 4(b)–4(d), is replicated in the advancing layer,
Fig. 4(f). Figure 4(f) also shows that the third layer is

FIG. 4 (color). Creation and evolution of defects at supersat-
uration s � 1.6. (a)– (e) Interactions between advancing step
and types I and III defects and two clusters, C1 and C2. (f ) A
new step is stopped by types I, II, and III vacancies; a type II
vacancy is created in the new layer on top of the first seen in
(b) after a shift of the view field.
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FIG. 5 (color). Defect manipulation by the AFM tip. (a)
Type I defect with an incorporated molecular fragment some-
times present in apoferritin solutions [4]). (b),(c) After two hits
by the AFM tip perfect crystal lattice is restored.

retarded by all the defects in the second layer and the
type II defect in the second layer in Fig. 4(b) is also
replicated in the third layer.

Thus, Fig. 4 illustrates the series of transformations:
cluster ! type I ! type II in subsequent crystal layers. In
numerous similar image sequences, we found that type I
and type II may produce a type III defect and types II and
III often replicate in the next layer. A column of type III
vacancies may be terminated by the incorporation of a
molecule. The resulting average length of these bottle-
shaped cavities is about five crystal layers. Note that we
never saw point defects that were not initiated by a clus-
ter adsorbed on the crystal surface. Unlike Schottky and
Frenkel defects [26], none of the defects observed here are
equilibrium defects induced by the thermal vibrations of
the lattice molecules and their lattice sites have never been
occupied by apoferritin monomer molecules. Since they
are bound to the incorporated cluster, these defects pos-
sess no translational mobility.

If adsorption of molecular clusters on the growth inter-
face is reduced, the concentration of types I, II, and III
defects in the crystal will be significantly lower. How-
ever, in view of the limited capabilities of the biochemical
purification techniques to achieve purity levels anywhere
close to those in semiconductor growth [27], it is obvi-
ous that such defects will always be created. Hence, a
means to control defect content during crystals’ growth is
needed. As a proof of concept of possibility to manipulate
individual defects, we applied a nanolithographic proce-
dure. Figure 5(a) shows a trivacancy containing a cluster
and a molecular fragment. Between Figs. 5(a) and 5(b),
the AFM tip was activated to push the defect for several
milliseconds. Figure 5(b) shows that the smaller molecu-
lar fragment is removed. A second hit between Figs. 4(b)
and 4(c) removes the cluster causing this defect, and the
lattice is healed, Fig. 5(c).
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