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Impurities affect the nucleation, growth, and structure of crystals. Here we
report the effect of large, spherical, polymethylmethacrylate impurities on the
crystal growth of monodisperse, hard, polymethylmethacrylate colloids in a
density- and optically matching apolar solvent mixture. Crystal growth, initiated
at the bottom of the sample, was studied by imaging sequences of two-
dimensional xy slices in the plane of the impurity’s center with a laser scanning
confocal microscope. Impurities form the center of grain boundaries, and a
single fluid particle layer around the impurity persists in all cases. The growth
rate sensitively depends on the impurity’s size. Crystal growth is inhibited to a
greater extent near smaller impurities, pointing to local crystal frustration
induced by the curvature of the impurity.

Impurities substantially affect crystal nuclea-

tion and growth, whether present as an un-

avoidable nuisance or intentionally added to

modify a product or process. Depending on the

nature of both the impurity and the main com-

ponent(s), nucleation and crystal growth are

either inhibited, suppressed, or promoted (1–5).

Great effort has been put into understanding

many of these altered processes, which are

crucial to areas as diverse as the pharmaceutical

industry (6), mineralogy (7), semiconductors (8),

single-crystal production (1, 2), polymer pro-

cessing (9), and protein crystals (10).

We consider the introduction of a large hard

sphere, which is the simplest conceivable im-

purity, into a growing crystal of hard spherical

particles. The particle sizes and time scales in

colloidal systems enable real-time studies down

to the particle level and are therefore excellent

model systems for such studies. The impurity

(i)/particle (p) diameter ratio a K (s
i
/s

p
) is a crit-

ical factor for such systems: In two-dimensional

(2D) binary arrays, translational order is sub-

stantially reduced (11) and crystal nucleation

can be inhibited in polydisperse 3D systems

(12). In contrast, a single impurity in a meta-

stable fluid phase may induce crystallization

by heterogeneous nucleation (3). A sphere with

infinite diameter (that is, a flat wall) can induce

a pre-freezing transition (13, 14). We studied

the influence of impurity curvature on a crystal

growing around impurities with ratios of a 0
5 to 21, which is a different scenario than a

crystal nucleating on a curved surface (3).

We obtained very large, polydisperse, flu-

orescently labeled polymethylmethacrylate

spheres (PMMA) with diameters ranging from

100 nm to 100 mm from a synthesis following

the method of (15). A small amount (G0.1

weight %) of these particles, size-fractionated

by sedimentation, was mixed with 6% poly-

disperse 1.5-mm-diameter PMMA particles in an

apolar solvent mixture of tetraline, cis-decaline,

and tetrachloromethane (solvent volume frac-

tions 0 0.35/0.30/0.35; density difference Dr ,

0.01 g/ml; and refractive index mismatch Dn
D
,

0.005) (16), with a 5-mm sample height. At a

0.55 volume fraction, the high viscosity mini-

mizes impurity diffusion. The crystal nucleates

heterogeneously at the glass sample bottom and

grows upward, as shown by a control experi-

ment without impurities (Fig. 1A and supporting

online material). Homogeneous nucleation oc-

curs only far from the wall. The impurity locks

into its current position and moves less than the

colloidal particle diameter over several hours. In

a sense, this is the reverse scenario from (17),

where a crystal is disturbed by an external

pressure after it has formed. Sequences of 2D xy

slices were imaged in the plane of the impurity’s

center; near impurities with a 0 5, 10, È13, and

È 21 (referred to as I
5
, I

10
, I

13
, and I

21
, re-

spectively); 15 to 25 mm above the glass sample

bottom; at a rate of three to six slices per min-

ute; up to 2 hours after homogenization. Im-

aging was performed with a Nikon Eclipse

TE2000U confocal microscope with a Nikon

C1 scanning head.

Representative confocal slices of crystal

growth near impurities are shown in Fig. 1, B

to E. Around impurity I
5
, crystal growth is

initially observed only far from the impurity

(Fig. 1B1). The crystal front subsequently grows

toward the impurity but is clearly frustrated

(Fig. 1B). Frustration is characterized both by

limited growth near the impurity (dynamic frus-

tration) and by persistant grain boundaries di-

rected toward the impurity (static frustration). In

Fig. 1, C and D, frustration near I
10

and I
13

is

reduced: A crystal front is present, but crystal

growth is observed near the impurity_s shell as

well (Fig. 1, C2 and D1). Particles in the first

layer around the impurity do not crystallize at

all; particles in the second layer crystallize only

very slowly (Fig. 1, C2 and D2). Here, a rel-

atively low degree of crystallinity during late

stages of crystal growth is observed (Fig. 1, C3

and D3). Finally, crystal growth near I
21

occurs

all through the field of view (Fig. 1E). Particles

neighboring the impurity are far more dynamic

than bulk particles and appear fluidlike (Fig.

1E). Other impurities appear in the field of view

through diffusion and sedimentation for this

particular sequence. These clearly affect crystal

growth, as observed from the grain boundaries

connecting impurities. This is not apparent in all

cases, because some impurities lie outside the

field of view. Grain size seems to scale with

impurity size, but the limited data set prohibits

statistical analysis. The control experiment also

reveals that samples with and without impurities

initially have a comparable number of grain

boundaries (Fig. 1, A to E, and fig. S1). At low

impurity concentrations, the impurities therefore

pin the grain boundaries but do not increase

their quantity. The grain boundaries gradually

anneal in a sample without impurities (Fig. 2C

and fig. S3), but persist in between impurities

(Fig. 2A).

Several trends are obtained from mere visual

comparison of the slice sequences for different

values of a. Crystal growth in the first few

layers around the impurity seems to proceed

faster as a increases. In all sequences, the grain

boundaries are directed toward the impurities.

The grain boundaries are a consequence of both

simultaneous crystal growth at different loca-

tions and structural frustration caused by the

impurity (Fig. 2, A and B). The first layer

around the impurity fails to crystallize: 18

hours after homogenization the fluidlike char-

acter of the first layer is still observed (Fig.

2D). At different volume fractions, the same

scenario occurs; although at lower volume

fractions, sedimentation of the impurity makes

experiments difficult. At higher volume frac-

tions, a transition to a glassy state occurs.

To quantify the impurity_s effect on local

crystal growth, we use the local orientational

bond order parameter y
6

(18)

y6ð rYÞ 0 1

N

XN

j

e6iqð rj
YÞ ð2Þ

where y
6
0 1 for a perfect 2D hexagonal crys-

tal. The summation j runs over all N next neigh-

bors of a given particle. The angle between the

bond vector connecting the particle with next

neighbor j and an arbitrary fixed reference axis

is defined as q(rj
Y

). Particle coordinates are ob-

tained by methods such as those in (19). The

minimal translation and rotation of the impu-
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rity are tracked as well. Particles are divided in

shells around the impurity, based on the dis-

tance to its shell. Averaging over all particles of

shell s, its hexagonal order parameter bky
6
kÀ

s

is obtained, which is used to obtain a time-

dependent crystal growth profile per shell. The

presence of other impurities in the I
21

sequence

was Bfiltered out[ (Fig. 3A).

Typical crystal growth profiles of shells 5.0

mm thick around I
10

are shown in Fig. 3B. All

shells start crystallizing simultaneously. The

shells evolve from a fluid bky
6
kÀ

s
, 0.4 into a

more crystalline bky
6
kÀ

s
, 0.8, where bky

6
kÀ

s

reaches a plateau. A constant bky
6
kÀ

s
value is

not reached for the first shell during the image

sequence. Crystal growth clearly takes place

more rapidly further away from the impurity.

An inner shell will have a larger proportion of

its shell made up of grain boundaries than will

an outer shell. This contributes to the lower

observed growth rate close to the impurity.

Similar initial and final bky
6
kÀ

s
values are

observed for all a. The degree of crystallinity

rises faster with distance to the impurity as

a increases, however. This is nicely illus-

trated in Fig. 3C for the 15- to 20-mm shell,

where t
0

indicates the time at which bky
6
kÀ

s

starts steadily increasing. Crystal growth

sets in before I
5

has been locked at its posi-

tion at depths above È10 layers. The im-

purity slowly moves downward because of

gravity, which limits the sequences to rel-

atively short intervals, and these are there-

fore not shown.

The increase in bky
6
kÀ

s
is approximately

linear right after the initial rise. We use this

to define the 2D growth rate r
C

of shell s

Fig. 2. Grain boundaries
and the persisting fluid
layer. (A) Grain bound-
aries connect impurities
[height, 10 mm; time (t),
17 hours]. (B) Voronoi
representation of (A).
Voronoi polygon centers
are particle positions.
The number of vertices
equals the number of
next neighbors graphi-
cally represented by the
color coding in the im-
age. The defects nicely
depict the grain bound-
ary. (C) In a sample
without impurities, grain
boundaries have an-
nealed (height, 20 mm;
t, 13.5 hours). (D) The
mobile layer of single-
particle thickness around
an impurity with diam-
eter ratio a 0 13 ap-
pears fluidlike (height,
38 mm; t, 18 hours).
Heights are distances
to the sample bottom.
Times are the times after
sample homogenization.

Fig. 1. Confocal images of crystal growth in a sample without impurities (A)
and near spherical impurities (B to E). (A) 22 mm above the sample bottom at
(A1) 40 min, (A2) 48 min, and (A3) 55 min. (B) I5 at (B1) 31 min, (B2) 50 min,

and (B3) 90 min. (C) I10 at (C1) 68 min, (C2) 86 min, and (C3) 103 min. (D)
I13 at (D1) 41 min, (D2) 57 min, and (D3) 82 min. (E) I21 at (E1) 74 min, (E2)
82 min, and (E3) 94 min. Times are the times after sample homogenization.
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(during linear rise) as r
C
0 Dbky

6
kÀ

s
/Dt. The

effect of an impurity_s size on the local growth

rate can now be compared quantitatively (Fig.

3C, inset). Several general trends can be ob-

served. First, a larger a results in a higher rate

close to the impurity. Second, the rate rises

faster per shell as a increases. Finally, the

rates for different a apparently approach a dif-

ferent maximum rate at less than È17 particle

diameters instead of converging to a bulk

growth rate of È0.02 minj1 Emeasured at 5 to

25 mm above the sample bottom in the control

sample (fig. S2) and at sample locations far

(940 mm) from impurities^. Relatively far from

the impurity (98 s
p
), a trend is observed be-

tween the growth rate and a. We argue that

grain boundaries are pinned by impurities (Fig.

2, A and B): If nearby impurities are present,

more boundaries appear. To approximate the

ideal case of no nearby impurities, the image is

filtered (Fig. 3A); grain boundaries leading to

impurities further away are not included. The

obtained increase of r
C

by a factor of 1.6 for

the filtered I
21

sequence therefore is too high,

whereas not filtering leads to values that are

too low. We therefore expect the rates to con-

verge at sufficient distance, which might very

well be beyond È17 particle diameters. Fur-

thermore, the growth rate in the first layer is

about zero for all a—a confirmation of the

observed fluid layer (Fig. 2D).

Using laser confocal scanning microscopy,

we have shown that the bulk crystal growth

rate is substantially reduced near impurities.

The extent to which the growth rate is reduced

decreases with distance to the impurity. The size

ratio a is a critical factor; the (local) curvature of

an impurity is therefore crucial for real hard-

sphere–like systems such as metals. Grain bound-

aries are pinned by the impurities, and the first

particle layer around the impurity remains fluid.

Impurities locally substantially frustrate the

crystal growth and structure of hard-sphere sys-

tems, the very same impurities that, in a

different scenario, can induce heterogeneous

crystal nucleation (3).
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Osmium Isotope Evidence
for an s-Process Carrier in

Primitive Chondrites
A. D. Brandon,1*. M. Humayun,2. I. S. Puchtel,3 I. Leya,4

M. Zolensky5

Osmium extracted from unequilibrated bulk chondrites has isotope anomalies
consistent with an insoluble s-process carrier, termed Os(i) here. Osmium from
metamorphosed bulk chondrites does not have isotope anomalies, implying that
the Os(i) carrier was destroyed by metamorphism. The isotopic homogeneity of
metamorphosed bulk chondrites is consistent with extremely effective mixing of
presolar grains from varied sources in the nebula. Osmium in the Os(i) carrier is
likely from nucleosynthetic sites with a neutron density about two to four times
as high as that of the average solar s-process Os.

Presolar grains (such as SiC and nanodi-

amonds) are prevalent in unequilibrated

chondrites and preserve material from nucleo-

synthetic processes occurring in the stars from

which these grains formed (1, 2). The degree

to which these grains and solar material were

mixed in the solar nebula is uncertain but

important for discerning solar system pro-

cesses. Isotopic anomalies have been identified

in presolar grains and Ca-Al–rich inclusions

(CAIs) in chondrites (1–4). We measured Os

isotopes to assess heterogeneities in bulk

chondrite meteorites: 184Os is produced by

the p process only; 186Os Ep-process contribu-

tion 1.1% relative (5)^ and 187Os are produced

by the s process and radiogenic decay from

A

B

C

0.7

0.6

0.5

0.4

0.3

0.8

0.7

0.6

0.5

0.4

0.3

-10 0 10 20 30 40

70 80 90 100

Fig. 3. Quantitative analysis of crystal growth.
(A) Filtering: Areas affected by other impurities
(with a diamenter sh) are not taken into account
by excluding the shaded area for analysis. (B)
Crystal growth profiles of shells around I10: 0 to
5 mm (crosses), 5 to 10 mm (squares), 10 to 15
mm (circles), and 15 to 20 mm (plus signs). (C)
Crystal growth profile of the 15- to 20-mm shell
for I5 (squares, inset only), I10 (circles), I13
(diamonds), and I20 (triangles). (Inset) Frustration
of crystal growth increases both as the impurity is
approached and as a is decreased. rC close to I5 is
È0, because no local increase of order occurs
during the recorded image sequence. Rates at
0.5, 1.5, and 2.5 sp are based on shells of sp

thickness. Other rC values are obtained from
shells 5 mm thick: rC at 5 sp corresponds to the
5- to 10-mm shell.
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