ratios do not reflect those of a closed sys-
tem. Because the Pb isotopic ratios remain
unaffected by late alteration or laboratory
treatment, the Pb-Pb age remains accurate
despite any shifts in the U/Pb ratio that may
have recently occurred.

It has long been assumed that the solar
system inherited a fixed inventory of galacti-
cally derived #**U and ***U that was homoge-
neously distributed in the protosolar molec-
ular cloud and that they were not measurably
fractionated in natural systems. All ages
reported in the literature today are based on
this assumed fixed #**U/*°U ratio. The isoto-
pic composition of U is typically not mea-
sured in samples owing to the technical chal-
lenge of measuring the extreme >*U/*°U
ratio of small amounts of U sufficiently pre-
cisely and the lack of evidence, despite prior
attempts (3), that this ratio varies measurably
in meteorites. But Brennecka et al. demon-
strate that this assumption of a fixed U ratio
is incorrect for some of the solar system’s
oldest solids, calcium-aluminum-rich inclu-
sions (CAls), and that the ratio may vary up
to 3000 parts per million from the accepted
value of 137.88. This translates into a poten-
tial age offset of 5 My for a given radiogenic
ratio (**’Pb/**Pb) —or about 50% of the
life span of the solar protoplanetary disk.
They attribute this heterogeneity to the vari-
able fractionation of short-lived *’Cm that

decays to 2°U, by using Nd as a geochemical
proxy for the now extinct Cm.

Ages from a relative chronometer can
be mapped into absolute time in the past
when a single object is found to be suitable
for both a Pb-Pb age and a relative age. For
example, CAls anchor the *Al-**Mg sys-
tem (4), whereas the differentiated basaltic
angrite LEW 86010 provides the anchor for
the >Mn->Cr system (3, 6). If the short-lived
nuclides were homogeneous and the 2%U/*U
ratio was consistent, all ages from different
chronometers for samples that behaved as a
closed system should be concordant. But they
are not. For example, age offsets of up to 3
My exist between Pb-Pb ages and the avail-
able relative chronometers for some rapidly
cooled volcanic meteorites (7).

Homogeneity of short-lived nuclides in
the disk has commonly been singled out as
the least robust assumption in geochronology,
from which one can infer that the relative chro-
nometers are most likely in error. But it is now
possible that variations in the 2U/?U ratio in
meteorites and their components may, at least
in part, be to blame for the discordances. How-
ever, so far the offsets in the 2*U/*U ratio of
CAIs reported by Brennecka ef al. will only
make the discordance between Pb-Pb ages and
the relative chronometers worse.

With the rapidly growing identifications
of planets that orbit distant stars, and the tan-
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talizing perspective of discovering an Earth-
like world, understanding the sequence of
events leading to the formation of the plan-
etary bodies in our solar system has never
been so relevant. Brennecka et al. convinc-
ingly relate for the first time the important
discovery that U is isotopically variable in
CAls, implying that the currently accepted
age for the formation of the solar system’s
first solids (4) may be incorrect. At the same
time, they have defined a new benchmark
for high precision and accurate geochronol-
ogy: All future Pb-Pb studies must include
28U/?35U ratios. Only then can we be certain
that we have an internally consistent Pb-Pb
chronometric database and a correct tem-
poral framework within which to interpret
meteorites and, in turn, understand the ori-
gins of our solar system.
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Epitaxial Growth Writ Large

Theodore L. Einstein' and Timothy J. Stasevich?

he performance of semiconductors in

I device applications often depends on
their crystallinity—the grain bound-

aries and defects of a polycrystalline mate-
rial interfere with transport of charge carri-
ers. Single crystalline layers can be grown
through epitaxy: Atoms are deposited from
the gas phase on top of an existing crystal
to form new layers. However, if the growth
process is not well controlled or is too rapid,
unwanted surface features, such as mounds,
may form. Thus, the fabrication process
relies heavily on monocrystalline growth
of a single element. Models to find optimal
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conditions for this process have been studied
foralong time (/, 2) and have had to become
increasingly sophisticated (3, 4). Insights
from related processes involving molecules
or even larger particles can test our under-
standing of how epitaxy works and can be
easier to observe directly. On page 445 of
this issue, Ganapathy et al. (5) describe epi-
taxial growth with colloidal spheres some
four orders of magnitude larger than atoms.
Models developed for atomic epitaxy can
describe these processes, despite colloid-
colloid attractions arising in a way very dif-
ferent from atomic interactions.

Models of epitaxial growth must account
for how adsorbed atoms, called adatoms,
interact with each other and the surface tem-
plate, as well as the effects of different incom-
ing fluxes F of atoms and different growth
temperatures. Adatoms are trapped by attrac-
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The technological goal of optimizing the
controlled deposition of atomic monolayers
is simplified by studying models of deposition
of larger colloids.

tive forces in wells of the corrugated surface
potential but move when they have enough
energy to “hop” over these barriers (see the
figure, panel A). A minimal model describ-
ing how adatoms move requires attractions
between neighboring atoms (such as chemi-
cal bonds) to create the potential wells and
energy barriers to describe the hopping pro-
cess. Analysis of the energy barriers helps
in estimating the thermal surface diffusion
coefficient D. The model must also account
for the greater difficulty of atoms dropping
over a step edge, because they must break
even more bonds. In the simplest picture, this
leads to the so-called “Ehrlich-Schwoebel”
(ES) barrier (see the figure, panel B) (6, 7).
For colloidal particles, attractive forces
arise from a “depletion interaction.” Smaller
surrounding polymer “depletants” have a hard
time getting between closely spaced colloids,
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and the depletion layer cre-
ates a pressure imbalance that
pushes the colloids together
(8), creating an effective bond.
This bond is broken when an
adsorbed colloid, or adcol-
loid, hops between neighbor-
ing sites. Unlike adatoms, the
bond is very short range (rel-
ative to the size of the adcol-
loid), and the energy landscape B
is nearly flat for most of the
hop (see the figure, panel C).
Thus, once the initial detach-
ment is taken into account, the
remaining part of the hopping
time (inverse rate) is propor-
tional to the path length of the
hop alone and does not depend
on barrier height. Because this
length is greater for hops over
steps or around the corners of
disconnected regions of the
same layer (called “islands”),
colloids spend more time at
these locations, just as atoms
spend more time overcoming
an ES barrier.

This ES-like barrier leads
to a great simplification com-
pared with atomic systems.
The energy or time associated with a mobile
colloid crossing over step edges, going
around corners or kinks, and other com-
mon routes, can be computed in terms of
path length alone. For example, there should
be simple relations between the barriers for
colloidal deposition on square and triangular
templates. The motion of atoms on a surface
involves subtle relaxations, as well as long-
range or multiatom interactions, that would
confound similar computations.

Unlike atomic systems, where bond
strengths are largely fixed, the colloid-col-
loid bond can be tuned by varying the deple-
tant concentration. Thus, a key parameter for
describing epitaxial growth, the ratio D/F,
can be adjusted independently from 107! to
10%. This range overlaps substantially with
that accessible to atomic systems and should
allow for many useful comparisons.

For example, the coalescence of islands
is important because unwanted domain walls
between islands can form. Ganapathy et al.
show that for a given D/F, there is a critical
concentration 7_ of disconnected colloidal
islands that marks the end of an initial growth
period. The number of islands then decays as
further growth causes islands to coalesce, just
as in atomic systems (4, 9). The scaling of n_
approaches (D/F) ', just as classical nucle-

Adatom energy
landscape

C

landscape

Adcolloid energy

\/\g\/\/\/\ﬂ /\/\/\/\/

5 ES- hke
-~ -

Colloidal versus atomic epitaxy. (A) The physical landscape for epitax-
ial growth is depicted. The colloids in the system described by Ganapathy
et al.are 10,000 times as large as atoms, but their epitaxial dynamics are
remarkably similar because both types of adsorbed particles—adatoms
or adcolloids—encounter a step-edge barrier (ES or ES-like) for down-
ward hops (c—d). The energy landscape for adatoms (B) undulates more
robustly than its mesa-like adcoillodal counterpart (C) because colloidal
bonds are too short to produce similar barriers. Because the segment
lengths cd are greater than those for ab and ef, a colloid trying to move
from c to d will have a smaller chance than one diffusing between a and
b or e and f. Like atoms, colloids tend to settle at site d because of its
higher coordination.

ation theory would predict. Mound formation
during multilayer growth of atoms would also
be expected in colloidal systems because of
the ES-like barrier at step edges that inhibits
the completion of a lower layer. Meandering
instabilities—to-and-fro step oscillations—
that can prevent the step-flow growth of
atoms in device fabrication should also occur
on a series of colloidal steps.

Another important concept is the size of
the smallest island that is stable to decay—
the critical nucleus. This quantity determines
the distribution of the sizes of islands (4, 9)
and of their capture zones (4, 10)—the areas
around an island in which surrounding ada-
toms will likely attach to the island. The dis-
tribution of capture zones was only recently
argued to be related to the critical nucleus size
(11). For colloids, this number is 2 (dimers
are stable), so colloidal systems can be used
to test this concept directly.

Although it will certainly be instructive
to compare colloidal and atomic epitaxy,
there are many aspects of growth that will be
difficult to realize in colloidal systems. For
example, colloidal growth lacks the control
over deposition angles available with atomic
beams that can cause shadowing effects
(12) and growth asymmetries when atoms
impinge obliquely.

Colloidal epitaxy as described by Ganapa-
thy et al. should still prove to be a useful model
for many complex systems. For example,
colloids of different sizes could model het-
eroepitaxy, which is used to grow compound
semiconductors such as gallium arsenide. In
contrast to such covalently bonded systems,
where the crystalline structure arises from
orbital hybridization, here the ratio of the
larger to the smaller radius of the two spheres
can be important. In ionic materials, transi-
tions from sodium chloride to cesium chlo-
ride to zincblende structures, with 6, 8, and 4
nearest neighbors, respectively, occur as this
ratio increases. For colloids, the challenge
will be avoiding the formation of amorphous
structures, because the ordering in atomic
systems stems in part from differences in
charge as well as size.

Similarly, colloids of different sizes can
be used to explore the role of surfactants and
step decoration on the controlled growth of
surface structures; for example, the decora-
tion of colloidal islands by colloids of a dif-
ferent size should predictably alter island
shape (13). Finally, colloids may even prove
to be useful models of biological systems,
where depletion attractions still play an
unappreciated role (8). Nonspherical col-
loids could model the epitaxy of antifreeze
proteins (/4) and kidney stones (15). Indeed,
a wide range of interesting epitaxial systems
should quite literally come into focus when
modeled with colloids.
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