evidence has been published. Geometrical
factors, as well as the absence of clean sur-
faces, seriously hamper such observations.
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Synthesis and Characterization of Anisometric
Cobalt Nanoclusters

Charles P. Gibson* and Kathy J Putzer

Sonication of aqueous Co2?* and hydrazine resulted in the formation of anisometric
(disk-shaped) cobalt nanoclusters that averaged about 100 nanometers in width and 15
nanometers in thickness. Electron diffraction from single particles revealed that they were
oriented (001) crystals that conformed to a trigonal or hexagonal unit cell four times the
size of the cell adopted by bulk a-cobalt. Lorentz microscopy indicated that these were
single-magnetic domain particles, with the axis of magnetization located in the (101)
plane, offset at some appreciable angle from the (001) axis.

Small magnetic particles (magnetic nano-
clusters) are of immense technological im-
portance because of their use in magnetic
recording media and in the construction of
permanent magnets (I, 2). Desirable char-
acteristics for these materials include suffi-
cient shape and magnetocrystalline anisotro-
py so that a preferred magnetic field orien-
tation is adopted in the final product. Ideal-
ly, the nanoclusters would be monodisperse
and magnetically hard, and each particle
would contain a single magnetic domain.
Of the three transition metals that are
normally ferromagnetic (Fe, Co, and Ni),
oriented nanoclusters of cobalt probably
have the greatest potential for use because
a-cobalt (unlike iron and nickel) is uniaxial
(2, 3). Unfortunately, however, facile syn-
theses leading to anisometric cobalt nano-
clusters have not yet been reported (4).
Herein we describe such a synthesis: a facile
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and inexpensive procedure that leads to ori-
ented, anisometric, single-domain ferromag-
netic cobalt nanoclusters.

Initial attempts to synthesize colloidal
cobalt at moderate temperature (<100°C)
by reduction of Co?*(aq) with hydrazine
were unsuccessful, presumably because of
the kinetic stability of the system (5-7).
Because the attempted reaction was, in the-
ory, thermodynamically allowed and quite
exothermic (7, 8), we reasoned that a self-
sustaining reaction might be initiated by the
application of high-intensity ultrasound.

When basic solutions containing Co?*
and hydrazine were sonicated, there was,
following a short induction period, a sudden
color change (blue-violet to silver-gray) as a
result of the formation of colloidal cobalt.
The colloidal cobalt nanoclusters were al-
lowed to flocculate and, under the influence
of gravity, fall to the bottom of the reactor.
Most of the liquid in the reactor was re-
moved by means of a cannula and was then
replaced with water. The particles were re-
suspended and allowed to flocculate and set-
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Fig. 1. A group of cobalt nanoclusters. The parti-
cles, which adopt a hexagonal or centered trigo-
nal unit cell, are preferentially deposited as orient-
ed (001) plates.

tle once again, whereupon most of the liquid
was removed. This washing process was re-
peated until the pH of the removed water
was between 7 and 8. At this point, the
hydrated floc was either stored for later use
or the water was removed under a stream of
dry nitrogen (or under vacuum) to give a
free-flowing gray powder (9, 10). Both the
hydrated floc and the free-flowing gray pow-
der were ferromagnetic. Assays of the gray
powder by atomic absorption and energy dis-
persive x-ray spectroscopy (EDS) showed
that it consisted primarily of cobalt (98.3%).
A small amount of oxygen was also present,
presumably in the form of a very thin oxide
coating (10, 11). No other impurities were
present in quantities measurable by EDS.
Samples that were to be characterized by
transmission electron microscopy (TEM),
Lorentz electron microscopy, and selected
area electron diffraction (SAD) were pre-
pared from the hydrated floc. The floc was
dispersed by sonication and then deposited
on a Formvar or collodion-coated TEM grid.
It is significant to note that, when han-
dled properly, samples of the hydrated floc
could be stored (under nitrogen) and effec-
tively resuspended for at least several days
after the initial synthesis. This property was
a bit surprising because ferromagnetic parti-
cles tend to form tight aggregates as a result
of magnetic attractions between the particles
(1, 12). However, the cobalt nanoclusters
are small enough to be strongly influenced
by Brownian forces. Because of the shape
anisotropy of the particles, these forces result
in the rotation of the particles (Brownian
rotation). This effect probably inhibits the
intimate contact between particles that is
necessary for agglomeration (13, 14).
Examination of the product by TEM re-
vealed that it consisted of anisometric (disk-
like) nanoclusters that were more or less
hexagonal in shape. A photomicrograph of a
typical product (Fig. 1) illustrates the mor-
phology of the particles and shows their ori-
entation with respect to the polymer-coated
TEM grid. We see from this image that the
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Fig. 2. A digitized, computer-enhanced SAD pat-
tern from a single cobalt nanocluster. This pattern
indicates a hexagonal or centered trigonal unit cell
witha = 5.06 A, rather than the hexagonal cella =
2.507 A normally adopted by bulk cobalt.

particles adopt a preferred orientation: The
majority of the particles in this image were
deposited so as to be coplanar with the poly-
meric support (204 of 206; 99%). The aver-
age width for all particles in this image (mea-
sured at the widest point of each) was 99 nm
(o = 25 nm). Only two of the particles in
this sample (2 of 206; 1%) were oriented “on
edge.” Based on measurements of these two
particles, the typical thickness was estimated
to be ~15 nm.

The SAD patterns from isolated single
cobalt nanoclusters (Figs. 2 and 3) exhibited
hexagonal symmetry with numerous absenc-
es. These patterns were consistent with hkO
data from a trigonal or hexagonal cell with a
= 5.08 A. The fact that data satisfying h — k
+ | # 3n were systematically absent (I = 0 in
this case) limits the possible space groups to
a relatively small number of hexagonal or
centered trigonal groups (15). A very weak
reflection located halfway between the 000
and 003 reciprocal lattice points indicated
an as yet unidentified lattice modulation
(16). On very large aggregates of particles,
SAD gave rings (or spotty rings), most of
which corresponded to hkO reflections. How-
ever, several rings that corresponded to more
general hkl reflections were observed and
were used to determine the ¢ lattice con-
stant. These ring patterns confirmed that a
= 5.06 A and indicated that ¢ = 4.07 A.
The presence of only hk0 data in the single-
crystal SAD patterns, and primarily hkO data
in the powder patterns, is significant because
it shows that the particles adopted a pre-
ferred (001) orientation when deposited
onto a polymer film. This property, in turn,
is important because oriented ferromagnetic
particles are generally required for high-den-
sity magnetic storage media (1, 2).

The structure of the cobalt nanoclusters
differs from that adopted by bulk a-cobalt
(17). Whereas bulk a-cobalt is hexagonal
close packed (P6;/mmc symmetry) with a =

{100)

50 nm

Fig. 3. A single cobalt nanocluster. The orienta-
tions of the (100) and (010) zone axes were de-
termined by SAD and TEM.

2.507 A and ¢ = 4.069 A, the anisometric
nanocluster conformed to a hexagonal or
centered trigonal unit cell with a = 5.06 A
and ¢ = 4.07 A. This suggests that the lattice
of the nanocluster is derived from the hex-
agonal cell of a-cobalt by a distortion that
doubles the a axis. Although the exact na-
ture of this distortion is (as yet) unknown,
we speculate that it may be a result of a
distortion caused by the oxide coating. Al-
though this coating is certainly present on
both the nanocluster form and bulk a-cobalt
(11, 17), its influence on the bulk is proba-
bly negligible because most bulk cobalt at-
oms are quite far from the surface. In con-
trast, all cobalt atoms in the anisometric
nanoclusters are within ~15 unit cells of the
coating. For these materials, the effect of the
surface distortion may very well extend
through the entire crystal.

The magnetic structure of these particles
is of considerable interest to us because mag-
netic structure may ultimately determine any
practical use for these particles (1). The most
important issue to settle is whether the co-
balt nanoclusters contain a single or multiple
magnetic domains. Simple calculations
based on the structure and properties of bulk
a-cobalt suggested that cobalt disks measur-
ing 100 nm by 15 nm could not be single-
domain particles (2, 18). However, these
calculations ignored the fact that magnetic
hardness usually is much larger for colloidal
materials than for bulk (19), and they over-
looked the fact that the axis of magnetiza-
tion in the nanoclusters need not coincide
with the crystallographic ¢ axis as it does in
a-cobalt at room temperature (2, 20). For
example, if the magnetization axis were ori-
ented along the a axis, our calculations sug-
gest that cobalt platelets as large as 200 nm
by 30 nm might still exist as single-magnetic
domain particles. Because of the uncertainty
inherent in these calculations, we chose to
investigate this issue experimentally by
Lorentz electron microscopy.

Electrons that are traveling through a
magnetic field experience Lorentz forces.

SCIENCE + VOL.267 ¢ 3 MARCH 1995

100 nm
Fig. 4. Lorentz electron microscopy was used to
investigate the magnetic structure of this particle.
This image, which was digitized and computer en-
hanced, shows that the particle is a single domain
and that the projection of the magnetization axis
onto the image plane is along the (100) direction.

Because electrons traveling through differ-
ent magnetic regions experience differing
Lorentz forces, they follow slightly different
trajectories. As a consequence, the electrons
are slightly out of phase when combined to
form an image. Under conditions of normal
focus, these differences are much too small to
contribute to contrast in the image. Howev-
er, if further phase shifts are introduced, for
example by appropriate defocusing (Fresnel
imaging), the combined phase shifts are suf-
ficient to give added image contrast. In this
manner, information concerning the mag-
netic structure can be produced in the image
(16, 21). Figure 4 shows a typical cobalt
particle that was imaged under Fresnel con-
ditions (22). In this case, magnetic fine
structure was revealed by ripples that run
through this sample. The fact that the rip-
ples all run in the same general direction is
compelling evidence that the particle con-
sists of a single magnetic domain.

Because only the component of the mag-
netic field perpendicular to the electron tra-
jectory gives rise to the Lorentz effect, the
ripple-like patterns in Lorentz electron mi-
croscopy reveal the projection of the magne-
tization axis onto the imaging plane (15,
21). In this case, the projection of the mag-
netization axis (which is perpendicular to
the ripples) was in the (100) direction. Un-
like bulk a-cobalt, in which the magnetiza-
tion axis is along the (001) direction, the
magnetization axis in the cobalt nanocluster
is in the (101) plane, but offset from the
(001) axis at some significant angle.

The cobalt nanoclusters described here-
in have a number of characteristics that
might make them useful in the construction
of high-density recording media or perma-
nent magnets. (i) They can be easily syn-
thesized from relatively inexpensive re-
agents. (ii) They can be stored as a hydrated
floc, which can be redispersed. (iii) They
are single—-magnetic domain entities. (iv)
They show considerable shape and magne-
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tocrystalline anisotropy. Finally, (v) they
adopt a preferred orientation when depos-
ited onto a polymeric film.
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Isotopic Tracking of Change in Diet and
Habitat Use in African Elephants
Paul L. Koch,* Jennifer Heisinger, Cynthia Moss,

Richard W. Carlson, Marilyn L. Fogel,
Anna K. Behrensmeyer

The carbon, nitrogen, and strontium isotope compositions of elephants in Amboseli Park,
Kenya, were measured to examine changes in diet and habitat use since the 1960s.
Carbon isotope ratios, which reflect the photosynthetic pathway of food plants, record
a shift in diet from trees and shrubs to grass. Strontium isotope ratios, which reflect the
geologic ‘age of bedrock, document the concentration of elephants within the park. The
high isotopic variability produced by behavioral and ecological shifts, if it is representative
of other East African elephant populations, may complicate the use of isotopes as

indicators of the source region of ivory.

In many African parks and reserves, wood-
lands have been replaced by grasslands in
recent decades (I). Potential causes of this
transformation include changes in climate,
fire frequency, and feeding by large ungu-
lates such as elephants (Loxodonta africana)
(I, 2). At the same time, poaching and
hiiman land use near parks have altered
ungulate migration and habitat use patterns,
often accelerating vegetation change within
protected areas (1, 2). Knowledge of forag-
ing and habitat use patterns in ungulates,
and of recent changes in these patterns, are
essential to understand controls on ecologi-
cal transformation and to develop robust
conservation strategies. Typically, such data
have been gathered through long-term ob-
servation (3). Isotopic analysis offers an al-
ternate source of information on diet, habi-
tat, and migration that can be collected
rapidly from living or dead animals (4). Iso-
tope composition has also been proposed as
a marker to indicate the source region of
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ivory, for use in wildlife forensics (5).

Most carbon, nitrogen, and strontium in
herbivores are derived from food plants. Be-
cause a herbivore’s isotopic composition is
similar to that of its food, isotopic differences
in diet are reflected in herbivore tissues (6,
7). For example, African trees and most
shrubs, herbs, and cool-climate grasses are C;
plants, with low 8'>C values (~—27 per
mil), whereas warm-climate grasses are C,
plants, with less negative values (=~—13 per
mil) (8). Consequently, the 33C value of
collagen (the major protein in bones and
ivory) reflects  the proportion of browse
(leaves, twigs, and shrubs) to grass in the diet
(4, 5). The N isotope compositions of plants
and herbivores covary with rainfall abun-
dance, and isotope ratios are high in arid
regions and low in wet regions (7, 9). Final-
ly, 87Sr is produced by radioactive decay of
87Rb, whereas 8Sr is a stable isotope. Soils
have variable 87Sr/%¢Sr ratios, depending on
the initial Rb/Sr ratio and the age of the
underlying bedrock. Soils are the source of St
in plants, which in turn supply the Sr that is
deposited in bone and tooth mineral. Over-
all, animals in areas with old granitic crust
have high Sr isotope ratios; in areas with
young volcanic rocks or marine sediments,
animals have low values (5).

Here we examine the isotopic ecology of
elephants from Amboseli National Park,
Kenya, to address the degree to which the
bones and teeth of Amboseli elephants pre-
serve an isotopic record of changes in diet



