offers high separation efficiencies (up to
~10° theoretical plates) and can be per-
formed in capillary structures capable of
handling sample volumes in the low femto-
liter range, the on-line analysis with CE
patch-clamp detection of evoked neuro-
transmitter release from biological microen-
vironments such as single cells or discrete
nerve terminal areas should be feasible be-
cause sample integrity is conserved.
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Nanoscale Magnetic Domains
in Mesoscopic Magnets
Michel Hehn, Kamel Ounadijela,* Jean-Pierre Bucher,

Francoise Rousseaux, Dominique Decanini, Bernard Bartenlian,
Claude Chappert

The basic magnetic properties of three-dimensional nanostructured materials can be
drastically different from those of a continuous film. High-resolution magnetic force
microscopy studies of magnetic submicrometer-sized cobalt dots with geometrical
dimensions comparable to the width of magnetic domains reveal a variety of intricate
domain patterns controlled by the details of the dot geometry. By changing the thickness
of the dots, the width of the geometrically constrained magnetic domains can be tuned.
Concentric rings and spirals with vortex configurations have been stabilized, with par-
ticular incidence in the magnetization reversal process as observed in the ensemble-

averaged hysteresis loops.

Mesoscopic magnets are currently being
studied for their fundamental and techno-
logical properties. These magnets are found
in several forms: as particles or patterned
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submicrometer-sized dots in close interac-
tion with a substrate (I-5) or as free atomic
clusters in beams (5, 6). Very small
monodomain Co particles (a few tens of
atoms) do not show any hysteretic behavior
at room temperature (6), whereas in bigger
particles, which are relevant to high-density
data storage materials, anisotropies build up
that lock the magnetic moment in a given
direction. Interesting properties are expect-
ed as the geometrical dimensions of the
particles become comparable to character-




istic nanoscopic length scales such as the
magnetic exchange length and mesoscopic
dimensions such as domain width (7).

In order to study static and dynamic
magnetism in very small particles with di-
ameters of tens to hundreds of nanometers,
one can either study one particle at a time
with a local technique such as a supercon-
ducting quantum interference device
(SQUID) loop surrounding the particle to
be studied (8) or perform average magnetic
measurements on assemblies of many iden-
tical (monodisperse, similarly shaped) dots
(I, 2, 4). The latter approach has been
adopted by several groups, and reliable x-ray
(9), electron beam (10, 11), and scanning
tunneling microscopy-assisted (2) tech-
niques have been developed to synthesize
large arrays of identical dots, in which the
magnitude of the interaction between the
particles can be tuned by varying the period
of the array. Magnetic domain configura-
tions and reversal processes that have been
extensively studied since the turn of the
century now had to be reexamined for
nanostructured materials (12).

We focused on submicrometer-sized Co
dots, magnetized perpendicular to the plane
of the array. The dots were patterned by
x-ray photolithography in single crystalline
Co films and contained several magnetic
domains whose sizes we could tune by ad-
justing the thickness of the film (13). Ef-
fects of the boundaries then became appar-
ent, and the domain geometry was found to
be strongly dependent on the aspect ratio
(the ratio of the height to the length of the
dots). The film properties before the pho-
tolithographic process were compared with
the properties of the dot arrays. We used
conventional magnetometry to characterize
the overall magnetic properties of a large
number of identical dots. The domain struc-
ture of individual particles was studied by
local magnetic force microscopy (MFM).

Arrays of square dots 5 by 5 mm? with a
lateral dimension of 0.5 pm and a lattice
periodicity of 1 wm were patterned from
epitaxial Co films grown in ultrahigh vac-
uum with thicknesses, ¢, varying from 10
to 150 nm (Fig. 1). Before the Co deposi-
tion, a 20-nm-thick Ru buffer layer was
grown onto an Al,04(1,1,-2,0) sapphire
substrate; the Co layer was subsequently
grown and capped by 5-nm Ru. The high
crystalline quality of the hexagonal close-
packed (hcp) (0001) phase of the Co films
was confirmed by in situ and ex situ tech-
niques (14). We patterned the films by
x-ray lithography and ion-beam etching,
using a soft technique developed earlier to
avoid the deterioration of fragile multilay-
ered samples (9).

We performed magnetization measure-
ments for all samples at room temperature,

Fig. 1. Oblique view of a 25-nm-thick Co dot array
obtained with an atomic force microscope. The
lateral size of the dot is 0.5 pm, and the lattice
periodicity is 1 pm. The edges are straight with
nearly a vertical profile, and the surfaces of the
dots have retained the smoothness observed on
the as-grown fims. This quality of patterning was
retained for Co films up to 150 nm thick.

using an alternating gradient force magne-
tometer with the field applied perpendicu-
lar and parallel to the film plane. The mag-
netization curves for a 100-nm-thick film
and for the same film patterned into an
array of dots (Fig. 2), with the field applied
perpendicular to the substrate, are reminis-
cent of perpendicularly magnetized mul-
tidomain structures (15). The singularity at
H_ in the magnetization versus field curve
of Fig. 2 is ascribed to a nucleation of
magnetic bubbles in an otherwise saturated
environment (all magnetic moments ori-
ented along the field direction). The linear
variation at smaller fields is due to irrevers-
ible magnetic wall motion. Differences be-
tween arrays and films appear in both the
nucleation field H_ and the saturation field
H, (Fig. 2). Instead of increasing with thick-
ness up to 4mM, (where M, is the saturation
magnetization) as in continuous films, both
of these fields decrease as the dot thickness
is increased.

In MFM, the resolution is solely limited
by the distance at which the tip is scanned
above the surface and by the tip radius,
typically 50 nm. A Nanoscope 11, equipped
with a CoCr-coated Si tip magnetized along
the tip axis, was used in the vibrating-lift
mode developed by Digital Instruments.
The detected signal (frequency shift of the
vibrating cantilever) is proportional to the
second derivative of the local field, and
therefore this technique provides a good
signal-to-noise ratio. For domain sizes under
consideration here, we have shown that
MEM contrasts can be identified unequiv-
ocally with mainly “up” and “down” per-
pendicularly oriented domains (14). Before
the MFM measurements, the samples were
either magnetized or demagnetized in fields
perpendicular or parallel to the film plane.
During the demagnetization processes, we
swept the field alternately from positive to
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Fig. 2. Perpendicular magnetization curves for
both film and arrays with the external field applied
perpendicular to the film plane. The thickness of
the Co film and array is 100 nm; emu, electromag-
netic unit.

negative values while simultaneously reduc-
ing the field amplitude. For perpendicular
or parallel magnetization, the field was
abruptly turned off after saturation.

Two parameters can be used to consider
the effects of geometry: (i) the dot height,
which determines the domain size in much
the same way as film thickness does in the
case of infinite films, and (ii) the dot shape,
determined primarily by the aspect ratio,
which induces the particular pattern of the
domain structure. In this work, the square
base of the dot was kept constant (0.5 wm by
0.5 wm) and the aspect ratio was varied from
0.05 for t-, = 25 nm to 0.3 for t, = 150
nm. When the domain size is much smaller
than the base of the dot, the magnetostatic
energy at any point inside a dot is deter-
mined primarily by nearby domains, al-
though the dipolar interaction is a long-
range interaction. Therefore, identical stripe
periods are expected for a continuous film
and for dot arrays. Shape effects, by contrast,
dominate the orientation of domains in the
dots and distinguish patterned array behavior
from continuous film behavior.

The domain configurations in the per-
pendicular remnant state consist of magnet-
ic bubbles (Fig. 3, A and C). A predomi-
nantly single bubble configuration is seen
for the 150-nm-thick dot array (Fig. 3A),
although the precision of the MFM exper-
iment is not sufficient to exclude the pres-
ence of small domains or nonuniform “flow-
er” states at the dot edges (16). The circular
bubble is nucleated at the center of the dot
where the demagnetizing field is the highest
and does not grow bigger as a result of the
repulsive interactions with the edges. The
space available within each dot is just suf-
ficient to accommodate one single bubble.
The domain structure observed in the 50-
nm-thick dots array (Fig. 3C) consists of a
metastable network of bubbles, similar to
the bubble array found in the continuous
film with the same thickness (14). After
perpendicular demagnetization, the domain
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patterns consisted of bubbles and randomly
oriented stripe-like domains (Fig. 3, B and
D). The domains of the 150-nm-thick dots
look like dumbbell patterns (Fig. 3B), re-
sulting probably from elliptical distortion
and elongation of the one single nucleated
domain (17), whereas the domains of the
50-nm-thick dots reveal disclination insta-
bilities (Fig. 3D) related to the conservation
of the in-plane symmetry (17).

The stripe orientation is very sensitive to
the direction of the in-plane component of
the applied field (Fig. 4). For the 50-nm-
thick Co dots (Fig. 4, C and D), the stripe
direction is aligned with the in-plane mag-
netic field component applied before the
MFM measurements. The tendency of the
domain walls to avoid the edges of the dot
and of the domains to increase their length
is clearly apparent in the case of an in-plane
demagnetization along the diagonal of the
array. This tendency results from the geo-
metrical constraints and is enhanced when
the dot height is reduced (see Fig. 4, E and
F, for results from a 25-nm-thick dot array).
In this instance, the domain pattern con-
sists of spirals or concentric cylinders of
alternate magnetization irrespective of the
direction of the applied field. The 150-nm-
thick dot array (Fig. 4, A and B) presents an
interesting limiting case in which the width
of the domain becomes comparable to the
lateral size of the dot. Although the shape
of the domain patterns is similar to that of
dumbbells, the preferential diagonal direc-
tion along which they orient depends on
the direction of the applied field. If the field
is applied parallel to the side of a dot, the
domains reorient =45° away from the di-
rection of the demagnetization field. How-

150 nm

1um

Fig. 3. MFM images in zero applied field after
perpendicular saturation for (A) 150-nm-thick and
(C) 50-nm-thick Co dot arrays and after perpen-
dicular demagnetization for (B) 150-nm-thick and
(D) 50-nm-thick Co dot arrays.
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ever, when the field is applied along the
diagonal, the domains remain along the
field direction.

Simple arguments can account for the
formation of domains during in-plane de-
magnetization. As the dot is exposed to a
large enough in-plane magnetic field, one
expects all magnetic moments to align
along the field direction. When the field
is decreased and while the main compo-
nent of the magnetization remains in-
plane, vortices begin to form at the cor-
ners of the dots to reduce the in-plane
demagnetizing field (18). The system min-
imizes the exchange energy by having the
magnetization at the center of the vortex
perpendicular to the surface. During the
field decrease the magnetization rotates
coherently out-of-plane; this results in a
magnetization perpendicular to the film
with regions (where vortices were created,
that is, mostly at corners) that have oppo-
site magnetization.

When the bubble diameter is comparable
to the lateral dimensions of the dot (as for
the 150-nm-thick dot array), only two bub-
bles nucleate at opposite corners; this reduc-
es their dipolar interaction, and the bubbles

1um

Fig. 4. MFM images in zero applied field after
parallel demagnetization along the side of the dot
for (A) 150-nm-thick, (C) 50-nm-thick, and (E) 25-
nm-thick Co dot arrays and after parallel demag-
netization along the diagonal of the dot for (B)
150-nm-thick (D), 50-nm-thick, and (F) 25-nm-
thick Co dot arrays.
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partly coalesce to form dumbbell-shaped do-
mains because of their large diameter (Fig. 4,
A and B). For symmetry reasons, when the
field is applied along the side of a dot, the
dumbbells align either along one diagonal or
the other (Fig. 4A). When the bubble di-
ameter is small compared to the lateral di-
mensions of the dot (as for the 50-nm-thick
dot array), the bubble nucleated at the edge
remains pinned on it but can run out into
stripes (Fig. 4, C and D). Although the
domain structures never look exactly the
same from one dot to the next, their ener-
gies are very close because they are for the
most part reproducible mirror images of each
other.

The high geometrical quality of the dots
is reflected in the concentric ring configu-
rations obtained after parallel demagnetiza-
tion of 25-nm-thick dots (Fig. 4, E and F).
At this reduced dot thickness, the energy is
smallest for in-plane magnetic moments.
The main component of the magnetization
therefore remains in-plane and parallel to
the edges of the dots, which results in a
circular domain structure with a singularity
at the center of the dot where the in-plane
magnetization reorients fully perpendicular
to form a vortex. The concentric ring struc-
ture observed in the MFM images is due to
small, alternately up and down, perpendic-
ular components also observed in the stripe
structure of hep Co films (14, 19).

How domain confinement proceeds in
the 25-nm-thick Co dot array is particularly
interesting. The curve of the first perpen-
dicular magnetization (Fig. 5), taken after
the sample had undergone in-plane demag-
netization, displays one pronounced jump of
the magnetization which occurs within a
field interval of 2 Oe. The dipolar interac-
tion between dots is so weak that no col-
lective behavior can be invoked to explain
this phenoglenon, and thus the observation
of the simultaneous switching of millions of
dots necessarily implies that the collapse
field is most sensitive to local parameters
such as the thickness and quality of the
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Fig. 5. First perpendicular magnetization curve for
the 25-nm-thick Co dot array. (Inset) A close-up
of the region where the jump occurs and gives
evidence of the field transition within 2 Oe.




material, in principle identical over the
whole sample surface. We attribute this sin-
gularity, which corresponds to about 6% of
the magnetization at saturation, to the col-
lapse of the central domain in roughly half
of the dots oriented antiparallel to the field
direction. This switching field is expected
to be most sensitive to the local parameters
of the material and less sensitive to the
finite size and shape of the dots. This result
is due to a combination of the central po-
sition of the domain, which is far away from
the edges, and the presence of the nearby
alternately oriented magnetic domains,
which ensure efficient screening of the edg-
es. Close examination of the magnetization
curve (Fig. 5) reveals at least two more,
although weaker, jumps at lower field (re-
producible under identical conditions) that
can be attributed to the initial collapse of
part of the outer rings. Such a distribution
of jumps may result because the height of
one jump depends on both the size of the
domain to be reversed and the number of
dots with the same configuration. Not sur-
prisingly, after the dots have become single-
domain, a further increase in the field is
necessary to overcome the strong demagne-
tizing field near the bottoms and the tops of
the dots and to completely align the mo-
ments along the field direction.

Our results demonstrate that two length
scales determine the magnetic domain
structures and magnetic domain reversal
processes in Co dot arrays. One length scale
is set by the geometry of the dots, and the
other is imposed by the size of a domain
wall separating two adjacent domains.
When starting from a previously stabilized
concentric ring configuration, we observe
clear jumps in the first magnetization curve
of an array that are clearly linked to specific
domain annihilation processes.

Investigating domain patterns in mag-
netic storage devices is becoming increas-
ingly necessary for industrial applications as
written bits become smaller and smaller. In
order to prevent accidental switching of
magnetic domains, stringent control of the
quality of the material and the dot geometry
is required.
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Adenosine Diphosphate as an Intracellular
Regulator of Insulin Secretion

C. G. Nichols,” S.-L. Shyng, A. Nestorowicz, B. Glaser,
J. P. Clement IV, G. Gonzalez, L. Aguilar-Bryan,
M. A. Permutt,T J. Bryant

Adenosine triphosphate (ATP)-sensitive potassium (K,p) channels couple the cellular
metabolic state to electrical activity and are a critical link between blood glucose con-
centration and pancreatic insulin secretion. A mutation in the second nucleotide-binding
fold (NBF2) of the sulfonylurea receptor (SUR) of an individual diagnosed with persistent
hyperinsulinemic hypoglycemia of infancy generated K, channels that could be
opened by diazoxide but not in response to metabolic inhibition. The hamster SUR,
containing the analogous mutation, had normal ATP sensitivity, but unlike wild-type
channels, inhibition by ATP was not antagonized by adenosine diphosphate (ADP).
Additional mutations in NBF2 resulted in the same phenotype, whereas an equivalent
mutation in NBF1 showed normal sensitivity to MgADP. Thus, by binding to SUR NBF2
and antagonizing ATP inhibition of K,; channels, intracellular MgADP may regulate

insulin secretion.

Potassium channels that are ATP-sensitive
are found in many types of cells and serve to
couple metabolic state to electrical activity
(1). By hyperpolarizing the cell, K, p chan-
nels limit electrical activity and hence re-
duce calcium entry into muscle and nerve
cells. In the pancreas, they are a critical link
between blood glucose concentration and
insulin secretion (I). ATP binding can
cause closure of the K, 1p channel, and, by
antagonizing this action, MgADP causes
channel opening. When glucose concentra-
tion is low, and hence glycolysis is inhibit-
ed, the fall in the intracellular concentra-

tion of ATP ([ATP]) and rise in [ADP] may
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combine to activate pancreatic K, 1p chan-
nels (2, 3), resulting in hyperpolarization of
the B cell, inhibition of calcium entry, and
a halt in insulin secretion. The pancreatic
K,rp channel is encoded by the sulfonyl-
urea receptor [SUR, a member of the ATP-
binding cassette (ABC) superfamily] (4)
and a small inward rectifier K channel
(Kir6.2) subunit (5).

If changes in nucleotide concentrations
link insulin secretion to the blood glucose
concentration, then changes in the ADP or
ATP sensitivity of the channel should shift
the relation between insulin secretion and
blood glucose concentration and lead to
either a diabetic, hypoinsulinemic, or hy-
perinsulinemic state. Inherited mutations in
SUR can cause persistent hyperinsulinemic
hypoglycemia of infancy (PHHI) (6), a dis-
ease characterized by glucose-independent
insulin secretion (7). We isolated mutations
in SUR by analysis of genomic DNA sam-
ples from individuals affected with PHHI.
In one individual, a mutation was found
that corresponded to a point mutation
(G1479R, where glycine is replaced by ar-
ginine at position 1479) in the second nu-

cleotide-binding fold (NBF2) of SUR. The

1785





