AQC systems. They are scalable, easily ma-
nipulated, and have perfectly acceptable de-
coherence times, and no existing technologi-
cal barriers seem to be present.
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Spontaneous Bubble Domain
Formation in a Layered
Ferromagnetic Crystal

T. Fukumura,™ H. Sugawara,’} T. Hasegawa,? K. Tanaka,3}
H. Sakaki,3§ T. Kimura,* Y. Tokura**

Magnetic domain structure on the surface of the layer-structured ferromagnet
La, ,Sr, ¢Mn,O, was observed in the temperature range from 37 to 97 kelvin
with a scanning Hall probe microscope. The sensitivity to temperature of the
domain structure changes was large relative to that in conventional ferromag-
nets. The stable and spontaneous appearance of magnetic bubble domains
without an external magnetic field was observed in the neighborhood of 70
kelvin. The phenomenon observed could provide a potential route toward

magnetic bubble memory.

The development of the computer industry
demands higher density magnetic recording
memory, which is being achieved by using
smaller magnetic domains. The bubble do-
main is considered useful as a magnetic bit of
high-density magnetic recording memory,
because its diameter is small and the circular
shape of the bubble domain is stable
against any small external disturbance that
deforms it (/). However, the bubble domain
is not widely used for recording memory
because the generation of a magnetic do-
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main requires an external magnetic field.
The minimization of the sum of the domain
wall energy and the magnetostatic energy
results in the appearance of a stripe domain
instead of a bubble domain unless a mag-
netic field is applied (2). This stripe domain
is not completely satisfactory for high-den-
sity recording. .

We observed a domain structure along the
surface of the single crystal of a layered ferro-
magnetic material, La, ,Sr; Mn,O,, with a
scanning Hall probe microscope (SHPM). The
domain structure was remarkably different
from that of conventional bulk ferromagnetic
materials. Small bubble domains formed in the
absence of an external magnetic field over a
certain temperature range.

Single crystals of La, ,Sr, ;Mn,O, were
grown by the float-zone method (3). This
compound has a naturally built-in ferro-
magnetic multilayer structure regarded as
an infinite stacking of magnetic (MnO,
bilayer) and nonmagnetic layers [(La,
Sr),0, layer] and exhibits a marked change
in its magnetic structure with temperature
(4. 5). Recent muon spin rotation (6) and
neutron diffraction measurements (7) have
revealed that long-range ferromagnetic
coupling within a bilayer evolves below
~90 K. where the magnetic moments begin
to rotate toward the ¢ axis (perpendicular to
MnO, bilayers) with decreasing tempera-
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ture. At temperatures below 60 K, the mag-
netic moments of respective single MnO, lay-
ers couple ferromagnetically within a bilayer
and align nearly along the ¢ axis. The magnetic
coupling between the adjacent MnO, bilayers is
mostly antiferromagnetic.

The cleaved ab plane (parallel to MnO,
bilayers) of a single crystalline platelet
sample (2 mm by 1.4 mm by 0.8 mm) was
examined under a homemade variable-tem-
perature SHPM (8). The SHPM is designed
to pick up the spatial distribution of the
magnetic field just above the sample sur-
face by scanning a horizontally placed min-
iature Hall probe. The distribution of the
c-axis component of the magnetic field, B_,
was imaged by keeping a probe-to-sample
distance of ~0.5 pm. The active area of the
Hall probe was 1.8 pm by 1.8 um, and its
Hall coefficient was ~1.2 ohm/mT. Under
a zero magnetic field, the SHPM measure-
ments were performed from 37 to 97 K.
The Hall probe was scanned over the same
area throughout the measurements, al-
though the scanned area became narrower
as the temperature was lowered because of
the reduction of the piezoelectric constant.
SHPM images were taken at various tem-
peratures (Fig. 1).

At 37 K, the observed B. was approxi-
mately zero over most of the scanned area
(Fig. 1A), representing the disappearance of
net magnetization due to antiferromagnetic
coupling between adjacent MnO, bilayers;
that is, the magnetization of the adjacent bi-
layers is opposite each other, yielding zero
magnetic field above the sample surface.
However, magnetic domains were observed
on the right-hand side of the image. At 51 K,
these ferromagnetic domains occupied nearly
half of the imaged area (Fig. 1C). As temper-
ature was increased, the area of the domains
expanded, accompanied by the increase in B_.
These images (Fig. 1, A to C) indicate the
existence of ferromagnetic coupling between
the adjacent MnO, bilayers, as well as the
antiferromagnetic coupling.

At 60 K, a multidomain structure ap-
peared throughout the imaged area with a
domain size of ~3 um (Fig. 1D). The do-
mains had an elongated shape and were ar-
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Fig. 1. Variation of the domain struc-
ture in the cleaved surface of a
La, 451, gMn,0O; single crystal. Color
bars indicate the measured magnetic
field (in milliteslas) normal to the
sample surface. Scanned areas of all
panels are 8 um by 8 pm. Temper-
atures: (A) 37 K, (B) 46 K, (C) 51K,
(D) 60 K, (E) 72 K, (F) 78 K, (G) 87K,
and (H), 97 K. (1), (J). and (K) are the
same as (B), (E), and (H) but sharing
the same color scale.

Fig. 2. Schematic of the magnetic structure. (A)
Arrangement of the magnetization along the ¢
axis. The c-axis components of the magnetiza-
tion are opposite each other. The domain
boundary corresponds to a nonmagnetic layer.
(B) A domain structure consisting of spontane-
ously formed bubble domains at 72 K. The
c-axis component of the magnetization of each
domain is alternately arranged. Inset shows
that the upper bubble domain is supplied with
a magnetic field from the lower magnetic do-
main adjacent along the ¢ axis. Thick and thin
arrows represent the magnetization and the
magnetic field lines, respectively.
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ranged irregularly. At 72 K, the domains
became circular and uniform-sized in a close-
packed array (Fig. 1E). As the temperature
was increased further, the circular domains
began to collapse again into an irregular B,
pattern at 78 K (Fig. 1F). Such a remarkable
change in domain structure with temperature
was not seen in the cubic La, ¢sCa, ;sMnO;
film reported earlier (9). Domains with a
typical stripe shape were not observed in the
present experiment, although they are com-
monly observed in other ferromagnetic mate-
rials in zero magnetic field. Figure 1E shows
the spontaneous formation of a bubble do-
main without an external magnetic field.
The measured B, is much smaller than that
expected if the thickness of the domain is
comparable to the sample thickness. This can
be explained by assuming that the domain
stacks along the ¢ axis with the c-axis com-
ponent of magnetization opposite that of the
adjacent domain (Fig. 2A). Therefore, the
domain is supplied a magnetic field from the

adjacent domain, as these domains repel each
other.

This situation is similar to that in which a
bubble domain is formed in a ferromagnetic
material by applying an external magnetic
field. For the stable formation of the bubble
domain, the condition Hy + Hy, = Hp is
required, where Hg, Hy,, and Hp, are the bias
magnetic field from the adjacent domain, the
magnetic field originating from the domain
wall, and the demagnetization field of the
bubble domain, respectively (/). Hg, Hy,, and
Hy, are functions of the bubble diameter d,
the domain thickness ¢, and the saturation
magnetization Mg (10). The stable bubble
diameter calculated from the above condi-
tion by adopting ¢, as evaluated from the
measured B, and the c-axis component of
Mg (= M) [see figure 1b of (5)], is approx-
imately the same as the observed diameter
shown in Fig. 1E.

The variance in the domain structure as
a function of temperature (Fig. 1, D to F) is
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attributed to the change in the magneto-
static energy of the domain caused by the
relation of the temperature-dependent M
to the stability of the formation of the
bubble domain (7). The elongated domain
is transformed into the collapse of the bub-
ble domain as M. is decreased (Fig. 1, D
and F), because Hy, increases and H, de-
creases with decreased M, leading to the
instability of the domain as a result of
decreasing magnetostatic energy. For the
formation of the bubble domain at 72 K, the
important factor is not only the value of A/
but also the thin domain originating in the
large anisotropic crystalline structure. If the
domain is thicker, the elongated domain
will appear because H, increases with in-
creasing 7. The balance between the appro-
priate value of M and the thickness of the
domain is preserved for the stable forma-
tion of the bubble domain at 72 K.

At 87 K, a steep structure appears with a
larger absolute value of B_ than that at
lower temperatures (Fig. 1G). In this tem-
perature range, the magnetic moments
nearly lie in the MnO, plane. Therefore,
the structure represents a stray field arising
from the boundaries of magnetic domains
with in-plane magnetization. At 97 K, the
B_ value of the observed structure is in-
creased because of further tilting of the
magnetic moments toward the MnO, plane
(Fig. 1H). The size of the domain is
nonuniform.

The observed close-packed bubble do-
main in the structure is promising for high-
density magnetic recording. Removing the
need for an external magnetic field for the
generation of the domain provides a cost
incentive for the downsizing of the device. In
terms of its practical application, the bubble
domain structure obtained in this study is still
limited in temperature range; moreover, the
size of the domain is not small enough. Fur-
ther optimization of the material should be
achieved through raising the temperature of
the stable formation of the smaller bubble
domains, either by finding a new composition
for the layered structure or by fabricating an
artificial layer structure.
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Hy = ow/(dMs)
where o, is domain wall energy per unit area.
Ho = 8M(1 + d%/t2) 2 E(k, m/2) — 8dMs/t

Where

w2
E(k, m/2) =f (1 — k% cos?6)"2 dp
[
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Century-Scale Shifts in Early
Holocene Atmospheric CO,
Concentration

Friederike Wagner," Sjoerd J. P. Bohncke,? David L. Dilcher,?
Wolfram M. Kiirschner,” Bas van Geel,* Henk Visscher?

The inverse relation between atmospheric carbon dioxide concentration and
stomatal frequency in tree leaves provides an accurate method for detecting
and quantifying century-scale carbon dioxide fluctuations. Stomatal frequency
signatures of fossil birch leaves reflect an abrupt carbon dioxide increase at the
beginning of the Holocene. A succeeding carbon dioxide decline matches the
Preboreal Oscillation, a 150-year cooling pulse that occurred about 300 years
after the onset of the Holocene. In contrast to conventional ice core estimates
of 270 to 280 parts per million by volume (ppmv), the stomatal frequency signal
suggests that early Holocene carbon dioxide concentrations were well above

300 ppmv.

The records of the relation of greenhouse gases
to Quaternary climate change come largely
from ice cores from Antarctica and Greenland.
Trends in the atmospheric CO, amount parallel
those of the temperature inferred from the iso-
topic compositions of oxygen (8'%0) and hy-
drogen (8D) during the past 250,000 years,
showing that variation in greenhouse gas con-
centrations is an important factor in long-term
glacial-interglacial climate evolution (7). Car-
bon dioxide data from ice cores also seem to
correlate  with millennial-scale temperature
changes (2). However, a correlation of atmo-
spheric CO, amounts to century-scale climate
shifts in the Holocene (3, 4) is still unclear.
Most of the Holocene ice core records from
Antarctica do not have adequate temporal res-
olution (5). In Greenland ice, the Holocene CO,
concentrations are generally considered to be
influenced by postdepositional enrichment (6).
Because of the apparent inadequacies and con-
troversies in the CO, records derived from ice
sheets, alternative methods have to be devel-
oped to improve the accuracy of detecting and
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quantifying possible short-term shifts in the
Holocene atmospheric CO, regime. Here, we
provide a century-scale record of early Holo-
cene atmospheric CO, amounts, based on a
stomatal frequency analysis of leaves that were
buried in peat deposits.

An analysis of herbarium material collect-
ed over the past 200 years and controlled
growth experiments under preindustrial CO,
amounts (7, 8) has shown that, for Northern
Hemisphere tree species, stomatal frequency
decreases linearly as atmospheric CO, con-
centration increases. A near-annual analysis
of a 40-year record of the buried leaves of a
solitary growing birch (Betula pendula) has
illustrated that deciduous trees are equipped
with a plastic phenotype, capable of a lifetime
adjustment of stomatal frequency to an in-
crease in anthropogenic CO, (9).

Stomatal frequency is conventionally ex-
pressed in terms of stomatal density and sto-
matal index (SI) (/0). In contrast to stomatal
density, SI expresses frequency changes in-
dependently of variation in epidermal cell
size and therefore is the more sensitive pa-
rameter for detecting stomatal frequency re-
sponse to changes in CO, concentration (/1).
The effects of intrinsic variation in SI values
within and among leaves of an individual tree
species (11, 12) can be accounted for analyt-
ically, allowing the replication of temporal
trends of mean SI values (9, 13). At least for
European tree birches (B. pendula and B.
pubescens), field studies and controlled-envi-
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