
DOI: 10.1126/science.280.5366.1064
, 1064 (1998);280 Science

, et al.Kenji Ueda
 Superlattices3-LaCrO3Ferromagnetism in LaFeO

 This copy is for your personal, non-commercial use only.

 clicking here.colleagues, clients, or customers by 
, you can order high-quality copies for yourIf you wish to distribute this article to others

 
 here.following the guidelines 

 can be obtained byPermission to republish or repurpose articles or portions of articles

 
 ): October 21, 2011 www.sciencemag.org (this infomation is current as of

The following resources related to this article are available online at

 http://www.sciencemag.org/content/280/5366/1064.full.html
version of this article at: 

including high-resolution figures, can be found in the onlineUpdated information and services, 

127 article(s) on the ISI Web of Sciencecited by This article has been 

 http://www.sciencemag.org/content/280/5366/1064.full.html#related-urls
1 articles hosted by HighWire Press; see:cited by This article has been 

 http://www.sciencemag.org/cgi/collection/app_physics
Physics, Applied

subject collections:This article appears in the following 

registered trademark of AAAS. 
 is aScience1998 by the American Association for the Advancement of Science; all rights reserved. The title 

CopyrightAmerican Association for the Advancement of Science, 1200 New York Avenue NW, Washington, DC 20005. 
(print ISSN 0036-8075; online ISSN 1095-9203) is published weekly, except the last week in December, by theScience 

 o
n 

O
ct

ob
er

 2
1,

 2
01

1
w

w
w

.s
ci

en
ce

m
ag

.o
rg

D
ow

nl
oa

de
d 

fr
om

 

http://www.sciencemag.org/about/permissions.dtl
http://www.sciencemag.org/about/permissions.dtl
http://www.sciencemag.org/content/280/5366/1064.full.html
http://www.sciencemag.org/content/280/5366/1064.full.html#related-urls
http://www.sciencemag.org/cgi/collection/app_physics
http://www.sciencemag.org/


magnetized plasma is convected either to-
ward or away from Jupiter by the reconnec-
tion process. The angular velocity of the
plasma initially increases inward of the re-
connection point, producing a corotation
lead. Outward from this point, it decreases
and the field is swept backward out of the
meridian plane. This backward sweep of the
field began before the sudden northward
turning on 14 June and lasted about 4 min.
Then, the field reverted to the usual anti-
correlated radial and azimuthal fields char-
acteristic of quiet times. The 17 June event
has the anticorrelated radial and azimuthal
fields for the entire period of enhanced
vertical field.

On short time scales when the reconnec-
tion rate is high, the inertia of the mass of
the thicker part of the current sheet repre-
sents an obstacle to the reconnected plasma.
The newly reconnected magnetized plasma
piles up against the current sheet and creates
a thick region of plasma surrounding it. Ev-
idence for the thickening can be seen in the
noise and weakened radial field in the small-
er event. The noise and weakened radial
field are signs of hot plasma far from the
center of the current sheet (;7 RJ), as esti-
mated from a model (8).

The vertical transients in the magnetic
field (Fig. 2) occurred throughout June
1997 when Galileo was at local times great-
er than 00:40 and radial distances .50 RJ,
but few were as strong as our two examples.
Similar behavior is seen in the shorter seg-
ments of data on other Galileo orbits in the
region postmidnight (before 3 AM local
time) and .50 RJ from the planet. These
orbits also contain energetic particle bursts
possibly associated with a reconfiguration of
the magnetic field (9). Voyager 2 was the
only previous mission to pass through this
region and did not observe such magnetic
events (3). The absence of similar magnetic
signatures in the Voyager 2 data may relate
to its greater radial velocity so that Voyager
spent much less time in the active region.

It is difficult with a single satellite to
determine the size of the affected region,
especially in the radial direction. The dis-
turbed vertical field lasted about 30 min,
during which time the planet rotated about
20°. The arc of rotating plasma that moves
past Galileo in 30 min at these distances is
about 25 RJ if the plasma is nearly corotat-
ing. We would expect that the radial extent
might be similar. Thus, these disturbances
appear to be large but not global events and
may represent only a fraction of the recon-
nection taking place in the magnetodisk
(10). The rapidity of the onset is not sur-
prising given that the reconnection should
accelerate the plasma to the order of the
Alfven velocity that may be higher than
5000 km/s in the tail lobes. Thus, a radial

displacement of 12.5 RJ might occur in a
time as short as 3 min, not inconsistent
with the onsets of our two observed events.
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Ferromagnetism in LaFeO3-LaCrO3
Superlattices

Kenji Ueda, Hitoshi Tabata, Tomoji Kawai*

Ferromagnetic spin order has been realized in the LaCrO3-LaFeO3 superlattices. Fer-
romagnetic coupling between Fe31 and Cr31 through oxygen has long been expected
on the basis of Anderson, Goodenough, and Kanamori rules. Despite many studies of
Fe-O-Cr–based compounds, random positioning of Fe31 and Cr31 ions has frustrated
the observation of ferromagnetic properties. By creating artificial superlattices of Fe31

and Cr31 layer along the [111] direction, ferromagnetic ordering has been achieved.

A magnetic interaction between two mag-
netic ions through a nonmagnetic ion (such
as oxygen) was first proposed by Kramers
(1) and was systematized by Anderson (2).
Later, this so-called superexchange interac-
tion was refined by Goodenough (3) and
Kanamori (4) at a level so that this theory
can be applied to various magnetic materi-
als. According to their rules, we can esti-
mate and predict whether a magnetic inter-
action through a superexchange interaction
between two spins has a ferromagnetic
(FM) or antiferromagnetic (AF) character.
Many researchers have used this idea as a
starting point for synthesizing ferromagnets.
On the basis of these rules, the 180° super-
exchange interaction in a metal dimer
bridged via oxygen that has a d3-d5 electron
state (/M-O-M 5 180° and M 5 Fe31,
Cr31, and so forth) is predicted to have FM
order (4). The most typical and still un-
achieved combination is Fe-O-Cr systems
(5). It is expected that if Fe31 and Cr31

ions are introduced alternately in the B site
of perovskite-type transition metal oxides
(ABO3), the synthesis of FM materials can
be achieved. Although some attempts to
synthesize such materials have been made
by sintering methods, the atomic order of

Fe-O-Cr has not been achieved because
such materials phase separate into Fe oxide
and Cr oxide phases (6). As a result, a FM
ordered phase has not been obtained, and
the materials have been shown to have an
AF character (7, 8).

The single-phase LaCrO3 and LaFeO3
have AF structures with both inter- and
intralayer antiparallel spin alignments and
Neel temperatures (TN) of 280 and 750K,
respectively (9–11). If an artificial superlat-
tice of LaCrO3-LaFeO3 is synthesized by
depositing alternating layers of LaCrO3 and
LaFeO3 along the [111] direction, it may be
possible to form films that have various
magnetic properties by controlling the
stacking periodicity. Ferromagnetism can
occur especially in the case of one layer by
one layer stacking on the (111) surface
because Fe31 and Cr31 ions are bridged by
oxygen ions alternately in the film (Fig. 1).

We have synthesized a FM artificial su-
perlattice by alternately stacking one unit
layer of LaCrO3 and LaFeO3 on a SrTiO3
[111] single crystal by laser molecular beam
epitaxy (MBE) (Fig. 1). Such materials can-
not be obtained in the conventional bulk
phase because they are thermodynamically
unstable (6–8). Furthermore, even if phase
separation is avoided so that Fe31 and Cr31

ions mix randomly, AF interactions are
dominant in the material because the Fe31-
O-Cr31 ordered phase could not be
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achieved statistically. An artificial superlat-
tice is a powerful tool for synthesizing these
materials (12).

The magnetic superlattices were con-
structed as follows. The LaCrO3 and LaFeO3
layers were stacked by multiple target pulsed
laser deposition (PLD) (Fig. 1). An ArF
excimer laser pulse was focused on the tar-
gets to induce ablation, and the ablated at-
oms and ions were deposited on the SrTiO3
(111) substrate. Atomic-scale control of the
crystal growth could be achieved by combin-
ing the PLD method with reflection–high-
energy electron diffraction (RHEED) obser-
vations (12, 13). The distance between the
Fe and Cr layers was varied from 2.3 Å (1
unit layer) to 16.1 Å (7 unit layers), and the
total thickness of the superlattices was 600 to
1100 Å (14).

X-ray diffraction measurements of La-

CrO3-LaFeO3 superlattices in each stacking
periodicity exhibit characteristics of artifi-
cial structures (Fig. 2). The distance be-
tween layers (corresponding to the distance
between FeO-CrO layers) is 2.29 Å, and
the full width at half maximum is ;0.28° to
0.20°, which indicates that our sample is
well constructed, as desired. The RHEED
measurements of the LaCrO3-LaFeO3 arti-
ficial superlattices on SrTiO3 (111) sub-
strate showed streaked patterns, indicating
that the films were formed epitaxially and
are highly crystallized up to the topmost
surface.

The temperature dependence of magne-
tization for the LaCrO3-LaFeO3 artificial
superlattices with a stacking periodicity of
1/1 layer on SrTiO3 (111) is shown in Fig.
3. In this case, a magnetic field of 1000 Oe
was applied parallel to the surface of the
substrate. FM transition is apparent at 375
K. The magnetization of the LaCrO3-
LaFeO3 superlattices increases with de-
creasing temperature, and the saturation
magnetization approaches ;2 electromag-
netic units/g which corresponds to about 3
Bohr magnetons (mB) at one site. From
the theoretical estimation, the magnetiza-
tion value of 4 mB per site would be ex-
pected because of the atomic order of
Fe31(d5)-O-Cr31(d3) high-spin state. Our
experimental values are slightly less than
the calculated one because of imperfec-
tions in the crystallinity and the atomic
stacking sequence of the superlattices. The
magnetization-temperature curve can be
fitted with the relation

M/M0 5 aSTc 2 T
Tc

Db

where M0 is the saturation magnetization at
T 5 0 and Tc is the Curie temperature. For
values of a 5 1.09 and b 5 0.33, the curve
is well reproduced. The value of b 5 0.33 is
similar to that for a standard Heisenberg-
type spin-spin coupling.

For artificial superlattices with larger
(.1 unit layer) stacking periodicity, the FM
interactions are introduced in the interface
between the Fe and Cr layer. Indeed, for the
7/7 layer superlattice, a FM character was

also observed and showed magnetization of
1 mB per site. The magnetic moment per
site is obtained by assuming that the ferro-
magnetism comes from the interfacial layers
and that other inner layers that are not
directly in contact with it do not contribute
a spontaneous magnetization. This is fur-
ther evidence of the FM character of our
superlattices.

As a reference, the M-T curve of the
La(Fe0.5Cr0.5)O3 solid solution film in a
0.1-T field (Fig. 3) differs from that of the
LaCrO3-LaFeO3 (1/1) superlattice. A cusp
shape is observed at 320 K, which is a
typical feature of antiferromagnetism. A
background that increased monotonously
with decreasing measured temperature was
caused by the paramagnetic character of the
substrate. Ferrimagnetism might also ex-
plain the M-T character of the LaCrO3-

Fig. 1. A schematic diagram for the construction
of the LaCrO3-LaFeO3 superlattice along the [111]
direction by laser molecular beam epitaxy. The
CrO layer and FeO layer are stacked alternately.
For clarity the atoms of oxygen and lanthanum
have been omitted.

Fig. 2. X-ray diffraction pattern of the LaCrO3-
LaFeO3 (1/1 layer) superlattice formed on a SrTiO3
(111) substrate.

Fig. 3. Temperature dependence
of magnetization of LaCrO3-
LaFeO3 superlattice on SrTiO3
(111) (F) and that of LaCr0.5Fe0.5O3
solid solution film (E), measured in a
0.1-T magnetic field applied parallel
to the substrate surface.

Fig. 4. (A) Hysteresis curves for LaCrO3-LaFeO3
on SrTiO3 (111) in the field range of 62000 Oe at
6 K (F) and 350 K (E). (B) Hysteresis curve at 6 K
in the field range of 610 kOe. The magnetic field is
applied parallel to the film plane.
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LaFeO3 (1/1) superlattice. However, the
magnetization value of 3 mB per site is too
large to attribute to a ferrimagnetic order.
The dependence of M on the magnetic field
(hysteresis curve) of LaCrO3-LaFeO3 artifi-
cial superlattice (1/1 sequence) on substrate
(111) is shown in Fig. 4. Hysteresis was
observed in the M-H curves in the temper-
ature region from 6 to 350 K. The M is
saturated under the applied field above 5
kOe (Fig. 4B). In the enlarged hysteresis
curve (Fig. 4A), the remnant M of the
superlattices decreases with increasing tem-
perature up to 375 K. Above a TC of 375 K,
it shows a paramagnetic character. These
features are typical of FM materials. Our

results provide further evidence that the
FM spin order is realized in the artificial
lattice with a one by one layer stacking
combination.
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Inducible Repair of Thymine Glycol Detected by
an Ultrasensitive Assay for DNA Damage

X. Chris Le,* James Z. Xing, Jane Lee, Steven A. Leadon,
Michael Weinfeld*

An ultrasensitive assay for measuring DNA base damage is described that couples
immunochemical recognition with capillary electrophoresis and laser-induced fluores-
cence detection. The method provides a detection limit of 3 3 10221 moles, an im-
provement of four to five orders of magnitude over current methods. Induction and repair
of thymine glycols were studied in irradiated A549 cells (a human lung carcinoma cell
line). Exposure of these cells to a low dose of radiation (0.25 Gray) 4 hours before a
clinically relevant dose (2 Gray) enhanced removal of thymine glycols after the higher
dose. These data provide evidence for an inducible repair response for radiation-induced
damage to DNA bases.

DNA damage and its cellular repair are key
determinants in the early stages of carcino-
genesis, cancer therapy, and aging. As a
result, many assays for DNA damage have
been developed over the past 30 years; each
has its advantages and disadvantages (1, 2).
Among the important criteria to consider
when assessing the usefulness of an assay are
its specificity, sensitivity, and simplicity.
Measurement of oxidative DNA damage
generated by ionizing radiation illustrates
the relative importance of each of these
criteria. Ionizing radiation produces a wide
assortment of DNA lesions, including a
large number of base modifications, strand
breaks, and DNA-protein crosslinks (3).
Because of their specificity, techniques such
as gas chromatography–mass spectrometry,

high-performance liquid chromatography
with electrochemical and mass spectrome-
try detection, postlabeling, and immunoas-
says have proven extremely useful for ana-
lyzing modified bases (4). However, they
currently lack the sensitivity required to
monitor repair of the DNA of cells treated
with clinically relevant doses of radiation—
that is, #2 Gray (Gy). In addition, the first
three methods involve a series of chemical
derivatization or enzymatic hydrolysis and
labeling steps, which means that great care
must be taken to ensure that there is min-
imal introduction of oxidative DNA lesions
by the procedure itself and that digestion
and labeling reactions are optimized (5).
On the other hand, electrophoretic ap-
proaches, such as pulsed-field gel electro-
phoresis and single-cell gel electrophoresis
(the comet assay), have the capacity to
detect damage at lower radiation doses but
for the most part are restricted to measure-
ment of strand breaks (6).

To monitor damage to DNA bases re-
sulting from therapeutic doses of radiation,
we have developed an assay that takes ad-
vantage of the high sensitivity (zeptomole,
or 10221 mol) afforded by capillary electro-

phoresis coupled with laser-induced fluores-
cence detection (7, 8), combined with the
specificity provided by monoclonal anti-
bodies to a single lesion. Sample manipula-
tion is limited to DNA extraction, incuba-
tion with antibodies, and capillary electro-
phoresis, thereby reducing potential arti-
facts caused by chemical or enzymatic DNA
digestion. Notably, the technique requires
only nanogram amounts of DNA.

To test the feasibility of the assay, we
used mouse monoclonal antibodies to bro-
modeoxyuridine (BrdU) (9), because we
could generate model DNA antigens con-
taining a specified quantity of this modified
base, and tetramethylrhodamine (TMR)-la-
beled secondary antibodies because of the
convenient fluorescence wavelengths. To
prepare the antigens, we cleaved pUC18
plasmid molecules with Sal I, filled in the
overhanging termini by incorporating nu-
cleotides including BrdU, and then ligated
the plasmid molecules (10). Thus, two mol-
ecules of BrdU were incorporated per mol-
ecule of pUC18 [2690 base pairs (bp)]. Cap-
illary electrophoresis separates the unbound
secondary antibody (Fig. 1A, peak 1), the
complex of secondary and primary antibody
(Fig. 1B, peak 2), and the complex of anti-
gen with the primary and secondary anti-
bodies (Fig. 1C, peak 3). The signal in peak
3 (Fig. 1C) was produced by ;3 3 10219

mol of BrdU.
We compared the signals produced by

BrdU-containing plasmid DNA at a con-
centration of 0.05 mg/ml in the absence
(Fig. 1D) or presence (Fig. 1E) of unmodi-
fied pUC18 DNA (450 mg/ml), which cor-
responds to a final ratio of 2 BrdU mole-
cules per 2.42 3 107 bp. The large excess of
undamaged DNA did not alter the signal in
peak 3. Because the sample concentration
of plasmid DNA antigen was 0.05 mg/ml
and 1 nl was injected into the capillary, the
signal in peak 3 represents ;6 3 10220 mol
of BrdU. The detection limit, based on a
signal-to-noise ratio of 3, was 3 3 10221
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