
magnettzed ulasma is convected elther to- " 

ward or away from Jupiter by the  reconnec- 
tion nrocess. T h e  angular velocity of the  
plaska initially incre;ses inward of the  re- 
connection point, producing a corotation 
lead. Outward frotn this point, ~t decreases 
and the field is swept backward out -of the  
meridian plane. This backward sweep of the  
field began before the  sudden northward 
turning o n  14 June and lasted about 4 min. 
Then,  the  field reverted to the  usual antl- 
correlated radial and azimuthal fields char- 
acteristic of quiet times. T h e  17 June event 
has the anticorrelated radial and azimuthal 
fields for the  entire period of enhanced 
vertical field. 

O n  short time scales when the  reconnec- 
tlon rate is hleh. the lnertia of the mass of c z ,  

the thicker part of the current sheet repre- 
sents an  obstacle to the reconnected vlasma. 
T h e  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 fleld in the small- 
er event. T h e  noise and weakened radial 
field are signs of hot  plasma far frotn the 
center of the current sheet 1-7 R,), as esti- 

J '  ' 

mated from a model (8).  
T h e  vertical transients in the  magnetic 

fleld (Fig. 2) occurred throughout June 
1997 when Galileo was a t  local tllnes 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 o n  other Galileo orbits in the  
region postmidnight (before 3 A M  local 
time) and >50 RJ from the planet. These 
orbits also contain energetic particle bursts 
possibly associated with a reconfiguratlon of 
the rnagnetic field (9) .  Voyager 2 was the 
only previous lnisslon to pass through this 
region and did not  observe such magnetic 
events (3).  T h e  absence of similar magnetic 
signatures in  the  Voyager 2 data may relate 
to  ~ t s  greater radial velocity so that Voyager 
spent much less time in  the  actlve region. 

It  is dlfflcult wlth a single satellite to  
determine the  size of the  affected region. " ,  

especially In the  radlal direction. T h e  dis- 
turbed vertlcal field lasted about 30 min. 
durlng which time the  planet rotated about 
20". T h e  arc of rotating ~ l a s m a  that moves " 

past Galileo in 30 min a t  these distances is 
about 25 R, if the  nlasma is nearlv corotat- 
ing. W e  wduld expkct that  the  radlal 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 taklng place in the  ~nagnetodisk 
(10).  T h e  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 R, might occur in a 
tlme as short as 3 min, not  inconsistent 
with the  onsets of our two observed events. 
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Ferromagnetism in LaFe0,-LaCrO, 
Superlattices 

Kenji Ueda, Hitoshi Tabata, Tomoji Kawai* 

Ferromagnetic spin order has been realized in the LaCr0,-LaFeO, superlattices. Fer- 
romagnetic coupling between Fe3+ and Cr3+ through oxygen has long been expected 
on the basis of Anderson, Goodenough, and Kanamori rules. Despite many studies of 
Fe-0-Cr-based compounds, random positioning of Fe3+ and Cr3+ ions has frustrated 
the observation of ferromagnetic properties. By creating artificial superlattices of Fe3+ 
and Cr3+ layer along the [I 1 I ]  direction, ferromagnetic ordering has been achieved. 

A magnetic interactton between two mag- 
netic ions through a nonmagnetic Ion (such 
as oxygen) was flrst 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) a t  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. 
O n  the  basis of these rules, the  180" super- 
exchange interaction In a metal ditner 
bridged via oxygen that  has a d3-d5 electron 
state ( IM-0-M = 180" and M = Fe3+, 
Cr3+,  and so forth) is predicted to have FM 
order (4). T h e  most typical and still ~111- 
achieved combination is Fe-0-Cr  systems 
(5). It is expected that  lf Fe3+ and Cr3+ 
lons are introduced alternately in  the  B site 
of perovskite-type transition metal oxides 
(ABO,),  the  synthesis of FM materials can 
be achieved. Although some attempts to 
svnthesize such materials have been made 
by sintering methods, the  atomic order of 
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Fe-0-Cr  has not  been achleved because 
such materials phase separate into Fe oxide 
and C r  oxide phases (6) .  As a result, a FM 
ordered phase has not  been obtained, and 
the  materials have been shown to  have an  
A F  character (7, 8) .  

T h e  single-phase LaCr03  and LaFe03 
have A F  structures with both inter- and 
intralayer antiparallel spin alignments and 
Nee1 temperatures (Ts) of 280 and 750K, 
respectively (9-1 1 ) .  If an  artificial superlat- 
tice of LaCr0,-LaFeO, is synthesized by 
depositing alternating layers of LaCr03  and 
LaFeO, along the  [ I l l ]  direction, it may be 
possible to  form films that have varlous 
rnagnetic properties by controlling the  
stacklng periodicity. Ferro~nagnetis~n can 
occur especially In the  case of one layer by 
one layer stacking o n  the  (111) surface 
because Fe3+ and Cr3+ ions are bridged by 
oxygen ions alternately in  the  film (Fig. 1) .  

W e  have synthesized a FM artificial su- 
perlattice by alternately stacking one unit 
layer of LaCrO, and LaFe03 o n  a SrTiO, 
[ I l l ]  single crystal by laser molecular beam 
epitaxy (MBE) (Fig. I ) .  Such materials can- 
not  be obtained In the  conventional bulk 
phase because they are thermodynarnically 
unstable (6-8). Furthermore, even if phase 
separation is avoided so that Fe3+ and Cr3+ 
ions mix randomly, A F  interactions are 
dominant in the  material because the  Fe3+- 
0 - C r 3 +  ordered phase could not  be 
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Fig. 1. A schematic diagram for the construction 
of the LaCrO,-LaFeO, superlattice along the [I 1 I] 
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 LaCrO,- 
LaFeO, (1/1 layer) superlattice formed on a SrliO, 
(1 11) substrate. 

achieved statistically. An artificial superlat- 
tice is a powerful tool for synthesizing these 
materials (1 2). 

The magnetic superlattices were con- 
structed as follows. The LaCr03 and LaFe03 
layers were stacked by multiple taxget 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 SrTiO, 
(1 11) 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 8, (1 
unit layer) to 16.1 8, (7 unit layers), and the 
total thickness of the superlattices was 600 to 
1100 8, (14). 

X-ray diffraction measurements of La- 

Fig. 3. Temperature dependence 
of magnetization of LaCr0,- 
LaFeO, superlattice on SrliO, 
(1 1 1) (@) and that of LaCr,,Fe,,O, 
solid solution film (O), measured in a 
0.1 -T magnetic field applied paralld 
to the substrate surface. 

Cr03-LaFe03 superlattices in each stacking also observed and showed magnetization of 
periodicity exhibit characteristics of artifi- 1 p,g per site. The magnetic moment per 
cia1 structures (Fig. 2). The distance be- site is obtained by assuming that the ferro- 
tween layers (corresponding to the distance magnetism comes from the interfacial layers 
between FeO-CrO layers) is 2.29 8,, and and that other inner layers that are not 
the full width at half maximum is -0.28O to directlv in contact with it do not contribute 
0.20°, which indicates that our sample is 
well constructed, as desired. The RHEED 
measurements of the LaCr03-LaFe03 arti- 
ficial superlattices on SrTi03 (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 LaCr03-LaFe03 artificial 
superlattices with a s tacki i  periodicity of 
1/1 layer on SrTiO, (1 11) 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 LaCr03- 
LaFe03 superlattices. increases with de- 
creasing temperature, and the saturation 
magnetization approaches -2 electromag- 
netic unit& which corresponds to about 3 
Bohr magnetons ( h )  at one site. From 
the theoretical estimation. the mametiza- " 
tion value of 4 h per site would be ex- 
pected because of the atomic order of 
Fe3+(d5)-0-C?+(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 

where Mo is the saturation magnetization at 
T = 0 and Tc is the Curie temperature. For 
values of a = 1.09 and $ = 0.33, the curve 
is well reproduced. The value of $ = 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 
717 layer superlattice, a FM character was 

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(Feo.,Cr0.,)O3 solid solution film in a 
0.1-T field (Fig. 3) differs from that of the 
LaCr03-LaFe03 (111) 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. Femmagnetism might also ex- 
plain the M-T character of the LaCr03- 
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Fig. A (A) Hysteresis curves for LaCrO,-LaFeO, 
on SrliO, (1 1 1) in the field range of +2000 Oe at 
6 K (0) and 350 K (0). (B) Hysteresis curve at 6 K 
in the field range of + 10 kOe. The magnetic field is 
applied parallel to the film plane. 



LaFeO, (111) superlattice. However, the 
magnetization value of 3 p B  per slte is too 
large to attribute to a ferrimagnetic order. 
The dependence of M on the magnetic field 
(hysteresis curve) of LaCr03-LaFe03 artifi- 
cial superlattice (111 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. 48) .  In the enlarged hysteresis 
curve (Fig. 4A),  the relnnant M of the 
superlattices decreases with increasing tern- 
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 x 10-" 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. '4s a 
result, many assays for DNA damage have 
been developed over the past 30 years; each 
has ~ t s  advantages and disadvantages (1,  2).  
A~nong the important criteria to consider 
when assessing the usefulness of an assay are 
its specificity, sensitivity, and simplicity. 
Measurement of oxidative DNA damage 

L z  

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, 
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high-performance liquid chromatography 
with electroche~nical and mass spectrome- 
try detection, postlabeling, and iminunoas- 
says have proven extremely useful for ana- 
lyzing modified bases (4) .  However, they 
curre~~tly lack the sensitivity required to 
monitor repair of the DNA of cells treated 
with clinically relevant doses of radiation- 
that is, 5 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). 
O n  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- 
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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- 
lnodeoxyuridine (BrdU) (9), because we 
could generate model DNA antigens con- 
taining a specified quantity of this modified 
base, and tetra~nethylrhodamine (TMR)-la- 
beled secondary antibodies because of the 
convenient fluorescence wavelengths. To  
prepare the antigens, we cleaved pUC18 
plasinid molecules with Sal I, filled in the 
overhanging termini by incorporating nu- 
cleotides including BrdU, and then ligated 
the plasmid molecules (1 0). Thus, two mol- 
ecules of BrdU were incorporated per mol- 
ecule of pUC18 [2690 base pairs (by)]. Cap- 
illary electrophoresis separates the unbound 
secondary antibody (Fig. lA ,  ~ e a k  I ) ,  the 
complex of secondary and primary antibody 
(Fig. lB, peak 2), and the complex of anti- 
gen with the primary and secondary anti- 
bodies (Fig. IC ,  peak 3) .  The signal in peak 
3 (Fig. I C )  was produced by -3 x 10-19 
11101 of BrdU. 

We  compared the signals produced by 
BrdU-containing plasmid DNA at a con- 
centration of 0.05 pg/ml in the absence 
(Fig. ID) or presence (Fig. IE) of unmodi- 
fied pUC18 DNA (450 pg/ml), which cor- 
respol~ds to a final ratio of 2 BrdU mole- 
cules per 2.42 X 10' 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 p,g/ml 
and 1 nl was injected into the capillary, the 
signal in peak 3 represents -6 X lo-*' mol 
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