
dihedral angle. Prevlous \\-ark ha, s11o\v11 
that, 111 slmilar s\-stems, dihedral angle de- 
creases with i~icreaslng temperatiire (2 .  2C). 
A t  the same Lime, ~ncreasi~lg  presslire may 
increase dihedral angle (3 .  4) .  hlelt compo- 
sitlon also has a n  l~l t lue~ice  ( 2 .  3 ) .  T h e  
prof~le of dilieilral angle tliro~iglio~ir the lo\\-- 
er mantle then n.111 depenil o n  the interac- 
tion of all of these factors as the pressure and 
temperature increase. Better constra~nts on 
the effects of pressure, temperature, and 
compositio11 are needed before the percola- 
ti7.e ablllty of the l o w r  ~ l i a ~ i t l e  call be corn- 
pletel\- assessed; hon-ever, the -35" decrease 
in dihedral angle due to tlie m i n e r a l o ~  
change at the upper-lo\\-er llla~ltle boundary 
suggests percolatlo~i in the 1on.er ~ l l a ~ i t l e  may 
be a feasible core segregat~on mechanism. 

For the earl\- Earth, these results are most 
relevant to models of core formation. Core 
forlllatio~i by percolation 111 the entire man- 
tle is not feasible lxcause of the large illlie- 
dral angle in  matrlces forllled a t  l axe r  
presbures. Sonle meltilig of the  silicates, 
dlaplrlc ~~ i s t ab i l i t \ - ,  or a noneq l l~ l ib r~um 
process such as shear i~lg  may have l ~ e e n  
reiluired to  mobl1i:e the  illelt i i o ~ n ~ v a r d  a t  
lorn-er pressiires. However, the  &crease 111 

dihedral angle in loner  mantle assemblag- 
es suggests that  percola t lo~i  in the  deep 
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Localized Reconnection in the 
Near Jsvian Magnetotail 

. - 

Earth ma\- be possible under some condi- 
tlo11s. ~f so, tliell core formation colllL~ C. T. Russell,* K. K. Khurana, D. E. Huddleston, M. G. Kivelson 
ha1.e proceeiled b\- rainfall throiigh melted 
s~l icates  a t  lon~er  pressures (<25 to 30 
G P a )  (21)  a ~ i d  by percolati011 a t  greater 
pressures. If percolatlo~i is no t  e~iougi i  en-  
lianced hy the  decrease 111 ilihedral angle 
to  allow complete segregation of core ma- 
terial, the11 other mechanisms to lllobillre 
the  melt s i~cl i  as partla1 llleltillg of silicates 
or shearlng are needed to complete core 
formarlon. 

These data also have rallliflcatlo~ls for 
Earth 1101~. T h e  abilltl- of core nlaterial to 
~ n f ~ l t r a t e  the lower ~ l i a ~ i t l e  a t  the core-ma~i- 
tle bounilary is also characteri~ed, in part, 
by the dihedral angle. ,qn angle o n  tlie 
order of 71" mealis that core lllelt could 
percolate upa-arLl, by capillary action, some 
distance Into the base of the lo\%-er mantle. 
T h e  density contrast between lnantle and 
core nlav allo~v o~ i ly  a t h m  :one of metal 
capillar\- i~ifl l tratio~i.  If molten lroli 1s en- 
trained in D", then it will telid to percolate 
back to the core along gram boli~idar\- patli- 
v.ays. T h e  amount of melt present anLl the  
distance of illflltratloll will provide impor- 

The oppositely directed magnetic field in the jovian magnetic tail is expected eventually 
to reconnect across the current sheet, allowing plasma produced deep inside the mag- 
netosphere near lo's orbit to escape in the antisolar direction down the tail. The Galileo 
spacecraft found localized regions of strong northward and southward field components 
beyond about 50 jovian radii in the postmidnight, predawn sector of the jovian mag- 
netosphere. These pockets of vertical magnetic fields can be stronger than the sur- 
rounding magnetotail and magnetodisk fields. They may result from episodic recon- 
nection of patches of the near jovian magnetotail. 

T h e  Galileo spacecraft has, since i l ~ s e r t i o ~ ~  
o n  7 December 1995, operated at Juplter 111 

a series of orbits \vliose 11ne of apsiiles lias 
rotated from a positloli behind tlie iian.11 
terlni~iator to close to m ~ ~ l n ~ g l h t .  T h e  elglith 
of these orbits had sufficient telemetry 
banLIi~-idth that nearly continuous measure- 
ments coulii be obtained throligh tlie apo- 
101-e region and telenletered to Earth. Thls 
allon-ed us to study the telllporal stability of 
the  magnetodisk a ~ i d  near lliag~ietotail with 
the  data from the magnetometer ( 1 )  from 
mid~ili.ht to 3 , qLI  local tune and at ciis- 

talices from 5L1 to 11717 lovian railii (RI) horn 
the  planet (Fig. LA). O n  the basls of prevl- 
oiis olxervations b\- P l o ~ i e e ~  li? and 11 ( 2 ) ,  
\'oyager 1 a ~ i d  2 ( 3 ) ,  anil Ulysses (4), we 
expected the magnetospheric fleld to be 
radial1~- directed through ~l los t  of this region 
except near the current sheet. T h e  tilt of 
the magnetic iliaole asis colitrols tlie cur- - 
relit sheet location so that the  ciirrent sheet 
is, 111 ~ e n e r a l ,  displaced from the rotatio~ial 
equator In which Galileo o r b ~ t s  so that it 
call fly by the four Galllean moons (Flg. 
1B). Tlie rotatloll of Jupiter carries tlie cur- 

t a ~ i t  collstrai~its o n  models of the fo rmat~on  relit sheet hack and torth across Galileo 
C T F ~ s s e  I a rd  hl G Kive sol- I i s t l - ~ t e  of Gropiiyscs 

of D", i~iteractlo~is at the core llialitle Panria> aid Depanlrel.t cf Ea3il every 117 hours. 
boii~idary, and ~ l l a ~ i t l e  dynamics (22) .  space S c r  ices, U~-~~: r *s~ry  of C a  fern a. ~ o s  A i g r  es T h e  1-olcan~c moon Io siipplies up to a 

CA 90~35-1367.  USA to11 of ions per seco~iil to the jovlan mag- 
REFERENCES AND NOTES K K. K , i ~ ~ z l - a  an3 D E t ~ s d l e s t o i  rs t  rure of Geo- 

pi-yslcs Rl.d Paietaey FFr,.scs, Uil st,. or Callfornla ~letosphere.  Thls niaterial is transported ra- 
Los A r g r e s  CA 90C95-1567, 3% dially outlvard to ultimately be lost ~ O ~ Y I I  

- .  D J Steverson I -  O:;y- o:ire E~!T/I J E Nr:;scr 
a rd  J. H Jcnrs Eds Oxfcrcl Un,;. Fress, Ne~:~'Ycrk. *To l??,iolr correspol-clencr sho.11~ be azldresses E-1ra11, in the antisolar direction (j. 6). In 
'990). lpp 23--243. c - r~ssr l lE  gpp ~1c1a.ed.1 a perfectl\- electrically co~~dl l c t lng  fluid, the 
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Fig. 1. Orbt of tile Gaieo spacecraft ti the jovati magnetosphere. The of the magnetooause in this plane IS shown (1 1). (Bj The magnetc field 
orbt relnatis v~ th t i  1 '  of the rotatonal equator throughout t s  trajectory n e s  ti the noon-tndnght merdati at a tme  ?~vheti the northern magnetc 
(A; The eghth orbit projected n the equatora plane The data examl?ed d o o e  axs  IS  t t e d  awa:/ fro~n the sul? and the current sheet is belo\#t8 the 
heren ',!:ere obtaned between 15 May and 22 June. The average ocaton Galeo orbt.  

illlid e le~l ie~i ts  carrl- the ~nagnet ic  fielil with 
them. Becailse the  magnetic flus in  the 
jovian magnetosphere is controlled not  hy 
Io hut by currents in the interior of Jupiter, 
tliis transport process cannot result in  a net  
loss of magnetic flux hy the planet. Thus, 
n.e expect that,  a t  sollie clista~ice fro111 Jupi- 
ter in the m ~ d n i ~ l i t  sector, the current sheet 

L 

associated wit11 the  radial field configura- 
tion will pinch off, alloning the niaglietic 
field to reconliect across a portion of the  
curreiit disk and releasing a n  "island" of 
magneti:ed plasma doivn the magnetotail 
(5). T h e  rate of plasma loss tliroueh tliis - 
process, o n  ai7erage, should roughly balance 

the  s ~ ~ p p l y  of plasma to tlie magnetodisk 
f ro~l i  Io deep in  the magnetosphere. T h e  
emptiecl and shortened i l ~ ~ x  tuhes, rooted to 
Jupiter, s h o ~ ~ l d  then returii to the inner 
magnetosphere 111 response to magnetic and 
h~~oyanc \ -  forces. This e s i s t~ng  paradigm has 
heen built principally o n  iiidirect observa- 
tions. There  have heen iio direct ohserva- 
tions of tlie recoliiiectio~i process and n o  
iiidications as to n.hetlier reconnection is 
stead>-, or episodic as o n  Eartli. 

T h e  magnetic measurements obtained 
from 69 RI to apojove and hack to 69 RI o n  
Galileo's eiglitli orhit s h o n ~  a11 i r re~ular  
square-n-ave patterii o n  tlie r ad~a l  aiicl x i -  

Fig. 2. The rada theta, 60 RJ ICO R J  4 4 6C RJ 

and az~tnutha comoo- I 

nent of the ~nagtietci~ed 10 

on orb!t 8. The rad~ai 
component IS pos~t~ve o 
outward i:om Jup~ter. 
the theta component -10 

oos~t~\ /e  southitard, and -15 1 
r 

the azimuthal compo- 5 

nent oosit~\!e n the drec- o 
t~on of Jup~ter's rotaton, g 

16 May 26 May 5 June 15 June 

1997 

muthal components as the  current sheet 
crosses hack and forth over tlie snacecraft 
hecause of the  1Q-liour rotation ot the  plan- 
et (Fig. 1). A l t l i o ~ ~ g h  not evident o n  the  
scale plotted here, the r ad~a l  and as im~~tl ia l  
coLl1noiielits are anticorrelated, hecause tlie 
magnetic field lilies are swept hack out of 
the  meridia~l plane, in much the  same way 
as tlie magnetic field is in the solar \\rind. 
Uiililce the solar wind, the sn-ept-hack jo- 
1-ian spiral field accelerates tlie mater~al  in  
the  current sheet in the corotational direc- 
tion, restoring some of tlie angular velocity 
lost to  tlie coiiser~-ation of a ~ i g ~ ~ l a r  momen- 

L 

tum as material moves out\\-ard. T h e  mag- 
netic field strength is also modulated hy the 

L 

rotation, hecause the magnetic field is 
weaker inside the curreiit sheet. O n  top of 
these quasi-periodic variatioiis, a general 
~~nsteadiness  is seen that maiiifests itself in a 
number o t  ways. T h e  m a g n i t ~ ~ d e  o i  tlie mag- 
netic field rises and falls oil tliiie scales oi 
several dal-s, sometimes gradually and some- 
ti~lies ahri~ptly. Tlie field directioil call also 
becollie predominantly ~~nidirect ional  for 
several planetar>- rotatmix, sucli as seen 
from 1 to 5 June. A t  these distances ancl 
correspolidilig magnetic pressures, tlie field 
configuration is sensitive to the  solar .iv~nd 
conditions, because the t>-pica1 dyila~liic 
pressure of the  solar niiild a t  Jupiter is about 
the pressure exerted by a 19-nT lnagnetic 
fleld. W e  therefore believe that the fielil 
magnitude variations could correspond to 
~a r i a t ions  In solar n~iiid dytiarnic pressure. 
and the  apparent mo\-e~nent  o t  the  current 
sheet ~ i l t o  continual residence al.01-e or be- 
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Fig. 3. The radial, vertical, and azimuthal components of the magnetic field the time of the zero crossing of the north-south component. (A), 17 June 
for 1 hour surrounding the transient event. The vertical dashed lines indicate 1997; (B), 14 June 1997. 
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direction. 
Through this period, the theta compo- 

nent (perpendicular to the rotational equa- 
tor and positive southward) appears to be 
relatively steady, averaging about 1 nT (Fig. 
2). Occasionally after 26 May, there are 
several apparent "glitches" in the theta 
component. These are not telemetry noise. 
Rather, they are the signatures of strong 
negative and positive (northward and 
southward, respectively) turnings of the 
field, some so strong that they more than 
double the background field strength. We 
examine in greater detail two of these 
events indicated by arrows in Fig. 2. 

The largest of these events was a south- 
ward turning of the magnetic field that 
occurred at 12: 19 UT on 17 June 1997, as 
the spacecraft was crossing the current 
sheet from north to south at a distance of 74 
RJ and a local time of 02:45 (Fig. 3A). The 
initial crossing of the current layer, as indi- 
cated by the reversal in the radial compo- 
nent, is brief compared to other crossings, 
suggesting that the current layer is locally 
thin or rapidly moving. The initial multiple 
reversals in the radial comDonent mav sim- 
ply be due to oscillations in the position of 
the sheet caused bv the onset of the event. 
The azimuthal component reverses across 
the current sheet. as we exDect for the 
swept-back field geometry, but becomes 
stronger than expected and does not reverse 
its sign when the radial component does. 
Thus, after the initial transient behavior, 
the field becomes "swept forward" out of the 
meridian plane. After a short dip, the theta 
component rises abruptly and decays almost 
exponentially with time over the next 40 
min. The field strength reaches 20 nT, 
more than triple the immediate ambient 

field magnitude and more than twice the 
field strength observed when the spacecraft 
was completely out of the current sheet. 

A smaller event occurred at 04:06 UT 
on 14 June 1997, when Galileo was at a 
distance of 85 Rj at a local time of 02:20 
(Fig. 3B). At the onset of this event, the 
spacecraft was not in the current sheet, nor 
did it cross the sheet during the event be- - 
cause the radial component of the field 
remains outward at all times. In this in- 
stance, the field turned impulsively north- 
ward and remained northward for 66 min. 
The transient behavior in the azmuthal 
component 6 min after the initial transient 
appears to be a second but weaker "impul- 
sive change." As with the previous event, 
the field streneth and the azimuthal field " 
began to change before the onset of the 
northward turnine. The azimuthal comvo- - 
nent reversed again after the northward 
turning. Here, the azimuthal component is 
negative and the radial component is posi- 
tive. Thus, the field returned to a swept- 
back configuration. We discuss this point 
below. 

These two events are interpreted as tran- 
sient reconnection in a rapidly rotating 
magnetized plasma. The opposite directions 

of turning in the two events illustrated in- 
dicate that the events occurred on either 
side of the null point in the center of the 
current sheet (Fig. 4). We believe that the 
onset of reconnection occurs when the cur- 
rent sheet becomes locally thin, analogous 
to the paradigm for a terrestrial substorm 
(7). The abrupt increase in the strength of 
the vertical component occurs when the 
magnetic field that has reconnected at some 
radial distance away from the location of 
the spacecraft is brought rapidly to the vi- 
cinity of the spacecraft by the accelerated 
plasma. The black hemispheres denote the 
relatively massive current disk in a region 
where thinning has not taken place (Fig. 4). 
As in the case of reconnection in the ter- 
restrial magnetotail, reconnection may pro- 
ceed slowly at first in the denser current 
sheet and become much more rapid when it 
reaches the low-density lobes. Activity be- 
fore the sudden southward or northward 
turning is present in both events. 

The rotation of Jupiter produces impor- 
tant differences between the terrestrial 
magnetotail and the jovian magnetodisk. 
Angular momentum conservation imposes 
predictable perturbations in the azimuthal 
component of the magnetic field, as the 

Fig. 4. A slice through the cur- 
rent sheet in the twisted mag- 
netic meridian showing the re- 
connection point and the mag- 
netic field piled against the mag- 
netodisk plasma both inside 
and outside the reconnection 
point. Asterisks mark the in- 
ferred locations of the space- 
craft for the two events corre- 
sponding to Fig. 3, A and B. 
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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 JRJ), 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 JRJ, 
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 JRJ 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 R| 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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A . magnetic interaction between two mag­
netic ions through a nonmagnetic ion (such 
as oxygen) was first proposed by Kramers 
(I) 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 (ZM-O-M = 180° and M = Fe3+, 
Cr3 + , 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 Fe3+ and Cr3 + 

ions are introduced alternately in the B site 
of perovskite-type transition metal oxides 
(AB03), 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 
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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 LaCr03 and LaFe03 

have AF structures with both inter- and 
intralayer antiparallel spin alignments and 
Neel temperatures (TN) of 280 and 750K, 
respectively (9-1I), If an artificial superlat-
tice of LaCr03-LaFe03 is synthesized by 
depositing alternating layers of LaCr03 and 
LaFe03 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 Fe3+ and Cr3 + 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 LaCr03 and LaFe03 on a SrTi03 

[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 Fe3+ and Cr3 + 

ions mix randomly, AF interactions are 
dominant in the material because the Fe3+-
0-Cr 3 + ordered phase could not be 

Ferromagnetism in LaFe03-LaCr03 
Superlattices 

Kenji Ueda, Hitoshi Tabata, Tomoji Kawai* 

Ferromagnetic spin order has been realized in the LaCr03-LaFe03 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-O-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 [111] direction, ferromagnetic ordering has been achieved. 
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