
parameters of precession or obliquity. Us- 
ing cost-effective proxy records instead of 
marine 6l80 variations is tempting, but as 
Clemens et d.(7) show, it may be a mis- 
leading stratigraphical tool, patiicularly 
when using the lead and lag relations as 
being diagnostic for the dynamics of a cli- 
maw system. 

Thus, the report of Clemens et ul. (7) is 
of- twofold importance. It highlights the 
need for increasing the precision of strati- 

- gxaphical techniques, but also shows that 
the monsoon is a very complex system, 
which provides a serious challenge for fu- 
ture modeling efforts if the natural succes- 
sion of the observed monsoon oscillations 
is to be reproduced. The realization ofboth 
concepts would, however, be an imporcant 

step in understanding the physical mecha- 
nisms of drought and floods in Asia and 
Africa, past and present. 
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Quantum Hysteresis in 
Molecular Magnets 

According to qi,mntum mechanics, the 
projection of spin 10 on a certain axis, say the 
anisotropy axiszoftheaysta1,cantakeonly 
discrete values: m = -10, -9 ,..., -1,0, 1 ,..., 9, 
10. At zero magnetic field the two levels of the 

Eugene M. Chudnovsky minimal energy belong to the two opposite 
orientations of the spin along the anisotropy 
axis, with m = -10 and m = 10, respectively. 
Other values of m numerate excited levels. 

In classical terms, an m level can be 
Magnetic materials are marked by hyster- thought of as the precession ofthe magnetic 
esk their response to an increasing magnetic moment of the Mn12 molecule about 
field is different from their response to a de- 1.5 the 2 axis, with the amplitude of the 
creasing field. Elementary science textbooks precession increasing with decreas- 
always show smoothly shaped magnetic hys- I ing I m I . At H = 0, the energy barrier 
teresis loop; the stepwise magnetization between the states with m = -10 and 
curve in the accompanying figure is therefore 0.5 m = 10 is a b t  60 K in temperature 
extraordinary. Tbe measurement was made. 9 units. This observation can be amib- 
at a tempera& below a few kelvin in a 0 - - uted to the anisotropy of the mol- 
crystalline organic compound, Mn12 acetate, ecule. The separation between the 
and ttK steps are caused by a quantum me- -0.5 - - levels is about 12 K at the bottom of 
chanical effect amplified to a macroscopic the spectrum and about 0.6 K at the 
level. This quantum magnetic hysteresis has -1 top. Imagine now that the crystal is 
recently beetl reported by FFieihan et al. ( I )  

.5 
cooled down to a few kelvin and put 

and confirmed (2,3) by sevcdgroups. The -20 -1'5 -10 - 4 5 10 1'5 20 inastrong magnetic field applied in 
findings are an important h e  in the H (k-1 the negative z direction. Such a field 
search for KI~CI-OSCO~~C quantum t~nneling Quantum magnew k Mt2 w. The makes the state wi& m = -10 ener- 
of the magnetic moment. inset shows the structure of €be Mn12 molecule. Only Mn @tic.& more favurable than the m 

The chemical form&of& ctBirQal that ions (large circles) and 0- ions (small drcles) are =I0 state, result@ in the negative 
exhibits he &t is ~ n 1 2 0 r 2 ( ~ 3 ~ ) 1 6  shown. [Courtesy of authors of'(7)l magnetization of the crystal. If the 
(H20)J.2CH3CooH-4H20. h &~SIY field is now quiclrly removed, most of 
this compound is a t e a q a  (41, and mten- crown have spin 2 and form another fern- the molecules will occupy them = -10 level, 
sive research of its p h y s ~ ~  began magnetic cluster of tom1 spin 16. The total which corresporrds to the lower part of the 
only a few years ago (5). It amsisf~"dweaMy sp& dthe m1ew.le readts tiem the aqtifer- hysteresis loop in the figure. The negative 
interacting molecula &ofspin 10, a m q d  in wimgnetic hterectionbetwen the ciustets: magnethationofthe crqrstaldecays with time 
a tetragonal lattice. Egch nwLecde is f o d  16 - 6 = 10. All the interactiohs are so strong as a result of the rotation of individual mo- 
by 12 Mn ions of mixed valenee, iataacting that the Mn12 molecuie ii qffeetively a single le& moments. By absorbing phonons (0s- 
through oxygen bridges (see h, inset). spin I0 object; in magnetic m e a m ~ ~ ~ ~  dlations of the crystaliine lattice), a Mnt2 
The four Mn ions of the central tetrahedron one does not d e ~ t  rhe. efkcts of the indi- molecule an go up the staircase of the ex- 
have spin 3/2 and form a f e m x q p t i c  clus- vidual a t k c  spins, In a h k l 2  acetate crys- dited kvels until it reaches the top of & 
ter of total spin 6. The eight M n  ions of the d, the symmetry ares of all Mnt2 molecules en- barrier. Then, tiy emitting phcxtms, 

are digned in one. dizection, making the crys- it goes down the s t a i m ,  & d l y  switching 

The author is in the Physics Department, City University 
tal h i i y  anisotropic: individual magnetic the spin projection from m = -10 to m = 10. 

of New York Lhman College, Bronx, NY 0468-1 589, moments have a strong preference to look Each phonon canchange the m-number by 1. 
along the anisotropy axis. USA. E-mail: c h u d ~ c v a x  lehrnan.cuny.edu consequently, in zemfieM, the md& must 

93% SCIENCE * VOL. 274 8 NQVEMBER 1996 
i - .L , . - 



absorb 10 phonons before it reaches the top of 
the barrier at m = 0. A t  high temperature, 
phonons are in abundance, and the spins of the 
molecules frequently flip between m =.-lo and 
m = 10, as in conventional paramagnets. A t  low 
temperature, however, phonons are scarce and 
the decay of the magnetic moment of the Mn12 
crystal may take a long time (6). Under such 
conditions another mechanism of the magneti- 
zation decay comes into play: quantum tunnel- 
ing between the m states. 

Friedman et  al. (1.) found that, in  contra- 
diction with a commonsense interpretation, 
a weak magnetic field applied against the 
magnetic nidment of the crystal slows down 
the decav of the moment. This remarkable 
observation helped them to understand the 
physics behind the stepwise hysteresis loop 
shown in the figure. According to quantum 
mechanics, the probability of tunneling must 
have maxima when the tunneling occurs be- 
tween the m states of the same enerev. This 

u ,  

phenomenon is called resonant tunneling. 
In zero field the states with opposite projec- 
tions of the spin, m and -m, have exactly the 
same energy, and the tunneling across the 
barrier occurs with-the highest probability. A 
weak field applied in the positive z direction 
moves down all levels corresponding to posi- 
tive m, while moving up all levels corre- 
sponding to negative m. This behavior 
breaks the condition of the resonance and 
suppresses tunneling. If the field in the posi- 
tive z direction continues to increase, the 
oositive m levels continue to  move down 
while the negative m levels continue to 
move up. Quantum mechanics predicts that 
at about 5 kOe, levels with positive m will 
again come to resonance with negative m 
levels. The  next resonance will occur at 
about 10 kOe, and so on. Altogether, there 
should be 21 resonances on  the magnetic 
field, separated by 5 kOe, as the field sweeps 
from -100 to 100 kOe. Consequently, every 
5 kOe, the rate at which the magnetization 
changes with time must have a maximum 
owing to the resonant tunneling. These 
maxima are responsible for the steps in the 
figure. Seven steps have been observed so far 
at the expected values of the field (1 ). As the 
field goes up, the energy barrier goes down, 
rapidly increasing the probability of the 
ohonon-induced thermal over barrier transi- 
tions. For that reason, at 2.4 K the magneti- 
zation curve appears reversible above 15 
kOe. Measurements down to 10 mK are 
needed to make all 21 magnetization steps 
apparent in high fields. 

The  possibility of quantum tunneling of a 
large magnetic moment has been intensively 
studied after it was suggested (7) that in mag- 
netic nanoparticles quantum mechanics can 
reveal itself on  a macroscopic scale. Experi- 
mentalists have been trying to manufacture a 
system of identical nanomagnets that would 

exhibit this effect (8). A crystal of Mn12 ac- 
etate is an ideal system of that kind: it con- 
sists of identical, regularly spaced, uniformly 
oriented, spin 10 magnets. Their magnetic 
moment is, however, intermediate between 
micro- and macroscopic. Being 20 times as 
great as the electron moment, it is suffi- 
ciently large to be treated macroscopically. 
A t  the same time, it is small enough to make 
its auantization noticeable in the magnetic 
hysLeresis. This kind of behavior, w 6 c h  is 
intermediate between classical and auan- 
tum, makes the discovery of Friedman et al. 
(1)  extremely interesting in the context of 
macroscopic quantum tunneling. After the 
finding was reported at the Magnetic Con- 
ference in Philadelphia in November 1995, 
it has been reproduced with high accuracy in 
other laboratories (2,  3). There are now 
questions for the theorists. According to 
quantum mechanics, tunneling between the 
low-lying levels, such as m = -10 and m = 10, 
can occur only in  a strong transverse mag- 
netic field, which has not been the case in 
experiments performed to date. Apparently, 
much weaker fields resulting from interac- 
tions of molecular magnetic moments with 
each other, with nuclear spins, and so on, are 
responsible for the effect. In this case, tunnel- 
ing can occur only from high excited levels for 
which the barrier height and the change in m 
are sufficiently small. Because these levels 
should be thermally populated, the observed 
Arrhenius-law temperature dependence of 
the magnetization reversal, which accompa- 
nies quantum steps, strongly supports this pic- 
ture. Quantitative theory that would describe 

infancy. As it advances, some practical ap- 
plications of these systems may develop as 
well. Mnlz  molecules have extremely high 
magnetic anisotropy. Well below 1 K the 
orientation of the molecular magnetic mo- 
ment must be very stable. A system like 
Mnlz acetate can, therefore, provide the 
ultimate limit of high-density magnetic 
memory. Materials with even higher anisot- 
ropy would allow increased operating tem- 
peratures. Because molecules of that class 
can exist in  a quantum superposition of 
"spin up" and "spin down" states, one can 
also imagine them as potential candidates 
for elements of quantum computers. In that 
instance, one could exolore the fact that the 
probability of tunnelihg can be controlled 
with a magnetic field. Of course, the feasi- 
bility of devising materials and instruments 
that would allow the abilitv to read and 
write information at the molecular level has 
vet to  be determined. T h e  coo~era t ion  be- 
tween chemists and physicists will be of pri- 
mary importance for this exciting new area 
of magnetism. 
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Lipid A: Target for Antibacterial Drugs 
Martti Vaara 

Bacteria are dangerously good at developing 
resistance to antibiotics. Thus the report on  
p. 980 of this issue by Onishi et al. (1) of a 
new antibacterial agent aimed at a previously 
unassaulted part of the bacteria (lipid A of 
the outer membrane) is especially welcome. 

In the past, we have been able to intro- 
duce new antibacterial drugs at a pace suffi- 
cient to counter the infections caused by 
drug-resistant bacteria. Indeed in the 1980s, 
many people believed that bacterial infec- 
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tions were successfully controlled and that 
the era ofbacterial diseases had passed. Many 
of the large U.S. and Japanese pharmaceuti- 
cal companies reduced or stopped their ef- 
forts to find new antibacterial agents (2)  and 
shifted their focus to  antifungal and antiviral 
compounds. The  rate of introduction of new 
antibacterial drugs with novel modes of ac- 
tion or genuinely different spectra of activity 
slackened. In the 1990s there was a world- 
wide resurgence of bacterial diseases, in large 
part due to the rapid emergence and spread of 
pathogenic bacteria resistant to multiple an- 
tibiotics. Indeed, bacterial strains resistant to 
all available antibiotics have emerged and 
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