
in the halites, corresponding to 36C1/35C1 - 
10-8. But, unfortunately, there is another pos- 
sible source for the 36Ar, namely the capture 
of thermal neutrons by 35C1, which may have 
occurred during recent cosmic my exposure in 
transit to Earth andlor during the time the 
halite spent on its parent body (4,5). 

With the currently available data, there is 
no simple unambiguous way to decide be- 
tween the source of 36Ar, but the observed 
ratio of 36Ar to 35C1 of about 1 x lo-* at least 
provides an upper limit for the ratio 36C1/35C1 
at the time of halite formation. More work 
along the lines pioneered by Whitby et al. (4) 
will be required to see how compatible the 
Ar and Xe data are with each other. The 
search for neutron effects in other elements 
may help to determine the origin of 36Ar. 

SCIENCE~S C O M P A S S  

Some of the f i e r  details of I-Xe dating 
are only now being understood (7,9). In the 
Zag halites, the system is disturbed (4, as 
shown by the variation in the 1291/1271 ratios 
inferred from different extraction steps, 
which is larger than can be ascribed to analyt- 
ical errors of the individual values. This vari- 
ation may have been caused by shock from 
the impact that brought together the various 
meteoritic constituents 4.22 billion years ago. 
It is clear that halite formation must have oc- 
curred very early, but the absolute age and 
the lessons we think we have learned may 
have to be taken with a grain of salt. 

References 
1. A. H.Treiman, R A. Barrett, J. L Gooding, Meteoritics 

28.86 (1993). 
2. M. E. Zolensky et dl., Science 285,1377 (1999). 

3. M. E. Zolensky, R. J. Bodnar,A. E. Rubin, Meteorit. Plan- 
et. Sci. 34, A124 (1999). 

4. J. Whitby, R. Burgess, G. Turner, J. Cilmour, J. Bridges, 
Science 288,181 9 (2000). 

5. D. H. Garrison and D. D. Bogard, Lunar Planet. Sci. 
XXXl, abstract 1137 (2000) [CD-ROM]. 

6. M. E. Zolensky and H. Y. McSween Jr., in Meteorites 
and the Early Solar System, J. F. Kerridge and M. S. 
Mathews, Eds. (Univ. of Arizona,Tucson, AZ, 1988), pp. 
114-143. 

7. C. M. Hohenberg, 0. Pravdivtseva, A. Meshik, in 
Lunar Planet. Sci. XXXI, abstract 1958 (2000) 
[CD-ROM]. 

8. See, for example, S.V. S. Murty, J. N. Goswami, Yu.A. 
Shukolyukov, Astrophys. 1.475, L65 (1997). 

9. R. H. Braule, 0. V. Pravdivtseva, A. P. Meshik, C. M. 
Hohenberg, Geochim. Cosmochim. Acta 63, 739 
(1 999). 

10. T. D. Swindle, Meteorit. Planet. Sci. 33. 1147 
(1998). 

11. J. Crabb, R. S. Lewis, E.Anders, Gemhim. Cosmochim. 
Acta 46,251 1 (1982). 

P E R S P E C T I V E S :  A N T I F E R R O M A C N E T I S M  

Taking a Very Close Look at  
Magnetic Structures 

Andreas 

M agnetic materials are key compo- 
nents in today's information tech- 
nology. Large amounts of data are 

stored in thin magnetic films on computer 
hard disks. Magnetic multilayer structures 
also serve as miniaturized and very sensi- 
tive magnetization sensors. Future inte- 
grated magnetic elements may even com- 
pete with traditional semiconductor tech- 
nology, for example, as fast nonvolatile 
random access memory. 

To meet the ever-increasing demands on 
storage density, processing speed, and device 
complexity, researchers must learn how to 
control their materials' structure, composi- 
tion, and magnetic properties on a sub-100- 
nm scale. This will require advanced tools 
not only for the fabrication but also for the 
microscopic characterization of the magnetic 
structures. On page 1805 of this issue, 
Heinze et al. ( I )  use an innovative scanning 
probe method to image an antiferromagneti- 
cally ordered Mn monolayer with atomic 
spatial resolution. This is a considerable ad- 
vance, considering that previous characteri- 
zations of antiferromagnetic domains could 
not go beyond micrometer resolution. 

Antiferromagnetic layers are essential 
components in magneto-electronic devices, 
because they are insensitive to external mag- 
netic fields. In an antiferromagnetic material, 
the direction of the magnetic moment alter- 
nates from lattice site to lattice site, with no 

The author is at the Lawrence Berkeley National Lab- 
oratory, 1 Cyclotron Road, Mailstop 4-230, Berkeley, 
CA 94720, USA. E-mail: a-scholl@lbl.gov 

metal alloys such as FeMn or IrMn, and tran- 
sition metal oxides such as F303 (hematite) 
exhibit antiferromagnetism. Other oxide 
compounds, like the rnanganites known for 
the colossal magneto-resistance effect, can be 
antiferromagnets or ferromagnets depending 

Scholl on doping and temperature (3). 
The investigation of the magnetic structure 

overall macroscopic magnetization. Placed of a n t i f e ~ ~ ~ ~ ~ ~ g n e t s  is difFicult because of the 
next to a ferromagnet, an antiferromagnet lack of a macroscopic magnetization. This has 
"pins" the ferromagnet's magnetization direc- hampered attempts to determine the micro- 
tion by magnetic exchange forces, causing a scopic origins of exchange bias. Large mag- 
shift in the hysteresis loop that is called ex- netic domains in single-crystal antifemmag- 
change bias. Modeling studies indicate that nets were imaged by optical methods (4) as 
exchange bias is caused by a small ferromag- early as the 1950s. More recently, it has be- 
netic moment of the antiferromagnetic sur- come possible to resolve micrometer-sized 
face (see the figure). Imperfections such as antiferromagnetic domains with x-ray spec- 
domain walls, atomic steps, and grain bound- tromicroscopy (9, but imaging of domains in 
aries are believed to be instrumental for the technologically important materials with typi- 
appearance and size of this moment, because cal grain sizes around 10 nm has remained 
they break the symmetry of the magnetic out of reach (6). Heinze et al. have now gone 
structure at the surface of the antiferromagnet a step f i r t h ,  imaging the antifemmagnetic 
(2). Pure metals such as Cr or Mn, transition surface structure of a magnetically ordered 

Mn monolayer with atomic spa- 
tial resolution by applying spin- 

rM 
polarized scanning tunneling mi- 
croscopy (SP-STM), a method 

1; ; ~ A F  
pioneered by the authors in the 
early 1990s (7). More than 10 **: 

Step Grain-domain 
years ago, Bliigel et al. predicted 

boundary that such a Mn monolayer would 
form an ideal two-dimensional 

Competing models for the origin of exchange bias at the in- antifemmagnet ((8). But this pre- 
terface between an antiferromagnet (AF) and a ferromagnet diction remained unconfirmed 
(FM). (M) Coupling by uncompensated moments at steps or now, because the magnetic 
grain-domain boundaries generates uncompensated magnetic conflWtion could not be deter- 
moments (marked with ovals) on an ideal, completely compen- mined by COWentiOnal, bulk sen- 
sated antiferromagnetic surface. A net coupling results from an sitive techniques like neutron 
imbalance of parallel (red) and antiparallel (green) oriented mo- 
ments. (Right) Spin-flop models assume a 90° angle between the scattering owing to the minute 

magnetization of the FM and the AF.The moments at the surface of magnetic 
of the AF are canted in the direction of the magnetization of the in a sing1e monolayer. 
FM (if the coupling between FM and AF is ferromagnetic), leading Unlike cowentiond magnet- 
to the formation of a parallel domain wall In both models, the ic force ~ ~ S C O P ~ ,  which mea- 
ferromagnetic moment at the surface of the AF pins the magne- sures the magnetic dipole force 
tization direction of the FM, thus causing exchange bias. between magnetic sample and 
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magnetic tip, SP-STM exploits the depen- is thus a com~lementarv techniaue to x-rav References 
dence of the tunneling current on the relative 
orientation of the magnetization of tip and 
sample. The magnetic tip acts as a source of 
spin-polarized electrons, probing the spin-split 
density of states of the magnetic sample. This 
technique allows imaging with atomic spatial 
resolution and, like conventional STM, is 
mostly sensitive to the topmost atomic layer. 
The ability to probe topography, crystallogra- 
phy, magnetism, and surface chemistry at the 
same time renders SP-STM a very powerful 
tool for the investigation of magnetic surfaces 
and monolayers. Heinze et al. (1) now demon- 
strate that SP-STM can be successfully ap- 
plied not only to ferromagnetic surfaces (7) 
but also to the compensated surface of antifer- 
romagnets. Using a ferromagnetic tip, the SP- 
STM image shows a superposition of the crys- 
tallographic and the antiferromagnetic struc- 
ture of the surface. The magnetic contribution 
even exceeds the effect of the crystallography 
of the sample. The authors attribute the per- 
haps unexpected strength of the spin-depen- 
dent contrast to the enhanced tunneling inten- 
sity of periodic features oscillating with re- 
duced spatial frequency, compared with the 
lattice periodicity. The larger magnetic unit 
cell causes a comparatively enlarged tip corm- 
gation, explaining the remarkable sensitivity to 
the antiferromagnetic structure. 

Heinze et al.3 approach is generally ap- 
plicable to the investigation of antiferro- 
magnetic and ferromagnetic conductive 
surfaces. Its particular strength lies in its 
unrivaled spatial resolution, allowing the 
detailed investigation of the magnetic struc- 
ture inside antiferromagnetic domain walls, 
at steps, and near impurities or defects. Be- 
cause of its sensitivity to antiferromagnetic 
and ferromagnetic order at the same time, 
SP-STM is an ideal tool for investigating 
the initial stages of growth of a ferromag- 
netic material on an antiferromagnetic sur- 
face. This may help answer the question 
whether, and if so how, the magnetic struc- 
ture of the antiferromagnet is imprinted on 
the ferromagnet by magnetic exchange cou- 
pling, because frustration at the interface 
between alternating moments in the antifer- 
romagnetic layer and preferably aligned 
moments in the ferromagnetic layer might 
cause complex magnetic configurations, 

h e.g., 90" coupling (see the figure) (9). The
I5 method may also provide valuable informa- 
$ tion about the role played by steps, surface 
? texture, and surface roughness. 

The key strength of Heinze et al.5 ap-
5 proach, its extreme surface sensitivity, may al- 
$ so be its only weakness with regard to the in- 
$ vestigation of coupling phenomena, because 
:the STM signal primarily originates from the 
5 topmost atomic layer. Possible changes in the 

magnetic configuration of buried layers there- B 
5 fore are hidden fiom the eye of the observer. It 

spec~o-~croscopytechniques (5, 6),which 
because of their elemental specificity and rela- 
tively long probing depth (3 to 5 nm) excel at 
the investigation of layered systems at more 

However, SP-STM 
is clearlv unrivaled for the investigation of the " 
antifer;omagnetic structure of magnetic 

monolayers, surfaces, or surface alloys, as 
Heinze et al. have compellingly demonstrated. 
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PERSPECTIVES: E N V I R O N M E N T A L  POLICY 

Counting the Cost 
of Deforestation 

Robert Bonnie, Stephan Schwartzman, Michael Oppenheimer, Janine Bloomfield 

The free market is generally not 
thought of as an ally of forest con- 
servation. Although societies value 

forests in myriad ways, traditionally the 
marketplace has assigned a high value to 
wood products and nonforest uses of 
forestland such as agriculture. The market- 
place often fails to value the "ecosystem 
services" that forests provide, such as wa- 
tershed protection, biodiversity conserva- 
tion, carbon sequestration and the conse- 
quent reduction in greenhouse gas (GHG) 
emissions. These ecosystem services have 
enormous value to society (I), yet forests 
continue to be degraded or lost at alarming 
rates. Currently, 14 x lo6 ha of tropical 
forests are lost annually worldwide (2). 

Increasingly, forest conservationists have 
sought to use market economics to protect 
natural forests from liquidation and conver- 
sion to nonforest uses. Examples include eco- 
tourism, ceMication of wood products from 
sustainably managed forests, and selling non- 
timber forest products such as Brazil nuts and 
mushrooms. In response to global efforts to 
address climate change, there is increased in- 
terest in the benefits of carbon sequestration 
that accompany forest conservation. Success- 
11marketing of the carbon benefits provided 
by forest conservation will depend on instiga- 
tion of international GHG emissions targets 
such as those contained in the Kyoto Protocol 
(a treaty of the United Nations Framework 
Convention on Climate Change). Although 
such targets have yet to enter into force, in- 
vestments have already been made in forest 
conservation projects by energy companies 
and other industries seeking to secure "cred- 
its" for reducing GHG emissions. For exam- 
ple, American Electric Power, PacifiCorp, and 
BP-Amoco have invested nearly $10 million 
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in the Noel Kempff Mercado Climate Action 
Project, covering some 600,000 ha of Boli- 
vian rainforest (see the figure). Efforts such as 
this are a valuable supplement to decreasing 

Amazonian rainforest in Bolivia's Noel Kempff 
National Park. 

fossil he1 consumption, an essential step in 
the reduction of GHG emissions. 

On page 1828 of this issue, Kremen et 
al. (3) demonstrate that the formal adop- 
tion of forest carbon markets (as proposed 
under the Kyoto Protocol) by the interna- 
tional community could dramatically in- 
crease incentives for developing nations to 
protect forests. Using a case study in 
Madagascar, the authors analyze the costs 
and benefits associated with preserving a 
33,000-ha area of tropical forest (Masaola 
National Park and surrounding buffer 
zone) or, alternatively, authorizing large- 
scale industrial logging. From the stand- 
point of the local inhabitants and the global 
community, the financial benefits from 
designation of the park outweigh those 
provided by logging. In contrast, at the na- 
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