
EHSm 
water penetrated further north. The reduc
tion of thermohaline circulation was caused 
by a warming and freshening of the North 
Atlantic and Arctic. This led to a decrease of 
North Atlantic deep water density and a 
reduction of the density gradient between 
the North and South Atlantic, which con
trols the intensity of meridional overturning 
(27). While the warming of the North At
lantic is the result of nonlinear interaction 
between vegetation-albedo and sea ice-al
bedo feedbacks, as discussed above, the fresh
ening of the North Atlantic is a conse
quence of an intensification of the hydrolog-
ical cycle in the Northern Hemisphere and 
an increase in runoff from the continents, 
which enhances the freshwater flux into the 
North Atlantic by 0.05 Sv. Because of the 
weakening of thermohaline circulation, up 
to 0.1 PW less heat is transported from the 
South to the North Atlantic, which produc
es a negative feedback for the Northern 
Hemisphere warming, but raises the South
ern Hemisphere temperature by 0.7°C in the 
annual mean. The warming reached maxi
mum values of more than 2°C near the 
Antarctic (Fig. 2B), due to an amplification 
of temperature changes caused by a reduc
tion of the area of sea ice (Table 1). Paleo-
data (28, 29) support the possibility of an 
Antarctic and southern ocean during the 
mid-Holocene that was up to 2°C warmer 
than at present. 

Our results suggest that during the mid-
Holocene, the following three regions 
were strongly affected by processes related 
to changes in the vegetation structure and 
in the oceans, (i) High northern latitudes: 
A northward expansion of boreal forest 
due to summer warming leads to an annual 
warming via the vegetation-snow-albedo 
feedback, strongly amplified by the sea 
ice-albedo feedback, (ii) Subtropics: 
Strong positive feedback between vegeta
tion and precipitation in the subtropics 
leads to a greening of the Sahara. Major 
precipitation changes are due to interac
tive vegetation, while the role of changes 
in oceanic temperature is ambiguous, (iii) 
Atlantic: Strong warming of the North 
Atlantic, together with an increased fresh
water flux into the Atlantic basin, leads to 
a weakening of the thermohaline circula
tion, which in turn results in a warming of 
the Southern Hemisphere. 

In conclusion, our results reveal strong 
synergistic effects between the different 
climate subsystems. They also offer an ex
planation of how vegetation changes may 
promote changes in the ocean circulation, 
thereby leading to a global response con
necting both hemispheres. Our results, by 
and large, agree with paleoclimatic recon
structions. Results from this rather coarse-
scale climate-system model provide guid

ance m the interpretation of past climates. 
Simulations using comprehensive climate 
system models in combination with anal
ysis of paleodata are needed to obtain 
more detailed pictures of the paleoclimate. 
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2), media patterning (3, 4) by appropriate 
nanometer scale techniques (5-8) is partic
ularly attractive. The latter will also be 
required in the field of magnetoelectronics 
(9), with potential applications for new 
magnetic submicron devices: read head, 
memory cells, and so forth. To implement a 
patterning technique, however, several ma
jor problems must be solved. First, the pat
terning process should allow control of the 
magnetization reversal properties of the 
submicron element that constitutes the bit 
or the sensor. Second, medium planarity is 
crucial. This is related, for instance, to the 
nanometer scale head-to-media clearance 
in present day hard-disk technology [as well 

Planar Patterned Magnetic Media 
Obtained by Ion Irradiation 

C. Chappert, H. Bernas, J. Ferre, V. Kottler, J.-P. Jamet, 
Y. Chen, E. Cambril, T. Devolder, F. Rousseaux, 

V. Mathet, H. Launois 

By ion irradiation through a lithographically made resist mask, the magnetic properties 
of cobalt-platinum simple sandwiches and multilayers were patterned without affecting 
their roughness and optical properties. This was demonstrated on arrays of 1 -micrometer 
lines by near- and far-field magnetooptical microscopy. The coercive force and magnetic 
anisotropy of the irradiated regions can be accurately controlled by the irradiation 
fluence. If combined with high-resolution lithography, this technique holds promise for 
ultrahigh-density magnetic recording applications. 
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as in future near-f~cld techniques (10-12)]. 
Also, for magnetooptical media, abrupt op- 
tical ~ n d c x  changes must be avoided to 
nlinimize detrimental polarization-depen- 
~ i e n t  diffraction effects (1 3 ,  14) .  Planariza- 
tion thus could play a cr i t~cal  role for mag- 
netic recording technologies, just as it did 
in sciniconductor technologies. 

W e  have devised a method that allolvs 
magnetic patterning of a continuous mag- 
netic film without significant modification 
of the  surface rouehness or of the  film's - 
optical indices. T h e  method is demonstrat- 
ed here by combining ion irradiation of 
Co-Pt inultilayers with standard e-beam li- 
thography. Arrays of adjacent 1-pm-wide 
lines with differing magnetic properties 
were produced and characterized by both 
far- and near-field magnetooptical micros- 
copy. A crucial feature of the  method is that 
the  magnetic parameter changes are ill- 
duced by a low density of displaced atoms 
provided by light ion irradiation (15) and 
thus can be precisely adjusted by varying 
the  irradiation fluence, as sho\vn below. 
W h e n  combined with state-of-the-art li- 
thography techniques, the method should 
ultimately allow nanometer-scale patterning 
of magnetic properties while preserving ul- 
trasmooth surfaces, which is a major prereq- 
m i t e  for high-density ~nformation storage. 

Pt-Co-Pt sandwiches and (Pt-Co),-Pt 
inultilayers were grown by sputtering a t  
rooin temperature o n  either polished fused 
silica (Herasil) platelets or thermally oxi- 
dized SiOz (90 ~ l m ) - S i  (100) wafers (1 6- 
18). Our  own roughness ineasure~nents, and 
published results o n  similar samples (19),  
demonstrate good film continuity with little 
intermixing of C o  and Pt. Our  Pt-Co-Pt 
sandwiches are ferromagnetic at room tem- 
perature from C o  thickness t,,, = 0.35 nin 
and have a perpendicular easy magnetiza- 
t ion axis up to  tcu = 1.2 nin, with perfectly 
square perpendicular hysteresis loops below 
t,, = 1 n m  (measured via the  polar mag- 
n e t o o ~ t i c a l  Kerr effect). In  this thickness 
range, magnetization reversal is dominated 
by easy domain wall propagation (17),  in- 
dicating a lolv density of wall pinning de- 
fects 120). 

Irradiation parameters were based o n  
prior studies (15) of the  initial stages of 
ion-beam mixing in the  low-displacement 
density regime. W e  used He" ions at ener- 
gies varying from 20 to 100 keV ( the  results 
presented below were obtained a t  30 keV), 
with fluences between 2 X 1014 and 
2 x 1016 ions per square centimeter. Under 
these conditions, all He" ions stop in  the  
substrate (well below the  C o  and Pt films). 
Far less than one displacement per incom- 
ing ion is effective for mixing at the  Co-Pt 
interfaces ( 15, 2 1 ). 

Irradiation of Pt-Co (0.5 nm)-Pt samples 

at room temperature resulted 111 perfectly 
square pcrpcnd~cular hysteresis loops (Fig. 
1 )  for fluences below 10'%ons per square 
centimeter, as the  cocrcivity progressively 
decreased from about 200 O e  for the  as- 
grown film down to zero with ~ncreasing 
f l~ience.  Coercive fields as lolv as a few 
oersteds could be ob ta~ned  renroduciblv 111 a 
perfectly controlled way. <lagnetooptical 
microscopy experiments confirm that mag- 
netization reversal still takes place by easy 
wall propagation (20) at room temperature, 
as in the  as-grown samples. T h e  perpend~c- 
idar magnetic anisotropy is strongly re- 
duced, with the  first anisotropy field, HA,, 
falling from 11.5 kOe  (as-grown sample) to 
1.3 kOe after a fluence of 1016 ions per 
square centimeter. Simultaneously, the  Kerr 
rotation 0, is slightly reduced. Hysteresis 
loou measurements versus temnerature 
sholv that this is primarily due to a strong 
irradiation-induced decrease of the  Curie 
temperature T,, which is lolvered to  60°C at 
101"ons per square centimeter. A t  higher 
irradiation fluences the  samples become 
paramagnetic at room temperature. x o t e  
that,  to measure T,, the  irradiated samples 
were reversibly cycled LID t o  80°C without 
any detectable change In the  irradiation- 
~nduced  properties. 

T h e  T, of the  as-grown sample is far 
above 12O0C, too high to be measured with- 
out damaging the  samples. Annealing an  
as-grown sample at 160°C for 30  min dras- 
tically increases the  coerc~vity,  strongly re- 
ducing 0,. Furthermore, the  loop becomes 
rounded, evidencing a magnetization rever- 
sal mechanism change from easy wall prop- 
agation to wall pinning and progressive 1111- 
cleation (20) .  

T h e  influence of irradiation also de- 
pends o n  tcd For samples with tc, = 1 
nn-that is, just belolv the  spin reorienta- 
tion transition-30-keV He' ion irradia- 
tion with fluences as lolv as 6 X 10'' ions 
per square centimeter triggers a change to 
in-plane magnetization (but with n o  detect- 
able decrease of 0,). Conversely, n o  change 
in the  magnetic properties of samples with 
t,<, = 0.8 n m  was detected even at fluences 
UD to 10'"ons Der sauare centimeter. 

A 

Finally, n o  evidence of irradiation-in- 
duced surface roughness was found by atom- - 
ic force microscopy (AFM) measurements. 

As established in (15) ,  the  effect of ir- 
radiation o n  interfaces such as those of the  
Co-Pt system may be summarized as follows. 
Under our specific irradiation conditions, 
(i)  there are no  displacement cascades; and 
iii) the  number of recoil atoms at the  film ~, 

interfaces is very low, and their average 
distance from their initial position is typi- 
cally a felv interatomic distances. Given 
some room temDerature mobilitv and in  the  
absence of atherma1 Frenkel pair recombi- 

nation, such atoms stand a good chance of 
u 

finding a l a t t~ce  s ~ t c  from u ~ h ~ c h  they can 
relax to  a stable posi t~on whose local sur- 
roundlngs differ from their ~ n ~ t ~ a l  one. Be- 
cause of their h ~ g h  heats of inixlng (22),  the  
resulting short-range order around C o  can 
be that  of any of several compounds in the  
Co-Pt phase d~agram,  and the  l ikel~hood of 
p~oducing a morc Pt-rich cnblronment 
(with weaker magnctic propcrtics) IS en- 
hanced T h e  thinner Co-layer samples (tc, 
= 0 5 n m )  essentially colnprlse only inter- 
faces, so that all the  C o  atoms arc ~nvolbcd 
This explains the  strong T, decrease with 
~ r r a d ~ a t i o n  In  the  t h ~ c k e r  samples, the 
small recoil ranee limits the  effect to  the  " 
interface properties, whereas T, remains 
high because of the  pure C o  planes inside 
the  film. For tc, = 1 nm, just below the  spin 
reorientation transition, a verv small inter- 
face anisotropy reduction suffices to trigger 
in-plane anlsotropy, whereas for tc, = 0.8 
n m  the  effect is very weak. In contrast, 
annealing at 160°C first affects macroscopic 
defects such as grain boundaries (thus, for 
example, increasing the  coercive field by 
creating strong pinning sites) instead of in- 
ducing interface changes that occur only at 
higher temperatures in the  Co-Pt system. 

T h e  observation that,  for ti:, = 0.5 nm,  
the  magnetization reversal still occurs 
through free-wall propagation after irradia- 
tion agrees with t h ~ s  interpretation. T h e  
resulting structi~ral defects or inhomogene- 
ities are too small to  affect domain wall 
motion and presumably are averaged out by 
much larger domain wall widths resulting 
from reduced anisotropy near T,. This is n o  
longer true at low temperature: below 100 
K, irradiated films sholved strong pinning 
effects that were absent in as-erown films. a 

In  extending our study to multilayers, we 
tested two different structures with identi- 
cal C o  thickness tc, (0.3 n m )  and number 
of periods (six) but differing in  Pt interlayer 

Fig. 1. Hysteress loops of a Pt-Co (0.5 nm)-Pt- 
Herasil smple sandwich versus irradation fluence 
(He- Ions, 30 keV), (1) As-grown sample; (2) 
3 x 1 O1?ons per square centimeter; (3) 1 016 ions 
per square centimeter. Magnetization M of all 
curves has been normalized to the saturat~on 
magnetzation M,, of the as-grown sample. 
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thickness tp, (0.6 and 1.4 nm). The discus- 
sion above also applies here, but we now 
must consider the interaction between mag- 
netic layers, which is known to be ferromag- 
netic in the Co-Pt system because of Pt spin 
polarization. In as-grown samples, this re- 
sults in much stronger ferromagnetism than 
in simple sandwiches, with square perpen- 
dicular loops and high coercive fields (Fig. 
2). 

Irradiation of the sample with tpt = 1.4 
nm leads to perfectly square perpendicular 
hysteresis loops (Fig. 2) for fluences below 
6 x 1015 ions per square centimeter, but the 
coercive field ~roeressivelv decreases with . - 
increasing fluence as for the tco = 0.5 nm 
simple sandwich (Fig. 1). At a fluence of 
6 x 1015 ions per square centimeter the 
tilted loop with nonzero remnant magneti- 
zation indicates the spontaneous formation 
of up-down magnetic domains (18). A t  
higher fluences, the loops are typical of an 
easy plane magnetization axis (note that 0, 
remains unchanged). The sample with tp, 
= 0.6 nm displays very similar behavior, but 
the maenetization reorientation occurs at - 
only 3 X 1015 ions per square centimeter. 

As discussed above, irradiation changes 
the Pt concentration profile at each Co 
laver interface (and therefore the short- 
rakge order around interface Co atoms). 
But in contrast to the single film case, the 
existence of strong interlayer coupling 
keeps T, high (this is confirmed by the fact 
that 0, remains constant), while the per- 
pendicular anisotropy is reduced. The inter- 
layer coupling might even increase if inter- 
diffusion increased the spin polarization in 
the Pt layer. Hence, the sample behavior 
evolves from that of the familiar Co-Pt 
multilayer with perpendicular anisotropy 
toward that of a thin Co-Pt alloy ferromag- 
netic film with in-plane anisotropy. 

These results suggest the exciting possi- 

Fig. 2. Hysteresis loop of a Pt-[Pt (1.4 nm)-Co (0.3 
nm)],-Pt-Herasil multilayer versus irradiation flu- 
ence (He+ ions, 30 keV). (1) As-grown sample; (2) 
2 x 1 015 ions per square centimeter; (3) 6 x 1 O1 
ions per square centimeter; (4) 1016 ions per 
square centimeter. Magnetization M of all curves 
has been normalized to the saturation magnetiza- 
tion M, of the as-grown sample. 

bility of locally changing the magnetic 
properties of a sample by using a technique 
similar to that of semiconductor doping (ir- 
radiation through a lithographically defined 
mask). 

A Pt-Co (0.5 nm)-Pt simple sandwich 
and a [Pt-CoI6 multilayer with tco = 0.3 nm 
and tpt = 1.4 nm were produced, on which 
arrays of 1-p.m wires separated by 1 pm 
were defined by e-beam lithography in a 
0.85-pm-thick poly(methy1 methacrylate) 
PMMA resist layer. Both samples were ir- 
radiated with 30-keV He+ ions through the 
resist mask, which was then removed in a 
hot trichloroethane bath, followed by short 
exposure to an oxygen plasma to remove 
the PMMA residues (which occur mostly at 
the boundaries of the irradiated areas). The 
samples were studied by magnetooptical mi- 
croscopy, either in the far-field (20) or in 
the near-field transmission mode (14). 

The simple sandwich was irradiated at a 
fluence of 1016 ions per square centimeter, 
high enough to make the irradiated area 
paramagnetic at room temperature in this 
particular sample. A magnetic domain (Fig. 
3A, white area), nucleated well outside the 

Fig. 3. Image In far-~eld magnetoopt~cal micros- 

copy of an array of strlpes 1 wm w~de, separated 
by 1 pm, magnetically patterned in a Pt-Co (0.5 
nm)-Pt-Herasil simple sandwich. The sample was 
irradiated with 30-keV He+ ions at a dose of loq6 
ions per square centimeter, through a mask of 
PMMA resist defined by e-beam lithography. In 
this specific sample, this made the unprotected 
areas paramagnetic at room temperature. Images 
(A) and (B) are both differences from a magneti- 
cally saturated image, and the reversed domains 
appear in white. A pulse of magnetic field of am- 
plitude 82 Oe and duration 2 s was applied be- 
tween (A) and (B). 

image and expanding in a nonirradiated 
region of the sample (top half of the image), 
meets the limit with the "magnetically pat- 
terned" array. The domain wall rapidly 
propagates toward the left in the unpat- 
temed region and penetrates the array 
through the nonirradiated stripes (Fig. 3B). 
Note that the propagation velocity is not 
exactlv the same in all s tr i~es (there is . . 
obviously a distribution of pinning sites). 

The multilaver was irradiated at a dose of 
2 x 1015 ions I;er square centimeter, which 
is expected to halve the coercive field in 
the irradiated area (see Fig. 2). The optical 
transmission image (Fig. 4A) shows no con- 
trast, leading to near-field magnetic images 
with negligible diffraction effects on the 
magnetically saturated sample (Fig. 4B). As 
a result of the local coercivity change in- 
duced bv irradiation. we could reverse the 
magnetization of the irradiated areas alone 
(Fig. 4C) while preserving good magnetic 
contrast. 

Beam-induced magnetic patterning al- 
lows us to create adjoining regions with 
very different magnetic properties, such as 
perpendicular versus in-plane magnetiza- 
tion or paramagnetic or stripe domain struc- - 
tures in otherwise smooth and optically uni- 
form films. The method demonstrated here 
can be extended to submicron sizes (23) 
and to other materials whose magnetic 
properties are sensitive to irradiation (24). 

This should provide exciting possibilities 
for studying magnetic configurations and 
magnetization reversal processes in pat- 
terned structures, with little or no influence 
of the defects encountered in etched struc- 
tures. If our estimates of the ultimate ob- 
tainable resolutions (23) are confirmed ex- 
perimentally, the method holds promise for 
ultrahigh density magnetic recording appli- 

Fig. 4. Images in near-field magnetooptical mi- 
croscopy of an array of stripes l pm wide, sepa- 
rated by l pm, magnetically patterned in a Pt-[Pt 
(1.4 nm)-Co (0.3 nm)],-Pt-Herasil multilayer. The 
sample was irradiated with 30-keV Hef ions at a 
dose of 2 x 1015 ions per square centimeter, 
through a mask of PMMA resist defined by e- 
beam lithography, reducing the coercivity of the 
unprotected areas by a factor greater than 2 (see 
Fig. 2). (A) Optical transmission image (without 
polarization analysis). (B) Magnetooptical image of 
the magnetically saturated array. The faint con- 
trast is due to residual PMMA before exposure to 
oxygen plasma. (C) Magnetooptical image of the 
array after reversal of the magnetization in the 
irradiated area only (white stripes). Magnetic res- 
olution of our experiment was about 200 nm. 
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cations (10-12) or for fabrication of inte- 
grated magnetic memory devices or sensors 
(25).  It could also be of interest for ultra- 
high density near-field optical recordillg 
(26,  27), because optical properties also 
inay be locally changed by adj~~st i l lg  the  
irradiation conditions. 
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Post-Cam brian Trilobite Diversity and 
Evolutionary Faunas 

Jonathan M. Adrain," Richard A. Fortey, Stephen R. Westrop 

A cluster analysis of the stratigraphic distribution of all Ordovician trilobitefamilies, based 
on a comprehensive taxonomic database, identified two major faunas with disjunct 
temporal diversity trends. The Ibex Fauna behaved as a cohort, declining through the 
Ordovician and disappearing at the end-Ordovician mass extinction. In contrast, the 
Whiterock Fauna radiated rapidly during the Middle Ordovician and gave rise to all 
post-Ordovician trilobite diversity. Its pattern of diversification matches that of the Pa- 
leozoic Evolutionary Fauna; hence, trilobites were active participants in the great Or- 
dovician radiations. Extinction patterns at the end of the Ordovician are related to clade 
size: Surviving trilobite families show higher genus diversity than extinguished families. 

Tri lobi tes  are among the lnost cotntnon 
fossils of the  Early Paleozoic, and an  under- 
standing of their history is central to ally 
hypothesis of the  developinent of the  ina- 
rine biosphere during this time. Cumulxtive 
trilobite diversity (1 )  is often portrayed as a 
bottotn-heavy spindle diagraln derived by 
couiltillg genera or families recognized dur- 
iqg particular epochs. T h e  most current 
description of cumulative taxonomic diver- 
sity is Sepkoski's cotnpelldiuln of marine 
families (2 )  and genera (3 )  alnd his setnilla1 
factor-analvtical descrivtioil of the  tnarine 
record (4):  W e  used 'a new cotnprehen- 
slve genus-level elobal data set to relnLres- 
tigate patterns of post-Cambrian trilobite 
diversitv. 

~ r i l d b i t e  diversity has been ~lnderstood 
in relation to  three major e\rents in the  
Early Phalnerozoic history of life: the  Cam- 
brian explosioll (5 ) ,  the  Ordoviclaln raclia- 
tion (6 ) ,  and the  end-Ordovician inass ex- 
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tillctioll 17). Of these events. the  diversitv ~, 

pattern of trilobites after the  Cambrian ex- 
vlosioil is uncontroversial: with the  advent 
of mineralized hard parts, trilobites radiated 
rapidly and soon reached their peak clade 
diversity (8). T h e  role of trilobites in the  
Ordovician events is less ~vel l  understood. 
T h e  class was in  modest decline during the  
time of the  Ordoviciail radiation ( I ,  3 ,  4 ) ,  
along with other elements of the  Cainbriail 
Evolutiollarv Fauna 14). Trilobites were one 
of the  most' affected by the  end- 
Ordovician extinction, and most estimates 
record a loss of abou; half of familial or 
generic diversity a t  this event (3, 4 ) .  Post- 
Cambrian trilobite history has therefore 
beell ilnferred to follow a general and sus- - 
t;lined decline, or a tiecay of a hlgh-diversity 
Early Ordovician cohort (9) .  However, the  
cumulative diversity curve poorly reflects 
some important features of trilobite hlstory: 
( i )  N o  natural subgroup of trilobites (inono- 
phyletic order, superfainlly, or family) has 
an  Ordo\rician-Sllurlm diversity history 
inatchillg the  shape of the  cumulative plot. 
Although cotnponents inay have different 
dlverslty histories from cumulative trends, 
n o  clade among the  trilobites is even similar 
to the  curve for the  Ibex (Lower Ordovi- 
cian) through Wenlock (Silurian) series. 
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