
surement precisions (0.5%) {20) in the travel times 
themselves. 

20. Single-crystal samples of MgO (purity >99.9%) were 
oriented with x-ray diffraction method described in 
{13) to [100] and [110] orientations (better than 1 °); the 
samples were cored, cut, and polished to cylinders of 
about 1.8 mm in diameter and 1.2 to 1.5 mm in 
length. The original sample lengths were measured to 
micrometers, that is, ± 1 (xm. Measurements of the 
sample travel time were achieved by overlapping the 
glass buffer rod echo and the sample echo and re
cording the amplitudes of the interference signal as a 
function of the frequency (from 20 to 70 MHz). Preci
sion in the travel time measurements is about 2 ns or 
0.5% for the sample used in this study. We used Pt 
(20 (xm thick) and Au (2 \xm thick) foils to couple the 
acoustic wave from the glass buffer rod to the sample. 
These metal foils alleviate the problems of the com
pressibility and thermal expansivity mismatches be
tween the buffer and the sample, but they also intro
duce uncertainties in the acoustic travel time [{25); I. 
Jackson, H. Niesler, D. J. Weidner, J. Geophys. Res. 
86, 3736 (1981)]. Their effect on the travel times is 
calculated and removed with the algorithm detailed in 
{25). Redundant experiments were also performed 
with Pt foil and Au foil for the same elastic mode (C44); 

JNumerous paleodata suggest that the cli
mate of the mid-Holocene around 6 thou
sand years ago (ka) was quite different from 
that of today. Generally, the summer in 
many mid- to high-latitude regions of the 
Northern Hemisphere was warmer, and pa-
leobotanic data indicate an expansion of 
boreal forests north of the modern tree line 
(1-6). In North Africa, paleoclimatological 
reconstructions (5, 7, 8) reveal a climate 
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after correcting for the effect of the bonds (Pt or Au 
foils), the sample travel times agree within the mea
surement uncertainties (2 ns). 

21. In extracting the cross pressure-temperature deriva
tives of the elastic moduli (a2C .̂/aPa"T), our modulus 
data at elevated P and Tare fit by polynomials [C^ = 
C° + (aC/rF)P + {dCi/dT) T + (02C/y/rF0T)PT] with 
the constraints of fixing the pressure derivatives 
{dC/j/dFj at ambient temperature (from our high pres
sure-ambient temperature data) and the tempera
ture derivatives {dCy/dT) at ambient pressure [from 
averaging the rectangular parallelopiped resonance 
(RPR) data (5)]. Such fits are mathematically robust 
because the boundary conditions (along the pres
sure and temperature axes) are well defined: the 
RPR method provides data if very high precision 
along the temperature axis, and the acoustic data 
along the pressure axis also have high precision [in 
light of their good agreement with the results ob
tained from the gas pressure vessel (Fig. 3)]. 

22. D. G. Isaak and E. K. Graham, J. Geophys. Res. 81, 
2483 (1976); G. Chen, A. Yoneda, I. C. Getting, H. A. 
Spetzler, ibid. 101,25(1996). 

23. D. G. Isaak, Phys. Earth Planet. Inter. 80, 37 (1993). 
24. T. S. Duffy, R. J. Hemly, H. K. Mao, Phys. Rev. Lett. 

74, 1371 (1995). 

wetter than today's. Moreover, it has been 
found (9, 10) that vegetation covered a 
substantial part of the Sahara during the 
mid-Holocene. Climate models have been 
used to examine how the changes in Earth's 
orbit result in the differences between the 
climate of today and that of 6 ka. Atmo
sphere models that use prescribed modern 
sea surface temperatures (SSTs), sea-ice dis
tribution, and vegetation cover (11-14) 
seem to underestimate the amplitude of the 
observed climatic differences (2, 5). Sensi
tivity studies in which artificially prescribed 
changes in vegetation were introduced into 
climate models (2, 15, 16) suggest that 
positive feedbacks between climate and 
vegetation can be important in explaining 
the climate changes during the Holocene. 
Coupled atmosphere-vegetation models 
(17, 18) support this hypothesis. Recently, 
coupled atmosphere-ocean models (19, 20) 

25. H. A. Spetzler, G. Chen, S. Whitehead, I. C. Getting, 
PureAppl. Geophys. 141, 341 (1993). 
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demonstrated that some of the climatic dif
ferences might be explained by changes in 
ocean temperatures, but again, the simula
tions reveal only partial agreement with 
paleodata. We describe the strong synergis
tic effect of the response of atmosphere, 
ocean, and vegetation on the changed solar 
insolation conditions found in our coupled 
atmosphere-ocean-vegetation model. 

We used a climate system model of inter
mediate complexity, CLIMBER (for CLI-
Mate and BiosphERe) (21, 22), to perform a 
set of consistent experiments with different 
model configurations from the atmosphere-
only model to the coupled atmosphere-
ocean-terrestrial vegetation model. CLIMB
ER does not employ any flux adjustment 
between the atmospheric and oceanic mod
ules. The model has a coarse resolution of 
10° in latitude and 51° in longitude. It en
compasses a 2.5-dimensional dynamical-sta
tistical atmosphere model; a multibasin, zon-
ally averaged ocean model, including sea ice; 
and a terrestrial vegetation model (23). The 
latter simulates vegetation that is in equilib
rium with climate. Vegetation cover is rep
resented as a mixture of trees, grass, and 
desert (bare soil). The fraction of each is not 
a discrete, but a continuous function of 
growing degree days (sum of mean daily tem
perature for days with temperature above 
0°C) and annual precipitation. Hence, in 
contrast to biome-type models, CLIMBER is 
able to describe changes in vegetation cover 
that can be interpreted as shifts in vegetation 
zones smaller than the spatial resolution of 
the model. 

A control run was performed, using the 
fully coupled atmosphere-ocean-biosphere 
version of the model for characteristics of 
preindustrial climate (when the system was 
close to equilibrium)—in other words, mod
ern solar insolation and a CO? concentra-

The Influence of Vegetation-Atmosphere-
Ocean Interaction on Climate During the 

Mid-Holocene 
Andrey Ganopolski, Claudia Kubatzki,* Martin Claussen, 

Victor Brovkin, Vladimir Petoukhov 

Simulations with a synchronously coupled atmosphere-ocean-vegetation model show 
that changes in vegetation cover during the mid-Holocene, some 6000 years ago, modify 
and amplify the climate system response to an enhanced seasonal cycle of solar inso
lation in the Northern Hemisphere both directly (primarily through the changes in surface 
albedo) and indirectly (through changes in oceanic temperature, sea-ice cover, and 
oceanic circulation). The model results indicate strong synergistic effects of changes in 
vegetation cover, ocean temperature, and sea ice at boreal latitudes, but in the sub-
tropics, the atmosphere-vegetation feedback is most important. Moreover, a reduction 
of the thermohaline circulation in the Atlantic Ocean leads to a warming of the Southern 
Hemisphere. 
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Fig. 1. Zonally averaged 
differences in near-sur- 
face air temperature over / .  1; 
land (in OC) between our 
four mid-Holocenesimu- 

day control run for boreal 
lations and the present- 5 a5 ......,' ...- 
summer (June, July, Au- 
gust) (A) and boreal win- - 1 

ter (December, January, 
February) (B). The solid 
line indicates differences 
between simulation A 
(atmosphere-only model) 
and control; the short- 

OA 

dashed line refers to sim- 
ulation A 0  (atmosphere- '$ -u 
ocean model) minus con- 
trol; the long-dashed line & 

Latitude (degrees) 
9 0 S M K S O S f O X W M ( 9 W 9 O S M K S O S f 0 X W M ( 9 O N  

refers to simulation AV Latitude (degrees) 
(atmosphere-vegetation 
model) minus control; and the dot-dashed line refers to simulation AOV (atmosphere-ocean-vegetation 
model) minus control. (C and D) are the same as (A) and (B), respectively, but for precipitation (in mmfday). 
All results are averages over the last 100 years of a simulation. 

tion of 280 ppm. To attain equilibrium, the 
control simulation (as well as each of the 
following experiments) was integrated for 
3000 years. The model performs reasonably 
well for modem climate (21, 22). Its equi- 
librium and transient response to changes in 
COZ concentration are similar to those of 
coupled general circulation models (GCMs). 
For example, the sensitivity to a doubling of 
CO, is 3.0°C. Simulated vegetation cover 

L, 

agrees well with the main features of global 
vegetation distribution. In ~articular. the 
beits of boreal and tropical rai; forest, as well 
as the areas of subtropical desert, are repre- 
sented realistically in the model. 

We performed four simulations for the 
mid-Holocene, using different model config- 
urations. Orbital parameters were set to mid- 
Holocene values (24), resulting in an en- 
hanced seasonal cycle of solar insolation in 
the Northern Hemisphere. The COZ con- 
centration was the same as in the control 
run. Simulation A was undertaken using the 
atmosphere-only model. Thus, the model 
configuration was almost identical with oth- 
er model studies (1 1-14), with the exception 
that we prescribed SSTs, sea-ice characteris- 
tics, and vegetation cover from the results of 
the control run rather than from empirical 
data. This allowed results of our m$-Holo- 

Latitude (degrees) 

Fig. 3. Zonally averaged trees fraction (A) and 
desert fraction (B) for the control run (gray), simu- 
lation AV (white), and simulation AOV (black). 

cene runs to be compared directly with the 
control run. In simulation AO, we employed 
the coupled atmospher+ocean model, and 
vegetation cover was fixed as in simulation 

.J 

A. Simulation AV was run with interactive 
vegetation, while ocean characteristics were 
fixed as in simulation A. Finally, in simula- 
tion AOV, we used the fully coupled atmo- 
sphere-ocean-vegetation model as in the 
control run. 

In response to mid-Holocene insolation 
changes, the atmosphere-only model (sim- 
ulation A)  showed warming over the con- 

B 
I 

tinents of the Northern hemisphere in 
summer exceeding +2S°C and cooling in 
winter and spring exceeding -1.5"C com- 
pared to temperatures in the control run 
(Fig. 1, A and B; Fig. 2A; Table 1). This is 
in ameement with results of manv atmo- 
sphe;ic GCM simulations (1 1-14, 18, 25). 
A global annual increase of precipitation is 
mainly caused by the intensification of 

Longitude (degrees) Longitude (degrees) 

Fig. 2. Differences in ne&-surface a? temperature (in "C) during boreal summer between two of our four 
mid-Holocene simulations and the present-day control run. (A) Simulation A minus control. (B) Simula- 
tion AOV minus control. (C and D) are the same as (A) and (B), respectively, but for precipitation (in 
mm/day). Dashed lines indicate negative differences. 

Northern Hemisphere summer monsoon in 
North Africa, South Asia, .and East Asia 
(Fig. 2C). Earlier studies (1 1-14, 18, 25, 
26) also revealed the strongest increase in 
precipitation in the African and South 
Asian monsoon regions. Changes in the 
Southern Hemisphere are generally smaller 
because of fixed SSTs. 

The results of simulation A 0  are, in gen- 
eral, similar to those of simulation A. How- 
ever, the thermal inertia of the ocean leads 
to a slight damping of the direct atmospheric 
response to the insolation changes (Fig. 1). 
At high northern latitudes, increased sum- 
mer insolation causes a reduction of sea ice 
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(Tahle I ) ,  n.hic11 tlue to alhedo feedback 
leads to a ~varmiilg of the Arctic througl~our 
most o i  the year. In the tropics, SST anom- 
alies in the range of -I?.i°C to +I?.3"C lag 
liehinil the solar insol,~tion anomalies 13v 
nbout 2 months, b~lasimum cooliilg (warm- 
ing) there is reached in April/b~lay (Osto- 
her), leading to reduced (increased) precipi- 

strengthelled precipitation o\v~ng to stron- 
ger Afric,~n ancl Asian summer ~llollsoons 
(Fig. 1C)  similar to (17) .  In North Africa 
(111" to 3P0N), the resulting desert fraction 

comnareii to the coiltrol simulation (Table 
1).  .%s a result, the ocean absorbs more heat 
ill summer and releases it into the atmo- 
sphere in autumn and winter. Thus, results of 

\v,~s 14% in colllparisoil to 7 1i'a in the ci>n- 
trol run. A gi-ceilillg of the Sahara \vas also 
obtaineil wit11 the coupled atmosphere-bi- 
o n e  ~nodels described in ( 1  7. 1H), although 
they sho~v  disagreement in the  amplituiie of 
their cli~nate anii vegetation response in this 

simulation A O V  agree much hetter than the 
previous three with the paleodata, indicating 
a summer temperature of uy3 to 4°C and a 
n-lnter temperature of up to 3°C lugller than 
for  toclay's climate 111 tlle nortllerll parts of 
Europe, Asia, and North America (1-5). Bo- 
real forest areas increase further (compareil to 
simulation .%V, Fig. ?A) at the expense of 
tundra dnJ  polar desert. These changes in the 
horeal forest area can he internreted ia.;aum- 

tation over tropical oceans in agreement 
wit11 results of the couplecl GCh4  described 
111 (22). In the tropic,, CLIh4BER also 
sho\ved an increase o i  unward velocity over 

region. 
Results o t  the  three esl3eriments .%, AO, 

and .%I7 s h o ~ v  that the responses uf CLIhlB- 
ER to cllallees in orbital parameters are 

contillents in spring 2nd a north\\-ard shift of 
the Intertropical Conr.ergency Zone in au- 
tumn silnilar to (217). However, in contrast 
to (22) ,  an increase in precipitation in North 
.%frica and Southeast Asia (comk~ared to 
slinulation A with fixed SSTs) could not he 
JetecteJ 111 CLIMBER. Sul~stant~al  changes 
in oceanic circulation compareil to the con- 

conlparahle ~ y i t h  those ohtaineil using n o r e  
sorhlsticated dnil high-resolution moJels 

ing that changes in the trees fractioi~ rcpre- 
sent a merlJiona1 shift of the horcler her\veei~ 

1vhe11 pertc>rmeii in similar coniiguration. 
Touether nit11 the successi~~l simulations o i  

taiga and tunilra) as an  averageil ilorth\vard 
shift of the tree line IT allout 259 km. This 

the  mo~lei-11 a n ~ l  last-glacial-maximlum cll- 
mates (21) ,  thls gives more cre~lil i i l~ty to 

agrees \vith llollell estlm,~tions, ~vhlch indi- 
cate a north~varil tcorest exl7,lnslon during the 
miil-Holocene hy iL7 to 31111 km ( 2 ,  3). In the 
s ~ i l ~ t r ~ l ~ i c s .  the cleqcrt area fi~rther shrinks 
(ci)mp,~i-e~l to simulation A\', Fig. ?A). The  
rewlting increase ot  annual precipitation in 
Xorth Africa is four tinles larger than for 
slmul,~tion .% (Table 1 ) .  

trol simulation \Yere not found. 
Simulation .%I7 re\.ealeJ oronounceil 

our model results. 
Finally, the results ot  bi~lllllatiim .A@\' 

changes in the  vegetation cover in ilorthei-11 
hleh latitudes and the suhtropics (Fig. 3).  
O a i n g  to xarmer summers and longer 
growng seasons in the  Xorthcrn Hcnli- 
sphere, forests expand f,~rther north\yar~l. 
Because ot the  albcclo feedback, this am- 
plitics the  temperature rise (Fig. 1, A anil 
A;  Table 1) .  T h e  area ot ruildra L ~ l l i l  polar 
ilescrt ilccrcascs bv some 3 x 111'' km'. 

i1emoilsrr;lte ,I strong s\-11ergi.m l.et\.~een cli- 
mate qubqvstems. Uillike the previous three 
simulations, AO\' revealed pronounceJ an- 
nual n.arming in both helnispheres (Fig. 1. A 
and B). In the Xorthern Helnisphere, tem- 
perature ~ncreaseel hy about 1 " C  both in sum- 

T h e  warming of the Southern Hemi- 
sphere in simulation AO\' 1s caused primar- 
ily by a reiluction o i  the Atlantic thermoha- 
line circulation. It bccalllc \veaker and n o r e  
sh ,~l lon (Fig. 4), \\~I~ereas Antarctic l~o t tom 

nlcr and ~yil-iter co~lqurecl to simulation .%@ 
(Tahle 1).  Thus, niiltei- hcc,~me ivarmer com- 
pared to the control si~nulation in spite ot 

wl l~ch  is comParahl~ n .~ rh  rcslllrs of the cou- 
pled atmosphere-biome model describc~l ill 
( l z ) ,  ~vhcre  a decrease of tundra and polar 
clcsert of some 2 x II?" km' can be ileclucecl. 

lo\vcr solar insolation (dnil in contrast to 
 simulation^ A, AO, A\'). T h e  n.armlng 1s 
causeil hy a decrease o i  ylanet,~ry albedo Jue 
to an extension of the l~oreal torcsts dlnd A 

In the subtropics, the precipitation lncreasc clccrcase ot subtropical ilcserts. In lligll north- 
at 6 ka simulated h7 CLIMBER resulted in ern latitudes, uarmlng \?as strongly alnpllfied 
,111 es te l~sion of vegetation (at  the expense hy the sea-ice albedo feeJhack. T h e  annual 
of ilcscrt areas. Fig. 3B), n.hic11 111 turn amcxint of sea Ice decreaseel hy one-clu,~i-ter 

Table 1. Differences from the present-day control run of our four nild-Holocene s~mulat~ons (Sm.;  A. 
AO, AV, AOV) for boreal summer (June, July, August) and wlnter (December, Janualy, Februaly) and 
annual averaged near-surface a r  temperature (Temp., 'C) prec~pitat~oli iPrec , mm/day), and sea-ice 
area [Ice, 1 O6 km2 w~ th  fractions (Ycj of present-day sea-ce area In parentheses]. NH ndcates va l~~es  on 
average over the Northern Hemsphere, SH over the Southern Hemisphere, and N-AFR over North 
Africa (between 10" and 30'N). The ndex L refers to averages over land areas olily 

Latitude (degrees) 

B Temp. ('C) Prec. (mmlday) Ice 

Slm. 
[I 0" km2 ( O c ) ]  

NH, NH SH NH, SH, N-AFR, N H SH 

Boreal summer 
0.25 0.04 
0.19 0.01 
0.49 0.06 
0.54 0.07 

Boreal winrer 
-0.01 -0.17 
-0.01 -0 13 
0 -0.1 7 
0.05 -0.01 

Annual averaged 
0.08 -0.03 
0.06 -0.03 
0.19 -0.03 
0 26 0.06 

A 
A 0  
AV 
AOV 

A 
A 0  
AV 
AOV 

Latitude (degrees) 
A 
A 0  
AV 
AOV 

Fig. 4. Merldlonal transport stream function (In 
Sv = 10' mqs) In the Atlantic for the control run 
(A) and for simulation AOV (B) Black boxes indl- 
cate ocean topography. 
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Ivatcr ncilctrated further north. T h e  reduc- 
tion of thermohaline circulation \\.as caused 
by a \\.arming and frcsllenlng ot  tllc Korth 
At lmtic  and Arctic. This led to a decrease of 
North Atlantic i l e e ~ ~  1vatc.r ilcnsity and a 
red~ictic~n tllc density gradient betn,ccn 
the North and S o ~ ~ t l i  A t l an r~c ,  ~vhich con- 
trols the intensity of n~cridioilal overturning 
(2; ) .  \Yhile the aar i l~ing of the North At-  
lantic is the result of noillinear intcractioll 
betn-cen \.egetation-all?eLlc> ancl sea ice-al- 
l-.ecio feciibacks. aa iliscusseii a l i o ~ e .  tllc frc.11- 
enillg of the North .Atlantic is a conse- 
quence of an intensitization of the hydrolog- 
ical cycle in the Northern Hemisl311ere anil 
an  illcrease in runoff frolll tile continents. 
1vhic11 ellllances the trcshwatcr flus into the 
North Atlantic 1.1- 9.L75 SF.. Because of tllc 
11-eakening of t l ~ e r ~ ~ ~ o l i a l i n c  circulation, up 
to L7.1 PIXI 1e.s heat is transported from the 
South to tllc Nortll Atlantic, I\-liich proiluc- 
es ,i ne~ati-\.c feedback for the Korthern 
Hemi.phcre \varming, hut raises the South- 
ern Hemisphere temyeraturc by i?.'i°C in the 
annual mean. The  n-arming rcaclic~l maxi- 
mum d u e .  of more than 1°C n e x  tllc 
-4ntarctic (Fiq. ?A), clue to a11 am131ification 
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  
Ailrarctic xnil southern ocean iluring the 
mid-Holocene that \vas up to 1°C n.armer 
than a t  lire.cnt. 

Our  results juggest that  during the  miii- 
Holocene, the  folli)~ving three regions 
nc re  s t r o n ~ l y  affected by processes related 
to chanycs in the  vcpetation structure a n ~ l  
in the oceans. ( i )  Hicli llorrllcrn latitl~cle.: 
;i nortlhwarcl expansion of boreal foreqt 
ciue to summer ~ r - a r m ~ n u  leads to a11 annual  
lvarmlng via tlic ve~etatic~n-s~ioiv-all?e~lo 
tecdback, . : trongl~ a~ l i~ l l f i e i l  I,\- the  qea 
ict.-albedo teedl?acl<. ( i ~ )  Suhtropics: 
Strong yoiiti\,e fecdl~ack betn,een \.eqeta- 
t ion anti precipitation in tllc suhtropics 
lead.: to a qreening of the  Sahara. hlalor 
prccipi ta t~on changes are due to ~ n t e r a c -  
t11.e ~ .egeta t ion,  vr.hilc the  r i~ le  i ~ f  change. 
in oceanic temlxrature is amhigunui. ( ~ i i )  
A t lmt ic :  Strong n-arming o t  tlle Nor th  
.Atlantic, t ouc th t .~  wit11 a11 illcreased tresli- 
water f lus  into the  Atlantic basin, leads to 
a a - e a k e n ~ n e  of the  t l ier~llollali~le c~rcu la -  
t ion, ~vhicl i  ~n turn results in a .ir,arming ot 
tlie Southern Hcrniii,here. 

In concl~is ion,  our re.:ult.: re\-cal .:trong 
syneruiatic effects l~ctvi-ccn tllc different , - 

clllllate .:ul.sy.:tems. Thcv also otfcr a n  ex- 
p lana t~on  of how vegetation c1iangt.i may 
promote chanees in the  ocean circ~ilation, 
therehv lea~l ing to a gloh,11 response con- 
necting hot11 lhemisphere~. Our  result., by 
and large, agree wit11 palei,climatic recon- 
structio~i.:. R e s ~ ~ l t s  fro111 this rar1it.r coaric- 
acale climate-system model yrovi~le  guiil- 

ante 111 the  interpretation of past c l~mates .  
Simulations using compreheilai\-e ellmate 
system moilels 111 combination n-it11 anal- 
ysis of lidlei>dclta are ncedeil t o  obtain 
1ni1re ~lctaileil ylctures of the  paleclclimate. 
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[Planar Patterned Magnetic Media 
Obtained by Ion Irradiation 

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

V. Mathet, H. baunois 

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 I -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. 

A m o n :  tllc metllodi I~rolit,~ecl ti, increa.e 
the  Ja ta  storage ~lenslt\-  in magnetic recorcl- 
ing meclia lvc.11 l ,e~-on~l  especteil limits ('1 . 

C. Ci.s.l:pert, V. Kc:-er T. Detvclrle '4. Matie:, r-s:lt~t 
rl Ees: lcnq~e Fcl-cl?.~~ertale U r  -e ce Resi-ersi-e Assc- 
c 6e CNRS C22 2r1vels1-6 Pars SLlc:, 91 L35 31-sa: Ce- 
=ex, Frznce. 
H. Berrzs Certre rle S1:ec:loi-6tre N-~clezre et rle 
Spectren-etrle de I\/lasse Un-6 Prcpre ce Rec,iercie 
CkRS GL12 Un1:ers:e Pzrs S.I::, 9 1 9 5  GI-sa: Cedex, 
Flznce 
J. Ferr6 arc: J P .  Jzmet, La!:ora;ore cle P ~ y s c ~ u e  zes 
Sccles lJn1:6 cle 3echerci.e Assccee C N i S  C2, Un.el 
s t6  Pzrs S ~ ' r l  9 1 S 5  31~s:; Cecex. Fral-ce 
'!I. Kc:tler, Y Ci-er E. C a n r r  F. Rc~sses .~x  h. La-I- 
r c  s, Ls.bcratc -e de Mc l cs t r~c :~~ res  et ce M1crceec:rcn- 
que. Un:6 Prcpre de Recl~erc i e  CNRS 32C 1 9E At!en-e 
H. Rmers. BP 1C7 92225 Bagne.1~ Ceoex Frznce 

2 ) ?  111eLlia p:ltterlllllg ( 3 ,  4) by clp~~riq~rlatc 
nanometer scalt. teclln~ques (5-8) is partic- 
ularly attr,ictlve. T h e  latter 11-111 also be 
required in tllc field of magnetoclecrrmic.: 
('!I), with potential appl~cation.: for new 
ma:netic ~ ~ h m i c r o n  ileviccs: read head, 
memor\- cell\, and so forth. T o  iluplemellt a 
plrteminy techniclue, hoivt.ver, se~.eral ma- 
jc~r problems must he io11.c.d. Firkt, the  pat- 
terning ~ r o ~ s ~ l ~ o ~ l ~ l  allo~y control of tlie 
mayncr i~a r~on  rc~.crsal propertie.: of tlle 
~ul,micri~n elenlent that constitutes the bit 
or the s e ~ > o r .  Seco1111, ~1lecli~1~11 lilanaritv is 
crucial. This ia rel,rteJ, for instance, to the 
llanometer scale lie,~cl-to-meilia clearance 
in p r e ~ c n t  Jay har~l-~l isk  techni>loqv [a.: n.cll 


