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A Class of Cobalt Oxide Magnetoresistance Cr,  or Fe). 111 this report, we describe a 

Materials Discovered with Corn bina torial speclfic example of the generatloln and 
screening of one such library that resulted 

Synthesis in the  discovery of a falndy of Co-contain- 
ine C M R  materials. A n  analvsls of the ef- 

Gabriel Bricetio, Hauyee Chang, Xiaodong Sun, 
Peter G. Schultz," X.-D. Xiang* 

The recent development of methods for generating libraries of solid-state compounds has 
made it possible to apply combinatorial approaches to the discovery of materials. A library 
of 128 members containing different compositions and stoichiometries of Ln,M,CoO,, 
where Ln = Y or La and M = Pb, Ca, Sr, or Ba, was synthesized by a combination of 
thin-film deposition and physical masking techniques. Large magnetoresistance has been 
found in La,(Ba,Sr,Ca),-COO, samples, whereas Y-based samples exhibit much smaller 
magnetoresistive effects. The magnetoresistance of the Co-containing compounds in- 
creases as the size of the alkaline earth ion increases, in sharp contrast to Mn-containing 
compounds, in which the magnetoresistance effect increases as the size of the alkaline 
earth ion decreases. 

T h e  discovery of the  magnetoreslstlve ef- pounds Ivas around silnple perovsklte ABO, 
fect ( 1  ) in bl~n-based perovskite oxldes and related A L B 0 4  or An+ lB,,03n+l hlgher 
(La,R)I-,A,M~n03-, ,  where R 1s a rare order structures, where A = (La, Y, or rare 
earth element and A = Ca,  Sr, or Ba, has ear th)+ '  partially substituted i v ~ t h  (Ca,  Sr,  
attracted considerable attentlon because of Ba, Pb, or Cd)+ '  and B = (Mn,  V, Co ,  N I ,  
the  potential application of these materials 
In magnetic storage technology. Colossal 
magnetoreslstance (CMR) ,  with MR ratlos La Y 
AR/R(O) = [R(H = 0 )  - R(H)]/R(H = 0 )  
as large as 99.0, 99.9, and 99.99%, have 
been reported for polycrystall~~ne samples of 
La,,,Y,,iCao,3,Mn0 and epitaxial thin 
films of La,,67Ca,,3,Mn0, and Ndo,i- 
Sr,,3Mn0,p,, respectively (2-4). A large 
number of theoretical and experimental ef- 
forts have been undertaken to understand 
this unexpected phenomenon and to i ~ n -  
prove the room-temperature sensitivity, 
[AR/R(O)]/AH, a t  H = 0 of these materials, 
a n  important factor for technical applica- 
tions. T h e  question arises ahe the r  these 
effects are ~ ~ n i q u e  to bln-based perovskite 
oxides or can he found as a n  i~ntrinsic prop- 
erty of other materials. 

W e  have applied a co~nbinatorial ap- 
proach (5) to the  search for Inore CbIR 
materials. Our  initial search for C M R  com- 

G Br~ceAo and X.-D. Xang, Molecular Desgn lnsttute, 
Lawrence Berkeley Laborator)!. Berkeley. CA 94720, 
USA. 
H. Chang. X. Sun, P. G Schultz, Molecular Des~gn Insti- 
tute, Lawrence Berkeley Laborator)!, Howard Hughes 
Medlcal nst~tute, and Department of Chemistr)). Un~ver- 
s~ty of Cal~fornia, Berkeley, CA 94720, USA 
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- 
fects of spin co~nfig~lration ancl electronic 
structure o n  the  MR properties of the Co-  
and Mn-based comnounds should heln to 
elucidate the  underlying lnechanisln of the 
C b l R  effect. Moreover, the discovery of 
diverse classes of the  C M R  materials may 
help efforts to optimize these materials for 
eventual device annllcations. 

L L 

A 128-member llbrary was generated by 
combining sequentla1 radio-frequency 
sputtering deposition of th ln  fllnls with a 
serles of physical masking steps designed 
to produce Y-, La-, Ba-, Sr-, Ca- ,  and 
Co-con ta ln~ng  fllms ( 1  m m  by 2 mm)  arlth 
varying colnposltlolns and stoichlolnetrles 
(Fig. 1 ) .  Pollshed (100)  LaA103 slngle 
crystals were used as substrates and LaZO,, 
Y,03,  BaCO,, SrCO,, C a O ,  and C o  were 
used as sputtering targets (6) .  Taro [denti- 
cal libraries (L1 ancl L2) were generated 
slmultaneouslv and then  thermally treated 
~ l n d e r  differelit annealing and ;llntering 

Fig. 1. A map of compositions 
and sto~ch~ometr~es (Ln,M,, 
Coo,-,, where Ln = La or Y 
and M = Ba, Sr, Ca, or Pb) of 
thin-film samples in libraries L1 
and L2. Samples are labeled by 
ndex (row number, column 
number) in the text and figure 
legend. Thefrst number in each 
box Indicates x and the second 
y. Solid circles indicate the sam- 
ples that show signficant MR ef- 
fects (>5%). 
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Temperature (K) 
Fig. 2 (left). The MR ratios of representative samples in (A) L1 and (B) L2 
as a function of magnetic field. Fig. 3 (right). (A) Resistance of sample temperature; (B) MR ratios of the same sample for different magnetic fields 
L2(13, 2) under 0 and 10 T and the MR ratio (H = 10 T) as a function of as a function of temperature. The solid lines are guides to the eye. 

proceilures ( u k ~  to 9CC°C) in 0, or air (7). 
Figure 1 indicates the  composition anii 
stoichiometry of each sample. T h e  resis- 
tivity of each samole as a function of 
magnetic field (perpendicular to  the  prob- 
ine current) and tern1,erature was mea- 
sured by the  four-probe contact method 
a ~ t h  a computer-control ld  ~nul t ichannel  
b\vitching system. A liiluici-helium cryo- 
gemc system with a s~~ l l e rconc l~~c t ing  12-T 
maenet way used to perform \-ariahle-tem- 
peratuse and -field measurements. 

A number of films in the lihrary sho\ved 
a significant (>5('/o) hlR effect (Fig. 1,  solid 
circles). Three  c i ~ n ~ ~ ~ o u n d s  that e sh i l~ i t  a 
large giant-MR effect have been iilentifieci: 
La,hl,CoO,, where bl = Ca,  Sr, or Ba. T h e  
normilized h4Rs of representative samrlcs 
as a f~111ction of magnetic field at fixed 
temperature (66 K) are sho\vn in Fig. 2; the 
temperature depe~ldence of the resistance 
and normalized MR of a representative saln- 
ple, LZ(13, 2) ,  under different fields are 
s h o ~ ~ n  in Fig. 3. In  contrast to the behavior 
of h4n oxide hlR niaterials ( 2 ,  3) ,  the iMR 
effect increases as the  size of the  alkaline 
earth ion i~lcreascs (Fig. 2 ) .  

T h e  MR effects of the  salilples in lil~rary 
L1 are larger than those of L2, presumal~ly 

l~ecauce of differences in oxi~iation resulting 
from slightly different thermal treatments. 
T h e  largest h lR ratio meas~lred in this 
library was 72'?/0, ohtaincd for sample 
L l ( l 5 ,  2 )  at 7- = 7 K and H = 1C T .  This  
value is comparable to  those measured for 
films generated in  a s i ln~lar  fashion in  a 
Mn-hased lihrary (8). As  v,ritl~ the  h4n- 
containing materials, optimization of com- 
position, stoichiometry, substrate, and 
synthetic conditions may lead to increases 
111 t he  hlR ratio. T h e  corresro~liiiilg Y- 
(Ba,Sr ,Ca)-Co col i lpo~i~lds  sliow much 
smaller 1 < 50;)) MR effects. 

Three bulk sa~ilples with the stoichiom- 
etry Lac (,7(Ba,Sr,Ca)c , ,CoOn \Yere then 
synthesirecl (sintereil at 14CC°C in air) for 
filrthcr s t ruc t~~ra l  study. T h e  x-ray diffrac- 
tion aattems show that the c r ~ s t a l  structure 
is hasically cubic yero\~skite iyith laitice 
constant n = 3.846, 3.836, and 3.812 ,4 for 
the  Ra, Sr, a n ~ i  C a  c o m p o ~ ~ n d s ,  respectively. 
Minor splittings of the  intensity peaks arc 
attributed to rhombohedra1 distc>i-tion from 
the perfect c~lhic  perovskite structure (9) .  

A bulk salilple of stoichiometry Lao i,;- 
Sr , j ICoO,  was synthesized anti it.; magne- 
tization was measured with a s ~ ~ p e r c o n d ~ ~ c t -  
ing quantum interference device (SQUID) 

magnetometer. T h e  sample MR as a func- 
tion of illagiletic field and the sample mag- 
~letization uniler a 1-T magnetic field as a 
f ~ ~ ~ ~ c t i o n  of temperature Lvere measured 
(Fig. 4 ) .  A gradual ferro~llagiletic transition 
starts at -2CC K anii saturates helow 5C K. 
T h e  hlR ratio of this l ~ u l k  sainple (60L%) is 

Temperature (K) 

Fig. 4. Magnetization of the bulk sample 
La ,,, Sr ,,, Coo, under a 1 -T f~eld as a f~~nct lon  of 
temperature. The solid line is a guide to the eye. 
(Inset) MR ratios of the sample at different tem- 
perat~cres as a funct~oti of magnetic field. 



s~gnificalltly h~gher  than that of the corre- 
sponding thin-film sample in L1 (30°/6). The 
x-ray analysis of this sample confirmed tbe 
cubic perovskite structure with a = 3.82 4 .  

It has been suggested (3) that the CMR 
effect in the Ca-doped LaMnO? system orig- 
inates from "double exchange" electron- 
hopping processes between Mn3+ and Mn4+ 
ne~ghboring sites through the 0'- anion 
between them (10). In these processes, the 
e, itinerant electron conduction or hopping 
rate t, = tocos(0,J/2), where 8, is the angle 
between local s ~ i n  directions of electrons on 
neighboring sites i and j, and to is the hop- 
ping rate In a perfect ferro~nagnetic state. 
The application of an external field may 
align the disordered local spins during a 
ferromagnetic transition and thereby in- 
crease electron conduction or even ~nduce 
an insulator-metal transition through strong 
interaction between itinerant electron and 
local spins. In this model, the MR effect may 
be induced by an external field w11en the 
system is in tknsition toward the ferromag- 
netic state. In this aspect, our data are con- 
sistent with this model. that is. MR effects 
appear only below the C u r ~ e  temperat~lre 
(T - 150 to 200 K) and decreaae below the 
sacration field (-30 to 40 K) (Fig. 3). 
However, the role of alkaline earth ion size 
in the MR effect remains unclear. In doned 
LaMnO, systems, it appears that smaller 
d o ~ a n t  size favors the MR effect (5), where- 
as In doped LaCo03 systems, the opposlte 
effect 1s observed. 
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Molluscan Diversity in the Late Neogene of Florida: 
Evidence for a Two-Staged Mass Extinction 

Edward J. Petuch 

Analyses of recent data show that Floridian molluscan diversity declined markedly during 
the Pliocene-Pleistocene mass extinction. This decline in diversity was seen at all trophic 
levels, indicating a complete collapse of the ecosystem. These findings contradict the 
notion that there was a species diversity stasis throughout the Pliocene-Pleistocene and 
that the diversity of Pliocene Florida was equivalent to that of Recent Florida. The mass 
extinction was a two-staged, sequential event. A similar two-staged mass extinction 
occurred in the Miocene, indicating that two ecological catastrophes in quick geological 
succession may have produced this mass extinction as well. 

Studies of tropical western Atlantic Plio- 
cene (Plio)-Pleistocene tnolluscan mass ex- ~, 

tinctions (1-8) have resulted in two con- 
flicting concl~~sions. The main data source " 

used to arrive at these antitheses was the 
rich upper Neogene rnoll~1scal1 fossil beds of 
southern Florida (deposited within the Flo- 
ridian component of the Plio-Pleistocene 
Caloosahatchian Molluscan Province) (2 ,  
6 ,  9). One collclusion (4)  was that diversity 
(at both the generic and specific levels) 
decreased dramatically in Florida d~lrlng 
late Pliocene-early Pleistocetle time, pro- 
ducing an impoverished ~ n ~ d d l e  and late 
Pleistocene fauna and a reconstituted b ~ ~ t  
less diverse Recent Floridian fauna. The 
other conclusion (8)  was that although 
Plio-Pleistocene rates of extinction were 
high in Florlda, the overall illversity (spe- 
cies level) has remained relatively constant 
from the Pliocene to the Recent. This was 
explained by a high rate of recruitment 
(origination), p rod~~ced  by invasion and 
s~ec ia t ion ,  that balanced the net  loss due 
to extinction. Both notions, however, 
ryere hampered by itlcolnplete lnuseum 
collections and by variable reporting in 
the literature. 

Data sources and compendia have re- 
cently become available that offer a more 
conlplete database of molh~scan diversity 
(10, 11). When put into a new stratigraphic 
and geochronological scheme (1 2 ,  13), the 
data on ~nacrogastropod diversity reveal 
patterns of extinction and faunal impover- 
ishment. In an attempt to illustrate such 
patterns, I selectcJ eight dominant macro- 
gastropod families for analysis, with each 
represetltlng a major trophic level within ~ t s  

Dvison of Geological Oceanography, Department of Ge- 
ology, Flor~da Atantc Unverst)/ Boca Raton FL 33431, 
USA. 

respective mc~lluscan community. Included 
are algal film grazers (PotamidlJae), sea 
grass anil epibiont feeders (Cypraeidae), 
suspension anLl de t r i t~~s  teeilers (T~lrritelli- 
Llae), large general carnivores (Rusy- 
conidae), small general carnivores (BLIC- 
ciniiiae), molh~sc i \~~res  (Muricidae), vermi- 
vores (Con~iiae) ,  and specialized s~~ctorial  
feeders (Cancellariiilae). If a mas, estinc- 
tion tr~lly occurred, with a correspond~ng 
ilrop in species diversity, it would he safe to 
assume that many, if not all, trophic levels 
within an ecosystem woilld suffer. 

As can he seen in Table 1 anJ  Fig. 1, all 
eight families reached a peak of specles 
diversity during the m~ddle Pinecrest Beds 
(PB2, [inits 5, 6, 7) at approsilllately 3 
million years ago (Ma) (14). Species iliver- 
sity ilecli~led at the end of Pinecrest Beds 
time, rose again during Caloosahatchee 
time, at approximately 1.5 to 2 Ma, and 
then Llroppeii prec~pitously during the late 
Pleistocene (Rermont to Fort Tho~npson 
interlral). With the exception of the 
Conidae, with five aLlLlitiona1 species, and 
the Potarnididae, ruth an ecluivalent num- 
ber of species, all other families show a 
much lower species diversity in Recent 
Floriila. If a11 three Pinecrest Beds falunas 
are consiiiercil in unison, as in (S) ,  then the 
total number of P~necrest Beils species is 
much larger for all eight families. In the 
case of sollie families, such as the Busy- 
conidae, the difference hetween the late 
Pliocene Pinecrest Beds anil the Recent 
fauna is over eightfolil. Other families, such 
as the Cypraeidae, Turr~tellidae, and Can- 
cellarlidae, all exhibit differences ranging 
from factors of 4 to over 5. The sallle pat- 
tern is seen at the generic level, as shown 111 

Tahle 2. W ~ t h  the exception of the Cy- 
praeidae (because of late Pleistocelle inva- 
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