
nearest flux lines in a constantz cross section (6). Both of this peak. 20. We thank D. R. Nelson and M. C. Marchetti for help-
G6(q )and G6(q, L) have peaks (deltafunction) atqL 17. E. Frey, D. R. Nelson, D. S. Fisher, Phys. Rev. B 49, ful discussions. C.M.L. acknowledges support by
= 0. These peaks are effectively removed when taking 9723 (1994). the National Science Foundation (grant DMR
the ratio of these two quantities to obtain the transfer 18. R. K. Pathria, Statistical Mechanics (Pergamon, New 9306684) and the Materials Research Science and
function R,(q,, L); however, we have been unable to York, 1993). Engineering Center Program of the National Science
determine reliably the small-q behavior of G6(qA) 19. D. R. Nelson, Phys. Rev. Lett. 60,1973 (1988); M. P. Foundation (grant DMR 9400396).
alone (that is, to extract \/c44c66 as was done in the A. Fisher and D. H. Lee, Phys. Rev. B 39, 2756
case of 2D density correlations for Vc1c44 because (1989). 10 May 1995; accepted 18 August 1995

A Class of Cobalt Oxide Magnetoresistance Cr, or Fe). In this report, we describe a
specific example of the generation and

Materials Discovered with Combinatorial screening of one such library that resulted

Synthesis in the discovery of a family of Co-contain-
ing CMR materials. An analysis of the ef-

Gabriel Briceno, Hauyee Chang, Xiaodong Sun, fects of spin configuration and electronic
Peter G. Schultz,* X.-D. Xiang* structure on the MR properties of the Co-

and Mn-based compounds should help to
elucidate the underlying mechanism of the

The recent development of methods for generating libraries of solid-state compounds has CMR effect. Moreover, the discovery of
made it possible to apply combinatorial approaches to the discovery of materials. A library diverse classes of the CMR materials may
of 128 members containing different compositions and stoichiometries of LnxM COO5,, help efforts to optimize these materials for
where Ln = Y or La and M = Pb, Ca, Sr, or Ba, was synthesized by a combination of eventual device applications.
thin-film deposition and physical masking techniques. Large magnetoresistance has been A 128-member library was generated by
found in Lal(Ba,Sr,Ca)y-CoO5, samples, whereas Y-based samples exhibit much smaller combining sequential radio-frequency
magnetoresistive effects. The magnetoresistance of the Co-containing compounds in- sputtering deposition of thin films with a
creases as the size of the alkaline earth ion increases, in sharp contrast to Mn-containing series of physical masking steps designed
compounds, in which the magnetoresistance effect increases as the size of the alkaline to produce Y-, La-, Ba-, Sr-, Ca-, and
earth ion decreases. Co-containing films (1 mm by 2 mm) with

varying compositions and stoichiometries
(Fig. 1). Polished (100) LaAl03 single
crystals were used as substrates and La203,

The discovery of the magnetoresistive ef- pounds was around simple perovskite ABO3 Y203, BaCO3, SrCO3, CaO, and Co were
fect (1) in Mn-based perovskite oxides and related A2B04 or An+i BnO3n+1 higher used as sputtering targets (6). Two identi-
(La,R)1_xAxMnO3-,, where R is a rare order structures, where A = (La, Y, or rare cal libraries (Li and L2) were generated
earth element and A = Ca, Sr, or Ba, has earth)+3 partially substituted with (Ca, Sr, simultaneously and then thermally treated
attracted considerable attention because of Ba, Pb, or Cd)+2 and B = (Mn, V, Co, Ni, under different annealing and sintering
the potential application of these materials
in magnetic storage technology. Colossal
magnetoresistance (CMR), with MR ratios La y Fig. 1. A map of compositions
AR/R(O) = [R(H = 0) - R(H)]/R(H = 0) V and stoichiometries (LnxMy-
as large as 99.0, 99.9, and 99.99%, have ....CoO3., where Ln = La or Y1.8110 0.89 0.64 0.5 i.e 0.74 1.24 16 and M = Ba, Sr, Ca, or Pb) of
been reported for polycrystalline samples of 0.62 0.62 0.62 062 062 0.62 0.62 062 thin-film samples in libraries L
flao.60y0 07Ca0.33MnOX and epitaxial thin | | 1.0.4 0.43 0.45| 0.45 0-45 0.45 0.45 0.94 and L2. Samples are labeled byfilms of La0 6Ca0 Mn03 and Nd Ba 04 045 05 045 05 045 05

i mso a0.67 a0.33 n 3 an 0.7- a 0.73 0.6 0.47 034 0.26 0.52 0.4 0.66 index (row number, column
Sr0 3MnO3-,, respectively (2-4). A large 0.33 0.33 033 0.33 0.33 0.33 0.33 0.33 number) in the text and figure
number of theoretical and experimental ef- 0.61. 0'.5 0.39. 0.28. 0.22 0.45 0.33 0.55 legend. The first number in each
forts have been undertaken to understand 027 0.270-27- 027 027 0027 00.74 1.27 box indicates x and the second
this unexpected phenomenon and to im- 0.62 0.62 0.62 0.62 0.62 0.62 0.62 0.62 y. Solid circles indicate the sam-
prove the room-temperature sensitivity, 1.0 0.83 0.65 0.47 0.36 0.72 0.54 0.9 ples that show significant MR ef-
[AR/R(0)]/AH, at H = 0 of these materials, Sr 0.45 0.4 0.45 0.45 0.45 0.45 0.45 0.45 fects (>5%).

factor fortechnical ~ ~ ~ ~~.73 06 0.7 01.340 0.26 0.52 0.4 0.66an important factor for technical applica- 0.33 0.33 0.33 0.33 0.33 0.33 0.33 0.33
tions. The question arises whether these 0.61 0.5m 0.39. 0.28. 0.22 0.45 0.33 0.55
effects are unique to Mn-based perovskite 0.27 0.27 0.27 0.27 0.27 0.27 0.27 0.27

oxides be found intrinsic prop, 1.38 1.14 0.89 0.64 0.5 1.0 0.74 1.24oxides or can be found as an intrinsic prop- 0.62 0.62 0.62 0.62 0.62 0.62 0.62 0.62
erty of other materials. 1.0 0.83 0.65 0.47. 0.36 0.72 0.54 0.9
We have applied a combinatorial ap- Ca 0.45 0.45 0.45 0.45 0.45 0.45 0.45 0.45

proach (5) to the search for more CMR 0.73 0.6 0.47 0.34 0.26 0.52 0.33 0.33
materials. Our initial search for CMR com- 0.61 0.5 0.39 0.28 0.22 0.45 0.33 0.55

0.27 0.27 0.27 0.27 0.27 0.27 0.27 0.27
materials._____Our__initial ___search ___for___CMR 1.38 1.14 0.89 0.64 0.5 1.0 0.74 1.24

G. Briceno and X.-D. Xiang, Molecular Design Institute, 0.62 0.62 0.62 0.62 0.62 0.62 0.62 0.62
Lawrence Berkeley Laboratory, Berkeley, CA 94720, 1.0 0.83 0.65 0.47 0.36 0.72 0.54 0.9
USA. pb 0.45 0.45 0.45 0.45 0.45 0.45 0.45 0.45
H. Chang, X. Sun, P. G. Schultz, Molecular Design Insti- 0.73 0.6 0.47 0.34 0.26 0.52 0.4 0.66
tute, Lawrence Berkeley Laboratory, Howard Hughes 0.33 0.33 0.33 0.33 0.33 0.33 0.33 0.33
Medical Institute, and Department of Chemistry, Univer- 0.61 0.5 0.39 0.28 0.22 0.45 0.33 0.55
sity of California, Berkeley, CA 94720, USA. 0.27 0.27 0.27 0.27 0.27 0.27 0.27 0.27 1

*To whom correspondence should be addressed. 1 8
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o1.2(10,4) ~ Po 0* 0.3 /
02122 0 /

*H1.2(13,2) (T) 0.0

1.2(15,3) 5 0000.2000

X 0 A mikooo 0 oO%ooo
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0.0

Temperature (K)
Fig. 2 (left). The MR ratios of representative samples in (A) Li 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
L.2(13, 2) under O 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.

procedures (up to 900°C) inO2 or air (7). because ofdifferences in oxidation resulting magnetometer. The sample MR as a func-
Figure 1 indicates the composition and from slightly different thermal treatments. nion of magnetic field and the sample mag-
stoichiometry of each sample. The resis- The largest MR ratio measured in this netization under a 1-T magnetic field as a
tivity of each sample as a function of library was 72%, obtained for sample function of temperature were measured
magnetic field (perpendicular to the prob- L1(15, 2) at T =7 K and H = 10 T. This (Fig. 4). A gradual ferromagnetic transition
ing current) and temperature was mea- value is comparable to those measured for starts at 4200 K and saturates below 50 K.
sured by the four-probe contact method films generated in a similar fashion in a The MR ratio of this bulk sample (60%) is
with a computer-controlled multichannel Mn-based library (8). As with the Mn-
switching system. A liquid-helium cryo- containing materials, optimization ofcom- 4 c
genic system with a superconducting 12-T position, stoichiometry, substrate, and ., ,,,..... I
magnet was used to perform variable-tem- synthetic conditions may lead to increases 3.5
perature and -field measurements. in the MR ratio. The corresponding Y-
A number of films in the library showed (Ba,Sr,Ca)-Co compounds show much , 3.0 \ 33t,,

a significant (>5%) MR effect (Fig. 1, solid smaller (<5%) MR effects. E 5_Bl(03 \ 01 X0 =9
circles). Three compounds that exhibit a Three bulk samples with the stoichiom- O H=1 T i
large giant-MR effect have been identified: etry La067(Ba,Sr,Ca)033CoOa were then 13 2.0 o1! X
La0M2CoO, where M = Ca, Sr, or Ba. The synthesized (sintered at 1400°C in air) for H(T)
normalized MRs of representative samples further structural study. The x-ray diffrac- m 1.5
as a function of magnetic field at fixed tion patterns show that thecrystalstructure 1.0
temperature (60 K) are shown in Fig. 2; the is basically cubic perovskite with lattice .
temperature dependence of the resistance constant a =3.846, 3.836, and 3.810 Afor 0.5F\
and normalized MR of a representative sam- the Ba, Sr, and Ca compounds, respectively. * *I
pie, L2( 13, 2), under different fields are Minor splittings of the intensity peaks are 0 50 100 150 200 250
shown in Fig. 3. In contrast to the behavior attributed to rhombohedral distortion from Temperature (K)
of Mn oxide MR materials (2, 3), the MR the perfect cubic perovskite structure (9). Fg .Mgeiaino h uksml
effect Increases as tLe size Of te alk(aline A bulk sample of StOIChiometry La058-) La058Sr041CoO5undera1-Tfieldasafunctionof
earth ion Increases (Fig. 2). Sr0 41CoO; was synthesized and its magne- temperature. The solid line is a guide to the eye.

The MR effects of the samples in library tization was measured with a superconduct- (Inset) MR ratios of the sample at different tem-
Li are larger than those of L2, presumably ing quantum interference device (SQUID) peratures as afunction of magnetic field.
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significantly higher than that of the corre- 11. We are grateful for financial support for this work support from a University of California President's
thin-film sample in LI (30%). The from the Laboratory Directed Research and Devel- Postdoctoral Fellowship. We thank J. Torrance forsponding thln-fllm sample ln L1 30%^. l ne opment Program of Lawrence Berkeley Laboratory helpful advice and E. Granlund and J. Wu for techni-

x-ray analysis of this sample confirmed the under U.S. Department of Energy contract DE- cal support.
cubic perovskite structure with a = 3.82 A. AC03-76SF00098 and the Office of Naval Research

It has been suggested (3) that the CMR (grant N0001 4-95-F-0099). G.B. acknowledges 25 May 1995; accepted 22 August 1995

effect in the Ca-doped LaMnO3 system orig-
inates from "double exchange" electron-
hopping processes between Mn3+ and Mn4+ Molluscan Diversity in the Late Neogene of Florida:
neighboring sites through the o2- anion
between them (10). In these processes, the Evidence for a Two-Staged Mass Extinction
eg itinerant electron conduction or hopping
rate tij = tocos(oij/2), where 0'j is the angle Edward J. Petuch
between local spin directions of electrons on
neighboring sites i and j, and to is the hop- Analyses of recent data show that Floridian molluscan diversity declined markedly during
ping rate in a perfect ferromagnetic state. the Pliocene-Pleistocene mass extinction. This decline in diversity was seen at all trophic
The application of an external field may levels, indicating a complete collapse of the ecosystem. These findings contradict the
align the disordered local spins during a notion that there was a species diversity stasis throughout the Pliocene-Pleistocene and
ferromagnetic transition and thereby in- that the diversity of Pliocene Florida was equivalent to that of Recent Florida. The mass
crease electron conduction or even induce extinction was a two-staged, sequential event. A similar two-staged mass extinction
an insulator-metal transition through strong occurred in the Miocene, indicating that two ecological catastrophes in quick geological
interaction between itinerant electron and succession may have produced this mass extinction as well.
local spins. In this model, the MR effect may
be induced by an extemal field when the
system is in transition toward the ferromag-
netic state. In this aspect, our data are con- Studies of tropical western Atlantic Plio- respective molluscan community. Included
sistent with this model, that is, MR effects cene (Plio)-Pleistocene molluscan mass ex- are algal film grazers (Potamididae), sea
appear only below the Curie temperature tinctions (1-8) have resulted in two con- grass and epibiont feeders (Cypraeidae),
(TC - 150 to 200 K) and decrease below the flicting conclusions. The main data source suspension and detritus feeders (Turritelli-
saturation field (-30 to 40 K) (Fig. 3). used to arrive at these antitheses was the dae), large general carnivores (Busy-
However, the role of alkaline earth ion size rich upper Neogene molluscan fossil beds of conidae), small general carnivores (Buc-
in the MR effect remains unclear. In doped southern Florida (deposited within the Flo- cinidae), molluscivores (Muricidae), vermi-
LaMnO3 systems, it appears that smaller ridian component of the Plio-Pleistocene vores (Conidae), and specialized suctorial
dopant size favors the MR effect (5), where- Caloosahatchian Molluscan Province) (2, feeders (Cancellariidae). If a mass extinc-
as in doped LaCoO3 systems, the opposite 6, 9). One conclusion (4) was that diversity tion truly occurred, with a corresponding
effect is observed. (at both the generic and specific levels) drop in species diversity, it would be safe to

decreased dramatically in Florida during assume that many, if not all, trophic levels
REFERENCES AND NOTES late Pliocene-early Pleistocene time, pro- within an ecosystem would suffer.
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