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Elastic Properties of Flux-Line Arrays in High 
Transition Temperature Superconductors Probed 

by Two-Sided Decoration 
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The elastic constants of magnetic flux-line lattices in copper oxide superconductors have 
remained uncharacterized despite their essential role in determining important phenom- 
ena such as melting. Here the absolute values of the elastic moduli of flux-line arrays have 
been probed by correlating the positions of individual flux lines emerging from opposite 
sides of Bi2Sr2CaCu,0, (BSCCO) superconductors. These experiments demonstrate that 
the compressional and shear moduli of the flux-line lattice are three orders of magnitude 
smaller than the values predicted by standard models. The origin of these changes in the 
moduli and the general applicability of this approach to other materials are discussed. In 
addition, there is a remarkable correspondence between the excitations of the flux-line 
arrays and those of superfluid helium. 

Exploiting the high-temperature supercon- 
ductivity exhibited by copper oxide materi- 
als remains a great challenge to fundamen- 
tal and applied research (1, 2). This chal- 
lenge arises in large part from the propen- 
sity of magnetic flux lines in these type-I1 
superconductors to flow and dissipate ener- 
gy in the presence of currents (1-6). To 
control rationally such deleterious behavior 
ultimately requires a fundamental under- 
'standing of the structural properties of flux- 
line arrays. In particular, knowledge of the 
elastic moduli could ~rovide im~ortant in- 

sight into this problem because they are 
central to calculations of thermal fluctua- 
tions, melting, and the effects of weak pin- 
ning (2, 3). Indeed, many theoretical stud- 
ies of the flux-line lattice elastic moduli 
have been reported (2-6); however, no di- 
rect experimental evaluations are available 
to test these ~redictions. 

Herein we report studies of the elastic 
properties of flux-line arrays in BSCCO su- 
perconductors done with a recently developed 
technique (7) that enables the positions of 
individual flux lines on both sides of a sam~le 
to be visualized and correlated. This approach 
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flux lines (6, 8). By analyzing the density and 
orientational correlations of the flux lines as 
they pass through samples, we have been able 
to extract the absolute values of the compres- 
sional (c, ,), tilt ( c ~ ~ ) ,  and shear ( c ~ ~ )  moduli 
for flux-line arrays in BSCCO as a function of 
the magnetic field B. These data exhibit large 
deviations from general theoretical predic- 
tions for anisotropic superconductors, and 
thus should be considered in the analyses of 
melting and pinning of the flux-line lattice in 
the copper oxide materials. 

The Bitter techniaue has been used Dre- 
viously to decorate individual magnetic flux 
iines emerging from one surface of a super- 
conductor (9-1 1). We have recently ex- 
tended this technique to provide three-di- 
mensional (3D) information simply by dec- 
orating simultaneously the two opposite sides 
of a sam~le: that is. double-sided decoration . , 

(7). Typical images of the same xy location 
from two sides of BSCCO samples decorated 
in fields of 5, 12, and 24 G are shown in Fig. 
1. In these images, each flux-line position 
corresponds to the vertex formed by bonds 
drawn from the flux line to its nearest neigh- 
bors. These imaees show that at 12 and 24 

c. 

G, the flux-line arrays are relatively well 
ordered and display a good correspondence 
of topological defects through the samples, 
in agreement with earlier work (7). At 5 G, 
where the flux-line array is in a highly 
disordered liquid-like state, there is still a 
good correspondence of topological defects 
and individual flux lines across the sample. 
There are. however. differences at the lat- 
tice constant scale in positions of individual 
flux lines and defect topologies crossing the 
sample, which indicate that the flux lines 

Fig. 1. Delaunay triangulations of the flux-line positions on opposite sides (S1 
and S2) of the sample. Each flux-line position corresponds to the vertex 
formed by bonds drawn from the flux line to its nearest neighbors. Sites 
without sixfold coordination are shaded to highlight the topological defects in 
the flux-line array, w~th extended defects shaded green, isolated defects 
such as dislocations that occur on both sides red, and defects that have no 
match on the opposite sample side purple. The applied magnetic field and 
average spacing between vortices a, are (A) B = 5 G and a, = 2.2 pm, (B) 
5 = 1 2 G a n d a , =  1.4pm,and(C)B=24GandaO= 1.Oprn. 
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il~eailder as they traverse these samples. 
T h e  central result of this paper is the  

iluantitative evaluation of the  absolute val- 
ues of the  elastic moduli versus magnetic 
field obtained froin a n  anal-ysis of flux-line 
ineanclering across samples. T h e  relation 
beta.een thermally exciteci tlux-line inean- 
dering anil the  elastic moduli has been de- 
rived previously with a hydrodynamic moil- 
el (1 2 ,  13) .  For a sample of finite thicki~ess 
L, the  3D density correlation filnction rel- 
evant to our two-sided decoration data is 

where SZ(q J-) is the  density correlation 
f ~ ~ n c t i o n  calculated from one surface, R(qL, 
L) = [cosh(L/[(q,))]-' measures the  loss of 
translational order across the  sarnple, anii 
q, is the  in-plane ivave vector. T h e  corre- 
lation length [ l I (y_)  can he expresseii in 

Fig. 2. Plots of cosh-'[S,(q,)/S(q ., L)] = L/E,(q,) 
versus q L  from the analysis of two-sided decora- 
ton data obtained in magnetic flelds of (A) 5 G and 
(B) 12 G, The solid black lines are linear fits of the 
long-wavelength regme of these data; the slope 
of these lines equals LV'C, ,/c,,, The Insets show 
the corresponding plots oi S,jq _) tor q _ less than 
the first reciprocal lattice vector. The black l~nes 
correspond to linear fits of the long-wavelength 
regime of the data; the slope of these lines equals 
n,k,~/zV%. Siq,, L) = (p(q< , L)p"( q,, 0)) 
and S,(q,) = (p(q., O)p*(q., O)), wher-e p ( q  , z) is 
the Fourier transform of the flux-line postons in a 
constant z cross sectlon. The abscissa In all of 
these plots ale In units of the reciprocal lattice 
vector, 451'113 a,, where a, 1s the average spac- 
ing between vorices. 

terms of the  ratio of the  cornpressioilal 
[c, , (qL) ]  anii the  tilt [c4,(qJ.)] l n o d ~ l i  of the 
flux-line array 

and S 2 ( y L )  can  he  expresseii in terms of 
the  proiiuct of the  compressional and tilt 
moduli 

~vhere  no is the average density of flux lines, 
ic, is the Bo1t:mann constant, and T is tem- 
perature (14).  This analysis predicts that 
l/[,,(qL) and S?(q,) sho~lld go linearly to 
zero as y, goes to zero, anid sho\vs that the 
ratio anii product of c , ,  (qL -+ 0 )  - e l l  and 
ci4(q1- + 0 )  E e44 can be obtained from the 
slopes of these lines. 

Because S(q,-, L) and S2(qL) can he cal- 
culated directly froin our two-sideii decora- 
tion iiata, it is possible to deterinine c l  and 

Fig. 3. Plots of c o s h  '[G,(q_):G,(q L, L)] versus 
y , from the ana\ysis of two-sided decoraY~on data 
obtained in applied magnetlc fields of (A) 5 G and 
(6) 12 G. The factor G,(qL) is the 2D orientational 
correlation function calculated from a sngle (side) 
Ilnage, and G,(q,, L) is the 3 D  correlat~on fcrnct~on 
calculated from both sample sides. The solid 
black llnes are linear flts of the long-wavelength 
reglme of this data; the slope of these lines equals 
LV~&/Z. The absclssa In these plots are In units 
of the reciprocal lattce vector. 4 ~ 1 ~ 2  a, 

c,,. Plots of cosh~'[SZ(t7,)/S(t7,,, L)] and 
Sl(qL) calculated froin the tiyo-sideii deco- 
ration data in the  disordered state at 5 G 
and in the inore oriiereii state a t  12 G are 
shown in Fig. 2. T h e  long-a.avelength 
(small o ) behavior of these data exhihit 

L - ,  

the linear dependence on qL expecteci from 
the hydroiiynamic model. T h e  linear re- 
gions of cosh-'[S2(yL)/S(qL, L ) l A S L ( q L )  
yield L\- anil n0kBT/2V", ,c4, fronl 
which we obtain the  absolute values of the 
moiiuli: at i G, cl , = 1 .S x 10- ' and ctt = 
1.0 G', and at 12 G,  c , ,  = 8.0 X lo-' and 
c,, = 4.8 G' (15).  

A similar approach can he used to  mea- 
sure the  shear moiiulus c,, as a function of 

\ > "  

magnetic field, by cieter~llining the  propa- 
gation of orientational order throllgh the  
samples (12) .  Physically, the  degree to  
a.hic11 the  orientation of the  Bitter patterns 
f r o ~ n  the  two s a ~ n ~ ~ l e  sides line LID is indic- 
ative of hoiv well the  flux array resists shear 
deformations. T h e  bond orieiltatlonal cor- 
relation f i~nct ion G,(ql-, L) correlating the  
flux-line images from both sample sides is 
given hy G6(qL,  L) = G,(q,)R,~,(q,, L) ,  
lvhere G,(q,, L) is the  orientational corre- 
lation f~lnct ion calculateii from a single side 
anci R,~,(y,, L) = [cosh(L/[,(yL))]-' de- 
scribes the  decay of flux-line orientational 
correlation through the  sample with corre- 
lation 1e11gth eH(qL)  ( 1  6)  

---- - 

Plots of cosh-'[G,(q,)/G,(qL, L)] calcu- 
lated froin the  two-sided decoration data 
a t  5 and 12 G (Fig. 3)  increase linearly 
with ql and then roll o17er as q, approach- 
es the  first reciprocal lattice vector. Using 
the  linear slope of these plots and the  
values of ctt deterinined froin our analyses 
of the  density correlations, u7e find that  
values of chi. a t  5 and 12 G are 1.4 X lo- '  
and 5.0 x lo- '  GL,  respectively. 

- 
The  experiinental values of the elastic 

moiiuli determined at 5, 12, and 24 G are 
summari:ed in Tahle 1. These data show that 
the inagnitucie of ct4 is I I I L I C ~  greater than c , ,  
and c,, in this low-inagnetic field regime. 
This iiifference hetween the ahsolute magni- 
tudes of c , ~  versus c , ,  and c,, is notable 
because conventional models of rigid flux 

Table 1. Elastic moduli of the flux-line lattice in 
BSCCO as a function of magnetic field. 

Mag- Elastic moduli (G') 
netic 
f~eld 
((3 C1i C44 '66 
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lines or 2D pancake vortices, which have 
been used extensively to treat flux lines in the 
high transition temperature materials, predict 
that they should be of comparable magnitude 
(2-5). The similarities and differences of 
these experimental data have been compared 
(Fig. 4) with theoretical values calculated 
with Ginzburg-Landau (G-L) theory (4). The 
elastic moduli obtained from our experiments 
follow the same field dependence given by the 
G-L theory (that is, cn oc B2, c44 a B, and c66 
a B), indicating that underlying physical in­
teractions are similar. However, this analysis 
shows that the magnitudes of the experimen-
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Fig. 4. Experimental values (circles) and theoreti­
cal predictions (lines) of the (A) compressional 
(cu), (B) tilt (c44), and (C) shear (c66) moduli versus 
magnetic field B. The theoretical curves for cu 

(-8 2/4TT) and c66 (-(j>0B/64Tr2\2) were multiplied 
by factors of 6.0 x 1 0 " 4 and 4.7 x 10" 3 , respec­
tively, to fit the experimental data. The theoretical 
fit cf)08/1 6TT2X2 to the experimental data for c44 is 
not renormalized. The theoretical fits correspond 
to the long-wavelength limit of the analytical ex­
pressions for the wave vector-dependent elastic 
moduli (34). The value of X(T) used to calculate c44 

and c66 is 0.62 f im and corresponds to a temper­
ature of 0.977"c (T , transition temperature). 

tal c11 and c66 are about three orders of mag­
nitude smaller than those predicted by G-L 
theory, although c44 agrees well with theory. 

The above results indicate that both cn 

and c66 undergo a large downward renor-
malization in BSCCO. We believe that the 
origin of this renormalization may be ther­
mal fluctuations. In particular, the renor­
malization of c n can be qualitatively attrib­
uted to an entropic factor where the in­
creased number of configurations arising 
from flux-line wandering and entanglement 
partially offsets the B2 energy term. A the­
oretical analysis of the entropic and ener­
getic contributions to c u (12) and previous 
studies of flux-line interstitials (17) show 
explicitly the importance of the entropic 
factor, although more work is clearly need­
ed to understand quantitatively this fasci­
nating observation. Thermal fluctuations 
have also been studied previously to inves­
tigate flux-line melting (2-5), although 
fluctuation effects on the elastic moduli 
were not considered in this work (that is, 
the values from G-L theory were used). 
Hence, the large renormalization of c n and 
c66 that we observe should lead to impor­
tant corrections to the low-field region of 
the calculated flux-line lattice melting line. 
More generally, we believe that the two-
sided decoration and analysis techniques 
reported herein will also have applications 
to studies of other copper oxide materials 
such as YBa2Cu307, conventional super-
conductors, and flux-line pinning. 

Lastly, the q±-dependent spectrum of 
flux-line correlations is similar to the ex­
tensively studied phonon-roton excitation 
spectrum of superfluid 4He. In superfluid 
4He, the wave vector-dependent excitation 
energy e(q) increases linearly for small q, 
rolls over and exhibits a dip at a value of q 
corresponding to the average interatomic 
separation, and then increases again at larg­
er q (18). The initial linear increase in e(^) 
corresponds to phonon excitations, and the 
dip has been attributed to a "roton" excita­
tion, whose microscopic origin remains 
controversial. These features are remarkably 
similar to those exhibited by our data for 
the disordered flux-line state in Fig. 2A. 
This similarity seems surprising because 
the flux lines are classical wiggling lines, 
whereas superfluid 4He is a quantum liq­
uid. However, it has been reported that 
the imaginary time trajectories of a 2D 
boson liquid (for example, 4He) can be 
mapped onto the ^-dependent positions of 
flux lines in a superconductor (19). By this 
mapping, the correlation length ^(q±) de­
scribing the decay of in-plane translation 
order is related to the flux-line excitation 
energy e(q) as 

Hence, our Fig. 2A corresponds to a plot of 
e(q±) versus q± like the ^-dependent exci­
tation spectrum of superfluid 4He. In the 
flux-line system, the linear "phonon" part 
of the spectrum corresponds to long-wave­
length decay of density correlations along 
the sample z coordinate, while the roton dip 
corresponds to an enhanced propagation of 
flux-line correlation at the reciprocal lattice 
vector. Hence, the nature of the roton min­
imum, which has been controversial in su­
perfluid 4He, is in fact well defined in the 
flux-line system. Although more theoretical 
and experimental work are needed to un­
derstand the flux line-superfluid analogy, 
we believe that these results suggest a rich­
ness that may extend beyond the problem 
of flux lines. 
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A Class of Cobalt Oxide Magnetoresistance Cr,  or Fe). In this report, we descrihc a 

Materials Discovered with Corn bina torial specific example of the generation aild 
screening of one such library that resulted 

Synthesis in the discovery of a family of Co-contain- 
ine C M R  materials. A n  ailalvsis of the cf- 

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  magnetoresistive ef- pounds Ivas around silnple perovskite ABO, 
fect ( 1  ) in bl~n-based perovskite oxides and related A L B 0 4  or An+ lB,,03n+l higher 
(La,R)I-,A,M~n03-, ,  where R is a rare order structures, where A = (La, Y, or rare 
earth element and A = Ca,  Sr, or Ba, has ear th)+ '  partially substituted with (Ca,  Sr,  
attracted considerable attention because of Ba, Pb, or Cd)+ '  and B = (Mn,  V, Co ,  N I ,  
the  potential application of these materials 
in magnetic storage technology. Colossal 
magnetoresistance (CMR) ,  with MR ratios 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 polycrystalli~le salnples 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 itn- 
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 arhether these 
effects are unique to bln-based perovskite 
oxides or can he fo~ lnd  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- 
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- 
fects of spin conf ig~~rat ion and electronic 
structure o n  the  MR properties of the Co-  
and Mn-based comnounds should hclr, to 
eluciilatc the  underlying lncchailisln of the 
C b l R  effect. Moreo\:er, the disco\:ery of 
diverse classes of the C M R  materials may 
help efforts to optinlize these nlaterials for 
eventual device a~~nl icat ions .  

L L 

A 128-member library was generated by 
combining sequential radio-frequency 
sputtering deposition of th in  filnls with a 
series of physical masking steps designed 
to produce Y-, La-, Ba-, Sr-, Ca- ,  and 
Co-containing films ( 1  m m  by 2 inin) with 
varying colnpositio~ns and stoichiolnetries 
(Fig. 1 ) .  Polished (100)  LaA103 single 
crystals were used as substrates and LaZO,, 
Y,03,  BaCO,, SrCO,, C a O ,  and C o  were 
used as sputtering targets (6) .  Taro identi- 
cal libraries (L1 and L2) were generated 
simultaneouslv and then  thermally treated 
~ ~ n d e r  differelit annealing and ;ilntering 

Fig. 1. A map of compositions 
and stoichiometries (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 ~ndicates x and the second 
y. Solid circles indicate the sam- 
ples that show significant MR ef- 
fects (>5%). 
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