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Tuning High-T, Superconductors via Multistage 
Intercalation 

Multistage intercalation has been used to tune the interaction between adjacent blocks 
of CuO, sheets in the high-T, (high superconducting transition temperature) super- 
conductor Bi2Sr2CaCu20x. As revealed by atomic-resolution transmission electron 
microscopy images, foreign iodine atoms are intercalated into every nth BiO bilayer of 
the host crystal, resulting in structures of stoichiometry IBi2,Sr2,Ca,Cu2,0, with 
stage index n up to 4. An expansion of 3.6 angstroms for each intercalated BiO bilayer 
decouples the CuO, sheets in adjacent blocks. A comparison of the superconducting 
transition temperatures of the pristine host material and intercalated compounds of 
different stages suggests that the coupling between each pair of adjacent blocks 
contributes -5 K to T, in Bi2Sr2CaCu20x. 

ductors 

LTHOUGH IT IS GENERALLY BE- 

lieved that the critical structural 
units in the highest Tc supercon- 
are the CuO, planes, the signifi- 

cance of coupling between the planes is 
poorly understood. It was recently demon- 
strated that, like many other twq-dirnen- 
sional materials, Bi-based high-Tc supercon- 
ducting oxides can be intercalated with 
foreign species (1). For stage-1 iodine-inter- 
calated Bi,Sr,CaCu,O,, guest iodine atoms 
are introduced between every pair of weakly 
bonded BiO bilayers, thus affecting the cou- 
pling between identical host blocks contain- 
ing the doublk CuO, planes. In some inter- 
calation compounds, hlgher stage structures 
are possible; a stage-n structure has n iden- 
tical host layers or blocks sandwiched be- 

tween each pair of intercalant layers. High- 
stage single-phase graphite intercalation 
compounds can be synthesized with n as 
high as 8 (4, but in other layered com- 
pounds it is difficult to achieve single-phase 
intercalation with n > 1. The possibility of 
using intercalants to vary the strength of 
interlayer interactions and possibly modify 
microscopic charge transfer makes the inter- 
calation of high-T, compounds attractive. 
Systematic investigation of the supercon- 
ductivity mechanism and its relation to crys- 
tal structure is possible if different intercal- 
ants can be incorporated and higher stage 
compounds can be generated. 

We here examine interblock interactions in 
the high-T, superconductor Bi,Sr,CaCu,O, 
by using multistage iodine intercalation to 
"tune" the coupling between adjacent Cu0,- 

X.-D. Xiang, W. A. Vareka, A. Zed,  J. L. Corkill, T. W. Atomic real- 
Barbee HI, M. L. Cohen, Department of Physics, Uni- space transmission de~tr0n microscopy 
versity of California at Berkeley, and Materials Sciences 
Division, Lawrence Berkeley Laboratory, Berkeley, CA 

(TEM) images identify stage structures with 
94720. n I 4. Correlations between the cmtal struc- 
N. Kijima and R. Gronsky, Department of Materials me and T, allow us to determine ;he contri- 
Science and Mineral Engineering, University of Califor- 
nia, and National Center for Electron Microscopy, Ma- butions to T, of interblock CuO2 plane in- 
terials Sciences Division, Lawrence Berkeley Laboratory, teractions and to evaluate various models for 
Berkeley, CA 94720. 

the superconductivity mechanism. 
*To whom correspondence should be addressed. In the intercalation of pristine Bi,Sr,Ca- 
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Fig. 1. Processed TEM images of the crystal 
saucturcs of the (a) - pristine, (b) stage-1, (c) 
stage-2, and (d) stage-3 phases of iodine-intcrca- 
lated Bi,Sr,CaCu20X. Bars idenafy the pristine- 
Like BiO bilayers, and arrows identify the iodine- 
intercalated BiO bilaycts. 

Cu2OX crystals we used a gas diffusion tech- 
nique similar m that described elsewhere 
(1). For high-stage intercalation, iodine and 
Bi,Sr,CaCu,O, crystals were placed in 
evacuated cells with a common connection 
for vapor transport. The iodine a l l  was held 
at 150°C and the sample cell at between 
300" and 350°C, for up to 2 weeks. Inter- 
calated crystal structures were charaaerized 
by x-ray difhction and by TEM. In general, 
&teaation resulted in-a compleG disap- 
pearance of the pristine phase. As with 
stage-1 materials, nearly phase-pure stage-2 
materials could be produced. Stage-3 and 
stage-4 structures were obtained only as 
minority phases. 

Figure 1, a through d, shows real-space 
TEA4 images, respectively, for pristine 
Bi2Sr2CaCu20, and stage-1, stage-2, and 
stage-3 iodine-intercalated crystals, all 
viewed along the [110] direction. In each 

case, pristine-like BiO bilayers are identified 
by bars and iodine-intercalated BiO bilayers 
by arrows. The image in Fig. l a  agrees with 
the established crystal structure of pristine 
Bi2Sr2CaCu20,. For the stage-1 material 
(Fig. lb), iodine is intercalated into every 
BiO bilayer; for the stage3 material (Fig. 
lc), iodine is intercalated into every other 
BiO bilayer; for the stage-3 material (Fig. 
Id), iodine is intercalated into every third 
BiO bilayer. The d t i n g  intercalated stage 
structures have stoichiometry IBi,Sr,Ca,- 
Cu,O, where n is the stage index. Struc- 
tures with n I 4 have been identified in 
TEM images. In all cases, the iodine inter- 
calation is epitaxial (the iodine is located 
between oxygens of the BiO layers) and 
results in two major structural changes. 
F i ,  it expands each intercalated BiO bilay- 
er by 3.6 A along the c axk. Second, it 
changes the staggered Bi atom staclung se- 
quence (between adjacent BiO bilayers) to a 
commonly registered stacking sequence. For 
example, the stacking sequence AB 
. . . B k  . .AB relevant to pristine Bi2Sr2- 
CaCu2OX changes in the stage-2 compound 
to AB. . .BIB. . . BA. . .&A. . .AB. A and B 
represent BiO layers shifted by 112 a with 
respect to each other, the dotted lines 
represent the other elements inside the 
block, and the slash represents the iodine 
intercalant. 

The ability to produce largely homoge- 
neous stage-1 and stage-2 compounds of 
IBi,Sr,Ca,,Cu,O, allows a direct com- 
parison between structural and supercon- 
ducting properties. Figure 2 shows the mag- 
netic susceptibility, L~ as a function of 
temperature for pristine Bi2Sr2CaCu20, 
stage- 1 IBi2Sr2CaCu20, and stage-2 mi4- 
Sr4Ca2Cu40,. Well-defined transitions to 
the superconducting state are visible in each 
case. Consistent with previous studies, T, 
for stage-1 iodine-intercalated IBi,Sr,Ca- 
Cu,O, is 80 K, corresponding to a -10 K 
depression in T, compared to the pristine 
h a t  material. T, for stage-2 IBi4Sr4C;1,- 
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Fig. 2. Wot of the ac magnetic 
susceptibility, x,, of pristine (0), 

110 stage-1 (+), and stage-2 (a) phases 
versus temperature. 

Cu40X is 85 K, comsponding to a -5 K 
depression in T,. 

It is unlikely that the shift in T, is due to 
charge transfer between the iodine and host 
material. The iodine is only, weakly bonded 
to the BiO layers, and the distance between 
the intercalated layers and the CuO, layers is 
large. Transport measurements (3) on the 
stage-1 material have confinned that the 
normal state behavior of the CuO, planes 
remains unchanged by the intercalation. The 
shift in Tc for different intercalation stage 
structures can therefore be assumed to be a 
consequence of changes in the interblock 
coupling (4, 5). The dominant effect of 
intercalation is to reduce interblock cou- 
pling, which results from an increase in the 
distance between the CuO,-containing 
blacks. Stage-1 intercalation reduces the ad- 
jacent block coupling in both directions 
along the c axk, whereas stage3 intercala- 
tion preserves the original coupling in one 
direction for each block. Because AT, for 
the stage-1 material is -10 K while AT, for 
the stage3 material is only -5 K, empiri- 
cally it appears as if next-block coupling 
contributes about 5 K to T, for each neigh- 
boring block of pristine Bi2Sr2CaCu20C 

Our results suggest that, independent of 
the specific pairing mechanism, interblock 
ampling should be incorporated into any 
realistic model of high-Tc su~nduc t iv i t y .  
Here we examine two prototypical la- 
models; both are capable of accounting for 
the behavior of T, upon multistage intercala- 
tion. No specific microscopic mechnkm is 
assumed, and the parameters in each model 
are determined here phenomeno1ogicaUy. 

The simplest layer-coupling model is one 
in which Tc varies linearly with the inter- 
plane coupling. Each CuO, plane is coupled 
to its neighbors in the c direction, but 
intraplane coupling is neglected. Wheatley, 
Hsu, and Anderson (6) used this type of 
model to discuss superconductivity due to 
spinon-holon scattering. Despite inconsis- 
tencies in the spinon-holon theory as a 
whole revealed by transport measurements 
(3), the layering model used by Wheatley et 
al. is non-mechanism-specific. Here we a p  
ply the layering scheme to the present exper- 
iment to discuss the effects of intercalation 
and exhibit the merits of this approach. 

In the linear layering model, the super- 
conducting amplitude in plane i, qi, depends 
on qi+ , and qi- and the couplings between 
the planes, Aid+, and Aid-,. For Bi,Sr,Ca- 
Cu,O, there are two difkrent couplings, A,, 
and A,, for nearest and next nearest planes, 
respectively. .The nearest planes are within a 
block, whereas the next nearest planes are in 
adjacent blocks. Because all the CuO, planes 
are equivalent, all the q's are equal and the 
eigenvalue equation for T,, 
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yields TJpristine) = A, + A,. 
For stage-1 IBi,Sr,CaCu,O,, the model 

is the same but with A, replaced by A; 
because the next nearest plane coupling is 
assumed to be grossly affected by the inter- 
calation. The predicted stage-1 T, is then A, 
+ A;. 

For stage-2 IBi4Sr,Ca2Cu40,, the CuO, 
planes are no longer equivalent; there are 
planes (a) coupled by A, and A, and planes 
(b) coupled by A, and A;. The eigenvalue 
equation for T, is then 

L 
If we assume that lntercdation completely 
destroys the next nearest plane coupling, 
then A; -+ 0, and the measured TJstage-1) 
yields A, = 80 K. With T,(stage-2) = 85 K, 
A, = 80 K, and A; = 0 K, we find A, = 9.7 
K. This is consistent with the results for the 
pristine material, where T, is typically 90 K 
[= ( A d  + A,)]. 

It is possible to use the above analysis to 
predicthe T,'s for higher stage compounds. 
IfA, = 80K,  A, = 10K,andA; = OK,the 
predicted T,'s for stages 3, 4, 5, and 6 are 
87,88,89, and 89 K, respectively. Although 
we have demonstrated that stage-3 i d  
stage-4 structures exist for iodine-intercalat- 
ed Bi2Sr2CaCu20x, we have not been able 
to reliably determine the TCys for these mi- 
nority phases. 

A second approach incorporates inter- 
plane interactions into a Bardeen-Cooper- 
Schrieffer (BCS)-like framework. Such a 
model has been'advanced by Ihm and Yu 
(7) ,  although they neglected interblock cou- 
pling. Because our experiments indicate that 
this coupling cannot be neglected, we incor- 
porate such a coupling into a phenomeno- 
logical model (which is essentially an exten- 
sion of the original work of Ihm and Yu). 

Solving the BCS-like gap equations, as- 
suming a constant derisity of states per CuO, 
plane (even after intercalation), one obtains 

Planck's constant divided by 2 ~ ,  o is frequen- 
cy, E is energy, k is Bohann's  constant; 
Aa(Aer) is N ( E ~ ) ~  [N(~f)Verl, the intraplane 
and nearest CuO, plane couplings (7); and A, 
is N(q)V,, the next block coupling [N(q) is 
the density of states at the Fermi level, and V is 
the strength of the interaction]. 

In this model, F determines T, through 
kTc = 1.14 ho exp(-F). If we fit the 
coupling parameters A,, A,,, and A, for ho = 
0.1 eV to the experimentally determined 
T,'s of pristine Bi2Sr2Ca2Cu,0, (Bi-2223) 
(Tc = 110 K) and the pristine and stage-l 
IBi2Sr2CaCu20x compounds, we obtain A, 
= 0.2840, A,, = 0.0725, and A, = 0.0156. 
Although A, is small (-5% of A,), it is over 
20% of the size of A,, and not negligible. 
With these parameters, this model predicts 
the stage-2 T, to be 84.9 K, in excellent 
agreement with the e x ~ ~ r i m e n t d v  deter- 

In conclusion, we have shown that high- 
stage iodine intercalation of Bi2Sr2CaCu20x is 
possible. The shifts in T, of the intercalated 
materials demonstrate that interblock coupling 
is an important ingredient in describing high- 
T, copper oxides. In Bi2Sr2CaCu20x, cou- 
pling between each pair of adjacent Cu02- 
containing blocks contributes -5 K to T,. 
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Phase Transformations in Carbon Fullerenes at 
High Shock Pressures 

C. S. Y o o  AND W. J. NELLIS 

C,, powders were shock-compressed quasi-isentropically and quenched from pres- 
sures in the range 10 to 110 GPa (0.1 to 1.1 Mbar). Recovered specimens were 
analyzed by Raman spectroscopy and optical microscopy. C,, fullerenes are stable into 
the 13- to 17-GPa pressure range. The onset of a fast (-0.5 ps) reconstructive 
transformation to graphite occurs near 17 GPa. The graphite recovered from 27 GPa 
and about 600°C is relatively well ordered with crystal planar domain size of about 100 
A. Above 50 GPa a continuous transformation to an amorphous state is observed in 
recovered specimens. The fast transformation to graphite is proposed to occur by 
T-electron rehybridization which initiates breakup of the ball structure and formation 
of the graphite structure at high density. 

1 
F(pristine) = HE FULLERENE MOLECULES (C6,) 

have ia high-symmetry truncated 
icosahedral structure ( I ) ,  which is 

(4) 
very stable, despite the hollow cage with 
large strains in T-bonds and inherent struc- 

1 turd "defects," the five-membered rings (2). 

(5)  The pseudospherical structure of C,, with 
diameter d, = 7.1 A is stable to a pressure of 
at least 20 GPa (200 kbar) at ambient 
temperature (3) and theoreticallv to 1800 K ~, 

F(Bi-2223) = 
Aa + Vzx,, + A, 

Physics Department, H Division and Institute of Geo- 

where F ( ~ e )  = J ~ w ~ ~ ~ ~ [ ( ~ z  + A,,) 1/2/2k~]/  physics and Planetary Physics, Lawrence Livermore Na- 
tional Laboratory, University of California, Livermore, 

(E' + A$)li2d~ is the gap h c t i o n  (fi is CA 94550. 

at ambient pressure (4). Introducing metal 
atoms between C,, balls induces little struc- 
tural distortion (5 ) .  The exceptional stability 
of C,, is a central issue for developing new 
materials such as lubricants, ultrastrong fi- 
bers, hard materials, and high-temperature 
superconductors (6). For this reason it is 
important to determine the stability range of 
fullerenes at high pressures and tempera- 
tures. 

C,, crystals, fullerites, order in a face- 
centered cubic (fcc) phase (7) with an ex- 
traordinarily weak van der Wads interaction 
between molecules, which causes a large 
compressibility at low static pressures (3). 
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