
31. S p c i ~ d  th.inkr arc pncn tn A1. I.c~kc for Inrcrcrtlnp rlon system: the U.\O tclc\e<)pc .~llocar~otl cornmlt- tion site cation afi'ects the in-plane 
cbrcurr~orir conccrrilrip C:alor~s Ham tVc arc .lIro tcc .unii rchc~iuhnp tc.ulls fbr aiicqii.itc tclcscopc tlmc 

lncluiilnp thr ii.lrc\ rcqulrcd to rn,ikc there ot'scn a~ 
\.al~le and hence the correspo~lding in-plane 

gratchl to: E. K~rkorclik,i. S Schlii.~dcr. .u~d K 
\Tells fc>r a\clst.incc at rhc tclc~copc .lnii 11 ~ t h  d.1t.l rlom Thc rc\c.irch \\.I5 hin~icii by s.-\s.-\ gr,inrs B\.S \.slue. Therefore, the 1'; 1-ersus ill- 
analvr~r: FV. Srii~tli for 1115 help \\ lth r op l~ r  r cp rd -  S G T  5005065 .irlii S.\G2 1-13 and .I if-h~rakcr plane B\'S plot for p-t\.pe cLlpr,Itc super- 
111g radlatlon aciclcrat~on: K.  L~nAcr and 1). Yo~icr Founiiat~on gr.111t 01' the Rcscarch C(~rpor.it~on 
for cnmputat~nn,~l arr~rr.incc. B Rlzk fix riiapp~rip 

conductors s h o ~ ~ l d  scparatc illto L.1.. Sr-. 
sofnrarc: c F~nk  fix ilsc h l \  ('('ID ~i'1t.1 .1~q111\1- 5 r)cLcmi,c~- 1989: a ~ i c p t c ~ i  26 lunc 1990 and Ra-cl.~sscs and their \nhcl.lsscs '1s in the 

~'1st: o f  the I', 1-ersus in-planc i . ~ . ~ ~ . ( )  plot. 
This e s~ec ta t ion  is borne ou t  a\ \\ill be 

- .  
suggests that the T, for e,jch ~ I ' I S S  o r  sub- 

Hole Density Dependence of the Critical Temperature C I ~ S S  is ,,, in\ ,ar,bolic function .f ,he 

Coupling Constant in the Cuprate Superconduc~ors in-plane R\'S or  the hole dcnl in  r i ~ .  This 
rel~~tionsliip leads t o  ,In impor tmt  c o n ~ t r ~ ~ i n t  
that the colpl ing con\tant-h for Coopcr pair 

M.-H. M'HANGBO AND C .  C.  TORARDI formation is an in\ erted p<~r'~bolic function 
of t i H .  

A bond valence sum (BVS) analysis was performed for the p-type cuprate supercon- The bond ‘11ence I of  'I bond I is d e f i ~ ~ e d  
ductors. The superconducting critical temperature T,  versus in-plane CLI-0 BVS 
correlation for copper is grouped into classes and subclasses. Only within a class o r  
subclass for which the nonelectronic effect is constant does the variation of the in-plane 
CLI-0 BVS reflect the corresponding change in the hole density ti" of the C u 0 2  layers. ~0 l a y e r  - 
This study strongly suggests that the T ,  for every class or  subclass of the superconduc- 
tors is an inverted parabolic function of t i k , ,  and so is the coupling constant A for 
Cooper pair formation. 

I N UNDERSTANDING THE SUPERCON- p i s h e d  by the size of  the 9 - c o o r d i ~ ~ ~ ~ t e  site &I- 
ductivin of the cupratc supcrconiluc- cations (that is, I,a-, Sr-, and Ra-classc\) ( 16, Cu0,layer -'--, 

tors it is vital t o  h o ~ v  what s t n ~ c n ~ r a l  o r  1 - )  because of  the combined electronic anti .-~ 0-; 
L 

,\- ,! 

electronic factors govern the magnitudes of nonelectronic ctfects. The Sr- and Ra-classes 
their superconducting critical temperatures contain s~~bclasscs \vhich are f ~ ~ r t h e r  distill- 

<-\ 7''. The 7, values o f  the p-n-pc cupratc guished by a sccondan nonelectronic factor 
superconductors ha1.e been corrclatcd ~ v i t h  a associated \vith the nuniber o f  C u 0 2  la!rers 
number o f  parameters, n-hich i11clude the per unit cell o r  the cation substitution in the C ~ ! I  10 layer - 
hole densities ( t i H )  per C u 0 2  unit in the rock salt layers. E\.en- class or  subclass o f  the 
C u 0 2  layers (1-4). the Aladelung potenti'xls T,  1-ersus in-plane I.c,,.(, plot sho\vs a m a i -  BaO l a y e r  - 
(10, 1 I ) ,  the clectroncgati\,itics (12-1.7). thc mum, so that e\ en .  class o r  s~~hc las s  o f t h e  p- 
in-plane C L I - 0  bond lengths (16. 1 ;), the cuprate superconductors posscsscs an 
electronic densities of  states at the Fermi o p t i m ~ ~ m  hole dcns in  (ti,,,) for \vhich the c u i 2 ) o L a y e r  

level (18).  the bond I-alence sums I R\'Ss) T, is m~xin lun l  ( T,,,,,, j 16, 1 ; ) .  ,-- or2 ,-~ 

L 
' -, 

(19-23). and the hole densit\. t o  etfective By clefinition, the bond \.alence of  an in- 
mass ratios (21).  Oxidation o f  the C u 0 2  plane C L I - 0  bond should increase \vith the 
layers ( that  is. hole doping) remo\.cs elec- shortening o f  its lengt l~  (2- ,  28) .  Since the 
trons from the .u2-)j2 bands n.hich ha1.c in-plane rcL,~(,  ciccreases n.ith increasing r i ~ ,  Fig. 1. ( T o p ,  Sche rn~ t l c  d l~g r . i r n  l i - ' l  sho\\ . inp 

antibonding character in the in-plane CLI -0  the R\'S of an in-pl'~ne C u  atom obtained "' 'rr""gement of 'round " ')-ci)orcilnate 
site in p - ~ p e  cupr.itc supcrzonituctorc. T h e  c ~ t -  

bonds (2.5, 26).  ,is  ti^ increases. therefore, only from its in-plane C u - O  bonds (hereaf- ,,, rrfrrxr"teci h\  \lladcd clrclc\. dIlci 

the in-plane CLI-O bond Iengtt~ (i .c. l l~o) is ter referrcd to  as the in-plane R\'S) is cs- oxygen .itoms b!. uns~l.;ilcLi c~rc ics .  T h e  9-coordl -  
shortened. In addition to  this clcctronic pccted to  increase \\.it11 increasing  ti^. nate C C I ~ I O I I  R I F  1.a'-. Sr2-.  J I I L ~  B.1'- in t he  L.1-, 

factor, the in-pla~?e I . ~ , , ~ ~  is also controlled Therefore, a '1, \crsus ~n-plane R\'S plot Sr-. Rci-eIas\ s~ l~r rco l l i i~ lc to r s .  res~ecrl~~el!. 
i B o t t o m )  Schematic d l a g r ~ m  I 42 I \ ho \v lnp  t h r  by the nonelectronic f,lctor (16,  I - )  (for should ha\.e '1 m,tl;irnum as in the corre- drrLingcrncnt of arounii rllc K,12- cLirloI1 In 

example, steric strain) associated \\,ith the sponding 7, \.crsus in-pl.~nc t'cll.o p lo t  The ~ - B , ~ ~ c ~ , o ,  I ), = -',, \\llrrc cLirlons are Inc i i~  
cations located at the 9-coordinate sites adja- steric f'lctor associated with the 9-coordina- cateci I.\, sh.icilng 
cent t o  the CuO: layers (see Fig. 1 ,  t o p ) .  
fi'ith the increasing size of  the 9-coordinate 
sitc the in.planc Cu.O bond is Table 1. Calculatcii a. I.<,,,, ~ n d  RXlSE (root-rnrari-square errorl  1 d u e s  O o m  the  leact-squarcs t i t t ing 

lengthened to redLlce the extent of o f  t he  Ida-. ST- dnci Ba-clasces alici their  subclas~es  \\.ith t he  equat ion* AT, = -ai l \- i2.  

sulting steric strain. The T,  \.crsLls in-plane Compou~ ic i s  cr x l o - '  RhISE' 
rcl,.o plot of  the p-ripe cuprate supercon- 

2 .72  i 0 . 1 8  2 . 0 5  ductors is grouped into thrcc classcs distin- K"cl~ss 7 .1  
Sr-class 3 . 2 0  i 0 . 5 3  2 . 1 5  1 1 . 0  
L.1-cl,iss" 2 . 4 6  i 0 . 5 3  2 . 2 7  4 . 9  
(T12~,Cci,  iBa:CuO, cubcl.lssh 6 . 0 9  i- 1.01 2 0 4  - - 

? . I  

A1 f i TIhanglx). 1)cpartmcnr of C:hcmlstn., Sorth C:.lr R i ' S r ~ ( C a l ~ ~ y ~ ' C u ' O *  euhclassc 3 . 7 8  t 0 . 7 0  2 .12  4 . 8  
o11n.i Sratc L'n~\i.rs~n.. K.~lc~pli. S(' 2-695-X20-1 (TI,I 5 B ~ o  5'~Sr2(C:cl,.,Y, )C:t12C3- c ~ ~ l ~ c l , ~ s c "  4 . 8 5  i 1 .04  2 . 1 8  1 0 . 0  
C:. C' Tor.ird~. Ccntr.11 Rc\cxih  .lriii l>c!clopmcnt r)c 
partmcnt. F I iiu I'ont dc Scmour\ .lnii ('i~rnp'ln\. 'R\.S <.ilcul~tcii u ~ n g  the ~n -p lmc  ri,, ,, \ ~ l u c s  from: "'I~.ir.~sco~i i f  , I !  I Z O ,  for L.il ;S~;(.LIO,.  -I 'L~I\C : . .:! 41 : 'C;roc11 
E\pu~r~ictital S t ~ t i o ~ ~ .  ~VI I I I I I I~~TOI I .  I)F. 19880 0356  ~1111 iic I.CCLI\\ t 3 2 .  'iHu.~rig i r ,i!. ( 3 3 )  +St.indard d c v ~ ~ i t ~ o n \  of thc i?hrcn.i~I T. \ , i lut~ tioni tllc i]u,l i ir~t~i tit\ 
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Table 2. Calculated p, ti,,,,, and R\ISE [root-mean-square error) \ .duo  from the least-5quarrs fitting ot 
the La-class a i d  the B12Sr2(Ca, , I  , ) C u 2 0 8  ,ubclass \{ lth the equation‘ 1 I. = - P I A I ! ~ ) '  

The drornlc arrangement around the R ' I '~  
cation in YRa2Cu;0, ( ), = 7 1 is sclieniat~cal- 
1y slio\i.n In Fig. 1,  bottom. The osygen 
atoms of  tlie C u - 0  chains (that is, O c h )  are 
gr'~dually lost as ), decreases from 7 t o  6 
(34 ) .  so  that the c ~ o r d i n ~ ~ t i o n  number of  Ra 
changes from 10 to  8. For )' , 6.4 the CLI -0  

Hole densln 
Compounds used 

p x lo-'  '!opt R\iSE 

L 

chain nlns d o n g  thc  xi$ direction and 
thus the in-plane ( that  IS. cquatori'11) C u - 0  
bonds along the a ancl b directions [ C u ( 2 ) -  
O,,, and C u ( 2  )-Oeq,h, respectively] are not 
equivalent. As a function of  y ,  the overall 

T, and pi, \a iucs  arc fio~ll: "Iorr.inrc t i  .>! 121 for I.a2.,Sr,Cu04: "Grocn ~r ,A: ( 4 ) .  -Starid.irii dc! I.itlons of thc 
ohscncd Ti valilrs from tiir quaciratic fit 

1v affects the ~ ~ ~ - p l a n e  CLI-0  bond lengths 
Consequentl\, onlv the ~ l i - p l ~ ~ n e  BVS alues 
can be a nicailngful me'l5ure for the rill 

change of  the out-of-plane ( that  is. m a l )  
CLI-0  bonds is much 1'1rgcr than that of  the 
in-plaie C u - O  bonds ( 1 9 ) .  The liolc delisin 
in the CuO?  layer5 of  YBalCu30, is greater 
for y > 6 .4  t11,ui for ), < 6 . 4  (5-9). .Illus. 

values. Figure 2 sho~vs  how the ' I , ,  values ot' 
the p - n p e  cuprate superconductors are re- 
1'1ted to  their in-plane BVS vallles for copn- 
per, nhich ~ v e  calculate \vith I.,, = 1 .679  A 
i'or the C u - O  bonds (28) .  For the RVS 

accordilig to  the clcctronic factor ( that  is, 
hole doping in the CuO?  laycrs) alone. a 
bond shortening 1s expected for both CLI( 2 ) -  
O,,,, and Cu(Z)-O,,,h as y i~ i c rc~~scs  from 6 
to  7.  The  C u ( 2 ) - O e q ,  bond length follo\vs 
this prediction, but the Cu(2)-0 , , ,h  bond 
does not (19) .  The lattcr is explained b!. the 
steric effcct of  the O C h  a t o t ~ ~ s ,  bec,~use die 

analysis, relati\.cly accurate Cu-O bond 
lengths are needed. In obtaining the T, 
versus in-plane BVS plot o f  Flg. 2, \\.c 
employ '111 tlie ddta points of  the Ra-class 
from our  T, \-ersus in-plane rc,.o plot (16) 

BVS (in-plane Cu-0) 

Fig. 2. 7, \.ersu in-plane BVS plot for the La-. 
Sr-, and Ra-cia,, and ,ubclas ,uperconductors. 
The ,ymbol, arc detined as: 3. Ka-cia,,; A. Sr- 
class; 0. La-clas; 0. (TI:-,Cd, )Ba:CuO, sub- 
class, A, B I : S ~ , [ C ~ ,  - ,Y, )Cu20R subclass; + ,  
(TI,, ,BiO iiSr2(CaI ,Y, I C L I ~ O -  subclas,. The o l -  
id line passing through each c las  or  subclas, 
represent, the quadratic f i ~ n c t ~ o n  of in-plane BITS 
obtained hy least-,quares titting. 

and the data points of  the La-class ( that  is, 
La2.,Sr,Cu04) by T,~rascon c.r (11. 1.311). Re- 
cause the C u 0 2  la\.ers o f  the Sr-class t\.plc'~l- 
ly exhibit modulation and buckling ( .?l) ,  n e  
use only the data points o f  the Sr-class 
derived from single cns ta l  o r  powder stnic- 
ture refinement studies (16 ,  17, 32, -3.3). 
Figure 2 clearly demonstrates that tlie T,  

formati011 of die C u (  1 ) -Och  cliai11s stretches 
out  the 11-axis length thereby lengthening 
the C L I ( ~ ) - O , , , ~  botld. Such a steric effect is 
absent along tlie ,I-,L\IS dlrectlon Elpure 3X 

as s, = exp [(l;, - r,)/0.37], \\here i., is the 
length of  the bond I ,  and I ,  IS the c o n s t ~ n t  
that depend5 upon tlie atoms constltutlng 
the bond (28 )  For a metal atom surrounded 

veFsus in-planeBVS for copper is groupecl 
into La-, Sr-. and Ba-classes, and that the Sr- 
and Ba-c1'1sses each contdin subclasses. just 

by several identical ligands with bond 
lengths I;, its BL'S is given by the sum o f  all 
the bond valences 1: s,. The bond valence j, 

as in tlie case of  tlie '1, versus in-pl'lne r c , . ~  
correlation ( 1  6,  17). As slio\vn b!. a solid line 
passing through eacli class o r  subcl'~ss. the 

mav be 1 le\\ ed a5 the amount o f  electrons 
the metal atom loses t o  form the bond I 

Thus, the RL'S of  the metal atom 15 a 
measure of  the total amount of  electrons ~t 

lose5, that IS, the formal oxldatlon state of  

I, \slues are \i ell approximated b\ a q ~ a -  
d ra t~c  Llilnctlon of  ~n-plane BVSs (5ee be- 
lo\\ ), and eacli class or  5ubclass slio\vs a 
maximuni. LVith the larger 9 - c ~ o r d i n ~ ~ t i o n  
site cation, the in-plane C u - 0  bond is more 

the atom. The lengths of  the c l ~ e n i l c ~ ~ l  bonds 
In cwstalllne materials are determined bv the 

stretched ou t  so that the rn,xximum o f  the 
corresponding T, versus in-plane BVS plot 
is shifted toward the direction o f  smaller 
RVS v'11ues. L h e  to  this steric effect of  the 9-  
coordinate site cation, the absolute in-plane 
RVS v'11ues call lot  reflect the effective va- 
lences of  the in-plane C u  atoms. \\'ithin each 
class or  subclass, hou.ever. the steric effect o f  

electronic factor, \vhich reflects the amounts 
Oxygen content 

of  electrons In the bonds, and also by the 
nonelectronic factor (for example, 5terlc 
strain), ~vhlcli  alters the bond l e n ~ h s  \\ 1t1i- 
out  changing the amounts of  electrons in the 
bonds. BVS v'11ues are strongly '~ffected by 
the steric factor: for example, the BL'S val- 
ues of  the formal Sn" ions in the KINiF4- 
phase A1Sn04 ( A  = Sr, R'I) are c a l c ~ ~ l ~ ~ t e d  t o  
be 4.88 and 3.92 for .+I = Sr and Ba, respec- 
tively (29).  As the A-cation (that is, Sr' ' and 
Ra") size increases, the S I I -0  bond length 
increases thereby decreasing the RVS value 
of the ~11"-cation. Thus, BVS values can- 

die 9-coordinate slte catlon 15 Dlrlv comtant 
so that a change In the ~n-plane BVS la luc  
reflects the effect of  the electronic factor a ~ d  
therefore IS a reliable measure o f t h e  change 

L, 

in rl l , .  I t  is noted that the inverted parabolic 
shape of the Sr and Ba classes may simply be 
an e~ivelope associated ~ v i t h  a serlcs o f  in- 
verted parabolas from their respecti1.e sub- 
classes. As expected. the 7, versus out-of- 
plane RVS plot (nor  sho\v~i)  does not cxhib- 
it anv direct correlation that CAII be ex- 

Oxygen content 

Fig. 3. ( A )  KVS 1-alucs calculated t i ~ r  the ~n-plane 
and out-of-plane C u - 0  bonds of  YKalCuiO, as a 
function of y ,  i B I l'lot\ of KITS 14 v C u ( 2  1 -  
O,, , ]  \.ersus y I I and T, \ er\us ) I 3) ior 
YBa,<:u,O,. 

not be used as a measure of  formal oxidation 
states unless the steric factor is constant. 

Due t o  the in-plane nature of  the s2-y2 
band orbitals (25, 26). a change in t l l ,  direct- plained in terms of  changes in rill 
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Holes per Cu02 unit 

Fig. 4. Comparison of the T,  versus t l ~  correla- 
tions (A. El) with the T,  versus r i ~  (BVS) 
correlations ( A ,  W ) .  The symbols are defined as: 
A. A, Bi2SrZ(Ca,-,Y,)Cu20, subclass; J. W. La- 
class. The solid line passlng through cach class or  
subclass represents the quadratic equation of ti, 

or  the calculated ti, (RVS) obtained by least- 
squares titting. 

sho\\s the RVS lalues calculated for the 
Cu(2)-O,, and four Cu(2)-0,,  bonds {that 
IS, 4 x Cu(2)-O,, for y < 6 4 and 12 x 
Cu(2)-O,, ,] + [2 x Cu(2)-O,, b] for y > 
6 4) As anticipated from the bond length 
trends, the BVS change as a funct~on of y 1s 
much stronger for the out-of-plane C u - 0  
bonds than for the 111-plane C u - 0  bonds 
The BVS for the 111-pla1e C u - 0  bonds does 
not Increase but decreases as y varies from 6 
to 7, because the Cu(2)-O,, bond length- 
ening (caused bv the sterlc stram of the OCh 
atonis) has a greater ettect 011 the BVS than 
does the Cu(2)-O,, , bond shorten~ng ( ~ n -  
duced b\ the hole dop~ng)  Thus, onl\ the 
Cu(2)-O,, , bond length change can be 
related to the t lH  change In the CuO? lavers, 
since the Cu(2)-O,, a bonds are not affected 
b\ the s tem effect of the OLh atoms 111 the 
absence of the OLh atom sterlc effect, the 
Cu(2)-O,, bond length \i ould \an .  as the 
Cu(2)-O,, , bond does Thus, the BVS 
\ alues calculated for 4 x Cu(2)-O,, a \T ould 
be a reasonable measure for the tlH values. 
Figure 3R sho\vs the RVS [4 x Cu(2) -  
o,,,] versus y plot, Xvhich exhibits step-like 
increases in the RVS values as a function of y 
and thereby implying that the tlH values . - 
\vould also have step-like increases as y 
varies from 6 to 7. These step-like patterns 
are quite similar to those found for the T, 
versus y plot, also sho\vn in Fig. 3R. Thus, 
as suggested by Cava et 01. (1.9). the plateaus 
of the Y', versus y plot for YBazCu30? 
0, = 6 to 7) appear to reflect step-like in- 
creases in nH as y varies from 6 to 7. 

It  1s clear from our d~scussio~ls abo\ e that 
only the 111-plane C u - 0  bond lengths can be 
correlated n x h  the CuOz laver hole dens~m, 
but both the electronic and nonelectronic 
factors affect the in-plane C u - 0  bond 
lengths 'uld thus thci; bond valences. In 
discussing hole density ch'ulges in the CuO? 

layers on the basis of the in-plane C u - 0  
bond lengths or their bond valences, it is 
important to  realize that. only 1vithi11 a 
closely related class or subclass for which the 
nonelectronic effect is constant, the in-plane 
C u - 0  bond lengths or their bond valences 
are a reliable measure of the t i H  values of the 
CuOl layers. 

T o  simplie the notational problen~ in the 
remainder of our \vork, the in-plane RVS 
term ~vill be denoted by 1'. and the optimum 
in-plane RVS corresponding to the T,, ,,, 
value by I;,,. It is con\enient to  introduce 
the follo\ving quantities: AT, = T, - 

T ,,,,, and AL' = I T  - I',,,,. Then, the T, 
and I 'values of cach class o r  subclass can be 
correlated ~v i th  the expression 

AT, = -u(AL')' (1 1 

lvhere a is a positive constant. Table 1 
summarizes the a and 1 '<,,, values deter- 
mined for the classes and subclasses ofFig. 2 
by least-squares fitting Lvith Eq. 1, which 
provides a good correlation benveen the T, 
and Yvalues for all the classes and subclasses 
of the p-type cuprate superconductors. 
Within a class or subclass, it 1s highly proba- 
ble that the change 1 1 '  is proportional to  
the corresponding change in hole density, 
that is, h i H  AL'. Xvhere AtiH = I I H  - tlopt. 
Therefore, the T, and ti, values for each 
class or subclass should be governed by the 
expression 

where @ is a positive constant. Lye test how 
\yell Eq. 2 describes the available exper1men- 
tal T, and rrH values by considering the La- 
class (2) and the R i ? S r ? ( C a l - , T , ) C L ~ ~ O ~  (1) 
subclass. Results of our least-squares fitting 
with Eq. 2 for these n r o  systems are sutnrna- 
rized in Fig. 4 and Table 2. Clearly, Eq. 2 
provides a good correlation benveen the T, 
and ~ I H  values. For the La-class and the 
Bi2Sr2(Cal,Y,)Cu?Ox subclass, Eqs. 1 and 
2 provide equally good correlations, from 
~vhich one obtains the follo~ving relatio11- 
ship 

T o  probe the accuraa of t h ~ s  relat~onsh~p 
benteen AllH and 1 1  . \ \e calculate the r r , ,  
values of the La-class and the B I ~ S ~ ~ ( C ~ ~ - , -  
Y,)CuzOx subclass from the obsened 111- 

plane C u - 0  bond lengths b\ us111g Eq 3 on 
the bass of the cr and 1 I dues (from the 
T, \ ersus 111-plane BVS ploti as 11 ell as the P 
and ti,,, L alues (from the T, versus t iH  ploti 
These calculated r r H  \slues mav no\? be 
reterred to  as riH(RVS) E~gurc 4 shoas 
both the T, ~ e r s u s  ~ I H  'uld the 7, ~ e r s u s  
r i ~ c  RVS) plots for the n l o  s\ stems As can 
be seen from Elg 4 'uld Table 2, the T, 
Lcrsus riH(BVS) plots are in essence   den tical 

~v i th  the corresponding experimentally de- 
termined T, versus r i ~  plots. Thus, Eq. 3 
provides an excellent correlation benl-een 
l t i H  and A1 '. Since Eq. 1 is good for all 
knolvn p-npe  cuprate s~iperco~lductors, it is 
expected from Eqs. 1 and 3 that Eq. 2 is 
valid for all kno~vn p-n.pe cuprate supercon- 
ductors, unless lattice instability sets in at a 
certain value of  ti^ thereby giving rise to  a 
stn~cnlral phase transition as in the casc of 
Laz-,Ba,Cu04 (-3.7). 

LVith the constant q = @!T, ,,,, Eq. 1 
can be xvritten as T, = ' I ~ , , , ~ , , [ l - * ( ( 1 r i ~ ) ' ~ .  
which becomes equivalent to  Eq. 4 

T, = T, ,,, eup [ - q ( ~ f i H ) ' l  (41 

under the condition that Ai lH << (11~1 '  '. 
According to the P values (Table 2 )  and the 
T,,,,, values of the La-class and the Bi2- 
Srz(Cal -,Y,)CuzOx subclass, the constant q 
is about 50. Therefore, Eq. 4 is valid for 
b t l H  << 0.14, which is readily satisfied for 
most IIH values around ~i,,,,. For pairing due 
to exchange of phonons, spi11-fluctuations, 
or combined charge fluctuations and lattice 
distortions, the T, and the coupling con- 
stant A are golerned by the expression (36- 
39) 

T, = w esp 1-(1 A I / ( A  - 611 ( 5 )  

\?.here o is the average e n e r c  of the flucn~a- 
tions of the pairing field and 6 is a small 
correction term. 111 the Bardee11-Cooper- 
Schrieffer (BCS) t h e o n  (36, K), o corre- 
sponds to the Debye temperature, A is the 
electron-phonon coupling constant, and 6 is 
the efective Coulomb pseudopotential of 
the order of 0.1. Relevance of Eq. 5 for the 
cuprate superconductors has been suggested 
(38, 391. It  is noted that Eq. 4 is formally 
equivalent to  Eq. 5. If the small correction 
term 6 of Eq. 5 IS neglected, Eqs. 4 and 5 
lead to  the follo\ving expression for A 

\\here 5 = ln (o  T, ,,,) In all the p-n pe 
cuprate superco~lductors, T, ,,,,, 5 125 K, 
so that 5 > 2 \?hen o = 1000 K Therefore, 
(5  - 1 )  >> q (AtiH)', so that Eq 6 can be 
kirther s~mpl~fied as A = B - 4 ( ~ r i ~ i ' ,  

\\here A and B are pos~tn  e constants g11 en 
bvA = *(I(( - 1) ' andB = l / ( <  - 1)  S~nce  
AnH = t iH  - tio,,, the coupl~ng constant A 1s 
fin all^ expressed as 

A. is independent of r i ~ ,  so d ~ a t  the r l H -  

dependence of A is thcn containcit in the A H  
term. Essentially, the riH-dependence of AH 
is given by A H  t i H  ( C - I I ~ J ,  n-here (I is a 
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positive constant. Thus, the magnitude of 
\ H is governed by two opposing factors: 
One factor increases \ H linearly with in
creasing nH (that is, \ H

 a »H) while the 
other factor decreases \ H linearly with in
creasing nH (that is, XH

 a C-nH). It is im
portant to note that the XH versus nH plot 
has the shape of an inverted parabola (with 
the maximum at nH = C/2). This character 
of \ H is ultimately responsible for the invert
ed parabolic shape observed for the Tc 

versus nH plots. It is crucial to understand 
the exact origin of the XH ^ «H (C _ »H) rc^~ 
tionship. As plausible reasons, we suggest 
the following: Cooper pair formation is 
enhanced with shortening the average dis
tance between holes and thus with increas
ing wH, which might lead to the XH

 a »H 
relation. Certain physical parameters associ
ated with the in-plane Cu-O bond (for 
example, the in-plane Cu-O bond polariz-
ability and the softness of the in-plane Cu-O 
bond stretching or bending vibration) de
crease their magnitudes with increasing «H. 
If such physical parameters are responsible 
for Cooper pair formation, the XH

 a C-nH 

relation might result. Then, combination of 
the two opposing effects would lead to the 
relationship XH * nH(C-nH), which is a nec
essary condition that any satisfactory pairing 
mechanism must accommodate. Note that X 
consists of an fzH-dependent term, \ H , and 
an ^"independent term, \0 . It is possible 
that \ 0 originates from the electron-phonon 
coupling mechanism and XH from a new 
pairing mechanism yet to be determined. 
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defined electronic or optical structures. Re
cently, ring-opening metathesis polvmeriza-
tion (ROMP) has allowed the preparation 
of soluble, processible, conductive polvace-
tylenes (4, 5). In this work we demonstrate 
that this new synthetic route can be exploit
ed to fabricate thin films of conducting 
organic polvmers for possible use in several 
electronic and optical applications. These 
include semiconductor/organic polvmer 
junctions for solar cells and layered polymer
ic structures for potential use as polymer-
based capacitors or optical waveguides. 

Our synthetic procedure utilized die 
tungsten carbene complex W(CHC(CH3)3) 
(N-2,6-(CH(CH3)2)2-C6H3) (OC(CH3) 
(CF3)2)2 (6) to catalyze the ROMP route 
with substituted cvclooctatetraenes (COT), 

Thin Films of n-Si/Poly-(CH3)3Si-Cyclooctatetraene: 
Conducting-Polymer Solar Cells and Layered Structures 

MICHAEL J. SAILOR, ERIC J. GINSBURG, CHRISTOPHER B. GORMAN, 
AMIT KUMAR, ROBERT H. GRUBBS,* NATHAN S. LEWIS* 

The optical and electronic properties of thin films of the solution-processible polymer 
poly-(CH3)3Si-cyclooctatetraene are presented. This conjugated polymer is based on a 
poly acetylene backbone with (CH3)3Si side groups. Thin transparent films have been 
cast onto M-doped silicon (n-Si) substrates and doped with iodine to form surface-
barrier solar cells. The devices produce photo voltages that are at the theoretical limit 
and that are much greater than can be obtained from n-Si contacts with conventional 
metals. Two methods for forming layered polymeric materials, one involving the spin-
coating of preformed polymers and the other comprising the sequential polymeriza
tion of different monomers, are also described. An organic polymer analog of a 
metal/insulator/metal capacitor has been constructed with the latter method. 
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