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Hole Density

Dependence of the Critical Temperature

and Coupling Constant in the Cuprate Superconductors

M.-H. WHANGBO AND C. C. TORARDI

A bond valence sum (BVS) analysis was performed for the p-type cuprate supercon-
ductors. The superconducting critical temperature T, versus in-plane Cu-O BVS
correlation for copper is grouped into classes and subclasses. Only within a class or
subclass for which the nonelectronic effect is constant does the variation of the in-plane
Cu-O BVS reflect the corresponding change in the hole density ny of the CuO; layers.
This study strongly suggests that the T for every class or subclass of the superconduc-
tors is an inverted parabolic function of ny, and so is the coupling constant A for

Cooper pair formation.

N UNDERSTANDING THE SUPERCON-
ductivity of the cuprate superconduc-
tors it is vital to know what structural or

electronic factors govern the magnitudes of

their superconducting critical temperatures
Te. The T, values of the p-tvpe cuprate
superconductors have been correlated with a
number of parameters, which include the
hole densities (1) per CuO, unit in the
CuO; layers (1-9), the Madelung potentials
(10, 11), the clectronegativities (12-15), the
in-plane Cu-O bond lengths (16, 17), the
electronic densities of states at the Fermi
level (18), the bond valence sums (BVSs)
(19-23), and the hole density to effective
mass ratios (24). Oxidation of the CuO,
layers (thar is, hole doping) removes elec-
trons from the x>-y® bands which have
antibonding character in the in-plane Cu-O
bonds (25, 26). As ny incrcascs, therefore,
the in-plane Cu-O bond length (rcy.0) 1s
shortened. In addition to this electronic
factor, the in-plane rcy.o is also controlled
by the nonelectronic factor (16, 17) (tor
example, steric strain) associated with the
cations located at the 9-coordinate sites adja-
cent to the CuQO, layers (sec Fig. 1, top).
With the increasing size of the 9-coordinate
site cations, the in-plane Cu-O bond is
lengthened to reduce the extent of the re-
sulting steric strain. The T, versus in-plane
rcu-0 plot of the p-tvpe cuprate supercon-
ductors is grouped into three classes distin-
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guished by the size of the 9-coordinate site
cations (that is, La-, Sr-, and Ba-classes) (16,
17) because of the combined electronic and
nonelectronic eftects. The Sr- and Ba-classes
contain subclasses which are further distin-
guished by a secondary nonelectronic factor
associated with the number of CuQ; lavers
per unit cell or the cation substitution in the
rock salt lavers. Everv class or subclass of the
T, versus in-planc r¢,.0 plot shows a maxi-
mum, so that every class or subclass of the p-
tvpe cuprate superconductors possesses an
optimum hole density (11,p) for which the
T, 1s maximum (T qax) (16, 17).

Bv definition, the bond valence of an in-
plane Cu-O bond should increase with the
shortening of its length (27, 28). Since the
in-plane rey.0 decreases with increasing nyy,
the BVS of an in-plane Cu atom obrained
only from its in-plane Cu-O bonds (hereat-
ter referred to as the in-plane BVS) is ex-
pected to increase with increasing ny.
Therefore, a 1. versus in-plane BVS plot
should have a maximum as in the corre-
sponding T, versus in-plane rcy.0 plot. The
steric factor associated with the 9-coordina-

tion site cation affects the in-plane rcy.0
value and hence the corresponding in-plane
BVS value. Therefore, the T. versus in-
plane BVS plot for the p-tvpe cuprate super-
conductors should separate into La-, Sr-,
and Ba-classes and their subclasses as in the
case of the T, versus in-plane rcy.o plot.
This expectation is borne out as will be
shown below. The present work strongly
suggests that the T, for each class or sub-
class is an inverted parabolic function of the
in-plane BVS or the hole density ny. This
relationship leads to an important constraint
that the coupling constant \ for Cooper pair
formation is an inverted parabolic tunction
of ny.

The bond valence s; of a bond i is defined

AO layer — T i?
: \

BO layer —

CuO, layer —

Fig. 1. (Top) Schematic diagram (42) showing
the arrangement of atoms around a 9-coordinate
site in p-type cuprate superconductors. The cat-
tons are represented by shaded circles, and the
oxvgen atoms by unshaded circles. The 9-coordi-
nate cation B is La**, Sr°", and Ba®" in the La-,
Sr-, and Ba-class supcrconductors, respectively.
(Bottom) Schematic diagram (42) xh()\\mg the
arrangement of atoms around the Ba®" cation in
YBa,Cu;0, (y = 7), where the cations are indi-
cated by shading.

Table 1. Calculated «, Vp, and RMSE (root-mean-square error) values from the least-squares fitting

of the La-, Sr- and Ba-classes and their subclasses with the equation* AT, = —a(AV)2
Compounds ax 104 Vopt RMSE*

Ba-class 2.72 £0.18 2.05 7.1
Sr-class 3.20 = 0.53 2.15 11.0
La-class® 2.46 = 0.53 2.27 4.9
(Tl Cd, )Ba~(’u()(, subclass® 6.09 = 1.01 2.04 7.7
Bi>Sra(Ca,_ Y, )Cu,Og subclass® 5.78 = 0.70 2.12 4.8
(Tly.sBig 5) Srz((,al_', ()Cu,05 subclass! 4.85 = 1.04 2.18 10.0

*BVS calculated using the in-plane r( w0 values from: *Tarascon et al. (30) for Las. Sr,CuQy; "Parise et al. (41); “Groen

and de Leeuw (32); dHuang er al. (33).

tStandard deviations of the observed T,

values tfrom the quadratic fits.
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Table 2. Calculated B, #op, and RMSE (root-mean-square error) values from the least-squares fitting of
the La-class and the Bi,Sry(Ca;_ Y, )Cu,Og subclass with the equation* AT, = —B(Ang)>.

Hole density

Compounds used Bx107? Hopt RMSE*+
La-class® ny 1.92 = 0.14 0.181 2.7
nu (BVS) 1.92 + 0.41 0.180 4.8
Bi,Sry(Cay., Y, )Cu,Oy subclass® Hy 4.19 = 0.48 0.187 7.7
nu(BVS) 419 + 051 0.188 4.7

*T, and ny values are from: “Torrance et al. (2) for La,_ Sr,CuQy; *Groen et al. (4).

observed T values from the quadratic fit.

150
100
3
2
50 La
oL \\/’l
19 2.05 2.15 2.25 2.35

BVS (in-plane Cu-0)

Fig. 2. T, versus in-plane BVS plot for the La-,
Sr-, and Ba-class and subclass superconductors.
The symbols are defined as: O, Ba-class; A, Sr-
class; O, La-class; @, (Tl,_,Cd,)Ba;CuOg sub-
class; A, BiSry(Ca;_,Y,)CuyOg subclass; +,
(Tly sBig.5)Sra(Ca; - Y, )Cu,O5 subclass. The sol-
id line passing through each class or subclass
represents the quadratic function of in-plane BVS
obtained by least-squares fitting.

as s5; = exp [(ro — 1:)/0.37], where #; 1s the
length of the bond i, and r, 1s the constant
that depends upon the atoms constituting
the bond (28). For a metal atom surrounded
by several identical ligands with bond
lengths r;, its BVS is given by the sum of all
the bond valences 2 s;. The bond valence s;
may be viewed as the amount of electrons
the metal atom loses to form the bond i.
Thus, the BVS of the metal atom is a
measure of the total amount of electrons it
loses, that is, the formal oxidation state of
the atom. The lengths of the chemical bonds
in crystalline materials are determined by the
electronic factor, which reflects the amounts
of electrons in the bonds, and also by the
nonelectronic factor (for example, steric
strain), which alters the bond lengths with-
out changing the amounts of electrons in the
bonds. BVS values are strongly affected by
the steric factor: for example, the BVS val-
ues of the formal Sn*" ions in the K,NiF,-
phase A,SnOy4 (A = Sr, Ba) are calculated to
be 4.88 and 3.92 for A = Sr and Ba, respec-
tively (29). As the A-cation (that is, Sr* " and
Ba’") size increases, the Sn-O bond length
increases thereby decreasing the BVS value
of the Sn*"-cation. Thus, BVS values can-
not be used as a measure of formal oxidation
states unless the steric factor is constant.
Due to the in-plane nature of the x?-y?
band orbitals (25, 26), a change in ny direct-
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fStandard deviations of the

ly affects the in-plane Cu-O bond lengths.
Consequently, only the in-plane BVS values
can be a meaningful measure for the ny
values. Figure 2 shows how the T values of
the p-type cuprate superconductors are re-
lated to their in-plane BVS values for cop-
per, which we calculate with r, = 1.679 A
for the Cu-O bonds (28). For the BVS
analysis, relativelv accurate Cu-O bond
lengths are needed. In obtaining the T
versus in-plane BVS plot of Fig. 2, we
employ all the data points of the Ba-class
from our T, versus in-plane rcy.0 plot (16)
and the data points of the La-class (that is,
La, . Sr,CuOy) by Tarascon et al. (30). Be-
cause the CuQ; lavers of the Sr-class typical-
ly exhibit modulation and buckling (31), we
use only the data points of the Sr-class
derived from single crvstal or powder struc-
ture refinement studies (16, 17, 32, 33).
Figure 2 clearly demonstrates that the T
versus in-plane BVS for copper is grouped
into La-, Sr-, and Ba-classes, and that the Sr-
and Ba-classes each contain subclasses, just
as in the case of the T versus in-plane rcy.0
correlation (16, 17). As shown by a solid line
passing through each class or subclass, the
T values are well approximated by a qua-
dratic function of in-plane BVSs (see be-
low), and each class or subclass shows a
maximum. With the larger 9-coordination
site cation, the in-plane Cu-O bond is more
stretched out so that the maximum of the
corresponding T, versus in-plane BVS plot
is shifted toward the direction of smaller
BVS values. Due to this steric effect of the 9-
coordinate site cation, the absolute in-plane
BVS values cannot reflect the effective va-
lences of the in-plane Cu atoms. Within each
class or subclass, however, the steric effect of
the 9-coordinate site cation is fairly constant
so that a change in the in-plane BVS value
reflects the effect of the electronic factor and
therefore is a reliable measure of the change
in #yy. It is noted that the inverted parabolic
shape of the Sr and Ba classes may simply be
an envelope associated with a series of in-
verted parabolas from their respective sub-
classes. As expected, the T, versus out-of-
plane BV plot (not shown) does not exhib-
it any direct correlation that can be ex-
plained in terms of changes in ny.

The atomic arrangement around the Ba®*
cation in YBa,Cu;O, (y = 7) is schematical-
ly shown in Fig. 1, borrom. The oxygen
atoms of the Cu-O chains (that is, O,) are
gradually lost as y decreases from 7 to 6
(34), so that the coordination number of Ba
changes from 10 to 8. For y > 6.4 the Cu-O
chain runs along the b-axis direction and
thus the in-plane (that 1s, cquatorial) Cu-O
bonds along the a and b directions [Cu(2)-
Oeq.a and Cu(2)-Ocgq b, respectively] are not
equivalent. As a function of y, the overall
change of the out-of-plane (that is, axial)
Cu-O bonds is much larger than that of the
in-plane Cu-O bonds (19). The hole density
in the CuOs lavers of YBa,Cu;0, is greater
for y > 6.4 than for y < 6.4 (5-9). Thus,
according to the clectronic factor (that is,
hole doping in the CuO, lavers) alone, a
bond shortening is expected for both Cu(2)-
Oecq.a and Cu(2)-Ocqp as y increases from 6
to 7. The Cu(2)-Ocq.. bond length follows
this prediction, but the Cu(2)-Ogq bond
does not (19). The latter is explained by the
steric effect of the Oy atoms, because the
formation of the Cu(1)-Og, chains stretches
out the b-axis length thereby lengthening
the Cu(2)-O,q.p bond. Such a steric effect is
absent along the a-axis direction. Figure 3A
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Fig. 3. (A) BVS valucs calculated for the in-plane
and out-of-planc Cu-O bonds of YBa,Cu;O, as a
function of y. (B) Plots of BVS [4 x Cu(2)-
Ocq.a] versus y (H) and T, versus y (O) for
YBa,Cu;0,.
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0.0 0.1 0.2 0.3 0.4
Holes per CuO, unit

Fig. 4. Comparison of the T versus ny correla-
tons (A, O) with the T, versus ny (BVS)
correlations (A, W). The symbols are defined as:
A, A, Bi,Sr;(Ca, -, Y,)Cu,Og subclass; O, W, La-
class. The solid line passing through each class or
subclass represents the quadratic equation of ny
or the calculated ny (BVS) obtained by least-
squares fitting.

shows the BVS values calculated for the
Cu(2)-O, and four Cu(2)-Oeq bonds {that
is, 4 X Cu(2)-Oq for y <6.4 and [2 X
Cu(2)-Ocq.a] + [2 X Cu(2)-Oeqp] for y >
6.4}. As anticipated from the bond length
trends, the BVS change as a function of y is
much stronger for the out-of-plane Cu-O
bonds than for the in-plane Cu-O bonds.
The BVS for the in-plane Cu-O bonds does
not increase but decreases as y varies from 6
to 7, because the Cu(2)-O,q, bond length-
ening (caused by the steric strain of the Oy,
atoms) has a greater effect on the BVS than
does the Cu(2)-O¢q,. bond shortening (in-
duced by the hole doping). Thus, only the
Cu(2)-Oeq,a bond length change can be
related to the ny change in the CuO, layers,
since the Cu(2)-Ogq.2 bonds are not affected
by the steric effect of the O, atoms. In the
absence of the O, atom steric effect, the
Cu(2)-Ocq,p bond length would vary as the
Cu(2)-Oeq.a bond does. Thus, the BVS
values calculated for 4 X Cu(2)-Oeq,. would
be a reasonable measure for the ny values.
Figure 3B shows the BVS [4 X Cu(2)-
Ocq,a] versus y plot, which exhibits step-like
increases in the BV'S values as a function of y
and thereby implying that the ny values
would 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 shown in Fig. 3B. Thus,
as suggested by Cava et al. (19), the plateaus
of the T, versus y plot for YBa,Cu;0,
(y = 6 to 7) appear to reflect step-like in-
creases in ny as y varies from 6 to 7.

It is clear from our discussions above that
only the in-plane Cu-O bond lengths can be
correlated with the CuO, layer hole density,
but both the electronic and nonelectronic
factors affect the in-plane Cu-O bond
lengths and thus their bond valences. In
discussing hole density changes in the CuO,
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layers on the basis of the in-plane Cu-O
bond lengths or their bond valences, it is
important to realize that, only within a
closely related class or subclass for which the
nonelectronic effect is constant, the in-plane
Cu-O bond lengths or their bond valences
are a reliable measure of the ny values of the
CuO, layers.

To simplify the notational problem in the
remainder of our work, the in-plane BVS
term will be denoted by 1, and the optimum
in-plane BVS corresponding to the T¢. max
value by V. It is convenient to introduce
the following quantities: AT, = T. —
Temax and AV = V' — V. Then, the T,
and I/ values of cach class or subclass can be
correlated with the expression

AT, = —a(AV)? (1)

where o is a positive constant. Table 1
summarizes the o and Vo, values deter-
mined for the classes and subclasses of Fig. 2
by least-squares fitting with Eq. 1, which
provides a good correlation between the T,
and 1/ values for all the classes and subclasses
of the p-type cuprate superconductors.
Within a class or subclass, it is highly proba-
ble that the change Al is proportional to
the corresponding change in hole density,
that is, Any * AV, where Any = nyg — figpr.
Therefore, the T, and ny values for each
class or subclass should be governed by the
expression

AT = —B(Any)’ (2)

where B is a positive constant. We test how
well Eq. 2 describes the available experimen-
tal T, and ny values by considering the La-
class (2) and the Bi,Sr;(Ca;_,Y,)Cu,O5 (4)
subclass. Results of our least-squares fitting
with Eq. 2 for these two systems are summa-
rized in Fig. 4 and Table 2. Clearly, Eq. 2
provides a good correlation between the T,
and ny values. For the La-class and the
Bi,Sry(Ca; -, Y,)Cu,Oyg subclass, Eqs. 1 and
2 provide equally good correlations, from
which one obtains the following relation-
ship

ny = ((x/B)”ZA V' + Hopt (3)

To probe the accuracy of this relationship
between Any and AV, we calculate the ny
values of the La-class and the Bi;Sry(Caj_,-
Y,)Cu,Oy subclass from the observed in-
plane Cu-O bond lengths by using Eq. 3 on
the basis of the o and AV values (from the
T. versus in-plane BVS plot) as well as the B
and rop values (from the T versus ny plot).
These calculated #ny values may now be
referred to as ny(BVS). Figure 4 shows
both the T. versus ny and the T, versus
ny(BVS) plots for the two systems. As can
be seen from Fig. 4 and Table 2, the T,
versus ng(BVS) plots are in essence identical

with the corresponding experimentally de-
termined T, versus ny plots. Thus, Eq. 3
provides an excellent correlation between
Any and AV. Since Eq. 1 is good for all
known p-type cuprate superconductors, it is
expected from Egs. 1 and 3 that Eq. 2 is
valid for all known p-tvpe cuprate supercon-
ductors, unless lattice instability sets in at a
certain value of ny thereby giving rise to a
structural phase transition as in the case of
La,_ Ba,CuO, (35).

With the constant m = B/T¢ max, Eq. 1
can be written as T, = Te¢ max[1 —n(Any)?],
which becomes equivalent to Eq. 4

Te = T¢ max ¢Xp [-n<A"H)2] (4)

under the condition that 1Anyl << (1/m)"2

According to the B values (Table 2) and the
Te.max Vvalues of the La-class and the Bi-
Sry(Cay_, Y,)Cu,Og subclass, the constant 1
is about 50. Therefore, Eq. 4 is valid for
lAng!l << 0.14, which is readily satisfied for
most ny values around 1. For pairing due
to exchange of phonons, spin-fluctuations,
or combined charge fluctuations and lattice
distortions, the T, and the coupling con-
stant \ are governed by the expression (36—
39)

c=wexp [—(1+ N)/(N—13)] (5)

where o is the average energy of the fluctua-
tions of the pairing field and & is a small
correction term. In the Bardeen-Cooper-
Schrieffer (BCS) theorv (36, 37), w corre-
sponds to the Debye temperature, X is the
electron-phonon coupling constant, and 3 is
the effective Coulomb pseudopotential of
the order of 0.1. Relevance of Eq. 5 for the
cuprate superconductors has been suggested
(38, 39). It is noted that Eq. 4 is formally
equivalent to Eq. 5. If the small correction
term & of Eq. 5 is neglected, Egs. 4 and 5
lead to the following expression for A

A= - 1) +m (Ang)?]"! (6)

where { = In(w/T¢ max). In all the p-tvpe
cuprate superconductors, T¢ max < 125 K,
so that { > 2 when w = 1000 K. Therefore,
(C — 1) >>m (Ang)?, so that Eq. 6 can be
further simplified as N =B — A (Any)?,
where A and B are positive constants given
by A = nA{ — 1)?and B = 1/({ — 1). Since
Any = ny — nepy, the coupling constant X is
finally expressed as

A= )\H + 7\0 (7)
where
Ay = A ny (2 nopt — np)
)\0 =B-A Ilomz (8>

Ao is independent of ny, so that the ny-
dependence of \ is then contained in the Ay
term. Essentially, the ny-dependence of Ay
is given by Ay o ny (C-ny), where C is a
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positive constant. Thus, the magnitude of
Ay is governed by two opposing factors:
One factor increases Ay linearly with in-
creasing ny (that is, Ay * ny) while the
other factor decreases Ay linearly with in-
creasing ny (that is, Ay * C-ny). It is im-
portant to note that the Ay versus ny plot
has the shape of an inverted parabola (with
the maximum at ny = C/2). This character
of Ay is ultimately responsible for the invert-
ed parabolic shape observed for the T¢
versus ny plots. It is crucial to understand
the exact origin of the Ay * ny (C-ny) rela-
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 ny, which might lead to the Ay * ny
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 .
If such physical parameters are responsible
tfor Cooper pair formation, the Ay = C-ny
relation might result. Then, combination of
the two opposing effects would lead to the
relationship Ay > ny(C-ny), which is a nec-
essary condition that any satisfactory pairing
mechanism must accommodate. Note that A
consists of an ny-dependent term, Ay, and
an ny-independent term, Ao. It is possible
that A\ originates from the electron-phonon
coupling mechanism and Ay from a new
pairing mechanism yet to be determined.
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Thin Films of n-Si/Poly-(CHj3);Si-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-(CHj;)3Si-cyclooctatetraene are presented. This conjugated polymer is based on a
polyacetylene backbone with (CHj;);Si side groups. Thin transparent films have been
cast onto n-doped silicon (n-Si) substrates and doped with iodine to form surface-
barrier solar cells. The devices produce photovoltages that are at the theoretical limit
and that are much greater than can be obtained from »-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.

LECTRONICALLY CONDUCTIVE POLY-

mers are currently of interest for

their possible applications in elec-
tronics (1), nonlinear optics (2), and solar
energy conversion systems (3). To date,
most synthetic routes to these polvmers have
produced insoluble, intractable materials
with fibrillar or porous morphologies. Con-
sequently, the conventional synthetic routes
to conducting organic polymers have pre-
cluded the fabrication of uniform, well-
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defined eclectronic or optical structures. Re-
cently, ring-opening metathesis polymeriza-
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 polymers for possible use in several
electronic and optical applications. These
include  semiconductor/organic  polvmer
junctions for solar cells and lavered polvmer-
ic structures for potential use as polymer-
based capacitors or optical waveguides.
Our synthetic procedure utilized the
tungsten carbene complex W(CHC(CHj3)3)
(N-2,6-(CH(CH3)2)2-C¢Hy) (OC(CHa)
(CF3)2)2 (6) to catalvze the ROMP route
with substituted cvclooctatetracnes (COT),
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