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1 Introduction

The highest superconducting transition temperature known till
1986 was 23K and it seemed as though this barrier would not be
broken.! The discovery of 30K superconductivity in an oxide of
the La—Ba—Cu-O system by Bednorz and Miiller? changed the
picture. A variety of superconducting oxides, especially
cuprates, have since been synthesized and characterized,3—¢ the
highest transition temperature as of today being 155K in
HgBa,Ca,Cu;0y ;. Studies of the various families of cuprates
have shown many commonalities and unifying features.®’
Properties of the cuprates have been related to certain structural
and electronic parameters. Although there is no simple relation-
ship between the superconducting transition temperature and
any specific structural feature of the cuprates, the various
correlations help us to understand these materials better and to
design newer ones. In this article, we shall briefly examine some
of the significant structure—property relationships in supercon-
ducting cuprates along with the structural commonalities.

2 Common Structural Features

Many cuprate families have been discovered in the past seven
years. The general features of the cuprates are shown schemati-
cally in Figure 1. The major families of cuprates are:

(a) La,_-,A,CuO, (A =alkaline earth) possessing the
K,NiF,(T) structure; (b) LnBa,Cu;O0,_; (Ln=Y or rare-
earth other than Ce, Pr, and Tb) referred to as the 123 type
(Figure 2) and the related LnBa,Cu,O; (124) and Ln,Ba,
Cu,0, 5 (247) cuprates containing perovskite layers with CuO,
sheets as well as Cu—O chains; (c) Bi,(Ca,Sr),+ ,Cu, 05,4 4
containing two BiO layers and perovskite layers with CuO,
sheets (Figure 2); (d) T, A, + ,Cu,0,, + 4and TIA,,  ;Cu,0,,, 1 5
(A = Ca, Ba, Sr etc.) containing TI—O layers and perovskite
layers with CuQ, sheets (Figure 2); (¢) lead-based superconduct-
ing cuprates such as Pb,Sr,LnCu;0O4 containing CuQO, sheets
and Cul—O sticks; (f) T1, Bi, and Pb cuprates containing fluorite

* For correspondence

A. K. Ganguli is a scientific
officer at the Centre of Excel-
lence in Chemistry at the In-
dian Institute of Science. He
has an M .Sc. degree from the
University of Delhiand a Ph.D.
degree from the Indian Insti-
tute of Science and has carried
out post-doctoral work at
du Pont and Iowa State
University.

————— e — 5 Charge
. //’lr/reservolr

o -
e 70
7 v 1
i . y
Cﬁ:b e 7 -
| (e
| r,
e e e o g
0,0 ¢,Cu
(a) (b)

Figure 1 (a) The three types of Cu—O polyhedra found in the supercon-
ducting cuprates (b) Schematic representation of cuprates.

layers and CuQ, sheets; (g) mercury cuprates of the type
HgCa, - ,Ba,Cu,0,, + , + 5 and (h) infinite layer cuprates such
as ACuO, (A = Ca, Sr, Ba) and Ln, _ ,A,CuO, (Ln = Nd, Pr;
A = Sr, Ba). All these cuprates have holes as charge carriers. The
only well established superconducting cuprates with electrons as
charge carriers are Nd, - ,\M,CuQO, (M = Ce, Th) and related
compounds with the T’ structure possessing square-planar
CuO, units instead of the octahedra in the T structure (Figure 1).
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Figure 2 Structures of YBa,Cu;0,, Bi,CaSr,Cu,0g, and T1,CaBa,Cu, 0. Notice the presence of CuO, sheets containing CuO; square-pyramids.

Additionally, there are Cu—O chains in YBa,Cu,0,.

Many of the cuprate families have an antiferromagnetic
insulator member at one end of the composition (e.g. La,CuO,
inLa, - ,A,CuO,, YBa,Cu;0q4 in YBa,Cu;0, _; and TIYSr,
Cu,0, in TlY, - ,Ca,Sr,Cu,0, _ ;. What is more interesting is
that all the cuprates are at a metal-insulator boundary. Some of
them undergo a metal-non-metal transition.as a function of
composition (e.g Bi,Ca, -,Y,Sr,Cu,0Oq and TIY, _,Ca,Sr,
Cu, 0, with change in x).

The cuprates can be described on the basis of certain struc-
tural features common to many of them. For example, the
structures of La, _ ,A,CaO,, Bi,(Ca, Sr), + ;Cu,0,, + , and the
thallium cuprates can be considered to be intergrowths of
oxygen-deficient perovskite layers, ACuO; _,, with AO-type
rock-salt layers.” The cuprates contain different types of Cu—O
polyhedra with the hole superconductors necessarily having
CuO; or CuO4 units and the electron-superconducting
Nd, - ,\M,CuO, containing only CuO, square-planar units
(Figures 1 and 2). Thus, the essential feature of the cuprates is
the presence of CuQ, sheets with or without apical oxygens. The
mobile charge carriers in the cuprates are in the CuO, sheets. All
the cuprates have charge reservoirs as exemplified by the Cu—O
chains in the 123 and 124 cuprates and the T1O, BiO, and HgO
layers in the other cuprates. That the CuO, sheets are the seat of
high-temperature superconductivity is demonstrated by the fact
that intercalation of iodine between BiO layers in the bismuth
cuprates does not affect the superconducting transition tempera-
ture while introduction of fluorite layers between the CuO,
sheets adversely affects superconductivity. In the different series
of cuprates with varying number of CuQ, sheets studied hither-
to, the T, reaches a maximum when n =3 except in single
thallium layer cuprates where the maximum is at n = 4. The
infinite layered cuprates, where the CuO, sheets are separated by
alkaline earth and other cations, show 7.’s in the 40—110K
range.® Superconductivity in these materials appears to be due
to the presence of Sr—O defect layers corresponding to the
insertion of Sr;0, . , blocks.®

Based on the interplanar Cu—Cu distances, one can classify
cuprates into two categories.® In one category, r(Cu—Cu) lies

between 3.0 and 3.6 A with T_’s varying between 50 and 133K
and in another it is between ~6 and 12.5A encompassing
superconductors with lower T, (<50K), except Tl,Ba,CuOy
and HgBa,CuO, o5 With T,’s of ~90K. In the first category
with ((Cu—Cu) <3.6A, the T, increases as the Cu—Cu distance
decreases. In the 2222-type fluorite-based superconductors,
there are three copper oxygen sheets, {CuO,-CuO;CuQ,—
fluorite-CuO,—CuOs—Cu0,], each block of three sheets separ-
ated by a Ln, 0O, fluorite layer. The r(Cu—Cu) relevant to these
compounds would be the distance between the CuO, sheets
across the fluorite layer (~ 6.2 A) and not the distance between
two neighbouring sheets. Accordingly, these cuprates exhibit a
low T.(45—50K). It therefore appears that the distance between
the CuO, sheets is a factor in determining the value of T,
indicating that there is some interaction between the closely
spaced CuO, sheets although the cuprates have quasi two-
dimensional character.

Oxygen stoichiometry and ordering play a crucial role in
determining the structure and properties of cuprates. The depen-
dence of the structure and properties of YBa,Cu,0,_; on
oxygen content has been studied in detail. Thus, YBa,Cu;0, _;
which is orthorhombic (¢c~3 b) with a T, of 90K when
0.0 <8<0.25, assumes another orthorhombic structure
(c # 3b) when 0.3 £ 8 < 0.4 with a T, of 60K. When & = 1.0, all
the oxygens in the CuO chains are depleted and the structure
becomes tetragonal and the material is non-superconducting.
When 8 = 0.5, there is an ordered arrangement of oxygen
vacancies with the presence of fully oxidized (O,) and fully
reduced (Og) chains alternately. The compositions showing 60K
superconductivity are metastable and transform to a 124-type
phase on heating at low temperatures.!®

Oxygen-excess La,CuQ, is biphasic, consisting of the stoi-
chiometric antiferromagnetic phase and an oxygen-excess
superconducting phase.!! In bismuth cuprates, excess oxygen in
the BiO layers gives rise to incommensurate modulation. Modu-
lation-free superconducting bismuth cuprates have been made!2
by replacing one Bi** by Pb?*. In HgBa,CuO, . ; oxygen
excess in the Hg plane is necessary to render it superconducting.
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3 The Relationship between 7 and the Hole
Concentration

As mentioned earlier, a majority of the cuprates have holes as
charge carniers These holes are created by the extra positive
charge on copper (eg Cu®*) or on oxygen (eg O'~) The
excess positive charge can be represented 1n terms of the formal
valence of copper, which 1n the absence of holes will be + 21n the
CuO, sheets In hole superconducting cuprates, 1t 1s generally
around + 2 2 Inelectron superconductors, 1t would be less than
+ 2 as expected The actual concentration of holes, ny,, 1n the
CuO, sheets in La, _ ,A,CuO,, YBa,Cu;0,, and B1 cuprates 1s
readily determined by redox titrations In the 123 cuprates, the
concentration of mobile holes in the CuO, sheets can be
delineated from that in the Cu—O chains !3 Determination of ny,
1n thallhlum cuprates poses some problems, but in single TI-O
layer cuprates, chemical methods have been developed to obtain
reasonable estimates !4 Generally, 7T, 1n a given family of
cuprates reaches a maximum value at an optimal value of ny, as
shown 1n Figure 3, the maximum 1s around n, ~ 0 2 1n most
cuprates 15 Notice that the points in the underdoped region 1in
Figure 3 fall close to a straight ine Deviations occur in the
overdoped region Single layer thalllum cuprates also show this
behaviour InTl, _ Pb)Y, - Ca,Sr,Cu,0, where the substitu-
tion of TI13+ by Pb** has an effect opposite to that due to the
substitution of Y3+ by Ca?*, the T, becomes a maximum at an
optimal value of (x —y), which 1s a measure of the hole
concentration'® (Figure 4) By suitably manipulating x and y,
the T, of this system can be increased from 85—90K up to 110K

5
£
2
100}
80+
< 60
l——U
Lok
20F
O._
| 1 { 1
01 02 03 0.4
Nh

Figure 3 Vanation of T, with hole concentration »y, 1n superconducting
cuprate famihes (adapted from reference 15) Deviations in over-
doped region are similar to those in the plots of muon spin relaxation
rate (n,/m*) against T, of Uemura et al (Phys Rev Lett , 1991, 66,
2665) 1,2,6,and 7, Bicuprates, 5, 123 cuprates, 3, La, _ ,Sr,Cu0,, 4,
T, cuprates The varnation of normalized T, with n,, 1s shown i the
mset (from reference 17)
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Figure 4 Plots of T, against the effective hole concentration (x — y) in
T, ,PbY, ,Ca,Sr,Cu,0, (from reference 16)

Another way of representing the variation!” of T, with n 1s to
plot the reduced T, (7 observed/maximum value of T,) against
ny, as shown 1n the inset of Figure 3 The ends of the plateau
region 1n this curve correspond to insulating (possibly antiferro-
magnetic) and metallic regimes of the matenals

4 Relation between T; and the In-plane Cu—-0
Distance

The Cu—O bonds 1n the CuO, sheets involve an antibonding =
interaction and doping with holes reduces the bond distance
The 1n-plane Cu—O bond distance r(Cu—O0), therefore reflects
the hole concentration and a vanation of 7, with r(Cu—0)
represents an alternative way of examining the 7.—ny, relation-
ship In cuprates where n;, cannot be determined, as for example
in TI cuprates, the T, vs r(Cu—O) plots show maxima at an
optimal distance The value r(Cu—O) 1s around half that of the
a-parameter 1n most cuprates Whangbo et a/'® find three
distinct T—r(Cu—O) relationships depending on the cation
located above and below the CuO, sheets, with each exhibiting a
T. maximum at an optimal value of the distance (Figure 5) If we
plot the reduced T, against r(Cu—0), we get the curves shown in
Figure 6 where the highest T, values occur 1n the 1 89—1 94 A
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Figure 5 Varnation of 7, with in-plane Cu—O distances 1n various
families of cuprates (from reference 18)
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Figure 6 Plot of reduced T, with in-plane n(Cu—O) distance: La, _,Sr,
CuO, (open circles), YBa,Cu,0, _; (circles with cross), Bi, (Ca, Y,
Sr);Cu,04 (half-shaded circles), Bi,Ca, _ ,Y,Sr,Cu,Og (circles with
a line in the centre), modulation-free Bi-cuprates (filled squares),
TISr, _ ,La,CuO; (open squares), Tl,Ba, _,Sr,CuOg4 (open trian-
gles), TICa, _,Y,Ba,Cu,0, (crosses), TICa, _,Ln,Sr,Cu,0, (circles
with one line on top), and Tl, sPb, sCa, _ ,Y,Sr,Cu,O, (circles with
lines above and below), Pb,Sr,Y; _,Ca,Cu,04.; (filled circles),
HgBa,CuO, , s (open diamonds). Inset shows the variation of T, with
the in-plane Cu—O distance where only the cuprate compositions
showing the maximum 7, in each family are taken into account. (1)
La, 35Sr,5Cu0,. (2) La,gs5Ba,,sCu0,. (3) YBa,Cuy04,,. (4)
YBa,Cu,0;. (5) Nd, 55Ce, ;sCu0,. (6) Nd, ,Ce, 81, ,Cu0,. (7)
Bi,Sr,CuO,. (8) Bi,CaSr,Cu,0;. (9) Bi,Ca,Sr,Cu,;0,,. (10)
Tly.sPbg sSr,CuOj. an T, sPb, sCaSr,Cu,0,. (12)
Tl, sPb, sCa,Sr,Cu;0,. (13) TICaBa,Cu,0,. (14) TICa,Ba,Cu,0,.
(15) T1,Ba,CuOg. (16) T1,CaBa,Cu,04.(17) T1,Ca,Ba,Cu;0,,.(18)
Tl,Ca;Ba,Cu,0,;,. (19) TISrLaCuO;. (2) TICa, sLa, sSr,Cu,0,.
@2n HgBa,CuOy, 4. (22) HgCaBa,Cu,Oq ,,. (23)
HgCa,Ba,Cu;04 ,4,.

range. When r(Cu—0)<1.88 A, the material is metallic; those
with r(Cu—0)>1.94 A are certainly insulating, but there are
different insulating boundaries for the different cation families,
somewhat like in Figure 5. However, if we consider only the
maximum T, value in each cuprate family and the corresponding
r(Cu—0), we get the curve shown in the inset of Figure 6 which
peaksatr = 1.92A. Bi,Sr,CuO, with a T, of 12K would not fall
on the curve, but Bi,Sr, _ ,La,CuQOg ; s witha T, of 30K would.

5 The Relationship between 7. and the Apical
Cu—O Distance

All the cuprates which are hole superconductors have apical
oxygens which act as the link between the charge reservoirs and
the CuQ, sheets. (Note that electron superconductors such as
Nd, _ ,Ce,CuO, contain only CuO, units without apical oxy-
gens.) In YBa,Cu;O,_; the T—r(Cu2—O1) relationship
(Figures 7a and b) mirrors the T.—3 relationship.’® In YBa,
Cu,Og, the T, increases with pressure from 80K to 90K, as the
apical Cu—O distance decreases?® (Figure 7c). We have sought
to find relationships between T, and apical Cu—O distance in
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Figure 7 Variation of (a) the apical Cu—O distance with & in YBa,-
Cu;0, _; (b) T, with § and (c) variation of the Cu—O apical distance
with pressure in YBa,Cu,Og as shown by the points (the dashed line is
obtained by the oxidation of YBa,Cu,0, _;) (from references 19 and
20).

different cuprate families (Figure 8). Within a series of cuprates
with varying number of CuO, sheets, (e.g., TICa,_ ,Ba,Cu,
O, + 3), the apical (Cu—0) distance decreases with the increase
in n while T increases linearly with the decrease in the apical
distance. The slope of the T vs. the apical Cu—O distance plot is
nearly the same in TICa,, — ;Ba,Cu,0,, 3, Tl, sPb, sCa, _ ,Sr,
Cu,0,, + 3, and HgCa, _ ;Ba,Cu,0,, ; 3, all of them having a
single rock-salt layer (T1O, Tl, sPb, sO, or HgO;). The TI,
Ca, _ ,Ba,Cu,0,, , , family also shows increasing T, with the
decrease in the apical Cu—O distance, but with a different slope.
The mercury-based superconductors have larger apical dis-
tances compared to the other cuprates and they also show a large
pressure dependence of T,. Interestingly, if we consider the
maximum 7, points at the top of the plots for the different
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Figure 8 Variation of 7, with the apical Cu—O distance in cuprate
superconductors.
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groups of cuprates in Figure 8, we see that the T increases with
the increase in the apical Cu—O distance.

6 Covalency of the Charge Reservoir

All the superconducting cuprates have charge reservoirs and any
damage to these reservoirs adversely affects superconductivity.
The nature of the charge reservoir determines the carrier con-
centration and the ease of charge-transfer to the CuO, sheets.
Covalent charge reservoirs can redistribute charge effectively
through the apical oxygen of the CuO; square pyramids giving
rise to high T.’s. Ionic charge reservoirs, on the other hand,
would be less flexible with regard to the charge states and do not
favour high T,’s. Structural mismatch as well as disorder in the
reservoirs also adversely affect the superconducting properties.
The covalency of the Hg—O bond could be related to the high T,
of Hg cuprates.

The effect of covalency of the charge reservoir is clearly seen in
Tl, sPb,y sSr, Y, - Ca,Cu,O, which shows a T, of 110K at an
optimal x value, the material being an insulator when x = 0.0.
The a parameter decreases with the increase in x, because the
population of the antibonding Cu 3d,: _ . orbitals decreases
with the increase in x, causing a strengthening of the Cu—O
bond. The puckering of the CuO, sheets decreases with increas-
ing hole concentration. The displacement of the apical oxygen is
around 0.06A when x=1.0 and 0.20A when x=0.0. An
increase in Y content (increased electron population), however,
increases the puckering and pulls the apical oxygen away from
the base of the pyramid.

7 The Relationship between T, and Madelung
Potentials

The role of the Madelung site potential in the hole conductivity
of the cuprate superconductors was first pointed out by Tor-
rance and Metzger.2! Two classes of cuprates can be delineated
depending on the value of A4Vy which is the difference in
Madelung site potential for a hole on a Cu site and that on an
oxygen site. Those with high 4Vy (= 47eV) are metallic and
superconducting; those with lower 4V are semiconducting
with localized holes. It is possible to define a term A4 ¥, which is
the difference in the Madelung site potentials for a hole between
the apex and the in-plane oxygen atoms and provides a measure
of the position of the energy level of the p.-orbital on the apical
oxygens.2? When the maximum values of 7, of hole-doped
superconductors are plotted against 4V, (Figure 9), one finds
that nearly all the cuprates are located on a curve (with some
width), the cuprates with large AV, exhibiting high T.’s. It
appears that the energy level of the apical oxygen plays a
significant role in the electronic states of the doped holes,
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Figure 9 Variation of T with AV,. See reference 22 for the explanation
of the letter symbols.

thereby affecting the T.. The correlation probably owes its origin
to the stability of local singlet states made up of two holes in the
Cu 3d,. - ,» and O 2p orbitals in the CuO, sheet. The local singlet
is well defined and stable when the energy level of the apical
oxygen atom is sufficiently high. A comparison of the correla-
tions of T, with 4V, and 4V indicates that AV, scales better
with T.

It is instructive to correlate T, simultaneously with 4V, and
the in-plane Cu—O bond length, 4, in the CuO, planes. The
maximum T for each cuprate is shown in the dj, vs. 4V plot??
in Figure 10. The data points are confined to a narrow strip
running from the top left (high d, and low 4V)y) to the bottom
right corner (low d; and high 4V)). The T, value increases as we
go from right to left (larger to smaller value of 4¥V)) or from top
to bottom (from higher d;, to lower d;). An important obser-
vation is that 7, changes to a small extent as one goes from the
top left to bottom right (d, decreasing and AV increasing)
while 7 increases drastically when traversing from the top right
1o bottom left of the map (both d, and 4V decreasing). Clearly,
the T, is governed by both 4V and d,. It appears that the
difference in T is a result of the difference in internal stress of the
crystal (high T, when the CuO, planes are under compression
and low T, when they are strained).

8 The Relationship between Bond Valence
Sums and T,

The bond-valence sum is a measure of the total charge on an
atom in a structure. Its value changes with oxygen doping,
cation substitution, or applied pressure indicating the occur-
rence of charge transfer within the structure. One defines,
V_ =2+ Vcy, — Vo, — Vos Where V_ is the total excesss
charge in the planes (O2 and O3 are the oxygens in the plane) and
Vi=6~—Vcus — Vo, — Vos. The T, vs. ¥V_ plot for YBa,
Cu;0, - s is similar to the T vs. 8 plot; the plot of T against V',
is linear?* (Figure 11).

9 The Importance of the Cu—0O Charge-
Transfer Energy

One of the unique features of the cuprates is the relatively small
Cu—O charge-transfer energy. It is therefore of significance to
relate this property with superconductivity. X-Ray photoemis-
sion spectra of cuprates in the Cu 2p,,, region show a character-
istic two-peak feature. The peak around 933 eV (main peak) is
due to a final state with primarily 3d*° character, while the peak
of weaker intensity at about 941 eV binding energy is mainly due
to a 34° final state (satellite). Model calculations of the Cu 2p
core-level photoemission within a CuO, square-planar cluster
show that the I/I; ratio (relative intensity of the satellite to the
main peak) is related to A4/tz,; where 4 is the charge-transfer
excitation energy and 1, is tl’;e hybridization strength between
the Cu 3d and O 2p orbitals. Thus, any relationship between the
experimentally observed I/ I, ratio with n, would suggest a link
between ny, (T¢) and the A/t ratio. It is indeed found that the 7/
I,, ratio is related to the hole concentration ny, in many of the
superconducting cuprates.?’

In Figure 12(a), we show the relative intensity of the satellite
(I/I,) as a function of x in La, _ ,Sr,CuO,. In the same plot, we
also show the variation of the experimentally determined hole
concentration with x in this series. The inset of Figure 12(a)
shows the dependence of T on i, exhibiting a maximum around
ny, = 0.15. We see that the value of /I, decreases markedly with
increasing x until about 0.3, after which it changes slope. What is
significant is that I/I, decreases as the hole concentration
increases. In Figure 12(b) we show the variation of ny, and /I,
with x in BiPbSr,Y, - ,Cu,0;. In the inset we show the varia-
tion of T, with ny,. Here also we see that the I,/I, ratio decreases
as the hole concentration increases. Figure 13 shows how in
three series of high T cuprates, the I/ I, ratio decreases monoto-
nically with the increase in magnitude of hole doping. The
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Figure 11 Variation of (a) T, with V_ (see text) and (b) T, with V', for YBa,Cu,0, _; (from reference 24).

variation is smooth across the insulator—superconductor-metal
boundaries. Calculations show that the I/I;; ratio increases with
the 4/t,4 ratio in the cuprates. Accordlngly, at a given ny, value
where the T, is maximum, increasing I,/ I, is accompanied by an
increase in T,. Thus, Bi,Ca, - ,LnSr,Cu,0Oq ; ; exhibits the
highest T, of around 100K while La, _ ,Sr,CuO, has the lowest
T, value. The observation of a maximum T, around an optimal
value of n, or Cu—O distance can therefore be traced to the
optimal 4/t,4 value or of the Cu—O charge-transfer energy.

10 Concluding Remarks

We have discussed several interesting correlations between the
superconducting transition temperature and some of the crucial
structural and electronic parameters. These correlations along
with the structural commonalities in the cuprates show how
superconductivity is intimately connected with the structural

chemustry of these materials. They may also suggest many other
relationships, some of which may be even more significant.
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