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This paper highlights the important roles played by crystal chemistry in controlling the superconductive
properties of the intergrowth structures of the copper oxides. Bond-length matching across the inter-
growth interface stabilizes at least four different structures—T/0O, T', T*, and T"—in the simplest
system La,_,Ln,CuO, (Ln = lanthanide) depending upon the size of Lr and the value of y. The internal
electric field created by the formal charges in the adjacent layers modulates the distribution of holes
between the active and inactive layers and the influence of Pr on superconductivity. The coordination
geometry preferred by different oxidation states of Cu appears to control the oxygen ordering and the
T, variation in the YBa,Cu;0q.,, system. The c-axis Cu-O distance modulates the width of the conduc-
tion band and the electronic properties. Chemical characterization of the thallium cuprates has demon-
strated that the oxidation of the TL,_,Ba,Ca,_,Cu,05,,4_, system can be due to either solely an overlap
of the TI: 6s band with the conduction band or solely Tl vacancies, depending upon the value of y; as

normally prepared, both effects are operative.

I. Introduction

The known copper-oxide superconduc-
tors all have the following features in com-
mon (/):

(1) Intergrowth structures consisting of
superconductively active layers containing
CuO, sheets with a constant oxygen concen-
tration and inactive layers of variable oxy-
gen concentration.

(2) Superconductor compositions have a
mixed valence in the CuO, sheets and occur
in a narrow compositional range between a
small-polaron conductor and a normal-
metal conductor.

(3) Superconductor compositions exhibit
short-range spin fluctuations in the CuO,
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sheets and occur in a narrow compositional
range between an antiferromagnetic semi-
conductor and a Pauli paramagnetic metal.
(4) The nearly 180° Cu—~O-Cu interactions
in the CuQ, sheets give a conduction band
of width W ~ g_ (A2 + A\2), where ¢, is a one-
electron energy and A, A, are covalent-mix-
ing parameters for the Cu-3d,_ and
0-2p,., 2p,, or O-2s hybridizations, re-
spectively; and the values of A, A, appear
to increase dramatically with increasing
concentration of mobile holes in the CuO,
sheets of the p-type superconductors be-
cause the charge-transfer equilibrium
Cu’t + 0 2 Cu*t + O~ §))
is increasingly biased to the right with in-
creasing hole concentration.
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(5) A strong tetragonal component of the
crystalline field at the Cu sites in a CuO,
sheet removes the orbital degeneracy of the
conduction band of Cu-3d parentage; it is a
nondegenerate o%:_,2 band that is half-filled
for a formal valence Cu’* on the copper
atoms.

We believe that any model of the electron
pairing in the superconductive state must
take into account the confluence of all
these factors, and a ‘‘correlation-bag”
model that does so has been suggested (2).
This model introduces charge fluctuations
as an expression of electronic instabilities
where the on-site correlation energy U is
too large for stabilization of a ‘‘negative U™’
charge-density wave, and it utilizes the sen-
sitivity of the bandwidth and correlation en-
ergies to the mobile-charge concentration to
obtain a binding energy for the Cooper pairs
that supplements the electron—-phonon in-
teractions responsible for the charge fluc-
tuations.

In this paper we highlight a few aspects
of the crystal chemistry of these systems;
the chemistry—including the synthesis,
characterization, and structure—property
relationships—of this class of materials has
been presented in an earlier review (3). In
Section II, we point out the role of bond-
length mismatch at the interlayer interfaces
in determining the phase relationships in
systems with Ln,CuO, end members; in
Section III the influence of the mobile oxy-
gen in the inactive layers on the distribution
of holes between active and inactive layers
is described; in Section IV the influence of
Pr on the superconductivity is presented as
an illustration of the significance of the posi-
tioning of a 4f™ configuration relative to the
Fermi energy; and in Section V a wet-chemi-
cal procedure for determining both the Ti
and oxygen contents of the thallium cu-
prates is outlined and utilized to contrast
the properties of the thallium and bismuth
cuprates.
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FiaG. 1. Structures of (a) tetragonal (T) and (b) ortho-
rhombic (0) La,CuO,. The arrows indicate the direc-
tion of the tilting of the CuQg octahedra.

II. Phase Relationships in Systems with
Ln,CuO, End Members

A. End-Member Phases Ln,Cu0O,

The prototype p-type and n-type copper
oxide superconductors have the simplest in-
tergrowth structures with an ideal chemical
formula Ln,CuO, for a system end member.

1. La,CuO,. The compound La,CuO,
crystallizes in the tetragonal structure of
Fig. 1a at high temperatures; it undergoes a
displacive transition to orthorhombic sym-
metry below a transition temperature 7, in
which the CuQ, octahedra are rotated coop-
eratively about a [110] axis as indicated by
the arrows in Fig. 1b (4). In this structure,
the layer that becomes superconductively
active with p-type doping consists of a single
CuO, sheet; the inactive layers of variable
oxygen content consist of the two (001)
rocksalt planes of the (La0O), layers. We de-
note the layer sequence along the c-axis as

|Cu0,|La0-LaO|Cu0,)| #))

where the vertical lines mark the interlayer
interfaces.



CRYSTAL CHEMISTRY AND SUPERCONDUCTIVITY

Such an intergrowth imparts three impor-
tant properties to the compound:

—1ts physical properties are strongly an-
isotropic.

—Where the layers are alternately
charged positively and negatively—in La,
CuQ, the CuO, sheets carry a formal charge
2— and the (LaO), layers a charge 2+ per
formula unit—an internal electric field ex-
ists that lowers the electronic energy levels
in the positively charged layers and raises
them in the negatively charged layers.

—Bond-length mismatch across the inter-
face creates a tensile stress within one layer
and a compressive stress in the other. A
measure of the bond-length matching is the
Goldsmidt tolerance factor

t = (La-0)/V2(Cu-0), 3)

where the La—0 and Cu—O bond lengths are
commonly taken as the sums of the empiri-
cally determined room-temperature ionic
radii. Ideal matching occurs for ¢t = 1. How-
ever, a larger thermal expansion for the
La-O versus the Cu-O bond means that ¢
decreases with decreasing temperature.
Therefore, although a ¢+ = 1 may be ap-
proached at the temperature of phase forma-
tion, a f < 1 at lower temperatures places the
(LaQ), layers under tension and the CuO,
sheets under compression. Nature adjusts
to this bond-length mismatch in three suc-
cessive steps in La,CuQ,: First, it orders
the single Cu-3d hole at a Cu* ion into the
3d2_,» orbital (z-axis taken parallel to c-
axis), which results in a large tetragonal (c/
a > 1) distortion of the CuO¢ octahedra.
Second, interstitial oxygen atoms tend to be
introduced between the LaO planes of an
(LaO), layer (5-9); they occupy sites coor-
dinated by four La and four c-axis O (8,
9). Third, a cooperative tilting of the CuOy
octahedra below T, buckles the CuO, sheets
in the orthorhombic structure; bending of
the Cu—O—Cu bond from 180° relieves the
compressive stress on the CuQ, sheets.

2. Lny)CuO,, Ln = Pr, . .. Gd. Re-
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F1G. 2. Structures of (a) T — Nd,CuO, and (b) T*-
La,_,Dy,Cu0O,.

placement of the larger La®* ion by a smaller
lanthanide ion Ln = Pr, . . . Gd increases
the bond-length mismatch for the La,CuO,
structure, which we designate the T/O
structure, by reducing ¢; in this case, nature
responds by a displacement of the c-axis
oxygen of Fig. 1a to the plane of tetrahedral
sites in the (LnO), layer to give a fluorite
layer in place of the rocksalt layer (10) (Fig.
2a):

|CuO,|Ln-0,~Ln|Cu0,). “)

The electrostatic repulsions between the co-
planar oxygen in the fluorite layer expand
the ag-axis sufficiently to place the CuO,
sheets under tension, and 180° Cu-O-Cu
bonds are retained to the lowest tempera-
tures (/7). The tetragonal structure of Fig.
2a is designated the T' structure to distin-
guish it from the T/O structure of Fig. 1.
The T’ structure does not support a buck-
ling of the CuO, planes to bend the 180°
Cu-~0O-Cu bond angle; therefore, the range
of Ln** ionic radii that the phase can toler-
ateis Pr** . . . Gd**, and in Gd,CuO, we
may anticipate that the CuQ, sheets experi-
ence little tension at lower temperatures.
CuO, sheets under compression in the T/O
structure are readily doped p-type, but not



118

n-type; CuQ, sheets under tension in the T’
structure are readily doped n-type, but not
p-type. In addition, the stability of a higher
formal valence on the copper increases with
its anion coordination, and the Cu in the
p-type T structure are sixfold-coordinated
whereas those in the n-type T’ structure are
only fourfold-coordinated.

B. Mixed Rare Earth Systems
La,_,Ln,Cu0,

If a larger La* ion is partially replaced
by a significantly smaller rare earth ion Ln®*
(Ln = Sm, .. . Dy), bond-length mis-
match makes difficult stabilization of either
a pure T or T’ structure; instead a new hy-
brid structure, designated T#, is stabilized
(12-i4). The T* structure, illustrated in Fig.
2b, contains alternating La-rich rocksalt lay-
ers and Ln-rich fluorite layers:

[Cu0,|La0-1.a0|Cu0,|La,Ln-O,-
La,Ln|CuQ,|. (5)

A nearly perfect interlayer ordering of La**
and Ln** ions is generally found for y = 1
inLa,_,Ln,CuO, with Ln = Tb or Dy. Only
the Ln’* ions smaller than Sm** provide
a fluorite layer compatible with a rocksalt
(La0), layer. In this structure the copper
have fivefold oxygen coordination, and the
T* phases can be doped p-type; they also
exhibit a bending of the Cu—O-Cu bonds
from 180° at low temperatures as a result of
different bonding to fluorite versus rocksalt
adjacent planes (12-14).

On the other hand, if the larger La** ion
is partially replaced by a lanthanide ion of
more compatible size (Ln = Pr or Nd), then
a disordering of the La’* and Ln3* ions
within a rocksalt or a fluorite layer becomes
feasible; the T phase tolerates a consider-
able solid—solution of Pr or Nd in La,CuQ,
and the T' phase of La in Pr,CuO, or Nd,
CuO,, and the interlayer ordering character-
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Fi1G. 3. Variation of room temperature lattice param-
eters with 7 or y for the system La,_,Nd,CuO,; ¢ values
were obtained with the nine-coordinated radius for
La’* and Nd** for all values of y. For comparison, the
a and b parameters for the 7/O phases are plotted by
dividing the actual orthorhombic parameter by V2.

istic of the T* phase does not occur. Figure 3
shows the variation of the room temperature
lattice parameters versus the composition
y—or a calculated tolerance factor +—for
the system La, ,NdCuO, that was ob-
tained by firing the component oxides at
1060°C followed by annealing in 1 atm O,
(15). In the construction of this diagram,
the ¢ values were calculated from the room
temperature ionic radii with Cu?* in octahe-
dral coordination—a choice of square-co-
planar coordination would shift all ¢ values
in Fig. 3, but make no other change—and
La’*, Ln** in nine-fold coordination (I6).
The orthorhombic La,CuQ, structure is
found for 0 = y =< 0.35 and ¢ = 0.8658, the
T'~Nd,CuO, structure for 1.2 = y < 2.0 and
t = 0.8585. The T' structure has a smaller c-
axis and a larger g-axis than the T structure;
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it also has a larger cell volume. Instead of a
T* phase appearing at y = 1, a new phase,
designated T", appears at y = 0.5. For the
system Lrn = Pr, the T” phase also appears
at y = 0.5, which suggests that the phase is
characterized by an intralayer ordering at a
La3*/Ln®* ratio 3:1 rather than the inter-
layer ordering of the T* phase at a La**/
Ln** ratio 1: 1.

Identification of the T” phase is a bit subtle
as it has a powder X-ray diffraction pattern
similar to that of the T’ phase, but with a
slightly larger parameter than that obtained
by a Végard’s law extrapolation of the lat-
tice constants from the T’ solid—solution
phase field. Bringley et al. (17) did not dis-
tinguish the T” phase from the T’ phase in
their study of this system and interpreted
the two-phase character of the system at y
= 1 as a manifestation of a stabilization of
the T* phase within the T’ phase field. In
our study, the intermediate compositional
range 0.55 <y < 1.2 consisted of two phases
with powder-diffraction patterns similar to
T’, but having distinguishable lattice param-
eters. The narrow region 0.5 = y =< 0.55
showed only a single phase with the larger
lattice parameter. The appearance of a two-
phase region in the interval 0.55 <y < 1.2
indicates that the phase found at y = 0.5 is
distinguishable from that in the interval 1.2
= y = 2.0 even though they give similar
diffraction patterns. Therefore we designate
this phase as T”. Because it appears with a
limited solid solubility range at y = 0.5 for
both Ln = Pr and Ln = Nd, we assume it
is characterized by an intralayer ordering of
the La** and Ln’" ions; the order may allow
a cooperative c-axis displacement of the ox-
ygen atoms in the La, ;Ln, —O,—La, sLng s
layers. This assumption has yet to be
checked experimentally.

Interestingly, pellets of intermediate com-
position 0.5 <y < 1.2 in the La,_,Nd,Cu0,
system that had been quenched in air to
room temperature from 1060°C exhibited a
spontaneous disintegration into a fine pow-
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FIG. 4. Phase diagrams for the (a) undoped La,_,Nd,
CuO, and (b) doped La,gs_,Nd,Sry;sCuO, and
La, 45 ,Nd,Ceq ;sCuOy systems.

der within a few minutes at room tempera-
ture. This observation is consistent with a
disordering of the La** and Nd** ions
within a fluorite layer at the firing tempera-
ture and a ‘‘spinodal decomposition’ into
an ordered and a disordered phase at lower
temperatures.

The larger a-parameter of the T” phase
suggests that the CuQ, planes are under ten-
sion and might therefore readily be doped
n-type, as is the case for the T' phase. How-
ever, doping by the substitution of either
La®* or Nd*>* by Ce** or by Sr** resulted in
a disproportionation into an n-type T' phase
and an undoped T phase on the one hand, a
p-type T phase and an undoped T' phase
on the other hand. The two situations are
illustrated in Fig. 4. This observation is con-
sistent with the postulate of a 3:1 cation
ordering in the T” phase; the order is pre-
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sumably suppressed by the introduction of
a third type of cation.

C. The System La,_,Sr,Cu0,

The end member La,Cu0, is an antiferro-
magnetic semiconductor with a Néel tem-
perature T, = 326 K that decreases sensi-
tively with the introduction of mobile holes
into the CuQO, sheets (I8). Substitution of
smaller La** ions by larger Sr** ions in
La,_,Sr,CuQ, relieves the tensile stress in
the (La,Sr)O rocksalt planes, and removal
of antibonding electrons from the CuO,
sheets relieves the compressive stress on
the CuO, sheets. Also, the Cu are octahe-
drally coordinated. Consequently p-type
doping by Sr substitution is readily accom-
plished (19, 20), and the orthorhombic—te-
tragonal transition temperature 7, decreases
with increasing y (21). Moreover, the ten-
dency to pick up interstitial oxygen also de-
creases with increasing y, and annealing in
1 atm O, is required to maintain the oxygen
stoichiometry as y increases toward y =
0.27 (22). At higher values of y, an oxygen
partial pressure in excess of 1 atm O, is
required to maintain the oxygen stoichi-
ometry.

A tentative phase diagram for the system
La,_,Sr,CuO, is given in Fig. 5. Of particu-
lar interest in this system are the following
features:

(1) Superconductivity occurs in a narrow,
mixed-valent compositional range between
an antiferromagnetic semiconductor phase
and a normal-metal phase. In the antiferro-
magnetic semiconductor phase, the width of
the o%2_,2 band W is smaller than the intra-
atomic correlation energy U for the half-
filled band. La,CuQ, is therefore character-
ized by an empty o*:_, upper Hubbard
band and a filled o%:_,2 lower Hubbard
band.

(2) With increasing y, long-range antifer-
romagnetic order below a Néel temperature
Ty disappears for y = 0.03; a spin-glass state

¥
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F1G. 5. Phase diagram for the system La,_,Sr,CuQ,.

appears to be stabilized at lowest tempera-
tures in the interval 0.03 < y < 0.06 where
the system undergoes a transition from a
small polaron to a metallic conductor (23).

(3) From Hall measurements (24) the su-
perconductor compositional range, like the
small-polaron compositional range, is a p-
type conductor in the normal state; a change
to n-type conduction in the normal-metal
phase occurring at y > 0.25 (25) signals a
collapse of the correlation splitting into up-
per and lower o%2_,2 bands (26) (see Fig. 6).
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Fi1G. 6. 1dealized energy density of states N(e) vs
energy & for (a) La,CuOy, (b) La, 45Sr; ;sCu0;,, and (¢c)
La, (Sry 4CuO,.
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This deduction is reinforced by the disap-
perance with increasing y of the maximum
in the paramagnetic susceptibility at a tem-
perature T, (27), such a susceptibility
maximum is characteristic of the onset of
short-range spin fluctuations below T, in
a two-dimensional spin system, and short-
range spin fluctuations have been directly
observed by neutron scattering (28), muon
spin rotation (29), nuclear magnetic re-
source (30), and nuclear quadruple reso-
nance (37) in the superconductor composi-
tional range.

(4) The change froma W< UtoaW> U
on varying the mobile-hole concentration p
in the CuQ, sheets over the range 0 <y =
p < 0.3 indicates a remarkable sensitivity of
the bandwidth W ~ g_(A2 + A?), and hence
of the covalent-mixing parameters A, and
A,, to the oxidation state of the CuO, sheets.
This fact and the spectroscopic observation
(32) of a strong admixture of O-2p character
in the conduction band states signals that
the equilibrium of Eq. (1) approaches—or
may even achieve—crossover with increas-
ing hole concentration p = y in the system
La,_,Sr,Cu0, (33).

These data indicate that the superconduc-
tor phase occurs in a narrow, mixed-valent
compositional range within a nondegenerate
band having a width W = U and W = 8wy,
where wg ! is the period of the optical-mode
lattice vibrations that “‘dress’” a small po-
laron in a local lattice deformation; more-
over W increases remarkably sensitively
with hole concentration. This latter sensitiv-
ity is made manifest in a room temperature
thermoelectric power that decreases expo-
nentially with increasing y (34-37).

Finally, there is increasing evidence that
the normal state of the superconductor com-
positions is abnormal below room tempera-
ture (38) with anomalies in a temperature
range near 240 K (39) that suggest electron-
lattice interactions play an important role.
In a mixed-valent system, they can intro-
duce charge fluctuations; these charge fluc-
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tuations would represent a dynamic segre-
gation into ‘‘bags’’ of higher hole
concentration with W > U within a matrix
of lower hole concentration supporting spin
fluctuations and a W < U. This possibility
provides the basis of a recently proposed
*‘correlation-bag’” model of superconduc-
tivity (2).

D. Anion Insertion: La,CuQO,_,

Oxidation of the CuQ, sheets can also be
accomplished by the insertion of interstitial
oxygen in the rocksalt layers of La,CuO,:

|Cu0,|La0-0,~La0|Cu0,. 6

The observation of filamentary supercon-
ductivity in La,CuO,_, compositions was
noted early (40). Subsequent neutron dif-
fraction studies (8, 9) on samples prepared
at high oxygen pressures (6) have estab-
lished the existence of two oxygen-rich
phases: one corresponds to an x < 0.02 and
the other to an x > 0.05. It remains to be
established whether the interstitial oxygen
is neutral in the x < 0.02 phase, forming one
short O—O bond as in a peroxide ion (0,)*~;
but it clearly oxidizes the CuQ, sheets in the
x > 0.05 phase, which is a p-type supercon-
ductor (6, 41). In the superconductor phase,
the interstitial oxygen is probably an oxide
ion 0%~ with four equivalent O-O bonds as
in La,NiO, , , with x > 0.05 (42). The c-axis
internal electric field apparently lowers the
antibonding (0,)*~ level below the Fermi
energy Ep in the CuO, sheets. Introduction
of the interstitial oxide ion reduces the ten-
sile stress on the rocksalt layer, and oxida-
tion of the CuO, sheets reduces the com-
pressive stress on these sheets.

As prepared under 1 atm O,, La,Cu0O,,,
consists primarily of the x < 0.02 phase,
which is not a superconductor, but some x
> 0.05 phase may appear at the grain bound-
aries to give filamentary superconductivity.
Preparation under 3 kbar O, atm (6) yields
two-phase material with a large fraction of
the bulk being the superconductor phase
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with x > 0.05; preparation at 23 kbar O,
atm (7) results in a bulk superconductor
with x = 0.05. Thermogravimetric analysis
(TGA) and Differential Scanning Calorime-
try (DSC) of the La,CuQ, s phase obtained
at 23 kbar O, atm shows an abrupt loss of
oxygen and a first-order phase change in the
interval 225 < T < 275°C (Fig. 7) (7). Figure
7 also shows the variation with quench tem-
perature T, of the room temperature lattice
parameters for a sample of La,CuQ, ¢ raised
successively to higher T, in air before
quenching to room temperature for X-ray
diffraction. A remarkable increase in 1/2 (a
+ b) on passing from the superconductor
to the antiferromagnetic phase with loss of
oxygen is consistent with an important sup-
pression of the atomic moment on the Cu
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in the superconductive state. Such lattice
dilatations on passing from the supercon-
ductor to the antiferromagnetic phase have
also been noted for the other copper oxide
systems (43). A first-order phase change as-
sociated with the change in mobile-hole con-
centration is consistent with the postulate
(2) of charge fluctuations in the supercon-
ductor phase that distinguish ‘‘bags’ in
which superconductive pairs are formed
from normal-state regions supporting spin
fluctuations.

E. The Systems Ln,_,Ce,Cu0,,
In=Pr, ... Gd

Replacement of a larger Ln** jon by a
smaller Ce** ion in the T’ phases not only
relieves the compressive stress in the
Ln-0O,-Ln layer; it also reduces the tensile
stress in the CuQO, sheets by donating to the
sheets an antibonding o%2_ 2electron, which
occupies the upper Hubbard band. Reduc-
tion of the copper coordination from six to
four as well as the change from a compres-
sive to a tensile stress on the CuQ, sheets
lowers the upper Hubbard band in the T’
phase relative to its position in the T phase.
In fact, the Fermi energy of the n-type T’
phase is about the same as that of the p-type
T phase (44) despite the fact that optical
data of Suzuki (45) place the upper Hubbard
band about 2 eV above the filled band (7*
or lower Hubbard o*%2_,2) in La,CuO,.

The phase diagram for the system Nd,_,
Ce,CuQ, is shown in Fig. 8. The Néel tem-
perature as determined by muon spin rota-
tion (uSR) (46) decreases much more slowly
with Ce doping in this system than does Ty
with Sr doping in p-type La,_,Sr,CuO,. An
abrupt drop in Ty around y = 0.13 occurs
at the transition, with increasing y, to the
superconductor phase. In the superconduc-
tor phase, T, decreases with increasing y
from a maximum of 20 K around y = 0.15
until it vanishes at y = 0.18. As in the p-type
system, the transition from a superconduc-
tor to a normal metal is accompanied by a
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F1G. 8. Phase diagram for the system Nd,, ,Ce CuO,
(adapted from Ref. (46)).

change in the sign of the charge carrier (25).
Thus the n-type superconductors exhibit the
same confluence of special features as the
p-type superconductors; however, the rate
of increase of W with increasing electron
concentration does not appear to be so dra-
matic, as indeed must be expected fora W
~ g,(A\2 +AD).

Although Gd,_,Ce,CuO, could be ob-
tained as a single-phase material up to y =
0.15, no superconductivity has been ob-
served in this system. A smaller a-parame-
ter for Ln = Gd compared to Ln = Nd
increases the strength of the Cu-O interac-
tions in the CuQO, sheets, which must raise
the upper Hubbard band of antibonding
o*:_ 2 orbitals relative to the Ce** : 4f" en-
ergy level. The smaller the energy separa-
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tion between the Ce3* : 4f! energy level and
the Fermi energy Ep, the greater is the hy-
bridization of Ce—4f and o%_,» band states.
A hybridization of narrow-band and local-
ized 4f states can, if strong enough, trans-
form the narrow-band states to small-
polaron states, thereby suppressing super-
conductivity.

Support for a Ce : 4f! energy close to the
Fermi energy Ey in Gd,_,Ce,CuO, comes
from the following observations: The lower
limit for the mean L»* ionic radius in the
T’ phase is realized at y =~ 0.6 in Gd,_,Dy,
CuQ,; for y > 0.6, impurity phases appear.
However, the y value can be increased to
y = 0.9 if about 0.1 Ce is present as in
GdDy, ,Ce, ;CuO,. Since the addition of Ce
as Ce** would add antibonding electrons
to the CuO, sheets, thereby increasing the
bond-length mismatch between fluorite and
CuO, layers at the stability limit of the
phase, it is concluded that the Ce must be
present as Ce’* ions to stabilize the T’
phase. If all the Ce is present as Ce3™, the
mean Ln*" ionic radius (for eight-fold coor-
dination) becomes 1.0458 A, which is close
to that in Gd, ;Dy,CuO, (1.0452 A).

The solubility range of Ce in Ln,_Ce,
CuQ, increases with increasing mean size of
the lanthanide ion in the fluorite layer. For
example, single phases are found for y =
0.25, 0.20, and 0.15 for Ln = Lag¢Nd, 35,
Nd, and Gd, respectively. The increasing
tensile stress on the CuO, sheets with in-
creasing mean lanthanide ion size appears
to control the solubility range of Ce. By
substituting Ce for Nd with Ln =
Lag ¢sNd, 35 in the system La, ;Nd,,_,Ce,.
CuQ,, it is possible to extend the range of
electron doping well into the normal-metal
phase of Fig. 8.

The introduction of interstitial oxygen
into the system La, ;Nd, ,sCe; ,sCuO,, , has
interesting consequences for the electronic
properties. Firing at 1060°C followed by an
anneal in 1 atm O, at 400°C gives a semicon-
ductor composition with x = 0.04 (Fig. 9a),
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even though an electron concentration n =
0.17 per formula unit in the CuO, sheets is
calculated for this composition (47). An-
nealing in N, at 900°C gives x = 0.0 and a
normal-metal behavior (Fig. 9b), consistent
with the higher electron concentration n=
0.25 according to the phase diagram of Fig.
8. It is apparent that the excess 0.04 oxygen
atoms, which can only occupy c-axis posi-
tions, perturb the conduction band suffi-
ciently to introduce Anderson-localized
states at the edges of the narrow o¥z_,2
bands. This type of charge-carrier trapping
within band tails leads to a conductivity de-
scribed by variable-range hopping (48). Be-
cause the bands are at the narrow-band
limit, relatively small perturbations can in-
troduce Anderson localization.

III. Oxygen and the YBa,Cu,0;, ,
Structure

The tetragonal YBa,Cu,0¢ and ortho-
rhombic YBa,Cu,;0, structures are shown

in Fig. 10; they consist of the intergrowth
sequence along the c-axis

|Cu0,-Y~Cu0,|{BaO-CuO,~Ba0O| (7)

in which the superconductively active lay-
ers contain two CuQ, sheets and the inactive
layers have a variable oxygen content x in
the formulation YBa,Cu;0,. .. The number
of oxygen sites in a CuO, plane is two per
formula unit, so the oxygen content can vary
over the range 0 < x < 2 from a stereochemi-
cal point of view; in fact, the upper limit of
xunder 1 atm of O, in YBa,Cu,Oq . , appears
to be about 0.96 with an ordering of the
oxygen into b-axis sites of the orthorhombic
structure.

As in the La,CuQ, structure, the interface
between the two intergrowth layers requires
bond-length matching between a CuQ, sheet
and an (001) rocksalt plane, which is here a
BaO rather than an LaO plane. Therefore it
would appear that the tolerance factor of
Eq. (3) should apply in this structure also.



CRYSTAL CHEMISTRY AND SUPERCONDUCTIVITY

125

(b)

Fi16. 10. Structures for (a) tetragonal YBa,Cu;O¢ and (b) ideal, orthorhombic YBa,Cu,0;.

However, the Cu-~O-Cu bonds are bent
from 180° by the fact that the O atoms of a
CuO, sheet interact with Y*>* ions on one
side and Ba’* ions on the other. In addition,
the Ba—O-Ba bonds are bent from 180° be-
cause the c-axis oxygen bond to a fivefold-
coordinated Cu in the CuO, sheets and a
twofold-coordinated Cu in the Cu plane for
x = 0;in YBa,Cu;0q, the c-axis oxygen are
closer to the Cu(l) atoms in the Cu plane
than to the Cu(2) atoms of a CuO, sheet.
The structurally adjustable parameter in this
structure type appears to be a c-axis dis-
placement of the equilibrium position of the
oxygen atoms rather than a tilting of the
CuQjs square pyramids of a CuO, sheet (47).
As x increases, the c-axis oxygen move
away from the Cu(1) toward the Cu(2) atoms
(49), and the c-axis Cu(2)-O distance ap-
pears to modulate the width W of the con-
duction band (47).

In this latter connection, it is instructive
to examine the system Nd,_.Ce Ba,_[La,
Cu,04., ,, which has a structure similar to
that of YBa,Cu,0, , except for the substitu-
tion of a fluorite layer for the Y plane in the
superconductively active layer (50, 51):

|Cu0,-Nd, Ce-0,~Nd, Ce-
Cu0,|(Ba, La)O-CuO,~(Ba, La)O|. (8)

This system exhibits an orthorhombic dis-
tortion above a critical value of y, but the
distortion is not due to either a tilting of the
CuO; square pyramids or an ordering of the
oxygen into b-axis sites in the CuQ, plane;
it appears to reflect an ordering of the cat-
ions and a cooperative c-axis oxygen dis-
placement in the (Ba, La)O rocksalt planes
7).

Of particular interest in Ba,Cu;0q, , is the
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variability x of the oxygen content and the
role of the oxygen coordination at the Cu
atoms in controlling the distribution of the
formal oxidation state at the copper atoms.
Where the Cu are linearly coordinated by
two oxygen atoms, as in the Cu(1) planes of
the YBa,Cu,0q structure, the copper have
the formal valence Cu*. Where the copper
are coordinated by five oxygen, as in the
Cu(2)0, planes, the copper may have the
formal valence Cu®*?’* where p = 0 in
YBa,Cu,0O¢ and p = 0.5 in the ideal YBa,.
Cu;0; structure of Fig. 10b. In this ideal
YBa,Cu,0, structure, the Cu(l) atoms are
all coordinated by four coplanar oxygen
atoms—a cooperative tilting of the coplanar
arrays about the c-axis bends the Cu-
(1)-O—Cu(1) bond angle of a b-axis chain
from 180° (52); the four-coordinated Cu(l)
atoms have the formal valence Cu?*. With
seven oxygen per formula unit, the succes-
sive layers are uncharged, which eliminates
any c-axis electric field, and the valence dis-
tribution is determined by the different crys-
talline fields at the copper with fivefold ver-
sus fourfold coordination.

This observation makes it of interest to
explore the variation in valency distribution
as a function of x in the system YBa,Cu,
O, with and without ordering of the oxy-
gen in the CuQ, plane.

The oxygen of a CuO, plane retain their
maximum order if removed at low tempera-
ture from a sample of initial composition
YBa,Cu,O44,- The oxygen atoms of the
Cu(1)O, planes become mobile above 300°C
(53). 1t is therefore feasible to remove oxy-
gen progressively in the temperature inter-
val 300 < T = 900°C; this has been done
by making use of either a Zr-gauze oxygen
getter (54) or a stabilized-zirconia oxygen
pump (55). Alternatively, use can be made
of a plot of sample weight versus tempera-
ture in air to determine the value of x at a
particular temperature; x varies from 0.96 at
300°C to close to zero at the temperature of
synthesis (~920°C). By quenching to room
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temperature, it is possible to vary x over the
range 0 < x < 0.96; and a subsequent anneal
in vacuum or an inert atmosphere below
400°C allows ordering of the oxygen to take
place (56). Such experiments result in a
step-like 7, vs x variation like that shown
in Fig. 11. Although the literature remains
controversial on the interpretation of this
curve, it can be understood in a straightfor-
ward manner in terms of oxygen ordering
and a cation valence determined by the oxy-
gen coordination (56, 57). In addition, the
interpretation requires a T, proportional to
the concentration of mobile holes p in the
CuO, sheets; but this relationship has been
established by uSR measurements (58),

which have for the YBa,Cu,Oq,,
system with x < 0.9, a
T, ~ p/m*, )]

where the variation of the effective mass m*
with p can probably be ignored in a zero-
order consideration of the problem.
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FiG. 12. Ideal oxygen ordering in YBa,Cu,Oq, , for
(@) x = 0.5 and (b) x = 0.75.

The first level of ordering among the oxy-
gen of a Cu(1)O, plane is found for x = 1;
the oxygen atoms occupy the b-axis within
the Cu(1)O, plane (Fig. 10b). A second level
of ordering at x = 0.5 has been identified
by electron microscopy (59); it consists of
alternate b-axis chains of fourfold-coordi-
nated and twofold-coordinated Cu(1) atoms.
With perfect order, the two types of Cu(1)
atoms would have, respectively, the formal
valencies Cu?** and Cu*, so the total oxida-
tion state would then imply a concentration
p = 0.25 of mobile holes per Cu(2)0, sheet.
The x = 0.5 composition is, therefore, a
superconductor with a T, that varies with
the degree of order in the Cu(1)O, planes.

The fact that no mobile holes are intro-
duced into the CuQ, sheets in the interval 0
= x = 0.25 indicates that the initial insertion
of an oxygen atom, which changes the coor-
dination of its two neighboring Cu(1) atoms
from twofold to threefold, results in the oxi-
dation of the neighboring threefold-coordi-
nated Cu(1) atoms from Cu* to Cu?*. Oxi-
dation of the Cu(1) atoms does not introduce
holes that are mobile at low temperature;
these oxidations do not contribute to super-
conductivity. For x > 0.25, electrostatic
0?~-0?" interactions within a CuO, plane
introduce an ordering of the oxygen into
alternate b-axis chains (Fig. 12a), which
changes the crystal symmetry from tetrago-
nal to orthorhombic and results in the onset
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of oxidation of the CuO, sheets due to a
preservation of half the Cu(1) as Cu* ions.

In the interval 0.5 < x < 0.75, oxygen
atoms are introduced into the empty b-axis
chains to make them partially occupied. At
x = 0.75, an ordering within the partially
occupied chains would leave each Cu(l) of
the chain threefold-coordinated with a for-
mal valence Cu?* (see Fig. 12b), and no
additional oxidation of the CuQ, sheets
would have occurred in the compositional
range 0.5 < x < 0.75 under conditions of
perfect order. Although it is difficult to es-
tablish the type of ideal ordering predicted
for x = 0.75, electron diffraction has shown
additional diffraction spots at (£*/2,0,0) and
(0,£*/2,0) in one untwinned crystal of com-
position x = 0.75 (56). For x > 0.75, all
the Cu(l) are oxidized to Cu?* and, with
a primary ordering that retains fourfold or
threefold coordination at each Cu(1) atom,
the oxidation power in excess of Cu?* for
the Cu(l) atoms appears as an increase in the
concentration p of mobile charge carriers in
the CuO, sheets. Therefore T, increases
with x for x = 0.75, but it apparently ap-
proaches saturation for x > 0.9. This ap-
proach to saturation would be analogous to
the saturation that occurs near y = 0.15 in
the system La,_,Sr,CuQ, (see Fig. 5). Lack
of complete oxygen ordering and homoge-
neity prevents the T, versus x curve of Fig.
11 from exhibiting a flat plateau in the range
0.5 = x =< 0.75; in fact, the flatness of the
step is very much a function of the heat
treatment of the sample.

This explanation of the T vs x curve of
Fig. 11 raises the question of the mechanism
of oxygen insertion down a b-axis chain.
Two routes are possible; one involves mi-
gration via an a-axis site, which would intro-
duce a disorder that would create fivefold
coordinated Cu(1) atoms that might become
oxidized to Cu?*. Alternatively, a corre-
lated diffusion involving a cooperative dis-
placement of c-axis oxygen to b-axis sites
and b-axis oxygen to c-axis sites would per-
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mit diffusion down a chain without occu-
pancy of the a-axis sites. Isotope-exchange
experiments (60, 61) and the loss of c-axis
oxygen at higher temperatures (62) have es-
tablished that the correlated diffusion mech-
anism is dominant and that the c-axis oxy-
gen play an important role in the mobile-
oxygen diffusion as well as in stabilizing dif-
ferent valence states via an adjustment of
their c-axis position (47, 49).

A disordering of oxygen to a-axis sites of
the Cu(1)O, planes may cause a trapping
of holes as Cu(1)** where such a disorder
creates fivefold coordinated Cu(l) atoms.
This fact has been established by two types
of experiments. First, materials prepared at
low temperatures from precursors may re-
sult in a disordered array of oxygen in the
CuO, planes with an x > 0.5. Second, substi-
tution of Ba?* by La’*ions may introduce
excess oxygen, x > 1.0, in the CuO, planes.

We encountered the first situation on pre-
paring YBa,Cu;0q,, from oxalate precur-
sors at 780°C in order to obtain particles of
submicron size (63). Although the oxygen
content corresponded to x = 0.7, the parti-
cles were tetragonal—indicating disordered
oxygen in the CuO, planes—and semicon-
ductive, not superconductive. Moreover, in
air the variation in oxygen content below
780°C was much smaller compared to that
in orthorhombic YBa,Cu;0q,,; there ap-
peared to be a lower oxygen mobility in the
CuO, planes in air until temperatures in ex-
cess of 800°C were used (3). Although it was
possible to convert the tetragonal, semicon-
ductive particles into orthorhombic, super-
conductive particles by heating above 800°C
and then annealing in air at 400°C, sintering
occurred at the higher temperatures.

These data indicate that mobile holes are
trapped out of the CuQ, sheets at fivefold-
coordinated Cu(1) atoms in the CuQ, planes.
This trapping is associated with the forma-
tion of an immobile complex, and X-ray
photoelectron spectroscopy (XPS) showed
shifts in the O: 1s core peaks characteristic
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of an important O-2p character in the hole-
trapping orbitals (64). Although the simplest
complex would be an (0,)*~ peroxide ion,
no direct evidence for peroxide formation
has been forthcoming. The XPS data may
simply indicate the formation of a CuO;s
complex with an important O-2p compo-
nent in the ““Cu**’’ valence state due to the
existence of an equilibrium reaction (Eq.
(1)) that is biased more to the right than to
the left.

The eventual preparation of submicron
superconductor particles was successfully
accomplished (63) by annealing in N, at
750°C; in this atmosphere the oxygen of the
CuO, planes are mobile at 750°C and can be
removed; a subsequent anneal in air or 1
atm O, at 400°C reintroduces the oxygen in
an ordered manner, and the particles—kept
below 1 um diameter—are transformed to
an orthorhombic superconductor with T, =
90 K.

A variety of ionic substitutions in YBa,
Cu;0q, , have been carried out in an attempt
to probe further the structure—property rela-
tionships in this phase. These studies have
established four general findings concerning
substitutions for Y and Ba:

—All isovalent and aliovalent substitu-
tions in the Y or Ba sites leave the equilib-
rium oxidation of the Cu-O array un-
changed over wide solid-solution ranges;
with an anneal ai 400°C in 1 atm O,, this
oxidation state generally corresponds to an
x = 0.95 *+ 0.01 in YBa,Cu,0q, , except for
the case YBa, La Cu;0q,, where, fory =
0.1, it extrapolated to x = 0.90 = 0.02 for
YBa,Cu;0q. , (65-68).

—With the exception of Pr substitution
for Y (discussed in Section 1V), the critical
temperature T, varies with the mobile-hole
concentration p in the CuQ, sheets in ap-
proximate accordance with Eq. (9) (58, 67).

—Replacement of a Ba®* ion by a L3~
ion introduces near-neighbor oxygen at a-
axis sites of the adjacent CuO, planes, which
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lowers the macroscopic orthorhombicity of
the structure.

—Beyond a critical concentration of a-
axis oxygen in the CuQ, planes, two mobile
holes per excess a-axis oxygen are trapped
out of the CuO, sheets, and the critical con-
centration changes with the strength of the
internal c-axis electric field (66-68).

Consider, for example, the system
YBa,_,La,Cu;0q,, for which x ~ 0.90 +
0.5y and

T, ~ 90 — 200(y — 0.15)
= (120 — 200y)K (10)

for0.1 =y <0.5.(Ay — 0.15is used in Eq.
(10) because of the extrapolation to x = 0.90
aty = 0.) At x = 0.90 in YBa,Cu;0, ,, a
T, = 90 K corresponds to 0.45 holes per
CuQ, sheet per formula unit, so Eq. (10)
with Eq. (9) would correspond to the trap-
ping out of two mobile holes from the CuO,
sheets per oxygen in excess of the critical
value x, = 0.95 found at y = 0.1. Hall mea-
surements for the system NdBa, |\Nd,
Cu,;0q, ., which has a similar variation of T,
with y, have provided direct evidence of a
trapping from the CuQ, sheets of two mobile
holes per excess oxygen atom introduced by
ay > 0.1 (69, 70). The observation of a
trapping of two holes per interstitial oxygen
in excess of x = 0.96 was at first thought
(66) to confirm the formation of an oxygen
cluster like the peroxide ion (0,)*~, which
was originally postulated to occurin the dis-
ordered CuO, planes obtained by low-tem-
perature decomposition of the oxalates (63),
especially as similar splittings of the O: 1s
XPS spectra were observed (64). However,
it now appears more likely that two mobile
holes per a-site oxygen are trapped out from
the CuO, sheets at two fivefold-coordinated
Cu(l) sites created by an ag-axis oxygen
where there is an x > 0.95. Clearly the trap-
ping energy must increase the higher the
negative charge of the CuQO, planes. Trap-
ping out of the mobile holes can occur only
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F1G. 13. Variation of T, with y = z + 7 for various
values of z in the system Y,_,Ca,Ba;_,La,Cu;0Oq., an-
nealed in 1 atm O, at 400°C; x, refers to the critical
oxygen content at which hole trapping occurs.

for oxygen in excess of a critical value; trap-
ping of the holes effectively neutralizes the
potential change introduced by an addi-
tional a-axis oxygen. Moreover, the critical
value x, at which holes become trapped
should increase with a decrease in the posi-
tive charge of the Y** plane. Indeed, substi-
tutions of Ca?* for Y>* in the codoped sys-
temY,_.CaBa, ,LaCu;Oq,, (67, 68)tends
to increase the value of x, above which trap-
ping out of the mobile holes occurs, as can
be seen from the plots in Fig. 13 of 7, vs y
for different values of z. We have also been
able to show, from thermoelectric-power
measurements (37), that the depth of the
two-hole traps increase with increasing y for
a given value of z.

Figure 13 also shows that the transition
from orthorhombic to tetragonal macro-
scopic symmetry occurs at roughly the same
value of y for all systems, which is compati-
ble with a location of g-axis oxygen as near
neighbors to the La** ions. Moreover, for
each value of z the T, vs y curve shows no
change on passing through the orthorhom-
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bic—tetragonal transition. It is clear that
what determines the magnitude of 7 is the
concentration of mobile holes in the CuO,
sheets and not the macroscopic symmetry
of the crystallites.

IV. Problems with Pr

The YBa,Cu,04,, structure does not tol-
erate the substitution of a quadrivalent ion
such as Ce** for the Y3* ion; however, all
the Ln3* ions are readily substituted (71).
With the exception of Ln = Pr, the exis-
tence of a localized 4f" spin configuration
on the rare earth ion has little influence on
T., which shows that there is little interac-
tion between the 4" configuration and the
o*2_,2 band states of the CuO, sheets near
the Fermi energy Er. On the other hand, T,
decreases rapidly with increasing z in the
system Y, _Pr,Ba,Cu,0;, ,, which immedi-
ately led to the suggestion that at least some
of the Pr are present as Pr** ions (72). How-
ever, photoemission (73), XANES (74), and
X-ray absorption (75) data have all indicated
that the Pr valence remains Pr3*. Transport
measurements (76) have indicated a transi-
tion from itinerant-electron conduction to
either small-polaron or variable-range-hop-
ping conduction with increasing z in Y,_,
Pr,Ba,Cu;0q, ,; Neumeier et al. (77) pro-
vided convincing evidence from the pres-
sure dependence of T, for a strong hybrid-
ization of Pr-4f and O-2p orbitals without
a change in the valence state Pr3*. All these
results point to a Pr** : 4% level E; that lies
below Eg, but by a small energy A, = (Ep
— Ef). A small A, allows an important hy-
bridization of the Pr-4f and o*%2_,2 orbitals
via a covalent-mixing parameter A, = b/A;
even though the matrix element b, contain-
ing the overlap of crystal-field o*:_, and
Pr—4f orbitals is small. Since Eq. (9) holds
and the density of one-clectron states in a
two-dimensional o%2_,2 band is constant, it
follows that if the number of holes in the
CuO, sheets remains constant, the number
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of mobile holes must decrease with increas-
ing z. We therefore conclude that the hybrid-
ization of localized Pr—4f orbitals with
o*%2_,2 band states perturbs the bands so as
to create Anderson-localized states at the
edges of the o%2_ 2 band; this localization of
band states reduces the density of mobile-
hole states below the mobility edge, and su-
perconductivity disappears where the mo-
bility edge crosses the Fermi energy with
increasing z.

If this analysis is correct, then changes in
the crystalline fields that increase A, should
eliminate the suppression of 7, by Pr substi-
tutions. To explore this possibility, the in-
fluence of Pr substitution was investigated
for several different systems (78). We found
that the introduction of Pr into La, g,
Pr,Sr, ;sCuQ,, which has the T/O structure
of La,CuQy, and into Bi,Sr, _,,Pr,, CuOgand
Bi,Sr,Ca, _,Pr,Cu,04, ,, has no more influ-
ence on T, than do other Ln>* ions such as
Ln = Nd or La. On the other hand, substitu-
tion of Pr for La in the T* structure of
Ln,_,_,Ce,Sr,Cu0, decreases 7. (79) in a
manner similar to its influence in Y, _,Pr,Ba,
Cu,0q. . Figure 14 shows the formal charge
on traversing the c-axis. If the sum of the
formal positive charge per formula unit on
the two planes adjacent to a CuO, sheet is
Q = + 3e,, where ¢, is the magnitude of the
electronic charge, then Pr3* ions in one of
those planes suppress T ; they do not do so
for a Q = 2e,. The larger the value of Q, the
higher the Madelung energy shifts E,relative
to the Eg of the o%2_,2 bands of an adjacent,
negatively charged layer. Therefore a larger
Q means a smaller A; and hence a greater
perturbation of the o%2_,2 band by hybrid-
ization with the Pr3™ : 412 level.

Despite this evidence, Neumeier er al (80)
have subsequently claimed to present evi-
dence that the Fermi energy Ef intersects
the Pr**”+ couple for smaller values of 5 in
the codoped system (Y,_,_,Pr.Ca, )Ba,
Cu;06, .. However, their analysis was
based on two assumptions that appear to be
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FiG. 14. The formal charge per formula unit for suc-
cessive basal planes in the structures (a) RBa,Cu,Oq, ,,
() R,_,_,Ce,Sr,Cu0,, y > Z(T*), (c) La, 45519 ;5Cu0,
(T), (d) Pr,_,Ce,Cu0O, (T"), (e) Bi,Sr,CuOy,,, and (f)
Bi,Sr,CaCu,0g4, .. £ = 0.5x,m = 0.5z, { = 0.5y,and R
= lanthanide or y.

incorrect: (i) the oxygen content remains
constant at x = 0.95 = 0.02 for all values of
m and (ii) the samples are essentially single-
phase, any small amount of second phase
being independent of 7. Our data for this
system (81) show that (i) the equilibrium
oxidation of the system—not the oxygen
content—remains constant and (ii) the con-
centration of impurity phases such as Ba
CuO, increases with 7 if the samples are
prepared in air at 930°C. However, the con-
centration of the impurity phases remain
minimal and constant if the samples are pre-
pared at 920°C in 1 atm O,. Samples with z
= (.2 prepared in 1 atm O, at 920°C show a
monotonic increase in T, from 70 K at np =
0to78 K at = 0.2 as could be expected

131

for a lowering of Q in the Y3* plane at a
constant hole concentration in the o%2_,
bands of the CuO, sheets. On the other
hand, samples prepared in air at 930°C show
an initial increase in 7, from 68 K atn = 0
to 73 K at n = 0.05 followed by a decrease
to 66 K at = 0.2, which is similar to the
results reported by Neumeier et al. (80).
These results clearly demonstrate that the
complex variation of T, with n reported by
Neumeier et al. (80) is due to a varying con-
centration of impurity phases and not to an
overlap of Ex with the Pr**+ redox couple.

V. Thallium and Bismuth Cuprates

The structures of the TIBa,Ca,_,Cu,
0,,.; and the Tl,Ba,Ca, _,Cu,0O,,, , families
are shown in Figs. 15 and 16. Phases with n
= 1-5 have been identified (82-90). These
structures may be visualized as an inter-
growth of superconductively active Ca,_,
(Cu0,), lay.rs and inactive BaO-
TIO-BaO (Fig. 15) or BaO-TIO-TIO-
BaO (Fig. 16) layers. Since only the outer
CuO, sheets of the active layers have five-
fold-coordinated copper, we may anticipate
that only these outer CuO, sheets of an ac-
tive layer become oxidized and supercon-
ductive. This expectation finds support from
the observed variation of the maximum 7
value with n, the number of CuO, sheets in
an active layer. A maximum 7, = 125 K is
found for n = 3; T, decreases with increas-
ingn >3 Forn =2, a7 = 100 K is
obtained. Communication across one
Ca-CuO,~Ca layer is probably maintained,
but it apparently decreases with increasing
separation of the outer CuO, sheets of the
active layer.

In these families also the interface be-
tween an active and an inactive layer con-
sists of a CuQ, sheet and an (001) rocksalt
BaO plane; but the bond-length mismatch is
alleviated by a bending of the Cu-O-Cu
bonds from 180° because of stronger Cu-O
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Fi1G. 16. Structures of (a) T1,Ba,CuQg, (b) T1;Ba,CaCu;05, and (c) T];Ba,Ca,Cu;Oyg.
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versus Ba~O bonding. A bending of the
Ba~0-Babonds in a BaO plane also occurs.

The Bi,Sr,Ca, _;Cu,0,,, .., family has an
intergrowth structure similar to the T, fam-
ily of Fig. 16, but with Bi substituted for Tl
and Sr for Ba. However, there are important
differences in the nominal TIO-TIO and
BiO-BiO layers, as is discussed below. Al-
though the n = 1 and 2 members of the Bi,
family are readily synthesized, stabilization
of the n = 3 member requires substitution
of part of the Bi by Pb (91). A family having
a single BiO layer is not known.

The Bi** ion differs from the TI** ion by
the presence of a 6s? ‘“lone pair’’; the 6s?
energies at a Bi** ion are considerably more
stable than the 6s energies at a TI™ ion.
The lone pair on the Bi** ions appear to be
polarized toward the neighboring BiO plane;
these planes are stabilized in pairs within
the bulk and are easily cleaved at the sur-
face. The TI, family is not easily cleaved.

In the Bi family, the Bi and O atoms are
displaced considerably from their ideal posi-
tions to form ‘‘ladder-like’” structures in the
B1,0, layer (92-94). The displacements
allow the insertion of rows of interstitial ox-
ygen parallel to the g-axis that provide a
long-wavelength modulation of the struc-
ture along the b-axis. From the easy cleav-
age of the Bi,0, layers and the known chem-
istry of Bi** oxides, oxidation of the Bi**
ions in preference to the CuQO, sheets does
not appear to occur. This deduction is sup-
ported by band calculations (94), which
place the Bi: 6s? energies below Er and the
Bi: 6p energies at least 1 eV above Eg. Since
all the Bi remain Bi**, any oxidation of the
CuO, sheets beyond the formal valence
Cu?* is generally accepted to be primarily
due to the incorporation of excess oxygen
in the Bi,0,,, layers (93-96); some contri-
bution may also come from cation vacanc-
ies, which are revealed by microprobe anal-
ysis (97).

On the other hand, the origin of the oxida-
tion of the CuQ, sheets in the analogous
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Tl, family is quite different. However, the
establishment of the primary mechanism
has awaited the development of a satisfac-
tory chemical procedure for determining
both the thallium and oxygen contents of the
final product (98). Without such a proce-
dure, uncertainties in the Tl content arise
from the volatility of T1,O during synthesis,
and conventional iodometric determination
of the oxygen content is blocked as bulk
dissolution of the thallium cuprates in a mix-
ture of KI and HCl is prevented by the for-
mation of a passive coating, probably of io-
dides. In the absence of any analytical data,
several sources of oxidation have been sug-
gested: (i) the presence of Tl vacancies,
which are revealed by microprobe analysis
(99, 100), (ii) a mixed TI**'* valence in the
T, O, layer as revealed by XPS (101-103)
and in accordance with band calculations
(104) and/or (iii) excess oxygen in the T1,0,
layer (105, 106) similar to that found for the
Bi,0,, , family.

In recognition of the need for firm analyti-
cal data, we have adopted (98) both a simple
wet-chemical procedure to determine the
absolute Tl content (107) and a modified
iodometric procedure to get the total oxygen
content (/08). Our analytical resuilis for
nominal ‘‘TL,Ba,CuO4” and *‘TL,Ba,CaCu,
Oy’’—obtained by firing initimate mixtures
of the component oxides for 10 min in a
premaintained muffle furnace at 900°C in air
within a wrapped gold foil foliowed by
quenching into liquid nitrogen—showed, re-
spectively, a stoichiometry of TI, ,,Ba,
CuO;s 59 and TI, gBa,CaCu,0, s witha T, =
63 and 90 K (98). If all the T1 are present as
Ti3*, then the observed stoichiometry gives
a formal oxidation state much less than 2 +
per Cu atom. On the other hand, these ox-
ides show all the characteristics of p-type
superconductors, which necessitates the
oxidation of the CuO, sheets beyond the
formal valence Cu?*. The analysis rules out
the presence of excess oxygen and it shows
that the concentration of Tl vacancies is in-
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(b)

(a)

F1G. 17. Energy density of states N(g) vs energy &
for nominal (a) Tl,Ba,CuQOg and (b) TIBaLaCuOs.

sufficient to dope the CuQ, layers p-type. It
follows that, in the T1, family, there must be
an overlap of the Tl-6s and o %:_,2 bands to
induce an internal oxidation of the CuQ,
sheets and reduction of the T1,0, layers.
This internal redox reaction appears to be
dominant where there are few Tl vacancies.
A schematic energy-band picture is given in
Fig. 17a.

On the other hand, a nominal composition
“TIBaLaCuQy’—obtained by the above
procedure—was found to have the composi-
tion Tl gsBalLaCuO, 4, and to be a semicon-
ductor (109). The absence of an oxidation
of the CuQ, sheets in this product clearly
demonstrates that there is no overlap of E;
by the Tl-6s band in the family having a
single T1 layer, as is indicated in Fig. 17b.
This difference in the width of the Tl-6s
band follows from a halving of the number of
TI-TI nearest-neighbor interactions on go-
ing from the TI, to the T1 family; it conforms
to the band calculation (104).

Thermogravimetric analysis (TGA) ob-
tained in O, at 1°/min up to 500°C (see Fig.
18) shows that Tl gBal.aCuO, 4, picks up
only a negligible quantity of oxygen (0.03
oxygen per formula unit) whereas TI, 4,Ba,
CuO; s picks up about 0.37 oxygen per for-
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Fic. 18. TGA plots in 1 atm O, at 1°/min for (a)
T, ¢,Ba;CuOs 59 and (b) Tl gsBaLaCuO, 5. The numbers
refer to oxygen content. The Tl and oxygen contents
were obtained from wet chemical analysis.

mula unit. Moreover, oxidation of the TI,
family is accompanied by an extrusion of
approximately 0.3 Tl atoms per formula unit
as TL,O;—as obtained from X-ray intensity
analysis—in the temperature range 70 < T
< 350°C whereas the Tl family does not ex-
trude any T1,0; below 500°C. This remark-
able difference is a direct consequence of
the overlap of Eg by the Tl-6s band. Where
the Fermi energy Ep intersects both the
CuO,-a*:2_,2and Tl-6s bands as in Fig. 17a,
there the Tl-6s electrons are unstable rela-
tive to an oxidation reaction:

TIO-6+ + (39/2)0, —

(1 - 29TP* + nTLO,. (11)

It is this mechanism that is the driving force
for oxidation of the Tl, family. However,
oxidation does not occur completely via an
intercalation of excess oxygen into the T1,0,
layers as in the Bi, family, but at least in
part by a disintercalation of Tl or T1O. Tl is
extruded from the TL,0,_, layers until the
bottom of the Tl: 6s band moves above Eg.
Increasing the concentration of Tl vacancies
decreases the number of TI-Tl nearest-
neighbor interactions, which narrows the
Tl-6s band and thereby raises its bottom
edge (109).
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It follows immediately from these results
that it should be possible to synthesize a
more stable Tl,_,Ba,CuO¢_, compound
having a y large enough to maintain all T1 as
TI3*. We have demonstrated (109) this to be
true with a sample having y = 0.5.

V1. Conclusions

All the known copper oxide superconduc-
tors have intergrowth structures consisting
of superconductively active CuO, sheets
and other inactive layers. Crystal chemistry
plays a key role in determining the type of
doping—hole vs electron—and in modulat-
ing the superconductive properties. This pa-
per has brought out the importance of the
following aspects of the crystal chemistry.

(1) Stabilization of the intergrowth struc-
tures requires bond-length matching across
the intergrowth interface. Investigation of
the simplest system La,_,LnCuO, (Ln =
lanthanide) has led to the identification of at
least four different phases T/O, T’, T*, and
T” depending upon the size of Ln and the
value of y. The T* structure has an interlayer
ordering of T and T’ slabs whereas the T”
structure appears to have an intralayer or-
dering of cations and possibly anion dis-
placements.

(2) The positive and negative charges of
the intergrowths alternating along the c-axis
creates an interlayer internal electric field
parallel to the c-axis that can shift the energ-
ies within one layer relative to the other.
The internal electric field modulates the dis-
tribution of holes between active and inac-
tive layers—for example, in the codoped
Y,_.CaBa,_JLa,Cu,O,, system—and
controls the superconductive properties. It
also influences the positioning of the Pr: 4f!
level relative to the Fermi energy and deter-
mines the influence of Pr on superconduc-
tivity.

(3) Copper atoms can exhibit a wide range
of oxygen coordination numbers—from 2
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to 6, which controls the distribution of the
formal oxidation states at the copper atoms
in complex systems such as YBa,Cu;0 ..
The stereochemistry associated with differ-
ent oxidation states of Cu appears to stabi-
lize a number of ordered phases with inter-
layer and/or intralayer ordering of oxygen,
which makes the variation of T, with x com-
plex in YBa,Cu,Oq,,.

(4) Oxidation/reduction of the CuO,
sheets above/below the formal valence
Cu?* is one of the necessary conditions to
induce superconductivity. Mixed valency
can be created by (a) suitable ionic substitu-
tions in the inactive layer as in La,_,Sr,
CuO,, Nd,_,Ce,CuQ,, and Nd,CuO,_.F,,
(b) intercalation of excess x oxygen in the
inactive layer as in La,CuO,.., YBa,
CuyO4,,, and Bi,SryCa,_1Cu,04 144, (©)
internal redox reaction, i.e., overlapping of
twointerlayer bands as in Tl,_ Ba,Ca,_,Cu,
0O,,.4-,for smallery, or (d) cation vacancies
as in Tl,_ Ba,Ca,_,Cu,0,,, ., for larger y
=~ 0.5. Proper characterization of the Tl,
family by wet-chemical methods has dem-
onstrated that the T1, family differs from the
Bi, family; the former has oxygen vacancies
in the Tl,_,0,_, layers while the latter has
oxygen excess in the Bi,0,,, layers.

(5) Superconductivity occurs in a narrow
mixed-valent composition between an anti-
ferromagnetic semiconductor (W < U) and
anormal metal (W > U) composition within
a structurally single phase field. In the su-
perconductive region the unusual condi-
tions W = U, W = Bfiwg, and Ey =
E,—where Ey and E; are respectively the
electrostatic Madelung stabilization energy
and the energy required to create ions of
the point charge model—all appear to be
satisfied. An abrupt increase in the basal
plane (a + b)/2 or c-axis Cu-O distance
occurs on passing from the superconductive
to the antiferromagnetic, semiconductive
region due to an important localization of
the Cu-3d electrons. These observations in-
dicate the presence of an electronic instabil-



136

GOODENOUGH AND MANTHIRAM

ity of the normal state of the mixed valent

superconductors that is a prerequisite of

high-T, superconductivity.
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