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L Introduction

Research on the atomic structures of high-temperature superconductors has played a
prominent role in characterizing this new class of materials. Crystallographic studies are critical
to understanding the mechanisms of superconductivity, to predicting and synthesizing chemi-
cally distinct variants, and to engineering these novel materials into wires, thin films, and other
useful forms.

By September of 1989 at least nineteen distinct layered copper-oxide superconductor
structure types had been described. Several of these structures existin more than one space group
(the T and O varieties of 1-2-3, forexample), as well as in dozens of compositional variants. More
than 500 separate high T, structures, refined from x-ray, neutron, or electron diffraction data of
either polycrystalline or single-crystal sémplcs, have been published since the seminal article of
Bednorz and Mueller.! Many authors of these crystallographic articles recognized that close ties
must exist between the novel atomic structures of copper-oxide superconductors and their
superconducting mechanisms. Early attempts to find some simple relation between atomic
arrangement and critical temperatures have failed, however, and the crystallographer’s role has
proven somewhat frustrating as evidence of oxygen nonstoichiometry, modulations, cation
disorder, twinning, and other short-range structural phenomena crucial to electronic behavior
have appeared in structure after structure. Nevertheless, unique structural aspects shared by all
copper-oxide high-temperature superconductors are still widely accepted as a principal consid-
eration in any model of their superconducting behavior. _

The principal objective of this review is to collect and tabulate in one place data on the
long-range atomic structures of all known high-temperature copper oxide superconductors.
Essential structural parameters, including unit-cell dimensions, atomic fractional coordinates,
and interatomic bond distances and angles, are given for each of twenty-eight variants of
nineteen topologically distinct high-T, structures (Table 1). There is not room to include all of
the hundreds of redundant published refinements, but several different refinements are recorded
for each structure (when available), to indicate the range in published values. These reference
data, though only part of the complex story of superconductor structures, serve as the starting
point for any consideration of superconducting properties and mechanisms.
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Table 1. Summary of Cu-O high-temperature superconductor structures.

Structure Composition Space Group Abbreviations Refinements
Number
1a LapCuQ4 14/mmm 214-T 1-37
1ib P4o/ncm
1c Bmab 214-0
1d Frmm .
2 NdoCuO4 14/mmm 214-T 38-44
3 {Nd,Ce,Sr)2Cu04 P4/mmm 214-T* 45-47
4 YBapCuz0Og P4/mmm 123-T 48-153
4b YBagCu30O7 Pmmm 123-0
5 YBazCuyOg Ammm 124 154-159
6 Y2BasCu7015 Ammm 247 160
7 (Ba,Nd)2(Nd,Ce)2Cu30g  14/mmm 223 161
8a PboYSroCusOg P4/mmm 2123 162-165
8b Cmmm
9a Bi2SroCuOg Amaa Bi-2201 166-169
Sb A2/a
9¢ c2 :
10a BiaSraCaCu20g Framm Bi-2212 170-181
10b Amaa
11 BizSroCagCu30ig 14/mmm Bi-2223 none
12a TloBapsCuOg 14/mmm TI-2201 182-187
12b Fmmm
13 TixBazCaCu20g l4/mmm TI-2212 188-194
14 TioBapCaxCu3zOig 14/mmm TI-2223 195-199
15 ToBapCasgCug012 14/mmm Ti-2234 none
16 TiBapCuOs P4/mmm TI-1201 200-204
17 TIBagCaCux07 P4/mmm Ti-1212 205-211
18 TiBaxCazCuzOg P4/mmm Ti-1223 212-218
19 TiBazCazCug041 P4/mmm TI-1234 none

I1. The La,CuO, (2-1-4) Structures
Bednorz and Mueller! suggested that their “possible” superconducting material in the
system La-Ba-Cu-Q had the tetragonal K,NiF, structure - a suggestion soon confirmed by Takagi
et al* Recent research on 2-1-4 compositional variations has revealed two additional distinct
topologies, characteristic of Nd,Cu0, and (Nd,Ce,Sr),CuO,. In each of the three 2-1-4 structures,

Table 2. K;NiF; structures
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layers of copper in square-plane coordination with oxygen are separated by layers of cations in
eight or nine coordination. All three structures have the same cation arrangement, but they differ

" in the positions of oxygen atoms above and below the Cu-O planes.

Pure stoichiometric 2-1-4 phases are not found to be superconducting. Substitutions of
monovalent, divalent, or tetravalent cations for lanthanum, or deviations from 4.00 oxygens, are

required to obtain the superconducting state.

A . The La,CuO (T) Structure

The first known high-temperature copper oxide superconductor, (La,Ba )CuO,, is
tetragonal (space group /4/mmm) at room temperature. Its structure is identical to that of K NiF,,
also referred to as the 2-1-4 or T structure (Table 2). Subsequent studies of La,CuQ, at different
temperatures or with differentchemical substitutions have revealed at least three other topologi-
cally identical forms with lower symmetry. More than thirty published structure refinements of
these phases help to clarify the phase transition behavior of T-type compounds (Table 3).

The K,NiF, topology is known for only a fairly narrow range of copper oxide composi-
tions, all of which are based on La,CuO,. The lanthanum site can accommodate partial
substitution of other rare earth elements, such as Pr, Nd, Eu, or Gd, as well as the alkaline earths
Ca, St, and Ba, and the alkali metals Na and K. Substitution of a few percent Zn, Ni, or Li for
Cu has been demonstrated, and slightly fluorinated varieties are also known.

1. Structure 1A: the [4/mmm structure

The aristotype structure with K,NiF, topology displays space group I4/mmm, with four
atoms in the asymmetric unit and only two variable positional parameters - the z coordinates of
La and O2 (Figure |; Table 3). This high-symmetry form is adopted by La,CuO, at temperatures
above 500 K (Table 3; refinement 3), and it is stabilized at lower temperatures by the partial
substitution of Ba, Sr, K, or Na for La (Table 3; refinements 13, 16-20, 23, 29, 32, 33, 35, and
3n. )
Each copperin thisideal T structure is coordinated to four O1 oxygensinaperfectcorner-
linked array of square planes, with Cu-Ol distances approximately 1.9 A(equals a/2, where a is
the tetragonal unit-cell edge; see Table 4). Two additional O2 oxygens lie above and below each
copper (Cu-O2~2.4 A). (Note that a few authors refer to the oxygens in the Cu-Oplaneas“02,”
and the out-of-plane oxygens as “O1.” Data in Tables 3 and 4 have been recast for consistency.)
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The Cusite can be described, and is
often illustrated, as an extremely
elongated octahedron with 4/mmm
point symmetry, though band the-
ory calculations suggest that Cu-
O2 interactions parallel to ¢ are

e

minimal. Layers of comer-linked
octahedra are topologically identi-
cal to those of perovskite, such as
LaCuO,. The La,CuO, structure
"9 differs from perovskite in that api-

—La(Ba,Sr,Ca,...)

cal oxygens are not linked to adja-
cent octahedral layers to form a

—02 three-dimensional octahedral array.
2 //01 Furthermore, these adjacent layers
are offset by (a+b)/2 with respect
s \CU to each other.

Lanthanum is coordinated to nine
oxygens: four O1 at 2.6 A, one 02

at2.4 A, and four 02 at 2.7 A, for
Figure 1. The crystal structure of (La,Ba),Cu0, in a265 A average La-O distance.
space group /4/mmm, from Jorgensen .16 Both symmetrically distinct oxy-
gen atoms in the T structure are
ctahedrally coordinated, as in the true perovskite structure. Each O1 is linked to twoCuat1.9
-and four Laat 2.6 A, while O2 has one distant Cu neighborat2.4 A, one Laat 2.4 A, and four
aar2.7A.
All T-type superconductors display peak splitting or other evidence of distortion from
Hmmm symmetry at low temperatures. These distortions, outlined below, appear to play a
fitical, but as yet unknown, role in high-tempe‘rature superconductivity.

2. Structure 1C: the Bmab structure

On cooling, many T-type compounds with the [4/mmm structure undergo a displacive
ansition to an orthorhombic (O) form with tilted CuO, octahedra (Figure 2; this phenomenon

129

c.;
——ep--

o ) J

2z Y
v

Figure 2. Comparison of the crystal structures of tetragonal (I4/mmm; left) and orthorhombic
(Bmab; right) types of La,CuO,, from Onoda et al* Note the octahedral tilts in the

orthorhombic form.

is equally well described as a buckled Cu-O sheet). Tilt angles are typically a few df.grees,
ranging from 1.3°in lithium-substituted lanthanum cuprate (Table 3; refinement9)to4.3°in (La
1525Ta0e)CuO, at low temperature (Table 3; refinement 8). Thus, reported Cu-Ol-Cu angles range
from 177.4° to 171.4°, as opposed to the ideal value of 180°. Most known T-type superconduc-
tors display this tilted structure at superconducting temperatures (see Table 3;. re.ﬁnc.:ments 1,2,
4,6-12, 14, 15, 21, 22, 26-28, 30, 31, 34, and 36). One consequence of this tilting is to fioub'le
the size of the unit cell: tetragonal (110) and (170) become two of the three orthorhombic unit-
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cell axes. These new axes have length *Jfam-’- 54
A) ’

It is easiest to describe the [4/mmm to Bmab
transition, which occurs at about 500 K in pure
La,CuO, and about 100 K in (La,Ba,)CuO,, by
maintaining the long tetragonal ¢ axis as the
orthorhombic ¢. Thus, while the standard setting (b >
a > c¢) yields space group Cmca for the O phase, most
authors adopt Bmab as the most appropriate space
group. (A third equivalent space group, Abma, has
also been employed in the somewhat confusing O-

phase literature.)
Four atoms in the Bmab structure are topologi-

cally identical to those of the /4/mmm aristotype of
the T phase. Five variable atom coordinates (instead
of the two for the tetragonal form) are required to
describe this subgroup structure, however. The cop-

Figure 3. The crystal structure of oxy-  peratomisstillfixedina centrosymmetric site at the
genated La,CuO,, from Chaillouter.  origin, butLa and both oxygens have variable z, and
alé Peroxide pairs of O3 and O4,  Laand O2 have variable y coordinates as well (Table
separated by only 1.6 A, replace 2).
single O1 atoms. Interatomic distances in the O form of LalCliO4

(Table 5) are similar to those of the higher-tempera-

ture structure (Table 4). The most significantdifference isin the Cu-Ol-Cu angles, which deviate

by as much as 8.6° from the ideal 180° of the [4/mmm structure.
Chaillout et al.¢ reported the structure of an oxygen-enriched sample, La,Cu0, ,,,, with
diffraction data permitted them to identify sites

the Bmab structure. Their single-crystal neutron
entify two new oxygen positions: 03 at the

partially occupied by the excess oxygen. They id
general position (0.030,0.100,0.182), and 04 at(1/4, 1/4,0.243). (Note that Chaillout et al. use
01 and 02, so their reported coordinates and
om these oxygen occupancy and position data
replacing a single O2, witha 1.64

space group Cmca and reverse the definitions of
distances must be recast accordingly.) Itappears fr
that the excess oXxygens occur as peroxide 03 and O4 pairs,
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0-O distance. The positions of O3 and O4, and the cofresponding distortion of the Cu
tahedron, are illustrated in Figure 3.

3. Structure 1B: the P4 /ncm structure

Axe eral.” (see also Table 3; refinements 24 and 25) recognized a distinct low-temperature
riant of the T structure on the basis of peak splitting of neutron powder diffraction data on
a,,Ba, )CuO, below 50 K. They identified this new form as “tetragonal or almost tetragonal
with probable symmetry P4,/ncm,” which bears a subgroup relationship to /4/mmm (Table 2;
ucture IB). Axe and coworkers noted that this low-temperature phase can be modeled as “a
herent superposition of two orthorhombic (i.e., Pbcn) twin-related structures.” Tilting angles
: similar to that of the O form, but tilts alternate about b and g, as opposed to the repeated b
is tilts of the Bmab structure.

The P4,/ncm structure has been reported only in two refinements - those for (La 19
o)CuO, at 45 and 15 K (Table 3; refinements 24 and 25). The same authors did not observe
s variant in (La,,Ba0, )CuO, at 11 K, and low-temperature studies of the pure lanthanum
orate by others have not revealed such a phase. While several other workers have reported
| anges in neutron diffraction peak profiles of 2-1-4 powders at low temperature 2111516 the
»posed P4 /ncm structure has not been confirmed as of this writing.

4. Structure ID: the Fmmm structure

La,Cu0Q, is normally not a superconductor at any temperature, but annealing in an oxygen
7ironment (especially high-pressure O,) produces samples that are partially superconducting
ibout 35 K. Powder neutron diffraction study of these samples at 10K by Jorgensen eral.? (see
ble 3, refinement 5) revealed the coexistence of two nearly identical orthorhombic phases.
st of their samples consisted of near-stoichiometric La,CuO, with the Bmab structure.
serconductivity was associated with the second, oxygen-enriched phase, La,CuO,, 6 <
3). Jorgensen ez al. proposed a face-centered orthorhombic structure (space group Fmmmy),
«ed on two-phase Rietveld refinement of the powder data. -

A significant feature of the Friumm refinement is the large thermal parameter of 02 - a
:nomenon probably resulting from positional disorder of the excess oxygen, as shown by
aillout er al.’The authors proposed that excess oxygens are present as dumbbell-shaped
oxide pairs of oxygens substituted for single O2 atoms. The result would be to maintain the

@

!
@-—%——-@

? (-]
: c
02
* S
Nd a
L —
Cu &; ig_@
o1
Figure 4. The crystal structure of Nd,CuQ,,
from Izumi et al. 2
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topology of the Cu-O plane, while increasing
the total oxygen content to more than 4.00
per formula unit and increasing the coordina-
tion of some lanthanum atoms from nine to

ten.

5. A Possible Monoclinic Structure

Moss et al.’’ observed broadening of
neutron diffraction peaks from
(La,Ba, )CuO, at room temperature, and
peak splitting at temperatures near 10 K.
They interpreted these effects as evidence for
the existence of two distinct tetragonal or
pseudo-tetragonal phases at room tempera-
ture, with a possible reversible transition from
tetragonal to a monoclinic distorted form at
low temperature for one of the phases. While
structural details were not resolved, it is evi-
dent that T-type compounds can display
complex phase separation. and displacive

_transformation behavior near the supercon-

ducting transition temperature.

6. Summary: K NiF,-type structures
The 2-1-4 compounds with the deceptively simple T-type topology display exceedingly
complex behavior, Oxygen nonstoichiometry leads to phase separation in both pure and alka.li—
or alkaline earth-substituted lanthanum cuprate. These materials also undergo a complex series

" of perovskite-like octahedral tilt transitions from the I4/mmm aristotype to lower symmetry

tetragonal, orthorhombic, and perhaps monoclinic forms. Even though these compounds do not
possess the highest known critical temperatures, they will continue to provide clues to the origins

of superconductivity in layered copper oxides.
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Figure 5. The crystal structure of
(Nd,Ce,Sr),Cu0,, from Sawa et al.*

B. The Nd,CuO, (T") Structure
Tokura et al.’* synthesized a new superconductor,
Ce-doped Nd,CuO,, with an onset critical tem-
perature of about 25 K. This material is the first

electron superconductor, with excess negative

charge per unit cell. Nd,CuO, and other rare earth
element 2-1-4 compbunds with large-site cations
smaller than lanthanum adopt a tetragonal struc-
ture similar to, but topologically distinct from,
&NiF, (Table 6). This structure, also referred to
astheT” form, is tetragonal /4/mmm with Nd, Cu,
and Ol in sites identical to those of the T phase
(Figure 4; Table 7). In the T” structure, however,
02 shifts from the apical (0,0,.18) position to the
fixed 4d position: (0,1/2,1/4). Unit-cell dimen-
sions of Nd,CuO, and its isomorphs reflect this
oxygen shift: the tetragonal a axis is about 4%
longer, while ¢ is almost 8% shorter than in
La,CuO,.

The slight shift in O2 location alters both
Cu and Nd coordination compared to the T struc-
ture (Figure 4; Table 7). Copper becomes strictly
square-planar coordinated, with four Cu-Ol bonds
of about 1.9 A; there are no apical oxygens. The
Nd atoms bond to eight oxygens (four O1 at 2.7
A and four 02 at 2.3 A), compared to nine
oxygens for larger lanthanum in the T structure.
The choice of T versus T” structures results, in

fact, primarily from this difference in lanthanide atom size.

Recentpublished refinementsof T structures, based on neutron powder diffraction data,
include end-member Nd,CuO, and Pr,CuO,, as well as the superconducting compound

Table 7. The Nd, CuQ, (T') structure: Unit-cell dimensions, refined cation coordinate, and selected bond distances (A)

é A
3,9385(1)

dCu-O1[4] dCu-O1[4] dlaO2}4] Rel.

2la

c(A)
12.1465(3)
12.1549(5)

T(K)

Composition

19
20

2.320(2)
2.325(1)

1.969(1) 2.675(2)
1.872(1) 2.675(1)

3515(1)
3513(1)

2.9438(2)

it
295

Nd2CuOy4
Nd2CuQOa.y )

38
39

21
21
19

2.328(1)
2.337(2)
2.339(2)

2.676(1)
2.885(1)
2.887(1)

1.978(1)

1.981(1)
1.981(1)

3517(1)
3512(2)
3515(2)

12.1772(3)
12.2140(5)

12.2335(3)

3.9550(1)
3.9615(1)
3.9625(1)

15
298
298

PraCuO4
PraCu04
ProCuO4

40
42

22

2.659(1)

295 39469(2)  12.0776(5)  .3525(2) 1.873(1)
.3524(2)

{Nd1 gasCe 155)CuCs

43

2.330(2) '

2.659(1) 2.330(2) 22

1.973(1)

3.9462(2) 12.0764(5)

295

superconducting

{Nd.845Ce 155)CuO4

nonsuperconducting

44

Table 8. The (Nd,Sr),CuO, (T ") structure

Tetragonal P4/mmm Y an

c=125 Z=2

a=b=39A

Site Symmetry

Atoms

i/4 0.39
1/4 0.10

1/4
1/4

4mm
4mm

3/4 3/4 0.25
3/4 1/4 0.24
3/4 3/4 0.43
3/4 1/4 0

4mm
mm
4mm

“42m
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rel.
25
26

25

202
4291(6)
4278(4)
.422(8)
Cu-01-Cu
170.2(3)
169.9(2)

3.02(3)
3.01(2)

Se-02 1}

Fdol]
.2378(3)
.2372(2)

.243(11)

2.783(3)
2.779(3)

sr-02[2]

Zcy
.2510(3)
.2508(2)
244(4)

ZNd,Sm
.1035(3)
.1037(2)
106(1)
$r-02 [1)
2.53(2)
2.53(3)

Sr-02{1}
2.281(9)
2.294(7)

.390(2)

ZgrCola

.3894(2)

.3893(3)

Sr-01 (4]
2.701(3)
2.705(2)

oA)
12.4846(9)
12.4747(8)
12.5725(7)

2321(2)
2.321(1)

a(A)
3.8564(3)
3.8554(2)
2.8588{2)

Ng-03 [4]

Selected distances (A) and Cu-O-Cu angle (%)

T(K)
295
295
Nd-01 [4]
2.555(3)
2.548(2)

Table 9. The T  structure: Unit cell parameters and retined parameters
295

2.24(1)
2.22(1)

cu-02{1]

Composition
{Nd 325r.41Ce 27)CUO4
(Ndy 2257.41Ce 27)Cu04.y
{Smy ola 755r.25)CuOs.95

1.935(1)

1.935(1)

Cu-01 [4]

45
46
47
#
45
46

(Nd,,Ce,,.,)CuO,. All reported structures (Table 7; re-
finements 38-44) have the aristotype [4/mmm structure.
Copper-oxygen layer buckling of the type observed in
the I4/mmm to Bmab transition of T-type compounds,
though not reported for T"-type phases, is possible, and
might be observed as more low-temperature refinements
of these novel electron superconducfors are obtained.

C. The (Nd,Ce,Sr),Cu0O,(T*) Structure

Research on substitutions of Sr, Ce, and other
atoms for the rare earth element in Nd,CuO,-type com-
pounds led to the discovery of a new 2-1-4 structure that
incorporates aspects of both the T and T" topologies
(Table 8). The compound (Nd,,,Sr,,Ce,,,)CuO,  was
reported by Akimitsu ez al.. and the structure was deter-
mined shortly thereafter by Takayama-Muromachi et
al.,* who called the new phase the T* type (Figure 3,
Table 9).

Asinboththe TandT" structures, T* has square-
plane coordinated copper in Cu-O! sheets, with larger
cations (Nd, Ce, Sr) above and below. On one side of the
Cu-Ol layer, the rare earth atom and oxygen adopt the 7-
type configuration: the oxygen (O2) is apical to the
copper square plane, and the lanthanide coordination is
ninefold. On the other side of the Cu-O plane, however,
the cation and oxygen topology is identical to the T
form. The oxygen (03) is not apical, and the large site co-
ordination is eightfold. The T* structure can thus be
viewed as ahybridof the Tand T" types (Figure 6). Unit-
cell dimensions of the T* structure reflect this interme-
diate character: both a and ¢ axes are averages of the T
and T" values.
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Differing configurations
above and below the copper-
oxygen layers destroy the Cu
centrosymmetry; the T* struc-
ture is tetragonal (space group
Pd4/nmm), with copper in a
five-coordinated square pyra-
mid of site symmetry 4mm.
Four short Cu-Ol distances in
the plane are approximately
1.94 A, while the fifth 02
apical oxygen is about 2.2 A

Figure 6. Comparison of the T, T' , and T* structures, from

above the plane. Eight oxy-
gens around the Nd T - like
site (4mm site symmetry) include four Nd-Ol at 2.6 A and four Nd-O3 at2.3 A. The nine oxygens
in the other (7-like) large site include four M-Ol bonds of 2.7 A, and five M-O2 bonds that range '
from 2.3 t0 2.8 A (Table 9). As expected, larger cations, such as Srand La, tend to concentrate
in the nine-coordinated site, while Nd and Sm occupy the smaller, eight-coordinated position.
No low-temperature refinements of T*-type phases have been reported as of this writing.
Lower symmetry variants with buckled Cu-Ol sheets may thus occur near the superconducting

Tokura et al.

transition.

II1. YBa,Cu 0, , and Related Structures

The discovery by Wu et al.? of a superconductor with critical temperature above the
technical and psychological 77 K barrier triggered a flurry of crystallographic research
unprecedented in the history of materials science.” From the almost immediate recognition of
their seemingly simple perovskite-like structures to the subsequent revelations of remarkable
complexity in their long- and short-range order, 1-2-3 and related structures have commanded
the attention of scores of cfystallographcrs. This section is devoted to a description of the long-
range ordered structures of the tetragonal and orthorhombic varieties of 1-2-3, as well as the
closely related 1-2-4, 2-4-7, mixed 1-2-3/2-1-4, and 2123 structure types.
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Figure 7. Comparison of the tetragonal (left) and orthorhombic (right) forms of YBa,Cu,0,,,,
from Jorgensen.'* The ¢ axes are vertical and a axes horizontal.

A.YBaCu,, ,(1-2-3) Structures

Within a month of the announcement of superconductivity in the Y-Ba-Cu-O system,”
1t least a dozen research groups had reported preliminary structural details based on x-ray and
Jectron diffraction.?? Two-and-a-half years later 50 laboratories around the world have
‘ontributed more than 100 crystallographic research articles. In that relatively brief time at least
100 different three-dimensional structure refinements of Y-Ba-Cu-O superconductors and their
somorphs have been published. It is beyond the scope of this review to catalog all of these
:ontributions. The 106 selected refinements summarized in the following section provide a
:ross-section of this growing and often redundant literature.

All of the research groups who examined the YBa,Cu,O,,, structure in late February and
:arly March of 1987 recognized almost immediately that the structure was based on a simple unit
sell, composed of a stack of three perovskite-like cubes.® The nearly ideal 1 x 1 x 3 dimensions
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(3.9 x3.9x 11.7 A), coupled with the “1-2-3” cation stoichiometry, suggested an ordered metal
arrangement with copper filling all the octahedral “B” cube corner sites, and a regular sequence
..Ba-Y-Ba/Ba-Y-Ba... in the large “A” sites.” Anion positions, however, were not fully resolved
with x-ray experiments. An ideal triple-cell perovskite has nine oxygens per unit cell, but 1-2-
3 hasonly six to seven oxygens. Twinning, anion disorder, and possible coexistence of tetragonal
and orthorhombic structures precluded precise determination of oxygen positions in any of the
early x-ray structure studies. It was not until the first neutron powder diffraction studies*? that
details of oxygen positions were resolved with certainty.

Two principal varieties of 1-2-3 have been recognized, following initial confusion over
the correct crystal system (Table 10). Several workers recognized that 1-2-3 crystallizes as
tetragonal at high temperature, but converts by oxygen ordering to an orthorhombic form on
cooling.»»#+ Rapidly cooled 1-2-3, with small domain size, can thus appear tetragonal in single-
crystal x-ray studies. The most precise structure determinations have therefore, relied on
Rietveld refinement of neutron powder diffraction data.

1. Structure 4A: the P4/mmm structure, YBa,Cu 0,

Essential features of the tetragonal 1-2-3 structure are illustrated in Figure 7. All oxygen
atoms assume perovskite-like anion positions, halfway between copper atoms along cube edges.
There are no oxygens at the level of Y, but O2 oxygens at the level of Ba and O3 oxygens at the
level of Cu2 are fully occupied, accounting for six oxygens per unit cell. The resulting structural
slab, consisting of layers BaO/CuO/Y/CuO,/BaO (the 1-2-2 module), recurs in many of the
high-temperature superconductors. These structures differ primarily in the additional atom
layers that link 1-2-2 modules. Nonsuperconducting YBa,Cu,0, (Table 11; refinements 48-51),
for example, has a single interleaved Cul with no oxygen between each pair of adjacent 1-2-2
slabs. Copper thus adopts an unusual linear two coordination with two Cul-O2 bonds at 1.80 A
(Table 12). This topology, coupled with charge balance considerations, suggests that the Cul site
contains Cu * ions, as found in delafossite.® Y* is in 8-fold cube coordination, with eight
equivalent Y-O3 bonds at 2.40 A, while 8-coordinated Ba* has four Ba-O2 a1 2.7 A, and four
Ba-O3at2.8 A, fora2.75 Alaverage Ba-O distance. These Y*-O and Ba»-O distances are typical
of those found in other oxides.

Planes of Cu2 and O3, similar to the Cu*-O planes found in 2-1-4 compounds, are
important features of 1-2-3 compounds. Each Cu2 has four nearest neighbor O3 oxygens at about
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167

167.2
166.8
166.8
167.2
166.7
166.9
166.1
167.4
166.9

Cu2-03-Cu

Cu2-021)
2.466(13)
2.469(2)
2.463(4)
2.45(2)
2.995(11)
2.426(6)
2.442(5)
2.434(21)
2.428(16)

2.430(6)

Cu2-03[4)
1.942(2)
1.9406(3)
1.93%(1)
1.944(1)
1.939(1)
1.944{1)
1.938(1)
1.944(1)
1.944(1)

1.948(1)

Cu1-02{2)
1.801(15)
1.795(2)
1.792(5)

1.81(2)

1.808(5)
1.808(21)
1.804(16)

1.833(9)

1.794(5)

1.797(5)

1.927
1.929
1.926
1.93

1.932

Cu1-01[4]

2.396(6)
2.4004(8)
2.395(1)
2.402(4)
2.399(2)
2.393(3)
2.396(2)
2.394(1)
2.399(6)

Y-03(8)
2.400(6)

2.846
2.828
2.838
2.850
2.833
2843
2.861
2.875
2.889
2,852

MeanBa-O

Ba-03(4)
2.918(8)
2.905(1)
2.905(4)
2.927(6)
2.922(8)
2.896(3)
2.926(3)
2.920(8)
2.929(7)

Table 12. Selected interatomic distances (A) and Cu2-O3-Cu2 angle ( ) for tetragonal 1-2-3
2.899(4)

Ba-02[4)
2.774(8)
2.7751(5)
2772(2)
2.773(3)
2.767(1)
2.763(2)
2.766(1)
2.770(1)
2.77003)
2.775(3)

Ba-01(4)
2.990(3)
2.983(7)
2.983(3)
2.982(2)
2977(2)

#
49
51
52
55
57
58
60
61
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1.94 A, as well as a fifth weakly-bonded apical O2 at 2.45 A. Each O3 is displaced along ¢
towards Y, so Cu2-O3 layers are buckled, as in orthorhombic 2-1-4. The Cu2-03-Cu2 angle in
YBa,Cu,0, is approximately 167° (Table 12).

Both 02 and O3 oxygens are in distorted octahedral coordination. The O2 coordination
group includes one short Cul-O2 bonds of only 1.8 A and along Cu2-O2 bond of 2.45 A. Thus,
there is little coupling between the Cu2-O layers and Cul in the YBa,Cu,O, structure. Oxygen
content in tetragonal YBa,Cu,0, may exceed six per unit cell (Table 11), depending on
temperature and annealing conditions. Excess oxygens enter the O1 position at (0,1/2,0), which
can hold up to two oxygens per unit cell. The O1 position is thus typically about 1/4 occupied
in the Y-Ba-Cu-O phase at room temperature (Table 11; refinements 52-61). An important
consequence of greater O1 occupancy is increased average valence of the Cul.

The advantages of neutron powder diffraction over single-crystal x-ray diffraction in
studying these crystals are evident from uncertainties in oxygen coordination (Table 11) and
cation-oxygen distances (Table 12). Uncertainties from x-ray refinements (refinements 48, 51,
60, 61) average five times greater than those of neutron diffraction studies. Nevertheless, ali 14
refinements recorded in Table 11 show similar results. -

2. Structure 4B: the Pmmm structure, YBa,Cu,O,

The orthorhombic 1-2-3 structure is topologically almost identical to the tetragonal form
(Figure 7). The a and b axes generally differ by less than 2%, giving a pseudotetragonal unit cell
(typically3.82x3.88x11.65 A). Different authors use different axial conventions: in thisreview
a <b <c, so data in Tables 13 and 14 have been recast accordingly.

The four cations (Y, Ba, Cul, and Cu2) as well as O2 are in positions identical to those
of the tetragonal form, yielding the identical 1-2-2 structural module. Tetragonal O3 at (0, 1/2,
.38) splits into two fully occupied oxygens - O3A at (0, 1/2,.38) and O3B at (1/2,0,.38) - in the
orthorhombic form. Similarly, the partially occupied tetragonal O1 splits into OlA at (0, 1/2,0)
and OIB at (1/2, 0, 0). Note that oxygen site nomenclature differs widely for 1-2-3 compounds.
Atleast eight different designations of the five symmetrically distinct oxygen atoms are used by
authors cited in Table 13. This review adopts the mineralogical convention, with Pmmm
subgroup atom names dictated by the P4/mmm supergroup definitions. Thus, tetragonal O3
becomes orthorhombic O3A + O3B, and structural comparisons between the two forms are more

readily made.
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Both Y** and Cu® coordinations of orthorhombic 1-2-3 are almost identical to those of

the tetragonal structure. Y is eight-coordinated by a distorted cube of O3A and O3B, with
average Y-O distance 2.40 A, the same as in the tetragonal form. Cu2-O3A and Cu2-O3B bonds

form sheets of square-planar Cu-O with about 1.94 A distances, and a fifth apical 02 at 2.3 A.

Typical Cu2-O3A-Cu2 and Cu2-O3B-Cu2 angles are close to 165° (Table 14). Slabs of Y

sandwiched between two Cu2-O3A/B layers in orthorhombic 1-2-3 are thus topologically

' identical to the tetragonal form .

The most significant difference between the tetragonal and orthorhombic forms of

YBa,Cu,0,,, occurs at the OlA/B positions between adjacent 1-2-2 slabs (Figure 7). In the

tetragonal structure these sites are symmetrically equivalent and must be equally occupied. In

the orthorhombic structure, however, oxygen concentrates in OlA, halfway along the b-axis, so
b is slightly longer than a. In ideal YBa,Cu,O, therefore, OlA is fully occupied while OIB is

empty, leading to distinctive CuO, chains oriented parallel to the b axis.

Each OlA oxygen is linked to two Cul atoms at about 1.94 A, and four Ba atoms at 2.9

A.If OlA is fully occupied then Ba* becomes 10 coordinated, and Cul square-plane coordinated,

as shown in Figure 7. Charge balance, furthermore, suggests that the four Cul sites must contain

Cu* ions in their oxygenated form. The O2 oxygens have one shorter Cul-O2 bond of 1.85 A
and one longer Cu2-O2 bond of 2.3 A. Thus, the O2 atom in orthorhombic 1-2-3 is more

equidistant between Cul and Cu2 than in the tetragonal form, which suggests that interaction
between Cu2-O planes and Cul-O chains is enhanced in the orthorhombic structures. OlA/B

content of orthorhombic 1-2-3 varies significantly depending on conditions of synthesis. Under

high oxygen pressure the structure may actually accommodate more than seven oxygens (Table
13; refinements 62-64). Under other annealing conditions 1-2-3 incorporates fewer than seven
oxygens.® Changing OlA occupancy has relatively minor effect on structural parameters. In

Several low-temperature refinements of 1-2-3 (Table 13; refinements 52, 57, 79-81, 85)

general, lower oxygen content leads to a longer c axis, as Cu2-02 bond distances parallel to ¢

reveal structural details at superconducting temperatures. No obvious differences between these
data and those at room temperature, other than slightly shorter bond distances, are observed.
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Ba-O3Al2) Ba-03B{2] Average Ba-O Y-O3Al] Y-O3B{4] Average Y-O Cul-OIAZ] Cul022] Cu1-03A[2] Cu2-03B(2) Cu2-01] Cx2-O3ACu2 Cu2-038-Cu2

‘Table 14. Selected interatomic distances (A) for orthorhombic 1-2-3 compounds in the Y-Ba-Cu-O system

Ba-02(4)

Ba-O1A2}
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3. Compositional Variants of YBa,Cu,0,
Numerous compositional variants of 1-2-3 have been synthesized. This extensive and
somewhat contradictory literature has been summarized by Beyers and Shaw,® who review
structural aspects of these substitutions. The following section summarizes some of these results

Ne-caaroannearcacNNO® and tabulates refined structural parameters of 1-2-3 isomorphs.

& ;E CSEEBETAETEET<EE a) Cation substitutions for copper
5% § § 288 §§ 23285 g_ﬁg 3 Partial substitutions of transition metals Fe, Co, Ni, Zn, and Ga, as well as Mg, Al, and
a variety of other elements® have been recorded (Table 15). In all cases T, is suppressed, and
ccecee¥Tascsssseis 2 complete substitution of copper has not been achieved.
'g 2 § § 28 & ﬁ § g §§ g 8 gzg%ﬁ § } " The transition metalIs)from iron to zinc have received the greatest attention, though many
details of their structural behavior remain in dispute. Nickel and zinc (Table 15; refinements 106,
...... 108, 109) substitute as divalent cations for Cu2 in the Cu-O planes. The critical temperature is
T Tmmmmeeeeee ' 3 ‘rapidly suppressed by these two cations; presumably by disruption of the superconducting
structure. Substitution of Ni and Zn do not affect the orthorhombic distortion of 1-2-3.
Cobalt and aluminum (Table 15; refinements 101-105, 110-111), on the other hand , are
8 3 g g iz g 3 3 'i 3 § § z 3 3 2 2 §§ ‘ : trivalent and substitute for Cul. Substitution of Co and Al, and presumably of Ga* and Fe* as_
well, draws more oxygen into O1 sites and stabilizes a disordered oxygen arrangement. At room
. cmcon temperature, therefore, some superconducting varieties of R* substituted 1-2-3 are tetragonal.
g % é g2a2282 3 g a3 3%s82 " While the transition temperature is lowered somewhat (e.g., to about 60 K in YBa,FeCu O, ),
all of Cul can be replaced by Fe or Co without destroying superconductivity.
Tron primarily enters the Cul site, but the character of Fe-Mossbauer spectra changes
NN NNNNNNGNNN NN NN NN demonstrably depending on the oxygen fugacity of synthesis and annealing. The complex case
of iron has led to a somewhat confused literature. The most oxidized samples (e.g., Table 15;
refinements 98-100) seem to contain iron exclusively in Cul sites. Oxygen content exceeding 7
and tetragonal symmetry are observed for samples with more than about 15% substitution.
Under more reducing conditions, however, iron may also enter Cu2 (refinements 251,252,259).
Because of the similarity in size and scattering power of Fe and Cu it is difficult to distinguish
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site occupancy information from diffraction data.
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Table 15. 1-2-3 compounds with partial substitution into Y-Ba-Cu-O system
al)

T(K) Sym

Composition
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XPD 61
XPD
NPD 62
SXD 63
NPD 62
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23IF-w
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B3YIGRG

"
11
11
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8655(15) —

3
3
3
c 3
T 3
T 3
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295 O
295 O
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10)396.96
101307.15
171307.22

YBap{Cu gCo1)306.81
102 YBay(Cu 8gC0.11)307.06
103 YBaz{Cu.72C0.26)1207.32
104 YBay(Cu §7C0 33107.16

17)307.00
105 YBay(Cu7C0.33)307.25

05130691

Fe

85  YBap(Cu gasFe 015)306.71
YBay(Cu.g0

98  YBay(Cu.goFe

99  YBay{CuggFe
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3
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T
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b) A-site substitutions

All of the lanthanide elements except Ce and Tb - the two members of the series that
readily form +4 ions - can substitute fully in the 1-2-3 structure (Table 16). Furthermore, with
the exception of Pr, which also has a propensity for the 4+ state, these lanthanide substitutions
have little effecton T

The only appreciable structure effect of rare-earth element substitutions are associated
with the slightly differing sizes of these R* ions. Plots of cell edges, unit-cell volume, or R*-O
distance versus element reveal trends consistent with well established rare-earth element crystal
chemistry (Tables 17 and 18). Otherdistances, such as Ba-O, Cu-O, and metal-metal separations,
are unaffected. _

A number of authors have studied partial substitutions of rare-earth elements for Ba in
the systems (La, Ba, )Cu,O, "™ and (Nd,, Ba, )Cu,0,,.** Some of their work was an effort
to reexamine the phase La,Ba,Cu,O, (the “3-3-6” phase), originally described in 1981 by Er-
Rakho et al.* Raveau et al. described this structure as a 5.3 x 5.3 x 11.7 A perovskite-like phase
with cation and anion ordering. Subsequent studies,”™ however, have demonstrated that 3-3-6
has disordered Ba and La in the 1-2-3 Ba position, and is thus a true 1-2-3 isomorph.

Partial substitution of La or Nd for Ba (Table 16; refinements 116-125, 127-129) causes
a significant depression of T, as well as a gradual transition from orthorhombic to tetragonal
symmetry. Details of these structura! and physical changes are reported by Newsam et al.” and
Takita er al.® In summary, substitution of R* for Ba* shortens ¢ and corresponding Cu-O2
distances, with little effect on dimensions in the a-b plane (Tables 17 and 18).

B.The YBaCu, (1-2-4) Structure

The discovery of 1-2-3 initiated a rush of phase equilibria studies, particularly in
chemical systems related to Y-Ba-Cu-O. This activity has led to the synthesis of four new
superconducting rare-earth cuprates, each with a close structural relationship to 1-2-3. The first
of these new phases was described by Marsh er al.,”s who prepared a new 80 K superconductor
as a distinct thin-film phase during studies of the Y-Ba-Cu-O system. This compound,
distinguished by its 3.9 x 3.9 x 27.2 A unit cell, was not available to Marsh and coworkers in bulk
form. They were able to deduce its structure, however, by thin-film diffraction analysis of the
material, coupled with its similarity to the 1-2-3 dimensions (Tables 19 and 20; refinement 154).
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Figure 8. The crystal structure of DyBa,Cu,O,, from

Hazen, Finger, and Morris.”
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Marsh et al. proposed a structure
nearly identical to orthorhombic 1-
2-3, but with an extra copper plus
oxygen in the Cu-O strip (Figure 8).
They suggested a structural formula
of YBa,Cu,0O,, and thus the abbre-
viation “1-2-4.” Each 1-2-4 unit is
13.6 A along c, but the extra Cu-O
stripcauses an offset which doubles
the long axis t0 27.2 A.

The structure proposed by Marsh
etal. was confirmed by single-crys-
tal studies *** on material synthe-

sized under high oxygen pres-

sure.** Morris et al.® produced
eight additional members of the 1-
2-4 series RBa,Cu,0, (R =Nd, Sm,
Eu, Gd, Dy, Ho, Er, and Tm), sev-
eral of which have been examined
by single-crystal x-ray techniques.

Much of the 1-2-4 structure is
topologically identical to 1-2-3
(Figure 8). Two Cu2-02/3 layersof
square-plane coordinated copper
sandwich an eight-coordinated rare-
earth atom. Typical Cu2-02/3 and
Y-Odistances (about 1.94 and 2.40

A, respectively; Table 21) are identical in 1-2-3 and 1-2-4. Above and below this Cu-Y-Cusslab
are perovskite-like Ba-Ol layers, with ten-coordinated Ba (average Ba-O distance about 2.87 A,
compared to 2.86 A in 1-2-3). These atoms comprise the previously described 1-2-2 slab, also
found in 1-2-3.

1563

TABLE 19. The YBagCu4Og (1-2-4) structure,

Onthorhombic Ammm (D19,,)  Z=2

a=b=39A c =272
Atoms Site Symmetry X y z
Y 2¢ mmm 1/2 1/2 0
Ba 4j mm 12 1/2 0.13
Cut 4i mm 0 0 0.21
Cu2 4i mm 0 0 0.06
01 4i mm 0 0 0.15
02 4 mm 1/2 ] 0.05
03 4j mm 0 1/2 0.05
04 4i mm 0 1/2 0.22

Each Cu2-02/3 square plane is capped by a weakly bonded fifth oxygen (Cu2-01=2.29
A). These capping O1 oxygens border Cul-O1/4 strips parallel to (100). To this point the
descriptions of 1-2-3 and 1-2-4 are identical, but unlike the corner-sharing single chains of
orthorhombic 1-2-3, the unique 1-2-4 copper-oxygen strips consist of edge-sharing square
planes with twice as many oxygen and copper atoms. The average Cul-O1/4 distance is 1.89 A,
similar to Cul-Ol distances in 1-2-3. The Cul, O1, and O4 atoms are constrained to lie in the x
= 0 plane, so the strip feature is flat. Short 04-O4 edges (2.58 A) compared to 01-04 unshared
edges (2.77 A), however, gemerate significant deviations from ideal square coordination of
copper. The 04-Cul-04 angle is between 170 and 172° instead of the ideal 180°.

Oxygen coordination in the Cu-O strips is an important difference between the 1-2-3 and
1-2-4 structures. In 1-2-3, O1 is two-coordinated, leading to large observed thermal vibrations
and significant oxygen diffusion and disorder, as evidenced by the modest temperature of the
orthorhombic-to-tetragonal ordering transition.®# In 1-2-4, however, O1 and O4 are three co-
ordinated, causing much smaller thermal vibrations and a more constrained oxygen stoichiom-
etry. Oxygen contents of 1-2-4 superconductors appear to remain close to 8 per formula unit, and
it seems unlikely that a tetragonal variant with disordered oxygens would be stable.
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Data from Bordet et al (100; refinement 160).

56
;
%
Table 22. The Y,Ba,Cu;0;5(2-4-7) structure
Orthorhombic Pmmm (D192h)
a=3851(1)A b=3869(1)A <c=5029(A Z=2
Atoms Site Symmetry x y 2 Occupancy

Bai 4 mm 12 12 .04310(3) 1
Ba2 4 mm 172 112 .18797(2) 1

Y 2a mmm 0 0 .11545(4) 1
cul 4i mm 0 0 0 1
cu2 4 mm 0 0 .08293(5) 1
Cus 4 mm 0 (] .14831(5) 1
Cud 4 mm 0 0 .23012(5) 1
o1 4i mm 0 o .0353(8) 1
02 4 mm 172 () .0871(3) 1
o3 4 mm 0 12 .0865(3) 1
04 4 mm 1/2 (] .1430(3) 1
05 4 mm 0 1/2 .1432(3) 1
08 ai mm 0 o .1937(2) 1
o7 4 mm 0 1/2 .2328(3) 1
o8 2b mmm (] 172 0 0.10(7)
09 2d mmm 172 0 ] 0.20(7)

Table 23. Selected interatomic distances (A) and angles (°) for Y, BayCu70O)s

Data based on Bordet et al (100; refinement 160).

Atoms Distance (A) Atoms Distance (A) Atoms Angle (°)
Ba1-01(4) 2.757(86) Cu1-01[2 1.78(4) 01-Cut-O1 180
Ba1-02{2] 2.94(1) Cu2-O1[1 2.39(4)

Ba1-03{2] 29101 Cu2-02[2 1.937(2) Cu2-02-Cu2 167.3
Mean Bat-O 2.84 Cu2-03(2] 1.942(1) Cu2-03-Cu2 1698.1
Ba2-04(2] 2.98(1)
Ba2-05(2] 2.96(1) Cu3-04[2 1.944(2) Cu3-04-Cu3 164.0
Ba2-06[4) 2.744(1) Cu3-05(2 1.951(2) Cu3-05-Cu3 164.6
Ba2-07{2] 2.96(1) Cu3-0s6[1 2.28(1)
Mean Ba2-O 2.88

Cu4-06(1 1.83(1)
Y-02[2] 2.402(9) Cu4-07{1 1.87(1) . Cu4-07-Cus 171.8
Y-03(2] 2.415(9) Cu4-07[2 1.939(1)
Y-04{2] 2.379(9)
Y-05[2]
Mean Y-Q 2.394
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C.The Y,BaCu,0,(2-4-7)
Structure

Bordet ez al.'* discovered
a new superconductor (T, = 40
K) during pressure-temperature-
composition studies of phase
relations in the Y-Ba-Cu-O sys-
tem. The elongated unitcell, 3.85
x 3.87 x 50.3 A, suggested a
mixed-layer structure related to
1-2-3 and 1-2-4. This suspicion
was confirmed by single-crystal

x-ray diffraction, which revealed

Cu;044. ¥Ba, Cu, Oy . .
YBa, Cuy 0, ¥2B24CU7 O 2 an alternating layering of 1-2-3

d 1-2-4 units in an A-centered
Figure 10. Schematic comparison of the 1-2-3, 1-2-4,and an units In an A-center

2-4-7 structures, from Bordet et al. '® orthorhombic cell (Figure 9

Tables 22 and 23), and a struc-

tural formula Y,Ba,Cu,0O, (or “2-4-7).
The single published crystal structure analysis of yttrium 2-4-7' displays distances and angles
nearly identical to those of isolated 1-2-3 and 1-2-4 layers. The close relationship between these
three structure types is illustrated schematically in Figure 10. This behavior is typical of mixed-
layer materials, such as clays and other layer silicates.

Morris et al., ' who synthesized six variants of the R,Ba,Cu,O,, structure (R =Y, Eu, Gd,
Dy, Ho, Er), noted that basal plane areas are larger, and orthorhombic distortions smaller, than
in the corresponding 1-2-3 and 1-2-4 compounds. They propose that these differences are a con-
sequence of differing oxygen content of 2-4-7 relative to the other two phases.

D. The (Ba, Nd), (Nd, Ce),Cu,0, , Structure
Sawa et al 12 identified a series of new superconductors (maximum critical temperature
about 40 K) with a tetragonal 3.875 x 3.875 x 28.60 A unit cell. Izumi et al.'® describe the
structure of (Ba, ,,Nd,,),(Nd, ;,Ce, ,.),Cu,0,.,, which is part of the new family of superconduc-



3
4
4,
Table 24. The (Ba,Nd), (Nd,Ce),Cu, Oq,5 (2-2-3) structure
Tetragonal l4/mmm (D17 4p)
8=38747 () A b=28599 (A Za2

Atoms Site Symmetry X y z Qccupancy
(Ba,Nd) 4e 4mm 0 0 0.4244(2) 1
(Nd.Ce) 4e 4mm 0 (] 0.2956(1) 1

Cul 8h mm 0.053(2) -x 0 174

Cu2 4e 4mm 0 0 0.1418(1) 1

o1 16t m 0.060(7) 0.440(8) 0 0.114(5)

02 16m m 0.054(5) -X 0.0639(2) 114

03 8g mm 0 12 0.3525(1) 1

04 4d Im2 0 172 1/4 1

Data from (zumi et al (102; refinement 161) based on neutron powder
difraction data. The reported composition Is (Ba,e33Nd 367)2
{Nd g75Ce 325)2 CuzOg.91.

Table 25. Selected interatomic distances (A) and angles of

(Ba 633 Nd 367)2(Nd 675 Ce 325 )2Cu3 Os 1, based on
refinement 161 by lzumu et a/.103

Atoms Distance Atoms Distance/Angle
(Ba,Nd)-02[4/4] 2.466(28) Cu1-02[2) 1.826
(Ba,Nd)-O2[4/4] 3.056(28) 02-Cu1-02 180
{Ba,Nd)-03[8/4] 2.777(3)

(Ba,Nd)-03[4) Cu2-03[4] 1.9443(4)

Mean (Ba,Nd)-O 2.797 Cu2-02[4/4] 2.248(9)
Cu2-03-Cu2 170.2

(Nd,Ce)-03{4} 2.529(3)

(Nd,Ce)-04[4] 2.336(2)

Mean (Nd,Ce)-O

2.433

—Cu0,

—(Ba,Nd)O

O
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tors with the general formula (Ba, _Ln ),(Ln,
,Ce),Cu,0,, (Ln=Nd, Sm. Eu, and Gd). The
structure is derived by alternate stacking of
tetragonal 1-2-3 layers and Nd atoms in coor-
dination like that of Nd,CuO, (Tables 24 and

—(Nd,Ce) )

—0, 25; Figure 11).
—(Nd,Ce) In (Ba,,,,Nd,,.),(Nd,,.Ce,..),Cu,0,,, Ba
— Cu0, and Nd occupy the 1-2-3-1ike Basites, yield-
—(Ba,Nd)O ing slabs with approximate composition
1-2-3 —CuO,;s  (Ba,Nd),Cu0,,, identical in structure to the
Ba-Cu-O portion of tetragonal YBa,Cu,0,,,.
Cu2 is in square pyramid coordination with
) Nd,Cu0, four planar Cu2-O3 bonds (1.944 A) and one
O apical Cu2-O2 bond (2.25 A), while two coor-

dinated Cul is approximately 1.83 A from 02
in linear coordination. Oxygen occupancy in
the Cul plane (termed O1 by Izumi et al.) is

only 0.11, similar to that of many tetragonal 1-
2-3 compounds (see Table 11). The (Ba,Nd)

Figure 11. The crystal structure of site is eight coordinated with a 2.8 A average

(Ba,Nd),(Nd,Ce),Cu,O,, from [zumi et
al.* Slabs of 1-2-3-type and Nd,CuO,-

structure are noted. slabs.
Structural slabs encompassing two adja-

cent Cu2-03 layers and the (Nd,Ce) sites are topologically identical to the Nd,CuO, structure
(compare Figures 4 and 11). Each (Nd,Ce) is eight coordinated, with four 2.34 and four 2.53 A
bonds.

distance to oxygen. A double layer of eight-
coordinated (Nd,Ce) links these 1-2-3-like

E.The PbASr,Cu,, (2-1-2-3) Structure
Cava et al.™ described a new family of near-70 K superconductors with the general
formula Pb,ASr,Cu,0, , (A =Y, rare earths, Ca, Sr). This “2-1-2-3" structure, as determined by
Cava et al., bears a close relationship to that of tetragonal YBa,Cu,O, (Tables 26-28; Figure 12).
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Figure 12. Two views of the crystal structure of Pb,YSr,Cu,0,, from Cava et al. '

The familiar central structural 1-2-2 slab occurs in both 1-2-3 and 2-1-2-3, with Srand rare earths
substituting for Baand Y of 1-2-3. The ASr,Cu,0, modules are linked in Pb,YBa,Cu,0, by two
PbO layers added on either side of the two-coordinated Cu, giving unique Pb,Cu0O, modules
(Figure 12). 2 2
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— Cu
' ' [} — Y/Ca
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(] ] ¢ — ¥Y/Ca

Figure 13. Comparison of the crystal structures of Pb,(Y,Ca)Sr,Cu,0O, (left) and (Y,Ca)Sr,Cu,0,
(right), which has the 1-2-3 structure, from Subramanian et al,'®

Each Pb atom s five-coordinated by a distorted square plane of four O3 and an apical O2.
These Pb square pyramids share edges to form infinite (001) sheets that contrast with the corner-
sharing sheets of Cu square pyramids. The coordination chemistry of A, Sr, and Cu is identical
in the two structures, and the only significant difference is the intercalation of the two PbO layers
(Figure 13).

Two variants of the 2-1-2-3 structure have been described. The original Bell Laboratory
material'® was described as orthorhombic (Crmmm), witha 5.40x 5.43 x 15.8 A unit cell. In this
space group, however, the origin of the orthorhombic distortion is not obvious. Subsequent
electron microscopy by that group!®® suggests that oxygen ordering in the Pb-O plane may
cause violations of C-centering. These deviations are minor, and all refinements of orthorhombic
2-1-2-3 have used Cmmm.

Subramanian et al.** and Capponi et al.," on the other hand, report tetragonal symmetry
(P4/mmm) in some samples. Capponi et al. describe the lattice parameters of Pb(Y, Ca )Sr,Cu,0,
which is orthorhombic for material oxidized at 450°C and slow cooled, but tetragonal for
material oxidized at 500°C and rapidly quenched. This behavior also suggests that oxyger
ordering is responsible for deviations from tetragonal symmetry.
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Figure 14. The crystal structures of Bi,Sr,Ca_, Cu O,,,., (n =1,2,3), from Tarascon er al.1

IV. Bi,Sr,Ca, Cu O, , Structures

The discovery by Michel et al.'* of 20 K superconductivity in the Bi-Sr-Cu-O system
evoked little immediate response compared to the higher temperature Y-Ba-Cu-O system. Yet
this modest beginning led to the first 100 K superconductors in the closely related Bi-Sr-Ca-Cu-
O system."> The Michel et al. superconductor (Tables 29 and 30; Figure 14) is the first of a series
of modular layered structures in which copper and oxygen in sheets typical of all the high-
temperature superconductors are spaced by alkaline earth cations, and interleaved with Bi,0,
layers. Though the basic topology is simple, these structures are always complicated by

Table 29. The Bi,Sr,Cu0g (2-2-0-1) structures

9A. Orthorhombic Cramm (D202p)

a=b=54A

c~244A Z=4

imai ef al 114t

Torardi et at 113’
y

Site Symmetry

Aloms

——
E".,:',‘g.nm
:g\NQN
‘DQPVV—O
o~ o
- &
w
=T < O
‘{,’:i’ﬁmn&)
'\(g(')v—r-
N
oY ¢
- - M -
——
gI.8%3
S8¥Isan T
‘O,\-—vvw

DR )
< N
BRESEY
~ < N ™M
o N @
NN o
R R
eefw~EE
TBITo®
— v 3= (N
DAHOSOOO

*Refinement 166 of BipSraCuQgby Torardi et al (113), based on single crystal x-ray ditfraction data. 2=5.361(2) b=5.370(1) c=24.369(6)

tRefinement 166 of BizSr2CuOgby Torardi et al (113), based on single crystal x-ray diffraction data a=5.376(1) b=5.383(1) €=24.384(7)
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4.
Table 29. (continued)
9B. Monoclinic A2/a (C82p)
a=b=54A c=243A Z=4
B =~ 90°
Gao et al (118)*
Atoms Site Symmetry X y z
8i 8t 1 .0027(10) .2726(4) .0668(2)
SrCa 8t 1 .4991(15) .2455(9) .1805(4)
Cu 4c 1 0 1/4 1/4
01 8t 1 .756(12) .499(7) .241(2)
02 8t 1 .521(12) .788(11) .148(4)
03 8t 1 .615(14) .313(16) .094(3)

‘Beﬁnemem 168 of Bio(Sr54Ca.32Bi.14)2CuOg by Gao et al (118) based on
single-crystal x-ray dirffraction data.
a=5.362(2) b=5.362(1) ¢=24.30(1) b=89.93(4)

9C. Monoclinic C2 (C3p)

a = 26.856(7) A
b = 5.380(1) A

¢ =26.908(8) A
B=113.55(2)°
Z=20

Befinemem 169 of BipSraCuOs g by Onoda and Sato (119) based on
single-crystal x-ray diffraction data. :
The authors propose an average superstructure model with 54 atoms
in the asymmetric unit.

167

«Co incommensurate modulations, oxygen nonstoi-
@ Bi OSr Y8
00000 000000 o0 000 chiometry, cation disorder, layer stacking faults,
0QQR Q9000QQ% QOO0  and other nonperiodic behavior. Three principal
(2 g 22229(.5 (.) 2222299 structures (Figure 14) have been described, and
900000000 0000009 are reviewed below.
Q00000QQRQ99000QQ¢% A. The BiSr,Cu0, (2-2-0-1) Structure
0888 3000008883009 . « ” .
00006 00000000000 The Bi,Sr,CuO,, or “2-2-0-1” structure, consists
8 5 5 8 8 88 8 5 (.2 5 8 8 8 of corner-linked planes of Cu %quare coordinated
(.) 006(56 3 6 00066 (5 by O1 (Cu-O1=1.9 A), sandwiched between two
0000000 ¢ 0000000  5r-O2 layers. The O2 oxygens lie immediately
8 888858 8 888858 above and below each oxygen (Cu-02 = 2.6 A),
o) A 3& b C é(_’) 36 é 0.0 thus forming an extremely elongated CuQ, octa-
I XXX 000 @999 . Srontium has nine nearest oxygens with

an average Sr-O distance about 2.7 A

Flanking the Sr-Cu-Sr module are Bi,0, bilayers
in which bismuth adopts a very distorted octahe-
dral coordination. Four Bi-O3 bonds near the
(001) plane range from 2.2 to 2.9 A(Table 30),

Figure 15. Projection on (010) of the
modulated Bi,Sr,Cu0O6 structure,
from Tarascon et al."'**

while the Bi-O2 bond linking Bi to the Sr-O2 layer
is much shorter (about 2.0 A). Incontrast, the sixth

Table 30. Selected interatomic distances (A) and angles () for
Bi ,Sr,CuQg, refinements 166 and 167

Aoms  Torardietal 113 Imaiotal 114 Atoms Torardi ot al. Imai ot a.
Bi-02{1) 1.97(11) 1.95 Sr-01[2) 2.53(3) 2,42(3)
Bi-03(1] 2.10(9) 2.18 Sr-01{2) 2.64(3) 2.67(4)
Bi-03(1] 3.21(11) 2.78 Sr-02{1] 2.68(7) 2.53
Bi-03(2] 2.70(1) 2.01 Sr-02[2} 2.81(3) 2.84
Bi-03{1] 3.28(9) 3.03 Sr-02[1] 2.95(7) 3.14

Sr-03[1] 3.0
MeanBi-O  2.66 2.63 Mean Sr-O  2.72 2.70
Cu-01[4) 1.900(2) 1.912(6) Cu-01-Cu 174.4 168.3
cu-02(2] 2.58(11) 2.58
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Bi-O3 bond, which joins adjacent sheets in the
Bi,0, bilayer, is longer than 3 A. This long and
weak Bi-O3 bond parallel to the ¢ axis results in
very weak interlayer bonding and mica-like me-
chanical behavior in all the Bi superconductors.

The topology of the 2-2-0-1 structure is
well established, but details of symmetry and
supercells are somewhat confused. The body-
centered pseudo-tetragonal unit cell, illustrated
in Figure 14, is approximately 3.9x3.9x24.4 A,

but this aristotype is not observed in synthetic
crystals. Orthorhombic distortion leads to an A-
centered 5.4 x 5.4 x 24.4 A (Table 29; structure
9A), which was employed in several refinements
by Torardi ez al."** and Imai ez al.'* Gao et al.'"
propose amonoclinic variant with A2/m symme-
try with the same pseudo-tetragonal unit cell
(Table 29; structure 9B).

Models of 5 x 5 x 24 A orthorhombic or
monoclinic structures are always complicated
Figure 16. The crystal structure of by a modulation, which produces a superstruc-

Bi,Sr,CaCu,0,, from Torardi et al. ' ture of approximately 5b (Figure 15). This

modulation is difficult to handle with conven-
tional diffraction techniques. If the modulation is ignored, then thermal parameters are large and
Jxygen positions are poorly constrained. Note, for example, the considerable discrepancies in
zeported O2 and O3 oxygen coordinates and Bi-O interatomic distances in Tables 30 and 31. Al-
:ernatively, Onoda and Sato'* attempted a complete refinement of a commensurate modulated
structure in monoclinic ( C2) symmetry (Table 29; structure 9C). Their model, which includes
54 atoms in the asymmetric unit, provides a better fit to diffraction data, but it obscures the
‘opological simplicity of the 2-2-0-1 structure.
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B. The Bi,Sr,CaCu,0,(2-2-1-2) Structure

Superconductivity above 100 K was first observed in the Bi-Sr-Ca-Cu-O system,"? and
the new phase was quickly identified as Bi,Sr,CaCu,0,,,, or “2-2-1-2.” Hazen et al.!” determined
the A-centered orthorhombic unit subcell as 5.41 x 5.44 x 30.78 A, they recognized the close
structural and compositional relationship to Michel er al.’s2 2-2-O-1 phase, and they proposed
that these compounds form a series of structures closely related to “Aurivillius phases” 1»

The 2-2-1-2 structure (Tables 31-35; Figures. 14, 16) is simply related to that of 2-2-0-
1. The Cu-O sheets in 2-2-0-1 are replaced by CuQ,/Ca/Cu0, sandwiches in 2-2-1-2. Calcium
adopts eight coordination, similar to the Y environment in 1-2-3, There are no oxygens at this
level, so copper atoms have only five nearest neighbors in square pyramidal coordination, rather
than the elongated octahedral coordination of 2-2-0-1. The structural slab containing SrO/CuOy/
Ca/CuO,/Sr0 is topologically identical to the YBa,Cu,0, 1-2-2 module portion of the 1-2-3
structure.

Structural details of 2-2-1-2 are greatly complicated by stacking faults, modulations, and
oxygen and cation disorder, as well as the tendency of crystallites to bend or otherwise deform.

TABLE 36. The Bi2SraCagCu3z0qg (2-2-2-3) structure.
Pseudotetragonal 14/mmm (D17 4p)

a=b=38A Z=2

c=371A

Atoms Site Symmetry X -y z
Bi de 4mm 0 0 0.21
Sr 4e 4mm 1/2 1/2 0.16
Ca 4e 4mm 1/2 1/2 0.05

Cu1 2a 4/mmm 0 0 0
Cu2 4e - 4mm 0 0 0.1

01 4c mmm 0 1/2 0
02 8g mm 0 172 0.11
o3 4e 4mm 0 0 0.16
04 4e 4mm 1/2 172 0.21

This phase has been identified by transmission electron microscopy and mixed-phase
x-ray powder diffraction. The probable symmetry is orthorhombic, though no complete
structure refinements have been published.
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ae strucure is. pseudo-tetragonal (I4/mmm) 3.9 x 3.9 x 30.8 A, and some workers have
tempted refinements in that aristotype space group.’*®! The true symmetry, however, is no
eater than pseudo-orthorhombic, approximating Fmmm, with a 5.4 x 5.4 x 30.8 A unit cell
“able 31, structure 10A; Table 32, refinements 170-174).

‘ore precise refinements of this pseudo-orthorhombic structure are obtained with space group
maa, which incorporates two symmetrically distinct oxygens at the level of copper (Table 31,
ructure 10B; Table 34, refinements 175-181). Other researchers have employed space groups
cb'** and A2aa ' in an effort to describe this intractable structure. None of these models is

o o o [ [ ] [

% o[t Co

. . R %
D e « %

TlgBaQCuOS leBazCaCu—‘,O, T|2832C32c0301o

igure 17. Crystal structures of T1,Ba,Ca Cu O, (n = 1,2,3), from Torardi et al.* The
structures differ in the number of Cu-O layers, which are interleaved by Ca.
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adequate, however, because of a strong incommensurate modulation parallel to (010), similar
to that illustrated in Figure 15 for the 2-2-0-1 structure. This modulation results in large apparent
thermal motion in any subcell refinement, and oxygen positions are poorly constrained,
particularly in the Bi,0, layers.

C.TheBiSrCaCu0,(2-2-2-3) Structure

Transmission electron microscopy and powder diffraction experiments reveal the
presence of a pseudotetragonal 3.9 x 3.9 x 37 A-phase in the Bi-Sr-Ca-Cu-O system. This phase
has approximate stoichiometry Bi,Sr,Ca,Cu,0,,., (“2-2-2-3"), and is the n = 3 member of the
homologous series Bi,St,Ca,,Cu,0,,.,.; Pure 2-2-2-3 material is difficult to synthesize and a
complete structure refinement has not been reported. The topology of the structure is obvious
by comparison with 2-2-0-1 and 2-2-1-2, however (Figure 14; Table 36). Additional CuO, and
Ca layers are inserted within the CuO,/Ca/Cu0, sandwich of 2-2-1-2, yielding a Cu0,/Ca/CuO,/
Ca/CuO, club sandwich. The outer Cu2 atoms are in the square pyramid coordination found in
1-2-3 and 2-2-1-2, while Cul atoms are in ideal square-plane coordination (Figure 14). The
aristotype structure suggested in Table 36 represents only an average topology. Structural details
are undoubtedly complicated by modulations and nonperiodic effects characteristic of the other
Bi-Sr-Ca-Cu-O superconductors, and the true symmetry is no higher than orthorhombic.

The homologous series of bismuth compounds, Bi,Sr,Ca,,Cu0p..y (# = 1.2,3)
suggests the possible existence of other structures with more copper layers. With the exceptidn
of isolated structural slabs observed by high-resolution electron microscopy, phases with =4
(Bi,Sr,Ca,Cu,0
discovery of 4- and 5-copper layer stacks in closely related thallium superconducting systems

\» ‘2-2-3-4") and greater have not been prepared in the bismuth system. Recent

has provided an opportunity to study the properties of such structures.

V. Ti,Ba,Ca CuO,,,,, Structures
Sheng and Hermann*:% discovered superconductivity near 120K in the T1-Ba-Ca-Cu-
O system. These samples were sent to Hazen et al.,** who had just completed identification of
the bismuth 2-2-1-2 phase.” The structures of the bismuth and thallium superconductors proved
strikingly similar, and three new superconducting phases - T1,Ba,CuOg+;, T1,Ba,CaCu,0,,;, and

T1,Ba,Ca,Cu,0(,,,,) - were quickly identified in the Tl-Ba-Ca-CuO system. These three phases
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— Cu
— Sr
— Bi
— Bi

— Sr
— Cu
— Sr

— Sr
- Cu

Ti,Ba,CuQy BixSroCuOg

‘igure 18. Comparison of the crystal structures of Bi,Sr,CuO,and T1,Ba,CuQO,, from Torardi ez
al.13 The structures differ in the oxygen coordination of Bi versus T1.

orm part of a homologous series T1,Ba,Ca,,Cu,0,,..,.,» Which is identical in form, and perhaps
opology, to the bismuth series.

The structures of these thallium-based superconductors were elucidated by Subramanian
t al.,»4 who describe the n = 1,2, and 3 varieties, and show their close topological relationship
o the bismuth structures (Tables 37-45; Figures 17 and 18). Structural modules with copper and
1kaline earth cations are interleaved by T1,0, layers in the same sequence as in the Bi phases.
“he most significant difference between these two structural groups is the difference between
31,0, and T1,0, layers. Thallium adopts a flattened octahedral coordination: four TI-O bonds
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TABLE 37. The TizBapCuOg (2-2-0-1) Structures.
12A. Tetragonal 14/mmm (D17 4)

a=b=39A Z«2

c=232A

Atoms Site Symmetry X y z
n 4e 4mm 1/2 1/2 0.20
Ba 4e 4mm 0 0 0.08

Cu 2b 4/mmm 1/2 1/2 0

(o)} 4c mmm 0 1/2 0
02 4e 4mm 1/2 112 0.12
03* 4e 4amm 1/2 12 0.29

*03 can be modeled as a split atom on site 16n at (.60,1/2,.29).

12B. Orthorhombic Fmmm (D235})

a~b=55A Z=4

c=232A

Atoms Site Symmetry X y z
T 8i mm 0 0 0.20
Ba 8i mm 1/2 0 0.08

Cu 4a mmm 0 0 0

01 8e 2/m 1/4 3/4 0
02 8i mm 0 0 0.12
03 8i mm 0 0 0.29
04t 8f 222 1/4 1/4 1/4

toccupancy of 04 << 1

parallel to (001) average 2.7 A, while two TI-O bonds parallel to the ¢ axis are about 2.0 A. These
relatively short interlayer bonds provide a strong interlayer link, and thallium superconductors
thus do not exhibit a strong layered morphology. In contrast, Bi-O bonds parallel to ¢ average
more than 3.0 A, resulting in extremely weak interlayer bonding and the mica-like character of
the material. These differences in interlayer bonding result in ¢ axes that are about 1.2 A shorter
in thallium compounds compared to the corresponding bismuth phases. For example, the one-
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Table 38. Refinements of the Ti,Ba,CuQy,; structure

ref.
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Table 39. Selected interatomic distances (A) for T1 BaLuOgand Tk Ba Lu 204 structures

mean BaO Ca-O38|

Ba-03 (1)

8a-02 [4]

mean THO  Ba-Of [4)

no3 O3

2.038(11)  2.496(12) 3.011(15)

2.085(7)

THO3(1)

T-02[1]

Cu-02[2)

Structure  Cu-01[4]

2.478(11)

2.478(4)
2.50(1)

2.811
2.806
2.826
2.81
2.81
2,89

2.999(11)
3.00(1)
2.981(6)
2.864(21)

2.84(5)

2.14(6)

2.844(2)
2.837(2)
2.844(1)
2.818(3)
2.82(1)
2.72(6)

2.731(1)
2.728(4)
2.723(2)
2.788(a)
2.70(1)
3.24(4)

2.508
2.409
28
2.498
2.48
2.48

2.027(6)
2.737(1)
2.87(1)

2.462(22) 3.037(28)

2.737(1)

2.362(13) 2.818(11)
2.58(1)

2.470(5)

2.022(7)
1.95(5)
1.86(6)

1.995(9)
2.008(6)
2.004(3}
1.983(4)
1.98(4)

2.09(5)

2.728(1)

1.9349(1) 2.698(3)
2.704(4)

1.9277(3) 2.699(10) 1.978(10) 2.031(21)

2.69(4)

2.82(4)

1.8330(5) 2.714(9)

1.925(1)
1.928

1.932(1)
1.925(1)

2201
2201
2201
2212
2212
2212
2212

182
185
186
189
193
194

188

179

TABLE 40. TI2BapCaCuz0g (2-2-1-2) structure.
Tetragonal 14/mmm (D17 4p)

a=b~x39A Z=2

c=294A

Atoms Site Symmetry X y z
T 4e 4mm 1/2 1/2 0.21
Ba 4e 4mm 0 0 0.12 -
Ca 2a 4/mmm 0 0 0
Cu LY:] 4amm 1/2 1/2 0.05
01 89 mm 0 1/2 0.05
02 4e amm 1/2 1/2 0.15
o3 4e 4mm 1/2 1/2 0.28

~ *03 can be modeled as a split atom on site 16n at (.60,1/2,.28).

layer 2-2-0-1 thallium superconductor has a 23.2 A ¢ axis, compared to 24.4 A in the bismuth
2-2-0-1 compound (Table 38; refinements 182-187). The a and b axes, however, are slightly
longer in the thallium superconductors, thus yielding in-plane Cu-O bonds approximately 1.93
A, compared to 1.90 A in the typical bismuth superconductor (compare Tables 35 and 39),

Unlike the bismuth superconductors, all of which have modulated structures that only
approximate orthorhombic symmetry, the thallium superconductors (with the exception of some
nonsuperconducting samples of 2-2-0-1) are close to the ideal tetragonal /4/mmm symmetry at
room temperature. These structures can thus be described with unit cells approximately 3.9x 3.9
x (17 +6.2n) A. In spite of these differences, the aristotype structures of Bi and Tl superconduc-
tors are topologically identical (for example, compare Tables 36 and 45).

Two variants of the thallium 2-2-0-1 structure have been described. Superconducting
2-2-0-1, prepared by annealing samples in oxygen and then quenching, are tetragonal I4/mmm
atroom temperature (Table 37, structure 12A; Table 38, refinements 182-185). Slow cooling in
oxygen, on the other hand, yields nonsuperconducting 2-2-0-1 with a distinct orthorhombic
distortion (space group Fmmm (Table 37, structure 12B; Table 38, refinements 186). Parise et
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Figure 19. Crystal structures of TiBaCa,,Cu0,,.,
(n=1,2,3,4), from Haldar et al.¢

al.'® observed a similar but smaller orthorhombic distor-
tion in superconducting 2-2-0-1 at 4 K. It is possible,
therefore, that some 2-2-0-1 compounds adopt the lower
symmetry at superconducting temperatures. No atomic
sites become symmetrically split in the transition from 74/
mmm to Fmmm, so the transition mechanismis not obvious.

All refinements of thallium 2-2-1-2 and 2-2-
2-3 superconductors, including refinements at 125 K for 2-
2-1-2 (Table 41; refinement 190) and 13 and 150 K for 2-
2-2-3 (Table 43; refinements 196-197), employ I4/mmm
symmetry. In each case, however, oxygen atoms in special
position 4e at the level of thallium (O3 in 2-2-0-1 and 2-2-
1-2, but O4 in 2-2-2-3) display extremely large apparent
thermal motion in the (001) plane. These oxygens are better
modeled as a split atom with 25% occupancy in general
position 16n. Oxygen positions, when refined in this way,
generally converge at positions approximately 0.4 A along

181
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Figure 20. Comparison of the crystal structures of TIBa,Ca,Cu,0, (left) with T1,Ba,Ca,Cu,0,,
(right), from Subramanian et al.'*

afrom the ideal 4¢ locations. One important consequence of these alternate positions is to distort
significantly the square base of the thallium octahedron, giving on average two short (2.2 A) and
two long (3.0 A) T1-O bonds in the (001) plane.
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TABLE 42. TI38a2Ca2Cu301g (2-2-2-3) structure.
Tetragonal I4/mmm (D17 4)
a=b=39A Z=2
c=36A
Atoms Site Symmetry X y z
Tl 4g 4mm 1/2 1/2 0.22
Ba 4@ 4mm 0 0 0.14
Ca de 4mm 0 0 0.05
Cu 2b 4/mmm 1/2 1/2 0
Cu2 4e 4mm 1/2 1/2 0.09
01 4c mmm 1/2 0 0
02 8¢g mm 1/2 0 0.09
03 4e 4mm 1/2 1/2 0.17
04 4e 4mm 1/2 1/2 0.28

*04 can be modeled as a split atom on site 16n at (.60,1/2,.28).

Several authors have reported observinga c =42 A phase, corresponding to a thallium
2-2-3-4 superconductor.'*% No pure phase samples or structural refinements have been
reported, but the topology of such a phase is obvious by extension from the 1-, 2-, and 3-layer
compounds (Table 45). . -

VL TIBa,Ca, Cu, O, ., Structures

Shortly after Sheng and Hermann’s seminal work on the T1-Ba-Ca-Cu-O System,}43s
Parkin et al.'* reported on yet another homologous series of thallium superconductors. These
compounds, now including the n = 1 to 5 members of the series TiBa,Ca_ Cu O, .., differ from
the T1, series simply in the number of T1-O layers. These compounds have thus acquired the
abbreviations 1-2-0-1, 1-2-1-2, 1-2-2-3, etc.

Thallium monolayer compounds have single layers of octahedrally-coordinated Tl
between the familiar BaO/CuO/Ca ... /CuO,/BaO modules. Single octahedral layers do not
require an offset of adjacent modules so this series is primitive tetragonal, space group P4/mmm,
with 3.8 x 3.8 x (5.4 + 3.4n) A unit cells (Tables 46-51; Figure 19). Thallium is in a flattened

Table 43. Refinements of the Tl,Ba ,Ca ,.Cu, 0y, Structure .

ref.

Tech

Composition  T(K) a(A) c(A) n

- v v -

NPO
NPD
XPD

1650(2)

638(4)
§72(2)

3
3
3
3
3

o 295
o 13

o 150
o 295
o 295

2822

195 TiaBaxCapCual:
196 TipBayCayCuy0O
197 TBazCapCuz0
198 TpBazCaaCuz0
199 TzBazCazCuz0

183

T'ZCOn—l BOZ Cu, 02n+4

n=1 n=2 n=3

Figure 21. Comparison of crystal structures of 1-, 2-,
and 3-copper layer superconductors in the Tl-Ba-Ca-
Cu-O system, from Parkin et al.'®
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TABLE 44. Selected interatomic distances (A) and angles for Ti2BaaCazCu3z0yg refinement 195
(Torardi et al, 146)

Atoms Distance(A) Atoms Distance(A) Atoms Angle(®)
Cul-01[4]  1.9252(3) Ba-02[4] 2.82(2) Cu1-01-Cu 180°
Ba-03(4) 2.768(9) 01-Cu1-01 90°

Cu2-02[4)  1.927(1) Ba-04[1) 2.99(3)
Cu2-03(1] 2.48(5) mean Ba-O 2.82

Cu2-02-Cu2 175(1)
TI-03[1] 2.20(5) Ca-01[4] 2.542(5) 02-Cu2-02 89.9(1)
TI-04[1] 1.92(3) Ca-02[4] 2.427(14) 02-Cu2-03 92.3(7)
TI-04[2] 2.48(3) mean Ca-O 2.485
TI-04[2] 3.02(4)

Mean TI-O 2.54

TABLE 45. The TI2BazCazCug012,5 (2-2-3-4) structures.

Tetragonal l4/mmm (D174p,)

a=b=39A Z=2
c=42A
Atoms Site Symmetry X 2
Tl 4e 4mm 1/2 0.236
Ba 4e 4mm 0 0.160
Cat 2a 4/mmm 0 0
Ca2 4e 4mm 0 0.076
Cut 4e 4mm 1/2 0.038
Cu2 4e 4mm 1/2 0.114
01 8g mm 1/2 0.038
02 8g mm 1/2 0.114
o3 4e 4mm 1/2 0.162
04 4e 4mm 1/2 0.280

After Liang er al (162).

0
0.15
112
0.33
0.42
028
0.2
148
149
149
149

ref.

0
1/2
172
172
172
172

19. ned (1-2-3-4)
(4]

0
172
12
172
112

202

0
232(7) 149

222(9) 149

21

22(1)
20(1)
20(1)

0.18
1/2
0.30
0.13
0

ZBa

0
172
12

0
1/2

29

.289(1)
.291(1)
.290(2)
.289(2)
.292(1)

18. n=3 (1-2-2-3)
172

0
172

0
172

Z=1
c(A)

0
0.22
12
0.36
0.18

9.002(10)

3.7796(2) 8.8060(7)
3.7731(2) 8.8268(5)

y
0
1/2
1/2
1/2
0
12
3.7707(3) 8.8528(8)

C~54+3.4nA
0

17. ne2 (1-21-2)

0
112
172
1/2

a(A)

Tetragonal P4/mmm (D'4)

a=b=38A
3.7714(3) 8.8558(9)

3.7743(1) 8.8308(4)

z
0
0.29
112
112
0.21

(1-2-0-1)

Y

0
172
1/2
1/2

Table 46. The TIBa, Ca,.1Cu, Oy, 5 Structures
n=1

16.
1/2
0
1/2
Composition
8(LaSr)Cuq 20s
6(LaSr)Cuq.405

.7(LaSr)CuOs

4mm
4/mmm
4mm
4/mmm
4mm
4mm
4mm
mm
4mm

4mm

4/mmm

(T1.75Bi25)SroCuQOs  3.745(4)

4/mmm
4&/mmm

Site Symmetry

ia

2h

1d

2h

1b

2g

29

2e

4

29

4

1ic

29

ic
200
204A T

Atoms
n
Ba
Cai
Ca2
Cut
Cu2
Cui
o1
(o)}
02
02
03
Q3
04

TABLE 47. Refinements of the TIBapCuOs structure at 295K by powder x-ray diffraction.
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octahedron with four longer in-plane TI-O bonds (about 2.7 A) and two shorter TI-O bonds
parallel to ¢ (2.0A)

Figures 20 and 21 highlight the close similarities between the T1, and TI, superconduc-
tors. These figures, furthermore, emphasize the modular layered aspect of copper oxide super-
conductors.

Several groups have successfully synthesized the 1-2-3-416-164166 g 1.2.4-5165167 mem-
sers of the T1, series. Thara et al.'® prepared essentially pure 1-2-3-4 material and published its
>owder diffraction profile. Thara er al.'* used hi gh-resolution transmission electron microscopy
o document the structure, Haldar et al.1 (Figure 19) illustrate the 4-1ayer variant, and Liang er
11.1% calculated trial fractional coordinates, but no three-dimensional structure refinements of
his phase had been published as of this writing.

Sugise et al.' used pure 1-2-3-4 as starting material in the synthesis of relatively pure
.-2-4-5 by heating, and consequent thallium removal. Gai et al. studied “1-2-4-5” samples by
iigh-resolution transmission electron microscopy and observed numerous stacking faults with
'ommon slab-like regions of 1-2-3-4 and 1-2-5-6 structure. This behavior underscores the
mportance of local, short-range effects in characterizin g the structures and interpreting the prop-
rties of high-temperature superconductors.

VII. Conclusions

What common structural themes unite the known layered copper-oxygen high-tempera-
ire superconductors? The most obvious features are the CuO, sheets of corner-linked square-
lane coordinated copperand apparent oxy gennonstoichiometry or cation disorder in layers that
iterleave the CuO, sheets. In structures with more than one consecutive CuO, sheet, divalent
r trivalent cations in eight coordination always act as spacers.

Within these constraints there are many possible variations. The spacer atoms range from
a, Sr, and Ba, to Y and the rare earths. Interleaving slabs include Cu, CuO, Cu,0,, CuPb,0,,
n,0,, Bi,0,, T1,0,, and T10. One can imagine many additional structures simply by stacking
ralternating the known modules in different sequences. In addition, layer structures with other,
s yetundiscovered, modules undoubtedly exist. The principal constraints include approximate
1odule charge balance and a square lattice approximately 3.9 A on edge. We can thus anticipate
¢ discovery of dozens of other superconducting complounds, each with the extraordinary
1ysical properties and great structural beauty characteristic of these remarkable materials,
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