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This study addresses the nature of the hole states in the high oxidation state cuprates. From the
thermochemistry of oxidation in the cuprate superconductors, specifically in La, A, CuO,_ .5 (A =
Ba, Sr, Ca, Pb) and YBa,Cu;0q. 5, a model is proposed that assigns a major fraction of the holes in

these ““Cu’~" materials to states which chemically are *“‘peroxidelike,

%}

involving holes paired on

adjacent oxygens. Based on this hypothesis previously reported structural observations on NaCuO,,
KCu0O,, La, . Sr,CuOy_ .5, and YBa,Cu;04, ; are modeled. Electrical properties (including supercon-

ductivity) of the high oxidation state cuprates are closely related to these structural trends.
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Introduction

Ever since the discovery of superconduc-
tivity in the La,A,Cu,O (A = Ba, Sr, Ca)
systems, there has been a surge of interest
in high oxidation state cuprates. Presently,
itis believed that the highest superconduct-
ing transitions are found in materials in
which all of the acceptors are compensated
by mobile holes. However, there is consid-
erable disagreement on whether the holes in
these systems are on Cu?", creating Cu**
species (I, 2), on O*~, forming O species
(3, 4, 51), or whether significant covalency
renders this distinction moot. The proper
description of the location and the nature o
holes is of primary importance in the formu-
lation of a theory of superconductivity.

In this paper, we propose a chemical de-
scription for the holes in the high oxidation
cuprates. This description links the thermo-
chemical systematics and bond lengths to
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the properties of a well-known chemical
species, the peroxide ion O%~. The pro-
posed ‘‘peroxidelike’” hole pairs offer a sim-
ple model consistent with these chemical
observables. This model does not attempt
to describe the physics of the hole states but
highlights the chemical similarity of those
states in a variety of high oxidation cu-
prates, some of which are superconducting
but others not even conducting. A direct
correlation between the peroxidelike pair
concentration of T, suggests that there may
be some physical significance to the perox-
idelike hole states. However, the detailed
physical implications of this model are be-
yond the scope of this paper.

Thermochemical Observations

At high temperature acceptor doped lan-
thanum cuprate, La,_,A,CuO,_,,,; (A =
Ba, Sr, Ca, and Pb), is oxygen deficient.
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Here, & denotes the oxygen in excess of
the stoichiometric composition (the n = p
point). In other words, § is half the number
of (excess) holes in the material. The oxygen
deficiency (x/2 — &) is accommodated as
oxygen vacancies (4-7). Neutron diffrac-
tion analyses of Kamiyama et al. (§), Jor-
gensen et al. (8), and Cava et al. (9) indicate
that the oxygen vacancies in La, A,
CuO,_, ;.5 are located at the basal oxygen
sites preferentially over the apical ones.

At lower temperature and higher oxygen
fugacity La,_,A,CuQ,_,, oxidizes. The ex-
cess oxygen, 8, can enter the La, (A,
CuO,_, 5.5 structure by either occupying an
interstitial site or filling an oxygen vacancy.
The oxygen vacancies are coupled to the
interstitial oxygen defects via the Frenkel
reaction [in the Kroger-Vink defect nota-
tion (/0}].

Oy + V; = Of + V3 (1

The two modes of oxygen incorporation,
creation of oxygen interstitials and occupa-
tion of oxygen vacancies, are not indepen-
dent of each other. Under certain circum-
stances, however, the process of oxygen
incorporation can almost entirely be ac-
counted for by only one of the processes.
For example, in a sample with a large va-
cancy concentration it would be impossible
for a significant amount of the oxygen incor-
poration to occur via interstitial formation.
Since La,_, Sr,CuQ,_,,, has a large number
of oxygen vacancies the defect chemical re-
action for the oxidation can be simplified to

V3 + 30,— 0p + 21, (2)

where V§ are the basal plane vacancies gen-
erated on acceptor (A) incorporation at high
temperatures and h' are holes, responsible
for charge transport in the material (//).
The oxygen excess, 8, in La,_ A Cu
O,_.»+5 18 a function of temperature, pres-
sure, oxygen fugacity, and the acceptor con-
tent of the material. It has been shown that
there is thermochemical continuity over the
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TABLE 1

ENTHALPY OF OXIDATION OF CUPRATE
SUPERCONDUCTORS AND ALKALINE EARTH OXIDES

Lay_ A CuOy_yn.5 + © 276)02_’14‘12 ACu0, s
A, Enthalpy (kJ/mole of O)
Srg 4 ~60 + 25¢
Sry.75 ~65 + 10°
Sty g -65 = 10"
Bay ; —110 £ 25¢
[

YBa,CuyO¢, 5 + 0,— YBa,Cu;04 , 5

2

Enthalpy (kJ/mole of O)
—95 + 44

AO + 30, AO,

A Enthalpy (kJ/mole of O)
Sr —55 * 20¢
Ba -85 + 30¢

“ Uncertainties are reported as two times the standard devia-
tion of the mean.

b Value is taken from (/2).

¢ Value is taken from (/3).

4 Value is taken from (/4).

¢ Value is taken from (24).

entire range of acceptor doping in these ma-
terials ({2, 13);1.e., the measured enthalpies
appear to fall on a single smooth curve as a
function of composition. The enthalpy of
oxidation of La,_,A,CuO,_,,,; has been
determined at fixed x by high temperature
reaction calorimetry (/2, /3). Similar stud-
ies were performed earlier on YBa,Cu,0y
(14), which behaves as a highly acceptor-
doped material (15, 16) and can be viewed as
Ba-doped, perovskitelike YCuO, (/7). The
enthalpies of oxidation of La,_,Sr,Cu
O, _,pn.s (for x = 0.30, 0.75, and 1.00),
La,_,Ba,CuO,_,,. 5 (x = 0.30), and YBa,
Cu;0q., 5 are shown in Table 1. The enthal-
pies of oxidation for the Sr-doped La,CuQO,
are independent of the Sr content within the
uncertainty of the measurements. How-
ever, the enthalpy of oxidation of the Ba-
doped La,CuO, is significantly more exo-
thermic than that for the Sr doped series,
but is similar to the enthalpy of oxidation of
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YBa,Cu;0y [where it is constant across the
entire composition range, 0 < X < 1 (/4)].
The energetic ease of oxidation in these ma-
terials, thus, appears to be determined pri-
marily by the nature of the divalent dopant
cation and seems to be independent of the
amount of acceptor doping or the electronic
state (superconducting, metallic, or semi-
conducting) of the material. These observa-
tions also support the qualitative chemical
concept the large ‘‘basic’” cations stabilize
transition metals in high oxidation states in
perovskitelike structures. Less complete
thermochemical data for Pb- and Ca-doped
La,CuQ, also support these trends (/3).

The enthalpy of formation of La, A,
CuO,_.,» (A = Ba, Sr, Ca, and Pb) from
component oxides, represented by the fol-
lowing equation,

<1 - %) La,0; + xAO

+ CuO— La,_ A ,CuO,_,», (3)

is shown in Fig. la as a function of the ac-
ceptor concentration. The reaction repre-
sents the formation of a compound with no
extrinsic holes (or electrons)—a ‘‘fully re-
duced”” compound. The acceptors in the
fully reduced compound are completely
compensated by oxygen vacancies. On oxi-
dation of such a compound the oxygen va-
cancies are filled, with the generation of ex-
trinsic holes, which charge compensate the
acceptors. The material with a fully occu-
pied oxygen (and cation) lattice (henceforth
referred to as the “‘fully oxidized”” com-
pound) from component oxides can be rep-
resented as follows:

X X
<1 - E) La203 + xAO + ZOZ

+ CuO— La,_ A, CuOQ,. 4)

The difference between the enthalpy of Re-
actions (3) and (4) is the enthalpy of oxida-
tion of La, .A,CuO,_,.s, with an en-
thalpy of —65 kJ/mole of O for Sr-doped
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FiG. 1. (a) Enthalpy of formation of La,_ A,
CuO,_,» (A = Ba, Sr, Ca, Pb) from the component
oxides. (b) Enthalpy of formation of the ‘‘fully oxi-
dized" La,_,A,CuO4(A = Ba, Sr, Ca) from the compo-
nent peroxides and oxides. Refer to the text for details.

materials and enthalpy of — 110 kJ/mole of
O for Ba-doped materials (see Table I). The
formation of fully oxidized a-doped lantha-
num cuprate can also be represented as

X X X

+ CuO— La,_ A CuO,. (5)

Reaction (5) represents a formation cycle
that is free of gaseous species. Figure 1b
shows the enthalpy of formation of La,_ A,
CuO, from the component oxides and per-
oxides [Eq. (5)] as a function of the acceptor
concentration. Figures la and 1b look simi-
lar; thus, the enthalpy of reaction (5) is simi-
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lar to the enthalpy of Reaction (3) for a given
x. From Reaction (3-5) and the similarity
between Figs. 1a and 1b, it can be deduced
that the enthalpy of oxidation of La,_,A,
CuQ,_,,;.s is very similar to the enthalpy
of oxidation of the corresponding alkaline
oxide (AO) to the alkaline peroxide, given
by the following reaction:

AO + 10, - AO,. (6)

This i1s indeed the case (see Table I).

In La, A, CuO,_, .5, oxygen ions fill
basal vacancies [see Reaction (2)} which are
presumably in the vicinity of the alkaline
earth acceptors to maintain local electro-
neutrality of the lattice. The separation of
the alkaline earth cation and the entrant oxy-
gen is similar in La,_ A ,CuO,_, ., [2.73 A
for A = Ba, Sr (5, 8, 9)] and YBa,Cu;0q, 5
[2.88-3.00 A (28)] to the corresponding al-
kaline earth peroxide [Ba = 2.79 A (18) and
Sr = 2.64 A (19)]. Thus energetically the
process of oxygen ion accommodation is
similar in the alkaline earth-doped cuprates
and the alkaline earth oxides. As energeti-
cally the overall oxidation as well as the
accommodation of the oxygen ion in the
doped cuprates and the alkaline earth oxides
1s similar; the holes in these materials must
energetically be in similar states. Therefore,
the thermochemical data could be interpre-
ted to indicate that the holes, in high oxida-
tion state cuprates, are energetically in per-
oxidelike states and upon oxidation the
valence of copper remains 2+.

Structural Implications of
Peroxidelike Bonds

From the thermochemical analysis, it has
been suggested that energetically the holes
in high oxidation cuprates are in peroxide-
like states. In chemical terms, the peroxide
anion has certain well-defined characteris-
tics. For example, O} has a distinct spec-
troscopic signature. X-ray photoemission
and absorption spectroscopy and Auger
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spectroscopic studies have claimed to have
observed peroxidelike signature in Na
Cu0O,, La,_Sr,Cu0O,_,»,s, and YBa,
Cu,04, 5 (29-32, 51). However, there are
some doubts about the validity of the inter-
pretation of the XES and the XAS measure-
ments [refer to, for example (33-35)]. As
a result of this controversy spectroscopic
measurements cannot yet be considered
conclusive evidence for or against peroxide-
like states in high oxidation cuprates.

Another unique characteristic of the per-
oxidelike O-0O species is its well-defined
bond length. In the peroxides of Ba, Sr, Ca,
K, Na, Li, and Rb the O-O (peroxide) bond
length is 1.50 (1) A (I8, 19, 36-38). How-
ever, even the closest O-O separation in
compounds with noninteracting oxide ions
(true ionic oxides, for instance) is much
longer. A noninteracting O-O distance can
be calculated from the ionic radius of oxy-
gen to be 2.80 A (39). In a compound like
SrTiO4, where the oxygen ions are in an
almost ideal cubic close-packed array (with
the Srions), the O-0O distance is 2.76 A 40),
which is in good agreement with the value
estimated from the ionic radius. Thus, if the
holes that have been shown energetically to
be in peroxidelike states are also chemically
in peroxidelike states, then at least some of
the O-0O distances in the high oxidation
state cuprates should reflect the short O-0O
peroxide separation. The following section
examines the structural data of various high
oxidation cuprates for the chemical perox-
idelike signature through O-O contraction.
It is important to emphasize that, unlike
most of the structural observations in the
literature, we are in this paper looking at
changes in O-O (anion-anion) distances
rather than cation—anion distances (e.g.,
Cu-O distances).

NaCuO, and KCu0O,

Figures 2 and 3 show the structure of Na
CuO, and KCuO,, respectively. In both
structures copper is in pseudo-square planar
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FiG. 2. The structure of NaCuQ, redrawn from (4/).
The open circles represents the oxygens and the closed
circles represent coppers. Na atoms are not shown but
they occupy the oxygen octahedra. The bottom of the
figure shows the ““1-D’* CuQ, ladder.

coordination. The CuO, ‘‘squares’” form
1-D ladders as shown in the bottom of Figs.
2 and 3. The O-O pairs forming the rungs
of the ladder are much closer than the O-O
pairs along the ladder. Table 11 lists the O-O
distances of the ladder, obtained from the
neutron diffraction measurements of Brese
et al. (41). We argue that the short O-O
distances along the rungs of the CuO, ladder
result from holes in the peroxidelike states
between the rung oxygens, causing the O-O
separation to contract. The longer O-O dis-
tances along the ladder are believed to be
the noninteracting oxygen separations in the
structure. In KCuO, the noninteracting
0-0 distances range from 2.63 to 2.78 A.
These distortions are thought to be caused
by the coordination requirements of the
large K ion. We note that the observed short
0-0 separation (shorter than the noninter-
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acting O-O distance of ~2.7 A) in these
materials attributed to the peroxide like
states implies attractive interaction (bond
formation). Indeed, this attractive interac-
tion between adjacent oxygens that results
in the peroxidelike state distinguishes it
from the anion-anion repulsive interaction
used to model anion—anion distortions seen
in compounds such as PdCl, (48).

The difference between the average O-0O
separation along the rung and O-0 distance
along the noninteracting oxygens of the lad-
der is designated as the O-O peroxidelike
contraction. The average O-O contraction
can be calculated by assuming that every
pair of holes in the peroxidelike state corres-
ponds to a pair of O--O in the structure with
the peroxide separation of 1.50 A. Mathe-
matically the relationship between the per-
oxidelike hole concentration, w, and the
0-0 contraction is given by

)
),

N

F1G. 3. The structure of KCuO, redrawn from (4/).
The open circles represents the oxygens and the closed
circles represent coppers. K atoms are not shown but
they occupy the oxygen triprisms. The bottom of the
figure shows the *1-D’’ CuO, ladder.
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TABLE 11

OXYGEN DISTANCES IN THE CuO, LADDER AND
0-0 CoNTRACTIONS IN NaCuQO, aNnp KCuO,

Contraction

0-0 distance® Measured  Predicted®
(A) -y (&)

NaCuO, (300 K)
Along the rung
Along the ladder

KCu0; (300 K)

Along the rung
Along the ladder (1)¢
Along the ladder (2)¢

2.446

2.747 0.301 0.312
2.460
2.77%

2.634

0.319
0.174

0.320
0.284

¢ From neutron diffraction measurements of Brese et al. (41).
# Calculated from the **peroxide’” model. See text.
¢ There are additional distortions in KCuO,. See text and Fig. 5.

O-0 contraction
_ [(0-0), ~ (0-0),] .
F=L

wi2, (7)

where (O—Oﬂ)p is the O-0 distance in a per-
oxide (1.50 A), (O-0), is the noninteracting
oxygen distance (2.7-2.8 10\), F is the num-
ber of O-O pairs per unit cell where the
peroxidelike bonds can form, and L is a geo-
metric factor that depends on the dimen-
sionality of the CuQ, square layer.' If one
assumes that all the holes in excess of the
Cu?* state in NaCuO, and KCuO, are in
peroxidelike states, then the O-O contrac-
tion can be calculated. The last two columns
of Table II list the measured and the calcu-
lated O-O contractions for NaCuO, and

! The dimensionality factor, L, is calculated by mod-
eling the CuQ, planes as isotropic, harmonically elastic
sheets. L can be shown to be 1 for the 1-D ladder
geometry found in NaCuQ, and KCuQ,. For 2-D sheet
geometry, in fact for a more general case of n 2-D
coupled sheets, the dimensionality factor L can be
shown to be equal to

lin
L= e_+l. (8)

Tt —
In La, ,Sr.CuO,_,s.5 the CuO, sheets are isolated
from each other and hence nis 1 and L = 2.16. How-
ever, in YBa,Cu;0q, s two CuO; sheets face each other;
they are separated from other such coupled sheets by
the rest of the structure; and » is 2 and L = 4.08.
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KCuQO,. The agreement between the mea-
sured contraction and the contraction calcu-
lated based on the peroxide hypothesis is
very satisfactory.

La2~.rsr.\‘cu04—,\‘/2+6

La,CuO, (and acceptor-doped La,Cu0O,)
has the K,NiF, structure. The structure is
composed of layers of perovskitelike oxy-
gen octahedra separated by rocksaltlike
La-0O layers and can be looked upon as the
first member of Ruddlesden—Popper series
LaO - nLaCuO, (n = 1) (20, 21). Copper
occupies the oxygen octahedral cavity of
the structure. These octahedra are apically
elongated, forming basal sheets of CuO,.
The intervening rocksalt L.a-O layers are
thought to isolate the CuO, sheets from each
other, creating a 2-D conduction geometry
(25-27).

In the process of oxidation of La,_, Sr,
CuO,_,»ys, 0Xygen vacancies in the CuO,
planes are filled. Electrical conductivity
measurements on single crystals demon-
strate that the holes generated upon oxida-
tion are in the CuQ, planes (26, 27). Hence,
as evident from Eq. (2) the net formal charge
in the CuQO, planes remains unchanged upon
oxidation but the number of (oxygen) atoms
in the CuO, planes increases as oxygens fill
vacancies in the planes. The CuQ, planes,
however, shrink (O-O distances contract)
(42) rather than expand as expected from a
simple packing argument. The average
shrinkage of O-O distance upon insertion
of holes in this layer is precisely what would
be predicted if the holes occupied peroxide-
like states with short peroxidelike O-O dis-
tances. This peroxide—like O-O contraction
can be calculated from Eqgs. (7) and (8). No-
tice that in La,_,Sr,Cu0O,_,,,;, unlike Na
Cu0,, O-0 shortening is along both the legs
of the CuO, square. Figure 4 is a plot of
the CuO, plane O-0O contraction against the
hole concentration obtained from the mea-
surements of Takayama-Muromachi and
Rice on La,_ Sr.CuO,_., ;(x = 0.3) (42).
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F1G. 4. The O—O contraction as a function of relative
hole concentration (= 248)in La,_,Sr,CuOy_ ,, ;(x =
0.3) from the measurements of Takayama-Muromachi
and Rice (42). The solid line is predicted from the
‘*peroxide”” hypothesis. See text for details.

The solid line in Figure 4 is the predicted
0-0 contraction from the peroxide hypoth-
esis [Egs. (7) and (8)]. The measurements
and the prediction are in good agreement.
However, at the highest hole concentration
the O-O contraction is significantly smaller
than predicted. We believe that the devia-
tion at high hole concentration is real; in
fact, in YBa,Cu;0q, 5, where the hole con-
centration can get much larger, this effect is
even more pronounced (see below).

YBa,Cu;0¢ 5

YBa,Cu;0y crystallizes in a defect perov-
skite structure. Oxygens are absent from the
Y planes, creating two CuO, sheets facing
each other across the Y layer. The other
Cu in the structure does not possess a full
octahedral coordination of an ideal perov-
skite either. In the orthorhombic (8 > 0.4)
form of the structure all the 010 strings of
oxygens are absent, forming 1-D chains of
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Cu-0. For 8 < 1, some of the oxygen along
the chains is absent too, resulting in frag-
mentation of the Cu-O chains. At a lower &
(< 0.3), the oxygens in the chains disorder
between the ‘‘chain sites’” and the normally
vacant 010 oxygen sites, resulting in a te-
tragonal unit cell.

The stoichiometric composition (n = p
point) for YBa,Cu;0y was determined to be
Y Ba,Cu,;0¢ from high temperature electrical
conductivity measurements (/5-17). Oxida-
tion of the stoichiometric material inserts
an oxygen ion and two holes into the basal
plane. Above & = 0.3, the basal plane oxy-
gens order to form chains of Cu-O and the
structure becomes orthorhombic. Also at
about the same oxygen stoichiometry range
as the tetragonal-orthorhombic transition
there takes place an ‘‘electronic’’ phenom-
ena, commonly referred to in the literature
as the phenomenon of charge transfer (43).
After charge transfer, at least some fraction
of the newly generated holes go to the CuO,
plane rather than the basal plane. The CuO,
planes of YBa,Cu,0O, ; after charge transfer
are, thus, electrically comparable to CuQO,
planes of (p-type) La,_,Sr,.CuO,_,.5-
Though the orthorhombic—tetragonal tran-
sition and the phenomenon of charge trans-
fer takes place at about the same stoichiom-
etry, there is no demonstrated causal
relationship between the two phenomena.

The distance between the oxygens in the
CuO, planes of YBa,Cu;0q, s shows, not un-
like La,_ Sr,CuO,_,,5, a peculiar behav-
ior. Before the material has undergone the
charge transfer transition (8 < 0.3) the CuO,
plane oxygen distance increases upon oxi-
dation. This increase reflects the expansion
of the basal plane upon incorporation of ex-
cess oxygens. However, after the material
undergoes the phenomenon of charge trans-
fer, the CuQO, plane O-0 distance decreases
upon further oxidation. We attribute this
anomalous decrease to the incorporation of
the holes into peroxidelike states in the
CuO, planes.
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F1G. 5. The CuOQ, plane O-0 distances as a function
of stoichiometry, 8, in YBa,Cu;0q, ; from the measure-
ments of Cava et al. (5 K) (28) and Jorgensen et al.
(298 K) (44).

Figure 5 shows the CuO, plane O-0 dis-
tances as obtained from the neutron diffrac-
tion measurements of Jorgensen et al. (44)
and Cava ef al. (28). The two sets of mea-
surements look similar, although they are
vertically displaced. The vertical separation
of the curves is presumably due to the fact
that one set of measurements was per-
formed at room temperature (Jorgensen
et al.), whereas the other set was performed
at S K (Cava et al.). In YBa,Cu;0q_ ; before
charge transfer there are no holes in the
CuO, planes, and hence it is unlikely that
there is a peroxidelike interaction between
the oxygens of the CuQ, planes. Hence the
Cu0, plane distance in such a material could
be taken as the noninteracting O-O distance
for that stoichiometry. The noninteracting
0-0 distance increases with oxygen non-
stoichiometry (see Fig. 5). From a linear
extrapolation of this relationship the nonin-
teracting CuO, plane O-O distance for any
stoichiometry could be determined. The
peroxidelike O-0O contraction for YBa,
Cu,04 , 5 can, thus, be determined. Figure 6
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shows measured O-O contraction versus
the oxygen stoichiometry for the two sets of
neutron diffraction measurements (Cava et
al. and Jorgensen et al.). The peroxidelike
O-0 contraction can be estimated [from
Eqgs. (7) and (8)] if the concentrations of the
peroxidelike holes is known. The dashed
line in Fig. 6 indicates the estimated O-O
contraction if all the holes after the phenom-
enon of charge transfer (5 = 0.35) go into
the peroxidelike states in the CuO, planes.
For intermediate oxygen stoichiometry (8 =
0.5) and thus for a low peroxidelike hole
concentration the agreement between the
dashed line and the estimated O—O contrac-
tionis good. However, at higher oxygen con-
tent there are significant deviations. We be-
lieve that at high hole concentrations only a
fraction of the holes generated after charge
transfer are in peroxidelike states in the
CuO, planes and a significant fraction of the
holes reside in the chains. Modified Mont-

® Cava et al
O Jorgensen et al
Predicted from

-~ "peroxide” model / °
g 1.0+ d [m}

if all the holes, 5> 0.35,
£ in "peroxide-like" states
c
2
°
s
€
<]
(3]
?
o

Predicted from "peroxide"
model
// "peroxide-like" holes determined
from bond valence sums
0.0 ¢t - .
0.0 0.2 04 0.6 08 10
[

F1G. 6. The O-0 contraction as a function of oxygen
stoichiometry in YBa;Cu;0q, 5. The dashed line is pre-
dicted on the assumption that all the holes after & >
0.35 go into the ‘‘peroxidelike’’ states. The solid curve
is predicted from the ‘‘peroxide’” hypothesis based on
the determination of the holes in the CuO, plane from
bond valence sums. See text for details.
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gomery resistivity measurements on de-
twinned crystals seem to support this point
of view (49). Brown (45) also came to a
similar conclusion from the determination
of the hole distribution in YBa,Cu,Oq, ;
based on bond valence sums. The method
of bond valence sums is an empirical formu-
lation that determines the charge in a bond-
ing geometry. It takes into account only the
bonds between atoms of opposite formal
charges and ignores the interactions be-
tween like-charged species. Bond valence
sums do not depend on the distribution of
the charge in a bonding scheme, but depend
only on the amount of charge in that bonding
arrangement (45). For example, the bond
valence sum around a CuO, bonding scheme
is the same if the extra holes are on the
copper, on the oxygen, or between two oxy-
gens in peroxidelike states as long as the
total number of holes in the Cu-O bonding
geometry is the same. The charge around
the plane Cu in YBa,Cu;0, 5 can be deter-
mined from the method of bond valence
sums and by making the additional assump-
tion that the valence of Y and Ba remains
fixed at 3+ and 24, respectively [see
Brown and Altermatt (46), and Brown (45)
for details]. It is important to note that in
the bond valence formulation all the nearest
(first neighbor) cation-anion bonds have to
be utilized. Hence, in determining the
charge around the plane Cu not only the four
close copper—plane oxygen bonds have to
be counted but also the long copper—apical
oxygen bond has to be considered. We as-
sign the holes around (not on) the plane Cu
into peroxidelike states and then estimate
the O-O contraction in the CuO, plane
[from Egs. (7) and (8)]. The solid curve in
Fig. 6is the predicted O-O contraction from
the determination of the peroxidelike hole
concentration from a bond valence analysis
of the structural data of Cava et al. (28).
Agreement between the measured and the
predicted O-O contraction is very satisfac-
tory; strongly supporting the hypothesis
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that all the holes in the CuQO, planes are in
peroxidelike states.

An independent argument for the exis-
tence of peroxidelike hole states in YBa,
Cu;04. 5 can be made based on the time-
dependent structural phenomena observed
by Jorgensen et al. (47) on YBa,Cu;0y 4, .
Jorgensen et al. prepared the sample by an-
nealing at 520°C and quenching into liquid
nitrogen. The ‘‘as prepared’’ sample did not
exhibit superconductivity. A portion of the
sample was mounted on a neutron diffrac-
tion stage held at room temperature and the
structure was monitored with time. On the
second portion of the sample susceptibility
measurements were performed periodi-
cally. After 9000 min at room temperature
the sample exhibited bulk superconductiv-
ity at 20 K. Time-dependent neutron diffrac-
tion measurements show that the increase
in T, is accompanied by a significant con-
traction of all three crystallographic axes
[refer to Figs. 2 and 3 of (47)]. The average
0-0 distance of the adjacent oxygens of
the CuO, plane consequently shrank too.
Jorgensen et al. specifically looked for
changes in the average occupancy of the
various oxygen sites to test if the oxygen
ordering was responsible for the time-
dependent phenomena, but observed no sig-
nificant change in the occupancies. They
also saw clear evidence for charge (hole)
transfer from chains to the planes; for exam-
ple, they attributed the ¢ axis contraction to
the phenomenon of charge transfer. Similar
aging phenomena were observed for a series
of YBa,Cu;04.5 (0.4 < & < 0.8) samples
by Veal et al. (50). Both Veal et al. and
Jorgensen et al. propose that the aging phe-
nomena could be a result of Cu-O chain
rearrangement. It is a plausible model for
the aging phenomena, at least near the oxy-
gen stoichiometry of 6.5. However, their
model is forced to invoke convoluted, if not
impossible, mechanisms to explain certain
related phenomena such as the contraction
of O--O distances in the CuO, plane, re-
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flected in the contraction of both a and b
crystallographic axes. We believe that these
observations can be very easily modeled by
the peroxide hypothesis.

As argued from the thermochemical ob-
servations, energetically the holes prefer to
be paired in peroxidelike bonding states;
however, entropy will always favor the un-
paired states. Therefore, at high tempera-
tures, thermal disorder will excite the holes
to the energetically less favorable unpaired
states. It is conceivable that in the sample
quenched from 520°C, most of the holes are
frozen into the thermally disordered un-
paired hole states. At room temperature,
however, the metastable, unpaired hole
states slowly revert to the more stable per-
oxidelike states. If the peroxidelike interac-
tions take place in the CuO, planes, then
with annealing (at room temperature) holes
will move to the CuO, planes to form Perox-
idelike states—transferring charge from the
chains to the planes. It is also plausible that
for the oxygen stoichiometry near 6.5 addi-
tional holes could be transferred from the
chains to the planes by Cu-0O chain reorder-
ing as suggested by Veal et al., thus increas-
ing the concentration of the peroxidelike
holes in the CuO, plane. The average CuO,
plane O-0O separation due to these perox-
idelike states is shorter, as argued earlier,
and thus the average O-0O distance in the
CuO, plane will shrink with annealing. The
average O-0O separation as a function of the
annealing time can be obtained from Jorgen-
sen et al.’s neutron diffraction measure-
ments for the oxygen stoichiometry of 6.41.
The O-0O separation in the ‘‘as quenched”’
sample is 2.7330(1) A. The separation de-
creases to 2.7320(1) A after 1500 min. The
Cu0O, plane O-0 shrinkage is reflected in
the contraction of the ¢ and the b axes of
the cell. In the orthorhombic form of YBa,
Cu,0q, 5, the Cu~O chains are along the b
axis of the cell and hence it is possible that
the b axis in the orthorhombic phase is more
rigid. It is, thus, predominantly through the
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motion of the oxygen along the a axis (O(2))
toward the oxygen along the b axis (O(3))
that the peroxidelike interaction takes
place. The peroxidelike contraction is,
therefore, predominantly reflected in the
contraction of the a axis of the cell, though
the more rigid b axis of the cell would also
contract slightly. This disproportionate mo-
tion of the oxygens is also reflected in the
difference between the two CuQO, plane oxy-
gen thermal parameters. The thermal pa-
rameters for the a axis oxygens is approxi-
mately two times larger than that for the b
axis oxygens (28, 44).

It has, thus, been demonstrated that the
structural data on these four high oxidation
state cuprates can very satisfactorily be
modeled by a hypothesis that assigns the
holes, which thermochemically seem to be
in peroxidelike states, the short peroxide
0-0 separation (of 1.5 A) found in alkali
and alkaline earth peroxides.

Peroxidelike Hole Pairs
and Superconductivity

NaCuO, and KCuO, are insulators. There
is, however, a range of oxygen stoichiome-
try over which La,_ Sr,CuO,_,,.; and
YBa,Cu,0, . ; are metallic conductors. Fur-
thermore, in the right range of stoichiometry
both La,_ Sr,CuO,_,/,.sand YBa,Cu;0q, 5
superconduct. From the aging measure-
ments of Jorgensen et al. (47) (see the
previous section), one observes that the 7,
increases as the CuO, plane O-O con-
tracts. T, has also been measured for sam-
ples in the two sets of neutron diffraction
measurements (28, 44) discussed in the last
section. Figure 7 shows T, versus the CuO,
plane O-O contraction for the two sets
of data. It suggests a linear relationship
between the T, and the O-O contraction.
Since the CuO, plane O-O contraction is
directly related to the peroxidelike hole
concentration in the CuO, planes [as given
by Eq. (7)]. Fig. 7 also suggests a linear
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F1G. 7. T as a function of CuO, plane O-O contrac-
tion in YBa,Cu;0q, ; from the measurements of Cava
et al. (28) and Jorgensen et al. (44). The inset shows T,
as a function of oxygen excess, 8 [from the measure-
ments of Cava et al. (28)].

relationship between T, and the peroxide-
like hole concentration. This linear trend
is different from the ‘‘plateau’’ behaviour
of 7. with oxygen nonstoichiometry, 8, and
hence the total hole concentration (see
inset in Fig. 7). We conclude that only the
holes in the CuQ, planes, which participate
in peroxidelike pair formation (and hence
cause the O-0O bond contraction), appear
closely tied to superconductivity. Chakrav-
erty et al. (22) and de Groot et al. (23)
have proposed a Hamiltonian for a form
of peroxidelike hole pair which could be
responsible for charge transport in cuprate
superconductors.

A purely phenomenological argument re-
lating 7, and peroxidelike pairs can be pre-
sented as follows. A peroxidelike hole pair
is composed of paired fermions and hence
can be viewed as a boson. In the framework
of a noninteracting (2-D) Bose—gas system,
the ground state peroxidelike pair density
(n,) is related to T, the boson condensation
temperature, by
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w/2  2am*kT,
T T T

)]

where w is the peroxidelike hole concentra-
tion, A is the area of the CuO, plane (in a
unit cell), &£ is Boltzmann’s constant, 4 is
Planck’s constant, and m* is the effective
mass of a peroxidelike hole pair. Equation
(9) predicts a linear relationship between T,
and peroxidelike hole concentration, and
hence between T, and O-O contraction, just
as seen in Fig. 7. The effective mass of a
peroxidelike pair in YBa, Cu;0, 5 can, thus,
be determined from Fig. 7 and is found to
be about 50 m, (where m, is the mass of an
electron). Some preliminary work on doped
La,CuO, suggests that the effective mass of
a peroxidelike boson in that system is also
about 50 m,. A large effective mass of 50
m, is very plausible for a species like the
peroxidelike hole pair which has a large lat-
tice distortion associated with it and hence is
not very mobile. Conventional ideas about
electrical conduction would argue that hole
species with large effective masses could
not be very mobile, yet the linear correlation
between T, and O-O contraction (see Fig.
7) suggests a strong physical significance of
the peroxidelike state. One must also re-
member that only a fraction of the holes in
these materials are in peroxidelike states
and thus the conduction properties could be
a composite of both peroxidelike and ‘‘nor-
mal’” behavior. Clearly much work needs to
be done to explore the physical implications
(for example, for superconductivity) of the
chemical (thermochemical and structural
model presented here.
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