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Theory for oxygen content and ordering in YBa;Cu3O¢ + x in equilibrium with oxygen gas
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A model using statistical thermodynamics is presented which quantitatively describes the oxy-
gen content and ordering in YBa;Cu3Os+x. This model is in good agreement with experiments
within a broad range of temperature and oxygen partial pressure. In the framework of this model
it is found that the site (binding) energy of the oxygen in the lattice is quadratic in the oxygen

concentration and linear in the temperature.
tronic structure of YBa;Cu3Og¢+x is discussed.

The oxygen content and its distribution (ordering)
among the atomic sites strongly affect the value of the
transition temperature to superconductivity 7. in YBa,-
Cu3O6+,.! It is for this reason that the oxygen-YBa,-
Cu;30¢+ system has been the subject of many experimen-
tal>~7 and theoretical®’~!! studies. In situ neutron-
diffraction experiments, in which equilibrium fractional
site occupancies of oxygen are determined have been in-
dispensable to these studies.*®%!! In this Rapid Com-
munication we report the results of a thermodynamical
analysis of the most recent in situ neutron-diffraction ex-
periment.'? In this analysis, the dependence of the heat of
solution of oxygen in the YBa;Cu3QOg+ , lattice on the ox-
ygen concentration in the lattice and the lattice tempera-
ture is determined. This determination leads to a quadra-
tic dependence of the site (binding) energy on concentra-
tion and linear dependence on temperature. Previous
similar analyses of in situ neutron-diffraction results have
shown®”’ a linear dependence of the site energy on concen-
tration only. Possible physical mechanisms which may
lead to this quadratic dependence will be discussed.

The structure of YBa;Cu3;Og+, can be represented'3
(at x=1) by stacking layers of CuO, BaO, CuO,, Y,
CuO,, BaO, CuO,..., along the ¢ axis. The oxygen ad-
soption and desorption takes place mostly (but not ex-
clusively!?) in the CuO planes (Fig. 1). The CuO plane

FIG. 1. The CuO plane. Copper sublattice, Cu(l) site
(dots); oxygen a sublattice, O(5) site (squares); oxygen B sub-
lattice O(1) site (circles).
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A possible relation of this dependence to the elec-

has two oxygen sites a and 8 which correspond to O(5)
and O(1) (Ref. 2), respectively. As x approaches 1, the a
site is nearly vacant (c,=0), the B site is nearly fully oc-
cupied (cg=1), and YBa,;Cu3Og+ is in its orthorhombic
(Pmmm) phase.'> In situ neutron-diffraction experi-
ments show >'? that as temperature is increased and/or ox-
ygen partial pressure is decreased oxygen adsorption and
desorption take place at the a and B sites, respectively.
This process continues until a critical temperature Tor
and pressure Por are reached, at which ¢, =cg, and the
structure transforms from orthorhombic to tetragonal
(P/4mimm).

In an attempt to reproduce this behavior by calcula-
tions, we shall use, following previous work,®>%!* the
quasichemical approximation (QCA) (also known as
Fowler-Guggenheim method or the pair approximation).
In this model it is assumed that the oxygen adsorption and
desorption take place exclusively at the CuO plane, which
is treated as a two-dimensional lattice gas. The heat of
solution of the oxygen atom (initially in the molecular
state) is E (eV) and the nearest-neighbor (NN) repulsion
between oxygen on @ and oxygen on § is ¥ (eV). Short-
range order is introduced using fractional site occupancy
for oxygen (a)-oxygen (8) NN pairs, g =N,,/4N [N,, is
the number of oxygen NN a-f pairs, 4N is the number of
pair sites where N is the total number of oxygen (a and )
sites in the CuO plane (Fig. 1)]. We also introduce oxy-
gen concentration in the CuO plane ¢ and order parameter
s which are related to the fractional site occupancies c,
and cg as follows:

c =(Cﬂ+ca)/2, s =(cﬂ_ca)/(cﬂ+ca) s
or 1)
ca=c(l1—s), cg=c(1+s).

We shall now follow the standard treatment of statisti-
cal thermodynamics.'* Equating the chemical potential
of an oxygen atom in the lattice gas to that of the oxygen
atom in the molecular gas yields®

ln“l—c(]-lnv) 3[c(l+s)—q JA]

c(1+s) 1—2c+gq
~2 172
=m|—FT__—_| _E (y»
3(1—8 2230/T) kT
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Minimizing the free energy with respect to ¢ and s yields
the following two equations: %4

In [c(1+s)—q][cv(l—s)—q] - 3)
q(1—=2c+gq) kT
c+s)—qg _3, Q+s)1—cl—s)]
e =n=g " T"u—oi—caror @

We first point out that g is completely determined by ¢
and s through a single equation [Eq. (4)]. Hence the
mathematical problem reduces to simultaneously solving
Egs. (2) and (3) for ¢ and s. These equations operate in
the space (V,E,T,P,c,s). For example, given (V,E,T,P)
¢ and s are (apart from a solution ¢,s =0 which always ex-
ists) uniquely determined. Conversely, given M sets of
(T;,P;,ci,s;) which were determined in neutron-diffraction

E=-0.818—0.3077/1000+
0 tetragonal.

The site occupancies which were calculated using the
QCA with ¥=0.2 eV and E as given by Eq. (5) are plot-
ted (solid line) in Fig. 3 with the experimental occupan-
cies (circles). The latter were obtained by fitting the cal-
culated to the observed®'? neutron-diffraction intensities
(Rietveld refinement). In the previous studies, the values
E=—1.17 eV (Ref. 8) and E=—1.56+1.5¢ (Ref. 9)
were found to fit the (7,1 atm) run leading to an
orthorhombic-to-tetragonal transition at 77=700°C and
¢=0.25. Near this transition, Eq. (5) yields E=—1.17
eV in agreement with the results of the previous studies.
In the (440,P) and (490,P) runs, on the other hand, the
results of the previous studies are in disagreement with
Eq. (5) and are therefore incapable of fitting the data.
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FIG. 2. The temperature and concentration dependence of
the heat of solution E, of oxygen in YBa;Cu3O¢+x. Values of E
were calculated in the QCA using the observed site occupancies.
Squares, circles and triangles correspond to the (440,P),
(490,P), and (T,1) experiments. The solid line represents the
best fit to these results [Eq. (5)].
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experiments, ¥ and E can be refined to give ¢ and s values
that best fit the experimental values ¢; and s; at each
(T, P)).

Previous studies of the model described above have
shown®? that V is a constant at about 0.2 eV, whereas, E
was found to be concentration dependent. In order to
separate the ¢ dependence from a possible 7" dependence
of E, we first refined E with respect to two in situ iso-
thermal neutron-diffraction experiments '? at (490, P) and
(440,P) [the first and second entries designate tempera-
ture (°C) and oxygen partial pressure (atmospheres), re-
spectivelyl. This refinement yielded (for the orthorhom-
bic phase) a quadratic ¢ dependence of E. As the
refinement was extended to include a third in situ isobaric
ncutrc;n-diﬁ'raction experiment? at (T,1) it yielded (see
Fig. 2):

5.91(c —0.25)2 orthorhombic ,

(%)

To calculate the orthorhombic-to-tetragonal (OT) tran-
sition in the QCA, Egs. (2), (3), and (4) are simultane-
ously taken to the limit s— 0. This yields

o[22 =]

PT—7/2 12 E
=In 3(1 —¢ — 229077 kT (©)
16¢(1 —¢) V
—_— = @)
"T—4(1—20)2 kT
(4c—1)e/3=q. (8)

These equations define the OT transition line in (T,P,c)
space. The projection on to the 7-P plane of the OT tran-
sition line predicted by the QCA [i.e., Egs. (5)-(8)] is
shown (solid line) in Fig. 4. OT transition points which
were determined experimentally by in situ neutron-
diffraction  (circles),>!'?>  resistivity = measurements
(squares),> and thermogravimetry (triangles)® are also
shown. The results of the three experimental techniques
are (except for a pair of neutron diffraction points) in
good agreement with each other. Hence, the OT transi-
tion line predicted by the QCA is in good agreement with
experiments. The discrepancy with the two OT transition
points reported? for the isobaric in situ experiments at
(7,0.2) and (7,0.02) is not clear to us at this stage. It is
suggested that inappropriate equilibration time and per-
haps some leaks in the oxygen system are responsible for
this discrepancy.

From a similar study of the OT transition line in the
T-c plane it is found that a good fit is obtained with
V'=0.20+0.02 eV. It is also evident from the T-c plane
that the Bragg-Williams approximation (BWA) used by
some authors*!! is incapable of reproducing the three
transition points at 690, 490, and 440°C.

The pair fractional site occupancies g, obtained in the
QCA are shown in Fig. 5 for the (440,P), (490,P) and
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Fractional Site Occupancy
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FIG. 3. The observed site occupancies (circles) and the corre-
sponding site occupancies calculated using the QCA (solid
lines), (a) as a function of oxygen partial pressure at 440°C, (b)
as a function of oxygen partial pressure at 490°C, and (c) as a
function of temperature at oxygen partial pressure of 1 atm.
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FIG. 4. The orthorhombic-to-tetragonal transition as ob-
tained from neutron diffraction (Refs. 2 and 12) (circles), resis-
tivity measurements (Ref. 3) (squares), and thermogravimetry
(Ref. 4) (triangles). The transition line predicted by the QCA
is also shown (solid line).

(T,1) experiments. At the OT transition, q=4c(c
—0.25)/3, whereas, in the completely random (7 — oo0)
situation, g, =c2or cqcp in the tetragonal or orthorhombic
phase, respectively. Values of g predicted by the QCA are
only a few percent of g, (except at very high temperature
where at 1000°C, g is 18% of q,). Hence, in the QCA,
oxygen practically avoids an a site nearest to an occupied
B site.

Undoubtedly, the most exciting result of the present
work, apart from the excellent agreement of the QCA
with experiments (Figs. 3 and 4), is the dependence of the
heat of solution E on the temperature and concentration
[Eq. (5) and Fig. 2]. The heat of solution can be ex-
pressed as

E=¢+E;/2, ()]
where ¢ is the site energy (or binding energy) and Ej is
the dissociation energy of the oxygen molecule and is
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FIG. 5. Fractional site occupancy for NN a-8 pairs g calcu-
lated using the QCA for the indicated neutron experiments.
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equal to 5.18 —3k7T/2 eV.' The temperature depen-
dence of E; will account only for about 20% of the tem-
perature dependence of E found in the present work [Eq.
(5)]. Hence, it is the site energy ¢ that is responsible for
the concentration dependence and for most of the temper-
ature dependence in E. The linear temperature depen-
dence of ¢ is probably related to the nearly linear thermal
expansion of the lattice and is not very interesting. The
concentration dependence, on the other hand, has some
remarkable features. It shows (Fig. 3) two distinct re-
gions: ¢ <0.25, where the compound is an insulator, and
¢ > 0.25 where the compound is a conductor. It should be
pointed out that at ¢ =0.25, copper is formally at its stable
divalent state.

One possible explanation for this dependence is that as
¢ is increased above 0.25, electrons have to be extracted
(from ions or electron bands). As electrons are extracted
the energy cost becomes increasingly high. At ¢=0.5,
(x=1) an electron per unit cell has been extracted. This
could correspond to a density of states at the Fermi level
of [5.9(0.25)21 ~1~2.7 eV ~!, which is similar to the den-
sity obtained in detailed electron local-density calcula-
tions.'® On the other hand, it is possible that the concen-
tration dependence of ¢ is of an entirely different nature.
The quadratic dependence is very suggestive of oxygen-
oxygen interaction. The QCA used in the present analysis
includes nearest-neighbor (NN) interaction between «a
and B oxygens (Fig. 1) only. The next-nearest-neighbor
(NNN) interaction has a range of length a as compared
to a/~/2 for the NN interaction. As c increases above 0.25
(x =0.5) the a sublattice rapidly becomes practically va-
cant, while the B sublattice fills up. Hence, the contribu-
tion of the NNN -8 interaction to the site energy is ex-
pected to increase steeply as ¢ is increased above 0.25.
Consider for example the 8- oxygen pairs which are a
apart, their number is larger than the number of NN -8
pairs by nearly two orders of magnitude for ¢~0.42.
There are two different types of NNN B-8 interactions
(Fig. 1), a direct (along a) and indirect (mediated by
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copper, along b). The former is of electrostatic nature
whereas the latter is related to the bonding chemistry of
copper which prefers the tetraplanar arrangement.

The applicability of the QCA, as demonstrated by the
good agreement with experiments (Figs. 3 and 4), has an
interesting consequence regarding the concentration at the
OT transition. In the QCA the orthorhombic phase exists
only for 0.25 < ¢ <0.75. Under the assumption that oxy-
gen sites other than O(1) (B8) and O(5) (a) are fully oc-
cupied, this corresponds to 0.5 <x <1.5. However, re-
cently it was found!? that O(4) site (in BaO planes) is
about 5% vacant at the OT transition. Consequently, re-
ported (equilibrium) orthorhombic structures with x as
low as ~0.4 are not inconsistent with this important re-
sult_[i.e., c(orthorhombic) > 0.25] of the QCA. The ap-
plicability of the QCA also demonstrates the importance
of the NN a-p pair occupancy, q¢ (Fig. 5). The BWA
which uses the random pair occupancy (no short-range or-
der) is incapable of reproducing the experimental results.
It is only the QCA which includes short-range order, lead-
ing to extremely low pair occupancies which agrees with
experiments.

In summary, it is found that the two oxygen site occu-
pancies in the CuO planes, calculated using the QCA, are
in good agreement with experiments. These calculations
yield (i) An extremely low NN a-B pair site occupancy;
(ii) a constant NN oxygen repulsion energy ¥V =0.2
+0.02 eV; and (iii) a site (binding) energy linear in tem-
perature, quadratic in the oxygen concentration in the or-
thorhombic phase, and independent of oxygen concentra-
tion in the tetragonal phase. Possible mechanisms for this
remarkable behavior of the site energy are discussed.
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