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Oxygen intercalation in the perovskite superconductor YBa2Cu306+
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We have studied superconductivity and the thermodynamics of oxygen insertion in the oxygen
intercalation system YBa2Cu306+„. The superconducting transition temperature decreases as x
decreases, and the transition is sharp at T, 90 K near x 1 and at 55 K near x 0.5. The ther-
modynamics of oxygen intercalation at high temperatures (both isotherms and isobars), and the
orthorhombic-tetragonal transition, can be explained in terms of a lattice-gas model that includes
a large energy of repulsion between oxygen atoms on nearest-neighbor sites. The high-tempera-
ture behavior is also consistent with smaller interactions, some attractive, between second neigh-

bors. Such energies are needed to explain the behavior at low temperatures.

I. INTRODUCTION

The superconductor YBa2Cu307 r and the isostructur-
al compounds with Y replaced by rare-earth ions are
perovskites with ordered oxygen vacancies. All the oxy-
gen is missing from the Y plane, ' and half of the oxygen is
missing from the Cu-0 plane located between Ba-0
planes. The oxygen in this Cu-0 plane occupies sites be-
tween Cu atoms along the crystallographic direction b but
not along a, and the structure is orthorhombic. When
YBa2CusOp y is heated under vacuum, oxygen leaves the
sites; at low oxygen content (x near 0 in YBa2Cu30s+ or

y near 1 in YBa2Cuq07 —«), the remaining oxygen occu-
pies sites both along a and along b, and the structure is
tetragonal. At low x, this tetragonal phase is not super-
conducting.

At high temperatures (above about 700 K) the transi-
tion between these two structures is apparently continuous
as the oxygen content varies with temperature and oxygen
partial pressure, and occurs near x 0.6.s This order-
disorder transition can be understood at least qualitatively
with a simple lattice-gas model that treats repulsions be-
tween nearest-neighbor oxygen atoms on a square lattice
of sites. s' In this model, atoms of oxygen are lost from
each chain in the structure until the chains collapse at
some critical value of x. But the behavior at lower tem-
peratures is more complicated. Samples inhomogeneous
in oxygen show two superconducting transitions, near 90
and 60 K, s and a plot of the superconducting transition
temperature T, as a function of oxygen content in more
homogeneous samples has plateaus at these two tempera-
tures. Moreover, electron diffraction shows that near
x 0.6 the unit cell doubles along the crystallographic a
direction, ' suggesting that at room temperature at this x
oxygen is missing from every other chain, rather than
from all the chains. This additional ordering can be ex-
plained by lattice-gas models that include anisotropic
second-neighbor interactions. "

To explore how well lattice-gas models describe the ox-

ygen intercalation in YBa2CusOs+„, we measured the
thermodynamics of oxygen absorption in YBazCu30$+„
for 0 & x & 1, both at constant pressure (isobars) using
thermogravimetric analysis (TGA), and at constant tem-
peratures (isotherms) at 923 K. We compare these re-
sults with the behavior expected from lattice-gas models,
using expressions for the chemical potential that hold in
some limiting cases, and using Monte Carlo techniques to
calculate the chemical potential for explicit values of the
interactions between oxygen atoms. These calculations
show that the simplest model consistent with the order-
disorder transition at high temperature describes the data,
but with some discrepancies at higher x. By comparing
the experimental results with calculations that include the
longer-range interactions needed to explain the low-

temperature structures, we set limits on the size of these
interactions.

We also prepared two series of samples of different oxy-
gen contents, either by adding oxygen to a sample with x
near 0 and cooling in a nearly fixed oxygen pressure, or by
heating a sample with x near 1 in argon. These samples
are made in the same equipment where the thermodynam-
ics were measured, and so even though the absolute errors
on oxygen content are about 0.1, the errors on differences
in x between these samples and the data obtained at high
temperature is about 10 times smaller. We report the lat-
tice parameters and Meissner eQ'ect in these samples. At
room temperature, the orthorhombic structure is present
over the range 0.3 & x & 1, a wider range than at 1000 K,
and the superconducting transition is sharp at 55 K for
0.5 & x (0.6. We argue that the increase of the range of
the orthorhombic phase and the sharp transition at 55 K
are caused by the longer-range interactions in the lattice-
gas model. These interactions could produce complicated
phase diagrams at low temperatures, similar to those
found for staging in graphite. '

Section II describes the experimental procedure used to
prepare the samples and measure the thermodynamics,
and discusses the errors in oxygen content. Section III
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presents the results. Section IV discusses what informa-
tion can be derived with a comparison of the two thermo-
dynamic measurements, based on general behavior of
lattice-gas models, and Sec. V compares the numeric cal-
culations with the experimental data. Section VI presents
our conclusions.

II. EXPERIMENTAL PROCEDURE

The compound YBa2Cu306+„with x near 1 was
prepared as described in Ref. 4. The x-ray diffraction pat-
tern showed small unidentified Bragg peaks, indicating
the sample was contaminated with up to a few percent of
a crystalline phase.

Isobars were measured in a commercial TGA unit.
Samples of 20 mg were heated or cooled at 4 K/min in a
flow of argon and oxygen at a total pressure of 0.1 MPa.
Relative values of x were determined to an accuracy of
1%. The ratio [Ar/02] in the flow was monitored to
within 2%.

Isotherms were measured using standard pressure-
composition-temperature (p-c-'r) techniques, ' with sam-
ples of mass 8 g in an stainless-steel reactor of volume 7
cm, attached to a stainless-steel manifold (volume 29
cm ). The manifold was equipped with oxygen and vacu-
um sources, and the oxygen content was changed by gas
titration between the manifold and the reactor. The
change in oxygen content was calculated from the oxygen
pressure p and volumes of the system. For 0 MPa&p
&0.2 MPa, pressure diff'erences were measured to ~7

Pa; at higher pressures, the errors were ~ 30 Pa.
Changes in oxygen content were measured to + 0.002
&10 mole 02. Other uncertainties such as the accura-
cy of the pressure transducers (0.1%) and errors in
volume calibration (0.5%) increase the estimated errors in
x to +'1%.

We made identical measurements on the empty mani-
fold, and found that it appeared to absorb oxygen above
0.1 MPa. This apparent absorption could be due to a re-
action with the chamber walls or due to errors in our cal-
culation of gas volumes. [The effective volume of the
sample chamber is determined by the temperature profile
between the sample chamber (typically at 923 K) and the
manifold (at room temperature). This temperature pro-
file can change as the gas pressure changes. ] The ap-
parent composition in the empty chamber increased
roughly linearly with pressure, and we used a linear fit to
correct our data. The corrections to increments in x with
changes in gas pressure are 5% at 0.1 MPa and larger
than 30% at 0.5 MPa. We do not consider the corrections
above 0.5 MPa to be reliable, and so only report the re-
sults to 0.5 MPa.

We measured several isotherms on the same sample,
and started each one from a reference state, which was
obtained by heating the sample at 923 K overnight under
a vacuum of 0.01 Pa. As a check that most of the oxygen
had been removed, we isolated the sample and manifold
from the vacuum, and heated them to 1023 K. The
amount of gas evolved corresponded to a change in x of
less than 0.001. We also measured the isotherms on

desorption (decreasing x) and found results indistinguish-
able from those obtained on absorption (increasing x).

A series of compounds of varying oxygen content was
prepared in the TGA apparatus. All the compounds were
made from the same starting material, which we took to
be YBa2Cu3O7. Compounds were heated in argon at 1

K/min until a specified weight was lost, then cooled as fast
as possible (about 100 K/min). Both powders and bars
were prepared in this way. The Hall effect of the bars has
been reported elsewhere. '

A second series was prepared in the p-c-T apparatus. A
sample of about 6 g was prepared in the reference state
described above. Aliquots of oxygen were added to this
sample in the following way. The oxygen pressure was ad-
justed to some value, the sample was equilibrated for one
hour at 923 K, and then cooled over several hours to room
temperature. Over 98% of the oxygen was absorbed above
700 K. The composition of the sample at room tempera-
ture was calculated from the amount of oxygen absorbed.
About 200 mg of the sample was removed, and the
remaining sample was reattached to the manifold, the
chamber flushed with oxygen, the previous oxygen pres-
sure reestablished, and the sample reheated to 923 K.
The procedure was repeated at an increased oxygen pres-
sure. The errors in composition accumulate throughout
this procedure, and we estimate an error of ~0.03 for
x &0.5, increasing to +'0.08 for the final sample. The
stainless-steel container contaminated the samples with
traces of Fe, Cr, and Ni, to a total level of 0.2% by weight,
as determined by dc arc spectrography. Since the samples
with the largest x were made last, they spent the longest
time in the sample chamber and so are the most contam-
inated.

The lattice parameters of both series of samples were
determined by least-squares refinement of about 25 peaks
in powder x-ray diffraction. We measured the powder
patterns of the same slides of the second set of samples
after two months, and found that samples with low x had
decomposed into Y2BaCuOs, BaCO3, and other com-
pounds. The degree of decomposition was inversely relat-
ed to x; the sample with the lowest x had almost complete-
ly decomposed, whereas that with the largest x showed no
decomposition.

The dc magnetic susceptibility was measured with a
SQUID (superconducting quantum interference device)
magnetometer. The ac magnetic susceptibility was mea-
sured with a mutual-inductance technique at 13 Hz.

III. RESULTS

The absolute oxygen content in YBa2Cu306+„of these
samples has been determined only to about + 0.1. Sam-
ples cooled slowly in oxygen are close to YBa2Cu307, and
those annealed under vacuum are close to YBa2Cu306.
Since we start from oxygen-annealed samples in the TGA
apparatus and vacuum-annealed ones in the p-c-T ap-
paratus, we have to assign compositions to these two end
points to connect the two sets of samples. We have chosen
to assign x 1 to those samples slowly cooled in one atmo-
sphere of oxygen. With this assignment, the lowest value
of x reached in the TGA samples was x 0.09. We thus
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1.00
0.89
0.82
0.75
0.67
0.60
0.57
0.49
0.41
0.34
0.10

3.815(1)
3.822(1)
3.822(1)
3.822(1)
3.829(1)
3.830(I )
3.835(1)
3.843 (1)
3.847(1)
3.860(1)
3.856(1)

b
(A)

3.882(1)
3.885 (1)
3.887 (1)
3.885 (1)
3.882(1)
3.878 (1)
3.876 (1)
3.867(1)
3.865(1)
3.860(1)
3.856(1)

11.67 (2)
11.70(1)
».70(2}
11.70(2)
11.72(2)
11.72(1)
11.72(2)
11.77(2)
11.76(3)
11.78(5)
11.82(3)

dcTonset

90
76
84
65
60

~ ~ ~

58
52
40
0
0

dc
Tsat

87
51
60
50
48

~ ~ ~

42
19
10
0
0

Meissner
(%)

35
28
23
30
27

~ ~ ~

27
21
11
0
0
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TABLE II. Samples of YBa2Cu306+„prepared by cooling YBa2Cu306 in oxygen. As in Table I, ex-
cept the onset and saturation of diagmagnetism are from the ac magnetization.

1.00
0.94
0.92
0.85
0.73
0.62
0.54
0.43
0.33
0.21
0.09

3.818(1)
3.817(1)
3.819(I )
3.819(1)
3.823(1)
3.829(1)
3.833(1)
3.837(1)
3.858(2)
3.859(1)
3.858 (1)

3.887(1)
3.888 (1)
3.889(1)
3.889(1)
3.886(1)
3.880(1)
3.879(1)
3.871(1)
3.858(2)
3.859(1)
3.858(1)

11.67(2)
11.67 (2)
11.67(2)
11.68 (3)
11.71(3)
11.72(3)
11.73 (3)
11.75 (3)
11.78 (8)
11.81(7)
11.84(6)

acTonset

(K)

86
86
93
93
86
61
60
59
41
0
0

Tsat

(K)

80
83
86
86
59
50
50
31
27
0
0

% Meissner
(%)

28
28
29
21
19
26
25
17
7
0
0

near 90 K and the other near 55 K, in inhomogeneous
samples.

In the samples with the largest x prepared in the p-c-T
apparatus, T, is 1-2 K lower than the maximum value
seen at lower x. These samples were taken to higher pres-
sures than any of the samples prepared in the TGA ap-
paratus. Although the x-ray powder patterns showed no
evidence of decomposition, we and others' have seen the
samples decompose at higher pressures. Thus the reduc-
tion in T, might be due to such decomposition. It could
also be related to the contamination of the samples by iron
from the sample container, since iron reduces T, in these
systems.

B. Thermodynamics at higher temperatures

Figure 3 shows a series of isobars measured as the sam-

ples were cooled at 4 K/min. The kinks in the curves, in-

dicated by the solid circle, are associated with the order-
disorder transition of oxygen, ' as expected from the
lattice-gas model presented in Ref. 6 and that discussed

below. In each case the curves were shifted so that they
reached x 1 at the lowest temperature (473 or 523 K).
With this shift, the order-disorder transition as defined by
the kink occurs at x 0.6. Jorgensen et al. s have refined
the oxygen content at the order-disorder transition near
900 K to be x 0.5. These two values are within the com-
bined uncertainties in the two determinations.

Figure 4 shows the isotherm at 923 K. The chemical
potential of oxygen atoms is calculated from the pressure
for an ideal-gas law for oxygen:

kgT p
5/2

where a 0.4635 for oxygen with p in MPa and T in K.
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FIG. 3. Isotherms for YBa2Cu306+, obtained on cooling a
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pressure of 0.1 MPa. The partial pressures of oxygen in MPa
are indicated. The solid circles are our estimate of where the
change in slope occurs, signaling the order-disorder transition
discussed in the text.
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FIG. 4. (a) Isobar for YBa2Cu30s+„measured at 923 K.
The pressure in MPa is converted to the chemical potential p us-

ing Eq. (1) in the text. (b) The derivative (Bx/Bp)r calculated
from (a).
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IV. COMPARISON OF ISOTHKRMS
AND ISOBARS

Before turning to calculations of lattice-gas models, we
consider whether a comparison of the isotherms and iso-
bars can suggest the magnitudes of some of the interac-
tions of such models. Figure 5(a) shows the Cu-0 plane
between planes of Ba-0 near x 1. For this ordered state
there are no nearest-neighbor oxygen pairs. That it is im-
possible to go beyond x 1 suggests the nearest-neighbor
repulsion is large enough to forbid any nearest-neighbor
interactions. In this case, the actual magnitude of the
nearest-neighbor interaction drops out of the expression
for the chemical potential; in effect, the large nearest-
neighbor repulsion is replaced by a rule that states: never
place two oxygen atoms on adjacent sites. Thus this in-
teraction modifies the configurational entropy of distribut-
ing the atoms through the lattice, but otherwise does not
enter the expression for chemical potential. If this were
the only interaction between oxygen atoms in the lattice,
the chemical potential would take the following form:

p ap —Tsp+ ka Tf(x) . (2)

(The ideal-gas law accurately describes the thermo-
dynamics of oxygen gas under the conditions used, as a
comparison of experiment and theory shows. ' ) We could
measure the isotherms accurately over only a partial
range of x at any temperature. As temperature increases
the isotherms move to higher pressure, and we cannot
reach the pressures needed to fill the lattice to x 1 in
YBa2Cu306~„. At lower temperatures, the kinetics of in-
tercalation slows over the entire range of x, and the pres-
sure at low x becomes too small to measure accurately.
Within the scatter of the data, the isotherm and its deriva-
tive were identical when remeasured at 923 K, or mea-
sured at 903 K.

The curve in Fig. 4 shows a kink, which appears as a
peak or step in the inverse derivative. We plot (8X/8u)r
because, as in other intercalation systems, 's this quantity
is a thermodynamic response function analogous to
specific heat or compressibility. In particular, (8X/8p)z
has peaks at phase transitions. The peak in Fig. 4 near
x 0.6 corresponds to the kink in the isobars in Fig. 3 at
x 0.6, and indicates the transition between the ortho-
rhombic and tetragonal structures. The difference be-
tween the composition of the order-disorder transition at
923 K and that seen in samples at room temperature in
Fig. 1 is about 0.3, and the error in this difference should
be considerably smaller than the possible error of 0.1 in
absolute values of x, because both these values of x are
determined in the same apparatus.

Whereas peaks in (8X/8p)r are produced by the fluc-
tuations associated with phase transitions, minima in
(8X/8p)z are associated with stability, and occur at the
compositions of ordered structures, even if there is only
short-range order present. ' Thus the minimum at
x 0.5 may indicate short-range order at this composi-
tion, although it could simply be caused by the peak in
(8X/8p) r sitting on the side of a broad maximum.

0 ~ 0 ~ 0 ~ 0
~ 0 ~ 0 ~ 0 ~
0 ~ 0 ~ 000
~ 0 ~ 0 ~ 0 ~
0 ~ 0 ~ 0 ~ 0

0 p000 ~ 000
00 ~ 000 ~
0 ~ 000 ~ 0
~ 000 ~ 00
000 ~ 000

0 0 0

FIG. 5. Lattice for oxygen intercalation in the Cu-0 planes
between Ba-0 planes in YBa2Cu306+„. Solid squares are Cu,
open circles are empty oxygen sites, and filled circles are filled

oxygen sites. (a) Ordered structure at x 1. (b) Ordered struc-
ture near x 0.5. (c) Energies of interaction between oxygen
atoms on nearest-neighbor and next-nearest-neighbor sites.

p 8o sp
kaT kaT ka

' (3)

and differentiating with respect to either p or T gives

df 8x 1

dx 8p r z kgTp

df 8x
dX 8T kaT

5
4T

(4)

In the differentiation at constant p, p has been replaced by
the right-hand side of Eq. (1). Eliminating df/dx in Eq.

Here ap and sp denote the energy and entropy parts of the
chemical potential from an isolated oxygen (the "site"
values), and the third term, involving f(x), a function of x
alone, arises from the entropy of distributing the atoms
over the sites in the lattice subject to the constraint that
there be no nearest neighbors.

If Eq. (2) holds, then the derivative (8X/8p)z at some
fixed temperature Tp should be related to the temperature
derivative of the TGA results, T(8x/8T)~, as follows.
Rewriting Eq. (2) as
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(4) gives I
I

I
I

I

~ Isotherm T =923K
I

I

(a)
X 1 X

kgTp T
8P so/k T

(5)

p so —Tso+ kg Tf(x) +Upx . (6)

Then an analysis like that used to derive Eq. (5) shows
that T(8x/8T)~ can be used to calculate (8x/8p)T at a
temperature Tp according to the following equation:

Figure 6(a) compares (8x/8p)T from Fig. 4 with the
value calculated with Eq. (5) from one of the curves in

Fig. 3. The comparison suggests that Eq. (2) is a reason-
able starting point, especially since the other TGA curves
in Fig. 3 give the same curve for (8x/8p)z within the
scatter of the data. The value of so = —0.9 eV used in the
comparison is within 10% of the heat of solution of oxygen
measured in Ref. 21.

There is a difference between the two curves in Fig. 6,
and this difference could be consistent with additional in-
teractions. If these interactions are comparable to kit T,
they will modify the configurational entropy term f(x) in

Eq. (2) and introduce an additional energy term. To treat
this requires model calculations like those described
below. But as a first approximation we can consider a
mean-field treatment. Suppose the additional interactions
are weak or of long range, so they do not modify f(x), but
only introduce a term Upx into Eq. (2), giving
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FIG. 6. Comparison of (8x/8p)T measured from the iso-
therm in Fig. 4 and that calculated from the isobar at p 0.032
MPa from Fig. 3 using (a) Eq. (5) and (b) Eq. (7). From Eq.
(5), the site energy is sp —0.9 eV, and from Eq. (7), ap

—0.7
eV and Uo —0.3 eV.

8x

, 8p, r r()

so+ Upx

kgT
5 8x
4 8T

Up+
kg Tp T

Adjusting the two parameters so and Up in Eq. (7) im-
proves the agreement between the measured (8x/8p)T
and that calculated from T(8x/8T)~, as Fig. 6(b) shows.
The value Up 4k@Tp that gives the best agreement is
large, and so unless the interactions are long range Eq. (6)
is not valid. Moreover, there are systematic errors of
several degrees in the temperatures of the isobars in Fig.
3, so these data are less accurate than the isotherm in Fig.
4. Nevertheless, we see that the isobars and isotherms,
while consistent with a large nearest-neighbor interaction,
also allow other interactions.

V. LATTICE-GAS MODELS

A. Nearest-neighbor interactions

As discussed in Sec. IV, the lattice of sites available for
oxygen is a simple square lattice, and the structure at
x 1 can be vie~ed as an ordering of the oxygen in which
nearest-neighbor sites are never simultaneously occupied.
This exclusion of nearest neighbors implies that oxygen
ions strongly repel ions on adjacent sites. Such a repul-
sion, of energy U&, might be a direct Coulomb repulsion
between the negative oxygen ions. More likely, it is asso-
ciated with the stability of the square coordination of Cu
by O. A Cu atom between two diagonally opposite oxy-

gens, with the other two oxygen sites next to the Cu emp-
ty, has square-planar coordination, since there are also ox-
ygens above and below it. Adding a third oxygen, and
forming nearest-neighbor oxygen pairs, destroys the
square-planar coordination, and costs energy compared to
adding that oxygen elsewhere. That energy determines
Ui.

Figure 7 shows the phase diagram for the lattice-gas
model on a square lattice, with nearest-neighbor repulsive
interactions only, as a plot of temperature (in units of
U~/ka) versus the fraction of sites filled. For our

1.2

0.8

A
0.4

0.2 0.4 0.6 0.8
fraction of sites filled

FIG. 7. Phase diagrams for the lattice-gas model on a square
lattice, with nearest-neighbor interactions UI and second-
neighbor interactions U2. BW, Bragg-%illiams; Pair, pair or
quasichemical approximation of the cluster variation method
(Ref 23); Square. , square approximation of the cluster variation
method (Ref. 7); MC, Monte Carlo calculation (Ref. 22).
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FIG. 8. Comparison of calculation and experiment for (a) p
and (b) (Bx/Bp)r at 923 K. Solid circles are data from Fig. 4.
Open squares are MC calculations and solid line is a CVM cal-
culation, for nearest-neighbor interactions U& only. The calcula-
tions are independent of U~ for Ul larger than SkgT; the calcu-
lations shown are for Ui 16ka T/3.

definition of x in YBa2Cu306+„ the fraction of filled sites
in Fig. 7 corresponds to x/2, and the right half of the
phase diagram, corresponding to filling more than half of
the sites, is not accessible experimentally. The phase dia-
gram calculated by Binder and Landau using Monte
Carlo (MC) calculations is compared to that calculated in
the Bragg-Williams (BW) approximation and the pair
approximations of the cluster variation method (CVM).
All these approximations are qualitatively correct: each
gives a disordered phase (corresponding to the tetragonal
form of YBa2Cu30s+, ) at all x at high temperatures, and
at small and large x for all temperatures; and each gives
an ordered phase (corresponding to orthorhombic YBa2-
Cu30$+ ) at low temperatures and intermediate x. But
for quantitative comparison of calculation and experi-
ment, it is essential to use a calculation as good as a MC
or a higher-order CVM calculation. Bakker, Welch, and
Lazareth discuss the order-disorder transition in

YBa2Cu30s+„using the pair approximations of the
CVM, and claim good agreement with the calculated
composition of the order-disorder transition (near x 0.5)
and that measured in Ref. 5. But that agreement is for-
tuitous, a result of the approximation used. According to
the Monte Carlo calculations (which agree with other
estimates) the order-disorder transition occurs at x 0.71.

As discussed above, p does not depend on the strength
of a short-range repulsive interaction once that interaction
becomes large. Thus the calculation of p. is independent
of U~ for U~ above SkrrT. Figure 8 compares the experi-
mental isotherm at 923 K with that calculated by Monte
Carlo and the square approximation of the cluster varia-

tion method. The Monte Carlo calculations were per-
formed using the methods in Ref. 24, for a 32 X 32 square
lattice; for each value of p, 200 passes over the lattice
were made to thermalize the lattice, and then 2000 passes
were made to calculate averages. (8x/8p) T was calculat-
ed from the fluctuations in x. The CVM equations in the
square approximation were iterated as described in Ref.
25. The only parameter adjusted for comparing calculat-
ed values of p with experiment was the value of po ap—Toso, set to —10.8kgTo —0.86 eV in Fig. 8(a), and
there are no adjustable parameters in Fig. 8(b). The
agreement at low x, and the peak in (8x/8p) T at approxi-
mately the right composition (but calculated to be about
0.1 too large in x) suggests this model is essentially
correct. The largest discrepancy is at large x, where the
calculated p varies too slowly with x, or, equivalently,
where the calculated (8x/8p) T is too large W.e have ex-
plored various other interactions (see below), and can find
no convincing way to reduce this discrepancy without los-
ing the agreement at lower x. It is conceivable that there
is an effect on p from the changing electronic state of Cu,
if holes are added to a Cu d band as x increases. But
treating this effect requires separating p into ionic and
electronic contributions. This separation has been studied
in other intercalation systems, where it is found that the
screening between ions and electrons is an essential part of
the problem. s 27 Since the electronic structure of these
materials is still being debated, we do not know how to
treat this screening here.

We do not expect there to be much difference between
the calculations in Fig. 8, based on a two-dimensional lat-
tice, and those that would be obtained from a three-
dimensional lattice-gas model that considers weak interac-
tions between oxygen atoms in different layers in the
YBa2Cu30s+„structure. Such three-dimensional effects
would be strongest in the critical region near the order-
disorder phase transition. The width of this region should
correspond roughly to the region near the peak in

(8x/8p)T where the MC and CVM calculations dis-
agree, because there the fluctuations extend over long
distances. The agreement between CVM, which treats
the fluctuations only over a square of oxygen sites, and the
MC calculations, which considers a finite lattice 32 sites
on a side, suggest fluctuations over long distances are
unimportant except for a region of about Ax=0. 1 near
x 0.7. Thus small interactions normal to the layers will
probably modify the calculated values of (8x/8p)T only
over this region.

B. Second-neighbor interactions

Adding second-neighbor interactions to the problem
does not improve the agreement with experiment, but be-
cause these interactions are needed to explain the low-
temperature behavior, we explored their effects on p.
Since we believe the calculation in Fig. 8 is the best that
can be done with this lattice-gas model, we suggest that
other interactions must be smaller than those values which
significantly worsen the agreement with experiment.

The ordered state observed near x 0.5 doubles the unit
cell in the orthorhombic a direction, ' suggesting that it
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FIG. 9. Comparison of calculated (llx/8p)r (open circles)

with the measured values from Fig. 4 (closed circles). The four
series of points have been offset for clarity. Values of nearest-
neighbor interaction U~, next-nearest-neighbor interaction U2
through Cu, and next-nearest-neighbor interaction U3 not
through Cu, are given in units of kg T.

corresponds to alternating full and empty chains, as shown

in Fig. 5(b). Such an ordered state can be generated in a
lattice-gas model that considers the anisotropy in the
second-neighbor interaction. " The interactions con-
sidered are shown in Fig. 5(c). If the interaction between

oxygen atoms is attractive for oxygens separated by a
copper atom (U2 negative), the oxygens will cluster into
chains; if the interaction is repulsive between second-
neighbor oxygens not separated by Cu (U3 positive), full

chains will repel one another, leading to an ordered state
of alternating full and empty states. Thus we considered
these interactions in the Monte Carlo calculations.

Figure 9 compares experiment with calculation for
several values of these interactions. For small U2 and U3,
these interactions do not modify the configurational entro-

py, and so they can be considered in mean-field theory, as
in Eq. (6):

p so —Tso+ kq Tf(x) + (U2+ U3)x .

If U2 and U3 are equal and opposite, they cancel in Eq.
(8), and so will not affect p until they become large
enough to affect f(x). Figure 9 shows that they barely
have an effect at U3 —U2 kyar T. At twice this value,
however, a minimum appears in (8x/8tu)r at x 0.5,
caused by short-range order at this composition. This
minimum depends more on the repulsive U3 than on the
attractive U2, as seen by reducing Us and leaving U2 un-

changed. In fact, for U2 —2kgT and U3 kgT, the
peak in (8x/8p)T moves to lower x, closer to the experi-
mental value, but at the expense of increasing (8x/8p)T
and so worsening the agreement between experiment and

calculation at larger x. Since whatever mechanism is re-
sponsible for the discrepancy at large x may also affect the
phase boundary, it is not convincing to determine the pa-
rameters U2 and U3 by matching the calculated and ex-
perimental positions of the phase boundary, and the possi-
ble error in the absolute values of x of as much as 0.1

would make such a determination even less meaningful.

C. Behavior at low temperatures

From the comparison in Fig. 9, we can say only that U2
and U3 are probably less than or of order of kirTp at
Tp 923 K (about 0.06 eV). Values of kgTp, however,
are large enough to allow the ordered phase at x 0.5 to
form between Tp and room temperature. From MC cal-
culations we estimate that this ordered state forms at
U2 —2.2k' T for UI »kgT and U2 —U3. This agrees
with the phase diagram of Ref. 29, where this phase ap-
pears when U2& 2kqT. (Note that the interactions V in
Ref. 29 are four times smaller than the interactions U
used here, and that the phase diagram is plotted in units
of kgT/VI. ) If U2/kit Tp —1 at Tp 923 K, then the or-
dered state at x 0.5 would appear near T Tp/2. 2 420
K. Thus values of U2 and U3 of about kit Tp can simul-
taneously be small enough not to affect the isotherm mea-
sured at 923 K and yet large enough to produce the or-
dered state at x 0.5 somewhere between 923 K and
room temperature.

Since the interaction U2 is attractive, the transition be-
tween ordered states at low temperature will be first order,
and so if these are the only interactions, then at zero tem-
perature the phase diagram from x 0 to x 1 will consist
of ordered states at x 0, x 0.5, and x 1, and two-
phase mixtures of these at intermediate x.29 But in a real
material the behavior at low temperatures will also be
determined by the kinetics of phase separation caused by
this attractive interaction. This attraction will cause the
oxygens to cluster into chains even at low x. These chains
will then interact, and one can imagine a variety of struc-
tures depending on how strong the interaction between
chains is and how it varies with distance. There are analo-
gies here to staging in graphite, where the intercalated
atoms in the gap between a given pair of graphite layers
attract one another, forming full gaps separated by empty
ones. The full gaps then repel one another, leading to a
series of phases with different separations of the full
gaps. ' In fact, for certain forms of the interaction be-
tween atoms in different gaps, it is in principle possible to
obtain all possible sequences of full and empty layers, and
the phase diagram would form a "devil's staircase" if the
kinetics permitted. ' Analogous structures of full and
empty chains should be possible here, with further kinetic
problems that result when chains growing along one crys-
tallographic direction run into chains growing in the per-
pendicular direction.

Thus crystals at low x could be full of regions of
different kinds of order. This could explain the broad
transitions seen in Fig. 2. Both a distribution in the local
oxygen concentration and a distribution in the local oxy-
gen order could broaden the transitions. The point at
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which the orthorhombic phase disappears in the lattice pa-
rameter in Fig. I probably depends on both kinetics and
the strength of the interaction parameters, but the similar-
ity of the lattice parameters for different ways of making
the samples, and the similarity of the Meissner curves in

Fig. 2 for samples prepared by removing or adding oxy-
gen, suggests that this local structure is insensitive to the
differences in these two ways of preparing samples. It
might be, for example, that at temperatures two or three
hundred degrees above room temperature, the kinetics of
oxygen intercalation are governed by processes at the sur-
face of the samples, rather than by oxygen diffusion
within the bulk. Then oxygen would leave or enter the
samples at a rate slow compared to the time to equilibrate
the oxygen within the samples, so the composition of sam-
ples heated in argon would depend on the upper tempera-
ture reached, but the local order in these samples would
be determined at lower temperatures as they cool.

discrepancies between the thermodynamic measurements
and the lattice-gas models persist when second-neighbor
interactions are included. Models that consider the in-
teraction between ions and electrons, together with
changes in the electronic structure with intercalation,
might be more successful, but we caution that in such cal-
culations it is essential to include the screening of the ionic
charge by electrons, and the electronic structure of these
materials is still being studied.

Our calculations show that the second-neighbor interac-
tions between oxygen atoms can be large enough to pro-
duce ordered structures near x 0.5 at room temperature
and yet small enough to have little effects on our thermo-
dynamic measurements. The attractive interaction be-
tween 0 atoms separated by a Cu atom will lead to chains
even at low x, and the details of the superconductivity and
low-temperature structure will depend on how these
chains are arranged, determined as much by kinetics as by
thermodynamics.

VI. CONCLUSIONS

We have shown how a simple lattice-gas model with

only nearest-neighbor interactions describes the thermo-
dynamics of oxygen intercalation in the compound
YBazCu3Qs+„, but with some discrepancy at high x. The
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