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Low-temperature specific heat of BaCuO2 and BaCuO2.14 in magnetic fields to 7 T
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The specific heats of samples of BaCuO2 and BaCuO2.14, on which magnetization and/or neutron-diffraction
measurements had been made earlier, were measured for the temperature range 0.35<T<30 K in magnetic
fields to 7 T. BaCuO21x has a complex structure with 90 formula units in a bcc unit cell; 6 Cu are ‘‘lone
spins,’’ 48 are in 8 Cu6O12 ‘‘ring clusters,’’ and 36 are in 2 Cu18O24 ‘‘sphere clusters.’’ The ring and sphere
clusters have ferromagnetically ordered ground states with spinsS53 and 9, respectively. Antiferromagnetic
ordering of the ring clusters occurs with a Ne´el temperatureTN(0);15 K. The specific heat of BaCuO2 shows
a cooperative ordering anomaly associated with the antiferromagnetic ordering of the ring clusters. Schottky-
like anomalies, having maxima at;5 and;0.7 K, are identified with the ordering of the sphere clusters and
the lone spins, respectively. Only Schottky-like anomalies are observed for the specific heat of BaCuO2.14. It
is suggested that the increase in the Cu oxidation state, due to the addition of 0.14 mol of O, increases Cu-O
covalent bonding~spin compensation! and/or produces nonmagnetic Cu31, which in addition to the known
increase in the Cu-O bond lengths, disrupts the superexchange paths that lead to the antiferromagnetic ordering
of the ring clusters in BaCuO2. For BaCuO2 the magnetic entropy was 90% of that predicted for the ordering
of the three Cu structures. On the other hand, the magnetic entropy for BaCuO2.14 was only 65% of that
predicted, which suggests a relative large suppression of some magnetic entities due to the addition of 0.14 mol
of O. Although BaCuO21x is an insulator, the specific heat has aT-proportional component that is magnetic
field dependent and is presumably associated with the magnetic degrees of freedom.
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I. INTRODUCTION

The deceptively simple chemical formula for nonstoich
metric BaCuO21x masks the fact that it has an extreme
complex crystal structure that contains 90 formula units i
body-centered-cubic~bcc! unit cell ~space groupIm3m!.1–3

There are three different systems of Cu spins within whi
and between which, there are complex interactions. The
are all in square-planar CuO4 units, most of which share
edges to form Cu18O24 spherelike clusters and Cu6O12 ring-
like clusters. The bcc unit cell contains two of the spherel
clusters~36 Cu! centered on the corner and body-center p
sitions, and eight of the ringlike clusters~48 Cu! located
between the spheres and centered on the four body di
nals. There are also partially occupied sites that corresp
to Cu2O10 clusters, each of which can contain two CuO4
units thatdo notshare edges. In the bcc unit cell there are
of these clusters located between the spheres on the
edges, and on parallel lines through the cube center, bu
Cu sites are only 50% occupied, giving a total of six Cu
this type. These six Cu are referred to as ‘‘lone spins.’’
BaCuO2 only two of the four square-planar O sites surroun
ing a lone-spin Cu, the O~6! sites, are occupied on averag
leaving 36 of the 48 sites of this type vacant. Both the lo
spin Cu and O are randomly distributed over the availa
sites in the CuO4 units of the Cu2O10 clusters. Besides the O
sites in the three types of clusters, there are 12 additio
occupied O sites for a total of 216 sites. As oxygen is ad
to BaCuO2, it has been reported1,2 that the 36 vacant O~6!
sites become randomly occupied, but this assignment
PRB 610163-1829/2000/61~1!/538~11!/$15.00
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been disputed3 with the assertion that up to eight addition
sites can also have variable O occupancy. The Cu sublat
in the sphere and ring clusters are independent ofx.1,2 How-
ever, as found in the cuprate superconductors, the O con
influences the Cu oxidation state. Theaveragevalence for
Cu in BaCuO21x would be 212x. If all 48 O~6! sites2 were
occupied, one would obtainx50.4, while if only the 24 O~6!
sites associated with Cu were occupied, one would havx
50.2, with average Cu valences of 2.8 and 2.4, respectiv
However, depending on the location of the excess oxyg
the effect on the Cu oxidation state in each of the three
systems would not be the same. A change in oxygen con
alters the Cu-O bond lengths and the unit-cell volume2,4

with the largest bond changes occurring in the Cu2O10
clusters.2 Changes in Cu-O bond lengths could produce
lated changes in the Cu oxidation state2 and in any Cu-O-Cu
superexchange paths.

Neutron-diffraction5–7 and magnetic-susceptibility
measurements5,8 on a BaCuO2 sample have shown that th
lone-spin Cu hasS51/2, while theS51/2 Cu spins in both
the Cu6O12 rings and Cu18O24 spheres form ferromagneti
cally ordered cluster ground states7 with net spins ofS53
andS59, respectively.~The ferromagnetic ground states a
formed from the alignment of the individualS51/2 Cu
spins, presumably via Cu-O-Cu superexchange links.! Ex-
cited states for both types of clusters have smaller~integer!
net spins. The Cu6O12 ring clusters order antiferromagnet
cally with an ordering anomaly in magnetization at a Ne´el
temperatureTN(0);15 K. Neither the lone-spin Cu nor th
Cu18O24 spheres exhibit long-range magnetic order forT
538 ©2000 The American Physical Society
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>0.05 K.7 Above ;190 K the magnetization data5,10 can be
fitted with a Curie-Weiss function that is consistent withS
51/2 Cu21 for all of the Cu in BaCuO2. Neutron-diffraction
measurements have also been made on a BaCuO2.14 sample.9

At 4.2 K no cooperative, long-range magnetic order for a
of the three Cu systems was observed.9

BaCuO2 is a common impurity phase in the most wide
studied of the high-Tc superconductors, YBa2Cu3O72d
~YBCO!. The triangular phase diagram of the Y-Ba-Cu
system allows the formation of many compounds that
occur as impurity phases in YBCO, with the more comm
being Y2Cu2O5 ~blue phase!, Y2BaCuO5 ~green phase!, and
BaCuO21x ~brown phase!. BaCuO21x has a very large spe
cific heat at low temperatures, and it is the most troubleso
of these materials with respect to its contribution to the s
cific heat of YBCO samples. Probably all ceramic samples
YBCO, and many ‘‘single crystals,’’ contain it as an imp
rity to some degree. It is stable only in a limited range
temperature and oxygen pressure, but it is metastable at
bient temperature in air.10 BaCuO21x decomposes slowly
into Ba2Cu3O5 and BaO at elevated temperatures outside
stability zone.10

Following the discovery of YBCO, the low-temperatu
specific heat~C! of BaCuO21x was measured in zero mag
netic field10,12–18and in magnetic fields~H!.10,16,17Kuentzler
et al.14 were probably the first to show that the low
temperature specific heat of BaCuO21x was very strongly
dependent on the oxygen content, and later specific-
measurements by others confirmed their observations.10,15,18

All of those measurements showed that the specific hea
BaCuO21x was much larger than that of YBCO at low tem
peratures. These findings were the source of the then wi
held belief that most—if not all—of the anomalous, a
highly sample dependent,g* (0)T term for YBCO for H
50 was probably due to the presence of varying amount
BaCuO21x . Many previous samples of BaCuO21x synthe-
sized for specific-heat measurements probably conta
other phases. Samples of BaCuO21x have been reported11

with x ranging from20.21 to10.5.
In this paper we report low-temperature, specific-h

measurements in magnetic fields on the two we
characterized samples of BaCuO21x ~x;0 and;0.14! used
in the magnetic-susceptibility5,8 and neutron-diffraction5–7,9

experiments. These measurements had a fourfold
pose: ~1! To measure the contributions toC(H) associated
with the known cooperative ordering of the Cu6O12 rings and
with any ordering of the Cu18O24 spheres and lone-spin C
that might occur above;0.35 K. ~2! To observe the effec
on the magnetic ordering of excess oxygen.~3! To test a
model for the ordering of the three magnetic systems
evaluating the magnetic entropy.~4! To provide measure
ments ofC(H) for use in correcting specific-heat data f
YBCO samples for the presence of small amounts
BaCuO21x .19,20

The sample preparation and characterization are descr
in Sec. II. The specific-heat measurements are described
an overview of the results presented in Sec. III. The anal
of the data to separate the lattice and magnetic contribut
is described in Sec. IV, and the calculation of the magn
entropies is described in Sec. V. Section VI includes a d
cussion of how changes in oxygen content affect the spe
y
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heat and entropy of BaCuO21x , a possible role that oxygen
plays in producing the enormous changes observed in
specific heat for relatively small changes inx, and, finally,
comparisons of the present data with other extensive, pr
ously reported specific-heat measurements.10 A general sum-
mary is given in Sec. VII.

II. SAMPLE PREPARATION

Ceramic samples,6,8,21 ;8.5 g (x;0) and ;9.5 g (x
;0.14), sintered as right circular cylinders, were prepared
the same way except the final heat treatment. For
BaCuO2 sample the final annealing and cooling to ambie
temperature were in an atmosphere of He, while one at
sphere of O2 was used for the BaCuO2.14 sample. No decom-
position should have occurred since neither sample was
for extended periods at high temperatures outside the st
ity zone.10 Based on the phase diagram in Ref. 10, the o
gen contents for the He- and O2-annealed samples wer
taken to be given byx;0 and;0.14, respectively.

Thermogravimetric analysis~TGA! on representative
samples prepared in the same ways as the two specific-
samples gave, for a He-annealed sample,x50.160.1, and,
for an O2-annealed sample,x50.660.1.8,21 In a recent
paper10 the upper limit onx for BaCuO21x was stated to be
;0.16 for oxygen present as lattice structural elements. T
value is close to thex50.2 that would be expected if th
O~6! sites next to occupied Cu sites in the Cu2O10 clusters
were all filled. This conclusion was based on the kno
increase in the BaCuO21x cell volume4 with increasing oxy-
gen content. The TGA measurement of asurplus x;0.46
60.1, over thex;0.14 expected for the O2-annealed sample
based on the phase diagram10 ~and for other samples fo
which even larger values ofx have been reported!, could be
explained by the presence of strongly chemisorbed ato
oxygen~O! on surfaces or as molecular oxygen (O2) trapped
as occlusions in microscopic voids, pores, and grain bou
aries of the sample, or in interstitial positions. The prese
of occluded O2 should give a thermal signature in the sp
cific heat near 24 K due to the first-order transition of so
O2 from thea to theb crystallographic form.22 Specific-heat
measurements on LaCuO41x (x;0.13) do have an irrevers
ible anomaly near 24 K~Ref. 23! that is consistent with the
presence of;0.065 mol of occluded O2. If occluded mo-
lecular oxygen is present in the BaCuO21x sample and if it
behaves in a similar way to that in LaCuO41x , then one
would expect to find an anomaly inC near 24 K. Based on
the results for LaCuO41x ,23 this anomaly would be a signifi
cant fraction ofC for BaCuO21x . Although the specific-hea
data for BaCuO21x near 24 K are not closely spaced, the
are very precise, and no such anomaly was observed. Th
fore, it would appear that the excess of;0.4660.1 mol O
found in the TGA analysis could be present only as stron
bound, chemisorbed O on the ceramic sample surfaces
this paper we will assume the two samples to be BaCuO2 and
BaCuO2.14 based on the conditions of preparation and
phase diagram of Ref. 10.

III. SPECIFIC-HEAT MEASUREMENTS

One end of a cylindrical sample was glued to a cop
plate with GE7031 varnish and the sample covered wit
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540 PRB 61R. A. FISHERet al.
thin layer of silver foil ~also using GE7031 varnish! to en-
sure good thermal contact. The copper plate was screwe
the calorimeter stalk, which contained germanium and pl
num resistance thermometers and a heater. The thermom
were outside the solenoid and were shielded from the m
netic field by a superconducting Nb-Ti cylinder. Specifi
heat measurements were made using a semiadiabatic,
pulse technique24 for 0.3<T<300 K and 0<H<7 T. The
precision of the measurements was;0.1%, while the accu-
racy was;0.5%, as estimated from measurements made
a copper standard. The molecular weight of BaCu2
,232.87 g mol21, was used in calculating a ‘‘molar’’ specifi
heat for both samples to obtain values that refer to 1 mo
Cu in both cases.

The specific heat of BaCuO2 for H50 and 7 T is plotted
in Fig. 1~a! asC/T vs T for the entire range of temperature
of the measurements, and asC vs T in Fig. 1~b! for T
<4 K. The solid curves represent the lattice specific h
(Clat), which was evaluated as described below in Sec.
Three features are apparent in theC/T vs T plot for H50.
One of these features, associated with the antiferromagn
ordering known from other measurements, appears as a
tively sharp anomaly with a peak nearTN(0);13 K. This
peak is shifted to lower temperature in 7 T, as expected
antiferromagnetic ordering. ForH50, besides the antiferro
magnetic ordering anomaly, there is a second broa
anomaly centered at;5 K and a sharp upturn beginning ne
2 K. In 7 T, these latter two features have coalesced int
single broadened anomaly centered at;4.5 K. In theC vs T
representation in Fig. 1~b! the sharp, low-temperature uptur
in C/T appears as a Schottky-like anomaly centered at;0.7
K.

The specific heat of BaCuO2.14 for H50, 1, 2, 3, 5, and 7
T, is displayed asC/T vs T in Fig. 2~a! for the full range of

FIG. 1. The specific heat of BaCuO2. ~a! C(H)/T vs T for
0.35,T,30 K andH50 and 7 T. ForH50, the antiferromagnetic
and two paramagnetic ordering anomalies are clearly shown. In
the antiferromagnetic ordering anomaly has moved to a lower t
perature, while the other two anomalies have both moved to hig
temperatures and have coalesced into a single, broad anomaly
tered at;4.5 K. ~b! C(H) vs T for T<4 K andH50 and 7 T. The
H50 ordering anomaly for the lone-spin Cu in the partially occ
pied Cu2O10 clusters is shown on an expanded scale.
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temperature and in Fig. 2~b! as C vs T for T<5 K. ~For H
52 T the specific-heat data were measured only to
K.! The inset to Fig. 2~a! is an expanded plot ofC/T vs T
in the region below 3.5 K, with the curve forH51 T omitted
for clarity. In Figs. 2~a! and 2~b! the solid curves represen
Clat . Addition of ;0.14 mol of oxygen has produced a pr
found change inC from that observed for the BaCuO2
sample shown in Fig. 1. The antiferromagnetic order
anomaly has disappeared, as have the other two features
have been replaced by the broad, Schottky-like anoma
shown in the inset to Fig. 2~a! and in Fig. 2~b!.

IV. DATA ANALYSIS

The lattice (Clat) and magnetic@Cmag(H)# contributions
to C(H) were separated by an analysis of the data in
temperature region above the maxima of the order
anomalies inC. Clat was represented by three terms,BnTn

(n53,5,7), in the usual harmonic-lattice expansion. A
though BaCuO2 and BaCuO2.14 are both insulators, and ther
can be noT-proportional term inC(H) associated with con-
duction electrons, ag* (H)T term was included in the fitting
expression. Its inclusion substantially improved the fits
HÞ0 and gave results that were consistent with
H-independentClat . It is assumed that this term is magnet
in origin and is part ofCmag(H), i.e.,

Cmag~H !5Canmly~H !1g* ~H !T, ~1!

whereCanmly(H) is the contribution of the ‘‘anomalies’’ tha
are evident in Figs. 1 and 2. For BaCuO2 (H50,7 T) and
BaCuO2.14 (H50,1,3,5,7 T),Clat was obtained from global
least-squares fits ofC(H) for 15<T<30 K and 0<H<7 T
to the expression

Cfit~H !5A~H !/T21g* ~H !T1B3T31B5T51B7T7,
~2!

T,
-

er
en-

-

FIG. 2. The specific heat of BaCuO2.14. ~a! C(H)/T vs T for
0.35,T,30 K and 0<H<7 T. The inset shows the same data
an expanded scale below 3.5 K. The complex, multiple-anom
ordering observed for BaCuO2 has been replaced by singl
Schottky-like anomalies.~b! C(H) vs T for T<5 K. The Schottky-
like nature of the ordering is illustrated by theH dependence.
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where theA(H)/T2 term is used to represent the fiel
dependent, high-temperature-limiting form ofCanmly(H).
The global fits for both samples had rms deviations
0.34%. Addition of aB9T9 term toClat did not significantly
decrease the rms deviations.

To test the reality of theg* (H)T term in the BaCuO2
specific-heat data, and to provide guidance in further an
sis, individual fits had been made to the data forH50 and 7
T without including ag* (H)T term in the fitting expression
For H50 the fit was excellent with an rms deviation
0.08%, indicating thatg* (0)50. However, the fit for the
7-T data was much worse with an rms deviation of 0.50
more than 6 times greater than forH50. Moreover, theBn
coefficients were very different from those for theH50 fit.
Clat obtained for theH50 fit was subtracted from both th
H50 and 7 T data and the residuals plotted asCmagT

2

5@C(H)2Clat(0)#T2 vs T3 as shown in Fig. 3. The straigh
line, obtained from a least-squares fit of the 7-T data, cle
establishesg* (7T)510.6 mJ K22 mol21; the plot for H50
attests to the quality of the fit withg* (0)50. The global fit
to both sets of data gave essentially the sameClat as that
obtained in the fit to theH50 data alone. A similar proce
dure was used to establish the presence ofg* (H)T terms for
BaCuO2.14. Figure 4 is a plot ofg* (H) vs H for the
BaCuO2.14 sample, which is linear to within the standa
errors of the fitted values ofg* (H). The straight line repre-
sents a least-squares fit to the data, constrained to be zer
H50, with a slopeg* (H)/H50.81 mJ K22 T21 mol21. The
addition of ;0.14 mol of oxygen to BaCuO2 caused a de-
crease ing* (7 T) from 12.4 to 5.7 mJ K22 mol21. @The
value of g* (7 T) for BaCuO2 changed from 10.6
mJ K22 mol21 for the single-field fit to 12.4 mJ K22 mol21

for the global least-squares fit, which is not significant
within the accuracy of the data.# For both samples the
adopted values for theA(H) terms, theBn lattice parameters
and theg* (H)T terms were those derived from global, lea
squares fits using Eq.~1! and constrainingg* (0) to be zero.
These parameters are only slightly different from those
tained from the single-field fits and are believed to be m
representative since all fields were used to establish them
is not possible to derive reliable values ofg* (H) from fits to
the low-temperature data since the magnetic ordering ano

FIG. 3. @C(H)2Clat#T
2 vs T3 for BaCuO2, well aboveTN ,

showing the high-temperatureA(H)/T2 magnetic terms and the
g* (H)T terms, which are, respectively, the intercepts and slope
the straight lines.g* (0)50. The error bars are6 1% of C(H).
f
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lies make significant contributions toC(H) in the low-
temperature region, and they cannot be uniquely mode
However, the assumption that theg* (H)T terms obtained
from the analysis of the data forT.15 K are also present a
low temperatures is consistent with the low-temperat
data.

A nuclear hyperfine specific heat (Chf) is expected for the
nuclei 63,65Cu and 135,137Ba, whose combined theoretica
contributions are given in the high-temperature limit
Chf(H)50.003 29(H/T)2 mJ K21 mol21 for H in tesla. In the
temperature range of the present measurements,Chf(H)
makes only a small contribution@;1% of C(7 T) at 0.6 K#,
and the only evidence for its presence is a very small upt
in the lowest data point inC(7 T) and C(7 T)/T for the
BaCuO2 sample. This upturn is much too small to be seen
the plots shown in Fig. 1 and is only observable on an
panded scale. Despite its small contribution, the calcula
Chf(H) was subtracted from allC(H) data before any en
tropy evaluations were made.

The global least-squares fits gaveB350.425
mJ K24 mol21 for BaCuO2 andB350.620 mJ K24 mol21 for
BaCuO2.14. The limiting, low-temperature Debye theta
(QD) are, respectively, 264 and 233 K, whereQD
5@(12/5)p4NAkBNatom/B3#1/3, NA is the Avogadro number
kB the Boltzmann constant, andNatomthe number of atoms in
the formula unit—4 for BaCuO2. Figure 5 is a plot of
Clat /T

3 vs T for both samples. The solid curves show t
temperature region of the global, least-squares fits use
obtain theBn . The addition of oxygen to BaCuO2 produces
a softening of the lattice modes, particularly the low
frequency acoustic modes that determineB3 .

Figure 6~a! is a plot of the magnetic specific hea
Cmag(H)/T5@C(H)2Clat#/T5@Canmly(H)1g* (H)T#/T vs
T, and Fig. 6~b! shows Cmag(H)5@C(H)2Clat# vs T for
BaCuO2. It is obvious from these plots that there are re
tively large amounts of short-range order—antiferromagne
correlations—aboveTN(H). Similar plots are shown in Figs
7~a! and 7~b! for BaCuO2.14. The anomalies in@C(H)
2Clat# vs T in Fig. 7~b! are Schottky-like, and the offsets a
higher temperatures clearly show the influence of

of
FIG. 4. g* (H) vs H for BaCuO2.14, obtained from a global

least-squares fit of the data from 15 to 30 K that gave the latt
magnetic, andg* (H) parameters. The straight line represents
linear least-squares fit ofg* (H) to H, constrained to have zero
intercept, where the error bars are6 the standard errors obtaine
from the global least-squares fit.
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542 PRB 61R. A. FISHERet al.
g* (H)T component ofC(H). As shown in Fig. 7~b!, the
shift of the maxima in@C(H)2Clat# to higher T with in-
creasing magnetic field is much less than would have b
expected for a simple Schottky function.„The ratio of the
shifts in the maxima of@C(H)2Clat# for H57 T and 1 T is
1.5 compared with a corresponding shift in this ratio
;7—greater than a factor of 4—for simple Schottky fun
tions with g52, S51/2, 3, and 6, and no crystal-field spli
ting.…

Evidently, the long-range antiferromagnetic ordering
BaCuO2 ~seen in Fig. 6! has been destroyed by the additio
of oxygen. These results are consistent with neutr
diffraction measurements,9 which also show no cooperative
long-range order. When the curves in Fig. 6 are compare
those in Fig. 7, the contrast in the specific heat and
magnetic-field dependence, caused by the addition of o
;0.14 mol of oxygen, is striking. Obviously, the nature
the ordering has been dramatically altered.

FIG. 5. Clat /T
3 vs T for BaCuO21x for x;0 and;0.14. The

solid curves show the temperature regions of the global le
squares fits used to obtain theBn , while the dashed curves ar
extrapolations using thoseBn . Evidently, increasing the oxyge
content from;2 to ;2.14 causes a softening of at least some of
lattice modes.

FIG. 6. The magnetic specific heat for BaCuO2 obtained after
subtractingClat from the data shown in Fig. 1. In~a! the data are
plotted as @C(H)2Clat#/T vs T for H50 and 7 T; in ~b! as
@C(H)2Clat# vs T.
n

f

r

-

to
s
ly

V. MAGNETIC ENTROPY

To obtain the entropy@Smag(H)# for the magnetical-
ly ordered entities for the two samples and th
high-temperature limiting values for H50 (Slim),
*Cmag(H)/T dT—corrected forChf(H)—was evaluated for
three separate regions: FromT;0.35 to ;30 K, the data
were integrated numerically. ForT&0.35 andT*30 K, they
were extrapolated toT50 andT5`, to obtain, respectively,
DSLT(H) andDSHT(H), the contributions toSmag(H) from
those regions. To make extrapolations to the absolute z
Cmag(H) in the lower end of the temperature range was fit
using theg* (H)T terms derived at high temperature—whe
they were necessary for a good fit—plus the limiting, lo
temperature expression for a two-level Schottky anomaly

Cmag~H !5g* ~H !T1nNAkB@E~H !/T#2e2E~H !/T, ~3!

wheren is the number of moles andE(H) is the splitting~in
kelvin! between the ground and excited state. This form
the extrapolation ofCanmly(H), the second term in Eq.~3!, is
used as a reasonable empirical fitting expression. Howe
no theoretical significance should be attached to the der
parameters since the data being fitted do not correspond
single Schottky function. This is shown, e.g., by the fact th
n is not field independent, which it would be if the da
corresponded to a single Schottky anomaly.@An extrapola-
tion of Cmag(H) to T50 was also made using a polynomi
fit that gave the same value ofDSLT(H) to better than 1%,
emphasizing that the extrapolated entropy is not strongly
pendent on the form of the expression used.# Values of
A(H) from the global, least-squares fit ofC at highT to Eq.
~2! in Sec. IV were used to evaluateDSHT(H) from T

t-

e FIG. 7. ~a! A plot of @C(H)2Clat#/T vs T below 10 K for
BaCuO2.14, emphasizing the low-temperature ordering. The data
H50 show a small feature between 1 and 2 K.~b! The same data as
~a! but plotted as@C(H)2Clat# vs T for 0.35,T,30 K. This plot
emphasizes the short-range Schottky-like nature of the order
while at high temperatures the displacements of the curves
field shows the presence ofg* (H)T terms. The temperature shift o
the maxima in@C(H)2Clat# with magnetic field is relatively smal
compared to the shift observed for a simple Schottky function. N
the sharp contrast between the specific-heat data shown in this
ure for BaCuO2.14 and that for BaCuO2 shown Fig. 6.
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;30 K to `: DSHT(H)5A(H)/(2Textp
2 ), where Textp

;30 K is the starting temperature for the extrapolation. F
both samples and allH, the maximum contribution of
DSLT(H) andDSHT(H) to Slim is each<5%.

Figures 8 and 9 showSmag(H) as a function ofT for
BaCuO2 and BaCuO2.14 ~theH51 T data have been omitte
for clarity!, respectively. Included in the figures are the p
rameters used in the low- and high-temperature entropy
trapolations, and their valuesDSLT andDSHT , respectively.
For BaCuO2, Slim52.135 J K21 mol21 and for BaCuO2.14,
Slim51.525 J K21 mol21. The values ofSmag(H) extrapo-
lated to T5` for HÞ0 are significantly smaller than th
values forH50 for both samples.

For both BaCuO2 and BaCuO2.14 the excited states of th
ring and sphere clusters are believed to be at such

FIG. 8. The magnetic entropy derived from the specific heat
BaCuO2 plotted asSmag(H) vs T. The H50 curve extrapolates to
the limiting entropy shown by the horizontal straight line. With
assumption about theg* (H)T term ~see text! the 7-T curve ex-
trapolates to the same limit. This limiting entropy is 10% lower th
that expected for the ordering of the three structural Cu-O un
which is shown by the horizontal dotted line. The parameters u
in the low- and high-temperature extrapolations are given in
table in the figure, where the units are T, K, J, and mol.

FIG. 9. A plot of Smag(H) vs T for BaCuO2.14, similar to that
shown in Fig. 8 for BaCuO2. Inclusion of theg* (H)T entropy
above;30 K for theHÞ0 data~see text! makes all curves extrapo
late to the same limiting entropy~shown as a horizontal solid line!
to within 1%. This limiting entropy is 35% smaller than the valu
expected for ordering of the three structural Cu-O subunits, wh
is shown as the horizontal dotted line. The parameters used in
low- and high-temperature extrapolations are listed in the tabl
the figure, where the units are T, K, J, and mol.
r

-
x-

h

energies8 that specific-heat measurements below 30 K wo
include only contributions from the ordering of those cluste
in their ground states and the ordering of the lone sp
Consequently, the values ofSmag(H) ~extrapolated toT5`!
should be independent ofH. However, the dependence o
Smag(H) on H, noted above, is consistent with the interpr
tation that theg* (H)T term in C(H) is of magnetic origin,
and its contribution to the entropy should be included
Smag(H). Obviously, there must be a ‘‘cutoff’’ to that con
tribution to avoid an infinity in the entropy. Since there is n
apparent basis for modeling the ‘‘cutoff,’’ it was taken as
discontinuous drop to zero at a temperatureT0 , which might
be expected to depend on bothx andH, to give

Smag~H !5Sanmly~H !1g* ~H !T0 . ~4!

For BaCuO2, T0540.4 K makes Smag(7 T)
52.135 J K21 mol21 at T5`, the value ofSlim . In the case
of BaCuO2.14, T0545.0 K gave Smag(H)51.555, 1.555,
1.546, and 1.521 J K21 mol21 for H51, 3, 5, and 7 T, re-
spectively, with an average of 1.54460.015 J K21 mol21,
compared withSlim51.525 J K21 mol21. @A combination of
magnetization measurements and model calculations10 has
been interpreted as showing aT-proportional term inC(H)
for HÞ0 that begins to decrease near 30 K and vanis
above 50 K.# Slim for both samples is much smaller tha
R ln@2(1/2)11#55.764 J K21 mol21 that naively might have
been anticipated for 1 mol of Cu21 in BaCuO2 if no micro-
scopic structural information had been available. A reduct
in the entropy is expected, however, because of the h
temperature formation of the eight Cu6O12 ring clusters with
ferromagnetic Cu ordering (S53) plus the two Cu18O24
sphere clusters with ferromagnetic Cu ordering (S59),
which removes a large fraction of theR ln 2 entropy for free
Cu21 spins with S51/2. Theoretically, the entropy assoc
ated with each of the three structural units in the unit cell
~1! S1s5(6/90)R ln@2(1/2)11#50.384 J K21 mol21, ~2! Sr
5(8/90)R ln@2(3)11#51.438 J K21 mol21, and ~3! Ss
5(2/90)R ln@2(9)11#50.544 J K21 mol21, where 1s, r, and
s refer, respectively, to the lone spins, rings, and sphe
The three contributions to the magnetic entropy for t
model have a sumSmodel52.366 J K21 mol21. The BaCuO2
and BaCuO2.14 samples haveSlim that are, respectively, 10%
and 35% lower thanSmodel. Furthermore, there can be n
entropy ‘‘hidden’’ below T;0.35 K associated with an
anomaly inC for H50 to account for these discrepancies.
such ‘‘hidden’’ entropy existed forH50, the 7-T field would
have shifted the associated anomaly inC(7 T) to well above
0.35 K. The difference in magnetic entropy between BaCu2
and BaCuO2.14 reinforced the conclusion, reached from a
examination ofCmag(H) in Figs. 6 and 7 of Sec. IV, that the
addition of excess oxygen produces a fundamental chang
the magnetic ordering.

VI. DISCUSSION

A. Specific heat and entropy of BaCuO2

Figure 6 shows specific-heat anomalies in three dist
regions of temperature, near 0.7, 5, and 13 K. From the m
netization and neutron-diffraction data,5–8 one expects these
anomalies to be associated with the ordering of the lo
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spins @nls56/90 mol~mol BaCuO2!
21, S51/2#, the

Cu18O24 spheres @ns52/90 mol~mol BaCuO2!
21, S59#,

and the Cu6O12 rings @nr56/90 mol~mol BaCuO2!
21, S

53#. The 13-K anomaly is obviously associated with t
long-range antiferromagnetic ordering of the rings, which
known to occur at that temperature.5–8 It also has the shap
and magnetic field dependence expected for an excha
driven, cooperative, antiferromagnetic transition. The 0
and 5-K anomalies are, therefore, to be associated with
ordering of the lone spins and the spheres. Both anoma
have a Schottky-like appearance that suggests crystal-
and/or molecular-field interactions. The 0.7-K anomaly
relatively amenable to analysis, and it will be shown bel
to be more consistent with ordering of the lone spins, leav
the 5-K anomaly for the ordering of the sphere spins.

Figure 10~a! shows the 0.7-K anomaly compared with
Gaussian-broadened Schottky function (CBS) for nls
56/90 mol~mol BaCuO2!

21 represented by the solid curve
~Broadening could be produced by the known inhomo
neous oxygen distribution2,3,9 in BaCuO2.! Fit parameters
are given in the figure whereS is the spin,g the spectro-
scopic splitting factor,Hm the molecular field, andDHm the
Gaussian broadening parameter for the magnetic field.~For
Cu21, g;2.2 is quite common, but the particular choice
not crucial to the fit since the Gaussian-broadened Scho
parameters are the productsgHm andgDHm . Choosing dif-
ferent values forg produces compensating changes in b
Hm andDHm!. By fixing nls56/90 mol~mol BaCuO2!

21 and
S51/2, the associated entropy is the expected 0.

FIG. 10. ~a! The low-temperature anomaly for BaCuO2, which
is identified with the ordering of the lone-spin Cu in the partia
occupied Cu2O10 clusters, is shown as open circles. The solid cu
is a Gaussian-broadened, Schottky function (CBS) with parameters
selected~and shown in the figure! to give the ‘‘best’’ fit to the
anomaly and to have the correct entropy. The ‘‘best’’CBS was
taken to be the one that minimized the structure remaining
@C(0)2Clat2CBS# as shown by thex symbols. A small amount of
structure remains, but overall the fit is good.~b! The same as~a!
except the fit is for two ferrimagnetic clusters, each with spin 15
formed from the antiferromagnetic coupling of a sphere cluster w
three lone-spin partially occupied Cu2O10 clusters. The ‘‘best’’ cal-
culated curve for the fit to the ferrimagnetic clusters is too broad
fit the data.
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J K21 mol21 for the ordering of the Cu in the partially occu
pied Cu2O10 clusters. The3 symbols in Fig. 10~a! represent
the specific heat remaining after subtracting bothClat and
nlsCBS from C. After the subtractions, there is still a sma
feature inC below;1 K. Nonetheless, representation of th
lowest anomaly by the Gaussian-broadened Schottky fu
tion is quite good.

Based on the behavior of the low-temperature magnet
tion data forT>2 K, it was proposed5 that the three Cu spins
in three partially occupied Cu2O10 units were antiferromag-
netically coupled to a sphere cluster to form ferrimagne
clusters with net spinS515/2 at low temperature. Two suc
clusters would be formed per unit cell with a concentrati
ns52/90 mol~mol BaCuO2!

21. The exchange constant5 de-
rived from a fit of the magnetization data to this ferrima
netic complex model had an energy scale of;4.5 K. It was
also suggested that these ferrimagnetic clusters might o
near 1 K.5 For this model, it would follow that the anomal
in C near 5 K would be identified with the formation of th
ferrimagnetic clusters and the anomaly inC at ;0.7 K with
their ordering in a molecular magnetic field. However, it
not possible to achieve a good fit of the specific-heat dat
a Schottky function assuming such ferrimagnetic clusters
the S515/2 manifold of the complex is assumed to be sp
into 16 equally spaced energy levels in a molecular-magn
field, which is the only fit variable, any calculated anoma
that falls in the temperature interval required by the data
too broad as illustrated in Fig. 10~b!. Based on the results o
the two fits, the 0.7-K anomaly is not consistent with ord
ing of the proposed ferrimagnetic clusters, and there is
calorimetric evidence for their existence. This conclusion
not inconsistent with the magnetization data5 since the field
and temperature dependence of those data can also b
plained if the sphere clusters are ordering due to cryst
electric-field and/or molecular–magnetic-field splitting of t
energy-level manifold. The same argument that the 0.7
anomaly could not be associated with ordering of the fe
magnetic clusters applies to the sphere clusters. Co
quently, it is, for several reasons, the 5-K anomaly that is
be associated with the short-range ordering of the sph
clusters.

Dipole-dipole interactions are far too weak to account
the ordering of the lone spins at 0.7 K, and for the sph
clusters at 5 K. Crystal-field interactions may play a role
the sphere clusters, but not for the lone spins for whichS
51/2. Molecular-magnetic fields arising from other order
spin systems—from the rings for the spheres, and from b
the rings and spheres for the lone spins—are probably
portant in both cases. Several examples of experimental
dence of such interactions have been reported,25–28 and in a
particular case two theoretical interpretations we
proposed.29,30

The derived magnetic entropy for BaCuO2 is 2.135
J K21 mol21, which is 10% lower than that expected for th
model of six lone spins, eight ring clusters in their grou
states (S53), and two sphere clusters in their ground sta
(S59). Two explanations could account for this discre
ancy: ~1! If some crystal-field levels for either, or both, th
ring and sphere clusters were shifted to energies well ab
30 K, they would make only a negligible contribution to th
specific heat and entropy deduced fromC(H). For example,
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such a displacement for two of the seven levels for the r
clusters could account for the missing entropy. Such
displacement of two of the energy levels might also expl
the ordered magnetic moment of;0.89 Bohr magnetons pe
Cu in the ring clusters, computed from the neutro
diffraction measurements,5,7 which is smaller thangSmB
;(2.2)(1/2)mB;1.1mB per Cu anticipated.~2! The value of
x;0 is only nominal, and small amounts of excess oxyg
might be present. Furthermore, even ifx50, an inhomoge-
neous distribution of the oxygen could still exist.2,3,9 In either
case, an increase in the Cu oxidation state to greater than12,
due to the presence of an excess or an inhomogeneous
tribution of oxygen, could cause some spins to be suppre
either through covalent bonding~spin compensation! or the
production of nonmagnetic Cu31—see Sec. VI B for addi-
tional details. This would result in a reduction in entrop
Neither possibility can be ruled out by any of the existi
measurements.

B. The specific-heat and entropy of BaCuO2.14

The addition of;0.14 mol O per mol BaCuO2 suppresses
the cooperative antiferromagnetic ordering of the Cu6O12
ring structures. The specific-heat results are supported by
neutron-diffraction measurements,9 which show no coopera
tive long-range order. Figure 7~b! shows thatCmag(H) vs T
has Schottky-like anomalies for all fields. These anoma
have replaced the two Schottky-like anomalies and the lo
range antiferromagnetic ordering anomaly shown in the v
structured plot ofCmag(H) vs T in Fig. 6. However, forH
50, 1, and 2 T the Schottky-like anomalies in Fig. 7~b! are
not ‘‘ripple free.’’ This is shown more clearly in Fig. 11
which is a plot of Cmag(H)/T vs logT with the data for
different H offset by different amounts for clarity.~The
curves through the data are spline fits that serve as guide
the eye.! For H50, 1, and 2 T there are two features who
separations, magnitudes, and temperature placements
with H. In magnetic fields of 3, 5, and 7 T there are only
single, fully developed, Schottky-like anomalies.

FIG. 11. Cmag(H)/T vs logT for BaCuO2.14 with the points
offset by an increasing additive amount for each field. This p
shows the small features in the low-field specific heats and
Schottky-like anomalies in the higher fields. The curves through
data points are spline fits, which serve as guides to the eye.
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The addition of;0.14 mol O would produce anaverage
Cu valence of 2.28 in BaCuO2.14. Although the effects on
individual Cu will depend on the sites occupied by the ox
gen and homogeneity of its distribution,2,3,9 there is a genera
increase in the oxidation state of the Cu. This increase in
oxidation state of Cu could promote covalent Cu-O bond
~spin compensation! and a subsequent loss of antiferroma
netic ordering. Formation of Cu31, which is also a possibil-
ity, would result in a singlet ground state and a loss of m
netization. This could also suppress cooperative long-ra
ordering.

The specific-heat and entropy can be understood
adopting a scenario that the addition of the excess oxy
produces changes in both the Cu oxidation state and C
bond lengths, which could cause suppression of magn
states through covalent bonding, as in the cuprate super
ductors. Oxygen will, presumably, randomly occupy t
various available sites,2,3,9and magnetism could be quenche
for some members in all three systems. A random quench
of the magnetism in some ferromagnetic Cu6O12 ring clusters
could disrupt the exchange interaction between them, w
the subsequent destruction of antiferromagnetic order. W
the addition of sufficient oxygen, three different, interacti
paramagnetic systems would remain. Two of these syst
would be the ring and sphere clusters, with their grou
states perhaps split by crystal-electric fields. The third s
tem would be Cu withS51/2 in the lone-spin partially oc-
cupied Cu2O10 clusters. Ground-state doublets for these
would be split by a combination of dipole-dipole interactio
and possible molecular magnetic fields produced by sh
range ~spin-glass-like! ordering of the ring and/or spher
clusters. The measured specific heat would consist of a
perposition of specific heats for these three interacting p
magnetic systems. Since the number of energy levels
their splitting would be different for each system, structure
C(H) probably would be observed forH50 and in low
magnetic fields, as shown in Fig. 11. The separations
tween the energy levels for each of the three systems cha
as H increases. This magnetic-field-induced change in
energy levels will produce an overlap of the specific-h
contributions of the three systems. This overlap would res
in a smoothing ofC(H)/T vs T, as shown in Fig. 11 forH
53, 5, and 7 T.

For a heuristic interpretation of the Schottky-like chara
ter of theCanmly(H), the data were fitted to a single Schottk
function nCSch(^S&,g^Hm&), with no Gaussian broadening
wheren represents the total number of moles ofall magneti-
cally active units for the three different systems,^S& is an
average spin value for the three systems,g the spectroscopic
splitting factor, and^Hm& an average molecular-magnet
field. The productgHm always occurs as a combination var
able in theCSch expression, and allows for the presence
both molecular-magnetic fields and any variations ofg with
field. In all of the calculations described below,g was fixed
at 2.

The fitting was done in three stages:~1! The Canmly(H)
data for each field were fitted separately withn, ^S&, and
^Hm& as variables.~2! In a second fit,̂ S& derived from the
first fit, which was neither an integer nor a half-integer, w
rounded to the nearest integer/half-integer and held fi
with only n and ^Hm& as variables. There was only a neg
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gible change in the quality of the fit. The variablesn and^S&
both decrease in going fromH50 to 7 T, with n ranging
from 0.085 to 0.065~a factor of 0.77! and^S& changing from
15/2 to 5/2 ~a factor of 3!. ^S& and n are not completely
independent variables since the amplitude of the Scho
anomaly depends on both.~3! For the final, single-field fits,
an average value ofn was used,̂n&50.077 mol of magnetic
units, wherê n& is the sum of an unknown combination o
magnetically active rings, spheres, and lone-spin Cu. In th
fits only ^S& and^Hm& were variables, with the constraint th
^S& is either an integer or half-integer. Figure 12 is a plot
offset Canmly(H) vs T for H50, 1, 3, 5, and 7 T with a
tabulation of the fit parameters included in the figure. T
solid curves in Fig. 12 represent the fitted Schottky curv
The agreement between the data and the simplistic Scho
fit is a surprisingly good one considering that both^S& and
^Hm& are averages for the three different magnetic system
BaCuO2.14. These simple Schottky functions agree reas
ably well with Canmly(H) over the entire temperature rang
0.35,T,30 K, with the agreement being better forH53, 5,
and 7 T. A Gaussian-broadened Schottky function would
prove the quality of the fit forH50 and 1 T. The effect of an
applied magnetic field on the temperature of the maxima
the curves is surprisingly small and is reflected in the sm
increase of̂ Hm& with increasingH.

Of the 90 Cu in a unit cell of BaCuO21x , there are six
lone-spin Cu, eight ring clusters, and two sphere clusters
16/9050.178 mol of magnetic units compared tôn&
50.077 mol. The value of 0.178 mol of magnetic units w
approximately correct for BaCuO2—see Sec. IV. Evidently,
the assumed random addition2,3,9 of ;0.14 mol of oxygen to
various sites in BaCuO2 suppressedS for a large fraction of
the spins—more than 50%—in the various Cu systems. P
sumably, those changes inS resulted from an increase of th

FIG. 12. A plot ofCanmly(H) vs T for H50, 1, 3, 5, and 7 T for
BaCuO2.14, with the data for each field offset by an increasing a
ditive amount. The curves represent least-squares fits to the
using unbroadened Schottky functions, a constant number of m
of magnetic units,̂ n&, and no splitting of the energy levels othe
than that produced bŷHm&. The fit parameters~^S& and^Hm&! are
functions of the applied magnetic field and are tabulated in
figure.
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oxidation state for some Cu to values exceeding12. The
decreasein ^S& produced by changing the magnetic fie
from H50 to 7 T ~shown in Fig. 2! is mirrored by the
accompanyingincrease in g* (H). This correlation, illus-
trated in Fig. 13, could be understood either as a reductio
the spin degrees of freedom or as a shift in their contribut
to Cmag(H), i.e., fromCanmly(H) to g* (H)T.

In the table in Fig. 12 the tabulated values ofSanmly(H)
derived from the fit,̂ n&R ln(2^S&11), decreased aŝS& de-
creases fromH50 to 7 T. As noted in Sec. IV, it was found
necessary to combine the contributions from bothg* (H)T
and Canmly(H) to achieve agreement between the entrop
for H50 andH.0. As expected, because of the good agr
ment of the fittedCanmly(H) with the data, the combination
of ^n&R ln(2^S&11) with g* (H)T0 (T0545.0 K) gives
^Smag(H)&51.5460.02 J K21 mol21 for T5`, which is in
excellent agreement withSlim51.525 J K21 mol21 derived
from C(0).

Slim51.525 J K21 mol21 is 35% lower than that expecte
for the model. One might invoke an increased splitting of t
crystal-field levels by the addition of;0.14 mol O to ac-
count for the decrease in entropy, but this does not seem
probable. The reasoning given above for the change in
specific heat between BaCuO2 and BaCuO2.14 also accounts
for the observed entropy reduction. As an example, the r
dom suppression to zero of theS53 spin for;60% of the
Cu6O12 rings would reduce the entropy by the requir
amount and could also destroy long-range antiferromagn
ordering through disruption of the superexchange linkage
tween clusters.~This reduction of the magnetic units b
;60% is about the same as the reduction in^n& found for the
fits shown in Fig. 12.! A reduction inTN , and the eventua
suppression of antiferromagnetism, is well established
linked to an increase in the Cu valence in bo
(La22xSrx!CuO4 and YBa2Cu3O61x asx is increased.31

C. Other data

The measurements of specific heat reported in Ref.
which are the only prior measurements in magnetic fields
samples with a well-defined oxygen content, are in qual
tive agreement with the present measurements. They
showed an antiferromagnetic-ordering anomaly for BaCu2

-
ata
es

e

FIG. 13. The average values of spin,^S&, obtained from the fits
shown in Fig. 12, are plotted versusg* (H). The decrease in̂S&
with H is accompanied by an increase ing* (H). The spline curve
through the points serves as a guide to the eye.
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shifted to lower temperatures in magnetic fields.TN was
shifted to lower temperatures, and eventually antiferroma
netic ordering disappeared, asx increased for BaCuO21x . In
a C/T vs T2 plot, for low-x samples, they observed antifer
romagnetic ordering, a lower-temperature Schottky-like o
dering, and an upturn near 1 K—the lowest temperature
the measurements. They dismissed the possibility that t
upturn near 1 K was a third ordering anomaly as observed
the present work. To account quantitatively for their specifi
heats for BaCuO21x in the absence of a field, they invoked
as one component of the specific heat, a phenomenologi
multilevel Schottky model involving large spins—they use
S59, although they say that other large values could also
used—and only three energy levels, each with large deg
eracies. Subtraction of the specific heat for this model fro
the experimental data forHÞ0 left a residualT-proportional
term similar in magnitude to that obtained in the analysis
the present data. It was interpreted as arising from an ad
tional lifting of the degeneracies of the three energy levels
the model that could be approximated by a continuum. Fo
given field, they found thatg* (H) increasedwith increasing
x, which is the opposite of that reported in this paper. Th
also postulated an antiferromagnetic component, which w
not modeled. Both components varied withx, with the anti-
ferromagnetic componentdecreasing and the multilevel
Schottky componentincreasingwith increasing x.

They reported only one estimate of the magnetic entro
for BaCuO21x,1.6 J K21 mol21, derived from the specific-
heat measurements for a sample withx50.16, which showed
no long-range antiferromagnetic ordering. This value for th
entropy is close toSlim51.525 J K21 mol21 calculated from
the specific-heat measurements forH50 for BaCuO2.14 re-
ported in this paper.

From magnetization measurements, they deduced t
g* (H) is constant to;30 K and then decreases rapidly t
zero at;50 K. This is consistent with the present result
which showed thatg* (H) had to vanish at 40–45 K to have
equality between theH50 andHÞ0 entropies atT5`.

VII. SUMMARY

Previous magnetization, x-ray crystallographic, an
neutron-diffraction measurements have shown th
BaCuO21x has three different Cu environments, which ar
independent ofx, in a unit cell containing 90 formula
units: There are eight Cu6O12 ring clusters with anS53
ferromagnetic ground state, two Cu18O24 sphere clusters with
an S59 ferromagnetic ground state, and six lone-spin Cu
partially occupied Cu2O10 clusters.

For BaCuO2 the ring clusters order antiferromagneticall
with TN;13 K for H50. TN is shifted to a lower tempera-
ture in 7 T. The sphere clusters have short-range Schott
t
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like ordering in zero magnetic field, which results from
splitting of the ground state manifold forS59 by a combi-
nation of crystal-electric fields and a molecular-magn
field, which probably originates from the antiferromagn
cally ordered Cu6O12 ring clusters. The lone-spin Cu in th
partially occupied Cu2O10 clusters also have Schottky-lik
ordering from a splitting of theS51/2 ground state by
molecular-magnetic field due to the ordered rings an
spheres. Both Schottky-like anomalies coalesce into a s
broadened one in 7 T. There is ag* (7 T)T term, not related
to electronic conduction, which is presumably associa
with spin degrees of freedom. The magnetic entropy der
from the specific heat is 90% of that expected for the or
ing of the three structural subunits. It was necessary to
clude the entropy contribution from theg* (7 T)T term to
achieve entropy agreement betweenH50 and 7 T.

For BaCuO2.14, there is no long-range antiferromagne
ordering. The only ordering consists of short-range Schot
like anomalies, which have a small amount of structure
low H. These anomalies can be fitted with simple Scho
functions that have a value of spin,S, which decreases asH
increases. Also, as with BaCuO2, there is a magnetic-field
induced g* (H), which is linear in H. This increase in
g* (H) is correlated to the decrease in spin^S& as H is in-
creased. Theg* (H)T term had to be included inSanmly(H)
to achieve entropy balance for all fields. The addition
excess oxygen, which is assumed to randomly occupy
ous sites in the structure, increases the Cu oxidation sta
is postulated that this oxidation state increase results in
pression of some Cu spins through covalent bonding~spin
compensation! and/or formation of nonmagnetic Cu31. Van-
ishing of the Cu spins in some ring clusters could cause
destruction of cooperative, long-range, antiferromagnetic
der through disruption of the Cu-O-Cu superexchange p
between the clusters. These superexchange paths coul
be disrupted by the increase in Cu-O bond lengths as
oxygen content increases. The supposition that some
spins vanish is supported by the derived magnetic entr
which is only 65% of that expected for the ordering of
three structural subunits.
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