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Phase stability and low-temperature specific heat up to 14 T of BaCuO,
as a function of oxygen stoichiometry

J.-Y. Genoud, * A. Mirmelstein, ~ G. Triscone, A. Junod, and J. Muller

(Received 8 May 1995)

The stability of the BaCuO, (x~2) phase has been mapped over a wide range of temperature (300—
1100 'C) and oxygen pressure (10 —10 bar). At ambient pressure and temperature, BaCuO, is found to be
in a metastable state: long annealing at 450 C tends to decompose the phase into Ba2Cu305 and Ba02.
Having obtained the phase stability domain in the [T,p(O)2] plane we were able to prepare single-phase

samples of BaCuO with different oxygen contents suitable for precise intrinsic thermodynamical measure-
ments. We show that the behavior of the low-temperature specific heat (1.1~T» 32 K) and its dependence on
the magnetic field (ORB~14 T) may be understood by taking into account a many-level magnetic system
directly related to the Cu60l2 and Cu&8024 structural blocks of BaCuO, . Depending on the oxygen concen-
tration, competition between antiferromagnetic (AF) ordering and the many-level system is observed. With

increasing oxygen content, the Neel temperature decreases whereas amplitude of the many-level system in-

creases. The zero-field AF transition belongs to the three-dimensional isotropic Heisenberg universality class.

I. INTRODUCTION

In the quaternary phase diagram Y-Ba-Cu-O, BaCuO is
one of the phases in equilibrium with the high-T, supercon-
ductor (HTSC) YBa2Cu&07 „(Y123).The former com-

pound, as well as Y2BaCu05 or Y2Cu205, are frequently
encountered as impurities in Y123 and are known to affect
the measured specific heat, magnetic susceptibility, etc. ' In
the present paper, we focus on the low-temperature thermo-

dynamic properties of BaCuO .
In contrast to its simple chemical formula, BaCu02 has a

rather complex body-centered-cubic structure (space group
Im3m) with 90 formula units per unit cell. ' The unit cell
can be described with six lone Cu04 units, eight Cu60&2 ring
clusters, and two Cuis024 sphere clusters (see, e.g. , Fig. 1 of
Ref. 6 or Ref. 7 for a diagram). According to magnetization
and neutron-diffraction measurements, the Cu60i2 and

Cu»024 clusters have ferromagnetic ground states with large
spin, s = 3 and 9, respectively. Below 15 K the Cu60i2 rings
order antiferromagnetically while the Cu&8024 clusters re-
main paramagnetic down to 2 K, and are supposed to exhibit
novel magnetic properties at lower temperature in an exter-
nal magnetic field.

The low-temperature specific heat of BaCuO has been
measured by several groups in relation to the specific heat of
the Y123 compound. ' "' ' Depending on the sample
preparation, the specific heat showed different behaviors,
with features such as an upturn at low temperature and/or a
wide peak between 5 and 14 K. These differences have been
attributed to different oxidation states, ' but can also be due to
impurities in some of the samples studied.

We present here a systematic investigation of single-phase
BaCuO samples with different oxygen contents
2~x~2. 17. In order to obtain pure samples, the phase dia-
gram was carefully mapped over a wide range of temperature
and oxygen pressure. The samples under study differ only by

their oxidation state. The magnetic properties were investi-

gated by measuring the low-temperature specific heat from
1.1 to 32 K in magnetic fields up to 14 T, and magnetization
up to 5.5 T. An effective model of a many-level magnetic
system is proposed to account for the low-temperature spe-
cific heat. This model is also in agreement with independent
magnetization measurements. The zero-field antiferromag-
netic (AF) ordering is analyzed in terms of critical behavior.

II. SAMPLE PREPARATION

The samples under study have been prepared by the solid-
state reaction technique normally used to form HTSC copper
oxides. ' ' High-purity (99.999%) BaCO& and CuO powders
were mixed in the stoichiometric ratio Ba:Cu=1:1, fired in
Aowing oxygen at ambient pressure between 880 and
900 'C for several days, and reground. This procedure was
repeated until x-ray diffraction patterns indicated complete
decomposition of the carbonate. The prereacted powders
were cold pressed into pellets of about 0.5 g and 6 mm in
diameter, fired in air at 950 'C for 48 h, slowly cooled, and
finally annealed at 300 C in pure oxygen How for 2 days in
order to homogenize the oxygen content. At this stage
(sample code BCO), the samples were single phase accord-
ing to optical micrographs, scanning electron microscopy
(SEM), and x-ray analysis. Figure 1 shows the typical dif-
fraction pattern recorded on a Bragg-Brentano diffracto-
meter. Phase purity was checked by a Rietveld refinement
[program DBWS-9006PC (Ref. 15)]. As shown in the upper
pattern of Fig. 1, no impurity phase was detected. The mac-
roscopic density of the samples exceeds 95% of the theoreti-
cal value, p=5.7 g/cm .

The pellets from this homogeneous batch were then an-
nealed separately at different temperatures (300~
T~1100'C) and pure oxygen pressures (10 ~p~1180
bar), ' to modify the oxygen stoichiometry and to explore the
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FIG. 1. Rietveld plots of sample BCO.
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III. STABILITY AND CHARACTERIZATION

The possible existence of different phases in the Ba-Cu-0
ternary system is still debated in the current literature (for a
review, see Ref. 17). BaCuO2, BaCu203, Ba2Cu30&, and

Ba2Cu03 phases are commonly quoted, but additional sto-
ichiometries have been proposed. At high temperature and 1

bar oxygen pressure, BaCu02 and CuO are the only phases
along the BaO-CuO, tie line. ' ' According to a calculation
based on thermodynamic data, the BaCu02 phase is stable
only at intermediate temperature and oxygen pressure. ' This
stability range is crossed by the experimental solidus pro-
posed by Lindemer, Washburn, and MacDougall.

For the present study samples were synthesized in the
stability region proposed by Voronin and Degterov, ' close to
the melting point. Eighteen combinations of temperature,
oxygen pressure, and time were selected to vary the oxygen
concentration and to explore the stability range. The anneal-
ing parameters, listed in Table I, are chosen both inside and
outside the predicted stability range (Fig. 2). For example,
samples annealed at low temperature (T(600 'C) and high
pressure [p(02)~1 bar] are expected to decompose into
Ba2Cu305 and other phases. After these treatments, the
samples were again characterized by x-ray analysis, optical
micrographs, and SEM microscopy.

stability limits. Annealing times ranged from 1 to 48 days,
depending on the expected kinetics of reaction. The high-
temperature equilibrium state was frozen by quenching the
samples into liquid gallium when annealing at 1 bar 02 or
below. Alternatively, a fast cooling rate was ensured by con-

A. Characterization technique

The SEM is coupled with an energy-dispersive x-ray
analysis (EDAX) system allowing the measurement of the

TABLE I. Annealing conditions, lattice constant, and oxygen concentration estimated from Eq. (2) of Ref.
20 for the BaCuO samples investigated in this work. Asterisk on lattice parameters: high-accuracy data, see
text.

Sample
code
no.

log&o

[p(O2) (bar)] T ( C)

Annealing conditions

Time

a (A.)

Characterization

Oxygen
content x Remarks

BCO
918b
917d
917e
917a
917b
916c
918f
918d
916d
915d
915a
917f
915b
97a
916d
98a
916a
918c

as sintered

3.07
2
2
1.57
1.54

—0.7

—3

300
300
600
300
400
300
400
450
500
700
900

1040
900
950
500
950
500
700

4
96
96
72
72
193
96

1150
140
28
25
1

25
25
162
25
160
110

18.3055(8)
18.3081(9)

18.3098(9)
18.304(9)
18.3071(2)*
18.3093(8)
18.292(4)
18.3079(9)
18.2973(1)*
18.2918(1)*

18.302(1)

18.290(1)

l 8.28573 (8)*
18.2796(5)*

2.175

2.168
2.158
2, 16

2.147
2.14

2.132
2.097
2.057

2.04

2.09

2.05

Pure

Partially decomposed

Decomposed
Decomposed

Pure

Partially decomposed
Pure

Pure

Partially decomposed
Pure

Pure

Pure

Melted

Pure

Melted

Pure

Melted
Pure

Pure
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FIG. 2. Location of the various BaCuO, samples in the p
(02)-T equilibrium diagram. The predicted stability domain of
BaCuO, (Ref. 19) is bordered by the lower gray region and by the
full line through sample 98a. The upper gray region is bordered by
the solidus line (Ref. 20). The locus of equal oxygen concentration
is shown by dashed lines for x=2.05, 2.1, and 2.15 (Ref. 20). Each
symbol indicates the oxygen pressure and the annealing temperature
prior to quenching. Squares: single phase BaCuO . Triangles: par-
tially decomposed samples. Diamonds: completely decomposed
samples showing no residual BaCuO, . Circles: melted samples.
Full symbols: samples within the predicted stability limits. Outside
of this region (open symbols), the crystal structure is expected to
depend on the annealing time.

cation stoichiometry. CuO and a single crystal of BaF2 were
used as external standards. The stoichiometry was deter-
mined by averaging at least five acquisitions on similar
grains.

X-ray diffraction patterns were recorded with a Guinier
camera and Cu Ku& radiation. The lattice parameters were
determined by least-squares fitting, taking into account 50
rejections in the range 20' ~ 2 0~ 70 . Silicon was added as
an internal standard (a = 5.4308 A.). The lattice parameters of
five samples labeled by full squares in Fig. 2 (and with an
asterisk in Table I) were determined with a higher accuracy
using a Bragg-Brentano diffractometer and high-angle dif-
fraction patterns, 45' ~2 t9~ 120 . The positions of the peaks
were refined using a Voigt profile, and corrected with a
second-order polynomial. These five samples were selected
for the investigation of thermal and magnetic properties.

B. Phase stability

Our investigation confirms the experimental solidus line
proposed by Lindemer, Washburn, and MacDougall since
samples 917f, 97a, and 98a melted (Fig. 2 and Table I). The
samples annealed at T~900 C and p~1 bar 02 for one
week turned out to be single-phase BaCuO; they are
marked as pure in Table I and Fig. 2. Figure 3(a) shows a
typical optical micrograph for a single-phase sample after
annealing.

Sample 916c, annealed at 300 C and 1 bar 02 for 8 days,
does not show any decomposition although it lies outside the
expected stability range. ' The following test shows that it is
indeed metastable. After a long annealing (48 days) at a

FIG. 3. (a) Optical micrograph of the pure sample 915a; the
dark regions are pores. (b) Partially decomposed sample 918d; the

pores are surrounded by a dark phase identified as Ba2Cu30 .

somewhat higher temperature (450 'C, 1 bar Oz), we could
observe the incipient transformation proposed by Voronin
and Degterov. ' X-ray diffraction obtained after this long
heat treatment (sample 918d) shows persisting BaCuO
phase together with broad peaks characteristic of
Ba2Cu30 . The decomposition appears clearly in the micro-
graphs. As compared to a single-phase BaCuO, sample [Fig.
3(a)] all grains in Fig. 3(b) are surrounded by dark rings
which are confirmed to be Ba2Cu30 by EDAX (Fig. 4). In
partially decomposed samples, the BaCuO phase exists both
in a stoichiometric and an apparently Ba-deficient form.

Annealing at 100 bar 02 and 300 C leads to the decom-
position of BaCu0 into Ba-deficient and Ba-rich com-
pounds (sample 917d), according to EDAX analysis. Further
annealing of this partially decomposed sample at 600 C
tends to form Ba2Cu305 and BaOz (sample 917e). X-ray
diffraction patterns confirm the presence of badly crystal-
lized Ba2Cu30$ .

The results of the present study, which overlay an essen-
tial area of the BaCuO stability range as well as the high-
temperature phase diagram obtained experimentally in Refs.
14 and 18, agree with the phase diagram of the Ba-Cu-0
system predicted by Voronin and Degterov. ' We have shown
that the Ba2Cu30 phase appears at low temperature and

high pressure (~1 bar 02). A very long annealing time is
required to decompose our BaCu0 samples, presumably
owing to their high density. At low temperature, metastable
single-phase BaCuO may persist even after annealing one
week at 300 'C and 1 bar 02 (sample 916c).

C. Cation stoichiometry of the BaCuO phase

The cation stoichiometry obtained by a Rietveld refine-
ment is Ba:Cu= 1:1.05(2) in the initial batch BCO (Fig. 1), in
reasonable agreement with the starting composition Ba:Cu
=1:1.After annealing, EDAX measurements on the single-
phase samples give the cation stoichiometry Ba:Cu
= 1:0.96(5) (Fig. 4). Chemical analysis leads to Ba:Cu
=1:1.006(10). These results show that there is no significant
variation of the cation stoichiometry due to the annealing as
compared to the initial BCO batch. We conclude that all pure
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FIG. 4. Histogram of the EDAX local composition measure-
ments. Annealing temperature and pressure increase from left to
right; in multiphase samples (918d, 917d, and 917e) compositions
in different locations are shown. The last two pairs of columns
represent the ideal stoichiometric ratios for the Ba2Cu305 and

BaCu02 phases, respectively.

samples have the cation stoichiometry Ba:Cu=1:1.The non-
stoichiometric Bao 92Cui p602 i4 composition found by Paulus
and co-workers for a single crystal is not confirmed. Ba
deficiency often results from Al contamination during the
melting process in A1203 crucibles. No Al was detected in
our samples, either by EDAX or by chemical analyses. The
apparent Ba deficiency in partially decomposed samples
918d and 917d (Fig. 4) is due to averaging in samples with
incipient BaCuO ~Ba2Cu3 05+ - transformation, as con-
firmed by further annealing (sample 917e; see Fig. 4).

D. Oxygen content of the BaCuO phase

Based on the previous study, we could choose single-
phase samples with oxygen concentrations covering almost
the whole stability range for further investigation of physical
properties. These samples are 918c, 916a, 915a, 915d, and
916c.The unit-cell volume is known to increase with oxygen
content. The values of the oxygen content given in Table I
are not measured, but calculated using the semiempirical
chemical thermodynamic representation given in Ref. 20.
Based on this equation, the oxygen content of our BaCuO
samples change from x = 2 (or less) to 2.168. The latter oxy-
gen content seems to be very close to the upper limit for the
BaCuO phase. For example, sample 918b annealed at high
pressure has probably a higher oxygen content but is already
partially decomposed. Weller and Lines ' attribute this ex-
cess oxygen to the O(6) sites in the lone Cu04 units. This
question is, however, not settled; see, for example, Ref. 7.

tion we use the cgs system where B[G]=H[Oe]+4~M[G]
and y, = M [emu/cm ]/H =p[g/cm ]y [emu/g].

At high temperature, the temperature dependence of the
susceptibility tends to follow the Curie-Weiss law
I/y=(T 0)—/C for all five samples. The positive Curie-
Weiss temperature shows that the predominant interactions
are ferromagnetic (FM). At T~ 150 K, the inverse suscepti-
bility exhibits a positive curvature vs temperature. AF order-
ing, which certainly exists in the samples under study (see
below), gives a negligible contribution to the magnetic sus-
ceptibility for all oxygen concentrations. The susceptibility
generally decreases with increasing oxygen content. The
equation I/g= (T 0)/C—was fitted to the experimental data
from 190 to 300 K; C=N&n, Mp, ~p,&&/3k~ where Nz is
Avogadro's number, n, = 1 is the number of spins (i.e., of Cu
ions) per formula unit, M = 233 g/mol is the molar mass, and

p, ff is the effective magnetic moment per Cu atom in units of
p,z. The fitted parameters are given in Table II; examples of
fits are shown in Fig. 5 for samples 918c and 915d. All
samples have a positive Curie-Weiss temperature near 50 K
and Curie constants ranging from 0.38 to 0.47 emu
K/mol Cu. The effective moment decreases from 1.86p,z to
1.68/Lit with increasing oxygen content (Table II), or equiva-
lently with increasing cell volume (inset of Fig. 5). The val-
ues of p, &&

represent 88% to 98% of the value 1.9p,& ex-
pected for free Cu + ions. This shows that almost all copper
atoms in the structure contribute to the magnetic susceptibil-
ity at high temperature.

As a whole, the magnetic susceptibility in the range
5 (T(300 K is not much affected by variations of the oxy-
gen content. A similar behavior of y(T) was reported by
Wang et al. for a sample fired at 925 C and slowly cooled
under He gas, i.e., for a low oxygen content. Based on mag-
netization and neutron-diffraction data, Wang et al. argue
that the Cu60&2 and Cu&8024 clusters have ferromagnetic
ground states with spin s = 3 and 9, respectively. This as-
sumption will be used in our further analysis.

B. Low-temperature specific heat

The specific heat of BaCuO samples was measured using
thermal relaxation calorimetry between 1 and 32 K. ' The
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IV. EXPERIMENTAL RESULTS

A. Magnetic susceptibility
50 100 150 200

Temperature (K)
250 300

The magnetic susceptibility of five BaCuO samples
(namely, samples 916c, 915d, 915a, 916a, and 918c) was
measured using a superconducting quantum interference de-
vice (SQUID) magnetometer from 5 to 300 K with an exter-
nal magnetic field of 20 kOe (Fig. 5). Note that in this sec-

FIG. 5. Inverse magnetic susceptibility measured in a magnetic
field of H=20 kOe (8=2 T). The two full lines are high-
temperature Curie-Weiss fits for samples 918c and 915d. Inset: ef-
fective magnetic moment on Cu atoms vs cell parameter.
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TABLE II. Curie constant C, Curie-Weiss temperature 0, and

effective magnetic moment p, &z per Cu atom. The mole is defined
as BaCu02. BaCuO

Sample C (emu K/mol Cu) 8 (K) Peff (O'8)

916c
915d
915a
916a
918c

0.384
0.414
0.445
0.468
0.474

62
45
48
46
50

1.68
1.74
1.81

1.85
1.86

accuracy, tested with pure Cu and Ag, is ~ 2% for
T= 1.5—30 K and magnetic fields B=O—14 T. The typical
sample mass was 10 mg. Data are normalized to a mole
formula unit of BaCu02 (232.9 g), or to a gram-atom of
BaCu02 (58.2 g) neglecting variations of the oxygen stoichi-
ometry. The five samples 916c, 915d, 915a, 916a, and 918c
were measured in zero magnetic field. We measured addi-
tionally the zero-field specific heat of the as-sintered BCO
sample (see Table I). The specific heat of samples 918c and
916c, with the lowest and highest oxygen content, respec-
tively, was measured in fields B=O, 5, 10, and 14 T. The
contribution to the specific heat resulting from the hyperfine
splitting of Cu and Cu nuclei was subtracted from the
experimental data.

Figure 6 presents all zero-field measurements in a C/T vs
T plot. Above 15 K the phonon contribution dominates for
all samples. It can be represented by the usual expansion
Ci„——nT + pT +/iT, where n=( ", )N„kii~—OD (for 1

g-at. ) and 0~o, the Debye temperature, is about 144 K. Pa-
rameters P and 8' depend on the shape of the phonon spec-
trum at medium wavelengths. Alternatively, the data above
15 K would suggest a representation including a simple cu-
bic phonon term n T and a huge linear term y= 60
mJ/(K mol); but this interpretation is not physically founded
for an insulator. In any case, the specific heat of BaCuO is
much larger than that of YBa2Cu307 „,' (see the lower
curve of Fig. 6), and, as an impurity, would affect the heat
capacity of YBa2Cu307 d for any value of x.

The specific heat of samples 918c, 916a, 915a, and 915d
reveals a sharp peak at a temperature that depends on the
oxygen content: the higher the oxygen content, the lower the
transition temperature. This transition corresponds to the an-
tiferromagnetic ordering observed by Wang et al. The inset
of Fig. 6 shows the variation of the Neel temperature TN
taken as the temperature of the maximum of C]T, versus the
lattice constant, i.e., the oxygen content. In comparison, pre-
vious measurements by Ramirez et al. and Kuentzler
et al. ' showed broad anomalies between 9 and 13 K.
Sample 916c with the highest oxygen content does not show
any peak, but rather a strong upturn at low temperatures.
Note that the specific heat of the as-sintered BCO sample
does not show such a well-defined behavior; this can be at-
tributed to oxygen inhomogeneity in the only sample cooled
without quenching. This sample will be excluded from fur-
ther discussion; it appears that careful control of the oxygen-
ation process of the BaCuO compound is of great impor-
tance, and that the quenching technique provides samples
with better defined physical properties.

100 200

T (K)
300 400

FIG. 6. Specific heat of BaCuO samples with different oxygen
concentrations. Symbols as for Fig. 5 with the addition of the as-
sintered sample BCO appearing between the 916c and 915d curves.
The specific heat of the superconductor YBa2Cu30694 is given for
comparison (Ref. 23), lowest curve. Inset: Neel temperature versus
lattice constant.

All curves in Fig. 6 behave similarly at low temperature
with the presence of a broad Schottky-like specific heat. In
the CIT vs T representation, one would tend to distinguish
a hump near 5 K and an upturn at T~1 K; but the upturn
disappears in the C vs T representation (see Fig. 9 below)
and both features can be described by a simple Schottky
multilevel system. The amplitude of this contribution in-
creases with oxygen content.

Figure 7 shows the effect of a magnetic field on the low-
temperature Schottky-like anomaly (an enlargement of the
low-temperature part is given in the inset). Similar results in
B= 0 and B= 6 T were obtained by Sasaki et al. , and in
B= 0 and B= 4 T by Ahrens et al. As expected, the mag-
netic field shifts the entropy change of the many-level system
to higher temperatures, thus increasing the specific heat at
high temperatures. A remarkable feature is that the first 5 T
have a much more pronounced effect at high temperature
than further increases of the field up to 14 T. The most vis-
ible manifestation of this effect appears as a quasilinear term
that separates the zero-field C1T vs T curve at T~10 K
from those obtained in nonzero magnetic fields (Fig. 7). At
T=10 K the difference [C(8=5 T) C(B=O)]/T is—5.7
mJ/(K g-at. ). The differences between specific-heat values
taken at 5, 10, and 14 T turn out to be smaller by an order of
magnitude. The shift of the maximum of the Schottky-like
anomaly and the variation of its amplitude with the field will
be discussed in detail below.

Figure 8 shows the effect of a magnetic field on the spe-
cific heat of sample 918c with the highest AF transition tem-
perature. As commonly observed, the Neel temperature de-
creases with increasing magnetic field; this is presented here
for BaCuO . As for the low-temperature Schottky-like
anomaly, the effect of the magnetic field does not qualita-
tively differ from that observed for sample 916c without AF
transition. In particular, the specific heat at high temperature
increases for low fields and progressively saturates. The qua-
silinear term induced by the field noted in sample 916c is
also observed here, both above and below the Neel tempera-
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FIG. 7. Specific heat of oxidized sample 916c, which does not
order antiferromagnetically, for different magnetic fields in a C/T
vs T representation. Inset: expanded low-temperature part.

ture. Its presence explains why the peak of the CIT curve
measured in zero field appears to be rather low compared to
higher fields.

V. DISCUSSION

The specific-heat measurements described in the previous
section show that the magnetic properties BaCuO are rather
complicated. First, an increase of the oxygen content de-
creases the Neel temperature and leads to complete suppres-
sion of the AF order in the fully oxygenated sample 916c.A
magnetic field, as expected, decreases the AF transition tem-
perature. The second feature is a low-temperature Schottky-
like contribution that can be attributed to some many-level
magnetic system. From the experimental data given in Figs.
6—8, it is seen that the amplitude of this Schottky-like
anomaly depends upon the oxygen content whereas the po-
sition of the maximum, i.e., the energy splitting in zero field,
does not. A final important remark is that the effect of the
magnetic field on this anomaly in the samples with the high-
est and lowest oxygen concentration seems to be qualita-
tively the same. In contrast to the case of the AF transition,
the magnetic field shifts the entropy involved in the many-
level system towards higher temperatures. Hence there are
two different magnetic subsystems in BaCuO, namely, the
subsystem of spins that undergoes the AF transition on the
one hand, and a subsystem of weakly interacting spins that
gives rise to the Schottky-like anomaly on the other hand.
Their different dependencies upon the oxygen concentration
suggest that there is some competition between these two
subsystems.

FIG. 8. Specific heat of low-oxygen sample 918c, which has the
highest Neel temperature, for different magnetic fields. Inset: Neel
temperature versus magnetic field and fit to a series expansion
T,(B)/T,.(0) = 1+aB +bB with T,(0) = 11.97 K, a = —0,51
mKfI', b= —0.11 mK/T, showing that the initial change is qua-
dratic in B.

where n is the number of many-level systems per formula
unit and C,g is the corresponding magnetic contribution to
the specific heat. A rough estimation of the magnetic entropy
involved in the low-temperature specific heat of sample 916c
(which does not order), gives S= 1600 mJ/(K mol) =400 mJ/
(K g-at. ) (for this estimation, we have subtracted the lattice
contribution extrapolated from above 15 K as described in
Sec. IV B). Following Ref. 6, we assume that the spin of the

Cu»024 spheres in the BaCuO„structure is s=9 whereas
that of the Cu60i2 rings is s = 3. Therefore the maximal ex-
pected entropy related to these magnetic clusters is of the
order of S= (2/90)R ln(19) + (8/90) R ln(7) =2000 mJ/

(K mol)=500 mJ/(K g-at. ), i.e., reasonably close to the ex-
perimental value. It shows that the low-temperature specific
heat of BaCuO can be, in principle, described in terms of a
many-level magnetic system, i.e., a system with a large spin,
directly related to structural blocks. We shall show that such
an effective model can be parametrized and used to analyze
the low-temperature specific heat of BaCuO in more detail.
We shall start with sample 916c, free of AF order, in zero
field. We shall then refine the model to describe the depen-
dence of the low-temperature specific heat upon both mag-
netic field and oxygen concentration, and find support from
independent measurements of the magnetization as a func-
tion of field and temperature. Finally, we shall explore an
effective description of the Schottky-like anomaly in order to
analyze the type of AF order in those BaCuO samples where
the AF transition is well defined.

A. Magnetic entropy

In order to understand the origin of the many-level mag-
netic system in BaCuO, , we best turn to entropy consider-
ations. For a many-level system of spin s the total entropy 5
(per mole) is

S=nR 1n(2s+1)= dT,
~mag

Jo

B. Schottky multilevel system:
Sample without long-range AF order

To simplify further calculations we make two additional
assumptions. First, we have to assume that in zero external
field the degeneracy of the many-level system is partially
removed by a weak spin-orbit coupling or/and molecular
field, so that the zero-field specific heat can be described
effectively as a three-level system, It does not imply, how-



52 PHASE STABILITY AND LOW-TEMPERATURE SPECIFIC. . . 12 839

ever, that the actual many-level system in zero field consists
of exactly three levels. Second, we have to assume that the
degeneracy factors of the levels lifted by internal interactions
are relatively large, so that when an external magnetic field is
applied any further energy splitting of these excited levels
can be well approximated by a continuum, i.e., by a pseu-
dospin band. Hence the corresponding contribution to the
specific heat can be described by a linear term coming from
this pseudoband, and it is expected to increase with magnetic
field as does the number of excited levels inside a
pseudoband.

Along these lines, the total specific heat can be written as

ia~+ Csch+ C]in

with the lattice contribution C&„=nT + PT + 8'T, the lin-

ear magnetic term Ci;„=yT, and the three-level Schottky
specific heat Csch

NA &';=lgog;e';exp( —e;i&BT)+glg2(el —e2)'«p[(el+ e2)i&BR
Sch I T2 ( ) 2

B
pg;exp~—

a

(3)

with Nz Avogadro's number, N the number of three-level

systems, g; (i=0,1,2) the degeneracy factors of the levels
with energies e; (eo = 0 for the ground state), k~ Boltz-
mann's constant, and T the temperature.

Equation (2) was fitted to all specific-heat data described
in Sec. IV B. In a first step, the zero-field data for the sample
916c were treated. The fitted parameters were n, P, 8', N, e, ,

e2, and y; gp, g&, and g2 were obtained by successive trials,
enforcing the condition g p+ g i + g 2

=2s+ 1 = 19. The fitted
values of these parameters are given in Table III. It is neces-
sary to emphasize that the fitted value of y is essentially 0. In
order to fit the specific heat of sample 916c at magnetic fields
of 5, 10, and 14 T, the lattice contribution was frozen to its
zero-field value, as we11 as the number of three-level system
N, whereas g;, e;, and y were allowed to vary indepen-
dently.

Figure 9 shows the result of the fitting procedure. Table
III lists all fitted parameters. As expected, a linear term ap-
pears and increases with field. The relative difference be-
tween fit and data is shown in the inset of Fig. 9, and does
not exceed 3% over most of the temperature range. This
supports the suggested effective model of a many-level mag-
netic system, for the sample without AF transition. It should
be emphasized that the introduction of the linear term is
required not only to bring data and model into agreement,
but also to satisfy the condition of equal entropy at all fields.
This latter condition strongly restricts the choice of suitable
models. We do not claim, however, that the proposed model
is a unique and exact microscopic description of the mag-
netic state of BaCuO . This is merely the simplest phenom-
enological model that accounts for the experimental results.
For example, there is some freedom in fitting the value of
spin s, or equivalently the total number of levels 2s+ 1. We
find that s = 9 provides a rather good fit. This value coincides
with the total spin of Cui8024 structural blocks. In principle
the Schottky-like anomaly can also contain a contribution
from the Cu60&2 clusters. Other values of spin are not ex-
cluded as long as they are large. We emphasize that the de-
generacy factors and energy levels resulting from the fit can
hardly be considered as microscopic parameters. They

BMI

BTj

we compared the difference between specific-heat measure-
ments at B=O and a given field B [left-hand side of Eq. (5)j
with the same value calculated from magnetization measure-
ments [right-hand side of Eq. (5)]:

C(B= 5 T) —C(B= 0)
T

2 f5T
M dB.

BT Jp
(5)

Figure 10 shows that the magnetic data confirm the pres-
ence of a magnetic-field-induced linear term y(B) T with the
correct order of magnitude at T~8 —10 K. According to the
magnetic measurements, the pseudolinear term decreases
near 30 K (the upper limit of the specific-heat measurements)
and vanishes at 50 K. This vanishing is required by entropy
considerations. The same procedure was applied to sample
918c (Fig. 10). Again, magnetic measurements agree with
specific-heat data. The AF transition is clearly seen as a dis-
continuity at 12 K only in the latter data, however. The mag-
netic linear term is smaller in this case (compare also Figs. 7
and 8).

C. Schottky multilevel system:
Samples with long-range AF order

We now apply the above model to the samples with lower
oxygen concentrations. In fact, the same scheme of levels as
discussed above is able to describe qualitatively the low-

should rather be considered as a first approximation of the
magnetic state of BaCu02 useful from the point of view of
specific heat, and giving a better insight into the main physi-
cal features.

In order to further establish the experimental basis of this
model, in particular the appearance of a magnetic-field-
induced linear term, we measured the magnetization of
samples 916c and 918c. The isothermal magnetization vs
field was measured from 3 to 100 K and 0.5 to 5.5 T. Inte-
grating the Maxwell relation
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TABLE III. Neel tern erap ature Tz, coefficients of the lattice specific heat n, P, and 8 entro in the S
tif o t to toth N 1 oitS fpoin T, anti erromagnetic entropy up to 20 K S, fraction of
in the Schottky anomaly (S —5 .)/S f

raction of the Cu60i2 rings that participate

pheres J '

g
fraction of Cu6 0i2 rings that do not order antiferrom

the critical amplitudes of the specific heat at th AF
r er an i erromagnetically 1 —SAF/S„„s,ratio of

c ea a t e transition A /A [Eq. (6)], prefactor NN k en
rings ~

tors g; of the Schottky contribution [E . (3)] and co ffi
z z, energy levels e;, and degeneracy fac-

q. ] an coe cient of the quasilinear term y [Eq. (2)]. See text for details.

Sample code

JJ (T)
T~ (K)
er [mJ/(K g-at. )]
P [pJ/(K g-at. )]
8 (nJ/(K' g-at. )]
Ss h [mJ/(K g-at. )]
Sr [mJ/(K g-at. )]
SAP [mJ/(K g-at. )]
(bosch Soph . )/S ' s. (%)

A+/A

NN~ks [mJ/(K g-at. )]
e&/ks (K)
e2/ks (K)

go

g2

y [mJ/(K2 g-at. )]

918c

0
11.95
0.164

—0.109
0.0371

200
165
200
18
44

1.60~ 0.05
90~10

5.53
18.52

2
4
13
0

916a

0
10.65
0.163

—0.102
0.0321

217
144
181
22
50

1.38~0.1

98~10
5.53
18.52

2
4
13
0

915a

0
9.42
0.159

—0.101
0.0312

238
123
157
28
56

1.57~ 0.15
107~ 10

5.53
18.52

2

4
13
0

015d

0
7.63
0.161

—0.104
0.0323

245
80
122
30
66

1.67~ 0.2
110~10

5.53
18.52

2
4
13
0

344

5.53
18.52

2
4
13
0

916c

10

0.165
—0.0992
0.0291

8.35
22.22

2
2
4

6.41

155~ 2

7.92
19.23

2
3

7
5.74

14

10.04
20.55

2

1

2
7.59

temperature specific heat of the samples 915d, 915a, 916a,
and 918c, with the same energy levels and degeneracy fac-
tors. The linear term is essentially zero in zero field. For each

Sc
of these samples it is possible to fit simultaneou 1 th

chottky-like contribution at low temperatures and the lattice
contribution at T) 15 K by adjusting only the NN&k& pre-
factor of the Schottky term, Eq. (3), and the three lattice
coefficients. The values obtained are given in Table III. The
upper panel of Fig. 11 shows the decomposition of the mea-

500

sured specific heat for sample 915a according to Eq. (2). The
lattice contribution remains almost unchanged for all
samples, whereas the NN&k~ prefactor, i.e., the number of
many-level systems, is found to decrease with decreasing
oxygen concentration.

After having subtracted the lattice and Schottky contribu-
tions thus determined, we are left with the specific heat
CAI; due to antiferromagnetic ordering for each oxygen con-
centration (lower panel of Fig. 11).Again, this separation is
not exact, but leads to a reasonable approximation.

400—

bQ 300

0
v~ v

vv v v v+v
~ v V

200
2

100

0
4 6 8 10

Temperature (K)
12 14

3
II

CQ

~ —4
10 15 20

Temperature (K)

I

25 30

FIG. 9. Com parison of the specific-heat data for sample 916c,
which does nes not order antiferromagnetically, in various fields (sym-
bols) with the fitted model, Eq. (2) (hnes through the symbols). For
the case 8=5 T, the other lines show the decomposition into lattice
specific heat (line with positive curvature), field-induced linear term
straight lme), and Schottky three-level anomaly (line with negative

curvature). Inset: relative deviations from the fit.

FIG. 10.. Variation of the specific heat between 0 and 5 T ac-
cording to direct calorimetric measurements (open symbols), and
according to magnetization measurement, Eq. (5) (closed symbols .

Upper set of data: sample 916c. Lower set of data, shifted by
.5 mJ/(K cm ) for clarity: sample 918c, which orders at
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300—
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200—

100— 100—
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0
0 5 10 15

Temperature (K)
20

FIG. 11. Upper panel: Specific heat versus temperature for
sample 915a in zero field. The solid lines are the lattice, Schottky,
and the sum of both contributions. Lower panel: AF part of the
zero-field specific heat vs temperature for the different samples.

The decomposition of the specific heat of sample 918c in
a 5 T field, presented in the upper panel of Fig. 12, shows
that our many-level model also describes properly the field
dependence of the Schottky contribution. We emphasize that
this decomposition, as well as similar decompositions for the
10 and 14 T fields, is not a fit but a simple recalculation in
accordance with Eq. (2) with the parameters from Table III.
The lattice contribution and the prefactor of the Schottky
contribution are taken from the zero-field specific heat of the
same sample, and the energy levels e; and degeneracy factors

g; are taken from the transition-free sample 916c at corre-
sponding fields. The values of the coefficients y(B) are those
of sample 916c scaled by the same field-independent ratio as
the Schottky prefactors. This gives strong support to the idea
that the magnetic-field-induced linear term is of magnetic
origin and results from the splitting of a many-level system
in a field.

f T

N

—1, T~T~, (6a)

(

Ct = C0+AC A ln 1trans 0 T (6b)

where the + and — indices refer to T~Tz and T(Tz,
respectively. The amplitude ratio A+/A gives information
on the universality class of the transition. We plot in Fig. 13

D. Critical behavior of the AF transition

Transition to AF order can be described in terms of criti-
cal behavior close enough to the Neel point. The diver-
gence of the specific heat is generally characterized by a
small exponent (e.g. , in the Ising, XI', and Heisenberg mod-
els) so that the logarithmic approximation is relevant:

FIG. 12. Upper panel: Specific heat versus temperature for
sample 918c in a magnetic field of 5 T. The solid lines are the
lattice, Schottky, quasilinear term, and the sum of the three contri-
butions. Lower panel: AF part of the field-dependent specific heat
versus temperature for sample 918c.

the magnetic part C~„ofthe specific heat vs In~ 1 TIT~~ For- .
clarity, only samples 918c and 915a are shown. In a small
interval close to Tz, the data collapse on straight lines, as
required by Eq. (6). For sample 918c, the validity range is

~

T T~~ IT~~ 0.—1, excluding a window of ~ 0.2 K near
T~. In this interval, the amplitude ratio is A /A
= 1.60~ 0.05 (see Table III for the other samples). The scal-
ing theory predicts an amplitude ratio A+/A =1 for the
two-dimensional (2D) Ising model, 1.52 to 1.58 for the iso-
tropic 3D Heisenberg model, 1.03 to 1.08 for the planar 3D
XY model, and 0.52 to 0.54 for the uniaxial 3D Ising
model. The present data indicate that the AF transition
rather belongs to the 3D Heisenberg universality class.

E. Oxygen dependence of T&

Neutron-scattering measurements show that the AF tran-

sition comes from the long-range ordering of the Cu6012
rings, with a moment of 0.89(5)pii per Cu in the Cu60, 2

rings. These rings are completely occupied clusters accord-
ing to Paulus et al. , independently of the oxygen stoichiom-
etry. Hence the variation of Tz is more probably connected
with indirect effects through a charge redistribution process.
The latter in turn leads to a variation of chemical bond
lengths and/or angles, which are especially important for fer-
romagnetic superexchange interactions inside the magneti-
cally active clusters. Although the maximum variation of the
lattice constant vs oxygen content does not exceed 0.15%,
we cannot exclude changes of intercluster distances that can
also affect the antiferromagnetic interaction between neigh-
boring clusters. An alternative simpler interpretation will,
however, be proposed below.
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phase BaCuO samples with different oxygen contents suit-
able for the magnetic and specific heat measurements in
magnetic fields up to 14 T were prepared and characterized
with x-ray diffraction and EDAX techniques as well as with
optical microscopy.

Following previous magnetic and neutron-diffraction
experiments, we have derived a simple model of many-level
magnetic systems which effectively reproduces the behavior
of the low-temperature specific heat and its variation as a
function of oxygen content and magnetic field. We showed
how these many-level magnetic systems can be related to the

Cu60i2 and Cu&80@4 structural blocks of BaCuO .
We analyzed the effect of both oxygen concentration and

magnetic field on the AF long-range order, and found that the
transition in zero fields belongs to the 3D isotropic Heisen-
berg universality class. The magnetic field reduces the Neel

temperature in a quadratic way, as usual for anti-
ferromagnets; the possible occurrence of a spin-Hop transi-
tion was not investigated. We finally argue that long-range
AF order disappears with increasing oxygen concentration
when the number of structural blocks involved in the long-
range AF order decreases below the 3D percolation limit.
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