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By the heat treatment of tetragonal La,BaCuO, under flowing high-purity N, gas followed by slow
cooling, we could newly synthesize a single phase of monoclinic La,BaCus0, which is metallic but
nonsuperconducting, as well as the tetragonal La;BaCu:0O,. From the carbon reduction method and
thermogravimetric analysis. we have determined the values of the oxygen content v to be 13.0 and
12.5 for the tetragonal and new monoclinic phases, respectively, Electron diffraction patterns of the
monoclinic phase show superlattice reflections corresponding to a V10a, x V10a, X «, unit cell. («,
means the unit dimension of fundamental perovskite structure.} In-sire XRD measurements at high
temperatures have revealed the following two facts: {1} in air, La,BaCu;O, has a tetragonal structure
with a \/Eup X \,/Eap ® a, unit cell up te 1040°C, accompanying the oxygen loss up to 12.5 with the
increase of temperature: and {2) the monoclinic phase, closed in an evacuated quartz capillary, trans-

forms into the tetragonal phase above 690°C.

1. Introduction

Since the discovery of superconductivity
with high critical temperature in the layered
perovskite copperoxides ({}, much research
has been done on these compounds. As a
result it has been established that the CuQ,
layer plays an essential role in the origin of
superconductivity. Several oxygen-defi-
cient perovskites, on the other hand, have
been studied from the points of view of

! Present address: Asahi Glass Co.. Ltd., Taketoyo-
cho, Chita-gun 470-23, Japan.

! Present address: Institute for Solid State Physics,
The University of Tokya, Roppongi 7-22-1, Minatoku,
Tokyo 106, Japan.

253

© 1993 Academic Press, Inc.

mixed valence states of copper and also
their electric conductivity for their potential
applications in catalysis, electrocatalysis, or
as gauges (2). It 1s important to investigate
the dependence of the structure and the
physical properties on the oxygen content
in these oxides related to superconductivity.
Among those oxides, an oxygen-deficient
perovskite La,BaCu;0, (y = 13} with acom-
plex Cu~0 network shows metallic conduc-
tivity (3, 4) although it is nonsupercon-
ducting (5). Recently, copper nuclear quad-
rupole or magnetic resonance for CuQs sites
of La,BaCu;0, has revealed that the behav-
iors of copper spin fluctuations are different
from those in superconducting oxides (6).
The crystal structure of La,BaCus0,;,.,
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synthesized in air, was found to be a tetrago-
nal symmetry of P4/m space group, as re-
ported by Michel et al. (4). We have prelimi-
narily reported the synthesis of a new
monoclinic phase of La,BaCusO,, whose
oxygen content y is 12.5 less than that of the
tetragonal phase (7). Davies and Katzan (8)
also independently investigated the struc-
tural change of L.a;BaCu,0, as a function of
the oxygen content and found some new
phases with y = 12.5 (phase T'), 12 (phase
II), and 11 (phase 1II). The phase I' was
found to be identical to the monoclinic phase
we reported previously.

In this paper, we report the thermal and
structural relationship between the tetrago-
nal La,BaCu;0,;, and the monoclinic La,
BaCu;0,, ; studied mainly by in situ X-ray
diffraction measurement up to high temper-
atures. This newly found monoclinic phase
of La,BaCu;0,, ; shows nonsuperconduct-
ing but metallic conductivity, as well as the
tetragonal phase of La,BaCu;0,,,.

2. Experimental

Samples of La,BaCu,Q, were prepared by
solid-state reactions of La,0,, BaCO,, and
CuQ with 99.99% purity. The raw materials
were mixed carefully, pelletized and heated
in air at 900°C for 2 days for both decarboni-
zation and provisional reactions. Then, the
sample was ground, pelletized, and heated
again at 1000°C for 2 days. We obtained
La,BaCu;0, samples with tetragonal struc-
ture having'a — 8.644 and ¢ = 3.856 A. The
obtained sample was divided into several
pieces, each of which was treated by the
following sequences of heat treatments: (1)
firing at 780°C and cooling slowly at rate of
2°C/min in flowing N, gas with high purity
of above 99.999%; (2) quenching into liquid
N, after firing in air at various temperatures,
The phase identification was carried out by
powder X-ray diffraction (XRD) using
CuKa. As aresult of these heat treatments
we newly obtained monoclinic La,BaCu;Q,
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with y = 12.5. By XRD at high temperatures
(HXRD) we studied the structural relation
between the tetragonal and monoclinic
phases. HXRD experiments were per-
formed for the tetragonal La,BaCu;O, in air
using Cu K« radiation and for the monoclinic
La,BaCu;O, in evacuated capillary quartz
tubes using MoK« radiation. Oxygen con-
tents were measured by the carbon reduc-
tion method (CRM) using the apparatus,
Horiba, EMGA-550, and by thermogravi-
metric analysis (TGA). Electron diffraction
(ED) was performed to elucidate the struc-
tural properties. DC resistivity was mea-
sured down to 2.6 K using the conventional
four-terminal method.

3, Results and Discussion

Figure 1a shows the powder XRD pattern
of La,BaCu;Q, prepared by firing in air at
1000°C. The crystal structure was found to
have tetragonal symmetry with P4/m space
group as reporled by Michel ef al. (4). First,
we investigated the homogeneity range of
La,BaCu;O,, i.e., La,.;Ba, ;CusO,. By
changing the ratio of cations (La, Ba) from
the stoichiometric composition (4:1} in a
small amount, we could not obtain any sin-
gle phase. For example, a sample with nomi-
nal composition of Lay, ;Ba,_;CusO, was a
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Fig. 1. XRD patterns (a} of tetragonal La,BaCu;0,
fired in air at 1000°C, and (b) of monoclinic La,BaCu;0,
fired in flowing N, gas at 780°C.
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three-phase mixture of La,BaCusO,, La, _,
Ba CuO,, and CuO for 8 = 0.05, and was a
two-phase mixture of La,BaCu,0, and La,
Ba;CuO, for § = —0.05. Therefore, we
conclude that there exists a La,,;Ba,_;
Cu;0, phase in a very narrow cation compo-
sition'region of & (at least —0.05 < § < 0.05)
around the stoichiometric composition
(4:1). Second, we performed another se-
quence of heat treatment. Samples of tetrag-
onal La,BaCu;0, were heated in flowing N,
gas at 780°C for 2 days followed by cooling
slowly in the same atmosphere. A typical
XRD pattern of the obtained sample is
shown in Fig. 1b. All the peaks in this pat-
tern could be indexed on the basis of mono-
clinic symmetry with ¢ = 12.23 A b =
3817 A, ¢ = 12.38 A, and 8 = 90.54° with
only a small modification from the tetrago-
nal phase indices. The obtained XRD data
for tetragonal and monoclinic phases are
summarized in Table 1. Here, tetragonal and
monoclinic unit vectors are related to basal
perovskite unit vectors as

a =2a,—b,, b =a,

+2b,, ¢=1¢, (1
a, = 3a, + b,, b, =¢,

¢ = 3, — 3b,, (D)

L3

where the suffixes **t,”" “‘m,’” and **p"’ stand
for tetragonal, monoclinic, and perovskite
units, respectively. We could also synthe-
size the monoclinic phase by heating in air
in the temperature range of 950° ~ 1000°C
followed by quenching into liquid N;. As
mentioned below, CRM and TGA experi-
ments shows that the oxygen content v of
the monoclinic phase i1s about 12.5. Two
additional oxygen-deficient phases with y =
12 and 11 were reported recently (8). These
phases could be synthesized at low tempera-
tures under 15% H,/B5% Ar gas. We could
not obtain any single phases by firing at
higher than 780°C in flowing N, gas. We
show a typical XRD patiern of a sample
decomposed by the heat treatment at 900°C
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F1G. 2, An XRD pattern indicating the decomposition
of La,BaCus;0, by the reduction treatment in flowing
N, gas at 900°C.

in N, gas in Fig. 2. One can find that the
sample is decomposed into La,CuQ,, La,
Ba,Cu0O,, and Cu,0.

From CRM experiments and TGA in
flowing 10% H,/90% He gas, we determine
the oxygen composition y of tetragonal La,
BaCu;O, fired in air to be 13.0, which agrees
well with the value of y(=13.16) reported
previously (4). Then, we performed TGA
measurements in order to investigate the
temperature dependence of y both in air and
in flowing N, gas. As shown in Fig. 3, the
decrease of oxygen content y has been ob-
served for both atmospheres with increasing
temperature. In lowing N, gas, the decrease
of y {(Ay) amounted to 0.4 at 780°C, and the
value of Ay is almost invariable with de-

T T 'I- T T
—  Air
F Ny
-0.5F
. —d PR B —_— 1
0 200 400 600 800 1000

Temperature (K)

FIG. 3. Temperature dependence of the oxygen con-
tent ¥ deduced by TGA.
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TABLE I
PowbDer XRD Data oF TETRAGONAL La,BaCusO); 5 aND MonocLINIC La,BaCusOys s

Tetragonal La,BaCus0 ;4

Monoclinic La,BaCusO,35

h k ! D(cal.) D{obs.) Hobs.) h K { Dical.) Di(obs.} Hobs.)
1 0 0 8.644 8.655 2 1 0 1 8.741 — —
1 0 1 8.659 — —
2 0 0 4.322 4.319 2 2 0 2 4.371 —_ —
2 0 2 4,330 — —
2 1 0 3.866 1 0 3 3.922 3.921 10
} 3.864 13 3 0 1 3.860 3.857 17
0 0 1 3,856 0 1 0 3.817 3.811 9
3 0 0 2.881 3 0 3 2.914 ~2.910 6
} 2.879 7 3 0 3 2.866 2.877 4
2 0 1 2.877 _
1 3 0 2,733 4 0 2
} 2.732 100 2 0 4] 2751 2.731 88
2 1 ! 2.736 1 ! 3 2.735 2.731 160
3 1 1 2.714 2.710 &0
3 2 0 2.397 1 0 3 2.432
1 0 5 2.423] 2.428 1
2.397 14 5 0 1 2.403
5 0 1 2.395
2 2 1 2.395 0 1 4 2.404 2.398 1
4 1 0 2.386
3 1 3 2.316
3 1 3 2.302] 2315 3
| 3 1 2.230 2.279 14 ;1 } 31] - . ”
4 1 0 2.096 2.096 5 3 0 5 2.125 2.214 10
5 0 3 2.095 2.006 8
3 2 1 2.036 2.036 1 1 1 5 2.051
: 1 1 5 2.045} 2.046 3
5 1 1 2.033 —_ —
5 1 1 2.029 — —
4 2 0 1.933 2 0 6 1.961 1.962 23
} 1.932 20 6 0 2 1.930 1.931 26
0 0 2 1.928 0 2 0 1.909 1.909 13
5 0 0 1.729 1.748 4
4 2 1 1.728} 1.728 8
2 1 2 1.725 1.727 8
5 1 0 1.695 1.696 [ )
3 4 i 1.578 1.578 30 1.5%0 25
1.585 1
1 3 2 1.576 1.573 i2 1.578 34
1.569 23
5 1 1 1.552 1.552 4 1.577 9

Note. La,BaCus0 50t ¢ = B.644 A and ¢ = 3.856 A; La,BaCus0,ca = 1223 A, b = 3.817 A, c = 12.38 A,

and B8 = 90.54°,
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creasing temperature. From TGA experi-
ments of samples kept at 780°C for 1 day,
the Ay amounted to a maximum value of 0.5.
Hence, the oxygen content y of the mono-
clinic phase was deduced to be 12.5.

In order to investigate structural proper-
ties of these tetragonal and monoclinic
phases, we performed ED experiments. For
the tetragonal phase, we show a typical ED
pattern with the [061] zone axis in Fig. 4a.
Note that Miller indices in Fig. 4a are based
on the fundamental perovskite unit cell.
Consequently, superlattice spots indicate
that the tetragonal phase has a unit cell with
dimensions of V5a, x V3a, X a,. In a
[001] zone axis ED pattern of the monoclinic
phase shown in Fig. 4b, one can find super-
structure reflections corresponding  to
V10a, x V10a, x a,. Moreover, this ED
pattern shows that the fundamental perov-
skite cell has orthorhombtc symmetry (a, =
3.89 A, b, = 3.96 A). This fact can also be
conﬁrmed by XRD measurements as fol-
lows. Comparing the XRD pattern of tetrag-
onal phase with that of monoclinic phase in
Fig. 1, it is noted that the (442) and (2k4)
peaks of the monociinic phase, which corre-
spond to the (137} peaks of the tetragonal
phase, do not split in contrast to other main
peaks. These (442) and (244) planes are
equivalent to the (11/) and (/) planes of the
fundamental perovskite lattice, respec-
tively. If the angle between a,- and b -axes,
¥p+ 18 not the right angle, spacmg of (11hH
planes must differ from that of (11/) planes.
Thus, the fundamental perovskite cell is dis-
torted to orthorhombic by the heat treat-
ment in flowing N, gas. The superstructure
observed in the monoclinic phase is consid-
ered to be caused by the oxypen deficiency.
However, we couid not obtain a transmis-
sion electron microscope image for the
monoclinic phase because of the irradiation
damage of ¢lectron beams. It will be im-
portant to elucidate the location of oxygen
vacancies in a unit cell, which is mentioned
below,
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For the direct observation of phase rela-
tion between these phases, HXRD experi-
ments were performed. First, experiments
on samples of the tetragonal phase were car-
ried out in air from room temperature up to
1040°C. We show a temperature depen-
dence of lattice parameters in Fig. 5. Note
that the observed lattice parameters are con-
verted into those of the fundamental perov-
skite unit cell (a, = alV's, ¢, = c¢). One
can find that the crystal structure has the
tetragonal symmetry (@, > ¢,) independent
of the temperature, although the result of
TGA in Fig. 3 shows the oxygen-deficient
phase at high temperatures. Second, we did
HXRD measurements for samples of the
monoclinic La,BaCu;0O, which were en-
closed in evacuated capillary tubes. Typical
XRD patterns at three temperatures are
shown in Fig. 6 and the values of lattice
parameters are plotted against temperature
inFig. 7. The XRD pattern at room tempera-
ture in Fig. 6a shows three pairs of diffrac-
tion peaks which correspond to (206), (602),
and (002) reflections. Since these three
peaks are equivalent to (020), (200), and
(002) peaks of the fundamental perovskite
subcell, they are adequate for the direct ob-
servation of the symmetry of the perovskite
lattice. At 671°C, the (020) and (200) peaks
begin to overlap each other as seen in Fig.
6b and at 694°C it is impossible to distinguish
one from the other, as seen in Fig, 6¢c. We
also confirmed that this peak also splits into
two peaks reversibly with decreasing tem-
perature again. Thus, when the oxygen con-
tent y is fixed at almost 12.5, the crystal
structure of La,BaCu;0O, is transformed into
tetragonal from monoclinic at 690°C., In ad-
dition, the symmetry of the fundamental
perovskite turn from orthorhombic to te-
tragonal. The structural transition at 690°C
may be of first order but very close to second
order, as seen in Fig. 7. It is noted that
the lattice parameters, a, and c,, of this
tetragonal phase around at 700°C are nearly
equal to those of the tetragonal phase in
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FiG. 4. [001] Zone electron diffraction patterns for (a) the tetragonal phase and (b) the monoclinic
phase. Miller indices in the figure are defined by the fundamental perovskite vectors which are related
to the tetragonal and monoclinic unit vectors by Eqs. (1} and (2).

air. We can conclude, therefore, that above
690°C La,BaCu;0, is in the single tetragonal
phase independent of the oxygen content
(12.5 < y < 13.0). )

Furthermore, we have roughly investi-
gated the phase diagram of La,BaCu.O, as
a function of the oxygen content y between
12.5 and 13.0 by means of XRD measure-
ment with samples quenched into liquid N,
after heating in air at various lemperatures.
In Fig. 8, we show typical XRD patterns of
compounds which are quenched from 850 ~
1000°C. The HXRD measured in sife in air

.atmosphere indicates that La,BaCu,0, is in
a single phase with tetragonal symmetry in
this range of temperatures. However, XRD
patterns of the samples quenched from 875
and 950°C indicate the coexistence of the

tetragonal and monoclinic phases. Hence,
we concluded that in the range of 12.5 <
y <C 13.0 there exists a two-phase region of
monoclinic and tetragonal La,BaCu;0, at
low temperatures. The tentative phase dia-
gram can be obtained as shown in Fig. 9. In
this figure, the dashed line shows the tem-
perature dependence of the oxygen content
in air obtained by TGA experiments.
Michel et al. (4) proposed a structural
model for this phase, as shown in Fig. 10, in
which open circle, large solid circle, and
small solid circle represent La, Ba, and Cu,
respectively. This model structure with
P4/m symmetry was confirmed by neutron
powder diffraction. As the result of our
HXRD experiments, there is a typical fea-
ture concerning the site of removed oxy-
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FiG. 5. Temperature dependence of lattice parameters of tetragonal La,BaCu;O, measured in air. The
observed parameters, @, and ¢, are the fundamental perovskite parameters which are obtained by using
Eq. (1), : :
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FiG. 6. HXRD patterns of monoclinic La,BaCusO, 5
in an evacuated quanz tube at (a) room temperature,
(b) 671°C, and (c) 694°C. The Miller indices are based
on the fundamental perovskite unit cell which are re-
lated to the monoclinic unit vectors by Eq. (2). Note
that MoKa radiation was used.

gens. For the monoclinic phase, as seen in
Fig. 7, all the fundamental perovskite pa-
rameters «,, bp, and ¢, which are related
to the monoclinic parameters by Eq. (2),
increase linearly with temperature up to
about 600°C. Assuming that the oxygen con-
tent y of the monoclinic phase is constant in
the evacuated tube, we can consider this
linear increase of the lattice parameter to
be result of the thermal expansion. For the
tetragonal phase, as seen in Fig. 5, a, also
increases at about the same rate as the lat-
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tice parameters of the monoclinic phase, al-
though the increasing rate of ¢, is less than
i that of a, even above 800°C. Hence, it
can be argued that the behavior of ¢, of the
tetragonal phase is caused by the influence
of removed oxygens. Davies and Katzan (8)
reported that ¢, also contracted as the re-
duction proceeded. They considered that
this contraction of ¢, was caused by the
change of the coordination of the CuQO, octa-
hedra. Based on this assumption, they pro-
posed structural models for oxygen-defi-
cient phases with y = 12.5, 12, and 11 in
which oxygen vacancies are located in sites
of the octahedra; for details of these models,
see Ref. (8). Without direct experimental
data, however, it is difficult to elucidate the
site for removed oxygens and the crystal
structure of the monoclinic phase.

We show DC resistivity data of tetragonal
and monoclinic La,BaCu;0, in Fig. I1. The
monoclinic La,BaCu;O, s, as well as the
tetragonal one, is found to be a nonsuper-
conductor but a metallic conductor down to
2.6 K, although the residual resistivity of
the monoclinic phase is much larger than
that of tetragonal one. As a result, it might
be concluded that the crystal structure of the
monoclinic La,BaCu;0,; s does not include
CuQ, planes but still has a 3D Cu-O
network.

4. Concluding Remarks

We have succeeded in synthesizing a new
single-phase of monoclinic La,BaCu;0, by
the reduction treatment in flowing N, gas at
780°C followed by slow cooling. At room
temperature, the oxygen content y of the
tetragonal La,BaCu;O, is found to be about
13.0 by the carbon reduction method and
TGA in flowing H, gas, and the value of y
of the monoclinic phase is determined to be
12.5 by TGA experiments. This new mono-
clinic phase has a unit cell of \/Eap x
\/Eap X a,, while the original tetragonal
phase has a unit cell of \/gaD X \/3.:7p X
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FiG. 7. Temperature dependence of lattice parameters of monoclinic La,BaCu,0,; 5 in an evacuated
quartz tube. The observed parameters, a,, b,, and ¢, are the fundamental perovskite parameters

which are obtained by using Eq. (2).
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Fig. 8. XRD patterns for La,BaCu,0, compounds

quenched into liquid N; after firing in air at various
temperaiures.

1000

F1G. 9. A tentative phase diagram of La,BaCus0,
described as functions of oxygen content and tempera-
ture. The dashed line shows the temperature depen-
dence of oxygen content in air obtained by TGA. Solid
triangles (A} show temperatures from which samples
were quenched into liquid N,. The obtained phases by
quenching are described by fellowing marks: (@) a
single phase of monoclinic La,BaCu;0,: (O) a single
phase of tetragonal La,BaCu;O,; and (©) coexistence
of monoclinic and tetragonal phases. A solid square
{W) indicaies the phase transition temperature in the
evacuated tube. Selid curves represent expected
boundary lines.



Fig. 10. A structural model by Michel et al. (4) for
tetragonal La,BaCu;0,,, projected on the a—b plane,
Open circles (O). large solid circles (@), and smal)
solid circles (®) represent La**, Ba®*, and Cu'* ions,
respectively. Ba’® ions are located at z = 0 and the
other cations take positions at z = 0.5. Oxygen ions at
z = {are at the corners of triangles and squares. The
other 0°~ jons of z = 0.5 are located at the upper and
lower sites of Ci”* ions (apical sites).
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FiG. 11. Temperature dependence of the DC resis-
tivities of tetragonal and monoclinic La,BaCu;0,.
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a,. By means of TGA, it is revealed that
y decreases from 13.0 to about [2.5 with
increasing temperature in air. HXRD exper-
iments show, however, that the unit cell has
a tetragonal structure (\/5{1p x \/.gap X a,)
independent of the temperature. On the
other hand, the monoclinic La,BaCu;0,
closed in an evacuated capillary tube is
transformed to tetragonal above 670°C. This
monoclinic phase is found to be a metallic
conductor down to 2.6 K as is the tetragonal
one.
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