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High-pressure, high-temperature synthesis of LaCuQ;, the substituted series La,_ M Cu0O,, where
M = Mg, Ca, Sr, Ba, Pb, Sc, Y, Pr, Nd, TV, Sb, Bi, Ti, Zr, or Ce, and LaCu, _ M O;, where M’ =
Cr. Fe, Co, Ni, Zn, Ag, or Tl. was undertaken. The rhombohedrally distorted perovskite structure of
LaCu0Q, was found to persist in the following systems, where the number in parentheses is the maximum
x: Ag (1.0), Ba {0.8), Bi (0.6), Ca (0.8), Ce (0.4), Co (1.0), Cr (0.2), Fe (0.2), Mg {0.8). Nd (0.4), Ni
(1.0), Pr{0.4), Sb (0.2), Sc (0.2), Sr{0.8), Ti {0.1), Zr {0.8). This structure was not found with Y, Pb,
or Zn at any level of substitution, although Zn did permit formation of this structure when Ni was used
instead of Cu. This structure was detected at the x = 0.6 level with Tl, but not at x = 0.4 or 0.8.
Samples were tested for superconductivity effects by magnetic susceptibility, without positive results.
The synthesis stability region of P-T space for LaCuQ; was found to be above 1200°C at pressures
above 5 GPa. Stability of LaCuO, at ambient pressure was studied by differential thermal analysis, and
an endothermic phase change to a tetragonal structure was noted around 400°C. The relationship of

these results to the high-temperature superconducting copper oxide ceramics is discussed.
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Background

Demazeau et al. showed that high oxygen
pressures, derived in a belt apparatus by
thermal decomposition of KCIO,, could sta-
bilize the trivalent state of copper and per-
mit formation of black LaCuO; (/). They
accomplished this by treating a stoichiomet-
ric mix of La,CuQ, and CuQ, to which was
added an excess of KCIQ,, at 6.5 GPa and
900°C for 10 min. This procedure was unsuc-
cessful in producing similar LnCuO, prod-
ucts from the other rare earths. LaCuO; has
also been reported from a mixture of the
oxides heated at 800°C for 40 hr under 400
atm of oxygen (2). The metallic LaCuO,
product had a distorted perovskite rhombo-
hedral structure analogous to LaNiQO;, with
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a = 5431 +0.002Aand a = 60.85 = 0.02°
{/). LaCuQ; could not be produced by firing
a mixture of the oxides in air (3), or by
means of precipitation of mixed hydroxides
(4}, but was reported, with X-ray confirma-
tion of a perovskite product, to be produced
from a calcined mixture of acetates (3). Re-
cent work at 900°C under oxygen pressures
of 20-100 MPa gave three LaCuO;_,
phases: tetragonal for 0 =y = 0.4 at 40 =
Ppy = 100 MPa, monoclinic for0.2 =y = 0.4
at P, = 20-40 MPa, and an orthorhombic
form with 0.43 = y = 0.5, obtained by heat-
ing the tetragonal form in N, to 700-800°C
(6). An estimate of the free energy of forma-
tion of LaCuQ; shows it to be stable to
above 4500 K (7). Given the avid current
interest in Cu-based ceramic oxides, arising
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from the existence of high 7. superconduc-
tivity (8), we felt that further investigation
of LaCu(0, was warranted.

The basic La,Cu0, structure fundamental
to that original high-T, material consists of
singie layers of perovskite units separated
by NaCl-structured layers. Subsequent su-
perconducting materials, e.g., YBa,Cu,
O, consist of even larger assemblages of
these basic building blocks, with more
NaCl-type layers and varied stacking ar-
rangements. LaCuQO; is the simplest mem-
ber of this series, lacking the NaCl-type lay-
ers. Because of the high degree of both
chemical and structural similarity, it has a
strong possibility of being a superconduc-
tor, but would be of interest in any case
since it may provide material for better theo-
retical understanding of this fascinating
class of materials.

Experimental

A. High-Pressure Techniques

The pressures necessary for this high-
pressure, high-temperature (HPHT) study
were obtained using a tetrahedral anvil ap-
paratus equipped with anvil guides (9).
Working pressures of 6.5 GPa were rou-
tinely obtained. Pressures were estimated
using a calibration against known fixed-
point resistance transitions (/0). A pyro-
phyllite tetrahedral sample container with
an internal graphite tube heater was used.
Temperatures up to 2500°C were achieved
by driving an ac current of approximately
850 A at low voltage (2-3 V) through the
electrically isolated anvils to the internal
graphite tube heater. Temperatures were es-
timated by use of a calibration of input
power vs temperature for runs in which a
thermocouple replaced the sample charge;
they are accurate to within about 3% (/ 1),
The sample charge was electrically isolated
from the tube furnace by a BN capsule, and
then further isolated chemically by a metal
capsule, either Ta or Pt, within the BN. The
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powdered charge mixture was hand-tamped
into the tube. Even with this protection, wa-
ter, driven out of the pyrophyllite by the
intense heat, can enter the reaction cham-
ber. This has mixed consequences: favor-
able since water acts as a mineralizer, facili-
tating reactions, and unfavorable since
La(OH); is very stable under the operating
conditions and indeed was found to form in
many of the runs. Seeking to eliminate this
water, runs were assembled with the graph-
ite heater in a heavy-walled BN tube (of a
thickness greater than the usual pyrophyllite
reaction zone); these were also found to
contain the La(OH), impurity. Therefore
this additional protective measure was not
continued,

B. Materials

LaCuQ; was formed from the constituent
oxides, La,0; and CuQ, with an excess of
KCIO; to maintain an oxidizing environ-
ment favorable to Cu’*. Thermal decompo-
sition of KCIO, provided the requisite oxy-
gen, and both residual reactant KCIO, and
product KCl could be readily washed out
with water after the product was removed
from the HPHT chamber. The presence of
gas at 6.5 GPa in the molten sample, indica-
tive of the presence of excess oxygen, was
evidenced by spherical voids in a number of
the recovered samples. The reaction sought
was

3La,0;, + 6Cu0 + KCIO; —
6 LaCu0O,; + KCI.

1t should be noted that there was a possi-
bility of inclusion of ClI in the product since
a number of oxychlorides had been synthe-
sized, including Ba,Cu,0,Cl, ({2), Sc,Cu,
0,ClL, (13), Sr,Cu0,Cl, (14), Ca,CuO,Cl,
{15). The existence of compounds of alkali
cuprates, such as KCu0O,, further compli-
cated the possible products (/6).

Since the high-7, materials had substitu-
tional impurities such as Ba and Sr, and
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subsequent materials either had favorable
structures stabilized or the T, elevated by
elements such as Pb, Tl, and Ca, the substi-
tional series La, _ M CuO, was also formu-
lated with M = Mg, Ca, Sr, Ba, 5¢, Y, Ti,
Zr, Ce, Pr, Nd, Ti, Pb, Sb, and Bi, using
MgO, CaO, SrO or La,_,Sr.Cu0,, BaO,
5¢,04, Y,0,, Tior TiO,, Zr0O,, CeO,, Pr,0,,
Nd,0;, TLO,, PbO,, Sb,0,, and Bi,0;, re-
spectively. High-purity starting materials
were weighed to the appropriate propor-
tions, mixed, and ground in a mortar to give
a uniform powder. These powders were
then loaded into the sample container of
BN, Ta, or Pt. Since these were survey stud-
ies only, a coarse composition grid (x = 0.2,
0.4, 0.6, 0.8, 1.0) was chosen. It is recog-
nized that such a coarse grid can readily
miss a limited stability field, such as was
recently reported in the system La,_ Sr,
Cu03_}., 0.20 = x = 0.25 (/7), but even a
10% grid (with double the effort rcquired)
could have missed such a limited field. Since
a previous attempt at synthesis of LnCuO;,
(Ln = arare earth other than La) failed (/),
the serics with M = Ce, Pr, and Nd was
also studied.

In addition to substitution of the La, re-
placement of the Cu was also investigated,
viz, LaCu,_ M 0,, where M’ = Cr, Fe,
Co, Ni, Zn, Ag, and TI (using Cr,0,, CrO,,
or Cr(,; Fe,05; Co,0,; NiO; Z2n0; Ag,O or
Ag0; and TLO,, respectively), with prepa-
ration as noted above for the La substitution
series. Synthesis was expected to be diffi-
cult since the related niccolates of Y, Sr,
and Ba, generally seen as being more readily
synthesized than the cuprates, required 400
atm oxygen pressure for synthesis (/8).

C. Analysis

The products were retrieved from the
sample assembly and a small portion was
broken from the slug and powdered for X-
ray diffraction study by the Debye-Scherrer
method for determination of the products
present. Least-squares refinement of in-
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dexed lines gave the hexagonal lattice pa-
rameters which are reported throughout this
paper; rhombohedral parameters were ref-
erenced to the equivalent hexagonal lattice
for purposes of comparison with previously
published work. The hexagonal cell parame-
ters are given in Table I for those products
which displayed the LaCuO, structure. The
bulk of each sample, about 0.02 cm®, was
reserved for superconductivity tests. Al-
though gross resistivity was checked, sus-
ceptibility measurements were favored for
screening purposes, since a continuous path
1s not then necessary. It was estimated that
if as little as 195 of the sample were to expel
flux it would be detectable,

Some materials were investigated using
differential scanning calorimetry (DSC) on
a Perkin—Elmer 7 Series thermal analysis
system. Samples of 3-23 mg were sealed in
Al containers and heated to 600°C at a rate
of 20°C/min.

Results
A. General

Early work involved the use of only the
BN isolation tubes to separate the sample
charge from the graphite heater, Adherence
of the BN to the sample, occasional inter-
mixing at the interface, and thus possible
reaction prompted use of an additional Ta
capsule within the BN to chemically isolate
the sample. Both La,0; and KClO;left the
Ta container dark and brittle, however,
which prompted the substitution of 0.051
mm thick Pt capsules. These proved suitable
for the task. Except for one run in which the
Pt was heated to melting on one end, the
Pt was found to be readily freed from the
product after HPHT treatment with no obvi-
ous evidence of reaction, contrary to a prior
report of dissolution of Pt by La,_ Sr,.CuQO,
(19).

Preliminary work included treatment of
the individual reactants to the HPHT syn-
thesis conditions. The product obtained by
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TABLE I
LATTICE PARAMETERS FOR PRODUCTS WITH LaCu0; STRUCTURE

Composition k4 Volume

[ t [
(kbarC)  (A) (A) (A3)

a + [ * Valume
(A) (A) (A%}

Compasition

LaCuCa ssiisoot  5.484 0,017 13.225 0.072 2457
LaCuQ3 son1s00® 5,508 0.016 13,237 0.087 34748
LaCuQa sw1700 5.484 0.0'3 13.215 0.056 3454
LaCu0a ss/s00 5.486 0.011 13.206 0.034 3458
LaCu3 5971500 5473 0.048 13191 0.235 3421
LaCuQ3 so/1500 5504 0.018 13.215 0.071 3486
LaCu(3 ¢5/1200 5490 0£.011 13,181 0.038 3440
LaCuCa 651500 5475 0.035 132183 0.131 23425
LaCuCa 65170 5,494 0,020 13.183 0.140 3448
LaCuQ3 1 mirF 5.501 0.017 12.188 0.068 345D
LaCuC3 2 min 5.482 0.007 13,214 0.047 3452
LaCu03 20 min 5500 0.072 13.211 0.070 2346.0
LaCuO3 Hz0 cokt? 5.500 4.012 13.210 0.047 246.0
LaCuDa HaO hot 5500 0.022 13,274 0.089 346.2
LaCuCg sir 200C* 5,496 0.013 13.2%41 D.045 3456
LaCuCa 300~ 10mo! 5,474 0.017 13.05 0.108 338.7
LaCuO3 Oz3orce  5.499 0.007 13.216 0.025 3461
LaCuO; g9 5.499 0.010 13.230 0.041 346.5
LaCuCag 5.505 0.013 13.227 08.043 3471

LaCup.8Cro. 203"  5.467 0.036 13.386 0.274 3465
LaCup 8Crp. 203 5490 D0.013 13.296 0.097 347.1

LaCug aFep.203  5.519 0.007 13.255 0.028 249.7

LaCug 8Ce0.200 5493 0.007 13.189 0.028 344.6
LaCug.sCon4035  5.494 0.007 13.167 0.024 3441
LaCup 4Cop g03  5.482 0.007 13152 0.025 342.3
LaCug 2Cop 803  5.459 0.004 13.110 0.017 336.3
LaCoOa 5.441 0.006 13.085 0.021 2355

LaCup, aNig. 203 5501 0.019 13.145 0.127 344.5
LaCup gNip 203 5505 0.014 13,206 0.852 346.6
LaCup.gMig.403  5.487 D0.010 13.215 0.037 D446
LaCug 4Nig.603 5483 0.609 13.171 0.038 340.3
LaCuppMiga03  5.443 0.018 13.175 0.061 338.8
LaNiQ4 5.448 0.012 13.198 0.043 336.2
LaZng 2Nig 803 5.444 0009 13.095 0.042 336.1
LaZnp.4Nip.603 5.451 0.009 13.084 0.040 337.0
LaZng gNip.40a 5.4517 0043 13.127 OQ.06v 3373
LaZnp gNig 202 5.450 0.022 13.212 0.145 339.9

LaCup gAgo203  5.491 0.020 13.208 6.083 344.8
LaCup 6850403 5512 0.021 13.127 0.104 3454
LaCup.aAgo.603 5.513 0.035 13165 0.206 346.5
laCup 2Ag0.803 5.509 0.025 13.177 0.999 3463
LaAgDs 5.527 0.020 13.257 0.085 350.8

Lag gMgo 2Cu03 5506 0.011 13,198 0.043 346.5
Lag gMgo 4CLO3 5,502 0.060 13,156 0.214 344.9
Lag 4Mogo 6CwOa  5.498 0.028 13.201 0,107 3457
Lap 2Mgp.aCud3  5.493 D0.008 13.242 D.033 346.0

LapgCap 1Cula  5.494 0.037 13.201 0.136  345.1
Lag gCap 2CuC3  5.523 0.015 13,176 0.065 348.1
LapaCansCuda  5.488 0.011 13205 0.053 3457
laggCen 4CuOa  5.493 0.008 13.2286 0.055 345.7
Lap 4CaggCLOa 5496 0.012 13.214 0.083 2345.7
Lap2CapgCuCa 5512 0.009 13.225 0.037 2480

Lag §Srp.1Cu0a  5.490 0.023 13,248 0.079 345.8
Lag gSro.zCu03 5497 0.008 $3.219 0.035 345.9
Lap gSr0.4CuO3  5.481 0.010 13.227 0.041 3453
Lag 4Srp.gCuO3  5.488 0.007 13.207 0.026 345.9
Lap2SrpaCu0a  5.501 0.014 13.208 0.062 346.1

Lap gBap.2Cu03 5.499 0.019 13.263 0.066 J47.4
Lag gBap.4Culg 5501 0.621 13,217 0.074 346.4
Lag 4Bap gCGuldg £.490 0.015 13.211 0.055 3449
Lap 2BapsCuO3 5503 0.016 13.158 0.054 3451

Lag gScp 2CwO3 5.492 0.015 13,231 0.059 3456

Lag.gCepn 2CuC3 5.432 0.043 13,059 0.152 3337
Lag gCGep 4CuCa 5.491 0.049 12,956 0.172 328.5

Lag gNdg 2Cu03 5496 0.009 13.165 0.033 2344.4
Lap.aNdy.2Cu0a  5.497 0.020 13.155 0.068 2344.2
Lag.gNdp 4CuC3  5.491 D0.011 13.153 0.040 343.6

Lag gPrg. 2Cu0q 5.4893 0.012 13.167 0.055 344.0
Lap.6Pro.4Cua 5.501 0.026 13,184 0.087 3455

Lap.gSbg 2CuC3 5.494 0.014 13,196 D0.066 2345.0

Lag.gTip.gzCu03 5,521 8.014 13,092 0.101 3456
Lap gTip.1Cul3 5501 0.829 123.164 0.133 3450
Lag gTip.1Culg 5.497 0.008 13,220 0.032 345.9

Lag g2rp 20u03 5503 0015 13.211 0.058 346.4
Lag. 6Zro. aGu03 5.497 0.015 13.225 0.056 346.1%
Lap 4Zrp gGuO3 5.494 0.008 +13.217 0.030 345.5
Lap.2Zrp.aCuOa 5.498 0.018 13.231 0.091 346.3

Lap. 4Tlg.6Cu03 5.4950 0.014 13.184 0.079 3341

Lag aBip 2003 5.50¢ 0.038 13.201 0.271 3458
Lap_gBip.4CuO3 5,392 0.023 +3.166 0.096 343.9
Lag.4Big gCuO3  5.497 0.030 13.169 0.123 344.6

* Combined product from six runs at 65 kbar and 1500°C.

® Treatment at 50 kbar and 1500°C.

“ Heating time varied from the usual 5 min,

# KCl washed out of product with water.

¢ Product was treated in air or O, at 300°C.

f Stability check; re-X-rayed after 10 months.

# KCIO, limited to give indicated stoichiometry.
* La or Cu substituted by indicated element.

treatment of stock La,O, was principally
La(OH);, which also was the most persis-
tent impurity in the reaction runs. Many
modetately intense lines of the XRD pattern

were not identified, however, Also the prod-
uct had an X-ray density 0,3% less than that
given by the Powder Diffraction File refer-
ence. This was confirmed by subsequent
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XRD work on material not exposed to
HPHT conditions, which found a = 6.523
and ¢ = 3.851 A for the untreated sample,
and a = 6.521 and ¢ = 3.842 A for the
HPHT sample, for cell volumes of 141.91
and 141.49 A3, respectively. The difference
derives from an elongation of the c-axis in
the HPHT product which exceeds the com-
bined uncertaintics. A wide reaction zone
noted in the pyrophyllite after this HPHT
treatment was probably due to increased de-
hydration caused by the uptake of water
(the mineral of the container has both bound
water and water of hydration) by the re-
actant, which then migrated through heater,
BN and Pt tubes. It may be noted that inten-
tional addition of water during synthesis of
La, g5ty ,,Cu0, was reported to cause a sig-
nificant decrease in the fraction of product
which was superconducting (20). In the
HPHT synthesis system therefore, the wa-
ter may, through a similar mechanism, pro-
hibit exhibition of superconductivity in the
products. The CuO runs were of no particu-
lar note. Heated alone, a trace of Cu,O re-
sulted; with the addition of oxidizer, KCI
and a trace of KClO; were also found.

B. Synthesis of LaCuO,

As noted above, the synthesis of LaCuQy
in this study commenced from the constit-
uent oxides rather than from La,CuQ, as
had been published (/). To obtain the de-
sired product it was found that somewhat
higher temperatures, viz, 1500°C, were re-
quired (rather than the previously reported
900°C; I). The region of synthesis in pres-
sure—temperature space is shown in Fig. 1.
Synthesis was not achieved below 5 GPFa,
and the mintmum required temperature de-
creased as the pressure increased, with a
minimal temperature requirement of about
1200°C. Some CuO and La({OH), were pres-
ent in all samples retrieved; many also con-
tained KCI. Survey samples were not rou-
tinely washed (washing did not change the
amount of La{OH}); in a sample}. [t was dif-

2000 T LER— T T
i} o)
o 1500 + o o ¢ Q
- + g
-@ 1000 + LBCU03 . N 1
2
E B unknown
~ 500 +  no reaction
Q pariial reaction
0 L I 1 . 1 ! 1
[ 2 4 6 B

Pressure (GPa)

F1G. 1. Pressure temperature reaction product dia-
gram. O indicates the presence of LaCuQj;, + the pres-
ence of reactant oxides, and O the presence of un-
known products.

ficult to fully assign all the lines observed in
the X-ray diffraction pattern. Since some of
the higher angle lines appeared only when
LaCu0O, was present (though lines in this
region were not reported by Demazeau ef
al.; Iy these lines were indexed by compari-
son with those calculated from the observed
cell parameters and space group to give an
intensity greater than 1% for the most in-
tense line. The pattern derived after ex-
tracting the KCI with cold water is given in
Table 1T with full indexing, along with the
calculated d-values. Boiling water eXtrac-
tion led to similar results, indicating stability
of LaCuO, to these more severe conditions.
The c-cell parameter of LaCu0Q), increased
slightly with increased processing tempera-
ture, while the g parameter showed a shal-
low maximum at 1500°C. From these results
a standard HPHT processing condition of
6.5 GPa and 5 min at 1500°C was selected for
the subsequent substitution survey work.

An attempt (o study the compressibility
of LaCuOj; in a diamond-anvil ¢ell gave ser-
endipitous information on stability in water.
Well-crystallized La(OH), resulted from hy-
drolysis by the water contained in the hydro-
static fluid when the sample was subjected
to a pressure above about 0.5 GPa.

Runs with LaCuQ; were made at nonstan-
dard (other than 5 min) heating periods,
seeking an optimum run time. Those made
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TABLE II
X-ray DIFFRACTION PATTERN FOR LaCuO; EXTRACTED WITH COLD WATER

dobs iflo h k | deale ad dobs 1/lg h k 1 dealc Ad
(A) (A) (A) (A) (A) (A)

3.83 3 01 2 3.863 -0.033 1.076 5 2 3 2 1.078 -0.002
3.241 2 La{OH)z 1.063 5 2 1 10 1.065 -0.002
3.167 7 La{OH)3 1.038 70 4 1 0 1.039 -0.001

2.732 60 1 1 0 2.750 -0.018 3 2 4 1.037 0.001

2.687 60 1 0 4 2.714 -0.027 1.032 s 3 1 8 1.032 0.000

2.509 5 (¢T0] 1.022 35 1 1 12 1.022 0.000

2.312 10 Cuo 0.9813 2 77

2.278 15 La(OH)z 0.9657 35 0 4 8 0.9658 -0.0001
2.232 5 20 2 2.240 -0.c08 0.9403 5 4 1 6 0.9398 0.0005
2.200 2 00 6 2.202 -0.002 0.9162 40 3 3 0 0.9166 -0.0004
2.146 2 La(OH)z 0 5 4 0.9152 0.0010
2.052 1 77 0.91140 50 2 3 8 09112 -0.0002
1.920 100 0 2 4 1,932 -0.012 0.9117 25 2 3 8 0.9112 0.0005
1.876 10 La(OH)s 0.9047 60 3 0 12 0.9046 0.0001
1.859 25 CuD? 0.9049 30 3 0 12 0.9046 0.0003
1.727 2 1 2 2 1.737 -0.010 0.8681 60 2 4 4 0.868B4 -0.0003
1.709 3 11 6 1.719 -0.010 0.8686 30 2 4 4 0.86B4 0.0002
1.658 2 7 0.8594 80 2 2 12 0.8593 0.0001
1.635 1 77 0.8601 40 2 2 12 0.B593 0.0008
1.576 70 0 3 0 1.588 -0.012 0.8474 3 1 5 2 0.848B3 -0.0009
1.5976 2 1 4 1.581 -0.005 3 3 6 0.B462 0.0012
1.554 20 01 B 1.560 -0.006 0.8410 3 3 2 10 0.8419 -0.0009
1.499 2 77 0.8360 2 1 2 14 0.8357 0.0003
1.449 2 La(OH)a 0.8290 40 5 1 4 0.8281 0.000Q9
1.410 2 La(OH)3 0.8287 20 5 1 4 0.8281 0.0006
1.370 2 2 2 0 1.375 -0.005 0.8266 30 5 0 8 0.8251 0.0015
1.355 30 2 © B 1.367 -0.002 0.8260 15 5 0 g 0.8251 0.0009
1.288 2 03 3} 1.288 0.00C 0.8133 30 1 0 16 0.8135 -0.0002
1.223 40 1 3 4 1.227 -0.004 0.8036 15 ?77?

1.214 40 1 2 B 1.217 -0.003 0.7942 15 0 B 0 0.7938 0.0004
1.167 5 0 4 2 1.172 -0.005 0.7941 10 0 & 0O 0.7938 £.0003
1.154 3 02 10 1.155 -¢.001 0.7905 50 4 2 8 0.7903 0.0002
1.117 15 4 ¢ 4 1.172 -0.055 0.7908 25 4 2 8 0.7903 £0.0005
1.103 15 0 0 12 1.101 0.002 0.7800 45 0 2 16 0.7801 -0.0001
1.088 3 ?7? 0.7800 25 0 2 16 0.7801 -0.0001

at 2 and 20 min both showed additional lines
at low diffraction angles, but the high angles
were well defined and sharp, implying better
crystallinity. The 20-min run also showed
fewer weak, additional lines at the high
angles, implying better purity of the prod-
uct. Runs at 1 min and at 30 sec gave lesser
yields of LaCuQ;. Runs at 40 min, 1, and 2
hr failed to produce the LaCuO, structure;
their compositions, from the XRD patterns,
did not show the same major components.
The 2-hr run particularly was notably het-
erogeneous and well segregated. No partic-
ular variance of the lattice parameters was
noted as a function of heating time.

Averaging of the lattice parameters de-
rived from least-squares fits to X-ray pow-
der diffraction film data on 25 different runs
gave the hexagonal cell parameters a =
5.496 = 0.010 A, ¢ = 13.228 + 0.092 A,
which cotresponds to the rhombohedral pa-
rameters a = 5.432 + 0.028 A, & = 60.78 =
0.23°. Data collected on a rotating anode X-
ray diffractometer gave cell parameters of
a = 5.5019 = 0.0003, ¢ = 13.2121 =+ 0.0005
A, or the equivalent rhombohedral values
a = 5.4301 £ 0.0002 A, a = 60.877 = 0.001°.
These latter compare very favorably with
those reported by Demazeau ef al.; a =
5.431 A, « = 60.85° (/). However, whereas
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those authors reported an R factor of 7%,
we were unable, even with the introduction
of an occupancy factor for the oxygen ions,
to obtain an R factor less than 17% for the
34 measured reflections, assuming the space
group R3c. Our final refined positions were
essentially the same as those which Dema-
zeau et al. found with 100% occupancy. Us-
ing only the eight lowest angles and strong-
est reflections from our data brought a
reduction in the R factor to 7%. An R factor
of 17% could also be achieved for a fit in the
R32 space group. It is possible that contami-
nation of the intensity data by impurity con-
stituents complicates our interpretations. A
pure, single phase sample is needed for fur-
ther work, but such was not found during
this study.

A series of samples was formulated with
limited oxygen availability, i.e., LaCu0,,
y = 2.52.6,2.7, 28, 2.9 3.0, using apprb-
priate stoichiometric amounts of KCIO,
rather than the excess normally employed.
The LaCuO, structure was only found for
vy = 2.9 and 3.0; the c-cell parameters ob-
served were slightly larger than the LaCuQ;
average value. The samples for x << 2.9 all
contained the usual CuO and La(OH), as
well as small amounts of an unidentified
pattern.

The LaCuO, product persisted in both at-
mospheric oxygen and in flowing pure oxy-
gen at 300°C. At 400°C in either environment
the LaCuQ; transformed, giving an X-ray
pattern that was indexed in the tetragonal
system (2/), with parameters summarized
in Table III. A growth of 0.4% in the ¢-axis
was observed which suggests that, like the
La,CuQ, family of materials, oxygen defi-
ciencies may be inherent in this purely
perovskite structure. When LaCuQ; was
heated to 600°C in the DSC study, the resid-
ual product exhibited this same tetragonal
structure. Recent work by Bringley ef al.
found an oxygen-deficient series LaCuO;_,
(6). The X-ray diffraction powder pattern
for the tetragonal structure obtained in the
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TABLE III
PARAMETERS OF LaCuO; wiTH TETRAGONAL
STRUCTURE
I3 ¢ Standard Volume
Composition (A} (A)  deviation {AY
LaCuQ; air 5.415 7785 0.0060 228.27
LaCu0, O, 5.417 7.817 0.0059 229.38
LaCuQ, DSC 5415 7.927 0.0434 232.44

current study by heating rhombohedral La
CuO,, compared with the graphical data
given in their paper, shows strong resem-
blances, particularly to their monoclinic
form, as well as several notable differences.
This is in marked contrast to their compari-
son, which noted *‘no obvious similarities.””
Their tetragonal form is closely related to
the above tetragonal form by ay = V2 ag,
and ¢y = 2cp.

C. Copper-Substituted LaCuQ,

The effect of substituting metals which
should replace the Cu in the LaCuQO; was
studied using Cr, Fe, Co, Ni, Zn, Ag, and
TI. Previously LaNiQ; had been reported
at ambient pressures (22); Demazeau ef al.
(23) also formed it under HPHT conditions.
A pseudocubic product was reported for x
= 0,50 and 0.75 (4}, The replacement of
Cu by Ni in La,_ Sr.NiQ, did not destroy
superconductivity, implying that Cu is not
unique to this phenomenon, and that Ni
maintains the same conditions favoring it
(24). The current study found the LaCuQ,
structure to exist at all mixtures of Cu and
Ni. Figure 2 shows that there is a discontinu-
ity in lattice parameters around x = 0.5,
suggesting perhaps two solid solution series
or maybe the presence of a second-order
transition. Further study is needed to better
understand this system.

The next element to the left of Ni in the
periodic table is Co; LaCoQ; has been syn-
thesized using conventional high-tempera-
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5.52 T . ; . 13.25 would be of interest. Three sources of Cr,
= LaCu, Ni O, varying in oxidation state, were available,
ssof b 5 o2 A viz, Cr,0,, Cr0,, and CrO;. Mixtures utiliz-
_ - % "o . ing each of these Cr sources for x = 0.2
T4} d 4132~ were reacted at 6.5 GPa and 1500°C for 5
” = ®  min. The sample with CrO, did not produce
5.46 |- % » R the LaCuO, structure, while both the lower
L B ! oxides did. Since CrQ, had the highest yield,
5.44 J : : : 13.15 an additional study of the series with x =

0.¢ 0.2 0.4 0.6 0.8 1.0

mole fraction Ni

FiG. 2. Effect of composition on the hexagonal lattice
parameters of the LaCu,_,Ni 0, series.

ture techniques (25). Oxygen deficiency has
been reported without change to the rhom-
bohedrally distorted perovskite structure
{26). This study found the rhombochedral
LaCuQ; structure to persist at all values of
x. The substitution of Co also was found to
suppress the CuO and La(OH), impurities
at the x = 0.4 and 0.2 levels, respectively,
suggesting that reaction is more favorable in
this system than in that of LaCuQ,.

Moving away from Cu yet further, the
series with Fe provided the LaCuO, struc-
ture only for x = 0.2, with both a and ¢
somewhat larger than in LaCuO,. For higher
Fe contents the orthorhombic LaFeO,
structure was obtained, with the volume in-
creasing linearly by about 3% for the maxi-
mum Fe content. Results are given for this
structure in Table IV.

An extended paper by Goodenough dif-
ferentiated several groups for the series of
LaMO, compounds where M was a transi-
tion metal of the first row (27). In pro-
gressing from M = Ti to Ni, three types
of behavior were noted: from collective d
electrons (Ti), to only the 1,, electrons local-
ized (V, Cr, Co, Ni), to fully localized d
¢lectrons (Mn, Fe, Co). Note that Co is on
the boundary. In this scheme LaCuO,
should also have intermediate character.
Since Cr shares this character, it was
thought possible that the series Cu-Cr

0.1, 0.3, 0.4, and 0.5 was undertaken. The
LaCuQ, structure was not found in any of
these subsequent products. The lines for
CuQ, La(OH},, and KCl, along with a num-
ber of weak, unidentified lines, were found
for x = 0.1. An unidentified structure oc-
curred over the range x = 0.3-0.5, which
was also found in the x = 0.2 product de-
rived from CrQ;. A small quantity of La-
CrO; may have been formed for x = 0.3. the
orthorhombic perovskite form previously
reported over the range 0.5 = x = 1.0 was
not observed, nor was the predicted Mott
transition around x = 0.23 (28).

The series with Ag replacing Cu exhibited
the L.aCuQ; structure for all values of x.
Calculation of the Goldschmidt tolerance
factor for each of the compositions (29) gave
the ranges, for Ag'*, 0.887-0.674, and, for
Ag®t, 0.887-0.735. Since the perovskite
structure is restricted to the Goldschmidt
range of 0.75-1.0, this suggests that Ag is
divalent in the LaCuQ, structure. The g unit
cell parameter increased with x, while the ¢

TABLE IV

PARAMETERS FOR PRODUCTS WITH ORTHORHOMBIC
LaFeO; STRUCTURE

a b c Standard

Composition (A) (A) (A)  deviation
LaCuyFe, 0y, 5.501 5493 7.772  0.0013
LaCug,Fe, 0, 5514 5.523  7.801 0.0018
LaCuy.Fes0,  5.548 5534  7.829  0.0013
LaFeO, 5.559  5.551 7.853  0.0009
LagNdyCu0y 5432 5445 7.691 0.0035
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parameter had a minimum around x = (.5;
the parameters found for x = 0.6 were
anomalously large.

Treatment of reactants to form LaCu, _,
Zn,0, did not lead to the LaCuO, structure,
even for the x = 0.2 sample. The reported
existence of perovskite-structured oxides of
the formula La, TiMQ, M = Zn, Cu, Ni, or
Co (3, further emphasizes the lack of a
perovskite product in the current study.
This complete lack of LaCuQ; structure in
the Zn-substituted series coupled with its
ubiquitous presence in the Ni senes
prompted study of the LaNi,_,Zn O, series.
The LaCuO, structure was found in the lat-
ter for all values of x except x = 1.0, in
sharp contrast to the Cu-Zn series. Clearly
there are major differences between Cu and
Zn which are effective in this structure.

Thallium substitution was investigated, as
a replacement for Cu as well as for La. The
ionic radius of TP* (0.95 A) indicates it
might substitute for the somewhat smaller
Cu?t (0.69 A), whereas TI'* (1.40 A) may
replace the smaller La’* (1.15 A); note that
Ba2* (1.35 A) is close to the size of monova-
lent T1, whereas the trivalent radius is close
to that of Ca®*.

For the Tl substitution of Cu in this study
only the lower values of x = 0.2 and 0.4
were aftempted. The products contained
La(OH),;, CuQ, and small amounts of the
high-pressure form of T1,0, (37}, suggesting
that reaction could not take place under
these conditions.

D. Lanthanum-Substituted LaCuOy

I. Divalent cations. Small to moderate
amounts of the La have been substituted in
the La,CuQO, series with divalent cations,
without change to the structure and with
enhancement of the superconducting criti-
cal temperature T,. The effect of such addi-
tion was varied in the system La, M CuQ,.
The amount of Cu raised to trivalency was
approximately equal to x for Sr and Ba (after
correcting for increases in oxygen vacan-
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cies). For Ca, however, the concentration
[Cu’*] was far below x, and actually de-
creased with increasing x for x > 0.1. The
oxygen defects were also reported to have
increased (32). These differences may arise
from structural strains derived from the dif-
ferent ionic radii of the substituents. Thus
formation of Cu?* from the divalent species
may not result from such substitution, and
the materials of the current study may also
reflect such complex interplay of defect con-
centration and jon size. Where M = Ca,
Sr, Ba, or Pb the product showed improved
conductivity, but its character remained un-
changed; viz, it remained metallic and or-
thorhombic for L.a and semiconducting and
tetragonal if Nd, Sm, or Gd were used in-
stead of La (33). An indication of possible
substituent size restrictions may be inferred
from work on this same system. The tetrago-
nal K,NiF, structure persisted for Ca, Sr, or
Bafor x << 0.3 (34), orto x < 0.3 for Ba and
x < 0.5 for Sr (35). For Ca the product
remained orthorhombic for x = 0.05, be-
coming tetragonal for higher Ca contents
(36). In the current study substitution with
Mg up through x = 0.8 produced the La
CuQ), structure, as well as unreacted oxides.
The g lattice parameter generally decreased
slightly, while the ¢ parameter showed a
sharp minimum at x = 0.4. The series with
Ca found strong persistence of the LaCuQ,
structure to at least x = 0.8, with a slight
increase in both the cell parameters, a and
c, at the higher values of x. The LaCuO,
structure is thus more accepting of these
substituents than the K,NiF, structure,

An orthorhombic single phase with a pe-
rovskite structure was recently reported as
superconducting by Khan for La,_ Sr,
CuQ,, when 0.05 << x << 0.3 (37). An oxygen-
deficient tetragonal product with a composi-
tion limited to 0.20 = x = (.25 was reported
by Murayama ¢f al. (/7). Subsequent work,
however, found no superconductivity down
to 10 K (38). Neutron diffraction investiga-
tion of tetragonal  Lay,Sr;,CuQ, 4
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found random distribution of L.a and Srover
the same sites (39). Other possible products
of La and Sr which have been reported in-
clude orthorhombic SryCu, (40) and l.a,
SrCusQ, (44), although no pattern was avail-
able to check for the latter. This study found
that substitution of Sr for La gave the La
CuQ; structure through x = 0.8, with a slight
increase in @ and a more marked decrease
in ¢ as x increased to 0.6, then essentiaily
constant thereafter. The system La,_ Sr,
CuO,_, reportedly maintains the perov-
skite-related K,NiF, structure for Sr con-
tents to maximum values of 1.34 (42, 43),
1.2 (44), or 1.0 (4/). One study reported
single phase product only for x < 0.2 (45)
and a published phase diagram gave an up-
per value of 0.90. Another report indicated
that this series was orthorhombic for 0 =
x=0.20, and tetragonal from this point up to
the maximum Sr content (4/). The K,NiF,
structure is thercfore apparently about as
tolerant of Sr substitution as is the LaCuO,
structure under study here.

BaCu(Q, ; has been prepared starting with
Ba0,, and from BaCu0, fired under 400 atm
of oxygen (2). Structures were not reported,
although X-ray patterns were. This study
found the LaCuO; structure to persist for
replacement of La with Ba to x = 0.8. The
a lattice parameter remained unchanged,
while the ¢ parameter decreased markedly
with increasing x. The product with x =
0.8 included lines resembling the pattern of
BaNiQ; (46).

2. Trivalent cations. One of the advances
in the high-T, superconductors was the sub-
stitution of Y for La, effectively placing the
structure under pressure due to the presence
of the smaller Y** ion (47). YCuO, has been
synthesized from the oxides at 800°C under
400 atm of oxygen (2). The series with Y
substituting for La in LaCuO, was therefore
studied. The LaCuQ, structure was not
found even for x = 0.2, however. Reaction
apparently did not occur at 6.5 GPa and
1500°C, however, since CuQ and La{OH},
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persisted. The ahsence of etther Y(OH), or
Y,0, suggests the possible substitution of Y
into the La compound structure. Additional
lines were found for x = 0.6 which were not
identified.

Even though Sc* is smaller than Y3+
(0.745 vs 0.90 A; 48), the LaCuO, structure
was found for x = 0.2 with lattice parame-
ters essentially the same as the unsubsti-
tuted material. A new, unidentified pattern
was noted for x = 0.6, which only had lines
with 4 values < 2.81 A.

3. Lanthanides. Substitution of other lan-
thanides for La was prompted by various
reports that the pure end members were not
obtainable, and by recent work with the
electron-carrier Ln,_ Ce CuQ,_.(Ln = Pr,
Nd, Sm) superconducting compounds (49,
30). Studies in the system Ln,CuQ, found
an orthorhombic, metallic product for Ln =
La, and a tetragonal, semiconducting one
for I.n = Pr-Gd. No similar product was
formed for Ln = Tb—Lu (32). Clearly, there
is a difference between L.a and the following
lanthanides. Work with the niccolates had
found ready replacement of La by Sm with
no structural change up to x = .30, a new
phase for 0.50 < x = 0.85, and no compound
formation from the oxides for higher values
of x (22). As will be seen in the following,
unlike the YBa,Cu,0; ,, structure where re-
placement of Y with a wide variety of Ln
ions had little effect on either structure or
superconductivity (20), the LaCuO; struc-
ture is quite sensitive to such substitution.

Previous attempts at synthesis of CeCuQ,
(1), CeNiO, (23), and CeCo0, proved un-
successful. Ce,_ Sr,Co0O; could not be
formed from mixed acetates; the stability of
CeO, prevailing instead (5/), This prompted
inclusion of the La,_ Ce Cu0, series in this
study. The LaCuQ, structure was found to
persist up through x = 0.4, with a marked
reduction in cell size for x = 0.4. No reac-
tion occurred at the standard HPHT condi-
tions for higher values of x.

HPHT has been reported to be ineffective
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for synthesis of PrCuQ, (/) or PrNiO; (23).
As with the Ce study, substitution of La
by Pr in this study resulted in the LaCuQO,
structure up through x = 0.4. The lattice
parameters had sharp minima at x = 0.2,
For x > 0.4 only the constituent oxides were
detected, with the possibility of La substitu-
tion in the PrO,.

Although NdNiO; has been reported (23),
NdCuO; did not result from HPHT synthe-
sis conditions (/). Our survey of this system
found persistence of the LaCuO, structure
through x = 0.4, with a decrease in the «
lattice parameter, and to a lcsser degree, in
the ¢ parameter. For x = 0.6, lines assign-
able to neither CuO nor La(OH); could be
fitted reasonably well to the cubic cell re-
ported for NdCoO, by reference to JCPDS
card #25-1064, or to an orthorhombic cell,
with a constant cell volume as a function of
x. For x = 0.6 the cubic parameter was a
= 7.683 = 0.007 A, and the orthorhombic
parameters ¢ = 5.432, b = 5445, and ¢ =
7.691 A (cach +0.003 A).

4. Tetravalent cations. Preliminary calcu-
lations (52} suggested that an excess of elec-
trons rather than the deficit provided by the
divalent ions might be beneficial, and that a
better match to the ionic radius of the La’~*
would be obtained with Zr or Hf, Deng-
Ping previously proposed the possibility of
electron-carrier tetravalent doping in the
system La, M CuO,, with M = Zr, Ce,
Hf, or Sn; these systems were considered
important by the theorists, in terms either of
understanding electron-pairing mechanisms
or of explaining negative results (33). Con-
sequently series with Ti and Zr were stud-
ied. Previous werk on LaTi, sCuQ;, synthe-
sized from the oxides in air at 1000°C, found
divalent Cu in the cubic products (celi edges
twice those of the primitive perovskite cells)
(28). For Ti preliminary synthesis runs were
attempted with either Ti metal powder or
Ti0O, as the Ti source. With the metal and x
= (.02, the LaCu0O, structure was strongly
present. Using TiQ, with x = 0.1 gave a
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product whose XRD pattern was nearly a
pure LaCu0Q, structure, with expansion of
the a and shortening of the ¢ cell dimen-
sions. The Ti series {using TiO,} did not
yield the LaCuO, structure for any value of x
>0.2. Anew, relatively simple, unidentified
structure was generated for x = 0.2-0.8.
Unreacted rutile, CuQ, and KCl resulted
from the x = 1.0 mix.

The LaCuO, structure was observed in
moderate amounts for the Zr series, with
ZrQ, as the Zr source, decreasing through x
= 0.8. Monoclinic zirconia and CuQ were
found in all runs and were the only observed
products with x = 1.0. There was a slight
dccrease in the a lattice parameter, and a
larger increase in the ¢ parameter, going
from x = 0.2 to x = 0.8. Residual KCl was
also noted in all these runs.

5. p-Electron substituents. As noted
ahove in the section on Cu substitution, an
attempt was made to substitute Tl for either
the Cu or the La. In the latter case the prod-
ucts {La(OH), and CuQ, along with KCl)
indicated that no reaction took place. In the
x = 0.6 sample there was apparently a small
amount of the LaCuO, structure found, indi-
cated by the presence of four of the stronger
lines of that latter structure which were free
of interference from lines of the other
products.

Studies of the system La,_,Pb,CuQ,
treated Pb as divalent (33, 34). The tetrago-
nal K,NiF, structure was found to persist
only for x = 0.1, while the substitution in-
creasingly activated the semiconductivity
uptox = 0.3, but produced no superconduc-
tivity (34). Replacement of La with Pb was
also undertaken in this study with the same
coarse survey grid series. Due to interest
sparked by the susceptibility and resistivity
results for these samples, however, addi-
tional compositions were formed in the
higher Pb-content regions, with x = 0.753,
(.85, 0.90, and 0.95. None¢ of the Pb runs
exhibited the L.aCuO, structure. The prod-
ucts always contained Pb0,, whose ortho-
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rhombic cell dimensions were unaffected by
the varied starting compositions.

Antimony produced the LaCuO, struc-
ture for x = (.2, with similar cell size to that
produced with the same content of Bi. The
oxides were noted for higher values of x;
viz, Sb;0, for x = 0.6 and 3-Sb,0, for x =
1.0.

Unlike the Pb results, the Bi replacement
series gave the LaCuO; structure for x =
0.6, though the yield diminished markedly
with increasing Bi content. Tentatively Bi,
Cu,0; was identified for 0.4 = x 0.8, and an
additional, unknown pattern was found for
x = 0.4, Although the ¢ cell parameter re-
mained near the unsubstituted LaCuO,
value, the ¢ parameter was markedly de-
pressed for x = (.4,

Electron microscopy of samples from the
Ca, Ba, Ti, and Zr series found a common
anisotropic matrix and twinning of perhaps
50% of the grains. Particles were typicaily
5—10 gm in size. Some grains showed inter-
penetration by another component, and
some grain boundaries contained a small
amount of another phase.

It should perhaps be noted that many of
the La-substituted products had lattice pa-
rameters close to the average found for
LaCuQ,, viz, in the ranges a = 5.496 =«
0.013, ¢ = 13.23 + 0.03. The Ti- and Ce-
substituted products fell outside this range,
while the Cu-substituted products were
rather markedly outside this range. This
may indicate somewhat less structural sen-
sitivity to substitution on the La positions
than on those occupied by Cuin the LaCu(,
structure.

E. Electrical Conductivity

The multiphase product slugs resutting
from our HPHT synthesis were generally
found to be insulators using a two-probe
rapid survey system. The La, _ Pb CuO,
samples with x > 0.75, on the other hand,
were relatively good conductors. Details of
these results are given elsewhere (54). It
may be that, as with La,Cu0, (53, 55), slight
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FiG. 3. DSC traces for LaCuQ; after washing to re-
move KCI. Solid line is from initial heating to 600°C,
showing endothermic peaks at 411°C and 559°C. Dotted
line is from the second heating, showing permanent
change in the material,

variations in oxygen content are possible,
and that these do occur between the various
synthesis methods, giving rise to either hole
or electron conduction in the resultant de-
fective products.

F. Magnetic Susceptibility

Magnetic susceptibility was measured by
several techniques during the progress of
this study due to changing equipment avail-
abilities. Most of these results have been
reported elsewhere (54). Since that publica-
tion the series La,_ Tl Q,, LaCu,_ Co0,0,,
and LaCu,_,T1,0, were prepared as detailed
above, and were found, like the earlier sam-
ples, to show no sign of superconductivity
to a sensitivity of at least 19% of the sample
volume,

G. Thermal Analysis

A number of samples were studied using

DSC. The starting matenals, LaCuQ;,
La, CaCu; x = 005 0.1), and
Lay oSty CuO; were investigated. The

LaCuQ,; and the Ca-substituted LaCuQ,
showed endothermic peaks. Figure 3 shows
the DSC traces for LaCuO,; for first and sec-
ond heatings to 600°C. The endothermic
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TABLE ¥
DSC RESULTS

Peak Enthalpy

Material °C) e
LaCu0, 411 587
559 138

Lag 5Cag psCuCy 392 484
526 306

Lag yCay,1cCu0; 4m 197
526 133

Lag 99Sry, 1pCu0;4 none

peaks noted on the first heating were absent
in the subsequent reheating. The tempera-
tures for these peaks are given in Table V,
along with the enthalpy changes. For the
related compound LaCo0Q; an endothermic
transition has been reported at 937°C which
was evidently electronic in nature since
there was no structure change; other activ-
ity was noted at 125-375°C and around
650°C (27). The structure was reported sta-
ble for the Co compound to around 1000°C
(50). For LaMnOQO, similar endothermic
peaks were observed around 900°C that
were associated with a metal-insulator tran-
sition which occurred without structural
change; substitution of 20% Ca, however,
suppressed all changes in the differential
thermal analysis (56). For LaCuQ, the ther-
mal instability noted in this study resulted
in a structure change as noted below. Figure
4 shows DSC traces for Lay oyCa, ,,CuQ;and
La, 905y 10Cu0;. The Ca-substituted prod-
uct showed a similar loss of peaks after the
first heating, while the Sr-substituted mate-
rial gave no peaks on either the initial heat-
ing, nor any change in a second heating. X-
ray diffraction has shown the LaCuQ; struc-
ture to be present in both the Ca- and Sr-
substituted materials. This implies that Sr
stabilized the LaCuO, structure (as did Ca
in LaMnQOs; 56) to at least 600°C at ambient
pressure, and that the peaks reflected a
transformation process in the other sam-
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ples. Recent TG A studies support this. They
reported that La, ,Sr,Cu0,_, showed no
appreciable weight change up to 1000°C
(38). However, these same workers re-
ported that heating these compounds to
860°C and above resulted in decomposition
into a series of phases richer in La and/or
Cu. No explanation of this discrepancy was
given. It might be noted here that LaNiO,
and NdNiO; have both been found to de-
compose to Ln,NiQ, and NiO at around
800°C (23). The cuprates are thus somewhat
less stable than the corresponding nicco-
lates, cobaltates, or manganites.

The LaCuQ, product which was retrieved
after the second heating excursion to 600°C
was examined by X-ray diffraction. A new,
simpler pattern was found, which has been
indexed on a tetragonal cell as noted above
(21). This gave a calculated density of 7.20
g/cm?, for a 0.3% decrease in density in go-
ing from the rhombohedral HPHT phase to
this new, thermally generated tetragonal
phase.

Discussion

The Goldschmidt tolerance factor ¢ has a
somewhat higher limit for perovskite-de-

120
=110
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E
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T 90 -
_La, M_ CuO, .-
]
80 | | | | %)
0 200 400 600
Temperature  (°C}

FiG. 4. DSC traces for Lag Cay (CuO;—initial heat-
ing. solid line; second heating. dashed line—and
LagopSry ;CuOy—initial heating, dotted line—which
show the absence of thermally induced transformation.
There is a difference in the base-line correction for the
two compounds.
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rived structures which are hexagonal than
for those which are cubic (57). The largest
tolerance factor observed in this work for
the LaCuQ; rhombohedral structure is that
for Lag,BagCu0,, where + = 0.98. The
lower limit for the tolerance factor is 0.75
(27). Among those systems showing the
LaCuQ, structure in this study the fowest
values observed were 0.735 for LaCu,,
Ag, 05, and 0.796 for La,Zry 4 CuQ; and
Lag , Mg, ;CuO;. The Ag products with x =
0.8and 1.0 give values below the lower limit.
These limits are derived geometrically, and
this suggests that the effective radius of Ag,
at the HPHT conditions of synthesis, varies
from those published for ambient condi-
tions.

None of the conditions or compositions
presented herein have yielded superconduc-
tivity above the minimum test temperatures,
which varied from 5-30 K. This does not
fully rule out the possibility, and there are
many other combinations of composition,
temperature, treatment procedure, time,
pressure, flux, etc., which could be tried. It
was thought for some time that the La,CuQy,
system was totally insulating, requiring dop-
ing to become superconducting (53). Subse-
quently an involved heat treatment with
slow cooling in pure oxygen was found to
vield a superconducting product (55). A
common theme in the study of these copper
oxide ceramics has been the critical nature
of the processing procedures chosen. Al-
though the additional restraints of working
at HPHT restricts some processing options,
a number of combinations are still possible.
Within the limits chosen for this study, how-
ever, the tentative conclusion must be that
the LaCuQ, structure does not contain all
the criteria requisite for superconductivity.

The environment of the Cu-0O linkage
does, it should be noted, differ markedly
between La,CuQ, and LaCuQ; as was
noted elsewhere (54). In both cases the Cu
15 octahedrally surrounded by O. In the first
case if forms a two-dimensional structure
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with no linkages along the ¢-axis due to the
insertion of an NaCl-structured layer of
La-0. In LaCuO;, however, the Cu-0O
forms a three-dimensional structure of cor-
ner-linked octahedra. The -Cu-0O-Cu-0O-
chains are not linear in this structure, which
may itself disrupt potential superconductiv-
ity. Conversely, the increased dimensional-
ity (three vs two in La,CuQ,) may be the
impediment, as proposed recently by the
calculations of Randeria ¢r af. (58). The cur-
rent work may, therefore, provide an im-
portant clue to the origin of superconductiv-
ity in the copper oxide ceramic materials,
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