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The structure of La;Cu(), 55 was refined from high-resolution
synchrotron X-ray diffraction data using the Rictveld method. The
unit cell is monoclinic, space group P2/m-C'2h (No, 10), with
a = B.62884(5) A, b = 3.83076(2) A, ¢ = 8.65148(5) A, B =
90.2166(4)°, V = 285.973(4) A%, Z = 1, D, = 7.085 g/cm’® at
T = 300 K. 265 independent reflections were included in the
refinement and a reasonably good fit was obtained with final R
values R; = 9.28%, R, = 14.51%, R,,, = 19.60%, and goodness-
of-fit S, = 1.573. The structure is of the oxygen-defect Perovskite
type and is composed of one distorted CuQ,, octahedron and four
distorted CuOQ; square pyramids per crystallographic unit cell. The
polyhedra of La;Cug0,,, ; display a three-dimensional connectivity
with a unique oxygen ordering which creates one-dimensional
channels of vacancies along the b-axis. © 1995 Academic Press, Inc.

INTRODUCTION

La;Cus0y5,5 lies in the middle region of the oxygen-
defect perovskite-like series LaCuO,_; (1). This series of
compounds is related to the well-known high-temperature
superconducting cuprates (2) and provides a simple proto-
typical model system for characterizing the electronic and
magnetic properties of the superconducting and related
cuprates. Although superconductivity has not been ob-
served in this system, its range of oxygen stoichiometry,
0.0 =3 = 0.5, is the widest yet {found ina cuprate, allowing
the formal oxidation state of copper to be varied continu-
ously from +1I to -+III within the basic Perovskite frame-
work. Because of their relationship to the high-tempera-
ture, superconducting cuprates, a knowledge of the
structures and crystal-chemical properties of the LaCu
0O,_; defect perovskites is of general interest.

Depending upon composition, three distinct oxygen-
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defect perovskite-like phases are observed in this system,
a tetragonal one with a homogeneity range 0 < § < 0.17,
a monoclinic phase with a homogeneity range 0.2 < § <
0.38, and an orthorhombic phase existing over the interval
0.41 < & < 0.5, see Fig. 1 of Ref. (1). The structure
of the tetragonal phase at § = 0.05 has been described
elsewhere (3); it undergoes a transformation to rhombohe-
dral symmetry at high pressure (4). The orthorhombic
phase at 8 = 0.5 is isostructural with CaMnO, ; (5) and
has also been reported previously (6). LaCuQ,_; exhibits
metallic conductivity in the tetragenal and monoclinic
regions, but is insulating for § = 0.5 (3).

Herein we report the results of a refinement of the
structure of the middle member of this perovskite series,
LasCus0y3,5. The structure is closely related to the tetra-
gonal structure of La,BaCu0,y,5 (7).

EXPERIMENTAL

A polycrystalline sample of LasCus0;,, was prepared
by heating the tetragonal form of LaCuQ, (1} in an oxygen
atmosphere. A piatinum crucible containing LaCu0, ¢
(7.0 g, 0.012 mole) was heated at a rate of 100°C/hr to
525°C, held there for 12 hr, and cooled at the same rate
to near room temperature, all under a flow of 99.995%
0,. Compositions were established by thermogravimetric
analysis and by iodometric titration (8) with an accuracy
in 8§ of £0.02. The two techniques were in excellent
apgreement with each other, giving the composition La
Cu0y, ¢; (or LaCu;0y; 45). X-ray powder diffraction con-
firmed the identity of the product with no observable
impurities within the detection limit of our laboratory
diffractometer.

High-resolution synchrotron X-ray powder diffraction
data were colilected at beamline X7A at the Brookhaven
National Synchrotron Light Source with a channel cut
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FIG. 1. Diffraction profiles and difference plots showing the monoclinic distortion of LasCu;0,,; manifested in the splitting of the pseudo-
tetragonal (a) (200} and (b) (220) peaks into monoclinic pairs. The solid line is a least-squares fit to a pseudo-Voigt function.

Si(111) monochromator and a flat Ge(220) analyzer at
a wavelength of 1.2015 A. A sample was packed in a
rectangular flat plate holder with a shallow recess, 5 x
1.25 X 0.1 c¢m in dimension, and step scans were per-
formed at 0.005° intervals over the angular range of 2
6 = 10-64.60° in symmetrical reflection geometry. The
samples were rocked 1-2° at each point to obtain a proper
powder average over the crystallites. Each measured pro-
file intensity was normalized with respect to the incident
beam monitor count measured with an ion chamber and
scaled to counts/sec per 100 mA ring current.

STRUCTURAL REFINEMENT

The observed pattern was very well resolved, with peak
widths varying from approximately 0.025-0.055° over the
range of the data. Several weak peaks characteristic of
an 54 a x c celi analogous to that of BaLa,Cus0,,,; were
evident but split in such a way as to provide unambiguous
evidence of a small monoclinic distortion, with ¢ =
8.62884(5) A, b = 3.83076(2) A, ¢ = 8.65148(5) A, and
B = 90.22°, This is most readily seen from the splitting

of the pseudo-tetragonal (200} and (220) peaks into mono-
clinic pairs (200, 002) and (202, 202), as illustrated in Figs.
la and 1b. A few weak unidentified impurity peaks were
also present at an intensity level of 1-2%. The impurity
phase could not be identified from the powder diffraction
data file.

Structure refinements were performed using a locally
modified version of the Rietveld~Hewat program (9) with
a pseudo-Voigt peak-shape function, which approximates
the convolution of Gaussian and Lorentzian functions,
The atomic scattering factors used were neutral-atom
scattering factors for La, Cu, and O from the International
Tables for X-ray Crystallography (1974, Vol. IV). A total
of 265 independent reflections were included. The param-
eters refined were the unit cell parameters, five half-width
parameters, a zero point correction, an overall scale fac-
tor, atomic coordinates, and isotropic temperature fac-
tors. Background intensities were estimated by interpola-
tion between values measured in regions well-separated
from adjacent peaks, and contributions to each point were
calculated over a range of 10 FWHM on each side of
a given peak. Impurity peaks were excluded from the



172

TABLE la
Atomic Coordinates and Thermal and Occupancy Parameters of
La;Cus0y; 35 with P4/m Constraints

LA PLACA ET AL.

TABLE 1b
Atomic Coordinates and Thermal and Occupancy Parameters of
LayCus0,; 35 with P2/m Symmetry

Atom Position x ¥ z B(AY N Atom Position x ¥ z B(AY N
Lai 1A 0.5 0.3 035 2.15(6) 1 Lal 1h 0.5 0.5 0.3 2.14(6) |
La? 20 0.1354(1) 0.5 0.2738(1) 0.64(3) 2 La2 n 0.13572) 0.5 0.2741(2)  0.62(4) 2
La?’ 2n —0.2738 0.5 0.1354 0.64 2 La2’ 2n —0.2734(2) 0.5 0.135002) 0.674) 2
Cul la 0.0 0.0 0.0 0.18(9) | Cul la 0.0 0.0 00 -0.12(10y 1
Cu2 2m 0.42493) 0.0 0.1719(2) 0.22(5) 2 Cu2 2m 0.4237(4) 0.0 0.1721(4) 0,338) 2
Cu2’ 2m —0.1719 0.0 0.4249 0.22 2 Cu2’ 2Zm —0.1717(4) 0.0 0.4260(4) 0.1K8) 2
Ox1 15 0.0 0.5 0.0 2.6(6) 1 Ox1 16 0.0 0.5 0.0 2.8(7) 1
Ox2 1d 0.5 0.0 0.0 2.0 0.074) Ox2 1d 0.5 0.0 0.0 2.0(5) 0.08(4)
Ox2’ le 0.0 0.0 0.5 2.0 0 Ox2' 1c 0.0 0.0 0.5 2.0 0
Ox3 2m 0.2857(14) 0.0 0.3824(12) 243y 2 0x3 2m 03020210 0.0 0.3854(20) 2.8(5) 2
Ox3' 2m ~0.3824 0.0 0.2957 2.4 2 Ox3' 2m —=0.3792(19) 0.0 0.2899(20) 1.7(4) 2
Ox4 Im 0.2338(1) 0.0 0.0391(10) —-1.5Q2) 2 Ox4 Im 0.2286(17) 0.0 0.0415(16) —1.4(3) 2
Ox4' 2m 0.0391 0.0 0.2338 ~1.5 2 Ox4’ 2m —-0.0357(14) 0.0 0.2388(16) -1.7(3) 2
0x5 2n 0.4313004) 0.5 0.1812013) 2.6(3) 2 Ox5 2n 0.4305(21) 0.5 0.1797(2H) 2.3(5) 2
Ox5' 2n —0.1812 0.5 0.4313 2.6 2 Oox§' 2n —0.1817(21) 0.5 0.4320(22) 2.6(5) 2

Note. The B valués for O(2) and O(2') were fixed at 2.0 A? (estimated
standard deviations are in parentheses). Ry = 0.0930, R, = 0.1462,
rup = 0.1968, S, = 1.578.

refinement. The space group chosen was P2/m, which is
a subgroup of P4/m assigned to Bal.a,Cu0;, (7). Atoms
in 4() and 4(£} positions in the latter case divide into two
sets of twofold sites for P2/m, as can be seen in Tables
la and 1b. In addition, the 2{e) position, which can accom-
modate excess oxygen, divides into O(2) and O(2') sites.
In the first phase of the refinement, the atom coordinates
and temperature factors were refined subject to Pd/m
constraints, except that an occupancy factor was refined
for each of the O(2) and O(2’} sites, with the temperature
factor fixed at 2.0 AZ. However, a slight negative vale
was found for the latter, and this was fixed at zero in
subsequent cycles, A significant improvement was ob-
tained with a preferred orientation correction of the March
type (10}, with [010] as the preferred axis. The final values
are listed at the right-hand side of Table 1a. In the second
phase of refinement, the P4/m constraints were gradually
released, starting with La(2'), then Cu(2’), followed by
the oxygen atoms. The final results are listed at the right-
hand side of Table 1b, and the profile fit and difference
plot are shown in Fig. 2.

The overall fit is reasoanble, with convergence to the
final R values R, = 9.28%, R, = 14.51%, R,,, = 19.60%
and to the goodness-of-fit S, = 1.573. However, the
rather large values for some of the thermal factors indicate
the presence of some disorder which has not been prop-
erly modeled, which is perhaps the origin of the negative

Note. Estimated standard deviations are in parentheses. R; = 0.0928,
R, = 0.1451, r,, = 0.1960, §,, = 1.573.

thermal factors observed for O(4) and O{4"). It is some-
what surprising that in spite of the well-defined monoclinic
distortion, the atom coordinates hardly deviate from the
values obtained with P4/m constraints within the statisti-
cal errors. Although the value obtained for the occupancy
of the O(2) site appears to be much smaller than that
determined by gravimetric analysis, this result is probably
not statistically significant, since errors in occupancy fac-
tors tend to be underestimated by a factor of 3—4.

It is interesting that Michel et al. (7) noted that an
oxygen-deficient Bala,CuO,,_; structure would be char-
acterized by monoclinic symmetry, and they did in fact
observe that a few crystals exhibited such symmetry in
electron diffraction patterns, speculating that this could
result from the introduction of oxygen into the tunnels.

DISCUSSION

To date, it has been possible to prepare La,CusOy.4
only by reduction of the higher valent LaCu0O,. Many
attempts were made to prepare LasCu;0,4, 5 directly from
the binary oxides, La,0, and Cu0. Appropriate amounts
of the finely divided binary oxides were ground together
and heated in pure oxygen at various temperatures ranging
from 500 to 800°C. In each case only unreacted starting
materials and/or La,CuQ, + CuQ were observed. At-
tempts to prepare LasCusO,y,; directly by reacting the

FIG. 2.

(a, ) Synchrotron X-ray diffraction profiles and difference plots for LagCusQy, 35 over the full range of data collected.



DFF INTENSITY ( cts/s/100ma)

INTENSTTY ( cts/s/100ma)

STRUCTURE OF LasCu;0,3 35

2500

N~

(=]

g
—

o
<
=]
—

1000 -

500 |

—

LagCuugOyy 35 120154

506G

“500 bbb : T

1250

1000

750

500

250

LosCus0yy 55 120154

fuSA

VW N
LU Tt R

bl st S
IR ST ]

v
2 ottt

——— —r——r

i}

' 3 o 3
¥ Y

40

L I Y —

45 50

55

60 65

173



174

TABLE 2
Metal-Oxygen Bond Distances in La;Cu;0,; 55 from Atomic
Positions in Tabie 1b

Cu(1)-0(1) 2at1.92A La(1)~0(3) 4at2.75 A
-0(4) 2at2.00 A -0(3) 4at2.84 A
-0@4") Zat2.09 A -0(3) 2at2.83 A

(mean = 2.00 A) -0(5") 2at2.81 A
(inean = 2.80 &)

Cu(2)-0(3) lat2.13 A La(2)-0(1) 1 at 2.64
-0(39 at 1.98 A -0(3) 2at2.58
-0(4) 1at2.02 A —O4) 2ai2.89 A
-01(5) 2at 1.0 A 04" Jar2.44 A

{mean = 1.99 A) -O(5 1at2.68 A
-Q(5" lat2.37 A

-0(5") 1at3.07 A

(mean = 2.68 7\)

Cu2"-003) 1ar1.99 A La{2"}-0(1) 1 at 2.64 A
-0(3") lat2.14 A ~0(3)  zat251A
~-O(4") lat2.00 A -04) 2at248A
O3 2atl92A -0 Zat?¥ A

(mean = 1.99 A) -Q(5) lat2.58 A
~Q(5) lat1.04 A
-O(5)  1atl69 A

(mean = 2.68 A)

Note. Estimated errors are about 0,02 A,

coprecipitated hydroxides of both La and Cu were also
unsuccessful. Apparently LasCusQ,,,; can be prepared
only by careful reduction of the higher valent LaCuQ,.
These results indicate that LasCus0, 5, ; may be metastable
with respect to La,CuQO, and CuQO at ambient pressure in
the temperature range studied. Indeed we have found that
La,Cu;0,;,; could be prepared directly from the binary
oxides only under high oxygen pressures. These facts
underscore the utility of high oxygen pressure syntheses
{1, 3) for preparing unique oxygen-defect cuprates.

The final positional and isotropic thermal parameters
for La;CucOy; 45 given in Table 1 were used to calculate
selected bond distances and angles in Table 2. A polyhe-
dral representation of the structure of La;CusO;; is shown
in Fig. 3. LasCusOy, is derived from its parent tetragonally
distorted perovskite, LaCuO,_;, through an ordering of
oxygen vacancies in the (0k0) planes. This ordering is
complete at & = 0.40 and creates a unit cell which is
related to the original Perovskite subcell by a = Vs x
a,,b=gay,andc = Vs x a,. In fact, all of the unique
oxygen orderings observed in the LaCuO,_; system can
be approximately described by their relation to the parent
perovskite lattice parameter as given in Table 3. The
unigue ordering of oxygen atoms in La,Cu,0,; creates
one-dimensional channels of vacancies which run parallel
to the b-axis, which are clearly visible in Fig. 3. La;
Cu,0,,,; is nearly isostructural with Bal.a,CuO, (7) and
consists of one distorted CuQ; octahedron with Cu-0O

LA PLACA ET AL.

FIG. 3.

A polyhedral representation of the structare of LasCusQOy;
viewed approximately 15° off the b-axis. Two perovskite slabs are shown
and the unit cell is outlined. Lanthanum atoms are represented by large
spheres, copper by medium spheres at center of polyhedra, and oxygen
by small spheres.

distances of 1.915, 1.998, and 2.078 A and four distorted
CuO; square pyramids with Cu~O distances ranging from
1.917-2.140 A, per crystallographic unit cell. Each unit
cell also contains one [2-coordinate La atom and four
10-coordinate La atoms. The Cu—O-Cu bond angles are
slightly distorted from their ideal vatue of 180°. This dis-
tortion is a result of the mismatch of the La~0 and Cu-0O
layers which comprise these complex oxygen-defect per-
ovskites. As noted by Michel et al. (7), insertion of the
extra oxygen into the O(2) sites gives an unrealistically
short Cu(2)-0(2) distance of 1.63 A. In these regions, the
surrounding atoms presumably relax toward their ideal
positions and create a more octahedral-like coordination
for the neighboring Cu(2) atoms.

TABLE 3
Crystallographic Unit Cells Related
to Perovskite Cells {a,)

N Formula Cell

1 LaCuO, a, X dp X 4y
5 LaCu®, V3a, xa, x V3a,
2 LaCu,05  V2a,x2V24,xa,
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It is interesting to note that the formal average oxidation
state of Cu is +2.34 in La;CusO; ;5. This is essentially
identical to the formal average oxidation state of copper
in the well-known 90 K superconductor YBa,Cu,0;.
However, as noted earlier, La;Cu0;; ;5 is metallic but
not superconducting. In fact, we have not observed super-
conductivity for any value of § in the LaCuO,_; system,
This fact is apparently due to the three-dimensional nature
of the structures of the various oxygen ordering schemes
in LaCuQ;_;. Many authors have pointed out that al} of
the high-temperature superconducting cuprates contain
two-dimensional copper-oxygen planes. The magnetic
and transport properties of LaCuQO,_; for § = 0.0-0.5
have been described in detail by Bringley et al. (3).

A unique feature of the LaCu0Q,_; system is the relation-
ship between the formal oxidation state of copper and the
coordination geometry about the copper atoms. For & =
0.0 (LaCu0;), the formal oxidation state of copperis +3.0
and every copper is octahedrally coordinated, while for
& = 0.5 the formal oxidation state of copper is +2.0 and
every copper is square pyramidally coordinated. For &
between 0 and 0.5 then, by definition, the number of holes
(or Cu*) will be equal to the number of copper atoms in
octahedral coordination. This empirical refationship may
suggest a model in which the holes generally reside at the
octahedrally coordinated copper. Additional light on this
oversimplified model might be shed by calculating the
bond valences and their corresponding sums {11} at the
various copper atom positions for each unique oxygen
ordering in the LaCuO,_; system. The calculation of bond
valences sums has been described in detail by Brown and
Altermatt (12). Using Brown’s values of B = 0.37 and
R, = 1.679 {11), the bond valence sum model correctly
predicts a valence of Cu(+3.02) in LaCu0Q,. However,
the bond valence sum yields a valence of Cu{+2.19) for
Cuin La,Cu,0;. For LasCu;0,; 55, the bond valence sums
yield a valence of Cu(+2.6) for copper in octahedral sites
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and Cu(+2.17--2.19) for copper in square-pyramidal sites.
Although the calculated bond valence sums are in qualita-
tive agreement with the above model and seem to suggest
a localization of holes at octahedrally coordinated Cu in
La;Cu;0,;.,, this description is probably not particularly
useful for the LaCuQ,_; perovskites since, as pointed out
by Brown (11), the copper oxides are among the classes
of compounds for which the valence sum rule does not
hold, and more importantly, La;Cus0,,,; is metallic so
that a localized ionic maodel is inappropriate.
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