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From single-crystal X-ray analyses it is derived that the com-
pounds La,Li,,M,,0, (M(III) = Co, Ni, Cu) crystallize in an
orthorhombic variant of the K,NiF, structure, with an ordered
distribution of the Li(I) and M(III) cations on the octahedral
sites. Accordingly, the unit cell is enlarged perpendicular to the
[001] direction (space group Ammm, No. 65), though the metric
remains tetragonal. The average M—O bond distances indicate
low-spin configurations for the three 34" cations, which is sup-
ported by spectroscopic measurements and ligand field consider-
ations. The MO, and LiO, polyhedra are distinctly tetragonally
elongated due to host site strains but superimposed by strong
additional distortion components in the case of NiQ; and CuQ,
as a consequence of vibronic Jahn-Teller coupling. Reported
compounds of the same composition with M(IIT) = Al, Ga, and
Mn seem to adopt the same structure. In contrast to the cop-
per(IIT) compound, La,Li,,Au,,0, crystallizes in the struc-
turally related ordered Nd,CuQ ,-type lattice with square-planar
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I. INTRODUCTION

The K, NiF, structure is known from the pioneering work
of Balz and Plieth (1). K,NiF,-type La,Li; ;M ;204
(M = Co, Ni, Cu) solids were first described by Blasse (2)
and later characterized by Demazeau and coworkers, who
also reported the spectroscopic and magnetic properties of
these compounds (3—6). It is the purpose of the current study
to extend these investigations, which were performed exclus-
ively on powder materials, by single-crystal X-ray analysis.
The recent interest in the solid state physics of the high-
valence states of nickel and copper in oxide ceramics has
stimulated this work. Of particular importance here is
whether a cation order between Li(I) and the transition
metal ion exists, because the local MOg4 bonding properties
critically depend on this structural feature. Such an order,
which, to our knowledge, has not been observed in this
structure type so far, is very difficult to deduce from X-ray
powder diagrams.
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It is further remarkable that one can stabilize cobalt,
nickel, and, in particular, copper in the +III oxidation state
in this specific oxide matrix, which is not easy otherwise. It is
even possible to generate Co(IV) in the high-pressure phase
SryLasnLis2Co1,04 (7,8). We have prepared La,_,
Sr,Li;;2Co4,,04 (0 < x < 0.3) mixed crystals, and a single-
crystal X-ray study has been performed. Furthermore,
a structural investigation of La,Li,,,Au,,,0, is in progress
).
The bonding properties of the MOy polyhedra in these
compounds are analyzed in greater detail by means of
spectroscopic methods and by comparison with spectro-
scopic data available for the M(III) cations in fluoridic
ligand fields and for cations such as Cr(III) and Mn(III) in
various oxidic solids. More recently reported oxide ceramics
of the same composition with M(III) = Al (10), Ga (11), and
Mn (12) are included in the discussion.

II. EXPERIMENTAL
Synthesis

Mixtures of La(OH)s, Li,CO3, and Co3;0,4 or NiCOj; or
CuO were carefully homogenized by mortaring and heated
in a corundum boat at 800°C in flowing oxygen for 12—15 h.
Li,CO; was chosen because of its low melting point (723°C)
and its corresponding high reactivity. It was applied in
about 50% excess to compensate the loss by evaporation at
the chosen sintering temperature. The mortared product
was heated with water to remove most of the excess
Li,COj;. The very stable La,Li;;;M,,,0,4 solids obtained
are brown, brown grayish, and red for M = Co, Ni, and Cu,
respectively. A successive treatment in a Soxhlet extractor
for about 8 h using H,O as the solvent is necessary, how-
ever, to obtain the pure reaction compounds without an
admixture of Li,COj. The latter is indicated particularly by
the peaks at 1435, ~1495, and =~ 3465cm ™! in the IR
spectra (Fig. 1).

The average oxidation states were determined from
powder materials, which were largely pure, by iodometric
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FIG. 1. IR spectrum of a La,Li,,Co;,,0, powder sample in the region between 400 and 4000 cm~*. The spectrum of Li,COj; is also shown. The
broad absorption at about 2900 cm ™! is due to Nujol. The IR absorptions in the region 400—1000 cm ™! are additionally depicted for La,Li;;,Cuy ;0.

titration. They were larger than +III by 0.15 and 0.1 for
cobalt and nickel, respectively, and exactly +III in the case
of copper. Analytical data (AAS) for Cu and Li (percentage
by weight) in the copper solid (calculated values in paren-
theses) are 8.55 (8.43) and 0.97 (0.92). Whereas the molar
Li/M ratio is close to one for M = Cu, as expected, it is
smaller in the cases of M = Ni and, in particular, M = Co.
The cited results indicate the presence of Co(IV) and Ni(1V),
the charge compensation occurring most probably by va-
cancies in the Li(I) sublattice. We refrain from giving further
analytical data, because they are mostly obscured by ad-
mixed Li,COs;.

Single crystals of the title compounds were obtained
from a LiOH melt containing La,O; and Co;0, (or CuO
or NiO) in stoichiometric amounts. The mixture was heated
to 800°C and left at this temperature until most of the
excess LIOH was evaporated. After cooling, the solidi-
fied melt was treated with boiling water for about
4-8 h, leaving rather small single crystals as the residue.
The cobalt and nickel compounds were thin rectangular
plates, whereas the habitus of the copper compound was of
needle-like appearance. The pycnometric and calculated
densities of La,Li,,Ni;,04 are 6.82 and 6.84 g/cm’,
respectively.

In our experience a preparation method using alkaline
LiOH/Li,CO3 melts is more efficient than a synthesis based
on the metal nitrates (4,5), because it stabilizes the higher
oxidation states of the 3d" cations.

DTA investigations gave no indication for a phase
transition between 20 and 1200°C.

Spectroscopic and Magnetic Investigations

UV-vis spectra in the region between 4000 and
28,000 cm ' were recorded using the powder reflection
technique. EPR measurements were performed at X- and
Q-band frequencies in the temperature range between 300
and 4 K using a Bruker spectrometer. IR spectra were
measured in transmission with a Bruker IFS 88 spectrom-
eter.

Magnetic measurements were carried out with a SQUID
magnetometer (Quantum Design, Model MPMS-5) in
the temperature range 1.8-300 K and external fields up to
55T.

X-Ray Diffraction Analysis

X-ray investigations were performed on powders with
a Huber Guinier camera (CuKo; radiation, SiO, mono-
chromator) or a Siemens D500 diffractometer (CuKo radi-
ation, secondary monochromator) and on single crystals
using a precession camera (Enraf-Nonius, MoKo radiation)
and four-circle diffractometers (MoKa radiation, graphite
monochromator). For a doubtless distinction of weak
superstructure reflections from possible “1/2” effects arising
from strong 2h2k2I reflections, the 4/2 ratio f; , of the MoKu
radiation used was determined experimentally at a test
crystal and was found to be 0.0041. Thus, for strong 2h2k2I
reflections the intensities of the corresponding hkl reflec-
tions were diminished by f},21 25212 (13). More experimental
details are given in Table 1 and in the text.
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TABLE 1
Unit Cell Parameters (pm) from Calibrated Powder Diffrac-
tion Data and Number of Observed Superstructure Reflections
(n) of Compounds La,Li,,M,,0,

M a ¢ c/a n
Co 534.73(2) 1261.1(1) 2.358 7
Ni 530.97(2) 1288.9(1) 2.427 9
Cu 526.80(2) 1318.8(1) 2.503 1

Crystal Structure of La;Liy;2Niy 204

Very weak superstructure reflections are observed in the
powder diffractogram (Fig. 2) and on the Guinier films with
intensities <1% of those of the main reflections character-
istic for the tetragonal K,NiF, type. They are indexable
with an enlarged unit cell according to a’' = a\/i c=clIf
the structure of the K,NiF, aristotype (space group (SG)
I4/mmm) is described in an enlarged unit cell (a’ =a + b,
b= —a+b, ¢’ =c¢, SG F4/mmm), the Ni position splits
into two sites. An ordered occupation of these with Li(I) and
Ni(III) according to Fig. 3 leads to a symmetry reduction to
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FIG. 2. X-ray powder diffraction pattern of La,Li;;;Ni;;;O4. The
superstructure reflections are indicated in the diagram with the larger
intensity scale below and refer to the enlarged orthorhombic cell, while the
notations in the top figure are those of a K,NiF,-type structure.

FIG.3. (Left) K,NiF,-type unit cell of La,NiO, (space group I14/mmm,
No. 139) and (right) the superstructure induced by cation ordering in solids
La,Li; 2M;,,0, (space group Ammm, No. 65, shifted by éx =} with
respect to the atomic positions in Table 3). Lighter and darker shaded
polyhedra are occupied predominantly by Li and M, respectively.

the maximal orthorhombic subgroup Ammm, which ac-
counts for the observed superstructure reflections. For the
sake of keeping the relation to the K,NiF, type, no trans-
formation to the conventional Cmmm setting is made. To
confirm the space group and to reveal the structural details,
two platelike single crystals were investigated. Both showed
weak superstructure reflections in the a*b* plane leading to
the aforementioned larger cell (a' = aﬁ). The additional
reflections are compatible with either the extinction rule hkl,
k + 1 # 2n (A centering), or the extinction rule hkl, h + k
# 2n (B centering), which can be explained by the presence
of domains of an ordered Ammm structure in two orienta-
tions corresponding to a partially pseudomerohedral twinn-
ing, the twin plane being (110). The second domain type can
be described in SG Bmmm when related to the axes of the
first Ammm domain type. In the following we will call them
A and B domains, respectively. Though the SG symmetry is
orthorhombic, the metric of the unit cell remains tetragonal,
causing the main reflections of both domains (hkl: h + k,
h + I = 2n) to coincide. Different intensities for the A-super-
structure and B-superstructure reflections indicate different
volumes of A and B domains.

In addition to this twinning, the second crystal showed
very weak diffuse streaks along the ¢* direction with maxi-
ma at half a reciprocal translation, indicating stacking dis-
order of the planes along the ¢ axis. For the data collection
on a four-circle diffractometer, the first single crystal was
used with no diffuse scattering. The crystal data and experi-
mental conditions are given in Table 2.

The appearance of sharp A- and B-superstructure reflec-
tions gives evidence for the presence of large twin domains,
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FIG. 4. Stacking order models with ¢’ = 2¢, displaying P-type (1) and
I-type (2a—c) unit cells. The former readily explains the observed crystal
twinning of solids La,Li; ;M ,,0y, the (001) plane at ¢’/2 being the twinn-
ing interface between an A and B cell.

larger than the coherence lengths of the X-rays used. How-
ever, model calculations with a complete ordering of Li and
Ni yield much higher intensities for the superstructure re-
flections than actually observed. Thus, part of the domains
must be smaller than the coherence lengths. By means of
X-ray diffraction no distinction can be made between such
a short-range order in microdomains and a pure statistical
disorder on the metal positions. However, the presence of
large domains and the spectroscopic results to be discussed
in the following are convincingly in favor of the order
model. In the structural refinement the short-range order in
the microdomains is described by a partial location of Li
and Ni on both metal sites 1 (2b) and 2 (2d) (average of

scattering factors). For a complete long-range order the site
occupation factors (SOF) Li:Ni would be 1:0 and 0:1 for
sites 1 and 2, respectively, whereas for a totally “disordered”
structure the value would be %:3 for both sites. On this basis
an ordering parameter o is defined (Eq. [1]), which reflects
the percentage of long range ordered domains in the struc-
ture.

o = 2[SOF(Lil) — 3] x 100% [1]
The observed twinning of large domains is taken into ac-
count by calculating the FZ values for a (110) twin (average
of F? values), as defined in Eq. [2]. Here, indices hkl and
Wk'l' refer to A and B domains, respectively, while x is the

twin ratio as calculated from the volumes V of domains
A and B.

FA(hkl)i = (1 — x)FA(hkl) + xF2(WK'T)

x = G [2]
V(A) + V(B)

The calculations were performed with the SHELXL pro-
gram (14). The reflections compatible with A centering only
were allotted to domain A, those compatible with B center-
ing only to domain B, and the main structure reflections to
both domains (18). Since the influence of the superstructure
reflections, which is decisive for the determination of the
twin ratio, and of the coordination geometries (via the
cation ordering) as well, would be distinctly reduced by the
usual weighting schemes, unit estimated standard devi-
ations have been used for all reflections (modified SHELXL
weighting scheme according to w = 1/(1 + 0.1p?), with
p = max(F2, 0 + 2F?%)/3. Due to this procedure and to the
necessity to refrain from averaging the intensities of equiva-
lent reflections in the twin refinement, rather large residuals
had to be accepted (R, = 0.240, R = 0.071, GOOF = 1.53).
Seemingly better R values result after the averaging of the
reflection intensities without utilizing the twin program and
with program-optimized weights (wR, = 0.082, R = 0.039,
GOOF = 1.25). In view of the strong pseudosymmetry, an-
isotropic displacement factors were refined only for the La
atoms. To avoid correlations with the Li/Ni site occupation
factors, equal isotropic displacement parameters were used
for the Li and Ni atoms on the 2b and 2d positions. Test
refinements of single occupation factors without stoichio-
metrical restrictions gave no significant deviations from the
La,Li;,Ni; ;04 composition. The resulting atomic para-
meters for this mixed “twin” and “disorder” model are given
in Table 3. The twin ratio (A in relation to B unit cell
frequency) was found to be 0.80, the degree of long-range
order w is 74% (Table 3). On the basis of these results the
probable structure of the second crystal showing diffuse
streaks parallel ¢* may be estimated as follows: the layers
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TABLE 2

Measuring Conditions and Parameters for the X-Ray Analysis of the Compounds La,Li,,M;,, (M = Co, Ni, and Cu)

M =Co

M = Ni M =Cu

Formula
Crystal size (mm?)
Absorption u (mm™1)
Space group
Lattice parameters (pm)
a
b
¢
Temperature (K)
D, (g-em™)

Diffractometer
Radiation

Scan mode
Scan angle (deg)
0 range (deg)

La,Li,;,Co,,,0,
0.06 x 0.11 x 0.03
25.34

Ammm, Z = 4

535.0(1)
5352 (1)
1264.6(2)
293
6.87

P4(Siemens)

1
1.6-29.9; +h, +k, +1

Crystal data

La,Li,,Ni,,0, La,Li, ,Cu,,0,

0.21 x 0.20 x 0.02 0.1x0.1x0.25

25.56 25.73

Ammm, Z = 4 I14/mmm, Z = 2 (pseudo cell)
530.99(2) 372.60(4)

5.30.99(2) 372.60(4)

1288.71(1) 1316.95(7)

293 293

6.86 6.85

Data collection
CAD#4 (Enraf Nonius) CAD#4 (Enraf-Nonius)
MoKua graphite monochromator (71.073pm)
w-scan
0.76 + 0.63 tan ®
1.6-30.4; —h, +k, +1

0.44 4+ 0.61 tan®
3.1-37.8; +h, +k +1

Reflections, used/unique 1973/333 1442/343 555/183
Computing

Refinement (14, 15) SHELXL96 SHELXL96 SHELXL93

Atomic scattering factors For neutral atoms; Af” and Af” from (16)

Absorption correction (17) Numerical Empirical with  scans Empirical with i scans

Extinction correction (15) & = 0.0036(3) e =0.015(2) ¢ = 0.051(6)

Refinement method Full matrix least squares, Y w(FZ? — FZ) minimized

Number of parameters 20 20 14

R,(F?), R(F) 0.098, 0.079 0.240, 0.071 0.095, 0.036

Goodness of fit 0.521 1.535 1.157

Max ratio shift/esd 0.00 0.07 0.00

AP ax/min (€/A%) 18, —3.6atLa 33, —5.7atLa 46, —39atLa

are largely ordered but in the ¢ direction the stacking of
A-type and B-type layers shows disorder. The maxima on
the diffuse streaks at ¢*/2 point to predominant order se-
quences of the P type corresponding to an alternating se-
quence of A and B unit cells along the ¢ axis (Fig. 4). In the
first crystal about three-fourths of the volume consists of
large-size domains, with the remaining one-fourth consist-
ing of small domains below the coherence limit. In the
second crystal, part of the domains are of large size in the
layer directions ((001) plane) but of small size perpendicular
to the layer planes. Very probably the (001) planes separat-
ing A- and B-type domains are the twin boundaries, as
illustrated in Fig. 4. A reduction of the thickness of the
domains with ¢’ = 2¢ along the [001] direction would cor-
respond to a continuous transition toward 1D disorder.

A neutron diffraction powder investigation was per-
formed on the E3 diffractometer (BENSC) at the Hahn-
Meitner Institute in Berlin in addition, and the data were
refined utilizing the Rietveld method. The measurements

confirmed the X-ray results but did not yield the expected
higher precision in the positional parameters of oxygen.
Thus we refrain from a discussion.

Crystal Structure of LayLi;;Co04,2,04

For a crystal of the analogous Co(I11) compound the film
records and the intensity data of a measurement on a four-
circle diffractometer revealed essentially the same features
as in the case of the Ni compound. No diffuse streaks were
observed and the superstructure reflections were remark-
ably weaker. The same data handling and structural model
was used for the refinement of the structure, leading to final
residuals R, = 0.098, R = 0.079, and GOOF = 0.52 (when
averaging the intensities of equivalent reflections and with-
out utilizing the twin program, wR, = 0.067, R = 0.025, and
GOOF = 1.09). The atomic parameters are given in Table 3.
The twin ratio is 0.75 and the degree of long-range order
only w = 35%.
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TABLE 3
Atomic Positions, Isotropic Temperature Factors Ui,
(10~ m?), and Site Occupation Factors (SOF in SHELX nota-
tion) for La,Li,,M(III),,04: M(II)=Ni (first line), Co
(0 =35%) (second line), and Co (w = 48%) (third line)

Atom Position x y z SOF Ui
Lal 4 0 0 0.13664(4) 0.25 7.5(5)
0 0 0.134454) 0.25 8.0(2)
0 0 0.13452(4) 0.25 7.6(2)
La2 4j 0.5 0 0.36398(4) 0.25 7.6(5)
0.5 0 0.36475(4) 0.25 7.7(2)
0.5 0 0.36481(4) 0.25 7.7(2)
LiM)* 2d 0 0 0.5 0.0161(8)  5.1(5)
0 0 0.5 0.0407(8)  9.8(3)
0 0 0.5 0.0325(9)  9.7(3)
M(Li* 2b 05 0 0 0.1089(8)  5.1(5)
0.5 0 0 0.0843(8)  9.8(3)
0.5 0 0 0.0925(9)  9.7(3)
o1 8o  0.2559(6) 0.2470(6) O 0.5 5.5(3)
0.2626(14) 0.2464(15) 0 0.5 9.1(6)
0.2518(12) 0.2492(13) 0 0.5 9.0(6)
02 4 0 0 0.3218(7) 0.25 10.4(4)
0 0 0.3171(5) 025 15.6(6)
0 0 0.3195(5) 025 15.7(5)
03 4j 0.5 0 0.1718(7) 025 7.2(3)
0.5 0 0.1633(5) 025 3.8(3)
0.5 0 0.1646(6)  0.25 7.4(4)

Ordering parameters o, number N of observed superstructure
reflections > 30, and twin ratios

Compound w (%) N > 3¢ Twin ratio
La,Li,,Ni;,0, 74.4(1.2) 509 0.80(7)
La,Li,;,Co,,,0, 35(1.5) 56 0.75(2)
La,Li,;,Co,,0, 48(1.5) 56 0.69(2)

Anisotropic temperature factors (10~'7m?) of La(III) for M(III) = Ni
(first line), Co (w = 35%) (second line), and Co (@ = 48%) (third line)

Atom U, U,, Ui,

Lal 7.1(7) 9.2(7) 6.3(6)
7.1(3) 10.4(4) 6.5(3)
7.2(4) 9.8(4) 5.9(3)

La2 8.5(7) 8.1(7) 6.2(6)
9.6(4) 8.1(4) 5.5(3)
8.8(4) 8.5(4) 5.7(3)

“Li(M) and M(Li) denote sites mainly occupied by Li(I) and M(III),
respectively.

The refinement against the F? data converging at the
minimum of YW(FZ — F2)* should—even with unit weights
—still be mainly determined by the strong “basic structure”
reflections. Thus, the minimization of Y(|F,| — |F,|)* is ex-
pected to yield more realistic results for parameters depend-
ing on the superstructure, such as the occupation factors of

the metal positions. Because no twin model program based
on |F| data was available to us, we used SHELXL (14) again
but searched for the minimum of the conventional R value
(R =Y ||F,| — | Fc|I/3|F,| for all reflections) from iterative
refinements with fixed occupancy factors. Interestingly
enough, the lowest obtained R value is distinctly smaller
than that resulting when the R, value is minimal. The
corresponding ordering parameter increased considerably
to w = 48%, the twin ratio being 0.69 (Table 3). The final
atomic parameters for this run are also listed in Table 3.
The reliability factors are R, =0.101, R =0.077, and
GOOF = 0.53. As discussed in the next section, the higher
o parameter yields more realistic results, in particular for
the Co-O and Li-O bond lengths.

If the same procedure is performed with the data of
La,Li;;Ni;,0y4, the lowest R value is found for w =
72(1)%, which is identical with the value corresponding to
the AF? minimum (o = 74(1)%) within the error limit. This
result is in accord with the much larger number of super-
structure reflections in comparison to that for the Co com-
pound (Table 3).

Partial replacement of La by Sr (La,_,Sr,Li;;,C0;,,0,4
mixed crystals) should be compensated for reasons of charge
balance by a corresponding rise of the oxidation state of
part of the Co atoms from Co(III) to Co(IV). A crystal of this
type was investigated by a film camera and a four-circle
diffractometer. The unit cell of the chosen crystal, deter-
mined from the strong main structure reflections, shows
a very small decrease of both lattice constants by about
0.2% compared with those of the pure La compound.
Apparently, the decreasing ionic radius on the 3d metal
position (Co(Ill): 54.5pm; Co(IV): *45pm) is largely
compensated by the increase on the 9-coordinated site
(La(IT): 122 pm; Sr(IT): 131 pm) (19). Because diffuse streaks
along c* were present, no further evaluations were under-
taken.

LazLi1/2CU1/204

Most single crystals showed just very weak superstruc-
ture reflections, as did powder samples in neutron diffrac-
tion experiments. Refinements were only successful in the
space group type I4/mmm (No. 139) of the regular K,NiF,
lattice, however, giving an average structure. The resulting
positional parameters of La (0.3621(1)) and O (0.1819(7)) in
the z direction have to be regarded as approximate, because
the additional reflections were neglected. Nevertheless they
give useful information (see next section).

III. DISCUSSION OF THE STRUCTURAL RESULTS
LazLil/zNi1/204

The metal-oxygen distances and the angles within the
LaOy, LiOg, and NiOg polyhedra are listed in Table 4. The
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TABLE 4
Spacings (pm) and Angles (deg) within the LaO,, Li(Ni)Og,
and Ni(Li)O4 Polyhedra for La,Li,;;Ni;,O4"

Lal La2
Lal-O1 258.2(2) 4x La2-0Ol1 256.1(2)
Lal-0O2’ (short) 238.6(9) 1x  La2-O3 (short) 247.6(9)
Lal-02 2709(2) 2x La2-0O2 271.0(2)
Lal-0O3 269.3(2) 2x La2-0O3 269.5(2)
Li(Ni) Ni(Li)
Li(Ni)-O1 191.1(3) 4x  Ni(Li)-O1 184.4(3)
Li(Ni)-O2 229.6(10) 2x  Ni(Li)-O3 221.4(9)
Lal (Fig. 5, left) La2 (Fig. 5, right)
O1(1b)-Lal-O1la(1c) 94.0(1) 2x  Oli(lh)-La2-O1j(1g) 93.6(1)
O1(1a)-Lal-Olc¢(1b) 63.5(1) 2x  Olh(1li)-La2-O1j(1g) 63.3(1)
O1(1a)-Lal-O1b(1c) 61.1(1) 2x  Olh(1g)-La2-0Oli(1j) 60.8(1)
O2e-Lal-02f 157.2(4) 1x 0O2-La2-021 156.8(4)
O3-Lal-03d 160.5(4) 1x  O3k-La2-O3h 160.2(4)
0O2'-Lal-Ol(la, 1b, Ic) 133.0(1) 4x O3'-La2-Olh(l1i, 1g, 1) 133.2(1)
0O2e-Lal-Ola(1b) 129.3(2) 4x  Olh(1j)-La2-02 129.3(2)
0O2f-Lal-Ol(1c) O1li(1g)-La2-021
0O2e-Lal-Ol(lc) 68.7(2) 4x  Oli(lg)-La2-02 69.0(2)
O2f-Lal-Ola(1b) O1h(1j)-La2-021
02'-Lal-02e(2f) 78.6(2) 2x 0O3-La2-02(2]) 78.4(2)
O1(1b)-Lal-03 129.3(2) 4x  O3h-La2-Olg(1j) 129.4(2)
Ola(lc)-Lal-03d O3k-La2-O1h(1i)
Ola(lc)-Lal-03 66.2(2) 4x O3h-La2-O1h(1i) 66.5(2)
O1(1b)-Lal-03d O3k-La2-O1g(1j)
02'-La-03(3d) 80.3(2) 2x  0O3-La2-0O3h(3k) 80.1(2)
0O3-Lal-02e(2f) 88.1(1) 4x O3h-La2-02(2]) 88.0(1)
0O3d-Lal-02¢(2f) O3k-La2-02(2])
Ni(Li) Li(Ni)
trans trans
O1-Ni(Li)-O1 180 3x  O1-Li(Ni)}-O1 180
02-Ni(Li)-02 0O3-Li(Ni)-O3
cis cis
O1-Ni(Li)-O1 89.4(2) 2x OI1-Li(Ni)-O1 89.3(2)
90.6(2) 2x 90.7(2)
O1-Ni(Li)-02 90 8x  O1-Li(Ni)-O3 90

“For the notations of the O—La-O angles, see Fig. 5.

averaged Lal-O and La2-O spacings are 261.3(3) and
261.5(3) pm, respectively, and correspond exactly to those
calculated from tabulated ionic radii (261.6 pm), if the—
here valid—value for six-coordinated O*~ (1.40 z&) is used
(19). Figure 5 illustrates the oxygen coordinations of the two
crystallographically different La(III) ions, giving the key for
the listed La—O spacings and O-La—O angles (Table 4). The
LaOy polyhedra are essentially strongly distorted Ar-
chimedes antiprisms with one capped face (by O2" and O3

for Lal and La2, respectively). The metal ions are displaced
considerably from the polyhedron centers toward the more
extended (02),(03), planes, inducing slightly smaller spac-
ings to the O1 atoms, which constitute the less extended
plane of the antiprism.

From the (NiLi)-O spacings on the two different oc-
tahedral positions and the respective occupation numbers
(Table 3, Eq. [1]), we can extrapolate the Ni-O and Li-O
spacings in the completely ordered compound to be 183
(4%),220 pm (2 x ) and 192 (4 x), 231 pm (2 x ), respectively
(Table 6). The average Ni—O bond length is 195.5 pm, which
should be compared with the expected ionic radii sums for
low-spin (196 pm) and high-spin Ni(III) (200 pm) and for
low-spin Ni(IV) (188 pm) as well (19). Without doubt, nickel
is present in La,Li;;;Ni; ;04 in the low-spin +III oxida-
tion state, possibly with a tiny admixture of low-spin Ni(IV).
This result is confirmed by EPR spectroscopy, the magnetic
investigation (see Section V), and the analytical data. Both
the NiOg4 and the LiOg4 octahedra exhibit a considerable
tetragonal elongation. The radial distortion parameter (20),
defined in Eq. [3], is p=~43 pm for the NiOg4 polyhedron
and p=~45 pm for the LiOg4 polyhedron.

p = {2(6a2 + da} + daZ)}'?

[da;: deviations of the M—O bonds
from the average octahedral spacing] [3]

One reason for the pronounced local distortions is the
contrapolarizing action of the La(III) cations.The O(2) and
O(3) ligand atoms, which are axially bonded to Li and M
(Ni, Co, Cu), respectively, possess cationic coordinations
O(2)[LiLa(1)(La(2))4] and O(3)[ MLa(2)(La(1)),] with pseu-
dooctahedral C,, symmetry and linear LiO(2)La(1) and
MO(3)La(2) entities (see Fig. 3). The O(2) and O(3) centers
lie distinctly above the La, planes, shifted torward the axial
La atom. It is thus the contrapolarizing effects of the (1 +4)
La(III) cationic sphere on the M(III)-O(3) and Li(I)-O(2)
bonds which lead to an axial elongation of the MOg¢ poly-
hedron and in particular the LiOg polyhedron. Similar
considerations are valid for the O(1) atoms, which are in-
volved in the equatorial bonds toward M(III) and Li(I).
They possess an O(1)[ MLiLa,] cationic coordination again
with C,, symmetry. However, here the oxygen atoms only
slightly deviate (< 10 pm) from the La, plane perpendicular
to the linear MO(1)Li entity. Thus we expect a strong
polarizing effect of M(III) on the Li—O bond with a contrac-
tion of the M—O(1) spacings. In the case of M = Ni(III)
a distortion component caused by vibronic Jahn-Teller
coupling in the E, (t5,e;) ground state (Section 1V) is
expected to add to the tetragonal elongation due to the host
site strain. Indeed the radial distortion parameter of Ni(I1I)
is considerably larger than that of Co(IlI) (p ~ 18(5) pm), as
outlined later.
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FIG. 5. LaOy coordination polyhedra of Lal (left) and La2 (right), with the bond lengths and angles listed in Table 4.

We would like to mention here that the superstructure of
the K,NiF,-type compounds La,Li;;;M,,0,4 closely re-
sembles that of K,CuF,. In the latter compound the CuFj
polyhedra, which are strongly distorted due to vibronic
coupling, exhibit an antiferrodistortive cooperative-elastic
Jahn-Teller order (20, 21). This order pattern implies a con-
siderable shift of the fluoride anions, which bridge two Cu?*
ions in the (001) planes, from their special positions in the
K,NiF, structure, leading to structural effects (22) similar to
those just discussed. In the oxidic solids considered here, it is
not the anion shift alone, but the presence of two different
cations as well, which induces the superstructure, however.

LazLi1/2CO1/204

Table 5 displays the metal-oxygen spacings within the
LaO,, Co(Li)Og, and Li(Co)Og polyhedra for the ordering

TABLE 5
Metal-to-Ligand Spacings (pm) in La,Li,;;;Co,,0,
for v =35% and v = 48%

o =35% w =48%
Lal-Ol1 254.1(6) 254.7(5) 4 x
Lal-02’ (short) 230.9(6) 234.0(7) 1x
Lal-02 274.5(2) 273.8(2) 2 X
Lal-0O3 270.0(2) 270.2(1) 2 x
La2-0l1 255.3(6) 254.7(5) 4x
La2-02 274.2(2) 273.6(1) 2 x
La2-03' (short) 254.8(6) 253.2(7) 1x
La2-03 269.9(1) 270.2(1) 2%
Co(Li)-O1 191.5(8) 190.2(7) 4x
Co(Li)-02 231.4(6) 228.2(7) 2 x
Li(Co)-O1 186.8(8) 188.2(7) 4x
Li(Co)-0O3 206.4(6) 208.2(7) 2 x

parameters @ = 48% and 35%. Though the metal-oxygen
spacings do not differ much in the two cases, the Ni-O and
Li-O spacings extrapolated to those characteristic for
a complete cation order are very different. For w = 48%
more reasonable bond length data are obtained (compare
Section II). The averaged Lal-O (260.1 pm) and La2-O
(262.2 pm) distances again compare well with the value from
the ionic radii (261.6 pm). The Co—O and Li—O spacings,
extrapolated from the bond lengths listed in Table 5, are 187
(4x),198 pm (2 x)and 191 (4 x ), 238 pm (2 x ), respectively.
The average Co—O spacing is 190.5; pm, as compared to
values of 194.5 pm for low-spin Co(III) and 201 pm for
high-spin Co(III) deduced from reported ionic radii (19).
The average Co—O bond length extrapolated for w = 35%,
on the other hand, is 183 pm—representing an unrealisti-
cally short spacing. As expected, the geometry of the LiOg
octahedron is similar in the nickel and cobalt solids. Ad-
opting the Li-O bond length from La,Li;;,Ni;;,O,4, where
the extrapolated spacings are more reliable, we obtain
Co-O distances of 186 (4 x) and 205 pm (2 x), with an
average of 192.5 pm (Table 6). Evidently, also in this case the
trivalent transition metal ion appears in the low-spin state,
but obviously with a small fraction of low-spin Co(IV)—
possessing a =~ 10 pm smaller ionic radius—admixed
(see Section 1V). The distortions of the LiOg and CoQOyg
polyhedra (=~ 45 and ~18(5) pm, respectively) are induced
exclusively by lattice strains, as discussed earlier. Co(III)
possesses an orbitally nondegenerate 'A,, (¢3,) ground
state in octahedral coordination, which is Jahn-Teller
stable in contrast to Ni(III).

LazLil/ZCu1/204

The average (Li,Cu)-O spacings estimated from the posi-
tional parameters (see Section II) are 186(1) (4x) and
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239(1) pm (2 x ). Assuming Li—O bond lengths as derived
for the Ni compound, the Cu—O distances in Table 6
result. They indicate an extremely pronounced tetragonal
elongation (p &~ 78 pm), implying a square-planar coordina-
tion with only rather weak bonds in the axial directions.
Such a Dy, (nearly square-planar) geometry is expected to
be correlated with a low-spin configuration of Cu(Ill) and
spin pairing in the octahedral e, orbitals (d.z)* and (d, - ,2)°.
Indeed the equatorial Cu—O distances of 180 pm are compa-
rable to those reported for the planar CuO, units in KCuO,
[184 pm (23)] and KNa,[Cu(HIOg),]-12H,O [183 pm
(24)]. The coordination sphere in the latter compound is
supplemented by two axial H,O molecules at a distance of
>2.7 A. We have refined the latter structure and could
confirm the published results, though with distinctly im-
proved reliability factors [ Cu—O spacings: 184.2(3), 183.4(3)
(2 x),and 183.6(3) pm, with angles between the Cu—O bonds
deviating by < 7° from 90°]. The two mentioned structures
of oxidic copper(IlI) compounds are the only ones reported
in the literature based on single-crystal X-ray analyses. The
low-spin configuration of Cu(Ill) in La,Li;;; Cu;,,O4 is
also suggested by the magnetic investigation and EPR spec-
troscopy. The electronic structure of copper in comparison
to nickel and cobalt in compounds La,Li;;, M;,,04
(M = Cu, Ni, Co) is discussed in the next section.

A single-crystal X-ray structure analysis of Nd,Li;,
Cu,,,0,, which we performed, yielded similar results, with
slightly reduced (Li,Cu)-O spacings due to the substitution
of La(Ill) by the smaller Nd(III) cation. As for the La
compound only very weak superstructure reflections were
observed.

We did not find any indication for the existence of the
Nd,CuO, structural type (25), in which the O(2) atoms
occupy the 4d positions in [4/mmm. This structure might
have been suggested, because the M(III) cation is found here
in a square-planar coordination—a geometry which is
mostly observed for low-spin d® cations. Indeed La,Li;,
Au, ,0, (9) with low-spin 5d® configured Au(III) adopts this
lattice type in its ordered version.

TABLE 6
Extrapolated M-O and Li—-O Bond Lengths (pm) in Solids
La,Li,»,M,,0, from Data in Tables 4 (Ni), 5 (Co, ®=48%)",
and for M=Cu

M M-0 Li-O
Ni 183 (4x), 220 (2x) (43) 192 (4x), 231 (2x) (45)
Co 187 (4x), 198 (2x) (13)° 191 (4x), 238 (2x) (54)
Cu =180 (4 x), =247 (2 x) (78)

“The radial distortion parameters p (pm) of the MOy and LiOg4 poly-
hedra are given in parentheses.

® Adopting the Li-O spacings for M = Ni: 186(4 x ), 205 (2 x ) (22).

‘Adopting the Li—O spacings for M = Ni.

IV. SPECTROSCOPIC AND MAGNETIC RESULTS
A. Electronic Structure of the Transition Metal lons

Cobalt. The EPR spectrum of the cobalt compound
shows the typical features of a cation with the low-spin
t5, configuration in a tetragonally elongated octahedral
coordination. Apparently, the transition metal ion, which is
predominantly in the EPR-silent low-spin Co(IIl) state,
contains a significant fraction of low-spin Co(IV). This is in
agreement with the experimental oxidation state determina-
tion, indicating a distinctly higher average value than + III
and a smaller ionic radius than that of low-spin Co** (see
Sections II and III). The spectrum is clearly orthorhombic,
which may be readily explained by an inhomogeneous dis-
tribution of Li(I) ions in the neighborhood of a paramag-
netic Co(IV) center because vacancies on the Li positions
have to be assumed for reasons of charge compensation
[La,Coy sLis ;5045 0ACo(IV)]. Increasing the Co(IV)
concentration in La,_,Sr,Li;;;Co,,,0, mixed crystals
washes out the hyperfine structure and broadens the signals,
without destroying the main spectral features. A thorough
discussion of the observed spectral features will be given
elsewhere (26). A spectrum of the compound with x = 0.5
has already been reported (7).

The question whether Co(III) occurs in the high- or
low-spin configuration in ceramic oxides is still controver-
sially discussed and will be considered from a rather general
standpoint in the following. In Table 7 ligand field para-
meters are collected, deduced from the d—d spectra of the 3d"
cations Cr(III), Co(III), Ni(III), and Cu(III) in an octahedral
field of fluoride and oxide ions. In the case of oxygen only
data for Cr(IIlI) are available (27), whereas for the cations
Co(IIl) to Cu(Ill) the metal-oxygen bond is already
covalent to such an extent that the d—d transitions are partly
or even completely obscured by low-lying charge transfer
bands. Hence ligand field parameters cannot be deduced

TABLE 7
Ligand Field Parameters A (10° cm™') and Nephelauxetic
Ratios B (= B/B,) for 3d Cations M(III) in an Octahedral
Coordination of Fluoride (Left Three Columns) and Oxide An-
ions’ (Columns 4-6) and Racah Parameters for the Free Ions
(By, in 10° cm™") (28)

MU A p A/B A B A/B®  Ref B,
Cr 161 084 207 168(£07) 065(+£008) 28.+2 27 092
Co 131 072 166 13.7(+06) 056 (+007) 23+2 28 1.09
Ni 139 065 185 145(+06) 050(+006) 26+2 29 1.15
Cu 141 053 217 147(+06) 041(+005 29+2 28 121

“Isomorphic substitution of an M(III) ion of comparable size (such as Ga(III))
in various oxide ceramics.

*Values for Co(I1I), Ni(IIT), and Cu(III) are estimated by extrapolation from
the Cr(I1I) values (see text).
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from experiment but have been extrapolated (Table 7) from
the fluoride data on the basis of the trend observed for
Cr(III) when switching from the F~ ligand to the oxygen
ligator atoms (27). This procedure follows a concept of
Jorgensen, who defines A as the product of increments due
to the anion (f) and the cation (g) [A =f-g-10°> cm ™ '] and
similarly the relative decrease of B with respect to the
free-ion value [f = B/B,] by a product of / and k, standing
for the anionic and cationic contribution, respectively
[1 —p =h-k] (30). For example, we obtain from h(F~) =
0.8 and the values k(Cr**) = 0.20 and k(Co>") = 0.33 8 ra-
tios of 0.84 and 0.73;, respectively, in good agreement with
the corresponding experimental values in Table 7. The cited
nephelauxetic ratios f refer roughly to the nephelauxetic
parameter Bss in the Jgrgensen nomenclature (30), which is
connected with the change in the interelectronic repulsion
when exciting an electron from the antibonding t3, into the
o-antibonding e} MO. They indicate a drastic covalency
increase and stability decrease, proceeding from Cr(I1I) to
Co(IIT) to Ni(ITT) and finally to Cu(II).

Oxygen is a very exotic ligator atom, whose bonding
properties toward a probe cation vary widely depending on
its specific further cationic coordination. Hence the A and
f values strongly depend on the chemical constitution (the
number, charge, and electronic configuration of the contra-
polarizing cations) and the structure of the oxide ceramic
(27,31), inducing a range of A and f parameters (Table 7)
which can no longer be taken into account by a single f and
h increment in the Jgrgensen factorization.

It is seen from the data in Table 7 that the A/B ratio of
Co(III) is distinctly below the critical value of 20.0 (with
C/B=4.38) for F~, which marks the high-spin-low-spin
crossover in the d® Tanabe-Sugano energy diagram.
Switching to H,O as the ligand yields A/B = 19.3, very near
the critical ratio, but still in the high-spin region. In oxide
matrices we expect A/B ratios larger than about 21, regard-
ing the extrapolated parameters for the Co(II1)-O bond in
Table 7 (right) as reliable estimates. One may conclude on
the basis of the optical data that Co(III) in ceramic oxides
and octahedral coordination should in general be low-spin
configured with a '4,, (t$,) ground state. This conclusion is
in accord with the structural data in Section II.

It is suggested on the basis of magnetic susceptibility data
(4,8) that a thermally accessible intermediate spin state
(S=1) of Co(Ill)—stabilized by the tetragonal ligand
field—is populated at higher temperatures. Our own mag-
netization measurements at 50 G between 3 and 25 K in-
deed indicate the presence of a small fraction of local spins,
which order antiferromagnetically. However, we prefer an
interpretation assuming a low-spin Co(IV) admixture,
which is supported by EPR spectroscopy and by the ana-
lytical data.

For the parameter set B~610cm ™!, A/B~23 (Table 7)
the first two spin-allowed transitions ‘A, —'T AT, of

Co(IIT) are estimated to occur at about 13,300 and
20,300 cm !, respectively, from the respective Tanabe—
Sugano diagram. The powder reflection spectrum shows
a gentle intensity increase from the near-IR to the charge-
transfer region starting around 19,000 cm ~ !, superimposed
by a distinct maximum at 213,500 cm ™!, in essential agree-
ment with the expectation.

Nickel. The Ni(III) centers in La,Li;;;Ni;;,O4 are low-
spin configured, as is unambiguously deduced from the EPR
spectrum (5, 32) and also in accord with the structural re-
sults. The presence of a tiny percentage of Ni(IV) cannot be
excluded, because this cation is EPR silent in the low-spin
state ['A;, (¢5,)]. Though the A/B ratio for NiF ~ polyhedra
(18.5) is considerably smaller than the critical value of 22.6
for the spin crossover in the d’ Tanabe-Sugano diagram
(with C/B = 4.9) (Table 7, left), Ni(III) is already low-spin
configured in fluoride host lattices. It has been demon-
strated (29,32) that it is the energy gain by vibronic
Jahn-Teller coupling (tetragonal elongation of the NiFZ2~
octahedron), which stabilizes a low-spin ground state [*4,,
(d2)']. For Ni(III) in oxidic compounds the A/B ratios seem
to be larger (> 24) than the critical value (Table 7); thus here
the high-spin to low-spin conversion does not necessarily
need energetic assistance by the Jahn—Teller effect. We con-
clude that Ni(IIl) in oxide ceramics is always low-spin
configured, provided that the paramagnetic centers are iso-
lated from each other in the host lattice, as in the case under
discussion. In the presence of cooperative electronic interac-
tions, however, the electronic states broaden into bands, and
with the critical condition that the bandwidth is larger than
the energy difference between the low-spin ground state and
the first excited quartet term, a spin flip to the high-spin
configuration eventually occurs (32).

Using the A parameter of =~14,600 cm ™" suggested for
the Ni(IIT)-O bond (Table 7) and the experimental Ni-O
bond lengths (Table 6), one can estimate the *E, ground
state splitting 4E;; on the basis of angular overlap (AO)
considerations and assuming that A varies reciprocally with
the fifth power of the metal-ligand spacing. One obtains
4E;;~10,800cm ™' [*4;, > *By,], and the next spin-al-
lowed transition is expected not below 16,500 cm ™.

The powder reflection spectrum is similar to that of the
Co(III) solid, but with a distinct shoulder at ~ 10,000 cm ™!
and a further less resolved shoulder around 17,500 cm ™%,
both features imposed on the low-energy slope to the
charge-transfer absorption. These energies are also in ac-
cord with the AO estimations.

The 1/y and p. versus temperature plots (Fig. 6) are
similar to those published before (5) and indicative of
a paramagnetic solid with a p.e value of 1.50 ug, which is
nearly 20% smaller than the expected magnetic moment
(S=13 g2.14, p=1.85us). Below 40K very weak
spin—spin correlations of the antiferromagnetic type seem to

1
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FIG. 6. Plots of the reciprocal magnetic susceptibility and of the effective magnetic moment (in units of ug) versus temperature for La,Li;,Ni;,04.

be present, with 0,~ — 2(2) K being negligibly small. Ap-
parently, the order is not long range, because EPR signals
are observable down to 4 K. The reduction of the magnetic
moment could be due to the presence of a small fraction of
diamagnetic low-spin Ni(IV) (see the preceding discussion
under “Cobalt”) and/or a tiny disorder on the octahedral
sites with spin-coupled Ni(III)-O-Ni(III) superexchange
pairs (S = 0). Thus the magnetic results support the concept
of a complete (or nearly complete) cation order between
Ni(IIT) and Li(I) and confirm the low-spin configuration of
Ni(III) as well.

Copper. Copper(I1]) in an octahedral fluoride coordina-
tion is high-spin configured [*4,, (t5,¢7) ground state;
A =14,100cm ™', B = 640 cm ™~ '] (28), placing the first ex-
cited singlet term 4 E (15,e7) at E3; =8B 4+ 2C~11,100 cm ~ '
(with C/B = 4.7) above the ground state in the strong-field
approximation. It is this term which strongly splits by a
tetragonal elongation, thus eventually stabilizing a singlet
ground state , 4, originating from the , E, parent term. On
the basis of the f trend, switching from fluoride to oxide as
the ligand (Table 7), E5; can be estimated to decrease by
about 2500 cm ~ . Hence a splitting of the excited 'E, state
by ~ 18,000 cm~ ' —induced by vibronic Jahn—Teller coup-
ling and the host site strain—would already suffice to trans-

form Cu(Ill) into the low-spin configuration. This critical
condition is apparently met, as indicated by the extremely
strong D, ligand field with only weakly bonded axial
oxygen atoms. The optical spectrum is empty up to
17,000 cm ™!, the onset of the charge-transfer absorption.

Though a square-planar coordination does not necessar-
ily indicate a low-spin configuration for the d® cation [the
NiO, entity in Li,NiO, possesses an S = 1 ground state
(33)], Cu(Ill) is low spin in La,Li;;;Cu,;,,04 because
the compound is diamagnetic (3) (our own magnetic
measurements confirm this result) and accordingly the
EPR spectrum does not show a signal down to low temper-
atures.

B. Valence State Considerations

There is an ongoing controversy between chemists and
physicists about the nature of oxo-coordinated copper in
the oxidation state + III, which, in our opinion, is caused by
the different bonding models used rather than by largely
diverging interpretations. The one-clectron ground state of
Cu(I) in the usual Jahn-Teller-induced tetragonally elon-
gated octahedral coordination is (beyond the closed d®
configuration) bi,b¥;, where both MOs—the bonding
by, and the antibonding bf,—transform as d,:_,. in Dy,
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The respective MO wavefunctions are given in Eq. [4].
(bt =ode_»— o' Ly

Ylbrg)=o'de— o + oLy [4]

Here, L,-_ - is the symmetry-adapted linear combination of
ligand orbitals (LCAOs), and o and o are mixing coefficients
(«* + «’>=1). o has been determined by EPR spectroscopy
to be =0.92 and =0.87(2) for F~ ligands and O ligator
atoms, respectively (34), indicating bonds which are about
85 and 75% ionic. In the nomenclature of physicists in-
volved in X-ray photoemission and absorption spectro-
scopy—using a hole formalism for the ligand contributions
(Ly—d,>—,» and L,._,» in Eq. [4] would correspond to
d® and d'°L.

In the case of Cu(Ill) in square-planar oxo-coordination
it is suggested (35) that the ground state is d° L with a small,
but significant 3d® contribution. This is interpreted as
Cu?* with nearly one electron hole at oxygen, which gives
rise to misunderstandings from the side of chemists. How-
ever, looking more closely at the ground state of low-spin
Cu(III) in the MO hole description, namely b%., the appar-
ent contradiction is resolved. Choosing o > 1 /\/5 and
o <1//2(Eq. [4]), one obtains d°L (+d®), indicating
a pronounced d covalency of the Cu(IlI)-O bond with
(approximately) maximum hole delocalization in the o-anti-
bonding bf, MO, quite in accord with chemical experience.
As a consequence of the double degeneracy of the b}, state,
each of the two electron holes in this MO apparently pos-
sesses about 50% probability density at the ligand. This
indeed corresponds to the nearly total transfer of one elec-
tron from the ligand to the 3d metal by covalence. An
interpretation of the valence state as being approximately
“Cu?*-0O~” is strongly misleading, however.

We should also mention that the given simple bonding
concept is only valid if the considered CuO, or CuOg¢
clusters are isolated from each other as in the compound
La,Li;;;Cu,,,0,. Otherwise extended charge transfer may
take place (36), involving more than one Cu center and thus
creating itinerant holes, which may have different properties
from those of isolated polyhedra, broadening the local
Cu(III) states into bands.

Similarly, Ni(IIT) ceramic oxides are much more covalent
than oxidic Ni(II) solids, though the extent of covalency in
the former compounds is less pronounced than in the case of
Cu(III) (37). This is in agreement with the redox instabilities,
which increase in the sequence Co(III), Ni(III), Cu(III). The
latter result further reflects that the d-covalency of the
MII)-O bond is less pronounced for Co(IIl) than for
Ni(III). Here even Co(IV) can be stabilized in Lajz;»,Sr),
Li;,C04,,04 (7, 8).

C. IR Evidence

The increase of the tetragonal elongation of the MOq
octahedra in the sequence Co(I1I), Ni(III), Cu(II) is nicely
mirrored by the IR spectra. In the region where the M—O
vibrations are expected, two rather narrow bands v; and
v,—the former being more intense—appear (Fig. 1), which
can be readily assigned to the E, (1) and A4,,(1) split modes of
the octahedral Ty,(1) stretching vibration for a tetragonally
elongated geometry, respectively (Table 8). With increasing
distortion, E, (1) shifts to higher energies and 4,,(1) to lower
energies, as expected, and accordingly the energy difference
¥, — v, becomes larger in switching from Co (130 cm™!) to
Ni (156 cm™!) and finally to Cu (182 cm ™). The assign-
ment is supported by looking at the weighted averages of
the split-band energies, which are 631, 640, and 646 cm ~?
for the three cations, with slightly decreasing ionic radii in
the sequence Co(I11), Ni(III), Cu(III). A third band is ob-
served around 450 cm ~ ! (v3). It is rather broad in the case of
Co(IIT) and might be assigned to the T},(2) bending vibra-
tion with an unresolved splitting into the 4,,(2) and E,(2)
component at higher and lower energy, respectively.
Though speculative, the assignment is supported by the
spectrum of La,Li,,,Cu,;,,O, (Fig. 1), where the v; absorp-
tion has lost intensity and is very sharp, while v, is much
more intense now. The intensity gain of the latter band
might be due to the overlap with the 4,,2) mode, v;
being the well-separated E,(2) component now (splitting:
~85cm™ 1)

V. DISCUSSION AND CONCLUSIONS

Though twinning and/or disorder effects in the stacking
sequence along the crystallographic ¢ direction make the
structural refinement rather difficult, the spectroscopic evid-
ence supports the interpretation of a complete (or nearly
complete) cation order between Li(I) and M(III) in the (001)
layers of the compounds La,Li;,,M;,,04 (M(I1I) = Co, Nj,
Cu). Although the superstructure of the K,NiF,-type
unit cell in the (001) plane according to a =b = ao\/i is
well established, diffuse streaks along ¢* with maxima indic-
ating ¢ = 2¢, can sometimes also be observed, somewhat

TABLE 8
M-O Vibrations® v, v,, and v; (cm™") in the IR Spectra of
Compounds La,Li;,;M,,;0, and Radial Distortion Parameters
p (pm) of the MOg Polyhedra

M Vi ) Vs P
Co 674 544 465 ~ 18(5)
Ni 692 536 454 43
Cu 707 525 441 ~ 78

“See text for assignments.
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depending on the preparation conditions for the single crys-
tals. Though the space group of the enlarged cell is orthor-
hombic, the metric remains tetragonal. The lattice is very
similar to that of K,CuF,, where anion displacements due
to antiferrodistortively ordered elongated CuF, octahedra
(21) induce the superstructure (22). The cation order on the
octahedral positions is further supported by the extrapo-
lated geometries of the M(III)O¢ polyhedra. The tetragonal
elongation increases strongly along the sequence Co to Cu,
as expected when switching from a vibronically stable elec-
tronic configuration (Co) to a Jahn—Teller unstable ground
state (Ni) and finally to a low-spin d® configuration (with
strongly delocalized electrons in the g-bonding by, (dy:_2)
orbitals), displaying a distinct tendency to adopt a square-
planar coordination (Cu).

The MOg geometries for the three 3d" cations (n = 6-8)
are listed in Table 9, together with those for other M(III)
cations. X-ray powder data are available for the solids
La,Li;,M,,,0, with M(III) = Al (10), Ga (11), and Mn
(12), which are structurally described in terms of a dis-
ordered K,NiF, lattice. Assuming that a superstructure
analogous to that of the compounds with Co, Ni, and Cu is
present, the MO, polyhedron distortion can be estimated if
the equatorial Li—O spacings are 191 pm as derived from
the structural results for Ni and if the Shannon ionic radii
(19) are regarded as reliable (Table 9). It is nicely seen that
the Mn(III) cation induces a very pronounced polyhedron
elongation. It is obviously high-spin configured, possessing
a strongly Jahn-Teller unstable *E, (t3,e;) ground state in
0, symmetry. The radial distortion parameter p is much
larger than for Al, Ga, and Co, where only the host site
strain (vide supra) is present. If the equatorial Li—O distance
is chosen somewhat shorter in the compounds which con-
tain M(III) cations with larger ionic radii (Ga, Mn)—due to
a weaker contrapolarizing effect of these cations on the
Li—O bonds in the (001) planes—the polyhedron distortions
measured by p (Eq. [3]) seem to be more realistic and follow
rather closely the sequence of the cy/a, ratios.

For the MnF; ™~ polyhedron, ligand field data of A =
14,300cm !, B =0.80, and A/B = 18.3 are reported (38).
Using arguments analogous to those in connection with the
A and B parameters listed in Table 7, we deduce A/B ratios
of 25 +2 for octahedrally coordinated Mn(III) in oxide
ceramics, close to the A/B ratio of 27 (C/B = 4.6), which
characterizes the high-spin to low-spin transition for
a d* cation. Because the vibronic Jahn-Teller strongly sta-
bilizes the high-spin configuration by a D, distortion, how-
ever, a § = 2 ground state is indeed expected.

La,Li;;;Au,,,0,, first described by Abbatista et al. (39),
crystallizes in an ordered Nd,CuO, structure with planar
LiO, and AuO, entities (9) (Table 9), in contrast to ref. 39,
where a superstructure of the K,NiF, type (from X-ray
powder diffraction data) is claimed for the gold compound.
The reason Au(IlI) favors a Nd,CuQO,-type structure where-

TABLE 9
M(IIT)-O Bond Length Data (pm)® and ¢y/a, Ratios (Superstructure
Not Taken into Account) for Compounds La,Li;,M,,0,

M(III) eq (4x) ax (2x) b I cola, Ref
Co 187 209 26 54.5 3.335 —
Ga' 190(194) 226(218)  42028) 62 335, 11
Al 186 208 25 53,5 3.38 10
Mn 188(192) 237(229)  57(43) 64 342 12
Ni 183 222 45 56 343 —
Cu 180 ~ 247 ~ 78 - 3.54 -
Au® 201 - - 68 - 9

“ M—O spacings estimated from the reported a,, unit cell parameters and
reported ionic radii (with (O? ) = 140 pm) with the assumption of equa-
torial Li—O spacings of 191 and, in parentheses, 187 pm

bp (pm): radial distortion parameter.

‘r (pm): Octahedral ionic radii (square planar for Au) (19).

4Not entirely pure high-pressure phase: a, = 381 pm, ¢, = 1278 pm (11).

¢Ordered Nd,CuO, structure with square-planar AuO, and LiO, enti-
ties; Li—O spacings of 206 pm.

as Cu(III) prefers the K,NiF, lattice—though both cations
possess a low-spin d® configuration with a pronounced
tendency toward a square-planar coordination—is possibly
partly of geometrical nature. Recently, it has been suggested
(40) that the K,NiF structure type is favored for values of
the tolerance factor t (Eq. [5]) larger than 1.0 and the
Nd,CuF, lattice (25) is favored for t < 1.

A;3BO4: t =[3/2 70 + 2/6 (14 + 10)1/9 (s + 10)  [5]

Using for rp average ionic radii of M(III) and Li(I)
(r(Li) = 66 pm), one obtains t=~1.027 for the solids in
Table 9 besides La,Li;;5Auy,,04, and t = 1.004 for the latter
compound. Presumably, both factors—the geometrical
cause and the increased vibronic coupling of Au(Ill) com-
pared to Cu(IIl)—seem to stabilize the ordered Nd,CuO,
structure in the case of Au(IIl).

Concluding, we state that the available structural and
spectroscopic evidence indicates that the compounds
La,Liy ;M ,,04 with M(III) = Co, Ni, and Cu crystallize in
a superstructure of the K,NiF, lattice with an ordered
cation distribution between Li(I) and M(III) on the octahed-
ral sites and with all M(III) cations in the low-spin config-
uration. Very probably the solids with Al(III), Ga(III), and
Mn(I1I) possess the same structure.
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