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The preparation and characterization of a number of mixed metal oxides of ruthenium and copper are
described, the compounds being chosen to demonstrate the changes that occur on moving from the
3-D perovskite structure to the 2-D K,NiF, structure via the intermediate Ruddlesden—Popper structure.
Full structure refinements by neutron powder diffraction are reported for StLaCuRuQOg, SrLaCuSbOy,
SrsNdCuRuQg, Sr;LaCuRuQOg, Sr;sLagsCuRuOys, Sr;LaZnRuOy, Sr,laCuRuO;4, and Sty sLaggs
CuRuO,;. There is no evidence for the presence of Cu** in any of these samples. The electrical
conductivities of these phases, and also those of Sr ,LayyCuRuOg; and Sr,LaZnRuO;, have been
measured as a function of temperature. All these materials are semiconductors, but none shows long

range magnetic order at 1.5 K.

Introduction

There are two extreme descriptions of the
valence shell d electrons on a transition
metal cation in a mixed metal oxide. If the
interatomic electron—electron interactions
are much stronger than those between elec-
trons on the same cation, then the d elec-
trons are delocalized and the properties of
the compound are best described by band
theory. However, if the intra-atomic inter-
actions are dominant, we expect the elec-
trons to be localized. In the latter case, the
compound is likely to be an electrical insula-
tor and to show long-range magnetic order
atlow temperatures. At higher temperatures
the magnetic susceptibility of such a mate-
rial is expected to follow the Curie—Weiss
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Law, whereas that of a delocalized system
will exhibit Pauli Paramagnetism at all tem-
peratures. Oxides containing the cation
Ru(V) are of particular interest to us, be-
cause they often show electronic properties
which suggest that neither extreme descrip-
tion is appropriate to them, the behavior of
the 4d° valence electron configuration being
intermediate in character. This has been
demonstrated in a number of compounds;
for example, the perovskite Ba,L.aRuQOy or-
ders antiferromagnetically with 7, = 30 K
(1), but the value of ca. 4.1 puz measured
for the effective magnetic moment in the
paramagnetic phase is significantly greater
than the maximum value allowed by the lo-
calized electron model (ug, = 3.87 wy).
This behavior suggests that the degree of
covalency in the Ru(V)-O bonds is large
enough to give the 4 bands a significant
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F1G. 1. The perovskite structure of ABO, shown as
a network of BOg octahedra with A cations occupying
holes in the framework. The structure is drawn with
orthorhombic symmetry.

width, and that it may be possible to prepare
mixed metal oxides of Ru(V) which show
metallic conductivity. However, in order to
achieve this goal it will be necessary to over-
come the particularly large correlation en-
ergy associated with the #,,3 electron con-
figuration of 6-coordinate Ru(V).

The discovery of high electrical conduc-
tivities in many mixed valence, perovskite-
related oxides of copper prompted us to pre-
pare and characterize a number of mixed
Cu/Ru oxides in which it is possible to envis-
age an interaction between the partially
filled e} band of Cu?* and the broad, empty
ey band of Ru(V). We attempted to intro-
duce this pair of cations into the perovskite
structure (Fig. 1), the Ruddlesden—Popper
structure (Fig. 2), and the K,NiF, structure
(Fig. 3) so as to monitor the change in elec-
trical properties with the decreasing dimen-
sionality (from 3-D to 2-D) of the crystal
structure. The compositions chosen for
study included some in which the cations
were expected to be in an integral oxidation
state and others in which we hoped to find
mixed valency. More specifically, we pre-
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pared the perovskites SrLaCuRuQOg and
Sr, ,La, ;CuRuQg, the latter in the hope that
we might introduce extra holes into the
copper 3d-band and thus induce a high elec-
trical conductivity. Similarly, we synthe-
sized the K,NiF, phases Sr;LaCuRuOg,
Sr; sLa, sCuRuOg, and, in order to monitor
the effect of unit cell size, Sr;NdCuRuOg.
In the Ruddlesden—Popper structural family
(2) we made Sr,LaCuRuO; and Sr, ;sLaggs
CuRuO0;,. Finally, in order to provide a com-
parison between the behavior of transition
metal cations and that of isovalent main-
group ions, we also prepared SrLaCuSbQO,
Sr,LaZnRuQOyg, and Sr,LaZnRuO;. In this
paper we describe the synthesis conditions
used to prepare these compounds, the be-
havior of their electrical conductivities as a
function of temperature, and, for a selected
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FiG. 2. The Ruddiesden—Popper (4;B-0;) structure
consisting of separated double layers of BO, octahedra
with A cations occupying holes in the framework and
in the interlayer spacing.
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F1G. 3. The K,NiF, (or A,BO,) structure consisting
of separated layers of BO, octahedra with A cations
occupying holes in the interlayer spacing.

subset of the materials, the results of crystal
structure refinements carried out by neutron
powder diffraction.

Experimental

Polycrystalline samples of the mixed
metal oxides listed in Table I were prepared
by firing the appropriate stoichiometric
quantities of dry SrCO,, La,0,, Nd,0,,
RuQ,, CuO, ZnO, and Sb,0; in air at the
tabulated temperatures. The reaction mix-
tures were pelletized and contained in alu-
mina crucibles during the syntheses, each of
which lasted for several days and involved
repeated grinding and reforming of the pel-
lets. The reactions were judged to be com-
plete when the room temperature X-ray dif-
fraction patterns of the products were
constant. The final cooling of the product
simply involved removing the crucible from
the furnace at the firing temperature and
allowing it to cool slowly to room tempera-
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ture in air. Neutron powder diffraction data
were collected on seven samples at either
room temperature or 1.5 K, as detailed be-
low. The diffractometer D1a at ILL Greno-
ble was used with a mean neutron wave-
length of 1.9127, 1.9080, or 1.9116 A. In all
cases the samples were contained in vana-
dium cans and data were collected at 20
intervals of 0.05° in the range 0 =< 20 < 160°.
The crystal structures were refined using the
Brookhaven version (3) of the Rietveld (4)
program. The peaks were fitted by a pseudo-
Voigt function with a correction made to
model the asymmetry of the low-angle
peaks. The background level was estimated
by interpolation between regions of the pro-
file where there were no Bragg peaks. Elec-
trical conductivity measurements were
made by using a 4-probe dc technique. Col-
loidal silver paint was used to attach metallic
contacts to small, well-sintered ingots of the
samples (ca. 1.5 x 1.5 x 8 mm), which were
mounted in an Oxford Instruments cryostat
for measurements in the temperature range
80 = T = 300 K. The two current contacts
were attached to the ends of the bar, and
the two voltage contacts were made near its
center, with a separation of ~2.5 mm.

Results

1. Synthesis and Structural
Characterization

(a) The perovskites SrLaCuRuOy,
S¥,aLay sCuRuO¢ and SrLaCuSbO¢. The
room temperature X-ray powder diffraction
pattern of SrLLaCuRuQy indicated that this
compound has a distorted perovskite-like
structure (Fig. 1), similar to that reported
previously for La,NiRuOg (5). It was not
possible to derive accurate unit cell parame-
ters from our powder pattern, and in Table
I we therefore give an approximate pseudo-
cubic value. A full structural study by neu-
tron diffraction was carried out at a tempera-
ture of 1.5 K (A = 1.9127 A). Our initial
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TABLE 1

EXPERIMENTAL CONDITIONS AND RoOM TEMPERATURE UNIT
CELL PARAMETERS

Compound Firing temperature (K) a (A) ¢ (A)
SrLaCuRu0; 1423 7.878
Sry,Lay sCuRuOy 1423 7.87
SrLaCuSbO, 1473 5.51h 8.39%
Sr;NdCuRuOg 1423 3.8733(7) 12.711(2)
Sr;LaCuRuOy 1423 3.900(1) 12.725(4)
Sr; sLay sCuRuOg 1423 3.8996(7) 12.613(2)
Sr;LaZnRuQy 1373 3.9348(9) 12.654(3)
Sr.LaCuRu0, 1423 3.919(1) 20.460(7)
Sr, 1sL.ag ;sCuRuO, 4 1373 3.924(1) 20.300(6)
Sr;LaZnRuO, 1373 3.962(2) 20.40(2)

¢ Pseudo-cubic unit cell parameter for an orthorhombic compound.
¢ Pseudo-tetragonal unit cell parameters for a monoclinic compound.

refinements indicated that the compound
was indeed a distorted perovskite with a
disordered arrangement of Sr and La over
the A sites and a disordered distribution of
Cu and Ru over the 6-coordinate B sites. We
were thus led to assign the structure to the
orthorhombic spacegroup Pbnm. Subse-
quent refinement of 11 structural parameters
and the appropriate profile parameters re-
sulted in values of 6.8 and 4.1% for the
weighted-profile (R,,,) and intensity (R;) R
factors. The final atomic parameters are
listed in Table II, and the corresponding
bond lengths and bond angles are given in
Table IIl. The standard deviations quoted
with the structural parameters in this paper
are those produced by the Rietveld pro-
gram, and they thus indicate the precision
of the refined parameters; the accuracy of
the bond lengths is likely to be limited by
the accuracy of the wavelength calibration,
which we estimate to be +0.001 A. The final
observed and calculated diffraction patterns
are drawn in Fig. 4. We were able to prepare
Sr-rich samples of this phase up to the com-
position Sry,La; gCuRuOq. These samples
were not studied by neutron diffraction, but
the room temperature unit cell parameter of
the end member is given in Table 1. Photo-

electron spectroscopy (6) showed that cop-
per was predominantly present as Cu’* in
all the compounds described in this paper,
an observation which implies that oxygen
vacancies were introduced on doping with
excess strontium.

The X-ray powder diffraction pattern of
SrLaCuSbOg was very different in appear-
ance to that of the Ru analogue. The Sb com-
pound has been reported previously (7) as a
tetragonal perovskite, but our data showed
additional splittings on some Bragg peaks
that could only be explained by assuming that
the symmetry was monoclinic. Neutron dif-
fraction data collected at room temperature
(A = 1.9116 A) were consistent with the low-
ering of the symmetry to space group P2,/n.
This space group allows two crystallographi-
cally distinct sites for the 6-coordinate cat-
jons in the perovskite structure, and our final
refinements were thus carried out with a dis-
ordered arrangement of Sr and La, as in
SrLaCuRuOq, but with an ordered 1:1 ar-
rangement of Cu and Sb over the octahedral
sites. Refinement of 18 atomic parameters
and the usual profile parameters converged
withR,, = 4.4%. Thefinal structural param-
eters are listed in Table IV, and the bond
lengths and bond angles are givenin Table V.
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TABLE 11

STRUCTURAL PARAMETERS FOR SrlL.aCuRuQg aT 1.5 K (Space GrROUP Pbnm)

Atom Site x y z B, (AY)
Sr/La 4c¢ 0.0038(4) 0.0242(3) H 0.89(3)
Cu/Ru 4b 3 0 0 0.52(3)
01 8d 0.2783(4) 0.2757(4) 0.0333(2) 1.71(3)
02 4c —0.0674(5) 0.4945(5) H 1.35(5)

Note. a = 5.6041(3), b = 5.5810(3), ¢

Figure 5 shows the final observed and calcu-
lated diffraction patterns.

(b) The Ruddlesden—Popper phases
Sr,LaCuRuQ;, Sr,sLay4sCuRu0O,, and
Sr,LaZnRuQ,. The room temperature

X-ray diffraction patterns of the Cu com-
pounds could be indexed in the tetragonal
space group I4/mmm (Table I) with unit cell
parameters consistent with the adoption of
a Ruddlesden-Popper structure. Neutron
diffraction data collected at 1.5 K using
wavelengths of A 1.9116 A (Sr,La
CuRuO;) and A = 1.9080 A (Sr, sLaggs

TABLE III

BoND LENGTHS (IN ;\) AND BOND ANGLES (IN
DEGREES) FOR SrLLaCuRuQO4 AT 1.5 K

Distances

Sr/La-01 Sr/La-02
2.689(5) (x2) 2.983(5)
2.790(5) (x2) 2.655(5)
2.512(5) (x2) 2.451(5)
Cu/Ru-01 Cu/Ru-02
1.995(4) (x2) 1.998(4) (x2)
2.017(4)  (x2)

mean Sr/La-Q: 2.675
mean Cu/Ru-0: 2.003
shortest O—O contact: O1-01' 2.808(5)

Angles
01-Cu/Ru-0191.13
01-Cu/Ru-02 90.06
Cu/Ru-0O1-Cu/Ru 160.6
Cu/Ru-02-Cu/Ru 158.2

= 7.8489(4) A; R, = 4.1, Ry, = 6.8%.

CuRu0O,) showed no evidence of any distor-
tion to a lower symmetry, and refinement of
the structures led to the atomic coordinates,
occupation factors, and anisotropic temper-
ature factors presented in Table VI, the cor-
responding bond lengths being listed in Ta-
ble VII. Atom Ol is the oxide ion at the
center of the perovskite-like slab (Fig. 2), 02
forms a pseudo-xy plane with the transition
metal cations, and O3 lies on the edges of
the slabs. Similarly, Sr/Lal lies between the
slabs, whereas Sr/La2 lies within them. We
felt it was inappropriate to use isotropic tem-
perature factors to describe a structure with
a marked 2-dimensional character. Vacanc-
ies were introduced onto the oxygen sites in
response to the high values of their tempera-
ture factors. The site Ol (but not O2)
showed a significant vacancy concentration
in both compounds, and their formulae ave
henceforth modified to reflect this. Again we
found no evidence for cation ordering on the
Cu/Ru or Sr/La sublattices, even though
there are two crystallographically distinct
sites for the larger cations in this structure.
The observed and calculated diffraction pat-
terns of Sr,LaCuRuO, ; are shown in Fig. 6;
the corresponding diagram for Sr, ;sLa, 3sCu
RuO,; is essentially identical. Sr,l.aZn
RuO, was not studied by neutron diffrac-
tion. The X-ray pattern was essentially that
of a Ruddlesden-Popper phase, although
there was some evidence for a slight ortho-
rhombic distortion of the unit cell.

(¢) The K,NiF, phases Sr;NdCuRuOg,
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Fi1G. 4. The observed (-----), calculated (-), and difference neutron powder diffraction profiles of
SrLaCuRuOjq at 1.5 K. Reflection positions are marked.

SriLaCuRuQOg,  SrysLay ;CuRuOy, and
SriLaZnRuOg. The X-ray diffraction pat-
terns of all these products could be indexed
in a body-centered tetragonal unit cell of
size ca. 3.9 X 3.9 x 12.6 A, consistent with
the adoption of a K,NiF, structure with no
ordering of the Sr/L.n or Cu/Ru cations (Ta-
ble I). Neutron diffraction data were col-
lected at a temperature of 1.5 K using a
wavelength of 1.9127 A (1.9116 A for Nd).
Refinement of the structure of the Nd com-

TABLE IV

STRUCTURAL PARAMETERS FOR SrLaCuSbO, AT
RooM TEMPERATURE (SPACE GROUP P2 /n)

Atom  Site x y z B, (AY)
Sr/la 4e 0.0107(2) 0.0232(2) 0.2485(1) 0.69(2)
Cu 2e 3 0 3 0.61(2)
Sb 2d 3 0 0 0.21(3)
(0] ] 4e 0.2833(3) 0.2810(3) 0.0390(2) 1.01(3)
02 4e 0.2190(3) —0.2181(3) 0.0376(2) 0.87(3)
03 4e  —0.0680(2) 0.4918(3) 0.2709(2) 0.96(2)

Note. a = 5.5295(1), b = 5.5243(1), ¢ = 8.4190(1) A: 8 =
90.49(1)°; R; = 2.9, Ry, = 4.4%.

pound proceeded smoothly in space group
I4/mmm to give the structural parameters
listed in Table VIII and the profiles drawn
in Fig. 7. Anisotropic temperature factors
were used for all atoms. The analysis of
the structure of Sr;LaCuRuQy is the least
satisfactory of those described in this paper.
The profile plots in Fig. 8 and the relative
values of R,,,. and R (Table VIII) suggest
that this i1s in part due to an inadequate de-
scription of the peak shape rather than to
inadequacies in the structural model. It be-
came clear during the study of the Sr-rich
sample Sr; s1.a, SCuRuOy that our attempt to
introduce Cu®* had largely failed and that
the deficit of positive charge was balanced
by the presence of vacancies on the anion
sublattice. As can be seen from Fig. 3, there
are two oxygen sites in this structure which
are clearly ‘“‘chemically’” distinct, as well
as being crystallographically inequivalent.
One of these (02) lies in the center of the
perovskite-like layers, the other (Ol1) lies
on the edge of the layers. Our refinements
showed that the vacancies were confined to
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TABLE V

BOND LENGTHS (IN A) AND BOND ANGLES (1IN DEGREES) FOR
SrLaCuSbOg4 AT RoOM TEMPERATURE

Distances
Sr/La-01 Sr/La-02 Sr/La-03
2.731(4) 2.508(4) 2.974(4)
2.501(4) 2.920(4) 2.632(4)
2.964(4) 2.733(4) 2.458(4)
Cu-01 Cu-02 Cu-03
2.004(3) (x2) 1.996(3) (x2) 2.315(3) (x2)
Sb-01 Sb-02 Sb-03
1.990(3) (x2) 1.994(3) (x2) 1.963(3) (x2)

mean Sr/La-0 = 2.713
mean Cu-0O = 2.105
mean Sb-O = 1.982

shortest O-0 contact: O1-03, 2.748(4)

Angles
01-Cu-02 91.56 01-Sb-02 91.49
01-Cu-03 92.28 01-Sb-03 91.92
02-Cu-03 92.16 02-Sb-03 91.55
Cu-01-Sb 156.2 Cu-02-Sb 156.7
Cu-03-Sb 159.5
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F1G. 5. The observed (-----), calculated (-), and difference neutron powder diffraction profiles of
SrLaCuSbQy at room temperature. Reflection positions are marked.
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TABLE VI

STRUCTURAL PARAMETERS FOR Sr,LaCuRuO,;
AND Sr; ;sLag gsCuRuO; 5 AT 1.5 K (SPACE GROUP
14/mmm)

Compound
Atom  Parameter Sr,LaCuRuO,; Sr, sLag¢CuRuO,;
Sr/Lal z 0.31741(4) 0.31735(6)
B (A?) 0.733) 0.79(4)
By, 0.42(5) 0.52(7)
Sr/La2 B, 0.46(3) 0.54(5)
By, 0.40(7) 0.4(1)
Cu/Ru z 0.09738(5) 0.09752(7)
By, 0.22(2) 0.15(3)
By, 0.81(4) 0.67(6)
01 B, 4.01(9) 3.8(1)
By, 1.3(D) 0.8(2)
N 0.898(5) 0.907(5)
02 z 0.09507(5) 0.09498(6)
By, 0.88(3) 0.95(5)
B, 0.51(3) 0.56(5)
By, 3.59(4) 3.28(7)
03 z 0.19919(7) 0.1983(1)
B, 2.23(4) 2.01(5)
By 1.34(8) 1.2(1)
a (A) 3.91958(5) 3.92062(8)
¢ (A) 20.4529(3) 20.3006(4)
vV (&Y 314.22(1) 312.04(1)
R, 1.97 2.31
R 4.08 5.46

Note. Sr/Lal, Cu/Ru, and O3 on 4¢; Sr/La2 on 2b; Ol on
2a; 02 on 8g.
¢ Occupation factor for site O1.

the O2 sublattice. In order to confirm this
conclusion we collected a second data set
on the same sample at room temperature;
the occupation factor for site O2 then refined
toa value of 0.926(4), not significantly differ-
ent from the value of 0.929(4) found at 1.5
K. The final low-temperature profiles for
Sr; sLay sCuRuOy 5 are plotted in Fig. 9. The
neutron diffraction data collected on
Sr;LaZnRuO4 showed a number of weak
peaks which were not seen in the X-ray dif-
fraction pattern collected at room tempera-
ture. This small impurity content did not
hinder the refinement of the crystal struc-
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ture of the principal phase, the results of
which are given in Table VIII. The peaks
arising from the second phase are visible
in the observed diffraction profile drawn as
part of Fig. 10. The most important bond
lengths found in the compounds discussed
in this section are compared in Table IX.

. Electrical Measurements

The resistivities of the compounds under
discussion, with the exception of SrLa
CuSbOy, are plotted as a function of temper-
ature in Fig. 11. All of the data are consistent
with semiconducting, rather than metallic,
behavior. Attempts to account for the ob-
served temperature dependence in terms of
an Arrhenius-type model for conductivity
were unsuccessful, as were those based on
a polaronic model. However, excellent
agreement between theory and experiment
was obtained when the Mott Variable Range
Hopping (VRH) model (8) was used. Least-
squares fitting of the resistivity data to the
expression (9)

p = po(T/Ty) *exp(T,/T)"]

gave @ = 0.25 + 0.01 for all samples. A

TABLE V11

BOND LENGTHS IN (A) FOR Sr,LaCuRuO; 5 AND
Srsy ;L4 4sCuRuO75 AT 1.5 K

Compound
Bond Sr.LaCuRuO,; Sr, sLay cCuRuO, 4
Cu/Ru-01 1.992(1) 1.980(1)
Cu/Ru-02 (x4) 1.960(1) 1.961(1)
Cu/Ru-03 2.082(1) 2.046(1)
mean Cu/Ru-0O 1.986 1.978
Sr/Lal-02 (x4) 2.654(1) 2.648(1)
Sr/Lal-03 2.418(1) 2.417(1)
Sr/Lal-0% (x4) 2.792(1) 2.790(1)
Sr/La2-01 (x4) 2.7721) 2.772(1)
Sr/La2-02 (x8) 2.761(1) 2.750(1)
mean Sr/La-0 2.732 2.726
shortest O-O contact 2.761 2.750
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FiG. 6. The observed (-----), calculated (-), and difference neutron powder diffraction profiles of
SrLaCuRuO; at 1.5 K. Reflection positions are marked.

TABLE V111
STRUCTURAL PARAMETERS FOR Sr;NdCuRuOy, SrilLaCuRuOy, SrjsLagsCuRuOg s, AND Sr;LaZnRuOg a1 1.5 K

Compound
Atom Parameter Sr;NdCuRuOg Sr;LaCuRuOy Sr; sLag sCuRuOg 5 SryLaZnRuOy
Sr/Ln z 0.35594(9) 0.3564(2) 0.35568(8) 0.3576(1)
By (AY 0.58(4) 0.55(4) 0.60(3) 0.17(3)
Bs; 0.73(6) 0.5(1) 0.28(6) 0.74(7)
Cu/Ru By 0.29(3) 0.25(6) 0.57(4) 0.07(6)
(or Zn) B 0.29(6) 1.3(2) 0.27(8) 0.4(1)
0Ol z 0.1658(1) 0.1641(2) 0.1617(1) 0.1653(2)
By, 1.57(3) 1.20(6) 1.08(3) 1.11(4)
Bs; 1.34(8) 1.12) 0.73(8) 0.4(1)
02 B 0.44(5) 0.4(1) 0.56(6)° 0.05(7)
By, 1.41(5) 1.6(1) 1.52(6) 0.59(7)
By, 0.60(7) 0.8(1) 0.45(7) 0.509)
a (A) 3.86413(7) 3.8869(1) 3.88886(8) 3.9247(1)
c (A 12.6951(2) 12.7082(5) 12.5986(2) 12.6288(4)
vV (AY 189.56(1) 191.99(2) 190.53(1) 194.52(2)
R; (%) 2.7 3.6 2.2 2.8
Ry (%) 5.1 10.6 4.9 7.22

Space group I4/mmm: Sr/La or Sr/Nd on 4e¢ (002)
Cu/Ru or Zn/Ru on 2a (000)
Ol on 4e (00z)
02 on 4¢ (300)
7 Occupation factor for site O2 in Sr; sLag s<CuRuOyg ;5 is 0.929(4).
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FiG. 7. The observed (----+), calculated (-), and difference neutron powder diffraction profiles of
Sr;NdCuRuQyg at 1.5 K. Reflection positions are marked.

value of § is expected for conduction by 3-
dimensional VRH @4 for 2-D). However, it
must be remembered that our measure-
ments were made on samples which were
polycrystalline, albeit well sintered, and our
data will therefore contain a contribution

from the conductivity of the grain bound-
arics. We were unable to make the ther-
mopower measurements that would have
enabled us to eliminate this effect, and the
validity of the VRH model is therefore not
proven. The room temperature resistivity of
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FiG. 8. The observed (-----), calculated (-), and difference neutron powder diffraction profiles of
Sr;LaCuRuQg at 1.5 K. Reflection positions are marked.



354 ATTFIELD ET AL.

1200]
1000
800

600

Counts

400
200/ M A
RNy

A
bl

(Y O AR (I W]

1
-2001““( e 4 e

Y

T T T L T T

L T T T T T
20 30 40 50 60 70 80 90 100 110 120 130 140
Two Theta (Degrees)

F1G. 9. The observed (- ), calculated (-), and difference neutron powder diffraction profiles of
SrysLay sCuRuOg; at 1.5 K. Reflection positions are marked.

Counts

I

oo I I 1 IR O A A AR

_200—-—_1'—1 T T T T T T T T T L
20 30 40 50 60 70 80 90 100 110 120 130 140

Two Theta (Degrees)

FiG. 10. The observed (-----), calculated (-), and difference neutron powder diffraction profiles of
Sr;LaZnRuOg at 1.5 K. Reflection positions are marked.



MIXED COPPER/RUTHENIUM AND RELATED OXIDES

355

TABLE 1X
BoND LENGTHS (IN A) For Sr;NdCuRuOg, Sr;LaCuRuOg, SrysLagsCuRuOyg;, AND Sr;LaZnRuOg AT 1.5 K

Compound
Bond Sr3NdCuRuOq Sr;LaCuRuOy Sr; sLag sCuRuOg 4 Sr;L.aZnRuOyg
Cu/Ru-01 (x2) 2.104(3) 2.072(3) 2.038(3) 2.087(3)
Cu/Ru-02 (x4) 1.932 1.943 1.944 1.962
mean Cu/Ru-O 1.989 1.986 1.975 2.004
Sr/Ln-0O1 2.414(4) 2.457(4) 2.443(4) 2.425(4)
Sr/Ln-O1 (x4) 2.746(4) 2.760(4) 2.755(4) 2.790(4)
Sr/Ln-02 (x4) 2.660(3) 2.666(3) 2.662(3) 2.662(3)
mean Sr/Ln-O 2.671 2.685 2.681 2.693

SrLaCuSbO; was so large (> 10° () cm) that
we did not continue the experiment to low
temperatures.

Discussion

In view of the nonmetallic conductivity
behavior described above, the crystal struc-

ture data is discussed in terms of a localized
electron model but with the Cu®* : 3d°® and
Ru’" : 44> energy levels assumed to have a
finite width.

The crystal structure of SrLaCuRuQy is
that of a simple orthorhombic perovskite
with disorder present on both the A and
the B sublattices. Many perovskite-related
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F1G. 11. The resistivity of mixed oxides of Ru and Cu as a function of temperature: (i) Sr;LaZnRuOy;
(i) Sr,LaZnRuO;; (iii) Sty ysLaggsCuRuO5; (iv) Sryshag sCuRuOgs; (v) SrslLaCuRuOyg; (vi) Sr,LaCu
RuO;;; (vii) Sr;NdCuRuOg; (viii) Srl.aCuRuOg; and (ix) Sr; ;La, CuRuO.
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materials have a mixture of Sr** and La**
on the A sites (/0), and in the majority of
cases there is no long-range ordering of the
two cation species. Ordering of two differ-
ent cations over the B sites is more common
(11), although we have previously shown
that Ru’* forms disordered arrays with both
Ni?* and Zn?>* (12) and so the disorder ob-
served in SrLaCuRuOy is perhaps not sur-
prising. The Cu/Ru-O bond lengths listed in
Table III are very similar to those reported
previously (12) for the Ni/Ru-O and
Zn/Ru-O bonds in BalaNiRuOQ, and
BalaZnRuO,, respectively. However,
there is a difference between SrLaCuRuQy
and the other compounds in that the electron
distributions around Ru®**, Ni**, and Zn?>*
are expected to be spherical when the cat-
ions are in octahedral coordination, whereas
that around Cu?" is not. The environment
around the latter would normally be ex-
pected to undergo a Jahn-Teller distortion,
and SrLaCuRuOq thus contains two transi-
tion metal ions with different coordination
preferences. The observed disorder is there-
fore more noteworthy than previously sug-
gested. The isotropic temperature factors of
the oxide ions O1 and O2 are too high (Table
II) to simply represent the thermal motion
of these atoms at a temperature of 1.5 K.
Attempts to eliminate the high-temperature
factors by introducing anion vacancies were
unsuccessful in this case, and we believe
that it is likely that the disorder causes local
displacements of the anions from their mean
positions, the magnitude of these displace-
ments being determined by the local disposi-
tion of Sr/La and Cu/Ru about the oxide
ion. The tendency of Cu®* to occupy a te-
tragonally distorted, 6-coordinate site is
manifest in the crystal structure of SrLa
CuSbO, (Fig. 12). This differs markedly
from that of SrLaCuRuOj in that the Cu?*
and Sb’* cations form a 1 : 1 ordered array,
the SbO, octahedra being approximately
regular whereas the CuQg octahedra have a
c/a ratio of 1.15. It is not clear why the
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F16. 12. The monoclinic crystal structure of the or-
dered perovskite SrLaCuSbOy,. CuQOq octahedra are
shaded, SbOg octahedra are unshaded.

Sb-containing compound adopts an ordered
cation arrangement when the Ru analogue
does not. The occurrence of long-range cat-
ion ordering in this type of compound is
usually thought to depend on the difference
in the size and charge of the two species
involved. The nominal charge difference is
the same in these two compounds, and the
size difference is less in the case of the or-
dered Sb compound. It is therefore neces-
sary to consider other factors, for example
cation polarizability, in order to explain our
observations. The isotropic temperature
factors of the oxide ions in SrLaCuSbOy
are lower at room temperature than those
determined for SrLLaCuRuOq at 1.5 K. This
is presumably because the long-range order
over the B sites in the former compound
largely eliminates the local distortions re-
ferred to above, despite the residual disor-
der on the Sr/La sublattice.

There is no long-range order between Cu
and Ru in the Ruddlesden-Popper phases
described in Tables VI and VII, and the
temperature factors of the oxide ions are
again large enough to imply that the ions are
displaced from their ideal positions in the
crystal structure. The interpretation of the
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structural data is made more difficult by the
need to include in the model a 10% vacancy
concentration on the anion site at the center
of the perovskite slab (O1). The average
transition metal environment in Sr,LaCu
RuO;; has a marked asymmetry, with the
Cu/Ru-01 distance being 0.09 A shorter
than the other axial bond length, Cu/Ru-O3.
A distortion of this magnitude is consistent
with the presence of Cu?*, and hence in-
complete oxidation of Ru(IV) to Ru(V) dur-
ing synthesis is implied in order to account
for the oxygen stoichiometry. The oxygen
content is essentially unchanged in the Sr-
rich sample, implying that more extensive
oxidation of the Ru has taken place. This
model would account for the existence
of Sr-rich compositions up to Sr,,Lag,
CuRuOyg,; any increase in Sr content be-
yond this level would require the oxidation
of Cu?* or an increase in the anion vacancy
concentration. The observation of a smaller,
less asymmetric Cu/Ru site in the doped
compound is consistent with the replace-
ment of Ru(1V) by Ru(V). However, more
samples with different Sr/La ratios must be
made and characterised if an unambiguous
model is to be deduced for these Ruddle-
sden—Popper compounds. A study of the
local cation environments by EXAFS might
be beneficial.

It is convenient to discuss the structural
results described above for the K,NiF,
phases in the sequence of presentation used
in Tables VIII and IX. Sr;NdCuRuQq and
Sr;LaCuRuQq differ only in the size of the
rare earth cations, which occupy 25% of the
9-coordinate sites (Fig. 3). Predictably, the
unit cell parameters increase on moving
from the Nd compound to the La analogue.
More interestingly, the c/a ratio of the
Cu/Ru-0Oq octahedra decreases from 1.089
to 1.066, although the mean Cu/Ru-O bond
length remains virtually unchanged. The in-
crease in length of the equatorial Cu/Ru-O
bonds is imposed by the marked increase in
size of the ab plane of the unit cell, which is
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in turn caused by the replacement of Nd**
by the larger La’*. In order to conserve the
total bond strength around Cu/Ru, the axial
Cu/Ru-0O bonds are shortened, thus pro-
ducing the required lengthening of the axial
Ln-O1 bond. This interpretation of the ob-
servations implies that this structure has the
freedom to adapt along the ¢ axis, while
being strained in the ab plane; the extent to
which the Cu/Ru-02 bonds are compressed
in Sry;NdCuRuOq can be seen by comparing
the data in Table IX with those in Table II1.
When Sr;LaCuRuOyg is doped with excess
Sr, the unit cell parameter a shows little
change, whereas ¢ decreases significantly.
In interpreting this observation we must re-
member that replacing La’* by Sr2* would
be expected to increase both @ and ¢ on
size grounds alone. Our neutron diffraction
results show that the introduction of excess
Sr introduces vacancies onto the oxide sub-
lattice rather than oxidizing Cu?* to Cu’*;
the refined vacancy concentration corre-
sponds very closely to that expected if Cu®*
and Ru’* are the only transition metal spe-
cies present. The introduction of vacancies
will reduce the average coordination num-
ber about the Sr/La site and hence reduce
the average Sr/La-O bond length (Table
IX). In order to understand the anisotropic
change in the size of the Cu/Ru site, we
must consider the electronic structures of
the cations involved. The vacancies are con-
fined to the O2 site in the equatorial plane
of the Cu/Ru-Qq octahedra, in a way which
is reminiscent of Sr,CuO; (/3) rather than
the Ruddlesden—Popper phases described
above. It is unlikely that the introduction of
anion vacancies will have a significant effect
on the low-lying cation f,, manifolds in these
compounds; the high-energy e} orbitals,
which are directed towards the anion or va-
cancy, are likely to be affected more. Given
that the e, levels are empty in Ru(V), we
treat the electronic structure of Ru(V) : 13 £as
invariant in the discussion that follows and
discuss the observed behavior in terms of
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F1G. 13. Energy levels for the Cu>* 34 bands in (a)
Sr;LaCuRuOq and (b) Sr; sLay ;CuRuOg ;.

the electronic structure of Cu** (¢$,¢3). The
observed bond lengths under discussion are
of course the average of the Cu-O and
Ru-0 distances in this disordered material;
we assume that the Ru-O environment is
constant and that changes in the average are
due to changes in the Cu—O environment.
We believe that it is likely that the anion
vacancies occur between pairs of Cu atoms
in the disordered cation array to create a
local square pyramidal environment similar
to that found in Sr,CuO;; the local coordina-
tion of Ru(V) has been shown to be regular
in a wide range of oxides (I, /4). When Cu?*
occupies a site with tetragonal symmetry
(c/la > 1) the e band will be split into two
sub-bands, the z2 band and the x2-y? band,
the latter having the higher energy. Figure
13a represents the situation when the split-
tingis large compared to the bandwidth, Fig.
13b the reverse situation. The former is a
reasonable representation of the situation in
Sr;L.aCuRuOQy, the z* band being full and the
x?-y? band half full. When anion vacancies
are present in the ab plane the latter band
will be stabilized with respect to the z2 band,
thus approaching the situation drawn in Fig.
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13b. This will result in a redistribution of
electron density from the z? band to the x2-
y? band and so, given that both bands are
antibonding, there is a decrease in the
metal-oxygen bond lengths along ¢. The
small change observed in the bond lengths
perpendicular to ¢ is the net effect resulting
from the stabilization of the x2-y? band and
the consequent increase in its population.
Similar arguments can be used in discussing
the structural differences between Sr;l.a
CuRuOyg and Sr;LaZnRuQg. The x2-y2 band
is full in the latter compound, and the
Zn/Ru—02 bonds in the ab plane are conse-
quently longer than those found in the Cu
compound. This increase in bond length is
reflected in the unit cell parameter a. How-
ever, the decrease in the unit cell parameter
¢ does not reflect the change in the
Zn/Ru-01 distance parallel to the ¢ axis.
The increase in the latter distance is a conse-
quence of the marked decrease in the axial
Sr/LLa-01 distance, which is in turn neces-
sary to conserve the total bond strength
around the Sr/La site following the increase
in length of the four Sr/LLa—O1 bonds which
lie approximately perpendicular to the ¢
axis. This latter increase is of course neces-
sitated by the increase in the Zn/Ru-0O2 dis-
tances. Once again our interpretation im-
plies that the interatomic distances along the
¢ axis are dictated by the bonding require-
ments of the atoms within the layers. The
absence of cation ordering in the K,NiF,
phases described above is consistent with
the findings of Ackerman (/5), who pre-
pared a large number of mixed oxides in
which 50% of the 6-coordinate sites were
occupied by Nb(V) or Ta(V), the remainder
being occupied by another transition metal
or lanthanide. No cation ordering was ob-
served. The relatively large temperature
factors listed in Table VIII are again attrib-
utable to local atomic displacements
brought about by the presence of disorder.

A number of points are clearly illustrated
by the electrical conductivity data plotted in
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Fig. 11. First, the resistivity increases by
a factor of > 10° when only half the BO,
octahedra are occupied by a transition metal
with a partially filled d shell, irrespective of
whether that transition metal is Cu or Ru,
thus implying that there is a significant inter-
action between the 3d° and 4d* systems.
However, the interaction is not strong
enough to produce a delocalized electron
system, and all the materials described in
this paper are semiconductors. The 3-D per-
ovskite compounds have the highest con-
ductivities of all the materials studied, but
there is no clear difference between compa-
rable Ruddlesden—-Popper (curve iii) and
K,NiF, phases (curves iv and v), in which
the transition metal oxidation states are es-
sentially Cu®>* and Ru’*. In view of the limi-
tations of our conductivity data, it is proba-
bly unwise to attempt to explain the
relatively small variations which occur be-
tween curves (iil) to (vi).

Finally, we note that our low-temperature
neutron diffraction measurements did not
provide evidence for the existence of long-
range magnetic order in any of the com-
pounds studied. This is particularly note-
worthy in the case of the 3-D, magnetically
concentrated perovskite SrLaCuRuQg, and
we shall investigate this point further.
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